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ULTRALIGHT
DARK MATTER

Mass range
~10-22 eV to ~10-¢ eV

Experiments
CASPEr, MAGIS-100
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Mass range
~10-% eV to ~10-3 eV

Experiments
ADMX, MADMAX,
QUAX, CAPP-8TB

Mass, in electron volts (eV)

Mass range
~1to ~30
solar masses
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Mass range
~1 GeV to ~1 TeV
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LZ, CRESST, DAMA,
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SUB-GeV
DARK MATTER

Mass range
~1 keV to ~1 GeV

Experiments
SENSEI, TESSERACT
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DIRECT DETECTION BASICS

da(Enr) my
TR T 3:(Bur) +Hosp P (Bur)]

it 202
Spin-independent Spin-dependent
2 2 2 2
__pw(pZ+ fm(A-2))° dosp _ 8Gy 2 J+15(9)
Mg ~ g~ wor )T T )

Favours heavy targe nuclei (i.e. large A) Nuclei with unpaired neutron or proton



My=50 GeV/c?

G, = 10" pb (1047 cm?)

EXPERIMENTAL CHALLENGES

integral rate, counts/tonne/year

m Nuclear recoils due to dark matter interactions

are expected to be: 0 eSS
| Very rare threshold recoil energy, keV
- L n 0.4
oW energy My=1000 GeV/c?
m \We need: 05 G, = 10 pb (1047 cm?)

= Target material sensitive to the interaction
= Technology to detect interaction

o
N

= Understand and reduce backgrounds

o
=

= Calibrate detector response

integral rate, counts/tonne/year

= Analysis techniques

0 10 20 30 40 50
threshold recoil energy, keV



NUCLEAR RECOIL DETECTION
X
@ \

(&), = (&) .+ (&)
R dx ~— \ G + 7
ax/tot dx/elec dx/ nucl




NUCLEAR RECOIL DETECTION

X

X

Atomic motion

T

(dE) (dE) (dE)
R A — \ax T \7r
ax/tot dx/elec dx/ nucl

|

lonization & excitation




NUCLEAR RECOIL DETECTION

Heat/Phonons
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Atomic motion
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NUCLEAR RECOIL DETECTION

Heat/Phonons

T

Atomic motion
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lonization & excitation
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Charge Light




NUCLEAR RECOIL DETECTION

Heat/Phonons

T

Atomic motion

T

(&), = (&) * (&)
ax/tot dx/elec dx/ nucl

Signal quenching: l
Nuclear recoils “lose” more energy to . .

: ) . o lonization & excitation
atomic motion than electron recoils. This is

accounted for by the quenching factor Q / \

EcelkeVeel = Q(Eny)XEny[keVuy] Charge Light




NUCLEAR RECOIL DETECTION

Phonons/Heat

Charge / \ Light



https://arxiv.org/pdf/2104.07634.pdf

Cryogenic Superheated
bolometers liquids
Phonons/Heat

Cryogenic bolometers
with charge readout

Germanium /
detectors Charge

I

Directional
detectors

Liquid noble-gas time
projection chamber

Scintillating cryogenic
bolometers

Scintillating
Light crystals

Liquid noble-gas
detectors
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Cryogenic Superheated
bolometers liquids
Phonons/Heat

Cryogenic bolometers Scintillating cryogenic

with charge readout X bolometers

.
oo / \ Scintillating
% Charge Light crystals

‘- Directional Liquid noble-gas time Liquid noble-gas
Current: Silicon CCDs — detectors projection chamber detectors )
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Cryogenic Superheated
bolometers liquids
Phonons/Heat
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Cryogenic bolometers
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with charge readout

Crystal Target
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— Thermal Bath—
NTD thermistors . -
TES -Transition Edge Sensors =< g NP - senser Superheated
liquids
| Phonons/Heat

7 N

\
Crystal target

Cryogenic bolometers
with charge readout

Scintillating cryogenic
bolometers

Crystal Target

Light

PMT “ X

+
% Charge
‘ ~ Directional
‘detectors

Liquid noble-gas time Liquid noble-gas
projection chamber detectors .
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— Thermal Bath—
= NTD-sensor Superheated
liquids
’mf‘ Phonons/Heat

7 N

heat bath

\</]llllli|‘illl;I3
— Light detector

\
\
\
\ |+ Target crystal
\
N
-~

\
Crystal target

v +
T-Sensor s I
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.
.
.

Thermal Bath

Cryslal”Target

\‘*le-
3 igh g
3 Light N

\ Charge
‘- . Directional Liquid noble-gas time  Liquid noble-gas
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— Thermal Bath— |
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e.g. CF3I, C3F8
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ASIDE: ELECTRON RECOIL SIGNALS

There are some searches making use of electron recoils:
= Nuclear recoil followed by electron recoil

= |nelastic DM scattering: NR is followed by ER from de-excitation of DM particle of
target nucleus

= Migdal effect: Additional excitation & ionization due to electron cloud following
recoiling nucleus with delay

= Bremsstrahlung: Bremsstrahlung follows an undetected nuclear recoil
= DM-electron scattering:

= Light (MeV) dark matter particles don't have enough momentum to create NR
signals 20



BACKGROUNDS

Understand background Reduce backgrounds. Distinguish signal from
sources. background topologies.

21



I (- = |

= Radioactive isotopes in the
environment and the detector itself:

= Radioactive decays:

= Gamma: environment &
detector materials ER

= Beta: from bulk and surfaces
= (a, n) and spontaneous fission

= Cosmic rays: NR
= muon induced neutrons




[ Radioactive isotopes ] [ Radon ] Neutrinos

Rn emanates from 222
detector materials | 382d | Rn
dust on surfaces

oy 5.6 MeV
218 214 210
160
Po * Po 1384
84 210 / 4

o Bi p 5.3 MeV alpha
Naked beta-decay 210 /5 183 20 (alpha, n) -> neutron
(no accompanying Pb 5d Pb ?eakaegcriZHnCci; oTFE
gamma) low E ER 82 122y 82 peciatly o :

due to fluorine)
Plate-out onto detector 206Ph can be recoil into detector volume

surfaces (T, = 22.3y) and cause complicated wall background

23



[ Radioactive isotopes ] [ Radon

] Neutrinos

1014

— p—
=) <
o0 —

A

[
(a)
[\ @]

\

Neutrino flux [cm%/s/MeV]
2

[
(@)
L

[E—
S

[E—

Ol-h

\

Y

P

8B

DSNB |

_____\5\\\\\\\\

D

= Neutrino fluxes:

= Solar neutrinos (flux predicted by standard
solar model)

= Atmospheric neutrinos: (< 100 MeV
| atmospheric neutrino flux has not been
measured, predictions from simulations)

i = Diffuse supernovae neutrino background

= Neutrino-electron scattering => ER band
= CEVNS => NR band

1

Pk o —————

O_

[=]

10! 102

Neutrino energy [MeV]

103
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BACKGROUNDS

Understand background
sources.

Reduce backgrounds.

Distinguish signal from
background topologies.

25



[Shielding ] [Material screening & cleanliness ] Veto detectors
—6 .
=10 Epp = Deep underground laboratories
. FY2IA 1SC = DULs in EU :
£ [Soudany Kamioka & oifiorBlils = Reduces muon flux (and muon-induced neutrons)
310—7:_ AR
- B ¢ INO ¢ newbULs = Water tank & additional shielding
2§10—8;_ = Lead-shielding
i = Gamma shielding
107

= Neutron absorption & moderation

T lllllll

= Self-shielding/fiducialisation

—-10 I B Lo L1 Lo Iy N
"3 4 5 6 7
Equivalent depth under flat surface [km w.e.]
DOI:10.1088/1742-6596/1342/1/012003

= Backgrounds from surfaces and detector materials
likely to interact towards the outside of the detector

26


http://dx.doi.org/10.1088/1742-6596/1342/1/012003

[Shielding ] [Material screening & cleanliness ] [Veto detectors

= Purification:
= Reduce impurities and radioactivity in target material
= For crystals before and during crystal making
= For gas and liquid detectors online purification

= Material selection: Dedicated screening campaigns to select
radio-pure detector materials

= Gamma-screening
= [CPMS
= Rn emanation

= Cleanliness:

= Ensure minimal depositions on detector surfaces during
construction

27




[Shielding ] [Material screening & cleanliness ] [Veto detectors

= Veto interactions which interact multiple
times within the detector

= Dedicated veto detectors for
= Gammas
= Neutrons

= Muons

28



BACKGROUNDS

Understand background
sources.

Reduce backgrounds.

Distinguish signal from
background topologies.

29




[Annual modulation ] [ Directionality ] ER-NR discrimination

Vearth = Vo + Vy; cos 8 cos[w(t — tg)]

otm == = = | S(6) = B(®) + So H S coslw(t — to)]|

|

O(UO/UH)"’S%

December

30



[Annual modulation ] [Directionality ] [ ER-NR discrimination

= Dark matter “wind” from the
direction of Cygnus

= Measure track direction
= Experimentally challenging:

r < Imm is very short for
keV-scale nuclear recoils

31



[Annual modulation ] [ Directionality ] [ ER-NR discrimination

212 F e
c it R 50t o]
2 1 Mg NI A
,§ : T = Difference in interaction between electron recoil and nuclear
A L O . . L
® s e L recoil leads to different ratio in signals
R T e SRR i = Cryogenic bolometers with 2 readout channels are
DO s R et e .
i e En L O B superior here
0.4 | Kbiiss SRR = Also possible for LXe/LAr detectors but less efficient
02 W AmBe source _ = Pulse-shape discrimination
%"~ EDELWEISS FID |

L ADNR K EL. WA (Y (VT (NN, o D
00 20 40 60 80 100 120 140 160 180 200
Recoil energy (keV)

EDELWEISS [l
https://arxiv.org/pdf/1706.01070.pdf

32


https://arxiv.org/pdf/1706.01070.pdf

ENERGY RECONSTRUCTION

Energy reconstruction

R

[Observed quanta ] [Recoil energy ]

~ 7

Detector response




ENERGY RECONSTRUCTION

We need to understand:

= Detector efficiencies:
= Sensor efficiencies

= Light collection efficiency,
electron extraction
efficiency, etc.

[Observed quanta ] [Recoil energy ]

= Scattering process in target
material

= Signal yields

= Quenching factor y




[ Nuclear recoil ] [ Electron recoil

External neutron sources:

4.50 [

= Spontaneous fission (e.g. 2>2Cf) 15

= Alpha decay + light isotope via (a, n)
(e.g. AmLi)

= Photoneutron sources: Be target + vy
source to produce nearly mono-energetic
neutrons via the two-body reaction

‘Be(y,n)
= DD and DT neutron generators

=€9.2H +2H -> n + 3H

» by
2 o
oy S
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[ Nuclear recoil ] [ Electron recoill ]

LUX-ZEPLIN

T | |
. Preliminary

= Intrinsically present radioactive isotopes or
activation products from neutron calibrations

= Internal sources (liquid and gas detectors)

= inject short lived radio-isotopes (need to
be long-lived enough to distribute in the
detector volume)

S2c bot [phd]

= inject long-lived radio-isotopes which

can be removed by purification T i SN
e =Y o e h :-.1:--'_1';.:.._4,_@'_1-._:_._' _'.-_ :
= External sources (gamma sources) sonicr I
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TYPICAL ANALYSIS OVERVIEW

[ Raw data ] > [ Events ] —> Final event
Event Data quality cuts selection
reconstruction /
Statistical
Analysis \

MC Simulations
[ Background model ] \ /
[ Background PDFs ] L|m|ts or discovery ]
Detector response /
from calibration

37



Cross Section [cm?]

https://arxiv.org/pdf/2104.07634.pdf
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DIRECT DETECTION FRONTIERS

10—42
1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 Illlllll 1 Illlllll 1l llllllll I
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[ Exposure frontier ] [ Low mass frontier ]

LXe and LAr detectors:

Advantage:

- Established detector
design

« Large target mass with
self-shielding

Challenges:
« High voltages
* Rn!

- Accidental coincidences

Cross Section at 200GeV [cm?]

Neutrino fog frontier Nal frontier
1074 g
; = WA 3 " ® Observed Result (90% CL)

107 AV X 20%-exposure Sensitivity
s oo O Sensitivity Goal

E XE I
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ammme) Ciimmme ommme oo —ca——
Shengchao Li, SNOWMASS CF1 Convener’s Report



[ Exposure frontier ] [ Low mass frontier ]

me 2-phase TPCs

PandaX-4T 40t
XENONNT 591t
LZ 7.0t
DARWIN 40 t

LAr single-phase
DEAP-3600 3.6t.

LAr 2-phase TPC
DarkSide-50 46.4 kg

DarkSide-20k 40 t.

\ﬁGO 400 t.

running
running
running
planning

running

running

construction

proposed/

Cross Section at 200GeV [cm?]
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[ Exposure frontier ] [ Low mass frontier ] [Neutrinofog frontier]

Cryogenic bolometers:

Advantage:

- eV, and eV, thresholds
and energy resolutions

«  Two channel readout
leads to excellent
discrimination

Challenges:

«  Small detector volumes —
needs many modules

* Low energy excess
observed in current
experiments

Nal frontier
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[ Exposure frontier ] [ Low mass frontier ] Neutrino fog frontier Nal frontier
55 [ [ [ [ [
10~
10740 B ] I
EDELWEISS
—41
Cryogenic bolometers 0 ; CRESST \\ ‘\ sl
Charge readout — 107 B supercoMS () \\— :
EDELWEISS-subGeV 20 kg in prep E 48 SuperCDMS (Ge) \ \
SuperCDMS 24 kg construction = 10 \ YU
.§ 107+ gﬁ\ s
Scintillation readout g B E zf,_‘
CRESST-IlI 25kg rumning & 10 g v-foor
— =-.- Argon - = Germanium
% 10"~ — Xenon --- CaWo,
— —
O 10—47;F
10—48 i?
10—49 -
IO—SOEII | | lIIIllI | | IlllIII | | lIlIIIl | | IlIIIlI | 11 1 1111
0.1 0305 1 3 5 10 30 50 100 300 1000 3000

10*
13
WIMP mass [GeV/c?]

https://arxiv.org/pdf/2104.07634.pdf



https://arxiv.org/pdf/2104.07634.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.062004
https://arxiv.org/abs/2203.08463
https://arxiv.org/abs/1904.00498

Exposure frontier ] [ Low mass frontier ] [ Neutrino fog frontier]

Nal frontier

lonization detectors:

Advantage:

Very low E threshold (0.1 keVee)

Si CCDs: 3D position
reconstruction and effective
particle ID

Challenges:

Getting to large target
volumes/exposures is difficult

Cross Section [cm?]

1 0—39
1 0—40
1 0—41
1 0—42
1 0—43
1 0—44
1 0—45
1 0—46
1 0—47
1 0—48
1 0—49
i 0—50

G G G G G
EDELWEISS I

SN D e oavic
\\v-— I

SuperCDMS (Si)
3 SuperCDMS (Ge)
-~ \\‘~:_“-‘~ e N

N |

S
coasss o) L
dl N _ o
!!V floor \ NS
— -.. Argon - = Germanium \\} ‘
E — Xenon -.= CaWoO, i ) b A
E
e
Ed RN R EEET Lol R L1111l
0.1 0305 1 3 5 10 30 50 100 300 1000 3000 10* Y

WIMP mass [GeV/c?]
https://arxiv.org/pdf/2104.07634.pdf



https://arxiv.org/pdf/2104.07634.pdf

[ Exposure frontier ] [ Low mass frontier ] Neutrino fog frontier Nal frontier
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[ Exposure frontier ] [ Low mass frontier ] Neutrino fog frontier Nal frontier

Directional detectors:

Advantage:
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[ Exposure frontier ] [ Low mass frontier ] [ Neutrino fog frontier ] Nal frontier
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SUMMARY

Many different methods for
particle dark matter direct
detection searches

Different methods are
complimentary and have
different strengths

Exciting new experiments
coming online




