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Direct Detection of Dark Matter (DM)




Direct Detection of Dark Matter (DM) Rate ~ ppy X vpm X 0 X Niarget

PDM ™ 0.3 GGV/Cm3

<UDM> ~ 300 km/s
~ 1072 ¢

Aim to constrain (detect?) DM
scattering cross section o

Key detector requirements:
 Low energy threshold
 |Low backgrounds
. Large target mass (Nypoer T)

B




I Particle-like Dark Matter

eV MeV GeV 10° GeV 10'Y GeV
™ T (e mp TNl
Ultralight g © P b Macroscopic
(Wavelike) DM N DM

< >

Allowed to reach equilibrium at
some point in the early Universe,
. . with the possibility of producing
DM with m 5 MeV will be the correct relic abundance DM with m 2 100 TeV would

relativistic during Big Bang (“Thermal” DM) be overproduced in the early
Nucleosynthesis (BBN), spoiling Universe (“Unitarity Bound”)

the yields of light elements

|Griest & Kamionkowski, PRL, 1990]

[E.g. Sabti et al., 1910.01649]

[Inspired by slides from Gordon Krnjaic] *There are caveats, especially for more complicated Dark Sectors | 3



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.64.615
https://arxiv.org/abs/1910.01649
https://indico.ifca.es/event/1199/contributions/9557/
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Total Rate

Annual Modulation

Rate ~ ppm X vpm X 0 X Niarget

Usun ~ 220km/s
AUEarth ~ 30 km/S

l [1312.1355]

©(10%) modulation



https://arxiv.org/abs/1312.1355

Residuals (cpd/kg/keV)
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https://arxiv.org/abs/1312.1355
https://arxiv.org/abs/1805.10486

ANAIS Centro de Astroparticulasy
. _ S . Fisica de Altas Energias
Annual modulation with Nal Scintillators Universidad Zaragoza

See also recent talk: lvan Coarasa (Nov 2025)

Model-independent test of the DAMA/LIBRA Crystal Target
signal using the same target: 112.5 kg Nal(Tl) —

[ANAIS, 1903.03973, 2311.03392]

9 cylindrical modules, each containing 12.5kg
of ultrapure Nal(Tl) +1 ‘blank” module

Scintillation produced by energy deposition in
Nal is monitored by photomultiplier tubes
(PMTs). Excellent light collection allows for a low
threshold of 1 keVee.

det 7 [p-val=0.289]

Determination of guenching factors with neutron
calibration underway (mapping between
electron and nuclear recoil energy scales)

N
&)

N
&)

det 8 [p-val=0.372]
[ANAIS, 2402.12480]

N

Rate (counts/day/kg/keV)
O mrr1 [TTTT

August 2017 - now: Iin operation in the

Canfranc Underground Laboratory (LSC) with 500 1000 1500 2000
05% live time! days after August 3, 2017 (days) ]_'
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https://indico.ific.uv.es/event/7986/contributions/28341/
https://arxiv.org/abs/2402.12480
https://arxiv.org/abs/1903.03973
https://arxiv.org/abs/2311.03392

ANAIS

Annual modulation with Nal Scintillators

No modulation observed in the 6-year dataset (2017 - 2023)
— most sensitive check of DAMA/LIBRA with Nal

DAMA/LIBRA signal excluded at 3.5-46 depending
on the energy range under consideration

Data-taking continuing into late 2025 (8 years) in order to
reach So sensitivity
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[ANAIS, 2502.01542]
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https://arxiv.org/abs/2503.19559
https://arxiv.org/abs/2502.01542

ANAI
St TINVOCTOPUS

Annual modulation with Nal Scintillators

Current ANAIS sensitivity limited by anomalous light
events attributed to PMTs

Csl(Tl) crystal

Aim to lower threshold and backgrounds by replacing
PMTs by SIPMs (operated at low T < 100K)

Threshold reduction down to ~100 eV would allow
sensitivity to GeV-scale DM (esp. spin-dependent)
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https://indico.ifca.es/event/3186/contributions/15756/attachments/1721/2593/Presentaci%C3%B3n%20MultiDark%202024%20ANAIS+.pdf

Centro de Astroparticulas y See also recent talk:

Fisica de Altas Energias _
Universidad Zaragoza Ana Quintana (Nov 2025)

TREX-DM A
TPC for Rare Event eXperiments - Dark Matter C P/\

High pressure gas TPC (20 L up to 10 bar) installed at Canfranc
Underground Laboratory (LSC) TREX-DM. 1910.13957]

Detector with very low energy threshold (<1 keVee), and light
elements as targets to probe sub-GeV DM-nucleon scattering

Possibility to change target gases:
* Atmospheric Ar + 1% iCaH10 (2018 data-taking)

e Ne + 2% iCsH10 (2019-2022 data-taking)

cathode

Read-out ionisation due to nuclear recoils using
microbulk Micromegas (VM)

GEM top

Pre-amplification stage (Gas Electron Multiplier,
GEM) recently installed on top of the Micromegas

in order to reduce threshold 'TREX-DM, 2412.19864]



https://arxiv.org/abs/1910.13957
https://arxiv.org/abs/2412.19864
https://indico.ific.uv.es/event/8035/contributions/28896/

TREX-DM
TPC for Rare Event eXperiments - Dark Matter 1034 T Eu (eV..) B(drw)  Gas
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2019 - 2022: Data-taking at LSC with Ar & Ne (4 - \\
bar). Achieved energy threshold of 900 eV < N \ SR

§ 1072 - NEWS-G (2018
Background levels initially dominated by 222Rn : \
contamination. Reduced down to ©(100) dru* 5 1010 \ \\
Sep 2022 - July 2023: Relocation and —; 1042
commissioning in LAB2500 at LSC 9
Aug 2023 - present: Data-taking for comparison E i ol
with 2019-2022 campaign. Calibration and _ \\;__l_ ______ .
pbackground studies 1046 - .

10~ 10" 10!

[TREX-DM, 2312.12622] WIMP mass [G(\\-”/(‘Q]

2024 - 2025: Installation + commissioning of
GEM+MM setup. Demonstrated energy threshold
down to O(20) eV (~single-electron ionisation in Ar).

[TREX-DM, 2510.05877)

*1 dru = 1 event/kg/keV/day ]To.


https://arxiv.org/pdf/2312.12622
https://arxiv.org/abs/2510.05877

TREX-DM

TPC for Rare Event eXperiments - Dark Matter 1034 - . Eun (Ve) B(dr)  Gas
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2019 - 2022: Data-taking at LSC with Ar & Ne (4 =
bar). Achieved energy threshold of 900 eV
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Background levels initially dominated by 222Rn
contamination. Reduced down to O(100) dru*

Sep 2022 - July 2023: Relocation and
commissioning in LAB2500 at LSC
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Aug 2023 - present: Data-taking for comparison 0%y .
with 2019-2022 campaign. Calibration and Pty S
background studies 146

e : ERERERRET
[TREX-DM, 2312.12622] WIMP mass [GeV/c?]

2024 - 2025: Installation + commissioning of
GEM+MM setup. Demonstrated energy threshold

down to ©O(20) eV (~single-electron ionisation in Ar). First half of 2026: Planned physics run with Ne+2%
iISobutane

*1 dru = 1 event/kg/keV/day ]To.

[TREX-DM, 2510.05877]



https://arxiv.org/pdf/2312.12622
https://arxiv.org/abs/2510.05877

4!. . See also recent
DAMIC-M "‘ I F ( A talk: Sravan

DArk Matter In CCDs at Modane Munagavalasa
Instituto de Fisica de Cantabria (Nov 2025)

Array of Charge Coupled Devices (CCDs) planned to be
installed at Laboratoire Souterrain de Modane (LSM), building
on success of the DAMIC program at SNOLAB

/~___pixel
P v

~— nuclear Z
recoil V

/ .

CCDs act as ionisation detectors. “Skipper” amplifier readout
allows for repeated non-destructive charge measurement,
allowing for single electron energy resolution (sub-eV)!

&

Plans for array of 104 thick (675um), massive (~3.59), 9 Mpixel

Silicon CCDs for kg-scale mass 'DAMIC-M. 2001.01476]

Sensitivity to sub-GeV DM-nucleus scattering as well as MeV-
scale DM-electron scattering!

ST sl ()

o

[Essig et al., 1108.5383, 1509.01598]



https://indico.ific.uv.es/event/7986/contributions/28349/attachments/14126/20460/TeVPa2025_DAMICM.pdf
https://indico.ific.uv.es/event/7986/contributions/28349/attachments/14126/20460/TeVPa2025_DAMICM.pdf
https://indico.ific.uv.es/event/7986/contributions/28349/attachments/14126/20460/TeVPa2025_DAMICM.pdf
https://arxiv.org/abs/1108.5383
https://arxiv.org/abs/1509.01598
https://arxiv.org/abs/2001.01476

DAMIC-M

[DAMIC-M, 2503.14617]
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https://arxiv.org/abs/2407.17872
https://arxiv.org/abs/2302.02372
https://arxiv.org/abs/2307.07251
https://arxiv.org/abs/2503.14617
https://arxiv.org/abs/2503.14617
https://arxiv.org/abs/2511.13962
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DArk Matter In CCDs at Modane
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DArk Matter In CCDs at Modane

1079% ¢

Since Feb 2022: Operation of the Prototype Low-
background chamber (LBC) at Modane

[DAMIC-M, 2407.17872)

1()—3-1 :

May - Nov 2022: Science runs for DM-electron |
analysis (85 g-days) and daily modulation search ~ |
(40 g-days) using 2 prototype skipper CCDs

[DAMIC-M, 2302.02372, 2307.07251] 10-38 |

CII-~

G,

Oct 2024 - Jan 2025: Second science run with 8
production CCDs (~1.3 kg-days) —y \ e
First exploration of key ‘benchmark models’ of DM

. Fpy o 1/¢°
(with sensitivity to sub-MeV from daily modulation /1

10_‘12 Ll N —eaal ——a] 1
searches) 100 10 102 10° 10*
[DAMIC-M, 2503.14617, 2511.13962] m, (MeV) !]
December 2024: Testing and packaging of 28 CCD -Inal characterization and optimization underway at
Modules (112 CCDs, ~350g active mass) completed Modane, with installation of 26 modules in the

'DAMIC-M. 2509.06943] DAMIC-M detector planned for early 2026. F
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https://arxiv.org/abs/2210.12070
https://arxiv.org/abs/2509.06943
https://arxiv.org/abs/2407.17872
https://arxiv.org/abs/2302.02372
https://arxiv.org/abs/2307.07251
https://arxiv.org/abs/2503.14617
https://arxiv.org/abs/2511.13962

Conclusions

ANAIS has excluded the DAMA/LIBRA signal at ~40 with 50
imminent. ANAIS+ in development to probe sub-GeV WIMPs
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WIMP mass [GeV/c?]

LIAS experiments are well-positioned In the international context
across a wide range of Dark Matter masses and models!

TREX-DM has
demonstrated impressive
20 eV thresholds, paving

the way to lead sensitivity
t0 0.1 - 1 GeV WIMPs

DAMIC-M has already produced world-leading constraints on
benchmark models of MeV DM, with the full detector in preparation

PPCC has also supported ‘spin-offs’” with
similar technologies to TREX-DM and
DAMIC-M, for radiopurity measurements
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EXCESS

[EXCESS Workshop Series,

Understanding low-energy excesses https://agenda.infn.it/event/39007/]
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Daily mOdUIation searCh | Danielle Norcini (Jul 2024)

Motivation:
* MeV-scale DM candidates with large cross sections
have not been ruled out

- scattering in Earth’s bulk becomes relevant for flux/
velocity distribution, DM signal can modulate over day

- in LBC, time-dependent signal vs. independent
background strong discriminating power

<v«\’> Atmosphere

* new approach for constraining DM-e scattering
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DAMIC-M probes benchmark hidden-sector dark matter models: freeze-out rolued out, reaching
freeze-in for the first time .. AND PUSHING TO LOWER ENERGIES WITH DAILY MODULATION
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‘Scattering Kinematics

Allowed range of (w, g) set by kinematics (green
regions):

w < qUy — q2/2mX
Consider:

e Nuclear recoils - can probe energies down
to eV, but realistically can only measure
recoll energies down to ~keV — m, 2 GeV

e Electron ionisation - possible for
a)>A~eV—>m)(ZMeV

e Phonon interactions - possible for
sufficiently small g, with @, ~ O(10s) meV —
m, ~ keV — 50 MeV

Energy transter w

keV

D
<

meV

vy = 107 ¢ ~ 300 km/s

| |
[Adapted from

1910.08092] _
3 XS XE XS Xg
<
A R T T R
- =2 |2 |2 |=
< |= |= |2 |[=
| | | | | |
eV keV MeV

Momentum transter ¢


https://arxiv.org/abs/1910.08092

‘Scattering Kinematics

Allowed range of (w, g) set by kinematics (green
regions):

w < qUy — q2/2mX
Consider:

e Nuclear recoils - can probe energies down
to eV, but realistically can only measure
recoll energies down to ~keV — m, 2 GeV

e Electron ionisation - possible for
a)>A~eV—>m)(ZMeV

e Phonon interactions - possible for
sufficiently small g, with @, ~ O(10s) meV —
m, ~ keV — 50 MeV

Energy transter w

keV

D
<

meV

vy = 107 ¢ ~ 300 km/s

[Adapted from
1910.08092]

Detectable nuclear recoll energies

XS XS XS XE Xg
A R T T R
- =2 |2 |2 |=
< |= |= |2 |[=
| | | | | | | |
eV keV MeV

Momentum transter ¢


https://arxiv.org/abs/1910.08092

‘Scattering Kinematics

Allowed range of (w, g) set by kinematics (green
regions):

w < qUy — q2/2mX
Consider:

e Nuclear recoils - can probe energies down
to eV, but realistically can only measure
recoll energies down to ~keV — m, 2 GeV

e Electron ionisation - possible for
a)>A~eV—>m)(ZMeV

e Phonon interactions - possible for
sufficiently small g, with @, ~ O(10s) meV —
m, ~ keV — 50 MeV

Energy transter w

keV

D
<

meV

_ 10=3 . ~ [Adapted from
vx =107 ¢~ 300km/s 1910.08092]

Detectable nuclear recoll energies

Typical ionisation energies

Momentum transter ¢



https://arxiv.org/abs/1910.08092

‘Scattering Kinematics

Allowed range of (w, g) set by kinematics (green
regions):

w < qUy — q2/2mX
Consider:

e Nuclear recoils - can probe energies down
to eV, but realistically can only measure
recoll energies down to ~keV — m, 2 GeV

e Electron ionisation - possible for
a)>A~eV—>m)(ZMeV

e Phonon interactions - possible for
sufficiently small g, with @, ~ O(10s) meV —
m, ~ keV — 50 MeV

Energy transter w

keV

D
<

meV

_ 10=3 . ~ [Adapted from
vy = 107" ¢~ 300km/s 1910.08092]

Detectable nuclear recoll energies

Typical ionisation energies

S |3 |3 |3

Typical phonon energies X“ ><“ XII XII
SRR R
= 1z |z |z |z-

< @ @ ® D

< < < <

| | | | | |
keV MeV

Momentum transter ¢


https://arxiv.org/abs/1910.08092

. . . | I I I I I I I
' - X T ~ 1910.08092] _|
A”O.\Ned range of (w’ Q) set by kinematics (green Detectable nuclear recoil energies
2
w < quy — q°/2m, E I _
. -,
Consider: -
- L i
e Nuclear recoils - can probe energies down T Typical ionisation energies
to eV, but realistically can only measure N e < Sy I R A
. . > eV
recoll energies down to ~keV — m, 2 GeV o0
O
e Electron ionisation - possible for Lcﬂ: Typical phonon energies s |F |2 |3
w>A~eV-—>m 2 MeV dtidiis. T T IR (A
= 12712 &
e Phonon interactions - possible for meV = |= |2 |=-
.. . Q) Q) Q) @D
sufficiently small g, with @, ~ O(10s) meV — < 1< 1< |I<
m, ~ keV — 50 MeV | | | |
keV MeV

DM mass ranges: Momentum transfer q

meV eV keV MeV GeV

lectron Scattering

__—



https://arxiv.org/abs/1910.08092

LA5.A2, Milestone H5.2.2

AlphaCAMM (Alpha CAMera Micromegas)

« ‘Spin-off’ of TREX-DM: gaseous chamber with a segmented mM (25cm x 25cm) 1o
measure 2'19Pp surface contamination of flat samples down to 100 nBg/cm?
[ Cathode K. Altenmuller et al, 2022 JINST 17 P08035

Measurements of materials of interest already started:
aluminised mylar, ‘clean’ copper wires, copper-clad
e . N kapton, copper strips on kapton...
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