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DEQVELTI 26.8%

Direct detection of dark matter

DENGVANY 68.3%

Indirect detection Direct detection Particle colliders

DM annihilation into DM scattering off SM§ Direct or by decay
SM particle particle production DM

XX — 9¢,7Y,--- xN —=>xN  pp—>xx+X ;



Direct detection of dark matter

Indirect detection Direct detection Particle colliders

DM scattering off SM | Direct or by decay
particle production DM

XX — 94,7, XN —=>xN  pp—>xx+X )




Direct detection of dark matter

Indirect detection Direct detection Particle colliders
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particle production DM




Direct detection of dark matter ;g pm
(LDM)

Direct detection / Particle colliders
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DM scattering off SM | Direct or by decay
particle production DM
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Dark Matter models (beyond the WIMP)
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Dark Matter models (beyond the WIMP)

102'eV  peV neV peV meV eV ke MeV  GeV TeV M,
III._"lllllIIIIII ||||||||||I|||,,,,|||
T X pre-infl. QCD axion : ) general thermal WIMP :
post-infl. sterile
fuzzy DM aCD axion neutrino ADM
““classical” < =
QCD axion non-thermal WIMP (FIMP)
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QCD axion standard
thermal WIMP
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(e.g. SUSY neutralino)

And many more:
e ELDER,
e SIMP,
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Dark Matter models (beyond the WIMP)
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T X pre-infl. QCD axion : - general thermal WIMP :
post-infl. sterile
fuzzy DM CD axion neutrino ADM
““classical” » >
QCD axion non-thermal WIMP (FIMP)
- > —
QCD axion standard
thermal WIMP
C " C " (e.g. SUSY neutralino)
Inspire “WIMP Inspire “Light Dark Matter
And many more:
e ELDER,
1978 2023 1970 2023 e SIMP,

°
Rep. Prog. Phys. 85 056201
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How to search for LDM?
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arXiv:1605.08788
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https://arxiv.org/abs/1605.08788

Recoil Energy (eV)

R. Essig, UCLA Dark Matter 2023
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elastic DM-nucleus scattering:
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Recoil Energy (eV)

R. Essig, UCLA Dark Matter 2023
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DM kinetic energy
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Recoil Energy (eV)

R. Essig, UCLA Dark Matter 2023

accessible through inelastic
interactions (sometimes w/
suppressed rate), e.g.:

e DM-e scattering
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Recoil Energy (eV)

R. Essig, UCLA Dark Matter 2023

accessible through inelastic
interactions (sometimes w/
suppressed rate), e.g.:

e DM-e scattering

* DM-N scattering w/ Migdal
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Recoil Energy (eV)

10-4 T T

103 102 107! 10° 10! 102 103

Mass (MeV)

R. Essig, UCLA Dark Matter 2023

accessible through inelastic
interactions (sometimes w/
suppressed rate), e.g.:

* DM-e scattering
* DM-N scattering w/ Migdal

* DM scattering w/ collective
modes (e.g. phonons, magnons)
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Recoil Energy (eV)
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AE ~ 10 eV
e.g. Xe,Ar, He

R. Essig, UCLA Dark Matter 2023
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Recoil Energy (eV)

1073 102 107! 10°
Mass (MeV)

10!

102

103

R. Essig, UCLA Dark Matter 2023

AE ~1 eV

e.g. Si, Ge, GaAs, diamond,
Quantum Dots, organic
scintillators...
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Recoil Energy (eV)

R. Essig, UCLA Dark Matter 2023

AE ~ 10 — 100 meV
e.g. GaAs, sapphire, Dirac
materials, doped s/c, ...
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Mass (MeV)
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Recoil Energy (eV)

T
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R. Essig, UCLA Dark Matter 2023

AE ~ 1 meV

e.g. superfluids,
superconductors
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Principle concepts
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Events/(t-y-keV)

Search for excess events above background prediction...
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e.g., XENON1T low-ER excess arXiv:2006.09721

(excluded by XENONNT arXiv:2207.11330)

Typical background mitigation

strategies:
e radiopurity control,
e deep underground labs
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https://arxiv.org/abs/2006.09721
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Events/(t-y-keV)

. fit your favorite mode

(b) Solar axion
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DM-nucleon Sl cross section [cm?2]

... and draw exclusion curves.
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The direct detection
landscape today
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DM-nucleon Sl cross section [cm?2]

... and draw exclusion curves.
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DM-nucleon Sl cross section [cm?2]

... and draw exclusion curves.
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Disclaimer

To keep it simple, | will focus on DM-nucleon Sl cross-sections only.

DM-e scattering is often kinematically favorable,
absolute numbers are subject to change,

but overall trend similar,

and hopefully story clearer.

Dark Matter—electron @, [cm?]

1 10 100 1000 1 10 100 1000
Dark Matter Mass [MeV/c?] Dark Matter Mass [MeV/c?]
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Liquid-gas TPCs: DarkSide-LowMass

'PHONONS / HEAT

Low Mass Search
Low Energy Events

CHARGE LIGHT

High Mass Search
High Energy Events

Mgl
3 = Sl 1
i

|

+ drift |3
| time

DM &
————

T
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DM-nucleon Sl cross section [cm?]

Liquid-gas TPCs: DarkSide-LowMass

Phys. Rev. D 107, 112006 Low Mass Search
Low Energy Events

He neutrino floor
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102 101 100 10! 102

DM mass [GeV/c?]

29


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.112006

Gas spherical proportional counters: NEWS-G

'PHONONS / HEAT

CHARGE

Atom or
molecule

Grounded
shell
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Gas spherical proportional counters: NEWS-G

e |owest surface to volume ratio
e Light and variable target

molecule Anode

Drift
region

Grounded
shell
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Gas spherical proportional counters: NEWS-G

Central Electrode

Anode Wire »$

e Lowest surface to volume ratio

e Light and variable target

e Pulse-shape (Risetime and
Asymmetry):

o Event classification
o Position reconstruction

Grounded

Support Rod

Near/North )

ACHINOS L
anode design

& Asymmetry

Far/South 32



Gas spherical proportional counters

S140 “SNOWGLOBE” taking data at SNOWLAB
since 2022

3 cm of archeological
lead

22 cm of low-activity
lead

Stainless steel skin

C10100 copper S140

40 cm high-density
Detector paper: https://arxiv.org/abs/2205.15433, Polyethylene
undergoing journal review

: NEWS-G
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Gas spherical proportional counters: NEWS-G

S140 “SNOWGLOBE” taking data at SNOWLAB o arXiv:2301.05183
. T IIIIIIII IIIIIIII T IIIIIIII T IIIIIIII T T
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40 cm high-density
Detector paper: https://arxiv.org/abs/2205.15433, Polyethylene
undergoing journal review
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https://arxiv.org/abs/2301.05183

Semiconductors
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Cryogenic Bolometers
SuperCDMS, EDELWEISS, CRESST

'PHONONS / HEAT |

]

Heat + Charge

T-Sensor “\ * |
M A
= ,\‘ia .
ﬁ \ \ \ ':"Cn“
Crystal Target |_
SuperCDMS
EDELWEISS

Heat + Charge CHARGE

+— Electron propagation

t— Luke phonons Lite/Hv.mode:

+— Primary recoil phonons

= e Charge mediated phonon amplification
(Neganov-Trofimov-Luke Effect)




SuperCDMS @ SNOLAB

iZIP towers:
10 Ge + 2 Si crystals

low background

HV towers:
8 Ge + 4 Si crystals
low threshold
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Phys. Rev. D 95, 082002
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.082002

SuperCDMS @ SNOLAB
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.082002

Skipper-CCDs

SENSEI, DAMIC, OSCURA
Skipper-CCD

7

conduction plxel

valence band

N

DM would create one or a few electrons in a pixel
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Skipper-CCDs

SENSEI, DAMIC, OSCURA
Skipper-CCD

7

pixel

conduction _
Readout noise < 1e-

Exp Astron 34, 43-64 (2012)

| N=5N

valence band

normalized frequency

o

DM would create one or a few electrons in a pixel

pixel value [e]
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https://link.springer.com/article/10.1007/s10686-012-9298-x

Skipper-CCDs

SENSEI, DAMIC, OSCURA

coherent elastic scattering

®A DM particle can scatter off a nucleus or a
valence electron and create a point-like ionization
event

®Charge will be drifted to the pixel array under a
voltage bias

@Lateral spread of the charge cloud due to thermal
diffusion

@ The lateral spread is proportional to the drift time
(depth of the interaction)

3D reconstruction of the Identification of particle
interaction location type via cluster pattern

41



Skipper-CCDs

SENSEI, DAMIC, OSCURA

coherent elastic scattering

@A Xeray! <cmo—no "
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vo] X
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| |
@®TH ime
(de
Front

3D 1 % cle

- 5 10 15 20 25 30

1n Energy measured by pixel / keV at
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DAMIC-M LBC

Laboratoire Souterrain de Modane

Low Background Chamber (LBC)
6k x 4k pixel skipper CCDs ( x 2)

Total mass of active target ~18 g
o Goal:~700g

Integrated exposure of 85.23 g days

e ~




DAMIC-M LBC
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https://arxiv.org/abs/2302.02372

DAMIC-M

. . 1073 EEEERLLY
e Laboratoire Souterrain de Modane o

e Full mass of ~700 g o
e Expected exposure of 1 kg y

\

Excluded
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[astro-ph.CO] 2 Jun 2023

DAMIC @ SNOLAB

Confirmation of the spectral excess in DAMIC at SNOLAB with skipper CCDs

A. Aguilar-Arevalo,! I Arnquist,? N. Avalos,® L. Barak,* D.Baxter,” X. Bertou,® LM. Bloch,® 7
A M. Botti,> M. Cababie,® 5 G.Cancelo,” N. Castell6-Mor,'® B.A. Cervantes-Vergara,! A.E. Chavarria,'!
J. Cortabitarte-Gutiérrez,'® M. Crisler,® J. Cuevas-Zepeda,'? A. Dastgheibi-Fard,'® C.De Dominicis,'*
0.Deligny,'® A. Drlica-Wagner,> 216 J. Duarte-Campderros,'® J.C.D’Olivo,' R.Essig,!” E. Estrada,?
J.Estrada,” E.Etzion,* F.Favela-Perez,' N.Gadola,'® R. Gaior,'* S.E. Holland,” T. Hossbach,?
L.Iddir,** B.Kilminster,'® Y.Korn,* A.Lantero-Barreda,'® I. Lawson,!? S.Lee,'® A. Letessier-Selvon,*
P.Loaiza,'® A.Lopez-Virto,!'* S. Luoma,!? E. Marrufo-Villalpando,*? K.J. McGuire,*! G.F.Moroni,”
S. Munagavalasa,'? D. Norcini,'2 A. Orly,* G.Papadopoulos,'* S. Paul,'? S.E. Perez,® %5 A. Piers,!!
P. Privitera,'%* P.Robmann,'® D. Rodrigues,®?® N.A. Saffold,® S. Scorza,'® M. Settimo,?
A. Singal,'”-2! R. Smida,'? M. Sofo-Haro,>?? L. Stefanazzi,” K. Stifter,® J. Tiffenberg,® M. Traina,'!
S. Uemura,® 1. Vila,'* R. Vilar,!* T.Volansky,* G. Warot,'® R. Yajur,'? T-T. Yu,?® and J-P. Zopounidis'*

(DAMIC, DAMIC-M and SENSEI Collaborations)

! Universidad Nacional Auténoma de Mézico, Mexico City, Mexico
2 Pacific Northwest National Laboratory (PNNL), Richland, WA, United States
3 Centro Atémico Bariloche and Instituto Balseiro,
Comision Nacional de Energia Atomica (CNEA),

Consejo Nacional de Investigaciones Cientificas y Técnicas (CONICET),
Universidad Nacional de Cuyo (UNCUYO), San Carlos de Bariloche, Argentina
*School of Physics and Astronomy, Tel-Aviv University, Tel-Aviv, Israel

) 5 Fermi National Accelerator Laboratory, Batavia, IL, United States
b Berkeley Center for Theoretical Physics, University of California, Berkeley, CA, United States
"Lawrence Berkeley National Laboratory, Berkeley, CA, United States
8 Universidad de Buenos Aires, Facultad de Ciencias Ezactas y Naturales,
Departamento de Fisica, Buenos Aires, Argentina
YCONICET - Universidad de Buenos Aires, Instituto de Fisica de Buenos Aires (IFIBA), Buenos Aires, Argentina
10 Instituto de Fisica de Cantabria (IFCA), CSIC - Universidad de Cantabria, Santander, Spain
! Center for Ezperimental Nuclear Physics and Astrophysics,
University of Washington, Seattle, WA, United States
2 Kavli Institute for Cosmological Physics and The Enrico Fermi Institute,
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https://arxiv.org/abs/2306.01717

D AM I C @ S N O L AB “The observed excess ionization events

likely arise from an unidentified source

of radiation ...”
o B R , “The only known interactions that could
—— DAMIC at SNOLAB 2023, Skipper Upgrade . .
give rise to the observed excess
spectrum are those from neutrons ..."
3 2001
E “No such source of neutrons has been
% identified.”
5 1501
E “... the excess corresponds to a WIMP
S with mass ~2.5 GeV/c2 and a WIMP-
g nucleon scattering cross section
% ~3x10~%" cm’. This interpretation is
50 1 o nominally excluded by results from
T CDMSlite and DarkSide-50.”
05 z 10 5 20 o5 arXiv:2306.01717

Total Interaction Rate (Counts / kg / day)
Avoid bounds: arXiv:2308.12176 47
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Superfluids



Superfluid He-4

HeRALD, DELight

'PHONONS / HEAT

CHARGE

HeRALD paper:
e Phys. Rev. D 100, 092007 (2019)
e arXiv:2307.11877 49



https://doi.org/10.1103/PhysRevD.100.092007
https://arxiv.org/abs/2307.11877

Superfluid He-4

HeRALD, DELight

PHONONS / HEAT
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Superfluid He-4 O

HeRALD, DELight . i

e Noise-free gain 210 in the TES (HeRALD) / MMC (DELight)
as binding energy He-He is smaller than He-absorber

e MMCs in vacuum need to be He-4 film-free @
— Cs film (HeRALD) / film burner (DELight) l
! g P oo
_. 062meV ____ | 1
Binding energy = 8 heated baffles MMC
~10 meV \
Superfluid “He
MMC Detecters
Condensation
Superfluid *He  Vacuum MMC

He — Vacuum Quantum evaporation

F. Toschi, TAUP 2023 Interface



Superfluid He-4

HeRALD, DELight
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DM mass [GeV/c?]

Dark Matter-nucleon og, [cm?]

1) 1 kg-d, 40 eV

2) 1 kg-yr, 10 eV

3) 10 kg-yr, 0.1 eV 4) 100 kg-yr, 1 meV
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Phys. Rev. D 100, 092007 (2019)
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https://doi.org/10.1103/PhysRevD.100.092007

Superfluid Helium Chemical-bon

d breaking
HeRALD, DELight

1 keV 1 MeV 1 GeV

LDM direct detection summary | T

Dirac materials

Superconductors Semiconductors Noble liquids
prototype DM detector SuperCDMS, DAMIC,
SENSEI, EDELWEISS, XENON, LZ, DARWIN, ARGO, ...

e Today’s direct detection experiments can o s
probe sensationally low WIMP-nucleon rohond ki g o
scattering cross sections.

e Searching for Light Dark Matter (LDM) is physically motivated.

e Moving beyond nuclear recoils is crucial to access broader areas
of DM parameter space.

e Target diversity essential.

e Many more ideas on the way.
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LDM direct detection summary

Superfluid Helium

Chemical-bond breaking
HeRALD, DELight n NR
‘ signals
1 keV 1 MeV 1 GeV
- DM mass
IT = | |
Dirac materials < >
Superconductors Semiconductors Noble liquids ER
prototype DM detector SuperCDMS, DAMIC, :
ol el SENSEI, EDELWEISS, ... XENON, LZ, DARWIN, ARGO, ... S|gnals
y Scintillators 2D materials
SPICE
PTOLEMY
~meV energy ~eV energy ~keV energy
resolution resolution resolution

B. von Krosigk, modified after arXiv:1608.08632
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Migdal effect

Newfound sensitivity in existing experiments

Potential enhancement of low-mass dark

matter sensitivity has been explored

LUX, PRL 122 131301 (2019)

XENONIT, PRL 123, 241803 (2019),
PRD.106.022001 (2022)

DarkSide50, PRL 130, 101001 (2023)
EDELWEISS, PRD 106, 062004 (2022)
CDEX-1B, PRL 123.161301 (2019)

SuperCDMS, PRD 107, 112013 (2023)

and more ...

The Migdal effect has not been
experimentally verified

Dark Matter — Nucleon Cross Section [cm?]

10730,
10-31
10—322
10—332
10—342
10—35:
10—36;
0]
10—38;

10—39 [

arXiv:2203.08297

DM-N scattering
Elastic recoils: solid
Migdal (Xe): long—dashed
Migdal (semiconductor): short—dashed
Fpm=1
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. L L N | . . Loy
10 102 103
DM mass [MeV]
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projectile
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Migdal effect

g \ B —— We carried out a direct search for the Migdal
g 10 — FPassiyescatiening effect in liquid xenon and achieved a lower
—— Neutron multi-scatters .
10° 4 —— Migdal (best-fit) background rate than the expected signal rate
ol T = N Migdal (predicted)

102 Sum e Analysis of experimental data suggests
, that we do not observe events at the
ot predicted rate in our expected signal region
10° 4 e Xenon recombination physics may explain
o ' | ' ' e g, the null result
5 e If enhance recombination is the correct
-E _ H H ‘ explar;]ation, I%w-mlass d?;kfmatt;r Vida
1S o Ldggtdtnde g d L b L R LT searches could still benertit from the vligaa
§ 0.‘*"+"}H {H** mm”” IHHHHHHH effect (negligible NR component)
-5
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SI scattering cross section osp in cm?

WIMP Dark Matter constraints
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CRESST

=
o
o
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Dark Matter Particle-Nucleon Cross Section (pb)

=
o
o

D. Fuchs, TAUP 2023

Preliminary

N * — Fine tuned calibration
By B —— Original calibration
e —— CRESST-IIl 2019
----- CRESST-1Il 2022
S, -~ CRESST surf. 2017
SO —-— SuperCDMS-CPD 2020
~ N\, --- SuperCDMS-0VeV 2022

10t
Dark Matter Particle Mass (GeV/c2)
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Nuclear recoils in skipper-CCDs

Idea: Distinguishing NR signals from electronic recoil (ER) backgrounds could enhance the sensitivity
of future CCD experiments.

Experiment at U. Washington

Series of warm images Cold images (147 K) during irradiation Series of warm images
(223 K) to identify % with AmBe source (4.2 MeV neutrons) => (223 K) to identify new
existing defects to identify primary ionization events defects

Median before irradiation Median after irradiation

e

NR dislocates atoms &y

from the crystal T L i
Iattice, Which 4060 4065 4070 4075 4080 4085 4090 4095 4100

produces a defect | staple for at least 12 h

y o 1 s
4950 4055 4060 4065 4070 4075 4080 4085 4080 4095 4100
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T, [cm2]

Skipper-CCDs

World best limits for sub-GeV DM candidates with this technology ———> Ongoing program

10—27

10728¢
10~}
10730
10—31
1072
1073}
10734

0SaPIS¥Eq

Experiment I\[/Ikags]s #CCDs :I?;;a[t;‘::] bklgr:lstzf;?)?:/tglay] Commissioning
SENSEI @ MINOS ~0.002 1 3400 1.6 x 104 late-2019
DAMIC @ SNOLAB  ~0.02 2 ~10 (exp*) ~3x 104 (exp*) late-2021
DAMIC-M LBC ~0.02 2 10 3x10= late-2021
SENSEI-100 ~0.1 50 10 (goal) mid-2022
DAMIC-M ~1 200 0.1 (goal) ~2023
OSCURA ~10 20,000 0.01 (goal) 1 x 10-6(goal) ~2028

i W
m, [MeV]

From Brenda Cervantes, UCLA Dark Matter 2023

* expected from DAMIC with standard CCDs [PRL 123, 181802/PRL 125, 241803]

Oscura builds on existing efforts

The challenges are to increase mass (from 10s to 10,000s CCDs)
and to reduce the backgrounds (2 orders of magnitude)

Major R&D «—
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TESSERACT

Transition Edge Sensors with Sub-EV Resolution And Cryogenic Targets

Goal: use multiple target materials + advances in TES sensor technology

. Athermal Phonon Collection Fins (Al)

. TES and Fin-Overlap Regions (W)

/== ==/ (8)
4 photon
/ <
[
] " phonon/
! ", roton
% D S =
* “. phonon .: %photon/
54| excimer
Al203 GaAs LHe

Liquid helium experiment (HeRALD)
GaAs and Sapphire-based experiments (SPICE)

Figure from: https://www.snowmass2|.org/docs/files/summaries/ CF/SNOWMASS2 | -CFI_CF2-IF | _IF8-120.pdf
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R. M. Geilhufe, F. Kahlhoefer,

Dirac Materials: Example Yb,PbO
T

o e Rev. D 101, 055005 (2020 M. W. Winkler
T T 3
10-37E_ i Dark mattersca:(t_e_rjng---; PhVS ReV. D 101 5 055005 (2020)
1 T E
10738} i )
E i
1079 ¢ oot
E.-*" 1
— 10—405_ ll
5 104h 2
S jo-zf £
10-43; 8
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10_45; 8 o

no background, 1 kg-year 1
1

10—46 1
10 100 1000

my [keV]

Because of their tiny band gaps Dirac materials promise to improve the sensitivity for dark matter particles in the sub-MeV mass range by
many orders of magnitude. We study several candidate materials and calculate the expected rates for dark matter scattering via light and
heavy dark photons as well as for dark photon absorption. A particular emphasis is placed on how to distinguish a dark matter signal from
background by searching for the characteristic daily modulation of the signal, which arises from the directional sensitivity of anisotropic
materials in combination with the rotation of Earth. We revisit and improve previous calculations and propose two new candidate Dirac
materials: bis(naphthoquinone)-tetrathiafulvalene (BNQ-TTF) and Yb3 PbO. We perform detailed calculations of the band structures of
these materials and of ZrTe5 based on density functional theory and determine the band gap, the Fermi velocities, and the dielectric
tensor. We show that in both ZrTe5 and BNQ-TTF the amplitude of the daily modulation can be larger than 10% of the total rate, allowing
us to probe the preferred regions of parameter space even in the presence of sizable backgrounds. BNQ-TTF is found to be particularly
sensitive to small dark matter masses (below 100 keV for scattering and below 50 meV for absorption), while Yb3 PbO performs best for
heavier particles.

= Band gap: ~17 - 19 meV

63


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.055005
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.055005
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.055005

S. Knapen, T. Lin, M. Pyle, K. M. Zurek,

Polar Crystals: Example GaAs Phys. Lett. B 785, 386-390 (2020)

=
o r = Gapped optical phonons
o 4 S. Knapen, T. Lin, M. Pyle, K. M. Zurek,
Ga&\:\ ” Phys. Lett. B 785, 386-390 (2020)
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The scope of dark matter (DM) searches in recent years has dramatically broadened beyond traditional candidates such as
the weakly interacting massive particle (WIMP) and axion. Theoretically compelling candidates exist in hidden sectors
consisting of DM and new light mediators, with numerous mechanisms for setting the DM relic density. These models have
motivated a suite of new direct detection experiments, aimed at sub-GeV DM. SuperCDMS [1-3], DAMIC [4], SENSEI [5],
NEWS-G [6] and CRESST [7] are working to detect energy depositions as small as an eV from scattering of MeV mass
DM, or absorption of eV mass DM. There are also proposals for eV-scale detection with e.g. atoms [8], graphene [9], liquid
helium [10], scintillators [11], molecular bonds [12], and crystal defects [13,14].
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