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Quasielastic charged-current neutrino-nucleus scattering with relativistic nuclear models
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Charged-current neutrino-nucleus scattering is studied in the quasielastic region with various relativistic
nuclear models that include the relativistic Hartree, the nonlinear o, the quark-meson coupling, and the chiral
quark-meson coupling models. Theoretical results at several kinematics are compared with experimental data
measured from MiniBooNE, T2K, MicroBooNE, and SciBooNE. While the theoretical double-differential cross
sections in terms of the kinetic energy and polar angle of outgoing muon describe the T2K data well, the
single-differential cross sections in terms of energy loss and the total cross sections of incident neutrino energy
do not properly describe MiniBooNE, MicroBooNE, and SciBooNE data. Additionally, differences from the
relativistic nuclear models are examined in detail by comparing with the experimental data. In particular, the
MiniBooNE data are not consistent with MicroBooNE and SciBooNE data, where the incident neutrino energies

are below 1 GeV.
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I. INTRODUCTION

In the last decade, the cross sections of neutrino-nucleus
(v-A) scattering have been measured at NOMAD [1], Mini-
BooNE [2-6], SciBooNE [7,8], MINERVA [9], MINOS [10],
T2K [11,12], NOvVA [13], and MicroBooNE [14,15]. These
experiments have improved the accuracy for the measure-
ments of differential cross sections from various target nuclei.
The main goal of these experiments is to provide clues for
unsolved problems such as the neutrino mass, neutrino oscil-
lation, Dirac or Majorana particle, and so on.

Quasielastic v-A scattering is one of tools to study not
only neutrino puzzles but also properties of target nucleus.
Because the energy of the incident neutrino can hardly be
fixed, its energy flux is taken by averaging the incident energy.
In particular, this interaction requires accurate information
of neutrino kinematics, target nucleus, and electroweak cur-
rent operator. The relativistic mean-field (RMF) model [16],
the random-phase approximation (RPA) [17], the Fermi gas
model [18], and so on [19] are mainly used as the nuclear
model to describe the quasielastic scattering. The electroweak
current operator is consisted of two vectors, one axial vector,
and one pseudoscalar form factors.

For the inclusive charged-current (CC) quasielastic v-A
scattering, where the outgoing charged lepton is only mea-
sured, observable quantities are the angle and the kinetic
energy of the final lepton. Because of the wide energy dis-
tribution of neutrino beam, it is difficult to determine the
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energy of the neutrino and subsequently it is crucial to identify
the outgoing charged lepton. For the analysis, the neutrino
energy ECE and squared four-momentum transfer QZQE are
reconstructed in the CC quasielastic region [2]:

2 2 2
£0E 2MLE — (M, + m} — M?)

2M', — 2B + ZMCOS 0
Q2QE = —m} +2E%E (E; — \/ﬂcos 9,),

where E; = T; + my is the total energy of the outgoing lepton
with the kinetic energy of the lepton 7, and M,,, M ,, m; are the
neutron, proton, and outgoing lepton masses. M', = M,, — E},
is the adjusted neutron mass depended on the binding energy
Ej. The reconstructed energy EZE can be theoretically calcu-
lated straightforward but it is not good enough to estimate true
neutrino energy due to dynamics of nucleons in target nucleus.
We note that there are several papers to discuss the kinematics
of nucleons in the quasielastic region [20-22].

Not only the neutrino kinematics but also the axial mass
form factor and the strangeness contents on the nucleons turn
out to be important ingredients. Through the CC reaction, in
particular, the axial mass was measured with My = 1.05 +
0.02(stat) & 0.06(syst) GeV with 3 < E, < 100 GeV at
NOMAD [1]. At MiniBooNE [2], the CC quasielastic double-

. . . 2 . . .
differential cross sections ( (H‘éﬁ), single-differential cross
n "

section (£%;), and flux-unfold cross sections were mea-

d
i
sured using muon neutrino interaction on '>C with the 0 <
E, < 3 GeV region and the My = 1.35 +0.17 GeV was ex-

tracted. Another experiment at MiniBooNE [3] measured the
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differential cross section (;%) on CH, for neutrino neutral-
current (NC) reaction and the strange axial form factor was
obtained g, = 0.08 £ 0.26 at squared four-momentum trans-
fer 0> = 0. The antineutrino CC and NC reactions were
measured at MiniBooNE [4,5]. Recently, a new CC cross
section with monoenergetic muon neutrino at 236 MeV was
measured from MiniBooNE [6], that the neutrinos are gener-
ated from the decay of kaon at rest, called kaon-decays-at rest
(KDAR).

The muon neutrino CC inclusive cross sections were mea-
sured with both NEUT- and NUANCE-based simulations and
both results are consistent with SciBooNE [7], and the analy-
sis of combined MiniBooNE/SciBooNE data was performed
for v, and v, disappearance [8]. The value of My = 0.99 GeV
for v, CC reaction was obtained at MINERvA Collabora-
tion [9] in the NuMI neutrino beam, which is in agreement
with standard value, 1.032 GeV. The other value of M, =
1237083 (fit) "0 12(syst) GeV was measured at MINOS [10]
in quasielastic scattering of muon neutrino on *Fe with the
average energy (E,) = 2.79 GeV. The experiment of muon
neutrino CC interaction was also performed without pion in
the final state at T2K [11,12] and then M4 was measured to
be 1.26f8ﬁ§ GeV. At NOvVA [13], the first measurement of
the oscillation of muon neutrino into electron neutrino was
reported. New muon neutrino scattering for the CC reaction
was performed on *°Ar at MicroBooNE and measured the
cross sections for various kinematics [14,15]. Note that the
values of M, are well summarized in Ref. [23].

There have been many theoretical works [24-32] for
analyses of the CC quasielastic experiments. Within a
relativistic distorted impulse approximation (RDWIA), the
authors in Refs. [24,25] calculated the CC v,-'>C and
vu-4OAr quasielastic scattering and determined 1 < My <
1.20 GeV in comparison with MiniBooNE and MicroBooNE
data. In Ref. [27], the CC double-differential cross sec-
tion was compared with the MiniBooNE data by including
a many-body expansion of the gauge boson absorption. The
experimental data from MiniBooNE, T2K, MINERvVA, NO-
MAD, and SciBooNE were analyzed within the framework of
extended superscaling approach (SUSAv2) by including the
MEC and found that the contribution of the 2p-2h is about
15%-25% depending on the kinematics [29]. In Ref. [30],
the effects of the strange axial form factor and axial mass
were discussed for both NC and CC quasielastic interactions
from '2C, “°Ca, °Fe, and 2*®Pb within the quantum hadrody-
namics (QHD) model and the role of g}, is found to increase
with heavier nuclei. The authors in Ref. [32] calculated the
CC quasielastic scattering with nonrelativistic nuclear en-
ergy density functional and then the effect of isoscalar mass
is dominated but that of isovector effective mass can be
neglected.

The QHD, as a representative RMF nuclear model, has
been established by Walecka within a relativistic framework
for describing nuclear many-body system, where the point-
like nucleons interact through the exchange of scalar (o)
and vector (@) meson [33]. This model has achieved great
success in understanding the saturation mechanism of infinite
matter and the characteristics of doubly magic nuclei with the

inclusion of isovector (o) meson [34]. Boguta and Bodmer
introduced a nonlinear ¢ self-coupling, the so-called non-
linear o (NL) model [35], to reproduce the realistic nuclear
incompressibility because the equation of state (EoS) given
by the naive QHD was too hard. The NL has been used to
describe not only light doubly magic nuclei but heavy de-
formed nuclei [36,37]. Guichon [38] propose the quark-meson
coupling (QMC) model, in which the properties of nuclear
matter can be self-consistently calculated by the coupling of
meson fields to the gquarks within the nucleons rather than to
the nucleons themselves [39]. In addition, the QMC model
has been extended to include quark-quark hyperfine interac-
tions due to exchanges of gluon and pion based on chiral
symmetry [40]. This new version of the chiral QMC (CQMC)
model guarantees the conservation of axial vector current in
chiral limit, and it was applied to the neutron-star EoS within
relativistic Hartree-Fock approximation [41]. These models
were recently applied into the exclusive (e, ¢ p) [42] and in-
clusive (e, ') [43] reactions for electron-nucleus quasielastic
scattering and shown to be in good agreement with the exper-
imental data. The detail explanations of each models are in
Ref. [42].

In the present work, we calculate the muon neutrino CC
interaction from '2C and *°Ar in the quasielastic region and
compare the calculated various cross sections with Mini-
BooNE, T2K, SciBooNE, and MicroBooNE data. In these
calculations, the wave functions of bound nucleons in tar-
get nucleus are generated from the QHD, NL, QMC, and
CQMC models and the wave functions of the continuum
nucleons are obtained by solving the Dirac equation with
the scalar and vector potentials generated from the same
models of the bound nucleons. This method guarantees cur-
rent conservation and gauge invariance. In Refs. [44,45], the
energy-dependent potential of the knocked-out nucleon was
studied to include the large momentum transfer. In order to
keep the current conservation and gauge invariance, the same
potential is used in this work. For the Coulomb distortion
of outgoing muon from target nucleus, the same approxima-
tion exploited by Ohio group [46] is used. Especially, the
difference between these models is small on the exclusive
(e, ¢'p) reaction [42], but on the inclusive (e,e’) reac-
tion [43], the difference is large because of summing all bound
nucleons.

In the present paper, the formalism of the inclusive CC v-A
scattering is briefly introduced in Sec. II, and Sec. III presents
the results and discussion. Finally, we summarize the work in
Sec. IV.

II. FORMALISM

In the quasielastic v(V)-A scattering, we choose that
the target nucleus is seated at the origin of the coordi-
nate system. The four-momenta of the participating bodies
are denoted as pl' = (E;, p), P = (. py). P = (Ex. Pa).
Pl | = (Es—1,pa—1), and p* = (Ey, p) for the incident neu-
trino, outgoing muon, target nucleus, the residual nucleus,
and the knocked-out nucleon, respectively. Within the labo-
ratory frame, the inclusive cross section in the CC reaction,
which detects only outgoing lepton, is given by the contraction
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between lepton and hadron tensors:

do MMy . . _ +
I = 47[2(277)—31‘4/1 / sin 6;d6,; / sin OndOy pfoi oy
x[vLRr + vrRr + hvp R} 1, (D

where My is the nucleon mass in free space, 6; denotes
the scattering angle of the lepton, 6y is the polar angle
of knocked-out nucleons, Ty is the kinetic energy of the
knocked-out nucleon, and 4 = —1 (h = +1) corresponds to
the intrinsic helicity of the incident neutrino (antineutrino).
The R, Ry, and R} are longitudinal, transverse, and trans-
verse interference response functions, respectively. Detailed
forms for the kinematical coefficients v and the corresponding
response functions R are given in Ref. [16]. The squared

four-momentum transfer is given by 0% = ¢> — w? = —qi.

For the CC reaction, the kinematic factor aﬂ‘}’ * is defined by

2
O'Wi _ 1— ]‘412 GF COS(Qc)EfM‘%V (2)
M . 2 2 ’
E; ZJT(Q +MW)

where My is the rest mass of the W boson, and M, is the
mass of an outgoing lepton. ¢ represents the Cabibbo angle
given by cos? ¢ >~ 0.9749. G denotes the Fermi constant.
The recoil factor f. is written as

Ey |: Q'P]’
1+ 1— . 3)
Es P*

By the Fourier transform of the nucleon current density, the
nucleon current J* is written as

Es

frec = M,

Jh = / Vpd e dr, @)

where J* is a free electroweak nucleon current operator,
and v, and v, are wave functions of the knocked-out
and the bound state nucleons, respectively. The wave func-
tions are generated with the same models as the previous
works [42,43]. For a free nucleon, the current operator of the
CC reaction is composed of the weak vector and the axial
vector form factors:

3 = F @ + B () =——0""q, + Ga(QH)y"y*

1
2My

By the conservation of the vector current (CVC) hypothesis,
the vector form factors for the proton (neutron), Fiv’ P02y,
are expressed as

FYP™(Q%) = FP(Q) — F'(Q). (6)

The axial form factors for the CC reaction are given by

2My

+—Gp(QH)q" Y. Q)

—8A
(1+ 0 /m2)’

with g4 = 1.262 and the global value of the axial mass is
M, = 1.032 GeV.

Ga(Q?) = (7

The induced pseudoscalar form factor is parametrized by
the Goldberger-Treimann relation

2My )
——G , 8
5 1@ ®)

where m;, is the pion mass.

Gp(Q*) =

III. RESULT

By using the QHD, NL, QMC, and CQMC nuclear models,
we calculate various differential cross sections and total cross
section in the quasielastic (v,, ™) and (¥, wT) reactions
off 12C and *°Ar, and compare the theoretical results with
MiniBooNE, SciBooNE, T2K, and MicroBooNE data. In the
neutrino experiments, the energy of incoming neutrino cannot
be fixed, so the cross sections have to be averaged over the flux
of the incident neutrino beam. In the previous work [30], we
calculated the quasielastic v-A scattering by varying the value
of M, from the standard value to 1.39 GeV with the QHD
model. But it was not enough to describe the MiniBooNE data
even with 1.39 GeV because of excluding additional nuclear
effect such as multinucleon emission. Hence, we just choose
the standard value of M, in the present calculation. Note
that the whole cross sections are divided by the number of
nucleons which are involved in the reaction.

Figure 1 shows the flux-averaged double-differential cross
sections in terms of three-momentum of outgoing muon at
fixed polar angle of the muon. The solid (red), dashed (black),
dotted (blue), and dash-dotted (sky blue) curves are the results
of the QHD, NL, QMC, and CQMC models. Here, “°Ar
is used as target nucleus and the experimental data were
measured from MicroBooNE [14]. In this experiment, the
momentum of the outgoing muon was measured by using mul-
tiple Coulomb scattering for the muon tracking in the detector
and the data include O NP interaction channel meaning no
pion with at least one proton (N > 1) in the final state. The
red lines shift toward lower momentum relative to the others
whose peaks are located almost at the same position. The
magnitude of the CQMC is the smallest, which is suppressed
by the quark-quark hyperfine interactions due to exchanges
of gluon and pion. The effect of nonlinear o field decreases
with larger angles although the peak of the NL approaches
that of the QHD. The theoretical results at backward angles
overestimate the data as in Fig. 1(a), shift toward large mo-
mentum around 90°, but describe the data relatively well at
forward angle. Since the three-momentum transfer ¢ is large
at backward angle, there are much room for not only pure
quasielastic scattering but other processes like multinucleon
interaction to be involved. Note that the central values for the
cos 6, are used up to Fig. 4.

In Fig. 2, the flux-averaged double-differential cross sec-
tions are shown in terms of the polar angle of muon from '>C
at fixed kinetic energy (central values) of the muon and the
data were measured from MiniBooNE [2]. We took the exper-
imental data from Table VI in Ref. [2] whose total normalized
uncertainty is 10.7%. The unit of the kinetic energy 7}, for the
outgoing muon is GeV. The explanation of the curves is the
same as that of Fig. 1. On the left panel, our results do not
agree with the data at low kinetic energy [Fig. 2(a)] because
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FIG. 1. Flux-averaged double-differential cross sections in terms of three-momentum of the outgoing muon from “’Ar. The data were

measured by the MicroBooNE Collaboration [14].

of plausible multinucleon interactions but the agreement be-
comes much better at high kinetic energy [Fig. 2(b)]. In the
latter case, the differences between the NL, QMC, and CQMC
models are very tiny but the deviation of the QHD is large and
even the peak shifts to right side. For this case, the effects
of the nonlinear o field and the internal quark structure in a
nucleon enhance the cross sections over the whole region of
T,, and shift toward lower cos 6,,.

As shown in Fig. 3, the flux-averaged double-differential
cross sections off '2C are calculated with respect to the ki-
netic energy of the muon at fixed polar angle and the data
were measured from MiniBooNE [2]. The peaks of theoretical
results shift toward lower kinetic energy, and the magnitudes
are underestimated by small amount on the left panel but on
the right panel are overestimated except the red line. Like the
previous case in Fig. 2, the results of the QHD are the smallest
and the influence of quarks inside a nucleus appears clearly
in the QMC and CQMC. On the left panel the effect of the
nonlinear o field is very small. According to the results of
Figs. 2 and 3, the role of internal quark structure enhances

W
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’ +++++++++ 20 + Q1\I>[% .............
I ++ ++ | CQMC

dzcr/dTu d(coseu) [10'39cm2/GeV nucleon]

coseu coseH

FIG. 2. Flux-averaged double-differential cross sections in terms
of the scattering angle of the outgoing muon from '2C. The data were
measured by the MiniBooNE Collaboration [2].

the double-differential cross sections and the effect of the
nonlinear o field also increases the cross section except small
cos0,,.

In Fig. 4, we calculate the flux-averaged double-differential
cross sections off '2C in terms of the momentum of muon at
fixed polar angle and compare them with the data measured
from T2K [12]. In this case, the kinematics are the same as
the Fig. 1. In particular, the experimental data were measured
without correcting for events where a pion is produced and
we took the data for true p, and true cosf, in Fig. 12 of
Ref. [12]. Our theoretical cross sections describe the data very
well even including the positions of the peaks compared with
the MicroBooNE and MiniBooNE data. The magnitudes are
relatively comparable in the theoretical results. In the case of
this kinematics, the chiral effect from quark-quark interaction
is the largest and the results of the NL and CQMC models
are very close. These results are contrary to those of Fig. 1.
The difference between two results is only target nucleus, that
means, the influence of the quark-quark hyperfine interactions
enhances the cross sections on '>C but reduces them on “’Ar.
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FIG. 3. Flux-averaged double-differential cross sections in terms
of the kinetic energy of the outgoing muon from '2C. The data were
measured by the MiniBooNE Collaboration [2].
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FIG. 4. Flux-averaged double-differential cross sections in terms
of the three-momentum of the outgoing muon from '>C. The data
were measured by the T2K Collaboration [12].

Figure 5 shows the flux-averaged single-differential cross
sections off “° Ar in terms of total energy of the outgoing muon
which are compared with the data from MicroBooNE [15].
This kinematics are similar to those of Fig. 1 due to the

relation of E,, =,/ pi + mi after integrating the polar angle

of the outgoing muon. While our theoretical results do not
describe the data in Fig. 1, they are comparable with the data
owing to the integration of the polar angle. The cross sec-
tion of the CQMC is decreased by the hyperfine interactions
and the nonlinear o field enhances the cross section like the
previous one in Fig. 1. The peak of the QHD shifts to the
lower E,, about 100 MeV and the others are almost the same
position with the data.

Figure 6 shows the flux-averaged single-differential cross
section off “’Ar in terms of the energy transfer and we
compare the cross section with the data measured from Mi-
croBooNE [15]. The theoretical results do not describe the
data at all for both the magnitude and the position of the peak.
Figures 5 and 6 look quite different even though the cross sec-
tions are given separately by simple kinematical variables, the
one by the muon energy E,, and the other by the energy trans-
fer w, that are related through w = E,, — E,,. This is basically

1.5
B QHD ——
2 - NL - --- -
é ++ QMC e
> 10 3 2 -+- CQMC i
8 : MicroBooNE —e—
(\IE |
(]
S 05Ff
=
29)
g L
o)
kS|
0 Il
0 0.5 1.0 1.5 2.0

E, (GeV)

FIG. 5. Flux-averaged single-differential cross sections in terms
of the outgoing muon energy from *’Ar. The data were measured by
the MicroBooNE Collaboration [15].

2.0

MicroBooNE —— |

1.0 |

0.5

do/do [10'38 cm>/GeV nucleon]

o (GeV)

FIG. 6. Flux-averaged single-differential cross sections in terms
of the energy transfer from “°Ar. The data were measured by the
MicroBooNE Collaboration [15].

due to the fact that the incident neutrino beams are not mo-
noenergetic and their flux averaging has to be adopted [14,15].
According to Ref. [47], do /dw is advantageous as the various
different reaction channels are entangled. But our results in
Fig. 6 overestimate the MicroBooNE data only at lower w
and underestimate in the rest regions. Nevertheless, for the
magnitude and the position of peak, our results are similar to
Fig. 6 of Ref. [47]. In order to explain the MicroBooNE data,
it may be necessary to include excited states generated by the
RPA at lower w and at higher w to consider other inelastic
processes like pion production. The quark-quark hyperfine
interactions reduce the cross section and the nonlinear o field
increases it like the previous results of Figs. 1 and 5.

In Fig. 7, the scaled total cross sections are shown in terms
of the incident neutrino energy and are compared with Mini-
BooNE [2], SciBooNE [7], and MicroBooNE [15] data. The
left panel is the results for the incident neutrino and the right
panel is the results for the incident antineutrino. The scaled
total cross section represents the total cross section divided
by the number of nucleons which participate in the reaction.
Although the theoretical results describe the MiniBooNE data
for the case of the antineutrino, they do not describe the

1.5 — 1.0 . .
—_ (a)
= L
3 I
2 -
g 10¢ ]
>
o
NQ . 405
g ;
B 03 MiniBooNE —e— |
E - MicroBooNE e r
<] r / SciBooNE R

0 L 0

0 0.5 1.0 1.5 20 0 0.5 1.0 1.5 2.0
E, (GeV) E;(GeV)

FIG. 7. Scaled total cross sections in terms of the incident neu-
trino energy (left) and the antineutrino energy (right). The data were
measured by the MiniBooNE [2], SciBooNE [7], and MicroBooNE
Collaboration [15].
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data for the neutrino. Below 1 GeV, our results overestimate
the SciBooNE and MicroBooNE data but underestimate the
MiniBooNE data. Surprisingly, the experimental data do not
agree with each other below 1 GeV. MiniBooNE data are
much larger than the data from the other two experiments,
SciBooNE and MicroBooNE. Note that the data measured
from SciBooNE are inclusive by including a pion production,
coherent pion production, and deep inelastic scattering.

IV. SUMMARY

In the present work, we calculate the CC quasielastic scat-
tering of the neutrino and antineutrino with '>C and “’Ar with
four relativistic nuclear models and compare the theoretical
results with MiniBooNE, SciBooNE, T2K, and MicroBooNE
data. Both the wave functions of bound nucleon and outgoing
nucleons are generated with the same nuclear potentials ob-
tained from these models to include the final state interaction.
Note that there are no any parameters to satisfy the exper-
imental data except global values like an axial mass in the
electroweak operator and we exclude the inelastic processes
like MEC.

The double-differential cross sections in the CQMC model
are the smallest in magnitude with respect to the momentum
of the muon while in other cases those from the QHD model
are the smallest. The theoretical cross sections describe prop-
erly the data from T2K but do not the data from MiniBooNE
and MicroBooNE. The single-differential cross sections are
calculated in terms of the muon energy and the energy transfer
and compared with the data measured from MicroBooNE.
The theoretical single-differential cross section for the muon

energy describes the MicroBooNE data well but it elucidates
the data no longer in terms of the energy transfer. The effect
of the quark-quark hyperfine interactions due to exchanges of
gluon and pion based on the chiral symmetry enhances the
cross section on '2C but reduces it on *°Ar. The nonlinear &
field enhances the cross section on both '2C and *°Ar. Finally,
the scaled total cross sections are calculated with respect
to the incident neutrino energy, and do not describe the data
for the incident neutrino. But for the antineutrino case, they fit
well with the MiniBooNE data.

In conclusion, the difference among four relativistic nu-
clear models (QHD, NL, QMC, and CQMC) is sensitive to
kinematics and the cross sections generated from the models
furnish the data relatively well. In particular, the different
quark-quark interaction in the target may be an intriguing sub-
ject for the relativistic nuclear model. It is needed to figure out
the difference between the MiniBooNE and SciBooNE (Mi-
croBooNE) data, that means, more accurate experiment may
be needed. It is also necessary to improve the nuclear model
or to include the other process like multinucleon contribution
to describe the experimental data precisely.
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