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freedom. We demonstrate that, as we can distinguish neutrino flavors, direct detection ex-
periments offer a unique framework for studying all possible neutrino flavors. The obtained
limits are in agreement with existing results in the literature and extend the sensitivity to
previously unexplored regions of the parameter space.
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1 Introduction

Direct detection (DD) experiments, which are intended to search for dark matter (DM), are
undergoing rapid development. These detectors are typically located deep underground to
mitigate background from cosmic rays and cosmogenic radiation. Their primary goal is to
measure electronic or nuclear recoil signals resulting from potential interactions between dark
matter particles and detector target materials. Moreover, as neutrinos constitute an irre-
ducible background in these experiments, DD facilities offer a valuable platform to probe
neutrino properties. In particular, they enable the study of solar neutrino interactions, al-
lowing precision measurements of the Standard Model (SM) weak mixing angle at the lowest
accessible energies, and provide sensitivity to potential contributions from new neutrino in-
teractions beyond the SM (BSM).

The discovery of neutrino oscillations [1-3] provides compelling evidence that neutrinos
possess nonzero masses. This observation stands in clear contrast to the prediction of the
SM, in which neutrinos are massless because only left-handed neutrinos participate in weak
interactions. Explaining this phenomenon therefore requires an extension of the SM. In many
BSM frameworks, the mechanisms that generate neutrino masses invoke the existence of
additional heavy neutral leptons, commonly referred to as sterile neutrinos [4-6]. The sterile
neutrino hypothesis is further motivated by its potential to resolve several anomalies observed
in short-baseline oscillation and reactor facilities, including MiniBooNE 7], MicroBooNE |[§],
and LSND [9]. The proposed particle, capable of explaining these anomalies, would typically
possess mass in the eV scale, with a possible connection to nucleosynthesis processes in core-
collapse supernovae [10, 11]. Furthermore, sterile neutrinos in the higher mass regime have
been proposed as viable dark matter candidates [12]. Beyond these contexts, the sterile
neutrino framework has been extensively studied in various theoretical scenarios, including
its role in inducing effective neutrino magnetic moments [13], connections to extra dimensions
[14], and its influence on the early universe’s thermal history and evolution [15].



One possible process for producing sterile neutrinos is through the up-scattering [16, 17|
of active neutrinos off electrons via transition magnetic moments [18|. This process is con-
ceptually related to the Primakoff up-scattering mechanism, originally proposed for studying
photoproduction of neutral mesons in a nuclear electric field [19]. Investigating this phe-
nomenon via electronic recoil signals in DD experiments is of particular interest, as it offers
a novel avenue to constrain active-sterile neutrino transition magnetic moments and related
parameters. This transition magnetic moment has been broadly studied using data from a
wide range of experiments. Some of them include accelerator-based neutrino sources [20—
22|, neutral-current v,-nucleus scattering experiments [23], spallation neutron sources [24],
nuclear reactors [25-27|, forward neutrino detection facilities 28|, high-energy particle col-
liders [29], and atmospheric neutrino observations [30-33]. Additionally, several studies in-
vestigated this scenario using previous DD results [34, 35|, as well as utilizing cosmological
neutrino sources [36], neutrino telescope observations [37], and the diffuse supernova neutrino
background [38].

Prompted by the aforementioned motivations, we probe the contribution of active-sterile
neutrino transition magnetic moments to the elastic neutrino—electron scattering (EvES)
framework, utilizing recent low-energy electronic recoil signals from DD experiments. As one
of the irreducible backgrounds in DD experiments, EvES events induced by solar neutrinos
provide a natural framework to probe active-sterile neutrino transition magnetic moments.
Particularly, we focus on the PandaX-4T [39] and XENONNT [40] recent datasets, deriving
new limits on the transition magnetic moment and further tightening available results in the
literature. We have applied these datasets in our previous studies [41, 42] to explore other
new physics scenarios. Moreover, given that solar neutrino oscillations allow the incoming
flux to exhibit a flavor composition at Earth, we perform both flavor-independent and flavor-
dependent analyses. Furthermore, we discuss the derived limits with the existing constraints
obtained from various facilities. These include data from CHARM-II [43], NOMAD [44],
BOREXINO [45], TEXONO [46], IceCube [47], Dresden-II [48], and CONUS+ [49]. We
also provide limits from sterile neutrino decay searches using solar [50] and atmospheric [51]
neutrinos, and recent CEvNS-induced solar neutrino measurements at PandaX-4T [52] and
XENONDNT [53], as well as other astrophysical and cosmological bounds.

The outline of this work is the following. We briefly explain in Sec. 2 the EvES process
in the SM and in the up-scattering process through the active-sterile neutrino transition
magnetic moment. We then provide the details for data analysis in Sec. 3. In Sec. 4, we
discuss the predicted event rates and our derived limits of the parameters. We conclude our
work in Sec. 5.

2 Theoretical Framework

2.1 EvES in the SM

The process of EVES has a nature of being extremely directional. The scattered electrons have
very small angles relative to the incoming neutrinos’ direction [54]. This property has been
utilized in many neutrino experiments, particularly for solar neutrino detections at Super-
Kamiokande [55, 56], SNO [57, 58], and BOREXINO [45, 59]. Furthermore, the coming solar
neutrinos can induce EvES events in DD experiments of DM as they collide with the target
material in a detector. This process, together with coherent neutrino-nucleus scattering, is
one of the neutrino background components in the DD experiments. Therefore, signals of
neutrino-electron scatterings have a degeneracy with the DM-electron scatterings.
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Figure 1. Representative diagrams for EVES in the SM via (a) NC and (b) CC channels.

The EvES processes are purely leptonic interactions within the SM. We present the tree-
level Feynman diagrams of the scatterings in Fig. 1. The index ¢ runs for e, u, or 7 flavor of
neutrino. The coming neutrinos v, scatter off electrons e~ through charged-current (CC) or
neutral-current (NC) channels, depending on the neutrino flavor. The neutral gauge boson is
represented by Z, while the charged gauge boson is W. The differential cross-section of the
SM process is given by
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where T, is the electron recoil energy, m, is the electron mass, F, is the energy of the incoming
neutrino, and G is the Fermi coupling constant [60]. The vector and axial-vector couplings
to specific neutrino flavors are

1 1
v =5 + 283 + 6 and g4 = —3 + dges (2.2)

respectively. We adopt the abbreviation sy = sinfy, where 0y denotes the weak mixing
angle. These couplings depend on the incoming neutrino’s flavor. The Kronecker delta
symbol dge stands for the NC (¢ = e) and CC (¢ = pu,7) nature of the process. Taking
radiative corrections into account, we use flavor-dependent couplings gyf© = 0.9524, ¢’y =
0.4938, g = —0.0394, ¢'{*“ = —0.5062, g7¢ = —0.0350, and ¢’y ¢ = —0.5062 [61-63]. We
emphasize that for v, both NC and CC contribute to the calculation, while for the v, and v,
only the NC contributes.

2.2 Sterile neutrino dipole portal

The active-sterile neutrino transition magnetic moments could be investigated by electromag-
netically up-scattered neutrino beams on electrons. The effective operator at low-energy of
such interactions can be written as [27]

Lint DO M;M 5@LUMVPRI/4F“V +h.c.. (2.3)

The coupling of the transition magnetic moment is represented by fi,,,, while v4 denotes the
sterile neutrino, vy;, the SM neutrino, and F},, the electromagnetic field tensor. It should be
emphasized that this form is suitable at low energies only, typically less than the electroweak
(EW) energy. The EvES process considered here involves an incoming neutrino with low
energy, and hence the formulation remains applicable.
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Figure 2. Representative diagram for the up-scattering of vy + e~ — v4 + e~. The dotted vertex
represents the neutrino dipole portal of the active-sterile neutrino transition magnetic moment.

We show in Fig. 2 the representative diagram of the up-scattering process of EvES
through p,,,. The initial active neutrino vy, through a sterile neutrino dipole portal, exchanges
a photon with the target electron and up-scatters to the final sterile neutrino v4. We can
write the process’s amplitude as

: _ —igu \ -
iM = iy, (4, 0" Prg,uy,) < q; > i, (2.4)
with the leptonic current j;\ = —ie(tiey Mue). The differential cross-section of the process is
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where the factor of magy/m? arises from normalizing the magnetic moments in terms of the
Bohr magneton, . We note that in the limit m4 = 0, the expression gives us to the standard
case involving only active neutrino scattering, as discussed in Ref. [64]. Additionally, there is
a kinematic constraint of the sterile neutrino mass

2
m?2 < 2m,T, <E,, - 1> : (2.6)
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The contribution from an active-sterile neutrino transition magnetic moment is added coher-
ently to the EgES in the SM, leading to potential enhancements in the predicted event at
low-energy electronic recoil signals.

3 Data Analysis Details

3.1 Event Rate

We express the differential event rate per unit target mass as

dR1" Epy dd® [ do
|:dT€:| — Zeﬁ"(Te) /;an dEVTEL |:dTe:| 5 (3].)

where d®'/dE, is the differential neutrino flux for the ith solar neutrino component, and
Zeg(Te) denotes the effective atomic number accounting for the number of available electrons




per recoil energy bin in the detector. The differential cross section do/dT, includes contri-
butions from both the SM interactions and the additional sterile neutrino dipole portal. In
this work, we adopt the free electron approximation for Zeg(7¢), where all atomic electrons
are considered unbound and uniformly available for scattering at all recoil energies. This is a
valid assumption for electron recoil energies well above the binding energies of atomic shells
[65], typically applicable in the energy region considered in this analysis [66, 67]. Under this
assumption, the effective atomic number is expressed as

Zeir(Te) = Y naf(T. — Ba) (3.2)

where 6(x) denotes the step function, n, the number of electrons in atomic shell «, and B,,
the corresponding binding energy. The binding energies and electron occupation numbers for
the xenon target material are taken from Ref. [68]. The required minimum neutrino energy
to produce a recoil energy with an outgoing sterile neutrino is

: T, 2m m2
Emin — Z¢ (1 1 (1 4 3.3
=B (e ) (128, o3

while the maximum energy EJ'?* is taken from the neutrino flux endpoint.

The dependence of E™" on T, is illustrated in Fig. 3. Several masses of the sterile
neutrino are chosen to demonstrate the kinematic behavior. As expected, the minimum
energy required to produce a recoil is linearly dependent on the increasing electronic recoil.
At sufficiently high electron recoil energies, the kinematic threshold approaches the limit
corresponding to the massless, active-only, neutrino case (solid-black line). In the recoil energy
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Figure 3. Behavior of the minimum neutrino energy with the electron recoil energy for different
values of sterile neutrino masses.

region considered in this work, where T, < 30 keV, different masses of the sterile neutrino
noticeably modify the minimum required neutrino energy, thereby affecting the expected
event rates. This dependency becomes particularly relevant in shaping the observable recoil
spectrum, as heavier sterile neutrinos progressively suppress low-energy events due to the
increasingly restrictive kinematic threshold.

During their propagation from the Sun to the Earth, neutrinos experience flavor oscilla-
tions. Consequently, solar neutrinos arrive as a mixture of all possible flavors at the detector.



The differential cross section needs to be multiplied by the corresponding oscillation proba-
bilities

do 17 do, do,
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The P, denotes the survival probability for v., and P, for an initial v, converting into a vy fla-
vor (f = p,7) at detection. These transition probabilities are given by P, = (1—Pee) cos? ¥a3
and P., = (1— P..) sin? 093, respectively. The electron neutrino survival probability, account-
ing for both vacuum and matter effects, is expressed as [69]
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where the neutrino mixing angles are given by 12,913 and 23, while the superscript m indi-
cates quantities evaluated in the solar matter environment. In our calculation, we account for
the day—night asymmetry, coming from the regeneration of v, through coherent forward scat-
tering with Earth’s matter during nighttime propagation. We use the normal mass ordering
scenario for the neutrino oscillation parameters, which are taken from the global 3-flavor fit
provided by NuFit-5.3 [70], excluding the Super-Kamiokande atmospheric neutrino dataset
for consistency with direct detection analyses.

The predicted number of events in the &k electron recoil energy bin is calculated as

Te]€+1 Témax dR ‘
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where Ny is the number of target electrons per unit detector mass. The variables T, and T, de-
note the reconstructed and true electron recoil energies, respectively. The functions A(T) ac-
count for the detector acceptance (efficiency), while R(T¢,T7) is the energy resolution (smear-
ing) function The detector efficiency for PandaX-4T is taken from Ref. [39] and XENONnT
from Ref. [40]. We consider a normalized Gaussian smearing function for the energy resolution
with energy-dependent widths given by o = 0.073 4 0.173T;, — 0.006572 4+ 0.000117% (in keV)
for PandaX-4T |71] and o = 0.31y/T, +0.0037T, |72] for XENONnT. In order to compute the
total event yield reported by each experiment, we need to multiply the differential event rate
by the exposure factor €. The PandaX-4T Run0 and Runl datasets correspond to exposures
of 198.9 ton - day and 363.3 ton - day, respectively, while the XENONnT SRO dataset has an
exposure of 1.16 ton- year. The maximum allowed recoil energy is determined by kinematics
and satisfies

/ 2E?
Th = —¥ 3.7

¢ 2E, +m. (37)
This relation highlights that for a given neutrino energy, lighter targets yield higher maximum
recoil energies, although in this context the target electrons are identical for both detectors.



3.2 x? Function

To derive constraints on the new physics parameter(s) of interest, denoted by S, we employ
a Poisson-based x? test statistic [73, 74|, which is defined as

30 k
R
Y k(. k k obs
X (S) = mln(aiﬂj)QZ |:Rexp(87 «, B) - Robs + Robs In m :|
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2 B 2
fX () e (2)
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J
represent the observed and expected event rates in the k" energy bin,

(3.8)
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exp
respectively. The expected rate consists of SM prediction RlsfM, the contribution from the
transition magnetic moment (TMM) denoted by R%,, and other background components
Rgyg. Explicitly, it is given by RE_(S; 4, 8;) = (1 + i) (REy + Rgn(S)) + (1 + ﬁj)R’ékg’j
in which a; and 3; are nuisance parameters corresponding to the uncertainties on the solar
neutrino fluxes and the individual background components, respectively. The observed data
points are taken from Fig.2 of Ref.[39] for PandaX-4T, and from Fig. 4 (and Fig.5) of Ref.[40]
for XENONNT, considering recoil energies up to 30 keV. The uncertainty o, corresponds
to the fractional uncertainties in the solar neutrino fluxes, as listed in Table 6 of Ref. [75],
while o5 represents the associated experimental background uncertainties. The total predicted
event rates—including both the SM and new physics contributions—are calculated using solar
neutrino fluxes from Bahcall’s spectrum |76], normalized according to the B16-GS98 Standard
Solar Model [75].

4 Results

In this section, we present our numerical results for the active—sterile neutrino transition
magnetic moment based on the analysis of data from direct detection experiments. We first
examine the expected event spectra induced by neutrino-electron scattering. We then discuss
our derived limits from analyzing recent electronic recoil signals from PandaX-4T (Run0O and
Runl) and XENONnT.

4.1 Expected event spectra

In Fig. 4, we show the electron recoil data from PandaX-4T and XENONnT together with
the expected event rates in the presence of the active—sterile neutrino transition magnetic mo-
ment. The predicted EvES signals induced by solar neutrinos are subtracted from the total
background reported by each experiment. They are shown as dashed black lines, exhibiting
good agreement with the results published by the respective collaborations. In investigating
the sensitivity to possible active—sterile neutrino transition magnetic moments, we have con-
sidered several benchmarks with sterile neutrino mass of 0.1 MeV and transition magnetic
moments of 3 x 10~ pp.

We consider both flavor-dependent and flavor-independent cases. In the flavor-dependent
case, limits are individually derived for each active neutrino flavor, treating fi,,,, f,,, and
Uy, as independent parameters, with marginalization performed over the remaining flavor
components. In the flavor-independent (universal coupling) case, iy, = flvey = fus = Hury-
This scenario yields a single combined spectrum, incorporating contributions from all neutrino
flavors weighted by their survival and transition probabilities. The predicted spectra for each
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Figure 4. Predicted electron recoil spectra from EvES in the presence of active—sterile transition
magnetic moments, compared to the measured data from (a) PandaX-4T Run0, (b) PandaX-4T Runl,
and (¢) XENONnT. Individual contributions to the EvES are shown as filled colored histograms,
while their corresponding contributions to the total background are represented by empty, outlined
histograms in the same colors.

flavor-specific transition magnetic moment are shown as colored lines in the figure to distin-
guish their contributions. As expected, the enhancement in event rates due to the presence
of a transition magnetic moment is most prominent at low recoil energies. This highlights
the importance of improving experimental sensitivity in this region for future searches. The
current datasets already provide useful constraints on probing scenarios involving neutrino
electromagnetic interactions beyond the SM.

4.2 Constraints on the sterile neutrino dipole portal

We now discuss the limits we have derived on the active-sterile neutrino transition magnetic
moments. As mentioned earlier, both flavor-dependent and flavor-independent scenarios are
considered. This classification is motivated by the properties of solar neutrinos, which con-
tribute to the background components observed in direct detection experiments. In our
analysis, we employ the most recent low-energy electron recoil datasets from the PandaX-
4T (Run0 and Runl) and XENONnT experiments. These experiments offer unprecedented
sensitivity to neutrino—electron scattering processes at recoil energies below 30 keV.

We also compare our derived limits with existing constraints reported in the literature.
Previous studies have employed data from a variety of experimental platforms, including the
COHERENT experiment at the Spallation Neutron Source (Csl and LAr detectors) [24];
reactor-based experiments utilizing both EvES and CEvNS processes, such as CONUS+ [25]
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Figure 5. The likelihood profile of the effective active-transition magnetic moment p,,,, obtained
from PandaX-4T Run0O, PandaX-4T Runl, and XENONnT data, for (a) ms4 = 0.01 MeV, (b) m4 =
0.1 MeV, and (c) my4 = 0.3 MeV.

and Dresden-II (FeF) [26], as well as those relying solely on EvES, such as TEXONO [34];
the solar neutrino experiment BOREXINO [36]; and accelerator-based experiments including
LSND (95% CL) [20] and CHARM-IT [30]. Additional constraints have also been obtained
from other facilities such as MiniBooNE [20], NOMAD [17] and IceCube [30]. Furthermore,
we include comparisons with indirect limits derived from sterile neutrino decay signatures
using solar [31] and atmospheric [32] neutrino data. For completeness, we also mention
astrophysical bounds from SN1987A [20] and cosmological observations [36].

By setting a different mass scale for the effective sterile neutrino dipole portal, we present
the 1 dof limits of the active-sterile neutrino magnetic moment in Fig. 5. As can be seen from
Fig. 5(a), for my = 0.01 MeV, we obtain the 90% CL limits as p,,, < 2.06 x 10~ up for
PandaX-4T Run0, p,,, < 1.35 x 107 up for PandaX-4T Runl, and p,,, < 0.97 x 107 up
for XENONNT. In Fig. 5(b), for m4 = 0.1 MeV, we find the 90% CL limits to be p,,, < 2.37x
10~y for PandaX-4T Run0, 1.76 x 107! up for PandaX-4T Runl and p1,,, < 1.38x107 !t up
for XENONNT. Similarly, in Fig. 5(c), for mgy = 0.3 MeV, we determine the 90% CL limits
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Figure 6. The likelihood profile of the active-transition magnetic moments obtained from (a) PandaX-

4T RunO, (b) PandaX-4T Runl, and (c) XENONnT data for m4 = 0.1 MeV.
< 1.54 x 10~ g for PandaX-4T Runl,

~

pup for PandaX-4T RunO, p,,,
0.85 x 10~ g for XENONNT. These results clearly indicate the improvement

as iy, <1.94x 1071

and fuy,, S

in sensitivity provided by PandaX-4T Runl data over Run(, while XENONnT maintains
competitive limits across the considered mass values.

Furthermore, we present the 1 dof limits for flavor-dependent cases in Fig. 6, where the
mass of the sterile neutrino is fixed at m4 = 0.1 MeV. From PandaX-4T Run0, we obtain the
90% CL limits as f1,,, < 2.37 x 107 up, pu,, < 3.21 x 107 g, g,y < 5.25 x 107H up, and
fory S 4.59x 107 up. For PandaX-4T Runl, we find the limits to be p,,, < 1.76 x 107t pup,
fvey S 239 x 107 g, gy, $3.91 %107 H g, and gy, < 3.40 X 107 pp. From XENONnT

S 1.89 x 10_11NB7 27 5

< 1.38 x 107 Mg, pu,,

3.05 x 107" up, and p,_, < 2.65 x 107 up. A summary of these results is provided in

data, the corresponding limits are i,
Table 1 for clarity and comparison. We clearly observe that, for flavor-dependent case, the

sensitivity to f,,, is consistently stronger than those for p,,, and p,,, across all datasets,
which is a direct consequence of the dominant contribution of electron-flavor solar neutrinos
Among the three datasets, PandaX-4T Runl

to electrons in elastic scattering processes.
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for details).

provides notable improvements over Run0 for all flavor cases, while XENONnT continues to
set the most stringent constraints, particularly for u,,., and pu,,, couplings.

Table 1. Summary of the derived 90% CL limits (1 dof) on the transition magnetic moments for
my4 = 0.1 MeV, obtained from the PandaX-4T and XENONnT datasets.

PandaX-4T XENONNT
TMM Run0 Runl
g, <237x 107 Mg <176 x 107" <1.38 x 10~ Hup
Py <321 x 107 Mug <239 x 107 Hug  <1.89 x 10~ Hpup
fhs <525 x 107 Mg <391 x107Mug  <3.05 x 107 pup
L, <459 x 107 M ug <340 x 107 Mpug <265 x 107 g

We now discuss the 2 dof results at 90% CL for the electron-flavor case as shown in
Fig. 7(a). For my < 0.03 MeV, the derived upper limits are u,,, < 2.97 x 107!ug for
PandaX-4T Run0, p,,, < 1.97x107 1 ug for PandaX-4T Runl, and p,,, < 1.22x 107 g for
XENONNT in the low-mass region. We observe a substantial improvement from PandaX-4T
Run0 to Runl, where the upper limit is reduced by more than a factor of two. This enhance-
ment is primarily attributed to the increased exposure and improved background suppression
in Runl. Meanwhile, XENONnT delivers the most stringent constraint in this channel,
slightly outperforming PandaX-4T Runl, which reflects the advantage of its larger exposure
and lower background levels in the relevant low-energy region. In Figure 7(b), we compare our
results with previous experimental limits, highlighting the significant improvements achieved
by recent datasets—particularly those from PandaX-4T Run 1 and XENONnT. Notably, our
derived limits are more stringent than prior constraints in the sub-MeV mass range. Our re-
sults are approximately two orders of magnitude more stringent than the limits obtained from
CEvNS processes, such as those reported by COHERENT and from solar neutrino—induced

backgrounds in PandaX-4T and XENONnT. In comparison to constraints from nuclear re-
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actor experiments—CONUS+, TEXONO, and Dresden-II FeF—the discrepancy is reduced
to about one order of magnitude. However, at mass scales m4 2 1 MeV, our results do not

surpass the existing limits set by LSND and v4 — v+ decay searches. Additionally, our con-
straints partially overlap with the parameter space excluded by SN1987A and cosmological

observations.
: ——
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Figure 8. (a) Exclusion regions with 90% CL (2 dof) on the plane of the j,,,, vs m4 from PandaX-4T
(Run0), (Runl) and XENONnT datasets, and (b) comparison with other available limits (see the text

for details).

1077 T T
90% CL 107 PR E
— 4 22,
108 E vy et %,
= e
10°° 5 _
N
= 107° 1 = :
=2 ] = K
3 $10710 E
31010 4 3 ]
10-11 L PANDAX-4T Run0 | 10711 | EEE PANDAX-4T Run0
BN PANDAX-4T Runl F BB PANDAX-4T Runl ]
XENONNT ] XENONNT
10—12 ol R R | N 10—12 L | Ll N Lo
1073 1072 1071 10° 10! 102 102 1071 100 10! 102 103
my [MeV] my [MeV]

(a)

(b)

Figure 9. (a) Exclusion regions with 90% CL (2 dof) on the plane of the u,_, vs my4 from PandaX-4T
(Run0), (Runl) and XENONT datasets, and (b) comparison with other available limits (see the text

for details).

For the muon-flavor case, we present the 2 dof results at 90% CL in Fig.8(a). The derived
< 4.86 x 10~ up for PandaX-4T Run0,

upper limits in the region of my4 < 0.03 MeV are p,,,
Py S 3:30 X 107" up for PandaX-4T Runl, and Py S 2.01 % 107" g for XENONnT.

We observe a clear improvement in sensitivity from Run0O to Runl, with the upper limit
reduced by more than a factor of two. Additionally, XENONnT provides a slightly stronger

bound than PandaX-4T Runl, confirming its competitive performance in this channel. A
comparison with previous limits is shown in Fig.8(b). Apart from the already mentioned
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Figure 10. (a) Exclusion regions with 90% CL (2 dof) on the plane of the u,,, vs my from PandaX-
4T (Run0), (Runl) and XENONnT datasets, and (b) comparison with other available limits (see the

text for details).

limits in the electron-flavor case, here we also superimpose additional limits from the solar
neutrino experiment and collider facilities. We can see the PandaX-4T Run0 limit is about as
sensitive as the BOREXINO limit, while the PandaX-4T Runl and XENONnT limits provide
a few times more stringent results than from this solar neutrino experiment. Meanwhile, limits
from CHARM-II, MiniBooNE, and NOMAD dominate at the high-mass region. Regarding
the already mentioned limits, we can see similar behavior to the electron-flavor case.

For the tau-flavor case, the 2 dof results at 90% CL are shown in Fig.9(a). The obtained
upper limits are p,,_, < 4.30 x 107 up for PandaX-4T Run0, p,., < 2.82 x 1071 up for
PandaX-4T Runl, and j,._, < 1.74 x 10~y for XENONT, all in the region of my < 0.03
MeV. Analogous to electron-flavor and muon-flavor cases, we observe a substantial improve-
ment between Run0 and Runl, while XENONnT delivers the most stringent constraint. This
result emphasizes the increasing sensitivity of recent direct detection experiments to the tau-
flavor sector, which traditionally suffers from weaker constraints due to the absence of direct
tau neutrino sources at these energies. The comparison with existing bounds is provided in
Fig.9(b). In the currently considered parameter space, there are but a few available limits.
We can see the induced solar neutrino CEvNS processes of PandaX-4T and XENONnT are
surpassed for my < 0.4 MeV, while these limits dominate the high-mass region up to 10 MeV.
Moreover, the sterile-neutrino decay and IceCube/DeepCore bounds occupy the much larger
mass region up to the sub-GeV scale.

Lastly, we report the 2 dof results at 90% CL for the flavor-independent case in Fig.10(a).
The corresponding upper limits for m4 < 0.03 MeV are y,,, < 2.22 x 10~ up for PandaX-4T
Run0, j1,,, < 1.47x107 " g for PandaX-4T Runl, and p,,, < 0.95x 107 g for XENONT.
Similar with the flavor-dependent cases, we observe significant improvements in the limits
from RunO to Runl, while XENONnT provides the tightest constraint overall. A detailed
comparison with earlier results of flavor-dependent cases is presented in Fig.10(b). In general,
similar behavior from previous results is found. Supplementary limit from stellar cooling [36]
process is added, indicating that our obtained limits dominate the sub-MeV mass scale and
are about one order of magnitude away from covering this bound. Overall, the recent low-
energy electronic recoil data from direct-detection facilities could provide limit enhancements
on the transition magnetic moment compared to other facilities. This comparison highlights
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the progressive tightening of bounds achieved by the latest datasets.

Table 2.  Summary of the derived 90% CL limits (2 dof) on the transition magnetic moments,
obtained from the PandaX-4T and XENONnT datasets.

PandaX-4T XENONNT
Run0 Runl
Ly, <222x 107 Mg <147 x107"ug <095 x 107 Mg
ooy <297x 107 Mug <1.97x 10 Mpug <1.22x 10 Mpup
P <486 x 107 Hug <330 x 107 Hug  <2.01 x 107 Hpup
sy <430 x 107 Mg <2.82x107Mug < 1.74 x 10~ Hpp

TMM

We summarize our 2 dof 90% CL limits in Table 2, clearly illustrating the comparative
sensitivity of the considered experiments. We would like to mention that these are com-
patible with the combined analysis results of LZ, PandaX-4T, and XENONnT studied in
Ref. [77| regarding the sterile-active neutrino TMM in the EvES process. Beyond the cur-
rent experimental constraints, future prospects for probing active—sterile TMMs have been
actively explored in the literature. In particular, Ref.[36] provides projected sensitivities for
the next-generation multi-ton direct detection experiment DARWIN|[78], demonstrating its
potential to significantly improve upon existing limits. Similarly, in our previous work [80],
we performed a sensitivity analysis using the projected specifications of the CDEX-50 ex-
periment |79] for CEvNS processes, highlighting its complementary reach in the low-energy
neutrino sector. Additionally, Ref.[28] investigates expected sensitivities at future forward
neutrino detectors such as FLArE[81], designed to probe TeV-scale neutrino interactions at
the LHC. Their projections for sterile neutrino dipole portals at high neutrino energies fur-
ther complement the low-energy direct detection constraints. Overall, our results reinforce
the complementarity of the latest direct detection data with other experimental approaches in
constraining active—sterile neutrino transition magnetic moments. The growing precision and
exposure of current-generation direct detection experiments, combined with future facilities,
promise continued progress in probing neutrino electromagnetic properties beyond the SM.

5 Conclusions

Motivated by the availability of recent low-energy electron recoil data from direct detection
experiments, we have derived stringent constraints on the active—sterile neutrino transition
magnetic moments. The improved sensitivity of facilities such as PandaX-4T and XENONnT
to low-energy electron recoils has enabled the observation of solar neutrino fluxes with un-
precedented precision, thereby providing an ideal platform to probe the sterile neutrino dipole
portal. We have explored both flavor-dependent and flavor-independent scenarios of ac-
tive—sterile transition magnetic moments, incorporating the effects of neutrino oscillations
and flavor conversion in the Sun and Earth.

In this work, we have considered the contributions of both pp and "Be solar neutrino
flux components in driving the up-scattering process via a transition magnetic moment into
a sterile neutrino state. The analysis includes the day-—night asymmetry effect arising from
the matter-induced oscillation of neutrinos traversing the Earth, ensuring a comprehensive
treatment of solar neutrino propagation effects. We have presented limits at both 1 dof
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and 2 dof of the sterile neutrino dipole portal, providing a robust statistical interpretation
of the results. Our derived constraints are competitive with, and in certain cases surpass,
existing bounds obtained from accelerator, reactor, atmospheric, and astrophysical neutrino
experiments. Notably, we find that recent advancements in DD experiments have begun to
probe the parameter space approaching the sensitivity of constraints derived from supernova
observations and cosmological considerations.

The sterile neutrino remains one of the most compelling extensions to the SM, partic-
ularly as it may provide insight into the origin of neutrino mass. Our study demonstrates
the capability of current-generation DD experiments, using solar neutrinos via elastic neu-
trino—electron scattering, to explore this phenomenological scenario in a complementary and
competitive manner. Looking ahead, future improvements in detector exposure, background
suppression, and lower recoil energy thresholds are anticipated to further enhance the sensitiv-
ity to neutrino electromagnetic properties. Such developments will enable the next generation
of experiments to probe transition magnetic moments at levels previously accessible only via
other astrophysical or cosmological observations, offering valuable new tests of BSM physics.
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