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—  Framing The Cosmic Frontier  —
Essential Points 

E.g., the possible co-genesis of baryons and dark 
matter is a multi-frontier (CF/RF/NF/Theory) issue….

Possible dark matter (DM) candidates 

vary by many decades in mass!


All evidence for DM comes from astrophysics, 

assuming gravity is understood.


Dark energy is utterly mysterious. It is more prominent 

today than in the cosmic past. 


What broader questions can we study and how?

[NASA]



CF3: Dark Matter: Cosmic Probes [A. Drlica-Wagner, 
C. Prescod-Weinstein, H.-b. Yu]

CF2: Dark Matter:  Wave-Like [J. Jaeckel, G. Rybka, L. Winslow]

CF5: Dark Energy and Cosmic Acceleration: Cosmic Dawn and 
Before [C. Chang, L. Newburgh, D. Shoemaker]

CF4: Dark Energy and Cosmic Acceleration: The Modern Universe
[J.  Annis, J. Newman,  A. Slosar]

CF1: Dark Matter: Particle-Like [J. Cooley, T. -T.  Yu, H. Lippincott, T. Slatyer]

Many Fronts, Different Technologies
— The Cosmic Frontier  —

CF6: Dark Energy and Cosmic Acceleration:  Complementarity of 
Probes and New Facilities [V. Miranda, B. Flaugher, D. Schlegel]

Terrestrial or Space-Based Studies

CF7: Cosmic Probes of Fundamental Physics [R. Adhikari, L. 
Anchordoqui, K. Fang, B.S. Sathyaprakash, K. Tollefson]
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— The Cosmic Frontier  —
TODAY 

Note topics that complement work in RPF

Overview of physics & driving questions 

in CF1 - CF7 in turn 
These subgroups have subgroups! 
Hundreds of white papers have been submitted to CF!

Thus our discussion will be incomplete!

Here, too, our discussion will be incomplete!

My apologies if your favorite topics are not represented!
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Cosmic small-scale structure is washed out if DM is too light

Behaves like 

a classical field 

New opportunities!! New probes!! (Also theory driven!) 

Rare collisions

A Vast Range of Dark Matter Candidates
Particle Masses

“WIMPs” “Exotics’’“Fuzzy DM”

Fits in Galaxy
Elementary

 Particle

nDM λdB3 >> 1 nDM λdB3 << 1
“Black Holes”!

1HZ�,GHDV�LQ�'DUN�0DWWHU

&RVPLF�3UREHV
$VWURSK\VLFV�SURYLGHV�WKH�RQO\�UREXVW��SRVLWLYH�PHDVXUHPHQW�RI�GDUN�

PDWWHU�DQG�ERXQGV�WKH�PDVV�UDQJH�RI�GDUN�PDWWHU�FDQGLGDWHV

KWWSV���DU[LY�RUJ�DEV������������
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Phenomenology controlled by deBroglie λ 

at the Sun’s location:  

Wave-like! Particle-like!
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CF1Particle-like Dark Matter
Snowmass2021 Cosmic Frontier Dark Matter Direct Detection to the Neutrino Fog
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CDMSliteDarkSide S2

DarkSide-50

DEAP-3600

PandaX

XENON1TLUX

PICO-60

LZ XENONnT

PandaX-4T

Argon S2

1 ton*year

DarkSide-20k

SBC 10 kg*year

SBC 1 ton*year
SuperCDMS SNOLABSuperCDMS

upgrade

1000 tonne⇥yr

LXe 3� Discovery

Ar n=2 fog

1.5 2.0 2.5 3.0
Gradient of Xe discovery limit, n = �(d ln �/d ln MT)�1

Xe neutrino fog

Figure 1: Combined Spin-independent dark-matter nucleon scattering cross section space.
Currently-excluded space is shaded gray [8–17] (data points taken from [18]). Dashed
lines represent projected 90% confidence level exclusion sensitivity of new experiments.
Because not all experiments used the same methodology in estimating limits (e.g., single-
sided upper likelihood vs two-sided), exact sensitivities may not be directly comparable.
The neutrino fog for a xenon target is presented in the blue contour map as described in
Section 2. At contour n, obtaining a 10⇥ lower cross section sensitivity requires an increase
in exposure of at least 10n. The n = 2 fog contour for argon is also shown in the black
wide-dashed line. LZ: 15 ton-year, one-sided upper limit. XENONnT: 20 ton-year with
two-sided interval. PandaX-4T: 5.6 ton-year. DarkSide-20K: 200 ton-year. SuperCDMS:
combined result of detector types; SuperCDMS upgrade refers to scenario C in Ref. [19].

4

Note arXiv:2203.8084

DM Direct Detection to the ν Fog  

The ν “floor” is 

really a “fog”! 

Great strides with 
LXe technology!

New mechanisms 
of detection!
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CF1

RPF interface (e.g.): flavor

scalar charges of the nucleon 

now precisely known from 

LQCD!

Particle-like Dark Matter

Snowmass2021 Cosmic Frontier Dark Matter Direct Detection to the Neutrino Fog

Figure 7: Plots of dark matter-proton cross section �SD times dark matter fraction fDM

versus particle mass MDM for SD scattering cross sections off nuclei. Examples of pre-
dicted regions in several visible sector models are reproduced: the NMSSM models of [29]
(“NMSSM-1”, in orange) and of [30] (“NMSSM-2”, in yellow), the pMSSM model of [35]
(“pMSSM”, in purple), the U(1)Lµ�L⌧ gauge SM extension model of [40] (“Lµ � L⌧”, in
pink), the heavy Dirac fermion model in [41] (“RHN”, in brown). The gray region is ex-
cluded by existing direct detection limits and the blue line indicates the neutrino fog level
in for C3F8 [26].

model. Some simplified models take into account all cosmological, astrophysical and ex-
perimental bounds that apply to them, e.g. those mentioned in this paragraph. In the
asymmetric dark matter (ADM) from a GeV hidden sector model of [48], the scattering off
nuclei is computed for a few illustrative dark matter masses – for a mass of 3.3 GeV, the
scattering cross section is close to the neutrino fog (as shown in Fig. 6). In the symmetric
and asymmetric dark matter dark sector models of [49], a dark matter particle of mass in
the 1 MeV to 10 GeV range could scatter off nuclei (covering all the allowed region shown
in Fig. 6) or electrons (as shown in Fig. 8) with cross sections close to the respective neu-
trino fog levels. In the minimal hidden sector dark models of [34], dark matter with SI
scattering off nuclei at the neutrino fog level can have masses in the 0.5 GeV to 10 TeV
range (see Fig. 6) In the visible sector Majorana fermion dark matter models of [39], SI
scattering off of nuclei is predicted at loop level to lie at or just below the neutrino fog for
dark matter masses from 0.1 to 1 TeV. In [24] a specific example of a Majorana fermion
scattering off electrons is given whose cross section would encounter the neutrino fog (the
corresponding line in Fig. 6 of [24] is reproduced in Fig. 8).

11

Snowmass2021 Cosmic Frontier Dark Matter Direct Detection to the Neutrino Fog

Figure 5: Plots of dark matter-proton cross section �SI times dark matter fraction fDM

versus particle mass MDM for SI scattering cross sections off nuclei. Examples of pre-
dicted regions in several visible sector models are reproduced: the NMSSM models of [29]
(“NMSSM-1”, in green) and of [30] (“NMSSM-2”, in pink), the two Higgs doublet model
of [31] (“Two Higgs”, in red), the pseudo-Goldstone boson of [32] (“PGB”, in purple)
and the electroweak triplet Majorana dark matter model of [33] (“Triplet Majorana”, in
yellow - however note that the relic abundance for this model was not computed). The
gray region is excluded by existing direct detection limits [34] and the blue line indicates
the neutrino fog level in xenon [20, 26]. Regions predicted by other examples of models
mentioned in the text [33, 35–39] overlap with those shown and were not included for
clarity.

the dark matter relic density could be produced in the early Universe (e.g. for Higgsino
like or Wino like fermions of 0.1 to 10 TeV mass in [33] and [38]). This approach can be
motivated by our lack of knowledge of the cosmology during the epoch in which the DM
relic abundance in these models is produced (see e.g. [42–47]). In this case, one should be
aware that different assumptions about the dark matter production would typically select
only a small portion of the parameter space considered.

In Fig. 5 we reproduce some of the predictions for SI scattering cross sections (in plots
of dark matter-proton cross section versus dark matter mass) for the visible sector models
of Refs. [29–33]. Examples of predictions of dark sector model models for SI scattering
are shown in Fig. 6, as explained below.

In Fig. 7 we reproduce some of the predictions for SD scattering cross sections (in plots
of dark matter-proton cross section versus dark matter mass) for the visible sector models

9

Note sensitivity to models

popular in flavor physics 

spin independent


spin dependent
Note arXiv:2203.8084

Note arXiv:2111.09849
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Snowmass2021 Cosmic Frontier Dark Matter Direct Detection to the Neutrino Fog

Figure 8: Dark matter-electron scattering cross section �e times dark matter fraction fDM

versus particle mass MDM. Examples of predicted regions in several models are repro-
duced: the fDM = 1 line for the ELDER model and region for the SIMP model of [51]
(in blue), the Majorana dark matter line of Fig 6 of [24] (in orange), the symmetric and
asymmetric light dark matter (LDM) region of [49] (in green). The 100% discrimination
FDM = 1 neutrino fog level for a 105 kg-y exposure of [28](blue line) and the region
rejected by present direct detection constraints (in gray) are shown for comparison.

Fig. 8 shows the ELDER line and SIMP region predicted in [51] for scattering off elec-
trons of 1 MeV to 1 GeV dark matter particles and the region of models of [49], the
symmetric and asymmetric light dark matter (LDM) region of [49] and the Majorana dark
matter line of Fig 6 of [24] (in orange), The 100% discrimination FDM = 1 neutrino floor
level for a 105 kg-y exposure of [28] is shown in the figure for comparison (higher fog levels
for scattering off electrons corresponding to smaller exposures where computed in [27]).

Dark matter particles could also interact with SM particles through electromagnetic
multipole moments, leading to scattering with a very different momentum transfer de-
pendence from the usual SI or SD cases. Many models realize this idea for fermionic or
vectorial dark matter. E.g. the particular vectorial DM model of [56] shows predictions
for scattering cross sections which extend to and into the neutrino fog. However, one
should bear in mind that the relic dark matter abundance and cosmological bounds were
not computed.

Finally, we mention two approaches to modeling DM interactions which are completely
agnostic with regard to the size of the scattering cross section. In the first, a single inter-
action channel between the DM and the SM mediated by a single messenger is considered

12

CF1Particle-like Dark Matter
DM Direct Detection to the ν Fog: New Probes!  

!

Note arXiv:2203.8084

Also,

beyond 

e- probes


new materials

&

mechanisms

possible 

Also gravitational direct detection of ultra-heavy DM 
is under R&D 
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CF2: Wave-like Dark Matter

Axion-Like Particles (ALPs)

• Similar particles produced in many 
higher order theories.


• Depending on the details of the 
theory and the cosmology, 
discovery possible in many 
intermediate scale experiments. 
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A. Berlin and others

Wave-like Dark Matter CF2
Enter the axion*

Newly attained sensitivity to the QCD band!
*Vacuum misalignment can produce scalars and vectors also…



10CF2: Wave-like Dark Matter

Technological Advancements

• We have developed 
techniques to address the 
full axion parameter space. 


• This includes techniques to 
probe the non-photon 
couplings (indicated in blue).


• These techniques vary in 
readiness from proof-of-
principle to operating 
experiments. 

10

CF2Wave-like Dark Matter
Broad strides to QCD band via γ & nucleon couplings

RPF interface (e.g.): note O(keV) axion studies in π,K rare decays 
Note arXiv:2203.14923, 2203.14915
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CF2: Wave-like Dark Matter 20

Quantum toolbox & future of quantum sensors for dark matter detection

Measurements beyond the standard quantum limit

Quantum logic spectroscopy

Dedicated quantum 
sensors for dark 
matter detection

Entanglement: Heisenberg-limited spectroscopy

151(2) nm

Nuclear 
clock

Image credits: MIT Vuletic group, Piet Schmidt, Nature 517, 592, Nature Physics 14, 198

CF2Wave-like Dark Matter
DM Direct Detection Boot-Strapped 

by the Quantum Toolbox! 

Note arXiv:2203.14915, 2203.14923
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'DUN�0DWWHU�+DORV

KWWSV���DU[LY�RUJ�DEV������������

$771��&)����&)��

Dark Matter: Cosmic Probes CF3
Towards the small-scale frontier!*

Cosmic small-scale structure is washed out if DM is too light
*N.B. a single DM candidate is assumed!
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Dark Matter: Cosmic Probes CF3
Extreme Astrophysical Environments

Outcomes sensitive to dynamical details….
Note arXiv:2201.02637
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'DUN�0DWWHU�LQ�([WUHPH�(QYLURQPHQWV
$771��&)����&)����&)����7)��

KWWSV���DU[LY�RUJ�DEV������������

������H9 �����H9
Dark Matter: Cosmic Probes CF3

Extreme Astrophysical Environments

 DM mass in eV
1025 eV10−25 eV RPF Interface (e.g.): rare decays, BNV, dark sector probes…. 

Note arXiv:2203.07984
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Dark Energy and Cosmic Acceleration

• Is ΛCDM the best model?

• Is GR correct on large scales, or not?

• How did large scale structure arise 

from  the event of inflation?

Key Questions

CF04: Dark energy & cosmic acceleration in the modern universe 

• LSST aims at DE to  and 

• DESC SRD forecasts assume systematics contribute as much to 

errors on  as random uncertainties: 

• reducing LSST systematics can ~double its DETF Figure of Merit


• High-multiplex spectroscopy reduces key systematics 
• photo-z errors, intrinsic alignments systematic reduction


• cluster membership and velocities, which also helps CMB-S4 


• Targeted follow-up spectroscopy on 2-40m telescopes

• strong lensing time delays for H(z)

• SN peculiar velocities for structure growth

Δw0 < 0.02 Δwa < 0.14

w0, wa

5

Editors: Dickinson, Kim, Nugent, Newman

Mandelbaum et al. 2018, LSST DESC SRD 

Enabling Flagship Dark Energy Experiments  
to Reach their Full Potential

ΛCDM

ΛCDM

CF04 invited white paper

CF4

Test: the Dark Energy EoS



16CF04: Dark energy & cosmic acceleration in the modern universe 

The questions we want to answer
Community Roadmap

13

Dark Energy and Cosmic Acceleration CF4

RPF interface (e.g.): hunting sterile neutrinos (β decay!); LNV!

Massively Multiplexed Spectroscopy 
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THE NEXT TWO DECADES WILL BE EXCITING

• Primordial 
abundances

• LSS
• SNe

• CMB
• GW
• LSS

H0, Ω! TCMB, "T(n) #, Ωb, ΩCDM, 
As, ns, Neff, $

r, nT
“Alin”, fNL

ΔNeff
+ + +

Dark Energy and Cosmic Acceleration
Multimessenger Observations
Now with Gravitational Waves!

CF5
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CF4Dark Energy and Cosmic Acceleration

CF04: Dark energy & cosmic acceleration in the modern universe 

• An aspirational next generation 
spectroscopic facility would enable 
three interleaved surveys:


•  Milky Way (for DM)

•  high nP

•  high 


• Massively multiplexed large aperture 
facility  also emerged as a priority in 
the Astro Decadal survey.


• The community understands the 
physics reach of this facility would be 
the entire left side of this diagram

z ≈ 0
z < 2
z > 2 Nlin

15

Community Roadmap
Data Discovery Space Physics Probed with Redshift

CF5

z

CF6

CF3
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2OG�ZD\�RI�WKLQNLQJ�WKH�LQIUDVWUXFWXUH�������������

Ɣ ,QGHSHQGHQW�	�,VRODWHG�6XUYH\V
Ɣ ,Q�KRXVH�DQDO\VLV�	�VLPXODWLRQV
Ɣ 3URSULHWDU\�GDWD�NHSW�VHFUHW�IRU�\HDUV
Ɣ 8QFRRUGLQDWHG�FKRLFHV�LQ�PRGHOLQJ�V\VW�
Ɣ 'XSOLFDWLRQ�RI�HIIRUW��ZDVWH�RI����

-RLQW�DQDO\VHV�
KDSSHQ�RQO\�LQ�WKH�

FRVPRORJLFDO�
SDUDPHWHU�VSDFH

�MXVW�VWDFN�
OLNHOLKRRGV� 6RYHUHLJQW\�LVRODWHG�LVODQG�

PRGHO�IRU�RXU�REVHUYDWRU\�
LQIUDVWUXFWXUH

&)���'DUN�(QHUJ\�DQG�&RVPLF�$FFHOHUDWLRQ��&RPSOHPHQWDULW\�RI�3UREHV�DQG�1HZ�)DFLOLWLHV

&UHGLW��$ODP\�6WRFN�9HFWRU

Dark Energy and Cosmic Acceleration

Probing Cosmic Concordance 

CF6
Complementarity! New Facilities! New Probes!



20

Cosmic Probes CF7
Physics Beyond Dark Matter & Dark Energy

&RVPLF�3UREHV�RI�)XQGDPHQWDO�3K\VLFV��&)�
8VLQJ�WKH�ZLQGRZV�RQ�WKH�XQLYHUVH�WR�OHDUQ�DERXW�IXQGDPHQWDO�SDUWLFOHV�DQG�KLJK�HQHUJ\�SK\VLFV

�
Ɣ 6FLHQFH�JRDOV��&)��FRYHUV�FRVPLF�SUREHV�RI�IXQGDPHQWDO�SK\VLFV�WRSLFV�EH\RQG�'DUN�0DWWHU�DQG�'DUN�

(QHUJ\�XVLQJ�JUDYLWDWLRQDO�ZDYHV��FRVPLF�UD\V��JDPPD�UD\V��DQG�QHXWULQRV��DV�ZHOO�DV�WKHLU�FRPELQHG�VWXGLHV�
WR�IDFLOLWDWH�WKH�PXOWL�PHVVHQJHU�VFLHQFH��,W�DOVR�FRYHUV�YDULRXV�WHVWV�RI�ǜ&'0�XVLQJ�KLJK�DQG�ORZ�UHGVKLIW�
REVHUYDWLRQV�DQG�WKH�SRWHQWLDO�RI�VWDQGDUG�FDQGOH�VLUHQ�FRVPRORJ\�WR�DGGUHVV�H[LVWLQJ�WHQVLRQV�LQ�WKH�GDWD��

Ɣ &RQYHQHUV��
ż 5DQD�;�$GKLNDUL��&DOWHFK�
ż /XLV�$QFKRUGRTXL��&81<�
ż .H�)DQJ��8:�0DGLVRQ�
ż %�6��6DWK\DSUDNDVK��3HQQ�6WDWH�
ż .LUVWHQ�7ROOHIVRQ��068�

Ɣ 2EVHUYHUV
ż .ULVWL�(QJHO
ż 7LĳDQ\�/HZLV

*UDSKLF�FRXUWHV\��,FH&XEH
�

Multi-messenger Focus
Interpreting/Resolving Tensions in Cosmological Data

Whither ΛCDM?  
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�� +LVWRU\�RI�WKH�8QLYHUVH�DQG�&RVPRORJ\

Ɣ :K\�LV�WKH�+XEEOH�FRQVWDQW�PHDVXUHG�ZLWK�ORZ�UHGVKLIW�
SUREHV�GLIIHUHQW�IURP�WKH�YDOXH�LQIHUUHG�ZLWK�ȁ&'0�
QRUPDOL]HG�WKH�FRVPLF�PLFURZDYH�EDFNJURXQG�GDWD"

Ɣ ,V�WKH�+XEEOH�WHQVLRQ�D�IRRWSULQW�RI�SK\VLFV�EH\RQG�WKH�
6WDQGDUG�0RGHO"

Ɣ �+RZ�GLG�WKH�LQKRPRJHQHLW\�LQ�WKH�PDWWHU�GHQVLW\�RI�WKH�
HDUO\�XQLYHUVH�LPSDFW�WKH�HYROXWLRQ�RI�PDWWHU�GLVWULEXWLRQV"

Ɣ :KDW�DUH�WKH�LPSULQWV�RI�HDUO\�XQLYHUVH�SKDVH�WUDQVLWLRQV�
DQG�LQIODWLRQ�LQ�WKH�VWRFKDVWLF�JUDYLWDWLRQDO�ZDYH�
EDFNJURXQGV"

Ɣ :KDW�FDQ�XOWUD�KLJK�HQHUJ\�FRVPLF�UD\V�DQG�DGYDQFHV�LQ�
FRQVWUDLQW�EDVHG�PRGHOOLQJ�RI�*UDQG�8QLILHG�7KHRULHV�WHOO�XV�
DERXW�WKH�RULJLQ�RI�WKH�8QLYHUVH"

Ɣ +RZ�FDQ�ZH�H[SORLW�WKH�ZHDOWK�RI�LQIRUPDWLRQ�IURP�
PXOWLPHVVHQJHU�VRXUFHV�WR�PDS�WKH�FRVPLF�H[SDQVLRQ�
KLVWRU\�XS�WR�KLJK�UHGVKLIWV

��

Cosmic Probes CF7
Enter the Hubble Tension

Is it a physics effect 

or an observational 

systematic effect 

or effects? Or?
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Ɣ :KDW�DUH�WKH�SURSHUWLHV�RI�SDUWLFOHV��VXFK�
DV�QHXWULQR�RVFLOODWLRQV��DQG�WKHLU�
LQWHUDFWLRQV�EH\RQG�WKH�UHDFK�RI�WHUUHVWULDO�
DFFHOHUDWRUV"

Ɣ &RXOG�DQ�HQKDQFHPHQW�RI�VWUDQJHQHVV�
SURGXFWLRQ�LQ�KDGURQLF�FROOLVLRQV�EH�WKH�
FDUULHU�RI�WKH�REVHUYHG�PXRQ�GHILFLW�LQ�DLU�
VKRZHU�VLPXODWLRQV�ZKHQ�FRPSDUHG�WR�
XOWUD�KLJK�HQHUJ\�FRVPLF�UD\�GDWD"�

Ɣ $OWHUQDWLYHO\��GR�QHZ�SDUWLFOHV�DQG�
LQWHUDFWLRQV�H[LVW�DW�WKH�KLJKHVW�HQHUJLHV"

Ɣ +RZ�GRHV�PDWWHU�EHKDYH�LQ�WKH�FHQWHUV�RI�
QHXWURQ�VWDUV"�

Ɣ :KDW�DUH�WKH�SK\VLFDO�SURSHUWLHV�RI�PDWWHU�
DW�XOWUD�KLJK�GHQVLW\��ODUJH�SURWRQ�QHXWURQ�
QXPEHU�DV\PPHWU\��DQG�ORZ�WHPSHUDWXUH"

Ɣ $UH�WKHUH�QHZ�IXQGDPHQWDO�V\PPHWULHV"

��

���+LJK�(QHUJ\�3K\VLFV�ZLWK�&RVPLF
����3DUWLFOHV�DQG�0XOWLPHVVHQJHUV

���&RVPLF�3UREHV�RI�'DUN�0DWWHU

Ɣ ,V�WKHUH�D�SRUWDO�FRQQHFWLQJ�WKH�GDUN�DQG�YLVLEOH�
VHFWRUV"

Ɣ �:KDW�IUDFWLRQ�RI�GDUN�PDWWHU�LV�LQ�SULPRUGLDO�EODFN�
KROHV�DQG�DUH�WKHUH�FXUUHQWO\�HYDSRUDWLQJ�SULPRUGLDO�
EODFN�KROHV"

Ɣ �&RXOG�WKH�GDUN�VHFWRU�FRQVLVW�RI�D�YDVW�HQVHPEOH�RI�
SDUWLFOH�VSHFLHV�ZKRVH�GHFD\�ZLGWKV�DUH�EDODQFHG�
DJDLQVW�WKHLU�FRVPRORJLFDO�DEXQGDQFHV"

Ɣ :KDW�LV�WKH�LPSDFW�RI�HOHFWURZHDN�HPLVVLRQ�RQ�WKH�
PHDVXUHPHQW�RI�KHDY\�GDUN�PDWWHU�FDQGLGDWHV"�

Ɣ �:KDW�LV�WKH�GLVWULEXWLRQ�RI�'DUN�0DWWHU�LQ�JDOD[LHV�
DQG�KRZ�GLG�WKDW�GLVWULEXWLRQ�HYROYH"�

Ɣ �:KDW�DUH�WKH�JUDYLWDWLRQDO�ZDYH�VLJQDWXUHV�RI�GLOXWH�
GDUN�PDWWHU�GLVWULEXWLRQV"�

��

Ɣ :KDW�DUH�WKH�SURSHUWLHV�RI�SDUWLFOHV��VXFK�
DV�QHXWULQR�RVFLOODWLRQV��DQG�WKHLU�
LQWHUDFWLRQV�EH\RQG�WKH�UHDFK�RI�WHUUHVWULDO�
DFFHOHUDWRUV"

Ɣ &RXOG�DQ�HQKDQFHPHQW�RI�VWUDQJHQHVV�
SURGXFWLRQ�LQ�KDGURQLF�FROOLVLRQV�EH�WKH�
FDUULHU�RI�WKH�REVHUYHG�PXRQ�GHILFLW�LQ�DLU�
VKRZHU�VLPXODWLRQV�ZKHQ�FRPSDUHG�WR�
XOWUD�KLJK�HQHUJ\�FRVPLF�UD\�GDWD"�

Ɣ $OWHUQDWLYHO\��GR�QHZ�SDUWLFOHV�DQG�
LQWHUDFWLRQV�H[LVW�DW�WKH�KLJKHVW�HQHUJLHV"

Ɣ +RZ�GRHV�PDWWHU�EHKDYH�LQ�WKH�FHQWHUV�RI�
QHXWURQ�VWDUV"�

Ɣ :KDW�DUH�WKH�SK\VLFDO�SURSHUWLHV�RI�PDWWHU�
DW�XOWUD�KLJK�GHQVLW\��ODUJH�SURWRQ�QHXWURQ�
QXPEHU�DV\PPHWU\��DQG�ORZ�WHPSHUDWXUH"

Ɣ $UH�WKHUH�QHZ�IXQGDPHQWDO�V\PPHWULHV"

��

���+LJK�(QHUJ\�3K\VLFV�ZLWK�&RVPLF
����3DUWLFOHV�DQG�0XOWLPHVVHQJHUV

CF7
Broader Complementarities

cosmic rays

heavy-ion

collisions

forward
physics
@ the
LHC!

Also key 

to DM indirect 

detection!
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Indirect Dark Matter Detection 
MeV Mission Futures

CF1

Note related arXiv:2203.06894 Note also arXiv:2203.06895,2203.06781,2203.06508
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A veritable explosion of white papers can be found in CF!
Let a thousand flowers bloom….

The identification of DM (and more) will 
ultimately be a multi-frontier effort (& w/ RPF!)! 
Note Dark Matter Small Projects New Initiatives 

as an example (RPF: LDMX, CCM, M3.…)

Summary
— The Cosmic Frontier  —

‘‘The Future Ain’t What It Used to Be.’’ — Yogi Berra

The existence of dark matter and of dark energy 
are established through astrophysical observations.               
Discovering their physical origin — and more — 

appears to be within our future grasp

https://science.osti.gov/-/media/hep/pdf/Reports/Dark_Matter_New_Initiatives_rpt.pdf
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Backup Slides
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CF1A Vast Range of Dark Matter Candidates



27

Snowmass2021 Cosmic Frontier Dark Matter Direct Detection to the Neutrino Fog

detection field across more than 3 orders of magnitude, passing through XENON100 [64],
LUX [65], PandaX-I, and PandaX-II [66] with XENON1T [67, 68] and PandaX-4T [69]
presently holding the most stringent constraints for WIMP masses above 2 GeV/c2 (0.1 GeV/c2
if the Migdal effect is assumed) in a 1 tonne·year and 0.6 tonne·year exposure, respec-
tively [69–71].
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Figure 9: (left) Development of LXe-TPC technology. The plot shows the improvement in
sensitivity to spin independent WIMP-nucleon coupling (for a mass of 50 Gev/c2) achieved
by LXe experiments of increasing target masses. Sensitivity goals are also reported for
experiments that have not yet been completed. (right) The plot shows, as function of the
target mass, the progress made in terms of background suppression. Cross section values
and background rates are extracted from Ref. [68, 69, 72–79].

Two new multi-tonne LXe-TPCs, LZ [78] and XENONnT [79], have been operating since
2021 with a target sensitivity of about 1-2⇥10�48 cm2 (see Fig. 9). The US-European-
Japanese collaboration XENON is running the XENONnT experiment at the Laboratori
Nazionali del Gran Sasso (Italy). The detector features a 5.9 tonne LXe target (4.0 tonne
expected fiducial) surrounded by a Gd-doped water Cherenkov active veto to suppress and
tag neutron-induced background. The experiment plans to accumulate a 20 tonne·year
exposure. The projected neutrino-induced background rate in the WIMP ROI is of 0.27
events/tonne·year and 0.08 events/tonne·year for solar and atmospheric neutrino respec-
tively, with the former not affecting WIMP searches for masses larger than 10 GeV/c2.

The US-European LUX-ZEPLIN (LZ) experiment is presently operating at Sanford Un-
derground Research Facility (USA) and aims to accumulate a 15 tonne·year exposure [78].
The detector features a 7 tonne target (5.6 tonne expected fiducial), surrounded by an
instrumented LXe skin layer and a Gd-loaded liquid scintillator which together form an
efficient anti-coincidence veto and in situ background monitor. The expected neutrino-
induced background rate in the WIMP signal region is 2.35 events/tonne·yr (solar) and
0.02 events/tonne·yr (atmospheric).

In China, PandaX-4T [69, 77, 80] is expected to continue operations until 2025 and
then to be incrementally upgraded into a multi-ten-ton experiment with a nominal fiducial
target of 30 ton.

14

CF1Particle-like Dark Matter
DM Direct Detection to the ν Fog  

Great Strides in LXe Technology!

Note arXiv:2203.8084
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CF2: Wave-like Dark Matter

New Horizons:
Scalar and Vector Dark Matter

• Wave-like < 1eV dark matter must be 
bosonic because its fermi velocity is 
greater than escape velocity of the 
galaxy.


• Beyond the pseudoscalar (Axion/
ALPs), we can have scalar and vector 
candidates. 


• A variety of mechanisms including 
misalignment.  

12

Dark Matter Candidates

Vector Bosons
(gauge coupling)Scalar Bosons

Vector Bosons
(kinetic mixing)

Particle Mass (eV/c
2
)

10�22 10�18 10�14 10�10 10�6 10�2

Compton Frequency (Hz)

10�8 10�4 100 104 108 1012

Spin Based Sensors

Broadband ReflectorsOptical Interferometers (incl. GW detectors)

Haloscopes (cavity, plasma, dielectric)

Atom Interferometers

LC Oscillators

Qubits

Quantum Materials

Cavity - Cavity/at. & mol. trans. Molecular AbsorptionTorsion Balances

Atomic, Molecular, Nuclear Clocks

Mechanical Resonators

EP Tests (Eöt-Wash + MICROSCOPE)

CF2

Note arXiv:2203.14915, 2203.14923
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���&RVPLF�3UREHV�RI�'DUN�0DWWHU
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CF7Cosmic Probes


