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We present the first measurement of nuclear recoils from solar 8B neutrinos via coherent elastic
neutrino-nucleus scattering with the XENONnT dark matter experiment. The central detector of
XENONnT is a low-background, two-phase time projection chamber with a 5.9 t sensitive liquid xenon
target. A blind analysis with an exposure of 3.51 t × yr resulted in 37 observed events above 0.5 keV,
with (26.4þ1.4

−1.3 ) events expected from backgrounds. The background-only hypothesis is rejected with a

statistical significance of 2.73σ. The measured 8B solar neutrino flux of ð4.7þ3.6
−2.3 Þ × 106 cm−2 s−1 is

consistent with results from the Sudbury Neutrino Observatory. The measured neutrino flux-weighted
CEνNS cross section on Xe of ð1.1þ0.8

−0.5Þ × 10−39 cm2 is consistent with the Standard Model prediction.
This is the first direct measurement of nuclear recoils from solar neutrinos with a dark matter detector.

DOI: 10.1103/PhysRevLett.133.191002

Introduction—Coherent elastic neutrino-nucleus scatter-
ing (CEνNS) is a Standard Model (SM) process with low
momentum transfer, which allows neutrinos to scatter
coherently with nuclei [1–3]. This process has only recently
been observed using an intense, pulsed spallation neutron
source (SNS) [4,5]. The detection of CEνNS events from
solar neutrinos is more challenging due to the lower flux [6]
and energy, as well as the lack of timing information.
Therefore, it requires minimal backgrounds and maximiz-
ing the sensitive region of interest (ROI) with a low energy
threshold. Liquid xenon (LXe) detectors searching for dark
matter (DM) particles fulfill these requirements, but have
not been able to reach the required sensitivity until now
[7,8]. Solar 8B neutrinos are expected to contribute the

largest detectable number of coherent neutrino-xenon
scattering events, albeit at low nuclear recoil (NR) energies
[9]. In this Letter, the first detection of CEνNS induced by
solar 8B neutrinos with the XENONnT experiment is
reported. This is a “first” in three different aspects: the
first detection of elastic NRs from astrophysical neutrinos,
the first measurement of the CEνNS process with a Xe
target, and the first step into the “neutrino fog” by a DM
experiment [10,11].
Experiment—The XENONnT experiment [12], located

at the INFN Laboratori Nazionali del Gran Sasso in Italy, is
designed to search for weakly interacting massive particles
(WIMPs) scattering off Xe nuclei, which has a similar NR
signature as CEνNS. The experiment consists of three
nested detectors: a muon veto (MV), a neutron veto (NV),
and an innermost LXe detector. The latter is a two-phase
time projection chamber (TPC) housed in a double-walled
cryostat filled with 8.5 t of LXe. The cylindrical TPC,
1.33 m in diameter and 1.49 m in height, is enclosed
by polytetrafluoroethylene (PTFE) panels and viewed by
494 3-in. Hamamatsu R11410-21 photomultiplier tubes
(PMTs) [13] arranged in a top and a bottom array. The
active LXe mass in the TPC is 5.9 t.
Particle interactions in the TPC produce both scintilla-

tion photons and ionization electrons. The prompt scintil-
lation photons are detected by the PMTs and are referred to
as the S1 signal. The liberated electrons drift upward in the
drift field to the liquid-gas interface, where they are
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extracted into the gas and produce a secondary scintillation
signal, called the S2 signal, via electroluminescence. The
time difference between S1 and S2 signals is proportional
to the interaction depth (Z). Event positions in the hori-
zontal plane (X, Y) are reconstructed based on the hit
patterns of S2 signals in the top PMT array.
The electric fields in the TPC are established by three

parallel-wire electrodes made of stainless steel [14]. The
cathode and gate electrodes establish a drift field at
23 V=cm, resulting in a maximum electron drift time of
2.2 ms. The extraction field in LXe is set to 2.9 kV=cm by
the gate and anode electrodes, which are reinforced by two
and four additional perpendicular wires, respectively, to
minimize sagging [14]. Two additional parallel-wire elec-
trodes shield the PMT arrays from electric fields [12].
Dataset—This search uses two datasets with a total live

time of 316.5 days after accounting for dead time from data
acquisition [15] and vetoes. The first dataset, taken between
July 6, 2021 and November 28, 2021 is referred to as the
SR0 dataset in this Letter with a live time of 108.0 days.
The second dataset was collected between May 19, 2022
and August 8, 2023, a period referred to as SR1, with a live
time of 208.5 days. During SR0 (SR1), the temperature and
pressure in the detector are stable within ð176.8� 0.4Þ
½ð177.2� 0.4Þ� K and ð1.890� 0.004Þ½ð1.92� 0.02Þ� bar,
respectively. The liquid level in SR0 is stable within
ð5.02� 0.20Þ mm [16]. On July 15, 2022, the liquid level
is lowered by 0.2 mm and the anode voltage is raised by
50 V to mitigate localized electron bursts and maintain a
consistent extraction field strength. Before and after this
adjustment, the liquid level in SR1 is maintained stable at
5.0 and 4.8 mm above the gate electrode, respectively. The
systematic uncertainty of the liquid level measurement
is 0.2 mm.
In addition to the 17 PMTs already excluded from the

analyses during SR0 [17], three additional PMTs are
removed in SR1 due to increased afterpulse or intermittent
light emission. PMT gains are monitored weekly using
pulsed LED signals and are found to be stable in
SR0 (SR1) within 3% (3.5%). PMT hits are recorded on
a per-PMT basis when crossing the digitization threshold,
typically about 2.06 mV [15]. The mean single photo-
electron (PE) acceptance in SR0 (SR1) is determined to be
(91.2� 0.2%) ½ð92.1� 0.7Þ%�. Clusters of PMT hits in
time are divided into peaks, which are classified into S1 and
S2 signals based on their waveforms and intensity distri-
butions on PMT arrays [18,19].
A distortion of the drift field near the edges of the

detector leads to a difference in positions between the
interaction site and the extraction position. It also leads to a
small charge-insensitive volume (CIV) [14] in the lower
part of the TPC, from where the drifting electrons reach the
PTFE wall instead of the liquid-gas interface. A data-driven
correction for the radial coordinate is applied to reproduce
the uniform distribution of 83mKr calibration events [20].

For SR0, the method from [21] is kept, where the CIV does
not enter the position correction but is considered in the
fiducial volume (FV) calculation. The FV mass uncertainty
originated from field distortion and position reconstruction
is less than 5%. In SR1, the event positions are corrected
according to the boundary defined by the simulated drift
field [14] to account for the CIV. After considering the field
distortion correction and removing events with the inter-
action depth Z below −142 cm or above −13 cm due to an
insufficient understanding of the detector and backgrounds,
the FV mass for SR0 and SR1 are (3.97� 0.20) and
ð4.10� 0.19Þ t, respectively. The total exposure in this
analysis is 3.51 t × yr.
Light from S1 or S2 signals can create delayed electron

signals via photoionization of impurities in the LXe [16].
The photoionization strength, defined as the ratio between
the number of measured photoionization electrons within
2.2 ms after an S2 signal larger than 10 000 PE and the
number of electrons in the S2 signal itself, increased tenfold
after a long maintenance and upgrade phase between SR0
and SR1. One hypothesis of the increased photoionization
is that components in the radon removal system [22] are
releasing photoionizable impurities after the upgrade,
which enabled high flow extraction from the LXe target.
No impact is observed from these impurities on the electron
lifetime, which is an attenuation coefficient for the attach-
ment to electronegative impurities during the drift of
ionization electrons.
Signal inhomogeneities due to position- and time-

dependent effects are corrected as described in [21].
The increased and varying photoionization strength in
SR1 requires further time-dependent corrections to the
S1 and S2 signal areas. After all corrections, the stability
of the corrected S1 and corrected S2 (cS2) signals in
SR0 are within 1% and 1.9%, respectively, and 0.3% and
1.1% in SR1. The variations are propagated as uncer-
tainties into the determination of the photon gain (g1)
and electron gain (g2). Using the method described
in [21], g1 and g2 in SR0 (SR1) are found to
be (0.151� 0.001) ½ð0.137� 0.001Þ� PE=photon and
(16.5� 0.6) ½ð16.9� 0.5Þ� PE=electron, respectively.
CEνNS signal—The expected NR spectrum of 8B

CEνNS in LXe, considering the solar 8B neutrino flux
measured by the Sudbury Neutrino Observatory (SNO)
[23], the 8B neutrino energy spectrum from [24], and the
CEνNS cross section on Xe predicted by the SM [25], is
shown in Fig. 1, with 90% of detectable recoils between
0.7 and 2.1 keV. The main contribution is from neutrinos
with energies between 8 and 15 MeV. The low-energy NR
response in this search is calibrated with 152 keV neutrons
from an external 88YBe source [26], with the recoil
spectrum also shown in Fig. 1. The uncertainty in signal
acceptance arises from uncertainties in S1 reconstruction,
classification acceptance, and event selection acceptance. A
model for light yield (Ly) and charge yield (Qy) is fitted
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[27] to calibration data using a method similar to that
described in [28]. The uncertainties of yields are propa-
gated into the final inference with two parameters, tLy and
tQy, which determine the relative shift of Ly and Qy from
their median toward the �1σ quantiles. This calibration
will be presented in an upcoming publication [29]. Ly and
Qy below 0.5 keV are assumed to be zero, which has a
negligible impact on the 8B CEνNS detection rate.
The expected 8B CEνNS rate in our previous WIMP

search region [30] is 0.2 events=ðt × yrÞ. To increase the
rate of detected 8B CEνNS in this search, the signal
acceptance is improved by lowering two thresholds.
First, the S2 signal threshold is reduced from 200 PE in
the WIMP search to 120 PE in this search. Second, the S1
coincidence requirement was lowered from threefold
coincidence to twofold coincidence, now minimally requir-
ing only two PMTs with hits within �50 ns around the
maximal amplitude of the S1 waveform. The reduced
thresholds lead to an expected 8B CEνNS detection
rate of 3.7ð3.3Þ events=ðt × yrÞ in SR0(1), a factor of
∼17 larger than in the WIMP search.
The ROI in this analysis is defined to be two or three

hits for S1 signals and (120, 500) PE for S2 signals. The
upper bound of the S2 area range is set to retain most of
CEνNS signal and to remove electronic recoil (ER)
backgrounds from β and γ radiation, which have higher

ratios of S2 to S1 than NRs [31]. S1 signals with more
than three hits are rarely produced by 8B CEνNS and
such events are therefore not included in this analysis.
Events in the ROI are blinded except those with radial
positions larger than 63.0 cm, which are used to model
the surface events produced by 210Pb plate out on the
TPC wall [32] and are not part of the dataset for the
search. Threefold events were unblinded in the SR0
WIMP search [14], which contributes to ≤ 3% of total
8B CEνNS rate since twofold events dominate and SR1
has more exposure.
Cuts based on the features of S1 and S2 peaks, inherited

from [17], are employed to ensure the quality of the
reconstructed events. S1 signals composed of at least
two hits are required to be larger than 1 PE. S1 signals
up to 4 PE are accepted in size per PMT. S2 signals must be
detected by both PMT arrays with a reasonable signal
fraction of around 75% in the top array. S2 signals detected
on the top array are also required to follow the expected
pattern from the optical response of XENONnT. Events
with multiple S2 signals are rejected to suppress the
neutron background. As in [17], events found in coinci-
dence with either MV or NV are rejected.
Backgrounds—This analysis considers accidental coinci-

dence (AC), surface, neutron, and ER background compo-
nents, as in the search for solar 8B CEνNS signals with the
XENON1T detector [7,28]. The AC is the dominant
background, formed by accidentally paired “isolated” S1
and S2 signals. The accidental pileup rate of these isolated
S1 and S2 signals within the maximum drift time is
significant, reaching several hundred events per day before
mitigation measures are applied.
The primary source of the isolated S1 and S2 signals in

the 8B CEνNS search ROI are delayed signals after high-
energy (HE) interactions. These interactions, with charac-
teristic S2 areas larger than 10000 PE induced predomi-
nantly by γ rays from the materials’ radioactivity, are
known to contaminate their subsequent time interval
with single photoelectron PMT hits and small S2 signals.
This phenomenon has been observed in many LXe detec-
tors [7,8,33]. While the physical mechanism is still under
investigation [34,35], the AC background can be modeled
by data-driven simulation, after applying dedicated cuts to
remove the isolated peaks correlated with their preceding
HE peaks.
The impact on an isolated signal by a preceding HE

event is quantified by the ratio of S2pre to Δtpre, where S2pre
is the S2 area of the HE event and Δtpre is the time between
the HE event and the isolated signal. All the HE events
1 sec before the isolated signal are considered and the
event with the largest ratio of S2pre to Δtpre (defined as
S2pre=Δtpre) is identified as the most influential one on the
isolated signal rate. Cuts are then applied on S2pre=Δtpre to
minimize the isolated signal rate. A time window of 2.2 ms
(one maximum drift time) is vetoed after any HE

FIG. 1. Acceptance for detecting low-energy NRs in XEN-
ONnT (top) and 8B CEνNS energy spectrum (bottom). The light
(dark) blue curve denotes the acceptance of detecting S1 (S2)
signals, and the black curve represents the combined acceptance.
The expected CEνNS signal spectrum induced by solar 8B
neutrinos in XENONnT with (without) acceptance loss is shown
by the dark (light) red line. The green line shows a scaled
spectrum of all energy depositions from 88YBe calibration.

PHYSICAL REVIEW LETTERS 133, 191002 (2024)

191002-4



interaction in SR0. In SR1, due to the increased photo-
ionization rate, the veto window is extended to 4.4 ms. The
cut on S2pre=Δtpre for 2- (3-) hit S1 signals is less than
10.1ð38.2Þ PE=μs, effectively reducing isolated S1 rates by
more than 80% (50%) while accepting 87% (96%) of 8B
CEνNS signals. Localized bursts of intense single-
electron (SE) emission observed in SR0 [30] appear
more frequently in SR1, contributing also to the isolated
S2 signals. For isolated S2 signals, correlations with
preceding HE events and the localized SE burst in (X, Y)
position are utilized, accounting for the uncertainty in
position reconstruction. Two-dimensional cuts in time
and position are developed, effectively rejecting over
50% of isolated S2 signals while accepting around 96% of
8B CEνNS signals.
After all the cuts, the average isolated S1 and S2 signal

rates in SR0 (SR1) are 2.3 (2.2) Hz and 18 (26) mHz,
respectively. By injecting simulated 8B CEνNS signals
at random times and positions into the real data, the
overall acceptance of these cuts is evaluated to be
75% (85%) for 2- (3-) hit signals. The isolated S1 and
S2 waveforms are then sampled and assigned a random
drift time before being merged into artificial AC events.
Facilitated by [36], the simulation improved compared
to [7] in preserving the S2pre=Δtpre spectrum and model-
ing the time dependence to minimize the systematic
uncertainties of the AC model.
Two boosted decision tree (BDT) classifiers are devel-

oped to distinguish between 8B CEνNS signals and the
AC background events. The output scores from these
classifiers are used as analysis dimensions in the final
likelihood. The distributions of S1 photons of 8B CEνNS
signals in time and across the PMT arrays differ from
those of the isolated S1 signals induced by a random
pileup of PMT hits. Features from these distributions are
therefore combined in an S1 BDT score. Another BDT
assesses the S2 signal shape and the time between the S1
and S2 signals, which in 8B CEνNS signals are correlated
due to diffusion of the drifting electron cloud, but this
correlation is absent for the AC background. A cut on the
S2 BDT score is applied to reject about 90% of the AC
background events while retaining more than 80% of the
signal events.
The S2 pulse shape changes close to the perpendicular

supporting wires [14,30], so applying the S2 BDT cut to
those events would introduce systematic errors in signal
acceptance. Consequently, events close to the perpendicular
wires are excluded from the analysis. Because of the
S2-area-dependent position resolution, this leads to an
S2-area-dependent reduction in the S2 acceptance rather
than a reduction of the fiducial mass. Simulated S1 and S2
waveforms [37] are used to assess the acceptance loss due to
cuts. The difference between acceptances estimated by
simulated events and calibration data is smaller than 10%,
which is assigned as the uncertainty on the total acceptance.

Figure 1 shows the total acceptance for S1- and S2-based
cuts as function of NR energy.
AC-rich datasets are selected to validate the AC back-

ground model, including events with unphysically long
drift times, calibration datasets featuring a high rate of
isolated peaks, and an AC sideband mainly made of events
rejected by the S2 BDT cut. These validations are per-
formed with a binned likelihood goodness of fit (GOF)
test in all the same dimensions as used in the statistical
inference to search for 8B CEνNS signals, including cS2,
S2pre=Δtpre, S1 BDT score, and S2 BDT score. In all these
validation datasets, good agreements between AC predic-
tion and observation in the 8B CEνNS ROI is achieved,
constraining systematic uncertainties on the AC rate to be
below 5%. Conservatively, the systematic uncertainty of
the AC background is solely estimated from the AC
sideband, which is unblinded only after the AC pre-
diction and event selections are both fixed. The AC
model passed the binned likelihood GOF test with the
sideband data at a p value of 0.16. The AC background
uncertainty for SR0 (SR1) is 9.0% (5.8%), based on
statistical uncertainties from the AC sideband data. The
expected numbers of AC background in SR0 and SR1
are (7.5� 0.7) and (17.8� 1.0), respectively. Details
about the AC sideband unblinding are provided in
Appendix A.
Surface events produced mainly by 210Pb plate out on the

TPC wall have reduced S2 signals [32], which could lead to
leakage of events into the ROI. A data-driven approach is
adopted to derive the radial distribution of this background.
Because of the limited statistical data, deriving and vali-
dating the data-driven model across all four analysis
dimensions is currently unfeasible. Consequently, the outer
radius of the FV for SR0 (SR1) is set at 60.15 cm
(59.60 cm), such that surface events are expected to be
less than 0.12 (0.23), respectively. At this level, this
background can be safely neglected without risk of
signal-like mismodeling in the 8B CEνNS search according
to a dedicated toy Monte Carlo (MC) study.
Radiogenic neutrons originating from the detector mate-

rials are modeled using the framework of [28] with neutron
spectra from updated knowledge of the detector material
radioactivity. The prediction for SR0 and SR1 are
(0.13� 0.07) and (0.33� 0.19) events, respectively. The
rate uncertainty of 58% is derived from neutron candidates
in SR0 tagged by the NV. In the CEvNS ROI, the NV and
MV tagged one event each after a dedicated unblinding,
which is in agreement with the expected number of events
vetoed by accidental coincidence between the TPC and the
veto detectors.
The ER background is composed mainly of β decays

from radioactive impurities, such as 214Pb and 85Kr,
and electrons scattered by external γ rays and solar
neutrinos [28]. The shape of the ER background in the
8B CEνNS ROI is generated by [27] with emission model
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fit to the 220Rn calibration data [28]. The rate of ER
background events is derived by fitting the events with
ER energy above 20 keV, assuming a flat ER spectrum.
However, the emission model in low energy has large
systematical uncertainty. If using the light and charge yields
from the Noble Element Simulation Technique [38,39], the
expected ER rate is 10 times lower. To account for this
discrepancy, a 100% uncertainty is assigned to the ER
rate. Consequently, the assumed ER background in
SR0 and SR1 is taken to be at most 0.13� 0.13 and
0.56� 0.56 events, respectively. Measurement of the
light and charge response in XENONnT with a 0.27 keV
calibration using a 37Ar electron capture (EC) source,
which will be introduced in a future publication, also
confirms the nominal rate of the ER background is a
conservative choice.
Statistical inference—S2pre=Δtpre, S1 BDT score, S2

BDT score, and cS2 are the four dimensions used to
discriminate between the 8B CEνNS signal and the domi-
nating AC background. The background and signal models
are coarsely binned, with three bins in each of the
four analysis dimensions for a total of 81 bins. A four-
dimensional binned likelihood analysis is performed.
The bins are chosen to have the same expected number
of AC background events in the projection of each
dimension. The chance for mismodeling of the AC back-
ground due to the limited number of isolated S1 and S2
peaks is negligible, as validated via toy MC simulations.
The extended likelihood function is constructed as

Lðμ; θ⃗Þ ¼
Y

i¼0;1

Liðμ; θ⃗Þ ×
Y

m

LmðθmÞ; ð1Þ

where the parameter of interest μ can either be the solar 8B
neutrino flux (Φ), or the flux-weighted CEνNS cross
section on Xe (σCEνNS). θ⃗ are the nuisance parameters, i
iterates through the two science runs, and m iterates
through the nuisance terms: the constraints on tLy and
tQy, the signal acceptance uncertainty, and the uncertainties
in the rates of the AC, neutron, and ER backgrounds.
The nuisance parameters θm are constrained via external
measurements, modeled by Gaussian pull terms LmðθmÞ.
The models of 8B CEνNS and neutrons change in shape and
expectation value with tLy and tQy. The AC background
rates are independent between science runs, while all other
parameters are coupled.
The 8B CEνNS discovery significance and the construc-

tion of a confidence interval for the 8B neutrino flux are
computed using a test statistic qμ based on the profile log-
likelihood ratio as in [28,40]. The critical region for the
confidence interval construction and expected discovery
significance are computed with toy MC simulations
using [41]. Consistency between the model and data is
evaluated by a combination of four binned likelihood GOF
tests performed on the four one-dimensional projections,
combining SR0 and SR1. The p values are computed based
on the distribution of the binned likelihood GOF test

statistic obtained via toy MC simulations. A threshold of
0.013 is selected for each test to obtain a 95% confidence
limit (CL) for the final combined test. The test is defined
before unblinding and its suitability to reject mismodeling
is assessed using toy MC simulations.
The strategy to report the result from the 8B CEνNS

search is decided before unblinding. A Feldman-Cousins
construction [42] is used to constrain the solar 8B neutrino
flux and the CEνNS cross section σCEνNS without setting
a threshold on p values for reporting a two-sided meas-
urement. The expected 8B CEνNS signal under the nominal
emission model is 11.9þ4.5

−4.2 events, with the uncertainty
originating from S1 and S2 acceptances and detector
response to low-energy NRs. The expected background
is 26.4þ1.4

−1.3 events, dominated by the AC background, as
shown in Table I. With the final background prediction
summarized in Table I, the probability of obtaining a ≥ 2σ
(3σ) discovery significance with this dataset is estimated to
be 80% (48%) using toy MC simulations.
Before unblinding the 8B CEνNS search data, the signal

and background modeling are validated in the four-
dimensional space by measuring the Ly of the 37Ar L
shell electron capture ER signal at 0.27 keV, where Qy is
constrained [43], but Ly has not yet been measured. The
background in the 37Ar data at this low-energy region is
dominated by the AC background due to the high rate of
isolated S2 signals. The Ly of 37Ar L shell is measured by
fitting the 37Ar calibration data [21] with the 37Ar signal and
the AC background. This fitting is analogous to the search
for 8B CEνNS signals in terms of the signal dependence on
the light and charge yields, the dominant background, and
the energy region. Using approaches on the signal and
background modeling comparable to the 8B CEνNS search,
the best fit of the 37Ar signal model and the AC background
is consistent with the data in all of the four analysis
dimensions. More information about this validation is
described in Appendix B.

TABLE I. The expected and best-fit number of events from
signal and background components in the ROI. The uncertainty
in the expectation accounts for contributions from signal detec-
tion efficiency, Ly, and Qy. The uncertainties of background
expectations correspond to the width of the Gaussian constraints
in the fit, the 8B signal is not constrained.

Component Expectation Best fit

AC (SR0) 7.5� 0.7 7.4� 0.7
AC (SR1) 17.8� 1.0 17.9� 1.0
ER 0.7� 0.7 0.5þ0.7

−0.6
Neutron 0.5þ0.2

−0.3 0.5� 0.3

Total background 26.4þ1.4
−1.3 26.3� 1.4

8B 11.9þ4.5
−4.2 10.7þ3.7

−4.2

Observed 37
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Results—After unblinding, 9 and 28 events are observed
in SR0 and SR1, respectively. The observed number of
events is consistent with the expected 8B CEνNS signal on
top of the background. The best-fit values of background
components and 8B CEνNS signal from the unconstrained
fit are also shown in Table I. The best-fit nuisance
parameters θ⃗ are all within �0.3σ constrained by the
external measurements. The background-only hypothesis,
with no 8B CEνNS signals, is disfavored with a p value of
0.003, corresponding to a statistical significance of 2.73σ.
The distributions of the observed 37 events and the best-

fit model projected to each analysis dimension are shown in
Fig. 2. A detailed plot showing the SR0 and SR1 results

separately is presented in Appendix C. The p values in cS2,
S1 BDT score, and S2 BDT score show a good match
between the unconstrained best-fit model and observations.
The p value in the S2pre=Δtpre is 0.008, indicating a
potential mismodeling. No other indication of possible
mismodeling is found by inspecting the individual events
in the dataset or the AC sideband data. Abandoning
S2pre=Δtpre in the statistical inference would lead to a
larger best-fit 8B CEνNS signal of 13.1 events with a
statistical significance of 3.22σ. In addition, two tests of
overdensity in (X, Y) space were defined before unblinding,
although not part of the analysis dimensions. One returned
a p value below the threshold of 0.018, prompting checks
including inspection of event distributions in all cut spaces
that show no indication of mismodeling.
Assuming the flux-weighted CEνNS cross section

σCEνNS predicted by the SM, Fig. 3 shows the
XENONnT constraint on the solar 8B neutrino flux of
ð4.7þ3.6

−2.3Þ × 106 cm−2 s−1 at 68% CL. With the solar 8B
neutrino flux being constrained by SNO [23], Fig. 4 shows
the first measurement of the flux-weighted CEνNS cross
section σCEνNS on Xe as ð1.1þ0.8

−0.5Þ × 10−39 cm2, consistent
with the SM prediction of 1.2 × 10−39 cm2. Since the
momentum transferred from a solar 8B neutrino to a Xe
nucleus is ≤ 20 MeV=c, this measurement is less sensitive
to uncertainties in the nuclear form factor compared
to CEνNS measurements made by the COHERENT
Collaboration with neutrinos produced by the SNS [44].
The measurements of the flux-weighted CEνNS cross
section on CsI [44], Ar [5], and Ge [45] nuclei by the
COHERENT Collaboration are shown in Fig. 4 for

FIG. 2. Distributions of best-fit signal and background, together
with the data in the projected analysis dimensions, summing
both science runs. The observed number of events with Poisson
uncertainties in each bin is shown in black. The 8B CEνNS signal
is represented by the light green histogram on top of the
backgrounds, which are indicated by purple (AC), blue (ER),
and yellow (neutron) histograms. As the bin edges on each
analysis dimension vary from SR0 to SR1, the plot for cS2 is
shown in double axis, and the other dimensions are shown in
quantiles of the AC background for the summed results.

FIG. 3. Constraints on solar 8B neutrino flux. Top: the 68%
(90%) measurement of solar 8B neutrino flux from this work is
shown in black (gray). The 68% CL measurement from SNO [23]
and 90% CL upper limits from XENON1T [7] and PandaX-4T
[8] are also shown. Bottom: the solid red line shows the profile
likelihood ratio test statistics qμ as a function of solar 8B neutrino
flux. The constraints are derived with Feldman-Cousins con-
struction at 68% (90%) CL, indicated by the black (gray) curve.
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comparison. Because of the lower average energy, the solar
8B neutrino flux-weighted CEνNS cross section is the
lowest one measured to date.
Summary—We performed a blind search for NR signals

from solar 8B neutrinos via CEνNS with XENONnT using
data from two science runs with a combined exposure of
3.51 t × yr. By lowering the S1 and S2 thresholds, we are
able to include NR signals as low as 0.5 keV. Various
techniques are developed to reduce the dominant AC
background. Various calibrations, including 88YBe and
37Ar, are performed to understand the detector response,
signal, and background modeling. The data disfavor the
background-only hypothesis at 2.73σ. The unconstrained
best-fit number of 8B CEνNS signals is 10.7þ3.7

−4.2 , consistent
with the expectation of 11.9þ4.5

−4.2 events, based on the
measured solar 8B neutrino flux from SNO [23], the
theoretical CEνNS cross section with Xe nuclei [25],
and the calibrated detector response to low-energy NRs
in XENONnT. Thus, the measured solar 8B neutrino flux is
ð4.7þ3.6

−2.3Þ × 106 cm−2 s−1, consistent with SNO, and the
measured neutrino flux-weighted CEνNS cross section on
Xe is ð1.1þ0.8

−0.5Þ × 10−39 cm2, consistent with the SM
prediction. As XENONnT continues to take data, more
precise measurements are expected in the future.

Note added—Recently, we noticed the results of the 8B
neutrino flux measurement from the PandaX Collaboration
with a similar statistical significance in [46].

Acknowledgments—We would like to thank the
COHERENT Collaboration for providing data points
and predictions for the measurement of flux-weighted
CEνNS cross section σCEνNS at the SNS. We gratefully
acknowledge support from the National Science
Foundation, Swiss National Science Foundation, German
Ministry for Education and Research, Max Planck

Gesellschaft, Deutsche Forschungsgemeinschaft,
Helmholtz Association, Dutch Research Council (NWO),
Fundacao para a Ciencia e Tecnologia, Weizmann Institute
of Science, Binational Science Foundation, Région des
Pays de la Loire, Knut and Alice Wallenberg Foundation,
Kavli Foundation, JSPS Kakenhi and JST FOREST
Program ERAN in Japan, Tsinghua University Initiative
Scientific Research Program, DIM-ACAV+ Région Ile-de-
France, and Istituto Nazionale di Fisica Nucleare. This
project has received funding and support from the
European Union’s Horizon 2020 research and innovation
program under the Marie Skłodowska-Curie Grant
Agreement No. 860881-HIDDeN. We gratefully acknowl-
edge support for providing computing and data-processing
resources of the Open Science Pool and the European Grid
Initiative, at the following computing centers: the CNRS/
IN2P3 (Lyon, France), the Dutch national e-infrastructure
with the support of SURF Cooperative, the Nikhef Data-
Processing Facility (Amsterdam, Netherlands), the INFN-
CNAF (Bologna, Italy), the San Diego Supercomputer
Center (San Diego, U.S.), and the Enrico Fermi Institute
(Chicago, U.S.). We acknowledge the support of the
Research Computing Center (RCC) at The University of
Chicago for providing computing resources for data analy-
sis. We thank INFN Laboratori Nazionali del Gran Sasso
for hosting and supporting the XENON project.

[1] D. Z. Freedman, Coherent effects of a weak neutral current,
Phys. Rev. D 9, 1389 (1974).

[2] V. B. Kopeliovich and L. L. Frankfurt, Isotopic and chiral
structure of neutral current, JETP Lett. 19, 145 (1974),
http://jetpletters.ru/ps/1776/article_27044.shtml.

[3] A. Drukier and L. Stodolsky, Principles and applications
of a neutral current detector for neutrino physics and
astronomy, Phys. Rev. D 30, 2295 (1984).

[4] D. Akimov et al. (COHERENT Collaboration), Observation
of coherent elastic neutrino-nucleus scattering, Science 357,
1123 (2017).

[5] D. Akimov et al. (COHERENT Collaboration), First meas-
urement of coherent elastic neutrino-nucleus scattering on
argon, Phys. Rev. Lett. 126, 012002 (2021).

[6] J. N. Bahcall and C. Pena-Garay, Solar models and solar
neutrino oscillations, New J. Phys. 6, 63 (2004).

[7] E. Aprile et al. (XENON Collaboration), Search for coherent
elastic scattering of solar 8B neutrinos in the XENON1T dark
matter experiment, Phys. Rev. Lett. 126, 091301 (2021).

[8] W. Ma et al. (PandaX Collaboration), Search for solar B8
neutrinos in the PandaX-4T experiment using neutrino-nu-
cleus coherent scattering, Phys.Rev. Lett.130, 021802 (2023).

[9] L. E. Strigari, Neutrino coherent scattering rates at direct
dark matter detectors, New J. Phys. 11, 105011 (2009).

[10] J. Billard, L. Strigari, and E. Figueroa-Feliciano, Implica-
tion of neutrino backgrounds on the reach of next generation
dark matter direct detection experiments, Phys. Rev. D 89,
023524 (2014).

[11] C. A. J. O’Hare, New definition of the neutrino floor for direct
dark matter searches, Phys. Rev. Lett. 127, 251802 (2021).

FIG. 4. Measurements of the flux-weighted CEνNS cross
section σCEνNS. The measurement using Xe nuclei solar 8B
neutrinos from this work is shown in black. The 90% CL upper
limit from XENON1T [7] is shown in blue. The measurements
with neutrinos from the SNS by the COHERENT Collaboration
using CsI [44] (red), Ar [5] (green), and Ge [45] (orange) nuclei
are also shown. For comparison, the SM predictions are shown by
vertical dashed lines.

PHYSICAL REVIEW LETTERS 133, 191002 (2024)

191002-8

https://doi.org/10.1103/PhysRevD.9.1389
http://jetpletters.ru/ps/1776/article_27044.shtml
http://jetpletters.ru/ps/1776/article_27044.shtml
http://jetpletters.ru/ps/1776/article_27044.shtml
https://doi.org/10.1103/PhysRevD.30.2295
https://doi.org/10.1126/science.aao0990
https://doi.org/10.1126/science.aao0990
https://doi.org/10.1103/PhysRevLett.126.012002
https://doi.org/10.1088/1367-2630/6/1/063
https://doi.org/10.1103/PhysRevLett.126.091301
https://doi.org/10.1103/PhysRevLett.130.021802
https://doi.org/10.1088/1367-2630/11/10/105011
https://doi.org/10.1103/PhysRevD.89.023524
https://doi.org/10.1103/PhysRevD.89.023524
https://doi.org/10.1103/PhysRevLett.127.251802


[12] E. Aprile et al. (XENON Collaboration), The XENONnT
dark matter experiment, Eur. Phys. J. C 84, 784 (2024).

[13] V. C. Antochi et al., Improved quality tests of R11410-21
photomultiplier tubes for the XENONnT experiment,
J. Instrum. 16, P08033 (2021).

[14] E. Aprile et al. (XENON Collaboration), Design and
performance of the field cage for the XENONnT experi-
ment, Eur. Phys. J. C 84, 138 (2024).

[15] E. Aprile et al. (XENON Collaboration), The triggerless
data acquisition system of the XENONnT experiment,
J. Instrum. 18, P07054 (2023).

[16] E. Aprile et al. (XENON Collaboration), Emission of single
and few electrons in XENON1T and limits on light dark
matter, Phys. Rev. D 106, 022001 (2022).

[17] E. Aprile et al. (XENON Collaboration), XENONnT
analysis: Signal reconstruction, calibration and event selec-
tion, arXiv:2409.08778.

[18] J. Aalbers et al., AxFoundation/strax: Stream analysis for
xenon TPCs (2024), 10.5281/zenodo.11355772.

[19] XENON Collaboration, XENONnT/straxen: Streaming
analysis for XENON (2024), 10.5281/zenodo.12608732.

[20] E. Aprile et al. (XENON Collaboration), XENON1T dark
matter data analysis: Signal reconstruction, calibration and
event selection, Phys. Rev. D 100, 052014 (2019).

[21] E. Aprile et al. (XENON Collaboration), Search for new
physics in electronic recoil data from XENONnT, Phys.
Rev. Lett. 129, 161805 (2022).

[22] M. Murra, D. Schulte, C. Huhmann, and C. Weinheimer,
Design, construction and commissioning of a high-flow
radon removal system for XENONnT, Eur. Phys. J. C 82,
1104 (2022).

[23] B. Aharmim et al. (SNO Collaboration), Combined analysis
of all three phases of solar neutrino data from the Sudbury
neutrino observatory, Phys. Rev. C 88, 025501 (2013).

[24] J. N. Bahcall, E. Lisi, D. E. Alburger, L. De Braeckeleer,
S. J. Freedman, and J. Napolitano, Standard neutrino spec-
trum from 8B decay, Phys. Rev. C 54, 411 (1996).

[25] J. Barranco, O. G. Miranda, and T. I. Rashba, Probing new
physics with coherent neutrino scattering off nuclei, J. High
Energy Phys. 12 (2005) 021.

[26] J. I. Collar, Applications of an 88Y=Be photo-neutron
calibration source to dark matter and neutrino experiments,
Phys. Rev. Lett. 110, 211101 (2013).

[27] XENON Collaboration, XENONnT/appletree: A high-per-
formance program simulates and fits response of xenon
(2024), 10.5281/zenodo.12601629.

[28] E. Aprile et al. (XENON Collaboration), XENONnTWIMP
search: Signal & background modeling and statistical
inference, arXiv:2406.13638.

[29] E. Aprile et al. (XENON Collaboration) (to be published).
[30] E. Aprile et al. (XENON Collaboration), First dark matter

search with nuclear recoils from the XENONnT experiment,
Phys. Rev. Lett. 131, 041003 (2023).

[31] E.Aprile,C. E.Dahl,L.DeViveiros,R.Gaitskell,K. L.Giboni,
J. Kwong, P. Majewski, K. Ni, T. Shutt, and M. Yamashita,
Simultaneousmeasurement of ionization and scintillation from
nuclear recoils in liquid xenon as target for a dark matter
experiment, Phys. Rev. Lett. 97, 081302 (2006).

[32] E. Aprile et al. (XENON Collaboration), Dark matter search
results from a one ton-year exposure of XENON1T, Phys.
Rev. Lett. 121, 111302 (2018).

[33] J. Aalbers et al. (LZ Collaboration), First dark matter search
results from the LUX-ZEPLIN (LZ) experiment, Phys. Rev.
Lett. 131, 041002 (2023).

[34] A. Kopec, A. L. Baxter, M. Clark, R. F. Lang, S. Li, J. Qin,
and R. Singh, Correlated single- and few-electron back-
grounds milliseconds after interactions in dual-phase liquid
XENON time projection chambers, J. Instrum. 16, P07014
(2021).

[35] P. Sorensen, Electron train backgrounds in liquid xenon dark
matter search detectors are indeed due to thermalization and
trapping, arXiv:1702.04805.

[36] XENON Collaboration, XENONnT/axidence: Strax-based
data-driven accidental coincidence background simulation
and peak-level salting (2024), 10.5281/zenodo.12791105.

[37] XENON Collaboration, XENONnT/fuse: Refactor xenonnt
epix and WFSim code (2024), 10.5281/zenodo.11551366.

[38] M. Szydagis et al., A review of NEST models, and their
application to improvement of particle identification in
liquid xenon experiments, arXiv:2211.10726.

[39] M. Szydagis et al., Noble element simulation technique is
used to simulate noble-element energy deposition micro-
physics (2024), 10.5281/zenodo.6448408.

[40] S. S. Wilks, The large-sample distribution of the likelihood
ratio for testing composite hypotheses, Ann. Math. Stat. 9,
60 (1938).

[41] XENON Collaboration, XENONnT/alea: A tool to perform
toymc-based inference constructions (2024), 10.5281/
zenodo.10829030.

[42] G. J. Feldman and R. D. Cousins, A unified approach to the
classical statistical analysis of small signals, Phys. Rev. D
57, 3873 (1998).

[43] E. Aprile et al. (XENON Collaboration), Low-energy
calibration of XENON1T with an internal 37Ar source,
Eur. Phys. J. C 83, 542 (2023).

[44] D. Akimov et al. (COHERENT Collaboration), Measure-
ment of the coherent elastic neutrino-nucleus scattering
cross section on CsI by COHERENT, Phys. Rev. Lett. 129,
081801 (2022).

[45] S. Adamski et al., First detection of coherent elastic neutrino-
nucleus scattering on germanium, arXiv:2406.13806.

[46] Zihao Bo et al. (PandaX Collaboration), preceding Letter,
First indication of solar 8B neutrinos through coherent
elastic neutrino-nucleus scattering in PandaX-4T, Phys.
Rev. Lett. 133, 191001 (2024).

End Matter

Appendix A: AC sideband validation—The AC
sideband validation is also performed with a blind
analysis, before unblinding the 8B CEνNS search data.
After the AC event selection and prediction are both

fixed, the SR0 and SR1 AC sideband datasets are
unblinded. With the initial S2 threshold of 100 PE,
133 (416) events are observed in SR0 (SR1) with an
expectation of 135.9 (368.2). With the four-dimensional
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binned likelihood GOF test, the prediction and the
observation in SR0 show an acceptable agreement.
However, the test on SR1 showed a mismatch with a p
value of 0.03. All the analysis dimensions are inspected
and the mismatch is only present below 120 PE in S2
suggesting that the mismatch in SR1 is most likely due
to the increase in photoionization. The S2 thresholds for
both SR0 and SR1 are thus conservatively increased for
the 8B CEνNS search data, with minor loss in the
discovery potential of the solar 8B CEνNS signals. The

final prediction of the AC background and observations
in the AC sideband are shown in Table II. The
projection of the four analysis dimensions with the same
binning used in the 8B CEνNS search in sideband data
with the S2 larger than 120 PE in both SR0 and SR1
data are shown in Fig. 5.

Appendix B: Modeling validation—The signal and
background modeling is validated by the measurement
of Ly of 37Ar L shell EC, which is performed with a
blind analysis. The AC background in this measurement
is estimated to be 1062� 53 based on a similar
modeling approach to that in the 8B CEνNS search.
After unblinding, 1676 events are observed. The
observed events above the expected AC background are
strongly validated by a four-dimensional GOF test,
yielding a p value of 0.92. Figure 6 shows the observed

FIG. 5. Distributions of expected AC background in AC side-
band and the observed data in the projected analysis dimensions.
Both expectation and observation have S2 larger than 120 PE.
The expected AC background is shown in the purple histogram.
The observed number of events with Poisson uncertainties in each
bin is shown in black.

TABLE II. AC sideband validation. The expected and observed
numbers of events are for a 120 (100) PE S2 threshold.

Science run Expectation Observation p value

SR0 122.7 (135.9) 121 (133) 0.33 (0.74)
SR1 302.5 (368.2) 326 (416) 0.16 (0.03)

FIG. 6. Distributions of the best-fit AC background, 37Ar L
shell EC signal, and the observed data in the 8B CEνNS analysis
dimensions. The observed number of events with Poisson
uncertainties in each bin is shown in black. The 37Ar signal
(AC background) is shown by the green (purple) histogram.
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events in the same analysis dimensions as the 8B CEνNS
search along with the AC background and the best-fit
37Ar L shell EC signal during the 37Ar calibration. The
measurement will be presented in a future publication.

Appendix C: Separate SR0/SR1 best-fit results—The
distributions of the observed events in SR0 and SR1 and
the corresponding best-fit model projected to each
analysis dimension are shown individually in Fig. 7.

FIG. 7. Distributions of best-fit signal and background, together with the data in the projected analysis dimensions, with SR0 and SR1
shown in the left and right column, respectively. The observed number of events with Poisson uncertainties in each bin is shown in black.
The 8B CEνNS signal is represented by the light green histogram on top of the backgrounds, which are indicated by purple (AC), blue
(ER), and yellow (neutron) histograms.
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