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Dark matter in the Milky Way

BEt) ==L [v-f(v,1)-92(E,v) d®

my.-ma

Eg ~ O(10keV)

o —— Astrophysical parameters:

@ po = local density of the dark matter
in the Milky Way

‘Standard’ value: p, ~ 0.3 GeV/cm?®

e f(v,t) = WIMP velocity distribution,
(v) ~220km/s

Parameters of interest:
e m, = WIMP mass (~ 100 GeV)

@ o = WIMP-nucleus elastic scattering
cross section (SD or Sl)
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Detector requirements and signatures
e Large detector mass (grams up to several tonnes)
e Low energy threshold ~ few keV’s or sub-keV

e Very low background and/or background discrimination

J. Phys. G: 43 (2016) 1 & arXiv:1509.08767 e Other signatures of dark matter
» Annual modulated rate
e = » Directional dependance
—I1 —Na

10° WIMP Wind
—_—

Rate [events /(kg-d-keV)]

40 . 60 80
Nuclear recoil energy [keV,,]
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Backgrounds and reduction strategies

e External +'s from natural radioactivity:
» Material screening & selection + Shielding

e External neutrons: muon-induced,

=)
£

(a, n) and from fission reactions WVIPPLSBE
» Go underground! Soudan

¥ Y2L
» Neutron shielding g
» material selection for low

Muon flux [em? s
=Y

3 ‘

U and Th concentrations
+ Neutrinos from the Sun, 1o
atmospheric and from supernovae ol et
1 2 7

Depth [km w. e.]
J. Phys. G: 43 (2016) 1 & arXiv:1509.08767

e Internal backgrounds:
» Liquids/gases: Rn-emanation from surrounding materials

» Solids: surface events from a- or 5-decays
» Cosmogenic activation important for all
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Result of a direct detection experiment

Cross section

— Statistical significance of signal over expected background?

J. Phys. G43 (2016) 1, 013001& arXiv:1509.08767

Reference
limit .
Signal contour

Smaller target

nucleus
Lower

energy
ithreshold

Increased
Exposure

WIMP Mass

e Positive signal
> Region in o, versus m,

e Zero signal

» Exclusion of a parameter
region

o Low WIMP masses:
detector threshold matters

o Minimum of the curve:
depends on target nuclei

o High WIMP masses:
exposure matters e = mx t
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Overview of WIMP searches
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Figure updated from PDG, Prog. Theor. Exp. Phys. 2020 (2020) 083C01
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Direct detection experiments

Cryogenic Superheated
bolometers liquids

'PHONONS / HEAT |

Cryogenic bolometers
with charge readout

Scintillating cryogenic
. WIMP\, bolometers

Germanium Scintillating
detectors crystals
CHARGE LIGHT
Directional (';'qul'd r’]“’b'et‘.gas Liquid noble-gas
detectors ual-phase time detectors

projection chambers

J. Phys. G43 (2016) 1, 013001& arXiv:1509.08767

This talk will discuss a selection of experiments
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DAMA annual modulation

e Ultra radio-pure Nal crystals @LNGS

e Annual modulation of the background
rate in the energy region (2 — 6) keV

e Last results (2018): signal at 12.9¢

Nucl. Phys. At. Energy 19 (2018) 307

2-6 keV

0.08 DAMA/LIBRA -pHasel (1.04 tonxyr DAMA/LIBRA-phase2 {1.13 fonxyr)

NEE N ﬁ}iﬁ‘wx\,%\ P M A PN P T
M A TR Y T P YRR R TN

Residuals (cpd/kg/keV)
o
5

40‘00 50‘00 6000 000 8000
Time (day)
— New results July 2021: 13.7 o significance @Eeps-HeP conference by P. Beli

WIMP interpretation in contradiction with many other results
Worldwide effort to verify/refute this result
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Recent results from ANAIS & COSINE-100

ANAIS, PRD 103 (2021) 102005 & arXiv:2103.01175 COSINE-100, Sci.Adv. 7 (2021) 46 & arXiv:2104.03537
0.02 e —— COSINE-100 5.5 days
5 E
| & o —— DAMA/LIBRA-phase1
% 0.015 Sk DAMA/LIBRA-phase1 (DAMA QF)
3 | E E —e— COSINE-100 1.7 years
£ < 0.01 . U —=— DAMA/LIBRA result g d [ 1o expected
£ © 0.005 @ 'K [ 20 expected
@ % —e— ANAIS-112 best fit s E
o e — WL
5= 1o sensitivity %" E /
= B 0.005}- exposure 3.0 y s -
S5 & 20 sensitivity ° 10 g
o 0.01 exposure 3.0 y 2 E
o o % F
=S | 30 sensitivity S ook
0.015 exposure 3.0 y 2 E
-0.02 Bl | n n |2 s | |:
10 10° 10°
[1-6] keV [2-6] keV WIMP Mass (GeV/c?)
ANAIS @Canfranc:

e DAMA modulation disfavoured
at 3.3 ¢ for [1-6] keV
at 2.6 o for [2-6] keV

e Sensitivity above 3¢
within 2022
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COSINE-100 @Yangyang:
DAMA Sl signal excluded

Modulation analysis
compatible with both DAMA
and no modulation




Cryogenic bolometers

Phonon sensor

T+ AT

Crystal absorber

Crystals at (10 -100) mK

AT Temperature rise:
ey " AT =E/C(T)
; E.g. Geat20mK, AT =20 uK for
/};ﬁi\ few keV recoil
™ X

% Thermal phonon
: e Measurements of AT
Weak thermal link

; ) with NTD or TES

Thermal bath

e Discrimination: combination
with light or charge read-out

e Large separation of electronic
and nuclear recoil bands

Example from CRESST, EPJC 72 (2012) 1971
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Bolometer experiments

CRESST experiment

e (RN
EDELWEISS experiment Super-CDMS experiment

e Excellent sensitivities (low m,) due to their low energy thresholds
e CRESST: scintillating bolometer
CRESST, PRD 100 (2019) 102002 (Ey, = 30eV)

o CDMS/EDELWEISS: germanium bolometers

CDMS-Lite, PRD 99 (2019) 062001 (Ey, = 70eV)

o New CDMS HVeV 0.93 g silicon crystal with Eg, = 9.2 €V v. Novati @TauP2021
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Results from cryogenic bolometers

—— CRESSTAI2010  oooe CRESST surface 2017 ——- CRESSTI 2016 CRESST-ll 2014

- CDEX 2014 — — CDMSiite 2015 CDMS-Si 2013 SuperCOMS 2014
W CoGeNT 2013 DAMIC 2016 wvs EDELWEISS-IIl 2016 EDELWEISS surf Migdal 2019
< EDELWEISS surf stand. 2019 Collar 2018 —— COSINE-100 2018 DarkSide binom. 2018
- LUX combined 2016 = = LUX Migdal 2018 ——— NEWS-G 2018 PandaX-ll 2016
—— XENON11 2018 ==eee- XENON100 low-mass 2016 PICO-80 C,F, 2016
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Dark Matter Particle Mass (GeV/c?)
Figure from CRESST, Phys.Rev.D 100 (2019) 102002 & arXiv:1904.00498

Dark Matter Particle-Nucleon Cross Section (pb)
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Low threshold searches with CCDs

e ‘ .
SENSE DAMIC DANAE DMSQUARE
PRL 125 (2020) 171802 PRL 123, 181802 (2019) EPJC 77 (2017) 12, 905 N. Avalos@TAUP2021

particle tracks N
- e Gram-scale silicon detectors
Low-energy Electron W|th Eth ~ 50 eVee
candidates

el Wi e 3D reconstruction of tracks possible

i o e Test of DM-electron scattering

s _. below to 1 MeV DM mass

o Muon

& test of low WIMP masses

Figure from D. Norcini @ TAUP2021 (Status of DAMIC)

1
-] 10 15 20 25 30
Energy measured by pixel [keV]
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Overview dark-matter scattering off electrons

10727 - 10728
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Figures from SENSEI, Phys. Rev. Lett. 125 (2020) 171802
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Advantages of liquid noble gases

e Large masses and homogeneous targets (LNe, LAr & LXe)
e 3D position reconstruction — fiducialization

Single phase (liquid) -type of detector:
@ High light yield using 47 photosensor coverage
@ Pulse shape discrimination (PSD) from

scintillation

e Very different singlet and triplet

10? . . .

electrons lifetimes in argon & neon
10°
» e Relative amplitudes depend on
Orparticles particle type — discrimination
" 10~ by DEAP-I above 25keVee (50% acceptance)
0 500 1000 1500 2000 2500 3000 M. G. Boulay et al., arXiv:0904.2930

Time [ns]

Scintillation decay constants of LAr by ArDM
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Single phase detectors

DEAP - LAr detector at SNOLAB, Canada
Dark matter Experiment with Argon and Pulse shape discrimination

» 3600 kg total mass & 3280 kg fiducial volume
» Results of 231 d pear, PRD 100 (2019) 022004

» Most competitive liquid argon results

E1 .0 =% = T T T T T T T T 1.0 ® “E1 042
;0'8 a FILL LEVEL Bl R 8 S
30'6 F 4§ 0.8 E .5 104
N04 L FID. VOL. (630 mm) 1R o7 gx g
02 3 o 8 0.6 2 21074
00F . 0.5 8
o
-0.2 0.4 S10° .
-0.4 4403 %
08 - i Eqgre
-0. « 1 Ho.1 o
p eerers S | P s
-1 '(b.D 0.1 0.2 0.3 0.4 05 0.6 [2).7 0.8 09 12.0 = 10747 L L
(X"+y?)/(850 mm) @ 10 10° 10*

WIMP mass [GeV/c?]

From Jan. 2018 to Mar. 2020: blind data taking — analysis on-going!
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Two phase noble gas TPC

@ Position resolution
— XY from PMT pattern
— Z from drift time

Teresa Marroddn Undagoitia (MPIK)

e Scintillation signal (S1)

@ Charges drift to the liquid-gas surface
e Proportional signal (S2)

— Electron- /nuclear recoil discrimination

Gamma
200
gamma
= 150 ¢ s2
=
uj 100 s1 drift time
o
50 —
0 |
[} 20 60 100 120
time [usec]
200
150 WIMP (here neutron)
£ s2
w 1% drift time
50 S —
|
v
0 20 60 100 120
time [usec]
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The DarkSide experiment
Top SiPM array

e DarkSide-50 run @LNGS with 50 kg mass

DarkSide, PRD 98 (2018) 102006 & PRL 121 (2018) 8, 081307

e DarkSide-20K: new global LAr collaboration

» 50t total target mass
» TPC inside a sealed acrylic vessel
» SiPM for light read-out (~ 19 m?)

Bottom SiPM array

o Underground Ar from URANIA plant (Colorado)
Depletion factor (in 3°Ar) measurement @Canfranc
Shipment to distillation in ARIA @Sardinia

@ Aiming at high mass dark-matter search
ROI (20 - 200) keV - — operation in 2025

E. Pantic @ TAUP 2021 conference
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Beyond DarkSide-20K

107
10
10»39
10»10
10

39Ar is a naturally occurring f emitting
isotope, with Qg = 565 keV.

Activity in AAr: 1 Bq/kg,

DarkSide-50 UAr: 0.73 mBq/kg (1:1400)

Dark Matter-Nucleon 0y, [cm?]

10° 107 w0t 10 10
M, [TeV/c’]

Figure from W. M. Bonivento @Canfranc SC 2021
o ARGO@SNOLAB (conceptual study)
» Reach atmospheric neutrino floor with ~ 3601 (fiducial) UAr
» Single- or dual-phase detector with photodetectors (~ 100 m?)
e DarkSide-LowMass (conceptual study)

» Reach solar neutrino floor with ~ 1t (fiducial) in 1y
» Depleted underground argon & ionization channel only
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XENONIT results

10—34 _

1073 +
10-38 4

1040 { S2-only Migdal

DM-nucleon cross-section [cm?2]

-42 |
10 S2-only NR
10—44 4
" S1-S2 2-fold NR
107%° 4
S1-S2 3-fold NR
10748 T T T T T

0.1 0.3 1 3 10 30 100 300 1000
Dark matter particle mass [GeV/c?]

XENONI1T, PRL121 (2018) 111302, PRL123 (2019) 241803, PRL123 (2019) 251801, PRL126 (2021) 091301

o XENONA1T operated at LNGS from 2016 to 2019
@ Best upper limits for WIMP masses above 3 GeV/c?
e Migdal result: depends on the experimental confirmation of this effect
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Interesting signal
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XENONIT, Phys. Rev. D 102 (2020) 072004 & arXiv: 2006.09721

Excess of events in (1-7) keV in the background region

» ~ 3.3 0 statistical significance
» A lot of excitement (> 350 citations since June 2020)

» Unclear origin: Tritium? or Axion signal? or something else?
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Next generation: LZ, PandaX-4T and XENONnT

#

LZ: PANDAX-4T: XENONNT:

e 7T target mass @ 4T target mass @ 6T target mass
@ Currently o First data released @ Currently taking data
commissioning in July 2021

— A race to measure WIMPs down to o ~ 1078 cm?
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Released data from current LXe detectors

3
&

o First results of PandaX-4T@CJPL
(non blind analysis)

PandaX-4T 2021 (this work)

PandaX-1l 2020

—— XENON1T 2018

LUX 2017

e Contamination with H
— no check of XENON1T excess possible

S| WIMP-nucleon cross-section (cm?)

i o Rn level at 4.2 uBa/kg
L I o similar to XENON1T

10° 10°
WIMP Mass (GeV/c?)

Figure from arXiv:2107.13438

o XENONNT @LNGS,

first performance data 5 B

< 10° E

e Background goalinreach ¢ §
(Rn~ 1.7 uBag/kg) = B E

o Test low ER excess

]
E
f

I

H

£ 5
NON Preliminary
T

h
T T T
500 1000 1500 2000 2500 3000
Reconstructed Energy [keV]
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DARWIN: the ultimate WIMP detector

dark matter wimp search in noble liquids

DARWIN
\ -

top sensor array
L (955 PMTs, electronics,
outer cryostat copper + PTFE panels)
" top electrode
frames (Titanium)

inner cryostat

field cage
(copper, 92 rings)
TPC reflector
support structure (PTFE, 24 panels)
(PTFE, 24 pillars)
bottom electrode

frames (Titanium)
bottom sensor array

pressure vessel

50t LXe total (40t in the TPC)

N S N
W,oo XENOMIT XEWONWT — DARWIN
XHASS: \
el L
P

2ot

e Goal: measure WIMP properties
/ ultimate cross-section sensitivity

e Additional physics channels:
» Solar & supernova v'’s
» CEvNS, proton decay, DEC
& neutrinoless g5-decay ...

104

1042

104
pandaX. XENONIOO
TUX|

104

DEAP-360C
~ ~ENONIL
o — o

\ ~— —— XENON

Cross Section [cm?
= =

Z)
xeNoNal 12
S

109k r‘\m‘c (‘!!\Hard)\ - — ‘/‘""" g
6 8 10 20 30 40 60 100 200 400 600 1000
'WIMP mass [GeV/c?]

DARWIN, JCAP 1611 (2016) no.11, 017, arXiv:1606.07001
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Superheated fluid detectors

@ A bubble chamber filled with superheated
COUPP experiment fluid (C3Fg) in meta-stable state

o Great sensitivity to spin-dependent o

Spin-Dependent Region

2 2
A
]

210

104!

2 % =
LA B
S

IS
]

10~

Dark Matter-nucleon cross section cm?]

104
5 10 50 100 500 1000

° Energy depositions > EIh Dark Matter Mass [GeV/c?]
— expanding bubble
detected with cameras +

piezo-acoustic sensors

@ PICO-500: detector to be installed in the
miniCLEAN space @SNOLAB

(TDR planned for early 2022)
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Looking at the future

107
1 040
1 0~4I

—42
10 SuperCDMS (Si) \N

SuperCDMS (Ge)
104}
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10744
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107
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SLALL AL L R

= Germanium

CaWoO,

| |

1075
0.1 0305 1

35 10 30 50 100
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300

1000 3000 10*

Sensitivity projections from the APPEC report, J. Billard et al., (2021) arXiv:2104.07634

e DD covers a large range in mass and cross section
e Exploring WIMPs but also light DM, ALPs, dark photons ...
e We hope for a dark matter discovery ideally in various detectors!
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Backup: Cross sections for WIMP elastic scattering

e Spin-independent interactions: coupling to nuclear mass
m2

g = m [(Z-fo+ (A-2)-13]2, £y eff. couplings to pand n

e Spin-dependent interactions: coupling to nuclear spin

m2m?
750 =% Or  Grimu Y [80(55) + 2n(So)

(Sp,n): expectation of the spin content of the p, n in the target nuclei
ap,n: effective couplings to p and n
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Low-mass WIMP searches using the Migdal effect

7 >

R RN DR
TN

Scheme from Dolan et al., PRL 121 (2018)101801

@ Sudden acceleration of a nucleus can lead to excitation or ionization
of the shell electrons e etal., JHEP 03 (2018) 194

@ Yet no experimental evidence of this effect!

@ Two strategies being followed:

» MIGDAL collaboration: ER+NR vertex in a low pressure gaseous detector

» Nakamura et al.: two clusters (NR + X-ray) in position sensitive gaseous
detector Nakamura et al., (2020) arXiv:2009.05939
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Directional searches

@ In solids or liquids, several keV recoil is below 100 nm
e But for a low pressure-gas, P < 100 Torr, the range is ~ (1 —2) mm
@ Most projects use low pressure TPCs with CF4 ('°F) as target

— Challenge: measure ~mm tracks in cubic meter volumes

E drift .

Read-out

plane

Cathode

DM direct detection



Directional searches

— Not competitive with liquids or solids at the moment but important
confirmation in case of a WIMP detection

e DRIFT @Boulby - m® experiment:

important technology milestone
DRIFT, Phys. Dark Univ. 9-10 (2015) 1 & Astropart.Phys. 91 (2017) 65

@ Operation of a ’large-scale’ experiment

o VB
ek |FILDICAGE
——

e CYGNUS: international proto-collaboration to measure DM and

CEvNS of solar v’s exploring directionality & particle identification
CYGNUS (2020) arXiv:2008.12587

@ Including previous efforts from DRIFT, MIMAC, DMTPC, NEWAGE &
new developments like CYGNO

Note also the directional searches with nuclear emulsion detectors, A. Goloratiuk @ TAUP2021
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NEWS-G experiment

@ Metallic vessel filled with a noble gas mixture
@ Single anode in the middle
@ Low energy threshold ~ 10eV

@ Low-A target atoms increases sensitivity to
low-mass WIMPs

NEWS-G, Astropart.Phys. 97 (2018) 54

@ New sphere of 140 cm & filled with CH4
@ Operated in LSM, 12 d of data being analysed

@ Construction finished at SNOLAB in August 2021
e First light seen!

Talks of D. Durnford & K. Nikolopoulos @ TAUP2021
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