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This study conducted an analysis of muons, protons, and charged pions emitted from νμ charged-current
interactions on iron using a nuclear emulsion detector. The emulsion detector with a 65 kg iron target was
exposed to a neutrino beam corresponding to 4.0 × 1019 protons on target with a mean neutrino energy of
1.49 GeV. The measurements were performed at a momentum threshold of 200 ð50Þ MeV=c for protons
(pions), which are the lowest momentum thresholds attempted up to now. The measured quantities are the
multiplicities, emission angles, and momenta of the muons, protons, and charged pions. In addition to these
inclusive measurements, exclusive measurements such as the muon-proton emission-angle correlations of
specific channels and the opening angle between the protons of CC0π2p events were performed. The data
were compared to Monte Carlo predictions and some significant differences were observed. The results of
the study demonstrate the capability of detailed measurements of neutrino-nucleus interactions using a
nuclear emulsion detector to improve neutrino interaction models.
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I. INTRODUCTION

An important topic in particle physics is searching for
CP violations in the lepton sector [1–6]. Long-baseline
neutrino oscillation experiments searching for the CP
violation, such as T2K [7] and NOvA [4], are performed
at a neutrino energy around 1 GeV. The dominant modes of
neutrino charged-current (CC) interactions in this region
are quasielastic scattering (QE) and resonant pion produc-
tion (RES). In the interactions with free nucleons, the
CCQE interaction includes one lepton and one nucleon,
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whereas CCRES includes one pion in addition to those
particles. Further, two-particle-two-hole (2p2h) interactions
are well known in electron scattering experiments [8–13],
and the existence of a 2p2h interaction for neutrino
interactions that emits one lepton and two nucleons is
natural. In particular, the 2p2h interaction on low-A nuclei,
such as carbon, is regarded as established [14–18]. The
T2K far detector, Super-Kamiokande (SK) [19], is a water
Cherenkov detector that is insensitive to most protons
owing to the momentum threshold for Cherenkov light
production at 1.06 GeV=c. For a CCQE interaction, events
with a single lepton and no other visible particles are
selected as signal events. Further, the incoming neutrino
energy is reconstructed using only the outgoing lepton
information and the known incoming neutrino direction for
a CCQE interaction with a nucleon at rest. However, this
method cannot separate 2p2h from CCQE interactions, and
the reconstructed neutrino energy is downward biased.
Furthermore, if a charged pion generated from the CCRES
interaction is not detected, CCQE and CCRES cannot be
distinguished, which results in the underestimation of the
neutrino energy. Moreover, the signals at SK are contami-
nated when the pions fall short of the Cherenkov threshold
in water, although Michel-electron tagging can be used to
veto such events. In addition to each interaction mode, the
pions and protons may experience final state interactions
(FSIs), such as rescattering, absorption, particle production,
or charge exchange, inside the target nucleus, and distin-
guishing interaction modes from particles in the final state
is challenging. In neutrino oscillation experiments, the
uncertainty on the neutrino energy reconstruction is an
important source of systematic error since the oscillation
probability is measured as a function of the neutrino energy.
Therefore, understanding the neutrino-nucleus interactions
in the 1 GeV energy region helps to reduce the systematic
error of oscillation experiments. In particular, multiplicity
and kinematic studies of protons and charged pions from
neutrino interactions are required to validate reliable
neutrino interaction models. However, at present, measure-
ments of these hadron kinematics are scarce, because these
hadrons tend to exhibit low energies. In particular, observ-
ing the low-momentum protons in scintillator-based
tracking detector is challenging, wherein proton momen-
tum thresholds are typically 400–700 MeV=c [20–22].
A series of neutrino-nucleus interaction measurements

was conducted as part of the NINJA experiment [23–25]
using an emulsion detector in the near detector hall of the
T2K experiment at J-PARC. The aim was to precisely
measure charged particles from neutrino interactions in the
1 GeV energy region. The emulsion detector was made of
emulsion films interleaved with a target material such as
iron or water. To understand neutrino-nucleus interactions,
including nuclear effects, these interactions must be studied
using various targets. The emulsion detector is suitable for
the precise measurement of charged particles with a low

momentum threshold owing to its thin-layered structure.
Previous studies have reported the detector performance of
the 2 kg iron pilot measurement [23] and the results of the
3 kg water pilot measurement [24]. Further, the measure-
ment of the flux-averaged cross-sections and muon kin-
ematics of the νμ CC interaction of the 65 kg iron pilot
measurement [25] have also been reported. The cross-
section results of these studies are consistent with the T2K
results [26–28] and Monte Carlo (MC) simulations. In
addition, the muon kinematics is also well reproduced by
the MC simulation. These results demonstrate the reliabil-
ity of the detector used and validate the data analysis
conducted. In this study, the multiplicity and kinematic
measurements of protons and charged pions emitted from
νμ CC interactions on iron in the 65 kg iron pilot run were
measured, and, consequently, the first kinematic results of
neutrino interactions on iron with slow proton kinematic
information (p ≥ 200 MeV=c) are presented. The results
represent the first step in a series of detailed neutrino-
nucleus interaction studies and are expected to be important
for building reliable neutrino interaction models.

II. DETECTOR CONFIGURATION
AND DATA SAMPLES

The emulsion detector was located in the near detector
hall of the T2K experiment at J-PARC. The high-intensity
30 GeV proton beam from the J-PARC accelerator struck a
graphite target, producing charged pions and kaons that
were focused and selected via a system of magnetic horns.
The hadrons decay in flight, producing an intense neutrino
beam. In addition, the neutrino and anti-neutrino beam
modes can be switched by changing the polarity of the
magnetic horns. Further details on the J-PARC neutrino
beamline can be found in Ref. [29].

INGRID

Cooling shelter

Shifter

ECC bricks

X
Z, 

Y

FIG. 1. Schematic view of the detector. The ECC bricks and
Shifter are enclosed in a cooling shelter, which is placed in front
of an INGRID module.
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Figure 1 shows a schematic view of the detector, which
is a hybrid apparatus composed of an iron-target emul-
sion cloud chamber (ECC), an emulsion multistage
shifter (Shifter) [30–34], and an interactive neutrino grid
(INGRID) [35,36] at the center of the neutrino beam (on
axis). The ECC bricks and Shifter are enclosed in a cooling
shelter to maintain a temperature of approximately 10° C
and protect the emulsion films from sensitivity degradation
and fading. The X and Y axes are defined as the horizontal
and vertical directions perpendicular to the beam direction
(Z axis), respectively.
The ECC comprises 12 basic units called bricks, each of

which is composed of 23 emulsion films interleaved with
22 iron plates, as shown in Fig. 2. The nuclear emulsion
comprises AgBr crystals embedded in gelatine. The emul-
sion film is a 180 μm polystyrene sheet with a 60 μm-thick

nuclear emulsion layer on each face with an area of
25 cm × 25 cm. The iron plate measures 25 cm × 25 cm ×
0.05 cm. Charged particle trajectries leave latent images in
the emulsion transformed into visible rows of grains during
development. The rows of grains are measured as tracks
using an optical microscope. An ECC brick is a three-
dimensional tracking detector with a sub-μm spatial reso-
lution. Because the tracks in the ECC bricks were required
to pass through at least one iron plate and two emulsion
films, the momentum thresholds for protons and charged
pions were 200 and 50 MeV=c, respectively.
The Shifter is composed of seven emulsion films

mounted on three stages, as shown in Fig. 3. A subsidiary
emulsion film was placed between the ECC brick and
Shifter to facilitate track connection. Each stage is driven
at a different speed along the Y direction in order to add
timing information to the tracks in the ECC bricks,
which was consequently used to match the track with
the corresponding muon track in INGRID.
INGRID is the on-axis near detector for the T2K

experiment. INGRID module comprises 11 scintillator
planes interleaved with 9 iron plates, as shown in Fig. 4.
To select the νμ CC interactions in the ECC bricks, INGRID
was employed as a muon range detector in this study, and
the setup was exposed to the νμ beam corresponding to
4.0 × 1019 protons on target (POT) with a mean neutrino
energy of 1.49 GeV. A total of 183 events were selected as
νμ CC interactions on iron. Further details regarding
the detector and the event reconstruction are described
in Ref. [25].

III. MONTE CARLO SIMULATION

An MC simulation was used to evaluate signal and
background events, neutrino flux, and detection efficiency.
The MC simulation comprised three parts: JNUBEAM
[29] version 13av6.1, to predict the neutrino flux; NEUT
[37–39] version 5.4.0, to model the neutrino-nucleus
interactions; and GEANT4 [40–42] version 9.2.1, to

FIG. 2. Structure of the ECC brick. Each ECC brick consists of
23 emulsion films interleaved with 22 iron plates.

Emulsion filmIron plate Acrylic plate

3rd stage

Shifter stage frame

2nd stage 1st stage
The ShifterThe ECC brick and 
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FIG. 3. Structure of the Shifter. The Shifter is composed of
seven emulsion films mounted on three stages. Each stage is
driven at a different speed along the Y direction.
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FIG. 4. Exploded view of an INGRID module. The INGRID
module comprises 11 scintillator planes interleaved with 9 iron
plates.
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simulate the detector response and the behavior of particles
emitted from interactions in the detectors. Further, these
simulations were normalized by the POT and target mass.
Additional details regarding the MC simulation can be
found in Ref. [25]. This section summarizes the neutrino
interaction models.
The neutrino interactions are categorized into several

modes as follows: CCQE and neutral current (NC) elastic
scattering, 2p2h interactions, CC and NC RES, coherent
pion production (COHπ), and deep inelastic scattering
(DIS). The one-particle-one-hole (1p1h) model proposed
by Nieves et al. [43,44] was used to simulate the CCQE.
A local Fermi gas model with random phase approximation
corrections was used for the nuclear model. The vector and
axial masses in the form factors were set to 0.84 and
1.05 GeV=c2, respectively. Nieves et al. modeled the 2p2h
interaction [45]. Further, the RES was simulated using the
Rein-Sehgal model [46]. The vector and axial masses in the
form factors were set to 0.84 and 0.95 GeV=c2, respec-
tively. In addition, the COHπ model described by Rein and
Sehgal in Refs. [47,48] was used in this study. To describe
the DIS, the parton distribution function GRV98 was
applied with Bodek and Yang corrections [49–51]. In
addition, NEUT modeled the FSIs for hadrons using a
semiclassical intranuclear cascade model [38,39,52,53].

IV. DETECTION AND ANALYSIS METHOD

In this section, detection and analysis methods for
protons and charged pions are described. The detection
method is described in Sec. IVA, while the momentum
measurement and particle identification are described in
Secs. IV B and IV C, respectively.

A. Partner track search

Induced muons from νμ CC interactions in the ECC
bricks were selected via track connection between the ECC
bricks, Shifter, and INGRID. The muon candidates were
traced back from INGRID to the neutrino interaction
vertices in the ECC bricks. The muon candidate is required
to start from an iron plate in the ECC brick and the vertex is
inside of the fiducial volume (FV). The average fiducial
scanning area of each film is 116 mm × 78 mm in the X
and Y directions, and the FV begins at the fourth film from
the upstream face and at the second film from the down-
stream face of each ECC brick in the Z direction. Detailed
information on the detection and selection methods for νμ
CC interactions in ECC bricks is provided in Ref. [25].
The tracks attached to the muon tracks are charged

hadrons from neutrino interactions and are referred to as
“partner tracks.” The track pieces were recorded in emul-
sion layers and tracks connecting the positions of track
pieces on both sides of the polystyrene sheet were used as
track segments in this analysis. Position and slope of each
track segment were measured in three-dimensional space.

Further, the energy deposited in the emulsion layer was
measured as track blackness, referred to as the volume
pulse height (VPH) [54]. Tracks of heavily ionizing
particles (HIPs), such as proton tracks, exhibit a large
VPH, whereas those of minimum ionizing particles (MIPs),
such as the muon and pion tracks, exhibit a small VPH. In
this analysis, the partner tracks with VPH < 150 and ≥150
were defined as thin tracks and black tracks, respectively.
Consequently, MIPs and HIPs can be separated using this
boundary value which is corresponding to 3 MeVg−1 cm2

as the ionization loss in the emulsion film, although VPH
exhibits an angle dependence. In case of thin tracks, the
slope- and position-related tolerances of track segment
connections were defined as functions of the track slope,
and were determined from the scattering angles of cosmic-
muon (MIP) data. Regarding the black tracks, the track
reconnection process was performed with larger tolerances
than those of thin tracks. The tolerances are defined as 3σ
values of angular and positional differences by scattering of
neutrino induced protons with momenta below 500 MeV=c.
The connection efficiency of thin tracks exceeded 99%,
whereas that of black tracks exceeded 90%. Further, thin
tracks were required to have at least three track segments
because the accidental track rate for the tracks with three
track segments or more is negligible, whereas black tracks
were required to have at least two track segments in order to
exclude nuclear fragments.
A track is called a partner track if its distance of closest

approach to the muon starting segment (the most upstream
segment of the muon track) is small. The distance was
required to be less than 50 μm (60 μm) for the thin (black)
partner tracks. The maximum distance was determined as
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FIG. 5. Pion detection efficiency estimated using the MC
simulation. Track angle is the angle with respect to the beam
direction.
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the value at which the detection efficiency saturated using
the MC simulation. Further, in both cases, the distance
along the neutrino beam direction between the starting
segment and closest approach position was required to be
less than 800 μm.
Figures 5 and 6 show the detection efficiencies of pions

and protons emitted from νμ CC interactions on iron
estimated using the MC simulation. Blank bins around
90° denote the region outside the acceptance. Concerning
the proton detection efficiency, blank bins in the region
of momentum greater than 1 GeV=c and the backward
direction denote that there are no events generated by the
MC simulation. It is expected that the detection efficiency
for protons is generally greater than 70% in the
200–400 MeV=c regions.

B. Momentum measurement

Two methods were employed for estimating the momen-
tum of a charged particle in the ECC brick. One involved
measuring its multiple Coulomb scattering (MCS) while
the other derived its energy from the track range in the
detector. The MCS measurement can be performed by two
methods: the angular method [55] and the coordinate
method [56]. Figure 7 shows a schematic view of the
angular method. Here, a cell length defined as the length
of one iron plate and one emulsion film was used. The
measured variance of the scattering angle distribution is

Δθ2meas ¼ Δθ2 þ Δθ2err; ð1Þ

where Δθ is the angular scattering due to MCS and Δθerr is
the angular measurement uncertainty. It is typically 2 mrad
owing to the track scanning, track reconstruction and film
alignment. For a particle of momentum p and velocity β,
Δθ [57] is given by

Δθ ¼ 13.6 MeV
βcp

z
ffiffiffiffiffiffi

x
X0

r
�

1þ 0.038 ln

�

x
X0

��

; ð2Þ

where c denotes the speed of light, z denotes the charge
number of the particle, x denotes the thickness, and X0

denotes the radiation length of the material. Using Eqs. (1)
and (2), pβ is obtained as the slope of an approximately
linear function of the square of Δθ and material thickness.
The upper limit of the measurable momentum is about
1 GeV=c. For higher momenta, the angular scattering due
to MCS becomes much smaller than the angular measure-
ment uncertainty.
In contrast, in the coordinate method, pβ is estimated by

a position displacement measurement. Figure 8 shows a
schematic view of the coordinate method. The measured
variance of the positional scattering distribution is

Δy2meas ¼ Δy2 þ Δy2err; ð3Þ
where Δy is the positional scattering due to MCS and Δyerr
is the positional measurement uncertainty. The positional
measurement uncertainty is typically 3 μm for reasons
similar to the angular uncertainty. The relation between
pβ and Δy [57] is given by
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FIG. 6. Proton detection efficiency estimated using the MC
simulation. Track angle is the angle with respect to the beam
direction. Blank bins in the region of momentum greater than
1 GeV=c and the backward direction denote that there are no
events generated by the MC simulation.

FIG. 7. Schematic view of the angular method of MCS
measurement. In the figure, θi is the track segment angle and
Δθi is the angular difference in cell i.

FIG. 8. Schematic view of the coordinate method of MCS
measurement. In the figure, Δyi is the positional displacement
between track segments in cell i.
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Δy ¼ 1
ffiffiffi

3
p 13.6 MeV

βcp
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The positional displacement caused by MCS increases as
the three-half power of the thickness of the material,
whereas the angular difference increases as the square root
of the thickness. Therefore, the upper limit of the meas-
urable momentum using the coordinate method is higher
than that of the angular method, for a given material
thickness. It is approximately 5 GeV=c. The positional
displacement was measured as the difference between the
track and predicted positions, which is the extrapolated

position using a slope angle reconstructed from the track
positions on several films. The coordinate method requires
a larger number of track segments than the angular method
because the slope angle is used in the coordinate method.
The coordinate method was applied to tracks with more
than 15 segments in the ECC bricks, whereas the angular
method was applied to the remaining tracks.
After particle identification (PID), the momentum of a

particle can also be measured from its range in the detector.
The momenta of muons stopping in the INGRID module
were measured by the track range in the INGRID module
and ECC bricks, while those of protons stopping in the
ECC bricks were measured by the range in the ECC bricks.
The PID process is described in Sec. IV C. The momentum
measurement uncertainty using this range is smaller than
that obtained using the MCS measurement. However, the
charged pions in this energy region cause hadron inter-
actions in the detector because their cross section is large.
Therefore, the range-energy relation for the charged pion
candidates was not used.
The momentum-measurement resolutions for muons,

pions, and protons were evaluated using the MC simulation.
Figure 9 shows the relation between the reconstructed and
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FIG. 9. Relation between the reconstructed and true momenta
of muons from the neutrino interactions in the MC simulation.
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FIG. 10. Relation between the reconstructed and true momenta
of charged pions from the neutrino interactions in the MC
simulation.
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FIG. 11. Relation between the reconstructed and true momenta
of protons from the neutrino interactions in the MC simulation.

TABLE I. Momentum measurement resolutions for muons,
pions, and protons from neutrino interactions. Momentum
estimations using the range-energy relation for pions were not
applied because of the high probability of pion interactions in the
detector.

Muon Pion Proton

Angular method 43.0% 29.6% 36.0%
Coordinate method 25.9% 25.2% 30.7%
Range-energy relation 6.4% � � � 3.8%
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true momenta ofmuons from the neutrino interactions, while
Figs. 10 and 11 show that of charged pions and protons,
respectively. The mean values of the momentum measure-
ment resolutions in this analysis are listed in Table I.

C. Particle identification

The PID of protons and charged pions was performed
using the VPH and pβ of the tracks in the ECC bricks,
whereas the muon ID was performed using track matching
between the ECC, Shifter, and INGRID [25]. Figure 12
(top) shows correlations between the VPH and pβ of tracks
recorded in the ECC bricks, while Fig. 12 (bottom) shows
the theoretical curves of the mean rate of energy loss

calculated using the Bethe equation [58–61]. These figures
clearly demonstrate that the MIPs and HIPs can be well
separated using the VPH and pβ in Fig. 12 (top) as well as
using the mean rate of energy loss and pβ in Fig. 12
(bottom). The fractions of charged hadrons produced in νμ
CC interactions on iron were evaluated using NEUT, and
99.6% of these particles were protons and charged pions.
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Therefore in this analysis, charged hadrons from neutrino
interactions were considered as protons or charged pions.
The likelihood functions for charged pions and protons are
defined as

Lpion ≡ 1
ffiffiffiffiffiffi

2π
p

σMIP

exp

�

−ðv − μMIPÞ2
2σ2MIP

�

; ð5Þ

Lproton ≡ 1
ffiffiffiffiffiffi

2π
p

σHIP
exp

�

−ðv − μHIPÞ2
2σ2HIP

�

; ð6Þ

where v denotes the VPH of the track, μ denotes the central
value, and σ denotes the standard deviation of the VPH
distribution. μ and σ were obtained for each region of pβ in
the range of 0.0 to 0.5 GeV=c by 0.1 GeV=c, and tan θ
in the range of 0.0 to 2.0 by 0.1. Track angle θ is defined as
the angle with respect to the direction perpendicular to the
emulsion film. In the region of pβ above 0.5 GeV=c, and
tan θ above 2.0, extrapolated values of the μ and σ were
used because the number of tracks available was limited.
The likelihood ratio R is defined by

R≡ Lpion

Lpion þ Lproton
: ð7Þ

Charged hadron tracks with R less and greater than 0.5
were defined as protons and charged pions, respectively, in
this study. Figure 13 shows the correlation between VPH
and pβ of the partner tracks after PID. In the region
pβ < 0.5 GeV=c, the separation between protons and
charged pions is well demonstrated. In addition, protons
and pions above 0.5 GeV=c can be identified, because
the PID parameters were tuned for each region of pβ and
tan θ. Thus, based on the PID results, the multiplicities
of the protons and charged pions were measured in neu-
trino interactions final state. The performance of PID
was estimated using the MC simulation. The likelihood
ratio distribution is shown in Fig. 14. The proton ID was
performed with 96.5% efficiency and 98.1% purity,
whereas the charged pion ID was performed with 92.3%
efficiency and 86.8% purity. Figure 15 shows mis-PID rates
of charged pions and protons from neutrino interactions in
the MC simulation. In the region pβ below 0.5 GeV=c, the
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FIG. 15. Mis-PID rate distributions of charged pions and
protons. The top figure shows the rate of pions, whereas the
bottom figure shows the rate of protons. In these measurements,
the momentum in the horizontal axis is expressed by pβ, because
the PID process uses pβ estimated by MCS measurements.

FIG. 16. Event display of a νμ-iron CC interaction candidate.
The left-hand side of the figure shows the event display in the
ECC brick, while the right-hand side shows the event display
both in the ECC bricks and in INGRID. On the left-hand side,
with their colors representing the track segment and their width
indicating the VPH. On the right-hand side, the lines from the
ECC bricks are the ECC tracks extrapolated to INGRID, with the
blue line representing a muon candidate and the pink and green
lines representing protonlike and pionlike tracks, respectively.
The width of the lines indicates the VPH. The red markers
represent hits and their sizes represent deposited photoelectrons
in INGRID.

H. OSHIMA et al. PHYS. REV. D 106, 032016 (2022)

032016-8



average mis-PID rates were 0.5% and 0.1% for pions and
protons, respectively. The mis-PID rates for pβ above
1.0 GeV=c are 19.3% and 15.7% for pions and protons,
respectively.
Figure 16 shows the event display of a νμ-iron CC

interaction candidate. The event contains a muon, a pion-
like, and two protonlike tracks.

V. SYSTEMATIC UNCERTAINTIES

The systematic uncertainty sources in the measurements
can be categorized into four groups: neutrino flux, neutrino
interaction models, background estimation, and detector
response. The uncertainty from each source is evaluated
from the data and MC simulation as follows.

A. Neutrino flux

The neutrino flux uncertainties arise from hadron pro-
duction and neutrino beamline optics uncertainties. A
covariance matrix at the detector location was prepared
following the same procedure as for the T2K experiment
[29], with the relative errors in each energy bin shown in
Fig. 17. The neutrino flux is made to fluctuate according to
the covariance matrix and the�1σ change of the number of
predicted neutrino interactions at each bin is taken as the
systematic uncertainty.

B. Neutrino interaction

The neutrino interaction and FSI models used in NEUT
have several uncertainties. Table II shows parameters
[62,63] used for modeling the neutrino interactions and
the FSI in NEUT. It lists the nominal values and the 1σ
uncertainties for the parameters. Neutrino interaction
uncertainties in NEUT are evaluated by changing the
parameters and the change of the number of predicted
neutrino interactions is taken as the systematic uncertainty
for the MC prediction. The dominant uncertainties of

proton kinematics are the uncertainties of 2p2h interac-
tion normalization and pion absorption. These two uncer-
tainties in the proton emission angles are about 9% for
forward emission and 17%–19% for backward emission,
whereas the uncertainties in the momenta are about
6%–14%. On the other hand, the dominant uncertainties
of pion kinematics are the uncertainties of MRES

A , CA
5 ð0Þ,

CC other normalization, and CC coherent normalization.
These four uncertainties in the pion emission angles are
about 6%–8%, whereas the uncertainties in the momenta
are about 5%–6%.

C. Background estimation

Regarding the background estimation, the uncertainties
of associated with the beam-induced particles from outside
the ECC bricks and misconnected backgrounds are con-
sidered. Most of the beam-induced backgrounds are
caused by hadrons produced in neutrino interactions in
the upstream wall of the detector hall. The beam-induced
background uncertainty mainly originates from the nor-
malization of the sand muons, which are produced in
neutrino interactions in the wall. The number of sand
muons in the MC simulation was found to be 30% smaller
than in the data and the difference is considered as a
systematic uncertainty of the beam-induced backgrounds.
Misconnection background is a misconnection of the ECC
track to INGRID or to cosmic muons coming from
downstream and stopping in an ECC brick. The uncertainty
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FIG. 17. Neutrino flux uncertainties are due to hadron pro-
duction and neutrino beamline optics uncertainties.

TABLE II. Nominal parameter values and their uncertainties in
the neutrino interaction models. Detailed descriptions of the
parameters are given in Refs. [62,63].

Parameter Nominal value Uncertainty

MQE
A 1.05 GeV=c2 0.20 GeV=c2

MRES
A 0.95 GeV=c2 0.15 GeV=c2

CA
5 ð0Þ 1.01 0.12

Isospin 1
2
BG 1.30 0.20

CC other shape 0 0.40
CC coherent normalization 100% 100%
NC other normalization 100% 30%
NC coherent normalization 100% 30%
2p2h normalization 100% 100%
Fermi momentum PF 250 MeV=c 30 MeV=c
Binding energy Eb 33 MeV 9 MeV
Pion absorption 1.1 50%
Pion charge exchange 1.0 50%
(pπ < 500 MeV=c)
Pion charge exchange 1.8 30%
(pπ > 500 MeV=c)
Pion quasielastic 1.0 50%
(pπ < 500 MeV=c)
Pion quasielastic 1.8 30%
(pπ > 500 MeV=c)
Pion inelastic 1.0 50%
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attributed to misconnected events was evaluated using
mock data, which are the combination of the nominal
and fake data in which the time information of the ECC
track is shifted. The total uncertainties of these back-
grounds are sufficiently small compared to other uncer-
tainties in most regions.

D. Detector response

Regarding the muon detection, the following uncer-
tainties are considered: the muon track reconstruction,
the track connection between detectors, the event selec-
tions, and the target mass and materials. Further details on
the muon detection uncertainties are described in Ref. [25].
Concerning the proton and charged pion detection, the
uncertainties of the proton and pion track reconstruction,
partner track search, and PID process were considered as
the detector response uncertainties for proton and charged
pion detection.
Regarding the track reconstruction, the uncertainties of

the track reconstruction in the ECC bricks and the track
connection between the ECC bricks were considered. The
efficiency of track reconstruction in the ECC bricks was
evaluated using the data which is the sand muon tracks
accumulated in the ECC bricks. The track reconstruction
uncertainty was evaluated with the reconstruction effi-
ciency difference between the data and MC simulation,
whereas the uncertainty of the black track reconnection was
evaluated by the �1σ change in the connection parameter
errors using the MC simulation. The efficiency of track
connection among the ECC bricks was also evaluated using
the sand muon data in the ECC bricks. The track con-
nection uncertainty was evaluated using the connection
efficiency difference between the data and MC simulation.
Further, regarding partner track search, the uncertainties

of the minimum distance tolerance and the rate of fake
partner tracks were considered. The maximum error of the

minimum distance between the muon track and its partner
track is 11 μm, which originates from the track alignment
uncertainty in the ECC bricks. The uncertainty for the
minimum distance was evaluated using the MC simulation
by the �1σ change in the minimum distance error. Further,
the uncertainty for fake partner tracks due to chance
coincidence was estimated from the data. Most fake partner
tracks were low-momentum particles that passed near the
interaction vertex and appeared as partner tracks because,
due to a large scattering angle, the connection to the track
segment beyond the vertex failed. The rate of fake partner
tracks was studied using mock data, which are muon track
data with shifted positions. The fake track rate of the
charged pions was 4.3%, whereas the rate of protons was
negligible in this study. Thus, the fake track rate for charged
pions was considered as a systematic uncertainty.
In terms of PID, the difference in the VPH distributions

between the data and MC simulation was considered. The
VPH uncertainty for the MIP tracks was 16%, while the
uncertainty for the HIP tracks was 15%. The uncertainty of
the measurements was evaluated using the �1σ change in
VPH uncertainties.
Figures 18–20 show the systematic and statistical

uncertainties on the measurements, which are represented
as the fractional error for each bin. In this analysis, to study
the neutrino interaction models via comparisons of the data
and MC prediction, the flux, detector response, and back-
ground estimation uncertainties were included in the data as
well as the statistical uncertainty, whereas the uncertainties
of the neutrino interaction models were included in the MC
prediction uncertainty. Figure 18 shows the systematic and
statistical uncertainties for the multiplicities of charged
pions and protons. Figure 19 shows the uncertainties for the
kinematic measurements of muons, charged pions, and
protons. Figure 20 shows the uncertainty of the opening
angle between two protons of CC pionless interactions with
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FIG. 18. Systematic uncertainties of the charged pion and the proton multiplicities. The left-hand side of the figures shows the
uncertainties of the charged pion multiplicity, whereas the right-hand side shows the uncertainties of proton multiplicity. Statistical
uncertainty of our data is also shown for comparison.
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two protons in the final state (CC0π2p). In the analysis of
this study for protons and pions, the uncertainty of the
detector response was larger than that of the flux and
background estimation, and the dominant uncertainty was

the PID uncertainty, which originated from the VPH
uncertainty. Charged pions with momenta above
0.6 GeV=c exhibited a large PID uncertainty because the
mis-PID rate of pions was also large, as shown in Fig. 15.
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FIG. 19. Systematic uncertainties of the muon, charged pion, and proton kinematics. The figures in each column show the
uncertainties in the muon, charged pion, and proton kinematics. The left-hand side of the figures shows the uncertainty of the emission
angle distribution, whereas the right-hand side shows the uncertainty of the momentum distribution. Statistical uncertainty of our data is
also shown for comparison.
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Further, large uncertainties in the pion and proton emission
angles of less than 20° originate from these high-momen-
tum pions, which are concentrated at small angles and have
large mis-PID rate. However, these uncertainties originated
from the VPH can be reduced through further under-
standing of the detector response. The total uncertainty
will be smaller than that of the neutrino interaction
uncertainties. The uncertainties shown in Figs. 18–20
and the covariance matrixes representing the bin-to-bin
correlations can be found in our data release [64].

VI. RESULTS AND DISCUSSION

In this analysis, νμ CC interactions on iron were defined
as signal events, whereas νμ NC, ν̄μ, νe, and ν̄e interactions

on iron were defined as background events. ECC-Shifter-
INGRID misconnection and external backgrounds that
originate from the upstream wall of the detector hall and
INGRID were also defined as background events.
However, the νμ CC interactions on noniron targets, such
as emulsion films, in ECC bricks cannot be backgrounds
because these interactions can be clearly rejected by the
manual microscope check [25].
The multiplicities of charged pions and protons produced

in neutrino interactions on iron were measured. Figure 21
shows the results. In the figures shown in this section, the
inside and outside error bars of the data represent the
statistical and total errors, respectively. The statistical error
is a 68% confidence interval of the Poisson distribution,
while the total error shown on the data point is the
quadrature sum of the statistical error and the uncertainties
of the neutrino flux, detector response, and background
estimation. The hatched regions of the MC predictions
represent the uncertainties in the neutrino interactionmodel.
In this analysis, comparisons between the data and the MC
predictions are shownwithout unfolding the detector effects.
Although the statistical uncertainty is large, the number
of events with more than two pions is significantly greater
than the MC prediction. The elementary processes of
CCRES interactions that generate two or more pions are
not implemented in the NEUT event generator, whereas the
multipion events are expected as a result of the FSIs in the
NEUT. In addition, the prediction of pion multiplicity is
significantly different among the neutrino interaction mod-
els because each model has a different pion production
threshold depending on the value of the invariant mass of the
hadronic system [65]. Thus, our result on pion multiplicity
provides a better understanding of pion production in
neutrino interactions. In contrast, good agreement between
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the data and MC prediction for proton multiplicity was
observed. Table III shows the data of the correlation between
the proton and the charged pion multiplicities, while
Table IV shows the MC prediction. The values in each
table show the number of events for exclusive channels
CCNπN0p (N ¼ 0; 1; 2;…; N0 ¼ 0; 1; 2;…): CC pionless
interactions with no protons (CC0π0p) and one proton
(CC0π1p). The data agree well with the MC prediction
within the error. These results provide fundamental data to
study exclusive interaction channels and a better under-
standing of neutrino interactions.
Further, the emission angles and momenta of muons,

charged pions, and protons were also measured. The results
are shown in Fig. 22. Figure 23 shows the correlations
between the emission angle and the momentum for muons,
charged pions, and protons. The results include low-
momentum charged particles, particularly protons with
momenta down to 200 MeV=c, owing to the high granu-
larity of the ECC. The data and the MC predictions for the
muon kinematic measurements were found to be consistent.

The muon results demonstrated the reliability of the
detector and data analysis.
Regarding the pion emission angles, a tendency for the

prediction to underestimate the back-scattered pions was
observed. The total number of back-scattered pions in the
data was 12þ4.6

−3.4ðstatÞ � 0.5ðsystÞ, whereas that of the MC
prediction was 4.3� 0.5ðsystÞ. Most of the back-scattered
pions shown in Fig. 23 have a momentum below
0.5 GeV=c. The PID in this low-momentum region per-
formed well, as shown in Fig. 15. In addition, regarding the
pion momentum in the range of 0.1 to 0.2 GeV=c, the
number of predicted pions was underestimated, although
the statistical uncertainty was large. The momentum dis-
tributions of pions in other experiments were not well
reproduced by the simulation programs [66,67]. These
backscattered and low-momentum pions are expected to
reflect rescattering in the nucleus by FSI.
In contrast, regarding the proton emission angles, a

tendency for the prediction to overestimate the back-
scattered protons was observed. The total number of
back-scattered protons in the data was 17þ5.2

−4.1ðstatÞ �
2.3ðsystÞ, whereas that of the MC prediction was
28.6� 7.2ðsystÞ. In case of the proton momentum, a
consistency between the data and MC prediction was
observed. The dominant interaction mode was CCRES
according to the MC simulation. It can be interpreted that
the consistency between the data and the prediction is
because the proton is generated via decay from a nucleon
resonance state as CCRES, and the decay process is well
understood. However, although good agreement between
the observed data and the MC prediction was observed,
high statistics are required to confirm the conclusive result.
Regarding the study of nuclear effects, the measure-
ments using an iron target complement the other experi-
ments using the targets of bubble chambers [68–70] and
liquid argon time projection chambers [71] with proton

TABLE III. Data of the correlation between the number of
protons and charged pions. The values in the table represent the
number of neutrino interactions. The row and column show the
number of pions and protons, respectively. The error is omitted
because the statistical error is dominant compared with the
systematic uncertainties.

CCN0p

0p 1p 2p 3p ≥4p Total

CCNπ 0π 65 54 20 6 3 148
1π 8 6 2 3 2 21
2π 4 2 1 1 0 8
3π 3 1 0 1 1 6
≥4π 0 0 0 0 0 0
Total 80 63 23 11 6 183

TABLE IV. MC prediction of the correlation between the number of protons and charged pions. The values in the table represent the
number of neutrino interactions. The row and column show the number of pions and protons, respectively. The error here is the
systematic uncertainty of neutrino interaction models.

CCN0p

0p 1p 2p 3p ≥4p Total

CCNπ 0π 67.58� 7.51 61.67� 9.83 17.46� 4.87 6.05� 1.70 2.75� 0.70 155.50� 24.62
1π 13.00� 2.23 9.78� 1.15 2.86� 0.23 0.95� 0.10 0.70� 0.07 27.29� 3.78
2π 1.78� 0.20 1.83� 0.13 0.45� 0.06 0.41� 0.03 0.24� 0.02 4.71� 0.43
3π 0.42� 0.05 0.47� 0.03 0.11� 0.02 0.04� 0.01 0.04� 0.02 1.07� 0.12
≥4π 0.09� 0.02 0.06� 0.01 0.02� 0.01 0.012� 0.002 0.012� 0.003 0.19� 0.04
Total 82.87� 10.01 73.81� 11.15 20.90� 5.18 7.46� 1.83 3.74� 0.81 188.77� 28.99
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FIG. 22. Emission angles and momenta of muons, charged pions, and protons. The top figures show the muon results, whereas the
middle and bottom show the charged pion and proton results, respectively. The left-hand side of the figures shows the emission angle
distributions and the right-hand side shows the momentum distributions. In the rightmost bin of the muon momentum distribution, all
events with momenta greater than 5 GeV=c are contained. In the rightmost bins of the pion and proton momentum distributions, all
events with momenta greater than 1.4 GeV=c are also contained. The range 70°–110° in the pion and proton emission angle distributions
cannot be reliably measured, and the errors are not shown.
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low-momentum thresholds because the iron nucleus is the
largest of these target nuclei. Further, the results can be
compared with various changeable targets in ECC, such as
carbon, water, and iron, which is a big advantage in studying
neutrino-nucleus interactions, including nuclear effects.
Figure 24 shows the emission angle correlations between

muons and protons. Regarding the CCNπN0p and CC0π1p
events, the data were in good agreement with the MC
prediction. In terms of CC1π1p events, in CC interactions
with one pion and one proton, although the number of
events is small, the muon angles tended to be larger than
that of the MC prediction. However, the proton angles were
consistent with the MC prediction because the dominant
interaction mode of CC1π1p events was CCRES and the
proton was generated from decay process. It is possible that
the momentum transfer predicted using the MC simulation
is smaller than that of the data. A similar tendency has been
observed in other experiments, such as MiniBooNE [72],
MINERvA [67,73,74], and T2K [66].

The opening angle between the protons of CC0π2p
events were also measured, as shown in Fig. 25. Back-to-
back protons are represented by cos θ ¼ −1, whereas
protons emitted in the same direction are represented by
cos θ ¼ 1. The two protons generated by the 2p2h inter-
actions are expected to exhibit back-to-back emissions
[75]. However, there were fewer back-to-back protons in
the data than in the MC prediction, while there were more
protons in the same direction in the data than in the MC
prediction, although the statistical uncertainty was large.
It can be considered that the back-to-back protons may be
induced incidentally by FSIs rather than the physical
processes of the 2p2h interactions.
These results are the first step towards a detailed

understanding of neutrino-nucleus interactions and are
important data for building reliable neutrino interaction
models. The results and related data can be found in
Ref. [64]. In addition to these data, transverse kinematic
imbalance [76–78], inferred proton kinematics [78], and
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FIG. 23. Correlations between emission angle and momentum for muons, charged pions, and protons. The top figure shows that of the
muons, while the bottom shows pions and protons, respectively. In the rightmost bin of the muon distribution, all events with momenta
greater than 5 GeV=c are contained. In the rightmost bins of the pion and proton distributions, all events with momenta greater than
1.4 GeV=c are also contained. The data are represented by marker points, and the MC predictions are represented by a two-dimensional
histogram. Colors in the histogram represent the number of events predicted by the MC simulation.

MEASUREMENTS OF PROTONS AND CHARGED PIONS EMITTED … PHYS. REV. D 106, 032016 (2022)

032016-15



certain results of the measurements have been provided as
Supplemental Material [79] for this study. In the future,
these interactions, including FSIs, are expected to be
understood using more statistics.

VII. CONCLUSION

An accurate understanding of neutrino interactions
around the 1 GeV energy region is important for current
and future long-baseline neutrino-oscillation experiments.
This study reported the measurements of protons and
charged pions emitted from νμ CC interactions on iron
using a nuclear emulsion detector. The measurement was
performed by exposing a 65 kg iron target to a neutrino
beam with 4.0 × 1019 POT at a mean neutrino energy of
1.49 GeV at J-PARC. The multiplicities, emission angles,
and momenta of protons and charged pions from the νμ CC
interactions on iron were measured. The measurements
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show the first results of particles with momentum thresh-
olds of 200 and 50 MeV=c for protons and pions, respec-
tively. Although the statistical uncertainty was large, the
data and MC predictions were compared to study the
differences in this study. Regarding pion measurements,
predictions tended to underestimate the number of events
involving more than two pions, back-scattered pions, and
pions with a momentum in the range of 0.1 to 0.2 GeV=c,
respectively. In contrast, concerning the proton measure-
ments, the multiplicity and momentum distributions were
consistent between the data and the MC simulation, while
for the emission angle distribution, a tendency for the
prediction to overestimate the backscattered protons was
observed. Further, in terms of the emission angle correla-
tions between muons and protons, the muon angles tended
to be larger than those predicted byMC, whereas the proton
angles were consistent with the MC prediction in the
correlations of CC1π1p events. In addition, with regard
to the opening angle between protons of CC0π2p events,
fewer back-to-back protons in the data than those in the MC
prediction were observed, whereas more protons in the
same direction in the data than those in the MC prediction
were found. The presented measurements are the first step
toward improving the understanding of neutrino-nucleus
interactions in the transition region from CCQE to CCRES
interactions using an emulsion detector. The results are
expected to serve as the foundation for building reliable
neutrino interaction models. The related data shown in this

paper can be found in Ref. [64]. However, further detailed
studies are required to understand the inconsistencies using
high-statistics data, which were recently collected by
exposing 75 kg water and 130 kg iron targets.

ACKNOWLEDGMENTS

The authors would like to acknowledge the support of
the T2K Collaboration in performing the experiments.
Furthermore, the assistance of the T2K neutrino beam
group in providing high-quality beams and MC simulations
is appreciated. The authors thank the T2K INGRID group
for providing access to their data. Further, they acknowl-
edge the work of the J-PARC staff in facilitating the superb
accelerator performance. In addition, the authors would like
to thank P. Vilain (Brussels University, Belgium) for his
careful reading of the manuscript and for his valuable
comments. The authors acknowledge the financial support
of the Ministry of Education, Culture, Sports, Science, and
Technology in Japan (MEXT) and the joint research
program of the Institute of Materials and Systems for
Sustainability, Nagoya University. This work was finan-
cially supported by the Japan Society for the Promotion of
Science (JSPS) KAKENHI Grants No. JP25105001,
No. JP25105006, No. JP26105516, No. JP26287049,
No. JP25707019, No. JP20244031, No. JP26800138,
No. JP16H00873, No. JP18K03680, No. JP17H02888,
No. JP18H03701, No. JP18H05537, and No. JP18H05541.

[1] M. H. Ahn et al. (K2K Collaboration), Phys. Rev. D 74,
072003 (2006).

[2] P. Adamson et al. (MINOS Collaboration), Phys. Rev. Lett.
112, 191801 (2014).

[3] K. Abe et al. (T2K Collaboration), Nature (London) 580,
339 (2020).

[4] M. A. Acero et al. (NOvACollaboration), Phys. Rev. D 106,
032004 (2022).

[5] K. Abe et al. (Hyper-Kamiokande Proto-Collaboration),
Prog. Theor. Exp. Phys. 2015, 053C02 (2015).

[6] R. Acciarri et al. (DUNE Collaboration), arXiv:1512.06148.
[7] K. Abe et al. (T2K Collaboration), Nucl. Instrum. Methods

Phys. Res., Sect. A 659, 106 (2011).
[8] K. S. Egiyan et al., Phys. Rev. C 68, 014313 (2003).
[9] M.M. Sargsian, T. V. Abrahamyan, M. I. Strikman, and

L. L. Frankfurt, Phys. Rev. C 71, 044615 (2005).
[10] K. S. Egiyan et al., Phys. Rev. Lett. 96, 082501 (2006).
[11] R. Schiavilla, R. B. Wiringa, S. C. Pieper, and J. Carlson,

Phys. Rev. Lett. 98, 132501 (2007).
[12] R. Shneor et al., Phys. Rev. Lett. 99, 072501 (2007).
[13] R. Subedi et al., Science 320, 1476 (2008).
[14] K. Abe et al. (T2K Collaboration), Phys. Rev. D 93, 112012

(2016).

[15] G. D. Megias, J. E. Amaro, M. B. Barbaro, J. A. Caballero,
T. W. Donnelly, and I. Ruiz Simo, Phys. Rev. D 94, 093004
(2016).

[16] M. Martini, M. Ericson, G. Chanfray, and J. Marteau, Phys.
Rev. C 80, 065501 (2009).

[17] R. Gran, J. Nieves, F. Sanchez, and M. J. Vicente Vacas,
Phys. Rev. D 88, 113007 (2013).

[18] P. A. Rodrigues et al. (MINERvA Collaboration), Phys.
Rev. Lett. 116, 071802 (2016).

[19] S. Fukuda et al. (Super-Kamiokande Collaboration), Nucl.
Instrum. Methods Phys. Res., Sect. A 501, 418 (2003).

[20] C. Adams et al., Eur. Phys. J. C 79, 248 (2019).
[21] K. Abe et al., Phys. Rev. D 98, 032003 (2018).
[22] G. A. Fiorentini et al., Phys. Rev. Lett. 111, 022502 (2013).
[23] T. Fukuda et al., Prog. Theor. Exp. Phys. 2017, 063C02

(2017).
[24] A. Hiramoto et al. (NINJA Collaboration), Phys. Rev. D

102, 072006 (2020).
[25] H. Oshima et al., Prog. Theor. Exp. Phys. 2021, 033C01

(2021).
[26] K. Abe et al., Phys. Rev. D 90, 052010 (2014).
[27] K. Abe et al., Phys. Rev. D 93, 072002 (2016).
[28] K. Abe et al., Prog. Theor. Exp. Phys. 2019, 093C02 (2019).

MEASUREMENTS OF PROTONS AND CHARGED PIONS EMITTED … PHYS. REV. D 106, 032016 (2022)

032016-17

https://doi.org/10.1103/PhysRevD.74.072003
https://doi.org/10.1103/PhysRevD.74.072003
https://doi.org/10.1103/PhysRevLett.112.191801
https://doi.org/10.1103/PhysRevLett.112.191801
https://doi.org/10.1038/s41586-020-2177-0
https://doi.org/10.1038/s41586-020-2177-0
https://doi.org/10.1103/PhysRevD.106.032004
https://doi.org/10.1103/PhysRevD.106.032004
https://doi.org/10.1093/ptep/ptv061
https://arXiv.org/abs/1512.06148
https://doi.org/10.1016/j.nima.2011.06.067
https://doi.org/10.1016/j.nima.2011.06.067
https://doi.org/10.1103/PhysRevC.68.014313
https://doi.org/10.1103/PhysRevC.71.044615
https://doi.org/10.1103/PhysRevLett.96.082501
https://doi.org/10.1103/PhysRevLett.98.132501
https://doi.org/10.1103/PhysRevLett.99.072501
https://doi.org/10.1126/science.1156675
https://doi.org/10.1103/PhysRevD.93.112012
https://doi.org/10.1103/PhysRevD.93.112012
https://doi.org/10.1103/PhysRevD.94.093004
https://doi.org/10.1103/PhysRevD.94.093004
https://doi.org/10.1103/PhysRevC.80.065501
https://doi.org/10.1103/PhysRevC.80.065501
https://doi.org/10.1103/PhysRevD.88.113007
https://doi.org/10.1103/PhysRevLett.116.071802
https://doi.org/10.1103/PhysRevLett.116.071802
https://doi.org/10.1016/S0168-9002(03)00425-X
https://doi.org/10.1016/S0168-9002(03)00425-X
https://doi.org/10.1140/epjc/s10052-019-6742-3
https://doi.org/10.1103/PhysRevD.98.032003
https://doi.org/10.1103/PhysRevLett.111.022502
https://doi.org/10.1093/ptep/ptx077
https://doi.org/10.1093/ptep/ptx077
https://doi.org/10.1103/PhysRevD.102.072006
https://doi.org/10.1103/PhysRevD.102.072006
https://doi.org/10.1093/ptep/ptab027
https://doi.org/10.1093/ptep/ptab027
https://doi.org/10.1103/PhysRevD.90.052010
https://doi.org/10.1103/PhysRevD.93.072002
https://doi.org/10.1093/ptep/ptz070


[29] K. Abe et al. (T2K Collaboration), Phys. Rev. D 87, 012001
(2013).

[30] K. Kodama et al., Adv. Space Res. 37, 2120 (2006).
[31] S. Takahashi et al., Nucl. Instrum. Methods Phys. Res., Sect.

A 620, 192 (2010).
[32] H. Rokujo, S. Aoki, S. Takahashi, K. Kamada, S. Mizutani,

R. Nakagawa, and K. Ozaki, Nucl. Instrum. Methods Phys.
Res., Sect. A 701, 127 (2013).

[33] K. Yamada et al., Prog. Theor. Exp. Phys. 2017, 063H02
(2017).

[34] F. Mizutani, Ph. D. thesis, Kobe University, 2019 (in
Japanese).

[35] K. Abe et al. (T2K Collaboration), Nucl. Instrum. Methods
Phys. Res., Sect. A 694, 211 (2012).

[36] M. Otani, Ph.D. thesis, Kyoto University, 2012.
[37] Y. Hayato, Nucl. Phys. B, Proc. Suppl. 112, 171 (2002).
[38] Y. Hayato, Acta Phys. Polanica B 40, 2477 (2009), https://

www.actaphys.uj.edu.pl/R/40/9/2477.
[39] Y. Hayato and L. Pickering, Eur. Phys. J. Spec. Top. 230,

4469 (2021).
[40] S. Agostinelli et al., Nucl. Instrum. Methods Phys. Res.,

Sect. A 506, 250 (2003).
[41] J. Allison et al., IEEE Trans. Nucl. Sci. 53, 270 (2006).
[42] J. Allison et al., Nucl. Instrum. Methods Phys. Res., Sect. A

835, 186 (2016).
[43] J. Nieves, I. R. Simo, and M. J. V. Vacas, Phys. Lett. B 707,

72 (2012).
[44] J. Nieves, J. E. Amaro, and M. Valverde, Phys. Rev. C 70,

055503 (2004).
[45] J. Nieves, I. Ruiz Simo, and M. J. Vicente Vacas, Phys. Rev.

C 83, 045501 (2011).
[46] D. Rein and L. M. Sehgal, Ann. Phys. (N.Y.) 133, 79 (1981).
[47] D. Rein and L. M. Sehgal, Nucl. Phys. B223, 29 (1983).
[48] D. Rein and L. M. Sehgal, Phys. Lett. B 657, 207 (2007).
[49] M. Glück, E. Reya, and A. Vogt, Eur. Phys. J. C 5, 461

(1998).
[50] A. Bodek and U. K. Yang, AIP Conf. Proc. 670, 110 (2003).
[51] A. Bodek, I. Park, and U. K. Yang, Nucl. Phys. B, Proc.

Suppl. 139, 113 (2005).
[52] P. de Perio, Ph.D. thesis, University of Toronto, 2014.
[53] E. S. P. Guerra et al., Phys. Rev. D 99, 052007 (2019).
[54] T. Toshito et al., Nucl. Instrum. Methods Phys. Res., Sect. A

556, 482 (2006).
[55] N. Agafonova et al. (OPERA Collaboration), New J. Phys.

14, 013026 (2012).
[56] K. Kodama et al. (DONUT Collaboration), Nucl. Instrum.

Methods Phys. Res., Sect. A 574, 192 (2007).

[57] G. R. Lynch and O. I. Dahl, Nucl. Instrum. Methods Phys.
Res., Sect. B 58, 6 (1991).

[58] B. B. Rossi, High-Energy Particles, Prentice-Hall Physics
Series (Prentice-Hall, New York, NY, 1952).

[59] H. Bethe, Ann. Phys. (Paris) 5, 325 (1930).
[60] M. S. Livingston, and H. A. Bethe, Rev. Mod. Phys. 9, 245

(1937).
[61] U. Fano, Annu. Rev. Nucl. Sci. 13, 1 (1963).
[62] K. Abe et al. (T2K Collaboration), Phys. Rev. D 96, 092006

(2017).
[63] K. Abe et al., Prog. Theor. Exp. Phys. 2019, 093C02

(2019).
[64] See Data release at 10.5281/zenodo.6597038 which pro-

vides the results and related data in this study.
[65] C. Bronner, J. Phys. Soc. Jpn. Conf. Proc. 12, 010025

(2016).
[66] K. Abe et al. (T2K Collaboration), Phys. Rev. D 101,

012007 (2020).
[67] P. Stowell et al. (MINERvA Collaboration), Phys. Rev. D

100, 072005 (2019).
[68] S. J. Barish et al., Phys. Rev. D 16, 3103 (1977).
[69] N. J. Baker, A. M. Cnops, P. L. Connolly, S. A. Kahn, H. G.

Kirk, M. J. Murtagh, R. B. Palmer, N. P. Samios, and M.
Tanaka, Phys. Rev. D 23, 2499 (1981).

[70] T. Kitagaki et al., Phys. Rev. D 28, 436 (1983).
[71] P. Abratenko et al. (MicroBooNE Collaboration), Phys.

Rev. D 102, 112013 (2020).
[72] A. A. Aguilar-Arevalo et al. (MiniBooNE Collaboration),

Phys. Rev. D 83, 052007 (2011).
[73] C. L. McGivern et al. (MINERvA Collaboration), Phys.

Rev. D 94, 052005 (2016).
[74] T. Le et al. (MINERvA Collaboration), Phys. Rev. D 100,

052008 (2019).
[75] R. Acciarri et al. (ArgoNeut Collaboration), Phys. Rev. D

90, 012008 (2014).
[76] X.-G. Lu, L. Pickering, S. Dolan, G. Barr, D. Coplowe, Y.

Uchida, D. Wark, M. O. Wascko, A. Weber, and T. Yuan,
Phys. Rev. C 94, 015503 (2016).

[77] X.-G. Lu et al. (MINERvA Collaboration), Phys. Rev. Lett.
121, 022504 (2018).

[78] K. Abe et al. (T2K Collaboration), Phys. Rev. D 98, 032003
(2018).

[79] See Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevD.106.032016 which pro-
vides the measurement results of transverse kinematic
imbalance, inferred proton kinematics, and certain kinemat-
ics using the data in this study.

H. OSHIMA et al. PHYS. REV. D 106, 032016 (2022)

032016-18

https://doi.org/10.1103/PhysRevD.87.012001
https://doi.org/10.1103/PhysRevD.87.012001
https://doi.org/10.1016/j.asr.2005.07.025
https://doi.org/10.1016/j.nima.2010.03.114
https://doi.org/10.1016/j.nima.2010.03.114
https://doi.org/10.1016/j.nima.2012.10.051
https://doi.org/10.1016/j.nima.2012.10.051
https://doi.org/10.1093/ptep/ptx083
https://doi.org/10.1093/ptep/ptx083
https://doi.org/10.1016/j.nima.2012.03.023
https://doi.org/10.1016/j.nima.2012.03.023
https://doi.org/10.1016/S0920-5632(02)01759-0
https://www.actaphys.uj.edu.pl/R/40/9/2477
https://www.actaphys.uj.edu.pl/R/40/9/2477
https://www.actaphys.uj.edu.pl/R/40/9/2477
https://www.actaphys.uj.edu.pl/R/40/9/2477
https://www.actaphys.uj.edu.pl/R/40/9/2477
https://www.actaphys.uj.edu.pl/R/40/9/2477
https://doi.org/10.1140/epjs/s11734-021-00287-7
https://doi.org/10.1140/epjs/s11734-021-00287-7
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1109/TNS.2006.869826
https://doi.org/10.1016/j.nima.2016.06.125
https://doi.org/10.1016/j.nima.2016.06.125
https://doi.org/10.1016/j.physletb.2011.11.061
https://doi.org/10.1016/j.physletb.2011.11.061
https://doi.org/10.1103/PhysRevC.70.055503
https://doi.org/10.1103/PhysRevC.70.055503
https://doi.org/10.1103/PhysRevC.83.045501
https://doi.org/10.1103/PhysRevC.83.045501
https://doi.org/10.1016/0003-4916(81)90242-6
https://doi.org/10.1016/0550-3213(83)90090-1
https://doi.org/10.1016/j.physletb.2007.10.025
https://doi.org/10.1007/s100529800978
https://doi.org/10.1007/s100529800978
https://doi.org/10.1063/1.1594324
https://doi.org/10.1016/j.nuclphysbps.2004.11.208
https://doi.org/10.1016/j.nuclphysbps.2004.11.208
https://doi.org/10.1103/PhysRevD.99.052007
https://doi.org/10.1016/j.nima.2005.11.047
https://doi.org/10.1016/j.nima.2005.11.047
https://doi.org/10.1088/1367-2630/14/1/013026
https://doi.org/10.1088/1367-2630/14/1/013026
https://doi.org/10.1016/j.nima.2007.01.162
https://doi.org/10.1016/j.nima.2007.01.162
https://doi.org/10.1016/0168-583X(91)95671-Y
https://doi.org/10.1016/0168-583X(91)95671-Y
https://doi.org/10.1002/andp.19303970303
https://doi.org/10.1103/RevModPhys.9.245
https://doi.org/10.1103/RevModPhys.9.245
https://doi.org/10.1146/annurev.ns.13.120163.000245
https://doi.org/10.1103/PhysRevD.96.092006
https://doi.org/10.1103/PhysRevD.96.092006
https://doi.org/10.1093/ptep/ptz070
https://doi.org/10.1093/ptep/ptz070
https://doi.org/10.5281/zenodo.6597038
https://doi.org/10.5281/zenodo.6597038
https://doi.org/10.7566/JPSCP.12.010025
https://doi.org/10.7566/JPSCP.12.010025
https://doi.org/10.1103/PhysRevD.101.012007
https://doi.org/10.1103/PhysRevD.101.012007
https://doi.org/10.1103/PhysRevD.100.072005
https://doi.org/10.1103/PhysRevD.100.072005
https://doi.org/10.1103/PhysRevD.16.3103
https://doi.org/10.1103/PhysRevD.23.2499
https://doi.org/10.1103/PhysRevD.28.436
https://doi.org/10.1103/PhysRevD.102.112013
https://doi.org/10.1103/PhysRevD.102.112013
https://doi.org/10.1103/PhysRevD.83.052007
https://doi.org/10.1103/PhysRevD.94.052005
https://doi.org/10.1103/PhysRevD.94.052005
https://doi.org/10.1103/PhysRevD.100.052008
https://doi.org/10.1103/PhysRevD.100.052008
https://doi.org/10.1103/PhysRevD.90.012008
https://doi.org/10.1103/PhysRevD.90.012008
https://doi.org/10.1103/PhysRevC.94.015503
https://doi.org/10.1103/PhysRevLett.121.022504
https://doi.org/10.1103/PhysRevLett.121.022504
https://doi.org/10.1103/PhysRevD.98.032003
https://doi.org/10.1103/PhysRevD.98.032003
http://link.aps.org/supplemental/10.1103/PhysRevD.106.032016
http://link.aps.org/supplemental/10.1103/PhysRevD.106.032016
http://link.aps.org/supplemental/10.1103/PhysRevD.106.032016
http://link.aps.org/supplemental/10.1103/PhysRevD.106.032016
http://link.aps.org/supplemental/10.1103/PhysRevD.106.032016
http://link.aps.org/supplemental/10.1103/PhysRevD.106.032016
http://link.aps.org/supplemental/10.1103/PhysRevD.106.032016

