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Looking for dark matter in our galaxy scattering from argon atom 
Based on dual-phase argon time-projection-chamber (TPC) (liquid and gas) 
Locating at LNGS, a deep underground laboratory, in Italy

DarkSide  
-Direct WIMP Dark Matter Search with Argon-

2

DS-10 DS-50

2010‒2012 
10 kg-scale prototype 

Proofing detector performance

2013‒2018 
46 kg active mass 

Yielding many physics results 
(PRD98,102006, PRL121,081307,..)

DS-20k

2025‒ 
20 tonne fiducial mass 

with many new technologies 
Approaching ‘ν-floor’

ARGO
At SNOLAB ~203X 
3k tonne-year 
Ultimate detector

DS-LowMass

Reaching ‘ν-floor’
Double walled cryostat

Structural supports

PDM Buffer Veto
(same at top)

TPC/Veto
optical barrier

Acrylic vessel

Veto photosensors

Bath Veto

Depleted argon
active(fiducial)

mass:1.5(1)t 

TPC photosensors
(same at bottom)

TPC = 
h24 x φ24 cm2 

TPC = 
h36 x φ36 cm2 

TPC =  
h3.5 x φ3.6 m2 

1-t 
TPC
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Dual-Phase Argon TPC 3
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Primary scintillation (S1) and  
secondary electroluminescence (S2) signals 
detected by photo-detectors (PMT or SiPM) 

- Calorimetry by Σ(S1, S2) signal amplitude 
- 3D position by ΔTS1-S2 + S2 light map  
WIMP produces nuclear recoil (NR) while  
β- and γ-rays produce electron recoil (ER)
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Particle Identification 4

∫(S1) ≪ ∫(S2)∫(S1) ≤ ∫(S2)

Nuclear Recoil (DM & n) Electron Recoil (β & γ)

f90 = S1 in first 90 ns
Total S1 light ! 0.7 f90 = ! 0.3

S1 pulse-shape (PSD) and S2/S1 ratio give powerful ER/NR discrimination 
- Difference of dE/dx leads the different population of Ar excited status
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5Single-Electron Sensitivity
Efficient electron detection down to 1e- 

- Ionization electron extracted to gas-phase with ~100% efficiency 
- High amplification (electroluminescence gain)  
of typically ~100 photons/e-

37Ar calibration dataSingle electron peak

0.28 keV
2.8 keV

1e-

2e-

Sensitive to very low-energy deposition
PRL121 081307 PRD104 082005
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Underground Argon (UAr) 6

1/1400

AAr 39Ar
DS-50 Data PRD93 081101(R)

PE : photoelectron

Atmospheric argon contains ~1 Bq/kg of 
39Ar, a cosmogenic β-decay isotope 

- t1/2 = 269-years, Q = 565 keV 
- Preventing from setting lower energy 
threshold where particle identification  
is less effective 

- Preventing from event pileup within a 
time window covering both S1 and S2 

DS-50 used argon from underground 
source for the first time, showing 
significantly lower 39Ar concentration
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Extraction, Purification, and 
Measurement facilities are under 
construction to deploy further 39Ar-
suppressed argon

UAr for Future Experiments 7

Seruci Wells
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R&D Column
30 cm diameter

350 m height

 

 

 

• Volatilità relative => 1.007 

• Valori tipici >1.5 

• Numero di stadi teorici => ordine delle migliaia 

• HETP = 10 cm 

• H=200-400 m 

• Usuali = 20-30 m 

• Fuori terra 

• A sezioni separate 

32
5 

m
 

Thousands of equilibrium stages reflects in a very tall column
Urania

Expansion of the 
argon extraction 
plant (330 kg/day). 
Designed to 
prevent from any 
air contamination

Aria

A 350-m tall column 
in the Seruci mine for 
chemical and isotopic 
purification 
Factor 10 reduction 
of 39Ar per pass* 
(depleted-UAr)

35
0 
m

Colorado, US Sardinia, Italy
DArT

Low-background LAr 
scintillation detector  
to measure 39Ar 
depletion factor 
Sensitivity to the 
depletion factor of 
1000 with 10% 
precision in one week

Canfranc-lab, Spain
JINST15 P02024EPJC81 359

*not feasible for DS-20k 



Results from DS-50
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Background-Free WIMP Search 9

Signal region is defined as to be <0.1 background event for the full 
exposure of 16,660 kg-days (blind analysis) 

- UAr, PSD, and veto-detectors surrounding the TPC made it possible

No event is observed in signal region 
Need much more detector exposure 

→ DS-20k will achieve x3000 (200 tonne-year) 
of Background-Free exposure!

Before 
Cuts

After 
All Cuts

PRD98 102006

Signal Region
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10

The ionization yield measured with 241AmBe and 241Am
13C neutron sources in DarkSide-50 is systematically lower
than the ionization yield from SCENE and ARIS. The
choice ofQy extracted from 241AmBe and 241Am 13C in this
analysis leads to a conservative estimate of the exclusion
limits.
Figure 7 shows the Ne! spectrum for the last 500 days

(same as blue histogram in Fig. 3) together with the
contributions from the individual radiation sources from
the simulation, normalized using the detector construction
materials radioassay data and radioactivity estimation
obtained by fitting gamma lines at high energy, 39Ar,
and 85Kr spectra. The Ne! distribution from the 500 day
sample obtained with the present analysis is consistent
within uncertainties with the G4DS MC simulation [20,31]
for Ne! ! 7 e!!"1 keVNR". There is an excess of data in
the region of Ne! from 4 e! to 7 e!, the origin of which is
left for future study.

The observed DarkSide-50 rate as a function of keVee
is flat at "1.5 events=!keVee kg d" in the range from 0.1 to
10 keVee. The large (102) increase below 0.1 keVee
is believed to be from electrons trapped and subsequently
released by impurities. This is based on the observation
of a strong time correlation between a higher energy
event and the following low-Ne! events, suggesting elec-
trons are released from impurities with an "50 ms
time constant. Also shown in Fig. 7 are the Ne! spectra
expected for nuclear recoils induced by dark matter
particles of masses 2.5, 5, and 10 GeV=c2 with a cross
section of 10!40 cm2 and standard isothermal halo
parameters (vescape # 544 km= sec, v0 # 220 km= sec,
vEarth#232 km=sec, and !DM # 0.3 GeV=!c2 cm3" [55]).
Uncertainties in the expected signal yield above the

analysis threshold are dominated by the average ionization
yield as extracted from the 241AmBe and 241Am 13C data
and its intrinsic fluctuations. We have no a priori knowl-
edge of the width of the ionization distribution of nuclear
recoils and are not aware of measurements in liquid argon
in the energy range of interest. We therefore consider two
extreme models: one allowing for fluctuations in energy
quenching, ionization yield, and recombination processes
obtained with binomial distributions and another where the
fluctuations in energy quenching are set to zero, equivalent
to imposing an analysis threshold of 0.59 keVNR.
Extrapolations of the expected background to the signal

region are mostly affected by theoretical uncertainties on
the low-energy portion of the 85Kr and 39Ar " spectra and
by the uncertainty in the electron recoil energy scale and
resolution.
Upper limits on the WIMP-nucleon scattering cross

section are extracted from the observed Ne! spectrum
using a binned profile likelihood method [56–58]. Two
signal regions are defined, the first one using a threshold of
4 e!, determined by the approximate end of the trapped
electron background spectrum, and the second above a
threshold of 7 e!, where the background is described
within uncertainties by the G4DS simulation. The first
region has sensitivity to the entire range of DM masses
explored in this Letter, but the data are contaminated by a
component that is not included in the background model,
resulting in weaker bounds on the DM-nucleon cross
section. The second signal region has limited sensitivity
to DMmasses below 3.5 GeV=c2 but, due to the agreement
between data and background model, more tightly con-
strains the cross section at higher masses. For a given
fluctuation model and DM mass, we calculate limits using
both signal regions and quote the more stringent of the two.
The 90% C.L. exclusion curves for the binomial fluc-

tuation model (red dotted line) and the model with zero
fluctuation in the energy quenching (red dashed line) are
shown in Fig. 8. For masses above 1.8 GeV=c2, the
90% C.L. exclusion is nearly insensitive to the choice of
quenching fluctuation model. Below 1.8 GeV=c2, the two

FIG. 7. The DarkSide-50 Ne! spectra at low recoil energy from
the analysis of the last 500 days of exposure compared with a
G4DS simulation of the background components from known
radioactive contaminants. Also shown are the spectra expected
for recoils induced by dark matter particles of masses 2.5, 5, and
10 GeV=c2 with a cross section per nucleon of 10!40 cm2

convolved with the no energy quenching fluctuation model
and detector resolution. The y-axis scales on the right-hand side
are approximate event rates normalized at Ne! # 10 e!.

FIG. 6. The measured ionization yield Qy for nuclear recoils in
LAr as a function of the reduced energy parameter #. Also shown is
theBezrukovmodel fit to the 241AmBeand 241Am 13Cdata (see text).

PHYSICAL REVIEW LETTERS 121, 081307 (2018)

081307-6

“S2-Only” Analysis PRL121 081307

Extremely low background level in low- 
Ne region allows <10 GeV/c2 WIMP search 

- S1 is missing; WIMP is searched by fitting 
energy spectrum together with the 
background model
Stringent exclusion limit is set on  
a few GeV/c2 region 

- Sensitivity is limited by background level 
-> DS-20k and DS-LM will overcome 

- Energy threshold is limited by unknown 
event below 4e-; 
Need understanding of the detector 
(-> Next slide to be continued)
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The ionization yield measured with 241AmBe and 241Am
13C neutron sources in DarkSide-50 is systematically lower
than the ionization yield from SCENE and ARIS. The
choice ofQy extracted from 241AmBe and 241Am 13C in this
analysis leads to a conservative estimate of the exclusion
limits.
Figure 7 shows the Ne! spectrum for the last 500 days

(same as blue histogram in Fig. 3) together with the
contributions from the individual radiation sources from
the simulation, normalized using the detector construction
materials radioassay data and radioactivity estimation
obtained by fitting gamma lines at high energy, 39Ar,
and 85Kr spectra. The Ne! distribution from the 500 day
sample obtained with the present analysis is consistent
within uncertainties with the G4DS MC simulation [20,31]
for Ne! ! 7 e!!"1 keVNR". There is an excess of data in
the region of Ne! from 4 e! to 7 e!, the origin of which is
left for future study.

The observed DarkSide-50 rate as a function of keVee
is flat at "1.5 events=!keVee kg d" in the range from 0.1 to
10 keVee. The large (102) increase below 0.1 keVee
is believed to be from electrons trapped and subsequently
released by impurities. This is based on the observation
of a strong time correlation between a higher energy
event and the following low-Ne! events, suggesting elec-
trons are released from impurities with an "50 ms
time constant. Also shown in Fig. 7 are the Ne! spectra
expected for nuclear recoils induced by dark matter
particles of masses 2.5, 5, and 10 GeV=c2 with a cross
section of 10!40 cm2 and standard isothermal halo
parameters (vescape # 544 km= sec, v0 # 220 km= sec,
vEarth#232 km=sec, and !DM # 0.3 GeV=!c2 cm3" [55]).
Uncertainties in the expected signal yield above the

analysis threshold are dominated by the average ionization
yield as extracted from the 241AmBe and 241Am 13C data
and its intrinsic fluctuations. We have no a priori knowl-
edge of the width of the ionization distribution of nuclear
recoils and are not aware of measurements in liquid argon
in the energy range of interest. We therefore consider two
extreme models: one allowing for fluctuations in energy
quenching, ionization yield, and recombination processes
obtained with binomial distributions and another where the
fluctuations in energy quenching are set to zero, equivalent
to imposing an analysis threshold of 0.59 keVNR.
Extrapolations of the expected background to the signal

region are mostly affected by theoretical uncertainties on
the low-energy portion of the 85Kr and 39Ar " spectra and
by the uncertainty in the electron recoil energy scale and
resolution.
Upper limits on the WIMP-nucleon scattering cross

section are extracted from the observed Ne! spectrum
using a binned profile likelihood method [56–58]. Two
signal regions are defined, the first one using a threshold of
4 e!, determined by the approximate end of the trapped
electron background spectrum, and the second above a
threshold of 7 e!, where the background is described
within uncertainties by the G4DS simulation. The first
region has sensitivity to the entire range of DM masses
explored in this Letter, but the data are contaminated by a
component that is not included in the background model,
resulting in weaker bounds on the DM-nucleon cross
section. The second signal region has limited sensitivity
to DMmasses below 3.5 GeV=c2 but, due to the agreement
between data and background model, more tightly con-
strains the cross section at higher masses. For a given
fluctuation model and DM mass, we calculate limits using
both signal regions and quote the more stringent of the two.
The 90% C.L. exclusion curves for the binomial fluc-

tuation model (red dotted line) and the model with zero
fluctuation in the energy quenching (red dashed line) are
shown in Fig. 8. For masses above 1.8 GeV=c2, the
90% C.L. exclusion is nearly insensitive to the choice of
quenching fluctuation model. Below 1.8 GeV=c2, the two

FIG. 7. The DarkSide-50 Ne! spectra at low recoil energy from
the analysis of the last 500 days of exposure compared with a
G4DS simulation of the background components from known
radioactive contaminants. Also shown are the spectra expected
for recoils induced by dark matter particles of masses 2.5, 5, and
10 GeV=c2 with a cross section per nucleon of 10!40 cm2

convolved with the no energy quenching fluctuation model
and detector resolution. The y-axis scales on the right-hand side
are approximate event rates normalized at Ne! # 10 e!.

FIG. 6. The measured ionization yield Qy for nuclear recoils in
LAr as a function of the reduced energy parameter #. Also shown is
theBezrukovmodel fit to the 241AmBeand 241Am 13Cdata (see text).

PHYSICAL REVIEW LETTERS 121, 081307 (2018)

081307-6

Some “hint” about the origin of low-Ne event  
(so-called spurious electron, SE) from DS-50 data

Spurious Electron 11

Correlation with detector operation
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Rn-Trap- Argon is continuously purified  
during the operation 

- The SE rate increases during  
getter-off period 

- The SE rate looks to have a 
correlation with Rn-Trap 
temperature 

- (At least some of) the origin of  
SE could be impurity in argon?
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Spurious Electron 12

Time-correlation with its ‘parent’

- Time-evolution of SE rate after high-energy event 
is measured 

- There is O(5‒500ms) time correlation between 
SE and high-energy events 

- Several time-constant components exist 
- Ionization electron occasionally trapped by 
several kind of impurities and then released?

time
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Day 100 to 120

Dedicated measurement will confirm hypotheses,  
so that the S2-only analysis gets higher sensitivity 

Preliminary

3 exponentials fit

f(t) = R1/τ1*exp(-t/τ1) 
     + R2/τ2*exp(-t/τ2) 
     + R3/τ3*exp(-t/τ3) + constant

M.Wada@LIDINE2019

Some “hint” about the origin of low-Ne event  
(so-called spurious electron, SE) from DS-50 data

The ionization yield measured with 241AmBe and 241Am
13C neutron sources in DarkSide-50 is systematically lower
than the ionization yield from SCENE and ARIS. The
choice ofQy extracted from 241AmBe and 241Am 13C in this
analysis leads to a conservative estimate of the exclusion
limits.
Figure 7 shows the Ne! spectrum for the last 500 days

(same as blue histogram in Fig. 3) together with the
contributions from the individual radiation sources from
the simulation, normalized using the detector construction
materials radioassay data and radioactivity estimation
obtained by fitting gamma lines at high energy, 39Ar,
and 85Kr spectra. The Ne! distribution from the 500 day
sample obtained with the present analysis is consistent
within uncertainties with the G4DS MC simulation [20,31]
for Ne! ! 7 e!!"1 keVNR". There is an excess of data in
the region of Ne! from 4 e! to 7 e!, the origin of which is
left for future study.

The observed DarkSide-50 rate as a function of keVee
is flat at "1.5 events=!keVee kg d" in the range from 0.1 to
10 keVee. The large (102) increase below 0.1 keVee
is believed to be from electrons trapped and subsequently
released by impurities. This is based on the observation
of a strong time correlation between a higher energy
event and the following low-Ne! events, suggesting elec-
trons are released from impurities with an "50 ms
time constant. Also shown in Fig. 7 are the Ne! spectra
expected for nuclear recoils induced by dark matter
particles of masses 2.5, 5, and 10 GeV=c2 with a cross
section of 10!40 cm2 and standard isothermal halo
parameters (vescape # 544 km= sec, v0 # 220 km= sec,
vEarth#232 km=sec, and !DM # 0.3 GeV=!c2 cm3" [55]).
Uncertainties in the expected signal yield above the

analysis threshold are dominated by the average ionization
yield as extracted from the 241AmBe and 241Am 13C data
and its intrinsic fluctuations. We have no a priori knowl-
edge of the width of the ionization distribution of nuclear
recoils and are not aware of measurements in liquid argon
in the energy range of interest. We therefore consider two
extreme models: one allowing for fluctuations in energy
quenching, ionization yield, and recombination processes
obtained with binomial distributions and another where the
fluctuations in energy quenching are set to zero, equivalent
to imposing an analysis threshold of 0.59 keVNR.
Extrapolations of the expected background to the signal

region are mostly affected by theoretical uncertainties on
the low-energy portion of the 85Kr and 39Ar " spectra and
by the uncertainty in the electron recoil energy scale and
resolution.
Upper limits on the WIMP-nucleon scattering cross

section are extracted from the observed Ne! spectrum
using a binned profile likelihood method [56–58]. Two
signal regions are defined, the first one using a threshold of
4 e!, determined by the approximate end of the trapped
electron background spectrum, and the second above a
threshold of 7 e!, where the background is described
within uncertainties by the G4DS simulation. The first
region has sensitivity to the entire range of DM masses
explored in this Letter, but the data are contaminated by a
component that is not included in the background model,
resulting in weaker bounds on the DM-nucleon cross
section. The second signal region has limited sensitivity
to DMmasses below 3.5 GeV=c2 but, due to the agreement
between data and background model, more tightly con-
strains the cross section at higher masses. For a given
fluctuation model and DM mass, we calculate limits using
both signal regions and quote the more stringent of the two.
The 90% C.L. exclusion curves for the binomial fluc-

tuation model (red dotted line) and the model with zero
fluctuation in the energy quenching (red dashed line) are
shown in Fig. 8. For masses above 1.8 GeV=c2, the
90% C.L. exclusion is nearly insensitive to the choice of
quenching fluctuation model. Below 1.8 GeV=c2, the two

FIG. 7. The DarkSide-50 Ne! spectra at low recoil energy from
the analysis of the last 500 days of exposure compared with a
G4DS simulation of the background components from known
radioactive contaminants. Also shown are the spectra expected
for recoils induced by dark matter particles of masses 2.5, 5, and
10 GeV=c2 with a cross section per nucleon of 10!40 cm2

convolved with the no energy quenching fluctuation model
and detector resolution. The y-axis scales on the right-hand side
are approximate event rates normalized at Ne! # 10 e!.

FIG. 6. The measured ionization yield Qy for nuclear recoils in
LAr as a function of the reduced energy parameter #. Also shown is
theBezrukovmodel fit to the 241AmBeand 241Am 13Cdata (see text).

PHYSICAL REVIEW LETTERS 121, 081307 (2018)

081307-6
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Future Experiments
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DarkSide-20k 14

ProtoDUNE-like cryostat filled with 700 t 
of atmospheric argon 
UAr-maintaining cryogenic system with an 
unique heat exchanger/condenser design 
Radiopure titanium vessel holding total 
100 t of UAr and TPC 
Gd-doped acrylic panels consisting TPC, 
working as neutron background veto 
Octagonal TPC with new transparent 
conductor 
Custom cryogenic SiPMs detection plane 
covering 21 m2

20 t (50 t) fiducial (active) mass  
Ar-TPC with many new technologies

20x20 cm2

3.6 m

3.5 m

5x5 cm2
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DarkSide-20k Sensitivity 15

10 years of operation 
approaches ‘ν-floor’ 
with the background-
free condition for  
0.1 TeV/c2 

Work in progress for S2-
only analysis sensitivity

Turquoise filled contours are from pMSSM11 model (EPJC78, 87)
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16DarkSide-LowMass
S2-only dedicated detector 

- Smaller and lower ER-background rate by 
depleted-UAr, low-γ materials, and veto-buffers 
Expected to reach ν-floor above 1 GeV/c2 with 
1 year exposure

Fiducial
Buffer veto
SiPM (for TPC)

Bath veto

SiPM  
(for Bath)
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DarkSide-50 has shown strong potential of Ar-TPC 
for direct dark matter search; 

- 17k kg-days exposure of background-free WIMP 
search thanks to UAr and PSD 

- low-mass (1 GeV/c2) WIMP search using only S2 
signal with an energy threshold down to 1 keV 

- It also gives lessons for future experiments, such as  
SE background preventing lower energy threshold 

DarkSide-20k is under construction, will be the most 
sensitive LAr detector ever built with new technologies 

DarkSide-LM is under consideration to go down to ν-
floor around 1 GeV/c2 region with S2-only technique

Summary
17

High sensitivity of DarkSide for wide mass region 
gives good chance to discover DM



Backup


