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Dark matter

An essential part of the standard cosmological model

UNIVERSE AGE:

13,790,000, 000 YEARS , ‘
| UNIVERSE CONTENTS:

- 576 BARYONIC. MATTER

- 26% DARK MATTER

= 69% DARK ENERGY

RATE OF EXPANSION:
67.8KM/S.PER MPC
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The known and the unknown

Particle candidates : Alternatives :

* Weakly Interacting Massive Particles (WIMPs) (WIMP * Primordial black holes
miracle, SUSY, ...) * MACHOs

* Axions (QCD axions and Axion-Like Particles) * Modifications of gravity

» Sterile neutrinos ( ~keV - "warm" DM)
* Adark sector ?

&

Unknown

particles ? Or just
a poor knowledge
of gravity laws ?
Black holes ?

A mixfure of
them ?

Ordinary Matter: 4.8%

Dark Matter: 25.9%

Dark Energy: 69.2%
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From the infinitely large . . .

(plethora of evidences of hidden mass in our Universe)

.. . to the Infinitely small

(this might be a sign of Physics Beyond Standard Model :
of Particle Physics and/or Gravity) Atelier Chose - © CNRS/IN2P3



Hunting Dark Matter with Particle Physics

Make ! - "Detection” with colliders : measuring missing P
(CMS, ATLAS @ LHC)

time <
i Dark Matter Standard Model
Particles Particles Shake ! - Direct

time

L
>

Each of them has ' detection of galactic
their own DM :
- assumpTions,

Possible to * on earth scattering off
combine their a detector nuclei

results with some

caveats (Xe, Ar, Ge, Nal,
— Dark Matter Standard Model Si, ...)
Particles Particles
> time

Break ! —. Indirect detection of cosmic DM : annihilation
(AMS, PAMELA, CTA, IceCube, ...)
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Assumptions of Direct Dark Matter search

Composition of the rotation curve

velocity [km &

Dark Matter “wind” coming
from a well defined
direction (Cygnus
constellation)

Its velocity against us

and its density
M. Weber, W. de Boer, Astron.Astrophys.509:A25,2010

Different halo profiles
NFW profile (NFW)

Binney profile (BE) D a r k

Moore profile (Moore)
PISO profile (PISO)
=1 =:= 240 profile (240) M atte r
Halo W~
d ..

p [GeV cm™?]




Fantastic Beasts and Where to Find Them
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Which target and which mechanism 7

DM-e
ALPs
Dark photons

WIMPs
MIMPs

BG : n, v CEVNS Also :
Luca Scotto Lavina ° SD VS S|

* Elastic vs inelastic
 Light vs heavy mediator
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Energy recoil : the observables

DAMAILIBRA
XMASS CUORE
DEAP
COSINE TESI;II(E:FCI)ACT
ANAIS
SABRE
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Example of scoped energy domains

ALPs, Dark Photons DM-electron Luca Scotto Lavina
(few-electrons) {chame-only ) {dﬂqﬂd-sc:inﬂﬂdim] {chame-oniy)
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WIMPs domain (m>10 GeV)

WIMP Limits vs Time: principal detector categories - - DarkSide
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Dual-phase noble targets TPCs

(Xenon and Argon)

No long-lived isotopes (Xe only)
Odd and even isotopes (Xe only) = SD
Self-shielding

Recoil discrimination

S), 52 = event energy

S2 image — xy coordinate
S1-S2 timing — 2 coord.
S2/S] = recoil ype

S1PSD (Ar only) — recoil type

. :
: drift time :
R «————  (depthh —— | fime
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High WIMP mass : LXe TPCs rule

::::::::::

:::::::
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State of the art of liquid xenon detectors

PandaX-4T :
* @JinPing, China
* 6t total Xe mass

« 1.54 ty exposure
PRL 134, 011805 (2025)

]0—4] ——r

ST WIMP-nucleon cross-section [cm?]

104 5\\

PandaX-4T 2021

——— XENONnNT 2023

—— LZ2023

e This work (— 1 PC limit)

WIMP mass [GeV /c?]

104 L Lo __
£ “," > El
[ \ e //
- P
[ \ \‘ "—" //
10746 E l‘\‘ \“" _______ ”’ /’ _:
\ =
\\_7 =
107471 e
10! 102 10° 10+

XENONNT :
* @LNGS, Italy
» 8.6t total Xe mass

« 3.1ty exposure
PRL accepted, (2025), arXiv:2502.18005

—
o
|
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=]
—

WIMP-nucleon cross-section 05! [cm?]

= XENONNT (this work)
—— XENONNT 2023

—LZ 2023
—— PandaX-4T 2025
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1048 P | . —
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WIMP mass Mpy [GeV/e?]
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WIMP-nucleon og; [cm?]

LZ

(best limit):
@SURF, US

10t total Xe mass
4.2 t y exposure

PRL 135, 011802 (2025)

- wewe Median 3o discovery potential

==== Median expected upper limit 75
m— Power conatrained upper limit J

— - Unconstrained upper limit
L o

10° 10° 10
WIMP Mass [GeV/c?)
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Downwards fluctuations

To constrain large downwards fluctuations, the limit is subjected to a power-constraint : arXiv:1105.3166

e LZ results (2025) :
E __,,f-" 3 .
"\ e 4.2 + 0.1 tonne-years from 280 live days
PN (of which 3.3 are new with respect to 2022 results)
10
E Source Pre-fit Expectation Fit Result
e P s 743 £ 88 733 & 34
T $5Kr + *Ar Bs + det. 45 162 £ 22 161 + 21
= 10 "k E Solar v ER 102 + 6 102 + 6
& » 1 212py, 4 H8pg B 62.7 + 7.5 63.7 + 7.4
-‘5: B 1 Tritium+ '*C Bs 58.3 £ 3.3 59.7 £ 3.3
B | WL 135X e 2063 55.6 + 8.3 55.8 + 8.2
ey 10 7 E N - 124X e DEC 194 + 3.9 21.4 + 3.6
= F . 127Xe 4+ 1%°Xe EC 3.2+ 0.6 2.7+ 0.6
= i '\ : ] Accidental coincidences 2.8 +£ 0.6 26 £ 06
—48 g e -"’"’ ==er Median 3o discovery potential Atm, v NR 0.12 £+ 0.02 0.12 = 0.02
10 = ==== Median expected upper limit 3 5B+hep v NR 0.06 = 0.01 0.06 £+ 0.01
E T E"“:ﬁullm.‘“:::nud tI1|JF|.'r.:m|it E Detector neutrons a0'0+0.2 0'0-{—{].2
[ g e R I oo M M M AT 40 GeV/c® WIMP 0.070
10' 10° 10° 10" Total 1210 + 91 1203 + 42

WIMP Mass [GeV/c?]

* Full curve : 90% C.L. limit with a power-constraint (-10) to
restrict it at or above the median unconstrained upper limit
* Dot-dashed curve : no power contraint applied

S
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Spin Dependent interactions

LZ results (2025) .
4.2 £ 0.1 tonne-years from 280 live days

Coupling with neutron Coupling with proton
o ——r — 10 7 g T T

WIMP-neutron o, [cm?]
WIMP-proton ok, [cm?]

=+ Median 3o discovery potential 7 10 E == Median i discovery potential E
i — Power constrained upper limit | C = Power constrained upper limit
]0_43 | L L Lol 1 1 Cooaaal L L T T Il] L L 1 l|||||2 1 1 1 IIJlI]% "
1 2 3 4 :
10 10 10 10 10 10 10 10

WIMP Mass [GeV/c?] WIMP Mass [GeV/c?]

First time LXe explored
new territory after PICO
(bubble chambers)

PRL 135, 011802 (2025), arXiv:2410.17036
S
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WIMP-Nucleon Effective Field Theory Couplings

« Non relativistic effective field theory (NREFT)

LZ, Phys. Rev. D 109, 092003 (2024)

4.50 ——————— — S . ——
« WIMP-nucleon interaction described by : e i
S s = 400 s
2 e O | = = = T ar
LS, fﬂJ— =U+ = S)(: S_-'\" EJ'” """" S
oy 2u eF 150 ¢ i
E 1 I
. o . 232!
« 15 independent and dimensionless operators: = 1000 GeV, 0%,
O] = lxlNa @2 = (’I!,-‘J‘)z1 @3 = if;”'N : (% * ‘ETJ‘)._. 225 E
— ¢ .gq L — 3G (gL e T m X 20 25
Os =5y Sy, Os=iSc- (55 x ¥%), log1(S1. [phd])
Os = ( X nEﬂ:) SN 'rr?_-\r , O7=>5n o
Og = SX E 3 Oq = ISX £SN * ?—f:) E:
O = iSn % @11245*9;('%: ,
012 = SX §_'\‘r x IJ‘) Olq =1 (gx El) (Sn.,r ;?-:?) T .

= _(§ .4 a gl) . 4
Olﬂ - (SX :.-n,-».,-) ((SN XU ) L )

« Evaluate the scattering amplitude by assuming
a single operator

« TWwWo papers:
« XENONIT, Phys. Rev. D 109, 12017 (2024) A
« L2, Phys. Rev. D ]09, 092003 (2024)
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DarkSide-20k

o Tile: 5x5 cm2 s
e PDU: 20x20 cm? e Optical planes: ~2x10 m2

e 24 SiPMs directly mounted on a FEB
« NUV-HD-CRYO developed by FBK o 16 Tiles Assembled on a Motherboard « Total PDUs used (TPC): 528
« 4 readout Channel « Readout Channels: 2112

and produced by LFoundry

Photodetectors to be installed at NOA (Nuova Officina Assergi)

I~!ei1trm‘1 Veto
32 ton of UAr

15cm 40 cm

AarCryopenicd ProtoDUME Creosisl UM Crvegenics 'UAr Transpertation Skid and Storage
Corra Grance Crpoghnics Suppert st | I 1

21z m) Usr Compressor

Muon Veto
650 ton of AAr

LNGS Hall C
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Towards DarkSide-20k : impurities reduction

Extraction with Urania

Expansion of the industrial scale plant in Cortez, to reach |
capacity of 250 kg/day of Underground Argon |

Initial purity: 99.99%

Second separation

I 5

Purification with ARIA

~350 m distillation column in Seruci mine
(Sardinia)

Process O (1 tonne / day) with 103 reduction of
all chemical impurities

14 years for 50 tons <« x10 3%Ar/<Ar reduction at the rate of 10 kg/day

The demonstrator column (26 m) successfully
tested in 2019 with LN2 and in 2021 with argon

Isotopic separation of Ar-36, Ar-38, and Ar-40
has been demonstrated.

Successful test installation of the first module (of
28 central ones) in the mine shaft

26m
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Xenon : towards the 3rd generation of detectors

XENONNT :
@LNGS, ltaly
8.6t total Xe mass

@SURF, US
10t total Xe mass

+ DARWIN
R&D program since a decade
to build a 50t total mass

PandaX-4T :
@]JinPing, China
6t total Xe mass

XLZD (XENON+LZ+DARWIN):
Several sites considered
80t total Xe mass (60t active)

PandaX-xT :
@JinPing, China
43t total Xe mass
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PandaX-xT

o April 2025 : International Open Meeting for PandaX-xT
 https:/indico-tdli.s jtu.edu.cn/event/2934/

o Including theory and phenomenology talks and a visit to Jinping Laboratory

« Staged approach : first 20T, then 43T

A'Nekt Generation Deep Underground
Liquid Xenon Observatory

Jianglai Liu

State key Laboratory of Dark Matter Physics

Tsung-Dao Lee Institute and School of Physics and Astronemy: -
Shanghai Jiao Tong University

-

o
L

1

Chinese Physics C 37,
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PandaX-xT : physics reach

« Results assuming 43 tonnes of fiducial mass
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PandaX-xT : timeline and future ideas

Timeline and future performances 1077
1079 By

107}
1[4

30

[ ] | | |
SD WIMP-proton [cm’]

— -41

£ 20 10 5

E 10742}

ng ]U'“-"' L ey
5 10

= 10°%

Ln

107}
10741}
1072
][}-43 r
¢ [ s S :

25 | |

131 I 132 134 I 136
Xe lsotopes

=

SD WIMP-neutron [cm?]

PandaX Project Timeline 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037 2038 2039 2040 2041 2042

Operation of PandaX-4T, and R&D for the
upgrade

Project Phase-l: construct and operate
PandaX-xT; procure xenon by stages and
upgrade detector along the way while
keeping high running-time; 20T => 43T

Project Phase-ll: with isotopically
separated xenon (versatile configurations)

S
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XL2D, a dark matter detector 7
No, an astroparticle observator

XLZD is an astroparticle observatory, allowing not only dark matter search, but also

neutrino physics and many other physics opportunities

* ‘Snomass’ White paper : J. Phys. G: Nucl. Part. Phys. 50 (2023) 013001, arXiv:2203.02309

e XLZD Design Book : Eur. Phys. J. C (2025) 85: 1192, arXiv:2410.17137v1

0w
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Phys. Rev. D 94 (2016) no.10, 103009
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Neutrino nature

beta decay

4 Neutrino magnetic

moment
Double electron
capture

Sun

pp neutrinos
Solar metallicity
' 7Be, ®B, hep

arxiv:2203.02309
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The power of scalability

&0000

Fiducial mass [kg]

o 2008]. [T mm[ ........ b | |20 — N
Background [events / (tonne keV day)] F i
e ap,
- ~
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XLZD goals

Cross Section [cm?]

ER Background [evts x (t d keV)]
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Size matters

New detector —. new challenges

Design of electrodes: robustness (minimal
sagging/deflection), maximal transparency,
reduced e- emission ("hot spots")

Electric field: ensure spatial and temporal
homogeneity, avoid charge-up of PTFE reflectors

High-voltage supply to cathode design, avoid high-field
regions

Light sensors: reduce backgrounds and DRCs,
improve PDE

Cryogenic system and xenon purification

Xenon storage and recovery : safety and reliability

Computing : handling up to 2.4 PB / year of data

Frédéric Girard, LPNHE
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Comparison with future experiments

' https://github.Com/odadoun/Da}kPlotter _
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Timeline of future experiments

Back-of-the-enveloppe considerations : : DarkSi
» « L2 :data taking at least up to next Snowmass ? (2030)| e
163 « XENONNT : at least up to 2028 (SC LNGS) F 10 | ;:;g
« DarkSide-20k : 2001y in 10 years. If start = 2027 - 2036 e
= s ] o PandaX-xT : (43t mass) 2001y If start = 2027 - 2036 | o AT
i - ? L ARGO ; ]OOO'l'Lj. S'tOlY't by N2036 ? L é Panda)
g o XL2ZD: (40t—80t) 1000ty. If start = 2030 — 2040 T —lz2e
}j 10 1: C 10 Z;
—?? 107 3 g é
g 107 5 102 B
= - 10
[ e — r r — r . P————. { 014
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WIMP Mass [GeV/c?]

S
Luca Scotto Lavina, AstroParticle Symposium Paris-Saclay, 2025 32






Even higher masses : MIMPs

Mass close to the Planck mass Spinindependent scattering (A* scaling)
— Multiply-Interacting Massive Particles (MIMPS) 10
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. 107 ° -
XENONLIT : PhyS Rev. Lett. 130, 261002, arXiv:2304.10931 10° w' 1" 1" 1™

DM mass [GeV/c?|

LZ : Phys. Rev. D 109, 112010, arXiv:2402.08865v1
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Low masses close 1o 2B neutrinos : liquid xenon rules

XENONNT results (2024) . Phys.Rev.Lett. 133 (2024) 191002
3.51 tonne-years o s
= Combined acceptance
0.5
arXiv:2409.17868 g
10741 ¢ £ 03
SI DM-nucleon scattering £ 02

o
=

10—42

102 k

<
Qo o
= 1=t 3
g ;
E 10-44 PandaX-4T S2-only (2023) E
5 g
: - 2 : . .
E': 1045 = nguclear r:eﬁoilenergz);?ke\f] °
A
: 0.16 |
i = =
L O’Hare (2021) o1ar
: ; 0.12}
4 6 8 10 12 )
0.10F
DM mass [GeV/c?] S 000 Y(**"Y) + °Be — n + *Be
2o.
XENONNT analysis features : 0.06
« Passing from the traditional 3-fold to a 2-fold PMT coincidence 0.04F 88y/Be NR
« Drawback : increase of accidental concidences background 0.02k v
 Two BDTs on the S1 and S2 peak . . . .
« Temporal (S2/AT) and spatial correlations with preceding events 05 10 1.5 20 25 30

Recoil Energy [keVygr]
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Low masses < 4 GeV : DarkSide-50

e lonization (52)
e Efficiency to extract 1 e- in the gas pocket ~ 100%

efficiency (g1) - 16%
A e Amplification factor (g2) = ~23 pe / e-

e

\‘n.

DarkSide-50, Phys. Rev. D 107 (2023) 063001
DarkSide-50, Phys. Rev. Lett. 130 (2023) 101001
DarkSide-50, Phys. Rev. Lett. 130 (2023) 101002

Quenching fluctuations, two approaches :
* No Quenching (unphysical but conservative)
* Binomial quenching

-34
— 10
o o L]
E oL WIMP-n + Migdal
—
=36
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] ? 10—40;_ PandaX-4T 2022
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~ P i
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N il -azf
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Warm Dark Matter = Axions search

* Origins of axion type particles: galactic dark matter and production in the Sun

* Coupling of axions and axion-like dark matter particles (ALP) to LXe target medium via axio-electric effect
(,absorption“ of axion and emission of electron from the atomic shell)

« Signal expected to appear in the electronic recoil band (as opposed to WIMPS)

4
1

mi

0.5H

(52 /81)-ER___

D
n

Expected Mean Recoil Energy [keV]

.

Expected Mean Reccil Energy [ke\]
T c . - ?.'f 1?] oo L% 10 5 2 25 W »
& P xpected solar axion signal ] L2 ; g ' ' B
a /lI o P " E ] E E Expected galactic dark matter axions
Bl / ~—my < 1keV/c?, g = 2x10°1 | § s | e g, = Ax10°2
i " 3 R e
E | -~ 3 1 shewc

'

',
62
!
e
£

E -
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I | 1
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Warm Dark Matter = Axions search

pHz mHz Hz kHz MHz  GHz THz PHz

Electron ¢
comagnetometers
(K-He)
Torsion pendulum
(dipole-dipole force)

Torsion
pendulum

Solar i/
XENONnNT (Solar axions)

Red giants (c:Cen)

XENONIT SE _; 10-10
\0‘)%’[66&31\ ,9/%/1,6,’3/%/'5,1,\0\'2.?:5,6 i
A0 1@ 1@ 1@ Xo Xo XQ X&s \\0 Xo Xo XQ x\o NEVENVENVENVENVENEVEVEE RNIR IR IR RN o 10-1
mg [eV] 1
XENONnT 410712 5
(this work) 3
XENONIT S2-Only
For noble liquids, curves are a combination of several analyses : 4107
o Standard S14+52 ;
« S2-only analysis " {101
. )-to-few electron analgsis F Axlon llke Partlcles X . T

D 1 1 10
DM Mass [keV]

S
Luca Scotto Lavina, AstroParticle Symposium Paris-Saclay, 2025 40



Dark Photons

e Arise from a U(l) extension of the Standard Model Leading results :

. . . « From skipper CCDs:
« A dark electromagnetic field mixes with the SM photon DAM|C@SN£&LAB
SENSEI (2023) arXiv:2312.13342
SENSEI (2024) arXiv:2410.18 76

« Dark Matter searches exploit the fact that dark photons DAMIC-M
can oscillate into regular photons, producing luminous
signals‘ « From noble liquids:
"Kinetic mixing” DarkSide-50
X XENONIT
A 1h% Panda-X
LD 9 X <1 XENONNT
L2

mHz Hz kHz MHz GHz THz eV keV

Diffuse X-ray

'] p 6 5 ‘; 3 1 4\_ “ | C} % '? 6 L 5 » |L 3 1 \ ;: \ 1 3 10718 T THHH| T THHH| T THHH| T T HHH' 1] THHH| T THHH[ T THHH| T THHH| T T TTTT
1030740750 40 Ko 10 A0 10710 10 10750 107 10 10 30 48 4@ 48 40 1072 10~' 10° 10! 102 103 10* 10° 10°® 107
Dark photon mass [eV] Dark photon mass [eV]
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Light-WIMPs (sub-GeV Dark Matter)

At low masses, DM-electron scattering kinematics
is more optimal than DM-nucleon scattering for

experiments

Leading results :
« From skipper CCDs:

DAMIC@SNOWLAB

SENSEI (2023) arXiv:23/2.)3342
SENSEI (2024) arXiv:2410.18 76
DAMIC-M

« From noble liquids:

DarkSide-50
XENONIT
Panda-X
XENONNT
L2
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Dark Matter with Skipper-CCDs

Main idea : ultralow-noise electronics in combination with repetitive,
nondestructive readout of a thick, fully depleted charge-coupled device (CCD)

Three detectors : SENSEI, DAMIC @ SNOWLAB, DAMIC-M

Low-energy Electron

candidates

na

o
-. Muon

i
15

50 pixels

I
5 20 25 30

Energy measured by pixel [keV]

Particle ID

Skipper read out stage

. _E— voltmeter

: ; E—
| I i

S W O G sens
node W,

DAMIC @ SNOWLAB SENSEI
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DAMIC-M Low Background Chamber

+ daily modulation analysis

2 skipper CCDs 4k x 6k pix (18 g)

Ancient
lead

Daily modulation (due
to interactions in the
Earth) analysis
improves up to ~2
orders of magnitude
their analysis with the
same dataset

10295‘

1031;

1033;

109}

10'3?§

-

T < -

Fuag

m—— DAMIC-M, this work

— DAMIC-M (2023}

= == DAMIC-SNOLAE (2015)

= = EDELWEISS (HEH)) s—SENSE] (2020, recast)

svnin SUPBrCOMS (2019) =

s HANGAN-] (2021)

== XENONAT (2018, 2022)

= == XEMNONTT Solar Refected DM (2022)

oo
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Next generation experiments : Skipper-CCDs

DM-electron scattering

Dark photons

10_2? 10~ 23 ]O—II
1044 1029} ;
10-2pf 0'*0 10-2L
10—3Ui_ 10~ -31 F
10731 i i
f 10 g
1072 053 B = 10 |3§_
10_33 E \ :Q_‘:'_':_';‘.-'..n__._.#::ﬂ"":'- g 3
= 103 ] 10 i Smxlﬁrfomo, == 10-14L
E ooasf. E 10735 P ] ;
% 10—36{ ''''' % 10-36 Key -‘Trh-.s.’mu. ] v i
b 10 E b -! ]O—IS_
1037} 10777 : :
10738} 10738
10y 107 s 1' 1071
10—40 i_ _______ 10_40 D}:\'\"L.'lc -; i
1041 104! Qs ] 10717
:g::i !— 3 10_:? Fl:-m=(0’ms."q)1!z 5 [
NPT rarmn Ly fin 10— i | | saaul L | i ]0 1
1 10 102 10° 10° 10! 102 10 104 1 10 100
m, [MeV] m, [MeV] ma [eV]
_ LN, pressure vessel @ 450 psi SENSEI DAMIC-M Oscura
Sktlpg_?_rf%[: 'ShHOVIV a well n.ofCCDs 50 200 20000
estabilished technolo
9y mass (kg) 0.1 1 10
To gain sensitivity it needs to bkg (dru) 10 0.1 0.01
* Increase target mass ™ Lab SNOLAB LSM SNOLAB
* Silicium thickness (likely)
* High number of devices _
 Improve background OSCURA merges the expertise from the
two collaborations DAMIC and SENSEI

Luca Scotto Lavina, AstroParticle Symposium Paris-Saclay, 2025

The OSCURA experiment :
arXiv:2202.10518v2

45






Very light dark matter with phonons

TES-based Crystal Detectors
« TESSERACT (SPICE)

Superfluid Helium Detectors

o« TESSERACT (HeRALD)

« DELight (using Magnetic Micro
Calorimeters)

MKID-based Detectors
« BULLKID

Superconducting Qubit Sensors
e Cosmic Quantum (Cosmi@) at FNAL
« SQUATSs

Luca Scotto Lavina, AstroParticle Symposium Paris-Saclay, 2025
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Very light dark matter with phonons : Tesseract

~meV eV keV MeV GeV ~ TeV

Hazvy Mahisar
1%
g 0%
E 10 -
i
& 101
g a0
g M e,
10" mev 10— -'-I\-'[c\‘ .(_ic\" — Tev
P Gollection Fin (] —===p
I
ER : 100 meV — MeV ER: eV - MeV NR : MeV -GeV NR:100 MeV - 10 GeV e 4
No PID, SP NR : MeV - GeV PID : PSD PID : PSD s
PID : photon - phonon P :
=== =7 8 it
f photon s
R — Crystalline substrate
ETHEFEPE TN (Al:05, SO, Gas, Ge, Si)
¢ ‘ Bz \/4ka30(1-0011£££ 55 Tsensor)
; o ~
phoncn oS €collect Esensor
GaAs I Ge/Bi
. O X V1/2T3
SPICE (Al.O3; and GaAs) HeRALD (LHe) TES4DM (Ge/Si) / det “\‘

Energy threshold decreases Energy threshold decreases
with detector mass very quickly with Tc
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Low-E excess in cryogenics experiments

Observation of a strong Low Energy Excess (LEE) of events in ALL low-threshold
cryogenic experiments limiting their DM sensitivity

The LEE is both :
« the largely dominating background at the lowest energies
« limiting the phonon baseline energy resolution

=
o
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=
]
e
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TESSERACT @ LSM: timeline

TESSERACT moved to the Project phase

Multiple target materials allow for exploration of
different types of interactions and dark matter
particle masses

Multiple signal channels and coincidence-based

background re jection to re ject backgrounds, especially
the LEE

Moving to Modane in 2028 for low-background
searches starting in 2029

Detectors R&D - Fabrication - Testing - Optimization

1st science
surface DM search + Calibration studies data taking at
LSM
cryostat & shielding design/ P e T R cryostat Integration
procurement y g @ LSM
2025 2026 2027 2028 2029
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What about sugar ?

SWEET Project : The SWEET project: probing sugar crystals for
direct dark matter searches

H 1 1 1 A. Bento*, F. Casadei*, E. Cipelli*, S. Di Lorenzo*, F. Dominsky*§, P. V. Guillaumon**¥, D. Hauff*,
[ ]
Hydrogen' 9lven I-ts llght mass' IS A. Langenkimper®, M. Mancuso®, B. Mauri*l, C. Moore*™*, F. Petricca®, F. Probst*, M. Zanirato®
i 'F *Max-Planck-Institut fiir Physik, D-85748 Garching, Germany
-l:heore-h COI ly -the bes-t -ta r9 e-l. Or TLIBPhyS-UC‘ Departamento de Fisica, Universidade de Coimbra, P3004 516 Coimbra, Portugal
li 9h-t Dark Matter search . "Instituto de Fisica da Universidade de Sdo Paulo, So Paulo 05508-090, Brazil
Email: gdm’ninsky@rripp.mpg.dt:, ﬂpedru.guillaumun@mpp.mpg.de, ”bmaur}@mpp.mpg.dc **moore @mpp.mpg.de

« Organic compounds are rich of
Hydrogen

« Phonon detection using sucrose v —
CYL:)SJ(OHS (C]2H220n) 102 ] Cz_lWO.; LiAlO2
—— Diamond Sugar

104

o Preprint: arXiv:25]0.00068

Dark Matter Nucleon Interaction Cross-section (pb)

102 0.1 |
Dark Matter Mass(GeV /c?)

S
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Axions, coupling to the photon

Haloscopes : The phenomenology mostly based on the axion coupling with photons
* Lumped element + LC p -
* m,~ O(10 peV - 100 eV) Ll 7 2
* v~ O(MH2z) 107 CROWS | [Atpsaly < £
10-8 ABRA ¢ OSQAR @%‘ 2
. 10em = =< N s @)
ABRACADABRA, DMRadio = 0 0 I
0= ACT Solar 1 ) g
+ Microwave cavities o100 S s Globular clusters —Piffuses SRS
55 = StAB Q
* M.~ O(10 peV) '> 10-11 2
* \)~ O(GHZ) [ 10712 é r; é. % 3
g 10-13 \ S
ADMX, HAYSTAC, CAPP, GrAHal, — i , / | S
ORGAN, QUAX, CAST-CAPP, RADES & 107 . | T VaREAN, T
e - ALPHA (&
L0100 i Poiis S
* Dielectric 1016 “‘\\ ,,"}/s;%];x;o-RADES l ,.a
e ma~ O(100 peV) -1 % l <
» v~ 0(10-100 GHz) 1 THESEUS £
10718 \\\ P ,//. I g
BREAD, BRASS 1013 S’
MADMAX \Q/YLXQ’XXQ’XQ\,D/Q x()/%@/q xD/b xO/B \,()’bﬁx()/3 @/1\()/l 1 A0 AT 40 40 4T 4 4T
. m, eV
¢ Plasma But aISO . o [ ] da Y
° ma 0(100 I,leV) ||||||||||||||||
* v ~0(10-100 GHz) * Light-shining-through-wall (ALPS) j PO
* Helioscopes (CAST) B,-
ALPHA
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Example of lumped element detection : DMRadio

Magnet + pickup sheath
+LC resonator

Magnet

Magnet + pickup sheath

Q
¥
¥

i
i
i
X
i
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|
o}
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"
"
¥
i

B

S —

Applied magnetic field B, Axion current J__in turn induces a poloidal RF magnetic

S A O field, Ba, inducing currents ."p in a superconducting | B db —
sheath which surrounds the toroidal magnet A ik ol e -
current, Jeﬂ, B, coupled to an LC resonator

S SREEEEEEES =
S SETEEREEES =

L]
L]
=

A
Pickup Sheath LC Resonator

S
1
1———!‘-_
b~

Alex Droster, IDM 2024
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Example of cavity haloscope : ADMX

Bucking Magnet
This smaller magnet cancels out, or "bucks,”
the magnetic field of the main magnet in the
vicinity of the SQUID amplifier, which relies on
a tiny magnetic field created by the photons to
detect a signal.

SQUID Amplifier
This device uses quantum-mechanical effects
to detect and amplify the minute signal created
when an axion decays into a photon.

4 meters

Microwave Cavity
The heart of the experiment, this empty cavity
is where scientists expect ambient axions,
which should be present throughout space if
they constitute dark matter, to transform into
microwave photons under the right conditions.

Microwave photon

Virtual photon

8-Tesla Magnet
The main magnet in the experiment fills the
cavity with a magnetic field that encourages
the axions to decay into photons.
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Example of dielectric haloscope : MadMax

« Constructive interference of coherent photons emitted at the disk surface + resonant

enhancement (~leaky resonator cavities) : boost factor (32 wrt mirror only
* Axion mass scan: by moving discs with piezo motors (um precision) at 4K under 10 T

. 32 B, \* A i |Gar| 100 peV
0 () ) < (),
“ = WK(SUDIJU “\o1) “\1Tme) * e \2x10 1 GevT )\ m,

Booster: 80 adjustable dielectric

Mirror disks (@~1.25 m)

T,.o <100 mK

amp.

Amplifier

9T Dipole magnet
Focusing Mirror
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Annual Modulation and DAMA experiment

WIMP flux

DM Rate

R. Bernabei et al., Annual Modulation results from DAMA/LIBRA, 2023 2.6 keV
December
0O $ S 7(—5——* DAMA/LIBRA-phasel (1.04 tonxyr)———> | &——— DAMA/LIBRA-phase2 (1.53 tonxyr) >
K
2
w
=
=
:5 -
June
=
L L

R(E) =[Ro(E)|+ |Ry (E) cos(w(t — to)) |

I Non-Modulating DM rate I I Modulating DM rate |

& Plastic sonelators

20 om lead
3 cm copper

2,200LLS

Mal{Tl) crystals

ANAIS-112

112 kg Nal(Tl)

Canfranc national laboratory,
Spain

COSINE-100

100 kg Nal(TI)

Yang Yang National Laboratory,
South Korea

The DAMA/LIBRA Experiment has been running for 20+ years

Located at LNGS

Total mass 250 kg of Nal(TIl)
Observed ~0.01 cpd/kg/keV modulation in the 1-6 keV (second
phase) energy range
12.9 o significance

I
[
Q

1

DAMA [1-6 keVee]
121

COSINE [1-6 keVee]
121

ANAIS [1-6 keVee]

DAMA [2-6 keVec]

COSINE [2-6 keVee]

ANAIS [2-6 keV,.]

Cloc o e b
-0.01 0.00 0.01
Modulation Rate [cpd/kg/keVee]

Material : courtesy of Owen Stanley, Melbourne, talk given at GDR DUPhy, Lyon
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Next generation experiments : DAMA verification
(or exclusion)

* Using same core detection technology as in DAMA (Nal)
e Two detectors in the two hemispheres :
 SABRE-North (LNGS) same environment of DAMA
 SABRE-South (SUPL)

Many common points : B

- Same crystal growth powder and crystal PMTs = [ o, 2o

| [wrapped in teflon tape] 8

« Same DAQ and software frameworks
* Exchange of engineering knowledge

However, different in : =
e Shielding design

= 49
B 9.6 m? G200 scintillators for muon S [ SABRE South A
| detection and rejection 8/~  Simulation -
E . Exclusion power /,/
Feeddhrough plate —— ___— Shielding to reduce external 7j_ B Discovery power //
i background: :
OFHC Cu - Bcm of steel 6
enclosure - 10 cm of PE E
- 8cm of steel 5

Teflon internal
structure

oo ol - Nal(TI) crystals in Cu enclosures
7.6 cm R11065 (coupled to two low radioactivity PMTs)
Hamamatsu PMTs
1 ~ Eighteen R5912 PMTs for veto system

Nal(TI) crystal - b -

— Steel veto vessel filled with |2 kL of LAB o/
doped with PPO (3.5 g/L) and Bis-M5B 1
. (15mgl)
o Reflective Lumirror coating o) I A Y R PO T SR N S M N I [
0 1 2 3 4 5

Years of live data

Material : courtesy of Owen Stanley, Melbourne, talk given at GDR DUPhy, Lyon

Luca Scotto Lavina, AstroParticle Symposium Paris-Saclay, 2025 59



Concluding comments

Direct Dark Matter Search is a very exciting branch of astroparticle physics

A plethora of experiments is hunting Dark Matter using any mass range and any physics
model experimentally accessible

High complementarity of different techniques.

For WIMPs, neutrino floor has been already « touched > (XENONNnT CEUNS @ ®B)
Experiments put significant pressure on WIMP model but WIMPs are not yet ruled out
During next decade we will withness the approaching to the neutrino floor everywhere

from m=1GeV (discovery or end of experimentally accessible WIMP paradigm?)

We will also withness novel emerging techniques designed specifically for alternative
models (light dark matter)
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