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Abstract: This paper presents a combined analysis of muon neutrino and antineutrino charged-
current cross sections at kinematics of relevance for the T2K, MINERvA and MicroBooNE experiments.
We analyze the sum, difference and asymmetry of neutrino versus antineutrino cross sections in order
to get a better understanding of the nuclear effects involved in these processes. Nuclear models based
on the superscaling behavior and the relativistic mean field theory are applied, covering a wide range
of kinematics, from hundreds of MeV to several GeV, and the relevant nuclear regimes, i.e., from
quasileastic reactions to deep inelastic scattering processes. The NEUT neutrino-interaction event
generator, used in neutrino oscillation experiments, is also applied to the analysis of the quasielastic
channel via local Fermi gas and spectral function approaches.

Keywords: weak interactions; neutrino oscillations; asymmetry; neutrino interactions; neutrino cross
sections; long-baseline neutrino experiments; neutrino-nucleus scattering; neutrino antineutrino;

relativistic mean field; superscaling

1. Introduction

The study of the properties of neutrinos (and antineutrinos) in connection with charge-
parity violation (CPV) in weak interactions is a topic of great interest in modern particle
physics [1,2]. Current neutrino oscillation experiments are entering a high-precision era to
determine the CP violating phase Jcp that defines the different behavior of particles and an-
tiparticles in the weak sector under the three-flavor PMNS neutrino-mixing paradigm [2—4].
In oscillation experiments, some evidence for differences in oscillation characteristics for
neutrinos and antineutrinos have been already observed [5], indicating a first evidence
of this CP violation. An accurate determination of the écp phase is expected in coming
experiments such as HyperKamiokande or DUNE [6,7]. The success of this challenging
task largely depends on a reduction of current experimental uncertainties, mostly related
to flux and cross section modeling [8]. A particularly important challenge is the robust
modeling of the differences in neutrino and antineutrino cross sections, such that obser-
vations in oscillation experiments can be correctly identified as genuine CP-violation or
simply a cross-section mis-modelling. To this end, in this work we mostly focus on the
analysis of the neutrino and antineutrino differences observed in the measurements of the
T2K experiment [9], also showing neutrino-antineutrino differences at T2K and MINERvA
kinematics when also considering the full inelastic regime.
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Regarding nuclear dynamics, most past and current experiments—MiniBooNE, Micro-
BooNE, T2K, NOvA, MINERvVA, ArgoNEUT—but also future ones—DUNE and
HyperK [6,7,10-17]—operate in the 0.5-10 GeV region, where different reaction mech-
anisms play an important role in the nuclear response. In particular, the quasi-elastic (QE)
channel, associated to one-nucleon knockout, is the dominant contribution in the range
from hundreds of MeV to a few GeV of the incident neutrino energy. In this region it is
also necessary to describe the emission of two nucleons, i.e., the so-called two-particle-
two-hole (2p2h) channel, and the resonance (RES) regime, describing the excitation of
nucleonic resonances followed by their decay and the subsequent emission of pions and
other mesons. As the neutrino energies increases up to several GeV, not only the resonance
regime but also other inelasticities, corresponding to non-resonant meson production and
deep-inelastic scattering (DIS) processes, become more relevant. This energy region is
of interest for some experiments such as MINERVA or ArgoNEUT, and will be essential
for the next-generation DUNE experiment. Most current measurements are focused on
measuring CCO7t (or “quasielastic-like”) events, which are defined as charged-current (CC)
reactions with no pions (07r) detected in the final state and, thus, dominated by QE and
2p2h contributions. Nevertheless, the inelastic region is also analyzed in some of these ex-
periments via CC-inclusive measurements, where no specific hadronic final state is selected,
thus implying that all nuclear reaction mechanisms have to be considered. It is worth
mentioning that the inelastic regime, which includes resonant and non-resonant meson
production and deep-inelastic scattering, can also represent an important background in
CCOrr data if, for example, the mesons emitted in the interaction are subsequently absorbed
in the nuclear medium, thus mimicking a CCO7r event. In this regard, the excitation of
nucleon resonances represents one of the most relevant inelastic channels, being related to
larger transferred energies than the ones in the QE channel and involving higher final-state
hadronic masses. The resonance regime has been extensively studied in previous works
by different groups [18-25]. Emphasis has been placed not only on the description of the
nucleonic resonances but also on the treatment of the nuclear effects introduced in the
analysis of lepton-nucleus reactions.

Moreover, there is a lack of accurate models and specific measurements in the so-
called Shallow Inelastic Scattering (SIS) region, that is, the transition region between the
resonant and DIS regimes [21]. Information about the resonant nucleon form factors and
the inelastic structure functions is mainly extracted from electron scattering data, which
implies some restrictions when extended to the neutrino case, as the axial channel is missing
in electron reactions. This extension thus requires relying on different approximations
based on QCD calculations, quark models, and Parton Distribution Functions (PDFs) or
semi-phenomenological models. Nonetheless, most of these approaches are affected by
kinematical restrictions and large uncertainties, which makes it difficult to get a consistent
and accurate description of the full inelastic regime. Note also that in the SIS region multiple
processes emerge, including a continuum of higher order resonance states, a significant
fraction of non-resonant processes, and low multiplicity DIS events, but at the same time
processes with identical final states interfere making it difficult to quantify accurately the
magnitude of the corresponding interference terms. Thus the SIS and DIS channels are
currently a matter of continuous study [18,22-29], although more experimental studies and
theoretical analysis at the kinematics of interest for oscillation experiments are still required.

In this context, several groups [30-33] have described the inelastic region, mainly
pion production in nuclei, providing different descriptions of nuclear dynamics and the
initial nuclear state, pion production in a bound nucleon, and the possible subsequent pion-
nucleon interaction within the residual nucleus. Most of the initial studies were based on
the simple Fermi gas approach of non-interacting nucleons, but recently more sophisticated
descriptions have been developed, incorporating relativistic mean field nuclear potentials,
Random Phase Approximation calculations or spectral functions. Regarding resonant
production in the nucleon, several groups have also developed sophisticated approaches to
analyze the nucleon structure in this regime, such as the MK model [34,35] or the Dynamical



Symmetry 2024, 16, 592

30f20

Coupled-Channels (DCC) model [36-38], which have been tested against electron and
neutrino scattering data.

2. General Formalism

In what follows, we summarize the framework used to describe the different nuclear
regimes and reaction mechanisms addressed in this work.

2.1. QE Cross Sections

The superscaling approach (SuSA) is based on the scaling properties exhibited by
inclusive electron scattering where the QE scattering cross section can be written, un-
der certain conditions, as a term containing the single-nucleon cross section times a scaling
function (f) that embodies the nuclear dynamics [39]. The analysis of inclusive electron
scattering data [39] has shown that, for not too low transferred momentum (g larger than
about 400 MeV /c¢), the scaling function does not depend on g (scaling of 1st kind) nor on
the nuclear species (scaling of 2nd kind) and can therefore be expressed in terms of a single
variable ¢, the so-called scaling variable. A more detailed description of superscaling can
be found in refs. [39—44]. This approach has been also successfully applied to inclusive
CCQE neutrino scattering and, most recently, to the full inelastic regime for both electron
and neutrino reactions. The description of the 2p2h channel has also been included in the
model on the basis of the fully relativistic calculation of refs. [45,46]. The corresponding
model for the quasielastic region (SuSAv2-QE) is based on a set of QE scaling functions
extracted from the relativistic mean field (RMF) model for the nucleus.

Although it has been shown that the SuSAv2 model gives an accurate description of
inclusive electron and neutrino cross section measurements, this model is mostly suited at
intermediate and high values of the momentum transfer where scaling works. Addition-
ally, the SuSAv2 model cannot be directly applied to more exclusive measurements like
(e,€'p) [47] or semi-inclusive neutrino-nucleus cross sections [48-50] where a lepton is de-
tected in coincidence with another particle, usually an ejected nucleon. To overcome these
issues the energy-dependent relativistic mean field (ED-RMF) model, based on the relativis-
tic distorted-wave impulse approximation (RDWIA) [47,51-53], has been proposed [54,55].
In this model, the wave function used to describe the initial nuclear state that interacts with
the neutrino corresponds to the eigenstates solution of the Dirac equation using the RMF
potentials. To include effects beyond the mean-field approximation an additional s-shell is
parameterized to reproduce the high missing energy profiled given by the Benhar spectral
function model [51-53]. In contrast with the typical cascade FSI model used by generators,
in this model the same RMF potentials used for the description of the initial state are used
to solve the Dirac equation and find the scattering states that describe the ejected nucleon
wave function. By adopting this approach the preservation of orthogonality, also known as
Pauli blocking, is guaranteed and the distortion of the outgoing nucleon is considered by
propagating it using the self-energy calculated within the mean-field approach. However
using a pure RMF approach with an energy-independent potential to describe the nucleon
in the final state is bound to be inadequate as the momentum of the final nucleon increases.
This is because the RMF potentials are too strong for relatively high nucleon momenta,
when one would expect the potentials to become weaker. This issue is solved by employing
a linear combination of the SuSAv2 scaling functions derived from the relativistic plane-
wave impulse approximation and the RMF model, with the weight of each contribution
determined by a transition function that varies with the momentum transfer q. The param-
eters of the model were fitted to 2C(e, ¢’) data, resulting in remarkable agreement with
inclusive data, particularly for w values exceeding approximately 50 MeV [26,56]. This
agreement extends to (e, ¢’) data from different nuclei as well as to inclusive CC neutrino-
nucleus reactions. The radial dependencies of both ED-RMF and RMF potentials for 12C
are compared in Figure 1 for different values of the proton kinetic energy Ty. For small
values of Ty both potentials are essentially the same, preserving orthogonality between
initial and final states that is especially relevant in this low-momentum region. At larger
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values of Ty, orthogonality is no longer an issue and the transition function reduces the
magnitude of the strong RMF potentials improving the agreement with inclusive electron
and neutrino scattering data.
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" w'"‘“.':'.';: ~~~~~~
< 0
=S R a
S e
Y m— Vector

-300 mmm Scalar
600

0 2 4 °

r (fm)

Figure 1. Energy-dependent relativistic mean field (ED-RMF) potential [26,54] for 12C evaluated
at different proton kinetic energies Ty = 30 MeV (dashed), 200 MeV (dotted) and 800 MeV (dash-
dotted). The RMF potential (solid) is also shown for reference. The vector (red lines) and scalar (blue
lines) components of the potentials are shown separately.

We compare the 1p1h cross section with two alternative model predictions from the
NEUT event generator [57]. Like other neutrino event generators, NEUT uses a factorization
approach in order to generate neutrino-nucleus interactions. This means that events are
sampled according to an interaction cross-section corresponding to a product of the single
nucleon cross-section (following the Llewellyn-Smith formalism [58]) and a nuclear ground
state probability distribution. Final state interactions (FSI) are further factorized, described
by placing outgoing hadrons through an intranuclear cascade [59].

We select two models from NEUT. The first one is the Local Fermi Gas (LFG) model,
based on the prescription from [60] and implemented as described in [61]. In this scheme,
the nucleon removal energy and momentum distribution depends on the local nuclear
density. In addition, nuclear effects such as long-range correlations are incorporated via a
Random Phase Approximation (RPA) approach, which causes a suppression of the cross-
section at low values of the four-momentum transfer. The NEUT LFG model is similar to
the one implemented in GENIE [62,63], which is used as in an input to analyses from the
NOvVA and MicroBooNE experiments.

The second is a spectral function (SF) model following the prescription from
Benhar et al. [64]. This approach provides a more realistic description of the nuclear
ground state which takes into account the shell structure of the nucleus as well as the
presence of short-range correlations (SRC). The SF model relies on the plane-wave impulse-
approximation (PWIA) to write the cross section as a product of the single nucleon compo-
nent and a two-dimensional probability distribution as a function of the individual nucleon
removal energy and momentum. The position, strength and width of the individual shells
(manifested as peaks in the removal energy distribution) have been extracted from ex-
clusive electron scattering measurements, with additional theory-based contributions for
correlated nucleon pairs, mostly in the high momentum and removal energy region. This is
the model used by the T2K experiment in its neutrino oscillation analyses [65].

2.2. 2p2h-MEC Channel

The description of the 2p2h channel that will be used in this work is based on the
fully relativistic calculation of ref. [46]. This is a RFG-based model of two-particle two-hole
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excitations induced by weak meson-exchange currents (MEC) for inclusive CC neutrino
scattering. The model extends a previous calculation performed for electron scattering [45]
which encompasses all the many-body diagrams involving the exchange of a pion and
the emission of two nucleons, including also the possible excitation of an intermediate A
resonance, which plays a dominant role. Notably, the calculation exactly accounts for the
anti-symmetry of the nuclear wave function.

The model has been also implemented in the GENIE event generator [66,67] to speed
up demanding calculations and to ease comparison with electron and neutrino data. The im-
plementation of the 2p2h model in this generator is based on an inclusive microscopic
calculation, where a sum is performed over all the hadronic variables, although GENIE
is able to predict a detailed final state under some assumptions. Only recently the model
has been extended to the semi-inclusive channel for electron scattering [68] and it will
be further generalised to neutrino reactions. It should be stressed, however, that for the
inclusive results shown in the present work the agreement between the results of the micro-
scopic calculation and those provided by GENIE is excellent [66]. Further improvements of
the model are also under way in order to go beyond the RFG description of the ground
state [69] and achieve a better consistency between the nuclear models used to describe the
different reaction channels.

2.3. Inelastic Contributions

In a recent work [70], the superscaling model SuSAv2, initially developed for CCQE
neutrino-nucleus cross sections, was extended to the full inelastic regime (SuSAv2-inelastic),
where the resonance production and deep inelastic contributions were described via the
extension to the neutrino sector of the SuSAv2 inelastic model originally developed for
(e, ¢') reactions. The model has been widely and successfully tested against electron-carbon,
argon and oxygen data.

The model merges inelastic structure functions [71-79] to describe the nucleon behav-
ior in the inelastic regime with the superscaling/RMF approach to describe the nuclear
dynamics. The structure functions come from QCD analyses, parton distribution functions
(PDFs) or phenomenological approaches (Bodek-Ritchie or Bosted-Christy) and are com-
bined with RMF-based scaling functions used in the SuSAv2-QE approach but adapted to
the inelastic domain in order to describe the nuclear dynamics [70]. In this sense, the differ-
ent inelastic contributions are considered by means of the final-state invariant mass that
acts as an inelasticity parameter. Thus, the inelastic regime can be splitted into different
contributions by integrating over different ranges of the invariant mass in the inelastic
nuclear responses. More details about this formalism can be found in [70].

Given that the inelastic structure functions are based on (e, ¢’) reactions, some approxi-
mations must be made to define the W3 weak structure functions. In the case of PDFs, these
contributions can be derived from the antiquark distribution via the parton model. For the
structure functions provided by Bodek-Ritchie or Bosted-Christy, W3 can be built through
the use of phenomenological expressions [21,70,75].

In this study, we employ a recent update of the SuSAv2-inelastic approach, which
incorporates the inelastic inclusive structure function derived from the Dynamical-Coupled
Channels model (DCC) [36,38]. Specifically, the DCC inelastic structure functions consider
the resonance region up to an invariant mass of 2.1 GeV and a squared four-momentum of
3.0 GeV?. For contributions beyond this range, we adopt the Bodek-Ritchie inelastic struc-
ture functions to characterize the deep inelastic scattering region. The features of this model
can be found in [80]. Extensive validation has been conducted against T2K, MicroBooNE,
MINERvVA, and ArgoNEUT inclusive neutrino scattering datasets. While some underes-
timation is observed at MINERVA kinematics, in general our model produces accurate
comparisons with data. In Section 3, we delve into a comparative analysis of the differences
presented by the SuSAv2-inelastic model for neutrino and antineutrino scattering.

Additionally, we also consider the effects of pion-absorption within the nucleus by
means of the NEUT simulation. The NEUT single pion production simulation is based
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on the Rein-Sehgal model for single pion production. Pion absorption effects occurs
when a pion created in a primary neutrino-nucleus interaction is absorbed within the
nuclear medium as simulated by NEUT’s FSI cascade, which can cause the nucleus to emit
additional protons or neutrons. Within this inelastic interaction, the energy lost can create
an important uncertainty in determining the energy of the incident neutrino. Thus, pion
absorption processes are particularly important because a pion production event can have
a QE-like topology in the final state.

3. Discussion of Results

In what follows, the results obtained in this work are analyzed in two subsections re-
lated, respectively, to the study of T2K neutrino and antineutrino CCO7r data, and CC inclu-
sive cross sections at T2K and MINERVA kinematics where all inelasticities are considered.

3.1. Comparison with T2K CCO7t Data

In Figures 2—-6 we show the comparison of the different inclusive theoretical models
described in the previous section with the T2K combined measurement of inclusive CCO7t
muon neutrino—(vy, y~ )—and antineutrino—(7,, " )—cross sections [9], as well as their
sum, difference and asymmetry. Double differential cross sections with respect to the
outgoing lepton momentum p,, and scattering angle 6 are represented versus p,, in different
bins of cos 0. The neutrino-antineutrino asymmetry is defined as

doy, — doy

~ doy + doy’ M)

which results in an observable that stresses not only the neutrino-antineutrino contrasts
but also focuses on the vector-axial transverse interference term (T},,) and their associated
form factors. In the particular case of using the same neutrino and antineutrino fluxes (or
fixed energies), the neutrino-antineutrino difference roughly represents the VA interference
term which would be mostly canceled if we consider the neutrino-antineutrino sum. In
Tables 1-5 we also show the x?/d.o.f. value for each angular bin. One can see that none of
the models is able to describe the measured neutrino and antineutrino cross sections for all
the kinematics. For both neutrinos and antineutrinos measurements, we can appreciate
small differences between the predictions of the theoretical models for backward muon
angles. However, as we move to more forward muon scattering angles, the SuSAv2 and
SF models overestimate the experimental data more than the ED-RMF and LFG models.
Specifically the differences between SuSAv2 and ED-RMF predictions can be attributed to
the better description of low-energy nuclear effects by the latter compared to the former.
Also, although the SF model is a quite realistic model, an incomplete implementation of the
model in NEUT or the addition of a 2p2h simulation modeled using RFG as nuclear model
could explain why this model fails at forward lepton scattering angles.
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Figure 2. T2K v, CCO7t double-differential cross-section per nucleon in bins of true muon kinematics.
The results are compared to NEUT LFG, NEUT SF, ED-RMF and SuSAv2 models. The contribution of
2p2h and 7t absorption are also shown separately, which are common and are already included in all

previous models. The measurement is taken from [9].
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Figure 4. Same as Figure 2 but for the double-differential v, + 7, CCO7 cross-section sum. The mea-
surement is taken from [9].
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Figure 5. Same as Figure 2 but for the double-differential v, — 7, CCO7 cross-section difference.

The measurement is taken from [9].
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Figure 6. Same as Figure 2 but for the double-differential cross-section asymmetry. The measurement

is taken from [9].
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Table 1. x?/d.o.f. values for T2K CCO7 results on neutrinos. The second row of each cos 6, bin corre-
sponds to excluding the most right and left experimental data points from the x?/d.o.f. calculation.
Number of data points considered in each particular bin are shown in parentheses.

cos(8,) (d.o.f) ED-RMF SuSAv2 LFG SF

—1 < cos(6,) <02 (1) 2.44 8.92 0.28 483
0.2 < cos(6y) < 0.6 (5) 0.56 1.86 2.11 0.72
02 < Cos(Qy) <06(3) 0.61 0.70 0.64 0.83
0.6 < cos(6,,) < 0.7 (6) 0.84 0.39 0.30 137
0.6 < cos(6;,) < 0.7 (4) 0.92 0.49 0.33 1.58
0.7 < cos(6,) < 0.8 (6) 1.01 1.46 0.32 1.92
0.7 < cos(6y,) < 0.8 (4) 1.07 1.83 0.17 2.26
0.8 < cos(6,) < 0.85 (7) 1.56 3.14 0.59 112
0.8 < cos(6,) < 0.85 (5) 2.11 439 0.65 135
0.85 < cos(6) < 0.9 (8) 1.02 1.96 1.46 0.88
0.85 < cos(6),) < 0.9 (6) 0.96 1.98 0.74 0.85
0.90 < cos(6,) < 0.94 (7) 3.61 6.21 135 5.66
0.90 < cos(6,) < 0.94 (5) 455 8.25 112 6.78
0.94 < cos(6;) < 0.98 (10) 1.18 2.79 1.93 3.06
0.94 < cos(6,) < 0.98 (8) 1.37 3.42 2.18 3.38
0.98 < cos(6;) < 1.0 (8) 6.77 10.16 391 8.29
0.98 < cos(6) < 1.0 (6) 171 5.28 2.30 5.05

Table 2. x?/d.of. values for T2K CCO7 results on antineutrinos. The second row of each cos 6, bin
corresponds to excluding the most right and left experimental data points from the x?/d.o.f. calculation.
Number of data points considered in each particular bin are shown in parentheses.

cos(8;) (d.o.f) ED-RMF SuSAv2 LFG SF

~1 < cos(6,) <02(1) 0.71 1.07 0.26 0.01
0.2 < cos(8;) < 0.6 (5) 0.61 0.71 1.36 0.67
02 < Cos(Qy) <06(3) 0.54 1.00 2.15 0.48
0.6 < cos(6,) < 0.7 (6) 1.06 147 1.40 1.05
0.6 < cos(6;,) < 0.7 (4) 1.03 1.61 1.58 0.78
0.7 < cos(8;) < 0.8 (6) 0.30 0.22 0.18 0.55
0.7 < cos(8y,) < 0.8 (4) 0.12 0.17 0.19 0.34
0.8 < cos(6,) < 0.85 (7) 1.10 1.66 0.54 0.73
0.8 < cos(8,) < 0.85 (5) 1.24 2.09 0.71 0.67
0.85 < cos(6) < 0.9 (8) 1.77 2.74 3.12 2.28
0.85 < cos(8) < 0.9 (6) 2.35 3.64 411 2.98
0.90 < cos(6,) < 0.94 (7) 0.83 1.46 0.61 1.19
0.90 < cos () < 0.94 (5) 0.69 1.40 0.18 0.51
0.94 < cos(8,) < 0.98 (10) 1.90 472 1.56 2.78
0.94 < cos(f,) < 0.98 (8) 2.20 5.67 1.90 3.25
0.98 < cos(f) < 1.0 (8) 5.98 7.79 5.60 6.69

0.98 < cos(6),) < 1.0 (6) 5.34 6.28 472 5.68
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Table 3. x2/d.o.f. values for T2K CCO7 results on the neutrino and antineutrino sum. The second
row of each cos ), bin corresponds to excluding the most right and left experimental data points
from the x?/d.o.f. calculation. Number of data points considered in each particular bin are shown
in parentheses.

cos(8,) (d.o.f) ED-RMF SuSAv2 LFG SF

—1 < cos(f,) <02 (1) 2.78 9.31 0.14 435
0.2 < cos(6,) < 0.6 (5) 0.28 0.62 0.69 0.51
02< cos(ey) <0.6(3) 0.40 0.63 0.58 0.67
0.6 < cos(6,) < 0.7 (6) 0.44 0.11 0.12 0.92
0.6 < cos(6y,) < 0.7 (4) 0.33 0.14 0.17 0.84
0.7 < cos(6;,) < 0.8 (6) 0.77 091 0.22 1.79
0.7 < cos(6y,) < 0.8 (4) 0.41 0.99 0.13 1.58
0.8 < cos(6,) < 0.85 (7) 231 3.92 0.92 1.50
0.8 < cos(6,) < 0.85 (5) 2.93 5.38 1.19 1.63
0.85 < cos(6),) < 0.9 (8) 0.51 1.28 1.05 0.72
0.85 < cos(6) < 0.9 (6) 0.65 1.69 1.16 0.90
0.90 < cos(6,) < 0.94 (7) 2.38 455 0.94 4.40
0.90 < cos() < 0.94 (5) 2.57 5.62 0.45 413
0.94 < cos(6,) < 0.98 (10) 1.35 4.69 1.57 3.39
0.94 < cos(6,) < 0.98 (8) 1.49 5.57 1.96 3.98
0.98 < cos(6),) < 1.0 (8) 5.94 11.68 5.89 9.18
0.98 < cos(6),) < 1.0 (6) 0.51 5.09 2.95 456

Table 4. x?/ d.o.f. values for T2K CCO results on the neutrino and antineutrino difference. The second
row of each cos 8, bin corresponds to excluding the most right and left experimental data points
from the x?/d.o.f. calculation. Number of data points considered in each particular bin are shown
in parentheses.

cos(6,) (d.o.f) ED-RMF SuSAv2 LFG SF

~1 < cos(6) <02(1) 1.80 7.35 0.42 4.68
0.2 < cos(6;) < 0.6 (5) 1.02 1.85 1.94 1.12
02 < cos(e,,) <0.6(3) 0.89 0.78 0.83 1.02
0.6 < cos(8;) < 0.7 (6) 1.20 0.90 0.83 1.49
0.6 < cos(6;,) < 0.7 (4) 1.59 1.10 0.94 2.04
0.7 < cos(8;) < 0.8 (6) 0.87 1.51 0.34 1.14
0.7 < cos(6;,) < 0.8 (4) 1.29 2.00 0.22 1.70
0.8 < cos(8,) < 0.85 (7) 0.64 1.28 0.31 0.55
0.8 < cos(8,) < 0.85 (5) 0.82 1.60 0.21 0.69
0.85 < cos(6) < 0.9 (8) 1.24 157 1.50 1.11
0.85 < cos(8) < 0.9 (6) 1.04 1.26 1.11 0.97
0.90 < cos(6) < 0.94 (7) 1.70 1.85 1.07 1.81
0.90 < cos () < 0.94 (5) 2.04 2.13 0.89 2.28
0.94 < cos(6,) < 0.98 (10) 143 137 2.22 1.56
0.94 < cos(6,) < 0.98 (8) 1.67 1.64 2.69 1.87
0.98 < cos(8,) < 1.0 (8) 2.39 2.12 2.16 1.74

0.98 < cos(6),) < 1.0 (6) 2.36 2.16 2.68 2.30
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Table 5. x*/d.o.f. values for T2K CCO7 results on the asymmetry. The second row of each cos 6,
bin corresponds to excluding the most right and left experimental data points from the x?/d.o.f.
calculation. Number of data points considered in each particular bin are shown in parentheses.

cos(8,) (d.o.f) ED-RMF SuSAv2 LFG SF

—1 < cos(6,) <02 (1) 0.24 0.14 0.42 0.17
0.2 < cos(6y) < 0.6 (5) 1.19 1.23 1.92 1.11
0.2 < cos(6;) < 0.6 (3) 143 1.33 2.67 118
0.6 < cos(6,,) < 0.7 (6) 1.61 1.57 1.90 1.51
0.6 < cos(6;,) < 0.7 (4) 1.85 1.67 2.13 1.66
0.7 < cos(6,) < 0.8 (6) 0.68 0.70 0.29 0.80
0.7 < cos(6y,) < 0.8 (4) 0.78 0.73 0.22 0.88
0.8 < cos(6,) < 0.85 (7) 0.36 0.34 0.25 0.34
0.8 < cos(6,) < 0.85 (5) 0.36 0.31 0.26 0.31
0.85 < cos(6) < 0.9 (8) 151 1.58 1.85 1.51
0.85 < cos(6),) < 0.9 (6) 1.67 1.74 2.15 1.69
0.90 < cos(6,) < 0.94 (7) 1.27 1.10 0.80 121
0.90 < cos(6,) < 0.94 (5) 146 1.17 0.71 133
0.94 < cos(6;) < 0.98 (10) 1.67 1.70 2.13 1.78
0.94 < cos(6,) < 0.98 (8) 1.92 2.02 2.59 2.12
0.98 < cos(6;) < 1.0 (8) 6.84 6.98 6.54 6.74
0.98 < cos(6) < 1.0 (6) 7.68 7.94 7.72 8.04

Since the difference between the neutrino and antineutrino cross sections, shown in
Figure 5, is driven by the vector-axial (VA) response, which has opposite sign in the two
cases, the sum of the two cross sections, shown in Figure 4, is approximately twice the sum
of the vector-vector (VV) and axial-axial (AA) cross sections. We observe that different
nuclear models can yield very different contributions for both the sum and the difference,
but these effects roughly cancel in the asymmetry, shown in Figure 6. This is in contrast
with the simulations shown in Figures 23 and 24 of ref. [9] where the spread between
the nuclear models shown is largely canceled for both the cross section difference and
the asymmetry. This can be explained by the different models used to estimate the 2p2h
contributions which are the SuSAv2 model in this work and the Valencia model in [9]. In
Figure 5 we can see that the cross section difference is negative for some of the bins, which is
caused by the additional elastic 7,-H contribution present in the antineutrino measurement
which can lead to higher cross sections than for neutrinos at some particular kinematics.

3.2. Analysis of CC Inclusive Results at T2K and MINERvA Kinematics

In this section we compare the neutrino and the antineutrino CC inclusive cross section
given by the SuSAv2 model using the inclusive DCC approach for the resonance regime and
the inclusive Bodek-Ritchie parametrization of the inelastic structure functions. We consider
all possible channels, namely QE, 2p2h, RES, SIS and DIS. We use the SuSAv2 inclusive
model for our analysis, which lacks additional degrees of freedom and is not fine-tuned.
This model maintains consistency while preventing double counting in the inelastic region:
this is achieved by carefully bounding the integral limits over the invariant mass Wy of
the hadronic final states. In our analysis, we compare various data sets under identical
kinematic conditions, i.e., including the same flux and studying the same kinematical bins,
to better compare the influence of the vector-axial (VA) interference term. This represents
the main difference between neutrino and antineutrino cross sections, being positive for
neutrinos and negative for antineutrinos. We perform this analysis at different energies,
using the T2K and MINERVA fluxes, which are shown in Figure 7. It is worth noticing
that these fluxes exhibit distinct features: while the T2K flux peaks around E, ~0.8 GeV [9],
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the MINERVA flux peaks at a significantly higher energy of E,~6 GeV, with a more
pronounced tail [81].

MINERVA Medium T2K (2020)

.y 18+
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Figure 7. Normalised antineutrino and neutrino FHC fluxes from MINERVA (left) peaking at
E,~6 GeV and RHC antineutrino and FHC neutrino fluxes for T2K (right) peaking at E,,~0.8 GeV .

In Figure 8, we present a comparison of the double-differential inclusive cross sections
for neutrinos (solid line) and antineutrinos (dashed line), utilizing only the 7, fluxes from
T2K (red lines) and MINERVA (blue lines) in both neutrino and antineutrino calculations.
This provides a more direct comparison of neutrino vs. antineutrino differences when
considering the same flux in both cases, respectively, stressing the differences associated to
the VA interference response. Particularly at very backward angles, a substantial gap is
observed between the v, and 7, cross sections, which gradually diminishes as the scattering
angle decreases, notably evident at very forward angles. Moreover, at these forward angles,
the MINERVA cross section surpasses that of T2K, while the opposite trend is observed at
very forward angles.

In Figures 9 and 10, we compare neutrino and antineutrino cross sections against
T2K and MINERvVA data. In particular, we present the discrepancies between the v,
and 7, inclusive double-differential cross sections employing both v, and v, fluxes for
both neutrino and antineutrino calculations in order to stress the neutrino-antineutrino
differences in similar conditions.

For T2K, we observe a near resemblance between neutrino cross sections for both
v, and 7, fluxes at very backward angles. The same is true for the antineutrino cross
sections, yet the total result is strongly reduced due to negative contribution of the VA term.
However, important differences can be observed using both fluxes for the neutrino cross
sections and also for the antineutrino ones at forward angles and large p,, which are due
to the more pronounced high-energy tail of the v, flux with respect to the 7, one.

When comparing neutrino and antineutrino cross sections using the same fluxes, we
observe that the differences are very important at backward angles, as commented above,
which implies a remarkable relevance of the VA component. On the contrary, the VA term
is less dominant as long as we move to forward angles where the neutrino and antineutrino
cross sections are more similar, apart from the region of large p,,.
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Figure 8. Comparison of neutrino and antineutrino CC-inclusive cross sections at T2K and MINERvVA
kinematics. As indicated in the panel, the T2K antineutrino flux has been used to produce both
neutrino and antineutrino results. The same applies to the MINERVA case.
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Figure 9. Comparison of neutrino and antineutrino CC-inclusive cross sections at T2K kinematics.
As indicated in the panel, the T2K neutrino and antineutrino fluxes have been used, separately,
to produce both neutrino and antineutrino results. Comparisons have been performed with T2K
neutrino CC inclusive data [13].

Regarding the comparison with the T2K CC-inclusive neutrino data, our neutrino
model using the neutrino flux yields an overall good agreement with these measurements.
Nevertheless, there is a noticeable overestimation at low muon momentum values and
very forward angles, mostly due to our QE contribution. At these specific kinematics,
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related to low-g, the SUSAv2-QE model tends to overestimate the data due to the treatment
of low-energy nuclear effects. This could be corrected by using a relativistic mean-field
(RMF) or an energy-dependent mean field (ED-RMF) model where the description of
nuclear-medium effects at low kinematics is more accurate. This issue will be addressed in
further work.
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Figure 10. Comparison of neutrino and antineutrino CC-inclusive cross sections at MINERvA
kinematics. As indicated in the panel, the MINERVA neutrino and antineutrino fluxes have been used,
separately, to produce both neutrino and antineutrino results. Comparisons have been performed
with MINERVA neutrino CC inclusive data [81].

In the case of MINERVA, the neutrino and antineutrino cross sections derived from
the 7, flux are in general smaller than those from the vy flux. When using the same fluxes,
the discrepancy between v, and 7, cross sections increases with the transverse momentum
value (pr = pysinby), i.e., it is more relevant at backward angles, while the opposite
behavior is observed for the longitudinal momentum (p;, = p,cos0): this is again connected
with the magnitude of the VA term, the main difference between neutrino and antineutrino
cross sections when the same flux is considered. With regard to MINERVA neutrino CC
inclusive data, our model tends to underestimate these measurements, as also shown in [80].
Specifically, our resonance model produces results much lower than the ones from the
models used in generators [81]. This discrepancy might arise from the lack of non-resonant
processes in our model or from the data reconstruction methods that employ a resonance
model where nuclear effects are somehow less relevant, thus assuming more events in the
resonance channel. A more detailed analysis of these findings can be found in [80]. Due
to the lack of MINERVA antineutrino inclusive measurements we cannot make a more
complete comparison for this particular case.

4. Conclusions

In this work we present a study of the neutrino and antineutrino differences via the
analysis of neutrino-nucleus cross sections at T2K and MINERVA kinematics. The ED-RMF
and SuSAv2 neutrino interaction models have proved to successfully describe the sum, dif-
ference and asymmetry of CCO7r neutrino and antineutrino cross sections. On the contrary,
they underestimate significantly the data at MINERVA kinematics, mainly at backward
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angles, which could be ascribed to the differences between the resonance model employed
in this work and the tuned model used in generators, that are more prominent at high
kinematics. Furthermore, unlike the T2K analysis, effects coming from pion absorptions
were not considered when comparing with MINERVA data, which are expected to be
included in future works. Further studies are also required with regard to the description
of the resonant and inelastic structure functions within the SuSAv2-inelastic framework.

Additionally, a x? analysis was carried out to quantify the goodness of the agreement
and compare with the one reported in the experimental papers and the NEUT and GENIE
simulations. We have found that, in general, the SuSAv2 model produces larger values of
X2 than those obtained by the simulations and the ED-RMF model. These discrepancies
need further investigation. However, it should be stressed that our models do not contain
any free parameter or additional tuning to compare with data. In future works, we plan to
implement other resonance models such as the MK approach in the SuSAv2 framework and
other nucleon form factors for the QE regime. Also, the recent inclusion of the DCC model
in the NEUT simulator will allow for a direct comparison with our resonant predictions.

Overall, the present study, with the use of different neutrino interaction models, will
allow to shed light on the nuclear effects involved in the (anti)neutrino-nucleus interactions.
A precise understanding of the limitations and uncertainties of these approaches and their
implementation in generators will be essential for the next generation of neutrino oscillation
experiments. In particular, the difference between neutrino and antineutrino cross sections
studied in this manuscript is a promising observable to explore sensitivity to different
nuclear models and weak nucleon form factors. These analyses need to be extended
with more statistics and improved systematics uncertainties together with more exclusive
measurements that also provide detailed information about hadron kinematics in the final
state. This will help to reduce nuclear-medium uncertainties in neutrino experiments and
to improve model selection for oscillation analyses and the determination of CPV in the
neutrino sector.
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CPV Charge-Parity Violation
QE Quasielastic

CcC Charged-Current

CCQE Charged-Current Quasielastic
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DIS Deep Inelastic Scattering

SIS Shallow Inelastic Scattering
2p2h two-particle - two-hole

PDF Parton Distribution Function
QCD Quantum Chromodynamics
FSI Final State Interactions

SuSA SuperScaling Approach

SuSAv2  SuperScaling Approach version 2

RMF Relativistic Mean Field

ED-RMF  Energy Dependent - Relativistic Mean Field

PWIA Plane Wave Impulse Approximation

RDWIA  Relativistic Distorted Wave Impulse Approximation

SRC Short-Range Correlations
RFG Relativistic Fermi Gas
LFG Local Fermi Gas

SF Spectral Function
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