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We study the phenomenological implications of anomaly-free dark photon models using low-energy
solar neutrino-electron elastic scattering data from the ton-scale PandaX-4T and XENONnT experiments.
Focusing on Uð1ÞX gauge extensions that incorporate both kinetic and mass mixing, we derive novel
exclusion limits across the parameter spaces of six benchmark models. Our analysis demonstrates that the
stringency of these limits is directly correlated with the theoretical leptonic charge assignments of the
respective models. Additionally, we provide model-independent limits by isolating the pure kinetic and
pure mass mixing scenarios. In the sub-MeVmediator mass regime, our results meaningfully improve upon
existing limits from previous neutrino-electron scattering experiments, such as CHARM-II, TEXONO, and
GEMMA. Ultimately, these findings yield improved limits on low-mass dark photon models, demonstrat-
ing their complementarity with other ventures in the global search for dark portals.
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I. INTRODUCTION

The Standard Model (SM) of particle physics provides
an elegant and remarkably successful description of the
electroweak and strong interactions. Nevertheless, several
outstanding observational facts—most notably the evi-
dence of dark matter (DM), dark energy, and the baryon
asymmetry of the universe—call for an extension beyond
the SM (BSM). A neutral gauge boson, generically denoted
as Z0, is one of the most commonly invoked new particles in
such extensions. It naturally arises whenever the SM gauge
group is enlarged by an extra Abelian factor or by a non-
Abelian group that contains one [1].
Closely related to this concept is the so-called dark

photon [2]. This particle was originally introduced as a light
vector boson that couples to the SM exclusively through a
small kinetic mixing with the QED field strength tensor [3].
If kinetic mixing were the only new ingredient, the physical
dark photon would inherit purely vectorial couplings to the
electrically charged SM fermions and would not couple to
SM neutrinos at tree level [4]. However, in realistic ultra-
violet (UV) completions, the dark photon is often associated

with a spontaneously broken Uð1ÞX gauge symmetry under
which some SM fields may carry nontrivial charges. In
such scenarios, a mass-mixing term between the SM
Z boson and the new gauge boson is generally present in
addition to the kinetic mixing. This brings the setup back to
the generic Z0 class and, crucially, induces couplings
between the new mediator and SM neutrinos [5–9].
Consequently, comprehensive phenomenological studies
of generic Z0 or dark photon models must account for
the simultaneous presence of both kinetic and mass mixing
between the neutral vector bosons. Throughout this work,
we therefore treat the Z0 and the dark photon interchange-
ably within a unified Uð1ÞX framework that incorporates
both of these mixing effects. While searching for this
particle has been the subject of extensive efforts at colliders
[10–12], nuclear reactors [13–15], and spallation neutron
sources [16–19], our focus lies on scrutinizing its parameter
space using recent results from DM searches.
DM direct detection (DD) experiments are currently

undergoing rapid advancements, significantly pushing the
boundaries of rare-event searches. In these experiments,
solar neutrinos constitute an irreducible background flux
that induces elastic neutrino-electron scattering (EνES) [20]
signals within the low-energy electron recoil region
[21,22]. In this specific energy window, the solar neutrino
flux is dominated by the high-rate pp chain, with sublead-
ing yet non-negligible contributions from the 7Be and 8B
channels, as predicted to percent-level precision by modern
standard solar models [23–28]. The PandaX [29–34] and
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XENON [35–40] collaborations stand at the frontier of this
effort, employing multiton liquid xenon (LXe) time pro-
jection chambers (TPCs) characterized by massive expo-
sures and ultralow backgrounds in the sub-keV regime.
Although DD facilities were originally optimized to search
for dark matter candidates via nuclear recoils, the unprec-
edented suppression of their electron recoil backgrounds
has transformed them into highly competitive observatories
for new physics signatures. Recent studies have actively
exploited this pristine low-background environment to
constrain nonstandard neutrino interactions [41–43], light
novel mediators [44–48], and neutrino electromagnetic
properties [49–51].
Motivated by the phenomenological relevance of the dark-

photon/Z0 class of models and the recent availability of high-
quality low-energy data, we investigate the signatures of
dark photon models via the solar neutrino-induced EνES
process. Accordingly, we utilize the novel electronic-recoil
datasets from PandaX-4T (Run0 and Run1) [34] and
XENONnT (SR0) [40]. We consider both the kinetic-mixing
and the general Uð1ÞX scenario featuring simultaneous mass
mixing. To connect with explicit UV-complete realizations,
we adopt the family of anomaly-free Uð1ÞX charge assign-
ments constructed in Ref. [52] as benchmarks for dark
photon models. These models were originally derived
from gauge principles within two-Higgs-doublet models
(2HDMs) to simultaneously generate non-zero neutrino
masses through the seesaw mechanism and forbid
tree-level flavor-changing neutral currents. These charge
assignments—which include Uð1ÞB−L as a particular
case—are representative of a broad class of Uð1ÞX exten-
sions of the SM and were notably used as reference models
in the related EνES analysis [14], as well as its implemen-
tation in coherent elastic-neutrino nucleus scattering [17].
For broader perspectives on dark photon models across
terrestrial, astrophysical, and cosmological scales, we refer
the reader to the extensive reviews in Refs. [53–56].
The remainder of this paper is organized as follows. We

introduce the theoretical formulation in Sec. II and describe
the statistical methodology along with the experimental
datasets in Sec. III. We then present our results in Sec. IV,
discussing the expected event spectra, the derived upper
limits on the allowed parameter space, and a comparison with
previous bounds. Finally, we conclude our findings in Sec. V.

II. GENERAL FORMALISM

A. Dark photon models

We focus on a class of light dark photon models in which
the dark sector interacts with the SM via a vector portal. To
realize this framework, we consider a general Uð1Þ
extension of the SM based on the expanded gauge group
SUð2ÞL ×Uð1ÞY × Uð1ÞX. In the minimal setup, this portal
interaction arises naturally through a gauge-invariant,
renormalizable kinetic and/or mass mixing term between

the gauge fields of the SM hypercharge Uð1ÞY and the new
Uð1ÞX symmetry [3]. The new gauge boson associated with
the Uð1ÞX symmetry is naturally identified as the dark
photon. The relevant Lagrangian in the gauge basis can be
expressed as

L ⊃ −
1

4
ŴμνŴ

μν −
1

4
B̂μνB̂

μν −
1

4
X̂μνX̂

μν

−
ϵ

2
B̂μνX̂

μν þ
X
f

f̄ iγμDμf þ
X
ϕ

jDμϕj2 ð2:1Þ

where the gauge fields corresponding to the SUð2ÞL,
Uð1ÞY , and Uð1ÞX groups are denoted by Ŵ, B̂, and X̂,
respectively. The chiral fermion multiplets of the model are
collectively represented by f [e.g., ðνL; eLÞT; νR; eR], and
the scalar sector is denoted by ϕ. The associated covariant
derivative is given by

Dμ ¼ ∂μ þ ig
X3
a¼1

σa

2
Ŵa

μ þ ig0
QY

2
B̂μ þ igX

QX

2
X̂μ; ð2:2Þ

where σa are the Pauli matrices corresponding to the
SUð2ÞL generators. The parameters g, g0, and gX denote
the gauge couplings for the SUð2ÞL, Uð1ÞY , and Uð1ÞX
groups, respectively, while QY and QX specify the respec-
tive gauge charges of the interacting fields. Notably, the
twoUð1Þ field strength tensors, B̂μν and X̂

μν, couple to each
other via the −ðϵ=2ÞB̂μνX̂

μν term, which induces kinetic
mixing between the new gauge boson and the SM hyper-
charge boson. The presence of this mixing mechanism is
theoretically well motivated; even if it is assumed to vanish
at some higher energy scale, it is dynamically generated at
the loop level by any massive state charged under both
Uð1Þ groups [3].
The mass of the new gauge boson arises following the

spontaneous breaking of the Uð1ÞX symmetry. To properly
describe the physical states, it is necessary to transition
from the fundamental gauge basis—composed of the
neutral fields Ŵ3, B̂, and X̂—to the physical mass basis,
comprising the photon (A), the SM-like Z boson, and the
new dark photon (Z0). Upon this transformation, all gauge
bosons acquire canonical kinetic terms and become mass
eigenstates, with the mixing parameters being explicitly
absorbed into the physical couplings. While the general
formalism for neutral-boson mixing has been extensively
discussed in the literature [5,7], we adopt the exact
analytical framework established in Ref. [14] for a com-
prehensive derivation of this basis transformation.
In this physical basis, the relevant neutral-current inter-

action Lagrangian1 can be expressed compactly as

1Note that the charged-current interactions mediated by the
W� bosons remain identical to those in the SM.
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LNC ⊃ −JμemAμ − JμZZμ − JμZ0Z0
μ; ð2:3Þ

where Jμem is the standard electromagnetic current interact-
ing with the photon field Aμ. The massive eigenstates, Zμ

and Z0
μ, couple to the fermions via the currents JμZ and JμZ0 ,

respectively. These physical currents are related to the SM
neutral current JμNC and the newUð1ÞX current JμX through a
rotation matrix,

JμZ ¼ cαJ
μ
NC − sαJ

μ
X; ð2:4Þ

JμZ0 ¼ sαJ
μ
NC þ cαJ

μ
X; ð2:5Þ

where the shorthand notations cα ≡ cosα and sα ≡ sinα are
used, with α representing the mass mixing angle between the
SM Z boson and the dark photon Z0. Explicitly, the explicit
forms of the three currents are given by

Jμem ¼ gsW
X
f

f̄ γμQf
emf; ð2:6Þ

JμNC ¼ g
X
f

f̄ γμ
�
cWQ

f
em −

Qf
Y

2cW

�
f; ð2:7Þ

JμX ¼
X
f

f̄ γμ
cWgXQ

f
X − gϵQf

YsW
2

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ϵ2

p
cW

f; ð2:8Þ

where the weak mixing angle θW is defined via sW ≡ sin θW
and cW ≡ cos θW , which is related by g0 ¼ ðsW=cWÞg.
Furthermore, Qf

em denotes the electromagnetic charge,
Qf

Y the weak hypercharge, and Qf
X the additional charge

associated with the Uð1ÞX gauge group.
The specific values of the Uð1ÞX charges depend on the

particular dark photon model under consideration and must
be carefully assigned to ensure exact gauge anomaly
cancellation. To this end, we adopt the anomaly-free charge
assignments originally formulated in the context of 2HDMs
devoid of tree-level flavor-changing neutral currents [52].
We discuss details of this process in Appendix. The specific
Uð1ÞX gauge charge assignments for each benchmark
model are summarized in Table I. In this notation, the
index X specifies the particular dark photon model under
consideration, while the parameters QL

Xl and QR
Xe denote

the gauge charges associated with the left-handed lepton
doublet, ðνL; eLÞT , and the right-handed electron singlet,
eR, respectively. Crucially, these specific anomaly-free
configurations were constructed not only to resolve the
flavor problem within the 2HDM framework—by naturally
forbidding tree-level flavor-changing neutral currents—but
also to successfully accommodate nonzero neutrino masses
via the seesaw mechanism.
To facilitate our analysis, we explicitly cast the relevant

interaction Lagrangian for the massive vector bosons into a

chiral basis. By decomposing the fermion fields into their
left- and right-handed components, fL;R ¼ PL;Rf, with the
projection operators PL;R ¼ ð1 ∓ γ5Þ=2, the interaction
Lagrangian involving the W�, Z, and Z0 bosons can be
expressed as

L ⊃ −ðWþ
μ ν̄γ

μPLCL
νlWlþ H:c:Þ

− ½ν̄γμPLCL
ννZνþ lγμðCL

llZ
PL þ CR

llZ
PRÞl�Zμ

− ½ν̄γμPLCL
ννZ0νþ lγμðCL

llZ0PL þ CR
llZ0PRÞl�Z0

μ:

ð2:9Þ
Here, we have defined the effective chiral couplings gov-
erning the leptonic interactions with the gauge bosons as

CL
νlW ¼ gffiffiffi

2
p ; ð2:10Þ

CL
ννZ ¼ gcα

2cW
−

gϵsWsα
2cW

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ϵ2

p −
gXsαQL

Xν

2
ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ϵ2

p ; ð2:11Þ

CL
ννZ0 ¼ gsα

2cW
þ gϵsWcα
2cW

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ϵ2

p þ gXcαQL
Xν

2
ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ϵ2

p : ð2:12Þ

Similarly, the left- and right-handed couplings for the
charged lepton l (which strictly corresponds to the electron
in the context of our scattering process) interacting with the
SM-like Zμ boson are parametrized as

CL
llZ ¼ gcαð2s2W − 1Þ

2cW
−

gϵsWsα
2cW

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ϵ2

p −
gXsαQL

Xl

2
ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ϵ2

p ; ð2:13Þ

CR
llZ ¼ gcαs2W

cW
−

gϵsWsα
cW

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ϵ2

p −
gXsαQR

Xl

2
ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ϵ2

p ; ð2:14Þ

while the analogous chiral couplings for the new dark gauge
boson Z0

μ read

CL
llZ0 ¼ gsαð2s2W − 1Þ

2cW
þ gϵsWcα
2cW

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ϵ2

p þ gXcαQL
Xl

2
ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ϵ2

p ; ð2:15Þ

CR
llZ0 ¼ gsαs2W

cW
þ gϵsWcα
cW

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ϵ2

p þ gXcαQR
Xl

2
ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ϵ2

p : ð2:16Þ

TABLE I. Summary of the anomaly-free Uð1ÞX gauge charge
assignments for the benchmark dark photon models considered in
this work. These specific theoretical configurations are adapted
from Ref. [52].

Charges Uð1ÞB−L Uð1ÞC Uð1ÞD Uð1ÞE Uð1ÞF Uð1ÞG
QL

Xl −1 3
4

− 3
2

− 3
2

−3 − 1
2

QR
Xe −1 0 −2 −1 −4 0
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B. Elastic neutrino-electron scattering

The EνES process offers a theoretically clean, purely
leptonic window into electroweak precision measure-
ments [57]. Among dedicated terrestrial measurements,
the most precise determination of νμ (ν̄μ)-electron elastic
scattering originates from the CHARM-II experiment,
which achieved a precision of approximately 3% on the
electroweak couplings [58,59]. Meanwhile, the most
rigorous measurements of νe–e and ν̄e–e scattering are
provided by the LSND [60] and TEXONO [61] experiments,
respectively, both operating at the ∼20% precision level.
Beyond its importance for precision electroweak tests, the
EνES process is physically distinguished by its highly
directional kinematics. The scattered electron emerges at a
very narrow forward angle relative to the incoming neutrino
trajectory—a distinct topological feature that has been
extensively exploited in large-scale solar neutrino experi-
ments, including Super-Kamiokande [62,63], SNO [64,65],
and BOREXINO [66,67].
Capitalizing on its theoretically clean nature, the EνES

process provides an excellent avenue to probe beyond the
SM physics, such as dark photon models. It should be
emphasized that neither kinetic nor mass mixing alters the
SM charged-current (CC) channel; hence, the W-boson
exchange remains standard. However, in the neutral-current
(NC) sector, neutrinos can additionally interact with elec-
trons via the Z and Z0 gauge bosons (where we generically
refer to the dark photonlike mediators as Z0 bosons). To
formally evaluate these BSM contributions, we must
determine the exact scattering amplitudes. Based on the
Lagrangian provided in Eq. (2.9), the scattering amplitudes
for EνES mediated by the W, Z, and Z0 bosons in the low-
energy limit can be expressed as

iMW ¼
�
ūν

�
i
gffiffiffi
2

p γμPL

�
uν

��
igμρ
m2

W

��
ūe

�
i
gffiffiffi
2

p γρPL

�
ue

�
;

ð2:17Þ

iMZ ¼ ½ūνðiγμPLCL
ννZÞuν�

�
igμρ
m2

Z

�
× ½ūeðiγρðCL

llZPL þ CR
llZPRÞÞue�; ð2:18Þ

iMZ0 ¼ ½ūνðiγμPLCL
ννZ0 Þuν�

�
igμρ

2meTe þm2
Z0

�

× ½ūeðiγρðCL
llZ0PL þ CR

llZ0PRÞÞue�: ð2:19Þ

For the W-boson contribution, we have applied a Fierz
transformation to ensure structural consistency with the
neutral-current terms arising from the other gauge bosons.
By combining these individual scattering amplitudes
and utilizing the standard Fermi constant relation,
GF=

ffiffiffi
2

p ¼ g2=ð8m2
WÞ, the total scattering amplitude can

be compactly cast as

Mtotal ¼ −
4GFffiffiffi

2
p ½ūνγμPLuν�½ūeγμðg̃LPL þ g̃RPRÞue�:

ð2:20Þ

Here, we have defined the generalized effective chiral
couplings, g̃L and g̃R, as

g̃L ¼ δle þ
2c2W
g2

CL
ννZC

L
llZ þ

ffiffiffi
2

p
CL
ννZ0CL

llZ0

4GFð2meTe þm2
Z0 Þ ; ð2:21Þ

g̃R ¼ 2c2W
g2

CL
ννZC

R
llZ þ

ffiffiffi
2

p
CL
ννZ0CR

llZ0

4GFð2meTe þm2
Z0 Þ : ð2:22Þ

Because this total amplitude exhibits the exact same
chiral structure as the standard electroweak amplitude, the
resulting differential cross section—obtained by squaring
the matrix element and summing over the spin states—
retains the familiar SM functional form. Consequently,
the differential cross section with respect to the electron
recoil energy Te is given by

dσνl
dTe

¼ 2G2
Fme

π

�
g̃2Lþ g̃2R

�
1−

Te

Eν

�
2

− g̃Lg̃R
meTe

E2
ν

�
; ð2:23Þ

where me denotes the electron mass and Eν is the
incoming neutrino energy. We can explicitly expand
the generalized effective chiral couplings, g̃L and g̃R,
in terms of the underlying model parameters as follows:

g̃L ¼ δle þ
�
s2W −

1

2

�
c2α −

cαsαffiffiffiffiffiffiffiffiffiffiffiffi
1 − ϵ2

p
�
ϵs3W þ cWgX

2g
ðQL

Xl þ ð2s2W − 1ÞQL
XνÞ

�

þ s2α
2ð1 − ϵ2Þ

�
ϵ2s2W þ 2cWsWϵgX

g
ðQL

Xν þQL
XlÞ þ

c2Wg
2
X

g2
QL

XνQ
L
Xl

�

þ 1

2
ffiffiffi
2

p
GFð2meTe þm2

Z0 Þ

�
s2α

g2ð2s2W − 1Þ
4c2W

þ cαsαffiffiffiffiffiffiffiffiffiffiffiffi
1 − ϵ2

p
�
g2s3Wϵ
2c2W

þ ggX
4cW

ðQL
Xl þ ð2s2W − 1ÞQL

XνÞ
�

þ c2α
1 − ϵ2

�
g2s2Wϵ

2

4c2W
þ gsWgXϵ

4cW
ðQL

Xν þQL
XlÞ þ

g2X
4
QL

XνQ
L
Xl

��
; ð2:24Þ
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g̃R ¼ s2Wc
2
α −

cαsαffiffiffiffiffiffiffiffiffiffiffiffi
1 − ϵ2

p
�
ϵsWð1þ s3WÞ þ

cWgX
2g

ðQR
Xl þ 2s2WQ

L
XνÞ

�

þ s2α
2ð1 − ϵ2Þ

�
ϵ2s2W þ cWsWϵgX

g
ð2QL

Xν þQR
XlÞ þ

c2Wg
2
X

g2
QL

XνQ
R
Xl

�

þ 1

2
ffiffiffi
2

p
GFð2meTe þm2

Z0 Þ

�
s2α

g2s2W
2c2W

þ cαsαffiffiffiffiffiffiffiffiffiffiffiffi
1 − ϵ2

p
�
g2sWϵð1þ s2WÞ

2c2W
þ ggX
4cW

ðQR
Xl þ 2s2WQ

L
XνÞ

�

þ c2α
1 − ϵ2

�
g2s2Wϵ

2

2c2W
þ gsWgXϵ

4cW
ð2QL

Xν þQR
XlÞ þ

g2X
4
QL

XνQ
R
Xl

��
: ð2:25Þ

Both effective couplings depend on the flavor l ¼ e, μ, τ
of the incoming neutrino. These expressions explicitly
encode the individual contributions from both the SM and
the dark photon model, alongside the resulting interfer-
ence terms. In the above relations, the Kronecker delta
symbol δle elegantly accounts for the distinct CC and NC
channels of the process. Specifically, while both channels
contribute to scattering processes involving νe, only the
NC channel is present for the νμ and ντ flavors. For our
numerical evaluations, we adopt the weak mixing angle
s2W ¼ 0.23857 defined in the MS scheme [68].
It is worth noting that the general dark photon contri-

butions to the EνES process gracefully simplify under
specific limits:

(i) For α ¼ ϵ ¼ 0, the framework reduces to the SM
augmented by a universal Z0.

(ii) For α ¼ ϵ ¼ gX ¼ 0, one exactly recovers the pure
SM scenario, which correctly yields

g̃L → δle þ
�
s2W −

1

2

�
and g̃R → s2W: ð2:26Þ

Furthermore, we emphasize that our analytical results are
in full agreement with those reported in Ref. [14], thereby
validating our chiral-basis formulation. As evident from the
propagator in Eq. (2.19), the amplitude’s dependence onmZ0

is strictly governed by the 2meTe þm2
Z0 term. Consequently,

in the kinematic regime where 2meTe ≫ m2
Z0 , the scattering

process becomes entirely insensitive to the dark photon
mass. This implies that a direct detection experiment with a
recoil energy threshold Tmin effectively loses mass sensi-
tivity below mmin

Z0 ≃
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2meTmin

p
, rendering any observable

new physics effects mass independent in this sub-MeV
region.
In DD experiments designed for dark matter searches,

incoming solar neutrinos inevitably interact with the atomic
electrons of the detector material, thereby triggering EνES
events. This process constitutes a prominent component of
the pervasive neutrino background, often competing with
potential DM recoil signals. Consequently, a precise

understanding and characterization of these EνES events
are crucial for robustly isolating authentic DM signatures.
Furthermore, because the SM prediction for this scattering
process is known with exceptional accuracy, any measured
deviation in the electron recoil spectrum serves as a direct
and highly sensitive probe for BSM physics, particularly
for theUð1ÞX dark photon models investigated in this work.

III. DATA ANALYSIS DETAILS

In this Section, we outline the statistical framework
employed to derive limits from the low-energy electronic
recoil datasets of the PandaX-4T [34] and XENONnT [40]
experiments. These observed recoil events are primarily
driven by the irreducible solar neutrino flux.
Located at the China Jinping Underground Laboratory,

the PandaX-4T experiment utilizes a dual-phase TPC con-
taining 3.7 tons of active LXe in its sensitive volume [31].
The collaboration recently released two distinct datasets
covering electron recoil energies up to 30 keV. The first
dataset, denoted as Run0, stems from the commissioning
phase, operating from November 28, 2020, to April 16,
2021. The subsequent dataset, Run1, spans the primary data-
taking period from November 16, 2021, to May 15, 2022.
Similarly, the XENONnT experiment, situated at the
Laboratori Nazionali del Gran Sasso, employs comparable
LXe TPC technology with a significantly larger active mass
of 5.9 tons [40]. The XENON collaboration reported the
SR0 dataset, which targets a continuous energy range up to
30 keV, collected between July 6, 2021, and November 10,
2021. Since their inception, both state-of-the-art experi-
ments have actively conducted a broad array of new physics
searches, placing some of the most stringent constraints to
date on weakly interacting massive particles, axionlike
particles, neutrino electromagnetic properties, and dark
photons.
Within this experimental context, we investigate the

potential contributions of the anomaly-free Uð1ÞX dark
photon models to the expected EνES rate. These beyond the
SM (BSM) effects are systematically analyzed across the
low-energy electron recoil region of interest (ROI) specifi-
cally defined for each experiment. In what follows,
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we detail the computation of the theoretical recoil rates and
delineate our statistical methodology.

A. Recoil rate calculations

The expected differential event rate for the EνES
process, obtained by folding the differential scattering
cross section with the incoming solar neutrino flux, can
be expressed as

�
dR
dTe

�
i

X
¼ ZeffðTeÞ

Z
Emax
ν;i

Emin
ν

dEν
dΦi

dEν

�
dσ
dTe

�
νe

X
: ð3:1Þ

Here, the minimum neutrino energy required to produce an
electron recoil of energy Te is kinematically determined by

Emin
ν ¼ 1

2
ðTe þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T2
e þ 2meTe

q
Þ; ð3:2Þ

while Emax
ν;i denotes the kinematic endpoint of the res-

pective neutrino flux. The differential solar neutrino flux is
represented by dΦi=dEν, where the index i∈ fpp;7 Be;…g
labels the distinct solar neutrino production channels.
Given their dominant contribution to low-energy neu-
trino-electron scattering, we restrict our analysis in this
work to the pp and 7Be solar neutrino fluxes. Additionally,
the index X∈ fB − L;C;D;…g specifies the benchmark
dark photon model under consideration.
Because the region of interest involves low electron

recoil energies (Te ∼ a few keV) that are comparable to the
atomic binding energies of the target material, the standard
free-electron approximation is no longer strictly valid due
to atomic ionization effects [69]. To properly account for
this, the scattering cross section must be scaled by the
effective number of atomic electrons available for ioniza-
tion at a given recoil energy, defined as

ZeffðTeÞ ¼
X
i

niθðTe − BiÞ: ð3:3Þ

In this expression, ni and Bi represent the number of
electrons and their corresponding binding energy in the
atomic shell, respectively, while θðxÞ is the Heaviside step
function. For our numerical evaluations, we adopt the shell
structure and binding energy values for the liquid xenon
target from Ref. [70]. Implementing this effective charge
correction is crucial for appropriately modifying the scatter-
ing cross sections derived under the free-electron hypoth-
esis, which inherently assumes that the target electrons are
completely unbound and initially at rest [71,72].
During their propagation to Earth, solar neutrinos

undergo flavor oscillations, arriving at the detector as an
incoherent mixture of νe, νμ, and ντ. To appropriately
account for this phenomenon, the theoretical differential
cross section must be weighted by the relevant oscillation
probabilities,

�
dσ
dTe

�
νe

X
¼ Pee

�
dσνe
dTe

�
X
þ

X
f¼μ;τ

Pef

�
dσνf
dTe

�
X
; ð3:4Þ

where Peμ¼ð1−PeeÞcos2ϑ23 and Peτ¼ð1−PeeÞsin2ϑ23.
Here, Pee denotes the survival probability of the electron
neutrino (νe) at Earth, which is analytically given by

Pee ¼ c213c
m
13

2

�
1

2
þ 1

2
cos 2ϑm12 cos 2ϑ12

�
þ s213s

m
13

2: ð3:5Þ

In this expression, c13 ≡ cosϑ13 and s13 ≡ sinϑ13, while the
superscript m indicates parameters modified by the solar
matter effect (the Mikheyev-Smirnov-Wolfenstein mecha-
nism). Specifically, ϑm12 represents the effective mixing angle
in matter. In evaluating these survival probabilities, we also
incorporate the day-night asymmetry arising from the Earth
matter effect. The standard neutrino oscillation parameters
are adopted from the global 3ν analysis by NuFIT 6.0 [73].
The predicted number of elastic neutrino-electron scat-

tering events in the k-th reconstructed energy bin is
evaluated as

Rk
X ¼ εNt

Z
Tkþ1
e

Tk
e

dTeAðTeÞ

×
Z

T 0max
e

0

dT 0
eRðTe; T 0

eÞ
X

i¼pp;7Be

�
dR
dT 0

e

�
i

X
; ð3:6Þ

where ε is the experimental exposure and Nt denotes the
number of target nuclei per unit mass of the detector
material. The integration limit T 0max

e ¼ 2E2
ν=ð2Eν þmeÞ is

the maximum kinematically allowed true recoil energy. The
variables Te and T 0

e correspond to the reconstructed and
true electron recoil energies, respectively. The detector
response is rigorously characterized by the energy-depen-
dent detection efficiency AðTeÞ and the normalized
Gaussian smearing function RðTe; T 0

eÞ, which accounts
for the finite energy resolution of the instrument.
For the PandaX-4T analysis, we adopt the efficiency

curve from Ref. [34] and the energy resolution from
Ref. [32]. Similarly, for XENONnT, the corresponding
efficiency and energy resolution functions are taken from
Ref. [40] and Ref. [39], respectively. Finally, the expected
rates are scaled by their specific exposures: the PandaX-4T
Run0 and Run1 datasets feature exposures of 198.9 ton ·
day and 363.3 ton · day, respectively, whereas the
XENONnT SR0 dataset was collected with an exposure
of 1.16 ton · year.

B. Statistical methodology

To statistically evaluate the new physics parameters of
interest, denoted by S, we construct tailored χ2 test statistics
appropriate for the statistical nature of each dataset [74,75].
For the XENONnT data, which is adequately described by
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Gaussian statistics in its energy bins, the χ2 function is
defined as

χ2ðSÞ ¼ min
α;β

"X30
k¼1

�
Rk
expðS;α; βÞ − Rk

obs

σk

�
2

þ
X
i

�
αi
σαi

�
2

þ
X
j

�
βj
σβj

�
2
#
: ð3:7Þ

Conversely, for the PandaX-4T data, we employ a Poisson-
based likelihood ratio (the Baker-Cousins χ2 function),
which is more robust for low-count statistics,

χ2ðSÞ ¼ min
α;β

"
2
X30
k¼1

�
Rk
expðS;α; βÞ − Rk

obs

þ Rk
obs ln

�
Rk
obs

Rk
expðS;α; βÞ

��

þ
X
i

�
αi
σαi

�
2

þ
X
j

�
βj
σβj

�
2
#
: ð3:8Þ

In these expressions, Rk
obs and R

k
exp represent the observed

and theoretically expected event rates in the kth energy bin,
respectively. The expected event rate incorporates combined
contributions from the SM, the proposed new physics (NP)
scenarios, and various established background sources. To
rigorously account for systematic uncertainties, we introduce
the pull variables (nuisance parameters) αi and βj, such that
the expected rate is parametrized as

Rk
expðS;α; βÞ ¼

X
i

ð1þ αiÞ½Rk;i
SM þ Rk;i

NPðSÞ�

þ
X
j

ð1þ βjÞRk
Bkg;j: ð3:9Þ

Here, the nuisance parameters αi and βj absorb the fractional
uncertainties related to the ith solar neutrino flux component
and the jth background normalization, respectively.
The experimental statistical uncertainty in the kth bin is

denoted by σk. The standard deviations constraining the
nuisance parameters, σαi and σβj , are adopted from
Ref. [28] for the solar neutrino fluxes and Ref. [34,40]
for the background models. Finally, the combined SM and
NP event rates are evaluated using the standard solar
neutrino energy spectra [23], appropriately normalized
according to the B16-GS98 standard solar model [28].

IV. RESULTS AND DISCUSSION

In this Section, we present the main results derived from
the statistical framework outlined above. First, we illustrate
the expected event spectra as functions of the electron
recoil energy. Following this, we derive and present the

90% CL limits (for 2 degree(s) of freedom (d.o.f.)) on the
parameter space of the considered dark photon models.
Finally, we contextualize our findings by comparing them
with existing constraints from a diverse array of comple-
mentary probes. These include previous neutrino-electron
scattering experiments (CHARM-II [58,59], TEXONO
[61,76], BOREXINO [66,67], and GEMMA [77,78]),
beam dump experiments (E141 [79,80], ν-cal [81,82],
and NA64 [83,84]), collider searches (BABAR [85,86]
and LHCb [87,88]), anomalous magnetic moment mea-
surements for the electron (ðg − 2Þe) [89,90] and muon
[ðg − 2Þμ] [91,92], atomic spectra precision tests [93,94],
and astrophysical limits stemming from dark photons
produced as thermal radiation in the Sun [95].
In Fig. 1, we illustrate the predicted differential event

rates as a function of the recoil energy of the PandaX-4T
Run0 (a), PandaX-4T Run1 (b), and XENONnT (c) data-
sets. We choose the specific B-L scenario, since it is among
the most popular Z0 scenarios in explaining the existence of
new physics. The differential rates are consistently nor-
malized in keV−1. The experimental data points, along with
their corresponding uncertainties, are denoted by the black
markers, while the solid black lines represent the total
background models provided by the respective collabora-
tions. The SM EνES expected rates are depicted by the dark
blue shaded regions, which consistently constitute a sub-
dominant fraction of the total background across the entire
energy range for all three datasets. To illustrate the
phenomenological impact of the Uð1ÞB−L extension, we
superimpose the expected BSM signal spectra for a bench-
mark Z0 mediator mass of mZ0 ¼ 0.1 MeV and a gauge
coupling of gZ0 ¼ 1 × 10−6. We systematically investigate
the effects of the mass mixing (α) and kinetic mixing (ϵ)
parameters to highlight their distinct spectral contributions.
The baseline BSM scenario with pure gauge interactions
(α ¼ 0.0, ϵ ¼ 0.0) is denoted by the thin dashed cyan lines.
Introducing a nonzero kinetic mixing (α ¼ 0.0; ϵ ¼ 5gZ0 ,
thick dashed cyan lines) leads to a moderate enhancement
in the event rate at low energies. Conversely, turning on the
mass mixing parameter (α ¼ 5gZ0 ; ϵ ¼ 0.0, dash-dotted
green lines) produces a drastic amplification of the differ-
ential rate, particularly at recoil energies below 10 keV. As
visually evident across all three panels, this pronounced
low-energy excess significantly overshoots the observed
experimental data points within the ROI.
We present the 90% CL exclusion regions with 2 d.o.f.

on the (mZ0 ,gX) parameter space for the Uð1ÞB−L, Uð1ÞC,
Uð1ÞD, Uð1ÞE, Uð1ÞF, Uð1ÞG dark photon models in
Fig. 2. We also tabulate our results as well as limits from
reactor facilities in Table II, which can be extracted directly
from these figures. To isolate the pure gauge interaction
contributions, we set the mixing parameters to α ¼ ϵ ¼ 0.
Our derived bounds from the recent PandaX-4T (Run0 and
Run1) and XENONnT datasets are superimposed with
existing constraints from accelerator and reactor neutrino
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experiments—specifically CHARM-II, TEXONO, and
GEMMA—as derived in Ref. [14].
As depicted across all panels, the exclusion contours

exhibit two distinct kinematic regimes. In the low-mass
limit (mZ0 ≲ 0.1 MeV), the mediator mass becomes neg-
ligible compared to the typical momentum transfer (q2) of
the solar EνES process. Consequently, the cross-section
loses its mZ0 dependence, leading to an asymptotic plateau
in the upper bounds of the gauge coupling. As quantified
in Table II, in this asymptotic regime for the benchmark
Uð1ÞB−L model, for example, Run1 dataset of the
PandaX-4T improves upon the Run0 by a factor of
1.41, yielding gB−L ≲ 4.26 × 10−7. Benefiting from its
superior exposure and ultra-low background rejection,
XENONnT provides the most stringent constraint glob-
ally at gB−L ≲ 2.95 × 10−7. Conversely, in the heavy-
mediator regime (mZ0 ≳ 1 MeV), the constraints weaken
dynamically. Here, the momentum transfer becomes
subdominant to the mediator mass, and the differential

cross-section undergoes heavy-propagator suppression,
scaling approximately as 1=m4

Z0 . This kinematic penalty
forces the exclusion limits to scale as gX ∝ mZ0 , which is
visually evident as a constant positive slope in the log-log
parameter space. Despite this suppression, our derived
limits from the direct detection experiments completely
envelop the parameter space previously probed by the
GEMMA reactor experiment across all considered mod-
els. Furthermore, for mZ0 ≲ 10 MeV, the XENONnT and
PandaX-4T constraints improve upon the TEXONO and
CHARM-II bounds by more than one and three orders of
magnitude, respectively. It is only in the significantly
higher-mass region (mZ0 > 102 MeV) that the high-
energy accelerator data from CHARM-II begins to inter-
sect with the solar neutrino limits due to the differing q2

regimes.
A comparative analysis of the six Uð1ÞX extensions

reveals a distinct sensitivity hierarchy fundamentally rooted
in their respective leptonic charge assignments. Because the

FIG. 1. Predicted signals of Uð1ÞB−L model as a function of electron recoil energy for the PandaX-4T (a) Run0 and (b) Run1, and
(c) XENONnT datasets. Filled histograms denote individual EνES signal contributions; outlined histograms of the same color show their
respective contributions to the total background. The predicted events are evaluated for a benchmark mass mZ0 ¼ 0.1 MeV and various
couplings as shown in the legend.
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FIG. 2. 90% CL exclusion limits at 2 d.o.f. in the ðmZ0 ; gXÞ mass-coupling parameter space for the six considered Uð1ÞX dark photon
models. To isolate the pure gauge interactions, the mixing parameters are fixed to α ¼ ϵ ¼ 0. The newly derived bounds from the recent
PandaX-4T (Run0 and Run1) and XENONnT electronic recoil datasets are superimposed with existing experimental constraints.
Previous limits obtained from the CHARM-II, TEXONO, and GEMMA experiments are adopted from Ref. [14].
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magnitude of the BSM contribution to the EνES signal is
directly proportional to the effective lepton charges, models
embedded with larger charge matrices predict significantly
amplified recoil spectra. To remain consistent with the null-
hypothesis observations from the respective detectors,
models generating these intrinsically higher event rates
must be subjected to proportionally tighter upper limits on
their coupling constant gX. Based on the asymptotic
constraints summarized in Table II, we observe an exact
bound sequence: gF < gD < gE < gB−L < gC < gG. This
empirically derived hierarchy flawlessly mirrors the gauge
charge assignments in Table I. Notably, theUð1ÞF model—
characterized by the largest anomaly-free leptonic charge
configuration—experiences the most severe experimental
restriction, driven down to gF ≲ 9.18 × 10−8 by the
XENONnT dataset, whereas the Uð1ÞG model undergoes
the weakest bound (gG ≲ 7.41 × 10−7).
We next consider the orthogonal scenario in which

gX ¼ ϵ ¼ 0, enabling us to place exclusive constraints
on the mass mixing parameter α and the Z0 mass. The
90% CL exclusion regions with 2 d.o.f. derived from
PandaX-4T (Run0 and Run1) and XENONnT datasets on
the (mZ0 ,α) parameter space are shown in Fig. 3, super-
imposed with previous limits from CHARM-II,
TEXONO, and GEMMA. Crucially, because the direct
gauge coupling is completely turned off (gX ¼ 0), the
BSM interaction is governed solely by the mass mixing
mechanism. Consequently, the limits obtained in this
scenario are entirely independent of the specific Uð1ÞX
dark photon charge assignments, rendering them univer-
sally applicable (model-independent) across all theoretical
frameworks considered in this study. Similar to the mass-
coupling plane, the exclusion contours exhibit an asymp-
totic plateau in the low-mass regime (mZ0 ≲ 0.1 MeV)
where the momentum transfer dominates over the media-
tor mass. In this kinematic region, we obtain an upper
bound of α ≲ 1.56 × 10−6 from PandaX-4T (Run0) data-
set. The increased exposure of PandaX-4T (Run1) tightens
this bound to α≲ 1.14 × 10−6. Consistently, the
XENONnT dataset imposes the most rigorous constraint
across the parameter space, yielding α ≲ 8.75 × 10−7.

As evident in Fig. 3, these newly derived limits from
recent datasets constitute a substantial advancement over
previous constraints. In the low-mass region, our results
significantly improve upon the CHARM-II and TEXONO
limits by multiple orders of magnitude while fully cover-
ing and superseding the entire parameter space previously
excluded by the GEMMA reactor experiment. Ultimately,
this specific evaluation is highly relevant for phenomeno-
logical models characterized by a highly suppressed dark
photon coupling and vanishing kinetic mixing, where any
new physics in the solar neutrino sector would be entirely
driven by sizable mass mixing.
To contextualize the phenomenological impact of our

findings, we place our newly derived limits for theUð1ÞB−L
framework into a broader global landscape of dark photon
searches. In Fig. 4, the 90% CL exclusion limits obtained

TABLE II. 90% CL (2 d.o.f.) upper limits on the coupling constants for each model under consideration. The table compares limits
from PandaX-4T (Run0 and Run1) and XENONnTwith existing bounds obtained from previous works, where limits from CHARM-II,
TEXONO, and GEMMA are taken from Ref. [14]. The reported values represent the most stringent upper limits within the considered
parameter region.

Experiments gB−L gC gD gE gF gG

PandaX-4T (Run0) ≲5.99 × 10−7 ≲9.52 × 10−7 ≲3.71 × 10−7 ≲4.35 × 10−7 ≲1.83 × 10−7 ≲1.45 × 10−6

PandaX-4T (Run1) ≲4.26 × 10−7 ≲6.83 × 10−7 ≲2.63 × 10−7 ≲3.09 × 10−7 ≲1.31 × 10−7 ≲1.04 × 10−6

XENONnT ≲2.95 × 10−7 ≲4.83 × 10−7 ≲1.82 × 10−7 ≲2.13 × 10−7 ≲9.18 × 10−8 ≲7.41 × 10−7

CHARM-II [14] ≲1.55 × 10−4 ≲1.72 × 10−4 ≲9.42 × 10−5 ≲1.25 × 10−4 ≲4.63 × 10−5 ≲2.37 × 10−4

TEXONO [14] ≲5.92 × 10−6 ≲1.81 × 10−5 ≲3.48 × 10−6 ≲4.70 × 10−6 ≲1.74 × 10−6 ≲2.72 × 10−5

GEMMA [14] ≲1.20 × 10−6 ≲1.87 × 10−6 ≲7.43 × 10−7 ≲8.56 × 10−7 ≲3.79 × 10−7 ≲2.81 × 10−6

FIG. 3. 90% CL exclusion limits at 2 d.o.f. in the ðmZ0 ; αÞ mass
mixing parameter space, assuming the pure mass mixing scenario
(gX ¼ ϵ ¼ 0). Because the direct gauge coupling is turned off,
these bounds are intrinsically independent of the specific Uð1ÞX
dark photon charge assignments. The newly derived constraints
from the PandaX-4T (Run0 and Run1) and XENONnT datasets
are superimposed with existing experimental limits. Previous
bounds obtained from the CHARM-II, TEXONO, and GEMMA
experiments are adopted from Ref. [14].
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from the PandaX-4T and XENONnT datasets on the
(mZ0 ,gB−L) parameter space are superimposed with existing
constraints from a diverse array of experimental and
astrophysical probes. In the low mediator mass regime
(mZ0 ≲ 0.1 MeV), our bounds establish strict dominance
over terrestrial limits. The direct detection constraints
completely cover the exclusion zones previously set by
Atomic Spectra and the NA64e experiment, pushing deep
enough into the parameter space to seamlessly connect with
the stringent Sun limit.2 In this sub-MeV region, the
ultralow energy thresholds of LXe TPCs allow our con-
straints to surpass the highly competitive bounds derived
from the Borexino solar neutrino measurements. As the
mediator mass increases through the intermediate regime
(0.1≲mZ0 ≲ 100 MeV), our bounds systematically surpass
several established phenomenological territories. While the
Borexino limit appears to be more stringent than the direct
detection bounds in the higher mass range, our results
supersede legacy limits derived from other neutrino-electron
scattering experiments and rigorously probe previously
unconstrained regions, partially covering the exclusion
bounds established by beam dump experiments such as

E141 and ν-cal. Furthermore, our derived limits intersect the
parameter bands favored by ðg − 2Þe and ðg − 2Þμ. While
our constraints exclude a substantial portion of these
preferred regions, they do not entirely rule them out, leaving
a residual allowed parameter space. Finally, in the higher
mass region extending toward the 1 GeV scale, our limits
exhibit strong complementarity with direct searches con-
ducted at high-energy colliders. Although heavy-propagator
suppression naturally weakens the direct detection limits in
this kinematic regime, our results remain phenomenologi-
cally relevant, effectively bridging the gap and smoothly
approaching the robust exclusion boundaries set by the
BABAR (visible and invisible decay channels) and LHCb
collaborations.
Subsequently, we investigate the pure kinetic mixing

scenario by setting gX ¼ α ¼ 0, which enables us to place
robust 90% CL exclusion limits on the (mZ0 ; ϵ) parameter
space. The derived bounds from the PandaX-4T (Run0 and
Run1) and XENONnT datasets are presented in Fig. 5,
superimposed with a comprehensive compilation of con-
straints from previous experimental efforts. Because the
direct dark gauge coupling is strictly assumed to vanish in
this scenario, the interactions are mediated exclusively
through the kinetic mixing between the SM photon and
the Z0 boson. Consequently, the derived exclusion limits are
intrinsically independent of the specific Uð1ÞX charge
assignments, rendering them broadly applicable across

FIG. 4. 90% CL exclusion limits at 2 d.o.f. in the ðmZ0 ; gB−LÞ parameter space for the Uð1ÞB−L dark photon model, assuming pure
gauge interactions (α ¼ ϵ ¼ 0). The newly derived bounds from the PandaX-4T (Run0 and Run1) and XENONnT datasets are
superimposed with existing experimental and astrophysical constraints. Previous limits are adopted as follows: CHARM-II, TEXONO,
and GEMMA from Ref. [14]; BOREXINO from Ref. [96]; E141 and ν-cal from Refs. [11,12]; NA64e from Ref. [84]; ðg − 2Þeð87RbÞ
from Ref. [11]; ðg − 2Þμ from Ref. [16]; BABAR (visible and invisible) from Ref. [12]; LHCb from Ref. [53]; atomic spectra from
Ref. [93]; and the solar cooling bound (Sun) from Ref. [95].

2It is worth mentioning that stellar cooling bounds derived
from horizontal branch stars and red giants [95], though subject to
larger astrophysical uncertainties, are generally more stringent
than those derived from the Sun.
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various dark photon models. In the low-mass asymptotic
regime (mZ0 ≲ 0.1 MeV), we extract upper limits of ϵ≲
1.70 × 10−6 from PandaX-4T (Run0) and ϵ≲ 1.21 × 10−6

from PandaX-4T (Run1). XENONnT establishes the most
rigorous upper bound among the direct detection datasets,
yielding ϵ≲ 8.56 × 10−7. As illustrated in Fig. 5, the
exclusion contours for ϵ exhibit a kinematic topology
analogous to the mass-gauge coupling plane of the
Uð1ÞB−L model, characterized by a flat plateau at low
mediator masses and a quadratic relaxation at higher
masses due to heavy-propagator suppression. We tabulate
these numerical limits, alongside the existing bounds from
reactor facilities (CHARM-II, TEXONO, and GEMMA),
in Table III. A critical feature of our results is their
significant intersection with the parameter regions favored
by the anomalous magnetic dipole moments of the lepton
sector. Our newly derived direct detection limits completely
rule out the entire parameter space favored by the electron
anomaly, ðg − 2Þe. Furthermore, they robustly constrain
and exclude a substantial portion of the parameter band
favored by the muon anomaly, ðg − 2Þμ, leaving only a
marginal unconstrained window at higher masses.
When contextualized within the broader experimental

landscape, the solar neutrino limits provide vital com-
plementarity. In the sub-MeV mass region, while the
astrophysical stellar cooling limits remain the most

stringent phenomenological bounds, our direct detection
constraints decisively surpass the experimental limits
from atomic spectra as well as legacy reactor experiments
like TEXONO and GEMMA. At higher masses
(mZ0 ≳ 1 MeV), dedicated beam-dump and collider experi-
ments—such as E141, NA64e, BABAR, and LHCb—
maintain leading sensitivities. Nevertheless, the indepen-
dent cross-check provided by PandaX-4T and XENONnT
via entirely distinct physical processes (solar neutrino-
electron elastic scattering) is phenomenologically invalu-
able. Ultimately, these results highlight that ton-scale direct
detection experiments, characterized by their ultralow

FIG. 5. 90% CL exclusion limits at 2 d.o.f. in the ðmZ0 ; ϵÞ mass-kinetic mixing parameter space, assuming the pure kinetic mixing
scenario (gX ¼ α ¼ 0). Because the direct gauge coupling is turned off, these bounds are intrinsically independent of the specific Uð1ÞX
dark photon charge assignments. The newly derived constraints from the PandaX-4T (Run0 and Run1) and XENONnT datasets are
superimposed with a comprehensive compilation of previous limits. Existing bounds are adopted as follows: CHARM-II, TEXONO,
and GEMMA from Ref. [14]; E141 from Ref. [80]; ν-cal from Ref. [82]; NA64 from Ref. [83]; ðg − 2Þe from Ref. [90]; ðg − 2Þμ from
Ref. [91]; BABAR (visible) from Ref. [85]; BABAR (invisible) from Ref. [86]; LHCb from Ref. [53]; atomic spectra from Ref. [94]; and
the solar cooling bound (Sun) from Ref. [95].

TABLE III. 90% CL (2 d.o.f.) upper limits on the kinetic
mixing parameter. The table compares our limits from PandaX-
4T (Run0 and Run1) and XENONnT with existing limits from
CHARM-II, TEXONO, and GEMMA derived in Ref. [14].

Experiments ϵ

PandaX-4T (Run0) ≲1.70 × 10−6

PandaX-4T (Run1) ≲1.21 × 10−6

XENONnT ≲8.56 × 10−7

CHARM-II [14] ≲1.61 × 10−4

TEXONO [14] ≲1.33 × 10−5

GEMMA [14] ≲2.70 × 10−6
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recoil energy thresholds, massive target volumes, and
continuously improving exposures, are highly competitive
multipurpose facilities capable of pushing the frontiers of
dark sector physics.
As a final comprehensive scenario, we explore the

simultaneous constraints on the mass mixing and kinetic
mixing parameters. Figure 6 illustrates the 90% CL allowed
regions with 2 d.o.f. in the (ϵ, α) parameter spaces for each
Uð1ÞX dark photon model. For this specific evaluation, we
establish a fixed benchmark by setting the mediator mass to
mZ0 ¼ 0.01 MeV and the gauge coupling constant to
gZ0 ¼ 1 × 10−7. Because both mixing mechanisms inde-
pendently contribute to the total BSM event rate within the
electron recoil spectra, their permitted values are strongly
anticorrelated along the exclusion boundaries. As depicted
by the contour shapes, accommodating a sizable kinetic
mixing necessitates a highly suppressed mass mixing, and
vice versa, to ensure the total differential cross-section
remains within the experimentally permitted limits.
Furthermore, setting the gauge coupling to a nonzero
constant introduces a model-dependent baseline interaction
that is governed by the respective Uð1ÞX leptonic charges.
This preexisting baseline inherently dictates the remaining
“room” in the parameter space available for the mixing
mechanisms. Consequently, we observe a distinct strin-
gency hierarchy among the allowed contour areas that
strongly depends on the specific dark photon charge
assignments. In this configuration, the Uð1ÞC model is
subjected to the most stringent constraints (exhibiting the

smallest allowed region), followed systematically by the
Uð1ÞG, Uð1ÞB−L, Uð1ÞE, Uð1ÞD, and finally the Uð1ÞF
model, which possesses the most relaxed bounds.
Consistent with the behavioral trends established in our
previous single-parameter evaluations, the direct detection
datasets display a clear hierarchy of experimental sensi-
tivity. The XENONnT dataset consistently defines the
innermost bounds, providing the most rigorous restrictions
on the combined (ϵ, α) parameter space. This is followed by
the PandaX-4T (Run1) data, which offers a visible
enhancement over the PandaX-4T (Run0) constraints,
reaffirming the profound impact of increased target expo-
sure and optimized background discrimination in ton-scale
liquid xenon experiments.

V. SUMMARY AND CONCLUSIONS

In this work, we have systematically investigated the
phenomenological prospects of probing anomaly-free dark
photon models through solar neutrino-electron elastic
scattering data. Utilizing recent low-energy electronic
recoil datasets from ton-scale direct dark matter detection
experiments PandaX-4T (Run0 and Run1) and XENONnT,
we have derived robust constraints on the dark photon
model parameter space. Our theoretical framework incor-
porated six distinct Uð1ÞX gauge extensions—
namely Uð1ÞB−L; Uð1ÞC; Uð1ÞD;Uð1ÞE; Uð1ÞF; Uð1ÞG.
To comprehensively capture the new physics signatures,

we have presented generalized cross-section formulations

FIG. 6. 90% CL allowed regions at 2 d.o.f. in the ðϵ; αÞ parameter space for the six consideredUð1ÞX dark photon models. The bounds
are derived from the PandaX-4T (Run0 and Run1) and XENONnT electronic recoil datasets, evaluated at a fixed mediator mass of
mZ0 ¼ 0.01 MeV and a baseline gauge coupling of gZ0 ¼ 1 × 10−7. The shaded contours illustrate the simultaneously permitted values
for the kinetic mixing (ϵ) and mass mixing (α) parameters across the different anomaly-free charge assignments.
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in terms of chiral couplings that encompass the mediator
mass, gauge coupling, kinetic mixing, and mass mixing
parameters. By evaluating the solar neutrino fluxes with
recent neutrino oscillation parameters, we have established
rigorous 90% CL exclusion limits across multiple param-
eter planes: (mZ0 ; gX), (mZ0 ; α), (mZ0 ; ϵ) and the correlated
(ϵ, α) space. For the pure gauge interaction scenario, we
have demonstrated that the constraint stringency inherently
follows the magnitude of the theoretical leptonic charge
assignments, with the Uð1ÞF model yielding the most
severe bounds. Furthermore, by isolating the pure mass
mixing and pure kinetic mixing scenarios, we have derived
model-independent constraints that are universally appli-
cable across all considered Uð1ÞX charge formulations.
Our derived limits significantly advance the current

parameter landscape of the dark photon models. In the
sub-MeV mediator mass regime, our results extracted
from XENONnT and PandaX-4T datasets supersede
existing constraints derived from accelerator and reactor
neutrino facilities—such as CHARM-II, TEXONO, and
GEMMA—by several orders of magnitude. Additionally,
our limits decisively probe and exclude substantial por-
tions of the parameter space favored by the electron and
muon anomalous magnetic dipole moments. While astro-
physical stellar cooling bounds and high-energy collider
data maintain leading sensitivities in certain kinematic
windows, our direct detection results offer an invaluable,
independent probe via an entirely distinct physical chan-
nel. Future statistical improvements and further experi-
mental ventures will be critical for refining these
observations and probing dark photon model parameters
with even greater accuracy.
Ultimately, our work underscores the profound capabil-

ity of ultralow energy threshold, ton-scale xenon-based
dark matter detectors to serve as multipurpose observato-
ries. By leveraging electronic recoil signals induced by
solar neutrinos, these facilities provide highly competitive
and complementary probes of dark portals, particularly
demonstrating exceptional sensitivity in the low-mass
regions of dark photon models. We anticipate that the
comprehensive limits and theoretical formulations pre-
sented herein will serve as a valuable resource for both
the phenomenological and experimental communities in
guiding future searches for physics beyond the SM.
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APPENDIX: ANOMALY FREE CANCELLATION

A chiral field ψL
f or ψ

R
f undergoes local transformation as

ψL
f → ψ 0L

f ¼ eiQ
L
XfαðxÞψL

f ;

ψR
f → ψ 0R

f ¼ eiQ
R
XfαðxÞψR

f ; ðA1Þ

where f ¼ l; q; e; u; d; h1; h2, respectively, denote the
index for left-handed lepton and quark, right-handed
electron, up quark, and down quark, as well as the
Higgs content Φ1 and Φ2. The field charge under Uð1ÞX
is denoted by QR;L

f . The scenario we consider focuses on
the Type-I 2HDM. Fermions couple with Φ2 only in this
model. To remain invariant, the following conditions need
to be satisfied

QR
Xd −QL

Xq þQXh2 ¼ 0;

QR
Xu −QL

Xq −QXh2 ¼ 0;

QR
Xe −QL

Xl þQXh2 ¼ 0: ðA2Þ

Apart from these constraints, the model has to obey
anomaly free conditions. From the ½SUð2ÞL�2Uð1ÞX com-
bination, denoting the charge of Uð1ÞX as XL ¼ QL

Xf or
XR ¼ QR

Xf, we have 0 − Tr½fσa=2; σb=2gXL� ∝ −
P

XL ¼
−ð2QL

Xl þ 3 × 2QL
XqÞ ¼ 0, so that

QL
Xl ¼ −3QL

Xq: ðA3Þ

With this result, the charges are constrained by

QL
Xq ¼

1

2
ðQR

Xu þQR
XdÞ;

QL
Xl ¼ −

3

2
ðQR

Xu þQR
XdÞ;

QR
Xe ¼ −ð2QR

Xu þQR
XdÞ;

Qh2 ¼
1

2
ðQR

Xu −QR
XdÞ: ðA4Þ

As for the case of B − L model with QR
Xu ¼ QR

Xd ¼ 1=3,
then

QL
Xl ¼ −

3

2

�
1

3
þ 1

3

�
¼ −1 and

QR
Xe ¼ −

�
2
1

3
þ 1

3

�
¼ −1; ðA5Þ
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which is the second column in Table I. We use this
prescription for the other models, adapted from
Ref. [52].
To complete the discussion, we note that right-handed

neutrinos emerge naturally in this model. We can see from
the ½Uð1ÞX�3 combination, we obtain Tr½fXR; XRgXR�−
Tr½fXL; XLgXL� ∝

P
XR −

P
XL ∝ ðQ3

e þ 3Q3
u þ 3Q3

dÞ−
ð2Q3

l þ 3 × 2Q3
qÞ ¼ 0, so that

ðQR
XeÞ3 þ 3ðQR

XuÞ3 þ 3ðQL
XdÞ3 − 2ðQL

XlÞ3 − 6ðQL
XqÞ3 ¼ 0:

ðA6Þ
This anomaly condition is not canceled by the current
particle content. Adding right-handed neutrinos with charge

QR
Xν ¼ −ðQR

Xu þ 2QR
XdÞ; ðA7Þ

is a straightforward solution to cancel this anomaly.
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