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Dark Matter Particle Candidates
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Detectors must be massive, with low energy threshold 
and effective discrimination of background produced by: 

(1) Cosmic rays 
(2) Intrinsic radioactivity (U,Th,K,Co)  

(3) ultimately solar, atmospheric and SN neutrinos     

Key Requirements



~ 1 event/ kg-day

~ 1 event/ tonne-year 
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Noble Liquid targets: superior performance also for 
light( < 10 GeV) WIMPs Search 
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DarkSide-50 Binomial
DarkSide-50 No Quenching Fluctuation 
NEWS-G 2018 LUX 2017
XENON1T 2017 PICO-60 2017
PICASSO 2017 CDMSLite 2017
CRESST-III 2017 PandaX-II 2016
XENON100 2016 DAMIC 2016
CDEX 2016 CRESST-II 2015
SuperCDMS 2014 CDMSlite 2014
COGENT 2013 CDMS 2013
CRESST 2012 DAMA/LIBRA 2008
Neutrino Floor

https://arxiv.org/abs/1907.11485Phys. Rev. Lett. 121 081307 (2018)

DarkSide-50

https://arxiv.org/abs/1907.11485


Dense liquids:  for massive and  homogeneous targets at modest cost (~2k$/kg of LXe) 
Easy to purify and keep cold: mature cryogenic and purification technologies  
Radiopure liquids: no intrinsic radioactivity (other than Kr85 /Ar39 which can be removed 
to required levels). Long-lived isotopes 136Xe (double beta decay) and124Xe (double 
electron capture) are an added asset for LXe detectors.  
Two signals: excellent ionizers and scintillators

Z(A) Boiling Point
at 1 atm [K] Density [g/cm3] Ionization[ e-/keV] scintillation [photon/keV]

Ar 18(40) 87.3 1.40 42 40

Xe 54(131) 165 3.06 64 46

What makes Noble Liquids ideal WIMP Targets?



 

Nuclear recoils

 

Elastic nuclear 

 scattering

 

 scintillation (S1) 

escape electron  
  charge signal (S2) 

recombination

Electronic recoils

ionization

excitation

Light and Charge Signals in Noble Liquids

Xe:178 nm
Ar: 128 nm 

Heat



(S2/S1)ER

�,�(ER)

Two-phase Noble Liquid Time Projection Chamber:
a 3D imaging detector with keV energy threshold 

Background



127 PMTs in the top array

The XENON1T 
Time Projection Chamber

121 PMTs in the bottom array

3.2t  (2.0t active) LXe@170K

Light ~4 pe ~28 photons

Charge ~250 pe~10e charge

Time (micro second)



E = (nph + ne) ·W =

✓
S1

g1
+

S2

g2

◆
·W

Example for  XENON1T: excellent linearity and resolution from ~ keV (DM) to  ~ MeV (0vbb) 

world-record 0.8% relative energy resolution (σ/Ε) around 2.5 MeV (136Xe 0νββ energy) 
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The power of  combining two signals  for precise Energy measurement



Noble Liquid TPCs  (20-2000 kg active target) 

60 cm

100 cm

XENON1T at LNGS
Active Target: 2000 kg

PandaX-II at CJPL-1
Active Target: ~580 kg

LUX at SURF
Active Target: ~250 kg

48 cm

XENON100 at LNGS
Active Target: 62kg

30cm

DarkSide-50 at LNGS
Active Target: 50kg

~2008 - 2018
from ~10-43 cm2   to ~10-47 cm2



Evolution of LXeTPCs as WIMP detectors

XENON10
XENON100

LUX

PandaX

XENON1T

5 34 118 306 1300

1000 5.3 2.6 0.8 0.2

2008 2012 2016 2017 2018

Fiducial mass [kg]

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

Lowest 
background ever 

achieved by a 
direct dark matter 

experiment! 
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Observation of two-neutrino double electron capture in 124Xe with XENON1T

Chiara Capelli                             ALPS 2019 - 25.04.19

• Electrons filling vacancies → detection of X-rays and Auger electrons


• Total energy for double-K shell capture: (64.3±0.6) keV


• Background from 125I produced by activation of 124Xe


• Currently leading lower limit from XMASS collaboration
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2ν Double Electron Capture of 124Xe

124Xe + 2e- → 124Te + 2νe

Chiara Capelli                             ALPS 2019 - 25.04.19

• Blinded region from 56 keV to 72 keV


• Ellipsoidal 1.5 t inner fiducial volume


• Peak at E = (64.2±0.5) keV and σ = (2.6±0.3) keV


• Significance 4.4σ
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Q2νECEC = 2857 keV 
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Next Step: G2 LXe and LAr DM Experiments

● Radon concentration in the bulk liquid xenon
○ Lowest achieved in XENON1T: 5 μBq/kg
○ G2 goal: 1~2 μBq/kg (still the dominant ER background in XENONnT & LZ)
○ Rn control, online distillation, charcoal adsorption

● Neutron background 
○ Neutron veto (LZ: liquid scintillator,  XENONnT: Gd-doped water)

● Long electron drift length (over a meter)
○ Require >1 ms electron lifetime:  fast/efficient purification
○ Need faster drift velocity to avoid too much diffusion:  30~100 kV on cathode 

● Large diameter TPC
○ Electron emission rate from gate/cathode electrodes needs to be controlled
○ Signal uniformity 

Which are the major technical challenges? 



EPJ-C 77 (2017)

www.xenon1t.org

Cryogenics and Purification

DAQ and Slow Control

Xenon Storage
and Recovery

Kr Column
(distillation)

Calibration

TPC

Muon Veto Detector

From 
XENON1T 

to  
XENONnT



Condenser

Distillation stages

Reboiler

Lique!er

Piston pump

XENON1T Infrastructure 
and sub-systems already 

operative
Aprile et al., Eur. Phys. J. C (2017) 77

Some upgrades aimed at 
reducing Rn220 already 

implemented and working

1/10 reduction of 
background and x10 

sensitivity improvement

A more massive and lower background LXeTPC

Fast turnaround: ongoing 
commissioning. Start data 

taking Summer 2020

New TPC LXe Purification Radon Distillation Neutron Veto
8.4 ton (5.9 active) 

Time Projection
Chamber

To achieve fast cleaning of the large LXe 
volume (5000 SLPM)

To remove the 222Rn 
emanated inside the 

detector

To tag and measure in situ 
neutron-induced background

+ Figure 3: The ‘grey room’ assembled in front of the Water Tank entrance. (left) The clean room in Hall di
Montaggio (right).

Figure 4: Drawing of the neutron veto system.

the cryostat to enhance neutron tagging e�ciency. According to Monte Carlo studies, a fourfold
coincidence among the n-veto PMTs will correspond to a neutron tagging e�ciency of almost
90%. The PMTs have been ordered and will arrive in March, where they will be tested for dark
rate, gain, single photoelectron response etc., by June.
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• 1.3 m diameter, 1.6 m high
• 253 PMTs (3” ) in top array
• 241 PMTs (3”) in bottom array
• 6 tons target mass of LXe
• being assembled now at LNGS
• start of LXe filling (8.4 tons)  

planned in April 2020

Time Projection Chamber
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● Reduce O2 concentration to << 1 ppb
● Range of LXe flows possible, from 1 LPM to 5 LPM
● Continuous operation (backup LXe pump, backup O2 filter)
● Fast electron lifetime measurement with purity monitor

Cryogenic LXe Purification System
Design

● System commissioning almost completed
● Demonstrated reliable LXe operation over weeks
● High efficiency and low specific radon emanation rate
● Higher efficiency of O2 filter with better controlled activation
● New LXe purification system will allow electron lifetime
● goal to be achieved early in detector commissioning phase

Commissioning



Top Heat Exchanger 
- 

Condenser

Bottom Heat Exchanger 
- 

Reboiler

New MagPump Design 
- 

Compressor 
based on prototype 

Larger package material 

Flow: 200 slpm (72 kg/h) 

Reflux ratio: 0.5 
! > 1 kW cooling power required 

Depletion factor 100 at top 

Enrichment factor 1000 at bottom 

No additional cooling power required 
due to radon-free compressor

New Radon distillation column - Design

Eur. Phys. J. C (2018) 78: 604
Kr

Rn

LXe inlet and outlet 
- 

Connection to LXe PUR 
by Costruzioni Generali  

Cryogenic Radon Distillation Column
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XENON
175 scientists 
from 27 institutions



at  SURF (~2020)

Simulated LZ full exposure with 40 GeV/c2 WIMP  
1000 days, 5.6 Tons 

electron 
recoil 
band 

nuclear 
recoil 
band 

7 
Berlin, Aug 29th 2018                                            TeVPA2018                                           Alfredo Tomás 

LZ: 40 GeV WIMP, 1000 days, 5.6 t fiducial





DarkSide-20K at Gran Sasso (~2022)
two-phase TPC with 50 ton (30 ton 
iducial) underground Ar with <1 μBq/
kg)

Facilities (URANIA and ARIA) to 
produce UAr depleted in Ar39 by 
multi-path cryogenics distillation

TPC acrylic vessel surrounded by 
atmospheric Ar (in ProtoDUNE like 
cryostat) + acrylic shell (Gd loaded) 
as neutron veto 

Separate cryogenic systems for DAr 
and AAr

Cryogenic SiPMs as photosensors:  
8280 in TPC, ~3000 in Veto
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SUMMARY AND OUTLOOK

29

• DS-50 demonstrated excellent performance and proven technology of dual phase argon TPCs 
for wide range of WIMP masses: 

- best sensitivity below 3.5 GeV
- background-free for > 10 GeV

• Ambitious dark matter search program with the Global Argon DM Collaboration builds upon:
- production of DAr, novel SiPM based photodetectors, innovative TPC design, acrylic 
knowledge and experience from DEAP3600 and DS-50.

• DarkSide-20k at LNGS (inst. bg-free 200 tonne-year exposure) 
• Future detector ARGO ~ ktonne-year exposure,  reaching beyond neutrino floor 

and opening potential for neutrino physics.

• DarkSide-LM – low mass DM search with ionization signal S2. DarkSide-20k in
Hall C at LNGS.
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Two key requirements demonstrated  with DS-50 and DEAP-3600:
PSD and Depleted Ar  

24

POWER OF S1 PULSE SHAPE 
DISCRIMINATION (PSD) IN LIQUID ARGON

9

NR:
S1 f90 ~ 0.7

ER:
S1 f90 ~ 0.3

PSD parameter:

> 109 bkg rejection of electron recoils based on 
S1 PSD in DEAP3600 - arxiv:1902.04048.

Electron recoil f90

Nuclear recoil f90

f90 =
S1 light integral in the first 90 ns

Total S1 light integral

> 107 bkg rejection of electron recoils 
based on S1 PSD in DS-50 AAr run 
(statistics limited) - arxiv:1410.0653. 

241AmBe calibration run
In DS-50

Enables WIMP search 
@ 100s of tonne-years 
exposure with zero inst. bkg.

9

INTRINSIC BACKGROUND 39Ar
MITIGATED IN UNDERGROUND ARGON 

In March 2015, DS50 was filled with underground argon UAr. Major 
undertaking – extracted from Colorado mine and purified at FNAL.

Exhibits 1400 times smaller content of 39Ar  in UAr than AAr!

Low level of 39Ar in UAr allows extension of DS to ten and hundred         
ton-scale detector.

1/1400

Phys. Rev. D 93, 081101 (2016)

10

from Jelena Maricic



Complementarity of Targets

56 L. Baudis / Physics of the Dark Universe 4 (2014) 50–59

Fig. 3. Summary for spin-independent WIMP–nucleon scattering results. Existing
limits from the noble gas dark matter experiments ZEPLIN-III [69], XENON10 [71],
XENON100 [75], and LUX [39], along with projections for DarkSide-50 [85],
LUX [39], DEAP3600 [90], XENON1T, DarkSide G2, XENONnT (similar sensitivity as
the LZ project [92], see text) and DARWIN [93] are shown. DARWIN is designed to
probe the entire parameter region for WIMP masses above ⇠6 GeV/c2, until the
neutrino background (yellow region) will start to dominate the recoil spectrum.
Experiments based on the mK cryogenic technique such as SuperCDMS [94]
and EURECA [95] have access to lower WIMP masses. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)
Source: Figure adapted from [91].

once XENON1T is taking science data, with planned operation
between 2018 and 2021. The XMASS collaboration plans a 5 t (1 t
fiducial) single-phase detector after its current phase, with greatly
reduced backgrounds and an aimed sensitivity of ⇠10�46 cm2. In
its second stage, PandaX will operate a total of 1.5 t LXe as WIMP
target, with ⇠1 t xenon in the fiducial volume. All sub-systems
of the existing experiment, with the exception of the central TPC,
are designed to accommodate the larger target mass [83]. The
DarkSide collaboration plans a 5 t LAr dual-phase detector, with
3.3 t as active target mass, in the existing neutron and muon veto
at LNGS. The aimed sensitivity is 10�47 cm2 [96].

DARk matter WImp search with Noble liquids (DARWIN) is an
initiative to build an ultimate, multi-ton dark matter detector at
LNGS [97,93]. Its primary goal is to probe the spin-independent
WIMP–nucleon cross section down to the 10�49 cm2 region for
⇠50 GeV/c2 WIMPs, as shown in Fig. 3. It would thus explore the
experimentally accessible parameter space, which will be finally
limited by irreducible neutrino backgrounds. Should WIMPs be

discovered by an existing or near-future experiment, DARWINwill
measureWIMP-induced nuclear recoil spectrawith high-statistics,
constraining the mass and the scattering cross section of the dark
matter particle [98,99]. Other physics goals of DARWIN are the first
real-time detection of solar pp-neutrinos with high statistics and
the search for the neutrinoless double beta decay [27]. The latter
would establish whether the neutrino is its own anti-particle, and
can be detected via 136Xe, which has a natural abundance of 8.9%
in xenon.

As soon as direct evidence for a dark matter signal has been
established with so-called discovery experiments, the efforts will
shift towards measuring the mass and cross section of the dark
matter particle. This information is complementary to the one pro-
vided by indirect detection experiments such as IceCube, AMS and
CTA, and by dark matter searches with ATLAS and CMS at the LHC.
Fig. 4 (left) displays the capability of a large LXe/LAr detector to re-
construct theWIMPmass and cross section for various masses and
a hypothetical WIMP–nucleon cross section of 3⇥ 10�46 cm2 [99].
Exposures of 10 t ⇥ yr and 20 t ⇥ yr using a LXe target only, as
well as a combined exposure of 10 t ⇥yr LXe and of 20 t⇥yr LAr,
were assumed. The right side of the same figure shows the re-
constructed mass and cross sections for a 100 GeV/c2 WIMP, and
several cross sections, using the combined exposure of 10 t ⇥ yr
xenon and 20 t ⇥ yr argon. The study assumes nuclear recoil en-
ergy thresholds of 6.6 keVnr and 20 keVnr in xenon and argon,
respectively. The uncertainties on the dark matter halo parame-
ters ⇢0 = (0.3 ± 0.1) GeV/cm2, v0 = (220 ± 20) km/s and
vesc = (544 ± 40) km/s are taken into account.

5. Summary and outlook

Dark matter detectors based on liquefied noble gases have
matured into a robust technology for detecting the minuscule
energy deposited into a medium when a WIMP scatters off an
atomic nucleus in the target. They have demonstrated the low-
est backgrounds reached up to now in any direct detection ex-
periment, and their scale up to large, homogeneous target masses
is rather straightforward. While detectors currently in operation
have reached background levels as low as a few events/(keV t d)
in the dark matter region of interest, before discrimination of elec-
tronic and nuclear recoils, detectors under commissioning and/or
construction will improve these absolute backgrounds by a few
orders of magnitude, until the irreducible neutrino background
will start to dominate the recoil spectra. These ton- and multi-ton

Fig. 4. The 1-� and 2-� credible regions of the marginal posterior probabilities for simulations of WIMPs of various masses and cross sections demonstrate how well the
WIMP parameters can be reconstructed for different exposures of a LXe or LAr detector. The ‘+’ indicates the simulated model. (Left) Exposures of 10 t ⇥ yr xenon (green),
20 t ⇥ yr LXe (red), and 10 t ⇥ yr LXe plus 20 t ⇥Ar (blue). (Right) 10 t ⇥ yr LXe plus 20 t ⇥ yr LAr exposure for cross sections of 3 ⇥ 10�46cm2 (green), 3 ⇥ 10�47cm2 (red)
and 3 ⇥ 10�48cm2 (blue) (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Source: Figure from [99].

Xe + Ar

Xe

J. Newstead  et al , PRD 88, 076011 (2013)

essential to better constrain WIMP mass and x-section once we have signals!



Summary
▸ Scalability and low-background demonstrated by noble liquid targets make them most promising to search for WIMPs in a large mass range.

▸ In this decade  LXe and LAr experiments will  reach unprecedented sensitivities to nail down the WIMP as an explanation for DM. 
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