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Outline

• Review of WIMP kinematics (no Axions in this talk, sorry)


• Generalities on signal and backgrounds


• Most effective detection techniques


• Review of recent results from direct DM detection experiments


* many thanks to  
E. Aprile, L. Baudis, G. Fiorillo, T. Marrodan,  

K. Palladino, K. Ni,  M. Schumann  
for useful materials used in this review
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Usual disclaimers of these kinds of review talks:  

not complete, biased, personal view, etc
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Particle Dark Matter
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WIMPs
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In this talk I will focus mostly on WIMP direct detection
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Dark Matter searches
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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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The standard halo model
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Expected Rates
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Scattering Cross Section
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Correction: the Form Factor
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Nuclear Recoil Energy Spectrum
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Nuclear Recoil Energy Spectrum
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Detector requirements and signatures
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Signature: spectral shape
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mW = 50 GeV
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Signature: annual modulation
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30 km/s
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Signature: directionality
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Backgrounds: Electron & Nuclear Recoils

�19



Marco Selvi                               Review of direct Dark Matter searches                     Preparing for DM discovery, 12th June 2018, Göteborg

Backgrounds: external sources
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Underground laboratories
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Underground laboratories
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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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Detector Calibration
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Detector Calibration: Signal & Background
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Sensitivity plot in direct DM experiments
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Direct detection Techniques

�28



Marco Selvi                               Review of direct Dark Matter searches                     Preparing for DM discovery, 12th June 2018, Göteborg

Direct Detection Techniques

�29

Charge

LUX/LZ
PandaX
XENON

ArDM
DarkSide

CoGeNT
CDEX
DAMIC
SENSEI
NEWS-G
DRIFT
MIMAC
DMTPC

SIMPLE
PICASSO
COUPP
PICO

CRESST
COSINUS

SuperCDMS
EDELWEISS

DAMA 
DM-Ice
COSINE
SABRE
ANAIS
PICO-LON
DEAP
XMASS

� �

nuclear 
recoils

Light

Heat

• Liquid argon
• Liquid xenon
• Directional detectors
• Low-threshold 
• Bubble chambers
• Cryogenic bolometers
• Scintillating crystals
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Competitive field, rapid progress

�30

detector sensitivity improved by ~5 orders of magnitude in the last 20 years
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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
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Two main lines of improvements (+ others)
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Scintillating crystals
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DAMA-LIBRA new results
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2.46 t y
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DAMA-LIBRA new results
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Multiples

Singles

Very hard to attribute it to  
neutrons, muons, or worst … neutrinos !!!
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Future in NaI detectors
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100
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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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Bubble chambers
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• best SD WIMP-proton limit: 3.4e-41 cm2 at 30 GeV/c2
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PICO in the future …
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Cryogenic bolometers
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Cryogenic bolometers
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SuperCDMS at Soudan
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• iZIP detectors 

• 1690 kg days exposure

• single candidate observed, consistent with bkg

• best limits for WIMP-germanium-nucleus 

interaction > 12 GeV/c2

Phys.Rev.Lett. 120 (2018) no.6, 061802 
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Low-mass (1-10 GeV) dark matter: cryogenic bolometers

�43

battle between low-threshold and low-background

CDMSlite: HV operation 
• no ER/NR discrimination: higher bkg

• but lowering the threshold: <100 eVee

• gain sensitivity for low-mass WIMPs

CDMSlite, Phys. Rev. D 97, 022002 (2018)
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Low-mass (1-10 GeV) dark matter: cryogenic bolometers

�43

battle between low-threshold and low-background

CDMSlite: HV operation 
• no ER/NR discrimination: higher bkg

• but lowering the threshold: <100 eVee

• gain sensitivity for low-mass WIMPs

CDMSlite, Phys. Rev. D 97, 022002 (2018)

Spin-independent

CRESST-III result from arXiv:1711.07692
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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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Liquid Noble Detectors
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Liquid Noble Detectors: Single Phase
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Liquid Noble Detectors: Single Phase
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Liquid Noble Detectors: Double Phase TPC
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DarkSide-50 and -20t
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DarkSide-50

DarkSide-20t
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Liquid Argon results: DarkSide-50 & DEAP-3600 

�50

PSD, 9870 kg-days

DEAP-3600, arXiv:1707.08042
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Liquid Argon results: DarkSide-50 & DEAP-3600 

�50

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 results: DarkSide-50 & DEAP-3600 

�50

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 results: DarkSide-50 & DEAP-3600 

�50

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
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Fiducial mass [kg]

Low-energy ER background 
[ events / (tonne keV day) ]

XENON10
XENON100

LUX

PandaX

XENON1T

5 34 118 306 1300

1000 5.3 2.6 0.8 0.2

 51

Impressive evolution of LXeTPCs as WIMP detectors
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WIMP detectors from the XENON-series
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M. Schumann (AEC Bern) – XENON 8

XENON1T

96cm

● 3.5 t liquid xenon in total
● 2.0t active target
● ~1t after fiducialization
 

● 248+6 PMTs

XENON10 XENON100 XENON1T XENONnT

2005-2007 2008-2016 2012-2018 2019-2023
25 kg - 15cm drift 161 kg - 30 cm drift 3.2 ton - 1 m drift 8 ton - 1.5 m drift

~10-43 cm2 ~10-45 cm2 ~10-47 cm2 ~10-48 cm2
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The frontline detectors using the LXeTPC
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48 cm 60 cm 100 cm

XENON1T
Active Target: 2000 kg

Status: running

PandaX-II
Active Target: ~580 kg

Status: running

LUX
Active Target: ~250 kg

completed
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Critical issue: reducing the intrinsic radio-contaminants 
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XENON1T

0.66 ppt Kr/Xe

XEN
O

N
1T D

istillation C
olum

n

Rn222 (~10 uBq/kg)



Marco Selvi                               Review of direct Dark Matter searches                     Preparing for DM discovery, 12th June 2018, Göteborg

XENON1T Data taking

�55

SR0
PRL119,181301 SR1

279 live-days DM data collected 
from Nov. 2016 till Feb. 2018.
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XENON1T Data taking

�55

SR0
PRL119,181301 SR1

279 live-days DM data collected 
from Nov. 2016 till Feb. 2018.

XENON Preliminary

Lowest electronic recoil bkg achieved in >1 ton target for >1 year!
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XENON1T results
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● Results interpreted 
with unbinned profile 
likelihood analysis in 
cS1, cS2, R  space 

● Piecharts indicate the 
relative PDF from the 
best fit (assuming 
200 GeV/c2 WIMPs at 
cross-section of 
4.7x10-47 cm2) 
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XENON1T sensitivity & limit
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• No significant (>3 sigma) excess at any scanned WIMP mass
• p-value for background-only hypothesis: ~0.2 at high WIMP mass 
• Rate plot shows best-fit cross-section of 4.7x10-47 cm2 assuming 200 GeV/c2 

WIMPs  

• Relevance of a unified statistical approach among direct DM experiments 
(Neyman construction, unified approach 1,2-sided confidence interval, protection 
agains under-fluctuations, …)
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XENON1T sensitivity & limit

�57

• No significant (>3 sigma) excess at any scanned WIMP mass
• p-value for background-only hypothesis: ~0.2 at high WIMP mass 
• Rate plot shows best-fit cross-section of 4.7x10-47 cm2 assuming 200 GeV/c2 

WIMPs  

• Relevance of a unified statistical approach among direct DM experiments 
(Neyman construction, unified approach 1,2-sided confidence interval, protection 
agains under-fluctuations, …)

PandaX/LUX sensitivity

XENON1T sensitivity
arXiv:1805.12562
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SD WIMP-neutron constraints: Xe-target leads, Ge-target good at low-mass 

�58

LUX, Phys.Rev.Lett. 118 (2017) no.25, 251302 

Xe-target (LUX, PandaX, XENON) 
• Xe129 (29.5%), Xe131 (23.7%)

• best published SD-neutron limit: 1.6e-41 cm2 

at 35 GeV/c^2

• new lower-bkg data from PandaX-II, 

XENON1T should give stronger constraints
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SD WIMP-neutron constraints: Xe-target leads, Ge-target good at low-mass 
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LUX, Phys.Rev.Lett. 118 (2017) no.25, 251302 

Xe-target (LUX, PandaX, XENON) 
• Xe129 (29.5%), Xe131 (23.7%)

• best published SD-neutron limit: 1.6e-41 cm2 

at 35 GeV/c^2

• new lower-bkg data from PandaX-II, 

XENON1T should give stronger constraints

Ge-target (CDMS, CDEX) 
• Ge73 (7.73%)

• best SD-neutron limit below 3 GeV/c2


Xe-target
CDMSlite

CDMSlite, Phys. Rev. D 97, 022002 (2018)
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SD WIMP-neutron constraints: Xe-target leads, Ge-target good at low-mass 
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LUX, Phys.Rev.Lett. 118 (2017) no.25, 251302 

Model-independent Effective field theory (EFT), e.g. XENON100, Phys.Rev. D96 (2017) no.4, 042004  

Xe-target (LUX, PandaX, XENON) 
• Xe129 (29.5%), Xe131 (23.7%)

• best published SD-neutron limit: 1.6e-41 cm2 

at 35 GeV/c^2

• new lower-bkg data from PandaX-II, 

XENON1T should give stronger constraints
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Xe-target
CDMSlite

CDMSlite, Phys. Rev. D 97, 022002 (2018)
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Low-mass (1-10 GeV) dark matter: liquid argon
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big improvement with S2-only search in DarkSide-50

DarkSide-50 S2-only search 
• no ER/NR discrimination

• low threshold: ~100 eVee

• bkg: ~1.5 event/keVee/kg/d at 0.5 keVee

• spectrum consistent with known background

• Liquid argon now gives the best limits for 

low-mass DM between 2-5 GeV/c2 

DarkSide-50, arXiv:1802.06994
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Low-mass dark matter search status
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• 2~3 orders of magnitude above 
the “neutrino floor”


• challenges: background 
reduction/discrimination at the 
lowest threshold 
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Heavy WIMPs search: current status
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LXe TPCs: the future

�62



Marco Selvi                               Review of direct Dark Matter searches                     Preparing for DM discovery, 12th June 2018, Göteborg

Direct Detection of WIMPs by 2025?
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Neutrino Coherent Scattering

CMSSM



Thanks !
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