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F́ısica Térmica y Electrónica and IPARCOS,

Facultad de Ciencias F́ısicas, Universidad Complutense de Madrid,

CEI Moncloa, Madrid 28040, Spain
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Abstract

In this work we present a comparison of semi-inclusive muon and electron neutrino cross sections

with 40Ar target measured by the MicroBooNE Collaboration with the predictions of an unfac-

torized model based on the relativistic distorted wave impulse approximation (RDWIA) and the

SuSAv2-MEC model implemented in the neutrino event generator GENIE. The predictions based

on the RDWIA approach, with a realistic description of the initial state and a phenomenological

relativistic complex optical potential for the description of final state interactions, better describe

the measured cross sections than GENIE-SuSAv2 and RDWIA with a purely real potential.

I. INTRODUCTION

Neutrino-nucleus interactions are one of the key inputs to measurements of neutrino

oscillation parameters [1]. Uncertainties associated with nuclear modeling are an important

source of systematic error in both current neutrino oscillation experiments, NOvA [2] and

T2K [3], and future experiments such as DUNE [4] and Hyper-Kamiokande [5]. Many

present programs, like SBN [6], and future experiments, including DUNE [7–9], will employ

liquid argon time projection chamber (LArTPC) detectors. As a consequence, neutrino-

argon cross-section measurements have great importance, even more so considering that the

main focus of neutrino-nucleus measurements in the past has been lighter nuclei like 12C

and 16O.

The aim of accelerator-based neutrino oscillation experiments is to infer neutrino-

oscillation parameters by comparing measured neutrino interaction event-rates at near

and far detectors, usually as a function of a metric for neutrino energy reconstructed from

final-state interaction products. In lower-energy experiments like T2K or MiniBooNE [10],

charged-current quasielastic (CCQE) scattering of the neutrino contributes a dominant

interaction channel. Whilst different methods of neutrino energy reconstruction are used

for different experiments, their spread and bias are usually driven by nuclear effects and

non-CCQE contributions to measured CC0π event samples. These nuclear effects include

initial-state physics and final-state interactions (FSI), while the non-CCQE contributions

correspond to two-particle-two-hole (2p2h) interactions, where the neutrino interacts with

a pair of bound nucleons that are highly correlated, and interactions that produce a pion

that is absorbed inside the nuclear medium via FSI.
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LArTPC detectors like SBN and DUNE offer the possibility of detecting additional par-

ticles in the final state, which improves the reconstruction of the neutrino energy. This

makes it possible to obtain measurements that are highly sensitive to nuclear effects rel-

ative to inclusive measurements where only the final state lepton is detected. The one

proton knockout process, where a lepton and one proton are produced [11], has been stud-

ied within the plane-wave impulse approximation (PWIA) [12–14] and includes FSI using

the relativistic distorted wave impulse approximation (RDWIA) [15–18]. The T2K [19] and

MINERνA [20, 21] collaborations have published νµ−CC0π cross section measurements on

12C with one muon and at least one proton in the final state (denoted CC0πNp). In Ref. [16]

we analysed the measurements on 12C within the unfactorized RDWIA approach. In this

work we extend the analysis to semi-inclusive MicroBooNE measurements on 40Ar with two

different topologies: zero pions, one lepton and at least one proton (CC0πNp) [22, 23] and

zero pions, one lepton and exactly one proton (CC0π1p) [24] in the final state. These mea-

surements were made using the Booster Neutrino Beamline at Fermilab, which extends to 7

GeV and peaks around 0.7 GeV. As we did in [16] for 12C, in this paper we will also com-

pare the semi-inclusive 40Ar measurements with the predictions from the inclusive model

SuSAv2 [25–27], based on superscaling [28], that has been implemented in the neutrino

event generator GENIE [29, 30]. Strictly speaking, this model is only capable of predicting

inclusive cross sections as function of the leptonic variables. However, assuming a factor-

ization of the leptonic vertex and the initial nuclear state, it is possible for an inclusive

model implemented in a neutrino event generator to make predictions about the ejected

proton kinematics [31, 32]. It is important to point out that in the plane wave approach,

the cross section factorizes into a single-nucleon term that takes care of the interaction be-

tween the lepton and a nucleon in the target, and the spectral function that incorporates

nuclear effects. Factorization is not preserved in the RDWIA model. The meson exchange

current (MEC) contribution to the 2p2h channel (following [33–35]) and pion absorption

(following [36, 37]) contribution are calculated with GENIE and added to the quasielastic

cross sections for comparison to the available cross-section measurements.

The paper is organized as follows: In Section II we summarize the basic formalism for

semi-inclusive neutrino-nucleus processes emphasizing the ingredients of the RDWIA ap-

proach. We discuss the model for the initial state and the description of the final state

interactions using different approaches. Section III contains a detailed analysis of the re-
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sults obtained comparing the theoretical predictions and data for CC0πNp and CC0π1p

topologies. We consider both muon and electron neutrino scattering processes on 40Ar.

Finally, in Section IV we draw our main conclusions.

II. SEMI-INCLUSIVE NEUTRINO-NUCLEUS QUASIELASTIC SCATTERING

WITHIN RDWIA

Following previous publications [15, 16, 38], in this section we briefly summarize the

formalism to describe the one proton knockout channel where an incoming neutrino with

momentum k interacts with a nucleus A, and a lepton and a proton, with momenta k′ and

pN, respectively, are produced. In the laboratory frame, the flux-averaged six-differential

semi-inclusive cross section is given by:

〈
dσ

dk′dΩk′dpNdΩL
N

〉
=

G2
F cos2 θck

′2p2N
64π5

∫
dkΦ(k)

WB

EBfrec
LµνH

µν , (1)

where Ωk′ and ΩL
N are, respectively, the solid angles of the final lepton and the ejected

proton, Φ(k) is the neutrino energy distribution (flux). The residual system 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. All the information about initial-state

dynamics and FSI is contained inside the hadronic tensor Hµν , which is built as the bilinear

product of the matrix elements of the nuclear current operator between the initial and final

nuclear states [15, 16, 38]. Assuming that the impulse approximation is valid, the initial

neutrino interacts with only one neutron of the target that is knocked out and turned into a

proton. Then the proton travels through the residual nucleus undergoing FSI until it exits

the nucleus.

In RDWIA the initial nucleons are described by a relativistic bound-state wave function

obtained within the relativistic mean field (RMF) approach [39]. We use a continuous

missing energy (Em) profile, denoted ρ (Em), where each of the seven independent-particle

shell model (IPSM) states α are modeled as Maxwell-Boltzmann distributions

ρα (Em) =
4Sα√
πσα

(
Em − Eα + σα

σα

)2

(2)

× exp

[
−
(
Em − Eα − σα

σα

)2]
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with Eα the position of the peak, σα the width and Sα the occupancy of the shell.

An additional 1s1/2 shell, called background, is included to account for the correlated

nucleons that are not in the IPSM states. This background is parametrized as follows [15, 16]:

B (Em) = Sba exp(−bEm) (3)

if Em > 100 MeV, and

B (Em) =
Sba exp(−100 b)

exp
[
− (Em − c)/w

]
+ 1

(4)

if 20 < Em < 100 MeV. The parameters are a = 0.031127 MeV−1, Sb the background

occupancy of 40Ar, b = 0.011237 MeV−1, c = 40 MeV and w = 5 MeV. The parametrization

used in this work, that corresponds to the 22 neutrons in 40Ar, is summarized in Table I. In

this work we analyse the semi-inclusive quasielastic reaction induced by a neutrino beam,

therefore, we focus on the configuration of the initial-state neutrons. From a theoretical

point of view, anti-neutrino induced quasielastic cross sections can also be described by the

RDWIA formalism, provided the proton initial state (see e.g. [40]); however, this reaction

requires the detection of neutrons which is not possible with the current LArTPC technology.

In the next section, the RDWIA results are presented with colored bands that show an

estimate of the error in the theoretical calculation due to the uncertainty on the modeling

of the 40Ar missing energy profile. The uncertainties of the parameters that model this

profile are shown in Table I. The bands are constructed by randomly sampling the values of

the missing energy profile parameters within their uncertainties with an uniform probability

distribution. The number of neutrons in the background is such that the total number is

22, and the calculation is done only if the background contains between 15-25% of the 22

neutrons, which is consistent with previous studies [41–43]. The modeled missing energy

profile is shown in Fig. 1 compared with the RMF predictions.

Within the RDWIA approach FSI are included by solving the coupled differential equa-

tions derived from the Dirac equation with scalar and vector potentials that include the

short-range strong interaction and the Coulomb potential. Regarding the potential that

describes the strong interaction we consider two possibilities: a phenomenological complex

relativistic optical potential (ROP) fitted to reproduce elastic proton-nucleus scattering data

and the same RMF potential used to describe the initial state but multiplied by a phe-

nomenological function that weakens the potential for increasing nucleon momenta [44, 45]
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(denoted energy-dependent relativistic mean field or ED-RMF). The parameterization of the

ROP used in this work is the energy-dependent A-independent calcium 1 parameterization

(EDAI-Ca) [46]. The presence of an imaginary term in the ROP model leads to some flux

loss as only the elastic scattering is described. On the contrary, the ejected nucleon wave

functions in the ED-RMF model (pure real potential) are eigenstates of the same Hamil-

tonian used for the initial nucleon bound states. This ensures orthogonalization and Pauli

blocking is incorporated consistently. Furthermore, the absence of the imaginary term in

the potential ensures flux conservation, thus other channels in addition to the elastic one

are incorporated. This explains why the ROP cross sections are significantly smaller than

those obtained with the ED-RMF model. These predictions are also compared with the ones

based on the SuSAv2 (inclusive) approach implemented in GENIE (see discussion above and

[31] for details).

0 50 100
0.0

0.2

0.4

0.6

Em (MeV)

ρ
(E

m
)

(M
eV

-1
)

average ρ(Em)

RMF

ρ(Em) uncertainty

FIG. 1. Missing energy profile of neutrons in 40Ar described by the parameterization given in

Table I. The red band corresponds to the uncertainties summarized in Table I, the vertical blue

lines show the positions of the RMF shells and the black dashed line shows the mean value of the

distribution.

III. RESULTS AND DISCUSSION

In this section we show MicroBooNE CC0πNp [22, 23] and CC0π1p [24] measurements

compared with the quasielastic predictions using the unfactorized RDWIA approach with

1 To our knowledge, there is not any Dirac optical potential available for elastic proton−40Ar scattering

data, 40Ca is the closest nucleus for which they exist. We have seen that using any energy-dependent

A-dependent potential also provided in [46] produces similar results to the ones shown in this work.
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α Eα (MeV) σα (MeV) Sα

1s1/2 55 ± 6 30 ± 15 0.9 ± 0.15

1p3/2 39 ± 4 12 ± 6 0.9 ± 0.15

1p1/2 34 ± 3 12 ± 6 0.9 ± 0.15

1d5/2 23 ± 2 5 ± 3 0.75 ± 0.15

2s1/2 16.1 ± 1.6 5 ± 3 0.75 ± 0.15

1d3/2 16.0 ± 1.6 5 ± 3 0.75 ± 0.15

1f7/2 9.869 ± 0.005 5 ± 3 0.75 ± 0.15

TABLE I. Parameterization of the missing energy distribution for the 22 neutrons in 40Ar used

in this work. The shells are modeled as Maxwell-Boltzmann distributions (see the text). The

spectroscopic factors Sα give the relative occupancy of the shell respect to the pure shell model

occupancy. The background occupancy is fixed by the normalization condition
∑

α

∫
dEm(2jα +

1) [ρα(Em) +B(Em)] = 22, where jα is the total angular momentum of the shell α. The previous

condition is fulfilled by setting Sb = 3.05, which results in around 4.3 neutrons in the background.

The position of the 1f 7
2
shell was set to the experimental neutron separation energy [47], and the

others were set to the RMF values. The widths used in this model were inspired by those of the

proton spectral function obtained from the analysis of the JLab 40Ar(e, e′p) experimental data [40].

different treatments of FSI and the implementation of the SuSAv2 model in GENIE [31].

The 2p2h-MEC (following [33–35]) and pion absorption (following [36]) contributions are

calculated with GENIE and added to the quasielastic cross sections for comparison to the

available cross section measurements. Whilst a development version GENIE was used to

produce these simulations, the results are identical to running GENIE v3.2.0 in configura-

tion G21 11b 00 000. The processing of GENIE output and its comparison to experimental

data was made using the NUISANCE framework [48]. Phase space restrictions applied for

the comparison with the different experimental measurements are summarized in Table II.

A χ2-based analysis is presented in next section when discussing the results obtained for the

cross sections.
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1µCC0πNp k′ cos θl pN cos θLN ϕL
N θµp δpT

> 0.1 GeV - 0.3-1.2 GeV - - - -

1eCC0πNp

> 30.5 MeV - > 0.3105 GeV - - - -

1µCC0π1p

0.1-1.5 GeV −0.65 < cos θl < 0.95 0.3-1.0 GeV > 0.15 145-215◦ 35-145◦ δpT < 0.35 GeV

TABLE II. Phase-space restrictions applied to νµ−40Ar CC0πNp [22] and CC0π1p [24] and νe−40Ar

CC0πNp [23] cross section measurements performed by MicroBooNE collaboration. The opening

angle θµp is defined as the angle between the muon and the ejected proton and δpT = |k′
T + pN,T|

is the transverse momentum imbalance [49] defined as the sum of the projections in the plane

perpendicular to the neutrino direction of the muon and proton momenta. The index “L” over

the proton angles means they are defined in the laboratory frame (neutrino direction fixed in the

ẑ axis).

A. CC0πNp

In Fig. 2 we compare the two RDWIA models previously described (ROP and ED-RMF)

and the GENIE-SuSAv2 predictions with MicroBooNE 1µCC0πNp data for 40Ar [22]. The

cross sections are shown as function of the muon and leading proton kinematics and also

the opening angle θµp. The experimental cross sections are given in terms of reconstructed

variables, while our models predict the results as function of true variables. Therefore, we

have applied the smearing matrix [22] to all the theoretical results shown in Fig. 2. Whilst

the GENIE-SuSAv2 and ED-RMF models are in poor agreement with the measured k′reco

distribution in Fig. 2, the ROP model provides a reasonable description of it with a χ2

of ∼10 for 6 degrees of freedom (d.o.f.). The shape of the precoN distribution is correctly

reproduced by the ED-RMF or ROP models once the 2p2h and other contributions are

taken in account, although the ED-RMF model overestimates the measurements in the

0.65 < precoN < 0.9 GeV range. It is interesting to note that the GENIE-SuSAv2 model

overestimates the experimental measurement at very low precoN (although its good agreement

at large precoN actually leads to a lower χ2).

The shape and magnitude of the cos θl
reco and cos θLN

reco
angular distributions (Fig. 2)
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are well described by all the models except at very forward muon scattering angles where

all overestimate the cross-section measurement, although it is worth noting that this is

less severe in the case of ROP, which provides a quantitatively good description of the

distribution. Regarding the θrecoµp distribution, ED-RMF appears to better describe the

shape of the experimental measurement, but both ROP and ED-RMF are quantitatively

compatible with data.

In Fig. 3 we compare the different theoretical models with MicroBooNE 1eCC0πNp data

on 40Ar [23] as function of electron energy and scattering angle, and the final proton ki-

netic energy (TN) and scattering angle. Additionally, for the TN distribution presented in

Fig. 3, MicroBooNE collaboration provides one extra data point (0 < TN < 50 MeV) that

corresponds to events with one electron, no protons above TN = 50 MeV threshold and

any number of protons below the threshold. Although the experimental measurements are

statistically limited and the error bars are large, the ROP model seems to describe better

all the measurements presented in Fig. 3, whilst both GENIE-SuSAv2 and ED-RMF tend

to overestimate them, although it should be noted that there is little quantitative power to

statistically separate the models.

B. CC0π1p

The MicroBooNE CC0π1p νµ−40Ar measurements [24] are shown in Figs. 4 and 5 as

function of the muon and proton kinematics, together with the RDWIA and GENIE-SuSAv2

predictions.

A noticeable difference with respect to the CC0πNp topology is the negligible contribution

of the 2p2h channel in all distributions. The reason is the kinematic cuts applied to the

CC0π1p signal which are summarized in Table I. From a theoretical point of view, the

CC0π1p topology, leaving aside the non-quasielastic contributions, is closer to the picture

drawn by the ROP model, in which the imaginary part of the optical potential subtracts

all the inelastic nuclear FSI, leaving only the elastic channel (i.e. the outgoing proton

interacting elastically with the residual system). The inclusion of the background part of

the spectral function introduces states with two or more nucleons being knocked out. Note

that this contribution is very minor in the cross sections shown in Figs. 4 and 5, and in fact,

the result obtained after its subtraction is contained within the uncertainty for both RDWIA
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FIG. 2. MicroBooNE CC0πNp νµ−40Ar cross sections as function of the reconstructed muon

and proton momenta and scattering angles and the opening angle θrecoµp . All curves include the

two-particle-two-hole (denoted 2p2h) and pion absorption (denoted other) contributions evaluated

using GENIE (shown separately). Experimental results are from [22]. The bands, drawn for the

ED-RMF and ROP models, represent the uncertainties associated with the modeling of the initial

nuclear state. The χ2/d.o.f. ratio is given in brackets in the legend of each distribution.

predictions. The results presented as function of the proton kinematics show good agreement

between the ROP and data, while the predictions by the other models overestimate the

10



-1.0 -0.5 0.0 0.5 1.0
0

5×10 -39

1×10 -38

1.5×10 -38

2×10 -38

cos(θl)

dσ
/d

co
s(

θ l
)(

cm
2 nu

cl
eo

n-1
)

2p2h

Other

GENIE-SuSAv2 (7.0/4)

ED-RMF (7.0/4)

ROP (0.2/4)

0 1 2 3 4
0

1×10 -39

2×10 -39

3×10 -39

4×10 -39

5×10 -39

El (GeV)

d
σ

/d
E

l(
cm

2 G
e

V
-1

nu
cl

eo
n-1

)

GENIE-SuSAv2 (9.2/4)

ROP (1.9/4)

ED-RMF (9.1/4)

2p2h

Other

-1.0 -0.5 0.0 0.5 1.0
0

2×10 -39

4×10 -39

6×10 -39

8×10 -39

1×10 -38

cos(θN
L)

dσ
/d

co
s(

θ N
L )(

cm
2 nu

cl
eo

n-1
)

GENIE-SuSAv2 (12.9/4)

ROP (7.1/4)

ED-RMF (14.3/4)

2p2h

Other

0.00 0.05
0

1×10 -38

2×10 -38

3×10 -38

0.2 0.4 0.6 0.8

TN (GeV)

d
σ

/d
T

N
(c

m
2 G

e
V

-1
nu

cl
eo

n-1
)

GENIE-SuSAv2 (8.7/5)

Other

2p2h

ROP (2.7/5)

ED-RMF (8.5/5)

FIG. 3. MicroBooNE CC0πNp νe−40Ar cross sections as function of the electron scattering

angle and energy (El) and proton kinetic energy (TN ) and scattering angle. All curves include the

two-particle-two-hole (denoted 2p2h) and pion absorption (denoted other) contributions evaluated

using GENIE (shown separately). Experimental results are from [23]. The bands, drawn for the

ED-RMF and ROP models, represent the uncertainties associated with the modeling of the initial

nuclear state. The single white point in the TN distribution between 0 < TN < 50 MeV corresponds

to an extra 1e0p0π (one electron, no protons above 50 MeV threshold and any number of protons

with kinetic energy below the 50 MeV threshold) measurement performed by MicroBooNE [23].

For this single point, additional phase space restrictions on the electron energy (El > 0.5 GeV) and

the electron scattering angle (cos θl > 0.6) are applied. Note that for this bin, the GENIE SuSAv2

prediction is the same as the ED-RMF prediction and so cannot easily be seen on the plot. The

χ2/d.o.f. ratio is given in brackets in the legend of each distribution.

measured cross sections, especially the ED-RMF model. Regarding the lepton kinematics,

the bins around the peak of the k′ distributions are slightly underestimated by the ROP but

the ED-RMF and GENIE-SuSAv2 overestimate the data in the rest of the bins.
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In Fig. 4, we also present the predictions as function of the reconstructed neutrino energy

and Q2
CCQE, which are defined as follows [24]

Ecal
ν = El + TN + 40 MeV ,

Q2
CCQE =

(
Ecal

ν − El

)2 − (k− k′)
2

(5)

with El the muon energy and TN the kinetic energy of the ejected proton. The argon

binding energy is assumed to be 40 MeV. Both RDWIA calculations tend to underestimate

(ROP) or overestimate (ED-RMF) the measurements as function of Q2
CCQE. However, the

ED-RMF prediction describes better the data in the bin that excludes forward muon angles,

i.e. −0.65 < cos θl < 0.8. In the case of the cross section as function of Ecal
ν , all the models

overpredict the data in the tail of the distribution at large Ecal
ν -values. Given that a good

description of Ecal
ν requires a description of the fully exclusive final state including very low

momentum hadrons below detection threshold, the poor agreement is unsurprising.

Finally, the cos θl distribution is shown in Fig. 5. The ROP and GENIE-SuSAv2 pre-

dictions are within the experimental uncertainty except for the forward angle bin that is

overestimated by the GENIE-SuSAv2 and ED-RMF models. However, recent work by the

MicroBooNE collaboration [50] shows a cos θl distribution that is reproduced correctly by

different neutrino generators. This suggests that the discrepancy observed in Fig. 5 at small

muon scattering angles might be due to the use of an old version of the GENIE config-

uration that accounts for efficiency corrections and beam-induced backgrounds. This old

version of GENIE (v2.12.2) [29, 30] treats the nucleus as a Bodek-Ritchie Fermi gas, uses

the Llewellyn-Smith CCQE scattering prescription [51], the empirical MEC model [52], the

Rein-Sehgal resonance and coherent scattering model [53], and a data-driven FSI model

denoted as “hA” [54].

As already discussed, the ED-RMF prediction is an estimate of the ‘at least one proton

in the final state’ signal. In the case of GENIE-SuSAv2, the primary proton (the one at

the neutrino interaction vertex) is introduced in the GENIE cascade, where it may undergo

inelastic FSI leading to events with more than one proton (or pion creation) in the final

state, which do not contribute to the signal. Therefore, in this CC0π1p case, ED-RMF is

expected to be above GENIE-SuSAv2, and above the data. The fact that GENIE-SuSAv2 is

systematically larger than ROP may be due to events in which the primary proton underwent

inelastic FSI but they still contribute to the signal because, e.g., a undetectable neutron was
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knocked out, a second knocked out proton below threshold, etc. This observation could also

be due to poor modeling of the elastic channel [38], possibly or in part arising from the

use of an inclusive model to predict semi-inclusive scenarios [55]. Complete understanding

requires further investigation.

IV. CONCLUSIONS

This paper presents a comparison of semi-inclusive νµ−40Ar and νe−40Ar cross section

measurements with two different theoretical approaches: RDWIA calculations using ED-

RMF and ROP FSI models, and the SuSAv2 model implemented in GENIE. For the RDWIA

models the calculation is performed taking into account conservative uncertainties associated

with the modeling of the spectral function used for the description of the initial state.

Among the two RDWIA approaches considered in this work, the ROP model provides

the best overall agreement with data for both CC0πNp and CC0π1p topologies. Only ROP

is able to obtain a quantitatively reasonable agreement with the measurements, achieving an

average χ2/d.o.f across all measurements of 0.95 compared to 2.84 for ED-RMF. It is worth

mentioning in the CC0π1p case the accordance between the ROP predictions and data as

function of the muon and proton kinematics, except for the forward muon scattering angles

(see Fig. 5) where the reported very low data point appears not to be present in subsequent

analyses.

To conclude, the present study shows that the ROP model is in better agreement with

data than the GENIE-SuSAv2 model for most of the kinematics explored. This compari-

son provides useful information on the kinematic regions where the GENIE-SuSAv2 results

provide reasonable agreement with data and those where they are not reliable. The con-

tributions from the 2p2h channel to the reaction analysed in this work, as well as future

microscopic semi-inclusive 2p2h calculations, could be validated against additional exclusive

measurements like CC0π 1 muon and two protons in the final state topology measured by

the MicroBooNE collaboration [56].
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FIG. 4. MicroBooNE CC0π1p νµ−40Ar cross sections as function of the muon and proton momenta,

proton polar scattering angle, Q2
CCQE and Ecal

ν as defined in Eq. 5. All curves include the two-

particle-two-hole (denoted 2p2h) and pion absorption (denoted other) contributions evaluated using

GENIE (shown separately). Experimental results were taken from [24]. The bands drawn for the

ED-RMF and ROP models are related with the uncertainties associated with the modeling of the

initial nuclear state. The χ2/d.o.f. ratio is given in brackets in the legend of each distribution

except for Q2
CCQE and Ecal

ν for which the covariance matrices are not available.
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FIG. 5. MicroBooNE CC0π1p νµ−40Ar cross sections as function of the muon scattering angle. All

curves include the two-particle-two-hole (denoted 2p2h) and pion absorption (denoted other) con-

tributions evaluated using GENIE (shown separately). Experimental results were taken from [24].

The bands drawn for the ED-RMF and ROP models are related with the uncertainties associated

with the modeling of the initial nuclear state. The χ2/d.o.f. ratio is given in brackets in the legend

of each distribution.
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