
Light Dark Matter Search with 7.8 Tonne-Year of Ionization-Only Data in XENONnT

E. Aprile ,1 J. Aalbers ,2 K. Abe ,3 M. Adrover ,4 S. Ahmed Maouloud ,5 L. Althueser ,6 B. Andrieu ,5

E. Angelino ,7 D. Antón Martin ,8 S. R. Armbruster ,9 F. Arneodo ,10 L. Baudis ,4 M. Bazyk ,11 V. Beligotti,7

L. Bellagamba ,12 R. Biondi ,7 A. Bismark ,4 K. Boese ,9 R. M. Braun ,6 G. Bruni ,12 G. Bruno ,11 R. Budnik ,13

C. Cai,14 C. Capelli ,4 J. M. R. Cardoso ,15 A. P. Cimental Chávez ,4 A. P. Colijn ,16 J. Conrad ,17 J. J. Cuenca-García,4

V. D’Andrea ,7,* L. C. Daniel Garcia ,11 M. P. Decowski ,16 A. Deisting ,18 C. Di Donato ,19,7 P. Di Gangi ,12

S. Diglio ,11 K. Eitel ,20 S. el Morabit ,16 R. Elleboro,19 A. Elykov ,20 A. D. Ferella ,19,7 C. Ferrari ,7 H. Fischer ,21

T. Flehmke ,17 M. Flierman ,16 R. Frankel ,13 D. Fuchs ,17 W. Fulgione ,22,7 C. Fuselli ,16 F. Gao ,14

R. Giacomobono ,23 F. Girard ,5 R. Glade-Beucke ,21 L. Grandi ,8 J. Grigat ,21 H. Guan ,24 M. Guida ,9

P. Gyorgy ,18 R. Hammann ,9 C. Hils ,18 L. Hoetzsch ,4 N. F. Hood ,25 M. Iacovacci ,23 Y. Itow ,26 J. Jakob ,6

F. Joerg ,4 Y. Kaminaga ,3 M. Kara ,20 S. Kazama ,26 P. Kharbanda ,16 M. Kobayashi ,26 D. Koke ,6

K. Kooshkjalali,18 A. Kopec ,25,† H. Landsman ,13 R. F. Lang ,24 L. Levinson ,13 A. Li ,25 I. Li ,27 S. Li ,28

S. Liang ,27 Z. Liang ,28 Y.-T. Lin ,9,6 S. Lindemann ,21 M. Lindner ,9 K. Liu ,14 M. Liu ,1 F. Lombardi ,18

J. A. M. Lopes ,15,‡ G.M. Lucchetti ,12 T. Luce ,21 Y. Ma ,25 C. Macolino ,19,7 G. C. Madduri ,21 J. Mahlstedt ,17

F. Marignetti ,23 T. Marrodán Undagoitia ,9 K. Martens ,3 J. Masbou ,11 S. Mastroianni ,23 V. Mazza ,12

A. Melchiorre ,19,7 J. Merz ,18 M. Messina ,7 A. Michel,20 K. Miuchi ,29 A. Molinario ,22 S. Moriyama ,3

M. Murra ,1 J. Müller ,21 K. Ni ,25 C. T. Oba Ishikawa ,3 U. Oberlack ,18 S. Ouahada ,4 B. Paetsch ,13 Y. Pan ,5,§

Q. Pellegrini ,5 R. Peres ,4 J. Pienaar ,13 M. Pierre ,16 G. Plante ,1 T. R. Pollmann ,16 F. Pompa,11 A. Prajapati ,19

L. Principe ,11 J. Qin ,27 D. Ramírez García,4 A. Ravindran ,11 A. Razeto ,7 R. Singh ,24 L. Sanchez ,27

J. M. F. dos Santos ,15 I. Sarnoff ,10 G. Sartorelli ,12 J. Schreiner,9 P. Schulte ,6 H. Schulze Eißing ,6 M. Schumann ,21

L. Scotto Lavina ,5 M. Selvi ,12 F. Semeria ,12 F. N. Semler ,21 P. Shagin ,18 S. Shi ,1,∥ H. Simgen ,9 Z. Song ,30

A. Stevens ,21 C. Szyszka ,18 A. Takeda ,3 Y. Takeuchi ,29 P.-L. Tan ,1 D. Thers ,11 G. Trinchero ,22

C. D. Tunnell ,27 K. Valerius ,20 S. Vecchi ,31 S. Vetter ,20 G. Volta ,9 B. von Krosigk ,32 C. Weinheimer ,6

M. Weiss ,13 D. Wenz ,6 C. Wittweg ,4 V. H. S. Wu ,20 Y. Xing ,5 D. Xu ,1 Z. Xu ,1 M. Yamashita ,3 J. Yang ,28

L. Yang ,25 J. Ye ,30 M. Yoshida ,3 L. Yuan ,8 G. Zavattini ,31 Y. Zhao ,14 M. Zhong ,25 and T. Zhu 3

(XENON Collaboration)¶

1Physics Department, Columbia University, New York, New York 10027, USA
2Nikhef and The University of Groningen, Van Swinderen Institute, 9747AG Groningen, Netherlands

3Kamioka Observatory, Institute for Cosmic Ray Research, and Kavli Institute for the Physics and Mathematics of the Universe (WPI),
University of Tokyo, Higashi-Mozumi, Kamioka, Hida, Gifu 506-1205, Japan

4Physik-Institut, University of Zürich, 8057 Zürich, Switzerland
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We report on a blinded search for dark matter (DM) using ionization-only (S2-only) signals in
XENONnT with a total exposure of 7.83 Tonne-year over 579 days in three science runs. Dedicated
background suppression techniques and the first complete S2-only background model in XENONnT
provide sensitivity to nuclear recoils of ½0.5; 5.0� keVnr and electronic recoils of ½0.04; 0.7� keVee. No
significant excess over the expected background is observed, and we set 90% confidence level upper limits
on spin-independent DM-nucleon and spin-dependent DM-neutron scattering for DM masses between 3
and 8 GeV=c2, as well as on DM-electron scattering, axionlike particles, and dark photons, improving on
previous constraints. For spin-independent DM-nucleon scattering, we exclude cross sections above 6.0 ×
10−45 cm2 at a DM mass of 5 GeV=c2, pushing the XENONnT sensitivity closer to the region where
coherent elastic neutrino-nucleus scattering becomes an irreducible background.

DOI: 10.1103/2lrq-f6bk

Introduction—The XENONnT experiment [1], operat-
ing at INFN Laboratori Nazionali del Gran Sasso, is
primarily designed to search for weakly interacting mas-
sive particles [2–5] with a mass scale of GeV=c2–TeV=c2.
Using events that produce few scintillation photons and
ionization electrons, we previously conducted a search for
light dark matter (DM) in the neutrino fog from solar 8B
coherent elastic neutrino-nucleus scattering (CEνNS) [6,7].
A complementary search that uses only the ionization
signal (S2-only) [8–12] remains robust when scintillation
becomes too weak, extending the sensitivity of XENONnT
to even lower recoil energies and a broader class of light
DM models. The previous S2-only analysis in XENON1T
[8] demonstrated the potential of the S2-only approach but

was limited by an incomplete background model. In this
Letter, we report on the first S2-only search for light DM in
XENONnT employing a full background model.
The XENONnT dual-phase time projection chamber

(TPC) contains 5.9 metric tons of liquid xenon. Particle
interactions with xenon atoms produce prompt scintillation
light (S1) and ionization electrons [13]. The electrons drift
upward under an electric field of ∼23 V=cm between the
cathode and gate electrodes. Perpendicular wires across the
gate and anode electrodes provide mechanical support.
Along the drift path, attachment to electronegative impu-
rities causes an exponential loss of electrons characterized
by the “electron lifetime” [14], and surviving electrons are
extracted into the gas phase, where they generate propor-
tional scintillation (S2) [15]. The maximum drift time for
electrons drifting from cathode to gate is ∼2.2 ms. Both
signals are recorded by photomultiplier tubes (PMTs) at the
top and bottom of the TPC and converted into photo-
electrons (PE). S2s are composed of single-electron (SE)
signals; the SE gain is defined as the mean number of PE
per electron. Event ðx; yÞ positions are reconstructed from
the S2 light pattern on the top PMTs, and z from the time
difference between S1 and S2. Particle interactions may
produce nuclear recoils (NR) with xenon nuclei or elec-
tronic recoils (ER) with atomic electrons; the two pop-
ulations are distinguished by their different response in the
S1–S2 signal size [16,17]. Further details on XENONnT
are provided in [1].
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Dataset—This DM search combines data from three
XENONnT science runs (SRs), denoted SR0, SR1, and
SR2, with live time of 110.2, 177.8, and 291.5 days,
respectively. The data were collected between May 2021
and March 2025, and the total live time is 579.5 days after
accounting for data acquisition dead time [18]. Because of
the presence of photoionizable impurities [19] introduced
in SR1, additional purifiers were installed in the radon
removal system mid-SR2, allowing their removal there-
after. The total background is dominated by instrumental
components, arising from detector-induced electron and
photon losses [20] and SE activity [9,21], rather than
genuine low-energy recoils in the liquid xenon bulk. To
mitigate this, we exclude the 5% of runs with the highest
SE rates. The typical values of the detector response
parameters, including photon gain g1, charge gain g2, SE
gain, and electron lifetime, can be found in [5,22].
Signal—We consider several DM models producing NR

or ER energies in the regions of interest (ROIs) of
½0.5; 5� keVnr and ½0.04; 0.7� keVee, respectively. For the
NR signals, we study spin-independent (SI) DM-nucleon
[23] and spin-dependent (SD) DM-nucleon [24] scattering
for DM masses between 3 and 8 GeV=c2, assuming the
astrophysical parameters in [25]. The DM-nucleon recoil
energy spectra for several benchmark DM masses are
shown in Fig. 1. For the SD scattering, we adopt the
nuclear form factor from [26]. We consider DM-nucleon

interactions with cross section σ and momentum transfer q
with a mediator mass mϕ [27,28], in which the differential
rate factor σm4

ϕ=ðq2=c2 þm2
ϕÞ2 scales with σmϕ

4c4=q4 in
the mϕ ≪ q0=c limit. For the ER signals, we consider DM
scattering off xenon bounded electrons. The dark matter–
electron scattering rates are computed using atomic ioniza-
tion factors from [29,30], including both the primary
electron and shell deexcitation photon energies with
conservative assumptions for deexcitation electrons the
same as [8]; as a comparison, we also evaluate the rates
based on the total deposited energy using the ionization
factor from [31]. We compute the DM recoil energy
spectrum using [32]. Bosonic DM candidates such as
axionlike particles and dark photons of mass mχ can be
absorbed by xenon atoms, producing monoenergetic ER
signals at Eχ ¼ mχc2 [33]. We follow models detailed in
[34] and use the xenon photoelectric cross section
from [35].
We model the low-energy NR yield using a 88Y=Be

neutron source [36,37]. The NR yield below 0.5 keVnr is
set to zero to remain conservative. A combined 37Ar and
220Rn calibration dataset is fit jointly to determine the ER
response [16]. To generate realistic S2 waveforms and PMT
patterns, we use the simulation tool FUSE [38] equipped
with data-driven electron diffusion constant and optical
response maps matched to 83mKr calibration data. To
capture the “ambience” of an uncorrelated DM signal,
including the surrounding high-energy events and electron
emission activities, we randomly inject (salt) simulated
DM S2 signals into the real data stream and process them
through the reconstruction chain [39,40]. This procedure
allows for a full simulation-driven signal efficiency
evaluation.
Background origin and data selection—Events are

selected within the S2 area 100 (120) to 500 PE in
SR0/SR1 (SR2), corresponding to ∼3 (4) to ∼16 extracted
electrons. The S2 threshold is set to suppress instrumental
backgrounds and is higher in SR2 due to an update of the
low-level processing to mitigate SE pileups. Events with-
out an S1 or with an S1 area below 3 PE are accepted to
retain events accidentally paired with small S1s, while
events with S1 area above 3 PE are rejected. The analysis
dimension is the corrected S2 (cS2) [41] in the ROI of [80,
500] PE, after the time- and spatial-dependent SE gain and
extraction efficiency corrections [22].
The cathode background arises from radioactive decays

of 210Pb and its daughters from the 222Rn decay chain [42].
The S1 from electron-ion recombination is suppressed by
the strong electric field near the cathode [17], while part of
the ionization electrons are lost along downward-pointing
field lines below the cathode wires [20,43]. The longer drift
time leads to larger S2 width compared to events in the TPC
bulk through longitudinal diffusion [44]. To maximize its
rejection power, we construct a gradient-boosted decision
tree (BDT) using the S2 area together with multiple S2

FIG. 1. Top: the SI DM-nucleon spectra for 3, 6, and 8 GeV=c2

masses with a cross section of 4.4 × 10−45 cm2, shown before
(dotted line) and after (solid line) applying the total signal
detection efficiency. The solar 8B CEνNS spectrum (gray) is
shown for comparison. Bottom: the S2-only signal efficiency
(black line) is the product of the individual efficiencies for the S1
ROI (blue line), S2 ROI (green line), and S2 quality selection (red
line), compared to the S1–S2 analysis efficiency [6] (gray dashed
line). All efficiencies shown are exposure-weighted averages over
SR0, SR1, and SR2.
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waveform features. The BDT is trained on simulated signal
and cathode datasets to improve classification accuracy. An
optimized threshold on the BDT score rejects about 70% of
cathode backgrounds while keeping approximately 80% of
the signal. In addition, a complementary drift time veto
removes events that exhibit S1-like signals within one
maximum drift time prior to the S2, rejecting roughly 14%
of cathode events with ∼0.5% signal loss.
Large S2 signals from energetic events, such as β and γ

from the detector material [45], produce isolated S2s
extending to ∼1 s after the large S2 [9,21,46]. Isolated
S2s within 2.2 ms are dominated by photoionizable impuri-
ties in the bulk or surfaces [19]; beyond the maximum drift
time, they are referred to as delayed electrons (DE) and the
rate approximately follows a power-law decay. Selections
developed for the S1–S2 analysis in [6,7] are applied to
suppress DE. However, the DE rate and its distributions
in charge, waveform, temporal, and spatial observables
depend nontrivially on the energy and location of the
preceding large S2s and on run-dependent detector con-
ditions [9,21,46]. To achieve optimized DE modeling and
mitigation, we employ a conditional normalizing flow
(CNF) [47] implemented in PyTorch with the nFlows library
[48,49] trained on science data to learn the joint probabil-
ity PðN;xjyÞ ¼ PoissonðNjλðyÞÞ × PðxjyÞ per SR, where
N [λðyÞ] is the observed (expected) number of isolated S2s
in a 1 s window, y encodes run conditions and the preceding
large S2 size and positions, and x describes the DE S2s,
including the delayed time, size, position, waveform, and
optical patterns. For each DM candidate, the CNF model
evaluates its correlation with all preceding large S2s within
1 s and assigns the maximum conditional likelihood as the
CNF score. A dedicated DE BDT combines the CNF score
and waveform features, rejecting ∼95% of the remaining
DE background with ∼90% signal efficiency.
The pileup of randomly emitted SE signals can be

reconstructed as a single S2, which constitutes the acci-
dental electron (AE) background. Its key distinction from
DE is that AE includes a component that cannot be
mitigated using the CNF score, hypothesized to origi-
nate from constant SE emission. We require each DM
candidate to be temporally isolated, with no other S2 in the
2.2 ms preceding the candidate S2. AEs combine SEs from
different locations, producing unphysical S2 patterns on the
top PMTs. A data-driven S2 pattern likelihood selection,
built from single-site 83mKr calibration data using a
TensorFlow-based [50] multilayer perceptron model, rejects
∼75% of AE events while retaining ∼99% signal effi-
ciency; the remaining background arises from SE pileup at
indistinguishable locations.
Surface backgrounds from 222Rn progeny on TPC walls

are suppressed by fiducialization in r (
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p
) dimen-

sion. Charge-up on the wall distorts electron drift paths,
causing reconstructed r to vary with z and requiring a z
reconstruction to correct field effects [22]. We developed a

BDT regression model to reconstruct the S2-only event z
trained on simulation using S2 area and S2 waveform. After
correcting r for field effects, events with r < 60.15 cm
(SR0) and r < 59.60 cm (SR1 and SR2) are selected,
yielding fiducial masses of 4.98, 5.01, and 4.87 metric
tons, respectively, as evaluated with signal salting and
37Ar calibration data [51]. The fiducial mass differences
among SRs arise from liquid xenon density variations and
field distortion correction, for which we assign an ∼5%
systematic uncertainty based on different evaluation meth-
ods. Events near perpendicular wires [1] are removed due
to electrode SE emission. S1–S2 events reconstructed in the
cathode (½−152.5;−146.5� cm) and gas (½−4.5; 0� cm)
regions are excluded. Surface backgrounds become negli-
gible after fiducialization.
Events originating near the top of the detector, domi-

nated by SE emission from the electrodes and radioactivity
in the gas region, exhibit narrower S2 widths (≤ 4 μs) and
are excluded with an S2 width selection defined by the
99.9% upper boundary of S1-tagged top events. We further
remove gas-region events with an elevated S2 top-to-total
PMT light ratio relative to the ∼0.75 expected for bulk S2s
[22]. Finally, events with any S1-like signals within 70 μs
preceding the S2 are removed [21]. This background is
reduced to a negligible level after these selections.
The signal efficiency is obtained from Monte Carlo

simulation and is validated using wall, cathode, and 37Ar
calibration L-shell events. The efficiency as the function of
recoil energy is shown in Fig. 1. On average, ∼10% of
signal events in the ROI survived data selection. A sys-
tematic relative uncertainty of 11.2% is assigned, account-
ing for data selection and fiducial volume uncertainties.
The agreement between the background model and

science data is shown in two ROIs. The enlarged ROI
shown in Fig. 2 excludes the cathode and DE BDT
selections to preserve the features of each background
and is used for background model development. The
science ROI shown in Fig. 3 and reported in Table I, where
all selections are applied utilizing the full background
rejection power, was blinded and is now used for the DM
search.
Background modeling—The background model includes

cathode, DE, AE, and 8B CEνNS components. For instru-
mental backgrounds (cathode, DE, and AE), the modeling
strategy is developed and validated with 220Rn [52] and
222Rn [53,54] calibration data in both the enlarged ROI and
the science ROI for each SR. These calibrations were
previously used to model the ER response for the S1–S2
analysis [5]. In the S2-only ROI, they contribute negligible
ER events, while their increased β and γ activities at higher
energy enhance instrumental backgrounds by increasing
large-S2-induced DE rates, raising SE pileup that generates
AE, and accumulation of lead isotopes on the cathode
electrode. Agreement between the background model and
the calibration data is observed in reconstructed features
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[40] such as cS2 and S2 waveform observables, the CNF
score, and event position, validating the model prior to
unblinding. The background validation is further detailed in
End Matter.
For each SR, we build the model in the enlarged ROI in

the blinded science data by scaling the normalized shape so

that its integral matches the number of events in a back-
ground-dominated region (sideband) outside the science
ROI. Residual contamination from other backgrounds in
the sideband is subtracted. The model in the science ROI
can be obtained by applying all data selections. A summary
of the background components in the science ROI is
provided in Table I.
For each large S2 ≥ 104 PE in data, we sample the

number and features of resulting DE S2s via PðN;xjyÞ
using CNF [55] and salt the simulated DE S2s into the data
stream for reprocessing, yielding the normalized DE shape.
A DE-dominated sideband, defined by events rejected by the
DE BDT selection and in the region of cS2 [200, 500] PE,
and S2 width ½23.5; 40� μs is used for rate normalization.
The resulting DE rates in the science ROI are (1.0� 0.4),
(0.140� 0.027), and ð4.4� 0.6Þ events metric ton−1 yr−1

for SR0, SR1, and SR2, respectively. The differences in SRs
likely arise from SR-dependent DE BDT rejection, while the
increase in SR2 is likely due to an event reconstruction
algorithm change.
As the reconstruction algorithm merges SEs into S2s

regardless of position [40], AE rejected by the S2 pattern
likelihood selection share the same cS2 and S2 width
distributions as those leaking into the science ROI, deliv-
ering the AE shape. For rate normalization, we use a
sideband defined by S2 area of ≲4 extracted electrons
(∼120 PE) and S2 widths in ½20; 45� μs, after subtracting

FIG. 2. Comparison of observed events (black dots) with the
expected background components in the enlarged ROI of all
science runs. Colored contours show the modeled distributions of
cathode (red), delayed electrons (blue), accidental electrons
(orange), and 8B CEνNS (green), with dark and light shades
representing the 1σ and 2σ contours. A signal distribution (cyan)
1σ contour is shown, assuming a flat spectrum of signal recoil
energy. The validation is performed in four dimensions: cS2
(energy scale), S2 CNF score (ambience), cathode BDT score,
and S2 width (waveform). Projections along each axis are shown
as top and side histograms; shaded bands indicate background
model statistical and systematic uncertainties.

FIG. 3. Comparison of observed events with expected back-
ground components in the science ROI, combining all science
runs. The description is the same as in Fig. 2. After applying all
data selections, the remaining background has a similar shape to
the signal. The side projections show the best-fit model and data
(black), showing no significant excess. The inference is per-
formed in the cS2 dimension.
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DE leakage. The resulting AE rates in the science ROI are
(65� 11) and ð45� 3Þ events metric ton−1 yr−1 for SR0
and SR1, respectively, with no contribution in SR2 due to
the higher S2 area threshold.
The cathode background is primarily modeled by wave-

form simulation, while the cS2 spectrum remains difficult
to simulate due to electric field complexity, 210Pb distri-
bution uncertainty, and wire surface roughness [43].
Previous studies modeled the S2 area of cathode events
using S1–S2 cathode events with progressively smaller
S1 signals [8,12,56], but we find that this extrapolation
yields an unstable cS2 spectrum that keeps rising toward
low energies. We obtain a sideband cS2 spectrum from a
cathode-dominated region defined by large S2 width and
low cathode BDT score≲0.3. After subtracting DE and AE
leakage, we rescale the simulated cathode cS2 spectrum to
match the sideband cS2 data, using the simulation-driven
sideband-to-ROI ratio in each cS2 bin. Systematic uncer-
tainties from sideband statistics, the rescaling ratio, and
leakage of other backgrounds are propagated to the
inference. Cathode radioactivity is the dominant back-
ground, with rates in the science ROI of (318� 50),
(271� 28), and ð310� 23Þ eventsmetric ton−1 yr−1 for
SR0, SR1, and SR2, respectively.
The predicted 8B CEνNS rates in the science ROI are

(14� 3), (12� 3), and ð8.3� 2.1Þ eventsmetric ton−1 yr−1

for SR0, SR1, and SR2, respectively, assuming ∼3.8%
neutrino flux uncertainty [57] and charge yield uncertainty
from [36]. The rate is simulated following the same
procedure in [6]. The rates are higher than those re-
ported in the S1–S2 analysis in [6] due to the improved
signal acceptance. Radiogenic neutron and electronic recoil
backgrounds are expected to contribute fewer than
Oð1Þ events metric ton−1 yr−1 after data selections and
are therefore considered negligible in the analysis.
Statistical inference—An extended binned likelihood

function is constructed using ALEA [58] combining the
SR0, SR1, and SR2 data on the cS2 dimension. Additional
dimensions provide little improvement in DM sensitivity in
the science ROI. The likelihood function is expressed as

Lðσ; θÞ ¼ Q
2
i¼0 LSRiðσ; θÞ

Q
m Lanc

m ðθmÞ, where LSRi is the
Poisson likelihood for the cS2 histogram in SRi, σ is the
DM cross section, and θ collects the nuisance parameters.
The ancillary terms Lanc

m impose Gaussian constraints on
θm, including per-SR background rates, signal efficiency
nuisances, charge yield shape parameters for 8B CEνNS
and DM signal, and the cathode shape uncertainty from the
sideband rescaling. The nominal background rates and their
uncertainties are summarized in Table I. The expected
sensitivity band is evaluated prior to unblinding by gen-
erating toy Monte Carlo datasets [25,59]. We adopt a
power-constrained limit [60] with a power threshold of 0.16
to report the final limit.
Results—We observe no significant excess in the

unblinded science ROI (Table I and Fig. 3). The back-
ground-only hypothesis, quantified by a χ2 goodness-of-fit
test on the cS2 dimension, is compatible with the SR0 and
SR1 data, with p values of 0.997 and 0.552, while SR2
shows a mild tension, with a p value of 0.013 due to a
downward fluctuation. A discrepancy between data-driven
and simulation-derived efficiency was observed in SR2 for
cS2 < 200 PE after unblinding, caused by the temporal
isolation selection designed to suppress AE by requiring no
nearby S2s. Since the salting method cannot simulate
ambient S2s generated by DM events themselves, this
selection was less effective on salted waveforms than on
real data, leading to an overestimation of signal efficiency.
Therefore, the selection was relaxed to consider only
ambient S2s preceding DM candidates. This conservative
adjustment has negligible impact on the final limits.
We set 90% confidence level upper limits with

expected sensitivity bands shown in Fig. 4. For SI
DM-nucleon scattering, we exclude cross sections above
6.0 × 10−45 cm2 at mχ ¼ 5 GeV=c2, probing new param-
eter space in DM masses ½4; 6� GeV=c2. We also exclude
new parameter spaces for spin-dependent DM-neutron
scattering and light-mediator scenarios. Low-energy ER
models benefit most in the S2-only analysis, as their S1
falls below the S1–S2 threshold while the S2 remains
detectable, excluding DM-electron scattering σ above

TABLE I. Expected and best-fit event numbers of each background component and a 6 GeV=c2 DM assuming the
DM-nucleon SI interactions in three science runs for the science ROI are listed. The best-fit DM event rate is zero.
Only systematic uncertainties are included in the quoted expectations.

Science run (exposure) SR0 (1.50 metric ton × yr) SR1 (2.44 metric ton × yr) SR2 (3.89 metric ton × yr)

Component Expectation Best fit Expectation Best fit Expectation Best fit

Cathode 480� 70 477þ25
−24 660� 70 726þ28

−27 1210� 90 1080� 30

Delayed electron 1.3� 0.5 1.3� 0.5 0.34� 0.07 0.34� 0.07 17.2� 2.3 17.1� 2.3
Accidental electron 97� 17 89� 13 108� 8 106� 8 � � �
8B CEνNS 21� 5 18þ5

−4 29� 7 26þ7
−6 32.3� 8 29þ8

−6
Total background 600� 80 586� 28 800� 80 858þ30

−29 1260� 100 1130� 30

Observed 583 864 1107
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6.3 × 10−42 cm2 at mχ ¼ 0.2 GeV=c2. We exclude more
parameter spaces for bosonic DM candidates such as
axionlike particles and dark photons, at gae ¼ 3.9 × 10−14

and κ ¼ 2.2 × 10−17 at mχ ¼ 0.1 keV=c2, respectively.
Discussion—Accurate modeling of instrumental back-

grounds is crucial for DM searches near the detector
threshold [68]. This Letter establishes a systematic data
selection and background modeling methodology for

ionization-only searches, using novel machine learning
methods benefiting from accurate detector modeling. We
find that radioactivity from the cathode electrode dominates
the residual background, underscoring the importance of
electrode design and material purity to enhance the sensi-
tivity to light DM and solar neutrinos for next-generation
DM detectors [69,70]. The study also indicates that isolated
S2s that contribute to accidental coincidences in S1–S2

FIG. 4. The 90% confidence level upper limits on the DM-particle scattering with 1σ (green) and 2σ (yellow) sensitivity bands. The
black dashed (solid) lines show limits before (after) −1σ power-constrained limit. Previous published results from XENON10 [61],
XENON1T [8], XENONnT [6,10,62], LUX-ZEPLIN [63], PandaX [11,12], DarkSide [64,65], and SuperCDMS [66] are shown for
comparison. The neutrino fog region [67] in (a) is indicated in gray bands for SI DM-nucleon scattering. The 8B CEνNS equivalent DM
of 5.5 GeV=c2 with cross section 4.4 × 10−45 cm2 is shown. DM-electron interaction cross section constraints in (d) using different
atomic ionization factors based on [29] ([31]) are shown in black (gray) lines, respectively. (a) SI DM-nucleon scattering. (b) Light
mediator mϕ ≪ 10MeV=c2. (c) SD DM-neutron scattering. (d) DM-electron scattering. (e) Axionlike particles. (f) Dark photon.
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analyses [6,7,71] may originate primarily from the cathode
electrode. Future work will focus on developing a simu-
lation-driven cathode background model and a complete
background model down to the single-electron level.
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End Matter

Appendix A: Background validation—Validating the
completeness of the background model is essential
for a DM search. The calibration datasets using
radioactive sources provide background-dominated
samples; the short live times make contributions from rare

physics processes, such as DM and solar neutrino CEνNS
interactions, negligible, while their high event rates
enhance the instrumental backgrounds relevant to this
analysis. The instrumental background model is validated
using the nonblinded 220Rn (Fig. 5) and 222Rn (Fig. 6)

FIG. 5. Comparison between observed events and the back-
ground model in the enlarged ROI for the 220Rn calibration,
combining SR0, SR1, and SR2. Matching between data and model
is observed in dimensions except the S2 CNF score, potentially due
to the substantially enhanced γ-ray activity in the 220Rn calibration,
as the CNF model is trained using the science data. The S2 CNF
score is further validated using the 222Rn calibration, where the
high-energy event rate is lower. The 8B CEνNS contribution is
negligible because of the limited live time.

FIG. 6. Comparison between observed events and the back-
ground model in the enlarged ROI for the 222Rn calibration in
SR1. The 222Rn injection activity is lower than that of the 220Rn
calibration, yielding a background rate and cathode background
isotope origin more similar to those of the science data. Good
agreement between data and model is observed in all four
dimensions, including the S2 CNF score.

PHYSICAL REVIEW LETTERS 137, 051003 (2026)

051003-11



calibration datasets prior to the unblinding of the
science data. A temporary enhancement of instrumental
backgrounds is observed in both calibrations, due to the
increased overall event activity in the TPC associated with
the intense radon daughter decays and γ-ray activity.

Appendix B: Observed events per SR—The three SRs
are characterized by varying impurity levels, notably the
different rates of DE and AE backgrounds, as well

as the increased S2 threshold in SR2. To demonstrate
the validity of the background model across the
changing operational phases, Fig. 7 presents a
comparison between the unblinded science data and the
best-fit background model in the cS2 inference
dimension for each SR. The observed events consistently
match the best-fit background distributions, confirming
the robustness of the background modeling.

FIG. 7. Observed events and the best-fit background model comparison in the cS2 dimension for SR0, SR1, and SR2. The spectrum in
SR2 differs from previous SRs due to the increased S2 reconstruction threshold of 120 PE.
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