
Submitted to the Proceedings of the US Community Study
on the Future of Particle Physics (Snowmass 2021)

Snowmass 2021 CMB-S4 White Paper

The CMB-S4 Collaboration: Kevork Abazajian,1 Arwa Abdulghafour,2 Graeme E.
Addison,3 Peter Adshead,4 Zeeshan Ahmed,5 Marco Ajello,6 Daniel Akerib,5 Steven W.
Allen,7,5 David Alonso,8 Marcelo Alvarez,9,10 Mustafa A. Amin,11 Mandana Amiri,12

Adam Anderson,13 Behzad Ansarinejad,2 Melanie Archipley,4 Kam S. Arnold,14 Matt
Ashby,15 Han Aung,16 Carlo Baccigalupi,17,18 Carina Baker,4 Abhishek Bakshi,13 Debbie
Bard,10 Denis Barkats,15,19 Darcy Barron,20 Peter S. Barry,21,22 James G. Bartlett,23 Paul
Barton,10 Ritoban Basu Thakur,24 Nicholas Battaglia,25 Jim Beall,26 Rachel Bean,25 Dominic
Beck,7 Sebastian Belkner,27 Karim Benabed,28 Amy N. Bender,21,29 Bradford A. Benson,13,30

Bobby Besuner,10 Matthieu Bethermin,31 Sanah Bhimani,16 Federico Bianchini,7,5 Simon
Biquard,23,32 Ian Birdwell,20 Colin A. Bischoff,33 Lindsey Bleem,21,29 Paulina Bocaz,34

James J. Bock,24,35 Sebastian Bocquet,36 Kimberly K. Boddy,37 J. Richard Bond,38 Ju-
lian Borrill,10,9 François R. Bouchet,28 Thejs Brinckmann,39,40 Michael L. Brown,41 Sean
Bryan,42 Victor Buza,30,29 Karen Byrum,21 Erminia Calabrese,22 Victoria Calafut,38 Robert
Caldwell,43 John E. Carlstrom,30,21 Julien Carron,27 Thomas Cecil,21 Anthony Challinor,44

Victor Chan,45 Clarence L. Chang,21,30 Scott Chapman,12 Eric Charles,5 Eric Chauvin,46

Cheng Cheng,47 Grace Chesmore,30 Kolen Cheung,9,10 Yuji Chinone,48 Jens Chluba,41

Hsiao-Mei Sherry Cho,5 Steve Choi,25 Justin Clancy,2 Susan Clark,7,49 Asantha Cooray,1

Gabriele Coppi,50 John Corlett,10 Will Coulton,51 Thomas M. Crawford,30,29 Abigail
Crites,25,24 Ari Cukierman,5,7 Francis-Yan Cyr-Racine,20 Wei-Ming Dai,47 Cail Daley,4 Eli
Dart,10 Gregorg Daues,4 Tijmen de Haan,52 Cosmin Deaconu,30,29 Jacques Delabrouille,32

Greg Derylo,13 Mark Devlin,53 Eleonora Di Valentino,54 Marion Dierickx,19 Brad Dober,26

Randy Doriese,26 Shannon Duff,26 Daniel Dutcher,55 Cora Dvorkin,19 Rolando Dünner,56

Tarraneh Eftekhari,57 Joseph Eimer,3 Hamza El Bouhargani,10 Tucker Elleflot,10 Nick
Emerson,58 Josquin Errard,23 Thomas Essinger-Hileman,59 Giulio Fabbian,22,51 Valentina
Fanfani,50 Alessandro Fasano,31 Chang Feng,4 Simone Ferraro,10 Jeffrey P. Filippini,4

Raphael Flauger,14 Brenna Flaugher,13 Aurelien A. Fraisse,55 Josef Frisch,5 Andrei Frolov,60

Nicholas Galitzki,14 Patricio A. Gallardo,30 Silvia Galli,28 Ken Ganga,23 Martina Gerbino,40

Christos Giannakopoulos,33 Murdock Gilchriese,10 Vera Gluscevic,61 Neil Goeckner-
Wald,7 David Goldfinger,19 Daniel Green,14 Paul Grimes,15 Daniel Grin,62 Evan Grohs,63

Riccardo Gualtieri,21 Vic Guarino,21 Jon E. Gudmundsson,64 Ian Gullett,65 Sam Guns,9

Salman Habib,21 Gunther Haller,5 Mark Halpern,12 Nils W. Halverson,66 Shaul Hanany,67

Emma Hand,33 Kathleen Harrington,30 Masaya Hasegawa,52 Matthew Hasselfield,51

Masashi Hazumi,52 Katrin Heitmann,21 Shawn Henderson,5 Brandon Hensley,55 Ryan
Herbst,5 Carlos Hervias-Caimapo,68 J. Colin Hill,69,51 Richard Hills,70 Eric Hivon,28,71
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CMB-S4 Overview and Context

The cosmic microwave background ‘Stage 4’ CMB-S4 project is the next generation
ground-based cosmic microwave background experiment, designed to cross critical
thresholds in our understanding of the origin and evolution of the Universe, from the
highest energies at the dawn of time through the growth of structure to the present day.
The CMB-S4 science case is spectacular: the search for primordial gravitational waves
as predicted from inflation and the imprint of relic particles including neutrinos, unique
insights into dark energy and tests of gravity on large scales, elucidating the role of bary-
onic feedback on galaxy formation and evolution, opening up a window on the transient
Universe at millimeter wavelengths, and even the exploration of the outer Solar System.
The CMB-S4 sensitivity to primordial gravitational waves will probe physics at the high-
est energy scales and cross a major theoretically motivated threshold in constraints on
inflation. The CMB-S4 search for new light relic particles will shed light on the early Uni-
verse 10,000 times farther back than current experiments can reach. Finally, the CMB-S4
Legacy Survey, covering 60% of the sky with unprecedented sensitivity and angular res-
olution from centimeter- to millimeter-wave observing bands, will have a profound and
lasting impact on Astronomy and Astrophysics and provide a powerful complement to
surveys at other wavelengths, such as the Vera Rubin Observatory (VRO) Legacy Survey
of Space and Time and those conducted by the Nancy Grace Roman Space Telescope, Eu-
clid, and others yet to be imagined. We emphasize that these critical thresholds cannot
be reached without the level of community and agency investment and commitment re-
quired by CMB-S4. In particular, the CMB-S4 science goals are out of the reach of any
projected precursor experiment by a significant margin.

The formal CMB-S4 Collaboration was established in 2018 with the ratification of the by-
laws and election of the various officers including the collaboration Executive Team and
Governing Board. As of March 2022 the Collaboration has 320 members, 76 of whom hold
positions within the organizational structure. These members represent 114 institutions
in 19 countries on 6 continents, including 27 US states.

CMB-S4 is a joint NSF and DOE project, with the construction phase expected to be
funded as an NSF MREFC project and a DOE HEP MIE project. DOE Critical Decision 0
(CD-0) was approved in July 2019. An integrated project office has been constituted and
tasked with advancing the CMB-S4 project in the NSF MREFC Preliminary Design Phase
and toward DOE Critical Decision CD-1. Support for the Integrated Project Office is being
provided in part by DOE through their lead lab LBNL, and by NSF through an MSRI-R1
award to the University of Chicago, as the lead NSF institution.

CMB-S4 was recommended by the 2014 Particle Physics Project Prioritization Panel (P5)
report Building for Discovery: Strategic Plan for U.S. Particle Physics in the Global Context and
by the 2015 National Academies report A Strategic Vision for NSF Investments in Antarctic
and Southern Ocean Research. The community further developed the science case in the
2016 CMB-S4 Science Book [1] and surveyed the status of the technology in the 2017 CMB-
S4 Technology Book [2]. This work formed the foundation for the joint NSF-DOE Concept
Definition Task Force (CDT), a subpanel of the Astronomy and Astrophysics Advisory
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Committee (AAAC), a FACA committee advising DOE, NASA, and NSF. The CDT report
was enthusiastically accepted by the AAAC in October 2017.

Building on the CDT report, the CMB-S4 Collaboration and the pre-Project Development
Group, composed of experienced project leaders drawn primarily from the national labo-
ratories, produced the comprehensive document, The CMB-S4 Science Case, Reference De-
sign, and Project Plan [3], which we refer to here as the Decadal Survey Report (DSR). The
DSR has been updated to reflect the advanced design in the The CMB-S4 Preliminary Base-
line Design Report, hereafter the PBDR, which is scheduled to be posted soon. The material
presented in this white paper has been extracted from these major overview reports, as
well as many detailed project documents. These reports and numerous other reports,
collaboration bylaws, workshop and working group wiki pages, email lists, and much
more may be found at the website https://CMB-S4.org. We also refer the reader to
the dedicated Snowmass White Paper on the CMB experimental program [4].

In November 2021, CMB-S4 was strongly recommended (with no caveats) by the
2020 Decadal Survey report Pathways to Discovery in Astronomy and Astrophysics for the
2020s. The Technical, Risk, and Cost Evaluation (TRACE) that the survey had performed
by the Aerospace Corporation provided a cost estimate similar to ours and evaluated the
project risk as medium-low. The Decadal Survey recommendation reads “The National
Science Foundation and the Department of Energy should jointly pursue the design and
implementation of the next generation ground-based cosmic microwave background ex-
periment (CMB-S4).”

To achieve its transformational science goals, CMB-S4 requires an enormous increase
in sensitivity over all current CMB experiments combined, and roughly an order-of-
magnitude increase over any projected precursor experiment. A significant and unique
feature of CMB-S4 from the outset has been the use of multiple sites, specifically combin-
ing the two best currently developed sites on Earth for millimeter-wave observing: the
high Atacama Plateau in Chile and the geographical South Pole. The design of CMB-S4
exploits key features of these two sites, namely the ability to drill deep on a single small
patch of the sky through an extraordinarily stable atmosphere from the South Pole, and
the ability to survey up to 80% of the sky from the exceptionally high and dry Atacama
site.

Current experimental efforts at these two sites are already being consolidated into two
major precursor observatories to CMB-S4, the Simons Observatory (SO) and the South
Pole Observatory (SPO), members of whose teams also make up a large part of the CMB-
S4 collaboration. The timing of both of these observatories is well-aligned with CMB-
S4, enabling them to act as valuable pathfinders for CMB-S4 by providing technical and
scientific data that have informed and will continue to inform our design and operations.
To this end, both have also provided Letters of Intent to share their technical and cost
data with CMB-S4. Nonetheless, while both will make significant advances in key CMB
science goals, they will still fall well short of the thresholds targeted by CMB-S4. For
example, to match the sensitivity to primordial gravitational waves provided by the ultra-
deep CMB-S4 survey, SPO would have to integrate for nearly 50 years; it would take SO

2
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a similar amount of time to match the sensitivity to light relics provided by the CMB-S4
deep and wide survey.

From space, the Japanese LiteBIRD CMB satellite mission was selected by JAXA for
launch late in the decade for a 3-year mission, concurrent with CMB-S4 operations. With
its lower resolution but wider frequency coverage, LiteBIRD’s science goals are distinct
from but highly complementary to CMB-S4’s, and we are already discussing the parame-
ters of a possible Memorandum of Understanding to enable both experiments to enhance
their reach using elements of the other’s data.

In short, CMB-S4 will enable transformational science that cannot be achieved otherwise,
the CMB-S4 concept has clear community and agency support, and the CMB-S4 collabo-
ration and project are moving forward.

Key Science Goals and Objectives

The rich and diverse set of CMB-S4 scientific goals are organized into four themes:

1. primordial gravitational waves and inflation;

2. the dark Universe;

3. mapping matter in the cosmos;

4. the time-variable millimeter-wave sky.

The first two science themes relate to fundamental physics, and are of particular interest
to the particle physics community. The other two themes relate to the broader scientific
opportunities made possible by a millimeter-wave survey of unprecedented depth and
breadth. Here we briefly review the key high-level goals and refer the reader to the more
detailed science case in the DSR, PBDR, and in the Decadal Survey and Snowmas2021
science white papers referenced.

Primordial gravitational waves and inflation. We have a historic opportunity to open
up a window to the primordial Universe [5]. If the predictions of some of the leading
models for the origin of the hot big bang are borne out, CMB-S4 will detect the signature of
primordial gravitational waves in the polarization pattern of the CMB [6]. This detection
would provide the first evidence for the quantization of gravity, reveal new physics at the
energy scale of grand unified theories, and yield insight into the symmetries of nature.

The current leading scenario for the origin of structure in our Universe is cosmic inflation,
a period of accelerated expansion prior to the hot big bang, as discussed in the dedicated
Snowmass 2021 White Papers [7, 8], also see [9, 10]. During this epoch, quantum fluctua-
tions were imprinted on all spatial scales in the Universe. These fluctuations seeded the
density perturbations that developed into all the structure in the Universe today. While
there are still viable alternative models for the early history of the Universe, the simplest
models of inflation are exceptionally successful in describing the data.
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Tantalizingly, the observed scale dependence of the amplitude of density perturbations
has quantitative implications for the amplitude of primordial gravitational waves, com-
monly parameterized by r, the ratio of fluctuation power in gravitational waves to that in
density perturbations. All inflation models that naturally explain the observed deviation
from scale invariance and that also have a characteristic scale equal to or larger than the
Planck scale predict r & 0.001. A well-motivated sub-class within this set of models is de-
tectable by CMB-S4 at 5σ. The observed departure from scale invariance is a potentially
important clue that strongly motivates exploring down to r = 10−3. With an order of
magnitude more detectors than precursor observations, and exquisite control of system-
atic errors, CMB-S4 will improve upon limits from pre-CMB-S4 observations by a factor
of five to reach this target, allowing us to either detect primordial gravitational waves or
rule out large classes of inflationary models and dramatically impact how we think about
the theory.

The dark Universe. In the standard cosmological model, about 95% of the energy den-
sity of the Universe is in dark matter and dark energy. As discussed in the dedicated
Snowmass 2021 White Papers [11, 12, 13], with CMB-S4 we can address numerous ques-
tions about these dark ingredients, such as: How is matter distributed on large scales?
Does the dark matter have non-gravitational interactions with baryons? Are there addi-
tional unseen components beyond dark matter and dark energy?

Light relic particles are one very well-motivated possibility for additional energy den-
sity, as additional light particles appear frequently and numerously in extensions to the
standard model of particle physics [14, 15]. For large regions of the unexplored param-
eter space in these models, the light particles are thermalized in the early Universe. The
Planck satellite has sensitivity to light particles that fell out of thermal equilibrium after
the first 50 micro-seconds of the Universe. With CMB-S4 we can push back this frontier
by over a factor of 10,000, to the first fractions of a nanosecond.

The contribution of light relics to the energy density, often parameterized as the “effec-
tive number of neutrino species,” Neff , leads to observable consequences in the CMB tem-
perature and polarization anisotropy. Current data are only sensitive enough to detect
additional relics that froze out after the quark-hadron transition, so CMB-S4’s ability to
probe times well before that transition is a major advance. Specifically CMB-S4 will con-
strain ∆Neff < 0.06 at 95% C.L., achieving sensitivity to Weyl fermion and vector particles
that froze out at temperatures a few hundred times higher than that of the QCD phase
transition.

CMB-S4 will also enable a broader exploration of the dark Universe in combination with
other probes, often significantly enhancing them by breaking their intrinsic degeneracies.
It will improve or detect various possibilities for the properties of dark matter beyond the
simplest cold dark matter models [16, 17]. It will add to dark energy constraints through
precision measurements of the primordial power spectrum, and through precision mea-
surements of the lensing convergence power spectrum, through the CMB-lensing-derived
mass calibration of galaxy clusters [18], and through CMB lensing tomography [19].
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Mapping matter in the cosmos. Observations indicate there is roughly five times more
dark matter than baryonic matter and that most of the baryonic matter is in the form of
hot ionized gas rather than cold gas or stars. CMB-S4 will be able to map out normal
and dark matter separately by measuring the fluctuations in the total mass density (using
gravitational lensing) and the ionized gas density (using Compton scattering).

Observations of gravitational lensing of the CMB are key to many CMB-S4 science goals.
CMB-S4 lensing data will lead to a precise two-dimensional map of the total matter dis-
tribution. The statistical properties of this mass map will provide important constraints
on dark energy [19], modified gravity [19], and the neutrino masses [20]. When combined
with CMB-S4-derived or external catalogs of galaxies or galaxy clusters, this mass map
can be used to “weigh” the galaxy or cluster samples. With galaxies, this can be done in
a redshift-dependent or tomographic manner out to redshifts as high as z ∼ 5, making
possible new precision tests of cosmology and gravity. With robust CMB-lensing-based
cluster masses at high redshift, the abundance of galaxy clusters can be used as an addi-
tional probe of dark energy and neutrino masses.

Most of the baryons in the late Universe are believed to be in a diffuse ionized plasma that
is difficult to observe [21, 22, 23]. CMB-S4 will measure the effect of Compton scattering
by this gas (the Sunyaev-Zeldovich or SZ effects), both the spectral distortion from hot
electrons (thermal SZ or tSZ) and a general redshift or blueshift of the scattered photons
due to coherent bulk flows along the line of sight (kinematic SZ or kSZ). The nature of
this scattering makes the SZ effects independent of redshift. With a deep and wide sur-
vey covering a large amount of volume and an ultra-deep survey imaging lower-mass
clusters, CMB-S4 will be an effective probe of the crucial regime of z & 2, when galaxy
clusters were vigorously accreting new hot gas while at the same time forming the bulk
of their stars [24]. The CMB-S4 catalog will contain an order of magnitude more clusters
at z > 2 than will be discovered with Stage 3 CMB experiments [18, 25]. CMB-S4 will
also measure the diffuse tSZ signal on the sky and make a temperature-weighted map
of ionized gas that can be used to measure the average thermal pressure profiles around
galaxies and groups of galaxies. CMB-S4 will also make maps of the kSZ effect, which
will be combined with data from other surveys to make maps of the projected electron
density around samples of objects. Applications of these maps include measuring ion-
ized gas as a function of radius, directly constraining the impact of feedback from active
galactic nuclei and supernovae on the intergalactic medium [26] and constraining theo-
ries of modified gravity using the bulk flow amplitude as a function of separation. Even
without overlapping galaxy catalogs, the kSZ signal can be used to probe the epoch of
reionization, in ways that are highly complementary to the measurements of the neutral
gas that can be obtained with redshifted Ly-α and 21-cm studies [27, 28, 29, 30].

The time-variable millimeter-wave sky. There have been relatively few studies of the
variable sky at millimeter wavelengths, with systematic surveys using CMB data only
very recently being undertaken [31, 32, 33, 34]). A deep, wide, millimeter-wave survey
with time-domain capability will provide key insights into transient or burst events, mov-
ing sources such as Solar-System objects, and variable sources such as stars and active
galactic nuclei (AGN).
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Targeted follow-up observations of gamma-ray bursts, core-collapse supernovae, tidal
disruption events, classical novae, X-ray binaries, and stellar flares have found that there
are many transient events with measured fluxes that would make them detectable by
CMB-S4. A systematic survey of the mm-wave sky with a cadence of a day or two over a
large fraction of the sky, combined with an ultra-deep daily survey of a few percent of the
sky, would be an excellent complement to other transient surveys, filling a gap between
radio and optical searches [31]. Gamma-ray burst afterglows are particularly interesting
targets as they peak at millimeter wavelengths and there is a possibility of capturing mm-
wave afterglows that have no corresponding gamma-ray trigger, either from the geometry
of relativistic beaming and/or from sources at very high redshift [31]. Both are predicted
theoretically, but have never been detected.

CMB-S4 will play an active role in multi-messenger astronomy, providing a long base-
line with high-cadence sampling in both intensity and linear polarization over a wide
sky area. For example, the IceCube event IC170922A is believed to be associated with
a flaring gamma-ray state of the blazar TXS 0506+056. In December 2014, however, the
same source appears to have had a neutrino luminosity at least 10 times larger with no
associated gamma emission—and no data existed at other wavelengths. Having high-
cadence wide-field non-gamma-ray data will be critical to understand sources like this
one. Any similar source is likely to be included in CMB-S4’s near-daily, high-signal-to-
noise monitoring of the blazar population. The wide-area nature of the survey will also
make it straightforward to search for gravitational wave sources, particularly for sources
that happen to be poorly localized and are challenging for other instruments.

Technical Overview

The CMB-S4 Collaboration and Project have developed a Preliminary Baseline Design
that meets the measurement requirements and therefore can deliver the CMB-S4 science
goals. The main components of the Preliminary Baseline Design are described in detail in
the PBDR and summarized here. The major components are as follows:

• An ultra-deep survey covering 3% of the sky (more if a gravitational wave sig-
nal is detected) to be conducted over seven years using: fourteen 0.55-m refrac-
tor small-aperture telescopes (SATs) at 155 GHz and below and four 0.44-m SATs at
230/280 GHz, with dichroic, horn-coupled superconducting transition-edge-sensor
(TES) detectors in each SAT, measuring two of the eight targeted frequency bands
between 25 and 280 GHz; and one 5-m class “delensing” large-aperture telescope
(LAT), equipped with detectors distributed over seven bands from 20 to 280 GHz.
Measurements at degree angular scales and larger made using refractor telescopes
with roughly 0.5-m apertures have been demonstrated to deliver high-fidelity, low-
contamination polarization measurements at these scales. The combination of the
SATs with the 5-m LAT therefore provides low-resolution B-mode measurements
with excellent control of systematic contamination, as well as the high-resolution
measurements required for delensing. The ultra-deep survey SATs and 5-m LAT
are to be located at the South Pole to allow targeted observations of the single small-
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area field, with provisions to relocate a fraction of the SATs in Chile if, for example,
a high level of r is detected.

The total detector count for the 18 SATs is 147,936, with the majority of the detectors
allocated to the 85 to 155 GHz bands. The total number of science-grade 150-mm
detector wafers required for 18 SATs is 216. The delensing LAT will have a total
TES detector count of 129,024, with the majority of the detectors allocated to the 90
to 150 GHz bands. The total number of science-grade 150-mm diameter detector
wafers required for this single LAT is 85.

• A deep and wide survey covering approximately 60% of the sky to be conducted
over seven years using two 6-m LATs located in Chile, each equipped with 137,996
TES detectors distributed over eight frequency bands spanning 25 to 280 GHz. The
total number of science-grade 150-mm diameter detector wafers required for these
two LATs is 170.

In the context of their legacy value to the wider community, we refer to the deep/wide
and ultra-deep high-resolution surveys together as the CMB-S4 Legacy Survey. The to-
tal detector count for CMB-S4 is 552,952, requiring 471 science grade wafers. This is an
enormous increase over the detector count of all Stage-3 experiments combined. Such a
dramatic increase in scale is required to meet the CMB-S4 science goals.

Technical Readiness

The CMB-S4 reference design uses existing, well-demonstrated technology that has been
developed and demonstrated by the CMB experimental groups over the last decade,
scaled up to unprecedented levels. The design and implementation plan addresses the
considerable technical challenges presented by the required scaling up of the instrumen-
tation and by the scope and complexity of the data analysis and interpretation. Features
of the design and plan include: scaled-up superconducting TES detector arrays with well-
understood and robust material properties and processing techniques; high-throughput
mm-wave telescopes and optics with unprecedented precision and rejection of system-
atic contamination; full internal characterization of astronomical foreground emission;
large cosmological simulations and improved theoretical modeling; and computational
methods for extracting minute correlations in massive, multi-frequency data sets, which
include noise and a host of known and unknown signals.

A CMB-S4 Risk and Opportunity Management Plan describes the continuous risk and
opportunity management process implemented by the project, consistent with DOE
O413.3B, “Project Management for the Acquisition of Capital Assets,” and the NSF 21-107,
“Research Infrastructure Guide.” The plan establishes the methods of assessing CMB-S4
project risk and opportunities for all subsystems as well as the system as a whole. The
CMB-S4 risk register has 211 risks identified. There are 26 risks currently assessed as
High. The project is working on mitigations to ensure that these risks are lowered to
reasonable levels on a timescale consistent with the overall project schedule.
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For example, a current identified High risk is meeting the scaled-up production through-
put and testing timeline of the transition-edge-sensor detector arrays. This is a major
focus of the R&D program supported by the DOE. The Integrated Project Office formed
a CMB-S4 Detector Fabrication Group (CDFG) in January 2020 to facilitate the collabora-
tion between multiple fabrication sites and to develop a single detector fabrication plan
and produce prototype detectors that satisfy CMB-S4 acceptance criteria. The CDFG is
envisioned to be active throughout the duration of CMB-S4 detector fabrication efforts.

Organization, Partnerships, and Current Status

CMB-S4 is both a scientific collaboration and a DOE/NSF project. While these are cer-
tainly tightly coupled, they do have different roles and responsibilities; the overall orga-
nization of CMB-S4 therefore decouples into the organization of the collaboration and the
project.

The CMB-S4 Project has developed in tandem with the Collaboration, paced by the fund-
ing agencies. In 2019 DOE approved Critical Decision 0, identifying the project need,
and NSF funded a project development proposal led by the University of Chicago. In
2020 DOE appointed Berkeley Lab as the DOE lead laboratory. Together Berkeley Lab
and U. Chicago lead a single, integrated, joint project with 121 members, 53 of whom
are also collaboration members. The project office has developed a wide range of project
organization and documentation, including the Work Breakdown Structure, Risk and Op-
portunity Register, detailed Cost Book and Technically-Limited Schedule. The top level
WBS Structure is summarized in Table 1.

The organizational chart of the Integrated Project Office is shown in Fig. 1. A key feature
of the organization is the role of collaboration members in the project office, in particular
as leaders of the Level 2 systems. The Level 2 managers are supported by engineering
and project-management leaders. The NSF/DOE scope distribution promotes the en-
gagement and participation of universities and national laboratories. Graduate students,
postdocs, professional technicians and engineers are expected to be involved in all aspects
of the project.

The Integrated Project Office is responsible for forming partnerships with key stakeholder
institutions, including DOE National Laboratories, universities, and potential collaborat-
ing projects such as the Simons Observatory, South Pole Observatory, and the CCAT-
prime project. Partnerships are also expected to include foreign institutions participating
in the CMB-S4 Science Collaboration and contributing to the CMB-S4 Project.

The CMB-S4 project is expected to include significant contributions from collaborating in-
stitutions supported by funding agencies other than NSF and DOE. These “in-kind” con-
tributions will be defined as deliverables to the project. Major contributions from partners
will need to be negotiated and incorporated in the project design and Work Breakdown
Structure within the next one to two years to avoid adding schedule and cost risk.

8



Snowmass 2021 CMB-S4 White Paper

Table 1: CMB-S4 WBS Structure

WBS WBS Title WBS Description

1.01 Project Office

Labor, travel, and materials necessary to plan, track, organize, manage,
maintain communications, conduct reviews, and perform necessary safety,
risk, and QA tasks during all phases of the project. Overall project Systems
Engineering is a subsection of this WBS element. However, subsystem-related
management and support activities for planning, estimating, tracking, and
reporting as well as their specific EH&S and QA tasks are included in each of
the subsystems.

1.03 Detectors
Labor, materials, and equipment associated with the design, fabrication and
testing of the detector wafers. R&D activities to support development of a
Conceptual Design pre CD-1 for DOE.

1.04 Readout
Labor, materials, and equipment associated with the design, fabrication and
testing of the detector readout system. R&D activities to support
development of a Conceptual Design pre CD-1 for DOE.

1.05
Module
Assembly
and Testing

Labor, materials, and equipment associated with the design, parts fabrication,
assembly and testing of the detector modules. R&D activities to support
development of a Conceptual Design pre CD-1 for DOE.

1.06
Large
Aperture
Telescopes

Labor, materials, and equipment associated with the design, prototyping,
materials selection, construction and certification for the Large Aperture
Telescope System. Integration and commissioning in North America.

1.07
Small
Aperture
Telescopes

Labor, materials, and equipment associated with the design, prototyping,
materials selection, construction and certification for the Small Aperture
Telescope System. R&D activities to support development of a Conceptual
Design pre CD-1 for DOE. Integration and commissioning in North America.

1.08
Data
Acquisition
and Control

Labor, materials, and equipment associated with the design, construction,
certification, and delivery of the control systems for the observatories and
data acquisition. R&D activities to support development of a Conceptual
Design pre CD-1 for DOE.

1.09
Data
Management

Labor, materials, and equipment associated with the design, construction,
certification, and delivery of the data management system. R&D activities to
support development of a Conceptual Design pre CD-1 for DOE.

1.10

Chile Infras-
tructure,
Integration
and Commis-
sioning

Labor, travel, and materials necessary to plan, track, manage, maintain
communications, conduct reviews, and perform necessary safety monitoring
on site including oversight of all shipping of CMB-S4 components to Chile
and oversight of construction activities on site. On-site Integration and
Commissioning of the CMB-S4 telescopes and infrastructure in Chile.

1.11

South Pole
Infrastruc-
ture,
Integration
and Commis-
sioning

Labor, travel, and materials necessary to plan, track, manage, maintain
communications, conduct reviews, and perform necessary safety monitoring
on site including oversight of all shipping of CMB-S4 components to the
South Pole and oversight of construction activities on site. On-site Integration
and Commissioning of the CMB-S4 telescopes and infrastructure at the South
Pole.
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Figure 1: Organizational Chart of the Integrated Project Office. The figure includes the expected distribution
of project scope by funding agency (NSF = blue, DOE = green). We are actively pursuing partners who
could make significant scope contributions in areas aligned with their expertise.

Schedule

The CMB-S4 Project schedule estimate is developed from the work scope defined in the
WBS and decomposing the work packages into detailed activities, estimating the dura-
tion of each activity, sequencing the activities in time, and establishing necessary prede-
cessors and successors. The data are captured in a formal Project Management Control
System (PMCS), which encompasses the costs, schedules, work scope, and other activ-
ity attributes that define how the project will be executed. Throughout the life of the
project, control and analysis of the schedule requires the use of progress reporting, sched-
ule change control systems, such as the use of project baseline change requests, earned
value performance management, and variance analysis to determine if additional action
is required to get the schedule back in line with the plan.

The CMB-S4 project schedule has 8995 activities, 14,348 relationships, 21 Level 1/2, 110
Level 3, 179 Level 4, and 2179 Level 5 milestones. This preliminary schedule has been
developed as a technically-limited schedule and will be updated once funding profile
guidance from the DOE/NSF is available. Our current technically limited schedule is
shown in Figure 2.

Seven years of operations are needed to achieve the CMB-S4 science goals.

Cost

The CMB-S4 Project cost estimate has been developed from applying resource allocations
to specific activities captured in the WBS, establishing budgets at the start of the project
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Figure 2: Major activities by WBS for a technically-limited schedule for the CMB-S4
project. The timeline will depend on funding profile from DOE and NSF. To address the
highest technical, cost, and schedule risks, the Detector, Readout, and Modules (DRM)
R&D, prototyping, and pre-production are prioritized to allow production to begin as
early as possible. In parallel, telescope design and fabrication are synchronized with
DRM delivery for assembly and test in the US before shipping to observation sites. Inte-
gration and commissioning will be completed at the installed locations.

and to support budget status during the project. The Cost Estimating Plan (CEP) focuses
on the methodology to develop the activity-based estimates and facilitates the financial
management and control of the Project as described in the Project Controls System Man-
agement Plan.

For task-based estimating, formal procedures are used to define tasks and assign them to
the lowest-level elements of the WBS. The ensemble of tasks represents all the required
resources, activities, and components of the entire project. Each of the tasks is included
in the Integrated Project Schedule (IPS) and estimated by the teams using accepted tech-
niques. The estimates are documented by a Basis of Estimate (BOE).

The cost estimates and schedule have been prepared by the IPO Project Managers, project
controls specialists and the L2 Subsystem Control Account Managers and Scientists ex-
perienced in the specialized fields required to accomplish the CMB-S4 Project. Vendor
estimates and quotations, engineering calculations, drawings, and other pertinent data,
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which are used to support the cost estimate, are collected and organized into a BOE. The
details of the cost estimating process and assumptions are contained in the CMB-S4 Cost
Estimating Plan.

The CMB-S4 point estimate project cost in January 2022 was $636M for DOE Total Esti-
mated Cost (TEC) funds plus NSF MREFC, fully loaded and escalated to the year of ex-
penditure, and for a technically limited schedule without contingency. The Monte Carlo
simulation contingency analysis of the CMB-S4 resource-loaded, risk-applied schedule
yielded a budget contingency of $266M. The cost are split roughly 50/50 between DOE
and NSF scope. DOE Other Project Costs (OPC) and NSF pre-MREFC funds total ap-
proximately $61M. The IPO is continuing to improve the quality of the cost, schedule and
funding profile of the CMB-S4 project in preparation for agency reviews.

In-kind contributions from private and international partners are being pursued and, if
realized, will reduce the total cost to NSF and DOE.

Summary

The science case for CMB-S4 remains as exciting as ever, as evidenced by DOE CD-0
“Mission Need” approval and by the strong endorsement by the 2020 Decadal Survey of
Astronomy and Astrophysics. In fact, the science case has become stronger as scientists
spanning the particle physics and cosmology communities have explored the potential of
the transformational measurements CMB-S4 will make to achieve its threshold-crossing
science goals. The technology is well understood and field tested. The CMB-S4 Collabo-
ration and Integrated Project Office are established and highly functioning. The project is
well developed, has been extensively reviewed, and is on path to achieve DOE CD-1 and
NSF PDR on the timescale of a year, depending on funding.
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