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We report on the first measurement of low-energy solar neutrinos through elastic neutrino-electron
scattering in a dark matter experiment, establishing the lowest energy threshold for any neutrino
detection to date. The measurement utilizes data from the first two science runs of XENONnT,
corresponding to an exposure of 2.46 t · y, and covers electron recoil energies between 1 keV and
140 keV, providing sensitivity to solar neutrinos with energies down to 17 keV. We reject the
background-only hypothesis with a statistical significance of 5.0σ and measure a solar pp neu-
trino flux of (10.2 ± 2.0) × 1010 cm−2s−1. The result is larger, but statistically consistent with the
previous measurement by Borexino at 1.9σ. Together with recent observations of coherent elastic
neutrino–nucleus scattering of 8B solar neutrinos in XENONnT and other liquid-xenon time projec-
tion chambers, these results demonstrate the growing potential of liquid xenon detectors for neutrino
physics down to the keV-scale and represent an important milestone towards a next-generation mul-
tipurpose observatory.

Keywords: solar neutrinos, dark matter direct detection, liquid xenon detectors, low-background detectors

I. INTRODUCTION

Precision measurements of solar neutrinos are a corner-
stone of modern solar and particle physics. Produced in
nuclear reactions that power the Sun, solar neutrinos pro-
vide direct information about the physical conditions in
the solar core [1, 2]. Their flux comprises several distinct
components, conventionally identified by their produc-
tion mechanism, including pp, 7Be, pep, 8B, and CNO
neutrinos [2, 3]. Their energy spectra are illustrated in
the lower-left inset of Fig. 1. Because of their extremely
small interaction cross section O(10−45 cm2), most solar
neutrinos escape the Sun essentially unimpeded, under-
going only oscillations between electron, muon, and tau
flavor eigenstates. This makes them a powerful probe of
the Standard Solar Model (SSM) [3, 4]. Moreover, solar
neutrinos provide an additional sensitive probe of other
neutrino properties, like the neutrino magnetic moment
and non-standard interactions, thereby enabling together
with flavor oscillations precision tests of the Standard
Model (SM) and searches for physics beyond it [5, 6].

Despite their abundance, the tiny interaction cross sec-
tion of solar neutrinos makes their detection challenging.
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Since the pioneering detection by the Homestake experi-
ment in 1968 [7], solar neutrinos and their properties have
been primarily studied by experiments utilizing tens of
tonnes of Gallium (SAGE [8], GALLEX/GNO [9]), or
hundreds of tonnes of liquid scintillator (Borexino [10],
KamLAND [11]), water (Super-Kamiokande [12]) or
heavy water (SNO experiment [13]) as target material,
whose large target masses compensate for the extremely
small neutrino interaction probability. This changed re-
cently, with the first measurement of coherent elastic
neutrino-nucleus scattering (CEνNS) induced by solar 8B
neutrinos in tonne-scale dual-phase xenon time projec-
tion chambers (TPCs) [14–17]. Since liquid xenon (LXe)
TPCs have originally been designed for the search for
Dark Matter (DM) in the form of Weakly Interacting
Massive Particles (WIMPs), they provide a low detec-
tion threshold (O(1 keV)), excellent particle discrimina-
tion, and an exceptionally low intrinsic radioactive back-
ground [5]. This makes LXe TPCs attractive for a wide
range of rare-event searches, including studies of solar
neutrino properties [18].

Although 8B neutrinos only account for less than
0.01 % in the solar neutrino spectrum [20], their high en-
ergies make them generally more accessible than other so-
lar neutrinos. In particular, solar pp neutrinos that dom-
inate the solar neutrino spectrum with about 90 % are
challenging to detect given their low energy of less than
425 keV [19]. This places their CEνNS signal below the
detection threshold of current LXe TPCs, making elastic
neutrino-electron scattering (ES) the dominant detection
channel. Here we report on the first detection of such low-
energy solar neutrinos via neutrino-electron scattering in
XENONnT, and the subsequent measurement of the so-
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mailto:ylin3@uni-muenster.de
mailto:yuema@physics.ucsd.edu
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S2

S1

p + p
+ e→7Be 7Li + νe−

d + e+ + νe−

FIG. 1. Solar neutrinos are produced in the Sun’s core via a chain of different nuclear processes. The box in the upper left
illustrates the two most dominant neutrino sources considered in this study. Solar pp neutrinos are produced via the fusion of
two protons into a deuteron, a positron, and an electron neutrino. The 7Be neutrinos are emitted during the electron-capture
decay of 7Be to 7Li. The produced neutrinos propagate from the Sun’s core to Earth, where they have a small chance to be
detected through the simultaneous measurement of two scintillation signals (S1 and S2) inside the liquid xenon (LXe) time
projection chamber (TPC) of XENONnT (see Sect. II), which is located at the INFN Laboratori Nazionali del Gran Sasso
underground laboratory in Italy. The different solar neutrino flux components at Earth as a function of neutrino energy are
shown in the bottom left figure [19, 20]. So far only 8B neutrinos above an energy of about 8MeV have been successfully
measured in LXe TPCs [14–17] (solid cyan line), while in this work we report a measurement of solar neutrinos at energies
down to 17 keV (solid red lines). Dashed lines indicate the fraction of the solar neutrino spectrum below the detector threshold
of the respective analysis. Solar neutrinos from other processes that contribute subdominantly to the presented study are
indicated in gray. Continuous spectra are reported in units of [cm−2s−1MeV−1], while line sources are in units of [cm−2s−1].
Images adapted from the following sources: Sun [21], Earth [22], and TPC [23].

lar pp neutrino flux. This measurement facilitates the de-
tection of neutrinos at the lowest energies ever observed
(≲ 100 keV). It was enabled by recent advances in reduc-
ing the dominant background component from 214Pb, a
daughter isotope of 222Rn [23], together with dedicated
calibrations and background estimation campaigns that
constrain the associated systematic uncertainties.

II. DETECTOR, DATA AND OBSERVABLES

A. Experiment

The XENONnT experiment is installed at the INFN
Laboratori Nazionali del Gran Sasso underground labora-
tory in Italy, beneath 1400 m of rock overburden (3800 m
water equivalent), providing a factor O(106) reduction in
the flux of cosmic muons [24]. The main detector of the
experiment is a dual-phase LXe TPC with a 5.9 tonne
LXe active target mass in an approximately cylindri-
cal volume. The target is viewed by two inward-facing

arrays of light sensors located at the bottom and top
(see Fig. 1), which are composed of 494 photomultiplier
tubes (PMTs) [24, 25]. Particle interactions in LXe pro-
duce scintillation photons and ionization electrons as de-
tectable quanta. The scintillation photons are recorded
directly by the PMTs as a prompt scintillation signal
(S1). The ionization electrons drift under an electric
field to a thin gaseous xenon layer, where they are ex-
tracted by a stronger field, producing a secondary pro-
portional scintillation signal (S2) that is recorded by the
PMT arrays [24, 26]. Prompt and secondary scintillation
signals are reconstructed from individual PMT signals
using XENONnT’s open source reconstruction frame-
work [26, 27].

The combined measurement of S1 and S2 signals pro-
vides the basis for the background discrimination in LXe
TPCs. The ratio of S1 to S2 encodes information about
the type of interaction, distinguishing electronic recoils
(ER) with the xenon shell electrons from nuclear recoils
(NR) [28]. While ER/NR discrimination is essential for
the search of DM and CEνNS, lower-energy solar neu-
trinos are predominantly detected via elastic neutrino–
electron scattering, rendering such discrimination for the
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dominant β and γ-ray backgrounds inapplicable. Thus,
external backgrounds are primarily suppressed through
a three-dimensional position reconstruction achieved by
the combined S1 and S2 readout (see Appendix A 4).
The spatial resolution in XENONnT is approximately
5 mm [26]. Combined with the high density of LXe
(ρLXe ≈ 2.9 g cm−3), this enables the definition of an in-
ner fiducial volume that is effectively shielded against βs
and γ rays emitted by detector materials. Together with
a comprehensive radioassay campaign and two outer veto
detectors housed in a 700 tonne water tank, this renders
external backgrounds from surrounding materials sub-
dominant in the solar neutrino search [29, 30].

The main challenge for the solar neutrino search arises
from intrinsic radioactive impurities uniformly dissolved
in the LXe volume. Natural xenon consists primarily
of stable isotopes, with the exceptions of the very long-
lived 124Xe and 136Xe, which decay via second-order weak
transition [5, 31]. More problematic for the solar neutrino
search are the β-emitting anthropogenic 85Kr and the
222Rn daughter 214Pb. The recoil spectra of the emitted
βs from the two isotopes exhibit a similar spectral resem-
blance to solar neutrinos and dominate the low-energy
ER background in XENONnT. To reduce these back-
grounds, the experiment utilizes dedicated cryogenic dis-
tillation systems [32, 33]. The krypton distillation system
has demonstrated the capability to reduce the natKr con-
centration to ≲38 ppq (parts-per-quadrillion mol/mol)
([34], updated according to Sec. III B), rendering the 85Kr
background less important. Thanks to the higher va-
por pressure of argon compared to krypton, the cosmo-
genically produced isotope 39Ar is even more efficiently
removed [35], making this background completely negli-
gible in XENONnT (see Appendix B 1). Consequently,
the dominant background remaining in the solar neutrino
analysis is 222Rn, whose specific activity was reduced for
the first time by using a dedicated radon removal system
to about 0.9 µBq kg−1 [23], which is equivalent to the ex-
pected solar neutrino interaction rate in XENONnT.

B. Data and signal efficiency

This analysis uses data recorded during the first (SR0)
and second (SR1) science runs of XENONnT, lasting
from May 2021 to November 2021 and from May 2022
to August 2023, respectively. For SR0, the livetime-
corrected exposure is 96.5 d. Due to an elevated back-
ground level in the first part of SR1 (SR1a), only the
second half of the science run (SR1b), corresponding to
an exposure of 117.8 d, is used (see Sec. III B for more de-
tails). Detector conditions, including pressure and tem-
perature, were monitored throughout both science runs
and found to be stable within 1.0 % and 0.2 % respec-
tively [15, 28]. The signal reconstruction efficiency for S1
and S2 signals was monitored by regular 83mKr calibra-
tions [26]. Spatial and temporal variations in the light
and charge collection efficiencies for S1 and S2 signals
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FIG. 2. Solar neutrino spectrum as a function of recoil energy
before (solid red line) and after (red dashed lines) applying
the signal selection efficiency together with detector energy
resolution and bias. The total efficiencies for SR0 and SR1b
(right axis) are shown in blue and green, respectively. The
solar pp neutrino signal contributes with 89.0% (orange) to
the total solar neutrino spectrum inside the ROI. Other con-
tributions from 7Be, 8B, 13N, 15O, 17F, hep and pep (yellow)
are subdominant.

were corrected, while the remaining fluctuations were
propagated as a systematic uncertainty of approximately
3 % on the reconstructed energy [26, 28].

The reconstructed energy of an electron recoil is given
by Erec = W × (cS1/g1 + cS2/g2), and is the only ob-
servable used in the statistical inference. The recoil
energy is proportional to the corrected peak areas cS1
and cS2, and the parameter W = (13.7 ± 0.2) eV [36],
which is the average energy required to produce a sin-
gle scintillation photon or ionization electron. The pho-
ton and electron gains, g1 and g2, are detector-specific
constants that represent the average peak area measured
by the PMT arrays in number of photoelectrons (PE)
for a single photon or electron produced. They are cal-
ibrated independently for each science run using sev-
eral monoenergetic calibration lines [26, 28]. The gains
were found to be g1 = (0.151 ± 0.001) PE/photon and
g2 = (16.5 ± 0.6) PE/electron for SR0 and g1 = (0.137 ±
0.001) PE/photon and g2 = (16.9 ± 0.5) PE/electron for
SR1. To propagate the energy resolution and bias of the
detector to the expected signal spectrum, the monoener-
getic calibration lines are fitted in Erec for both science
runs [26]. The impact of the energy resolution on the sig-
nal spectrum is shown in Fig. 2. The uncertainties in the
energy resolution and bias are propagated as systematic
uncertainties in the final statistical inference.

The region of interest (ROI) for this analysis is de-
fined between a recoil energy of [1, 140] keV, maximizing
the sensitivity to solar neutrinos, while avoiding higher-
energy spectral features, such as multiple-scattering γ-
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rays and a prominent line of 131mXe from neutron activa-
tion following calibrations. Additional quality selections
and limited signal reconstruction efficiency close to the
detector threshold at about 1 keV reduce the total re-
construction efficiency of the solar neutrino signal. The
signal efficiency was evaluated using XENONnT’s open
source waveform simulation framework [37] in combina-
tion with 220Rn calibration data [26]. The total efficiency
is shown in Fig. 2 and is approximately (80±2) % across
most of the ROI. Details of the efficiency determination
are provided in Appendix A.

Equally important is a precise knowledge of the fiducial
mass, as any bias in its estimate directly leads to a bias
in the solar neutrino flux estimate. The fiducial volume
boundaries were optimized in radius and height (R2, Z)
using a signal-to-background figure of merit. The geo-
metrical size of the fiducial volume was corrected for dis-
tortions in the position reconstruction using 83mKr cal-
ibration data and waveform simulations [38]. Its uncer-
tainty was conservatively estimated to be 3 % [39]. The
LXe density is determined from the monitored tempera-
ture and pressure within each science run. The final fidu-
cial mass is estimated to be (4.13±0.12) tonne in SR0 and
(4.24±0.13) tonne in SR1. Details of the fiducial-volume
optimization are provided in Appendix A 4.

III. SIGNAL AND BACKGROUND

A. Solar neutrino signal

The differential rate dRi/dEr as a function of recoil
energy Er for neutrino-electron scattering under the free-
electron approximation (FEA) can be described as [40]:

dRi

dEr
=

∑
j

∫
Pej

dΦi

dEν

dσj

dEr
dEν , (1)

where Eν is the neutrino kinetic energy, i the neutrino
component from each process, such as pp and 7Be, j the
neutrino flavor (electron e, muon µ or tau τ), Pej the
oscillation probability from flavor e to j [41], and dΦ/dEν

the differential neutrino flux at Earth (see Fig. 1). The
ES channel is sensitive to electron neutrinos via both
charged-current and neutral-current interactions, while
it is sensitive to muon and tau neutrinos only via neutral
currents. In natural units, ℏ = c = 1, the differential
cross section dσ/dEr can be expanded [40]:

dσ

dEr
=

2G2
Fme

π

[
g2L + g2R

(
1 − Er

Eν

)2

− gLgR
meEr

E2
ν

]
,

(2)
where the coupling constants are gR = sin2 θW, gL =
sin2 θW + 1/2 for νe and gL = sin2 θW − 1/2 for νµ,τ
given the Weinberg angle θW.

In reality, electrons in xenon are bound in atomic
shells. Therefore, at low recoil energies, the interaction
is forbidden if the deposited energy is insufficient to re-
lease the electrons from their shell. This effect can be
accounted for to some extent using the stepping approx-
imation (FEA-stepping model) [42]:

dσ

dEr
=

Z∑
s=1

θ(Er − E
(s)
b )

dσ(s)

dEr
, (3)

where Z is the atomic number. The contribution from the
s-th electron is weighted by a step function determined

by its binding energy, E
(s)
b .

The solar neutrino detection rate in LXe as a function
of deposited energy is given in Fig. 2. Solar pp neutri-
nos dominate the signal within the ROI. The next largest
contribution originates from 7Be neutrinos with approx-
imately 10 %, while the remaining (8B, 13N, 15O, 17F,
hep and pep) contributes less than 1 %. The fraction
for each flux component is fixed according to the the-
oretical high-metallicity SSM (B16-GS98) [20], giving a
solar pp component fraction of 89.0 % within the ROI.
The total solar neutrino spectrum is scaled by a single
rate parameter (see Sec. IV), as neutrinos from different
channels cannot be distinguished in this study. The total
signal rate Ri is calculated by integrating Eq. (1) and ac-
counting for the detector response described in Sec. II B.
Given the electron-recoil energy threshold of 1 keV, the
minimum neutrino energy detectable by the XENONnT
detector is approximately 17 keV.

A refined model using the relativistic random phase
approximation (RRPA) that accounts for atomic effects,
such as relativistic corrections, has also been developed in
Ref. [42]. However, the FEA-stepping model is adopted
as the primary signal model in this work because the cur-
rent calculations of the RRPA model are available only
up to E ≤ 32 keV and therefore do not cover the full
ROI of this analysis. A more detailed discussion of this
RRPA model and corresponding results is provided in
Appendix C.

B. Backgrounds

The primary challenge of this analysis is the spec-
tral degeneracy between the solar neutrino signal and
the dominant backgrounds, whose spectra are nearly flat
across the ROI [5]. Consequently, the following discus-
sion is organized according to the importance of each
background component. We first discuss the dominant
214Pb background together with 212Pb, followed by the
smaller but spectrally similar contributions from 85Kr
and material-induced γ rays. Then, a tritium-like com-
ponent is considered. Although its spectral shape differs
from that of the solar neutrino signal, its low endpoint
energy places most of its spectrum in the region with the
highest signal-to-background ratio. Finally, we discuss
the 136Xe two-neutrino double-beta decay background,
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whose spectral shape is distinct from that of the signal,
but it is among the largest backgrounds within the ROI.
The remaining background components are less relevant
and therefore summarized in a final section, with addi-
tional details provided in Appendix B.

Lead-214 and lead-212

The dominant background comes from β decays of
214Pb. It is part of the decay chain of the radioac-
tive noble gas 222Rn, which is constantly emanated from
trace impurities of uranium within detector materials and
distributes homogeneously throughout the LXe volume.
The decay chain following 222Rn [43] is given by

. . . 222Rn
α

===⇒
3.8 d

218Po
α

=====⇒
3.1min

214Pb

β−−−−→
27min

214Bi
β−−−−→

20min

214Po
α

====⇒
160µs

210Pb . . . . (4)

The activity of 214Pb can be constrained using the
more prominent α events, whose decay energies can be
fully captured within the xenon TPC (see Appendix B).
However, due to convection, drift, and the plate-out pro-
cess, charged radon progeny can perturb the equilibrium
of the decay chain, leading to smaller activities of the
daughter isotopes and thereby introducing a significant
systematic uncertainty [23, 44]. While this conveniently
suppresses the 214Pb background, constraining the sys-
tematic requires a dedicated calibration to precisely de-
termine the corresponding activity ratio between the rate
of 214Pb β-decays and that of 222Rn α-decays. The cal-
ibration was performed during SR1b [45], using a 222Rn
source with an emanation rate of approximately 2 Bq [46].
The top panel of Fig. 3 shows the time evolution of the
activity during calibration. During this time, the event
rate within the ER ROI is dominated by 214Pb β decays.
The bottom panel of Fig. 3 shows the correspondence be-
tween the 222Rn α and the ER event rate within a nar-
rower window of [10, 70] keV to exclude the influence of
133Xe produced in a preceding neutron calibration. The
correlation between the ER event rate and 222Rn rate is
then obtained through a linear fit. The offset of the lin-
ear fit that describes all non-214Pb contributions pivots
on science data before and after the calibration. Dur-
ing this period, the activity ratio, 214Pb/222Rn, is eval-
uated as 0.66 ± 0.03 based on the slope obtained from
the fit and accounting for the detector effects as well as
the branching ratio of the decay to the ground state [47].
The systematic uncertainty from the spectral difference
between forbidden and allowed transitions is considered
at the inference stage (see Sec. IV, Table III).

Although the specific activity of 220Rn is approxi-
mately one order of magnitude smaller compared to
222Rn, the 212Pb β decay constitutes another important
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FIG. 3. 214Pb/222Rn activity ratio using 222Rn calibration
and adjacent science data. The top panel shows the time
evolution of the 222Rn α activity (blue) and ER event rate
within [10, 70] keV (black). The source injection is indicated
by the cyan shaded period. The bottom panel shows the
correlation between the two rates, along with a linear fit and
its uncertainty band (red). Based on this fit and the 222Rn α
rate, a prediction for the ER rate is given as the red curve in
the top plot, whose residual is derived in comparison to the
measured ER event rate (black).

background following the decay chain,

. . . 220Rn
α

==⇒
56 s

216Po
α

====⇒
150ms

212Pb

β−−−→
11 h

212Bi
β (64%BR)−−−−−−−→

60min

212Po
α

====⇒
300 ns

208Pb, (5)

with the remaining 36 % branching ratio (BR) of 212Bi
undergoing alpha decays. Similarly, a 220Rn calibration
was performed to estimate the 212Pb rate using the α
events. Given the much shorter half-life of 220Rn and
216Po, we rely only on the α decays of 212Bi and 212Po
to constrain its activity (see Appendix B).
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TABLE I. Estimation of the specific activity of 214Pb and
212Pb. The 214Pb activity uncertainty includes a correlated
uncertainty between SR0 and SR1b, accounting for 4.1% of
the activity value.

SR0 SR1b
214Pb activity (µBqkg−1) 1.39 ± 0.07 0.76 ± 0.03
212Pb activity (µBqkg−1) 0.038 ± 0.007 0.034 ± 0.004

The resulting predictions for the specific activities of
214Pb and 212Pb for both science runs are shown in Ta-
ble I. The difference in 214Pb originates from two different
operation modes of the radon removal system for the two
science runs [23]. While during SR0 only a small gaseous
xenon flow of about 20 slpm was extracted and purified,
the operation mode in SR1 was changed such that an
additional 200 slpm liquid flow was redirected through
the radon removal system. This increases the reduction
in radon from a factor of about two in SR0 to a factor
of about four in SR1. Due to the very short lifetime of
220Rn, the activity of 212Pb is not affected by this oper-
ation [23].

Krypton-85

Following its separation from ambient air during pro-
duction, xenon retains trace amounts of krypton, in-
cluding the anthropogenic isotope 85Kr. Its relatively
high Qβ-value of 687 keV yields a β decay spectrum that
is nearly flat at low energies. This makes it an im-
portant background component in the search for solar
neutrino signals. The 85Kr concentration in the detec-
tor is estimated from the concentration of natural kryp-
ton in xenon, natKr/Xe, and the isotopic abundance,
85Kr/natKr.

The concentration of natural krypton is primar-
ily constrained by the measurement of samples taken
from the detector through Rare Gas Mass Spectrome-
try (RGMS) [48, 49]. A dedicated calibration campaign
was carried out to improve the overall RGMS measure-
ments used in this study. Measurements using multi-
ple new calibration standards with a natKr concentration
precisely known at the percent level showed a consistently
46 % higher natKr content compared to former measure-
ments. The adjustment has been applied throughout the
analysis.

The natKr concentration in XENONnT is monitored
through regular RGMS measurements shown in Fig. 4.
The SR0 result is the same as in Ref. [5], and SR1 is sub-
divided into two periods labeled as SR1a and SR1b. An
unintended gas introduction during SR1a increased the
natKr concentration to approximately 5000 ppq, leading
to the exclusion of SR1a data for this analysis. The sub-
sequent removal of krypton via cryogenic distillation is
modeled by an empirical exponential decay [32]. For the
post-distillation period that includes SR1b, two distinct
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FIG. 4. The natKr concentration in xenon as a function of
time. The RGMS measurements are shown as the black data
points. The SR1a period (orange) is followed by a krypton
distillation campaign and reaches the low krypton SR1b pe-
riod (green). For SR1, the solid line (red) indicates the fit
function incorporating two different models. Gray error bars
indicate the additional systematic uncertainty based on the
χ2 scaling discussed in the text. The SR0 (blue) fit is also
shown [5]. The shades (red) indicate the fit uncertainties.
The residuals are calculated based on the scaled uncertain-
ties. Only data from SR0 and SR1b are used as science data.

evolution models are considered: one incorporating a
constant outgassing term potentially from internal PTFE
components and another assuming zero outgassing. The
outgassing rate is constrained using the SR0 values as an
informative prior, and the difference between the two evo-
lution models is added as systematic uncertainty [5]. Fur-
thermore, to account for the instrument-related RGMS
systematics since SR1 that caused the overall spread of
individual RGMS measurements, an additional system-
atic uncertainty is introduced by a common scaling factor
such that the reduced chi-square is unity in the least-
squares fit. This instrument-related uncertainty dom-
inates the systematic uncertainty in SR1. The time-
averaged natKr concentrations for both SR0 and SR1b
are shown in Table II.

To estimate the final 85Kr background rate, the natKr
result must be scaled according to the isotopic abun-
dance of 85Kr. At the time of installation of XENONnT,
the ambient air had an estimated isotopic abundance of
(2.33 ± 0.14) × 10−11 mol/mol [49]. During SR0, it is as-
sumed that the isotopic abundance changes purely over
time through the decay of 85Kr and is therefore mod-
eled via an exponential decay. For SR1a, the initial iso-
topic abundance of 85Kr is directly measured from the
85Kr β decay rate as it dominates the low-energy back-
ground during this period. By associating the measured
rate with the RGMS measurement, the ratio is evalu-
ated as (2.69 ± 0.06) × 10−11 mol/mol. For SR1b, we
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TABLE II. Estimation of the krypton content during the dif-
ferent science runs.

SR0 SR1a SR1b
natKr (ppq) 82 ± 23 4950 ± 270 170 ± 70

85Kr/natKr (10−11) 2.12 ± 0.13 - 2.3 ± 0.4

again consider two scenarios: the outgassing of ambient
atmospheric krypton from SR0 versus potentially rem-
nant krypton from SR1a. The median is taken as the
nominal value, with half of the difference as the uncer-
tainty. The resulting 85Kr/natKr ratios are summarized
in Table II.

As an independent consistency check, the 85Kr abun-
dance was validated through a sub-dominant decay
branch of 85Kr (0.435 % [50]), which populates the 9/2+

metastable state of 85Rb that de-excites with a half-life
of T1/2 = 1.015 µs. This decay enables the search for
a unique β-γ delayed coincidence signature and has the
strong advantage of constraining the 85Kr activity di-
rectly inside the detector. Two complementary method-
ologies were developed to identify this signature: a cut-
based analysis comparing data to simulations within a
1.5 µs to 5.0 µs delay window between consecutive S1
signals [51], and a machine-learning-based classifier op-
timized for the shorter 0.05 µs to 1.28 µs range [52].
Although the sensitivity of these analyses is statisti-
cally limited by the low branching ratio, the results
for the SR1a period are consistent with the primary
measurements within 2σ. Furthermore, for the lower-
concentration SR0 and SR1b periods, both studies es-
tablished upper limits that are fully compatible with the
RGMS-derived values.

Material-induced γ background

All detector materials used in XENONnT were
screened and selected for radio-purity [29]. De-excitation
γ rays emitted by trace amounts of residual radioactive
impurities, such as U, Th, K, and Co, are further sup-
pressed by selecting the inner fiducial volume, although a
small fraction of these γ rays can still reach this volume
and deposit energy through Compton scattering. While
this component is subdominant, these interactions pro-
duce an approximately flat electron-recoil spectrum and
therefore constitute a background component resembling
ES of solar neutrinos. To this end, each γ-emitting iso-
tope is simulated using its screened activity with up-
dates from Ref. [28], and the resulting waveforms are
processed with the same reconstruction chain as the data,
thereby accounting for detector response and reconstruc-
tion effects [28]. The simulation is normalized by a data-
driven material-background sideband, defined by a 2 cm
thick radial shell immediately outside the fiducial vol-
ume after subtracting the contribution of uniformly dis-
tributed intrinsic backgrounds estimated from the inner-

most 1 tonne of the fiducial volume. The final material-
background model is taken from the high-statistics simu-
lation and normalized using these measured scale factors
of 1.47 ± 0.11 for SR0 and 1.04 ± 0.12 for SR1. The im-
proved prediction for SR1 compared to SR0 originates
from a better understanding of distortions in the electri-
cal drift field and a resulting refined position reconstruc-
tion. To account for the discrepancy between the simu-
lation model and the data sideband, the half difference
between the two is assigned as a systematic uncertainty.
This effect dominates the total uncertainty in SR0, which
is 25 %, while SR1 is dominated by statistical uncertain-
ties with a total uncertainty of 12 %.

Tritium-like background

During a search for WIMP dark matter utilizing SR1b
science data, an excess in the event rate near the detec-
tor threshold was observed [28]. After a systematic eval-
uation of detector effects, signal corrections, and event
selection criteria, we determined that this feature is not
an analysis artifact. Although its continuous shape re-
sembles a β-like spectrum, the precise identification of its
origin remains uncertain due to its absence in SR0 [5]. Its
distinct spectral shape makes this additional background
component less dominant in the overall background than
the flat-shaped components discussed in previous sec-
tions. However, it overlaps with the solar neutrino sig-
nal below 20 keV, where the signal-to-background ratio is
highest, increasing its importance relative to other back-
grounds with distinct spectral shapes.

To model this component, we use the spectral shape
of tritium, a radioactive isotope of hydrogen that un-
dergoes a β decay with a Qβ-value of 18.6 keV. Tri-
tium is a known background in other LXe TPC ex-
periments [53, 54], which utilize titrated methane as a
calibration source. However, this is not the case for
XENONnT and no plausible mechanism for potential
tritium contamination was identified, as gaseous xenon
passes through a purification system containing a hot
zirconium metal getter as well as dedicated hydrogen re-
moval units [24]. In the absence of an alternative expla-
nation, we estimated the nominal value for this 3H-like
component by utilizing a sideband region located 1 cm
outside the fiducial volume boundary. The volume cor-
responds to a mass of 0.21 tonne and is sufficient to get a
statistically relevant estimate, while being small enough
to limit the influence from material backgrounds. In this
region, the 3H-like component is fitted together with the
remaining flat low-ER background above 20 keV. Given
the uncertainty surrounding this background component,
the rate is set as a free parameter in the inference to be
conservative.
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Xenon-136

Natural xenon itself only contains the two very long-
lived isotopes 124Xe and 136Xe, which both decay via
second-order weak decays [5, 31]. For the solar neutrino
search, the two-neutrino double-β decay of 136Xe pro-
vides the most significant background. While its spec-
trum has a distinct shape, it dominates parts of the ROI,
and its half-life of (2.17 ± 0.06) × 1021 y [55] makes it
nearly constant in time, elevating its importance over
other xenon isotopes that have either a more distinct
spectral shape or are strongly localized in time, e.g, ac-
tivated isotopes following calibrations with external neu-
trons. Its rate is constrained by its half-life and the mea-
sured isotopic abundance of (8.97±0.16)×10−2 [5, 31, 56–
58]. For the spectral shape, the Higher-State Dominance
(HSD) [59] and Single-State Dominance (SSD) [60] theo-
retical models are considered as shown later in Table III.

Other backgrounds

In addition to the dominant backgrounds discussed
above, the background model includes several other com-
ponents whose spectral shapes are distinct from the solar
neutrino signal. Contributions from neutron-activated
xenon isotopes like 133Xe are covered in Appendix B 3.
The accidental coincidence background due to the ran-
dom pairing of uncorrelated S1 and S2 signals is also in-
cluded, but its contribution is found to be negligible. Its
rate is constrained using the methods described in Ap-
pendix A 2. While runs directly following 83mKr calibra-
tions are excluded from the science data, residual 83mKr
can still leak into the science data selection. 83mKr has a
short half-life of 1.83 h and decays via two mono-energetic
transitions. It therefore has a very distinct shape and is
very localized in time and is thus only included as a free
parameter in the fit. Finally, we also performed a rate
measurement of 124Xe double-electron capture (DEC),
treating it as a signal in the inference as presented in
Appendix D.

IV. STATISTICAL INFERENCE

The solar neutrino signal is searched using an unbinned
extended likelihood fit [61] performed jointly over the
SR0 and SR1b datasets in the reconstructed recoil en-
ergy space between [1, 140] keV. For each science run r,
the likelihood is constructed as

Lr(µs,r,µb,r,θ) = Poiss(Nr | µtot,r)

×
Nr∏
i=1

 µs,r

µtot,r
fs,r(Ei,θ) +

∑
j

µbj ,r

µtot,r
fbj ,r(Ei,θ)


×
∏
m

Cµm(µbm,r)
∏
n

Cθn(θn). (6)

TABLE III. Total uncertainty budget for best-fit solar neu-
trino signal event count. The contributions from the non-rate
systematic parameters are listed, and their combined uncer-
tainty is reported as the “Systematic uncertainty”. The un-
certainty from the profile-likelihood fit, including both the
statistical uncertainty and the contributions from the rate pa-
rameters, is also reported, as “Profile-likelihood uncertainty”.
The σ− and σ+ are lower and upper relative uncertainties, re-
spectively. The contributions from theoretical uncertainties in
the spectral shapes of the other isotopes and in the SSM solar
neutrino flux component fractions are found to be negligible.

σ− (%) σ+ (%)

Fiducial volume 9.7 10

Efficiency 9.0 7.7

Energy bias 2.9 4.1

Energy resolution 1.3 1.4
214Pb correlated uncertainty 4.3 4.1
214Pb spectral shape 1.1 1.1
136Xe spectral shape 1.0 1.0

Systematic uncertainty 14 14

Profile-likelihood uncertainty 14 14

Total 20 20

with µtot,r ≡ µs,r +
∑

j µbj ,r. Here Nr is the number
of observed events, µs,r and µb,r are the rate parame-
ters describing the expected signal and background event
counts, and Ei is the energy of the i-th event. The func-
tions fs,r and fbj ,r are the normalized signal and back-
ground spectral templates. The non-rate systematic nui-
sance parameters θ describe detector response (e.g., fidu-
cial volume, efficiency, energy bias and resolution) and
theoretical uncertainties in the spectral shapes of differ-
ent isotope decays. The functions Cµm

and Cθn denote
the Gaussian constraints on the rate and non-rate sys-
tematic parameters, respectively. The combined likeli-
hood for the joint fit is L =

∏
r Lr, from which the signal

strength and its uncertainty are extracted via a scan of
the profile likelihood ratio

q(µ) = −2 ln
L(µ,

ˆ̂
θ(µ))

L(µ̂, θ̂)
, (7)

where µ is the expected solar neutrino signal event count,

µ̂ and θ̂ are the global maximum-likelihood estimates,

and
ˆ̂
θ(µ) are the nuisance parameters that maximize the

likelihood for a fixed µ.
The parameters in Eq. (6) fall into two categories that

are treated differently in the inference. The first com-
prises the rate parameters µb, which scale the amplitude
of the signal and background templates, providing the
expected signal and background event counts. Those for
which an external estimate is available (see Sec. III B) en-
ter the fit with Gaussian priors Cµm

; their nominal values
are listed in the “Nominal” column of Table IV. The sec-
ond category comprises the non-rate systematic param-
eters θ listed in Table III. Several of these parameters,



10

TABLE IV. Nominal and corresponding best-fit numbers of events for SR0 and SR1b, with exposures of 1.09 t·y and 1.37 t·y,
respectively. “Solar ν” represents the measured total solar neutrino signal. Nominal values with an uncertainty are constrained
in the fit by a Gaussian prior, while “–” denotes components absent in that science run.

SR0 SR1b

Nominal Best-fit Nominal Best-fit

Solar ν 295 500± 70 387 660± 90
124Xe DEC 270 343± 22 351 445± 28
214Pb 740± 40 740± 30 538± 24 537± 23
212Pb 68± 13 68± 12 80± 10 80± 10
85Kr 130± 40 130± 30 390± 170 330± 110

Materials 160± 40 150± 30 137± 17 136± 17
3H-like – – 233 92± 18
136Xe 1460± 50 1430± 40 1990± 70 1950± 60
133Xe 140 310± 60 15937 16740± 140
83mKr free 98± 14 free 111± 19
125I – – 39 0± 30

Accidentals 0.4± 0.3 0.5± 0.3 1.3± 0.1 1.3± 0.1

such as the fiducial volume and efficiency, are sufficiently
degenerate with the rate parameters that including even
a single one in the profile-likelihood maximization pre-
vents the fit from converging. The effects of these sys-
tematic uncertainties are therefore estimated separately
after the fit by varying each parameter individually by
±1σ, recording the resulting shift in the best-fit solar
neutrino rate, and combining the individual contribu-
tions in quadrature to obtain the total systematic uncer-
tainty σsys. This procedure yields a σsys that is equivalent
to a fully profiled fit for parameters degenerate with the
rate multipliers (FV and efficiency), and conservative for
those with additional shape information (energy scales
and spectrum shapes). The total uncertainty is obtained
by convolving the statistical-only profile likelihood with
a Gaussian of the width σsys, similar to the procedure
used in the Borexino CNO measurement [62].

In the joint likelihood fit of SR0 and SR1b, the so-
lar neutrino, the 136Xe, and the 124Xe DEC (see Ap-
pendix D) rate parameters are shared between the two
datasets; all other background rate parameters are fitted
independently for each science run. A special treatment
is applied to the 214Pb component: its rate is fitted inde-
pendently in SR0 and SR1b, each constrained by a Gaus-
sian prior using only the uncorrelated uncertainty from
Table I. The correlated uncertainty between the two SRs,
arising from the shared proportionality factor in the fit
(see Sec. III B), is not included in the priors but is prop-
agated after the fit as an additional systematic uncer-
tainty.

V. RESULTS AND DISCUSSION

The best fit of the energy spectrum with the solar neu-
trino signal model (FEA-stepping) is shown in Fig. 5,
with the results summarized in Table IV. The goodness-

of-fit is evaluated using the Pearson χ2 statistic, with the
corresponding p-value of 0.43 obtained from Monte Carlo
simulations. The uncertainty from the best-fit profile-
likelihood of the solar neutrino signal, which contains
both the statistical uncertainty and the uncertainty of the
rate parameters, is found to be 14 %. The corresponding
uncertainties for the non-rate systematic parameters that
are itemized in Table III give a combined uncertainty of
another 14 %. None of the associated refits for the non-
rate systematic parameters exhibits significant goodness-
of-fit degradation. Accounting for the total uncertainty,
the null hypothesis of no solar neutrino interactions is re-
jected with a statistical significance of 5.0σ. Scaling the
result with the solar pp component fraction (Sec. III A),
we obtain a solar pp flux of (10.2 ± 2.0) × 1010 cm−2s−1,
consistent with the Borexino measurement [10] within
1.9σ. The result is compared with the measurements
from other experiments as well as the prediction from
the B16-GS98 SSM [3] in Fig. 6. In addition, the result
of the alternative RRPA signal model is reported in Ap-
pendix C, and the measurement of the 124Xe half-life is
reported in Appendix D.

To test the larger but statistically consistent solar pp
neutrino flux against potential mismodeling, a series of
cross-checks was performed: across different recoil energy
intervals, within an inner 2 tonne fiducial volume, pro-
jected to the [140, 200] keV region, and time dependence
of the fit result by further splitting science runs into mul-
tiple periods, including the effect of annual modulation of
the signal. The cross-checks confirm that the result is ro-
bust and that the discovery power is mainly driven by the
[1, 60] keV range. Potential contributions from 39Ar (see
Appendix B 1), 218Po β-decays, and 134Xe two-neutrino
double-β decay [59] are also found to be negligible.

Another potential background candidate is 14C, with
a Q-value of 156.5 keV and half-life of 5700 y [63]. Al-
though 14C is not expected to be present in the detector,
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FIG. 5. Combined fit to the SR0 (left) and SR1b (right) data within the [1, 140] keV ROI. Black points show the science data
with statistical uncertainties; the thin red curves show the total best-fit model. Colored curves show the individual signal and
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in Sec. III B; each of these components (124Xe, 133Xe, 125I, 83mKr, and Accidentals) is shown separately in Fig. 7. The increase
in event rate above around 80 keV is contributed by 133Xe induced by neutron activation (see Appendix B 3). The bottom
panels show data-to-model residuals normalized by the statistical uncertainties of the data.

it is further investigated because its β spectrum closely
resembles that of the solar neutrinos and its concentra-
tion has never been measured at a sensitivity relevant
to the low-background LXe environments of XENONnT.
Adding 14C to the background at its highest conceivable
concentration results in a lower significance of 4.3σ and
increases the consistency with Borexino to within 1.2σ.
Further details are summarized in Appendix E.

VI. CONCLUSION AND OUTLOOK

Building on the newly established role of LXe TPCs as
the most compact solar-neutrino detectors, we performed
a measurement of solar neutrinos using data from the
first two science runs of XENONnT with an exposure of
2.46 t · y. Owing to the low energy threshold, the de-
tector is sensitive to neutrino energies down to 17 keV,
which is one order of magnitude lower than in the previ-
ous measurement by Borexino [10], and the lowest mini-
mum detectable neutrino energy achieved to date. Ded-
icated analysis methods were developed to improve the
constraints on detector-related systematics and on key
backgrounds, particularly from 214Pb. We observe the
scattering of solar neutrinos on xenon atomic electrons
with a statistical significance of 5.0σ. The solar neutrino
flux is dominated by neutrinos released in the pp reaction,
for which we derive a flux of (10.2±2.0)×1010 cm−2s−1.
This value is consistent with 1.9σ to the corresponding

value reported by Borexino. This measurement demon-
strates the potential of XENONnT as a multipurpose
liquid-xenon detector.

Achieving a precision measurement of the solar pp neu-
trino flux in LXe TPCs will require further reductions
of and tighter constraints on the relevant backgrounds.
These include not only the dominant contributions from
214Pb and 85Kr, but also those from 212Pb, γ-rays from
detector materials, and potentially 14C. Improved mod-
eling of the signal detection efficiency and reduced un-
certainties in the fiducial volume will also be essential.

Following a recent upgrade campaign, XENONnT will
continue to collect more data, allowing for measurements
of solar neutrinos and their properties with increased ex-
posure and a better understanding of detector system-
atics. Furthermore, next-generation experiments such as
XLZD [18], which is projected to constrain the solar pp
neutrino flux at the sub-percent level, will enable pre-
cision tests of electroweak and neutrino physics, as well
as studies for astrophysics such as solar metallicity and
supernova neutrinos. They will also provide sensitivity
to a broad range of Beyond Standard Model physics, in-
cluding neutrinoless double-beta decay of 136Xe and dark
matter interacting via the electronic-recoil channel in a
multipurpose detector.
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lines indicate different significance levels.
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APPENDIX A: DETAILS ON EFFICIENCY
EVALUATIONS

The detection of an energy deposition in the TPC pro-
ceeds through a sequence of stages [26]: individual PMT
signals are first grouped and identified as S1 and S2
peaks, then paired into events using the open source re-
construction framework straxen [27]. The reconstructed
events are then filtered by analysis-level selection crite-
ria, and finally restricted to a central fiducial region of
the target. Each of these stages, including the peak re-
construction, the event building, data quality selections,
and fiducial volume definition, can introduce an efficiency
loss, and their product defines the total detection effi-
ciency in the reconstructed energy space. Mismodeling
this efficiency, either in its central value or in its un-
certainty, directly biases the inferred signal rate and de-
grades the discovery sensitivity, making careful evalua-
tion a critical ingredient of the pp neutrino flux mea-
surement. The primary calibration source for these effi-
ciency evaluations is 220Rn data, which provides a high-
statistics electronic-recoil sample dominated by β decays
of 212Pb, a daughter isotope that distributes homoge-
neously throughout the LXe target. Additional datasets
and simulations are used as supporting references, as dis-
cussed in the corresponding subsections.

1. Peak reconstruction efficiency

Peaks are formed by grouping single PMT signals with
a minimal gap of less than 700 ns to other adjacent PMT
signals. These groups are then classified into either S1
peaks, S2 peaks or unknown based on the rise time of
their summed waveform and the light distribution over
the two PMT arrays. Losses in the peak reconstruction
efficiency are dominated by losses in the S1 peak building
and classification. To ensure that S1 signals arise from
genuine scintillation signals and not an accidental pile-
up of single-photon signals, each S1 is required to have
at least three distinct PMT channels contributing within
a ±50 ns time window around the peak’s amplitude. This
3-fold requirement sets the energy threshold of the detec-
tor at around 1 keV for electronic recoils, which represent
the lower limit of the ROI in the presented search. More
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details about the peak reconstruction and classification
can be found in [26].

2. Event reconstruction efficiency

The event-building efficiency (EBE) quantifies the
probability that an energy deposition is successfully re-
constructed as an event with a correctly paired S1 and S2.
Two effects can reduce the EBE: detector artifacts, such
as single-electron (SE) peaks following large S2 signals
that obscure the S1/S2 pairing, and dedicated selections
that reject accidental coincidences (ACs), in which un-
correlated S1 and S2 signals are mistakenly paired into
a single event [67]. While ACs are negligible relative
to the radioactive backgrounds in science data, they are
non-trivial in high-rate calibration data, where pile-up
of uncorrelated signals is more frequent. The EBE is
therefore evaluated by injecting peak waveforms drawn
from data back into the data stream at random times,
and tracking which injected events fail the event-building
procedure [68, 69]. The resulting loss is quantified in the
S1/S2 parameter space and then translated to the recon-
structed energy space using the 220Rn calibration data.

Applying this procedure to the 220Rn calibration data
is particularly challenging because the short half-life of
220Rn causes strong rate variations across the calibra-
tion period. We find that the shape of the EBE energy
dependence remains consistent within each science run,
while its overall normalization varies with rate; the EBE
is therefore corrected on a run-by-run basis. The asso-
ciated uncertainties, including potential simulation mis-
modeling and the limited statistics of individual runs,
are propagated through to the final efficiency [70]. To be
complete, we independently evaluated the EBE for the
high-energy events from the α decays that are used in
214Pb background estimation (Sec. III B), taking into ac-
count changes during calibration. The EBE for the α is
found to be energy independent.

3. Acceptance of data selection criteria

Additional data quality selections based on the signal
topology and shape of S1 and S2 signals ensure that only
well-reconstructed events are considered in the inference.
The acceptance of each selection criterion is evaluated
using the (n−1) data-driven method, in which the accep-
tance of one selection criterion is measured on a sample
to which all other selection criteria have already been ap-
plied [26]. The primary reference samples are the 220Rn
calibration for SR0 and the SR1a science data for SR1b,
both providing high-statistics ER events for the accep-
tance calculation. The statistical uncertainty on the ac-
ceptance in each energy bin is estimated via both the
Clopper-Pearson exact interval and a Bayesian credible
interval with a uniform prior. As a conservative treat-
ment, the larger of the two is taken in each bin.

To account for potential mismodeling of the primary
measurement (i.e., 220Rn for SR0 and SR1a data for
SR1b), each acceptance is cross-checked against support-
ing datasets, such as 222Rn calibration data and Geant4-
based waveform simulations [37, 71]. A systematic un-
certainty σsys is then assigned to enforce statistical con-
sistency between the primary and supporting measure-
ments, defined by

χ2 =
(Asupp −Aprim)2

σ2
prim + σ2

sys + σ2
supp

≤ 1, (A1)

where Aprim and Asupp are the acceptances measured on
the primary and supporting datasets. The value of σsys is
inflated until this condition is met, and contributes to the
upper (lower) uncertainty when the supporting dataset
yields a higher (lower) acceptance.

For selections whose acceptance depends on the local
rate of nearby peaks around each event, a further correc-
tion is applied. Because the ambient rate is significantly
higher in calibration than in science data, the calibration-
derived acceptance would be biased. To quantify this ef-
fect, simulated peaks are injected into both calibration
and science data [68, 69]; the median acceptance is taken
as the nominal value and half the difference as its uncer-
tainty. The total impact on the data selection acceptance
is approximately 2 %.

The accumulated acceptance across all selection cri-
teria is modeled as a single cubic polynomial spanning
[0, 200] keV, extending beyond the ROI. This smooth
functional form captures the overall energy dependence
of the acceptance while smoothing out statistical fluc-
tuations in individual bins, which is well-suited to the
relatively flat spectral features of both the signal and
background in the solar neutrino analysis. Spatial varia-
tions of the acceptance are incorporated as a systematic
uncertainty applied after the fit. No significant time vari-
ation is observed in the science data, and therefore, no
additional time-dependent systematic is assigned.

4. Fiducial volume

To facilitate a three-dimensional position reconstruc-
tion of the interaction vertex with a O(5 mm) detector
resolution, the depth (z) of the interaction is measured
through the drift time along the height of the cylinder,
while the S2 signal pattern measured by the top PMT
array contains information about the position parallel to
the cylinder base (x and y). This allows the fiducial vol-
ume (FV) selection of the central, cleanest region of the
LXe target. It is optimized in the (R2, Z) coordinate
space, where spatial bins are ranked by their signal-to-
background ratio (s/b) based on the full-chain simula-
tion with Geant4 [71] and fuse [37]. Here, s denotes the
homogeneously distributed signal events expected inside
the TPC, and b denotes the material γ events that are
concentrated near the TPC surface. The optimal region



14

maximizes the figure of merit,

FOM =

√
2
[
(s + b) ln

(
1 +

s

b

)
− s

]
, (A2)

corresponding to the Asimov significance [72]. The re-
sulting statistically optimal contour is simplified to a
polygon in the (R2, Z) space that is conservatively in-
scribed within it. The optimization is validated against
83mKr calibration data and SR1a data, where the FV
boundary is shown to exclude the regions in which the
event rate rises steeply toward the TPC edge.

A volumetric uncertainty of less than 0.1 % is ob-
tained from simulation by comparing the number of
events within the FV between their ground truth and
reconstructed positions. To remain conservative against
potential mismodeling of the field-distortion correction
and the charge-insensitive region at the TPC edges,
an additional 3 % systematic uncertainty is assigned to
the FV [39]. The LXe density was estimated based
on the monitored temperature and pressure readings of
the TPC and found to be (2861.5 ± 3.1) kg m−3 and
(2859.5±3.3) kg m−3 for SR0 and SR1, respectively. This
results in a fiducial mass of (4.13 ± 0.12) tonnes for SR0
and (4.24 ± 0.13) tonnes for SR1.

APPENDIX B: DETAILS ON BACKGROUND
EVALUATIONS

1. Argon-39

The β-emitter 39Ar has a half-life of 269 y, an endpoint
of 565 keV, and an abundance of 7.7 × 10−16 mol/mol in
natAr [73]. Its contribution to the ER background is sup-
pressed by an online cryogenic distillation campaign per-
formed prior to the start of SR0, lasting for 47 days [32].
Although originally developed for krypton removal, this
system is even more efficient for argon, which is over four
times more volatile than krypton and can be extracted
with a significantly shorter time constant [32, 35]. The ef-
fective removal time constant of the system for argon was
measured to be τdist = 3.8 d using the 37Ar rate evolu-
tion after the SR0 37Ar calibration campaign. Applying
this time constant to the 47-day campaign, and starting
from the initial natAr/Xe concentration of < 5 × 10−6

mol/mol [5], the residual concentration is reduced by a
factor of about 4 × 10−6 to < 2 × 10−11 mol/mol, cor-
responding to a 39Ar rate below 0.1 event/(t·y) within
the ROI. A similar argument can be made for the SR1b
data. This contribution is therefore negligible.

2. Radon α analysis

The β decays of the radon progeny 214Pb and 212Pb
constitute the dominant background sources for the mea-
surement of solar neutrinos. Therefore, their rate must

TABLE V. Estimation of the α rate and plate-out ratios. For
the 212Pb/212Bi212Po ratios, the value is taken as the average
of the 212Pb/212Po and 212Pb/212Bi after correcting for their
respective branching ratios.

SR0 SR1b
222Rn activity (µBqkg−1) 2.044 ± 0.009 1.141 ± 0.006

214Pb/222Rn ratio 0.68 ± 0.03 0.67 ± 0.03
214Po/222Rn ratio 0.425 ± 0.004 0.411 ± 0.005

212Po activity (µBqkg−1) 0.0156 ± 0.0011 0.0168 ± 0.0011
212Pb/212Bi212Po ratio 2.4 ± 0.2 2.05 ± 0.02

be determined independently via the α-decaying isotopes
present in their decay chains (Eq. (4) and (5)).

Given the distinct signal topology of mono-energetic
α decays, the energy reconstruction using the S1 and S2
produces well-isolated Gaussian peaks [23], from which
the α rate can be estimated using the event counts within
the peak energy range. However, for isotopes such as
214Po (212Po), following the decay chains from Eq. (4)
(Eq. (5)), a complication arises due to their short half-
life and their preceding β decays of 214Bi (212Bi), which
decay into an excited nuclear state and promptly emit
γ’s from de-excitation. As the γ disrupts the S2 peak
reconstruction [45], estimating the 214Po α rate requires
a specialized event processing relying only on the S1 sig-
nal [33]. This involves independent signal corrections, se-
lections, and efficiencies, as well as position reconstruc-
tion, to obtain mono-energetic energy peaks with accu-
rate counts. The efficiency and fiducial volume are much
more weakly constrained when evaluated only with S1
signals. To improve the constraint, they are instead de-
termined by referencing each event to the analysis using
both S1 and S2 signals. The 222Rn and 218Po events are
used as the reference because, in the absence of analy-
sis biases, both α analyses should yield identical results.
Finally, the decay rate of each α-decay isotope is then
determined by the counts falling within a ±3σ range of
the peak’s mean position over 24-hour intervals.

For the 214Pb rate estimation, the analysis is based on
the 222Rn calibration performed only in SR1b. While de-
tector conditions, such as pressure, temperature, liquid
level, and electric fields, are found to be stable within
each of the two SRs, there are minor differences between
them as reported in [15, 28]. The influence of these dif-
ferences on the activity ratio between 222Rn and 214Pb is
estimated using the 214Pb daughter isotope 214Po. This is
achieved by comparing the α-rate ratio of 214Po to 222Rn
during the calibration period with the corresponding ra-
tios measured in SR0 and SR1b. A systematic difference
of 4.8 % is observed and used to correct the 214Pb rate
estimate, with half of this difference being assigned as an
uncertainty. Furthermore, the spatial non-uniformity of
the α event rate between the SRs was studied and found
to have a negligible impact.

As presented in Sec. III B, the 212Pb rate estimation re-
lies on the α decays of 212Bi and 212Po, both of which are
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FIG. 7. Combined fit analogous to Fig. 5, with the addition of the hypothetical 14C background component and the “Others”
background separated into individual components. The range is set to [0, 90] keV to provide the reader with more information
about the highest sensitive region, while no new pattern above 90 keV is visible.

decay daughters of 212Pb, as shown in Eq. (5). Because
the 220Rn calibration procedure uses several short-time
source injections, the 212Pb progeny does not reach its
equilibrium activity during the period. This requires a
more thorough modeling via a system of coupled differ-
ential Bateman equations [74] describing each isotope’s
time-dependent activity. The model accounts for the
instant source introduction, as well as the decay, re-
moval, and empirical recovery effect for each isotope.
This model is solved numerically using difference equa-
tions and matched simultaneously to the observed 212Po
α rate and 212Pb rate in a [10, 70] keV window using a
Markov Chain Monte Carlo method. The activity ra-
tio between 212Pb and 212Po is then obtained from the
steady-state solution of this model. The systematic un-
certainties of the 212Pb rate are estimated by compar-
ing predictions derived using 212Po and 212Bi rates. The
corresponding results of the activity ratio are collectively
provided in Table V.

3. Neutron-activated Xe isotopes

The 133Xe β decay, with a half-life of 5.247 d [75], is the
primary time-dependent background induced by neutron
activation from AmBe calibration performed in SR1b.
While the decay has a continuous spectrum, it is always
followed by the de-excitation of an 81.0 keV excited state,
contributing only above this energy level, as shown in
Fig. 5. We modeled the time evolution by fitting the to-
tal count within the energy range of [70, 140] keV with

exponential functions following AmBe injections. The fit
gives a half-life of (5.94±0.16) d, slightly longer than the
literature value, which is likely due to the influence of
other components within this wide energy window. On
the other hand, for SR0, potential neutron activation of
133Xe can come from outside the TPC, such as in the
cryogenic and distillation systems that are not shielded
by the 700 tonne water tank. Our estimate, based on
the environmental neutron rate, yields a nominal rate of
(142 ± 20) events/(t·y) within the ROI. Since 133Xe lies
largely outside the signal-dominated region and a dedi-
cated Monte Carlo study shows that it has a percentage-
level impact on projected sensitivity, we conservatively
set the estimations as the nominal rates, while leaving
the rate as a free parameter in the inference.

Another neutron-activated background is 125Xe, which
decays into 125I with a half-life of 16.9 h [76]. The
subsequent electron capture of 125I into the excited
state has a half-life of 59.4 d. The de-excitation of
35.5 keV [76] is again promptly followed by internal con-
version and Auger cascade, producing a cumulative en-
ergy of 67.3 keV with a branching ratio of 80.1 % [56]. We
fit the 125Xe 276.6 keV emission line with an exponential
time-evolution, and then estimate the 125I rate accord-
ing to the Bateman equation. Although the estimate
suggests a negligible contribution, as the uncertainty of
the estimate is large and difficult to validate, we set the
nominal value of the 125I rate according to the estimate
but leave the parameter free. Fig. 7 shows the contri-
bution of the individual background components for the
best solar neutrino fit.
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APPENDIX C: SOLAR NEUTRINO RESULT
WITH THE RRPA SIGNAL MODEL

For the FEA-stepping model as discussed in Sec. III A,
atomic effects such as relativistic correction and elec-
tron–electron correlation are not accounted for. A cross-
section model based on the Relativistic Random Phase
Approximation (RRPA) has been introduced as a refine-
ment [42]. The RRPA model predicts a cross section ap-
proximately 25 % smaller than the FEA-stepping model,
resulting in a reduced expected rate. However, the cur-
rent RRPA calculations are evaluated up to E ≤ 32 keV,
while our ROI extends to 140 keV. Given the reasoning
that the RRPA cross-section converges to FEA at higher
Er, as communicated with the authors of Ref. [42], we ap-
proximated the remaining [32, 140] keV by scaling down
the FEA model to match the RRPA value at 32 keV.
Considering this approximated RRPA signal model, we
obtain a statistical significance of 5.0σ and a solar pp
flux of (12.7 ± 2.5) × 1010 cm−2s−1.

APPENDIX D: XENON-124 DEC HALF-LIFE
MEASUREMENT

In this study, 124Xe double-electron capture (DEC) is
also treated as a signal channel, providing an indepen-
dent validation of the inference framework. The 124Xe
spectrum model includes the dominant 72.5 % KK-shell
capture peak, as well as 30 subdominant capture shell-
levels. As the 124Xe spectra are distinctly peak-shaped,
their rates are left free with a fixed branching ratio,
such that the derived half-life can be compared to the
literature measurements and theoretical prediction [77].
The nominal rate value is set to the weighted average of
the experimental half-life measurements at 1.07 × 1022

y. Together with an RGA-measured 124Xe abundance of

(10.1± 0.6)× 10−4 in our xenon inventory, our inference
reports a half-life of (8.4 ± 0.9) × 1021 y, consistent with
the literature value within 1.7σ.

APPENDIX E: INFERENCE RESULT WITH
CARBON-14

Given the close resemblance of the 14C β spectrum to
that of the solar neutrino signal, it has been considered as
a hypothetical background contribution. Its natural iso-
topic abundance is 1.18×10−12 [78, 79]. Cosmogenic 14C
is produced primarily through cosmic-ray interactions in
the upper atmosphere and is subsequently incorporated
predominantly into CO2. Although the purification sys-
tems are expected to reduce the concentration of carbon-
bearing molecules, including CO2, to a low residual level,
we consider CO2 to be the most plausible carrier of resid-
ual 14C in the xenon.

The gaseous purification system has a quoted upper
bound for CO2 removal at 100 ppt [80], limited by the
sensitivity of the measurement method. This bound is
applicable given that additional CO2 from outgassing of
detector materials was found to be negligible, based on
residual gas analyzer measurements taken during the vac-
uum phase prior to filling the TPC with xenon. Incorpo-
rating 14C as an additional background with a constraint
of [0, 100] ppt in CO2, which is particularly conserva-
tive given that XENONnT also operates a specialized
liquid purification system [81], the solar pp flux becomes
(8.7+2.8

−2.1)×1010 cm−2s−1. The statistical significance and
agreement with Borexino become 4.3σ and 1.2σ, respec-
tively. The energy spectrum under the best-fit including
the 14C background is shown in Fig. 7. Even in this
conservative estimate the14C contribution remains sub-
dominant compared to other backgrounds.
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