
Future dark matter experiments  
with noble liquids 

Carla Macolino (Irene Joliot-Curie lab. Orsay/CNRS) 

IDM 2020 Wien 
20.07.2020

1



Dark matter search results
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• XENON1T is 7 times more 
sensitive compared to previous 
experiments (LUX, PandaX-II) 

• Most stringent 90% confidence 
level upper limit on WIMP-Nucleon 
cross section at all masses above 
6GeV 

• σSI below 4.1･10-47 cm2 at  
30 GeV/c2 
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Single phase / double phase
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WIMP-nucleon interaction with the target medium

Figure 2: The two detector concepts currently used for dark matter detectors based on liquid noble gases. (Left)
Single phase detectors are essentially a large volume of a noble liquid which is viewed by many photosensors,
usually PMTs, in order to detect the scintillation light S1. (Right) In a double phase detector the S1 signal is
also detected by photosensors, but the ionization charge signal is measured as well since the detector is operated
as a time projection chamber (TPC). An electric field across the target volume removes the ionization electrons
from the interaction site and drifts them towards the gas phase on top of the liquid. The electrons are extracted
into the gas and generate proportional scintillation light S2, which is registered time-delayed by the drift time.

3 Detector Concepts

Detectors using liquid noble gases as WIMP targets are currently operated by using two different
concepts, which are illustrated in Fig. 2 and are explained below.

Single Phase Detectors These detectors are conceptually very simple devices in which a
large volume of a liquid noble gas is viewed by as many light sensors (usually PMTs) as possible
in order to reduce the detection threshold, see Fig. 2 (left). Since only rather short scintillation
light signals have to be detected, it also allows for rather high event rates since pile-up is
almost no issue. The chosen geometry is usually spherical in order to exploit self shielding
as much as possible. The 4π arrangement of the PMTs can be used for some rough event
vertex reconstruction, with a resolution of typically several cm. The reconstruction performance,
however, depends on the number of detected photons and deteriorates close to threshold. Since
only the light is detected, background discrimination via the charge/light ratio is not possible.
Hence experiments have to rely on pulse shape discrimination or, in case of LXe, on almost
perfect background reduction by shielding. For this reasons, most experiments will only use the
innermost part of the detector as WIMP target and the outer part (which can be almost up to
90% of the mass) as background shield.

Double Phase Detectors, Time Projection Chambers Time projection chambers (TPCs),
see Fig. 2 (right), provide much better 3-dimensional vertex reconstruction, with demonstrated

z-resolutions below 1 mm and a xy-resolution of ∼ 3 mm4. This is achieved by measuring the
scintillation light and the ionization charge signal simultaneously. A particle interaction leads

Figure 1: (left) Particle interactions excite and ionize the target (Xe in this example, but Ar works exactly the
same way). Excited atoms Xe∗ combine with a neutral atom and form an excimer state Xe∗2 which decays under
the emission of scintillation light. If ionization electrons are not removed from the interaction site (e.g., by an
electric field in a TPC), they eventually recombine and also produce scintillation light. Therefore, the light and
the charge signal are anti-correlated. (right) Expected nuclear recoil spectra from interactions of a 100 GeV/c2

WIMP with LXe and LAr, assuming a cross-section of σ = 10−43 cm2. The expected rate is higher in LXe at low
energies, but form factor suppressed at higher energies, which is not the case for LAr. A low detection threshold
is therefore necessary if LXe is used. Experimentally achieved thresholds are indicated by the colored areas.

which makes them indistinguishable from WIMPs if they interact only once. However, neutrons
have a rather large probability to interact several times inside a detector what allows for their
rejection if these individual interactions can be resolved. The liquids, in particular LXe, have
a rather high stopping power which can be used for self-shielding if only the inner part of the
detector is selected for analysis (“fiducialization”). This, however, requires that the interaction
vertex can be fairly well reconstructed in 3 dimensions.

The most abundant background for almost all dark matter experiments is from gamma and
beta backgrounds which generate electronic recoils. These have a different energy loss dE/dx
compared to nuclear recoils leading to detectable differences in their signals which can be used
for signal/background discrimination. The first possibility for noble liquids is the pulse shape
of the scintillation signal. The excimers (see Fig. 1) eventually emitting the light can be formed
in singlet and triplet states which have different decay times. The individual population of the
states depends on the particle interaction. In LAr, the lifetimes are about 3 order of magnitude
different, with 0.005 µs and 1.6 µs for the singlet and triplet state, respectively, leading to a
large slow component of the pulse for events from electronic recoil interactions. It has been
demonstrated that this feature can be used to reject electronic recoils at the 3 × 10−8 level 7.
However, such high levels are mandatory in order to cope with the huge background from 39Ar.
With 4 ns and 22 ns, the singlet and triplet lifetimes are very similar in LXe and only very
moderate rejection levels (∼ 0.1) can be achieved 8, hence it is not used as default in any
experiment.

If the charge and the light signal generated in an interaction are measured simultaneously
for every event, one can exploit that the different dE/dx for electronic recoil backgrounds and
nuclear recoils signals produce a different charge/light ratio. The discrimination depends on
the deposited energy and on the electric field strength applied to extract the charge signal. In
LXe, it ranges between values of 5× 10−3 and 1× 10−4 at 50% nuclear recoil acceptance9. It is
also used in LAr, however, its performance is much weaker than the pulse shape discrimination
channel and would by itself not be sufficient to reduce the 39Ar background to the required low
levels.
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S1: Scintillation in the 
liquid phase
S2: secondary scintillation 
from ionization electrons 
drifted to the gas phase 
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Dual phase TPC advantages
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December 10th 2015, LPNHE Paris Luca Scotto Lavina, Subatech, CNRS/IN2P3

Advantages of two-phase xenon TPC principle

Background rejection: charge-to-light ratio Charge & Light: highest yield 
among noble liquids 
and best self-shielding

Background rejection:
3D-event imaging, 
LXe self-shielding

Low energy threshold:
PMTs within liquid 
for efficient light detection

Scalability: massive target 
at modest cost

Intrinsically pure: no long-lived 
radioactive isotopes

Big nucleus (A~131): good 
for SI + SD sensitivity

2

The XENON approach
Dual phase TPC

L. Baudis, Physics of the Dark Universe, 4, 2014, 50-59

Some important characteristics of
LXe when operated at cryogenic
temperature
� Good self-shielding,

homogeneous
� Easily scalable to large mass
� Good scintillator
� If used in 2-phase TPC

mode: both ionization and
scintillation can be used for
discrimination 3D positioning
for “fiducialization”

Alfredo D. Ferella | The XENON1T experiment - DAvCo 2017

Background rejection: charge to light ratio
+ fiducialization and multi-scatter id. S1: prompt scintillation signal in LXe

S2: secondary scintillation from drifted e- in GXe

• WIMPs (or n) scattering off Xe nucleus 
→ NR

• e-,γ scattering off Xe electrons → ER
• Particle discrimination from S2/S1 ratio

• Reconstruction of energy from both S1 and 
S2 signals

• 3D position reconstruction:
• x and y position from S2 pattern of Top 

PMT array
• z position from drift time information 

C. Macolino                                                                            IDM2020 Wien



Improving sensitivity
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12 février 2018, Orsay Luca Scotto Lavina, LPNHE, CNRS/IN2P3

The cross-section vs WIMP mass parameter space

12 février 2018, Orsay Luca Scotto Lavina, LPNHE, CNRS/IN2P3

Scoping the >GeV WIMP mass range
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Direct search for WIMPs: 
status
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Spin-independent WIMP-nucleon interaction 

Present 

Near future (2020) 

Future 

Explore WIMP DM  
from mχ~ 5 GeV/c2 
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Near future: XENONnT
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• XENONnT TPC already assembled and 
operational with GXe at this time

• Commissioning in LXe expected in 
September

• First data this fall (2020)

The XENONnT Upgrade

M. Lindner MPIK TAUP, July 24-28 , 2017 24

2012-2018    2019-2023 
3.2t LXe ca. 8t LXe
running under preparation

Existing/operational/tested:
muon veto
cryostat support
outer cryostat
in-LXe cabeling
LXe storage system (Restox)
cryogenic system
purification system
Kr removal
DAQ & 95% electronics
slow control system
calibration system
> 8t of Xenon gas & 260 PMTs
screening facilities
Started/design/on-going:
230 more PMTs ordered 

èbeing delivered & tested
TPC & inner cryostat design
n-veto studies
material orders
g and Rn screening
Rn reduction system
improved purification
2nd Restox & more Xe gas

being prepared while XENON1T runs è switching gears

XENON1T                             XENONnT

1.4m

1.4m

C. Macolino                                                                            IDM2020 Wien

 2012-2018                   2019-2025
3.2 LXe                           8t LXe  
  over                           TPC in place 

On arXiv today! 
arXiv:2007.08796



Near future: LZ
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A. Fan (SLAC) TAUP2019 LZ Status

Projected sensitivity

13

90% CL minimum of 1.6 x 10-48 cm2 at 40 GeV/c2

D.S. Akerib et al (LZ collaboration) 2018 arXiv:1802.06039

C. Macolino                                                                            IDM2020 Wien

Phys. Rev. D 101, 052002 (2020)



Near future: PANDAX-4T
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4-ton target with SI
sensitivity ~10-47 cm2

1.2m(H)x1.2m(D)

Designed field: drift (400 V/cm), 
extraction (6 kV/cm)

3-in PMTs, 169 top/199 bottom

1-in veto PMT 126



LAr TPC: DarkSide-50
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Y. Wang UCLA 09/11/2019

Pulse Shape Discrimination (PSD)
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Goal achieved. Open the box!

!7

Background Estimated # 
surviving all cuts

Cosmogenic 
Neutros < 3 x 10-4

Radiogenic 
Neutrons < 5 x 10-3

Surface Alpha 1 x 10-3

Cherenkov + 
Scintillation 0.08

Total 0.09 ± 0.04
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Future: DARWIN
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Xenon

22Carla Macolino                                                                                LAL, July 6th 2016

The roadmap

May 30th 2016, LPNHE Paris Luca Scotto Lavina, CNRS/IN2P3

The XENON program roadmap: growing in target size...

past still present... present ...upgrade future

Project approved and funded (50% NSF, 50% Europe+Israel)
arXiv:1606.07001JCAP 1611 11 (2016)        

         
EPJC 77 881 (2017)….

2019

• XENON1T collected more than 1 tonne*yr exposure and set the most stringent limit on 
WIMP-nucleon cross section versus WIMP mass

• XENONnT is completing construction and is expected to start commissioning in 2020
• nT: an order of magnitude improvement in sensitivity with respect to 1T with 20 

tonne*yr exposure

BI ~ 103  cts/(keV t yr)

BI ~ 5 cts/(keV t yr)

BI ~ 0.2 cts/(keV t yr)

BI ~ 0.02 cts/(keV t yr)

Time:until 2007 
Total:25 kg 
Target:14 kg 
Limit:~10-43 cm2

Time:since 2008 
Total:162 kg 
Target:48 kg 
Limit:~10-45 cm2

Time:from 2015 
Total:3.5 ton 
Target:2 ton 
Limit:~10-47 cm2

Time:from 2019 
Total:8.4 ton 
Target:6 ton 
Limit:~10-48 cm2

Time:from 2020s 
Total:50 ton
Target:40 ton 
Limit:~10-49 cm2

C. Macolino                                                                            IDM2020 Wien

2.6 m height
 2.6 m diameter



Future: DARWIN
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• Huge dimensions: 2.6 m height x 2.6 diameter 
• Huge exposure: 200 ton x year 

• 50 tons of LXe 
• 40 tons of target 
• 30 tons fiducial 

• Sensitivity: ~10-49 cm2 
• 99.98% ER rejection at 30% NR acceptance 
• Light yield 8 PE/keV at 122 keV, Energy window 5-35 keVNR 
• Sensitivity: ~10-49 cm2
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Future: DARWIN
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data"to"Xe"

•  Only"minimal"improvement"
for"Ar"
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200"t"x"y"exposure"
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Target complementarityWIMP properties

• Reconstruction of WIMP mass 
and scattering cross section 

• 1σ, 2σ credibility regions for 20, 
100 and 500 GeV/c2 marginalised 
over astrophysical parameters 
uncertainties 

• Few 100 GeV can be constrained

• Parameters reconstruction 
improves with information from Ge 
detectors 

20 GeV

100 GeV

500 GeV



dark photons, superWIMPs, ALPs 

• keV relic dark matter 
• Detection via axio-electric effect 
• x100 improvement in sensitivity wrt 

XENON100 
• XENON1T has already set the most 

stringent limit for ALPs and bosonic 
DM (arXiv: 2006.0972v2) 
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M. Galloway, University of Zürich 11 

Mono-energetic peak searches 

dark photons, super-WIMPs, Axion-Like Particles 

Search for other dark matter candidates 

Bosonic vector and pseudoscalar DM candidates (ALPs)  

JCAP 11, 017 (2016) 

Coupling and mass are 

independent 

For vector bosons: 

•  Results from spontaneously broken U(1) 

symmetry à Nambu-Goldstone boson 

•  Could be keV-scale relic dark matter (doesn’t 

address strong CP problem) 

•  Also interacts via axio-electric effect 

where α’/α = κ2 
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Future: DARWIN
Bosonic vectors and pseudo-scalars DM candidates

• Search for monoenergetic peaks  
• Coupling and mass are 

independent 
• For bosonic vectors 

     where α’/α = k2 
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"
•"Measurement"via"axioRelectric"effect"
•"Expect"monoRenerge.c"peak"at"the"
par.cle"mass"
"

•"Dominant"backgrounds:""
o  solar"neutrinos""
o  2νββ"of"136Xe"

Sensi.vity"to"Solar"Axions"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""
"!"x10"improvement"wrt"XENON100"

•"Sensi.vity"to"ALPs""""""""""""""""""""""""""""""""""""""""""""""""""""
"!"x100"improvement"wrt"XENON100"

•"Sensi.vity"scales"poorly"with"exposure"

ER(

Galac.c"AxionRLike"Par.cles"(ALPs)"

Solar"Axions"

JCAP11"(2016)"017"
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M. Galloway, University of Zürich 10 

Probe of fundamental physics 

Solar axions 

Expected signal in xenon 

based on solar models 

Redondo, JCAP 12, 08 (2013) 

JCAP 11, 017 (2016) 

•  Proposed as solution to the strong CP problem 

•  Absorbed via the axio-electric effect 

•  DM axions out of range, but axions from the sun 

from Primakoff process detectable 

•  Sensitivity goes as (MT)-1/8 

Interaction strength times 

mass is fixed  

 

 

 

Rate scales as ~g
ae
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• Axions from the Sun:  
• Primakoff effect, ABC axions and 

57Fe line  
• Detection via axio-electric effect 
• Possible solution to the strong CP 

problem 
• Coupling times mass fixed
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<latexit sha1_base64="w+9fKM06/APJR9WSf+vu6Ry+goM=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSS1oMeiF48V7Ae2sWy2k3bpZhN2N0IJ+RdePCji1X/jzX/jts1BWx8MPN6bYWaeH3OmtON8W4W19Y3NreJ2aWd3b/+gfHjUVlEiKbZoxCPZ9YlCzgS2NNMcu7FEEvocO/7kZuZ3nlAqFol7PY3RC8lIsIBRoo30MBqkBLPHtJ4NyhWn6sxhrxI3JxXI0RyUv/rDiCYhCk05UarnOrH2UiI1oxyzUj9RGBM6ISPsGSpIiMpL5xdn9plRhnYQSVNC23P190RKQqWmoW86Q6LHatmbif95vUQHV17KRJxoFHSxKEi4rSN79r49ZBKp5lNDCJXM3GrTMZGEahNSyYTgLr+8Stq1qntRrd3VK43rPI4inMApnIMLl9CAW2hCCygIeIZXeLOU9WK9Wx+L1oKVzxzDH1ifP7X/kPA=</latexit>

    Rate scales as 

Expected signal in xenon from solar axion models

C. Macolino                                                                            

Solar axions

Recent results from XENON1T:  
excess compatible with solar 
axions at 3.5 sigma wrt background

arXiv: 2006.0972v2



Future: DARWIN
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and more fundamental physics cases

• Solar neutrinos 

• Neutrinoless double 
beta decay of 136Xe 

arXiv:2006.03114

arXiv:2003.13407

Sara"Diglio"

((((((((((((((((SUPERNOVA(NEUTRINOS(

Sara"Diglio" 7"Seminar"CPPM""""12th"June"2017"DARKWIN"Conference"2019"Sara"Diglio" 22"

Phys."Rev."D"94"(2016)"no.10,"103009"

•  Low"threshold"using"
propor.onal"scin.lla.on"signal"
(S2)"only"

•  Negligible"background"due"to"
short"burst"(~sec)"

•  5σ"significance"to"a"supernova"
burst"far"up"to"~65"kpc"from"
Earth"

•  Detec.on"of"all"6"neutrino"
species"

•  ~700"events"for"a"27M�"SN"
progenitor"at"10"kpc"

    ν(+(N(!(ν(+(N(
NR(

Sara"Diglio"

((((((((((((((((SUPERNOVA(NEUTRINOS(

Sara"Diglio" 7"Seminar"CPPM""""12th"June"2017"DARKWIN"Conference"2019"Sara"Diglio" 22"

Phys."Rev."D"94"(2016)"no.10,"103009"

•  Low"threshold"using"
propor.onal"scin.lla.on"signal"
(S2)"only"

•  Negligible"background"due"to"
short"burst"(~sec)"

•  5σ"significance"to"a"supernova"
burst"far"up"to"~65"kpc"from"
Earth"

•  Detec.on"of"all"6"neutrino"
species"

•  ~700"events"for"a"27M�"SN"
progenitor"at"10"kpc"

    ν(+(N(!(ν(+(N(
NR(

• Coherent neutrino nucleus scattering  
• SuperNova neutrinos
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Future: DARWIN 

Sara"Diglio"

(((((((((((((((R&D(ON(PHOTOSENSORS(

Sara"Diglio" 7"Seminar"CPPM""""12th"June"2017"DARKWIN"Conference"2019"Sara"Diglio" 25"

First"Dual"Phase"TPC"with"SiPM"readout"

Xurich"TPC":"3.1"cm"x"3.1"cm"

16"SiPMs"
(6"x"6"mm2)"

•  3D"posi.on"reconstruc.on"

•  83mKr"(done)"and"37Ar"(ongoing)"calibra.ons""

41.5"keV"line"
Credits:"
S."Hochrein"

Sara"Diglio"

((((((((((FULL(–((X,Y)(DEMONSTRATOR(

Sara"Diglio" 7"Seminar"CPPM""""12th"June"2017"DARKWIN"Conference"2019"Sara"Diglio" 26"

•  (X,Y)"scale"TPC"
o  diameter(2.6(m(
o  height"~0.5"m"
o  filled"with"~400"kg"of"LXe"

•  Tests"of""
o  electrodes"flatness"
o  strength"of"the"extrac.on"

field"
o  (x,y)"homogeneity"to"the"

drig"field"

The"main"goal"is"to"test"
components"at"the"real"DARWIN"

diameter"under"realis.c"
condi.ons"

Courtesy"of""F."Tönnies"

2.6(m(

Xenoscope (UZH)
ULTIMATE 

(Uni Friburg)

JINST 13 (2018) P10022
Sara"Diglio"

(((((((((((((((((DARWIN(CHALLENGES(

•  2.6"m"x"2.6"m"Dual"Phase"
TPC"
!high"voltage,"propor.onal"
scin.lla.on"

"•  Top"&"bo8om"arrays"of"
photosensors""

" "!"alterna.ves"to"tradi.onal"
" "PMTs"(improving" " " """"
" "discrimina.on,"radiopurity,""
" "cost,"compactness,...")"
"•  50"t"(40"t"ac.ve)"LXe"target"

!"improving"storage,""""""""""
purifica.on,"cooling""

"

Sara"Diglio" 7"Seminar"CPPM""""12th"June"2017"DARKWIN"Conference"2019"Sara"Diglio" 24"

DARWIN"Collabora.on,"JCAP"1611"(2016)"017"

CHALLENGES 
• Electron drift over 2.5 meters. 

HV more than -100 kV for drift field of 0.5 kV/cm 
• Background: reduce 222Rn (material screening, distillation) 

and (α,n) from PTFE 
• Purification and distillation: need high speed for large 

quantity of LXe 
• Light collection efficiency: 4pi photosensors 

• Photosensors: high QE, low dark rate, stability 
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DARWIN is a next-generation astroparticle observatory,
based on a 2.6 m height by 2.6 m diameter dual-phase

time projection chamber. With 50 ton of liquid
xenon (40 ton active),  it will probe the WIMP

phase space, down to the irreducible 
neutrino background. But DARWIN

is much more than just 
a dark matter detector.

2010 2015 2020 2025 2030
I I I I I I I I I I I I I I I I I I I I I

R&D 
ASPERA funded

R&D
Design Study CDR

Eng. 
Studies

TDR

Construction
Commissioning Physics Run

• 29 research 
groups

• 12 countries
• Working 

towards a CDR 
and a TDR

• DARWIN is part 
of the APPEC 
roadmap

• Exposure: 200 (𝒕 × 𝒚)
• 99.98% ER rejection (30% NR acceptance)
• Combined (S1+S2) energy scale
• Energy window 5-35 keVNR

• Light yield: 8 PE/keV
• Also search for: ALPs, solar axions, dark photons

Photosensors R&D
Several groups are testing novel photosensors as replacements for 
PMTs, such as SiPMs, LHM and the ABALONE technology.

JCAP 1611 (2016) 017

Spin Independent Spin Dependent 

• 136Xe abundance of 8.9% in natural Xe.
→ 3.5 t of active 136Xe

• Q-value = 2.458 MeV
• Dominating intrinsic backgrounds: 222Rn, 

137Xe, 2𝜈𝛽𝛽 decays of 136Xe and solar 8B 
neutrinos.

12 t×y ⟶ T1/2 > 1.3×1027 yr
60 t×y ⟶ T1/2 > 3.0×1027 yr

Preliminary sensitivity at 90% C.L.

• Irreducible background → Physics Channel
• 𝝂 + 𝑨 → 𝝂 + 𝑨 , all flavors

• Solar 𝝂𝟖𝑩: 𝑬𝒕𝒉 > 𝟏 𝒌𝒆𝑽𝒏𝒓
→ 𝟗𝟎 𝐞𝐯𝐞𝐧𝐭𝐬/(𝒕 × 𝒚)

• SN burst detection up to 
65 kpc from Earth (𝟓𝝈) 

• 700 events from
a 27 M⊙SN 

at 10 kpc

8B solar neutrinos Supernova neutrinos

JCAP 1611 (2016) 017 R. F. Lang et al., Phys. Rev. D 94 (2016) 103009 JCAP 1611 (2016) 017

• Measure pp-neutrinos to test main 
energy production models of the Sun

• 𝝂𝑿 + 𝒆 → 𝝂𝑿 + 𝒆

• 361 𝐞𝐯𝐞𝐧𝐭𝐬/(𝒕 × 𝒚)
• Also measurements of:

• 𝑷(𝝂𝒆 → 𝝂𝒆)

• 𝜽𝑾

Credit: S. Reichard

The DARWIN Collaboration, Zürich, 12.2018

• 29 institutions, 12 countries 
• Working towards a CDR and a TDR 
• DARWIN in the APPEC roadmap  
• CDR for 2022, Construction timeline 2025 

www.darwin-observatory.org

C. Macolino                                                                            

Future: DARWIN 

http://www.darwin-observatory.org
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Global Argon Dark Matter Collaboration

!9

DarkSide-50 
(running) 

DEAP-3600 
(running)

miniCLEAN

ArDM

DarkSide-20k 
    2022~

ARGO 
 2029~

~300 tonnes

Future: GADMC
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Future: GADMC
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From Y. Surovov talk 
INSTR’20 



SIPM R&D
Future: GADMC

21C. Macolino                                                                            IDM2020 Wien

From Y. Surovov talk 
INSTR’20 

Test for 2 years at Naples facility.



Proto-Integrated acrylic TPC for S2 study
With SiPMs as photosensors
Under construction @CERN

Key techniques: SiPM integrated test
Conductive polymer (Clevios)
ESR (Enhanced Specular Reflector) as reflectors
Acrylic bonding

DS-20k R&D. Proto-0, Proto-1 ton

Two motherboards are already tested separately in LN2 at LNGS & CERN.

Proto-0 (spring 2020). MB1 + MB2 mounted on the Proto-0 TPC at CERN for the integration 
test, the S2 study and the adjustable Gas Pocket tests.  From ITO to Clevios polymer.

Proto-1t (from summer 2020).Tests of the scaled version of DS-20k, 5+5 MBs and octagonal 
acrylic vessel, at CERN and later on possibly at LNGS.

13

October 2019

spring 2020

from Summer 2020

Future: GADMC

22C. Macolino                                                                            IDM2020 Wien

From Y. Surovov talk 
INSTR’20 

DarkSide-20k R&D. TPC
Octagonal vessel 3.5m H x 3.5m W, made of 
6cm acrylic sheets bоnded together. Similar 
acrylic sheets to build the Anode and Cathode 
windows. DEAP-3600 experts.

Clevios conductive polymer on top and 
bottom acrylic windows to make Anode and 
Cathode and on the walls (no copper rings to 
shape the drift field).

ESR on the inner side of the TPC walls to 
improve light collection.

About 50 tonnes of Underground Argon (20t 
Fiducial).

The SS frame with wires as grid.

The 8280 PDMs mounted on top and on the 
bottom assemblies (4140 each).

TPB coating as the WaveLength Shifter to shift 
the 128nm to 420 nm.

14 3.5 m

3.5 m drift

Proto-0
Proto-1

DS-20kProto-1T



MEMBRANE CRYOSTAT

Future: GADMC
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From Y. Surovov talk 
INSTR’20 

DarkSide-20k. Cryostat
ProtoDUNE type cryostat build with use of the Mark III membrane 
technology developed by GTT company for the Liquified Natural 
Gas transport ships.

Modular system employs standard prefabricated components. 
Designed for mass production techniques and easy assembly.

Internal dimensions: (8.5 x 8.5 x 7.9) m;
External dimensions: (11.4 x 11.4 x 10.7) m;
Overall volume: 557m3 of LAr.
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DS-20k cryogenics 
Two separate loops: one for UAr and one for AAr.

DarkSide-20k. Cryostat
ProtoDUNE type cryostat build with use of the Mark III membrane 
technology developed by GTT company for the Liquified Natural 
Gas transport ships.

Modular system employs standard prefabricated components. 
Designed for mass production techniques and easy assembly.

Internal dimensions: (8.5 x 8.5 x 7.9) m;
External dimensions: (11.4 x 11.4 x 10.7) m;
Overall volume: 557m3 of LAr.

16

LN2 Supply

LN2 Plant

VLN2C

VLN2M

RVLNR
VVLNR

RNLNRRVLN1

1bar

Signal
Feedthrough

Cooling Power Control

Liquid
Nitrogen
Plant

Detector Circulation

Purge

Power Failure
Cooling Control

NO

Purification
CD1

VHA5

VHDA3

VHDA4

VHA6

VMFA2

HSA

VAAP VRD1A VRD1B

RVPFA
VPFA

VPFAC

VVKR

VRTVRTB

nVeto

Differential
Pressure
Balance

UAr TPC

1bar

Cooling Power

Power Failure
Cooling Control
Pressure Balancing

NO

VMFAA2

RVPFAA
VPFA

VPFAAC

Veto Circulation

Purification

CV1

VHAA5

RVA1

VHAA6 HVAAN1

RVHA1

VAART VAARTB

Buffer
Volume

LAr
Supply

VAAS2

VAAS1

RAAS1
VAAS1

RVBV

VVBV

Not To Scale

H. Wang
Y. Suvorov
X. Xiao
Y. Wang
C. Kendziora

20 January 2020

DarkSide 20K
Cryogenic System

Nitrogen Gas
Depleted Argon Gas

Vacuum
Depleted Argon Liquid

Nitrogen Liquid

Atmospheric Argon Gas
Atmospheric Argon Liquid

AAr Veto

VHDA5

Cooling Power Control

RDRA RDRB

Recovery

TCV
01

HT1

HRL-01

VRL1

RDRL3

RDLR2

VRL8

RVRL3

AAP1

Phase
Separator

RLP1

Liquid Radon Trap

VR2

VR1

VMFR1

VMFR1

VP1

VP2
VP3

RVP1 VSF1

Phase Separator

Phase Separator

HVAA1

HVP1

Condenser
Condenser

VR1

High Pressure Gas Storage

CHPB

High Pressure
Compressor

High Pressure
Compressor

CHPA

RVHPBRVHPA
VHP3VHP1

VHP2 VHP4
RHP1

VHDA2

VHDA1

HRA1

HRN1

RVA2

VHP5

CR1
Condenser

VR5

RVAAP1
RVAAP2

20 Cu.M

20 Cu.M

DS-20k cryogenics 
Two separate loops: one for UAr and one for AAr.

NEUTRON VETODarkSide-20k R&D. Neutron veto
• The 10 cm thick vessel made of a PMMA+Gd2O3 

sheets to be build around the TPC to moderate 
and capture neutrons. The 1-2% of Gd oxide in 
mass.

• Gives 40 cm thick inner (towards the TPC) and 
outer (towards the Faraday Cage) active liquid AAr 
volumes to detect gamma cascade due to neutron 
capture on Gd;

• The 3000 channels (single PDMs) coupled with 
ASIC FEE (in collaboration between Genova and 
Torino INFN groups). 4π coverage;

• Faraday cage to optically and electrically isolate 
veto and TPC detectors;

• Vertical segmentation to reduce pile-up rate of 
39Ar (1Bq/kg in AAr) event from AAr. ESR to 
maximize light collection;

• TPB (wavelength shifter) coated on all internal 
surface of each sector.

15

TPC
Faraday cage

Reflectors
Acrylic panels with CdGd

DarkSide-20k R&D. Neutron veto
• The 10 cm thick vessel made of a PMMA+Gd2O3 

sheets to be build around the TPC to moderate 
and capture neutrons. The 1-2% of Gd oxide in 
mass.

• Gives 40 cm thick inner (towards the TPC) and 
outer (towards the Faraday Cage) active liquid AAr 
volumes to detect gamma cascade due to neutron 
capture on Gd;

• The 3000 channels (single PDMs) coupled with 
ASIC FEE (in collaboration between Genova and 
Torino INFN groups). 4π coverage;

• Faraday cage to optically and electrically isolate 
veto and TPC detectors;

• Vertical segmentation to reduce pile-up rate of 
39Ar (1Bq/kg in AAr) event from AAr. ESR to 
maximize light collection;

• TPB (wavelength shifter) coated on all internal 
surface of each sector.

15

TPC
Faraday cage

Reflectors
Acrylic panels with CdGd
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From A. Renshaw talk 
SUSY’19 



Future: GADMC
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From A. Renshaw talk 
SUSY’19 



Future: GADMC
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Toward a DarkSide-LowMass experiment:

 19

Tom Thorpe – KUBEC DM workshop29-08-2019

Projected Sensitivity

24

--- DarkSide-LM and 

     DarkSide-20k projections

Sensitivity potential: 
(with reasonably achievable 

assumptions from DS20k R&D.)

Current: 

DarkSide-50 

Future: 

DarkSide-LM 

with DarkSide-20k 

technologies 

+depleted Argon 

Characterize few Ne background 

(dedicated small TPC setup)

Radio-pure cryostat and/or 

study a new layout

Reduce relying on species and 

isotopic purification with 

URANIA and ARIA.

Reduce relying on radio-pure 

SiPMs and/or new light 

extraction.

… and increase exposure.

9/9/2019 Sandro De Cecco

Lower threshold with dedicated 

external NR calibration

C. Macolino                                                                            IDM2020 Wien

From S. De Cecco talk
TAUP2019



Future: GADMC
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COHERENT NEUTRINO-NUCLEUS 
SCATTERING

From A. Renshaw talk 
SUSY’19 

SUPERNOVA NEUTRINOS



Summary

28

• A very rich program in the direct dark matter search with noble 
liquids 

• TPC detection technology is being pushed at its best 
performances in the next decade  

• Future detectors based on Xenon and Argon will probe the 
entire parameter space for WIMPs with mass above 3 GeV/c2 
down to the irreducible neutrino background 

• Other important science channels will be explored  

C. Macolino                                                                            IDM2020 Wien



Backup
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The XENON1T detector @ LNGS
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The XENON1T TPC

31

• 3.2 t LXe in total @180K
• 2 t in the TPC
• 97 cm drift, 96 cm diameter
• Drift field ~100V/cm Highly reflective 

PTFE walls

248 3-inch PMTs

• 35% QE @ 178nm
• Digitize at 100MHz
• SPE acceptance 
~94%

EPJC 75 11 (2015)
C. Macolino                                                                            IDM2020 Wien



Near future: XENONnT
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XENONnT
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A. Fan (SLAC) TAUP2019 LZ Status

Outer Detector and Skin Region

7

See talk by B. Penning 
“The LZ Outer Detector”  
DM16 Thu afternoon

The OD 

• 17 tonnes Gd-loaded liquid 
scintillator in acrylic vessels 

• 120 8” PMTs mounted in the 
water tank 

• Anti-coincidence detector for 
γ-rays and neutrons 

• Observe ~8.5 MeV γ-rays 
from thermal neutron capture 

• Draw on experience from 
Daya Bay

The Skin 

• 2 tonnes of LXe surrounding the TPC 

• 1” and 2” PMTs at the top and 
bottom of the skin region 

• Lined with PTFE to maximize light 
collection efficiency 

• Anti-coincidence detector for γ-rays

• Tag individual neutrons and γ-rays 
• Characterize BGs in situ 

→Enables discovery potential

Near future: LZ

34

• Located in Sanford 
Underground lab, Lead (USA) 

• 4300 m.w.e. 
• 10^7 muon flux reduction

A. Fan (SLAC) TAUP2019 LZ Status

SECTION VIEW 
OF LXE TPC

HV CONNECTION TO CATHODE

GAS PHASE AND 
ELECTROLUMINESCENCE REGION

TPC field cage

Top PMT array

Bottom PMT array

Reverse-field region

Side Skin PMTs

Side skin PMT 
mounting plate

Cathode grid

Gate

Anode LXe surface

Weir trough

Skin PMT

ergies, allowing identification of multiple scatter events and, as described in the previous Chapter, it provides
discrimination between ER and NR interactions.

Table 3.1.1 lists the key design parameters of the Xenon Detector System needed to meet the LZ scientific
requirements. An important enhancement beyond LUX is the treatment of the Skin layer of LXe located
between the PTFE-clad field cage and the cryostat inner wall, as well as the region beneath the bottom PMT
array. A high-quality dielectric stando� is needed between the high electric field regions of the field cage
and the grounded vessel wall. A few-cm-thick layer of LXe performs this role, with the added advantage
of allowing measurement of any energy deposited in this layer, from which we read out the scintillation
light. Operated as a stand-alone veto, this layer is too thin to have high e�ciency. However, the combination
of this Skin Detector and the liquid scintillator Outer Detector is highly e�cient at tagging internal and
external backgrounds. The e�ciency is further enhanced by the overall minimization of inert materials that
can absorb gamma rays and neutrons: The TPC is constructed of the minimum needed mass of PTFE and
field-shaping rings, and the vessels and PMT support structures are made of titanium. Both PTFE and Ti
have low density and atomic number, and are thus quite transparent to gamma rays. Important design drivers
for the Skin are its optical decoupling from the TPC, and compatibility between the Skin readout and the
TPC HV design.

Another area of major di�erence between the device described here and the previous LUX and ZEPLIN
detectors is the side-entry method to deliver the high-voltage connection to the cathode, and the relatively
short “reverse-field” region (RFR) between the cathode and the lower PMT array. The RFR is especially

GAS PHASE AND 
ELECTROLUMINESCENCE REGION
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Weir trough

Skin PMT

ergies, allowing identification of multiple scatter events and, as described in the previous Chapter, it provides
discrimination between ER and NR interactions.

Table 3.1.1 lists the key design parameters of the Xenon Detector System needed to meet the LZ scientific
requirements. An important enhancement beyond LUX is the treatment of the Skin layer of LXe located
between the PTFE-clad field cage and the cryostat inner wall, as well as the region beneath the bottom PMT
array. A high-quality dielectric stando� is needed between the high electric field regions of the field cage
and the grounded vessel wall. A few-cm-thick layer of LXe performs this role, with the added advantage
of allowing measurement of any energy deposited in this layer, from which we read out the scintillation
light. Operated as a stand-alone veto, this layer is too thin to have high e�ciency. However, the combination
of this Skin Detector and the liquid scintillator Outer Detector is highly e�cient at tagging internal and
external backgrounds. The e�ciency is further enhanced by the overall minimization of inert materials that
can absorb gamma rays and neutrons: The TPC is constructed of the minimum needed mass of PTFE and
field-shaping rings, and the vessels and PMT support structures are made of titanium. Both PTFE and Ti
have low density and atomic number, and are thus quite transparent to gamma rays. Important design drivers
for the Skin are its optical decoupling from the TPC, and compatibility between the Skin readout and the
TPC HV design.

Another area of major di�erence between the device described here and the previous LUX and ZEPLIN
detectors is the side-entry method to deliver the high-voltage connection to the cathode, and the relatively
short “reverse-field” region (RFR) between the cathode and the lower PMT array. The RFR is especially

Xenon TPC

6

7 tonne active LXe 
5.6 tonne fiducial 

(1.5 m diameter x 1.5 m height)

50 kV cathode HV

494 PMTs

Gas Xe circulation @ 500 slpm 
(turnover full mass in 2.5 days)

4x grid electrodes

A. Fan (SLAC) TAUP2019 LZ Status

LUX-ZEPLIN

4

Dual-phase Xe TPC

Gd-loaded liquid scintillator

Nested detectors

LXe skin region

High purity water

LZ TDR arXiv:1703.09144

C. Macolino                                                                            IDM2020 Wien



LZ

35

A. Fan (SLAC) TAUP2019 LZ Status

Expected backgrounds

10

5.6 tonne fiducial volume, 1000 live-days  
1.5-6.5 keVee (6-30 keVnr) 

single scatters, anti-coincidence with vetoes

Background Source ER [cts] NR [cts]

Detector components 9 0.07

Dispersed Radionuclides — Rn, Kr, Ar 819 —

Laboratory and Cosmogenics 5 0.06

Surface Contamination and Dust 40 0.39

Physics Backgrounds — 2β decay, neutrinos* 322 0.51

Total 1195 1.03

After 99.5% ER discrimination, 50% NR efficiency 5.97 0.51

* not including 8B and hep D.S. Akerib et al (LZ collaboration) 2018 arXiv:1802.06039
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Projected sensitivity

13

90% CL minimum of 1.6 x 10-48 cm2 at 40 GeV/c2

D.S. Akerib et al (LZ collaboration) 2018 arXiv:1802.06039
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Y. Wang UCLA 09/11/2019

DS-50 Time Projection Chamber

!3

➡ 46.4 kg LAr in active volume 

➡ 38 Hamamatsu R11065 3” PMTs 

➡ PTFE as reflector 

➡ TPB as wave length shifter 

➡ Copper field cage 

➡ ITO layers as anode and cathode 

➡ Drift Field: 200 V/cm 

➡ Extraction Field: 2.8 kV/cm 
          

LAr TPC: DarkSide-50

36

Y. Wang UCLA 09/11/2019

DarkSide-50 at LNGS

!2
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Y. Wang UCLA 09/11/2019

Using UAr
• Underground Ar: low Ar39 activity. 

• Extracted from an underground CO2 field in Cortez, Colorado. 

• Purified by a cryogenic distillation column at FNAL.                  
CO2, O2, N2 and He all < 10 ppm. 

• 155 kg UAr shipped to LNGS.

!5

Colorado

FNAL

LNGS

~1400

Phys. Rev. D 93, 081101 (2016)
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Background for DARWIN
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Background Sources 
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Coherent�-nucleus scattering 
222Rn à possibly reduce further 

From background to signal… JCAP 01, 044 (2014) 
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     intrinsic: 222Rn, 85Kr, 136Xe 

ERNR

Radiogenic 

neutrons 

Coherent�-nucleus scattering 
222Rn à possibly reduce further 

From background to signal… JCAP 01, 044 (2014) 

NR: neutrinos from coherent 
neutrino-nucleus scattering ER: intrinsic 85Kr, 222Rn
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DARWIN: Solar neutrinos
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Sara"Diglio"

((((((((((((LOWXENERGY(SOLAR(NEUTRINOS(

Sara"Diglio" 7"Seminar"CPPM""""12th"June"2017"DARKWIN"Conference"2019"Sara"Diglio" 20"

JCAP01"(2014)"044" JCAP11"(2016)"017"

Test(the(energy(producAon(mechanism(in(the(Sun(via((νx(+(e(!(νx(+(e(

•  Expected"rate"at"2R30"keV,"fiducial"mass"30"t:"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""
pp"neutrinos":"7.2"events/day","7Be"neutrinos":"0.9"events/day"

•  2%"(1%)"sta.s.cal"precision"ager"1"year"(5"years)"→"constrain"solar"models"
•  ElectronRneutrino"survival"probability"!"devia.on"from"predic.ons"would"

indicate"new"physics""

ER(

Borexino"

Solar pp and 7Be neutrinos

• Continuous recoil spectrum at low 
energy 

• Expected events at 2-30 keV and 
30 t fiducial mass:  

• 7.2 cts/day for pp neutrinos 
• 0.9 cts/day for 7Be neutrinos 

• 2%(1%) stat. precision after 1 year 
(5 years)

• Neutrinos survival probability 
• 2850 pp neutrinos/year 
• 1% stat. precision with 100 ton 

x year exposure 
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DARWIN: 0νββ decay
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Dark matter search results

41

XENON1T: UNBLIND + DESALT
• Unbinned Profile likelihood analysis in 3D space (cS1, cS2, R)
• Events passing all selection criteria are shown as pie charts representing the relative PDF from
each components for the best-fit model of 200 GeV/c2 WIMP and σSI = 4.7･10-47 cm2

Width of pie represents WIMP probability 
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S2-only dark matter search

42

Dr Erwann Masson — IJCLab (CNRS, Université Paris-Saclay)
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(E): Axion-like particles

Light DM search (S2-only)

‣ New analysis using the ionisation signal (S2) only ➞ access to 2–3 times lower energies
‣ Best sensitivity to low-mass DM-matter interactions below 6 GeV/c2

‣ New constraints on various models, from DM-electron scatterings to axion-like particles
11

PRL 123 (2019) 251801
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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

50 kg of Ar [6.7 ton days] 1 ton of Xe [22.3 ton days]
arXiv:1907.11485

DarkSide-50 (2018) 

50kg of UAr ; 6.7 ton days

Xenon-1T (2019) 

1t of Xe ; 22.3 ton days

9/9/2019 Sandro De Cecco

Sandro De Cecco  9

Low mass DM scattering off Argon

Low Mass WIMPs: < 20 GeV/c2
 

- Range: 0.7-15 keV
nr 

- Lighter nucleus, larger 

recoil energy 

- S2 ionization signal only ! 

(no S1) 

- Profile Likelihood Analysis

Low mass DM scattering, Ar recoil Energy :

below threshold for S1 signal at ~6 keV
nr 

(2 keV
ee

) 

but above S2 threshold ~ 0.4 keV
nr 

(0.1 keV
ee

)

Nuclear recoil ionization : 

- few electrons drift 

- gas pocket fluorescence 

! S2 signal

Low mass WIMPs E
R
 spectra for Ar, Ge, Xe
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Migdal and Bremsstrahlung

43C. Macolino                                                                            IDM2020 Wien

• Electron recoils from secondary 
radiation associated with nuclear recoils 

• Migdal effect and Bremsstrahlung  

• Well below 1 keV (very low detection 
efficiency for scintillation light) 

• S1-S2 and S2-only data from XENON1T


