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We search for dark matter (DM) with a mass [3, 12] GeV/c? using an exposure of 3.51 tonne year with
the XENONNT experiment. We consider spin-independent DM-nucleon interactions mediated by a heavy
or light mediator, spin-dependent DM-neutron interactions, momentum-dependent DM scattering, and
mirror DM. Using a lowered energy threshold compared to the previous weakly interacting massive particle
search, a blind analysis of [0.5, 5.0] keV nuclear recoil events reveals no significant signal excess over the
background. XENONnT excludes spin-independent DM-nucleon cross sections > 2.5 x 10™* cm? at 90%
confidence level for 6 GeV/c?> DM. In the considered mass range, the DM sensitivity approaches the
“neutrino fog,” the limitation where neutrinos produce a signal that is indistinguishable from that of light

DM-xenon nucleus scattering.

DOI: 10.1103/PhysRevLett.134.111802

Introduction—The XENONNT experiment [1], operated
at INFN Laboratori Nazionali del Gran Sasso, is primarily
designed to search for weakly interacting massive particles
(WIMPs) [2—4] with a mass scale of GeV/c>-TeV/c?. By
lowering the energy threshold compared to our previous
WIMP search [5], we are able to improve the sensitivity
to light dark matter (DM). However, as we increase the
exposure, the solar ®B neutrino coherent elastic neutrino-
nucleus scattering (CEvNS) background begins to affect
the sensitivity gain. This gradual slowdown in sensitivity
improvement for light DM with additional exposure is
known as the neutrino fog [6—10]. In this Letter, we report
on the first search for light DM with a mass of
[3,12] GeV/c?, achieving DM sensitivities into the neu-
trino fog. This search utilizes the same dataset and analysis
techniques as in our recently reported search for solar B
neutrino via CEvNS interaction [11].
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The XENONNT experiment comprises a central detector,
operating as a time projection chamber (TPC), with an
active target of 5.9 tonnes of cryogenic liquid xenon,
enclosed by a Cherenkov neutron veto and muon veto [12]
detector to mitigate radiogenic neutrons and cosmogenic
muon-induced backgrounds. The operation of XENONnT
is supported by various subsystems, including a gas-phase
and a liquid-phase xenon circulation and purification
system, a radon removal system [13], and a krypton
distillation column [14]. A particle interaction in the
xenon target may produce a nuclear recoil (NR) with
the xenon nucleus, or an electronic recoil (ER) with the
atomic electrons. Two arrays of photomultiplier tubes
(PMTs) at the top and bottom of the TPC collect the light
from the scintillation signal (S1) and the ionization signal
(S2), converting them to photoelectrons (PEs). Digitizers
convert the PE waveforms that cross the digitization
threshold into PMT hits, which are clustered into peaks
by reconstruction software [15,16]. The detector wall
consists of polytetrafluoroethylene (PTFE) panels to
enhance photon gain (gl). The cathode electrode near
the bottom of the TPC and the gate electrode below the
liquid-gas interface establish a vertical electric field of
approximately 23 V/cm, which drifts the ionization elec-
trons to the liquid-gas interface with a maximum drift time
of 2.2 ms. An extraction field is generated by the gate
and anode electrodes, leading to secondary scintillation of
the extracted electrons. The extraction efficiency and
single electron scintillation gain contribute to the electron
gain (g2). Further details on XENONnT can be found
in Ref. [1].

111802-2
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Dataset—This DM search combines data from two
science runs spanning from May 1, 2021, to December 10,
2021 (SRO, live time 108.0 days), and from May 19, 2022,
to August 8, 2023 (SR1, live time 208.5 days). Between
SRO and SR1, the radon distillation system was upgraded to
operate in both gas xenon (GXe) and liquid xenon (LXe)
modes. On July 15, 2022, the liquid level was decreased
by 0.2 mm from (5.0 £0.2) mm and the anode voltage
was increased from 4.90 to 4.95 kV to mitigate clustered
electron emissions [17,18], while keeping a constant
electron gain. In SRO (SR1), the average electron lifetime
is 14.2 ms (20.1 ms), gl is 0.1515 + 0.0014 PE/photon
(0.1367 £ 0.0010 PE/photon), and g2 is 1645+
0.64 PE/e~ (16.85 £ 0.46 PE/e™).

Signal—We consider DM models involving nuclear
recoils from the elastic scattering of DM particles on xenon
nuclei, focusing on a mass ranging from 3 to 12 GeV/c?.
This mass range is favored by various DM models such as
WIMP [2-4], asymmetric DM [19,20], and self-interacting
DM [21-24]. We examine spin-independent (SI) DM-
nucleon [25] and spin-dependent (SD) DM-neutron [26]
interactions mediated by a heavy mediator with mass
my > qo/c =10 MeV/ c?, where g, represents the typical
momentum transfer in this search. We also consider DM
with SI interaction mediated by a scalar or vector light
mediator (LM) with mass mj < go/c (SI-LM) [24,27,28].
In this case, the differential rate is proportional to
omy/(q*/c* +mjy)* R omy*c*/q*, where g denotes the
momentum transfer, and ¢ is the DM-nucleon cross section
[29,30]. Momentum-dependent DM scattering (MDDM)
[31] is also considered, characterized by a modified SI
interaction cross section of the form o,y = (¢/ q0)*" 00,
where n € {1,2} and o, is the DM-nucleon cross section.
Additionally, we search for mirror dark matter, character-
ized by a differential cross section resembling Rutherford
scattering [32,33]. The recoil energy spectra are evaluated
using Ref. [34], and the spectra for SI interaction are shown
in Fig. 1 (top). For astrophysical models and nuclear form
factors, we follow Ref. [5] with the exception of mirror
DM, where we adopt a DM-mass-dependent Boltzmann
velocity v, as assumed in Ref. [33] beyond the standard
halo model recommended in Ref. [35].

The average number of scintillation photons and ioniza-
tion electrons from the energy of an NR interaction (Ey) is
quantified by the light yield model L, and the charge yield
model Q. We model detector responses for low-energy NR
events [36] with 33YBe neutron calibration data [37] (with a
mean E = 2 keV per scatter), and fit L, and Q, following
the methodology described in Ref. [38]. Yields for
Er < 0.5 keV are assumed to be zero, and light DM
signals with Ex > 5.0keV are neglected. For Ep <5.0keV,
the ®¥YBe calibrated yield model aligns with the Q, of the
NEST v2.3.6 [39] yield model within systematic uncertainty,
while the L uncertainties generally encompass the median
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FIG. 1. Top: SI-DM signal spectrum with a cross section of

4.4 x 107 cm? before (dotted) and after (solid) accounting for
the signal efficiency. The ®B CEvNS spectrum (gray) is shown for
comparison. Bottom: signal efficiency (black) as a combination
of individual efficiencies of S1 ROI (blue), S1 reconstruction
(light blue), S2 ROI (dark green), S2 quality selection (light
green), and event efficiency (red). These efficiencies are evalu-
ated per science run and weighted by live time.

of the NEST model. The uncertainties of L, and O, are
modeled using shape parameters #;, and 7, respectively.
fry and fq, determine the relative shift of L, and Q, from
the median toward the upper and lower bound of their 68%
credible intervals [36].

A simulation-based detector response model converts
the produced photons and electrons to detector observables
[40]. Using the depth (Z) and radius (R) position of the
event, the fiducial volume is defined as —142.0 cm < Z <
—13.0cm, R <60.2 cm for SRO and R <59.6 cm for
SR1. The region of interest (ROI) is defined as two or
three hits for S1 and [120, 500] PE for S2, corresponding to
approximately [4, 16] extracted electrons. Events recon-
structed with R <63.0 cm in the ROI were blinded
before finalizing the analysis. Compared to the previous
XENONNT NR search [5], the ROI in this Letter leads to a
17 times higher signal rate expectation for a 6 GeV/c?
SI-DM. The overlap of ROI between this Letter and the
previously unblinded SRO WIMP search [5] was not used
in the data selection development, and is used in this search.

Three types of selection are implemented, following
the ®8 CEvNS analysis [11]. For the S1 peaks, the
reconstruction requires at least two hits from two different
PMTs within 50 ns, which is referred to as the twofold
PMT coincidence. For the S2 peaks, other than the wave-
form width and PMT distribution quality selections
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inherited from Ref. [5], an S2 boosted-decision-tree
machine is developed as detailed in the background section.
To distinguish physical events from detector artifacts,
we implement selections that consider temporal and spatial
correlations with preceding high-energy events [11],
including S2,,./At,., defined as the ratio between the
S2 peak area of high-energy events and the time difference
from candidate events. Following Ref. [5], a single-scatter
selection is applied. A selection based on the single electron
rate within a preceding 5 s time window is implemented to
mitigate the impact of single electron pileup [17,18].

The signal efficiency consists of the ROI efficiency, the S1
reconstruction efficiency, the S2 quality selection efficiency,
and the event efficiency, as illustrated in Fig. 1 (bottom).
Excluding yield model uncertainties, the systematic uncer-
tainty of the combined efficiency is estimated to be 25%,
predominantly due to the uncertainties in the S1 reconstruction
efficiency and the S2 quality selection efficiency.

The ROI efficiency is assessed through detector
reconstruction simulation and is sensitive to the yield
model. For a 6 GeV/c?> SI-DM, the signal efficiency
uncertainty due to the yield model alone is estimated to
be 34%, resulting from the propagation of 7; , and 7q, to the
signal rate computation.

The S1 reconstruction efficiency originates from the
twofold PMT coincidence requirement. We employ a data-
driven method [40] that simulates low-energy S1 wave-
forms by sampling a subset of photon waveforms from
83mKr 32.1 keV and 9.4 keV conversion electrons and *’Ar
2.8 keV electron capture calibration data. We incorporate a
conservative systematic uncertainty of 10% to account for
the systematic uncertainty in the shape of the S1 waveform.
The S1 reconstruction efficiency is 65% (85%) for S1
signals with 2 (3) detected photons, while the other S1
quality selections achieve acceptances over 99% and are
thus neglected in efficiency evaluation.

TABLE 1.

The S2 quality selection efficiency is evaluated by
studying the selection survival ratio of evaluation datasets
within the ROI, including waveform simulation [41],
surface 2'%Pb B events from PTFE, 2“Pb S events
from the cathode, 3’Ar 0.27 keV electron capture, and
neutron-veto-tagged low energy **/AmBe neutrons. A
systematic uncertainty of 10% is adopted based on the
variation among the evaluation datasets.

The event reconstruction algorithm pairs one S1 to one
S2 peak to build an event. The algorithm may fail when S1
and S2 peaks of areas similar to candidate events occur
within a time window of O(10) ms. To account for this
effect, along with the aforementioned event selections, the
event efficiency is evaluated per science run by tracking the
survival ratio of simulated events randomly inserted into
real data assuming a spatially and temporally uniform
signal distribution [42]. The event efficiency is 77% (73%)
for two-hit S1, and 82% (78%) for three-hit S1 in SRO
(SR1) within the ROL

Backgrounds—This analysis considers the background
described in Refs. [5,38,43]. The expected rate and
systematic uncertainties, both in the ROI and in the
signal-like region, which is defined as the region containing
50% of the signal for bins ranked by signal-to-background
ratio, are summarized in Table I.

The solar 8B CEuNS interaction, whose recoil spectrum
is nearly indistinguishable from a 5.5 GeV/c? DM-nucleon
scattering at cross section of 4.4 x 10™% cm?, is one of the
dominant backgrounds of this search. Following the rec-
ommended convention [35], the predicted solar ®B CELNS
rate after all selections is (3.6 + 0.9) eventst~' y=! in SRO
and (3.3£0.8)eventst™'y~! in SRI1, based on the
standard solar model ®B neutrino spectrum [45] and the
measured flux of (5.25+0.20) x 10° cm?s™!  from
Sudbury Neutrino Observatory [44], using the nominal
NR yield model.

For each model component, we show the background expectation and best-fit values for the background-only hypothesis,

background, and SI-DM signal hypothesis with a 4, 6, 10 GeV/c? mass DM. The expectation uncertainties for 88 CEYNS background
consider both signal efficiency uncertainty and yield uncertainties while neglecting the subdominant 3% B neutrino flux uncertainty
[44]. All uncertainties in the last four columns are calculated using the 68% confidence interval constructed by the profile likelihood
method. In addition to the event number in the full ROI, the event number in the most signal-like region is shown in parentheses. The
best fit and expectation agree within the uncertainties for all components.

Component Expectation Background only 4 GeV/c? 6 GeV/c? 10 GeV/c?
SI-DM . . 3.2 (1.6) 0.0 0.0) 0.0 0.0)

B CEvNS 119543 114559 102427 (25+0.7) 114737 6014 11473 (5453
AC 253+1.2 25.3f11:3l 251+12 @3.7+0.1) 253+12 &14+02) 253+12 B.3+£0.1)
ER 0.7+0.7 0.5+07 06507 (00£00) 0596  (03+03) 0507 (04109
Neutron O,ngg 054+0.3 05+03 (©.1+01) 05+£03 (©02+£01) 05+£03 (0.2+0.1)
Tol backgrownd 38374 3705 64y (639D w0 (o) w0 02:9)
Observed e 37 37 (10) 37 (10) 37 4)

111802-4



PHYSICAL REVIEW LETTERS 134, 111802 (2025)

The accidental coincidence (AC) background arises
from the accidental pairing of isolated S1 and isolated
S2 peaks, where “isolated” refers to peaks that lack a
physically corresponding S1 or S2 [11,42]. The quality and
reconstruction selections outlined in the signal section
reduce the isolated S1 and S2 peak rates to 2.3 (2.2) Hz
for S1 and 18 (26) mHz for S2 in SRO (SR1). Utilizing a
synthesized data-driven AC dataset [38,43], two boosted
decision tree (BDT) classifiers, S1 BDT and S2 BDT,
are trained on an equivalent 6 GeV/c?> DM signal, each
targeting the AC of different origins. The S1 BDT
distinguishes isolated S1 signals originating from random
PMT hit clustering by incorporating S1 hit counts, PMT
channel distribution, double photoelectron emission [46],
and S1 pulse shape [47] into the S1 BDT score. The S2
BDT evaluates whether the S2 pulse shape of the candidate
event is compatible with the correlation between electron
diffusion and the drift time [48], converting this assessment
into an S2 BDT score. These waveform-feature-based BDT
scores are used as an inference dimension to enhance
signal-to-background discrimination power, as shown in
Fig. 2. An AC sideband, primarily consisting of events
rejected by the S2 BDT selection, was unblinded before the
ROI unblinding to examine the validity of the AC model-
ing. Subsequently, the S2 area threshold of the ROI was
raised from 100 to 120 PE due to an observed tension
between the observation and the AC background model.
The discrepancy in the AC rate between the unblinding

result of the AC sideband and the prediction is then less
than 5%, and the statistical uncertainty of the AC sideband
data is conservatively chosen to be the systematic uncer-
tainty of the AC background. The details of sideband
validation can be found in Ref. [11]. The AC background
prediction is (6.4 £ 0.6) eventst~! y~! in SRO and (7.6 &
0.4) eventst~'y~! in SRI.

The surface background originates from 2*’Rn progeny
plate-out on the PTFE panels, such as 8 decays from !Pb.
This can result in a higher background rate in the ROI due to
the presence of S2 charge-insensitive volumes and the worse
position reconstruction resolution of small S2 signals
(AR ~ 2 cm) near the detector wall. The surface background
is modeled in a data-driven manner using nonblinded events.
The fiducial volume is selected to mitigate the surface
background contribution, yielding a negligible rate of less
than 0.10 eventst™'y=! at 90% CL. The prediction is
validated by a sideband unblinding of events within
61.4 cm < R < 63.0 cm. Because of the negligible rate,
the surface background is not included in the statistical model.

The radiogenic neutron background originates from
nuclear fission and the (a,n) process in the uranium
and thorium decay chains. It is modeled using full-chain
simulations as described in Ref. [38]. The levels of the
radioactive contamination, as determined from the radio
assay [5], are further adjusted based on the comparison
between observed and simulated high-energy y ray
activity. The prediction of the neutron background is

I ER

Neutron

¢S2 [90-500 PE] quantile Events
[N} N o © oo o o

o
=)

L 1 L 1 L 1 L L 1 L
00 02 04 06 08 1.000 02 04

S1 BDT score quantile

" 1 " 1 "
0.6 0.8
S2 BDT score quantile

" 1 " 1
1.00 10 20
Events

" " 1 " 1 " 1 "
1.000 02 04 06 08
S2pre/Atpre quantile

FIG. 2. DM candidate events in the search space, distributed in quantiles of (S1 BDT, ¢S2) (left), (S2 BDT, cS2) (center), and
(S2pre/Atpye, €82) (right). The quantiles are defined to achieve an equal-probable binning of the AC background. Events after
selections are shown as pie charts, with each wedge representing the contribution of the components in the best-fit model assuming a
6 GeV/c? DM. The size of the pie charts is proportional to the DM signal model at that position. The contributions of DM, ER, and
neutron events in the wedges and histograms are barely visible since the best-fit rates are negligible. The shaded contours show the
1o and 20 distributions of the AC background (purple) and solar 8B CEuNS background (green). The solid and dashed line contours
show the 1o and 26 distribution of a 6 GeV/c? DM signal (orange), showing its similarity with ®8 CEvNS. The equivalent nuclear
recoil energy based solely on ¢S2 is indicated by the gray lines. The one-dimensional projection of best-fit and observed data (black)

is shown on the side.
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(0.11 £0.06) eventst™'y=! in SRO and (0.14 + 0.08)
eventst™'y~! in SRI1, considering an effective neutron
veto tagging efficiency of 49% (SRO) and 52% (SR1).
The electronic recoil background originates from inter-
nal radioactive contaminations, including the f decays of
214pp, 85Kr, material y rays, and the neutrino-electron weak
interaction of solar p p neutrinos [49]. The ER rates per SR
are determined by fitting the already unblinded events in
the [1, 140] keV range in SRO [49] and the nonblinded
events in the [10, 140] keV range in SR1. Because of the
uncertainty of the shape of the ER background energy
spectrum, a systematic uncertainty of 100% is assigned to
the ER background, under the assumption of a flat ER
energy spectrum in the ROI and utilizing the combined fit
yield model from SRO ??°Rn and 3’Ar calibration data [38].
The conservative uncertainty has minimal impact on our
results due to the low rate of ER background. The prediction
of ER background is (0.11 +0.11) eventst™' y=! in SRO
and (0.24 4-0.24) eventst' y=! in SR1, and the difference

between SRs is due to an increased concentration of #Kr
at the start of SR1, which was subsequently removed by
cryogenic distillation.

Inference—An extended binned likelihood function is
constructed for the SRO and SR1 data using four analysis
dimensions: corrected S2 (cS2) [50], S1 BDT score, S2
BDT score, and S2,,./At,.. The bin edges are defined by
binning the AC background in each dimension with
equal probability, as shown in Fig. 2, resulting in a total
of 3* =81 bins in the 4D histogram. The likelihood
function is expressed as

L(6,0) = Lsro(0,0) x Lspi(0.0) x [ [£5<(6,). (1)

where o represents the DM-nucleon interaction cross
section, and @ are the Gaussian ancillary likelihood-
constrained nuisance parameters. The index m iterates
through the nuisance parameters, including the expected
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FIG. 3. DM cross-section upper limit at 90% confidence level with the 1o (green) and 26 (yellow) sensitivity band. The results

with and without sensitivity —1o PCL are shown by solid and dashed lines, respectively. Previous results are shown for comparison
[28,30,43,54-58], where limits from other liquid-xenon-based experiments are power-constrained to sensitivity —1o. (a) Shows the
constraint on SI-DM-nucleon interaction. The neutrino fog [6] is defined as n = max,¢|, ) [~(dInc/dInM T)7'],in whichn = 2,2.5,3
from lighter to darker gray. The 8B CEUNS equivalent DM of 5.5 GeV/c? with cross section of 4.4 x 107* ¢m? is shown. (b) Shows the
constraints on SI-LM, where the differential rate is proportional to 6m¢4 assuming m,; < 10 MeV/ c? [28,60]. (c) Shows the constraint
on SD-DM-neutron interaction assuming the median of nuclear form factors from Ref. [59]. (d) Shows the constraint on MDDM with
momentum dependence n = 1, 2 (red, blue), where o, is the SI cross section. The 1 and 2¢ sensitivity bands are depicted using shadow

and dots, respectively.
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rate of each background with their uncertainties shown in
Table I, the signal efficiency with 25% uncertainty, and the
NR yield model shape parameters (1., gy ).

Prior to unblinding, the sensitivity band was determined
by computing the profile-likelihood-ratio test statistics
between the signal-plus-background hypothesis and the
background-only hypothesis using toy Monte Carlo data-
sets [35,51,52]. We adopt a power-constrained limit (PCL)
[53] with a power threshold of —10¢ to report the final limit.
The power threshold is changed from our previous 50%
threshold [5] to be in line with the limits reported by
other experiments. A future publication will discuss the
difference between PCL thresholds and further motivate
this choice.

Results—After unblinding, SRO and SR1 reveal 9 and
28 events, respectively. The discovery p value for the DM
of SI interaction indicates no significant excess, with a
minimum p value of 0.18 at 3 GeV/c?. Their distributions
in the search space are shown in Fig. 2. The background-
only and signal-plus-background best fits for 4, 6,
10 GeV/c?> DMs are presented in Table 1. Two good-
ness-of-fit tests, with a reporting p-value threshold of 0.025
determined prior to unblinding, are performed on the
spatial X-Y dimension. The resulting p values, 0.018
and 0.037, suggest potential spatial clustering of events.
However, the positions are not used in the inference
framework defined prior to unblinding. Postunblinding
checks that include inspection of the distribution in data
selection space as well as the event waveforms show no
indication of mismodeling.

The results for SI, SD, MDDM, and SI-LM, along with
previous limits [28,30,43,54-58], are presented in Fig. 3
for comparison. Our results tighten the constraints across
the parameter spaces for all listed DM models, with the
SI limit at the benchmark 6 GeV/c?> DM mass reaching
2.5 x 107* cm?. An upward fluctuation is observed below
5 GeV/c? and a downward fluctuation above this mass.
The SD DM-neutron limit is susceptible to the current
~10% uncertainty of the nuclear form factors in Ref. [59].
As the uncertainty predominately changes the expected
recoil rate, the results presented here can be rescaled.
Additionally, we exclude all metallic components of mirror
DM proposed by Refs. [32,33], specifically ruling out
mirror oxygen with a 90% upper limit on the rate parameter
ev/Ey of 1.3 x 107'2, with the theoretically favored region
107" <ey/Ey <4 x 10710,

XENONNT achieves the world-leading sensitivity for
light DM candidates within the ®B CELNS neutrino fog,
as illustrated by Fig. 3(a). The background-only model
yields a best fit of 11.4f32.'éJ 88 CEuNS events. In the
6 GeV/c? model, 8B CEUNS emerges as the most sig-
nificant background, accounting for 60% of the total
background in the signal-like region, marking the
first step into the neutrino fog. We have prepared a

dedicated data release to allow further interpretation of
this work with different DM models and yield models
in Ref. [61].
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