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Abstract: In the quasielastic region, we investigate the impact of neutrino electromagnetic properties—constrained

by recent experimental data—on the electroweak neutral current reaction process '2C(v,’). To describe nuclear dy-

namics relativistically, we employ the quantum hadrodynamics model, which can reliably reproduce experimental

results in this kinematic regime. In this study, we explore physics beyond the Standard Model by incorporating the

neutrino’s magnetic and electric dipole form factors, as well as its charge radius, into the electroweak interaction

framework within '2C. Specifically, we use experimentally derived values for the neutrino charge radius and magnet-
ic moment at zero four-momentum transfer (Q® = 0) to compute the differential cross section of v-'2C scattering. Our

results indicate that the contributions from the charge radius and electric dipole form factor are negligible. However,

the magnetic moment exhibits a pronounced dependence on 02, and its effect becomes significant at low mo-

mentum transfers.
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I. INTRODUCTION

Exploring the fundamental physical properties of ele-
mentary particles remains one of the most significant sci-
entific challenges, both theoretically and experimentally.
Among these, the neutrino stands out as a particularly in-
triguing particle. Although nearly a century has passed
since it was first postulated by Pauli in the context of
double beta decay, many of its fundamental properties—
such as mass, electromagnetic characteristics, and cosmo-
logical roles, including those in various astrophysical en-
vironments—remain poorly understood. For example, the
neutrino has long been considered a potential candidate
for dark matter. While neutrino flavor mixing is well es-
tablished, the absolute mass scale of the neutrino remains
unknown. Determining the precise mass of the neutrino is
therefore an ongoing and central question in neutrino
physics. Within the Standard Model (SM), neutrinos are
assumed to be point-like particles with no internal struc-
ture [1]. However, testing the limits of this assumption
has been a long-standing challenge. Recent theoretical
developments and experimental results [2, 3] suggest that
neutrinos may possess intrinsic properties such as a
nonzero magnetic moment and a finite charge radius—
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features not accounted for within the SM framework.

The charge radius and magnetic moment — electro-
magnetic (EM) properties of neutrinos—offer a valuable
window for testing the boundaries of the SM. Experi-
mentally, there has been a long-standing effort to determ-
ine upper limits on these quantities using a variety of
sources, including accelerator-based experiments [4—7],
reactor neutrinos [8, 9], and solar neutrinos observed with
modern detectors [10, 11]. However, experimental res-
ults remain inconclusive and lack convergence. The com-
prehensive review in Ref. [12] summarizes the status of
various experiments aimed at determining the upper limit
of the neutrino magnetic moment through neutrino-elec-
tron scattering. The current upper limits on the neutrino
magnetic moment span several orders of magnitude, ran-
ging from 10" to 107 ug, where ug denotes the Bohr
magneton. In comparison, the charge radius is somewhat
more constrained, typically on the order of 1073 fm, al-
though the exact magnitude varies across different meas-
urements [13]. More recently, improved constraints on
the EM properties of neutrinos have been obtained from
coherent elastic neutrino-nucleus (v-A) scattering
(CEvNS) experiments [14, 15]. Nevertheless, it is worth
noting that current results remain close to previously es-
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tablished experimental bounds [16], indicating that only
modest improvements have been achieved thus far.

Quasielastic (QE) v-A scattering is a powerful probe
for studying neutrino interactions within a nuclear medi-
um. Accurate measurements from experiments such as
MiniBooNE [17-20], MicroBooNE [21-24], SciBooNE
[25—27], T2K [28-30], and MINERvA [31, 32] necessit-
ate precise modeling of the in-medium nucleon wave
functions and their interactions with incident neutrinos.
Recent studies have examined nuclear structure effects by
analyzing uncertainties associated with the in-medium ef-
fective mass of the nucleon and density dependence of
the nuclear symmetry energy [33-35]. These studies
demonstrate that the influence of the nucleon effective
mass can be distinctly identified, with theoretical results
favoring an isoscalar effective mass close to the free-
space nucleon mass, which is in better agreement with
experimental data. Many observables are directly or in-
directly influenced by both the effective mass and sym-
metry energy. However, additional uncertainties can arise
from other nuclear interactions, such as pairing forces and
charge symmetry breaking. These effects could be signi-
ficant in certain nuclei or for specific observables and
warrant further investigation in the context of lepton—nuc-
leus scattering. Another major source of theoretical un-
certainty stems from the axial mass of the nucleon in the
nuclear medium. Using the standard value of M, = 1.032
GeV, calculations of QE neutral-current (NC) scattering
for both neutrinos and antineutrinos tend to underestim-
ate the measured cross sections [36].

One limitation of QE v-A scattering, compared to
electron—nucleus scattering, lies in the energy resolution.
While the energy of incident electrons can be tuned with
high monoenergetic precision, the energy of neutrinos is
inherently difficult to control. As a result, the neutrino en-
ergy spectrum is significantly broader than that of elec-
trons, which can contribute to discrepancies between the-
oretical predictions and experimental data, particularly
when using the standard axial mass value of M, = 1.032
GeV. To account for contributions beyond the QE region,
several processes have been reported in literature, includ-
ing meson exchange currents (MEC) [37, 38], particle—
hole excitations [39, 40], pion production [41, 42], and fi-
nal-state interactions (FSI) [43—45]. However, because
the effects of neutrino EM properties are primarily asso-
ciated with elastic channels and are largely independent
of inelastic processes, the present study focuses on the
contributions of the neutrino magnetic moment and
charge radius to the electroweak NC scattering of neutri-
nos off nuclei.

In this study, we investigate the effects of the neut-
rino charge radius and magnetic moment on QE elec-
troweak NC scattering of neutrinos off '?C. The nuclear
wave function of the target nucleus is described within
the framework of the quantum hadrodynamics (QHD)

model, and we adopt the standard value of the axial mass,
M, =1.032 GeV. In Ref. [46], the cross sections for
charged-current QE v-*’Ar scattering were computed us-
ing the same QHD model employed in this study. The
results were compared with MicroBooNE experimental
data [24], showing that the QHD model achieves accur-
acy comparable to those of leading neutrino event gener-
ators, such as GENIE, NEUT, NuWro, GiBUU, and Mi-
croBooNE Monte Carlo [24].

In our calculations, we consider three representative
values of the magnetic moment spanning different orders
of magnitude, constrained by various experiments: the
largest value, w, =2.13x107%ug, is reported by the
CEvNS Collaboration [16]; the intermediate value, u, =
2.9x 107" ug, is from the GEMMA experiment [47]; and
the smallest value, u,=6.3%x10""2ug, is derived from
XENONNT data [48]. For the neutrino charge radius, we
adopt two values differing by a factor of approximately
three: R =5x107**cm?, constrained by the CEVNS Col-
laboration [16], and R* = 0.48 x 10~*2cm?, reported by the
BNL Collaboration [4]. By incorporating these EM prop-
erties into the QE scattering cross section, we assess their
contributions to the differential cross section. More im-
portantly, by comparing our theoretical results with ex-
perimental data [4, 16, 47], we can place constraints on
the neutrino EM properties.

The remainder of this paper is organized as follows.
In Sec. 11, we present the theoretical formalism to de-
scribe the electroweak NC scattering of neutrinos off '*C,
formulated within the framework of the QHD model [49].
In particular, we incorporate the effects of the neutrino
charge radius and magnetic moment into the scattering
amplitude. Section III presents the numerical results and
detailed discussions on the differential cross sections for
various values of the neutrino magnetic moment and
charge radius, as constrained by recent experimental data.
Finally, a summary and concluding remarks are given in
Sec. IV.

II. FORMALISM

In this section, we present the theoretical framework
for electroweak NC neutrino scattering off a nucleus in
the QE regime, based on the QHD model. The formalism
includes contributions from both the neutrino magnetic
moment and charge radius. For QE inclusive electroweak
NC v-A scattering, we consider the target nucleus to be
initially at rest at the origin of the coordinate system. The
four momenta of the particles involved in the reaction are
defined as follows: p} = (E;,p;) and p = (E;,py) for the
incident and outgoing neutrino, respectively; p/ = (Eq,
p.) for the initial (target) nucleus; p,_; = (Ea_1,pa-1) for
the residual nucleus; and p* = (Ey,p) for the knocked-out
nucleon. We begin by introducing a general expression
for the fivefold differential cross section for electroweak
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NC neutrino scattering off a nucleus—specifically for the
12C target in this study—as the foundation for our sub-
sequent analysis:

o _ MyMy, ,
M|
dezgleQN (2 )SM f|p|f;’ecz| fi

.M

where My, M,_;, and My are the target nucleus, residual
nucleus, and nucleon masses, respectively. ; and Qy are
the scattering directions of the outgoing lepton and nucle-
on, respectively. The recoil factor f.. is written as

E
|4 =N (1-%)
E4 p

where q =p;—p;. Considering the EM properties of the
neutrino in the electroweak NC scattering, the squared in-
variant matrix element is given by summing the weak,
electromagnetic, and interference contributions:

I

iLf

E,_
ﬁeczMLl

A

; 2

[ Winly + (LW e + [L"Winpre 3

where the subscripts of W, EM, and INT represent the
weak, electromagnetic, and interference terms, respect-
ively. If neutrino EM properties are neglected, i.e., u, =0
and R, = 0, the EM and INT contributions are absent.

For a free nucleon, the NC operator comprises the
weak, EM, axial-vector, and pseudoscalar form factors:

1% 2
s WINLLEAC R
2My
+GA (@' y + ”;f)q”y, “)
N
: EM 2
Sy = PRy + T2 (D) 3)

2My

Here, Ff™ =1 and F™ =k, for the proton, while FI™ =0
and FI™ =k, for the neutron, with the four-momentum
transfer defined as Q? = ¢° — w?. The anomalous magnet-
ic moments are given by «, =1.793 and «, =-1.913, in
units of the nuclear magneton uy =e/(2My). According
to the conservation of vector current hypothesis and in-
corporating the isoscalar strange quark contribution
F$(Q%), the vector form factors for the proton and neut-
ron, F)"""(0?), are expressed as follows:

1
FI Q% = (— —2sin® 9w) FI™ (@)

"“”(Q = F‘(Q ), (©6)

where 6y is the Weinberg angle given by sin® 6y = 0.224.
The strange vector form factors are given as

oy FiOQ
ne=ar oy
. )
PO s g ?
where = Q2/(4M2), My = 0.843 GeV, F(0) = —(r2)/6 =

0.53 GeV?, and F3(0) = u,, with the strange magnetic
moment given by u, = —0.4. The axial form factor is giv-
en by

1 (Fga+gd)

2\ _
GO = 5 L ot (8)

We use the axial-vector coupling constant g4 = 1.262 and
axial mass M, =1.032 GeV throughout this study. The
strange quark contribution to the nucleon axial form
factor is taken as g% =—0.19, representing the strange
quark content in the nucleon. The signs (—,+), which
arise from isospin dependence, correspond to the final-
state nucleons being a proton or neutron, respectively.
We note that the pseudoscalar form factor Gp is neg-
lected in the calculation because its contribution is pro-
portional to m? /M3, where my is the lepton mass in the fi-
nal state.

Next, the operators for the neutrino weak and EM
currents are given as follows [50—54]:

=y (1-7), )

B =Ly ey = (h+igy’) ——L (10)

Wi +rp)
m
where f;, is written as f,, = f; +(m,/m,)f>. m, and m, de-
note the neutrino and electron masses, respectively. f,
g1, f», and g, are the Dirac, anapole, magnetic, and elec-
tric form factors of the neutrino, respectively. The Dirac

and anapole form factors are related to the vector and axi-
al vector charge radii (R2) and (R3) through [50]

@)= *(R )07,

gi1(0%) = (R Q. (11)
Neutrino charge radlus is defined by (R2) = (R}) +(R3),

and then, fn+81 = *(RZ)QZ In the limit of Q> — 0 (rest

frame), £>(0) and gz(O) define the neutrino magnetic and
electric dipole moment [52, 53]:
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Wy = f(O)p  and gy = g(0)us, (12)

where 2 = (u")*+ u¢)*, with the Bohr magneton pug.
Note that the EM vertex form factors can arise in Beyond
the Standard Model (BSM) models, such as heavy sterile
mixing or loop-induced magnetic moments.

The neutrino tensor of the weak term is given by

L’vl‘}/ =8 I:pflp; + p:’}?l; —g”V(P[ . pf) - igupvo'p?p?—] > (13)
for the EM term,

o = 4(fo+ 8D [P+ piPs =8 (pi- pp)]
+ 81fmgl gppvo‘]ﬂp?
fr+8 oy y
222 (pi-p QPP +20 0+ ' g, (14)
m

e

+

and interference contribution,

LlIlII/IT = 4(f;n + gl) [pilp; + p:/p}; _gw(Pi : Pj) - igupvopfl;'p?—} .
(15)

Within the laboratory frame, by choosing the three
momentum transfer q along the z-axis, the inclusive dif-
ferential cross section of neutrino scattering off the nucle-
us in the electroweak NC reaction is given by the contrac-
tion between lepton and hadron tensors and integrating
the cross section over the phase space of the scattered
(outgoing) lepton and outgoing nucleon:

MyM,_ . . _
4r? (27]\;)73;4; / sin6,dg, / sin@ydby|plfa.
XZU‘Q,I (viLR’,; +viTRiT +hv’TiR/T[), (16)

1

do
ar

where 6, is the scattering angle of the lepton; 6y is the po-
lar angle of outgoing nucleons; T is the kinetic energy of
the knocked-out nucleon; 2= -1 and 1 correspond to the
intrinsic helicities of the incident neutrino and antineut-
rino, respectively; and i denotes W, EM, or INT. For the
NC reaction, the kinematic factors o)y, o5, and o are

respectively defined as

9 2

N Grcos (El) E;M;

Oy = , 17
. V2r(Q> + M3) 4

2
0
apmEycos (E)
O'ZM = \/_2—Q2 N (18)

0,
GFCYEME% COS2 (EZ) M%

2V2rQX(Q% + M3)

INT _
Oy =

(19)

where Mz = 91.19 GeV is the rest mass of the Z-boson.
Gr = 1.166 x10~° GeV™? denotes the Fermi constant, and
agym 1S the EM fine structure constant. R;, Ry, and R'T are
the longitudinal, transverse, and transverse interference
response functions, respectively. The appropriate re-
sponse functions are written as

2

i w ... i X J
R; = ’N?(q) - aN;(q) , Ry = INF (@) + N (Q),

R7 =2Im [N (@), ()], 20

where NY(q) is the Fourier transform of the nucleon
transition current J¥(r)

Nt = / Ji(ryeardr. 21
The nucleon transition current J#(r) is given by

T(r) = eyl un(x), (22)

where ¢y and ¢, are the wave functions of the outgoing
nucleon and bound state, respectively. The neutrino kin-
ematic factors for the weak term are given by

W=, (23)
0 O
W o_ 2 Y
Vr = tan E + qu, (24)
6 6 2
VY = tan’ El tan? 5/ + %, (25)
for the EM part,
L+8 Z
V=20 gD+ R (it ) tan® (26)
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M _ 4rp2 . 2 f+e] 0
=4(f,+87) {tan §+—2} + e 27
(27)
N/ 6 2
’EM = 8if,,g1 tan EI tan? El+ % (28)
and interference term,
INT - 2(fm + gl) (29)
=40 [un 2+ 2], (0)
, 0 7 2
VINT = _4i(f,,+g1) tan’ 5 tan’ §’+ % (31)

III. NUMERICAL RESULTS

Using the QHD nuclear model, we investigate the role
of the neutrino’s EM properties in NCQE scattering. Spe-
cifically, we calculate the single differential cross sec-
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Fig. 1.

tions for NC v—"2C scattering as functions of the kinetic
energy of the outgoing nucleon and squared four-mo-
mentum transfer. For the neutrino charge radius, we con-
sider two representative values: (R?) ~5x10732cm?, ob-
tained from combined analysis of the Dresden-II and CO-
HERENT data [16], and (R?) ~ 0.48 x 1072 cm?, the smal-
lest known value reported by the BNL-E734 experiment
[4]. For the neutrino magnetic moment, we adopt three
benchmark values: p, ~2.13x 107y from Dresden-II;
ity ~2.9x 10" yg from the GEMMA experiment [47];
and p, ~ 6.3x 10712 ug, the smallest value considered, de-
rived from XENONnNT data [48]. The specific values of
(R?) and u, used in this study are summarized in Table 1.

Table 1. Various combinations of the charge radii and mag-
netic moments for the neutrino for the present numerical es-
timations.
(R2)/em? K lh
case 1 5% 10732 [16] 2.13x 10710 [16]
case 2 0.48x 10732 [4] 2.13x107'9 [16]
case 3 5% 10732 [16] 2.9x 107! [47]
case 4 0.48x 10732 [4] 2.9% 10711 [47]
case 5 5%10732 [16] 6.3x 10712 [48]
S5
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o
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(color online) Differential cross sections for the (v,»") NC reaction on a '’C target as functions of the kinetic energy T of the

outgoing nucleon, calculated for an incident neutrino energy of E; =250 MeV. The solid (red), long-dashed (black), dotted (blue),
dashed (green), and dot-dashed (magenta) curves correspond to cases 1 to 5, respectively. The dot-long-dashed (cyan) curves labeled as
"W" represent results obtained without including the EM properties of the neutrino. Panels (a), (b), and (c) show the proton-only, neut-
ron-only, and total (proton + neutron) contributions, respectively. Panel (d) displays the cross sections in panel (c) divided by the val-

ues without neutrino EM properties.
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Figures 1 and 2 show the single differential cross sec-
tions plotted as functions of the kinetic energy of the fi-
nal-state nucleon for incident neutrino energies E; =250
and 750 MeV, respectively. The solid (red) curves corres-
pond to case 1, dashed (black) to case 2, dotted (blue) to
case 3, short-dashed (green) to case 4, and dot-dashed
(magenta) to case 5. Panels (a) and (b) show the separate
contributions from the proton and neutron knockouts, re-
spectively, while panel (c) displays the total cross section
as the sum of both contributions. Panel (d) exhibits the
value of each case divided by the value without neutrino
EM properties, denoted by "W." The differences between
the red and black curves, as well as between the blue and
green curves, are minimal (less than 1%), indicating that
the effect of the neutrino charge radius on the cross sec-
tion is negligible. In contrast, the difference between the
red (or black) curves and the blue (or green) ones is sub-
stantial, with the dominant source of deviation attributed
primarily to the proton contribution.

For the smallest magnetic moment value, u, = 6.3x
102 ug, the contributions from the proton and neutron
are comparable in magnitude. For the intermediate value,
u, =2.9%x 107" g, which is approximately 4.6 times lar-
ger than the smallest value, the neutron contribution re-
mains nearly unchanged, while the proton contribution
increases significantly at lower kinetic energies. At
T ~ 10 MeV, the proton cross sections for cases 3 and 4
are approximately twice those for case 5. With the largest
magnetic moment value, u, =2.13x 107, the neutron
cross section increases by factors of approximately 1.5
and 1.9 for E; =250 and 750 MeV, respectively, relative

100 200 300 400
T [MeV]

(d) p + n for E; =750 MeV

100 200 300 400
T [MeV]

(color online) Same as Fig. 1 but with the incident neutrino energy E; = 750 MeV.

to those of the intermediate case. However, for the pro-
ton, the enhancement is much more dramatic; the cross
section with the largest y, exceeds that for the intermedi-
ate value by more than a factor of 20. As a result, at
T ~ 10 MeV, the total cross sections for cases 3 and 4 are
approximately 1.6 times larger than those of case 5, while
those of cases 1 and 2 are enhanced by more than an or-
der of magnitude relative to those of cases 3 and 4.

To better understand the origin of this significant en-
hancement, particularly in the proton channel, we ana-
lyze the individual contributions from the weak, electro-
magnetic, and interference terms in the cross section. In
Fig. 3, we depict the contribution of each term in the
cross section formula given in Eq. (16) at an incident
neutrino energy of E; =750 MeV. The solid (red) curves
represent the total differential cross section obtained by
summing all contributions, the dashed (black) curves cor-
respond to the weak interaction only, the dotted (blue)
curves show the EM interaction contribution, and the
short-dashed (green) curves represent the interference
between weak and EM interactions. Panels (a) to (e) cor-
respond to cases 1 to 5, respectively. In the low kinetic
energy region of the outgoing nucleon (7), the EM inter-
action dominates for cases 1 and 2, whereas the weak in-
teraction dominates for cases 3, 4, and 5. The cross sec-
tion is susceptible to the neutrino magnetic moment but
remains insensitive primarily to the charge radius, con-
sistent with previous observations. Nonetheless, a small
dependence on the charge radius can be identified by
comparing the interference terms in Figs. 3(a) and 3(b).
The interference contribution in panel (a) is approxim-
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(color online) Breakdown of the differential cross sections for the (v,») NC scattering as functions of the knocked-out nucle-

on kinetic energy 7, at an incident neutrino energy of E; =750 MeV. The long-dashed (black), dotted (blue), and dashed (green) curves
represent the contributions from the weak, EM, and interference terms, respectively, while the solid (red) curves show the total differ-
ential cross sections obtained by summing all contributions. Panels (a)—(e) correspond to cases 1 to 5, respectively.

ately an order of magnitude larger than that in panel (b),
which corresponds closely to the ratio of the (R?) values
between the two cases. However, this effect is negligible
for both the weak and EM contributions, implying that
the total cross section is practically unaffected by vari-
ations in the charge radius.

A particularly striking result arises in the EM contri-
bution. For u, =2.13x 1074z, as in Figs. 3(a) and 3(b),
the weak contributions remain unchanged relative to
those for smaller u, values. However, the EM contribu-
tion experiences a dramatic enhancement for 7 <500
MeV, and it becomes the dominant component of the
total cross section for 7 <300 MeV. When u, =2.90x
107" g, the EM term is negligible at T > 200 MeV, but it
becomes significant at 7 < 100 MeV, contributing up to
40% of the weak term near threshold. In contrast, for the
smallest value u, = 6.3 x 1072 g, the EM contribution re-
mains perturbative at all energies, and the total result
closely resembles that of the weak-only case. In sum-

mary, the influence of the neutrino magnetic moment is
evident in the differential cross section at low outgoing
nucleon energies. As shown in the following figure, this
enhancement at low energies plays a crucial role in im-
proving the agreement with experimental data.

The observed enhancement of the EM contribution
can be understood from Egs. (26)—(28). The dominant
terms arise from the second terms in Egs. (26) and (27),
which scale as [(p;+ps)/m,.]* and (Q/m,)?, respectively.
Due to the small electron mass in the denominator, these
terms are significantly amplified at the energies con-
sidered in this study. Furthermore, because the mag-
nitude of f, is much greater than that of g,, the form
factor f, dominates the EM contribution. The magnetic
moment g, in cases 1 and 2 is larger than that in cases 3
and 4 by a factor of approximately 7.3. Consequently, the
enhancement of the proton cross section due to EM terms
is greater than that for the neutron by a factor of approx-
imately 7.3%~53, which is consistent with the result
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shown in Fig. 3.

Figure 4 shows the flux-averaged single differential
cross section as a function of the squared four-mo-
mentum transfer Q?, calculated for five different cases of
the neutrino charge radius and magnetic moment, as in
Fig. 1. The results are compared with the MiniBooNE ex-
perimental data [18]. Panels (a) and (b) display the separ-
ate contributions from the proton and neutron knockout,
respectively. As observed in the previous results, the ef-
fect of the charge radius remains negligible, whereas the
magnetic moment plays a crucial role in shaping the cross
section. In panel (c), which shows the sum of proton and
neutron, the red and black curves, corresponding to lar-
ger magnetic moments, show good agreement with the
data at Q%> 1(GeV/c)*. However, they overestimate the
cross section in the low-Q? region. In contrast, the blue
and green curves —associated with u, =2.9x 107! yg—
consistently underestimate the experimental values.
While the discrepancy is large at high @2, it gradually di-
minishes as Q? decreases.

When neutrino EM properties are not included, the
results coincide with the purely weak interaction predic-
tions shown previously in Fig. 3. The case with yu,
2.13x 107y reproduces the data well at large Q* but
exhibits an unphysical divergence at small Q?, implying
that smaller values of u, may be more appropriate. For
1y, =2.9x 107" ug, the EM contribution is negligible at
high energies but significantly enhances the cross section
at low energies, resulting in better agreement with the ex-
perimental data. In particular, in the low-Q? region, the
magnetic moment helps reduce the discrepancy between

Ratio
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theoretical predictions and experimental results. At the
smallest Q? data point, Q*> ~ 0.13(GeV/c)?, the EM con-
tribution increases the cross section by approximately
16%, yet the prediction remains approximately 18% be-
low the measured value. This indicates that values of u,
larger than 2.9x 107" ug could reproduce the data more
accurately. Values of y, that are consistent with the Mini-
BooNE data are considered in Fig. 6. In contrast, for
1, = 6.3 %1072 g, the enhancement from the EM contri-
bution is only approximately 1.7%, highlighting the
strong sensitivity of the cross section to the magnetic mo-
ment magnitude.

At high momentum transfer, the magnetic moment
alone is insufficient to resolve the discrepancy between
theory and experiment. In this regime, contributions from
inelastic processes are expected to play a dominant role in
bridging the gap. Some residual discrepancy at high Q?
may arise from unaccounted inelastic channels, such as
2p-2h or pion production, which are not modeled here.

At small Q* limit, scattering is basically elastic;
moreover, nuclear excitations can play a certain role. It
can either reduce or increase the discrepancy between
theory and experiment in the small Q* region. However,
the calculation method and tools for elastic scattering are
different from those of QE scattering; therefore, consider-
ing the non-QE effect at a small Q? limit exceeds the
scope of this study.

The MiniBooNE Collaboration reported the measure-
ment of NCQE antineutrino (7) scattering off '>C in Ref.
[20]. The difference between v and v in the scattering for-
mula is helicity: —1 and 1 for v and ¥, respectively.

113106-8



Effect of neutrino electromagnetic properties on the quasielastic neutral-current...

Chin. Phys. C 49, 113106 (2025)

o
N

@p

— Case 1
——- Case2
------- Case 3
Case 4
Case s
w

—_
o
—_ —
7

—_
S
T

02040608 1 1.21.41.61.8
Q*[GeV?]

10739 (do/dQ2 [cm2 GeV 2]

—_
O|
N
o

1 1 1 1 1 1 ke

0 02040608 1 12141618
Q*[GeV]

10739 (do/dQ2) [cm? GeV~?]

Fig. 5.

— Case 3 1
-=== W/piB=4.0x10_]
M/ BB=6.0X10_ 7
% Hy/iB=8.0x10_1
s Hv/BB=1.0X10

h ¢ MiniIBooNE

1

021 IV IV EPVETEN IPAPETN EPRPETEN PRI EPRPRPIN PRPRPN SR
0 02040608 1 12141618

Q2 [GeV?]
Fig. 6. (color online) Flux-averaged differential cross sec-
tions of '2C(»,v’) with different values of u,. Charge radii are
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Therefore, we can apply the equations derived in Sec. II
to ¥ NCQE scattering with non-vanishing charge radius
and magnetic moment. Because experimental limits for
the charge radius and magnetic moment have not been
measured yet for 7, we assume the same values of the
charge radius and magnetic moment of v for .

Figure 5 shows the results of YNCQE scattering cross
sections, and they are compared with the MiniBooNE
data [20]. Legends and conventions for the panels are the
same as those in Fig. 4. The shapes of curves for the pro-
ton and neutron contributions in Fig. 5 (a) and (b) are
similar to those of the neutrino in Fig. 4 (a) and (b).
Looking into the details, however, one can see that the
magnitude is significantly different between v and v. In
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(color online) Flux-averaged differential cross sections of 2C(7,7") compared with the experimental data measured from [20].

most cases of the charge radius and magnetic moment
and at most values of Q?, the cross section of ¥ is sup-
pressed to that of v. An exception is cases 1 and 2 for the
proton at Q% ~ 0, where v and ¥ are similar in magnitude.
Suppression in the ycross section leads to good agree-
ment with MiniBooNE data over a wide range of mo-
mentum transfer 0.1 < Q> < 1.2 (GeV/c)*. A critical dif-
ference from v is that, while cases 1 and 2 reproduce data
at high Q? for v, the results of vin cases 1 and 2 over-
shoot the data by orders of magnitude. Meanwhile, for
cases 3 and 4, inclusion of the charge radius and magnet-
ic moment does not alter the cross section at intermediate
and high Q2 values, but a sizable effect appears at
0% <02 (GeV/c)’. As a result, the enhancement by the
magnetic moment makes the theory agree with the data at
0.1 < Q* <0.17(GeV/c)?, where the result with only weak
contribution is outside the error range. Similar to v, EM
properties are advantageous in reducing the discrepancy
between theory and experiment in the low Q? region for
v. Agreement with the MiniBooNE data of v-A scatter-
ing can be interpreted as a guidance for the upper limit of
the ¥ magnetic moment. According to the result in Fig. 5,
the upper limit of y; is approximately 3 x 107" ug.

In Fig. 4, we have seen that there is a systematic dis-
crepancy between theory and measurement for NCQE v-
A scattering. In the genuine QE region, non-QE effects,
such as nuclear excitations, meson-exchange currents,
and pion productions, cannot compensate for the discrep-
ancy. Neutrino EM properties could be a source to re-
duce the gap between theory and experiment in the QE
region. We calculate the v-A cross section by changing
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the EM properties of the neutrino to find the values that
are consistent with MiniBooNE v-A data. It is worth not-
ing that, as shown and discussed in Figs. 1, 2, 4 and 5, the
cross sections are insensitive to the charge radius, and the
results barely change even though the charge radius dif-
fers by a factor of three. For this reason and the sake of
simplicity, we fix the charge radius to (R2) =5x10"%
cm? and consider the variation in the magnetic moment.

Figure 6 presents the results. Because u, =2.9%
10""up in case 3 underestimates the experimental data,
we consider g, in the range (0.4 —1.0)x 107'%; with five
different values. As shown in Fig. 4, case 3 reproduces
the data at Q®>0.8 (GeV/c)* but underestimates the
measurement in the QE region 0.3 < 0” <0.8(GeV/c)™.
The cross section at Q* > 0.8(GeV/c)* is weakly affected
by the increase in the magnetic moment: change in the
cross section is negligible for u,=4x10""y,; and
6x 10" ug, and minor enhancement occurs for pu, =
8x 107" up and 1x107%. The curve for 6 x 1071 uy is
located at the lower limit of the data at 0.649 < 0 < 0.709
(GeV/c)?, and it is below the data at lower Q7 values.
Larger values are favorable for better agreement with
data in the QE region.

Results with 8 x 107!y and 1x 1074, are more in-
teresting. With these magnetic moments, theory results
are within the limits of most of the data at 0.3 < 0*> <0.8
(GeV/c)®. For the data at 0.236 < Q* <0.304(GeV/c)?,
cross sections with yu, = 8 x 107!y pass the center of the
error box, and those with u, = 1x107'%; are located at
the upper limit of the error bar. At Q° values one step
lower, ie., at 0.169<Q?<0.236 (GeV/c)’, u,=8x
107" up gives a result at the upper limit of the error bar,
and u, =1x10""up overshoots the data. In summary,
theory results lie at the lower limit of data at
0.642 < 0* <0.709 (GeV/c)* with u, =8x 107y, pass
the upper limit of data at 0.236 < Q> <0.304 (GeV/c)’
with u, = 1x107%up, and agree with the data between
these Q? ranges. Therefore, u, values that are consistent
with the data in the QE region satisfy 0.8 sy, < 1.0 in
units of 107'%;.

IV. SUMMARY

In the present study, we perform calculations for the
NCQE v-A scattering off '2C within a relativistic nuclear
model. To ensure current conservation and gauge invari-
ance, the wave functions of the continuum nucleons are
obtained by solving the Dirac equation using the same

scalar and vector potentials as those applied to the bound
nucleons. It is noted that inelastic contributions, such as
particle—hole excitations and other channels, are not in-
cluded in this analysis. The single differential cross sec-
tions are evaluated for five different cases involving vari-
ations in the neutrino charge radius and magnetic mo-
ment, expressed as functions of the kinetic energy of the
knocked-out nucleon. The influence of the charge radius
on the cross sections is found to be minimal, with no
practically discernible differences across the tested val-
ues. In contrast, the magnetic moment has a significant
impact, particularly at low kinetic energies.

The cross section for the proton exhibits a stronger
dependence on the magnetic moment than that for the
neutron, and this effect becomes more pronounced at
lower nucleon energies. For instance, at an incident neut-
rino energy of E; =250 MeV, increasing the magnetic
moment from y, =2.9x 107" ug to p, =2.13x 107 %ug en-
hances the neutron cross section by approximately 50% at
T ~ 10 MeV. However, under the same conditions, the
proton cross section increases by a factor of several tens.
Moreover, for u, =2.9x 107! ug, the EM contribution can
reach up to 60% of the weak contribution at small mo-
mentum transfer. Consequently, the inclusion of neutrino
EM properties helps reduce the discrepancy between the
standard weak-only predictions and MiniBooNE experi-
mental data, improving agreement particularly at low mo-
mentum transfer. In contrast, for the smaller value
i, =6.3x107"2 g, the EM contribution is significantly
suppressed. While non-negligible, its overall impact be-
comes marginal. We note that the neutrino EM contribu-
tions to the lepton tensors are calculated independently of
the nuclear wave functions (Egs. (14, 15)). Therefore, the
behavior of the neutrino EM contribution obtained with
the QHD model, such as high sensitivity to the magnetic
moment and negligible effect from the charge radius,
does not change even if we consider other nuclear mod-
els for the description of hadron parts.

Restricting our focus to the QE region (0.3 5 0* <0.8
(GeV/c)?), we obtain that the value of magnetic moment
4, consistent with the MiniBooNE data is between
0.8x 107"y and 1.0 x 107'°u; in our calculation.

In conclusion, within the currently allowed experi-
mental bounds on the neutrino’s electromagnetic proper-
ties, the effects of these properties manifest notably in QE
v-A scattering, especially at low energies of the outgoing
nucleons and in the small momentum transfer regime.
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