
Search for low mass WIMP 
dark matter with DarkSide-50

Masato Kimura (AstroCeNT/NCAC, Warsaw) 
on behalf of DarkSide-50 Collaboration

21 September 2022 | LIDINE at Warsaw



Masato Kimura | LIDINE - 21 Sept ‘22

2

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

The DarkSide Program  
-Direct WIMP Dark Matter Search with Argon-

DS-10 DS-50

2010‒2012 
10 kg-scale prototype 

Proofing detector performance

2013‒2019 
46 kg active mass 

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

DS-20k

2026‒ 
20 tonne fiducial mass 

with many new technologies 
Approaching ‘ν-floor’

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

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

Cryostat 
containing UAr

Water Cherenkov Veto

Liq.Scint.  
Veto

Rn-Free  
Clean Room

Gran Sasso

3800 m.w.e
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4Dual-Phase Argon TPC

37Ar calibration dataSingle electron peak

0.28 keV
2.8 keV

1e-

2e-

Sensitive to very low-energy deposition
PRL121 081307 PRD104 082005

S1

S2
e- e-
e-

Edrift

Emulti

χ

LAr

GAr

Photo- 
detectors

Efficient electron detection capability down to 1e- via the secondary 
electroluminescence signal (S2) 

- Ionization electron extracted to gas-phase with ~100% efficiency 
- High amplification of S2 photon (23 PE/e- in DS-50)
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DS-50 Low-Mass  
WIMP Search

5

1−10×6 1 2 3 4 5 6 7 8 910
]2 [GeV/cχM

45−10

44−10

43−10

42−10

41−10

40−10

39−10

38−10

]2
 
[
c
m

S
I

σ
D
a
r
k
 
M
a
t
t
e
r
-
N
u
c
l
e
o
n
 

DarkSide-50 2018
DarkSide-50 Binomial Fluctuation
DarkSide-50 No Quenching Fluctuation 
NEWS-G 2018 CDEX-10 2018
LUX 2017 XENON1T 2017
PICO-60 2017 PICASSO 2017
CDMSLite 2017 CRESST-III 2017
EDELWEISS-III 2016 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

New result from the updated analysis is presented here

6786 kgd

PRL121,081307 (2018)

DS-50 published the first stringent exclusion 
limit on GeV/c2 region in 2018 using  
350 live-days dataset (6.8 tonne-days) 
A new analysis has been conducted 
benefitting from many updates, such as 

- Extended exposure,  
- Improved data selection criteria,  
- More accurate detector calibration,  
- Better background modeling
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Dataset 6

DarkSide-50 Underground Argon campaign 
- First 9 months of data is not used to wait for  
the 37Ar (cosmogenic) to decay 

- 650 live-days of data (12 ton-day);  
~x1.8 exposure than previous analysis 

No significant break without several  
calibration campaigns; 

Detector was quite stable for the  
whole period of 26 months 

- δT = ±0.02 K, δP < ±0.005 psi,  
- δ(S1) ~0.4%, δ(S2) <1%, τe >10 ms (more than x20 of the full drift time)
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This Work

37Ar-residual 
period
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Data Selection 7

Fiducialization
- Events beneath 7 innermost 
PMTs are selected to shield 
radiation from materials 
(Same as the 2018 analysis) 
- Uncertainty due to thermal 
contraction (~1%) is included
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Calibration
Source Holder

Cryostat
Stainless Steel

TPC Teflon
Lateral WallLAr Buffer

Vacuum

Liquid Scintillator

TPC WallLAr Buffer

PMTs
Active TPC  

Volume
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Pileup pulses
- Pulse’s rise-time and 
width are used to remove 
multiple low-S2 pulses 
misidentified as one pulse 
- Efficiency is assessed as 
>95% at 4e-A Global cuts I DATA SELECTION

FIG. 2. Left. Distribution of the s2 f90 variable for all events and for those with peak time <200 ns. See the text for more
details on the synthetic unresolved S1+S2 component, which is normalized to match data. Right. Distribution of S2 peak time
as a function of drift time for the 83mKr S1+S2 sample, selected requiring S1 compatible with 83mKr peak.

Figure 3 shows the FWHM for S1 pulses, from the S1+S2 sample, and for S2’s, using both samples. The spike at69

FWHM <100 ns observed in the S2 histogram of Figure 3 (left) is compatible with S1 pulses. As further confirmations,70

no events with a so short S2 FWHM was observed in the 83mKr sample, neither in Monte Carlo samples from71

simulations dedicated to investigate the e�ciency of the S2 pulse cuts.72

FIG. 3. S1 and S2 FWHM’s evaluated on the moving averaged WF (gate = 64 ns) for the UAr (left) and 83mKr (right) datasets.
The first bin (<100 ns) of the UAr S2 FWHM histogram, compatible with S1 events, is removed from this analysis.

B. S2-only cuts73

S2 only events are selected by requiring either one pulse only, or two pulses: an S2 plus its echo. We noticed74

that a small fraction of S2 pulses has an s2 start time preceding the trigger time o↵set by several microseconds. The75

probability that the tail of an S2 pulse (⌧slow⇠3–5 µs) can trigger 1 the detector is low, especially at low energy. To76

estimate this e�ciency, simulated a sample of S2 pulses and applied the data reconstruction algorithms. We then77

implemented the s2 start time cut such that a constant 99% e�ciency is required as a function of Ne. The comparison78

between data and thresholds for di↵erent e�ciencies is shown in Figure 4.79

C. S1+S2 cuts80

S1+S2 events are selected by requiring either 2 pulses, or 2 pulses plus an S1 or an S2 echo, or 2 pulses + 2 echoes.81

In addition, the S1 pulse is selected by requiring that the pulse start time is close to the trigger o↵set and rejecting82

1 The trigger condition requires 2 PMTs detecting more than 0.6 PE in 100 ns.

4

Surface-α veto
- S2/S1 band cut is imposed  
to reject α-decay event on 
surface mimicking low-Ne signal 
- They have large S1 associated 
with small S2 induced by 
photoelectric effect

Preliminary Preliminary

Accepted band from  
calibration datasets

Selected

83mKr Data
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Data Selection 8

Spurious Electron Veto
time
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 10.10 mHz± = 28.03 2R

 1.88 ms± = 8.94 1τ
 30.29 mHz± = 46.14 1R

 = [0,4]-eN

Random Pair

Correlated 

Preliminary

- A few delayed electrons signal is found after 
normal event : “Spurious Electron (SE)”. 
- DS-50 observes the SE rate exponentially 
decaying with ~5 ms and ~50 ms time-constants 
- Based on our best knowledge, 20 ms veto is 
applied for all events to maximize S/B ratio

N
e = 4

*  See also: Astropart.Phys. 140 102704 (2022) 
** Another SE-dedicated paper is in preparation

Rejected
Passed
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9Data Sample

Multiple-pulses &  
Pileup events 

SE events & 
Incorrectly triggered events 

Surface-α events

Signal efficiency is >95% for the region of interest (Ne = [4, 170])

Final sample  
(S2-only)

Final sample  
(S1+S2)

N
e = 4



Masato Kimura | LIDINE - 21 Sept ‘22

LAr Response Calibration 10

NR Response
Ionization yield models tuned for new dedicated measurements

PRD104,082005 (2021)

The model is based on Ar+-e- 
recombination process and energy loss 
due to nuclear stopping power 

Parameters are tuned using  
DS-50 neutron calibration data (AmC 
and AmBe) and external datasets from 
SCENE and ARIS experiments 

We use the most “conservative” prediction 
among several theoretical predictions

Adopted in 
This Work

Theoretical models about 
nuclear stopping power
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11LAr Response Calibration
ER Response

Parameters are tuned for 37Ar (L1-shell) 
peak from the UAr campaign and 39Ar 
sample from AAr campaign 

- Compared to the previous analysis, 83mKr and 
37Ar (K-shell) peaks are removed from the 
calibration to avoid distortion from their 
complex decay schemes 

- This allows for energy RoI to be extended 
up to 170 e- (21 keV)

Ionization yield models tuned for new dedicated measurements PRD104,082005

37Ar
0.27 keV 

(L1)
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Background -39Ar & 85Kr- 12
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Ar39MC 

Bi214
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(C+P)
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Co60

MeV 1.33
(C+F)

K40

MeV 1.46
(P) Bi214

MeV 1.77
(C+P) Tl208
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C: Cryostat
P: PMTs
F: Fused Silica

The activities are constrained by 
fitting higher energy spectrum, 
cross-checked by β+γ fast 
coincidence events 

- 85Kr : 1.8 ± 0.1 mBq/kg 
- 39Ar : 0.7 ± 0.1 mBq/kg 

The spectrum shape is accounted 
for recent calculations of atomic 
exchange and screening effects 
with associated uncertainties

Fit on High-Energy Region 85Kr Decay Scheme

39Ar
85Kr

β
γ

τ~1us

* See detail: PRA90,012501 & PRC102,065501
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Extensive simulation has been conducted with material 
radioassay measurements 

- Each of these activities is constrained within ~10% 
- The extended energy RoI allows to further constrain the 
activities a posteriori

13

PMT 
γ&X-rays

Cryostat  
γ&X-rays

Background -External γ-
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Background Summary 14

This Work
2018 Analysis

Compared to the previous analysis, 
- Each background component is well constrained a priori 
- The energy RoI is extended up to 170 e- (21 keV) thanks to new LAr calibration
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Observed data is consistent to the background model prediction 
within the systematic uncertainties 

All the nuisance parameters fall within 1σ, without any strong correlation

Result : Background-Only Fit 15

fiducial 
volume

amplitude 
of each 

BG source

β-decay 
spectrum 
shape

LAr calib.
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Binomial  
   Fluctuation

No Quenching  
   Fluctuation

XENON1T

PICO-60

XENON1T (Migdal)

DS-50 (2018)

CRESST-III

PandaX-4T The most stringent limit at  
Mχ = [1.2, 3.6] GeV/c2

arXiv:2207.11966
WIMP Exclusion Result
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New result for low mass WIMP search is  
presented from the extended dataset from 2-yr of DarkSide-50 UAr campaign 
Compared to the previous result, the new analysis benefits from.. 

- efficient data selection based on better understanding of the detector, 
- more accurate calibration of the detector response, 
- improved background model 
Unfortunately we do not observe WIMP signature,  
setting the most stringent exclusion limit at Mχ = [1.2, 3.6] GeV/c2

Conclusion 17

Future Prospect
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arXiv:2209.01177

DarkSide-20k, DarkSide-LowMass, and ARGO will  
explore low mass WIMP down to the “solar-neutrino fog”  

- DS-20k data taking will start from 2026 
- Sensitivity projection of DS-LM has recently posted

arXiv:2207.11966-11968
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WIMP with  
Migdal Effect

arXiv:2207.11967

arXiv:2207.11968
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Temporal Evaluation 20
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Electron Lifetime 21
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Preliminary
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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−ð∼1 keVNRÞ. 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=ðkeVee kg dÞ 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 ¼ 544 km= sec, v0 ¼ 220 km= sec,
vEarth¼232 km=sec, and ρDM ¼ 0.3 GeV=ðc2 cm3Þ [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 β 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− ¼ 10 e−.

FIG. 6. The measured ionization yield Qy for nuclear recoils in
LAr as a function of the reduced energy parameter ϵ. 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 23

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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• At least two exponentials are necessary. Not power law unlike in Xenon based 
TPC.


• In getter off data, an additional time constant of 13 ms appeared and 
three exponentials are used.
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D. S. Akerib et al. Phys. Rev. D 102, 092004 (2020)

2 exponentials fit
3 exponentials fit

SE Time Correlations



Masato Kimura | IDM - 19 July ‘22

25DarkSide-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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Underground Argon (UAr) 26

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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