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The Cosmic Frontier seeks to understand the fundamental physics 
that governs the behavior of the Universe and its constituents.
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Introduction
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Particle physics aims to understand the fundamental 
constituents of matter and energy, revealing profound 
connections underlying everything we see, from the 
smallest to the largest structures in the Universe. 

The cosmic frontier realizes this vision.

Dark energy and cosmic acceleration is a 
discovery-driven, high-visibility, rigorous and bold 
component of our program, which has matured and 
grown over the last two decades by both leveraging 
and driving new developments across the entire 
community.
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The space of dark matter models 
encompasses a dizzying array of 

possibilities, representing many orders of 
mass and couplings.
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The range of DM masses being studied seriously by the community 
spans many orders of magnitude

Aaron Chou, Thursday
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But we have a plan! 
 

‘Delve Deep, Search Wide’ 
employs a range of direct searches 
for WIMPs interacting with targets 

on Earth, indirect searches for 
annihilation products, and cosmic 

probes based on structure, to 
scrutinize priority targets such as 
WIMPs and QCD axions, while 

broadly scanning parameter space, 
leaving no stone unturned.
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The next 10 years, including future 
Generation 3 direct searches for 

WIMPs and axions, combined with 
future indirect observatories, a 

program of smaller scale searches, 
and key inputs from cosmic probes, 

results in broad coverage.

…or transformational 
discoveries!

Dark Matter

Aaron Chou, Thursday
Tracy Slatyer, Risa Wechsler, Tuesday
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Or multiple discoveries in a rich dark sector!!! cf. Tracy Slatyer and Risa 
Wechsler’s talks from   

“Paths to Discovery” Session 
7/19/2022



Captions here, please

Thanks to investments 
recommended by the previous 
P5, the next decade will be a 
golden age for cosmological 

data, able to inform the deepest 
mysteries of fundamental 

physics.

Cosmic expansion history
Cosmic Microwave Background

Growth of Structure
Gravitational Waves

Cosmological 
Probes
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Key facilities
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Cosmological 

Probes

Marcelle Soares-Santos
Thursday

Marcelle Soares-Santos | Dark Energy & Cosmic Acceleration
Snowmass Community Summer Meeting | Cosmic Frontier Panel |  July 21, 2022 10

Current observations have revealed key properties of the 
Universe and its fundamental constituents.  But there is still 

much left to learn.
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‘Search Wide,  Aim High’

The near term future will be 
collecting the data from DESI, 

completing and executing 
Rubin/LSST, and constructing 
CMB-S4, currently on track 

with CD0.

This program will make 
unparalleled progress toward 
understanding the dynamics 

of cosmic inflation and search 
for new physics.

Cosmological 
Probes

Marcelle Soares-Santos
Thursday
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Longer term priorities are 
the roadmap to a future 

Stage V Spectroscopic Facility, 
and small projects and 

pathfinders toward new 
opportunities such as 

gravitational waves, 21cm, and 
Line-Intensity Mapping.

Cosmological 
Probes

Marcelle Soares-Santos
Thursday
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CF6 Report

CF7 Report

CF7 Report



CF2: Wave-like Dark Matter 3

2023 2025

ADMX G2
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DMNI #1

ADMX-EFR, DMRadio-m3 

Definitive Axion 
Measurement

2040

DMNI #2

Axions 

DMNI #1

Scalar/Vector

2035

Community Roadmap: Time Line

• Currently waiting to start construction on 
DMNI #1.


• A suite of small projects would provide a 
definitive axion measurement and search 
significant scalar/vector parameter.


• Community would like to pursue a 
common facilities for hosing these 
experiments. 

Common Facility

Snowmass2021 Cosmic Frontier Particle Dark Matter Report

is increased to improve sensitivity. New backgrounds are often discovered with each new iteration, as old
backgrounds are understood and mitigated.

Until ⇠ 2010, most direct detection e↵orts focused on the “traditional” WIMP mass range of &1 GeV;
the current generation experiments, which are the modern successors to those experiments, are well into the
scaling phase, featuring mature technologies with large target masses. The goal of these current collaborations
is to continue scaling up to even larger targets to push the sensitivity down to the neutrino fog. In the last
decade, as a compelling case for light DM particles has been made from a theoretical standpoint and new
techniques have been developed to match. These experiments that target light mass DM tend to be much
smaller in scale with a focus on achieving very low energy thresholds, and they are now proving that they can
have excellent sensitivity to previously unexplored regions of DM parameter space. The understanding of
new backgrounds that have shown up at the lowest energy thresholds in these detectors is only now beginning
for these detectors which are not fully in the scaling phase. Table A provides a tabular overview of the field
of direct detection. Snowmass white paper [1] provides an excellent summary of the direct detection e↵orts
aimed at DM masses &1 GeV, and Snowmass white paper [2] does the same for DM masses .1 GeV. We
will only briefly re-summarize those reviews here and suggest the reader refer to the full length reports and
references therein for more information.

The rough categorization of direct detection techniques presented below is not intended to be exclusive.
In addition, many of the techniques discussed span multiple categories. Solving the mystery of dark matter
will take all the ingenuity that physicists can bring to bear, and supporting new ideas is a key component
of a successful program.

4.4.1 Dark Matter Candidates with Mass Greater Than 10 GeV

For experiments seeking to probe down to the neutrino fog, it is helpful to further subdivide the DM mass
space into < 1-10 GeV and greater than 10 GeV. The latter category includes the canonical WIMP, and
represents the most explored region of DM phase space by direct detection experiments. In this region, liquid
xenon (LXe), liquid argon (LAr), and freon-based bubble chambers are the dominant technologies.
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Figure 8: Figure adapted from [243]. Improvement in sensitivity to spin independent WIMP-nucleon coupling
achieved by LXe (blue, for a mass of ⇠ 40 GeV/c2) and LAr (red, for a mass of 100 GeV/c2) experiments
of increasing target masses with sensitivities (open squares) and the best achieved limits (filled circles), for
both past (dark color) and future (light color) experiments at their start year. Cross section values and
background rates are extracted from Ref. [177, 244–261].
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Science Drivers
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The U.S. particle physics community has just updated its vision for the future. The P5 
report presents a strategy for the next decade and beyond that enables discovery and main-
tains our position as a global leader through specific investments by the Department of 
Energy’s Office of Science and the National Science Foundation Directorate for Mathematical 
and Physical Sciences.

Particle physics is a highly successful, discovery-driven science. It explores the funda-
mental constituents of matter and energy, and it reveals the profound connections under-
lying everything we see, including the smallest and the largest structures in the Universe. 
Earlier investments have been rewarded with recent fundamental discoveries, and upcom-
ing opportunities will push into new territory. Particle physics inspires young people to 
engage with science.

Particle physics is global. To address the most pressing scientific questions and maintain 
its status as a global leader, the U.S. must both host a unique, world-class facility and be a 
partner on the highest priority facilities hosted elsewhere.

Choices were required. The updated strategy recommends investments in the best oppor-
tunities, chosen from a large number of excellent options, in order to have the biggest 
impact and make the most efficient use of resources over the coming decade.

Five intertwined scientific Drivers were distilled from the results of a yearlong community- 
wide study:
• Use the Higgs boson as a new tool for discovery
• Pursue the physics associated with neutrino mass
• Identify the new physics of dark matter
• Understand cosmic acceleration: dark energy and inflation
• Explore the unknown: new particles, interactions, and physical principles

Building for Discovery

Higgs boson Neutrino mass Dark matter Cosmic acceleration Explore the unknown

The U.S. particle physics program is poised to move forward into the next era of discovery.

Report of the Particle  
Physics Project   
Prioritization Panel (P5)Strategic Plan for U.S. Particle Physics in the Global Context
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Indirect information about CNB from cosmology
Yvonne Wong, Snowmass Neutrino colloquium

<2.4 eV (90% C.L.)
Aker et al. [KATRIN] 
2022

P5 projects report card

P5 Plan in 2022:  8 yrs into the Plan

8 Projects have been completed (and transitioned to 
commissioning & operations) 
• Belle-2, Muon g-2, Phase I ATLAS, Phase I CMS

• CD-4 in 2020:  DESI and LZ
• CD-4 in 2021:  FACET-II and LSSTCamera

4 Projects at CD-2/3 (Baseline/Construction)
• HL-AUP, Mu2e, PIP-II, Super-CDMS

3 Projects at CD-1 (preparing for baseline)
• HL-ATLAS, HL-CMS, LBNF/DUNE 

1 Project at CD-0
• CMB-S4 

Broad portfolio of small projects from R&D phase to operations 

5

Pursue the physics 
associated with neutrino 

mass.
(You thought I was going to start with dark 

matter, didn’t you…?)

Cosmic Frontier observations offer unique and important perspectives on the parameters 
describing neutrino masses which can inform terrestrial searches.

Kate Scholberg, 
Friday
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5

Identify the new physics 
of dark matter.

CF2: Wave-like Dark Matter

Goal: Definitive QCD Axion Search

13

• ADMX-G2, HAYSTAC, CAPP are into the 
QCD axion band.


• The DMNI projects: ADMX-EFR and 
DMRadio-m3 are ready to start construction.


• Several Demonstrator scale experiments 
would be ready for a new DMNI process.
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Figure 4: Combined Spin-independent dark-matter nucleon scattering cross section space. Currently-
excluded space is shaded gray [200–209] (data points taken from [199]). Dashed lines represent projected 90%
confidence level exclusion sensitivity of new experiments. The neutrino fog for a xenon target is presented
in the blue contour map as described in Sec. 4.3.2. Plot reproduced from Ref. [1].

must be represented by a single line, we choose n = 2, as this marks the transition from statistically- to
systematically-limited. A critical feature of the neutrino fog is that it will move to lower cross section if
uncertainties in the neutrino fluxes are reduced, opening up new space for continuing searches. Therefore, all
future detectors entering into the neutrino fog would benefit from improved atmospheric neutrino background
modeling, which currently dominates the uncertainty on the experimental sensitivity.

4.3.3 Tools to resolve signals from backgrounds

This section draws heavily on WP3 [3].
The next generation of direct detection DM experiments will require more precise modeling of signal and

background rates. This goes hand-in-hand with calibration measurements of detector responses to nuclear
and electronic recoils for a wider range of targets and at lower energy scales, including inelastic and atomic
e↵ects and coherent excitations.

• Optical and atomic material-property measurements are needed, including atomic de-excitation cas-
cades, electronic energy levels, and energy-loss functions, both for modeling detector response and for
simulating transport of low-energy particles. Similarly, improved models and simulations of detectable-
quanta production and propagation are needed.

21

The Cosmic Frontier is required 
to verify that any candidate new 
physics we discover is actually 
making up the dark matter we 

see.

Delve deep, search wide!
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P5 Plan in 2022:  8 yrs into the Plan

8 Projects have been completed (and transitioned to 
commissioning & operations) 
• Belle-2, Muon g-2, Phase I ATLAS, Phase I CMS

• CD-4 in 2020:  DESI and LZ
• CD-4 in 2021:  FACET-II and LSSTCamera

4 Projects at CD-2/3 (Baseline/Construction)
• HL-AUP, Mu2e, PIP-II, Super-CDMS

3 Projects at CD-1 (preparing for baseline)
• HL-ATLAS, HL-CMS, LBNF/DUNE 

1 Project at CD-0
• CMB-S4 

Broad portfolio of small projects from R&D phase to operations 

5

Understand cosmic 
acceleration: dark energy 

and inflation.

Marcelle Soares-Santos | Dark Energy & Cosmic Acceleration
Snowmass Community Summer Meeting | Cosmic Frontier Panel |  July 21, 2022

Precision cosmology

5

The discovery of dark energy led to a precision measurement program to 
understand its physics.

DES Collaboration (arXiv:2207.05766)
LSST DESC Projection 

arXiv:1809.01669

Marcelle Soares-Santos | Dark Energy & Cosmic Acceleration
Snowmass Community Summer Meeting | Cosmic Frontier Panel |  July 21, 2022

Precision cosmology

6

Tantalizing “anomalies” between early and 
late-universe probes of cosmology:

Overall, the universe seems to expand faster and 
be smoother than the cosmological constant 
prediction. — Adam Riess, at the Snowmass Public 
Lecture, July 20.

We may be at the edge of a new discovery.

DES Collaboration, PRD 105, 043512 (2022) Marcelle Soares-Santos, 
Thursday

Marcelle Soares-Santos | Dark Energy & Cosmic Acceleration
Snowmass Community Summer Meeting | Cosmic Frontier Panel |  July 21, 2022

Key facilities

8

DESI LSST CMB-S4 GWO

The Cosmic Frontier offers unique handles on the physics of 
inflation and to search for ultra-weakly interacting particles.

PRIMORDIAL GWS
§ r ≳ 0.01

– Super-Planckian inflaton field 
excursion,

– Evidence for approximate shift 
symmetry in quantum gravity.

§ r ≳ 0.001
– Evidence for the simplest models 

of inflation which naturally predict 
observed ns and have a 
characteristic scale > MP.

§ r ≲ 0.001
– Vast restriction of inflationary 

model space
§

Search wide,  aim high!
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P5 Plan in 2022:  8 yrs into the Plan

8 Projects have been completed (and transitioned to 
commissioning & operations) 
• Belle-2, Muon g-2, Phase I ATLAS, Phase I CMS

• CD-4 in 2020:  DESI and LZ
• CD-4 in 2021:  FACET-II and LSSTCamera

4 Projects at CD-2/3 (Baseline/Construction)
• HL-AUP, Mu2e, PIP-II, Super-CDMS

3 Projects at CD-1 (preparing for baseline)
• HL-ATLAS, HL-CMS, LBNF/DUNE 

1 Project at CD-0
• CMB-S4 

Broad portfolio of small projects from R&D phase to operations 

5

Explore the unknown: new 
particles, interactions, 

and physical principles.
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Where to even begin…!?

RELIC PARTICLES
§ New physics that addresses hierarchy 

problem, Strong CP problem, cosmological 
constant problem, dark matter
– Often include degrees of freedom that 

decouple in early universe
– #Neff, small scale clustering

§ Axions & ALPs
– solve the strong CP problem, the 

hierarchy problem, inflation naturalness
– naturally arise in string theory as modulus 

fields from dimensional compactification
– #Neff, small scale clustering, isocurvature

perturbations, birefrigence
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P5 Plan in 2022:  8 yrs into the Plan

8 Projects have been completed (and transitioned to 
commissioning & operations) 
• Belle-2, Muon g-2, Phase I ATLAS, Phase I CMS

• CD-4 in 2020:  DESI and LZ
• CD-4 in 2021:  FACET-II and LSSTCamera

4 Projects at CD-2/3 (Baseline/Construction)
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3 Projects at CD-1 (preparing for baseline)
• HL-ATLAS, HL-CMS, LBNF/DUNE 

1 Project at CD-0
• CMB-S4 

Broad portfolio of small projects from R&D phase to operations 
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ANL-HEP-PR-09-90
CERN-PH-TH/2009-121

NU-HEP-TH/09-11
UCI-TR-2009-16

Higgs in Space!

C. B. Jacksona, Géraldine Servantb, Gabe Shaughnessya,c,

Tim M.P. Taita,c,d and Marco Taoso b,e

a
Argonne National Laboratory, Argonne, IL 60439, USA

b
CERN Physics Department, Theory Division, CH-1211 Geneva 23, Switzerland

c
Northwestern University, 2145 Sheridan Road, Evanston, IL 60208, USA

d
Department of Physics and Astronomy, University of California, Irvine, CA 92697. USA

e
IFIC (CSIC-Universitat de València), Ed.Instituts, Apt. 22085, 46071 Valencia, Spain

jackson@hep.anl.gov, geraldine.servant@cern.ch, ttait@uci.edu,
g-shaughnessy@northwestern.edu, marco.taoso@ific.uv.es

Abstract

We consider the possibility that the Higgs can be produced in dark matter annihila-
tions, appearing as a line in the spectrum of gamma rays at an energy determined by
the masses of the WIMP and the Higgs itself. We argue that this phenomenon occurs
generally in models in which the the dark sector has large couplings to the most mas-
sive states of the SM and provide a simple example inspired by the Randall-Sundrum
vision of dark matter, whose 4d dual corresponds to electroweak symmetry-breaking
by strong dynamics which respect global symmetries that guarantee a stable WIMP.
The dark matter is a Dirac fermion that couples to a Z 0 acting as a portal to the Stan-
dard Model through its strong coupling to top quarks. Annihilation into light standard
model degrees of freedom is suppressed and generates a feeble continuum spectrum of
gamma rays. Loops of top quarks mediate annihilation into �Z, �h, and �Z 0, providing
a forest of lines in the spectrum. Such models can be probed by the Fermi/GLAST
satellite and ground-based Air Cherenkov telescopes.
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Higgs inflation

Javier Rubio

Institut für Theoretische Physik, Ruprecht-Karls-Universität Heidelberg,
Philosophenweg 16, 69120 Heidelberg, Germany

——————————————————————————————————————————

Abstract

The properties of the recently discovered Higgs boson together with the absence of new physics
at collider experiments allows us to speculate about consistently extending the Standard Model of
particle physics all the way up to the Planck scale. In this context, the Standard Model Higgs non-
minimally coupled to gravity could be responsible for the symmetry properties of the Universe at
large scales and for the generation of the primordial spectrum of curvature perturbations seeding
structure formation. We overview the minimalistic Higgs inflation scenario, its predictions, open
issues and extensions and discuss its interplay with the possible metastability of the Standard
Model vacuum.
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Use the Higgs boson as a 
new tool for discovery.

The Higgs may not be the ‘go to’ tool for disovery in the 
Cosmic Frontier, but it has its important role to play!



Delve Deep.  Search Wide.  Aim High. 
 

The Cosmic Frontier contributes unique opportunities 
to the pursuit of the 2014 science drivers. 

It has strong synergies with the Energy, Neutrino, and Rare Processes Frontiers, 
benefits from essential connections with the Theory, Computational, 

Instrumentation, and Underground Facilities Frontiers, and offers interesting 
opportunities for the Community Engagement Frontier.
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THANK YOU
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(In particular to my CF coconveners and topical working 
group leaders, liaisons and contributors.  The success of CF 

at Snowmass 2021 would have been impossible without you!)


