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Implementation of a relativistic distorted wave impulse approximation
model into the NEUT event generator
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We describe the implementation of a model for charged-current quasielastic (CCQE) neutrino-nucleus
scattering in the NEUT Monte Carlo event generator. This model employs relativistic momentum
distributions obtained from mean-field theory and relativistic distorted waves to describe the initial and
final nucleon states. Final state interactions, both elastic and inelastic, are modeled by combining distorted
waves with NEUT’s intranuclear cascade, offering a more accurate representation of the interactions
experienced by scattered nucleons. The model and its implementation in NEUT are described in detail and
benchmarked against u,,—'zC scattering cross section measurements from T2K and MINERvA, as well as
vy -*0Ar measurements from MicroBooNE. The results, including transverse kinematic imbalance variables

and scattered nucleon kinematics, show improved y? values compared to other CCQE models in NEUT.
Furthermore, the model consistently predicts lower cross sections in CCQE-dominated regions, indicating
the potential for further refinement, such as incorporating two-body currents or the use of more advanced
nucleon axial form factors consistent with lattice QCD calculations.
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I. INTRODUCTION

Neutrino-nucleus interaction modeling, particularly the
treatment of nuclear effects, represents a significant contri-
bution to the overall systematic uncertainty in neutrino oscil-
lation parameter measurements for many long-baseline
neutrino oscillation experiments [1]. In current accelerator-
based neutrino oscillation experiments, such as T2K [2], sta-
tistical uncertainties dominate the errors. However, in future
experiments such as Hyper-Kamiokande [3], deep under-
ground neutrino experiment (DUNE) [4], and the upgraded
T2K era [5], systematic uncertainties stemming from neu-
trino interaction models are anticipated to surpass statistical
uncertainties as the leading source of error. This transition
highlights the critical need to reduce systematic uncertainties,
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which is essential for achieving precise measurements of
cross sections and neutrino oscillation parameters.

For T2K and MicroBooNE [6], the dominant interaction
channel is the charged current quasielastic (CCQE) inter-
action due to the energy at which the neutrino flux peaks.
This paper focuses on CCQE interactions, where accurately
modeling the kinematics of scattered nucleons is essential for
a reliable description of the interaction. Key nuclear effects
impacting CCQE modeling include Fermi motion, describ-
ing the intrinsic motion of nucleons within the nucleus;
final state interactions (FSI), involving the reinteraction of
outgoing hadrons with the residual nucleus; and multi-
nucleon interactions, where neutrinos interact with corre-
lated nucleon pairs bound within the nuclear medium.

A comprehensive description of FSI between hadrons
and nuclei across the vast phase space explored in neutrino
experiments represents an unprecedented challenge for
nuclear theory. Currently, there is no microscopic theory
capable of addressing this intricate coupled-channel prob-
lem. Neutrino event generators, such as NEUT [7], GENIE
[8], ACHILLES [9], and NuWro [10], use the classical or
semiclassical intranuclear cascade approach to simulate FSI.
Giessen Boltzmann-Uehling-Uhlenbeck (GiBUU) [11] is a
different event generator based on quantum-kinetic transport
theory for the propagation of hadrons in nuclear matter,
which are under the influence of a real potential.

Published by the American Physical Society
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In Monte Carlo neutrino event generators, the cascade
interaction for the CCQE reaction channel is modeled as
follows: (i) a nucleon from an accepted event with a given
four momentum is generated by a model of the primary
CCQE vertex; (ii) this nucleon is placed within the nucleus;
(iii) the nucleon propagates through the nucleus in temporal
or spatial steps; (iv) this nucleon can interact with other
nucleons which can be knocked out; (v) hadrons other than
nucleons can also be produced in the collisions, and they
are also propagated in steps. The result of this process is a
complete prediction of the multiplicity of hadrons in the
final state, including the kinematics of each particle.
Cascade models are unitary in the sense that they do not
affect the inclusive cross section, but only the composition
of the hadronic final state. In other words, after summation
and integration over all hadronic final states, the inclusive
cross section is recovered from the primary vertex model.
Therefore, it is important to start with a model for the
primary vertex that gives good results for the inclusive
Cross section.

Many of the theoretical models aiming at modeling
quasielastic (QE) interactions focus on the inclusive cross
section. This is the case for superscaling-based approaches
[12,13], ab initio models [14—17], local Fermi gas
approaches [18,19], and the most recent work based on
neural networks, which are trained on inclusive electron
scattering data [20-22]. The widely used local Fermi gas
[23] can provide information about the scattered nucleon,
but its description of the initial and final states, based on
the use of plane waves, is oversimplified. The factorized
spectral function (SF) approach [24-27] starts with the
plane-wave impulse approximation but includes a sophis-
ticated description of the initial state, incorporating nuclear
effects beyond the mean field. However, the final nucleon is
described by a plane wave, i.e., the influence of the mean
field, which is present in the initial state, is neglected in
the final state. This lack of consistency between the
description of initial and final states makes this approach
unable to describe the inclusive or exclusive cross sections
satisfactorily. In Ref. [24] a “folding function” is used to
approximately incorporate the effect of the mean field in
the final state. This approach is only for inclusive cross
sections and does not solve the Pauli blocking problem,
which is usually imposed using different approaches.

The model employed in this work is relativistic, unfac-
torized, and provides information about the scattered
nucleon. It incorporates relativistic mean-field (RMF)
theory to describe the bound state [28] and uses the relati-
vistic distorted wave impulse approximation (RDWIA) for
the final state. Various models based on this approach have
been previously developed by different groups to describe
inclusive and exclusive electron-nucleus and neutrino-
nucleus scattering processes [29—41].

Comparisons with electron scattering data demonstrate
that this relatively simple mean-field approach consistently

accounts for the bulk of nuclear effects, including shell
structure, binding energies, Fermi motion, the Pauli exclu-
sion principle, and elastic FSI, all in a quantum mechanical
framework. However, the limitations of this approach are
also evident; for instance, the absence of correlations
necessitates the use of spectroscopic factors lower than 1
to reproduce experimental data accurately. To address some
of these beyond-mean-field effects, the model used here
incorporates a phenomenological spectral function inspired
by [42,43], while avoiding reliance on plane wave approx-
imations. Further details of the model can be found in
Refs. [39,40,44] and in Sec. II.

The approach employed here, consisting of combining
a RDWIA model with a cascade, has been studied in
Refs. [45,46]. In Ref. [45], protons were generated with a
CCQE model based on a model that accounts for its
distortion using a relativistic real optical potential. These
protons were propagated through the nucleus using the
NEUT cascade. The goal was to benchmark the NEUT
cascade by comparing the transparency results from NEUT
with the results of a well-tested microscopic model that
uses a complex optical potential extracted from elastic
proton-nucleus scattering data [47], so the transparency
arises from the imaginary part of the potential. A similar
exercise was done in Ref. [46], but in this case the cascade
models from the generators NuWro, INCL [48], GENIE,
ACHILLES, and also NEUT were employed.

We emphasize that in the studies presented in [45,46] the
distorted-wave models were not implemented in NEUT nor
any of the other generators and that only the cascade part of
the generators was used, as a separate tool, to propagate the
nucleon. In the present work, the distorted-wave models
have been implemented fully, and for the first time, in a
neutrino event generator.

This paper describes the first implementation of this
model into the NEUT event generator framework for use on
carbon, oxygen, and argon. In Sec. II, the theoretical model
and kinematics are introduced, and the implementation of
the model is described in Sec. IIl. Comparisons to semi-
inclusive data on carbon are shown in Secs. IVA and IV B,
and on argon in Sec. IV C.

II. THEORETICAL FRAMEWORK

The neutrino-nucleus interaction is a complex many-
body problem which may be described in the first-order
Born approximation, meaning there is only a single boson
exchanged in the interaction [49,50]. The impulse approxi-
mation is also employed such that the neutrino is consid-
ered to interact with a single bound nucleon which is then
ejected [51]. The Born approximation also allows the
factorization of the leptonic and hadronic tensors, essen-
tially separating the lepton kinematics from the hadron
kinematics. The treatment of the scattered nucleon can
either include or exclude interactions with the nuclear
potential as it exits the nuclear medium. Within this
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FIG. 1. Schematic showing the coordinates and kinematic
vectors used in this model. The scattering plane and reaction
plane are explicitly separated and are chosen to contain the
scattered lepton and nucleon respectively. The beam direction is
always considered to be parallel to the z axis.

framework, it is possible to model elastic FSI, where the
scattered nucleon interacts within the nucleus without
producing any new particles. Such processes are not
currently accounted for in existing Monte Carlo event
generators.

The definitions for the kinematics and the interaction
vectors are shown in Fig. 1. The incident neutrino is
assumed to be parallel to the z axis, Z, with four momentum
K* = (E,, k). The interaction on a single nucleon with four
momentum P4 = (M, p) produces a lepton and hadron in
the final state. The leptonic part of the interaction is
contained with the scattering plane, within which the
scattered lepton has four momentum K} = (E;. k;), and
the polar angle 0, is defined as the angle between the vector
k; and Z. A global rotation of this plane around Z is denoted
by the azimuthal angle ¢;. The hadronic part of the
interaction is contained in the reaction plane within which
the scattered nucleon has four momentum Py = (Ey, px),
and the polar angle @y is defined between the vector py
and Z. The azimuthal angle between the reaction plane and
the scattering plane is defined as ¢y. The momentum
transfer Q¥ is defined as

0" =K'-K) = (@,q). (1)

The missing energy of the system is defined as the
energy that is passed to the residual nuclear system in the
state it is in (excited or ground). This quantity is inherently
dependent on the nuclear model used. In this model, it is
defined as

E,=w—-Ty—-Tp, (2)

where Ty is the scattered nucleon kinetic energy, 7' is the
kinetic energy of the recoil nucleus, and @ is the energy
transfer. The missing momentum is defined as

Pm =4 — Pn- (3)

For a given neutrino energy, the full neutrino-nucleus
interaction is described by six independent variables; we
choose the laboratory variables (k;,6;,¢;, py,Oy,dn)-
With these independent variables, the fully exclusive cross
section is given by

d°c _ Gcos?(0,)kipy, W
dk;dgkdedQN 6477:5 EBfrec
X Ly pelEy)HE. (4)

Here, the cross section depends on the invariant mass of the
residual nucleus, W, and the energy, Eg. The recoil factor,
frec, 18 defined as

Pm 2
Ep |

Srec :‘1_ (5)

The leptonic tensor is defined as

2
_ A
Lv=%g [K#K;;U + K Ky, — gu KKy

_ iheﬂmﬂK“Kﬂ ,

where g, is the metric tensor (Minkowski metric), €45 18
the four-dimensional Levi-Civita tensor, and / is the
helicity of the neutrino state, defined as h = —1 for
neutrinos and & = +1 for antineutrinos.

pe(E,,) is the missing energy density for each shell «.
In the independent-particle shell model (IPSM), it is given
by a Dirac delta centered at the binding energy of each
shell £}, i.e.,

pK(Em) = 5(Em - Ell;) (6)

The hadronic tensor is more complex and encodes
nuclear effects experienced by the scattered nucleon as it
leaves the nuclear medium. It is defined through hadronic
currents of single-particle RMF solutions as

) 1 «[ v
Y = et S o] W] ()

where the sum is over the quantum numbers m; and s,
which denote the third component of the total angular
momentum of the hole state and spin of the scattered
nucleon state, respectively. The quantum number x denotes
the shell the scattered nucleon originated from. The quan-
tum number j is the total angular momentum of the shell,
and 2j + 1 gives the total occupancy available to the shell.
The hadronic current is further defined through the four-
dimensional spinors for the bound nucleon state and
scattered nucleon state, along with the transition operator

defining the interaction:
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Ty = / dpy,(p + q, pn) TV (p). (8)

Here, y is the scattered nucleon distorted wave function
and W is the bound nucleon wave function. The transition
operator, I, is that of the CCQE operator in the CC2
formalism [52] and is defined as

' =Fy" + iF
: 2M

G
w G'yS +—L omyS. (9
o Q, + Gar'y +2MNQV )

where F'|, F,, G4, and Gp are the vector, axial-vector, and
pseudoscalar form factors.

A. Initial state modeling

The nuclear bound state is described with momentum
distributions obtained within the RMF framework. RMF
theory is an extension of the meson-mediated intranuclear
force exchange model originally proposed by Walecka [28]
with extensions to add pseudovector mesons and non-
linear scalar meson self-couplings. While computationally
intensive, the theory becomes more practical through a
mean-field approximation in high-density nuclear regimes,
where meson field operators are replaced by their expect-
ation values. In this approach, the meson fields are treated
classically, while the nucleon wave functions remain fully
quantum mechanical [53]. This approximation renders
the RMF model computationally tractable, allowing it
to describe the ground state of medium- to high-density
nuclei.

The Lagrangian density for this theory is defined as

- 1
L =Y(iy,0" —M)¥ + 3 (0,60"c — m2c*) — U(o)

. 1 1
- g, Y0¥ ——Q, " + —m?

4 Uy ) wa)ﬂa)/‘—gwlpy”a)”lp

1 1 _
— RUR™ o mip,pt — g, By, 0p" ¥

1 141735\ =
—ZFWF/”’—e< 5 S)TyﬂA”‘P—i—H.C. (10)

Here, U(c) = 920> + 930" and mediates the nonlinear
self-coupling of the ¢ meson. The field tensors for the
meson fields are defined as

QW = ' — o

R* = o'p* — o p*
v = gAY — 0" A*. (11)
Such a Lagrangian has six free parameters: g, 92, g3, 9>
g,» and m,. Since the ¢ meson is a phenomenological

meson, m, is a free parameter. The values chosen in this
model are given below in Table I.

TABLE I. Parameters for the RMF model are chosen to match
the NLSH set. All values are in MeV/c¢ [54].

mg Yo 9 Yo 9 g3
526.059 10.444 43830 12945 —-6.9099 —15.8337

The mean-field approach allows the treatment of the
meson fields to be classical, and so when the Euler-
Lagrange equation is applied, classical Klein-Gordon fields
are obtained. For nucleons, this produces the Dirac equa-
tion. The nuclear bound states are the stationary state
solutions to these equations. The Dirac equation for the
bound nucleon state is

[—ia -V + gy VO(r) + B(M — gsS(r))|¥(r) = E¥(r),
(12)

where the vector and scalar fields have been combined to
form S(r) and V°(r) and have respective couplings g and
gy for brevity. Here, we consider only spherically sym-
metric nuclei; therefore, the meson fields depend solely
on the radial coordinate, r. Solutions can be found by
expanding in terms of positive energy solutions and
creation operators:

W(r) =Y AU,(r). (13)

where ¢ is the set of quantum numbers corresponding to the
state. It can be explicitly expressed as ¢ = {n, [, j,m,t}.U,
are the positive energy solutions, and A, are the baryon
creation operators. We seek solutions for ¢/, in the form of
the following ansatz:

i,
U=\ g )5 (14)

r —Kkm

There are two wave functions, G(r) and F(r) that
correspond to the upper and lower spinor component wave
functions. « is given as the quantum numbers n, k, f.
Spherical spinors ¥ contain the angular dependence. { is
the isospin projection operator where r = 1/2 is for protons
and r = —1/2 is for neutrons. The nucleon wave functions
satisfy the following coupled differential equations:

OFq(r) _ Fa(r)

K
or r

+ [Eq = gyVO(r) = M + gsS(r)]Go(r) =0 (15)

oar r
— [E. = gvVO(r) + M + gsS(r)|Fo(r) = 0. (16)
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The meson field densities given by pg and pp are

drr

ps0 =3 Z N 6mp - 1FP).  (7)

4rr?

o) =3 E D (6p + FmR). (9

where the summation is over the occupied states only due
to the use of the no-sea approximation. It is important to
note that since most neutrino detectors are constructed from
nuclei that are spherically symmetric or nearly so, such as
160, 49Ar, and '°C, the RMF model, with its approxima-
tions, is particularly well suited for simulating neutrino
interactions in these nuclei.

1. Numerical solutions to the RMF equations

The RMF equations can be solved in a Dirac-Hartree
approximation using a self-consistent method. The algo-
rithm for this is given in Ref. [53] and uses software called
TIMORA, modified to include the nonlinear ¢ meson self-
couplings. The algorithm is as follows:

(1) Propose a guess for the initial potentials S(r) and
VO(r). A suitable guess uses a Woods-Saxon
potential.

(2) Solve the Dirac equations [Egs. (15) and (16)] to
obtain the upper and lower spinor component wave
functions G(r) and F(r).

(3) From these wave functions, calculate the meson field
densities pg(r) and pg(r) using Eqs. (17) and (18).

(4) Solve the meson field Klein-Gordan equations to
obtain new expressions for the potentials.

(5) Substitute these new potentials back into Step 1 and
repeat until convergence.

The convergence requirement is enforced by comparing
the change in energy eigenvalue E between iterations to a
convergence requirement input. That is, the change in the
energy eigenvalues between the current iteration and the
previous must be less than the convergence requirement,
for all nucleons.

B. Final state modeling

The scattered nucleon wave function is the solution to
the Dirac equation in the presence of a relativistic nuclear
potential. The choice of nuclear potential alters the scat-
tered nucleon wave functions. If there is no potential, then
the solution is that of a plane wave. If there is a potential,
then the dispersion relation for the nucleon is altered,
leading to the distorted wave approach. In what follows, we
describe the final-state nuclear potentials used in this work.

1. RMF and energy-dependent RMF

The same RMF potential employed to compute the
momentum distributions for the initial state nucleons,
can be used to produce solutions for the scattered state.
This leads to the same Dirac equation for both the ground
state and the scattered state, and, if the bound and scattered
state wave functions belong to an orthonormal basis, the
Pauli exclusion principle is naturally implemented as
described in Refs. [38,55]. However, the RMF potential
is energy independent. As shown in Ref. [56], at high
scattered nucleon momenta, these potentials are too strong
and the QE peak is shifted toward @ values that are too high
compared to inclusive electron scattering data. To address
this issue, the energy-dependent RMF potential (EDRMF)
was developed in Ref. [38] by modifying the RMF poten-
tial with a blending function that varies with the scattered
nucleon kinetic energy. The parameters in this function
are taken from SuSAv2 scaling parameters [12,57], which
are tuned to fit electron-scattering data. This results in the
EDRMF potential getting attenuated at large nucleon
energies, in a similar fashion to the real part of phenom-
enological optical potentials and more consistent with
dispersion relationships [56].

The EDRMF potential is a real potential by construction.
As aresult, there is no flux lost to the inelastic channel. The
results obtained with this approach are extremely similar to
those obtained when one uses the real part of an energy-
dependent optical potential (fitted to elastic proton-nucleus
scattering data) [56] or within a relativistic Green function
approach [37]. It has also been previously discussed that the
use of real potential together with the NEUT cascade does
not lead to any double counting of FSI effects due to FSI
[45]. The NEUT cascade does not include any elastic FSI
channels; however, if a different generator does include
elastic FSI channels, then they must be turned off. For
example, the GiBUU generator uses transport equations to
calculate final-state particle trajectories rather than a
cascade model; such a framework may lead to difficulties
in decoupling double counting effects.

2. Relativistic optical potential (ROP)

ROPs have been extracted from proton-nucleus elastic
scattering data [47] and are widely used in the field
[29,32,33,36]. Such potentials are complex, meaning they
contain a real and imaginary component. The idea of
optical potentials comes from the refraction of light where
imaginary components are introduced to account for
absorption within the medium. The imaginary component
can be used to account for such “loss” in a system, while
the real part accounts for the elastic interactions.

The energy of the scattered proton is redistributed by the
real component of the potential in a similar fashion to how
the Fermi factor affects the electron wave function in beta
decay processes. This causes a redistribution of the strength
of the predicted cross sections. If one uses the real

032009-5



J. MCKEAN et al.

PHYS. REV. D 112, 032009 (2025)

component only, the nuclear effects probed by proton
scattering are retained while not applying any reduction
in flux to inelastic channels. This approach matches
EDRMF potentials well at high scattered nucleon momen-
tum but differs when the momentum is lower, due to the
lack of orthogonality between the initial and final states in
the ROP approach [38,56].

In this work, we also show predictions with the
full complex ROP. In particular, the energy-dependent
A-independent potential fit to elastic proton-nucleus scat-
tering data, called the EDAI potential [47], is used. For
interactions on carbon, the proton-!%C elastic scattering data
is used and the model is referred to as the EDAIC model.
For interactions on “°Ar, there is no optical potential
available; therefore, the potential for the isobaric 0Ca is
used and is denoted as EDAICa in this work. We point out
that the Coulomb potential for calcium (Z = 20) is added
analytically in the fits of Ref. [47]; therefore, we add it
correctly for argon (Z = 18).

The predictions from this model correspond to a scenario
where the struck nucleon exits the nucleus without losing
energy, except for that lost to recoil in elastic interactions.
This should be equivalent to the output from a cascade
when only the nucleons that pass through the nucleus
without interacting are retained. In this case, the CCQE
final state would consist of a muon and exactly one proton,
so the EDAI model provides CCQE predictions that can
be considered as a lower bound when compared with the
semi-inclusive neutrino-nucleus scattering samples that are
analyzed in Sec. IV.

C. Beyond the independent-particle shell model

The energy and momentum distributions of nucleons
inside the nucleus are not fully described within the IPSM,
as correlations are present inside the nucleus. [IPSM models
have been shown to overestimate data indicating that
shell occupancies in nature are lower compared to IPSM
predictions [29,36,41,58-66]. A more realistic model
including correlation effects is necessary. Correlations
can be incorporated through a spectral function approach
which is computed from a nuclear model that explicitly
includes them. The spectral function contains a shell-model
contribution, where the energy distribution and occupations
of the nucleons appear smeared and depleted, with respect
to the IPSM prediction. An additional component coming
from nuclear correlations, which causes nucleons to appear
at higher energy, is also included [67].

Spectral function calculations to nucleon knock out
assume a factorization of the cross section into the
“spectral-function” term, that is the probability of finding
a nucleon of a given energy and momentum, and the free
lepton-nucleon cross section. This may not be a good
approximation in every circumstance; for instance, it
provides the wrong ratio for electron-neutrino and muon-
neutrino charged current QE cross sections [55] in an

important part of the phase space. However, it is possible to
build a representation of a realistic spectral function, where
the shell-model content of it is written as the sum of
momentum distributions computed within the RMF, plus a
term describing the high-energy high-momentum tail [44].

Thus, in the model used in this work, Gaussian functions
with parameters fit to replicate the Rome SF [42,43]
missing energy density are used for carbon and oxygen,
instead of Dirac delta functions. The central values of the
Gaussian functions are described by the RMF eigenvalues,
or experimental values when they are available, and the
widths are now finite [39,44]. Following the approach
of [39,40,44,68], an additional shell is introduced in
order to capture the strength that appears at high missing
energy and high missing momentum due to short-range
correlations [69,70].

The final missing energy density is given as a sum over
the densities of each shell:

p(Em) - pr(Em)’ (19)

with [ dE,p(E,) = Z or N, the total number of protons or
neutrons. The details of the Gaussian parameters and
missing energy densities are given in Appendix A.

We point out that, as shown in Eq. (4), the function
p(E,,) is independent of the hadronic tensor and is
implemented analytically in the code. In contrast, the
hadronic tensors are precomputed and stored in tables
(see next section). Consequently, the parameters defining
p(E,,) can be modified by NEUT users. However, the
chosen configuration should always be verified for com-
patibility with electron scattering data. For the well-studied
12C nucleus, the available electron-scattering data constrain
the shell densities to a large extent, and thus there is
minimal flexibility. However, for heavier and more com-
plex nuclei, like “°Ar and *°Ca, the parameter uncertainties
are significantly larger [40,71].

III. IMPLEMENTATION IN THE NEUT
GENERATOR

This section details the implementation of the model into
the NEUT neutrino event generator framework. The model,
due to its computational complexity, is implemented
using precomputed hadronic tensors in a tabulated form.
There are precomputed hadronic tensor tables for each
neutrino helicity state (neutrino and antineutrino) and for
each nuclei. Currently, the tables for '°C, '°0, and *°Ar are
implemented. There are also tables for each nuclear
potential. The hadronic tensor values can be read directly
from the table and contracted with the leptonic tensor
without any further integration. The hadronic tensor tables
were generated with a dipole axial form factor with axial

mass M/?E = 1.05 GeV. A table of the total cross section
and one of the maximum sixfold differential cross section
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as a function of neutrino energy are also required. These
two sets of tables are precomputed for each nuclei, nuclear
potential, and neutrino helicity and are read in by NEUT.
The maximum sixfold differential cross section is used as a
ceiling of the accept-reject algorithm. The value of the
ceiling is increased by 10% to compensate for finite MC
statistics leading to an underestimation of the ceiling.

An improved efficiency was achieved by the introduc-
tion of physical energy-dependent constraints on the phase
spaces used for the rejection method when generating
events. The ceiling of the accept-reject algorithm was also
changed to be thrown uniformly from O to a neutrino
energy-dependent maximum; this minimized the number of
reject events. The largest improvement in speed came from
changing the thrown kinematic variables by use of a
Jacobian and drawing the missing energy from the pre-
defined distribution instead of throwing it uniformly. The
details and structure of the hadronic tensor tables and
interpolation are given in Appendix B, and further details
for the implementation are given in Appendix D.

A. Initial algorithm and improvements

The initial algorithm was as follows:

(1) Uniformly throw the six independent variables to
describe the scattered state system given an incident
neutrino energy.

(2) Calculate E,,, p,,, 0% and o.

(3) Reject any events that have such values outside of
theoretically allowed bounds for these quantities.

(4) Rotate to get to the frame of reference of the
hadronic tensor tables.

(5) Interpolate tensor values and rotate back to the
lab frame.

(6) Calculate the sixfold differential cross section.

(7) Accept or reject event based on the random throw of
the sixfold differential cross section. The ceiling is
an input.

In the above algorithm, it was found that it was particularly
slow due to the bound check on E,,. The missing energy
distribution is very peaked, and thus a general MC accept-
reject algorithm would be inefficient in reproducing it. As a
result, the original algorithm was changed such that E,, was
drawn directly from the true distribution using it as a
probability density function. This required an additional
weighting of the final accept-reject ceiling by a factor of
p(E#) A respective Jacobian was also required in order to
obtain the sixfold differential cross section given in Eq. (4)
from the following differential cross section:

d%

S — 20
dk,dE, dQy (20)

The Jacobian that is used neglects nuclear recoil and is
given in Eq. (21) as

Ey

oy (21)

opn
oE,,

The effect of nuclear recoil was found to be at the
subpercentage level. The details of the derivation for both
the Jacobian neglecting and including nuclear recoil are
given in Appendix C.

B. Final algorithm

The final algorithm is given as

(1) Uniformly throw the five independent variables to
describe the scattered state system given an incident
neutrino energy.

(2) Sample E,, from the missing energy density.

(3) Calculate p,,, Q% and w.

(4) Reject any events that have such values outside of
theoretically allowed bounds.

(5) Transform to reference frame of hadronic tensor
tables.

(6) Interpolate tensor values and rotate back to the
lab frame.

(7) Calculate the sixfold differential cross section.

(8) Accept or reject the event based on random throw of
the sixfold differential cross section. The ceiling is
an input.

IV. RESULTS

In this section, we benchmark the model on hydrocarbon
and argon using cross section measurements from the
T2K [72], MINERvA [73,74], and MicroBooNE experi-
ments [75-77]. The respective experimental neutrino fluxes
are in Fig. 2 and show that MicroBooNE and T2K have a
similar average peak neutrino energy, so the primary inter-
action channel would be CCQE for both. Data comparisons
were performed using the NUISANCE framework [78]. All
datasets contain information on the final-state protons and
report transverse kinematic imbalance (TKI) cross sections
and respective covariance matrices. These variables are
more sensitive to the initial-state nuclear modeling and
better quantify the nuclear effects. The definition of TKI
variables is

Spr = Ip7 + p7l,
!
dap = arccos <pT1751pT> ,
PropT
_p I, p P
S¢py = arccos (%) (22)
PrPr

Here, p' and p?” represent the lepton and leading proton
momentum, respectively, and 7" indicates the plane trans-
verse to the direction of the neutrino beam.

The T2K measurement is presented in the unfolded
truth space using a binned likelihood fit and a standard
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FIG. 2. Comparison of the neutrino fluxes for the T2K,
MINERvA, and MicroBooNE experiments. The fluxes are peak
normalized for shape comparison. The T2K and MINERvA (top)
target is hydrocarbon while MicroBooNE (bottom) is on argon.

regularization procedure [72]. The full covariance matrices
are released with the dataset. The MINERVA measurement,
like T2K, is presented in the unfolded truth space using an
unfolding technique based on Bayes’s theorem [74,79].
Full covariance matrices are released alongside the dataset.
The MicroBooNE measurements in Refs. [76,77] use an
unfolding procedure based on Ref. [80], while Ref. [75]
uses forward folding. Both procedures produce an addi-
tional smearing matrix that is used to apply detector
smearing affects in the case of the forward folding
approach, and contains information on the amount of bias
and regularization in the unfolding approach. Since this
smearing matrix is applied to the published unfolded
cross sections, it must also be applied to any theoretical
predictions being compared to the measured cross sec-
tions [77]. The full covariance matrices and smearing
matrices are released alongside the dataset.

We report y? analysis along with the total number of
degrees of freedom in order to decide whether a model
prediction is in agreement with a measurement. The y°
definition used in this work is given by

7= (D=M);(Cov");(D - M);.

Here, i and j are matrix indices that indicate a value in a
particular bin of a measurement. D and M represent the
data and MC value in a given bin respectively. The inverse

covariance matrix is given by Cov~! and has dimen-
sions i X j.

The NEUT framework is used to benchmark the
EDRMEF model against other models implemented within
NEUT. The implementation of the spectral function, based
on the Rome spectral function [24], is indicated as “SF” and
was generated with an axial mass of MgE =1.03 GeV.
There is currently no argon spectral function implemented
in NEUT. The model presented in Ref. [81], referred to as

“Nlplh,” was generated using MEE = 1.05 GeV. NEUT
6.0.0 was used for all samples except the N1p1h model, for
which NEUT 5.8.0 was used.

The NEUT cascade is applied to all samples unless
otherwise stated with “no cas.” All samples were produced
using the NEUT default run mode meaning that 2p2h,
pion production, and deep inelastic scattering channels
are produced at a rate that is proportional to their total
cross sections. In NEUT, the 2p2h channel is based on
Refs. [19,81], and the pion production model is the Rein-
Seghal model with added lepton mass corrections [82—-84].
The joint contribution of 2p2h and 7z absorption is shown
separately with the cascade applied. The 2p2h contribution
without the cascade is also shown separately. 7 absorption
occurs in the cascade, so there is no such contribution if the
cascade is off.

For the EDRMF model, the scattered nucleon is inserted
into the nucleus at a uniform random position, which is
then propagated through the cascade model. This approach
contrasts with using a more realistic nuclear density
distribution, where the scattered nucleon is inserted at a
position which reflects the spatial probability of the under-
lying nuclear shell structure. Consequently, while uniform
sampling simplifies the approach, it neglects important
details of the nuclear structure.

A. T2K data comparison

CCOzNp (“semi-inclusive”) datasets [72] are used
to benchmark the model on hydrocarbon. The applied
kinematic selections are given in Table II. The dataset
is a triple-differential cross section from which double-
differential and single-differential results are extracted.

TABLE II. Kinematic selections applied in the T2K dataset.
Here ““...” indicate that there is no selection applied. In the T2K
analysis, any number of protons are selected within the kinematic
selections, but only the highest momentum proton is used in the
TKI and proton cross sections.

Kinematic variable CCOzNp TKI

Pp >500 MeV 0.45-1 GeV
cosd, . >0.4

Py >250 MeV
cosd, > 0.6
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FIG. 3. T2K v, CCOzNp dataset on hydrocarbon. Single
differential cross section given as a function of scattered lepton
angle. The implemented EDRMF model with the cascade applied
is represented by the solid red line, while the version without the
cascade is shown as the dashed green line. The EDAIC model
without the cascade is depicted by the blue dash-dotted line. The
N1plh model is indicated by the long dashed yellow line, and the
SF model is shown as the purple dotted line. The 2p2h and
m-absorption contributions are represented by the light gray filled
bar, whereas the 2p2h-only contribution without the cascade is
depicted by the dark gray filled bar. Data are taken from [72].

As a result, a y? value is available only for the full triple-
differential cross section and the TKI results.

1. Single-differential sample

The single-differential cross section is given in Fig. 3. In
the low cos(6,) region, where the 2p2h and z-absorption
contributions are low, the EDRMF model with the cascade
applied predicts values slightly below the data but remains
within the error bars. In contrast, in the high cos(6,,) region,
the model predicts values above the data, though still
consistent within the error margins. In this region, the
contributions from 2p2h and 7z absorption are significantly
higher, making it challenging to disentangle whether the
observed excess originates from CCQE or non-CCQE
contributions.

The y? values for the full multidifferential sample are
presented in Table III. Interestingly, the EDAIC model
achieves the best agreement with the data based on the y?
evaluation.

2. Double- and triple-differential samples

Figure 4 shows the differential cross section as a function
of the leading proton scattering angle in slices of the lepton
scattering angle. For low cos(6,), there is little contribution
from 2p2h and z absorption. In these regions, the EDRMF
model with the cascade applied underestimates the data at

TABLEIIL. The T2K dataset y> values for the triple-differential
cross section. “cas” and “no cas” indicate where the cascade has
and has not been applied respectively.

Model ){Z/Ndof
EDRMEF cas 429.9/93
EDRMEF no cas 471.9/93
Niplh cas 336.4/93
SF cas 490.3/93
EDAIC no cas 259.7/93

high cos(6,,). The EDRMF with cascade applied is also the
lowest when compared to SF and N1p1h models. In the last
bin in —0.3 < cos(d,) < 0.3, the EDRMF model over-
estimates the data along with other models. In this region
the 2p2h and z-absorption contributions are high, and all
models overestimate the data suggesting that the 2p2h and
7 absorption may be too high in NEUT.

As cos(6,) increases, all models within NEUT begin to
overestimate the data, with a significant overestimation
in the last bin of the 0.8 < cos(6,) < 1.0 sample. In this
bin, the ‘2p2h + z-absorption” contribution alone is quite
higher than the center of the experimental value, suggesting
that the NEUT 2p2h and z-absorption contributions are
given too much strength at these kinematics.

The EDAIC model, which represents the case where the
struck nucleon experiences only elastic FSI, is expected to
provide a lower bound for the QE channel. As anticipated,
the EDAIC model consistently underestimates the data.

Figure 5 shows the differential cross section as a function
of the leading proton momentum, divided into slices
based on the scattering angles of the leading proton and
lepton. For p, > 1.0 GeV, all models overestimate the
data, despite negligible contributions from 2p2h and
m-absorption processes. However, this region contains very
few events in the dataset, making it statistically limited. It is
interesting to note that in the —0.3 < cos(6,) < 0.3,0.85 <
cos(6,) < 0.94 slice, for p, < 1.0 GeV, no model repli-
cates the shape seen in the data.

3. TKI samples

Figure 6 shows the TKI variables for the leading proton
and lepton, with the corresponding y? values listed in
Table IV. A shape-only comparison of the TKI variables is
shown in Appendix F. For 6 py, the EDRMF model with the
cascade applied has the largest y> value compared to the
existing models in NEUT. This discrepancy is likely due to
the model underpredicting the data in the first bin at low
opr, where CCQE interactions dominate, similar to the
behavior of the EDAIC model in this region. Conversely,
the EDRMF model without the cascade applied shows the
highest strength at the CCQE-dominated peak but under-
estimates the data at higher 6p7.
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FIG. 4. T2K v, CCOzNp dataset on hydrocarbon. The differential cross section is given as a function of the scattered proton angle in
slices of the scattered lepton angle starting from the top left. The histograms follow the same definition as Fig. 3. The data are

taken from [72].

A similar trend is observed for §¢b7, where the EDRMF
model with the cascade applied again yields the largest y?
value among the models in NEUT, primarily due to
underestimating the data at low 5¢r.

For the day variable, the EDRMF model with the
cascade applied shows a slight improvement in agreement
with the data, as reflected in its y? value compared to other
models. The cascade effect appears to reduce the predicted
strength at lower day while increasing it at higher da;.
However, none of the models successfully reproduce the
structure observed in the data between 1 and 2 radians.

B. MINERvA data comparison

The CCOzNp dataset from Ref. [73] with a correction
applied in Ref. [74] is used to benchmark the model
on hydrocarbon at higher neutrino flux peak energy.

A comparison to the dataset before the correction was
applied is shown in Appendix E. The applied kinematic
selections are given in Table V.

1. Kinematic samples

Figure 7 shows the differential cross section distributions
for the scattered muon momentum, leading scattered proton
momentum, reconstructed initial neutron momentum, and
leading proton scattering angle. The y? values are given in
Table VI. A shape-only comparison of the kinematic
variables is shown in Appendix F. For the scattered muon
momentum (p,,), the EDRMF model with cascade applied
does not provide the best match to the data, as indicated by
its higher y* value. We note that the EDRMF model without
cascade has a better y? due to better agreement in the higher
py region. In nearly all bins, the EDRMF model with the
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FIG. 5. T2K p, CCOzNp dataset on hydrocarbon. The differenti

al cross section is given as a function of the scattered proton

momentum in slices of the scattered lepton and nucleon angle starting from the top left. The histograms follow the same definition as

Fig. 3. The data are taken from [72].

cascade applied shows the lowest cross section among all
NEUT models with the cascade.

For the scattered proton momentum (p,), the EDRMF
model with the cascade shows the best agreement with the
data, as indicated by the y?> value. The EDAIC model,
despite not applying the cascade and exhibiting a lower
normalization compared to the data, achieves the second-
best y? value. For proton scattering angle (0,), the SF
model shows the best agreement with the data based on the
x? value. In the larger 0, region, the EDRMF model with
the cascade applied has the lowest strength. The EDAIC
and the EDRMF model, without the cascade applied,
exhibit similar predictions, indicating minimal CCQE
contribution in this region.

The reconstructed initial neutron momentum (p,,) is
defined as [73]

032009-

Pa = \/6P% + 6pF

1 M+ 8p2
Sp, =—R-——8__ 7T
PL=3 2R

R=M,+p} +pj — E' — EP. (23)
Here, L, B, i, and p indicate the longitudinal contribution,
the residual nucleus, the muon, and the proton respectively.
In (e,e'p) experiments, the cross section in terms of
missing momentum, which is analogous to p,, is very
sensitive to the description of the initial state and is closely
related to the momentum distribution of nucleons in the
nucleus. Hence, due to the different shapes of the momen-
tum distributions of the shells s, p, d, etc., it allows one to
identify the shell from which the scattered nucleon origi-
nated. In our case, however, because of the average over the
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definition as Fig. 3. The data are taken from [72].

TABLE 1V. y?/Ng, values for each TKI variable for T2K.
“cas” and “no cas” indicate where the cascade has and has not
been applied respectively.

Model 5p7‘ 6¢T 507‘

EDRMF cas 42.1/8 27.1/8 17.6/8
EDRMF no cas 60.4/8 51.2/8 27.5/8
Nlplh cas 5.62/8 12.6/8 31.3/8
SF cas 11.3/8 8.49/8 19.4/8
EDAIC no cas 24.6/8 19.3/8 18.8/8

TABLE V. Kinematic selections applied in the MINERvA
dataset. In the MINERvA analysis, any number of protons are
selected within the kinematic selections, but only the highest
momentum proton is used in the TKI and proton cross sections. A
higher momentum proton may fall outside of the kinematic
selections, however.

Kinematic variable CCOzNp
Pp 0.45-1.2 GeV
cosd, >0.3420
Py 1.5-10 GeV
cos @ >0.9396

032009-12



IMPLEMENTATION OF A RELATIVISTIC DISTORTED WAVE ...

PHYS. REV. D 112, 032009 (2025)

-38
1.0 x10 T T
r -4 Data
- [ EDRMF
\ 08 "ZZ) EDRMTF no cascade |
(C): =2 EDAIC no cascade
= Niplh
S s _
HCI L 2p2h+m absorption
I I 2p2h no cascade
% | .
@) 0.4 === i
o~ .
g { rhgrk s i
b’ = 02 :___-::___H ey +'H'+'11-+ 4 69 P p ]
~ls ‘ B
1
0.0
_—
|
a
o
L
O
=
o
)
5]
&)
—
a0
[}
e}
(@]
S
L
ol
Sl

6, [degrees]

[cm? GeV ™! nucleon 1]

do
dpy

x10~%9

D

t
T

'S
T

[em? GeV~! nucleon ~!]

dpy

do

—
[=]
—

I
%

o
=

<
=~

e
o

10

Py [GeV]

FIG. 7. MINERvA v, CCOzNp dataset on hydrocarbon. Differential cross sections for different kinematics are shown. Subscript p
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TABLE VI. y%/N4 values for each kinematic variable for
MINERVA. “cas” and “no cas” indicate where the cascade has
and has not been applied respectively.

Model Py Pn 0, Pu

EDRMF cas 26.2/25 51.1/24  54.1/26  50.2/32
EDRMF no cas  36.9/25  112/24  68.6/26 43.9/32
Niplh cas 432/25 105/24  66.6/26  41.6/32
SF cas 45.4/25  54.0/24 40.9/26  40.8/32

EDAIC no cas  33.4/25 524/24  46.8/26  37.1/32

neutrino energy, all shells can contribute to a given p,
value, and we do not see any shell structure in do/dp,,.

Despite this, do/dp, shows an interesting structure, with
the CCQE clearly dominating below 0.2 GeV and the 2p2h
and z absorption providing the necessary strength above
approximately 0.4 GeV, where there is very little CCQE. In
other words, p,, is a powerful tool for discerning between
CCQE and non-CCQE events.

In the CCQE dominated region, the N1plh model clearly
overestimates the data. The EDRMF with cascade, on the
contrary, underestimates the data and provides a better
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description of the shape, having the best y? value among all TABLE VII. 4?/N4y values for each TKI variable for
MINERvA. “cas” and “no cas” indicate where the cascade has

models.
and has not been applied respectively.
2. TKI samples Model Spr S¢r oar

Figure 8 shows the TKI cross sections. The y? values are ~ EDRMF cas 50.0/24 54.0/23 19.3/12
given in Table VII. A shape-only comparison of the TKI =~ EDRMEF no cas 154/24 102/23 38.6/12
variables is shown in Appendix F. §p; and p,, are different ~ Nlplh cas 182/24 81.6/23 18.5/12
representations of the missing momentum, so do/dSp;  SF cas 125/24 71.9/23 17.4/12
shows similar behavior to do/dp, in Fig. 7. The EDRMF ~ EDAIC no cas 72.3/24 46.7/23 30.7/12

model with cascade applied has a significantly improved y?
value; other models within NEUT overestimate the peak in

a similar fashion to the EDRMF model without the cascade. For 6¢r, the EDAIC model yields a better y* value,
However, the EDRMF model without cascade drastically likely coming from the agreement in shape despite the
underestimates the data after around 0.3 GeV/c. normalization being low to the eye. At low d¢, when the
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TABLE VIII. Kinematic selections applied in the MicroBooNE
dataset. Here ““...” indicate that there is no selection applied. In
the MicroBooNE analysis, only one proton is selected in the
kinematic region for the TKI cross sections. This selected proton
may not be the highest momentum proton in the event as this may
be outside the kinematic region considered. Events with charged
pions may pass selection criteria if their momentum is below
70 MeV. In the Np analysis, any number of protons can be
selected, but only the highest momentum proton is used to
calculate the proton cross sections. There are no pions or other
mesons in the final state.

Kinematic variable CCOzNp TKI

Py 0.3-1.2 GeV 0.3-1 GeV
cosd,

Py >0.1 GeV 0.1-1.2 GeV
cosd,

angle between transverse p, and —p, is small (indicating
an almost back-to-back proton and muon), the Nlplh
model significantly overestimates the data. Beyond 20°, the
2p2h and z-absorption contributions from the cascade
exceed those of the EDAIC model; however, this discrep-
ancy is reduced at higher d¢7.

For éay, the EDRMF model without the cascade exhibits
a flat distribution. Without the cascade, the pion absorption
contribution is omitted, leaving only pure CCQE and 2p2h
events. The EDRMF model with the cascade applied yields
a y° value slightly higher than those of the existing models
in NEUT. Notably, all models incorporating the cascade
overestimate the last bin at large day.

C. MicroBooNE data comparison

CCOzlp and CCOzNp datasets [75-77] are used to
benchmark the model on argon. The applied kinematic
selections are given in Table VIII.

1. Kinematic samples

Figure 9 presents the differential cross section for the
following observables: the scattered muon momentum
(p,), leading scattered proton momentum (p,), muon
scattering angle (6,), leading proton scattering angle (6,),
and the opening angle between the scattered proton and
muon (6,,,). The corresponding y? values are summarized
in Table IX. A shape-only comparison of the kinematic
variables is shown in Appendix F.

For the scattered muon momentum, the EDAICa model
achieves the lowest y2, indicating the best agreement with
the data. Although the EDAICa model appears to have a
lower normalization by eye, high correlations in data can
result in a relatively good y? if the overall shape is well
reproduced. In contrast, the other models have larger y>
values, suggesting poorer agreement with the data. Visual

inspection shows that the EDRMF model with cascade and
the N1plh model both provide a reasonable match to the
data, although there is a slight difference in the peak
position. This level of agreement was less pronounced in
comparisons with MINERvA and T2K data.

For the scattered proton momentum, the EDRMF model
with the cascade applied and the N1plh model have the
best y? values. Both of these models also show an increase
in strength in the first bin. This is not seen in models that do
not have the cascade applied, indicating that the cascade
may be increasing the strength too much in this first bin.
The EDAICa model without the cascade applied has the
lowest strength as expected.

For cos(6),), the EDAICa model achieves the best x>
value. In the last bin, the N1plh and EDRMF models with
the cascade overestimate the data, and this could be a
reason for the increased y> value for those models. In the
last bin, all models fail to replicate the drop in shape. It is
however not possible to conclude whether this excess is due
to the CCQE or to the non-CCQE contributions, which are
quite large in the forwardest bin.

For cos(8,), the EDRMF model with the cascade applied
is the best fit to data given the 2, and the EDAICa model
without the cascade is the next best. It is also interesting to
note that the EDRMF and EDAICa model without the
cascade applied replicates the drop in the last bin, whilst
models with the cascade applied does not. Similarly to
cos(6,), the last bin is overestimated by Nlplh and
EDRMF with the cascade applied. This indicates that
the NEUT cascade is increasing the strength in the last
cos(6,) and cos(8,,) bins and could possibly be due to the
non-CCQE contributions.

For the muon-proton opening angle, the EDAICa model
without the cascade is the best fit to the data given the y?.
Again, the strong correlations in the data may contribute to
this outcome.

2. TKI samples

Figure 10 shows the TKI cross sections. The correspond-
ing y* values are given in Table X. A shape-only com-
parison of the TKI variables is shown in Appendix F. For
opr, the EDRMF model with the cascade applied achieves
the lowest y? value, while the N1plh model also shows
good agreement with the data, as indicated by a reduced y?
slightly above 1. Both the EDRMF and EDAICa models
without the cascade show a high y? value. It can be seen
that all models except the EDRMF without the cascade
applied underestimate the data in all bins. The EDRMF
model, without the cascade applied, is consistent with data
in the peak of the distribution and begins to underestimate
the data in the sixth bin.

For dar, both the N1plh model and the EDRMF model
with the cascade show good agreement with the data based
on their y? values. For ¢y, the y? values indicate that the
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FIG. 9. MicroBooNE v, CCOzNp dataset on argon. Differential cross sections for different kinematics are shown. Subscript p
indicated a scattered proton kinematic; a subscript y indicates a scattered muon kinematic, and the subscript py indicates the opening
angle between the scattered proton and muon. The histograms follow the same definition as Fig. 3 except the SF model is not included.
The data are taken from [75,77].
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TABLE IX. y?/N4y values for each kinematic variable for TABLE X. y?/Nyo values for each TKI variable for Micro-
MicroBooNE. “cas” and “no cas” indicate where the cascade has BooNE. “cas” and “no cas” indicate where the cascade has and

and has not been applied respectively. has not been applied respectively.
Model Pu Py cos(,) cos(@,) O, Model opr S¢r Sar
EDRMF cas 26.7/6 1.74/10 21.9/12 7.57/9 10.6/6 EDRMF cas 11.0/13 12.0/12 8.34/7
EDRMF no cas 28.2/6 19.4/10 14.8/12 14.4/9 13.4/6 EDRMF no cas 26.7/13 32.1/12 50.3/7
Nlplh cas 28.6/6 4.09/10 21.1/12 9.20/9 9.48/6 Nlplh cas 13.3/13 13.5/12 7.35/7
EDAICa no cas 10.7/6 17.4/10 8.34/12 8.17/9 5.73/6 EDAICa no cas 26.1/13 38.3/12 31.6/7
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FIG. 10. Differential cross sections for TKI variables defined in Eq. (22) for MicroBooNE. The histograms follow the same definition
as Fig. 3 except the SF model is not included. Correlations in data lead to a visual normalization difference between the MC and
measurement. The data are taken from [75].
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EDRMF model with the cascade provides the best agree-
ment with the data, while the N1plh model achieves the
second-best agreement. The EDRMF model without the
cascade applied is more consistent with the data in the low-
angle region compared to other models, all of which
underestimate the data.

V. CONCLUSION

A model based on the use of relativistic mean field
theory and relativistic distorted waves to describe the initial
and scattered state has been implemented into the NEUT
neutrino event generator for the CCQE scattering channel.
The model includes different nuclear potentials and
accounts, in a relativistic and quantum mechanical frame-
work, for binding energies, the Pauli exclusion principle,
Fermi motion, and the mean-field distortion of the nucleon
wave functions. It incorporates nuclear effects beyond the
independent-particle shell model by using a semipheno-
menological spectral function. It provides a reasonable
description of inclusive and exclusive electron scattering
data in the kinematic region dominated by the quasi-
elastic peak.

The model was implemented by use of precomputed
hadronic tensor tables. The model has been benchmarked
using T2K, MINERvA CCOzNp, and MicroBooNE cross
section data. In the case of T2K, the EDRMF model
including inelastic FSI from NEUT’s cascade model has the
lowest strength in bins that are not dominated by 2p2h and
m-absorption contributions.

For the case of MINERvA, the neutrino flux has a higher
average energy, so contributions from 2p2h and = absorp-
tion are more prominent. There is a significant improve-
ment in y? values for the EDRMF model with the cascade
applied when compared to other models within NEUT, the
largest of which is seen in reconstructed neutron momenta.
It is evident that the initial-state nuclear modeling using
RMF theory with a phenomenological spectral function
and the distortion of the outgoing nucleon provides an
improved description of the reconstructed initial nucleon
kinematics. The TKI distributions, specifically the dpr
distribution, also show an improvement in x> for the
EDRMF model with the cascade applied.

For the case of MicroBooNE, the kinematic cross
sections show that the EDAICa model without the cascade
applied provides an improved y2. This is initially surprising
given the visually low normalization. However, the covari-
ance matrices accompanying the data show correlations
which can result in an improved y> for visually low
normalizations if the shape is well captured. We observe
that all models with the cascade applied predict signifi-
cantly higher cross sections at forward muon and proton
angles compared to both T2K and MicroBooNE data, as
shown in Figs. 4 and 9. It is important to note that in these
regions the contribution from =z absorption is larger.

The TKI measurements show an improved y> for the
opr and O¢y distributions. For daz, the N1plh model
has the best y>. By eye, the N1plh and the EDRMF model
with the cascade applied agree until the last two bins; this
region could result in the improved y? for the N1p1lh model.

The observed lack of strength in the region of phase
space where the contributions of 2p2h and z absorption are
small suggests that additional unaccounted-for effects that
increase the CCQE cross section could be incorporated into
this model. In particular, we note that all the RDWIA model
predictions presented here have been calculated using a
dipole parametrization for the axial-vector form factor of
the nucleon with mass parameter M%E = 1.05 GeV. How-
ever, recent findings from lattice QCD calculations [85]
and the MINERvA analysis based on antineutrino-proton
scattering data [86] suggest that the dipole parametrization
fails to accurately describe the Q? behavior of the form
factor. These studies indicate that the form factor at 9> > 0
is significantly larger than the dipole prediction with
M/?E ~ 1 GeV, leading to a substantially higher CCQE
cross section. An additional potential source of increased
CCQE cross section arises from the interference between
one- and two-body currents. This has been explored
extensively in electron scattering studies [68,71,87-92]
and in weak current interactions [91,93,94], which suggests
that such interference effects could play a significant role.

The implemented model can be extended in future work
to include short-ranged correlations by explicitly modeling
the ejection of two nucleons. Additionally, the precom-
puted hadronic tensor tables can be reparametrized to
separate the individual contributions to the hadronic tensor:
vector-vector, vector-axial, and axial-axial. This separation
gives more freedom for modeling and would allow one,
e.g., to change the axial-vector form factor without the need
to recompute the hadronic tensor tables.

The use of precomputed tables, however, still consid-
erably restricts the evaluation of systematic uncertainties.
For example, many tables with different RMF model para-
meters would be required to estimate the uncertainty in the
initial state. A different approach would be to precompute
and tabulate the final-state spinor. This would enable direct
changes to the RMF model parameters without the need for
recomputing the spinor table. A drawback of this approach
is that there is a three-dimensional integral that must be
solved per event to construct the hadronic current. At this
moment, the precomputed hadronic tensor table is the more
efficient approach.

In addition, the nuclear model can be applied to describe
single pion production (SPP) in lepton scattering on nuclear
targets. Accurately modeling such interactions is critical for
all neutrino experiments, particularly for future experi-
ments like DUNE, where neutrino interactions are domi-
nated by these processes. For this extension, the CCQE
transition operator in Eq. (9) would need to be replaced
with SPP transition operators as discussed in Ref. [95].
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These operators, already developed in Refs. [96—100] for a
broad kinematic region, meet the requirements of DUNE’s
wide neutrino beam spectrum.
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APPENDIX A

1. Carbon missing energy density

Nucleons in carbon occupy the 1s;/, and 1p3/, shells.
For these shells, the missing energy density is given as

N _(Em_E‘;,,)z
pllin) = e (A1)

where N, is the occupancy of the shell . The central values
and widths of these Gaussian functions are given below in
Tables XI and XII. The normalized missing energy dis-
tribution for protons is shown in Fig. 11. The central values
of the Gaussian functions correspond to the eigenvalues
predicted by the RMF model with the NLSH parameter

TABLE XI. Central values and widths of Gaussian functions
used to model the proton shells in '’C.

Shell Occupancy EX,[MeV] c*[MeV]
Lsy/p 1.9/2 40.5 10.0
1ps)n 3.3/4 14.46 2.0
TABLE XII. Central values and widths of Gaussian functions
used to model the neutron shells in '2C.

Shell Occupancy EX,[MeV] c*[MeV]
Lsy/p 1.9/2 44.37 10.0
1ps/n 3.3/4 17.81 2.0

Missing energy profile
0.12F 1

0.101

[MeV—]

—
£ 0.06F
=

p(E.

0.04f
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Missing energy E,, [MeV]

FIG. 11. Missing energy profile for '°C. The two 1p; /> and
Lsy, shells are clearly seen as the large, narrow peak and broad
lower peak respectively.

set [54]. The width and occupations are from the Rome
spectral function for carbon [42,43,67] following the
procedure described in [39].

2. Oxygen missing energy density

Nucleons in oxygen occupy the ls/,, 1p3/,, and 1p;/»
shells. The central values and widths of the Gaussian
functions are given below in Tables XIII and XIV. The
normalized missing energy density is shown in Fig. 12. The
central values of the Gaussian functions correspond to
the eigenvalues predicted by the RMF model with the set of
NLSH parameters [54]. The width and occupations are
from the Rome spectral function for oxygen [42,43,67]
following the procedure described in [44].

TABLE XIII.  Central values and widths of Gaussian functions
used to model the proton shells in '%0.

Shell Occupancy EX [MeV] c"[MeV]
151/ 1.62/2 37.70 15.0
1932 3.47/4 18.27 1.0
112 1.51/2 11.49 1.0

TABLE XIV. Central values and widths of Gaussian functions
used to model the neutron shells in °O.

Shell Occupancy EX,[MeV] c*[MeV]
1512 1.62/2 4224 15.0
1932 3.47/4 22.36 1.0
1p1)2 1512 15.49 1.0
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FIG. 12. Missing energy profile for '°0. The two 1p; /2 and
Ipy/, shells are clearly seen as the large, narrow peaks, and the
Ls, is the broad lower peak respectively.

3. Argon missing energy density

Nucleons in argon occupy the 1s; 5, 1p3/2, 1p1/2, 1ds)s,
lds 5, and 25 /5 shells. The central values and widths of the
Gaussian functions are given below in TablesXV and XVI.
The normalized missing energy density is shown in Fig. 13.
The central values of the Gaussian functions correspond
to the eigenvalues predicted by the RMF model with the

TABLE XV. Central values and widths of Gaussian functions
used to model the proton shells in “°Ar.

Shell Occupancy EX,[MeV] c"[MeV]
151/ 2.0/2 47.42 8.0
13 3.8/4 32.31 8.0
112 1.9/2 27.72 8.0
1ds) 48/6 17.14 40
ld; ), 1.7/4 10.02 2.0
2512 17/2 9.89 2.0
TABLE XVI. Central values and widths of Gaussian functions
used to model the neutron shells in *°Ar.

Shell Occupancy EX [MeV] o*[MeV]
Lsy/n 2.0/2 54.56 15.0
132 3.8/4 38.74 8.0
1912 1.9/2 34.20 8.0
lds), 4.8/6 23.09 4.0
1dy) 3.3/4 15.95 2.0
251/2 1.7/2 16.1] 2.0
1f2/2 1.6/8 8.27 2.0

__Missing energy profile _
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FIG. 13. Missing energy profile for “°Ar.

set of NLSH parameters [54]. The occupancies are taken
from [32]. For the widths, we use thinner distributions for
the external shells and wider distributions for the internal
ones. We point out that the structure of *°Ar is not as
constrained as '2C and !°0; therefore, one should consider
large uncertainties attached to this missing energy profile.

The normalized missing energy profile is shown
in Fig. 13.

4. Background shell modeling

The additional 1s;/, shell is modeled differently for
different E,, regions. It is modeled in three separate regions
as shown below.

E, <26 MeV:
p(E,) = 0. (A2)
26 < E,, < 100 MeV:
qe~1005
p(E,) = B 1 (A3)
E, > 100 MeV:
P(E,) = ae™"r. (Ad)

26 MeV is an estimated value for the two-nucleon
knockout threshold. This value is different for each nuclei,
and for each isospin combination of the nucleon pair. In this
work, for simplicity, we used the same value for the three
studied nuclei and neglected isospin dependence.

For oxygen, the parameters are described in Table X VII.
The same functional form is used for the three studied
nuclei, but it is rescaled to give the correct number of
nucleons (Table XVIII).
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TABLE XVII. Parameters used for °0 to model the back-
ground 1s;, shell.

Parameter Value

a 0.03113 MeV~!

b 0.0112371 MeV~!

c 40 MeV

@ 5 MeV

TABLE XIX. Ranges of variables used in the hadronic tensor
tables. Units are in MeV apart from the nucleon angle which is in
degrees.

Variable Min Max Step
Ty 1 1101 10

Oy 0 180 2.0
P% —800 800 20.0

TABLE XVIII. Proton (p) and neutron (n) occupancies of the
background 1s,, shell.

Nucleus p n

2c 0.8 0.8

160 14 1.4

40Ar 2.1 29
APPENDIX B

1. Hadronic tensor tables

The tables are given as a seven-column text file with the
hadronic tensor being a function of

(1) scattered nucleon kinetic energy, 7T y;

(2) the scattered nucleon polar angle, Oy;

(3) the third component of the missing momentum, p,;

(4) and missing energy, E,,.

The other three columns comprise the tensor index (0 to 10,
with the other six being removed through symmetry argu-
ments), real component, and imaginary component of the
tensor. The tables were calculated in the reference frame
such that q is parallel to Z. The kinematics are initially
thrown in the laboratory frame in which the target nucleus
is at rest. As a result, appropriate transformations are
applied within the model to transform them into this
hadronic tensor reference frame and back after the hadronic
tensor value is retrieved. The tables are encoded such that
only integers are stored for the above four bulleted
variables. The integers describe steps in a given step size
between a predefined minimum and maximum value. This
was done to save memory when saving the tables to a
text file.

The hadronic tensor is only precomputed for the afore-
mentioned variables within a certain range. This range was
chosen for two reasons:

(1) The T2K experiment flux tails off to a negligible
value, while approximately 5% of the DUNE flux is
missed at the upper limit.

(2) Calculating the hadronic current takes time, and, for
larger values of T, the computation time increases.

The ranges of the aforementioned variables are given
below.

2. Ranges of variables used in tensor tables

The ranges of variables used in the tables are given in
Table XIX. The unit for 7'y is MeV, @y is degrees, and p3,
is MeV.

It is important to note that the cross section changes quite
rapidly around 7'y < 10 MeV. As a result, between 0 and
10 MeV, there is a separate table with a dedicated 1 MeV
Ty step. All other variables are the same in this separate
“low Ty” table. The E,, variable is closely related to
properties of individual nuclei, and so the step size between
nuclei changes.

a. Carbon

The E,, range is shell dependent and neutrino helicity
dependent. All of the following values in Table XX are
given in MeV.

b. Oxygen

For '°0, the E,, range is also shell dependent and
neutrino helicity dependent. All of the following values
in Table XXI are given in MeV.

c. Argon

For “°Ar, the same is true, and all values given in
Table XXII are in MeV.

TABLE XX. Missing energy steps for 1°C are different depend-
ing on the shell and neutrino helicity.

Neutrino helicity Shell Min Max Step
Neutrino 1p3)n 17.8075  17.8075 1
Neutrino Lsy /o 20 110 15
Antineutrino 1p3)) 14.46 14.46 1
Antineutrino Lsy/n 20 110 15
Both Background 20 300 40
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TABLE XXI. Missing energy steps for '°0 are different
depending on the shell and neutrino helicity.

Neutrino helicity Shell Min Max Step
Neutrino 1pis 15.4871 154871 1
Neutrino 1pspn 223652 22.3652 1
Neutrino Lsy/n 20 110 15
Antineutrino 1pi) 11.488 11.488 1
Antineutrino Lps) 18.27 18.27 1
Antineutrino Lsi/n 20 110 15
Both Background 20 300 40
TABLE XXII. Missing energy steps for “°Ar are different
depending on the shell and neutrino helicity.

Neutrino helicity Shell Min Max Step
Neutrino 2pip 9.857 9.857 1
Neutrino lds,, 10.023 10.023 1
Neutrino lds,, 10 40 10
Neutrino Lpip 10 100 15
Neutrino 1p3)n 10 100 15
Neutrino Lsi/ 20 110 15
Antineutrino 1f72 8.27 8.27 1
Antineutrino 2512 16.11 16.11 1
Antineutrino lds), 15.95 15.95 1
Antineutrino lds,, 10 40 5
Antineutrino Lpip 10 100 15
Antineutrino 1p3) 10 100 15
Antineutrino Lsi/n 20 110 15
Both Background 20 300 40

3. Hadronic tensor table interpolation

The hadronic tensor tables are interpolated using a four-
dimensional bilinear interpolation. To estimate the value
of a complex function f(x,y,z,w) at an arbitrary point
(Px» Pys P2 D). the algorithm iteratively applies the linear
interpolation formula across the four dimensions. For a
single dimension, the linear interpolation between two
points x, and x; is given by

X1 — Px
X1 — Xo

Px — Xo
X1 — Xo

fxo) +

finterp(px) = f(xl)'

Extending this to four dimensions, the interpolated value
JSinterpolaed 18 calculated by first performing the interpolation
over the x dimension:

Px

X1—p — X0
- = f(x0,y,2,w) +7x1 _xof(xl,y,z,w).

X1 —Xo

fe(yszow) =

This result is then interpolated along the y dimension:

-y

yi—pP 0
= Ofx(yhsz)'

fxy(z’ W) -

V4
yfx(yO’Z7W)+ -
Y1 —Yo yi—Yy

Next, interpolation proceeds in the z dimension:

Zl_pz P; — 20
20, W) + 71, W).
Zl—Zofxy(O ) Z1—Zofxy(1 )

fxyz (W) -

Finally, interpolation along the w dimension yields the fully
interpolated value:

Wi — Py Pw —Wo
; =——f o (wy) + wy).
flnterpolated Wi — wo fx)z( 0) Wi — wo fxyz( l)

In the implementation, the algorithm calculates the bounds
[x0» x1], Vo, ¥1], [205 21], [Wo, wi] from the input values and
extracts the corresponding function values from a four-
dimensional array. This algorithm is applied to each
hadronic tensor index.

APPENDIX C

1. Without nuclear recoil

The Jacobian required is given as

opn
oE,,

. (C1)

This can be expressed approximately by considering the
definition of E,, within the system
Py = Ex — M}, (€2)
where Ey can be expressed as T + My. The missing
energy is given as
E,=w0-Ty—-Tg, (C3)
where T'p is the energy of the residual nucleus and w is the

energy transfer given by E, — E;, Using this, we can
express E,, as follows:

Em:a)—EN—I—MN—TB. (C4)
This can be substituted into Eq. (C2) to yield
py=(0—E,+My—Tg)*— M3, (C5)

Performing the required differentiation in Eq. (21),

0
2PNﬂ =

oE, = —2(w—E, + My —Ty) = —2Ey.

(Co)
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Finally, the required Jacobian is

9Py
oE,,

Ey
o (€7)

2. With nuclear recoil
To obtain the Jacobian given in (C1), we make use of the
relation
oE, OE, dEg
opy  OEpdpy

0E,, dEy
JEydpy '

(C8)

where Ep is the recoil energy. The recoil energy and other
useful relations are given below in Eq. (C9):

By= M5+ ph
Py =a" + P§ —2qpncos(Oyn),
Mp=FE,—Ey+M,,
Ey=M,+ow
- \/42 + Py —2gpycos(O,y) + (E, — My + M ,)*.
(C9)

Here, the subscript “B” refers to the residual nucleus, g is
the magnitude of the momentum transfer, and 6,y is the
angle between the momentum transfer and the scattered
nucleon. The first term in Eq. (C8) is

OE, dEy _ Ep (pyn—qcos(Ogy)
0Epdpy My Ep

), (C10)
and the second term is

oE,, dEy . Ep (PN)

=m =2 ([ £2 Cl11
O0Eydpy  Mp \Ey ( )

The final Jacobian is then given as the inverse of the
above:

9pn| _| 9|
OE,,| |opy
M — O.n)|
:_B p_N_"_pN QCOS( qN) (C12)
Eg | Ey Eg
APPENDIX D

1. Total cross section and maximum differential
cross section

The NEUT framework, when used with a neutrino flux,
requires a total cross section as a function of neutrino

o Total Cross Section as a function of energy

=)
T

=

IS
T

o
T

—— ED-RMF total cross section
EDAIC total cross section |

—— rEDAIC total cross section

—— RPWIA total cross section ]

Total Cross Section, o(E,) [fm?]

I I I L I i
0 2000 4000 6000 8000 10000

Neutrino energy, E, [MeV]

FIG. 14. Total cross section as a function of neutrino energy
for v, on 12C. The models shown are EDRMF, ROP (EDAIC),
real only ROP (rEDAIC), and relativistic plane wave impulse
approximation (RPWIA).

energy. NEUT obtains an event rate from the composition
of the flux with the total cross section. The total cross
section table is required for all hadronic tables. Figure 14
shows the total cross section as a function of neutrino
energy for different nuclear potentials.

The total cross section is calculated by systematically
stepping through incident neutrino energy and calculating
the sixfold differential cross section for all events and then
summing the sixfold differential cross section, which is
then divided by the total number of events thrown for
that given neutrino energy. This value is then multiplied by
the total averaged six-dimensional phase space to obtain a
total cross section for that neutrino energy. The maximum
of the sixfold differential cross section values is retained for
each neutrino energy and used as a ceiling with which to
throw a random value of the sixfold differential cross
section. A new maximum differential cross section is
required for each neutrino helicity and nuclear poten-
tial model.

APPENDIX E

1. Comparison with precorrection
MINERvA data

The correction applied in Ref. [74] particularly
influences low bins in dpy, d¢pr, and p,,. The comparison
to the dataset before the correction, given in Figs. 15 and 16
with the respective y? values shown in Tables XXIII and
XXI1V, is shown to highlight the effect of comparing to the
updated dataset.
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FIG. 15. MINERvA v, CCOzNp dataset on hydrocarbon. Differential cross sections for different kinematics are shown. Subscript p
indicated a scattered proton kinematic; a subscript ¢ indicates a scattered lepton kinematic, and a subscript n indicates a reconstructed
initial neutron kinematic. The histograms follow the same definition as Fig. 3. The data are taken from [73].
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FIG. 16. MINERvA v, CCOzNp dataset on hydrocarbon. Differential cross sections for TKI variables defined in Eq. (22). The
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TABLE XXIII. »?/N,os values for each kinematic variable for
MINERVA. “cas” and “no cas” indicate where the cascade has
and has not been applied respectively.

TABLE XXIV. yx?/Ngo values for each TKI variable for
MINERVA. “cas” and “no cas” indicate where the cascade has
and has not been applied respectively.

Model Pp P 0, Py Model opr oy Sar

EDRMF cas 29.2/25  63.1/24  47.8/26  49.1/32 EDRMF cas 61.8/24 73.8/23 21.7/12
EDRMF no cas  40.2/25 164/24  61.3/26 44.8/32 EDRMF no cas 167/24 112/23 53.1/12
Nlplh cas 42.6/25 131/24  61.4/26  40.8/32 Nlplh cas 177/24 89.5/23 17.0/12
SF cas 43.5/25 73.77/24  36.5/26  48.6/32 SF cas 201/24 93.3/23 19.5/12
EDAIC no cas 33.9/25 65.9/24 44.0/26 39.5/32 EDAIC no cas 98.0/24 64.6/23 38.0/12
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APPENDIX F

Shape-only comparisons are produced by NUISANCE
[78]. Scale factors required to scale the overall normaliza-
tion of the MC are calculated by taking the ratio of the data
distribution with that of the MC distribution. A scale factor
close to 1.0 with a good shape agreement by eye indicates a
good agreement with the data. A good shape with a scale
factor that is not 1.0 indicates good agreement in shape but
a difference in normalization.

1. Shape-only comparison for T2K

Figure 17 shows a TKI shape-only comparison of the
considered NEUT models and the measurement. The
corresponding scale factors required to scale the MC to
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TABLE XXV. Scale factors required to scale the MC to data for
each TKI variable for T2K. “cas” and “no cas” indicate where the
cascade has and has not been applied respectively.

Model 5[77‘ 5¢T 6&7‘
EDRMEF cas 1.00 1.02 1.05
EDRMF no cas 0.92 0.94 0.97
Nlplh cas 0.88 0.89 0.92
SF cas 0.95 0.97 1.00
EDAIC no cas 1.37 1.39 1.44

data are given in Table XXV. For d¢r, all models show
agreement from approximately 0.4 rad. At lower values of
o¢r, the EDRMF model with the cascade is the lowest in
strength. For a7, models with the cascade applied display
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FIG. 17. Shape-only differential cross sections for TKI variables defined in Eq. (22) for T2K. The NEUT models are normalized to the
measurement. The histograms follow the same definition as Fig. 3. The data are taken from [72].
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a similar shape; likewise for models without the cascade.
The EDRMF model without the cascade and the EDAIC
model have similar shapes for all three TKI variables.

2. Shape-only comparison for MINERvA

Figure 18 shows a TKI shape-only comparison of the
considered NEUT models and the measurement. The
corresponding scale factors required to scale the MC to
data are given in Table XXVI. For 6p, the best shape
agreement by eye is the SF model. For §¢7, all models with
the cascade agree beyond around 10 degrees. The value of
o¢pr at 0 degrees differs dramatically between the three
models that employ the cascade. For dar, all models
with the cascade applied agree until around 100 degrees,

TABLE XXVI. Scale factors required to scale the MC to data
for each TKI variable for MINERVA. “cas” and “no cas” indicate
where the cascade has and has not been applied respectively.

Model 5[77‘ 5¢T 6&7‘
EDRMEF cas 0.96 0.97 0.97
EDRMEF no cas 1.12 1.13 1.13
Nlplh cas 0.90 091 091
SF cas 0.95 0.96 0.96

EDAIC no cas 1.62 1.63 1.63

differing at higher angles. In the case of day, the EDRMF
model and the EDAIC model without the cascade, do not
agree in shape.
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Shape-only differential cross sections for TKI variables defined in Eq. (22) for MINERvA. The NEUT models are normalized

to the measurement. The histograms follow the same definition as Fig. 3. The data are taken from [74].
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FIG. 19. Shape-only differential cross sections for kinematic variables for MINERvA. The NEUT models are normalized to the
measurement. The histograms follow the same definition as Fig. 3. The data are taken from [74].

Figure 19 shows a shape-only comparison for the
kinematic cross sections for the considered NEUT models
and the measurement. The corresponding scale factors
required to scale the MC to data are given in
Table XXVIIL. For p,, the peak is captured well by the
SF and N1plh models; however, the second peak around
0.3-0.4 GeV is captured only by the EDRMF model
with the cascade applied. For all variables, the EDRMF
model without the cascade and the EDAIC model agree
in shape.

For p,, all models closely match the shape of the data.
The peak is not captured by any of the models but is
consistent within the error bar. This indicates that, in terms
of cross section shape, all models differ mainly in the
description of the hadronic part of the interaction. For 6,

all models with the cascade capture the shape at low angles,
but at high angles the strength is lower, although consistent
within the error.

TABLE XXVII.  Scale factors required to scale the MC to data
for each kinematic variable for MINERVA. “cas” and “no cas”
indicate where the cascade has and has not been applied

respectively.

Model Pp P 0, Py

EDRMF cas 0.97 0.97 0.96 1.01
EDRMEF no cas 1.13 1.12 1.11 1.17
Nlplh cas 0.91 0.91 0.90 0.95
SF cas 0.96 0.96 0.95 1.00
EDAIC no cas 1.63 1.62 1.61 1.69
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3. Shape-only comparison for MicroBooNE

Figure 20 shows a shape-only comparison of the
considered NEUT models and the measurement. The
corresponding scale factors required to scale the MC to
data are given in Table XXVIII. For all TKI variables, the
Nlplh and EDRMF model with the cascade agree to the
data well and have almost identical shape. For dp; and ¢y
it is interesting to note the agreement in shape for the
EDRMF model without the cascade and the EDAICa
model, indicating that they differ mostly in normalization.

Figure 21 shows a shape-only comparison for the kine-
matic cross sections for the considered NEUT models and
the measurement. The corresponding scale factors required
to scale the MC to data are given in Table XXIX. For p,,, all
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TABLE XXVIII.  Scale factors required to scale MC to data for
each TKI variable for MicroBooNE. “cas” and “no cas” indicate
where the cascade has and has not been applied respectively.

Model Spr Sdr oar
EDRMEF cas 1.40 1.36 1.39
EDRMEF no cas 1.12 1.21 1.12
Nlplh cas 1.31 1.40 1.36
EDAICa no cas 2.07 2.23 2.09

models agree in shape and are consistent with the data. A
similar agreement is seen in cos(6,); however, small shape
disagreements are seen at cos(6,) ~ 1.0, indicating that at
forward muon scattering angles, each model describes a
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FIG. 20. Shape-only differential cross sections for TKI variables defined in Eq. (22) for MicroBooNE. The NEUT models are
normalized to the measurement. The histograms follow the same definition as Fig. 3 except the SF model is not included. The data are

taken from [75,76].
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FIG. 21. Shape-only differential cross sections for kinematic variables for MicroBooNE. The NEUT models are normalized to the
measurement. The histograms follow the same definition as Fig. 3 except the SF model is not included. The data are taken from [75].
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TABLE XXIX. Scale factors required to scale the MC to data
for each kinematic variable for MINERvA. “cas” and “no cas”
indicate where the cascade has and has not been applied
respectively.

Model Py Py cos(6,) cos(0,) O,
EDRMF cas 092 092 0.94 0.93 0.94
EDRMF no cas  1.01 1.01 1.04 1.02 1.03
Niplh cas 0.88  0.88 0.90 0.89 0.90
EDAICano cas 1.79 1.79 1.83 1.80 1.82

different angular distribution. All models overestimate the
final bin, where the measurement shows a drop.
For p,, the EDRMF model with the cascade and

the Nlplh model agree in shape and are consistent

with data. The EDRMF model without the cascade and
the EDAICa model have similar shapes but have lower
strength at lower proton momentum and higher strength
at higher proton momentum. Similarly, for cos(6,), the
EDRMF model with the cascade and the N1plh model
agree in shape and with the data. The models without the
cascade applied have slightly lower strength at lower
cos(6,) and slightly higher strength between 0.25 <
cos(#,) < 0.8 before having lower strength again in the
final bin.

For 0,,, between 0 and 1 radians, models without the
cascade have a better shape by eye before having a greater
strength between 1 and 2 radians. The EDRMF model with
the cascade and the N1plh model agree in shape and are
consistent with the data.
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