
Dark Matter  
Direct Detection Review

Marco Selvi

INFN Bologna

Vulcano Workshop, 26 September 2022, Isola d’Elba



Marco Selvi                               Dark Matter Direct Detection Review                    Vulcano Workshop, 26 Sept 2022, Isola d’Elba

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, 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

2

Usual, but correct, disclaimers of these kinds of review talks:  

not complete, biased, personal view, etc
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Particle Dark Matter

3



Marco Selvi                               Dark Matter Direct Detection Review                    Vulcano Workshop, 26 Sept 2022, Isola d’Elba

WIMPs
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In this talk I will focus mostly on WIMP direct detection

• WIMPs are independently predicted in many BSM theories 
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WIMP hypothesis is still alive
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Dark Matter searches

6



Marco Selvi                               Dark Matter Direct Detection Review                    Vulcano Workshop, 26 Sept 2022, Isola d’Elba

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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Scattering Cross Section
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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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Nuclear Recoil Energy Spectrum
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Backgrounds: Electron & Nuclear Recoils
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Backgrounds: external sources
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Underground laboratories
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Underground laboratories
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Backgrounds: internal and surface sources

19

, distillation, dust removal
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The ultimate background from neutrinos
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NRER
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Sensitivity plot in direct DM experiments

21

(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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Two main lines of improvements (+ others)
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• Directional detectors
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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

28

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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DAMA-LIBRA new results

30

Two additional annual cycles released in summer 2021
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• not compatible with experiments with other targets

31

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

32
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Other NaI detectors

33

100

• COSINUS (light & phonons)
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Other NaI detectors: ANAIS-112

34

Phys. Rev. D 103, 102005 (2021) 
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Other NaI detectors: ANAIS-112

35

presented at IDM2022
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Other NaI detectors: COSINE-100

36

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

37

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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NaI: COSINE-100 data analyzed “a la DAMA”

38

arXiv:2208.05158
Single-hit event rate in COSINE100 data

Exponential decrease  
(due to 3H or 210Po)

Average rate 
in each year

MC simulation

No surprise: it’s not an oscillation pattern,  
but a saw-teeth one (with opposite phase)
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NaI: COSINE-100 data analysed “a la DAMA”

39

arXiv:2208.05158
Single-hit event rate in COSINE100 data

Exponential decrease  
(due to 3H or 210Po)

Average rate 
in each year

MC simulation

No surprise: it’s not an oscillation pattern,  
but a saw-teeth one (with opposite phase)

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

40
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Cryogenic bolometers

41
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Summary of low mass Dark Matter searches
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Liquid Noble Detectors

43
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Liquid Noble Detectors: Double Phase TPC

44
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DarkSide-50 and -20k

45

DarkSide-50

DarkSide-20k
2024-25?
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Liquid Argon results: DarkSide-50 & DEAP-3600 

46

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 new S2-only result

47
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The future LAr TPC: DarkSide-20k

48

Proto-1t

28 m2 of PhotoDetectors with SiPM

LAr filling expected in 2026
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Evolution of LXeTPC detectors

49

0.03

2020
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Evolution of LXeTPC detectors

50

(from T. Marrodan)
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Summary of prev-gen Noble Liquid results

51

arXiv:2104.07634
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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

53
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PandaX-4T
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0.63 tonne x year exposure
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LUX-ZEPLIN
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• First (not blinded) results presented in July ‘22
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LUX-ZEPLIN new results (July 2022)
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The XENON1T ER excess
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The XENON1T ER excess
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PRD 102, 072004 (2020)Possible interpretations:
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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

60

Gd-loaded 
Water Cerenkov 

Neutron Veto



Marco Selvi                               Dark Matter Direct Detection Review                    Vulcano Workshop, 26 Sept 2022, Isola d’Elba

XENONnT

61

Gd-loaded 
Water Cerenkov 

Neutron Veto
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XENONnT new 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 arXiv:2207.11330, accepted by PRL

Nuclear recoil data are 
still blinded  

WIMP search results 
soon
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Comparison of the ER bkg in LXe detector

63
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XLZD -> next-gen LXe detector

64
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XLZD -> next-gen LXe detector (DARWIN)

65

Various ongoing R&D on Rn, photosensors, electrodes
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Direct Detection of WIMPs by 2030?

66

nT, LZ  
projections
DarkSide-20k 
DARWIN



Thanks !

Marco Selvi

INFN Bologna

Vulcano Workshop, 26 September 2022, Isola d’Elba


