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We present a complete comparison of semi-inclusive νμ-12C cross section measurements by T2K and
MINERνA collaborations with the predictions from the SuSAv2-MEC model implemented in the neutrino-
nucleus event generator GENIE and an unfactorized approach based on the relativistic distorted wave
impulse approximation. Results, that include cross sections as function of the final muon and proton
kinematics and correlations between both, show that the agreement with data obtained by the relativistic
distorted wave impulse approximation approach, that accounts for final-state interactions, matches or
improves GENIE-SuSAv2 predictions for very forward angles where scaling violations are relevant.
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I. INTRODUCTION

Accelerator-based neutrino oscillation experiments such
as T2K [1–3], MINERνA [4–6], DUNE [7] and Hyper-K
[8] offer an unprecedented opportunity to explore funda-
mental physics, such as the charge-parity violation in the
lepton sector, neutrino mass hierarchy and physics beyond
the standard model [2,9], although their success relies on
understanding neutrino-nucleus interactions in the energy
range of a few GeV. In these experiments the incoming
neutrino energy distribution is a broad function, thus the
exact energy of the interacting neutrino is unknown. For a
reliable analysis of the interaction of a neutrino with a
nucleus, all the possible reaction channels that contribute to
the experimental signal need to be taken into account. This
difficulty is less severe in electron scattering experiments,
where the incoming beam of electrons has a well-defined
energy and the kinematics can be selected to separate
different reaction mechanisms in the nuclear response.
The T2K experiment reconstructs the neutrino energy

from the measured lepton kinematics. The main analysis
samples aim to identify charged-current mesonless neutrino
interactions (CC0π) and then reconstruct the neutrino
energy assuming the interactions are charged-current qua-
sielastic (CCQE) scatters off a single nucleon at rest with

some fixed binding energy [10]. T2K then uses the NEUT

neutrino-nucleus interaction simulation [11] in order to
estimate the significant reconstruction biases due to nuclear
effects (beyond a fixed binding energy) and from non-
CCQE contributions to the CC0π sample, such as those in
which a neutrino scatters off a bound state of two nucleons
(two-particle-two-hole or 2p2h excitations) or those that
produce a pion which is absorbed inside the nuclear
medium [12,13]. In order to reliably infer the oscillated
neutrino energy spectra at the far detector (which is crucial
for characterizing neutrino oscillations), it is therefore
essential that the modelling of nuclear effects, 2p2h and
pion absorption are under control and that their plausible
variation is covered by a robust estimation of theoretical
uncertainties.
Measurements of outgoing lepton kinematics in CC0π

events are very important for experiments like T2K and
Super-Kamiokande [3,14] where most of the information
about the oscillation signal comes from detection of the
final-state muons only. However, they do not allow us to
discriminate between different nuclear models and are not
sufficient to put constraints on the amount of two-body
current contributions. This is why there is a growing
interest in measurements of more exclusive processes,

PHYSICAL REVIEW D 106, 113005 (2022)

2470-0010=2022=106(11)=113005(20) 113005-1 © 2022 American Physical Society

https://orcid.org/0000-0001-6077-070X
https://orcid.org/0000-0002-0492-0619
https://orcid.org/0000-0002-2410-6550
https://orcid.org/0000-0001-9691-0874
https://orcid.org/0000-0002-0890-1343
https://orcid.org/0000-0003-3714-764X
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.106.113005&domain=pdf&date_stamp=2022-12-19
https://doi.org/10.1103/PhysRevD.106.113005
https://doi.org/10.1103/PhysRevD.106.113005
https://doi.org/10.1103/PhysRevD.106.113005
https://doi.org/10.1103/PhysRevD.106.113005


for instance the detection in coincidence of a muon and an
ejected proton in the final state. The interpretation of such
reactions, usually called semi-inclusive reactions [15–18],
is challenging as it requires realistic descriptions of the
initial nuclear state and a good control of proton final-state
interactions (FSI) in Monte Carlo event generators. From
semi-inclusive neutrino-nucleus events one could recon-
struct the energy of the incoming neutrino in a region where
the missing energy is well defined, which is the case of
CCQE scattering where the neutrino scatters off a single
bound nucleon and the missing energy is of the order of the
binding energy of the nucleon. In this context, a recent
study [19] has shown that a neutrino energy estimator
depending on the muon but also on the final proton
kinematics, although neglecting nuclear removal energy
and the loss of energy due to nucleon FSI, improves the
reconstructed energy resolution and the sensitivity to
possible bias in the removal energy estimation.
The implementation of neutrino interaction models in

neutrino event generators requires a fast method of
calculating the differential cross section given some set
of outgoing particle kinematics. In the best scenario, the
full exclusive cross section should be available as a
function of all the variables that define the final state,
which are five in the specific case of one proton knockout
reaction. However, there are very few unfactorized micro-
scopic models which take into account FSI and that
are suitable to compare to inclusive or exclusive cross
sections measurements. None of these unfactorized mod-
els are currently implemented in any neutrino event
generator which, instead, usually rely on factorization
approaches, stemming from the plane-wave impulse
approximation (PWIA). One of these unfactorized micro-
scopic models, extensively applied in the past to describe
exclusive electron scattering ðe; e0pÞ cross section mea-
surements within a relativistic and fully quantum
approach based on the relativistic distorted-wave impulse
approximation (RDWIA) [20–23], uses a relativistic
optical potential (ROP) to include FSI. In this case the
outgoing nucleon is described by a scattering wave
solution of the Dirac equation with this ROP, that includes
real and imaginary terms that are fitted to reproduce
elastic proton-nuclei scattering data. Another possibility is
to characterize the final nucleon as a scattering solution of
a relativistic mean field (RMF) potential parametrized to
reproduce properties of nuclei.
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
[24–26], 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 [27,28] can make predictions about the lepton and
also the outgoing nucleon kinematics from these inclusive
models [29,30]. In GENIE, exploiting a factorization
approximation, for a given event the inclusive models
provide the lepton variables, while the kinematics of the
ejected proton can be determined by selecting an initial
nucleon from a local Fermi gas distribution and then
applying momentum and energy conservation at the vertex.
This procedure implies that the initial nuclear state, which
takes part in the event, 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 final muons and protons for a given event are
preserved. Moreover, this approach could give 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 [29]. Furthermore, the
results from this approach rely strongly on the semiclassical
description of FSI commonly used in neutrino event
generators [31,32], which have been shown to be unable
to produce microscopic FSI predictions at low outgoing
nucleon momenta [33].
In this paper we will extend previous analyses of T2K [1]

and MINERνA [4,34] νμ − 12C semi-inclusive CC0π cross
section measurements with one muon and at least one
proton in the final state (denoted CC0πNp) in PWIA [35] to
include FSI within a fully relativistic, quantum mechanical
and unfactorized approach using both a ROP fit to elastic
proton-nucleus scattering data, and a modified version of
the RMF potential [36–38], to describe the proton in the
final state. We will compare our microscopic results with
the estimations from the inclusive SuSAv2-MEC model
implemented in the GENIE event generator [29] and test
the validity of the approximations made by the event
generators to obtain hadron kinematics using as a starting
point such an inclusive model. Due to the fact that we do
not have semi-inclusive 2p2h meson exchange current
(MEC) and pion absorption models, we will add the
SuSAv2-2p2h MEC [39–41] and pion absorption contri-
bution calculated with GENIE to our QE results for a full
comparison with the available cross section measurements.
Estimates presented in [1,29] suggest that the main non-QE
contribution to the T2K semi-inclusive cross sections as
function of the muon and proton kinematics is the 2p2h
MEC channel. The next non-QE contribution comes from
production of pions that are absorbed inside the nucleus.
The latter is small for T2K, although this is not the case for
MINERνA due to the higher energy of the neutrinos.
We summarize in Sec. II the general formalism of semi-

inclusive neutrino-nucleus reactions as well as the descrip-
tion of the initial state and the final-state models considered
in this work. In Sec. III we briefly address the
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implementation of SuSAv2 model in the neutrino event
generator GENIE and the approximations used to allow
inclusive models to describe semi-inclusive reactions.
In Sec. IV we give a short description of the pion
absorption model of GENIE. Finally, in Sec. V we present
and compare the results of both approaches with T2K
and MINERνA semi-inclusive CC0πNp cross section
measurements.

II. SEMI-INCLUSIVE NEUTRINO-NUCLEUS
REACTIONS WITHIN THE IMPULSE

APPROXIMATION

In what follows, we assume that after the interaction of
an incoming neutrino of momentum k with a nucleus A
we detect in the final state a lepton and a nucleon in
coincidence, having momenta k0 and pN, respectively. We
consider that no other particles are detected in the final
state, although they might be present depending on the
kinematics. The kinematics of the outgoing lepton and
nucleon for semi-inclusive CC0π events is characterized by
a set of six independent variables ðk0; θl;ϕl; pN; θLN;ϕ

L
NÞ

defined in Fig. 1 together with the laboratory frame where
we will work, in which the cross section does not depend
on ϕl. We consider that the incoming neutrinos are
distributed according to an energy distribution or flux
ΦðkÞ and that the impulse approximation is valid, i.e.,
the incoming neutrino interacts only with one of the bound
nucleons exchanging a charged W boson, and being
knocked out of the nucleus, this is the nucleon detected.
Then, the flux-averaged semi-inclusive neutrino-nucleus
cross section is [33,38]

�
dσ

dk0dΩk0dpNdΩL
N

�

¼ G2
Fcos

2θck02p2
N

64π5

Z
dk

WB

EBfrec
LμνHμνΦðkÞ; ð1Þ

where Ωk0 and ΩL
N 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 WB and
total energy EB, Lμν and Hμν are the leptonic and hadronic
tensors, and frec is the recoil factor given by

frec ¼
����1 − pm · ẑ

EB

����; ð2Þ

with pm ¼ q − pN as the missing momentum and
q ¼ k − k0 as the transferred momentum. Note that the
integral over the neutrino momentum on Eq. (1) is
equivalent to the integral over the so-called missing energy
Em because they are related through the energy-momentum
conservation:

Em ¼ WB þmN −MA ¼ k − El þmN − EN − TB; ð3Þ

with El as the energy of the final lepton, TB the kinetic
energy of the recoiling system and EN and mN the total
energy and mass of the final nucleon, respectively.
All information about the nuclear structure and FSI

effects is contained inside the hadronic tensor which is
constructed as the bilinear product of the matrix elements of
the nuclear current operator Ĵμ between the initial nuclear
state jAi and the final hadronic state jB; pNi, composed of
the ejected nucleon and the undetected final nucleus,

Hμν ¼
X
if

JμJν† ¼
X
if

hB; pN jĴμjAihB; pN jĴνjAi�; ð4Þ

where
P

if corresponds to the appropriate average over
initial states and sum over final states as discussed below.
Taking into account that we will describe the initial state as
a product of RMF single-particle states labeled with a
quantum number κ, we introduce the hadron tensor for each
shell κ, given by

Hμν
κ ¼ ρκðEmÞ

X
mj;sN

Jμκ;mj;sN J
ν�
κ;mj;sN ; ð5Þ

with ρκðEmÞ as the missing energy density and

Jμκ;mj;sN ¼
Z

dreir·qΨ̄sN ðpN; rÞ
�
F1γ

μ þ iF2

2mN
σμνQν

þGAγ
μγ5 þ GP

2mN
Qμγ5

�
Φmj

κ ðrÞ; ð6Þ

FIG. 1. Definition of the laboratory frame where the initial
nucleus is considered at rest and the neutrino direction k̂ is chosen
to be the z axis. The final lepton is defined by the momentum k0
and the scattering angle θl, which is the angle with respect to the
initial neutrino direction. The final nucleon is characterized by a
momentum pN and two angles θLN and ϕL

N . The incoming
neutrino (k) and the final lepton (k0) momenta are contained
in the scattering plane, while the reaction plane contains the
incoming neutrino and the ejected nucleon (pN).
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where mj is the third component of the total angular
momentum j of the bound nucleon, sN the spin projection
of the final nucleon and Qμ the four-momentum transfer.
The wave functions ΨsN and Φmj

κ are four-dimensional
spinors which describe, respectively, the scattered and
bound nucleon, and we have used the common CC2
expression for the one-body current operator [17].
In standard PWIA the differential cross section may

factorize into an elementary cross section, describing
lepton-nucleon scattering, and a spectral function describ-
ing the probability of finding a nucleon in the target nucleus
with energy and momentum compatible with the kinemat-
ics of the process (see [42] for more details). This factorized
result, although strictly valid only in PWIA, is useful for
interpretation of the experimental data. The factorization
approach makes it easy to use sophisticated microscopic
approaches to the spectral function to compare with the
effective cross section derived from the analysis of data.
Unfortunately, the simplicity of the factorized result is lost
when distortion (that is, departure from plane waves) of
either lepton and/or ejected nucleon wave functions are
taken into account. Furthermore, factorization does not
hold in the relativistic plane wave limit because of the role
played by the negative energy components in the bound
relativistic nucleon wave function [43].

A. Initial state description

The bound nucleons are described in our approach by a
product of single-particle statesΦmj

κ ðrÞ obtained by solving
the Dirac equation in coordinate space in presence of two
RMF potentials SðrÞ and VðrÞ fitted to the nuclear ground
state properties [44,45].
Effects beyond pure shell model approach can be

introduced in the same fashion as [38] for 16O. We will
introduce a depletion of the occupation of the shell model
states, and include high missing energy nucleons originat-
ing from correlations in the initial state. The missing energy
density ρκðEmÞ for 12C used in this work is shown in Fig. 2.
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 a factorization
of the cross section. The parameters in the ρκðEmÞ function
used in this work were fitted to reproduce the missing
energy profile that one gets from the Rome spectral
function for 12C [42,45,46]. In this case, ρκðEmÞ is
composed by the contributions coming from the 1s1

2
and

the 1p3
2
shells, which are parametrized as Gaussian dis-

tributions as shown in Table I, and from the background,
which is considered as an additional s shell parametrized as
follows:

FðEmÞ ¼ a exp ð−bEmÞ; ð7Þ

if Em > 100 MeV, and

FðEmÞ ¼
a exp ð−100bÞ

exp ½−ðEm − cÞ=w� þ 1
; ð8Þ

if 26 < Em < 100 MeV. The value of the parameters
are a ¼ 0.031127 MeV−1, b ¼ 0.011237 MeV−1, c ¼
40 MeV and w ¼ 5 MeV.
In fact, it has been shown [38] that using this method for

16O in the relativistic plane wave impulse approximation
(RPWIA) yields results within few percent of the fully
factorized spectral function calculation [42,46,47].

B. FSI models

In the following we will describe several options to
include FSI in our results, i.e., different methods to
calculate Ψ̄sN ðpN; rÞ on Eq. (6), 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
[36,37]. This model preserves orthogonality by con-
struction because for the kinematics for which the
overlap between the initial- and final-nucleon wave

50 100 150 200 250 300
10-3

10-2

10-1

100

Em (MeV)

�(
E

m
)

(M
e
V

-1
) 1p3/2

1s1/2

Background

Total

FIG. 2. Parametrization of ρκðEmÞ for 12C by shells used in this
work. The occupation numbers for the 1s1

2
and 1p3

2
shells are 1.9

and 3.3, respectively, with the remaining 0.8 nucleons associated
to the background.

TABLE I. Parametrization of the missing energy distributions
for the two shells of 12C. The contribution to the missing energy
density ρκðEmÞ of each shell is given by ρκðEmÞ ¼
nκffiffiffiffi
2π

p
σκ
expð−ðEm−μκ

2σκ
Þ2Þ, with μκ the mean value, σκ the standard

deviation and nκ the occupation number.

κ μκ (MeV) σκ (MeV) nκ

1s1=2 37.0 10.0 1.9
1p3=2 17.8 2.0 3.3
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functions is significant, the initial and final mean-field
potentials are the same.

ROP: The ejected nucleon moves across the residual
hadronic system under the influence of a phenom-
enological relativistic optical potential fitted to
reproduce elastic proton-nucleus scattering data
[48,49] in the context of the optical model. This
potential contains a real and an imaginary term,
where the latter accounts for losses to inelastic
channels. Thus, the ROP describes scenarios where
the ejected nucleon propagates through the residual
nucleus suffering only elastic scattering and con-
sequently no other hadrons are created in the
process. Hence, the ROP describes a contribution
to the situation where only one proton and no other
hadrons are detected in the final state, although
additional hadrons can appear due to MEC or to
initial state correlations, if the missing energy is
large enough. The RDWIA-ROP approach has been
used in the past to describe exclusive electron
scattering ðe; e0pÞ [20–22] experiments, for which
a missing energy below the two-nucleon knock-out
threshold can be determined from the detection of
the final electron and proton in coincidence, plus the
knowledge of the energy of the initial electron. In
case of neutrino scattering, however, due to the fact
that the energy distribution of the neutrino beams
is very wide, the mere detection in coincidence
of a muon and a proton in the final state does not
guarantee control of the missing energy. Thus, the
measured events would be composed of contribu-
tions beyond the elastic one described by the ROP. A
simple way to consider in the final state the events
beyond the elastic channel is to take only the real
part of the ROP (RROP), that is, removing the
absorption into the elastic-only channel. This has
been shown to be quite effective in describing
inclusive cross section measurements [36,37] which
include all hadronic final states, both elastic and
inelastic channels. Both RROP and ED-RMF models
do not include losses to inelastic channels (i.e., both
are real potentials) and are consistent with special
relativity and quantum mechanics, although the
orthogonality between the initial and final state is
not as good for the RROP model as for the ED-RMF
model [36]. Consequently, differences between them
are expected to be found for relatively small mo-
mentum of the proton where orthogonality becomes
an issue. The ROP potential used in this work is the
so-called energy-dependent A-independent carbon
(EDAI-C) potential [48].

RPWIA: For this model the ejected nucleon is described
by a relativistic plane wave. Therefore, in this case,
FSI are neglected. We include this model in our study
to assess the importance of FSI in the description of
semi-inclusive processes.

III. SuSAv2 IMPLEMENTATION IN GENIE

Currently, many models in neutrino event generators are
only able to calculate inclusive cross sections, i.e., cross
sections that are a function of the final lepton kinematics,
where an integration over the hadronic final states is
assumed. Therefore, these models can be used to predict
the kinematics of the outgoing leptons but cannot be
directly applied to the description of hadrons in the final
state. Nevertheless, it is possible to generate semi-inclusive
predictions, i.e., a lepton and a hadron in the final state,
using inclusive models implemented in generators by using
approximations such as the factorization approach [29].
Since the description of these semi-inclusive reactions has
an impact on the oscillation analyses, it is imperative to test
the validity of these approximations against experimental
measurements of cross sections and also against micro-
scopic neutrino interaction models that can predict final
lepton and hadron kinematics without approximations.
Among the different nuclear models for neutrino inter-

actions, those based on the RMF theory are promising
candidates to be implemented in event generators due to
their accurate description of the nuclear dynamics and their
good agreement with both inclusive and semi-inclusive
electron- and neutrino-nucleus scattering data without
relying on any factorization approach. As a first attempt
in this direction, the SuSAv2-MECmodel [24–26], a purely
inclusive approach based on the RMF theory which has
been proven to successfully predict inclusive cross sections
for electrons and neutrinos in a wide range of kinematics,
has been recently included in the neutrino event generator
GENIE [29] for both 1p1h and 2p2h channels. This
constitutes a first step for the implementation of the more
sophisticated RMF models in further works and also allows
us to test factorization approaches.
This implementation has been carried out via SuSAv2

1p1h and 2p2h hadron tensor tables, Hμνðq;ωÞ, using a
binning of 5 MeV in the transferred momentum and energy
which is combined with GENIE’s interpolation methods
between adjacent bins. A factorization approach is assumed
to generate the outgoing hadronic state where the initial
state nucleon momentum is chosen by independently
sampling from a local (global) Fermi gas nuclear model
for the 1p1h (2p2h) channel.
For the 1p1h channel, the transferred energy ω is then

reduced to take into account the removal energy of the
nucleon based on a momentum-transfer dependent SuSAv2
analysis. The momentum transferred to the nucleon is
altered so that the outgoing nucleon is on shell, assuring
momentum conservation by giving the appropriate amount
to the residual nucleus. Within the impulse approximation
approach, the energy transfer predicted from the inclusive
interaction is initially given entirely to a single nucleon in
the target and none to the residual nucleus. Finally, the
propagation is carried out through the nucleus using
GENIE’s cascade FSI model.
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In the case of the 2p2h channel, based on the relativistic
Fermi gas (RFG) calculation [50,51], a constant energy
value is removed from the cluster of two nucleons to
consider the removal energy. The probability of having
neutron-neutron (proton-proton for antineutrinos) or pro-
ton-neutron pairs as initial cluster is chosen based on the
kinematics of the inclusive interaction using the SuSAv2-
MEC 2p2h theoretical model [52]. The transferred momen-
tum and energy are shared equally between the cluster
components, one neutron (proton) is turned into a proton
(neutron) for neutrinos (antineutrinos) and the cluster
breaks up into two nucleons. The two nucleons are then
propagated through the nucleus via GENIE’s “hN” cascade
FSI model [53].
The implementation for both 1p1h and 2p2h contribu-

tions has been widely validated against the original models
for inclusive measurements.

IV. PION ABSORPTION FROM GENIE

GENIE can further be used to model the pion absorption
contribution to CC0π measurements. The predominant
contribution stems from GENIE’s simulation of single
pion production using the Berger-Sehgal model [54],
which produces pions and nucleons which are propagated
through the nucleus via the same “hN” FSI used for other
interaction channels. In some fraction of the events the
outgoing pions are absorbed within the nuclear medium
(typically ejecting additional nucleons in the process).
There is additionally some small contribution from more
inelastic channels whose mesons are all absorbed by FSI.

V. RESULTS

We now proceed to compare all the available semi-
inclusive CC0πNp cross section measurements for T2K
and MINERνA with the predictions of two approaches for
the 1p1h sector: the RMF model based on Eq. (1), where
FSI are implemented using the different prescriptions
described in Sec. II B, and the 1p1h GENIE-SuSAv2
implementation described in Sec. III. For both approaches
we add on top the SuSAv2-2p2h MEC and pion absorption
contributions calculated with GENIE. The processing of
GENIE output and its comparison to experimental data was
made using the NUISANCE framework [55].
For MINERνA [4,34] the comparison is made as a

function of the muon and proton kinematics and as a
function of the transverse kinematic imbalances (TKI)
[56,57] that measure correlations between the final muon
and proton in the plane transverse to the neutrino direction.
Additionally, for T2K we show the cross sections as
function of the so-called inferred variables (IV) that
compare the momentum and angle of the ejected proton
with the proton kinematics inferred from the measured final
state muon kinematics when assuming a QE interaction on
a target nucleon at rest [1]. The specific experimental

constraints applied to T2K and MINERνA measurements
are summarized in Tables II and III, respectively.

A. T2K

1. CC0π0p

In Fig. 3 we compare the microscopic calculations and
the GENIE implementation of SuSAv2 with T2K CC0π
cross section measurements without protons in the final
state with momenta above 0.5 GeV (CC0π0p) as function
of the final muon kinematics. For backward angles the
microscopic calculation predicts a rather small difference
between the results for RPWIA and the models with FSI
(RROP, 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-SuSAv2 predictions start to
overestimate some of the experimental points, an outcome
probably due to scaling/factorization violations and poor
treatment of low-energy effects which are accounted for
more consistently in ED-RMF. As discussed before, at very
forward angles orthogonalization issues are important,
yielding spurious contributions to the cross section for
the RPWIA model, which largely overestimate the data at
low values of k0. For all the angular bins the 2p2h, although
non-negligible, is limited to a few percent of the total cross
section. Interestingly, the final state proton kinematic
restriction (pN < 0.5 GeV) leaves the pion absorption
contribution negligible. No model is able to reproduce
the sharp oscillation shown by the data just after the
maximum in the last two bins (0.94 < cos θμ < 0.98 and
0.98 < cos θμ < 1.0), but it should be noted that, once the
reported correlations in the measured cross section are
accounted for, the measurement shows no significant
preference for an oscillation in the cross section. To
quantify the agreement of the different models with the
measurements, in the Appendix we include a χ2 analysis
using the covariance matrices provided with the cross

TABLE II. Phase-space restrictions applied to the CC0π cross
section measurements with one muon and at least one proton in
the final state shown by T2K collaboration in [1].

T2K k0 cos θl pN cos θLN ϕL
N

TKI > 0.25 GeV > −0.6 0.45–1.0 GeV > 0.4 � � �
IV � � � � � � > 0.45 GeV > 0.4 � � �

TABLE III. Phase-space restrictions applied to the CC0π cross
section measurements with one muon and at least one proton in
the final state shown by MINERνA collaboration in [4,34].

MINERνA k0 cos θl pN cos θLN ϕL
N

All analyses 1.5–10 GeV >0.939 0.45–1.2 GeV >0.342 � � �
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FIG. 3. T2K CC0π semi-inclusive νμ − 12C cross section without protons in the final state with momenta above 0.5 GeVas function of
final muon kinematics. All curves include the 2p2h and pion absorption contributions (also shown separately), evaluated using GENIE.
Cross section measurements taken from [1].
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FIG. 4. T2K CC0π semi-inclusive νμ − 12C cross section with protons in the final state with momenta above 0.5 GeVas a function of
the final proton and muon kinematics. All curves include the 2p2h and pion absorption contributions (also shown separately), evaluated
using GENIE. Cross section measurements taken from [1].
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sections measurements. The results for T2K are summa-
rized in Table IV. For CC0π measurements without protons
in the final state with momenta above 0.5 GeV the ROP and
ED-RMF models have associated a smaller χ2 compared
with GENIE-SuSAv2 results, although still much larger
than the number of degrees of freedom (d.o.f.), indicating
that low momentum protons are not quantitatively
described by these models.

2. CC0πNp

In Figs. 4 and 5 the different models are compared with
T2K semi-inclusive CC0πNp cross section measurements
with protons with momenta above 0.5 GeVas a function of
the leading proton’s kinematics and the muon scattering
angle, respectively. In general, the 2p2h channel seems to
be more relevant for this case, especially for forward
scattering angles. This is not surprising, since the 2p2h
cross section is peaked at higher ω (hence higher pN) than
the quasielastic cross section. The pion absorption channel
also appears more relevant, but only in specific regions
of outgoing lepton and nucleon kinematics (at relatively
forward lepton and nucleon scattering angles). As a
consequence the data with pN >0.5GeV are more affected
by nonquasielastic contributions than at pN < 0.5 GeV.
The GENIE-SuSAv2 results slightly overestimate some of
the experimental points, while the ED-RMF and RROP
models tend to match or improve the agreement, especially
for proton momentum around 0.5–0.7 GeV. It is interesting
to note that the ROP model in Fig. 5 describes better the
cross section measurements for 0.3 < cos θl < 1.0 than
the rest of the models, but the situation reverses for
−1.0 < cos θl < 0.3, with ROP underestimating the cross
section measurements. ROP predicts the cross section
corresponding to the case in which the struck nucleon
interacts only elastically with the residual nucleus, i.e., it
does not knock out other nucleons or create new mesons in

its way out. Thus, if one would not include the background
contribution due to short-range correlations, that appears at
large Em-pm (see Fig. 2), and that necessarily corresponds
to a process with at least two nucleons in the final state,
then the ROP model gives a lower bound estimate of the
one and only one proton, and no other hadron, in the final
state. We would expect in general that the experimental
measurements are above the ROP predictions, consistently
with the fact that the experimental signal includes more
channels than the one represented in the ROP, namely, that
the nucleon knocked out by the neutrino just interacts
elastically while traveling off the nucleus.
The χ2 comparison presented in Table IV shows good

agreement of the ROP results with the measurements with a
χ2=d:o:f: close to 1. As shown in the Appendix, this strong
preference for the ROP model is driven up by bins with
high proton momentum in the cross sections as function of
pN with 0.3 < cos θLN < 0.8 and 0.8 < cos θLN < 1.0.

3. Inferred variables

In Figs. 6–8 we show the results as function of the proton
inferred kinematics variable (IV) for the different models.
The IV variables are defined as [1]

Δp ¼ jpNj − jpN
inf j; ð9Þ

Δθ ¼ arccos ðp̂inf
N · ẑÞ; ð10Þ

jΔpj ¼ jpN − pN
inf j; ð11Þ

where ẑ denotes the neutrino beam direction and pN
inf ¼

kν
inf − k0 is the final proton momentum inferred under the

hypothesis that the neutrino interacts with a neutron at rest
having mass m̃n ¼ mn − Eb (with Eb ¼ 25 MeV for car-
bon), namely

kν
inf ¼ m2

p −m2
μ þ 2Elm̃n − m̃2

n

2ðm̃n − El þ k0 cos θlÞ
ẑ: ð12Þ

Based on the results of the GENIE-SuSAv2 2p2h model
and GENIE’s pion absorption predictions there are
angular bins with areas heavily dominated by nonquasie-
lastic channels, especially for the cross sections as a
function of Δp and jΔpj in bins with small scattering
angle and low momentum of the muon. For the jΔpj
distribution there is a clear preference to require significant
nonquasielastic contributions in the high momentum imbal-
ance tail in the higher lepton momentum, intermediate
lepton scattering angle slices, where the microscopic
calculation shows small FSI effects by comparing the
RPWIA results with the ED-RMF and RROP predictions.
Regarding the comparison of the different 1p1h predic-
tions, the biggest differences between the GENIE-SuSAv2,
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FIG. 5. T2K CC0π semi-inclusive νμ − 12C cross section with
protons in the final state with momenta above 0.5 GeVas function
of the muon scattering angle. All curves include the 2p2h and
pion absorption contributions (also shown separately), evaluated
using GENIE. Cross section measurements taken from [1].
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FIG. 6. T2K CC0π semi-inclusive νμ − 12C cross section as a function of the variable Δp defined in Eq. (9) for different muon
kinematic bins with constraints of the proton kinematics given in Table II. All curves include the 2p2h and pion absorption contributions
(also shown separately), evaluated using GENIE. Cross section measurements taken from [1].
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FIG. 7. T2K CC0π semi-inclusive νμ − 12C cross section as function of the variableΔθ defined in Eq. (10) in different muon kinematic
bins with constrains of the proton kinematics given in Table II. All curves include the 2p2h and pion absorption contributions (also
shown separately), evaluated using GENIE. Cross section measurements taken from [1]. For readability, the axis range has been reduced
to ½−30°;þ30°� hiding an experimental bin above 30° with very low cross section and centering the ½−360°;−5°� experimental bin
around −20°.
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FIG. 8. T2K CC0π semi-inclusive νμ − 12C cross section as function of the variable jΔpj defined in Eq. (11) in different muon
kinematic bins with constrains of the proton kinematics given in Table II. All curves include the 2p2h and pion absorption contributions
(also shown separately), evaluated using GENIE. Cross section measurements taken from [1].
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the ED-RMF and RROP microscopic results can be found
for forward angles and low muon momentum, especially in
the Δp and jΔpj cross sections, where the GENIE-SuSAv2
estimation can be up to 50% higher than the ED-RMF
result. This might be caused by the limitations of SuSAv2
model to describe correctly low-energy nuclear effects and
scaling violations in the forward region. Even with this
severe reduction compared with the results from GENIE-
SuSAv2, the ED-RMF and RROP models still overestimate
the cross section measurements in these forward angles
and/or low momentum bins due to a large contribution
coming from nonquasielastic channels. This might be
related to an overestimation of the 2p2h contribution
associated to the extrapolation performed in GENIE to
connect the inclusive 2p2h hadronic tensor evaluated
microscopically to the semi-inclusive one used to simulate
these cross sections. The disagreement may eventually be
resolved by performing a fully semi-inclusive calculation
where both the leptonic and hadronic variables are con-
sistently handled. Notice that the agreement with the cross
section measurements is improved in the bin with forward
angles and high muon momentum (k0 > 0.75 GeV) at low
jΔpj, but that the nonquasielastic contribution at higher
jΔpj seems to remain too large. It is also interesting to note
that, for the Δθ cross section in the bin with the most
backward-going muons, the GENIE-SuSAv2 prediction
falls below cross section measurements and is even lower
than the ROP estimation around zero imbalance, which
might indicate too strong FSI. The χ2 values shown in
Table IV are large compared with the d.o.f. for the three
inferred variables, with the worse agreement obtained for
the Δθ distribution. For this specific case, as explained in
the Appendix, large contributions to χ2 come from two
specific bins with very small cross section. If those bins
are removed, agreement of the models based on RDWIA
with the measurements is matched (RROP and ED-RMF)
or improved (ROP) with respect to the GENIE-SuSAv2
model.

4. TKI

The comparison of the cross sections as function of the
transverse kinematic imbalances for the different models
with T2K measurements is presented in Fig. 9. We recall
here the definition of the TKI variables [1]

δpT ¼ jδpTj ¼ jk0
T þ pN;Tj; ð13Þ

δαT ¼ arccos

�
−

k0
T · δpT

jk0
TjjδpTj

�
; ð14Þ

δϕT ¼ arccos

�
−

k0
T · pN;T

jk0
TjjpN;Tj

�
; ð15Þ

where the label T refers to projection on the plane trans-
verse to the neutrino beam. In the absence of FSI and

supposing a pure QE event, the momentum imbalance is
generated entirely by the description of the initial nuclear
state dynamics [56,57]. In this approximation δpT is a
direct measurement of the transverse component of the
bound nucleon momentum distribution, therefore the RFG
model, widely used in neutrino event generators, would be
at a disadvantage compared to more realistic nuclear
models like the independent-particle shell model or the
spectral function model [1,57]. This was explicitly shown
in Ref. [35], where the RFG was found to give a much
poorer description of the δpT distribution than the shell
model. The δpT distribution shown in Fig. 9 favors the

FIG. 9. T2K CC0π semi-inclusive νμ − 12C cross sections as
function of the transverse kinematic imbalances δpT , δαT and
jδϕT j defined in Eqs. (13)–(15). All curves include the 2p2h and
pion absorption contributions (also shown separately), evaluated
using GENIE. Cross section measurements taken from [1].
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ED-RMF and RROP calculations over the GENIE-SuSAv2
predictions in the low δpT region, which is mainly
dominated by initial-state effects with negligible contribu-
tion from the 2p2h and pion absorption channels. This
could be caused by the inconsistencies of the implementa-
tion 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. For imbalances above the
Fermi level, nucleon-nucleon correlations become more
important and the microscopic calculation predicts small
FSI effects. In this region all the microscopic models except
the ROP model overestimate the cross section measure-
ments after including the 2p2h and pion absorption con-
tributions calculated with GENIE, although the comparison
is also inconsistent because the 2p2h contribution is
calculated with a Fermi gas while the microscopic calcu-
lations for the quasielastic process use the RMF model with
corrections to include nucleon-nucleon correlations. In any
case, it is clear that the QE contribution with nucleon-
nucleon correlations included is not enough to describe the
region of high-momentum imbalance and additional con-
tributions are essential to describe the experimental results.
Regarding the angular TKI, δϕT is more dependent

on the neutrino energy and less sensitive to nuclear effects
than δpT [56]. The variable δαT measures with good

approximation the angle between the initial nucleon momen-
tum and the transferred momentum [56]. All the model
predictions except ROP as a function of δϕT shown in Fig. 9
overestimate the cross section measurements, although the
overestimation is less severe in the case of the ED-RMF and
RROP models for low values of δϕT . In the case of δαT , it is
expected to have a rather flat distribution due to the isotropy
of the momentum distribution of the bound nucleon which is
broken mainly by nonquasielastic effects and FSI, although
this deviation from flatness is partially washed out by the
constraint on the outgoing proton kinematics in current
experimentally accessible signal definitions. However, it is
interesting to note that all of the microscopic models,
including RPWIA, predict a significant CCQE-driven rise
in δαT when there is no or low proton momentum threshold
(although this is not shown here), in contrast to what is often
predicted by neutrino event generators. In the results
presented in Fig. 9 there is an overestimation of the cross
section measurements by all the models except the ROP,
which is less significant for the microscopic calculations
using the ED-RMF and RROP models compared with
GENIE-SuSAv2 results. The nonquasielastic contributions
become more relevant for higher values of δαT where the
biggest differences between the microscopic and the
GENIE-SuSAv2 calculations also appear, with the former in

FIG. 10. MINERνA semi-inclusive νμ − 12C cross section as function of the final muon momentum and scattering angle (top) and as
function of the final proton momentum and polar angle (bottom). All curves include the 2p2h and pion absorption contributions (also
shown separately), evaluated using GENIE. The original paper from MINERνA was [4] but the cross section measurements shown here
were taken from [34] which corrected a mismodeling in GENIE’s elastic FSI that affected the cross section measurements presented in
the first paper.
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better agreement with the cross section measurements.
The differences between both kinds of calculations could
be explained by the different treatment of FSI. Simulations
performed with the neutrino event generator NuWro [58],
which also uses a semiclassical cascade model for FSI
with tuned parameters, are in better agreement with the
microscopic calculation than with GENIE-SuSAv2.
Quantitatively, χ2 values summarized in Table IV correspond

to values of χ2=d:o:f: close to 1 for the ROP model for the
three TKI variables, with the best agreement found for the
δαT distribution.

B. MINERνA

We now compare our predictions with the results pub-
lished by the MINERνA collaboration in Refs. [4,34].
Despite a larger contribution from nonquasielastic channels,

FIG. 11. MINERνA CC0π semi-inclusive νμ − 12C cross sections as function of the transverse kinematic imbalances δpT , δαT and
jδϕT j defined in Eqs. (13)–(15). All curves include the 2p2h and pion absorption contributions (also shown separately), evaluated using
GENIE. The original paper from MINERνA was [4] but the cross section measurements shown here were taken from [34] which
corrected a mismodeling in GENIE’s elastic FSI that affected the cross section measurements presented in the first paper.

FIG. 12. MINERνA CC0π semi-inclusive νμ − 12C cross sections as function of the projections of δpT in the x axis (parallel to the
momentum transferred in the transverse plane) and in the y axis (perpendicular to the momentum transferred in the transverse plane). All
curves include the 2p2h and pion absorption contributions (also shown separately), evaluated using GENIE. Data taken from [34].
Notice that the convention used in [34] to define the x and y axis is the opposite to the convention used in this paper, which is the same
adopted in [35].
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due to the higher energy neutrino beam (hEνi ¼ 3 GeV), the
semi-inclusive cross sections predicted by ROP, and shown
in Fig. 10 as function of the muon and proton kinematics,
seem qualitatively in reasonable agreement with experimen-
tal measurements, except for the θLN cross section where
there is an underestimation of the cross section measure-
ments for low values of θLN and an overestimation in the
high-θLN region. This is partially confirmed by the χ2 values
presented in Table V, which show ROP as the favored model
which best matches the measurements of lepton kinematic
variables. Whilst all models other than ROP overpredict the
cross section, agreement between the ED-RMF, RROP and
the GENIE-SuSAv2 predictions is very good except for the
pN distribution where differences can be seen in the whole
interval of 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 Fig. 11 we compare the results of the different FSI

models with the MINERνA cross-section measurements
of the TKI distributions defined in Eqs. (13)–(15). Even
without adding the nonquasielastic contributions, all the
models except ROP overestimate the data in the peak of the
δpT distribution. In the high-momentum imbalance tail
the contribution from the nonquasielastic channels is
sufficient and clearly necessary to match any prediction
with the experimental cross section. A similar situation is
found for the δϕT cross section where all the models except
ROP overestimate the cross section measurements near
zero imbalance and a nonquasielastic contribution is clearly
required to describe the tail of the distribution.
Regarding the δαT results it is interesting to point out the

appearance of a clear peak at large values in the MINERνA
cross section measurements that is not present in the T2K
cross section measurements shown in Fig. 9, which might
be caused by additional nonquasielastic contributions
present in MINERνA due to the higher energy of the
neutrinos. In case of T2K results shown in Fig. 9, it has
been shown [59] that the restriction of the proton momenta
to be above 0.45 GeV removes most of the interactions in
which FSI plays an important role eliminating the peak at
large δαT . The GENIE-SuSAv2 prediction and all the
microscopic results except the ROP overestimate the cross
section measurement, although the shape of the rise in δαT
seems to be well described by the combination of FSI and
nonquasielastic contributions.
Additional projections on the plane perpendicular to

the neutrino direction of the momentum imbalance δpT are
presented in Fig. 12. If the interaction occurred on a free
nucleon at rest, then we would expect a delta function at
δpT ¼ 0 because the muon and the proton in the final state
would be perfectly balanced in that case. Therefore, the
width of the QE peak is mostly consequence of the Fermi
motion. In the PWIA δpTy is exactly the projection on the

y axis of the initial nucleon momentum and, due to the
isotropy of the nucleon momentum distribution, the δpTy

distribution is symmetrical. On the other hand δpTx is
parallel to the transferred momentum in the transverse
plane, which is translated into a small shift of the peaks
towards positive values of δpTx. In the δpTx distribution the
GENIE-SuSAv2 prediction is very similar to the ED-RMF
and RROP models in the region of the peak, with all the
results overestimating the cross section measurements in
this region except for ROP. Furthermore, GENIE-SuSAv2
differs slightly from the other models in the prediction of
the asymmetric tail of the distribution where the non-
quasielastic channels contribute more than the 1p1h chan-
nel. The nonquasielastic contributions seem to perfectly
match the tails of the distribution when added to ROP,
although alterations to the uncertain contributions coming
from pion absorption (and, to some extent, 2p2h) may
allow all the models other than RPWIA to match the cross
section measurements. Note that in all comparisons there is
no evidence for a need for a significant enhancement of the
2p2h contribution, as is often suggested to be required by
MINERνA measurements [4,60]. The χ2 comparison for
each TKI variable summarized in Table V shows that the
best agreement is systematically obtained with the ROP
model, although the χ2=d:o:f: values are far above 1 for all
the TKI variables.

VI. CONCLUSIONS

We have compared the treatment of semi-inclusive
neutrino-nucleus reactions within an unfactorized relativ-
istic approach with the GENIE implementation of the
SuSAv2-MEC model and latest T2K and MINERνA cross
section measurements. We have considered the one proton
knockout process from a 12C target after the interaction with
the νμ beam used by T2K and MINERνA collaborations.
For the microscopic method, the fully exclusive cross
section as a function of the final muon and proton is
obtained without relying on the commonly used factori-
zation approaches. The initial state is described by a RMF
model with a realistic missing energy density that takes
into account the depletion of the occupation numbers of
the shells and correlations between bound nucleons, and
different ways of including the distortion of the ejected
nucleon by the residual nucleus, i.e., FSI, are considered,
all of them fully consistent with special relativity by solving
the Dirac equation with different potentials.
The implementation in GENIE of the SuSAv2-MEC

model, which is based on RMF results and proved to
describe successfully both electron and neutrino inclusive
reactions, can be used to make semi-inclusive predictions
by assuming that the generation of the hadronic state is
factorized from the rest of the process, although this is
partially mitigated by a dependence of the removal energy
with the momentum transferred. Since SuSAv2-MEC is a
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model integrated over all the nucleon variables, the initial
state nucleon momentum is randomly sampled from a
Fermi gas nuclear model and the propagation of the ejected
nucleon through the residual nucleus is modeled using a
semiclassical cascade model. To allow a more complete
comparison with the cross section measurements, the 2p2h
predictions from the SuSAv2 model were added on top of
all 1p1h results. In addition, the pion absorption contribu-
tion required for a complete comparison to experimental
CC0π measurements was also calculated from GENIE and
added to the model predictions.
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 micro-
scopic calculation using a modified RMF potential (ED-
RMF) improves the agreement with the experimental results
at forward angles, i.e., low momentum and energy transfer,
where scaling violations and low-energy effects not
included in the SuSAv2 model are relevant. The measure-
ment of correlations between the final muon and proton can
help to explore the size and shape of the 2p2h contribution,
for instance the comparison with the variables jΔpj and δpT
in Figs. 8, 9 and 11 where the 2p2h contribution is localized
in the high imbalance tail. The jΔpj distribution is espe-
cially interesting for forward muon scattering angles
because of the clear differences between the high and
low muon momentum panels, with the former seemingly
enhancing the relative 2p2h contribution over the latter.
It is important to point out the limitations in the predictive
power for nucleon kinematics of the implementation of the
SuSAv2 2p2h model within GENIE, as well as of the pion
absorption contribution. As shown in [61], different models
of the 2p2h channel can yield very different semi-inclusive
cross section predictions for this channel.
The impact of the factorization approximation and the

inconsistencies introduced by using different nuclear models
in GENIE could be studied following the approach adopted
in [33] to test the cascade model of NEUTagainst ROP results,
where unfactorized RROP events generated with an initial
state described by a RMF were fed to the neutrino generator
and compared with ROP predictions under certain kinematic
cuts. This could be the first step to implement inGENIEmore
exclusive models and more sophisticated descriptions of the
initial state that go beyond a simple Fermi gas, which would
improve the treatment of semi-inclusive reactions by neutrino
event generators. An alternative is the strategy adopted by
GiBUU [62] and, more recently, by ACHILLES [63], which
consists in using trajectories for the propagating nucleons
that are dictated by the real part of an optical potential instead
of straight lines.
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APPENDIX: χ 2 ANALYSIS

Using the covariance matrices provided by the T2K [1]
and MINERνA [4,34] collaborations, we compute the χ2

between the predictions of the different models considered
in this work and the cross section measurements. Within
this section we use the unregularized TKI measurements
provided by T2K [1], as these are more suitable for

TABLE V. Same as in Table IV but for MINERνA.

RROP ROP RPWIA ED-RMF GENIE-SuSAv2

k’ (32) 61 30 79 64 71
θl (19) 50 35 61 52 50
pN (25) 106 61 120 115 116
θLN (26) 74 40 93 76 62
δpT (24) 126 51 165 132 114
δpTx (33) 128 58 161 144 85
δpTy (32) 127 84 155 131 118
δαT (12) 47 19 60 53 37
δϕT (23) 126 99 155 130 93

TABLE IV. χ2 values for different T2K topologies and varia-
bles. The degrees of freedom are given in brackets in the first
column. Δθ� means that bins 0 and 5 were eliminated
(−360 < Δθ < −5 bin in the first two panels of Fig. 7 which
are not entirely shown to improve the readability of the plot).

RROP ROP RPWIA ED-RMF GENIE-SuSAv2

CC0π0p (59) 232 127 1172 180 209
CC0πNp (24) 64 28 82 76 69
Δp (49) 666 373 756 773 366
Δθ (35) 1170 466 1285 1379 159
Δθ� (33) 129 92 152 146 123
jΔpj (49) 348 290 357 376 336
δpT (8) 38 16 60 41 36
δαT (8) 29 13 41 33 49
δϕT (8) 23 20 38 24 40
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FIG. 13. The evolution of the χ2 between each model and the T2K cross section measurements when the bins contributing the
largest χ2 are progressively removed. For example, the right-most points of the top left plot correspond to the total χ2 in Table IV
(calculated using all 59 bins reported by T2K), whilst the points just to the left of them show the χ2 once the bin contributing the
largest χ2 is removed. Points further to the left remove more bins following the same rule. The bin contributing the largest χ2 is
identified by recalculating the χ2 after removing each bin (and its corresponding rows and columns in the covariance matrix) and
choosing the largest.
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quantitative χ2 analysis. Nevertheless, it was verified that
differences in the χ2 analysis when using the regularized
results are marginal. The χ2 of each model prediction for
each measurement from T2K and MINERνA are compiled
in Tables IVand V, respectively. The large χ2 with respect to
the number of degrees of freedom for all measurements
indicates a poor overall agreement, with the exception
of ROP’s good description of T2K’s CC0πNpmeasurement
and MINERνA’s muon momentum measurement.
However, it can be that the low χ2 is driven by poor
agreement in a handful of outlying bins (for example the
high muon momentum overflow bins reported by the T2K
collaboration in the CC0π0p results or the muon kinematic
slices with very small cross section in the IV results). To
study this, Fig. 13 shows the evolution of the χ2 between
each model and the T2K cross section measurements when
the bins contributing the largest χ2 are progressively
removed. The bin contributing the largest χ2 is identified
by recalculating the χ2 after removing each bin (and its
corresponding rows and columns in the covariance matrix)
and choosing the largest one. The bins removed for each
model are therefore different.

Figure 13 immediately shows that the extreme χ2 values
of all the microscopic models for the Δθ variable are
mainly caused by two bins, which indeed are associated to
very small values of the cross section (the −360 < Δθ <
−5 bin in the first two panels of Fig. 7 which are not
entirely shown to improve the readability of the plot). The
ROP model is in good agreement with the T2K CC0π0p
and TKI results once a few the worst bins are removed,
many of which correspond to bins with extreme muon
kinematics in the CC0π0p case. Beyond some of the
extreme muon kinematic bins, it is interesting to note that
large RPWIA χ2 values are driven mostly by the forward
going muon bins, which is not surprising given the strong
suppressive effect of FSI in the corresponding low
momentum transfer region.
For all T2K measurements other than the inferred

variables it can be observed that the preference for ROP
remains even after removing a significant fraction of bins.
However, as discussed in Sec. V, this may be dependent
on the modeling of the nonquasielastic component of the
interaction, which is currently subject to many approx-
imations as described in Sec. III.
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