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 Avant-propos

—

Some context about me:

® Post-doctoral researcher at Nikhef, working on the XENONNT dark
matter direct detection experiment

® Did my Ph.D. in France on: “Neutrinoless double beta decay search
in the XENONNT Dark Matter direct detection experiment”

What [ will not do: What | would like to do:
® | st and explain in details all ® Give you the keys to understand
the ongoing effort to search the challenges associated with
for Dark Matter the detection of Dark Matter and

general overview of the current
experimental strategy
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Abstract

We review observational, experimental and theoretical results related to Dark Matter.
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 Overview -
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Lecture 1 - Dark Matter Direct Detection part 1
Direct Detection Principle

Low-background Experiments
Experimental Landscape
Lecture 2 - Dark Matter Direct Detection part 2

Case Example: XENONNT
Application to Neutrino Physics

Lecture 3 - Dark Matter Production

Dark Matter Indirect Detection
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Direct Detection Principle

Detection Technology

/ Main strategy used to search for Dark Matter Direct Detection
{ 2 ) Low-background Experiments
“ Main Requirements/Characteristics required to search for DM Direct Detection

Experimental Landscape

Overview of the current experimental Landscape for Dark Matter Direct Detection






_ Direct Detection Principle. .

Dark Matter in the Milky Way:

® Ground based experiment looks
for scatter of galactic DM particles
with target material.

> Sun rotation around galactic
center .

> Earth going through DM Halo
> Dark Matter “Wind”

'ﬂ‘ 1 minute discussion:

Do you know what are the main properties of DM we
can infer from astronomical observations?

Dark Matter Halo



Dark Matter in the Milky Way:

® Ground based experiment looks
for scatter of galactic DM particles
with target material.

> Sun rotation around galactic
center

> Earth going through DM Halo
> Dark Matter “Wind”

'G‘ 1 minute discussion:

can infer from astronomical observations?

Do you know what are the main properties of DM we _

_ Direct Detection Principle. . °

Stable (long-lived)

Invisible (no charge)

Learn more about it during
Felix Kahlhoefer Lecture

Dark Matter Halo

Weakly Interacting with SM
and itself

Massive

Cold/large mass mass Q= 0.26
compared to SM particles -
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 Dark Matter - DirectDetection

Artwork by Sandbox Studio, Chicago with Corinne Mucha




_ Direct Detection Principle. . °

Dark Matter Signature:

Nuclear recoll

® [ry to measure the interaction of a
DM particle in the form of:

Electronic recoill
» Scattering on Nucleus

» Scattering on Electron

> Others (Absorption, Inelastic,...)
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DM- Nucleus Recon Energy

® Use energy and momentum conservation with non-relativistic DM in center of mass frame:

-

Momentum: pP=HV Momentum transfer: g = (k — p)
. #
With reduced mass: H = — (l’w COS Hr) - (/W

Mpys + My with: g =

0)

v sin 0,
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DM- Nucleus Recon Energy

® Use energy and momentum conservation with non-relativistic DM in center of mass frame:

2\/2

Momentum transfer: = (k D) Recoil energy: E. = 9 _ L (1 —cos@,)
# 2y my
. Uy cos 0,
ith: =
i 1 (//tv S1n 6’,,) 4mDM * My 9
E.=FE., cos~ 0,

*Trigonometric
transformations

(mpyp + my)?



DiVI-Nucleus Recoil Energy:

® From energy and momentum
conservation with non-relativistic DM:

Direct Detection Principle. . -

~keV thresholds
KeV pm===mmmemmeeeaeeaeeeecieeceeeeeeeeaee e
YV
Q \ Q® \\\\\\
3 AN i
- Electron retoil
m ev B // (L \\\\\\ ]
°\Q \\\\\\\ | E
L Lighter target:
\\\\\\ nucleus 5
SRS Phonons :
\\\\\\\ (calculated) :
meV ' | :
keV MeV GeV

mpwm

T. Lin, TASI lectures, arXiv:1904.07915



_Direct Detection Principle- . =~ "7%.© 18

: _ dR
Recoll Rate: — = Number density of DM
dER X Flux
® Expected event rate of WIMP- X Number of target nuclel

Nucleus scattering in a detector X Differential cross-section



Recoil Rate:

® Expected event rate of WIMP-
Nucleus scattering in a detector

® Parameters that can impact the
recoll rate expected in your
experiment

> Astrophysics

> Detector physics

> Particle physics

> Nuclear physics

_ Direct Detection Principle. .

dR
—— = Number density of DM
dER X Flux
X Number of target nuclei

X Differential cross-section

Interaction
' Target r tion
Recoll WIMP g Cross sectio

rate \ density ‘r}ass /

\ .
dR p()M SIC dG _N
i I X
= dv f(y)y———
dER mN m){ Voo dEr
/
Nucleld wimMp  WIMP velocity
mass mass distribution

Unknown parameter we are looking for



_ Direct Detection Principle. .

5
Dark Matter Halo Model: dR @My [ =€ do,_y
— = dv f(v)v
® | ocal DM density and velocity dER My, Voo dEr
distribution plays a major role!
> Recent results  p, = 0.30 — 0.40 GeV/cm®
> Historically po = 0.30 GeV/cm”: 10* \NFW :
e meecceccemmmmmeeemmmmmmmemmmaaa=a) 103 . S
5 :
> 1% E
fé 10%
2 1%
< -
10-1 &
1()—2 i i U U e -
103 102 10-1 1 10 102

Galactocentric r in kpc



Dark Matter Halo Model:

® | ocal DM density and velocity
distribution plays a major role!

> Recent results

~— 0.3

po = 0.30 — 0.40 GeV/cm’

—— Nominal distribution

—— Annual variations

Vs Variations

v, variations

N

Vpec Variations

Probability [100x(km/s)
Eur. Phys. J. C 81, 907 (2021)

® Annual modulation of the WIMP

velocity expected

Downward variation

— — Upward variation

> DM signature we can look for.

700 800
WIMP speed (lab frame) [km/s]

7300 400 500 600

100 200



Dark Matter Halo Model: dR oMy
® | ocal DM density and velocity dEg ML,

distribution plays a major role!

> Recent results  p, = 0.30 — 0.40 GeV/cm®

® Annual modulation of the WIMP
velocity expected

> DM signature we can look for.

® Boundary on DM velocity

v f(v)

- mN

Voo & 544 =35 Kkm/s

ER
2mN

Light WIMP
Heavy WIMP

M. Lisanti, TASI lectures, arXiv:1603.03797



Interaction Cross section: dR Py [V d"x—N
dt, —mym, )
® Unknown Interaction mechanism

® |nteractions involve nuclear spin, giving Spin-Dependent (SD)
scattering, or they do not, giving Spin-Independent (Sl)

Helm form factor

do,_y m /
d)j(g - 2‘,2]/\;2 lO-OSIF SZI (Er) + O'gDFSZD (Er)]

!

x A? — Coherent enhancement of the cross section

go: cross section at zero momentum transferred

F: Form factor describing how the WIMP interferes with the nucleon structure of the nucleus



Detector Physics dependencies dR poMy [V do,_

® Target mass scalability dEp HiNTTL,

Vmin J
® [arget nucleus mass, A, spin
® Energy threshold of the detector
20(])“otal Rate for different thresholds, my = 5 GeV/c*, o = 1.x 10 *cm? Total Rate for different thresholds in Ge, o = 1.x 10™*cm?
— <_| ................. -_—

100; Same Target (Ge)

Different Targets Different WIMP Masses

Same WIMP Mass (5 GeV)

50!

20+

101

Integrated Rate [evt/kg/year]
Integrated Rate [evt/kg/year]

J. Cooley, SciPost Phys. Lect. Notes 55 (2022)

10
Experimental Threshold [keV] Experimental Threshold [keV ]



Direct Detection Principle

From energy recolil spectra to expected number of WIMP-N events

dR
= 50GeV Ey 7R M, = 1tonne
m, = 107" cm? T = 1year
— 102 = 3
© 107 Hell 2 10 Helium
— [Aelum - S -
g, 10 - —— Fluorine q>> 102 — Fluorine
o = —— Argon o — —— Argon
2 . —— Germanium o — —— Germanium
%J 1 = —— Xenon O 10 — —— Xenon
X — -g — _
5107 1= 1= =
g2V E > E 8
=102 = 1072 5
0 — — Q@
110 = 1072 = 2
— — 0
107 = 103 = S
= = -
107° 1074 = 5
10—6 :I | | [ 1 | | 1 | | [ 1 1 | I I | [ 1 1 | AR | | 1 | [ 1 1 | [ 1 1 10—5 :I [ | | [ | | | | | | | | 1 1 | L1 1 | [ | | [ | | | | | | | [ | | | [ | |
0O 20 40 60 80 100 120 140 160 180 200 O 20 40 60 80 100 120 140 160 180 200
Recoil energy [keV] Recoil energy threshold [keV




_ Direct Detection Principle

Exclusion/Discovery Plot:
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Exclusion/Disc

SI DM-nucleon cross section [cm?]
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_ Direct Detection Principle. . -

E

F | ower Energy
F Threshold
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L Exposure
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S
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® Signal contour

® | imit curve (90% C.L.)



Direct Detection Principle. .

Directional detectors

What do we measure? Ge/Si detectors

® Need a detection technology able
to identify the sparse signal.

® Recoiled nucleus (electron) will
deposit energy in detection

medium via: Rare events
» Charge
> Heat
, Scintillation
. —e iy
/ogenic

rs Cryogenic bolometers
Metastable detectors
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Detéction Channels® Sensors
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When a (DM) particle scatters off a target nucleus (or electron), the recoiling
particle deposits energy in the detection medium via three channels:

Scintillation lonization Phonons
(Light) (Charge) (Heat)

Photons emitted by de- e -ion pairs created by “Vibrations” from energy
excitation of target atoms. jonising interactions. deposition. Measured by
Detect by PMTs or SiPMs. Collected by electrodes transition-edge sensors or

under Efield Or in CCDs. NTDs at mK temperatures.




nght Sensors o
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Photomultiplier Tubes (PMTs)

!

Credit: Ralf Lackner 3 DarkS|de Has6Tation
Used in; XENONNT, LZ, PandaX (PMTS) DarkSide-20k (SiPMs) — DEAP-3600, DAMA/LIBRA (PMTs)




Photomultiplier Tubes (PMTs) Silicon Photomultipliers (SiPMs)

Photons hit a photocathode, ejecting electrons Array of micro-avalanche photodiode (APD)
via photoelectric effect. Electrons are multiplied operated in Geiger mode above breakdown
through a dynode chain (gain ~ 106 - 107), voltage. Provide analog photon-counting.
producing a measurable current pulse

High gain, single-photon sensitivity Q Very low radioactivity

Large active area, mature technology Q Compact, low voltage

Radioactive impurities (glass body) e Dark count rate (thermal noise)

Bulky; limited QE at specific
wavelengths

0 After-pulsing and cross-talk between cells

Used in: XENONNT, LZ, PandaX (PMTs) — DarkSide-20k (SiPMs) — DEAP-3600, DAMA/LIBRA (PMTs)




Direct Charge collection

Drifted electrons are collected directly on
electrodes or pixel arrays, and the induced
current is measured. Used in semiconductor
detectors (Ge, Si, CCDs), bolometers, single-
phase TPCs.

Fine segmentation gives spatial
resolution and tracking

Q Can reach single-electron sensitivity

0 Electronic noise limits threshold in
large detectors

o No intrinsic amplification

Direct collection: EDELWEISS, SuperCDMS, DAMIC-M, SENSEI — Electroluminescence: XENONnNT, LZ,

PandaX-4T (dual-phase TPCs)

Chairge Sensors _ 7

Electroluminescence

Drifted electrons are extracted from liquid in a
thin gas layer, where a strong Erfieid accelerates
them and induces proportional scintillations

photons production, that can be measured by
light sensors.

High gain (~100 —1000 photons/e’)
Hit pattern gives position information

Require stable liquid-gas Interface
and HV delivery/control

Sensitive to impurities




Transition Edge Sensors (TES)

Superconducting thin films (e.g. W) poised at a
knife-edge transition. A tiny heat pulse can
makes the metal loose its superconducting
properties and thus a resistance jump.

Extremely low threshold (~10-100 eV)

High energy resolution, phonon
pulse shape info

Operates at mK

Neutron Transmutation Doped
(NTD) Thermistors

Temperature-sensitive resistors, glued to a
detector crystal. Made of Ge (or other) doped

to make their electrical resistance drop sharply
as temperature rises.

Simple fabrication, robust and
reproducible

Flexible absorber choice (Ge, CaWoa,)

Slower response than TES (~ms vs ~s)

Operated at mK

Used in: CRESST-IIl, SuperCDMS (TES) — EDELWEISS-III (NTD Ge)







~ Features of a Low-background experiment .

Searching for a sparse signal

® Background mitigation strategy
® Discrimination power (sighal/background)
® | arge exposure

® | ow energy threshold (low-WIMP mass)

- Unwanted physu:al oess, - T\
' mimicking the signature of your S|gnal

' 33



 Background Identification

Signal of Interest:

Nuclear recoill

® WIMP scattering-off a target nuclei (Nuclear Recoil)

Electronic recoill

Type of background:

® |nteraction producing a (nuclear) recoll in the same
energy range than WIMP

> External backgrounds
> Cosmogenic backgrounds External/Internal to the target material

> Internal backgrounds



Radiogenic Background Source:

® Radiogenic contaminant naturally present in all
materials — Including the detector itself and its
environment!

> Primordial decay chains (238U, 235U 232 Th),
with a, 3, y emission, and neutron production
via (o, n) reaction or fission [ER & NE]

> Other Isotopes: 69Co, 137Cs, 40K, ... [ER]

® Decay product can induce electronic or nuclear
recoll in the detection medium.




Background Source~ Radiagenic

Mitigation Strategy:
® Detector Material Selection

> Screening campaign of material samples to
select the most radio pure and allow
background modelling.

“‘




~ Background Source - Radiogenic

Mitigation Strategy:
® Detector Material Selection

> Screening campaign of material samples to
select the most radio pure and allow
background modelling.

® Detector Shielding

» Passive Shielding: Material, like
Archaeological Lead, to suppress

> Active Shielding: Instrumented shielding
volume, such as Cherenkov Water Tank

» Self-Shielding: Part of detection medium as
shielding — require position reconstruction.




~ Background Source:- Cosmogenic

Primary cosmic rays

Cosmogenic Background Source:

® Muons produced by cosmic ray shower In
the atmosphere

» Can produce Muon-induced neutrons

via hadronic process when interacting

with the matter [NF]

> Cosmogenic activation (via spallation,
fragmentation, capture... ): 3H, 60Co,
325j, 39Ar, ... [ER]

® Relevant underground but also above
ground!

r
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—
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secondary
cosmic rays

electromagnetic
shower




 The Underground World

Mitigation Strategy:

—E WIPP
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® Operate experiment in deep
Underground Laboratory (UL)

» Use Earth as shielding to
reduce Muon flux
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Intrinsic Background Source: TAKE ACTION ON RADON
® Radiogenic component naturally present in the
target/detection medium (136Xe, 42Ar, 85Kt,...)
® Radon (222Rn) Emanation: Recoil/Diffusion of Radon ﬁ‘if“’"-’*"’“* oS BTRTEL

. : - I 226
iIn material following alpha decay of Radium 226Ra {&]mu . \5\ ﬁ

Natural xenon composition HOW TO REDUCE RADON IN YOUR HOME

[sotope Abundance [%] Decay mode Half-life |years]

HIRING
124 99 a certlfled pro ess onal
Xe 0.09 QI/ECEC (1.1 i O.Qstat i O.lsys) X ].O koo 900
126Xe 009 St&d:.e - e INCREASING
D, 0 1.92 stable - A orms acovar 95509
129 5y .
Xe 26.4 stable : #° SEALING cracks
150X e 4.08 stable . N owesnmoueriuuy
131 1
13‘2Xe oo Sta'i):.e ] 29% OF CANADIAN REDUCE RADON
Xe 269 Sta D1€E o ign;:gfogugsg;?mNs to protect against
e took a080n B it e
X 10.4 stable - St
2, 8.87 2vBP (2.165 =+ 0.0165ta5 & 0.0595y) x 10% —

TV Canada



Intrinsic

Background Source:-

o ) Seruci-0 C@g" BriC |
Mitigation Strategy: distillation'golufmers -

R
Ar production
® Selection/Production of pure target/detection medium
® Offline/Online Purification system

® Surface Coating to limit radon emanation

(o —

Tre B LA
\ < i —

/\
Yo

."/
1
|

Liquid Xenon purification
unit used in XENONNT for
online purification

Journal of Physics: Conference Series 1468 (2020) 012234




~ Background Source- Solar Neutrinos' .7/ 43

Ultimate source of Background?

v
p— p—
) o
5 o

Me
e
@)

0]

Neutrino flux (cm 2 s™!
pd e pd ek
o O o O
o \] S8 (o)}

ek
<
\)

ek
<
N

= PP
- = 7Be (0.384) _
- = 7Be (0.861)

|
0.1

B L | |
1 10 100 1000

Neutrino Energy (MeV)

® Neutrino from the sun or the atmosphere
> Neutrino-electron elastic scattering [ER]

> Coherent Elastic neutrino-Nucleus
Scattering (CEVNS) [NH]

® Shielding and Veto system impossible...
Neutrino fog

One way to work-around:

® Directionality: we know where they are coming
from.
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Summary: Primary Cosmic Rayy

Target/Detector

Cosmogenic

Radiogenic
IO



~ Background Discrimination. ~ = 7.7 .7 45

Can we further suppress backgrounds in our detector?

® Use differences in detector response to particle (y,a,n,B) or interaction (ER/NR) type
> Gombination of multiples energy deposition channel (Light, Charge, Heat)

> Pulse Shape Discrimination (PSD)

® Use calibration data to study detector response to signal/background events

Cryogenic Germanium detector Liquid Xenon detector Liquid Argon detector =
T 5
Q — +— ¥,
- — c _
- = ~ .
O = = .
— Q Q DCE_S
X o o & :
o P c -
O O O ©

. — T 5

—1—
Recoil energy Recoil energy Pulse shape parameter



Detéction Techniques
Large diversity of detector to face the challenges of DIV detection

® Different detection techniques with different goals (low-/high-mass DM)

® Detector choice associated with Pro and Cons

Directional detectors

Crystal Target T-Sensor ‘s Ge/Si detectors
)
m _,_\“.':_?\ -
TU "\'
E L
= oAt -
= X

Rare events

Acoustic low-P
Sensor gas

..................... Tam _I

Gas _—+ S27,

PMT—[ED LSS, [+

5 _dim Scintillation ¢ >
readout (Light) i
)genic

Cryogenic bolometers
1 Metastable detectors

J. Billard et al 2022 Rep. Prog. Phys. 85 056201
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Detection Techniques - . = -~ 7705 48
Large diversity of detector to face the challenges of DIV detection

® Different detection techniques with different goals (low-/high-mass DM)

® Detector choice associated with Pro and Cons

Directional detectors

Crystal Target T-Sensor ‘s Ge/Si detectors
)
m _,_\“.':_?\ -
TU "\'
E L
= oAt -
= X

Rare events

Acoustic low-P
Sensor gas

..................... Tam _I

Gas _—+ S27,

PMT—[ED LSS, [+

5 _dim Scintillation ¢ >
readout (Light) i
)genic

Cryogenic bolometers
1 Metastable detectors

J. Billard et al 2022 Rep. Prog. Phys. 85 056201

piwguiw fgw b N




High-Purity Scintillator Crystals

Crystal Target

PMT '

Mostly used for annual
modulation searches

.
|

® Target: Nal and Csl

® Target mass ~O(100) kg

® Energy Threshold ~O(1) keV

® Detection channel: Light

Strength

Mature technology, can operate
stably for long periods of time

High mass number, boost SI
sensitivity

Weakness

Comparatively high intrinsic
background

No Fiducialisation or ER/NR
discrimination



N ‘ ® Target: Ge, Si, and CaWOyq
=
- ® Target mass ~O(1) kg
qe}
z
= ® Energy Threshold ~©9(10-100) eV
Crystal Target A ® Detection channel: Heat, (and Light, or Charge)
Strength ‘ Weakness
- Excellent energy resolution and _I(_)ryogenic detecltot:sl (<50 mK)
- - arget mass scalability Is
Efficient to search for low- | '0W energy threshold challenging Y
mass WIMP Two detection channel to allow Presence of an “Unkown”

background rejection + PSD (structural stress?) background

at low-energy (LEE - phonon)



Noble Liquid Scintillators-

® [arget: Ar and Xe
® Target mass ~O(1000) kg

® Energy Threshold ~O(1) keV

® Detection channel: Light

Strength ‘ Weakness

- Target mass scalability

Efficient to search for high- | position reconstruction for

fiducialisation Background discrimination not
mass WIMP as efficient as the next type of

| Background discrimination for Ar | detection technique...

Only one detection channel




~ Timée Projection Chambers (Double phase) " 52

S S g e i Y ® [arget: Xe and Ar
R —
e L ® Target mass ~O(10 000) kg
R T S ® Energy Threshold ~O(1) keV
X
wﬁmmﬂﬁﬂl\, ® Detection channel: Light and Charge
Strength ‘ Weakness
- Target mass scalability Energy threshold to high for
Leading technology for Position reconstruction for low-mass WIMP search...
high-mass WIMP search fiducialisation But their is some work-around
Background discrimination with possible (lonization-only,

' light and charge channel Migdal effect)



Acoustic
Sensor

Camera

-
~
~
"~
=

Liquid
Target

Contain 1°9F, best sensitivity for |

SD WIMP-proton coupling

® Target: Superheated (Kept at a temperature
just above their boiling point) fuilds, CsFs

® Target mass ~O(10) kg
® Energy Threshold ~O(1) keV

® Detection channel: Optical and Acoustic (1)

Strength ‘ Weakness
Can be tuned to be only
sensitive to nuclear recoils (dE/ Need to change the pressure
dx of the recoiling particle) inside to remove bubbles after
. . each event = dead time and
Position reconstruction for difficult calibration

- fiducialisation



2-dim
readout

Can be used to search WIMPs
In the neutrino fog, and

® Target: Low-pressure gas, such as CF4, can
use a mixture of gases also (Ne, CHa,...)

® Target mass ~(9(0.1) kg
® Energy Threshold ~O(1-10) keV

® Detection channel: Charge

Strength ‘ Weakness
' Track reconstruction of the Small ta(get mass, scalability is
deposited energy challenging
Electronic background rejection No self-shielding

sensitive to SD WIMP-proton
coupling «

(longer range, lower ionisation
density)



~ Charged Coupled Devices (CCDs) 7.7

y _‘
Low-energy Electron . n Targ et: Ge and SI
candidates
|| ® Target mass ~0O(1) kg
S| a ® Energy Threshold ~O(1-10) eV
3 III ® Detection channel: Charge
) .
‘. o DM-electron scattering
5 10 15 20 25 30
Energy measured by pixel [keV] y |
A Strength Weakness
o Pixel array
» / pixel M - Excellent spatial resolution for Small target mass, scalability is
band € particle identification challenging
- cifﬁi ~ Very low-energy threshold (Ge:

_ . ; Presence of an “unkown’”
lonization 2.9 eV, Si: 3.6 eV), aim for low-
- mass WIMP background at low-energy (not

15 um LEE! From charge here)

< > — - e —— E— E— EEEE——

4

valence band

Credits: A. Botti, P. Priv
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~ Direct Detection Landscape

Gradient of discovery limit,n = —(dIn¢/dInN)~!
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® Neutrino fog from
different source of
neutrino



~ Direct Detection Landscape

SI DM-nucleon cross section [cm?]

Gradient of discovery limit,n = —(dIn¢g/dInN)~!

10~%
j_0—46 PP

1 0—47

2 3 4 5 6 7 3 9 10 11
-l T T
1-0_36 ! . Ty ! ' Sy I I LI B L L T T LI L B L T T | B
= CRESST-III (2019)
1037 ——— CDMSLite (2018)
10-38 DarkSide-50 (2025)
- DAMA/Na = XENONTIT (2018)
1037 E ——— PandaX-4T (2025)
? — L7 (2025)
' 0—40
1 5 —— XENONRNT (2026)
10—41 | Light target
Lower threshold N
10742 F Lower background DAMA/I
10~+
Increase exposure
10— 44 Be W Lower background

~ 7Be pep
.

e Neutrino fog

10—49 Xenon

1 0—50
10! 10V 101 102 103 104

m, [GeV/c?]

® Neutrino fog from
different source of
neutrino

® A large part of the
parameter space have
been already cover,
without any positive
result...



~ Direct Detection Landscape
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SI DM-nucleon cross section [cm?]
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Gradient of discovery limit,n = —(dIn¢g/dInN)~!
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0—38 DarkSide-50 (2025)
g DAMA/Na —— XENONIT (2018)
0—39 PandaX-4T (2025)
—— LZ (2025)
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_ —— XENONNT (2026)
0—41 [ Light target
Lower threshold
0~ F Lower background
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W

Increase exposure
Be W Lower background
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® Neutrino fog from
different source of
neutrino

® A large part of the
parameter space have
been already cover,
without any positive
result...

® Well, is it really true?



'DAMA DISCOVERYI

Clear Signal Modulation:

Energy ROI 2 6 keV

< DAMA/LIBRA phasel (1. 04 toanr) . DAMA/LIBRA phase2 (1 S3 tonxyr) —>

O
-
»

O
@)
~

WYWWWWI\/% 4

Acos{w(t—to)] 137a

—0.06_'g :'511 5lll5|i S R T ?[:l? '| ?.:I? T I . | L
5000 6000 7000 3000 9000

Time (day)

O

Residuals (cpd/kg/keV)

SciPost Pays. Proc. 12, 025 (2023)

~0.04 —

B ~ 250 kg Nal(Tl) scintillating crystals taking
data in the underground laboratory of Gran

Sasso in ltaly for ~ 22 years
@ .

Crystal Target

[] [] u ‘\‘ /
® Observe annual modulation signal consstent#\ E

with WIMP hypothesis

PMT ‘\ X



DAMA/LIBRADISCOVERY? =

® But DAMA results is in strong tension with result from many other DM direct
detection experiments with better sensitivity.

® \What is the source of the annual modulation signal seen in DAMA?
> Unknown source of backgrounds? (40K?)

> Modulation seen in the 3 keV energy bin, close to the energy threshold
from the detector (2 keV) = hard to control systematics. Upgraded
version of DAMA currently running with lower energy thresholds.

> Dark Matter?

A Series of experiments are running/or under
development to test DAWIA results



ANAIS-112 | COSINE-100 | SABRE

e e

—_—— ., e e e e e r ——

ANAIS-112

® O Ultrapure Nal(Tl) crystals (total: 112.5 kg)
" Operatmg in Canfranc UL (Spaln)

'COSINE-100

® 5 Ultrapure Nal(Tl) crystals (total: 61.3 kg)
® Operating in Yangyang UL (Korea) g S A N@
| ® 3 year results compatible with null and DAMA results (lack of stat.)

' SABBE R&D Ongoing
= 2x Ultra-low background Nal(Tl): North (LNGS - Italia), South (SUPL - Australia)



https://agenda.infn.it/event/39713/contributions/234147/attachments/123411/180961/IDM2024_ANAIS112_IvanCoarasa_vdef.pdf
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.106.052005

~ Direct Detection Landscape
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Gradient of discovery limit, n = —(dIno/dIn N)™!
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10~
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g XENONAT-SRO (2023) Noble gases experiments
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; 10~ NO M\ ~::-i Increase exposure
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1074 e}

10~

10~ 10 10! 107 10° 104

Adapted from PRL 127, 251802 (2021) m, |GeV/ 02]



, Long hﬁ@ﬁ@@ :

Wild race:

® Noble gases experiments
are leading the race for
high-mass WIMP search

® Reaching multiple tonne of
noble element as target

® Xenon ® Argon
10—41 =
- W ArP2 3 ® Observed Result (90% CL)
- o
—_ 107 = ° NDM X 20%-exposure Sensitivity
e\ —
— - .
E 1074 £ N oN10 o e []1 Sensitivity Goal
=X EYL‘N' ASS @ .de-0
> - L M arkS!
D 10—44 = .D
% : 100 @ “‘x
Q1077 KENO 2600 §
2 - LU g O \SEAY =
-46 | \ b o S
2 0E xENOEnda* Ty ‘:
Q — ‘S 2
A 107V E a)LAT]j\\ -
Z — pand LZE S
48 L T1 %
6 107" = neutrino fog (Xe) Xﬁﬂeﬂ 2 LR - :
= H= S
10 <UID Z
— )
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2000 2005 2010 2015 2020 2025 2030 2035 2040 2045
Year



~ Argon experiments

' DEAP-3600

® 3.3 tonnes of liquid argon target | liquid scintillator detector
® Operating in SNOLAB UL (Canada)

x No WIMP-like signal find in the 1st year dataset
| ® 3 year dataset soon, and upgrade ongoing

f‘ 09 E-  Dark matter region of interest no fiducial volume cuts
iz Py : 222|~:<n 218Pg 214Pg
Excellent ER/NR  osll. ' neuonscaters  Fueneroysoha decays
discrimination o4}

0.3
it

Gamma decays

DEAP-3600 PE



 Argon experiments

' DarkSide-50
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DEAP-3600

® 3.3 tonnes of liquid argon target | liquid scintillator detector

® Operating in SNOLAB UL (Canada)
® No WIMP-like signal find in the 1st year dataset
® 3 year dataset soon, and upgrade ongoing

® ~46 kg of liquid argon active mass | dual-phase TPC
® Operational in LNGS UL (ltaly) between 2013-2019
® Ongoing transition = DarkSide-20k
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Will be discussed In further detail tomorrow



~ Direct Detection Landscape

S . <5 = —_ T — e — —_—

Gradient of discovery limit, n = —(dIno/dIn N)™!
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® | ow-mass WIMP
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SuperCDMS " EDELWEISS-III

R ~24 g Scintillating

® (Ge and Si cryogenic .
crystal CaWOQOq4 semiconductor n sGeemﬁ%OngdeuncI:for

® Result from 1st run x Will operate at
operating at LNGS SNOLF,)AB ® Operated at Modane

® | imitation by Low-
Energy Excess (LEE)

® 2014-2015: 582 kg-

® Commissioning in days exposure

2025


https://arxiv.org/pdf/1904.00498

'CRESSTil | SM[@)@W@@M@ | EDELWEISSAN . 68

CRESST-II SuperCDMS " EDELWEISS-II

: ® | imitation by Low-Energy Excess (LEE)
ao: . > Unknown source of backgrounds impacting
| currently all detector based on this technology
J & w > A lot of effort from the community to identify and
| i '” LA, TR mitigate the LEE. Potentially from structural stress.

CRESST ||| E ergy (keV)



® ~6g CCDs (7)
® Operate at SNOLAB

® Multiple results
already published

AMIC/DAMIC-M/SEN
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+ DAMIC=M

® Different phase, now
reaching ~40g per
CCDs (19)

® Operate at SNOLAB

the first run

® Operate at Modane

® Construction phase
towards the kg scale ® Science run ongoing



Future perspective

__arXiv:2406.01705
Experiment Location Data Taking Readout Target Home Ref.
DARKSIDE-20K Gran Sasso, Italy 2023 scint.+ioniz. (~ 85K) 20t Ar web  [378|
SBC SNOLAB, Canada 2028 scint. bubble chamb. (~ 100 K) 10kg Ar talk  [379]
ARGO SNOLAB, Canada 2029 scint.+ioniz. (~ 85K) 300t Ar web  web
DARKSIDE-LM scint.+ioniz. (~ 85K) 1.5t Ar web  [380)
LZ-HYyDROX Sanford, SD 202x ioniz.+scint. (174 K) 5.5t Xe + 2kg Hy web LOI
DARWIN /XLZD undetermined 2027/28 scint.+ioniz. (~ 170 K) 40/60t Xe web  [381
PANDAX-XT Jinping, China 202x scint.+ioniz. (~ 170 K) 43t Xe web  [382]
QUEST-DMC quasipart. (~ 100 uK) 1 cm?® 3He paper [383
DELIGHT Vue-des-Alpes, Switz. 202x phon.+roton (~ 20 mK) 101 “He web  [384]
HERALD 202x phon.+roton (~ 50 mK) ~ 1kg *He web  [385
ath. phon.[+ioniz.] (15 mK) 11[+14] kg Ge
SUPERCDMS SNOLAB  SNOLAB, Canada 2023 ath. phon.[+ioniz.] (15mK) 2.4[+1.2] kg Si web 386
DAMIC-M Modane, France 2025 ioniz. (~ 120K) 0.7kg Si web  [387]
OSCURA SNOLAB, Canada 2029 ioniz. (~ 130K) 10 kg Si web  [388]
CDEX-50 Jinping, China 202x ioniz. (~ 90K) ~ 300 kg Ge web  talk
EDELWEISS-CRYOSEL  Modane, France 202x ath. phon. (~ 10 mK) ~ 30g Ge web  |389
CDEX-300 Jinping, China 2027 ioniz. (~ 90K) ~ 300 kg Ge web  LOI
CDEX-1T Jinping, China 2033 ioniz. (~ 90 K) ~ 1t Ge web  LOI
CDEX-10T Jinping, China 2040 ioniz. (~ 90 K) ~ 10t Ge web  LOI
COSINE-200 Yemilab, South Korea 2024 scint. (~ 300K) ~ 200kg Nal(Tl) web talk
COSINUS Gran Sasso, Italy 2024 scint. (~ 10 mK) ~ 1kg Nal(T1) web  [390]
Gran Sasso, Italy 2024 scint. (~ 300 K) 50kg Nal(Tl) web
SABRE  { SUPL, Australia 2023 scint. (~ 300K) 50kg NaI(TI)  web Lo5°
PICOLON Kamioka, Japan 202x scint. (~ 300 K) 54 — 250kg Nal(T1) paper [391
KAMLAND-PICO Kamioka, Japan 203x scint. (~ 300 K) 1000 kg NaI(T1) paper [391]
DMICE-250 South Pole scint. (~ 260 K) ~ 200kg Nal(T1) talk talk
PICO-40L SNOLAB, Canada 2023 bubble chamber (~ 290 K) ~ 50kg C3Fg web  [392]
PICO-500 SNOLAB, Canada 202x bubble chamber (~ 290 K) 360 kg C3Fg web 1393
MOSCAB Gran Sasso, Italy 202x bubble chamber (~ 290 K) 2 —>251C3Fg  paper [348
MIMAC Grenoble, France ioniz. (~ 300 K) CF4+CHF; paper [352]
NEWS-G : ECUME SNOLAB, Canada ioniz. (~ 300 K) ~ 2kg CHy web  [335]
NEWS-G : DARKSPHERE Boulby, UK ioniz. (~ 300K) 27kg He+C,H;y  web [335
CYGNO Gran Sasso, Italy 2024 ioniz. (~ 300K) 1 m* He+CFy4 web  |354]
CYGNUS multiple sites ioniz. (~ 300K) 103m3 He+SFg/CFy web [355]
SNOWBALL supercooled liq. (~ 250K) 1kg H,O talk  [394
ALETHEA scint.+ioniz. (~ 4 K) 10kg He paper [395)
TESSERACT ath. phon. Al,O3, GaAs, He web LOI
SPLENDOR ioniz EusIny,Sbg, EuZn,Py poster LOI
WINDCHIME accelerometers paper [266]

® Planned future, and R&D
project for direct detection
experiment, few examples

Final test for DAMA results

Next generation of Noble
gases TPC to reach the
neutrino fog

Directionality to overcome it

Exploring the low-mass DM
realm



