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Evidence for Dark Matter

Mon. Not. R. Astr. Soc. 249 (1991) 523.
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B Ample evidence over different distance scales 591 _
> Galactic rotation curves i NGC 6503 7
» Clusters of galaxies
> Early and late cosmology
» Cosmic microwave background
» Large scale structure formation
» Bing Bang Nucleosynthesis
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The Abell 1689 galaxy cluster. Credit: NASA, ESA, the Hubble Heritage Team (STScl/AURA),
J. Blakeslee (Herzberg Research Centre, Dominion Astrophysical Obs.), and H. Ford (JHU)
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Dark Matter: what do we know

m What we know about Dark Matter Dark Matter Particle (X°)
Non-Baryonic
Mostlv “cold” XY mass: m =7
OStY cold o X0 spin: J =7
Electrically neutral (or milli-charged?)  x° parity: P =2
“Weakly” interacting A lifetime: 7 =7 | j
X"V scattering cross-section on nucleons: ?
Qpbwh2=0.120+0.001 20 orod 16 DR .
production cross-section in hadron colliders: ?
Stable or Tom>Tu X0 self-annihilation cross-section: ?

The Abell 1689 galaxy cluster. Credit: NASA, ESA, the Hubble Heritage Team (STScl/AURA), e s Credit: ESA/Planck Collaboration
J. Blakeslee (Herzberg Research Centre, Dominion Astrophysical Obs.), and H. Ford (JHU)
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Dark Matter: what do we know

& What we know about Dark Matter IDafk Matter Particle (X°\|

Non- Baryonlc o

XY mass: m =7
Electrically neutral (or milli-charged?)  x° parity: P =2 &
“Weakly” interacting X7 lifetime: 7 =7
Qpmh2=0.120+0.001 XY scattering cross-section on nucleons:

X0 production cross-section in hadron collide

Stable or Tom>Tu X0 self-annihilation cross-section: ?

The Abell 1689 galaxy cluster. Credit: NASA, ESA, the Hubble Heritage Team (STScl/AURA),
J. Blakeslee (Herzberg Research Centre, Dominion Astrophysical Obs.), and H. Ford (JHU)
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Wide field of possibilities!

Dark Sector Candidates, Anomalies, and Search Techniques
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Small Experiments: Coherent Field Searches, Direct Detection, Nuclear and Atomic Physics, Accelerators Microlensing
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Cosmic visions
arXiv:1707.04591
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Wide field of possibilities!

Dark Sector Candidates, Anomalies, and Search Techniques
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Axions and ALP searche

=
m Mostly relying on axion-photon coupling % -
m Haloscopes < B

» DM Axion/ALP field coupling to static B-field 1o

z Direct DM search o
m Helioscopes e
m Laboratory experiments 1072 -

10-13 aloscopes

& Axions produced on-site .
e Light shinning through the wall (LSW) 101

10—16
Preamp —-17 e
10
II> FFT Re onant CaVItIe 10—18 ool | I T T T Y N T Y N S A
S S 10~ 107 107" 107 107* 107! 10 10° 10° 107 10°
— me(eV)
M A § Photon
E Y E & detectors
1Y
4 M/J\\ MAGNET MAGNET
X J ! Olp----c__ . wl Iae -
Cavity m, ] — L P ——
— Frequency B @ || L o e e e - I —————————————

PHTT1111111 e Dielectric MAGNET \ / MAGNET

Matched Fabry-
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™ Prog. Part. Nucl. Phys. 102 (2018) 89
~ Experiment status B (T) L (m) Inputpower (W) fBp Br  gay|GeV ']
-l ALPS-T [433] completed 5 4.3 4 300 1 5%10~8
| CROWS [435]  completed 3 0.15 50 10* 10 9.9x1078(*)
OSQAR [434] ongoing 9 14.3 18.5 - 3.5x1078
| ALPS-II [436] in preparation 5 100 30 5000 40000 2x10~H
ittt ALPS-III [437] concept 13 426 200 12500  10° 10712
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International AXion Observ

X-ray optics
JINST 9 (2014) T05002 I
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X-ray detectors
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® Next (4th) generation Helioscope
» Building on the success of CAST
» Following the BNL and Tokyo experiments
» Search for axions/ALPS produced in the sun
> Inverse-Primakoff effect (a + y* — y)
» 21 institutes from 8 countries
z babylAXO to be hosted at DESY
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Axions and ALP searches prospects

arXiv:2104.07634
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oD

Transparency

Photon coupling g, [GeV]
—
o

. -'"m . - l .
l "
| =
g I £
.: 7o ||
: = 1) -
] AlPsasDark < » Z
3 Matter =
%1013} 2 5
% 1 | & QCD dark matter axion
.g | pre-inflationary scenario
LS o .! | x
: N b QCD dark matter axion
I | p’ Post-inflationary scenario
10-15 ’ i | 1 ”
Iy ';‘\ * - QCD axion in tension
e ’Q@\ *Q"'( with astrophysics
| e Q
LC Circyisnns i 9 o
10-17 § ——r — —_——
107 106 105 104 1073 102 0.1 1
Mass [eV]

K. Nikolopoulos / 14 June 2022 / Direct Dark Matter searches

UNIVERSITYOF
ER

¢-:5 BIRMINGHAM



Wide field of possibilities!

Dark Sector Candidates, Anomalies, and Search Techniques
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Small Experiments: Coherent Field Searches, Direct Detection, Nuclear and Atomic Physics, Accelerators Microlensing
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Wide field of possibilities!

Dark Sector Candidates, Anomalies, and Search Techniques
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Dark Matter Detection
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Standard Halo Model

B Standard Halo Model

2 Spherical Dark matter halo
2 |sotropic Py

2z Maxwell velocity distribution s ¢
2z No substructure -
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Standard Halo Model

B Standard Halo Model

2 Spherical Dark matter halo
2 |sotropic P
Maxwell velocity distribution I —) |

No substructure -

ElLocally...
DM density is p~0.3-0.4 GeV cm-3
2 Solar system travelling through “DM Wind”
Flux: 107/my GeV cm-2s-1
Motion of Earth — velocity time dependent
Annual modulations in DM flux
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Standard Halo Model

Phys.Rev.D 99 (2019) 2, 023012

B Standard Halo Model
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Gaia sheds new Ilght on DM in our neighbourhood
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Dark Matter Direct Detection
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Dark Matter Direct Detection

0.1 R 4

.
0.. “
L 4 ¢‘

09~220 km st

E R O (keV)

B Many handles to confirm possible signals
» Recoll energy distribution
» Seasonal flux variation
» Directional detection
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Dark Matter Direct Detection

0.1 R 4

L )
0.. “
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m Experimental challenges
» Rare events searches
» Low recoll energies
> Large backgrounds
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Recoll energy distribution
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Deep underground laboratories

B Low background requirements: suppress cosmic rays
» >10 laboratories in operation worldwide
» Material screening facilities
» HPGe, a-counting, ICP-MS
» Copper electroformation
» Exchange of expertise among laboratories
z Multidisciplinary research
» Geophysics, Biology

#
ﬂ |
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Deep underground laboratories

B Low background requirements: suppress cosmic rays
» >10 laboratories in operation worldwide 2 S
» Material screening facilities
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Deep underground laboratories

B Low background requirements: suppress cosmic rays
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High purity materials

® Copper common material for rare event experiments
» Strong enough to build gas vessels
z No long-lived isotopes (67Cu t1,2=62h)
» Low cost/commercially available at high purity
® Backgrounds
» Cosmogenic: 63Cu(n,a)69Co from fast neutrons
» Contaminants: 238U/232Th decay chains

4N Aurubis AG Oxygen Free
Copper (99.99% pure)

» Spun into two hemispheres
» Electron-beam welded together
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High purity materials

® Copper common material for rare event experiments
» Strong enough to build gas vessels
z No long-lived isotopes (67Cu t1,2=62h)
» Low cost/commercially available at high purity
® Backgrounds
» Cosmogenic: 63Cu(n,a)69Co from fast neutrons
» Contaminants: 238U/232Th decay chains
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| » Electron-beam welded together
218 214 210
Po Po Po
84 sim 214 /84160us 210 /84 138 d
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Pb Pb Pb
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High purity materials

® Copper common material for rare event experiments
» Strong enough to build gas vessels
z No long-lived isotopes (67Cu t1,2=62h)
» Low cost/commercially available at high purity

® Backgrounds

» Cosmogenic: 63Cu(n,a)69Co from fast neutrons
» Contaminants: 238U/232Th decay chains
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4N Aurubis AG Oxygen Free
Copper (99.99% pure)

» Spun into two hemispheres
» Electron-beam welded together
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High purity materials

® Copper common material for rare event experiments
» Strong enough to build gas vessels
z No long-lived isotopes (67Cu t1,2=62h)
» Low cost/commercially available at high purity

® Backgrounds

» Cosmogenic: 63Cu(n,a)69Co from fast neutrons
» Contaminants: 238U/232Th decay chains
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~10 uBa/kg

238 234
U 99.84% U
92 s5ay 234m /92 250 k \234
v Pa 016% ¢ Pa
234 /91 1.2m 230 91 6.7 h
Th Th
90 Au 24d
506 Gas at normal conditions:
Ra found in the atmosphere
88 1.6 ky g .
// breaks secular equilibrium
222
4 :
g5 - Long-lived!
218 210
Po Po
84 s1m 84 1384
214 206
Pb Pb
82 27 m 82 Stable
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4N Aurubis AG Oxygen Free
Copper (99.99% pure)

» Spun into two hemispheres
» Electron-beam welded together
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High purity materials

B Low background a-particle counting

» Background suppression through pulse

234
Pa

91 67n

shape discrimination @(\\
\OY
QG
6@
X
D
Q@
238 234
U 99.84% U
9245@ 234”] 922mw
! Pa o " -
234 /91 1.2m 230
Th Th
90% 24 d
226
Ra
88 1.6 ky
222
Rn
86 354
218 214
Po Po
84 3.1m 214 /84 160 us
v Bi v
214 /83 2m [0
Pb Pb
82 27 m 82 22y
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210
Bi

83 sd

210
Po
84 1384

)

y

206

Pb
82 stavle

e

2 7300
5 6800

8
— < 6300
| = Guard signal

5800

Rejected: Ceiling
Anode
Guard

e
Accepted: Sample Alpha

Anode
8 73001 G jarg
S 6800
=1
2 6300

5800 0 100 200 300
Time (ps)

XIA UltraLo-1800

— 0 100 200 300

(' Anode signal 1 Time (ps)

|
-\ Electrodes S \

(05}

B
[
]
I

Rejected: Sidewall

» 6800

2

5 6400

8

2 6000
5600

0 100 200 300
Time (ps)

https://www.xia.com/ultralo-theory.htmi
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High purity materials

B Low background a-particle counting

» Background suppression through pulse

shape discrimination

o

K. Nikolopoulos / 14 June 2022 / Direct Dark Matter searches

238 234
U 99.84% U
92 4.5 Gy 234m 92 250 ky\234
v Pa f(ois% - v Pa
234 /91 1.2m 230 91 6.7 h
Th Th
90 Au 24d
226
Ra
88 16 ky
222
Rn
86 ssd
218 214
Po Po
84 3.1m 214 /84 160 us 210
| Bi | Bi
21 4 /83 20m 21 O /83 5d
Pb Pb
82 27 m 82 22y

206

Pb
82 stavle

Bulk Activity [mBq/kg]

& -
— | = Guard signal 5800

Rejected: Ceiling

Anode
32 7300 Guard

5 6800

8
2 6300

0 100 200 300
/' Time (ps)

(. Anode signal
|

_i Electrodes /

E-field

e
Accepted: Sample Alpha

(05}

Rejected: Sidewall

5800

Anode
8 73001 G jarg
S 6800
=1
2 6300

» 6800
2
5 6400
8
2 6000

0 100 200
Time (ps)

XIA UltraLo-1800

300 5600 0 100 200 300

Time (ps)

https://www.xia.com/ultralo-theory.htmi

1004

+}+  Total measured bulk ?1°Po
&= Total modelled bulk 21%Po
&== Total modelled bulk 21°Pb

0.0

05 1.0 15
Time [years]

2.0 25
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High purity materials

B Low background a-particle counting

» Background suppression through pulse

shape discriminatio

n

o

Pa

6.7 h

29+10 (stat)*°.3 mBqg/kg

210

Bi

5d

238 234
U 99.84% U
92 4.5 Gy 234m /92 250 ky\234
v Pa 016% ¢
234 /91 12m 23(0) o1
Th Th
90 Au 24 d
226
Ra
88 16k
222
Rn
86 3sd
218 214
Po Po | |
84 3.1m 214 /84 160 usv
} Bi
214 /83 = (1o 1)/ 183
Pb Pb
82 27 m 82 22y

206

Pb
82 stavle

Rejected: Ceiling
Anode

-‘2 7300 Guard
5 6800
8 6300
*Guard signal <
— 58000 100 200 300
(' Anode signal 1 Time (ps)
|

_i Electrodes /

E-field

e
Accepted: Sample Alpha

(05}

Rejected: Sidewall

5800

Anode
8 73001 G jarg
S 6800
=1
2 6300

» 6800
2
5 6400
8
2 6000

0 100 200
Time (ps)

XIA UltraLo-1800

300 5600 0 100 200 300

Time (ps)

https://www.xia.com/ultralo-theory.htmi

1004

Bujk Activity [mBa/kg]

+}+  Total measured bulk ?1°Po
&= Total modelled bulk 21%Po
&== Total modelled bulk 21°Pb
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High purity materials

B Low background a-particle counting

» Background suppression through pulse

shape discriminatio

n

210 Pb

4N Copper

M\

210 Po

210 Bi

o

_at

1l

86 3sd

218
Po
84 3.1m

214

Pb
82 27 m

y
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214

Po
84 160 us

210

Pb
82 22y

Rejected: Ceilin:

2 7300

o Q
R

@ 5 6800
[— = Guard signal 5800
0 100 200 300
[ Anode signal 1 Time (ps)
\
_Q Electrodes/ \
> - vz
Gas
» Alpha Rejected: Si:;ewa/l
., 6800 Af;‘;fe
I §6400 G
& 6000
)0 300 5600 0 100 200 300
Time (ps)
" ?/
»m/ultralo-theory.html
: o* "
]
| ]
4 Total measured bulk 21°Po
v . Total modelled bulk ?°Po
’ ~ Total modelled bulk 21°Pb
l"..:
. ... .
20 /
PO / | ‘ ! ! T
0.0 0.5 1.0 1.5 2.0 2.5
21 O k Time [years]
Bi
v NIM A 988 (2021) 164844
83 5d 206
Pb
82 stavle
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Copper Electroplating

Internal shield: add a layer of extremely radio-pure copper

NIM A 988 (2021) 164844
K. Nikolopoulos / 14 June 2022 / Direct Dark Matter searches b 18



Copper Electroplating

Internal shield: add a Iayer of extremely radio-pure copper

To Pump and Filter E—————— T "

To Power Supply E

Electroplatlng setup at LSM Y N\

NIM A 988 (2021) 164844
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Copper Electroplating

Internal shield: add a Iayer of extremely radio-pure copper

To Pump and Filter P —— |

To Power Supply

T ] T T T T I T T T T I T T T

.
1))
T T I T

e Polishing and Plating

— o Absolute Amount Plated

©
N

Average Thickness Change [mm]
o
T

.
oillllllllllllllll

~36 1um/day

1 l 1 L 1 1 I 1 1 | L I 1 1 | 1 I 1 L
5 10 15 20
Time Since 09:36 01/08/2018 [days]

Electroplatlng setup at LSM 7”7 | ‘

NIM A 988 (2021) 164844
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Copper Electroplating

Internal shield: add a layer of extremely radio-pure copper
T o — Vi - ... L7

A

Stainless

Steel Ring Conductivity Probe e

T T I 1 T T T I T T T T I T T T T I T T T

Inner Hemisphere

o
o

e Polishing and Plating

Detector Hemisphere

o
I

Illlllllllllllllllllll

o Absolute Amount Plated

o
\S

o
—

o—ﬁ..,.'

Average Thickness Change [mm]
o
w

~36 1um/day

"lllllllIllllllllllllllllllll‘

L 1 I 1 L | 1 l 1 1 | 1 l 1 1 | 1 I 1 L |
5 10 15 20
Time Since 09:36 01/08/2018 [days]

= ~ ~

_— LN

Weight 232Th =8y
Sample [g] [uBq/kg| [uBq/kg]

C10100 Cu

(Machined) - 8716 279+1.9
Cu

Electroformed <0.119  <0.099

Hemisphere 1  0.256 < 0.58 < 0.26
Hemisphere 2 0.614 <0.24 <0.11

NIM A 988 (2021) 164844
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Direct Detection Signals

Cryogenic Superheated
bolometers liquids

'PHONONS / HEAT

Cryogenic bolometers
with charge readout

Scintillating cryogenic

N e

Germanium Scintillating
detectors crystals
lCHARGE ‘ J.Phys. G43 (2016) 013001 LIGHT
Directional I&'qul'd r?oblet-_gas Liquid noble-gas
detectors ual-phase time detectors

projection chambers

B Nuclear recoil deposits energy in several forms
B Experiments sensitive to one or more of these

2 Multiple signals — background suppression
K. Nikolopoulos / 14 June 2022 / Direct Dark Matter searches s 19



Direct Detection Signals

Ge, Si CRESST
SuperCDMS

EDELWEISS

Cryogenic Superheated
bolometers liquids
l \ 'PHONONS / HEAT /

Cryogenic bolometers
with charge readout

CaWO4: CRESST
Nal: COSINUS

Scintillating cryogenic

Ar: DEAP-3600

i Csl: KIMS
_ Germanium /-~ T« . Scintillating Nal: ANAIS
gi%gg? detectors crystals DAMA/LIBRA,

' ' COSINE, SABRE
Si: DAMIC, SENSEI CHARGE ‘ JPhys. G43 (2016) 013001 LIGHT ,
Ar, Ne: TREX-DM C i ‘ y &
He:SFs: DRIFT/CYGNUS Directional g'fag‘lld r?:sbeleti?j Liquid noble-gas '

Ag, Br, C: NEWSdm / detectors : pt' hamb detectors
H, He, Ne: NEWS-G projection Champers

Xe: LZ, PandaX-4T, XENONNT, DARWIN |
Ar: DarkSide-50, DarkSide-20k, ARGO i

B Nuclear recoil deposits energy in several forms /(
B Experiments sensitive to one or more of these "

| 2 Multiple signals — background suppression XENON-1T
K. leolopoulos / 14 June 2022 / Direct Dark Matter searches & ervmemav 19



Landscape of Direct Detection searches
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Landscape of Direct Detection searches
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Landscape of Direct Detection searches
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Landscape of Direct Detection searches
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Landscape of Direct Detection searches

10—32
=(» LUX (M) arXiv:2104.07634
N\ ‘
1073 4z, ~__CRESST (Surf)
107°° (PG/VO
— N EDELWEISS (Surf)
= 1078 D
o | —NEWS-G
— \ DAMA/Na
5 10— R > _DAMIC DAMAII
. y— / R N
5 f CDMSMEL \~ \\\\ =
O 1 H DarkSide-50 @2) .
»vn 107 K] | N\ \ SuperCDMS \side-30
7 | XENOMAT (52) <% EDELWEISS w
e 10744 T 7 UX
U = v-floor T — — XENON\T
- . -/_,
1 0_46 e p— - P aﬂ(‘_\‘&X
10748 B/ K
10—50 Il| ] ] IIIIII| ] ] IIIIII| | ] IIIIII| | ] IIIIII| ] I

0.1 0305 1 3 5 10 30 50 100
WIMP mass [GeV/c’]

K. Nikolopoulos / 14 June 2022 / Direct Dark Matter searches

300

1000 3000 10°

E97  UNIVERSITYOF
&y BIRMINGHAM

20



Landscape of Direct Detection searches
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Landscape of Direct Detection searches
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ILLLLLLL

—_—

= SuperCDMS
i 1 1 | 1 Ll 1l I 1 1 | 1 Ll 1l I 1 1 1 1 L1 1l
2 3 5 10 20 30 50 100 200 500 1000
WIMP Mass [GeV/c?]

Isotope Z Abundance Spin Unpaired Nucleon Relative Strength
g 9 100.0% 1/2 proton 100
ZNa 11 100.0% 3/2 proton 12
2TA1 13 100.0% 5/2 proton 22
26 14 4.7% 1/2 neutron 11
BGe 32 77% 9/2 neutron 34
1271 53 100.0% 5/2 proton 24
129Xe 54 26.4% 1/2 neutron 47
BlXe 54 21.2% 3/2 neutron 18

J.Phys.G 46 (2019) 10, 103003

UNIVERSITYOF
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Landscape of Direct Detection searches
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Landscape of Direct Detection searches
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irect Dark Matter searches
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SuperCDMS
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2 3 5 10 20 30 50 100 200 500 1000
WIMP Mass [GeV/c?]

Isotope Z Abundance Spin Unpaired Nucleon Relative Strength
YF 9 100.0% 1/2 proton 100
ZNa 11 100.0% 3/2 proton 12
2TA1 13 100.0% 5/2 proton 22
26 14 4.7% 1/2 neutron 11
BGe 32 77% 9/2 neutron 34
1271 53 100.0% 5/2 proton 24
129Xe 54 26.4% 1/2 neutron 47
BlXe 54 21.2% 3/2 neutron 18

J.Phys.G 46 (2019) 10, 103003
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Liquified Noble Gas Detectors

m Single and two-phase Ar and Xe detectors -

»Highdensity T g
» Massive and compact DM targets
» Exceeding tonne-scale already

z Scintillation: 128 nm Ar, 178 nm Xe

» Xe: efficient self-shielding, no long-lived isotopes,
discrimination with S2/S1

2 Ar: pulse shape discrimination for electron/nuclear recoils

» Energy threshold mostly depends on light read-out (1keV) Liquid—
» Low mass searches using S2 only

'i"l"l“!'l"" ES

J.Phys.G 46 (2019) 10, 103003

DarkSide-50 - L7
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Xenon Detectors

XENON 10 (LNGS)
ZEPLIN (Boulby)

9070
XENON 100
LUX (250 kK
SURF),

- PANDA-X

XMASS
(0.8t, Kamioka)

1000 kg

10—44 | XENON 1T
[Dlllll 1 |||||||| L1111
45 I WP T
10~ WIMP mass [GeVic?] B {zﬁm
. o
104 J E
1(]_”-—llll \ Lol \ ' B B B

10! 107 17
WIMP mass [GeV/c?]
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500 kg, CJPL)

(1t, LNGS)

PandaX-4:(4t, CJPL)
XENONNT: (6t, LNGS)

LZ: (7t, SURF)
10000 kg

Future: DARWIN: 50t
Slide: J. Monroe (RHUL)

UNIVERSITYOF
BIRMINGHAM
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Rubbia C., CERN-EP-INT-77-08 (1977)
WARP

10 kg 9070 DS-50
(50 kg,

Argon Detectors

DS-50: leading Sl limit at 1-5 GeV/c2 for
WIMP-nucleus and WIMP-e scattering

Phys. Rev. Lett.121.081307 (2018)

= DS-50 2018

.... DS=50 Binomial Fluctuation
— - DS-50 No Quenching Fluctuation
—— NEWB-G 2018 ) — — CDEX-10 2018

[
S
I:li!l';l TYl-ﬂ'ﬂ'l] II:IllﬂTl IEIIII"|| |IIII|"] IIIII|'|T|_|_|_|'|T"|'|

woe LUK 2017 — XENON1T 2017

vdark Matter-Nucleon Gg; [cm?]

— PICO-60 2017 PICABBD 2017
10—43 -.-.CDMBLite 2017 —— CRESBT-III 2017
—:= EDELWEIBS-III 2016 PandaxX-II 2016
XENON100 2016 DAMIC 2016
— — CDEX 2016 CREESBT-II 2015
10—44 =.=.BuperCDMs 2014 coMslite 2014
COGENRT 2013 CcDME 2013
CREBET 2012 DAMA/LIBRA 2008
neut.rmn Floor
10_45 1 1 l 1 H 1 1 i H 1 1 I
6><10 1 2 3 4 5 678910

My [GeV/c2?]
Global Argon Dark Matter
Collaboration formed
10,000 kg

9090

DEAP-3600: demonstrated
“S1” particle 1D, and
ultrapure acrylic cryostat
(x100 lower radioactivity)

DarkSide-20k
(50t, LNGYS)

100,000 kg ARGO
kt-scale
Slide: J. Monroe (RHUL) : ’
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Rubbia C., CERN-EP-INT-77-08 (1977)
WARP

10 kg 9070 DS-50
(50 kg,

Argon Detectors

DS-50: leading Sl limit at 1-5 GeV/c2 for
WIMP-nucleus and WIMP-e scattering

Phys. Rev. Lett.121.081307 (2018)

= DS-50 2018
.... DS=50 Binomial Fluctuation
— - DS-50 No Quenching Fluctuation
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—:= EDELWEIBS-III 2016 PandaxX-II 2016
XENON100 2016 DAMIC 2016
— — CDEX 2016 CREESBT-II 2015
10—44 =.=.BuperCDMs 2014 coMslite 2014
COGENRT 2013 CcDME 2013
CREBET 2012 DAMA/LIBRA 2008
neut.rmn Floor
10_45 1 1 l 1 H 1 1 i H 1 1 I
6><10 1 2 3 4 5 678910

My [GeV/c2?]

Global Argon Dark Matter
Collaboration formed

10,000 kg
9090

DEAP-3600: demonstrated
“S1” particle 1D, and
ultrapure acrylic cryostat
(x100 lower radioactivity)
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Nal experiments

® Long standing annual modulation signal from DAMA/LIBRA

» Test DAMA/LIBRA anomaly with Nal(TI)
» No evidence for annual modulation

» ANAIS-112 (3y of data, SLC)

» COSINE-100 (1.7y of data, Yangyang)
> New experiment COSINUS

L

» Detect both phonons & scintillation for background rejection

» Construction/data at LNGS 2022/23
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Nal experiments

® Long standing annual modulation signal from DAMA/LIBRA Cry/stalTarget
Test DAMA/LIBRA anomaly with Nal(Tl) A TP
» No evidence for annual modulation = =
» ANAIS-112 (3y of data, SLC) L Ny
» COSINE-100 (1.7y of data, Yangyang) /
New experiment COSINUS PMT WX
» Detect both phonons & scintillation for background rejection
Construction/data at LNGS 2022/23 o o g wokey
£ 006 F L :
< 004 ¢

500 1000 1500 2000 2500 3000 3500 4000 4500
arXiv:0804.2741 Time (day)
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Nal experiments

B Long standing annual modulation signal from DAMA/LIBRA Cry/stalTarget
» Test DAMA/LIBRA anomaly with Nal(TI) A TR
» No evidence for annual modulation = =
» ANAIS-112 (3y of data, SLC) L N
» COSINE-100 (1.7y of data, Yangyang) /
» New experiment COSINUS PMIT W
» Detect both phonons & scintillation for background rejection
» Construction/data at LNGS 2022/23  _ .. i
e o

30 sensitivity
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K. Nikolopoulos / 14 June 2022 / Direct Dark Matter searches puNomv 25




Nal experiments

® Long standing annual modulation signal from DAMA/LIBRA .

Crystal Target

» ANAIS-112 (3y of data, SLC)

E

» Test DAMA/LIBRA anomaly with Nal(TI)
z No evidence for annual modulation #
» COSINE-100 (1.7y of data, Yangyang)

» New experiment COSINUS
» Detect both phonons & scintillation for background rejection

» Construction/data at LNGS 2022/23 o 26 keV
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Nal experiments

m Long standing annual modulation signal from DAMA/LIBRA CrystalTarget

» Test DAMA/LIBRA anomaly with Nal(TI)
z No evidence for annual modulation
» ANAIS-112 (3y of data, SLC)

» COSINE-100 (1.7y of data, Yangyang)
» New experiment COSINUS
» Detect both phonons & scintillation for background rejectlon
» Construction/data at LNGS 2022/23 o okev

DAMA/Nal (0 129 tonxyr) ————— > | | <DAMA/LIBRA (0.53 tonXyr)>
(target mass = 87 3 kg) R (tlarge;t mass =§232.:8 kg) !
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Cryogenic detectors

m Cyogenic bolometers operating at O(10mK) Phys.Rev.D 95 (2017) 8, 082002
10737 , ————107"
» Sub-keV (< 100 eV) energy thresholds l|
» Phonons and/or ionisation/light € o g
» Some background discrimination s \B 1078
» Probe light dark matter groe 10 8
§ 10741 \Q\ 1075 5
T-Sensor R * | % 1074 10‘6§
g 1074 -10-7%'-
RO 2 10744 "Bev " 10 g =
/c:%f 107% 05 10
— WIMP Mass [GeV/c?]
Crystal Target |‘ ‘\X
EDELWEISS SuperCDMS
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Bubble chambers

® PICO

» Superheated liquid CsFs

» Acoustic and visual readout for background rejection
» PICO-500 at SNOLAB: under design, installation/

data in 2022/23

B New: the scintillating bubble chamber (SBC)
» Superheated 10 kg Xe-doped LAr, cooled to 130K
» Piezoelectric sensors + cameras readout + SiPMs

for scintillation signal

Cooling Coils

Propylene Glycol
(hydraulic fluid)

Water (buffer)

| CFsl (target)

Cameras

Fused Silica Jar, l

arXiv:1510.07754

arXiv:1510.07754
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lonisation detectors

@ Both solid state and gaseous detectors
z Point contact HPGe detectors: low energy
threshold and (potentially) large total mass (CDEX)

WIMP exclusion limit (S140@LSM, 135mbar CH4)

> Si CCDs: low ionisation energy, low noise, and 12
particle ID (DAMIC-M, SENSEI) o
» NEWS-G: spherical proportional counter, light 10 :
targets, pulse shape discrimination vs surface 10°
events, low energy threshold 10°
m Directional detectors 0 N~

| llllllll | | lIIIl|

» Gas (DRIFT, CYGNUS), nuclear emulsion RS o
(NEWSdm), graphene
» Requirement: angular resolution + head/tall id

3 cm archaeological lead

22 cm of Very Low Activity lead

l0 37 E
, ; . e DAMIC (thiS msult) Stainless steel skin
? B N . 40 cm high density polyethyl
)\(/Vr;al: P’N. - 1073 s +| o expectation em high density polyethylene
n = So
DIfoSlon - “\\ - === DAMIC (2016)
_ -39 B T

© e limited 1077 £ . .

% o E Teea ~l',;$* ] .

o Back| = 10%g NN low-P L

bt f 5 E gas

.L' 10" \ T - - @140 cm e
. e “ --
---H CDMS Si = | .. .= X 4N Copper (99.99% pure)
CDMSlite o~ > Assembled at LSM
Front 10— CRESST-III —— PICO-60 [ —2_dim
DarkSide-50 XENONIT €
5 10 15 20 25 30 ol | readout
Energy measured by pixel / keV 10 1 a a a . el 10
m, (GeV ¢™) ,_
Phys. Rev. Lett. 125, 241803 _HV L
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lonisation detectors

@ Both solid state and gaseous detectors
z Point contact HPGe detectors: low energy
threshold and (potentially) large total mass (CDEX)
» Si CCDs: low ionisation energy, low noise, and
particle ID (DAMIC-M, SENSEI)

WIMP exclusion limit (S140@LSM, 135mbar CH4)

» NEWS-G: spherical proportional counter, light 10 ¢
targets, pulse shape discrimination vs surface 107 A
events, low energy threshold 10°
m Directional detectors e | R
» Gas (DRIFT, CYGNUS), nuclear emulsion T 00— oo
(NEWSdm), graphene Vers See taIk by P Knlghts '
» Requirement: angular resolution + head/tall id ol
10 E 22 (.:m of Very Lov.v Activity lead
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Migdal effect: Light DM with heavy targets

LUX: PRL 122 (2019) 13, 131301
Also Xenon1T PRL 123 (2019) 24, 241803

10~

‘)

WIMP-nucleon cross section [('m'

l()ffi'l L

.I.() 35 L

l()f.'i.\' L

107 F

10-*r

Heavy scalar mediator

NEWS-G

CRESST-II

CA°, m, 4 > MeV

{7
10 101

100 ‘ ‘ “““l()l
Masspy [GeV/c?]

@ Analysed by Arkady Migdal

» Nuclear scattering (1939)
» a and 3= decays (1941)

@ Relevance for DM searches
2 lbe et al. JHEP03(2018)194
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Migdal effect: Light DM with heavy targets

LUX: PRL 122 (2019) 13, 131301
Also Xenon1T: PRL 123 (2019) 24, 241803

10~ 29 ]
\ ® Analysed by Arkady Migdal
o \ o » Nuclear scattering (1939)
= : CRESST-surfacc
2 8 ) » a and B=decays (1941)
® Relevance for DM searches
=107 wwse b |be et al. JHEP03(2018)194
Ei CRESST-II
= 107" :
3
é 10-4}
- Heavy scalar mediator
0 % A%, m, > MeV
10-47 :

e . —" SEmm—
Masspy [GeV/c?
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Migdal effect: Light DM with heavy targets

LUX: PRL 122 (2019) 13, 131301
Also Xen0n1T PRL 123 (2019) 24, 241803
10~

@ Analysed by Arkady Migdal

» Nuclear scattering (1939)
» a and 3* decays (1941)

B Relevance for DM searches
wise b |be et al. JHEP03(2018)194

cusstll @@ Theoretical calculations relevant for DM available
m Effect observed in a and 3+ decays
» Not observed in nuclear scattering

p—
-
-
|
o
N

[a—
-

l()f.'iﬁ L

107 F

y . 9
WIMP-nucleon cross section [(‘m']

10~ ML
Heavy scalar mediator

0 x A%, m,., > MeV
10-17

101 L Y
Masspu [(}(‘\"'/('2]
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N\
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Migdal effect: Light DM with heavy targets

LUX: PRL 122 (2019) 13, 131301
Also Xenon1T PRL 123 (2019) 24, 241803

v ® Analysed by Arkady Migdal
107 » Nuclear scattering (1939)
103 » a and [B* decays (1941)

B Relevance for DM searches
wise b |be et al. JHEP03(2018)194

cuesstl @ Theoretical calculations relevant for DM available
m Effect observed in a and 3+ decays

Heavy scalar mediator » Not observed in nuclear scattering

0 A%, m, > MeV

[ 1 .M|GDAL See talk by |. Katsioulas

.\[?ISSDM [G(‘V/("‘z] Migdal In Galactic Dark mAtter expLorati
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Xenon1T: Electronic recoll excess

m Excess observed between (1,7) keV
» 285 observed events
2 (232+15) events expected from background
m Origin of excess unclear

2 Tritium, solar axions, ALPs, dark photons,... “

» Solar axion favoured over B-only at 3.40

» But discrepancy with stellar cooling constraints | 2. --
arXiv:2006.12487

»3H favoured over B-only at 3.20
z Indicating 3H/Xe concentration of (6.2+2)x10-25 moI/moI

| | | | |
140 | —— Ho:Bo ~  eeeee ABC axion 7]
- H;: Bp + axion = =eeee 57Fe axion
120 . .
'S ------ Primakoff axion
&,) 100 l -
5 -
= 80 ] -
S~
>
m 40 l -
20 — :"." =
O Liazzazet LT T T R | L
0 5 10 15 20 25

Phys. Rev. D 102, 072004 (202)
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Prospects for Direct Detection searches
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Summary

@ Particle nature of Dark Matter is unknown!
2 Sub-GeV mass range is uncharted territory
B Experimental challenges
2 lower energy threshold
2 reduce/understand backgrounds
2 Increase target masses T S/

® A wide variety of complementary approaches .. e A

pr— BB AASAR]
1

| Liqud— | s . o

"'I"I'"I'l"l_flv

T-Sensor ‘s * | . Crystal Target

<y

Liquid prooemer e T - X
2 New ideas appearing continuously . .

z Large variance in collaboration size/cost
2 Eventually sensitivity could reach neutrino floor

10 E
1077 ;—
5 -
210
= E
101 10732 S -
_T\ ) % LUX (M) 3
L 10 “ ay, CRESST (Surf) w107 e
6 10—6 10~ % E
= S C
= =
g -
= 1077 1076 L‘i 1074 E
10-8 oo 04'/7. N EDELWEISS (Surf) = -
g 10 @ 10741 =
10-9 5 NEWS-G 8
_ — CRESST-11I \ | DAMA/Na E
107 g 1o \‘\ <>_DAMIC DAMAZ —% =
. : NN JE- -42
10-11 = CDMSIiE \\\\ = oSN ! 8’;“ -
Q 42 DarkSide-50 (S2) E
10-12 v 10 N\ % SuperCDMS 7\‘8_\(‘6»50 -
13 2 XENONIT (S2) X EDELWEISS £AP-3600 Dar C
10 8 1074 . \- D _ XEN 1077 = SuperCDMS
101 O = v-floor 7 = '7/ = -
107" 1074 == — - ndaX M g 107 :_ DM-—e scattering
10-16 = g 10736k Fom=(am./q)® Pr— .
107 g C feeze—in
—-17 9
10 - 2 10V 10737 1 1 I
10-18 P S S S I B B 10730 ul Ll Ll Ll Lol L 2 o 1 10 102 10’;
1071 107 1077 107 107* 107! 10 10 10° 107 10¢ 0.1 0305 1 35 10 30 50 100 300 1000 3000 10* 2 MeV
ma(eV) 5 9 10 my [MeV]
WIMP mass [GeV/c?] ; g
1074 ;
10~ | Ll

1 2 3 5 10 20 30 50 100 200 500 1000

K. Nikolopoulos / 14 June 2022 / Direct Dark Matter searches WIMP Mass GV & bhwmena 32



- Physicseducation

iopscience.org/physed

Picturing the invisible

Making sense of particle physics through art

Papers: Mercury, Pendulums  Frontline: Kahoot!

I0P Publishing

K. Nikolopoulos / 14 June 2022 / Direct Dark Matter searches pviNeran 33



