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In this work, the SuSAv2 and dynamical coupled-channels (DCC) models have been combined and
tested in the inelastic regime for electron and neutrino reactions on nuclei. The DCC model, an approach to
study baryon resonances through electron and neutrino induced meson production reactions, has been
implemented for the first time in the SuSAv2-inelastic model to analyze the resonance region. Within this
framework, we also present a novel description about other inelasticities in the resonance region (SoftDIS).
The outcomes of these approaches are firstly benchmarked against (e, ') data on '?C. The description is
thus extended to the study of neutrino-nucleus inclusive cross sections on '*C and *°Ar and compared with
data from the T2K, MicroBooNE, ArgoNEUT, and MINERVA experiments, thus covering a wide

kinematical range.
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I. INTRODUCTION

The description of neutrino-nucleus reactions is essential
for the analysis of neutrino oscillation experiments and
the determination of relevant properties, such as the violation
of the charge-parity symmetry in the neutrino sector and the
mass hierarchy [1]. These studies are of paramount relevance
to reduce one of the leading experimental systematics,
the cross section and neutrino flux determination, which
is strongly related to nuclear-medium uncertainties. Most
of past, current, and future experiments—MiniBooNE,
MicroBooNE, T2K, NOvA, MINERVA, ArgoNEUT,
DUNE, and HyperK—[2-12] operate in the 0.5-10 GeV
region, where different channels play a relevant role in the
nuclear response. The quasielastic (QE) regime, associated
to one-nucleon knockout, is a very prominent contribution
in the range from hundreds of MeV to a few GeV of initial
neutrino energy. In this region, it is also necessary to
consider the emission of two nucleons, denoted as 2p2h
(two-particle-two-hole) channel, and the resonance (RES)
regime, corresponding to the excitation of nucleonic reso-
nances followed by their decay and the subsequent emission
of pions and other mesons. As the neutrino energies increase
up to several GeV, not only the resonance regime but also
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other inelasticities, corresponding to nonresonant meson
production and deep-inelastic scattering (DIS) processes,
become more relevant. This energy domain is of interest
for some of the above-mentioned experiments, such as
MINERvVA or ArgoNEUT, and will be essential for the
next-generation DUNE experiment. Although most of cur-
rent measurements are focused on the CCOx (or “quasie-
lasticlike) channel, which is defined as charged-current
(CC) reactions with no pions (0z) detected in the final state
and, thus, dominated by QE and 2p2h contributions, the
inelastic region is also accessed in some of these experiments
via CC-inclusive measurements, where no specific hadronic
final state is selected, and hence, all reaction mechanisms
have to be considered. The inelastic regime, which includes
resonant and nonresonant meson production and deep-
inelastic scattering, can also represent an important back-
ground in CCOz data.

The resonance regime has been extensively studied in
previous works by different groups [9,13-20]. Emphasis
has been placed not only on the description of the nucleonic
resonances but also on the treatment of the nuclear effects
introduced in the analysis of lepton-nucleus reactions.
Moreover, there is a lack of accurate models and specific
measurements in the so-called shallow inelastic scattering
(SIS) region, that is, the transition region between the
resonant and DIS regimes [1,21,22]. Information about the
resonant nucleon form factors and the inelastic structure
functions is mainly extracted from electron scattering data,
which implies some restrictions when extended to the
neutrino case, as the axial channel is missing in electron
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reactions. This extension thus requires relying on different
approximations based on QCD calculations, quark models,
and parton distribution functions (PDFs) or semiphenome-
nological models. Nonetheless, most of these approaches
are affected by kinematical restrictions and large uncer-
tainties, which makes it difficult to get a consistent and
accurate description of the full inelastic regime. The SIS
and DIS channels have been investigated in several recent
studies [13,14,19,20,23-29] but, up to present, no satis-
factory models have been fully developed in the kinematics
of interest for oscillation experiments.

More specifically, several groups [18,30-35] have studied
pion production in nuclei, providing different descriptions of
the initial nuclear state, pion production in a bound nucleon,
and the possible subsequent pion-nucleon interaction within
the residual nucleus. Most of the initial studies were based on
the simple Fermi gas approach of noninteracting nucleons,
but recently more sophisticated descriptions have been
developed, incorporating relativistic mean field nuclear
potentials, Random phase approximation calculations or
spectral functions. Regarding resonant production in the
nucleon, several groups have also developed sophist-
icated approaches to analyze the nucleon structure in this
regime, such as the M. Kabirnezhad single-pion production
model [36,37] or the dynamical coupled-channels (DCC)
model [38—40], which have been tested against electron and
neutrino scattering data, being also recently implemented in
the extended factorization scheme [41].

In a recent work [42], the superscaling model SuSAv2,
initially developed for CCQE neutrino-nucleus cross sec-
tions, was extended to the full inelastic regime (SuSAv2-
inelastic), where the resonance production and deep
inelastic contributions were described via the extension
to the neutrino sector of the SuSAv2 inelastic model
developed for (e, ¢’) reactions [43]. The model merges
inelastic structure functions [44-52], coming from QCD
analyses, parton distribution functions (PDFs) or phenom-
enological approaches, with a mean-field nuclear scaling
function to describe the nuclear dynamics. This approach
also allows one to discriminate between different inelastic
regions by introducing some restrictions in the allowed
final-state invariant mass. For example, a semiphenomeno-
logical A resonance model based on the scaling function
extracted from (e, ¢’) data was also developed and
combined with the SuSAv2-inelastic model after removing
this resonant contribution from the latter. The comparison
with both electron and neutrino data was rather satisfactory.

With the aim of studying the sensitivity of these results to
different inputs for the elementary lepton-nucleon inelastic
structure functions, in this work, we implement the DCC
model to describe the resonant and nonresonant channels in
lepton-nucleon interactions within the SuSAv2-inelastic
nuclear framework described above. The DCC model has
been widely tested for electron and neutrino scattering off a
single nucleon and has the merit of considering a rather

complete description of the resonant and nonresonant
regimes, also including the interaction between the differ-
ent resonance channels (zN, zzN, nN, KA, KY), the inter-
ference between resonant and nonresonant amplitudes
and the neutrino induced two-pion production. Thus, in
this work, the description of the structure functions related
to the resonant and nonresonant regimes is provided by the
DCC model, that can be obtained from [40], while using
the inelastic structure functions employed in the former
SuSAv2-inelastic model at higher kinematics (SIS and
DIS) [42,43]. Note that the DCC model allows us either
to consider only the contributions coming from pions
(m-DCC) or the so-called inclusive contribution (inclusive-
DCC) that includes a more complete description of the
resonant and nonresonant regimes as defined above.

The DCC model implemented within the SuSAv2
framework is denoted as SuSAv2-DCC. In the case of the
DCC model, we explore different prescriptions for the
inelastic structure functions. This also allows us to quantify
the contribution of the DIS/SIS channel to the resonant and
nonresonant regimes by subtracting the SuSAv2-DCC
contribution from the full inelastic prediction. This is
denoted as “Soft-DIS” in this work and is connected with
the SIS region.

All these approaches are described in Sec. II, where
the theoretical formalism for the inelastic regime is also
summarized and a comparison of the DCC parametrization
and the different inelastic structure functions available in
the SuSAv2-inelastic framework is presented. In Sec. III,
we show the comparison of our predictions with data: in
Sec. III A, the analysis of electron reactions on '’C is shown
as a first benchmark to test the validity of the approaches
before applying them to the neutrino case; in Sec. III B,
a comparison with CC-inclusive neutrino cross section
measurements on '°C and “’Ar is presented at different
kinematics and for several experiments. In Sec. IV, we draw
our conclusions.

II. THEORETICAL BACKGROUND

The superscaling approach (SuSA) is based on the
scaling properties exhibited by inclusive electron scattering
where the QE scattering cross section can be written, under
certain conditions, as a term containing the single-nucleon
cross section times a scaling function (f) that embodies
the nuclear dynamics. The analysis of inclusive electron
scattering data [53] has shown that, for not too low
transferred momentum (g larger than about 400 MeV/c),
the scaling function does not depend on ¢ (scaling of the
first kind) nor on the nuclear species (scaling of the second
kind) and can therefore be expressed in terms of a single
variable y, the so-called scaling variable. A more detailed
description of superscaling can be found in [43,53-59].
This approach has been also successfully applied to
inclusive CCQE neutrino scattering and, most recently,
to the full inelastic regime for both electron and neutrino
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reactions. The description of the 2p2h channel has also
been included in the model on the basis of the fully
relativistic calculation of [60,61]. The corresponding model
for the quasielastic region (SuSAv2-QE) is based on a set of
QE scaling functions extracted from the relativistic mean
field (RMF) model for the nucleus.

The SuSAv2-inelastic model is an extension of the
SuSAv2-QE approach to the inelastic regime [42,62].
The double differential inclusive cross section for lepton-
nucleus scattering with respect to transferred energy @ and
the scattered lepton solid angle € can be written in the very
general form [54],

do
10de GOZK:”KRKv (1)

where o is an elementary cross section (the Mott cross
section in the case of electron scattering), v are kinematic
Rosenbluth factors, and RX are the nuclear response func-
tions, containing all the nuclear dynamics. The summed
index K is associated to different components of the nuclear
tensor with respect to the direction of the transferred
momentum (. The nuclear responses depend on the trans-
ferred momentum and energy (¢, ) and on the invariant
mass Wy = myuy of the hadronic final states. In the
SuSAv2-inelastic model, they are given by

. 2Ty [ ‘
RR (g, 0, Wy) = N= 5% /  dp [ (wrx ) G
7q Juge

(2)

being N the number of nucleons participating to the reaction,

kp the Fermi momentum and Ty = \/m3%, + k% — my the
Fermi kinetic energy. Thus, the inelastic nuclear responses
are defined as the integral over all possible final hadronic
states of the single-nucleon inelastic hadronic tensor Gi3!
times the inelastic scaling function f™m°%! evaluated in a
given nuclear model. The latter is written in terms of
vy =wx(q, 0, W), which is the extension of the QE
scaling variable y to the inelastic regime and now depends
on the final state invariant mass Wy. The limits of the
integral (4" ™) depend on the kinematics, on the specific
inelastic channel (full inelastic, DIS, RES, etc.) and on the
range of validity of the inelastic structure functions used to
evaluate the single-nucleon tensor. These limits can also be
altered to mix different models, avoiding double counting.

In previous works [42,43], we have employed either
phenomenological inelastic structure functions [Bodek-
Ritchie (BR), Bosted-Christy (BC)] or parton distribution
functions (GRV98) [47,48,63—70] to analyze the full inelas-
tic regime, and we have also addressed their extension to the
neutrino sector. However, the ranges of validity of these
approaches are quite different from each other and not all of
them are accurate to describe the resonant and non-resonant

regimes. Specifically, BC works well for Q% < 8 GeV?
and 1.1 < Wy/GeV < 3.1, PDF for high Q* (0.8 <
0?/GeV? < 10°) and W =3 GeV, and BR covers a Q?
range from 0.1 to 30 GeV?. The above-mentioned DCC
model for pion production shows a range of validity within
Wy < 2.1 GeV and Q? < 3.0 GeV?. In Fig. 1, where the
inelastic neutrino-nucleon structure function F; is displayed
versus the invariant mass, the differences between these
approaches can be clearly noticed: BR and BC describe the
resonant structures observed in the inelastic regime and
moderate kinematics with a monotonic tail corresponding to
DIS, while PDF only predicts an average of the resonance
region [71]. On the contrary, the DCC model describes the
resonant structures, but the results rapidly decrease after the
resonance region as no deep-inelastic scattering contribu-
tions are considered, being thus consistently below the
predictions of the other approaches. As we observe in
Fig. 1, the z-DCC curve has less strength than the inclu-
sive-DCC one that incorporates other contributions beyond
the 17 emission. In what follows, when mentioning the DCC
model, we refer only to the inclusive resonance structure
functions given from [40].

Accordingly, in this work, we split the inelastic con-
tributions in three parts. First, to address resonant and non-
resonant pion production, we make use of the DCC model,
setting the limits of the integral of Eq. (2) to Win =
my + m, and W™ = 2.1 GeV, according to the validity
range given by [38]. Above Wy = 2.1 GeV, we make use
of the inelastic structure functions mentioned in Sec. I to
describe the DIS regime. Furthermore, Fig. 1 clearly shows
that there are still inelastic processes not accounted for by
the DCC approach below Wy = 2.1 GeV. In this case, we
consider DIS contributions both above the resonance region
described by DCC (“TrueDIS”) and within this resonance
region (“SoftDIS”). For TrueDIS, the limits are W?i“ =
2.1 GeV and W™ = my + o — E, being E; the separa-
tion energy. The SoftDIS contribution shares the limits
of the resonance region but, in order to avoid double
counting, we subtract in the SuSAv2-inelastic approach the
contribution from the SuSAv2-DCC model applied to the
resonance regime (up to Wy = 2.1 GeV). Thus, Soft-DIS
contribution is defined as

Lo Lo O\ Wer=my+mWyn=2.1 GeV
(dﬂdlq) SofDIS (dﬂdkz>

inelastic

< d’o ) 3)
dQdk;) ggs_pec

In order to define the nuclear responses within the DCC
model, the functional form of the scaling function fmod! =
fPCC and the inelastic scaling variable yy shown in Eq. (2)
are the same as used for the SuSAv2-inelastic model, and
detailed in [42,43], being the only difference the kinematic
region of applicability of the DCC model.
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FIG. 1. Neutrino single-nucleon inelastic structure function (F’{N ) versus the invariant mass (Wy) at different Q® values: 0.2 (left),
1.0 (center), and 3.0 (right) GeV?2. Different prescriptions are shown, namely, Bodek-Ritchie (BR), Bosted-Christy (BC), parton
distribution functions (PDF), and the z-DCC and inclusive-DCC contributions from the dynamical coupled channels (DCC) model.

For completeness, and as shown in previous works [72],
the form factors employed for the QE regime are based on
the Gari-Kriimpelmann vector dominance model (GKex)
developed in [73-75]. The form factors used to describe the
2p2h channel and their associated coupling vertexes are
those defined in [60].

In the following section, we compare the results obtained
for electron and neutrino reactions using the SuSAv2-
inelastic nuclear model together with the different
approaches considered to describe the nucleon dynamics.

III. RESULTS

The description of the electron and neutrino inclusive
scattering processes requires taking into account the con-
tribution of different reaction channels. These contributions,

with their corresponding acronyms as stated in the legends,
are shown in Table I as well as the model used to describe
them. At low values of transferred energy (w =~ Q%/2my),
the dominant process is quasielastic, and it is described
by the SuSAv2 superscaling model. As the value of w
increases, a process can occur in which the 2p2h states are
excited via meson exchange. This is described by using the
relativistic Fermi gas as a framework (RFG-MEC). At
higher values of @, we observe a series of resonances that
are modeled by the SuSAv2-DCC discussed in Sec. II. In
the same region, it is possible that the neutrino/electron
interacts with the partons (SoftDIS), which is taken into
account by a combination of SuSAv2-DCC and SuSAv2
inelastic. At even higher energy transfers, the deep in-
elastic scattering interactions are described by the SuSAv2-
inelastic model (TrueDIS).

TABLEI. Channels that contribute to the reaction mechanism with the notation followed in the text and the model
used to evaluate the cross section.

Acronym Contribution Model

QE Quasielastic SuSAv2 QE

MEC 2p2h excitations RFG-MEC

RES Resonances SuSAv2-DCC

SoftDIS Deep inelastic scattering (Wy < 2.1 GeV) SuSAv2 inelastic — SuSAv2-DCC
TrueDIS Deep inelastic scattering (Wyx > 2.1 GeV) SuSAv2 inelastic

All Contr. All contributions
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In Sec I A, we show our predictions for double-
differential inclusive electron-carbon cross sections separated
in different contributions and compared with experimental
data. Subsequently, in Sec III B, different neutrino-carbon/
argon inclusive cross sections are shown and compared with
experimental data from T2K, MINERVA, MicroBooNE, and
ArgoNEUT.

A. Electron scattering

In this section, we test the models with inclusive (e, ¢’)
scattering data. The double differential electron-carbon
cross section versus the energy transfer, @, is shown in
Fig. 2. In the top panels (E = 560-1650 MeV), we observe
at lower transferred energy a peak dominated by the
quasielastic contribution that is well reproduced by the
SUSAvV2-QE model. At higher @, one enters into the dip
region where two-particle two-hole meson exchange
current contributions are needed. The second peak
observed corresponds to the excitation of a A-resonance.
In this region, the contribution provided by SuSAv2-DCC
and SuSAv2-SoftDIS is in good agreement with data. In
the two bottom panels (E = 4045 MeV, 6 = 45°, 55°),
the largest contribution corresponds to SoftDIS. As
shown, TrueDIS is negligible in all cases with the exception

E=0.56 GeV; =60 Deg.

E=0.56 GeV; 0=145 Deg.
X>=87.17

of a minor increase observed at w > 3 GeV in the right-
bottom panel. This is consistent with the quite low values
of the transfer energy considered. Notice that TrueDIS is
only relevant at very high @ values. Similar comments
apply to the RES contribution in these panels as the Q2
and Wy values are in general beyond the limits of the
DCC model.

It is also worth mentioning a similar analysis carried out
in [41], where the DCC model is implemented within the
extended factorization scheme. Although the magnitude of
this contribution is similar to the one presented in this work,
the position of the RES peak in [41] is shifted to higher @
values, resulting in a worse agreement with data. The
difference between both analyses is mainly due to the func-
tions employed to describe the nuclear dynamics, namely
the spectral functions used in the factorization scheme and
the RMF-based scaling functions employed in the SuSAv2-
DCC model, which mostly define the position of the peak.
Furthermore, our present analysis, based on the inclusive-
DCC model, incorporates additional channels to the
7-DCC considered in the factorization scheme. Notice
however, that the differences between both analyses are
very small at the kinematics considered. Finally, also note
that the SoftDIS and TrueDIS contributions included in our

E=0.62 GeV; =60 Deg.
X?=474.45
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0 s
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£

<2

]
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& 20000 6000
~
= 15000
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2 22 2.4 w(éiv> 28 3 3.2 o All Contr‘

FIG. 2. Double-differential inclusive cross section for (e, ¢') scattering on '°C at given energies and scattering angles (labeled in the
panels). It is displayed in function of the transferred energy. The legend explained in Table I. Data are taken from [76]. Equation (6) has
been used to obtain the results shown in the panels.
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study have a rather modest impact at the kinematics
analyzed, not shifting the position of the peak.

To assess the accuracy of the predictions for the double
differential cross sections, for each dataset, we perform a &
analysis making use of the measured covariance matrix.
This matrix measures the correlations between different
bins of data. The y*-values are obtained as follows:

)(iz,j = (xi,measured - xi,expected)VZjl (xj,measured - xj.expected) (4)

= ZZ%?;’ (5)

i

where the indices i, j denote a given pair of data bins,
Xmeasured 18 the cross section measured in the experiments,
Xexpected 18 the cross section predicted by the models, and V
is the measured covariance matrix provided by the experi-
ments. In the analysis for neutrinos shown in the next
section, we provide, for each set of data, both the value of
x7; for each data bin (4) and the sum of all the z* values (5).
In those cases where the covariance matrix is not provided
by the released data (single-differential cross sections), the
x* analysis is performed using the following expression:

— 2

X; X;

2 i.expected i,measured

A=) < : (6)

i Axi.measured

where AX; eiurea 15 the uncertainty associated to the
measurements. We specify in the analysis that follows
which specific y? expression is used. In the case of electron
scattering data we observe that the values of y* are very
sensitive due to the small data error bars leading to very
large y*-values in some cases. We have checked that
removing some of the lower @ data in the fourth panel
of Fig. 2, the y?-values obtained can differ by a factor ~8.

Summarizing, we have shown that the different models
considered in this work are capable to provide a precise
description of electron scattering data. Thus, in what
follows, we apply these models to the case of neutrino
scattering processes.

B. Neutrino scattering

In next sections, we show our theoretical predictions and
compare them with CC inclusive neutrino scattering data
corresponding to different experiments. We also provide in
all cases the y?-analysis.

1. T2K

In the T2K experiment, the target used consists of a
mixture of carbon (86.1%), hydrogen (7.4%), and oxygen
(3.7%) [6], and the neutrino flux peaks at ~0.6 GeV. In
Fig. 3, the CC inclusive v,-CH double differential cross
section per nucleon is displayed for various angular bins as

a function of the muon momentum p,,. In what follows, we
assume a pure CH target for our calculations, neglecting the
effect of the small amount of oxygen in the experimental
target that can be considered equivalent to carbon. The
effects of other nuclei, apart from C and H, in the theo-
retical calculations will be addressed in further works. In
the case of the resonance and DIS channels, we also take
into account the contribution of hydrogen in the CC v, - H
reaction, which does not contribute to the QE and 2p2h
channels. In general, this contribution is very minor at T2K
kinematics, almost negligible, particularly at very back-
wards angles. In the opposite case, ie., very forward
angles, the effect is less than a 5% increase in the RES
and DIS channels. On the contrary, more relevant contri-
butions are observed at MINERvVA ME kinematics (see
Sec. III B2 for details), where the enhancement of the
inelastic cross section due to the H contribution is of the
order of ~50% (~25%) for the py bin of 0 < pr <
0.07 GeV/c (0.07 < pr < 0.15 GeV/c) and is dominated
by the RES channel.

In each panel of Fig. 3, two sets of data are shown,
corresponding to experimental analyses performed using
the GENIE [77] and NEUT [78,79] generators. The theo-
retical predictions for the cross section are folded with the
T2K flux and the different channels are shown separately.
In general, the sum of QE and MEC processes gives
about 40% of the cross section and provides the biggest
contribution. The resonance contribution varies between
roughly 20% and 35% and decreases as the scattering angle
gets larger. TrueDIS and SoftDIS are not very important
above ~30° of scattering angle. However, at lower angles
and for muon momentum above 1.5 GeV, these contribu-
tions become crucial in order to reproduce the data, being
TrueDIS the most important one in most of the situations.
Only at the higher p, data in the last panel, the SoftDIS
contribution becomes relevant. As shown, at values of the
momentum below 1.5 GeV, some data points are overesti-
mated. This excess can be fixed by using relativistic mean
field (RMF) or energy dependent relativistic mean field
(ED-RMF) models [23,80], as it is confirmed in Fig. 4 for
the last three angular bins. A similar correction can also
be observed in [81], where at low momentum the quasie-
lastic contribution is reduced via the random phase
approximation. Note also that the above-mentioned analy-
sis tends to underestimate the data at muon momentum
higher than 1.5 GeV as DIS contributions and other
resonances apart from the ones related to pion production
are not included. The results are rather similar to the ones
found in our previous work [42], where the SuSAv2-
inelastic model was used. Moreover, the y2-values are also
very close to the ones presented in the simulations with
GENIE and NEUT [6].

In Fig. 5, we compare our prediction for the total electron
neutrino and antineutrino cross section on hydrocarbon

113008-6



SUPERSCALING IN THE RESONANCE REGION FOR NEUTRINO- ... PHYS. REV. D 108, 113008 (2023)

-1< cosf, <-0.25 -0.25< cosf), <0.25 0.25< cosf, <0.45
X?/d.o.f = (GENIE)6.34(NEUT)6.15 x%/d.o.f = (GENIE)2.08(NEUT)2.45 x%/d.o.f = (GENIE)1.73(NEUT)1.96
0.04 J 8 10
8
0.03 6
—————— 6
0.02F- - 4
‘ 4
0.01 2r 1 3 5
__________________________________________ L
0 Q Q Q Q 0c> o ™ ~ 0
N v S S o =] S
0.45< cosfl, <0.6 0.6< cosf, <0.71 0.71< cosf, <0.8
15X2/d.o.f = (GENIE)0.44(NEUT)0.48 15X?/d.o.f = (GENIE)3.01(NEUT)2.84 15 x?/d.o.f = (GENIE)2.07(NEUT)2.24
12

(107%%cm? /GeV /nucleon)

0.8< cosf, <0.87 0.87< cosf, <0.92 0.92< cosf,, <0.96

15 X?/d.o.f = (GENIE)4.14(NEUT)3.77 15 x?/d.o.f = (GENIE)5.61(NEUT)6.27 15 X?/d.o.f = (GENIE)7.19(NEUT)7.24

12 12

d*c /dcosf,dp,

0.96< cosf, <0.985 0.985< cosf, <1

12X2/d.o.f: (GENIE)6.96(NEUT)5.54 10X2/d.o. f = (GENIE)a18(NEUT)406 |+ Exp. Data (GENIE) x? =294.93
+ Exp. Data (NEUT) x? =289.88
1(:3 8 ﬁ: —All Contr.
1 6 -—-QE
° s By e : - —-MEC
N o [T | |RES
S E=- 7% . == L | —TrueDIS
0 1.0 é.OV 3.0 NI Q,'Q o O O ---Soft DIS
p (GeV) p (GeV)

FIG. 3. T2K CC inclusive flux-averaged double-differential cross section on CH per target nucleon in bins of the muon scattering
angle (labeled in panels) as function of the muon momentum. The different contributions are shown individually. Also, we show the sum
of all of them (see Table I). Data are taken from [6]. The y- value shown in each panel is a partial calculation associated to each bin. We
are using Eq. (5) to calculate the result portrait in the legend.

against the electron momentum p, with data corres-  p, =3 GeV match our predictions whereas at higher
ponding to forward (FHC) and reversal (RHC) horn electron momentum our models clearly underestimate data
current flux. The FHC electron neutrino flux peaks at  for most kinematics. The values of y? corresponding to
~1.2 GeV, whereas the RHC (anti)neutrino flux peaks = NEUT and GENIE data are very similar and slightly
at ~(0.85)1.95 GeV. As observed, the data below  smaller than the ones given in [7].
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FIG. 4. T2K CC inclusive flux-averaged double-differential cross section on CH per target nucleon in bins of the muon scattering
angle (labeled in panels) as function of the muon momentum. Unlike Fig. 3, QE contributions have been obtained using RMF and
ED-RMF models, respectively. Theoretical curves show the total contribution (QE + MEC + RES + SoftDIS + TrueDIS). Data are

taken from [6].
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FIG.5. T2K CC electron neutrino and antineutrino inclusive flux-averaged total cross section on CH per target nucleon as function of
the electron momentum. Different fluxes are used: forward horn current (FHC) and reversal horn current (RHC). The legend is as in

previous figures (see Table I). Data are taken from [7].

2. MINERvA

In this section, we analyze the double and single differ-
ential flux-folded v,-CH inclusive cross sections per target
nucleon versus the longitudinal (p; = p, cos,) and trans-
verse (pr = p, sinf,) momentum of the muon.

The target for the MINERVA experiment is a mixture of
carbon (88.5%), hydrogen (8.2%), and oxygen (2.5%) [4],
and the angular acceptance is limited to 6, < 20°. As in the
previous case, T2K experiment, we assume a pure CH
target for our calculations and include hydrogen for the
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FIG. 6. MINERvVA CC inclusive (LE) flux-averaged double-differential cross section on CH per target nucleon in bins of the
transverse momentum as a function of the longitudinal momentum. The legend is as in previous figures (see Table I). Data are taken
from [4]. The y2-value shown in each panel is a partial calculation associated to each bin. We are applying Eq. (5) to calculate the results

shown in the legend.

analysis of the resonance and deep inelastic scattering
channels. These contributions lead to small effects at low
values of the longitudinal muon momentum, being negli-
gible at higher values. There are two sets of data corre-
sponding to the two MINERVA fluxes, called low energy
(LE) and medium energy (ME) fluxes. In the LE case,
the neutrino energy flux is peaked at ~3.5 GeV, and the

muon momentum is limited to 1.5 < p; /GeV < 20, py <
2.5 GeV. In the ME case, the neutrino flux peaks at
~6 GeV, and the muon momentum is limited to 1.5 <
p1r/GeV < 60, pr < 4.5 GeV.

In Figs. 6 and 7, the double differential cross section
folded with the LE flux is presented as a function of p; and
pr, respectively. At low pz, QE scattering gives the largest
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FIG. 7. MINERVA CC inclusive (LE) flux-averaged double-differential cross section on CH per target nucleon in bins of the
longitudinal momentum as a function of the transverse momentum. The legend is as in previous figures (see Table I). The same legend as
Fig. 6. Data are taken from [4]. The y-value shown in each panel is a partial calculation associated to each bin.

contribution to the cross section, followed by RES and
MEC. As the transverse momentum increases, TrueDIS
becomes more and more important, overcoming the RES
contribution. Compared to MINERvVA GENIE predic-
tions [4], we lack strength in the RES contribution but
get similar results for the other terms. This disagreement
in the RES predictions might be connected with the
nuclear effects implemented in the SuSAv?2 inelastic scaling

function. Another source of differences can be linked to
the Rein-Sehgal pion production model used in the
Monte Carlo simulations. This is an oversimplified descrip-
tion of the resonance contribution that cannot reproduce
accurately the behavior of the cross section. This topic is
discussed later. On the other hand, our y’-analysis gets
higher values than the ones presented by the simulations.
We show the y?-values divided by the number of data
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MINERVA CC inclusive (LE) flux-averaged single-differential cross section on CH per target nucleon as function of the

longitudinal momentum (left) and the transverse momentum (right). The legend is as in previous figures (see Table I). Data are taken

from [4]. The y*-values are calculated using Eq. (5).

points, so they can be compared directly for the different
kinematical situations analyzed.

In Fig. 8, we show the LE single-differential cross
sections versus p; (left panel) and py (right). According
to our prediction, QE and MEC account for around 30%
of the total strength. This is similar to the contribution
ascribed to the TrueDIS channel, while SoftDIS only
provides about 10% of the total cross section. The SuSAv2-
DCC model gives around 30% of the total contribution,
being of similar magnitude to the QE + MEC and TrueDIS
ones. However, as in the previous case, the data are
underestimated. In general, the contributions from the
different channels are similar to the ones shown by MC
simulations in [4], except for the resonance channel that is
significantly larger in MC simulations. This explains why
our model predictions are clearly below the data.

In Figs. 9 and 10, we show the double differential cross
section folded by the ME flux. As observed, the results and
their comparison with data are very similar to the ones for
the LE flux. In this case, compared to the analysis presented
in [4], we lack strength in the SoftDIS contribution, and
we tend to underestimate data by ~20%. The y*-values are
larger than the ones presented by the models used in
MINERVA simulations and the ones shown for the LE flux.

Finally, in Fig. 11, the single-differential cross section
folded by the ME flux is shown. QE and MEC contribu-
tions are around 25%, being the inelastic channels the ones
that dominate at these kinematics. TrueDIS and SoftDIS

contributions provide around half of the total strength of the
cross section. The resonance contribution is around a 25%
of the total contribution, being similar to the QE + MEC
ones. As in previous cases, our predictions clearly under-
estimate the data by a factor ~1.4-1.3 in the region of the
maximum.

This source of discrepancy between our predictions
and data analysis based on GENIE simulations is better
illustrated in the results presented in Fig. 12. Here, we
explore the case of reducing the nuclear effects in the
resonance channel by comparing the standard SuSAv2-
DCC approach with a RFG model using a very low Fermi
momentum (kr =5 MeV/c) for the latter. Notice that
the decrease of kr in the RFG approach produces results
closer to data. It is important to point out that the RFG
predictions at very small kp-values mimic the single-
nucleon prediction; i.e., nuclear effects are dismissed.
Hence, the discrepancy between our two models in Fig. 12
is clearly connected with the nuclear effects introduced
within the SuSAv2 approach. The magnitude of these
RFG results are consistent with the resonance model
implemented in MINERvVA GENIE [77], that is based
on a single-nucleon Rein-Sehgal pion production model
with lepton mass corrections. The GENIE approach
increases the original Rein-Sehgal RES contribution by
~20%—-40%, that seems to coincide with the discrepancies
observed in Fig. 12. However, further studies are needed to
clarify this issue.
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FIG. 9. MINERVA CC inclusive (ME) flux-averaged double-differential cross section on CH per target nucleon in bins of the
transverse momentum as function of the longitudinal momentum. The legend is as in previous figures (see Table I). Data are taken
from [5]. The y2-value shown in each panel is a partial calculation associated to each bin. We are using Eq. (5) to calculate the result

portrait in legend.

3. MicroBooNE
The MicroBooNE neutrino beam flux is peaked at
~0.8 GeV, and the target is liquid argon. In Fig. 13, we
show the CC-inclusive v,-*’Ar double differential cross
section versus the muon momentum for different scattering
angle bins. In each case, we also present the > analysis. As

observed, the discussion of the results follows similar trends
to the ones applied to T2K. On one hand, QE plus MEC
contributions dominate at all kinematics, being around 70%
of the cross section. On the other, the RES contribution
provides around 20%-30% of the total strength, and it
increases as the scattering angle gets smaller. Finally,
TrueDIS and SoftDIS contributions are not very relevant
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FIG. 10. MINERvVA CC inclusive (ME) flux-averaged double-differential cross section on CH per target nucleon in bins of the
longitudinal momentum as function of the transverse momentum. The legend as in previous figures (see Table I). The same legend as
Fig. 9 taken from [5]. The y?-value shown in each panel is a partial calculation associated to each bin.

for these kinematics, being below 6% of the cross section in
all cases. Furthermore, there is a shift between our prediction
and the experimental data at very backward angles; for
instance, the cross section peaks at lower muon momentum
than the data, and the opposite is observed at very forward
angles. In general, our models provide a rather good

description of the data, except at the lowest scattering angles,
where the predicted shift is too strong. This shift is also
present in other analyses like the ones shown in [81], which
in general present a similar behavior to our results. Finally,
we should note that the GENIE y? results are smaller than
the ones obtained in our analysis.
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FIG. 13.

MicroBooNE CC inclusive flux-averaged double-differential cross section on Ar per target nucleon in bins of the muon

scattering angle as function of the muon momentum. The legend is as in previous figures (see Table I). Data are taken from [2]. The
y2-value shown in each panel is a partial calculation associated to each bin. We are using Eq. (5) to calculate the result portrait in legend.

4. ArgoNEUT

In the ArgoNEUT experiment, as for MicroBooNE, the
target is liquid argon. The ArgoNEUT(2012) neutrino flux
peaks at 4.5 GeV. The (anti)neutrino ArgoNEUT(2014)
flux is peaked at (3.6) 9.6 GeV. In Figs. 14 and 15, the
CC-inclusive v,-*’Ar flux-folded single differential cross
section is shown as a function of the muon momentum p,
(left panel in Fig. 14 and top panels in Fig. 15) and the
scattering angle 6, (right panel in Fig. 14, bottom panels
in Fig. 15). The acceptance is 6, < 36°, and the muon
momentum is limited to p, <25 GeV. For neutrinos
(Fig. 14 and left panels in Fig. 15), it is observed that

QE, MEC and RES provide ~50% of the strength of the
cross section for ArgoNEUT (2012). Meanwhile, for
ArgoNEUT (2014), TrueDIS is the dominant contribution
by giving ~65% of the strength of the cross section. Notice
that our predictions underestimate data, particularly in the
region where the cross section reaches its maximum.
Nevertheless, the models are capable of explaining the fall
of the cross section.

In the case of antineutrinos (right panels in Fig. 15), the
models reproduce the cross section data reasonably well. It
is worth noticing that the flux is different for antineutrinos
and neutrinos, peaking at different energies. In the case of
antineutrinos, QE plus MEC provides ~40% of the total
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taken from [11]. The y2-values are calculated using Eq. (6).

strength, whereas the inelastic channels are dominated by
the RES contribution. This is clearly in contrast to the
results observed for neutrinos, and it is linked to the nice
accordance between our theoretical predictions and data
for antineutrinos, whereas they depart significantly in the
case of neutrinos. However, further studies are needed
to explain which basic ingredients in the analysis of
ArgoNEUT (anti)neutrino-nucleus scattering are respon-
sible of the differences observed in both cases.

IV. CONCLUSIONS

In this work, we have expanded upon the SuSAv2-
inelastic model, presented in previous work [42], by
implementing the dynamical coupled channels model [38],
which takes into account all the possible resonances of the
nucleon and their mutual interactions involving pions,
double pions, kaons, etc. This represents a clear improve-
ment of the previous model, in which the resonance region
was described by phenomenological fits. However the
limitation of the DCC model to resonance production
makes it necessary to add the deep inelastic scattering
contribution that may occur in the same kinematic region:
this we do by using the original SUSAv2-inelastic model
with appropriate kinematic cuts. The two models comple-
ment each other to obtain what we define as SoftDIS
contribution. The rest of the inelastic spectrum is described
by the SuSAv2-inelastic model alone.

This new iteration of the model has been tested against
electron-carbon scattering data with excellent results in a
wide range of kinematics. After that, the model has been

applied to neutrino scattering, and compared its predictions
with several CC-inclusive data.

For T2K and MicroBooNE, the model is capable to
explain the data really well. The discrepancies between
predictions and data from these experiments are very
similar to those found in our previous work [42] and,
particularly in the case of T2K, they are not related to the
resonance contribution.

In the case of MINERVA and ArgoNEUT, which operate
at higher energies, our results tend to underestimate the
experimental data. In general, for the low energy MINERVA
flux, the resonance contribution lacks the strength shown
by Monte Carlo simulations [4], while SoftDIS lacks
strength for the medium energy MINERvVA flux. In the
results for neutrinos from ArgoNEUT, we also lack strength
in general in comparison with data. However, the antineu-
trino ArgoNEUT data, corresponding to lower energy, are
well explained by the model.

In comparing with experimental data, we have per-
formed a y? analysis in order to quantify the quality of
the agreement and compare it with the one reported in the
experimental papers and obtained by the Monte Carlo
simulations. We have found that, in general, the SuSAv2
model gives larger values of > than those obtained by the
simulations. These discrepancies need further investigation.
However, it should be stressed that our model does not
contain any free parameter: the few parameters have been
fixed once and for all by comparing with electron scattering
data [43]. Therefore, no “tuning” of the model is performed
to adjust to neutrino data.
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FIG. 15.
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ArgoNEUT (2014) CC inclusive flux-averaged single-differential cross section on Ar per target nucleon as function of the

muon momentum (top) for neutrinos (left) and antineutrinos (right) and as a function of the scattering angle (bottom). The legend as in
previous figures (see Table I). Data are taken from [8]. The y*-values are calculated using Eq. (6).

In future works, we plan to implement other resonance
models [36] in the SuSAv2 framework. Moreover, the
recent inclusion of the DCC model in the NEUT simulator
will allow for a direct comparison with our predictions.
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