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The charged-current quasi-elastic scattering of muon neutrinos on a carbon target is analyzed using
the relativistic distorted-wave impulse approximation (RDWIA), taking into account the contribution of the
two-particle and two-hole meson exchange current (MEC) to the weak response functions. A fit the
RDWIA + MEC model to the MiniBooNE neutrino data is performed, and the best-fit value of nucleon
axial mass M, =~ 1.20 GeV is obtained. We also extract the values of the axial form factor F,(Q?) as a
function of the squared momentum transfer Q> from the measured do/dQ? cross section. The flux-
integrated charged-current quasi-elastic—like differential cross sections for neutrino scattering at energies of

the NOVA experiment are estimated within the RDWIA + MEC approach.
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I. INTRODUCTION

The high-intensity muon-(anti)neutrino beams used in
long-baseline neutrino oscillation experiments are peaked
in the energy range from a few hundreds of mega-electron-
volts to several giga-electron-volts. In this energy regime,
the dominant contribution to neutrino-nucleus scattering
comes from the charged-current quasi-elastic (CCQE)
interaction, two-body meson exchange current (MEC),
resonance production, and deep inelastic processes. To
determine values of neutrino oscillation parameters, the
probabilities of v, disappearance and v, appearance vs
neutrino energy are extracted in these experiments. The
accuracy of these measurements depends explicitly on how
well we are able to evaluate the energy of the incoming
neutrino. This energy can be estimated from the lepton and
hadron energies visible in the final state after the neutrino
has interacted.

In the genuine CCQE neutrino scattering on nuclei, the
incoming neutrino energy can be reconstructed using
outgoing lepton kinematics and average nucleon binding
energy, assuming the target nucleon to be at rest inside the
nucleus. The measurement of muon momentum and angle
allows the estimation of the neutrino energy ¢, and the
squared four-momentum transfer Q2. This reconstruction
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method (kinematic method) would work well if the true
nature of events were indeed a CCQE process. Nuclear
effects, the final-state interaction (FSI) between of the
outgoing particles and residual nucleua as well as inter-
actions which are not distinguishable from CCQE in the
final state lead to bias or smear the reconstructed neutrino
energy. Therefore, a good understanding of these effects
is critical.

To model the CCQE scattering from a nuclei, most event
generators are based on the relativistic Fermi gas model
(REGM) [1]. In this model, the nucleus is described as a
system of quasi-free nucleons with a flat momentum
distribution up to the Fermi momentum py and nuclear
binding energy €;,. With the assumption of the conserved
vector current, the only parameter of the weak current
which is not well constrained by electron scattering data is
the axial nucleon form factor F,(Q?). In most analyses of
the CCQE interaction, the dipole parametrization of
F,(Q?%) with one parameter, the axial mass M, is used.
Note that dipole parametrization has no strict theoretical
basis, and the choice of this parametrization is made by
analogy with electromagnetic form factors.

The value of M, is obtained from a fit to observed Q?
distribution of events, differential, and total (anti)neutrino
CCQE cross sections. Results from global analysis of
neutrino-deuterium scattering experiments are very widely
spread, and the formal averaging of M, values was done
in Ref. [2]: M, =1.026 £0.021 GeV. This result is
also known as the world-averaged value of the axial mass.
The NOMAD experiment has reported result on neu-
trino CCQE scattering on carbon: M, = 1.05+0.02 +
0.06 GeV [3]. The MINERVA experiment [4,5] has shown
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good agreement within the RFGM with M, ~ 1 GeV but
requires an enhancement to the transverse response func-
tion. A recent reanalysis of the MINERVA flux [6] resulted
in the increases of the normalization of previous cross
sections [7,8] and invalidated conclusions from Refs. [4,5].

On the other hand, the differential cross sections mea-
sured by the MiniBooNE Collaboration [9-11] can be
described within the RFGM only with a large value of
M, = 1.354+0.017 GeV. The absolute values of the dif-
ferential and total cross sections are about 30% larger
compared to NOMAD results. Large values of axial mass
M, ~1.1-1.3 GeV have also been obtained in other
experiments using heavy nuclear targets [12—15].

These results have stimulated many theoretical studies
trying to explain the apparent discrepancy between the
data and theoretical predictions and present a considerable
challenge to neutrino oscillation experiments. A wide
variety of models has been proposed to describe CCQE-
like cross sections, identified experimentally as processes
in which only a final charged lepton with multinucleon
excitations is detected, but the pion absorption contribution
is subtracted. The data without subtracting any intrinsic
background are called CCOz. A review of the available
CCQE-like cross section models can be found in
Refs. [16-19].

Based on the results from different groups, it is shown
that CCQE-like data are really a combination of the
genuine quasi-elastic (QE) and of the two-particle and
two-hole meson exchange current (2p —2h MEC) contri-
butions to weak response functions. Such excitations are
induced by two-body currents; hence, they go beyond the
usual impulse approximation (IA) scheme, in which the
probe interacts with only a single nucleon and corresponds
to the 1p — 1h excitations. So, the 2p —2h MEC contri-
butions to the electroweak response functions are correc-
tions to the 1p — 1k leading channel of the QE lepton
scattering on nuclei. To describe the genuine QE, a model
should, in principle, include the nuclear mean-field and
nucleon-nucleon (NN) short- and long-range correlations
in the ground state as well as final-state interaction of the
outgoing nucleon with the residual nucleus. Because the
virtual photon (boson) couples to only one member of
the NN pair, it is a one-body current process, even though it
leads to the emission of two nucleons. More sophisticated
descriptions of the genuine CCQE interaction than the
RFGM provides are available from a number authors
[20-31]. Note that there exist some differences already
at the level of the genuine quasi-elastic scattering.

The transverse enhancement effective model to account
for MEC effects has been proposed in Ref. [32]. In this
model, the magnetic form factor for nucleon bound in
carbon is modified to describe the enhancement in the
electron-carbon QE cross section. An enhancement of
the axial nucleon mass in the nonrelativistic continuum
random phase approximation has been regarded in Ref. [33].

The contribution of the np — nh channel is also taken into
account through a phenomenological approach in Ref. [34].
The most complete theoretical calculations of 2p — 2h
cross sections are performed by different groups [35-43].
In Refs. [35-38], the models start from a local Fermi gas
picture of the nucleus and take into account long-range
random phase approximation (RPA) corrections but ignore
the shell structure of nucleus and FSI effects. In the
2p — 2h sector, both models use the Fermi gas approxi-
mation. The short-range NN correlations are included by
considering an additional two-body correlation current. As
a result, the NN correlations and NN correlations—-MEC
interference naturally appear (RPA-MEC approach).

In the SuperScaling Approach (SuSA) [30,39-42], a
superscaling analysis of the electron scattering result is
used to calculate neutrino cross sections. The effects of the
short-range NN correlations in the 1p — 1h sector are
effectively included via the superscaling function. In
Ref. [41], the SuSAvV2 model is combined with MECs in
the 2p — 2h sector by using accurate parametrizations of
electroweak MEC response functions [39,40], calculated
within the RFGM (SuSAv2-MEC approach). The NN
correlations and NN correlations—-MEC interference are
absent in the 2p — 2h MEC contributions.

Another approach which goes beyond the impulse
approximation was developed in Ref. [44]. In this
work, a joint calculation of the CCQE and 2p —2h
contributions to the lepton scattering cross sections on
carbon, using relativistic distorted-wave impulse approxi-
mation (RDWIA) for quasi-elastic response functions in the
electroweak sector (RDWIA + MEC approach), was per-
formed. The RDWIA, which takes into account the nuclear
shell structure and final-state interaction effects, was
developed to describe of the QE electron-nucleus scattering
[45-47]. Results of the data analysis for data for '’C(e, ¢’p)
based on upon the RDWIA can be found in Refs. [24,47],
which show that the nucleon momentum distributions are
described well by mean-field calculations. In our approach
[23,24], the effects of the short-range NN correlations,
leading to the appearance of a high-momentum and high-
energy distribution in the target, are estimated.

We explicitly added the MEC contributions (without
the NN correlations—MEC interference) to the genuine
QE interaction, as in the SUSA-MEC approach [41]. The
functional forms employed for the parametrizations of the
MEC transverse electromagnetic vector response and for
the axial and vector components of the weak response were
detailed in Refs. [41,42]. These parametrizations allow us
to quickly calculate the MEC contributions for the lepton
scattering on carbon. Additionally, for development of the
new generation of neutrino generators, reasonably success-
ful models which need only short computing time may be
a useful bridge. On a long timescale, one has to aim for
ab initio calculations. The RDWIA + MEC approach was
successfully tested against '°C(e, ¢’) data [44].
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Although theoretical calculations of the CCQE-like
neutrino-nucleus cross sections have been performed by
many groups using different approaches, at this moment,
there is no progress in a quantitative description of the data,
and it is not clear which models fit the global data best. For
example, the global fit performed in Ref. [48] shows very
poor results. One of the goals of this paper is to fit the
RDWIA + MEC model to the MiniBooNE data [9] for
neutrino scattering off carbon. Within this approach, we
extract the value of the axial mass from measured flux-
integrated do/Q? and d*6/dTdcos@ (T and @ are, corre-
spondingly, kinetic energy and muon scattering angle)
differential cross sections. In addition, we determine the
values of the axial form factor F,(Q?) as a function of 0,
using the method described in Ref. [49]. Previously, our
constraint on the M, ~ 1.37 GeV was obtained within the
RDWIA [49,50]. This work improves the previous situation
by including 2p — 2h MEC contributions. A second topic
addressed in this paper is calculations of the CCQE-like
flux-integrated differential and double-differential cross
sections at energies of the NOvVA experiment [51,52].
We evaluated these cross sections within the RDWIA +
MEC approach with the value of M, extracted from the
MiniBooNE data.

This article is organized as follows. In Sec. II, we briefly
present the RDWIA + MEC model and the procedure
which allows the determination of values of the axial
form factor from the do/dQ? differential cross section.
Section III presents results of this model to the MiniBooNE
data, extraction of the F,(Q?), and calculations of the
flux-integrated differential cross sections for the NOvA
experiment. Our conclusions are summarized in Sec. I'V.

II. FORMALISM OF QUASI-ELASTIC
SCATTERING, RDWIA, 2p -2k MEC
RESPONSES, AND FLUX-INTEGRATED
CROSS SECTIONS

We consider neutrino charged-current QE inclusive

vu(ki) +A(pa) = pulky) +X (1)

scattering off nuclei in the one-W boson exchange
approximation. Here, k; = (¢;,k;) and k; = (e;.k;) are
the initial and final lepton momenta, py = (&4,p4) is
the initial target momenta, ¢ = (w,q) is the momentum
transfer carried by the virtual W boson, and Q> = —¢> =
q*> — w* is the W-boson virtuality.

A. CCQE-like quasi-elastic lepton-nucleus
cross sections

In the inclusive reactions (1), only the outgoing lepton
is detected, and the differential cross sections can be
written as

o 1 |k Gcos0
depdQp  (2m)% & 2

L, W (2)

where Q= (0,¢) is the solid angle for the muon
momentum, G ~ 1.16639 x 10~!! MeV~2 is the Fermi
constant, 6¢ is the Cabbibo angle (cos -~ 0.9749), L,
is the lepton tensor, and W*¥ are the charged-current (CC)
nuclear tensor. In terms of response functions, the cross
sections reduce to

d*c G?cos?0, o |(00Ry + 07 Ry + 1R
= & v v v
dé’f de (271_)2 finf 04r0 TAT zzivzz
- ”OZROZ - h”xnyy)v (3)

where the coupling coefficients v;, the expressions of
which are given in Ref. [23] are kinematic factors depend-
ing on the lepton’s kinematics. The response functions are
given in terms of components of the hadronic tensors

Ry = W9, (4a)

Ry = W™ + W», (4b)
Ry, = W% + W, (4c)
R, = W%, (4d)

Ry = i(W™ — W) (4e)

and depend on the variables (Q?, w) or (|q|, ).

All the nuclear structure information and final-state
interaction effects are contained in the weak CC nuclear
tensor. It is given by the bilinear products of the transition
matrix elements of the nuclear CC operator J;,¢ between the
initial nucleus state |[A) and the final state |X ) as

Wy = D (XA AN AT X ), (5)
f

where the sum is taken over undetected states X ;. This
equation includes all possible final states. Thus, the hadron
tensor can be expanded as the sum of the 1p — 14 and
2p — 2h, plus additional channels,

WﬂD:Wlfglh‘I“Wg;Zh“i’"'a (6)

where the 1p — 1h channel gives the CCQE response
functions and the 2p —2h hadronic tensor determines
the 2p — 2h MEC response functions. Thus, the functions
R; Eqgs. (4a)—(4e) can be written as a sum of the CCQE
(R;qr) and MEC (R; vpc) response functions

R; = R gg + R, mEC- (7)
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B. RDWIA model

We describe genuine CCQE neutrino-nuclear scattering
in the impulse approximation, assuming that the incoming
neutrino interacts with only one nucleon, which is sub-
sequently emitted, while the remaining (A-1) nucleons in
the target are spectators. The nuclear current is written as
the sum of single-nucleon currents.

The single-nucleon charged current has V — A structure
Jt=J, + J. For a free-nucleon vertex function I'* =
I, + I, we use vector current vertex function I'j, =
Fy(Q*)r" + iFy(Q?)o™q,/2m, where o = i[",y"]/2
and Fy and F), are the weak vector form factors. They
are related to the corresponding electromagnetic ones for
the proton and neutron by the hypothesis of the conserved
vector current. We use the approximation of Ref. [53] for
the vector nucleon form factors. The differences between
these vector form factors and newer parametrizations
are not significant in the range of Q? <3 (GeV/c)?,
which gives the main contribution to the CCQE-like cross
sections. Because the bound nucleons are off shell, we
employ the de Forest prescription [54] and use the
Coulomb gauge for the off-shell vector current vertex I,

The axial current vertex function can be written in terms
of the axial F,4(Q?) and pseudoscalar Fp form factors

T4 = Fa(Q*)r'ys + Fp(Q%)q"7s. (8)

The pseudoscalar form factor Fp(Q?) is dominated by the
pion pole and is given in terms of the Goldberger-Treiman
relation near Q% ~ 0 if a partially conserved axial current is
assumed. We assume that the similar relation is valid for
high Q? as well. These form factors are parametrized using
a dipole approximation,

e @)= FA@FHE)
©)

where Flp = 2m?/(m2 + Q%), F4(0) = 1.2724, M, is the
axial mass, and m,, is the pion mass. Then, the axial current
vertex function can be written in the form

FA(QZ) =

I = FA(0)[r*rs + Fp(0%)g"s). (10)

and the axial-vector current can be factorized as
T4 = FA(Q*)J,(0%), (11)

where J, = y*ys + Fp(0%)q"ys

In the RDWIA, the relativistic wave functions of the
bound nucleon states are calculated in the independent
particle shall model (IPSM) as the self-consistent sol-
utions of a Dirac equation, derived within a relativistic
mean-field approach, from a Lagrangian containing o, o,

and p mesons (the o — @ model) [55,56]. According to
the JLab data [47,57], the occupancy S(a) of the
independent particle shell model orbitals of '*C are equal,
S(1pi)2) = 84%, S(1s ;) = 100%, and equal an average
89%. In this work, we assume that the missing strength
(11%) can be attributed to the short-range NN correla-
tions in the ground state, leading to the appearance of
the high-momentum and high-energy component in the
nucleon distribution in the target. In the RDWIA, the
final-state interaction effects for the outgoing nucleon are
taken into account. The distorted-wave function of the
knocked-out nucleon is evaluated as a solution of a Dirac
equation containing a phenomenological relativistic opti-
cal potential. The EDADI1 parametrization [58] of the
relativistic optical potential for carbon was used in this
work. We calculated the inclusive cross sections with the
EDADI relativistic optical potential in which only the
real part was included. The data sets from the electron
scattering experiments [47,57] demonstrate the preference
for this optical potential over other parametrizations. This
was concluded based on the quality of the fits and more
consistent nature of the extracted values of the occupancy
S(a) of the IPSM orbitals.

The cross sections with the FSI effects in the presence
of the short-range NN correlations were calculated by
using the method proposed in Ref. [23] with the nucleon
high-momentum distribution from Ref. [59] that was
renormalized to value of 11%. In this approach, the
contribution of the NN-correlated pairs is evaluated in
impulse approximation; i.e., the virtual W boson couples
to only one member of the NN pair. It is a one-body
process that leads to the emission of two nucleons
(2p — 2h excitation).

C. 2p - 2h excitation

In the present work, we evaluate the weak MEC response
functions R;ypc of neutrino scattering on carbon, using
accurate parametrizations of the exact MEC calculation
[40]. To evaluate the 2p — 2h hadronic tensor W’;Zzh, in
Ref. [40], the RFGM was chosen to describe the nuclear
ground state. The short-range NN correlations and FSI
effects were not considered in this approach. The elemen-
tary hadronic tensor is given by the bilinear product of the
matrix elements of the two-body weak (containing vector
and axial components) MEC. Only one-pion exchange is
included.

The two-body current operator is obtained from the pion
production amplitudes for the nucleon while coupling a
second nucleon to the emitted pion. The resulting MEC
operator can be written as a sum of seagull, pion-in-flight,
pion-pole, and Delta-pole operators. The A peak is the main
contribution to the pion production cross section, and the
MEC peak is located in the “dip” region between the QE
and Delta peaks.

093001-4



TESTING OF QUASI-ELASTIC NEUTRINO CHARGED-CURRENT ...

PHYS. REV. D 99, 093001 (2019)

The functional forms employed for these parametriza-
tions as functions of (w,|q|) are valid in the range of
momentum transfer |g| = 200-2000 MeV. The expres-
sions for the fitting parameters are described in detail in
Refs. [41,42,60]. Results of lepton-nucleus cross sections
obtained using these MEC parametrizations were success-
fully tested against the experimental world data for
12C [42,44,61].

D. Flux-integrated cross sections and the method for
extraction of F,(Q?) from do/dQ* distribution

The inclusive weak hadronic tensor is bilinear in the
transition matrix elements of the nuclear weak current
operators W, = (J,J}), where the angle brackets denote
products of matrix elements appropriately averaged over
initial states and summed over final states. By using
Eq. (11), the axial-vector current can be written as
J =Jy + F,J,. The expressions for the inclusive CCQE
cross sections in terms of vector ¢", axial o?, and vector-
axial 6V cross sections are then given by [49]

d v
a7 (@e) = 0¥(Q%e) + FA ()5 (0%, e)
FIEA(Q%)0 (0% ) (122
d*e* y
Ticocg ([c0s0.6) = o' (T cos . &)

+ F3(0?)o*(T,cos 0, ¢;)
+ hF 4 (Q%)6VA(T,cos 0, ¢;),
(12b)

where 6" is the cross section do/dQ*(d?c/dTd cos6)
calculated with F, =0 and ¢* is the cross section
do/dQ*(d?c/dTd cos 0) calculated with Fy = F,, = 0,
F, = 1. The vector-axial cross section ¢"4, arising from
the interference between the vector and axial currents, can
be written as

6" = hlo(Fy = 1) - 6" - 6*], (13)
where o(F, = 1) is the do/dQ*(d*c/dTdcos) cross
section, calculated with F,(Q?) = 1.

The flux-integrated cross section can be written as a sum
of the flux-integrated QE and 2p — 24 MEC contributions

<dd_52(92)> = <ff—§f(Q2>> + <CIZ—Z'§C(Q2)>, (14)

where

<3—;(Q2)> _/D”(Si)::—gj(Qz’gi)dgi’ (15)

D, is a unit-normalized neutrino flux, and j = QE, MEC.
The value of F4(Q?) as a function of Q? can be extracted
as the solution to the equation

dGQE 2 . ﬁ 2 _ dGMEC ) >
(0 = (1500} - ("7 0). (19
using the neutrino CCQE-like
(d6*/dQ?*) and

scattering data for

(@) = (6" (@) + F(@)( (@)
+hEA(Q*)("4(0%)), (17)

where (6/(Q?)) are the flux-integrated vector, axial, and
vector-axial (j = V,A, VA) cross sections. Note that the
values of the axial form factor extracted from the CCQE-
like cross sections are model dependent and implicitly
include the uncertainties in the Fy, Fjy, v,-flux, and
2p —2h MEC contributions.

III. RESULTS AND ANALYSIS

Our main interest is to show the capability of the present
model, RDWIA + MEC, of successfully describing the
MiniBooNE neutrino scattering data and calculating within
this approach the CCQE-like flux-integrated cross sections
at energies available at the NOVA experiment.

A. Fit of the RDWIA + MEC model to the
neutrino MiniBooNE data

The MiniBooNE neutrino data set [9], obtained in a
kinematic range that significantly overlaps with the range
available to the NOvA experiment, is used in the CCQE-
like fit. These data have been released as flux-integrated
double-differential cross section d’c/dTdcos@ and as
differential cross section do/dQ? in the range 0 < Q% <
2 (GeV/c)?. The single-differential cross section results
are given in terms of QéE, the four-momentum transfer
calculated from the outgoing muon energy and angle.
The data release included the diagonal elements of the
shape-only covariant matrix for each bin, and correlations
between bins were not presented. The normalization
uncertainly was given as 10.7%. In our analysis, we use
the CCQE corrected sample with purity 77%. In the
MiniBooNE antineutrino data set [11], the correction
algorithm for the antineutrino data is more complicated
than for neutrino mode sample, due to the relatively high v,
contamination in the 7, beam. There is also a large CClz~
background in the 7, CCQE sample, as most of the 7~ are
absorbed. As a result of the two large backgrounds in the
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FIG. 1. Flux-integrated (¢") (solid line), {¢*) (dashed line),
(6"4) (dashed-dotted line), and {doypc/dQ?) (dotted line) cross
sections of v, scattering on 12C as functions of Q2.

antineutrino sample, the purity of the antineutrino CCQE-
like sample is 61%.

To extract the values of the axial form factor F,(Q?) as a
function of Q?, using the measured neutrino flux-integrated
(do/dQ?) cross section, we calculated the (6"),(c*),
(6¥), and (doyge/dQ?) cross sections with the booster
neutrino beam line v, flux [9]. In Fig. 1, these cross
sections for v, scattering on '*C are shown against Q*. In
Fig. 2(a), we show the measured flux-integrated (do/dQ?)
as a function of Q2. To extract the values of F,, this cross
section with the shape-only error was used in Eq. (16).
Reference [62] shows that the best-fit parameter values are
not significantly altered by including the MiniBooNE
normalization uncertainties in the CCQE fit. The results,
F,(Q?) as a function of Q?, are shown in Fig. 2(b). Also
shown in this figure are the results from Ref. [49], obtained
within the RDWIA, i.e., without the 2p —2h MEC con-
tributions. The axial form factor values extracted in the
RDWTIA approach agree well with the dipole parametriza-
tion with M4, = 1.36 GeV. As observed, results in Fig. 2(b)
clearly show the relevant role played by the 2p — 2h MEC
contributions. The values of F4 obtained with the RDWIA
are higher and decrease with Q> more slowly than
corresponding values extracted within the RDWIA +
MEC approach. The fits were made to the single-
differential do/dQ?> (1D fit) and double-differential
d*c/dTd cos § (2D fit) cross sections, using the y? statistic

N dG/dQQE)data (dG/dQZ)}{h 2
o= [ S,

— 1D (18a)

2 pFrr e e e

3 1'8? QE v, +"C ¢ MiniBooNE data E
= 1.6 =
é 14F — QE+MEC 3
% 126 /7 e L QEM,=1.20GeV
R .. MEC E
G 08 E
N 06F 3
[3) F =
So4E =
© 02F- - el E
0Bl e e T T I s b e Ly
o1 02 03 04 05 06 07 08 09 1
Q* [(GeV/c))
1.6 e T e
1.4

(b) * QE

= QE+MEC

Fi(Q%)

o
Y

O [T

,,,,,, M,=1.36 GeV

M,=1.20 GeV
el e b b b e e L ey
01 02 03 04 05 06 07 08 09

Q? [(GeV/c)M

N N I X I N N T

o o o
N D O

FIG.2. Flux-integrated do/dQ? cross section per target neutron
for the v, CCQE-like scattering (upper panel) and axial form
factor F,(Q?) extracted from the MiniBooNE data as functions
of Q2. Upper panel: Calculations from the RDWIA + MEC
(solid line), RDWIA (dashed line) with M, = 1.20 GeV, and
2p —2h MEC contributions (dashed-dotted line). Lower panel:
Filled squares (filled circles) are the axial form factor extracted
within the RDWIA + MEC (RDWIA), and the solid (dashed)
line is the result of the dipole parametrization with M, =
1.20(1.36) GeV.

_ EM: (d*c/dTd cos 0)% — (d®6/dTd cos 6)]2
— A(d*c/dTd cos 0),

— 2D, (18b)

where (do/dQ?)™ and (do/dQfp)™™ are functions
of 0* and Qgg, respectively, and A(do/dQ?), and
A(d?6/dTd cos0), are the diagonals of the MiniBooNE
shape-only covariance matrices for neutrino results.
The following best-fit y> and M, values are obtained:
21p/DOF =19/13 and M, = 1.17 £0.03 GeV for the
ID fit and y3,/DOF =62/136 and M, = 1.24+
0.09 GeV for the 2D fit. The MiniBooNE do/ dQéE and
do/dTd cos @ cross sections are statistically not indepen-
dent, and the result of the 2D fit is preferred as it contains
the most information and has minimal model dependence.
However, the best-fit value of M, = 1.20 +0.06 GeV
(x?/DOF = 111/150) for the 1D + 2D fit also is obtained
for completeness. Although there is a difference between
the best-fit M, values, the errors from the fits cover this
difference. We round off the values 1.17 and 1.24 to the
value of M, = 1.20 GeV and use it in our calculation. This
M 4 value is in agreement within the errors with the best-fit
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FIG. 3. Flux-integrated d’c/dTd cos @ cross section per target

neutron for the v, CCQE-like scattering as a function of muon
kinetic energy for the four muon scattering angle bins:
cos@ = (—1-0), (0-0.3), (0.3-0.5), and (0.5-0.6). As shown
in the key, cross sections were calculated within the RDWIA +
MEC approach. The QE and 2p — 2k MEC contributions are also
presented separately. The MiniBooNE data are shown as points
with the shape error only.

value of M, = 1.15 4+ 0.03 GeV obtained from the main
CCQE fit of the MiniBooNE and MINERVA data in
Refs. [48,62]. Additionally, Ref. [62] obtained the best-
fit value of M4 = 1.15 + 0.09 GeV for the 1D fit to the
MiniBooNE neutrino data (Table C10) with (do/d Qg )"
and (do/dQ*)™ cross sections as functions of Q. This
M 4 value within the errors is in agreement with our 1D fit
result.

The best-fit do/dQ? distribution is compared with the
data in Fig. 2(a). The result of the dipole parametrization
of F4(Q?) with M, = 1.20 GeV is shown in Fig. 2(b).
There is an overall agreement between the RDWIA+
MEC do/dQ? cross section and the data, but the model
slightly overestimates the data in the range 0.08 < Q? <
0.3 (GeV/c)?. A downside of using the CCQE-corrected
data is explicit subtraction of z-less A decay events
(simulated with a neutrino generator) in the MiniBooNE
analysis. On the other hand, in our calculation, this
channel gives a contribution to the MEC cross sections
because there is no obvious way to account for this
effect. We note that Refs. [37,48,62] also used the
CCQE-corrected data to evaluate the value of M,. In
Figs. 3-7, we show double-differential cross sections
calculated with M, = 1.20 GeV. The results for d’c/
dTd cos 0 cross sections against the kinematic energy of
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16 — E cos@=0.7-0.8 3
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FIG. 4. Same as Fig. 3, but for muon scattering angle bins:
cos @ = (0.6-0.7), (0.7-0.8), (0.8-0.9), and (0.9-1).

the muon are shown in Figs. 3 and 4. We present a
large variety of kinematical situations in which each
panel refers to results averaged over a particular muon
angular bin. As observed, the model tends to slightly
underestimate the data for most forward angles, i.e.,
0.9 <cos® < 1. As the scattering angle increases, the
RDWIA + MEC prediction agrees well with the data.
Results in Figs. 3 and 4 clearly show that the 2p — 2h
MEC contributions are essential in order to describe data.
The contributions of these effects are comparable with
the genuine QE process, being of order 25% and
increasing up to 30% at low Q% In Figs. 5-7, we
present the results averaged over the muon kinetic energy
bins as functions of the muon scattering angle. These
graphs complement the previous ones and show that the
RDWIA + MEC model is able to reproduce the data.
There is good agreement between the calculated results
and the data within experimental error. In the region
02 <T<03GeV and —1 < cosf < —0.2, the model
result is slightly lower than the measured cross section,
and the difference decreases with muon energy. In
Fig. 8, results are presented for the MiniBooNE flux-
integrated CCQE-like do/dT differential cross section
as a function of the muon kinetic energy (upper panel)
and do/dcos@ cross section vs of muon scattering
angle (lower panel). The measured do/dT (do/d cos6)
cross section with the shape-only error was obtained by
summing the double-differential cross section over cos @
bins (T bins) presented in Tables VI and VII in Ref. [9].
The integration over muon kinetic energy has been
performed in the range 0.2 < T <2 GeV. As shown,
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FIG. 5. Flux-integrated d?c/dTd cos @ cross section per target
neutron for the v, CCQE-like scattering as a function of cos
for the four muon kinetic energy bins: 7(GeV) = (0.2-0.3),
(0.3-0.4), (0.4-0.5), and (0.5-0.6). As shown in the key, cross
sections were calculated within the RDWIA + MEC approach.
The QE and 2p — 2h MEC contributions are also presented. The
MiniBooNE data are shown as points with the shape error only.

the RDWIA + MEC model with M = 1.20 GeV is
capable of reproducing the magnitude as well as the
shape of the experimental cross sections. The difference
between the calculated and measured do/dQ?, do/dT,
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FIG. 6. Same as Fig. 5, but for the four muon kinetic energy
bins: 7( GeV) = (0.6-0.7), (0.7-0.8), (0.8-0.9), and (0.9-1).
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FIG. 8. Flux-integrated do/dT cross section as a function of
muon kinetic energy (upper panel) and do/d cos 6 cross section
for T > 0.2 GeV as a function of muon scattering angle (lower
panel) for the v, CCQE-like scattering per target neutron. As
shown in the key, cross sections were calculated within the
RDWIA + MEC. The RDWIA and 2p — 2h MEC results are also
presented separately. The MiniBooNE data are shown as points
with the shape error only.
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FIG.9. Flux-integrated do/dQ? cross section per target neutron
for the v, CCQE-like and CCQE processes as a function of 02
As shown in the key, cross sections were calculated within the
RDWIA + MEC (M4 = 1.20 GeV) and RPA-MEC [35] models.
The CCQE contributions calculated in the RDWIA and RPA
approaches are also presented separately. The MiniBooNE data
are shown as points with the shape-only error.

and do/d cos @ flux-integrated cross sections is less than
+12%. Therefore, a cautious estimate of the uncertainty
of the CCQE-like one-differential cross sections calcu-
lated within the RDWIA + MEC approach is of the order
of £12%.

B. Comparison of the results of the RDWIA + MEC,
RPA-MEC, and SuSAv2-MEC models

In Figs. 9-11, the MiniBooNE neutrino flux-averaged
CCQE-like differential cross sections calculated within the
different approached are presented. In Fig. 9, we show the
do/dQ? cross sections as measured in Ref. [9] and as
calculated in the RDWIA + MEC and RPA-MEC [35]
models. Also shown are CCQE cross sections obtained
in these approaches. From the figure, one can observe
that these calculations describe well the experimental
data at Q% > 0.3 (GeV/c)?. The RDWIA + MEC model
slightly overestimates the data in the range 0.08 < Q* <
0.3 (GeV/c)?, and in the case of the RPA + MEC
approach, a tendency to overestimate the data appears
at low Q% <0.06 (GeV/c)% In the range of Q%<
0.3 (GeV/c)?, which is affected by RPA quenching,
the CCQE cross sections calculated in the RDWIA with
M, = 1.20 GeV is about 30% larger than those obtained
in Ref. [35], and the discrepancy decreases with Q2 up to
12% at Q*>~0.9 (GeV/c)?. In Fig. 10, we show the
double-differential d’>6/dTdcosf cross sections cal-
culated in the RDWIA + MEC, SuSAv2-MEC [61], and
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FIG. 10. Flux-integrated d?c/dTd cos € cross section per target
neutron for the CCQE-like scattering. Upper panel: Cross
sections calculated within the RDWIA + MEC (solid line),
RPA-MEC (dashed-dotted line) [35], SuSAv2-MEC (dashed
line), and RPA-MEC (dotted line) [37] models for 0.8 < cos @ <
0.9 as functions of muon kinetic energy. Lower panel: Cross
sections calculated in the RDWIA + MEC (solid line), SuSAv2-
MEC (dashed line), and RPA-MEC (dashed-dotted line) [35]
approaches for 0.4 < T < 0.5 GeV as functions of muon scatter-
ing angle. The MiniBooNE data are shown as points with the
shape-only error.

RPA-MEC [35,37] approaches. For the sake of illustra-
tion in Fig. 10(a), the results are given for 0.8 < cosf <
0.9 as functions of the muon kinetic energy. As one can
observe, the results of the RDWIA + MEC, SuSAv2-
MEC, and RPA-MEC [35] models are in agreement
with data. In the case of the RPA-MEC result [37], a
tendency to underestimate the MiniBooNE data appears.
In Fig. 10(b), the results are given for muon kinetic
energy bin 0.4 < T < 0.5 GeV as functions of the muon
scattering angle. As shown, the results obtained within
the RDWIA + MEC and RPA-MEC [35] models agree
well with data. On the other hand, a difference between
the SuSAv2-MEC result and data is observed. The flux-
averaged differential cross sections do/dT and do/d cos 8
(for T > 0.2 GeV), calculated in the RDWIA + MEC,
SuSAv2-MEC, and RPA-MEC [35] approaches, are
presented in Fig. 11, which shows do/dT as a function
of muon kinetic energy and do/dcos6@ as a function
of the muon scattering angle. Also shown are the
MiniBooNE measured cross sections with the shape-only
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FIG. 11. Flux-integrated do/dT cross section as a function of
muon kinetic energy (upper panel) and do/d cos 6 cross section
for T > 0.2 GeV as a function of muon scattering angle (lower
panel) for the CCQE-like scattering per target neutron. As shown
in the key, cross sections were calculated within the RDWIA +
MEC, SuSAv2-MEC, and RPA-MEC [35] models. The Mini-
BooNE data are shown as points with the shape-only error.

error. There is a good agreement within the errors
between the calculated results and data.

C. Calculation of neutrino CCQE-like differential cross
sections at energies of the NOvA experiment

Within the RDWIA + MEC approach with M, =
1.20 GeV, which describes the MiniBooNE neutrino data
well, we estimated the neutrino CCQE-like flux-integrated
differential cross sections at energies available at the NOvA
experiment [51,52]. The NOvVA detectors are situated
14 mrad off the neutrino main injector beam axis, so they
expose a relatively narrow band approximately 0.5-5 GeV
of neutrino energies, centered at 2 GeV [63]. This flux is
used in the calculation of the NOVA flux-integrated differ-
ential cross sections.

In the fiducial region of the NOVA near detector (ND),
the liquid scintillator (CH,) comprises 63% of the detector
mass. The mass weight for this detector component is as
follows: '2C is 66.8%, 3Cl is 16.4%, 'H is 10.5%, **Ti is
3.3%, '°0 is 2.6%, and others are 0.4% [64]. So, the ND is
dominated by carbon, chlorine, and hydrogen. We assumed
that the NOVA CCQE-like scattering sample consists of
two processes: scattering on '°C and 3°Cl. The mass weight

of carbon a, and chlorine a.; was rescaled for neutrino
scattering as ac = 0.8006, ac; = 0.194, and a,. + a¢; = 1.
In Ref. [65], we calculated within the RDWIA the CCQE
differential cross sections for (anti)neutrino scattering on
“0Ar. The difference between the nuclear structures of
“Ar and *Cl is not significant. Therefore, the NOvA
CCQE-like differential cross sections per target neutron
were estimated for neutrino scattering on carbon and argon;
herewith, the 2p —2h MEC contributions for “’Ar were
calculated using the parametrizations for '’C rescaled for
argon according to Ref. [66]. Then, the NOvA neutrino
scattering cross section per target neutron, i.e., the cross
sections averaged over the ND mass weight, can be
expressed as oy = Qcoc + aci64,, Where o.(0y4,) is
the cross section per target neutron of neutrino scattering
on '2C(*°Ar). The uncertainty in the ¢,,;x due to approxi-
mation of the cross section per neutron for chlorine by
the cross section for argon and neglect of contributions of
the other nuclei is about of 0.6%. Figure 12 contains the
RDWIA + MEC model predictions corresponding to the
NOVA flux-integrated do/dQ?* cross sections per target
neutron for neutrino scattering on '*C and °Ar. The cross
sections were calculated for the CCQE and 2p — 2h MEC

1.4
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FIG. 12. NOvA flux-integrated do/dQ* cross sections per
target neutron for the v, CCQE and 2p —2h MEC scattering
(upper panel) and ratio Rqg and Rygc (Iower panel) as functions
of Q2. As shown in the key, cross sections were calculated for
neutrino scattering on '°C and “°Ar.
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FIG. 14. NOVA flux-integrated d?c/d cos 8dT cross section per
target neutron for the v, CCQE-like scattering as a function of
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As shown in the key, the cross section was calculated within the
RDWIA + MEC. The CCQE and 2p —2h MEC contributions
are also shown separately.

processes in the region 7 > 0.3 GeV and 0.3 < cos 8 < 1.
Also shown are the ratios Rop, = (do/dQ?)8%/ (do/dQ*) e
and Rygc = (do/dQ*\Nipc/(do/dQ?)§pc, where (do/
dQ*)gil(do/dQ?)Gg] and (do/dQ?)jc[(do/dQ? )\
are the CCQE and 2p —2h MEC cross sections per
target neutron for neutrino scattering on “’Ar (!°C), respec-
tively. The figure clearly shows that the ratio Rqp reduces
with Q% from 1.2 at Q%> ~0.04 (GeV/c)? up to 0.87 at
0?~1 (GeV/c)?. On the other hand, the ratio Rypc
increases slowly with Q% from 1.1 at Q?> 0.1 (GeV/c)?
upto 1.17 at Q*> ~ 1 (GeV/c)?. Thus, the RDWIA + MEC
model predicts that the CCQE differential cross section per
target neutron reduces and the 2p — 2h MEC contribution
increases with the mass number of the target.

The results in Fig. 13 correspond to the flux-integrated
NOVA (do/dQ?),;x cross section per target neutron of
the CCQE-like neutrino scattering. Also shown are the
contributions of the CCQE and 2p — 24 MEC processes.
The ratio R = (do/dQ?)x/(do/dQ?) is about 0.98 in
the range 0.1 < Q% < 1 (GeV/c)?; i.e., the NOvA CCQE-
like cross section per target nucleon for neutrino scattering
in the NOVA ND is, practically, the same as the one for
scattering on carbon.
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FIG. 16. NOVA flux-integrated d’>c/d cos @dT cross section per
target neutron for the v, CCQE-like scattering as a function of
muon kinetic energy for the four muon kinetic energy bins:
T(GeV) = (0.8-1), (1-1.2), (1.2-1.4), and (1.4-1.6). As shown
in the key, the cross section was calculated within the
RDWIA + MEC. The CCQE and 2p —2h MEC contributions
are also presented separately.

In Figs. 14 and 15, we present the flux-integrated
CCQE-like double-differential cross sections per neutron
predicted for the NOvVA experiment. The graphs are
plotted against the muon kinetic energy, and each panel
corresponds to a bin in the muon scattering angle. The
double-differential cross sections averaged over muon
kinetic energy bins are shown in Figs. 16 and 17. In
these figures, we show the separate contributions of the
genuine QE and 2p — 2h MEC processes. The NOvA flux-
integrated CCQE-like v,, cross sections per target neutron
do/dT as a function of the muon Kkinetic energy and
do/dcos@ vs muon scattering angle are presented in
Fig. 18. The pure QE and 2p — 2h MEC results are also
shown separately. Integration of the double-differential
cross section over the muon scattering angle has been
performed in the range 0.6 < cos@ < 1 for calculation of
the do/dT cross section and over muon kinetic energy
in the range 0.2 < T < 3.5 GeV for evaluation of the
do/d cos 6 cross section. We suggest that the uncertainties
in these cross sections are of the order of +12%. The
ratio of the neutrino flux-integrated differential CCQE-
like (do/ dQZ)QE +MEC Cross section to the genuine QE

(dU/dQ2>QE one, Rygc = (do-/sz)QE+MEC/(dg/sz)QE’
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FIG. 17. Same as Fig. 16, but for muon kinetic energy bins:

T(GeV) = (1.6-1.8), (1.8-2.0), (2.0-2.2), and (2.2-2.4).
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FIG. 18. NOVA flux-integrated do/dT cross sections for 0.6 <

cos @ < 1 as a function of muon kinetic energy (upper panel) and
do/dcos@ cross section for 0.2 <7 < 3.5 GeV as a function
of muon scattering angle (lower panel) for the v, CCQE-like
scattering per target neutron. As shown in the key, the cross
sections were calculated within the RDWIA + MEC approach.
The CCQE and 2p — 2h MEC contributions are also shown.
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FIG. 19. The ratio Rygc as a function of Q7 for the NOVA and
MiniBooNE flux-integrated do/dQ? cross sections.

calculated for the MiniBooNE and NOvVA experiments, is
shown in Fig. 19. As observed, in the NOVA case, the
contribution of the 2p — 2k MEC is about 8% higher than
in the MiniBooNE experiment. This can be connected with
the NOVA neutrino flux that is centered at neutrino energy
~2 GeV, whereas the MiniBooNE neutrino flux has
maximum at ~0.7 GeV.

IV. CONCLUSIONS

In this article, we analyzed the MiniBooNE neutrino data
within the RDWIA + MEC model. This model has been
validated in the vector sector by describing the set of
inclusive electron scattering '?C data. We performed a

shape-only fit of the RDWIA + MEC approach to the data
with only the nucleon axial mass, as variable model
parameter. A best-fit value of M, = 1.20 GeV was
obtained. This value is in agreement within the errors with
the best-fit value of M4, = 1.15 + 0.03 GeV obtained from
the CCQE main fit of the MiniBooNE and MINERVA data
[48,62]. We also extracted the values of the axial form
factor F4(Q?) as a function of Q?, using the measured
neutrino flux-integrated do/dQ? cross section. There is
good overall agreement within the experimental uncertain-
ties between the extracted values of F,(Q?) and the dipole
parametrization with the value of M, = 1.20 GeV. We
obtained that in the MiniBooNE experiment the 2p — 2A
channel is large, contributing about 25% depending on
kinematics, and it is essential for describing a great amount
of experimental data. One can also notice that our calcu-
lations are in agreement with other theoretical results which
are compatible with MiniBooNE data.

Using the RDWIA + MEC model with M, =1.20GeV,
we estimated the differential flux-integrated CCQE-like
cross sections for neutrino scattering in the NOVA near
detector. We showed that these cross sections are coincident
with ones for neutrino scattering on carbon. The 2p — 2h
MEC contributions in the NOVA energy range are about
of 30%—-35%, i.e., approximately 8% larger than in the
MiniBooNE experiment. So, the measurements of the
CCQE-like differential cross sections in the NOvVA experi-
ment are necessary in order to make precision determi-
nations of neutrino oscillation parameters.
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