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Abstract: In recent years, many studies on neutrino-nucleus scattering have been carried out to investigate nuclear
structures and the interactions between neutrinos and nucleons. This paper develops a charged-current quasielastic
(CCQE) neutrino-nucleus scattering model to explore the nuclear mean-field dynamics and short-range correlation
effects. In this model, the nuclear structure effect is depicted using the scaling function f(¢), while the neutrino-nuc-
leon interaction is represented by the elementary weak cross section og. Results indicate that the double-differential
cross section of scattered muon is influenced by the energy E and momentum p of nucleon in nuclei, and the total
cross section depends primarily on the incident neutrino energy E, . Furthermore, incorporating short-range correla-
tions yields the flux-integrated differential cross sections at high-T, region producing larger values, a longer tail, and
achieving better experimental consistency. It eventually elucidates the physical relationship between the neutrino-
nucleus scattering cross section and the variation in incident neutrino energy. The studies in this paper furnish in-
sights for the research of nucleon dynamics and provides detailed examinations of the neutrino-nucleus scattering
mechanism.
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I. INTRODUCTION

As a crucial tool in particle physics, nuclear physics
and cosmology, neutrino scattering plays a pivotal role in
understanding fundamental particle interactions[1], re-
vealing the nucleon-nucleon short-range correlations
(NN-SRC) [2], and exploring cosmic evolution [3, 4].
Over recent decades, experiments on neutrino-nucleus
scattering, including those conducted at CEvNS [5],
NOMAD [6], MiniBooNE [7], MINOS [8], and T2K [9],
have significantly advanced our understanding of nuclear
structure. The quasielastic neutrino scattering can be di-
vided into two primary classifications: the charged-cur-
rent quasielastic (CCQE) neutrino scattering v; (¥,) + n(p) —
p(n)+u~ (u*) and the neutral-current quasielastic (NCQE)
neutrino scattering v; (V) +n(p) — v;(¥) +n(p) [10—12].
The CCQE scattering is produced by the exchange of W*
bosons, enabling a charge transfer at the interaction point.
Compared to CCQE scattering, in NCQE neutrino scat-
tering, Z° bosons play a pivotal role, and no charge ex-
change occurs [13, 14]. The CCQE neutrino scattering of-
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fers a unique perspective to study the nuclear internal dy-
namics, due to its charge-changing interaction between
neutrinos and nucleons. In scattering process, the incid-
ent neutrinos interact with individual nucleons, enabling
the study of nucleon interactions [15]. Therefore, in the
domain of CCQE, the changes in the nucleon momentum
distribution (NMD) caused by nucleon correlations can
be observed more effectively.

The plane-wave impulse approximation (PWIA) is a
essential method for studying the neutrino-nucleus scat-
tering. In the framework of PWIA, the cross sections of
muon can be expressed as a product of two parts: the ele-
mentary weak cross section o, showing the neutrino scat-
tering off a free nucleon and the scaling function f(y) re-
flecting distributions of nucleons. The scaling function
was first constructed based on the relativistic Fermi gas
(RFG) model [16]. However, the classical RFG model
cannot well reproduce the experimental data. Therefore,
researchers have endeavored to develop scaling functions
by introducing the nuclear dynamics. It is an effective
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method to derive scaling function from the sophisticated
nuclear structure model [17].

In past years, mean-field models based on energy
density functionals (EDFs) have been used to investigate
the nuclear properties [18—20]. Resently, the theoretical
and experimental studies have revealed the important role
of NN-SRC, including the emergence of high momentum
tails and diminished occupancy of low-lying nuclear
states [21—23]. Therefore, the combination of mean-field
and NN-SRC effects is expected to offer the theoretical
explanation for neutrino-nucleus scattering. There are
multiple approaches to introduce NN-SRC effects, and it
is a feasible choice using the light-front dynamics (LFD)
approach [24]. The LFD method calculates NMD of the
correlation part n..(p) by empirically rescaling the high-
momentum components of NMDs of the deuteron [25].
Compared to the momentum distribution of protons, ex-
amining the momentum distribution of neutrons is more
challenging, primarily due to its electrically neutral. The
focus of this paper aims to explore the properties of neut-
rons through the neutrino-neutron reaction
vi+n— p+u . Given that neutrinos interact with neut-
rons only via weak forces, the CCQE neutrino scattering
presents distinct advantages in probing the momentum
distribution of neutrons.

The main work of this paper is outlined as follows.
Firstly, we investigate the spectral function S(p,E),
which represents the joint probability distribution to find
nucleon in the target nucleus with momentum p and re-
moval energy E. In calculating §(p,E), the mean-field
component is calculated from axially deformed Hartree-
Fock-Bogoliubov (HFB) [26] model, while the correla-
tion part is introduced through the LFD method. Sub-
sequently, based on the spectral function S(p,E), the
scaling function f(y) is derived to effectively represent
the structural information of the target nucleus. Finally,
we focus on building the CCQE neutrino-nucleus scatter-
ing model, in which the elementary weak cross section
oy 1s calculated based on the nucleon form factor and the
nuclear structure is introduced through the scaling func-
tion f(y). The influence of NN-SRC on the neutron mo-
mentum distribution is evaluated using experimental ob-
servables.

This paper is organized as follows: In Sec. 2, we con-
struct the scaling function f(y), and provide the corres-
ponding formulas for CCQE neutrino-nucleus scattering.
In Sec. 3, the results of neutrino scattering cross sections
are presented and discussed. Finally, a summary is given
in Sec. 4.

II. THEORETICAL FRAMEWORK

This section is organized into three parts. Firstly, we
provide the theoretical formulas for the CCQE neutrino-
nucleus scattering cross section. Secondly, the scaling

function f(¥) reflecting nuclear structure information is
constructed using the spectral function S(p,E). Finally,
The spectral function S(p,E) are derived employing the
HFB theory and LFD method.

A. CCQE neutrino cross section

The CCQE neutrino scattering refers to the process
vi+n— p+yu~ where a neutrino interacts with a target
nucleus, resulting in the emission of a single muon. In
this paper, we define the energy of the incoming neutrino
as E, and the kinetic energy of the outgoing muon as 7.
The mass of muon is m;, and total space scattering angle
is expressed as Q' The momentum transfer is denoted by
g, and the energy transfer is denoted by w.

The neutrino double-differential cross section is ex-
pressed as the product of the elementary weak scattering
cross section o and the structure function 2

(1

d*o 5
aqar, =77+

where o represents the scattering cross section for neut-
rino interactions with a free nucleon
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Here G = 1.166x 10"'"MeV 2 describes the strength of the
weak interaction, and the Cabibbo angle cosf.=0.975
preserves the universality of the weak interaction. &’ is
the momentum of outgoing muon. The generalized scat-
tering angle 6 in Eq. (2) is [27]
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with 0% = w? - ¢*.

The structure function F2 in Eq. (1), which contains
the neutron momentum distributions, neutron energy dis-
tributions, nucleon form factors, and other nuclear struc-
ture details. F2 can be presented as a generalized Rosen-
bluth decomposition having charge-charge, charge-longit-
udinal, longitudinal-longitudinal, and two types of trans-
verse responses [27]

?12 = ‘A/CCRCC + 2/‘>CLRCL + /VLLRLL + /VTRT + 2‘7T/RT/, )
where the kinematical factors V(K = CC,CL,LL,T,T’)
come from the leptonic tensor. The response functions Ry
in Eq. (4) are written as

Ry = NAUkf(), K=CC,CLLLT,T, (5)
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where N is the neutron number. A, and Uy in Eq. (5) are
the response factor and the single-nucleon responses,
which can be found in [28]. f(y) is the ¢ scaling func-
tion that contains the nuclear structure information. The
detailed description is provided in the next subsection.
After obtaining the double-differential cross section
d*o/dYdT,, we evaluate the flux differential cross sec-
tion for CCQE process averaged over the neutrino flux

O(E,)
/ { d*o
dT,dcos6, ],

2
o _ 1 } ®(E,)dE,, (6)

dT,dcosb, T Dy,

where 6, is the scattering angle of the outgoing muon.
The neutrino flux ®(E,) represents the probability of
neutrinos interacting with other matter at different incid-
ent energies and @, is the total integrated neutrino flux
factor [7, 29, 30].

By integrating over the scattering angle 6, and incid-
ent neutrino energy E, in the double-differential cross
section of Eq. (1), we can gain the differential cross sec-
tion as a function of the outgoing muon Kinetic energy
T

oo

<*>—

/(D(Ev)/ {m} dCOSQHdEV. N

Similarly, the differential cross section as a function of 6,
can be obtained by integrating over both the outgoing
muon kinetic energy 7, and the incident neutrino energy

E,
d’o
/(D(E )/ dT,dcos6,

Finally, the total cross section o7 of neutrino-nucleus
scattering is expressed by integrating over ¢, and T, in
the double-differential cross section

or(E,) = ff{dT dcosO} dT#dcosé?ﬂ.

B. ¢ scaling function in CCQE cross section

(Dtot
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©

Scaling method is a powerful tool to study neutrino
scattering in quasielastic region, which elucidates the dy-
namics of neutrino interactions with nucleons inside the
nucleus [31]. The ¢ scaling function provides critical in-
sights into the target nucleus, capturing the distribution of
momentum and energy among its nucleons. By introdu-
cing a kinematical variable, the scaling variable ¢, which
is solely dependent on the momentum transfer ¢ and the
energy transfer w [32]

1 A-71
V& /(1 + D+ kvl +1)

Y= (10)

with A= w/2m, and 7 = k> — A% [17]. m,is neutron mass. k
and &r are the dimensionless fermi kinetic energy and the
transfer momentum factor, respectively, as defined in
[28]. The scaling function can be derived from the struc-
ture functions [33]

Emax(q.¥) Prax (q.4,E)
F(q,y)=2n / dE / dpS (p,E)p,

Emiy Prin(q.4,E)

(11)

where S (p, E) is the neutron spectral function, with a de-
tailed description provided in the Sec. 2.3. Through en-
ergy conservation in the scattering process, the upper and
lower limits of the energy integration in Eq. (11) are

Ein = My_1 +m,, — My, (12a)

Emax =M;;_MA» (lzb)

where E.;, denotes the single-neutron separation energy
and M; is the effective mass of the system composed of
the residual nucleons. We further introduce the mo-
mentum conservation in CCQE process

w+My = /m?2+&K+q)?2+ /M2, +K2,

where the angles between k and q ranges from 0° to
180°. By substituting the angles of 0° and 180° into Eq.
(13), we obtain the upper and lower limits of momentum
integration in Eq. (11). The upper and lower bounds of
the momentum integral can be found in our previous
work [34].

At large ¢, the scaling function depends only on a
single kinematic variable ¢, and we can obtain the di-
mensionless scaling function f() of Eq. (5) is [12]

(13)

JW) = F(q.y) X pr. (14)

In Eq. (14), pr denotes the Fermi momentum of the
nucleus. Due to the CCQE process, where neutrinos only
react with neutrons, the spectral function for f(y) calcu-
lations only considers the energy and momentum distri-
bution of neutrons.

C. The nuclear spectral function

The neutron spectral function S (p,E) in Eq. (12) rep-
resents the probability of finding a neutron with mo-
mentum p and removal energy E in nuclei [35]. In this
paper, the calculations of spectral function S (p, E) are di-
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vided into two parts: the mean-field (MF) part S(p,E)
and the correlation component S .o (p, E) [22]

S, E) = Smp(p, E) + S cone(P, E). (15)
The MF part Syr(p,E) is dominated by the single-neut-
ron properties at low energy and low momentum

Swr(p.E) = > _ Cni(p)Li(E~E)), (16)

where C; is the corresponding occupation number of the
single-neutron state i. The Lorentzian function L; de-
scribes the finite width in energy dependence and E; is
the eigenvalue of the energy of the state i. The detailed
parameters of E; and their values are sourced from Refs.
[22] and [36]. The single-neutron momentum distribu-
tion n;(p) are obtained by applying the Fourier transform
to the single-particle Hartree-Fock nucleon wave func-
tion from r-space to p-space [25]. The wave function is
calculated using HFB2.0 code [37], which allows for axi-
ally symmetric deformations.

The correlation component S ...(p,E) in Eq. (15) can
be obtained from

my,
Scorr(p’ E) = ncorr(p) T
Ipl

\/g [GXp (_a,prznin) = CXp (_a,prznax)} ’
(17)

where m, is neutron mass and « = 3/[4(p>Y(A —2)/(A—1)]
[38]. Pmin and pmax in Eq. (17) are the lower and upper
limits of the center-of-mass momentum

2
A-2 A-2
p%={A_Nm—VZmA_1w—Bﬂ}, (18a)

2
A-2 A-2
Prax = {A_1|P|+ \/zmnﬁ [E—E(z)]} ,  (18b)

where E@ is two-nucleon separation energy. In order to
calculate the momentum distribution n.(p) in Eq. (17),
we adopt the light-front dynamics (LFD) method where
the one-boson-exchange model is applied to the nucleon-
nucleon interaction and the parameters are taken from the
Bonn potential [24]. The LFD method calculates the cor-
relation part n..(p) by empirically rescaling the high-mo-
mentum component of the momentum distribution of the
deuteron:

ncorr(p) = NTNCA [”2([’) +ns (p)] } (1 9)

where the two components n,(p) and ns(p) are deduced

from the LFD wave functions [25]. Within the LFD
framework, the n, originates primarily from tensor force
interactions and exhibits dominance in the range
1.5<p <3.0 fm™", while ns arises predominantly from 7-
meson exchange and mainly contribute at higher mo-
mentum p > 2.5 fm™". The scaling factor C, in Eq. (19) is
the ratio of high-momentum components between deuter-
on and target nuclei. N, is the normalization coefficient.
The detailed formula for calculating NMD and spectral
function can be found in our previous work [25, 35].

III. NUMERICAL RESULTS AND ANALYSIS

In this section, NMDs and spectral functions are stud-
ied with HFB model and LFD method. Based on these
analyses, the i/-scaling function is constructd to investig-
ate CCQE neutrino scattering process. Moreover, we ex-
plore the CCQE scattering cross sections using the -
scaling function, including double-difterential, flux-integ-
rated, and total cross sections.

A. Momentum distributions, spectral functions, and /-
scaling function

Firstly, we present the results for the nucleon mo-
mentum distributions #(p), the neutron spectral functions
S(p, E), and the y-scaling function f(%) of '*C. The cor-
responding nucleon single-particle wave functions in p-
space are computed from the axially deformed HFB mod-
el using the SLy4 parameter set. The correlation part
spectral functions S...(p,E) are obtained using the LFD
method, and the correlation strengths are C, = 4.5, as spe-
cified in Eq. (19). When calculating the y-scaling func-
tion, we use Fermi momentum py = 1.1 fm™' [14, 39].

In Fig. 1, we compare the total NMDs n(p) calculated
using HFB and HFB+LFD methods for the configuration

10° F o y-scaling
— HFB+LFD
—_ --- HFB
"= 102}
[
N
~
N
= 10
10 . AP PR RS N P S S
00 1.0 20 3.0 40 50 6.0
-1
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Fig. 1.  (color online) Total momentum distribution n(p) of

2C for the configuration g8=-0.1 calculated from the de-
formed HFB model and the LFD method. The green balls rep-
resent the n(p) obtained from y-scaling analyses on (e,e’) cross
sections [33]



Charged-current quasielastic neutrino scattering off nuclei with nucleon-nucleon...

Chin. Phys. C 49, (2025)

(B=-0.1). B represents the quadrupole deformation of
the nucleus [37]. The black dashed line depicts the n(p)
calculated by HFB, while the red solid line represents the
n(p) obtained by HFB+LFD method. The NMDs extrac-
ted from the y scaling analyses on (e,e’) experiments are
also provided in this figure for comparison [33]. From
Fig. 1, one can see that HFB calculations provide accur-
ate descriptions of the NMD under the Fermi momentum
pr. For p> pr, n(p) from MF model decreases rapidly
and diverges from experimental data. By introducing NN-
SRC contributions with LFD method, the tail values of
n(p) are enhanced, yielding a 24% proportion of high-mo-
mentum neutrons above the Fermi surface. This result
shows excellent agreement with y-scaling analysis meas-
urements. Through contrastive analysis, the LFD results
in Fig. 1 are also in agreement with the calculations from
the realistic nucleon-nucleon interactions, such as Nijme-
gen-1, -II, -Reid, Argonne vi5, and Paris NN potentials
[40].

Using the methods in Sec. 2.3, the spectral function
S(p, E) can be calculated by considering the n(p) of both
the MF and the correlation components. Fig. 2 presents
the logarithm of the neutron spectral functions S(p, E) of
12C to show the impact of NN-SRC. It can be seen that in
the regions of E > 0.05GeV and p > 2.0 fm™", S(p, E) pre-
dominantly attributes to the contributions from NN-SRC,
which has no shell structure and shows in a smooth ridge.
Unlike the NN-SRC part, one can clearly distinguish the
different single-particle states in the MF region (enclosed
by a curve) in Fig. 2. It should be noted that the nuclear
deformation impacts momentum distributions n(p) by
modifying single-particle energy levels, thereby affecting
the number of nucleons participating in scattering pro-
cesses, which have been addressed in our earlier work
[35].

In Sec. 2.2, it is discussed that the scaling function
connects the calculations of nuclear structure with the
CCQE neutrino scattering process. In this part, based on
the neutron spectral function S(p, E) in Fig. 2, the y-scal-
ing function f(y) are calculated by integrating the S(p, E)
over the energy E and momentum p. In Fig. 3, two ¢-
scaling functions from HFB and HFB+LFD models are
presented with the normalization [ f(y)dy =1.To fur-
ther strengthen the credibility of our models, we also cal-
culate and include the f(y) from the Coherent Density
Fluctuation Model (CDFM) and the experimental f(y)
extracted from electron scattering experiments [41]. As
shown in this figure, two theoretical f(¥) with and
without NN-SRC can reflect the overall trend in the ex-
perimental data.

After considering NN-SRC, the y-scaling function
demonstrates different behaviors at the peak position and
in the negative-y region. At the peak position of (i), the
result of HFB+LFD model is lower than that of the HFB
model. In the tail of f(y), the values from the HFB+LFD

logo(S(p,E)/GeV™)

5.0
40
3.0
—— 1+(151/2)
2.0
S 1.0
~— 1-(1p112)
0.0
0.0 1.0 2.0 3.0
p(fm™)

Fig. 2.  (coloronline) Neutron spectral functions S(p, E) of
2C for the configuration g=-0.1 calculated from the de-
formed HFB model and the LFD method. The logarithm of
S(p, E) is presented to highlight the NN-SRC part, and the re-
gion enclosed by a curve describes the MF contributions.

10k

-1 ,
M
> F
=
S~
2
10 n —— HFB+LFD
e HFB+LFD (CDFM)
10-3 L 1 L 1 " 1 L 1
-1.5 -1.0 -05 00 05 1.0
\VJ
Fig. 3. (color online) Scaling function f(y) for '>C obtained

using HFB, HFB + LFD, and HFB+LFD (CDFM) models at
q=1000 MeVl/c, with the
f fW)dy = 1. The experimental data (gray area) are from Ref.
[41].

respectively, normalization

model are higher than those from the HFB model, espe-
cially in the region ¢ < —1.0. This indicates that NN-SRC
mainly contribute to the low and high energy tails of
f@). Additionally, compared to the HFB model, f(¥)
with NN-SRC exhibits asymmetry. This reflects that the
strong interactions between particles induce asymmetry
in the energy distribution. To enhance the credibility of
our results, HFB+LFD results are compared with those
from the CDFM. As can be seen from the Fig. 3, our res-
ults are consistent in behavior with the CDFM, and both
of them align more closely with the experimental data.
From Fig. 3, although the inclusion of NN-SRC ef-
fects improves the behavior of f(i), minor discrepancies
persist between theoretical predictions and experimental
data. This occurs because the model neglects certain com-
plex many-body effects, including but not limited to two-
particle-two-hole (2p-2h) excitations and meson-ex-
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change currents (MEC) [42—44]. The 2p-2h states, de-
scribing short-range correlations as transient high-mo-
mentum nucleon pairs, introduce non-independent
particle motion that significantly alters the nucleon mo-
mentum distribution, with dominant contributions in the
negative-y region [45]. MEC arising from non-local in-
teractions mediated by virtual pions and other particles
between nucleons, primarily induce further enhancement
of the f(¥) scaling function in the negative-y region [46].

B. CCQE neutrino scattering cross sections

In this subsection, we utilize the scaling functions
f@W) tostudy the CCQE neutrino scattering cross sec-
tions and analyze the impact of nuclear structure on dif-
ferential cross sections and total cross sections.

After obtaining the y-scaling function, the double-
differential cross sections d*c-/dQY'dT, of CCQE neutrino
scattering of '“C are computed by decomposing the cross
sections into the product of the elementary weak scatter-
ing cross section o, and the structure function F? as de-
scribed in Sec. 2.1. The corresponding results calculated
from HFB and HFB+LFD models are shown in Fig. 4.
The horizontal axis represents the kinetic energy of emit-
ted muons, denoted as T,. Fig. 4 displays d?c/dQ'dT, at

GeV, respectively, both at scattering angle 6, = 30°.

From Fig. 4, one can observe three distinct character-
istics of the cross sections. First of all, the peak of the
d*o/dQYdT, corresponds to the position where the scal-
ing function ¢ =0 in f(¥). The position of this peak rep-
resents that neutrinos are scattered by neutrons with mo-
mentum p = 0. In addition, as E, increases, the location
of the peak shifts towards high 7,,. This is because the in-
crease in E, leads to a corresponding rise in 7,,. Finally,
the peak position of cross section initially increases and
then decreases as increasing of E,. This behavior is
linked to the interactions between neutrinos and neutrons,
with a detailed discussion to follow in the total cross sec-
tion.

It can also be observed in the four panels of Fig. 4
that after introducing NN-SRC, the values of d*c0-/dQY'dT,
increase in the high-7, region. This is due to the fact that
correlations lead to an increase in the number of high-p
neutrons in Fig. 1. Compared with the MF nucleons, the
contribution of these high-p nucleons becomes more pro-
nounced at higher outgoing energies [34]. Besides, the
value of d?c/dQ)'dT, at the peak position decreases in the
four panels of Fig. 4 after considering the contribution of
NN-SRC. For a fixed incident energy E, and scattering

incident neutrino energies of E,=0.4, 0.7,1.0 and 1.3 angle 6,, not all neutrons can participate in the CCQE
— HFB+LFD -- HFB
12.0 F
10.0 F @ = 16.0F (b)
—~ 80F 04GeV |12.0F
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S 40} ;
g 20 40¢
- ] \ [
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Fig. 4. (color online) Double-differential cross sections of the reaction '>C (v,,, ,u’) for different incident neutrino energies E, at scat-

tering angle 6, = 30°.
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scattering process and a certain portion of neutrons are
precluded due to the requisite conditions of energy and
momentum in Eq. (11). Therefore, after incorporating
NN-SRC, the cross section is lower than the cross sec-
tions with only MF contributions.

The quasielastic °C (v,,u~) flux-integrated differen-
tial cross sections d*c-/dcosfdT, are analyzed using the
formula from Eq. (6). The corresponding results are dis-
played in Fig. 5. In this figure, f() of RFG model is
refer to Ref. [27]. The experimental data and the neutrino
flux ®(E,) are sourced from the MiniBooNE experiment
[47]. From Fig. 5, one can see that three theoretical res-
ults can effectively reproduce the shape and the positions
of the peaks at different scattering angles. Besides, the
flux-integrated differential cross sections all start from
T, =0. This because the Eq. (6) accounts for all incident
neutrino energies, resulting in the outgoing muon kinetic
energy start from 7, =0. Finally, the peak width of the
scattering cross sections narrows as the cosg, decreases.
This narrowing is attributed to the momentum triangle re-
lationship ¢> = k> +k'> — 2kk’ cos6, and momentum con-
servation in Eq. (13), where a smaller cos, results in lar-
ger momentum transfer ¢, leading to a corresponding de-
crease in the maximum value of T,.

After introducing NN-SRC, it is clearly visible in Fig.

25.0

5 that, compared with the RFG and HFB models, the
HFB-+LFD model displays higher values and extends fur-
ther in the right tail of the cross sections. This is because
the other two models lack high-p neutrons, with all states
below the Fermi momentum p; being occupied. Besides,
it can be observed that after introducing NN-SRC, there is
a slight decreasing in the peak position of flux-integrated
differential cross sections.

In order to more clearly extract information about the
neutron momentum distribution from the scattering cross
section and analyze the influence of NN-SRC on neutrino
scattering, Fig. 6 presents the quasielastic “C (v,,u")
flux-integrated differential cross sections d*c-/dcos6dT,
in logarithmi¢ coordinates, with the scattering angle
range of 0.2<cosf, <0.3. As shown in Fig. 6, the
HFB+LFD model, which incorporates NN-SRC effects,
yields-larger values with an extended tail compared to the
results of HFB model. This behavior can be explained
through the scaling function f(y) in Fig. 3. By combin-
ing the definition of ¢ in Eq. (10) and the energy conser-
vation relation T, = E, — w, the negative-y region in Fig.
3 corresponds to the high-7, region of the scattering
cross section. Because NN-SRC effects predominantly in-
fluence the negative-y region, therefore, the enhanced
cross section observed in the high-7, region of Fig. 6 is
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Fig. 5.

(color online) Flux-integrated double-differential cross section per target nucleon for the CCQE process on '2C displayed

versus the muon kinetic energy 7, for various bins of cosf,. The corresponding scaling functions f(y) are obtained from the RFG,
HFB, and HFB+LFD approaches. (a) 0.8 < cosd, <0.9, (b) 0.2 < cosé, <0.3, (¢) —0.1 < cosf, <0.0, (d) —0.7 < cosf, < -0.6.
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Fig. 6. (color online) Flux-integrated double-differential
cross section per target nucleon on '*C versus muon kinetic
energy T, in logarithmic coordinates, with the scattering angle
range 0.2 <cosf, <0.3. In calculation process, the correlation
strengths Cs =4.5, corresponding to 24% of neutrons above
the Fermi momentum pf.

directly attributable to NN-SRC effects.

In Fig. 6, the HFB+LFD theoretical calculations in-
corporating NN-SRC effects align well with experiment-
al values, exhibiting a upward trend at the right tail of the
scattering cross section (7, > 0.6GeV). Furthermore, In
Fig. 6, comparison between theoretical results and experi-
mental data reveals that the NN-SRCstrength is' con-
strained to C, =4.5 in Eq. (19) for "*C. This exhibits an
upward trend in the high-T, region-of the scattering cross
section and indicates that correlated neutrons account for
approximately 24% of the total neutron population. In
this analysis, the contribution of NN-SRC effects to high-
momentum neutrons in '2C consistent with the ab initio
calculation.

We continue to analyze the trend of scattering cross
sections do/dcosf, withrespect to variations in outgo-
ing muon angle 6,. Based on Eq. (8), the cross sections
are represented as a function of scattering angle 6, by in-
tegrating over the incident neutrino energy E, and the
outgoing muon kinetic energy 7,. In Fig. 7, cross sec-
tions do/dcos6, from three models are compared to ana-
lyze the impact of neutron momentum distributions on
the cross sections. From this figure, one can see that scat-
tering primarily occurs at small angles and is sensitive to
the changes in 6,. Additionally, the results of the three
models exhibit minimal differences in Fig. 7. This is be-
cause the scattering involves the same neutron number N
but different NMDs. It is discernible that, compared to
the NMDs, do/dcos6, are more responsive to the neut-
ron number N involved in the CCQE process.

At the end of this section, the total cross sections o
of CCQE neutrino scattering with Eq. (9) are investig-
ated and the results of o are presented in Fig. 8. In this
figure, the blue line, the black line, and the red line rep-
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NE — HFB+LFD
R 200f ---HFB
IR e RFG

=150}

&S

10.0}

o

Q

% 50F

o

0‘0 1 1 1
-1.0 -0.5 0.0 0.5 1.0
cost,
Fig. 7. (color online) Flux-averaged CCQE v,-"2C neutrino

scattering differential cross section per nucleon as a function
of the muon scattering angle 6.
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Fig. 8. (color online) CCQE v,-"*C neutrino scattering total

cross sections per nucleon are displayed versus reconstructed
neutrino energy E,, evaluated using the RFG, HFB, and HFB
+ LFD approaches. The experimental data are from Mini-
BooNE [47] and NOMAD [6] experiments.

resent the total cross section calculated using the RFG,
HFB, and HFB+LFD models, respectively. For comparis-
on, the experimental data from the MiniBooNE and
NOMAD are also provied in this figure. As shown in Fig.
8, the shapes of the total theoretical cross sections or
predicted by three theoretical models agree well with the
experimental data, which demonstrates the effectiveness
of scaling theory and the reliability of spectral function
theory in Sec. 2.

There are three features displayed in Fig. 8. Firstly,
the total cross section o7 begins at reconstructed neut-
rino energy E, = 0.105GeV, which is due to the minim-
um energy of the incident neutrinos must be sufficient to
emit a muon with m/, =0.105GeV. Secondly, in the re-
gion 0.105GeV < E, < 1GeV, the interaction between
neutrinos and neutrons strengths progressively, leading to
a continuous increase in the value of the or. This can
also explain the rise of the double-differential cross sec-
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tion d*o/dYdT, with the increase of E, in Fig. 4. Fi-
nally, it can also observe that in the region E, > 1GeV,
the oy essentially stabilizes with the increase of the E,.
This indicates that the number of nucleons involved in
CCQE neutrino scattering reaches saturation.

We continue to compare and analyze the results from
the three theoretical models. It is worth noting that after
including NN-SRC, the difference in the total o7 is minor
between the HFB+LFD and the HFB models. This is also
because the scattering cross sections are more sensitive to
the neutron number rather than to the neutron momentum
distribution. Therefore, after integrating over 6, and T,
for different models in Fig. 4, the differences become
negligible in total cross sections. If we studying NN-SRC
effects through the CCQE neutrino scattering, the flux-in-
tegrated cross sections d’c/dcos@dT, in Fig. 5 may
present a more advantageous approach than the total
cross section in Fig. 8.

The results from both Figs. 5 and 8 also show a re-
duction in flux-integrated and total cross sections for both
the HFB and HFB+LFD compared to experimental val-
ues. This discrepancy primarily arises from the theoretic-
al calculations not accounting for two-nucleon knockout
processes [7] and 2p-2h effect [48]. In the CCQE process,
the occurrence of two-nucleon knockout /increases the
overall probability of experimental scattering events.
When neutrinos interact with groups of nucleons, such as
proton-neutron pairs, the probability of neutrino-nucleus
interactions is enhanced, resulting in an increased experi-
mentally measured cross section. This phenomenon res-
ults in theoretical results that are lower than the experi-
mental data.

IV. SUMMARY

In this work, we develop the theoretical model of
CCQE neutrino scattering which includes two primary
components: the single nucleon scattering cross section
oo derived from the nucleon form factors, and the scal-
ing function f(y) come from the sophisticated nuclear
structure model. Using the constructed scattering model,
we analyze the behavior of CCQE neutrino scattering
cross sections at different scattering angles 6, and incid-
ent neutrino energies E, to investigate the contributions
of the MF and correlation nucleons.

The findings are summarized as follows. From flux-
averaged differential cross sections, one can see that the
theoretical results can effectively reproduce the shape and
the positions of the peaks at different scattering angles.
The neutron momentum distribution can be extracted
from the cross sections, elucidating the impact of NN-
SRC effects on neutrino-nucleus scattering. For the total
cross section oy, the behavior of scattering cross sec-
tions are analyzed across different reconstructed neutrino
energy ranges. The starting point of the scattering cross
sections occur at E, = 0.105GeV. With the increase of E,,
a turning point appears at E,=1GeV. In the region
E, > 1GeV, the total scattering cross section remains
stable. This suggests that the number of nucleons parti-
cipating in CCQE neutrino scattering achieves saturation.

The CCQE models in this paper not only examine the
nuclear structure models but also can be used to study the
momentum distribution of neutrons. The studies in this
paper enhance our understanding of nuclear structure and
provide essential constraints for the analysis of signals
and backgrounds in future neutrino oscillation experi-
ments.
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