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We report constraints on light dark matter through its interactions with shell electrons in the PandaX-II
liquid xenon detector with a total 46.9 tonnes/day exposure. To effectively search for these very low energy
electron recoils, ionization-only signals are selected from the data. 1821 candidates are identified within an
ionization signal range between 50 and 75 photoelectrons, corresponding to a mean electronic recoil energy
from 0.08 to 0.15 keV. The 90% C.L. exclusion limit on the scattering cross section between the dark matter
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and electron is calculated with systematic uncertainties properly taken into account. Under the assumption of

point interaction, we provide the world’s most stringent limit within the dark matter mass range from 15 to

30 MeV/c?, with the corresponding cross section from 2.5 x 10737 to 3.1 x 1073% cm?.

DOI: 10.1103/PhysRevLett.126.211803

The existence of dark matter (DM) is established by
overwhelming evidence in cosmological and astronomical
observations [1]. Possible interactions between DM par-
ticles and baryonic matter have been searched for in
underground laboratories using ultralow background detec-
tors by directly detecting recoil signals [2,3]. DM within a
mass range from GeV/c? to TeV/c? has been searched for
mostly via its elastic scattering off atomic nucleus [4—12].
The scattering of DM within this mass range with electrons,
while still possible, is difficult to probe kinematically, as
the energy of electron recoils (ERs) is suppressed by the
smallness of electron mass. For sub-GeV light DM, on the
other hand, the nuclear recoil energy becomes much
more difficult to detect with conventional detection tech-
niques. It was realized that this light DM can scatter with
shell electrons, which may subsequently produce suffi-
ciently large ionization signals in the detector [13]. Such
DM-electron scattering opens up a new experimental
paradigm, which has since been pursued by a number of
groups [14—19].

The PandaX-II experiment [4,20-29], located in the
China Jinping Underground Laboratory (CJPL), utilizes
a dual-phase time projection chamber (TPC), which con-
tains an active cylindrical target with 580 kg of liquid
xenon (LXe). DM scattering produces prompt scintillation
photons (S1) in the liquid region and ionized electron signal
(§2) through delayed electroluminescence in the gaseous
region. Both S1 and S2 can be detected by two arrays of
Hamamatsu R11410-20 photomultiplier tubes (PMTs)
located at the top and bottom of the cylindrical volume,
with a corresponding photon detection efficiency and
electron extraction efficiency around 10% and 50%,
respectively [28]. Conventional analysis searched for recoil
energy from keV and above by requiring correlated S1 and
S2 signals. In this work, we search for light DM through its

2

scattering off shell electrons, which would produce energy
deposition on the order of 100 eV [13]. In this region, S1
would be nearly invisible, but unpaired S2 (US2) signals
can still be used to probe this scattering effectively.

All DM search runs (runs 9, 10, and 11) and calibration
runs with tritium, 22°Rn, as well as 2*!Am-Be sources are
used in this analysis. Most S2-related data quality cuts are
inherited from a previous analysis [28], including a S2
isolation time cut of 0.02 s (Supplemental Material [30]), a
position reconstruction quality cut to suppress single-
electron pileup due to multiple scattering, and a gate event
cut that searches subthreshold charge between 1.5 and
3.5 us window preceding an US2. Three cuts are tightened,
including the full-width 10% maxima, the rising edge
(defined as the ratio of the charge in the first 1 us to the
total), and the top-to-bottom charge ratio of the US2s,
based on the distribution of the ER calibration data
(Supplemental Material [30]). Although the US2 data are
not intentionally blinded, which allows a confirmation of
the validity of the basic data quality cuts from previous
analysis, cuts that are most relevant to the selection
efficiency (52 width, rising edge, and top-to-bottom ratio)
are developed based entirely on multiple sets of calibration
data. Events are further selected with a more conservative
radial cut so events within 15 cm from the wall are removed
to avoid unpaired field cage surface events, leading to a
117.0 £ 6.6 kg fiducial mass of LXe. The uncertainty is
dominated by the 4.2-mm radial position resolution,
estimated using different reconstruction algorithms. The
event distribution within the fiducial volume (FV) is mostly
uniform (Supplemental Material [30]). The radial cut
efficiency, because it has little dependence on the charge
and characters of the US2s, is factored in the FV and
exposure. The time evolution of the surviving candidates in
the three DM search runs with charge range from 50 to 200
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photoelectrons (PE) is shown in Fig. 1 and appears to be
reasonably stable within a total time span of two years.
The combined event selection efficiency for US2 events
is a product of the trigger efficiency and data quality cut
efficiency. PandaX-II utilizes a field-programmable gate
array—based real-time trigger system, with its efficiency
directly measured from events with multiple $2s [31]. The
uncertainty of the trigger efficiency is estimated to be
12.0% (fractional unless otherwise specified) by comparing
the efficiencies for S2s with different widths. The data
quality cut efficiency is obtained from the tritium calibra-
tion run, given that the distributions of the low-energy ERs
are closer to the desired DM-electron scattering events. The
overall efficiency is a product of each individual cut
efficiency, estimated by the ratio of survived events with
all cuts applied to those with all but this cut, also known as
the “N/(N —1))” approach. An alternative approach
(“N/all”), which takes the ratio of all cuts applied to those
with only the inherited basic data quality cuts, yields good
agreement, indicating that the correlation between cuts can
be ignored. For comparison, the data quality efficiency
curves obtained using **'Am-Be (runs 9, 10, and 11) and
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FIG. 2. Data quality cut efficiency (red), trigger efficiency
(blue), and combined efficiency (black) vs detected ionization
signals in run 9 (top) and runs 10 and 11 (bottom). Details about
the uncertainties are described in the Supplemental Material [30].
The quality cut efficiencies (dashed) from ?*!Am-Be and ?*Rn
calibration runs are used to validate that from tritium. The upper
axes correspond to mean ER energy computed using the constant
model (f, =0.83 and E = 13.7 eV x S2/(SEG x EEE x f,);
see Fig. 3).

220Rn (runs 10 and 11) data are overlaid. The residual
systematic uncertainty of the data quality cuts is estimated
to be 13.6%, consisting of the effect of nonsource con-
tamination in the calibration (10.0%), the dependence of
selection efficiency on event energy and position distribu-
tions and thereby the shapes of US2s (9.2%), and the S2
identification efficiency (1.5%) (Supplemental Material
[30]). The trigger, data quality, and combined efficiencies
are shown in Fig. 2 for US2 events with charge range
between 20 and 200 PE.

As mentioned in the introduction, light DM-electron
scattering produces sub-keV recoil energy; therefore
knowledge of the photon and ionization productions in
LXe in this energy regime is required. Three independent
signal response models are compared, all under the
standard W value of 13.7 eV, to produce either a photon
or an electron [32]: (1) the noble element simulation
technique (NEST 2.0) model [33,34], (2) the constant
model in which the fraction of ionization to total quanta
is f, = 0.83 [35] with no energy dependence and without
recombination effects, and (3) the PandaX-II model,
obtained by fitting the tritium calibration data with corre-
lated S1 and S2 but with lower energy truncated to 0.9 keV
due to threshold [36]. The charge yield vs recoil energy is
shown in Fig. 3 for run 9 and runs 10 and 11 under a drift

100 T ]
90F 3
80F E
70F E

Ke) E E
S E E
2 60} \
g 50 ;— E
8 4f ROl 3
(@) E Run 9 E
30 E —— NEST 2.0 model =
20F PandaX-ll model E
E ~— Constant model E
10 3 "I X-ray data E
90F =
80f ;
o T
- E 3
> 60 ]
2 50F R —
@ E ROI E
g 40¢ Runs 10/11 E
30F ——— NEST 2.0 model E

20 = PandaX-Il model
E ~— Constant model E
10F 3 "I X-ray data E
ok L L L | | E

0 02 04 06 08 1 12 14
E.q [keV]

FIG. 3. Charge yield vs ER energy for three DM search runs for
NEST 2.0 [33,34], the constant model [35], and the PandaX-II
model [36], with uncertainty bands obtained from the original
publications. The lowest energy measurement at 186 eV [37] is
also shown. The shaded vertical band indicates the mean energy
range corresponding to the region of interest (50-75 PE).
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TABLE 1. The PandaX-II detector parameters, including elec-
tron extraction efficiency (EEE), single-electron gain (SEG), and
its measured resolution (ogg) [28]. They are used to estimate the
relation between ER energy and detected ionization electrons.

Run 9 Run 10 Run 11
EEE (%) 464+ 1.4 50.8 £2.1 47.54+2.0
SEG (PE) 244+ 04 23.7+0.8 23.5+0.8
osg (PE) 8.3 7.8 8.1

field of 400 and 318 V/cm, respectively. In general, the
constant model predicts smaller charge yield in comparison
with NEST 2.0. For run 9, the PandaX-II model agrees with
other two models within 15 at 0.9 keV. On the other hand,
for runs 10 and 11, the PandaX-II model agrees with the
constant model, but has slight tension with NEST 2.0.
Therefore, the constant model is selected as the nominal
model in this analysis to conservatively estimate the
number of primary ionized electrons, as well as to be
consistent with other analysis. But one should keep in mind
that for the charge yield in a liquid xenon detector, the
lowest energy measurement has only recently been made at
186 eV at 180 V/cm [37]. The spectrum of detected
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FIG. 4. Detected ionization signals (US2, black histograms)
and expected signals from DM-electron scattering with Fpy = 1
(upper) and a?m?/q* (lower), with blue (red) histogram corre-
sponding to a DM mass of 20 MeV/c? 200 MeV/c?). The gray
shadow shows the ROI of this analysis. The excess in the data
peaking at ~25 PE comprises single-electron events, likely due to
stray electrons in LXe.

TABLE II. The number of US2 candidates, exposure, and
known ER background events for the three DM search runs.
The span 1 and span 2 of run 11 are listed separately due to the
different background rates. ROI is chosen as 50 PE to 75 PE,
corresponding to a mean ER energy between 0.08 and 0.15 keV.
The flat ER background includes 85Kr, 222Rn, 220Rn, material ER,
solar neutrino, and '3%Xe [28].

Run 11 Run 11
Run 9 Run 10 span 1 span 2 Total

Exposure 9.3 9.0 28.6 46.9
(tonnes/day)

DM-electron candidates 287 340 1194 1821
(events)

Flat ER background 0.8 0.2 0.3 0.6 1.8
(events)

Tritium background 0 0.1 0.2 0.3 0.6
(events)

ionization signals, i.e., US2 events in PE, can then be
predicted based on the measured detector parameters [28],
listed in Table I for convenience, and the efficiencies in
Fig. 2. The electron lifetime, i.e., the attenuation of ionized
electrons due to electronegative impurities, is incorporated
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FIG. 5. 90% C.L. upper limits (solid, the constant model;
dashed, NEST 2.0) on light DM-electron scattering cross section
from PandaX-II data for Fppy = 1 (upper) and Fpy = a?m2/q>
(lower). Results from XENONIT [15], XENON10 [40], Dark-
Side-50 [16], SENSEI [18], DAMIC [17], and EDELWEISS [42]
are also shown for comparison.
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in the DM—-electron signal model, by randomly distributing
vertices in the 60 cm drift length, and then by applying the
measured variations of the electron lifetime throughout the
data taking.

The predicted rates and recoil energy spectra of DM-
electron scattering in LXe target are calculated following
the procedures in Refs. [13,38]. It is recently pointed out
that such calculations contain non-negligible theoretical
uncertainties due to relativistic effect for inner-shell ion-
ization and final-state free electron wave function [39]. We
adopt the procedures of Refs. [13,38] nevertheless, so that
our results can be directly compared to previous work.
Electron shell corrections are applied in the signal model
and the minimum of the additional quanta range is taken
(e.g., three additional quanta for 4s? shell from Table IT of
Ref. [40]) to conservatively estimate the ionization.
Two benchmark interaction models, the point interaction
with form factor Fpy =1 and light mediator with
Fpy = a’m?/q?, are considered, with their corresponding
ionization cross sections from xenon atoms computed. The
US2 candidates from the data are overlaid with the
predicted ionization spectra for the two models with DM
masses of 20 and 200 MeV/¢?, respectively, in Fig. 4. The
region of interest (ROI) is chosen to be 50 to 75 PE. The
lower cut is set to keep at least 50% trigger efficiency, and
the higher cut is set to enclose the most high-energy tail for
the DM benchmark DM mass of 20 MeV/c?. The number
of candidates are summarized in Table II for the three DM
search runs, which are significantly higher than the
dominating known ER background with approximately
flat spectrum at low energy (flat ER) and the tritium
contribution [28]. We note that in comparison to a standard
S1 — S2 analysis, the US2 analysis reported here reduces
the energy threshold significantly, but is more vulnerable to
unmodeled background contamination due to the absence
of S1. To be conservative, we assume that all detected
candidates are DM-electron scattering events in the ROL
The 90% C.L. upper limit is derived using a cut-and-count
approach via toy Monte Carlo, incorporating the statistical
uncertainty and the systematic uncertainties due to the
efficiency (Fig. 2), detector responses (Table I), and the FV.
The exclusion curves of light DM-electron scattering cross
section under the two benchmark interaction models are
shown in Fig. 5, assuming both the constant and NEST 2.0
signal response models. For comparison, results from
earlier experiments are also overlaid in Fig. 5. Because
of the achieved 50 PE analysis threshold (~0.08 keV), the
most stringent exclusion limit for light DM-electron inter-
action is given for the point interaction within the DM mass
range from 15 to 30 MeV/c?, with the corresponding
cross section from 2.5 x 10737 to 3.1 x 1073 cm?. At
25 MeV/ c%, our result is a few times more constraining
than that from XENON10 and XENONI1T, which used the
same xenon target and the ionization-only channel [15,40].
Alternative choice of the NEST 2.0 model would increase

the ionization yield relative to the constant model at a given
energy, leading to a more constraining limit. In the near
future, the PandaX-4T experiment will be under operation.
With larger exposure, lower background and a lower
threshold using triggerless readout [41], PandaX-4T will
provide more sensitive search for DM-electron scattering.
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