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Direct dark matter detection
๏Search for interactions of a new particle from the Big Bang 

which we haven't yet detected in the lab
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Direct dark matter detection

3

๏ Elastic (or inelastic) DM collisions 
with atomic nuclei (NRs)  

๏ Inelastic DM collisions with 
electrons in the atomic shell (ERs) 

๏ Absorption of light bosons via  

๏ axio-electric effect (ALPs) 

๏ kinetic mixing (dark photons)χ

χ
χ
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Direct dark matter detection
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Direct dark matter detection

๏ Inputs from several fields required to predict expected event rates
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Particle physics: 
mass, cross section

Astrophysics: 
local density, 
v-distribution

Atomic and/or 
nuclear physics: 
form factors; 
material science



Interaction cross section versus 
mass
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mDM ⌧ mN
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Main experimental challenges
๏ To observe a signal which is: 

๏ very small  low recoil energies ~eV to keV (perhaps ~meV) 

๏ very rare  <1 event/(kg y) at low masses and < 1 event/(t y) at high masses 

๏ hidden in backgrounds  deep underground & low-radioactivity materials

→

→

→

muon veto

neutron veto Mountain

Detector
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Backgrounds
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๏ Cosmic rays, radioactivity 

๏ Deep underground, large shields 

๏ Ultimate: neutrinos

includes tagging time-coincident hits in different crystals or identifying multiple scatters in
homogeneous detectors. For detectors with sensitivity to the position of the interaction, an
innermost volume can be selected for the analysis (fiducial volume). As the penetration range
of radiation has an exponential dependence on the distance, most interactions take place close
to the surface and background is effectively suppressed. Finally, detectors able to distinguish
electronic recoils from nuclear recoils (see section 5.1) can reduce the background by
exploiting the corresponding separation parameter.

4.2. Cosmogenic and radiogenic neutron radiation

Neutrons can interact with nuclei in the detector target via elastic scattering producing nuclear
recoils. This is a dangerous background because the type of signal is identical to that of the
WIMPs. Note that there is also inelastic scattering where the nuclear recoil is typically
accompanied by a gamma emission which can be used to tag these events. Cosmogenic
neutrons are produced due to spallation reactions of muons on nuclei in the experimental
setup or surrounding rock. These neutrons can have energies up to several GeV [151] and are
moderated by the detector surrounding materials resulting in MeV energies which can pro-
duce nuclear recoils in the energy regime relevant for dark matter searches. In addition,
neutrons are emitted in n,( )a - and spontaneous fission reactions from natural radioactivity
(called radiogenic neutrons). These neutrons have lower energies of around a few MeV.

Dark matter experiments are typically placed at underground laboratories in order to
minimize the number of produced muon-induced neutrons. The deeper the location of the
experiment, the lower the muon flux. Figure 3 shows the muon flux as a function of depth for
different laboratories hosting dark matter experiments.

The effective depth is calculated using the parametrisation from [151] which is repre-
sented by the black line in the figure. The muon flux for each underground location is taken
from the corresponding reference of the list below.

• Waste Isolation Pilot Plant (WIPP) [152] in USA.
• Laboratoire Souterrain à Bras Bruit (LSBB) [153] in France.
• Kamioka observatory [151] in Japan.
• Soudan Underground Laboratory [151] in USA.

Figure 3. Muon flux as function of depth in kilometres water equivalent (km w. e.) for
various underground laboratories hosting dark matter experiments. The effective depth
is calculated using the parametrisation curve (thin line) from [151].

J. Phys. G: Nucl. Part. Phys. 43 (2016) 013001 Topical Review
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Neutrino signals/backgrounds
๏ NRs (CEvNS) and ERs (all other reactions)

B. Dutta, E. Strigari, Annu. Rev. Nucl. Part. Sci. 2019

Xe Xe

8B
pp
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Experiments and signatures
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June

December

galactic plane
Cygnus

WIMP wind

v≈220 km/s๏  DM particle mass  

๏  Target material  

๏  Time and direction

Signatures {
See also talk by 

C. McCabe



Towards the neutrino fog
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LB and S. Profumo, PDG 2025

Increase 
target 
mass: 
noble 
liquids

Decrease energy 
thresholds



Cryogenic experiments
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Super-CDMS (Ge, Si)CRESST (Al2O3, CaWO4, Si, LiAlO2) CRYOSEL (Ge)

CRESST, arXiv:2505.01183v1

๏ Sub-keV (< 100 eV) energy thresholds 

๏ Phonons and/or ionisation/light background 
discrimination 

๏ Optimised to probe sub-GeV DM 

๏ All see low-energy excess (LEE)

⇒



CCDs: SENSEI and DAMIC
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๏ Low ionisation energy, low noise, and particle tracks for background reduction 
 ~ eV energy thresholds and particle ID 

๏ SENSEI at SNOLAB, DAMIC-M at Modane; DAMIC-M prototype: 1.3 kg-d 
exposure at Modane, probes freeze-in scenario 

๏ OSCURA: next-gen detector 10 kg active, construction planned for SNOLAB

⇒

Here for 
ultra-
light 
mediator

FDM ~ 1/q2

DAMIC-M, 
DM-electron  
PRL 135, 2025 

https://arxiv.org/abs/2503.14617


Spherical proportional counters
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๏ NEWS-G: light targets (H, He, Ne), pulse shape 
discrimination against surface events, low energy 
threshold (very low capacitance) 

๏ S140 (140 cm ø Cu sphere): 10 d physics data at 
Modane, then shipped to SNOLAB, taking data 

๏ DarkSPHERE (3 m ø Cu sphere) in preparation for Boulby

S140 at Modane in its shield

SD limits: PRL 134, 2025

Talks by 
G. Rogers, 
P. Walters 

DarkSHPERE SD projections: arXiv:2301.05183 

13C

unpaired p 
in methane

https://arxiv.org/abs/2301.05183


Light DM: existing technologies 
+ many new ideas
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๏ Reach energy thresholds at the 
eV-scale (R&D towards meV-scale)  

๏ Exposure less relevant, best  
constraints for kg-d or less 

๏ Particle discrimination in general 
not feasible 

๏ Low energy excess: seen by many 
experiments (not related to 
particle interactions)

See talk by Ashlea Kemp

Rouven Essig, Carin Cain



Noble liquids: LAr
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PMT mounting and filler block assembly complete

Simon JM Peeters (USussex) DEAP-3600 June 16, 2014 14 / 20

DEAP-3600 at SNOLAB

๏ DEAP: detector upgrades finalised, new DM search run in 2025 

๏ DarkSide-20k: 50 t underground LAr in TPC with 21 m2 cryogenic 
SiPM arrays 

๏ PDUs: DCR < 0.01 Hz/mm2 at 77 K, PDE: ~45%, ASIC 

๏ Under construction: in Hall C at LNGS

DarkSide-20K at LNGS (Hall C)

DS collaboration, EPJ-C 85, 2025



Noble liquids: LAr
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๏ DarkSide-20k: first detector filling: 2027, first data taking in 2028 

๏ Argo: 400 t (300 t fiducial) LAr in single or two-phase, proposed for SNOLAB CubeHall

DS collaboration, Communications Physics 7, 2024

Low mass sensitivity High mass sensitivity 

Solid line: 460 t years exposure



Noble liquids: LXe
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LUX-ZEPLIN at SURF XENONnT at LNGS PandaX-4T at JingPing

๏ Existing experiments: 
▸ TPCs with 2 arrays of 3-inch PMTs  
▸ Kr and Rn removal techniques 
▸ Ultra-pure water shields, n & µ vetos

LZ: talks by I. 
Darlington, S. 
Dave



LXe: Recent results
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XENON PRL 131, 2023 LZ, PRL 135, 2025

2σ contour 200 GeV/c² WIMP

LUX-ZEPLIN XENONnT

2σ contour 40 GeV/c² WIMP

• Distribution of events in S2 versus S1 space in the TPC



Recent results: DM-Nucleus
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• DM mass range: ~ 3 GeV - 10 TeV

XENONnT PRL 134, 2025 LUX-ZEPLIN  PRL 135, 2025



Recent results: DM-Electron
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FDM = 1

Heavy dark photon A’ mediator Ultra-light dark photon A’ mediator

FDM ∝
1
q2

• DM mass range: ~ 5 MeV - 1 GeV

PandaX-4T, PRL  130, 2023, XENONnT, PRL 134, 2025
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• DM mass range: ~ 0.5 keV - 100 keV

Axion like particlesDark photons

XENONnT: PRL 129, 2022;  LZ: PRD 108, 2023

Recent results: DM Absorption



Backgrounds
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• Dominated by electronic recoils from 222Rn decays in the LXe

XENONnT, PRX 15, 2025 

Solar pp-ν 
equivalent rate

Goal for XLZD

https://arxiv.org/abs/2502.04209


Other searches with LXe detectors
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Low energy ER High energy ER

Low energy NR High energy NR

✴pp and 7Be solar neutrinos 
✴solar axions

✴ββ-decay 136Xe (Qββ = 2.46 MeV) 
✴DEC, ECβ+-decay 124Xe (QDEC = 2.86 MeV)

✴8B solar neutrinos 
✴SN neutrinos

✴inelastic DM 
✴EFT DM models



Solar neutrinos: ν-Nucleus 
Scattering
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expect 8B 
CEvNS 
events 
here!
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✴Complementary measurements to 
experiments using CC reactions 

✴"Flavour democratic" (C. Lunardi, 
Neutrino-2024)



Solar neutrinos: ν-Nucleus 
Scattering
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๏First detection of elastic NRs from 
astrophysical ν's 

๏First measurement of  CEνNS process 
with Xe targets 

๏First step into the “neutrino fog” by DM 
experiments

XENONnT: PRL 123, 2024 
PandaX-4T: PRL 123, 2024



Very small solar  detectorsν
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Future LXe experiments
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XLZD (XENON-
LZ-DARWIN)

PandaX-20T 
PandaX-40T

78 t LXe (60 t 
active target)

20 t and 40 t LXe in 
total; 20 t in 2027, 
mostly funded XLZD, arXiv: 2410.17137

PandaX-xT: SCPMN 68, 2025



XLZD
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Collaboration meeting at 
LNGS, July 2025

๏ Design Book: 2410.17137 (accepted in EPJ-C)

~450 members 
79 institutions 
17 countries 
xlzd.org

Talks by H. Araujo, R. 
Matheson,  H. Zhang

https://arxiv.org/abs/2410.17137


NaI experiments
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> 13  σ stat significance, R. Bernabei et al., Nucl. Phys. At. Energy 22 (2021) 329-342

P. Schreiner, Santander June 2025
๏ Test DAMA/LIBRA annual modulation signal with NaI(Tl) 

๏ No evidence for annual modulation from ANAIS-112 (6 y 
of data, 626 kg y, ongoing) and COSINE-100 (6 y of data, 
Eth=0.7 keV, concluded in March 2023) 

๏ Combined ANAIS and COSINE analysis: arXiv:2503.19559 

๏ In construction: COSINUS, SABRE and COSINE-200

ANAIS: PRL 135, 2025, COSINE-100: 2501.13665 
Combined analysis: PRL 135, 2025, 12

https://arxiv.org/abs/2501.13665


NaI experiments
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> 13  σ stat significance, R. Bernabei et al., Nucl. Phys. At. Energy 22 (2021) 329-342

ANAIS: PRL 125, 2025
๏ Test DAMA/LIBRA annual modulation signal with NaI(Tl) 

๏ No evidence for annual modulation from ANAIS-112 (6 y 
of data, 626 kg y, ongoing) and COSINE-100 (6 y of data, 
Eth=0.7 keV, concluded in March 2023) 

๏ Combined ANAIS and COSINE analysis: arXiv:2503.19559 

๏ In construction: COSINUS, SABRE and COSINE-200

ANAIS: PRL 135, 2025, COSINE-100: 2501.13665 
Combined analysis: PRL 135, 2025, 12

https://arxiv.org/abs/2501.13665


NaI experiments
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> 13  σ stat significance, R. Bernabei et al., Nucl. Phys. At. Energy 22 (2021) 329-342

Combined analysis: PRL 135, 2025, 12

COSINE-100 ANAIS



NaI experiments
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๏ SABRE at LNGS & SUPL: ultra-pure NaI powder; active shield; 
finish installation end of 2027 & 2025, reach 5σ in two years 

๏ COSINE-200 at Yemilab: in-house crystal growing, improved 
light yields; 0.2 dru backgrounds; move to Yemilab in progress 

๏ COSINUS at LNGS: detects also phonons in un-doped NaI 
(apart from scintillation) at few mK, for active background 
rejection; first data expected by end of 2025

P. Schreiner, Santander June 2025
COSINUS at LNGS

SABRE South at SUPL



NaI experiments
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๏ SABRE at LNGS & SUPL: ultra-pure NaI powder; active shield; 
finish installation end of 2027 & 2025, reach 5σ in two years 

๏ COSINE-200 at Yemilab: in-house crystal growing, improved 
light yields; 0.2 dru backgrounds; move to Yemilab in progress 

๏ COSINUS at LNGS: detects also phonons in un-doped NaI 
(apart from scintillation) at few mK, for active background 
rejection; first data expected by end of 2025

Maria Martinez, TAUP2025

COSINUS at LNGS

SABRE South at SUPL

In addition:



Directional detectors
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๏ Gaseous TPCs to measure the recoil direction 
correlated to galactic motion towards Cygnus 

๏ Challenge: good angular resolution & head 
vs. tails at low recoil energies 

๏ Cygnus: coordinates efforts for global 1000 
m3  (He-CF4) TPCs with ~ 1 keV threshold

F. Mayet et al., Physics Reports 627( 2016)



SI cross section vs time
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Now ;)

Factor 108 increase in sensitivity 
in ~4 decades!

• Constraints on SI cross section (50 GeV DM) over the past 40 years



New tools, new discoveries
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Dark matter

Atmospheric 
neutrinos

Solar 
neutrinos 
(pp + 8B)

Supernova 
neutrinos

Neutrino 
nature

Χ

Χ

see, e.g., LB., Neutrinos with dark matter detectors. 
Zenodo. https://doi.org/10.5281/zenodo.12745235

https://doi.org/10.5281/zenodo.12745235


Summary & Outlook
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๏ DD experiments: many different technologies, covering a large range in 
DM masses & cross sections 

๏ Challenges: reduce energy thresholds further (with existing & new 
technologies), reduce & understand backgrounds, increase target 
masses 

๏ Goals: discover a new, dark species; explore the parameter space until 
astrophysical neutrinos will dominate event rates 

๏ Explore a variety of DM candidates and break new grounds in neutrino 
physics, solar axions, etc 

๏ Must always be prepared for a discovery & for the unexpected ;-)



Extra material



Approaching the Neutrino Fog
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The "fog" for different targets Effect of  fluxes uncertaintiesν

• Here shown for nuclear recoils (ν floor as boundary to "ν fog") 

• Region where experiments leave the Poissonian regime*

C. O'Hare, PRL  127, 2021

* σ where the DM discovery limit scales as ∼ (Mt)−1/n



DM-electron scattering
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Heavy mediator Ultralight mediator

• Overview of recent results

LB, S. Profumo, PDG2025



Dark Matter Spectroscopy
• Capability to reconstruct the DM mass and cross section for 

various masses  - here 25, 50, 250 GeV/c2 - and cross sections

43

!0 ¼ 0:4" 0:1 GeV=cm3 ð1"Þ: (16)

There are several other recent results that determine !0,
both consistent [60] and somewhat discrepant [61] with our
adopted value. Even in light of these uncertainties, we take
Eq. (16) to represent a conservative range for the purposes
of our study.

For completeness Table II summarizes the information
on the parameters used in our analysis.

VI. RESULTS

A. Complementarity of targets

We start by assuming the three dark matter benchmark
models described in Sec. II (m# ¼ 25; 50; 250 GeV with
"p

SI ¼ 10%9 pb) and fix the Galactic model parameters to
their fiducial values, !0 ¼ 0:4 GeV=cm3, v0 ¼ 230 km=s,
vesc ¼ 544 km=s, k ¼ 1. With the experimental capabil-
ities outlined in Sec. III, we generate mock data that, in
turn, are used to reconstruct the posterior for the DM
parameters m# and "p

SI. The left frame of Fig. 1 presents
the results for the three benchmarks and for Xe, Ge, and Ar

separately. Contours in the figure delimit regions of joint
68% and 95% posterior probability. Several comments are
in order here. First, it is evident that the Ar configuration is
less constraining than Xe or Ge ones, which can be traced
back to its smaller A and larger Ethr. Moreover, it is also
apparent that, while Ge is the most effective target for the
benchmarks with m# ¼ 25; 250 GeV, Xe appears the best
for a WIMP with m# ¼ 50 GeV (see below for a detailed
discussion). Let us stress as well that the 250 GeV WIMP
proves very difficult to constrain in terms of mass and cross
section due to the high-mass degeneracy explained in
Sec. II. Taking into account the differences in adopted
values and procedures, our results are in qualitative agree-
ment with Ref. [27], where a study on the supersymmet-
rical framework was performed. However, it is worth
noticing that the contours in Ref. [27] do not extend to
high masses as ours for the 250 GeV benchmark—this is
likely because the volume at high masses in a supersym-
metrical parameter space is small.
In the right frame of Fig. 1 we show the reconstruction

capabilities attained if one combines Xe and Ge data, or
Xe, Ge, and Ar together, again for when the Galactic
model parameters are kept fixed. In this case, for m# ¼
25; 50 GeV, the configuration Xeþ Arþ Ge allows the
extraction of the correct mass to better than Oð10Þ GeV
accuracy. For reference, the (marginalized) mass accuracy
for different mock data sets is listed in Table III. For m# ¼
250 GeV, it is only possible to obtain a lower limit on m#.
Figure 2 shows the results of a more realistic analysis,

that keeps into account the large uncertainties associated
with Galactic model parameters, as discussed in Sec. V.
The left frame of Fig. 2 shows the effect of varying only !0

(dashed lines, blue surfaces), only v0 (solid lines, red
surfaces), and all Galactic model parameters (dotted lines,
yellow surfaces) for Xe and m# ¼ 50 GeV. The Galactic

TABLE II. The parameters used in our analysis, with their
prior range (middle column) and the prior constraint adopted
(rightmost column) are shown. See Secs. IV and V for further
details.

Parameter Prior range Prior constraint

log10ðm#=GeVÞ (0.1, 3.0) Uniform prior
log10ð"p

SI=pbÞ ð%10;%6Þ Uniform prior
!0=ðGeV=cm3Þ (0.001, 0.9) Gaussian: 0:4" 0:1
v0=ðkm=sÞ (80, 380) Gaussian: 230" 30
vesc=ðkm=sÞ (379, 709) Gaussian: 544" 33
k (0.5, 3.5) Uniform prior
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FIG. 1 (color online). The joint 68% and 95% posterior probability contours in the m# % "p
SI plane for the three DM benchmarks

(m# ¼ 25; 50; 250 GeV) with fixed Galactic model, i.e., fixed astrophysical parameters, are shown. In the left frame we show the

reconstruction capabilities of Xe, Ge, and Ar configurations separately, whereas in the right frame the combined data sets Xeþ Ge and
Xeþ Geþ Ar are shown.

MIGUEL PATO et al. PHYSICAL REVIEW D 83, 083505 (2011)

083505-6

reconstructed probabilities  
for Xe, Xe + Ge, Xe + Ge + Ar

model uncertainties are dominated by !0 and v0, and, once
marginalized over, they blow up the constraints obtained
with fixed Galactic model parameters. This amounts to a
very significant degradation of mass (cf. Table III) and
scattering cross-section reconstruction. Inevitably, the
complementarity between different targets is affected—
see the right frame of Fig. 2. Still, for the 50 GeV bench-
mark, combining Xe, Ge, and Ar data improves the mass
reconstruction accuracy with respect to the Xe only case,
essentially by constraining the high-mass tail.

In order to be more quantitative in assessing the useful-
ness of different targets and their complementarity, we use
as figure of merit the inverse area enclosed by the 95%
marginalized contour in the log10ðm"Þ # log10ð#p

SIÞ plane
inside the prior range. Notice that for the 250 GeV bench-
mark the degeneracy between mass and cross section is not
broken—this does not lead to a vanishing figure of merit
(i.e. infinite area under the contour) because we are re-
stricting ourselves to the prior range. Figure 3 displays this
figure of merit for several cases, where we have normalized

to the Ar target at m" ¼ 250 GeV with the fixed Galactic
model. Analyses with fixed Galactic model parameters
are represented by empty bars, while the cases where all
Galactic model parameters are marginalized over with
priors as in Table II are represented by filled bars. First,
one can see that all three targets perform better for WIMP
masses around 50 GeV than 25 or 250 GeV if the Galactic
model is fixed. When astrophysical uncertainties are
marginalized over, the constraining power of the experi-
ments becomes very similar for benchmark WIMP masses
of 25 and 50 GeV. Second, Fig. 3 also confirms what
was already apparent from Fig. 1: Ge is the best target
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FIG. 2 (color online). The joint 68% and 95% posterior probability contours in the m" # #p
SI plane for the case in which

astrophysical uncertainties are taken into account. In the left frame, the effect of marginalizing over !0, v0 and all four (!0, v0,
vesc, k) astrophysical parameters is displayed for a Xe detector and the 50 GeV benchmark WIMP. In the right frame, the combined
data sets Xeþ Ge and Xeþ Geþ Ar are used for the three DM benchmarks (m" ¼ 25; 50; 250 GeV).

TABLE III. The marginalized percent 1# accuracy of the DM
mass reconstruction for the benchmarks m" ¼ 25; 50 GeV is

shown. The figures between brackets refer to scans where the
astrophysical parameters were marginalized over (with priors as
in Table II), while the other figures refer to scans with the
fiducial astrophysical setup.

Percent 1# accuracy
m" ¼ 25 GeV m" ¼ 50 GeV

Xe 6.5% (14.3%) 8.1% (20.4%)
Ge 5.5% (16.0%) 7.0% (29.6%)
Ar 12.3% (23.4%) 14.7% (86.5%)
Xeþ Ge 3.9% (10.9%) 5.2% (15.2%)
Xeþ Geþ Ar 3.6% (9.0%) 4.5% (10.7%)
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FIG. 3 (color online). The figure of merit quantifying the
relative information gain on dark matter parameters for different
targets and combinations thereof is shown. The values of the
figure of merit are normalized to the Ar case at m" ¼ 250 GeV
with fixed astrophysical parameters. Empty (filled) bars are for
fixed astrophysical parameters (including astrophysical uncer-
tainties).

COMPLEMENTARITY OF DARK MATTER DIRECT . . . PHYSICAL REVIEW D 83, 083505 (2011)

083505-7

fixed galactic model including galactic uncertainties

Pato, Baudis, Bertone, Ruiz de Austri, Strigari, Trotta: Phys. Rev. D 83, 2011

Xenon + Germanium + Argon



XLZD Dark Matter: Exclusion
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Exposure of 1000 t y needed to dive into the atmospheric neutrino 
fog (where > 1, 10, 100,... events are expected in the WIMP ROI)

XLZD collaboration 
Design Book 
arXiv: 2410.17137

Systematic limit 
imposed by 
CEvES from 
atmospheric 
neutrinos 

At contour n: a 10 x 
lower XS sensitivity 
requires an increase in 
exposure of at least 10n



XLZD Dark Matter: Detection

45Exposure of 1000 t y: 1-,2- and 3-sigma (yellow, orange, red) CIs

Theory:  
EW multiplet, S. Bottaro 
et al., EPJ-C  82, 2022 , 
Single complex EW n-plet 
with non-zero 
hypercharge added to SM  

Evidence 
contours for 
20 GeV and 
80 GeV 
WIMPs

XLZD collaboration 
Design Book 
arXiv: 2410.17137



Solar ν-Electron Scattering

• Main challenge: reduce 222Rn (214Pb 
β-decay) background to x 10 below 
the pp rate (0.1 µBq/kg)

46

XLZD preliminary

using pp neutrinos

DARWIN collaboration, EPJ-C 80 12 (2020)

 222Rn goal 
(current value 
in XENONnT 
~0.8 µBq/kg)

600 t y exposure, 1 and 4 energy bins



SN ν-Nucleus Scattering

• Sensitivity to all ν flavours: few events/ton expected from SN at ~10 kpc 

• Main challenge: low energies, understand few-e- backgrounds 

• XLZD: sensitivity beyond SMC; part of SNEWS2.0

47

Rates for  27  SN at 10 kpcM⊙

Figures: Ricardo Peres, UZH/Imperial

XENONnT/LZ and XLZD
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Atmospheric Neutrinos

• In general, exposures > few 1000 t y are needed for 5-σ detection
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