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We report on a search for sub-GeV dark matter upscattered via the solar reflection mechanism in the
heavy mediator scenario. Under the standard halo model, keV–MeV dark matter produces nuclear recoils
with energies below the detection threshold of liquid xenon time projection chambers. We enhance
sensitivity to low-mass dark matter (DM) by considering dark matter–electron scattering, employing
dedicated event selections to reduce the detection threshold and exploiting the additional kinetic energy
imparted to the dark matter particle by solar upscattering. Using XENON1T ionization-only and
XENONnT low-energy electronic recoil datasets, we exclude previously unconstrained DM-electron
scattering cross section for masses between 4.6 and 20 keV=c2 and between 0.2 and 2 MeV=c2, reaching a
minimum of 3.41 × 10−39 cm2 for a mass of 0.3 MeV=c2 at 90% confidence level.

DOI: 10.1103/yknv-rhw9

Introduction—A wide range of astrophysical and cos-
mological observations point to the existence of dark matter
(DM), a nonluminous component that dominates the matter
content of the Universe. These observations are most
naturally explained by one or more new particle species
beyond the standard model [1]. Despite extensive searches,
DM particles remain undetected [2]. Among direct detec-
tion efforts, liquid xenon time projection chambers (TPCs)
currently place the most stringent limits on DM-nucleon
interactions in the GeV–TeV mass range [3–5].
The XENONnT experiment, located at the INFN

Laboratori Nazionali del Gran Sasso, is the latest itera-
tion of the multistaged XENON program, succeeding
XENON1T [6]. It consists of three nested detectors: a water
Cherenkov muon veto [7], a water Cherenkov neutron veto
to suppress radiogenic neutron background [8], and a
double-walled cryostat containing 8.5 t of liquid xenon.

Within the cryostat lies a dual-phase TPC with 5.9 t of
instrumented liquid xenon in a cylindrical volume (1.49 m
height, 1.33 m diameter) with a thin gaseous xenon layer on
the liquid xenon [9,10]. Several key systems, such as the
cryogenic gas purification and krypton distillation column,
were developed for XENON1T. Notable improvements in
the XENONnT experiment include the liquid xenon purifi-
cation [11] and high-flow radon removal systems [12].
When a particle interacts with xenon atoms in the TPC, it

deposits energy, creating prompt scintillation photons and
ionization electrons. The prompt scintillation photons are
detected by the arrays of photomultiplier tubes (PMTs) at the
top and bottom of the TPC, forming the prompt scintillation
signal (S1) [13]. The electrons drift upward under an electric
field generated by the cathode at the bottom of the TPC and
the gate electrode near the liquid surface. Upon reaching the
liquid-gas interface, the electrons are extracted into the
gaseous xenon by a stronger extraction field [10]. The
accelerated electrons produce further electroluminescence
in the gaseous xenon, resulting in the delayed ionization
signal (S2) which is also detected by the PMT arrays [14].
In the standard halo model (SHM), DM particles in the

local Galactic DM halo have speeds up to ∼800 km=s in
Earth’s laboratory frame [15]. For sub-GeV DM, such
velocities typically produce recoil energies below the
detection thresholds of liquid xenon TPCs. These thresh-
olds are 1 keV for combined scintillation and ionization
signals [16] and 13.7 eV for the average ionization-only
signals [17], restricting sensitivity to GeV–TeV and MeV
masses, respectively.
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To extend the sensitivity to light DM, we make the
following three analysis choices. First, we consider
DM-electron scattering, which allows detection of lighter
DM compared to DM-nucleus interactions. Second, we use
specialized event selections considering ionization-only sig-
nals (S2-only) and low-energy electronic recoil (ER) signals to
enhance sensitivity to smaller energy deposits. Finally, DM
particles can gain kinetic energy by scattering with astro-
physical targets [18–22].We consider upscattering by the Sun
[21,22], which can reflect halo DM toward Earth with
increasedkinetic energy andhencehigher detection efficiency.
In this Letter, we examine the upscattering of leptophilic

sub-GeV DM particles in the Galactic halo by electrons in
the solar plasma, also known as solar reflected dark matter
(SRDM). The upscattering is assumed to occur exclusively
with electrons, with no interactions with hadrons [23,24]. We
focus on the scenario in which the DM-electron interaction is
mediated by a heavy particle, resulting in a contact inter-
action, which leads to a momentum-independent cross
section and DM form factor of FDMðqÞ ¼ 1 [23].
The DM-electron interaction responsible for upscattering

DM in the Sun is the same interaction that produces ER
signals in the detector, so no additional coupling is
assumed. Using data from the XENON1T S2-only [25]
and XENONnT low-energy ER [16] analyses, we derive
90% confidence level (CL) confidence intervals on the
DM-electron cross section for DM masses between
4.6 keV=c2 and 9 MeV=c2.
Solar reflected dark matter—The final kinetic energyof an

upscattered DM particle has an analytic expression if the DM
particle only scattered once in the solar plasma [21]. However,
formanycombinationsof theDMmassandDM-electroncross
section, multiple scattering becomes significant. This renders
the analytic treatment intractable and the SRDM differential
fluxmust be evaluated numerically. In this Letter, we compute
the SRDM differential flux using Monte Carlo simulations
implemented in DaMaSCUS-SUN [26].
The computation of the SRDM flux follows the simu-

lation procedure outlined in [23]. The process begins by
sampling the initial position and velocity of a DM particle
falling into the Sun and propagating the particle through the
solar interior. As the DM particle traverses the solar plasma,
it may scatter off electrons according to the assumed
DM-electron scattering cross section. During its passage,
the DM particle may undergo one of three processes:
traverse the Sun without scattering, become gravitationally
captured through repeated interactions, or scatter at least
once and escape, thus contributing to the SRDM
population.
The probability of solar reflection is estimated as the

fraction of simulated DM particles that scatter at least once
and subsequently escape, relative to the total number of
simulated trajectories. The reflected DM particles are then
propagated to Earth, where their velocity distribution is
recorded. The resulting SRDM differential flux on Earth in
units of ðkm=sÞ−1 cm−2 s−1 is given by

dΦ⊙

dvχ
¼ 1

4πl2
Nrefl

Nsim
ΓðmχÞf⊙ðvχÞ; ð1Þ

where l ¼ 1 AU is the distance between Earth and the Sun,
Nsim ¼ 105 is the total number of simulated DM trajectories,
Nrefl is the number of simulated events with at least one
scattering in the Sun, ΓðmχÞ represents the total rate of halo
DMparticles ofmassmχ falling into theSun in the simulation,
and f⊙ðvχÞ denotes the probability density function of the
SRDM speed on Earth vχ , as obtained from simulation.
The predicted DM-electron scattering rates depend on the

choice of atomic form factors, which affects both the SRDM
and standard halo DM analyses. In this Letter, we use
DaMaSCUS-SUN, which employs xenon atomic response func-
tions fromRef. [27]. Comparisons among atomic calculations
in the literature find differences at the level ofOð10%Þ in the
relevant energy range [28,29], small compared to the span of
the final upper limits. We adopt the standard solar model
(AGSS09) for this analysis [30,31]. Although various solar
models exist in the literature, the solar reflection results are
only weakly sensitive to this choice [23].
We neglect attenuation of the SRDM flux due to Earth’s

overburden, as it is negligible at the DM-electron cross
sections considered in this Letter. The extent of attenuation
is model dependent, with nuclear recoil (NR) interactions
producing stronger suppression than ER interactions. Even
under the conservative assumption of equal contributions
from ER and NR interactions, the critical DM-electron
cross section above which Earth’s attenuation matters is
∼10−31 cm2 for a 10 MeV=c2 DM. This critical DM-
electron cross section is larger for lighter DM [32]. In this
Letter, we consider DMmasses up to 10 MeV=c2 and cross
sections in the 10−39–10−35 cm2 range, where overburden
effects are safely negligible.
The resulting SRDM differential flux observed in a

terrestrial detector is shown in Fig. 1 as a function of DM
speed in Earth’s laboratory frame. A larger DM-electron
scattering cross section generally leads to a higher inter-
action rate in the detector, as DM is more likely to scatter
with electrons in the liquid xenon target. It also increases
the probability of DM reflection in the Sun, increasing the
boost in velocity the DM particle receives. However, a
sufficiently large DM-electron cross section can prevent
DM from reaching the solar core, where hotter electrons
provide even more substantial velocity boosts.
Datasets—We briefly describe the relevant features of

the XENON1T and XENONnT datasets used in this
analysis, further details are provided in Refs. [25] and
[16], respectively.
XENON1T S2-only dataset: Both S1 and S2 signals in

a liquid xenon TPC are measured in photoelectrons (PEs),
with S2 signals typically 2 orders of magnitude larger in
size than S1 signals. DM searches that require coincidence
between S1 and S2 signals for event reconstruction have
limited sensitivity to DM masses above approximately
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3 GeV=c2, as lower-mass DM interactions often produce
S1 signals below the detection threshold [3–5,33].
Removing the requirement that both S1 and S2 signals
be detected and selecting events based on the S2 signal
alone lowers the detection threshold further, extending
sensitivity to lower-mass DM. This selection does not
exclude events with a detectable S1 signal. In this analysis,
we use the data and associated resources from the
XENON1T S2-only data release [25,34].
A total of 30% of the dataset, corresponding to 77.5 live

days from XENON1T science run 1 [35], is used to
optimize event-selection criteria. The remaining 70%,
comprising 180.7 live days, is reserved for the final science
search. The region of interest (ROI) is defined in terms of
the S2 signal size, limited to S2 peaks within the range of
½150; 3000� PE, which corresponds to 0.2–3.7 keV in ER
energies [25]. The region below 150 PE is excluded due to
contamination from pileup and single-electron signals
following large S2’s, which remain poorly understood
[17,25,36]. We impose an upper bound of 3000 PE, above
which the ER background consists of a mixture of events
with only S2 signals and those with both S1 and S2 signals.
No validated background model exists for this mixture.
We apply the same event-selection criteria as in Ref. [25]

to the science search data, and 45 events remain in the ROI
of S2∈ ½150; 3000� PE. The S2’s of these events are
indicated by the short vertical gray ticks in the upper panel
of the top subplot in Fig. 2.
To obtain the SRDM differential event rate as a function

of S2, referred to as the S2 spectrum, we apply an energy
threshold of 50 eV to the deposited energy before trans-
forming the differential rate from deposited energy to S2

size using the detector response matrix provided in the data
release [34]. The 50 eV threshold neglects upward fluctua-
tions from subthreshold deposits into the analysis region
but is conservative and has a negligible effect on the results.
The response matrix incorporates detector fluctuations,
reconstruction effects, and selection efficiencies. The
resulting S2 spectra are steeply falling. Since the S2 spectra
depend on both DM mass and DM-electron cross section,

FIG. 1. SRDM differential flux in a terrestrial detector as a
function of SRDM speed, computed via Monte Carlo simulations
[26]. The shape of the differential flux depends on the DM mass
(indicated by colors) and also the DM-electron cross section
(indicated by line styles). The differential fluxes are computed to
the lowest DM speed that can produce detectable signals in the
detector for the given SRDM mass.

FIG. 2. Top: SRDM differential rates as a function of S2 area in
the XENON1T detector evaluated at the 90% CL upper limits on
the DM-electron cross section for the various SRDM masses
(colors). The spectra are displayed up to 2000 PE to highlight the
steeply falling signal spectra. Short vertical gray ticks in the
narrow top panel indicate events in the XENON1T S2-only
science search dataset. Green line (shaded band) shows the event-
selection efficiencies (1σ uncertainty). Purple line (shaded band)
shows the effective remaining exposure (1σ uncertainty) after
selections. Bottom: SRDM differential rates as a function of
reconstructed energy in the XENONnT detector evaluated at the
90% CL confidence interval on the DM-electron cross section for
the various SRDMmasses (colors). Short vertical gray ticks in the
narrow top panel indicate events in the XENONnT low-energy
ER dataset. Dashed vertical line indicates the 1 keV threshold.
Green line (shaded band) shows the combined detection and
event-selection efficiencies (1σ uncertainty) of the dataset.
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we show only those evaluated at the 90% CL upper limit on
the DM-electron cross section obtained from the
XENON1T S2-only dataset, as displayed in the top subplot
of Fig. 2. The step around 200 PE in the selection efficiency
arises from a selection applied only for S2 < 200 PE to
suppress single-electron pileup and is fully propagated into
the signal spectra.
XENONnT low-energy ER dataset: Events in the

XENONnT low-energy ER dataset are required to have
a valid pairing of S1-S2. In addition, S1 candidates must
satisfy a threefold tight coincidence requirement, defined as
signals in at least three PMTs within a �50 ns window
around the time of the maximum waveform amplitude [16].
While these requirements result in a higher detector thresh-
old of ∼1 keV compared to the XENON1T S2-only data-
set, the XENONnT low-energy ER dataset is substantially
cleaner as the novel subsystems in XENONnT reduced the
ER backgrounds by approximately a factor of 5 relative to
XENON1T [16]. In addition, having both S1 and S2 signals
provides sufficient information to suppress backgrounds
that dominate in ionization-only analyses.
The first science run of XENONnT, conducted from July

6–November 10, 2021, yielded a live time of 97.1 days.
With a fiducial mass of ð4.37� 0.14Þ ton, the low-energy
ER dataset yields an exposure of 1.16 metric ton=yr [16].
The analysis is performed in reconstructed energy with an
ROI spanning 1–140 keV. Although the SRDM signal
diminishes above 5 keV (see Fig. 2, bottom), the ROI is
extended to 140 keV to constrain the flat background
components more effectively.
We apply the same event-selection criteria as in

Ref. [16]. The remaining 3658 events are indicated by
short vertical gray ticks at their reconstructed energies in
the upper panel of the bottom subplot in Fig. 2.
To obtain the SRDM differential rate in reconstructed

energy, we convolve the true recoil spectrum with the
detector response, incorporating both energy resolution,
modeled using a skewed Gaussian [16,37,38], and the total
efficiency, which is primarily determined by the S1 three-
fold coincidence requirement and waveform-dependent
reconstruction effects [9].
Accidental coincidence (AC) events, formed by the

random pairing of uncorrelated S1 and S2 signals into
spurious events, contribute to the background and are
removed by the AC cut. We also apply selection accep-
tances and data quality cuts, including a 500 PE S2
threshold to further suppress AC background events. The
resulting signal spectra, which incorporate all detector and
selection effects, are shown in the bottom subplot of Fig. 2.
The signal expectation peaks for a 300 keV=c2 SRDM,

as shown by the light blue curve in the bottom subplot of
Fig. 2, where the solar upscattering is most efficient for DM
masses comparable to the electron mass. DM models with
lower masses are suppressed by the detection efficiency and
selection acceptances of the XENONnT low-energy ER

dataset, while those with higher masses are suppressed by
the reduced local DM number density.
We adopt the same background model and associated

constraints for the XENONnT low-energy ER dataset as in
Ref. [16]. The energy spectra of the various background
components included in this model are shown in Fig. 3. The
dominant contribution to the low-energy background arises
from the β decay of 214Pb, a progeny of the primordial 238U
decay chain, followed by ERs induced by solar neutrino
scattering. Additional background components include AC
events, and γ rays from radioactive decays in materials
surrounding the detector and the β decay of anthropogenic
85Kr. Intrinsic radioactivity within the liquid xenon target
introduces contributions from the two-neutrino double-β
decay of 136Xe and the double-electron capture (DEC) of
124Xe. Residual contamination from prior calibration activ-
ities includes 83 mKr and 133Xe, the latter produced through
neutron activation during 241AmBe calibration campaigns
conducted a few months before the start of the science run.
Statistical analysis—Because of the lack of a complete

background model for the XENON1T S2-only dataset, we
employ Yellin’s optimum interval method with the Pmax
test statistic [39] to set upper limits on the DM-electron
scattering cross section, using the S2 area as the observable.
The statistical trial factor associated with testing multiple
intervals is taken into account using Monte Carlo simu-
lations [40].
In contrast, for the XENONnT low-energy ER dataset,

where a full background model is available, we employ an
unbinned likelihood analysis over the reconstructed energy
range from 1 to 140 keV. As in Ref. [16], the confidence
intervals on the DM-electron scattering cross section for the

FIG. 3. Event expectation for the various background compo-
nents in the XENONnT low-energy ER dataset. The spectrum of
a 4.6 keV=c2 SRDM signal with DM-electron cross section of
6.09 × 10−36 cm2 (unconstrained 90% CL confidence interval) is
also shown for reference. The discontinuity near 10 keV in the
event expectation arises from the blinded weakly interacting
massive particle search region.
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various DM mass hypotheses are derived using the
Feldman-Cousins unified interval construction with the
profile likelihood ratio as the test statistic, assuming its
asymptotic distribution of a χ2 distribution with 1 degree of
freedom [41–43]. To account for systematic uncertainties in
the detection efficiency near the energy threshold, specifi-
cally for energies below 5 keV, we introduce a shape
nuisance parameter that allows the efficiency curve to vary.
For DM models in which the DM-electron cross section

affects only the total event rate, the confidence interval on
the rate multiplier is computed for a fixed reference DM-
electron cross section and subsequently translated into a
confidence interval on the DM-electron cross section based
on the reference DM-electron cross section. In contrast, for
the SRDM signal model, the DM-electron cross section
influences both the spectral shape and normalization.
Therefore, the DM-electron cross section is treated directly
as the parameter of interest. The corresponding expected
signal spectrum is obtained by interpolation between
spectra generated at discrete cross section values, while
the rate multiplier is fixed to unity such that the event rate is
determined entirely by the cross section.
Results—Figure 4 shows the 90% CL confidence inter-

vals on the DM-electron cross section obtained from the
XENON1T S2-only and XENONnT low-energy ER data-
sets. Each dataset is analyzed independently, using its
respective statistical inference method, and the results
are presented together for a coherent view of the constraints
on the DM-electron cross section for the various DM
masses. Existing constraints include those from the
XENONnT few electrons (FE) analysis [17], which pro-
vides the lowest accessible threshold for XENONnT
analyses considered here, other direct DM detection experi-
ments [44,45], and theoretical recasts of XENON1T
data [23,46].
In the previous theoretical recast using XENON1T S2-

only data [23], the electron-yield distribution was evaluated
with a truncated summation over electron multiplicities,
leading to an underestimated signal expectation. In this
Letter, we use the emission model from a Monte Carlo
simulation of the detector response, which includes con-
tributions from all relevant multiplicities, resulting in a
larger predicted signal and correspondingly stronger upper
limits. In addition, Ref. [23] considered S2 data only up
to 350 PE, whereas we use the full range up to 3000 PE.
The optimum interval method identifies a gap around
646–1541 PE, as shown in the narrow panel above the
top plot in Fig. 2, providing additional constraining power
and contributing to the stronger limits.
No sensitivity band is shown for the XENON1T result

due to the lack of a full background model. For the
XENONnT dataset, the median sensitivity along with the
1σ and 2σ bands are shown. The power-constrained 90%
CL confidence interval is obtained by restricting any
underfluctuation to at most −1σ [42]. Without the power

constraint, the 90% CL confidence intervals obtained from
the XENONnT low-energy ER dataset lie between −2 and
−1σ of the sensitivity band and for all mass hypotheses. A
goodness-of-fit test of the background-only model against
the observed data yields a p-value of 0.39, indicating no
evidence for significant mismodeling of the background.
All nuisance parameters are consistent with their external
constraints, with no deviation exceeding 1σ.
Using the XENONnT low-energy ER dataset, we set the

most stringent confidence intervals on the DM-electron
scattering cross section in the mass range from 0.2 to
2 MeV=c2. In addition, the 90% CL upper limits derived
from the XENON1T S2-only dataset exclude previously
unconstrained DM-electron cross section in the lower-mass
range of 4.6 to 20 keV=c2. Although this region is already
in tension with stellar cooling bounds from red giant (RG)
observations [47], we include it here as the constraints from
RG cooling and direct detection experiments are comple-
mentary and rely on different assumptions and systematics.
Summary and outlook—Sub-GeV dark matter in the

SHM is typically too light to yield detectable signals in

FIG. 4. The dark red line shows the 90% CL upper limits on the
DM-electron cross section using the XENON1T S2-only dataset.
Because of the lack of a full background model for this dataset,
Yellin’s optimum interval method is used [39] and no sensitivity
band can be constructed. The red line shows the 90% CL
confidence intervals using the XENONnT low-energy ER dataset
after applying the power constraint. Thin solid black line shows
the 90% CL confidence intervals computed using only the
XENONnT low-energy ER dataset without power constraint,
while the dashed black line, along with the green and yellow
bands, indicate the median expected sensitivity and the corre-
sponding 1σ and 2σ bands, respectively. We also show results
from XENONnT FE analysis [17], PandaX [44], CDEX10 [45],
and theoretical recasts of limits using XENON1T datasets [23,46]
in dotted. The gray shaded region at low DM mass indicates the
parameter space excluded by stellar cooling constraints from red
giants [47].
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liquid xenon TPCs. However, upscattering of these DM
particles from a variety of astrophysical objects can boost
their velocity, making detection possible. In particular, the
SRDM model considers DM scattering off electrons in the
Sun, extending the sensitivity of liquid xenon TPCs to the
keV–MeV mass regime.
In this Letter, we present novel 90% CL confidence

intervals on the DM-electron scattering cross section. In the
mass range between 4.6 and 20 keV=c2 and between 0.2
and 2 MeV=c2, we exclude previously unconstrained para-
meter space, reaching a minimum of 3.41 × 10−39 cm2 for
a mass of 0.3 MeV=c2 at 90% confidence level by
considering SRDM models interacting via a heavy media-
tor. This extension of sensitivity to lower masses is
achieved by considering the upscattering of DM in the
Sun, without assuming any new interactions.
Future developments will focus on improving the effi-

ciency of the Monte Carlo calculation of the solar reflected
DM flux at very low DM-electron cross sections, where
scattering becomes rare and event generation becomes
computationally expensive. The XENONnT experiment
continues to collect data under improved detector con-
ditions, including ongoing efforts to suppress backgrounds
from photoionizing impurities, which are expected to lower
the accidental coincidence background rate and enhance
sensitivity to sub-GeV dark matter.
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