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Abstract

Coherent elastic neutrino-nucleus scattering (CEvNS), as a low-energy process within the Standard Model
(SM), provides a powerful probe of neutrino electromagnetic properties, in particular the neutrino charge
radius. Owing to its relatively large cross section, CEvNS is especially sensitive to such subleading effects.
In this work, we investigate the impact of the neutrino charge radius on CEvNS induced by solar neutrinos.
We calculate its contribution to the CEvNS cross section and derive constraints on the neutrino charge ra-
dius by analyzing current data from the CDEX-10 experiment. Our results are then compared with existing

bounds reported in previous studies.

Keywords: CEvNS, solar neutrino, neutrino charge radius
DOI: 10.31526 /PHEP.2025.08

1. INTRODUCTION

Neutrinos are commonly believed to be neutral particles, but
in reality these can have a very small electric charge and are
very likely to have a charge radius (see [1]). In the Standard
Model (SM), the effective photon-neutrino interaction appear-
ing as radiative corrections lead to a nonzero neutrino charge
radius [2, 3, 4], which is intuitively related to the electromag-
netic “size” of the neutrino [5]
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In this relation, m is the mass of the charged lepton with flavor
{ = e, u, T and myy is the mass of the W gauge boson. Neutrino
charge radius can be the most accessible neutrino electromag-
netic property, because the SM predictions are only about one
order of magnitude smaller than the experimental upper-limits.
Numerical values of the neutrino charge radius are predicted
by SM as [6, 7]
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for each flavor, respectively. Consequently, a measurement in
a high-precision experiment that would be incompatible with
these values would directly provide information about the
physics beyond the SM (BSM). In BSM theories, neutrinos may
also have flavor off-diagonal charge radius on a flavor basis, a
so-called transition charge radius, which changes the neutrino
flavor. Neutrino charge radius also has some effects on cosmol-
ogy and astrophysical phenomena [8, 9].
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Coherent elastic neutrino-nucleus scattering (CEvNS), the-
oretically predicted in 1974 [10], provides a powerful window
for probing the neutrino charge radius. The CEVNS process was
first observed by the COHERENT experiment in 2017 [11] at
the Spallation Neutron Source, which is a neutral current weak
interaction process of the SM. Relatively low-energy neutrinos
in this process interact with a nucleus as a whole target. The
coherence condition implies a very low momentum transfer.
The CEvVNS process provides a larger cross-section than the
ones of other neutrino interactions at the same neutrino en-
ergy, and this scales with the square of the number of target
neutrons (N2). The N2-dependence has been investigated by
subsequent COHERENT measurements using different target
materials such as argon [12] and germanium [13]. However,
the expected signature of this process is a very low nuclear
recoil energy, making it difficult to detect experimentally. Be-
cause it is well defined at low energies in the SM, the CEVNS
is an interesting tool for probing the new physics effects from
neutrino electromagnetic properties, light mediator models, as-
trophysics and nuclear structure.

The sun produces large neutrino fluxes; especially those
from the ®B solar neutrinos that meet the properties required to
induce significant CEvNS events in direct detection (DD) dark
matter (DM) experiments. These experiments are turning into
excellent low-energy neutrino detectors. They are produced in
the core of the sun by nuclear fusion reactions. Since CEvNS
is particularly sensitive to low-energy neutrinos, utilization of
solar neutrinos is an interesting framework for studying this
process. The appearance of neutrino charge radius could alter
the SM prediction of the process and thus can be tested using
data from DD facilities. Probing this process in this way will
complement the existing results from other experiments. The
most stringent reported limits on the neutrino charge radius
at DD experiments currently come from XENONNT with the
lower limit being about two orders of magnitude larger than
the SM prediction [14].

The CDEX-10 [15, 16] is one such DD experiment with
ultra-low energy threshold pPCGe detectors. The experiment
has a primary goal to research light DM candidates. In this
context, the observation limits of the neutrino charge radius in
the energy region of interest for the CEvNS process can be im-
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proved. We use the recent data of the CDEX-10 collaboration
[17], which was carried out considering the flux of solar neu-
trinos. We place new allowed regions on the neutrino charge
radius from both 1 degree of freedom (dof) and 2 dof analysis
of the data and compare these with existing constraints from
previous studies.

We organize the remainder of this work in the following.
In Sec. 2, we review the analytical expression of the CEVNS
in the SM and in the presence of a neutrino charge radius. In
Sec. 3, we present the analysis procedure used for limit setting.
In Sec. 4, we provide the analysis results for neutrino charge
radius and compare these with previously available limits. Fi-
nally, in Sec. 5, we summarize our work.

2. ANALYTICAL CALCULATIONS

In this section, we present the differential cross-section expres-
sions for the CEVNS process and the neutrino charge radius
contribution in the SM.

In the SM, the differential cross-section of the neutrino with
the initial energy E, scattering off the nucleus with the recoil
energy T, is given by
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where m s is the nucleus mass, and Gr is the Fermi constant.
In Fig.1, the representative Feynman diagram is shown for this
process. The process occurs as neutrino interacts with the nu-
cleus as a whole. For the transfer momentum || < % with
the typical size of nucleus R, the coherent scattering will give
a cross-section enhancement. The neutron and proton vector
couplings are given by

gl = %(1 —4sin?fyy) and gl = —%, (4)
respectively. We consider the value of sin? 8y = 0.23863 calcu-
lated in the minimal subtraction (MS) renormalization scheme
at low momentum transfer [18]. Note that the cross-section of
the process in the SM is obtained as flavor-independent at the
tree level. There are flavor dependencies in the small loop cor-
rections, however, they have no important effect on the cur-
rent sensitivities [19]. The weak nuclear form factors are given
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FIGURE 1: Feynman diagram of the CEVNS process.

by Fz(|7|?) and Fy(|]?), which describe the nucleon complex
structure of the nuclei. The form factor is generally taken to be
identical for both neutron and proton, namely F; ~ Fy = F.
For this treatment, we use the Helm parametrization [20].

The Lagrangian representing the electromagnetic interac-
tion between the neutrino and the photon is written as [21]

'C;m = *ieFQ(qz)W'YyWAV )

where F (%) is the electrical form factor for neutrinos and A*
is the photon field. In the CEvNS process, the matrix element
for the contribution of the neutrino charge radius is taken as [4]
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where ]{Y = (poy + payu)F(|7]?), with p, and p4 being the ini-
tial and final nuclear four-momenta. The neutrino charge ra-
dius contribution to the CEvNS process can also be obtained
by substituting
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for the weak mixing angle in Eq.(4). In the BSM, the neutrino
charge radius can also include flavor off-diagonal terms in the
flavor basis. However, we will only consider the scenario in-
cluding flavor diagonal terms.
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3. DATA ANALYSIS DETAILS

In the recent CDEX-10 study [17], event rates of CEVNS along
with neutrino-electron scattering have been published. The
event rates of the process are calculated by integrating the neu-
trino flux with the cross-section. The corresponding nuclear re-
coil event is given by [22]
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where d®(E,)/dE, is the differential neutrino flux. The factor
of Ny = miN,/my indicates the number of target nucleus per
unit mass of detector material. The minimum neutrino energy

satisfies .
E;nln:an <1+\/1+2m/\//an> /2 )

while the maximum neutrino energy E}*** is taken as the end

point of the solar neutrino flux. Furthermore, the maximum

2F2
value of nuclear recoil energy is T;"* = We consider

solar neutrino flux from the BS05(OP) Stantlagd Solar Model
[23, 24]. There are eight neutrino fluxes produced from the pp
chain and CNO cycle inside the sun. The neutrinos of the pp
chain are produced from 5 nuclear reactions called pp, pep,
hep,SB, and 7Be. Meanwhile, the neutrinos in the CNO cycle
originate from decays of 13N, 150, and 17F.

As a result of oscillations [25, 26, 27], solar neutrinos arrive
at a detector on Earth with a mixture of v,, v;,, and v. For each
flavor, we consider the survival probabilities

P, = D[ Pe, (10)
@, = @, (1 — Pe) cos” O3, (11)

@i, = @7 (1 — Pe) sin? 0. (12)
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FIGURE 2: The predicted event rates of neutrino charge-radius
contributions to CEvNS for various benchmark values.

The electron-neutrino flux from thermonuclear reactions in the
core of the Sun is represented by CDiU@, with i = hep,8 B. P,
represents the v, survival probability on the Earth [28]. In our
calculation, we take the day-night asymmetry because of the
Earth’s matter effect. We consider the normal ordering neutrino
oscillation parameters from the 3-v oscillation of NuFit-5.3 [29].

The recent CDEX-10 data on neutrino-nucleus scattering
are presented in terms of electron-equivalent recoil energy.
Therefore, it is converted into nuclear recoil energy using the
Linhard quenching factor [30]

xg(e)

Y(Twr) = 7 +xg(€) (13)
where x = 0.162 and g(e) = 3€%1® + 0.7e%0 + ¢ with ¢ =
11.5Z~7/3T,,. The value of k is chosen to closely match the re-
cent measurement in the low-energy interval [31, 32]. We notice
that the Linhard formulation is suitable for relatively high nu-
clear recoil energy, namely T, > 0.254 keV. With the quench-
ing factor, the nuclear recoil energy is converted into electron
equivalent by using

Tee = Y(an)an (14)

Thus, the differential rate as a function of the T, is calculated
as
dR  dR
dTee N dTm’

dY(an)} - 15)
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We use the Gaussian approach of the x? function [33] to
derive constraints on the corresponding model parameters:
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Here, Rébs and Réxp denote the measurement and theoretical
event rates (consists of SM plus background plus new physics
contributions) respectively, in the i-th energy bin. The experi-
mental uncertainty is denoted by ¢ for the i-th energy bin. The
X2 is minimized with respect to all nuisance parameters « and
B which correspond to the B and hep neutrino fluxes, respec-
tively. The uncertainties of solar neutrino fluxes are denoted by

0y for 8B and og for hep neutrino fluxes.

4. NUMERICAL RESULTS

In this section, we provide our analysis results. First, we plot
the predicted event rate from contributions of the neutrino
charge radius along with the predicted event rate of the SM
CEvNS for the Ge target nuclei in Fig.2. Here, we set (r2,) for
three different values. It is clear that the larger the charge radius
the higher its contribution to the SM prediction. The constant
spectrum can be seen in all the energy ranges. This is antici-
pated from Eq.(7) which has no dependency on recoil energy.

Figure 3 presents the 90% confidence level (C.L.) allowed
contours for the neutrino charge radii parameter pairs obtained
from the recent CDEX-10 dataset. The analysis was performed
in the (ri) - <712/},>r (r%f) - (r%T>, and <r%ﬂ) - <r12/r> planes, where
all other electromagnetic properties were fixed to their SM
values. We found —128.09 x 1072 em? < (r2) < 153.13 x
10732 cm?, —223.37 x 1072 em? S (1) < 248.79 x 1072 em?,
and —191.73 x 10732 em? < (r7) < 21713 x 10732 cm?. In
all cases, the SM prediction (denoted by the white cross) re-
mains well contained within the 90% C.L. allowed regions,
with no discernible deviations observed. The resulting con-
tours exhibit approximate elliptical symmetry and similar spa-
tial extent across all parameter spaces, implying no signifi-
cant degeneracy or correlation between individual charge radii
components at the current experimental sensitivity. This indi-
cates that the present CDEX-10 data constrains each neutrino
flavor’s effective charge radius to a comparable degree. More-
over, the absence of notable distortions or elongations in the
contours suggests minimal parameter interdependence within
the probed region.

These findings provide competitive and complementary
constraints relative to existing direct detection limits on neu-
trino charge radii, obtained via low-energy neutrino-electron
scattering. Recent work [34] has performed a combined anal-
ysis of data from PandaX-4T, XENONNT, and LZ. The results
presented in [34] are follows —99.5 x 10732 cm? < (r2) <
128 x 10732 em? and —822 x 10732 em? < (r2 ) < 88.7 x

~ Vu/x
10732 cm?. Our current results show few times less stringent
bounds than these previous results. This difference that can be
estimated comes from the different technology implemented,
where the CDEX-10 applies germanium detector while the
other DD experiments focus on noble-gas detector. While no
statistically significant indication of BSM effects is observed,
the achieved bounds affirm the capability of low-threshold
dark matter detectors, such as CDEX-10, to effectively probe
subleading neutrino electromagnetic properties and contribute
to the global constraint landscape in this sector.

5. CONCLUSION

We have studied the contribution of neutrino charge radius to
the CEVNS process with solar neutrino. In the SM, the neutrino
charge radius is the only electromagnetic property of the neu-
trino that can have a nonzero value. It has interference with
SM CEvNS, its contribution and the interference term are ob-
tained by analytical calculations. The event rates of the process
are obtained by convoluting solar neutrino flux with the cross-
section. For the analysis, we considered recent CDEX-10 data.
In doing so, the nuclear recoil energy is converted into electron-
equivalent energy with the use of the Linhard quenching factor.



Progress in High Energy Physics

PHEP-08, 2025

300
200
‘E 100
5
—
x 9F
A
Ns—lOO
o
v
—-200

00 : : : : :
~300 -200 -100 0 100 200 300

300
200 |
e
S 100}
T
-
X0
A
it —100 |
o
\Y
—200 |

—-300 " n n " "
—-300 -200 =100 0 100 200 300
<rZ > [x10732cm?]

(b)

<rZ > [x10732cm?]
@)
300
200 ¢
E
S 100 ¢
5
—
x 0
A
q< —100
“
\Y
-200

O L L
—300 —-200 -100

0 100 200 300

<rj > [x1073%cm?]

(©

FIGURE 3: Allowed regions at the 90% C.L. derived the analysis of the recent CDEX-10 data in the parameter spaces (a) (12 ) — <r%ﬂ ),
(b) (r2) — (r2.), and (c) (r%p) — (r2.). The plus symbol denotes the SM values in Eq. (2).

We have shown our obtained limit of neutrino charge ra-
dius with 2 dof (90% C.L.). We have discussed our results with
the allowed regions derived from other DD experiments. Our
results for the neutrino charge radius are in compliance with
the reactor and accelerator results. Our results could be utilized
to study new physics signals, particularly for neutrino electro-
magnetic properties, by current and future experiments.
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