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Where are we,and where are we going?

Reports, Reviews, and Roadmaps
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e D.S. Akerib, P. B. Cushman, C. E. Dahl, R. Ebadi, A. Fan, R. . Gaitskell, et al.
"Dark Matter Direct Detection to the Neutrino Fog", & arXiv:2203.08084

Direct Detection of Dark Matter - APPEC Committee Report * (hep-ex] & (pdf).
Committee Members: e Rouven Essig, Graham K. Giovanetti, Noah Kurinsky, Dan McKinsey, Karthik
Julien Billard,” Mark BO“lan Susana Cebfié;l,s Laura COVi{I . Ramanathan, Kelly Stifter, Tien-Tien Yu. "The landscape of low-threshold
| G"ﬂ,‘a"% Il:zlonllo’l, Anne ,Greeg’ Joachim Kopp,” Bela Majfom‘”ts’ . dark matter direct detection in the next decade”, & arXiv:2203.08297 [hep-
Kimberly Palladino,”"“ Federica Petricca,” Leszek Roszkowski (chair),”” Marc Schumann A
ph] & (pdf).
arXiv:2104.07634 e D.Antypas, A. Banerjee, C. Bartram, M. Baryakhtar, . Betz, et al. "New

Horizons: Scalar and Vector Ultralight Dark Matter”, &/ arXiv:2203.14915
[hep-ex] & (pdf). (also under RFO3, TFO9, IFO1)

e Rebecca K. Leane, Seodong Shin, Liang Yang, Govinda Adhikari, et al.
"Puzzling Excesses in Dark Matter Searches and How to Resolve Them®,
@ arXiv:2203.06859 [hep-ph] % (pdf). (also under TFO9)

https:/ /snowmass21.org /submissions / cf
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https://arxiv.org/pdf/2104.07634.pdf

Outline

Dark Matter Evidence
« Dark Matter Candidates

« Wavelike Dark Matter
 Light Particle Dark Matter

e Heavier Particle Dark Matter
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Evidence for Dark Matter
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The Options

Dark Sector Candidates, Anomalies, and Search Techniques

« Canonical Dark matter is:

« hon-relativistic

zeV aeV feV peV neV peV meV eV keV MeV GeV TeV PeV 30Mg 3 electrically neutral
- o limited self-interactions

D Aofon Wikt . density of DM ~0. 3 GeV/cm?
Ultralight Dark Matter Hidden Sector Dark Matter Black Holes
Pm-‘lnﬂarionarv.:xion Hidden Thermal Relics / WIMPless DM : :

«—> P . » « But theories push these boundaries
Post-Inflationary Axion Asymmetnc DM : _ : :
— « Can dark matter candidates fit with other theories

«—> e Or open problems?
SIMPs / ELDERS

->

Beryllium-8
“« @
Muon g-2
Small-Scale Structure

) > >
Small Expernments: Coherent Field Searches, Direct Detection, Nuclear and Atomic Physics, Accelerators Microlensing

Tttt

zeV aeV feV peV neV peV meV eV keV MeV GeV TeVv PeV  30Mg

DARK. MATTER CANDIDRTES:
ue/ md/ &V KVMN GV T 0% g pg mg 9 Kg TN 0% 0% 10

10%%s

Ll."A‘lq

A F A BN | !
AXIONS 0 Q-8AUS POLEN |BEES | o
m | E m-%{% CM
ELECTRONS PAINTED 3-BALLS m
US Cosmic Visions: New ldeas in Dark Matter 2017: Community Report WITH SPACE (AMOUFLAGE PYRAIDS MAYBE THOSE. ORBIT LNES IN SPACE
DINGRAMS ARE REAL AND VERY HEAVY
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Wavelike Dark Matter

Dark Matter Candidates

3 Vector Bosons Vector Bosons
Scalar Bosons (gauge coupling) (kinetic mixing)
10—'2‘2 10—18 10—14 10—10 10—6 10—2

| | | | | | >

. 2
Spin Based Sensors Particle Mass (eV/c*)

I |
Optical Interferometers (incl. GW detectors) Broadband Reflectors
| I |
Haloscopes (cavity, plasma, dielectric)
I |

Atom Interferometers Qubits
I | I |

| . .
I LC Oscillators Quantum Materials
| |
|

Atomic, Molecular, Nuclear Clocks

Torsion Balances Cavity - Cavity/at. & mol. trans. Molecular Absorption
I | I | I |

Mechanical Resonators

EP Tests (Eot-Wash + MICROSCOPE)

10~° 1074 10° 104 10° 10"
Compton Frequency (Hz)
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https://arxiv.org/abs/2203.14915

Wavelike Dark Matter

Dark Matter Candidates

Scalar B Vector Bosons Vector Bosons
calar Bosons (gauge coupling) (kinetic mixing)
10—'2‘2 10—18 10—14 10—10 10—6 10—2
¢ | | | | | | N

. 2
Spin Based Sensors Particle Mass (eV/c*)

| |
Optical Interferometers (incl. GW detectors) Broadband Reflectors

= J
| See Kai Bongs’ plenary
Qu a n t u te u e S )Haloscopes cavity, plasma, dlelectrlc) Tuesday afternoon
I . l |
Atom Interferom q Qubits
|
| | L c Oscnllators Quantum Materials 29119 and AION p.arallels
— n Tuesday morning
Atomic, Molecular, Nuclear Clocks
I |
Torsion Balances Cavity - Cavity/at. & mol. trans. Molecular Absorption
I | I | I I
Mechanical Resonators
EP Tests (Eot-Wash + MICROSCOPE)
< >
10-% 10~ 10" 10* 10® 10'2
Compton Frequency (Hz) arXiv:2203.14915
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Cavity Haloscope: ADMX
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This axion lineshape
has been
exaggerated. A real
signal would hide
beneath the noise in
a single digitization.
An axion detection
requires a very cold
experiment and an
ultra low noise
receiver-chain.

Frequency

Unknown axion mass
requires a tunable resonator

ADMX
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« ADMX G2 runs ongoing

« previous exclusion to DFSZ sensitivity
for 2.7 =3.3 peV

« nextrun will use a new tuning rod for

1-1.4 GHz

« Future proposal 14 supercunducting
cavity array to cover 2 — 4 GHz

Axion Mass (peV)
3.2 3.4 3.0

650 700

arxiv:2110.06096

A\DMX (this work

B  \-body
B \laxwelhan

7ol) SO0 850 9N 950 1000
Frequency (MHz)



https://indico.cern.ch/event/1075471/contributions/4667967/attachments/2395996/4096799/220222_LakeLousieADMXoverview.pdf
https://arxiv.org/abs/2110.06096

Wavelike Projections

« Not just axions and axion-like- MH?z GHz THz eV

particles
« Heavy photons make another broad

class, with similar couplings
« Particle direct detectors can also
look for interactions with electrons
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https://arxiv.org/pdf/2104.07634.pdf

article Dark Matter
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SuperCDMS SNOLAB

« Cryogenic thermal phonon technology

« iZIP (phonon and ionization)and HV sensors

+ Ge (1.4 kg)andSi(0.6kg)

« Under construction at SNOLAB
. Operations beginning Fall 2023
IZIP detector

HV detector

-d b -h . b b
o o o o O' o
A A b B b &
w N - o o

Dark Matter-nucleon gg, [cm?]

1

-d

o
S
[

Germanium

Silicon

Nuclear Recoil Discrimination
Understand Ge Backgrounds

Lowest threshold for low mass DM
Sensitive to lowest DM masses

Nuclear Recoil Discrimination
Understand Si Backgrounds

Dark Matter Mass [GeV/c?] 11
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SuperCDMS Calibrations

Calibrating low energy
nuclear recoils is difficult
Discrepancies in the field
Definitely divergent from
Lindhard theory
Projections for Si more
conservative than
preliminary
measurements

Ionization yield
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Cushman LIWI
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https://indico.cern.ch/event/1075471/contributions/4671273/attachments/2395280/4096796/LakeLouiseCushman_novideo.pdf

SuperCDMS: Science with new prototypes

HVeV (Sior Ge, 1 x 1 cm?2x 4 mm). 2 equal area QET sensors | | Vbias = 160 V|

R. Agnese et al. Phys. Rev. Lett. 121, 051301 (2018)

—
o

Data
; — Laser
+ ‘ MC
Signal Model

™

1804.10697

[—
o
o

Study charge transport in Si and Ge, minimize charge leakage
Improve phonon resolution, study single e-h devices

Physics runs in NEXUS (FNAL) and CUTE ongoing
Used in the TUNL ionization yield measurements.
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A mosaic of these on 2 SuperCDMS towers can get us to the v-fog in 0.5 — 5 GeV range

0V, CPD (cryogenic photon detector) 1 mm thick (45.6 cm?) Si wafer with CDMS phonon readout

« Study phonon resolution and test facility noise performance Was
especially “environmental” sub-keV phonon-only backgrounds |

* Phonon resolution in the 6, ~ 1 eV range now.

* New prototype (with new hanging support) may have c,; ~ 50 - 100 meV  mumd

SR A mosaic of the current CPDs on 2 SuperCDMS towers can get us to DM masses of 100 MeV now
& i@lﬁ_; and down to 50 MeV if the new prototype has sub-eV resolution 14

Cushman LLWI
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DEAP-3600

Cooling Coil

Acrylic Neck (Flow Guides)

Wavelength Shifter (TPB)

Gaseous Argon (GAr)

Acrylic Vessel (AV)

Liquid Argon (LAr)

| .}g»/’" Acrylic Light Guides (LGs)

Photomultiplier Tubes (PMTs)

» Single phase Liquid Argon (3.3 t)
« Operating since 2016 at SNOLAB in Canada

« Results:
 Sland EFT framework limits from 231 live days
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arXiv:2108.09405
-  WLS characterization published in JINST
-  Technical paper on slow WLS coating for
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https://arxiv.org/abs/1902.04048
https://arxiv.org/pdf/2005.14667.pdf
https://indico.cern.ch/event/1075471/contributions/4667972/attachments/2395199/4095262/LLWI-2022%20(3).pdf

GADM programme

L ¥y .
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Mini Clean . - | | o ARGO

Snolab ; "\ : . (oncept design DL . :

TR O from Mark Boulay 400 t (300 t Fiducial
Volume)

g fh
AT 2RI , Construction starts in 2022 o
L e vy Conceptual studies in progress

Data taking from 2025 Nominal e ;
Nominal run time: 10 years ominal run time: 10 years (3 kt x year)

Testera LeptonPhoton21
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https://indico.cern.ch/event/949705/contributions/4555514/attachments/2370966/4049321/LeptonPhoton2021.pdf

DarkSide20K

: 3 - 3 2 Calibration Chimney DSS DAQ Manhole Titanium Vessel
« ~50 tliquid argon time projection |

chamber
« Under construction at LNGS in Italy

Optical Plane

VPDU+
« Innovations in photosensors, underground
£ Calibrati
argon production (reduced Ar-39 B
packground) Gd PMMA
Qé\ p % B e - TPC/Veto
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XENONNT

e 5.9 tliquid xenon TPC

. Operating at LNGS in Italy since Sept ’21
« Radon/krypton reduction with cryogenic

distillation and custom pump
 Drift field is a little low
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https://indico.ific.uv.es/event/6178/contributions/15899/attachments/9214/11930/2021_TAUP_JPienaar.pdf
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e 10 t liguid xenon

Operating at SURF in South Dakota USA

« Planned for 1000 live days over ~5
years
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Next Generation Liquid Xenon

" . —-43
« 50-100 t liquid xenon TPC 10
. Combination of XENONNT /DARWIN and LZ 10 arXiv:2203.02309
collaborations 5 10-6f
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Particle Models to be tested
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The Main Options
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