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Abstract Particle physics today faces the challenge of
explaining the mystery of dark matter, the origin of matter
over anti-matter in the Universe, the origin of the neutrino
masses, the apparent fine-tuning of the electro-weak scale,
and many other aspects of fundamental physics. Perhaps the
most striking frontier to emerge in the search for answers
involves new physics at mass scales comparable to familiar
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matter, below the GeV-scale, or even radically below, down to
sub-eV scales, and with very feeble interaction strength. New
theoretical ideas to address dark matter and other fundamen-
tal questions predict such feebly interacting particles (FIPs)
at these scales, and indeed, existing data provide numerous
hints for such possibility. A vibrant experimental program to
discover such physics is under way, guided by a systematic
theoretical approach firmly grounded on the underlying prin-
ciples of the Standard Model. This document represents the
report of the FIPs 2022 workshop, held at CERN between
the 17 and 21 October 2022 and aims to give an overview
of these efforts, their motivations, and the decadal goals that
animate the community involved in the search for FIPs.
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Executive summary

The origin of neutrino masses and oscillations, the nature of
dark matter and dark energy, the mechanism generating the
matter-antimatter asymmetry in our universe or the origin of
the hierarchy of scales are some of the deepest mysteries in
modern particle physics. So far the vast majority of exper-
imental efforts to answer these questions have been driven
by theoretical arguments favoring searches for new parti-
cles with sizeable couplings to the Standard Model (SM)
and masses commensurate with the Higgs boson. Exploring
this paradigm is one of the main goals of the Large Hadron
Collider (LHC) at CERN.

An alternative framework to explain new phenomena
introduces new light particles interacting only feebly with
Standard Model fields. Feebly-interacting particles (FIPs)
are currently one of the most debated and discussed topics
in fundamental physics, recognized by the recent European
Strategy for Particle Physics as one of the compelling fields
to explore in the next decade. The workshop FIPs 2022, held
at CERN between the 17th and 21st of October 2022, has
played a central role in this worldwide discussion. This event
was the second edition of a series of workshops fully dedi-
cated to the physics of feebly-interacting particles, gathering
experts from particle physics, nuclear physics, astroparticle
physics and cosmology. About 320 participants from many
countries, including representatives from all major particle
physics laboratories, participated in the discussions.

The workshop was organized around three main themes,
that represent the backbone of the present Report: (i) ultra-
light FIPs and their connection with cosmology and astro-
physics; (ii) light Dark Matter in particle, astro-particle and
cosmology; (iii) Heavy Neutral Leptons and their connection
with active neutrino physics and neutrino-less double beta
decays experiments. In addition, dedicated sessions on New
Ideas featured 20 talks given by brilliant young researchers,
offering them an opportunity to discuss their work in front of
renowned researchers while attending a series of presentation
on a wide range of topics.
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The objective of FIPs 2022 was to set a common vision for
a multi-disciplinary and interconnected approach to funda-
mental questions in modern particle physics. Their breadth
and deep interconnection requires more than ever a diver-
sified research portfolio with a large set of experimental
approaches and techniques, together with strong and focused
theoretical involvement. No single experiment or laboratory
can cover the large parameter space in terms of masses and
couplings that FIPs models can suggest, calling for a broad,
diverse, but interconnected network of experimental projects.

FIPs 2022 aims to shape the scientific programme in
Europe for the physics of feebly-interacting particles. Such a
programme would extend far beyond the traditional searches
performed at colliders and extracted beam lines, including
elements from star evolution, cosmological models, indirect
dark matter detection, neutrino physics, gravitational waves
physics and AMO (atomic-molecular-optical) physics. In
that context, synergies between experimental facilities are
paramount, calling for deeper collaboration across main lab-
oratories in the world.

In a geo-political situation with unprecedented economi-
cal, political and climate-oriented challenges, we believe that
a network of interconnected laboratories can become a sus-
tainable, flexible, and efficient way of addressing the particle
physics questions in this century.

1 Introductory talks

1.1 The FIP/hidden sector/valley paradigm: opportunities
and challenges – K. Zurek

Author: Kathryn Zurek, <kzurek@caltech.edu>

Traditionally, high energy physics has focused on chasing
particles at colliders at ever higher energies. However, light
states may reside in a hidden sector, at mass scales well
below the weak scale, and remain hidden from the visible
sector on account of a high barrier, corresponding to sub-
weak interactions between the sectors. This situation, known
as the hidden valley (HV)/sector/feebly interacting particle
(FIP) framework encompasses a broad class of theories, and
is shown schematically shown in Fig. 1. A proposal to sys-
tematically search for light hidden sectors, from a diverse
class of hidden sectors, at colliders was made in Ref. [1],
with the class of low-mass Hidden sectors called hidden val-
leys. A field of research around hidden sector theories and
their phenomenological signatures has grown up, which we
attempt to overview here [2–5].

The examination of HVs or FIP sectors has gained
momentum along with a shift away from a single-minded
focus on states at ever higher energies. What has emerged is
a complex tapestry of new physics phenomena that occur at

Fig. 1 A schematic of low mass hidden valleys/hidden sectors/FIPs.
The hidden sector is separated from the visible sector by a barrier,
which corresponds to feeble interactions mediated by either a heavy
state (labeled here by the GUT scale), an intermediate scale like the
weak scale, or some light state. Within the hidden sector(s), there are

many types of states which can comprise the matter and force content,
and we have named a few (far from complete) examples. hidden valleys
are motivated by many UV-complete theories, such as string theory and
grand unification, both of which tend to give rise to a wide variety of
states at low energy
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Fig. 2 Examples of three types of signatures that occur via the three
types of mediators shown in Fig. 1. In the left figure, we show flavor-
violating interactions mediated by a heavy state, as discussed in Ref. [6].

In the center figure, we show displaced decays to a light hidden sector
through a weak scale state. And in the right figure, intensity production
of a light vector state which subsequently decays to dark matter [7]

lower energies but are still very weakly coupled to the Stan-
dard Model (SM). Further, as emphasized in Ref. [1], hidden
sectors appear generically in many UV complete theories,
such as string theory. Such a hidden sector need not solve the
SM’s problems, but it does naturally provide a dark matter
candidate. One only requires some symmetry to stabilize at
least one of the states in the hidden sector.

The structure of the hidden sector can take many forms:
it can be strongly or weakly coupled, containing dark pho-
tons or Higgses and/or a dark SU (N ) with N f flavours. It
can have sterile neutrinos or asymmetric dark matter, and
have a wide range of dynamics associated with it. The highly
malleable nature of low mass hidden sectors, which couple
only weakly to the SM, has led, in the last 10–15 years, to
a wide range of model building efforts, from light hidden
supersymmetric sectors, composite dark matter (from asym-
metric and flavored dark matter in many realizations such
as nugget and atomic dark matter), to hidden valleys that do
the work of baryogensis. The list of theories would be too
broad to give justice to here, so we refer the reader to com-
munity reports [2–4] (and references therein) to grasp the
scope of the efforts. There has been accordingly a renewal
in the search for mechanisms to set the relic abundance from
asymmetric dark matter, freeze-in, 3 → 2 mechanisms, dark
Affleck-Dine, and WIMPless miracles, to name a few.

While the model building activity has been inspiring, the
challenge is to detect such sectors through their interactions
with the SM, extending the symmetry structure of the SM.
The types of FIP signatures depend on the nature of the medi-
ator, as shown schematically in Fig. 2. Weak scale mediators
can be produced resonantly at high energy colliders. The
mediators then decay to a high multiplicity of states in the
hidden sector. Those light states may then decay back to the
SM through the heavy mediators, in some cases with long
lifetimes. This is the classic Hidden Valley set-up. If the medi-

ator is much lighter than the weak scale, low energy intensity
experiments can produce the FIP. A broad range of propos-
als have been made in the last decade, from the Heavy Pho-
ton Search, DarkLight and APEX (see Ref. [4] for details).
Finally, heavy mediators between the hidden and visible sec-
tors can mediate rare decays or flavor violating processes, as
frequently occurs in models of asymmetric or flavored DM
[6]. In short, the hidden valley/sector/FIP revolution has dra-
matically reshaped the theoretical and experimental particle
physics landscape, and the corresponding search for Physics
Beyond the Standard Model (BSM).

Traditionally, the search for physics BSM has focused
on new states at the weak scale, as solutions to the hierar-
chy problem. If we relax the motivation to search for new
physics only as solutions to the SM’s puzzles, where do we
focus our attention? One powerful motivation is to search
for suitable dark matter candidates, able to satisfy both the
observed relic density and other cosmological constraints
on dark sectors. The old paradigm is weak scale dark mat-
ter, with the relic abundance fixed by freeze-out. Fixing the
dark matter abundance to be the observed abundance natu-
rally places the freeze-out cross-section in the electroweak
range. This paradigm is highly testable, either through anni-
hilation byproducts with the predicted cross-section, 〈σv〉 �
3 × 10−26 cm3/s, or through Higgs-interacting dark matter
in direct detection experiments.

However, even in a hidden sector, the relic abundance may
still be set by interactions with the SM. These same interac-
tions give rise to predictive signatures in terrestrial experi-
ments, via crossing symmetry. For example, rare e+e− anni-
hilations to produce DM through freeze-in predict a scatter-
ing cross-section that can be probed in direct detection exper-
iments. In addition, asymmetric dark matter has a minimum
annihilation cross-section to be consistent with observations
in the cosmic microwave background, which also gives rise
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Fig. 3 Dark matter relic density can be a guide for where to look for
light dark matter. The same process that sets the relic abundance (or relic
asymmetry) can also mediate a scattering process in a direct detection
experiment, shown here as dark matter production through e+e− annihi-
lation (freeze-in) or asymmetric freeze-out. The top and bottom figures
(taken from Refs. [3,11] show the predicted interaction cross-section
as a shaded band

to a predictive direct detection cross-section. These points
are demonstrated in Fig. 3. More generally, light mediators
yield large scattering cross-sections in direct detection exper-
iments [3,8,9], and give rise to the possibility of direct DM
production in intensity experiments, such as SHIP, FASER,
Codex and MATHUSLA (see Ref. [4] for a review). In some
cases, the relic abundance requirement also gives rise to
predictive production rates in intensity experiments such as
LDMX, as emphasized in Ref. [10].

As there has been an effort to build and modify low inten-
sity experiments to search for FIPs, there has also been devel-

oped in the last decade a suite of experiments to search for
sub-GEV light dark matter in direct detection experiments.
These efforts were summarized in the community document
Ref. [4]. The standard nuclear recoil experiments, which are
kinematically well-matched to weak scale dark matter, do not
operate well on sub-nuclear mass scales. Instead, research
has turned to the development of electronic excitations, and
collective modes such as phonons and magnons, which have
smaller gaps (eV for electronic excitation and meV for col-
lective excitation) opening the way for detection of light dark
matter that deposits less energy.

After this discussion, one has the impression that there
are a broad range of signatures in a broad range of models.
Some may give up hope that any one of them will lead us to
dark matter. While we are offered no guarantees let me close
by offering an example of a concrete model of dark matter
which gives rise to a broad range of signals from a single, UV
complete model. We have argued that such a broad range of
signals are the rule, rather than the exception, in hidden valley
models. To be concrete, we consider asymmetric dark matter
as proposed in Ref. [12]. Asymmetric dark matter requires
interactions that, from the SM perspective, violate baryon or
lepton number (but conserve these global symmetries when
the hidden dark matter sector is included). These operators
are naturally higher dimension and of the form

L = OB−LOX

Md−4 , (1)

where M is the mass scale of the baryon- or lepton-number
violating interaction, which will generally be above the weak
scale. Such operators naturally induce flavor-violating inter-
actions, as discussed at length in Ref. [6].

The ADM interaction generates an asymmetric yield of
particles and anti-particles. Particles and anti-particles must
then be annihilated to allow the small asymmetry to shine
through. In the SM this occurs naturally through the pres-
ence of forces, e.g. e+e− → γ γ . This most naturally sug-
gests that ADM exists in a hidden sector with dark forces that
mediate such interactions to leave us with only the asymmet-
ric component. Both the light and heavy forces that mediate
interactions in such an ADM model give rise to observable
signatures that we have discussed, such a flavor violation and
displaced decays at colliders, as well as signatures at low
energy colliders through kinetic mixing of the dark photon.

While the considerations just discussed appear very gener-
ically from a bottom-up approach, they appear in a UV com-
plete theory of ADM. To be concrete, we utilize the model
proposed recently in Ref. [13], where the mass scale of ADM
was generated by unification of the dark gauge group with SM
SU(3), where the confinement of both dark and visible sec-
tors is triggered by a common origin. A schematic is shown
in Fig. 4. Hidden Valleys were motivated from the top-down
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Fig. 4 A broad array of states, and observational signatures, is pre-
dicted in a UV-complete theory of dark matter. Here we show schemat-
ically a case developed in Ref. [13], where the unified structure of the
theory gives rise to many states (shown in the left side of the figure),

as well as a broad range of signatures at colliders (shown in the right
panel. This includes the displaced decay of connector particles to a high
multiplicity of final states, including the possibility of dark showers and
semi-visible jets

(e.g. in string constructions or grand unification), but engi-
neered from the bottom-up approach. In dark unification, we
generate the whole panoply of signatures at a collider, from
Connector particles that decay promptly to missing energy
plus jets, to pairs of displaced vertices, as well as semi-visible
jets.

To summarize, there is no single way to search for sig-
natures of hidden sectors. In general, UV complete models
feature multiple signatures, and will require multiple differ-
ent experiments working together to identify the nature of the
dark sector. This include light dark matter detection, prompt
and displaced decays of light states at a collider, searches
for light states at intensity machines, flavor, and even grav-
itational wave signatures from a hidden sector. Fortunately,
there is now a community of people dedicated to probing
light dark sectors from many facet.

2 Ultra-light FIPs: theory and experiments

2.1 Introduction

The term ultralight FIP is normally used to indicate the low-
est mass range of feebly interacting particles. There is not a
clear and crisp definition of the ultralight mass region, but it
is common to adopt the∼keV threshold (see, e.g., Sect. 2.2).
Even lighter FIPs, in the sub-eV mass region, are normally
identified as WISPs, which stands for weakly interacting sub-
eV (or slim) particles (see, e.g., Ref. [14]). WISPs may play
an important role in cosmology, as discussed in the contri-
bution in Sect. 2.3 below.

Ultralight FIPs have been studied extensively over the past
several decades. Arguably, the most well known and studied
example is the QCD axion. Originally proposed as a solution

Fig. 5 Landscape overview of experiments available to probe ultra-
light axion dark matter, in the context of canonical QCD axion models.
Green regions denote mass ranges already probed with laboratory dark
matter searches for the axion-photon coupling. Red and blue regions
denote mass ranges to be probed with ongoing and future laboratory
dark matter searches for the axion-photon and axion-nucleon couplings,
respectively. Grey regions indicate astrophysical bounds on the axion-
photon coupling. Figure from Ref. [23]

of the strong CP problem [15–18], axions were soon recog-
nized as one of the primary dark matter candidates [19–21]
(see Refs. [22,23] for recent accounts). Furthermore, as dis-
cussed below (see, in particular, Sect. 2.4), they may play
significant roles in astrophysics. Besides QCD axions, the
ultralight FIP panorama includes other well-studied candi-
dates such as axion-like particles (ALPs), dark photons and
light scalars. On purely theoretical grounds, it is possible to
construct several models of ultralight FIPs by considering
different sets of low-dimension operators. The discussion of
appropriate criteria, such as simplicity or technical natural-
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ness, to classify the different models is among the aims of
the FIP Physics Center (see Sect. 2.2).

As discussed in the following contributions, the phe-
nomenological motivations for ultralight FIPs are numerous,
and span from particle physics to astrophysics and cosmol-
ogy. A broad range of probes is available to study FIPs,
including laboratory, astrophysical and cosmological probes.
The types of signatures can be further categorised depend-
ing on whether the ultralight FIPs contribute to the dark
matter, dark radiation or dark energy (i.e., are of a cosmo-
logical nature), are produced in stars (i.e., are of an astro-
physical nature), or are produced in the laboratory (e.g., via
FIP-photon interconversion or as virtual mediators of new
forces). Searches for FIPs of these different natures generally
involve different sets of assumptions, providing complemen-
tarity between these different types of searches.

A general feature of ultralight FIP models is the enor-
mous potential of the astrophysical and cosmological signa-
tures they can yield. Their feeble couplings can allow them to
escape dense environments (such as stellar cores), providing
a useful telescope into regions that are inaccessible to pho-
tons (see Sect. 2.4). Furthermore, being very light and feebly
interacting, such FIPs are often stable (or have extremely
long lifetimes), and are thus good dark matter candidates.
Several non-thermal production mechanisms allow an effi-
cient cosmological production of a non-relativistic popula-
tion even in the case of extremely light (sub-eV) FIPs. In
this sense, the sub-eV region is particularly interesting and
well-motivated. If extremely light particles are to account
for the totality (or a large fraction) of the dark matter in the
universe, they must have huge occupation numbers and thus
they would exhibit wavelike behavior. This observation turns
out to have rich consequences. In particular, the detection
of wavelike dark matter requires specific techniques which
have advanced impressively in the past decade, in particu-
lar precision measurements and probes (see Figs. 5 and 6
for landscape overviews). An increasing number of these
probes adopt the use of quantum techniques and technolo-
gies. Numerous contributions in these proceedings present
the progress in specific detection techniques as well as near-
future expectations. In particular, we report on the status of
searches in some of the major laboratories in the world (see
Sects. 2.5, 2.6 and 2.7).

The relevance of experimental studies of FIPs in the ultra-
light region and the progress in specific detection techniques
have been long recognized by the international community
and have been discussed in recent strategy reports. The US
Report on Basic Research Needs for Dark-Matter Small
Projects New Initiatives [25] acknowledged that the “Dis-
covery of dark matter waves would provide a glimpse into
the earliest moments in the origin of the universe and the laws
of nature at ultrahigh energies, beyond what can be probed in
colliders”. Several strategic directions have been presented in

numerous contributions to the Snowmass 2021 reports (see
Figs. 5 and 6) [23,24,26–28].

In this section, we provide an overview of the main the-
oretical and experimental results and, in particular, provide
an update on the most recent searches and results, as well as
future perspectives. In Sect. 2.2, we open with an account of
the theoretical panorama, presenting some general criteria to
guide the theoretical developments of ultralight FIP models.
This defines the FIP Physics Centre approach to classifying
and studying ultralight FIPs. Thereafter follow a survey of
cosmological (Sect. 2.3) and astrophysical (Sect. 2.4) probes.
We note that these probes are not necessarily limited to the
sub-eV mass range (although this is the predominant mass
region) – for some astrophysical probes, the same methods
adopted for the sub-eV mass range also apply for FIP masses
up to several keV or even (in the case of supernovae) a few 100
MeV. The following three contributions present the status and
perspectives from DESY (Sect. 2.5), the INFN laboratories
of Frascati (LNF) and Legnaro (Sect. 2.6), and IBS-CAPP
(Sect. 2.7). Following these general reports, Sects. 2.8 and
2.9 present updates on EDM searches, Sect. 2.10 discusses
precision measurements of the fine-structure constant, while
Sect. 2.11 discusses tests of the fundamental symmetries with
matter-antimatter conjugate systems. Sections 2.12 and 2.13
discuss the use of gravitational-wave detectors to search for
FIPs. Sections 2.14 to 3.24 present some new theoretical and
experimental ideas in the realm of ultralight FIPs. Finally,
in Sect. 2.20, we summarise and discuss the outlook of the
field.

2.2 Ultra-light FIPs: the FIP physics centre approach –
M. Pospelov

Author: Maxim Pospelov, <pospelov@umn.edu> – Joint
Session with PSI 2022

The benchmark models formulated by the Physics Beyond
Colliders (PBC) Study Group at CERN have played a cat-
alyzing role for the experimental and theoretical studies of
MeV-to-GeV scale FIPs. At the moment, there is some inter-
est in expanding this activity towards ultra-light field models,
in hope of a similar effect on the field. Here we present a pos-
sible approach to such a classification, and formulate some
models that can serve as benchmarks.

2.2.1 Principles behind the classification

Ultra-light field (ULF) models is a particular example of FIPs
where the masses of particles can be below keV, eV, and
sometimes much below. For example the quintessence field
models have mass parameters in the potential as small as the
Hubble constant today∼ 10−33 eV. In recent years, there has
been an intensification of precision measurements/probes of
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Fig. 6 Landscape overview of experiments available to probe ultra-
light scalar and vector dark matter. Pink regions denote searches for
scalar boson dark matter, green regions denote searches for vector boson

dark matter via gauge couplings, and blue regions denote searches for
vector boson dark matter via the kinetic mixing portal. Figure from
Ref. [24]

this type of new physics. Many models exist on the market,
but a comprehensive list of them has not been created yet.

In devising the models, one could adhere to the following
general philosophy:

1. Relative simplicity is still a criterion, as we want a man-
ageable parameter space, and there is no “clear winner”
among any of the complicated models.

2. Renormalizability is not a criterion like it was for the
majority of the PBC benchmark models before. (The
reason is that these models are often in the same class
as gravity that by itself is not renormalizable.) That does
not prevent us to treat all models within the effective field
theory (EFT) framework.

3. Technical naturalness, or stability of the chosen model
and all its parameters against radiative corrections with-
out the necessity of extreme fine tuning or unnaturally
small cutoff, is the hardest criterion to address. In the
past, particle physics literature would tend to adhere to
technical naturalness verbatim, and ignore models that
tend to contradict this principle. On the other hand, some
other communities (Atomic-Molecular-Optical or AMO
community, and some cosmologists) tended to ignore this
entirely, arguing that more creative UV completion may
avoid the problem (that sometimes proves to be correct).

Here we will give mild priority to models with explicit
technical naturalness, but would not entirely discard
unnatural models if they give promising phenomenology.

Lastly, we also want some relevance of the formulated
models for the on-going experimental program of precision
physics for BSM. If there is no connection, there is little
impetus for FIPs Physic Centre (FPC) of the PBC study group
to “maintain” such models. This is a practical consideration,
rather than a criterion.

2.2.2 Possible benchmark cases

The set of models we are going to consider is going to be
mostly bosonic, not least because bosons can have very large
occupation numbers, and this can partially offset the small-
ness of their coupling. More importantly, light bosons can sat-

urate dark matter. Many models would use X ∼
√

2ρDM/m2
X

ansatz for the amplitude of field X when it saturates the local
dark matter energy density ρDM.

Below I give an account of some reasonable/popular mod-
els of ULFs. In the “A list” I will include models that to a
large extent conform the idea of technical naturalness.

A category. Technically natural.
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M0. “Model 0” is a non-interacting ULF model with some
scalar field φ and potential V (φ) that gives it a slow roll and
modifies the equation of state for dark energy, w [29,30].
These models have been extensively studied in cosmology,
but unfortunately they have no other signatures. These mod-
els can be technically natural if there is no couplings to the
SM, and because it is not clear what the cutoff in these the-
ories is.

M1. Axion-like particles. They are technically natural on
account of the shift symmetry, and the shift symmetry is
broken softly by the mass. Possible space of mass & cou-
plings: {ma, gaγ γ , gaee, gapp, gann} or any combination of
those. These are couplings to F F̃ , and the spins of elec-
trons and nucleons. These couplings can be relatively easily
mapped to the models/couplings featured in the PBC set [4].
ma can be anything including 0. ALPs may or may not satu-
rate DM, and may contribute to the cosmic history [22]. There
is a large range of experimental and astrophysical searches
of these models.

M2. ULF vector fields. One can have very light vector
fields coupled to conserved portals, such as EM current (dark
photon), or B − L current. These vector fields can possibly
saturate the DM abundance. Potentially there are many inter-
esting applications with broad-band and resonant searches
with a variety of methods depending on their mass [31–33].

M3. Light thermal freeze-in dark matter, with possibly
sub-eV light mediators (e.g. dark photons). If the mass of
mediators is equal to zero, the model starts being equiva-
lent to millicharge. This type of models has many astrophys-
ical applications, direct detection applications, and novel
schemes of detecting light millicharged particles (see review
[8] for light dark matter).

B category. These are models that could be natural under
certain exotic conditions (see e.g. [34,35]).

M4. Scalar field models (oscillating scalar, or smoothly
evolving scalar as in M0) + linear non-derivative couplings
to: (4a) to Higgs portal (relaxion) [36]; (4b) to trace of stress-
energy tensor; (4c) to spins; 4d) to F2

αβ of electromagnetism
[37] etc. The reference list here is rather elaborate. Saturating
the dark matter density in such models is an option. This type
of models have large AMO opportunities as they generally
predict the apparent evolution of the coupling constants and
masses in time, or an abnormal spin precession.

M5. ULF scalars derivatively coupled to matter fields.
(Some variants are called “disformal couplings” in the
cosmological literature [38]). The couplings are given by
Tαβ∂βφ∂αφ/4, H† H∂αφ∂αφ/2 [39], where Tαβ is the
stress-energy tensor, and H is the SM Higgs field. There is
not much signatures here for precision physics, other than
cosmology studies of Nef f and also collider studies of miss-
ing energy. (Also, the model can be put in the “A list” if is
at the weak scale and above.)

C category. Technically unnatural, but with interesting
phenomenology

M6. Chameleon-type models. (Mass increases inside mat-
ter [40]). The couplings needed in the simplest case are
Tααφ2/2, H† Hφ2 [41]. If the scalar field φ contributes
to DM, the chameleonic mass can keep it outside of the over-
dense regions, creating space-varying properties of matter
[41,42].

M7. ULF models with nontrivial clustering properties due
to self-interaction. For example, DM out of lumps of light
fields (Q-balls). Coupling to matter may introduce transient
effects, when e.g. atomic properties temporarily change when
a lump passes through [43,44].

M8. ALP couplings to EDMs. This is inspired by the QCD
axion, but the dipole coupling is taken to be much larger than
the QCD-derived value [45]. Relevant for some experimental
proposals.

2.2.3 Suggested parameter space

M0. L = 1
2 (∂φ)

2 − V (φ). It is reasonable to try several
generic possibilities, such as models with “late motion of
field” when there is a constant linear forcing, and the value
of the field is φ(z = 0) = 0 by construction. Possible models
for massive field with some initial condition at early times
are defined by the following potentials:

A : V (φ) = V0 + V ′φ, φ(z = 0) = 0, (2)

B : V (φ) = V0 + 1

2
m2

0(φ)
2, φ(large z) = φ0 (3)

C : V (φ) = V0 + V1 cos(φ/ f ), φ(large z) ∼ f (4)

The first model has parameter space
{

V0, V ′
}
, and is

about dark energy. The last two models have parameter
space {V0,m0, φ0} and {V0, V1, f } respectively, and have
dark energy and dark matter associated with them.

M1. This is more or less the same parameter space as in
ALPs models. Since we are talking about low energies, it is
reasonable, of course, to switch to the language of nucleons
rather than quarks and gluons, and therefore we have:

L = 1

2
(∂a)2 − 1

2
m2

aa2 − a

4 fγ
Fμν F̃μν

−
∑

i=e,p,n

∂μa

fi
ψ̄iγμγ5ψi . (5)

The parameter space is in principle a multi-dimensional
{ma, fi }, and one could take different fi slices of it. The ini-
tial position of a field, a0 at earlier times, is also important
and a unique a0, and/or randomly distributed a0 are possible.
Alternatively, all models that aspire to have some contribu-
tion to DM, we may quantify their late-time contribution
to the DM energy density by a parameter κi ≡ �i/�DM ,
i = a, φ, V etc.
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M2. Ultra-light vector fields can have the following
Lagrangian:

A : L = −1

4
V 2
μν −

ε

2
VμνFμν + 1

2
m2

V V 2
μ (6)

B : L = −1

4
V 2
μν +

1

2
m2

V

+LSM (Dμ→ Dμ − i Q B−L gB−L Vμ). (7)

The parameter space is evidently {mV , ε} and {mV , gB−L}.
(If mV is tiny, the model may prefer Dirac SM neutrinos).

M3. The model has the same parameter set as Benchmark
model 2 (PBC set). Specifically, one takes small m A′ , and
mχ > O(keV):

L = −1

4
V 2
μν −

ε

2
VμνFμν + 1

2
m2

V + χ̄ (iγμDμ − mχ )χ,

(8)

and the covariant derivative contains gd dark gauge coupling.
The model parameter space is {mV , ε,mχ , gd}. The differ-
ence with the PBC models, is a smaller mass range, and
freeze-in conditions for creating DM.

M4. In this class of models, to the scalar models encoun-
tered before (M0) we add

A : Lint = Aφ(H† H − 〈H† H〉) (9)

B : Lint = φ

MT
× Tμμ (SM) (10)

C : Lint = φ

4Mγ

× (F E M
μν )

2 + φ

4Me
× ēe + φ

4MN
N̄ N

(11)

D : Lint = −
∑

i=e,p,n

∂μφ

Mi
ψ̄iγμγ5ψi (12)

E : Same structures with φ→ φ2. (13)

Comments: model A is a more restrictive realization of model
C. Model D is basically the same as the M1. Simultaneous
presence of e.g. C and D will lead to mass-spin coupling, also
searched in experiments.

M5. The parameter space is the mass of “disformal” scalar
and its coupling, {mφ,}. (Representative couplings are
given by Tαβ∂βφ∂αφ/4 or H† H∂αφ∂αφ/2).
On theoretical grounds, we expect that the coupling  is
larger than the EW scale. See the latest paper Ref. [46].

M6. Chameleon or “symmetron”-type models have a large
variety. For example, one can consider

L = 1

2
(∂φ)2− 1

2
m2
φφ

2− λφφ4+ λHφ(H
† H −〈H† H〉)φ2.

(14)

In-medium value of H† H − 〈H† H〉 is non-zero, and if m2
φ

is small, it has consequences for spatial distribution of φ,
especially if it is dark matter. If m2

φ is negative, φ field will

have a nonzero v.e.v. in vacuum, and matter effects can restore
symmetry.

M7. The parameter space of models with extended DM
objects are difficult to describe in a few numbers. Let us
approximate the DM field profile inside a “defect” by some
Gaussian field:

φ(r) = φ0 × exp(−r2/(2R2)) (15)

φ0 and R will describe the amplitude and the extent of the
field configuration, that will have a mass ∝ φ2

0 R, so that
number density of these objects n should obey ∼ nφ2

0 R ≤
ρDM . The interaction of such an object with matter can be
described by Eqs. (7)–(11).

M8. Finally, an ULF coupling to an EDM can be described
as

LEDMφ =
∑

i=e,n,p

φ
di

f
ψiσμν F̃μνψi (16)

The parameter space of the model is then {mφ, di/ f,�φ}.
Conclusion: This is the first, and incomplete step towards

the classification of ultra-light new physics. A lot more efforts
are required in analyzing these models, and assembling con-
straints on their parameter space.

2.3 Observational searches for ultra-light FIPs with
cosmological surveys – B. Wallisch

Author: Benjamin Wallisch, <benjamin.wallisch@fysik.su.se>

2.3.1 Introduction

Cosmological observations are a sensitive probe of particle
physics and have become precise enough to start comple-
menting terrestrial experiments. For example, they have the
potential to shed new light on the properties of neutrinos
and discover particles that are even more weakly coupled to
the rest of the Standard Model (SM). In particular measure-
ments of the cosmic microwave background (CMB) and the
large-scale structure (LSS) of the universe are remarkably
sensitive to light, feebly-interacting particles (FIPs). Impor-
tantly, these observations are and will be providing interest-
ing bounds, both leading and complementary to those from
astrophysics, colliders and laboratories, on both hot (thermal)
and cold (non-thermal) FIP populations.

Light thermal relics of the hot big bang are one of the
primary targets of current and especially future cosmologi-
cal surveys. Apart from new massive particles, an interesting
consequence of many proposals for physics beyond the Stan-
dard Model (BSM) are extra light species [28,47,48], such as
axions (we will refer to both QCD axions and axion-like par-
ticles as axions for simplicity) [15,17,18,49,50], dark pho-
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tons [51,52] and light sterile neutrinos [53]. While searching
for these particles is one of the main objectives of particle
physics, their detection could be difficult in terrestrial exper-
iments because their couplings might be too small or their
masses too large. Interestingly, the temperature in the early
universe was probably high enough to make the production
of weakly-coupled and/or massive particles efficient. Their
gravitational influence could then be detected if the energy
density carried by these particles was significant. This will
be the case for light relics which were in thermal equilibrium
with the Standard Model at early times and subsequently
decoupled from the SM degrees of freedom. In addition, even
the absence of a detection would result in new insights by pro-
viding constraints on the SM couplings of these new particles.
This sensitivity to extremely weakly interacting particles is
a unique advantage of cosmological probes of BSM physics.

Classes of models with non-thermally produced, light par-
ticles are another interesting target for BSM searches for
which cosmological surveys can uniquely contribute impor-
tant information over a large range of scales. The very long
wavelengths associated with the classical wave-like nature
of ultra-light cold bosons means that their main signatures
can be found in astrophysical and especially cosmological
environments. As for thermally produced, light FIPs, a cold
population of such particles can be found in many SM exten-
sions, including the so-called axiverse in string theory which
contains many ultra-light axions [49], for instance. There
also exist several different production mechanisms which can
leave distinct observational signatures.

While cosmological probes of FIPs are a broad and grow-
ing field of study, we will focus on light thermal FIPs and
briefly discuss (ultra-)light non-thermal axions at the end. (In
the cosmological context, we usually refer to sub-eV particles
as being light.) We will first generally describe advantages
and the physical origin of the constraining power of cos-
mology (and astrophysics) to light thermal relics. Then, we
provide explicit examples of bounds on the SM couplings of
these elusive particles, in particular axions. We finally give
an introduction to ultra-light axions before we conclude with
a summary. We note that we will mainly focus on the particle
physics aspects of these searches and refer to [22,28,54–65]
and references therein for details on the underlying cosmo-
logical probes and more general reviews (see also the related
literature on sub-MeV dark matter, such as [8,66]).

2.3.2 The power of cosmology (and astrophysics)

The detection of new light species is difficult since their cou-
plings to the Standard Model are constrained to be small.
Given the resulting small scattering cross sections, terres-
trial experiments in the intensity or energy frontier of parti-
cle physics are challenging (see other contributions in these
proceedings). The study of astrophysical and cosmological

systems, however, provide us access to high-density envi-
ronments and/or the ability to follow the evolution over long
time scales which can overcome the small cross sections and
allow a significant production of these extra particles. This
then allows us to put some of the best constraints on FIPs.

It is illustrative in this context [67] to consider the frac-
tional change in the number densities of the particles involved
in the production process, which is schematically given by
the interaction rate � ∼ nσ , with number density n and
thermally-averaged cross section σ , times the interaction
time �t :

�n

n
∼ nσ ×�t. (17)

This highlights how small cross sections can be compen-
sated for by high densities, e.g. n ∼ (1 keV)3 and (10 MeV)3

in stellar interiors and supernova explosions, and long time
scales, such as the very long lifetime of stars, �t ∼
O(108) yrs, or �t ∼ 10 s for supernovae. We therefore find
significant changes in the evolution of these astrophysical
systems, �n/n � 1, if σ � (n�t)−1 ∼ (1010 GeV

)−2
. A

similar argument can be applied to the early universe, which
was dominated by radiation. The high densities of the early
universe, n ∼ T 3 � (1 MeV)3 before neutrino decoupling,
allow light particles to have been in thermal equilibrium with
the SM (and therefore efficiently produced) for time scales
of �t < 1 s. They can therefore make a significant contri-
bution to the radiation density, and be detected in CMB and
LSS observations. Based on this rough estimate, cosmologi-
cal constraints should improve over astrophysical bounds for
temperatures above 104 GeV.

Another advantage of cosmological observations is that
they can provide broad constraints on phenomenological
descriptions. On the other hand, particle physics searches can
be blind to unknown or incompletely specified forms of new
physics. This means that terrestrial experiments may give
strong constraints on specific scenarios, while cosmological
measurements are less sensitive to the details of the models
and can compress large classes of BSM physics into broad
categories. For example, cosmology can constrain all cou-
plings of new particles to the Standard Model, while astro-
physical systems and laboratory experiments are often only
sensitive to a subset of these interactions, such as the coupling
to photons. This universality of cosmological constraints is
one of the reasons why the search for light thermal relics
has been adopted as one of the main science targets of future
cosmological surveys (see e.g. [68,69]), such as the next-
generation CMB and LSS experiments CMB-S4 [56,70,71]
and Spec-S5 [72,73], respectively. In the next section, we will
provide a few explicit examples for the constraining power
of cosmology to light thermal relics.
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2.3.3 Cosmological constraints on relic axions

From both the particle physics and cosmology perspec-
tive, it is useful to theoretically describe light thermal relics
within an effective field theory (EFT) framework organized
according to their spin [74] and observationally search for
their contribution to the radiation density in the early uni-
verse as parametrized by the effective number of relativistic
species, Neff . We will therefore briefly review these topics
before discussing bounds in the decoupling and rethermal-
ization scenarios.

Given the universal sensitivity of cosmology, it is more
efficient to study the interactions between the new species
with the SM degrees of freedom within the framework of
effective field theory [74] and thereby capture their main
phenomenology instead of working through BSM models
one by one. Generally speaking, this means parametrizing
these interactions as

L ⊃ g

n
OXOSM, (18)

where g ∼ O(1) is a dimensionless coupling constant,
 is the associated energy scale, OX and OSM are opera-
tors of dark sector and SM fields of dimension�X and�SM,
respectively, and n = �X + �SM − 4. To prevent large
quantum corrections of the small masses of X , we employ
(approximate) symmetries which restrict the allowed cou-
plings in (18). This naturally separates the EFT according to
the spin of the new particle(s): shift symmetries for scalars,
chiral and axial symmetries for spin- 1

2 particles and gauge
symmetries for vector bosons. By dimensional analysis, the
interaction rate �X grows with temperature T for n > 1

2 , i.e.
the new species is potentially in thermal equilibrium at high
temperatures and decouples at a lower freeze-out tempera-
ture TF :

�X (T ) ∼ T 2n+1

2n

H(TF )∼�X (TF )−−−−−−−−−−→

TF ∼
(
2n

Mpl

)1/(2n−1)

, (19)

where we used the Hubble parameter during radiation domi-
nation in the early universe, H(T ) ∼ T 2/Mpl. For Mpl,
decoupling therefore happens at TF  , i.e. in the regime
of validity of the EFT, provided that n is not too large. If the
decoupling temperature is smaller than the reheating tem-
perature of the universe, TF < TR , the dark sector thermal-
izes with the Standard Model producing a detectable relic
abundance (see below). Conversely, excluding such a relic
abundance would lead to a bound on the interaction strength,

 �
(

T 2n−1
R Mpl

)1/(2n)
, and severely constrain the currently

available parameter space, in particular for high-scale reheat-
ing [75]. More generally, we can constrain the interaction

terms (18) by measuring the relic density since it is governed
by the decoupling temperature TF ().

We usually infer the relic density ρX in terms of Neff ,
which parametrizes the radiation density ρr of the universe
as

ρr = ργ+ρν+ρX =
[

1+7

8

(
4

11

)4/3 (
N SM

eff +�Neff
)
]
ργ .

(20)

Here, we used the well-measured photon energy density ργ
and the neutrino energy density ρν , given by the SM value
of N SM

eff = 3.044 [76–78], which has now been theoretically
calculated with an uncertainty in the fourth decimal place.
The contribution to Neff from any extra light relic is given by

�Neff = 4

7
g∗,X

(
43/4

g∗(TF )

)4/3

≈ 0.027g∗,X
(

g∗,SM

g∗(TF )

)4/3

,

(21)

where g∗,X = 1, 7/4, 2 is the effective number of degrees
of freedom for a real scalar, Weyl fermion and massless vec-
tor boson, respectively, g∗(T ) is the effective number of total
relativistic degrees of freedom in thermal equilibrium at tem-
perature T , and g∗,SM = 106.75 is the maximum SM value
at temperatures above the scale of electroweak symmetry
breaking. We present this contribution to Neff from a single
thermally-decoupled species as a function of the decoupling
temperature TF and the spin of the particle in Fig. 7. Here, we
assumed that there is no significant entropy production in the
universe for T < TF which would otherwise decrease�Neff .
If we additionally consider a minimal extension of the Stan-
dard Model, g∗(T � mt ) ≈ g∗,SM, with top mass mt , we
get �Neff ≥ 0.027g∗,X . (We refer to [67] for a detailed dis-
cussion of these assumptions and their implications.) This in
particular implies that cosmological surveys which are sen-
sitive to �Neff = 0.027 will either detect the existence of
any light particle that was ever thermalized in the history of
the universe or provide strong constraints on their potential
SM interactions. Interestingly, this threshold is within reach
of future observations.

We can exemplify the potential sensitivity of cosmolog-
ical Neff measurements to constrain couplings of SM par-
ticles to BSM pseudo-Nambu-Goldstone bosons (pNGBs),
which are scalar particles that arise as a consequence of
the breaking of (approximate) global symmetries, such as
axions (shift symmetry) [15,17,18,49,50], familons (flavor
symmetry) [85–88] or majorons (neutrino masses) [89,90].
For the dimension-5 interaction of photons and gluons with
axions φ, L ⊃ −φ/(4γ,g)Xμν X̃μν , with respective field-
strength tensor Xμν = Fμν,Ga

μν and its dual X̃μν , we
have (19) with n = 1. Observationally excluding a contri-
bution of �Neff = 0.027 to the radiation density therefore
implies reheating-temperature-dependent constraints on the
interaction strengths of [75]
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Fig. 7 Contributions of a single massless particle, which decoupled
from the Standard Model at a decoupling temperature TF , to the effec-
tive number of relativistic species, Neff = N SM

eff + �Neff , with the
SM expectation N SM

eff = 3.044 from neutrinos (from [28,59,67] where
we also refer to for additional details). The purple, green and blue lines
show the contributions for a real scalar, Weyl fermion and vector boson,
respectively. The two vertical gray bands indicate neutrino decoupling
and the QCD phase transition. The current limit on �Neff at 95% c.l.
from Planck 2018 and BAO data [79], and the anticipated sensitivity of

the Simons Observatory (SO) [80] and CMB-S4 [70,71] as examples
for upcoming and next-generation CMB experiments are included with
dashed lines. The horizontal gray band illustrates the future sensitivity
that might potentially be achieved with a combination of cosmological
surveys of the CMB and LSS, such as CMB-HD [81], Spec-S5 [73] and
PUMA [82], cf. [57,83,84]. The displayed values on the right are the
observational thresholds for particles with different spins and arbitrarily
large decoupling temperature in minimal scenarios

γ � 1.4× 1013 GeV

(
TR

1010 GeV

)1/2

,

g � 5.4× 1013 GeV

(
TR

1010 GeV

)1/2

. (22)

This limits would be stronger than current (astrophysical)
constraints for reheating (or similar entropy production eras
above the electroweak symmetry breaking scale) tempera-
tures of about 104 GeV for the axion-photon coupling and
generally for the interaction with gluons. Similar bounds can
also be inferred for couplings to SM fermions and neutri-
nos [75] (see also [91–96], for instance).

Another scenario occurs for effective operators with n <
1/2 in (18) for which the new light particles are out of
equilibrium at high temperatures and thermalize at lower
temperatures, cf. (19). This is in particular the case for
dimension-5 pNGB couplings to SM fermions ψ , such as
the SM axial vector current, ∂μφ ψ̄γ μγ 5ψ , which become
effective dimension-4 operators after electroweak symmetry
breaking leading to �φ ∝ mi/i T , where mi is the respec-
tive SM fermion mass. Once these particles thermalize with
the SM at T � mi , they will contribute to Neff at an observ-
able level, but at a negligible level for T � mi since the
fermion number density becomes Boltzmann suppressed. In
fact, this would be easier to detect since the contribution

to Neff in this rethermalization scenario is larger than their
equivalent freeze-out contribution.

At the same time, the absence of a detection would allow us
to place direct constraints on the interaction strength between
the light particles and the SM fermions: we require that the
recoupling temperature is smaller than the effective decou-
pling temperature so that the interaction rate is already Boltz-
mann suppressed when the pNGBs would rethermalize [75].
While these constraints are usually weaker than the freeze-
out bounds, they do not make any assumptions about the
reheating temperature (as long as TR > mi ). As illustrated
in Fig. 8, both current constraints on Neff from Planck and,
in particular, future measurements at the projected sensitiv-
ity of CMB-S4 set interesting constraints on the couplings of
some SM fermions to axions and other pNGBs [75,97–103].
At the moment, the cosmological constraints on axion-muon
and axion-tau couplings are complementary to astrophysical
constraints from supernova 1987A (cf. [104–106]) and white
dwarf cooling, respectively, but will be competitive or even
supersede these bounds with future Neff measurements [97].
Upcoming CMB and LSS surveys will also be sensitive to the
couplings of axions to heavy quarks even though the deriva-
tion of precise constraints depends on the strong-coupling
regime of quantum chromodynamics. More generally, the
environment, required modeling and physical understanding
in the early universe is quite different to the interiors of stars,
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i.e. cosmological probes can be an important complementary
test of these axion-matter couplings (see e.g. [107]).

2.3.4 Cosmological constraints on ultra-light axions

So far, we have considered a potential thermal population
of light species, but there are also several ways of non-
thermally producing light BSM particles which may also
constitute (part of) the dark matter. One such example are
(ultra-)light axions which have an interesting phenomenol-
ogy and distinct observational signatures, with cosmologi-
cal observations setting the current bounds in a sizable part
of parameter space (see [22,23,60,63,108,109] for recent
reviews).

Non-thermally produced bosons with masses in the range
10−33 eV � mφ � 10−2 eV are particularly interesting
since they may contribute the observed dark matter and dark
energy densities. These particles generally behave like dark
energy with an equation of state w = −1 when the Hub-
ble parameter is smaller than their mass, H � mφ . For
larger values of H at later times, the axion field oscillates
rapidly, behaving like (dark) matter with w = 0 on aver-
age. This implies that these FIPs either contribute to dark
matter or dark energy throughout the history of the universe.
The behavior of an axion with mφ � 10−33 eV cannot be
distinguished from a cosmological constant as dark energy
today since its Compton wavelength exceeds the cosmic hori-
zon. If its mass is smaller and larger than about 10−27 eV,
respectively, it behaves like early dark energy and dark mat-
ter. Through this behavior, the wave-like nature with macro-
scopic de Broglie wavelengths and broader phenomenology,
these particles also have the potential to address some open
questions in astrophysics and cosmology.

Ultra-light axions have various observable implications
that affect several cosmological probes (and other astrophys-
ical measurements and terrestrial experiments). For instance,
the slowly rolling axion field in the dark energy regime
in particular impacts the largest angular scales and the
wave-like nature of these FIPs suppresses density fluctua-
tions on smaller scales below the (comoving) Jeans scale,
λJ = 0.1 Mpc (mφ/10−22 eV)−1/2 (1 + z)1/4. These are
signals that are especially imprinted in both the primary
and secondary CMB anisotropies, and in LSS observations
of galaxy clustering, weak gravitational lensing and the
Lyman-α forest. Current CMB and LSS surveys constrain
the ultra-light axion energy density to �φ � 0.01 in the
mass range 10−32 eV � mφ � 10−26 eV, with Lyman-α
observations adding additional constraints for 10−23 eV �
mφ � 10−20 eV. Future surveys, especially CMB-S4, are
forecasted to close this gap and improve the current bounds
by one to two orders of magnitude (see Fig. 4 of [63] for a
recent compilation of current and future CMB and LSS con-
straints [110–120]). An additional powerful signature of

ultra-light axions is a spectrum of isocurvature fluctuations,
which depends on whether the underlying U (1) symmetry of
these FIPs is broken before or after inflation and may provide
further insights together with CMB B modes in the former
case (see e.g. [121–125]). Somewhat more model-dependent
constraints may also be inferred through CMB birefringence
observations (e.g. [126–130]), for instance, if these BSM par-
ticles couple to photons.

2.3.5 Summary

The wealth and precision of current CMB and LSS data
does not only allow us to probe the universe on large scales,
but we can also use it to search for BSM particles. These
cosmological observations are particularly well suited to
study light FIPs, such as axions, which arise in many well-
motivated extensions of the Standard Model. Current sur-
veys already provide interesting bounds on many scenarios
through broad, model-independent data analyses which in
particular capture the gravitational influence of new species
on the evolution of the universe. While the main parame-
ters of the effective number of relativistic species Neff and
the axion energy density �φ for a thermal and non-thermal
population of such particles, respectively, parametrize their
energy density, we also note that these cosmological mea-
surements can shed light on additional properties, such as
their (non-)free-streaming nature and, therefore, their self-
interactions or dark couplings (cf. [55,131–139]). Upcoming
and future CMB and LSS surveys are designed to improve
current bounds on Neff and�φ by at least one order of mag-
nitude which will translate into many orders of magnitude in
coupling strengths and large parts of currently viable parame-
ter spaces. Cosmological probes of light FIPs therefore have
a bright future by themselves, and through their combina-
tion and complementarity with astrophysical and terrestrial
experiments.

2.4 Ultra-light FIPs: what we know from stars/supernovae
/neutron stars/white dwarfs/etc – P. Carenza

Author: Pierluca Carenza,<pierluca.carenza@fysik.su.se>

Feebly interacting particles (FIPs) play a major role in a
plethora of astrophysical phenomena. An extremely impor-
tant phenomenological aspect is the impact that FIPs have
on stellar evolution. Indeed, exotic particle with feeble inter-
actions with ordinary matter, once produced in stars, escape
draining energy from the stellar core. Thus, stars are efficient
FIP factories given their extreme density and temperature
conditions.

Axions and axion-like particles (ALPs), collectively
called ‘axions’, are among the most studied FIPs since their
intriguing connection to the strong CP problem and the possi-
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Fig. 8 Contribution of a rethermalized light axion to �Neff as
a function of its coupling i to different SM fermions ψi for
the dimension-5 derivative coupling to the SM axial vector cur-
rent −−1

i ∂μφ ψ̄iγ
μγ 5ψi (from [97] where we also refer to for a

detailed discussion). The displayed values for the bottom and charm

couplings are conservative and may be (significantly) larger. The hori-
zontal dashed lines and gray band are the same as in Fig. 7. Given the
displayed results, current and future constraints on Neff can be directly
translated into the equivalent bounds on i

bility of explaining the nature of Dark Matter (see, e.g., Refs.
[23,140–143] for recent reviews). A very generic property of
these particles is a coupling to photons through the following
interaction Lagrangian

L = −gaγ

4
a Fμν F̃μν, (23)

which enables the axion production in external electromag-
netic field and the possibility of a radiative decay for massive
axions. At low-energy, another phenomenologically relevant
coupling is the one with fermions

L = ga f

2m f
�̄γ μγ 5� ∂μa, (24)

where � is any fermion field (electrons, nucleons, ecc...)
with mass m f . This interaction is important in environments
with a high density of electrons or nucleons, like in stars.
Here, axions can be produced by various processes involv-
ing fermions and their consequences will be extensively dis-
cussed.

Also neutrinos can be listed as FIPs, and their proper-
ties are efficiently probed by astrophysics. In particular, their
electromagnetic properties, as the magnetic moment, are of
great interest to unveil their nature. A neutrino with a non-
vanishing magnetic moment interacts with photons through
the following Lagrangian

L = −μ
i j

2
�̄iσμν� j Fμν, (25)

where the indices i, j indicate the neutrino flavors, and Fμν

is the electromagnetic tensor. This interaction makes possible
for right-handed (sterile) neutrinos to be produced by oscilla-
tions of a left-handed neutrino in an external electromagnetic
field.

The last FIP we consider is an exotic gauge boson, usually
called hidden photon or dark photon (DP). In general, DPs
are kinetically mixed with ordinary photons by means of the
following interaction

L = −ε
2

XμνFμν, (26)

where ε is the mixing angle and Xμν is the field tensor associ-
ated with DPs. This vertex allows DPs to convert into photons
independently of external fields, unlike axions.

In the following we explore the phenomenology associ-
ated with FIPs produced in stars and their consequences on
the stellar evolution.

2.4.1 Stellar bounds on FIPs

Stellar astrophysics is a well-developed branch of astro-
physics that, while far from being a closed subject, provides
an accurate and consistent picture of the stellar evolution,
with detailed information about the stellar interior. The prop-
erties of stars are strongly affected by the microphysics of
their constituents. Therefore, stellar evolution is sensitive to
particle physics and the extreme conditions reigning in stel-
lar interiors make stars ideal laboratories for particle physics.
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Every evolutionary stage has unique properties that can be
used to test various FIPs. Typically stars are grouped depend-
ing on their visible properties, as luminosity and surface tem-
perature. In the following we identify different stars and dis-
cuss how they can be used to probe FIPs. Details on the global
analyses of stellar bounds on FIPs, especially axions, can be
found in [144–150]. Here we provide only a brief summary
with updated results.

Sun The Sun is the most studied and well-known star. Its
interior is composed by ionized hydrogen, that is converted
into helium to produce energy and balance the gravitational
collapse. The detailed internal structure is revealed by helio-
seismology, the study of pressure waves propagating to the
solar surface. This study allows to reconstruct the sound-
speed profile in the solar interior, which turns out to be a
sensitive probe of density and temperature inside the star.

Axions coupled to photons through Eq. (23) are produced
in the Sun via Primakoff conversion of thermal photons in
the electrostatic field of ions, γ + Ze → a → Ze. The
constant flux of energy subtracted from axions to the Sun
during its evolution would change the equilibrium structure
compared to a case without axions. This imprint would affect
the sound-speed profile inside the Sun and also the surface
helium abundance [151].

Solar neutrinos are a precious messenger of the innermost
structure of the Sun. The flux of neutrinos produced in nuclear
reactions is extremely sensitive to the solar temperature,
since production rates have a steep temperature dependence.
A sizable amount of energy-loss through FIP productions
might results into a higher temperature and higher neutrino
fluxes. Solar neutrino data (for the 8B neutrino flux) collected
from the Sudbury Neutrino Observatory (SNO) were used to
set an upper limit on exotic losses equal to Lx � 0.1L�,
where L� = 3.84 × 1033 ergs−1 is the solar photon lumi-
nosity [152]. This probe is more sensitive to exotic losses
than helioseismology, since Lx � 0.2L� is the constrained
obtained by helioseismological studies [151].

A joint analysis of both solar neutrinos and helioseis-
mology leads to a constraint on the axion-photon coupling
equal to gaγ < 4.1 × 10−10 GeV−1 at 99% CL for ma �
1 keV [153]. With a similar approach it is possible to con-
strain DPs, that are produced by conversion of thermal pho-
tons. Precisely, in a plasma there are two photon modes
(transversal and longitudinal) with different dispersion rela-
tions. Both modes contribute to the DP production, espe-
cially in resonant conditions, when the DP mass (for reso-
nant conversion of transverse modes) or its energy (for res-
onant conversion of longitudinal modes) match the plasma
frequency [154,155]. Analyses of solar properties constrain
DP mixing and mass to be ε mχ < 1.8 × 10−12 eV at 99%
CL [153]. In analogy, also electromagnetic neutrino prop-
erties, as a milli-charge or a large magnetic moment, are

constrained by solar physics [156] (see also Ref. [157] for
other FIP models).

Until now the discussion was focused on how FIPs affect
solar observables indirectly. However, the Sun is the clos-
est star and potentially the brightest source of sub-keV FIPs.
Therefore, it is possible to constrain FIP properties by direct
detection experiments pointing to the Sun. For example, light
axions (with masses ma � keV) coupled to photons have
a flux at Earth equal to φa � (gaγ /10−10 GeV−1)2 4 ×
1011 cm−2s−1. This large axion flux is potentially detectable
through conversion of axions into X-rays in intense mag-
netic fields: this is the idea behind the helioscope design, of
which the CERN Axion Solar Telescope (CAST) is the most
currently developed example [158]. CAST set the most strin-
gent experimental constraint on the axion-photon coupling
in a wide mass range, gaγ < 0.66×10−10 GeV−1 at 95% CL
for ma � 20 meV [158,159]. An upgraded version of CAST
is the planned helioscope International Axion Observatory
(IAXO), expected to probe axions with a photon coupling
down to gaγ ∼ 10−12 GeV−1 [160,161]. The first stage in
the IAXO development, BabyIAXO, is already expected to
probe unexplored parameter space about a factor of 3 below
the CAST bound [162].

The astonishing sensitivity of these searches allows to
probe other FIP properties. For example, the axion-electron
coupling in Eq. (24) opens many channels for the axion pro-
duction in the Sun: axion-Compton scattering γ e− → ae−,
electron Bremsstrahlung on electrons or ions e− + Ze →
a + e− + Ze, atomic axio-deexcitation I ∗ → I a and axio-
recombination e− + I → a + I−, where I represents any
atomic species [163]. The Bremsstrahlung is the main com-
ponent of the solar axion flux at low energies, with a peak
at ∼ 1 keV. At higher energies, above ∼ 5 keV the axion-
Compton scattering is the most important contribution and
atomic processes introduce peculiar spectral lines in the
whole energy range. Constraints on the solar structure set
a bound gae � 2.3 × 10−11 [152,163] that is weaker than
other stellar constraints. However, CAST is able to probe
axions coupled to both electrons, important in the produc-
tion, and photons, for the detection. The bound obtained by
CAST is gaγ gae < 8.1 × 10−23 GeV−1 at 95% CL for
ma � 10 meV [164]. Since IAXO will probe a motivated
region of the axion parameter space, some studies discussed,
in case of a discovery, the possibility of IAXO to distinguish
between axion models [165], determining its mass [166] and
also probe solar properties [167] (see Ref. [168] for a com-
prehensive study).

Solar axion observations can also be used to probe the
axion-nucleon coupling, a fundamental property of the most
motivated axion models. The idea of axions produced in
nuclear deexcitation processes is old [169,170] and CAST
data was already used to set constraints on axions coupled
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to both photons and nucleons [171,172]. An updated analy-
sis of the next generation helioscope sensitivity was recently
presented in Ref. [173]. In addition, axions produced in the
p + d → 3He + a(5.49 MeV) reaction have been probed,
through photon and electron interactions, by experiments
designed for neutrinos, like Borexino [174], and the perspec-
tives for the future Jiangmen Underground Neutrino Obser-
vatory (JUNO) are bright [175].

This discussion motivates why the Sun is an excellent
axion source. However, not all the FIPs produced in the
Sun manage to escape its gravitational field. A small por-
tion of these is gravitationally trapped around the star, form-
ing a basin [176]. Thus, we expect that the density of non-
relativistic FIPs is locally higher, enhancing the perspectives
for these searches.

Red giant stars A star like the Sun, which burns hydro-
gen in the core, is called main-sequence star. Most of the
stars in the Universe are in this phase. When the hydrogen
in the core is exhausted, the nuclear source of energy to con-
trast the gravitational collapse disappears and stars with a
mass M � 2M� develop an inert helium core, surrounded
by a burning shell of hydrogen. In this phase, the external
layers of the star expand, increasing the stellar luminosity
even though the surface temperature drops. This is the Red
Giant (RG) phase. The helium produced in the hydrogen
shell continues to fall on the core, that becomes very dense
and electrons are degenerate. In order to contrast the gravi-
tational collapse, the degenerate core shrinks to increase the
degeneracy pressure. In this process the gravitational attrac-
tion at the edge of the core, where the burning hydrogen
shell lies, increases and heats up this layer. The luminosity
increases as the temperature of the hydrogen shell grows and
this process is mostly determined by the core mass. Together
with the hydrogen layer, also the temperature of the core
increases until, suddenly, the temperature is high enough to
ignite helium. This process is very fast, given the steep tem-
perature dependence of the helium burning rate. For this rea-
son, this process is called helium-flash. The properties of the
RG when the helium-flash happens determine the location of
the so-called RGB tip in the color-magnitude diagram.

The RGB tip is extremely sensitive on possible exotic
losses. The additional loss delays the He ignition giving time
to the core to grow further and thus making the star at the
RGB tip brighter. This observable provides a very effective
way to constrain the axion-electron coupling. Indeed, axions
are produced very efficiently in RGs via Bremsstrahlung.
The latest analyses constrain gae � 1.48×10−13 at 95% CL
for light (sub-keV) axions [177,178]. The standard energy-
loss in a RG core is dominated by plasmon decay into neu-
trinos γ ∗ → νν̄. This neutrino production rate might be
increased in presence of a large NMM. The constraint eval-
uate in Ref. [178] is μ < 1.2 × 10−12 μB, where μB is the
Bohr magneton. These are the most stringent bounds on FIP

properties, showing the power of astrophysical studies com-
pared to laboratory experiments. Just like in the Sun, DPs
can be copiously produced also in RGs by photon-DP oscil-
lations in the DP mass range 3 keV � mχ � 30 keV. A
simple criterion, requiring that the emissivity in the core is
less than 10 ergg−1s−1, excludes ε � 10−15 [32].

Horizontal branch stars As explained in the previous
section, a relatively low mass star ignites helium in its core
after the RG phase. The stable configuration with a core com-
posed by helium, surrounded by a burning hydrogen shell,
is called horizontal branch (HB) star. The high temperature
reached during this stage (∼ 10 keV) makes electrons in the
core non-degenerate. Thus, HB stars are efficient in produc-
ing axions coupled to photons via the Primakoff process. The
energy subtracted by axions speeds up the HB phase, com-
pared to the RG phase that is unaffected by axion produc-
tion [179]. Indeed, the high electron degeneracy suppresses
the axion production via Primakoff conversion. The duration
of these phases is measurable by counting stars in a particular
phase: the longer the duration, the more stars are found in a
given phase. The most relevant observable in this respect is
the R parameter, defined as the ratio of the number of stars in
the HB and in the RG phase, R = NHB/NRGB. This quantity
is typically measured by counting stars in globular clusters
(GCs), gravitationally bound systems of coeval stars differ-
ing only in their initial mass. In Ref. [180] it was obtained that
R = 1.39± 0.03 from the analysis of 39 GCs. Exotic losses
would reduce this parameter, since the HB phases is short-
ened compared to the RG one. Precisely, in absence of exotic
particles the duration of the HB phase is τHB � 88.4 Myr and
the uncertainty on the R parameter reflects into a maximal
reduction of the ∼ 15% within 2σ .

Applying this criterion to axions coupled to photons,
it is obtained that gaγ < 0.65 × 10−10 GeV−1 at 95%
CL [180,181] for massless axions. This constraint was later
generalized to masses up to ma ∼ 300 keV [182] and care-
fully taking into account that radiative axion decays consti-
tute a new energy transfer channel [183]. The HB constraint
is shown in Fig. 9 and compared to other bounds on heavy
axions.

The DP emission also causes a shortening of the HB phase,
which is significant if the DP luminosity exceeds the 10% of
standard HB luminosity (assumed to be 60L�). This criterion
leads to a bound that reaches down to ε � 10−15 for mχ ∼
2.6 keV [32].

Eventually, a HB star burns all the helium in the core, and
it is left with an inert carbon and oxygen core surrounded
by a shell of burning helium. A star in this phase is in the
Asymptotic Giant Branch. This phase can also be used to test
FIPs since these stars are very bright and their properties are
well-known. In addition to reveal exotic energy-losses, this
phase gives a snapshot of how the nucleosynthesis works
and its possible interplay with FIPs. The case of axions is
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Fig. 9 Bounds on the
axion-photon coupling gaγ for
massive axions. The red region
represents the HB
bound [182,183]. The SN
1987A bound (green) [184] and
the experimental limits from
Refs. [185,186], are also shown.
The light green bound refers to
the constraint obtained in
Ref. [187]. The orange
constraint is obtained by
considering the energy-loss
criterion applied to low-energy
SNe [188]

discussed in this context [189], concluding that energy-losses
would lower the mass of the remnant core, a white dwarf
(WD), and affect the temperature of the burning helium shell,
affecting the chemical composition of the star.

White dwarfs A WD is the last evolutionary stage for
stars with a mass � 8 M�. The chemical composition of
WDs depends on the mass of their core: for masses smaller
than ∼ 0.4M� they are composed by helium; for masses up
to ∼ 1.05M�, carbon and oxygen accumulate in the core
and more massive WDs are made of oxygen and neon. In
a WD the gravitational collapse is balanced by the pressure
of degenerate electrons, making the core isothermal given
their high thermal conductivity. The long evolution of WDs,
on the scale of Gyr, is a simple cooling. A young WD cools
mostly through neutrinos produced in plasmon decay in the
core. Older WDs lose energy via surface photon emission.
FIPs would change this picture by accelerating the cooling
process.

Axions coupled to electrons can be produced in WDs via
electron Bremsstrahlung [190] (see Ref. [191] for an exten-
sive discussion on this process). The axion emission, for suf-
ficiently high axion-electron coupling, might be competitive
with standard losses soon after the neutrino emission ceases
to be dominant. The WD cooling rate is measured with aster-
oseismology techniques, but monitoring the evolution of a
single WD requires an accurate understanding of the inter-
nal structure and composition of the star. By constrast, it is
possible to reconstruct global properties of WDs via the WD
luminosity function (WDLF), a relation between WD mass
and luminosity. However, the WDLF is sensitive to prop-
erties of the stellar population as the initial mass function

and star formation rates. This second method based on the
WDLF was used to set a constraint gae � 1.4×10−13 on the
axion-electron coupling [192]. In a similar fashion to the RG
case, a large NMM would enhance the neutrino production
via plasmon decay. Observations exclude a NMM larger than
μ � 5× 10−12 μB [193].

Another important observable is related with a peculiar
class of WDs: the pulsating WDs. The pulsation in a WD
is caused by a competition between the cooling rate, that
increases the core degeneracy pressure, and the gravitational
contraction. Pulsations are especially important for young
WDs (see Ref. [194] for a comprehensive review). Since
the pulsation is related to cooling processes, measurements
of the pulsation period are able to probe FIPs [195,196].
The analysis of this observable reveals a hint for a DFSZ
axion with gae ∼ 5 × 10−13 [197] and a constraint gae �
7×10−13 [198]. Regarding non-standard neutrino properties,
a large NMM can be similarly constrained giving μ � 5 ×
10−12 μB [199].

Recently, it was pointed out that the WD initial-final
mass relation (IFMR) is sensitive to exotic physics [200].
The IFMR maps the initial mass of a main sequence star
to the final mass of the WD into which it evolves. This is
a completely new approach for WD constraints on FIPs.
When applied to the axion case, this idea leads to a con-
straint competitive with the HB one, especially for heavy
(ma ∼ 300 keV) axions [200].

Bounds from massive stars The use of massive stars
in constrained FIPs have been considerably more limited. In
recent years, however, some works have attempted to extract
information on the FIP-matter couplings through the observa-
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tions of these stars. In Ref. [201], it was shown that even a rel-
atively small neutrino magnetic moment, (2−4)×10−11μB

(below the experimental bound but above the WD and RG
constraints) can cause observable changes to the evolution
of a massive (10 − 20M�) star. Specifically, it would cause
a shifts in the threshold masses for creating core-collapse
supernovae and oxygen-neon-magnesium white dwarfs, and
the appearance of a new type of supernova in which a partial
carbon-oxygen core explodes within a massive star.

More recently, massive stars in the 8 − 12M� range
were employed to extract bounds on the axion-photon cou-
pling [202]. During the He-burning stage, these stars experi-
ence a journey in the color magnitude diagram when their sur-
face temperature increases and then decreases again, main-
taining roughly a constant luminosity. This short period
of the stellar evolution is called blue loop and its exis-
tence is assessed by observation of the Cepheid stars. In
the presence of exotic losses this stage may disappear, lead-
ing to a bound on the axion-photon coupling gaγ � 0.8 ×
10−10 GeV−1 [202,203].

Supernovae As we discussed, stars burn lighter elements
to produce energy and, as byproduct, heavier elements. For
stars more massive than 8 M�, it is possible to reach core
temperatures high enough to make carbon burning possible.
Later in the evolution, the core temperature will increase
and permit the fusion of heavier and heavier elements. This
will result in an onion-like structure, with the heaviest ele-
ments in the most inner shells. This procedure ends with
the creation of an iron core. Iron, the most stable nucleus,
cannot undergo fusion to produce energy. As the core mass
increases, it becomes progressively more difficult to con-
trast the gravitational collapse with the electron degeneracy
pressure. When the core reaches the Chandrasekhar mass,
1.4M�, the collapse shrinks the core up to nuclear densities,
ρ ∼ 1014gcm−3, and matter will stop compressing. This is
the origin of a bounce of external layers onto the degenerate
core, thus the implosion becomes an explosion triggering a
shock wave that drives the Supernova (SN) explosion. The
core is a Proto-Neutron Star with a radius r ∼ 10km and
a density comparable to the nuclear one. SNe are expected
to produce a very large number of neutrinos, whose detec-
tion could reveal a plethora of information about the SN
physics and the explosion mechanism. So far, it was possible
to detect SN neutrinos only in the case of SN 1987A, over
30 years ago. The small sample of neutrino events collected
by Kamiokande II, Baksan and Irvine-Michigan-Brookhaven
detector was studied in details suggesting that the observed
signal is compatible with the standard neutrino-driven explo-
sion [204].

The SN neutrino burst can reveal also FIP footprints. An
exotic emission would constitute an additional energy-loss
channel, stealing energy from the SN core and reducing
the neutrino burst duration. A shorter neutrino burst corre-

sponds to fewer events from the observed SN 1987A. Thus,
a very efficient FIP cooling would be incompatible with
the measurements associated with SN 1987A [148]. This
energy-loss argument was originally applied to axions cou-
pled with nucleons and produced by Nucleon-Nucleon (NN)
bremsstrahlung, N N → N Na. The most recent analysis in
Ref. [205] highlights a reduction of the OPE emissivity up
to more than one order of magnitude when accurate nuclear
interactions and high density corrections are accounted for.
A significant advancement followed from the realization that
even the small (∼ 1%) fraction of pions in a SN core [206] is
sufficient for the process π− p → na to dominate the axion
emission [207]. These processes were included in SN sim-
ulations, showing a good agreement with theoretical expec-
tations [208]. Recently, the SN axion emission was revis-
ited to include the contact interaction, a four particle ver-
tex nucleons-axion-pion, and extend the calculation to non-
vanishing axion masses [209]. Furthermore, it was noted
that the pion-conversion rate is significantly enhanced when
including the intermediate � resonance in the pion-nucleon
scattering [210].

A whole set of additional SN considerations apply to very
massive axions (several 10–100 MeV), coupled to nucleons
and to photons. Such particles can still be efficiently produced
in the SN core, T ∼ 30 MeV, through nuclear bremsstrahlung
and pion processes, and decay into photons outside the SN
envelop, producing high energetic and potentially detectable
γ rays. We are not going to discuss these cases in details here
but provide a summary of the current constraints in Fig. 10.
The updated results are thoroughly discussed in Ref. [209].

Various other axion properties can be probed by SNe. For
example, axions coupled to photons would be produced in
SNe via Primakoff conversion and, for massive axions, pho-
ton coalescence γ γ → a [184]. The SN bound in this case
is weaker than the HB bound for light axions, but it is an
important constraint for heavy axions, up to ma ∼ 300 MeV
as shown in Fig. 9 together with HB star and laboratory con-
straints on heavy axions.

Similarly also axions coupled to electrons and produced
by Bremsstrahlung and electron-positron fusion e+e− → a,
are constrained by a similar argument [212]. Once more, the
SN bound allows to probe heavy axions in a region of the
parameter space that is not in the reach of laboratory experi-
ments. The original contribution of Ref. [213] discussed the
phenomenology of axions coupled at tree level with elec-
trons, acquiring a loop-induced photon coupling.

Several other works applied the SN cooling argument
to constrain various FIPs as DPs [157,214], sterile neutri-
nos [215] and neutrinos with a large NMM [156].

In addition to cooling effects, the production of exotic
particles in SNe may also affect other observables. Recent
analyses discussed, for example, the effects of axions on
nucleosynthesis occurring in massive stars before the SN
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Fig. 10 Bounds on the axion-photon coupling gaγ for massive axions
from SNe coupled to protons, gap = 4.8 × 10−10 and gan = 0. The
green area (labelled as “Energy deposition”) is referred to the energy
deposition mechanism in SN 1987A, the magenta region (“γ -decay”) is
associated to radiative decays of axions from SN 1987A, the pink area
(“DSNALPB”) is the excluded region by means of of the Diffuse SN
axion background, while the light blue (“Cas A”) one refers to the decay
of axions gravitationally trapped around the SN remnant Cas A. Finally,
the gray region (“γ -decay (gaN =0)”) is the excluded region discussed
in Ref. [211], considering radiative decays of massive axions produced
by the Primakoff process. Figure taken from Ref. [209]

phase [216]. Other investigations focused on the impact that
light FIPs have on the threshold mass for which a star ends
in a SN explosion. Ref. [217] found that a shift of ∼ 2M�
would be in contrast with observations, paving the road for
the development of a new FIP probe. More intriguingly,
Ref. [218] found that the relation between initial SN progen-
itor mass and final SN luminosity shows a slight preference
for exotic losses, otherwise many SN events appear dimmer
than expected.

Neutrons stars The remnant left after a SN explosion
is a Neutron Star (NS), a very dense star composed mostly
of degenerate neutrons. A NS cools, for the first hundred
thousands of years, via neutrino emission through direct
nn → pne−ν̄e, np → ppe−ν̄e, inverse Urca processes
pne− → nnνe and pp e− → npνe, and Bremsstrahlung
N N → N Nνν̄. In addition, when the nuclear matter in the
NS cools enough to become superfluid, formation and break-
ing of Cooper pairs of nucleons are other neutrino production
mechanisms. In the final NS stage, the cooling is dominated
by photon emission from the surface.

Axions coupled to nucleons can be produced by the same
processes that produce neutrinos and their emission would
accelerate the NS cooling. The analysis of the NS in the SN
remnant HESS J1731-347 gives a constraint on the axion-
neutron coupling gan < 2.8 × 10−10 at 90% CL for ma �
10 keV [219]. The advantage of this study is that the young
NS analyzed is hotter than NSs in a more advanced phase,
therefore more axions are produced. The first direct detection
of the NS cooling was performed in Ref. [220] for Cassiopeia
A (Cas A), supporting the hypothesis of a superfluid state in

which the Cooper pair processes are efficient [221,222]. The
time behavior of the NS average temperature was used to con-
strain exotic losses associated with axions [223,224]. These
studies focus on simulating the period when the superfluid
transition occurs, but more comprehensive studies, simulat-
ing the whole NS life were also performed obtaining an axion
constraint comparable with the SN one [225]. A recent study
considered NSs with an age around a few hundred thousand
years, a moment of the NS cooling in which the axion losses
should dominate, concluding that the constraint is also in this
case at the level of SN 1987A [226].

2.4.2 Conclusions

Stars are exceptional laboratory for FIPs, as well as factories
producing possibly detectable FIPs fluxes. The great majority
of stellar studies refer to axions, though several considera-
tions have been extended to other FIPs as well. The enormous
progress in the last couple of years, since the publication of
the previous FIP overview [5], shows that this is a quite active
and lively research field.

2.5 Review of axion programme at DESY – A. Lindner

Authors: D. Heuchel, A. Lindner, I. Oceano Contact:
<axel.lindner@desy.de>

2.5.1 Introduction

Feebly interacting particles (FIPs) might offer the solution
to (some of) the open questions beyond the Standard Mod-
els of particle physics and cosmology. At DESY in Ham-
burg, three non-accelerator-based experiments will search
for FIPs as dark matter candidates (ALPS II, BabyIAXO)
or constituting the dark matter in our home galaxy (MAD-
MAX). Such experiments have to strive for sensitivities many
orders beyond the reach of collider or beam-dump experi-
ments. Among FIPs, the axion as motivated by the lack of any
observed CP violation in quantum chromodynamics (QCD)
[15,17,18,227], is frequently being used as a benchmark
to compare the sensitivities of experimental efforts. Axions
result from a new global Peccei-Quinn symmetry U (1) that
spontaneously breaks at the scale fa .

For the detection of axions, all three experiments rely on
the axion-photon mixing in a background magnetic field (the
Sikivie effect [229]) given by the following Lagrangian term:

Laγ = gaγ φa �E · �B (27)

where gaγ is the axion-photon coupling strength proportional
to 1/ fa times a model dependent constant, φa is the axion
field, �E is the oscillating electric field of the photon and �B rep-
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Fig. 11 Axion-photon coupling as a function of axion mass and decay
constant for various axion models. The plot shows the existing and pre-
dicted constraints (dotted lines) from experiments together with those
derived from astrophysical data and theoretical models. We thank the
authors of [228] for the figure. This article reports on the statuses of the
experiments ALPS II, BabyIAXO and MADMAX

resents the static magnetic field of the experiments. Figure 11
shows the axion-photon coupling as a function of axion mass,
together with existing and predicted constraints from various
experiments and astrophysical observations. For reference,
the axion-photon couplings in the KSVZ models [230,231]
and in the DFSZ model [232,233] are compared to a more
recent model [228] indicating the large range of theoretical
predictions.

Additional motivation to search for axions and axion-like
particles (ALPs, which are not related to the CP conserva-
tion in QCD) comes from astrophysical riddles related to the
evolution of stars and the propagation of high energy photons
in the universe. They have been interpreted in various ways,
however, a global analysis of all the data indicates a prefer-
ence for axions and ALPs [144,234]. Interestingly, just one
axion with a mass ma ≈ 10−7 eV and gaγ ≈ 10−11 GeV−1,
as predicted by [228], could very well explain the above men-
tioned riddles, constitute the dark matter and explain the CP
conservation in QCD. This axion might even be in reach of
ALPS II and BabyIAXO. In the remainder of this text, we will
not strictly differentiate between axions and ALPs anymore.

Basically, axions and other FIPs are searched for by:

• Haloscopes looking for axions constituting the cold dark
matter halo of our home galaxy;

• Helioscopes relying on the Sun as a source of relativistic
axions;

• Purely laboratory-based experiments not requiring cos-
mological or astrophysical assumptions.

At DESY, all three techniques are exploited by MAD-
MAX, IAXO and ALPS II, respectively. All are reusing
the infrastructure of the former HERA collider1. Short sum-
maries of these experiments are given in the following sec-
tion.

2.5.2 Axion searches at DESY

MADMAX The MAgnetized Disks and Mirror Axion
eXperiment (MADMAX) collaboration [235] lead by the
Max-Planck Institute for Physics (Munich, Germany) is
developing a new approach to search for axion dark mat-
ter in a mass region around 100µeV currently not accessible
by more traditional approaches based on microwave cavities.
This mass region is promising as it corresponds to the mass
range predicted by post-inflation models [236] and the high
mass region of pre-inflation models.

MADMAX relies on the conversion of dark matter axions
into microwave photons, where the photon energy is given by
the axion mass plus an order 10−6 correction due to the dark
matter velocity distribution. The main idea of MADMAX
is to exploit the constructive interference of electromagnetic
radiation emitted by different surfaces to resonantly enhance
the conversion of axions to photons. This is achieved through
a series of parallel dielectric disks with a mirror on one side,
all within a magnetic field B parallel to the disk surfaces, cre-
ating a so-called dielectric haloscope. The conceptual sketch
of the MADMAX experiment is shown in Fig. 12. The mag-
net provides a dipole field of∼9 T and an opening of 1.35 m:
dielectric discs with a diameter of more than 1 m and a mir-
ror reflecting the signal towards the receiver system. The dis-
tance between the discs can be changed to tune the resonance
frequency, which is required to probe different axion masses.
The booster enhances the axion-induced power by up to four
orders of magnitude. The receiver shall enable the detection
of signal photons in the frequency range of 10–100 GHz with
a sensitivity of ∼10−22 W.

MADMAX is planned to be located in HERA’s North Hall
∼ 25 m below surface. Here, the so-called Cryoplatform will
provide the magnet with liquid helium. Furthermore, the iron
yoke of the former HERA-experiment H1 will care for the
shielding of the magnetic fringe fields and even provide a field
strength enhancement at the booster position by about 10%.
Initial RF background measurements have demonstrated the
suitability of the location.

In the last year, the collaboration has achieved very sub-
stantial progress regarding all components of the experiment.

1 https://www.desy.de/sites2009/site_www-desy/content/e409/
e69110/e4948/e5101/e5142/e5144/infoboxContent6626/HERA_
en_eng.pdf.
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Fig. 12 Preliminary baseline design of the MADMAX approach
(copied from [235]). In the figure, the three parts of the experiment
are shown: (1) magnet (red racetracks); (2) booster, consisting of the
mirror (copper disk at the far left) and the dielectric disks (green); (3)
the receiver, consisting of the horn antenna (yellow) and the cold pream-
plifier inside a separated cryostat. The focusing mirror is shown as an
orange disk at the right

• The design of the huge dipole magnet is based on a
superconducting cable-in-conduit (CIC). To protect the
magnet, a reliable quench-protection system is required
in case superconductivity breaks down anywhere in the
magnet. In a complex test campaign, CEA/Saclay has
clearly demonstrated that the quench propagation veloc-
ity within the CIC is fast enough to facilitate the quench
detection. Thus, the magnet development has mitigated
a crucial potential show-stopper.

• Handling, mounting and positioning of dielectric discs
made out of sapphire could be demonstrated. Again, one
of the potential show-stoppers could be fully mitigated:
a dedicated piezo-motor jointly developed with the com-
pany JPE was tested in a strong magnetic field of 5.3 T at
cryogenic temperatures in vacuum without any issues.

• A series of prototype booster tests took place at MPI
Munich and CERN and are planned for the future. At
CERN the collaboration is using the MORPURGO mag-
net with a dipole field of up to 1.6 T when test beams
are shut down. In the year 2022, it was successfully
demonstrated that the CERN test beam area allows for
physically interesting and competitive axion-like parti-
cle dark matter searches. At Munich, a reliable and sta-
bly working calibration procedure for a so-called closed-
booster-system has been developed. This was extremely
important on the path towards a full understanding of
the response of the final MADMAX experiment to axion
dark matter.

The critical path in the future schedule of MADMAX is
mainly given by the availability of funds for the large dipole
magnet. Data taking with the final set-up may start in 2030,
but already earlier a new prototype magnet could allow for
very competitive direct dark matter searches at DESY.

BabyIAXO and IAXO The International Axion Observa-
tory (IAXO) is a next generation axion helioscope searching
for solar axions and ALPs with unprecedented sensitivity.
X-ray photons produced via the Sikivie effect (typically in
the range of 1–10 keV) in the magnet bores are focused by
high precision X-ray telescopes down to small focal spots
at ultra-low background X-ray detectors [161]. The experi-
ment’s main goal is to improve the axion-photon coupling
sensitivity gaγ by more than one order of magnitude with
respect to its predecessor experiment CAST [237], as illus-
trated by Fig. 11. IAXO will probe also for the astrophysical
hints and search for axions in the eV mass range, which is
not accessible in any other axion experiment. Furthermore,
the physics program is complemented with the possibility
to probe different axion production models in the Sun by
investigating the axion-electron gae and the axion-nucleon
gan couplings [165,173]. At a later point in time, the IAXO
magnet could be used to search for dark matter halo axions by
the accommodation of additional equipment, like microwave
antennas and cavities similar to the RADES project at CERN
[161].

The first step towards the full IAXO will be the BabyIAXO
experiment. It is conceived with two main objectives: First,
to serve as a full technological prototype for all subsystems
of IAXO to prove full system integration and hence miti-
gate risks. Second, to operate as a fully fledged helioscope
with own potential for discovery, e.g. by exceeding CAST
sensitivity on gaγ by a factor ∼ 4 in the same axion mass
range. BabyIAXO will be based on a 10 m long supercon-
ducting magnet (∼2 T) with two bores, each with a diameter
of 70 cm. As depicted by Fig. 13, the two equipped individual
detection lines will feature an X-ray optics and an ultra-low
background X-ray detector each, with comparable parame-
ters and dimensions as foreseen for IAXO [162].

The BabyIAXO magnet relies on a common coil design
based on two flat racetrack-coils with counter-flowing cur-
rents providing a dipole field in both bores. Superconducting
Al-stabilised Rutherford cables will allow for a challenging
dry detector magnet concept achieved by cryocoolers and
He-gas circulators. However, since the Russian invasion of
Ukraine in February 2022, collaboration with Russian insti-
tutes is frozen and the collaboration cannot get the magnet
cable from Russia as planned before. No vendor for such
cables, produced with co-extrusion technology, is available
in non-Russian industry anymore. Due to the fact that this
problem concerns many other particle physics experiments
as well, a global effort to find sophisticated alternatives has
been initiated and coordinated by CERN, resulting in a dedi-
cated workshop in September 2022. Different possible solu-
tions have been identified and are being followed up. It is
hoped that by summer 2023, updated time schedules and
cost estimates for the BabyIAXO magnet can be provided.
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Fig. 13 Overview of the
BabyIAXO experiment. The
system features a total length of
∼21 m [162]

With respect to the X-ray optics, BabyIAXO will use one
XMM-Newton flight spare module on loan by ESA in one
magnetic bore, while the other bore will be equipped with a
custom-made and newly built X-ray optics module. To detect
the X-rays with high sensitivity, a variety of detector tech-
nologies are considered, mainly divided into discovery and
energy resolving detectors [162]. The baseline option relies
on small gas chambers (typically 3 cm thick and 6 cm wide)
read out by a finely segmented micro-mesh gas structures
(Micromegas). Similar detectors were already successfully
operated in CAST. While the other detector technologies
are in the R&D phase, the BabyIAXO Micromegas detec-
tor prototypes are currently undergoing final tests in the low
background environments of the laboratories at Canfranc.
In addition, special efforts and studies are conducted with
respect to radio-pure materials, high efficiency veto systems
and dedicated shielding with a special focus on neutron back-
grounds. Lastly, the main design of the structure and drive
system, which re-uses a modified tower and positioner of a
Cherenkov telescope array (CTA) prototype (from DESY in
Zeuthen), is close to being finished and ready for production.

After the approval of the experiment to be hosted at DESY,
the collaboration has already taken first steps towards its con-
struction. Currently, the first data taking with the full BabyI-
AXO experiment is foreseen for 2028. However, the future
schedule is mainly driven by the status and availability of the
superconducting cable for the magnet.

ALPS II The any light particle search (ALPS) number 2
is a light-shining-through-a-wall (LSW) experiment [238].
It will improve sensitivity on the axion-photon coupling by
a factor of 103 compared to its predecessors. This jump in
sensitivity will be achieved by a long string of superconduct-
ing dipole magnets and two mode-matched optical cavities
before and after the light-tight wall as proposed for the first
time more than 30 years ago [239]. The presence of these
cavities will resonantly increase the probability of the pro-
duction of axions and the probability of their re-conversion
into photons. For the first time, ALPS II will allow probing
for axions in a model-independent fashion beyond present-
day limits from astrophysics.

ALPS II, see Fig. 14, consists of two 122 m long high-
finesse optical cavities [241] inside two strings of 12 super-
conducting HERA dipole magnets each [240]. The proba-
bility for light converting to axions (which easily pass any
barrier) and axions converting back to light is given by (for
axion masses below 0.1 meV)

Pγ→ a→γ = 1

16
βPCβRC (gaγ γ BL)4

= 6× 10−38βPCβRC

×
(

gaγ γ

10−10GeV−1

B

1 T

L

10 m

)4

(28)

resulting in 10−25 for the ALPS II parameters βPC = 5000,
βRC = 40, 000, B = 5.3 T, L = 105.6 m and gaγ γ = 2 ×

Fig. 14 Schematic layout of the ALPS II experiment [240], left, and a panoramic picture of the installation in the straight HERA tunnel section
around the North hall (right)
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1011 GeV−1 (motivated by astrophysics). Thus, with 30 W
of 1064 nm photons injected in the PC, about 2 photons/day
behind the wall are expected.

ALPS II will exploit two independent signal detection
systems, each with very different systematic uncertainties.
This approach will help to increase confidence that any sig-
nals observed with the same intensity in both detectors are
indeed the result of a photon-axion conversion-re-conversion
process. Since the two detectors require different optical sys-
tems to operate, they cannot be used in parallel. The first
scheme to be implemented will be a heterodyne detection
(HET) scheme [242,243], which measures the interference
beat note between a laser, called a local oscillator (LO), and
the regenerated photon field. The second detection scheme
will use a transition edge sensor (TES) [244,245] operated
at about 100 mK. It allows for counting individual 1064 nm
photons with an energy resolution of ∼7%.

The installation of ALPS II began in 2019. In March 2022
the magnet string was successfully tested and in September
2022 the optics installation was completed for the initial sci-
ence run. The experiment is now close to start operation.

This run based on the HET detection scheme will happen
in the first months of 2023. It will not include the produc-
tion cavity before the wall to optimise for the study of stray
light, but already go by a factor of 100 in the axion-photon
coupling beyond earlier LSW experiments. The full optical
system will be used in the second half of 2023 and a HET
science run with upgraded optics is planned for 2024. The
further scheduling depends on the outcome of the HET sci-
ence run, results of ongoing R&D, resources and worldwide
science advancements. The future program might include
a TES-based science run, vacuum magnetic birefringence
measurements, FIP searches with optimized optics and/or
extension of the ALP mass reach and a dedicated search for
high-frequency gravitational waves.

2.5.3 Conclusion

DESY in Hamburg is planning for three larger scale axion
experiments exploiting the LSW technique, solar axion and
axion dark matter searches, all strongly pushed for by interna-
tional collaborations. The first one, ALPS II, will start its sci-
ence program soon. BabyIAXO is ready to launch construc-
tion when a new road-map for realizing the magnet exists
and the funding is clarified; MADMAX is in the prototyping
phase. Figure 15 shows the projection of the sensitivities of
all three experiments together with existing limits. It is very
obvious that this unique set of axion experiments in the old
HERA premises at DESY offers a likewise unique discovery
potential to solve major particle physics, astrophysics and
cosmological questions.

Fig. 15 a ALP parameter space for model independent searches exper-
iments [246], the dashed line indicates limits from astrophysics. b
Overview of results, prospects, and hints in the axion/ALP parameter
space [246]

2.6 Review of axion programme at LNF and Legnaro – C.
Gatti

Author: Claudio Gatti, <claudio.gatti@lnf.infn.it>

2.6.1 Introduction

The low-energy frontier of particle physics [14] provided a
well motivated case for physics at the subelectronvolt scale
that inspired the design and realization of several experiments
within the reach of small and medium laboratories. In Italy,
the National Laboratories of INFN in Legnaro (LNL) hosted
the PVLAS (Polarizzazione del Vuoto con LASer) experi-
ment [247] aiming at the measurement of the vacuum mag-
netic birefringence and at the observation of effects due to
axion-like or milli-charged particles. Today, the experimental
activity continues with a 5th-force experiment [248] looking
for monopole-dipole axion interaction and the ferromagnetic
and Sikivie haloscopes of the QUAX experiment [249–254].
At the National Laboratories of Frascati [255] (LNF), the
interest in the dark sector first started at the KLOE exper-
iment [256] with the search of light vector-mediators pro-
duced in e+e− collisions at 1 GeV, and continues today with
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Fig. 16 90% single-sided C.L. upper limit for the axion coupling con-
stant gaγ γ . Each point corresponds to a test axion mass in the analysis
window. The solid curve represents the expected limit in case of no
signal. The yellow region indicates the QCD axions model band. We
assume ρa ∼ 0.45 GeV/cm3

the PADME experiment [257], that looks for dark photons
with a positron-beam dump experiment, a second Sikivie
haloscope of the QUAX experiment, and a proposal for a
large haloscope [258,259] for searches of axions, dark pho-
tons and high-frequency gravitational waves.

Here, we report the results and prospects of the QUAX
experiment and the results of ongoing R&D on high quality-
factor cavities and signal amplification. The prospects for a
large haloscope at LNF are also discussed.

2.6.2 QUAX

The haloscope, proposed by Sikivie [260,261], is based on
the immersion of a resonant cavity in a strong magnetic field
in order to stimulate the inverse Primakoff effect, converting
an axion in a cavity mode excitation. The QUAX experiment
is looking for axion dark-matter with a mass around 40 µeV
within the range of masses predicted by post-inflationary sce-
narios [262]. The frequency of operation, about 10 GHz, is
experimentally very challenging since it involves a small
volume of the resonant cavity (fraction of liter) and large
quantum-fluctuations limiting linear amplifiers.

In 2021 QUAX reached the sensitivity to QCD-axions
(Fig. 16) [250]. The haloscope, assembled at LNL, was com-
posed by a cylindrical oxygen-free high thermal conductivity
(OFHC)-Cu cavity, with inner radius of 11.05 mm and length
210 mm, inserted inside the 150 mm diameter bore of an 8 T
superconducting (SC) magnet of length 450 mm. The whole
system was hosted in a dilution refrigerator with base temper-
ature of 90 mK. The first amplification stage was done with
a JPA [263] with noise temperature at the quantum-limit of
about 0.5 K.

In the next few years, the QUAX collaboration will probe
the frequency region between 8 and 11 GHz with two com-
plementary Sikivie haloscopes, one located at LNL and
the other at LNF. The two haloscopes will be working at
two different frequency ranges, implementing two differ-
ent types of microwave cavities, dielectric and supercon-
ducting, and travelling wave josephson parametric ampli-
fiers (TWJPA) [264,265]. High quality-factor cavities able
to operate in a strong magnetic field have been already fab-
ricated and tested by the QUAX collaboration [266–268]
and used in axion searches [249,251]. Different geometries,
including a multicavity approach, are forseen. The expected
limits within 2025 are shown in Fig. 17.

Due to the large quantum-fluctuations at this frequency,
linear amplifiers are not suited to reach the sensitivity to
axions predicted by the DFSZ model, and new counters sensi-
tive to single microwave-photons with low dark-counts must
be used [269–271]. In particular, a superconducting qubit net-
work (SQN) could be used to enhance the detection sensitiv-
ity to single microwave-photons. Recently, a device, arranged
in a transistor-like geometry as in Fig. 18, was tested at LNF
within the Supergalax project: an SQN working as a coupling
element between two perpendicular resonators such that the
transmission properties of the device are modified by the
presence of few microwave photons [271]. The advantage of
using a SQN over a single qubit is that of a predicted scaling
of the signal-to-noise ratio as N instead of

√
N , where N is

the number of qubits in the network [272,273].
The device was tested at LNF in a Leiden Cryogenics CF-

CS110-1000 dilution refrigerator at a temperature of 15 mK.
The third-harmonic absorption-peak of the R-resonator at
7.74 GHz was considered. The VNA output-power was set to
−40 dBm, corresponding to about −100 dBm at the device,

Fig. 17 Projections for axion searches by the QUAX haloscopes in
the next few years are shown by the shaded area. The image is realized
with [246]
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Fig. 18 Scheme of the T-type device composed of two resonators T and R coupled by a SQN (gray box)

Fig. 19 Two-tone spectra measurements at frequency 7.74 GHz. First-tone through-transmission (S21) vs VNA-frequency dependencies recorded
at different powers of the second-tone signal of frequency of 7.743 GHz applied to the Port 3

and the through transmission (S21) was measured. At the
same time, a single tone of frequency 7.743 GHz was sent to
the R-resonator with the Rohde&Schwarz SMA100B con-
nected to the Port 3, and the output power of the genera-
tor varied from −40 to −20 dBm (Fig. 19). By increasing
the power sent to Port 3 a variation of the resonant-drop
frequency in the through transmission-spectrum (S21) was
clearly observed, confirming the feasibility of the device, but
further optimization and engineering is needed to reach the
single photon sensitivity.

2.6.3 FLASH

The FLASH experiment (FLASH, Finuda magnet for Light
Axion SearcH), previously called KLASH [259], proposes
the realization of a haloscope devoted to the detection
for sub-μeV axion by recycling the no-longer used FIN-
UDA [274,275] magnet and the DA�NE cryogenic-plant, at
LNF. The FINUDA magnet is an iron-shielded solenoid-coil
made from an aluminium-stabilised niobium-titanium super-

conductor providing an homogeneous axial field of 1.1 T with
very large size bore, able to accommodate a cryogenic res-
onant cavity with a diameter of up to 2.1 m. The FLASH
haloscope will be composed of such a large resonant cavity
made of OFHC copper, inserted in a cryostat cooled down
to 4.5 K hosted inside the FINUDA magnet. The operation
frequency will be tuned by three metallic movable-rods and
the signal will be amplified by a Microstrip SQUID cooled
down to 300 mK, for a total temperature noise of 4.9 K. With
this setup, it would be possible to search for KSVZ-axions
scanning in the frequency range 117–360 MHz, correspond-
ing to the well motivated mass region between 0.5 and 1.5
μeV (Fig. 20) in a total integrated time of about two years.

FLASH will be sensitive also to dark matter composed
of dark photons with kinetic-mixing parameter down to few
10−17, and to high-frequency gravitational-waves with strain
of about few 10−22.

In a possible second phase of the experiment, the cav-
ity will be cooled to 100 mK. This will increase the axion
sensitivity of about 1 order of magnitude, down to gaγ γ ∼
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Fig. 20 Projection for axion
searches with the FLASH
haloscope is shown by the
shaded area. Image realized
with [246]

Fig. 21 CAPP experimental
hall, top view

2 × 10−17 GeV−1, allowing us to probe the existence of
DFSZ-axions in this mass range.

2.7 High sensitivity axion dark matter experiments at
IBS-CAPP in the 1–8 GHz range and plans for the
8–25 GHz range – O. Kwon

Author: Ohjoon Kwon, <o1tough@gmail.com>

2.7.1 Abstract

Dark matter is undeniably one of the most crucial questions in
particle physics. Its coupling is exceedingly weak, demand-
ing cutting-edge technology and the employment of high-
risk, high-potential physics ingenuity. Center for axion and

precision physics research (CAPP), founded in 2013, has
successfully acquired top-of-the-line equipment and devel-
oped the necessary know-how, technology, and infrastructure
to effectively probe the 1–8 GHz range with the sensitivity
required by the Dine–Fischler–Srednicki–Zhitnitsky (DFSZ)
model within the next five years

2.7.2 Introduction

For the last decade, research on axions has greatly increased
because it is not only a strong dark matter candidate but
also a most believable solution to the strong CP problem
[15,17,18,230]. Although the extremely weak conversion
into detectable physical quantities limits the experimen-
tal proof of its existence, advances in technology such as
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superconducting cavities in strong magnetic fields, quantum-
limited noise amplifiers, and dilution refrigerators etc. enable
to search axions with meaningful sensitivity [230–233,276].

Established in South Korea in 2013 as part of the Korean
government’s basic science investment plan, the center for
axion and precision physics research (CAPP) at the Insti-
tute for Basic Science (IBS) aims to explore the axion fre-
quency range above 1 GHz with DFSZ sensitivity by uti-
lizing state-of-the-art technologies. CAPP utilizes sikivie’s
haloscope method [229], which is the most sensitive among
currently feasible axion detection methods. A large-capacity
microwave cavity of more than 30 L, which can be tuned
in a frequency range of 1 GHz or more, is installed in the
center of the low temperature superconducting magnet of
12 T magnetic field with a diameter of 32 cm bore, enabling
a high level of axion photon conversion output. In addition,
the world’s lowest level of system noise is achieved, less than
2 quanta, by use of powerful dilution refrigerator, advanced
thermal engineering, and the Josephson parametric ampli-
fier (JPA) from the collaborator – Nakamura group in Tokyo
university. CAPP has searched axions around 1.1 GHz with
1 MHz/day of scan rate with DFSZ sensitivity for the case of
100% axions in the dark matter halo [277] and even for the
case of 20% axions, CAPP will be soon available to search
axions with more than a megahertz per day of scanning speed
with DFSZ sensitivity with the potential for even faster scan-
ning speeds if high temperature superconducting cavity tech-
nology is implemented.

2.7.3 Dark matter and axion

The origins of dark matter can be traced back to Isaac New-
ton, who discovered gravity and connected the motions of
celestial bodies in the universe. His work gave scientists the
ability to detect what they cannot see through visible light.
This was exemplified by the discovery of Neptune, which was
first detected through deviations from the expected orbits of
other planets. Similarly, the discovery of dark matter was
first proposed when Vera Rubin observed that the rotational
speed of galaxies did not decrease as expected, implying the
presence of an unknown heavy mass [278]. Numerous exper-
iments and observations have since confirmed the existence
of dark matter [279], which is estimated to make up around
25% of the total mass of the universe [280]. Scientists have
proposed many different models to explain dark matter, with
the axion model being a particularly promising candidate.

One key feature of the axion is its long de Broglie wave-

length, which is estimated to be λ ≈ 300 m×
(

1µeV
ma

)
, sig-

nificantly larger than the size of the cavity. In the frequency
range relevant to CAPP, multiple axion detectors can be posi-
tioned within a space that is smaller than the de Broglie wave-
length to maximize the speed of axion search through phase

matching. This implies that the search speed for axions can
be dramatically increased if sufficient infrastructure, such
as refrigerators, magnets, and quantum noise-limited ampli-
fiers, is provided. This approach coincided with the strat-
egy of the Institute for Basic Science (IBS) in Korea, which
led to the establishment of CAPP. Over the past eight years,
CAPP has become the only laboratory in the world capable
of searching for axions at several megahertz units per day
with DFSZ sensitivity in Korea, where there was no previ-
ous axion experimental research.

2.7.4 CAPP’s infrastructure: axion searching experiments
at IBS-CAPP

CAPP built a state-of-the-art axion search laboratory from
scratch. The facility includes seven low-vibration pads, pow-
erful refrigerators, and various magnets, allowing multiple
axion experiments to be conducted simultaneously, as shown
in Fig. 21. CAPP’s flagship experiment, CAPP-12TB, which
aims to achieve DFSZ sensitivity in the 1–8 GHz range within
the next five years, utilizes a Leiden dilution refrigerator with
a cooling power of over 1 mW at 120 mK2 and a 12 T, 32 cm
bore Oxford Instruments magnet.3 Two dry type Bluefors
dilution refrigerators,4 each integrated with an 8 T, 12 cm
bore and an 8 T, 16.5 cm bore magnet from AMI,5 are used
for smaller experiments (CAPP-PACE, CAPP-8TB) as well
as for cavity R&D. Two other Bluefors dilution refrigerators
are currently being used as test benches for quantum noise
limited amplifiers and will later be used to search for high
mass axions. Details are described in Table 1. As a result,
CAPP can simultaneously run six (seven in the future) inde-
pendent axion search experiments.

2.7.5 CAPP’s R&D

2.7.5.1 Superconducting cavity in a strong magnetic field
CAPP has conducted extensive research and development
aimed at achieving high sensitivity in the search for axions
across a broad range of frequencies. One of the key areas of
focus has been the development of superconducting cavities
capable of maintaining a high quality factor (Q-factor) even
in the presence of a strong magnetic field. With the high-Q
cavity, the axion signal can remain in the cavity for a longer
duration, resulting in a higher signal-to-noise ratio and a sig-
nificant improvement in the speed of axion searches. Super-
conductivity, which is in general essential to make high Q-
factor cavity, however, usually breaks when a magnetic field

2 Leiden Cryogenics, https://leidencryogenics.nl.
3 Oxford Instruments, https://www.oxinst.com.
4 Bluefors Oy, https://bluefors.com.
5 American Magnetics Inc., http://www.americanmagnetics.com.
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Table 1 CAPP’s equipments and relevant experiments

Refrigerator Magnet Experiment

Vendor Base T Type Vendor B-field Bore Exp. Freq [GHz]

Leiden 10 mK Wet Oxford Instr. 12 T 32 cm CAPP-12TB 1.0–1.5

Bluefors 10 mK Dry AMI 12 T 10 cm CAPP-HF >5

Bluefors 10 mK Dry AMI 12 T 10 cm CAPP-QNA >5

Bluefors 10 mK Dry AMI 8 T 12 cm CAPP-PACE 2.0–4.0 (5.8–6.0)

Bluefors 10 mK Dry AMI 8 T 16.5 cm CAPP-8TB 1.5–2.0 (5.8–6.0)

Janis 300 mK Wet Cryo-magnetics 9 T 12 cm CAPP-HF 3.5–4.5 (∼ 10)

Oxford Instr. 30 mK Wet SuNAM 18 T 7 cm CAPP-18T 4.5–6.0

Fig. 22 a Photo of CAPP’s prototype superconducting cavity. b Q-factor measurements of CAPP’s 1st generation prototype superconducting
cavity. These are imported from figure 1, 4 of [284]

exceeds a certain level, and even in cases where superconduc-
tivity is well maintained in a strong magnetic field, such as
high-temperature superconductors (HTS), the use of super-
conducting cavities in actual axion research is not practical,
as it faces the limitations of 3-dimensional cavity fabrication
technology [281–283]. In 2019, CAPP has solved the prob-
lem by attaching the well-grown 2-dimensional REBCO film
directly to the inner wall of a 3-dimensional cavity (Table 2).
CAPP developed a prototype cavity in which the TM010 mode
resonated at 6.9 GHz using HTS tape and achieved a Q-factor
six times higher than that of copper resonators at 4 K and
8 T magnetic field [284], as shown in Fig. 22. A second-
generation cavity with a larger volume and a sapphire tuning
system was then created to achieve a Q-factor of half a mil-
lion and used in the physics run of axion search in 2021
(Table 2). Finally, CAPP’s third-generation superconducting
cavity development has achieved a Q-factor of order of 107,
which is 10 times the axion Q-factor, even in an 8 T magnetic
field.

2.7.5.2 Josephson parametric amplifiers (JPA) One impor-
tant focus of R&D in the axion search experiment is the
development of quantum noise limited amplifiers (QNAs).
Typically, most of the RF chain noise originates from the
physical temperature of the device under test (DUT), i.e.,
the microwave cavity temperature in the haloscope, and the

preamplifier noise, with the latter usually being dominant. By
developing QNAs, the dominant preamplifier noise can be
suppressed down to the quantum limit, significantly enhanc-
ing the SNR. In collaboration with Prof. Nakamura’s group
at Tokyo University, CAPP was able to implement quantum
noise limited JPAs into the axion search experiments. About
200 JPA chips, each with a working range of 3–5% for the JPA
resonant frequency, were delivered to CAPP, where they were
then packaged and characterized. JPAs for 1 GHz, 2 GHz, and
6 GHz were implemented in the axion haloscope system, and
all of them demonstrated noise levels close to the standard
quantum limit. Figure 23 shows the JPA used in the axion
search experiment in 2020 and the corresponding noise. In
the JPA resonance region, the measured noise was approxi-
mately 120 mK. Taking into account the pre-JPA attenuation
and the downstream noise introduced by the JPA backstage,
we can assume that the noise generated by the JPA is an idler
noise, which is essentially a copy of the noise injected into
the JPA.

2.7.5.3 High frequency cavities CAPP has developed several
high-frequency cavities for broadband axion searches. One
of these designs is the multiple-cell cavity [286], which com-
prises several cells vertically separated by walls that do not
cross the cavity center, as depicted in Fig. 24a. The bene-
fits of this design include increasing frequency with more
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Table 2 HTS cavities
developed by CAPP

Generation HTS type Volume [L] Frequency [GHz] Q-factor

1st Gen YBCO 0.3 6.9 330,000

2nd Gen ReBCO 1.5 2.3 ∼ 500,000

3rd Gen Y-based BCO 1.5 2.3 ∼ 4,500,000

0.2 5.5 ∼ 13,000,000

Fig. 23 a Implementing Nakamura group’s JPA into axion haloscope
system. Right upper: a JPA chip integrated with PCB board. Right bot-
tom: JPA chip magnified version of right upper one. Left: fully packaged

JPA installed on the mixing plate of dilution refrigerator. b Total added
noise measurement after implementing a JPA. This is imported from
figure 2 of [285]

Fig. 24 a Multiple-cell cavity. Top figures are the top-view of an elec-
tric field (E-field) profile of 2-, 4-, and 8-cell cavity. Bottom photos are
the fabricated 8 cell cavity. The field profile is imported from figure 1

of [288]. b E-field profile and a photo of the photonic crystal haloscope
cavity. This is imported from figure 6 of [287]

cells, minimal volume loss since only thin walls are added,
maintaining the cylinder shape, and extracting all cell energy
using a single antenna at the center. CAPP has produced a
double-cell and 8-cell cavity, successfully adjusting the fre-
quency in the 3.14–3.36 GHz and around 5.8 GHz regions,
respectively, by placing a sapphire rod in each cell of the
multi-cell cavity and rotating and moving it from the center
of the cell to the wall separating the cells.

Furthermore, CAPP developed a photonic crystal (PC)
haloscope cavity to explore higher frequencies [287]. This
cavity contains periodically arranged dielectric rods with low
volume loss and high permittivity that act as independent cav-

ities, forming a TM010-like mode, as illustrated in Fig. 24b.
This design offers a higher resonant frequency as the num-
ber of distributed dielectrics increases. While the haloscope
form factor is relatively low due to the concentration of the
electric field in the high-permittivity dielectric volume, the
high Q-factor offsets this due to far fewer metal walls being
required to achieve the same frequency. CAPP has success-
fully adjusted the frequency of the PC cavity using the aux-
etic behavior of rotating rigid squares to change the distance
between the dielectric rods simultaneously and uniformly.
The PC cavity will be utilized to search for axions in high
frequency bands around and above 10 GHz.
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2.7.5.4 Ultra-light cavity (ULC) for 12TB experiment Pro-
ducing a cavity for the CAPP-12TB experiment posed sev-
eral challenges due to the enormous weight of a copper cav-
ity with a diameter of 27 cm and a height of 64 cm or more,
which requires significant resources for installation, move-
ment, and modification work. Furthermore, copper with high
mass has a large heat capacity and high hydrogen content,
making it difficult to lower its temperature below 100 mK.
Additionally, the tuning rod used in developing a large axion
haloscope cavity also presents a major challenge as it grows
with the cavity’s size, making it difficult to move and mini-
mize heat generation at low temperatures. The physical con-
tact between the tuning rod and the cavity body is also weak,
making it harder to cool the rod as much as the cavity.

To address these issues, the CAPP research team roll-
banded 0.5 mm thick oxygen-free high thermal conductivity
(OFHC) copper foil to create a 27 cm diameter cylinder and
combined it with two OFHC copper discs, resulting in an
ultra-light cylindrical cavity (ULC) weighing approximately
5 kg. The tuning rod was also made from an OFHC pipe
with a diameter of 30 mm and wall thickness of 0.7 mm, and
shaped into a closed cylinder to weigh only about 200 g. The
ULC was installed in the Leiden refrigerator (see Table 1)
and achieved a temperature of 30 mK, which is similar to
or lower than the cavity temperatures of other axion experi-
ments. Additionally, by applying a 12 T magnetic field at the
temperature, it was possible to adjust the frequency using
only one attocube piezo rotator at 1.025–1.185 GHz6. The
Q-factor was 90k when the tuning rod was farthest from the
center, over 120k when positioned at the center, and main-
tained more than 100 k throughout most of the tunable fre-
quency range.

2.7.6 Experiments at CAPP

CAPP has successfully conducted numerous axion experi-
ments thanks to its cutting-edge infrastructure and extensive
R&D efforts. The experiments are conducted in conjunction
with a superconducting magnet and refrigerator, which are
listed in Table 1. More information on the specific experi-
ments conducted can be found in Table 3.

1. CAPP-12TB is the primary experiment conducted by
CAPP, which employs a 12 T/32 cm bore magnet and Lei-
den refrigerator to scan the 1–8 GHz frequency range over
the next five years with DFSZ sensitivity. The installation
of the Oxford Instr. magnet was delayed by nearly a year
due to the Covid-19 pandemic, but the commissioning
run of CAPP-12TB was eventually carried out success-
fully in 2022, eight years after the inception of CAPP.

6 Attocube systems AG, https://www.attocube.com.

During the experiment, a ULC operating in the 1.025–
1.185 GHz range and a JPA optimized at 1.06–1.12 GHz
were utilized, and axion data was received within the
1.09–1.11 GHz range [277]. The system noise was kept at
200 mK, the lowest among all axion experiments, result-
ing in a scanning rate of 1.4 MHz per day with DFSZ
sensitivity. Following the commissioning run, the system
was further optimized, achieving a total system noise of
170 mK, and extending the entire JPA operating range
(1.06–1.12 GHz) resulted in axion data being obtained at
a faster rate of 2 MHz/day. Furthermore, CAPP aims to
explore axions in the 1–2 GHz range with DFSZ sensi-
tivity by the end of 2023.

2. CAPP’s pilot axion cavity experiment (CAPP-PACE),
initially developed as a R&D machine for CAPP, uti-
lizing an 8 T/12 cm bore LTS magnet a Bluefors dilu-
tion refrigerator, has grown into an independent exper-
iment serving as a forefront base for applying many of
CAPP’s R&D achievements to real axion experiments.
In 2018, CAPP conducted its first highly sensitive halo-
scope experiment, achieving a cavity temperature of less
than 50 mK, the first of its kind in the world, by optimiz-
ing the axion detection chain in a dilution refrigerator
(CAPP-PACE in Table 3) [289]. In 2020, the experiment
successfully implemented a JPA, a quantum noise ampli-
fier, achieving the world’s lowest system noise of less
than 200 mK (CAPP-PACE-JPA) [290]. Subsequently,
in 2021, a 6-cell cavity (CAPP-PACE-JPA-6cell) and,
in 2022, finally, a practically usable HTS cavity (CAPP-
PACE-JPA-SC), were successfully incorporated into the
axion experiments in series.

3. CAPP-8TB shares almost the same configuration as
CAPP-PACE, but features a larger magnet with a 16.5
cm bore, which results in relatively higher sensitivity for
axion experiments. In 2019, CAPP-8TB acquired its first
axion search data in the frequency range of 1.60–1.65
GHz [291], utilizing a 3.47 L OFHC cavity, which was
sensitive to axion photon coupling gaγ γ , down to the
QCD axion band [292]. In 2022, an 8-cell cavity was
introduced in the CAPP-8TB system, operating around
5.8 GHz with a volume of over 3.5 L, much larger than
the capable cavity with a conventional design. Moreover,
a JPA working in the corresponding range was also incor-
porated in the system, forming CAPP-8TB-JPA-8cell.
This new setup managed to establish new exclusion lim-
its, possessing near-Kim–Shifman–Vainstein–Zakharov
(KSVZ) axion coupling sensitivity.

4. CAPP’s multiple-cavity experiment (CAPP-MC) aimed
at high-frequency axion searching, utilizing the Janis
cryostat7 and the 9 T/12 cm bore magnet by Cryo-

7 Janis in Lakeshore Cryotronics, https://www.lakeshore.com/
products/product-detail/janis.
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Fig. 25 Exclusion limit. The red area has been excluded by CAPP, and the red shaded area is scheduled to be excluded in 2023

Table 3 Physics runs performed by CAPP

Experiment Year B [T] ma [GHz] �ma [MHz] Sensitivity Tphy [K] Tsys [K] Publication

CAPP-PACE 2018 8 ∼ 2.5 250 10*KSVZ+KSVZ < 0.05 ∼ 1 PRL

CAPP-8TB 2019 8 ∼ 1.6 200 4*KSVZ < 0.05 ∼ 1 PRL

CAPP-MC 2019 9 ∼ 4.0 250 10*KSVZ ∼ 2 ∼ 2 PRL

CAPP-PACE-JPA 2020 8 ∼ 2.3 30 2*KSVZ ∼0.05 ∼ 0.2 PRL

CAPP-PACE-JPA-6cell 2021 8 ∼ 5.6 80 3*KSVZ ∼0.05 <0.3 –

CAPP-8TB-JPA-8cell 2022 8 ∼ 5.8 > 100 KSVZ ∼ 0.03 <0.3 –

CAPP-PACE-JPA-SC 2022 8 ∼ 2.3 30 KSVZ ∼ 0.04 <0.2 –

CAPP-12TB 2022 12 ∼ 1.1 20 or 60 DFSZ < 0.05 <0.3 PRL

Magnetics8. The multiple-cell cavity concept introduced
in section 3.2.2 was successfully adapted in axion
search experiments CAPP-MC [286] and CAPP-8TB-
JPA-8cell, as seen in Table 3. Recently, CAPP launched
CAPP-HF, a new initiative to explore high-frequency
axions in a more diverse manner by incorporating a new
12 T/8 cm magnet into a dilution fridge. CAPP-HF aims
to search for axions above 10 GHz by utilizing not only
the existing technology of multiple-cell cavities but also
the newly announced photonic crystal cavity [287] and
single photon detection, which is currently being devel-
oped using the expertise available in Korea. CAPP-HF is
expected to commence exploration of sub-10 GHz axions
by 2023 (Fig. 25).

2.7.7 Conclusion and future plan

IBS-CAPP has opened up the possibility of overcoming the
feeble coupling of the axion in the past 8 years since its

8 Cryomagnetics, Inc., https://cryomagnetics.com.

establishment. Based on the Oxford Instruments 12 T/32 cm
magnet and a Leiden dilution refrigerator system, they used
the JPA with the world’s lowest noise and a ULC weighing
less than 5 kg with a volume of 37 liters, achieving an axion
search speed of 1.4 MHz/day with DFSZ sensitivity. Various
R&D achievements, represented by the successful develop-
ment of a HTS cavity that maintains a high Q-factor even in
a strong magnetic field, will further accelerate the search for
axions. CAPP’s objective is to find or exclude the axion from
a wide frequency range of 1–8 GHz within the next five years
and then further extend the probing region to up to 25 GHz
in the next ten years. Finding the axion as dark matter will
provide us with invaluable information on the universe at its
earliest moments of creation, as well as insight into the strong
C P problem of QCD and the structure of matter, the secret
of building our world.

2.8 Neutron EDM Searches – J. Martin

Author: Jeffery Martin, – Joint Session with PSI 2022
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2.8.1 Introduction and theoretical overview

The neutron electric dipole moment (nEDM) is an experi-
mental observable of considerable interest in fundamental
physics. The nEDM violates time-reversal symmetry, and
hence measurements of the nEDM are regarded as testing CP
symmetry. To date, all experiments have demonstrated that
the nEDM is zero. Improving the experimental precision of
the measurements places tighter and tighter constraints on
new sources of CP violation beyond the standard model.

Measurements of the electric dipole moment of the neu-
tron are complementary to those conducted in other nuclear,
atomic, and molecular systems [293–296]. The most pre-
cise experiments can be divided into those using param-
agnetic atoms, diamagnetic atoms, and bare nucleons. For
the paramagnetic case, the most precise recent experiment
used molecules of ThO [297] and can be interpreted as plac-
ing an upper bound on the electric dipole moment of the
electron of |de| < 1.1 × 10−29 ecm at 90% confidence
level. In the diamagnetic case, the most precise experiment
has used 199Hg [298,299] finding the atomic EDM to be
|dHg| < 7.4 × 10−30 ecm (95% C.L.). Using nuclear and
atomic theory, this result implies a constraint on the nEDM
of |dn| < 1.6×10−26 ecm. The free neutron EDM was more
recently constrained by a measurement done using ultracold
neutrons at the Paul Scherrer Institute (PSI) which deter-
mined |dn| < 1.8× 10−26 ecm (90% C.L.) [300]. This work
is noteworthy in that it is the first nEDM measurement con-
ducted using a new kind of ultra-cold neutrons (UCN) source
based on superthermal production using a spallation-driven
neutron source. The experiment used an improved version of
the nEDM apparatus that was used previously at the Insti-
tute Laue-Langevin (ILL) reactor [301,302], but connected
to this new source of UCN.

Recent theoretical work addressing the physics impact of a
new precise measurement of the nEDM has focused on three
general (and overlapping) themes: (1) new sources of CP vio-
lation beyond the standard model [303,304], (2) baryogen-
esis scenarios, especially new physics contributions to elec-
troweak baryogenesis [305] and (3) the strong CP problem,
which is in turn related to the existence of axions [306,307].
The relationship of the nEDM to the quark (chromo)EDM
has also been elucidated [308], honing the relationship to
the standard model effective field theory and the low-energy
effective field theory [309].

Since this workshop is about feebly interacting particles,
it is worth mentioning the special relationship of the nEDM
to a well-known feebly interacting particle: the axion. The
CP-violating θ̄ term in the QCD lagrangian can in princi-
ple lead to a large nEDM. The measured smallness of the
nEDM and hence θ̄ provided strong evidence Peccei–Quinn
symmetry [310,311] which can solve the strong CP problem.
The axion is the new boson arising from this symmetry. The

QCD axion possesses a relationship between its coupling
and mass. Searches for axionlike particles make no assump-
tion about this relationship, and the experiments may probe
the regions in coupling and mass space. More recently, it
has been realized that an oscillating background axion field
could give rise to time-varying (oscillating) EDM’s of nucle-
ons [296,312]. This effect has been used to place constraints
on axionlike particles by searching for time variations in the
neutron EDM [313]. It has been noted that the local axion
density should not saturate the entire local dark matter den-
sity, weakening these limits somewhat [314].

2.8.2 Experimental technique

The experimental technique used to determine the nEDM is
to measure the neutron’s spin-precession frequency ν when
placed in parallel (+) and antiparallel dc (−) magnetic (B)
and electric fields (E)

hν± = 2μn B ± 2dn E (29)

where μn is the neutron magnetic moment and dn its EDM.
Since the second term reverses sign with the relative direction
of the applied fields, subtraction of the measured frequen-
cies allows a direct measurement of dn . Key experimental
parameters in nEDM experiments are the number of neu-
trons sampled, the strength of the electric field that can be
achieved, and the coherence time of the precessing neutron
spins, which should all be maximized for the best sensitiv-
ity. The most precise measurement to date used UCN. UCN
are valuable experimentally because they can be stored in
material traps.

The most recent nEDM experiment [300] was statistically
limited. The leading systematic uncertainties were associated
with effects caused by magnetic field inhomogeneity. An
impressive assortment of magnetic field diagnostics [315–
317] led to a final systematic uncertainty of 1.8×10−27 ecm.
This gives confidence that the next generation of nEDM
experiments should be able to reach the 10−27 ecm level
if they can meet their stated statistical goals, with small
improvements to the techniques used to address systematic
uncertainties. New UCN source technologies are being devel-
oped to improve the statistical error, which could lead to a
breakthrough in precision for the nEDM. The new sources
rely on superthermal production of UCN, where excitations
in materials carry away the momentum and energy of enter-
ing neutrons. Two leading materials for UCN converters are
superfluid 4He (He-II), and solid ortho-deuterium (so-D2).

2.8.3 Ongoing and future experiments

The current experimental situation and the recent theoretical
work strongly motivate a new, more precise measurement
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of the nEDM. Several groups are pursuing nEDM measure-
ments worldwide (Table 4).

The experiments pursue a broad variety of different exper-
imental techniques. Most of the nearer term experiments
pursue a similar technique to the previous best experiment,
which used UCN stored in a room-temperature nEDM spec-
trometer. These experiments are grouped together in the
upper portion of Table 4. These experiments are motivated
by access to new superthermal sources of UCN. Progress on
UCN sources can drastically improve the statistical precision
of the experiment.

The UCN groups aim at achieving a significant improve-
ment in the statistical uncertainty to the δdn ∼ 10−27 ecm
level with experiments beginning soon.

The n2EDM experiment will couple a completely new
room-temperature EDM spectrometer to the cryogenic solid
ortho-deuterium UCN source at PSI [318,319]. The exper-
imental plan embodies the features of most of the other
upcoming nEDM experiments. The superthermal UCN
source will deliver neutrons to a superconducting magnet
through which high-field seeking UCN will pass. The polar-
ized UCN will enter a magnetically shielded room (MSR)
containing two measurement cells above and below a central
high-voltage electrode. A very homogeneous vertical mag-
netic field will be created within the MSR using a system of
coils. The neutrons will be stored in the measurement cells
where an ac field will excite a π/2 spin reorientation. The
UCN spins will then be allowed to precess about the static
field for a period of 180 s. After this time, a secondπ/2 pulse,
in phase with the first, will be applied and the UCN’s will
be drained from the cell to spin-analyzing detectors that will
sense the accrued phase of the UCN spins relative to the ac
field’s clock. In this way, the spin precession frequency of
the UCN is deduced. Periodically, the polarity of the elec-
tric field will be reversed so that each measurement cell will
be able to determine the nEDM independently. An optically
probed 199Hg comagnetometer will be used in each cell to
monitor the magnetic field at the same time as the nEDM
measurement is being conducted. Furthermore, an array of
Cs atom magnetometers external to the measurement cell
will monitor the magnetic field and be used to understand
its spatial distribution. Mapping of the magnetic field will
be done in offline experiments to understand the spatial dis-
tribution even more precisely. These techniques were used
to great success in the previous nEDM experiment at PSI.
The experiment is projected to reach a statistical sensitivity
of 1 × 10−27 ecm in 500 data days with the demonstrated
performance of the PSI UCN source.

The PanEDM experiment is undergoing commissioning
at ILL. The experiment also features an MSR, dual mea-
surement cells, and advanced optical magnetometry tech-
niques. The UCN source for the experiment, SuperSUN, is
simultaneously being prepared for first UCN production. The

Table 4 Ongoing and future nEDM experiments, a few of their prin-
cipal features, and status. The three sections of the table are meant to
indicate the different experimental techniques being employed. In the
upper portion, ultracold neutron experiments performed using room-
temperature nEDM spectrometers are grouped together. The SNS exper-
iment uses a polarized cold neutron beam to create ultracold neutrons
and the EDM measurement is done entirely in He-II. The lower section
of the table groups together two neutron beam experiments. The various
experiments are discussed further in the text

Experiment Features Status

n2EDM (PSI) Spallation
so-D2, MSR

2022-23 UCN comm.

PanEDM
(ILL)

Reactor He-II,
MSR

Commissioning ongoing

LANL Spallation
so-D2, MSR

Starting eng. run 2022

TUCAN
(TRIUMF)

Spallation
He-II, MSR

Upgrading, first UCN 2024

PNPI Dual cell,
previous
meas’t

Upgrading UCN source

nEDM SNS Cryogenic
source &
expt.

2027–

Beam EDM Intense pulsed
neutron
beam

R&D, 2025–

J-PARC
crystal

High E in
crystal

R&D

PanEDM experiment will then be coupled to the Phase I
SuperSUN source [320].

A room-temperature nEDM spectrometer is being devel-
oped at Los Alamos National Laboratory (LANL), to use
a recently upgraded spallation-driven solid ortho-deuterium
UCN source. The source has already been demonstrated to
deliver the required densities to a test experiment [321], and
based on those results a statistical uncertainty on the nEDM
of 2 × 10−27 ecm will be achieved in one live-year of run-
ning. The MSR for the experiment has been installed and
characterized. Currently the precession chambers and UCN
valves are being assembled. An engineering run is planned
for 2022 [322].

The double-chamber technique was pioneered by the
Petersburg Nuclear Physics Institute (PNPI) group work-
ing at ILL, who obtained a competitive nEDM measure-
ment [323]. The PNPI group plans to use the same apparatus
with a future He-II UCN source at the WWR-M reactor in
Gatchina.

The TUCAN EDM experiment will be discussed in more
detail in Sect. 2.8.4. The experiment features a spallation-
driven He-II source of UCN coupled to a room temperature
nEDM experiment.

The SNS EDM experiment will use a fully cryogenic
experiment with UCN being produced and interrogated
within He-II. The He-II will also serve as an insulator thereby
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allowing a large E field to be obtained. The experiment will
use of a small amount of polarized 3He within the He-II as
both a comagnetometer and sensor for the neutron spins via
the strongly spin-dependent neutron capture cross-section.
The experiment aims for first data taking in late 2027 [324]. It
is anticipated that the new techniques developed could lead to
the breakthrough to the next order of magnitude in precision
beyond that achievable in room-temperature nEDM exper-
iments. Using a new dressed-spin technique to analyze the
neutron and 3He spins, the experiment will reach a projected
90% C.L. sensitivity of 2.9× 10−28 ecm.

Finally, Table 4 lists two experiments which will use
beams of cold neutrons to measure the nEDM.

The BeamEDM experiment will be conducted at ILL and
in the future at the European Spallation Source (ESS). It will
use the method employed prior to the UCN-based EDM mea-
surements. In this method, cold neutron beams are passed
through a long set of parallel plates producing a high elec-
tric field. Since many more neutrons can be sensed, and a
higher electric field produced, this technique can be compet-
itive with the UCN experiments. A disadvantage of the tech-
nique is that systematic shifts in the neutron spin-precession
frequency arising due to �v × �E do not average to zero as
for the UCN experiments, giving rise to a false EDM sig-
nal. This problem can be mitigated using pulsed neutron
beams. A prototype apparatus was operated recently at ILL
in 2020. The experiment was used to place limits on axion-
like particles in a region of parameter space previously inac-
cessible to laboratory-based experiments [325,326]. The full
BeamEDM apparatus would be developed for ESS.

An experiment conducted at JPARC aims to use diffrac-
tion of neutrons passing through a single crystal to determine
the nEDM. The advantage is that the crystal can be selected
to have a very large internal electric field, thereby enhancing
the sensitivity to the nEDM. The experiment has produced
initial results on diffraction techniques [327].

2.8.4 The TUCAN EDM experiment

The TUCAN (TRIUMF ultra-cold advanced neutron) EDM
experiment aims to measure the nEDM to a statistical pre-
cision of dn = 1 × 10−27 ecm in 400 days. A layout of the
planned experiment is presented in Fig. 26.

The facility at TRIUMF (Vancouver, Canada) previously
operated a prototype “vertical” UCN source that was devel-
oped in Japan, in experiments conducted from 2017 to 2019.
The first results from its operation at TRIUMF enabled char-
acterization of the UCN source, especially the temperature
dependence of the UCN losses from the superfluid helium
(He-II) converter [328]. It also resulted in the largest UCN
production results from this source, which had been previ-
ously operated using a lower intensity spallation facility at
RCNP Osaka. These and other results from measurements
conducted in subsequent runs were used to benchmark sim-
ulations for the ongoing UCN source upgrade.

The base infrastructure which drives the UCN source will
remain the same for the upgrade. This includes a fast kicker
magnet which drives a neutron spallation target, and proton
beamline with appropriate diagnostics, ending in a 20 kW
tungsten spallation target [329,330]. The entire beamline

Fig. 26 Schematic diagram of the TUCAN EDM experiment. The
major portion of the biological shielding is not shown. Protons strike a
tungsten spallation target. Neutrons are moderated in a volume of LD2
cooled by the LD2 cryostat. They become UCN in a UCN production
volume containing He-II, which is cooled by a helium cryostat. The

UCN exit the superfluid volume and are transported through the super-
conducting magnet and UCN guides to reach the nEDM spectrometer
located within a magnetically shielded room (MSR). UCN spin analyz-
ers detect the UCN at the end of each EDM experimental cycle. For
scale, the innermost layer of the MSR is a 2.4 m side-length cube
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been developed with the design beam current of 40 µA in
mind.

The UCN source upgrade [331] will substantially increase
the UCN output compared to the vertical source. Since the
neutron optical potential of the He-II is a mere 18 neV, the
new source will use near-horizontal extraction rather than the
vertical extraction of the prototype source (gravity represents
a 100 neV/m barrier to UCN). The cold moderator for the
source will be upgraded from D2O to LD2 with considerably
higher production efficiency and smaller uncertainty in the
behavior of the cold neutrons (no scattering kernel exists for
D2O ice). The beam power will be increased from 1 to 40
µA necessitating a refrigerator upgrade from 300 mW to 10
W at the operating temperature near 1 K. The increased heat
flux also necessitates a new large-area heat exchanger that is
compatible with UCN. The He-II production volume itself
will also be enlarged from 8 to 33 L.

The helium cryostat (Fig. 26) has been built and tested
cryogenically in Japan in 2019–2021. It was then shipped
to TRIUMF and it is being prepared for installation. One of
the most challenging aspects of the new cryostat is the main
heat exchanger (HEX 1) between the 3He refrigerant and the
isotopcially pure superfluid 4He used in the UCN production
volume. The UCN production volume for the source has been
fabricated, coated internally with nickel plating, and tested
with UCN at LANL. It is now being integrated into a cryostat
that will enable it to be filled with superfluid 4He. The cryo-
connection box which links these two elements is also in
preparation at the vendor site, for installation at TRIUMF in
early 2023.

The nEDM spectrometer being developed for TUCAN
possesses a few features that are unique relative to the pre-
vious generation of nEDM experiments. Aside from the
usual features of the next generation of EDM experiments
(such as an MSR and dual measurement cells), it will fea-
ture a self-shielded main precession field (B0) coil, and Cs
magnetometers based on non-linear magneto-optical rotation
(the magnetometers also pursued by the PanEDM collabora-
tion [332]).

The major subsystems of the spectrometer have been
developed and the experiment is entering the design and con-
struction phase. The magnetically shielded room which will
house the experiment began installation in October 2022, and
will complete installation in late summer 2023.

The plan for the project calls for UCN production with the
new TUCAN source in 2024. By 2025, the both the source
and EDM experiment will be ready for first data-taking. The
initial goal of the experiment is to demonstrate the capability
to reach 10−27 ecm precision.

2.8.5 Conclusions

Precise measurements of the nEDM carry a strong physics
interest because they place a tight constraint on CP violation.
The nEDM addresses the strong CP problem and axions, new
sources of CP violation beyond the standard model at the TeV
scale and beyond, and baryogenesis scenarios such as those
similar to or based on electroweak baryogenesis.

The experimental situation is highly competitive with a
large number of experiments planned to commence in the
near future that are pursuing a variety of new techniques.
The next generation of nEDM experiments aim to reduce
the uncertainty by an order of magnitude, to the 10−27 ecm
level. For room-temperature experiments, this improvement
is expected to come from an increase in the number of UCN
delivered from superthermal UCN sources of either solid
ortho-deuterium, or He-II. Several experimental groups are
also developing innovative techniques which could surpass
the next generation of experiments, improving the precision
to the 10−28 ecm level.

2.9 Limits on hadronic C P-violating interactions and axion
dark matter from EDM experiments with paramagnetic
molecules – V. Flambaum and I. B. Samsonov

Author: V. V. Flambaum and I. B. Samsonov,
<v.flambaum@unsw.edu.au> – Joint Session with
PSI 2022

2.9.1 Introduction

It is a fundamental problem in theoretical and experimental
high-energy physics to determine the electric dipole moments
(EDMs) of elementary particles, because they allow us to
probe the limits of the Standard Model of elementary par-
ticles and search for the new physics beyond the Standard
Model. Recently, such experiments have been used to search
for axion dark matter which produces EDMs and other T, P-
odd effects [45,333–340].

In the recent years, atomic and molecular experiments
demonstrated a tremendous progress in measuring these
EDMs owing to ever growing precision in spectroscopy.
Especially promising are the experiments dealing with para-
magnetic molecules [341,342,342] which aim mainly at
measuring the electron EDM. In this paper, we study the sen-
sitivity of these experiments to proton and neutron EDMs, as
well as to P- and T -symmetry violating nuclear interactions.
As we will show, the constraints obtained from these experi-
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ments on the hadronic sources of C P violation are becoming
competitive with the corresponding constraints from experi-
ments with diamagnetic atoms [343–345].

In paramagnetic atoms, the atomic EDM appears, in par-
ticular, as a result of the following semileptonic interaction:

L = G F√
2

C p
S P ēiγ5e p̄ p + G F√

2
Cn

S P ēiγ5en̄n, (30)

where G F is the Fermi constant, e, p and n are respectively
the electron, proton and neutron spinor fields. C p

S P and Cn
S P

are the electron couplings to the proton and neutron, respec-
tively. In an atom with Z protons and N = A− Z neutrons,
these couplings may be combined a single constant CS P =
C p

S P Z/A+Cn
S P N/A. Exactly this combination of couplings

is usually measured in experiments searching for EDMs with
paramagnetic molecules. The most advanced limit on CS P

is placed by the ACME collaboration [342], which uses the
molecule 232ThO and the JILA group [341,342] which uses
180HfF+ molecule:

|CS P |ThO < 7.3× 10−10, |CS P |HfF+ < 4.5× 10−10.

(31)

The coupling constant CS P in Eq. (31) receives various
contributions from C P-violating interactions at the hadronic
level. In Ref. [346], the contributions to this coupling from
the two-photon andπ, η-meson exchanges between electrons
and nucleons were calculated. In Ref. [347], additional con-
tribution to CS P due to virtual nuclear transitions and nucleon
EDMs. This allows us to find CS P as a function of pro-
ton dp and neutron dn EDMs, QCD θ -angle, quark-chromo
EDMs and π -meson-nucleon couplings to the leading order.
Given this function, we extract the limits on these parame-
ters from the constraint (31). We show that some of these
limits are comparable with the ones originating from EDM
experiments with diamagnetic atoms.

If the dark matter is represented by axion particles, the
QCD θ̄ angle may have small variations thus inducing oscil-
lating EDMs of nucleons. Such oscillations were looked for
in the work [339] where null results were found over the
axion mass range from 10−22 to 10−15 eV.

2.9.2 Contribution from C P-odd nucleon polarizability

At the hadronic level, the C P-violating interactions originate
from nucleon EDMs dp and dn , as well as from the interaction
with π0,± pions and octet of η mesons,

L = − i

2
Fμν(dnn̄σμνγ5n + dp p̄σμνγ5 p)

+ḡ(0)πN N N̄τ a Nπa + ḡ(1)πN N N̄ Nπ0

+ηN̄ (ḡ(0)ηN N + ḡ(1)ηN N τ
3)N , (32)

where N = (p, n)T is the nucleon doublet, g(0,1)πN N are
the isovector and isoscalar C P-odd pion-nucleon couplings,
respectively. The contributions to the atomic EDM originat-
ing from the interaction (30) are represented by Feynman
diagrams in Fig. 27. These diagrams involve the two-photon
exchange via C P-odd nucleon polarizabilities βp and βn ,

Lnuc.pol. = (βp p̄ p + βnn̄n) �E · �B, (33)

where �E and �B are electric and magnetic fields, respectively.
These polarizabilities were calculated in Ref. [346] using the
chiral perturbation theory:

βL.O.
p(n) = −

α

πFπm2
π

×
[

ḡ(1)πN N + (−)ḡ(0)πN N +
ḡ(0)ηN N√

3

m2
π Fπ

m2
ηFη

]
, (34)

βN.L.O.
k = αgAḡ(0)πN N

4Fπm N mπ

{−μn/μN for k = p
μp/μN for k = n,

(35)

where α ≈ 1/137 is the fine structure constant, Fη ≈ Fπ ≈
92 MeV is the pion decay constant, mπ and mη are meson
masses, gA ≈ 1.3 is the axial triplet coupling, m N is the
nucleon mass, μn,p are the nucleon magnetic moment, and
μN is the nuclear magneton. The leading-order (L.O.) con-
tribution (34) comes from from the diagram (a) in Fig. 27
which takes into account the three-level mesons exchange.
The next-to-leading order (N.L.O.) contribution (35) corre-
sponds to one-loop charged pion exchange represented by
the diagrams (b) and (c) in Fig. 27.

To find the contribution to atomic EDM from the C P-
odd nucleon polarizabilities (34, 35), one has to calculate the
photon loops in Feynman diagrams (a–c) in Fig. 27. This cal-
culation was performed in Ref. [346] with logarithmic accu-
racy. The corresponding contribution to the coupling constant
CS P is

G F√
2

C (β)S P = −
(

Z

A
βp + N

A
βn

)
3αme

2π
ln

M
me
, (36)
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Fig. 27 Feynman diagrams representing different contributions to the atomic EDM due to the effective C P-violating interactions (30)

where M is the renormalization scale. For the L.O. contribu-
tions, this scale may be taken as the ρmeson mass,M ≈ mρ ,
while for the N.L.O. ones, this scale equals the pion mass,
M = mπ [346].

2.9.3 Contribution from nucleon EDMs due to C P-odd
nuclear transitions

In this section, we consider the contributions to the atomic
EDM from the Feynman diagrams in Fig. 27, which include
the nucleon EDMs dp,n and virtual nuclear transitions. The
calculation of these contributions requires accurate consider-
ation of both C P-odd nuclear transitions in different nuclei
and calculation of electronic matrix elements that take into
account both discrete and continuum states in atoms. This cal-
culation was performed in Refs. [346,347]; here we review
some features and results of this work.

Atomic EDM due to contact C P-odd interaction We start by
considering the Hamiltonian of C P-odd interaction between
a valence electron and the nucleus [348]

Hcont = iG F√
2

ACS Pγ0γ5ρ( �R), (37)

where �R is the position vector of the electron and ρ( �R) is the
nuclear charge density function normalized to 1 over a spher-
ical nucleus of radius R0. In heavy atoms, the s1/2 and p1/2

electron wave functions have large relativistic enhancement
inside the nucleus, as compared with other wave functions
with higher angular momentum l, which have very small at
the nucleus. As a result, the atomic EDM receives dominant
contributions from the matrix elements of the operator (37)
with the s1/2 and p1/2 states,

�d = 2
〈s1/2|e �R|p1/2〉〈p1/2|Hcont|s1/2〉

E p1/2 − Es1/2

. (38)

This matrix element may be calculated analytically using
approximate wave functions at small distance [347]

〈p1/2|Hcont|s1/2〉

= −cs1/2 cp1/2

G F CS P

10
√

2π

1+ 4γ

�(2γ + 1)2
AZα

R2
0

(
2Z R0

aB

)2γ

,

(39)

where γ = √1− Z2α2 is the relativistic factor. Here cs1/2

and cp1/2 are the normalization coefficients of the correspond-
ing wave functions. Exact values of these coefficients are
unimportant, as they will cancel out in the final result.

Atomic EDM due to the nucleon permanent EDMs Let
�di = di �σi and �μi = μN (gl

i
�li + gs

i �si ) be the operators of
electric and magnetic dipole moments of i-th nucleon in the
nucleus, respectively. Here di = dp or dn are the proton
or neutron permanent EDMs, gl

l = gl
p,n and gs

i = gs
p,n

are the orbital and spin g-factors of the nucleons, �l and �s
are the orbital momentum and spin operators, respectively.
The operators �di and �μi couple with electric and magnetic
fields of the valence electron. The corresponding interaction
Hamiltonian reads

H = −
A∑

i=1

(Hd
i + Hμ

i ), Hd
i =

e �di · ( �R − �ri )

| �R − �ri |3
,

Hμ
i =

eμi · [( �R − ri )× �α]
| �R − �ri |3

, (40)

where �ri are the position vectors of the nucleons and α =(
0 �σ�σ 0

)
are the Dirac matrices acting on electron wave func-

tions.
Let m and m′ be generalized quantum numbers of atomic

|m〉 and nuclear |m′〉 states, respectively. We assume that
the atomic state |mm′〉 may be factorized into atomic and
nuclear parts, |mm′〉 = |m〉|m′〉. In this approximation, the
contribution to the atomic EDM appears in the second order
of perturbation theory [347],

�d = −2
∑

m,n,n′

〈0|e �R|m〉〈0′m|H |nn′〉〈n′n|H |00′〉
(Em − E0)[�En + sgn(En)�En′ ] , (41)

where the sum is taken over the excited states with m �= 0
and nn′ �= 00′, and �En ≡ En − E0, �En′ = En′ − E0′ .

It is important to note that the generalized sum in Eq. (41)
involves intermediate electronic states with positive and neg-
ative states which are inherent in Dirac’s theory. The nega-
tive states contribute with opposite sign of�En′ because they
may be interpreted as blocking contributions for the electrons
from the Dirac sea which cannot be excited to the occupied
electronic orbitals. This account of the negative energy states
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is similar to the one in calculations of the atomic energy shift
due to the nuclear polarizability [349–351].

The expression for the atomic EDM (41) is similar to (38)
and appears from it upon the substitution of the operator
of the contact interaction Hcont with the following effective
Hamiltonian

Heff = −
∑

nn′ �=00′

|m〉〈0′m|H |nn′〉〈n′n|H |00′〉〈0|
�En + sgn(En)�En′

. (42)

As a result, the problem is reduced to calculation of the matrix
element of this effective Hamiltonian. This matrix elements
may be represented in terms of the operators (40) as

〈p1/2|Heff |s1/2〉

= −
∑

n′ �=0′

A∑
i, j=1

[∑
n

〈p1/20′|Hμ
i |n′n〉〈nn′|Hd

j |0′s1/2〉
�En + sgn(En)�En′

+(s1/2 ↔ p1/2)

]
. (43)

The two terms in the right-hand side of this equation corre-
spond to the two Feynman diagrams (d) and (e) in Fig. 27.

The matrix elements in Eq. (43) were calculated in
Ref. [347]. The nuclear matrix elements in this expression
were calculated separately for spherical and deformed nuclei.
These matrix elements correspond to nuclear M1 spin-flip
single-particle transitions. The electronic matrix elements
were calculated with approximate s1/2 and p1/2 electron
wave functions from Ref. [352], which give a good descrip-
tion at small distance, i.e., inside and near the nucleus. The
intermediate electronic states are exact Dirac wave functions
in the continuous spectrum in a Coulomb field. The integra-
tion with these wave functions was performed numerically,
with numerical errors under 5%. The results of these calcu-
lations for 180Hf and 232Th atoms are:

〈p1/2|Heff |s1/2〉180Hf = −2cs1/2 cp1/2

μN

aB
(673.7dp−436.2dn),

〈p1/2|Heff |s1/2〉232Th = −2cs1/2 cp1/2

μN

aB
(1363dp−1473dn).

(44)

Taken into account the uncertainties of calculations of
nuclear matrix elements, the total accuracy of these calcu-
lations was estimated within 50%.

The results of the calculations (44) should be compared
with the matrix element of contact interaction (39). This
allows us to find the contributions to CS P from nucleon per-
manent EDMs,

C (d)S P = (λ1dp + λ2dn)
1013

e cm
, (45)

Table 5 Limits on absolute values of C P-violating hadronic parame-
ters

232ThO 180HfF+

|CS P | 7.3× 10−10 [342] 4.5× 10−10 [342]

|dp| 1.1× 10−23e · cm 6.8× 10−24e · cm

|dn | 1.0× 10−23e · cm 6.2× 10−24e · cm

|ḡ(0)πN N | 3.1× 10−10 1.9× 10−10

|ḡ(1)πN N | 3.3× 10−10 2.0× 10−10

|d̃d | 9.3× 10−25cm 5.7× 10−25cm

|d̃u | 1.7× 10−24cm 1.0× 10−24cm

|θ̄ | 1.4× 10−8 8.6× 10−9

where the coefficients are (λ1, λ2) = (12,−9) for 180Hf and
(λ1, λ2) = (6.4,−6.9) for 232Th. Note that, in these coeffi-
cients, we have taken into account not only the contributions
from discrete nuclear transitions (44), but also similar con-
tributions from nuclear excitations to continuum spectrum
calculated in Ref. [346]. Both these contributions come with
the same sign and are comparable in magnitude. In addition
to contributions with dp and dn in Eq. (45), we also esti-
mated contribution of P, T -odd nucleon-nucleon interaction
to CS P [353]. This contribution does not produce a signifi-
cant change of the estimate Eq. (45).

2.9.4 Limits on C P-violating hadronic interactions and
nucleon EDMs

In Sect. 2.9.2 we calculated the contribution to CS P from
nucleon polarizability due toπ and ηmesons exchange while
in Sect. 2.9.3 we found the contributions due to nucleon
permanent EDMs. Taking into account the limits on CS P

(31) from the experiments with paramagnetic molecules
[342,342] we can find the limits on the nucleon EDMs and
π, η-meson C P-violating couplings. These limits are given
in Table 5.

Note that the obtained limit on the proton EDM is just 14
times weaker than the recent constraint |dp| < 5×10−25e cm
[354] from the experiment [343] with the 199Hg atom.
Remarkably, our limit on dp are nearly 50 times more strin-
gent than the corresponding limits from the 129Xe EDM
experiment [344,345].

In Table 5, we present also limits on quark chromo-EDMs
d̃u and d̃d . These limits are extracted from the obtained limits
on the nucleon EDMs and C P-violating pion interaction con-
stants with the use of the relations between these parameters
obtained in Refs. [355–358]. These relations are explicitly
presented in Ref. [347].

Another important result in Table 5 is the constraint on
the QCD vacuum angle θ̄ . This constraint is found from the
limits on the nucleon EDMs and C P-odd pion couplings with
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the use of the following relations [355,356,359–363]:

dp = (2.1± 1.2)× 10−16θ̄ e · cm,

dn = −(2.7± 1.2)× 10−16θ̄ e · cm,

ḡ(0)πN N = −(15.5± 2.5)× 10−3 θ̄ ,

ḡ(1)πN N = (3.4± 2)× 10−3 θ̄ . (46)

These relations may be combined with Eqs. (36) and (45).
As a result, we find

CS P = 0.067θ̄ for 180HfF+, CS P = 0.051θ̄ for 232ThO.

(47)

This allows us to find the limits on the QCD vacuum angle
given in the last line of Table 5. This limit is still nearly
two orders of magnitude weaker than the currently accepted
constraint from neutron and Hg atom EDM experiment |θ̄ | <
10−10 [364].

We expect that further improvement of accuracy in the
experiments with paramagnetic molecules would push the
limits in Table 5 further.

2.9.5 Constraints on the axion dark matter

Axion dark matter manifests itself as an oscillating QCD
vacuum angle θ̄ . JILA group [339] used their electric dipole
moment (EDM) measurement data and our calculations
[346,347] of the θ̄ contribution to the electron-nucleus inter-
action constant CS P (45) to constrain the possibility that the
HfF+ EDM oscillates in time due to interactions with can-
didate dark matter axionlike particles (ALPs). They found
no evidence of an oscillating EDM over a range spanning
from 27 nHz to 400 mHz, and used this result to constrain
the ALP-gluon coupling over the mass range 10−22–10−15

eV. This was the first laboratory constraint on the ALP-gluon
coupling in the 10−17–10−15 eV range, and the first labora-
tory constraint to properly account for the stochastic nature
of the ALP field.

2.10 Precision measurements of the fine structure constant
– P. Cladè and S. Guellati

Author: Pierre Cladé, <pierre.clade@lkb.upmc.fr>, Saïda
Guellati-Khelifa, <saida.guellati@lkb.upmc.fr>

This section presents the state of the art of the standard model
test performed by comparing the experimental value of the
magnetic moment of the electron and its theoretical value
derived from quantum electrodynamics (QED) calculations
using the most accurate value of the fine structure constant.

2.10.1 Electron magnetic moment

The magnetic moment of the electron is proportional to its
spin S and the Bohr magnetons μB :

μ = −geμB
S
h̄
. (48)

One of the triumphs of the Dirac equation was the predic-
tion that ge = 2. However, in 1947, the experiment of Kusch
and Foley gave the first direct indication of a deviation of
the electron’s g-factor from Dirac’s prediction [365]. This
experiment was accurate enough to confirm Schwinger’s cal-
culation of this deviation, namely the anomalous magnetic
moment of the electron [366]. Since the magnetic moment
of the electron has played an important role the develop-
ment of quantum electrodynamics and later of the standard
model (SM). The anomalous magnetic moment ae is defined
as ae = (ge−2)/2. This quantity can be calculated precisely
from the standard model. It includes three contributions:

ae (SM) = ae (QED)+ ae (Weak)+ ae (Hadron) (49)

where ae (Weak) and ae (Hadron) correspond to the weak
interaction and the hadronic interaction and the QED contri-
bution ae (QED), can be decomposed as:

ae(QED) =
∞∑

n=1

A(2n)
( α

2π

)n

+
∞∑

n=1

A(2n)
μ,τ

(
me

mμ

,
me

mτ

)( α
2π

)n
(50)

This expression developed as a series of power of the struc-
ture constant of the fine structure constant α that contains all
electronic contributions of QED (terms in A(2n) and muonic

and tau contributions A(2n)
μ,τ

(
me
mμ
, me

mτ

)
. More details can be

found in [367].
The magnetic moment of the electron is the most accu-

rately determined property of an elementary particle. Its
experimental value is derived from the measurement of the
cyclotron frequency νc = eB

2πme
and the anomaly frequency

νa = νs − νc (where νs = (ge/2)νc is the spin frequency)
of a single electron in a constant magnetic field B. In 2022,
G. Gabrielse’s team improved their 2008 measurement by
a factor of 2.2, reaching a relative accuracy of 0.13 ppt on
the value of ae [369]. The new value is consistent with the
previous one [370].

2.10.2 Fine structure constant

Currently the accuracy of the value of ae predicted by the
SM is limited by the knowledge of the fine structure constant
(see Fig. 28). The most precise determination of the fine
structure constant relies on the determination of the ratio
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Fig. 28 Blue represents the
magnitudes of the different
contributions to ae. In orange,
uncertainty of the theoretical
prediction (Eq. 49) and in green,
uncertainty due to the fine
structure constant [368]. The
dashed line represents the
uncertainty of the direct
measurement [369]

h/mX between the Planck constant h and the mass of an
atom. They use the following equation:

α2 = 2R∞
c

h

me
= 2R∞

c

Ar(X)

Ar(e)

h

mX
(51)

where R∞ is the Rydberg constant, Ar(e) is the relative
atomic mass of the electron and Ar(X) the relative atomic
mass of the atom used. Indeed, R∞ is known at the level
1.9× 10−12, Ar(e) at the level of 2.9× 1011 and, for rubid-
ium, Ar(Rb) at the level of 7 × 1011. The limiting factor is
the ratio h

mX
(or simply mX, as h is now fixed in the SI system

of units).
The ratio h

mX
can be precisely determined by measuring

the recoil velocity h̄k
mX

of an atom that absorbs a photon of
momentum h̄k. This determination can be performed with
great accuracy using a matter-wave interferometer based on
cold atoms. Currently, there are two experiments that per-
form such a measurement with competitive uncertainty. The
first one at Berkeley, uses cesium atoms, which published
a determination with a relative accuracy of 2.0 × 10−10 in
2018 [371] and the experiment we performed at Laboratoire
Kastler Brossel in Paris, uses rubidium atoms, which pub-
lished a determination with a relative accuracy of 8× 10−11

in 2020 [368].
The principle of these experiments has been described in

several articles over the years for the Cesium experiment
[372–374] and the Rubidium experiment [375,376]. In the
rubidium experiment, we use the technique of Bloch oscil-
lation to transfer to atoms 1000 recoils and measure their
velocity by using a Ramsey–Bordé interferometer based on
Raman transition. In 2020, we demonstrate a relative statis-
tical uncertainty of about 3×10−10 for one hour of measure-
ment. We were able to study several systematic effects that

Fig. 29 Comparison between the determinations of ae and the predic-
tion of the standard model using independent values of α. Harv2008
[370], Berkeley 2018 [371], LKB 2020 [368], NW 2022 [369]

limit the current accuracy of the measurement. The main one
is due to the knowledge of the photon momentum. Indeed,
while the frequency of the laser can be measured very pre-
cisely, the momentum of a photon is well defined only for a
plane wave and corrections due to the finite size of the beam
[377], wavefront aberration and local intensity fluctuations
[378] have to be taken into account.

At the moment, the values obtained by the two groups
differ by 5.4σ . This discrepancy remains unsolved.

2.10.3 Discussion and perspective

Figure 29 shows the two most precise determinations of ae

together with the prediction using the determination of α
described in the previous section and the SM calculation
[367]. Due to the large disagreement between the two values
of α, the experiment and the theory agree only at the level of
1× 10−12.

The comparison between the experimental value of ae and
its prediction of SM imposes constraints on the coupling with
BSM particles as well as possible electron substructure. It is
worth comparing the results from the electron and the muon
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Fig. 30 Comparison of the different uncertainties involved in the test
of the anomaly of the magnetic moment of the electron. The horizontal
green line represents the current discrepancy observed for the muon
scale to the electron, and the dashed line represents the uncertainty
required to observe this discrepancy with 3σ accuracy. Blue: experi-

mental determination of ae ([369,370]). Orange: determination of the
ratio h/mX ([368,371]). Red: atomic mass evaluation [383]. Purple: rel-
ative atomic mass of the electron [384]. Green: uncertainty from theory
[367]

magnetic moment. Although the precision on the measure-
ment of aμ is 5.4 × 10−10 (compared to 1.3 × 10−13 for
the electron), it is expected that the muon is more sensitive
to BSM particles: in a large class of models, new contri-
butions to magnetic moments scale with the square of lep-
ton masses, which gives a ratio 4 × 104 between muon and
electron [379,380]. Currently, there is a discrepancy δaμ of
the order of 2.5 × 10−9 between the SM prediction [381]
and the measurement of aμ [382]. According to the scaling,
this would lead to a discrepancy of 6 × 10−14 on the elec-
tron. This precision has not yet been reached but is within an
order of magnitude improvement of the different experiments
involved in the electron test (Fig. 30).

Currently, we are working on making a new determina-
tion of α using the same setup as in 2020, but with a Bose–
Einstein condensate as a source of atoms instead of an opti-
cal molasses. This would change the contributions due to the
wave front of the laser beam and make those contributions
independent of the 2020 measurement. A new and exper-
imental setup with longer interrogation area is under con-
struction. Similar work is also in progress at Berkeley with
the hope that the discrepancy between the two measurements
will be understood.

2.11 Testing fundamental symmetries by comparing the
properties of matter/antimatter conjugates – S. Ulmer

Author: Stefan Ulmer, <stefan.ulmer@cern.ch>

2.11.1 Introduction

The experiments at the antiproton decelerator facility of
CERN are motivated by the striking imbalance of matter over
antimatter, that is observed on cosmological scales [385].
Using methods developed in atomic, molecular and opti-
cal physics – such as traps, clocks and lasers – currently
five collaborations, AEgIS [386], ALPHA [387], ASACUSA
[388,389], BASE [390], and GBAR [391] are comparing the
fundamental properties of hydrogen/antihydrogen (H/H̄) and
protons/antiprotons (p/p̄) with ultra-high precision. AEgIS,
GBAR, and a branch of the ALPHA collaboration, have the
goal to test the weak equivalence principle by investigat-
ing the ballistic properties of H̄ in the gravitational field of
the earth. The ASACUSA collaboration is focusing on tests
of CPT invariance by ground-state-hyperfine spectroscopy
in a beam of polarized H̄ atoms produced in a CUSP trap
[389]. Another effort within ASACUSA is performing high-
resolution spectroscopy of antiprotonic helium [388]. Laser
spectroscopy on this three body system gives access to the
antiproton-to-electron mass ratio m p̄/me, which was deter-
mined with a fractional accuracy of 8 × 10−10, consistent
with recent proton-to-electron mass ratio values extracted
from laser spectroscopy [392] of simple molecular ions and
precision Penning trap experiments [393]. The ALPHA col-
laboration is performing precision measurements on the fun-
damental properties of H̄ using an atom trap. The collab-
oration reported in 2010 the first successful demonstration
of H̄-trapping [394]. Based on this success, ALPHA has
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Fig. 31 Measurements of matter and antimatter fundamental proper-
ties at the AD/ELENA facility, status 2009 blue, 2021 green. The abso-
lute energy resolution of the frequency measurements is is shown on
the right

meanwhile studied the charge neutrality of H̄ with a record-
precision at the level of 7× 10−10, and demonstrated a first
low-resolution test of the free-fall weak equivalence princi-
ple. Most importantly, the collaboration has measured the
1S/2S transition in H̄ with a fractional resolution of 2 parts
per trillion [387], and recently demonstrated laser cooling
of antihydrogen, heralding future optical spectroscopy of
H̄ at even higher resolution. The BASE collaboration uses
advanced Penning trap systems to compare the fundamen-
tal properties of protons and antiprotons. Using single par-
ticle nuclear magnetic resonance methods [395], single spin
quantum transition spectroscopy [396], and newly developed
multi-trap techniques, they have measured the antiproton
magnetic moment with a fractional accuracy of 1.5 p.p.b.
[397], which improved the previous best measurement by
more then a factor of 3000. Comparing cyclotron frequen-
cies of antiprotons and negatively charged hydrogen ions H−
[398], BASE has recently compared the proton-to-antiproton
charge-to-mass ratios with a fractional accuracy of 16 parts
in a trillion. This measurement also enabled a first differential
test of the clock weak equivalence principle, in which a frac-
tional accuracy of 0.03 was achieved. The dramatic progress
made by the AD-experiments in recent years is illustrated in
Fig. 31.

The exotic atom experiments conducted by ALPHA and
ASACUSA, as well as the high precision comparisons of the
fundamental properties of protons and antiprotons by BASE,
are sensitive to exotic interactions

�L = λ

Mk
〈T 〉ψ̄�(i∂)kψ, (52)

which appear in the model-framework of the Standard Model
Extension (SME) [399]. Here, λ is an effective coupling
constant suppressed by the mass dimension 1/Mk of the
scale at which the exotic physics occurs, (i∂)k represents
k four-derivatives acting onto the involved fermion fields,

and � is some gamma-matrix structure. The term 〈T 〉 repre-
sents the non-zero expectation value of a function of Lorentz
tensors from some higher dimension CPT breaking mecha-
nisms [400,401]. By careful consideration of different pos-
sible shapes of �L, the SME remains translationally invari-
ant and covariant under changes of the inertial frame of the
observer, but violates CPT and partially breaks covariance
under particle boosts. The SME contains spontaneous CPT
breaking, but features properties like microscopic causality
and renormalizability.

The CPT tests produced by CERN’s antimatter collab-
orations, some of them competitive or even at higher res-
olution than measurements in the matter sector, are also
sensitive to oscillatory signatures induced by couplings to
axion-like particles [402]. In addition, some of the measure-
ment devices used in the community, such as for example
the detection systems for non-destructive measurements of
single-particle-oscillation frequencies in Penning traps, are
used as haloscope-style detectors to search for ALP-induced
couplings to electric E and magnetic B fields, which induce
the Lagrange density

�Laγ γ = −gaγ a(x)E(x) · B(x), (53)

where a(x) is the local axion field and gaγ is the ALP-to-
photon coupling constant. In [403], the BASE collabora-
tion has set competitive narrow-band limits on gaγ in the
neV-mass range. Furthermore, the non-destructive quantum
measurement methods used in ultra-low-noise Penning traps
[404] allow to set ion-trap based limits on parameter ranges
in which millicharged particles can exist [405].

2.11.2 SME limits from proton/antiproton comparisons

To compare proton and antiproton charge-to-mass ratios, the
cyclotron frequencies of antiprotons and negatively charged
hydrogen ions H− are measured [406]. The H− ion is a perfect
proxy for the proton, with a mass

mH− = 1.001 089 218 753 80(3)mp, (54)

a value with an uncertainty at the level of 0.03 ppt [398].
Comparing antiproton/H− charge-to-mass ratios in a

time-period of ≈ 1.5 a, allowed the determination of the
antiproton-to-proton charge-to-mass ratio

Rp̄,p,exp = −1.000 000 000 003 (16). (55)

This result has an experimental uncertainty of 16 p.p.t. (C.L.
0.68), supporting CPT invariance, and provides a 4.3-fold
improved limit on the coefficient r H− of the minimal SME
[399,407], becoming r H− < 2.09·10−27. In the non-minimal
extension of the SME [408] the related charge-to-mass ratio
figure of merit is
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Table 6 Constraints on coefficients of the standard model extension.
The second column describes the previous best limit based on [406,
409], theorized and summarized in [408]. The third column gives the
improved limit based on the measurement presented here, the fourth
column shows the ratio of the second and the third column. All entries
are based on C.L. 0.68

Coefficient Previous limit Improved limit Factor

|c̃X X
e | < 3.23 · 10−14 < 7.79 · 10−15 4.14

|c̃Y Y
e | < 3.23 · 10−14 < 7.79 · 10−15 4.14

|c̃Z Z
e | < 2.14 · 10−14 < 4.96 · 10−15 4.31

|c̃X X
p |, |c̃∗X X

p | < 1.19 · 10−10 < 2.86 · 10−11 4.14

|c̃Y Y
p |, |c̃∗Y Y

p | < 1.19 · 10−10 < 2.86 · 10−11 4.14

|c̃Z Z
p |, |c̃∗Z Z

p | < 7.85 · 10−11 < 1.82 · 10−11 4.31

|δω p̄
c−Rp̄,p,expδω

p
c−2Rp̄,p,expδω

e−
c | < 1.96× 10−27 GeV,

(56)

where δω
w
c

q0 B is a function of coefficients b̃w and c̃w that charac-
terize the strengths of feebly interacting CPT-violating back-
ground fields, coupling to particles w, the antiproton p̄, the
proton p, and the electron e−. The measurement reported in
[398] sets the improved limits summarized in Table 6.

In addition to charge-to-mass ratio comparisons, BASE
also uses elegant multi-trap-methods to measure proton and
antiproton magnetic moments. The successful implementa-
tion of these techniques enabled the determination of the
antiproton magnetic moment

μp̄

μN
= −2.792 847 3443(46), (57)

as well as the proton magnetic moment [410]

μp

μN
= 2.792 847 344 62(82). (58)

These two measurements can be combined to(
μp

μN
+ μp̄

μN

)
= 0.3(8.3)× 10−9. (59)

Within the uncertainty of the measurements the results test
the standard model with an energy resolution of < 8.1 ×
10−25 GeV, and set constraints on six different exotic CPT
and Lorentz violating DC coefficients of the non-minimal
Standard Model Extension, with |b̃Z

p | < 8.1 × 10−25 GeV,

|b̃XX
F,p +b̃YY

F,p | < 4.6×10−9 GeV, and |b̃ZZ
F,p| < 3.3×10−9 GeV

for protons, as well as |b̃*Z
p | < 1.5 × 10−24 GeV, |b̃*XX

F,p +
b̃*YY

F,p | < 3.1 × 10−9 GeV, and |b̃*ZZ
F,p | < 1.1 × 10−9 GeV

for antiprotons. In addition, the measurements set limits on a
possible magnetic moment splitting mediated by interactions
of the form f 0

p Bσ which arise from ultra short distance scale

physics [411]. Here f 0
p = μN(gp − gp̄)/4 < 4.5× 10−12 is

obtained, which improves the previous best constraints [412]
by about three orders of magnitude.

2.11.3 Constraints on antimatter/dark matter interaction

In addition to containing coefficients of the SME, the results
of the BASE magnetic moment measurements allow to
search for asymmetric dark matter/antimatter coupling. If
ALPs exist, they may form a coherently oscillating classical
field: a = a0 cos(ωat), where the oscillation frequency is
given by the compton frequency νa ≈ mac2/h. Here, ma is
the axion mass, c the speed of light and h the reduced Planck
constant. The ALPs hypothetically interact with protons and
antiprotons, which would induce anomalous spin precession
[413], causing sidebands and line shape broadening effects
in the sampled magnetic moment resonances.

The leading-order shift of the antiproton spin-precession
frequency due to such interactions is given by:

δω
p̄
L(t) ≈ C p̄maa0|va |

fa
[A cos(�sidt + α)+ B] sin(ωat),

(60)

where |va | ∼ 10−3c is the average speed of the galactic
axions with respect to the Solar System, �sid ≈ 7.29 ×
10−5 s−1 is the sidereal angular frequency, and α ≈ −25◦,
A ≈ 0.63, and B ≈ −0.26 are parameters determined
by the orientation of the experiment relative to the galac-
tic axion dark matter flux. By analyzing the time sequence
data recorded in antiproton magnetic moment measurements
[402], see Fig. 32, gives limits on the asymmetric axion-
antiproton coupling coefficient fa/C p > 0.3 GeV over the
mass range 10−22 eV/c2 < ma < 10−16 eV/c2. In the con-
sidered mass range, the laboratory limits are by five orders of
magnitude stronger than bounds derived from astrophysical
studies. This oscillation analysis allows as well to constrain
time dependent coefficients of the SME [414], here the lim-
its |b̃∗X

p | < 2.5 × 10−24 GeV, |b̃∗Y
p | < 2.5 × 10−24 GeV,

|b̃∗X X
p − b̃∗Y Y

p | < 1.6 × 10−8 GeV−1, |b̃∗X Z
p | < 1.0 ×

10−8 GeV−1, |b̃∗Y Z
p | < 1.0 × 10−8 GeV−1, and |b̃∗XY

p | <
8.2× 10−9 GeV−1 are obtained.

2.11.4 Superconducting haloscope

The signals sourced by axions can be picked up by sensi-
tive resonant LC circuits in strong magnetic fields [415]. In
[403] it was shown how superconducting Penning trap detec-
tors, usually used to pick-up single particle signals [416],
can be used as sensitive antennas for ALPs. If ALPs oscillate
through the strong magnetic field of superconducting Pen-
ning trap magnets, they source oscillating magnetic fields

Ba = −1

2
gaγ r

√
ρah̄c|Be|φ̂, (61)

as shown in Fig. 33, left. Here ρah̄c = 4π2ν2
a |a|2/2 is the

local axion energy density and r is the radial experimental
coordinate. The oscillating magnetic field leads to a chang-
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Fig. 32 a Upper 95% confidence limits on the oscillation amplitude
bup(ω) of the antiproton Larmor frequency. b 95% confidence limits on
the axion-antiproton interaction parameter as a function of the axion
mass. The grey area shows the parameter space excluded by axion
emission from antiprotons in SN 1987A. The dark blue area shows

the parameter space excluded from our analysis of the antiproton spin-
flip data. The black line shows the upper limit of the excluded area by
using the most significant limit from the main and two sideband modes.
The yellow dashed line shows the limits from only detecting at the main
frequency ω1 for ma < 10−21eV/c2

Fig. 33 a Superconducting toroidal resonator connected to a Penning
trap. The green arrow indicates the external magnetic field of the super-
conducting magnet, the red arrow indicates the magnetic field sourced

by hypothetical axions. b Limits plot which sets the BASE measure-
ment into context with other quests. With purpose built experiments we
expect to constrain the green region

ing flux in the inductor, which in turn produces an oscil-
lating voltage at the input of the first cryogenic amplifica-
tion stage connected to the detector [417]. By calibrating
the temperature of the detection system using single par-
ticle quantum-jump thermometry, and searching the detec-
tor’s resonance spectra for narrow peak signatures induced
by hypothetical ALPs, constrain the axion to photon coupling
constant gaγ < 10−11 GeV in the axion mass range around
2.7906 neV < mac2 < 2.7914 neV. These constraints are
more than one order of magnitude lower than the best labo-
ratory haloscope and approximately 5 times lower than the
CERN axion solar telescope (CAST), see Fig. 33, right. With
purpose-built experiments that cover larger magnetic vol-
umes, that use specifically developed high-Q axion detectors
and bandwidth tuners, it is anticipated to cover with such
experiments the green regions shown inf Fig. 33, left.

2.11.5 Summary and conclusions

Within this text the recent achievements made by the experi-
ments at the AD/ELENA facility of CERN were summarized,
which test CPT invariance by comparing the fundamental
properties of matter/antimatter conjugates with high preci-
sion. In recent years, some of the antimatter fundamental
constants measured by the community improved by several
orders of magnitude. Some of the collaborations use their
high-precision data, acquired by quantum-inspired measure-
ment technology, to constrain exotic physics, and to search
for asymmetric antimatter/dark matter coupling, constituting
a unique window to physics beyond the standard model. By
further developing measurement technologies, establishing
novel cooling techniques, up-scaling and improving detec-
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tion sensitivities, the experiments have potential to consider-
ably improve the current limits in future efforts.

2.12 Novel approaches to GW detection (atom
interferometry) – O. Buchmüller

Author: Oliver Buchmüller, <oliver.buchmuller@cern.ch>
– Joint Session with PSI 2022

2.12.1 Introduction

Atom interferometry (AI) is an established quantum sensor
concept based on the superposition and interference of atomic
wave packets. AI experimental designs take advantage of fea-
tures used by state-of-the-art atomic clocks in combination
with established techniques for building inertial sensors.

The experimental landscape of AI projects has expanded
significantly in recent years, with several terrestrial AIs based
on different Cold Atom technologies currently under con-
struction, planned or proposed.

Four large-scale prototype projects are funded and cur-
rently under construction, namely the AION [418] in the
UK, MAGIS [419] in the US, MIGA [420] in France, and
ZAIGA [421] in China. These will demonstrate the feasi-
bility of AI at macroscopic scales, paving the way for ter-
restrial km-scale experiments as the next steps. There are
projects to build one or several km-scale detectors, including
AION-km at the STFC Boulby facility in the UK, MAGIA-
advanced and ELGAR [422] in Europe, MAGIS-km at the
Sanford Underground Research facility (SURF) in the US,
and advanced ZAIGA in China. It is foreseen that by about
2035 one or more km-scale detectors will have entered oper-
ation. These km-scale experiments would not only be able
to explore systematically for the first time the mid-frequency
band of gravitational waves, but would also serve as the ulti-
mate technology readiness demonstrators for a space-based
mission like AEDGE [423] that would reach the ultimate
sensitivity to explore the fundamental physics goals outlined
in this article.

In summary, the perspectives for large-scale atom inter-
ferometer projects are very diverse today, with a main focus
on establishing the readiness of cold atom technology for use
in AI experiments to explore fundamental science. In the fol-
lowing, we focus on the large-scale terrestrial project AION
and the space-based AEDGE mission concept to outline the
enormous science potential of AI projects.

2.12.2 The AION project

The Atom Interferometric Observatory and Network (AION)
is a proposed research infrastructure allowing studies of dark
matter and gravitational waves from cosmological and astro-
physical sources in the theoretically relevant but currently

inaccessible mid-frequency band. It will develop and demon-
strate the necessary deployable and scalable quantum tech-
nology by constructing and operating 10 m- and 100 m-scale
instruments, paving the way for a future km-scale facility and
space-based experiments.

The long-term AION programme comprises:

• Stage 1 (10 m): Construction of a first full interferometer
system, providing proof-of-principle of the basic technol-
ogy, along with evidence of scalability from lab-based to
purpose-built infrastructure.

• Stage 2 (100 m): Construction will start in late 2020s,
with operation foreseen for early 2030s to search for both
DM and GW over an operational period of several years.

• Stage 3 (1 km): Construction will start in the mid-2030s,
with a target of reaching ultimate terrestrial sensitivity
for GW/DM observation by the end of the decade.

• Stage 4 (1000 km): A mission proposal for an Atomic
Experiment for Dark Matter and Gravity Exploration in
Space (AEDGE) is in preparation within the ESA Voyage
2050 programme. This would directly use AION technol-
ogy and could be flying from 2045.

As for a new telescope or particle collider, the AION
infrastructure will open new windows for observation of the
macroscopic and microscopic structure of the universe. It will
enable exploration of the properties of ultra-light dark mat-
ter (ULDM), and detect GWs from the very early universe
and astrophysical sources in the mid-frequency band ranging
from several mHz to a few Hz. The science programme spans
a wide range of fundamental physics.

2.12.3 The Space-Born Experiment AEDGE

Atomic Experiment for Dark Matter and Gravity Exploration
(AEDGE) is a proposed space experiment using cold atoms
to search for ultra-light dark matter, and to detect gravita-
tional waves in the frequency range between the most sensi-
tive ranges of LISA and the terrestrial LIGO/Virgo/KAGRA/
INDIGO experiments. This interdisciplinary experiment,
will also complement other planned searches for dark matter,
and exploit synergies with other gravitational wave detectors.

The design of AEDGE requires two satellites operating
along a single line-of-sight and separated by a long distance.
The payload of each satellite will consist of cold atom tech-
nology as developed for state-of-the-art atom interferometry
and atomic clocks.

The experimental concept is similar to the one imple-
mented in AION, but instead using a shaft on earth it
links clouds of cold atomic strontium in a pair of satellites
in medium-Earth orbit via pulsed continuous-wave lasers
that induce the 698 nm atomic clock transition, and detect
momentum transfers from the electromagnetic field to the
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Fig. 34 Left panel: Comparison of the�GWh2 sensitivities to PI spec-
tra of AION-100, AION-km, AEDGE and AEDGE+, LIGO, ET, PTAs
and SKA. Also shown are power-law fits to the NANOGrav hint of a
possible GW signal at frequencies around 10−8 Hz. Right panel: Strain
sensitivities of AION-10, -100 and -km, AEDGE and AEDGE+, com-

pared with those of LIGO, LISA and ET and the signals expected from
mergers of equal-mass binaries whose masses are 60, 104 and 107 solar
masses. The assumed redshifts are z = 0.1, 1 and 10, as indicated. Also
shown are the remaining times during inspiral before the final mergers

strontium atoms, which act as test masses in a double atom
interferometer scheme.

We consider two possible configurations for AEDGE,
based on a pair of spacecraft in medium earth orbit with
a separation of 40,000 km. One is the baseline configuration
considered in [423], in which the atom clouds are contained
within the spacecraft and have a size ∼ 1 m. The other con-
figuration assumes atom clouds with sizes ∼ 100 m [424]
that are outside the spacecraft (AEDGE+).

2.12.4 Summary of prospective GW and ULDM
sensitivities of atom interferometers

In this section, we provide an overview of the prospective GW
and ULDM sensitivities of AIs. More information is provided
in the much comprehensive article [425], from which the
following text and figures are taken.

Project Sensitivity for GW The left panel of Fig. 34 com-
pares the possible�GWh2 sensitivities of the AI experiments
that we consider with those of other operating, planned and
proposed experiments. At low frequencies around 10−7 Hz
we see the sensitivities of PTAs and SKA [426], at interme-
diate frequencies∼ 10−2 Hz we see the expected LISA sen-
sitivity [427], and at higher frequencies around 10 Hz we see
the sensitivity LIGO achieved during the O2 observational
period and its design goal, as well as the prospective sensitiv-
ity of the ET experiment [428]. These can be compared with
the prospective �GWh2 sensitivities of AION-100, AION-
km, AEDGE and AEDGE+ to power-law integrated GW
spectra. For information, we also display the results from
power-law fits to the NANOGrav hint [429] of a possible
GW signal at frequencies around 10−8 Hz.

The right panel of Fig. 34 displays the strain sensitivities
of AION-100 and -km, AEDGE and AEDGE+, compared
with the signals expected from mergers of equal-mass bina-

ries with combined masses of 60, 104 and 107 solar masses
occurring at the redshifts z = 0.1, 1 and 10, as indicated.
The dashed lines correspond to the GGN level expected in the
NLNM that is consistent with seismic measurements made at
Fermilab [419] and CERN [430]. Strategies to mitigate these
noise levels are under investigation, which will be increas-
ingly challenging at lower frequencies. The solid sensitivity
curves for AION-100 and -km assume that the GGN can be
completely mitigated. The lower AEDGE sensitivity curve is
for the external cloud configuration, AEDGE+, and shows the
impacts of the extragalactic and galactic binary backgrounds
at frequencies O(10−2) and O(10−3), respectively.9 We also
show for comparison the LISA sensitivity curve, which is also
impacted by the galactic binary background, as well as the
sensitivity curves for LIGO and ET.

Project Sensitivity for ULDM The left (right) panel of
Fig. 35 shows sensitivity projections for ULSDM linearly
coupled to electrons (photons) for a SNR = 1, using the pro-
cedure outlined in Ref. [431]. The AION and AEDGE sen-
sitivity curves are compared to existing constraints, shown
by the shaded grey regions. The AI sensitivity oscillates as
a function of the ULSDM mass, as shown by the light-pink
AION-10 curve in both panels of Fig. 35. However, for clar-
ity, it is often only the envelope of the oscillations that is plot-
ted, and we have followed this procedure for the AION-100,
AION-km and AEDGE projections. Also, for clarity we have
plotted the AEDGE sensitivity curve only to the point where
it approaches the AION-km line even though the sensitivity
extends to higher frequencies: if plotted, the extension of the
AEDGE sensitivity curve would lie on top of the AION-km
line. Figure 35 shows the exciting prospects for AI detec-
tors of exploring unconstrained domains of parameter space

9 We stress again that the AEDGE sensitivity curves at low frequencies
do not take into account the possible effects of instrumental noise.
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Fig. 35 Sensitivity projections to ULSDM linearly coupled to elec-
trons (left panel) and photons (right panel). The lighter-pink AION-10
curve shows the oscillatory nature of the sensitivity projections, while
the darker-pink straight AION-10 curve shows the envelope of the oscil-
lations. For clarity, for AION-100, AION-km and AEDGE, we only

show the envelope. The shaded grey region shows the existing con-
straints from searches for violations of the equivalence principle with
torsion balances [432], atomic spectroscopy [433] and the MICRO-
SCOPE experiment [434]

in both the couplings to the Standard Model fields, and for
ULSDM masses between 10−18 eV and 10−12 eV. AION-
10 hopes to approach or even surpass existing constraints,
while AION-100 and AION-km should significantly extend
the reach to lower values of the coupling. These projections
assume that the phase-noise is limited by atom shot-noise.
Below around 0.1 Hz, it is expected that GGN will start to
dominate, and we have not extrapolated the sensitivities of
the terrestrial experiments below this frequency. As space-
borne experiments do not have to contend with the same GGN
noise, we have extended the AEDGE projections to lower
frequencies, or equivalently, to lower values of the ULSDM
mass that are complementary to the parameters that can be
tested with terrestrial AIs.

2.12.5 Summary

Atom interferometry is a promising technique for many other
studies in fundamental physics, including searches for ultra-
light dark matter, probes of the weak equivalence principle
and tests of quantum mechanics, as well as the searches for
gravitational waves discussed here. This technique is now
emerging from the laboratory to be deployed in large-scale
experiments at the 10–100 m scale. Ideas are being developed
for possible future experiments at the km scale and in space.
In this summary article, which is based on [425], we have
reviewed the possible scientific capabilities of such atom
interferometer experiments, focusing on the terrestrial AION
project [418] and its possible evolution towards a space-borne
project called AEDGE [423].

2.13 Direct searches for Ultra-light FIPs with
Gravitational-wave detectors – H. Grote and Y. V.
Stadnik

Authors: Hartmut Grote, <hartmut.grote@astro.cf.ac.uk>,
Yevgeny Stadnik, <yevgenystadnik@gmail.com>

2.13.1 Introduction

Laser interferometry has made great strides in terms of
sensitivity and utility over the past century. The proto-
typical Michelson interferometry configuration used in the
Michelson-Morley experiment to search for the aether [435]
achieved a length-equivalent accuracy of ∼ 10−8 m for a
10 m arm length, corresponding to a relative accuracy of
∼ 10−9. A schematic of a modern Michelson interferometer
is shown in Fig. 36(a). Modern gravitational-wave detectors,
based on more advanced configurations that include addi-
tional optical resonators in the arms of the interferometer as
shown in Fig. 36(b), have achieved an accuracy of∼ 10−19 m
for 3−4 km arm lengths, corresponding to a relative accuracy
of 3×10−23. This phenomenal level of precision enabled the
first direct observation of gravitational waves in 2015 [436],
opening up a whole new window in terms of how to view and
study the Universe [437]. This unparalleled precision moti-
vates the use of laser interferometers as sensitive probes of
certain types of new feebly-interacting particles, including
particles that may contribute to the galactic dark matter.

A variety of different approaches to search for new feebly-
interacting particles using laser-interferometric gravitational-
wave detectors have been explored in recent years. Indirect
approaches have included the consideration of continuous
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Fig. 36 Simplified schematic
layouts of a (a) dual-recycled
Michelson interferometer and
(b) dual-recycled
Fabry–Perot–Michelson
interferometer. Figures from
Ref. [438]

and stochastic gravitational-wave emission from black holes
surrounded by clouds of ultra-light bosons [439–443], as well
as the effects of clouds of ultra-light bosons on binary black-
hole mergers [444,445]. Direct approaches have involved
searches for ultra-light bosons contributing to the galactic
dark matter, including scalar particles [438,446–448], dark
photons [449–453] and axion-like (pseudoscalar) particles
[454–458]. Here, we focus on how laser interferometers can
be used to directly search for ultra-light bosonic dark matter.
Such searches are part of a broader recent paradigm that seeks
to expand the range of tools used in dark-matter searches
[459].

Low-mass spinless bosons may be produced non-thermally
in the early Universe via the “vacuum misalignment” mecha-
nism [19–21] and can subsequently form an oscillating clas-
sical field:

φ(t) ≈ φ0 cos(mφc2t/h̄), (62)

which occurs, e.g., in the case of the harmonic potential
V (φ) = m2

φφ
2/2 when mφ � H(t), where mφ is the boson

mass and H(t) is the Hubble parameter that describes the rel-
ative rate of expansion of the Universe as a function of cosmic
time t . The field in Eq. (62) carries an energy density, aver-
aged over a period of oscillation, of

〈
ρφ
〉 ≈ m2

φφ
2
0/2. Unless

explicitly stated otherwise, we adopt the natural system of
units h̄ = c = 1, where h̄ is the reduced Planck constant and
c is the speed of light in vacuum.

The oscillations of the field in Eq. (62) are expected to be
temporally coherent on sufficiently small timescales, since
the feebly-interacting bosons remain non-relativistic until
the present day, which implies that all boson energies sat-
isfy Eφ ≈ mφc2. Nowadays, the dark matter trapped in the
gravitational wells of galaxies is expected to be virialised,
with an estimated root-mean-square speed of ∼ 300 km/s in
our local Galactic region. Locally, the characteristic spread in
the dark-matter boson energies is hence given by�Eφ/Eφ ∼〈
v2
φ

〉
/c2 ∼ 10−6, implying a coherence time of τcoh ∼

2π/�Eφ ∼ 106Tosc, with Tosc ≈ 2π/mφ being the oscil-
lation period of the dark-matter field. In other words, the
oscillations of the dark-matter field are nearly monochro-

matic, with an associated quality factor of Q ∼ 106. The
lineshape associated with the oscillating dark-matter field in
frequency space is expected to have the asymmetric form
shown in Fig. 37(a). On timescales exceeding the coherence
time, the amplitude of oscillation φ0 fluctuates in a stochastic
manner. Hence the signals produced by such an oscillating
dark-matter field are expected to be pseudo-coherent, with
an amplitude varying stochastically on timescales compara-
ble to or greater than the coherence time, see Fig. 37(b). The
coherence length is governed by the spatial gradients asso-
ciated with the field φ(t, x) ≈ φ0 cos(mφ t − mφvφ · x) and

is estimated to be λcoh ∼ 2π/(mφ

√〈
v2
φ

〉
), which is ∼ 103

times the Compton wavelength.
The classical nature of the field in Eq. (62) follows from

the fitting of� 1 bosons into the reduced de Broglie volume,
nφ[λdB,φ/(2π)]3  1, which for the local Galactic dark-
matter energy density of ρDM,local ≈ 0.4 GeV/cm3 [460] is
satisfied for mφ � 1 eV. Such ultra-light dark-matter par-
ticles must necessarily be bosonic due to the Pauli exclu-
sion principle, which prevents the haloes of galaxies and
dwarf galaxies from being packed with sufficiently many
ultra-light fermions. Ultra-light bosons would tend to sup-
press the formation of structures on length scales below the
ground-state de Broglie wavelength of the bosons [461,462],
which becomes astronomically large for sufficiently low-
mass bosons. If ultra-light bosons account for the entirety
of the observed dark matter, then their lower mass is con-
strained to be mφ � 10−21 eV from the consideration of
structures observed in Lyman-α forest data [113,463], as
well as other astrophysical observations [464,465]. Laser
interferometers are particularly well-suited to search for the
effects of oscillating dark-matter fields in the frequency
range ∼ 10 Hz–100 MHz corresponding to the mass range
10−13 eV � mφ � 10−6 eV.

2.13.2 Scalar dark matter

A spinless field φ can couple to the standard-model elec-
tromagnetic field and electron via the following scalar-type
interactions:
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Fig. 37 The virialised nature of the galactic dark matter is expected to
induce a an asymmetric lineshape associated with an oscillating dark-
matter field in frequency space and b a stochastically-varying amplitude

of oscillation on timescales comparable to or greater than the coherence
time of the oscillating dark-matter field

L = φ

γ

FμνFμν

4
− φ

e
meēe, (63)

where the first term represents the coupling of φ to the elec-
tromagnetic field tensor F , and the second term represents
the coupling of φ to the electron field e. Here me denotes
the “standard” mass of the electron, ē = e†γ 0 is the Dirac
adjoint of the electron field, and the parameters γ,e denote
the effective new-physics energy scales of the underlying
model. For the oscillating field in Eq. (62), the interactions
in Eq. (63) result in the following apparent oscillations of the
electromagnetic fine-structure constant α and the electron
mass [446]:

δα

α
≈ φ0 cos(mφ t)

γ
,
δme

me
≈ φ0 cos(mφ t)

e
. (64)

Oscillations of α and me would induce oscillations of
solid lengths [446,466,467] and refractive indices of dielec-
tric materials [438,468], which can be sought using laser-
interferometric techniques [438,446]. The main experimen-
tal signatures are discussed in detail in Ref. [438]. For dark-
matter frequencies of oscillation smaller than the funda-
mental vibrational frequency of the central beam-splitter,
a Michelson interferometer is generally mainly sensitive to
oscillations in the thickness of the beam-splitter, leading to an
oscillating-in-time shift in the optical-path-length difference
between the two arms of:

δ(Lx − L y) ≈
(

1

γ
+ 1

e

)
nlφ0 cos(mφ t), (65)

where l and n are the thickness and refractive index, respec-
tively, of the beam-splitter. On the other hand, for dark-
matter frequencies of oscillation larger than the fundamental

vibrational frequency of the beam-splitter, oscillations in the
thickness of the beam-splitter are generally suppressed and a
Michelson interferometer becomes mainly sensitive to oscil-
lations in the refractive index of the beam-splitter.

While modern gravitational-wave detectors based on the
Fabry–Perot–Michelson configuration shown in Fig. 36(b),
such as LIGO [469,470], Virgo [471] and KAGRA [472],
currently offer the best strain sensitivity that is advanta-
geous in gravitational-wave searches, interferometers based
on the Michelson configuration shown in Fig. 36(a), such as
GEO600 [473,474], can offer better phase sensitivity that
is advantageous when searching for the effects of dark mat-
ter on the central beam-splitter. The GEO600 detector can
operate beyond the quantum shot-noise limit and has par-
ticipated in joint observing runs with the Advanced LIGO
detectors since 2015, with the primary aim of searching for
gravitational waves. Members of the GEO600 collaboration
recently analysed data from seven segments, each of∼ 105 s
duration collected in runs during 2016 and 2019, to search
for a signal from an oscillating scalar dark-matter field in the
frequency range ∼ 50–6 kHz [447]. In their analysis, they
used an optimised frequency bin width for each search fre-
quency, which yields the optimal signal-to-noise ratio for the
expected signal where the linewidth is a fixed fraction of the
oscillation frequency. No signal consistent with the coupling
of an oscillating scalar dark-matter field to the interferometer
was found, leading to the new bounds on the scalar-photon
and scalar-electron couplings shown in Fig. 38.

The use of co-located Michelson interferometers, such as
the Fermilab holometer [475,476], can be advantageous in
dark-matter searches, since the wave-like dark-matter signal
can be correlated between the two interferometers, whereas
the noise is uncorrelated. The Fermilab holometer was orig-
inally constructed to search for exotic quantum space-time
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Fig. 38 Constraints on the interaction parameters in Eq. (63) of an oscillating scalar dark-matter field coupling to (a) the electromagnetic field
(photon) and (b) electron. Figures from Ref. [448]

correlations [476]. A 704-hour dataset of cross-correlation
measurements has recently been analysed to search for a
signal from an oscillating scalar dark-matter field in the fre-
quency range∼ 400 Hz–25 MHz [448]. No signal consistent
with the coupling of an oscillating scalar dark-matter field to
the twin interferometers was observed, leading to new bounds
on the scalar-photon and scalar-electron couplings shown in
Fig. 38. A smaller-scale experiment using a pair of co-located
interferometers targetting the frequency range∼ 1–100 MHz
is planned in Cardiff [477].

2.13.3 Axion-like dark matter

Besides the scalar-type interactions in Eq. (63) above, a spin-
less fieldφ can also couple to the standard-model electromag-
netic field via the following axion-like or pseudoscalar-type
interaction:

L = −gγ φ
Fμν F̃μν

4
, (66)

where F̃ denotes the dual of the electromagnetic field ten-
sor, and gγ is a coupling constant with dimensions of
inverse energy. The canonical axion may resolve the famous
strong CP problem of particle physics; see, e.g., [478] for
a review. For the oscillating field in Eq. (62), the interac-
tion in Eq. (66) induces a difference in the phase veloc-
ity between left- and right-handed circularly polarised light
[454]. In the limit of a non-relativistic axion-like dark-matter
field, the difference in phase velocities between photons of
opposite polarisation states but with a common wavevec-
tor k is �vphase ≈ φ̇gγ /k. Current interferometry-based
gravitational-wave detector configurations are practically

insensitive to such effects, but it is possible to design sen-
sitive laser-interferometry experiments via the use of bire-
fringent materials and birefringent cavities [454–458]. Such
modified setups may even be realised on table-top scales.

2.13.4 Dark photon dark matter

A dark photon is a massive vector boson associated with
an additional U(1) symmetry beyond the standard model
[51,479]. Low-mass dark photons may be produced via var-
ious non-thermal production mechanisms in the early Uni-
verse and subsequently form an oscillating classical field that
can comprise the observed dark matter [480–482]. The wave-
function associated with a dark photon field Aμ takes the
form:

Aμ(t, x) ≈ Aμ,0 cos(m At − pA · x), (67)

where the local field amplitude Aμ,0 is related to the dark
photon mass m A and the local time-averaged energy den-
sity associated with the vector field according to 〈ρA〉 ≈
m2

A Aμ,0 Aμ0 /2. pA is the average momentum of a dark pho-
ton comprising the dark-matter field relative to an observer
at the space-time point xμ = (t, x).

A dark photon field Aμ can couple to the standard model
via direct gauge couplings of the form:

L = −εeAμ jμSM, (68)

where ε is a dimensionless coupling constant, e is the elec-
tric charge quantum, and jμSM is a 4-current (not necessar-
ily the electromagnetic current) associated with the relevant
U (1) gauge symmetry. For instance, if one gauges the baryon
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number B in the standard model and takes the dark photon to
be the gauge boson associated with the U (1)B gauge group,
then jμSM should be identified as the baryon current. Another
popular choice is the B − L current, where L is the lepton
number. For the oscillating field in Eq. (67), the interaction
in Eq. (68) induces an oscillating-in-time acceleration on a
test body carrying the relevant dark charge Q [449]:

a(t, x) ≈ −εeQ

M
m A A0 sin(m At − pA · x), (69)

where M is the mass of the test body. If the dark photon is
a gauge field associated with baryon number, then Q is the
total baryon number associated with the test body, whereas if
the dark photon gauge field is associated with B− L , then Q
is the total neutron number associated with the (electrically
neutral) test body.

The acceleration in Eq. (69) is common to all optical
components (mirrors and beam-splitter) of the interferome-
ter made of the same material, up to a small difference owing
to spatial gradients in the dark photon dark-matter field that
lead to an oscillating-in-time shift in the optical-path-length
difference between the two arms of the interferometer [449].
A larger signal can result if the interferometer contains opti-
cal components with different material compositions, like
found in KAGRA [451]. A search for a signal from an oscil-
lating dark photon dark-matter field in the frequency range
∼ 10 Hz–2 kHz was performed using data from LIGO’s O1
run [450]. No signal consistent with the coupling of an oscil-
lating dark photon dark-matter field to the interferometer was
found, leading to new bounds on the B gauge coupling. It was
subsequently pointed out that Refs. [449,450] had underesti-
mated the sensitivity of these types of experimental searches
due to omission of the consideration of the finite light travel
time through the arms of the interferometer [452]. A further
search in the same frequency range was performed using data
from LIGO and Virgo’s joint O3 run [453]. No dark-matter
signal was found, leading to the new and improved bounds
on the B gauge coupling shown in Fig. 39, as well as bounds
on the B − L gauge coupling. Further improvements in sen-
sitivity are anticipated with new data from LIGO’s upcoming
O4 run, as well as future gravitational-wave detectors such
as Einstein Telescope, Cosmic Explorer and LISA [452].

2.14 New ideas: search for dark photon radio signals from
white dwarfs – N. Song

Author: Ninhqiang Song, <ningqiang.song@liverpool.ac.uk>

2.14.1 Introduction

Dark photons, being the gauge boson of an extra U (1) group
coupled to the Standard Model sector, may kinetically mix

Fig. 39 Constraints on the interaction parameter in Eq. (68) of an oscil-
lating dark-photon dark-matter field for the baryon gauge coupling.
Figure from Ref. [453]

with Standard Model photons [51,483,484]. They are well
motivated in string theory compactifications [49,485–488].
Sufficiently long-lived dark photon with a mass m A′ can
be produced through a number of mechanisms, including
inflationary fluctuations [482,489–491], tachyonic instabil-
ity [492–494] and parametric resonance [495], the misalign-
ment mechanism [481,496], or cosmic strings [497,498],
and constitute part of or all the cosmological dark mat-
ter. A wide variety of experiments constrain the dark pho-
ton dark matter parameter space, including light shining
through wall approaches [499,500], searches for deviations
from Coulomb’s law [501] and searches for dark photon dark
matter using haloscopes [291,502–518]. Additionally, con-
version between dark matter dark photons and photons would
cause distortion of the CMB spectrum, the non-observation
of which leads to strong bounds [481,519–521]. Comple-
mentary to these terrestrial experiments and cosmological
constraints, dark photons can be searched for through their
effects in astrophysical environments. For example, they
contribute to the cooling of the Sun and horizontal branch
stars [155,157,522–524], red giant stars [154] and neutron
stars [525].

There is a similar synergy between astrophysics and exper-
iments in the search for dark matter axions. One promising
approach consists of looking for radio waves produced by
the conversion of dark matter axions to photons in the mag-
netosphere of neutron stars [526–534]. Axions with mass
ma � 10−4 eV can be resonantly converted to photons in
regions where the resonant condition ma � ωp is met, i.e. the
axion mass is approximately equal to the plasma frequency
ωp = √

4παne/me, where ne is the free electron number
density. Kinetically mixed dark photons can also resonantly
convert to photons in regions where m A′ � ωp. It is sug-
gested that such conversion in the solar corona could allow
searches for dark photons with masses between 4×10−8 eV
and 4 × 10−6 eV [535]. In recent work [536], we consider
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the conversion of dark photon to photon in white dwarfs in
the galactic center. White dwarfs typically have a hot, dense
atmosphere with an effective temperature of up to 2×105 K,
and electron densities up to 1017 cm−3, opening up an oppor-
tunity for sensitivity to dark photons with masses as large as
10−3 eV when the signals are explored by radio telescopes
on the Earth.

2.14.2 Resonant conversion in white dwarfs

We consider a dark photon with the Lagrangian density

L = −1

4
F ′μνF ′μν + 1

2
m2

A′ A
′
μA′μ + κ

2
F ′μνFμν + LSM,

(70)

where F (F ′) is the SM photon (dark photon) field, κ is
the kinetic mixing, and we assume that the dynamics that
give rise to the DP mass m A′ are decoupled, e.g. that the
mass comes from the Stueckelberg mechanism. It is believed
that only about 10% of white dwarfs have a magnetic field
stronger than 0.1 MG [533,537–539], so we set B = 0 and
assume the plasma in white dwarfs to be isotropic (see [536]
however for the conversion in a general plasma where the
effects of magnetic field are important, e.g. the magneto-
sphere of a neutron star). In such plasma, the longitudinal
polarization of photon does not propagate and only the con-
version of transverse dark photon modes is relevant for the
signal. Assuming they propagate in the z direction, the mix-
ing of the transverse modes can be written in the symmetric
form

[
ω2 + ∂2

z +
( −ω2

p −κω2
p

−κω2
p −m2

A′

)](
Ai

A′i

)
= 0, (71)

where i = x, y. We can write the photon and dark pho-
ton fields in the wave form Ai = eiωt−ikz Ãi (y, z), A′i =
eiωt−ikz Ã′i (y, z) where ω2 = k2 + m2

A′ . Using the WKB
approximation with the assumptions |∂2

z Ãi |  k|∂z Ãi |, we
obtain the first order differential equation,

i∂z Ãi = 1

2k
(m2

A′ − ω2
p) Ãi −

κω2
p

2k
Ã′i . (72)

We assume the dark photon velocity has a Maxwell–
Boltzmann distribution in the galactic rest frame, fv(v) �
(πv2

0)
−3/2e−v2/v2

0 . Starting from an asymptotic velocity vi

far away from white dwarf of mass MWD and radius r0, the
infalling dark photon accelerates to

v �
√

2G N MWD

r0
= 4800 km/s

√
MWD

M�
0.01R�

r0
� vi ,

(73)

near the white dwarf surface. This show that the dark pho-
ton trajectories are nearly radial with small deviations. The
solution of Eq. (72) indicates that the conversion peaks at
m A′ = ωp with the probability pWD � πκ2ω3

p/(3k∂rωp). In
the white dwarf atmosphere, we expect the pressure gradient
ρ−1∂P/∂r to balance the gravitational potential G MWD/r ,
so we approximate the scale height of the atmosphere [540–
542]

la � kTar2
0

G MWDμm p
= 0.06 km

(
Ta

104 K

)

×
(

MWD

M�

)(
r0

0.01 R�

)2

, (74)

and the free electron density profile ne(r) = n0 exp((r −
r0)/ la), where we take the mean molecular weight μ = 0.5
for fully ionized hydrogen plasma, and the maximum elec-
tron number density n0 = 1017 cm−3 based on spectroscopic
studies [543,544]. With this profile the resonant conversion
takes place at a radius

rc = r0 + la ln

(
4πα

me

n0

m2
A′

)
� r0, (75)

as r0 � la . The photon signal power produced from resonant
conversion is therefore

dP
d�

� 2pWDr2
c ρA′(rc)vc, (76)

where the factor of 2 accounts for conversion when approach-
ing and leaving the white dwarf, and the dark photon velocity
at the resonant conversion radius vc ∼ v as given in Eq. (73).
From Liouville’s theorem, the phase space density of dark
photon is conserved along the trajectories during infalling, so
near rc the dark photon density ρA′(rc) = 2vc(

√
πvi )

−1ρ∞A′ ,
where ρ∞A′ is the energy density away from white dwarf in
the dark matter halo [530,545]. As the photons travel out of
the white dwarf, the signal might be reduced due to inverse
bremsstrahlung absorption [535,546]. The survival probabil-
ity due to absorption is

pIB
s = exp

(
−2αlam A′

27π

(
2πme

Ta

)1/2 (
1− e−m A′/Ta

)

×
(

3 log

(
2T 2

a

m2
A′

)
+ 0.84

))
, (77)

where we have used the approximation ω � m A′ . Explicitly,
the signal power from white dwarf atmosphere

dPWDa

d�
= 2.3× 107 W

( κ

10−8

)2 ( m A′

10−5 eV

)( ρ∞A′
0.3 GeV/cm3

)

×
(

300 km/s

v0

)(
Ta

104 K

)
pIB

s , (78)
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where we have fixed MWD = M� and r0 = 0.01R�.

2.14.3 Detection sensitivity

The photon signals from dark photon conversion can be
enhanced by considering a collection of stars. The signal flux
density from the atmosphere of white dwarfs in the galactic
center

Ssig= 1

Bd2

∫ Rmax

Rmin

4πR2nWD(R)d R
∫

fT
dPWDa

d�
d log10 Ta .

(79)

where d = 8 kpc is the distance from the Earth to the galac-
tic center, nWD is the white dwarf number density distri-
bution taken from [547] and fT is the temperature distri-
bution of the white dwarf atmosphere. The signal frequen-
cies from the individual sources are Doppler shifted differ-
ently due to the motion of the stars, leading to a total width
B � m A′σs ∼ 10−3m A′ , where σs is the stars’ velocity dis-
persion [528]. The resulting sensitivity is shown in the left
panel of Fig. 40, where the signal flux is compared with the
minimum detectable flux density of radio telescopes includ-
ing SKA [548] and GBT [549]. We have also translated the
constraint derived for axions using the flux limit data in the
breakthrough listen (BL) project [534]. To quantify the uncer-
tainties from the dark matter density distribution, we also
show the sensitivities for the generalized Navarro–Frenk–
White (gNFW) profile [550,551] and a density spike near
the central black hole [552–554].

Additionally, it is possible that some white dwarfs might
be surrounded by a hot envelope in the outer part of their
atmosphere, a so-called “corona” [555,556], which was orig-
inally proposed to account for observations of X-ray emission
from such stars [557]. However, these observations were later
revisited and found to be either consistent with emissions
from the photosphere or with a non-detection [557–559].
Upper limits were set on the electron density in the corona,
which ranges from 4.4× 1011 to 5× 1012 cm−3 [558,560].
Nevertheless, it remains possible that corona could exist in
some white dwarfs, so we briefly consider the radio signals
that would result. The typical suggested temperature in a
corona is 106 K to � 107 K [558,560], and the electron den-
sity profile would be similar to that in the white dwarf atmo-
sphere. We display the sensitivities from the conversion in
the possible white dwarf corona in the right panel of Fig. 40.
We remain agnostic about the maximum electron density in
the corona, but we include a factor f that quantifies the frac-
tion of white dwarfs with a dense enough corona so that

n0 ≥ mem2
A′

4πα . Given the non-observation of corona emission,
this fraction is likely to be small for n0 � 1012 cm−3.

Moreover, we explore in [536] the sensitivities for dark
photon conversion in the magnetosphere of neutron stars or
the boundary layer of accreting white dwarfs, which could

surpass the current limit by orders of magnitude in certain
dark photon mass ranges.

2.15 New ideas: a self-consistent wave description of axion
miniclusters and their survival in the galaxy – V.
Dandoy

Author: Virgile Dandoy, <Virgile.Dandoy@kit.edu>

2.15.1 Introduction

The QCD axion constitutes one the best motivated extension
to the Standard Model of particle physics [15–18]. Indeed,
in addition to solve the strong CP problem, it gives a generic
way to produce a relic abundance of dark matter in the early
Universe. If the axion is produced after inflation – so called
post inflation scenario – it leads to a particularly rich phe-
nomenology. In particular, a generic feature of this scenario
is the appearance of axion miniclusters. Being gravitation-
aly bound structures of axions, their radius and mass is
found to be of the order R ≈ 1AU and M ≈ 10−13M�
[561]. This work has for purpose to calculate the abundance
and survival probability of axion miniclusters in the galaxy
up to today. Indeed, assuming that a significant fraction of
dark matter is bound inside such structures would have dra-
matic consequences for direct axion dark matter searches
(see e.g., [235,508,562]). Moreover, it is well known that
they may offer additional signatures, such as radio signals
[526,563,564] or gravitational lensing [565–570].

So far, the evolution of the miniclusters since their forma-
tion in the early Universe until redshift z ≈ 100 has been
conducted numerically. It is of course crucial to extend the
evolution up to today and to address the question of the inter-
actions the miniclusters would get in our galaxy. For this
reason, we calculate how an initial population of axion mini-
clusters in the Milky Way would have survived through the
gravitational interactions with the stars in the galaxy. This
has been achieved in three steps:

• Construction of the miniclusters:
In order to understand how the miniclusters survived in
the galaxy, we first need to mathematically describe them.
To this point, we will use the Schrödinger–Poisson sys-
tem. Indeed, as the escape velocity of the axions is low
enough, we could use the non relativistic approximation
of the Klein–Gordon equation to describe them. More-
over, since the occupation number inside the minicluster
is very high, the classical field approximation could be
taken. Here the gravitational potential entering inside the
Schrödinger equation is created by the axion field itself
via the Poisson equation. Finding the wave function of
this system is therefore the way to mathematically char-
acterize the minicluster.
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Fig. 40 Projected sensitivity of radio telescopes to dark photon dark
matter from 100 h of observation of the cumulative signals from the
atmosphere (left) and corona (right) of white dwarfs within 3 pc of the
galactic center. f is the fraction of white dwarfs with a dense enough
corona for resonant conversion, see text for details. Colored lines show
the projected sensitivity from GBT, SKA1, and SKA2 and the red shaded

regions show our constraints derived from the breakthrough listen (BL)
project [534]; for each of these we show the results both for a gNFW
and a density spike profile. The grey line depicts the cosmological con-
straint on dark photon dark matter (DPDM) from Arias et al. [481].
Overlaid shaded regions are limits from haloscopes [291,502–518]

• Single interaction:
With the wave function of the minicluster, one could then
understand how a single star would affect a single mini-
cluster. Since we have used the Schrödinger equation to
define the system, we will see that the way the minicluster
would react could be fully described using time depen-
dent perturbation theory. The goal of this part is to obtain
its mass and radius variation as a function of the impact
parameter, the velocity and the mass of the star.

• Simulations:
Once we know how a single star would affect a single
minicluster, we are going to run a Monte Carlo simulation
to perturb a sample of miniclusters over their lifetime.
This will extract a survival probability as a function of
the mass, radius and location.

2.15.2 Construction of the minicluster

Because of high occupation number and non relativistic
velocity, the axion minicluster will be described through the
classical fieldψ , solution of the Schrödinger-Poisson system:

i∂tψ(r) =
(
− ∇2

2ma
+ maφ(r)

)
ψ(r),

∇2φ(r) = 4πGma |ψ |2. (80)

In order to solve this system, we define beforehand the pro-
file of the minicluster we would like the function ψ(r) to
represent. It particular, we choose and fix the potential φ(r),
the density ρ(r) and the distribution function f (E) of the
minicluster such that these last functions are self-consistently

related as

ρ(r) = 4πm2
a

∫ 0

maφ(r)
d E f (E)

√
2ma(E − maφ(r)).

(81)

We then solve the Schrödinger equation with the fixed poten-
tial using WKB approximation such that the general solution
reads

ψ(�r , t) =
∑
nlm

Cnlm Rnl(r)Ylm(θ, ϕ)e
−i Ent , (82)

where nlm represent the quantum numbers, Rnl is the radial
function and Yml are the spherical harmonics. All the infor-
mation about the potential φ(r) is therefore encoded inside
the radial function as

Rnl(r) = 1√Nnl

1

r

1

[2ma(En − Vl(r))]1/4

× sin

(∫ r

dr ′
√

2ma(En − Vl(r ′))+ π/4
)
,

(83)

with the effective potential Vl(r) = l2

2mar2 +maφ(r) and Nnl

the normalization constant.
Finally, the coefficients Cnlm have to be found in order

to fulfil the Poisson equation with the same fixed potential.
Using Eq. (81), we get

Cnlm =
√
(2π)3 f (En) gl(En) d En eiφnlm , (84)

where f (E) is the distribution function of the chosen profile,
gl(E) the density of states for a given angular momentum l
and φnlm is a random phase uniformly distributed and uncor-
related between the different modes.
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Such solution ψ reproduces on average over the random
phases a self consistent object with density ρ(r), distribution
function f (E) and potential φ(r).

2.15.3 Single encounter

Once a star flies by the cluster, it creates a time dependent
tidal distortion that could be expressed as a perturbation on
top of the unperturbed Schrödinger equation

H1(�r , t) = maφtidal = − G M∗mar2

(b2 + v2t2)3/2
P2(cos γ (t)),

(85)

with M∗ the star mass, b the impact parameter, v the velocity
of the star and γ the angle between the location inside the
cluster �r and the location of the star �r∗.

If the minicluster is initially characterized by the wave
function ψ defined as a sum of energy levels as above, this
time dependent perturbation will shift all of them by a quan-
tity found to be

δE(E, l) =
(

2G M∗
b2v

)2 ma

4
< nlr2nl > . (86)

Initially all the energy levels have negative energy. Therefore
the ones that become positive after the energy shift created
by the star will be considered as ejected out of the object.
Hence, the variation of the density profile will be given by

�ρ(r)= 4π
m2

a

r2

∫ lmax(r)

0
dl l
∫ 0

−Ẽ(l)
d E

f (E)√
2ma (E − Vl(r))

,

(87)

where Ẽ(l) is the minimum ejected energy level for a given
angular momentum. The corresponding mass variation is
given by the integral over the radial coordinate of this last
expression.

Right after the interaction, the cluster is no longer in virial
equilibrium, we therefore assume here that it would relax its
radius (either by increasing it or by decreasing it) to reach a
new virial configuration (see more details in Ref. [573]).

2.15.4 Simulations

Now that we could calculate how a star affect the mass and
the radius of a single minicluster, we study their local survival
in the galaxy as a function of time. To do so, we populate the
galaxy with miniclusters assuming that they are the only dark
matter components (this assumption could be easily relaxed
to any fraction of dark matter). Hence, the orbital parame-
ters of the clusters are distributed in such a way that they
reproduced the dark matter halo of the Milky Way, which
is taken as a NFW profile. We then perform a Monte Carlo
simulation of the star interactions the clusters would get as

a function of time. All the details on the simulation proce-
dure are derived in Ref. [573]. The results are exposed in Fig.
41 for two different minicluster profiles and as a function of
time. As expected the high density miniclusters are stronger
against tidal perturbations and we obtain that an important
fraction of miniclusters would survive.

Important conclusions have to be addressed following
those results. It seems that the density profile of the mini-
cluster matters a lot on the way they would survive to tidal
interactions. Intensive studies on the true profile they would
get are therefore crucial to understand their survival. Finally,
the question of the relaxation of the minicluster after the
interaction remains an open question and could potentially
only be addressed numerically.

2.16 New ideas: consistent kinetic mixing – P. Foldenauer

Author: Patrick Foldenauer,<patrick.foldenauer@csic.es>

2.16.1 Introduction

We have ample evidence for the existence of physics beyond
the Standard Model (SM) like the observation of neutrino
oscillations and thus the existence of neutrino masses, or
the indirect observation of dark matter (DM). These hints
have motivated physicists over the past decades to construct
theories completing the SM in the ultraviolet (UV) and pre-
dicting new physics. Among these are supersymmetric the-
ories, models of grand unification or string theory. A com-
mon feature of such UV completions is the prediction of new
heavy states with rather sizeable couplings to the SM sector.
These new states can generically be tested by going to ever
higher energies at particle physics experiments like collid-
ers. However, the experimental landscape of particle physics
is much more diverse with a myriad of experiments testing
physics at low energies, but ever increasing intensities, like
meson factories, beam dump experiments, or astrophysical
and cosmological probes. Quite generically, extra Abelian
gauge bosons are well-motivated candidates of new parti-
cles that have ever smaller couplings with decreasing mass,
i.e. that naturally live at the experimental sensitivity frontier.

In the minimal vector portal scenario the associated gauge
boson of a new U (1)X is kinetically mixed with the photon
of QED via the operator [51,479]

L ⊃ −εA

2
FμνXμν, (88)

where Fμν and Xμν denote the QED and U (1)X field strength
tensors, respectively. The mixing parameter εA is in princi-
ple a free parameter of the theory since the above mixing
term is a gauge-invariant, renormalisable operator. In many
hidden photon models, however, εA arises at the loop level
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Fig. 41 Time evolution of the survival probability Psurv(M, R, t, r)
for the Lane–Emden [571] (top) and Hernquist [572] (bottom) mini-
clusters at the sun location r� ≈ 8 kpc. The survival probability is
shown for t = 2.5 Gyr, 5 Gyr and 10 Gyr (from left to right). The
axion star line shows the limit for which the expected soliton inside the
minicluster becomes bigger than the cluster itself. If the radius of the

minicluster decreases below this line we assume that it becomes a bare
axion star. The l = 10 line shows the limits of our WKB approximation.
For the Hernquist miniclusters we have included two contours showing
the regions where 40% (teal) and 80% (turquoise) of the clusters that
did not survive were actually destroyed instead of becoming an axion
star

from vacuum polarisation diagrams like the one in the right
panel of Fig. 42, where fermions charged under both U (1)
symmetries run in the loop. It is hence justified to assume that
in such models the kinetic mixing induced by loops scales
as εA ∝ gx/16π2, where gx is the U (1)X gauge coupling
constant.

The above kinetic mixing term can be diagonalised by a
field redefinition of the form

Aμ→ Aμ − εA Xμ

⇒ e Aμ jμem → e Aμ jμem − εAe Xμ jμem. (89)

As we see this leads to an interaction of the new X boson with
the electromagnetic current jμem suppressed by εA, motivating
the name hidden photon for the X boson.

The hidden photon can in general also acquire mass. In
the most straight-forward scenario the new U (1)X is Higgsed
and thus broken by the vacuum expectation value f of a new
scalar S,

L = (DμS)† DμS ⊃ g2
x f 2

2
XμXμ. (90)

Fig. 42 Tree-level (left) and loop-induced (right) mixing diagrams
between the hypercharge boson Bμ and the associated gauge boson
of a new U (1)X

Thus, the mass of the dark photon, m A′ ∝ gx f , scales pro-
portional to the gauge coupling gx . Hence, the smaller the
coupling gx (and thus the weaker the hidden photon interac-
tions) the smaller the mass of the boson. Therefore, hidden
photons can naturally hide along the sensitivity frontier.

2.16.2 A closer look at kinetic mixing

2.16.2.1 Naive picture The kinetic mixing in 88 of the hidden
photon with the SM photon cannot be fundamental since
the U (1)em only arises after electroweak symmetry breaking
(EWSB). In the literature it is hence often assumed that in
the UV the hidden photon fundamentally mixes with the field
strength tensor Bμν of the hypercharge boson,
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L ⊃ −εB

2
BμνXμν. (91)

This mixing can be either fundamental or arise at the loop-
level from fermions charged under both U (1)Y and U (1)X

as illustrated by the diagrams in Fig. 42. Expanding the
hypercharge boson into the neutral boson mass eigenstates,
Bμ = cwAμ − swZμ, with sw and cw being the sine and
cosine of the Weinberg angle θW , the mixing term 91 decom-
poses as

L ⊃ −cw
εB

2
FμνXμν + sw

εB

2
ZμνXμν. (92)

By comparing 88 and 92, we find the matching relation
between the fundamental mixing with the hypercharge boson
εB and the mixing in the broken phase with the photon εA

simply to be

εA = cw εB . (93)

2.16.2.2 The full picture Treating things more carefully, it
turns out that the aforementioned matching between the
hypercharge and the photon mixing is not the full picture.
There exists a dimension-six operator that introduces mix-
ing between the hidden photon and the weak bosons [574],

OW X = cW X

2 H†σ i H W i
μνXμν. (94)

Here H is the Higgs doublet, W i
μν the SU (2) field strength

tensor, and  the scale of new physics responsible for gen-
erating this operator. After EWSB this operator induces a
mixing term of the form

OW X ⊃ −εW

2
W 3
μνXμν, (95)

where εW = cW X v
2/2. If we again expand the neutral

weak boson into the neutral mass eigenstates as before, W 3
μ =

swAμ + cwZμ, this translates to a mixing term of,

OW X ⊃ −sw
εW

2
FμνXμν − cw

εW

2
ZμνXμν. (96)

Hence, we have to modify our matching relation to also incor-
porate the weak mixing contribution,

εA = cw εB + sw εW . (97)

In theories where there are SU (2) multiplets charged
under the novel U (1)X , this operator is necessarily gener-
ated at the one-loop level. In this case the loop contribution

can be calculated analogously to the standard Abelian mix-
ing case [574]. We can identify the mixing as the transverse
component of the vacuum polarisation amplitude,

�
μν
W X = �W X [gμν p1 · p2 − pμ1 pν2 ] +�W X gμν, (98)

and compute it as

�W X = −g gx

8π2

∑
f

∫ 1

0
dx x(1− x) T f

3

(
v

f
X + a f

X

)

×log

(
μ2

m2
f − x(1− x)q2

)
. (99)

Here the sum runs over all SU (2) degrees of freedom f with
SU (2) charge T f

3 and U (1)X axial and vectorial charge a f
X

and v f
X , respectively.

2.16.3 A concrete example: kinetic mixing in U (1)Lμ−Lτ

In general U (1)X extensions of the SM the hidden photon can
also interact with SM degrees of freedom via gauge couplings
through a current interaction,

Lint = −gx jμX Xμ, (100)

where the current jμX =
∑
ψ qψ ψ̄γ μψ a priori can include

all SM matter fields, in particular also the SU (2) quark and
lepton doublets ψ = Q, L .

If we allow the current jμX to only include SM fields, the
minimally anomaly-free models are composed of U (1)B−L ,

U (1)Lμ−Le ,U (1)Le−Lτ ,U (1)Lμ−Lτ and combinations
thereof. In all of these models at least (some of) the lep-
ton doublets Li are charged under the new symmetry and
hence OW X is induced via loops at the renormalizable level
( = v). In order to see how this affects mixing before and
after EWSB we will compute the different contributions in
the concrete example of U (1)Lμ−Lτ .

In the broken phase the usual mixing computation in the
infrared (IR) at zero momentum transfer, q = 0, yields

εA = egμτ
6π2 log

(
mμ

mτ

)
,

γ X

μ, τ

. (101)

On the other hand, the naive UV computation, where we
only take into account mixing with the hypercharge boson,
yields a mixing of

εB = g′gμτ
24π2

[
3 log

(
mμ

mτ

)
+ log

(
mνμ

mντ

)]
,
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B X

Lμ, Lτ , μR, τR

. (102)

Comparing the two results in 101 and 102, we see that the
naive matching relation 93 is manifestly violated and hence
cannot be the correct prescription. However, we already know
from the previous section how to obtain the correct matching
between the mixing in the broken and unbroken phase. We
have to take into account also the mixing that is generated
between the hidden photon and the neutral SU (2) boson.

Since in U (1)Lμ−Lτ the second and third generation lep-
ton doublets are charged under the new symmetry the mixing
with the weak boson is computed to be

εW = ggμτ
24π2

[
log

(
mμ

mτ

)
− log

(
mνμ

mντ

)]
,

W 3
X

Lμ, Lτ

. (103)

This contributes exactly the missing piece to recover the IR
mixing of 101 according to the matching prescription in 97.
In particular, the contributions from the neutrinos to εB and
εW cancel off as they should since neutrinos are electrically
neutral and should never contribute to the mixing with the
SM QED photon.

2.16.4 Conclusion

The hidden photon, or more generally extra Abelian gauge
bosons, are well-motivated candidates that could hide along
the experimental sensitivity frontier. The minimal way for
these particles to interact with the SM is via kinetic mixing
with the photon. In the electroweak symmetric phase this
mixing has to proceed with the hypercharge boson B. How-
ever, there is a dimension-six operator, which can arise at the
renormalisable level, that also induces mixing of the hidden
photon with the neutral weak boson W 3. In models where
there are SU (2) multiplets charged under the new U (1)X

symmetry this new type of mixing unavoidably arises at the
one-loop level and crucially has to be taken into account to
obtain the correct matching onto the IR effective theory. More
precisely, the mixing with the photon εA is obtained from the
hypercharge and weak mixing, εB and εW , and, as we have
argued, this weak mixing contribution is unavoidable in the
phenomenologically interesting class of hidden photon mod-
els like U (1)B−L ,U (1)Lμ−Le ,U (1)Le−Lτ ,U (1)Lμ−Lτ and
combinations thereof.

2.17 New ideas: inelastic dirac dark matter – S. Junius

Author: Sam Junius, <Sam.Junius@vub.be>

2.17.1 Introduction

Direct detection has put a lot of pressure on thermal WIMP
Dark Matter (DM). Current direct detection searches are
extremely sensitive and null results from these experiments
hence constrain the Dark Sector (DS) – Standard Model (SM)
interactions heavily. An elegant solution to explain these null
results are inelastic DM models, where two DS particles cou-
ple mainly off-diagonal to the SM sector, preventing elastic
scattering processes giving rise to signals in direct detection
experiments. In a minimal realisation, dubbed iDM [575],
the DS consists of a pseudo-Dirac state with two majo-
rana fermions χ1 and χ2, interacting with quarks and lep-
tons via an abelian dark force by exchanging a dark pho-
ton A′ which kinetically mixes with the hypercharge gauge
boson. This interaction drives the dark matter freeze-out in
the early universe and the relic abundance is set through the
co-annihilation process χ1χ2 → f f into SM fermions f . In
order to reproduce the DM abundance today, the dark fermion
masses have to lie in the MeV-GeV mass range with a relative
mass splitting of the order of 10% or less. The phenomenol-
ogy of this model has already been studied extensively in the
literature, and has become a target model for many particle
physics searches.

Here, we consider a novel model in the MeV–GeV range,
dubbed inelastic Dirac Dark Matter (i2DM) [576], where the
pseudo-Dirac states in the iDM model are promoted to Dirac
states, one being charged and the other one uncharged under
a dark U (1)D . The symmetry is spontaneously broken by a
Higgs-like mechanism, which causes the two dark fermions
to mix.10 The resulting Lagrangian reads

L ⊃ eεA′μ
∑

f

Q f f̄ γ μ f − gD

(
A′μ + ε

sW

cW
Zμ

)

×
(

sin2 θ Jμ1 − sin θ cos θ Jμ12 + cos2 θ Jμ2

)
, (104)

where f denotes the SM fermions with electric charge Q f

in units of the electromagnetic coupling e; gD is the cou-
pling constant of the U (1)D symmetry; sW , cW are the sine
and cosine of the weak mixing angle; θ is the mixing angle
between the dark fermions; and ε parametrizes the kinetic

10 Throughout our analysis, we assume that the dark scalar that is
responsible for the mixing is much heavier than the other dark particles
and does not affect the observables we consider.
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mixing.11 The dark fermion currents are

Jμ1 = χ̄1γ
μχ1, Jμ2 = χ̄2γ

μχ2, Jμ12 = χ̄1γ
μχ2 + h.c.

(105)

As a result, the dark matter candidate χ1 interacts only feebly
if the mixing angle θ is small, while the coupling of the dark
partnerχ2 through the dark gauge force is unsuppressed. This
allows for more processes to set the relic abundance com-
pared to iDM, and hence opens up the viable parameter space.
Furthermore, the small mass splitting, together with a small
mixing angle, will result in a long lifetime of theχ2 decay into
χ1 and a pair of electrons through an off-shell dark photon.
Searches for such long-lived particles have already been per-
formed at collider and fixed-target/beam-dump experiments.
We estimated the sensitivity of these searches on i2DM, as
well as the potential constraining power of future experi-
ments.

The phenomenology of i2DM is described by six inde-
pendent parameters {m1,�,m A′ , αD, ε, θ}, with αD =
g2

D/(4π). The relative mass splitting between the dark
fermions is defined as� = (m2−m1)/m1. Throughout this
work we focus on the mass hierarchy m A′ > 2m2, so that
decay of the dark photon into dark fermions is kinematically
allowed. Within this considered mass hierarchy region, the
annihilations of the dark fermions into SM particles through
an off-shell dark photon define the freeze-out dynamics of
the DM candidate χ1. As a consequence, for m A′ � m1,2,
the scattering rates and decays of dark fermions scale as
y = ε2 αD (m1/m A′)

4. Hence, we will often parameterize
the DS-SM interactions by y.

2.17.2 Dark matter production in the early universe

Dark matter relics in the MeV–GeV range must be feebly cou-
pled to the thermal bath in order to account for the observed
DM abundance, �h2 = 0.12. Moreover, viable scenarios of
inelastic dark matter typically require a compressed spectrum
of DS particles. Hence, for i2DM, we will always assume
ε, θ,�  1. When the spectrum is compressed, the con-
version processes such as χ1 f → χ2 f are efficient in large
regions of parameter space so that the dark partner can also
play a role in setting the DM relic abundance through co-
annihilation processes χiχ j → f f . From Eq. 104, it is clear
that there exists a hierarchy between these processes, depend-
ing on the exact value of the mixing angle θ . Hence, the
relic abundance can be set by various mechanisms. We iden-
tify three different phases of freeze-out, distinguished by the
processes that set the dark matter relic abundance:

11 In Eq. 104, we only show the leading terms in ε. For higher order
terms, see [576].

• co-annihilation phase: �χh2 set by χ1χ2 ↔ f f̄ and
χ2χ2 ↔ f f ,

• partner annihilation phase: �χh2 set by χ2χ2 ↔ f f ,
• conversion phase:�χh2 set byχ1 f ↔ χ2 f and/orχ2 ↔
χ1 f f .

These three freeze-out phases can be identified in the left
panel of Fig. 43, in the tan θ vs ε plane. For a fixed DM mass
of m1 = 150 MeV, we show contours where the observed
DM relic abundance can be reproduced for different values
of the mass splitting �. For the largest values of tan θ and
� shown in the left panel of Fig. 43, we see that the relic
abundance curves bend from a diagonal into a vertical line.
The diagonal line can be identified with the co-annihilation
phase, while for smaller values of tan θ , we enter the partner
annihilation phase. In this phase, we clearly see that the relic
abundance is independent of tan θ , since the partner annihi-
lation cross section scales with cos4 θ , which roughly equals
to unity for small values of tan θ . For even smaller values of
the mixing angle, the relic density contours start to deviate
again from a vertical line. At this point, conversion processes
are not efficient enough around the chemical freeze-out time
χ2. Hence, the evolution of the χ1 abundance is not tightly
tied anymore to the one of χ2 when chemical equilibrium
between the two species is lost, so that its abundance will
not be set anymore by χ2 annihilation, but rather by the con-
version processes themselves. Since these processes depend
again on tan θ , the vertical line in the left panel of Fig. 43
starts to bend again in the lower regions of the plot.12

2.17.3 Probing i2DM at accelorator facilities

Due to the small mixing angle and small kinetic mixing
parameter considered in this work, direct and indirect detec-
tion experiments will fall short in probing i2DM. How-
ever, even with a relatively small kinetic mixing parameter
assumed here, the dark photon can still be copiously pro-
duced in collider and fixed-target experiments. The decay of
the dark photon to dark fermions is kinematically allowed,
making it the main decay channel since the decay to SM
fermions is suppressed by ε2. The dark photon will mainly
decay to two χ2 particles as the other decay modes are sup-
pressed by the small mixing angle θ . The presence of χ2 can
then be detected in three main ways. First, if χ2 decays after
traversing the whole detector, it can be observed as missing
energy. At BaBar, a search for missing energy in association

12 In the left panel of Fig. 43, it has been assumed that both dark
fermions are kept in kinetic equilibrium. While this is true for χ2, since
χ2 scattering of SM fermions does not depend on tan θ , it is not always
the case for χ1. In particular in the conversion phase, the conversion
processes are not always efficient in keeping χ1 in kinetic equilibrium
up till freeze-out. However, this does not affect qualitatively the results
in Fig. 43, see [576].
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Fig. 43 Left: correct DM relic abundance for i2DM as a function of
the dark interaction strength, ε, and the dark fermion mixing, tan θ ,
for a fixed value of the DM mass, m1 = 150 MeV, and varying values
of the mass splitting � = 0.01 . . . 0.3. Right: bounds on i2DM from
fixed-target experiments as a function of the dark fermion mixing θ and
the dark matter mass m1 for a fixed relative mass splitting � = 0.05,
dark photon mixing ε = 10−3, dark photon mass m A′ = 3m1 and
dark coupling strength αD = 1/(4π). The observed relic abundance

is obtained along the green colored contour. The dashed contours indi-
cate the proper decay length of the dark partner. For m1 < 2me/�,
the dark partner can only decay into photons or neutrinos, resulting in
a very long lifetime. We show existing bounds from CHARM (grey
areas) and LSND (red/brown areas). The projected sensitivity of future
experiments ICARUS (yellow), SeaQuest (red) and LDMX (grey) is
illustrated by dotted lines; the arrow indicates the direction in parame-
ter space that will be probed

with a hard initial state photon has been performed [577]. As
e+e− colliders such as BaBar provide a clean environment,
it has a great sensitivity to long-lived neutral particles such
as χ2 in the i2DM model (see the right panel of Fig. 43 for
characteristic lifetimes considered here). Hence, the missing
energy search is able to constrain the kinetic mixing param-
eter governing the production of χ2 in the e+e− collision:
ε � 10−3 for m A′ � 5 GeV. In the right panel of Fig. 43, we
fix ε = 10−3 to evade this bound. It has also been shown that
Belle II can further improve on these bounds by roughly an
order of magnitude [578].

In contrast, in fixed-target experiments, long-lived neu-
tral particles can be probed using detectors placed several
hundreds of meters away from the interaction point, hence
being sensitive to long lifetimes for χ2. The two ways these
detectors can detect the presence of χ2 is through scattering
processes of detector material or through its decay. Neutrino
experiments such as LSND [579] and CHARM [580] have
been searching for these scattering events, and hence place
constraints on the i2DM parameter space, see the right panel
of Fig. 43. In Ref. [579], this search for scattering events has
been reinterpreted to also probe the decay signature in the
iDM model, as both electrons from the decay of χ2 might
not be resolved and give the same response in the detector
as a recoiled electron from a scattering process. Similar con-
straints on i2DM are also shown in the right panel of Fig. 43.

As these searches do not exclude the complete viable i2DM
parameter space, we also show sensitivity curves from near-
future fixed-target experiments such as DarkQuest [581],
ICARUS [582] and LDMX [583]. Searches for both scatter-
ing, decay and missing energy signals at these experiments
can conclusively probe i2DM.

2.17.4 Conclusion

We have introduced a novel model for a MeV–GeV scale
DS, dubbed inelastic Dirac Dark Matter (i2DM). Compared
to the widely studied model of inelastic Dark Matter (iDM)
with Majorana fermions, i2DM has a different thermal his-
tory which we have discussed briefly. In order to reproduce
the observed relic abundance, we typically need small values
of the mass splitting �, the kinetic mixing parameter ε and
the mixing angle θ . In this region of parameter space, col-
lider and fixed-target experiments do a very good job in con-
straining this region. Existing limits from BaBar, LSND and
CHARM already put stringent bounds on the i2DM parame-
ters. We further showed that proposed searches/experiments
from Belle II, SBN, SeaQuest and LDMX will be able to
fully probe the parameter space of i2DM. Hence, fixed-target
experiments have been proved to be a very powerful probe
for MeV-GeV scale DS models.
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2.18 New ideas: large energy singles as probe of dark
matter – B. Chauhan

Author: Bhavesh Chauhan, <bhavesh-chauhan@uiowa.edu>

2.18.1 Overview

The low- and medium-energy neutrinos are usually detected
via their charged-current interactions, where the final state
charged-lepton yields a visible signal. The strong correlation
allows for a very good reconstruction of incident neutrino
energy and direction. The prompt signal is followed by a
delayed neutron capture which often allows tagging and mit-
igating certain backgrounds. The neutral-current interactions
are marred by low detectable-energies, lack of directional
information, and result in prompt-only signals, i.e., singles.
However, an advantage of the neutral-current channel is that
it is sensitive to all flavors of neutrinos; it does not distin-
guish between flavors. A large volume scintillation detector
can detect singles from atmospheric neutrinos as well as new
physics scenarios. In Ref. [584], we have predicted the sin-
gles spectrum in JUNO [585] and note that for visible energy
above 15 MeV, the events would be dominated by neutral
current interactions of atmospheric neutrinos. If JUNO main-
tains a database of such large energy singles (LES), then one
can also look for signatures of new physics scenarios such as
boosted dark sector particles.

2.18.2 Singles in JUNO

In the absence of new-physics, the LES events in JUNO arise
mostly from interactions of atmospheric neutrinos, which
sets the sensitivity to new physics. The two dominant chan-
nels are: elastic scattering with protons (νp ES) and quasi-
elastic-like scattering with carbon (νC QEL). The scatter-
ing cross section with electrons is relatively smaller, and we
can safely ignore these interactions. To estimate the event
rates, we use the flux calculated by Honda et al. [586] for
Eν > 100 MeV, and appropriately scaled FLUKA flux for
Eν < 100 MeV [587]. As the scintillation from protons is
nearly isotropic, the angular distribution of these events is
not measurable and therefore, we only use the angle-averaged
flux and cross sections. The scintillation signal from elastic
scattering and “proton-only” knockouts from carbon cannot
be distinguished, and only the aggregate is measurable.

To estimate the contribution of protons to LES, we use
the νp elastic scattering cross section using the Llewellyn–
Smith form [588]. We conservatively assume that the cross
section uncertainties (mostly arising from axial mass param-
eter and proton strangeness) are∼ 10%. We also account for
the photosaturation losses, i.e., quenching, and provide the
event spectrum for visible energy (Evis) which is different
from the kinetic energy of the recoiling proton.

To estimate the contribution of νC QEL to LES, we rely on
Ref. [589] which reports the event rates for various nucleon
knockout channels (1p, 1n, 1p1n, 2p, 2n, ...), as well as
the recoil proton spectrum from the sum of these channels.
The event rate in JUNO with at least one proton in the final
state is found to be∼600 events for 20 kton-yr exposure. To
isolate the singles events, we estimate the fraction of “proton-
only” knockouts that lacks a final state neutron and find that

N1p + N2p + N3p + · · ·
N1p + N1p1n + N2p + N1p2n + N2p1n + · · · ≈ 0.52,

(106)

which implies that roughly half of the protons do not have a
delayed neutron-capture signal. The singles spectrum from
νC QEL interaction, therefore, is approximated by scaling
the proton spectrum given in Ref. [589] by 0.52. The Evis

distribution is obtained by applying the effects of quenching.
The results depend on choice of Monte Carlo generator and
properties of the nuclear structure. We use the results from
GENIE [590], and assume a 10% uncertainty.

The dominant singles background in JUNO would arise
from the cosmogenic isotopes that decay via β±, β±γ ,
β± p, and β±α channels. We scale the experimentally mea-
sured yields by KamLAND [591] where available, and for
other cosmogenic isotopes, we use simulation yields from
Ref. [585]. The cosmogenic isotopes that decay within a few
seconds of the muon passage can be tagged, and the events
can be removed by imposing appropriate spatial and tem-
poral cuts [592]. To get rid of cosmogenic isotope decays,
we propose a similar veto – a cylindrical volume around the
entire track of the cosmic muon with radius Rveto ∼ 3m for
a time �tveto ∼1.2 s. The fraction of cosmogenic isotopes
that decay outside the �tveto window cannot be tagged, and
constitute the irreducible background. This results in a wall-
like background below 15 MeV. The other known singles
backgrounds include intrinsic radioactivity and reactor neu-
trinos which are negligible for Evis ≥10 MeV. Incomplete
reconstruction of events, e.g., missing one or more final state
particles, can also lead to spurious LES events. However, we
estimate their contribution to be negligibly small.

The binned LES event spectrum for JUNO is presented in
Fig. 44. Above 15 MeV visible energy and 20 kton-yr expo-
sure, we expect ∼40 events from νp ES, and ∼108 events
from νC QEL. This JUNO-LES sample, if measured, will
provide evidence of neutral-current interactions of atmo-
spheric neutrinos. We estimate that JUNO can discover νp
ES at 3 σ (5 σ ) with 12 (34) kton-yr exposure. Measurement
of JUNO-LES sample will also open the window to testing
many new physics scenarios. We show two examples in the
next section.
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Fig. 44 The binned singles spectrum in JUNO is shown with contribu-
tions from atmospheric neutrino interactions with protons and carbon.
The shaded region below 15 MeV indicates wall-like background from
decay of cosmogenic isotopes

2.18.3 Dark matter sensitivity

In general, an LES event may also arise from particles beyond
standard model (e.g., sterile neutrino or dark matter) that
scatter with protons in the detector. Model-independent lim-
its can be obtained on the effective parameters, which can
be easily translated depending on the new physics scenario.
Here, we show two examples and compare the sensitivity
with results from KamLAND [593]. The projected sensitiv-
ity of JUNO-LES is∼ 100 times more than KamLAND due
to larger exposure and a wider Evis range of the LES sample.

Dark matter annihilation to sterile neutrinos is usually
untestable if the mixing angle between sterile and active neu-
trinos is small. The JUNO-LES sample would be sensitive
to the annihilation of galactic dark matter to sterile neutri-
nos through νs + p → νs + p (mediated by a new gauge
boson with coupling strength 0.1). We assume dark matter to
be Majorana fermion and ignore the extra-galactic contribu-

tion. The parameter space excluded by KamLAND data, and
the 90% C.L. discovery sensitivity of the JUNO-LES sample
with 20 kton-yr exposure are shown in Fig. 45. We also show
the thermal averaged cross section for obtaining the correct
relic abundance [594], and find that JUNO-LES can probe
this model for dark matter mass in the range 100 MeV to a
few GeV.

The interaction of cosmic rays can boost the dark matter
particles to higher velocities, which allows for larger momen-
tum transfers in detectors [595–597]. The elastic scattering
between boosted dark matter and proton (χ + p → χ + p)
in JUNO will lead to a singles event. We follow the method
of [596] to estimate the flux of boosted dark matter. We com-
pute the total number of events with Evis ∈(15, 100) MeV,
and obtain the 90% C.L. discovery sensitivity of JUNO by
comparing with the total events in theLES sample from atmo-
spheric neutrinos. The results are shown in Fig. 45 along with
other relevant limits. Our projected sensitivity is consistent
with the ones reported in Ref. [598] (which approximates the
sensitivity by scaling the KamLAND background).

2.18.4 Summary

We have estimated the visible energy distribution of prompt-
only (i.e., singles) at JUNO due to atmospheric neutrino
interactions. We have determined that the background due to
cosmogenic isotope decay would dominate for Evis ≤ 16.5
MeV, and the threshold may be reduced to Evis ∼ 15 MeV
using a veto around muon track. We propose that JUNO
can maintain a large energy singles (LES) database (i.e.,
Evis ≥ 15 MeV and no delayed neutron capture signal)
wherein the neutral-current interactions of atmospheric neu-
trinos can be detected. The LES database can also probe new
physics scenarios, which admit neutral-current-like interac-
tions, for example, in the case of boosted dark sector par-
ticles. We have estimated the discovery sensitivity for two

Fig. 45 The 90% C.L. projected sensitivity of JUNO-LES to galactic dark matter annihilation to sterile neutrinos (left) and cosmic ray boosted
dark matter (right) is shown along with existing limits from other experiments
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well-motivated new physics scenarios – dark matter annihi-
lation to sterile neutrinos, and boosted dark matter.

2.19 New ideas: probing axions with novel photon
propagation effects at kpc, Mpc, and Gpc – C. Sun

Author: Chen Sun, <chensun@lanl.gov>

Axions, as periodic scalar fields, arise ubiquitously in both
low-energy phenomenological models [15–18,230–233] and
quantum gravity theories [485]. They serve as an important
benchmark of feebly-coupled light particles beyond the Stan-
dard Model (SM). In particular, one of the most active exper-
imental and observational targets is the coupling of an axion,
a, to photons, which takes the form − gaγ γ

4 aFμν F̃μν .
In this note, we point out a few novel effects in pho-

ton propagation that arise from the axion-photon coupling,
which can be utilized to probe the axion-photon coupling
strength. This includes the photon disappearance due to con-
version into axions [599] and photon en route production by
the axions due to their stimulated decay [600].

2.19.1 Photon disappearance at Gpc and Mpc scales

In the presence of external magnetic fields, the axion-photon
coupling implies that the propagation eigenstates of the
photon-axion system are mixtures of axion and photon states.
As a result, there is a non-zero probability P0 that a photon
oscillates and converts into an axion while traveling through
the magnetic field, effectively resulting in photon number
violation. When birefringence and Faraday rotation effects
are small, as is the case with propagation in the IGM [601],
the axion mixes only with the photon polarization parallel to
the component of the magnetic field BT , which is transver-
sal to the direction of motion. In the simple case of photons
with energy ω propagating in a constant and homogeneous
magnetic field with B = |BT |, the axion-photon conversion
probability is given by the well-known formula [229,602–

604] P0 = (2�aγ )
2

k2 sin2
( kx

2

)
, where x is the distance trav-

eled by the photon, and k ≡
√
(2�aγ )2 +

(
�a −�γ

)2,

�aγ ≡ gaγ γ B
2 , �a ≡ m2

a
2ω , �γ ≡ m2

γ

2ω , in which m2
γ ≡ 4παne

me
is the effective photon mass squared in the presence of an
ionized plasma with an electron number density ne.

When the photons propagate through the intergalactic
medium (IGM) or the intracluster medium (ICM) they tra-
verse a large number of magnetic domains. We adopt the
simple cell magnetic field model, first introduced in [604]
and further developed in [605,606]. In this model the mag-
netic field is assumed to be split into domains (cells) in which
it can be taken to be homogeneous. Each ith domain has a
physical size Li and a randomly oriented magnetic field of
strength Bi [605], whose component perpendicular to the

photon’s path is the same in each domain. With these simpli-
fications, the resulting net probability of photon-axion con-
version over many domains is then given by [606] Paγ (y) =
(1−A)(1−∏(1− 3

2 P0,i )) ,where A ≡ 2
3

(
1+ I 0

a
I 0
γ

)
depends

on the ratio of the initial intensities of axions and photons
coming from the source, denoted by I 0

a and I 0
γ respectively;

and P0,i is the conversion probability in the ith magnetic
domain, which can be obtained from P0 for x = Li .

2.19.1.1 Intergalactic medium propagation At the moment,
there is no direct evidence of the IGM magnetic field. Instead
there are observational lower bounds (∼ 10−16 G a coher-
ent length above Mpc, more stringent at smaller coherent
lengths) and upper bounds (∼ 10−9 G) on the amplitude of
the magnetic field in IGM from CMB anisotropies [607–
610], the non-observation of Faraday rotation of the polariza-
tion plane of radio emission from distant quasars [610,611],
and the non-observation of very high energy γ -ray cascade
emission [611–613]. We take 1 nG as a convenient bench-
mark value for the component of the comoving magnetic field
perpendicular to the line of sight. We also test the dependence
on the comoving coherent length (sIGM) being 0.1 Mpc,
1 Mpc, and 10 Mpc in Ref. [599]. The bounds we derive
on axion coupling from photon propagation in IGM should
be understood as an upper bound on gaγ γ × BIGM

1 nG for a fixed
coherent length.

Another important quantity of IGM that matters in our
analysis is the electron density ne, which determines the
plasma photon mass. At low redshifts, most of the baryons
are in photoionized diffuse intergalactic gas (Lyman-α for-
est,) which takes � 90% of the total volume and 28 ± 11%
of the total mass (at z < 0.5) [614]. The average electron
density of Lyman-α forest is about 6.5×10−8 cm−3, assum-
ing its mass fraction to be the central value 28%. Further-
more, recent simulations show that for diffuse gas, most of
the volume is occupied by cosmic voids and sheets, which
constitute approximately ∼ 30% and ∼ 40% of the entire
volume at z � 2 with mass fractions of 8% and 20%, respec-
tively [614]. Based on this, the electron density of the sheet
component is about 3 × 10−8 cm−3; while that of the void
is about 1.6 × 10−8 cm−3 at z = 0. We take both value
and find that they lead to negligible changes in the final
results. The flux F from a source of luminosity L located
at redshift z is given by F(z) = Pγ γ (z)

L
4πD2

L (z)
, where Pγ γ

accounts for the survival probability of photon flux between
the observer and the source, and the luminosity distance DL

is DL(z) = (1+ z)
z∫

0
dz′ 1

H(z′) . The effective apparent mag-

nitude of the SNIa located at redshift z is

meff(z; θ ,M) = M + 25+ 5 log10

(
Deff

L (z; θ)/Mpc
)
,

(107)
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Deff
L (z; θ) = DL(z;�, H0)/

√
Pγ γ (z; θ), (108)

where θ is the fitting parameters θ = {�, H0,ma, gaγ γ }.
We will take A to be 2/3 since the initial axion flux from SNIa
is negligible [605]. We note that the energy dependence of
the photons places negligible constraints in this context.

2.19.1.2 Intracluster medium propagation The angular diam-
eter distances to galaxy clusters rely on measurements of the
brightness of cluster X-ray, which travel first through the ICM
and then the IGM to reach the detector. Faraday rotation mea-
surements in long wavelengths have shown [615–618] that
ICM has magnetic fields with a strength of order O(μG).
Therefore, a fraction of the X-ray photons could convert into
axions inside ICM [619–623].

We model ne,ICM with the double-β profile [624,625], and
assume the magnetic field follows a power law on the num-
ber density [617,618,623,626]. We use rref for the reference
radius from the cluster’s center, Bref the magnetic field value

at that point, and η some power, BICM(r) = Bref

(
ne(r)

ne(rref )

)η
.

We will take the two models of the ICM magnetic field of
the Perseus cluster found in [623] and the one for the mag-
netic field of the Coma cluster in [617] as benchmarks for
our analysis of the ICM effect, (rref/kpc, Beff/μG, η) ∈
{(0, 25, 0.7), (25, 7.5, 0.5), (0, 4.7, 0.5)}, denoted Model A,
B, and C. We exclude small radii in Model A, r < 10 kpc
[623]. We take L ICM = 6.08 kpc to be the (uniform) size of
the magnetic domains, which is the mean of the L−1.2 dis-
tribution between 3.5 and 10 kpc proposed in [623]. We take
the virial radius of the cluster to be Rvir = 1.8 Mpc, that of
the Perseus cluster. In treating the orientation of the magnetic
field, we assume Bref to be the magnetic field value in the
transverse direction, perpendicular to the photon’s propaga-
tion direction. To be extra conservative, we also include a test
where we set ICM magnetic fields to zero in regard to poten-
tial uncertainties in the ICM magnetic fields [623,627]. Put

together, the angular diameter distance, DA(z) ∝ �T 2
SZ

SX(1+z)4
,

inferred from galaxy clusters X-ray surface brightness and
Sunyaev–Zeldovich effect (SZE) will be altered by axion as

Deff
A (z; θ) = DA(z;�, H0)

× P IGM
γ γ (z; θ , ωCMB)

2

P IGM
γ γ (z; θ , ωX, AX)〈P ICM

γ γ (ma, gaγ γ )〉 ,
(109)

with DA(z;�, H0) given by the standard cosmology for-

mula,
〈
P ICM
γ γ

〉
is the line-of-sight averaged photon survival

probability weighted by electron number density squared.

2.19.1.3 Results We constrain the modification of the cosmic
distance DL and DA using the following combination of cos-
mological data sets: Pantheon [631] + Galaxy Clusters [625]

Fig. 46 95% C.L. upper limits on gaγ γ as a function of ma . The solid
curves are from “late data set” while the dashed curves are from “early
data set”, assuming BIGM = 1 nG and sIGM = 1 Mpc. To avoid clumsi-
ness, we only show the upper limits from either assuming no ICM con-
version effects on the galaxy cluster data (top red curves) or assuming
model A of the ICM magnetic profile for the effect (lower blue curves).
The upper limits for model B and C are in between them. We also
show several existing bounds (grey lines) for comparison: CAST [628];
SN1987a [629]; X-ray searches from super star cluster [630] and X-ray
spectroscopy from AGN NGC 1275 [623]

+ BAO [632–634] + Planck [635] prior on the sound hori-
zon baryon drag (denoted “early data set”,) and Pantheon +
Galaxy Clusters + 19 SNIa used to anchor SH0ES [636] +
BAO + TDCOSMO [637], (denoted “late data set”.) We find
negligible difference between these two combinations, which
reflects that the constraining power comes from the cosmic
distance’s functional shape in the redshift dependence instead
its normalization. Therefore, the current “Hubble tension”
does not affect the constraints. The results of two benchmark
models are shown in Fig. 46.

2.19.2 Photon appearance at the kpc scale

In this section we will outline a novel technique to probe the
coupling of axion dark matter to photons, which has been
underexplored. This section will be mostly based on [600].
Similar study can be found in [638]. This is the search for an
“echo”13 signal from stimulated axion dark matter decays.14

The basic idea is illustrated in Fig. 47: photons from a source
traverse the axion dark matter halo. If the photon energy
matches half of the axion mass, it induces stimulated decays
of axion dark matter into two photons. Due to momentum
conservation, these two photons travel in opposite directions
with energies equal to half of the axion mass, ma/2. An
observer could receive two fluxes of photons from opposite
directions. One flux is along the line of sight from the source

13 This has also been called “axion Gegenschein” [639].
14 The axion dark matter’s decay lifetime is still much longer than the
age of the universe so it could still be the dominant component of dark
matter.
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to the observer, which is a superposition of the continuum
emission of the source (red) and the line emission from axion
decays with a frequency set by ma/2 (blue). Since the line
emission from the stimulated decays is a much fainter signal,
it is challenging to isolate it from the bright source contin-
uum background. The other flux is the so-called “echo” signal
also from stimulated axion decays, which is along the con-
tinuation of the line of sight to the direction opposite to the
source. This one could potentially be a clean signal if there
is no bright source in the opposite direction.

The echo technique was first applied and developed in
Refs. [640,641], with the source being a powerful radio beam
shooting from the Earth. Given the experimental challenges,
it will be helpful to identify natural sources in the universe.
So far the only astrophysical source that has been examined
in the literature to trigger an echo signal is Cygnus A (Cyg A),
an extragalactic active galactic nucleus [639]. In [600] it is
pointed out for the first time that the echo signal relies on
the historical luminosity of the photon source, unlike that the
forward-going signals studied in Refs. [642–644] require the
brightest radio sources today. This opens up the possibility
to probe axion DM with time-varying radio sources that may
be dim today but were once very bright, such as supernova
remnants (SNRs).

An SNR, as a time-dependent source, typically starts with
a huge photon flux from the explosion of a supernova and
undergoes several different phases before eventually merging
with the interstellar medium. In this case, the echo signal
could be induced by the flux from the SNR at time much
earlier than that at which the observation is made. In other
words, the signal is an integration over the history of the SNR.
It turns out that even a dim source today could still lead to
an observable echo signal, since it was brighter earlier.

2.19.2.1 General formalism The flux density of the echo sig-
nal Sνa ,e observable today is related to the source’s flux den-
sity Sνa ,s(t), which is a function of time, as follows.

Sνa ,e(Eγ , t) =
π2�a

E3
a
�(Eγ − Ea)

tage/2∫

0

dx ρa(x,−n̂∗)

× Sνa ,s(tage − 2x). (110)

Here �a is the axion spontaneous decay width, νa =
Ea/(2π) = ma/(4π), ρa the dark matter energy density
ρa = nama , and unit vector n̂∗ goes from the observer to the
source. The function � reduces to the Dirac delta function
in the limit of zero signal line width and takes into account
the signal width in what follows. The retarded time argument
in the source’s flux density Sνa ,s(t) reflects the fact that the
portion of the echo emitted by axion dark matter at a dis-
tance x along the line of sight (and being observed today,
when the source has an age tage) was produced by light that

first passed the observer’s location a time 2x ago. Note also
that the axion dark matter density is evaluated along the line
of sight in the direction (−n̂∗) opposite to the source (n̂∗),
hence the name of “echo”. We assume that the dark matter
is distributed according to the Navarro–Frenk–White profile
[645], with a scale radius of 20 kpc [646,647] and a local den-
sity of 0.4 GeV cm−3 in the solar neighborhood [648,649].

In the analysis we relax the Dirac delta function δ(Eγ −
Ea) to �(Eγ − Ea) by taking into account the finite width
of order ∼ σvEa caused by dark matter velocity dispersion
σv ≈ 5×10−4c [650], as well as the approximately Gaussian
shape of the signal with standard deviation σvEa . We take the
optimal�ν that maximizes the ratio of the signal to the noise,
with the latter scaling as ∝ √�ν. Therefore, approximating
the signal distribution as a Gaussian function, we find that the
optimal numbers are [639] �ν ≈ 2.8 νaσv with 84% of the
Gaussian volume within �ν. We show in [600] that the the
optical depth is negligible for the entire range of frequency
we investigate, except for the echo signal coming straight
from the galactic center, which we do not consider due to the
background.

We also point out that the motion of the SNR source and
dark matter leads to a negligible signal reduction (unless the
SNR is older than ∼ 104 years.) In addition, the motion of
the Earth with respect to the dark matter rest frame renders
the impact of the shadow of the Earth negligible.

2.19.2.2 Modeling of the supernovae remnants In the time
domain, the SNR experiences four phases: free expan-
sion [651–655], adiabatic expansion (or Sedov–Taylor) [654,
655], snow plough (or radiative phase) [654,656], and dis-
persion phase. We only study the signal contributed by the
first two phases of SNR. We model the free phase luminosity

as Lν,free(t) ≡ Lν,pk e
3
2 (1−tpk/t)

(
t

tpk

)−1.5
[652], and adia-

batic phase Lν,ad(t) ≡ Lν,tran

(
t

ttran

)−γ
. The two phases are

matched with each other at ttran. In Ref. [652] a log normal
distribution of Lν,pk and tpk is derived from about 300 recent
supernovae in the radio frequency 2–10 GHz. Thus, the light
curve of an SNR during its first two phases can be described
entirely by anchoring the light curve with early luminosity
{Lν,pk; tpk; ttran; tage; γ (α)}, anchoring with late luminosity,
{Lν,0; tpk; ttran; tage; γ (α)}, or any other combination such as
luminosity at early and late times with the age being inferred,
{Lν,pk; tpk; ttran; Lν,0; γ (α)}.

In the frequency domain, the photon spectrum of a SNR
follows a simple power law Sν ∝ E−αγ , where α is the spec-

tral index (related to γ by γ = 4
5 (2α + 1) > 0,) and Eγ

is the photon energy. We further choose the reference (or
“pivot”) frequency to be 1 GHz, following the convention
in the literature. The spectral luminosity is then given by
Lν = Sν (4πD2) = L1GHz

(
ν

1 GHz

)−α , where D is the dis-
tance of the source, and spherical symmetry of the source is
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Fig. 47 Illustration of the forward-going signal (left) and the echo signal (right). The signal from axion stimulated decay is shown in blue and the
continuum photon source in red

Fig. 48 Left: the sensitivity reach for axion dark matter coupling
gaγ γ of SKA1, for the echo produced by SNR G39.7-2.0. We take
a signal-to-noise ratio of s/n = 1. SKA1-low and SKA1-mid, in both
their single dish and interferometer modalities, are combined into a
single curve. We assume a typical value of ttran = 200 years. The
reach for the conservative “adiabatic-only” case is shown in blue. The
reach for the “free+adiabatic” case is plotted in red. For the latter
case, we further assume tpk = 3000 days, which yields L1GHz,pk =

3×1030 erg s−1 Hz−1. Right: the echo signal sensitivity from an unob-
served SNR that has the same luminosity today as SNR G6.4-0.1 in
GC [658,660] but in a different sky location where the echo signal
can be observed by SKA1. The grey regions are existing bounds from
previous literature: CAST [158,237], ADMX [505–508,562,661,662],
RBF+UF [663,664], CAPP [286,289,291], HAYSTAC [510], QUAX
[512,665], and neutron stars [532,666,667]. These bounds are taken
from [246]

assumed. From the Green catalog of SNRs [657–660], one
could see that spectral indices are centered around α ≈ 0.5
with considerable scattering.

2.19.2.3 Sensitivity from square kilometer array After prop-
erly modeling the square kilometer array phase 1 (SKA1)
with the aforementioned frequency cut and a benchmark
observation time of 100 h,15 we derive the following sensitiv-
ity shown in Fig. 48. It is observed that at low frequency the
interferometer mode leads to sensitivity of parameter space
not covered by the existing experiments. This serves as a

15 We note that the signal-to-noise ratio scales as t−1/2
obs with tobs the

observation time. Therefore, the bounds on gaγ scales as t−1/4
obs .

proof of concept on novel radio signals induced by axion
dark matter, which can potentially probe interesting unex-
plored parameter space.

2.20 Conclusions

This chapter presented the recent developments in the field of
ultralight FIPs. As shown in the different contributions, there
is a broad range of probes available for studying new regions
of as-yet-unconstrained parameter space. To conclude, here
we present updated tables with current and proposed experi-
ments (Table 7) and a set of summary plots which summarize
the status of current bounds and prospects of (near) future
searches in the case of the axion-photon coupling, Figs. 49
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Fig. 49 Summary of current bounds and prospects of ongo-
ing and future searches for the axion-photon coupling. Regions
shaded in colours correspond to experiments: mauve for labo-
ratory [499,500,707,708,714–716] and collider [185,185,704,742–
750,750–752] searches for axions, green for searches for solar
axions [158,237], and blue for direct dark matter detection
experiments [277,286,289–291,403,506,508–510,512,562,662,665,
668,677,678,690,692,705,709,717,724,726,753–758]. All astrophys-

ical bounds are shown in grey, with searches that do not depend
on the axions being dark matter shown in dark grey [106,188,200,
211,619,621,623,629,630,759–775], and those that do in a lighter
grey [127,534,776–790]. Dashed lines show the prospects for ALPS-
II [241], BabyIAXO [161], and a summary of all proposed future halo-
scopes (see next figure for a closeup). Figure produced using resources
and data found in Ref. [246]

and 50, the scalar-photon coupling, Fig. 51; and dark photon
kinetic mixing parameter, Figs. 52 and 53.

3 Light (MeV-GeV) dark matter: theory and
experiments

3.1 Introduction

Sub-GeV dark sectors arise in many well-motivated exten-
sions of the Standard Model (SM) addressing long-standing
problems in fundamental physics. One of the sharpest moti-
vations for dark sectors in this mass range is the need to
explain the observed dark matter (DM) abundance of our
universe. In the last decade, the long-standing paradigm of
weakly interacting massive particle (WIMP) DM at the GeV–
TeV scale has been severely challenged by null results in
direct and indirect DM experiments as well as at the LHC.
Thermal relic DM with lower masses in the MeV–GeV range,
similar to that of ordinary matter, is so far much less con-
strained. Unlike heavier WIMPs, however, light DM inter-
actions with SM fields must proceed via new light media-
tors in order to reproduce the observed DM relic abundance,
and thus result in a dark sector at (sub)-GeV scales. These

light DM models present several attractive features, including
sharp and testable milestones for theories where DM annihi-
lates directly into SM particles.

Beyond DM, light dark sectors are motivated by several
other open problems in fundamental physics. For example,
dark sectors containing sterile neutrinos can explain the light-
ness of SM neutrinos; richer dark-sector models can generate
the baryon-antibaryon asymmetry of the universe and poten-
tially address the hierarchy problem; and dark sectors can
address the strong-CP problem via axions or axion-like par-
ticles (ALPs).

The FIPS approach to sub-GeV dark sectors builds on
the framework of physics beyond colliders (PBC) [4], which
relies on a categorization of the dimension-four and -five por-
tal interactions through which a total SM singlet can interact
with SM fields. The limited number of portals greatly sim-
plifies both model classification and the characterization of
the related experimental signatures. Of particular interest are
the renormalizable vector portals mediated by a dark vec-
tor boson; scalar portals mediated by a new scalar mixing
with the SM Higgs boson; and neutrino portal operators,
mediated by a heavy neutral lepton, as well as dimension-
five axion portal interactions. Vector portal and scalar portal
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Fig. 50 Closeup of the summary plot of current bounds and
prospects of ongoing and future searches for the axion-photon
coupling. Projected bounds from experiments include: DMRa-
dio [736], FLASH, ADMX [791], QUAX, ORGAN [705],

MADMAX [738], ALPHA [732,733], BREAD [734], BRASS,
CADEx [735], TOORAD [792] and LAMPOST [33]. Figure produced
using resources and data found in Ref. [246]

Fig. 51 Summary of current bounds and prospects of ongoing and
future searches for the scalar-photon coupling. Shaded regions above
solid lines indicate regions of parameter space that have already been
excluded: AURIGA [671], H/Quartz, Quartz/Sapphire [691]; EP tests
[42,432,434,684,696,793]; Sr+/Cavity [723]; Dy/Dy [669]; GEO600
[447]; Holometer [448]; Al+/Yb, Yb/Sr, Al+/Hg+ [672]; H/Si [722];

Sr/Si [722]; Iodine [698]; Rb/Cs [433]; DAMNED [681]; Cs/cavity
[679]; Stellar cooling [149]; Gravity tests [670]. Dashed lines indicate
projected sensitivities: MAGIS-100 and MAGIS-km [739]; Super-fluid
Helium (He-4), Pillar, Quartz and Sapphire [794]; AION-10 and AION-
100 [730]. Figure produced in part using data provided by Abhishek
Banerjee and Sumita Ghosh
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Fig. 52 Summary of current bounds and prospects of (near) future
searches for the dark photon kinetic mixing parameter. The colour
scheme is the same as Fig. 49. Regions shaded in colours correspond to
experiments: mauve for laboratory [499–501,683,720,727,728,795–
798,798–801] searches for dark photons, green for direct searches
for solar emission [546,718,802,803], and blue for direct dark mat-
ter detection experiments [502,503,511,513–518,524,699,706,719,

721,725,803–818]. All astrophysical bounds are shown in grey, with
searches that do not depend on the axions being dark matter shown in
dark grey [153,525,819–821,821–824], and those that do in a lighter
grey [481,521,824–829]. Dashed lines show the prospects for future
LSW experiments (ALPS-II [241], STAX [740] and DarkSRF [830]),
and a summary of all proposed future haloscopes (see next figure for a
closeup). Figure produced using resources and data found in Ref. [246]

Fig. 53 Closeup of the
summary plot of current bounds
and prospects of (near) future
searches for the dark photon
kinetic mixing parameter.
Projected bounds from
experiments include Dark
E-field radio [502],
DMRadio [806], BREAD [734],
ALPHA [831],
MADMAX [738] and
SuperCDMS [815] and
LAMPOST [33]
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Table 7 Running and proposed experiments dedicated to ultralight
FIPs. Experiments labelled with an asterisk (*) have no official name.
The name appearing in the table is just a descriptive name. For con-
sistency with the summary tables in the other sections of this report,

we use the following notation for the portals: (1) vector, (2) scalar, (3)
pseudoscalar. There is no fermion portal (number 4 in the MeV-GeV
summary tables)

Running

Experiment Laboratory Source Method/technique Portals References

ABRACADABRA MIT Dark matter Lumped element (3) [668]

ADMX UW Seattle Dark matter Microwave cavity (1,2,3) [506,508,662]

ALPS DESY Laboratory Light-shining-through-a-wall (1,2,3) [241,499]

Atomic dysprosium spectroscopy∗ Mainz Dark matter Laboratory Atomic spectroscopy (2) [669,670]

AURIGA INFN Legnaro Dark matter Resonant-bar detector (2) [671]

BACON NIST and JILA
Boulder

Dark matter Optical clock comparisons (2) [672]

BASE CERN Dark matter Antiproton trap/lumped element (3) [403]

CAPP IBS Daejeon Dark matter Microwave cavity (1,3) [673]

CASPEr-gradient Mainz Dark matter Nuclear magnetic
resonance
(liquid
detector)

(3) [340,674]

CASPEr-electric Boston Dark matter Nuclear magnetic
resonance
(solid-state
detector)

(3) [340,674]

CASPEr-ZULF Mainz Dark matter Magnetometry (3) [675,676]

CAST CERN Solar Helioscope (1,3) [158]

CAST-CAPP CERN Dark matter Microwave cavity (1,3) [677]

CAST-RADES CERN Dark matter Radio-frequency cavity (3) [678]

CROWS CERN Laboratory Light-shining-through-a-wall (2,3) [500]

Cs/cavity comparisons∗ Mainz Dark matter Clock-cavity comparison (2,3) [679,680]

DAMNED SYRTE Paris Dark matter Time-delay interferometry (2,3) [681]

DANCE U. Tokyo Dark matter Optical ring cavity (3) [682]

Dark E-field UC Davis Dark matter Antenna (1) [502]

DarkSRF Fermilab Laboratory Light-shining-
through-a-
wall/superconducting
RF cavity

(1) [683]

DOSUE-RR U. Kyoto Dark matter Cryogenic millimeter-wave receiver (1) [514]

Eot-Wash UW Seattle Laboratory Torsion pendulum (1,2,3) [432,684,685]

Eot-Wash UW Seattle Dark matter Torsion pendulum (1,3) [686,687]

Ferromagnetic haloscope UWA Perth Dark matter Ferromagnetic haloscope (3) [688]

FUNK KIT Dark matter Dish antenna (1) [689]

GEO600 Hannover Dark matter Optical interferometry (1,2,3) [447]

GrAHal Grenoble Dark matter Microwave cavity (3) [690]

H/Quartz and
Quartz/Sapphire
comparisons∗

UWA Perth Dark matter Clock-cavity and
cavity-cavity
comparisons

(2) [691]

HAYSTAC Yale Dark matter Microwave cavity (1,3) [692]

HfF+ molecular EDM∗ JILA Boulder Dark matter Molecular EDM (3) [339]

Holometer Fermilab Dark matter Optical interferometry (1,2,3) [448]

JEDI Jülich Dark matter Storage ring (3) [693]

K/He co-magnetometry Princeton Dark matter Magnetometry Laboratory (3) [694,695]
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Table 7 continued

Running

Experiment Laboratory Source Method/technique Portals References

LAMPOST MIT Dark matter Multilayer optical dielectric haloscope (1) [33]

LIGO Hanford
and Liv-
ingston

Dark matter Optical interferometry (1,2,3) [450,453]

MICROSCOPE CNES (space mission) Laboratory Torsion pendulum (1,2) [696,697]

Molecular iodine spectroscopy∗ Duesseldorf Dark matter Molecular spectroscopy (2,3) [698]

MuDHI NYU, Abu Dhabi Dark matter Multilayer optical dielectric haloscope (1) [699]

NASDUCK Weizmann Dark matter Magnetometry (3) [700,701]

nEDM PSI Dark matter Magnetometry (3) [336,702]

Neutron beam EDM∗ ILL Grenoble Dark matter Neutron EDM (3) [703]

NOMAD CERN Laboratory Light-shining-through-a-wall (3) [704]

ORGAN UWA Perth Dark matter Microwave cavity (1,2,3) [705,706]

ORPHEUS U. Washington Dark matter Dielectric loaded cavity (1,3) [513]

OSQAR CERN Laboratory Light-shining-through-a-wall (2,3) [707]

PVLAS INFN Ferrara Laboratory Vacuum birefringence and dichroism (2,3) [708]

QUALIPHIDE JPL, Caltech Dark matter Dish antenna (1) [518]

QUAX-aγ INFN Legnaro Dark matter Microwave cavity (1,3) [512,665,709]

QUAX-ae INFN Legnaro Dark matter Ferromagnetic haloscope (1,3) [710,711]

QUAX-gpgs INFN Legnaro Laboratory Long-range interactions (2× 3) [712]

Rb/Cs clock comparison∗ SYRTE Paris Dark matter Microwave clock comparisons (2,3) [433]

Rb/Quartz comparison∗ Mainz Dark matter Clock-cavity comparison (2) [713]

SAPPHIRES Hiroshima Laboratory Photon-photon collider (3) [714–716]

SHAFT Boston Dark matter Lumped element (3) [717]

SHIPS Hamburg-Bergedorf Solar Helioscope (1) [718]

SHUKET CEA Paris-Saclay Dark matter Dish antenna (1) [719]

Spring-8-LSW Super Photon ring-8 GeV, Japan Laboratory Light-shining-through-a-wall (1) [720]

SQMS Fermilab Dark matter SRF cavity (1) [721]

SQuAD U. Chicago Dark matter Cavity + superconducting qubit (1) [511]

Sr/Si and H/Si comparisons∗ JILA Boulder Dark matter Clock-cavity comparisons (2,3) [722]

Sr+/cavity comparison∗ Weizmann Dark matter Clock-cavity comparison (2) [723]

TASEH Taiwan Dark matter Microwave cavity (3) [724]

Tokyo dish antennae U. Tokyo Dark matter Dish antenna (1) [516,517,725]

UPLOAD UWA Perth Dark matter Microwave cavity (3) [726]

UWA-LSW UWA Perth Laboratory Light-shining-through-a-wall (1) [727,728]

WISPDMX U. Hamburg Dark matter RF cavity (1) [503]

Yb+
(E3)/Yb+
(E2) and Yb+
(E3)/Sr clock
comparisons∗

PTB Braunschweig Dark matter Optical clock comparisons (2) [729]

Proposed

Experiment Laboratory Source Method/technique Portals References

AION Oxford (10 m scale), CERN (100m scale, TBC) Dark matter Atom interferometry (2) [730]

ALPS-II DESY Laboratory Light-shining-through-a-wall (1,2,3) [241]

ARIADNE IBS Daejeon (TBC) Laboratory Nuclear magnetic resonance (2× 3, 3) [731]

BabyIAXO DESY Solar Helioscope (1,3) [161,162]

ALPHA Oakridge National Laboratory Dark matter Plasma haloscope (1,3) [732,733]
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Table 7 continued

Proposed

Experiment Laboratory Source Method/technique Portals References

BREAD Fermilab Dark matter Dish-antenna haloscope (1,3) [734]

CADEx Canfranc Dark matter Microwave cavity (1,2,3) [735]

DM-Radio Stanford Dark matter Lumped element (1,3) [736]

FLASH INFN Frascati Dark matter Microwave cavity (1,3) [737]

IAXO DESY (TBC) Solar Helioscope (1,3) [161]

MADMAX DESY Dark matter Dielectric haloscope (1,3) [738]

MAGIS Fermilab (100m scale) Dark matter Atom interferometry (2) [739]

STAX CERN/Unknown Laboratory Light-shining-through-a-wall (1) [740]

WISPLC U. Hamburg Dark matter Lumped element (3) [741]

benchmarks are in particular motivated by MeV-GeV DM
models, where the new vector or scalar serves as the particle
mediating DM freezeout.

Thermal relic DM, proceeding in direct thermal contact
with the SM, provides one of the simplest and most predictive
scenarios for the origin of DM. FIPs vector and scalar portal
benchmarks are motivated by minimal extensions of the SM
that can give rise to such thermal relic DM at the MeV-GeV
scale without violating existing cosmological, astrophysical,
or terrestrial bounds. These minimal extensions consist of a
DM particle and a mediator particle, and give rise to different
experimental signatures and targets depending on whether
DM freezes out directly to SM final states (“direct freezeout”)
or into mediator particles (“secluded freezeout”). In the case
of direct freezeout, the mediator can typically decay into DM,
which gives rise to missing energy signatures and sharply-
characterized production targets at terrestrial experiments.
For secluded freezeout, the mediator is lighter than DM,
motivating searches for visibly-decaying mediators within
a broad range of visible parameter space consistent with the
observed DM abundance.

The vector portal benchmark scenarios describe the pos-
sible renormalizable interactions of a new vector boson with
the SM. PBC defined three benchmarks in this category, all
based on a dark photon kinetically mixing with SM hyper-
charge. Benchmark BC1 covers the minimal visible dark pho-
ton model, and BC2 the invisible dark photon decaying to
light dark matter. BC3 covers millicharged particles, which
arise in the limit where the dark photon mass goes to zero.

The FIPs vector portal benchmarks have been expanded
beyond the PBC dark photon benchmarks to cover two new
directions. First, we consider models where anomaly-free
global symmetries of the SM are gauged. In these models,
SM particles are directly charged under a new fifth force,
and the new U (1) gauge boson couples directly to the corre-
sponding symmetry current. The benchmark BCB−L intro-
duces a new gauge boson coupled to U (1)B−L . Gauging

B − L requires the introduction of right-handed neutrinos,
which offers opportunities to connect this benchmark to neu-
trino benchmarks. Future directions of interest include gauge
bosons coupled to the lepton-flavor-violating anomaly-free
symmetries U (1)B−3Li and U (1)Li−L j . Such lepton-flavor-
violating symmetries offer connections to the long-standing
tensions in measurements of the muon anomalous magnetic
moment, or can yield hadrophilic signatures that substantially
change optimal search strategies.

Second, BCi DM expands BC2 to the case of inelastic
DM, with the complex DM of BC2 now split into two non-
degenerate real states. The mass splitting suppresses both
direct and indirect detection signals and alters the thermal
relic targets for terrestrial searches. The off-diagonal cou-
pling of the dark photon to the two DM states motivates a
semi-visible search strategy.

The scalar portal benchmark scenarios, from PBC, cover
a new scalar mixing with the SM Higgs boson. In BC4 the
couplings of the new scalar mediator depend only on mass
and mixing angle, while BC5 covers cases where the mixed
quartic coupling gives rise to additional pair production in
various channels. FIPS work in progress here includes devel-
opment of a consistent recommendation for scalar branching
ratios to SM particles.

Neutrino portal benchmarks BC6, BC7, and BC8 from
PBC each introduce one new heavy neutral lepton N with
coupling to a single SM lepton flavor, respectively electron,
muon, and tau. FIPS is in the process of generalizing these
benchmarks to include two additional scenarios with richer
flavor structures that are compatible with active neutrino
oscillation data.

Finally, the PBC ALP portal benchmark scenarios BC9,
BC10, and BC11 cover ALP couplings to photons, SM
fermions (with some flavor assumptions), and gluons respec-
tively. FIPS is actively developing new benchmarks here that
(i) include couplings to W bosons, and (ii) accurately account
for the combinations of operators that arise from well-defined
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UV completions followed by renormalization group running.
The interplay of different combinations of operators is a
generic prediction of consistent theories, includes flavor-off-
diagonal axion couplings, and can have a substantial impact
on the experimental signatures of ALPs.

These benchmarks serve as sharply-defined and well-
motivated targets to guide exploration of the parameter space
for MeV-GeV dark sectors. Complementing direct and indi-
rect searches for DM, a large program of accelerator-based
experiments has been proposed to explore the FIP parame-
ter space, including generic searches for dark sector medi-
ators, exotic Higgs decays, long-lived particles, and milli-
charged particles. This program comprises efforts at vari-
ous degrees of execution, from conceptual designs to active
experiments leveraging a wide range of production mech-
anisms and detection techniques. At colliders, FIPs can be
produced either directly in electron-positron or proton-proton
collisions, or through the decay of another (SM) particle. In
hadronic environments, SM backgrounds are overwhelming
in many cases. Dedicated detectors located next to ATLAS,
CMS and LHCb have been proposed to increase the sensitiv-
ity to long-lived and milli-charged particles (neutrino physics
is also accessible at some proposals). Electron-positron col-
liders provide complementary sensitivity to semi-visible and
invisible final states. FIP searches are also performed at
extracted beams with fixed target and beam dump setups,
as well as meson factories and neutrino experiments. They
provide unique sensitivity to (very) small dark sector-SM
couplings, ideally complementing the reach of colliders. The
large variety of beams and techniques used can probe many
couplings and final states. For example, protons are uniquely
suited to probe hadronic couplings, while muon beams open
a unique window on the second generation of leptons.

This section presents an overview of current theoretical
investigations and experimental concepts to search for sub-
GeV dark sector particles. In Sect. 3.2, we begin the discus-
sion with a theoretical introduction to sub-GeV dark mat-
ter, followed by a survey of cosmological and astrophysi-
cal probes (Sect. 3.3), and an overview of indirect detec-
tion searches (Sec. 3.4). We then discuss the Snowmass
effort in the context of FIPs at high-intensity experiments
(Sect. 3.5). Sections 3.6–3.10 are dedicated to CERN exper-
iments searching for dark particles with LHC experiments
and ancillary detectors and facilities, followed by efforts with
extracted beams in Sects. 3.11–3.14. The situation at DESY
(Sect. 3.15), Frascati (Sect. 3.16), KEK (Sect. 3.17), JLAB
(Sect. 3.18), FNAL (Sect. 3.19), and SLAC (Sect. 3.20) is
then presented. The section concludes with a collection of
new ideas for searches for MeV-GeV dark sector particles at
accelerator experiments.

3.2 Light (MeV-GeV) DM and related mediators: theory
overview – N. Toro

Author: Natalia Toro, <ntoro@slac.stanford.edu>

3.2.1 Abstract

This contribution summarizes models of MeV-to-GeV mass
dark matter, light mediators related to dark matter, and the
observable signatures of each. We focus on motivating bench-
marks frequently used for accelerator-based searches aand
providing a perspective on the complementarity of different
experimental approaches.

3.2.2 Introduction and framework

The nature of dark matter is among the foremost open prob-
lems facing fundamental physics today. Thinking broadly
about what dark matter could be, where it came from, and
how it interacts with itself and with familiar matter has been
a driving force in motivating and guiding dark sector physics.

The idea that dark matter constituents could have simi-
lar mass scales to electrons and protons is appealingly sim-
ple. Its realization requires only a modest enlargement of the
Standard Model, but simultaneously implies a Copernican-
level shift in perspective. A few decades ago, conventional
wisdom held that dark matter’s constituents should either be
much heavier than those of familiar matter – weakly interact-
ing massive particles, or WIMPs, with TeV-scale masses –
or exponentially lighter, as in the case of QCD axions. Both
of these DM candidates revolve around the Standard Model
(SM), with dark matter emerging as a byproduct of mod-
els that correct the SM’s deficiencies by enlarging its matter
sector and symmetries (in WIMP models, the dark matter
itself is SM-charged matter; in axion models, new charged
matter is added at high scales to realize the Peccei-Quinn
mechanism [230–233]). By contrast, DM at the GeV mass
scale or below must be neutral under Standard Model forces
to be consistent with collider searches. The expectation that
DM should have some non-gravitational interactions – both
to explain its production and as a prerequisite for detection
– implies that DM interacts under new forces that operate at
well-explored energy scales but do not couple appreciably to
SM matter. This is the Copernican shift in perspective alluded
to earlier: the idea that the gauge symmetry structure of the
SM may describe only a (cosmologically minute) fraction of
the Universe, while a dark sector with distinct but analogous
structure accounts for the remainder (see Fig. 54(left)).

A dark sector’s neutrality under SM gauge symmetries
makes it challenging to detect, but also provides a guide
to its allowed interactions with matter. The relevant inter-
actions of SM-neutral matter with SM matter permitted by
SM gauge symmetries and Lorentz invariance, are few in

123



Eur. Phys. J. C          (2023) 83:1122 Page 79 of 266  1122 

number: a dark-sector U (1) gauge boson (or “dark photon”)
A′μ, scalar φ, or neutral fermion ψ can mix with the photon,
Higgs boson, or neutrinos respectively through the opera-
tors εY

2 F ′μνBμν , εh |h|2|φ|2 (and/or Ah |h|2φ for φ neutral), or
εν(hL)ψ respectively, as reviewed in e.g. [832–834]. These
interactions are often referred to as portals and the dark-
sector particles mixing with SM fields as mediators. Portal
couplings are generically small, with a characteristic scale
of 10−6 to 10−2 if generated from one- or two-loop radiative
effects (and even smaller if generated non-perturbatively).
Through mixing, the mediator acquires an effective coupling
to SM matter proportional to its charge (dark photon por-
tal) or Yukawa coupling (scalar portal). The smallness of
these couplings can generate small mass-scales for dark sec-
tor particles [835], or small mass scales can arise from dimen-
sional transmutation [1,836], much as the electron and proton
masses are generated in the Standard Model.

The small scales typical of dark sector masses and cou-
plings inform searches for hidden-sector dark matter and
mediators, which are limited not so much by energy require-
ments (as is the case at the LHC) but by the intensity, sen-
sitivity, and/or lifetime required to explore small couplings.
As a result, fixed-target experiments, searches at B-factories,
auxiliary LHC detectors all have substantial sensitivity and
mutual complementarity (see Fig. 54(right)). In addition,
searches for dark matter and mediators at accelerators, direct
and indirect detection, and cosmic probes of DM annihilation
and self-interactions all have rich connections among them
and opportunities for complementarity, which we emphasize
throughout this contribution.

Following the trail of the dark matter abundance It is
encouraging that the dark sector paradigm simply explains
the most salient qualitative properties of dark matter: the
weakness of DM-SM interactions is explained by the SM-
neutrality of DM, as discussed above. Its cosmological sta-
bility is naturally explained if the DM is the lightest parti-
cle charged under a new dark-sector gauge symmetry. How-
ever, the only measured quantitative property of DM is its
mass abundance – and portal interactions at the scale moti-
vated above will necessarily thermalize DM with SM matter.
Their strength and those of other DM interactions control the
freeze-out of the DM from chemical equilibrium at temper-
atures comparable to its mass, and therefore its abundance at
late times (as is also the case for thermal WIMP dark matter).
Thus, the abundance of DM is a powerful hint to refine and
focus the basic framework introduced above.

Scenarios where DM was once in thermal equilibrium
with ordinary matter can be governed by either direct or
indirect freeze-out. Direct freeze-out models – those where
DM annihilates into SM final states through its portal inter-
actions – define sharp milestones in parameter space within
reach of upcoming experiments. These have become impor-
tant benchmarks for the accelerator and direct detection com-

munities, with some scenarios also accessible in future indi-
rect detection. In indirect freeze-out models, DM equilibrates
with another state in dark-sector, whose decays and/or anni-
hilations with SM particles also play a role in determining
the DM abundance. Though somewhat less predictive, these
models broaden the motivation for these experiments as well
as for long-lived particle decays that explore the structure of
the dark sector. We will treat each case in turn.

3.2.3 WIMP-like (direct) freeze-out: sharp predictions and
complementarity

In the simplest thermal freeze-out scenario, the DM abun-
dance today is determined by the interplay of the DM anni-
hilation cross-section into SM particles – which maintains
chemical equilibrium between the SM and DM populations
as the Universe cools below the DM mass – and Hubble
expansion – which dilutes the DM abundance after it can no
longer efficiently annihilate. From the observed DM mass
density, one can infer an annihilation cross-section (roughly
independent of the DM mass) of 〈σv〉 ≈ 2−3 10−26cm3/s ∼
(20 TeV)−2 at temperatures of∼ 1/10 the DM mass. Larger
cross-sections would lead to excess DM annihilation, and
hence depletion of DM to less than the observed DM abun-
dance, while smaller cross-sections would lead to an excess
of DM relative to observations unless some other deple-
tion mechanism is present. The “WIMP miracle” refers
to the proximity of this inferred cross-section scale to the
(α2/TeV)2 scale expected for TeV-scale particles interact-
ing through SU (2)L . Of course, the same cross-section scale
can also result from interactions with a weaker coupling and
lower mass scale, as noted in [836].

This motivates examining the simplest possible ther-
mal freeze-out scenarios in a dark sector: DM annihilat-
ing through a portal coupling into SM matter. This scenario
is readily realized in vector-portal models, where the cor-
rect DM relic abundance is obtained by dark-sector thermal
freeze-out for the perturbative mixing range motivated above,
MeV-to-GeV DM masses, and modest ratios between DM and
mediator masses. By contrast, scalar portal direct freeze-out
is excluded by meson decay constraints [837], further moti-
vating our focus below on the vector portal. We also note
that neutrino-portal counterparts of direct freeze-out can be
realized with additional matter [838–841].

Direct vector-portal freeze-out has distinct phenomenol-
ogy depending on the spin of the DM, which is usually taken
to be a fermion or scalar. Additionally, the theory admits DM
mass terms that preserve the U (1) gauged by the dark pho-
ton A′, as well as DM mass terms that break this symmetry
(the latter are compatible with all symmetries of the theory,
since this U (1) is already broken by the A′ mass, and are
readily generated by the Higgs mechanism). Depending on
the relative sizes of these mass terms, fermionic DM can be
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Fig. 54 Left: in many long-standing models, dark matter emerges as
an byproduct of models that address deficiencies in the Standard Model
(SM) by extend its matter and/or symmetries. The dark sector program,
by contrast, explores the possibility that dark matter is our first glimpse
of physics unrelated to the SM and hence neutral under its symmetries.
Dark sectors are naturally classified according to the “portal” interac-

tions, restricted by symmetries, through which they couple to the SM.
Right: schematic illustration of the mass vs. coupling space for dark
matter and the complementarity between LHC experiments and other
approaches probing lower energies but improving small-coupling sen-
sitiivity through intensity and sensitivity to rare reactions and/or long
lifetimes

Dirac, pseudo-Dirac (inelastic, i.e. DM is split into two mass
eigenstates), or Majorana while the scalar theory can have
elastic or inelastic interactions.

The above-mentioned cases have surprisingly different
phenomenology given their common theoretical structure.
The differences arise from two effects: the velocity-scaling of
annihilation and scattering cross-sections, and the depletion
in inelastic models of the heavier DM state’s cosmological
abundance in inelastic models. Because the dark photon cou-
ples off-diagonally, tree-level interactions of the surviving
light DM state are kinematically forbidden at low velocities.
These suppressions, and the kinematic conditions relevant
for thermal freeze-out, CMB reionization by DM annihila-
tion, indirect detection and direct detection are summarized
in Table 8 and elaborated below.

Lessons from CMB and prospects for indirect detection
The CMB power spectrum sensitively probes DM annihila-
tion near the time of recombination, which deposits electro-
magnetic energy. This energy partially reionize Hydrogen,
“smearing” the surface of last scattering and altering the
CMB power spectrum [844–846]. Planck [79] constraints
〈σv〉eV � 3 · 10−26cm3/s (20GeV/mDM) for annihilation
to electrons (with only mild modifications to this bound dif-
ferent annihilation products, excepting neutrinos which are
unconstrained). This constraint robustly excludes sub-GeV
thermal DM if it has a temperature-independent annihila-
tion rate, i.e. elastic s-wave annihilation into non-neutrino
SM final states. From Table 8(left), we see that Dirac DM
is the only case of vector-portal DM satisfying this assump-
tion. For other DM types, low-temperature annihilations are
suppressed by v2 due to p-wave annihilation and/or by the
abundance fh of the heavier component in inelastic DM,
which is exponentially suppressed by collisions [843] and

Table 8 Left: scaling of tree-level annihilation and scattering signals
with CM-frame velocity v and, in inelastic models, with the fraction
fh of DM in the heavier mass eigenstate. m/S and mS refer to masses
breaking and respecting the U (1)D symmetry broken by the dark pho-
ton mass. Right: characteristic velocity scale for DM in the epochs
and conditions relevant to different experimental probes. The fractional
abundance fh during the recombination epoch and in the present era
depends on the precise mass splitting, but vanishes if the heavy state is
unstable to decays and is exponentially suppressed but potentially phe-
nomenologically relevant if its abundance is depopulated only through
scattering (see e.g. [842,843]). As a result of these suppressions, all
cases considered except the Dirac fermion are presently viable; the
prospects for near-term detection are indicated in the last column

Spin and mass structure Annihilation Scattering Prospects

Scalar elastic (m/S = 0) v2 1 Acc, DD, ID

Scalar inelastic (m/S �= 0) v2 fh fh Acc

Dirac (m/S = 0) 1 1 × excl. by CMB

Pseudo-Dirac (m/S  mS) fh fh Acc

Majorana (m/S � mS) v2 v2 Acc, ID, DD

Probe (reaction) Velocity v fh

Accelerator (prod) ∼ c N/A

Freeze-out (ann) ∼ 1/3c ∼ 1

CMB Reionization (ann) � 10−6  1

Indirect Detection (ann) ∼ 10−3  1

Direct Detection (scat) ∼ 10−3  1

may be fully eliminated if the heavy DM state decays into
the lighter one. Hence, thermal vector-portal DM is generi-
cally consistent with CMB constraints on annihilation.

Relative to the CMB bounds, indirect detection of light
DM faces several challenges. It is subject to uncertainty in
the DM halo profile, and sensitivity depends on the spectrum
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Fig. 55 Left: predicted cross-sections for DM-electron scattering
based on thermal freeze-out (black lines), accounting for the suppres-
sions indicated in Table 8(left) (1-loop scattering dominates the pre-
dicted signal for inelastic models), along with current constraints (gray
regions) and projections from [848] (curves in shades of red) for 100
kg to tonne-scale silicon detectors’ potential sensitivity limited by yield
and/or solar neutrino backgrounds. Right (copied from [834]): predicted
interaction strength y ≡ ε2αD(mχ/m A′ )4 based on thermal freeze-out

(black lines), accelerator-based constraints (gray regions) and sensitiv-
ity prospects for ongoing/funded (shaded) and proposed (solid, dashed,
and dotted curves) accelerator-based experiments. Plotting sensitivity
in y at the chosen parameter values αD = 0.5, m A′/m DM = 3 is con-
servative in that, as discussed in [10,849], varying away from these
parameters within the range of applicability of direct freeze-out gen-
erally improves experiments’ sensitivity in y (except near resonance
[849,850] m A′/m DM ≈ 2)

of gamma rays and therefore on the precise DM annihilation
products. Nonetheless, next-generation proposals for MeV
gamma-ray detection, which will improve sensitivity to DM
annihilation in the Milky Way by up to four orders of mag-
nitude (see e.g. [847]), present a great opportunity. Because
the velocity dispersion of DM in the Milky Way is much
larger than at recombination, models with p-wave annihila-
tion predict larger cross-sections in indirect detection than at
recombination. With these gains (and assuming an Einasto
halo profile), proposed detectors such as AMEGO, GECCO,
and MAST will probe the 10−31cm3/s annihilation cross-
sections expected for thermal DM with p-wave annihilation.
This is one possible route to discovery of models such as
Majorana and scalar elastic DM. Inelastic models may also be
detectable in this way, in the subset of models where a small
population of the heavy DM state survives to the present day.

The need for a multi-pronged program More broadly, an
important take-away from the above discussion is that draw-
ing correct conclusions from experiments relying on cosmo-
logical DM requires careful consideration of interactions’
dependence on both the DM velocity and, in inelastic mod-
els, the reduced abundance of the heavier mass eigenstate.
This is a challenge from the point of view of broadly explor-

ing the parameter space of light DM. From this perspec-
tive, it underscores the importance of an accelerator-based
search program. Figure 55(left) illustrates the impact of non-
relativistic suppressions on direct detection prospects (left),
where the scattering rates for models in Table 8(left) span 20
orders of magnitude, and the relatively compact and accessi-
ble parameter space for accelerator production of light DM
(right), where the (semi)relativistic production kinematics
renders these effects minor.

At the same time, the range of possibilities within this sim-
ple class of models also underscores the tremendous value of
a program that simultaneously pursues multiple avenues to
DM detection. For example, in the “optimistic” elastic scalar
case, near-future direct detection experiments could detect
electron recoils, while ongoing or next-generation accelera-
tor based experiments could also detect its production. Com-
bining the information from these two probes would allow
direct confirmation of the DM’s cosmological abundance and
spin, independent measurements of the DM and mediator
masses, measurement of the mediator coupling to SM mat-
ter, and inference of its coupling to DM itself! In addition,
future indirect detection experiments could directly probe its
annihilation properties.
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Even in more pessimistic scenarios there is interest-
ing interplay between approaches. For example, Majorana
DM can be readily produced at accelerators. Though direct
and indirect detection signals are both velocity-suppressed,
superfluid helium detectors can access Majorana DM scatter-
ing off nucleons for m DM � 100 MeV, while p-wave anni-
hilation reaction could be detected in future indirect detec-
tion probes. Inelastic scenarios offer particularly challenging
phenomenology, but could be identified through long-lived
decays of the heavy state at accelerators (see e.g. [851,852]),
boosted DM signals, or, if the heavy state is cosmologi-
cally stable, down-scattering of this state in DM detectors
which leads to a monochromatic energy deposition signal
[842,843]. In each case, a discovery in one probe would
provide ample motivation to push the technology in others,
enabling rich characterization of the physics of the dark sec-
tor!

Combination with cosmic probes of light DM There are
several promising avenues for constraining or corroborat-
ing light hidden-sector DM using cosmological data. Two
that are particularly relevant in our context are measures of
the effective number of neutrino species degrees Nef f and
of DM self-interactions (SI) through its impact on cosmo-
logical structure. Both have the greatest impact at low DM
masses � 10 MeV, as elaborated below. While Nef f dis-
favors DM below 4–9 MeV altogether, SI bounds imply a
mass-dependent upper limit on the DM-mediator coupling
αD , which can be combined with the accelerator sensitivities
shown in Fig. 55(right) to strengthen these constraints at DM
masses below 10 (40) MeV for inelastic (elastic scalar) DM.

The Nef f limits and combination with SI bounds are
subject to very different systematic uncertainties than other
searches we have discussed. It is generally agreed that direct
tests of thermal models, in a terrestrial experiment, are worth-
while even in the parameter regions most strongly disfa-
vored by cosmology data, given the potential systematics
affecting the latter. For this reason, summary figures like
Fig. 55(right) do not generally show the combined impact
of cosmology data. Nonetheless, these bounds offer impor-
tant context. They shed light on the most promising places
to look for light DM and could play vital roles in corrobo-
rating future signals and providing complementary insights
into both the interactions and the cosmological history of
light DM.

3.2.3.1 Effective number of light degrees of freedom In [853,
854], it was noted that thermal DM at few-MeV masses would
decrease the apparent number Nef f of light neutrinos from
SM neutrinos by heating the electron-photon plasma relative
to neutrinos. While recent work using improved data over the
last decade has strengthened this constraint (see e.g. [855]), it
can be somewhat compensated if new dark-sector radiation
degrees of freedom increase Nef f to compensate. A joint

CMB-BBN analysis to constrain models with dark radiation
was undertaken by [856], finding lower bounds on DM mass
of 4–8 MeV in the models discussed in Sect. 3.2.3 depending
on the DM spin.

While the bounds from [856] are robust to the inclusion of
dark radiation, the presence of other discrepancies between
CMB data and local cosmology (in particular, the H0 and
σ8 tension) does raise the broader question of whether some
other feature is missing from CDM cosmology, the inclu-
sion of which might alter the conclusions of these analyses.
It is in this sense that we describe the low-mass region as
“disfavored” rather than “excluded” above.

3.2.3.2 Self-interactions Another relevant probe that is
advancing rapidly is tests of DM self-interaction (SI). Though
we cannot observe DM SI directly, their impact on struc-
tures at Galactic, dwarf, and cluster scales has been stud-
ied through the comparison of simulations to observations
(see e.g. [857,858] for recent reviews). Intriguingly, some
weak evidence has been found at multiple velocity scales for
DM SI at the level of σ/m ∼ 0.1–1 cm2/g, though com-
parable constraints have also been obtained by other anal-
yses. Importantly, the SI cross-section does not depend on
the kinetic mixing ε, but only on the couplings and masses
within the dark sector (and the spin and mass structure of
the DM). It is therefore highly complementary to both direct
detection (with a signal proportional to ε2αD) and acceler-
ator probes (with signals generally scaling as ε2 or ε4αD

in missing-energy/momentum and beam dump experiments
respectively).

Many analyses take as an approximate constraint that the
SI cross-section should be< 1cm2/g16. Using the commonly
assumed mass ratio m A′/m DM = 3 as a reference, this limit

on SI implies αD < 0.5
( mχ

10 MeV

)3/4
for inelastic models

(αD < 0.5
( mχ

40 MeV

)3/2
for elastic scalar DM), using cross-

sections from [864,865]. Thus, below 10 (40) MeV, the sen-
sitivity in the interaction strength y obtained by combining
accelerator probes of ε with SI probes of αD is stronger than
the constraint from accelerators in Fig. 55, which assumes
the theoretically conservative upper bound αD = 0.5. The
improvement is most dramatic at low masses. For example, at
1 MeV missing energy/momentum bounds on inelastic mod-
els improve by a factor of 5 (and 270 for the elastic scalar),

16 We note that tighter constraints have been claimed at cluster scales
(e.g. 0.13 cm2/g from strong lensing [859] and∼ 0.4cm2/g from both
cluster mergers and the locations of bright central galaxies (BCGs)
[860,861], but analyses of strong lensing and mergers with different
assumptions have found substantially weaker bounds [862,863] and
the BCG method is also subject to uncertainties in both theoretical
and observational modeling. Given the simultaneous hints for self-
interaction at the 0.1–0.5 cm2/g level, treating 1cm2/g as the approx-
imate scale at which tension is generated with SI constraints seems
appropriate.
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while beam dump sensitivities improve by the square roots
of these factors.

3.2.4 Generalized (indirect) freeze-out: examples and
broad lessons

Above, we started from a minimal and restrictive premise –
freeze-out of DM into SM particles controlled by the portal
interaction – and found a rich space of observational pos-
sibilities simply by altering the spin of the DM. However,
relaxing this assumption is very reasonable. The dark sector
hypothesis, and viability of sub-GeV dark matter more gen-
erally, requires new light degrees of freedom so it is natural to
consider scenarios where these species also plays an impor-
tant role in DM freeze-out. A wide variety of such models
motivate a common suite of experimental probes (those pre-
sented above, plus visible decays of long-lived dark sector
particles), with the complementarity across probes working
somewhat differently for each model. This is illustrated by a
few examples, which we summarize below as well as point-
ing out key points about their phenomenology.

• Secluded dark matter, where DM annihilates into two
lighter mediators, whose decays into SM matter maintain
equilibrium between the dark and SM sectors. In contrast
to the direct annihilation case, secluded DM is most read-
ily realized in scalar-portal models (where the secluded
annihilation is p-wave), and is excluded by CMB energy
injection bounds for the vector portal (where the secluded
annihilation reaction is s-wave). The DM annihilation
cross-section is controlled by the Yukawa coupling of the
DM to the dark scalar, which for sub-GeV DM must be
fairly small, but thermal freeze-out yields no prediction
for the mixing parameter sin θ ∼ AhvSM/m2

h , where Ah

is the mixing parameter between the Scalar singlet field
and the bilinear operator H† H of the Higgs boson, vSM

is the EW vacuum expectation value, and mh is the Higgs
boson mass. Upcoming searches in direct detection and
in long-lived meson decays will probe new parameter
space in sin θ , but the most decisive prospect for testing
this scenario is indirect detection with p-wave sensitivity
using MeV gamma-ray telescopes [847].

• Strongly interacting dark matter refers to models where
the DM is part of a confined dark sector (in many mod-
els, it is taken to be a stable dark-pion). The strong
dynamics of this sector can affect freeze-out in multiple
ways, including 3-pion-to-2-pion annihilation through
Wess–Zumino–Witten diagrams [866,867] and annihi-
lation into somewhat heavier dark vector mesons [868].
In each case, the interplay of these processes’ dark sec-
tor rates with the rates of scattering and/or decay reac-
tions that maintain dark sector/SM kinetic equilibrium
[869,870] leads to a rich phase diagram of masses and

mixings for which the observed relic abundance is real-
ized, generally below the thermal relic lines discussed
above. Because these mechanisms rely on strong dynam-
ics, the presence of unstable resonances only somewhat
heavier than the DM is generic. These typically have
long-lived decays to SM particles (or in some cases to a
combination of SM and dark-sector particles), and offer a
promising target for long-lived particle searches. In addi-
tion, much of this parameter space can be explored by
both low-threshold direct detection and accelerator-based
production experiments. In this parameter space, 2-to-2
annihilation is both p-wave and below the cross-section
expected for thermal freeze-out, so that indirect detection
is extremely challenging.

• Forbidden and not-forbidden DM, and their variations
arise in minimal vector portal models where the DM and
mediator masses are quite close (mχ < m A′ < 2 · mχ )
so that the secluded annihilation reaction is kinemati-
cally forbidden for typical DM particles but allowed on
the high-energy tail of the DM Boltzmann distribution
(forbidden DM [871,872]). Processes with 3-particle ini-
tial states can also lead to kinematically allowed deple-
tion of DM (not-forbidden DM [873]), but pay an addi-
tional Boltzmann penalty due to the involvement of 3
non-relativistic initial state particles. Like SIMPs, there
is a rich coupling-mass diagram in which the interplay of
these annihilation rates with those that maintain DM-SM
kinetic equilibrium leads to the observed DM abundance
[864,865]. In this mass range, the portal mediator decays
visibly (since decays to DM are kinematically forbidden)
through the portal coupling, which again lead to lifetimes
observable in the long-lived particle regime. Because 2-
to-2 annihilation is kinematically forbidden for low DM
velocities, indirect detection is impossible. Scattering in
direct detection experiments is challenging to detect due
to the low couplings expected in much of these models’
parameter space.

3.2.5 Summary

The conclusions of this contribution can be summarized as
follows:

• Sub-GeV dark matter implies a hidden sector, which
motivates a powerful bottom-up classification based on
the dominant “portal” interaction mediating dark sector
interactions with the SM.

• The new portal force must be stronger (as an effective
operator) than the weak interactions, and it is reasonable
to assume that the portal mediator and possibly other dark
sector particles have a mass comparable to the DM one.
This motivates looking for multi-particle dark sectors;
additional effects of these particles, such as DM self-
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interactions can be large enough to observably affect cos-
mological structures, particularly in the 1–40 MeV mass
range.

• The abundance of DM is a strong and powerful hint. Fol-
lowing it leads to a rich landscape of experimental oppor-
tunities. DM production at accelerators is the most robust
single probe of the simplest and most WIMP-like ther-
mal production scenarios, but direct and indirect detec-
tion and probes of DM self-interaction have promising
and highly complementary prospects as well. Examin-
ing broader models strengthens the case for pursuing all
three of these classes of experiment, as well as a dis-
tinct class of accelerator-based experiments searching for
long-lived dark sector particles.

3.3 Light dark matter in the MeV–GeV range: what we
know from astroparticle and cosmology – C. Boehm

Author: Celine Boehm, <celine.boehm@sydney.edu.au>

3.3.1 Introduction

Particle Dark Matter has been the object of many studies
since the late 1970s, specifically after Hut [874], Lee and
Weinberg [875] demonstrated that thermal particles heav-
ier than 2 GeV could explain the observed dark matter relic
density if their pair annihilation cross section was of similar
strength as that expected for weak interactions. Neglecting
these interactions (owing to their supposedly weak strength),
cosmologists were also able to set a constraint on the dark
matter mass by demonstrating that structure formation alone
(independently of the relic density argument) required the
dark matter particles to be heavier than a few keVs in order
to explain the observed number of small cosmological struc-
tures [876,877]. This result eventually ruled out Standard
Model neutrinos and led to the birth of the Cold Dark Matter
scenario, along with the Weakly Interacting Massive Parti-
cles hypothesis, which in turn has led to a plethora of dark
matter experiments and particle physics searches.

These different arguments seem to point towards heavy
dark matter particles. Yet thermal dark matter particles can
actually be light. In fact we showed in [878] that dark matter
particles could be considerably lighter than a proton provid-
ing certain conditions which are the object of this proceeding.
The take away message from this research is that thermal sub-
GeV dark matter particles are a possible dark matter scenario
providing that their annihilation cross section be s-wave sup-
pressed or a pure p-wave – a condition which can be achieved
for both fermionic or scalar dark matter particles but requires
the exchange of dark gauge boson [878,879] (assuming one
can evade the Gunn-Tremaine bound in the case of fermionic
dark matter [880]). These studies also demonstrate that scalar
dark matter particles can interact with the Standard Model if

the mediator of their interactions is fermionic. Indeed, in this
very case, the dark matter pair annihilation cross section is
independent of the dark matter mass. As a result, requesting
that the thermal pair-annihilation cross-section be equal to a
specific value to explain the observed relic density does not
constrain the dark matter mass. Instead this constrains the
properties of the mediator and its couplings to the dark mat-
ter. Hence, in this specific case, dark matter can be as light
as the Standard Model fermions it annihilates into. However
the corresponding annihilation cross section (whis contains
a s-wave term) needs to be suppressed by about 5 order of
magnitudes to avoid over producing the gamma-rays in the
Milky Way and in clusters of galaxies (at least if the particles
in the final state are charged).

After summarising the cosmological reasons which moti-
vated studies of light thermal dark matter scenarios, I will
summarise the Astrophysical constraints that apply on these
scenarios along with the electron g − 2 constraint which is
critical for model building. I will conclude by revisiting the
impact that light dark matter particles can have on cosmol-
ogy and how such scenarios can be constrained with the help
of modern observations of galaxy formation and large-scale-
structure formation.

3.3.2 Why studying light thermal dark matter?

One paradox between N-body simulations and relic den-
sity/particle physics studies of dark matter is that the for-
mer usually assumes that the dark matter has no interaction
with the Standard Model while the latter heavily relies on the
existence of dark matter interactions in order to be able to dis-
cover it. In reality, both should account for interactions with
the Standard Model and use the data at disposal to determine
their strength. Ideally the picture that emerges from these two
different technique should be in agreement, bearing in mind
that N-body simulations probe the dark matter elastic scat-
tering interactions with SM particles while the relic density
criterion probes the annihilation cross section. Of course the
result of these analyses should be consistent with that from
other techniques such as dark matter direct detection (which
relies on the elastic scattering cross section).

The way to go is therefore to introduce the dark matter
interactions in N-body simulations. However a first step is to
estimate the damping of the dark matter fluctuations in the
linear regime that stems from the dark matter interactions
since the distribution of these fluctuations provide the ini-
tial conditions for structure formation. Estimating the damp-
ing is usually done by modifying the Boltzmann equations
for the matter and radiation components in a CMB code to
account for the interactions (see [881] for a historical refer-
ence). However one can easily estimate the effect using an
analytical expression and obtain a good intuition of the mag-
nitude of the effect, as was done initially in [882,883]. In fact
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this approach let me discovered a new effect called “mixed”
damping which eventually led me to find a mechanism to
evade the Hut–Lee–Weinberg limit.

3.3.2.1 generalising the silk damping Interacting dark matter
scenarios assume that dark matter can have interactions with
any SM particles. As such, the dark matter primordial fluc-
tuations are expected to be washed out below a certain scale
due to dissipation. Naively the larger the interactions, the
larger the damping scale (i.e. fluctuations of larger size are
being erased) and the more difficult it become to reproduce
the structures that we observe in the Universe. This dissipa-
tive phenomena is called collisional damping and is similar
to the so-called Silk damping for ordinary matter.

Indeed, in the early Universe, most baryonic matter is
interacting with photons. The interaction strength is given
by the Compton interactions (Thomson at low energy) and is
so large that the photons decouple from the ordinary matter
at a very late time, around z � 3000. Ordinary matter stops
interacting with the photons a bit after, owing to the fact that
the energy density of the photons is larger than that of the
baryons and therefore the baryons stay coupled to the pho-
tons later. The coupling generates the so-called Silk damping
which is responsible for the tail of the CMB (i.e. the damp-
ing of the 4th to higher peaks) and also in the dark accoustic
oscillations. The Silk damping length can be estimated as
follows17:

l2
Silk �

∫ tdec(b−γ ) ργ c2

ρtot a2�γ
dt

where �γ is the photon interaction rate, tdec(b−γ ) the time
when the baryons decouple from the photons. In reality this
expression needs to be altered as the baryons stay coupled to
the photons after the photons have decoupled kinetically but
we will not give further explanations here. One can generalise
this expression to dark matter interactions with any Standard
Model particle i . This leads to the collisional damping length
expression:

l2
cd =

∫ tdec(DM−i) ρiv
2
i

ρtot a2�i
dt.

Since both photons and neutrinos have the largest veloc-
ity and densities, it will come at no surprise that the col-
lisional damping associated with both Dark Matter-γ and
Dark Matter-ν interactions is the largest. To prevent washing
out critical scales, the damping created by these interactions
must stop early and so one expects a tight constraint on the
dark matter-γ, ν interactions from the collisional damping
effect. In contrast the constraint on the dark matter-baryons
and dark matter self-interactions are expected to be less strin-
gent since both baryonic matter and dark matter become non

17 See [883] for details on the derivation of this expression.

relativistic early and have small number densities in the early
Universe. There is an exception however when dark matter
interacts with baryons or itself via dark Coulomb interac-
tions (i.e.when the cross section is inversely proportional to
v4, which can happen if the mediator of the interactions is a
gauge boson/dark photon or Z’).

There are many subsequent studies which have confirmed
the conclusions of [882,883] and have improved the limits
on these various interactions. However the DM-ν remains
the most fascinating one for the following reasons.

When dark matter interacts with neutrinos, there are four
possible situations:

1. the dark matter decouples from the neutrinos before
the neutrinos kinetically decouple from electrons, �ν−e

being the last neutrino interactions,
2. the dark matter decouples from the neutrinos before the

neutrinos kinetically decouple from electrons but �ν−e

is not the last neutrino interactions,
3. the dark matter decouples from the neutrinos after

the neutrinos kinetically decouple from electrons, �ν−e

being the last neutrino interactions,
4. the dark matter decouples from the neutrinos after the

neutrinos kinetically decouple from electrons but �ν−e

is not the last neutrino interactions,

The maximal dissipation effect occurs for case 3, and in
particular when the dark matter is as light as an electrons
(i.e. the DM has a mass in the MeV range). In this case, the
physics of neutrinos is unaltered so they kinetically decou-
ple from the electrons around a few MeVs (as in the standard
model of Cosmology) and start to free-streaming immedi-
ately. However since the dark matter stays coupled to them,
the neutrino free-streaming is transferred to the dark matter.
This “mixed” damping effect (i.e. a mixture of collisional
damping and free-streaming) is very efficient in erasing the
dark matter primordial fluctuations and should result in a very
strong constraint on light dark matter coupled to neutrinos.
However one question immediately arises: if dark matter is
thermal (which was the main paradigm at the time), can it
be as light as a few MeVs then since the Hut–Lee–Weinberg
limit should apply. In other words: how to evade the Hut–
Lee–Weinberg limit?

3.3.3 Evading the Hut–Lee–Weinberg limit

The Hut–Lee–Weinberg limit is obtained by solving a Boltz-
mann equation in an expanding Universe. As such it does not
require to specify any particle properties for the dark matter
other than assuming that it does not annihilate nor decay
(two assumptions which of course could be questioned and
abandoned as many works have shown, see for example e.g.
[884]). An additional assumption is that the DM number den-
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sity is the same as that for anti-dark matter particles (see for
example [12,885]). With this in mind, one obtains a simple
relationship between the dark matter relic density and the
annihilation cross section which is independent of the dark
matter mass, namely 〈σv〉 ∝ 3 (�DM h2) 10−27cm3s−1. To
get more out of this relationship one then needs to specify a
model. Most fermionic DM models predict a cross section
that depends on the DM mass. As a result, requiring that
fermionic dark matter particles explain the entirety of the
observed dark matter relic density leads to a constraint on
the mass of the dark matter candidate. This is true whatever
mediators, including if it is a dark gauge boson or a scalar
mediator, as shown in [879]. However when the mediator is
a new gauge boson (or a neutral fermion), it is in fact pos-
sible to consider light dark matter scenarios providing that
the mediator is also light in order to make the couplings rel-
atively small (at least below the unitary limit) and maintain a
cross section of weak strength, as required by the relic density
criterion.

The scalar dark matter particle scenario leads to a very
different situation. In particular, if the mediator of the dark
matter-SM particles is a fermion, the cross section is given
by

σv = 1

m4
F

(
(C2

l )m f + 2ClCr m F

)2

which is essentially

σv ∝ (ClCr )
2

m2
F

if dark matter annihilates into light SM particles such as
electrons or neutrinos. Here m F is the mass of the media-
tor, Cl ,Cr are the left and right couplings of the DM to left
and right SM fermions through the F mediator (according
to L ⊂ φDMψ(Cl Pl + Cr Pr )ψ with Pl,r the projectors).
Hence, in this particular case, the annihilation cross section
is independent of the dark matter mass. As a result imposing
the relic density criterion does not constrain the DM mass
to be in a specific range. It only constrains the mass of the
mediator and its couplings. Therefore this case evades the
Hut–Lee–Weinberg limit and the dark matter can be as light
as an electron or even lighter if it annihilates into neutrinos.
However, as we will explain in the next section, dark matter
cannot be arbitrarily too light if it annihilates into electrons.

In summary, one can evade the Hut–Lee–Weinberg limit
using two types of mediators. One is a new gauge boson
called Z ′ or dark photon (dubbed U boson at the time) and
the other one is a vector fermion F . Using simplified mod-
els [879], one can readily see that thermal dark matter can be
very light indeed. However if the mediator of the interactions
is a gauge boson then it needs to be light as well (indepen-
dently of the fermionic/scalar nature of dark matter). If the
mediator is a fermion (for scalar dark matter), it must have

non chiral couplings to both the left and right handed Stan-
dard Model fermions. If the mediator is a scalar (for fermionic
dark matter), then it also needs to be relatively light to enable
the sub-GeV dark matter mass range. However this is very
strongly constrained by collider data, unless the annihilation
is into neutrinos and the mediator is neutral.

There is an interesting coincidence for the latter case. Such
a dark matter-neutrino coupling can actually give rise to a
neutrino self mass term (assuming Majorana neutrinos)

mνl =
√ 〈σvr 〉

128π3 m2
N

(
1+ m2

DM

m N

2)
ln

(
2

m2
N

)

which leads to neutrino masses in the observed range [886].
UV completion of this model is however very challenging
[887,888].

3.3.4 Constraints on light dark matter scenarios

Evading the Hut–Lee–Weinberg limit enables to consider
sub-GeV DM scenarios but there are immediate issues, as
discussed below.

3.3.4.1 Astrophysical constraints DM annihilations into
e+e− or any other charged particles eventually produce some
Bremsstrahlung emission which eventually lead to the pro-
duction of a continuum of gamma-ray photons (for dark mat-
ter heavier than a few MeVs). Depending on the strength of
the annihilation cross section, this emission can exceed the
background and be used to set a limit on the dark matter mass
and annihilation cross section. In [889], it was shown that the
gamma-ray signal from the Bremsstrahlung emission accom-
panying the annihilation of thermal dark matter particles into
a pair of electron-positron DM DM → e+e−γ could exceed
the background emission in galaxies and clusters of galaxies
by at least 5 order of magnitudes if the dark matter is as light
as a few MeVs and is more or less compatible with observa-
tions for GeV dark matter particles. This constraint needs to
be put in tension with the CMB constraint which was derived
several years later using the Planck data [890–892].

Based on the constraint above, we concluded in [889] that
thermal MeV DM candidates could be viable if their anni-
hilation cross section was p-wave (σv ∝ v2) or eventually
s-wave (σv ∝ cst) but the s-wave term needs to be sup-
pressed by at least 5 order of magnitude with respect to the
relic density value. In other words, light thermal dark matter
is possible. However the gamma-ray constraint requires that
the relic density be achieved through a mediator that leads
to a dominant p-wave term. This means that the best medi-
ator for the light thermal dark matter is a new light gauge
boson. This does not exclude the hypothesis that some of the
dark matter annihilations proceed via a fermionic mediator
but this cannot be a dominant channel in the early Universe.
It could however explain the morphology and magnitude of
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the 511 keV line observed in the centre of the galaxy [893],
although the latter is likely to have an astrophysical origin.

3.3.4.2 g− 2 constraints and 511 keV line Although thermal
MeV DM could explain the 511 keV, the measured value of
the electron g − 2 is severely constraining this possibility
[894–897]. Indeed a fermion mediator is needed to explain
the 511 keV line morphology but the latter would actually
increase the discrepancy between the predicted value of the
electron g − 2 and the SM value unless the dark matter is
very light18. However a too light dark matter candidate would
lead to a Nef f value in disagreement with the BBN and CMB
measurements [854,898,899]. Said differently, on one hand,
dark matter would need to be lighter than 10 MeV to explain
the 511 keV line given the measured value of the electron
g − 2 and on the other hand the [1–10] MeV range could
be excluded by the measurement of the number of degree
of freedom in the early Universe. Based on these results, it
is very unlikely that scalar dark matter particles coupled to
electrons through a fermionic mediator could be a solution
to the 511 keV emission.

A dark gauge boson mediator on the contrary is not needed
to explain the 511 keV morphology but it is required to
explain the dark matter relic density if dark matter is light
and thermal. The latter would increase the electron g − 2
discrepancy between the predicted and measured values as

δae = 10−11
( ze

7 10−5

)2 ( m Z ′

MeV

)−2

and so would either need to be weakly coupled or much
heavier than a few MeVs [896]. This conclusion holds in fact
independently of the 511 keV line since the gauge mediator
is only required to explain the dark matter relic density. A
summary of the constraints for these different scenarios can
be found in [900].

3.3.5 Cosmological implications

One can now investigate the cosmological implications of the
light thermal DM scenarios which are not excluded yet. As
mentioned in Sect. 3.3.2.1, these scenarios may eventually
lead to some collisional damping if their elastic scattering
cross section is large enough. Eventually this can change the
CMB angular power spectrum, the way structures form as
well as their internal dynamics (see for example [901,902].

From the particle physics point of view, a large damp-
ing effect could occur if the interactions are mediated by a
dark boson as this could lead to some Coulomb-like interac-
tions. These scenarios could also lead to cosmological signals
such as the 21cm line or non standard DM halos [903]. In

18 The fermion mediator contribution to the electron g − 2 is propor-
tional to the dark matter mass.

addition they may be probed through direct detection exper-
iments [904], collider physics and indirect detection (despite
the p-wave cross section). As such they warrant an holistic
approach to determine the part of the parameter space that is
worth exploring.

In summary, DM-ν interactions do not require large inter-
actions to lead to a different pattern of structure formation and
reduce the number of companion satellites in the Milky Way
[901,902]. They are easier to realise phenomenologically,
including trough the exchange of a dark gauge boson and
there are puzzling implications for neutrino physics [886].
DM annihilations into neutrinos are constrained by both
CMB and BBN observations [898,899] but these scenarios
are in principle viable if one does not require that light ther-
mal dark matter also explains the 511 keV line.

A dark matter-neutrino coupling would lead to a cut-off
scale (and some oscillations) in the linear matter power spec-
trum, which can be probed with observations at high redshift
and in particular the SKA [905]. Furthermore, as pointed out
in [906], their impact on the linear matter power spectrum
changes the number of binary black hole mergers in the Uni-
verse and therefore the number of gravitational wave events
to be detected with redshift. While this novel technique can
actually be applied to other physical situations, it will help in
particular to disentangle the dark matter microphysics prop-
erties and inform whether dark matter is made of sub-GeV
particles.

3.3.6 Conclusion

Thermal dark Matter particles can be light. They can be in
principle either fermionic or scalar. However light fermionic
candidates must evade the Gunn & Tremaine bound. All
(fermions or scalars) are likely to have interactions mediated
through a light dark gauge boson if they are thermal (and
as light as a few MeVs) as this enables to both explain the
observed relic density while also be compatible with gamma-
ray observations in the Milky Way and clusters of galaxies.
The properties of this gauge mediator is constrained by the
electron g − 2 though these constraints would be alleviated
if dark matter mostly annihilate into neutrinos in the early
Universe.

3.4 Light dark matter in the MeV–GeV range: overview of
indirect detection searches – F. Calore

Author: Francesca Calore, <francesca.calore@lapth.cnrs.fr>

3.4.1 Introduction

Dark matter (DM) indirect detection leverages on signatures
that DM particle and non-particle candidates can leave after
interacting with the environment in various ways. In the more
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traditional approach, DM self-annihilation or decay injects in
the environment (the Galaxy or the early Universe for exam-
ple) final stable products that can be looked for in the cos-
mic fluxes of photons (at multiple wavelengths, from radio
to gamma rays) and charged cosmic rays [907], or that can
alter the recombination history of the Universe and leave an
imprint in the CMB power spectrum, see e.g. [908]. Gravi-
tational interactions of DM with astrophysical systems lead
to phenomena such as gravitational lensing that can be used
to constrain the nature of DM interactions, see e.g. [909].
Finally, DM can be captured by, accreted onto or scattered
off celestial bodies of different nature, from stars, to plan-
ets to very compact objects such as neutron stars and black
holes [141].

A general discussion of astroparticle observables for DM
can be found in the 2021 EuCAPT White Paper [910]
(Fig. 10). In general, different astroparticle observables can
cover a large portion of the DM parameter space and probe
different candidates, from fuzzy DM to primodial black holes
(PBH). In this contribution, I will focus on how one can probe
light DM (in the MeV – GeV mass range) with cosmic mes-
sengers.

3.4.2 Light DM decay and annihilation into cosmic
messengers

Depending on their nature, particle DM candidates produce
final stable particles (photons, electrons and positrons, etc.)
through self-annihilation or decay which occur in the halo
of the Milky Way and of external galaxies. Today, these pro-
cesses happen at rest, since DM particles are non-relativistic.
This implies that the center of mass (CM) energy of the anni-
hilation (decay) process is directly related to the mass scale
of the DM particle, being ECM = NmDM with N = 2 (1).
We therefore expect the energy of the emitted stable particles
(photons or other charged particles) to match the CM energy.

If the CM energy is below the threshold for electron-
positron pair production, the only allowed decay/annihilation
channel is into two photons which are emitted with an energy
Eγ = NmDM/2, back-to-back in the DM rest frame. This
results in a sharp line-like signal, broadened only by the DM
velocity dispersion in the halo and the energy resolution of
the gamma-ray telescope (typically dominant).

For heavier DM masses, other final states open up pro-
gressively starting from electron-positron pairs. Eventually,
for any DM particle model one can predict the branching
ratio (BR) for annihilation/decay into specific final states.
This results in a broader spectral energy distribution (i.e. the
number of particles produced per unit energy as a func-
tion of energy). In the case of photons, different terms con-
tribute to the final spectrum: The prompt gamma-ray emis-
sion from decay and hadronization of final states, gamma-ray
lines, and the photons produced by higher-order corrections –

beyond tree-level processes – from, e.g., leptonic final states,
see [911] for a general discussion, and Fig. 1 therein.

As an example, the expected flux of gamma rays from the
line of sight (l.o.s.) direction identified by the Galactic coor-
dinates (�, b) from DM annihilation or decay can generally
be written as:
d�γ
dE

(�, b) = A(θDM)× dNγ
dE

×
∫

l.o.s.
ρN

DM(s, �, b)ds,

(111)

where θDM = {�γ ,mDM} for decay, and θDM = {〈σv〉,m2
DM}

for annihilation.
The integral along the l.o.s. is a geometric term which

depends on the DM spatial density distribution in the tar-
get of interested, e.g. the halo of galaxies. In the Milky
Way, the DM spatial density is constrained at larger radii
by the rotation curve, however to infer the DM distribution
to distances closer to the Galactic center we need to rely
on semi-analytical models or fully numerical simulations of
galaxy formation. Different parametrizations of the DM spa-
tial distribution are commonly adopted for the Milky Way,
such e.g. the well-known Navarro–Frenk–White profile, with
a theoretical uncertainty which can span more than three
o.d.m. at the Galactic center. The uncertainty on the DM
profile propagates quite severely in the calculation of cosmic
photons and cosmic-ray fluxes from DM annihilation, given
the dependence of the flux on the DM density squared.

Focusing on high-energy photons, these can also be pro-
duced by DM leptonic final products, when they interact with
the interstellar medium. In particular, DM produced electrons
and positrons can up-scatter low-energy ambient photons of
the interstellar radiation field at higher energies through the
so-called inverse Compton scattering (ICS). The energy of
the out-going photons is related to the energy of ambient
photons (Ei ) and leptons (Ee) by the equation:

E ICS
f ∼ 30

(
Ei

eV

)(
Ee

GeV

)2

MeV. (112)

As can be seen in Fig. 1 (left) of [912], such a “secondary”
emission process allows one to use photons at a given energy
to probe not only DM at the same energy scale but also at
higher masses. For example, sub-GeV DM can be probed
by X-ray data at keV energies. In general, lines of sight that
avoid the Galactic plane (i.e. at high latitude) are preferred
by ICS emission.

Let’s focus now, specifically, on DM masses from keV up
to GeV. In this mass range, DM can produce only prompt
line-like photon signals, when possible, electron-positron
pairs, and secondary photons from final state radiation and/or
inverse Compton.

Data and observables What data and observables can we use
to detect or constrain these candidates? First, one can rely
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Fig. 56 Current constraints on the light DM lifetime for decay into two photons (left) and electron-positron pairs (right)

on the measurement of the continuum diffuse emission of
the Milky Way in hard X rays and soft gamma rays, mostly
caused by the interactions of cosmic rays (CR, protons, elec-
trons) with the interstellar medium. This emission, measured
in the Galactic plane by the Compton Telescope (COMPTEL)
onboard the Compton Gamma Ray Observatory [913], and
by the Spectrometer (SPI) aboard the International Gamma-
Ray Astrophysics Laboratory INTEGRAL [914,915] is dom-
inated above about 200 keV by the ICS astrophysical emis-
sion from CR electrons. Recently, a new analysis of 16-year
data from SPI has been performed, providing a new measure-
ment of the Galactic diffuse emission up to 8 MeV, and super-
seding the 20-year old measurement from COMPTEL in the
same energy range [915]. This new measurement allows to
set constraints on CR transport at MeV energy, but also on
exotic emission mechanisms from particle, as we will see
below, and non-particle DM. This is currently the best sen-
sitivity one can achieve. In absence of any dedicated new
instrument that will cover the so-called MeV energy sensi-
tivity gap, this will also be the best sensitivity we can hope
for in the near future above a few MeV.

Besides the Galactic plane, one can also collect photons
from single, promising DM targets, e.g. dwarf spheroidal
galaxies. An example with SPI is presented in [916], where
1.5 Ms of data were taken from the direction of the Reticulum
II dwarf spheroidal galaxy.

Light DM models can also be constrained by the obser-
vation of the 511 keV electron-positron annihilation line,
which should originate from non-thermal positrons injected
into the interstellar medium and annihilating at rest with
free electrons after thermalisation in the interstellar medium.
Observed and characterised by SPI, the origin of the 511 keV
line remains a mystery of current high-energy astrophysics,
see e.g. [917] for a review. Light DM has been invoked in
the past to explain this signal [917]. More recently, the 511

keV line signal has been used to set bounds on light particles
such as axion-like particles and sterile neutrinos [918,919].

Finally, also the flux of cosmic electrons and positrons can
be compared with light DM signal predictions. In particular,
the Voyager I crossed the heliopause in 2012 and measured,
for the very first time, the cosmic flux of interstellar electrons
and positrons, without the need of adding and modelling cor-
rections induced by solar modulation.19

Light DM decay: current constraints I here summarise the
state-of-art of indirect detection constraints on light DM
decaying directly into photons (line-like signal) or after final
state radiation of electron-positron final pairs (FSR signal).
From the summary plots in Fig. 56 (left: line-like signal;
right: FSR signal), we can notice that the Milky Way diffuse
emission measurement from SPI and COMPTEL provide the
most constraining limits for sharp line-like signals (Fig. 56,
left), probing lifetimes of about 1030 s for DM masses from
about 100 keV up to, at least, 10 MeV. The MeV diffuse emis-
sion observation supersedes in this case CMB limits. Also
single targets diffuse emission, such as from M31 [920] and
Reticulum II [916] (not shown) result in competitive bounds
for comparatively smaller exposure times. FSR signals from
light decaying DM (Fig. 56, right), instead, are typically less
constrained by MeV diffuse observations, and stronger con-
straints are obtained from CMB observations [908] and Voy-
ager I analysis [921].

The currently most constraining results for light decaying
DM and other FIPs come from the new 16-year analysis of
SPI Galactic diffuse data [768]. For the first time, a spatial
component corresponding to decaying DM has been included
in the data extraction procedure of SPI data, together with
other known astrophysical components. No signal associ-
ated to the DM “template” being significantly detected, 95%
upper limits on the decaying DM flux have been set. Such

19 https://voyager.jpl.nasa.gov/mission/interstellar-mission/.
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Fig. 57 Current constraints on the light DM velocity-averaged annihilation cross section (s-wave) for annihilation into two photons (left) and
electron-positron pairs (right)

flux limits were then translated onto the general parameter
space of light DM decay (decay rate vs mass), by performing
a multi-component spectral fit to the extracted SPI spectrum
and considering the specific line-like and FSR spectra. This
analysis currently provides the strongest constraints on light
decaying DM in the 0.1–10 MeV.20

As a word of caution (also valid for DM annihilation pro-
cesses below), most of the constraints presented in indirect
detection papers are derived under the assumption of 100%
BR into a given final state (line-like or FSR in this case).
In general, these constraints can be recasted with some care
in the framework of a specific DM model. See for exam-
ple [923] for a recasting within FIMP DM models, and [768]
for translating the new SPI Galactic diffuse constraints into
the parameter space of 100 keV axion-like particles and ster-
ile neutrino DM.

Light DM annihilation: current constraints Analogously to
DM decay, the DM annihilation cross section as a function
of DM mass can be constrained considering DM annihila-
tion into photons directly (line-like signal) or after final state
radiation of electron-positron final pairs (FSR signal). In this
case, we can refer to the summary plots in Fig. 57 (left: line-
like signal; right: FSR signal). CMB limits on s-wave (veloc-
ity independent) annihilation cross section are quite relevant,
especially for the electron-positron signal [846]. However,
one can see that also in this case the MeV diffuse emis-
sion from SPI leads to the strongest bounds for a DM mass
range from 200 keV up to a few MeV. Less constraining,
yet competitive, are the bounds from Voyager I electrons and
positrons [921], and from INTEGRAL using the ICS signal
from DM annihilation [912]. In this latter case, as mentioned

20 Analogously, strong constraints were derived for PBH DM which
shows the same spatial distribution as the decaying signal [922].

above, the MeV diffuse emission can constrain DM masses
up to a few GeV.

In case one considers p-wave cross sections (velocity
dependence as v2), CMB limits are strongly relaxed by the
small relative velocity of DM particles at recombination
(vCMB � 10−5 c) [924]. Instead, limits from cosmic pho-
tons and electrons are not suppressed, because the annihila-
tion process occurs today at rest in the halo of the Galaxy,
v0 � 10−3 c. This implies that, for p-wave cross section,
limits from the continuum MeV diffuse emission and Voy-
ager I electron-positron flux are the most constraining ones,
〈σv〉0 ∼ 10−28 cm3/s at 10 MeV DM masses [925]. In
contrast, for p-wave annihilation, the value of the velocity-
averaged cross section (at the time of freeze out, where
vf.o. ∼ 0.15 c) required to satisfy the relic density is about
10−26 cm3/s [926]. The expected vanilla thermal cross sec-
tion today is therefore 〈σv〉f.o.0 ∼ 10−32 cm3/s [927]. Indi-
rect detection probes are still far from this benchmark.

Light DM: future prospects As mentioned above, the MeV
sensitivity gap currently makes the reach of current instru-
ments limited for discovering/constraining light DM. The
last major experiment in the few MeV–100 MeV gamma-ray
band was COMPTEL, which operated from 1991 to 2000.
In the near term, the Compton Spectrometer and Imager
(COSI) is planned to be launched in space in 2025, after
several balloons tests. However, it will cover an energy
range from 0.2 up to 5 MeV. Yet, it will significantly
improve current constraints on decaying or annihilating light
DM [928,929]. Interesting performances are planned for the
Galactic Explorer with a Coded Aperture Mask Compton
Telescope (GECCO), covering up to 10 MeV [847]. To be
able to probe higher DM masses, we will need instruments up
to 100 MeV, such as GRAMS, APT, AMEGO-X and all-sky-
ASTROGAM. For a more general discussion about future
instruments in the MeV range please see [928]. At least a
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factor of 10 improvement is expected on the bounds on light
decaying and annihilating DM, see for example [930] (Fig. 4
for decay).

3.4.3 DM capture in celestial bodies

The sub-GeV DM parameter space can also be constrained by
exploiting mechanisms of capture/scattering of DM particles
onto celestial objects of different size and composition. For
a summary, we refer the reader to [141], notably to Fig. 1
and Table 1. In this contribution, we focus on DM scattering
and annihilation within celestial objects, leaving signatures
in cosmic photons and neutrino fluxes. We will not discuss
DM as an additional source of heating in planets and stars,
for a discussion see for example [931].

The scattering of DM particles in galactic halos with the
nuclei (or electrons) of celestial objects eventually bring
these particles into close orbits around these objects. Gravita-
tional capture within the objects may occur with subsequent
thermalisation of DM particles in the object core. The tem-
poral evolution of the total number of DM particles, N , is
described by the following equation:

dN (t)
dt

= C −AN 2(t)− EN (t). (113)

The capture rate, C, depends on the scattering cross section
of DM particles with nucleons, σχN , and controls the grav-
itational capture and thermalisation. The annihilation rate,
A, depends on the DM self-annihilation cross section. The
annihilation rate counter-balances the capture by reducing the
number of DM particles in the object. Finally, DM particles
within the inner parts of the object are subject to evapora-
tion, controlled by the evaporation rate, E . Indeed, the finite
temperature of the medium sets a minimum mass, the evap-
oration mass, that DM particles must have in order to remain
trapped. If DM particles are too light, the velocity acquired
while thermalising may be larger than the escape velocity of
the object and make the DM particles not any longer grav-
itationally bounded. More generally, the evaporation mass
sets a lower limit on the DM mass above which these type of
bounds from celestial object capture are valid. For a recent
discussion see [932].

DM annihilation may produce different final states which
are injected in the object core. If only feebly interacting,
they can eventually escape the object and be released into
the interstellar medium. This is the case for neutrinos and
for light, feebly interacting, mediators which DM annihilate
into. As for the case of annihilation into light, feebly interact-
ing, mediators, these can, in turn, annihilate into photons in
the interstellar medium, and leave a signature in high-energy
gamma-ray fluxes. These DM models are rather commonly

examined in current searches for light DM particles, within,
e.g. minimal and/or extended dark sectors.

If evaporation is not efficient and the object is old enough,
equilibrium may be reached and the solution to Eq. 113
reads as:

N � Cτeq =
√

C
A , (114)

where τeq is the equilibration time, to be compared to the age
of the object.

Optimal targets for this type of studies are objects with
large radii and high densities so to make the capture process
easier and more efficient, as well as objects with low core
temperatures. Indeed, cold cores limit the kinetic energy that
DM particles acquire and therefore make the evaporation
mass smaller.

In this respect, brown dwarfs (BDs) have been recently
identified as promising celestial objects where DM capture
and subsequent annihilation may leave observable features.
Indeed, a large number of nearby BDs (more than 800 within
100 pc from Earth) is known to date and many more are
expected to be discovered with current and future instru-
ments (e.g. JWST). As an example, more than 109 objects
are expected to be present in the vicinity of the Galactic
center. BDs signatures from DM capture and annihilation
were studied in [931,933]. Other celestial objects have been
explored such as the Sun [934,935] and Jupyter [936]. The
DM parameter space each type of objects is sensitive to is
slightly different, especially for what concerns the mediator
lifetime.

A recent analysis [937] performed a model-independent
search of gamma-ray signals from the direction of known
BDs with Fermi-LAT data. The selected sample of BDs con-
sists of 9 nearby (< 10pc), massive, cold BDs, which all
possess an age estimate (2–10 Gyr). No significant gamma-
ray excess emission being found towards the 9 selected BDs,
95% flux upper limits were set on the gamma-ray flux and
recasted in the framework of DM capture and annihilation
into gamma rays via light, long-lived mediators. The equi-
librium hypothesis being valid for the selected BDs, one can
generally write the expected DM flux from this kind of pro-
cesses as:

E2 d�

dE
∝ C

4πd2
�

× E2 dN

dE
(115)

where C depends on characteristic parameters of both the BD
(M�, R�, d) and the DM particle model (ρDM, σχN ,mχ ). The
spectral energy distribution dN/dE , instead, is a box-shaped
spectrum resulting from the decay of the long-lived mediators
into photons.

The final constraints on DM particles (valid above 700
MeV because of the evaporation mass lower limit) can be
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seen in Fig. 5 of [937]. These bounds do not suffer from
large astrophysical uncertainties on, e.g., the BD distribution
in the Galactic center or the DM spatial density profiles, and
they apply to a much broader range of lifetime with respect to
constraints from the Sun and Jupyter. Finally, celestial objects
provide comparable bounds to DM direct detection experi-
ments and have the unique advantage to extend the limits to
masses lower than a few GeV with sensitivity reaching cross
section values of at least 10−38 cm2.

In conclusion, celestial body capture may offer a unique
way to probe DM in sub-GeV mass range. Lower evapora-
tion masses can be probed by considering neutron stars and
white dwarfs with a proper treatment of the, so far, very large
astrophysical uncertainties.

3.4.4 Conclusions

Indirect searches for DM successfully test different DM (and
FIP) models at the MeV–GeV scale, probing a large por-
tion of their parameter space. A diversified program is in
place to tackle DM over a wide spectrum of models and
signatures, exploring also new avenues for DM capture and
annihilation in celestial bodies. More generally, lighter FIPs
(ALPs, sterile neutrinos) can also be looked for with indirect
detection probes, from radio wavelengths to very high-energy
gamma rays. Presently, the most urgent (experimental) need
is the exploration of the MeV gap with future instruments,
which can provide access to yet uncharted portions of the
DM parameter space and new windows of opportunity for
DM detection!

3.5 Light (MeV–GeV) dark matter: the snowmass approach
– S. Gori

Author: Stefania Gori, <sgori@ucsc.edu>

3.5.1 Introduction

The 2021–22 High-Energy Physics Community Planning
Exercise (Snowmass 2021) was concluded in the summer
2022 and identified the nature of Dark Matter (DM) as one
of the most important scientific questions in particle physics
for the coming decade [938].

The Snowmass work was organized into ten Frontiers21

and each Frontier divided its work into several Topical
Groups. The fundamental nature of Dark Matter was a central
theme of the Snowmass process across several frontiers and
topical groups. In a cross-cutting contribution to Snowmass,

21 These are the accelerator (AF), community engagement (CEF), com-
putational (CompF), cosmic (CF), energy (EF), instrumentation (IF),
neutrinos (NF), rare processes and precision measurements (RPF), the-
ory (TF), and underground facilities and infrastructure (UF) frontiers.

participants across frontiers collaborated to outline a road
map for dark matter discovery [939,940]. The absence of a
clear discovery of WIMP DM has led the field to diversify
into a broad program of DM searches in a range of masses
spanning 90 orders of magnitude. This was reflected in a large
number of topical groups studying complementary experi-
mental techniques to discover the nature of DM. In particu-
lar:

• CF1 studied particle-like DM in a wide range of masses
at direct and indirect detection experiments [930].

• CF2 studied wave-like DM with a mass less than 1 eV
(e.g. the QCD axion). Quantum measurement techniques
have become crucial in this area [26].

• CF3 focused on cosmological and astrophysical probes
of DM [941].

• RF6 investigated the prospects of testing DM below the
GeV scale using high intensity experiments [833].

• EF10 studied the production of DM at high energy col-
liders [942].

• NF3 explored DM production at neutrino experiments
[943].

Theoretical work is inherently complementary to any of these
experimental frontiers searching for DM, as it motivates spe-
cific experimental directions and sharpens the connection and
complementarity between the several experimental probes
[944]. The instrumentation, computing, underground facili-
ties, and accelerator frontiers are also crucial for advancing
our knowledge of the nature of DM.

In the rest of these proceedings, I will briefly summarize
the studies of RF6 [833], highlighting the role of present and
future high intensity experiments in unraveling the nature of
sub-GeV DM.

3.5.2 Dark sectors at high intensity experiments

Sub-GeV dark sectors naturally arise in many well-motivated
extensions of the Standard Model (SM). DM can belong to a
dark sector of particles similar in structure and complexity to
that of ordinary matter. Generically, a dark sector is needed
for MeV-GeV DM to be thermal with the SM in the early
universe and undergo the freeze-out process. Beyond DM,
dark sectors are motivated by several other open problems
in particle physics and cosmology. For example, dark sec-
tors that contain sterile neutrinos can explain the lightness
of SM neutrinos; richer dark-sector models can generate the
baryon-antibaryon asymmetry of the universe and potentially
address the hierarchy problem (e.g., in relaxion models [36]
or in extended SUSY models like the NMSSM); dark sectors
can address the strong-CP problem via axion or axion-like
particles.
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Dark sectors can be systematically classified accord-
ing to the portal that mediates their interaction with the
SM. The lowest dimensional portals are the vector portal,
(ε/2)FμνF ′μν , the Higgs portal, λS2 H† H , the neutrino por-

tal, yN H L , and the axion portal, aFμν F̃μν/ fa . In each por-
tal, a mediator interacts with one or more SM particles. Since
dark sectors are generically only weakly coupled to the SM,
the most powerful means to explore them is through high
intensity experiments.

In the last decade, a large experimental and theoretical
effort has led to much progress in the search for the pro-
duction and detection of MeV-to-GeV mass dark-sector par-
ticles. This effort started with the re-analyses of data from
past experiments not necessarily designed for dark sector
searches. Then it continued with searches at large multi-
purpose experiments and at specialized smaller-scale exper-
iments. This endeavor resulted in several community reports
[3,5,945] and has recently received support from the DOE-
supported DMNI program [946]. This program selected two
intensity frontier projects, CCM200 and LDMX, to explore
low-mass thermal DM scenarios.

The work of the RF6 topical group was organized around
three big ideas and highlighted a vision for the next decade
to achieve new milestones in the search for dark sectors. The
experiments and facilities discussed by the topical group are
reported in Fig. 58. They are divided according to the dark
sector signature that they can look for (see the different colors
in the figure), a rough timeline, and their location (US-based
or non-US-based).

Big idea 1: dark matter production at intensity-frontier exper-
iments

DM can be produced at high intensity experiments thanks
to its interaction with the SM through the several portals.
Once produced, it can be detected using three different search
strategies [834]: (1) inferring missing energy, momentum, or
mass; (2) detecting re-scattering of DM particles in down-
stream detectors; (3) observing semi-visible signatures of
metastable dark-sector particles. The latter method is relevant
to explore non-minimal DM models that contain additional
unstable dark sector states besides the DM and the medi-
ator (see also big idea 3). Different search strategies will
have complementary strengths in the exploration of thermal
freeze-out DM models and will also be complementary to
low-threshold direct detection experiments [948].

A particularly interesting example are models in which
the DM state interacts with the SM through the vector portal.
Such simple scenarios relate the cosmological abundance of
thermal DM to the signals expected at high intensity experi-
ments, defining a sharp milestone in DM interaction strength
as a function of its mass. This is shown in the left panel of Fig.
59, where the black lines are the regions in which DM has the
measured relic abundance, in the case of a scalar, Majorana,

or Dirac inelastic DM state (from top to bottom). The three
thermal milestones are fully achievable by near-future exper-
iments. Particularly, Belle II and LDMX will be able to thor-
oughly probe the high and low DM mass region, respectively.
While for this specific goal many future experiments look
redundant, the use of multiple complementary techniques is
important to e.g. probe a broader class of thermal freeze-out
models, such as those where a mediator does not couple to
electrons, or to test models where unstable particles in the
dark sector play important roles in the DM cosmology. Sev-
eral of these scenarios were studied during the Snowmass
process [834]: vector (Lμ − Lτ , B − 3Lτ , B) mediated DM
models; scalar (Higgs-mixed, muon-philic, neutrino-philic)
mediated DM models; sterile neutrino mediated DM models;
millicharged particles; inelastic DM (IDM) models as well
as strongly interacting massive particle (SIMP) DM.

Big idea 2: Exploring dark-sector portals with high-intensity
experiments

High intensity experiments offer a unique opportunity also
to explore the physics of the dark sector mediator. Mediators
can be produced thanks to their portal interactions, and, if
they are the lightest state of the dark sector, they decay back
to SM particles with a lifetime proportional to the inverse of
the square of the portal interaction strength. This is realized
e.g. in models of secluded [950] or forbidden DM [872], as
well as in non-minimal models containing axion-like par-
ticles that address the strong CP problem (see e.g. [951]).
Interestingly, these models often give a lower bound on the
strength of the portal coupling, thus defining a target region
for high intensity experiments. This is the case of secluded
DM models, in which the condition of thermalization of the
dark sector with the SM does not allow too small couplings
[952].

The Snowmass contribution [953] studied the prospects
for testing minimal extensions of the SM featuring a sin-
gle new light mediator coupled through one of the portal
interactions at present and future high intensity experiments.
This includes electron and proton beam fixed target and
beam dump experiments, medium energy e+e− colliders /
meson factories, and auxiliary LHC detectors. As illustrative
example, the right panel of Fig. 55 presents the near-term
and future opportunities to probe the minimal vector portal
model. A combination of operating, fully or partially funded
and proposed near-term and future experiments will be able
to search for dark photons over a broad range of currently
unconstrained parameter space both in mass and lifetime.
Particularly, Belle-II, LHCb, and HPS will cover regions
of short dark photon lifetimes, DarkQuest, FASER2, and
NA62-dump will cover intermediate values τA′ ∼ O(1m),
and DUNE will reach longer lifetimes of O(100m).

Big idea 3: New flavors and rich structures in dark sectors
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Fig. 58 Summary of accelerator facilities, experiments, and detector signatures (from [947])

Fig. 59 Left: reach of past, present, and future experiments on dark
photon-mediated dark matter production [834]. Thermal milestones are
shown as black solid lines. Right: reach of past, present, and future
experiments on a muon-philic scalar that can address the (g − 2)μ

anomaly (green shaded region) [949]. In all panels, past experiments
probed the gray-shaded regions, and future projects that are operating
or have secured full funding will probe the colored-shaded regions
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Experimental work on dark sectors has been primarily
focused on minimal scenarios (see big idea 1 and 2). How-
ever, dark sectors may have a non-minimal structure, either in
couplings to the SM, or in the spectra of dark sector states. For
example, models that address anomalies in data like (g−2)μ
often feature a non-minimal flavor structure (i.e. dark sector
particles that couple only to one generation fermions). Anal-
ogously, extended DM models such as IDM or SIMP models
predict the existence of metastable DM excited states that
decay partially visibly, χ2 → χ1�

+�−, where χ1 is the DM
state and �± are SM leptons.

Several well-motivated non-minimal dark sector scenar-
ios were investigated in the Snowmass contribution [949]:
Lμ − Lτ visible gauge bosons, IDM and SIMP models, fla-
vor violating QCD axions, axions coupled to gluons, SU (2)
gauge bosons, up or down quarks. The bottom panel of Fig.
59 shows the reach of past, present, and future high inten-
sity experiments on a muon-philic scalar that can address
the (g − 2)μ anomaly. This is one of the very few available
minimal models with new particles with a mass below a few
GeV that can address the anomaly. If the scalar has a mass
above few MeV, this model can be fully tested in the coming
years by a combination of DarkQuest, Spinquest, Belle II,
and LHC (see also [954] for a more recent analysis of the
parameter space with the scalar mass mS � 2mμ).

3.5.3 Concluding remarks

This was the conclusion of the RF6 Snowmass study: Dark
sectors are a compelling possibility for physics beyond the
Standard Model, to which high intensity experiments offer
unique and unprecedented access. Maximizing the possi-
bility of discovering a dark sector requires a four-pronged
approach: (1) support for dark-sector analyses at multi-
purpose experiments; (2) the DMNI program; (3) an expan-
sion of DMNI to include a focus on complementary signa-
tures such as those containing visible final states (especially
long-lived particles); (4) dark-sector theory. This approach
will enable a robust and broad exploration of the dark sector
in the coming decade and beyond.

3.6 Light DM in the MeV–GeV range: results and
prospects at ATLAS, CMS, LHCb – P. Harris

Author: Philip Harris, <pcharris@mit.edu>

3.6.1 Introduction

With a center of mass energy of greater than 13 TeV. The
large hadron collider (LHC) at CERN is the only source of
laboratory collisions with a center of mass above 10 GeV on
Earth. As a result, it can produce the heaviest possible parti-
cles in laboratory collision, with no other collider beyond a

center of mass energy of 10 GeV expected in the near future.
The LHC will remain the definitive instrument to search for
heavy new particles in the controlled collider environment.

Searches for dark sector physics in the LHC have evolved
to have four characteristic signatures that drive the design and
strategy of the search. These characteristic features include

• Searches for invisible signatures: This signature is defined
as the production of a dark matter particle either through
the decay of an intermediate portal particle or through
the decay of an existing heavy particle, such as the Higgs
boson [955–959].

• Searches for visible signatures: The production of a new
portal mediator that connects a dark sector with the vis-
ible sector. The observation of this particle is performed
directly through the decay of this portal into standard
model particles [960–963].

• Searches for a long-lived signatures: This signature con-
stitutes of the production of an unstable portal or another
dark sector particle that eventually decays, at least partly,
to standard model particles after existing for a significant
amount of time for the signatures to be displaced from
the production point [964].

• Searches for special decays of the Higgs or Z boson:
Extended dark sector models often have additional Higgs
and Z boson couplings that can enhance their production
provided a Higgs or Z boson is produced, and that boson
subsequently decays to the new dark sector particle [965].

While these signatures are characteristic of a broad range
of dark sector searches, there are apparent differences when
using the LHC instead of other collider experiments to search
for these particles. Unlike beam dumps, the LHC is limited in
total luminosity; this limits the ability to probe the smallest
possible couplings [966]. Despite that, particle detectors at
the LHC are some of the most well-instrumented devices in
the world. This means that there is the possibility to search
for distinct signatures in all or nearly every collection of
collisions that occur [967,968]. Finally, the LHC is capa-
ble of producing heavy particles, including the Z boson and
the Higgs boson, which can subsequently decay to dark sec-
tor particles through enhanced couplings that are present in
many dark sector models, including axion-like portal, exten-
sions of the dark photon, and mu-philic dark sector models.
With a total luminosity of 100 s of f b−1, the LHC has pro-
duced orders of magnitude more Higgs bosons, Z bosons, b
mesons, and other heavy particles than any other previous
experiment. This large particle production makes it a unique
tool for looking at particle decays for new dark sector parti-
cles.

While the LHC has been performing dark sector searches
throughout its existence, the results have often been presented
in terms of heavy mediator searches that use different nota-
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tion and model assumptions that are conventionally used in
dark sector physics searches. Despite that, there has been a
concerted effort to align these models to make it clear that
the LHC can play a critical, complementary role to the many
other lower energy dark sector experiments that are actively
underway or being proposed [939,969].

In the following conference report, we will review the
various search strategies exploited at the LHC and highlight
where the LHC can play a critical role in the search for dark
sector physics. A reoccurring theme results from the high
center of mass energy, which enables the direct production
of new particles or the indirect production through the decay
of the Higgs and Z-boson.

3.6.2 Direct production of invisible particles and long-lived
particles

Invisible dark matter searches are performed at the LHC
by searching for an imbalance of transverse energy when
summing all visible particles. The missing transverse energy
(MET) variable indicates the amount of unmeasured energy
found in a collision. To measure the MET, we require the pro-
duction of a mediator that decays invisibly and a recoiling
visible object against that mediator to indicate a large amount
of MET. This has conventionally been done through a broad
range of searches known as the mono-X searches, which
include the mono-jet, mono-Z boson, mono-Higgs boson,
and many more [970–981].

The production of invisible particles largely implies the
direct production of dark matter particles. As a result, we
often directly use our knowledge of the dark matter density
as a driver for characterizing invisible dark matter searches.
With both light and heavy dark sector mediators, we can
characterize this by the relic density constraint present when
considering the thermalization of light and dark sectors in
the early universe. This, we can write as

〈σv〉 ∝ g2
SMg2

DM

M2
Portal

, (116)

where gSM is the standard model particle coupling of the
portal to the mediator. For dark photons, we can write the
mixing parameter ε in terms of the above standard model
coupling gSM as:

ε = gSM

2
(

MPortal
MZ

− 1
)

e cos θW
(117)

where θW is the weak mixing angle, MZ is the mass of the
Z-boson, and e is the electric charge. More generally, the
above formula states that for a fixed and known dark matter
relic density 〈σv〉DM the minimum standard model coupling
gets larger, linearly with that portal mass, as one searches for
heavy portal mediators [79,834,960,969,982,983].

Fig. 60 Sketch of the dark photon bounds for dark photon decaying
invisibly as a function of dark photon mass (x-axis) and dark photon
mixing parameter y [940], while bounds are qualitative, they illustrate
the critical regions where LHC and other experiments in the next decade
can probe the relic density

Consequently, for spin-1 mediators with a mass roughly
greater than the Z boson the standard model coupling
required to attain the right relic density is larger than the
EW strength. We find that the LHC is capable of probing, or
has already probed, the majority of allowed parameter space
that can explain the dark matter relic density. This is indicated
in Fig. 60 [939,940].

Likewise, a similar study can be made comparing LHC
invisible searches to dark sector searches using direct
detection. When the dark matter portal mass 10 GeV<
mportal <2 TeV, LHC searches give complementary bounds
to existing direct detection searches, with similar sensitivity,
and exceed planned spin-dependent direct detection experi-
ments [939,940,955–959].

For Scalar dark sector portals, strong bounds are present
from the LHC Higgs to invisible search, which relies on
the distinctive vector boson fusion Higgs signature to look
for invisible decays of the Higgs boson. These bounds are
currently the dominant bounds for the hidden scalar portal
for masses beyond a few hundred MeV [837]. Likewise, for
axion-like portals (ALP) with a gluon coupling, the distinc-
tive monojet signature can probe invisible decays of the ALP
portal [939,940,974,981,984–990].

3.6.3 Direct production of visible particles

Direct production of visible particles is often the most strik-
ing way to observe dark sector signatures at the LHC. Visible
decays of the portal mediators can lead to a set of particles
that can be reconstructed, yielding a clear signature in the
form of a mass resonance. When the dark sector is heavier
than half mportal, standard model decays are the only sig-
natures of the portal, making the portal a potential window
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into dark sector physics. However, since dark matter is not
directly produced, visible searches do not directly probe dark
matter but still help to explore the vast possibilities present
in dark sector searches.

Most portal mediators decay to a pair of standard model
particles that allow for the reconstruction of a mass reso-
nance. The LHC searches for resonances that decay to a pair
of quarks, muons, electrons, and photons [991–1004]. The
sensitivity of the quark decays yields searches in the dijet or
single, 2-pronged jet final state; these searches are sensitive
only at large couplings to ε values of roughly 1 for the dark
photon portal; far worse the searches with lepton final states.
As a result, di-jet searches are only relevant as an experimen-
tal bound when lepton couplings are not present or heavily
suppressed.

The di-muon search has been the flagship analysis at the
LHC for dark photon searches. At LHCb, the di-muon search
has produced leading dark photon bounds for portal masses
m A > 220 MeV [1003]. Due to the development of the
ability to save objects that operate in the trigger known as
data scouting or trigger level analysis, the CMS experiment
has produced comparable bounds to LHCb for dark photon
masses m A > 10 GeV [997]. These bounds will continue to
improve over the next decade. Additionally, when the portal
coupling ε is tiny, the dark photon has a substantially large
lifetime to distinguish it from the original production colli-
sion. This lifetime renders the dark photon background free,
yielding an even more sensitive result.

Similarly, when the dark photon is light, Dark photon pro-
duction can occur through the decay of excited D mesons,
yielding a di-electron signature resulting from an excited D-
meson. This signature is distinct and produces a displaced
di-electron. As a result, projections using the LHCb experi-
ment (shown in Fig. 55) make it such that LHCb can probe
the critical ε ≈ 10−4 region for 10 < m A < 220 MeV [961].

Finally, for the ALP portal, the LHC has a sensitivity to
heavy axions with only a photon coupling through exclu-
sive photon production of ALPs both in proton-proton and
in heavy ion collisions [742,748,750,1005–1007]. The large
charge of the Pb ions substantially enhances ALP produc-
tion. These searches are the most sensitive for ALPs with
5 GeV < mportal. Additionally, the gluon coupling of the
ALPs can be probed through ηπ+π− decays, and π+π−γ
decays with the LHCb experiment giving the best sensitivity
for 0.5 GeV < mportal < 3 GeV [1008].

3.6.4 Direct production of long-lived particles

There are limited standard model particles with long life-
times and distinctive signatures. As a result, there are scant
long-lived standard model backgrounds when searching for
particles with long lifetimes. Additionally, the prevalence of
small standard model couplings among dark sector models

Fig. 61 Visible light dark scalar bounds on the mixing parameter sin θ
(y-axis), as a function of the mediator mass [833,953]. The blue bounds
indicate the bounds from LHC experiments

makes long-lived signatures particularly compelling to probe
dark sector physics at the LHC since small standard model
couplings tend to make standard model decays of a dark sec-
tor particle long-lived.

In inelastic dark matter models, the dark sector is extended
to have an unstable intermediary particle that will then decay
partly to standard model particles. Constraints from Big Bang
Nucleosynthesis allow a broad range of lifetimes at values
less cτ < 104 km [964]. The signature for inelastic dark
matter can vary, but it typically involves a displaced object
with limited identification. The production mode for inelastic
dark matter can change. Still, often its viewed to be the same
as the invisible searches with now an intermediate decay of a
displaced object that enables the substantial reduction of the
overall background [851,852,949,1009–1011].

A more specific long lived signature can come from
the production of a weakly coupled mediator. Light scalar
mediators,φ, can be produced in the decay chain of b quarks
(b → Xφ). The decay of these scalars can yield displaced
dimuons leaving a clean, almost background free, signature.
CMS has the potential to significantly take advantage of these
signatures due to future track trigger capabilities that allow
for the possibility of triggering on displaced tracks within
the level one trigger. Bounds for this final state are shown in
Fig. 61 [833,953,1004,1012].

Figure 62 shows the sensitivity of long-lived particles in
the inelastic dark matter model for various experiments. For
masses above a few GeV, where a large center of mass energy
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is required, the LHC has the largest sensitivity [834,852,
949].

3.6.5 Production of extended dark sectors

Finally, a unique aspect of the LHC is the substantial amount
of Z and Higgs bosons produced at the LHC. Extended dark
sector models, which have Higgs or Dark sector couplings,
benefit substantially from the LHC. This is often quite com-
mon in dark sector models since one way to give mass to the
dark sector is through a dark Higgs boson that mixes with
the Higgs boson [965,1013].

If a Higgs boson coupling to dark photons is present, it
is possible to look for the dark photon in the 4 (displaced)
lepton final state. This can be a clean signature with the added
mass constraint and a scheme to reduce the Z boson decays
(h → Z Z background). Provided a sufficiently large Higgs
to dark photon coupling such that the Br(h → Z D Z D) >
10−5 [965].

Similar arguments are present in the case of light scalars
and ALPs. Higgs decays directly into these can yield a large
production of these new particles, which can, in turn, be
observed through long-lived decays. Due to the distinct lack
of background branching ratios of Br(h → ss) > 10−3)

can be probed with the existing LHC detectors and dedicated
long-lived particle searches [1014–1023].

Finally, a model motivated by the (g − 2)μ anomaly
observed at Fermilab would be explained by a portal mediator
that exclusively couples to muons. This portal mediator can
be produced through a radiative portal produced off a muon
in a Z boson decay. This is a similar process to the radiative 4
muon peak that is present in Z decays, except now one of the
dimuon pairs will be at the mass of the portal mediator. The
current and future LHC bounds (see Fig. 62) can allow for
the search of such a mediator that would explain the (g−2)μ
anomaly for masses ranging from 2 to 500 GeV [1024,1025].

3.6.6 Conclusions

As the only machine capable of producing a center of mass
collisions above 10 GeV in the laboratory environment, the
LHC will have a critical role in dark-sector searches over the
next decade. These cover 4 distinct types of dark sector sig-
natures: invisible particle searches, visible particle searches,
long-lived searches, and heavy particle decays. For the first
three final states(invisible, visible, long-lived), the LHC dom-
inates the sensitivity above portal interactions at the scale of
10 GeV. For lighter portal mediators, displaced and visible
decays make the LHC the most sensitive future experiment
for masses above a few hundred MeV. Finally, the LHC has
produced more Higgs and Z bosons than another collider
experiment and, consequently, can be sensitive to extended
dark sector models that result in dark sector decays from the

Fig. 62 (Top) Bounds for the observation of a long-lived decay in the
inelastic dark matter model where the dark photon decays to an unstable
particle with a mass splitting between the excited particle (m2) and dark
matter particle (m1) given by � = m2−m1

2(m2+m1)
= 0.1 and a dark matter

coupling given by αD = 0.1. In all cases, the dark photon mass is
taken to be three times dark matter mass m A = 3m1 [949]. (Bottom)
Comparison of coupling exclusion (y-axis) on a spin-1 vector boson
that couples exclusively to muons as a function of the mediator mass
(x-axis). The LHC bounds and projected bounds are the leading bounds
for a mediator mass above 5 GeV [1024]

Higgs and Z boson. This unique element of the LHC is crit-
ical for future exploration. A summary of the sensitivity is
present in Table 9.

When considering dark sectors in the global context of
all experiments, it is essential to realize that the LHC plays
a distinctive role in eliminating many possible dark sector
models and extensions of models. However, when consid-
ering future projections of the LHC, there are a few critical
holes to keep in mind. In particular, invisible decays with
mediator masses above 10–100 GeV will be hard to search
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Table 9 Table describing model and ranges of sensitivity for LHC searches

Signature Models LHC analysis Critical sensitivity

Invisible Dark photon or dark
Higgs with light dark
matter

Mono-X Probes values compatible with the
measured relic density for DM
masses above 100 GeV

Visible Dark photon or Alp with
heavy/no dark matter

Di-lepton, di-photon Probes masses above 250 MeV
with ε 10−4

Long-lived Light dark Higgs,
inelastic dark matter

Long-lived particle(s) (Scalar) Probes mixing of 10−4,
(inelastic DM) dominates above
5 GeV

Extended dark sector Dark Higgs mixing,
muphilic mediator

Higgs and Z decays (Dark Higgs) probes small dark
photon mixing when lar mixing
large, (Muphilic) dominates
above 5 GeV

for at the LHC to reach the desired relic density benchmark.
Moreover, it is crucial to remember that the LHC long-lived
searches can substantially be enhanced by next-generation
experiments that allow us to increase the overall sensitivity.
There is a lot of work going towards the construction and
design of these signatures [964,1011,1026,1027]. With an
order-of-magnitude increase in data and a large variety of
upgrades underway, the next decade stands to be a pivotal
moment for dark-sector searches at the LHC and beyond.

3.7 Prospects at CERN: MATHUSLA,
CODEX-b,ANUBIS – B. Dey

Main Author: Biplab Dey, <biplab.dey@cern.ch>,

Contributors: Cristiano Alpigiani, Oleg Brandt, Jon Burr,
David Curtin, Erez Etzion, Philip Ilten, Simon Knapen,
Henry Lubatti, Steven Robertson, Toby Satterthwaite, Charles
Young

3.7.1 Introduction

The LHC is scheduled for ongoing and upcoming upgrades
and data collection until at least 2038. A central component
of this program will be searches for dark or hidden sectors
beyond the standard model (BSM), in particular displaced
decays-in-flight of exotic long-lived particles (LLPs). They
are a compelling signature of such sectors and generically
occur in theories containing a hierarchy of scales and/or
small parameters. Both cases already appear in the Standard
Model (SM), in which many decay widths are suppressed
by the mW � QC D hierarchy, loop and phase-space sup-
pressions, and/or the smallness of one or more CKM matrix
elements. The K 0

L , π±, neutron and muon are the most spec-
tacular examples. Such LLPs also make frequent appearances
in BSM scenarios featuring e.g. dark matter, baryogenesis,
supersymmetry or neutral naturalness.

The reach of both ATLAS and CMS to the decay-in-
flight of LLPs is best when the LLPs are relatively heavy
(m � 10 GeV), though there are some important excep-
tions (e.g. [1023,1028]). This is because the backgrounds
and trigger challenges can strongly limit the reach for light
LLPs in the complicated environment inherent to a high-
energy, high-intensity hadron collider. These difficulties are
reduced to a large extent by LHCb and FASER, due to a high-
precision VErtex LOcator (VELO) and substantial shield-
ing, respectively. Because of their locations and geometry,
the sensitivity of LHCb and FASER is limited to relatively
short lifetimes and production at low center-of-mass ener-
gies. As a result, their sensitivity to LLPs produced in, e.g.,
exotic Higgs or B decays can be quite limited, especially
for cτ � 1 m. To achieve comprehensive coverage of the
full LLP parametric landscape, one or more high volume,
transverse LLP detectors are therefore needed (see Fig. 63).
The most viable options for such a detector at the LHC are
ANUBIS [1027,1029], CODEX-b [1030,1031], and MATH-
USLA [1032,1033], as described in the remainder of these
proceedings.

3.7.2 ANUBIS

The ANUBIS project proposes installing a set of novel detec-
tors as part of the ATLAS experiment in order to extend its
sensitivity to neutral long-lived particles (LLPs) in the era
of the HL-LHC by extending the geometrical acceptance
in the transverse direction relative to the beamline [1027].
Two potential configurations are considered for the ANUBIS
experiment: a “shaft” configuration which would comprise
four sets of bi-layered tracking detectors (tracking stations)
installed at various heights along the main ATLAS service
shaft PX14, and a “cavern” configuration where a tracking
station is placed on the ceiling of the US15 ATLAS cavern
and one at the bottom of each of the service shafts. Both of
these configurations would provide tracking capabilities at
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Fig. 63 Complementarity of different experiments searching for
LLPs [1031]

distances which are significantly further from the ATLAS
interaction point in the transverse direction than existing
detectors. This would increase the geometrical acceptance
to LLPs with decay lengths of O(10 m) and beyond, thereby
dramatically extending its sensitivity to neutral LLPs pro-
duced at the electroweak scale or above. In the case of the
cavern configuration, the new detectors would be sensitive to

the products of neutral LLP decays which occur between the
ATLAS muon spectrometer and the cavern ceiling, while in
the case of the shaft configuration, the new detectors could
be sensitive to decays which occur within the PX14 service
shaft. A schematic of these detector layouts and the decays
to which they would be sensitive is shown in Fig. 64.

Recent studies show that both configurations of ANUBIS
would have sensitivity to LLPs produced at the electroweak
scale using as a benchmark electrically neutral LLPs pro-
duced from the decays of the 125 GeV Higgs boson [1029].
These studies consider gluon-fusion and vector-boson-fusion
Higgs boson production, simulated at next-to-leading order
with PowhegBox [1037], where the Higgs boson decays
into LLPs with masses of 10, 20, 30, and 40 GeV with a
subsequent decay into bb, which are then showered and
hadronized using Pythia 8 [1038]. A Monte Carlo method
was used to investigate what fraction of these decays would
occur between the existing ATLAS detectors and the pro-
posed ANUBIS detector, and what fraction of these events
would produce at least two final-state, charged-jet particles
with trajectories that would allow them to be detected by
ANUBIS. The sensitivity of ANUBIS to the branching ratios
of four LLP masses with variable cτ , assuming the full 3 ab−1

dataset of the HL-LHC, are shown in Fig. 65. The ceiling con-
figuration of ANUBIS would be sensitive to branching ratios

Fig. 64 The two ANUBIS configurations considered in the sensitivity
study: the original shaft configuration where four tracking stations are
placed in the main PX14 shaft of ATLAS, and the ceiling configuration,

where a tracking station is placed on the ceiling of the US15 ATLAS
cavern and one at the bottom of each of the service shafts
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Fig. 65 Branching ratio sensitivity of the ANUBIS cavern and shaft
configurations to decays of Higgs-produced LLPs with masses of a 10,
b 20, c 30, and d 40 GeVassuming HL-LHC conditions (

√
s = 14 TeV,

L = 3 ab−1). Uncertainties are given by Monte Carlo statistics. These
are compared to ATLAS results for 40 GeVBSM LLPs, CODEX-b pro-

jections for 10 GeVBSM LLPs, and MATHUSLA projections for 20
and 40 GeVBSM LLPs, as well as the projected limit for decays of the
Higgs boson into invisible particles at the HL-LHC [1030,1034–1036].
For further details, see [1029]

of LLPs with masses of 10, 20, 30, and 40 GeV reaching a
limit of O(10−6) for particles with cτ of 3, 4, 6, or 10 m,
respectively. In the shaft configuration, ANUBIS would be
sensitive to decays which occur within the ATLAS cavern
or the PX14 service shaft with branching ratios reaching
O(10−5), and would be sensitive to decays occurring within
the PX14 service shaft only with branching ratios reach-
ing O(10−4). Each of these scenarios shows a substantial

improvement to the existing capabilities of the ATLAS exper-
iment.

A prototype detector called proANUBIS that corresponds
to one element of a future tracking of the full ANUBIS detec-
tor has been constructed, and is scheduled to take data in 2023
at a representative location inside the ATLAS cavern US15.
The location of the demonstrator is close to the ceiling of
the ATLAS cavern, about 25 m away from the interaction
point. Most importantly, the space between proANUBIS and

123



 1122 Page 102 of 266 Eur. Phys. J. C          (2023) 83:1122 

ATLAS is an air-filled volume, providing an ideal test bed to
confirm the rate of hadronic interactions and decays of KL

and n predicted in Monte Carlo simulations.

3.7.3 CODEX-b

The CODEX-b experiment is proposed to be installed near
the LHCb interaction point (see Fig. 66) to search for dis-
placed decays-in-flight of exotic LLPs [1030,1031,1039].
A recent expression of interest (EoI) [1031] and Snowmass
study [1026] presented the physics case and extensive exper-
imental and simulation studies. The CODEX-b baseline con-
figuration of Refs. [1030,1031] consists of a sextet RPC pan-
els on the six outer faces of a 10× 10× 10 m cubic detector
volume, along with five uniformly-spaced internal stations
along the x axis (in beamline coordinates) containing RPC
triplet. The signal reconstruction efficiency for the bench-
marks presented in the figures here were found to be between
80% and 100%, depending the details of the model.

In a recent study, an algorithm was developed to system-
atically optimize the acceptance of transverse LLP detectors
given a particular budget constraint [1040]. This identified
several alternative configurations with similar acceptance but
a factor of two smaller instrumentation and correspondingly
lower cost. For example, relative to the baseline configura-
tion, it has been shown that configurations exist with half the
instrumented area, which still maintain roughly 80% recon-
struction efficiency. The process of determining which of
these new configurations is most viable from an engineering
point of view is currently under way.

The proposed tracking technology for CODEX-b follows
the ATLAS phase-II RPC design [1041], so that tracking
stations will consist of pairs of 1.88 × 1.03 m2 triplet RPC
panels – i.e. the fundamental array element is approximately
a 2×2 m2 RPC triplet panel – supported by a structural steel
frame.

The LHCb interaction point produces a large flux of
background primary hadrons and leptons, which must be
mitigated for CODEX-b to be a low background experi-
ment. In particular, primary neutral long-lived particles –
e.g. (anti)neutrons and K 0

L ’s – can enter the detector and
decay or scatter into tracks resembling a signal decay. These
primary hadron fluxes can be suppressed with a sufficient
amount of passive shielding material: for a shield of thick-
ness L , the background flux suppression ∼ e−L/λ where λ
is the material nuclear interaction length. For CODEX-b, the
3 m of concrete in the UXA radiation wall, corresponding
to 7λ of shielding, would need to be supplemented with an
additional 4.5 m of Pb shield, corresponding to an additional
25λ. Such a large amount of shielding material will act in turn
as a source of neutral LLP secondaries, produced by muons
that stream through the shielding material and scatter.

The most concerning neutral secondaries are produced
< 1 m from the back of the shield by muons that slow down
and stop before reaching the detector. For this reason, an
active muon veto embedded in the shield will be needed.
All these backgrounds have been modeled and quantified
with extensive GEANT4 simulations; we refer to [1031] for
the details. In addition, soft cavern backgrounds have been
modeled with FLUKA simulations and cross checked with
with in situ measurements [1026,1039]. If the design criteria
of the shield laid out in [1031] can be met, the simulations
show that CODEX-b will be able to operate with negligible
backgrounds.

In the near future, the CODEX-b collaboration proposes
to install a demonstrator detector in the same location as
where the final detector could be installed. This CODEX-β
detector is a small-scale version (2 m×2 m×2 m) of the full-
scale CODEX-b detector. Its primary goal is to validate back-
ground estimates for the UX85 cavern, as well as demonstrate
the event reconstruction capabilities for this detector concept.
The latter will be done by measuring and reconstructing the
KL flux passing through the detector. The CODEX-β frame
will be highly modular, such that it can be assembled with
only fastening hardware and with no welding required. The
modules for CODEX-β are currently being produced, with
a proposed installation in early 2024. We refer to [1026] for
more details on its design and capabilities (Fig. 67).

3.7.4 MATHUSLA

MATHUSLA is a proposed auxiliary LLP detector for the
HL-LHC, situated on the surface above the CMS interac-
tion point. Its large decay volume and shielding from LHC
collision backgrounds creates a low-background environ-
ment with large LLP decay acceptance that allows for the
detection of many LLP types with orders of magnitude
lower production rate or longer lifetime than possible for
the HL-LHC main detectors, as discussed in the letters of
intent [1032,1033], the MATHUSLA physics case [1011]
and the recent U.S. Snowmass study [1042]. In this contri-
bution we summarize MATHUSLA’s reach for several LLP
benchmark models, reviewing results from [1033] that are
based on full simulation of LLP production and kinematics
but assuming zero background and 100% reconstruction effi-
ciency, and report briefly on progress within the collabora-
tion. This includes an update to the default detector geometry
with a front wall veto, as well as the imminent publication
of a conceptual design report with updated simulation and
detector design studies.

MATHUSLA’s basic layout is shown in Fig. 68. The decay
volume of 100 m× 100 m × 25 m close to CMS gives sim-
ilar acceptance for LLP decays in the long lifetime limit
(cτ � 100 m) as the HL-LHC main detectors, but without the
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Fig. 66 Top view of the LHCb cavern UX85 at point 8 of the LHC, overlaid with a top view schematic of the CODEX-b detector. Adapted from
Ref. [1030]

background- and trigger-limitations of the LHC collisional
environment.

The only significant background from the LHC collision
is energetic muons with Eμ � 40 GeV that can reach the sur-
face. To control this background, the default detector geom-
etry includes a veto detector layer in the floor and the front-
facing wall. Previous versions of the benchmark geometry
only included the floor detector.

A MATHUSLA prototype is currently under construction
at the University of Victoria. This unit consists of four scin-
tillator layers with expected performance similar to current
MATHUSLA design specification. Layers are separated ver-
tically by 80 cm, with scintillator bars alternating in x and
y. Scintillator bars, using FNAL extrusion, are 1 cm thick by
4 cm wide with a single co-extruded hole for WLSF insertion.
The module dimensions are approximately 80 cm× 100 cm,
comprised of assemblies of 20 and 24 bars, depending on
bar orientation. These modules are threaded with 6 m long
1.5 mm WLSF (Saint Gobain BCF-92) and the fiber ends are
brought to a common readout via a 64 channel SiPM array
(Hamamatsu S13161-3050-AE-08). Amplitude and timing
measurements are performed using a CAEN DT5202 FERS
unit which is used for triggering and absolute and differential
timing of signals from both ends of each WLSF. Although
the scintillator bars are somewhat shorter than the nominal
MATHSULA design (∼ 2.5 m), the WLSFs are similar in
length to the MATHSULA design. Consequently similar tim-

ing and triggering performance is expected in this prototype
to a full MATHUSLA module. This prototype will be oper-
ated as a cosmic ray detector, to test design and assembly
aspects, as well as test trigger and tracking performance in a
realistic detector.

The collaboration is currently in the final stages of com-
pleting the MATHUSLA Conceptual Design Report (CDR),
which includes updates to the LLP signal simulation, reports
on fully realistic background simulations in progress, and
includes significant details on detector design, R&D, DAQ
and other aspects of the full-size detector. This will include
new reach estimates for LLP benchmark models that improve
upon existing estimates that assume 100% reconstruction
efficiency and zero backgrounds. For the present contribu-
tion, we simply summarize some of the results presented
in [1033] to demonstrate MATHUSLA’s physics potential
for probing feebly interacting particles via LLP searches,
including general hidden sectors and various dark matter can-
didates.

Figure 69 shows MATHUSLA’s sensitivity to LLPs
decaying hadronically, produced in exotic Higgs decays. This
type of LLP is the main physics target of MATHUSLA, with
excellent and highly robust sensitivity compared to main
detector estimates due to the absence of any backgrounds
that can mimic a displaced vertex with O(10) upwards going
tracks.
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Fig. 67 (Top) Reach of CODEX-b for h → A′A′ for two different val-
ues of the A′ mass, along with the (red) exclusion limit in Ref. [1023];
the blue and green shaded bands are expected limits for searches with
the ATLAS muon systems, extrapolated to the HL-LHC [1030]. (Bot-
tom) Projected exclusion power in the dark Higgs simplified model,

for the nominal CODEX-b volume with 300 fb−1. The mixed quar-
tic with the SM Higgs was chosen such that BR[h → SS] = 0
(Br[h → SS] = 0.01) in the left (right) panel [1031]. See [1031]
for more details

Fig. 68 MATHUSLA geometry relative to the CMS collision point, illustrating how LLPs can decay in the detector and be reconstructed as
displaced vertices by the trackers. For clarity, the modular structure of the MATHUSLA detector is not shown
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Fig. 69 (Red curve) MATHUSLA@CMS sensitivity, 4 observed
events, for LLPs of mass m X = 20,GeV produced in exotic Higgs
decays. (Black curve) Reach of ATLAS search for a single hadronic
LLP decay in the muon system at the HL-LHC [1043]

The theoretical motivation for probing such LLPs is also
very urgent, since a large variety of FIPs, hidden sectors,
dark matter candidates and other models produce LLP signals
through the higgs portal or at a similar energy scale [1011].

Figure 70 shows MATHUSLA’s sensitivity to several PBC
benchmark models, focusing on SM+S and heavy neutral
leptons. The reach covers significant regions of new param-
eter space and is complementary to other transverse detec-
tors. LLPs of this type constitute the secondary physics target
of MATHUSLA, and studies to determine the robustness of
this reach with respect to reconstruction efficiency and back-
grounds are in progress.

Finally, to give an illustrative example of MATHUSLA’s
ability to probe various dark matter models, Fig. 71 shows
MATHUSLA’s sensitivity to an inelastic dark matter model
resulting in a meta-stable dark sector state showing up as
a decaying LLP due to a dark-photon mixing with the SM
photon (see [852,1033] for more details). There are many
dark matter scenarios which can only be probed via LLP
decay searches, making the maximization of the LHC’s reach
with transverse detectors essential.

3.7.5 Conclusions

To achieve the most comprehensive coverage of LLP’s at the
HL LHC, dedicated transverse LLP detectors are an essen-
tial piece of the puzzle. The importance of such auxiliary
detectors at the LHC was stressed in particular in the recent
Snowmass energy frontier summary report [1044]. MATH-
USLA, CODEX-b and ANUBIS represent three different
locations and detector concepts, covering a range of costs
and providing sensitivities that are complementary to exist-
ing or approved detectors. All three collaborations have been
making steady progress with their detector design, back-
ground calibrations and are planning or have already installed
a demonstrator detector.

3.8 Prospects at CERN: FACET – C. Zorbilmez

Author: Caglar Zorbilmez, <Caglar.Zorbilmez@cern.ch>

3.8.1 Introduction

The proposed new subsystem of CMS (Compact Muon
Solenoid) called FACET for Forward-Aperture CMS ExTension
will be sensitive to particles produced with polar angels
1 < θ < 4 mrad (equivalently). FACET has an 18 m long
section called decay volume between z = 101 and 119 m on
the side of the IP5 interaction point, followed by an 8 m long
region instrumented with various particle detectors.

The detector, a schematic view of which is shown in
Fig. 72, requires an 18 m long section of the LHC beam pipe
to be replaced with the circular pipe of a 50 cm radius. In the
FACET design, additional shielding will be placed upstream
of the first detector which is a hodoscope with high efficiency.
This detector is meant to tag charged particles emerging from
the interactions in the upstream shielding, and consists of
a two-layer counter made of radiation-resistant quartz pads.
Behind the decay volume, there is a section of precision track-
ing and fast timing detectors to measure the time-of-flight of
charged particles, determine vertex positioning in 4 D, and
measure the tracks of charged particles. After the tracking and
timing system, an electromagnetic and a hadronic calorime-
ter will be placed to measure individual showers above a
threshold energy (e.g., 10 GeV, but tunable) and their direc-
tions in the presence of many low-energy showers. Behind
the calorimeter, there is an iron toroid instrumented with sil-
icon tracking to measure the charge of muons. In addition,
muon detection will be made through active layers of the
calorimeter.

Level-1 (L1) and high-level trigger (HLT) systems will
be upgraded as part of CMS phase II upgrade at HL-LHC.
In this context, FACET will provide an additional external
trigger to the CMS Global L1 Trigger. Events triggered by
FACET will include all CMS data, while events triggered by
CMS will include FACET information less than 1% of all
CMS data. The FACET trigger will only be able to operate
in a standalone mode where FACET information is recorded
[1045].

3.8.2 Sensitivity to long-lived particles

With data of a total integrated luminosity of ab−1 of pp col-
lisions at a

√
s = 14 TeV, LLP parameter space for dark

photons, heavy neutral leptons, axion-like particles, and dark
Higgs bosons is studied by selecting either 3 or 5 candidate
events, assuming no background and that FACET can detect
all penetrating neutral particle decays to > 2 charged parti-
cles or photons occurring between 101 < z < 119 m with
the decay products within 18 < R < 50 cm at z = 120 m.
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Fig. 70 (Left) Purple curves show the sensitivity of MATH-
USLA@CMS for a singlet scalar LLP s mixing with Higgs mixing angle
θ . (Top) Assuming production in exotic B, D, K meson decays only.
(Middle) Assuming additional production in exotic Higgs decays with
Br(h → ss) = 0.01. (Bottom) Same scenario as middle but showing the
entire MATHUSLA sensitivity due to h → ss decays. (Right) Purple

curves show the sensitivity of MATHUSLA@CMS for a Heavy Neutral
Lepton LLPs produced in B, D (solid) and K decays (dashed) for HNLs
that mix predominantly with (top) electron, (middle) muon, (bottom) or
tau active neutrinos. Figures from [1033], augmenting plots originally
from [4]. MATHUSLA sensitivities assume 100% LLP reconstruction
efficiency and zero background

Dark photons Any process in hadron-hadron collision has
some probability of mixing with dark photon governed by
the kinetic mixing parameter (ε) [804]. If the mass of dark
photon is smaller than 1 GeV, it is assumed that the most
prolific sources are the decays of π0, η, and η

′
mesons. In

Fig. 73, FACET reach for dark photons in generic model with
no BSM source is shown.

If the mass of dark photon is bigger than 1 GeV
the main production processes are Drell–Yan production,

Bremsstrahlung and heavy quark decays. A comparison of
the reach of FACET and other experiments is given in
Fig. 74a. Figure 74b shows the number of events as a function
of lifetime for three dark photon masses.

Heavy neutral leptons Heavy neutral leptons are hypothet-
ical particles predicted by many extension of the SM. These
particles can explain the origin of neutrino masses generate
the observed matter-antimatter asymmetry in the universe
and provide dark matter candidate (Fig. 75). We consider a
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Fig. 71 Reach of MATHUSLA and other LHC experiments and
searches for inelastic dark matter (iDM) with a dark photon of mass
m A′ that has kinetic mixing ε with the SM photon, and mass splittings

� in the percent range. The black curve indicates where thermal co-
annihilations χ2χ1 → A′ → f f̄ to SM fermions give the observed
DM relic density. Figure taken from [852]

Fig. 72 FACET layout

Fig. 73 FACET reach for dark photons (3 event contours) in a generic
model with no BSM sources, as calculated with the Foresee package
(https://github.com/KlingFelix/FORESEE/)

specific extension of SM with a Z prime boson and three
heavy right-hand Majorana neutrinos (Ni) [1046]. Figure 75
shows the coverage in the mixing parameter versus mass of
the Majorana neutrinos

Dark Higgs bosons Dark higgs field provides a simple
mechanism to give mass to dark photon A

′
. The dark higgs

boson can be very long-lived due to its suppressed couplings
to the accessible light SM states.The reach of FACET for the
dark higgs boson decaying to a detectable final state is given
in Fig. 76. FACET offers a unique sensitivity for the dark
higgs boson masses.

3.8.3 Summary

FACET will make an inclusive search for some portals with a
sensitivity defined by their masses and couplings to SM parti-
cles. The searches will be background-free in many channels
for long live particles. FACET will explore a unique area in
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Fig. 74 A comparison of FACET and other experiment dark photon reach for all final state

Fig. 75 FACET reach in the mixing parameter vs. mass plane for a
heavy neutral lepton (3 event contours), along with projections for other
proposed experiments, as well as for MAPP and the upgraded LHCb
detectors

parameter space of mass and couplings, largely complemen-
tary to other existing and proposed searches.

3.9 Status and prospects at CERN: FASER – C. Antel

Author: Claire Antel, <claire.antel@cern.ch>

Introduction

The FASER experiment [1047] is a new LHC experiment
for Run 3 offering a complimentary physics programme to
the other major experiments at the LHC. While for instance
ATLAS and CMS typically search for new signals that

are centrally and promptly produced with high transverse
momenta, FASER aims to detect light long-lived particles
and neutrinos produced in the far forward region, using the
LHC as a high intensity beam of light hadrons and neutrinos.
The detector is located 480 m downstream of the ATLAS
proton interaction point (IP1) in a formerly decommissioned
tunnel (TI12) next to the LHC main tunnel. It is used both to
search for new long lived-lived particles such as dark pho-
tons, axion-like particles and heavy neutral leptons, as well as
make Standard Model (SM) measurements of collider neu-
trino interactions.

Physics targets

FASER searches for new particles that may be produced pri-
marily in rare decays of SM mesons that are emitted at small
angles to the beam axis, and decay within the FASER detector
decay volume 480 m downstream of IP1. Due to the faraway
location of FASER, the new particles are necessarily feebly
coupled to the Standard Model to be sufficiently long-lived.
More importantly, the small angle of production means new
particles are produced at TeV energy scales at the LHC, pro-
viding them the boost to reach FASER. The dominant meson
production at the LHC are neutral pions – on the order of 1016

neutral pions will be produced at IP1 in Run 3. Thus, FASER
is especially sensitive to new particles, such as a Dark Photon,
in the 10–100 MeV mass range from rare neutral pion decays,
but also has interesting sensitivity to new particles produced
in heavy meson decays such as heavy neutral leptons and
axion-like particles. A full study of FASER’s physics reach
is covered in [1048].

In addition, FASER aims to make SM cross-section mea-
surements of collider neutrinos produced at IP1 and inter-
acting in the FASER detector, providing differential cross-
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Fig. 76 Reach of FACET and other existing and proposed experiments for a dark Higgs boson φ (3 event contours) with the assumption of either
%2.5 (left) or %0 (right) branching fraction for the H(125)→ φφ. Figure taken from Ref. [1045]

section measurements at formerly uncovered energies for all
three neutrino flavours [1049].

Detector

The FASER detector design, shown in Fig. 77, is described
in detail in [1047]. The experiment consists of two sepa-
rate detectors: The FASER spectrometer dedicated to LLP
searches, and FASERν, a neutrino emulsion detector [1050].
The FASER spectrometer is 5.5 m long and 20 cm in aper-
ture. It consists of three permanent 0.57 T dipole magnets,
three tracking stations of three tracker planes each, scintilla-
tor stations and a calorimeter. The first of the three magnets
has a length of 1.5 m and defines the experiment’s decay
volume. FASERν is a 1.1 tonne emulsion film detector with
interleaving tungsten plates. A tracking station interfaces it to
the rest of FASER. The important performance requirements
for FASER is to tag incoming muons, the main source of
background for FASER LLP searches, with extremely high
efficiency using several layers of veto scintillators, trigger
on and track the SM decay products of rare LLP decays in
its decay volume efficiently, and capture up to TeV scale
energetic showers in the calorimeter with good (1%) energy
resolution.

2022 data taking experience and performance

The FASER experiment successfully acquired 30 f b−1 of
13.6 TeV proton-proton collision data appropriate for physics
analysis during 2022 with the start of Run 3 of the LHC.
Figure 78 is an event display of an energetic muon travelling
through the length of the FASER detector from the direction
of IP1. The red line indicates the reconstructed track using the
hits (blue strips) in each tracking layer. The bottom half shows
the scintillator and calorimeter ADC waveforms, which are
all consistent with a MIP signal. The triggering and tracking
of an incoming particle with a collision signal time-of-flight

demonstrates the detector to be successfully time tuned for
data taking.

Early collision runs were dedicated to performance scans
of the detector in running conditions, where detector settings
were varied to tune operational settings for optimal perfor-
mance. Figure 79 presents a fine time scan of the tracker
SCT modules of each tracker station: The fine time delay was
swept over a 50 ns window, and the fraction of tracker hits
on reconstructed tracks well-centered in the read-out win-
dow was measured at each delay. The dashed line indicates
the delay now used in operations, tuned to a value where
∼ 100% of hits are perfectly centered in the readout window.
Figures 80 and 81 are scans of the applied SCT hit threshold
and the bias voltage, respectively. Again, the dashed lines
indicate the settings used in 2022 operations. An average hit
efficiency of 99.64± 0.10% across the full tracker for parti-
cles hitting the active part of the tracker modules is achieved
for optimised threshold and voltage settings. The efficiency
falls off at higher applied thresholds and lower bias voltage,
as expected.

Once the LHC reached peak instantaneous luminosities
during stable running in 2022, the FASER reached a peak
event recording rate of 1.25 kHz, which was in fact a fac-
tor 2 higher than predicted from FLUKA simulations and
in-situ measurements performed in 2018. Figure 82 shows
the online monitoring of the the FASER total trigger rate
(green) and the instantaneous luminosity measured at IP1
(blue) for 8 LHC fills between August 19th to 23rd, 2022.
While the trigger rate shows a clear and expected correlation
with luminosity at IP1, it is visibly higher at the beginning
of fills relative to the luminosity before levelling off to a
constant to-luminosity ratio later in the fill. The unexpected
high rates is suspected to be due to (neutron-induced) cavern
background in the tunnel initiated by beam losses which are
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Fig. 77 A labelled schematic
of the FASER detector

prominent at the start of fills. This is supported by the mea-
sured bunch-crossing independent background rate, shown
in Fig. 83. While a per bunch-crossing ID (BCID) total rate
(blue) peaks for colliding bunches, there is a considerable
level of triggered events in non-colliding bunches, indicating
background sources of particles not related to proton colli-
sions. The smaller rate bumps before each colliding bunch
rate peaks are caused by secondary particles as Beam 1 inter-
acts with a quadrupole magnet close to FASER as it passes
by towards IP1. The per-BCID rate indicated in orange is
the rate of a “Physics Coincidence” trigger requiring a coin-
cidence between a front and back scintillator thereby very
likely signifying an incoming energetic muon from IP1 trav-
elling through FASER. This trigger has a non-zero rate only
for colliding bunches. Overall, the additional rate has not
been a hinderance for the FASER physics programme. The
TDAQ system is capable of recording data with the additional
rate, the deadtime remains< 2% and the background events

can be effectively removed using timing cuts and other event
topologies that are consistent with a particle source of origin
at IP1.

Conclusion and outlook

The FASER experiment has had a successfull year of data tak-
ing in 2022, collecting 30 f b−1 of 13.6 TeV proton-proton
collisions at the LHC for analysis. The data will be used to
search for light long-lived particles such as dark photons,
axion-like particles and heavy neutral leptons, as well as
make SM measurements of collider neutrino interactions.
The detector performance and overall data acquisition oper-
ations went smoothly, despite the experiment experiencing
double the trigger rate to what was predicted. Currently the
collaboration is preparing to analyse the data for first results
in 2023 – deriving calorimeter calibration, particle identifi-
cation and tracker alignment for analysis.

Fig. 78 FASER Event Display of a muon travelling through the length
of the FASER detector during 2022 proton-proton collisions. The wave-
forms below the display are the reconstructed PMT ADC pulses of the

muon MIP signal fitted with a crystal ball function. The blue strips in
the tracking layers are tracker hits while the red line is the reconstructed
track
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Fig. 79 A fine time scan of the SCT tracker modules during early
proton-proton data taking. The fraction of tracker hits with good timing
as a function of the fine time delay applied in the tracker readout (in ns)
is shown for each of the four tracker station. The fine time delay used

in operations is shown as a dashed line, tuned to the maximum good
timing fraction. These plots use data taken in dedicated FASER runs,
where the tracker timing settings were changed, during LHC collisions
in July 2022

Fig. 80 The SCT hit efficiency versus the applied hit threshold (in
fC) is shown. The nominal threshold setting of 1 fC is indicated by a
dashed line, and yields an average hit efficiency across the full tracker
of 99.64± 0.10%. This plot used data taken in dedicated FASER runs,
where the tracker settings were changed from nominal, during LHC
collisions in July 2022

3.10 Prospects at CERN: the forward physics facility –
F. Kling

Author: Felix Kling, <felix.kling@desy.de>

Introduction and facility The LHC is the most energetic par-
ticle accelerator built thus far. Its primary objective is the
study of the Higgs bosons and the search for new particles
at the TeV scale. For this reason, the large multi-purpose
detectors that surround the LHC’s collision points are opti-
mized for rare but spectacular events containing high trans-
verse momentum particles, as expected from the decay of
such heavy states. However, the vast majority of collisions
at the LHC are soft, meaning that the momentum exchange
between the colliding protons is small. Produced in such col-

Fig. 81 The SCT hit efficiency versus the applied bias voltage (in volts)
is shown. The nominal setting of 150 V is indicated by a dashed line, and
yields an average hit efficiency across the full tracker of 99.64±0.10%.
These plots used data taken in dedicated FASER runs, where the tracker
settings were changed from nominal, during LHC collisions in July 2022

lisions are a large number of hadrons in the forward direction,
outside the coverage of the main detectors, which can carry
a sizable fraction of the beam energy. Some of these hadrons
will decay into neutrinos and hence produce an intense and
strongly collimated beam of highly energetic neutrinos of
all three flavors along the beam direction. Similarly, these
hadrons could also decay into so far undiscovered light and
weakly interacting particles, as predicted by various models
of new physics, and which would also form a strongly colli-
mated beam in the forward direction [1051]. This realization
is the basis for the forward search and neutrino program at
the LHC.

There are currently two experiments operating in the for-
ward direction of the LHC that take advantage of this oppor-
tunity: FASER and SND@LHC. They are located roughly
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Fig. 82 The instantaneous luminosity measured at Interaction Point 1
(blue) and the FASER total trigger recorded rate (green) are shown for
8 LHC fills between August 19th to 23rd, 2022. The trigger rate trend
generally follows the luminosity trend but it is evident that the trigger
rate falls off more strongly at the beginning of fills than the luminosity.

This is suspected to be due to higher beam losses at the beginning of
fills. The dip in trigger rate towards the end of the fill on the 22nd August
was due to an issue with the digitizer board which halted data taking
for 1 h. Other dips in rate and luminosity are due to emission scans

Fig. 83 The FASER average
trigger rate per bunch-crossing
ID is shown for a particular
LHC Fill with a low number of
colliding bunches (∼ 600
bunches). The blue bars
represent the total recorded
trigger rate, and the orange bars
represent the recorded trigger
rate for the physics coincidence
trigger – a coincident trigger
between a scintillator at the front
and back of the FASER detector,
signifying the likely passage of
an energetic muon from the
direction of IP1. The rate of the
physics coincidence trigger is
zero for all but colliding bunches

480 m downstream of the ATLAS interaction point in the pre-
viously unused side tunnels TI12 and TI18. FASER is primar-
ily designed to search for long-lived particles in the forward
direction [1052–1058]. In addition, the experiment contains
a dedicated emulsion neutrino detector, called FASERν, at
its front end [1059,1060]. SND@LHC is also a dedicated
neutrino experiment consisting of both emulsion and elec-
tron components [1061,1062]. Both experiments have started
data taking in summer 2022 and will continue to operate dur-
ing Run 3 of the LHC.

In the last few years, it has become very clear that there is a
diverse physics program that is largely unexplored in the for-
ward region at the LHC. Since this cannot be fully exploited
by the two recently installed experiments alone, several
proposals for larger scale upgrades or additional detectors
have been put forward [1063–1066]. At the same time, the
TI12 and TI18 tunnels, which currently house the FASER
and SND@LHC experiments, will not be able to accom-
modate larger detectors or additional experiments. They are
highly constrained by the 1980s infrastructure that was never
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Fig. 84 Location and layout of the Forward Physics Facility. The FPF
will be located along the beam collision axis about 620 m west of the
ATLAS interaction point and is envisioned to be 65 m long and 8.5 m

wide. It will house a diverse set of experiments to explore the many
physics opportunities in the forward region. The pentagon summarizes
the broad physics potential

intended to house experiments or provide the necessary ser-
vices, and also do not allow access while the LHC is running.

To address the above-mentioned issues, the construction
of a dedicated Forward Physics Facility (FPF) housing a suite
of experiments has been proposed [1067–1069]. Several pos-
sible sites have been investigated by the CERN civil engineer-
ing team. A preferred location was identified and a baseline
design was developed, as shown in Fig. 84. The FPF will be
placed along the beam collision axis about 620 m west of
ATLAS interaction point. The facility will consist of a new
65 m long and 8.5 m wide cavern as well as a new shaft to
the surface.

Several experiments have been proposed to be housed in
the FPF. Placed in the front is FLArE, which is a liquid argon
time projection chamber with a ∼ 10 tonne target mass to
detect neutrinos and other scattering signatures. FORMOSA
is a MilliQan-like experiment [1070–1073] consisting of a
plastic scintillator array to search for milli-charged parti-
cles. FASERν2 is an emulsion neutrino detector. It has a
∼ 20 tonne target mass and the capability to see tau neu-
trinos. AdvSND is an upgraded version of the SND@LHC
experiment for neutrino physics. It is placed slightly off-axis
and consists of electronic detector components. Placed at the
end is FASER2, which is a larger scale version of the FASER
detector. It consists of ∼ 10 m3 decay volume followed by
a magnetic spectrometer and calorimeter, designed for long-
lived particle searches. It also acts as a downstream muon
spectrometer for the neutrino experiments. Together, these

experiments cover a broad physics program, as illustrated by
the pentagon in the upper right part of Fig. 84. This includes
the search for dark matter and other new particles as well
as the detection of more than a million neutrinos at TeV
energies, with implications for neutrino physics, QCD and
astro-particle physics.

Searches for BSM physics While traditional searches for
physics beyond the SM at the LHC focus on heavy and rela-
tively strongly interacting states, new particles might also be
light but very weakly interacting. Such light feebly interact-
ing particles indeed naturally appear in many models of new
physics designed to address the most significant outstanding
questions in particle physics: the nature of the dark matter, the
electroweak hierarchy problem, the matter-antimatter asym-
metry of the universe, the origin of neutrino masses, inflation,
as well as the strong CP problem. At the LHC, such particles
may be produced abundantly in the forward direction where
they form a collimated beam directed at the FPF. As illus-
trated in Fig. 85, the FPF experiments will be able to probe
broad range of these models using a variety of signatures:

Long-lived particles Due to their feeble interaction to the
SM, new particles may have macroscopic lifetimes and
decay in far away from where they are produced. The FPF
is ideally located to search for such decays, for example
in the FASER2 detector. Dedicated studies have shown
that the FPF has the potential to discover a large vari-
ety of such long-lived particles, including the dark pho-
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Fig. 85 New physics overview. We schematically illustrate the most
important new physics signatures associated with dark sector particles
and high energy neutrinos that can be tested at the FPF. The hexagon

on the rights shows various new physics models that have been studied
in the context of the FPF and how they are related to the outstanding
questions in particle physics

ton [1051] and other light gauge bosons [1074–1076];
the dark Higgs [1077] and other light scalars [1078–
1084]; heavy neutral leptons [1085,1086] and other light
fermions [1087–1089]; axion-like particles [1090,1091];
inelastic dark matter [852]; and many other non-minimal
scenarios [1092–1095].
DM Scattering New light particles may also be stable on
collider time scales or even cosmological time scales, in
which case they would be a viable dark matter candidate.
At the FPF, one can search for the scattering of these par-
ticles in the neutrino detectors. Physics sensitivity studies
have been performed for a variety of models including
DM interacting via a dark photon portal [1096,1097],
DM with hadrophilic mediators [1098], or dark sec-
tor states with electromagnetic properties [1099]. They
found that the FPF experiments are often able to probe
the interesting relic target region in these models.
Anomalous ionization Another example of feebly inter-
acting particles that can be probed at the FPF are mil-
licharged particles, which, for example, arise in mod-
els with a massless dark photon [51]. Experimentally,
these particles act like minimum ionizing particles with
anomalously small energy deposits 〈d E/dx〉 which can
be seen in the FORMOSA detector. Dedicated studies
have shown that the FPF is the world’s most sensitive
location to search for millicharged particles in the 10
MeV to 100 GeV mass range [1066].
Other dark sector signatures The FPF may also detect
other new physics signatures. The authors of Ref. [1100]
pointed out that the large flux of high-energy photons at
the LHC in combination with the strong forward LHC
magnets and the magnetic fields of the FASER2 natu-

rally form a light-shining-through-walls experiment that
can be used for light axion-like particle searches. They
found that this setup would provide the most sensitive
purely laboratory search for axion-like particles with
masses between 10 meV and 10 keV. Another example
are quirks [1101]. These are new heavy particles which
are charged under both electromagnetism as well as a new
confining gauge group. If the corresponding confinement
scale is significantly smaller than the mass of the particle,
pair produced quirks will be connected by a macroscopic
flux tube. This causes them to move along helical tra-
jectories which can be seen in the FPF detectors. Quirks
therefore provide an example of heavy physics that can
be probed at the FPF.
BSM neutrino signatures In addition to searching for
new particles, the FPF may also probe new physics phe-
nomena in the neutrino sector using the LHC’s unique
beam of high energy neutrinos. A variety of such signa-
tures are illustrated in the bottom left of Fig. 85. This
includes searches for new tau-neutrino philic particles
whose decay could enhance the tau neutrino flux [1102–
1104]; searches for sterile neutrinos induced oscilla-
tions [1059,1105,1106]; searches for anomalous elec-
tromagnetic properties of neutrinos such as their dipole
moment [1107–1109]; the search for neutrino-philic
particles produced in neutrino interactions [1110]; as
well as the search for non-standard neutrino interac-
tions [1111,1112].

Together, these searches are able to probe a variety of models
of new physics that have been proposed as solutions to the
outstanding problems of particle physics. This is illustrated
by the hexagon on the right of Fig. 85.
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SM measurements The LHC produces an intense beam of
high-energy neutrinos in the far forward direction. While this
fact was known since the 80s [1113–1120], the first handful
of neutrino interaction candidates have only been recorded
recently by a small emulsion detector which was placed in the
TI18 tunnel by the FASER collaboration in 2018 [1121]. The
FPF experiments will be able to detect more than a million
neutrinos during the HL-LHC era. This will allow them to
fully utilize the opportunities offered by the LHC neutrino
beam and significantly expands the LHC’s physics portfolio,
as illustrated in Fig. 86.

Shown in the lower left part are the expected number of
neutrino interactions for electron and muon neutrinos in the
20 tonne FASERν2 detector as a function of the neutrino
energy [1122]. We can see that the average neutrino energy is
around a TeV. The differently colored lines correspond to the
different neutrino production modes: mainly pion, kaon and
charm decays. The different line styles correspond to differ-
ent models for the hadronic interaction [1038,1123–1126].
We can see that there are sizable uncertainties, especially for
the modelling of forward charm production. The measure-
ment of the neutrino fluxes at FPF experiments will provide
novel input to constrain forward particle production and the
underlying physics.

Muon neutrinos and electron neutrinos with energy below
about 1 TeV are mainly produced in pion and kaon decays.
The production of these light hadrons is typically modeled
by hadronic interaction models, of which many were origi-
nally designed for the simulation of high energy cosmic ray
collisions. The neutrino flux measurement will provide cru-
cial input to improve these models and hence reduce the
uncertainties of air shower measurements. In particular, it
will help to understand the observed excess of muons in
cosmic-ray air showers [1127–1129]. High energy electron
neutrinos and tau neutrinos are predominantly produced in
the decay of charm hadrons. The measurement of these fluxes
opens a window to the probe QCD in an otherwise exper-
imentally inaccessible kinematic regime and for example
allow to validate the predictions of collinear factorization and
BFKL-based approaches; to constrain gluon PDFs at very
low x ∼ 10−7; to probe gluon saturation effects and non-
linear dynamics; or to test models of intrinsic charm [1130–
1135]. First experimental constraints on forward charm pro-
duction would also constrain prompt atmospheric neutrino
fluxes and hence provide valuable input for neutrino tele-
scopes in their search for extragalactic neutrinos.

Neutrino experiments at the FPF can also study the inter-
actions of TeV energy neutrinos of all three flavors and,
for the first time, measure their interaction cross section
in this energy range. At such high energies, the interac-
tion are well described by deep-inelastic scattering, which
makes them a great laboratory to study parton distribution
functions, especially for the strange quark PDF through the

charm associated neutrino interactions νs → �c similar to
CHORUS and NuTeV; probe nuclear effect such as shad-
owing, anti-shadowing and the EMC effect [1136–1138];
study the dynamics of the hadronic final state allowing to
test hadronization inside nuclear matter, the formation zone
prescription, color transparency at the highest energies, and
final state interaction effects [1139]; and provide valuable
input to validate and tune simulation tools for neutrino inter-
actions [590,1140–1143].

Finally, it is worth noting that the FPF experiments will
detect thousands of tau neutrino interactions, allowing them
to study the tau neutrino in great precision [1144]. In partic-
ular, the magnetic field in the FPF neutrino detectors allows
them to differentiate tau neutrinos and tau anti-neutrinos for
the first time.

3.11 Search for light DM at NA64 with high intensity
electron and muon beams: status & prospects at
CERN – P. Crivelli

Author: Paolo Crivelli, <Paolo.Crivelli@cern.ch>

3.11.1 The NA64 experiment

Our proposal (P348) to search for Dark Sectors at the
CERN Super Proton Synchrotron (SPS) [1145] was posi-
tively received by the SPS committee (SPSC) in April 2014.
We were granted a test beam run in 2015 for feasibility study,
and we were finally approved as the 64th CERN experi-
ment in the North Area (NA64) in March 2016. NA64 is
designed as a hermetic general purpose detector to search
for dark sector (DS) physics in missing energy events from
electron/positron, hadron, and muon scattering off nuclei.
The main focus of the NA64 is light thermal dark matter
(LDM) interacting with the Standard Model (SM) via vector
(or other) portal, such e.g. as dark photons (A′). The experi-
ment, in electron mode (NA64e), employs the optimized 100
GeV electron beam from the H4 beam-line at the North Area.
The beam was designed to transport the electrons with the
maximal intensity up to few � 107 per SPS spill of 4.8 s in
the momentum range between 50 and 150 GeV/c. The hadron
contamination in the electron beam was measured to be at a
level of π/e− � 2% and K/e− � 0.3%.

The NA64 experiment run from 2016 until 2018, and in
2021 after the CERN long shutdown (LS2), it resumed data
taking in a new permanent location at H4 CERN prepared for
us. Despite the experiment being quite new, very interesting
results were rapidly achieved [1146–1148]. In this contribu-
tion, we review the main results accomplished so far subdi-
viding those into the A′ decay modes being explored.

Invisible mode NA64 pioneered the active beam dump tech-
nique combined with the missing energy measurement to
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Fig. 86 SM physics overview. Shown in gray is the production of neu-
trinos at ATLAS collision point and subsequent interaction at the FPF
detectors. Placed around are a variety of physics phenomena that could
be tested using forward neutrino measurements. In the lower left we
show the electron and muon neutrino energy spectrum, as obtained

using different generators, separated by the production channel. In the
upper right we show the spectrum of tau neutrinos and how it can be
used to constrain their interaction cross section in the unconstrained
TeV energy range

Fig. 87 NA64 setup and
working principle for the search
of dark photons through missing
energy in the active target
(ECAL)

search for invisible decays of massive A′, produced in the
ECAL target (the electromagnetic (em) calorimeter) by the
dark Bremsstrahlung reaction e−Z → e−Z A′, where elec-
trons scatter off a nuclei of charge Z . After its production,
the A′ would promptly decay into a pair LDM candidate par-
ticles, A′ → χχ , which would escape the setup undetected
leaving missing energy as signature. For this reason we call
these searches invisible. The parameter space characterized
by mixing strengths 10−6 < ε < 10−3 and masses m A′ in the
sub-GeV range is the NA64 target: a region where the DM
origin can be explained as a thermal freeze-out relic. Missing
energy experiments, such as NA64, require a precise knowl-

edge of the incoming beam (momentum and particle ID) and
an accurate measurement of the deposited energy from the
incoming beam’s interaction.

A signal event is defined as a single electromagnetic
shower in the ECAL with an energy EEC AL below given
threshold22 accompanied by a significant missing energy
Emiss = E A′ = Einitial − EEC AL . The occurrence of
the A′ production is inferred in case these events show an
excess above those expected from backgrounds. In Fig. 87,

22 The value is chosen to maximize the sensitivity of the experiment,
in NA64 for 100 GeV incoming beam energy this EEC AL < 50 GeV.
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we present a sketch of the setup and a summary of the NA64
working principle.

The signal yield for an active beam approach is pro-
portional to ε2, thus, enhancing the sensitivity for NA64
with respect to the yield ∝ αDε

4 in traditional beam-dump
approach where the A’ decay is measured in a detector further
away from its production point in the dump.

The main results achieved so far in the invisible electron
mode are:

1. 2016 July run: 2.7× 109 electrons on target (EOT) have
been collected and the results published in Phys. Rev.
Lett. [1146]. No event compatible with signal was found,
thus, excluding most of the favoured region of parameter
space compatible with the muon g−2 anomaly depicted
as a band in the left plot of Fig. 88. After our results
were published, BABAR completely closed the remain-
ing region of parameter space which could provide an
explanation as the Dark photon contributing to the g-2
muon [1149].

2. 2016 October run: the results corresponding to 4.3×1010

EOT have been published in Phys. Rev. D. [1147]. At this
level, NA64 starts to become sensitive to light dark matter
models. No event compatible with a signal was found and
so a new exclusion limit could be set.

3. 2017 run: � 5.5 · 1010 EOT were accumulated and the
combined data sample from 2016 and 2017 reaches the
milestone of � 1011 EOT.

4. 2018 run: 2 · 1011 EOT were collected. No signal-like
event was detected. However, the results of the com-
bined analysis from 2016-2018 data, illustrated in Fig.
88, set the most stringent limit for LDM below 0.1 GeV
for the canonical benchmark parameters αD = 0.1 and
m A′ = 3mχ , thus, NA64 became the leading beam-dump
experiment in this region. These results were selected as
PRL editor’s suggestion [1150].
In addition to the Bremsstrahlung reaction, the reso-
nant A′ production channel through the e− annihilation
with the positrons present in the electromagnetic shower
has also been considered. The 90% C.L. exclusion lim-
its from the combined analysis are shown in Fig. 88.
The inclusion of the resonant process in the data anal-
ysis allows to enhance the NA64 sensitivity for a given
dark photon mass resulting in the peak around 200 MeV.
The addition of this process improves the NA64 sen-
sitivity in the high mass region, where the Dark pho-
tons yield is suppressed due to the 1/m2

A′ dependency
of the Bremsstrahlung cross-section (see [1150]). Using
positrons as a primary beam instead of electrons would
increase by another order of magnitude the sensitivity of
NA64 at a given mass depending on the beam energy.
By scanning the positron beam energy the mass range
probed by this mode can be further expanded. The draw-

back is that one has to deal with about an order of mag-
nitude more hadron contamination in the beam since
the secondary particles are created by the primary 400
GeV SPS protons and thus positively charged hadrons
are more abundant than their negative counterpart. To
study the impact of the increased hadron contamination
and the possible resulting background, a first test beam
with 100 GeV positron was taken during the 2022 run
(see below). Electron/positron beam-dump experiments
allow to explore alternative scenarios to the dark pho-
ton hypothesis. NA64 has already proven its potential
to search for light-scalar and pseudo-scalar axion-like
particles (ALPs) produced through the Primakoff reac-
tion [746]. The current NA64 coverage in these searches
closes part of the gap between beam-dump and LEP
bounds and it is shown in the right plot of Fig. 89. A search
for a generic X-boson coupling to electrons could also be
performed. We were positively surprised that the NA64
sensitivity was an order of magnitude more stringent than
precision experiments [1151]. However, one should note
that in NA64 we assume the X-boson to decay invisi-
bly while the electron g-2 [1152] and the fine structure
measurements [1153,1154] are model independent.

Visible mode: The method for the search of A′ → e+e−
(X → e+e−) decays is described in [1145,1155].

In this case, the setup is slightly modified to include an
additional compact calorimeter upstream with respect to the
ECAL. If the A′ exists, due to the A′(X) − e− coupling
it would occasionally be produced by a shower electron
(or positron) in its scattering off a nucleus in the dump:
e− + Z → e− + Z + A′(X); A′(X) → e+e−. Since the
A′ is penetrating, it would escape the beam dump and subse-
quently decay into an e+e− pair in a downstream set of detec-
tors. The pair energy would be equal to the energy missing
from the target. Thus, the signature of the A′(X) → e+e−
decay is an event with two em-like showers in the detec-
tor: one shower in the dump, and another one in the ECAL,
located downstream in this case, with the sum energy being
equal to the beam energy.

1. 2017 run: � 5.5 · 1010 EOT were accumulated. No can-
didates were found in the signal box. The combined
90% confidence level (C.L.) upper limits for the mix-
ing strength ε were obtained from the corresponding
limit for the expected number of signal events. These
results set the first limits on the X − e− coupling in the
range 1.3 × 10−4 � εe � 4.2 × 10−4 excluding part of
the parameter space. In addition, new bounds are set on
the mixing strength of photons with dark photons (A′)
from non-observation of the decay A′ → e+e− of the
Bremsstrahlung A′ with a mass � 23 MeV. The corre-
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Fig. 88 Current status of NA64 experiment 90% C.L. exclusion lim-
its on A′ invisible decays including both the Bremsstrahlung and the
resonant A′ production channels. Left plot: mixing parameter ε as a

function of the dark photon mass for different hypotheses of the dark
matter nature and the dark matter coupling strength αD . Right: y vari-
able as a function of the dark matter mass, for αD = 0.1 [1150]

Fig. 89 Current status of the NA64 experiment 90% C.L. exclusion limits on semi-visible A′ decays [1161] (Left), A′(X) visible decays (center)
[1156] and NA64 coverage in ALPs searches [1162] (Right)

sponding paper was highlighted as an editor’s suggestion
in Phys. Rev. Lett. 5 [1148].

2. 2018 run: about 5×1010 EOT were collected at an energy
of 150 GeV to boost the putative X bosons outside the
calorimeter before it decays in order to improve the sen-
sitivity to higher X − e− couplings. The results extend
the limits to 1.2×10−4 ≤ ε ≤ 6.8×10−4 for the vector-
like benchmark model and leave only a small region open
to fully cover the parameter space compatible with the
beryllium anomaly (see the central panel of Fig. 89).
The paper was published in Phys. Rev. D Rapid [1156].
Recently, these searches have been extended also to a
pseudo-scalar particle decaying visibly into a lepton pair
and the result has been published in Phys. Rev. D [1157].

To completely cover the remaining region of parameter space
a new shorter optimized WCAL and a new spectrometer with
the possibility to reconstruct the X17 invariant mass should
be used as proposed in [1158]. Everything has been prepared
and is ready for installation. However, since it cannot run in

parallel with the invisible mode setup we decided to post pone
this search. About 30 days of beamtime would be required to
solidly probe the remaining X17 parameter space, therefore if
the results from PADME currently taking data [1159], would
confirm this anomaly we would be able to cross check this
in the 2024 run.

Semi-visible mode: Alternative extended scenarios envision-
ing two DM species split in mass could result in a signa-
ture which is a combination of the two signatures described
above. A very intriguing feature of this channel is related
to the possibility to recovery both the DM thermal freeze-
out and the (g − 2)μ anomaly explanations, by evading the
existing experimental constraints on pure visible and invisi-
ble modes [1160]. This type of models are known as inelastic
DM and we refer to their signatures as semi-visible channel.
An analysis based on a recast of the results from the com-
bined 2016-2018 data [1161] (see left plot of Fig. 89) has
already demonstrated the potential of NA64 to study these
models. The reach of NA64 to explore in a model indepen-
dent way a the broad class of parameter space is currently
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under study (to appear on the arxiv in January, ref will be
updated).

3.11.2 Current status and prospects of NA64

The very dense NA64 program restarted after LS2 in August
2021 with the installation of the setup in the new permanent
experimental area in the H4 SPS beamline. The setup was
ready for the 6 weeks beam-time in 2021 and it is currently
taking data during the 10 weeks allocated for the 2022 run.
The goal is to continue our DS exploration until LS3 and
collect around 5 · 1012 EOT in order to probe the parameter
space for light DM models suggested by the observed relic
density. Depending on the results of PADME, in 2024 the
upgraded visible setup could be installed to probe the full
parameter space of the hypothetical X17 boson which could
provide an explanation of the so called beryllium anomaly.

Combining the 2021 data with the one collected before
LS2 (total statistic of 3.2×1011 electrons on target), we car-
ried out for the first time using the missing-energy technique
a search for a new Z ′ gauge boson associated with (un)broken
B–L symmetry in the keV–GeV mass range [1163]. No sig-
nal events were found, thus, new constraints on the Z ′-e cou-
pling strength, which, for the mass range 0.3 < m Z ′ < 100
MeV are more stringent compared to those obtained from the
neutrino-electron scattering data (see Fig. 90. The data also
indicate that NA64 is background free at a level of 1× 1012.
Another possibility which is currently under investigation is
based on the existence of a light Z ′ boson resulting from
gauging the difference of the lepton number between the
muon and tau flavour. This hypothetical boson can couple via
QED vertex corrections to the electron and its existence could
explain both the muon g-2 anomaly and the DM relic com-
position. Moreover, this Z ′ can be produced again through
the dark Bremsstrahlung process, e−N → e−N Z ′, but also
via the resonant annihilation with secondary positrons from
the shower. With the 2016–2018 statistics, NA64 was able to
probe in this scenario the region suggested by the (g − 2)μ
anomaly up to m Z ′ ∼ 1 MeV [1164]. Such a light Z ′ can addi-
tionally couple directly to muons and its search is therefore
also one of the physics goals of NA64μ, the NA64 extension
using a high energetic muon beam [1165,1166].

In the beamtime 2022, 2 days were also dedicated to
accumulate ∼ 1010 positrons on target to study the impact
of the larger hadron contamination than in electron mode
(expected) under study.

Additionally, after LS2 NA64 started the muon program,
NA64μ, with two pilot runs at the M2 beamline using the
unique 160 GeV/c muon beam. This will probe DS in a com-
plementary way to the H4 measurements with electrons and
will address the g-2 muon anomaly [1166]. The main differ-
ence between the experimental technique used in NA64μ
compared to NA64e is that in this case one has to rely

solely on momentum reconstruction to measure the miss-
ing energy carried away from a possible Z ′ or A′ decay. This
makes NA64μ much more challenging than NA64e where
one employs calorimeters for this purpose. During the pilot
runs in 2021 and 2022, a total of 4 × 1010 MOT were col-
lected. The analysis is still ongoing but the preliminary results
already hint to the fact that an additional spectrometer should
be added upstream the ECAL since an accurate determina-
tion of the incoming momentum is crucial for the experi-
ment. This will be tested in 2023 and the first physics runs
are expected for 2024–2025.

It is worth mentioning, that for the new-physics process
simulations and for detailed comparison between data and
Monte Carlo, a new Geant4 based package called DMG4
[1167] was developed by NA64 members, which has been
well accepted by the community, see, e.g. [1168].

3.11.3 Outlook and conclusions

NA64 just reached a major milestone of accumulating∼ 1012

EOT which allows one to start probing very interesting
LDM benchmark models. The analysis is ongoing with the
increased statistic we expect to improve the sensitivity of our
searches for ALPs, Lμ-Lτ and B-L Z ′ bosons, inelastic DM.
The plan until LS3 is to accumulate as much as possible elec-
tron on target as possible and if the background will be under
control also use the positron mode to enhance the sensitivity
in the higher A′ mass region.

NA64 also started its program at the M2 beamline provid-
ing unique high intensity 160 GeV muons to explore dark
sectors weakly coupled to muon. The results of the pilot runs
show that With an optimized setup, one can collect > 1011

MOT before LS3 in order to check if an Lμ-Lτ Z ′ boson
could be an explanation of the g-2 muon anomaly. After LS3
the experiment would then continue data taking to accumu-
late ∼ 1013 MOT to explore the A′ higher mass region and
μ→ τ and μ→ e LFV processes [1169].

In the 2022 beamtime, we accumulated ∼ 2 × 109 pions
on target (1 day) to understand potential of NA64 to explore
dark sectors coupled predominantly to quarks using the miss-
ing energy technique [1170,1171]. This will further investi-
gate and if the feasibility is demonstrated a dedicated search
will be performed after LS3. To conclude the exploration
of the NA64 physics potential has just begun. Our proposed
searches with leptonic and hadronic beams provide unique
sensitivities highly complementary to similar projects.

3.12 FIP results at NA62 and prospects with HIKE –
E. Goudzovski

Author:Evgueni Goudzovski,
<Evgueni.Goudzovski@cern.ch>
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Fig. 90 Left: NA64 limits for a generic X boson, for the scalar (S),
vector (V), pseudo-scalar (P), and axial vector (A) cases [1151]. Mid-
dle: NA64e exclusion limit for the Lμ-Lτ (red line) obtained with the
2016–2018 statistics for models where Z ′ can decay to DM particles
[1164]. The red (orange) dashed curves represent the sensitivity projec-

tions for a future high-statistics NA64e run with an electron (positron)
beam, for a total a of 1013 EOT, while the green dashed curve is the
sensitivity projection of NA64μ. Right: NA64 exclusion limits for a
new B-L Z’ boson [1163]

Fig. 91 Left: excluded regions at 90% CL of the (mS, sin2 θ) parame-
ter space for the dark scalar of the BC4 model. Right: excluded regions
of the parameter space (ma, gY ) for the ALP of the BC10 model. Exclu-
sion bounds from NA62 Run 1 data [1176,1178,1179] and projected

sensitivities for NA62 Run 2, HIKE Phase 1 and Phase 3 (KLEVER)
are shown by coloured lines and areas; other existing bounds are shown
by grey areas

3.12.1 Introduction

Kaon decays represent sensitive probes of light hidden sec-
tors, thanks to the small total kaon decay width and the avail-
ability of large datasets. The possible FIP search strategies in
kaon decays are reviewed in Ref. [1172], and the following
are found to be most promising. Searches for the K → πX inv

decay by extension of the K → πνν̄ measurements, where
X inv is an invisible particle, are a unique probe of the dark-
scalar and ALP parameter space. Searches for heavy neu-
tral lepton (N ) production in K+ → �+N decays are soon
expected to provide sensitivity to seesaw neutrino mass mod-
els with O(100 MeV) sterile neutrinos [1173]. Searches for
resonances in the K → π�+�− and K → πγ γ decay
spectra are complementary to searches at beam-dump exper-

iments for a significant ALP mass range. Searches for a lep-
tonic force mediator (X ) in K+ → μ+νX decays can probe
a region of parameter space that could provide an explanation
for the muon g − 2 anomaly [1174].

3.12.2 Kaon experiments at CERN

The NA62 experiment at CERN [1175] aims to measure the
K+ → π+νν̄ decay rate to a 10% precision, and pursues a
wide rare K+ decay programme. The experiment is served
by the P42/K12 beamline from the SPS. Slowly extracted
400 GeV protons, delivered in 4.8-s spills at a nominal inten-
sity of 3.3×1012 protons per pulse (ppp), impinge on a beryl-
lium target to obtain a monochromatic (75 GeV/c) mixed K+,
π+ and p beam. The setup includes trackers and Cherenkov
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detectors for the incoming kaons and the final-state parti-
cles, calorimeters, and a hermetic photon veto system. The
key detectors deliver a timing precision better than 100 ps,
thereby providing clean event reconstruction and manage-
able random veto effects at the nominal beam kaon rate
of 45 MHz. The NA62 Run 1 dataset collected in 2016–
2018, corresponding to 2.2×1018 protons on target (pot) and
6× 1012 useful K+ decays in the 60 m long fiducial region,
has led to the first observation of the ultra-rare K+ → π+νν̄
decay [1176]. NA62 Run 2 started in 2021 following detector
and trigger upgrades, and is approved until the Long Shut-
down 3 (LS3). It should be noted that NA62 collected a dedi-
cated sample of 1.4×1017 pot in beam-dump mode in 2021,
and collection of 1018 pot in beam-dump mode is expected
by LS3.

Beyond NA62, a comprehensive long-term kaon decay
programme at CERN, High Intensity Kaon Experiments
(HIKE), has been proposed [1177]. The experiments would
be based in the NA62 experimental hall, operating at a pri-
mary beam intensity of 2 × 1013 ppp in order to collect
1.2 × 1019 pot per year of operation. A staged approach
is foreseen, including a multi-purpose K+ decay experi-
ment focused on the K+ → π+νν̄ measurement (Phase 1),
a multi-purpose KL decay experiment focused on KL →
π0�+�− measurements (Phase 2), and an experiment dedi-
cated to the KL → π0νν̄ measurement (Phase 3, also known
as KLEVER). Collection of 5× 1019 pot in the beam-dump
mode at an intensity of 4× 1013 ppp is also expected during
dedicated periods of operation.

Results on FIP production searches in K+ decays obtained
from NA62 Run 1 data, along with the future NA62 and HIKE
projections, are discussed below.

3.12.3 FIP production in K → πX inv decays

The NA62 Run 1 dataset has been used to establish upper lim-
its on B(K+ → π+X inv), where X inv is an invisible particle,
at the level of O(10−11) in the mass ranges 0–110 MeV/c2

and 154–260 MeV/c2, by extension of the K+ → π+νν̄
measurement [1176,1178]. The two-body K+ → π+X inv

decay is characterised by a peak in the reconstructed missing
mass (m2

miss) distribution, with a width of O(10−3)GeV2/c4

determined by the experimental resolution, on top of the con-
tinuous K+ → π+νν̄ spectrum. The resulting constraints on
the dark scalar (scenario BC4 of Ref. [4]) and the ALP with
fermion coupling (scenario BC10 of Ref. [4]) are shown in
Fig. 91. Sensitivity projections for the NA62 Run 2 dataset (to
be collected by LS3) and the proposed HIKE Phase 1 exper-
iment, obtained from a dedicated study, taking into account
the dominant K+ → π+νν̄ background, are also shown in
Fig. 91. Above the di-muon threshold, large values of the
coupling parameter are not excluded as the dark scalar and

ALP decay length becomes comparable with the length of
the experimental setup.

The NA62 experiment has also established upper limits
on B(K+ → π+X inv) at the O(10−9) level in the 110–
155 MeV/c2 mass range, in the vicinity of the π0 mass, using
10% of the Run 1 minimum bias dataset [1179]. The sensi-
tivity is limited by the K+ → π+π0 background with two
undetected photons from the π0 → γ γ decay. To improve
the sensitivity, the original K+ → π+νν̄ event selection has
been optimised for background suppression. The search has
resulted in an observation of 12 candidate events, consistent
with the expected background of 10+22

−8 events. The resulting
constraints on the FIP phase space are shown in Fig. 91.

A search for the K+ → π+X inv decay in the 260–
350 MeV/c2 mass range is in principle possible with the
NA62 and HIKE Phase 1 data, however the sensitivity is
limited by the K+ → π+π+π− background with two unde-
tected pions. The range of mixing parameter values probed
would shrink towards larger m X values (a trend already seen
below 260 MeV/c2) as the FIP decay length and therefore
the acceptance of the event selection decreases as a func-
tion of m X . Constraining the K+ → π+X inv transition over
the entire m X range is nevertheless a crucial probe for dark
sectors as the invisible decay of the mediators might be the
dominant one.

Searches for the KL → π0νν̄ decay naturally provide
limits on B(KL → π0 X inv) [1180]. Since no missing mass
reconstruction is performed, there is no significant reduc-
tion in the acceptance for m X in the π0 mass region. The
limits obtained from KL experiments are therefore comple-
mentary to those from the K+ experiments. The expected
HIKE Phase 3 sensitivity in the two scenarios considered is
reported in Fig. 91.

3.12.4 Heavy neutral lepton production in K+ → �+N
decays

The NA62 experiment has performed a search for HNL pro-
duction in K+ → e+N and K+ → μ+N decays (sce-
narios BC6 and BC7 of Ref. [4]) using the Run 1 dataset,
thereby establishing the analysis technique [1181,1182]. The
K+ → e+N analysis is based on the main trigger line
designed for the K+ → π+νν̄ measurement, while the
K+ → μ+N analysis uses a control trigger line down-
scaled by a factor of 400. Stringent exclusion bounds of the
HNL mixing parameters |U�4|2 (� = e;μ) in HNL mass
ranges of 144–462 (200–384) MeV/c2 have been established
in the electron (muon) case, improving on the state-of-the
art (Fig. 92). Both searches are limited by background. In
particular, K+ → μ+ν decays followed by μ+ → e+νν̄
decays in flight, and π+ → e+ν decays of the pions in the
unseparated beam, represent irreducible backgrounds to the
K+ → e+N process. The peaking nature of the HNL pro-
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Fig. 92 Summary of the upper limits at 90% CL of the HNL mixing
parameters |Ue4|2 and |Uμ4|2 obtained from production searches, and
HIKE Phase 1 sensitivity projections with K+ → �+N decays. For
a comparison of these limits and projections with those obtained and
expected from HNL decay searches, see Ref. [1173]

duction signals in terms of the reconstructed missing mass
allows for data-driven background evaluation, reducing the
systematic uncertainties in the background estimates.

HIKE Phase 1 sensitivity projections for HNL production
searches in K+ → �+N decays, obtained assuming NA62-
like trigger chains and detector performance, are displayed in
Fig. 92. The sensitivity to the HNL mixing parameters |U�4|2
scales approximately as the inverse square root of the inte-
grated kaon flux. HIKE Phase 1 offers world-leading sensitiv-
ity to |Ue4|2 in the region m N > 140 MeV/c2, approaching
the seesaw bound and complementing future long-baseline
neutrino experiments [1173], and is expected to improve on
the state-of-the-art for lower HNL masses via searches for the
K+ → π0e+N [1183] and π+ → e+N decays (which is
not shown in the plot). HIKE Phase 1 also provides competi-
tive sensitivity to |Uμ4|2. The projection for |Uμ4|2 assumes
data collection with a highly-downscaled control trigger, and
may improve by an order of magnitude if a software trigger
based on the streaming readout is employed.

3.12.5 Other NA62 results

Beyond the searches directly related to the benchmark sce-
narios [4], NA62 Run 1 dataset has been used to establish
upper limits on the production of an invisible scalar of vec-
tor particle in the K+ → μ+νX decay [1182] and invisi-
ble dark photon in the π0 → γ A′ decay [1184]. The strin-
gent limits obtained by NA62 on a number of K+ and π0

decays violating lepton flavour and lepton number conser-
vation [1185–1188] can be interpreted in terms of models
involving Majorana neutrinos or flavour violating ALPs and
Z ′ particles. Recent measurements of the K+ → π+μ+μ−
decay [1189] and the K+ → π+γ γ decay (first presented in
September 2022) at a new level of precision with the NA62
Run 1 dataset are to be followed by dedicated peak searches
in the decay spectra.

3.13 SHADOWS project at CERN: status and prospects –
A. Paoloni

Author: Alessandro Paoloni, <Alessandro.Paoloni@cern.ch>

SHADOWS [1190,1191] is a newly proposed proton beam
dump experiment in the CERN North Area, exploiting the
expected intensity upgrade of the 400 GeV primary proton
beam up to 2× 1013 pot on 4.8 s spills.

The experiment is conceived to detect Feebly Interacting
Particles from the decay of Charm and Beauty hadrons pro-
duced in the interaction of the protons on target. As shown
in Fig. 93, it is designed to be located in the TCC8/ECN3
hall, where the K12 beam for NA62 is produced, running
concurrently with HIKE [1192] when the facility is operated
in dump mode (i.e. when the primary protons are dumped on
TAXes, Target Attenuator for eXperimental areas).

The experiment is conceived as a 20 m long decay volume,
large 2.5× 2.5 m2, followed by detectors for the reconstruc-
tion of the final state. It is placed 10 m downstream of the
beam dump, to collect sufficient statistics, and 1 m off-axis
from the beam to suppress background. Indeed the princi-
pal background source is particle forward production in the
primary proton interactions, especially muons, while Charm
and Beauty hadrons decay products have a higher pT .

In order to further reduce beam background, the CERN BE
EA LE group studied a MIB (Magnetized Iron Block) system
stopping and deflecting the muons produced in the primary
proton beam interactions, that inside SHADOWS acceptance
have a momentum spectrum peaked at few GeV and ending
at 30 GeV. A scheme of the MIB system is shown in Fig. 94.
Its effect on the muon flux inside SHADOWS acceptance is
reported in Table 10. For an accurate description the reader
is referred to [1191].

The strong reduction of the muon flux is fundamental in
suppressing the most dangerous background, represented by
random coincidences of opposite charge muons entering the
decay vessel and mimicking a decay vertex in the fiducial vol-
ume. Other sub-dominant backgrounds are neutrino inelastic
interactions with the air of the decay volume (mitigated with
low pressure) and muon inelastic interactions upstream or
inside decay vessel producing a V0 mimicking the signal. For
a more detailed description of the backgrounds the reader is
referred to [1191].
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Fig. 93 Top view of the SHADOWS detector in the experimental hall. The beam is entering from right to left. The shielded area containing the
TAXes dump is visible at right. SHADOWS detector is sketched at the bottom of the figure. The dimensions of the detector and the beamline
elements are to scale

Fig. 94 The optimized SHADOWS setup including the MIB system.
The muons created in the beam dump (purple) are pushed off-axis by the
MTR3 (B1) and MTR4 (B2) magnet (yellow) to reduce the muon back-

ground for HIKE in beam dump mode. The 3.5 m long Stage 1 magnet
(blue) is placed right after MTR3, Stage 2 (red) is placed directly after
Stage 1 to move the separated muons off-axis right away

The SHADOWS detector is designed to reconstruct and
identify most of the visible final states of FIPs decays. Its
sketch is shown in Fig. 93. Starting from the beam dump the
experiment is composed by:

• An upstream VETO detector with an efficiency of 99.5%,
a time resolution of few ns and a moderate∼ 1 cm space
resolution. A double MicroMegas layer [1193] with pad
read-out will be realized in order to stand a rate of several
kHz/cm2.

• A 20 m long decay volume with 1 mbar pressure to min-
imize interactions.

• A tracker system made of 4 tracking layer followed by
drift volumes with a warm dipole magnet in the middle
for charge measurement. Two different options, based on
straw tubes [1175] and fiber trackers [1194], are being
considered. Their space resolution must ensure a cm res-
olution on the reconstructed vertex inside the decay vol-
ume.

• A timing layer with a 99.5% efficiency and a time resolu-
tion of 100 ps, necessary for mitigating the background
due to random coincidences. A rate capability of 100
Hz/cm2 is also required. Different techniques (scintillat-
ing bars [1195] or pads [1196], glass RPCs [1197]) are
under investigation.

• An electromagnetic calorimeter of few cm granularity for
particle identification with a 10% energy resolution up to
100 GeV. Also in this case different techniques are being
considered (Shashlik [1198], PbWO4 crystals [1199] and
a Pointing Calorimeter [1200]).

• A muon detector consisting of four stations alternated to
iron absorbers. A global efficiency of 99% is required
with 150 ps time resolution. The stations will be com-
posed by overlapping scintillating tiles of 15 × 15 cm2

area with direct SiPM read-out, whose optimization is
described in [1196].

123



 1122 Page 124 of 266 Eur. Phys. J. C          (2023) 83:1122 

All the considered techniques are sufficiently mature and
no heavy R&D activity is needed. More details are given in
[1191].

SHADOWS is expected to start data taking after the Long
Shutdown 3 in 2028. The physics reach of the experiment
with 5 × 1019 integrated pot is presented in [1191] and in
Figs. 126, 129, 130, 169, 170, and 171 in this paper, where
exclusion plots for light dark scalars, axion-like particles
at QCD scale and Heavy Neutral Leptons are compared to
present experiments and future projects. SHADOWS has
similar or better sensitivities than CODEX-b [1026] (with
300 fb−1) and FASER2 [1201] (with 3 ab−1) for FIPs pro-
duced in the decay of charm and beauty hadrons. It naturally
complements HIKE-dump, that is mostly sensitive to very
forward objects, and HIKE-K, that is mostly sensitive to FIPs
below the K-mass.

3.14 SHiP project at the beam dump facility: status and
prospects – A. Golutvin

Author:Andrey Golutvin, <Andrey.Goloutvin@cern.ch>

BDF/SHiP is a state-of-the-art experimental setup designed
to perform a generic and exhaustive search for feebly inter-
acting particles (FIPs) in a region of mass and coupling that is
only accessible with a dedicated beam-dump configuration.
The proposal aims at taking full advantage of the oppor-
tunities offered by the available but unused 4 × 1019 pro-
tons at 400 GeV at the CERN SPS accelerator. The physics
programme includes a search for New Physics through both
decay and scattering signatures. The details of the devel-
opment of the project starting from the proposal in 2013,
including references to all related documents, can be found
in the recently published BDF/SHiP LoI [1202].

The Deliberation Document of the 2020 Update of the
European Strategy for Particle Physics [128] (ESPPU2020)
recognised the BDF/SHiP proposal as one of the front-
runners among the new facilities. To respond to the finan-
cial constraints that prevented considering the project for
approval in 2020, a continued programme of R&D was
launched as part of the CERN Medium Term Plan 2021–2025
to review the design of the facility, aiming for an alternative
implementation in an existing beam facility around the SPS
in order to significantly reduce the cost with respect to the
initial proposal while preserving the original physics scope
and reach of the facility. This effort has been accompanied by
a revision of the detector layout with the goal to fit in exist-
ing underground areas. The result of this location and layout
optimisation study [1] identified ECN3 as the most suitable
and cost-effective option. The use of ECN3 for BDF/SHiP
entails a major cost-saving when compared to the original
proposal.

Table 10 Muon flux rate in SHADOWS acceptance without and with
the MIB for the two muon charges together and for each charge sepa-
rately

μ+ + μ− μ+ μ−

Rate without MIB 100 MHz 50 MHz 50 MHz

MIB reduction factor ∼ 120 ∼ 110 ∼ 150

Rate with MIB 0.8 MHz 0.5 MHz 0.3 MHz

At the SPS, the optimal experimental conditions for
BDF/SHiP are obtained with a proton beam energy of 400
GeV and slow extraction of the proton spills over one sec-
ond. At a nominal spill intensity of 4 × 1013 protons, and
106 spills per year, up to 2× 1020 protons on target could be
delivered to BDF in about five years of nominal operation.
The recent upgrades of the SPS may lead to the capability of
delivering more than 4× 1013 protons per spill in the future,
potentially allowing BDF to receive up to 6 × 1019 protons
on target per year.

The layout of BDF/SHiP at the end of TCC8 and through-
out ECN3 is shown in Fig. 95.

The setup consists of the high-density proton target, effec-
tively acting as a beam dump and absorber, followed by a
hadron absorber and a magnetic muon shield immediately
downstream. The shield deflects the muons produced in the
beam dump in order to reduce the flux in the detector accep-
tance to an acceptable level. The hadron absorber is an inte-
gral part of the overall shielding that is completely surround-
ing the target system.

The SHiP experiment is composed of a dual system of
complementary apparatuses. The upstream system, the scat-
tering and neutrino detector (SND), is designed to search for
LDM scattering and perform neutrino physics. The down-
stream system, the hidden sector decay search (HSDS) detec-
tor is designed to reconstruct the decay vertices of FIPs, mea-
suring invariant mass and providing particle identification of
the decay products in a nearly zero background-level envi-
ronment.

The suppression of physics background in SHiP is based
on a combination of minimising the beam-induced particle
rates in the detector acceptance by the highly optimised target
design, hadron absorber and muon shield, and rejecting resid-
ual backgrounds by applying veto taggers, temporal, spatial
and kinematics cuts, and particle identification in the detec-
tor.

The revision of SHiP for the ECN3 experimental hall has
started from a simple shortening of the muon shield in the
first iteration, shifting the working point for the combined
background suppression towards a slightly higher reliance
on the detector, in particular on the veto systems. As a result
of bringing the experiment closer to the proton beam dump,
the detector can be reduced in lateral size while the signal
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Fig. 95 Overview of the BDF/SHiP experimental setup in the SPS ECN3 beam facility

acceptance is preserved for all physics modes, production and
scattering/decay kinematics convolved together. Thus far, in
order to remain conservative, the adaptation for ECN3 has
made no assumptions about using magnet technologies for
the muon shield that allow higher field gradients than con-
ventional warm magnets.

The BDF/SHiP physics performance is anchored in a
highly efficient background suppression, provided by the
design of the target, hadron absorber and the muon shield.
The background suppression is further guaranteed by the
detector systems and, in the case of the search for FIP decays,
also by maintaining the decay volume under vacuum. All
physics sensitivities below are based on acquiring 2 × 1020

protons on target.
The background at ECN3 has been studied with the full

simulation and the whole detector and underground geome-
try implemented. The original SHiP experimental setup was
designed with the concept of redundancy built in to the com-
bined performance of the suppression of beam-induced par-
ticles rates and the detector. The adaptation to ECN3 and the
results of the background studies bear witness of this strategy.
The summary of the expected background levels is shown in
Table 11, and does not differ significantly from the original
proposal given to the redundancy of the selection criteria.

The BDF/SHiP sensitivities in ECN3 and in the original
proposal are practically identical as shown in Fig. 96. In most
parts of the sensitive parameter space where at least a handful
of events would be measured, BDF/SHiP is able to discrim-
inate between the various models.

Table 11 Expected background in ECN3 in the search for FIP decays at
90% CL for 2× 1020 protons on target after applying the pre-selection,
the timing, and the UBT and SBT veto. The neutrino- and muon-induced
backgrounds are given separately for the set of criteria corresponding
to the fully and partially reconstructed signal modes

Background source Expected events

Neutrino DIS < 0.1 (fully) / < 0.3 (partially)

Muon DIS (factorisation) < 10−4 (fully) / < 10−2 (partially)

Muon combinatorial 2.1× 10−3

In conclusion, the SPS is currently under-exploited and
could provide a yield of protons to ECN3 that puts BDF/SHiP
in an outstanding position world-wide to make a break-
through in the range of FIP masses and couplings that is
not accessible to the energy and precision frontier experi-
ments. ECN3 makes it possible to implement BDF at a frac-
tion of the original cost without compromising on the physics
scope and the physics reach. SHiP has demonstrated the fea-
sibility to construct a large-scale, versatile detector capable
of coping with 4×1019 protons per year at 400 GeV/c and
ensure an extremely low background environment. With the
feasibility of the facility and the detector proven, the BDF
WG and the SHiP collaboration are ready to proceed with
the TDR studies and commence implementation in CERN’s
Long Shutdown 3.
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Fig. 96 a SHiP’s sensitivity in ECN3 compared to CDS for HNLs, b
dark scalars for which only the contribution from B mesons is taken
into account, c dark photons from adding up the three production mech-
anisms described in the text, and axion-like particles coupled to d pho-

tons, e fermions, and f gluons. All plots are based on 2× 1020 protons
on target and limits correspond to 90% CL. The benchmark models
(BC) used are those in [4]. Regions shaded in grey are excluded by past
and current experiments

3.15 Search for FIPs at DESY: status and prospects with
LUXE – N. Trevisani

Author: Nicolo Trevisani, <nicolo.trevisani@kit.edu>

3.15.1 Abstract

The LUXE experiment will produce high-intensity electron-
laser interactions to study the QED in the non-perturbative
regime. These interactions have as a secondary product a
flux of hard photons with energy up to a few GeV. The pho-
tons are directed onto a physical dump to produce axion-
like particles (ALPs), which can decay into pair of photons,

detected by an electromagnetic calorimeter. We present an
overview of the experimental apparatus and the primary sig-
nal production mode. Then, we discuss the elements affect-
ing signal production and acceptance and the correspond-
ing expected results. Assuming that no background reaches
the calorimeter, we show that LUXE has the potential to
inspect an uninvestigated ALPs phase space, consisting of
light ALPs (ma ∼ O(100) MeV) with large couplings
(gaγ γ ∼ 10−3 − 10−4 GeV−1).
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3.15.2 Introduction

LUXE [1203] (Laser Und XFEL Experiment) is a future
experiment located at DESY. In its design, the XFEL acceler-
ator provides a 16.5 GeV electron beam – or bremsstrahlung
photons obtained using a converter target - that interacts with
a powerful laser to obtain high-intensity interactions. The
data-taking is expected to start in 2026 and will be split into
two phases: in the first period, a 40 TW laser will be used
and then replaced by a 350 TW one in the second stage. The
physics goal of the LUXE experiment is twofold:

• Compare the predictions of the non-perturbative QED in
the Schwinger limit with the experimental results. The
Schwinger limit is a scale above which the electromag-
netic field becomes non-linear:

E = m2
ec3

e�
= 1.32 · 1018 V/m. (118)

• Thanks to the specific laser properties, the electrons
from the XFEL see the laser as a solid dump, produc-
ing bremsstrahlung photons with energies up to 15 GeV.
These photons travel until a physical dump located at
the end of the experimental apparatus, where they can
produce axion-like particles (ALPs) interacting with the
material of the dump [1204]. The ALPs then decay into
pairs of photons. If they do so in the decay volume after
the dump, the photons are detected by an electromagnetic
calorimeter.

Figure 97a shows the LUXE setup in the e-laser interaction
mode, while in Fig. 97b, the signal and backgrounds pro-
duction in the new physics searches with an optical dump
(NPOD) layout are sketched.

3.15.3 Current studies

In the LUXE-NPOD apparatus, three elements can affect
the sensitivity of the experiment: the physical dump (length
and material), the decay volume length, and the detector.
The ALPs production in the physical dump happens via
the Primakoff mechanism, i.e., the photon interaction with
the magnetic field of the dump material nuclei. In general,
the expected number of ALPs detected at the calorimeter is
approximately:

Na ≈ Le f f

∫
d Eγ

d Nγ
d Eγ

σa(Eγ )

(
exp−

L D
La − exp−

LV +L D
La

)
A,

(119)

where Le f f = Ne Np
9ρN X0

7AN m0
is the effective luminosity, and

depends on:

• the number of electrons per bunch, Ne = 1.5 · 109;

• the number of bunches per year, Np ∼ 107;
• the properties of the material of the dump, currently tung-

sten: the density ρN , the mass number AN , and the radi-
ation length X0;

• the nucleon mass, m0 = 1.66 · 10−24 g (∼ 930 MeV).

LV is the decay volume length, L D is the dump length,
and A is the detector acceptance. Starting from published
results [1204] that considered LV = 2.5 m and L D = 1 m,
a methodical scan on these two parameters has been carried
out to estimate the signal acceptance and the sensitivity to
the ALPs mass and coupling to photons (gaγ γ ). Assuming
zero background events reach the calorimeter, shorter dumps
enhance the sensitivity to more massive ALPs (Fig. 98a),
while longer decay volumes allow probing smaller cou-
plings. These are, however, already excluded by previous
beam dump experiments (Fig. 98b). The assumption of zero
background has been tested on simulation [1204] but would
benefit from updated studies and a larger simulated dataset.
In particular, a non-negligible number of neutrons may reach
the calorimeter. The detector design thus requires high signal
efficiency but also background suppression capability:

• signal efficiency: photons shower separation (∼ 2 cm);
• precise reconstruction of ALP invariant mass: good res-

olution of photons direction and energy;
• background suppression:

– vertex resolution (rejection of non-resonant photons
pairs);

– shower shape determination (neutrons identifica-
tion);

– good time resolution (< 1 ns) (neutrons rejection).

All these requirements are fulfilled by a tracking calorime-
ter (e.g., high-granularity calorimeter, HGCal) followed by
an existing crystal or Spaghetti-Calorimeter (SpaCal) to get
the total photon energy. Cheaper or existing options are also
considered, such as a scintillator/absorber detector or the H1
lead/scintillating-fiber calorimeter [1205].

3.15.4 Conclusions

The LUXE-NPOD project has the potential to inspect an
uninvestigated ALPs phase space, in particular, light ALPs
(ma ∼ O(100) MeV) with large couplings (gaγ γ ∼ 10−3–
10−4 GeV−1). The results presented assume zero back-
ground. Preliminary studies [1204] need to be reviewed and
expanded with more accurate simulations to overcome the
lack of simulated events in the relevant phase space. An
experimental setup to achieve high signal efficiency and sup-
press the residual background is essential. For that, the geom-
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Fig. 97 e-laser experimental setup (a) and signal and backgrounds pro-
ductions in LUXE-NPOD (b). The secondary signal production happens
with the interaction of the photons in the physical dump material, with

ALPs masses up to O(1) GeV. In the primary production, the ALPs
are produced at the electron-laser interaction, with masses limited to
O(100) keV [1204]

Fig. 98 Expected sensitivity to ALP mass and coupling to photons as a function of the physical dump length (a) and comparison of results with
other experiments. In grey, the phase space excluded by previous experiments [1204] (b)

etry of the apparatus, the detector technology, and the anal-
ysis techniques will be optimized.

3.16 Search for light DM and mediators at LNF: PADME –
M. Raggi

Author: Mauro Raggi, <mauro.raggi@roma1.infn.it>

PADME is a fixed-target missing-mass experiment, at the
Laboratori Nazionali di Frascati near Rome, searching for the
dark photon and other dark sector candidates using a beam
of positrons with energy <500 MeV . PAMDE has already
collected a first set of physics-grade data over the last few
years. We discuss the first physics results of PADME on Run

II data set, the most precise measurement of the total cross-
section of electron-positron annihilation into photons below
1 GeV. We also discuss expected sensitivity of the PADME
Run III data set, collected at

√
s ∼17 MeV, to the produc-

tion of on-shell X17. PADME is likely capable of providing
independent confirmation of the excesses observed in the
ATOMKI spectroscopic measurements with Beryllium and
Helium.

3.16.1 Introduction

The Positron Annihilation into Dark Matter Experiment
(PADME) was designed to search for invisible dark photon
decays produced via the annihilation process e+e− → γ A′
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Fig. 99 PADME collected luminosity during Run I (a) and Run II (b)

Fig. 100 a The PADME detector layout. The gamma gamma detection technique is also highlighted. b Status of e+e− → γ γ cross-section
measurements

[1206]. The experiment relies on the missing mass technique,
thus a peak in the M2 miss distribution will be the signa-
ture of the existence of an invisibly decaying dark sector
candidate. In more recent times, the experiment is exploit-
ing the charged particle detectors to extend its sensitivity
to dark sector candidate with visible decays. The PADME
detector main components, Fig. 100(a), are: a 100μm thick
diamond target, a magnetic dipole bending the beam out-
side the experimental acceptance, a high resolution electro-
magnetic calorimeter (ECAL), a small angle electromagnetic
calorimeter (SAC) capable to sustain a high rate, and an in
vacuum charged particle veto system for positrons(PVeto)
and electrons(EVeto) detection. Details on the detector and
its performance can be found in [1207]. The PADME first
data taking period Run I, took place from November 2018
till March 2019 with a beam energy of 490 MeV. Figure
99 (a) shows Run I collected luminosity. During Run I data
analysis an important source of background coming from
the beam halo interactions with the beam line materials was
identified [1208]. The Run II started in September and ended
in December 2020 with a beam energy of 432.5 MeV. Data
were collected with an improved beam line configuration,

designed following the outcome of a detailed Monte Carlo
simulation, producing a much lower background in the detec-
tors. Figure 99(b) shows the integrated luminosity collected
in Run II ∼ 6 × 1012 positrons on target (POT). After the
angular anomaly observed in the Internal Pair Creation on
8 Be [1209] nuclei has been confirmed by measurement on
4 He [1210], PADME has developed a strategy to constrain
the existence of the postulated new particle X17. A dedicated
data taking campaign called Run III has been planned for the
end of 2022.

3.16.2 Measurement of the cross-section of
electron-positron annihilation into photons

The e+e− → γ γ is a very important SM “candle” process for
the PADME experiment. It allows monitoring the calorimeter
energy scale, the collected number of positrons on target, the
detector geometry and the beam characteristics. The exper-
imental signature consists in two in time photons detected
by the electromagnetic calorimeter with a total energy and
energy to angle correlation consistent with the process kine-
matic, see Fig. 100(a). The PADME cross-section measure-
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ment is obtained on a subset of the PADME Run II data set
of 4 × 1011 POT collected with a positron energy of 432.5
MeV, corresponding to

√
s=21 MeV.

To obtain a pure data driven result, a tag-and-probe tech-
nique is applied to measure the efficiency due to detector
defects, asymmetries in the acceptance of the apparatus,
reconstruction efficiency and pile up caused by beam back-
ground. The PADME final result is [1211]:

σe+e−→γ γ = (1.977± 0.018stat ± 0.119syst ) mb

(120)

in good agreement with NLO QED predictions (1.948 ±
0.002) mb obtained using Babayaga generator [1212]. Figure
100(b) the cross-section value obtained by PADME, red dot,
is compared to previous results. The systematic error is domi-
nated by the determination of the number of collisions which
accounts for target effective thickness and target calibration,
leaving open the possibility of further improvements. The
PADME measurement exploits the reconstruction of the pho-
ton pair for the first time at beam energies below 1 GeV. Pre-
vious results [1213,1214] were based on positron disappear-
ance rate, which might be affected by beyond-the-Standard-
Model contributions leading to undetected final states. The
PADME measurement, on the contrary, by explicitly detect-
ing the photon pairs would suffer from this limitation.

3.16.3 Searching for X17 at PADME

An experimental group of the ATOMKI Institute for Nuclear
Research in Debrecen recently reported an anomaly in the
angular correlation spectra of e+e- pairs emitted in 8Be and
4He Internal Pair Creation nuclear transitions [1209,1210].
The excesses observed in both spectra at different opening
angles are compatible with the production and subsequent
decay into an electron positron pair of a new boson, that
was named after the fitted value of its mass X17. Attempts
of constraining the X17 parameter space, both in the vec-
tor and scalar hypothesis, have provided significant but not
yet final results. The most stringent bound on a new particle
decaying into electron positron pairs arise from the process
π0 → γ X17 → γ e+e−, which has been investigated by
the NA48/2 collaboration [1215]. As pointed out for the first
time by Feng et al. [1216] the X17 needs to have small cou-
pling to quarks to evade the NA48/2 constraints. The dom-
inant lower bound to the X17 coupling to electrons comes
from the NA64 experiment [1157,1217], while the visible
search from the KLOE experiment [1218] provides an upper
limit at the per-mil level. Exploring the remaining allowed
parameter space for X17 is of utmost importance to provide
a definite answer on the possible new physics origin of the
anomaly. Experimentally, this is very hard to achieve: beam
dump experiments, like NA64, are limited by the very short

lifetime of X17 while the “bump hunt” techniques are limited
by the overwhelming SM background. In this context a new
highly efficient production mechanism for X17 is needed to
improve the signal to background ratio. As pointed out for the
first time in [1219], the resonant production has a rate which
exceed by more than 3 orders of magnitude the radiative pro-
duction rates commonly used in “bump hunt” experiments.
The drawback of such a production mechanism is the tiny
width of the dark sector particles resonances, < eV , which
drastically reduces the accessible mass region. In the peculiar
case of X17, in which the mass is known to the level of few
hundreds KeV, the resonant production can play a very signif-
icant role as pointed out by Darmé et al. [1159]. Profiting by
the unique possibility of having positrons in the energy range
270-300 MeV, the PADME experiment is the ideal positions
to perform a resonance search in the X17 mass region.

Phenomenological studies have been performed to estab-
lish the PADME Run III sensitivity based on two different
scenarios for the total number of collected PoT per point and
beam energy resolution:

– Conservative: 12 points summing up to 2 × 1011 total
PoT, with a 0.5% beam energy spread, in the energy range
[265, 297] MeV

– Aggressive: 14 points summing up to 4×1011 total PoT,
with 0.25% beam spread, in the narrower energy range
[273, 291] MeV.

Figure 101 shows the projected 90% C.L. sensitivity of
PADME Run-III on the gve and gae couplings of a X17
boson for the conservative (solid orange line) and aggres-
sive (dashed orange line) setups.

The strategy adopted during PADME Run III is to perform
a scan in steps of ∼ 0.7 MeV collecting 1 × 1010 POT per
point in the positron energy region starting at 265 MeV up
to 295 MeV. The scan will consist of more than 40 points
for a total of > 4 × 1011 PoT. Using a beam intensity of
∼ 1.2 × 105 PoT/s PADME is able to collect a point of the
scan with 1×1010 PoT per each day of data taking. The data
set collected should allow PADME to graze the optimistic
scenario limit shown in Fig. 101 over a mass range of 1 MeV
around the X17 mass. The higher granularity of the scan,
with respect to the study in [1159], should in addition allow
to obtain a completely flat limit over the entire mass range
explored. Thanks to the very good performance of the LNF
LINAC the entire scan has been completed during PADME
Run III from October to December 2022. Data are currently
being analysed.

3.16.4 Conclusion

The PADME experiment was designed to search for invisible
decaying dark sector candidates. During Run I and Run II
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Fig. 101 a Projected 90% C.L. sensitivity of PADME Run-III on
the ge coupling of a X17 vector boson. Lepton-based experimental
limits from the KLOE [1218], NA64 [1157], E141 [744], KEK and
Orsay [1220,1221] experiments are also shown. The dark (light) green

band represents the 1σ (2σ ) X17 mass target from a naive combina-
tion of the 4He, 8Be and 12C ATOMKI results [1222–1224]. b PADME
expected sensitivity to pseudo-scalar X17 [1159]

PADME collected 5× 1012 PoT at energies of 490 MeV and
430 MeV respectively. The experiment has recently obtained
the best measurement of the two photons annihilation cross-
section at

√
s =21 MeV: σe+e−→γ γ = (1.977± 0.018stat ±

0.119syst )mb
During last part of 2022 PADME has collected during

Run III a data set of 4 × 1011 PoT the
√

s ∼ 17 MeV. The
experiment is currently analyzing Run III data set to test the
existence of the X17 boson exploiting the resonant produc-
tion technique.

3.17 Status and prospects for light DM and mediator
searches at Belle II – C. Hearty

Author: Christopher Hearty, <hearty@physics.ubc.ca>

3.17.1 Belle II and SuperKEKB

Belle II is an almost complete upgrade of the original Belle
experiment, with better performance and higher rate capabil-
ities [1225]. It is located at the SuperKEKB e+e− collider at
the KEK laboratory in Tsukuba, Japan. In addition to dark
sector searches, its physics program includes rare and forbid-
den B meson decays, lepton flavour and CP asymmetries, and
charm and tau physics [1226]. Belle II has recorded 428 fb−1

of data since March 2019. It is currently in long shutdown 1
(July 2022–September 2023) to install a new two-layer pixel
vertex detector.

SuperKEKB is the world’s highest instantaneous lumi-
nosity collider, reaching a peak of 4.7 × 1034 cm−2s−1. To
reach the target of 6 × 1035 cm−2s−1, accelerator develop-
ments will focus on increasing current while reducing injec-
tion backgrounds; reducing catastrophic beam loss events;
and controlling emittance blowup and beam instability. An

international task force is providing input, including on a pos-
sible upgrade of the final focus or other hardware upgrades
for long shutdown 2 in 2028.

3.17.2 Z ′ and leptophilic dark scalars

Lμ – Lτ models seek to explain possible Standard Model
anomalies in muon (g − 2) and in B decays to leptons.
These models include a vector gauge boson Z ′ that couples
to only the second and third generations leptons of the Stan-
dard Model, thereby evading strong limits from processes
involving electron production or decay. Existing limits from
BaBar [1227], CMS [1025], and Belle [1228] strongly the
constrain the parameter space relevant for (g − 2)μ for Z ′
masses above 2mμ through searches for resonances in four
muon final states. If, however, the anomaly is related to a
scalar that couples only to muons, the existing constraints do
not cover the relevant parameter space. A Belle II search in
the four muon final state will provide powerful constraints
with a few ab−1 of data [949].

3.17.2.1 Search for the invisible decay of the Z ′: Below the
2mμ threshold, the Lμ – Lτ Z ′ would decay exclusively
to νμ or ντ . It is also possible that the Z ′ is the mediator
between dark matter (χ ) and the Standard Model. In this
case, the decay Z ′ → χχ – which also produces no particles
detectable by Belle II – would be dominant even above 2mμ

threshold.
Limits on these invisible Z ′ decays have been set by an

early Belle II analysis searching for e+e− → μ+μ−Z ′,
where the mass of the Z ′ is deduced from the missing mass
recoiling against the muon pair [1229]. Belle II has recently
updated this analysis, with a dramatic increase in sensitivity
[1230]. This is due in part to a 300× increase in integrated
luminosity. The new analysis also significantly improves the
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Fig. 102 Belle II limits on the coupling g′ between the Z ′ and the
muon as a function of Z ′ mass, under the hypothesis that the Z ′ decays
only invisibly [1230]. Also shown are limits from NA-64 [1164]

suppression of Standard Model backgrounds, which are pri-
marily muon pairs accompanied by one or more undetected
photons, tau pairs decaying to muons, and two-photon-fusion
production of muon pairs. This is accomplished by a boosted
decision tree that exploits the kinematics resulting from the
Z ′ being produced in final-state radiation. The resulting lim-
its, under the assumption that B(Z ′) → invisible = 1,
exclude the parameter space that would explain (g − 2)μ
for 0.8 < m Z ′ < 5.0 GeV/c2 (Fig. 102).

Under the hypothesis that the Z ′ decays only to Standard
Model particles, the new paper improves the existing Belle II
limits below the 2mμ threshold by more than an order of mag-
nitude. Current sensitivity for these masses does not reach the
(g − 2)μ parameter space, but future luminosity increases
and planned analysis improvements will provide significant
improvements.

3.17.2.2 Search for a τ+τ− resonance in e+e− → τ+τ−:
A Lμ – Lτ Z ′ boson produced via final-state radiation from
a muon pair could also decay to a tau pair, if it is massive
enough. Due to the neutrinos produced by the tau decays,
the sensitivity is poor compared to the muon pair final state.
However, if the new particle is a leptophilic scalar with mass-
dependent couplings, the loss of kinematic constraints is
more than compensated by the increased branching fraction.
The signature is four tracks including at least two muons,
with missing energy, consistent with a particle produced as
final state radiation recoiling against a muon pair. A prelim-
inary Belle II result sets the first leptophilic scalar results
above 6.5 GeV/c2.

3.17.3 Dark photons

Dark photons are produced via initial state radiation, and then
decay either invisibly or to a pair of leptons or other standard
model particles. Partially visible decays are also possible in

slightly more complicated cases, such as indirect dark mat-
ter [578], or dark showers [1231]. Both of these involve dis-
placed vertices, which significantly reduces Standard Model
backgrounds. Analyses have so far focused on the case where
the dark photon mass is less than the center of mass energy,
resulting in on-shell production.

3.17.3.1 Invisible dark photon decays: The visible final state
in this case is a single photon. Although its decay products are
not reconstructed, the mass of the dark photon m A′ is directly
related to the center-of-mass energy of the photon under the
assumption that there are no additional initial-state radiation
photons in the event. Backgrounds include e+e− → γ γ (γ ),
where only one photon is detected; e+e− → e+e−γ , with
both final state electrons out of the detector acceptance; cos-
mic rays; and beam backgrounds. The analysis relies on
quantifying each of these backgrounds in the missing mass
squared vs. polar angle plane. Belle II, in its initial analysis,
will have sensitivity to regions of the parameter space that
would correspond to that expected for the observed astro-
nomical dark matter (Fig. 103a).

3.17.3.2 Visible decays of the dark photon: For visible decays
of the dark photon, the final state consists of a photon and a
pair of leptons. The initial search at Belle II will reconstruct
all three particles. The signal consists of a narrow resonance
in the �+�− pair on top of a large but generally smooth stan-
dard model background. The J/ψ and similar mass regions
are excluded from the search.

Belle II has a considerably larger drift chamber than
BaBar, which will give better mass resolution. The Belle II
projection [1226], shown in Fig. 103b, is derived from the
BaBar limits [1232], assuming a factor of two improvement
in resolution.

Belle II is also studying the statistically independent
sample in which the initial-state-radiation photon is at low
angles, and only the lepton pair is reconstructed. A larger
data set will enable a displaced vertex search, with signif-
icant reach [1233]. The BaBar analysis did not set limits
below 20 MeV/c2. Given the importance of investigating the
ATOMKI anomaly [1234], Belle II is undertaking an analysis
focused on this mass region.

3.17.3.3 Dark photon with invisible dark Higgs: A natural
dark sector extension is to include a dark Higgs (h′), which
can be produced in association with a dark photon. This
model has two additional parameters, the dark Higgs mass
mh′ and the coupling between the dark Higgs and the dark
photon, αD . Belle II has studied the case where the dark pho-
ton decays visibly (m A′ < 2mχ ), and the dark Higgs is long
lived (mh′ > m A′ ), leaving no visible signal in the detec-
tor. KLOE has previous studied this configuration, at much
lower masses [1235]; BaBar [1236] and Belle [1237] have
published searches for the case where the dark Higgs decays
to a pair of dark photons.
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Fig. 103 Projected Belle II sensitivity for a invisible dark photon decay and b visible dark photon searches in the kinetic mixing parameter ε
versus dark photon mass plane. Adapted from [1226]. Also shown are the dark matter relic density targets

Belle II searches for dark photons decaying to a muon
pairs. The final state is a pair of muons and missing momen-
tum, in synergy with the invisible Z ′ analysis. There are addi-
tional kinematic constraint: the invariant mass of the muon
pair is equal to the dark photon mass, while the missing mass
is equal to the dark Higgs mass.

A signal would be a concentration of events in the m2
recoil

vs. mμ+μ− plane. The largest background is from e+e− →
μ+μ−γ (γ ) events with undetected photons. The resulting
limits, in the αDε

2 vs. mh′ or m A′ planes, are the first in
this mass range [1238]. For αD = 1, the limits are stronger
than those from existing visible dark photon decay analyses
(Fig. 104).

3.17.4 Summary

Belle II has accumulated a near-BaBar sized data set, which
has been used to produce several world-leading dark sector
searches. The current data will be used for several other high-
profile analyses, including searches for invisible and visi-
ble dark photon decays, and leptophilic/muonphilic scalars
decaying to muon pairs. Over the next decade, increases in
the SuperKEKB luminosity, including an upgrade of the final
focus, will increase the data size by a factor of 100. This data
set, the clean e+e− environment, and inclusive triggers, will
give Belle II unique sensitivity to dark sector physics.

3.18 Search for light DM with extracted beams: prospects
at JLAB – M. Battaglieri

Author: Marco Battaglieri, <battaglieri@ge.infn.it>

3.18.1 Introduction

The traditional approach to explain cosmic anomalies con-
siders dark matter (DM) made by heavy particles (M » 10
GeV) interacting at the weekly scale (weekly interacting

Fig. 104 Belle II upper limits on αDε
2 as a function of dark photon

mass, for four different dark Higgs masses [1238]

massive particles or WIMPs). Despite the enormous current
and planned word-wide effort, the lack of evidence calls for
an extension of the hunting territory to include unexplored
mass ranges. Light dark matter (M∼ 1–10 GeV), or LDM, is
a well-theoretically motivated region to explore. If coupled
with the DM relic origin hypothesis (aka, the current DM to
baryonic matter ratio is the same as the one at the time of the
primordial Universe expansion), the LDM interaction is nat-
urally explained by a new vector gauge boson, mediator of a
new force (the heavy or dark photon A′). This leads to predict
a feeble interaction of LDM with Standard Model particles
that could be studied in a current accelerator-based exper-
iment where moderate beam energy (∼ 10 GeV) and high
intensity (I∼ 100µA) are available. In the dark-photon medi-
ator scenario, lepton beams are particularly suited to study
LDM since, via kinetic-mixing, ordinary gammas couple to
the A′ via the electromagnetic charge suppressed by a small
coupling constant ε (O << 1). In the so-called Vector-Portal
scenario, the LDM interaction with SM particles, mediated
by the A′, can produce a visible decay (with SM particles
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in the final state) or invisible (when the A′ decays in DM
particles) depending on the relative A′ vs. LDM mass hier-
archy. The two options lead to different experimental tech-
niques to search for LDM. Missing momentum/energy exper-
iments look for a relevant (over a certain threshold) momen-
tum/energy disappearance after that the primary beam inter-
acts with the target. Beam dump experiments expect to pro-
duce LDM in the interaction of the primary beam with a
thick target. A downstream detector, shielded by the copi-
ous SM radiation produced therein, will measure the LDM
via the energy deposited by scattered electrons and protons.
Other experiments aims at the direct detection of the media-
tor A′ assuming its visible decay in lepton (e+e−,μ+μ−), or
hadron (π+π−, K+K−) pairs. The A′ can be produced by a
lepton (beam) via different mechanisms. The A′ − strhlung
describes an incoming electron/positron radiating an A′when
in the target material’s electric field, similar to the regular
bremsstrahlung. Only for positrons, annihilation (resonant
and non-resonant) on the target’s electrons in a gamma and an
A′ provides a supplemental production mechanism. Each of
those has a different (ε×αn) dependence and a characteristic
A′ kinematics. In particular, positron-electron annihilation is
the production mechanism used to study visible and invisible
A′ decay at colliders in experiments such as BaBar, Belle-II,
and KLOE.

3.18.2 Jefferson lab: the intensity frontier

Jefferson Lab, located in Newport News (VA-US), is recog-
nized worldwide as one of the major nuclear physics fixed
target facilities. JLab hosts the CEBAF (Continuous Elec-
tron Beam Facility) accelerator able to deliver up to 12 GeV,
CW, electron beam simultaneously to four experimental halls
(A, B, C, and D). The 100% duty factor, coupled with an
intense electron beam current (up to 100µA) and a high beam
polarization (up to 80%) provide a unique high-intensity
high-precision beam to study QCD in fixed target experi-
ments. The four halls host different detectors ranging from
the small acceptance/high-precision magnetic spectrometers
(Hall-A and -C) to 4π -acceptance detectors such as CLAS12
(Hall-B) and GLUEX (Hall-D). The main lab scientific goals
include: identifying the role of the gluonic excitation in the
spectroscopy of light mesons, understanding the spin of the
nucleon and the role of the quark orbital momentum, reveal-
ing a novel landscape of nucleon sub-structure through 3D
imaging at the femtometer scale, studying the short-range N-
N correlations and the partonic structure of nuclei to clarify
the nature of nuclear force. The 12 GeV experimental pro-
gram is in full swing (33 experiments were completed out
of 91 approved) and, assuming 30 weeks/year operations, (at
least) another decade of physics is expected. Other opportu-
nities including CEBAF 20+ GeV energy upgrade as well as
running a 12 GeV highly polarized positron beam are under

study as well as pushing the current luminosity to unprece-
dented level (e.g. the SOLID experiment is expected to run
at 1038−39 cm−2 s−1).

Leveraging the electron beam quality and the apparatus
installed in the experimental halls, in the last years the lab
extended its program to include experiments aiming to dis-
cover evidence for physics beyond the Standard Model of
particle physics. Four experiments cover the Dark Sector
searches: APEX, HPS, BDX, and X-17. In the following,
I will briefly describe the main features of each experiment
reporting the current status and perspectives.

3.18.2.1 APEX The A-Prime EXperiment (APEX) is a tradi-
tional fixed target experiment installed in Hall-A searching
for the A′ by its visible decay in (e+ e−) pairs. The exper-
imental technique used in APEX is the so-called ‘bump-
hunting’ where the A′ is searched for as a narrow resonance
in Me+e− spectrum dominated by the smooth QED Bethe–
Heitler background. The key feature of the experiment is
the use of the two-arm high-resolution spectrometer (HRS)
to detect the lepton pair in coincidence. A similar detector
stack instruments the two arms: scintillators for timing, a ver-
tex detector for tracking, and Cherenkov and electromagnetic
calorimeters for particle identification. The HRS resolution
(δM /M ∼ 1 MeV) allowed to set stringent exclusion limits
on A′ masses between 80 MeV and 200 MeV with a sen-
sitivity down to ε2 < 10−7. APEX published results from
the engineering run in 2010 [1239]. The analysis of data col-
lected in the 2019 run is currently undergoing. Results are
expected to be published soon.

3.18.2.2 HPS The heavy photon search experiment (HPS) is
an experiment running in Hall-B. Similarly to APEX, HPS
searches for the A′ by its visible decay in (e+ e−) pairs. In
addition to the ’bump hunting’ technique, the decay vertex
measurement greatly extends the reach in a region of the
parameter space difficult to access (A′ mass between 20 to
220 MeV and ε2 ∼ 10−8−10−10). The enhanced experimen-
tal reach is possible thanks to a sophisticated high-resolution
(δx ∼ 1mm) tracking system located very close to the center
of the beam (less than an mm) sensitive to vertex positions
in cm-range from the target. The technique considers that
Bethe-Heitler QCD background is produced inside the target
while a feeble coupling A′ (small ε) decays outside the target
where QCD radiation ranges out. A good spacial resolution
is the key of the experiment.

HPS makes use of the Hall-B Ie = 200 nA electron beam
impinging on a thin (4 µm) tungsten target. For the above-
mentioned reasons, the target vertex has to be as defined
as possible. The beam energy changed in different runs
(Ee = 1.1 GeV, 2.3 GeV, 4.4 GeV) to cover a larger area
in the parameter space (the e+ e− invariant mass within the
acceptance of the detector increases by increasing the beam
energy). The HPS apparatus is composed of a silicon ver-
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Fig. 105 The HPS detector

Fig. 106 The HPS experiment 90% CL exclusion limit for a dark pho-
ton decaying into visible final states in the plane ε versus dark photon
mass

tex tracker (SVT) inserted in 0.24 T dipole magnetic field
for precise electron/positron momentum and vertex deter-
mination, and a PBWO4 calorimeter used to trigger on the
electromagnetic shower produced by leptons pairs. A plas-
tic scintillator hodoscope helps in identifying photons from
charged lepton increasing the trigger efficiency. The HPS
detector is shown in Fig. 105. The experiment published the
2015 engineering run ’bump hunting’ results showing the
potentiality of the proposed technique [1240]. Preliminary
results from the 2016 run (including vertexing) have been
submitted for publication on PRD [1241]. Figure 106 shows
the 90% CL exclusion limit for a dark photon decaying into
visible final states in the plane ε versus dark photon mass
and corresponding to a few days of engineering runs. Data
collected in 2019 and 2020 are currently being analyzed.

3.18.2.3 BDX The Beam-Dump eXperiment (BDX) is a
JLab-approved experiment expected to be scheduled in the
near future. The intense 11 GeV electron beam directed in the

experimental Hall-A, after interacting with the an hadronic,
is dumped in a cooled thick block of aluminum (several radia-
tion lengths). The beam produces an electromagnetic shower,
releasing the initial energy in form of a copious number of
standard particles (muons, neutrons, gamma, neutrinos, ...)
and, if they exist, DM particles. While the SM particles are
ranged out by an appropriate shielding (all but neutrinos),
the DM beam propagates downstream up to a detector where
LDM could interact with nuclei and electrons. Interactions
with detector’s electrons may produce a significant recoil
energy detected via O(GeV ) EM shower that, in turn, pro-
vides a clear experimental signature. In a BDX-like exper-
iment, DM needs to be produced and then detected requir-
ing an intense primary beam or, equivalently, a large charge
(the expected number of detectable events scale as the fourth
power of the feeble coupling ε). The combination of the
CEBAF 11 GeV beam and the high current operation of Hall-
A (Ie ∼ 60–70µA corresponding to∼1022 electron on target
- EOT – in a year time), makes JLab the ideal place to run
BDX.

The BDX detector is made by an electromagnetic calorime-
ter surrounded by a multi-layers hermetic active and passive
veto. The calorimeter will re-use∼1000 CsI(Tl) crystals for-
merly installed in BaBar EMCal with updated photo-sensors
(SiPMs) and a modern DAQ (digitizers). The Inner and Outer
vetos will be made by plastic scintillator paddles read out by
SiPMs via wavelength shifter fibers. A layer of lead inter-
leaved between the two layers of active vetos prevents low-
energy radiation to penetrate into the calorimeter’s fiducial
volume. Figure 107 shows the expected 90% CL BDX exclu-
sion limit corresponding to 1-year measurement for a dark
photon decaying into light DM in the plane y versus dark
matter mass. As shown in the graph, the BDX sensitivity
is 10–100 times better than existing limits. The experiment
was proposed to run in parallel (and fully parasitically) with
respect to the Moeller experiment scheduled in Hall-A. BDX
Collaboration is currently waiting for the lab to provide the
necessary infrastructure to run the experiment. This includes
a new underground experimental hall located about twenty
meters downstream of the Hall-A beam dump to deploy the
detector and a sizable iron shielding between the current
concrete beam-dump vault and the new hall to range out
SM background (cosmic background will be rejected by the
active veto system).

3.18.2.4 BDX-MINI While waiting for BDX to run, the
BDX Collaboration installed and ran a reduced version of
the experiment called BDX-MINI [1242]. BDX-MINI took
advantage of the 2020 Hall-A low-energy (Ee = 2.17 GeV)
run by installing a small detector in a well dug in the future
BDX location to make a precise assessment of the expected
beam-related background [1243]. The low beam energy did
not require additional shielding making effective the 26 m of
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Fig. 107 Green line: expected 90% CL BDX exclusion limit corre-
sponding to 1-year measurement for a dark photon decaying into light
DM in the plane y versus dark matter mass. Red lines: expected (dashed)
and observed (solid) 90% CL exclusion limit of the BDX-mini exper-
iment. The three curves of the target relic density are shown for three
different dark matter hypotheses, pseudo-dirac fermion, Majorana, and
scalar particle

dirt present between the beam-dump and the detector. The
BDX-MINI detector [1244] is made by a PbWO4 calorime-
ter, surrounded by two layers of active and W passive vetos.
While the detector concept is identical to BDX, the limited
space required a denser material in calorimeter and passive
vetos. The experiment ran smoothly for 6 months collecting
a total charge of 2.6 1021 EOT (25% of the charge expected
to be collected by BDX).

Figure 107 shows the exclusion limit set by the BDX-
MINI experiment. Despite the limited active volume (a few
percent of BDX), BDX-MINI provided exclusion limits sim-
ilar to the best existing experiments demonstrating the poten-
tial of the full experiment that will run at JLab in the future.

3.18.2.5 X-17 The X-17 experiment was approved to run
in Hall-B using a dedicated apparatus. X-17 will search for
new hidden sector particles in the 3–60 MeV mass range in
forward electroproduction scattering from a heavy nuclear
target (Ta). The experimental technique, similar to the one
used by APEX and HPS, searches for a bump in A′ visible
decay (e+e−) pairs detected in a PbWO4 calorimeter. The
expected reach for 120 days of running, is shown in Fig. 108.
X-17 will cover the interesting mass range where the ’Atomki
anomaly’, an excess of (e+e−) pairs in the decay of excited
8Be nuclei), was reported.

3.18.2.6 Further opportunities Jefferson Lab is currently
exploring new directions to extend the 12 GeV physics pro-
gram.

High-intensity secondary beams of neutrons, muons, and
neutrinos (besides the LDM, if existing) are produced by
the interaction of the 12 GeV electron beam with the dump.

Fig. 108 Expected 90% CL exclusion limit of the X-17 experiment
for a dark photon decaying into visible final states

Simulations show that muons are produced at a rate of 10−6

per EOT by Bethe-Heitler radiation with a Bremsstrahlung-
like energy spectrum more focused than in proton-produced
beams where the main production mechanism is meson
decays. The resulting high intensity (up to 108 µ/s) would
make the up-to 6 GeV JLab muon ’beam’ well suited for a
missing momentum experiment à la M3 or a beam dump
experiment à la BDX. An evaluation of the experimental
reach is currently undergoing. Besides muons, neutrinos are
also copiously produced in the dump. Simulations show that
a large off-beam-axis ν flux (up to 1018 ν/y/m2) is produced
with a Decay-At-Rest energy spectrum. Preliminary esti-
mates showed that on a m3 active volume of LAr or CsI (à la
COHERENT), O(5000) CEνNS interactions are expected in
one-year exposure. This would represent 50 times the entire
world statistics available for this process.

Studies are underway to deploy a positron beam of high
energy (up to 11 GeV), high current (Ie+ ∼ 0.5–1 µA), and
high polarization (Pe+ ∼ 60%). The idea is to inject ∼ 100
MeV positron in CEBAF and deliver the positron beam to
the existing experimental halls. From a first assessment, the
existing detectors should be adequate to run a rich physics
program with a positron beam. As far as the Dark Sector
searches are concerned, experiments on thin and thick targets
were considered. In the first case, the positron beam annihila-
tion on target atomic electrons will provide an excellent way
to produce the A′ in the e+e− → γ A′ reaction. Measuring
the resulting photon, the A′ mass will be detected by identi-
fying a peak in the missing mass spectrum. This technique
was successfully tested in the PADME experiment at LNF.
The JLab positron beam’s high energy and large intensity
will significantly extend the sensitivity of this experiment
to cover MA′ up to 100 MeV. Similarly, a missing energy
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experiment, (á la Sect. 3.11) will dump the positron beam
on a thick active target. Positron annihilation would enhance
the resonant A′ production providing a unique experimental
signature. The reach of the experiment could be extended to
a larger range of masses by varying the positron energy.

Last, but not least, the lab is studying the possibility of
upgrading CEBAF in order to reach an electron beam energy
of up to 20 GeV. The energy upgrade will significantly benefit
each of the above-mentioned experiments and will open up
even further opportunities in the future.

3.18.3 Conclusions

Jefferson Lab hosts one of the best medium energy (up to
10 GeV) and high-intensity (up to 0100 µA) electron beam
available in the world. These conditions are ideal to explore
the intensity frontier searching for new physics in the 1 MeV–
1 GeV range. A significant experimental program exploring
the Dark Sector is ongoing. Experiments such as APEX, HPS,
and BDX-MINI collected data in the past years and more is
expected in the near future. Approved experiment, such as
BDX and X-17, covering unexplored regions of the param-
eter space, have sensitivity for new physics or, in case of a
null result, will extend the current exclusion limits by orders
of magnitude. Further experiments, leveraging the available
high-intensity electron beam to produce secondary mu, ν,
and neutron beams, are under study. In the future, a unique
positron beam and the energy upgrade to 20 GeV will open
new opportunities to explore BSM physics at the intensity
frontier.
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3.19 Search for light DM and mediators: results and
prospects at FNAL – N. Tran

Author: Nhan Tran, <ntran@fnal.gov>

In these proceedings for the FIPS 2022 workshop, we
describe results and prospects for experiments at Fermilab.
We describe the status and results of planned experiments
ArgoNeuT, SBND, SpinQuest. We also discuss future pro-
posed experiments at Fermilab including PIP-II Beam Dump,
M3, 3 GeV muon beam dump, and REDTOP. Other dark sec-
tor searches at experiments at Fermilab, MicroBooNE and
DUNE, are covered elsewhere in these proceedings.

3.19.1 Introduction

Searches for dark sector particles in the GeV mass range
and below at relativistic particle accelerators are a highly-
motivated physics opportunity in the next decade. The
physics drivers are categorized described in more detail
in [1245–1247]. We summarize the motivating scenarios
briefly here as:

• thermal dark matter: We denote this as “DM” below. This
physics driver focuses on searches for dark matter pro-
duced in accelerator based-experiments. These types of
searches have sharp milestones to reach in mass-coupling
space under the assumption that dark matter was in ther-
mal equilibrium with the SM in the early universe.

• visible dark portals: We denote this as “Visible” below.
This physics driver focuses on searches for dark mediator
particles that decay back to SM particles. In certain mass
hierarchies of the dark sector, we are most sensitive to
such scenarios by looking for visible SM signatures.

• new flavors and rich dark sectors: We denote this as “Fla-
vor” below. This physics driver has focuses on two classes
of models: dark sectors with rich structure, as we have
in the SM, that may result in both invisible and visible
particle final states; and dark sectors motivated by cur-
rent anomalies from existing experimental results such as
g − 2 [1248,1249], the MiniBooNE excess [1250], and
flavor anomalies [1251–1259].

This proceedings summarizes the current experimen-
tal program for sub-GeV dark sector physics at Fermilab.
We describe the status and results of planned experiments
ArgoNeuT, SBND, SpinQuest/DarkQuest. We also discuss
future potential experiments at Fermilab including PIP-II
Beam Dump, M3, 3 GeV muon beam dump, and RED-
TOP. Other dark sector searches at experiments at Fermilab,
MicroBooNE and DUNE, are covered elsewhere in these
proceedings. In Fig. 109, we should the Fermilab accelerator
complex and on which beam lines these experiments are or
would be located. Some of the experimental descriptions are
from [947].

3.19.2 Results and status of planned experiments

3.19.2.1 ArgoNeuT ArgoNeuT was a 0.24 ton LArTPC
placed in the NuMI beam line at Fermilab for five months in
2009-2010. The TPC is 47[w]× 40[h]× 90[l] cm3, with two
instrumented wire planes, each containing 240 wires angled
at 60 deg to the horizontal and spaced at 4 mm. ArgoNeuT
was placed 100 m underground in the MINOS Near Detector
hall. A detailed description of the ArgoNeuT detector and its
operations is given in Ref. [1260].
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Fig. 109 Fermilab accelerator
complex and locations of
current, planned, and proposed
dark sector experiments

A search for millicharged particles [1261], a simple exten-
sion of the standard model, has been performed with the
ArgoNeuT detector exposed to the Neutrinos at the Main
Injector beam at Fermilab. The ArgoNeuT liquid argon time
projection chamber detector enables a search for millicharged
particles through the detection of visible electron recoils. A
search for an event signature with two soft hits (MeV-scale
energy depositions) aligned with the upstream target. For an
exposure of the detector of 1.0 × 1020 protons on target,
one candidate event has been observed, compatible with the
expected background. This search is sensitive to millicharged
particles with charges between 10−3e and 10−1e and with
masses in the range from 0.1 to 3 GeV. This measurement
provides leading constraints on millicharged particles in this
large unexplored parameter space region.

A similar search is planned at the SBND experiment which
will improve an the ArgoNeuT limits in the mass range from
approximately 100–500 MeV.

3.19.2.2 SpinQuest/DarkQuest SpinQuest/DarkQuest is a
proton fixed-target beam-dump spectrometer experiment on
the neutrino-muon beamline of the Fermilab accelerator
complex, where it would receive a high-intensity beam of
120 GeV protons from the main injector. It takes advantage
of the long history of investment in the existing E906/E1039
SeaQuest/SpinQuest spectrometer experiments at Fermilab,
which focus on proton parton-distribution-function measure-
ments in Drell–Yan events. The DarkQuest detector concept
proposes to add an electromagnetic calorimeter (EMCal)
detector to the SpinQuest spectrometer that will open up
two additional orders of magnitude in mass parameter space.
An additional tracking layer is also proposed to extend the
acceptance of the experiment and enable it to withstand
higher instantaneous luminosity. This will allow DarkQuest
to explore dark sector signatures from O(MeV) to O(GeV)
in a variety of new final states, thus enabling DarkQuest to
be a high impact dark sector experiment on the world stage.

DarkQuest can reach interesting parameter space in sev-
eral dark sector scenarios. The purely standard model signals

are studied in the context of dark photon, sterile neutrinos,
and axion-like particle models (ALPs), while the dark mat-
ter (DM) and rich dark sectors are captured by models of
inelastic dark matter and strongly interacting massive par-
ticles (SIMPs). The latter models offer the possibility of
explaining the dark matter of the universe in a predictive
framework with concrete experimental targets. Many more
details on the physics sensitivity of the experiment are given
in [1262–1264]. DarkQuest can also play an important part
of a potential program at Fermilab to explore how light new
physics could contribute to g − 2 [954,1265]. The physics
case and more detailed Geant-based [1266] simulations to
understand detector performance for dark sector signatures
are described in more detail in [581].

Further upgrades beyond DarkQuest are also envisioned.
In the LongQuest proposal [1267], three potential types
of installations were proposed. They are: installing long-
baseline detectors behind the iron block in the backroom to
search for long-lived and millicharged particles; installing a
ring-imaging Cherenkov detector or a hadron blind detector
to improve particle identification and background reduction;
and adding a new front-dump and fast-tracking detector to
search for promptly decaying particles. More details are dis-
cussed in [581,1267].

3.19.3 Future prospective experiments

3.19.3.1 PIP-II Beam Dump Using the PIP-II proton fixed-
target facility, PIP2-BD envisions a 100 ton scale liquid argon
single-phase scintillation-only detector located 18 m from a
carbon target [1268]. An O(1 GeV) proton beam colliding
with the fixed target produces charged mesons. Dark matter
models predict dark matter production via neutral mesons
such as pions and η mesons, also produced by the proton
collisions with the fixed target.

PIP2-BD has the capability to be a world-leading probe of
both the vector portal kinetic mixing and leptophobic mod-
els assuming a 5-year run of the C-PAR scenario. A different
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phenomenology arises if there are two new particles χ1 and
χ2, where � = (mχ2 − mχ1)/mχ1 > 0. The χ2 travels to
the detector and decays into a χ1 and an e+e− pair if the
χ2 is sufficiently long lived. If the χ2 decay is not kinemat-
ically allowed, the dark matter signal is detectable through
up- or down-scattering off of electrons. A recent study of the
detection of inelastic dark matter at JSNS2 [1269] showed the
possibility of signal/background separation in a scintillation-
only detector.

3.19.3.2 FNAL-μ beam dump FNAL-μ has been proposed to
search for light dark-sector particles that dominantly cou-
ple to muons that can explain the observed muon g − 2
anomaly [1270]. FNAL-μ is a muon beam-dump experiment
at the muon campus of Fermilab using the existing Fermilab
muon beam source with the anomalous energy deposition
downstream from the dump. The proposed incident muon
beam energy is around 3 GeV, as the accelerator complex
is already tuned to this energy for the Muon g − 2 experi-
ment. Such a beam will be completely stopped within a 1.5 m-
thick tungsten target. Dark sector particles that are produced
through muon-nucleon bremsstrahlung interactions can then
visibly decay inside a 3 m detector equipped with an electron
or photon tracker/calorimeter.

FNAL-μ has a simple and compact design that could be
facilitated at the g− 2 hall of Fermilab. It could run in paral-
lel with the on-going Muon g − 2 experiment. With a beam
intensity of 107 muons per second, a one-month run corre-
sponding to 2.5×1013 muons on target is expected to reach a
sensitivity of 3× 10−4 for the muonic dark scalar couplings.
Such a sensitivity completely explores the parameter space
for light muonic dark scalars (mS < 2mμ) that explains the
muon g − 2 anomaly. A one-year run or 3× 1014 muons on
target could reach a sensitivity of O(10−5) for the muonic
dark scalar coupling. Combined with the E137 experiment
that probed the muonic dark sector through the secondary
muons [1271], such a sensitivity could completely explored
the parameter space for light muonic dark scalars scalars
(mS < 2mμ) above the supernova 1987A cooling limit.

3.19.3.3 M3 M3 is a muon beam missing momentum exper-
iment which expects measures O(15 GeV) muons on a thin
active target. The secondary muon beam is produced from the
120 GeV Main Injector proton beam at the Fermilab acceler-
ator complex. As a muon beam experiment, M3 is uniquely
sensitive new physics coupled to muons, particularly light
new physics related to the g-2 anomaly or muon-philic dark
matter. In this setup, a relativistic muon beam impinges on a
thick active target. The signal consists of events in which a
muon loses a large fraction of its incident momentum inside
the target without initiating any detectable electromagnetic or
hadronic activity in downstream veto systems. A two-phase
experiment is envisioned based at Fermilab. Phase 1 with
1010 muons on target can test the remaining parameter space

for which light invisibly decaying particles can resolve the
(g-2)μ anomaly, while Phase 2 with 1013 muons on target can
test much of the predictive parameter space over which sub-
GeV dark matter achieves freeze-out via muon-philic forces,
including gauged U(1)Lμ−Lτ .

3.19.3.4 REDTOP The Rare η/η′ Decays To Probe New
Physics experiment (REDTOP) is a fixed-target meson fac-
tory [1272] searching for new physics in flavor-conserving
rare decays of the η and η′ mesons. Such particles are almost
unique in the particle universe, carrying the same quantum
number as the Higgs boson except for parity, and no standard
model (SM) charges, the dynamics of their decays is highly
constrained. Conservation of their quantum numbers impose
that all electromagnetic and strong decays are forbidden at
the tree-level. Rare decays, are, therefore, enhanced com-
pared to the remaining, flavor-carrying mesons. REDTOP
aims at producing 1014(1012) η(η′) mesons. Such a sample
can probe many recent theoretical models, providing enough
sensitivity to explore all four portals connecting the dark sec-
tor with the SM while also probing conservation laws. At the
beam energies considered above, the η and η’ mesons are
produced almost at rest in the lab frame, receiving only a
small boost in the direction of the incoming beam. Conse-
quently, a hermetic, collider-style, detector covering most of
the solid angle, is one of the requirements for REDTOP.

The REDTOP sensitivity studies performed probe the con-
servation of discrete symmetries of the universe. C P sym-
metry can be explored at REDTOP in a number of ways,
thanks to the large statistics available for certain channels
and a well known background. In all cases, C P-violation is
observed via asymmetries of the η decays. An almost unique
technique proposed by REDTOP is based on the measure-
ment of the polarization of the muon, copiously produced in
some decays of the ηmesons and tagged by fully reconstruct-
ing the decay of the latter. This could be achieved either in the
high-granularity, polarization-conserving, calorimeter or in
a dedicated polarimeter. These sensitivity studies performed
for REDPTOP also include the search for new particles pro-
duced in rare decays of the η and η′ mesons. Most of these
particles could be visibly observed in the detector, assuming
that they decay within about 50 cm from the η or η′ meson
production point. With the proposed statistics, REDTOP has
excellent sensitivity to all four portals connecting the stan-
dard model with the dark sector.

The beam requirements for REDTOP are modest, and sev-
eral existing laboratories worldwide have the capability to
host the experiment. The REDTOP collaboration, consisting
of more than one hundred scientists from fifty-three insti-
tutions, has engaged in a broad exploration, and identified
BNL, Fermilab, GSI, and HIAF as possible candidates to
host REDTOP.
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3.20 Search for light DM with primary electron beams:
prospects at SLAC – R. Pottgen

Author: Ruth Pottgen, <ruth.pottgen@hep.lu.se>

3.20.1 Introduction

At SLAC, a primary, few-GeV electron beam is available via
the accelerator of the Linac Coherent Light Source II (LCLS-
II) [1273]. The Light Dark Matter eXperiment (LDMX) aims
to make use of this opportunity to search for sub-GeV dark
matter particles. The layout of the experiment is shown in
Fig. 110: The incoming electrons scatter on a thin (tungsten)
target, and in the interactions with the nuclei dark matter
could be produced for example via bremsstrahlung of a dark
photon (A′) and its subsequent decay into dark matter. This
would lead to a significant energy loss of the electron, and
this missing energy is determined from a measurement of the
remaining electron energy in an electromagnetic calorimeter
(ECal). Momentum conservation in the emission of a heavy
particle leads to a sizable transverse momentum of the out-
going electron, or, equivalently, missing transverse momen-
tum. Measuring this momentum forms the second pillar of
the new-physics discovery strategy. The measurement is pro-
vided by tracking detectors in a magnetic field before and
after the target. The main physics trigger will rely on the
(missing) energy measurement in the ECal in combination
with a count of the number of incoming electrons provided
by scintillator arrays upstream of the tracking and close to the
target. The design is completed by a large hadronic calorime-
ter (HCal) needed to reject backgrounds that look like signal
events in the other detector systems.

The dark matter signal signature in this setup would be
a scattered electron that has lost most of its energy and
obtained significant transverse momentum, and no other
activity anywhere in the detector. The goal of LDMX is to
individually measure up to 1016 electrons on target (EoT),
which places a number of requirements on the beam, as well
be discussed in Sect. 3.20.2. Before going there, I note that
the setup described above offers sensitivity not only to sub-
GeV dark matter, but in fact to a rich spectrum of physics
beyond the Standard Model [583,1274], both invisible and
visible signatures, and in addition will allow first-time mea-
surements of photo- and electronuclear processes in hitherto
little explored phase-space regions [1275].

3.20.2 The beam

The ambition to measure up to 1016 electrons individually
defines the desired properties of the beam. Resolving indi-
vidual electrons requires them to be spread out in time and
space, which translates into a low intensity beam (meaning
a small number of electrons per bunch) in combination with

a large beam spot. To reach the envisaged total numbers of
electrons, a high duty cycle is then needed. Favourable signal-
to-background ratios for the sub-GeV dark matter search are
achievable for beam energies in the range of 4–20 GeV. At
SLAC, it is possible to deliver exactly such a beam using
the LCLS-II accelerator without interfering with its core sci-
ence programme. LCLS-II will first operate at 4 GeV, but
an upgrade is planned in 2026/27 to increase the energy to
8 GeV. The bunch frequency is 186 MHz, but LCLS-II pop-
ulates only one out of 2000 bunches with electrons for the
photon science. The idea for LDMX is to use a fraction of the
remaining bunches to provide a small number (< 10) of elec-
trons to the experiment with a frequency of about 40 MHz.
This requires a dedicated beamline (LESA – Linac to End
Station A [1276]) to transport the electrons to the experimen-
tal hall that will host the detector. The first part of LESA is
currently under construction as an S30 Accelerator Improve-
ment Project and includes the kicker magnet as well as about
100 m of beam line. LESA is expected to deliver beam to the
experimental hall in autumn 2023.

3.20.3 The LDMX detector

At the beam energies available at SLAC there are no irre-
ducible physics backgrounds to the dark matter signature,
since all SM background processes produce additional parti-
cles that are in principle detectable. The sensitivity of the
experiment thus becomes mainly a question of how effi-
ciently these additional particles can be detected. Figure 111
shows an overview of the planned detector design. The three
main detector systems all draw on solutions developed for
existing experiments, giving confidence that the design goals
can be reached [1277]. The tracking system is a simplified
version of the Silicon Vertex Tracker of the HPS experi-
ment [1278], the electromagnetic SiW-sampling calorimeter
uses the same modules and electronics as the CMS High-
Granularity Calorimeter upgrade [1279], while the hadronic
veto system, a sampling calorimeter with steel absorber and
plastic scintillator bars as active material, was inspired by the
Cosmic Ray Veto of the Mu2e experiment [1280,1281].

The main backgrounds arise from bremsstrahlung of a
hard photon in the target. Particularly challenging are events
in which the photon subsequently undergoes a photo-nuclear
(PN) reaction in the ECal that produces only neutral parti-
cles in the final state, for example a single neutron or K 0

L .
Although such processes occur at rate of about 10−9 rela-
tive to the incoming electron rate, this is still several orders
of magnitude above the expected signal rate, meaning that
these backgrounds have to be vetoed with a correspond-
ing efficiency. This is the main task and design driver for
the hadronic calorimeter. Detailed simulation studies show
that the combination of detector systems as outlined above
is capable of reducing photon-induced backgrounds to less
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Fig. 110 A sketch of the
conceptual layout of the LDMX
detector intended to measure the
missing energy and missing
transverse momentum of
scattered electrons
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Fig. 111 Left: an overview of the LDMX detector solid model. Right: a cutaway overview of the LDMX detector showing, from left to right, the
trackers, trigger scintillator and target inside the spectrometer dipole, the ECal, and the Side and Main HCal

than one event for 4×1014 EoT [1282], the statistics planned
to be gathered during the first year of operation. Importantly,
this is achieved without making use of the transverse momen-
tum information, leaving this as a powerful handle in case of
unexpectedly high background levels and for signal charac-
terisation, as discussed in the next section.

3.20.4 Sensitivities to sub-GeV dark matter

The LDMX sensitivity to sub-GeV dark matter is illustrated
in Fig. 112 in terms of the excluded interaction strength y
and dark matter mass mχ in the framework of a dark photon
model. Already the first data at 4 GeV, either with a thin target
(red line) or using the ECal as an active target (green line)
will provide sensitivity to several thermal targets. The second
run at 8 GeV and collecting larger statistics (blue line) allows
to explore the phase space well beyond the thermal targets
for masses up to O(100) MeV.

As highlighted above, these exclusion projections do not
yet use the transverse momentum information of the outgo-
ing electron. This is a strong discriminator between a dark
matter signal and the SM backgrounds, and in fact can be
used to constrain the dark photon mass in case an excess is
observed. The potential for this mass reconstruction is shown

Fig. 112 Projected sensitivity in the y vs mχ plane for a baseline
LDMX run with 4 × 1014 EoT with a 4 GeV beam energy (Phase
1) and 1016 EoT (Phase 2) with an 8 GeV beam energy. Projections for
an early missing-energy analysis of 1013 EoT using the ECal as a target
are also shown. Backgrounds are assumed to be at the level of < 1
event. Benchmark thermal relic targets are shown as black lines. The
grey region represents constraints from previous experiments. Figure
from Ref. [1274]

in Fig. 113, demonstrating that LDMX would be able to pro-
vide an estimate of the dark photon mass as an input to further
searches and characterisation of a potential signal.
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Fig. 113 Reconstructed mediator mass and couplings are shown for
four test samples at 4× 1014 EoT. The values of m A′ and y used to pro-
duce each sample are indicated by black crosses, while 1σ and 2σ error
ellipses for the fit are denoted with solid and dashed lines, respectively

3.20.5 2022 test beam

Key to achieving the sensitivities presented above is a
detailed understanding of all detector and readout compo-
nents. A crucial milestone for this was a successfully com-
pleted test beam campaign in April 2022. Prototypes for two
detector systems were tested, the HCal and the trigger scintil-
lators, with the aim of testing the mechanical and electronics
designs as well as the readout chain and data acquisition, and
eventually validating simulations against the obtained data.
The HCal prototype comprised 19 steel+scintillator layers.
The scintillator bars and their readout via Si-Photomultipliers
(SiPMs) were the same as the ones to be used in the final
experiment. For the trigger scintillator different prototypes
with either plastic scintillator bars or a combination of plas-
tic and LYSO bars, in each case read out via SiPMs, were
tested.

During two weeks, data was collected with electron, muon
and hadron beams at energies between 0.1 and 8 GeV. The
left plot in Fig. 114 shows the distribution of ADC counts
(normalised to the equivalent count for a minimally ionising
particle, MIP) in one bar of the HCal prototype for a run
with 4 GeV muons. To ensure a high likelihood of a muon
traversing the respective bar, only events in which the corre-
sponding bars in a front layer and a layer further in the back
measure more than 0.9 MIP equivalents are shown.

The right of Fig. 114 shows the total charge measured per
event in one channel of the trigger scintillator prototype with
only plastic bars. This is zoomed in on the low-charge region,
such that the first peak represents the pedestal of the system,
the others are an integer number of 1–6 SiPM pixels firing.
The sixth peak shows an example fit used to extract the central
value of each peak for calibrating the SiPM gain and pedestal.

This demonstrates that each channel can be calibrated based
on the first O(104) events per run. While the analysis of the
test beam data is still ongoing, these early plots showcase
that good quality data was obtained and understanding of
this data is developing.

3.20.6 Conclusion and outlook

The primary electron beam becoming available at SLAC
via the LESA beamline currently under construction opens
exciting physics opportunities, the main motivation being the
search for sub-GeV dark matter and other new physics in for-
ward electron scattering. Using this beam, the LDMX exper-
iment will be able to achieve outstanding sensitivity over the
course of a few years. The collaboration has achieved several
milestones in detector development and physics studies, and
is on track to start construction in late 2023.

3.21 New ideas: status of the SND@LHC experiment – O.
Lantwin

Author: Oliver Lantwin, <oliver.lantwin@cern.ch>

3.21.1 Introduction

The SND@LHC experiment [1283] is a new experiment at
the LHC situated 480 m away from the ATLAS interaction
point (IP), in the TI18 former service tunnel. This location
is symmetric to the TI12 tunnel where FASER is located. At
this location, the experiment is shielded from the IP by 100
m of rock, with charged particles also deflected by the LHC
magnets. The experiment covers a pseudorapidity range of
7.2 < η < 8.4. This coverage is chosen for the study of
neutrinos originating in heavy-flavour decays [1117,1284,
1285].

The experiment itself, which is shown in Fig. 115, con-
sists of an instrumented scattering target which fulfils the
role of vertex detector and electromagnetic calorimeter,
with emulsion-cloud chambers for tracking, and scintillating
fibres for timing and the energy measurement of showers, and
a muon system made up of iron walls and scintillating bars,
which also serves as a hadronic calorimeter. In its first phase
in Run 3, the experiment is expected to collect 250 fb−1.

The instrumented target offers 830 kg of target mass, with
a cross-section of 390×390 mm2. The nuclear emulsions are
replaced every 25 fb−1 or about three times per year. About
2000 neutrino events of all species are expected in Run 3.

The experiment has now seen its first data, with first per-
formance studies in electronic and emulsion data currently
underway, with preliminary results looking very promising.
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Fig. 114 Left: distribution of the sum of ADC counts for layer 7, bar
6 of the HCal prototype for 4 GeV muons, normalized by the measured
values corresponding to one minimum ionizing particle, referred to as

MIP equivalents (MIPeq). Right: distribution of the integrated charge
recorded per event for one channel of the trigger scintillator prototype

Fig. 115 Overview of the
SND@LHC experiment. Taken
from Ref. [1283]

3.21.2 Feebly interacting particles at SND@LHC

For feebly interacting particles (FIPs), SND@LHC is sensi-
tive to both scattering and decay signatures. A first study of
sensitivities has been performed in Ref. [1286]. While this
study is theoretical, and several experimental assumptions
need to be checked, it gives us a first idea of SND@LHC’s
capabilities for feebly interacting particle searches.

3.21.3 Scattering signatures

The sensitivity for scattering is model-dependent. Consider
as an example light dark matter (LDM) coupled to the Stan-
dard Model particles via a leptophobic portal, which could
escape detection at many experiments looking for LDM using
dark photons created in electron-positron annihilation.

At LHC energies, elastic scattering of neutrinos is strongly
suppressed, such that elastic scattering of FIPs is essen-
tially free from irreducible background. While this signa-
ture is experimentally challenging, and requires a dedicated
emulsion-only analysis, it allows covering a large range of
parameter space, especially at low masses.

In inelastic scattering, there is a significant irreducible
neutrino background, but the ratio between neutral-current
and charged-current events, which is well predicted for neu-
trinos, could allow searching for deviations from this ratio.
However, it will need to be studied whether this ratio can be
used experimentally as it is also an important handle for the
understanding of the detector performance.

Preliminary sensitivities for leptophobic light dark matter
are shown in Fig. 116.
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Fig. 116 Sensitivity to light dark matter coupled to a leptophobic medi-
ator. Here mχ and mV are the dark matter and mediator masses, while
αB and αχ are the couplings of the mediator to baryons and the dark
matter candidate respectively. Taken from Ref. [1286]

3.21.3.1 Decay signatures For decays of FIPs, the signature
generally consists of a vertex with two charged tracks point-
ing back to the IP. While several final states are possible,
the muonic channel is likely the experimentally favourable
one. Full studies of the backgrounds for these signatures
will be needed, with muon-induced deep inelastic scattering,
neutrino deep inelastic scattering and combinatorial back-
grounds likely being the dominant backgrounds.

A preliminary estimation of the sensitivities for three com-
mon benchmark models, as defined in Ref. [4], is shown in
Fig. 117.

In Run 3, SND@LHC is not expected to be competitive
for decay signatures, so that this run should be considered a
proof-of-concept for AdvSND-far in Run 4, which becomes
competitive for several models. The AdvSND-near detector,
which has a larger acceptance due to the proximity to the IP,
is not yet taken into account for the Run 4 sensitivity. Due
to the off-axis location, AdvSND-near could benefit from
reduced backgrounds.

3.21.4 AdvSND and outlook

The AdvSND-far and AdvSND-near detectors are two
upgraded detectors planned for Run 4. Due to the increased
intensity at the HL-LHC, SNDL@HC will need to switch
from nuclear emulsions to an electronic vertex detector.
Additionally, it is foreseen to have a magnetic spectrometer
as part of AdvSND-far to allow charge-determination and
momentum measurement of muons. An overview of the key
numbers is given in Table 12.

While AdvSND-far could be situated in SND@LHC’s
current location in TI18, it could also be adapted for the
proposed Forward Physics Facility [1069].

In addition to the far detector, a near detector called
AdvSND-near, could provide normalisation and significantly

Fig. 117 Sensitivity of SND@LHC and AdvSND-far (SND@LHC Run 4) for scalar, vector and heavy-neutral lepton mediators, taken from
Ref. [1286]
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Table 12 Overview of the main properties of SND@LHC and the
AdvSND detectors. AdvSND-far will also have a magnet to allow for
charge separation

η Mass [t] Surface [cm2] Distance [m]

SND@LHC [7.2, 8.4] 0.83 39× 39 480

AdvSND-near [4.0, 5.0] 5 120× 120 55

AdvSND-far [7.2, 8.4] 5 100× 55 480 (FPF:630)

reduce systematic uncertainties, in part due to an overlap in
pseudorapidity with LHCb.

For FIP searches, the near detector could significantly
improve the acceptance of AdvSND in Run 4. For both detec-
tors the optimisation and choice of technologies are under-
way.

3.21.5 Conclusion

SND@LHC is a recently approved experiment for neutrino
physics and feebly interacting particle searches at the LHC,
which has started taking data in April 2022 and is set to collect
250 fb−1 in Run 3. In the scattering channels, SND@LHC
allows probing FIPs and it is particularly powerful for the
study of leptophobic light dark matter. With the AdvSND
upgrade for Run 4 of the LHC, SND@LHC would also
become competitive in searches for the decay of FIPs. First
results from performance studies are expected soon.

3.22 New ideas: resonant dark sector searches at positron
beam dumps – L. Darmé

Author: Luc Darme, <l.darme@ip2i.in2p3.fr>

3.22.1 Introduction

Despite strong improvements in both detector sensitivities
and experimental luminosities in the next generation of
accelerator-based FIP searches, the fundamental strategies
for FIP production have not much evolved since the early
days of beam dump experiments. Focusing for instance on
the case of lepton-based experiment, the most recent limits
on a vector FIP X from the NA64 experiment [1157,1217]
relies still on the bremsstrahlung production off a nucleus N ,
eN → eN X , as this is the dominant channel for e− based
experiments. This production mechanism was used for exam-
ple in the recasting [1287,1288] of analysis from historical
beam dump experiments such as E141 [744], KEK [1220]
and Orsay [1221]. It however suffers from a strong α2

em sup-
pression. In order to unlock more effective FIP production
mechanisms in lepton-based experiment one can instead rely
on a positron beams. Indeed, while producing and accelerat-
ing positrons typically implies losses in intensity and energy,

the production rate can increase dramatically if the center-of-
mass (CoM) energy of the e+e− system matches precisely the
FIP mass MX and allows the process e+e− → X . For ultra-
relativistic positrons impinging on target electrons assumed
at rest, the resonant condition is achieved for a beam energy
Eres given by

Eres = M2
X

2me
. (121)

Fulfilling this condition is the key requirement of FIP reso-
nant production and determine to a large extent the experi-
mental strategies. For FIPs in dark matter-motivated models
with relatively large width �X , the relation in Eq. (121) is
relaxed up to energy variations of relative order �X/MX .

Two strategies can be considered to obtained positrons of
the required energy:

• Use the energy loss and secondary e+e− production from
electromagnetic showers in the target to “scan” various
positron energies [1164,1219,1289–1292]. This requires
a target with thickness of the order of the radiation length.
This strategy is particularly well-suited to study missing
energy or displaced vertices signatures when the FIP or its
decay product escape the target. On the other hand, the
background from the electromagnetic shower typically
swamp a visible X prompt decay signature.

• Directly scan with the beam energy around the resonant
energy and search for a “bump” signature [1159]. Since
for resonant production the rate is strongly enhanced, thin
targets can be used to avoid degrading the signal.

We will briefly present the underlying physics for the two
above approaches in turn, then study an explicit application of
a “scan” strategy motivated by the ATOMKI anomaly [1223,
1224,1234].

3.22.2 Two strategies for resonant production

3.22.2.1 Thick target strategy As they propagate through
a thick target, the energy of the positrons is significantly
degraded. The estimation of the proper production rate must
thus account for the varying energy distribution. As long as
the precise production point in the target is not required,
this can be naturally described in terms of the differential
track-length dT±(E)

d E which sums up the total length of target
material traversed by positrons or electrons of a given energy.

Neglecting the beam spread compared to the energy loss
which occurs in the target, we can obtain the number of FIPs
produced per positron-on-target from a process with cross-
section σ(E) as:

N = NA X0ρ

A

∫ E+

0
d E

dT±(E)
d E
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σ(E) = NA X0
ρ Z

A

dT±(Eres)

d E

g2
e

2me
, (122)

where X0 is the radiation length of the material, A its atomic
mass with NA = 6.022× 1023, ρ its mass density, and with
E+ the intial energy of the positron beam in the lab frame.
In the second part of this expression, we used the resonant
cross-section for a FIP with e± coupling ge in the narrow-
width approximation given by:

σres(E) = g2
e

2me
δ(E−Eres). (123)

The track length distribution is the most computationally
challenging part of Eq. (122) as it depends on the target mate-
rial, lengths and shape, and must be typically estimated via
MC tools such as GEANT4 [1293] or FLUKA [1294]. It
can be also derived once-and-for-all for each experimen-
tal analysis, allowing for a “database” approach as argued
in [1291,1295]. Note however that in the case of lepton
beams, the resulting shower is mostly electromagnetic and
can thus be described to a relatively good accuracy by estab-
lished analytical formula [1296].

The analysis strategy then typically relies on an active tar-
get and searching for events with significant missing energy
(see e.g. [1164,1297]).

3.22.2.2 Energy scan strategy In this configuration, the target
is typically thin enough that the beam energy will not be
degraded. The track length from Eq. (122) is then replaced
by the beam energy distribution itself. We will assume that
the particle width, although small, is not too narrow so that
the energy distribution of the positrons in the beam can still
be considered as continuous. In the CoM of the collision, this
corresponds to the requirement

�X MX

2me

1

δE
Ntot(E) ∼

(
Ntot(E)

4 · 104

)( ge

2 · 10−4

)2

×
(

0.7 MeV

δE

) (
MX

20 MeV

)
� 1, (124)

where Ntot(E) is the total number of positron accumulated on
target with a beam with energy E and beam spread δE . The
total number of produced X for Ntot per positrons-on-target
is given by

NX = Ntot
NA Zρ

A
L tar

g2
e

2me

d fbeam

d E
(Eres), (125)

where L tar and ρ are respectively the target thickness and
density, and we have assumed that the target is sufficiently
thin that the differential energy distribution d fbeam

d E is not sig-
nificantly modified along the positrons path through it. It is
instructive to estimate the peak cross-section for an incom-
ing e+ with precisely the X resonant energy E+ = Eres.

We obtain σpeak ∼ 50 b×
(

17 MeV
MX

)
, which translates into a

mean free path in a carbon target of around 200µm. Thus,
each positron with precisely the resonant energy will produce
a X with near certainty, even in sub-millimetric targets. The
g2

e suppression from Eq. (125) in fact arises because such
“peak” positrons are exceedingly rare due to the narrow X
width, highlighting the importance of the “continuous” con-
dition Eq. (124).

3.22.3 Application to the ATOMKI anomaly

The anomaly observed by the ATOMKI collaboration in the
e+e− angular correlation spectra in 8Be and 4He nuclear
transitions [1223,1224,1234], can be interpreted in terms of a
new boson X17 produced on shell and promptly decaying into
an electron-positron pair. Nuclear decays of both isotopes
point with remarkable precision to the same mass window:

MX17 =

⎧
⎪⎪⎨
⎪⎪⎩

16.70± 0.35 (stat)± 0.50 (syst) MeV (8Be [1234])
16.94± 0.12 (stat)± 0.21 (syst) MeV (4He [1223])
17.03± 0.11 (stat)± 0.20 (syst) MeV (12C [1224]).

(126)

Such a small mass implies that this hypothetical particle is
potentially accessible in accelerator experiments with low
CoM energy such as e+ and e− beam dump experiments, as
well as in the decays of light mesons.

The nuclear data are not currently fully sufficient to deter-
mine the spin/parity quantum numbers of X17 beyond its
bosonic nature (see however the discussions [1298–1301])

The X17 must couple to quarks in order to be produced and
with electrons at a non-negligible level to allow for X17 lep-
tonic decays within the ATOMKI apparatus. Coupled with
the small predicted mass and given the existing limits sum-
marised in Fig. 101, this makes a resonant search an attrac-
tive strategy to test the new physics origin of this anomaly
without relying on nuclear data. The DA�NE beam facil-
ity at Laboratori Nazionali di Frascati (LNF) can provide a
positron beam and vary its energy in the required range of
∼ [270–290] MeV. Assuming a carbon target (with electron
density of 1024 cm−3) of 100µm such as the one actually
in use in the Positron Annihilation into Dark Matter Exper-
iment (PADME) [1206,1302], the expected X17 production
rate is approximately given by [1159]:

N per poT
X17

� 3.8 · 10−7 ×
( ge

3 · 10−4

)2
(

1 MeV

δE

)
, (127)

where we have assumed a beam energy centered on Eres.
Including the dominant Bhabha scattering background, we
illustrate the experimental prospects following [1159] in
Fig. 101 with 4·1011 total positrons-on-target, a 0.25% beam
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spread and an energy range between [260, 300]MeV, probed
with 40 energy bins.

3.22.4 Conclusion

Positron-based facilities allow to leverage resonant produc-
tion to significantly increase FIP signal rates. This new
production mechanism can be translated into two different
experimental strategies: either using a thick active target and
searching for missing energy (which works both for dark mat-
ter models and for neutrino-coupled FIPs), or using a thin tar-
get with visible decays and rely on a scan on the beam energy.
The lightness of the X hypothetical NP particle hinted by the
ATOMKI data makes it a perfect target for a demonstrator of
the second case while providing an independent cross-check
to this nuclear physics anomaly. In particular, we have shown
that it offers a way of testing the existence of the X17 spin-
1 new state via its coupling to e±, which are unavoidably
required for a new physics interpretation of the ATOMKI
anomaly.

3.23 New ideas: techniques for model-independent
interpretations of hidden particle searches – P. Klose

Author: Philipp Klose, <pklose@itp.unibe.ch>

Introduction

The standard model (SM) of particle physics is known to be
incomplete. Hidden particles can help explain many impor-
tant hints for new physics, but the large variety of viable
hidden sector models poses a challenge for the model-
independent interpretation of hidden particle searches.

In recent years, effective field theories such as stan-
dard model effective theory (SMEFT) [1303,1304] or Higgs
effective theory (HEFT) [1305–1308] have become a stan-
dard tools for deriving largely model-independent con-
straints on heavy new particles [1309–1314]. There has
also been significant effort to develop techniques to model-
independently constrain light new particles. One approach
is to construct EFTs that encompass all possible interac-
tions between the SM and specific candidate particles, such
as axion-like particles (ALPs) [1315], heavy neutral leptons
(HNLs) [1316,1317], or non-relativistic dark matter candi-
dates [1318–1326]. Another approach is to construct “simpli-
fied models” that are designed to capture certain features of
realistic SM extentions in a minimalist, and therefore poten-
tially generic, setup [959,1327–1329]. In either case, the hid-
den sector is typically supposed to be minimal, with only one
or two hidden fields, and it is often not straightforward to
translate the resulting constraints onto realistic hidden sec-
tors. In the following, we present two techniques that can be
used to help fill this gap.

Factorizing hidden particle production rates

Inclusive hidden particle production rates generically fac-
torize into (i) model-independent reduced matrix elements
Md , which depend only on SM physics, and (ii) observable-
independent hidden currents J d , which depend only hid-
den sector physics [1330]. To be more explicit, consider the
Lagrangian of a generic hidden sector couplings to the SM,

L = LSM + Lhidden + ε
∑

d

AdBd . (128)

The two sectors are linked by a set of portal interactions,
where the parameter ε measures the smallness of the portal
interaction,Ad is a local operator constructed from SM fields,
and Bd is a local operator constructed from hidden fields.
Unlike the complete operator AdBd ,Ad and Bd individually
do not have to be Lorentz scalars. We focus on the inclusive
rates

M2 =
∞∑

k=1

Mk
2 Mk

2

=
∫

d3
kQ(2π)4δ(K − P − Q)M(K→ P;Q)2,

where k is the number of produced hidden particles, and
the matrix element M = M(K → P;Q) measures the
amplitude of transitioning from an initial state composed of
n standard model particles with momenta K = (k1, . . . , kn)

into a final state composed of m standard model particles with
momenta P = (p1, . . . , p j ) as well as k hidden particles
with momentaQ = (q1, . . . , qk). 23 The integration measure

∫
d3

kQ =
k∏

l=1

∑
rl

d3ql

(2π)3
1

2ωl
, ql = (ωl , ql), (129)

encompasses a phase-space integration for each produced
hidden particle as well as a sum over all available hidden par-
ticle types and helicities, collectively denoted by the indices
rl . The inclusive rates factorize according to the relation

M2 = ε2 Md Me J de + ε3,

J de(K − P) =
∞∑

k=1

∫
d3

kQ(2π)4δ4(K − P − Q)J e J d ,

where the Md = Md(K,P) are the reduced matrix elements,
and the J d(Q) are the hidden currents. Both can be computed
using an infinite series of Feynman diagrams as depicted in
Fig. 118. The hidden currents J d receive contributions from

23 Here K = ∑
i ki , P = ∑

j p j , and Q = ∑
l ql denote the total

four-momenta of the incoming and outgoing standard model and hidden
particles.
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Fig. 118 Diagrammatic expressions of the reduced matrix elements
Md and the hidden currents Jd . Both are sums of all available con-
nected and amputated Feynman diagrams with the appropriate number
and kind of initial and final state particles. The crossed dot denotes the

required portal vertex, and the dashed line denotes the relevant missing
momentum in- and outflow. Aside from this portal vertex, diagrams for
Md diagrams only contain SM vertices and propagators, while diagrams
for Jd only contain hidden sector vertices and propagators

all available final states, and each final state corresponds to a
separate sum of Feynman diagrams constructed as depicted
in Fig. 118b.

This factorization can be used to streamline the adap-
tation of existing rates to new models and observables:
When investigating a new observable, it is sufficient to re-
compute the reduced matrix elements, while the hidden cur-
rents remain the same. Likewise, when investigating a new
model, it is sufficient to re-compute the hidden currents, while
the reduced matrix elements remain the same. The reduced
matrix elements can also be used by themselves to model-
independently constrain the hidden currents and with them
generic hidden sectors.

Portal effective theories

To make full use of the above factorization, one has to sup-
ply a comprehensive list of portal operators. We developed a
framework for constructing portal effective theories (PETs)
that extend EFTs which either encompass the SM or specific
parts of it by coupling them to generic new particles [1331].
Figure 119a depicts its overall structure. Beside Lorentz
invariance, we do not impose simplifying symmetries such as
parity (P) or charge parity (CP) conservation on to the portal
Lagrangian. In contrast to other approaches, the hidden sec-
tor is treated largely as a black box, allowing for any number
of secluded particles with arbitrary masses and interactions.
Heavy new particles are integrated out, and their impact is
captured by including higher dimensional portal and hidden
sector operators.

Following the procedure depicted in Fig. 119b, we con-
struct PETs that couple SMEFT, which encompasses both
renormalizeable and higher dimensional operators con-
structed from SM fields, low energy effective theory (LEFT),
which captures the dynamics of the SM particles at the strong
scale, and chiral perturbation theory (ChPT), which captures
the light pseudoscalar mesons, to a single generic messenger
fields of spin 0, 1/2, or 1. This messenger can then couple to
an arbitrary number of secluded fields.

The resulting portal SMEFTs contain all portal operators
of dimension d ≤ 5, while the portal LEFTs additionally con-
tain all leading quark-flavour violating operators of dimen-
sion d = 6, 7. These d = 6, 7 operators can contribute to
quark-flavour violating transitions at the same order as d ≤ 5
portal operators because they receive contributions from vir-
tual W± boson exchanges. We further discriminate between
the portal LEFT operators by using naive dimensional analy-
sis (NDA) power-counting rules to guess the loop order of the
leading matching contribution to higher dimensional opera-
tors. Ten portal currents can then be used to parametrize the
coupling of QCD to generic new particles at the strong scale.
We employ a spurion approach to determine how these cur-
rents couple to chiral perturbation theory, and the resulting
leading order portal ChPT action contains 27 new low-energy
constants (LECs), 21 of which are not fixed by SM observa-
tions. We determine some of these LECs by using large nc

techniques and by matching portal ChPT to hadronic matrix
elements computed from the lattice as well as the trace of
the QCD stress-energy tensor. To demonstrate the utility of
portal ChPT, we finally compute generic decay rates for three
golden channels: (i) Charged kaon decays into a charged pion
and any new spin 0 particle, (ii) charged kaon decays into a
charged lepton and any new spin 1/2 particle, (iii) neutral
pion decays into a photon and any new spin 1 particle.

Summary

The factorization approach helps streamline the computation
of hidden particle production rates. When combined with
a comprehensive list of portal operators, constructed using
e.g. the PET framework, it can be used to derive model-
independent constraints on realistic light hidden sectors. We
constructed portal SMEFTs, LEFTs, and ChPTs, and com-
puted generic light meson decay rates. Given the importance
of new physics constraints from B and D meson decays, one
promising line of future research is to also construct portal
heavy quark effective theories (pHQETs) and portal soft-
collinear effective theories (pSCETs) and to then compute
generic B and D meson decay amplitudes.
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Fig. 119 a Overview of the PET framework. b Overall strategy for constructing PETs that couple SMEFT, LEFT, and ChPT to spin 0, 1/2, and 1
messengers. We apply the final portal ChPT Feynman rules to compute universal amplitudes for the three mentioned golden processes

Fig. 120 Left: a schematic illustration of the process. Captured DM
particles (solid white) annihilate into a pair of dark mediators (dashed
blue), which decay into e+e− (red solid) outside Jupiter. The energetic
electrons or positrons could be measured by the Jupiter missions. Right:

the spatial distribution of the omnidirectional e± flux J above 10 MeV
for a benchmark model in the fully-trapped region. See [1334] for more
details

3.24 New ideas: jupiter missions as probes of dark matter
and long-lived mediators – L. Li

Author: Lingfeng Li, <lingfeng_li@brown.edu>

Since 1973, Jupiter has been visited by nine spacecraft.
Amongst them, the two dedicated Jupiter missions, namely
the Galileo mission [1332] and the Juno mission [1333] orbit
around the planet for years, collecting precious in situ mea-
surement data about the planet and the magnetosphere around
it. In the past decades, the data from these missions greatly
deepened our knowledge of Jupiter and supported planetary
science.

A natural question arises if such a large amount of in situ
measurement data could contribute to high energy physics.
More specifically, if it can help the hunt for the dark mat-
ter (DM) or similarly feebly interacting dark sector particles.
One may recognize Jupiter with a deep gravity potential and
large geometrical size as a giant DM collector and a poten-

tial detector in the outer space [933,936,1335,1336]. Here
a new search targeting DM and a long-lived mediator was
proposed using the local measurements from both Jupiter
missions aforementioned [1334]. The left panel of Fig. 120
depicts the physics of this search, including the steps follow:

3.24.0.1 DM stopped and captured by Jupiter If the DM par-
ticle has a non-vanishing elastic scatter amplitude with the
SM baryons, it could lose most of its kinetic energy after the
scattering. Once its mass drops below the escape velocity
of Jupiter ∼ 60 km/s, it becomes gravitationally bound to
Jupiter. Jupiter’s DM capture rate as a function of DM mass
and its elastic scattering cross section with nucleons σχn is
calculated with the method in [1337,1338]. For the bench-
mark of a 1 GeV DM with σχn = 10−38 cm−2, it reaches
O(1021) DM particles per second.

3.24.0.2 DM annihilation in pairs of long-lived mediators
inside Jupiter DM particles trapped in the planet lose their
kinetic energies and accumulate around the center of Jupiter,
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greatly enhancing the annihilation rates. Given the upper
limit on the annihilation cross section estimated from CMB
measurements [1339], the time scale for the equilibrium
between DM capture and annihilation for a 1 GeV DM with
σχn ∼ 10−38 cm−2 is much shorter than the lifetime of
Jupiter. In this case, the DM capture and annihilation rates
are related by a factor of two.

3.24.0.3 Mediators decay, injecting hard e+e− pairs into the
magnetosphere If DM annihilates into dark mediators, they
could decay into e+e− pairs outside Jupiter as long as the
mediator is sufficiently secluded from the SM sector. This
could happen when the decay length of the mediator is com-
parable to the Jupiter radius, a sub-GeV scale dark photon
with kinetic mixing parameter ε ∼ 10−10 which is elusive for
lab experiments. Such a long-lived mediator is often needed
to produce the correct DM relic abundance [1340]. Note that
e± final state is common when the mediator that decays to
charged particles since most charged particles in the SM will
eventually end up with at least one e± at the large length
scale concerned.

3.24.0.4 The magnetic field of Jupiter traps e±, increasing the
flux If the e± are released in the proper position and momen-
tum, it will be trapped in the strong magnetic field for a long
time. The long time scale of the trapped electrons compen-
sates for the low ρD (mediator decay rate density: decays per
unit volume per unit time) when the DM-nucleon scattering
cross section σχn is small, extending the reach of sensitivity.
The e± flux distribution is achieved by solving the diffu-
sion equation of the phase space numerically [1341,1342].
Two major regions of interest are found, namely the fully-
trapped and quasi-trapped regions. In these cases, the rele-
vant timescales for ultrarelativistic e± flux are determined by
synchrotron radiation energy loss and azimuthal drift period,
respectively.

3.24.0.5 Jupiter missions measuring the local flux intensity
Both Jupiter missions can profile and measure relativistic
e± fluxes in the Jovian magnetosphere. For the Galileo mis-
sion, the data comes from the energetic particles investiga-
tion (EPI) carried by a smaller detector, the Galileo probe,
which was released from the orbiter and dived into the atmo-
sphere [1343]. For the Juno mission, the data comes from the
radiation monitoring (RM) investigation that utilizes the radi-
ation noise signatures in images of several cameras and sci-
ence instruments [1344]. By comparing the observed fluxes
and the prediction of DM models, one can set conservative
upper bounds on the maximum e± from dark mediator decays
and thus the less explored region in the parameter space.

In Fig. 121, the data collected by the Galileo probe and
Juno is applied. Constraints are set on the product of σχn

and
∏

Br, the total branching fraction of DM annihilations
ending in e± final state. The limit is the strongest for DM with
a mass∼1 GeV, reaching 10−41 cm2 from the data collected

by Galileo EPI probes in the quasi-trapped regime. However,
the large systematic uncertainties from the magnetic field
and material modeling leave the bounds to be fully verified
in future studies. A weaker but potentially more reliable set
of constraints comes from the e± flux in the fully-trapped
scenario, where the systematic effects are subdominant. The
upper limit on σχn ×∏ Br in this case is of O(10−39) cm2

for DM at 1 GeV. These bounds could be comparable to
or stronger than the current GeV-scale DM direct detection
searches, especially when the DM-nucleon scattering is spin-
dependent.

The study serves as a proof of concept and an initial step to
explore the full potential of the large datasets from the Jupiter
missions to search for new physics that only feebly interacts
with the SM. The more precise magnetosphere and particle
source modeling could improve the analysis and strengthen
the bounds set on DM models. Future Jupiter missions with
advanced particle identification and spectroscopy and better
position coverage will further enhance the sensitivity [1352].
We also hope the in situ data of Jupiter or other planets beyond
the magnetic field and e± flux measurements to be utilized
to study the beyond Standard Model physics.

3.24.0.6 Acknowledgment LL is supported by the DOE grant
DE-SC-0010010, the NASA grant 80NSSC18K1010 and
80NSSC22K081.

3.25 New ideas: new bounds on axion-like particles from
neutrino experiments – S. Urrea

Author: Salvador Urrea, <salvador.urrea@ific.uv.es>

3.25.1 Introduction

In this proceeding we summarize the results of [1353]. In
neutrino experiments using a conventional beam, a fraction
of the accelerated protons (which can be as large as 10–15%)
does not get stopped by the target and ends up hitting the
absorber at the end of the decay pipe. The kaons produced
in such collisions, after losing energy as they interact with
the medium, eventually decay at rest within the absorber.
In Ref. [1354], the MicroBooNE collaboration searched for
monoenergetic scalars decaying into e−e+ coming from the
direction of the NuMI hadron absorber, located at a distance
of only 100 m from the detector. We use this analysis to
set a bound on ALPs decaying to e+e−, and we also derive
sensitivity regions for possible searches for pairs of muons
or photons which are also predicted in this scenario.

3.25.2 Theoretical framework and notation

We consider the following set of effective operators describ-
ing ALP interactions with EW bosons at some high scale 
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Fig. 121 Observed upper bounds on the corrected DM-nucleon scat-
tering cross section due to the relativistic e± flux from dark media-
tor decays in different trapping scenarios [1334]. Models above the
bands are excluded, while the width of bands are determined by the
uncertainty of environment of Jupiter. Left: limits from the Galileo

probe EPI channels in the fully trapped scenario. Right: limits from the
two Galileo EPI channels as well as Juno measurements in the quasi-
trapped scenario. The lighter (darker) grey regions are constraints on
σχn from direct detection experiments, assuming spin-(in)dependent
scattering [904,1345–1351]

(which we take as  = fa)

δLEW = icφ
∂μa

fa
φ†←→D μφ−cB

a

fa
Bμν B̃μν−cW

a

fa
W I
μν W̃ I

μν,

(130)

Here, φ is the Higgs doublet while B and W I stand for the
EW vector bosons, and a is the ALP field. The dual field
strengths are defined as X̃μν ≡ 1

2ε
μνρσ Xρσ , with ε0123 = 1,

and φ†←→D μφ ≡ φ†(Dμφ
)− (Dμφ

)†
φ.

We are interested in these hadronic processes at energies
below the EW scale, in particular we set the low scale at an
energy of 2 GeV. The relevant couplings are the induced ALP
couplings to the light quark currents:

∂μa(x)

fa

⎛
⎝∑

q

q̄R kqγ
μqR +

∑
Q

Q̄L kQγ
μQL

⎞
⎠ , (131)

where following the notation of Ref. [1355], lower and upper
case for the quark field refers to the right-handed/left-handed
quarks respectively, and kq and kQ are 3 × 3 matrices with
indices (u, d, s).

The standard approach to incorporate these non-standard
interactions in hadronic physics is to match the theory to
chiral perturbation theory (χPT) [1355,1356]. Setting  =
1 TeV, the only flavour-changing coupling induced by solv-
ing the RG equations down to 2 GeV is given by [1357]:

[kQ(2GeV)]ds

V ∗td Vts

∣∣∣∣
=1TeV

� −9.7× 10−3cW ()

+ 8.2× 10−3cφ()

− 3.5× 10−5cB(). (132)

The decay width of K+ → π+a is governed by this
flavour-changing coupling and takes the following form:

�(K+ → π+a) = m3
K

∣∣[kQ(2GeV)]sd
∣∣2

64π
λ

1/2
πa

(
1− m2

π

m2
K

)2

,

(133)

with the definitions

λπa ≡ λ(1,m2
a/m2

K ,m
2
π/m2

K ),

λ(a, b, c) = a2 + b2 + c2 − 2ab − 2ac − 2bc . (134)

3.25.2.1 ALP decay channels For ALP masses below 400 MeV,
the decay channels that are kinematically open are a → γ γ ,
a → e+e− and a → μ+μ−. The decay width into leptons
can be written as:

�(a → �+�−) = |c��|2 mam2
�

8π f 2
a

√
1− 4m2

�

m2
a
, (135)

123



 1122 Page 152 of 266 Eur. Phys. J. C          (2023) 83:1122 

where at low energies (μ ∼ 2 GeV) c�� is given at one loop
by [1005,1358]

c�� = cφ + 3α

4π

(
3 cW

s2
w

+ 5 cB

c2
w

)
log

fa

mW

+ 6α

π

(
cB c2

w + cW s2
w

)
log

mW

m�

, (136)

and to simplify the notation we have written ci ≡ ci ().
Similarly, the decay width into two photons reads

�(a → γ γ ) = |cγ γ |2 m3
a

4π f 2
a
, (137)

where the effective coupling at low energies is given at one
loop by [1005,1358]

cγ γ = cW

[
s2
w +

2 α

π
B2(τW )

]
+ cB c2

w

− cφ
α

4π

(
B0 − m2

a

m2
π − m2

a

)
. (138)

Here, B0 and B2 are loop functions (which can be found in
[1353]), and τW = 4m2

W /m2
a .

3.25.3 Results

For a total number of NK kaon decays, the event rate expected
from ALP decays into XX pairs inside the MicroBooNE
detector can be computed as

Nevents = NK × BR(K → πa)

4π
BR(a → XX) εe f f

×
∫

��det

d� Pdecay(�), (139)

where the integral runs over all trajectories with solid angle�
intersecting the detector, and ��det is the solid angle of the
detector as seen from the absorber. Here εe f f stands for the
detection efficiency. Finally, Pdecay represents the probability
of an ALP to decay inside the detector:

Pdecay = e−
�det
La

[
1− e−

��det
La

]
, (140)

where �det is the distance traveled before it reaches the detec-
tor, and��det is the length of the ALP trajectory intersecting
the detector. In practice, both �det and ��det depend on the
angle of the ALP trajectory. Our numerical results are shown
in Fig. 122.

3.25.4 Conclusions

In summary, this work stands out as a clear example of the
multiple capabilities of neutrino experiments to search for

new physics, not only in the neutrino sector but in other sec-
tors as well, obtaining competitive constraints.

3.26 Conclusions

In summary, a synergistic approach including accelerator-
based experiments, direct detection experiments and astro-
physical probes is essential to robustly explore the vast FIP
parameter space, and establish the new particle properties in
the case of an observation. A vast program is underway to
explore FIPs at the MeV–GeV scale, with a particular focus
on hidden sector DM. Direct freeze-out defines sharp tar-
gets for the coupling between the dark sector mediator and
SM fields, which will be probed by dedicated experiments
in the near future. Considerable experimental activities are
also devoted to searches for generic dark sector mediator
signatures, in particular visible and invisible dark photon
decays. Indirect searches offer complementary avenues to
search for light dark matter, although current constraints are
still far above the levels required to probe thermal freeze-
out. A next-generation gamma-ray instrument is especially
needed to further explore the MeV region and close the so-
called MeV gap.

Tables 13 and 14 show past, extant and future (proposed
or approved) experiments running at accelerators that have
sensitivity to search FIPs in a mass range between ∼ MeV
and 100 GeV. Figures 123, 124, 125, 126, 127, 128, 129,
130 show the state of the art of existing limits and future
projections (both at 90% CL) for all the accelerator-based
experiments worldwide for the eight PBC benchmarks [4]
that might be connected with the existence of a light Dark
Matter particle.

• BC1, Minimal dark photon model: the SM is augmented
by a single new state A′. DM is assumed to be either
heavy or contained in a different sector. In that case, once
produced, the dark photon decays back to SM states. The
parameter space of this model is {m A′, ε}.

• BC2, Light dark matter coupled to dark photon: model
of minimal dark freezeout. The benchmark values of
dark coupling constant αD = g2

D/(4π) are such that
the decay of A′ occurs predominantly into the invisible
χχ∗ final state. The parameter space for this model is
{m A′, ε,mχ , αD} with further model-dependence asso-
ciated with properties of χ (boson or fermion). The sug-
gested choices for the parameter space are (i) ε vs m A′
with αD � ε2α and 2mχ < m A′ , (ii) y vs. mχ plot
where the yield variable y, y = αDε

2(mχ/m A′)4, con-
tains a combination of parameters relevant for the freeze-
out and DM-SM particles scattering cross section. One
possible choice is αD = 0.1 and m A′/mχ = 3.

• BC3, Millicharged particles (mCP): This benchmark can
be seen as a specific limit of the vector portal theory when
m A′ goes to zero and the parameter space simplifies to
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Fig. 122 In shaded blue we present our MicroBooNE bound for the
e−e+ channel obtained from the data extracted from Ref. [1354] and
NPoT = 1.93× 1020. We also give the MicroBooNE sensitivity projec-
tions, for cφ (left panel) and cW (right panel) as a function of ma , assum-
ing fa = 1 TeV, for NPoT = 2.2×1021. The regions enclosed by the col-
ored lines satisfy �χ2 > 3.84, corresponding to 95% CL for 1 degree
of freedom (d.o.f.). Solid lines assume assumed the systematics used in
[1354] for the e+e− search; dashed lines assume that those systematics
can be reduced to 20%; and dotted lines indicate the no-background
limit, taking 20% of systematics (see [1353] for details). The shaded

areas show current bounds from BaBar [1359], E137 [185,1360],
NA62 [1176,1178], E787 & E949 [1361], LHCb [1358,1362,1363],
CHARM [743,1364], NA64 [746] and LEP [749]. We also show bounds
from measurements of K → πγ γ at E949 [1365], NA48/2 [1366],
NA62 [1367] and KTeV[1368] (taken from Ref. [1172]). The shaded
vertical band is disfavored due to the large a−π0 mixing, and is taken
from Ref. [1358]. The right axes show the corresponding limits on the
effective couplings for the so-called photon-dominance and fermion-
dominance scenarios, see [1369]

Table 13 Main past accelerator-based experiments sensitive to FIPs
searches. Legend for portals: 1: vector; 2: scalar; 3: pseudo-scalar;
4: fermion. The techniques used are: (i) visible decays; (ii) invisible

decays; e− or nucleon recoil; missing mass �M, missing momentum �p
and missing energy �E

Experiment Lab Beam Particle yield/L Technique Portals

Past

ArgoNeuT [1370] FNAL p, 120 GeV 1.25× 1020 Visible (1,4)

BaBar [1371] SLAC e+e−, 10.58 GeV 514 fb−1 Visible, invis. (1)

BEBC-WA66 [1372] CERN p, 400 GeV Visible (1,4)

Belle [1373] KEK e+e−, 10.58 GeV 0.6-0.8 fb−1 Visible (1,2,4)

CHARM [1374] CERN p, 400 GeV 2.4 · 1018 Visible (1,2,3,4)

E137 [1360] SLAC e−, 20 GeV 2 · 1020 (30 C) Visible (1,3)

E141 [744] SLAC e−, 9 GeV 2 · 10yes15 Visible (1,3)

E774 [1375] FNAL e−, 275 GeV 2 · 1015 Visible (1)

KLOE [1376,1377] LNF e+e−, 1 GeV Up to 1.7 fb−1 Visible, inv. (1)

LSND [1378] LANL p, 800 MeV 1023 pot e− recoil (1)

MiniBooNE [1379] FNAL p, 8 GeV 1.9 · 1020 Recoil e, N (1)

NA48/2 [1215] CERN K±, 60 GeV 1.6 · 1011 K -decays Visible (1)

NuCAL [1380,1381] Serpukhov p, 70 GeV 1.7 · 1018 Visible (1,3)

PIENU [1382] TRIUMF π+, 75 MeV 107 �M (4)

123



 1122 Page 154 of 266 Eur. Phys. J. C          (2023) 83:1122 

Table 14 Main current, and future (proposed or approved) accelerator-based experiments sensitive to FIPs searches. Legend for portals: 1: vector;
2: scalar; 3: pseudo-scalar; 4: Fermion

Experiment Lab Beam Particle yield/L Technique Portals Timescale

Current

ATLAS [1383] CERN pp, 13–14 TeV Up to 3 ab−1 Visible, invis. (1,2,3,4) 2042

Belle II [1225] KEK e+e−, 11 GeV Up to 50 ab−1 Visible, invis. (1,2,3,4) 2035

CMS [1384] CERN pp, 13–14 TeV Up to 3 ab−1 Visible, invis. (1,2,3,4) 2042

Dark(Spin)Quest [1262] FNAL p, 120 GeV 1018 → 1020 Visible (1,2,3,4) 2024

FASER [1053] CERN pp, 14 TeV 150 fb−1 Visible (1,2,3,4) 2025

LHCb [1385] LHC pp, 13–14 TeV Up to 300 fb−1 Visible (1,2,3,4) 2042

MicroBooNE [1386] FNAL p, 120 GeV (NuMi) ∼ 7× 1020 pot Visible (2,4) 2015-2021

NA62 [1175] CERN K+, 75 GeV A few 1013 K decays Visible, invis. (1,2,3,4) 2025

NA62-dump [1387] CERN p, 400 GeV ∼ 1018 pot Visible (1,2,3,4) 2025

NA64e [1388] CERN e−/e+, 100 GeV Up to 1 · 1013 e−/e+ �E, Visible (1,3) < 2032

PADME [1302] LNF e+, 550 MeV 5 · 1012 e+ot Missing mass (1) < 2023

T2K-ND280 [1389] JPARC p, 30 GeV 1021 pot Visible (4) Running

proposed

BDX [1390] JLAB e−, 11 GeV ∼ 1022 eot/year Recoil e (1,3) 2024–2025

CODEX-b [1031] CERN pp, 14 TeV 300 fb−1 Visible (1,2,3,4) 2042

Dark MESA [1391] Mainz e−, 155 MeV 150 µA Visible (1) < 2030

FASER2 [1069] CERN pp, 14 TeV 3 ab−1 Visible (1,2,3,4) 2042

FLaRE [1069] CERN pp, 14 TeV 3 ab−1 Visible, recoil (1) 2042

FORMOSA [1069] CERN pp, 14 TeV 3 ab−1 Visible (1) 2042

Gamma Factory [1392] CERN photons Up to 1025 γ /year Visible (1,3) 2035–2038?

HIKE-dump [1192,1393] CERN p, 400 GeV 5 ·1019 pot Visible (1,2,3,4) <2038

HIKE-K+ [1192,1393] CERN K+, 75 GeV 1014 K decays Visible, inv. (1,2,3,4) <2038

HIKE-KL [1192,1393] CERN KL , 40 GeV 1014 K decays Visible, inv. (1,2,3,4) <2042

LBND (DUNE) [1394] FNAL p, 120 GeV ∼ 1021 pot Recoil e, N (1,2,3,4) < 2040

LDMX [1277] SLAC e−, 4,8 GeV 2 · 1016 eot �p, visible (1) < 2030

M3 [1395] FNAL μ, 15 GeV 1010 (1013) mot �p (1) Proposed

MATHUSLA [1396] CERN pp, 14 TeV 3 ab−1 Visible (1,2,3,4) 2042

milliQan [1071] CERN pp, 14 TeV 0.3–3 ab−1 Visible (1) < 2032

MoeDAL/MAPP [1397] CERN pp, 14 TeV 30 fb−1 Visible (4) < 2032

Mu3e [1398] PSI 29 MeV 108 → 1010µ/s Visible (1) < 2038?

NA64μ [1399] CERN μ, 160 GeV up to 2× 1013 mot �p (1) < 2032

PIONEER [1400] PSI 55–70 MeV, π+ 0.3 · 106π /s Visible (4) Phase I approved

SBND [1401] FNAL p, 8 GeV 6 · 1020 pot Recoil Ar (1) < 2030

SHADOWS [1402] CERN p, 400 GeV 5 · 1019 pot Visible (2,3,4) <2038

SHiP [1403] CERN p, 400 GeV 2 · 1020 pot Visible, recoil (1,2,3,4) <2038

the mass (mχ ) and effective charge (|Q| = |εgDe|) of
millicharged particles. The suggested choice of parame-
ter space is (mχ , ε = Qχ/e) and χ can be taken to be a
fermion.

• BC4, Higgs-mixed scalar: minimal scenario This bench-
mark considers a dark scalar S mixing with the Higgs,
taking the quadratic coupling constantλ = 0. All produc-
tion and decay are controlled by the mixing angle θ of the

singlet scalar with the SM Higgs boson. The parameter
space for this model is θ,mS .

• BC5 Higgs-mixed scalar with large pair-production chan-
nel: In this model, by contrast, the quartic coupling con-
stant λ is assumed to dominate the production via e.g.
h → SS, B → K (∗)SS, B0 → SS etc., and the parame-
ter space is accordingly {λ, θ,mS}. In the sensitivity plots
a value of the branching fraction B R(h → SS) close to
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10−2 is assumed in order to be complementary to the
LHC searches for the Higgs to invisible channels.

• BC9, photon dominance: Assuming a single ALP state a,
with a predominant coupling to photons, all phenomenol-
ogy (production, decay, oscillation in the magnetic field)
can be determined as functions of the {ma, gaγ } param-
eter space.

• BC10 fermion dominance: Assuming a single ALP state
a, with a predominant coupling to fermions, all phe-
nomenology (production and decay) can be determined
as functions of {ma, f −1

l , f −1
q }. For the sake of simplic-

ity, we take fq = fl .
• BC11, gluon dominance: This case assumes an ALP cou-

pled to gluons. The parameter space is {ma, f −1
G }. In this

case, the limit of ma < ma,QC D| fa= fG is unnatural as it
requires fine-tuning and therefore is less motivated.

All the plots have been made using the following graphical
conventions: filled coloured areas indicate existing bounds,
while filled shaded gray areas are interpretations of astro-
physical/cosmological measurements and/or reinterpretation
of old data sets performed by people not belonging to the orig-
inal collaboration. Dotted lines are projections obtained using
a toy Monte Carlo; dashed lines are projections obtained
using a full Monte Carlo with background simulated (at dif-
ferent levels); solid lines are extrapolations from existing data
sets.

4 Heavy neutral leptons and possible connections with
active neutrino physics

4.1 Introduction

Heavy neutral leptons (HNL) are mainly-singlet fermions
with masses � eV. They emerge in extensions of the Stan-
dard Model (SM), in which fermionic gauge singlets of the
SM (named “sterile neutrinos”), N , are included. Indeed, this
constitutes a very minimal (if not the most minimal) exten-
sion of the SM, that can also account for neutrino masses and
the baryon asymmetry of the Universe.

Barrying new symmetries that distinguish these new fields
N from the SM ones, Yukawa interactions between N , the
leptonic doublet L ≡ (νT

L , �
T )T and the Higgs doublet H

are allowed by gauge interactions, −Ly = i L · σ2 H∗ N +
h.c.. After electroweak symmetry breaking, a Dirac mass m D

arises, proportional to the Yukawa coupling and the vacuum
expectation value v of the Higgs field.

This renormalisable term is dubbed the “neutrino portal”
and is one of key bridges between the SM and hypothetical
dark sectors (DS), as the sterile neutrinos can further couple
to other fields in the DS. As neutrinos are the least known of
the SM fermions, they provide a privileged window on the

physics beyond the SM (BSM) and could hide a non-standard
behaviour still to be uncovered, e.g. see Sect. 4.16.

The Yukawa coupling and the resulting Dirac mass con-
serve lepton number. The latter is an accidental global sym-
metry of the SM and it does not need to be conserved at a
fundamental level. If this is the case, a Majorana mass MR

for the sterile neutrinos should be included in the theory as
it is allowed by the SM gauge interactions. The magnitude
of the scale of MR is not known. Though studying the prop-
erties of light neutrinos imposes constraints on the HNLs
if they are involved in the generation of the light neutrino
masses (cf. Sects. 4.2 and 4.3), light neutrino oscillation data
alone is not sufficient to pin down MR because it is only
sensitive to a specific combination of MR and the HNL cou-
plings. In the type-I seesaw this is, e.g., given by (156) in
the notation of (148). On the other hand, different values of
MR can have very different impact on particle physics and
cosmology, cf. e.g. [1173,1453]. Eigenvalues of MR below
the TeV scale are particularly interesting because the HNLs
are accessible to searches at accelerator-based experiments
(cf. e.g. [5,1173,1454–1456]) while being able to address
cosmological problems (cf. e.g. [5,1173,1453,1457,1458]).
Theoretical motivation for a low scale of MR can be drawn
from different ideas, including symmetry considerations,
technical naturalness and minimality. A partial summary can
be found in Sect. 5.1 of [5].

In presence of both Dirac and Majorana mass terms, the
light neutrinos acquire Majorana masses. For an introduction
see Sects. 4.3 and 4.2 and a detailed discussion is given in
Ref. [5]. This provides very strong theoretical motivation for
HNLs. With the discovery of neutrino masses thanks to neu-
trino oscillations, their origin is one of the most compelling
questions in particle physics and, so far, the only particle
physics evidence of physics BSM. They are not only non-zero
but also much smaller than those of all other SM fermions,
with a mild hierarchy differently than the charged leptons
and the quarks. Moreover, leptonic mixing is large contrary
to that of the quarks. All these indications point towards a dif-
ferent origin of neutrino masses. HNLs offer a natural avenue
to implement it, the simplest of which is the see-saw mech-
anism. For m D  MR , neutrino masses are suppressed by
the scale MR and are of Majorana type, providing a target
for neutrinoless double beta decay experiments, see Sect. 4.5,
and offering a way to explain the different mass hierarchy and
leptonic mixing structure from the other SM fermions.

The heavy states remain heavy and constitute the HNLs
discussed in this section. They remain mainly in the ster-
ile neutrino direction but have a small mixing with the
active neutrinos. Via this small mixing they participate in
the charged and neutral current SM gauge interactions, albeit
with a much suppressed coupling controlled by the mixing
angle. For a detailed explanation of the connection between
the HNL mixing and neutrino masses see Sect. 4.2 and also
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Fig. 123 Dark photon into visible final states (BC1): ε versus m A′ .
Current bounds and future projections for 90% CL exclusion lim-
its. Filled gray areas are bounds coming from interpretation of old
data sets or astrophysical data; filled coloured areas are bounds set
by experimental collaborations; solid coloured lines are projections
based on existing data sets; dashed coloured lines are projections
based on full Monte Carlo simulations; dotted coloured lines are
projections based on toy Monte Carlo simulations. Filled areas are
existing limits from searches at experiments at collider/fixed target
(A1 [1404], LHCb [1003], CMS [1405], BaBar [1232], KLOE [1406–

1409], NA64(e) [1297] and NA48/2 [1215]) and old beam dump:
E774 [1375], E141 [744], E137 [1289,1360,1410]), ν-Cal [1380,1381],
CHARM (from [1411]), and BEBC (from [1412]). Bounds from
supernovae [214] and (g − 2)e [1413] are also included. Coloured
curves are projections for existing and proposed experiments: Belle
II [1414]; LHCb upgrade [1415]; NA62 in dump mode with 1018 [1416]
and HIKE-dump with 5 × 1019 pot [1393]; NA64(e) [1145,1155];
FASER [1417] and FASER2 [1068,1069]; FACET [1045]; Dark-
QUEST [581]; LDMX [583]; DarkMESA [1418]; Mu3e [1419]; HL-
LHC [965]; Gamma Factory [1420]

Ref. [5]. Typically, the resulting HNL mixing angles are small
as they are given by m D/MR and therefore are controlled by
neutrino masses. In extensions of the see-saw mechanism,
e.g. in inverse, extended, linear see-saw models, the connec-
tion with neutrino masses can be broken and much larger mix-
ing angles can be allowed. For instance, in inverse see-saw
models, a global lepton number symmetry is quasi-conserved
and light neutrino masses are controlled by the small explicit
lepton number breaking terms. Large Yukawa coupling, and
consequently large mixing angles, are allowed.

It is possible to include these models in further extensions
of the SM. For instance, right-handed neutrinos are required
in left-right models, SU (2)L×SU (2)R , that restore the parity
between the left- and right-chiral fields, and in larger grand
unified theories (GUTs) in which such group can be embed-
ded, e.g. SO(10).

The HNLs introduced to explain neutrino masses can also
generate the baryon asymmetry of the Universe, via lepto-
genesis, that provides an additional strong theoretical moti-
vation for their existence, see Sects. 4.14 and 4.15. In the
simplest picture, in the early Universe the HNLs were part

of the thermal plasma subsequently getting out of equilib-
rium when the temperature drops below their mass. Their
decays can generate a lepton asymmetry if the decay channel
into leptons and Higgs and its conjugate proceed at differ-
ent rates due to CP-violation in the Yukawa couplings. This
lepton asymmetry is converted into a baryon asymmetry via
SM non-perturbative effects, named sphalerons. Variations
of this simplest scenario have been proposed and leptoge-
nesis can be successful from GUT-inspired scales down to
the GeV one. As discussed in Sects. 4.2 and 4.15, the same
mixing angles that controls the HNL phenomenology can be
linked to the observed baryon asymmetry.

HNLs can have different experimental signatures, opening
up a wealth of opportunities for discovery. As particles that
mix with the light neutrinos, HNLs can appear in any process
that produces the light neutrinos, as long as such processes
are kinematically allowed. In particular, light HNLs can be
produced in the decays of light mesons. One class of exper-
iments relying on this process are the peak searches, where
light mesons (e.g. Kaons or pions) decay into a lepton and an
HNL. By measuring the momenta of the decaying meson and
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Fig. 124 Dark photon into invisible final states (BC2). Current bounds
and future projections for 90% CL exclusion limits for light dark matter
production through a dark photon in the plane defined by the “yield”
variable y as a function of DM mass mχ for a specific choice of
αD = 0.1 and m A′/mχ = 3. The DM candidate is assumed to be a
pseudo-Dirac fermion. Top plot shows the DM mass range up to a few
GeV, bottom plot up to 1 TeV. Filled gray areas are bounds coming from
interpretation of old data sets or astrophysical data; filled coloured areas
are bounds set by experimental collaborations; solid coloured lines are

projections based on existing data sets; dashed coloured lines are projec-
tions based on full Monte Carlo simulations; dotted coloured lines are
projections based on toy Monte Carlo simulations. Current limits shown
as filled areas come from: BaBar [577]; CMS [981]; NA64e [1297];
reinterpretation of the data from E137 [1410] and LSND [1378]; result
from MiniBooNE [1421]. The projected sensitivities, shown as solid,
dashed, or dotted lines, come from: BDX-mini [1244]; SBND [1422],
NA64 [1423]; FLArE [1068], LDMX [1274,1277], Belle-II [1414]. The
LHC expected and HL-LHC expected sensitivities come from [940]
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Fig. 125 Dark photon milli-charged particles (BC3). Current bounds
and future projections for 90% CL exclusion limits. Filled gray areas
are bounds coming from interpretation of old data sets or astrophysi-
cal data; filled coloured areas are bounds set by experimental collab-
orations; solid coloured lines are projections based on existing data
sets; dashed coloured lines are projections based on full Monte Carlo
simulations; dotted coloured lines are projections based on toy Monte
Carlo simulations. Existing limits: interpretation of stellar evolution

(SN1987 [1424]); Nef f during BBN and CMB [1425]; reinterpreta-
tion of data from LSND and MiniBooNE [1426]; interpretation of
BEBC data [1412]; interpretation of the anomalous 21 cm hydro-
gen absorption signal by EDGES [1427]; interpretation of searches at
LEP [1428] and LHC [1007]. Bounds from ArgoNeuT [1429] Future
sensitivities: NA64(e) [1430]; NA64(μ) [1431]; milliQAN [1071];
FORMOSA [1069]; LDMX [583]

the produced lepton, one can reconstruct the missing mass
of the HNL. Alternatively, one can instead also look for the
decay products of the long-lived HNLs in beam-dump exper-
iments, where a large number of mesons is produced by the
interaction of a proton beam with a target or a dump. Depend-
ing on the energy of the proton beam, the HNLs could also
be produced in the decays of heavier mesons, allowing HNL
searches above the Kaon mass. HNLs can also be produced
directly in collider experiments. If the HNLs are sufficiently
long lived, they can lead to a distinct experimental signature
in the form of a displaced vertex, where the HNL travels a
macroscopic distance before decaying. As Majorana parti-
cles, HNLs can lead to another experimental signature that
is absent in the SM - they could violate lepton number.

In this section an overview of current theoretical and
experimental investigations on the motivation and search for
HNL particles is presented. We start in Sect. 4.2 with the
proposal of additional benchmarks mainly motivated by the
connection to neutino mass and baryon asymmetry genera-
tion mechanisms, following the FIP Physics Centre approach
to classify and study HNL models. The connection between
HNL physics and neutrino oscillation data is further stud-
ied in Sect. 4.3, while Sect. 4.4 focuses on the sensitivity of

cosmological observables to neutrino masses. A theoretical
overview of the role of HNLs in neutrinoless double beta
decay processes is then presented in Sect. 4.5. The following
three sections are dedicated to current and future sensitiv-
ity studies of several neutrino experiments as MicroBooNE
(Sect. 4.6), DUNE and HyperKamiokande (Sect. 4.7), and
neutrino telescopes (Sect. 4.8). Section 4.9 presents the sen-
sitivity of the PIONEER experiment to the HNL mixing cou-
plings |Ue| and |Uμ| via pion decay measurements. Collider
searches are discussed in the next three sections. Section 4.10
presents a new analysis of BaBar data setting limits on the
HNL mixing with the τ leptons |Uτ |. Section 4.11 sum-
marizes the current status of HNL searches performed by
ATLAS and CMS experiments at LHC, while in Sect. 4.12
the focus is on the study of long-lived signatures at the
future FCC-ee with particular attention to HNL searches.
Section 4.13 is devoted to the HIBEAM/NNBAR project ana-
lyzing the sensitivity to baryon number violating processes
in which only B is violated. The following sections present
several new theoretical and phenomenological ideas: the cor-
relation between the baryon asymmetry generation via lepto-
genesis and experimental observables (Sects. 4.14 and 4.15),
HNLs as a portal between the SM and DS (Sect. 4.16), the
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Fig. 126 Sensitivity to light dark scalar (BC4). Current bounds and
future projections for 90% CL exclusion limits. Filled gray areas are
bounds coming from interpretation of old data sets or astrophysical data;
filled coloured areas are bounds set by experimental collaborations;
solid coloured lines are projections based on existing data sets; dashed
coloured lines are projections based on full Monte Carlo simulations;
dotted coloured lines are projections based on toy Monte Carlo simu-
lations. Filled areas come from: reinterpretation [1432] of results from
CHARM experiment [1433]; NA62 [1176,1179,1434]; E949 [1435,

1436]; MicroBooNE from NuMI data [1437]; LHCb [1438,1439] and
Belle [1440]. Coloured lines are projections of existing or proposed
experiments: SHiP [1403] (the legend “not comparable” means that
SHiP has used the exclusive scalar production processes, while all
the others have used the inclusive one); HIKE-K+, HIKE-dump, and
HIKE-KL [1393]; SHADOWS, slightly revised from [1402]; Dark-
Quest [581,1263], Belle II [1441], LHCb Run 3 and Run 6 [1004],
FASER2 [1069], CODEX-b [1026,1031], MATHUSLA [1442], and
FACET [1045]. BBN and SN1987A are from [1443] and [1444]

reinterpretation of FIP searches (Sect. 4.17), heavy neutrino-
antineutrino oscillations (Sect. 4.18) and bounds on HNLs
from a phenomenological reanalysis of BEBC WA66 data
(Sect. 4.19). Finaly, in Sect. 4.20 we briefly summarise and
discuss the outlook of the field.

4.2 Heavy neutral leptons: the FIP physics centre approach
J. Klarić

Author: Juraj Klarić <juraj.klaric@uclouvain.be>

4.2.1 Introduction

Extending the Standard Model (SM) with Heavy Neutral
Leptons (HNLs) can simultaneously resolve several short-
comings of the standard model (SM): (1) they can explain
the origin of the neutrino masses [1459–1464], (2) gener-
ate the baryon asymmetry of the Universe through leptoge-
nesis [1465] and (3) serve as a DM candidate [1466], all
while being within reach of existing and near future exper-
imental searches. To explore the allowed parameter space
of HNLs, it is crucial to map the realistic models involv-

ing HNLs onto simple phenomenological benchmarks. Phe-
nomenological studies usually assume only one HNL, that
interacts with the SM via the Lagrangian:

L ⊃ −mW

v
Nθ∗αγ μeLαW+

μ

− m Z√
2v

Nθ∗αγ μνLαZμ − M√
2v
θαhνLαN + h.c., (141)

where v � 174 GeV is the Higgs vacuum expectation value
(VEV), mW and m Z are the W and Z boson masses. The fields
eLα and νLα correspond to the charged left-handed leptons
and left-handed neutrinos, whereas N is the HNL field with
a mass M . The mixing angles θα quantify the coupling of
the HNLs to the SM generations with α = e, μ, τ . Up to
kinematic factors, the cross-sections for the production and
decay of HNLs in association with a lepton flavour α is deter-
mined by the magnitudes U 2

α = |θα|2. To quantify the overall
coupling between the HNL and the SM, it is useful to intro-
duce the flavour-independent mixing angle U 2 = ∑

α U 2
α .

Finally, it is important to note that in the phenomenological
Lagrangian (141), the HNL field N can be either a Dirac or
a Majorana field. These two cases can have very different
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Fig. 127 Sensitivity to light dark scalar (BC5). Current bounds and
future projections for 90% CL exclusion limits. Filled gray areas are
bounds coming from interpretation of old data sets or astrophysical
data; filled coloured areas are bounds set by experimental collabora-
tions; solid coloured lines are projections based on existing data sets;
dashed coloured lines are projections based on full Monte Carlo sim-
ulations; dotted coloured lines are projections based on toy Monte
Carlo simulations. Filled areas come from: reinterpretation [1432] of

results from CHARM experiment [1433]; NA62 [1176,1179,1434];
E949 [1435,1436]; MicroBooNE from NuMI data [1437]; LHCb [1438,
1439] and Belle [1440]. Coloured lines are projections of existing or
proposed experiments: SHiP [1403]; HIKE-K+ [1192,1393]; HIKE-
KL [1192,1393]; SHADOWS [1402]; FASER2 [1069], CODEX-
b [1026,1031], MATHUSLA [1442], and FACET [1045]. BBN and
SN 1987A are from [1443] and [1444]

phenomenological implications. In the case of a Dirac HNL,
lepton number is conserved in the decays of HNLs, whereas
in the Majorana case it is violated. The amount of lepton num-
ber violation is given by the ratio of lepton number violating
(LNV) and lepton number conserving (LNC) decays, R��,
which takes the values R�� = 0 in the case of Dirac HNLs
(LNC), and R�� = 1 in the case of Majorana HNLs (equal
amount of LNV and LNC decays). In models with more than
one HNL, this ratio is not necessarily constrained to the two
limiting values, but can instead take any value in between
R�� ∈ [0, 1] [1455,1467]. All together, this leads to very
interesting phenomenology [1173,1453–1456,1468,1469].

While the models described by 141 are a good starting
point for HNL searches, they cannot be used to explain the
observed light neutrino masses. In realistic neutrino mass
models based on the type-I seesaw mechanism, the number
of HNL species is greater or equal to the number of mas-
sive light neutrinos. Therefore, in the case of mlightest = 0,
where only two of the light neutrinos are massive and n � 2,
whereas if we ever measure mlightest > 0 at least n = 3
HNLs will be necessary. Compared to the phenomenolog-
ical model with one HNL, realistic models typically have

many more parameters (7n−3 for n HNLs), only 6 of which
can be constrained by the neutrino oscillation data (the two
light neutrino mass differences, three angles and one CP
violating phase of the Pontecorvo–Maki–Nakagawa–Sakata
matrix Vν). These constrain the properties of HNLs in real-
istic models, for instance by limiting the range of allowed
flavour ratios U 2

e : U 2
μ : U 2

τ . In contrast, the phenomeno-
logical Lagrangian which is effectively described with only
five free parameters: (M,U 2

e ,U
2
μ,U

2
τ , R��), is completely

unconstrained by the light neutrino properties.
Although the parameter space of the simplified phe-

nomenological Lagrangian 141 is much smaller than that
of realistic type-I seesaw models, it still has too many free
parameters to be fully explored in experimental searches.
In particular, for a fixed value of U 2, the sensitivity of dif-
ferent experiments is highly sensitive to the flavour ratios
U 2

e : U 2
μ : U 2

τ [1046,1470,1471]. Currently, most searches
consider a (Dirac or Majorana) HNL coupled to a single SM
flavour, which corresponds to the three benchmarks BC6,
BC7 and BC8 defined in [4],

U 2
e : U 2

μ : U 2
τ = 1 : 0 : 0 BC6, (142a)

U 2
e : U 2

μ : U 2
τ = 0 : 1 : 0 BC7, (142b)
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Fig. 128 Axions/ALPs with photon coupling (BC9). Region of inter-
est for accelerator-based experiments up to a few GeV. Current bounds
and future projections for 90% CL exclusion limits. Filled gray areas
are bounds coming from interpretation of old data sets or astrophys-
ical data; filled coloured areas are bounds set by experimental col-
laborations; solid coloured lines are projections based on existing
data sets; dashed coloured lines are projections based on full Monte
Carlo simulations; dotted coloured lines are projections based on toy
Monte Carlo simulations. Shaded areas are excluded regions from:
LEP (data: [1445–1448]; interpretation: [750] above 100 MeV and

[749] below 100 MeV. Caveat: the LEP line above 100 MeV is
likely extendable also in the region below 100 MeV, down to the cur-
rent bound from NA64); Belle II [747]; E137 [1360]; NA64 [746];
CHARM [1411]; NuCal [745]. Curves are projections from: NA62-
dump [1387]; LDMX with 8 GeV and 1016 eot [583]; Belle II [185] for
20 fb−1 and 50 ab−1; SHiP [1403]; FASER [1417] and FASER2 [1069];
NA64++e [1388] in visible and invisible modes; LUXE-phase 1 [1449];
HIKE-dump [1393]; Gamma Factory [1450]. interpretation of the
physics reach [752] of PrimEx [751] and GlueX experiments at JLab

U 2
e : U 2

μ : U 2
τ = 0 : 0 : 1 BC8, (142c)

with R�� = 0 for Dirac or R�� = 1 for Majorana HNLs.
However, such single flavour benchmarks are not typically
realised in realistic models of neutrino masses. Past stud-
ies have shown that even a percent-level deviation from the
single flavour benchmarks can significantly affect the exper-
imental sensitivities, particularly in the case of a pure-τ mix-
ing as in BC8 [1470]. As a part of the efforts of the FIPs
physics centre HNL working group, in [1472] we proposed
two additional benchmarks that are compatible with realistic
neutrino mass models:

U 2
e : U 2

μ : U 2
τ = 0 : 1 : 1, (143a)

U 2
e : U 2

μ : U 2
τ = 1 : 1 : 1, (143b)

with the choices R�� = 0 and R�� = 1. The three old bench-
marks in 142 and the two new benchmarks in 143 are shown
in 131. Together, the new (143) and old (142) benchmarks
can be used to effectively approximate the phenomenology
of realistic models at accelerator-based experiments.

4.2.2 Criteria for benchmark selection

When deciding on new benchmark values for the ratios of the
flavoured mixing angles U 2

e : U 2
μ : U 2

τ , our goal is to capture
the physics of realistic neutrino mass models as accurately
as possible. In doing so, we consider the following criteria:

1. Consistency with neutrino oscillation data. Explaining
the light neutrino masses and their properties is one of
the main motivations for the existence of HNLs. When we
map realistic type-I seesaw models onto the Lagrangian
141, the allowed range of the ratios U 2

e : U 2
μ : U 2

τ , is
closely connected to the properties of the light neutri-
nos. Compared to previous studies [1046,1470,1471],
we use an updated global fit to light neutrino oscillation
data [1473]. Furthermore, we estimate how the measure-
ments of the light neutrino properties at future facilities –
(specifically the determination of the phase δC P ) affects
the allowed range of flavour ratios as shown in 131.

2. Added value. New benchmark points can only be justi-
fied if they can lead to significantly different predictions
compared to those of the existing single-flavour bench-
marks in 142. This favours benchmark points with a size-
able mixture of more than one lepton flavour. Percent-
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Fig. 129 Sensitivity to ALPs with fermion couplings (BC10). Current
bounds and future projections for 90% CL exclusion limits. Filled gray
areas are bounds coming from interpretation of old data sets or astro-
physical data; filled coloured areas are bounds set by experimental col-
laborations; solid coloured lines are projections based on existing data
sets; dashed coloured lines are projections based on full Monte Carlo

simulations; dotted coloured lines are projections based on toy Monte
Carlo simulations. Current bounds and prospects from FASER2 [1417],
CODEX-b [1031], MATHUSLA [4], HIKE-K+, HIKE-KL , and HIKE-
dump [1393], SHADOWS [1402], and SHiP [1403]. CHARM and
LHCb filled areas have been adapted by F. Kahlhoefer, following
Ref. [1451]

level changes of the ratios U 2
e : U 2

μ : U 2
τ near the

single-flavour benchmarks can significantly affect the
expected experimental sensitivity, especially so in the
case of BC8 [1470]. On the other hand, the sensitivities
near benchmarks with more than one lepton flavour can
be quite robust to percent-level changes. Additionally,
such benchmarks can also lead to lepton-flavor violating
signatures at accelerator-based experiments, which are
not possible in the case of the single-flavour benchmarks.

3. Symmetry considerations. Since our approach to bench-
mark selection is motivated in a “bottom-up” way, the cri-
teria 1 and 2 are the most important. Nonetheless, model
building constraints can be taken into account when there
are no conclusive choices based on 1 and 2. In particu-
lar, models based on discrete symmetries of the fermion
mixing matrices (cf. [1474–1476]) can be used to further
motivate certain flavour ratios.

4. Simplicity. Ratios of U 2
e : U 2

μ : U 2
τ that are simple and

can easily be communicated with the community are pre-
ferred if they are equally motivated based on the other
criteria.

5. Leptogenesis. Baryogenesis through leptogenesis is one
of the main motivations for the existence of HNLs. In
particular, for light HNL masses this corresponds to the
low-scale leptogenesis mechanisms [1477–1479]. Scans
of the parameter space indicate that a significant part of

this parameter space is already within reach of existing
experiments (cf. [1480–1482]) Flavour ratios that can
allow for leptogenesis within the experimentally testable
part of the parameter space are favoured.

In the following sections, we assess how the two newly
proposed benchmarks satisfy these criteria when viewed
from the minimal type-I seesaw model in Sect. 4.2.3 and
in the non-minimal model with three HNLs Sect. 4.2.4.

4.2.3 The minimal seesaw model

The minimal type-I seesaw model that can reproduce the
observed light neutrino masses and mixings is the model with
two HNLs NI (with I = 1, 2), with masses MI and mixing
angles θα I . These masses and mixing angles correspond to
only 11 physical parameters. The requirement to reproduce
the properties of the light neutrinos leaves only four of these
parameters completely free, while the others can be indirectly
determined by the light neutrino masses mi and by the angles
and phases of the PMNS mixing matrix Vν . This model can
accommodate a wide range of masses and mixing angles for
the HNLs. From the point of view of the accelerator based
searches, the accessible regime corresponds to HNL masses
below the TeV scale, and mixing angles much larger than
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Fig. 130 Sensitivity to ALPs with gluon coupling (BC11). Current
bounds and future projections for 90% CL exclusion limits. Filled gray
areas are bounds coming from interpretation of old data sets or astro-
physical data; filled coloured areas are bounds set by experimental
collaborations; solid coloured lines are projections based on existing
data sets; dashed coloured lines are projections based on full Monte
Carlo simulations; dotted coloured lines are projections based on toy
Monte Carlo simulations. Current bounds: CHARM gray filled area
has been computed by F. Kling, recasting the search for long-lived par-
ticles decaying to two photons performed at CHARM [1433]. Other

coloured filled areas are kindly provided by Mike Williams and revis-
ited from Ref. [1008]. The gray areas depend on UV completion and
the results shown assume ≈ [log2

UV/m2
t ±O(1)] ⇒ 1. Projections:

LHCb with 15 fb−1 and 300 fb−1 [1004]; CODEX-b with 300 fb−1

[1026]); MATHUSLA with 3 ab−1 (estimate from [1026]); FASER2
with 3 ab−1 [1069]; SHiP with 2×1020 pot [1403]; SHADOWS [1402]
and HIKE-dump [1393] with 5×1019 pot each. SHiP, HIKE-dump, and
SHADOWS projections are based on Ref. [1452] which resumes the
logarithmic dependence on U V through RGE evolution

what is implied by the naive seesaw formula

|θα I |2 �
∑

i mi

MI
. (144)

This limit corresponds to a class of symmetry protected
scenarios, where the two HNLs approximately respect a
generalisation of the global U (1)B−L symmetry of the
SM [1483,1484]. Such an approximate symmetry is realised
in a number of low-scale seesaw models, such as the lin-
ear [1485–1487] and inverse [1488–1492] seesaws, as well
as in the νMSM [1479,1493]. In this class of models, the light
neutrino masses are not suppressed by the large HNL masses,
but instead by the small size of the generalised B−L breaking
parameters. This has the advantage that the mixing angles do
not need to be suppressed and can be as large as O(1) while
keeping the light neutrino masses stable under radiative cor-
rections. The approximate B − L symmetry also imposes
strong relations between the HNL parameters, namely the
two HNLs have quasi-degenerate masses M1 ≈ M2 ≡ M ,
and the relative phase between their couplings is maximal
θα2 ≈ iθα1. After applying these constraints, the only free

parameters are effectively the mass scale M , and the mix-
ing angle U 2, while the flavour ratios U 2

α/U 2 are completely
determined by the light neutrino parameters in Vν and mi .

Only five of the seven light neutrino parameters have been
measured in the minimal model: two mass splittings and three
mixing angles. Since the lightest neutrino mass is exactly
zero in the model with two HNLs, the two mass splittings
are sufficient to determine the mi up to the ordering of neu-
trino masses, which may be normal (NO) or inverted (IO).
The remaining two unknown parameters are the CP violating
phases: the Dirac phase δC P which is already being probed
in neutrino oscillation experiments [1473], and a Majorana
phase which can be probed in rare processes such as neu-
trinoless double beta (0νββ) decay. Due to these two unde-
termined phases, the flavour ratios U 2

e : U 2
μ : U 2

τ are not
completely fixed, but are instead limited to a specific range
depending on the light neutrino mass ordering as shown in
the ternary diagram Figure 131. To generate this diagram, we
vary the neutrino oscillation parameters within the allowed
3σ region. Besides the unknown Majorana phase, the two
least determined parameters are the CP phase δC P and one
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of the mixing angles θ23. Since the combination of the lat-
ter two parameters has a large deviation from Gaussianity,
to generate these figures, we use the 2-d projection of χ2

from [1473].
Since consistency with neutrino oscillation data is one

of the main criteria for benchmark selection, it is impor-
tant to confront the allowed range of mixing ratios from Fig.
131 with the proposed benchmarks. While certain choices of
parameters can lead to a mixing pattern dominated by one
of the flavours, strictly speaking neither of the three single-
flavour benchmarks BC6, BC7 and BC8 can be realised
within the minimal seesaw model. As the expected sensi-
tivity of the different experiments can change by orders of
magnitude even for a small deviation from the single-flavour
mixing limit, the existing data highly motivate the two new
benchmarks in 143. The benchmark 143b is only realised in
the case of an inverted neutrino mass ordering. Nonetheless, it
can serve as proxy for the NO scenarios with a large electron
mixing where U 2

e /U 2 ∼ 0.1, as the experimental sensitivi-
ties do not change significantly when changing the flavoured
mixings within one order of magnitude. The new benchmark
143a is not strictly realised in either of the two neutrino mass
orderings, it is a good approximation for the NO case with a
minimal electron mixing where U 2

e /U 2 ∼ 10−3.

Neutrinoless double beta decay The range of allowed mix-
ing angles also depends on the Majorana phase, which is
a parameter that is essential for neutrinoless double beta
decay. The relation between this parameter and the electron
mixing takes a rather simple form in the minimal model,
allowing us to correlate rate of the 0νββ decay with the
mixing pattern as shown in Fig. 132. This indicates that a
non-observation of 0νββ decay may exclude certain flavour
mixing patterns, however the possibility of an indirect deter-
mination of U 2

e /U 2 remains slim due to the large theoretical
uncertainties in the computed 0νββ decay rate. It is impor-
tant to note that the simple relation shown in Fig. 132 only
holds for M � 100 MeV, where we can neglect the HNL
contribution to this process.

Leptogenesis Another advantage of the minimal scenario is
that it can be used to explain the observed BAU via leptogen-
esis in a wide range of masses and mixing angles. Low-scale
leptogenesis is consistent with the full range of mixing pat-
terns that are allowed by the seesaw mechanism. Nonethe-
less, specific flavour patterns may be more favourable and
allow for a larger range of mixing angles or mass splittings
between the HNLs. This typically happens in the case of a
flavour asymmetric washout, where one of the lepton flavours
approximately decouples, thereby hiding the lepton asymme-
try from being erased in the early Universe. In particular, in
the case of NO this further motivates benchmark choice 143a,
where the electron coupling is suppressed.

Dirac or Majorana HNLs When mapping the minimal type-I
seesaw model onto the phenomenological Lagrangian 141,
an important consideration is whether one should treat the
HNLs as Dirac (R�� = 0) or Majorana (R�� = 1) particles.
While each of the two HNLs in the minimal seesaw model
is individually a Majorana state, in the symmetry protected
scenarios the two Majorana HNLs can be combined into an
pseudo-Dirac state which preserves lepton number. In prac-
tice, this means that depending on the HNL parameters, all
values of R�� between 0 and 1 are possible.

4.2.4 The model with three HNLs

The scenario with two HNLs can only give masses to two
of the light neutrinos. The minimal type-I seesaw model that
can simultaneously explain massess of three light neutrinos is
the model with three HNLs. Compared to the model with two
HNLs, this model is far less predictive, with 18 free param-
eters. In this model the flavour ratios U 2

α/U 2 do not only
depend on the light neutrino parameters, but also on addi-
tional HNL phases and parameters. The limit mlightest → 0
restricts the allowed range of mixing ratios U 2

α/U 2 to a range
similar to what is shown in Fig. 131. However, even a value
of mlightest � 10−5 eV can cause a significant deviation, with
mlightest ∼ 10−2 eV allowing the full range of flavour ratios
U 2
α/U 2 [1497]. An advantage of the model with three HNLs

is that it allows for leptogenesis with significantly larger U 2

than in the minimal model. Due to the additional dynami-
cal effects, such large mixing angles no longer depend on
flavour hierarchical couplings, which means that the full
range of flavour ratios can be consistent with leptogene-
sis [1498,1499]. Taking these considerations into account,
the model with three HNLs does not seem to motivate any
additional benchmarks, but it can serve as an additional moti-
vation for the single flavour benchmarks BC-6-BC-8, which
cannot be realised within the minimal model.

4.2.5 Summary

The interpretation of results of experimental searches for
HNLs fundamentally depends on the assumptions about their
properties. Since even the simplest phenomenological model
of HNLs 141 comes with as many new parameters, exper-
imental searches can be greatly simplified if we assume
a certain relation between the HNL parameters. The most
commonly used benchmarks BC6-BC8 for HNL searches
assume that the HNLs only couple to a single active lepton
flavour (142). Such a single-flavour mixing assumption is
typically not realised in realistic models of neutrino masses
based on the type-I seesaw mechanism. To resolve this short-
coming we propose two additional benchmark points for
HNL searches (143) and summarize the main motivation
behind them. Together, the new (143) and old (142) bench-
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Fig. 131 The allowed range of mixing ratios U 2
e : U 2

μ : U 2
τ in the min-

imal seesaw model for NO (red) and IO (blue), compared with the new
benchmarks 143 (yellow) and the old benchmarks 142 (green). Left:
Contours indicating the range allowed by the current neutrino oscil-
lation data [1473]. Right: For comparison we also include the future

projection based of 15 years of data taking at DUNE [1494], assum-
ing the true value of δ = −π/2, and two benchmark values of the
light neutrino mixing angle s2

23 ≡ sin2 θ23 = 0.58 (darker region) and
s2

23 = 0.42 (lighter regions). Comparable sensitivity can be expected at
Hyper-K [1495,1496]. Figures taken from [1472]

Fig. 132 The parameter mββ indicating the rate of neutrinoless double
beta decay in the minimal model as a function of the mixing ratios for
NO (left) and IO (right). We assume a negligible contribution from the
HNL exchange, as well as the large mixing limit 144. Unfortunately,

due to the theoretical uncertainty associated with the calculation of the
neutrinoless double beta decay rate, it cannot be used to indirectly mea-
sure the flavour ratios, however, it may be used to constrain the allowed
range of values of U 2

e /U 2. Figures taken from [1472]

marks can cover a wide range of phenomena that can be
realised in realistic models of neutrino masses.

4.3 NHL’s and light oscillating neutrinos in 2022 –
M. C. Gonzalez-Garcia

Author: Maria Concepcion Gonzalez-Garcia

4.3.1 Introduction: neutral heavy leptons and active
neutrino oscillations

I was asked by the organizers to discuss the possible con-
nection between neutral heavy leptons (NHL) and the light
active neutrino physics. The most model-independent con-
nection appears in the context of the extensions of the Stan-
dard Model (SM) required to explain the well-established
observation that:
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• Atmospheric νμ and ν̄μ disappear most likely converting
to ντ and ν̄τ .

• Accelerator νμ and ν̄μ disappear over long baseline
(LBL) distances of ∼ 200–700 km.

• Solar νe convert to νμ and/or ντ .
• Reactor ν̄e disappear over distances of ∼ 200 km and ∼

1.5 km with different probabilities.
• Accelerator νμ and ν̄μ appear as νe and ν̄e at LBL dis-

tances ∼ 200–700 km.

All these results imply that lepton flavours are not con-
served in neutrino propagation and that requires physics
beyond the SM. The logic behind this statement is that a
fermion mass term couples right-handed and left-handed
fermions. But the SM, a gauge theory based on the gauge
symmetry SU (3)C× SU (2)L×U (1)Y – spontaneously bro-
ken to SU (3)C × U (1)EM by the the vacuum expectation
value of a Higgs doublet field φ –, contains three fermion
generations which reside in the chiral representations of the
gauge group required to describe their interactions. As such,
right-handed fields are included for charged fermions since
they are needed to build the electromagnetic and strong cur-
rents. But no right-handed neutrino is included in the model
because neutrinos are neutral and colourless and therefore the
right-handed neutrinos are singlets of the SM group (hence
unrequired). This implies that each of the lepton flavour is
conserved and therefore total lepton number (L) is a global a
symmetry of the model. A symmetry which is part of B − L
(B being the total baryon number) which is non-anomalous.
As a consequence of this symmetry, within the framework
of the SM no mass term can be built for the neutrinos at any
order in perturbation theory and it cannot be generated by
non-perturbative effects either. This is, the SM predicts that
neutrinos are strictly massless and that there is no flavour
mixing nor CP violation in the leptonic sector. Clearly this is
in contradiction with the neutrino data as summarized above.

The simplest extension to introduce lepton flavour vio-
lation in the model is to enlarge the SM Lagrangian with
mass terms for the neutrino. There are two type of neutrino
mass operators which can be built depending on the fields
introduced and symmetries assumed:

• One can introduce 3 electroweak (EW) singlets right-
handed neutrinos, νR , and impose L conservation. With
this particle contents it is possible to build a Yukawa oper-
ator in the Lagrangian involving the left-handed lepton
doublets, the Higgs doublet, and the νR’s, with couplings
λν , in total analogy with the corresponding operators gen-
erating the mass for charged fermions. After spontaneous
EW symmetry breaking this leads to

LD = LSM − Mν ν̄LνR + h.c. with Mν = v√
2
λν

(145)

with v being the Higgs vev. In this case there are 3 mass
eigenstate neutrinos which are Dirac fermions, ie νC �=
ν.

• One can construct a mass term only with the same chi-
rality neutrino fields (either with the νL ’s from the SM
or with additional νR’s) by allowing L violation

LM = LSM − 1

2
Mν ν̄ν

c + h.c. (146)

In this case the mass eigenstates are Majorana fermions,
νC = ν. Notice that the Majorana mass term for νL above
breaks EW gauge invariance while for νR it is gauge-
invarant.

Altogether if one adds some number S of EW singlet neutri-
nos and allow for both type of mass terms the most general
gauge-invariant form of the neutrino mass can be written as

−LMν =
1

2
�νc Mν �ν + h.c., (147)

where

Mν =
(

0 D
D M

)
, (148)

and �ν = (�νL , �νc
R)

T is a (3 + S)-dimensional vector. D is a
3× 3 Dirac-mass term (145) while M is a S × S Majorana-
mass term (146) for the right-handed neutrinos.

Once the neutrino mass term is included in the Lagrangian,
leptonic flavours are mixed in the CC interactions of the lep-
tons, and a leptonic mixing matrix appears in similarity to
the CKM matrix for the quarks. The discussion of mixing
in the leptonic sector, however, is more general than in the
quark sector because the number of massive neutrinos can be
larger than three, since there are no constraints on the num-
ber of EW-singlet neutrinos to be included in the model. In
particular, if we denote the neutrino mass eigenstates by νi ,
i = 1, 2, . . . , n, (n = 3 + S) and the charged lepton mass
eigenstates by li = (e, μ, τ), in the mass basis, leptonic CC
interactions are given by

−LCC = g

2
li L γ

μUi j
LEP ν j W+

μ + h.c.. (149)

Here ULEP is a 3× n matrix.
A consequence of the presence of the leptonic mixing

is the possibility of flavour oscillations of the neutrinos
[1500] in their propagation which provides the explanation to
the experimental observations. Neutrino oscillations appear
because of the misalignment between the interaction neutrino
eigenstates and the propagation eigenstates (which for prop-
agation in vacuum are the mass eigenstates). Thus a neutrino
of energy E produced in a CC interaction with a charged
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lepton lα can be detected via a CC interaction with a charged
lepton lβ with a probability which presents an oscillatory
behaviour, with oscillation lengths given by the phase differ-
ence between the different propagation eigenstates – which
in the ultrarelativistic limit is Losc

0,i j = 4πE
�m2

i j
– and amplitude

that is proportional to elements in the mixing matrix. Thus
neutrino oscillations are only sensitive to mass squared dif-
ferences and they do not give us information on the absolute
value of the masses. Furthermore the presence of matter in the
neutrino propagation alters both the oscillation frequencies
and the amplitudes [1501].

In the absence of any other form of new physics affecting
the charged leptons one can choose without loss of generality
the flavour and mass states of the charged leptons to coincide.
In that basis the 3 × (3 + S) leptonic mixing matrix above
coincides with first three rows of the unitary V ν , which is a
(3+S)×(3+S)matrix relating the neutrino weak eigenstates
to the neutrino mass eigenstates and which can write in block
terms as

V ν =
dim 3 S

3 (Kl Kh) ≡ ULEP

S K̃h K̃ H

In this notation the interactions of the 3 lightest νl and the S
heaviest N (from here on refer to as NHL’s) states are [1464]

LCC = − g

2

(
�γ μKl νl + �γ μKh N

)
W+
μ + h.c. (150)

LNC = − g

2

(
νlγ

μK †
l Kl νl + νlγ

μK †
l Kh N + Nγ μK †

h Kl νl

+Nγ μK †
h Kh N

)
Zμ (151)

Both Kl (which is 3 × 3) and Kh (3 × S) are non-unitary
matrices but they are related by the unitarity of the full V ν

matrix which implies that

V νV ν† =
(

Kl K †
l + Kh K †

h . . .

. . . . . .

)

=
(
I3×3 0

0 IS×S

)

⇒ ULEPU †
LEP = Kl K †

l + Kh K †
h = I3×3. (152)

The relation above implies a generic, model-independent,
connection between the NHL couplings and the violation of
unitarity in the νl oscillations.

A convenient parametrization to characterize and quantify
the presently allowed violation of unitarity in the νl sector is
[1502–1504]

Kl =
⎡
⎣I3×3 −

⎛
⎝
αee 0 0
αeμ αμμ 0
αeτ αμτ αττ

⎞
⎠
⎤
⎦U3×3 (153)

with

U3×3 =
⎛
⎝

1 0 0
0 c23 s23

0 −s23 c23

⎞
⎠ ·
⎛
⎝

c13 0 s13e−iδCP

0 1 0
−s13eiδCP 0 c13

⎞
⎠

·
⎛
⎝

c21 s12 0
−s12 c12 0

0 0 1

⎞
⎠ ·
⎛
⎝

eiη1 0 0
0 eiη2 0
0 0 1

⎞
⎠ , (154)

where ci j ≡ cos θi j and si j ≡ sin θi j . For vanishing α’s one
then recuperates the parametrization of the mixing matrix
usually employed in the global analysis of oscillation data in
the context of 3ν-mixing.

Let us first discuss the expectations in the canonical type-
I see saw [1459,1462,1505–1507]. This corresponds to the
general neutrino mass matrix (148) with M � D. The diag-
onalization of Mν leads to three light, νl , and S NHL’s, N :

− LMν =
1

2
ν̄l Mνl νl + 1

2
N̄ MN N (155)

with

Mνl � −V T
l DT M−1 DVl , MN � V T

h MVh (156)

and

V ν �
⎡
⎣
(

1− 1
2 D† M∗−1 M−1 D

)
Vl D† M∗−1Vh

−M−1 DVl

(
1− 1

2 M−1 DD† M∗−1
)

Vh

⎤
⎦

(157)

where Vl and Vh are 3×3 and S× S unitary matrices respec-
tively. In this scenario the lightness of the light neutrino mass
is explained as it is suppressed by the heaviness of the NHL
mass. For D with characteristic size of the charged fermion
masses, the current bounds on the light neutrino mass implies
that MN � TeV.

From the expressions above we find that
⎛
⎝

2αee α∗eμ α∗eτ
αeμ 2αμμ α∗μτ
αeτ αμτ 2αττ

⎞
⎠ � Kh K †

h

= D† M∗−1 M−1 D ∼ Mνl

MN
 10−9 . (158)

Thus in the canonical type-I see-saw scenario one expects the
violation of unitarity in the light neutrino sector (and hence
the NHL couplings) to be too small to be experimentally
accessible.

In more general see-saw type-I scenarios the bounds on the
α’s depend on the NHL mass range. A detailed description
and quantification can be found in Ref. [1504]. Summarizing,
their results show that

• for NHL’s with masses below of O(10) eV one has direct
effects of the NHL’s states in some of the neutrino oscilla-
tion experiments. This is the type of scenarios employed
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Table 15 Experiments
contributing to the present
determination of the oscillation
parameters

Experiment Dominant Important

Solar experiments θ12 �m2
21 , θ13

Reactor LBL (KamLAND) �m2
21 θ12 , θ13

Reactor MBL (Daya-Bay, Reno, D-Chooz) θ13, |�m2
31,32|

Atmospheric experiments (SK, IC-DC) θ23,|�m2
31,32|, θ13,δCP

Accel LBL νμ,ν̄μ, Disapp (K2K, MINOS, T2K, NOνA) |�m2
31,32|, θ23

Accel LBL νe,ν̄e App (MINOS, T2K, NOνA) δCP θ13 , θ23

to explain some of the “so-called” short baseline anoma-
lies (see for example Ref. [1508]). Current fits to oscil-
lation data constraint α’s� 0.1–0.01

• for NHL’s with masses above∼ 10 eV but still well below
the EW scale, additional bounds arise from searches for
the NHL’s at beam-dump experiments.

• for NHL’s with masses around or above EW scale, the
violation of unitarity and universality of the weak inter-
actions of the charged leptons are severely constrained
by EW precision data which imply α’s� 10−3–10−4

The outcome of this study is that in the full range of NHL
masses, unitarity violation is constrained to the level that it
can be still ignored in the present oscillation analysis per-
formed in the 3ν scenario. Unfortunately this means that the
model-independent correlation between the NHL effects and
the active light-neutrino oscillations is not accessible with
present data.

However, within a given model, ie, within a given form
of Mν , the entries of Kl and Kh are related, and therefore
model-dependent relations between the NHL couplings and
the 3ν oscillation parameters exist. In this respect, maximally
testable scenarios are those with minimal lepton flavour vio-
lation [1487] for which, up to an overall normalization and
some phases, the entries of Kh can be determined once we
know the light 3ν masses and mixing. Consequently the
flavour dependence of the NHL’s signals in those scenar-
ios can be predicted from the results of the 3ν oscillation
analysis.

It is with this motivation in mind, that I summarize next
the present determination of the 3ν flavour parameters from
the global description of the neutrino oscillation data.

4.3.2 Status of the 3ν global description

In brief the experimental results which have establish with
high precision that neutrinos are massive are:

• Atmospheric νμ and ν̄μ disappear most likely converting
to ντ and ν̄τ . The results show an energy and distance
dependence perfectly described by mass-induced oscil-
lations.

• Accelerator νμ and ν̄μ disappear over distances of ∼
200–800 km. The energy spectrum of the results show a
clear oscillatory behaviour also in accordance with mass-
induced oscillations with wavelength in agreement with
the effect observed in atmospheric neutrinos.

• Accelerator νμ and ν̄μ appear as νe and ν̄e at distances∼
200–800 km.

• Solar νe convert to νμ and/or ντ . The observed energy
dependence of the effect is well described by neutrino
conversion in the Sun matter according to the MSW effect
[1501,1509]

• Reactor ν̄e disappear over distances of ∼ 200 km and
∼ 1.5 km with different probabilities. The observed
energy spectra show two different mass-induced oscil-
lation wavelengths: at short distances in agreement with
the one observed in accelerator νμ disappearance, and a
long distance compatible with the required parameters
for MSW conversion in the Sun.

The minimum scenario to describe these results requires
the mixing between the three flavour neutrinos of the standard
model in three distinct mass eigenstates. In this case, neglect-
ing the small effect of unitarity violation discussed in the pre-
vious section, we can approximate the leptonic mixing matrix
by U3×3 in Eq. (154). The angles θi j can be taken without
loss of generality to lie in the first quadrant, θi j ∈ [0, π/2],
and the phase δCP ∈ [0, 2π ]. Values of δCP different from
0 and π imply C P violation in neutrino oscillations in vac-
uum. The Majorana phases η1 and η2 play no role in neutrino
oscillations.

Neutrino oscillations are only sensitive to mass squared
differences and do not give us information on the abso-
lute value of the masses. The observed oscillation patterns
require two distinctive oscillation wavelengths. There are
two possible non-equivalent orderings for the mass eigen-
values: m1  m2 < m3 so �m2

21  �m2
32(� �m2

31 > 0),
(�m2

i j ≡ m2
i − m2

j ) refer to as Normal ordering (NO), and

m3  m1 < m2 so �m2
21  −(�m2

31 � �m2
32 < 0) refer

to as Inverted ordering (IO).
In total the 3-ν oscillation analysis of the existing data

involves six parameters: 2 mass differences (one of which
can be positive or negative), 3 mixing angles, and the CP
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phase. I summarize in Table 15 the different experiments
contributing dominantly to the present determination of the
different parameters.

At present the determination of the leptonic parame-
ters requires global analysis of the data which is in the
hands of a few phenomenological groups (see, for exam-
ple, [1510,1511]). The allowed parameter ranges obtained by
the different groups are generically in good agreement, which
provides a test of the robustness of the results. I summarize
here the results from the latest analysis of the NuFIT [1512]
Collaboration in Refs. [1473,1513]. In Fig. 133 I show dif-
ferent projections of the allowed six-dimensional parameter
space. The best fit values and the derived ranges for the six
parameters at the 1σ (3σ ) level are given in Table 16. For
each parameter the ranges are obtained after marginalizing
with respect to the other parameters.

These results yield the present determination of the mod-
ulus of the leptonic mixing matrix

|U3×3|3σ

=
⎛
⎝

0.801 → 0.845 0.513 → 0.579 0.143 → 0.156
0.244 → 0.499 0.505 → 0.693 0.631 → 0.768
0.272 → 0.518 0.471 → 0.669 0.623 → 0.761

⎞
⎠ ,

(159)

The results obtained show that the ranges of �m2
21, θ21,

|�m2
3�| and θ13 has been rather robust over the last years.

In particular it had been a result of global analyses for the
last decade, that the value of�m2

21 preferred by KamLAND
was somewhat higher than the one from solar experiments.
The tension appeared due to a combination of two effects:
the well-known fact that the 8B measurements performed by
SNO, SK and Borexino showed no evidence of the low energy
spectrum turn-up expected in the standard LMA-MSW solu-
tion for the value of �m2

21 favored by KamLAND, and the
observation of a non-vanishing day-night asymmetry in SK,
whose size is larger than the one predicted for the �m2

21
value indicated by KamLAND. Altogether this resulted in
slightly over 2σ discrepancy between the best fit�m2

21 value
indicated of KamLAND and the solar results. But with the
inclusion of the latest SK4 2970-day the tension decreased
to∼ 1.1σ due to both, the smaller day-night asymmetry and
the slightly more pronounced turn-up in the low energy part
of the spectrum.

Conversely the determination of the mass ordering (MO),
the octant of θ23, and the significance of CP violation has
been changing as new data from LBL (and also SK-ATM)
has been presented. This is so because they all correspond
to subdominant 3ν oscillation effects to be observed over
the dominant 2ν oscillations in the different experiments.
This is illustrated in the table below where I present a brief
summary of the present status of the “hints” for these effects
in the combination of different experiments

Best fit
MO

�χ2 (MO) best fit
δCP

�χ2

(CPC)
oct. θ23 �χ2

(oct)

T2K NO 2.5 265◦ 4 2nd 0.5
NOνA NO 0.3 135◦ 0.5 2nd 0.1
T2K+NOνA IO 1.5 275◦ 2.0 2nd 2.2
+reactors NO 2.7 195◦ 0.4 2nd 0.5
+ SK-Atm
328 kt-y
(NuFIT 5.0)

NO 7.1 197◦ 0.5 2nd 2.5

or + SK-
Atm 373
kt-y (NuFIT
5.1)

NO 7.0 230◦ 4.0 1st 3.2

Definite determination of the MO, the octant of θ23, and
of leptonic CP violation will most likely require the results
from the new generation of neutrino experiments. Juno [585]
is a new reactor neutrino experiment already in its last phases
of construction. It is expected to improve the precision on the
determination of�m2

21, |�m2
31|, and sin2 θ12 by one order of

magnitude within 10 years of operation. It is also designed
to provide a determination of the MO to a confidence level
which depends on the ordering and their final performance.
Being a disappearance experiment does not have sensitiv-
ity to CP violation. The next generation LBL experiments
HyperKamiokande [1495], and DUNE [1514] are designed
to provide the definite precise determination of the MO and
of leptonic CP violation.

4.4 Prospects for the measurement of the absolute neutrino
masses in cosmology – Y. Wong

Author: Yvonne Wong, <yvonne.y.wong@unsw.edu.au>

4.4.1 Introduction

Cosmological bounds in the absolute neutrino mass scale go
back a long way. Already in 1972, Cowsik and McClelland
argued that an upper limit of mν � 8 eV could be set on the
individual neutrino mass from cosmology, assuming three
standard-model (SM) neutrino species [1515]. Their argu-
ment was simple: since the standard hot big bang theory pre-
dicts a background of relic neutrinos – the so-called cosmic
neutrino background (CνB) – whose present-day reduced
energy density is �ν = ∑

mν/(94 h2 eV), such a large
amount of energy could overclose the universe if the neutrino
mass mν was too large. Then, by demanding that�ν � 1, one
arrives at

∑
mν � 24 eV for a reduced Hubble parameter

value h = 0.5.
Modern cosmological limits on

∑
mν have evolved to be

far more sophisticated than the original estimate of [1515],
and derive essentially from the gravitational effects of the
CνB on the events that take place after its formation at 1
s post big bang. These events include the formation of the
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Fig. 133 Global 3ν oscillation analysis from fit to global data
NuFIT 5.1. We show �χ2 profiles minimized with respect to all
undisplayed parameters. The red (blue) curves correspond to Normal

(Inverted) Ordering. Solid (dashed) curves are without (with) adding the
tabulated SK-atm�χ2. Note that as atmospheric mass-squared splitting
we use �m2

31 for NO and �m2
32 for IO

cosmic microwave background (CMB) anisotropies at 400
k years, as well as the large-scale matter distribution in the
present-day universe. However, even these modern bounds
are subject to what we predict to be the properties of the CνB
given SM particle and gravitational physics. Our first task,
therefore, is to summarise these SM predictions.

4.4.2 The cosmic neutrino background

In the standard hot big bang model SM neutrinos are held
in a state of thermodynamic equilibrium with other SM
particles via the weak interaction in the first second post-
big bang. As the universe expands and cools, these inter-
actions become less frequent. When the universe cools to
a temperature of O(1) MeV, the interaction rate per neu-
trino drops below the Hubble expansion rate. From this point
onwards, neutrinos free-stream to infinity, forming the CνB.
Like its cousin the CMB, the CνB has a thermal spectrum
well described by the relativistic Fermi-Dirac distribution
f (p) = [1 + exp(p/Tν)]−1, where at T  me the temper-
ature parameter is given by Tν = (4/11)1/3Tγ , with Tγ the
CMB temperature.

Given its momentum distribution and present-day temper-
ature Tν,0 � 2 × 10−4 eV, we deduce the present-day CνB
number density to be nν ∼ 110 cm−3 per family of neutri-
nos and anti-neutrinos. Then, for those neutrino families with
masses satisfying Tν0  mν and are hence non-relativistic
today, it follows simply that their present-day energy density
is ρν = mνnν . Summing up all massive families and normal-
ising to the present-day critical density, we find the reduced
neutrino energy density �ν =∑mν/(94 h2 eV).

4.4.3 Signatures of neutrino masses on cosmological
observables

Signatures of neutrino masses in cosmological observ-
ables have been discussed extensively in the literature (e.g.,
[1516]). Broadly speaking, we expect a power suppression
in the matter power spectrum P(k) at large wave numbers k
roughly proportional to the neutrino fraction fν ≡ �ν/�m ,
where�m is the total matter density. This suppression arises
because ultra-relativistic CνB neutrinos at Tν � mν are
highly resistant to gravitational capture on small scales. This
remains true even after the neutrinos have become non-
relativistic at Tν  mν . The net effect is, in two universes
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Table 16 Determination of three-flavour oscillation parameters from
fit to global data NuFIT 5.1. Results in the first and second columns
correspond to analysis performed under the assumption of NO and IO,
respectively; therefore, they are confidence intervals defined relative to
the respective local minimum. Results shown in the upper and lower

sections correspond to analysis performed without and with the addi-
tion of tabulated SK-atm �χ2 data respectively. In quoting values for
the largest mass splitting, we defined �m2

3� ≡ �m2
31 > 0 for NO and

�m2
3� ≡ �m2

32 < 0 for IO

Normal ordering (best fit) Inverted ordering (�χ2 = 2.6)

bfp ±1σ 3σ Range bfp ±1σ 3σ Range

Without SK atmospheric data

sin2 θ12 0.304+0.013
−0.012 0.269 → 0.343 0.304+0.012

−0.012 0.269 → 0.343

θ12/
◦ 33.44+0.77

−0.74 31.27 → 35.86 33.45+0.77
−0.74 31.27 → 35.87

sin2 θ23 0.573+0.018
−0.023 0.405 → 0.620 0.578+0.017

−0.021 0.410 → 0.623

θ23/
◦ 49.2+1.0

−1.3 39.5 → 52.0 49.5+1.0
−1.2 39.8 → 52.1

sin2 θ13 0.02220+0.00068
−0.00062 0.02034 → 0.02430 0.02238+0.00064

−0.00062 0.02053 → 0.02434

θ13/
◦ 8.57+0.13

−0.12 8.20 → 8.97 8.60+0.12
−0.12 8.24 → 8.98

δCP/
◦ 194+52

−25 105 → 405 287+27
−32 192 → 361

�m2
21

10−5 eV2 7.42+0.21
−0.20 6.82 → 8.04 7.42+0.21

−0.20 6.82 → 8.04

�m2
3�

10−3 eV2 +2.515+0.028
−0.028 +2.431 →+2.599 −2.498+0.028

−0.029 −2.584 →−2.413

Normal ordering (best fit) Inverted ordering (�χ2 = 7.0)

bfp ±1σ 3σ range bfp ±1σ 3σ range

With SK atmospheric data

sin2 θ12 0.304+0.012
−0.012 0.269 → 0.343 0.304+0.013

−0.012 0.269 → 0.343

θ12/
◦ 33.45+0.77

−0.75 31.27 → 35.87 33.45+0.78
−0.75 31.27 → 35.87

sin2 θ23 0.450+0.019
−0.016 0.408 → 0.603 0.570+0.016

−0.022 0.410 → 0.613

θ23/
◦ 42.1+1.1

−0.9 39.7 → 50.9 49.0+0.9
−1.3 39.8 → 51.6

sin2 θ13 0.02246+0.00062
−0.00062 0.02060 → 0.02435 0.02241+0.00074

−0.00062 0.02055 → 0.02457

θ13/
◦ 8.62+0.12

−0.12 8.25 → 8.98 8.61+0.14
−0.12 8.24 → 9.02

δCP/
◦ 230+36

−25 144 → 350 278+22
−30 194 → 345

�m2
21

10−5 eV2 7.42+0.21
−0.20 6.82 → 8.04 7.42+0.21

−0.20 6.82 → 8.04

�m2
3�

10−3 eV2 +2.510+0.027
−0.027 +2.430 →+2.593 −2.490+0.026

−0.028 −2.574 →−2.410

with the same�m , that which contains the larger fν will see
fewer structures form on small scales. Figure 134 illustrates
this effect.

Also shown in Fig. 134 are various classes of cosmologi-
cal observables, as well as the wave number k and redshift z
ranges to which they are sensitive. Clearly, only the CMB pri-
mary anisotropies measure P(k) at large scales/small wave
numbers, which serves the important purposes of “pinning”
down the background cosmology. For this reason, full-sky
CMB data from, e.g., the Planck mission [79,1517], are
unavoidable in cosmological parameter estimation.

Another point of interest is that the power spectra in
Fig. 134 have been computed using linear perturbation the-
ory. In reality, as density perturbations grow over time, linear
theory must finally break down starting with the large wave

numbers. At z = 0, it fails at k � 0.1 hMpc−1; at z = 3, at
k � 0.5 hMpc−1. Thus, except for the CMB, all current and
upcoming measurements of P(k) are sensitive to nonlinear
dynamics to various extents.

However, it must be stressed that (i) not all observables
suffer from the same nonlinearities, and (ii) some forms of
nonlinearity are inherently much less tractable than others.
Nonlinear gravitational clustering of dark matter, for exam-
ple, is common to all small-scale observables. It is however
tractable, in the sense that one could write down a Lagrangian
to describe the nonlinear physics and compute the nonlinear-
ities from first principles.

The same cannot be said however for the baryonic astro-
physics, e.g., star formation, supernova feedback, critical
to the modelling of the hydrogen clouds at the heart of
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Fig. 134 Two predictions of the large-scale matter power spectrum
P(k) from linear perturbation theory. The green line denotes the stan-
dardCDM prediction, while the blue line represents the case in which
some (cold) dark matter energy density�dm has been substituted with a
non-zero�ν comprising of one massive neutrino species of mass 1.2 eV.
All other cosmological parameters are held fixed between the two cases.
The k-regions spanned by the black arrows indicate the wave numbers
probed by different classes of cosmological observables at various red-
shifts

the Lyman-α forest: these come from empirical modelling.
Probes that use tracers, e.g., the galaxy power spectrum,
which assumes galaxies to track dark matter, likewise rely
on empirical bias relations that have no first-principles basis.
The same is true for cluster abundance observations that use
the cluster X-ray temperature or richness as proxies for the
cluster mass. Some degree of prudent scepticism should be
exercised when interpreting these measurements.

4.4.4 Current constraints and caveats

Table 17 shows the 95% upper limits on
∑

mν derived from
various data combinations. At face value, the best number is∑

mν � 0.12 eV, coming from the full Planck 2018 data set
(temperature, polarisation, and lensing potential) and baryon
acoustic oscillations (BAO) measurements from SDSS-III

BOSS DR12 [1518]. Formally, this constraint is similar to
that derived previously from the Planck 2015 data plus the
Lyman-α power spectrum [1519]. However, in view of the
non-trivial modelling of the latter system, the Planck 2018
CMB+BAO bound, which relies on well-scrutinised linear
physics alone, is arguably the more robust of the two.

Nonetheless, as robust as any modelling may be, it must
be stressed that some assumptions underpin these constraints.
To begin with, to even constrain neutrino masses cosmolog-
ically, we must assume that a CνB exists. Fortunately, there
is no reason to think that this is not the case: current obser-
vations are consistent to high statistical significance with the
presence of three non-interacting neutrino families at the time
of CMB formation [79]. Still, there are caveats and some
small room for play when interpreting these bounds.

4.4.4.1 Caveat 1: Which mass ordering? Most neutrino mass
fits assume three neutrinos of degenerate masses, because it
saves time: specifying three different mass values in a power
spectrum calculation triples the computation time relative to
the single-mass case. It is however useful to note that switch-
ing to a realistic ordering can change the

∑
mν � 0.12 eV

bound by up to 40%. Specifically, reference [1520] reported∑
mν � 0.146 eV and

∑
mν � 0.172 eV for the normal and

inverted mass ordering respectively, using the same Planck
2018 CMB+BAO data as in Table 17.

4.4.4.2 Caveat 2: Model dependence The constraints in
Table 17 have been derived from a 7-parameter fit. That
is, the free variables are the standard six parameters of the
flat CDM model – matter density ωm , baryon density ωb,
reduced Hubble rate h, the primordial fluctuation amplitude
As and spectral index ns , and the optical depth to reionosa-
tion τ – and the neutrino mass sum

∑
mν distributed equally

in three species. It is however conceivable that the underly-
ing cosmology is more complicated and that relaxing some
of the CDM assumptions might loosen the

∑
mν bound.

Table 18 shows how the
∑

mν bound varies with several
popular extensions to the flat CDM model. Notably, intro-
ducing a dynamical dark energy equation of state parameter
w(z) = w0 + wa(1 − a) that is allowed to go “phantom”,
i.e., w(z) < −1, relaxes the

∑
mν bound by a factor of

Table 17 1D marginal 95% upper limits on the neutrino mass
sum

∑
mν in units of eV derived from various data combinations.

“Planck2018” numbers are taken from [79], while the “2015 numbers”

come from [1517]. The label “CamSpec” refers to an alternative polari-
sation likelihood function employed in [79]. All fits assume the standard
CDM model extended to include a floating

∑
mν

+CMB lens +BAO +CMB lens+BAO

Planck2018 TT+lowE 0.54 0.44 0.16 0.13

2015 numbers 0.72 0.68 0.21 n/a

Planck2018 TT+lowE+TE+EE 0.26 0.24 0.13 0.12

CamSpec numbers 0.38 0.27 n/a 0.13

2015 numbers 0.49 0.59 0.17 n/a
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Table 18 1D marginal 95% upper limits on the neutrino mass sum∑
mν in units of eV in several extended cosmologies, derived in [1520]

using Planck 2018 TT+TE+EE+lowE+lensing+BAO. Extensions to the
CDM baseline include a nonzero primordial tensor-to-scalar ratio r ,
a dark energy equation of state parameter differing from w = −1, and
a nonzero curvature energy density �k

Degenerate Normal Inverted

Baseline CDM+∑mν 0.121 0.146 0.172

+r 0.115 0.142 0.167

+w 0.186 215 0.230

+w0wa 0.249 0.256 0.276

+w0wa, w(z) > −1 0.096 0.129 0.157

+�k 0.150 0.173 0.198

two to
∑

mν � 0.249 eV for degenerate masses. Note how-
ever that this is about the maximum gain one could expect
from playing this sort of games, as the signatures of neu-
trino masses are generally difficult to completely negate by
physically unrelated effects.

Moreover, extending the cosmology does not always give
the desired outcome. Consider again a dynamical w(z), but
now restricted to w(z) ≥ −1. As shown in Table 18, the
degenerate-mass bound in fact winds up 20% tighter at∑

mν � 0.096 eV, because of volume effects inherent in
all Bayesian credible intervals. We stress that this somewhat
unintuitive result does not in any way represent a problem:
volume is a feature of Bayesian statistics, not a bug. But this
example does caution against over-interpretation of marginal
improvements or degradations of any credible interval; there
is often no deep meaning behind them.

4.4.4.3 Caveat 3: More data does not equate to improved
constraints Adding a new data set sometimes brings new
physics information and in turn improves the

∑
mν con-

straint. This is the case, for example, when CMB polari-
sation (i.e., TE+EE) is added to the fit, lifting the degen-
eracy between As and τ . Referring to the second column in
Table 17, the

∑
mν bound also improves by a factor of two as

a result, from
∑

mν � 0.54 eV to
∑

mν � 0.26 eV. Another
example is BAO, which provides a low-redshift data point on
the distance-redshift ladder; going from the first to the third
column of Table 17, we see that the

∑
mν bound tightens

significantly – in some cases by more than a factor of three.
In contrast, the gain from adding the CMB lensing poten-

tial is marginal; the
∑

mν bound improves by at most 20%.
This is unsurprising: the CMB TT power spectrum is itself
lensed by P(k) at � � 500 and hence already contains much
the same information as the lensing potential. So one might
even question if the 20% gain is merely a side effect of the
Bayesian machinery. Indeed, previous analyses [1517] have
shown that adding the Planck 2015 CMB lensing potential to
the fit in fact worsens the

∑
mν bound by 20%. The degra-

dation can ultimately be traced to a marginal incompatibility
between the lensing potential and the TT power spectrum.
But this example serves as another cautionary note that the
Bayesian machinery can easily turn a marginal incompati-
bility between two data sets into an equally marginal shift
of the

∑
mν bound. Again, one should not read into these

minor changes.

4.4.4.4 Caveat 4: Non-standard neutrino physics Standard
neutrino mass bounds assume SM neutrino physics. Non-
standard neutrino physics could alter the properties of the
CνB and in turn relax cosmological constraints on

∑
mν .

Relaxing the
∑

mν bound by fiddling with the properties of
the CνB usually buys more room for play than by changing
the background cosmology alone. We discuss three cases
below.

– Non-relativistic neutrino decay into dark radiation
Reference [1521] proposes a scenario in which the CνB
decays non-relativistically into massless, invisible parti-
cles with a lifetime of τν ∼ 0.1 Myr. Then, cosmolog-
ical data can tolerate

∑
mν � 0.42 eV, i.e., more than

three times the allowed region of the standard CDM
benchmark

∑
mν � 0.12 eV. Shorter lifetimes could

conceivably lead to the same outcome. However, as the
modelling of neutrino decay in cosmology is generally
non-trivial [1522,1523] and the result of [1521] is already
at the edge of validity of their non-relativistic approxi-
mation, this possibility remains unexplored.

– Neutrino spectral distortion
Current cosmological measurements are not sensitive
to the CνB momentum distribution, a fact that can be
exploited to relax the

∑
mν bound. The idea is as fol-

lows. Decay into neutrinos or neutrino interactions can
cause the CνB distribution to deviate from a relativistic
Fermi-Dirac form. If the new physics enhances the CνB
average momentum, then one could maintain the early-
time neutrino energy density at its standard value (i.e.,
Neff = 3.0440 [78]), while simultaneously lowering the
CνB number density nν . A smaller nν in turn means a
larger

∑
mν can be accommodated by a given �ν .

Following this line of argument, reference [1524] shows
that relaxing the

∑
mν by a factor of two can be easily

accomplished with a moderate spectral distortion. In a
more daring study, reference [1525] finds that the bound
could even relax to

∑
mν � 3 eV if a Gaussian momen-

tum distribution was assumed (although of course it is
unclear what kind of physical process would lead to a
Gaussian momentum distribution).

– Late-time neutrino mass generation mechanism
Yet another possibility is that neutrinos do not gain a
mass until a suitably late time. This type of scenarios has
previously been discussed in the context of mass-varying
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neutrinos in [1526]. More recent variants include a late-
time phase transition [1527]. But, purely from a phe-
nomenological perspective, reference [1528] finds that
while constraints on

∑
mν are generally quite tight at

z � 1, a much larger mass sum,
∑

mν � 1.46 eV, can
be tolerated at z � 1.

4.4.5 Future probes

Several upcoming cosmological observations are likely to
improve the

∑
mν bound or even measure

∑
mν . The ESA

Euclid mission, a space-based dedicated cosmic shear survey
to launch in 2024, has a purported 1σ sensitivity to

∑
mν of

0.011 → 0.02 eV [1529]. Further in the future, the ground-
based, stage-4 CMB polarisation experiment, CMB-S4, also
claims a similar sensitivity to

∑
mν [1530]. In other words,

if the true neutrino mass sum was
∑

mν = 0.06 eV, then
measuring it at 3 → 5σ significance would be possible in
the next decade.

But, as with the interpretation of current
∑

mν bounds,
there are assumptions behind the derivation of these fore-
casted sensitivities. For example, to obtain the Euclid num-
bers, strong assumptions need to be made about how well
we understand the redshift evolution of the galaxy bias, good
modelling of the cluster mass function, etc., all of which
involve highly nonlinear physics that have no fundamen-
tal description. Thus, not only it is not entirely foolproof
that

∑
mν will finally be measured to the claimed statisti-

cal significance, the extent to which one can trust a claimed
“measurement” of

∑
mν is also less than clearcut. Until two

experiments measure the same
∑

mν value, prudent scepti-
cism should be exercised.

Finally, irrespective of the actual sensitivity finally realised,
it will not be sufficient to resolve the individual neutrino
masses [1531]. For the foreseeable future, the question of
the neutrino mass ordering can only be addressed by cos-
mological observations if the measured

∑
mν value should

fall below the minimum for the inverted mass ordering,∑
mν � 0.11 eV.

4.4.6 Final remarks

These is no question that neutrino masses induce some non-
trivial effects on cosmological observables, which can in turn
be used to measure or constrain the absolute neutrino mass
scale. While these measurements and constraints have mer-
its, it is important not to over-interpret them, as there are
assumptions underpinning these numbers that may not be
as well understood as claimed. Nor should one completely
ignore these numbers: while it is possible to evade the tightest
constraints to a good extent, it is not a situation of “anything
goes”. In our opinion, the best one could do is to treat all
bounds on and forecasted sensitivities to

∑
mν as ballpark

figures. Until multiple observations have measured the same∑
mν value, one should take all claimed “measurements” of∑
mν cum grano salis.

4.5 Heavy neutral leptons and their connection with
neutrinoless double beta decay: theory overview –
F. Deppisch

Author: Frank F. Deppisch, <f.deppisch@ucl.ac.uk>

4.5.1 Introduction

The Standard Model (SM) has five distinct species of mat-
ter building blocks, i.e., Weyl fermion states, namely the
left-handed lepton and quark SU (2) doublets as well as
the right-handed lepton, up-quark and down-quark singlets.
Curiously absent are right-handed neutrino states N j . While
they would nicely complete the picture, their non-observation
is not wholly surprising; in order to fit them into the SM, they
would be sterile, i.e., uncharged under the SM gauge interac-
tions. They can only couple with other SM particles through
the neutrino portal, i.e., the Yukawa interaction−y�j

ν L̄�·H N j

with a left-handed lepton doublet L� and the Higgs doublet
H . If they exist, their observation is suppressed by the light
neutrino masses mν � 0.1 eV required due to oscillations
but strongly constrained by absolute mass searches such as
tritium decay and cosmological observations.

This suppression occurs for Dirac neutrinos, i.e., when
the left-handed and right-handed neutrinos combine to form
a Dirac fermion with a mass induced by the Yukawa cou-
pling after electroweak symmetry breaking, but it also applies
for Majorana neutrinos. While the left-handed SM neu-
trino states cannot have a Majorana mass term− 1

2 mi j
ν ν̄

C
Li
νL j

because it is not allowed given that the SM is a gauge invari-
ant and renormalizable theory, the equivalent mass term for
the sterile right-handed neutrinos,− 1

2 Mi j N̄ C
i N j , would not

be forbidden. This opens up the possibility of lepton number
violation as the hallmark of the Majorana nature of neutrinos.

Combining the Yukawa and heavy sterile neutrino Majo-
rana mass terms leads to the well-known seesaw mecha-
nism (of type-I), with the light neutrino mass scale given
by |mν | ∼ |V�N |2m N . Here, |V�N | is the active-sterile mix-
ing strength and m N is the heavy right-handed neutrino mass.
The mixing induces suppressed charged and neutral currents
between the sterile states N j and a SM lepton of flavour
� = e, μ, τ . This forms a seesaw floor: the minimal active-
sterile neutrino mixing required to explain the observed light
neutrino masses, |V�N |2 = mν/m N ≈ 10−11(10 GeV/m N )

with mν = 0.1 eV as illustration.
This is not to say that the active-sterile mixing must always

satisfy the seesaw relation. If smaller, there must be an addi-
tional source of neutrino mass generation, e.g., another right-
handed neutrino or another mechanism such as seesaw type-
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Fig. 135 Current constraints (shaded regions) and projected sensitiv-
ities of future searches (open curves), including 0νββ decay, on the
electron-flavour active-sterile neutrino mixing strength |VeN |2 as a func-
tion of the HNL mass m N . The light blue (red) region is excluded for
both Dirac and Majorana (Majorana only) HNLs. The 0νββ decay sen-
sitivities are for a Majorana HNL (red band) and quasi-Dirac HNL (teal

band) for the half-life T 0ν
1/2 = 1028 yr in 76Ge with uncertainties from

0νββ nuclear matrix elements. The diagonal band labelled Seesaw indi-
cates the seesaw floor mν = |VeN |2m N with 0.001 eV < mν < 0.05 eV.
Taken from [1534], with detailed descriptions of the various probes in
[1532] and data available at www.sterile-neutrino.org

II. If larger, a cancellation between two or more contributions,
e.g., from two sterile states, is required. Related to this, the
sterile neutrino mass scale in the above seesaw relation is
not necessarily the mass of the sterile neutrino. In general,
it is connected to the scale of lepton number violation. This
may manifest itself in a quasi-Dirac sterile neutrino, i.e., two
Majorana sterile neutrinos that have a opposite C P parities
and a small mutual mass splitting �m N . This is realized in
extended scenarios like the inverse and linear seesaw mech-
anisms.

Nevertheless, sterile neutrinos or more generally, heavy
neutral leptons (HNLs)24 are well motivated feebly inter-
acting particles. Because of the small active-sterile neutrino
mixing, necessarily suppressed to explain the lightness of
neutrinos, HNLs are weakly coupled to the SM and they
are typically long-lived particles (LLPs). Their proper decay
length is approximately

L0
N ≈ 100 m× 10−11

|V�N |2
(

10 GeV

m N

)5

≈ 100 m×
(

10 GeV

m N

)4

,

(160)

24 We will use the term HNL throughout, though it is more general and
may include uncharged and uncoloured fermions that do not contribute
to light neutrino masses or which may have interactions beyond the SM.

for 1 GeV � m N � mW . The latter expression applies at the
intersection with the seesaw floor for mν = 0.1 eV. HNLs in
such a mass range thus naturally lead to LLP signatures.

To indirectly probe the scenario described above, we
should observe light neutrinos as Majorana fermions. The
only realistic way to do this, given the strong mass constraint
mν � 0.1 eV, is neutrinoless double beta (0νββ) decay. This
rare nuclear decay, energetically allowed in certain isotopes
such as 76Ge → 76Se + e−e−, is only possible if total lep-
ton number is violated. Besides proving the Majorana nature
of light active neutrinos, it is generally sensitive to other
exotic sources of lepton number violation, at or below the
O(10) TeV scale. We will here focus on HNL contributions
to 0νββ decay in comparison with direct HNL searches.

4.5.2 Current direct constraints and future sensitivities on
HNLs

The LLP property of HNLs is critical in direct searches [1173,
1532]. Focussing on the electron-flavour mixing strength
|VeN | later relevant for 0νββ decay, Fig. 135 provides an
overview of current constraints and future sensitivities over
the broad HNL mass range 0.1 eV < m N < 10 TeV. The
diagonal band labelled Seesaw indicates the seesaw floor,
mν = |VeN |2m N with 0.001 eV < mν < 0.05 eV.
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Direct searches can be broadly categorized as follows. For
large mass, HNLs are produced efficiently in high-energy col-
lisions through charged and neutral currents, pp → W+ →
e+N and pp → Z → νN . Beam-dump experiments and
meson factories generate mesons abundantly, with HNLs
produced in their decay, e.g., K+ → e+N . Sufficiently
light HNLs mixing with electron-flavour emerge in nuclear
beta decays and other weak nuclear processes. Here, there
is strong potential for development, e.g., the recent BeEST
experiment [1533] has improved limits by almost two orders
of magnitude. While there is no hint of a signal for HNLs,
there are anomalies in oscillation experiments around the
squared mass difference�m2

14 = m2
N −m2

ν ≈ 1 eV2, which
can be interpreted as a hint for light sterile neutrinos, although
there no consistent interpretation. Regardless, neutrino oscil-
lations are sensitive to eV-scale sterile neutrinos but also indi-
rectly to more massive HNLs through the resulting deficit of
active neutrinos detected, if the absolute neutrino flux is suffi-
ciently well known. Similarly, a non-vanishing active-sterile
mixing means that the mixing matrix among the active neu-
trinos is no longer unitary, changing electroweak precision
data observables.

Finally, for HNL masses m N � 1 GeV, constraints
from cosmology and astrophysics are severe. Most relevant
around this mass scale, HNLs thermalize in the early uni-
verse through scattering or oscillation, even for very small
mixing, and if decaying at times later than∼ 1 s, they disturb
big bang nucleosynthesis (BBN). Lighter and consequently
longer-lived HNLs may inject light neutrino degrees of free-
dom or over-close the universe as Dark Matter.

4.5.3 HNLs in neutrinoless double beta decay

Future neutrinoless double beta decay searches will be sensi-
tive to light Majorana neutrinos with masses mν ≈ 10−2 eV
as well as New Physics of lepton number violation below
O(10) TeV [1535–1538]. This includes Majorana HNLs and
the 0νββ decay half-life T 0ν

1/2 due to the combined effect of
light active Majorana neutrinos and HNLs is

[
T 0ν

1/2

]−1 = ∣∣meff
ββ

∣∣2∣∣M0ν
ν

∣∣2G0ν/m2
e . (161)

Here, G0ν ∼ 10−15 yr−1 is the phase space factor setting the
overall decay rate, M0ν

ν is the dimensionless nuclear matrix
element for light neutrino exchange and the electron mass
me is conventionally used for normalization. The nuclear
matrix element is |M0ν

ν | ∼ O(1) but it has a large theoret-
ical uncertainty due to differences in nuclear structure cal-
culations. Both G0ν and M0ν

ν depend on the 0νββ decaying
isotope. Existing 0νββ decay searches have not observed a
signal, setting a limit T 0ν

1/2 � 1026 year [1539,1540]. Future
planned experiments such as LEGEND-1000 [1541] have a

projected sensitivity reaching T 0ν
1/2 ≈ 1028 year. The effec-

tive 0νββ mass in Eq. (161) is

∣∣meff
ββ

∣∣ =
∣∣∣∣∣

3∑
i=1

U 2
ei mνi +

2∑
a=1

V 2
eNa

m Na

F(m Na )〈p2〉
〈p2〉 + m2

Na

∣∣∣∣∣ ,

(162)

summing over the three light active neutrinos νi , with the
Pontecorvo–Maki–Nakagawa–Sakata mixing matrix U , and
two HNLs Na as illustration. The 0νββ energy scale is
〈p2〉 ≈ (100MeV)2. For m2

Na
≈ 〈p2〉, the momentum depen-

dence on the nuclear matrix elements would need to be
included more carefully but the above expression is a good
approximation. It interpolates between the light and heavy
HNL regimes [1542], using the weakly varying correction
factor F(m Na ) ≈ 1 to account for the variation of the 0νββ
energy scale in different types of nuclear matrix elements
[1543,1544].

Different from direct searches, 0νββ decay depends on
the coherent sum over all contributions as apparent from
Eq. (162), and the rate depends on the relative C P phases
in the potentially complex active-active and active-sterile
neutrino mixing matrix elements Uei and VeNa , respec-
tively. Quasi-Dirac HNLs have (approximately) opposite
mixing phases, V 2

eN2
≈ −V 2

eN1
and a small mass difference,

m N2 − m N1 = �m N  m Na . Their contributions thus can-
cel each other, as is generally expected in any lepton number
violating process such as 0νββ decay must vanish in the limit
of exact Diracness. For masses, m N � 100 MeV, the contri-
bution of a quasi-Dirac HNL to 0νββ decay is roughly

1028 yr

T 0ν
1/2

≈
(
�m N/m N

10−2 · |VeN |2
10−7 · 1 GeV

m N

)2

, (163)

for 76Ge [1538] and normalized to the LEGEND-1000 sen-
sitivity. This expression also covers the limiting case of a
Majorana HNL with effectively�m N /m N = 1. Future 0νββ
decay experiments are thus sensitive to active-sterile mixing
strengths down to |VeN |2 ≈ 10−10 to 10−9, in the range
10 MeV � m N � 1 GeV. This is also shown in Fig. 135 via
the red band with the width indicating nuclear matrix ele-
ment uncertainties including the potential quenching of the
axial nuclear coupling strength [1545].

As noted, the sensitivity is accordingly reduced for quasi-
Dirac HNLs. This is shown by the teal band in Fig. 135,
for a mass splitting �m N/m N = 10−2. It also includes
the effect of the interference with the contribution from the
light active neutrinos. On general grounds, this interference is
expected to be destructive: for light HNLs, m N  100 MeV,
Eq. (162) simplifies to

∑
i U 2

ei mνi +
∑

a V 2
eNa

m Na = 0 due
to the seesaw relation between the masses and mixing matrix
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Fig. 136 Active-sterile mixing strength s2
e1 ≈ |VeN1 |2 and mass split-

ting r� = �m N /m N constrained by a hypothetical observation of an
HNL signal at DUNE (vertical blue band) and LEGEND-1000 (diag-
onal band) in a scenario with a pair of quasi-Dirac HNLs with mass
m N1 = 800 MeV and a light active neutrino mass mν = 10−1.9 eV

(left) and mν = 10−2.5 eV (right). The colours on the 0νββ band indi-
cate the C P phase φ1 of HNL N1 relative to that of light neutrinos. The
red contours give the 68% and 95% credible regions in combining both
observations. Taken from [1544]

elements25. This results in the steep slope of the teal band for
m N < 100 MeV, with the light neutrino contribution being
|mββ | = 10−3 eV.

Phenomenologically speaking, it is possible to con-
sider HNLs with arbitrary mass, mass splitting and mixing
strength. While larger masses m N � 10 GeV and splitting
�m N/m N are allowed they lead to larger loop corrections to
the light neutrino masses [1532,1546,1547]. The above dis-
cussion only includes the seesaw-induced mass which cor-
responds to the tree level. In Fig. 135, the region to the right
of the curve labelled Loop is disfavoured in the quasi-Dirac
case by requiring that the loop induced neutrino mass is less
than 10% of the tree-level seesaw mass.

It is worthwhile to note that both 0νββ decay and direct
searches, e.g., at DUNE, are expected to probe a parame-
ter space close to the seesaw floor, for m N � 10 GeV. This
potentially allows probing detailed properties of HNLs by
combining results from direct and 0νββ searches [1544].
Figure 136 shows the constraints on the active-sterile mix-
ing strength s2

e1 ≈ |VeN1 |2 and the mass splitting r� =
�m N/m N of a pair of quasi-Dirac HNLs expected from
hypothetical observations of an HNL signal at DUNE (blue
band) and LEGEND-1000 (diagonal coloured band) with
≈ 300 events and 10 events, respectively. As a direct search,
DUNE is largely insensitive to the mass splitting as well as
any C P phases, thus fixing |VeN1 |2 for the assumed HNL
mass m N1 = 800 MeV. On the other hand, 0νββ decay is
suppressed by the quasi-Dirac mass splitting, resulting in a
diagonal band in the parameter space shown. The left and

25 This assumes that there are no other sources contributing to light
neutrino masses.

right plot are for a light neutrino mass of mν = 10−1.9 eV
and mν = 10−2.5 eV, respectively, additionally contribut-
ing to 0νββ decay. The former value saturates the future
0νββ decay rate on its own. The leads to the broadening
of the band in the left plot but it also activates a sensitivity
to the C P phase φ1 of the HNL as indicated. In combining
both hypothetical observations at DUNE and LEGEND-1000
would pinpoint the active-sterile mixing and the mass split-
ting within the 68% and 95% credible contours shown.

4.5.4 Conclusion

HNLs are well-motivated by the need to understand the light-
ness of active neutrinos, which also naturally makes them
feebly interacting. They can be searched for in a large num-
ber of experiments and observations over a broad mass range
1 eV � m N � 10 TeV. Future direct searches will exploit the
expected LLP signature to reach unprecedented sensitivities
close to or drilling through the seesaw floor of light neu-
trino mass generation. This connection to the light neutrinos,
specifically their mass and their possible Majorana nature,
also allows HNLs to be probed in 0νββ decay where future
searches such as LEGEND-1000 are expected to improve the
sensitivity on the 0νββ decay half life by two orders of mag-
nitude to T 0ν

1/2 ≈ 1028 year. The main goal of 0νββ decay
searches is to prove the Majorana nature of light neutrinos. Its
discovery would provide the strongest motivation for HNLs.

In addition, direct searches and 0νββ decay are highly
complementary. The former mainly rely on real HNL pro-
duction and thus depend on the HNL mass and the modulus
of the active-sterile mixing strength. On the other hand, 0νββ
decay involves a virtual HNL exchange and is delicately sen-
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sitive to the nature of HNLs, an HNL mass splitting and the
C P phases in the HNL sector.26 Observing HNLs in direct
and 0νββ decay searches can thus shed light on the detailed
properties of HNLs and their role in generating the light neu-
trino masses as well as the matter-antimatter asymmetry of
the universe through leptogenesis.

We have here focussed on the sterile nature of HNLs, only
including a mass mixing with the active neutrinos and thus
allowing HNLs to participate in SM charged and neutral cur-
rents, albeit strongly suppressed by the small active-sterile
mixing. Going further beyond the SM, HNLs can have other
interactions, with SM or exotic particles, such as transition
magnetic moments [1551] or new gauge forces [1552,1553].
They may also not be immediately recognizable as sterile
neutrinos, e.g., neutralinos in R-parity violating supersym-
metry [1554].

4.6 Search for heavy neutral leptons and Higgs portal
scalars with MicroBooNE – S. Söldner-Rembold

Author: Stefan Söldner-Rembold,
<Stefan.Soldner-Rembold@cern.ch>

4.6.1 Introduction

The MicroBooNE detector [1386] was a liquid-argon Time
Projection Chamber exposed to both the booster neutrino
beam (BNB) and the neutrino beam from the main injector
(NuMI) at Fermilab. In this document, we present recent
results on searches for the production and decay of long-
lived heavy neutral leptons (HNL) and Higgs portal scalars
(HPS). The document is an abbreviated presentation of the
results described in Ref. [1437], which should be used as the
primary reference.

Previously, MicroBooNE published upper limits on the
production of HNLs decaying to μπ pairs for an expo-
sure of 2.0 × 1020 protons on target (POT) from the BNB,
using a dedicated trigger configured to detect HNL decays
that occur after the neutrino spill reaches the detector. That
search yielded upper limits at the 90% confidence level
(CL) on the element |Uμ4|2 of the extended PMNS mix-
ing matrix |Uμ4|2 for Dirac and Majorana HNLs in the
HNL mass range 260 ≤ mHNL ≤ 385 MeV and assuming
|Ue4|2 = |Uτ4|2 = 0 [1555]. MicroBooNE has also pub-
lished a search for HPS decaying to e+e− pairs assuming
the HPS originate from kaons decaying at rest after having
been produced at the NuMI absorber [1354]. A data set corre-
sponding to 1.93×1020 POT is used to set limits on θ2 in the
range 10−6–10−7 at the 95% CL for the mass range directly
below the range considered here (0 < mHPS < 211 MeV).

26 The SM-allowed two-neutrino double beta decay can also be used
to directly search for MeV-scale HNLs [1548–1550].

The HNLs would be produced in the decays of charged
kaons and pions originating from the proton interactions on
the targets of the BNB or NuMI neutrino beams. If the HNL
lifetime is sufficiently long to allow the HNL to reach the
MicroBooNE detector, they can decay into Standard Model
(SM) particles within the argon volume. We consider the
production channel K+ → μ+N with the decay decay width
into μπ are each proportional to |Uμ4|2, and the total rate
therefore to |Uμ4|4, assuming |Ue4|2 = |Uτ4|2 = 0 [1454].
We thus place limits exclusively on the |Uμ4|2 mixing matrix
element. The accessible HNL masses are constrained by the
condition mK − mμ > mHNL > mμ + mπ . HNL states can
include Dirac and Majorana mass terms, where Majorana
HNLs would decay in equal numbers into μ+π− and μ−π+
final states. Dirac HNLs from K+ decays could only decay
to the charge combinationμ−π+ to conserve lepton number.

The Higgs portal model [1556] is an extension to the SM,
where an electrically-neutral singlet scalar boson mixes with
the Higgs boson with a mixing angle θ . Through this mixing,
this HPS boson acquires a coupling to SM fermions via their
Yukawa couplings, which is proportional to sin θ . The phe-
nomenology of the Higgs portal model, including the equa-
tions describing production and decay of the scalar boson, are
discussed in Ref. [1557]. The dominant production channel
considered here is the two-body decay K+ → π+S (where
the HPS is denoted by S). The dominant decay mechanism is
a penguin diagram with a top quark contributing in the loop.

The partial decay width for decays to charged leptons is
proportional to m2

� [1557]. If there are no dark sector particles
with masses < mHPS/2, the branching fraction into μ+μ−
pair is ≈ 100% for mμ+μ− < mHPS < mπ0π0 . The decays
into π+π− pairs become accessible at mHPS > 279.1 MeV.
The π+π− decay signatures would appear very similar to
μ+μ− decays, but the analysis is not sensitive to HPS decays
in the π+π− decay channel, as the HPS would decay before
the detector. We set limits as a function of the mixing angle
θ as HPS production and decay rate are ∝ θ2.

We generate the signal using the flux of charged kaons
that produce neutrinos, decaying them instead into an HNL
or an HPS through the processes K → μN or K → π S.
The exponential decay of the HPS flux is accounted for
when selecting a decay vertex. The HPS lifetime is pro-
portional to θ−2 [1557]. The decay length of an HPS with
mHPS > 2mμ and a mixing angle in the region of interest
of 10−7 < θ < 10−9 is similar to the distance between
the absorber and the MicroBooNE detector. Therefore some
HPS will decay before reaching the detector, reducing the
flux in the MicroBooNE detector. For large values of θ2,
only a small fraction of the HPS reach the detector before
decaying, which restricts the upper reach of exclusion con-
tours as a function of θ2. The exponential decay of the HNL
flux is negligible for the mixing angles considered here as the
HNL lifetime is much longer than the time needed to reach
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Fig. 137 Limits at the 90% confidence level as function of mass for (left) |Uμ4|2, assuming a Majorana HNL decaying into μπ pairs, and (right)
θ2

eff of an HPS decaying into μμ pairs. The observed limits are compared to the median expected limit

Fig. 138 a Limits on |Uμ4|2 at the 90% CL as function of mass for
Majorana and Dirac HNL compared to the results of the SIN [1558],
PIENU [1559], KEK [1560], NA62 [1182], E949 [1561], PS191 [1562],
T2K [1563] and NuTeV [1564] collaborations. b Limits at the 90% CL
on the scalar-Higgs mixing angle θ as a function of mHPS compared to
reinterpretations of CHARM [1432], LSND [1565], and PS191 [1566]
measurements. In other mass ranges, limits are from a MicroBooNE

search for the e+e− final state [1354] (at the 95% CL), and from searches
by the NA62 [1176,1182] and E949 collaborations [1361] for charged
kaon decays to pions and an HPS. The LHCb collaboration performed
two searches for an HPS with short lifetime, which would be produced
and subsequently decay within the detector [1362,1363]. The joint cov-
erage of the LHCb result is shown at the 95% CL

the MicroBooNE detector. The number of HNL decaying
before reaching the detector is therefore neglected, and the
final event rate is proportional to |Uμ4|4.

4.6.2 Results

We train boosted decision trees (BDTs) that discriminate
between the signal and the background passing an initial
selection, separately for each mHNL and mHPS mass point.
The background sample contains events where hits from
overlaid cosmic events are mis-reconstructed as signal can-
didates. Therefore, cosmic-ray background is also rejected
by the BDT, even without training on a beam-off sample. In
total, we use 21 BDT input variables. Uncertainty sources
are considered for the background and signal samples by
applying variations that modify the BDT score distributions.
For the simulated background sample describing neutrino
interactions in the cryostat, we consider the impact of the
flux simulation, cross-section modeling, hadron interactions
with argon, and detector variations.

The BDT score distributions are used as input to a mod-
ified frequentist CLs calculation to set upper limits on the
signal strength for each model and mass point. The observed
and median expected 90% CL limits on |Uμ4|2 are shown for
each HNL mass point in Fig. 137. The 1- and 2-standard devi-
ation intervals cover the range of expected limits produced
by 68% and 95% of background prediction outcomes around
the median expected value. The observed limits are contained
in the 1-standard-deviation interval for all mass points with
the exception of mHNL = 371.5 MeV and 385.0 MeV, and
for mHPS = 215 MeV, where the observed limit lies within
2 standard deviations and use a linear interpolation between
the mass points when drawing contours. We derive the limits
assuming HNLs are Majorana particles. For a Dirac HNL,
only decays to the charge conjugated final state μ−π+ are
allowed in K+ decays. The expected number of decays is
therefore a factor of two smaller for the same |Uμ4|2 value.
The limits for Dirac HNLs are calculated from the Majorana
limit by applying a factor of

√
2 to account for the reduced
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Fig. 139 Predicted heavy neutral lepton (HNL) fluxes at different on-axis and off-axis locations in the DUNE beam. Figure taken from Ref. [1571]

decay rate, since the difference due to angular distributions
of the decay is found to be negligible.

In Fig. 138, we compare the observed limits to the exist-
ing experimental limits in similar regions of parameter space
for both models. The results extend MicroBooNE’s sensitiv-
ity to |Uμ4|2 by approximately an order of magnitude com-
pared to the previous MicroBooNE HNL result [1555]. The
T2K [1563] and NuTeV detectors [1564] were also located
in a neutrino beam. The PS191 experiment [1562,1567] at
CERN was specifically designed to search for massive decay-
ing neutrinos. The NA62 [1568] and E949 [1561] collabora-
tions performed a peak search for HNLs in kaon decays. The
muon spectrum measured in stopped K+ → μ+ν decays
(K2μ) has also been used to set limits on HNLs [1560,1569].
In the mass range 300 < mHNL < 385 MeV, this search
has similar sensitivity as NA62 [1182]. The E949 [1561],
PS191 [1562], and T2K [1563] limits are stronger across the
range 300 < mHNL < 385 MeV. The T2K collaboration
provides no limit point for masses above 380 MeV. Here, the
MicroBooNE limit is of equal or greater sensitivity than the
NA62 result.

For the HPS model, we constrain a region of parame-
ter space for 212 < mHPS < 275 MeV not previously
excluded by any dedicated experimental search. The exist-
ing limits in this region are reinterpretations of decades old
CHARM [1432], LSND [1565], and PS191 [1566] measure-
ments, performed by authors outside the respective collab-
orations without access to the original experimental data or
MC simulation. Reinterpretations depend on external beam-
line, flux, and detector simulations. If the signal topology
differs from the original selection criteria, the results also
depend on estimated detection efficiencies. In the case of the
CHARM experiment, the more recent sensitivity estimate in
Ref. [1432] disagrees by nearly an order of magnitude from
the estimate in Ref. [1570].

In summary, we set upper limits on the mixing parameter
|Uμ4|2 ranging from |Uμ4|2 = 12.9 × 10−8 for Majorana
HNLs with a mass of mHNL = 246 MeV to |Uμ4|2 = 0.92×

10−8 for mHNL = 385 MeV, assuming |Ue4|2 = |Uτ4|2 = 0
and HNL decays into μ±π∓ pairs. These limits on |Uμ4|2
are of similar sensitivity to those published by the NA62 col-
laboration [1182] and they represent an order of magnitude
improvement in sensitivity compared to the previous Micro-
BooNE result [1555]. We also constrain the scalar-Higgs
mixing angle θ by searching for HPS decays into μ+μ−
final states, excluding a contour in the parameter space with
lower bounds of θ2 < 31.3 × 10−9 for mHPS = 212 GeV
and θ2 < 1.09 × 10−9 for mHPS = 275 GeV. These are
the first constraints in this region of the θ2–mHPS param-
eter space from a dedicated experimental search. It is also
the first search in this mass range using a liquid-argon TPC.
Other MicroBooNE results searching for beyond the Stan-
dard Model physics, such as HNL decays, milli-charged par-
ticles, axions, and dark matter particles are in preparation.

4.7 Heavy neutral leptons at short-baseline neutrino
detectors – J. Kopp

Author: Joachim Kopp, <jkopp@cern.ch>

One of the most promising ways of searching for heavy neu-
tral leptons (also known as sterile neutrinos, right-handed
neutrinos, or singlet fermions) is to leverage the power of
existing and upcoming neutrino beams [1571]. Notably, long-
baseline neutrino experiments are typically equipped with a
sophisticated suite of Near Detectors, placed of order hun-
dreds of meters away from the target. The main role of these
Near Detectors in oscillation physics is the precise measure-
ment of the unoscillated neutrino flux and spectrum, the mon-
itoring of the beam to quickly detect deviations from nominal
parameters, and the measurement of neutrino–nucleus inter-
action cross sections. To achieve these goals, the detectors
benefit from a (for neutrino standards) incredibly large event
rate of for example tens of events per beam spill for DUNE,
and from excellent event reconstruction capabilities. In addi-
tion, it is desirable to measure the neutrino flux not only on
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the beam axis but also in off-axis locations by either making
detectors movable or by operating several of them in differ-
ent locations. This is useful because the neutrino spectrum
changes as a function of the off-axis angle, but neutrino cross
sections obviously do not. Therefore, off-axis measurements
allow us to disentangle systematic uncertainties associated
with the beam itself from those associated with neutrino cross
sections.

All of these features make near detectors of oscillation
experiments – or short-baseline neutrino detectors more
generally – ideally suited for heavy neutral lepton (HNL)
searches. These searches, too, benefit from extremely high
beam intensity, excellent event reconstruction, and the possi-
bility to go off-axis. Therefore, they can be carried out fully
parasitically.

In the following, we will elaborate on the prospects of
HNL searches in such experiments, following mainly the
discussion in Ref. [1571], but also adding some new aspects.

4.7.1 Heavy neutral lepton fluxes

Our starting point is the neutrino portal operator

L ⊃ y L̄(iσ 2 H∗)N , (164)

where y is a dimensionless Yukawa coupling, L is a Standard
Model (SM) lepton doublet field, H is the Higgs doublet field,
and N is the HNL field. For clarity, we have omitted flavour
indices here, which are understood to be carried by L and N .
We remind the reader that Eq. 164 is the only renormalizable
operator through which SM particles can couple to a singlet
fermion, making it particularly interesting in the context of
dark sector searches.

After the Higgs field acquires its vacuum expectation
value, Eq. 164 leads to mixing between active neutrinos and
N , and this in turn implies that any process that in the SM
produces neutrinos can now also produce HNLs, as long as
the latter are kinematically accessible. Compared to SM neu-
trino production, HNL production is of course suppressed by
a mixing angle. In an accelerator neutrino experiment, neu-
trinos are chiefly produced in charged meson decays, mostly
π → νμ, but also kaon an D meson decays.

To model meson decays to HNLs, we start from the results
of DUNE’s beamline simulation, which have been released
in the form of Monte Carlo event files [1572]. We extract
the properties of the neutrinos’ parent mesons from these
files and then re-decay the mesons into final states contain-
ing HNLs instead of SM neutrinos. We thus obtain accu-
rate predictions for HNL fluxes from pion and kaon decays,
which are most relevant for HNLs whose mass is below the
pion resp. kaon mass (minus a charged lepton mass). For
heavier HNLs (up to the D meson mass), the most impor-
tant production channel in DUNE is Ds decay, which is not

included in DUNE’s simulations as it is irrelevant for oscilla-
tion physics. We estimate HNL fluxes from Ds decay using
the NuShock code [1573], which has been released together
with Ref. [1574] (see Ref. [1571] for further details).

Our predictions for the HNL fluxes at DUNE are shown
in Fig. 139, where the three panels correspond to different
HNL masses, MN : in the left panel, MN  mπ has been
assumed, so the flux is dominated by HNL production in
pion decays. In the middle panel, production in pion decays
is kinematically forbidden, but kaon decays are kinemati-
cally allowed. The panel on the right, finally, considers a
rather heavy HNL that can only be produced in Ds decays.
Note the different scaling of the vertical axis for this much
reduced flux. Comparing different off-axis locations (differ-
ent colored histograms), we observe a spectrum that gets
narrower and softer further away from the beam axis. How-
ever, this softening is less pronounced for heavier HNLs (note
the different scale on the horizontal axis in the three panels
of Fig. 139), as can be understood from the fact that heav-
ier parent mesons are less boosted in the forward direction.
This suggests that looking for HNLs off-axis may be advan-
tageous, as the background due to SM neutrino interactions
drops more rapidly than the HNL signal. We will investigate
this possibility in the following.

4.7.2 Heavy neutral lepton sensitivity in DUNE

To further investigate the prospects for detecting HNLs in the
DUNE near detectors, we have set up a simulation that prop-
agates the HNLs (and SM background neutrinos) through
DUNE’s liquid argon and gaseous argon near detectors and
decaying them randomly. Only fully leptonic decay modes
and decay modes involving pions are considered as these
decays have the largest branching ratios across the HNL
mass spectrum [1173,1571,1574,1575]. SM backgrounds
are simulated again using the NuShock code [1573], which
takes as input a list of neutrino scattering events (from
GENIE v3.00.06 [590] in our case) and applies simple detec-
tor simulation and event reconstruction methods to them. We
conservatively assume no charge identification capabilities.

We then apply a cut on the angle θ between the mean
direction of the two HNL decay product candidates and the
beam axis, requiring θ < MN/(E1 + E2), where E1 and
E2 are the energies of the two particles [1574]. This cut,
which turns out to be quite effective in reducing backgrounds,
exploits the fact that HNL decays are typically relatively for-
ward, whereas neutrino interaction products are distributed
more isotropically due to the large mass of the recoil nucleus.
Events surviving the cut are binned the (E1, E2) plane (see
Fig. 140), and a maximum likelihood analysis is carried out
on the resulting two-dimensional histograms.

This leads to sensitivity projections, some of which we
show in Fig. 141. In that plot, we focus specifically on HNLs

123



 1122 Page 182 of 266 Eur. Phys. J. C          (2023) 83:1122 

0 2 4 6 8 10
E1 [GeV]

0

2

4

6

8

10

E
2
[G

eV
]

Signal

M = 1000 MeV, |Uα4|2 = 10−5

N → e±π∓, on-axis

0 2 4 6 8 10
E1 [GeV]

0

2

4

6

8

10

E
2
[G

eV
]

Signal

M = 1000 MeV, |Uα4|2 = 10−5

N → e±π∓, 1.8◦ off-axis

0 2 4 6 8 10
E1 [GeV]

0

2

4

6

8

10

E
2
[G

eV
]

Background

M = 1000 MeV, |Uα4|2 = 10−5

N → e±π∓, on-axis

0 2 4 6 8 10
E1 [GeV]

0

2

4

6

8

10

E
2
[G

eV
]

Background

M = 1000 MeV, |Uα4|2 = 10−5

N → e±π∓, 1.8◦ off-axis

Fig. 140 Two-dimensional distributions of signal events (top) and
background events (bottom) in the plane spanned by the energies of
the two HNL decay products. The large differences in the distributions
help to suppress backgrounds. Panels on the left are for an on-axis

measurement, while those on the right are for off-axis operation of the
detector. In the latter case, backgrounds are significantly reduced, but
so is the signal

mixing with ντ , where we see that the DUNE near detec-
tors can cover significant unexplored parameter space. Inter-
estingly, we also observe that on-axis-only running (dotted
blue curve) gives sensitivities comparable to a running strat-
egy that involves both on-axis and off-axis running (solid
blue curve). This is because the loss in signal and the loss in
background balance each other when going off-axis, given
the efficient background suppression cuts discussed above.

An update of these projections above with the most
recent information on detector response included, and for
the expected staging scenario of the DUNE near detectors
was recently presented in [1173].

4.7.3 HyperKamiokande

Given the excellent prospects for HNL searches in the DUNE
near detectors, we can assume that also the near detectors in

the current T2K and future T2HK experiments should be very
well suited for such searches. This is indeed the case, though
there are a number of differences which ultimately put T2K
and T2HK at a slight disadvantage compared to DUNE:

1. Beam energy. The lower energy of the proton beam J-
PARC (50 GeV) compared to Fermilab’s Main Injector
beam (up to 120 GeV) implies that virtually no charm
quarks are produced at J-PARC. As only charmed mesons
(and bottom mesons) can decay to ντ , this means that
HNL mixing with ντ is inaccessible at J-PARC.

2. No low-density detector. The current plans for the J-
PARC Near Detector suite do not foresee a large gaseous
detector like DUNE’s ND-GAr. This means that HNL
searches there cannot benefit from the better signal-to-
background ratio offered by gaseous detectors in searches
where the signal scales as the detector volume, whereas
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Fig. 141 Existing and
predicted future limits on HNLs
mixing with ντ . Figure taken
from Ref. [1571]
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the background scales as the detector mass. However, as
we have shown above, efficient background rejection can
be possible in HNL searches, alleviating this disadvan-
tage.

Initial sensitivity projections made by T2HK are presented
in [1173].

4.8 Heavy neutral leptons at neutrino telescopes –
P. Coloma

Author: Pilar Coloma, <pilar.coloma@ift.csic.es>

4.8.1 Introduction and motivation

The addition of heavy neutrinos to the Standard Model (SM)
particle content is well-motivated: they can generate the light
neutrino masses through the well-known Seesaw mechanism,
and open a renormalizable portal to the hidden sector (the
so-called neutrino portal). The addition of a heavy neutrino
introduces a new physics scale associated to its mass, which
may even be related to the violation of the lepton number
symmetry if neutrinos are Majorana fermions. In traditional
type-I seesaw models [1459,1461,1462,1507], the SM neu-
trino masses are inversely proportional to the Majorana mass,
which is set to very high scales (at the GUT scale) in order to
favor Yukawa couplings of order one. However, these mod-
els generate large corrections to the Higgs mass [1576], and
may only be tested indirectly since the new particles are too
heavy to be produced in laboratory experiments.

Alternatively, an appealing possibility is that the right-
handed neutrinos are relatively light, and lie at the GeV scale
or below. In the literature these neutrinos are often referred

to as Heavy Neutral Leptons (HNLs). Low-scale seesaws
explain the smallness of neutrino masses from the conser-
vation of a global symmetry, lepton number [1490–1492].
Besides being able to reproduce the observed pattern of light
neutrino masses and mixing, these models could perhaps also
solve some of the open problems of the SM such as the gen-
eration of the baryon asymmetry in the Universe or the dark
matter abundance [1477,1479].

Thus, since a priori there is no strong argument to set the
HNL mass to any given value it seems logical to try to explore
the phenomenological consequences of HNL across a wide
range of scales and experimental setups. For the purposes of
this talk it is enough to consider one HNL with a mass in the
MeV-GeV range, that mixes with the SM neutrinos. Then, a
neutrino of flavor α can be written as a superposition of the
four mass eigenstates:

να =
∑

i

Uαiνi +Uα4 N , (165)

where N refer to the HNL, and U is the full mixing matrix
which parametrizes the change between the flavor and mass
bases. Hereafter, in order to simplify our notation, we will
use Uα ≡ Uα4.

After being produced, such heavy neutrinos may decay
back to SM particles, leaving a visible signal in neutrino
detectors. This talk summarizes some of the main possibili-
ties to search for such signals using neutrino telescopes and
atmospheric neutrino detectors.

4.8.2 Searches for HNL decays in neutrino telescopes

In the atmosphere HNLs can be directly produced from
meson decays, assuming they are kinematically accessible,
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through their mixing with the SM neutrinos. Alternatively,
they could be produced in the up-scattering of SM neutrinos
as they interact with matter (for example, ναN → NN for
an elastic interaction, where N is a nucleus present in the
Earth).

Under the assumption that the HNL interacts only through
mixing with the active neutrinos, this implies that once it
has been produced the HNL will eventually decay to SM
particles (a combination of mesons and leptons). Also, it will
be typically long-lived since the decay rates are proportional
to the mixing. As an example, to a good approximation, the
decay length (in the laboratory frame) for a HNL with mass
m N = 1 GeV reads:

Llab,N � 30

(
10−3

|Uτ |2
)(

EN

10 GeV

)
m,

where EN is the energy of the HNL, and we have set Ue =
Uμ = 0 for concreteness.

Non-minimal extensions of the SM also contemplate the
possibility that the HNLs interacts with the SM particles
through effective operators, or new interactions with addi-
tional mediators. A simple example consists in the addition
of an effective (d = 5) dipole operator μνα (ν̄L ,ασ

μνN )Fμν ,
where μνα is the transition dipole moment, Fμν is the elec-
tromagnetic field strength tensor and σμν ≡ i

2

[
γ μ, γ ν

]
. For

m N ∼ 100 MeV, the associated decay length in this case is:

Llab,N � 100

(
10−8μB

μν

)(
EN

10 GeV

)
m,

whereμB is Bohr’s magneton. Additional extensions consid-
ered in the literature include HNLs which feel a new interac-
tion mediated by a relatively light Z ′, which have been put
forward in order to explain the MiniBooNE anomaly [1577,
1578].

It thus follows that, in both minimal and non-minimal
scenarios, after being produced the HNLs may travel for
tens or even hundreds of meters before decaying, leading
to distinct signatures in neutrino detectors. In particular, this
talk focuses on the possibilities to detect the decay products
of HNLs inside atmospheric neutrino detectors and neutrino
telescopes. Hereafter I will distinguish three types of searches
for HNL depending on their production point, as outlined
below, since they lead to different phenomenological conse-
quences.

Production inside neutrino detectors
In the SM, tau neutrinos with ultra-high energies are

expected to leave a characteristic signal in neutrino tele-
scopes: a first energy deposition from a ντ charged-current
(CC) interaction in the detector, followed by a second energy
deposition associated to the decay of the tau lepton pro-
duced [1579]. This signal is usually referred to as a double-
bang, a double-cascade or a double-pulse signal.

As proposed in Ref. [1580], a similar signal would be
expected in certain BSM models and, in particular, in exten-
sions of the SM with HNLs. In this case, since the HNLs
are long-lived and the neutrino flux follows a steep power
law with energy, the events are expected to take place with
energies in the ballpark of tens of GeV (at higher energies the
HNL would be too boosted, exiting the detector before decay-
ing). Neutrino telescopes, such as Icecube, may be sensitive
to such a signal provided that: (1) the first shower triggers the
detector; (2) the two depositions take place sufficiently close
to a photomultiplier so the light does not get absorbed by the
ice before being detected; and (3) the two energy depositions
are sufficiently separated so they can be distinguished from
each other.

The main advantage of searching for HNLs in this way
resides in the availability of a large ντ flux from atmospheric
νμ → ντ oscillations, as opposed to laboratory experiments
where tau neutrinos are difficult to produce. As a first esti-
mate of the sensitivity to such a process, in Ref. [1580] we
determined that at least one event would be observed at Ice-
cube/Deepcore over a period of 6 years of data taking, for
a HNL with m N ∼ 1 GeV and mixing Uτ4 ∼ 2 × 10−4.
In the neutrino magnetic moment scenario, under the same
assumptions the corresponding sensitivity could potentially
reach values of μντ ∼ 10−9μB for m N ∼ 100 MeV, well
below current constraints from laboratory experiments. The
background from coincidental atmospheric neutrino events
was estimated to be negligible in Ref. [1580]. However, the
Icecube collaboration is now studying the sensitivity to such
a signal in depth, including a more detailed assessment of the
expected backgrounds.

In a follow-up work [1581] we recently considered the
possibility to search for these events using atmospheric neu-
trino detectors, such as Super-Kamiokande (SK), its planned
upgrade Hyper-Kamiokande (HK), and the DUNE exper-
iment (which will also collect a large atmospheric neu-
trino sample). These detectors offer several advantages with
respect to Icecube/DeepCore: (i) their much better spatial res-
olution allows them to observe events with smaller separation
between the two cascades; (ii) they are sensitive to lower ener-
gies; (iii) they will be exposed to a long-baseline beam, which
constitutes an additional (and controlled) neutrino source;
and (iv) near detectors would also be available. We found
that better sensitivities would be expected compared to those
attainable at Icecube/DeepCore, in particular for the dipole
scenario where values as low asμντ ∼ 5×10−10μB could be
probed, as shown in Fig. 142. The study in Ref. [1582] also
found similar conclusions, although in that case only events
produced by the long-baseline beam were considered.

Production through up-scattering inside the Earth
As the HNL becomes more long-lived it becomes dif-

ficult to observe a double-cascade signal, since one of the
two showers will tend to take place outside the detector with
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Fig. 142 Sensitivity to a transition magnetic moment leading to the
up-scattering ντ → N and subsequent decay of the HNL, for DUNE
(left), SK (center) and HK (right), as a function of the HNL mass, m N .
Backgrounds are assumed to be negligible, see Ref. [1581] for details.

In each case the sensitivity achievable with atmospheric neutrino data
(blue lines) and with beam data (right lines) is shown separately. Figure
taken from Ref. [1581]

a large probability. In this case, however, it is still possi-
ble to gain sensitivity to HNLs produced from neutrino up-
scattering inside the Earth. This idea takes advantage of the
large volume of the Earth surrounding the detector to enhance
the production rate, while the visible signal would be the
energy deposited from the decay of the HNL inside the detec-
tor. Of course, in this case the main background would come
from standard neutrino interactions. However, it was shown
in Refs. [1583,1584] that the event rates from solar neutrino
up-scattering would be large enough to lead to new limits
using past data from Borexino and SK, for masses in the
range around m N ∼ 1− 10 MeV in the dipole scenario, and
for masses in the range m N ∼ 10 − 20 MeV in the mixing
scenario.

The same main idea has been explored further in the lit-
erature, using neutrinos from different sources. The authors
of Ref. [1585] studied the same process, but using the flux
of atmospheric neutrinos instead: although it is less intense
than the solar neutrino flux, it allows to produce heavier
HNLs since it reaches higher neutrino energies. Similarly, the
authors of Ref. [1582] also considered the same type of signal
at DUNE, produced in this case by the long-baseline neutrino
beam. Finally, in Ref. [1586] a similar idea was explored but
using instead the flux of ultra-high energy astrophysical neu-
trinos. In this case a signal could be searched using future
ντ telescopes such as GRAND, POEMMA and Trinity. The
authors found that new regions of parameter space could be
probed for HNL masses of∼ 30 TeV, well beyond the reach
of present colliders.

Production in the upper layers of the atmosphere
A third possibility, studied in Refs. [1587–1591] is to con-

sider the production of HNL in the upper layers of the atmo-
sphere. The idea is to take advantage of the large center-of-
mass energy available in the collision of cosmic rays, which

allows to copiously produce not only light mesons such as
kaons and pions but also heavier ones (such as D and Ds)
and tau leptons, which would allow to produce HNLs in the
MeV-GeV range as a byproduct of their decays. If sufficiently
boosted, the HNLs could then reach neutrino telescopes and
decay inside, leaving a visible signal.

In Ref. [1587] we used Icecube [1592] and SK [1593] pub-
licly available data to derive new bounds on HNLs. Instead
of focusing on a particular model, we produced model-
independent limits on their production branching ratio (BR)
as a function of their lifetime (cτ ), for HNLs produced from
heavy meson and τ decays. Our analysis, performed with
publicly available data, indicated that production branching
ratios of the order of 10−4 could be probed at the 90% CL,
for values of the HNL lifetime around cτ ∼ O(0.01) km for
Icecube and cτ ∼ O(1) km for SK. Unfortunately, these lim-
its fall short to probe the minimal scenario where the HNL is
produced and decays through mixing. The reason is that in
the minimal scenario the two are correlated and, in order to
reach the optimal values of the lifetime, the production BR
would be lower than 10−4. However, our model-independent
constraints may be easily recasted to other non-minimal sce-
narios.

In a follow-up work [1588] we considered the production
from lighter mesons instead (kaons and pions), for which
the produced fluxes in the atmosphere are much higher.
Using SK atmospheric neutrino data we are able to set a
tight model-independent limit for the production branching
ratio, shown in the left panel in Fig. 143. In particular we
obtain BR < 2 × 10−10 (BR < 4 × 10−9) at 90% CL for
m N = 100 MeV (m N = 250 MeV) and optimal values of its
lifetime, cτ ∼ O(1− 3) km. In this case we show separately
the sensitivities obtained assuming that the HNL is produced
from kaon decays (pink lines) or from pion decays (blue line).
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Fig. 143 Left: our constraints on the production branching ratio from
a reanalysis of SK atmospheric data, for the model-independent sce-
nario where the production branching ratio and HNL lifetime are
assumed to be uncorrelated. Each line assumes the HNL is produced
from a given parent meson, as indicated. The solid lines correspond

to m N = 100 MeV while the dashed line has been obtained for
m N = 250 MeV. Right: same limit, but derived instead for the minimal
HNL scenario when both production and decay take place through its
mixing with electron neutrinos (Ue). Figure adapted from Ref. [1588],
see text for details

The light blue shaded region shows the allowed parameter
space for the minimal scenario when the HNL only interacts
through mixing, for a HNL with mass m N = 250 MeV (see
Ref. [1588] for details), while the shaded purple region shows
the region where a HNL with a dipole interaction may be
able to explain the MiniBooNE anomaly [1594]. The excel-
lent sensitivity obtained in our analysis translates into very
good limits also for the minimal scenario, as indicated by the
partial overlap between the shaded blue region and the pink
lines. In particular, we find |Uα|2 < O(10−7) (α = e, μ) for
masses in the range m N ∼ 300 − 400 MeV, at 90% CL, as
shown in the right panel of Fig. 143 for α = e.

4.8.3 Summary

To summarize, in this talk I have given an overview of dif-
ferent possibilities to search for HNLs in neutrino telescopes
and atmospheric neutrino detectors. For concreteness, I have
focused on the case where only one HNL is produced, con-
sidering its visible decays to SM particles. I have discussed
three types of searches, depending on the production point of
the HNL: (i) searches for HNLs produced inside the detec-
tor, leading to double-cascade signals; (ii) searches for HNLs
produced from upscattering of light neutrinos inside the
Earth, which subsequently decay inside neutrino detectors;
and (iii) searches for HNLs produced in the upper layers of
the atmosphere, which then decay inside neutrino telescopes
or atmospheric neutrino detectors. In most cases I have pre-
sented sensitivities to the minimal scenario where the HNL
interacts only through mixing with the light neutrinos, as well
as for the case where it interacts through an effective dipole
operator. For the analyses performed in Refs. [1587,1588],
our limits are also provided as a function of the production
branching ratio and the lifetime of the HNL, which are model

independent and can be easily recasted to non-minimal sce-
narios.

All analyses presented in this talk have been performed
outside the experimental collaborations, with (in some cases
rather limited) publicly available information. Therefore,
there is still plenty of room for improvement, which may lead
to a better sensitivity in some of the scenarios considered. As
an example, for the studies performed in Refs. [1587,1588]
the inclusion of a two-dimensional binning in the data (in both
zenith angle and energy) is expected to lead to significantly
better results, as explained in detail in Ref. [1587]. Finally,
it should be stressed that while I have focused on the HNL
scenario, the methodology developed for these studies may
also be applicable to searches for other types of long-lived
particles.

4.9 PIONEER at PSI prospects for rare pion decays – B.
Velghe

Author: Bob Velghe, <bvelghe@triumf.ca>

Experimental hints pointing to a possible violation of lepton
flavour universality (LFU) and a discrepancy from unitarity
of the quark mixing matrix (CKM) are stacking up [1595,
1596]. However, present uncertainties on key measurements
are limiting the reach of related new physics searches.

Specifically, the ratio Re/μ = �(π+ → e+ν(γ ))/�
(π+ → μ+ν(γ )) offers the most stringent test of electron-
muon universality, probing new pseudoscalar couplings up
to the PeV scale [1597]. In the Standard Model (SM),
Re/μ has been computed to an exceptional precision of
0.01% [1598], contrasting with the current experimental
value, RExp.

e/μ = 1.2327(23)×10−4, which has relative uncer-
tainty of
0.2% [1599].
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Fig. 144 Sketch of the apparatus (left). Typical calorimeter energy spectrum for π+ → e+ and π+ → μ+ → e+ processes, after background
suppression. Note π+ → e+ the low energy tail (right). DAR refers to decay-at-rest and DIF stands for decay-in-flight

Fig. 145 PIENU exclusion limits (red) and PIONEER projections (black) for the mixing matrix elements |Ue4| (left) and
∣∣Uμ4

∣∣ (right). The dashed

bound is extracted from RExp.
e/μ

In its first phase of operation, the new PIONEER [1600]
experiment aims to match the RExp.

e/μ uncertainty to that of
the SM prediction. The experiment has been approved at the
Paul Scherrer Institut (PSI), where low energy and high inten-
sity pion beams are available. In a second phase, PIONEER
will measure the π+ → π0e+ν decay branching fraction,
which allows for the theoretically cleanest extraction of the
CKM matrix element |Vud |. As we will outline, the setup also
allows for direct and indirect searches for feebly-interacting
particles (FIPs) with masses below the pion mass.

The PIONEER experiment, shown in Fig. 144, will
significantly improve on the techniques developed by the
PIENU [1601] and PEN [1602] collaborations. Incoming
beam pions are stopped in a 6 mm thick segmented active
target (ATAR) [1603]. Muons originating from the predom-
inant π+ → μ+ν decay have a range of about 1 mm and
thus cannot escape the target volume. The energy of the
outgoing positrons is measured with an uncertainty of less
than 2% by a 25 radiation length deep calorimeter cov-
ering a 3π sr solid angle. A cylindrical tracker inserted

between the ATAR and the CALO helps identify events with
a positron entering the CALO fiducial volume. The simu-
lated background-suppressed positron energy spectrum of
the prompt π+ → e+ and delayed π+ → μ+ → e+ events
is illustrated in Fig. 144 (right).

PIENU searched for the π+ → e+νH decay by look-
ing for peaks in the background-suppressed positron energy
spectrum [1604,1605]. This peak search method does not
give access to the heavy neutral lepton (HNL) mass region
below 60 MeV/c2, yet, a bound can be derived from
RExp.

e/μ [1606,1607]. The corresponding limits on |Ue4| are
shown in Fig. 145 (left) where |Ul4| (l = e, μ) quantifies
the mixing between a hypothetical HNL νH and the electron
or muon neutrino, respectively. A search for π+ → μ+νH

was also performed using the same technique on the energy
deposited in the active target by decay-at-rest muons [1608];
the limits are reported in Fig. 145 (right). PIONEER will
improve those bounds by an order of magnitude.

Rare pion decays can also put constraints on axion-like
particles [1609–1611], and other exotic three body decays
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such as π+ → l+νX , where X is a weakly interacting parti-
cle [1612].

4.10 New results from Babar – S. Middleton

Author: Sophie Charlotte Middleton, <smidd@caltech.edu>

4.10.1 Abstract

A model-independent search for a mostly sterile Heavy Neu-
tral Lepton (HNL), capable of mixing with the Standard
Model ντ neutrino, was presented. A total of 424 f b−1

of BaBar data has been analyzed. No significant signal
is seen and 95 % confidence level upper limits are set on
the extended Pontecorvo–Maki–Nakagawa–Sakata (PMNS)
matrix element, |Uτ4|2. The limits vary from 2.31 × 10−2

to 5.04× 10−6, with all uncertainties considered, across the
mass range 100 < m4 < 1300 MeV/c2. More stringent lim-
its are placed on higher masses. The technique employed
uses only kinematic information and makes no assumptions
about the model behind the origins of the HNL, its lifetime,
or decay modes. This novel approach can be applied to future
experimental searches.

4.10.2 Introduction

The latest search for a heavy neutral lepton (HNL) at BaBar is
presented in Ref. [1613]. New limits on the square of
the extended Pontecorvo Maki Nakagawa Sakata (PMNS)
matrix element describing mixing between the τ sector and
a hypothetical 4th neutrino mass state, |Uτ4|2, are found in
the range 100 < m4 < 1300 MeV/c2. The data sample used
corresponds to an integrated luminosity of 424 fb−1.

Experimental strategy An overview of the BaBar detector
can be found in Ref. [1614]. The analysis presented explores
the scenario where a HNL can interact with the τ via charged-
current weak interactions. The key principle is that if the
decay products of the τ have recoiled against a HNL, the
kinematics of the outgoing visible decay products would be
modified with respect to Standard Model (SM) τ decay. In
this analysis, it is assumed that the HNL does not decay within
the detector.

The 3-prong, pionic, τ decay is used, giving access to
the region 300< m4 <1360 MeV/c2, which, historically,
has weaker constraints. Denoting the three charged pions as
a hadronic system h−, the decay can be considered a two-
bodied:

τ− → h−(Eh, �ph)+ ν(Eν, �pν), (166)

where ν describes the outgoing neutrino state. The allowed
phase space of the reconstructed energy, Eh , and invariant
mass, mh , of the hadronic system varies as a function of the

HNL mass. The heavier the HNL the smaller the fraction of
the incoming τ -lepton’s energy measured in the visible pion
system.

In the center-of-mass frame the τ -lepton energy is
√

s/2.
Eh must then fall between two extremes:

Eτ −
√

m2
4 + q2+ < Eh < Eτ −

√
m2

4 + q2−, (167)

where

q± = mτ

2

(
m2

h − m2
τ − m2

4

m2
τ

)√
E2
τ

m2
τ

− 1

± Eτ
2

√
(
1− (mh + m4)2

m2
τ

)(
1− (mh − m4)2

m2
τ

);
(168)

and 3mπ± < mh < mτ − m4. The analysis proceeds by
constructing template histograms in the (Eh , mh) plane for
signal and all possible background processes. As the HNL
mass increases, the allowed phase space of the visible system
is reduced in the Eh , mh plane. Only channels in which the
non-signal (tag) τ decays leptonically are used in this analysis
since these provide a cleaner environment.

Signal and background simulations All SM background
contributions are estimated from Monte Carlo (MC) simu-
lations. Generated processes are passed through a GEANT4
model of the BaBar detector and the same reconstruction
and digitization routines are used as with the data.

Events emanating from τ -pairs are simulated using the
KK2F [1615] generator and TAUOLA [1616] which uses the
averaged experimentally measured τ branching rates [1617].
Several non-τ backgrounds must also be understood. These
include e+e− → ϒ(4S) → B+B− and B0 B̄0) which are
simulated using EvtGen [1618]; e+e− → qq̄ which are sim-
ulated using JETSET [1619,1620] and e+e− → μ+μ−(γ )
which are simulated using KK2F. In total, 26 signal samples
were produced using KK2F and TAUOLA, one for each of
the HNL masses across the range 100 MeV/c2 < m4 < 1300
MeV/c2, at 100 MeV/c2 increments. For each of these HNL
masses, both a τ+ and τ− signal channel was simulated.

Analysis procedure The contents of a given bin, i, j , in
the (mh, Eh) data histogram are assumed to be from a Pois-
son distribution. Its assumed that a bin may contain events
emanating from any of the SM background processes, and
potentially HNL signal events. The likelihood to observe the
selected candidates in all the (mh, Eh) bins is then a product
of the Poisson probability to observe events in each bin:

L =
+−∏

charge

( eμ∏
channel

( i j∏
bin

(
1

nobs,i j !
[

Nτ,gen

·|Uτ4|2 · pHNL,i j + Nτ,gen · (1− |Uτ4|2)

·pτ−SM,i j + nreco
BK G,i j

](nobs)i j
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×exp

[
− (Nτ,gen · |Uτ4|2 · pH N L ,i j

+Nτ,gen · (1− |Uτ4|2)
·pτ−SM,i j + nreco

BK G,i j )

])

bin
×
∏

k

f (θk , θ̃k)

)

channel

)

charge
,

(169)

where nobs is the number of observed events in the bin i j ,
Nτ,gen is the number of generated τ ’s, pH N L(τ−SM),i j is the
probability of a reconstructed event being in a given bin in
the HNL (τ − SM) 2D template and nreco

BK G,i j is the expected
number of non-τ background events. The final product is a set
of Gaussian nuisance parameters. The expression involves a
product over all bins, i j , over the two 1-prong channels, and
over both τ -lepton charges (±).

A test statistic, q, is defined:

q = −2ln

(LH0(|Uτ4|20; ˆ̂θ0, data)

LH1(|Ûτ4|2; θ̂ , data)

)
= −2ln(�L), (170)

where L in the numerator and denominator describes the
maximized likelihood for two instances. The denominator is
the maximized (unconditional) likelihood giving the maxi-
mum likelihood estimator of |Uτ4|2 and the set of nuisance
parameters (θ̂ ); θ̂ is a vector of nuisance parameters that max-
imize the likelihood. In the numerator, the nuisance parame-
ters are maximized for a given value of |Uτ4|2. The analysis
aims to find the value of |Uτ4|2 that minimizes this quantity
at the 95 % confidence level.

4.10.3 Uncertainties

Gaussian nuisance parameters are used to parameterize sys-
tematic uncertainties on the yields including: luminosity
(0.44%), σ(ee → ττ) (0.31%), leptonic branching frac-
tions (∼ 0.2%), 3-prong branching fraction (0.57%), PID
Efficiency (e : 2%, μ: 1%, π : 3%). Shape uncertainty
due to the MC modeling must also be accounted for. For
many hadronic τ decay channels the relative uncertainties
from experimental results are large. A τ -lepton decay to
three charged pions is mediated by the a1(1260) resonance
which decays through the intermediate ρπ state. In the MC
samples used in this analysis the PDG [1617] average of
ma1 = 1230 ± 40 MeV/c2 and a Breit–Wigner averaged
width of �a1 = 420± 35 are used. Reference [1617] quotes
the estimated width to be between 250 and 600 MeV/c2. The
uncertainty associated with the a1 resonance represents the
dominant contribution to the systematic error in the analysis.
In order to understand the effects of the uncertainty on the
a1 mass on the final results in this analysis several additional
MC simulations were built, in which the ma1 was varied to
±1σ of the experimental average.

Fig. 146 Upper limits at 95% confidence level (C.L.) on |Uτ4|2. The
magenta line represents the result when uncertainties are included. The
magenta line is expected to be a very conservative upper limit

4.10.4 Results

Figure 146 shows the upper limit at the 95% confidence level
provided by this analysis using the described binned likeli-
hood technique. The magenta line represents the upper limit
when all systematic uncertainties are considered. The dom-
inant systematic uncertainty is that due to the assumptions
made within our simulation.

4.10.5 Conclusions

To conclude, the new analysis from BaBar has set limits
on |Uτ4|2 in the range 100 < m4 < 1300 MeV/c2. The
technique used can be applied to future searches.

4.11 Searches for heavy neutral leptons at the LHC – J.
Knolle

Author: Joscha Knolle, <joscha.knolle@cern.ch>

4.11.1 Introduction

Heavy neutral leptons (HNLs) are introduced in extensions
of the standard model (SM) of particle physics to explain the
nonzero neutrino masses via the seesaw mechanism. They
can also be a dark matter candidate, or provide a mecha-
nism for the generation of the matter-antimatter asymme-
try in the universe. At the CERN Large Hadron Collider
(LHC), HNLs could be produced in proton-proton (pp) col-
lisions through various processes. The ATLAS [1383] and
CMS [1384] experiments have performed HNL searches cov-
ering a wide mass range from a few GeV to several TeV,
making use of the excellent reconstruction of charged lep-
tons, jets, and missing momentum with their detectors.
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Fig. 147 (Upper left) Example Feynman diagram for HNL production
via the DY process in type-I seesaw models. (Lower left) Exclusion lim-
its on the mixing parameter |VNμ|2 between HNL and muon in type-I
seesaw models as a function of the HNL mass mN from Ref. [1621].

(Right) Exclusion limits on the mixing parameter |U |2 in type-I seesaw
models with different mixing assumptions as a function of the HNL
mass mN from Ref. [1622]

Here, a selection of recent ATLAS and CMS results is
presented that are based on the full pp collision data set at√

s = 13 TeV recorded during Run 2 of the LHC (2015–
2018), corresponding to an integrated luminosity of about
140 fb−1. The searches cover a wide range of HNL phe-
nomenologies: HNL production in type-I seesaw models
through the Drell–Yan (DY) or a t-channel vector boson
fusion (VBF) process [1621–1623]; pair production of heavy
neutral and charged leptons in type-III seesaw models [1624];
and HNL pair production in decays of a new heavy Z′
boson [1625].

4.11.2 Searches for long-lived HNLs in DY production

In a type-I seesaw model, HNLs of Majorana or Dirac nature
can be produced in the DY process via their mixing with
SM neutrinos, as illustrated in Fig. 147 (upper left). The
HNL decay can proceed to two charged leptons and a SM
neutrino (resulting in a trilepton final state), or to a charged
lepton and two quarks (dilepton final state). Searches for
this production mode in both final states have been per-
formed by the ATLAS, CMS, and LHCb experiments, cover-
ing HNL masses between 1 GeV and 1.6 TeV [1626–1629].
For HNL masses below 20 GeV, the HNL lifetime becomes
so large that the displacement of the HNL decay vertex can

be resolved by the experiments, such that dedicated searches
for long-lived decays become possible.

In Ref. [1621], the CMS Collaboration presents a search
for HNL production through the DY process in the trilep-
ton final state with a secondary dilepton vertex. Events are
categorized by the invariant mass of the secondary dilepton
system and the transverse displacement of the secondary ver-
tex. Background contributions arise from nonprompt leptons
selected for the secondary dilepton vertex, and are estimated
with a “loose-not-tight ratio” method from data. Exclusion
limits are derived from a template fit, considering exclusive
HNL couplings to either electrons or muons, with one exam-
ple shown in Fig. 147 (lower left).

In Ref. [1622], the ATLAS Collaboration presents a search
for the same HNL process, using events with a displaced
dilepton vertex. The HNL mass is reconstructed from the
selected leptons using a W boson mass constraint and impos-
ing the vector from the primary to the displaced vertex as the
HNL flight direction, and is used to categorize the events.
Background contributions arise from random track crossings,
and are estimated with an “event shuffling” method from data.
Exclusion limits are derived from a template fit, considering
exclusive HNL couplings to either electrons or muons, as
well as mixed-coupling scenarios with two quasi-degenerate
HNLs. Examples are shown in Fig. 147 (right).
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Fig. 148 (Left) Example Feynman diagram for HNL production in a t-channel VBF process in type-I seesaw models. (Right) Exclusion limits on
the mixing parameter |VμN|2 between HNL and muon in type-I seesaw models as a function of the HNL mass mN from Ref. [1623]

Fig. 149 (Left) Example Feynman diagram for HNL and heavy
charged lepton pair production in type-III seesaw models. (Right)
Exclusion limits on the production cross section as a function of the

degenerate HNL and heavy charged lepton mass m(N,L±) for events
with different number of leptons and their combination from Ref. [1624]

Fig. 150 (Left) Example Feynman diagram for HNL pair production in Z′ decays. (Right) Exclusion limits derived from dimuon events on LRSM
models as a function of HNL mass mN and Z′ mass mZ′ for events with different number of large-radius jets (“AK8”) and their combination from
Ref. [1625]

The exclusion limits of the long-lived searches signifi-
cantly improve over the results from the prompt searches in
the mass range 1–15 GeV. Differences between the results
from the two experiments arise from different pT thresh-
olds in the single-lepton triggers, different strategies for the
selection of a secondary or displaced vertex, and different

requirements for the removal of background contributions
from low-mass resonances.

4.11.3 Search for HNLs in t-channel VBF production

The production of HNLs in type-I seesaw models is also
possible via VBF processes, relevant typically only at large
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HNL masses. In Ref. [1623], the CMS Collaboration presents
a search for HNL production in a t-channel VBF process, as
illustrated in Fig. 148 (left), characterized by the presence
of two jets with large rapidity separation, using events with
two same-sign muons. An HNL of Majorana nature with
exclusive couplings to muons is considered.

The selected events are categorized by the azimuthal angle
between the two muons. Background contributions with non-
prompt muons are estimated from data, while contributions
from diboson and associated top quark plus boson production
are estimated from simulation. Exclusion limits are derived
from template fits to the distribution of the ratio of the scalar
pT sum of all selected jets to the leading muon pT. The lim-
its are shown in Fig. 148 (right). The search in the t-channel
VBF production process provides better sensitivity than pre-
vious searches in the DY production process [1626,1627] for
HNL masses above 650 GeV.

4.11.4 Search for heavy leptons in type-III seesaw models

In a type-III seesaw model, the SM is extended with an addi-
tional fermionic SU(2)L triplet, resulting in new heavy neu-
tral and charged leptons. These can be pair produced via
s-channel production of virtual electroweak gauge bosons,
and decay each to a boson (H, Z, or W) and a charged lepton
or neutrino. An example is illustrated in Fig. 149 (left).

In Ref. [1624], the ATLAS Collaboration presents a search
for pair production of heavy neutral and charged leptons, in a
mass-degenerate scenario with “democratic” mixing param-
eters, using final states with three or four charged leptons. The
selected events are categorized by the presence of Z boson
candidate (an opposite-sign same-flavour lepton pair with
invariant mass close to the Z boson mass) and the number of
jets, targeting different possible final state combinations of
the bosons in the decay. Background contributions with non-
prompt leptons and charge-misidentified electrons are esti-
mated from data, while diboson and tNt+boson contributions
are estimated from simulation.

Exclusion limits are derived from template fits to the distri-
bution of the transverse mass of the three-lepton system (the
scalar pT sum of all reconstructed charged leptons and jets
and of the missing transverse momentum) for three-lepton
(four-lepton) events. The results are also combined with a
similar search using dilepton events from Ref. [1630]. The
individual and combined limits are shown in Fig. 149 (right).
Heavy neutral and charged leptons in type-III seesaw models
are excluded up to 910 GeV.

4.11.5 Search for HNL pair production in Z′ decays

In a left-right symmetry model (LRSM), the SM is extended
with three additional gauge bosons (W±

R and Z′) and three
right-handed neutrinos to establish a symmetry between left

and right SU(2) groups. The unique LRSM signature yields
events with both extra gauge bosons and right-handed neu-
trinos.

In Ref. [1625], the CMS Collaboration presents a search
for HNL pair production in Z′ decays, illustrated in Fig. 150
(left), targeting scenarios with a large mass gap between the
HNL and the Z′ such that the HNLs and their decay prod-
ucts are highly boosted. The HNL decays via a virtual W±

R
to a charged lepton and two quarks are selected either with a
boosted (non-isolated charged lepton and a large-radius jet)
or a resolved (isolated charged lepton and two small-radius
jets) topology. Events are categorized by the lepton flavour
and the number of large-radius jets, and the Z′ is recon-
structed from the selected HNL decay products. Background
contributions arise dominantly from tNt and �+�− production,
and are estimated from simulation.

Exclusion limits are derived from template fits to the
reconstructed Z′ mass distribution, and one example is shown
in Fig. 150 (right). For the lowest considered HNL mass of
100 GeV, the LRSM model is excluded for a Z′ mass of up
to 2.8 (4.35) TeV in the electron (muon) channel. The largest
excluded values of the HNL mass are 1.2 (1.4) TeV at a Z′
mass of about 3.0 (3.4) TeV in the electron (muon) channel.

4.11.6 Outlook

While the ATLAS and CMS collaborations have presented
many results on HNL searches with the full Run 2 data set,
further analysis efforts are ongoing to extend results that were
so far only performed on a partial data set, to include new
models and final states, and to use new and improved analysis
techniques. Additionally, the LHC has resumed data taking
in 2022 at an increased energy

√
s = 13.6 TeV, providing

interesting prospects, especially for HNL models with very
high masses.

4.12 Opportunities for FIPs searches at FCC-ee – G.
Ripellino

Author: Giulia Ripellino

4.12.1 Introduction

The electron-positron stage of the future circular collider,
FCC-ee, is a frontier factory for Higgs, top, electroweak,
and flavor physics, designed to operate in a 100 km circular
tunnel built at CERN [1631]. In addition to its unique pro-
gram of high-precision Standard Model (SM) measurements,
it will offer powerful opportunities to discover evidence of
physics beyond the SM. Here, we discuss the opportunities
for searches for feebly interacting particles (FIPs) at FCC-ee.

General-purpose detectors can search for FIPs in many
different ways. However, since FIPs are typically light parti-
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Fig. 151 Constraints on the active-sterile mixing and mass of HNLs from past experiments together with projections for future experiments [1632].
The bold green line shows the sensitivity of displaced vertex searches at FCC-ee

cles with very low production cross-sections, the SM back-
grounds are often overwhelming. This can be counteracted
by searching for FIPs with signatures that are uncharacteris-
tic of the SM, such as displaced vertices or delayed jets from
long-lived particles (LLPs). FCC-ee offers exciting poten-
tial for the study of LLPs, where searches can be highly
competitive to similar searches at collider and non-collider
experiments. Three physics cases producing long-lived sig-
natures at FCC-ee are highlighted here; heavy neutral leptons
(HNLs), axion-like particles (ALPs), and exotic decays of the
Higgs boson.

4.12.2 Heavy neutral leptons

A common feature of several popular solutions to the origin
of neutrino masses is the hypothetical existence of heavy,
sterile neutrinos, also referred to as heavy neutral leptons
(HNLs). Depending on the precise scenario, they can be
Dirac or Majorana fermions, and mediate processes that vio-
late lepton flavor symmetries. If HNLs mix with the SM neu-
trinos, they can participate in the SM weak interaction with
couplings proportional to the active-sterile mixing matrix ele-
ments and the HNL mass. In the kinematically accessible
regime, FCC-ee is an excellent machine to discover HNLs
and to study their properties. The sensitivity to active-sterile
mixing is shown in Fig. 151 for current and proposed detec-
tors, including an FCC-ee displaced vertex analysis.

Dirac and Majorana HNLs are studied for FCC-ee con-
sidering only the lightest heavy mass eigenstate, denoted by
N , with mass m N and mixing V�N . The processes

Majorana N : e+e− → Z → Nνe + Nνe,

with N → e+e−νe + e+e−νe, (171a)

Dirac N : e+e− → Z → Nνe + Nνe,

with N (N )→ e+e−νe (νe), (171b)

are simulated for e+e− collisions at
√

s = 91 GeV using the
HeavyN [1633,1634] and HeavyN_Dirac [1634,1635]
Universal FeynRules Object [1636–1638] libraries and
simulation details according to Ref. [1632]. The detector
response is simulated with Delphes [1639], using the lat-
est Innovative Detector for Electron-positron Accelerators
(IDEA) FCC-ee detector concept [1640] card.

In the absence of additional new physics, light HNLs with
active-sterile mixing much smaller than unity are generically
long-lived. To explore this at FCC-ee, Fig. 152 shows the
generator-level lifetime of N and the reconstructed three-
dimensional decay length Lxyz of the HNL. For a fixed width
of |VeN | = 1.41×10−6, different qualitative features can be
observed for the representative m N . For the smallest con-
sidered masses, characteristic decay lengths readily exceed
several meters, resulting in decay vertices outside the fiducial
coverage of the detectors. Such HNLs will appear as miss-
ing momentum in the e+e− collision events. For heavier N ,
lifetimes are drastically smaller, with decay lengths that are
mostly within 100 mm, making these signals suitable e.g for
displaced vertex searches.

As a first step towards a sensitivity analysis for FCC-ee,
several backgrounds to the HNL processes are considered;
Z bosons decaying to electron-positron pairs, to tau pairs,
to light quarks, to charm quark pairs, and to b quark pairs.
These background processes are simulated with the same
conditions as the signal. Figure 153 shows distributions of
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Fig. 152 Normalized distributions of the generator-level lifetime of N in the lab frame (a) and the reconstruction-level three-dimensional decay
length Lxyz (b) of the N for representative HNL masses and an active-sterile mixing |VeN | = 1.41× 10−6 [1632]

Fig. 153 Normalized, reconstructed-level distributions of the total missing momentum (a) and the absolute value of the transverse impact parameter
|d0| (b), for representative HNL signal benchmark mass and |VeN | choices, as well as background processes [1632]

the total missing momentum � p and the electron-track trans-
verse impact parameter |d0|. Requiring � p > 10 GeV sig-
nificantly reduces the background while maintaining a high
efficiency for the HNL signal. Similarly, a requirement of
|d0| > 0.5 mm removes the vast majority of the background.
A similar event selection would therefore be suitable for an
HNL search at FCC-ee.

4.12.3 Axion-like particles

ALPs appear in many models that address open, fundamen-
tal problems in the SM and could for instance provide the
evidence for a Dark Sector. At FCC-ee, ALPs are predom-

inantly produced in association with a photon, Z boson, or
Higgs boson with subsequent decays into gauge bosons, lep-
tons, or quarks. Here, ALPs a from Z decays at FCC-ee are
studied for the process

e+e− → Z → aγ, with a → γ γ, (172)

which is simulated using the model libraries of Ref. [1641]
and the same setup as described in Sect. 4.12.2. Figure 154
shows the projected sensitivity of FCC-ee to this pro-
cess [1641].

For small ALP-photon coupling cγ γ and light ALPs, the
ALP decay vertex can be considerably displaced from the
production vertex. Figure 154 shows the generated three-
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Fig. 154 a Projected sensitivity of FCC-ee to the process e+e− → γ a → 3γ [1632]. b Normalized distribution of Lxyz for mALP = 1 GeV and
several benchmark choices of cγ γ [1632]

Fig. 155 a Illustration of the potential sensitivity of FCC-ee to exotic
Higgs boson decays to LLPs, denoted X [1632]. The projected 95%
limit on the exotic branching fraction to these particles is plotted as a
function of the X’s decay length for a zero-background hypothesis. In
this plot, the lifetime and the branching ratio are assumed to be inde-
pendent, following Ref. [1642]. Two mass benchmarks, mX = 10 and

50 GeV, are shown for two search strategies. The solid line employs
an invariant mass cut to improve sensitivity at shorter decay lengths
while the dashed line relies on longer decay lengths to reduce SM back-
grounds. b Generated dark scalar decay length Lxyz for a dark scalar
mass mS = 20 or 60 GeV and a mixing angle sin θ = 10−5, 10−6, or,
10−7

dimensional decay length Lxyz for an ALP mass of 1 GeV
and several benchmark choices of the coupling cγ γ . Charac-
teristic decay lengths are typically within the fiducial volume
of the detectors for the chosen parameter values. This makes
the process a suitable benchmark signal e.g for a displaced
photon search.

4.12.4 Exotic Higgs boson decays

Current bounds on the Higgs width leave plenty of room for
decays that are not predicted by the SM. The products of these
exotic Higgs boson decays can decay promptly themselves
or be completely stable, each of which present their own
experimental challenges and advantages. Figure 155 displays
an illustration, taken from Ref. [1642], of how sensitive FCC-
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ee can be to Higgs boson decays to long-lived scalar, pseudo-
scalar, or vector particles.

Here, we study exotic decays to long-lived scalars. Such
decays may result from simple constructions, such as adding
a single scalar field S to the SM according to

Vscalar = VH + VS + c1S|H |2 + c2S2|H |2 , (173)

where H is the SM Higgs doublet. They may also arise in rich,
hidden sectors such as Hidden Valley models [1,1643,1644].
In many models the long-lived scalar inherits much of the
Higgs’ coupling structure with the actual size of the couplings
reduced by a common small mixing angle θ .

Exotic Higgs decays to dark scalars at FCC-ee are studied
for the process

e+e− → Zh withZ → e+e−orμ+μ−andh → ss → bb̄bb̄,

(174)

using the HAHM_MG5Model_v3 [965,1645] and simula-
tion as detailed in Sect. 4.12.2, with the exception of the e+e−
center-of-mass energy which is set to

√
s = 240 GeV. Fig-

ure 155 shows the generated three-dimensional decay length
Lxyz for several benchmark choices of the mixing angle θ
and the dark scalar mass. Characteristic decay lengths are
typically within the fiducial volume of the detectors, making
these signals suitable e.g for a displaced vertex search.

4.13 The HIBEAM/NNBAR experiment for the European
Spallation Source – D. Milstead

Author: David Milstead, <milstead@fysik.su.se>

4.13.1 Introduction

The conservation of baryon number (B) is among the most
fragile of the empirically observed conservation laws. Baryon
number violation (BNV) is a fundamental Sakharov condi-
tion for baryogenesis [1646]. In the Standard Model (SM),
baryon number conservation corresponds to an accidental
symmetry at perturbative level. Extensions of the SM, such
as supersymmetry [1647] and extra dimensions [1648], there-
fore routinely violate B. The non-perturbative sector of the
SM itself predicts BNV via ultra-rare sphaleron interactions.
It is perhaps more pertinent not to ask if it takes place but
which processes and at which scales BNV takes place. A
common way of searching for BNV is via single nucleon
decay. However, such searches require the simultaneous vio-
lation of B and lepton number L . Conversions of neutrons
to anti-neutrons and/or sterile neutrons offer high sensitiv-
ity to BNV processes in which only B is violated. Like
the photon and neutrino, which may mix with axion-like

particles and sterile neutrinos, respectively, neutron mixing
with a putative dark sector with is well suited as a portal to
physics beyond the SM [1649–1651]. The cleanest means
of performing such searches is with high flux beam neu-
trons though progress is limited to the capabilities of neutron
sources. Presently under construction, the European Spalla-
tion Source (ESS) [1652] will be the world’s brightest neu-
tron source and will open a new discovery window for BNV
searches. The HIBEAM/NNBAR project [1653–1656] is a
proposed multi-stage program for the ESS to take advan-
tage of this that can achieve an ultimate search sensitivity
improvement of three orders of magnitude compared to that
available at other facilities.

The program’s first stage is termed High Intensity Baryon
Extraction and Measurement (HIBEAM). This stage probes
a discovery window for sterile neutron searches and also
includes a pilot experiment for free neutron-antineutron con-
versions – the first such experiment at a spallation source.
The second stage (NNBAR) is a dedicated search for free
neutrons converting to anti-neutrons and can achieve a sen-
sitivity increase of three orders of magnitude.

HIBEAM/NNBAR is a cross-disciplinary milieu with par-
ticipants from a number of European countries and the United
Status. Scientists come from a range of specialised areas
including experimental particle and nuclear physics, mag-
netics, neutronics and vacuum design.

4.13.2 The European Spallation Source

The European Spallation Source (ESS) is currently under
construction in Lund, Sweden. It will eventually provide a
suite of 22 neutron beam instruments. Protons from a linac
collide with a rotating tungsten neutron target. Neutrons are
then slowed in a moderator. The ESS accelerator provides a
2 GeV proton pulse with 2.86 ms length, at a repetition rate
of 14 Hz.

HIBEAM would operate as a standard ESS instrument
with a beamport of normal size. The cold neutron intensity
will be around 1011 n/s and the flight path is ∼ 50 m.

The NNBAR experiment would use the Large Beam Port
(LBP). The LBP, so named given its size compared to the
standard ESS beamports, is included in the ESS infrastructure
to allow the extraction of a large integrated neutron flux. The
LBP is as large as around three normal-sized beamports. To
appropriately exploit the LBP, a liquid deuterium moderator
is being designed as part of the HighNESS project [1657].
The NNBAR experiment can expect a cold neutron intensity
of over 1013 n/s at the detector area which lies after a flight
path of around 200 m.
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Fig. 156 Illustration of the principles of searches for sterile neutrons at HIBEAM: a regeneration, b disappearance, and c neutron-antineutron
transition via a sterile neutron state. Modes b and c require a neutron absorber to be placed at the halfway point of the beamline

Fig. 157 Schematic overview of the NNBAR experiment (not to scale). The moderator (source) to detector distance is 200 m. The vacuum tube
and magnetic shielding are not shown

4.13.3 HIBEAM and NNBAR

HIBEAM consists of a number of search experiments, as
illustrated in Fig. 156. One such experiment looks for an
anomalous loss of flux following propagation over around
50 m (“neutrons disappearance”). Neutrons can transform to
sterile neutron states (n, n′) which escape detection. Neutron
regeneration is also shown. Here, the neutron flux is absorbed
in a beam stop. However, any sterile neutron states produced
in front of the beam stop would propagate through and then
be able to transform back to neutron states prior to detection
in a neutron counter. The final mode is neutron to antineu-
tron transformation via sterile neutron states. The antineu-
trons would then annihilate in a thin carbon foil enclosed by
an annihilation detector, which is designed to measure the
expected multi-pion state from anti-neutron-nucleon anni-
hilation [1658]. Different detector choices are under con-
sideration. These include the development of a detector con-
cept based on a TPC, hadronic range detector and lead-glass-
based electromagnetic calorimeter [1654], as well as a mod-
ified version of the WASA detector [1659].

The propagation region for neutrons in each of the above
configurations is magnetically controlled, such that the mag-
netic field would match that in any dark sector, thereby ensur-

ing degeneracy and avoiding suppression of the neutron-
antineutron transition while allowing the feeble mixing to
take place. The magnetic field region extends to the multi-
Gauss (G) region and would be scanned in steps of sev-
eral mG. The sensitivity in oscillation time of up to at least
400 s can be achieved. With the oscillation time and mag-
netic field sensitivities, HIBEAM can make order of mag-
nitude improvements compared with other searches [1653,
1660,1661].

In addition to the program described above, HIBEAM
will also pioneer a first search for free neutrons transforming
to anti-neutrons at a spallation source. Here, the propaga-
tion region is field-free (< 0.1 mG). This pilot experiment
demonstrates the ability to characterise and control spallation
backgrounds, as well as allows the development and testing
of neutron optics and the annihilation detector (also used in
the n → n̄ search with sterile neutrons). The pilot would be
a mini-NNBAR experiment ahead of the full NNBAR exper-
iment which which would exploit the LBP. A schematic dia-
gram of the NNBAR experiment is shown in Fig. 157. It show
the extraction of neutrons from the target and moderator com-
plex and the focusing of neutrons over a propagation distance
of 200 m to the annihilation detector area. The final sensitiv-
ity of NNBAR is expected to be around 103 times that of the
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Fig. 158 Left: focused beam at the detector area in a view transverse to the beamline. Right: the reconstructed and true charged pion multiplicities

previous experiment [1662]. The gains arise from the large
flux from the LBP, the propagation length, improvements in
neutronics and a three-year running period [1653].

Work towards conceptual design reports for both the
HIBEAM and NNBAR stages, as well as prototype devel-
opment work are ongoing. See, eg, Refs. [1655,1663]. All
aspects of the experiments, from moderator to detector design
are under study. As a representative sample of the work,
Fig. 158 shows the focused neutron beam over 200m from
a neutron supermirror complex to the detector area and
the reconstructed pion multiplicity compared with the true
charged pion multiplicities. A software package incorpo-
rating the various simulation programs is has been devel-
oped [1664].

4.14 New ideas:tests of low-scale leptogenesis in charged
lepton flavour violation experiments – A. Granelli,
J. Klarić, S. T. Petcov

Authors: Alessandro Granelli, Juraj Klarić, Serguey T. Pet-
cov <petcov@sissa.it>

The origin of the matter-antimatter (or baryon) asymmetry
of the Universe is still a fundamental and unresolved prob-
lem in Particle Physics and Cosmology, i.e., in Astroparticle
Physics. Its solution requires physics beyond that predicted
by the Standard Model (SM). The mechanism of leptogene-
sis (LG) offers a particularly appealing solution as it relates
the generation and smallness of neutrino masses to the gener-
ation of the baryon asymmetry of the Universe (BAU). In its
simple realisation, a lepton charge CP-violating asymmetry
is generated in the early Universe in the CP and lepton charge
non-conserving decays of the heavy Majorana neutrinos of
the (type-I) seesaw mechanism of neutrino mass generation.
This asymmetry is converted into the BAU by the (B+L) vio-

lating but (B-L) conserving sphaleron processes, which exist
in the SM and are effective at T ∼ (132− 1012) GeV.

In high scale LG, the masses of the heavy Majorana neu-
trinos are by few to several orders of magnitude below the
GUT scale 2× 1016 GeV. This makes high scale LG practi-
cally untestable in low-energy experiments. A unique possi-
bility to test experimentally the LG idea is provided by the
low-scale scenarios based on the type-I seesaw mechanism
proposed in Refs. [1477,1479,1665,1666]. In these scenar-
ios, viable LG is possible with two or three quasi-degenerate
in mass heavy Majorana neutrinos having masses even below
the electroweak scale.

Of crucial importance for the low-scale LG experimental
tests are also the magnitudes of the heavy Majorana neu-
trino couplings to the charged and neutral currents in the
weak interaction Langrangian. It was shown in Ref. [1499]
(see also Ref. [1498]) that in the case of low-scale LG
based on the type-I seesaw mechanism with three heavy
Majorana neutrinos N1, 2, 3 having quasi-degenerate masses
M ≡ M1 � M2 � M3, the sum of their squared couplings,∑
�,i |(RV )�i |2, � = e, μ, τ , i = 1, 2, 3, to the charged lep-

ton current can be relatively large:
∑
�,i |(RV )�i |2 � 10−2.

More specifically, in Ref. [1667], we have derived the max-
imal values of the couplings of the heavy Majorana neutri-
nos to the electron and muon, |∑i (RV )∗μi (RV )ei |, that are
compatible with successful LG in the mass range 0.1 GeV �
M � 500 TeV for either vanishing or thermal initial abun-
dances of the heavy Majorana neutrinos (denoted in what fol-
lows by VIA and TIA cases, respectively). We have shown
that such couplings, which induce charged lepton flavour vio-
lating processes involving muons (i.e.,μLFV processes), can
be so large as to be probed in the current and upcoming exper-
iments on μ→ eγ and μ→ eee decays, and μ− e conver-
sion in nuclei. In what follows, we report briefly the results
of our analysis performed in Ref. [1667].
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Fig. 159 The region of successful low-scale LG in the
|∑i=1,2,3(RV )∗μi (RV )ei | −M plane for light neutrino mass spectrum
with normal ordering with m1 = 0 (left panel) and m1 = 0.03 eV
(right panel). The white area corresponds to the region of viable LG
that is not excluded by current low-energy data [1668,1671,1678]. The

coloured lines correspond, from top to bottom, to the sensitivities of
the upcoming experiments on μ → eγ and μ → eee decays, and on
μ − e conversion in aluminium and titanium. See the text for further
details

The MEG [1668], SINDRUM [1669] and SINDRUM II
[1670,1671] Collaborations reported the following exper-
imental limits on the branching ratios of μ → eγ and
μ → eee decays, BR(μ → eγ ) and BR(μ → eee), and
on the relative μ − e conversion cross section in a nucleus
A
Z X, CR(μ A

Z X → e A
Z X) (Z and A being respectively the

atomic and mass numbers): BR(μ → eγ ) < 4.2 × 10−13,
BR(μ → eee) < 1.0 × 10−12, CR(μ 48

22Ti → e 48
22Ti) <

4.3× 10−12, CR(μ 197
79 Au → e 197

79 Au) < 7.0× 10−13 (all at
90% C.L.). The upcoming experiments MEG II on the μ→
eγ decay, Mu3e on μ → eee decay, Mu2e and COMET
on μ − e conversion in aluminium and PRISM/PRIME on
μ − e conversion in titanium plan to increase these sen-
sitivities further, aiming to reach, respectively, BR(μ →
eγ ) � 6× 10−14 [1672], BR(μ→ eee) ∼ 10−15 (10−16)

[1673], CR(μ 27
13Al → e 27

13Al) ∼ 6 × 10−17 [1674,1675]
and CR(μ 48

22Ti → e 48
22Ti) ∼ 10−18 [1676].

Using the analytical expressions for BR(μ → eγ ),
BR(μ → eee) and CR(μ A

Z X → e A
Z X) derived, e.g., in

Ref. [1677], which depend on the quantity |∑i=1,2,3(RV )∗μi
(RV )ei |, and taking into account that the mass splittings of
N1, 2, 3 are negligible, we have derived, as a function of the
mass scale M , the limits on the viable LG parameter space
that follow from the current limits on theμLFV [1668–1671]
and shown the potential of the upcoming experiments MEG
II, Mu3e, COMET and PRISM/PRIME of testing this low-
scale LG scenario. More specifically, we have shown that the
indicated upcoming experiments can probe significant region
of the viable LG parameter space.

Our results are shown graphically in Fig. 159. In the figure,
the light neutrino mass spectrum is assumed to be with normal
ordering, with the lightest neutrino mass set to m1 = 0 (left
panel) and m1 = 0.03 eV (right panel). The region of viable
LG in the VIA (TIA) case is the area below the solid (dotted)

black lines, while the subregion which is excluded by the
current low-energy data [1678], including the current upper
limits on BR(μ → eγ ) and on CR(μ 197

79 Au → e 197
79 Au)

given above, is shown in grey. The green, blue, yellow and
red lines represent, from top to bottom, the prospective sensi-
tivities of the planned experiments onμ→ eγ andμ→ eee
decays, as well as onμ−e conversion in aluminium and tita-
nium. It is clear from the figure that the planned experiments
on μLFV processes can probe directly significant region of
the LG parameter space. In particular, the future MEG II and
Mu3e experiments on μ→ eγ and μ→ eee decays will be
able to probe the currently allowed LG regions, which extend
respectively from M ∼= 90 GeV to M ∼= 2 × 104 GeV and
from M ∼= 60 GeV to M ∼= 7 × 104 GeV in the VIA case
and to slightly larger values in the TIA case; they will probe
values of the parameter |∑i=1,2,3(RV )∗μi (RV )ei | down to

8× 10−6 and 1.5× 10−6. Except for a narrow region in the
vicinity of the spike at 6.0 TeV, in the VIA (TIA) case the
upcoming experiments on μ − e conversion in aluminium
Mu2e [1674] and COMET [1675] will probe the allowed LG
region within the interval M ∼= (4 (6) − 3 × 105) GeV and
values of |∑i=1,2,3(RV )∗μi (RV )ei | down to 2×10−7, while
the planned experiment with higher sensitivity onμ−e con-
version in titanium PRISM/PRIME [1676] will test (apart
from a narrow interval around the spike at 4.5 TeV) the LG
region in the range of M ∼= (2 (3)−5×105)GeV and values
of |∑i=1,2,3(RV )∗μi (RV )ei | as small as 1.6× 10−8.

The analysis we have performed in Ref. [1667] also
revealed that, in the region of parameter space where LG
is successful, the heavy Majorana neutrinos can have size-
able charged current couplings not only to the electron and
muon, but to the electron, muon and tauon simultaneously.
Consequently, even experiments on τ → eee(μμμ) and
τ → e(μ)γ decays (e.g., at BELLE II [1679]) can probe
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a part of the LG parameter space, although a relatively nar-
rower one.

We can thus conclude that the upcoming and planned
experiments on μLFV processes can provide unique pos-
sibility for a direct test of the low-scale LG scenario based
on the type-I seesaw mechanism with three quasi-degenerate
in mass heavy Majorana neutrinos, with the potential for a
discovery.
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4.15 New ideas: bounds on right handed neutrinos from
observable leptogenesis – S. Sandner

Author: Stefan Sandner, <stefan.sandner@ific.uv.es>

4.15.1 Introduction

Leptogenesis addresses the problem of the observed baryon
asymmetry of our Universe (BAU) within a framework which
can simultaneously provide masses to the active neutrinos.
The minimal type-I seesaw model in accordance with neu-
trino oscillations data extends the Standard Model (SM) with
two Majorana singlet fermions (HNLs) that couple to the SM
via the fermion portal. It is also able to explain the BAU for
heavy state masses ranging from sub-GeV to ∼ 1015 GeV.
An interesting scenario is that the Majorana masses are in
the range of (0.1–100) GeV, such that the HNLs can be
produced at colliders. In this case, the relevant process to
generate the BAU is via HNL oscillations during its freeze-
in [1477,1479]. Although this model has been extensively
studied in the past (see [1680] for a review), an accurate ana-
lytical understanding of the parameter space that leads to suc-
cessful baryogenesis was first derived in [1482]. In particular,
the use of parametrization-independent CP flavour invariants
allows to express the analytical solutions in terms of other
flavour observables. This allows to either analytically predict
the constraints on the BAU arising from putative future mea-
surements of HNLs, CP violation in neutrino oscillations and
neutrinoless double-beta decay or, alternatively, to set bounds
on HNL parameters from the BAU. In the following I review

the method we derived in [1482] to analytically solve the
complete linearized set of quantum Boltzmann equations.
The solutions take into account mass effects in the interac-
tion rates and cover all washout regimes. In section 4.15.3 I
show some of the resulting constraints from the BAU.

4.15.2 The model and analytical approximation

The model considered is the type-I seesaw, which adds to the
SM n fermion singlets N i . The Lagrangian therefore reads

L = LSM −
∑
α,i

L̄αY αi �̃N i −
n∑

i, j=1

1

2
N̄ ic MRi j N j + h.c.,

where Y is a 3×n complex Yukawa matrix and MR is a n×n
complex symmetric matrix. L is the fermion doublet and �̃ =
iσ2�

∗ is the Higgs doublet. We consider the minimal model
with n = 2. An approximate lepton number (LN) symmetry
leads to testable mixings between the HNLs and the SM
sector and, therefore, exceed the naive seesaw scaling [1487,
1681] . Assigning the LN L(N1) = −L(N2) = 1, Y and MR

take the following form

Y =
⎛
⎜⎝

yeeiβe y′eeiβ ′e

yμeiβμ y′μeiβ ′μ

yτ eiβτ y′τ eiβ ′τ

⎞
⎟⎠ , MR =

(
μ1 

 μ2

)
. (175)

Here, with y2 ≡∑α y2
α , we have y′α/y  1 and μi/ 1,

because y′α andμi break the LN symmetry. In particular, this
guarantees the light neutrino masses to be under perturba-
tive control, mν = f (y′/y, μi/), while leading to unsup-
pressed HNL mixings U 2 � (yv/M)2, with v = 246 GeV
the Higgs vev and M being the average of the physical HNL
masses  = (M1 + M2)/2 ≡ M . We will use eq. (175) to
analytically solve for the baryon asymmetry YB by perturbing
around the symmetric limit. To do so, we make the follow-
ing approximations. We first linearize the system, assume the
interaction rates to evolve only linearly with the temperature
at leading order and that the lepton chemical potentials do
not receive flavour cross contributions from the B/3 − Lα
chemical potentials. To find a closed form solution, we fur-
ther need to employ an adiabatic approximation for cases in
which there is a large hierarchy between the vacuum oscilla-
tion rate and thermalization rate of the right handed neutrinos,
i.e. ε = �osc/�  1 or ε−1  1. If however ε  1 only
until some temperature T0 > TEW but then ε−1  1 from
T0 down to TEW, a solution can be found via the projection
of the solution found at T0 onto the subsystem of the weak
washout modes. This method allows to cover the intermedi-
ate regime which has not been considered in the literature
before. Comparing the analytical result to the full numerical
solution we find an agreement within at most a factor of two.
Further imposing that the model resembles neutrino oscilla-
tions data, the parameter space gets tightly constrained and
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Fig. 160 Numerical result of a Bayesian analysis (blue (red) points
for NH (IH)) together with the analytical derived upper bound on the
HNL mixing (black line). The grey shaded region is excluded by direct

searches or neutrino masses (seesaw limit), while the yellow one is
excluded by big bang nucleosynthesis constraints

correlated. It is described by only 6 free parameters which are
one Yukawa scale, two HNL masses and 3 phases encoding
CP violation, i.e. the Dirac and Majorana PMNS phases and
a high scale phase, see [1482] for the parametrization. Our
analytical approximations for the baryon asymmetry depends
on CP flavour invariants, which can be used to derive robust
connections between the generation of the baryon asymme-
try and other observables, which I will discuss in the next
section, but more details can be found in [1482].

4.15.3 Constraints from the baryon asymmetry

By employing the perturbative methods discussed in the pre-
vious section, we can derive the constraints imposed by suc-
cessful baryogenesis on the masses and mixings of the HNLs
as well as the CP violating phases. Here I consider two par-
ticular examples, but see [1482] for further details. On the
one hand, I show how to derive an absolute upper bound on
the mixing of the HNLs with the active neutrinos for which
leptogenesis is possible. On the other hand, I show correla-
tions in the flavour ratios |U 2

α |/U 2 and implications on the
amplitude of neutrinoless double-beta decay driven by mββ .

Analytical upper bound. The largest mixings of the HNLs
compatible with the BAU can be achieved if one weak mode
ensures the out-of-equilibrium condition [1682] at the elec-
troweak phase transition. The following physical scenario
guarantees exactly this. As long as the LN symmetry of
Eq. (175) is approximately exact, the two HNLs are nearly
degenerate, i.e. �M = μ1 + μ2  1. Furthermore, in the
same basis it is evident that N2 interacts with the thermal
plasma only via the perturbatively small coupling y′  y.
Imposing the constraints arising from neutrino oscillations
it can be shown that in fact y′ ∝ y−1 [1482]. This means
that the larger the HNL mixing the farther N2 is kept out of

thermal equilibrium. Such a scenario is known as the over-
damped regime, in which the vacuum oscillation length of
N1 → N2, dictated by �M , is larger than its plasma free
streaming length. On the other hand, the analytical solu-
tion of the quantum kinetic equations reveals that the baryon
asymmetry behaves as YB ∼ C1 y′/y3 + C2 y′/y if helicity
conserving interactions are weak or as YB ∼ C3 y′/y if they
are strong. This means that there is a non-trivial interplay
between the generation of the light neutrino masses and the
baryon asymmetry, which leads to an upper bound on the
HNL mixing. Figure 160 shows the upper bound analyti-
cally derived in Ref. [1482] for both, normal and inverted,
hierarchies. It is compared to the full numerical solution of
a parameter space scan within the sensitivity reach of the
future colliders SHiP and FCC-ee. We can appreciate an
excellent agreement.

Correlations of the BAU to other observables. For con-
creteness I will focus on the scenario in which ε−1  1 at
the time of the first oscillation Tosc. This is known as the fast
oscillations regime. It requires flavour hierarchical interac-
tions, �α(TEW) < H(TEW) for some flavour α, to achieve
HNL mixings inside the sensitivity reach of SHiP and
FCC-ee. Such hierarchies are controlled by εα = y2

α/y2,
which is naturally expected to be O(1). The farther sup-
pressed εα is compared to O(1) the more pronounced is the
flavour selection in |Uα|2/U 2. This can be seen in the left
panel of Fig. 161 for an exemplary and potentially measur-
able relative mass splitting of �M/M = 10−2. The right
panel of Fig. 161 shows the total contribution of active neu-
trinos and HNLs to mββ for HNLs with mixings to the
active neutrinos which are testable at SHiP. Remarkably, the
presently preferred range of δ ≥ π [1473,1510] corresponds
to the region where HNL effects lead to an enhancement of
mββ .
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Fig. 161 Solutions of a numerical scan with fixed�M/M = 10−2 for
which the BAU can be explained. NH (IH) is shown in blue (red). Left:
Flavour ratio of points testable at FCC-ee. The dashed lines correspond

to the region compatible with neutrino oscillations data. Right: 1 and 2σ
region of points testable at SHiP on the plane (δ,mββ). The standard
light neutrino contribution is contained within the dashed bands

4.16 New ideas: heavy neutrinos coupled to dark forces –
M. Hostert

Author: Matheus Hostert, <mhostert@perimeterinstitute.ca>

The interaction of heavy neutral leptons (HNL) with the
Standard Model (SM) is of sub-Weak strength, character-
ized by |Uα4|G F , where |Uα4| is the active-heavy neutrino
mixing element. Naturally, at the scales relevant for FIPs (�
10 GeV), these particles have lifetimes much larger than the
muon. In this case, the best strategies consist of looking for
N as a missing-energy resonance, such as in π, K+ → �+N
decays, or for its decays in flight at high-intensity beam dump
and neutrino experiments. An upper limit on the HNL life-
time can be derived from Big Bang Nucleosynthesis, requir-
ing very approximately that cτ 0

N � 3×104 km [1683–1688].
We note, however, that while HNLs are not allowed to be
arbitrarily long-lived, the upper bound on their lifetime is a
built-in feature of the sub-Weak interactions of the minimal
model.

From a phenomenological point of view, expanding our
reach to FIPs will also require searching for behavior that
is not described in the minimal models. In fact, despite the
impressive experimental coverage of the minimal HNL mod-
els, very few searches focus on HNLs that decay within
the scale of the detector. In addition, existing searches
for prompt, lepton-number-violating HNL decays, such as
K+ → �+N → �+�+π−, still rely on two key assumptions:
that the CC branching rations of the HNL are large and that
HNLs are Majorana. Neither of these assumptions may hold

in non-minimal models where HNLs decay predominantly
through a stronger-than-Weak force.

Furthermore, the allowed parameter space for HNL below
the kaon mass is very small due to the complementar-
ity between limits from lab-based experiments, which pro-
vide upper limits on the mixing angles, and cosmology,
which provides lower limits [1689]. However, as discussed in
Ref. [1690], new forces can relax cosmological limits more
than they strengthen lab-based ones, opening a larger window
for HNLs below the kaon mass.

The cases of interest for non-minimal HNL models can
be divided into two main groups. Firstly, invisibly-decaying
HNLs, where the new mediators only interact with invisi-
ble particles like neutrinos and dark matter. This happens
in Majoron models, for example. Secondly, visibly-decaying
HNLs, where the mediators also talk to the SM particles,
such as in a kinetically-mixed dark photon, (B − L) gauge
boson, or in models where the HNL has transition magnetic
moments. Recasting existing searches in models with invis-
ible decays is usually straightforward, as many searches for
HNLs do not rely on observing their decays. For the case
of visible decays, however, the recasting will depend on
the branching ratios and new production mechanisms of the
HNL. For instance, beam dump constraints are modified due
to the decoupling of the production rate and the lifetime of
the HNL. For extremely short lifetimes, these are avoided
altogether. Other constraints are affected due to modified
branching ratios (no LNV decays, for instance) or modified
detector acceptance. For instance, peak searches in K → �N
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are impacted, as hermetic detectors can veto the additional
visible decay products of N .

From the theoretical point of view, it is easy to conceive of
models where the SM-singlet fermions interact via additional
forces that dominate over the mixing-suppressed Weak force.
For the sake of concreteness, we discuss two models where N
can be produced and decay through new forces but note that
several examples have been discussed in the literature [1691–
1704].

An interesting connection between HNLs coupled to dark
forces can be made with experimental anomalies in the
neutrino sector. These types of models with O(100) MeV
HNLs have been proposed as a solution of the MiniBooNE
low-energy excess [1705] (for a review of the MiniBooNE
and other anomalies in short-baseline neutrino experiments,
see Ref. [1706]). The general idea behind these scenarios
is that the new forces mediate neutrino upscattering into
N , which can subsequently decay inside neutrino detec-
tors into electromagnetic showers, mimicking the electron-
like events observed by MiniBooNE [841,1577,1578,1594,
1707–1723]. Below, we will discuss new progress in con-
straining the models invoked in these explanations using
existing accelerator neutrino data.

4.16.1 HNLs and dark photons

The first type of model we consider is that of HNLs in a
secluded U (1)D gauge symmetry. In this kind of dark sector,
N can interact with the massive dark photon mediator Z ′
as well as with the dark higgses that break the symmetry.
The mediators, in turn, can interact with the rest of the SM
via kinetic or higgs mixing portals. The interactions of N
with the rest of SM fermions will then be proportional to
multiple portal couplings, such as the product of neutrino
mixing and kinetic mixing parameter. Specific realizations of
these models have been discussed in Refs. [841,1715,1725].

For the purposes of the phenomenology, aiming to cover
the simplest models of HNLs coupled to dark forces, we
consider a simplified model of an HNL N and a kinetically-
mixed dark photon. The relevant interaction Lagrangian is
given by

Lint ⊃ Z ′μ

⎛
⎝eε JμEM + gD

n+3∑
i, j

Vi jνiγ
μν j

⎞
⎠ , (176)

where νi stands for one of the neutral lepton states, i ∈
{1, . . . , 3+n}, where n is the number of HNLs. The interac-
tion vertices Vi j are model-dependent and are proportional
to the mixing between the neutral leptons. For simplicity,
we define the interaction vertex between low-energy flavor
states,< ν̂α =∑i=1,2,3 U∗

αi < νi , and the heavy neutrino N
as VαN � ∑i≤3 U∗

αi Vi N , which is constrained to be small.
This is the parameter that controls the interactions of N with

active neutrinos. The decay of the HNL N will also depend
on the model considered. If N = ν5, for example, its decay
can be much faster than ν4 as the dark photon interactions
between states with i > 3 are much stronger than those
involving light neutrinos. To account for this possibility, we
define the parameter |VN |2 = ∑

i<N |Vi N |2 < 1, which
will allow us to decouple the N lifetime from its production
cross sections. This neglects the mass splitting between N
and the daughter neutral leptons with 3 < i < N , which
can be important for the energy spectrum of the final states.
However, this is not important for the limits discussed below
and allows us to consider short-lived HNLs with minimal
addition to the number of parameters.

The idea behind the UV completions of Eq. 176 is to mix
N with fermions that are charged under the new gauge sym-
metry, νD . The breaking of U (1)D and the electroweak sym-
metry then leads to the mixing between all neutral leptons.
The mixing can be induced by two types of operators,

(L H̃D)νD and (L H̃)(�νD). (177)

In the first case, new scalar doublets, HD , charged under
both the dark symmetry and SU (2)L are required. In the
second method, two new ingredients in addition to νD are
needed: the dark Higgs �, which breaks the U (1)D , and a
new mediator particle that completes the dimension-5 oper-
ators. For instance, a fully sterile neutrino, νs , can real-
ize this case by means of two neutrino portal interactions,
L ⊃ y1(L H̃)νs + y2νs(νD�).

The most striking signature in these models is that of
coherent neutrino upscattering on nuclei A,

ναA → (N → ν�+�−)A, (178)

where � can be an electron or muon. For e+e− pairs, the boost
of N can give rise to very collimated showers, faking single
photon signatures in neutrino detectors. This has been used
to explain the MiniBooNE excess in Refs. [841,1577,1578,
1715].

Strong constraints on these models can be placed by detec-
tors with a combination of high and low-density materi-
als, like the near detector of T2K, ND280 [1726]. Because
of the large-Z material of the π0 detector, a combina-
tion of iron, lead, and water at the front of the detec-
tor, coherent-upscattering production of HNLs is enhanced.
Downstream of the detector, ND280 contains three gaseous
argon (GAr) time-projection-chambers (TPCs) and three
fine-grained scintillator detectors (FGDs). Because of their
low density, the number of neutrino interactions is very
small, and HNL decay signatures can be searched for in a
background-free environment [1727]. Furthermore, a 0.2 T
magnetic field helps to separate the collimated e+e− pairs
inside the detector. While T2K has only searched for the
decay in flight (DIF) of HNLs [1727], new constraints on
the upscattering signature can be obtained by making use of
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Fig. 162 Parameter space of a simplified model where an HNL N is
produced and decay via dark photon interactions. In orange, we show
new constraints derived from T2K data [1724]. The signature is the
upscattering of neutrinos into N in the ND280 near detector, and its sub-
sequent displaced decay into electron-positron pairs inside the Gaseous
Argon TPCs, N → νe+e−

the N → νe+e− DIF channel [1727] as well as the photon-
like sideband of the νeCCQ measurement by ND280 [1728].
The latter measures the e+e− from photon conversions in the
FGD.

In Ref. [1724], new constraints were found using a dedi-
cated Monte-Carlo and a kernel-density-estimator to predict
the differential event rate as a function of the several differ-
ent mass and coupling parameters of the theory. The result-
ing constraints in a slice of parameter space are shown in
Fig. 162. The transition from a long-lived HNL to a short-
lived HNL can be seen around m N ∼ 150 MeV. At that
point, HNLs produced in the heavy π0 detector decay before
reaching the fiducial volume of the GAr TPCs. In that case,
the dominant constraint is the one obtained from the FGD.
Also shown are the projections for the total number of POTs
expected at T2K with the same ND280 design (Full T2K-I)
as well as the combination with the POTs expected with a
new design of ND280 (Full T2K-I + T2K-II). In T2K-II, the
π0 detector at the front of ND280 will be removed to give
space for two SuperFGDs, an improved design of the FGD
detectors [1729].

Other future directions to further constrain HNLs cou-
pled to dark photons include direct searches for e+e− pairs
in liquid argon detectors of the Short-Baseline Neutrino
program at Fermilab [1730]. Kaon decays can also pro-
vide strong limits on the direct production and decay of
HNLs. NA62 could search for new resonances in the decay
K+ → �+(N → νe+e−), where in the case the dark pho-
ton is produced on-shell, both the HNL and the dark photon
masses could be reconstructed [841]. Finally, searches for
semi-visible dark photons at e+e− colliders like Belle-II and
fixed-target experiments like NA64 can constrain the produc-
tion of HNLs in dark photon decays [1715].

4.16.2 HNLs with transition magnetic moments

Another possibility we discuss is that of an HNL with tran-
sition magnetic moments (TMM). In this case, at low ener-
gies, the only new particles to be considered is the HNL, N .
Its new interactions then proceed through a dimension-five
TMM operator,

Lint ⊃ dαN νασμνFμνNR + h.c. (179)

At the SU(2)-invariant level, the operator arises at dimen-
sion six and can generate transition moments via the W and
Z boson. Because the photon is massless, however, the oper-
ator in Eq. 179 dominates low-energy observables. In prin-
ciple, on top of its TMM, HNL can still interact with light
neutrinos via mixing. In the TMM model, this mixing may be
large, as it arises from the Dirac mass term, m DναNR , which
is correlated with dαN [1731]. Nevertheless, for simplicity, it
is assumed that the effects of mixing are much smaller than
those of the TMM, implying that some underlying mecha-
nism is at play to suppress the Dirac mass term [1731–1737].

Constraints on the TMM operator have been derived using
a variety of low-energy data, including neutrino experiments
like NOMAD [1738], Borexino and Super-Kamiokande
[1583,1585], and LSND and MiniBooNE [1712]. A collec-
tion of constraints, including astrophysical ones, is presented
in Refs. [1712,1739].

Similarly to the case of dark photons, active neutrinos
can coherently upscatter on nuclei, A, via the exchange of
a photon and produce N . Depending on its lifetime, N can
then decay into a single photon inside the active volume of
neutrino detectors,

νA → (N → νγ )A. (180)

For smaller masses, the lifetime of N can be significant, so
its production in the dirt between the target and the detector
should be considered. This has been put forward as an expla-
nation of the MiniBooNE and LSND puzzles [1707,1714]. A
detailed fit to the MiniBooNE energy and angular spectrum
were recently performed [1713,1740].

In Fig. 163, we show new constraints on the parameter
space of a TMM between muon-neutrinos and a HNL [1740].
These limits were obtained using MINERvA data on elastic
neutrino-electron scattering [1741–1743]. Two MINERvA
medium-energy (ME) beam measurements have been con-
sidered. One using the beam in forward-horn-current (FHC)
and another in reverse-horn-current (RHC) mode. These
enhance the number of neutrinos and antineutrinos in the
beam, respectively. The main measurement relied on separat-
ing single electrons from photons using the showers energy
deposition, d E/d X . By using the photon-like d E/d X sam-
ple (the sideband of the analysis), new constraints can be
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placed on the number of forward-going single photons in the
MINERvA detector. Because this sample is used to tune the
Monte-Carlo predictions, we assign a conservative system-
atic uncertainty to the backgrounds. In the nominal case, we
take an overall 30% and in the conservative case a 100% over-
all normalization uncertainty. The latter covers the worst-
case scenario where the entire large d E/d X sample is mis-
modelled.

A similar analysis was employed in Ref. [1744] to con-
strain the dark photon model above as well, exploring the
misidentification of collimated e+e− pairs as a single pho-
ton. Future progress to constrain these models can be made
at the liquid argon detectors of the SBN program, as well as
future experiments like DUNE [1581,1582].

4.17 New ideas: how to simplify the reinterpretation of FIP
searches – J.-L. Tastet

Author: Jean-Loup Tastet, <jean-loup.tastet@uam.es>

4.17.1 Motivation

Virtually all models of feebly-interacting particles depend
on some free parameters which aren’t predicted by theory.
Typical parameters include the mass of the new particle, mix-
ing angles with Standard Model particles, a kinetic mixing
coefficient, a mass scale and/or a Wilson coefficient. Since
we are considering feebly-interacting particles, in general at
least one of these parameters should be small. The sensitivity
of a given experiment to a FIP candidate largely depends on
those model parameters, such that the non-observation of a
signal lets us constrain the set of allowed parameters (usu-
ally by placing an upper bound on the “small” parameter as
a function of the remaining ones). However, different exper-
iments or measurements may depend on model parameters
differently, potentially leading to complementary constraints.
When combined, such constraints can lead to stronger limits
than the ones obtained by any individual experiment. This is
especially true when considering a model that makes strong
cosmological and/or astrophysical predictions (such as e.g.
the νMSM [1479,1493]) as shown recently in Ref. [1689],
but this applies more generally to any global scan or Bayesian
analysis. However, performing such a combination requires
knowing the limits on the set of all model parameters. There-
fore, in order to perform such a study without having to rein-
terpret (with varying accuracy) the experimental results, each
experiment should report results for every possible combi-
nation of model parameters.

This is usually deemed impractical, and with good reason:
experiments typically perform extensive validation of their
signal and background models, which may quickly become
time-consuming when the number of parameter combina-
tions to test becomes formally infinite. Instead, they report

Fig. 163 The TMM of an HNL N as a function of its mass. The solid
(dashed) lines show the MINERvA neutrino and antineutrino mode
constraints on the dipole coupling using nominal (conservative) system-
atic uncertainties on the photon-like background. The best-fit regions
to explain the MiniBooNE energy and angular spectrum are shown in
pink and green, respectively

results for a small set of so-called “benchmark models”
which, as a whole, should be representative of the phe-
nomenology of the model. This may lead to problems if the
benchmarks are too simple, and miss some important phe-
nomenological aspects of the complete models. This is the
case for instance with heavy neutral leptons (HNLs). Many
experiments have reported limits on a simplified model con-
sisting of one Majorana HNL mixing with a single neu-
trino flavour (see Fig. 164, left). However, it was later
noticed [1745,1746] that such a model cannot account for
the observed neutrino masses (assuming that they are pro-
duced through a low-scale seesaw mechanism). Worse, low-
scale seesaw models may lead to an approximate lepton num-
ber conservation [1484] (but see also [1747,1748]) that may
suppress the lepton-number-violating signatures that some
experiments rely on. In this example, the simplified bench-
marks were clearly inadequate. In order to (partially) address
this problem, two additional benchmark points have been
proposed in the previous edition of these proceedings [5],
and later slightly simplified in Ref. [1472] (see Fig. 164, cen-
ter). These benchmarks have recently been used by ATLAS
to report the results of a search for displaced HNLs [1622]. In
this search, the limits did not vary much across benchmarks,
which suggests that the parameter space was well covered,
without any obvious blind spots. However, those new, more
realistic benchmarks still do not address the issue of combin-
ing constraints.

In an effort to reconcile the seemingly conflicting require-
ments of extensive validation and broad parameter space
coverage, we propose a rather generic method that lever-
ages the scaling properties shared by many FIP signatures
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Fig. 164 Evolution of the interpretation of HNL searches: from sim-
plified benchmarks featuring a single Majorana HNL (left), to more
realistic benchmarks featuring (in addition) quasi-Dirac HNLs (center),

and finally to the method proposed here, which allows interpreting the
results throughout the entire parameter space (right). U 2

α denotes |!α |2
or its sum over indistinguishable mass eigenstates, when applicable

in order to express the sensitivity/limits for the entire set of
model parameters (see Fig. 164, right). Similar methods have
already been discussed in Refs. [1046,1471,1749,1750]. We
pay particular attention to the data which, if published by
experiments along with their results, would enable theorists
to employ this method.

4.17.2 Signal scaling

Consider a feebly-interacting particle that interacts with the
Standard Model through a set of small couplings θ1, . . . , θN

(e.g.!e,!μ,!τ for HNLs). Because of their smallness, we
can safely perform a tree-level expansion in these couplings
and ignore all higher-order corrections. For the sake of sim-
plicity, in what follows we shall focus on searches for decay-
ing FIPs whose width is sufficiently small that we can use
the narrow-width approximation, i.e. the FIP is produced on-
shell in the collision/decay of Standard Model particles, prop-
agates (possibly over a macroscopic distance), and finally
decays back to a final state containing Standard Model par-
ticles. If the FIP is not observed in the experiment (e.g. in
missing mass searches), the method remains generally appli-
cable, but the scaling properties will be different because the
parameters involved in the decay do not play a role any more.
Similarly, if the FIP re-interacts with Standard Model parti-
cles (e.g. in an emulsion target), the scaling properties will
again be different and may e.g. involve the interaction length
of the FIP instead of its decay width.

Consider now a generic Feynman diagram mediating the
process described above, such as one of the diagrams shown
in the third panel of Fig. 165. Denote by θiprod the small
coupling involved in the FIP production vertex, by θidecay

the one involved in the FIP decay vertex, and by MFIP and
�FIP(MFIP, {θi }) the mass and width of the FIP (with the

latter being a function of all parameters). Generically, the
amplitude of such a diagram will scale as:

∝ θiprodθidecay

(q2
FIP − M2

FIP + i MFIP�FIP)
.

In many models (such as HNLs), all the diagrams contribut-
ing to a given process27 (initial + final state) involve the same
small parameters and therefore scale the same, i.e. there is
no interference between multiple diagrams which depend on
different θ ’s. In this simpler (but experimentally relevant)
case, the cross-section of each process P will obey the fol-
lowing scaling law (where we have used the narrow-width
approximation and integrated over phase space):

σP ∝
|θiprod,P |2|θidecay,P |2

�FIP
"⇒

σP = σ ref
P · τFIP|θiprod,P |2|θidecay,P |2

τ ref
FIP|θ ref

iprod,P
|2|θ ref

idecay,P
|2

i.e. the cross-section can be computed once for a set of ref-
erence parameters (τ ref

FIP, {θ ref
i }), and then rescaled exactly to

a different set (τFIP, {θi }) (keeping in mind that the physical
lifetime28 τFIP = �−1

FIP is a function of MFIP and of the θ ’s).
Considering now a signal region and bin (that we will

generically denote with b), we can obtain the scaling law for
the signal count resulting from each process by multiplying
the above equation by the integrated luminosity L int and the
efficiency εP,b(MFIP, τFIP), with an important subtlety: if the
FIP is sufficiently displaced, the efficiency will depend on
the θ ’s through its lifetime. We will clarify how to deal with

27 Our definition of “process” here matches the one used in e.g.
MadGraph5_aMC@NLO [1751].
28 Natural units are assumed throughout this contribution.
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Fig. 165 Worked out example
of the signal rescaling method,
for one Majorana HNL and the
e+e+e− trilepton final state,
using two bins and dummy (but
not unrealistic) values for the
efficiencies. Here the
interpolation to the physical
lifetime is done before
computing the tensor elements.
In practice it can be beneficial to
swap these steps and to
precompute the " tensor on an
MFIP × τFIP grid, and to only
perform the interpolation when
evaluating the expression for sb
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this shortly. The “prompt” part of the efficiency otherwise
does not depend on θ ’s,29 because they enter the amplitude
multiplicatively and therefore do not affect the distribution of
final-state particles. Summing over all the processes (which
generally have different scaling) that contribute to bin b, we
obtain the scaling law for the signal count sb:

sb = L int ×
∑

P∈processes

εP,bσP

= τFIP ×
∑

P

|θiprod,P |2|θidecay,P |2

× L intεP,bσ
ref
P

τ ref
FIP|θ ref

iprod,P
|2|θ ref

idecay,P
|2 .

The sum can be reordered to factor out the dependence on
model parameters:

sb = τFIP ×
∑
j,k

|θ j |2|θk |2

×
(∑

P

δ j iprod,P δkidecay,P

× L intεP,b(MFIP, τFIP)σ
ref
P (MFIP)

τ ref
FIP|θ ref

iprod,P
|2|θ ref

idecay,P
|2

)

≡
∑
j,k

τFIP"
jk
b (MFIP, τFIP)|θ j |2|θk |2

where we have defined the tensor " jk
b as the term in paren-

theses and made its dependence on MFIP, τFIP and the bin b
explicit. Upon closer examination of this term, we realise
that it actually gives us a simple recipe for computing the
" tensor, and thus the signal for arbitrary θ ’s and τFIP (the
latter still being treated as an independent parameter for the
moment). Let’s go through this recipe step by step:

1. Identify the scaling properties of the relevant processes.
2. Group together processes which scale similarly with

respect to θ ’s (same iprod/decay).
3. For each process, select an arbitrary set of reference

parameters.30

4. Using these parameters, compute the numbers of events
(L intεP,bσ

ref
P ) (for all bins b) produced by each process

and normalise them by the reference parameters present
in the denominator. A scan over the mass MFIP is usually
unavoidable at this point, and possibly a scan over τFIP if
the FIP is significantly displaced.

29 In the absence of interference involving multiple θ’s.
30 Depending on your Monte-Carlo generator, you may want to choose
them so that the width of the FIP is small enough for the narrow-width
approximation to hold. E.g. in MadGraph5_aMC@NLO, the reference
width must be small to trigger the narrow-width treatment.

5. Sum these normalised numbers of events over all pro-
cesses from a group and assign the result to the corre-
sponding tensor element, e.g. for the group of processes
that scale with θ j at the production vertex and with θk at
the decay vertex, the sum of their normalised numbers of
events in bin b should be assigned to element jk

b .

With the " tensor at hand, all we still need to rescale the
expected signal to arbitrary parameters is to finally sort out
the lifetime dependence. We proceed similarly, by noticing
that the total width �FIP can be broken down into the partial
widths mediated by each θi , which are respectively propor-
tional to |θi |2:

τ−1
FIP = �FIP(MFIP, {θi }) =

∑
i

�̂i (MFIP)|θi |2,

where the individual elements �̂i can be easily computed as
a function of MFIP by setting θi = 1 and all other θ ’s to
zero. The physical lifetime τFIP can then be substituted in the
expression for sb, if needed by interpolating the efficiencies
(or directly the " elements) between grid points. We now
have all the ingredients we need to accurately compute the
signal sb for arbitrary model parameters, with the only poten-
tial source of error being the interpolation between mass and
lifetime points. Figure 165 shows a worked out example in
the case of HNLs.

4.17.3 Remarks

A few comments are in order. First, although the " tensor
is not symmetric, only its symmetric part will contribute to
the signal. Second, this method can easily generate sparse
tensors, in particular if the signal is insensitive to some of
the θ ’s. Third, often the lifetime dependence of the efficien-
cies can be approximated by a simple ansatz. For instance,
in a prompt search, the efficiency should become constant as
τFIP → 0, and decrease as 1/τFIP when τFIP is much larger
than the size of the experiment, thus constraining its func-
tional form (see e.g. the fit in Ref. [1471]). Fourth, discrete
model parameters, such as for instance the number of HNLs
or the (non-)conservation of lepton number, can easily be
added to the scaling laws. For instance, in the case of a pair
of quasi-Dirac HNLs, this takes the form of additional coeffi-
cients in front of the width and cross-sections, with different
coefficients for lepton number conserving and violating pro-
cesses that depend on the model and the value of Rll . The
interested reader is referred to Ref. [1471] for more details.
Fifth, and finally, the above formalism can be generalised
to models where multiple diagrams depending of different
(and possibly complex) θ ’s interfere and contribute to the
same process, at the cost of slightly more complicated com-
putations. �̂i and" jk

b are respectively promoted to hermitian
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tensors �̂i j and "(i j)(kl)
b , with the scaling laws:

sb =
∑

i, j,k,l

τFIP"
(i j)(kl)
b (MFIP, τFIP)θ

∗
i θ
∗
j θkθl

τ−1
FIP =

∑
i, j

�̂i j (MFIP)θ
∗
i θ j

Computing the tensor elements then requires being able
to explicitly compute the interference terms (and the cor-
responding efficiencies) for all combinations of θ ’s. In "
this corresponds to elements outside of the (i j)(i j)

b diagonal.
Although the number of elements can appear daunting, in
general it is mitigated by the symmetry properties and the
sparsity of the tensors.31

4.17.4 Computing the limits

We are now equipped with a method for accurately rescal-
ing the signal to arbitrary model parameters, with the only
potential source of errors being the interpolation in mass and
lifetime. In a background-free experiment, this would be fully
sufficient for computing the sensitivity or limits. For the pro-
jected “discovery” sensitivity, all one would need to do is to
require stot =∑b sb ≥ 1, while in the event of a null result,
parameters such that stot ≥ 3 (resp. 2.3) would be excluded
at the 95% (resp. 90%) confidence level. This corresponds
to the “sensitivity matrix” approach employed by the SHiP
collaboration in Ref. [1046].

In the presence of background, it becomes necessary to
compare the expected signal to the observed counts and to
the expected background using some statistical procedure
(such as e.g. the CLs test). In order to use our method, one
must then have access to a model of the background. This
can take the form of (ideally) an open likelihood or, if the
likelihood is approximately Gaussian at the 2σ level, of the
covariance matrix Bbb′ between the background counts in
all signal regions and bins (including both the statistical and
systematic components).32 Because the present method deals
with the expected signal, we do not have much to add here.
Instead we will point the interested reader to the recommen-
dations from the LHC Reinterpretation Forum [1752] before
concluding.

31 See the backup slides on Indico for more details.
32 Because such a method is inherently approximate, it has the added
“benefit” that theorists cannot in good faith use it to claim a discovery.

4.17.5 Summary

We have presented a method for accurately rescaling to arbi-
trary model parameters the signal resulting from a feebly-
interacting particle. In order to work, this method requires:

• The signal efficiencies εP,b(MFIP, τFIP) as a function of
the FIP mass (and lifetime if displaced), disaggregated33

by process (or group of processes that scale the same)34

and by signal region/bin.
• (Optionally) The cross-sections of each process (or group

of processes that scale the same). Although this can usu-
ally be recomputed easily, it provides a useful cross-check
in case different computations disagree.

• Alternatively, experiments may choose to compute and
report the " and �̂ tensors on a suitable grid of masses
and lifetimes.

A specific example showing how to report these data can be
found in this Zenodo dataset [1753].

The rescaled signal can then be used to accurately extrap-
olate the limits to arbitrary model parameters, with no addi-
tional requirements if the search is background-free, and oth-
erwise if the following data are available:

• The observed counts in each signal region and bin.
• A (possibly simplified) background model, such as e.g. an

open likelihood or the covariance matrix of background
counts (including systematics).

Providing these data would allow to probe not just a finite,
zero-measure set of benchmark points, but an entire volume
of parameter space, opening the door for fast and accurate
global scans and Bayesian analyses.

4.18 New ideas: simulation of heavy neutrino-antineutrino
oscillations – J. Hajer

Author: Jan Hajer

Extending the Standard Model (SM) such that mass terms for
the neutrinos are generated can explain the observed neutrino
oscillations data. In the framework of type I seesaw models
current observations require at least two massive sterile neu-
trinos. In this case the seesaw equation relating the Dirac �m(i)

D

and Majorana m(i)
M masses of the heavy neutrinos with the

light neutrino mass matrix reads

33 If the Monte-Carlo truth is available, disaggregating the efficiencies
by process should only require a negligible amount of extra computa-
tion.
34 If multiple diagrams involving different θ’s interfere, efficiencies
should be reported by pair of interfering diagrams (some of which may
have a negative contribution to the cross-section).
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Fig. 166 Examples of simulations possible with the model file and
patch presented here. Panel a: comparison between the analytic cal-
culation (187) and the simulation of Rll . Panel b: simulation of the
number of expected events in a displaced vertex search at the HL-

LHC in comparison to the current exclusion bounds given in grey
[1621,1626,1756,1757]. The purple cross indicates the BM points
given in Fig. 167a and the two bands correspond to parameter values
leading to a Rll between 0.1 and 0.9

Mν = �m(1)
D ⊗ �m(1)

D

m(1)
M

+ �m(2)
D ⊗ �m(2)

D

m(2)
M

. (181)

Taking this equation as a starting point, there are three ways
to archive small neutrino masses via the seesaw mechanism.
Both, the high scale seesaw with very heavy Majorana mass
terms as well as the small coupling seesaw with tiny Dirac
masses are not observable at current collider experiment.
However, when the two terms in relation (181) cancel, all
parameters can have values such that detection might be pos-
sible. In this case the two Majorana neutrinos form a pseudo-
Dirac pair characterised by a tiny mass splitting. In collider
experiments one expects, therefore, to discover neither a sin-
gle Majorana nor a Dirac heavy neutrino but a pseudo-Dirac
heavy neutrino.

In the symmetry protected seesaw scenario (SPSS) this
cancellation is ensured by an almost exact lepton number-
like symmetry [1468,1754,1755]. When the symmetry is
conserved the SM Lagrangian is extended by

LL
SPSS = N c

i i /∂Ni − y1αN c
1 H̃†�α − N c

1 mM N2 + · · · + H.c.,

(182)

and the two sterile neutrinos form an exact Dirac pair. Fur-
thermore, the resulting mass matrix

M L
n =

⎛
⎝

0 �m D 0
�mT

D 0 m M
0 m M 0

⎞
⎠ , (183)

does not generate masses for the light neutrino. Only in the
presence of the small symmetry breaking terms

L�L
SPSS = −y2αN c

2 H̃†�α−μ′M N c
1 N1−μM N c

2 N2+· · ·+H.c.,

(184)

does the general mass matrix

M�L
n =

⎛
⎝

0 �m D �μD�mT
D μ′M m M�μT
D m M μM

⎞
⎠ , (185)

lead to light neutrino masses and a mass splitting �m
between the two heavy states. In order to ensure that the
light neutrinos remain almost massless these lepton number
violating (LNV) effects must be small. In this case the two
heavy Majorana neutrinos necessarily form a pseudo-Dirac
pair with a similarly small mass splitting. This setup encom-
passes well known models such as the linear and the inverse
seesaw.

A crucial feature of such pseudo-Dirac pairs is the ability
to oscillate between the neutrino and antineutrino eigenstates
[1758,1759]. When expressed as function of the proper time
τ these oscillations are governed by the mass splitting

P
LNC
LNV

osc (τ ) = 1± cos(�mτ) exp(−λ)
2

, (186)
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Fig. 167 Discoverability of heavy neutrino-antineutrino oscillations.
As indicated in Fig. 166b all three BM points have a mass of 14 GeV
and an active sterile mixing of |θμ| = 10−7 leading to a decay width of
� = 13.8μeV. Panel a: The three mass splittings �m, corresponding
oscillations periods τosc and resulting Rll are given. Panel b: The signif-

icance to discover oscillations at these points with 3 ab−1 of HL-LHC
data, corresponding to 90 events after cuts in our analysis, has been
simulated using MadGraph and Delphes. The intermediate points have
been derived using a fast simulation

where λ is a damping parameter covering potential decoher-
ence effects. We have checked that it can be taken to be zero
for the parameter values in which heavy neutrinos are long-
lived. Integrating over the oscillations (186) of the decaying
heavy neutrino allows to calculate the ratio between lepton
number violating and conserving processes

Rll = N LNV
ll

N LNC
ll

= �m2

�m2 + 2�2 . (187)

The functional dependence of this ratio is depicted in
Fig. 166a.

In the phenomenological symmetry protected seesaw sce-
nario (pSPSS), instead of introducing all possible symmetry
breaking terms at the Lagrangian level, the heavy neutrino
mass splitting is directly introduced as a parameter, such that
[1755]

m4/5 = mM

(
1+ 1

2
|�θ |2
)
∓1

2
�m. (188)

This model captures all leading order LNV effects and
depends in addition to the usual set of parameters consist-
ing of the Majorana mass of the lightest pseudo-Dirac pair
m M and its active-sterile mixing parameter �θ only on the
mass splitting of the pseudo-Dirac pair�m and the damping
parameter λ. The pSPSS has been implemented in FeynRules

and published online [1760]. In order to be able to simulate
the heavy neutrino-antineutrino oscillations using this model
file the Monte Carlo (MC) generator used for the analysis
needs to be patched; such a patch for the MadGraph MC
generator is also available [1755,1760].

This implementation can be used to study properties of
the heavy neutrinos. Figure 166b shows the number of events
appearing in a displaced vertex search at the HL-LHC, repro-
ducing previous results [1761]. Additionally, we have stud-
ied the discoverability of heavy neutrino-antineutrino oscil-
lations [1762]. To this end we have defined three benchmark
(BM) points with fixed mass and coupling. Their varying
mass splitting is given in Fig. 167a. Figure 167b shows, that
a 5σ discovery of heavy neutrino-antineutrino oscillations is
possible at the HL-LHC.

4.19 New ideas: constraints on heavy neutral leptons from
the BEBC WA66 beam dump experiment – G.
Marocco

Author: Giacomo Marocco, <gmarocco@lbl.gov>

4.19.1 Introduction

Neutrinos have small but non-zero masses, the origin of
which is unknown. An attractive explanation involves extend-
ing the Standard Model (SM) by adding to it right-handed
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neutrinos, thus generating small masses for the left-handed
neutrinos. The most popular is the ‘seesaw’ mechanism for
Majorana masses which has many variants [1763]. Such

models have open parameter space where the heavy neu-
tral leptons (HNL) mix only with a single flavour of active
neutrinos [1764]. We have carried out work studying the cur-
rently least constrained possibility of mixing between HNLs
and the tau neutrino [1765]. In this simple model, an HNL N
has a mass m N and mixes with the ντ with a strength given
by UτN . This mixing arises from one of the few renormal-
isable operators – the so-called neutrino portal – that may
consistently be added to the Standard Model to couple it to
a ‘dark sector’, so is a promising target in the search for new
physics beyond the electroweak scale [832]. Our bounds also
apply to neutrino portal dark sector models where the HNL
is a Dirac fermion [1766]

Data from the Big European Bubble Chamber (BEBC)
WA66 experiment in the 1982 CERN beam dump (400 GeV
protons from the SPS) [1767] had been used to carry out a
dedicated search for HNLs [1768] contemporaneously with
CHARM. However that analysis focussed on HNL produc-
tion (and decay) via mixing with electron and muon neutri-
nos; the production of HNLs in τ decays was not consid-
ered nor were decays via neutral currents taken into account.
Given that BEBC continues to set world-leading bounds on
other new physics such as dark photons [1769], magnetic
moments, and millicharged particles [1412], we reassess its
sensitivity to HNLs mixing with ντ , addressing the above
lacunae. We also carry out a reanalysis of HNL mixing with
νe in order to include all relevant decay modes and correct
a decay rate in [1768] that omitted an interference contribu-
tion, thus obtaining a more restrictive bound on the mixing
angle. The bounds from BEBC [1768] have not been noted in
many otherwise comprehensive recent discussions on HNLs
e.g. [4,5,1173,1770].

4.19.2 HNL fluxes

An important step in establishing bounds on HNLs is finding
both the differential spectrum of the HNLs emerging from a
beam dump, as well as their overall flux normalisation. Both
of these depend on non-perturbative hadronic physics.

To eliminate systematic errors in the extraction of these
quantities, associated e.g. with the adopted model of proton-
nucleon interactions in the beam dump, we calibrate this
directly using the concommitant flux of active neutrinos. This
was measured at BEBC [1767], and is consistent with their

dominant source being the three-body prompt decays of D±
and D0 mesons [1768]. Hence the total number of HNLs
produced, NN , can be directly related to the total number of
(∼massless) active neutrinos of a particular species Nν� via

NN

Nν�
�

∑
i σ(pN → Pi + X)Br(Pi → N + Y )

σ (pN → D+D− + X)Br(D± → �ν� + X)+ σ(pN → D0 D̄0 + X)Br(D0 → �ν� + X)
, (189)

where we sum over all parent particles Pi that produce HNLs
in their decays. We take 4σ(pN → Ds + X) = 2σ(pN →
D+D− + X) = σ(pN → D0 D̄0 + X) in accordance with
data from the Fermilab E769 experiment [1771], so that all
cross-sections in the denominator above are proportional to
each other. If all the production cross sections σ(pN → X)
in the numerator too are proportional (to be justified when
we identify the Pi that appear in this equation), then the
hadronic dependence drops out modulo the proportionality
constants, thus simplifying the calculation considerably and
yielding a robust constraint. In the WA66 experiment, it was
estimated that 4.1×10−4 muon neutrinos were produced via
D decays per proton on target [1767], which allows for direct
calculation of Nν� . The above procedure minimises system-
atic uncertainties in the overall flux normalisation when the
angular distribution is known.

The angular distribution of HNLs may in turn be calcu-
lated from first principles, given particular parent meson dis-
tributions. The Ds meson is the dominant source of τ leptons,
which in turn decay to heavy HNLs. We thus need their differ-
ential distribution which is usually parameterised as [1772]:

d2σ

dxFd p2
T

∝ e−bp2
T(1− |xF|)n, (190)

where xF = 2pCM
L /

√
s is twice the longitudinal momen-

tum in the cms frame (relative to the cms energy), pT is the
transverse momentum and the parameters b and n must be
extracted from data. While b can be considered to be inde-
pendent of both the cms energy and the quark content of the
charmed meson [1773], n may in general depend on both of
these quantities. In the absence of specific data, we take n
for Ds production to be the same as for D0, D± mesons.
To parameterise the production in the WA66 experiment, we
use the results from the WA82 experiment [1774], since both
experiments used the same target material (copper), as well
as similar beam energies (370 GeV for WA82 cf. 400 GeV for
WA66). We adopt b = 0.93±0.09 GeV−2 and n = 6.0±0.3
[1774]; somewhat different values for n were quoted by other
experiments e.g. [1775,1776], but this is not as important for
HNL production as the transverse momentum distribution
which is set by b.
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Fig. 168 (Left) The 90% exclusion region in the HNL mass versus its
mixing with ντ set by reanalysis of BEBC WA66, compared to the recast
[1781] of the CHARM bound. Also shown are bounds from T2K [1563],
ArgoNeuT [1782], a recast of Belle [1783], and DELPHI [1784], as
well as the projected sensitivities of NA62 in beam dump mode [1470]
and FASER/FASER2 [1053]. (Right) The 90% exclusion region in the

HNL mass versus its mixing with νe set by this reanalysis of BEBC
WA66. The recast bound [1781] from CHARM is also shown, as are
bounds from T2K [1563], Belle [1785], and DELPHI [1784], as well
as the projected sensitivities of NA62 in beam dump mode [1470] and
FASER/FASER2 [1053]

4.19.3 HNL detection

In order to be detected, the HNLs produced in the beam dump
must reach the detector and then decay within it. The proba-
bility for the HNL to reach the detector depends on all the pos-
sible detection channels open to it, as well as the mediating
interactions. For simplicity, we consider only SM particles
in the final state, i.e. HNL decay via the known electroweak
bosons. Our analysis is easily generalised to decays via other
mediators, see e.g. [1777,1778]. The detection probability
depends solely on the decay channels for which a search was
carried out in BEBC, and is associated with an experimental
efficiency ε. The number of observed events is related to the
number of HNLs produced in the beam dump as

N = NN � 〈P〉�
∑
α

�α

�
· εα, (191)

where NN is given by Eq.(189), � is the geometric accep-
tance set by the solid angle subtended by the detector and 〈·〉�
indicates an average over HNLs that lie within this accep-
tance, while the sum is over experiment-specific channels.
The efficiency ε is a combination of factors which depends
on both the detector response and the HNL decay channel.
At BEBC, searches were made for �−π+/�+π− and �−�+ν
where � = e, μ [1768]. HNL decay candidates were required
to have an oppositely charged particle pair (with momen-
tum > 1 GeV/c for scanning efficiency > 97%) and no

associated neutral hadron interactions or neutral strange par-
ticle decays. Cuts were made on the energy and angle of
the charged decay products to ensure consistency with the
assumed production/decay channel. The decay distributions
of the HNLs were calculated using the full differential decay
rate implemented in our Monte Carlo.

Since the sensitivity to HNLs depends on the experimental
cuts that were used to isolate signal events, we must take all
of this into account to extract bounds on the HNL mixing
angles. In particular, we require that HNL events pass a cut
on the invariant transverse mass MT, defined by

MT ≡ (p2
T + M2

I )
1/2 + pT < m D − mμ. (192)

We further adopt a lepton identification efficiency of 96%.
This was the detection efficiency of the WA66 experiment
for electron tracks of momentum > 0.8 GeV/c, while it was
97% for muons of momentum > 3 GeV/c [1768]. (While
the cuts used depended on the HNL under consideration, no
specific results for mixing with ντ s were given, hence we
conservatively use the same cuts that were placed on HNLs
mixing with νμs.)

There were no surviving candidates in WA66 for the HNL
decay channels eeν, eμν or μμν, or for eπ , and there was
only 1 candidate for μ+π− (with invariant mass ∼ 1 GeV).
The background for this decay channel was estimated using
data from the WA59 experiment [1779] in which BEBC,
filled with a Ne/H2 mix similar to WA66, was exposed to
a conventional ‘wide band’ beam (in which the fraction of
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Fig. 169 Sensitivity to HNL with electron coupling (BC6). Current
bounds and future projections for 90% CL exclusion limits. Filled
gray areas are bounds coming from interpretation of old data sets
or astrophysical data; filled coloured areas are bounds set by exper-
imental collaborations; solid coloured lines are projections based on
existing data sets; dashed coloured lines are projections based on full
Monte Carlo simulations; dotted coloured lines are projections based
on toy Monte Carlo simulations. Filled areas are existing bounds from:
PS191 [1562], CHARM [1433], PIENU [1786], NA62 (KeN ) [1178],

T2K [1787], Belle [1788], DELPHI [1789], ATLAS [1622,1628],
and CMS [1621,1626]. Coloured curves are projections from: PIO-
NEER [1790], HIKE-K+ [1192,1393]; HIKE-dump [1192,1393];
DarkQuest [1264], Belle II [1783], FASER2 [1417]; DUNE near detec-
tor [1173], Hyper-K (projections based on [1563]), CODEX-b [1031],
SHiP [1403], SHADOWS [1402] and MATHUSLA200 [1442]. The
BBN bounds are from [1687] The dashed seesaw line is given by

|Uα |2 =
√
�m2

atm/m N corresponding to the naive seesaw scaling and
should be considered only as indicative

HNLs would have been < 1% of that in the beam dump
beam). This background was 0.6± 0.2 events [1768] corre-
sponding to an upper limit of 3.5 events @ 90% CL with one
candidate event. Since there were no candidate events in the
3-body channels available to UeN or UτN mixing, we have
conservatively adopted an upper limit of 2.3 signal events
[1780].

The bounds resulting from these observations are shown
in Fig. 168. Remarkably, BEBC WA66 outperforms all other
experiments, including the much bigger CHARM detector.
This is primarily because its decay region was off-axis to the
beam so it had a lower geometric acceptance than BEBC, as
well as receiving a smaller fraction of high energy HNLs.
Consequently the on-axis BEBC sets a tighter bound as
the HNL mass increases and the transverse momentum gets
smaller. We also show in Fig. 168 updated bounds from
BEBC WA66 [1768] on UeN , the mixing with the elec-
tron neutrino. Using a corrected formula for the HNL decay
probabilities, additional production channels, as well as an
improved fit for the D meson distribution results in a two-fold
improvement over the bounds previously obtained.

We have demonstrated the continued capability of the
BEBC detector to place world-leading bounds on hypotheti-
cal particles of interest. This reanalysis has taken into account
production and decay channels of HNLs with non-zero ντ
mixings that have not been much considered earlier, thus
providing an up-to-date set of exclusions.

4.20 Conclusions on HNLs

Models with Heavy Neutral Leptons constitute a minimal
extension of the SM that can also explain neutrino masses,
the baryon asymmetry of the Universe and even dark matter.
They have a rich phenomenology in a variety of experiments,
ranging from peak searches to beam dump experiments, to
colliders and to lepton number violating processes. It is also
possible to inscribe them into more complex scenarios, pro-
viding a connection with other dark sectors, such as dark
photons and dark scalars.

Here, we summarise the current status and future sensitiv-
ity of HNL searches in the standard scenario in which only
HNL are added to the SM. For reference, we consider the
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Fig. 170 Sensitivity to HNL with muon coupling (BC7). Current
bounds and future projections for 90% CL exclusion limits. Filled gray
areas are bounds coming from interpretation of old data sets or astro-
physical data; filled coloured areas are bounds set by experimental col-
laborations; solid coloured lines are projections based on existing data
sets; dashed coloured lines are projections based on full Monte Carlo
simulations; dotted coloured lines are projections based on toy Monte
Carlo simulations. Filled coloured areas are existing bounds from:
PS191 [1562], CHARM [1433], PIENU [1786], NA62 (KμN ) [1182],

T2K [1787], Belle [1788]; DELPHI [1789], ATLAS [1622,1628]
and CMS [1621,1626]; MicroBooNE 2019 [1555] and 2022 [1437]
Coloured curves are projections from: NA62-dump [4,1416]; HIKE-
K+ [1192,1393]; HIKE-dump [1192,1393]; DarkQuest [1263], Belle
II [1783]; FASER2 [1417]; DUNE near detector [1173]; Hyper-K (pro-
jections based on [1563]); SHiP [1403], CODEX-b [1031], and MATH-
USLA200 [1442]. The BBN bounds are from [1687]. The dashed see-

saw line is given by |Uα |2 =
√
�m2

atm/m N corresponding to the naive
seesaw scaling and should be considered only as indicative

following simplified benchmark points that assume a single
HNL coupled exclusively to one SM flavor

U 2
e : U 2

μ : U 2
τ = 1 : 0 : 0 BC6 (193a)

U 2
e : U 2

μ : U 2
τ = 0 : 1 : 0 BC7 (193b)

U 2
e : U 2

μ : U 2
τ = 0 : 0 : 1 BC8 (193c)

Therefore, for these simplified benchmarks the HNL pro-
duction and decay can be determined just as function of the
parameter space (m N , |Uα|2). As discussed in Sect. 4.2 these
benchmarks are not consistent with neutrino oscillation data
in minimal seesaw scenarios. To address this shortcoming,
the following additional benchmarks have been proposed,

U 2
e : U 2

μ : U 2
τ = 0 : 1 : 1, (194a)

U 2
e : U 2

μ : U 2
τ = 1 : 1 : 1, (194b)

In addition to the flavour mixing pattern U 2
e : U 2

μ : U 2
τ

it is useful to fix the ratio of lepton number violating to lepton
number conserving HNL decays R�� = 1 to define bench-
marks that can be used to compare the sensitivity of different
experiments. While these simple additions cannot describe

all aspects of complete neutrino mass models (cf. Sect. 4.18),
they represent an improved effective description of realistic
models.

Taking given values of the HNL mixing angles and masses,
a contribution to neutrino masses arises in see-saw mod-
els and their extensions. In Figs. 169, 170 and 171, we
report a line that corresponds to the naive values of the mix-
ing angles required to explain neutrino masses, specifically

|Uα|2 =
√
�m2

atm/m N , where �m2
atm is the light neutrino

atmospheric mass-squared difference. We note that larger
values of the mixing angles are allowed from a theoretical
perspective, especially in symmetry protected realizations of
the minimal type I see-saw models, e.g. inverse or linear see-
saw ones, where the HNL mixing is expected to naturally be
much larger than the naive seesaw scaling.

In summary, as described in Figs. 169, 170 and 171, cur-
rent and future sensitivities reach very small mixing angles
that, for masses ∼ 100–400 MeV even reach the naive see-
saw type I prediction. Future experiments will significantly
improve the physics reach across all the relevant mass range,
and most strongly around the GeV region.
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Fig. 171 Sensitivity to HNL with tau coupling (BC8). Current bounds
and future projections for 90% CL exclusion limits. Filled gray areas
are bounds coming from interpretation of old data sets or astrophysi-
cal data; filled coloured areas are bounds set by experimental collab-
orations; solid coloured lines are projections based on existing data
sets; dashed coloured lines are projections based on full Monte Carlo
simulations; dotted coloured lines are projections based on toy Monte
Carlo simulations. Filled areas are existing bounds from: CHARM

(recasted) [1433] and BEBC (recasted) [1765]; ArgoNeut [1782];
BaBar [1613]; DELPHI [1789]; T2K [1787] Coloured curves are pro-
jections from: HIKE-dump [1393], SHiP [1403], DarkQuest [1263],
Belle II [1783], DUNE [1173], FASER2 [1417]; CODEX-b [1031],
and MATHUSLA200 [1442]. The BBN bounds are from [1687]. The

dashed seesaw line is given by |Uα |2 =
√
�m2

atm/m N corresponding
to the naive seesaw scaling and should be considered only as indicative

5 Conclusions and outlook

Feebly-interacting particles (FIPs) are currently one of the
most discussed topics in fundamental physics. Breaking with
the traditional approach, which favoured the existence of
new particles with relatively large couplings to the Standard
Model (SM) and masses commensurate to the electroweak
scale, an ever increasing effort has been devoted to the low
energy frontier, at lower masses and much more feeble inter-
action strengths. The relevance of experimental FIPs studies
has been widely recognized by the international community,
as outlined in recent strategy reports.

The interest is well motivated. FIPs may provide answers
to many outstanding problems in particle physics, including
the nature of dark matter, the origin of the neutrino masses,
the strong CP problem, the origin of the matter-antimatter
asymmetry, or cosmological inflation. Owing to their very
nature, namely low masses and feeble interactions, FIPs are
also extremely interesting in astrophysical and cosmologi-
cal contexts. Undeniably, the existence of FIPs would have
a tremendous impact on astrophysics, for example on stellar
evolution and on the propagation of photons on astrophysical
or cosmological distances. The ability to detect FIPs could

provide the tools to explore regions of the universe not acces-
sible in any other way. Thus, within the FIP paradigm, funda-
mental physics questions might be naturally intertwined and
results from terrestrial based laboratory experiments should
be compared with data coming from astrophysics and cos-
mology.

The purpose of this report is to present an updated guide
to the enormous progress in all of the most relevant aspects
of this research. It provides an overview of the recent exper-
imental and theoretical progress, as well as summaries and
perspectives from major laboratories and reviews of the latest
strategy reports. Each of the major sections, Ultralight FIPs,
Light dark matter, and Heavy Neutral Leptons, includes a
set of updated summary plots and tables with running and
proposed experiments.

As evident from our report, the FIP community is active
and diversified, including theorists in particle physics, astro-
physics and cosmology, as well as experimentalists working
on colliders, fixed-target, beam-dump and direct DM detec-
tion experiments. The intense FIP investigation of the last few
years has produced a plethora of innovative theoretical ideas,
and catalyzed significant advancements in existing technolo-
gies and revolutionary new techniques in optics, nuclear mag-
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netic resonance (NMR), resonant cavities, gravitational wave
detection, and others. As illustrated in the summary figures
and tables, rapid progress is expected in the coming years.

The breadth of the open questions in particle physics and
their deep interconnection, together with the (so far) failure
of previous paradigms, make the search for FIPs a compelling
and timely endeavor, and provides hope and opportunities for
exciting and profound discoveries in the near future.
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Dimitrijević, L.Č Popović et al., A new analysis of stark and zee-
man effects on hydrogen lines in magnetized da white dwarfs.
Atoms 5, 44 (2017)

544. P.-E. Tremblay, P. Bergeron, Spectroscopic analysis of da white
dwarfs: stark broadening of hydrogen lines including nonideal
effects. Astrophys. J. 696, 1755 (2009)

545. M. Leroy, M. Chianese, T.D.P. Edwards, C. Weniger, Radio signal
of axion-photon conversion in neutron stars: a ray tracing anal-
ysis. Phys. Rev. D 101, 123003 (2020). https://doi.org/10.1103/
PhysRevD.101.123003. arXiv:1912.08815

546. J. Redondo, Helioscope bounds on hidden sector photons. JCAP
07, 008 (2008). https://doi.org/10.1088/1475-7516/2008/07/008.
arXiv:0801.1527

547. M. Freitag, P. Amaro-Seoane, V. Kalogera, Stellar remnants in
galactic nuclei: mass segregation. Astrophys. J. 649, 91 (2006)

548. P. Dewdney, W. Turner, R. Millenaar, R. McCool, J. Lazio,
T. Cornwell, Ska1 system baseline design, Document number
SKA-TEL-SKO-DD-001 Revision, vol. 1 (2013)

549. G.S. Staff, Proposer’s guide for the green bank telescope, Green
Bank Observatory Proposer’s Guide for the Green Bank Telescope
(2017)

550. M. Benito, N. Bernal, N. Bozorgnia, F. Calore, F. Iocco, Particle
dark matter constraints: the effect of galactic uncertainties. JCAP
02, 007 (2017). https://doi.org/10.1088/1475-7516/2017/02/007.
arXiv:1612.02010

551. M. Benito, F. Iocco, A. Cuoco, Uncertainties in the galac-
tic dark matter distribution: an update. Phys. Dark Univ.
32, 100826 (2021). https://doi.org/10.1016/j.dark.2021.100826.
arXiv:2009.13523

552. T. Lacroix, Dynamical constraints on a dark matter spike at
the Galactic Centre from stellar orbits. Astron. Astrophys.
619, A46 (2018). https://doi.org/10.1051/0004-6361/201832652.
arXiv:1801.01308

553. G. Bertone, G. Sigl, J. Silk, Annihilation radiation from a dark
matter spike at the galactic center. Mon. Not. R. Astron. Soc.
337, 98 (2002). https://doi.org/10.1046/j.1365-8711.2002.05892.
x. arXiv:astro-ph/0203488

554. T. Lacroix, C. Boehm, J. Silk, Probing a dark matter density spike
at the Galactic Center. Phys. Rev. D 89, 063534 (2014). https://
doi.org/10.1103/PhysRevD.89.063534. arXiv:1311.0139

555. T.A. Fleming, K. Werner, M.A. Barstow, Detection of the first
coronal x-ray source about a white dwarf. Astrophys. J. 416, L79
(1993)

556. K.A. Arnaud, V.V. Zhelezniakov, V. Trimble, Coronal x-rays from
single, magnetic white dwarfs: a search and probable detection.
Publ. Astron. Soc. Pac. 104, 239 (1992)

557. Z. Musielak, M. Noble, J. Porter, D. Winget, Chandra observa-
tions of magnetic white dwarfs and their theoretical implications.
Astrophys. J. 593, 481 (2003)

558. M.C. Weisskopf, K. Wu, V. Trimble, S.L. O’Dell, R.F. Elsner,
V.E. Zavlin et al., A chandra search for coronal x-rays from the
cool white dwarf gd 356. Astrophys. J. 657, 1026 (2007)

123

https://doi.org/10.1103/PhysRevD.101.063030
https://doi.org/10.1103/PhysRevD.101.063030
http://arxiv.org/abs/1911.05086
https://doi.org/10.1103/PhysRevLett.111.041302
https://doi.org/10.1103/PhysRevLett.111.041302
http://arxiv.org/abs/1304.3461
https://doi.org/10.1103/PhysRevD.102.115022
https://doi.org/10.1103/PhysRevD.102.115022
http://arxiv.org/abs/2006.13929
https://doi.org/10.1103/PhysRevD.103.123031
https://doi.org/10.1103/PhysRevD.103.123031
http://arxiv.org/abs/2012.05427
https://doi.org/10.1103/PhysRevLett.121.241102
https://doi.org/10.1103/PhysRevLett.121.241102
http://arxiv.org/abs/1804.03145
https://doi.org/10.1103/PhysRevD.97.123001
https://doi.org/10.1103/PhysRevD.97.123001
http://arxiv.org/abs/1803.08230
https://doi.org/10.1103/PhysRevD.99.123021
https://doi.org/10.1103/PhysRevD.99.123021
http://arxiv.org/abs/1811.01020
https://doi.org/10.1103/PhysRevD.104.103030
http://arxiv.org/abs/2104.07670
https://doi.org/10.1088/1475-7516/2021/11/013
http://arxiv.org/abs/2107.07399
https://doi.org/10.1007/JHEP09(2021)105
http://arxiv.org/abs/2104.08290
https://doi.org/10.1103/PhysRevD.105.L021305
https://doi.org/10.1103/PhysRevD.105.L021305
http://arxiv.org/abs/2107.01225
https://doi.org/10.1103/PhysRevD.104.103015
http://arxiv.org/abs/2109.00877
http://arxiv.org/abs/2202.08274
https://doi.org/10.1103/PhysRevLett.126.181102
https://doi.org/10.1103/PhysRevLett.126.181102
http://arxiv.org/abs/2010.15836
http://arxiv.org/abs/2212.09756
https://doi.org/10.1086/509072
https://doi.org/10.1086/509072
http://arxiv.org/abs/astro-ph/0609273
https://doi.org/10.1093/mnras/stv570
https://doi.org/10.1103/PhysRevD.84.085001
http://arxiv.org/abs/1105.2083
https://doi.org/10.1103/PhysRevD.103.115021
https://doi.org/10.1103/PhysRevD.103.115021
http://arxiv.org/abs/2101.02585
https://doi.org/10.1103/PhysRevD.101.123003
https://doi.org/10.1103/PhysRevD.101.123003
http://arxiv.org/abs/1912.08815
https://doi.org/10.1088/1475-7516/2008/07/008
http://arxiv.org/abs/0801.1527
https://doi.org/10.1088/1475-7516/2017/02/007
http://arxiv.org/abs/1612.02010
https://doi.org/10.1016/j.dark.2021.100826
http://arxiv.org/abs/2009.13523
https://doi.org/10.1051/0004-6361/201832652
http://arxiv.org/abs/1801.01308
https://doi.org/10.1046/j.1365-8711.2002.05892.x
https://doi.org/10.1046/j.1365-8711.2002.05892.x
http://arxiv.org/abs/astro-ph/0203488
https://doi.org/10.1103/PhysRevD.89.063534
https://doi.org/10.1103/PhysRevD.89.063534
http://arxiv.org/abs/1311.0139


Eur. Phys. J. C          (2023) 83:1122 Page 233 of 266  1122 

559. J.J. Drake, K. Werner, Deposing the cool corona of kpd 0005+
5106. Astrophys. J. 625, 973 (2005)

560. V. Zheleznyakov, S. Koryagin, A. Serber, Thermal cyclotron radi-
ation by isolated magnetic white dwarfs and constraints on the
parameters of their coronas. Astron. Rep. 48, 121 (2004)

561. C.J. Hogan, M.J. Rees, Axion miniclusters. Phys. Lett. B 205, 228
(1988). https://doi.org/10.1016/0370-2693(88)91655-3

562. ADMX collaboration, C. Bartram et al., Search for invisible
axion dark matter in the 3.3–4.2 μeV mass range. Phys. Rev.
Lett. 127, 261803 (2021). https://doi.org/10.1103/PhysRevLett.
127.261803. arXiv:2110.06096

563. I.I. Tkachev, Fast radio bursts and axion miniclusters. JETP Lett.
101, 1 (2015). https://doi.org/10.1134/S0021364015010154.
arXiv:1411.3900

564. T.D.P. Edwards, B.J. Kavanagh, L. Visinelli, C. Weniger, Tran-
sient radio signatures from neutron star encounters with QCD
axion miniclusters. Phys. Rev. Lett. 127, 131103 (2021). https://
doi.org/10.1103/PhysRevLett.127.131103. arXiv:2011.05378

565. E.W. Kolb, I.I. Tkachev, Femtolensing and picolensing by axion
miniclusters. Astrophys. J. 460, L25 (1996). https://doi.org/10.
1086/309962. arXiv:astro-ph/9510043

566. M. Fairbairn, D.J.E. Marsh, J. Quevillon, Searching for the
QCD axion with gravitational microlensing. Phys. Rev. Lett.
119, 021101 (2017). https://doi.org/10.1103/PhysRevLett.119.
021101. arXiv:1701.04787

567. M. Fairbairn, D.J.E. Marsh, J. Quevillon, S. Rozier, Struc-
ture formation and microlensing with axion miniclusters. Phys.
Rev. D 97, 083502 (2018). https://doi.org/10.1103/PhysRevD.97.
083502. arXiv:1707.03310

568. A. Katz, J. Kopp, S. Sibiryakov, W. Xue, Femtolensing by dark
matter revisited. JCAP 1812, 005 (2018). https://doi.org/10.1088/
1475-7516/2018/12/005. arXiv:1807.11495

569. L. Dai, J. Miralda-Escudé, Gravitational lensing signatures of
axion dark matter minihalos in highly magnified stars. Astron.
J. 159, 49 (2020). https://doi.org/10.3847/1538-3881/ab5e83.
arXiv:1908.01773

570. D. Ellis, D.J.E. Marsh, B. Eggemeier, J. Niemeyer, J. Redondo,
K. Dolag, Structure of axion miniclusters. arXiv:2204.13187

571. J. Binney, S. Tremaine, Galactic Dynamics (Princeton University
Press, Princeton, 2008)

572. L. Hernquist, An analytical model for spherical galaxies and
bulges. Astrophys. J. 356, 359 (1990). https://doi.org/10.1086/
168845

573. V. Dandoy, T. Schwetz, E. Todarello, A self-consistent wave
description of axion miniclusters and their survival in the galaxy.
JCAP 09, 081 (2022). https://doi.org/10.1088/1475-7516/2022/
09/081. arXiv:2206.04619

574. M. Bauer, P. Foldenauer, Consistent theory of kinetic mix-
ing and the Higgs low-energy theorem. Phys. Rev. Lett.
129, 171801 (2022). https://doi.org/10.1103/PhysRevLett.129.
171801. arXiv:2207.00023

575. D. Tucker-Smith, N. Weiner, Inelastic dark matter. Phys. Rev.
D 64, 043502 (2001). https://doi.org/10.1103/PhysRevD.64.
043502. arXiv:hep-ph/0101138

576. A. Filimonova, S. Junius, L Lopez Honorez, S. Westhoff, Inelastic
Dirac dark matter. JHEP 06, 048 (2022). https://doi.org/10.1007/
JHEP06(2022)048. arXiv:2201.08409

577. BaBar collaboration, J.P. Lees et al., Search for invisible decays
of a dark photon produced in e+e− collisions at BaBar. Phys. Rev.
Lett. 119, 131804 (2017). https://doi.org/10.1103/PhysRevLett.
119.131804. arXiv:1702.03327

578. M. Duerr, T. Ferber, C. Hearty, F. Kahlhoefer, K. Schmidt-
Hoberg, P. Tunney, Invisible and displaced dark matter signa-
tures at Belle II. JHEP 02, 039 (2020). https://doi.org/10.1007/
JHEP02(2020)039. arXiv:1911.03176

579. E. Izaguirre, Y. Kahn, G. Krnjaic, M. Moschella, Testing light
dark matter coannihilation with fixed-target experiments. Phys.
Rev. D 96, 055007 (2017). https://doi.org/10.1103/PhysRevD.96.
055007. arXiv:1703.06881

580. Y.-D. Tsai, P. deNiverville, M.X. Liu, Dark photon and muon g−2
inspired inelastic dark matter models at the high-energy intensity
frontier. Phys. Rev. Lett. 126, 181801 (2021). https://doi.org/10.
1103/PhysRevLett.126.181801. arXiv:1908.07525

581. A. Apyan et al., DarkQuest: a dark sector upgrade to SpinQuest at
the 120 GeV Fermilab Main Injector, in 2022 Snowmass Summer
Study, p. 3 (2022). arXiv:2203.08322

582. B. Batell, J. Berger, L. Darmé, C. Frugiuele, Inelastic dark mat-
ter at the Fermilab Short Baseline Neutrino Program. Phys. Rev.
D 104, 075026 (2021). https://doi.org/10.1103/PhysRevD.104.
075026. arXiv:2106.04584

583. A. Berlin, N. Blinov, G. Krnjaic, P. Schuster, N. Toro, Dark matter,
millicharges, axion and scalar particles, gauge bosons, and other
new physics with LDMX. Phys. Rev. D 99, 075001 (2019). https://
doi.org/10.1103/PhysRevD.99.075001. arXiv:1807.01730

584. B. Chauhan, B. Dasgupta, A. Dighe, Large-energy single hits at
JUNO from atmospheric neutrinos and dark matter. Phys. Rev.
D 105, 095035 (2022). https://doi.org/10.1103/PhysRevD.105.
095035. arXiv:2111.14586

585. JUNO collaboration, F. An et al., Neutrino physics with JUNO. J.
Phys. G 43, 030401 (2016). https://doi.org/10.1088/0954-3899/
43/3/030401. arXiv:1507.05613

586. M. Honda, M Sajjad Athar, T. Kajita, K. Kasahara, S. Midorikawa,
Atmospheric neutrino flux calculation using the NRLMSISE-00
atmospheric model. Phys. Rev. D 92, 023004 (2015). https://doi.
org/10.1103/PhysRevD.92.023004. arXiv:1502.03916

587. G. Battistoni, A. Ferrari, T. Montaruli, P.R. Sala, The atmospheric
neutrino flux below 100-MeV: the FLUKA results. Astropart.
Phys. 23, 526 (2005). https://doi.org/10.1016/j.astropartphys.
2005.03.006

588. C.H. Llewellyn Smith, Neutrino reactions at accelerator
energies. Phys. Rep. 3, 261 (1972). https://doi.org/10.1016/
0370-1573(72)90010-5

589. J. Cheng, Y.-F. Li, L.-J. Wen, S. Zhou, Neutral-current back-
ground induced by atmospheric neutrinos at large liquid-
scintillator detectors: I. Model predictions. Phys. Rev. D 103,
053001 (2021). https://doi.org/10.1103/PhysRevD.103.053001.
arXiv:2008.04633

590. C. Andreopoulos et al., The GENIE neutrino Monte Carlo gener-
ator. Nucl. Instrum. Methods. A 614, 87 (2010). https://doi.org/
10.1016/j.nima.2009.12.009. arXiv:0905.2517

591. KamLAND collaboration, S. Abe et al., Production of radioactive
isotopes through cosmic muon spallation in KamLAND. Phys.
Rev. C 81, 025807 (2010). https://doi.org/10.1103/PhysRevC.81.
025807. arXiv:0907.0066

592. S.W. Li, J.F. Beacom, Tagging spallation backgrounds with
showers in water-Cherenkov detectors. Phys. Rev. D 92,
105033 (2015). https://doi.org/10.1103/PhysRevD.92.105033.
arXiv:1508.05389

593. KamLAND collaboration, S. Abe et al., Measurement of the 8B
solar neutrino flux with the KamLAND liquid scintillator detec-
tor. Phys. Rev. C 84, 035804 (2011). https://doi.org/10.1103/
PhysRevC.84.035804 arXiv:1106.0861

594. G. Steigman, B. Dasgupta, J.F. Beacom, Precise relic WIMP
abundance and its impact on searches for dark matter annihila-
tion. Phys. Rev. D 86, 023506 (2012). https://doi.org/10.1103/
PhysRevD.86.023506. arXiv:1204.3622

595. K. Agashe, Y. Cui, L. Necib, J. Thaler, (In)direct detection of
boosted dark matter. JCAP 10, 062 (2014). https://doi.org/10.
1088/1475-7516/2014/10/062. arXiv:1405.7370

123

https://doi.org/10.1016/0370-2693(88)91655-3
https://doi.org/10.1103/PhysRevLett.127.261803
https://doi.org/10.1103/PhysRevLett.127.261803
http://arxiv.org/abs/2110.06096
https://doi.org/10.1134/S0021364015010154
http://arxiv.org/abs/1411.3900
https://doi.org/10.1103/PhysRevLett.127.131103
https://doi.org/10.1103/PhysRevLett.127.131103
http://arxiv.org/abs/2011.05378
https://doi.org/10.1086/309962
https://doi.org/10.1086/309962
http://arxiv.org/abs/astro-ph/9510043
https://doi.org/10.1103/PhysRevLett.119.021101
https://doi.org/10.1103/PhysRevLett.119.021101
http://arxiv.org/abs/1701.04787
https://doi.org/10.1103/PhysRevD.97.083502
https://doi.org/10.1103/PhysRevD.97.083502
http://arxiv.org/abs/1707.03310
https://doi.org/10.1088/1475-7516/2018/12/005
https://doi.org/10.1088/1475-7516/2018/12/005
http://arxiv.org/abs/1807.11495
https://doi.org/10.3847/1538-3881/ab5e83
http://arxiv.org/abs/1908.01773
http://arxiv.org/abs/2204.13187
https://doi.org/10.1086/168845
https://doi.org/10.1086/168845
https://doi.org/10.1088/1475-7516/2022/09/081
https://doi.org/10.1088/1475-7516/2022/09/081
http://arxiv.org/abs/2206.04619
https://doi.org/10.1103/PhysRevLett.129.171801
https://doi.org/10.1103/PhysRevLett.129.171801
http://arxiv.org/abs/2207.00023
https://doi.org/10.1103/PhysRevD.64.043502
https://doi.org/10.1103/PhysRevD.64.043502
http://arxiv.org/abs/hep-ph/0101138
https://doi.org/10.1007/JHEP06(2022)048
https://doi.org/10.1007/JHEP06(2022)048
http://arxiv.org/abs/2201.08409
https://doi.org/10.1103/PhysRevLett.119.131804
https://doi.org/10.1103/PhysRevLett.119.131804
http://arxiv.org/abs/1702.03327
https://doi.org/10.1007/JHEP02(2020)039
https://doi.org/10.1007/JHEP02(2020)039
http://arxiv.org/abs/1911.03176
https://doi.org/10.1103/PhysRevD.96.055007
https://doi.org/10.1103/PhysRevD.96.055007
http://arxiv.org/abs/1703.06881
https://doi.org/10.1103/PhysRevLett.126.181801
https://doi.org/10.1103/PhysRevLett.126.181801
http://arxiv.org/abs/1908.07525
http://arxiv.org/abs/2203.08322
https://doi.org/10.1103/PhysRevD.104.075026
https://doi.org/10.1103/PhysRevD.104.075026
http://arxiv.org/abs/2106.04584
https://doi.org/10.1103/PhysRevD.99.075001
https://doi.org/10.1103/PhysRevD.99.075001
http://arxiv.org/abs/1807.01730
https://doi.org/10.1103/PhysRevD.105.095035
https://doi.org/10.1103/PhysRevD.105.095035
http://arxiv.org/abs/2111.14586
https://doi.org/10.1088/0954-3899/43/3/030401
https://doi.org/10.1088/0954-3899/43/3/030401
http://arxiv.org/abs/1507.05613
https://doi.org/10.1103/PhysRevD.92.023004
https://doi.org/10.1103/PhysRevD.92.023004
http://arxiv.org/abs/1502.03916
https://doi.org/10.1016/j.astropartphys.2005.03.006
https://doi.org/10.1016/j.astropartphys.2005.03.006
https://doi.org/10.1016/0370-1573(72)90010-5
https://doi.org/10.1016/0370-1573(72)90010-5
https://doi.org/10.1103/PhysRevD.103.053001
http://arxiv.org/abs/2008.04633
https://doi.org/10.1016/j.nima.2009.12.009
https://doi.org/10.1016/j.nima.2009.12.009
http://arxiv.org/abs/0905.2517
https://doi.org/10.1103/PhysRevC.81.025807
https://doi.org/10.1103/PhysRevC.81.025807
http://arxiv.org/abs/0907.0066
https://doi.org/10.1103/PhysRevD.92.105033
http://arxiv.org/abs/1508.05389
https://doi.org/10.1103/PhysRevC.84.035804
https://doi.org/10.1103/PhysRevC.84.035804
http://arxiv.org/abs/1106.0861
https://doi.org/10.1103/PhysRevD.86.023506
https://doi.org/10.1103/PhysRevD.86.023506
http://arxiv.org/abs/1204.3622
https://doi.org/10.1088/1475-7516/2014/10/062
https://doi.org/10.1088/1475-7516/2014/10/062
http://arxiv.org/abs/1405.7370


 1122 Page 234 of 266 Eur. Phys. J. C          (2023) 83:1122 

596. T. Bringmann, M. Pospelov, Novel direct detection constraints on
light dark matter. Phys. Rev. Lett. 122, 171801 (2019). https://doi.
org/10.1103/PhysRevLett.122.171801. arXiv:1810.10543

597. C.V. Cappiello, K.C.Y. Ng, J.F. Beacom, Reverse direct detec-
tion: cosmic ray scattering with light dark matter. Phys. Rev.
D 99, 063004 (2019). https://doi.org/10.1103/PhysRevD.99.
063004. arXiv:1810.07705

598. C.V. Cappiello, J.F. Beacom, Strong new limits on light
dark matter from neutrino experiments. Phys. Rev. D 100,
103011 (2019). https://doi.org/10.1103/PhysRevD.104.069901.
arXiv:1906.11283

599. M.A. Buen-Abad, J. Fan, C. Sun, Constraints on Axions from
Cosmic Distance Measurements. arXiv:2011.05993

600. M.A. Buen-Abad, J. Fan, C. Sun, Axion echoes from the super-
nova graveyard. Phys. Rev. D 105, 075006 (2022). https://doi.org/
10.1103/PhysRevD.105.075006. arXiv:2110.13916

601. A. Mirizzi, G.G. Raffelt, P.D. Serpico, Photon-axion conver-
sion in intergalactic magnetic fields and cosmological conse-
quences. Lect. Notes Phys. 741, 115 (2008). https://doi.org/10.
1007/978-3-540-73518-2_7. arXiv:astro-ph/0607415

602. H. Georgi, P.H. Ginsparg, S.L. Glashow, Photon oscillations and
the cosmic background radiation. Nature 306, 765 (1983). https://
doi.org/10.1038/306765a0

603. G. Raffelt, L. Stodolsky, Mixing of the photon with low mass
particles. Phys. Rev. D 37, 1237 (1988). https://doi.org/10.1103/
PhysRevD.37.1237

604. C. Csaki, N. Kaloper, J. Terning, Dimming supernovae
without cosmic acceleration. Phys. Rev. Lett. 88, 161302
(2002). https://doi.org/10.1103/PhysRevLett.88.161302.
arXiv:hep-ph/0111311

605. Y. Grossman, S. Roy, J. Zupan, Effects of initial axion produc-
tion and photon axion oscillation on type Ia supernova dim-
ming. Phys. Lett. B 543, 23 (2002). https://doi.org/10.1016/
S0370-2693(02)02448-6. arXiv:hep-ph/0204216

606. A. Avgoustidis, C. Burrage, J. Redondo, L. Verde, R. Jimenez,
Constraints on cosmic opacity and beyond the standard
model physics from cosmological distance measurements. JCAP
10, 024 (2010). https://doi.org/10.1088/1475-7516/2010/10/024.
arXiv:1004.2053

607. P. Trivedi, K. Subramanian, T.R. Seshadri, Primordial mag-
netic field limits from cosmic microwave background bis-
pectrum of magnetic passive scalar modes. Phys. Rev. D
82, 123006 (2010). https://doi.org/10.1103/physrevd.82.123006.
arXiv:astro-ph/1009.2724

608. Planck collaboration, P. Ade et al., Planck 2015 results. XIX.
Constraints on primordial magnetic fields. Astron. Astrophys.
594, A19 (2016). https://doi.org/10.1051/0004-6361/201525821.
arXiv:1502.01594

609. A. Zucca, Y. Li, L. Pogosian, Constraints on primordial mag-
netic fields from Planck combined with the south pole tele-
scope CMB B-mode polarization measurements. Phys. Rev.
D 95, 063506 (2017). https://doi.org/10.1103/PhysRevD.95.
063506. arXiv:1611.00757

610. D. Paoletti, J. Chluba, F. Finelli, J. Rubino-Martin, Improved
CMB anisotropy constraints on primordial magnetic fields from
the post-recombination ionization history. Mon. Not. R. Astron.
Soc. 484, 185 (2019). https://doi.org/10.1093/mnras/sty3521.
arXiv:1806.06830

611. R. Durrer, A. Neronov, Cosmological magnetic fields: their
generation, evolution and observation. Astron. Astrophys.
Rev. 21, 62 (2013). https://doi.org/10.1007/s00159-013-0062-7.
arXiv:1303.7121

612. J.L. Han, Observing interstellar and intergalactic magnetic fields.
Ann. Rev. Astron. Astrophys. 55, 111 (2017). https://doi.org/10.
1146/annurev-astro-091916-055221

613. T. Vachaspati, Progress on Cosmological Magnetic Fields.
arXiv:2010.10525

614. D. Martizzi et al., Baryons in the Cosmic Web of IllustrisTNG—I:
gas in knots, filaments, sheets, and voids. Mon. Not. R. Astron.
Soc. 486, 3766 (2019). https://doi.org/10.1093/mnras/stz1106.
arXiv:1810.01883

615. A. de Bruyn, M.A. Brentjens, Diffuse polarized emis-
sion associated with the Perseus cluster. Astron. Astrophys.
441, 931 (2005). https://doi.org/10.1051/0004-6361:20052992.
arXiv:astro-ph/0507351

616. G. Taylor, N. Gugliucci, A. Fabian, J. Sanders, G. Gentile, S.
Allen, Magnetic fields in the center of the perseus cluster. Mon.
Not. R. Astron. Soc. 368, 1500 (2006). https://doi.org/10.1111/j.
1365-2966.2006.10244.x. arXiv:astro-ph/0602622

617. A. Bonafede, L. Feretti, M. Murgia, F. Govoni, G. Giovannini, D.
Dallacasa et al., The Coma cluster magnetic field from Faraday
rotation measures. Astron. Astrophys. 513, A30 (2010). https://
doi.org/10.1051/0004-6361/200913696. arXiv:1002.0594

618. L. Feretti, G. Giovannini, F. Govoni, M. Murgia, Clusters of
galaxies: observational properties of the diffuse radio emission.
Astron. Astrophys. Rev. 20, 54 (2012). https://doi.org/10.1007/
s00159-012-0054-z. arXiv:1205.1919

619. D. Wouters, P. Brun, Constraints on axion-like particles from
X-ray observations of the hydra galaxy cluster. Astrophys. J.
772, 44 (2013). https://doi.org/10.1088/0004-637X/772/1/44.
arXiv:1304.0989

620. M. Berg, J.P. Conlon, F. Day, N. Jennings, S. Krippendorf, A.J.
Powell et al., Constraints on axion-like particles from X-ray obser-
vations of NGC1275. Astrophys. J. 847, 101 (2017). https://doi.
org/10.3847/1538-4357/aa8b16. arXiv:1605.01043

621. M.C.D. Marsh, H.R. Russell, A.C. Fabian, B.P. McNamara, P.
Nulsen, C.S. Reynolds, A new bound on axion-like particles.
JCAP 12, 036 (2017). https://doi.org/10.1088/1475-7516/2017/
12/036. arXiv:1703.07354

622. J.P. Conlon, F. Day, N. Jennings, S. Krippendorf, M. Rum-
mel, Constraints on axion-like particles from non-observation
of spectral modulations for X-ray point sources. JCAP
07, 005 (2017). https://doi.org/10.1088/1475-7516/2017/07/005.
arXiv:1704.05256

623. C.S. Reynolds, M.C.D. Marsh, H.R. Russell, A.C. Fabian, R.
Smith, F. Tombesi et al., Astrophysical limits on very light axion-
like particles from Chandra grating spectroscopy of NGC 1275.
Astrophys. J. 890, 59 (2020). https://doi.org/10.3847/1538-4357/
ab6a0c. arXiv:1907.05475

624. J.J. Mohr, B. Mathiesen, A.E. Evrard, Properties of the intr-
acluster medium in an ensemble of nearby galaxy clusters.
Astrophys. J. 517, 627 (1999). https://doi.org/10.1086/307227.
arXiv:astro-ph/9901281

625. M. Bonamente, M.K. Joy, S.J. La Roque, J.E. Carlstrom, E.D.
Reese, K.S. Dawson, Determination of the cosmic distance scale
from Sunyaev-Zel’dovich effect and Chandra X-ray measure-
ments of high redshift galaxy clusters. Astrophys. J. 647, 25
(2006). https://doi.org/10.1086/505291. arXiv:astro-ph/0512349

626. S. Angus, J.P. Conlon, M.C.D. Marsh, A.J. Powell, L.T.
Witkowski, Soft X-ray excess in the coma cluster from a cos-
mic axion background. JCAP 09, 026 (2014). https://doi.org/10.
1088/1475-7516/2014/09/026. arXiv:1312.3947

627. M. Libanov, S. Troitsky, On the impact of magnetic-field mod-
els in galaxy clusters on constraints on axion-like particles from
the lack of irregularities in high-energy spectra of astrophysi-
cal sources. Phys. Lett. B 802, 135252 (2020). https://doi.org/
10.1016/j.physletb.2020.135252. arXiv:1908.03084

628. CAST collaboration, V. Anastassopoulos et al., New cast limit on
the axion-photon interaction. Nat. Phys.13, 584 (2017). https://
doi.org/10.1038/nphys4109. arXiv:1705.02290

123

https://doi.org/10.1103/PhysRevLett.122.171801
https://doi.org/10.1103/PhysRevLett.122.171801
http://arxiv.org/abs/1810.10543
https://doi.org/10.1103/PhysRevD.99.063004
https://doi.org/10.1103/PhysRevD.99.063004
http://arxiv.org/abs/1810.07705
https://doi.org/10.1103/PhysRevD.104.069901
http://arxiv.org/abs/1906.11283
http://arxiv.org/abs/2011.05993
https://doi.org/10.1103/PhysRevD.105.075006
https://doi.org/10.1103/PhysRevD.105.075006
http://arxiv.org/abs/2110.13916
https://doi.org/10.1007/978-3-540-73518-2_7
https://doi.org/10.1007/978-3-540-73518-2_7
http://arxiv.org/abs/astro-ph/0607415
https://doi.org/10.1038/306765a0
https://doi.org/10.1038/306765a0
https://doi.org/10.1103/PhysRevD.37.1237
https://doi.org/10.1103/PhysRevD.37.1237
https://doi.org/10.1103/PhysRevLett.88.161302
http://arxiv.org/abs/hep-ph/0111311
https://doi.org/10.1016/S0370-2693(02)02448-6
https://doi.org/10.1016/S0370-2693(02)02448-6
http://arxiv.org/abs/hep-ph/0204216
https://doi.org/10.1088/1475-7516/2010/10/024
http://arxiv.org/abs/1004.2053
https://doi.org/10.1103/physrevd.82.123006
http://arxiv.org/abs/1009.2724
https://doi.org/10.1051/0004-6361/201525821
http://arxiv.org/abs/1502.01594
https://doi.org/10.1103/PhysRevD.95.063506
https://doi.org/10.1103/PhysRevD.95.063506
http://arxiv.org/abs/1611.00757
https://doi.org/10.1093/mnras/sty3521
http://arxiv.org/abs/1806.06830
https://doi.org/10.1007/s00159-013-0062-7
http://arxiv.org/abs/1303.7121
https://doi.org/10.1146/annurev-astro-091916-055221
https://doi.org/10.1146/annurev-astro-091916-055221
http://arxiv.org/abs/2010.10525
https://doi.org/10.1093/mnras/stz1106
http://arxiv.org/abs/1810.01883
https://doi.org/10.1051/0004-6361:20052992
http://arxiv.org/abs/astro-ph/0507351
https://doi.org/10.1111/j.1365-2966.2006.10244.x
https://doi.org/10.1111/j.1365-2966.2006.10244.x
http://arxiv.org/abs/astro-ph/0602622
https://doi.org/10.1051/0004-6361/200913696
https://doi.org/10.1051/0004-6361/200913696
http://arxiv.org/abs/1002.0594
https://doi.org/10.1007/s00159-012-0054-z
https://doi.org/10.1007/s00159-012-0054-z
http://arxiv.org/abs/1205.1919
https://doi.org/10.1088/0004-637X/772/1/44
http://arxiv.org/abs/1304.0989
https://doi.org/10.3847/1538-4357/aa8b16
https://doi.org/10.3847/1538-4357/aa8b16
http://arxiv.org/abs/1605.01043
https://doi.org/10.1088/1475-7516/2017/12/036
https://doi.org/10.1088/1475-7516/2017/12/036
http://arxiv.org/abs/1703.07354
https://doi.org/10.1088/1475-7516/2017/07/005
http://arxiv.org/abs/1704.05256
https://doi.org/10.3847/1538-4357/ab6a0c
https://doi.org/10.3847/1538-4357/ab6a0c
http://arxiv.org/abs/1907.05475
https://doi.org/10.1086/307227
http://arxiv.org/abs/astro-ph/9901281
https://doi.org/10.1086/505291
http://arxiv.org/abs/astro-ph/0512349
https://doi.org/10.1088/1475-7516/2014/09/026
https://doi.org/10.1088/1475-7516/2014/09/026
http://arxiv.org/abs/1312.3947
https://doi.org/10.1016/j.physletb.2020.135252
https://doi.org/10.1016/j.physletb.2020.135252
http://arxiv.org/abs/1908.03084
https://doi.org/10.1038/nphys4109
https://doi.org/10.1038/nphys4109
http://arxiv.org/abs/1705.02290


Eur. Phys. J. C          (2023) 83:1122 Page 235 of 266  1122 

629. A. Payez, C. Evoli, T. Fischer, M. Giannotti, A. Mirizzi, A.
Ringwald, Revisiting the SN1987A gamma-ray limit on ultra-
light axion-like particles. JCAP 02, 006 (2015). https://doi.org/
10.1088/1475-7516/2015/02/006. arXiv:1410.3747

630. C. Dessert, J.W. Foster, B.R. Safdi, X-ray searches for axions from
super star clusters. arXiv: 2008.03305

631. D. Scolnic et al., The complete light-curve sample of spectro-
scopically confirmed SNe Ia from Pan-STARRS1 and cosmolog-
ical constraints from the combined pantheon sample. Astrophys.
J. 859, 101 (2018). https://doi.org/10.3847/1538-4357/aab9bb.
arXiv:1710.00845

632. F. Beutler, C. Blake, M. Colless, D. Jones, L. Staveley-Smith, L.
Campbell et al., The 6dF galaxy survey: baryon acoustic oscil-
lations and the local Hubble constant. Mon. Not. R. Astron.
Soc. 416, 3017 (2011). https://doi.org/10.1111/j.1365-2966.
2011.19250.x. arXiv:1106.3366

633. A.J. Ross, L. Samushia, C. Howlett, W.J. Percival, A. Burden,
M. Manera, The clustering of the SDSS DR7 main Galaxy
sample—I. A 4 per cent distance measure at z = 0.15, Mon.
Not. R. Astron. Soc. 449, 835 (2015). https://doi.org/10.1093/
mnras/stv154. arXiv:1409.3242

634. BOSS collaboration, S. Alam et al., The clustering of galaxies in
the completed SDSS-III Baryon Oscillation Spectroscopic Sur-
vey: cosmological analysis of the DR12 galaxy sample. Mon.
Not. R. Astron. Soc. 470, 2617 (2017). https://doi.org/10.1093/
mnras/stx721. arXiv:1607.03155

635. Planck collaboration, N. Aghanim et al., Planck 2018 results.
VI. Cosmological parameters. arXiv: 1807.06209

636. A.G. Riess et al., A 2.4% determination of the local value of the
Hubble constant. Astrophys. J. 826, 56 (2016). https://doi.org/10.
3847/0004-637X/826/1/56. arXiv:1604.01424

637. S. Birrer et al., TDCOSMO IV: Hierarchical time-delay
cosmography—joint inference of the Hubble constant and galaxy
density profiles. arXiv:2007.02941

638. Y. Sun, K. Schutz, A. Nambrath, C. Leung, K. Masui, Axion dark
matter-induced echo of supernova remnants. Phys. Rev. D 105,
063007 (2022). https://doi.org/10.1103/PhysRevD.105.063007.
arXiv:2110.13920

639. O. Ghosh, J. Salvado, J. Miralda-Escudé, Axion Gegenschein:
Probing Back-scattering of Astrophysical Radio Sources Induced
by Dark Matter. arXiv:2008.02729

640. A. Arza, P. Sikivie, Production and detection of an axion dark
matter echo. Phys. Rev. Lett. 123, 131804 (2019). https://doi.org/
10.1103/PhysRevLett.123.131804. arXiv:1902.00114

641. A. Arza, E. Todarello, Axion dark matter echo: a detailed anal-
ysis. Phys. Rev. D 105, 023023 (2022). https://doi.org/10.1103/
PhysRevD.105.023023. arXiv:2108.00195

642. A. Caputo, M. Regis, M. Taoso, S.J. Witte, Detecting
the stimulated decay of axions at radio frequencies. JCAP
03, 027 (2019). https://doi.org/10.1088/1475-7516/2019/03/027.
arXiv:1811.08436

643. A. Ayad, G. Beck, Axion-like particle searches with MeerKAT and
SKA. JCAP 03, 005 (2022). https://doi.org/10.1088/1475-7516/
2022/03/005. arXiv:2010.05773

644. M.H. Chan, Constraining the axion-photon coupling using
radio data of the Bullet Cluster. Sci. Rep. 11, 20087 (2021).
arXiv:2109.11734

645. J.F. Navarro, C.S. Frenk, S.D.M. White, The structure of cold
dark matter halos. Astrophys. J. 462, 563 (1996). https://doi.org/
10.1086/177173. arXiv:astro-ph/9508025

646. M. Schaller et al., Dark matter annihilation radiation in hydrody-
namic simulations of Milky Way haloes. Mon. Not. R. Astron.
Soc. 455, 4442 (2016). https://doi.org/10.1093/mnras/stv2667.
arXiv:1509.02166

647. F. Calore, N. Bozorgnia, M. Lovell, G. Bertone, M. Schaller, C.S.
Frenk et al., Simulated Milky Way analogues: implications for

dark matter indirect searches. JCAP 12, 053 (2015). https://doi.
org/10.1088/1475-7516/2015/12/053. arXiv:1509.02164

648. S. Sivertsson, H. Silverwood, J.I. Read, G. Bertone, P. Steger,
The localdark matter density from SDSS-SEGUE G-dwarfs. Mon.
Not. R. Astron. Soc. 478, 1677 (2018). https://doi.org/10.1093/
mnras/sty977. arXiv:1708.07836

649. J. Buch, S.C.J. Leung, J. Fan, Using Gaia DR2 to con-
strain local dark matter density and thin dark disk. JCAP
04, 026 (2019). https://doi.org/10.1088/1475-7516/2019/04/026.
arXiv:1808.05603

650. K. Freese, M. Lisanti, C. Savage, Colloquium: annual modulation
of dark matter. Rev. Mod. Phys. 85, 1561 (2013). https://doi.org/
10.1103/RevModPhys.85.1561. arXiv:1209.3339

651. K.W. Weiler, R.A. Sramek, N. Panagia, J.M. van der Hulst, M.
Salvati, Radio supernovae. APJ 301, 790 (1986). https://doi.org/
10.1086/163944

652. M.F. Bietenholz, N. Bartel, M. Argo, R. Dua, S. Ryder, A. Soder-
berg, The radio luminosity-risetime function of core-collapse
supernovae. Astrophys. J. 908, 75 (2021). https://doi.org/10.3847/
1538-4357/abccd9. arXiv:2011.11737

653. J.K. Truelove, C.F. McKee, Evolution of nonradiative supernova
remnants. Astrophys. J. Suppl. Ser. 120, 299 (1999). https://doi.
org/10.1086/313176

654. B.T. Draine, Physics of the interstellar and intergalactic medium,
Princeton Series in Astrophysics (Princeton University Press,
Princeton, 2011)

655. T.L. Wilson, K. Rohlfs, S. Hüttemeister, Tools of Radio Astron-
omy (2013). https://doi.org/10.1007/978-3-642-39950-3

656. M.Z. Pavlovic, D. Urosevic, B. Vukotic, B. Arbutina, U.D. Goker,
The radio surface brightness to diameter relation for galactic
supernova remnants: sample selection and robust analysis with
various fitting offsets. Astrophys. J. Suppl. 204, 4 (2013). https://
doi.org/10.1088/0067-0049/204/1/4. arXiv:1210.4602

657. D.A. Green, Some statistics of Galactic SNRs. Mem. Soc. Ast. It.
76, 534 (2005). arXiv:astro-ph/0505428

658. D.A. Green, A catalogue of 294 Galactic supernova remnants.
Bull. Astron. Soc. India 42, 47 (2014). arXiv:1409.0637

659. D.A. Green, Constraints on the distribution of supernova
remnants with Galactocentric radius. Mon. Not. R. Astron.
Soc. 454, 1517 (2015). https://doi.org/10.1093/mnras/stv1885.
arXiv:1508.02931

660. D.A. Green, A revised catalogue of 294 Galactic supernova rem-
nants. J. Astrophys. Astron. 40, 36 (2019). https://doi.org/10.
1007/s12036-019-9601-6. arXiv:1907.02638

661. C. Bartram et al., Dark Matter Axion Search Using a Josephson
Traveling Wave Parametric Amplifier. arXiv:2110.10262

662. N. Crisosto, P. Sikivie, N.S. Sullivan, D.B. Tanner, J. Yang,
G. Rybka, ADMX SLIC: results from a superconduct-
ing LC circuit investigating cold axions. Phys. Rev. Lett.
124, 241101 (2020). https://doi.org/10.1103/PhysRevLett.124.
241101. arXiv:1911.05772

663. S. DePanfilis, A.C. Melissinos, B.E. Moskowitz, J.T. Rogers, Y.K.
Semertzidis, W.U. Wuensch et al., Limits on the abundance and
coupling of cosmic axions at 4.5<ma< 5.0μev. Phys. Rev. Lett.
59, 839 (1987). https://doi.org/10.1103/PhysRevLett.59.839

664. C. Hagmann, P. Sikivie, N.S. Sullivan, D.B. Tanner, Results from
a search for cosmic axions. Phys. Rev. D 42, 1297 (1990). https://
doi.org/10.1103/PhysRevD.42.1297

665. D. Alesini et al., Galactic axions search with a superconducting
resonant cavity. Phys. Rev. D 99, 101101 (2019). https://doi.org/
10.1103/PhysRevD.99.101101. arXiv:1903.06547

666. J.W. Foster, Y. Kahn, O. Macias, Z. Sun, R.P. Eatough, V.I. Kon-
dratiev et al., Green Bank and Effelsberg radio telescope searches
for axion dark matter conversion in neutron star magnetospheres.
Phys. Rev. Lett. 125, 171301 (2020). https://doi.org/10.1103/
PhysRevLett.125.171301. arXiv:2004.00011

123

https://doi.org/10.1088/1475-7516/2015/02/006
https://doi.org/10.1088/1475-7516/2015/02/006
http://arxiv.org/abs/1410.3747
http://arxiv.org/abs/2008.03305
https://doi.org/10.3847/1538-4357/aab9bb
http://arxiv.org/abs/1710.00845
https://doi.org/10.1111/j.1365-2966.2011.19250.x
https://doi.org/10.1111/j.1365-2966.2011.19250.x
http://arxiv.org/abs/1106.3366
https://doi.org/10.1093/mnras/stv154
https://doi.org/10.1093/mnras/stv154
http://arxiv.org/abs/1409.3242
https://doi.org/10.1093/mnras/stx721
https://doi.org/10.1093/mnras/stx721
http://arxiv.org/abs/1607.03155
http://arxiv.org/abs/1807.06209
https://doi.org/10.3847/0004-637X/826/1/56
https://doi.org/10.3847/0004-637X/826/1/56
http://arxiv.org/abs/1604.01424
http://arxiv.org/abs/2007.02941
https://doi.org/10.1103/PhysRevD.105.063007
http://arxiv.org/abs/2110.13920
http://arxiv.org/abs/2008.02729
https://doi.org/10.1103/PhysRevLett.123.131804
https://doi.org/10.1103/PhysRevLett.123.131804
http://arxiv.org/abs/1902.00114
https://doi.org/10.1103/PhysRevD.105.023023
https://doi.org/10.1103/PhysRevD.105.023023
http://arxiv.org/abs/2108.00195
https://doi.org/10.1088/1475-7516/2019/03/027
http://arxiv.org/abs/1811.08436
https://doi.org/10.1088/1475-7516/2022/03/005
https://doi.org/10.1088/1475-7516/2022/03/005
http://arxiv.org/abs/2010.05773
http://arxiv.org/abs/2109.11734
https://doi.org/10.1086/177173
https://doi.org/10.1086/177173
http://arxiv.org/abs/astro-ph/9508025
https://doi.org/10.1093/mnras/stv2667
http://arxiv.org/abs/1509.02166
https://doi.org/10.1088/1475-7516/2015/12/053
https://doi.org/10.1088/1475-7516/2015/12/053
http://arxiv.org/abs/1509.02164
https://doi.org/10.1093/mnras/sty977
https://doi.org/10.1093/mnras/sty977
http://arxiv.org/abs/1708.07836
https://doi.org/10.1088/1475-7516/2019/04/026
http://arxiv.org/abs/1808.05603
https://doi.org/10.1103/RevModPhys.85.1561
https://doi.org/10.1103/RevModPhys.85.1561
http://arxiv.org/abs/1209.3339
https://doi.org/10.1086/163944
https://doi.org/10.1086/163944
https://doi.org/10.3847/1538-4357/abccd9
https://doi.org/10.3847/1538-4357/abccd9
http://arxiv.org/abs/2011.11737
https://doi.org/10.1086/313176
https://doi.org/10.1086/313176
https://doi.org/10.1007/978-3-642-39950-3
https://doi.org/10.1088/0067-0049/204/1/4
https://doi.org/10.1088/0067-0049/204/1/4
http://arxiv.org/abs/1210.4602
http://arxiv.org/abs/astro-ph/0505428
http://arxiv.org/abs/1409.0637
https://doi.org/10.1093/mnras/stv1885
http://arxiv.org/abs/1508.02931
https://doi.org/10.1007/s12036-019-9601-6
https://doi.org/10.1007/s12036-019-9601-6
http://arxiv.org/abs/1907.02638
http://arxiv.org/abs/2110.10262
https://doi.org/10.1103/PhysRevLett.124.241101
https://doi.org/10.1103/PhysRevLett.124.241101
http://arxiv.org/abs/1911.05772
https://doi.org/10.1103/PhysRevLett.59.839
https://doi.org/10.1103/PhysRevD.42.1297
https://doi.org/10.1103/PhysRevD.42.1297
https://doi.org/10.1103/PhysRevD.99.101101
https://doi.org/10.1103/PhysRevD.99.101101
http://arxiv.org/abs/1903.06547
https://doi.org/10.1103/PhysRevLett.125.171301
https://doi.org/10.1103/PhysRevLett.125.171301
http://arxiv.org/abs/2004.00011


 1122 Page 236 of 266 Eur. Phys. J. C          (2023) 83:1122 

667. J. Darling, New limits on axionic dark matter from the magnetar
PSR J1745–2900. Astrophys. J. Lett. 900, L28 (2020). https://doi.
org/10.3847/2041-8213/abb23f. arXiv:2008.11188

668. C.P. Salemi et al., Search for low-mass axion dark matter
with ABRACADABRA-10 cm. Phys. Rev. Lett. 127, 081801
(2021). https://doi.org/10.1103/PhysRevLett.127.081801.
arXiv:2102.06722

669. K. Van Tilburg, N. Leefer, L. Bougas, D. Budker, Search for
ultralight scalar dark matter with atomic spectroscopy. Phys. Rev.
Lett. 115, 011802 (2015). https://doi.org/10.1103/PhysRevLett.
115.011802. arXiv:1503.06886

670. N. Leefer, A. Gerhardus, D. Budker, V.V. Flambaum, Y.V. Stadnik,
Search for the effect of massive bodies on atomic spectra and con-
straints on Yukawa-type interactions of scalar particles. Phys. Rev.
Lett. 117, 271601 (2016). https://doi.org/10.1103/PhysRevLett.
117.271601. arXiv:1607.04956

671. A. Branca et al., Search for an ultralight scalar dark mat-
ter candidate with the AURIGA detector. Phys. Rev. Lett.
118, 021302 (2017). https://doi.org/10.1103/PhysRevLett.118.
021302. arXiv:1607.07327

672. Frequency ratio measurements at 18-digit accuracy using an opti-
cal clock network. Nature 591, 564 (2021)

673. Y.K. Semertzidis et al., Axion Dark Matter Research with
IBS/CAPP. arXiv:1910.11591

674. D.F. Jackson Kimball et al., Overview of the cosmic axion spin
precession experiment (CASPEr). Springer Proc. Phys. 245,
105 (2020). https://doi.org/10.1007/978-3-030-43761-9_13.
arXiv:1711.08999

675. T. Wu et al., Search for axionlike dark matter with a
liquid-state nuclear spin comagnetometer. Phys. Rev. Lett.
122, 191302 (2019). https://doi.org/10.1103/PhysRevLett.122.
191302. arXiv:1901.10843

676. A. Garcon et al., Constraints on bosonic dark matter
from ultralow-field nuclear magnetic resonance. Sci. Adv.
5, eaax4539 (2019). https://doi.org/10.1126/sciadv.aax4539.
arXiv:1902.04644

677. C.M. Adair et al., Search for dark matter axions with CAST-
CAPP. Nat. Commun. 13, 6180 (2022). https://doi.org/10.1038/
s41467-022-33913-6. arXiv:2211.02902

678. CAST collaboration, A.A. Melcón et al., First results of the
CAST-RADES haloscope search for axions at 34.67 μeV.
JHEP 21, 075 (2020). https://doi.org/10.1007/JHEP10(2021)075.
arXiv:2104.13798

679. D. Antypas, O. Tretiak, A. Garcon, R. Ozeri, G. Perez,
D. Budker, Scalar dark matter in the radio-frequency
band: atomic-spectroscopy search results. Phys. Rev. Lett.
123, 141102 (2019). https://doi.org/10.1103/PhysRevLett.123.
141102. arXiv:1905.02968

680. O. Tretiak, X. Zhang, N.L. Figueroa, D. Antypas, A. Brogna,
A. Banerjee et al., Improved bounds on ultralight scalar
dark matter in the radio-frequency range. Phys. Rev. Lett.
129, 031301 (2022). https://doi.org/10.1103/PhysRevLett.129.
031301. arXiv:2201.02042

681. E. Savalle, A. Hees, F. Frank, E. Cantin, P.-E. Pottie, B.M.
Roberts et al., Searching for dark matter with an optical
cavity and an unequal-delay interferometer. Phys. Rev. Lett.
126, 051301 (2021). https://doi.org/10.1103/PhysRevLett.126.
051301. arXiv:2006.07055

682. Y. Michimura, Y. Oshima, T. Watanabe, T. Kawasaki, H. Takeda,
M. Ando et al., DANCE: dark matter axion search with riNg cavity
experiment. J. Phys. Conf. Ser. 1468, 012032 (2020). https://doi.
org/10.1088/1742-6596/1468/1/012032. arXiv:1911.05196

683. A. Romanenko et al., New Exclusion Limit for Dark Photons from
an SRF Cavity-Based Search (Dark SRF). arXiv:2301.11512

684. S. Schlamminger, K.Y. Choi, T.A. Wagner, J.H. Gundlach, E.G.
Adelberger, Test of the equivalence principle using a rotating tor-

sion balance. Phys. Rev. Lett. 100, 041101 (2008). https://doi.org/
10.1103/PhysRevLett.100.041101. arXiv:0712.0607

685. W.A. Terrano, E.G. Adelberger, J.G. Lee, B.R. Heckel, Short-
range spin-dependent interactions of electrons: a probe for
exotic pseudo-Goldstone bosons. Phys. Rev. Lett. 115, 201801
(2015). https://doi.org/10.1103/PhysRevLett.115.201801.
arXiv:1508.02463

686. W.A. Terrano, E.G. Adelberger, C.A. Hagedorn, B.R. Heckel,
Constraints on axionlike dark matter with masses down to 10−23

eV/c2. Phys. Rev. Lett. 122, 231301 (2019). https://doi.org/10.
1103/PhysRevLett.122.231301. arXiv:1902.04246

687. E.A. Shaw, M.P. Ross, C.A. Hagedorn, E.G. Adelberger, J.H.
Gundlach, Torsion-balance search for ultralow-mass bosonic dark
matter. Phys. Rev. D 105, 042007 (2022). https://doi.org/10.1103/
PhysRevD.105.042007. arXiv:2109.08822

688. G. Flower, J. Bourhill, M. Goryachev, M.E. Tobar, Broaden-
ing frequency range of a ferromagnetic axion haloscope with
strongly coupled cavity-magnon polaritons. Phys. Dark Univ.
25, 100306 (2019). https://doi.org/10.1016/j.dark.2019.100306.
arXiv:1811.09348

689. FUNK Experiment collaboration, A. Andrianavalomahefa et al.,
Limits from the funk experiment on the mixing strength of hidden-
photon dark matter in the visible and near-ultraviolet wavelength
range. Phys. Rev. D 102, 042001 (2020). https://doi.org/10.1103/
PhysRevD.102.042001. arXiv:2003.13144

690. T. Grenet, R. Ballou, Q. Basto, K. Martineau, P. Perrier, P. Pug-
nat et al., The Grenoble Axion Haloscope platform (GrAHal):
development plan and first results. arXiv:2110.14406

691. W.M. Campbell, B.T. McAllister, M. Goryachev, E.N. Ivanov,
M.E. Tobar, Searching for scalar dark matter via coupling to fun-
damental constants with photonic, atomic and mechanical oscil-
lators. Phys. Rev. Lett. 126, 071301 (2021). https://doi.org/10.
1103/PhysRevLett.126.071301. arXiv:2010.08107

692. M.J. Jewell et al., New Results from HAYSTAC’s Phase II Oper-
ation with a Squeezed State Receiver. arXiv:2301.09721

693. JEDI collaboration, S. Karanth et al., First Search for Axion-Like
Particles in a Storage Ring Using a Polarized Deuteron Beam.
arXiv:2208.07293

694. J. Lee, M. Lisanti, W.A. Terrano, M. Romalis, Laboratory Con-
straints on the Neutron-Spin Coupling of feV-scale Axions.
arXiv:2209.03289

695. G. Vasilakis, J.M. Brown, T.W. Kornack, M.V. Romalis, Limits on
new long range nuclear spin-dependent forces set with a K-He-3
co-magnetometer. Phys. Rev. Lett. 103, 261801 (2009). https://
doi.org/10.1103/PhysRevLett.103.261801. arXiv:0809.4700

696. P. Touboul et al., MICROSCOPE mission: first results of
a space test of the equivalence principle. Phys. Rev. Lett.
119, 231101 (2017). https://doi.org/10.1103/PhysRevLett.119.
231101. arXiv:1712.01176

697. MICROSCOPE collaboration, P. Touboul et al., MICROSCOPE
mission: final results of the test of the equivalence principle.
Phys. Rev. Lett. 129, 121102 (2022). https://doi.org/10.1103/
PhysRevLett.129.121102. arXiv:2209.15487

698. R. Oswald et al., Search for dark-matter-induced oscillations of
fundamental constants using molecular spectroscopy. Phys. Rev.
Lett. 129, 031302 (2022). https://doi.org/10.1103/PhysRevLett.
129.031302. arXiv:2111.06883

699. L. Manenti et al., Search for dark photons using a multilayer
dielectric haloscope equipped with a single-photon avalanche
diode. Phys. Rev. D 105, 052010 (2022). https://doi.org/10.1103/
PhysRevD.105.052010. arXiv:2110.10497

700. NASDUCK collaboration, I.M. Bloch, G. Ronen, R. Sha-
ham, O. Katz, T. Volansky, O. Katz, New constraints on
axion-like dark matter using a Floquet quantum detector. Sci.
Adv. 8, abl8919 (2022). https://doi.org/10.1126/sciadv.abl8919.
arXiv:2105.04603

123

https://doi.org/10.3847/2041-8213/abb23f
https://doi.org/10.3847/2041-8213/abb23f
http://arxiv.org/abs/2008.11188
https://doi.org/10.1103/PhysRevLett.127.081801
http://arxiv.org/abs/2102.06722
https://doi.org/10.1103/PhysRevLett.115.011802
https://doi.org/10.1103/PhysRevLett.115.011802
http://arxiv.org/abs/1503.06886
https://doi.org/10.1103/PhysRevLett.117.271601
https://doi.org/10.1103/PhysRevLett.117.271601
http://arxiv.org/abs/1607.04956
https://doi.org/10.1103/PhysRevLett.118.021302
https://doi.org/10.1103/PhysRevLett.118.021302
http://arxiv.org/abs/1607.07327
http://arxiv.org/abs/1910.11591
https://doi.org/10.1007/978-3-030-43761-9_13
http://arxiv.org/abs/1711.08999
https://doi.org/10.1103/PhysRevLett.122.191302
https://doi.org/10.1103/PhysRevLett.122.191302
http://arxiv.org/abs/1901.10843
https://doi.org/10.1126/sciadv.aax4539
http://arxiv.org/abs/1902.04644
https://doi.org/10.1038/s41467-022-33913-6
https://doi.org/10.1038/s41467-022-33913-6
http://arxiv.org/abs/2211.02902
https://doi.org/10.1007/JHEP10(2021)075
http://arxiv.org/abs/2104.13798
https://doi.org/10.1103/PhysRevLett.123.141102
https://doi.org/10.1103/PhysRevLett.123.141102
http://arxiv.org/abs/1905.02968
https://doi.org/10.1103/PhysRevLett.129.031301
https://doi.org/10.1103/PhysRevLett.129.031301
http://arxiv.org/abs/2201.02042
https://doi.org/10.1103/PhysRevLett.126.051301
https://doi.org/10.1103/PhysRevLett.126.051301
http://arxiv.org/abs/2006.07055
https://doi.org/10.1088/1742-6596/1468/1/012032
https://doi.org/10.1088/1742-6596/1468/1/012032
http://arxiv.org/abs/1911.05196
http://arxiv.org/abs/2301.11512
https://doi.org/10.1103/PhysRevLett.100.041101
https://doi.org/10.1103/PhysRevLett.100.041101
http://arxiv.org/abs/0712.0607
https://doi.org/10.1103/PhysRevLett.115.201801
http://arxiv.org/abs/1508.02463
https://doi.org/10.1103/PhysRevLett.122.231301
https://doi.org/10.1103/PhysRevLett.122.231301
http://arxiv.org/abs/1902.04246
https://doi.org/10.1103/PhysRevD.105.042007
https://doi.org/10.1103/PhysRevD.105.042007
http://arxiv.org/abs/2109.08822
https://doi.org/10.1016/j.dark.2019.100306
http://arxiv.org/abs/1811.09348
https://doi.org/10.1103/PhysRevD.102.042001
https://doi.org/10.1103/PhysRevD.102.042001
http://arxiv.org/abs/2003.13144
http://arxiv.org/abs/2110.14406
https://doi.org/10.1103/PhysRevLett.126.071301
https://doi.org/10.1103/PhysRevLett.126.071301
http://arxiv.org/abs/2010.08107
http://arxiv.org/abs/2301.09721
http://arxiv.org/abs/2208.07293
http://arxiv.org/abs/2209.03289
https://doi.org/10.1103/PhysRevLett.103.261801
https://doi.org/10.1103/PhysRevLett.103.261801
http://arxiv.org/abs/0809.4700
https://doi.org/10.1103/PhysRevLett.119.231101
https://doi.org/10.1103/PhysRevLett.119.231101
http://arxiv.org/abs/1712.01176
https://doi.org/10.1103/PhysRevLett.129.121102
https://doi.org/10.1103/PhysRevLett.129.121102
http://arxiv.org/abs/2209.15487
https://doi.org/10.1103/PhysRevLett.129.031302
https://doi.org/10.1103/PhysRevLett.129.031302
http://arxiv.org/abs/2111.06883
https://doi.org/10.1103/PhysRevD.105.052010
https://doi.org/10.1103/PhysRevD.105.052010
http://arxiv.org/abs/2110.10497
https://doi.org/10.1126/sciadv.abl8919
http://arxiv.org/abs/2105.04603


Eur. Phys. J. C          (2023) 83:1122 Page 237 of 266  1122 

701. NASDUCK collaboration, I.M. Bloch, R. Shaham, Y. Hochberg,
E. Kuflik, T. Volansky, O. Katz, NASDUCK SERF: New con-
straints on axion-like dark matter from a SERF comagnetometer.
arXiv:2209.13588

702. C. Abel et al., Search for ultralight axion dark matter in a side-band
analysis of a 199Hg free-spin precession signal. arXiv:2212.02403

703. I. Schulthess et al., New limit on axionlike dark matter using cold
neutrons. Phys. Rev. Lett. 129, 191801 (2022). https://doi.org/10.
1103/PhysRevLett.129.191801. arXiv:2204.01454

704. NOMAD collaboration, P. Astier et al., Search for eV
(pseudo)scalar penetrating particles in the SPS neutrino beam.
Phys. Lett. B 479, 371380 (2000). https://doi.org/10.1016/
S0370-2693(00)00375-0

705. B.T. McAllister, G. Flower, E.N. Ivanov, M. Goryachev, J.
Bourhill, M.E. Tobar, The ORGAN experiment: an axion halo-
scope above 15 GHz. Phys. Dark Univ. 18, 67 (2017). https://doi.
org/10.1016/j.dark.2017.09.010. arXiv:1706.00209

706. B.T. McAllister, A. Quiskamp, C. O’Hare, P. Altin, E. Ivanov,
M. Goryachev et al., Limits on Dark Photons, Scalars, and
Axion-Electromagnetodynamics with The ORGAN Experiment.
arXiv:2212.01971

707. OSQAR collaboration, R. Ballou et al., New exclusion limits
on scalar and pseudoscalar axionlike particles from light shin-
ing through a wall. Phys. Rev. D 92, 092002 (2015). https://doi.
org/10.1103/PhysRevD.92.092002. arXiv:1506.08082

708. F Della Valle, A. Ejlli, U. Gastaldi, G. Messineo, E. Milotti, R.
Pengo et al., The PVLAS experiment: measuring vacuum mag-
netic birefringence and dichroism with a birefringent Fabry–Perot
cavity. Eur. Phys. J. C 76, 24 (2016). https://doi.org/10.1140/epjc/
s10052-015-3869-8. arXiv:1510.08052

709. D. Alesini et al., Search for Galactic axions with a high-Q dielec-
tric cavity. Phys. Rev. D 106, 052007 (2022). https://doi.org/10.
1103/PhysRevD.106.052007. arXiv:2208.12670

710. N. Crescini et al., Operation of a ferromagnetic axion haloscope
at ma = 58μeV. Eur. Phys. J. C 78, 703 (2018). https://doi.org/
10.1140/epjc/s10052-018-6163-8. arXiv:1806.00310

711. QUAX collaboration, N. Crescini et al., Axion search with
a quantum-limited ferromagnetic haloscope. Phys. Rev. Lett.
124, 171801 (2020). https://doi.org/10.1103/PhysRevLett.124.
171801. arXiv:2001.08940

712. N. Crescini, C. Braggio, G. Carugno, P. Falferi, A. Ortolan,
G. Ruoso, Improved constraints on monopole-dipole inter-
action mediated by pseudo-scalar bosons. Phys. Lett. B
773, 677 (2017). https://doi.org/10.1016/j.physletb.2017.09.019.
arXiv:1705.06044

713. X. Zhang, A. Banerjee, M. Leyser, G. Perez, S. Schiller, D. Budker
et al., Search for ultralight dark matter with spectroscopy of radio-
frequency atomic transitions. arXiv:2212.04413

714. SAPPHIRES collaboration, K. Homma et al., Search for sub-eV
axion-like resonance states via stimulated quasi-parallel laser col-
lisions with the parameterization including fully asymmetric col-
lisional geometry. JHEP 12, 108 (2021). https://doi.org/10.1007/
JHEP12(2021)108. arXiv:2105.01224

715. SAPPHIRES collaboration, Y. Kirita et al., Search for sub-eV
axion-like particles in a stimulated resonant photon-photon col-
lider with two laser beams based on a novel method to discriminate
pressure-independent components. JHEP 10, 176 (2022). https://
doi.org/10.1007/JHEP10(2022)176. arXiv:2208.09880

716. F. Ishibashi, T. Hasada, K. Homma, Y. Kirita, T. Kanai, S. Masuno
et al., Pilot search for axion-like particles by a three-beam
stimulated resonant photon collider with short pulse lasers.
arXiv:2302.06016

717. A.V. Gramolin, D. Aybas, D. Johnson, J. Adam, A.O. Sushkov,
Search for axion-like dark matter with ferromagnets. Nat.
Phys. 17, 79 (2021). https://doi.org/10.1038/s41567-020-1006-6.
arXiv:2003.03348

718. M. Schwarz, E.-A. Knabbe, A. Lindner, J. Redondo, A. Ring-
wald, M. Schneide et al., Results from the solar hidden photon
search (SHIPS). JCAP 08, 011 (2015). https://doi.org/10.1088/
1475-7516/2015/08/011. arXiv:1502.04490

719. P. Brun, L. Chevalier, C. Flouzat, Direct searches for hidden-
photon dark matter with the SHUKET experiment. Phys. Rev.
Lett. 122, 201801 (2019). https://doi.org/10.1103/PhysRevLett.
122.201801. arXiv:1905.05579

720. T. Inada, T. Namba, S. Asai, T. Kobayashi, Y. Tanaka, K.
Tamasaku et al., Results of a search for Paraphotons with intense
X-ray beams at SPring-8. Phys. Lett. B 722, 301 (2013). https://
doi.org/10.1016/j.physletb.2013.04.033. arXiv:1301.6557

721. R. Cervantes, C. Braggio, B. Giaccone, D. Frolov, A. Grasselino,
R. Harnik et al., Deepest Sensitivity to Wavelike Dark Photon
Dark Matter with SRF Cavities. arXiv:2208.03183

722. C.J. Kennedy, E. Oelker, J.M. Robinson, T. Bothwell,
D. Kedar, W.R. Milner et al., Precision metrology meets
cosmology: improved constraints on ultralight dark matter
from atom-cavity frequency comparisons. Phys. Rev. Lett.
125, 201302 (2020). https://doi.org/10.1103/PhysRevLett.125.
201302. arXiv:2008.08773

723. S. Aharony, N. Akerman, R. Ozeri, G. Perez, I. Savoray, R. Shaniv,
Constraining rapidly oscillating scalar dark matter using dynamic
decoupling. Phys. Rev. D 103, 075017 (2021). https://doi.org/10.
1103/PhysRevD.103.075017. arXiv:1902.02788

724. TASEH collaboration, H. Chang et al., First results from the
Taiwan axion search experiment with a haloscope at 19.6 μeV.
Phys. Rev. Lett. 129, 111802 (2022). https://doi.org/10.1103/
PhysRevLett.129.111802. arXiv:2205.05574

725. J. Suzuki, T. Horie, Y. Inoue, M. Minowa, Experimental search
for hidden photon CDM in the eV mass range with a dish antenna.
JCAP 09, 042 (2015). https://doi.org/10.1088/1475-7516/2015/
09/042. arXiv:1504.00118

726. C.A. Thomson, B.T. McAllister, M. Goryachev, E.N. Ivanov,
M.E. Tobar, Upconversion loop oscillator axion detection exper-
iment: a precision frequency interferometric axion dark mat-
ter search with a cylindrical microwave cavity. Phys. Rev. Lett.
126, 081803 (2021). https://doi.org/10.1103/PhysRevLett.127.
019901. arXiv:1912.07751

727. R. Povey, J. Hartnett, M. Tobar, Microwave cavity light shin-
ing through a wall optimization and experiment. Phys. Rev.
D 82, 052003 (2010). https://doi.org/10.1103/PhysRevD.82.
052003. arXiv:1003.0964

728. S.R. Parker, J.G. Hartnett, R.G. Povey, M.E. Tobar, Cryogenic res-
onant microwave cavity searches for hidden sector photons. Phys.
Rev. D 88, 112004 (2013). https://doi.org/10.1103/PhysRevD.88.
112004. arXiv:1410.5244

729. M. Filzinger, S. Dörscher, R. Lange, J. Klose, M. Steinel, E. Ben-
kler et al., Improved limits on the coupling of ultralight bosonic
dark matter to photons from optical atomic clock comparisons.
arXiv:2301.03433

730. L. Badurina, O. Buchmueller, J. Ellis, M. Lewicki, C. McCabe,
V. Vaskonen, Prospective sensitivities of atom interferometers to
gravitational waves and ultralight dark matter. Philos. Trans. A.
Math. Phys. Eng. Sci. 380, 20210060 (2021). https://doi.org/10.
1098/rsta.2021.0060. arXiv:2108.02468

731. A. Arvanitaki, A.A. Geraci, Resonantly detecting axion-mediated
forces with nuclear magnetic resonance. Phys. Rev. Lett.
113, 161801 (2014). https://doi.org/10.1103/PhysRevLett.113.
161801. arXiv:1403.1290

732. M. Lawson, A.J. Millar, M. Pancaldi, E. Vitagliano, F.
Wilczek, Tunable axion plasma haloscopes. Phys. Rev. Lett.
123, 141802 (2019). https://doi.org/10.1103/PhysRevLett.123.
141802. arXiv:1904.11872

733. A.J. Millar et al., ALPHA: Searching For Dark Matter with Plasma
Haloscopes. arXiv:2210.00017

123

http://arxiv.org/abs/2209.13588
http://arxiv.org/abs/2212.02403
https://doi.org/10.1103/PhysRevLett.129.191801
https://doi.org/10.1103/PhysRevLett.129.191801
http://arxiv.org/abs/2204.01454
https://doi.org/10.1016/S0370-2693(00)00375-0
https://doi.org/10.1016/S0370-2693(00)00375-0
https://doi.org/10.1016/j.dark.2017.09.010
https://doi.org/10.1016/j.dark.2017.09.010
http://arxiv.org/abs/1706.00209
http://arxiv.org/abs/2212.01971
https://doi.org/10.1103/PhysRevD.92.092002
https://doi.org/10.1103/PhysRevD.92.092002
http://arxiv.org/abs/1506.08082
https://doi.org/10.1140/epjc/s10052-015-3869-8
https://doi.org/10.1140/epjc/s10052-015-3869-8
http://arxiv.org/abs/1510.08052
https://doi.org/10.1103/PhysRevD.106.052007
https://doi.org/10.1103/PhysRevD.106.052007
http://arxiv.org/abs/2208.12670
https://doi.org/10.1140/epjc/s10052-018-6163-8
https://doi.org/10.1140/epjc/s10052-018-6163-8
http://arxiv.org/abs/1806.00310
https://doi.org/10.1103/PhysRevLett.124.171801
https://doi.org/10.1103/PhysRevLett.124.171801
http://arxiv.org/abs/2001.08940
https://doi.org/10.1016/j.physletb.2017.09.019
http://arxiv.org/abs/1705.06044
http://arxiv.org/abs/2212.04413
https://doi.org/10.1007/JHEP12(2021)108
https://doi.org/10.1007/JHEP12(2021)108
http://arxiv.org/abs/2105.01224
https://doi.org/10.1007/JHEP10(2022)176
https://doi.org/10.1007/JHEP10(2022)176
http://arxiv.org/abs/2208.09880
http://arxiv.org/abs/2302.06016
https://doi.org/10.1038/s41567-020-1006-6
http://arxiv.org/abs/2003.03348
https://doi.org/10.1088/1475-7516/2015/08/011
https://doi.org/10.1088/1475-7516/2015/08/011
http://arxiv.org/abs/1502.04490
https://doi.org/10.1103/PhysRevLett.122.201801
https://doi.org/10.1103/PhysRevLett.122.201801
http://arxiv.org/abs/1905.05579
https://doi.org/10.1016/j.physletb.2013.04.033
https://doi.org/10.1016/j.physletb.2013.04.033
http://arxiv.org/abs/1301.6557
http://arxiv.org/abs/2208.03183
https://doi.org/10.1103/PhysRevLett.125.201302
https://doi.org/10.1103/PhysRevLett.125.201302
http://arxiv.org/abs/2008.08773
https://doi.org/10.1103/PhysRevD.103.075017
https://doi.org/10.1103/PhysRevD.103.075017
http://arxiv.org/abs/1902.02788
https://doi.org/10.1103/PhysRevLett.129.111802
https://doi.org/10.1103/PhysRevLett.129.111802
http://arxiv.org/abs/2205.05574
https://doi.org/10.1088/1475-7516/2015/09/042
https://doi.org/10.1088/1475-7516/2015/09/042
http://arxiv.org/abs/1504.00118
https://doi.org/10.1103/PhysRevLett.127.019901
https://doi.org/10.1103/PhysRevLett.127.019901
http://arxiv.org/abs/1912.07751
https://doi.org/10.1103/PhysRevD.82.052003
https://doi.org/10.1103/PhysRevD.82.052003
http://arxiv.org/abs/1003.0964
https://doi.org/10.1103/PhysRevD.88.112004
https://doi.org/10.1103/PhysRevD.88.112004
http://arxiv.org/abs/1410.5244
http://arxiv.org/abs/2301.03433
https://doi.org/10.1098/rsta.2021.0060
https://doi.org/10.1098/rsta.2021.0060
http://arxiv.org/abs/2108.02468
https://doi.org/10.1103/PhysRevLett.113.161801
https://doi.org/10.1103/PhysRevLett.113.161801
http://arxiv.org/abs/1403.1290
https://doi.org/10.1103/PhysRevLett.123.141802
https://doi.org/10.1103/PhysRevLett.123.141802
http://arxiv.org/abs/1904.11872
http://arxiv.org/abs/2210.00017


 1122 Page 238 of 266 Eur. Phys. J. C          (2023) 83:1122 

734. BREAD collaboration, J. Liu et al., Broadband solenoidal halo-
scope for terahertz axion detection. arXiv:2111.12103

735. B. Aja et al., The Canfranc Axion Detection Experiment
(CADEx): search for axions at 90 GHz with kinetic induc-
tance detectors. JCAP 11, 044 (2022). https://doi.org/10.1088/
1475-7516/2022/11/044. arXiv:2206.02980

736. DMRadio collaboration, L. Brouwer et al., Projected sensitivity
of DMRadio-m3: a search for the QCD axion below 1 μeV. Phys.
Rev. D 106, 103008 (2022). https://doi.org/10.1103/PhysRevD.
106.103008. arXiv:2204.13781

737. D. Alesini et al., KLASH Conceptual Design Report.
arXiv:1911.02427

738. S. Beurthey et al., MADMAX Status Report. arXiv:2003.10894
739. MAGIS- 100 collaboration, M. Abe et al., Matter-wave atomic

gradiometer interferometric sensor (MAGIS-100). Quantum Sci.
Technol. 6, 044003 (2021). https://doi.org/10.1088/2058-9565/
abf719. arXiv:2104.02835

740. A. Miyazaki, T. Lofnes, F. Caspers, P. Spagnolo, J. Jelon-
nek, T. Ruess et al., Millimeter-wave WISP search with coher-
ent light-shining-through-a-wall towards the STAX project.
arXiv:2212.01139

741. Z. Zhang, D. Horns, O. Ghosh, Search for dark matter with an
LC circuit. Phys. Rev. D 106, 023003 (2022). https://doi.org/10.
1103/PhysRevD.106.023003. arXiv:2111.04541

742. ATLAS collaboration, G. Aad et al., Measurement of light-by-
light scattering and search for axion-like particles with 2.2 nb−1

of Pb+Pb data with the ATLAS detector. JHEP 03, 243 (2021).
https://doi.org/10.1007/JHEP11(2021)050. arXiv:2008.05355

743. CHARM collaboration, F. Bergsma et al., Search for axion
like particle production in 400-GeV proton-copper interac-
tions. Phys. Lett. B 157, 458 (1985). https://doi.org/10.1016/
0370-2693(85)90400-9

744. E.M. Riordan et al., A search for short lived axions in an electron
beam dump experiment. Phys. Rev. Lett. 59, 755 (1987). https://
doi.org/10.1103/PhysRevLett.59.755

745. J. Blumlein et al., Limits on neutral light scalar and pseudoscalar
particles in a proton beam dump experiment. Z. Phys. C 51, 341
(1991). https://doi.org/10.1007/BF01548556

746. NA64 collaboration, D. Banerjee et al., Search for axionlike
and scalar particles with the NA64 experiment. Phys. Rev. Lett.
125, 081801 (2020). https://doi.org/10.1103/PhysRevLett.125.
081801. arXiv:2005.02710

747. Belle- II collaboration, F. Abudinén et al., Search for axion-
like particles produced in e+e− collisions at Belle II. Phys. Rev.
Lett. 125, 161806 (2020). https://doi.org/10.1103/PhysRevLett.
125.161806. arXiv:2007.13071

748. CMS collaboration, A.M. Sirunyan et al., Evidence for light-by-
light scattering and searches for axion-like particles in ultrape-
ripheral PbPb collisions at

√
sNN = 5.02 TeV. Phys. Lett. B 797,

134826 (2019). https://doi.org/10.1016/j.physletb.2019.134826.
arXiv:1810.04602

749. J. Jaeckel, M. Spannowsky, Probing MeV to 90 GeV
axion-like particles with LEP and LHC. Phys. Lett. B
753, 482 (2016). https://doi.org/10.1016/j.physletb.2015.12.037.
arXiv:1509.00476

750. S. Knapen, T. Lin, H.K. Lou, T. Melia, Searching for axion-
like particles with ultraperipheral heavy-ion collisions. Phys. Rev.
Lett. 118, 171801 (2017). https://doi.org/10.1103/PhysRevLett.
118.171801. arXiv:1607.06083

751. PrimEx collaboration, I. Larin et al., A new measure-
ment of the π0 radiative decay width. Phys. Rev. Lett.
106, 162303 (2011). https://doi.org/10.1103/PhysRevLett.106.
162303. arXiv:1009.1681

752. D. Aloni, C. Fanelli, Y. Soreq, M. Williams, Photoproduction of
axionlike particles. Phys. Rev. Lett. 123, 071801 (2019). https://
doi.org/10.1103/PhysRevLett.123.071801. arXiv:1903.03586

753. J.L. Ouellet et al., First results from ABRACADABRA-10
cm: a search for sub-μeV axion dark matter. Phys. Rev. Lett.
122, 121802 (2019). https://doi.org/10.1103/PhysRevLett.122.
121802. arXiv:1810.12257

754. Y. Lee, B. Yang, H. Yoon, M. Ahn, H. Park, B. Min et al., Search-
ing for invisible axion dark matter with an 18 T magnet halo-
scope. Phys. Rev. Lett. 128, 241805 (2022). https://doi.org/10.
1103/PhysRevLett.128.241805. arXiv:2206.08845

755. Y. Oshima, H. Fujimoto, M. Ando, T. Fujita, J. Kume,
Y. Michimura et al., First Results of Axion Dark Matter Search
with DANCE. arXiv:2303.03594

756. A.P. Quiskamp, B.T. McAllister, P. Altin, E.N. Ivanov, M. Gory-
achev, M.E. Tobar, Direct search for dark matter axions exclud-
ing ALP cogenesis in the 63- to 67-μeV range with the ORGAN
experiment. Sci. Adv. 8, abq3765 (2022). https://doi.org/10.1126/
sciadv.abq3765. arXiv:2203.12152

757. A. Arza, M.A. Fedderke, P.W. Graham, D.F.J. Kimball, S. Kalia,
Earth as a transducer for axion dark-matter detection. Phys. Rev.
D 105, 095007 (2022). https://doi.org/10.1103/PhysRevD.105.
095007. arXiv:2112.09620

758. C.A. Thomson, M. Goryachev, B.T. McAllister, E.N. Ivanov,
P. Altin, M.E. Tobar, Searching for Low-Mass Axions using Res-
onant Upconversion. arXiv:2301.06778

759. M. Xiao, K.M. Perez, M. Giannotti, O. Straniero, A. Mirizzi,
B.W. Grefenstette et al., Constraints on axionlike particles
from a hard X-ray observation of betelgeuse. Phys. Rev. Lett.
126, 031101 (2021). https://doi.org/10.1103/PhysRevLett.126.
031101. arXiv:2009.09059

760. J.S. Reynés, J.H. Matthews, C.S. Reynolds, H.R. Russell, R.N.
Smith, M.C.D. Marsh, New constraints on light axion-like par-
ticles using Chandra transmission grating spectroscopy of the
powerful cluster-hosted quasar H1821+643. Mon. Not. R. Astron.
Soc. 510, 1264 (2021). https://doi.org/10.1093/mnras/stab3464.
arXiv:2109.03261

761. F. Calore, P. Carenza, C. Eckner, T. Fischer, M. Giannotti, J.
Jaeckel et al., 3D template-based Fermi-LAT constraints on the
diffuse supernova axion-like particle background. Phys. Rev.
D 105, 063028 (2022). https://doi.org/10.1103/PhysRevD.105.
063028. arXiv:2110.03679

762. Fermi- LAT collaboration, M. Ajello et al., Search for
spectral irregularities due to photon–axionlike-particle oscil-
lations with the fermi large area telescope. Phys. Rev.
Lett.116, 161101 (2016). https://doi.org/10.1103/PhysRevLett.
116.161101. arXiv:1603.06978

763. M. Meyer, T. Petrushevska, Search for axionlike-particle-induced
prompt γ -ray emission from extragalactic core-collapse super-
novae with the Fermi large area telescope. Phys. Rev. Lett.
124, 231101 (2020). https://doi.org/10.1103/PhysRevLett.124.
231101. arXiv:2006.06722

764. J. Davies, M. Meyer, G. Cotter, Constraints on axionlike particles
from a combined analysis of three flaring Fermi flat-spectrum
radio quasars. arXiv:2211.03414

765. M.J. Dolan, F.J. Hiskens, R.R. Volkas, Advancing globu-
lar cluster constraints on the axion-photon coupling. JCAP
10, 096 (2022). https://doi.org/10.1088/1475-7516/2022/10/096.
arXiv:2207.03102

766. S. Jacobsen, T. Linden, K. Freese, Constraining Axion-Like Parti-
cles with HAWC Observations of TeV Blazars. arXiv:2203.04332

767. H.E.S.S. collaboration, A. Abramowski et al., Constraints on
axionlike particles with H.E.S.S. from the irregularity of the
PKS 2155-304 energy spectrum. Phys. Rev. D88, 102003 (2013).
https://doi.org/10.1103/PhysRevD.88.102003. arXiv:1311.3148

768. F. Calore, A. Dekker, P.D. Serpico, T. Siegert, Constraints on
light decaying dark matter candidates from 16 years of INTE-
GRAL/SPI observations. arXiv:2209.06299

123

http://arxiv.org/abs/2111.12103
https://doi.org/10.1088/1475-7516/2022/11/044
https://doi.org/10.1088/1475-7516/2022/11/044
http://arxiv.org/abs/2206.02980
https://doi.org/10.1103/PhysRevD.106.103008
https://doi.org/10.1103/PhysRevD.106.103008
http://arxiv.org/abs/2204.13781
http://arxiv.org/abs/1911.02427
http://arxiv.org/abs/2003.10894
https://doi.org/10.1088/2058-9565/abf719
https://doi.org/10.1088/2058-9565/abf719
http://arxiv.org/abs/2104.02835
http://arxiv.org/abs/2212.01139
https://doi.org/10.1103/PhysRevD.106.023003
https://doi.org/10.1103/PhysRevD.106.023003
http://arxiv.org/abs/2111.04541
https://doi.org/10.1007/JHEP11(2021)050
http://arxiv.org/abs/2008.05355
https://doi.org/10.1016/0370-2693(85)90400-9
https://doi.org/10.1016/0370-2693(85)90400-9
https://doi.org/10.1103/PhysRevLett.59.755
https://doi.org/10.1103/PhysRevLett.59.755
https://doi.org/10.1007/BF01548556
https://doi.org/10.1103/PhysRevLett.125.081801
https://doi.org/10.1103/PhysRevLett.125.081801
http://arxiv.org/abs/2005.02710
https://doi.org/10.1103/PhysRevLett.125.161806
https://doi.org/10.1103/PhysRevLett.125.161806
http://arxiv.org/abs/2007.13071
https://doi.org/10.1016/j.physletb.2019.134826
http://arxiv.org/abs/1810.04602
https://doi.org/10.1016/j.physletb.2015.12.037
http://arxiv.org/abs/1509.00476
https://doi.org/10.1103/PhysRevLett.118.171801
https://doi.org/10.1103/PhysRevLett.118.171801
http://arxiv.org/abs/1607.06083
https://doi.org/10.1103/PhysRevLett.106.162303
https://doi.org/10.1103/PhysRevLett.106.162303
http://arxiv.org/abs/1009.1681
https://doi.org/10.1103/PhysRevLett.123.071801
https://doi.org/10.1103/PhysRevLett.123.071801
http://arxiv.org/abs/1903.03586
https://doi.org/10.1103/PhysRevLett.122.121802
https://doi.org/10.1103/PhysRevLett.122.121802
http://arxiv.org/abs/1810.12257
https://doi.org/10.1103/PhysRevLett.128.241805
https://doi.org/10.1103/PhysRevLett.128.241805
http://arxiv.org/abs/2206.08845
http://arxiv.org/abs/2303.03594
https://doi.org/10.1126/sciadv.abq3765
https://doi.org/10.1126/sciadv.abq3765
http://arxiv.org/abs/2203.12152
https://doi.org/10.1103/PhysRevD.105.095007
https://doi.org/10.1103/PhysRevD.105.095007
http://arxiv.org/abs/2112.09620
http://arxiv.org/abs/2301.06778
https://doi.org/10.1103/PhysRevLett.126.031101
https://doi.org/10.1103/PhysRevLett.126.031101
http://arxiv.org/abs/2009.09059
https://doi.org/10.1093/mnras/stab3464
http://arxiv.org/abs/2109.03261
https://doi.org/10.1103/PhysRevD.105.063028
https://doi.org/10.1103/PhysRevD.105.063028
http://arxiv.org/abs/2110.03679
https://doi.org/10.1103/PhysRevLett.116.161101
https://doi.org/10.1103/PhysRevLett.116.161101
http://arxiv.org/abs/1603.06978
https://doi.org/10.1103/PhysRevLett.124.231101
https://doi.org/10.1103/PhysRevLett.124.231101
http://arxiv.org/abs/2006.06722
http://arxiv.org/abs/2211.03414
https://doi.org/10.1088/1475-7516/2022/10/096
http://arxiv.org/abs/2207.03102
http://arxiv.org/abs/2203.04332
https://doi.org/10.1103/PhysRevD.88.102003
http://arxiv.org/abs/1311.3148
http://arxiv.org/abs/2209.06299


Eur. Phys. J. C          (2023) 83:1122 Page 239 of 266  1122 

769. C. Dessert, A.J. Long, B.R. Safdi, No evidence for axions from
Chandra observation of the magnetic white dwarf RE J0317–
853. Phys. Rev. Lett. 128, 071102 (2022). https://doi.org/10.1103/
PhysRevLett.128.071102. arXiv:2104.12772

770. H.-J. Li, J.-G. Guo, X.-J. Bi, S.-J. Lin, P.-F. Yin, Limits on
axionlike particles from Mrk 421 with 4.5-year period obser-
vations by ARGO-YBJ and Fermi-LAT. Phys. Rev. D 103,
083003 (2021). https://doi.org/10.1103/PhysRevD.103.083003.
arXiv:2008.09464

771. H.-J. Li, X.-J. Bi, P.-F. Yin, Searching for axion-like particles with
the blazar observations of MAGIC and Fermi-LAT *. Chin. Phys.
C 46, 085105 (2022). https://doi.org/10.1088/1674-1137/ac6d4f.
arXiv:2110.13636

772. D. Noordhuis, A. Prabhu, S.J. Witte, A.Y. Chen, F. Cruz,
C. Weniger, Novel Constraints on Axions Produced in Pulsar Polar
Cap Cascades. arXiv:2209.09917

773. S. Hoof, L. Schulz, Updated constraints on axion-like particles
from temporal information in supernova SN1987A gamma-ray
data. arXiv:2212.09764

774. W. DeRocco, S. Wegsman, B. Grefenstette, J. Huang, K. Van
Tilburg, First indirect detection constraints on axions in the solar
basin. Phys. Rev. Lett. 129, 101101 (2022). https://doi.org/10.
1103/PhysRevLett.129.101101. arXiv:2205.05700

775. K. Langhoff, N.J. Outmezguine, N.L. Rodd, Irreducible axion
background. Phys. Rev. Lett. 129, 241101 (2022). https://doi.org/
10.1103/PhysRevLett.129.241101. arXiv:2209.06216

776. M. Escudero, C.K. Pooni, M. Fairbairn, D. Blas, X. Du, D.J.E.
Marsh, Axion Star Explosions: A New Source for Axion Indirect
Detection. arXiv:2302.10206

777. BICEP/Keck collaboration, P.A.R. Ade et al., BICEP/Keck
XIV: improved constraints on axionlike polarization oscilla-
tions in the cosmic microwave background. Phys. Rev. D 105,
022006 (2022). https://doi.org/10.1103/PhysRevD.105.022006.
arXiv:2108.03316

778. B. Bolliet, J. Chluba, R. Battye, Spectral distortion constraints
on photon injection from low-mass decaying particles. Mon. Not.
R. Astron. Soc. 507, 3148 (2021). https://doi.org/10.1093/mnras/
stab1997. arXiv:2012.07292

779. J.L. Bernal, A. Caputo, G. Sato-Polito, J. Mirocha,
M. Kamionkowski, Seeking dark matter with γ -ray attenu-
ation. arXiv:2208.13794

780. D. Wadekar, Z. Wang, Strong constraints on decay and annihila-
tion of dark matter from heating of gas-rich dwarf galaxies. Phys.
Rev. D 106, 075007 (2022). https://doi.org/10.1103/PhysRevD.
106.075007. arXiv:2111.08025

781. M.M. Ivanov, Y.Y. Kovalev, M.L. Lister, A.G. Panin, A.B.
Pushkarev, T. Savolainen et al., Constraining the photon cou-
pling of ultra-light dark-matter axion-like particles by polar-
ization variations of parsec-scale jets in active galaxies. JCAP
02, 059 (2019). https://doi.org/10.1088/1475-7516/2019/02/059.
arXiv:1811.10997

782. A. Castillo, J. Martin-Camalich, J. Terol-Calvo, D. Blas,
A. Caputo, R.T.G. Santos et al., Searching for dark-matter
waves with PPTA and QUIJOTE pulsar polarimetry. JCAP
06, 014 (2022). https://doi.org/10.1088/1475-7516/2022/06/014.
arXiv:2201.03422

783. SPT- 3G collaboration, K. R. Ferguson et al., Searching for axion-
like time-dependent cosmic birefringence with data from SPT-
3G. Phys. Rev. D 106, 042011 (2022). https://doi.org/10.1103/
PhysRevD.106.042011. arXiv:2203.16567

784. M. Regis, M. Taoso, D. Vaz, J. Brinchmann, S.L. Zoutendijk,
N.F. Bouché et al., Searching for light in the darkness: bounds on
ALP dark matter with the optical MUSE-faint survey. Phys. Lett.
B 814, 136075 (2021). https://doi.org/10.1016/j.physletb.2021.
136075. arXiv:2009.01310

785. D. Grin, G. Covone, J.-P. Kneib, M. Kamionkowski, A. Blain,
E. Jullo, A telescope search for decaying relic axions. Phys.
Rev. D 75, 105018 (2007). https://doi.org/10.1103/PhysRevD.75.
105018. arXiv:astro-ph/0611502

786. K. Nakayama, W. Yin, Anisotropic cosmic optical background
bound for decaying dark matter in light of the LORRI anomaly.
Phys. Rev. D 106, 103505 (2022). https://doi.org/10.1103/
PhysRevD.106.103505. arXiv:2205.01079

787. P. Carenza, G. Lucente, E. Vitagliano, Probing the Blue
Axion with Cosmic Optical Background Anisotropies.
arXiv:2301.06560

788. J.W. Foster, M. Kongsore, C. Dessert, Y. Park, N.L. Rodd,
K. Cranmer et al., Deep search for decaying dark matter
with XMM-Newton blank-sky observations. Phys. Rev. Lett.
127, 051101 (2021). https://doi.org/10.1103/PhysRevLett.127.
051101. arXiv:2102.02207

789. D. Cadamuro, J. Redondo, Cosmological bounds on pseudo
Nambu-Goldstone bosons. JCAP 02, 032 (2012). https://doi.org/
10.1088/1475-7516/2012/02/032. arXiv:1110.2895

790. P.F. Depta, M. Hufnagel, K. Schmidt-Hoberg, Robust cos-
mological constraints on axion-like particles. JCAP 05,
009 (2020). https://doi.org/10.1088/1475-7516/2020/05/009.
arXiv:2002.08370

791. I. Stern, Admx status. PoS ICHEP2016, 198 (2016).
arXiv:1612.08296

792. J. Schütte-Engel, D.J.E. Marsh, A.J. Millar, A. Sekine, F. Chadha-
Day, S. Hoof et al., Axion quasiparticles for axion dark mat-
ter detection. JCAP 08, 066 (2021). https://doi.org/10.1088/
1475-7516/2021/08/066. arXiv:2102.05366

793. G.L. Smith, C.D. Hoyle, J.H. Gundlach, E.G. Adelberger, B.R.
Heckel, H.E. Swanson, Short range tests of the equivalence prin-
ciple. Phys. Rev. D 61, 022001 (2000). https://doi.org/10.1103/
PhysRevD.61.022001

794. J. Manley, D. Wilson, R. Stump, D. Grin, S. Singh, Search-
ing for scalar dark matter with compact mechanical resonators.
Phys. Rev. Lett. 124, 151301 (2020). https://doi.org/10.1103/
PhysRevLett.124.151301. arXiv:1910.07574

795. A.S. Goldhaber, M.M. Nieto, Photon and graviton mass lim-
its. Rev. Mod. Phys. 82, 939 (2010). https://doi.org/10.1103/
RevModPhys.82.939. arXiv:0809.1003

796. D.F. Bartlett, S. Loegl, Limits on an electromagnetic fifth
force. Phys. Rev. Lett. 61, 2285 (1988). https://doi.org/10.1103/
PhysRevLett.61.2285

797. L.-C. Tu, J. Luo, G.T. Gillies, The mass of the photon. Rep.
Prog. Phys. 68, 77 (2005). https://doi.org/10.1088/0034-4885/68/
1/R02

798. D. Kroff, P.C. Malta, Constraining hidden photons via atomic
force microscope measurements and the Plimpton–Lawton exper-
iment. Phys. Rev. D 102, 095015 (2020). https://doi.org/10.1103/
PhysRevD.102.095015. arXiv:2008.02209

799. J. Jaeckel, S. Roy, Spectroscopy as a test of Coulomb’s law: a
probe of the hidden sector. Phys. Rev. D 82, 125020 (2010).
https://doi.org/10.1103/PhysRevD.82.125020. arXiv:1008.3536

800. ADMX collaboration, A. Wagner et al., A search for hidden sector
photons with ADMX. Phys. Rev. Lett. 105, 171801 (2010). https://
doi.org/10.1103/PhysRevLett.105.171801. arXiv:1007.3766

801. M. Danilov, S. Demidov, D. Gorbunov, Constraints on hid-
den photons produced in nuclear reactors. Phys. Rev. Lett.
122, 041801 (2019). https://doi.org/10.1103/PhysRevLett.122.
041801. arXiv:1804.10777

802. J. Frerick, F. Kahlhoefer, K. Schmidt-Hoberg, A′ view of
the sunrise: Boosting helioscopes with angular information.
arXiv:2211.00022

803. (XENON Collaboration)§, XENON collaboration, E. Aprile
et al., Emission of single and few electrons in XENON1T and lim-

123

https://doi.org/10.1103/PhysRevLett.128.071102
https://doi.org/10.1103/PhysRevLett.128.071102
http://arxiv.org/abs/2104.12772
https://doi.org/10.1103/PhysRevD.103.083003
http://arxiv.org/abs/2008.09464
https://doi.org/10.1088/1674-1137/ac6d4f
http://arxiv.org/abs/2110.13636
http://arxiv.org/abs/2209.09917
http://arxiv.org/abs/2212.09764
https://doi.org/10.1103/PhysRevLett.129.101101
https://doi.org/10.1103/PhysRevLett.129.101101
http://arxiv.org/abs/2205.05700
https://doi.org/10.1103/PhysRevLett.129.241101
https://doi.org/10.1103/PhysRevLett.129.241101
http://arxiv.org/abs/2209.06216
http://arxiv.org/abs/2302.10206
https://doi.org/10.1103/PhysRevD.105.022006
http://arxiv.org/abs/2108.03316
https://doi.org/10.1093/mnras/stab1997
https://doi.org/10.1093/mnras/stab1997
http://arxiv.org/abs/2012.07292
http://arxiv.org/abs/2208.13794
https://doi.org/10.1103/PhysRevD.106.075007
https://doi.org/10.1103/PhysRevD.106.075007
http://arxiv.org/abs/2111.08025
https://doi.org/10.1088/1475-7516/2019/02/059
http://arxiv.org/abs/1811.10997
https://doi.org/10.1088/1475-7516/2022/06/014
http://arxiv.org/abs/2201.03422
https://doi.org/10.1103/PhysRevD.106.042011
https://doi.org/10.1103/PhysRevD.106.042011
http://arxiv.org/abs/2203.16567
https://doi.org/10.1016/j.physletb.2021.136075
https://doi.org/10.1016/j.physletb.2021.136075
http://arxiv.org/abs/2009.01310
https://doi.org/10.1103/PhysRevD.75.105018
https://doi.org/10.1103/PhysRevD.75.105018
http://arxiv.org/abs/astro-ph/0611502
https://doi.org/10.1103/PhysRevD.106.103505
https://doi.org/10.1103/PhysRevD.106.103505
http://arxiv.org/abs/2205.01079
http://arxiv.org/abs/2301.06560
https://doi.org/10.1103/PhysRevLett.127.051101
https://doi.org/10.1103/PhysRevLett.127.051101
http://arxiv.org/abs/2102.02207
https://doi.org/10.1088/1475-7516/2012/02/032
https://doi.org/10.1088/1475-7516/2012/02/032
http://arxiv.org/abs/1110.2895
https://doi.org/10.1088/1475-7516/2020/05/009
http://arxiv.org/abs/2002.08370
http://arxiv.org/abs/1612.08296
https://doi.org/10.1088/1475-7516/2021/08/066
https://doi.org/10.1088/1475-7516/2021/08/066
http://arxiv.org/abs/2102.05366
https://doi.org/10.1103/PhysRevD.61.022001
https://doi.org/10.1103/PhysRevD.61.022001
https://doi.org/10.1103/PhysRevLett.124.151301
https://doi.org/10.1103/PhysRevLett.124.151301
http://arxiv.org/abs/1910.07574
https://doi.org/10.1103/RevModPhys.82.939
https://doi.org/10.1103/RevModPhys.82.939
http://arxiv.org/abs/0809.1003
https://doi.org/10.1103/PhysRevLett.61.2285
https://doi.org/10.1103/PhysRevLett.61.2285
https://doi.org/10.1088/0034-4885/68/1/R02
https://doi.org/10.1088/0034-4885/68/1/R02
https://doi.org/10.1103/PhysRevD.102.095015
https://doi.org/10.1103/PhysRevD.102.095015
http://arxiv.org/abs/2008.02209
https://doi.org/10.1103/PhysRevD.82.125020
http://arxiv.org/abs/1008.3536
https://doi.org/10.1103/PhysRevLett.105.171801
https://doi.org/10.1103/PhysRevLett.105.171801
http://arxiv.org/abs/1007.3766
https://doi.org/10.1103/PhysRevLett.122.041801
https://doi.org/10.1103/PhysRevLett.122.041801
http://arxiv.org/abs/1804.10777
http://arxiv.org/abs/2211.00022


 1122 Page 240 of 266 Eur. Phys. J. C          (2023) 83:1122 

its on light dark matter. Phys. Rev. D 106, 022001 (2022). https://
doi.org/10.1103/PhysRevD.106.022001. arXiv:2112.12116

804. A. Caputo, A.J. Millar, C.A.J. O’Hare, E. Vitagliano, Dark photon
limits: a handbook. Phys. Rev. D 104, 095029 (2021). https://doi.
org/10.1103/PhysRevD.104.095029. arXiv:2105.04565

805. DAMIC collaboration, A. Aguilar-Arevalo et al., Constraints on
light dark matter particles interacting with electrons from DAMIC
at SNOLAB. Phys. Rev. Lett. 123, 181802 (2019). https://doi.org/
10.1103/PhysRevLett.123.181802. arXiv:1907.12628

806. A. Phipps et al., Exclusion limits on hidden-photon dark mat-
ter near 2 neV from a fixed-frequency superconducting lumped-
element resonator. Springer Proc. Phys. 245, 139 (2020). https://
doi.org/10.1007/978-3-030-43761-9_16. arXiv:1906.08814

807. FUNK Experiment collaboration, A. Andrianavalomahefa et al.,
Limits from the funk experiment on the mixing strength of hidden-
photon dark matter in the visible and near-ultraviolet wavelength
range. Phys. Rev. D 102, 042001 (2020). https://doi.org/10.1103/
PhysRevD.102.042001. arXiv:2003.13144

808. J. Chiles et al., First Constraints on Dark Photon Dark Matter with
Superconducting Nanowire Detectors in an Optical Haloscope.
arXiv:2110.01582

809. H. An, X. Chen, S. Ge, J. Liu, Y. Luo, Searching for Ultralight
Dark Matter Conversion in Solar Corona using LOFAR Data.
arXiv:2301.03622

810. X. Fan, G. Gabrielse, P.W. Graham, R. Harnik, T.G. Myers, H.
Ramani et al., One-electron quantum cyclotron as a Milli-eV dark-
photon detector. Phys. Rev. Lett. 129, 261801 (2022). https://doi.
org/10.1103/PhysRevLett.129.261801. arXiv:2208.06519

811. SENSEI collaboration, L. Barak et al., SENSEI: direct-detection
results on sub-GeV dark matter from a new skipper-CCD.
Phys. Rev. Lett. 125, 171802 (2020). https://doi.org/10.1103/
PhysRevLett.125.171802. arXiv:2004.11378

812. SuperCDMS collaboration, T. Aralis et al., Constraints on dark
photons and axionlike particles from the SuperCDMS Soudan
experiment. Phys. Rev. D 101, 052008 (2020). https://doi.org/10.
1103/PhysRevD.101.052008. arXiv:1911.11905

813. M.A. Fedderke, P.W. Graham, D.F. Jackson Kimball, S. Kalia,
Search for dark-photon dark matter in the SuperMAG geomag-
netic field dataset. Phys. Rev. D 104, 095032 (2021). https://doi.
org/10.1103/PhysRevD.104.095032. arXiv:2108.08852

814. M.A. Fedderke, P.W. Graham, D.F.J. Kimball, S. Kalia, Earth as
a transducer for dark-photon dark-matter detection. Phys. Rev.
D 104, 075023 (2021). https://doi.org/10.1103/PhysRevD.104.
075023. arXiv:2106.00022

815. I.M. Bloch, R. Essig, K. Tobioka, T. Volansky, T.-T. Yu,
Searching for dark absorption with direct detection experiments.
JHEP 06, 087 (2017). https://doi.org/10.1007/JHEP06(2017)087.
arXiv:1608.02123

816. XENON collaboration, E. Aprile et al., Light dark matter
search with ionization signals in XENON1T. Phys. Rev. Lett.
123, 251801 (2019). https://doi.org/10.1103/PhysRevLett.123.
251801. arXiv:1907.11485

817. XENON collaboration, E. Aprile et al., Excess electronic recoil
events in XENON1T. Phys. Rev. D102, 072004 (2020). https://
doi.org/10.1103/PhysRevD.102.072004. arXiv:2006.09721

818. I.M. Bloch, A. Caputo, R. Essig, D. Redigolo, M. Sholapurkar,
T. Volansky, Exploring new physics with O(keV) electron recoils
in direct detection experiments. JHEP 01, 178 (2021). https://doi.
org/10.1007/JHEP01(2021)178. arXiv:2006.14521

819. A.S. Goldhaber, M.M. Nieto, Terrestrial and extra-terrestrial lim-
its on the photon mass. Rev. Mod. Phys. 43, 277 (1971). https://
doi.org/10.1103/RevModPhys.43.277

820. E. Fischbach, H. Kloor, R.A. Langel, A.T.Y. Liu, M. Peredo,
New geomagnetic limits on the photon mass and on long range
forces coexisting with electromagnetism. Phys. Rev. Lett. 73, 514
(1994). https://doi.org/10.1103/PhysRevLett.73.514

821. G. Marocco, Dark photon limits from magnetic fields and astro-
physical plasmas. arXiv:2110.02875

822. L. Davis Jr., A.S. Goldhaber, M.M. Nieto, Limit on the photon
mass deduced from Pioneer-10 observations of Jupiter’s magnetic
field. Phys. Rev. Lett. 35, 1402 (1975). https://doi.org/10.1103/
PhysRevLett.35.1402

823. H.-S. Zechlin, D. Horns, J. Redondo, New constraints on hidden
photons using very high energy gamma-rays from the crab neb-
ula. AIP Conf. Proc. 1085, 727 (2009). https://doi.org/10.1063/1.
3076781. arXiv:0810.5501

824. A. Caputo, H. Liu, S. Mishra-Sharma, J.T. Ruderman, Dark pho-
ton oscillations in our inhomogeneous universe. Phys. Rev. Lett.
125, 221303 (2020). https://doi.org/10.1103/PhysRevLett.125.
221303. arXiv:2002.05165

825. S.J. Witte, S. Rosauro-Alcaraz, S.D. McDermott, V. Poulin, Dark
photon dark matter in the presence of inhomogeneous structure.
JHEP 06, 132 (2020). https://doi.org/10.1007/JHEP06(2020)132.
arXiv:2003.13698

826. A. Caputo, H. Liu, S. Mishra-Sharma, J.T. Ruderman, Modeling
dark photon oscillations in our inhomogeneous universe. Phys.
Rev. D 102, 103533 (2020). https://doi.org/10.1103/PhysRevD.
102.103533. arXiv:2004.06733

827. S. Dubovsky, G. Hernández-Chifflet, Heating up the galaxy with
hidden photons. JCAP 12, 054 (2015). https://doi.org/10.1088/
1475-7516/2015/12/054. arXiv:1509.00039

828. D. Wadekar, G.R. Farrar, Gas-rich dwarf galaxies as a new probe
of dark matter interactions with ordinary matter. Phys. Rev. D 103,
123028 (2021). https://doi.org/10.1103/PhysRevD.103.123028.
arXiv:1903.12190

829. A. Bhoonah, J. Bramante, N. Song, Superradiant searches for
dark photons in two stage atomic transitions. Phys. Rev. D 101,
055040 (2020). https://doi.org/10.1103/PhysRevD.101.055040.
arXiv:1909.07387

830. A. Berlin et al., Searches for New Particles, Dark Matter, and
Gravitational Waves with SRF Cavities. arXiv:2203.12714

831. G.B. Gelmini, A.J. Millar, V. Takhistov, E. Vitagliano, Prob-
ing dark photons with plasma haloscopes. Phys. Rev. D 102,
043003 (2020). https://doi.org/10.1103/PhysRevD.102.043003.
arXiv:2006.06836

832. G. Lanfranchi, M. Pospelov, P. Schuster, The search for fee-
bly interacting particles. Ann. Rev. Nucl. Part. Sci. 71, 279
(2021). https://doi.org/10.1146/annurev-nucl-102419-055056.
arXiv:2011.02157

833. S. Gori et al., Dark Sector Physics at High-Intensity Experiments.
arXiv:2209.04671

834. G. Krnjaic et al., A Snowmass Whitepaper: Dark Matter Produc-
tion at Intensity-Frontier Experiments. arXiv:2207.00597

835. D.E. Morrissey, D. Poland, K.M. Zurek, Abelian hidden sectors at
a GeV. JHEP 07, 050 (2009). https://doi.org/10.1088/1126-6708/
2009/07/050. arXiv:0904.2567

836. J.L. Feng, J. Kumar, The WIMPless miracle: dark-matter parti-
cles without weak-scale masses or weak interactions. Phys. Rev.
Lett. 101, 231301 (2008). https://doi.org/10.1103/PhysRevLett.
101.231301. arXiv:0803.4196

837. G. Krnjaic, Probing light thermal dark-matter with a Higgs por-
tal mediator. Phys. Rev. D 94, 073009 (2016). https://doi.org/10.
1103/PhysRevD.94.073009. arXiv:1512.04119

838. B. Batell, T. Han, D. McKeen, B. Shams Es Haghi, Ther-
mal dark matter through the Dirac neutrino portal. Phys. Rev.
D 97, 075016 (2018). https://doi.org/10.1103/PhysRevD.97.
075016. arXiv:1709.07001

839. M. Escudero, S.J. Witte, N. Rius, The dispirited case of gauged
U(1)B−L dark matter. JHEP 08, 190 (2018). https://doi.org/10.
1007/JHEP08(2018)190. arXiv:1806.02823

840. M. Blennow, E. Fernandez-Martinez, A. Olivares-Del Campo, S.
Pascoli, S. Rosauro-Alcaraz, A.V. Titov, Neutrino portals to dark

123

https://doi.org/10.1103/PhysRevD.106.022001
https://doi.org/10.1103/PhysRevD.106.022001
http://arxiv.org/abs/2112.12116
https://doi.org/10.1103/PhysRevD.104.095029
https://doi.org/10.1103/PhysRevD.104.095029
http://arxiv.org/abs/2105.04565
https://doi.org/10.1103/PhysRevLett.123.181802
https://doi.org/10.1103/PhysRevLett.123.181802
http://arxiv.org/abs/1907.12628
https://doi.org/10.1007/978-3-030-43761-9_16
https://doi.org/10.1007/978-3-030-43761-9_16
http://arxiv.org/abs/1906.08814
https://doi.org/10.1103/PhysRevD.102.042001
https://doi.org/10.1103/PhysRevD.102.042001
http://arxiv.org/abs/2003.13144
http://arxiv.org/abs/2110.01582
http://arxiv.org/abs/2301.03622
https://doi.org/10.1103/PhysRevLett.129.261801
https://doi.org/10.1103/PhysRevLett.129.261801
http://arxiv.org/abs/2208.06519
https://doi.org/10.1103/PhysRevLett.125.171802
https://doi.org/10.1103/PhysRevLett.125.171802
http://arxiv.org/abs/2004.11378
https://doi.org/10.1103/PhysRevD.101.052008
https://doi.org/10.1103/PhysRevD.101.052008
http://arxiv.org/abs/1911.11905
https://doi.org/10.1103/PhysRevD.104.095032
https://doi.org/10.1103/PhysRevD.104.095032
http://arxiv.org/abs/2108.08852
https://doi.org/10.1103/PhysRevD.104.075023
https://doi.org/10.1103/PhysRevD.104.075023
http://arxiv.org/abs/2106.00022
https://doi.org/10.1007/JHEP06(2017)087
http://arxiv.org/abs/1608.02123
https://doi.org/10.1103/PhysRevLett.123.251801
https://doi.org/10.1103/PhysRevLett.123.251801
http://arxiv.org/abs/1907.11485
https://doi.org/10.1103/PhysRevD.102.072004
https://doi.org/10.1103/PhysRevD.102.072004
http://arxiv.org/abs/2006.09721
https://doi.org/10.1007/JHEP01(2021)178
https://doi.org/10.1007/JHEP01(2021)178
http://arxiv.org/abs/2006.14521
https://doi.org/10.1103/RevModPhys.43.277
https://doi.org/10.1103/RevModPhys.43.277
https://doi.org/10.1103/PhysRevLett.73.514
http://arxiv.org/abs/2110.02875
https://doi.org/10.1103/PhysRevLett.35.1402
https://doi.org/10.1103/PhysRevLett.35.1402
https://doi.org/10.1063/1.3076781
https://doi.org/10.1063/1.3076781
http://arxiv.org/abs/0810.5501
https://doi.org/10.1103/PhysRevLett.125.221303
https://doi.org/10.1103/PhysRevLett.125.221303
http://arxiv.org/abs/2002.05165
https://doi.org/10.1007/JHEP06(2020)132
http://arxiv.org/abs/2003.13698
https://doi.org/10.1103/PhysRevD.102.103533
https://doi.org/10.1103/PhysRevD.102.103533
http://arxiv.org/abs/2004.06733
https://doi.org/10.1088/1475-7516/2015/12/054
https://doi.org/10.1088/1475-7516/2015/12/054
http://arxiv.org/abs/1509.00039
https://doi.org/10.1103/PhysRevD.103.123028
http://arxiv.org/abs/1903.12190
https://doi.org/10.1103/PhysRevD.101.055040
http://arxiv.org/abs/1909.07387
http://arxiv.org/abs/2203.12714
https://doi.org/10.1103/PhysRevD.102.043003
http://arxiv.org/abs/2006.06836
https://doi.org/10.1146/annurev-nucl-102419-055056
http://arxiv.org/abs/2011.02157
http://arxiv.org/abs/2209.04671
http://arxiv.org/abs/2207.00597
https://doi.org/10.1088/1126-6708/2009/07/050
https://doi.org/10.1088/1126-6708/2009/07/050
http://arxiv.org/abs/0904.2567
https://doi.org/10.1103/PhysRevLett.101.231301
https://doi.org/10.1103/PhysRevLett.101.231301
http://arxiv.org/abs/0803.4196
https://doi.org/10.1103/PhysRevD.94.073009
https://doi.org/10.1103/PhysRevD.94.073009
http://arxiv.org/abs/1512.04119
https://doi.org/10.1103/PhysRevD.97.075016
https://doi.org/10.1103/PhysRevD.97.075016
http://arxiv.org/abs/1709.07001
https://doi.org/10.1007/JHEP08(2018)190
https://doi.org/10.1007/JHEP08(2018)190
http://arxiv.org/abs/1806.02823


Eur. Phys. J. C          (2023) 83:1122 Page 241 of 266  1122 

matter. Eur. Phys. J. C 79, 555 (2019). https://doi.org/10.1140/
epjc/s10052-019-7060-5. arXiv:1903.00006

841. P. Ballett, M. Hostert, S. Pascoli, Dark neutrinos and a three
portal connection to the Standard Model. Phys. Rev. D 101,
115025 (2020). https://doi.org/10.1103/PhysRevD.101.115025.
arXiv:1903.07589

842. M. Baryakhtar, A. Berlin, H. Liu, N. Weiner, Electromagnetic
signals of inelastic dark matter scattering. JHEP 06, 047 (2022).
https://doi.org/10.1007/JHEP06(2022)047. arXiv:2006.13918

843. M Carrillo González, N. Toro, Cosmology and signals of light
pseudo-Dirac dark matter. JHEP 04, 060 (2022). https://doi.org/
10.1007/JHEP04(2022)060. arXiv:2108.13422

844. N. Padmanabhan, D.P. Finkbeiner, Detecting dark matter anni-
hilation with CMB polarization: signatures and experimental
prospects. Phys. Rev. D 72, 023508 (2005). https://doi.org/10.
1103/PhysRevD.72.023508. arXiv:astro-ph/0503486

845. T.R. Slatyer, N. Padmanabhan, D.P. Finkbeiner, CMB constraints
on WIMP annihilation: energy absorption during the recombina-
tion epoch. Phys. Rev. D 80, 043526 (2009). https://doi.org/10.
1103/PhysRevD.80.043526. arXiv:0906.1197

846. T.R. Slatyer, Indirect dark matter signatures in the cosmic dark
ages. I. Generalizing the bound on s-wave dark matter annihilation
from Planck results. Phys. Rev. D 93, 023527 (2016). https://doi.
org/10.1103/PhysRevD.93.023527. arXiv:1506.03811

847. A. Coogan, L. Morrison, S. Profumo, Precision gamma-
ray constraints for sub-GeV dark matter models. JCAP
08, 044 (2021). https://doi.org/10.1088/1475-7516/2021/08/044.
arXiv:2104.06168

848. R. Essig, M. Sholapurkar, T.-T. Yu, Solar neutrinos as a signal
and background in direct-detection experiments searching for
sub-GeV dark matter with electron recoils. Phys. Rev. D 97,
095029 (2018). https://doi.org/10.1103/PhysRevD.97.095029.
arXiv:1801.10159

849. A. Berlin, P. deNiverville, A. Ritz, P. Schuster, N. Toro, Sub-
GeV dark matter production at fixed-target experiments. Phys.
Rev. D 102, 095011 (2020). https://doi.org/10.1103/PhysRevD.
102.095011. arXiv:2003.03379

850. J.L. Feng, J. Smolinsky, Impact of a resonance on thermal
targets for invisible dark photon searches. Phys. Rev. D 96,
095022 (2017). https://doi.org/10.1103/PhysRevD.96.095022.
arXiv:1707.03835

851. E. Izaguirre, G. Krnjaic, B. Shuve, Discovering inelastic
thermal-relic dark matter at colliders. Phys. Rev. D 93,
063523 (2016). https://doi.org/10.1103/PhysRevD.93.063523.
arXiv:1508.03050

852. A. Berlin, F. Kling, Inelastic dark matter at the LHC lifetime
frontier: ATLAS, CMS, LHCb, CODEX-b, FASER, and MATH-
USLA. Phys. Rev. D 99, 015021 (2019). https://doi.org/10.1103/
PhysRevD.99.015021. arXiv:1810.01879

853. C.M. Ho, R.J. Scherrer, Limits on MeV dark matter from the
effective number of neutrinos. Phys. Rev. D 87, 023505 (2013).
https://doi.org/10.1103/PhysRevD.87.023505. arXiv:1208.4347

854. C. Boehm, M.J. Dolan, C. McCabe, A lower bound on
the mass of cold thermal dark matter from Planck. JCAP
08, 041 (2013). https://doi.org/10.1088/1475-7516/2013/08/041.
arXiv:1303.6270

855. N. Sabti, J. Alvey, M. Escudero, M. Fairbairn, D. Blas, Refined
bounds on MeV-scale thermal dark sectors from BBN and the
CMB. JCAP 01, 004 (2020). https://doi.org/10.1088/1475-7516/
2020/01/004. arXiv:1910.01649

856. C. Giovanetti, M. Lisanti, H. Liu, J.T. Ruderman, Joint cos-
mic microwave background and big bang nucleosynthesis con-
straints on light dark sectors with dark radiation. Phys. Rev.
Lett. 129, 021302 (2022). https://doi.org/10.1103/PhysRevLett.
129.021302. arXiv:2109.03246

857. K. Bechtol et al., Snowmass2021 Cosmic Frontier White Paper:
Dark Matter Physics from Halo Measurements, in 2022 Snowmass
Summer Study, p. 3 (2022). arXiv:2203.07354

858. S. Adhikari et al., Astrophysical Tests of Dark Matter Self-
Interactions. arXiv:2207.10638

859. K.E. Andrade, J. Fuson, S. Gad-Nasr, D. Kong, Q. Minor, M.G.
Roberts et al., A stringent upper limit on dark matter self-
interaction cross-section from cluster strong lensing. Mon. Not.
R. Astron. Soc. 510, 54 (2021). https://doi.org/10.1093/mnras/
stab3241. arXiv:2012.06611

860. D. Harvey, R. Massey, T. Kitching, A. Taylor, E. Tittley, The non-
gravitational interactions of dark matter in colliding galaxy clus-
ters. Science 347, 1462 (2015). https://doi.org/10.1126/science.
1261381. arXiv:1503.07675

861. D. Harvey, A. Robertson, R. Massey, I.G. McCarthy, Observ-
able tests of self-interacting dark matter in galaxy clusters:
BCG wobbles in a constant density core. Mon. Not. R. Astron.
Soc. 488, 1572 (2019). https://doi.org/10.1093/mnras/stz1816.
arXiv:1812.06981

862. L. Sagunski, S. Gad-Nasr, B. Colquhoun, A. Robertson, S. Tulin,
Velocity-dependent self-interacting dark matter from groups and
clusters of galaxies. JCAP 01, 024 (2021). https://doi.org/10.
1088/1475-7516/2021/01/024. arXiv:2006.12515

863. D. Wittman, N. Golovich, W.A. Dawson, The mismeasure of
mergers: revised limits on self-interacting dark matter in merg-
ing galaxy clusters. Astrophys. J. 869, 104 (2018). https://doi.
org/10.3847/1538-4357/aaee77. arXiv:1701.05877

864. P.J. Fitzpatrick, H. Liu, T.R. Slatyer, Y.-D. Tsai, New Path-
ways to the Relic Abundance of Vector-Portal Dark Matter.
arXiv:2011.01240

865. P.J. Fitzpatrick, H. Liu, T.R. Slatyer, Y.-D. Tsai, New Ther-
mal Relic Targets for Inelastic Vector-Portal Dark Matter.
arXiv:2105.05255

866. Y. Hochberg, E. Kuflik, T. Volansky, J.G. Wacker, Mechanism
for thermal relic dark matter of strongly interacting massive par-
ticles. Phys. Rev. Lett. 113, 171301 (2014). https://doi.org/10.
1103/PhysRevLett.113.171301. arXiv:1402.5143

867. Y. Hochberg, E. Kuflik, H. Murayama, T. Volansky, J.G. Wacker,
Model for thermal relic dark matter of strongly interacting massive
particles. Phys. Rev. Lett. 115, 021301 (2015). https://doi.org/10.
1103/PhysRevLett.115.021301. arXiv:1411.3727

868. A. Berlin, N. Blinov, S. Gori, P. Schuster, N. Toro, Cosmology
and accelerator tests of strongly interacting dark matter. Phys.
Rev. D 97, 055033 (2018). https://doi.org/10.1103/PhysRevD.97.
055033. arXiv:1801.05805

869. E. Kuflik, M. Perelstein, N.R.-L. Lorier, Y.-D. Tsai, Elasti-
cally decoupling dark matter. Phys. Rev. Lett. 116, 221302
(2016). https://doi.org/10.1103/PhysRevLett.116.221302.
arXiv:1512.04545

870. E. Kuflik, M. Perelstein, N.R.-L. Lorier, Y.-D. Tsai, Phenomenol-
ogy of ELDER dark matter. JHEP 08, 078 (2017). https://doi.org/
10.1007/JHEP08(2017)078. arXiv:1706.05381

871. K. Griest, D. Seckel, Three exceptions in the calculation of relic
abundances. Phys. Rev. D 43, 3191 (1991). https://doi.org/10.
1103/PhysRevD.43.3191

872. R.T. D’Agnolo, J.T. Ruderman, Light dark matter from forbidden
channels. Phys. Rev. Lett. 115, 061301 (2015). https://doi.org/10.
1103/PhysRevLett.115.061301. arXiv:1505.07107

873. J.M. Cline, H. Liu, T. Slatyer, W. Xue, Enabling forbidden dark
matter. Phys. Rev. D 96, 083521 (2017). https://doi.org/10.1103/
PhysRevD.96.083521. arXiv:1702.07716

874. P. Hut, Limits on masses and number of neutral weakly interacting
particles. Phys. Lett. B 69, 85 (1977). https://doi.org/10.1016/
0370-2693(77)90139-3

123

https://doi.org/10.1140/epjc/s10052-019-7060-5
https://doi.org/10.1140/epjc/s10052-019-7060-5
http://arxiv.org/abs/1903.00006
https://doi.org/10.1103/PhysRevD.101.115025
http://arxiv.org/abs/1903.07589
https://doi.org/10.1007/JHEP06(2022)047
http://arxiv.org/abs/2006.13918
https://doi.org/10.1007/JHEP04(2022)060
https://doi.org/10.1007/JHEP04(2022)060
http://arxiv.org/abs/2108.13422
https://doi.org/10.1103/PhysRevD.72.023508
https://doi.org/10.1103/PhysRevD.72.023508
http://arxiv.org/abs/astro-ph/0503486
https://doi.org/10.1103/PhysRevD.80.043526
https://doi.org/10.1103/PhysRevD.80.043526
http://arxiv.org/abs/0906.1197
https://doi.org/10.1103/PhysRevD.93.023527
https://doi.org/10.1103/PhysRevD.93.023527
http://arxiv.org/abs/1506.03811
https://doi.org/10.1088/1475-7516/2021/08/044
http://arxiv.org/abs/2104.06168
https://doi.org/10.1103/PhysRevD.97.095029
http://arxiv.org/abs/1801.10159
https://doi.org/10.1103/PhysRevD.102.095011
https://doi.org/10.1103/PhysRevD.102.095011
http://arxiv.org/abs/2003.03379
https://doi.org/10.1103/PhysRevD.96.095022
http://arxiv.org/abs/1707.03835
https://doi.org/10.1103/PhysRevD.93.063523
http://arxiv.org/abs/1508.03050
https://doi.org/10.1103/PhysRevD.99.015021
https://doi.org/10.1103/PhysRevD.99.015021
http://arxiv.org/abs/1810.01879
https://doi.org/10.1103/PhysRevD.87.023505
http://arxiv.org/abs/1208.4347
https://doi.org/10.1088/1475-7516/2013/08/041
http://arxiv.org/abs/1303.6270
https://doi.org/10.1088/1475-7516/2020/01/004
https://doi.org/10.1088/1475-7516/2020/01/004
http://arxiv.org/abs/1910.01649
https://doi.org/10.1103/PhysRevLett.129.021302
https://doi.org/10.1103/PhysRevLett.129.021302
http://arxiv.org/abs/2109.03246
http://arxiv.org/abs/2203.07354
http://arxiv.org/abs/2207.10638
https://doi.org/10.1093/mnras/stab3241
https://doi.org/10.1093/mnras/stab3241
http://arxiv.org/abs/2012.06611
https://doi.org/10.1126/science.1261381
https://doi.org/10.1126/science.1261381
http://arxiv.org/abs/1503.07675
https://doi.org/10.1093/mnras/stz1816
http://arxiv.org/abs/1812.06981
https://doi.org/10.1088/1475-7516/2021/01/024
https://doi.org/10.1088/1475-7516/2021/01/024
http://arxiv.org/abs/2006.12515
https://doi.org/10.3847/1538-4357/aaee77
https://doi.org/10.3847/1538-4357/aaee77
http://arxiv.org/abs/1701.05877
http://arxiv.org/abs/2011.01240
http://arxiv.org/abs/2105.05255
https://doi.org/10.1103/PhysRevLett.113.171301
https://doi.org/10.1103/PhysRevLett.113.171301
http://arxiv.org/abs/1402.5143
https://doi.org/10.1103/PhysRevLett.115.021301
https://doi.org/10.1103/PhysRevLett.115.021301
http://arxiv.org/abs/1411.3727
https://doi.org/10.1103/PhysRevD.97.055033
https://doi.org/10.1103/PhysRevD.97.055033
http://arxiv.org/abs/1801.05805
https://doi.org/10.1103/PhysRevLett.116.221302
http://arxiv.org/abs/1512.04545
https://doi.org/10.1007/JHEP08(2017)078
https://doi.org/10.1007/JHEP08(2017)078
http://arxiv.org/abs/1706.05381
https://doi.org/10.1103/PhysRevD.43.3191
https://doi.org/10.1103/PhysRevD.43.3191
https://doi.org/10.1103/PhysRevLett.115.061301
https://doi.org/10.1103/PhysRevLett.115.061301
http://arxiv.org/abs/1505.07107
https://doi.org/10.1103/PhysRevD.96.083521
https://doi.org/10.1103/PhysRevD.96.083521
http://arxiv.org/abs/1702.07716
https://doi.org/10.1016/0370-2693(77)90139-3
https://doi.org/10.1016/0370-2693(77)90139-3


 1122 Page 242 of 266 Eur. Phys. J. C          (2023) 83:1122 

875. B.W. Lee, S. Weinberg, Cosmological lower bound on heavy neu-
trino masses. Phys. Rev. Lett. 39, 165 (1977). https://doi.org/10.
1103/PhysRevLett.39.165

876. P. Bode, J.P. Ostriker, N. Turok, Halo formation in warm dark
matter models. Astrophys. J. 556, 93 (2001). https://doi.org/10.
1086/321541. arXiv:astro-ph/0010389
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1480. J. Klarić, M. Shaposhnikov, I. Timiryasov, Uniting low-
scale leptogenesis mechanisms. Phys. Rev. Lett. 127, 111802
(2021). https://doi.org/10.1103/PhysRevLett.127.111802.
arXiv:2008.13771
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