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Abstract In the presence of a transition magnetic moment
between active and sterile neutrinos, sterile neutrinos could
be produced by neutrino beams electromagnetically upscat-
tering on nuclei. We study the active-sterile neutrino transi-
tion magnetic moment through this upscattering in the coher-
ent elastic neutrino-nucleus scattering process induced by
solar neutrinos. We place new limits on the transition mag-
netic moment-sterile neutrino mass plane using the latest
data from the CDEX-10 experiment. We also provide pro-
jected sensitivities for future measurements. We observe that
the projected sensitivities could cover some regions of the
parameter space which were previously unexplored for the
sterile neutrino mass up to ∼ 10 MeV.

1 Introduction

Coherent elastic neutrino-nucleus scattering (CEνNS) is a
neutral current process induced by the exchange of a vec-
tor Z boson of Standard Model (SM) [1]. In this process,
a relatively low-energy neutrino interacts with a nucleus
as a whole and, as a result of the interaction, the nucleus
acquires a kinetic recoil energy that can be measured. The
first observation of the process was recently carried out by
the COHERENT experiment [2] with a CsI[Na] scintillating
crystal detector using (anti-)neutrinos from pion-decays-at-
rest (πDAR). It was also detected later using a single-phase
liquid argon [3] and with a larger sample of CsI[Na] detec-
tor [4]. Since its first detection, there has been a significant
increase in scientific activities, both experimentally and the-
oretically, related to this process. This is because CEνNS
provides a promising way to probe the SM parameters as
well as physics beyond the SM (BSM) at low momentum

a e-mail: mehmetdemirci@ktu.edu.tr (corresponding author)
b e-mail: mfmustamin@ktu.edu.tr

transfer. In particular, it has been widely used in examin-
ing the weak mixing angle [5,6] as well as searching for
dark-matter (DM) [7–11], non-standard neutrino interactions
(NSI) [12–16], the effective generalized interactions [17–20],
light mediators [21–26], Migdal effect [27], and the electro-
magnetic properties of neutrinos [28–30] such as magnetic
moment, charge radius, electric charge/millicharge, dipole
electric moment and anapole moment [31–34]. Moreover, it
gives useful information on the nuclear structure, particu-
larly on the nucleus neutron density distribution that is still
unknown for most nuclei [35,36].

The discovery of neutrino flavor oscillations [37–39]
implies that neutrino masses are nonzero; this is a fact not
taken into account in the SM. The standard theory must be
extended to account for this observation accordingly. Many
known mechanisms to give neutrinos mass involve fermionic
neutral SM-gauge-group singlets, referred to as sterile neu-
trinos [40–42], also so-called heavy neutral leptons. Sterile
neutrino scenarios are often motivated by solving anomalies
or problems, found in short-baseline oscillation and reac-
tor experiments such as MiniBoone [43], MicroBoone [44]
and LSND [45]. A sterile neutrino, which could explain
these anomalies, is in the eV-mass range that potentially has
implications on nucleosynthesis in core-collapse supernovae
[46,47]. In the higher mass ranges, sterile neutrino could also
be a DM candidate [48]. Apart from these, in many other stud-
ies the idea of sterile neutrinos was widely invoked, such as
effective neutrino magnetic moment [49], connection to extra
dimensions [50], and the evolution of the Early Universe [51].

Future CEνNS experiments aim to detect extremely low
nuclear recoil thresholds from the neutrino-nucleus scatter-
ing events. These next-generation activities will not only
improve the precision test of CEνNS in the SM but also
will further constrain or give a clue to new physics beyond
SM. One such new physics scenario is the scattering of light
active neutrinos into heavy sterile neutrinos through a transi-
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tion magnetic moment. This process is known as Primakoff
upscattering [52,53], originally proposed for neutral-meson
photoproduction in a nuclear electric field [54]. A large tran-
sition magnetic moment will raise the possibility of produc-
ing the sterile neutrino by electromagnetically upscattering
neutrino beams on nuclei [55]. To place the limits on the
transition magnetic moment, such a dipole portal has been
extensively studied using various experimental data from
accelerator neutrino sources [56–58], neutral current νμ-
nucleus interactions in detector facilities [59], spallation neu-
tron sources [60], nuclear power reactors [61], forward neu-
trino detection [62], atmospheric neutrinos [63–65], direct
detection (DD) of DM [66,67], and other cosmological neu-
trino sources [68]. Apart from these, it has also been studied
in neutrino telescopes [69], particle colliders [70], and diffuse
supernova neutrino background [71].

In the present work, we explore the active-sterile neutrino
transition magnetic moment through CEνNS with solar neu-
trinos. In DD experiments solar neutrinos can induce CEνNS
events, as well as elastic neutrino-electron scattering. In this
context, we consider the latest data of the CDEX-10 exper-
iment [72] which has a primary goal of searching light DM
candidates [73]. The CDEX-10 collaboration has reported
neutrino-nucleus event rates from solar neutrinos with 205.4
kg day exposure using a p-type point contact germanium
(PPCGe) detector array. Accordingly, we derive new con-
straints on the parameter space of active-sterile neutrino tran-
sition magnetic moment vs sterile neutrino mass. We also
provide projected sensitivities for next-generation and future
scenarios constructed by taking into account experimental
developments. Furthermore, we make a comparison of our
results with the available limits derived from previous exper-
iments mentioned above, together with other experiments
such as XENON [74], DUNE [75], BOREXINO [76], TEX-
ONO [77], DRESDEN [78], NUCLEUS [79], CHARM [80],
DONUT [81], NOMAD [82], ALEPH [83], IceCube [84], the
proposed CENNS [85], FLArE [86] and SHiP [87] at CERN,
as well as future DD experiment of DARWIN [88].

The remainder of this paper is organized as follows. In
Sect. 2, we briefly introduce the theoretical expressions of the
CEνNS in both SM and in the presence of active-sterile neu-
trino transition magnetic moment. Details of the data analysis
are presented in Sect. 3. Then, in Sect. 4, we illustrate the pre-
dicted event rates and the statistical analysis results. Finally,
we provide concluding remarks in Sect. 5.

2 Theoretical framework

2.1 CEνNS in the SM

In the CEνNS process, neutrinos can undergo coherent elas-
tic scattering simultaneously with all nucleons of the nucleus

through neutral-current interaction with only a small amount
of the momentum transferred to the nucleus. At the tree level
in the SM, the differential cross-section of the neutrino scat-
tering off the nucleus is given by
[
dσ(Eν, Tnr )

dTnr

]CEνNS

SM
= G2

FmN

π

(
QSM

V

)2
F2(|�q|2)

×
(

1 − mN Tnr
2E2

ν

)
,

(1)

where GF is the Fermi constant, Eν is the energy of the
incoming neutrinos, Tnr is the nuclear recoil energy, |�q| =√

2mN Tnr is magnitude of the momentum transfer, andmN

is the mass of the target nucleus. The factor QSM
V represents

the weak charge of the nucleus, which can be defined as

QSM
V = gp

V Z + gnV N , (2)

where gp
V = (2guV + gdV ) and gnV = (guV + 2gdV ). Here, guV

and gdV are the neutral current coupling constants for the ‘up’
and ‘down’ quarks, respectively. In terms of the weak mixing
angle θW at low momentum transfer with sin2 θW = 0.23857
[89], we have

gp
V = −2 sin2 θW + 1

2
≈ 0.0229, gnV = −1

2
. (3)

We use the Klein-Nystrand parametrization [90] for the
form factor F(|�q|2). This form factor can be written as

F(|�q|2) = 3
J1(|�q|RA)

|�q|RA

(
1

1 + |�q|2a2
k

)
, (4)

where J1 is the spherical Bessel function of order one,
RA = 1.23A1/3 is the nuclear root mean square radius in
fm for atomic mass number A, and ak = 0.7 fm. For the
small momentum transfer, the impact of the nuclear recoil is
negligible.

2.2 Sterile neutrino dipole portal

The presence of a transition magnetic moment between three
active neutrinos and one sterile neutrino leads to the possi-
bility that the sterile neutrino ν4 could be produced by neu-
trino beams electromagnetically up-scattered on nuclei. Such
interaction can be described by the effective Lagrangian [61]

Lint ⊃ μν�4

2
ν̄�Lσμν PRν4Fμν + h.c., (5)

where μν�4 is the active-sterile transition dipole coupling, ν4

is the sterile neutrino field, ν�L is an SM left-handed (active)
neutrino field of flavor � = e, μ, τ and Fμν is the usual elec-
tromagnetic field tensor. Here, the active and sterile neutrinos
can either be Dirac or Majorana neutrinos. It should be noted
that the Lagrangian (5) is only valid at energies below the
electroweak (EW) scale. The CEνNS process occurs at ener-
gies well below the EW scale and thus it remains applicable.
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Fig. 1 Representative diagram for the upscattering of ν�N → ν4N .
The blue vertex denotes the neutrino dipole portal, which allows for a
neutrino to up-scatter off a nucleus to a heavy neutral lepton state

The active-sterile transition dipole coupling μν�4 leads to
upscattering process ν�N → ν4N [28,56] as shown in
Fig. 1. An incoming active neutrino ν� exchanges a photon
with a target nucleus N and up-scatters to a sterile neutrino
ν4. The matrix element of this process can be written as [61]

iM = (μν�4)
∗[ūν4σ

μν PLqνuν�
]
(−igμλ

q2

)
jλN , (6)

with the hadronic current of the nucleus

jλN = −ieZ(ūN γ λuN )F(|�q|2), (7)

where the target nucleus is considered as a spin-1/2 particle.
The q denotes to the four-momentum of the photon. The
differential cross section for neutrino scattering off a spin
one-half nucleus can be calculated by taking the absolute
square of the matrix element (6), averaging over the possible
initial spin states, and summing over the final spin states, to
obtain

[
dσ(Eν, Tnr )

dTnr

]ν�N →ν4N

spin−1/2
= πα2

EM

m2
e

∣∣∣∣μν�4

μB

∣∣∣∣
2

Z2F2(|�q|2)
[

1

Tnr
− 1

Eν

− m2
4

2Tnr EνmN

(
1 − Tnr

2Eν

+ mN

2Eν

)

− m4
4

8mN T 2
nr E

2
ν

(
1 − Tnr

mN

) ]
,

(8)

where subdominant scattering via the nuclear magnetic
dipole moment is neglected. The factor of παEM/m2

e arises
from a usual normalization of magnetic moments accord-
ing to the Bohr magneton μB . This result agrees with those
found in Refs. [61,67]. For m4 = 0, the above expression
becomes the conventional active neutrino magnetic moment
cross-section (see, Ref. [91]). It should be noted that the ster-
ile neutrino mass must satisfy the following kinematic con-
straint

m2
4 ≤ 2mN Tnr

(√
2

mN Tnr
Eν − 1

)
. (9)

On the other hand, assuming a spin-0 nuclei, the differential
cross section reads[

dσ

dTnr

]
spin-0

=
[

dσ

dTnr

]
spin-1/2

+ πα2
EM

m2
e

∣∣∣∣μν�4

μB
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2
Z2F2(|�q|2)

×
[
Tnr
4E2

ν

− m2
4

8mN E2
ν

(
1 + m2

4
mN Tnr

) ]
,

(10)

where the last two terms showing the difference from those of
spin-1/2 nucleus are proportional to 1

E2
ν

and 1
mN E2

ν
, respec-

tively. The contribution of a transition magnetic moment
between active and sterile neutrinos is incoherently added
with the SM case.

3 Data analysis details

3.1 Differential rate

In the present work, we focus on the CEνNS process induced
by solar neutrinos in the presence of a transition magnetic
moment between active and sterile neutrinos. The corre-
sponding nuclear recoil event is given by

dR

dTnr
= ε

mT

∫ Emax
ν

Emin
ν

dEν

dΦ i
ν�

(Eν)

dEν

[
dσ(Eν, Tnr )

dTnr

]
, (11)

where ε is experimental exposure, mT is the target mass and
dΦi

ν�
(Eν )

dEν
is the solar neutrino flux per cm2 per second. The

integration is taken from the minimum neutrino energy Emin
ν

to the maximum neutrino energy Emax
ν . The minimum neu-

trino energy is given by

Emin
ν = Tnr

2

(
1 +

√
1 + 2mN

Tnr

)
(12)

for the active neutrino, and

Emin
ν4

= m2
4 + 2mN Tnr

2(
√
Tnr (Tnr + 2mN ) − Tnr )

(13)

for the sterile neutrino, which is higher than the active neu-
trino case. Neutrino sources with higher neutrino energy can
produce sterile neutrinos with larger m4. As can be seen
from Fig. 2, the Emin

ν4
continuously decreases with the incre-

ment of the recoil energy until it reaches the extreme value
Emin

ν4
= m4 + m2

4/2mN .
The solar neutrino fluxes Φ i

ν�
are given by the standard

solar model (SSM) BS05(OP) [92,93]. Figure 3 shows solar
neutrino flux components coming from different reactions
taking place at the core of the Sun. Solar neutrinos span a
wide energy range of up to almost 15 MeV.

In our analysis, we consider the 8B and hep solar neutrino
spectra, which provide the main contributions to the event
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Fig. 2 The minimum neutrino energy Emin
ν4

as a function of the nuclear
recoil energy for several sterile neutrino masses

Fig. 3 Solar neutrino flux components for the pp chain and CNO cycles
derived from the high-metallicity solar neutrino model BS05(OP)

rates of the experiment in question. These arise from two
nuclear processes 8B →8 Be∗ + e+ + νe and 3He + p →4

He∗+e++νe in the Sun. In the inset figure, we also show the
region of minimum neutrino energies on the considered solar
fluxes for sterile neutrino masses of 0.5 MeV, 5 MeV, and 10
MeV. These correspond to Eν = 6.28 MeV, 7.27 MeV, and
10.26 MeV, respectively. The minimum neutrino energy for
the sterile case approaches those of the active neutrino as m4

becomes smaller.
The solar neutrinos oscillate as they propagate from the

Sun to the Earth. They arrive at a detector on Earth as a
mixture of νe, νμ, and ντ . We take the survival probabilities
for each flavor to be

Φ i
νe

= Φ i 

νe

Pee, (14)

Φ i
νμ

= Φ i 

νe

(1 − Pee) cos2 ϑ23, (15)

Φ i
ντ

= Φ i 

νe

(1 − Pee) sin2 ϑ23, (16)

where Φ i 

νe

is the electron-neutrino flux produced by ther-
monuclear reactions in the core of the Sun, with i = hep and
8B, etc. The Pee is the survival probability of νe on the Earth,
which can be given by [94]

Pee = (c2
13c

m
13

2
)

(
1

2
− 1

2
cos 2ϑm

12 cos 2ϑ12

)
+ (s2

13s
m
13

2
)

(17)

where c13 = cos ϑ13, s13 = sin ϑ13 and the label m repre-
sents the matter effect. In this equation cos 2ϑm

12 is the mat-
ter angle. We consider the day-night asymmetry due to the
Earth matter effect in the calculation of the survival prob-
abilities. We take the normal-ordering neutrino oscillation
parameters from the latest 3-ν oscillation of NuFit-5.3, with-
out the Super-Kamiokande atmospheric data [95]. These
are sin2 ϑ12 = 0.307+0.012

−0.011, sin2 ϑ23 = 0.572+0.018
−0.023, and

sin2 ϑ13 = 0.02203+0.00056
−0.00058, as well as Δm2

12 = 7.41+0.21
−0.20 ×

10−5 eV2 and Δm2
3� = 2.511+0.027

−0.027 × 10−3 eV2.
It should be noted that the data are measured in units of

electron equivalent energy Tee. To convert the nuclear recoil
energy Tnr into Tee, a quenching factor Y (Tnr ) is used, which
relates these two quantities as follows:

Tee = Y (Tnr )Tnr . (18)

For this aim, we use the Linhard quenching factor [96]

Y (Tnr ) = kg(ε)

1 + kg(ε)
(19)

where g(ε) = 3ε0.15 + 0.7ε0.6 + ε and ε = 11.5Z−7/3Tnr .
We consider k = 0.162 to closely match the recent measure-
ment in the low-energy range [97]. This quenching factor is
acceptable for Tnr > 0.254 keV. For lower recoil-energy, we
consider another quenching factor

Y (Tnr ) = 0.18

[
1 − e

(
15−Tnr

71.03

)]
, (20)

obtained from the “high” ionization-efficiency model for Ge
target, which is acceptable in the range of 0.015 keV <

Tnr < 0.254 keV [98]. Consequently, in terms of the electron
equivalent energy, the differential rate can be written as

dR

dTee
= dR

dTnr

1

Y (Tnr ) + Tnr
dY (Tnr )
dTnr

. (21)

The effect of the quenching factor on the conversion between
the nuclear recoil energy and its electron equivalency is
shown in Fig. 2(b) of Ref. [25]. In this conversion process,
approximately 80% of the initial energy is lost in dissipative
processes and, thus, not accessible. We also note that there
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exist other measurements in the choice of quenching factors
[99].

3.2 χ2 function

In this work, we investigate the sensitivity to probe the tran-
sition neutrino magnetic moment on the CEνNS process
induced by solar neutrinos. In order to do that, we use the
current data from CDEX-10 experiment [72] and the pull
approach of the χ2 function given as [100]

χ2 = min(ξ j )

20∑
i=1

( Ri
obs − Ri

exp − B − ∑
j ξ j c

i
j

Δi

)2

+
∑
j

ξ2
j . (22)

The function is minimized to pull parameters ξ j for the
j-th neutrino flux. The terms Ri

obs and Ri
exp represent the

i th energy bin of the observed and expected (SM plus new
physics contribution) event rates, respectively. The effect of
efficiency has been considered in Ri

exp. This factor comes
from the combination of the trigger efficiency and the
physics-noise (PN) cut efficiency of the experiment [73]. The
term Δi represents the experimental uncertainty for the i th
energy bin, which includes statistical and systematic uncer-
tainties [73]. Finally, the factor cij denotes the solar neutrino
flux uncertainty.

3.3 Projected sensitivities

Upcoming DD experiments are entering the multiton phase.
Many such experiments have the potential for detecting
CEνNS and exploring new physics scenarios. Experiments
with xenon targets have already been able to observe the
CEνNS process with solar neutrinos, such as PandaX-4T
[101,102], and XENONnT [103,104], while a future DAR-
WIN [88] facility is planned to deploy 50 tons of liquid
xenon target. Furthermore, next-generation low-scale solid
material targets using silicon or germanium are anticipated
to reach low threshold detectors. Some experiments with this
purpose are EDELWEISS [105], Super CDMS [106], and
SENSEI [107]. These are expected to improve constraints on
low-mass WIMPs and to detect extremely low recoil energy
events of solar neutrino CEνNS that may allow more severe
tests for BSM physics.

The CDEX facility is currently developing its third phase,
the so-called CDEX-50 [108], as a next generation project.
In this phase of the experiment, it is planned to have a
detector array consisting of 50 kg of high-purity germa-
nium. It is expected to reduce the background to about
0.01 events keV−1kg−1day−1 with the objective exposure
goal of 150 kg · year and 160eVee analysis threshold [108].
Moreover, the ultimate goal of the experiment is to set up

a ton-scale mass Ge detector based on the PCGe detector
[109]. It is expected to run in the near future, reaching a
low sub-keV energy threshold. The upgrade is anticipated to
improve the detectability of CEνNS by solar neutrinos with
more precise data.

In this regard, we construct three scenarios to offer per-
spective for future studies. We called these “next-generation”
and “future” scenarios, where the latter case consists of two
further scenarios which we call “future 1” and “future 2”.
These scenarios are based on the projected development of
the DD facilities mentioned above. The “next-generation”
scenario is configured to have exposure of 150 kg year, while
both “future” cases have exposure of 1.5 ton year. In the
“next-generation” and “future 1” scenarios, the nuclear recoil
energy threshold is set to be 1 keVnr, while it is set to 0.1
keVnr in the “future 2” scenario. The target mass for all the
scenarios is considered to be 50 kg. In each case, a flat back-
ground of 0.01 events keV−1kg−1day−1 is assumed. These
configurations are supposed to reduce the uncertainty by a
factor of 10% and 1% for the next-generation and future
scenarios, respectively. With the help of these projections,
we intend to investigate the relationship between the sterile
neutrino mass bounds and experimental accuracy that may
provide intuitive scaling for DD advancements.

4 Results

In this section, we present our numerical results for the differ-
ential cross section, the expected event rates and the data anal-
ysis. We provide differential rate predictions of the CEνNS
process as indicative of the emergence of the active-sterile
neutrino transition magnetic with the solar neutrinos. For the
solar neutrino flux, we consider the sum of the 8B and hep
components, unless otherwise stated. We use the notation
μν�4 to represent the flavor-independent effective transition
magnetic moment where all active neutrinos are also consid-
ered. Flavor-dependent cases are evaluated by taking solar
neutrino survival probabilities into consideration in which
the index � could be e, μ or τ .

4.1 Differential cross section

To show the effect of assuming nucleus as a spin-0 or spin-
1/2 particle, we plot in Fig. 4 the differential cross section
with a spin-1/2 nucleus and the relative difference δ between
spin-0 and spin-1/2 cases defined by

δ =

∣∣∣∣
[

dσ
dTnr

]
spin-1/2

−
[

dσ
dTnr

]
spin-0

∣∣∣∣[
dσ
dTnr

]
spin-1/2

. (23)
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Fig. 4 The effect of assuming it as a spin-0 or spin-1/2 nucleus on the
differential cross-section for the upscattering of ν�N → ν4N

We set the benchmark points as m4 = 0.5 MeV, 5 MeV,
and 10 MeV for a fixed of μν�4 = 3 × 10−9μB and Eν = 10
MeV. It is clear that the differential cross sections have the
same order of magnitude for both spin-0 and spin-1/2 nuclei.
The cross sections increase quickly with the opening of the
phase space for a given initial value of Tnr and then decrease
with increments of Tnr . This initial value varies depending on
the value of m4. As Tnr increases, all curves begin to overlap,
especially for Tnr > 10 keV. However, the relative difference
δ is in order of 10−5 to 10−13 for the considered interval of
Tnr , as shown in the bottom panel of Fig. 4. This implies that
the different spin states do not significantly alter the result.
We note that a dip occurs in δ at the threshold values of Tnr
where the cross section of the spin-0 nucleus becomes larger
than those of spin-1/2. For m4 = 0.5 MeV, 5 MeV, and 10
MeV, these threshold values are around Tnr = 0.0038 keV,
0.39 keV, and 1.6 keV, respectively.

4.2 Expected event spectra

We present the predicted event rates as a function of the
nuclear recoil energy induced by solar neutrinos for both SM
and the presence of active-sterile neutrino transition magnetic
moments in Fig. 5. These are given in the unit of per ton per
keV per year. We show total number of event rates i.e., the
SM plus non-standard (contribution of transition magnetic
moment). We consider four benchmark points, which are set
as two different transition magnetic moments of 3×10−9μB

and 5 × 10−10μB together with a light sterile neutrino with
a mass of 0.1 MeV and a heavy one with 10 MeV. Since

the cross section of the process includes inversely dependent
terms on the nuclear recoil energy, we can see that the event
rates are enhanced in low nuclear recoil energy. This demon-
strates the importance of observing low nuclear recoil thresh-
olds in experiments. Also note that the flavor-independent
case provides larger event predictions than those of flavor-
dependent for all the chosen values due to the oscillation
probability. The light sterile mass significantly increases the
predicted event rates at low recoil energies, which will be the
main contribution to improvements in the search for transi-
tion magnetic moments. One may notice that the distribution
for m4 = 10 MeV with μν�

= 3 × 10−9μB slowly van-
ish as Tnr � 0.2 keV. This indicates that the heavier mass
suppresses the signals and provides relatively insignificant
effects to the standard prediction.

4.3 Constraints on the sterile neutrino dipole portal

We derive new limits on the dependence of the active-
sterile neutrino transition magnetic moment on sterile neu-
trino mass from the CDEX-10 data for flavor dependent
and flavor independent cases. We also provide projected
sensitivities for next-generation and future scenarios by
taking into account experimental developments discussed
earlier. We further compare our results with the available
limits derived from SNS (COHERENT CsI+LAr in Ref.
[60]), accelerator neutrino (LSND in Ref. [56]), beam dump
(CHARM in Ref. [63]), nuclear reactor (TEXONO in Ref.
[66] and DRESDEN-II in Ref. [31]), solar neutrino (BOREX-
INO in Ref. [68]), DD experiments (XENON1T in Refs.
[66,68]), and expected limits from future neutrino obser-
vatories (CENNS-750 in Ref. [66], DARWIN in Ref. [68],
NUCLEUS in Ref. [61], DUNE Near Detector (ND) [58,65],
and SHiP [56]). For the specific flavor-dependent cases, we
additionally consider the NOMAD limit derived in Ref. [53],
MiniBooNe in Ref. [56], ALEPH, DONUT, and FLArE-100
limit in Ref. [62], as well as IceCube/DeepCore (DC) limits
in Ref. [63]. We include sensitivities from the cosmological
study of Big Bang Nucleosynthesis (BBN) and Supernova
1987 A (SN1987A) [68]. Furthermore, we show the limit
from sterile neutrino decay ν4 → νγ [64].

Our analysis results for the active νe-sterile transition mag-
netic moment μνe4 is shown in Fig. 6a. The upper-limit of
μνe4 derived from CDEX-10 data reaches 2.26 × 10−8μB

in the region of m4 < 0.1 MeV. Meanwhile, the next-
generation, future 1, and future 2 scenarios provide upper-
limits of μνe4 � 1.50×10−9μB , μνe4 � 1.04×10−9μB , and
μνe4 � 5.08×10−10μB , respectively. The future 1 and 2 sce-
narios yield 30.5% and 66.2% more stringent limits than the
next-generation scenario, respectively. Compared to the cur-
rent limit, the next-generation, the future 1 and 2 scenarios
yield improvements of 15.1, 21.7, and 44.5 times, respec-
tively. In Fig. 6b, we further compare our projected sensi-
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Fig. 5 Predicted event rates as a function of the nuclear recoil energy
induced by solar neutrinos in the presence of the active (a) νe, (b) νμ,
(c) ντ , and (d) flavor-independent effective ν�-sterile neutrino transition

magnetic moments. The event rates are shown as the SM plus nonstan-
dard contributions from transition magnetic moment

tivities with the previously studied limits relevant to μνe4 . It
can be seen that the projected scenarios yield more stringent
constraints than COHERENT CsI+LAr in low-mass regions.
This can be understood from the lower recoil energy thresh-
old of the projected scenarios, which allows it to more effi-
ciently probe the 1/Tnr than neutrinos from stopped pion
sources. Regarding constraints of neutrino from reactor facil-
ities, the Dresden-II limit is dominated by the next-generation
scenario for m4 � 3 MeV and is fully covered by the future
2 scenario. Though, in the mass range lower than 1.2 MeV,
the projected sensitivities are not as good as the TEXONO
limit, they provide better constraints for higher masses. As
expected, the effect from neutrino-electron scatterings of
reactor facilities prevails at this low-mass range compared
to CEνNS at solar neutrino experiments due to the lower
energy threshold on the incident neutrinos. Meanwhile, for

the expected future facilities, the projected scenarios fully
cover the limit of NUCLEUS 1 kg and cover the low-mass
region of FLAre100 and CENNS-750 limits. Furthermore, a
large portion of the unexplored space of the LSND, DUNE
ND, and SHiP main are covered in the MeV mass scale. This
is due to the high energy of neutrinos produced in accelera-
tor facilities, hence they are sensitive only at the high-mass
region.

Moving on to the muon neutrino case, our results from the
current CDEX-10 data, next-generation and two future sce-
narios are shown in Fig. 7a. The upper limit of the μνμ4 from
the current data is 2.41 × 10−8μB in the region of m4 � 0.1
MeV, while the next-generation, future 1, and future 2 scenar-
ios provide μνμ4 � 1.59×10−9μB , μνμ4 � 1.11×10−9μB ,
and μνμ4 � 5.64 × 10−10μB , respectively. The future 1
scenario yields around 30.1% and the future 2 scenario
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Fig. 6 (a) 90% C.L. (2 d.o.f.) exclusion regions on the plane of the active νe-sterile neutrino transition magnetic moment vs sterile neutrino mass
from the current CDEX-10 data, next-generation and future scenarios, and (b) comparison with other available experimental constraints (see the
text for details)

Fig. 7 (a) 90% C.L. (2 d.o.f.) exclusion regions on the plane of the
active νμ-sterile neutrino transition magnetic moment vs sterile neu-
trino mass from the current CDEX-10 data, next-generation and future

projected scenarios, and (b) comparison with other available experi-
mental constraints (see the text for details)

yields around 64.4% more stringent constraints than the next-
generation scenario. On the other hand, the next-generation,
the future 1 and 2 scenarios provide improvements of 15.2,
21.7, and 42.7 times, respectively, compared to the current
limit. We also show the comparison of these results with pre-
vious limits in Fig. 7b. Our projected sensitivities cover the
XENON1T limit and the low-mass regions of COHERENT
(CsI+LAr) and CHARM-II, by providing up to two orders of
magnitude improvement. The projected scenarios also pro-
vide improvement to the limits derived from BOREXINO for
m4 � 0.6 MeV, where at low mass-region the limit from the
neutrino-electron process still dominates due to low energy
threshold. Regarding the expected future facilities, our sce-

narios reach the low-mass region of FLAre100, CENNS-750,
and DUNE ND. Though our projected constraints are yet to
reach the results from DARWIN data for � 0.6 MeV, these
give better limits in high mass regimes. Meanwhile, the lim-
its of NOMAD and the ROI of MiniBooNE dominate in the
high-mass region, anticipated from the high neutrino energy
of the accelerator facilities.

In Fig. 8a, we show limits derived from the current data
and the next-generation, future 1 and future 2 scenarios for
the τ neutrino case. The current upper-limit of the μντ4 is
around 2.08 × 10−8μB in the region of m4 � 0.1 MeV,
while the next-generation, future 1, and future 2 scenarios
provide μντ4 � 1.39 × 10−9μB , μντ4 � 9.50 × 10−10μB ,
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Fig. 8 (a) 90% C.L. (2 d.o.f.) exclusion regions on the plane of the active ντ -sterile neutrino transition magnetic moment vs sterile neutrino mass
from the current CDEX-10 data, next-generation and future projected scenarios, and (b) comparison with other available experimental constraints
(see the text for details)

Fig. 9 (a) 90% C.L. (2 d.o.f.) exclusion regions on the active flavor-
independent ν-sterile neutrino transition magnetic moment vs sterile
neutrino mass from the current CDEX-10 data, next-generation and

future projected scenarios, and (b) comparison with other available
experimental constraints (see the text for details)

and μντ4 � 4.86 × 10−10μB , respectively. The future 1
yields about 31.6% and future 2 about 65.0% more strin-
gent limit than the next-generation scenario. Meanwhile, the
next-generation, future 1 and 2 scenarios yield 15.0, 21.9,
and 42.8 times improvements, respectively, over the current
limit. We also present a comparison of our results with pre-
vious limits derived from ALEPH, FLAre100, DONUT and
IceCube/DC data in Fig. 8b. It is seen that the current CDEX-
10 data and the projected scenarios yield better sensitivities
in the low-mass region than the considered available limits.
Particular to the projected scenarios, they improve the limit
for DONUT and ALEPH as m4 � 19 MeV and FLArE-
100 as m4 � 17 MeV. This behavior is anticipated from the

low-energy neutrino flux of solar neutrino compared to the
neutrino from accelerators in these facilities. Meanwhile, our
results cover larger parameter space than the IceCube/DC
limit up to m4 � 15 MeV, indicating that solar neutrinos
are more sensitive to probe low-mass regions than the atmo-
spheric neutrinos that have slightly larger neutrino energy.

We finally present constraints on the flavor-independent
ν-sterile transition magnetic moment μν�4 in Fig. 9a. The
upper limit of the μν�4 from the current CDEX-10 data is
obtained as 1.59 × 10−8μB for m4 � 0.1 MeV. Meanwhile,
the next-generation, future 1, and future 2 provide upper lim-
its of μν�4 � 8.63 × 10−10μB , μν�4 � 5.91 × 10−10μB , and
μν�4 � 2.97 × 10−10μB , respectively. It can be seen that
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Table 1 90% C.L. (2 d.o.f.) upper-limits on the active-sterile neutrino transition magnetic moment. Here, we also include the available limits from
COHERENT, FLAre100, and XENON1T in the considered parameter region

TMM ×10−9μB This work COHERENT [60] FLAre100 [62] XENON1T [68]

Current Next-Gen Future 1 Future 2

μνe4 � 22.6 � 1.50 � 1.04 � 0.51 � 4.20 � 6.60 –

μνμ4 � 24.1 � 1.59 � 1.11 � 0.56 � 2.77 � 2.25 � 12.4

μντ4 � 20.8 � 1.39 � 0.95 � 0.49 – � 0.28 –

μν�4 � 15.9 � 0.86 � 0.59 � 0.30 – – –

Fig. 10 90% C.L. (2 d.o.f.) exclusion regions on the flavor-independent ν-sterile neutrino transition magnetic moment from the current CDEX-10
data, next-generation and future projected scenarios for (a) the 8B and (b) hep solar fluxes, separately

the future 1 scenario yields about 31.5% and the future 2
scenario yields about 65.5% more stringent limits than the
next-generation scenario. Furthermore, over the current limit,
the next-generation, future 1 and 2 scenarios provide 18.4,
26.9, and 53.3 times improvements, respectively. We provide
a comparison of our projected sensitivities of μν�4 with the
previous limits in Fig. 9b. It is clearly seen that the projected
scenarios could provide more robust constraints than some
available ones. They fully cover the region of XENON1T,
NUCLEUS 1 kg and Dresden-II limits.

Furthermore, our results reach the previously unexplored
regions of the COHERENT (νe and νμ), CENNS-750, as
well as LSND, SHiP main, DUNE ND (νe and νμ), and Ice-
Cube/DeepCore. There appear improvements for the region
of m4 � 0.5 MeV, which cannot be reached at BOREX-
INO and TEXONO by measuring neutrino-electron scatter-
ing. The CEνNS process dominates the contributions to the
limits in the heavy sterile-mass regime (m4 � MeV) due
to kinematic constraints, while the neutrino-electron scatter-
ing contribution prevails for a lower energy threshold on the
incident neutrinos. Concerning the cosmological bounds, our
results dominate the BBN limit for m4 � 1 MeV while the
limit of the SN1987A is reached by the future 2 scenario.

Improvements shown in the projected scenarios to some pre-
vious bounds signify the importance of observing low-energy
nuclear thresholds and the increase of experimental exposure.
Lastly, we show the sensitivity from the ν4 → νγ decay to
complement our results.

We summarize in Table 1 the upper-limits derived in
this work. Also, we include previously available limits from
COHERENT, FLAre100, and XENON1T for comparison.
The limits can be directly read from Figs. 6, 7, 8, and 9.
In general, the current data show competitive limits com-
pared to DD experiments such as XENON1T limit, while the
projected scenarios provide significant improvements over
some previous constraints. Lowering the threshold energy
and increasing the exposure of experiments in the predicted
scenarios improve the limits of the current data by almost
two orders of magnitude. We find that the sensitivities dete-
riorate at m4 ≈ 10 MeV as the lowest energy solar neutrinos
no longer have sufficient energy to create ν4.

Finally, we also discuss the effects of individual neutrino
fluxes from 8B and hep components on the analysis results in
Fig. 10. It can be seen from Fig. 10a that the upper-limits from
8B flux is μν�4 � 1.63 × 10−8μB for the current data, while
μν�4 � 8.64×10−10μB , μν�4 � 5.91×10−10μB , and μν�4 �
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3.04 × 10−10μB for the next-generation, future 1 and future
2 scenarios, respectively. Meanwhile in Fig. 10b, the analysis
results for hep are shown. It is seen that the upper-limit of
the current data reaches μν�4 � 3.44 × 10−7μB , while the
next-generation reaches μν�4 � 2.29 × 10−8μB , the future
1 reaches μν�4 � 6.60 × 10−9μB , and the future 2 reaches
μν�4 � 2.60 × 10−10μB . Consequently, solar neutrino flux
of 8B generally contributes about one order of magnitude
more than the one of hep, originating from the smallness of
the latter flux.

5 Conclusions

We have studied the active-sterile neutrino transition mag-
netic moments through CEνNS induced by solar neutri-
nos using CDEX-10 data. The nonzero neutrino magnetic
moment is one of the hints suggesting the need for BSM
physics in the neutrino sector implied by neutrino mass. In
the presence of heavy right-handed neutrinos, dipole inter-
actions between the active neutrinos and sterile states face
relatively few constraints due to kinematic limits on the pro-
duction of the new states. This phenomenon will be an inter-
esting research topic to be investigated with the advance-
ment of DD experiments, which also has great potential to
detect the solar neutrino CEνNS. The low-momentum trans-
fer nature of the process is a unique framework to investigate
active-sterile transition magnetic moment in the future, given
that experimental advancements will be able to set the most
stringent terrestrial limits.

We considered both the flavor-independent and flavor-
dependent cases of the active-sterile transition magnetic
moment. The event-rate spectra are calculated in terms of
nuclear recoil energy which can be converted to the electron-
equivalent signal using a quenching factor. It can be seen that
lighter sterile mass gives rise to a higher expected event rate
at low recoil energy regions. We have derived new constraints
on the active-sterile neutrino transition magnetic moment
from the latest CDEX-10 data. We have suggested three
projected scenarios that can be realized following further
upgrades of DD experiments which potentially improve the
precision of the CEνNS signal. Accordingly, we then com-
pared our analysis with existing limits from previous works.
Our analysis indicates that the projected sensitivities could
cover some regions which were previously unexplored for
the sterile neutrino mass below ∼10 MeV.

The possibility of sterile neutrinos is interesting from a
phenomenological standpoint, and we demonstrated the util-
ity of solar neutrinos in the framework of CEνNS experi-
ments to explore the properties of this idea. The low-energy
neutrinos from the Sun enable us to derive constraints on the
active-sterile neutrino transition magnetic moment and com-
pare them with results from existing facilities. We expect

more opportunities to examine new physics from future
experiments and our results may provide clues for those
endeavors. Conclusively, the CEνNS process remains to be
an important tool in searching BSM scenarios with a strong
discovery potential.
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