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Abstract

Precise measurement of neutrino-nucleus interactions with an accelerator
neutrino beam is highly important for current and future neutrino oscillation ex-
periments. To measure muon-neutrino charged-current interactions with nuclear
emulsion detector, muon track matching among the detectors are essential. We
describe the design and performance of a newly developed scintillation tracker
for the muon track matching in the neutrino-nucleus interaction measurement
with nuclear emulsion detectors.

The scintillation tracker consists of four layers of horizontally and vertically
aligned scintillator bars, covering an area of 1 m x 1 m. In the layer, 24 mm-wide
plastic scintillator bars are specially arranged with deliberate gaps between each
other. By recognizing the hit pattern of the four layers, a precise position resolu-
tion of 2.5 mm is achieved while keeping the number of readout channels as small
as 256. The efficiency of the track matching is evaluated to be more than 97% for
forward-going muons, and the position and angle resolutions of the scintillation
tracker are 2.5 mm and 20-40 mrad respectively. The results demonstrate the
usefulness of the design of the scintillation tracker for the muon track matching

in the nuclear-emulsion-based neutrino-nucleus interaction measurements.
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1. Introduction

Precise measurement of the neutrino oscillation parameters is one of the main
topics in high energy physics. In the current and future long-baseline neutrino
oscillation experiments [II, 2] [3 [4], one of the major sources of the systematic
uncertainties is the uncertainty of neutrino-nucleus interaction models. This
uncertainty of the models comes from complicated nuclear effects. To better
understand such effects, a measurement of hadrons from the neutrino-nucleus
interactions in the sub- and multi-GeV energy region is required with a low
momentum threshold and large angle acceptance.

Neutrino Interaction research with Nuclear emulsion and J-PARC Acceler-
ator (NINJA) is an experiment aiming to measure neutrino-nucleus, especially
neutrino-water, interactions using a high-intensity neutrino beam produced in
Japan Proton Accelerator Research Complex (J-PARC), and nuclear emulsion
films. Since 2014, the NINJA experiment has carried out a series of pilot
runs [5, 6] [7]. Nuclear emulsion films have sub-pm position resolution and
O(mrad) angle resolution thanks to their fine granularity. It allows us to detect
very short tracks of low-momentum charged particles, especially protons down
to ~ 200 MeV /¢, which are of interest to evaluate 2-particle 2-hole (2p2h) neu-
trino interaction models [8, [9]. The results from the NINJA experiment will
improve our understanding and constrain neutrino interaction models in the
sub- and multi-GeV neutrino energy region.

The NINJA experiment conducted its first physics run (J-PARC E71a) from
November 2019 to February 2020. In this run, a 250 kg (including 75 kg water,
130kg iron, 15 kg plastic, and 30 kg emulsion gel) nuclear emulsion detector was
exposed to the T2K neutrino beam produced at J-PARC. The total number
of protons on target (POT) was 4.7 x 102° and the mean neutrino energy was
0.89 GeV. A precise measurement of neutrino-water differential cross sections

will be achieved with a target mass 19 times larger than the one in the previous



run in 2017-18 [6].

To study muon neutrino charged-current (v, CC) interactions, we placed
not only nuclear emulsion detectors but also a muon range detector (MRD)
which distinguishes between muons and charged pions from the interactions.
The nuclear emulsion films can measure position and angle very precisely while
they do not have any timing information. On the other hand, the MRD has an
O(ns) timing resolution but the position and angle resolutions are worse than
those of the nuclear emulsion films. Thus, to match the muon tracks between the
nuclear emulsion detectors and the MRD), other detectors which have both good
position and angle resolutions, and timing information were installed between
them.

In the previous runs of the NINJA experiment, an emulsion shifter |7, [10] or
a scintillating fiber tracker [6] was used for the muon track matching and covered
an area around 30 cm X 30 cm. The emulsion shifter was originally developed for
cosmic-ray electron balloon experiments [I1] and used in the GRAINE experi-
ment [12, [13]. It provides precise position and angle information of the nuclear
emulsion films while the timing resolution was 5-50s in the previous runs. The
scintillation fiber tracker consisted of 1,024 scintillating fibers with a cross sec-
tion of 1 mm-square. It has an O(ns) timing resolution and a few hundred pm
position resolution but the number of readout channels were more than 500 and
the enlargement is not easyﬂ In the physics run, such detectors must cover an
area of 1m x 1m, which is around ten times larger than that in the previous
runs, and the emulsion shifter and the scintillator detector are both used for this
purpose. The combination reduces the required position resolution for the scin-
tillator detector; however, it is still difficult to enlarge the coverage area while
maintaining the number of readout channels similar to that of the previous one.
To realize both the large coverage area and the good position resolution with-
out increasing the number of readout channels, we developed a new scintillation

tracker with a special arrangement of plastic scintillator bars. By recognizing

2To cover an area of 1m x 1m, the number of fibers needed will be more than 3,000.



the hit pattern, the scintillation tracker achieves a few mm position resolution
while the width of the bar is 24 mm. In addition, it has a 1m x 1m coverage
area without increasing the number of readout channels nor insensitive areas.
In this paper, the design and performance of the scintillation tracker for the
NINJA physics run are described. In Section [2] requirements for the scintilla-
tion tracker are described after the conceptual setup of the NINJA detectors.
The design and components of the scintillation tracker are described in Sec-
tion [3] The operation of the scintillation tracker during the beam exposure is
summarized in Section [dl The reconstruction of muon tracks and track match-
ing with other detectors for the v, CC interaction analysis are described in
Section [5} The track matching efficiency, and position and angle resolutions of
the scintillation tracker are shown in Section [6] Finally, Section [7] summarizes

the paper.

2. NINJA detector setup and requirements for the scintillation tracker

2.1. Detectors

In the NINJA physics run, four types of detectors were installed and operated
in the J-PARC Neutrino Monitor (NM) building. The detectors were exposed to
a high-intensity neutrino beam dominated by muon neutrinos [I4]. A schematic
of the detector setup is shown in Fig. [T} Here, the z direction is defined along
the neutrino beam and the location of the scintillation tracker is set as z = 0.

The main target detector, Emulsion Cloud Chamber (ECC), has an alter-
nating structure consisting of thin target material layers and nuclear emulsion
films. This structure allows us to achieve a low momentum threshold for charged
particles from the neutrino interactions in any target material. In the NINJA
physics run, water and iron layers were used as the target material. Water
was the main target. Iron, apart from being the target layer, was used as
the support of the nuclear emulsion films and for momentum measurement us-
ing range or multiple Coulomb scatterings [6]. Each ECC has a dimension of

~ 30cm x 30cm x 30 cm. In the NINJA physics run, nine ECCs were arranged
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Figure 1: Detector setup of the NINJA physics run. The ECC was installed in the most
upstream of the neutrino beam and detected charged particle tracks from the neutrino inter-
action vertices. A muon was detected in Baby MIND in the most downstream. Baby MIND
consists of detector modules (orange) and magnet modules (gray). An emulsion shifter and a
scintillation tracker were installed between them to connect muon tracks. The z direction is

defined along the beam and the location of the scintillation tracker is set as z = 0 cm.

in a 3 X 3 array on a plane perpendicular to the beam direction; thus, the total
coverage area was approximately 1m x 1m.

The total thicknesses of water and iron layers in each ECC along the beam
direction are 133 mm and 35 mm, respectively. Thus, the total thickness of ECC
is ~ 2.5 radiation length units. Low-momentum protons stop inside the ECC
volume, while almost all muons and charged pions from the neutrino interac-
tions penetrate the ECC. To distinguish the muons from the charged pions for
studying v, CC interactions, the ECCs were placed upstream of an MRD called
Baby MIND (prototype of Magnetized Iron Neutrino Detector), one of the T2K
near detectors [I5].

A muon from v, CC interaction is detected and identified by Baby MIND.
Baby MIND consists of 18 detector modules and 33 magnet modules. The de-
tector module consists of plastic scintillator bars and detects hits of a muon.
The magnet module is a 3 cm-thick magnetized iron plane. Its thickness is suf-
ficient to stop muons of energy ~ 1GeV/c inside the detector. The momentum

and charge of the muon can be measured by the range and curvature of the



trajectory.

The nuclear emulsion film cannot provide timing information. The films
record all the tracks after production and the tracks are developed at once after
the beam exposure. Therefore, many cosmic-muon tracks are recorded as a
background. On the other hand, Baby MIND has beam-timing information:
Baby MIND data acquisition (DAQ) is triggered with a beam timing signal and
the time resolution of readout electronics is 2.5ns. To identify muons from the
neutrino interactions in the ECC, the tracks in the ECCs need to be connected
to corresponding tracks in Baby MIND. However, Baby MIND has a position
resolution of O(cm). It is insufficient to select a correct track to be connected
from all the tracks accumulated in the nuclear emulsion films whose density
is 0(10%) /cm?. To connect the tracks one by one, other detectors with both
good position and angle resolutions, and timing information are needed. Such
detectors are called “timestamp detectors.” As mentioned in Section [} two
types of timestamp detectors were installed and operated in the NINJA physics
run. One is an emulsion shifter and the other is a scintillation tracker.

The emulsion shifter has several nuclear emulsion films attached on walls
shifted at different time intervals. After the films are developed, the tracks in the
films are connected to each other with certain shifts and these shifts give timing
information of the connected tracks. The newly developed emulsion shifter for
the NINJA physics run consists of emulsion films attached on two moving walls
and one fixed wall. One moving wall shifts by 2mm every four hour and the
other also does by 2mm every four day. The position and angle information are
obtained with O(pm) and O(mrad) resolutions of the nuclear emulsion films,
and 4-hour timing information is provided by the shift value. Using the position
and angle information, the tracks are extrapolated and connected to the ones
in the nuclear emulsion films of the ECC. Details of the emulsion shifter will be
reported in another paper.

The scintillation tracker is used to connect tracks between the emulsion
shifter and Baby MIND. Although the emulsion shifter has excellent position

and angle resolutions, and 4-hour timing information, during the whole period,



a large number of cosmic-muon tracks are accumulated. To select a muon can-
didate in the beam timing, another timestamp detector whose DAQ is triggered
with the beam timing signal is necessary. The DAQ of the scintillation tracker
is triggered with the same beam timing signal as that of Baby MIND. There-
fore, the track matching between the scintillation tracker and Baby MIND is
almost free from the cosmic background. The reconstructed position and angle
are more precise compared to those of the tracks reconstructed using only the
information from Baby MIND. Then, using the position and angle, and 4-hour
timing information of the emulsion shifter, the tracks are connected between

the emulsion shifter and the scintillation tracker.

2.2. Requirements for the scintillation tracker
2.2.1. Position resolution
As described in Section [2.1] good position and angle resolutions are required

for the scintillation tracker. First, the angle of a muon track, 6 is calculated

z(y)»

using reconstructed positions in Baby MIND and the scintillation tracker as

tan @

() = z(y)BMm ; -T(y)ST7 (1)

where z(y)pm and z(y)st are horizontal (vertical) positions reconstructed by
Baby MIND and the scintillation tracker, respectively, and d ~ 75cm is the
distance between Baby MIND and the scintillation tracker. Using Eq. 7 the

angle resolution can be written as
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where o, 2(y) and ogT 4 (y) are horizontal (vertical) position resolutions of Baby
MIND and the scintillation tracker, respectively. The position resolution of the
scintillation tracker is much better than that of Baby MIND. Therefore, Eq.
can be approximated as
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d
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where wpn gy) ~ 21 (1)cm is the effective width of one horizontal (verti-
cal) Baby MIND scintillator bar, and opn,q(,) can be written as opyz(y) =
WBM,z(y)/ V12 if we assume the hits in each scintillator bar are uniformly dis-
tributed. Using Eq. , the angle resolutions of the reconstructed tracks from
the scintillation tracker and Baby MIND are 81 mrad and 3.8 mrad for the hor-
izontal and vertical directions, respectively. In addition, 50 cm-thickness water-
target detector, WAGASCI, is placed between the scintillation tracker and Baby
MIND, which is not shown in Fig. [I} Taking account of the scatterings by the
water, the angle resolutions are 81 mrad and 20 mrad, respectively.

Next, using this angle resolution, the position resolution requirement for the
scintillation tracker is estimated as follows. In this evaluation, track data from
the previous run [6] are used. Figures 2| and [3| show the position and angle
distributions of tracks accumulated over a period of one month in an emulsion
film. The dominant component of the tracks is from cosmic muons. Figure
shows that the position distribution is uniform except at the edge of the dis-
tribution. The number of events in the edges is small due to the acceptance
of the detectors. To evaluate the position resolution requirement for the scin-
tillation tracker, tracks in an area with z(y) = 0-100 mm are used. The area
is shown as a red rectangle in Fig. Figure |3 shows a characteristic angular
distribution due to the zenith angle dependence of the cosmic muons and the ac-
ceptance of the film scanning system, Hyper Track Selector [16]. In the angular
space, the track density is highest around the point (tané,,tané,) = (0,—0.6),
where the zenith angle distribution and angle acceptance are comparable. The
number of tracks within the (£20tang,) X (£20tang,) region around this point

is 730. Thus, when we require 20., 0.

.y Separation to select a correct track

to be connected, 730 tracks cannot be separated. Therefore, the density of
the tracks which should be distinguished using position information is calcu-
lated as 730 tracks/(100 mm x 100 mm) = 7.3 x 1072 tracks/mm?. In addition,
owing to the 4-hour timing information from the emulsion shifter, the den-
sity becomes 7.3 x 1072 tracks/mm? x 4h/1month ~ 4.1 x 107* tracks/mm?.

The number of tracks within (+20g7)? region is (4ogr) x (4ost) X (4.1 X



10~* tracks/mm?) = 6.5 x 1073 tracks/mm? x o3, where 05T = 087,45 = OST -
If we accept 5% mis-matching contamination between the emulsion shifter and
the scintillation tracker, then the requirement for the position resolution is
6.5 x 1073 tracks/mm2 X U%T < 0.05, i.e. ogr < 2.8mm. This estimation is
conservative because the detector site in the previous run is 5 m shallower than
that in the physics run in the NM building. Therefore, the actual cosmic-muon

flux in the physics run will be smaller.
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Figure 2: Distribution of position of the tracks accumulated over a period of one month in
the NINJA previous run. The tracks inside a red rectangle is used in the evaluation of the

position resolution.
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Figure 3: Distribution of angle of the tracks accumulated over a period of one month in
the NINJA previous run. The track density is highest around the point (tan6;,tané,) =
(0,—0.6).

2.2.2. Size

The scintillation tracker must cover an area of 1 m x 1m. When a muon loses
its energy in the scintillation tracker, the reconstructed momentum is biased. In
addition, when it is scattered in the material of the scintillation tracker, the po-
sition and angle changes from the ones predicted by the emulsion shifter. Thus,
the scintillation tracker also needs to be thin enough to minimize the energy
loss and scattering of muons. Besides, the NINJA detectors were surrounded
by the WAGASCI detectors of the T2K experiment as shown in Fig. [l The
total thickness of the ECCs, the emulsion shifter, and the scintillation tracker
along the beam direction was limited to less than 50 cm. Therefore, the thin
dimension of the scintillation tracker is also important for securing space for the
ECCs to keep the target mass. In the NINJA physics run, the thickness of the

scintillation tracker is required to be less than 5 cm.
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Figure 4: Setup of the detectors in the J-PARC NM building. The NINJA detectors were
surrounded by the WAGASCI detectors in the T2K experiment. The center positions of
the detectors were not identical to maximize the muon angle acceptance of the WAGASCI

detectors.

2.2.3. Detection and matching efficiencies

Currently, the sensitivity of the NINJA experiment is limited by the statis-
tics. Thus, high detection and matching efficiencies of the detectors are essential
to obtain the v,, CC differential cross section by connecting as many muon tracks
as possible. In addition, to reduce the systematic uncertainties arising from the
efficiencies in the v, CC interaction analysis, they are also required to be as
high as possible. For example, when the efficiency is 95%, the uncertainty of
the number of detected muons will be at most 5%, since it is proportional to
the uncertainty of the efficiency.

The total muon detection efficiency is a product of the track detection effi-
ciencies of the detectors and the track matching efficiencies between the detec-
tors. In the NINJA physics run, the tracks need to be matched between the
ECC and the emulsion shifter, the emulsion shifter and the scintillation tracker,
and the scintillation tracker and Baby MIND. In this paper, we focus on the de-
tection efficiency of the scintillation tracker and the matching efficiency between
the scintillation tracker and Baby MIND. In the analysis of the NINJA physics
run, we set a target value of the efficiencies of the scintillation tracker at 95%.

The other efficiencies will be described in another paper. In the results from the

11



NINJA pilot runs [6l [7], the muon detection efficiency was dropped mainly due
to inefficiency in matching between the emulsion detectors and the scintillator
detectors which was around 90%. The improvement in this efficiency will be

also reported in another paper.

3. Design and components of the scintillation tracker

To meet the requirements described in Section a scintillation tracker
with a new design was developed for the NINJA physics run. The design has
a special arrangement of relatively-shifted layers of thin plastic scintillator bars
with deliberate gaps between the bars. When a muon penetrates the gap, the
position of the track can be constrained by the absence of hits. The position
resolution obtained by this design is determined by the width of the gap and
overlap between the bars; The position resolution can be better than the width

of the bar.

3.1. Design

The scintillation tracker consists of two identical modules, each made of four
layers. One module is set with the scintillator bars horizontal and the other
module is set with the bars vertical. The surfaces of the both modules are
perpendicular to the beam direction. Figure [5| shows the conceptual design of
a module of the scintillation tracker. The orange areas denote the scintillator
active volume and the blue areas represent support structures. One layer is
made of scintillator bars aligned with a gap equal to 1/3 of scintillator width.
The second layer is shifted by 2/3 of the scintillator width relative to the first
layer, and the third and fourth layers are shifted by 1/6 of the scintillator width
relative to the first and second layers, respectively. Furthermore, in each module,
a thin black sheet is inserted between the second and third layers to avoid optical
cross-talk between the layers. The position resolution of the scintillation tracker
improves without increasing the number of readout channels because it has a
virtual segmentation of 1/6 of the width of the scintillator bar as shown in Fig.
by getting the hit pattern in each module.

12
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Figure 5: Conceptual design of the scintillation tracker for the NINJA physics run. Each
scintillator bar (orange) is aligned with a gap whose width is 1/3 of the scintillator bar. The
scintillator bars are attached to and supported by the structure (blue). The black line between
the second and third layers is a shading black sheet inserted to avoid optical cross-talk between

the scintillators.

In addition to the good position resolution, insensitive areas do not exist in
this design. The edges of the scintillator bar are generally insensitive. However,
viewed from the beam direction, the edges and gaps of the scintillator bars in
one layer are fully covered by scintillator bars in the neighboring layer. Thus
the entire area of the scintillation tracker is sensitive and it achieves a detection
efficiency of nearly 100%.

If we assume that the muon track goes through in a direction perpendicu-
lar to the layers, and the probability distribution of the position in each vir-
tual segmentation is uniform, the requirement for the scintillator width w is
(w/6)/v/12 < 2.8mm i.e. w < 6cm. In the real case, however, the muon tracks
are not always perpendicular to the layers and the position reconstruction is
affected by the distortion or alignment of the scintillator bars. Therefore, we

conservatively require w < 3 cm.

3.2. Components

The scintillation light from each bar is propagated by a wavelength-shifting
(WLS) fiber and the light is detected by a Multi-Pixel Photon Counter (MPPC).

3.2.1. Plastic scintillator
The plastic scintillator bar is a main component of the scintillation tracker.

This scintillator bar is of the same type as the one used in the WAGASCI

13



detector in the T2K experiment [I7},[18]. It is primarily composed of polystyrene
and infused with PPO and POPOP, and the mean light yield for the minimum
ionizing particle is measured to be more than 10 p.e. (photoelectron equivalent).
The scintillation tracker consists of 248 bars (124 bars for the horizontal and
vertical modules respectively). The dimension of the bar is 24mm x 3mm x
1012 (996) mm for the horizontal (vertical) module, and the bar has a groove for
a wavelength-shifting fiber. The depth of the groove is 1.2 mm on one side of the
bar, as shown in Fig. [f] The scintillator bar is thin enough that the energy loss
for minimum ionizing particles is only around 5MeV by eight layers of the bars
and to secure space for the other detectors. In addition, using this scintillator
bar, it is possible to cover an area of approximately 1m x 1m.

7.5 mm

| |

< > <>
996 (1012) mm 3 mm

Figure 6: The scintillator bar used in the tracker. A wavelength-shifting fiber (light green) is

set on a groove.

3.2.2. Wavelength-shifting fiber

The scintillation light from the bar is collected and transported through
wavelength-shifting fibers, Kuraray Y11(200). The diameter of the fibers is
1mm. They are placed on the groove of each scintillator bar and glued using

an optical cement (ELJEN TECHNOLOGY, EJ-500 A/B).

3.2.3. Multi-pizel photon counter

The Hamamatsu MPPC is a photon-counting silicon sensor that uses avalanche
photo-diodes operated in parallel in the Geiger mode. One edge of the WLS
fiber on each scintillator bar is connected to one MPPC. In the scintillation
tracker, S13081-050CS(X1) MPPCs are used.

Figure [7] shows a photograph of the scintillation tracker after the construc-

tion.
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Figure 7: The scintillation tracker for the NINJA physics run. Scintillation light from each
plastic scintillator bar is read out by the wavelength-shifting fibers and the MPPCs.

3.3. DAQ system

NIM EASIROC (Extended Analogue Si-pm Integrated ReadOut Chip) mod-
ules [I9] are used to read out signals from the MPPCs. Each EASIROC module
can operate 64 MPPCs at once and thus, four modules are operated in parallel.
Trigger threshold for each channel is set to 2.5 p.e. and channels exceeding the
threshold are treated as hits. When there are hits in both the horizontal and
vertical modules, and the beam trigger is provided by the J-PARC neutrino
beamline, the DAQ is triggered and the charge and hit timing in each channel
are recorded.

If there are no hits in a spill of the beam, a dummy trigger is generated
by delaying the beam trigger by 5ps. The dummy trigger assures that the
scintillation tracker acquires data once in each spill even if there are no hits in

the scintillation tracker in the spill.

4. Operation

There were two periods of neutrino beam exposure. The first one is from
November 2019 to December 2019 and the second one is from January 2020 to
February 2020. The scintillation tracker was operated during the whole period

15



of the exposure. The details of the accumulated POT are shown in Table
The data acquisition efficiency is more than 99.9% and the inefficiency is due

to run changes of the DAQ of the scintillation tracker.

Table 1: Summary of the POT of the NINJA physics run

Period Recorded (102°)  Delivered (102°)
11/7/2019 - 12/19/2019 2.64841 2.64957
1/14/2020 - 2/12/2020 2.11531 2.11645
Total 4.76372 4.76602

Figure [8 shows the number of observed events per POT in the scintillation
tracker in each day. Here, when more than three hits are observed in one spill,
it is defined as one observed event. The event is dominated by the muons
generated by the v, CC interactions in the upstream wall of the detector hall.
Therefore the number of observed events in the scintillation tracker is expected
to be proportional to the POT. A stable operation of the scintillation tracker
was observed during the whole period of the NINJA physics run.

0.9
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0.8
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078

# of events/10™ protons on target

Figure 8: Event rate of the tracker. The event rate is stable for the whole period.

5. Muon track matching and position/angle reconstruction

In this section, the track matching and the position and angle reconstruc-

tions of the muon tracks using the scintillation tracker and Baby MIND are
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described. First, the hits in the scintillation tracker are clustered and the tenta-
tive position is reconstructed with the assumption that the track penetrates the
layer in a perpendicular direction. Then, reconstructed tracks in Baby MIND
are extrapolated to the scintillation tracker and the matched hit clusters in the
scintillation tracker are searched for. Finally, using the information from the
matched tracks, the position and angle of the muon tracks are precisely recon-
structed. Figure [J] shows a flow chart of the track matching and the position

and angle reconstructions of the muon tracks.

Scintillation Tracker Baby MIND

Matched Scintillation tracker clusters
and a Baby MIND track

Position & angle
reconstruction
Position and angle

Figure 9: Analysis flow of the track matching and the position and angle reconstructions of

Track matching

the muon tracks.

5.1. Hit clustering

The hits in the scintillation tracker are clustered in the horizontal and ver-
tical modules separately. When scintillator bars with hits are overlapped when
viewed from the beam direction, they are classified into the same cluster; other-
wise, they are separated into different clusters. One cluster corresponds to one

position and angle information after the track matching between the scintillation

tracker and Baby MIND as described in Section

5.2. Track matching

(1) Position and angle reconstruction in Baby MIND
For the track reconstruction in Baby MIND, the incident positions and an-

gles of the track are computed by a linear fitting of hits in Baby MIND. The
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fitted line is interpolated to the second layer of Baby MIND. The positions
of the interpolated point and the slopes of the fitted line are respectively
considered as the reconstructed positions and angles of the track in Baby
MIND. These positions and angles are used to extrapolate the track in Baby
MIND to the scintillation tracker position as described later.

(2) Position reconstruction in the scintillation tracker
The tentative position of one hit cluster in the scintillation tracker is recon-
structed assuming that the muon goes through in a direction perpendicular
to the tracker layer. The hit pattern of the cluster depends on the position
of the muon. The minimum and maximum positions which satisfy the pat-
tern of the cluster are estimated according to the structure of the scintillator
bars and their average value is taken as the position of the cluster. Figure
shows a schematic of the tentative position reconstruction of one cluster in
the scintillation tracker. When the perpendicular line is impossible to make
the pattern of the cluster, e.g. the right side of Fig. the average of all

hit scintillator positions is used as the position.

Averaged position of
three scintillators

Figure 10: Schematic view of the tentative position reconstruction in the scintillation tracker.
The red scintillators are the hit scintillators. For the left cluster, black solid lines determine
the minimum and maximum position candidates and position is reconstructed as their average.
Dotted lines are examples not satisfying the hit pattern. The perpendicular line cannot make
the pattern in the right cluster, and the averaged position of all hit scintillators are used

instead. Each star represents the reconstructed position of the cluster.

(3) Track matching
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The tracks in Baby MIND are extrapolated from the second layer in Baby
MIND (z ~ 75cm) to the scintillation tracker location (z = 0cm) with
the reconstructed angle. It is checked whether or not they fall within the
sensitive area of the scintillation tracker. Figure [11]| shows the position dif-
ferences between the tentative positions in the scintillation tracker and the
extrapolated positions from Baby MIND. The left and right figures show the

horizontal and vertical distributions, respectively. The width of the distri-
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Figure 11: Distributions of the position differences between the tentative positions in the
scintillation tracker and the extrapolated positions from Baby MIND. The left and right
figures show the horizontal and vertical distributions, respectively. The selection criteria are

shown with red lines.

butions represents the position and angle resolutions of the tracks in Baby
MIND. The horizontal resolutions are worse than the vertical ones because
of the difference in the scintillator width as mentioned in Section 2211
In track matching, the differences between the tentative positions in the
scintillation tracker, z(y)st and the Baby MIND extrapolated position,
Z(Y)extrapolate are checked. Here, the ’ indicates that the position is tenta-

tive.

|$cxtrapolatc - xST/| < 300 mm (4)

|yextrapolate - yST’| < 200 mm. (5)

The cluster with x(y)sts satisfying Egs. and is selected as the
matched cluster. When there are multiple candidates of the clusters to

be matched, the candidate with the smallest difference is selected. When
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the Baby MIND track has both the horizontal and vertical matched clus-
ters, the track is considered to be matched with the scintillation tracker.

The selection criteria are shown as red lines in Fig. [T1]

5.8. Angle reconstruction

The basic concept of the angle reconstruction was described in Section
After track matching, the positions in the scintillation tracker and Baby MIND
are used as z(y)st and z(y)pm in Eq. (1)), respectively. The distribution of
the reconstructed angles (tan @, (,)) is shown in Fig. The distribution shows
a peak around tanf = 0. The layers of the scintillation tracker are almost
perpendicular to the neutrino beam and the distribution is consistent with it.
A small shift from tan§ = 0 is due to the difference in the position of the center

of the neutrino beam and the position of the scintillation tracker.
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Figure 12: Distribution of two-dimensional angles reconstructed from the scintillation tracker
and Baby MIND. The layers of the scintillation tracker are almost perpendicular to the neu-

trino beam and the distribution is consistent with it.

5.4. Position reconstruction

The final position reconstruction of the scintillation tracker-Baby MIND
matched tracks is almost the same as the tentative position reconstruction in

the scintillation tracker. The only difference is that the tracks penetrate the
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layer not necessarily in a perpendicular direction. Figure [L3|shows the lines that
have the reconstructed angle as the slope and extrapolated from each scintillator
vertex. They are checked if it can make the pattern of the hit cluster.

The distribution of the reconstructed positions is shown in Fig. The
distribution is not uniform since the central positions of the tracker and Baby
MIND are not identical; hence, the angle acceptance for the muon tracks de-

pends on the positions.

Figure 13: Schematic view of the position reconstruction in the tracker. The red scintillators
are the hit scintillators in one cluster. Black solid lines determine the minimum and maximum

position candidates and dotted lines are examples not satisfying the hit pattern.
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Figure 14: Position distribution reconstructed from the scintillation tracker and Baby MIND.
The distribution is not uniform since the scintillation tracker and Baby MIND are not centered
and the angle acceptances for the muon tracks are different for different positions. A red

rectangle shows an area used in the evaluation of the efficiency described in Section [6.1]

6. Performance of the track matching and reconstruction

6.1. Efficiencies

Efficiency is evaluated using the data obtained during the operation of the
scintillation tracker and Baby MIND. The efficiency is defined as a ratio of the
number of the matched tracks to the number of the tracks in Baby MIND. By
definition, this efficiency is a product of the detection efficiency of the scintilla-
tion tracker and the track matching efficiency between the scintillation tracker
and Baby MIND. To ensure that the muons are not generated between the
emulsion shifter and the scintillation tracker, but are coming from the upstream
of the detectors, the tracks are required to have hits in the upstream WA-
GASCI detectors. To ensure the tracks penetrate the sensitive area, the tracks
are required to be in the inner area (400 mm x 600 mm) at the position of the
scintillation tracker shown as a red rectangle in Fig. [T4]

Figure shows the efficiency. The histogram shows the expected angular
distribution of the muon tracks reconstructed by Baby MIND from neutrino-

water interactions in the ECCs. In the forward region (6 < 25°), the efficiency
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is 97-98% as shown in Fig. The total efficiency for the expected muons
from the neutrino interactions in the ECCs is 95%, which achieves the target
value described in Section[2:2:33] In the large angle region, the angle of the low-
momentum or large-angle muon tracks tends to be poorly reconstructed because
of scattering and small number of hits. As a result, the track matching efficiency
deteriorates in that region. On the other hand, the detection efficiency of the
scintillation tracker is expected to be nearly 100% even for the large angle region.
In the future analysis of the v, CC interactions, the track matching criteria will
be optimized as a function of angle and momentum, and the efficiency will be

improved.
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Figure 15: Product of the detection efficiency of the scintillation tracker and the matching
efficiency between the scintillation tracker and Baby MIND. Expected distribution of Baby
MIND reconstructed angle of muon tracks from neutrino-water interactions in the ECCs is

shown by a gray histogram.

6.2. Position and angle resolutions for the reconstructed muon tracks

The tracks matched between the scintillation tracker and Baby MIND are
then matched with the emulsion shifter. The detail of the track matching be-
tween the scintillation tracker and the emulsion shifter will be described in an-
other paper. The position and angle resolutions are evaluated using the muon

tracks matched among the emulsion shifter, the scintillation tracker, and Baby
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MIND. Since the position and angle resolutions of the emulsion shifter are much
better than those of the scintillation tracker, the variances in the position or
angle differences between the emulsion shifter and the scintillation tracker-Baby
MIND represent the resolutions of the matched tracks between the scintillation
tracker and Baby MIND.

Figure [16] shows the distribution of the position differences. The left and
right figures show the horizontal (Azx) and vertical (Ay) distributions, respec-
tively. The distributions are fitted by the Gaussian functions and the width
o ~ 2.5 mm satisfies the requirement described in Section The tails out-
side the fitted Gaussian function are due to low-momentum muons and chance
coincidence with cosmic muons in the emulsion shifter. The low-momentum
muons tend to scatter with large angles and the position differences increase.
The performance of the scintillation tracker is evaluated using the fitted Gaus-
sian function because the component inside the function is mainly considered to
be comprising high-momentum muons. They are less affected by the scattering
and the position resolution can be evaluated correctly.

Figure [17] shows the obtained o values for the horizontal and vertical direc-
tions as a function of the track angle. For forward-directing tracks, the position
resolution of the scintillation tracker is around 2.5 mm and it is less than 3.5 mm
even in the large angle region (|tan@,(,)| 2 0.5). As the horizontal and vertical
modules are identical to each other and the position reconstruction is primarily
performed using only the information of the scintillation tracker, their resolu-

tions are similar as expectecﬂ

3Since the scintillator bars are set horizontally in the vertical module and considered to be

more distorted by gravity, the vertical resolution is slightly worse than the horizontal one.
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Figure 16: Position difference distributions of the scintillation tracker and the emulsion shifter.

The left shows the vertical and the right shows the horizontal distributions.
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Figure 17: Angle dependence of the position resolution of the scintillation tracker.

The angle resolution is also evaluated using the same tracks as used in the
evaluation of the position resolution. Figure [I§ shows the distribution of the
angle differences. The left and right figures show the horizontal (A tan#,) and
vertical (Atan#,) distributions, respectively. The distributions are also fitted
by the Gaussian functions and the width of the horizontal distribution is o ~
40mrad while that for the vertical one is ¢ ~ 20mrad. It is evident that
the angle resolution is different between the horizontal and vertical directions

since the scintillator width of Baby MIND is different from each other. The
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tail components are attributed to the low-momentum muons and the chance
coincidence as in the position difference distributions.

Figure [I9) shows the obtained o values for the horizontal and vertical di-
rections as a function of the track angle. The angle resolution of muon tracks
reconstructed by the scintillation tracker and Baby MIND is less than 100 mrad
for a wide angle range. The vertical resolution is almost consistent to the ex-
pected value (o ~ 20 mrad) which is dominated by the scattering as described
in Section [2.2.1 On the other hand, the horizontal one is twice better than
the expected (o ~ 81 mrad), since xpy is reconstructed by not only one layer

information but the linear fitting to the hits.
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Figure 18: Angle difference distribution of the scintillation tracker and the emulsion shifter.

The left and right figures show the horizontal and vertical distributions.

6.3. Summary of the performance of the scintillation tracker

The performance of the scintillation tracker satisfies the requirements de-
scribed in Section The scintillation tracker has more than 97% efficiency
for the forward-directing muon tracks. The position resolution is 2.5mm for
both the horizontal and vertical directions. The angle resolution for the hori-

zontal and vertical directions are 40 mrad and 20 mrad, respectively.

7. Summary

In this paper, the design and performance of the scintillation tracker for the

NINJA physics run are described. The scintillation tracker connects muon tracks
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Figure 19: Angle dependence of the angle resolution of the scintillation tracker.

between the emulsion detectors and the muon range detector, Baby MIND. The
scintillation tracker covers an area of 1 m x 1 m which is ten times larger than the
previous NINJA runs, and has an O(mm) position resolution, while maintaining
the number of readout channels less than 256. The scintillation tracker has a
special arrangement of 24 mm-width plastic scintillator bars with deliberate gaps
between each other, and the position resolution is improved to be 2.5 mm using
the constraint by the gaps. The design also maintains the high efficiency of the
scintillation tracker since there are no insensitive areas.

The track matching efficiency is evaluated using muon tracks from the up-
stream of the detectors and an efficiency more than 97% is achieved for forward-
going muons. The position and angle resolutions of the scintillation tracker are
estimated to be ~ 2.5mm and O(10) mrad, respectively, using the emulsion
shifter information.

It is concluded that the performance of the scintillation tracker is sufficient
for the muon track matching in the nuclear-emulsion-based neutrino interaction
measurement, which is essential in the v, CC interaction analysis of the current

and future neutrino experiments using nuclear emulsion.
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