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Abstract: We compare the semi-inclusive vy, —12C cross-section measurements via T2K and MINERvA
collaborations with the predictions from the SuSAv2-MEC model implemented in the neutrino event
generator GENIE and an unfactorized approach based on the relativistic distorted wave impulse
approximation (RDWIA). Results, which include cross-sections as a function of the final muon
and proton kinematics as well as correlations between both, show that the agreement with data
obtained via the RDWIA approach—which accounts for final-state interactions—matches or improves
GENIE-SuSAv2 predictions for very forward angles, where scaling violations are relevant.

Keywords: neutrino physics; semi-inclusive neutrino-nucleus reactions; FSI modeling

1. Introduction

Lately, there has been a growing interest in the measurements of more exclusive
neutrino—-nucleus reactions, for instance, the detection in the coincidence of a muon and an
ejected proton in the final state, which are more sensitive to nuclear medium effects than
inclusive measurements, where only the final lepton is detected. Such reactions, where both
alepton and another particle are detected in coincidence, are often referred as semi-inclusive
reactions. Because an extra particle is detected alongside the lepton, these reactions do not
fall under the category of inclusive, nor can they be classified as exclusive. This is due to
the unknown energy transfer to the nucleus by the neutrino, leading to uncertainty about
the state of the residual nucleus. In the past, an unfactorized relativistic and fully quantum
approach based on the relativistic distorted-wave impulse approximation (RDWIA) [1]
successfully described exclusive (e, ¢'p) cross-section measurements using a relativistic
optical potential (ROP) to model the final state interactions (FSIs) between the ejected
proton and the residual nucleus. In contrast with the microscopic and unfactorized models
like RDWIA, which incorporate in the modeling both the lepton-boson and the boson—
nucleus vertex in some detail, and thus can be compared to semi-inclusive observables,
there are other models, like the SuSAv2 model [2,3], that are aimed to describe inclusive
cross-sections, that is, only as function of the final lepton kinematics, and thus cannot
make predictions on both leptons and hadrons in the final state. In spite of this, by taking
advantage of a factorization approach, some neutrino event generators like GENIE [4]
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can make predictions about the lepton and also the outgoing nucleon kinematics from
these inclusive models [5]. This factorization implies that the initial nuclear state, which
is generated from a local Fermi gas distribution, is decoupled from the leptonic vertex.
This way, while the behavior of the cross-section against the muon kinematics may be
described correctly, there is no guarantee whatsoever that the correlations between the
final muons and protons for a given event are preserved. Moreover, this approach could
present inconsistent results when the nuclear model used to generate the outgoing nucleon
is different from the nuclear model used in the inclusive cross-section, as is the case in
the current SuSAv2 implementation in GENIE [5]. Furthermore, the results from this
approach rely strongly on the semi-classical description of FSIs commonly used in neutrino
event generators [6,7], which have been shown to be unable to produce microscopic FSI
predictions at low outgoing nucleon momenta [8].

In this manuscript, we will compare T2K [9] and MINERvA [10,11] VH—HC semi-
inclusive CCO7t cross-section measurements with one muon and at least one proton in the
final state (denoted CCO7tNp) with results obtained from the RDWIA using a ROP fitted to
elastic proton-nucleus scattering data and a modified version of the relativistic mean field
(RMEF) potential [12,13] parameterized to reproduce properties of nuclei. To this comparison,
we will also add the calculation without FSIs, using the relativistic plane-wave impulse
approximation (RPWIA), to show the importance of this nuclear effect for the description
of semi-inclusive results, and the estimations from the inclusive SuSAv2-MEC model
implemented in the GENIE event generator [5] to test the validity of the approximations
made by the event generators to obtain hadron kinematics, using as the starting point such
an inclusive model. To all these quasielastic contributions, we will add the SuSAv2-2p2h
meson exchange current (MEC) [14-16] and pion absorption contributions calculated with
GENIE for a full comparison with the available cross-section measurements.

2. Semi-Inclusive Neutrino—-Nucleus Reactions within the RDWIA

The kinematics of the outgoing lepton k’ and nucleon py for semi-inclusive CCOm
events is characterized by a set of six independent variables (K, 0;, ¢, pn, 0%, ¢%) defined
in the laboratory frame with the target nucleus A at rest and the neutrino direction fixed
in the z-axis. We consider that the incoming neutrinos are distributed according to an
energy distribution or flux ®(k) and that the impulse approximation (IA) is valid. Then,
the flux-averaged semi-inclusive neutrino-nucleus cross-section is [8,13]

2 20 k2p2
do Y= Gy cos c5 pN/dk Wpg Ly HM ®(k), )
dk’dﬂk/dedQN 647 EE frec

where Q' and Qf; are, respectively, the solid angles of the final lepton and the ejected
proton; the residual nucleus B can be left in an excited state with invariant mass Wp and
total energy Ep; L,y and H"" are the leptonic and hadronic tensors; and frec is the recoil
factor. Taking into account that we will describe the initial nuclear state as a product of
RMEF single-particle states labeled with a quantum number «, we introduce the hadron
tensor for each shell «, given by

He' = p(Bm) 3o JompsnJimsn @

m;j,SN

where p(Ey;) is the missing energy density and ],’:,mj/s v is the hadronic current that depends

on the initial and final nucleons wave functions ¥5N and q)ij , and the one-body current
operator [17]. The parameterization of missing energy density px(E;) for 12C used in
this work is equivalent to the one used in [13] for °O. By using this method, we can
include effects caused by long- and short-range correlations as seen in the spectral function
formalism but without imposing factorization of the cross-section. The parameters in
the px (En) function for 12C were fitted to reproduce the missing energy profile that one



Phys. Sci. Forum 2023, 8, 43

30f6

obtains from the Rome spectral function for >C [18,19]. The different FSI prescriptions
are associated to the different ways of calculating ¥*N (py, r), all of them within a fully
relativistic and quantum framework.

Energy-dependent RMF (ED-RMF): For this model, the nucleon ejected in the final
state is represented by a scattering solution of the Dirac equation with the same RMF
potential used to describe the initial nucleus but multiplied by a phenomenological function
that weakens the potential for increasing nucleon momenta [12].

Relativistic Optical Potential (ROP): The ejected nucleon moves across the residual
hadronic system under the influence of a phenomenological relativistic optical potential
fitted to reproduce elastic proton—nucleus scattering data [20] in the context of the optical
model. This potential contains a real and an imaginary term, where the latter accounts for
loses to inelastic channels.

Relativistic Plane-Wave IA (RPWIA): The ejected nucleon is described by a relativistic
plane wave. Therefore, in this case, FSIs are neglected. We include this model in our study
to assess the importance of FSIs in the description of semi-inclusive processes.

3. Results

We now proceed to compare all the available semi-inclusive CCO7tNp cross-section
measurements for T2K and MINERvVA with the predictions of two approaches for the
1p1h sector: the RMF model based on Equation (1), where FSIs are implemented using the
different prescriptions described in Section 2, and the 1p1lh GENIE-SuSAv2 implementation
described in [5]. For both approaches, we add on top of the SuSAv2-2p2h MEC [14,21]
and pion absorption [22] contributions calculated with GENIE. The processing of the
GENIE output and its comparison to experimental data was made using the NUISANCE
framework [23]. For both T2K and MINERvA, the comparison is made as function of
muon and proton kinematics, as well as a function of the transverse kinematic imbalances
(TKI) [24] that measure correlations between the final muon and proton in the plane
transverse to the neutrino direction.

In Figure 1, the semi-inclusive cross-sections predicted by ROP as a function of the
muon and proton kinematics for MINERVA seem qualitatively in reasonable agreement
with the theoretical predictions, except for the GZL\] cross-section, where there is an underesti-
mation of the cross-section measurements for low values of 6% and an overestimation in the
high-6%; region. Whilst all models other than ROP overpredict the cross-section, agreement
between the ED-RMF and the GENIE-SuSAv2 predictions is very good except for the py
distribution, where differences can be seen in the whole interval of the proton momentum.
It should be noted that the apparent overprediction of the non-ROP models may be due
to a mismodeling of the strength of the 2p2h or pion absorption contributions and may
therefore not suggest an issue in the CCQE modeling.

In Figure 1, we also compare the microscopic calculations and the GENIE implementa-
tion of SuSAv2 with T2K CCO7 cross-section measurements without protons in the final
state with momenta above 0.5 GeV (CC07t0p) as a function of the final muon kinemat-
ics (top-right panels) and the semi-inclusive CCOrNp cross-section measurements with
protons in the final state with momenta above 0.5 GeV as a function of the final proton
kinematics (bottom-right panels). For the CCOm0p results and backward muon angles, the
microscopic calculation predicts a rather small difference between the results for RPWIA
and the models with FSIs (ROP and ED-RMF), all of them underestimating the experimental
measurements in contrast with the better agreement achieved with GENIE- SuSAv2. As we
move to more forward angles, GENIE-SuSAv?2 predictions start to overestimate some of the
experimental points, an outcome probably due to the scaling/factorization violations and
poor treatment of low-energy effects, which are accounted for more consistently in ED-RMF.
The CCOntNp results shown in Figure 1 are more affected by non-quasielastic contributions
than the CC07t0p measurements and the GENIE-SuSAv2 results slightly overestimate some
of the experimental points, while the ED-RMF and ROP models tend to match or improve
the agreement with the measurements.
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Figure 1. MINER vA [10,11] (left) and T2K [9] (right) CCO7t semi-inclusive v, —12C cross sections as
a function of the muon (top) and proton (bottom) kinematics. All curves include the 2p2h and pion
absorption contributions (also shown separately), evaluated using GENIE. T2K results as a function
of the muon kinematics correspond to py < 0.5 GeV, while the results as a function of the proton
kinematics correspond to py > 0.5 GeV.

Finally, in Figure 2, we show the predictions of the different models as a function of
TKI compared with T2K and MINERvA measurements. The dpr distribution favors the
ED-RMF calculation over the GENIE-SuSAv2 predictions in the low dpr region for T2K,
which is mainly dominated by initial-state effects with negligible contribution from the
2p2h and pion absorption channels. This could be caused by the inconsistencies of the
implementation of the SuSAv2 model, which is based on the RMF theory, in GENIE, that
generates the initial state nucleon using a local Fermi gas model. Above the Fermi level, all
the microscopic models except for ROP overestimate T2K dpr measurements after including
the 2p2h and pion absorption contributions. Regarding the MINERvVA Jp1 measurements,
all the models except for ROP overestimate the data in the peak of the distribution even
without adding the non-quasielastic contributions. In the high-momentum imbalance tail,
the contribution from non-quasielastic channels is sufficient and necessary to match the
experimental results. Concerning the dat distributions, it is interesting to point out the
appearance of a clear peak at large da 1 values in the MINERVA cross-section measurements
that is not present in the T2K experimental results, which might be caused by additional
non-quasielastic contributions present in MINERvA but not in T2K due to the higher energy
of the neutrinos. The GENIE-SuSAv2 predictions and all the microscopic results except for
the ROP overestimate the cross-section measurements, although the shape of the rise in dat
for MINERVA seems to be well described by the combination of FSIs and non-quasielastic
contributions and the overestimation is less significant using ED-RMF compared with
GENIE-SuSAv2 results. Lastly, all the model predictions except for ROP as a function
of ¢t shown in Figure 2 overestimate the cross-section measurements, although the
overestimation is less severe in the case of the ED-RMF model for low values of d¢r.
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Figure 2. MINER vA [10,11] (top) and T2K [9] (bottom) CCO7r semi-inclusive v, —12C cross-sections
as a function of the transverse kinematic imbalances pr, dar and |d¢r|. All curves include the 2p2h
and pion absorption contributions (also shown separately), evaluated using GENIE.

4. Conclusions

We have compared the treatment of semi-inclusive neutrino-nucleus reactions within
an unfactorized relativistic approach with the GENIE implementation of the SuSAv2-MEC
model and some of the latest T2K and MINERvVA cross-section measurements. Although it
is difficult to draw precise conclusions about the individual effects of the approximations
used to obtain semi-inclusive results with the SuSAv2 model, the microscopic calculation
using a modified RMF potential (ED-RMF) improves the agreement with the experimental
results at forward angles where scaling violations and low-energy effects not included in
the SuSAv2 model are relevant. For the cross-sections as a function of the TKI, the best
agreement with the experimental data is given by the RDWIA predictions, especially
the MINERVA measurements, where ROP is the only model that does not overestimate
the data.
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