?

-
-
.
£ o — -
L 55 A

Y ——

|
‘.

] ==

!

mvat
. ‘,_‘




Dark Matter

- -rotational velocity

[km/s) Ly

50000 100000
distance from center (light years]

Angular scale
90°  18° 1 02° 0.1° 0.07°

6000
5000

— 4000
&

K

3000

Dy

2000

1000 l“‘ \1/(/

2 10 50 500 1000 1500 2000 2500
Multipole moment, ¢



£2dark energy
=
(V)]

Dark Matter

L5

[
)

‘Combined g

Dark Energy




10-18

: ‘ — PRIMORDIAL
a ﬂ BLACK HOLES @
C/‘ | / ‘ﬂ I Mass range
/ ’ ~1to ~30
solar masses

ULTRALIGHT 10-16
DARK MATTER

Mass range
~10-22 eV to ~10-¢ eV

Experiments
LIGO/Virgo

Experiments

10z% = 1/ /S /S
CASPEr, MAGIS-100 <\ \ | : Z&

Mass range
~1 GeV to ~1 TeV

\
RN R RN E R RN RN R RN RN RN RN ERNE

W hat Could

X - - Experiments
10- — Dark Matter XENONNT,
Be o PandaX-4T,
: LZ, CRESST, DAMA,
COSINE-100

10-¢
AXIONS SUB-GeV

OQ)O Mass range
~10-6 eV to ~10-3 eV

DARK MATTER Q%;
Mass range O
~1 keV to ~1 GeV
Experiments
SENSEI, TESSERACT

Experiments
ADMX, MADMAX,
QUAX, CAPP-8TB
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Image credit: Samuel Velasco/Quanta Magazine
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WIMPs and Neutrons
scatter from the
Atomic Nueléss

Photons and Electrons
scatter from the
Atomic Electrons.

direct
-

--—->

* —
indirect

production

© NASA E/PO, Sonoma State University, Aurore Simonnet.
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Direct Searches
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e Rare (<0.0001 /kg/day), low-energy (~keV) scattering of thermal relics (e.g. galactic WIMPs)
o Very sensitive detectors operating underground

o Elastic scattering off nuclei, spin-independent, spin-dependent, EFT operators, inelastic scattering, electron
scattering, annual modulation, signal directionality, ... 7



Direct Searches
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Direct Searches

Liquid Xenon
—— DarkSide-50 (Time Projection

— DEAP-3600 Chambers)
~— SuperCDMS
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WIMP Signals in a Dual-Phase Xenon Detector
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https://docs.google.com/file/d/0B6f7ql_g_YvIUE5QVGc1Z2xOdm8/preview

Extremely low-background construction

Plasma
Interface
Plasma gas Quadrupole
Auxiliary j Torch ~
gas
33‘“Pa Zar:tam __II
1.17min (67
1um (234 230 " Carrier”
horium g0 %0 [ hjrorem gas t chamber
234 75380 #230 sample pete
v lector
- Nebulizer fon Jans
o T
In ow petry, NAA
| Electronics t
— = Radium 0 I
Ty 5 024 042 030 000 S oo 0001 1,602Yr
S amm dm ;i s as s | o | oo = “HV e =
ce  H OB OB B B OB ¥ BB a et $i PIN Diode
s oAb s R oF 0% 4w | oo | om
aommm B8 B O£ F OH BB
(R . - . dh om on n | o | e 222 Stelnless Voessl —»
Cryostat Veeesl 24095 170 om 030 o025 ofo o84 arz oo lainless Vessel
Chost e Dr o Gam o me s . ;o s | om | omr aeRn
CEAE gy
T2z 65 i E 218 stal L
RS 8 o [ AtL:
. B
T P
=
213 . o 210 lonium
) 3T —\164.3 1 se: B_ 138day
214 9 #)Bismuth 210 gy & |Bismuth
. Bl 214 _| & 210
Omi 6% B 5day
ead 5
14 . 10 | 06
[0} a
DSCO,
Thallium hallium
210y | 06
ercury
06 |
S =




log10(S2/S1)
N N N w
> o ® o

N
N

0 5 10 15 20 25 30

Liquid Xenon TPCs

ROI + Single scatter

S1 [phd]

T

PARTICLE
DISCRIMINATION

.
.
.
.
.
.
.
.
.
.
.
- .
51 ==
e - - n
N L = .
- Sem .
60 & = =. =
B - =. [}
B = .
o .
- -5 .
40 C - B =
- .
B & [}
[+ .
20— = ]
L .
B .
.
ok : s .

0 1000 2000 3000 4000 5000

12 [cm?]

T

3D EVENT VERTEX
RECONSTRUCTION

cts /tonne /year

ROI + Single scatter + vetoes

140 = eI =
B - P X
120 =t
- - - L}
- "
T
F = =
100 == e
L [ 8
- m
r = ~ a
=80} .
5 =
~ [ =
60— - -3
I (Y
L -
B -
40r 3
- - E_
.
- = Ly
20— - el
- - -
5 ]
L - e
0 - - .
0 1000 2000 3000 4000 5000

r2 [em?]

T

ANTI-COINCIDENCE
VETOES

cts /tonne /year

13



Liquid Xenon TPCs

ZEPLIN-II XENON10 ZEPLIN-III XENON100 PANDAX-II XENON1T
7Y : ‘ AN

15 kg 580 kg
(5 kg) (362 kg) (1,042 kg)
2007 2007 2008 / 2010 2013 2016 2017

6.6x103 cm? 8.8x10** cm? 8.1x10** cm? / 3.4x10* cm? 3.4x10% cm? 2.5x104% cm? 7.7x10%7 cm?
14




Liquid Xenon TPCs

PANDAX-II XENONAIT PANDAX-4T

XENONNT

494 TPC-PMTs (253 top, 241 bottom) -
+ 131 skin-PMTs

2000 kg 3,700 kg 7,000 kg 5,900 kg

(1,042 kg) (2,670 kg) (5,600 kg) (4,000 kg)
2016 2017 2021 2022 + 3 live years 2022 + 5 live years
*
2.5x10 cm? 7.7x10% cm? 3.8x10% cm? 1.6x108 cm? 1.6x10%8 cm?

15



NIM A953 (2020)163047

LUX-ZEPLIN (LZ)

16



https://www.sciencedirect.com/science/article/abs/pii/S0168900219314032?via%3Dihub

LZ: First Results!
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https://arxiv.org/abs/2207.03764 U



https://arxiv.org/abs/2207.03764

LUX-ZEPLIN (LZ): Sensitivity projection (1000 day)

SI WIMP-nucleon cross section [cm?]
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XENONnT

arXiv:2207.11330

Background rate:

16.1 +/- 1.3 events/(tonne.year.keV)

19


https://arxiv.org/abs/2207.11330

XENONNT: First Resu
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https://arxiv.org/abs/2207.11330

Direct Searches: The 3rd generation ('G5’
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‘Generation-3" (G5

e High stats confirmation/measurement or explore remaining ‘accessible’ WIMPs

e Size + low-background + NR + ER = Much science beyond standard WIMPs
o Neutrinoless double beta decay; low-energy solar neutrino flux; solar axions;

galactic axion like particles: supernovae; sterile neutrinos; ...

1074 -
N 135
S
Pj‘/ 114115
10745 — T o
. 7*} . =
g o
= o N
€107 éw\\“‘
1047
2 5 10 20 50 100 200
M, [TeV]

G3 white paper: arXiv:2203.02309
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The XLZD Consortium DARWIN i

MOU between LZ, XENON, DARWIN to construct G3 (~600 scientists)
G3 white paper: arxiv:2203.02309 (~700 authors)
See xlzd.org for more

DARWIN

LUX-ZEPLIN - e ‘ i e s ting. KIT, June 2022

23



https://xlzd.org/

Direct Searches
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DEAP-3600 @ SNOLab ((anada)

Single phase LAr, 3.6 Ton (1 Ton fiducial); 255 8" PMTs

Pulse shape discrimination (PSD) for particle ID

E.. ~ 39 keV determined by PSD (*Ar p-decay, 1 Bq/kg, Q-value ~550 keV)
Promising initial (4.4 day) run but latest result suffers from ‘neck backgrounds'’

o 231 day exposure, S.I. limit above 3.9 x 10% ¢cm?(2019)
o Expect some improvement from PLR analysis (ongoing)

NATIONAL
CEOGRAPHIC

WIMP-nucleon og [cm?]

= Observed limit
——————— Median expected sensitivity

F 6x 1048 cm?at 30 GeV
L | Lol

10' 10° 10°
WIMP Mass [GeV/c?]
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DarkSide-50 @ Gran Sasso (ltaly)

e 50kgLArTPC

o Installed 2012

37 kg fiducial volume

PSD with S1, S2 signals for position

TPB wavelength shifter; ITO on quartz as electrodes
First use of UAr (°Ar depleted)

o O O O

Top PMT array

= PMT mount and
/ reflector

Energy [keV, ]

Diving bell
- = - 0o 20 40 60 80 100 120 140 160 180 200 : ! =
E 180 . —':0 s 1; 5 T T T T T T T T T 500 Boiler for gas pocket 1 = 76 aRsde
= E § 0.9
& - —-500 2 Extraction grid
8378 (13 ” 3 § 0. 8w " 400 Field cage rings 1
- L —-1000 ©
) - = = 0.7HEEEE.S . - . P eeooercwn. - - PTFE reflector
376 =5 o = 3
RATeC —-15005
. t : E 0-6 300 e ]
374 drlft —-2000 % & 0.5 8 j ITO cathode
- 4. 0.4 N > e
372 o-2500 200 ped Xz = - i Cathode window
- 3 0.3 3t
C e - —-3000
C = 0.2 100 Bottom PMT array
10 —-3500
o E 0.1
36807, v 1l e b e T T T ) 174000 1) = SR AR W SRS O S L. Lottt ettt Lt 0
0 20 20 60 B0 100 _iz0 140 —1so 180 (] 50 100 150 200 250 300 350 400 450
sample time [us] S1 [PE] arXiv: 1802.07198
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DARKSIDE-20k @ Gran Sasso (Italy)

e DarkSide-20k

O

o
(@]
o

e

AN
el B

_ 5cm x 5 cm f
>400x scale-up from DarkSide-50 for 23 ton LAr 2-phase TPC tiled SiPM

Design employs large-area cryogenic SiPMs for light readout

Ops. planned from ~2025; 5+ year exposure

Alternative target useful for (high-mass) WIMP confirmation
m  Sensitivity comparable to LZZXENONNT at high masses

=&
g 2000; Entries 200126
" =
E 1800}~ Gain: 63.2
1600f~ o, 6.42
1400} SNR: 14.3
12000+
10001
5 3
800[—
S i
soof— | : i1
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Direct Searches
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Direct Searches
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Super(CDMS @ SNOLab (Canada

1.4 kg Ge and 0.6 kg Si crystals

Targeting <10 GeV/c? mass range

O

O

Sensitivity to sub-GeV dark matter
Band gap in Ge is 0.7 eV, Siis 1.1 eV
Energy thresholds in tens of eV range
Operation at SNOLab from 2023/24

Si crystal/

Fiber optic

phonon sensors

Crystal holder

Dilution refrigerator
sample stage (30 mK)

Bias voltage line
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Direct Searches
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WIMP Wind
——

CYGNO (Directional R&D)

e DRIFT: Directionality pioneer based at Boulby
o DRIFT-lle testing large area thick GEM readouts

December

e CYGNUS: International collaboration of directionality experiments
o 25 institutes (Australia, China, Italy, Japan, UK, US)
Negative ion SF +He target
Distributed network of 10 m? detectors at different latitudes
New sites at Stawell (Australia), Boulby (UK), Gran Sasso (Italy) for CYGNUS-UNDER 1m? test

o
o
o

B neutrino recoils WIMP recoils CYG N U S
o 1.6 keV 1.6 - 33keV 3.3- 5keV
Sep. 6
Max. separation »
between WIMP
and neutrinos
-:—
o 001 002 003 004
Feb. 26"‘
Min. separation
between WIMP
and neutrinos
-:—

0 100 200 300 400 0 5 0.01 0.02 0.03 0.04

33
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Direct Searches
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WIMP-neutron ¢, [cm?]

WIMP-proton o&y, [cm?]
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Acoustic Sensors
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Experiments
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Mass range
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Image credit: Samuel Velasco/Quanta Magazine



ADMX-Gen? @ Washington (USA) (R

e Axions from QCD symmetry breaking mechanism
o Light (order 10 ueV) pseudoscalar, stable particles
ADMX-Gen2 is a Dark Matter axion search using a tuned electromagnetic resonator in a magnetic field

e Developing active cavity resonators to enhance rate of axion mass coverage

10.7 MHz 35 kHz
GHz CROWS  jiypol
ABRA OSQAR
10 cm s 1
olar v
— : CAST
Integration: | smsec | oo [ S0sec o eutron stars Horizontal branch

Resolution: | 125Hz 0.02 Hz EE

Maxwellian Fine-Structure %_ z

— °F

AE/E ~10-17
*\\I)F
AE/E ~10-6

High-resolution channel for =
non-thermalized axions ﬁ‘
+ Improved search sensitivity o
« “Movie” of galactic formation -« =
2 = @
Frequency =
Maxion (energy) @

1050700 0 00 T 0 0 1 e P Pt A 48 4@ A 48t P 4 4

mg [eV]
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GNOME Network

Optically Pumped atomic Magnetometers (OPM): used to measure coupling between
atomic spin and transient events of axion-like fields

o ..like the crossing of domain walls
Coincident measurements between two or more instruments around the globe to
reject false positives

Impinging direction from triangulation if many instruments
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Quantum Sensors

Many more techniques including Atom Interferometry (e.g., AION), quantum haloscopes (e.g., Mudhi), etc.,
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Prospects’
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Unexplored electroweak parameter space to neutrino fog will be searched

o LZand XENONNT first results published - full exposures in 3-5 years

o  XLZD for G3 construction: “ultimate” LXe rare-event search observatory
Low-mass & ultra-light models being explored with many new technologies, incl. quantum sensors
Clues from astro/dynamics/cosmo-particle physics most welcome!
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