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Models

Dark Sector Candidates, Anomalies, and Search Techniques
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US Cosmic Visions: New ldeas in Dark Matter 2017: Community Report

- Canonical Dark matter is:
- non-relativistic
- electrically neutral
limited self-interactions
density of DM ~0.3-0.45 GeV/cm?

- Some theories push these boundaries
- Can dark matter candidates fit with other
theories or open problems?
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Anupdated cartoon for particle dark matter
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SNOWMASS CF1 Convener’s Report
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A Unified Vision coming from SNOWMASS

Dark Matter Mass
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Focus on spin-independent DM-nuclear scattering

..This extra layer of lead
shielding will further
reduce false positives...

arXiv:2203.08084

Palladino 2024

Does that mean you've
been able to actually
detect dark matter?

SpinIndependent Direct DM status:

Gradient of Xe discovery limit, n = —(dInco/dIn MT) -1

—————

.While the new germanium detecto
will reduce our margin of error fo one
ten-millionth of a percent.

)

Not yet, but we are
now really really good
at not detecting it.

Michael Lucibella 2014, APS.org



http://aps.org
https://arxiv.org/abs/2203.08084
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Does that mean you've
been able to actually
detect dark matter?

SpinIndependent Direct DM status:

Gradient of Xe discovery limit, n = —(dInco/dIn MT) -1
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will reduce our margin of error fo one
ten-millionth of a percent.
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Not yet, but we are
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at not detecting it.

Michael Lucibella 2014, APS.org



https://arxiv.org/abs/2203.08084
http://aps.org

For DM masses > 10 GeV/c2?
liguid noble detectors are the right technology,
and future experiments can get to the neutrino fog.
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Liquid Noble Time Projection Chambers

Interactions give an initial =i

scintillation signal followed by a
signal from ionization allowing
for position reconstruction

Good ability to separate single
scatter signals from background
multiple scatters

Background discrimination/
particle ID given by ratios of
scintillation and ionization, and
scintillation timing in argon

Other benefits: self shielding
against external radiation, limited
radioactivity in targets
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Large detectors with

| il . sensitivity over many
=5 <5 orders of magnitude of
DM mass.
Physics beyond WIMP
| searches also.
| Drift time
Ol tgoIng indicates depth
Rarticle
— S1

In argon, scintillation timing also provides particle ID
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Runnlng Xenon Experlments
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The Future

But particle astrophysicists
want DETECTORS to find

Dark Matter

COSMOLOGISTS ARE EASY TO SHOP FOR
BECAUSE YOU CAN JUST GET THEM A BOX.
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- XLZD: XENON, LZ (LUX-ZEPLIN), DAFR

with initial xenon, starting ~2032

- PandaX-xt

A
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iInfrastructure in place

60t fiducial for baseline
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+ 60t fiducial baseline detector, with early science
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Argon Experiments

- Single phase DEAP-3600 , Membrane
, ProtoDUNE-like
undergoing hardware cryostat
upgrades

- DarkSide-20k under
construction at LNGS, data

taking expected to start in
2026

- Future ARGO detector to get to
neutrino fog, 300t fiducial, 20357

Detector feedthroughs

- UAr in demand by other
projects too (LEGEND, DUNE,
COHERENT)

Vacuum vessel
containing UAr and
TPC/veto
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Phys. Rev. D 93, 081101(R) (2016) + 480 channels to instrument the UAr veto
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We will have definitive refutation (or confirmation)
of the DAMA/LIBRA signal in Nal soon.
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Nal crystals: DAMA/LIBRA signal

DAMA/Nal+DAMA/LIBRA-phasel+DAMA/LIBRA-phase2 (2.86 ton x yr)
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Palladino 2024

Nal tests: ongoing and future

Multiple Nal detectors - we’d like to know the
cause of the modulation, not just rule out DM.

ANAIS-112, running, could be on track for 5 o
rejection of DAMA by 2025.

COSINE saw that how calibrations are handled can
iInduce a modulation of residuals, Moved lab In
2023.

COSINUS cryogenic search with discrimination,
starting this year.

SABRE: low bkgd crystals, with Northern and
Southern sites, also starting this year.

Dark Matter 2017 201 J 2021

2023 2025 202:

y | E— s i ———
T naev  ANAIS
% 2 46 8 10

real time (yr)



https://www.science.org/doi/10.1126/sciadv.abk2699

For DM masses 1-10 GeV/c?,
there Is a lot of activity!
Timing may be more important than technology.




Dark matter-nucleon cross section [cm?]

Goingto Lower Masses

Gradient of Xe discovery limit, n = —(dInco/dIn MT) -1
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105 - Lower mass region can be
reached by multiple
technologies, ones with long
10-7 histories in the search for dark
matter, as well as new.
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https://arxiv.org/abs/2203.08084

‘Once more, fromthe nobles ...
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arXiv:2207.11967

+ Future: S2-only searches from
current detectors (with Migdal?)

- HydroX
+ Proposed doping of LXe
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jonization only signals (no background ® @) Q/

discrimination)

- These signhals may be enhanced by the
Migdal effect, but this needs to be

confirmed!

- Microphysics uncertainties too

Migdal event topology involves a nuclear recoil and
electron recoil originating from the same vertex.
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- Under construction at SNOLAB Germanium Silicon

- 4 towers: 1 Ge iZIP, 1 Ge & Si iZIP, 2 Ge &Si HV

: Programmg, mdUdmg newldetectors and Nuclear Recoil Discrimination | Nuclear Recoil Discrimination
upgrades discussed at arXiv:2203.08463 iZIP Understand Ge Backgrounds Understand Si Backgrounds

Lowest threshold for low mass DM
Sensitive to lowest DM masses

OI-PLR comparison iZIP detector
107 ~ 107
Current limits
. 107
e
S 8
S 1076 té”
S S 07 2
= & HV detector
g ] 10° =
. | -
© > S G
. \ (-
9 104 Neutrino fog \ 107
.
-46 )
0 1 10

arxXiv:2203.08463 Dark Matter Mass [GeV/c?]
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Technologies newandold
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https://arxiv.org/pdf/2104.07634.pdf

Goinginto the neutrinofog

10~4% —

I lIIIIII 'ﬁﬁ—l'l'l'lll T l‘lllllll 1 IIIIIII 1 Illllll 1 lllllll

S . . :

s Currently excluded Directional detection offers
= the best current approach to
2 1074 explore into the neutrino fog
&)

& New Technology

7

O

i

@)

S . n—46]_

S 10

O

= .

3 Operating .\96,09%

- s

8107 Planning v © N

7 S\

P e

:e neuaarino 10 53) ’ 05

"2 ,c{x‘i\o A

3p) $60 . . : :

Sandbox Studio, Chicago with Corinne Much:
10—50 | | llllllI | | lllllll | | lllllll | | llllllI | | lllllll | | llllllI | |
10~2 101 10° 101 102 103 10% 10°

Dark matter mass [GeV /c?]

Palladino 2024

arXiv:2203.08084




For DM masses <1 GeV/c?,
gram scale detectors can produce leading results.
Lots of new ideas, many exploiting quantum technologies.
There are many unknowns.
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Below aGeV: technologies
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DM-electron scattering and absorption now of interest
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https://arxiv.org/abs/2203.08297
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- Updates from TAUP 2023
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50 many new detectors...

y SO many,hof cold technologles SNSPDs TESs KIDs
MMCs, superfluid He, superconducting QUBITs

0 532nm laser
MMC Detector to Filmburner
E:&: —

Superfluid Helium

at 20 mK o}CI H II

SNSPD Filter cavities

Mixing chamber
at 2mK

P L B I I B

He - Vacuum
Interface
Shortpass

filters

Recoil Event

MMC Detector (amK

Superfluid cavity

Photon detector

dNv.1£€2SSIOXI uooses sajnf

DElight

Bolometer cells

v,

\Dark matter )

Copper
demagnetisation |
stage at <100uK .4

QUEST- .
DMC

cavity dimensions ~ 30cm x 0.7mm

carving of dices in a thick silicon wafer
+ , bottom view B U L L KI D

3”

4.5 mm deep grooves
- 6 mm pitch
- chemical etching

0.5 mm thick common disk:

- holds the structure
- hosts the KIDs

A s

dNV.L£2SSIOXI® neubip oosep

lithography of multiplexed KID array

KID array

" - 60 nm aluminum film
R - 60 KIDs lithography

-w.ir‘

RESST-III

CawQ, grown at TUM Commercially grown CaWO,

Palladino 2024




CRESST-II (2019) EDELWEISS (2019/20) MINER (2021) e e e EEED
i : 'C‘| RED20 (above ground 0=18 eV 8 | Likeliho‘(’d il | |
é | Anevents E 4 RED30 15V (LSM, 0=40 eV) ) ! 71 DAMIC == g:fg.gigfg
.., s + sk 6
§ 9 | | %1054 pl ¢ Bulk Clusters

ull. u g ?0 :3 [\\
” ? '\.ﬁ RN
el R 0.00 025 0.50 Ojgnerlgf;o(evl)jzs 150 1.75 1é)oo 0.0 0.2 Olijiergy(kevg)ﬁ 0.8 1.0
Reindl, UCLA Dark Matter 2023, Baxter, TAUP 2023

- Excesses in cryo-detectors (non-ionizing, decaying, ...) _ _ 7= :

have possibly one common origin! Hot suspeot:_ interface |\/|u|t|p|e experlments See r1SINg Slgnals near

and bulk stress. Currently focused research topic, EXCESS initiative: SciPost Phys. Proc. 9, 001 (2022)

transferable impact expected (qubits, ...). R
-  Excesses in CCDs (single electron production) can be ]

explained by dark current and detector effects, but further Not Dark Matter

reduction is required or future experiments (e.g. OSCURA). - Not the same backgrcunds
- The DAMIC excess remains a riddle. : o

- Can it be mitigated?
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Our Current Status

Dark Matter Mass

zeV aeV feV peV neV pueV meV eV keV MeV GeV TeV PeV 10M
R

classic
thermal DM WIMP

v, DM

c
B0
-
(D)
—
S

/P,
-
o

g
O
<
S
Q
=
-

—

G)
z

self-interactions, dark radiation, light relics, etc

-  bosOns---—-}W O O O O @O @ 0
fermions —mMm8@8@8M8M8 ¥ @™M——

wave-like DM particle-like DM

A Chou, SNOWMASS Dark Matter Plenary
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If we Search Deep and Wide, in 20 years

Dark Matter Mass

zeV aeV feV peV neV

l » o

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

/L

“Interaction Strength”

G)
Z

""""""""""""""""

classic

thermal DM WIMP

v, DM

self-interactions, dark radiation, light relics, etc

bosons

peV. meV eV keV MeV GeV TeV PeV 10M,

ll

fermions
wave-like DM particle-like DM
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A Chou, SNOWMASS Dark Matter Plenary



This must all be taken in conjunction with axion/wavelike DM searches,
collider searches, and astrophysical evidence.

| hope there Is a dark sector with many interesting new particles, which
solve current mysteries and open new ones.
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I GUESS THIS HAS
BEEN-A LEARNING
EXPERIENCE FOR

BOTH OF Usr

eff Kinney Diary of a Wimpy Kid
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Astronomy and Cosmology

- Our cosmological models work
really well

- But...

 many big young galaxies
seen by the James Webb
Space telescope

- different measured values for
the Hubble constant

- Black Holes are surprising us
too, could they be dark
matter?

Angular scale

90° 1° 0.1° 0.05°
14 . P> P> N> Ag
10 BT, & - ‘. Pt 1) >
Planck (PR3, 2018) CMB- TT .“.-c-..
ACT (DR4, 2020)
102 ] .\
BICEP2/Keck (2018) L Nl
e ) 3 o B .j."l'l':., ~~
X I CMB- EE had 4 $ S
5. , ! RN
Q100 h\’,
WARR
2 150 500 1000 2000 3000 4000
Multipole ¢ Ch0| et al
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CEERS survey
(Pl: S. Finkelstein)




Complementarity

CF3: Cosmic Probes of DM
CF2: Wave-Like DM CF1: Particle DM

-18 104 M
zeV aeV feV peV neV pueV ~ meV eV keV MeV GeV TeV PeV 1072 Mg, 0*Mo

+——+—+—+—+—+—+—+—+—+—+—+— —+—+—+

Extreme & dense astrophysics probes

Halo probes of interactions

Halo probes Halo probes Microlensing etc.
(small scales) (small scales)

Light experimental probes

Indirect Detection

Direct Detection

EF10, RF6, NF3 Accelerators

~90 orders of magnitude for the possible dark matter mass:
1022 eV to 1068 eV
Bounded by astrophysical constraints.

Very low mass dark matter
suppresses structure formation
IS ruled out by
crolensing, CMB, other cosmic probes

Massive compact obejct dark matter

R. Wechsler, SNOWMASS C%smic Probe Plenary
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Milky Way Galactic Rotation Curve

——==-All baryon —-— Warm dust —— Baryon + DM

-——- Bulge H1 gas ¢ Ou et al. 2023 (this work)
Disk —-— Hj gas }  Eilers et al. 2019

—— (old dust — Best Fit DM: Einasto

- Updated with Gaia, 2MASS and WISE
- Galaxy model: best fit cored Einasto
- arXiv:2303.12838
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Axions and Bosonic Dark Matter

Axion experiments Next decade(s) prospect:
haloscopes + helioscopes could

g, cover whole feasible axion mass  [Mlany ways

. . = Cavity
Different technologies are F )

very complementary ~_range compatible with dark matter!

~ 10 orders of magnitude! to get aae

In theories

NMR / Spin- LC circuit

precession Gay
9anN, 9aeDMm Helioscope

gay 9ae

sl Di-electric
haloscope

Many ways to

look
,for axions
Ma jn
| | experiments
(for axions 100% DM) Pre-inflation - a1 Window APPEC community discussion slides
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Technologies for Low Mass Searches

PHONON+IONIZATION PHONON+SCINTILLATION
_ Flectricfield R. Strauss IDI

X

e-h pairs
Primary phonons Phonons TO
' Neganov-Trofimov-Luke o 310 x\
(NTL) phonons \ )
e : Absorber
e Channel 1: phonon measured with temperature I-sensor

e Channel 1: phonon measured with

temperature sensor -> Enhanced . .
e Channel 2: charge measured with electrodes Channel 2: light collected by another absorber

) laced on both surfaces (wafer or beaker shaped ) and measured with a
s P temperature sensor

Sensor

Zema talk

SuperCDMS, CRESST, EDELWEISS
COSINUS, TESSERACT
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https://agenda.infn.it/event/29838/contributions/177015/attachments/95949/132027/RICAP_2022_VZema.pdf

Experiments Currentlyrunning

Name Technology Target Active Experiment Start Ops | End Ops
Mass Location

Currently Running or Under Construction
LZ TPC LXe 7,000 kg | SURF 2021 2026
PandaX-4T TPC LXe 4,000 kg | CJPL 2021 2025
XENONnT TPC LXe 7,000 kg | LGNS 2021 2025
DEAP-3600 Scintillator LAr 3,300 kg | SNOLAB 2016 202X
Darkside-20k TPC LAr 50 t LNGS 2025 2030
DAMA /LIBRA || Scintillator Nal 250 kg LNGS 2003
ANAIS-112 Scintillator Nal 112 kg Canfranc 2017 2022
SABRE PoP Scintillator Nal 5 kg LNGS 2021 2022
COSINE-200 Scintillator Nal 200 kg YangYang 2022 2025
CDEX-10 Ionization Ge 10 kg CJPL 2016

(77K)
EDELWEISS Cryo Ioniza- | Ge 33 g LSM 2019
IIT (High Field) || tion / HV
SuperCDMS Cryo Ioniza- | Ge/Si 5 kg/1 kg | SNOLAB 2020 2022
CUTE tion / HV
SuperCDMS Cryo Ioniza- | Ge/Si 11 kg/3 | SNOLAB 2023 2028
SNOLAB tion / HV kg
CRESST-III Bolometer CaWO0O4 LNGS 2020
(HW Tests) Scintillation
PICO-40 Bubble C3F8 35 kg SNOLAB 2020

Chamber
NEWS-G Gas Drift CH4 SNOLAB 2020 2025
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Experments Currently running, cont’'d

Name Technology Target Active Experiment Start Ops | End Ops
Mass Location

Currently Running or Under Construction

DAMIC-M pro- || CCD Skip- | Si 18 g LSM 2022 2023

totype per

DAMIC-M CCD  Skip- | Si 1 kg LSM 2024 2025
per

SENSEI CCD Skip- | Si 2 g Fermilab 2019 2020
per

SENSEI CCD  Skip- | Si 100 g SNOLAB 2021 2023
per
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Planned Experiments

Name Technology Target Active Experiment Start Ops | End Ops
Mass Location
Planned
SABRE (North) || Scintillator Nal 50 kg LNGS 2022 2027
SABRE (South) || Scintillator Nal 50 kg SUPL 2022 2027
COSINE-200 Scintillator Nal 200 kg South Pole 2023
South Pole
COSINUS Bolometer Nal LNGS 2023
Scintillator
Darwin / XLZD || TPC LXe 50,000 kg | undetermined | 2028 2033
(US LXe G3)
ARGO TPC or Scin- | LAr 300 t SNOLAB 2030 2035
tillator
CDEX-100 / 1T || Ionization Ge 100-1000 | CJPL 202X
(77K) kg
PICO-500 Bubble C3F8 430 kg SNOLAB 2021
Chamber
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Potential Future

Experiments .

Name Technology Target Active Experiment Start Ops | End Ops
Mass Location
Concept or R&D
Oscura CCD  Skip- | Si 10 kg Si SNOLAB 2025 2028
per
SBC Bubble LAr 1t SNOLAB 2028
Chamber
SNOWBALL Supercooled
Liquid H20
DarkSide- TPC LAr 1.5t
LowMass
ALETHEIA TPC He China Inst.
At. Energy
TESSERACT Cryo TES LHe, undetermined | 2026
Si0s,
Al>O3,
GaAs
CYGNO Gas Direc- | He+ CF4 | 0.5-1 kg | LNGS 2024
tional
CYGNUS Gas Direc- | He = Multiple
tional SF¢/CF4 sites
Windchime Accelerometer Multiple 2
array sites
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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
¢ | | | | | | ,

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

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

Atom Interferometers Qubits
I | | |

I | )
LC Oscillators Quantum Materials
| |
|

Atomic, Molecular, Nuclear Clocks
I |

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

Mechanical Resonators

EP Tests (Eot-Wash + MICROSCOPE)

108 104 10" 104 10® 10"
Compton Frequency (Hz) arXIv: 220
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https://arxiv.org/abs/2203.14915

Ultraheavy dark matter

107" 1072
107" £107'6}
O, O,
X X
o107 5107 '°
Mica
107" 10722
107%° 10
1072 1072 S
SNO+
107%° 1071
Model || Model Il
1 0—29 O; OCO Fz(q) 1 0—34 m Oy OCO A4F2(q)
1.06. . 1010. T 1.014. T 018 12 106 1010 1014. .. 1018 1;021
m, [GeV/c7] m, [GeV/c7]
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A Modern WIMP view

fom Ogi[cm?]

Direct Detection
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10
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High Mass Particle DM Beyond the WIMP. .
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10-41 I
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o~ = Direct Detection
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arXiv:2203.08084
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Cross Section [cm?]
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https://arxiv.org/pdf/2104.07634.pdf

Direct Detection Sensitivities
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https://arxiv.org/pdf/2104.07634.pdf
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Dark Matter — Electron Cross Section [cm?]

Dark Matter - Electron Cross Section [cm?]
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Dark Matter — Electron Cross Section [cm?]

Dark Matter — Nucleon Cross Section [cm?]
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https://arxiv.org/abs/2203.08297

Predictivity of the Scattering

Cross-section Strength

Highly Predictive

Non-predictive

>

-

Type of Dark Matter Model

Visible Sector (VS)

Dark Sector (DS)

VS Mode

5GB bl Complete
Models

NMSSM|

| VS Models

- with computed fom Simplified
r VS Models Models
wit

hout computed fom |

DS Models

requiring SM mixing

ELDER

SIMP

FIMP

requiring SM mixi

DS Models

DS Models

without cosmological

bounds applied

Single Effective Coupling

single non-relativistic = single relativistic coupling

DM-nucleus operators with one mediator
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