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Outline

• Quick review of WIMP model (no Axions/others in this talk)


• Generalities on signal and backgrounds


• Most effective detection techniques


• Selection of recent results from direct DM detection experiments


* many thanks to  
E. Aprile, L. Baudis, P. Belli, R. Bernabei, M. Cadeddu, G. De Lellis, G. Fiorillo, P. Gorla,  

T. Marrodan, K. Palladino, D. Pinci, K. Ni,  M. Schumann, K. Schaeffner, C. Vignoli 
for useful materials used in this review
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Usual, but correct, disclaimers of these kinds of review talks:  

not complete, biased, personal view, etc
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Particle Dark Matter
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WIMP hypothesis is still alive
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Dark Matter searches

5



Marco Selvi - INFN Bologna                               Review of Direct Dark Matter Detection                    Invisibles24, 2nd July 2024, Bologna

We live in a dark matter halo
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WIMP density and velocity distribution
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Direct Dark Matter Detection
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Dark Matter in the Milky Way
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Detector requirements and signatures
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discrimination

Spectral Shape
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Nuclear Recoil Energy Spectrum
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Backgrounds: Electron & Nuclear Recoils
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Underground laboratories
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Underground laboratories
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Backgrounds: external sources
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Backgrounds: internal and surface sources
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, distillation, dust removal
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The ultimate background from neutrinos
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NRER
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NRER
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Sensitivity plot in direct DM experiments
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(from T. Marrodan)
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Direct detection Techniques
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Competitive field, rapid progress
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detector sensitivity improved  
by ~5 orders of magnitude in the last 20 years  

… and more to come
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Two main lines of improvements (+ others)
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Directional detectors
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Various techniques:


• Low pressure Gas TPC (Cygno, DRIFT, NEWAGE, D3, 
DMTPC, …)


• Nuclear Emulsion (NEWSdm)


• Columnar recombination in noble gas (RED: LAr)


• Crystals with Anisotropic Response (ADAMO: ZnWO4)


• Carbon NanoTubes


•  …
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Scintillating crystals and annual modulation
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DAMA-LIBRA
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2.46 t y
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DAMA-LIBRA results
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Multiples

Singles

Very hard to attribute it to  
neutrons, muons, or worst … neutrinos !!!

R. Bernabei et al., Nucl. Phys. At. Energy 19, 307 (2018)
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• not compatible with experiments with other targets
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XENON100 4-year ER 
modulation study, 

 PRL 118, 101101 (2017)

Comparing DAMA with others

NR

…but also with ER models,  
i.e. leptophilic
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Other NaI detectors

27



Marco Selvi - INFN Bologna                               Review of Direct Dark Matter Detection                    Invisibles24, 2nd July 2024, Bologna

Other NaI detectors: COSINE-100
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arXiv:2104:03537First approach: model dependent vs background New data release: 1.7y vs 59days

2nd approach: model independent (annual modulation)
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Other NaI detectors: COSINE-100
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arXiv:2104:03537First approach: model dependent vs background New data release: 1.7y vs 59days

Best-fit modulation amplitude of 
0.0064 ± 0.0040 cpd/kg/keV at 1-6 keV

2nd approach: model independent (annual modulation)
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Other NaI detectors: ANAIS-112

30

presented at IDM2022
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Other NaI detectors: ANAIS-112

30

presented at IDM2022

DAMA-LIBRA is still better than other NaI experiments: 

• exposure time (x7) 

• mass (x2.5) 

• background (x2-3) 

• energy threshold (x1.x) 

DAMA-LIBRA highly desired public information: 

• total energy spectrum 

• background model 

• absolute event rate (not just residuals) 
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Cryogenic bolometers

31



Marco Selvi - INFN Bologna                               Review of Direct Dark Matter Detection                    Invisibles24, 2nd July 2024, Bologna

Cryogenic bolometers
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Summary of low mass Dark Matter searches
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Liquid Noble Detectors
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Liquid Noble Detectors: Double Phase TPC
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Liquid Noble Detectors: Double Phase TPC
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DarkSide-50 and -20k
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DarkSide-50

DarkSide-20k
2024-25?
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Liquid Argon results: DarkSide-50 & DEAP-3600 
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DarkSide-50, PSD+radial+S2/S1 cut

DarkSide-50, PSD-only

 37 kg x 532 live-days

DarkSide-50, arXiv:1802.07198

PSD, 9870 kg-days

DEAP-3600, arXiv:1707.08042
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Liquid Argon: DarkSide-50 S2-only result
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The future LAr TPC: DarkSide-20k
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LAr filling expected in 2026

TPC with 28 m2 of PhotoDetectors (SiPM)ProtoDUNE-like cryostat
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Evolution of LXeTPC detectors
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0.03

2020
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Evolution of LXeTPC detectors
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(from T. Marrodan)
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Summary of prev-gen Noble Liquid results
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arXiv:2104.07634
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Current and next steps: LXe TPCs
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LUX-ZEPLIN
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• First (not blinded) results presented in July ‘22
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LUX-ZEPLIN results (July 2022)
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From XENON1T
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Water Cerenkov 
Muon Veto
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to XENONnT
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Gd-loaded 
Water Cerenkov 

Neutron Veto
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XENONnT
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• Completed construction in 2020

• Commissioning in first half of 2021

• Currently in Science Run
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XENONnT ER results (July 2022)
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136X
124

2nd order 

Zoom in the low-energy region:  
no discrepancy from the bkg model

Energy spectrum dominated 
by 2nd-order weak processes

Excellent agreement with our background model.
Lowest ER background ever achieved in a DM experiment: 

No trace of 3H, even in the Tritium-enhanced run

Set new best limits on Solar Axions,  magnetic moment, ALPs, …

(16.1 ± 0.3) events/(t × yr × keV)

ν

XENONnT key performances in SR0:
 electron lifetime,  

 radon concentration
> 10 ms

1.77 ± 0.01 μBq/kg

-Search of new physics 
with ER data in XENONnT:  
 PRL 129, 161805 (2022)
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Comparison of the ER bkg in LXe detector

51



Marco Selvi - INFN Bologna                               Review of Direct Dark Matter Detection                    Invisibles24, 2nd July 2024, Bologna

XENONnT NR results (March 2023)
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XENONnT NR results (March 2023)
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PCL rejection power 

threshold of 50% [median sens.]

PandaX-4T, PRL 127, 261802 (2021)

LZ, PRL 131, 041002 (2023), arXiv:2207.03764
XENON1T, PRL 121, 111302 (2018)

Comparison 
with other results from 

non-blind analyses

XENONnT, PRL 131, 041003 (2023), 2303.14729
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XENONnT Neutron Veto
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XENONnT Neutron Veto
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XENONnT Neutron Veto
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XENONnT Neutron Veto
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XENONnT recent improvements
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Neutron background  
reduced by a factor 2 
Thanks to Gd-doping  
of the water

H Gd



Marco Selvi - INFN Bologna                               Review of Direct Dark Matter Detection                    Invisibles24, 2nd July 2024, Bologna

Panda-X4T recent results (May 2024)
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XLZD -> next-gen LXe detector
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XLZD -> next-gen LXe detector
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Various ongoing R&D on Rn, photosensors, electrodes

3.0 3.0
60 t80 t
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Direct Detection of WIMPs by 2030?
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nT, LZ  
projections
DarkSide-20k 
XLZD / ARGO
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Backup
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Future in NaI detectors: new COSINE-100 results
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ANAIS
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COSINUS
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Low-mass (1-10 GeV) dark matter: low-threshold counting
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battle between low-threshold and low-background

CDEX-10 at CJPL 
• 10kg Ge detector in liquid nitrogen

• 102.8 kg-days exposure

• analysis threshold: 160 eVee

• residual bkg rate: ~2.5 evt/keVee/kg/day

• improved SI & SD-n limits at 5 GeV/c2

CDEX, arXiv:1802.09016

CDM
Slite Run2

CoGeNT, CDEX: Ge Point Contact detector, low capacitance
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Sub-GeV Dark Matter searches
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Low energy ER calibration in XENON1T

Mean: 2.9 keV 
Sigma: 0.5 keV

PreliminaryPreliminary
Preliminary

(4 orders of magnitude in 16 days)
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𝜈𝜒Solar neutrino & detectors
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P. Sorensen talk  
@Neutrino2016
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𝜈𝜒Measuring pp neutrinos
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• XENONnT/LZ could reduce the uncertainty on the pp flux to 2.2%  
(currently Borexino is @10%) 

• DARWIN (50t LXe) could bring this down further, to ~1% 

• Need to reduce Rn by a factor >10

JCAP 1611 (2016) no.11, 017
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𝜈𝜒Neutrinos from SN
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R. Lang, C. McCabe, S. Reichard, M.S., I. Tamborra,   
"Supernova neutrino physics with xenon dark matter detectors”, Phys. Rev. D 94 (2016) no.10, 103009.

Events per ton of Xe

Low energy events -> S2-only analysis  
(in the few s burst duration the background rate is small enough: 0.02 / (t s) )

CEvNS with xenon nuclei: not affected by neutrino oscillation
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𝜈𝜒Neutrinos as NR calibration
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• An O(10 MeV) beta-beam -> CNNS NR

Accelerate an 6He nucleus (end point at rest: 3.5 MeV) 
up to gamma = 10 (end point 70 MeV) 

CNNS produce a "few keV->tens of keV" NR,  
uniformly distributed in the detector,  
with very well know energy spectrum.


