PHYSICAL REVIEW LETTERS 137, 091807 (2026)

Probing the Solar 3B Neutrino Fog with XENONnT

E. Aprile ,1 J. Aalbers ,2 K. Abe ,3 M. M. Abu Rmeileh,4 M. Adrover ,5 S. Ahmed Maouloud ,6 L. Althueser ,7
B. Andrieu ,6 E. Angelino ,8’9 D. Antén Martin ,9 S. R. Armbruster ,10 F. Arneodo ,11 L. Baudis ,5 M. Bazyk ,12
V. Beligotti,8 L. Bellagamba ,13 R. Biondi ,8 A. Bismark ,5 K. Boese ,10 R. M. Braun ,7 G. Bruni ,13 R. Budnik ,4
C. Cali,14 C. Capelli ,5 J. M. R. Cardoso ,15 A. P. Cimental Chavez ,5 A. P. Colijn ,16 J. Conrad ,17 J.J. Cuenca—Ga.rcfa,5
V. D’Andrea®,*” L. C. Daniel Garcia®,'> M. P. Decowski®,'® A. Deisting®,'® C. Di Donato®,'”* P. Di Gangi®,"
S. Diglio®,"? K. Eitel®,” S. el Morabit®,'® R. Elleboro,'”® A. Elykov®,” A. D. Ferella®,"”* C. Ferrari®,® H. Fischer®,”'
T. Flehmke ,17 M. Flierman ,16 R. Frankel ,4 D. Fuchs ,17 W. Fulgione ,22’8 C. Fuselli ,16 F. Gao ,14
R. Giacomobono ,23 F. Girard ,6 R. Glade-Beucke ,21 L. Grandi ,9 J. Grigat ,21 H. Guan ,24 M. Guida ,10
P. Gyorgy ,18 R. Hammann ,10 C. Hils ,18 L. Hoetzsch ,5 N. F. Hood ,25 M. Tacovacci ,23 Y. Itow ,3 J. Jakob ,7
F. Joerg ,5 Y. Kaminaga ,3 M. Kara ,20 S. Kazama ,26 P. Kharbanda ,16 M. Kobayashi ,26 D. Koke ,7
K. Kooshkjalali,18 A. Kopec 2" E. Kozlova,” H. Landsman®,* R. F. Lang 2* L. Levinson®,* A. Li®,® H. Li®,”
L Li®, S. Li®,® S. Liang®, Z. Liang®,” Y.-T. Lin®,’” S. Lindemann®,”' M. Lindner®,"’ K. Liu®,"*" M. Liu®,'
F. Lombardi ,18 J. A.M. Lopes ,15,1 G. M. Lucchetti ,13 T. Luce ,21 Y. Ma ,25 C. Macolino ,19’8 G. C. Madduri ,21
J. Mahlstedt ,17 F. Marignetti ,23 T. Marrodan Undagoitia ,10 K. Martens ,3 J. Masbou ,12 S. Mastroianni ,23
V. Mazza ,]3 J. Merz ,18 M. Messina ,8 A. Michel ,20 K. Miuchi ,31 R. Miyata ,26 A. Molinario ,22 S. Moriyama ,3
M. Murra ,] J. Miiller ,21 K. Ni ,25 C. T. ObaIshikawa ,3 U. Oberlack ,]8 K. Otsuzuki ,3 S. Ouahada ,5 B. Paetsch ,4
Y. Pan ,6 Q. Pellegrini ,6 R. Peres ,5 J. Pienaar ,4 M. Pierre ,16’§ G. Plante ,l T. R. Pollmann ,16 F. Pompa ,12
A. Prajapati SO L Principe 2 1. Qin®,* D. Ramirez Garcfa,” A. Ravindran®,'? A. Razeto®,® R. Singh 2
L. Sanchez®, J.M.E. dos Santos®," I. Sarnoff®,'" G. Sartorelli®,"> M. T. Schiller®,’* P. Schulte®,’

H. Schulze Eifling ,7 M. Schumann ,21 L. Scotto Lavina ,6 M. Selvi ,13 F. Semeria ,13 F. N. Semler ,21 P. Shagin ,8
S. Shi ,] H. Simgen ,10 Z. Song ,29 A. Stevens ,21 C. Szyszka ,]8 A. Takeda ,3 Y. Takeuchi ,3] P-L. Tan ,1
D. Thers ,]2 G. Trinchero ,22 C.D. Tunnell ,30 K. Valerius ,20 S. Vecchi ,33 S. Vetter ,20 G. Volta ,10"“

B. von Krosigk®,* C. Weinheimer®,” D. Wenz®,” C. Wittweg®,” V.H. S. Wu®,” Y. Xing®.,’ D. Xu®,"! Z. Xu®,'
M. Yamashita ,26 J. Yang ,28 L. Yang ,25 J. Ye ,29 M. Yoshida ,3 L. Yuan ,9 G. Zavattini ,33 Y. Zhao ,14
M. Zhong ,25 and T. Zhu®®

(XENON Collaboration)

lPhysics Department, Columbia University, New York, New York 10027, USA
2Nikhef and the University of Groningen, Van Swinderen Institute, 9747AG Groningen, Netherlands
*Kamioka Observatory, Institute for Cosmic Ray Research, and Kavli Institute for the Physics and Mathematics of the Universe (WPI),
University of Tokyo, Higashi-Mozumi, Kamioka, Hida, Gifu 506-1205, Japan
4Deparzment of Particle Physics and Astrophysics, Weizmann Institute of Science, Rehovot 7610001, Israel
5Physik—lnstitut, University of Ziirich, 8057 Ziirich, Switzerland
6LPNHE, Sorbonne Université, CNRS/IN2P3, 75005 Paris, France
" Institut fiir Kernphysik, University of Miinster, 48149 Miinster, Germany
8INFN-Laboratori Nazionali del Gran Sasso and Gran Sasso Science Institute, 67100 L’Aquila, Italy
9Departmem‘ of Physics, Enrico Fermi Institute and Kavli Institute for Cosmological Physics,
University of Chicago, Chicago, Illinois 60637, USA
"Max-Planck-Institut fiir Kernphysik, 69117 Heidelberg, Germany
"'New York University Abu Dhabi-Center for Astro, Particle and Planetary Physics, Abu Dhabi, United Arab Emirates
2SUBATECH, IMT Atlantique, CNRS/IN2P3, Nantes Université, Nantes 44307, France
BDepartment of Physics and Astronomy, University of Bologna and INFN-Bologna, 40126 Bologna, Italy
14Deparz‘ment of Physics & Center for High Energy Physics, Tsinghua University, Beijing 100084, People's Republic of China
ISLIBPhys, Department of Physics, University of Coimbra, 3004-516 Coimbra, Portugal
16Nikhef and the University of Amsterdam, Science Park, 1098XG Amsterdam, Netherlands
YOskar Klein Centre, Department of Physics, Stockholm University, AlbaNova, Stockholm SE-10691, Sweden
B Institut fiir Physik and Exzellenzcluster PRISMA+, Johannes Gutenberg-Universitit Mainz, 55099 Mainz, Germany
Y Department of Physics and Chemistry, University of L’Aquila, 67100 L’Aquila, Italy
Ofnstitute for Astroparticle Physics and Institute of Experimental Particle Physics,
Karlsruhe Institute of Technology, 76021 Karlsruhe, Germany

0031-9007/26/137(9)/091807(11) 091807-1 Published by the American Physical Society


https://orcid.org/0000-0001-6595-7098
https://orcid.org/0000-0003-0030-0030
https://orcid.org/0009-0000-9620-788X
https://orcid.org/0123-4567-8901-2345
https://orcid.org/0000-0002-0844-4576
https://orcid.org/0000-0002-5468-4298
https://orcid.org/0009-0002-6485-4163
https://orcid.org/0000-0002-6695-4355
https://orcid.org/0000-0001-7725-5552
https://orcid.org/0009-0009-6440-1210
https://orcid.org/0000-0002-1061-0510
https://orcid.org/0000-0003-4710-1768
https://orcid.org/0009-0000-7986-153X
https://orcid.org/0000-0001-7098-9393
https://orcid.org/0000-0002-6622-8740
https://orcid.org/0000-0002-0574-4303
https://orcid.org/0009-0007-0662-0920
https://orcid.org/0009-0007-0706-3054
https://orcid.org/0000-0001-5667-7748
https://orcid.org/0000-0002-1963-9408
https://orcid.org/0000-0003-3330-621X
https://orcid.org/0000-0002-8832-8208
https://orcid.org/0009-0004-9605-5985
https://orcid.org/0000-0002-3118-5197
https://orcid.org/0000-0001-9984-4411
https://orcid.org/0000-0003-2037-4133
https://orcid.org/0009-0000-5813-9118
https://orcid.org/0000-0002-1577-6229
https://orcid.org/0000-0001-5372-9944
https://orcid.org/0009-0005-9268-6402
https://orcid.org/0000-0003-4982-3748
https://orcid.org/0000-0002-9340-0534
https://orcid.org/0000-0001-5900-0599
https://orcid.org/0009-0000-0193-8891
https://orcid.org/0000-0002-2693-232X
https://orcid.org/0000-0002-6006-9160
https://orcid.org/0000-0002-0838-2328
https://orcid.org/0000-0002-9342-7665
https://orcid.org/0009-0002-7944-2671
https://orcid.org/0000-0002-3785-7871
https://orcid.org/0009-0000-2864-7365
https://orcid.org/0009-0006-7841-9073
https://orcid.org/0000-0002-2388-3809
https://orcid.org/0000-0002-7517-8618
https://orcid.org/0000-0003-1376-677X
https://orcid.org/0000-0001-6162-1319
https://orcid.org/0000-0003-0537-6296
https://orcid.org/0009-0006-5455-2232
https://orcid.org/0000-0003-0771-7568
https://orcid.org/0009-0005-4775-0196
https://orcid.org/0009-0006-5049-0812
https://orcid.org/0000-0001-5126-0337
https://orcid.org/0009-0005-7616-5762
https://orcid.org/0000-0001-6149-9413
https://orcid.org/0009-0002-9309-8184
https://orcid.org/0000-0003-2572-477X
https://orcid.org/0000-0003-2507-7656
https://orcid.org/0000-0002-3102-4721
https://orcid.org/0000-0002-8198-1968
https://orcid.org/0009-0000-2220-1418
https://orcid.org/0000-0003-1719-3294
https://orcid.org/0009-0006-5424-2867
https://orcid.org/0009-0004-5080-9446
https://orcid.org/0000-0002-6976-3693
https://orcid.org/0000-0002-8100-151X
https://orcid.org/0009-0006-7861-1284
https://orcid.org/0000-0002-8887-5527
https://orcid.org/0000-0001-6548-0963
https://orcid.org/0000-0002-7570-5238
https://orcid.org/0000-0001-7594-2746
https://orcid.org/0000-0003-4679-0485
https://orcid.org/0000-0002-4844-9339
https://orcid.org/0009-0005-9000-9862
https://orcid.org/0000-0001-6655-3685
https://orcid.org/0000-0003-0379-1111
https://orcid.org/0000-0003-0116-654X
https://orcid.org/0009-0007-3992-6299
https://orcid.org/0000-0003-3631-1655
https://orcid.org/0000-0002-4501-7231
https://orcid.org/0000-0002-3704-6016
https://orcid.org/0009-0004-1437-5716
https://orcid.org/0009-0006-0236-1805
https://orcid.org/0000-0003-0229-4391
https://orcid.org/0000-0002-6366-2963
https://orcid.org/0000-0003-4622-036X
https://orcid.org/0009-0000-0423-1525
https://orcid.org/0000-0002-5227-675X
https://orcid.org/0000-0003-2517-6574
https://orcid.org/0009-0005-5233-2255
https://orcid.org/0000-0002-8514-2037
https://orcid.org/0000-0001-8776-4561
https://orcid.org/0000-0001-9332-6074
https://orcid.org/0000-0002-5049-3339
https://orcid.org/0000-0001-8089-8639
https://orcid.org/0000-0002-9467-0851
https://orcid.org/0009-0004-7756-0652
https://orcid.org/0009-0003-1474-3585
https://orcid.org/0000-0002-6475-7649
https://orcid.org/0009-0006-8650-5457
https://orcid.org/0000-0002-1546-7370
https://orcid.org/0009-0009-8154-6024
https://orcid.org/0000-0002-5379-7290
https://orcid.org/0000-0001-7630-2839
https://orcid.org/0009-0008-2608-4472
https://orcid.org/0009-0007-4572-6146
https://orcid.org/0000-0003-2566-0091
https://orcid.org/0009-0009-3412-7337
https://orcid.org/0000-0001-8160-5498
https://orcid.org/0009-0004-3146-354X
https://orcid.org/0009-0007-4161-1907
https://orcid.org/0000-0002-5025-3976
https://orcid.org/0000-0002-0812-9007
https://orcid.org/0009-0002-8692-6367
https://orcid.org/0000-0001-5243-2268
https://orcid.org/0000-0001-5830-5454
https://orcid.org/0000-0002-9714-4929
https://orcid.org/0000-0003-4381-674X
https://orcid.org/0000-0002-1249-6213
https://orcid.org/0000-0002-9591-8361
https://orcid.org/0000-0002-4620-440X
https://orcid.org/0000-0002-8752-7694
https://orcid.org/0000-0001-8228-8949
https://orcid.org/0009-0004-6891-3663
https://orcid.org/0000-0002-0578-097X
https://orcid.org/0000-0001-9564-7795
https://orcid.org/0009-0000-4564-4705
https://orcid.org/0000-0002-8841-6523
https://orcid.org/0000-0002-4914-4991
https://orcid.org/0000-0003-1910-5948
https://orcid.org/0000-0001-8750-863X
https://orcid.org/0009-0008-9029-3092
https://orcid.org/0009-0005-9760-4234
https://orcid.org/0000-0002-5036-1256
https://orcid.org/0000-0002-3483-8800
https://orcid.org/0000-0003-0243-0840
https://orcid.org/0000-0002-4328-6454
https://orcid.org/0009-0001-1310-5229
https://orcid.org/0009-0003-2423-4311
https://orcid.org/0000-0002-2445-6681
https://orcid.org/0000-0003-3074-0395
https://orcid.org/0009-0003-7881-6093
https://orcid.org/0009-0002-2329-0509
https://orcid.org/0009-0007-4562-2662
https://orcid.org/0009-0003-6003-072X
https://orcid.org/0000-0002-4665-2210
https://orcid.org/0000-0002-5743-2520
https://orcid.org/0000-0002-9052-9703
https://orcid.org/0000-0003-0866-6379
https://orcid.org/0000-0001-8158-7795
https://orcid.org/0000-0001-7964-974X
https://orcid.org/0000-0002-4311-3166
https://orcid.org/0009-0001-2961-5274
https://orcid.org/0000-0001-7351-1459
https://orcid.org/0000-0001-5223-3023
https://orcid.org/0000-0002-4083-9068
https://orcid.org/0009-0004-5242-3571
https://orcid.org/0000-0001-8494-740X
https://orcid.org/0000-0002-8111-1532
https://orcid.org/0000-0002-1866-5188
https://orcid.org/0000-0001-7361-9195
https://orcid.org/0000-0002-6720-3094
https://orcid.org/0000-0001-9811-1929
https://orcid.org/0009-0001-9015-2512
https://orcid.org/0000-0001-5272-050X
https://orcid.org/0000-0002-6127-2582
https://orcid.org/0009-0005-4579-8460
https://orcid.org/0000-0003-0024-8017
https://orcid.org/0000-0002-6089-7185
https://orcid.org/0000-0001-5758-9045
https://orcid.org/0009-0004-2968-6357
https://orcid.org/0000-0002-8217-2070
https://ror.org/00hj8s172

PHYSICAL REVIEW LETTERS 137, 091807 (2026)

21Physikalisches Institut, Universitit Freiburg, 79104 Freiburg, Germany
22INAF—Astrophysical Observatory of Torino, Department of Physics, University of Torino and INFN-Torino, 10125 Torino, Italy
23Department of Physics “Ettore Pancini,” University of Napoli and INFN-Napoli, 80126 Napoli, Italy
*Department of Physics and Astronomy, Purdue University, West Lafayette, Indiana 47907, USA
25Deparz‘ment of Physics, University of California San Diego, La Jolla, California 92093, USA
26K0bayashi-Maskawa Institute for the Origin of Particles and the Universe, and Institute for Space-Earth Environmental Research,
Nagoya University, Furo-cho, Chikusa-ku, Nagoya, Aichi 464-8602, Japan
27Department of Physics and Astronomy, Bucknell University, Lewisburg, Pennsylvania, USA
28Departmem‘ of Physics, School of Science, Westlake University, Hangzhou 310030, People's Republic of China
¥School of Science and Engineering, The Chinese University of Hong Kong (Shenzhen),
Shenzhen, Guangdong, 518172, People's Republic of China
3ODepartme‘nt of Physics and Astronomy, Rice University, Houston, Texas 77005, USA
31Department of Physics, Kobe University, Kobe, Hyogo 657-8501, Japan
32Kirchhoﬁ‘-lnstitute for Physics, Heidelberg University, 69120 Heidelberg, Germany
3 INFN-Ferrara and Dip. di Fisica e Scienze della Terra, Universita di Ferrara, 44122 Ferrara, Italy

® (Received 8 April 2026; revised 9 June 2026; accepted 10 July 2026; published 28 August 2026)

We report a 3.3c measurement of coherent elastic neutrino-nucleus scattering from solar 8B neutrinos
using a 6.77 t x yr exposure from the XENONnT experiment, inferring a solar ®B neutrino flux of
(ng ) x 10% cm™2 57!, consistent with previous measurements. In the presence of the B “neutrino fog,” we
find no evidence for light dark matter, and observe diminishing returns in sensitivity with increasing
exposure. A 93% increase in exposure from the previous search improves the median sensitivity to the
nucleon scattering cross section for a 5 GeV/c? spin-independent weakly interacting massive particle by
10%. The dataset was also used to measure the weak mixing angle at ~0.02 GeV/c momentum transfer

and constrain physics beyond the Standard Model.

DOI: 10.1103/xvpn-w3q9

Introduction—Solar ®B neutrinos from the proton-proton
chain were first detected by the Homestake experiment in
1968 [1]. Precision measurements by Super-Kamiokande
[2], the Sudbury Neutrino Observatory (SNO) [3], and
Borexino [4] established solar neutrinos as a cornerstone
of neutrino physics and enabled stringent tests of the
Standard Solar Model [5]. Coherent elastic neutrino-nucleus
scattering (CEvNS) [6] is experimentally challenging to
observe: the low momentum transfer involved requires both
a low energy threshold and a stringently suppressed back-
ground [7,8]. Owing to a cross section that scales approx-
imately with the square of the neutron number, the CEVNS
process induced by solar B neutrinos has only recently been
detected by multi-ton liquid-xenon (LXe)
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dark matter (DM) detectors:
PandaX-4T [10].

Beyond its intrinsic interest as a neutrino process, B
CEvNS probes neutrino interactions at low momentum
transfer and provides sensitivity to physics beyond the
Standard Model (BSM) [11]. The nuclear recoil (NR) sig-
nature of 8B CEvNS closely resembles that of O(5) GeV/c?
weakly interacting massive particles (WIMPs) [12,13]. In
this Letter, we report a measurement of B CEvNS, present
search results for WIMPs in the “neutrino fog” [14,15], and
investigate additional BSM neutrino physics channels.

Experiment—Located at the INFN Laboratori Nazionali
del Gran Sasso in Italy, the XENONnT experiment [16]
searches for NRs induced by WIMPs scattering off xenon
nuclei. The main detector is a dual-phase time projection
chamber (TPC). The active target consists of 5.9 t of LXe
cylindrically enclosed by polytetrafluoroethylene (PTFE)
walls and monitored by 494 3-inch Hamamatsu R11410-21
photomultiplier tubes (PMTs) [17] arranged in top and
bottom arrays. The TPC is housed inside a double-walled
cryostat, surrounded by a water-based, gadolinium-loaded
neutron veto and an outer muon veto [18,19].

Particle interactions in the LXe produce prompt scintil-
lation photons and liberated electrons. The prompt photons
are referred to as S1 signals. The freed electrons drift
upward under an applied electric field to the liquid-gas
interface, where a stronger electric field extracts them into
the gaseous phase. There, they generate a secondary
proportional scintillation signal referred to as the S2 signal.

XENONnT [9] and

091807-2
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The time difference between S1 and S2 gives the vertical
interaction depth (Z), while the S2 hit pattern in the top
PMT array determines the position in the horizontal XY
plane. The S1 and S2 amplitudes and their ratio allow
reconstruction of the deposited energy and discrimination
of NR from electronic recoil (ER).

Datasets—This search combines three datasets with a
total live time of 603 days. The unchanged datasets from
the first two science runs (SR0O and SR1) provide 316.5 live
days after correcting for data-acquisition dead time and
vetoes [9]. A third dataset (SR2) was acquired between
October 12, 2023, and March 25, 2025, contributing an
additional 286.5 live days. During SR2, the temperature
and pressure in the TPC were stable, with an average of
(178.4 £ 0.5) K and (2.038 £ 0.017) bar. The liquid level
was at (4.83 +0.01) mm above the gate throughout the
SR2. The drift electric field remained at 23 V/cm.
Comparing to the previous SRs, in SR2 a pressure increase
of 0.1bar (corresponding to 1K higher temperature) caused
the drift velocity to increase from (0.675 4+ 0.006) mm/ps
to (0.691 £ 0.005) mm/ps. Consequently, the maximum
drift time (¢]3) decreased from (2.20£0.01) ms to
(2.18 £0.01) ms. The anode voltage was also reduced
from 4.95 to 4.85 kV, resulting in a slightly lower
extraction field.

In addition to the 20 PMTs already excluded from the
analysis in SRO and SR1, one additional PMT was disabled
due to intermittent light emission. PMT gains were moni-
tored weekly using pulsed LED signals, with 85% of PMTs
stable within 2.5%. Hits were recorded as a PMT triggered
the digitization threshold, typically about 2.06 mV [20].
The mean single photoelectron (PE) acceptance, deter-
mined from LED calibration data, was (92.6 +0.1)%.
The PMT hits are clustered into peaks based on their
timing and subsequently classified as S1 or S2 according to
their waveform using a self-organizing maps (SOM) [21]
method. For S2 signals, an iterative Bayesian algorithm
implemented in STRAX [22] and STRAXEN [23] evaluates
peak time and position to prevent the merging of multiple-
site interactions.

Distortions of the drift field near the edges of the detector
lead to discrepancies between the true interaction position
(X, Y) and the position (X, Ye) reconstructed from the
top PMT hit pattern. A data-driven radial correction is
derived from 33™Kr calibration data, with positions corrected
relative to a boundary defined by the simulated drift field to
account for the charge-insensitive volume [24]. Additionally,
a field-dependent drift velocity is used to correct the Z
coordinate. The cylindrical fiducial volume (FV) is defined
as radius R <60.1cm and —-142cm <Z < —13 cm,
restricting the analysis to a region where the detector
response and background modeling are well understood.
The resulting mass of FV is (4.14 £0.14) t, with a 3.3%
uncertainty originating from position reconstruction resolu-
tion and drift field modeling. The total exposure of this
analysis is 6.77 t X yr.

0.5 F

04 - QQ)
: S
=] X
% 0.3F Q@Q

O

§ 02F a5 . od acceptance
< % Combine

0.1

1 1 1

Nuclear recoil energy [keV]

FIG. 1. Top: acceptance of low-energy NR, averaged over the
three SRs weighted by exposure. The light (dark) blue curve
shows the S1 (S2) detection acceptance, and the black curve
shows the combined acceptance. Bottom: energy spectra of °B
CEvNS and spin-independent (SI) WIMPs. Solid (dashed) lines
show spectra with (without) acceptance. An SI WIMP-nucleon
cross section of 10™* cm? is assumed for the WIMP spectra.

Light from S1 or S2 signals can generate delayed
electron signals via photoionization of impurities in the
LXe [25]. The photoionization strength is defined as the
ratio between the number of photoionization electrons
detected within r3%; after an S2 signal and the number
of electrons in that S2 signal itself. Following a main-
tenance period between SRO and SR1, the photoionization
strength increased by approximately an order of magnitude.
During SR2, the installation of a hydrocarbon filter resulted
in a subsequent decrease in the photoionization rate.
Position- and time-dependent signal inhomogeneities are
corrected [26]. The month-scale time variation of the
photoionization strength in SR2 necessitates additional
time-dependent corrections to the S1 and S2 signal inte-
grated waveform areas. The “electron lifetime,” represent-
ing the attenuation of drifting ionization electrons due to
electronegative impurities, is modeled using ?*Rn and
83mKr calibration data [27] and measured to be above
20 ms in SR2.

After all corrections, the relative temporal stability of the
light and charge yields (L, and Q,) in SR2 is within 0.35%
and 2.55%, respectively. These variations are propagated
as systematic uncertainties in the determination of the
photon and electron gains, g; and g,. Using the method
described in Ref. [26], the values of g; and g, in SR2
are measured to be (0.1378 +0.0010) PE/photon and
(14.3 £ 0.4) PE/electron. The value of g, is lower than
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that in SR1, (16.9 £0.5) PE/electron [9], resulting in
reduced S2 signals.

CEvNS and LDM signal—The expected NR spectrum
from 8B CEuNS is shown in Fig. 1. It is computed using the
8B neutrino energy spectrum given by the Standard Solar
Model [5] and the Standard Model (SM) CEvNS cross
section on xenon nuclei [28], accounting for the natural
isotopic abundances. At tree level, the differential cross
section in terms of the NR energy 7 is given by
do/dT « G}, where the vector coupling Gy « g)Z +
gy N depends on the proton (neutron) number Z (N) and
the weak mixing angle 6y, with gj, =1 —2sin’6y, and
g =-x

The low-energy NR L, and Q, were calibrated in
SR1 using a dedicated 8géYBe calibration source [29].
The corresponding uncertainties are modeled by
nuisance parameters, f, and fq,, defined such that 7, , =
0(tgy = 0) corresponds to the median of Ly (Qy), while
ty = *1(tqy = £1) corresponds to the =16 quantiles.

The NR yields in all SRs are updated relative to those
used in Ref. [9]. This revision is primarily driven by
improved modeling of the S1 reconstruction efficiency
for neutron multiple-scattering events in the ¥YBe cali-
bration dataset. At 1.5 keV, the median light (charge) yield
is reduced by 7% (10%). The downward shift of the median
yields leads to an overall 25% reduction in the total number
of expected ®B events. For NR energies outside [0.5,
5.0] keV, where the %3YBe calibration does not provide
reliable yield measurements, the yields are set to zero.

Because of the low-energy nature of the recoils, Sl
signals with two or three triggered PMTs and S2 signals
between 120 and 500 PE (corresponding to about 4 and 18
extracted electrons) are selected as the region of interest
(ROID) in all SRs. To suppress random PMT pileup, S1
signals must have at least two hits within +50 ns of the
maximum of the waveform. The S1 detection efficiency is
evaluated using the waveform simulation framework FUSE
[30] and validated by comparing to multiple calibration
datasets. The S2 detection efficiency above 120 PE is unity,
as verified by waveform simulations. Events are recon-
structed as in Ref. [27], and the event-building efficiency is
evaluated by injecting simulated events into real data and
processing the combined stream with AXIDENCE [31].

Events in ROI are blinded before the full analysis
procedure is finalized. In addition to the ROI selection,
quality cuts are applied to ensure well-reconstructed events
[9] while maintaining high acceptance, calculated using
data near the cathode within the ROI. The gate and anode
electrodes are supported by additional perpendicular wires,
introducing distortions in the S2 waveform shape that are
insufficiently constrained for precise modeling. These S2
signals are therefore removed using a wire boundary that
depends on the S2 area and accounts for the (X, Y) position
reconstruction resolution.

The S1, S2, and combined detection acceptances as
functions of NR energy, together with the CEvNS and
spin-independent (SI) WIMPs spectra, are shown in Fig. 1.

TABLE I. Expected and best-fit event numbers for the signal
and background components within the ROI, where the B
CEvNS rate is left unconstrained in the fit. The uncertainty on
the signal expectation includes contributions from the combined
acceptances and (Ly, Qy). The quoted uncertainties for the
background components reflect the widths of constraints applied
in the fit. The total number of best-fit events differs from the
observed number of events because the best-fit rates are deter-
mined by both the event distributions and the auxiliary terms.

Component Expectation Best-fit
AC (SR0) 7.540.7 74407
AC (SR1) 178 +1.0 179+ 1.0
AC (SR2) 149 +0.7 14.9 +0.7
ER 12412 14+1.1
Neutron 0.8104 0.8+04
Total background 42,1:1'-79 424+19
5B (SR0) 32559 33+1.0
5B (SR1) 5919 6.159
5B (SR2) 7243 73131
Total *B 1613 1745

Total observed 9 (SRO) +28 (SR1) +25 (SR2) = 62

Among detectable 8B CEwNS events, 90% have recoil
energies between 0.75 and 2.25 keV and neutrino energies
between 9.2 and 13.8 MeV. The S1 acceptance is primarily
determined by the S1 ROI selection. The S2 acceptance
includes the S2 ROI requirement, event selection efficiency,
and event-building efficiency. It further incorporates addi-
tional rejection criteria to suppress the accidental coinci-
dence (AC) background, as described in the background
section. The ®B signal rate is lower in SR2 compared to SR1
due to the reduced g,. The relative uncertainty of S1 and S2
acceptance is 15%.

Elastic NR light dark matter (LDM) can produce recoil
spectra similar to that of 8B CEvNS for particle masses in the
range 3—12 GeV/c?. A spin-independent (SI) DM-nucleon
interaction [32], mediated by a heavy mediator with mass
my > qo/c =20 MeV/ c?,is considered, where g, denotes
the typical momentum transfer in this search. The corre-
sponding feature distributions are simulated with the NR
spectrum appropriately modified according to the interaction
hypothesis.

Backgrounds—This search for solar 88 CEvNS consid-
ers AC, neutron, ER, and surface background components,
using the same modeling procedure for each as in the first
XENONNT analysis [9]. In the search for LDM, the B
CEwNS signal is considered as a background. The expected
signal and background event numbers in the ROI are listed
in Table I.

The background in the ROI is dominated by AC events,
arising from accidental pairing of “isolated” S1 and S2
signals. The primary source of these isolated signals is
delayed signals caused by high-energy (HE) interactions,
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TABLE II. Isolated S1, S2 signals and AC event rate in the
three SRs. The AC event rate is after all event selections.

SR S1 [Hz] S2 [mHz] AC [pHz]
SRO 2.3 16.6 0.80
SR1 2.2 21.5 0.99
SR2 1.7 17.7 0.60

primarily due to O(1) MeV y rays from materials’ radio-
activity. In the previous search [9], variables quantifying the
temporal and spatial correlation with preceding HE events
were used to suppress AC background, e.g., S2 /Ay,
where S2,,. is the S2 area of the preceding HE event and
Aty is the time separation between that event and the
isolated signal. In SR2, these quantities are incorporated into
event building: event-triggering S2 signals are first selected
using these quantities, and S1 signals within £J%; are
associated to form events. This procedure improves the
temporal stability and spatial uniformity of the isolated S2
rate arising from HE-induced photoionization and localized
single electron bursts. Table II summarizes the isolated
signal rates and predicted AC rates in the three SRs. In
SR2, the isolated S1 and S2 rates are both reduced by about
20% compared to SR1, following improvements in peak
classification and event reconstruction.

The AC background is modeled by the same data-driven
modeling method used in the previous search [9]. Two
boosted decision tree (BDT) classifiers are trained on S1
and S2 waveform features to discriminate between °B
CEvNS from AC events, following Ref. [9]. A selection
based on S2 BDT score at 80% °B CEuNS signal
acceptance reduces the expected AC event count in SR2
from 432.3 to 14.9. The relative systematic uncertainty of
the acceptance is evaluated to be 10%, estimated from the
deviation between simulation and data in the ROI near the
cathode and PTFE wall because no other data in a similar
ROI are available. The events rejected by the S2 BDT
selection are used as a sideband dataset. A total of 441
events were observed in the sideband, in agreement with
the predicted 417.4 events. In addition, the distribution of
events in the analysis space is consistent with the model
predictions, as detailed in the statistical inference section.
The sideband’s relative statistical uncertainty of 4.9% is
therefore used to estimate the uncertainty on the predicted
AC rate in the science dataset.

Surface events arising from plated-out *’Rn daughters
on the PTFE wall can leak into the ROI [33]. Their radial
distribution is modeled, incorporating the S2-dependent
position reconstruction uncertainty. A selection of events
with R < 60.1 cm suppresses the residual surface back-
ground to 0.1/(t x yr), rendering it negligible for this
analysis, as demonstrated by a toy Monte Carlo (MC) study.

The neutron contribution is evaluated with a full sim-
ulation chain, using neutron spectra derived from material
radioactivity, updated low-energy NR yields, and an

improved neutron veto tagging efficiency of 76% because
of gadolinium-doping in SR2. This results in a prediction of
O.Sirg_'g1 events for the three SRs combined, where the
uncertainty reflects the NR rate and yield modeling.

The ER background is modeled with a flat spectrum and
normalized using rates directly from online data-quality
monitoring, given the large uncertainty tolerance. To
account for discrepancies in the ER emission modeling
between fits to 22°Rn [33] and 3’Ar calibration data under
the NEST parameterization [34], a conservative 100%
uncertainty is assigned. The total expected ER background
across the three SRs is 1.2 + 1.2 events.

Statistical inference—Corrected S2 signal amplitude
(¢S2), S2/Atyre, ST BDT score, and S2 BDT score are
the observables in this analysis and used to discriminate
between the 8B CELNS or LDM signal and backgrounds.
The data are partitioned into three bins per observable,
resulting in 81 bins in the four-dimensional parameter
space, and an extended binned likelihood fit is performed.
The binning is defined such that, in the projection onto each
dimension, the expected number of AC events per bin is the
same. The limited number of bins and the uniform AC
population are adopted to reduce potential biases associated
with the finite statistics of isolated peaks. This choice is
validated with toy MC simulations. .

The likelihood function is defined as L(u,0) =

Hi:O,l,Z’Ci(ﬂvé)XHm'Cm(gm)9 where p denotes the

parameter of interest. The set @ represents nuisance
parameters constrained by Gaussian auxiliary terms. The
index i runs over the three SRs, while m labels the
individual nuisance contributions. The nuisance terms
include uncertainties in the AC, neutron, and ER back-
ground rates, the signal acceptance, and the NR yield model
parameters (f1y, fgy). The AC background rates, which
dominate the total background, are treated as independent
between SRs; all remaining background components are
constrained with correlated rates.

The B CEvNS discovery significance, the constraint on
the ®B neutrino flux, limits on the LDM cross section, and
bounds on BSM neutrino parameters are derived using
the profile log-likelihood ratio test statistic, following
Ref. [33]. The expected discovery significance and the
critical regions for confidence interval construction are
determined with toy MC simulations implemented in ALEA
[35]. The agreement between the best-fit model and the
data is assessed through goodness-of-fit (GOF) tests based
on the binned likelihood. Four tests are performed on the
one-dimensional projections, and an additional test is
carried out in the full four-dimensional space. The corre-
sponding p-values are obtained from the distributions of
the GOF test statistics generated with toy MC simulations.
A threshold of 0.010 is applied to each independent test,
corresponding to a combined 95% confidence level (CL)
requirement. The test definition is fixed before unblinding,
and its sensitivity to potential mis-modeling is validated
with toy MC.
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FIG. 2. Best-fit signal and background distributions compared
to data in the projected analysis dimensions, combining all SRs.
Black markers show the observed event counts with Poisson
uncertainties. The stacked histograms display the 3B CEvNS
signal (light green) and background components: AC (purple),
ER (blue), and neutrons (yellow). Due to SR-dependent binning,
¢S2 is shown with a double axis, while the other dimensions are
presented in AC quantiles for the summed dataset.

Motivated by the low p value observed in the one-dimen-
sional S2,,. /At GOF test in the combined SRO and SR1
analysis [9], an additional SR2-only GOF test on 2./ At
was planned to be performed immediately after unblinding the
SR2 data. If the resulting p value was below 0.05, the final
inference would be done in three dimensions (cS2, S1 BDT
score, S2 BDT score), excluding S2,,,. / At,.. The distribution
of the test statistic under the background-only hypothesis is
modeled using the asymptotic approximation [36,37]. This
conditional treatment of S2,. /At is verified not to com-
promise the validity of the asymptotic approximation used for
the discovery significance.

Results—After unblinding, 25 events are observed in the
SR2 dataset as shown in Fig. 2. Both the event count and
their distribution are consistent with the expectation from
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FIG. 3. Constraints on the solar ®B neutrino flux and the weak

mixing angle Oy,. Top: the 68% confidence interval on the solar
8B flux obtained from the first three SRs of XENONnT, compared
with measurements from SNO [(5.25 + 0.16(stat) 011 (syst))x
10 cm=2s7'] [3], the first two SRs of XENONnT [9], and
PandaX-4T [10]. Bottom: the extracted value of sin® fy, assuming
the SNO 3B flux [3], shown alongside previous determinations
[38-46] and the SM prediction in the modified minimal sub-
traction (MS) renormalization scheme [47].

8B CEvNS on top of background contributions. A fit to
SR2 data alone results in a p value of 0.43 in the one-
dimensional GOF test on S2,,./At,.. Consequently, the
four-dimensional binned likelihood analysis is applied to
the combined dataset.

Including the 9 and 28 events in SRO and SRI,
respectively, the total number of observed events is 62.
The projections of the best-fit model in the four analysis
dimensions, together with the binned event distributions,
are shown in Fig. 2; the individual SR projections are
provided in Appendix A. All best-fit nuisance parameters 6
lie within +0.26 of their external Gaussian constraints. The
five GOF tests of the best-fit model provide p values above
the predefined threshold, except for the one-dimensional
S2pre/ Aty test (p = 0.008). This behavior is expected
given the previously observed tension in the SRO and SR1
datasets [9]. The background-only hypothesis is rejected
with a discovery significance of 3.3, corresponding to
a p-value of 4.5 x 1074,

Assuming the SM prediction for the CEvNS cross section,
the resulting solar *B neutrino flux is (573) x 10° em™2s7",
as shown in the top panel of Fig. 3. The new constraint is
consistent within uncertainties with that obtained from the
first two SRs using a different NR yield model [9].
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FIG. 4. Upper limit on SI WIMP-nucleon interaction at
90% CL. The green and yellow bands represent the 1o and 2o
sensitivity expectations, respectively. The black solid line shows
the result of this Letter, which incorporates updated yields and
demonstrates improved sensitivity. The black dash-dotted line
shows the SRO + 1 sensitivity median, re-evaluated using the
same updated yields. Results from other experiments [48—50] are
also shown. The neutrino fog defined in Ref. [15] is shown in the
gray shaded region. A 8B CEuNS equivalent cross section for a
5.5 GeV/c? WIMP is 4.3 x 1074 cm?.

No excess beyond the B CEUNS and backgrounds is
observed. Taking the solar 8B neutrino flux from SNO
constraints [3], the upper limit on the ST WIMP-nucleon
interaction cross section is therefore set at 90% CL, as
shown in Fig. 4. As experiments approach the “neutrino
fog” [14,15], further increases in exposure lead to dimin-
ishing returns. Relative to the previous search [9], a 93%
increase in exposure improves the median sensitivity to a
5 GeV/c* SI WIMP by only 10%. The +1¢ interval for
sin? @y, is [0.159, 0.330] at ~0.02 GeV/c momentum
transfer, as shown in the bottom panel of Fig. 3.

Summary and outlook—A blind search for NRs induced
by solar ®B neutrinos via CEUNS has been carried out with
XENONNT using three SRs, corresponding to a total
exposure of 6.77 t x yr. Dedicated techniques are devel-
oped to suppress the dominant AC background. The
combined dataset rejects the background-only hypothesis
at a significance of 3.3¢. The inferred solar ®B neutrino
flux, (513) x 10® cm™s~!, is consistent with previous
measurements.

The same dataset is further used to constrain LDM-
nucleon interaction cross section through elastic NRs,
illustrating the diminishing returns of increased exposure
in the presence of the “neutrino fog.” In addition, it probes
BSM neutrino interactions, including the weak mixing
angle at low momentum transfer, new vector mediators, and
a finite neutrino charge radius (presented in the End
Matter). These results demonstrate the versatility of the

LXe TPC as a precision instrument for low-energy neutrino
measurements and for searches for new physics.

Note added—We note the recent preprint from the LZ
Collaboration reporting on a search for ®B neutrinos and
LDM [51].
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Appendix A: Separate SRs best-fit results—The observed event distributions in SRO, SR1, and SR2, together with
the corresponding best-fit model projections in each analysis dimension, are shown separately in Fig. 5.
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FIG. 5.

Data and best-fit model projections in the analysis observables for SR0, SR1, and SR2 (left to right). Black markers indicate

the observed event counts with Poisson uncertainties. The stacked histograms show the fitted components, with the ®B CEvNS signal in
light green and the backgrounds from AC (purple), ER (blue), and neutrons (yellow).
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FIG. 6. Pie-chart representation of the dataset in the S1 and S2
BDT score plane. All data points are represented as pie charts
indicating the fraction of the likelihood of the nominal model,
evaluated at the data point, and colored the same as Fig. 5. The
size of each pie chart scales with the expected ®B signal at the
corresponding position. The dark and light shaded contours show
the 1o and 26 expectations of the ®B signal.

Appendix B: Event distribution in BDT score—The
distribution of the observed events in the S1 and S2
BDT score plane is shown in Fig. 6.

Appendix C: Additional results on LDM—The
additional models considered here include spin-dependent
(SD) DM-neutron interactions [53] with an identical
mediator as for the SI DM model, and SI interactions
mediated by a light scalar or vector mediator with mass
my < qo/c =20 MeV/c? (SI-LM) [54-56]. In the SI-LM
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FIG. 7. New mediator coupling upper limit at 90% CL with 1o
(green) and 20 (yellow) sensitivity band. Results based on
COHERENT (red) and CONUS+ (blue) data are shown for
comparison [11].
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FIG. 8. Upper limits on other DM interactions at 90% CL. The
green and yellow bands, as well as the black solid and dash-
dotted lines, have the same meanings as in Fig. 4. Results from
other experiments [48,49,62] are also shown. (a) SD DM-neutron
interaction limit using median nuclear form factors from
Ref. [63]; the 8B CEuNS equivalent cross section for a
5.5 GeV/c? WIMP is 6.5 x 107%° cm?. (b) Constraints on SI
light mediators (m; << 20 MeV/ c?), where the differential rate
scales as am;). (¢) Limits on MDDM interactions for momentum
dependence n = 1 and n = 2. The teal and orange-filled bands
represent the £1o sensitivity expectations for n = 1 and n = 2,
respectively.

case, the differential rate scales as oy /q*, where g is the

momentum transfer and ¢ is the DM-nucleon cross section
[57]. In addition, a momentum-dependent dark matter
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(MDDM) scenario [58] is examined, characterized by a
modified SI interaction cross section of the form
o,n = (q/q0)*" 00, with n€{1,2} and o, the reference
DM-nucleon cross section. Upper limits on the DM-
nucleon interaction cross section at 90% CL are shown
in Fig. 8.

Appendix D: Additional results on BSM neutrino
physics—Several BSM neutrino scenarios are also
examined using the same dataset, exploiting the spectral
and rate sensitivity to low-energy CEvNS events. A new
vector mediator Z’ that couples to SM leptons and quarks
is considered. Assuming no neutrino flavor conversion and
a universal coupling strength, the Z' modifies the effective

vector coupling as Gy « (g} + 36{1‘/)2 + (gy + 3eZV)N,
where the additional term e}, = ¢2,/[V2G(|G|* + m2,)]

introduces a momentum-transfer dependence through |g|?,
with my and g, the mediator mass and gauge coupling
[11,59,60]. This enhances the cross section at low m, and
small |g|. A flavor-universal neutrino charge radius (r2)) is
also considered. This effect modifies the proton vector

coupling as g} — g, — (v/27a/3G)(r?) [11,61], shifting
the overall normalization of the proton vector coupling
without altering the spectral shape of the NR distribution.
When deriving constraints on BSM neutrino interactions,
the LDM contribution is set to zero. A 90% CL limit is set
on the coupling constant g, as a function of the mediator
mass my, as presented in Fig. 7. A 90% CL limit on the
flavor-universal neutrino charge radius (r2,) is obtained as
([-72,-48] U [-10,14]) x 10732 cm?,  comparable to
previous results [11].
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