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Study of final-state interactions of protons in neutrino-nucleus scattering
with INCL and NuWro cascade models
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The modeling of neutrino-nucleus interactions constitutes a challenging source of systematic uncertainty
for the extraction of precise values of neutrino oscillation parameters in long-baseline accelerator neutrino
experiments. To improve such modeling and minimize the corresponding uncertainties, a new generation of
detectors is being developed, which aim to measure the complete final state of particles resulting from
neutrino interactions. In order to fully benefit from the improved detector capabilities, precise simulations
of the nuclear effects on the final-state nucleons are needed. This article presents the study of the in-medium
propagation of knocked-out protons, i.e., final-state interactions (FSI), comparing the NuWro and INCL
cascade models. The INCL model is used here for the first time to predict exclusive final states in measured
neutrino interaction cross sections. This study of INCL in the framework of neutrino interactions features
various novelties, including the production of nuclear clusters (e.g., deuterons, « particles) in the final state.
The paper includes a complete characterization of the final state after FSI, comparisons to available
measurements of single transverse variables, and an assessment of the observability of nuclear clusters.
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I. INTRODUCTION

Neutrino oscillation physics has entered the precision
era; notably, the NOVA [1] and T2K [2] long-baseline
experiments feature measurements of the neutrino mixing
angle 60,5 and the largest mass splitting in the atmospheric
sector with a few-percent precision. Sensitivity studies
combining future T2K and NOVA data with measure-
ments at reactor experiments show the potential for more
than 3o significance for possible hints of charge-parity
(CP) violation and mass ordering determination [3,4].
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The next-generation experiments DUNE [5] and
HyperKamiokande [6] are aimed to establish the mass
ordering and possibly discover charge-parity violation with
5o significance, as well as measure the value of the CP-
parametrizing phase (6-p) with a precision better than
15 degrees. Such results will be enabled by unprecedented
statistics of produced and detected neutrinos, requiring an
exceptionally robust and precise control of systematic
uncertainties.

The largest and most complex systematic uncertainty in
present neutrino long-baseline experiments stems from the
modeling of neutrino-nucleus interactions. The so-called
“near detectors,” placed near the neutrino source before any
standard neutrino oscillation can occur, are designed to
characterize the neutrino flux and to measure the neutrino-
nucleus cross section in order to tune the interaction models
and minimize the corresponding uncertainties. In order to
cope with the increasing needs in precision, a new gen-
eration of near detectors is being developed based on the
concept of a precise and exclusive reconstruction of all of
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the final-state particles produced in neutrino-nucleus inter-
actions. This concept is at the core of the design of the
upgrade of the T2K near detector ND280 [7]. A new active
target [8] will allow three-dimensional reconstruction
capabilities for low-momentum tracks. Such a detector
also enables the reconstruction of neutron kinetic energy by
measuring the time of flight between the neutrino inter-
action vertex and the first neutron secondary interaction [9].
The sensitivity of this type of detector for the most relevant
systematic uncertainties in neutrino-nucleus interactions
below 1 GeV was recently documented in Ref. [10].
Notably, the exclusive reconstruction of the hadronic part
of the final state of neutrino-nucleus interactions permits a
more precise reconstruction of the neutrino energy on an
event-by-event basis, yet it poses new challenges for the
modeling of such interactions. Neutrino-nucleus interaction
models have historically been developed and tuned to
describe inclusive processes, and thus they characterize
the cross section as a function of the outgoing lepton
kinematics. The community is now engaged in an effort to
expand the predictivity of these models taking into account
the kinematics of the hadrons involved in the reaction for an
exclusive description of the final states [11,12].

Most of the available neutrino-interaction models and
Monte Carlo simulations describe the initial nuclear state and
the fundamental interaction separately from the reinterac-
tions of the final-state hadrons with the nucleus. Typically,
final-state interactions (FSI) of resulting hadrons are simu-
lated with a cascade mechanism. It is worth mentioning that
many nuclear models, originally developed to describe
electron-nucleus scattering, include the effect of an outgoing
hadron’s distortion in a given nuclear potential while solving
the lepton-nucleus interaction [13-30]. Extensive feasibility
studies of implementing such models in generators are
nowadays performed in the community, e.g., in Ref. [30].
While such an improvement is certainly needed to cope with
the precision of the next generation of long-baseline experi-
ments, we focus on FSI modeling with currently available
tools given the needs of running experiments, notably the
analysis of the data from the upgraded ND280. This paper
presents the study of FSI with two different nuclear models
implemented in the Intranuclear Cascade Liege (INCL) code
[31-34] and in NuWro [35]. Fundamental neutrino-nucleus
interactions without pion production are studied, where pions
in the final state can only be produced through nucleon FSI.
This work can be expanded in the future to antineutrino
interactions (focusing on neutron FSI) and to (anti)neutrino
interactions with pion production (focusing on pion FSI).
The study presented here and its possible further develop-
ments aim at evaluating in a detailed way the possible
uncertainties inherent to the FSI simulation in neutrino-
nucleus scattering. This study is also a step toward a more
precise and complete implementation of FSI effects in
Monte Carlo simulations of neutrino-nucleus interactions.

An important novelty in this paper is a discussion of the
production of nuclear clusters (like « particles and deuter-
ons) which is modeled in the cascade mechanism of INCL,
for the first time, in neutrino-nucleus interactions. Such
predictions may significantly impact the analysis and
interpretation of the experimental data, notably for the
identification of low-momentum particles and the meas-
urement of energy deposits around the neutrino vertex (also
known as vertex activity).

The NuWro and INCL nuclear models are described in
Sec. II. The procedure to simulate fundamental neutrino-
nucleus interaction events and, subsequently, simulate the
intranuclear cascade with different models in INCL or
NuWro, is described in Sec. III. Section IV introduces the
studied variables and the analysis strategy. Section V
presents the results from the simulations of the different
nuclear models and their comparison. We study different
variables to characterize and quantify the impact of FSI on
the kinematics of the leading proton, with particular focus
on single transverse variables (STV) introduced in Ref. [36]
and the visible energy deposited around the vertex.
Section VI reports a reasoned comparison of the studied
simulations with available measurements of STV. Finally,
the main conclusions are reported in Sec. VII.

II. NUCLEAR MODELS

A. NuWro

Since 2005, the theoretical group of the University of
Wroctaw has developed NuWro as a comprehensive
Monte Carlo lepton-nucleus event generator [37], optimiz-
ing it for use in accelerator-based neutrino oscillation
experiments, i.e., the few-GeV energy region. Depending
on the energy transferred from the interacting leptonic
probe to the hadronic system, NuWro provides quasielastic
[38], hyperon production [39], single-pion production, and
more inelastic channels, modeled within the deep-inelastic
scattering (DIS) formalism [40] for scattering off free
nucleons. After including complex nuclear targets, addi-
tional channels such as two-body processes [41], coherent
pion production [42], and neutrino scattering off atomic
electrons [43] are included. The framework utilizes various
nuclear models to provide predictions for the dynamics of
target nucleons (e.g., global or local Fermi gas, spectral
functions [13,15], or a momentum-dependent nuclear
potential [38]). Finally, FSI are simulated by an intranu-
clear cascade which propagates the outgoing nucleons [44]
and produced pions [35] through the residual nucleus. In
the context of this work, the technical aspects of modeling
quasielastic neutrino-nucleus scattering and the subsequent
FSI are emphasized. More details on the NuWro version
used (19.02.2) can be found in Refs. [44,45].

In the quasielastic interaction channel, nuclear modeling
enters utilizing the plane-wave impulse approximation that
factorizes the one-nucleon knockout processes into the
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interaction on a single off-shell nucleon convoluted with a
particular hole spectral function, i.e., the probability of
leaving the residual system with specific excitation energy
and recoil. The approach relies on the calculation by Benhar
et al. [13] that takes into account the electron scattering input
to the single-particle wave functions and adds the correlated
part evaluated within the local-density approximation.
Additionally, in this model, the prescription by Ankowski
et al. [46] is applied to go beyond the factorized picture and
account for the effects of distorting the final nucleon wave
function by an optical potential. Alternatively, the target
nucleons can be treated as constituting an ideal Fermi gas,
parametrized through nuclear density or its average value and
referred to as local (LFG) or relativistic Fermi gas (RFG),
respectively. Finally, the primary interaction vertex is con-
strained by the conserved vector current and partially
conserved axial current hypotheses. The vector form factors
are provided by the BBBAOS parametrization [47], while the
axial form factor has a dipole shape with g4 = 1.267 and
the axial mass parameter M, = 1.03 GeV /c?, according to
the discussion in Ref. [48].

Modeling final-state interactions is a challenging many-
body problem that bears a tension between numerical
efficiency and the accuracy of nuclear calculations. The
NuWfro solution is based on seminal papers by Metropolis
et al. [49,50], which described an algorithm of the space-
like cascade model and applied up-to-date physics ingre-
dients. In this approach, mean free paths are attributed to
the particles propagated in straight lines with steps of Ax
through a continuous medium. Such Monte Carlo sampling
uses the standard noninteraction probability formula

P(Ax) = exp(—Ax/2), (1)

where 1 = (po)~! is the mean free path calculated locally,
expressed in terms of the nuclear density p and an effective
interaction cross section ¢. The maximal step of Ax =
0.2 fm is sufficient to grasp the structure of commonly used
density profiles. By default, the nucleons constituting the
nuclear medium originate from the LFG model, and
therefore meet its Pauli blocking rules (applied on an
event-by-event basis). The cascade terminates when all of
the moving hadrons leave the nucleus or do not have
enough kinetic energy and are stuck in the nuclear potential
(with a separation energy of 7 MeV). The remnant nucleus
is in an excited state, and its deexcitation is not modeled.

In Ref. [44], the nucleon part of the NuWro cascade was
exhaustively tested in order to reproduce the nuclear
transparency in exclusive (e, e’p) scattering experiments.
The essence of this model lies in nucleon-nucleon cross
sections, which replicate the Particle Data Group data set
[51], the fraction of single-pion production adjusted to
follow the fits of Ref. [52], and the center-of-momentum
frame angular distributions of Ref. [53]. Additionally, the
cross sections are modified with in-medium corrections

[54,55] and two-nucleon correlation effects [44]. Finally,
the pion-nucleon interaction dynamics is taken from the
model of Ref. [56]. This aspect, together with the formation
zone effect for the inelastic scattering channels, was
presented and compared to data in Ref. [35].

B. INCL

INCL is a nuclear model dedicated to the simulation of the
reactions induced by baryons (nucleons, A, X), mesons
(pions and kaons), or light nuclei (A < 18) on a target
nucleus. It shows a remarkable agreement with the exhaus-
tive list of experimental data of Refs. [57,58]. As an example,
the comparison to cross-section data of proton interactions
with a fixed !%C target is shown in Fig. 1. The INCL cascade
is usually coupled to the deexcitation code ABLA [59], but
can also be combined with the SMM [60,61] or GEMINI++
[62,63] deexcitation codes. INCL is a very flexible tool that
has been implemented in GEANT4 [64] and GENIE [65]. In
this study, the standalone version of INCL is studied and the
subsequent deexcitation model is disabled.

The standard version for the projectile employs the
impact parameter formalism, taking into account the
Coulomb distortion. A “working sphere,” where all events
take place, is defined with radius R ,y:

Ry +8a for A < 19,
Rpax = ¢ 55403(A-6)/12 for6 <A <19, (2)
Ry +4.5 for A > 2,

where R and a are the radius and diffuseness of the target
nucleus density, respectively. For carbon, R,,,, = 5.7 fm. If
the trajectory of the projectile, defined by a randomly
chosen asymptotic impact parameter and modified by the
Coulomb field of the target, intersects the working sphere,
the projectile enters the nucleus and can interact with the
nucleons or not (a “transparent” event).
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FIG. 1. Cross section of proton-'°C interactions as a function of

the proton momentum: comparison of the INCL and NuWro
models to available experimental data [66—84]. Results of the
NuWro 19.02.2 simulation are taken from Ref. [65].

032009-3



A. ERSHOVA et al.

PHYS. REV. D 106, 032009 (2022)

The simulation of neutrino interactions in INCL is not
yet available. In this study, the neutrino-nucleon interaction
inside the nucleus is enforced by using the neutrino vertex
from the NuWro code. Then, the produced particles from
the neutrino-nucleon interaction may undergo final-state
interactions and initiate a cascade. The exact matching
procedure to interface NuWro and INCL will be described
in Sec. III. The overall normalization is taken from the total
cross section calculated by NuWro.

The INCL nuclear model is essentially classical, with
some additional ingredients to mimic quantum effects. Each
nucleon in the nucleus has its position and momentum and
moves freely in a square potential well. The radius of the
potential well depends on the kinetic energy of the nucleon.
Nucleon momenta are distributed uniformly in a sphere
whose radius is defined by the maximal Fermi momentum.
Position and momentum are correlated in INCL. In such a
classical picture, the particle is allowed to move in a sphere
with the maximum radius fixed by its momentum, and so its
position is sampled in this sphere. This picture has been
refined to take into account the quantum properties of the
wave functions. Based on a Hartree-Fock-Bogoliubov for-
malism, the correlation is still valid but less strict, i.e., the
nucleon has a nonzero probability of going beyond the
maximum radius. Further details can be found in Ref. [33].

The cascade reaction can be described as an avalanche of
independent binary collisions. Different types of events
inside the cascade could occur: collisions, decays, and—at
the surface—reflections or transmissions. The particles
travel along straight lines and the different possible fates
are calculated:

(1) Two particles reach the minimal distance to interact.

(2) A particle hits the border of the potential well, and

then deflects back inside the nucleus.

(3) A particle decays (e.g., a A resonance or @ meson).
The fate with the shortest time is chosen.

Nucleons that do not participate in the cascade are
defined as spectators. In the beginning, all nucleons are
spectators except for the projectile. A spectator could
become a participant while interacting with the projectile
or another participant. To prevent spontaneous nucleon
emission (nuclear boiling), the spectator nucleons of the
target cannot interact between themselves. The projectile
feels the nuclear potential of the target. A participant
nucleon can become a spectator again if its energy
decreases below a threshold (details can be found in
Ref. [31]). While such an option has been included to
improve the agreement with some sets of data [31], the
modeling of very low-energy nucleons is still an open issue
for cascade mechanisms. In the scope of this paper, this
feature is disabled. Participants can be absorbed at the end
of the cascade when the stopping time is reached and the
nucleus is thermalized through the equipartition of energy.
In this case, the participant’s energy is left in the nucleus,
putting it in an excited state.

The cascade lasts until one of these conditions is
satisfied:

(1) The stopping time determined by the model is

reached.

(2) There are no more participants.

(3) The mass number of the target is less than 4.

(4) The projectile leaves without an interaction (trans-

parent event).

A participant nucleon at the surface can be reflected or
emitted. It leaves the nucleus if its energy is higher than the
Fermi energy plus the value of its separation energy, which
is taken from mass tables based on experimental data [85].
However, a notable feature of INCL is that an outgoing
nucleon (subject to FSI) with some probability could
clusterize with other nucleons and leave the nucleus as a
nuclear cluster (e.g., @ particle). The emission of nuclear
clusters was extensively compared with representative
experimental data. One can find more information about
cluster emission in INCL in Ref. [32].

In addition to quantum effects embedded in the elemen-
tary cross sections used and the one previously quoted with
the refined position-momentum correlation related to the
quantum behavior of the wave function, Pauli blocking is
considered and checked. If the collision is blocked, the
particle propagates until it reaches the next allowed
interaction in the cascade and the products of that reaction
are further propagated. There are two main Pauli-blocking
models implemented in INCL.: the strict one, forbidding the
interaction if the projectile momentum is below the Fermi
momentum, and the statistical model that considers only
nearby nucleons in the phase-space volume and acts upon
the calculated occupation probability. The default option
applied in INCL is a compromise between the strict Pauli
blocking for the first collision and the statistical one for the
subsequent ones. The motivation for and details of this
procedure can be found in Refs. [31,86]. In this paper, the
first interaction is the neutrino interaction with the nucleus
taken from NuWro. So for the first interaction the Pauli
blocking from NuWro is used, and then for subsequent
proton interactions statistical Pauli blocking is applied.

III. SIMULATION PROCEDURE

The study focuses on the comparison between proton-
induced FSI cascades simulated by NuWro and INCL in
charged-current quasielastic (CCQE) neutrino interactions
on carbon using the T2K neutrino energy flux at the near
detector from Ref. [87]. The initial state and the neutrino-
nucleus interaction are simulated with NuWro with the
spectral function (SF) approach. About 350 000 CCQE
events are simulated with NuWro. In each event, the
leading proton exiting the interaction of a neutrino on a
neutron is then injected into the INCL nuclear model and
FSI is simulated with INCL. The results are compared to
the FSI cascade simulation done in NuWro.
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FIG. 2. Momentum distribution of neutrons in the nucleus for
NuWro SF and RFG and INCL nuclear models (comparison of
the shapes between unit-normalized distributions).

In the INCL simulation, the neutron with the closest
momentum vector to the initial neutron simulated by NuWro
for the neutrino interaction is selected. This procedure is
independent of the exact values of neutron momenta in
NuWro and INCL and is applied event by event for the whole
sample. The chosen INCL neutron is then substituted with
the outgoing particles (muon and proton), preserving their
kinematic properties calculated from the neutrino-neutron
interaction by NuWro. The Pauli blocking in the neutrino
interaction is simulated by NuWro, while the Pauli blocking
along the proton FSI cascade is simulated differently by
NuWro and INCL, as explained in Sec. IL

Although driven by the same experimental charge density
distribution, NuWro and INCL differ in their approaches to
modeling the nucleus, which can result in small inconsis-
tencies within our algorithm. The momentum distribution of
nucleons in SF and INCL is quite different, as can be seen in
Fig. 2: the high-momentum tail due to nucleon-nucleon
correlations is missing in INCL (work is ongoing to include
them, and we defer such results to a future paper). Another
discrepancy stems from the lack of correlation between
position and momentum in the spectral function approach,
while having the Hartree-Fock-Bogoliubov formalism
implemented in INCL, as presented in Fig. 3. Thus, the
INCL position distribution sampled starting from the simu-
lated NuWro interactions is slightly different than the
intrinsic nucleon distribution in INCL, as shown in Fig. 4.
In general, neutrons with high momentum in the SF tail tend
to be attributed to the peripheral region of the nucleus,
according to the INCL nuclear model shown in Fig. 3, while
in the NuWro SF model, there is no intrinsic position-
momentum correlation for the target neutrons. Still, as shown
in Fig. 4, the chosen INCL neutron tends to be at a smaller
radius with respect to the general neutron distribution in
INCL; this is due to the fact that the momentum vector (and
not the momentum magnitude) is used to find the INCL
neutron that best matches the NuWro neutron.

It is worth mentioning that NuWro uses the local Fermi
gas for the nuclear model in the cascade itself. This model

6 . —15000
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P (MeV/c)
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(98]
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P (MeV/c)

(=]
O;\\\\‘l\\\

FIG. 3. Radial coordinate and momentum distribution inside
the nucleus for INCL (top) and NuWro LFG (bottom) nuclear
models (z axis in arbitrary units).

does include a momentum-position correlation, which is
presented at the bottom of Fig. 3. One can see that there
exists a contrary dependence relative to the INCL solution,
which is an important point in comparing these two
cascades regardless of the primary vertex simulation.

In order to check that the results on FSI characterization
are robust against the approximations of the simulation
procedure above and, more generally, against assumptions

r —
003 —— the chosen neutron |
) 0_025; —— all neutrons, NuWro é
.15) E —— all neutrons, INCL ]
= 0021 3
£ g ]
15 . ]
= 0015 3
= o ]
= F ]
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O: T B B B SR B . L]

0 1 2 3 4 5 6

Radius (fm)

FIG. 4. Position distribution of neutrons in INCL and NuWro
and of the INCL neutron chosen to match the SF neutron
simulated in NuWro in our matching algorithm.
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on the initial-state nuclear model, similar studies are also
performed using relativistic Fermi gas and a simulation
representing the INCL nuclear model in the initial state.
This is discussed in the Appendix.

In the factorized models considered here, the FSI
interaction cannot change the fundamental neutrino-
nucleus interaction cross section. Thus, for all studies
presented here the NuWro cross section from SF (or from
RFG for the results in the Appendix) is considered.

The procedure to match NuWro and INCL models
described above has been made possible by the high level
of modularity of Monte Carlo implementations. It also opens
the road to possible further improvements of FSI modeling
by coupling different models using this procedure.

IV. ANALYSIS STRATEGY

In this section, the analysis strategy to compare and
characterize the FSI effects in INCL and NuWro models is
described.

Various FSI channels are simulated, depending on the
particles leaving the nucleus: their probability is quantified
in the two models. The FSI effects on the leading proton are
then characterized by comparing its kinematics before and
after FSI. Additionally, the STV (as introduced in Ref. [36])
are studied and compared between the two models. Resolu-
tion effects or thresholds are not applied in the results of
Sec. VA and some of the studied variables are not
observable experimentally. Comparison to data is deferred
to Sec. VI, where direct comparisons to STV measurements
from T2K [88] and MINERVA [89] are shown. In this case,
acceptance cuts are applied to match the phase space
covered by the two experiments.

The study focuses on the following STV:

P’

_ 6D - -
Say = arccosT—IT)T|5pr| = |pPr+ p"rl, (3)

Pr-op

where pqu is the component of the proton momentum
projected into the plane transverse to the neutrino direction
(transverse component) and p7‘ 7 1s the transverse component
of the muon momentum. The illustration of the STV
definition is presented in Fig. 5. The variable 6p; could
be considered as the “missing transverse momentum’” and, in

v vertex

B (5 >

<

OPT 5@1\:\\.

FIG. 5. STV representation in the plane perpendicular to the
neutrino direction.

ElP  pler Eder

FIG. 6. Scheme of the particle simulation and identification
algorithm in a segmented scintillating detector. The shaded line
indicates the cluster track traversing multiple scintillating cubes.
The cluster has initial kinetic energy E° and deposits energy E‘lj P
in each cube. The last cube, where the cluster stops, is not

considered in the identification algorithm.

the absence of FSI in quasielastic events, it represents the
Fermi motion of the initial nucleon. The variable oy is
especially sensitive to the FSI of the leading proton. In
transparent events (where the proton leaves the nucleus
without FSI), the da; distribution depends only on the
stochastic Fermi motion of the initial neutron and therefore
is expected to be uniform. FSI tends to decrease the proton
transverse momentum, inducing larger values of missing
transverse momentum and day.

The production of clusters is an important novelty
introduced by INCL; no other cascade model used within
neutrino studies is able to simulate cluster production. Both
the kinematics of the simulated clusters and their identi-
fication probability in scintillating detectors are studied. To
simulate clusters’ interactions inside a detector, a simple
GEANT4 model [64,90,91]l is built. A uniform, fully
active block of hydrocarbon (with a density of 1.06 g/cm?,
corresponding to polystyrene) with dimensions big enough
to contain a whole track (1900 x 1900 x 3000 cm?) is
simulated. The momentum of the primary clusters in this
GEANT#4 simulation is sampled from the cluster momen-
tum distribution simulated by INCL FSI production.

A simplified analysis is performed to gauge the observ-
ability of clusters: an identification algorithm is developed
based on the path traversed by clusters and the energy
deposited in the detector, as shown in the simple schematic
of Fig. 6.

The main idea of this algorithm is to try to identify the
type of the particle based on its ionization curve. The
measured deposited energy is used as an estimation of the
particle momentum along its trajectory. The measured local
deposits of energy (dE/dx) along the track are compared to
the expected ones for different clusters {a, D, T,*He, p} at
the estimated momenta. Finally, the algorithm selects the
cluster hypothesis that best matches the observed dE/dx
along the track.

'For electromagnetic processes the standard physics list was
used, while for hadron processes we used G4HadronPhysic-
sINCLXX. Additionally, G4DecayPhysics and G4IonINCLXX-
Physics were used.
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Actual identification capabilities in an experiment highly
depend on the detector geometry, granularity, and scintillator
material. Here we consider a detector granularity of 1 cm?
cubes, corresponding, for instance, to the geometry of the
ND280 upgraded scintillating target superFGD [7]. We do
not take into account any reflecting material or border effects.

Tracks are simulated as straight lines parallel to one of
the cube faces and starting from the cube boundary. The last
part of the track, which is shorter than 1 cm, is not used in
the analysis since the exact length of the last step is
unknown, given the simulated granularity. Thus, we effec-
tively remove the Bragg peak from this simplified identi-
fication algorithm. In more sophisticated analyses, the
Bragg peak study could bring further information to help
particle identification. Moreover, at the end of the track, a
fraction of events undergo inelastic interactions with the
creation of secondary particles. We leave the investigation
of such secondary interactions and their detector signature
for future work: we do not include the energy of secondary
particles in the analysis since we remove the last cube.

We consider only the energy deposited by the primary
particle by ionization and we apply Birks quenching.
Depending on the material, an additional overall suppres-
sion factor should be considered in energy-to-scintillation-
light conversion but is omitted in the present study.

The visible energy in a given simulation step is therefore
calculated as

dep
B, = — 4)

step dep

1+ k-2

step

where ES;% is the energy deposited in the step, kg is the

Birks coefficient, and Ly, is the step length. The Birks
coefficient for protons is taken from Ref. [92], where kp =
0.0208 (cm/MeV); according to Ref. [93], the coefficients
for protons and deuterons are assumed to be the same. The
same Birks coefficient is also assumed for tritium. For a
particles the results from Ref. [94] are used, where kp =
0.0085 (cm/MeV).

TABLE L.

The total visible energy is evaluated as the sum of the
visible energy in each cube,

EVis — ilEyls (5)

This visible energy is a proxy for the total kinetic energy of
the particle. However, it is not a perfect estimator since the
energy lost in the last cube, where inelastic events may
happen, is discarded from the analysis. As an analogous
estimator of the remaining kinetic energy of the cluster at
each step along the track, the total “residual” visible energy
is estimated as

]
E?fls,res — EVis _ Z EVS. (6)
m=1
The distribution of the visible energy deposited in each step
EY, as a function of residual visible energy E}™™, is used
to build the expectations for each of the five particle
hypotheses {a, D, T, *He, p}. For each particle k, the mean
of the simulated visible energy at a given step is estimated
(ES™) for the corresponding value of the remaining visible
energy (E/*™). The width of such a distribution is also
evaluated (¢¥). Finally, for each step of the simulated
cluster track, the visible energy is compared to the expected
one for each particle hypothesis: a y> is built for each
particle hypothesis

n vis exp.k\2
2 (Ei _Ei )
=) 5 (7)
=2 Ty

and the hypothesis with the lowest y° is chosen to identify
the particle.

V. RESULTS

In Table I the fraction of different final states pro-
duced by INCL and NuWro FSI simulation from CCQE

Fractions of the different FSI channels, i.e., fraction of events with different final-state particles after the

FSI cascade, in CCQE events with T2K neutrino energy flux. Fractions of events with and without protons in the final
state are quoted separately, while in the text the percentages with respect to the total number of events are quoted.

Channel NuWro SF INCL + NuWro SF
No protons 1.37% 19.47%
Protons 98.63% 80.53%
No proton Absorption 4.45% 39.49%
Neutron + 7 production 3.40% 0.60%
7 production 0.21% 0%
Neutron knockout 91.4% 29.58%
Cluster knockout 0% 30.33%
Proton 1 proton, no FSI 70.38% 68.49%
1 proton only with FSI 2.45% 19.21%
1p + other nucleons or clusters 26.21% 11.68%
Proton(s) + z production 0.96% 0.62%
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FIG. 7. Nuclear

interactions are reported. In the NuWro SF simulation, due
to short-range correlations, the neutrino vertex contains two
outgoing protons in 15% of events. In the INCL vertex,
only the leading proton, defined as the proton with higher
kinetic energy, is retained and triggers the cascade. We also
test that complete removal of events with two protons at the
neutrino vertex does not impact the conclusions on the
characterization of the FSI cascade of the leading proton in
NuWro and INCL. We consider only the leading proton and
its secondary hadrons for the channel characterization in
Table L. If the proton has the same energy before and after

transparency of 'C (percentage of events

FSI, the event is characterized as “no FSI” (a transpar-
ent event).

without FSI) as a

NuWro and INCL.

FIG. 8.

function of proton momentum modeled by

INCL features an evident enhancement of events with
absorption of the proton and only a muon in the final state:
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Top: proton momentum before FSI for INCL (left) and NuWro (right) cascade models in CCQE events with T2K neutrino

energy flux. Subprocesses correspond to the fate of the proton after FSI. The shape of the proton momentum before FSI is by definition
identical for INCL and NuWro cascades. Bottom: leading proton momentum after FSI for INCL (left) and NuWro SF (right) nuclear
models. The fractions of different FSI subprocesses as listed in Table I is also shown. The zero-proton channel in NuWro includes events
with only a muon in the final state, as well as pion, and neutron production channels. There is no cluster production in NuWro.

032009-8



STUDY OF FINAL-STATE INTERACTIONS OF PROTONS IN ...

PHYS. REV. D 106, 032009 (2022)

7.7% of the total events in INCL against less than 0.1% in
NuWro. Indeed, in the NuWro cascade, the vast majority of
particles produced, and not Pauli blocked, leave the
nucleus. The INCL nuclear model features a larger prob-
ability of reabsorbing particles in the nucleus during FSI.
This tendency is also confirmed by the smaller fraction of
events with more than one proton in the final state
(multinucleon production by FSI results in 25.6% of total
events in NuWro and 9% in INCL).

We also compare both INCL and NuWro cascades
against existing transparency data. Here we define trans-
parency as the percentage of events without FSI interaction
on the leading proton exiting the interaction vertex.
Figure 7 shows that both models are in good agreement
with data while they differ in their prediction. Especially for
the low-momentum protons, INCL features smaller trans-
parency. The difference between the two models is domi-
nated by the impact of the short-range correlations on the
FSI definition, as also shown in Refs. [44,65]. The
predictions vary the most in the region of interest for the
present study (proton momentum of 0.2-1 GeV), while

L e s s e B s s s s e
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o
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there is very sparse data and no clear preference for one
model over the other.

The larger FSI strength in INCL suggests a larger
dissipation of energy across the nucleus through inter-
actions that tend to be more “soft.” On the other hand, the
nuclear model of INCL includes the probability to form
clusters during the nucleon’s attempt to leave the nucleus,
as explained in Sec. III. Indeed, the events with no proton in
the final state are in the large majority due to charge
exchange in NuWro (91% of neutron production), while in
INCL the probabilities of cluster production and neutron
production in events without protons in the final state are
similar (around 30% each).

A. Leading proton kinematics

The leading proton momentum before and after FSI is
shown in Fig. 8. Events with the production of other
particles, e.g., clusters, but no protons in the final state, are
included only in the distribution of proton momentum
before FSI. The proton momentum before FSI has by

006" T T
—— before FSI
—— after FSI, NuWro
—— after FSI, INCL
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FIG. 9. Distribution of the leading proton’s momentum in NuWro SF and NuWro + INCL before and after FSI (top left, comparison
of the shapes between unit-normalized distributions), the difference in the proton’s momentum before and after FSI
(AP = Per — Prefore) iIn NuWro SF and NuWro + INCL (bottom left, comparison of the shapes between unit-normalized
distributions), the leading proton cos(®) in NuWro SF and NuWro + INCL before and after FSI (top right, comparison of the
shapes between unit-normalized distributions), and the difference in the proton’s cos(®) before and after FSI
(A cos O = oS Oyer — €08 Opefore) i NuWro SF and NuWro + INCL (bottom left, comparison of the shapes between unit-normalized
distributions). The “no FSI” channel is excluded. CCQE events with T2K neutrino energy flux are simulated.
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CCQE events with T2K neutrino energy flux are simulated.

construction the same distribution for NuWro and INCL, as
explained in Sec. III. In Fig. 8, the relative fraction of the
different final states as a function of proton momentum
before and after FSI is also shown. A larger diversity of
channels is visible in the INCL case. As previously
discussed, the smaller transparency of INCL induces a
smaller number of events with at least one proton in the
final state after FSI. In particular, all of the events with full
proton absorption are concentrated at low proton momen-
tum before FSI, while the events with cluster production
populate the distribution just below the main peak of initial
proton momentum (around 350 MeV/c). Again, due to the
smaller nuclear transparency of INCL, the events where the
proton leaves the nucleus are much less often accompanied
by additional nucleons. Thus, in NuWro, the protons at
very low momenta after FSI are almost always accompa-
nied by other nucleons, while in INCL, they are mostly
events with only one proton.

More direct FSI quantification of the leading proton is
done by comparing the kinematics of the proton before and
after FSI, as shown in Fig. 9. As expected, FSI decelerate the

leading proton and induce smearing compared to the pre-FSI
angular distribution that is peaked in the forward direction
(but this effect is less evident in INCL). Interestingly, INCL
tends, event by event, to decelerate protons more, but the
distribution of the momenta of all of the protons leaving the
nucleus after FSI still tends to be larger in INCL, since the
low-momenta protons are absorbed in the nucleus.

In order to disentangle FSI effects from the physics of the
initial nuclear state, STV are used. As explained in Sec. IV,
the identified experimental observable most sensitive to FSI
is day, while pr is primarily sensitive to the initial nuclear
state. This is confirmed by the results in Fig. 10, where such
distributions are compared between NuWro and INCL. The
shape of dpy is very similar between the two models since
the initial nuclear momentum is taken from the same
model. The most visible feature is the suppression of the
large day values in INCL, corresponding to a suppression
of low-momentum protons. This conclusion is robust,
independently of the nuclear model used for the funda-
mental interaction: we observe a similar behavior using
RFG, as shown in Fig. 19 in the Appendix. Part of the low-
momentum protons lost in INCL are emitted as clusters.
Such clusters will not have the same detector signature of
protons, as discussed in the following, and they do not fill
the suppression at very large values of day, as can be seen
in Fig. 10; indeed, there is still a sizable fraction of events,
at low proton momenta, with full proton absorption and
only a muon in the final state.

B. Nuclear cluster production

In events with proton absorption and multiple nucleons
production in INCL, different particles can leave the
nucleus, as shown in Fig. 11. As one can see, INCL
features a notable production of deuterons, a particles, 3He
isotopes, and tritons. In this paper, we focus on studying the
production of these nuclear clusters. The production of
clusters in nucleon scattering on nuclei is a well-known
phenomenon in nuclear physics; see, for instance, Ref. [95].

The production of clusters by FSI in neutrino inter-
actions is a novelty of this study. While the presence of
clusters can change the interpretation of various measure-
ments in data (proton multiplicity, vertex activity, single
transverse variables, etc.), the signature of such clusters is
very detector dependent, notably regarding the granularity
and threshold of measurable energy deposits. Here we
provide the fundamental information to characterize the
observability and signature of such clusters in different
detectors. In particular, the path length of cluster tracks,
their misidentification probabilities (evaluated with a sim-
plified identification algorithm), and the energy released
around the neutrino vertex are quantified.

Figure 12 shows the length of the tracks produced by
different particles as a function of their visible energy, as
defined in Eq. (6). The sparse population of events at lower
track lengths correspond to inelastic processes, which are
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FIG. 11. Particles leaving the nucleus in events without a proton
in the final state in INCL.

included in the simulation but not in the characterization of
visible energy, as explained in Sec. IV. In Fig. 13, we show
the momentum distribution and the deposited ionization
energy with the Birks correction as a function of momen-
tum. These distributions are the result of the simulation and
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TABLEII. Percentage of clusters travelling more than 1 (3) cm.

a ‘He T D

Travels more than 1 cm, % 0.3 1.3 60 72 87
Travels more than 3 cm, % 0 0 34 51 74

Proton

the input for the algorithm described in Sec. IV. Table 11
shows the fraction of events where clusters travel more than
1 or 3 cm in the detector. While @ and *He do not travel
enough and will mostly contribute to vertex activity (energy
deposited around the vertex), deuteron and tritium produce
a visible track in the detector in a sizable fraction of events
and, if searched for, can be quite cleanly identified.

The primary source of misidentification are secondary
interactions through inelastic processes, which typically
happen at the end of the cluster track. In such inelastic
interactions the cluster loses a large amount of energy and
breaks the nucleus. The observed energy released by
ionization along the cluster track, before the end of the
track, does not include the energy released by secondary
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FIG. 14. Visible energy deposited by ionization by different
particles in a sphere of radius 3 cm around the vertex in events
simulated with INCL.
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interactions and it is therefore smaller than what is expected
for a cluster of that energy. As a consequence, particles
could be misidentified with less ionizing ones. Therefore,
tritium could be misidentified (~10% of events) as a proton
or deuteron with similar probability, a deuteron could be
misidentified (~20% of events) as protons, while protons
cannot be misidentified as nuclear clusters. *He and « rarely
travel more than 1 cm, and when they do they can be easily
identified due to their very large energy deposit. The
characterization of the inelastic interactions, the particles
produced, and their observability in the detector are left for
future studies.

The particles that are below tracking threshold still
contribute to the total energy deposited around the vertex.
To compute the contribution of clusters to the vertex activity,
the visible energy deposited by ionization in a sphere of 1
(3) cm radius around the vertex is calculated, as shown in
Figs. 14 and 15. The distributions have two components
depending on whether the particles leave the sphere or release
all of their energy inside the sphere. The long tail of INCL
comes from the energy deposits due to clusters. From Fig. 15
one can see that for INCL, there are 8 (11)% of the events
with more than 15 (20) MeV of energy deposited in the 1
(3) cm sphere. The tail of the NuWro distribution comes from
multinucleon neutrino interactions and FSI inelastic proc-
esses with the production of multiple protons. For NuWro,
there are 10 (10)% of the events with more than 15 (20) MeV
energy deposited in the 1 (3) cm sphere. The energy
deposited by inelastic interactions is not included, since its
observability depends on the particles produced by such
interactions. Inelastic interactions happen within 1 (3) cm of
the primary vertex in about 3% (8%) of tritium and deuteron
events and 1% (3%) of proton events, while they happen in a
negligible fraction of events with & and *He.

VI. COMPARISON TO DATA

The predictions of NuWro and INCL are compared to STV
measurements (6ay and py) of T2K [88] and MINERvA
[89] in Figs. 16 and 17. The contribution from non-QE
interactions is simulated with NuWro and added on top of
INCL predictions. Simulated events are selected to cope with
the acceptance of the detectors. Such acceptance cuts,
notably requiring a large enough proton momentum to be
reconstructed, tend to suppress the difference between the
models. We look forward to measurements with lower
tracking threshold, as expected, for instance, with the
ND280 upgrade [7] and the detectors of the Short-
Baseline Neutrino program [96]. The difference in day
shape is blurred with the detector cuts, but still, the lower
overall normalization of INCL, due to proton absorption, is
visible and tends to improve the comparison to data slightly.
The impact of nuclear clusters on the distributions is shown
assuming perfect identification and the same acceptance as
protons. With the present momentum threshold, nuclear
clusters tend to be distributed at high daz, similarly to

protons affected by FSI. Given the relatively high momentum
threshold for proton tracking, the different proton momen-
tum distributions after FSI in the two cascade models have a
subleading effect.

VII. CONCLUSIONS

We compared the simulation of the final-state inter-
actions between the NuWro and INCL cascade models in
CCQE events. We characterized the produced particles and
the change of kinematics of the leading proton induced by
FSI. We quantified the impact on observables like STV and
vertex activity. We also compared the results of the
simulations with the existing experimental data provided
by the T2K and MINERVA collaborations.

An essential novelty of this study is the simulation of
cluster production by INCL in FSI of neutrino interactions.
Such clusters can be detected as highly ionizing tracks or, if
below the tracking threshold, can contribute to the energy
deposited around the vertex (vertex activity). Nuclear clus-
ters behave differently than protons from many points of
view. Since nuclear clusters release more energy by ioniza-
tion, the detector tracking threshold tends to require the
clusters to have larger momenta than protons in order to be
reconstructed. When identified as tracks, the particle
momentum could be measured by its curvature, and the
corresponding kinetic energy depends on the actual particle
mass. Generally, the kinetic energy of a cluster leaving the
nucleus is different than the kinetic energy of the initial
proton producing the cluster. Moreover, for a complete
recollection of all of the energy of the particles leaving
the nucleus, the correct reconstruction of their secondary
interactions is needed. While we leave the detailed charac-
terization of secondary interactions for future work, we
considered the fraction of energy lost in secondary inter-
actions and their probability, which depends on the nature of
the particles leaving the nucleus. Notably, the probability of
secondary interactions is different for nuclear clusters and
protons. For all of these reasons, the accurate modeling and
identification of particles in the final state, including nuclear
clusters, are crucial to correctly estimate all of the energy
leaving the nucleus and the FSI corrections to it. Thus, the
modeling of cluster production by FSI is relevant for the
correct interpretation of data to constrain nuclear models, and
it may affect the calorimetric method of total neutrino energy
reconstruction and how it is shared between the leptonic and
hadronic parts of the final state. The precise neutrino energy
reconstruction is a vital step for the new generation of
oscillation experiments. The calorimetric method of the
neutrino energy reconstruction, which takes into account
all emitted particles after the neutrino interaction, allows for
better neutrino energy resolution but also demands better
modeling of the hadronic compound of the neutrino-nucleus
interactions. Understanding the production and kinematical
properties of nuclear clusters is crucial for improving the
existing neutrino-nucleus interaction models and controlling
the corresponding systematic uncertainties.
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Regarding the effects of the final-state interactions on the
leading proton in neutrino-nucleus interactions, the nuclear
model of INCL features a much smaller transparency than
the NuWro cascade. Transparency is a measure that allows
to estimate the FSI strength in a given model. Therefore,
such results originate in a characteristic combination of the
nucleon-nucleon cross sections, Pauli blocking, and the
specifics of the nuclear model used. In particular, INCL FSI
simulation features a significant fraction of events without a
proton in the final state, especially while propagating low-
momentum protons from the primary vertex. The INCL
model also tends to reabsorb other particles produced
during the FSI cascade: events with low-momentum pro-
tons in NuWro are mostly accompanied by additional
nucleons, but not in INCL.

The accurate modeling of the rate of events without
protons in the final state directly affects the correct inter-
pretation of experimental data in long-baseline neutrino
oscillation experiments. Regarding specific observables,
the depletion of low-momentum protons causes the suppres-
sion of large values of day. Unfortunately, the proton-
tracking threshold in the detector induces a similar effect:
as we show in the comparison to T2K and MINERvA
measurements, the available data have very limited sensi-
tivity to the difference between the two FSI models due to the
proton momentum threshold of present detectors. These
results demonstrate the importance of measuring low-
momentum protons to characterize their FSI. Currently
running and upcoming experiments are planning to perform
such measurements by providing low tracking thresholds and
precise calorimetry [97].

Summarizing, the study presented here, by comparing two
major models of intra-nuclear cascade, paves the road to a
better estimate of the uncertainties and biases due to the
modeling of final-state interactions effects of neutrino-
scattering simulation. It is also a useful example of the
modularity of Monte Carlo generators which allows to
couple and compare different models describing the different
stages of the reaction. In that sense, it is a step forward
to improve the simulation of FSI in neutrino-nucleus
interactions.
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APPENDIX: INITIAL-STATE NUCLEAR MODEL

The INCL FSI study presented in this paper relies on an
approximated simulation where the initial state is taken from
NuWro SE. As discussed in Sec. 111, biases can be induced in
the procedure of merging NuWro SF with the INCL nuclear
model. The study is repeated using RFG in NuWro to model
the initial state, in order to demonstrate that the conclusions
on the characterization of FSI in INCL and the differences
between NuWro and INCL FSI are robust against assump-
tions on the initial nuclear state. It is well known that the RFG
model is unable to reproduce the measured distributions of
proton kinematics and STV [88,89]. RFG is used here only as
a diagnostic tool to test the robustness of the FSI results. In
this case, the momentum and position of the nucleon is
provided by NuWro RFG and the INCL nuclear state is built
around that nucleon.

We are also interested in testing a more coherent
simulation where both the initial-state and final-state
nuclear effects are simulated with the INCL model. To
this aim, the NuWro RFG simulation is reweighted to
represent the INCL distribution of nucleon momenta and
position shown in Fig. 18. The binding energy (for each
nucleon position and momentum) and the total cross
section are kept as in the original NuWro RFG model.

In Table III, the fractions of different FSI channels are
similar to those observed with the SF simulation in Table 1.
The fractions change slightly due to the different momen-
tum distribution of protons before FSI, but similar trends
are observable.

In Fig. 19, day distributions are shown. RFG features an
enhancement of small da; values due to the large fraction
of protons with large momentum, just below the Fermi
limits. Still, the characteristic suppression of such a region
induced by FSI in INCL is visible.
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FIG. 18. Radial coordinate and momentum distribution inside

the nucleus for NuWro RFG (z axis in arbitrary units).
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TABLE III.

Fractions of events with and without protons in the final state, and fractions of different channels in
events with and without protons in the final state.

Channel NuWro RFG  INCL + NuWro RFG  INCL + NuWro reweighted
No protons 0.92% 14.90% 14.66%
Protons 99.08% 85.10% 85.34%
No protons  Absorption 1.12% 25.84% 25.89%
Neutron + 7 production 4.63% 0.85% 0.86%
x production 0.04% 0% 0%
Neutron production 94.21% 36.655% 36.55%
Cluster production 0% 36.655% 36.70%
Protons No FSI 71.47% 72.03% 72.53%
One proton 2.0% 16.08% 15.8%
Multiple nucleons 24.63% 11.27% 11.1%
x production 1.9% 0.62% 0.57%
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FIG. 19. Say for NuWro RFG (left), INCL + NuWro RFG (middle), and INCL 4+ NuWro RFG reweighted to INCL initial momentum

and position (right).
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