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Abstract

DarkSide-50 is a direct dark matter detection experiment at Laboratori Nazionali del
Gran Sasso that uses argon as the target material. Exploiting the ionization signal from
a dual-phase time projection chamber filled with low-radioactivity argon, it has set the
most stringent exclusion limit on WIMPs with a mass of few GeV/c2. A new analysis
has recently been carried out with a larger exposure, profiting from an improved under-
standing of the detector response and background model. An improvement of about a
factor 10 in sensitivity is expected for a WIMP mass of 2 GeV/c?.

1 Introduction

Dark matter direct detection experiments search for a signal induced by an interaction be-
tween the dark matter particle candidate and Standard Model particles. The primary goal of
the DarkSide program is to detect dark matter in the form of Weakly Interacting Massive Par-
ticles (WIMPs) scattering off an argon nucleus, using a dual-phase time projection chamber
(TPC). For WIMP masses higher than 10 GeV/c?, signal is discriminated from background by
means of an accurate topological reconstruction which relies both on scintillation (S1) and
ionization (S2) signals [1]. For lower masses, on the other hand, the scintillation signal is no
longer observable and an excess of event is sought above the background expectation using
the ionization-signal-only (S2-only analysis). The world-class sensitivity is achievable by this
approach owing to the relatively low atomic mass of argon, to the intrinsically low background
rate of the detector, and to the almost 100% efficiency of the single electron detection.

The DarkSide program foresees a multi-stage approach. A 50 kg-scale detector, DarkSide-
50 (DS-50), was operated between 2013 and 2019 at Laboratori Nazionali del Gran Sasso
(LNGS), and the first result of the low-mass WIMP search was published in 2018 [2]. Since
then, we reanalyzed data both from calibration campaigns [3] and the WIMP search run with
increasing exposure. In this work, we present in detail new analysis for the WIMP search.

2 DarkSide-50

The DS-50 TPC has a cylindrical active mass of (46.4 £ 0.7) kg filled with low-radioactivity
argon extracted from deep underground sources [4]. Ionization electrons from an energy
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deposition inside the active region drift towards the liquid-gas interface at the top of the TPC
by the applied electric field of 200 V/cm. The electrons are then extracted to the gas phase by
a higher electric filed (2.8 kV/cm in the liquid and 4.2kV/cm in the gas phases) where they
emit electroluminescence light (S2). Photmultiplier tubes (PMTs) located on both ends of the
TPC detect the S2 light. The electron extraction efficiency is estimated to be higher than 99.9%
and the observed S2 amplification gain at the center of the TPC is (23 & 1) photoelectrons/e™.

3 Event selection

The dataset used in this work corresponds to a total live time of 653.1 days from December
2015 to February 2018. Volume fiducialization is performed based on the position of the top-
array PMT which measures the largest fraction of S2 photons, as was done in the previous
analysis, to suppress the exposure to external radioactive contamination. The fiducial volume,
which corresponds to 41.9% of the total argon active volume, is defined by suppressing events
reconstructed near the walls of the TPC. The resulting total exposure, including the selection
cuts described below, is (12306+184) kg d, about 1.8 times larger than the previous analysis.

Further selections are applied to remove S2 pulses incompatible with the signal hypothesis.
Pulses composed by several S1 and/or S2 pulses but mis-reconstructed to be one pulse are
rejected by pulse shape parameters, such as the fraction of light observed in the first 90 ns
(foo), the pulse peak time relative to its start time, and its FWHM. Signal acceptance of these
selections is evaluated to be higher than 95% via Monte Carlo (MC) simulation.

Another selection criterion requires that the previous event has triggered the DAQ more
than 20 ms before any triggered event. This requirement removes the so-called spurious elec-
tron events, whose origin is likely due to ionization electrons trapped along their drift by
impurities and released with some delay. The 20 ms veto reduces the total livetime by 3%.

An S2 pulse following an anomalously large S1 pulse is also rejected, where the S1 pulse
is distinguished by fo,. The origin of these events is found to be due to a decays on the
surfaces or shallow depth of the TPC walls; the ionization electrons associated with the S1 are
absorbed by the wall before reaching the gas phase but the scintillation photons can extract
other electrons from the cathode by photoelectric effect. The cut line in the two dimension
space of the S1 versus $2/S1 ratio is derived from 3°Ar and 2! Am-"Be calibration campaigns
and defined in order to contain 99% of the signal.

Fig. 1 shows the electron spectra at different steps of the event selection. The final sample
consists of the S1-plus-S2 and S2-only (without a corresponding S1 pulse) subsamples, as
shown by the blue and orange shaded histograms, respectively.

4 Background modeling

The majority of events in the region of interest (RoI) comes from either 3-rays from diffused
isotopes in liquid argon (®°Kr and 3°Ar) or y-rays from detector components.

The specific activities of 8°Kr and 3°Ar are assessed by fitting the energy spectrum far
above the Rol taken before the current dataset. The 8Kr activity is also estimated by counting
the number of 3 + y fast-coincidence events which is due to one of the 8Kr decay scheme
with the branching ratio of 0.43% (the lifetime between the 8- and y-decays is 1.46 us). The
spectrum shapes of 8Kr and 3°Ar are also updated from the previous analysis by taking into
account recent calculations of atomic exchange and screening effects [5,6] with uncertainties
as shown in Fig. 2 (left).

The event rate from the y-rays from detector materials is evaluated using an extensive MC
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Figure 1: Observed electron spectra at different steps of the event selection.

simulation based on material radio-assay result, unlike the previous analysis in which they
were extrapolated from a fit to the higher energy region. Two main sources of this type of
background are found to be due to residual activity in the PMTs and stainless-steel cryostat, as
shown in Fig. 2 (right). Expected spectra from these sources are incorporated in this analysis
with associated uncertainties.
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Figure 2: Internal (left) and external (right) background spectra used in this analysis.
The dashed line represents the uncertainty from the detector response model. The
shaded region of the internal background corresponds to the uncertainty from the
spectrum shape calculation, while that of the external background comes from the
statistics of the MC.

5 Result

The WIMP sensitivity is determined based on the binned ionization spectrum using a test-
statistics based on the profile-likelihood-ratio [7]. Systematic uncertainties included in this
analysis cover the uncertainty in the determination of the fiducial volume (1.5%), the un-
certainty on the activities of each background component (4.7%-14.0%), uncertainties on
PB-decay spectrum calculation, and on the determination of the ionization yields. The new
ionization yield calibration with its uncertainty has been validated up to 22 keV,,. This allows
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us to expand the number of electron (N,) Rol in this analysis to N, = [4,170], compared with
N, =[4,50] in the previous one.

As we are not aware of any data constraining the fluctuation of the ionization yield for NR
in the energy range of interest, we keep the strategy from the previous analysis to consider
two extreme cases for the fluctuation, with (QF) and without (NQ) quenching fluctuations.
Fig. 3 shows the expected sensitivities for both cases.
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Figure 3: Expected limits for NQ (upper black solid line) and QF (lower line) models,
together with the £10 (green) and 20 (yellow) bands. Also shown are the 90%
C.L. exclusion limits and claimed discovery from various other experiments [2,8-20]
and the neutrino floor for argon experiments [21].

6 Conclusion

A new search for low mass WIMP dark matter has been conducted using the low radioactivity
argon campaign of the DS-50. Compared to the previous one published in 2018, this new anal-
ysis benefits from many updates such as (1) the larger exposure, (2) improved event selection
criteria based on better understanding of detector response, (3) more accurate background
modeling, (4) more precise calibration of the ionization yields for both NR and ER, and (5)
expanded threshold. About a factor 10 improved sensitivity is expected around the WIMP
mass of a few GeV/c? region.
The final results with the observed limits are discussed in detail in Ref. [22].
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