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Search for Dark Matter Particle Interactions with Electron Final States with DarkSide-50
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We present a search for dark matter particles with sub-GeV/c? masses whose interactions have final
state electrons using the DarkSide-50 experiment’s (12306 + 184) kgd low-radioactivity liquid argon
exposure. By analyzing the ionization signals, we exclude new parameter space for the dark matter-electron
cross section &,, the axioelectric coupling constant g,,, and the dark photon kinetic mixing parameter «.
We also set the first dark matter direct-detection constraints on the mixing angle |U,,|?> for keV/c? sterile

neutrinos.

DOI: 10.1103/PhysRevLett.130.101002

The very nature of dark matter (DM) remains unknown
despite cosmological and astronomical observations col-
lecting evidence of its existence over the last several
decades [1-5]. Traditionally, DM particles with masses
ranging from a GeV/c? to few TeV/c? have been exten-
sively searched for by experiments located in underground
laboratories by detecting their interactions with baryonic
matter via elastic scattering off atomic nuclei [6—13]—
usually called nuclear recoils (NRs). Heavy DM can also
scatter off electrons, but the energy of such interactions—
called electron recoils (ERs)—is suppressed due to the
small electron mass. The lack of concrete evidence of direct
DM detection motivates the search for other candidates and
their possible interactions via scattering off, or absorption
by, shell electrons, which may subsequently produce
sufficiently large ionization signals in the detector [14].

This Letter reports on the analysis of the 653.1 live-days
of data collected with the DarkSide-50 experiment (DS-50)

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

to probe DM interactions in the form of light DM-electron
scattering, absorption of bosonic DM (axionlike particles
and dark photons), and sterile neutrino-electron scattering.
This analysis uses a more accurate calibration of the
detector response [15], improved background modeling
and determination of its systematic uncertainties [16], and a
larger dataset compared to the previous study [17]. The
same analysis approach was also applied to improve
existing limits on spin-independent WIMP-nucleon inter-
actions for WIMP masses down to 1.2 GeV/c? [16] and
down to 40 MeV/¢? when including the Migdal effect [18].

DS-50 is a dual-phase time projection chamber (TPC)
housed in Italy’s INFN Laboratori Nazionali del Gran
Sasso (LNGS). The active volume consists of low-radio-
activity underground liquid argon (LAr). Construction and
performance details regarding the DS-50 detector are
described in Ref. [19]. Two measurable signals can be
observed: the light from scintillation in the liquid (S1) and
ionization electrons, which are drifted using a 200 V/cm
electric field in the LAr volume and extracted by a
2.8 kV/cm electric field into the gas phase, producing
electroluminescence photons (S2) under acceleration by a
4.2 kV/cm electric field in the GAr volume. Two arrays
of 19 3-in photomultiplier tubes (PMTs), one above the
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anode and one below the cathode, detect photons. The DS-
50 TPC, enclosed in a stainless steel double-walled,
vacuum-insulated cryostat, lies inside a 30 t boron-loaded
liquid scintillator veto instrumented by 110 8-in PMTs—to
actively reject neutrons in situ—surrounded by a 1 kt water
Cerenkov veto with 80 PMTs—to actively tag cosmic
muons and act as a passive shield against external
backgrounds.

The data selection criteria for this analysis aim to identify
single-scatter, low-energy events in the form of paired S1
and S2 or S2-only pulses uncorrelated to any previous
event. Various quality and selection cuts based on the ratio
of S1 and S2, S2 signal time profile, and S2 distribution
across the PMT arrays are implemented [16]. These cuts
remove pileup pulses, surface a events inducing electrons
from the cathode, and spurious trapped ionization electrons
released up to 20 ms after the previous event. Moreover,
only events reconstructed in the fiducial volume are
selected, defined by the seven central top PMTs [16].
Veto detector signals are not used in the data selection since
S2 triggers are delayed with respect to the veto by the
electron drift time in the TPC. Figure 1 shows the final
ionization spectrum obtained after all cuts described
in [16], resulting in a fiducial mass of (19.4 £0.3) kg
and exposure of (12306 + 184) kgd.
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FIG. 1. Data (black) and background model (red) compared to
expected ionization spectra of illustrative mass values for DM
candidates: LDM heavy (blue and orange solid lines) and light
(blue and orange dashed lines) mediators, ALPs (purple), dark
photons (yellow), and sterile neutrinos (green). The region
shaded blue is below threshold. Details on the background model
and its fit can be found in Ref. [16].

This analysis is performed in the energy interval 4 to
170e~ (0.06 to 21 keV,,), up to the range of validity of the
detector energy response calibration [16]. The low thresh-
old is introduced to avoid the region dominated by spurious
electrons.

The background model accounts for the natural radio-
activity present in the LAr bulk due to *Ar and %Kr
contamination, and y’s and x rays from detector compo-
nents like the PMT s, the TPC structure, and stainless-steel
cryostat whose specific activities were determined via a
comprehensive material screening campaign. For each,
the ionization spectra with associated uncertainties were
obtained via a detailed Monte Carlo simulation of
DS-50 [16,20]. The red curve in Fig. 1 shows the back-
ground model fitted to data.

In this Letter, we search for several DM candidates using
the DS-50 dataset and background model. The candidates
are assumed to be nonrelativistic and comprise all of the
galactic DM. While additional local sources for dark matter
may be present (e.g., solar production of dark photons
[21]), we set constraints using the interaction rates for the
candidate only according to the standard halo model.
Following the recommendations in Ref. [22], we assume
a local DM density (ppy) of 0.3 GeV/(c? cm?), a standard
isothermal Maxwellian velocity distribution (f(v) where v
the DM’s velocity) with an escape velocity of 544 km/s,
and a local standard of rest velocity of 238 km/s.
Moreover, the predicted ionization rates per unit mass
(R) are expressed as a function of the outgoing electron’s
recoil energy E... Using the argon ionization response, the
spectra are expressed in number of electrons (N,). The
ionization response is obtained from the *Ar p-decay
sample from an atmospheric argon campaign and from
the low-energy *’Ar peaks. 3’Ar was present in the first few
months of DS-50 data and decayed away before the present
dataset [15]. The detector response model [20] is applied to
obtain the ionization spectra shown in Fig. 1.

Fermion or scalar boson light dark matter (LDM)
candidates, with masses below a GeV/cz, can interact
with bound electrons via a vector mediator, resulting in the
ionization of argon atoms. The LDM-electron interaction’s
dependence on the momentum-transfer ¢ is encapsulated
by a dark matter form factor Fpy;(g). The ionization rate
for a LDM candidate of mass m, is parametrized by a
reference cross section &, as [14,23,24]:

dR Ppm _ O
= T X 5
dinE, m, 8y,

<3 / 24 (K. ) P Fows (@) Prvmn)adg. (1)
nt

where N7 is the number of target atoms per unit mass,
fi,e is the DM-electron reduced mass, f% (K, q) is the

ionization form factor modeling the effects of the bound
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FIG. 2. Exclusion limits at 90% C.L. on DM particle interactions with electron final states. The x axis shows the mass of the candidate
while the y axis shows the model parameter. Limits set by this work are shown as solid red lines while the —1¢ expected limits are dotted
red lines, and newly excluded parameter space is shaded red. Limits from laboratory experiments, shown as solid lines, are set by f
spectrum analyses [36-38], DS-50 [23], PandaX-II [25,39], SENSEI [40], SuperCDMS Soudan [41], XENON10 [24,42], and
XENONIT [43-45], with previously excluded parameter space shaded gray. Astrophysical constraints (dashed lines) are set by
Refs. [46-49]. For sterile neutrinos, the limits set by NuSTAR [49] extend downwards to |U,4|> = 1073 at 20 keV/c?. All limits using
the standard halo model are scaled to a local dark matter density ppy of 0.3 GeV/(c? cm?).
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electron in the (n,7) shell and outgoing final state,
k' =+\/2m,E, is the electron recoil momentum, and
N(Vmin) = [(1/0)f(v)O(v — vyin)dv is the inverse mean
speed function that encodes the DM velocity profile for the
minimum DM velocity (v,,,) required to eject an electron
with E,; given ¢ [23]. Two benchmark interaction models
are considered: a heavy mediator (mass > am,) with
Fpvy =1 and a light mediator (mass < am,) with
Fpm = (am,/q)?, where a is the fine structure constant
and m, is the electron mass.

DS-50 is also sensitive to pseudoscalar DM such as
axionlike particles (ALPs) [25-28] or vector-boson DM
like dark photons [29] through absorption by argon shell
electrons. Absorption of either candidate would result in a
monoenergetic signal at the particle’s rest mass, m, for an
ALP or m, for a dark photon. The absorption rate per unit
mass of galactic ALPs depends on the axion-electron
coupling strength ga, [28,29],

DM 3m; 92
—X 2 A; Gpe(mACZ)C, (2)

R=N
r my  16zam;

while that of dark photons depends on the strength of the
kinetic mixing x between the photon and dark photon [29],

PN ¢ R 6pe (e, (3)
N

R:NT

where o, is argon’s photoelectric cross section [30]
evaluated at the particle’s rest energy.

A sterile neutrino v, with a mass between 7 and
36 keV/c? can be a viable DM candidate [31,32].
Sterile neutrinos interact via v, +e — v, +e (and
vg+e—>v,+e) [33], where a v, mixing with an
active state—parametrized by the mixing angle |U,4|>—
inelastically scatters off a bound electron in the detector.
The ionization rate is governed by the cross section o,
between v, and an electron in a given orbital (n, Z) [33]:

dR B £DM danf 2
BN 20 ) / dp em|UaP) ).
(4)

where m,, is the sterile neutrino’s mass. We note that Eq. (4)
does not include the effects of the ion on the outgoing
electron, unlike the treatment of LDM-electron scattering in
Eq. (1). Additionally, we note that the scattering rates
calculated in Ref. [33] fail to evaluate the DM velocity
distribution in the lab frame; however, this is corrected in
our work.

This analysis employs a binned profile likelihood ratio
(PLR) approach [34,35] to determine exclusion limits
for each DM candidate. The PLR includes a set of
nuisance parameters representing the nominal values and
uncertainties on the exposure, materials screening,

theoretical energy spectra shape, and ionization energy
scale. Correlations among the different components are
encoded in the likelihood definition. See Ref. [16] for a
complete description of the above. We also verified that the
expected limits have negligible dependence on ER fluctu-
ations by changing the Gaussian model described in
Ref. [16] to a binomial one.

Figure 2 shows the 90% C.L. (Confidence Level) exclu-
sion limits placed on each candidate via the PLR method.
The observed limits (solid red lines) are shown alongside the
expected limits at —1o (dotted red lines) for ALPs, dark
photons, and sterile neutrinos to show regions where
observed limits are driven by underfluctuations of data.

We have established the best direct-detection limits on
dark matter-electron scattering in the mass range of 16 to
56 MeV/c? for a heavy mediator and above 80 MeV/c?
for a light mediator, with newly excluded parameter space
shaded red. These new DS-50 results on LDM-electron
scatters improve upon those previously obtained in
2018 [23] primarily due to the refined data selection
criterion that suppresses correlated events between 4e~
and 7e~ [16]. Additional sensitivity gain comes from
improved data selection, a more accurate detector calibra-
tion, improved background modeling, and a larger dataset.

We have also placed the first constraints on galactic
axionlike particles and dark photons with an argon target.
Stronger direct-detection limits are placed on both g,, and
x for masses between 0.03 and 0.2 keV/c?.

DS-50 is the first DM direct-detection experiment to set
limits on the sterile neutrino mixing angle |U,4|*. Under the
standard halo model assumption, our results improve upon
existing direct limits set by a high-precision measurement
of the ®Ni S spectrum [36]. However, these are well
above the indirect detection limits set by the NuSTAR
experiment [49], which looks for anomalous x-ray lines
from radiative sterile neutrino DM decays.

The upcoming DarkSide-20k experiment has a planned
exposure almost 4 orders of magnitude larger than DS-50
and will provide more sensitive searches for each DM
model considered here.
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