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We report on a blinded search for dark matter with single- and few-electron signals in the first science run
of XENONNT relying on a novel detector response framework that is physics model dependent. We derive
90% confidence upper limits for dark matter-electron interactions. Heavy and light mediator cases are
considered for the standard halo model and dark matter up-scattered in the Sun. We set stringent new limits
on dark matter-electron scattering via a heavy mediator with a mass within 10-20 MeV /c? and electron

absorption of axionlike particles and dark photons for m, below 0.03 keV/ c2.

DOI: 10.1103/PhysRevLett.134.161004

Introduction—Astronomical observations suggest the
existence of a substantial amount of dark matter (DM) in
our Universe [l1,2]. Many experiments aim to detect
and clarify the nature of the hypothetical DM particle
[3.4]. One of these is the XENONnNT experiment [5], which
is optimized to search for DM-nucleon scattering for DM
candidates in the GeV/c? to TeV/c? range [6]. In this Letter,
we present the limits on light DM (< GeV/¢?) candidates by
analyzing the ionization signals observed within the detector.

The XENONnT experiment consists of three nested
detectors. The two outer detectors, both filled with deion-
ized water, serve as a Cherenkov muon veto [7] and a
neutron veto, respectively [8]. A double-walled cryostat,
containing a total of 8.5 t of liquid xenon (LXe), holds the
central dual-phase time projection chamber (TPC) wherein
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5.9 tof LXe is instrumented within a 1.49 mtall and 1.33 m
diameter cylinder [5].

Particles scattering off xenon atoms result in both prompt
scintillation photons, labeled signal 1 (S1) when detected,
and ionization electrons. Ionization electrons are drifted to
the top of the LXe by a 23 V/cm drift field maintained by a
cathode electrode at the bottom of the TPC and a gate
electrode at the top. Electrons are then extracted into a
gaseous xenon (GXe) phase by a 2.9 kV/cm in-liquid
extraction field maintained between the gate electrode and
an anode electrode. Extracted electrons produce secondary
scintillation light, labeled signal 2 (S2) when detected,
proportional to the number of electrons. Scintillation
photons are collected by photomultiplier tubes (PMTs)
at the top and bottom of the detector. Pairing S1s and S2s
allows for three-dimensional position reconstruction of the
interaction location: the S1 and S2 arrival time difference
provides the depth of the interaction (Z), while the S2 light
pattern indicates the XY position in the circular cross-
section plane of the TPC.

DM searches requiring an S2 to be paired with an S1 for
event reconstruction have set the most stringent limits
on dark matter masses above ~6 GeV/c?> [6,9-11].
For DM particles below this mass, elastic scattering
interactions rarely produce detectable Sls, thus searches
for such light DM candidates are conducted without
requiring an S1 [12-14]. We rely on two subsets of data
from the initial science run of XENONnT (SRO) [6,15] to
search for DM scattering off electrons, producing electronic
recoils (ERs). The first dataset (D1) with a live time of
14.3 days was collected in November 2021 at the end of
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SRO and is used to refine our data selections. The second
dataset (D2) with 16.5 days of science data, collected in
September and October of 2021, is used for the blinded
search. A large instrumental background of single- and
few-electron S2s has been observed [16,17] that persists
O(100) ms following particle interactions. We mitigate
this background by developing stringent spatial and tem-
poral vetoes for the smallest S2s and limit our region of
interest (ROI) to S2s subject to these veto requirements:
we consider DM interactions via ER signals of five true
electrons or fewer, which would produce S2s with area in
[10, 174] PE. To probe DM models producing ERs down to
a single electron, we lower the recoil energy threshold
of 1 keV achieved in Ref. [15] to 13.7 eV. Finally, we set
limits on certain DM models using D2 and also report the
results from D1.

Detector response—To model a DM-electron interaction
producing an ER with an initial energy Ey, we extrapolated
the best-fit detector response model for XENONNT as the
model is flat in our ROI (ERr < 1 keV) [18]. We assume
conservatively that the initial number of quanta (photons
or electrons) produced by the interaction is given by
integer N, = Eg/W, where W =13.7eV [19] is the
energy required to create a single quantum. The number
of ionization electrons is modeled by a random variable
selected from a binomial process with N, trials and success
probability of 0.88, derived from (1 + (N, /N;))~!, where
(Nex/N;) = 0.13 is the best-fit exciton-ion ratio [18].
While drifting to the gate electrons are lost due to attach-
ment to electronegative impurities within the LXe.
To account for this loss we apply an average attenuation
factor of 0.07 (0.11) during the D2 (D1) period, as derived
from the measured electron loss throughout SRO [20]. The
number of electrons extracted into the GXe is determined
by the measured extraction efficiency of 53% [15] and is
referred to in this Letter as the true number of electrons
N, re- The secondary scintillation light produced by an
electron in the GXe, as a function of the number of PEs
observed by the PMTs, is modeled as a Gaussian-Poisson
mixture distribution with a Gaussian mean of 1 = p1, N, (e
and a standard deviation of ¢ = 61,1/N, e [21], where
1. = 31.15 PE is our measured single electron gain with
standard deviation o;, = 6.62 PE.

For S2s in our ROI, the exact value of N, ., has
important impacts on the expected temporal extent (width)
of the recorded S2 signal. This is because the arrival times
of individual electrons in few-electron S2s are dispersed as
a result of the diffusion of electrons while drifting (up to
2.2 ms from the bottom of the TPC). Single-electron S2s by
definition do not experience diffusion. Therefore, to more
accurately estimate the number of electrons in an S2, we
split the S2s into subcomponents based on local minima
in the combined digitized response from all PMTs, and
quantify the integer number of electrons in each subcom-
ponent by its size in PE. The sum of electron contributions

Ne,rec=0 I\Ie,rec=2 -Ne,rec=4
B N, o.=1 B N, oc=3 { Data
0.1
S L —— Model
8 1072 E - Ne,true =1
g F ===~ Ne, true = 2
[ e N true = 3
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= 1073
o) E
N .
E l_
g 101 | | O
Z N s N
SNV \
L ’ IS .,/ o
10-5 1 P oy I K
20 40 60 80 100
S2 [PE]
FIG. 1. The observed single- and few-electron S2 (black data)

distribution in SRO D1. The data are compared to simulated
N, e signals from 1, 2, and 3 electrons, represented as dash-
dotted, dashed, and dotted curves, respectively. For each N, e,
reconstruction artifacts result in a spread in observed N,
values, which are then projected onto the S2 parameter space.
S2s with N, .. =0 originate from underfluctuations in size,
resulting in no subcomponent being large enough to be consid-
ered a reconstructed electron.

in all subcomponents for each S2 is referred to as N, . in
this Letter.

Reconstruction artifacts can produce a mismatch
between N, .. and N, .. The value of N, .. obtained
from an observed S2 with N, . > 1 depends on fluctua-
tions of the observed S2 size (in PE) and the depth-
dependent diffusion of its electrons. Without Sls, we
cannot reconstruct the depth of events; therefore, we
simulate S2s of different N, 4, throughout the drift region,
and encode the probability of obtaining (N, .., S2) given
N, e [21] in a tensor 7 (N, yyes N ree- S2). In Fig. 1, the
effect of this decomposition is shown, where the observed
size distribution of single- and few-electron S2s (black
data) is compared to simulated signals ranging from
N, e = 1 to 3. We also show the components in N, .
space that contribute to the observed spectrum.

Data selection—We divide our data into windows
of exposure defined by the time between two large
(N rec > 10) S2s, referred to as primary S2s (pS2s), within
which we search for single- and few-electron S2s. This is
similar to the procedure reported in Ref. [17]. The applied
data quality criteria are divided into two classes: peak
quality selection criteria and exposure selections, where the
latter select volumes and time periods in the detector with
minimal backgrounds.

Peak quality selection: S2s are generated in the GXe
region near the detector’s top, where on average 75% of
photons are observed by the top PMT array. We calculate
the likelihood of observing a given fraction of recon-
structed PEs in the top PMT array for a given S2 size and
set a threshold (“top fraction”) that retains 99% of
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1.0
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S2 Width Selection Efficiency
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FIG. 2. S2 width selection efficiency as a function of N, .
and N,,. For large N, efficiencies approach 98%.
Single-electron S2s have tight, drift-time independent selec-
tion thresholds. For multiple electron S2s that experience
diffusion, selection thresholds are much larger and broader
than for single-electron S2s. Therefore a significant drop in
acceptance results when either N, > 1 and N, .. =1, or
Ne,rec > 1 and Ne,true =1

simulated S2s. The light patterns of S2s on the top PMT
array are compared to patterns observed in 3*™Kr calibra-
tion events, with a likelihood score subsequently assigned
[20]. A PE-dependent threshold on this likelihood score
(“hit pattern”), set to retain 98% of events from 2*°Rn
calibration in our ROI, is then applied on the science
search data.

To reject contemporaneous S2s or misidentified S1s, we
simulate S2s over the full drift length and develop 98%
selection criteria on S2 width in N, . space (“width”).
Because of reconstruction artifacts [21], a constant-
efficiency selection on width in N, ,. space results in
localized drops in efficiency after converting to width in
N, rec space. Figure 2 shows the selection efficiency as a
function of N, ,. and N, .. The S2 widths of single-
electron events are drift-time independent and have
narrow selection bounds, whereas multiple-electron S2s
diffuse while drifting, requiring wider selection bounds.
This difference produces drops in selection efficiency for
events with N,y > 1 and N, .. = 1, or N, > 1 and
Negre = 1.

Anomalous signals (e.g., from afterpulses) in the PMTs
can bias N, . upwards. In S2s with one true electron this
mismatch between N, .. and N, affects the signal
acceptance. We apply a PE-dependent minimum time
gap criterion between the first and second reconstructed
electron subcomponents of an S2 (“after pulse”), as the
timescale of anomalous light emission is O(10) times
smaller than electron diffusion. The resulting detection
efficiency of 96% (99%) for N, .. = 2 (3) presents neg-
ligible loss for larger signals. For S2s with N, e = 1 we

Width
—— After Pulse

— Top Fraction
Hit Pattern

1.00

< <
© ©
S o

Efficiency
o
[oe]
[®)]

0.80
0.75 _mx=20 MeV/C2
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0.70 I 1 1 1 1 1 1 1
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S2 [PE]
FIG. 3. Selection efficiencies versus S2 size in PE. The PE

dependent criteria, consisting of S2 hit pattern (cyan) and S2 area
fraction top (red), are model independent. Selections to remove
S2s with after pulses (N, . dependent, green) and based on the
S2 widths (N, . dependent, yellow) are model dependent. Cut
efficiencies for DM-electron scattering via heavy mediator are
shown for two DM masses (solid for m, = 20 MeV/ ¢, dashed
for m, = 200 MeV/ c?). The expected efficiency loss at 48 PE
originates from the known efficiency loss for the S2 width
selection shown in Fig. 2.

account for a 1% probability of the signal being observed
with anomalous light emission, and thus removed by this
selection. Finally, we reject peaks for which the number of
contributing PMTs is larger than the S2 size in PE, as this is
from misreconstruction due to electronic noise.

The selection efficiencies in their respective parameter
spaces are accounted for in 7, and are shown in Fig. 3,
where it is noticeable that the signal efficiency is model
dependent when projected onto the ROI in S2 space. This
effect is driven by the changes in the expected relative
rate of single- and few-electron S2s across various DM
models, and therefore the contribution of the selection
efficiency loss also varies when N,,. and N, .. are
mismatched.

Exposure selections:  Significant background rates of
single- and few-electron S2s in our ROI likely originate
from photoionization of electronegative impurities, and
delayed electron emission after higher-energy interactions
[17]. Thus, we restrict our search region to time periods and
volumes of the detector that minimize the rate of these
backgrounds. These selections were optimized using D1.
We select events within a maximum radius of 39.5 cm from
the center of the detector to reduce backgrounds from
low-energy nuclear decays at the walls [20]. XENONnT’s
electrodes are comprised of parallel wires. The wire grids
of both the gate and the anode are supported by two and
four wires, respectively, aligned perpendicular to the grid
direction and passing horizontally across the TPC. An
increased rate of single- and few-electron S2 signals is
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observed from the location of these support wires. We
exclude a 15 cm wide band around each perpendicular wire
location. Intermittently throughout SRO, localized elevated
emission of single-electron signals was observed in close
proximity to the perpendicular wires, referred to as a
“hot spot.” We apply a fixed radius veto of 15 cm centered
at this position.

We observe that the emissions of single and few-electron
signals are closely associated in position to a previous pS2.
We therefore apply an exclusion radius around the position
of any pS2 for the duration of the corresponding exposure
window. This exclusion radius ranges from 20 cm for S2s at
our energy threshold of 10 PE, to approximately 5 cm at
174 PE due to increased position reconstruction accuracy
with larger S2s [20].

The position correlations between small S2s and their
preceding pS2s are unclear when a cluster of pS2s occurs.
Therefore, we remove the exposure windows following all
pS2s in the cluster. We define a “cluster” by taking into
account both the relative size of each pS2 and their
proximity in time. Delayed electron emission from one
pS2 is often observed after subsequent pS2s, even if the two
interactions are not in close time proximity. This results in
“uncorrelated” delayed electron emission within an expo-
sure window. Therefore, we veto the first few hundred
milliseconds following any pS2 in the detector, with the
duration of the veto set by optimizing the signal to noise
ratio. The veto duration decreases with the N, .. of the S2,
and increases with the size of the pS2. Finally, as delayed
electron emission is assumed to originate from particle
interactions within the LXe [17], we require the interaction
that produced the pS2 to have occurred within the LXe
and be well-reconstructed, otherwise the entire subsequent
exposure window is vetoed.

Science data: 'The exposure selections result in the live
time of the data used in the DM search being smaller than
the raw live time of 16.4 days for D2. Additionally,
the allowed volume changes for the exposure window of
each pS2 and theoretically observed S2,... We correct for
distortions of the drift field, which result in smaller
observed radial positions at larger depths within the
TPC, by multiplying the geometric volume with a correc-
tion factor of 1.19 obtained from inverting the field-
distortion correction as introduced in Ref. [20]. The live
time after each pS2 is determined by the N, ...-dependent
time veto. Exposure, summarized in Fig. 4, increases with
increasing N, .., primarily due to less stringent time veto
selections following pS2s, and subdominantly due to
smaller exclusion radii as S2 size increases. The unblinded
events observed in D2 are shown in Fig. 4. The expected
signal from DM-electron scattering, based on our
detector response model and assuming a heavy mediator,
is shown for DM masses of m, = 10 MeV/c? and m, =

100 MeV/c?. For DM masses expected to produce pre-
dominantly S2s with N, . = 1, we expect a peak at the

S2 [PE]
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T T T T T T T T

-
w
1

——10 MeV/c?, Ty = 1x10736 cm?
—— 100 MeV/c?, Tye = 3%1073% cm?

XENONNT D2
XENONNT D1

Events/[PE]
=)
1

w

$3.415 t days } 3.237 t days

[ 0.011 tdays 0. .
.086 t days : 4.444 t days : 5.033 t days : 4.805 t days

E 0.002 t days i
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FIG. 4. Top: events that pass all selection criteria in both the
blind search (blue) and unblind analysis (gray) relying on D2 and
D1 respectively. The expected detector responses for DM-e
scattering assuming a heavy mediator with masses of m, =
10 MeV/c? (orange) and m, = 100 MeV/ c? (green) are also
illustrated. Bottom: the measured rate of single- and few-electron
S2s in D1 and D2 and corresponding exposures.

transition from N, . =1 to N, . =2 due to the O(30)
times larger exposure in the latter bin, thereby amplifying
the contribution of S2s with N, =1 and N, .. = 2.

After unblinding, the observed single- and few-electron
rate in D2 is higher than the expectation from D1 (training
data). XENONnT was operated in a different mode,
expected to contain more impurities, during the D1 period.
The getter used to purify the GXe volume, which includes
the GXe from above the detector as well as from two
umbilical pipes which connect the cryostat to support
infrastructure outside the muon veto water tank, was
bypassed and GXe was returned directly to the cooling
tower where it is reintroduced into the LXe volume of the
TPC. Contrary to expectations, an exponential decrease in
the rate of delayed electron emission is observed after
bypassing the GXe getter. In addition, an excess of events
with S2 < 20 PE are observed in D2 near the hot spot
exclusion region. These are single-electron S2s with under-
fluctuations in size, from the known hot spot in SR0, and
consequently suffer from position reconstruction accuracy
artifacts larger than our exclusion veto.

Therefore, we performed a second search (after
unblinding), reversing the role of the two datasets.
Quality selections are independent of background rate
and remain unchanged. Two of the exposure selections
were retrained on the unblinded D2: the maximum radius
and the veto window selections. The fixed D2 hot spot
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FIG. 5. Solid (dashed) red lines show the 90% confidence level upper limits on the various physics model parameters computed using
D2 (D1). Results calculated indirectly from previous experimental results are shown in dotted lines. Panels (a) [(c)] show the upper limits
on DM-electron scattering cross section by considering solar-reflected DM under the heavy (light) mediator scenario, while panels (b)
[(d)] show the limits by considering halo DM under the heavy (light) mediator scenario. Panel (e) shows the 90% confidence level upper
limits on the kinetic mixing parameter computed by considering dark photon models, while panel (f) shows the 90% confidence level
upper limits on the axio-electron coupling by considering axionlike particle models. We also show results from XENON10 [33],
XENONIT [12,17], XENONnT Low-ER analysis [15], LZ [34], PandaX [13,14], DarkSide-50 [35], SuperCDMS [36], SENSEI [37],
DAMIC-M [38], CDEX10 [39] as well as theoretical recasts of limits in dotted lines [24,30,40], and the values of the model parameters
required to obtain the correct relic abundance from freeze-out and freeze-in mechanisms in solid gray lines [41]. The gray shaded areas
in panels (a), (c), and (e) represent the parameter space excluded by stellar cooling constraints from red giants [42] and other stars [43].
(a) SRDM (heavy mediator). (b) Halo DM (heavy mediator). (c) SRDM (light mediator). (d) Halo DM (light mediator). (e) Dark photon.
(f) Axion-like particles.
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exclusion region was also changed to a PE-dependent
exclusion veto similar to the already applied position
correlation exclusion veto. The exposure, the final events,
and event rates shown in Fig. 4 for D1 are the result of this
reoptimization.

Dark matter models—Various DM models expected to
result in ERs in our ROI are investigated. Light DM
scattering off xenon orbital electrons with the physical model
(form factor and structure function) described in
Refs. [12,17], is considered for the cases of heavy and light
mediators. The ionization form factors are derived from
Ref. [22]. Two classes of DM particles are examined in this
Letter: halo DM with a velocity distribution from the
standard halo model [12,17,23], and solar-reflected DM
(SRDM) particles which are halo DM particles upscattered
by the Sun [24,25].

We also consider bosonic DM candidates such as dark
photon (DP) and axionlike particles (ALPs). DP can interact
with electrons through a kinetic mixing (denoted by ¢) with
the SM photon [26,27], while ALPs are absorbed by bound
electrons through the axioelectric effect [28,29] (with axion-
electron coupling strength g,.). Both models result in
monoenergetic depositions corresponding to particle masses.

Results—We observe 634 (189) events in the analysis
ROI in D2 (D1). We compute the 90% confidence level
upper limits on the physics parameters of the various DM
models [30,31] using the optimal interval method with the
PMax test statistic [32] on the S2 size of the observed events.
The trial factor incurred from testing all intervals within the
dataset is accounted for via Monte Carlo simulations. The
results are shown in Fig. 5. The upper limits in bold solid
(dashed) lines are computed using D2 (D1).

Panels (a)-(d) in Fig. 5 show the 90% confidence level
upper limits on the DM-electron cross section, o,,, as a
function of the DM mass, obtained in this Letter by
considering the DM-electron scattering of both the halo
and solar reflected DM. Existing upper limits in the
literature include those from XENONIT [12,17], other
direct DM detection experiments [13,14,35,37-39], and
recasts using XENONIT data [24,40]. The solid gray lines
in panels (b) and (d) indicate the values of the DM-electron
cross section required to obtain the correct relic abundance
from freeze-out and freeze-in production, respectively [41].

For SRDM, we are sensitive to DM masses down to
2 keV and 10 keV under the heavy and light mediator
scenarios, respectively. The upper limits obtained in this
Letter are stronger than the ones reported directly by
previous experiments but less stringent than the recasts
using XENONI1T ionization-only data [24] and XENONIT
low-ER data [40] in the heavy mediator scenario as shown
in Fig. 5, panel (a) due to the choice of the analysis
ROI [44]. For DM < 100 keV, constraints derived from the
cooling of red giants (RGs) have already ruled out, for both
the heavy mediator and light mediator scenarios [42], the
region which our analysis is most suitable for.

Panel (e) in Fig. 5 shows the 90% confidence level upper
limits on the kinetic mixing parameter, €, by considering
the DP model. Systematic uncertainty arises due to DP
absorption in different electron shells. We calculate an
upper limit, assuming absorption by either the outermost
shell or the lowest energetically accessible shell, and shade
the region between these extrema. We also present the
constraints from XENONI10 [33], XENONI100 [30],
XENONIT [12,17], XENONnT low-ER analysis [15],
other direct DM experiments [34,37], and stellar cooling
constraints from the Sun, horizontal branch (HB) stars, and
RGs in solid gray lines [43].

The 90% confidence level upper limits on the axion-
electron coupling strength, g,., computed by considering
the ALP model, is shown in panel (f) of Fig. 5. The ALP
parameter space is also constrained by XENONI0 [33],
XENONIT [12,17], XENONNT [15], and other direct DM
detection experiments [34,36]. The red shaded area repre-
sents the systematic uncertainty due to the unknown
relative absorption rates by bound electrons in different
xenon electron shells.

Our constraints on the DM-electron cross section are
weakened by the elevated single-electron background rates
in the D2 dataset. This only affects masses where the
expected signal is concentrated in the 1-2 electron pop-
ulations. DP and ALP models with masses heavier than
0.1 keV produce more electrons and are hence less affected
by the increased rate of single-electron background events
in the D2 dataset. This can be seen from panels (e) and (f) in
Fig. 5 from the convergence of the upper limits computed
from D1 and D2 for larger DP or ALP masses.

We have reported the limits from a blind search and
postunblinding analysis results for light DM using single-
and few-electron ionization signals in XENONnT with a
novel detector response model. We exclude the new
parameter space for absorption of bosonic DM and DM
electron scattering. Future work can improve on these
results through the development of a predictive background
model for delayed electron emission which will allow
leveraging the full XENONnT exposure to probe new
parameter space.
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