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Abstract

The KOTO experiment searches for new physics beyond the Standard Model that
breaks the CP symmetry by observing the K, — 707 decay and measuring its branch-
ing ratio. The K; — 7n%v& decay is identified by detecting only two gammas from the
70 with a finite 7¥ transverse momentum. A set of hermetic veto detectors is used to
confirm that there are no other observable particles.

We developed a new cylindrical gamma veto detector called Inner Barrel to improve
the overall gamma veto efficiency to further suppress background from the Kj — 7970,

The Inner Barrel also aimed at good timing resolution to reduce acceptance loss due
to accidental hits. The Inner Barrel is placed inside an existing cylindrical gamma veto
detector called Main Barrel. We evaluated the timing resolution for both the Inner
Barrel and the Main Barrel and improved analysis methods to recover acceptance.

By installing the Inner Barrel and improving the analysis for both the Inner Barrel
and the Main Barrel, the K7, — 7%7% background was estimated to be suppressed by a
factor of 3, and the total number of background events was estimated to be reduced to
less than the number of signal events predicted by the Standard Model.
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Chapter 1

Introduction

The Standard Model of particle physics has explained various phenomena observed in
many experiments. This model also explained breaking of a symmetry between particles
and anti-particles and parity transformation (CP). The CP violation was first observed
experimentally in 1964 [1] and explained by the Cabibbo-Kobayashi-Maskawa (CKM)
model in 1973 [2]. The CKM model later became a part of the Standard Model. The
Standard Model seems to be completed.

However, there are still questions from cosmic observation. One of the greatest ques-
tions is the matter dominance in the universe. The amount of matter and anti-matter in
the universe should be equal in fundamental understanding based on symmetries. Even
though the CP violation in the Standard Model explains a part of the inequality, the
magnitude of the inequality is too small to explain the observation. Another mechanism
causing the inequality should exist. We thus search for new physics beyond the Standard
Model by examining CP violation.

The KOTO experiment is one of the principal experiments searching for the origin
of CP violation beyond the Standard Model. The experiment aims to make the first
observation of K; — m%v7 decay and to measure its branching ratio. The Kj — n0vw
decay has an advantage to probe the discrepancy of the magnitude of CP violation
from the Standard Model because of the small branching ratio of the Standard Model
contribution and its small theoretical uncertainty.

This thesis describes a major detector improvement to achieve the aim of the KOTO
experiment.

1.1 CP violation in the Standard Model

The Standard Model is based on a symmetry combining three discrete symmetries:
e Charge conjugation (C): exchanging particles and anti-particles,
e Parity (P): inverting the space coordinate, x — —x, and
e Time reversal (T): inverting the time coordinate, ¢t — —t.

The CP symmetry is the combination of C and P symmetries. Today, we know that CP
symmetry is slightly broken in weak interaction.
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The Lagrangian of the charged current in the weak interaction is given by:

—9g — 7 * —

Lee = 5 plan" (A =)Wid; W, +di(1 =7 )VjuiW, ] (1.1)
where subscripts i (j)=1, 2, 3 denote generations of quarks, u; = (u,c,t) are up-type
quarks, and d; = (d,s,b) are down-type quarks. The Vj; is an element of Cabibbo-
Kobayashi-Maskawa (CKM) matrix (Vogas). The CKM matrix connects the up-type
quarks with the down-type quarks as:

Vud Vus Vub
Vekmv = Vea Ves Va . (1.2)
Vie Vis Vi

By transforming CP state, the Lagrangian changes as:

CP

Loe — [a;v* (1 — 75)VijdjW:[ + djy*(1 — VS)WjuiW;] i (1.3)

—Guw
2v/2
If a CP symmetry is always conserved, two Lagrangians expressed in Eq. (1.1) and
Eq. (1.3) should be equal. It thus means V;; = V7.

The CKM matrix expressed in Wolfenstein parameterization [3] by setting A = |V,,4| =
0.22 is:

1—)%/2 A AX3(p — in)
Voxkm = -2 1—)2/2 AN? + O\, (1.4)
AN(1 —p—in) —AN? 1

where A, A\, p and 7 are real-number coefficients independent of each other. The 7
represents the imaginary part of the CKM matrix and thus represents the scale of CP
violation.

1.2 K; — v decay

The K; — mvi decay occurs only if CP is violated. We describe its relation to the
CP violation, its predicted branching ratio and theoretical uncertainty, and experiments
that searched for the decay in the past.

1.2.1 K; — 7% decay in the Standard Model

The long-lived neutral kaon, K, is a mass eigenstate of a meson composed of d quark
and s quark.

The longer life time of this kaon is explained by the fact that CP is mostly conserved
in weak interaction. Neutral kaon has the wm and ww7 final states. The 77 is in a
CP-even state, and the m7m is in a CP-odd state. Therefore, neutral kaon in CP-odd
state, historically named K», decays into w7 and has a longer lifetime than kaon in
CP-even state K, because the Q value (myg — Xmy) for K — mrm is smaller than that
for K — mm. Although the K7 is not strictly equal to the Ky due to the existence of
CP violation, the K can be approximately represented as Kj.
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Neutral kaon is categorized also on the basis of flavor eigenstate as K 0 = (d,3) and
its anti-particle KO ( |[K9>= CP|K">). The K, state is expressed as:

1 P
K> ~ |Ko> :ﬁ(‘K% —|K0>) . (1.5)

The Feynman diagrams for the K; — 7%v# decay are shown in Fig. 1.1. The tran-

d d d d

A
A

Figure 1.1: Examples of Feynman diagrams of the K — 7'vi decay [10].

sition from s quark to d quark involves a loop in the diagrams. The ¢ quark dominates
the contribution in the loop because the mass of the ¢ quark is 100 times larger than
that of the ¢ quark [4]. The decay amplitude of the K — 7'vi decay is expressed as:
0, 1 0 0, 70 0,
AKp - mvw) ~ E(A(K — mwvw) — AKY — mvw))
X V:i‘/ts - ‘Qz%d

x  2in . (1.6)
In this decay amplitude, the contribution from the real part is canceled, and only the

imaginary part remains.
In a quantitative calculation [6], the branching ratio is written as:

Imh; >
Br(Kp — m°vp) = Ky, <r§5txt> : (1.7)
A 8
kr = (2.231 +0.013) x 10710 [0225] , (1.8)

where k, is a factor of the hadronic matrix element, \; = V,iV,4, and X; is a function
relevant to internal ¢t quark loops, which was originally presented as the Inami-Lim loop
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function [5], with higher-order QCD corrections and electroweak two-loop corrections.
The Ky, is extracted from the Kj; — mwer branching ratio which was measured precisely
by experiments.

With the calculated value X; = 1.469 +0.017 4+ 0.002 based on measured parameters,
the branching ratio of the K — n%v decay is predicted [6] as:

Br(Kp — n'vp) = (2437032 4+0.06) x 107 . (1.9)
The first error is related to uncertainties in the input parameters. Its main contributions
come from Vi (54%), n (39%) and t-quark mass (6%). The second error shows the

remaining theoretical uncertainty. The theoretical uncertainty in the branching ratio of
the decay is only 2 %.

1.2.2 K; — 7% decay beyond the Standard Model

An upper limit of the K — 7%v& branching ratio called Grossman-Nir (GN) limit [7]
is given by its isospin partner, KT — 7T v mode as:

Br(Kp — nvp) < 4.4 x Br(KT — ntvp) . (1.10)
The measured branching ratio of the K+ — 7w decay [8] is:
Br(KT — ntvp) = (1.737113) x 10710 (1.11)
From these two, the current upper limit of the Kj — 7%v7 branching ratio is:
Br(Kp — n%vp) <1.2x 107 (68% C.L.) . (1.12)
Figure 1.2 shows the correlation between the branching ratios of K+ — ntvi and
K1 — mvp with various models for new physics. These two branching ratios show dif-

ferent correlation between the physics models. Basically, discrepancy from the Standard
Model observed in either mode becomes the evidence of new physics. Moreover, the
correlation of these two modes can limit individual models.

1.2.3 History of K; — 7’ search

Several experiments were carried out to search for the K; — n%v decay. Figure 1.3
shows the progress of the search.

The first upper limit on the branching ratio of K, — 7’v decay was set by analyzing
the data taken for the Ky — 7070 study [12].

Following studies are classified into two types. One type used the 70 — ete~v decay
to identify 7° [13]. Although, there was a merit of reconstructing 7° cleanly by using
et and e~ tracks, the sensitivity was lowered by more than 3 orders of magnitude due
to the small branching ratio of the 7° — ete~v decay, 1.2%, and small acceptance due
to a small opening angle between et and e™.

The other type of experiments uses the 7% — v+ decay. This decay has an advantage
that its branching ratio is large (99 %). KEK PS E391a experiment, which was the first
dedicated experiment for the Kj, — 7'vi decay, used this decay mode. This experiment
gave the current best upper limit on the branching ratio [14],

Br(Kp — nvv) < 2.6 x 1078(90%C.L.). (1.13)

The KOTO experiment is a successor of the E391a experiment. Techniques developed
in the E391a experiment was further improved for the KOTO experiment.



1.2. K; — v DECAY 5

10'° x BR(K}, — 7%v)

0 1 2 5 4
109 x BR(K*+ — ntuvi)

Figure 1.2: Correlation between the branching ratios of K; — vy and Kt — 7ntvw
with various physics models [9]. SM4: Standard Model with a sequential 4th generation,
RSc: Randall-Sundrum model with custodial protection, LHT: Little Higgs Model with
T-parity, and MFV: Minimal Flavor Violation. The Standard Model (SM) prediction is
marked by a star. The gray area is ruled out experimentally or by the Grossman-Nir
limit.

Branching ratio

10-10 -

102 '
1990 2000 2010 2020
year

Figure 1.3: History of K — n%v search [10, 11]. The green point shows the first study
performed by Littenberg. Blue (Red) points in the figure show results of the analysis
using 70 — ete~y (7% — v ) decay to identify the K decay. The green line shows the
Grossman-Nir limit. The pink line shows the branching ratio of the Kj, — 7% decay

predicted by the Standard Model.
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1.2.4 Techniques at the E391a experiment

The KEK E391a experiment searched for the K, — 70 decay signal by requiring only
two gammas from the 7° with a finite transverse momentum (Pr). Requiring a high Pr
suppressed the contamination of other Ky decays, for instance, the Kj — 7 decay. For
this method, the E391a experiment used several techniques.

First, an intense and narrow Ky beam was constructed. Proton beam was extracted
from the 12-GeV Proton Synchrotron at KEK. The Kp’s produced at a target passed
through bending magnets and collimators located in the beam line. The K, yield at the
upstream end of the E391a detectors was 3.3 x 10° per beam cycle (spill) [15].

Second, a detector system was developed to detect only two gammas with a finite
Pr. The energy and position of the two gammas needed to be accurately measured to
reconstruct 7° mass and to require a finite Pp. Figure 1.4 shows the detector system.
Csl crystals with 7 x 7 em? cross-section were placed downstream of decay volume for

Vacuum vessel

- ] cco7
Pz BA

> Decay volume | I ]

Membrgfne —— BHCV

-Im Om Im 2m 3m 4m Sm 6m 7m Sm 9m 10m 1Im
[ I I I I I I I I ]

Figure 1.4: E391a detector system. The Main Barrel (MB) surrounds the decay volume.

the gamma measurement.

The Csl crystals and veto detectors surrounding other directions proved that no other
particles were in the decay. The veto detector surrounding the decay volume was the
Main Barrel. It was a sampling detector made of plastic scintillator and lead with
the total thickness of 14 radiation lengths (Xjy). The Main Barrel detected additional
gammas from other K, decays such as the K — 7970 decay.

Last, high vacuum of 10~* Pa was required to reduce the interaction between gas and
beam. Beam pipe to keep high vacuum was removed in the decay volume to reduce the
interaction between material of beam pipe and decay particles. The E391a detector was
thus placed inside vacuum and high vacuum region is separated from the detectors by
membrane to suppress outgassing from detector material.

With these techniques, the experiment gave the upper limit described in Section 1.2.3.
Although no events were observed, 0.41+0.11 background events were expected because
few events remained near the signal region. The E391a collaboration concluded that
those few events were caused by neutrons coming along the beam interacting with inac-
tive materials near the beam.
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1.3 The KOTO experiment

By improving the techniques developed in the E391a experiment, the KOTO experiment
was designed to study the K — 7'v& decay in two steps. The KOTO Step 1 [15] aims
to make the first observation of K; — v decay. Step 2 [15] aims to measure the
K1 — mvi branching ratio with a < 10 % accuracy.

The KOTO collaboration started its physics run of Step 1 in 2013, and plans to run
for several years. This thesis focuses on Step 1. In this thesis, unless noticed, the KOTO
means the KOTO Stepl. In this section, improvements from the E391a experiment to
achieve the goal of the KOTO are described.

1.3.1 Improvements from E391a to the KOTO

To reach the sensitivity capable of observing the decay with a branching ratio predicted
by the Standard Model, 2.4 x 1071, the sensitivity of the KOTO experiment has to be
improved by three orders of magnitude from the E391a experiment.

We developed a higher intensity beam line, a higher resolution gamma calorimeter,
and a more sensitive veto system.

The new beam line was constructed at the Japan Proton Accelerator Research Com-
plex (J-PARC). The measured normalized K, yield at the upstream end of the KOTO
detector was 1.94 x 107 for Ni target and 4.19 x 107 for Pt target per 2 x 10 photons
on the target [16]. These yields were equivalent to 60 and 130 times higher than that of
the E391a experiment per beam cycle.

Crystals of the gamma calorimeter were replaced with smaller crystals. The cross-
section of the crystals were changed from 7 cm square to 2.5 cm square for the centeral
region and 5.0 cm square for the outer region. Using smaller crystals improved separating
multiple gammas.

Veto detectors were also upgraded. Charged veto counter in front of the CslI calorime-
ter was replaced with a new counter with small inactive materials near the beam. Photon
veto detectors located downstream of the calorimeter were also replaced to match the
KOTO beam shape and intensity.

We inherited the vacuum vessel and barrel veto detectors from the E391a experiment.
Because the thickness of the Main Barrel was not sufficient for KOTO, we planned to
add 5-X( thick sampling detector outside the Main Barrel.

According to the KOTO proposal [15], the expected number of signal events was 3.5
and the number of the K, — 7% background events was 1.8. The major background
was the K — %70 decay whose gammas were not detected by the Main Barrel.

We thus decided to build a more effective detector to be added to the Main Barrel.

Next subsection describes the possibility of further background reduction. In addition,
a possibility to increase the signal acceptance is described.

1.3.2 New barrel veto detector to be added to the Main Barrel

We planned to make a new barrel detector to be added to the Main Barrel to improve
two major aspects. One was the background reduction brought by additional detector
thickness and more efficient detector materials, and the other was acceptance recovery
brought by a better timing resolution.
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Figure 1.5: Comparison of the gamma
detection inefficiency of the E391a Main
Barrel (black) and the barrel detectors
designed in the proposal of the KOTO
(red) [15] as a function of gamma en-
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Figure 1.6: Gamma detection inefficien-
cies for proposed Main Barrel as a func-
tion of incident photon energy [15]. The
open black circles show experimental
data for photo-nuclear interactions[17].

Geant 3 Monte Carlo results for the in-
efficiencies due to punch-through and
sampling fluctuations are shown by col-
ored points. Different colors indicate
different incident angles on the detector.
The solid curves show the model ineffi-
ciency functions obtained by fitting the
data and Monte Carlo results.

ergy [GeV]. Vertical incident gamma at
each incident energy were generated by
Geant 3 Monte Carlo.

Background reduction

The original motivation for adding a new detector was to suppress background. When
we proposed the KOTO experiment, we planned to add a new detector outside the E391a
Main Barrel. The assumed new detector was a 5-X( thick sampling detector consisting
of 5 layers of 5-mm-thick plastic scintillator and 5-mm-thick lead. The inefficiency of the
Main Barrel with the new detector was calculated for vertical incident gammas as shown
in Fig. 1.5. The detection efficiency drastically improved by reducing the probability of
punching-through gammas.

In addition to the punching-through, other two sources had the possibility to cause
an inefficiency. These two were sampling effect and photo-nuclear interaction.

The sampling effect is caused by low energy electromagnetic shower contained in
radiators of the detector, and thus dominant for low energy photons. Thick radiators
lowers the probability of detecting showers because radiators are dead material.

The photo-nuclear interaction is caused by gamma kicking nucleus in detector ma-
terial. If a gamma kicks only neutrons and the neutrons do not kick charged particles,
the interaction is not detected. The interaction is also not detected if a gamma kicks
low energy charged nucleons. Such charged particles, mostly protons, often deposit their
energies only in radiators, because low energy charged particles are mainly created in
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the radiators and stop immediately in the material. Inefficiency caused by photo-nuclear
interaction measured by a dedicated experiment [17] was directly applied for the back-
ground estimation in the KOTO proposal as shown in Fig 1.6 because the photo-nuclear
interaction was not available in the Monte Carlo then.

If we add a detector outside the Main Barrel, we cannot reduce the inefficiencies
caused by sampling effect and photo-nuclear interaction because most gammas interact in
the Main Barrel. With the additional detector outside the Main Barrel, most K — 7979
background events have at least one gamma with the energy larger than 70 MeV as shown
in Fig. 1.7.

Energy of incident gamma (GeV)
S S S S S S
B o > N Ce ) ~
e R IR IR
S

S
w
T A |

S
N

=
=

N rurm .. o e e TR o I e A Y
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1

Energy of incident gamma (GeV)

S

Figure 1.7: Energy distribution of the two gammas that enter the veto counters in
the events missing two gammas from the same 7°; such events are called “even-pairing
background” [15]. The 90 % of K; — 7%7” background is caused by even-pairing
background.

One method to further suppress the K7, — 7°7° background was to detect gammas
with energies > 70 MeV. The detection efficiency in this energy region was dominated
by photo-nuclear interactions in the estimation. We should thus reduce photo-nuclear
interaction background.

The other method was to reduce the sampling effect by reducing the amount of dead
material. Lower ratio of dead material is required near the detector surface on the beam
side because most gammas interact immediately after entering the detector.

If we add a more active detector inside the E391a Main Barrel instead of outside,
we can reduce not only the punch-through backgrounds but also backgrounds caused by
sampling effect. We named this new detector the Inner Barrel. With the Inner Barrel,
the inefficiency caused by photo-nuclear interaction can also be reduced, because low
energy charged particles are more visible in the detector with low dead material.

In the process of deciding the design of the Inner Barrel, we had to understand not
only the inefficiency sources but also the number of background events. In addition, the
amount of dead material, such as the support structure, should be minimized because it
affects the sensitivities of the Main Barrel located outside.
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Acceptance recovery

Let us next discuss how to recover signal acceptance with the Inner Barrel. The Main
Barrel had a high rate of accidental hits and back-splash events due to its large detector
size. Accidental hits were caused by some particles hitting the Main Barrel accidentally.
Back-splash is a backward shower leakage from the Csl calorimeter as shown in Fig. 1.8.
The Back-splash has a correlation between its timing and hit position. This correlation

Main Barrel

EM shower

Front Barrel

L]
]

Figure 1.8: Schematic view of a shower and back-splash.

is different from that of K decay particles because the backsplash particles arrive later
than the K decay particles. These correlations were observed in the E391a experiment
as shown in Fig. 1.9.

Tdiff (ns)

Tmean (ns)

Figure 1.9: Distribution of the mean timing (horizontal axis) and the timing difference
(vertical axis) of phototubes on the both ends of the MB taken in the E391a exper-
iment [15]. The mean timing represents incident time of the gammas. The timing
difference represents effective incident position considering the light propagating time in
the MB module. The gammas from decays (black) and the back-splash (red) in events
which had 4 gammas detected in the calorimeter were caused by the K; — 797979 and
K1, — 71979 modes, respectively. Timing of the back-splash is later for upstream hits.

In the E391a experiment, the signal timing was sometimes mis-measured because the
timing was recorded only at the rising edge of pulses, and two pulses which came close

10
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in time could not be separated. Therefore, tight separation could not be applied, and
back-splash loss remained. If we can separate each pulse clearly, such mis-measurements
can be reduced.

In the KOTO experiment, we planned to read out pulse shapes with waveform dig-
itizers. By recording waveforms, we can measure multiple hit timings separately and
apply a tight timing cut. There was another possibility to obtain a better timing deci-
sion. If we use material with better timing response, we can define accurate timing with
narrower pulses.

1.4 Purpose and outline of this thesis

The purpose of this thesis is to design a new gamma veto detector called the Inner Barrel
to be installed inside the Main Barrel and to make a path for its realization. To achieve
this purpose, we had to solve various issues in the following process.

First, we studied the relation between the design and performance of gamma detecting
with Monte Carlo simulation. Next, we investigated the production process for the
realization. At the same time, we began data taking for the KOTO experiment without
the Inner Barrel. We compared the measured performance of the Main Barrel and the
performance estimated with Monte Carlo simulation. Finally, we estimated the total
performance of the Inner Barrel.

The outline of this thesis is as follows. Apparatus of the KOTO experiment is de-
scribed in Chapter 2. In Chapter 3 and 4, the effect of an idealistic detector and realistic
detecters are compared. In Chapter 5, we describe the selection of detector elements and
the decision of the construction method. We investigated the detector response using a
realistic module and estimated the expected performance in Chapter 6. After that, in
Chapter 7, we compared the simulated performance with the realistic performance taken
in the early period of the KOTO experiment. We reestimated the expected number of
signal and background events in Chapter 8. We discuss the experimental sensitivities
and the possibility of further improvements, in Chapter 9. Finally, we conclude this
thesis in Chapter 10.

11



Chapter 2

The KOTO experiment

The purpose of the KOTO experiment is to make the first observation of K; — nlvp
decay. In this chapter, we first explain the methods to observe the Kj — 7%vv signal,
and then describe experimental apparatus of the KOTO experiment.

Beforehand, we define the coordinate system. The origin is defined on the Kj beam
at the upstream edge of the KOTO detector system. The z axis points in the K, beam
direction toward downstream. The y axis points vertically up, and the x axis points
in the direction to satisfy the right-handed system. We adopt this coordinate system
unless otherwise stated.

2.1 Method for signal identification

The K; — 7w decay is identified by detecting only two gammas from the 70 with
a finite 7° transverse momentum (Pr). The initial K is not observed because it is
neutral. Two neutrinos are not observed because of their extremely small cross-section.
The 7% has a high Pr to balance momentum carried away by the missing neutrinos.

This identification, called “m® + nothing”, is realized by a gamma calorimeter and
hermetic veto detectors. The experiment is designed to detect events decayed in a certain
z range, called decay region. The gamma calorimeter is located downstream of the region
to observe K, decays, and all other directions are covered by veto detectors.

The method to detect “7%” with Pp is described in Section 2.1.1, and the method to
confirm ”nothing” is described in Section 2.1.2.

2.1.1 Signal reconstruction

The energies and hit positions of gammas were measured with the calorimeter as shown
in Fig. 2.1. To clarify event kinematics, the following three conditions were assumed.
First, the invariant mass of the two gammas agrees with the 7% mass. Second, the vertex
position is upstream of the calorimeter. Third, the 7° decay point is on the z axis. The
70 decay point is effectively the same as the K decay point because of the short 70 life
time ( (8.52 £ 0.18) x 10717 sec [18] ). To assume the 7° to be on the z axis, the K,
beam has to be small.
The assumption on the invariant mass gives:

m2, = 2FE1Fy(1 —cosh) , (2.1)

12
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Beam axis

Csl calorimeter

Figure 2.1: Schematic view of the 7" reconstruction.

where Fq and F» are the energies of the two gammas, and 6 is the opening angle between
the two gammas. The unknown variable 6 is expressed as:

(r1—mo) - (12 — 70)

cos @ .
|71 — 1rol|ra — 70

(2.2)

where 79 = (0,0, Zy,:) is the 7V decay position, and r; and ry are the gamma hit
positions on the calorimeter. After calculating the 7° decay position Z,, with Eq. (2.1)
and Eq. (2.2), the momentum p; of the i-th gamma and the 7° Pr are calculated as:

pi = (pia:;piyapiz) (23)
7 — 70|
Pr = \/(plz + p22)? + (p1y + p2y)?. (2.5)

These Z,t, and Pr are basic variables to identify signal events.

2.1.2 Background suppression

There are two background sources; one is Ky, decay modes and the other is neutrons in
the beam.

K decay background

Backgrounds from K7, decay modes are suppressed by detecting hits on veto detectors
and extra hits on the Csl calorimeter. Major decay modes are listed in Table 2.1.

Charged modes such as the K — n¥e¥v, K — ntpFv, and K, — ntn—n°
suppressed by vetoing charged particles. The former two decay modes, the Kj, — 7+
and K — ntpFv, are mainly suppressed by Charged Veto (CV) counters [19] placed
just upstream of the CsI calorimeter. The 7% and the lepton, e* or u*, often create
clusters on the calorimeter, and the clusters are distinguished from gamma clusters by
signals in the CV. The K; — 7teTrv decay can become a background if a charge-
exchange from 7~ to 7° and the et annihilation occur, and the energy deposits by the
7~ and et are smaller than the detection threshold of CV.

are
etv

13



14 CHAPTER 2. THE KOTO EXPERIMENT

Table 2.1: Branching ratios of K, decay modes listed in the Particle Data Group [18] and
of the K7, — m'vi decay predicted by the Standard Model . The value for K; — 7vi
decay is based on the SM prediction. Major four modes and background source decays
are listed. Maximum momentum py,q. is the kinematic limit of the 7° momentum in
the K, rest frame. Visible particles in the final states of K decays are also listed. The

number of visible particles is shown for charged particles (ch) and gammas (7).

K7, decay modes Branching ratio  ppa. [MeV/c] Visible particles
K;— v (24404) x 10711 231 27

K — mtefv (40.55 £ 0.11)% - 2ch
K — mtuTu (27.04 £ 0.07)% . 2ch
Kp — n07n070 (19.52 4+ 0.12)% 139 6y
Ky —ntr—nd (12.54 4+ 0.05)% 133 2ch-2y
K — 7%  (8.6440.06) x 1074 209 4y

Kp =~y (5.4740.04) x 107* - 2y

The K1 — ntn~ 7% decay has two gammas in the final state. It can become back-
ground if both 7+ and 7~ are not detected. In addition to detecting hits on the charged
vetoes, selecting high Pr is effective to suppress the K, — 77~ 7% background because
its maximum Pr is lower than most of signal events.

One of neutral decay modes, K;, — 77, also has two gammas but Pr = 0. Requiring
high Pr suppresses this mode.

Other neutral decay modes such as K — 779" and K; — 7970 have more than
two gammas. Requiring high Pr for the 7%’s is not effective for the K — %Y decays
because Pr of K; — 770 decay is similar to that of signal mode; the maximum Py is
209 MeV /c for the Kj, — 7°7° decay and 231 MeV/c for the signal mode. To suppress
background from the Kj — 7979 decay whose branching ratio is 8 orders of magnitude
larger than the branching ratio of the signal mode, the other two gammas should be
detected with an inefficiency of O(10~%) for each. This is why we need gamma detectors
with high detection efficiencies. The background level of the K; — 7%9%7% decay is
smaller than that of the K7 — 7%7° decay because there are 4 extra gammas.

Neutron background

The main background in the E391a experiment was suspected to be caused by neu-
trons surrounding the beam core interacting with detector materials just upstream of
the CsI calorimeter, for instance, the Charged Veto. The 7%’s and 7’s were created in
the interaction decayed into two gammas. Most events from 7° could be rejected by
a cut on the decay vertex position, but some events had wrong reconstructed vertexes
if the energy was mis-measured. Events from 7 had wrong reconstructed vertex posi-
tions because the 70 mass was assumed. For the KOTO experiment, these events were
suppressed by developing new Charged Veto with less dead material [19].

Another possibility of neutron background is that neutrons directly hit the Csl
calorimeter and make showers. If we cannot separate such hadronic showers from electro-
magnetic showers created by gammas, and if secondary neutron from the first interaction

14



2.2. BEAM LINE 15

makes another shower, the event can be a background. These hadronic showers are re-
jected by introducing Csl crystals with a small cross-section to observe the difference in
shower shapes.

2.2 Beam line

The beam line for the KOTO experiment was constructed at the Hadron Beam Facility
in the Japan Proton Accelerator Research Complex (J-PARC). Protons are accelerated
up to 30 GeV through three accelerators: a linear accelerator (Linac), a 3 GeV Rapid
Cycle Synchrotron (RCS), and the Main Ring, shown in Fig. 2.2.

— - Hadron Beam Facility
Materials and Life Science
Experimental Facility

Nuclear
Transmutation

(Phase 2)

Neutrino to
Kamiokande sl

S <MW

3 GeV Rapid Cycle e h
50 GeV Main Ring
Synch. (25 Hz, 1MW) == (0.75 MW)

| J-PARC = Japan Proton Accelerator Research Complex

-

Figure 2.2: Bird eye’s view of the J-PARC site [20].

Protons in the Main Ring were extracted to the Hadron Hall for 2 seconds per every
6 seconds in May 2013. This 2 seconds of the extraction period is called “spill”.

Beam parameters in the May 2013 run and the original parameters in the KOTO
proposal are listed in Table 2.2.

Table 2.2: Beam parameters in May 2013 and in the original design.

May2013 Design
Repetition cycle (seconds) 6.0 3.3

Spill length (seconds) 2.0 0.7
Intensity (protons per spill) | 3 x 103 2.0 x 10"

The extracted protons hit a production target called “T1 target” in the Hadron hall
shown in Fig. 2.3. The T1 target for the run in May 2013 was made of gold.

A new neutral beam line for the KOTO experiment was built in the direction 16°
from the primary proton beam line. The beam size is limited by two collimators as
shown in Fig. 2.4. Although the number of Kp’s reaching the the KOTO detector is

15
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Figure 2.3: The proton transport line after extraction from the Main Ring and the layout
of Hadron hall [20]. The K, beam line is marked as "KL”.

proportional to the beam size, the size should be small for the next two reasons. First,
a small beam makes the beam hole on the calorimeter small to keep a high acceptance.
Second, it keeps the resolutions of the 7° Pr and the 70 decay vertex small as described
in Section 2.1.

The distance between the T1 target and the upstream end of the KOTO detector
(z = 0) is 21.5 m. This distance is long enough for K? (life time ¢t = 2.7 cm), A
(et = 7.9 cm) [18], and other short-lived hyperons to decay away. Charged particles
such as electrons in the beam line are removed by a dipole magnet placed between the
two collimators. At the upstream end of the KOTO detector, gammas, neutrons and
K;’s survive in the beam. In the Monte Carlo simulation, the ratio of the number of
particles are N, /Ng, = 0.7 and N, /Ng, = 3.3, where N, N,, and Nk, are the number
of gammas, neutrons and K’s with momentum > 100 MeV /¢, respectively.

) —Magnetic field (2 tesla
T1 target (nickel) 9 ( ) Vacuum reqgion

Vacuum window(SUS

KL 1st collimator

A

Tungsten alloy
hoton absorber(lead)

0 5m 10m 15m 20m 25m

Figure 2.4: Plan view of the KL beam line [21]. Two stages of collimators are placed
downstream of the T1 target, a sweeping magnet is located between them, and a photon
absorber is located upstream of the collimators.

16
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2.3 Detector

Next, we describe apparatus of the detectors for the KOTO experiment. The layout of
detectors before installing the Inner Barrel is shown in Fig. 2.5.

Vacuum vessel Membrane Csl calorimeter
FB NCC MB \ Cv CC04 CC05 CC06 BHCV BHPV

HINEMOS BCV LCV OEV CCo03
-Im Om Im 2m 3m 4m Sm om m Sm 9m 10m 1m

Figure 2.5: Setup of the KOTO detector. Csl calorimeter is the main detector and all
others are veto detectors for photons or charged-particles. The photon veto detectors
are Front Barrel (FB), Neutron Collar Counter (NCC), Main Barrel (MB), Outer Edge
Veto (OEV), collar counters (CC03, CC04, CC05, CC06), and Beam Hole Photon Veto
(BHPV). Charged-particle veto detectors are HINEMOS, Barrel Charged Veto (BCV),
the Charged Veto (CV), Liner Charged Veto (LCV), and Beam Hole Charged Veto
(BHCV). The most outside black line shows vacuum vessel. Multi-layer film called
“membrane” is drawn with a pink line. Membrane separates a 5 x 107° Pa high vacuum
region, and a 0.1 Pa low vacuum region where detectors in the vessel are placed.

The KOTO experiment was designed to observe K ’s decaying within a few meters
upstream of the calorimeter by detecting two gammas with the calorimeter. Gammas
escaping toward outside the calorimeter is detected with the Main Barrel.

The Front Barrel [22] was designed to veto events which decay upstream of the decay
region. Gammas with large angles from the z axis in such events are detected by this
gamma-veto detector. Neutron Collar Counter (NCC) is located inside the Front Barrel
to detect decay particles with small angles from the z axis. The NCC also has a purpose
of detecting beam halo neutrons.

Just as NCC, other detectors surrounding the beam called “collar counters”, CCO03,
CC04, CCO05 and CCO06 detect particles near the beam. Beam Hole Photon Veto
(BHPV) [23] is placed in the beam at the most downstream part of the KOTO detector
system. The BHPV detects decay particles remaining in the beam.

Detectors near the Main Barrel are closely related to the design of the Inner Barrel.
For example, to evacuate the high vacuum region, a several-cm gap was required between
the Front Barrel and Main Barrel. Also, the upstream-outer edge of the CsI calorimeter
was closely related to the Inner Barrel because showers in this region leaked to multiple
detectors and structures.

In the following, features of the CsI calorimeter, the Main Barrel, and other several

17



18 CHAPTER 2. THE KOTO EXPERIMENT

parts closely related to the Inner Barrel are described.

2.3.1 Csl calorimeter

The Csl calorimeter consists of two sizes of undoped Csl crystals as shown in Fig. 2.6.
The central 1.2 x 1.2 m? region consists of 2,240 “small crystals” with a 25 x 25 mm?
cross-section. Because the Moliere radius of Csl, 35.7 mm [18], is larger than the 25
mm, electro-magnetic showers spread in multiple crystals. We can thus judge from the
shower shape whether the shower was made by one or multiple gammas, or by a neutron.
The outer region consists of 476 “large crystals” with a 50 x 50 mm? cross-section. The
lengths of the both types of crystals are 500 mm (27 Xj).

Cylindrical support structure 10]1T
of the vacuum vessel = e e e 1 OEV
(stainless steel) CsI (50 mm x 50 mm) \

bi ™

Csl (25 mm x 25 mm),
U R e A R A A A T T [P
,E BeampaEBeam pipe: 21
hole )
\ LCV. CCO3: /
1

~J34[33[32[3L—

1.93m

Figure 2.6: Cross-section of the Csl calorimeter and other detectors in the cylindrical
support structure [24]. Modules with numbers labeled at the edge are the Outer Edge
Veto (OEV).

2.3.2 Structures and detectors near the Csl calorimeter

The Csl crystals were stacked inside a 12-mm-thick stainless-steel cylinder. The gap
between the cylinder and the crystals was filled with Outer Edge Veto (OEV). Outside
the cylinder, there are structures to support Charged Veto (CV) and “Csl Cover” as
shown in Fig. 2.7.

Outer Edge Veto (OEV)
The Outer Edge Veto (OEV) [24] consists of 44 counters with different cross-sectional
shapes as shown in Fig. 2.6. All counters are sampling detectors made of 1.5 mm-

18
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Figure 2.7: Front view (left) and side view (right) of cylinder.

thick lead and 5-mm-thick scintillator layers, and scintillation light is read out through
wavelength-shifting fibers. The layers are placed parallel to the beam axis and the length
along the beam direction is 420 mm.

Charged Veto (CV)

The Charged Veto [19] is located upstream of the CsI calorimeter. The detector con-
sisted of 2 layers of 3-mm-thick plastic scintillators located 5 cm and 30 cm from the
Csl calorimeter, respectively. Each layer is supported by aluminum support structure
extended from the edge of the cylinder. The structure consists of 12-mm-thick flat alu-
minum plates called “CV arm” supporting the edge of total CV counters at 4 positions.
The CV arm was attached to the frame of the CsI Cover.

Csl Cover

Just upstream of the Csl calorimeter is covered by a plate made of aluminum-
honeycomb sandwiched between CFRP plates. It is designed to hold crystals in the
cylinder in an event of strong earthquake. This structure called “Csl Cover” is supported
by iron frames attached at the edge of the cylinder. The frame consists of 12-mm-thick
L-shaped iron angles supporting around the edge of the CsI Cover.

2.3.3 Front Barrel

The Front Barrel [22] covers the upstream of the decay region. It consists of 16 modules of
lead and scintillator sandwich detectors and is formed cylindrically in a 1.66 m diameter
as shown in Fig. 2.8.
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Figure 2.8: Cross-sections of the Front Barrel. Each module is connected together behind
of the module [22].

2.3.4 Main Barrel

The Main Barrel [22] surrounds the decay region to detect extra particles from K,
decays. It consists of 32 modules of lead and scintillator sandwich detectors. The design
parameters are listed in Table 2.3. The Main Barrel is formed cylindrically with a 2.0
m inner diameter. Each module is independently supported by the vacuum vessel as
shown in Fig. 2.9.

A cross-sectional view of a module is shown in Fig. 2.10. The lead and scintillator
layers are held together with 50 stud bolts and disc springs fixed on the backbone plate.
The pressure at each spring is 300 kgf, so that the springs can compress a module with
15 tons in total. With this force, the friction between the layers kept the module shape
when it is rotated.

Lead and scintillator plates are piled up alternately. All the scintillator layers are
sandwiched between reflector sheets. The scintillator is made of MS-resin-based (80%
polystyrene + 20% meta-acrylate) plastic scintillator [26] developed for the Main Barrel
construction. MS-resin has a tensile strength 1.5 times larger than commercial scintilla-
tor made of polystyrene [26, 27].

The signal in the scintillator is read out from the wave length shifting (WLS) fibers
glued in grooves of the scintillator. The layout of a layer is shown in Fig. 2.11. The
WLS fiber is multi-clad type Y11-M made by Kuraray [28]. The fibers were glued by
NORLAND Optical Adhesive NOA61. Reflector sheets are Toray TiOs PET. The signal
is read out by Hamamatsu R329-EGP PMTs [29, 30]. These materials are described for
the Inner Barrel in Chapter 5.

The Main Barrel was constructed for the E391a experiment in 2003. We reuse the
detector for the KOTO experiment. The Main Barrel modules were removed from the
vacuum vessel and transferred to J-PARC, and then reassembled in the Hadron Hall in
2012. The air temperature around the modules was controlled during safekeeping and
reassembling processes to prevent deformation. Light yield measured just before the
first assembling for the E391a experiment with cosmic ray is shown in Fig. 2.12. Light
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Table 2.3: The design parameters of the barrel detector [22]. (* Confirmed by photo

taken in 2012.)

Main Barrel

Length (m)

Outer diameter (m)

Inner diameter (m)

No. of modules

Readout units / module

No. of PMTs

No. of scintillator layers

No. of lead layers

Thickness of scintillator (mm)
Thickness of lead (mm)

Thickness (Xo)

Module weight (kg)

Front plate material and thickness (mm)
Back bone material and thickness (mm)

5.5

2.8

2.0

32

2 both ends

128 (32 % 4 )
15(inner) + 30(outer)
15(inner) + 29(outer)*
5

1(inner), 2(outer)

14.0

1500

SUS 3.0

SUS 19.3(thin part) 28.6(thick part)

Middle Section Shell

Sto
(pos P&)
Support ring

Support strut
(pos.12)

<3 Rotating frame
X (pos.1)

Tightening screw |3
lcapacity 2,5¢) N

Kerig. 1903 [35%

Llamp
(pos.2)

Module

Figure 2.9: Cross-section of the Main Barrel under construction. Each module is sup-
ported independently by three support rings aligned in the vacuum vessel. The support
ring and the backbone plate are connected by 36-mm-diameter bolts [25].
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Figure 2.10: Cross-section of a module of Main Barrel [22]. The 5-mm-diameter 50 stud

bolts fixed the laminate structure covering layers to the backbone plate

TiO,PET 0.188mm
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T Direction of incident particles

Figure 2.11: Cross-section of a layer of the Main Barrel with WLS fiber setting and light
shields. The grooves for the WLS fibers have a cross-section of 1.2 mm (width) x 1.3

mm (depth).
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Figure 2.12: Position dependence of the light yield for the Main Barrel. The x is the
distance from the photo-cathode of left side PMTs [22].

yield at the center of the detector was 14.7 p.e./MeV, and 11 p.e./MeV at 1.5 m from
the center which was just downstream of the Front Barrel and just upstream of the Csl
calorimeter. Result of measurements a decade later, during and after reassembling for
the KOTO experiment, is described in Chapter 6.

2.4 Readout system

Most of the KOTO detectors including the Csl calorimeter and the Main Barrel are
read out by Photo Multiplier Tubes (PMTs) . These analog signals are digitized by
Flash ADCs (FADCs) in the KOTO data acquisition system. Only high rate detectors
such as BHCV and BHPV use 12-bit dynamic range and 500-MHz-sampling FADCs.
Other detectors use 14-bit dynamic range and 125-MHz-sampling FADCs. Pulse heights
of analog signal are stored in pipeline buffers inside Field Programmable Gate Arrays
(FPGAs) in the FADCs.

The 125-MHz FADC had a 10-pole low-pass Bessel filter as shown in Fig. 2.13. The
Bessel filter widened the waveform to increase the number of sampling points from only
1 or 2 without the filter to about 8 with the filter. With this scheme, we achieved a 0.3
ns timing resolution at 300 MeV deposit in a Csl crystal with the 8 ns samplings [32].

The trigger system to select events for offline analysis consisted of three steps.

The Level 1 trigger system made a decision based on the total energy detected in each
detector. The Level 1 trigger system received the sum of ADC counts in each FADC
module every 8 ns, and used the sums to select events with large total energy deposit in
the Csl calorimeter and small energy in the veto detectors.

The Level 2 trigger system calculated the Center Of Energy (COE), which is the
energy-weighted-average position of all the Csl crystals for the calculation. Because
K1 — mv0 signal has a large Pr, the COE should be away from the beam center.
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Figure 2.13: Schematic view of a 14-bit 125-MHz ADC module with a 10-pole Bessel

filter in the KOTO data acquisition system [31].

The Level 3 trigger system only rearranged the array of data and compressed the
data without selecting events. In the future, the Level 3 trigger system will be used to

select events by analyzing data online.
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Chapter 3

Performance of the idealistic
Inner Barrel

As described in Chapter 1, there are two motivations to install the Inner Barrel: back-
ground reduction and acceptance increase. We will investigate the idealistic condition
in this chapter for both motivations to know the ability of this detector idea.

We first explain the tools to examine the detector performance in Section 3.1.

The primary motivation was the background reduction. To realize more sensitive
detector than the original design written in the KOTO proposal, we clarify the back-
ground sources in the original detector plan in Section 3.2. In addition, energy threshold
dependence of the number of background events is described in Section 3.3. After that,
we discuss extent of further improvements regardless of reality in Section 3.4. In the
estimation of the extent, we assume the new detector to be made of idealistic material
at an ideal position.

We consider the second motivation, acceptance increase, in the latter half of this
chapter. Energy threshold is related not only to background reduction but also to
acceptance increase. The acceptance increase is also affected by other conditions. A
strategy for acceptance increase will be described in Section 3.5.

Detail of realistic detector condition for both two motivations will be discussed in
Chapter 4.

3.1 Simulation study method

We used Monte Carlo simulation to study the detector performance.

As a background source, we considered only the K; — 7979 decay mode. Other
background sources were neglected under the ideal condition that other detectors were
able to suppress other backgrounds. As for the acceptance loss, we only considered the
loss caused by the Inner Barrel.

The estimation of the number of background events was separated in three steps.
The first step was the K; — 797% simulation to determine the feature of 7° decay
gammas. Incident energies and angles of gammas were recorded. These two parameters
were used to decide particle detection efficiencies. The second step was simulation of
gamma with monochromatic energy and fixed incident angle. The purpose of the gamma
simulation was to understand detector response with high statistics. The last step was
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26 CHAPTER 3. PERFORMANCE OF THE IDEALISTIC INNER BARREL

the estimation of the number of the K; — 797" background events by applying obtained
inefficiencies.

In this section, we explain the simulation tools and methods, and describe features
of the K;, — %1% simulation and the gamma simulation.

3.1.1 Monte Carlo method

For the KOTO experiment, we mainly adopted the Geant4 package for Monte Carlo
simulation. It was a toolkit for the simulation of the passage of particles through mat-
ter. Interaction with the material was calculated at each short flight distance step by
step. Interaction processes followed physics models called physics list. The KOTO and
this thesis mainly adopted QGSP_BERT physics list. It includes Bertini cascade[33] for
protons, neutrons, pions and Kaons below 10 GeV in addition to basic hadronic inter-
actions led by quark gluon string model. We expect that it describes physics phenomena
well in the KOTO’s energy region which is below a few GeV.

The KOTO used two methods to estimate interactions between incident particles and
detectors. These were called Full simulation and Fast simulation.

Full simulation is an orthodox method in Geant4. Each interaction is calculated step
by step. The cross-section of each process decides the probability of the space-time
length to the next step. At each interacting step, Geant4 records the energy transferred
to the material, and the time and position of the interaction. It also calculates three
dimensional momentum of each particle. After all tracking particles lost their kinetic
energies or passed through the material, we could determine the detector response. We
summed up the transferred energies as a deposit energy. We also defined the timing of the
energy deposit by taking the mean of the recorded timings weighted by the transferred
energy. If we decided a timing window, the steps outside the window were excluded from
the energy and timing calculations.

Fast simulation is a method to estimate the background quickly with high statistics.
In contrast to the Full simulation which simulates the interactions step by step, we
stopped the decay particle at the surface of the detector and calculated the background
probability using the detection inefficiency for each particle.

In the Fast simulation, the number of background events N is calculated by summing
the probability W that the event would be background:

evt

N = )W (3.1)

The probability W is calculated as:

pattern [ cluster veto.par.

wo= > (]J]a Il &) (3.2)
k j

l
Here, Cj is the probability that the k-th gamma that should be observed formed a

cluster. The I; is the probability that other j-th gamma was not detected. The [ runs
through patterns for detecting two clusters in the calorimeter. If n(> 2) gammas hit the
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3.1. SIMULATION STUDY METHOD 27

calorimeter, (3" —2"*1 4+1)/2 patterns ! exist for detecting two clusters. The n—2 extra
gammas are either fused with other clusters, or not observed due to detector inefficiency.
The probability of fusing is included in C%, and the probability of the inefficiency is
included in I;.

We used Fast simulation to study the Kj — 7°7° background. The inefficiency of
barrel detectors for monochromatic gammas were prepared with Full simulation.

3.1.2 K; — 7197 simulation

To design the Inner Barrel, we focus on the K — 7%7° decay which is the main source
background. The K ’s were generated at 20 m downstream of the T1 target. The x-y
position and the momentum of the K ’s are shown in Fig. 3.1.
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Figure 3.1: The K beam profile and the K; momentum distribution at the 20 m
downstream of the T1 target. Events are generated in Geant4 MC.

In the K;, — 7970 simulation, we used Fast simulation to clarify the features of
gammas hitting the Main Barrel. Figure 3.2 shows the correlation of the energies of the
two missing gammas for events weighted by the weight W in Eq. (3.2) prepared for the
barrel detectors designed in the KOTO proposal.

Incident energy and angle distribution of decay gammas entering the barrel detectors
is shown in Fig. 3.3 (left). Applying the weight W in Eq. (3.2) to each photon, we get
Fig. 3.3 (right). Here, the W was taken from the inefficiency function in the proposal
in which a 5 Xy-thick barrel detector was placed outside the Main Barrel. These plots
include events with more than one gammas hitting the Main Barrel. To see the effect
of the gammas on the number of the background events, the weight of each gamma in
the right plot was changed to W/n where n is the number of particles hitting the Main
Barrel.

!Gammas hitting the calorimeter and making two clusters are categorized into three cases: the gamma
included in the first cluster, included in the second cluster, and vetoed. There are 3" patterns. In the
patterns, 3 patterns that all gammas are in one case, 2(2" —2) patterns that all gammas are in one cluster
and vetoed are taken off. In addition, patterns are divided by 2 because two clusters are exchangeable.
The (3™ — 3 — 2(2™ — 2))/2 = (3™ — 2" +1)/2 patterns thus exist.
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Figure 3.2: Energy distribution of the two missing gammas in even-pairing background,
which were generated in Geant4 MC.
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Figure 3.3: The number of gammas hitting the Main Barrel produced by the K — 797"
simulation (left). The number of gammas missing at the barrel detectors in the KOTO
proposal (right). The number was estimated from the K; — 7’7" simulation. The x
axis shows the angle 8 of incident gamma, and the y axis shows incident energy. The 6
is defined as the angle between gamma momentum and the z axis.
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3.1. SIMULATION STUDY METHOD 29

3.1.3 Monochromatic gamma simulation

Inefficiency function was prepared with the monochromatic gamma simulation at several
energies and incident angles. Gammas were generated from the beam center. The hit
position was set at midstream of the Main Barrel. For the Inner Barrel, designs which
has an azimuthal angle ¢ dependence, gammas were generated randomly in ¢. For the
Inner Barrel designs which has a z position dependence, gammas were injected uniformly
in z.

Generated gammas were injected in the sample detector and were counted as inef-
ficient events if their deposit energies were below a detection threshold. The fraction

of the inefficient events was defined as the inefficiency. Inefficiency function I(E,0) is
calculated by interpolating between the inefficiencies at near E and 6 points, I, as:

I(E,0) = exp{(logl;)(1—¢€)+ (logl)e} (3.3)
I(0) = exp{(log Lu)(1 —t) + (loglso)t} (3.4)

e = (logE —logE;)/(log E}, — log Ey) (3.5)

t = (9 - eu)/(eo - gu) (3'6)

where Ey < E < Eyp, 0, <0 < 0,, x =1or h, and y = u or d. Figure 3.4 (left) shows
the inefficiency function I(F,#) of the Main Barrel.

When we used the inefficiency function of the Main Barrel alone instead of the in-
efficiency of the barrel detectors in the proposal design, the incident energy and angle
distribution of missing gamma at the Main Barrel without the Inner Barrel was estimated
as shown in Fig. 3.4 (right).
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Figure 3.4: Left: Inefficiencies of the Main Barrel. Energy threshold was set to 0.5 MeV.
Right: The number of gammas missing at the Main Barrel with inefficiencies in left
figure. The number was estimated from the K; — 7’7 simulation. The x axis in the
right figure shows the angle € of incident gamma, and the y axis shows incident energy.
The 6 is defined as the angle between gamma momentum and the z axis.
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30 CHAPTER 3. PERFORMANCE OF THE IDEALISTIC INNER BARREL

3.2 Cause of inefficiency and features of background gamma
with the original detector design

From the plots in Fig. 3.3 and Fig. 3.4, we understood the features of the incident
gammas and the background source gammas, and the difference between them.

Most incident gammas have high energies (> 100 MeV) and shallow incident angles
as shown in Fig. 3.3 (left). This feature means that most of remaining gammas were not
missed by punch thoughs. Even if we add a thicker detector than the detector designed
in the KOTO proposal to avoid punch thoughs, the actual effect on the number of
background events should be small.

This possibility is also understandable by comparing the distribution of £ and 6
of missing gammas for the proposal design shown in Fig. 3.3 (right) and that for the
Main Barrel shown in Fig. 3.4 (right). The additional 5 Xy detector outside the Main
Barrel only suppressed the missing gammas in the region 100 ~ 200 MeV and 50° ~ 90°.
Remaining gammas distributed in 0.1 ~ 1 GeV range have a correlation between incident
energy and angle, and gammas distributed in 5 ~ 50 MeV range have no correlation.
This distribution suggested that the further improvement is necessary to reduce photo-
nuclear interaction and sampling effect.

These feature of the remaining background source gammas were caused by two rea-
sons.

One is the value of the inefficiency itself. The inefficiency of low energy gamma is
relatively high, so that low energy gammas become a source of background.

The other is the combination of two gammas. Both two extra gammas in the 7
background often hit the barrel detectors. In this case, one gamma has high energy and
shallow angle, and the other has low energy. Because the low energy gammas are likely
to be missed, accompanying high energy gamma can show the high total background
probability.

Figure 3.5 shows the inefficiency due to each source as a function of incident energy
for barrel detectors in the proposal. The main contribution in low energy region was
sampling effect. The energy range in which sampling effect is the main source depends on
the gamma incident angle. In high energy region, the inefficiency for the gammas were
dominated by punch through in large angle region, and by photo-nuclear interaction in
small angle region.

The inefficiency due to photo-nuclear interaction is on the order of < 107°. The cross-
section of photo-nuclear interaction is O(1073) ~ O(10~%) of electromagnetic interaction,
and Geant4 Monte Carlo (MC) reproduces the expected cross-section. The inefficiency in
high energy region was smaller than not only the creation ratio reproduced in Geant4 but
also inefficiency in an experimental data for photo-nuclear interaction measured in the
ES171 experiment [17]. We simulated the inefficiency of the detector setup of the ES171
experiment with Geant4 because the detector was smaller than the barrel detectors,
and the result was consistent with the data. It thus means that small photo-nuclear
inefficiency in the barrel detectors is explained by the large size of the detector.

The mechanism of small inefficiency due to photo-nuclear interaction in a large size
detector is understandable. As shown in Fig. 3.6, secondary neutrons created from
incident gamma interact with detector material according to their interaction length
and kick out charged particles. Large detector enables the secondary neutrons to create
further interactions.

0,0
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Figure 3.5: The inefficiency of the barrel detectors in proposal is shown for each source
as a function of incident gamma energy. Each color shows the sources as; black: total
inefficiency, blue: punch through in witch a gamma deposits the full energy on the virtual
detector outside the barrel detectors, pink: leakage in which a gamma deposits enough
energy on the virtual upstream or downstream detector, red: photo-nuclear in which a
event includes neutron in secondary particles in the rest events, and green: sampling
effect which is the rest events.

Moreover, dead material in the detector such as absorber and support structure stops
charged particles created by photo-nuclear interaction immediately. The fraction of inef-
ficiency due to photo-nuclear interaction is thus sensitive to the dead material. Relation
between the amount of dead material and the number of background events will be
discussed in Chapter 4.

3.3 Energy threshold dependence of background reduction

As described in previous section, there were low energy deposit events caused by photo-
nuclear interaction. The number of the background events is thus expected to have a
threshold dependence. We calculated the inefficiencies of the barrel detectors designed
in the KOTO proposal at several thresholds and applied the inefficiencies to the 7%7°
background estimation. The result is shown in Fig. 3.7. As also described in previous
section, the ability to detect low energy charged particle should be different between the
amount of dead material in the detector. We will discuss the detail in Chapter 4 after
candidate structures are listed.

3.4 Extent of further improvement for background reduc-
tion

As described in previous sections, a fully active detector placed inside the Main Barrel
should improve the detection efficiency for most gammas. As an idealistic active and
thick material, we considered a simple cylindrical detector made of Csl with a 750 mm
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Figure 3.6: Kinetic energies of secondary particles in an event. The secondary particles
which deposit the energy under (left) or over (right) threshold are created by photo-
nuclear interaction. The X axis shows the radius from the beam center and the Y axis
shows deposit energy of secondary particles. The barrel detectors were located from
750 mm to 1350 mm in radius. Position of the detector and structure are colored by
yellow and green, respectively. Incident energy and angle of generated gamma were 600
MeV and 45 degree. Points connected with a line show initial to final conditions of the
particles created by the photo-nuclear and the secondary interactions. Each color of the
line shows the kind of particle, neutron, proton and heavy ions drawn in black, red, and
magenta, respectively. The case without (with) secondary neutron interaction generates
small (large) number of charged particle as shown in left (right) plot. Although some
charged particles only interact in absorber, the case of many charged particles tends to
be over threshold.
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Figure 3.7: The number of the 7%7° background events as a function of energy threshold
for the barrel detectors designed in the KOTO proposal.
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inner radius. We made an inefficiency functions for a combination of the cylindrical Csl
and Main Barrel.

Figure 3.8 shows the number of the 7°7° background events as a function of the thick-
ness of the CsI cylinder. The 7°7° background is suppressed to the level of background
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Figure 3.8: The number of the 7%7% background events shown as a function of CsI
cylinder thickness. Green line shows the 77" background due to other detectors. Energy
threshold on the CsI cylinder was set to 0.5 MeV.

caused by other detectors, if the Csl thickness is 8 Xy, and twice the level with 3 ~ 4Xj.
These background events are also affected by the performance of other detectors because
in some events, one of extra gammas hit other detectors. Around 3 or 4 X thickness is
a target because the improvements of other detectors become more effective for a further
background reduction.

3.5 Strategy for acceptance recovery

Signal acceptance loss was caused by back splash events and beam accidental events, as
mentioned in Chapter 1.

3.5.1 Comparison between back splash and 77" background

Backsplash is a backward shower leakage from the CsI calorimeter. Most of backsplash
particles are low energy gammas, and some of them hit the Main Barrel. Hit timing
and position of the backsplash particles on the Main Barrel are different from those of
7979 background events as shown in Fig. 3.9. The deposit energy distributions are also
different as shown in Fig. 3.10.

We can separate gammas from backsplash and the 7%7% background with two meth-
ods. One is a cut on the timing and z position correlation, called t-z cut, and the other
is a cut on energy. With the t-z cut at the mean of timing and z position relation (t-z
line) of the back splash, we could recover half of the backsplash events with late timing
with narrower veto window such as the region ¢t < —0.00320z + 21.2 in Fig. 3.10. One
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Figure 3.9: The Main Barrel hit timing and z position distribution of backsplash events
(left) and the 7% background events (right) in MC. The position Z=6148 mm corre-
sponds to the surface of the Csl calorimeter. The red lines show the mean of the timing
and z position relation (t-z line) of back splash events (¢ = —0.00320z + 21.2) and that
of the m97° background events (¢ = 0.00231z — 12.8).
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Figure 3.10: Deposit energy distribution in Main Barrel for back splash events (left) and
7970 background events (right) obtained with the full simulation. A total 10° signal
events were generated for the left plot, and 6 x 10® 770 events were generated for the
right plot. The 77% plot shows remaining events after event selection.
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concern of this cut was small amount of background events seep outside of veto window
due to timing resolution which will be considered in following chapters.

About the cut on energy, the number of the 797 background events at each energy
threshold depends on the amount of dead material because deposit energy in photo-
nuclear interaction is sensitive to the material.

We will maximize the ratio of signal over background events. Detail of the ratio will
be discussed in Chapter 4.

3.5.2 Reduction of effect of beam accidental activity

Some particles in high intensity beam can hit detectors accidentally within the veto
timing window. Such possibility is reduced if the width of window is narrowed. On
the other hand, if the veto timing window is narrower than the timing resolution of
the veto detector, the number of background events will increase. The smaller timing
resolution enables the narrower veto timing window. The hit timing distribution of the
barrel detectors without timing resolution is shown in Figure 3.11. The RMS (root mean
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Figure 3.11: Timing distribution hitting the barrel detectors without timing resolution
caused by timing response of the Main Barrel.

square) was 0.35 ns. The timing resolution thus does not have to be lower than this.
Estimation with candidate detector response will be described in the next chapter.
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Chapter 4

Design of detector and
requirements for materials

As described in Chapter 3, an ideal detector placed inside the Main Barrel reduced the
number of the K — 7%7% background events more than the detector planned in the
proposal.

However, realistic conditions such as geometry, cost, chemical characteristics of detec-
tor material, engineering limitation to support detector, should be taken into account.
In addition, good timing resolution was also required for a veto detector.

This chapter describes the strategy we took to design a new Inner Barrel detector.

4.1 Strategy for designing the detector

At first, we decide material of the detector in Section 4.2 to design the detector. Criteria
of the materials are decided based on the detector requirements as follows, and each
criterion is investigated in further following sections.

As described in Chapter 3, the new detector had to satisfy the requirements on the
particle interaction with detector material, the energy threshold dependence, and the
timing resolution. The interaction is evaluated with the number of the K — 7970
background events in Section 4.3 and Section 4.4. The threshold dependence is studied
in Section 4.5 after the detector candidate is designed. The threshold is closely related to
the light yield, and how we consider the requirement on the light yield will be discussed
in Section 4.6. Relation between timing resolution and timing response of the Inner
Barrel is also discussed in Section 4.6. The relation between timing resolution and the
acceptance recoveries will be described in Section 4.7.

In addition to satisfying these detector requirements, we had to consider some limi-
tations.

One limitation was the geometry of the detectors. Inner radius of the Inner Barrel
calculated from the gamma path had to be > 750 mm because the path of gammas
hitting < 850 mm radius on the Csl calorimeter should not be blocked. The thickness
of the detector including its support structure was thus limited to within 250 mm in a
750 ~ 1000 mm radial space. To make the detector 5 Xg thick, the radiation length of
its material had to be less than 50 mm.

Another limitation was the sampling ratio and the amount of dead material. The
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4.2. SELECTION OF DETECTOR TYPE 37

Inner Barrel should be more sensitive than the Main Barrel, because the Inner Barrel
covers the inner side of the Main Barrel. At least, lower or same ratio of dead material
was required.

From the above, the major criteria to select the detector materials were light yield,
timing response, and radiation length.

4.2 Selection of detector type

As described in Section 4.1, possible materials should be selected based on light yield,
timing response, radiation length, and limitations described above.

One possibility was inorganic scintillating crystal. Properties of inorganic crystals are
shown in Table 4.1.

Table 4.1: Properties of crystal [18] about decay time (D.T.), light yield (L.Y.), wave
length (W.L.), radiation length and appropriateness (bottleneck compared to CsI (pure))
for the new Barrel detector. The light yield shows relative light output, not including
the quantum efficiencies of the photodetector. Some crystals have two components of
faster (f) and slower (s) decay times.

Crystal Decay Light Wave Radiation Appropriateness
time [ns] yield length [nm] length [cm]  (Bottleneck)
Nal(T1) 245 100 410 2.59 Poor (D.T.)
BaF, 0.9(f)  4.1(f)  220(f) 2.03 Good (W.L.)
650(s)  36(s) 300(s)
CsI(T1) 1220 165 550 1.86 Poor (D.T.)
Csl(pure) 6(f) 1.1(f) 310(f) 1.86 Good
30(s) 3.6(s) 420(s)
PbWO, 10(f) 0.077(f)  420(f) 0.89 Poor (L.Y.)
30(s) 0.3(s) 425(s)
LaBr3(Ce) 20 130 356 1.88 Good (D.T.)

The timing resolution can be roughly estimated as:

oy = TDT/ NLY Xeq,e,(w) (4.1)

where Tpr is decay time, Ny is the number of photo-electrons per unit deposit energy,
and ege (w) is the quantum efficiency of PMT at wavelength w. The calculated o; of
appropriate materials are 1.4 ns for the fast component of BaF5, 1.0 ns for the fast compo-
nent of Csl, and 3.2 ns for LaBr3(Ce), assuming quantum efficiencies of e (220) = 0.1,
€q.e.(310) = 0.3, and e4.,.(356) = 0.3. The fast component of CsI(pure) around 310 nm
wavelength can be selected with a UV bandpass filter. Among the inorganic crystals,
Csl(pure) is the best candidate because it has the smallest timing resolution and we had
some spare crystals.

The other possibility was sampling detector made of plastic scintillator and metal
absorber. The merit of sampling detector is easiness of production compared to crystals.
The demerit is that the absorber contained in the detector are dead material. The
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thickness of the absorber layer in the Inner Barrel must be equal or smaller than that
for the Main Barrel. In the following subsection, we assume that the Inner Barrel has
the same layer structure with the Main Barrel, and later, other configurations to obtain
better efficiencies are examined. The absorber materials will be also studied in the
following section.

4.2.1 Csl

We considered reusing undoped Csl crystals used in the E391a experiment and the FNAL
KTeV experiment. With 400 7 x 7 x 30 cm? crystals from E391a, we can cover 1.2-meter-
long cylindrical region as shown in Fig. 4.1. With 400 remaining KTeV crystals with
the dimension of 5 x 5 x 50 cm?®, we can cover 1.5-meter-long region.

one MB module/ one MB module
size 7X7D / 2\ size 5x5Q \

Figure 4.1: Front view of position assignment in case of E391a CsI crystal (left) and
KTeV Csl crystal (right).

A T7-cm-thick and 5-cm-thick cylindrical Csl detectors were studied with MC. These
thicknesses are equivalent to 3.9 Xy and 2.7 Xg, respectively. Their inefficiencies are
shown in Fig. 4.2. The main difference between the 7-cm and 5-cm crystals is apparent
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Figure 4.2: Inefficiencies of 7 cm (left) and 5 cm (right) thick CsI detector are shown as
a function of incident energy.

in high energy and shallow angle incident gammas. This difference is caused by photo-
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nuclear interaction. In contrast, for high energy and close-to-normal incident angle
gammas, the inefficiency is dominated by punch throughs.

4.2.2 Sampling detector

As the baseline of a sampling detector, we considered 25 layers of 5-mm-thick scintillator
and 1-mm-thick lead. These thickness are the same with those of the Main Barrel Inner
Module. Total thickness was 5 Xg. The inefficiency of a cylindrical detector with this
configuration studied with MC is shown in Fig. 4.3.
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Figure 4.3: Inefficiency of 5-Xg-thick sampling detector shown as a function of incident
gamma energy.

Sampling detector has larger inefficiencies in the low energy region due to sampling
effect. On the other hand, sampling detector has a lower inefficiency in the high energy
region near normal incident angle because of its thickness (5 Xy compared to 3.9 Xj).

4.2.3 Selection of detector type

Inefficiencies of the sampling detector (Fig. 4.3) and the Csl detector (Fig. 4.2) are dif-
ferent in all energy and angle regions. As described in Section 3.2, the main contribution
in high energy and shallow angle region was photo-nuclear interaction, and the effect
on the inefficiency was complex due to difference of radiation length of the detector
and sampling effect of second charged particles. Using the inefficiency curves for these
cylindrical Csl and sampling detector models, and by taking into account other detector
thicknesses, the numbers of the 7070 background events were calculated and summarized
in Fig. 4.4.

The 5-X(-thick sampling detector shows the same level of 7979 background as 7-
cm-thick Csl detector. Although the sampling detector has a lower sensitivity toward
photo-nuclear interaction than Csl, the same level of background can be achieved with
5X¢ thickness.

From the above, we finally decided to build a 5-Xy-thick sampling detector.
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Figure 4.4: The number of 7979 background events, at the sensitivity where 3.5 signal
events are expected, are shown for Inner Barrel made of CsI (black circles) and sampling
detector (red triangles). Solid circle and solid triangle were estimated with the same
MC version. Open circle and open triangle were estimated later with another MC with
a more realistic detector setup.

4.3 Layer structure of sampling detector

Performance of a sampling detector depends not only on the active part but also on the
absorber part. The secondary charged particles have to go out from the absorber and
deposit their energies in active parts to be detected. Here we describe how we decided
the absorber material, sampling ratio, and sampling frequency.

4.3.1 Absorber material

The absorber material should have a high ratio of the electromagnetic cross-section gy
to photo-nuclear cross-section, ogas/opn. This is because photo-nuclear interaction is
a dominant source of inefficiency in > 50 MeV energy range.

The cross-section of photo-nuclear interaction is proportional to atomic number Z,
because one gamma interact with a small number of nucleons in an atom [34]:

opN X Z. (4.2)
On the other hand, the cross-section of pair production cross-section [35] is:
OEM X Z2. (4.3)

The ratio ogy//opn is thus approximately proportional to Z. It thus means that a
high-Z material is appropriate for the absorbers.

To confirm the above argument, I ran MC simulations for sampling detectors with
iron absorbers and with lead absorbers. The total thickness was made large enough to
make the punch-through probability negligible. Figure 4.5 shows the energy deposits in
the sampling detectors. The iron-absorber detector creates twice photo-nuclear events
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in the initial gamma interaction than lead-absorber detector, and has larger number of
events with lower energy deposit.
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Figure 4.5: The distribution of energy deposit in sampling detectors with iron (left) and
lead (right) absorbers. The energy of incident gammas were 30, 100, 300 MeV from the
top. The thickness of each absorber plate was 1.5 mm for iron and 1.0 mm for lead. The
number of layers were 300 for the detector with iron (26Xg) and 200 for the detector with
lead (35X(). Black line shows all the events, red line shows events without signal in the
BCYV, blue line shows events whose secondary particle contain photo-nuclear particles
(neutron, proton or heavy ion). Magenta line shows the events in which photo-nuclear
particles were created directly from the incident gamma. The numbers shown on the
magenta events in the figures are the fractions [%)] of these events.

4.3.2 Sampling ratio and frequency

The sampling ratio is defined as the fraction of energy deposited in the active part.
Although higher sampling ratio gives a better detection efficiency, we set the ratio of
scintillator and lead thickness to 5:1 because of the limitation of total module thickness
as described in Section 4.1. With this ratio, the sampling ratio is 0.3, and the thickness
of total 5-Xq thick detector is 150 mm by lead and scintillator alone.

Varying the thickness of layers while keeping the same sampling ratio shows different
detection efficiency for low energy particles. We studied two conditions in addition
to the basic condition described in Section 4.2.2 (25 layers of 5-mm-thick scintillator
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and 1-mm-thick lead). The two conditions are a) a thinner condition with 42 layers
of 3-mm-thick scintillator and 0.6-mm-thick lead, and b) a thicker condition with 13
layers of 10-mm-thick scintillator and 2-mm-thick lead. These conditions have the same
0.3 sampling ratio and the same total radiation length of 5 Xy. Figure 4.6 shows the
detection inefficiencies for these conditions.
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Figure 4.6: Ratios of inefficiencies between detectors with different layer configurations
shown as a function of incident energy of gamma. Left figure shows the ratio for the 42
layers of 3-mm-thick scintillator configuration. Right figure shows the ratio for the 13
layers of 0.6-mm-thick lead configuration. Each color of the points shows 45 (black) and
85 degree gamma incident angles.

The main difference between these two sampling frequencies appears around 10 MeV
because created e* around 5 MeV can pass only few centimeters. Some e*s with shal-
low angle become inefficient in thicker lead layers. The number of the 7%7% background
events with the different layer configurations were also studied and summarized in Ta-
ble 4.2. The difference of the background events is less than 10 % between the basic
condition and the thinner condition. Considering the thickness of fibers and the easiness
of handling lead sheets, we decided to select the basic configuration.

Table 4.2: The number of 7°7° background events with the Inner Barrel made of different
sampling conditions.

Layer thickness [mm] Number of 7°7° background events

Scintillator-3 : Pb-0.6 0.60 £ 0.04
Scintillator-5 : Pb-1 0.64 +0.04
Scintillator-10 : Pb-2 0.80 £+ 0.04
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4.4 Support structure

The shape of the new sampling detector was designed similarly to the Main Barrel.
The 32 sectored asymmetric modules were arranged cylindrically. The modules were
connected together with a support structure. We define the support structure as all
metal material of the Inner Barrel except lead sheets. The main components of the
structure are Front Plate and Back Plate at just inside and outside of a module and
Ring structures supporting outside all modules. We will describe detail of the structure
in Chapter 5. The amount of the structure material could affect the detector sensitivity.
In this section, we describe the relation between the amount of material and the number
of background events.

4.4.1 Amount of structure material

Most of the support structure was placed outside the Inner Barrel modules. The struc-
ture is a dead material for the Main Barrel because it is located inside the Main Barrel.
For many types of support structures, we calculated the inefficiencies of the barrel de-
tectors, and estimated the number of the 7979 background events. Figure 4.7 shows the
number of the 797% background events N(z) as a function of the mean areal density (z)
of the support structure. The N(z) was approximated as:

N(z) = exp (po + p17) + p2, (4.4)

where pg = —3.98 £ 0.32, pg = 3.27 £ 0.26, and pg = 0.55 £ 0.03.
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Figure 4.7: The number of the K; — 7°7° background events as a function of the areal
density of the Inner Barrel support structure. The amount of material is normalized by
the area of the Inner Barrel’s total outside surface. Cut-out plate is a thicker Back Plate
with holes.

The geometry of the structure including “cut-out plate” will be described in Chap-
ter 5. The “cut-out plate” is a thicker Back Plate with holes as shown in Fig. 5.14.
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Uneven distribution of support material like cut-off plate showed the larger number of
background events. Uniform and low amount of material were thus recommended for
the structure.

4.4.2 Gap between modules

A gap between neighboring modules is necessary to allow some tolerances for the con-
struction. The number of the K; — 7%7% background events was studied for the gap
between 0 and 4 mm as shown in Table 4.3. In this estimation, a realistic amount of
support structure was placed behind modules. Difference between gap conditions was
estimated within a 4 % statistical error for all the conditions except a 4-mm gap. The
number of the 7970 background events in the case of 4-mm gap is 7 % higher than the
case without a gap.

If we filled the gap with a material with the radiation length smaller than the absorber,
the background was reduced by a few percent. It was because particles passing through
the gap interacted and deposited some energies in the active part.

Finally, we decided to make a 3 mm gap between modules without any material filling
the gap not to add force on the neighboring modules.

Table 4.3: The number of 7979 background events with 0 ~ 4 mm gap between modules.
The module was sandwiched between an iron Back Plate and Front Plate, and the sides
were covered with 0.5-mm-thick iron plates.

Gap width [mm] Number of 7°7% background
0 0.99 £0.04
2 0.95 + 0.04
3 0.99 £0.04
4 1.06 +0.04

4.5 Energy threshold dependence of sampling detector

For the studies in the previous sections, we fixed the energy threshold at 0.5 MeV. We
examined the number of the 7%7° background events again as a function of the threshold
for a few candidate detectors with different amounts of dead materials. The result is
shown in Fig. 4.8. The detector with less dead material for support structure has lower
background and smaller energy threshold dependence.

4.6 Criterea for deciding material requirements

As described so far, the number of background events depends on the energy threshold.
The threshold is related to the light yield requirement because the number of photo-
electrons near the threshold is affected by photon statistics. In addition, the timing
resolution is also related to the light yield. In this section, we clarify the assumptions
and criteria to decide the requirements on light yield and timing resolution.
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Figure 4.8: The number of the m°7° background events as a function of the energy
threshold are shown for sampling detectors with different support structures. Sample0
(magenta reverse triangle) has no support structure, Sample2 (green open circle) is the
final design, and Samplel (black square) has 85 % of the support material of the final
design. Design of the KOTO proposal (red circle) and the Main Barrel only (blue
triangle) are also shown.

4.6.1 Ceriteria for studying light yield

To decide the light yield specification, there were three points to be considered.

The first point was comparison with the Main Barrel. Performance of the Inner Barrel
should be better than that of the Main Barrel. According to the measurements made
just after the Main Barrel construction a decade ago, as shown in Fig. 2.12, light yields
were 14.7 p.e./MeV at the center of the Main Barrel, and 11 p.e./MeV at 1.5 m far from
the center which was approximatly the edge of the Inner Barrel. Measurements made
recently will be described in Chapter 6. With larger light yield than the Main Barrel,
we can understand the events with low energy deposit better.

The second point was the timing resolution. The light yield affects the timing res-
olution. Elements to decide the timing resolution specification will be discussed in the
next subsection.

The last point was the main consideration, the effect of light yield on the number of
the signal and background events. We evaluated the effect by the signal to background
(S/B) ratio. The S/B ratio was closely related to energy threshold and photon statistics
at the threshold. The effect of energy threshold and photon statistics are evaluated in
Section 4.7.

4.6.2 Criteria for studying timing resolution

Timing resolution is generally approximated as:

Po P1
o = D D p2, 4.5
! Evis Evis ( )
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where E,;; is visible energy at the detector, and pg, p1, and po are constants. The E,;s
is proportional to the number of photoelectrons. Here, the first term is explained as a
noise counting term, such as the effect of a thermo-electron in PMT on a signal. The
second term is a photon statistic term, and the last term is affected not only by detector
parts but also the readout system such as jitter in electronics.

We compared each term to that for the CsI calorimeter [37] in the same readout
system. The first term for the Csl calorimeter was 5 ns for a 1 MeV energy deposit.
The first term depends on detector condition and digitizing range in the readout system.
Although the detector condition was known only after construction, the digitizing range
of energy for the Inner Barrel was considered to be 10? times smaller than the CsI
calorimeter. The Inner Barrel thus had 10? times larger electronic counts per unit
energy, and the first term was assumed to be equivalent to that of 102 times larger
energy in the calorimeter, that was 0.05 ns at 1 MeV energy deposit. As the result, the
first term was negligible to be less than 0.1 ns level.

Value p; was considered to be the main contribution. Value py was expected to be
0.1 ns level which is the same level as for the calorimeter because this term depends on
the readout system and we use the same readout system with the calorimeter. We thus
assumed the timing resolution of the Inner Barrel as:

b1

(o T... @ p2 (46)
C

~ @ 0.1, 47

N (4.7)

where C' is decay time of signal emission in the scintillator and fibers, and N, .. is the
number of detected photo-electrons.

The requirement on the timing resolution was determined based on its effect on the
number of signal and background events. The relationship between the timing resolution
and these numbers of events will be discussed in Section 4.7.

4.6.3 Calculation for photon statistics

Photon statistics deals with the statistical fluctuation of actual photon output at a
defined light yield. The probability of detecting k photo-electrons (p.e.) when x p.e.s
are expected, follows Poisson distribution:

zk

Poisson(k,z) = ﬁe_x. (4.8)

The probability that the number of p.e. is below a detection threshold a p.e. is:

P(a,z) = Z [Poisson(k, )] . (4.9)
k=0

Some calculated samples are shown in Fig. 4.9. The larger expected number of photo-
electrons is required to obtain the same detection efficiency with a higher threshold.
On the other hand, signal detection probability depends on the noise level. If we
assume that 0 and 1 p.e. are not visible i.e., only single photo-electron can be noise, the
inefficiency becomes P(1,z). If we assume that 2 p.e. is also not detected i.e., to be
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Figure 4.9: The probability P(a,z) that signals are not observed is shown as a function
of the expected number of p.e.s. The black solid line shows the probability for the
threshold a = 1, the red solid line shows that for a = 2, the black dashed line shows that
for a = 3, and red dashed line shows that for a = 5.

insensitive to accidental coincidence of single photo-electrons, the inefficiency becomes
P(2,z). If we assume 10% Hz single photo-electron counting rate and 10 ns timing spread,
the accidental coincidence occurs at 1 %. To avoid such accidental coincidence, assuming
P(2,z) is safer as the criteria for the light yield.

The number of the invisible events N4 with photon statistics is calculated as:

Npstat = / P(a,bE)N(E)dE, (4.10)
0

where b is the number of p.e. per unit energy deposit, and N(F) is the distribution of
energy deposit F used for the analysis. On the other hand, the number of events without
considering statistical fluctuation of photo-electrons is:

Ny = /Oa N(E)dE. (4.11)

Effect of photon statistics will be evaluated with the ratio Npstat/No.

4.7 Relation between background and acceptance recovery

We discuss the number of signal events S and background events B and its ratio S/B
in this section to consider requirements on the light yield and timing resolution of the
Inner Barrel.

4.7.1 Back splash and 77" background

We compared the energy threshold dependence on the S/B ratio related to back splash
and the 7°7° background. In this estimation, we will vary the detection threshold, and
the expected light yield per unit energy.
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Effect on the S/B by changing these conditions was estimated by a ratio between
the original (Sori/Bori) value and the changed (S.,/B.p) value. With the change in the
signal acceptance o = Sep,/Sor; and the change in the number of background events f =
Bey/Bori, the effect of changing conditions is evaluated as o/ = (Sen/Nen)/(Sori/Nori)-
We could thus discuss the effect on the S/B only with the ratio a and g, without
comparing absolute values of S and B.

At first, we compared the energy threshold dependence without light yield assump-
tion. Deposit energy distribution of back splash events in the Inner Barrel is almost the
same as that in the Main Barrel shown in Fig. 3.10 because of the same layer structure.
We also used the result of the threshold dependence of the number of 7%7% background
events described in Section 4.5. Energy threshold changes the S/B ratio as listed in
Table 4.4.

Table 4.4: Probability of the signal events having back splash hits on the barrel detectors,
the number of the 7%7° background events in Section 4.5, and the a, 8 and «/3 (change
of S, B and S/B) compared with those with a 0.5 MeV threshold.

Threshold [MeV] | Back splash [%] a # 7079 g a/p
2.0 5.2 1.31 1.024+0.03 1.56+0.03 0.8440.03
1.0 159 1.17 0.72+£0.03 1.11£0.04 1.05+0.04
0.5 27.9 1 0.65+0.03 1 1

If we apply only the energy cut without the t-z cut, the S/B ratio is almost the same
between 1 MeV threshold and 0.5 MeV threshold. The threshold dependence on the
number of background is sensitive to the amount of structural material. If the amount
of structural material increases, the S/B ratio at the higher threshold become smaller
than that at the lower threshold. We thus set the target threshold at 0.5 MeV.

The effect of photon statistics Npstqt/No described in Section 4.6.3 only considered the
back splash and the 7%7% background. The effect on the number of the 7°7° background
events is shown in Table 4.5 for thresholds given in terms of the number of photo-electrons
(a p.e.), and in terms of energy deposit (e;, MeV). The expected light yield is calculated
as a/ey, [p.e./MeV]. The effect on the number of signal events calculated from the
fraction of back-splash is shown in Table 4.6. Compared to the 7%7° background, the
effect of photon statistics on the back-splash was small. It thus means that the lower
energy threshold ey, and higher light yield a/es, are desirable to reject larger number of
background events.

By multiplying the effect of photon statistics shown in Table 4.5 and Table 4.6 to the
number of background and signal events without photon statistics estimation, we could
estimate the number of background and signal events with actual light yield easier. At
this stage, attenuation of light in fibers is not included. By applying the effect of photon
statistics at each light yield to each subdivided detector region, we can also estimate
the effect of attenuation. This calculating method was useful for long period of detector
material tests and detector construction because the expectation of light yield often
changed.
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Table 4.5: Ratio of the number of the 7%7% background events with to without pho-
ton statistics, Bpstat/Bo. Energy distribution of the 7979 events is approximated as a
function N (Egep) = 100-13Eaer 05 for energy Ege, [MeV] based on Fig. 3.10 (right).

Threshold ey, [MeV]
0.3 0.4 0.5 1 2
Threshold a [p.e.]
1 2.20 2.28 2.37 2.97 6.27
2 1.57 1.60 1.63 1.79 2.32
3 1.38 1.39 1.41 1.50 1.75
) 1.22 1.23 1.24 1.28 1.40

Table 4.6: Ratio of the number of the accepted signal events with to without photon
statistics, Spstat/SO = (Stot - SPstatLoss)/(Stot - SOLoss)a where SPstatLoss and SOLoss
are the number of back-splash loss events calculated in the same way as Nt and No
in Section 4.6.3, and S, is the number of signal events detected in the calorimeter.
Energy distribution of back-splash is approximated as Sjpss(Eqep)[MeV] = 1070-3Faept4
from Fig. 3.10 (left).

Threshold ey, [MeV]
0.5 1 2
Threshold a [p.e.]
1 1.39 1.10 1.01
2 1.16 1.05 1.01
3 1.11 1.02 1.01
5 1.06 1.01 1.00
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4.7.2 Beam accidental activity

We compared the timing resolution dependence on the width of veto timing window for
the same S/ B ratio as follows.

The beam accidental activity affects signal and background events equally, so that
the S/B ratio does not change. However, the larger number of signal events improves
the sensitivity of the experiment. By narrowing the veto timing window while keeping
the same S/ B ratio, the sensitivity becomes better.

To keep the S/B ratio, we assume the width of the timing window as a scale of
timing spread of the 7%7° background events hitting the barrel detectors. Figure 4.10
shows the timing distribution with timing resolution of the Main Barrel, and a sample
detector with a WLS fiber with a 2.7 ns decay time. The parameters relevant to the
timing resolutions are listed in Table 4.7. If we use a fiber with a faster 2.7 ns decay time
for the Inner Barrel and obtain the same light yield as the Main Barrel, we obtain the
or = 0.093 ns timing resolution and this value is 3 times better than that of the Main
Barrel o = 0.304 ns for gammas with 100 MeV incident energy. Even if we obtain 5
p.e./MeV, the timing resolution op = 0.156 ns is 2 times better than the Main Barrel.

As shown in Fig. 4.10, the RMS (root mean square) of the timing distribution for
these two conditions with 14 p.e./MeV light yield are 0.36 and 0.44 ns, respectively. A
sample detector was thus expected to have a 20 % narrower veto width than that of the
Main Barrel. This timing distribution is also affected by the timing resolution caused
by the Csl calorimeter. Window adjustment with realistic timing resolutions will be
discussed in Chapter 8.

Table 4.7: Timing resolution is calculated as a function o7 = Cb/\/nE;,s, where C is
the decay time of the light emission in detector material, n is the light yield, b is the
factor of the both end readout as b = 1 (CsI), 1/v/2 (others), E;, is the incident energy,
and s is the sampling ratio of the detector as s = 1 (Csl), 0.3 (others). Here, the energy
E;, is set to 100 MeV in this table as the average of incident gamma energy for the
K1, — 71979 background.

Material C [ns] n [p.e./MeV] or [ns]
Csl 6 12.7 0.17

Y11 fiber (MB) | 8.8 14 0.304
) 0.508

A sample fiber 2.7 14 0.093
) 0.156

4.8 Decision of detector type and requirements for detec-
tor material

We selected the design of the Inner Barrel as 5 Xy sampling detector placed inside the

Main Barrel as described in Section 4.2. It consists of 25 layers of 5-mm-thick plastic
scintillator, and 24 layers of 1-mm-thick lead sheets.
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Figure 4.10: Timing distribution hitting the barrel detectors with timing resolution
caused by timing response of the Main Barrel (red) and a sample detector (black) listed
in Table 4.7.

As discussed in Section 4.4, the detector was also examined from the view point of
dead material whether it should be placed inside or not. To be placed inside, support
structure should be uniform with < 0.8Xy per unit area.

The total thickness of a module was larger than 150 mm with 5 Xy detector and
support structure. Total length of the detector was about 3 m because of the available
space for the detector. Possible space to place the detector was 3 m between just
downstream of NCC and just upstream of CV.

From the view point of requirements on detector material, we should prepare the
ability to apply a 0.5 MeV threshold based on the back splash related S/B estimation.
To be insensitive to photo-electron noise, the threshold should be set to more than 2 p.e.
It thus means that the light yield should be larger than 5 p.e./MeV at all positions. The
light yield of the Main Barrel was Ny . = 14.7 p.e./MeV at the center and 11 p.e./MeV
at 1.5 m far from the center. Although we hoped the same or larger light yield for the
Inner Barrel than that obtained for the Main Barrel to understand phenomena close to
energy threshold in real environment beyond MC reproduction , it was not necessity as
far as data and MC agreed well.

From the view point of timing resolution, a better resolution enables a better back-
splash event separation. The lowest requirement was to achieve a timing resolution
better than the Main Barrel. Such resolution on the Main Barrel was calculated from
Eq. (4.6) as 2.4 ns at the center and 2.7 ns at 1.5 m away from the center for 1MeV
energy deposit. If we use a fiber with a decay time faster than 2.7 ns, and obtain the
same light yield as the Main Barrel, we can achieve 3 times shorter timing resolution.
In that case, we can set a 20 % narrower veto width. Even if we obtain 5 p.e./MeV for
the Inner Barrel, we can still achieve a 2 times better timing resolution than the Main
Barrel.
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Chapter 5

Design for production

In this Chapter, we describe how we chose the material for the Inner Barrel, and how
we decided the design for making the actual detector.

5.1 DMaterials for the active part

The active part of the Inner Barrel consists of scintillator plates, and scintillating light
is read out via Wave Length Shifting (WLS) fibers and PMTs. The total light yield is
affected by the combination of these three components. The scintillators and WLS fibers
have individual absorption and emission light wavelengths. The quantum efficiency of
the PMTs has a wavelength dependence. Other elements such as reflector sheets and
light guides between fibers and PMTs also affect the light yield.

5.1.1 Candidate materials

We will first list candidate materials that we considered for the active part.

Wave Length Shifting fiber

We examined two candidates for the WLS fibers: Y11 made by Kuraray [28] and
BCF-92 made by Saint-Gobain [39]. The Y11 fiber was used for the Main Barrel. The
BCF-92 was chosen as a candidate because it has the shortest decay time among available
fibers as shown in Fig. 5.1.

Catalog values of both fibers are listed in Table 5.1, and their absorption and emission
spectra are shown in Fig. 5.2. We examined single cladding (SC) and multi cladding
(MC) BCF-92 fibers and multi cladding Y11 (Y11-M) fiber used for the Main Barrel.

Scintillator

Most scintillators on the market are generally made by casting process. The maximum
length of the scintillator made by this process is 1.2 m. On the other hand, the length of
the Inner Barrel is 3 m as described in Chapter 4. The total number of scintillator plates
required for the Inner Barrel was 800, with the total area of 400 m?. To make such large
number of long scintillator plates at low cost, we decided to use the extrusion-molding
technique, the same technique used for the Main Barrel.
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Figure 5.1: The recorded shapes for different WLS fibers: 1 - BCF-92; 2 - BCF-99-29A;
3 - Pol.Hi.Tech.(S250); 4 - Y-11(MS250); 5 - Y-11(M200); 6 - BCF-91A [38].

Table 5.1: Properties of Y11 (M200) fiber [28] and single and multi cladding BCF-92
fibers [39].

Y11 (M200) BCF-92 (SC) BCF-92 (MC)
Decay Time [ns] 8.8 2.7 2.7
Emission Peak [nm)] 476 492 492
1/e Length [m] > 3.5 > 3.5 > 3.5
Core material Polystyrene Polystyrene Polystyrene
Cladding material (inner) | Polymethylmethacrylate Acrylic Acrylic
Cladding material (outer) Fluorinated Polymer - Fluor-acrylic
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Figure 5.2: Absorption and emission wavelength of Y11-M fiber [28] (left) and BCF-92
fiber [39] (right).
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In the extrusion-molding process, melted resin containing fluorescence is extruded
from a nozzle and extended. This process requires a certain amount of plastic pellets
per one production for stability of extrusion.

In the initial test stage, we studied the compatibility between scintillators and Y11
and BCF-92 fibers. For this test, we used the scintillators made by casting process
because this test required only small amount scintillators. Some scintillators containing
candidate fluorescences are listed in Table 5.2. The EJ-200 was the scintillator using the
same fluorescence with the Main Barrel. The EJ-200 was combined with Y11 fiber to
reproduce the performance of the fluorescences and fibers which were used for the Main
Barrel. Other scintillators were prepared to be combined with BCF-92 fiber to match
its short absorption wavelength.

Table 5.2: Features of tested scintillators [40].

Properties EJ-200 EJ-204 EJ-230 EJ-232
Scintillation Efficiency | 10,000 10,400 9,700 8,400
(photons/1 MeV e™)
Maximum Emission [nm] 425 408 391 370
Pulse Width FWHM [ns] 2.5 2.2 1.2 1.3

PMT

The R329EGP PMT [29] was a highly sensitive PMT developed to readout WLS
fibers for the Main Barrel. It has the highest quantum efficiency at 450 nm among
2-inch diameter PMTs.

Combined with Y11 fibers, the number of photoelectrons obtained with R329EGP
PMT was 1.8-times higher than the standard type R329 PMT because of the following
three modifications. First, well polished electrodes was devised to obtain better light re-
flection. Second, special material on the photocathode extended the sensitive wavelength
to match the emission spectrum of WLS fibers. Third, a prism-shaped photocathode
increased the chance of photoelectric emission by increasing the path length of the initial
photon in the same photocathode thickness.

Later, we had to adopt R7724 PMTs because R329EGP was not available for all the
modules due to difficulty of production of prism-shaped photocathode. The R7724 has
super bialkali (SBA) photocathode developed recently. The R7724 was compared with
R329EG which was downgraded PMT of R329EGP without prism-shaped photocathode.
As shown in Fig. 5.3, R7724 had almost the equal quantum efficiency with R329EG. Total
light output calculated for BCF-92 fiber with R7724 was 0 ~ 10% higher than that with
R329EG.

Glue

To readout scintillation light with WLS fibers, we made grooves in the scintillator and
glued fibers in the grooves. To select glue which offers good light transfer and smooth
glueing process, we tested two glues, Saint-gobain BC-600 [39] and NORLAND Optical
Adhesive NOAG61 [41]. BC-600 is generally used for optical connection of scintillator.
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Figure 5.3: The quantum efficiencies of R329, R329EG and R329EGPX PMTs (left) [29]
and R7724 PMT (right) [30]. (“P” and “X” in “EGPX” mean “prism-shaped photo-
cathode” and “developing version”, respectively.)

NOAG61 was used for the Main Barrel production. The properties of glues are listed in
Table 5.3.

Table 5.3: Properties of glues, BC-600 [39] and NOAG61 [41], and grease BC-630 [39] .

BC-600 NOA61 BC-630

Refractive Index 1.56 1.56 1.465
Harding Twin pack mixing UV light cure -
Material Epoxy resin  Mercapto-ester resin ~ Silicone

BC-600 takes 24 hours to harden after mixing main solvent and hardener. On the
other hand, NOAG61 hardens by applying ultra-violet light. NOA61 was easier to use for
mass production because it did not harden while placing fibers in the grooves, and dried
fast by irradiating ultra-violet light after that.

Absorption wavelength of NOA61 for hardening is within the range of 320-380 nm
with the peak at 365 nm. The energy required for full cure is 3 Joules/cm? in this
wavelength range. Optimum adhesion will be reached in 1 week. The final form is
elastic.

The grease BC-630 [39] by Saint-gobain was also used for the first testing stage to
measure the light yield at different distances of fiber readout. Properties of BC-630 are

also listed in Table 5.3.

Reflector
We covered the scintillators with reflector sheets to increase the number of readout
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56 CHAPTER 5. DESIGN FOR PRODUCTION

photons. We selected TiO2 PET (Toray RW188 (E60L#188)) which was also used for
the Main Barrel. The thickness of the sheet was 188 pm.

Silicone connector between fiber and PMTs

The bundles of fibers and PMTs were optically connected with so-called silicone
cookies. The silicone cookie was transparent, elastic, and removable. By using the
cookies, we could attach and remove the PMTs easily as needed during the construction
stages.

As for the cookie material, TSE3032 by Momentive Performance Materials with 4
% hardener [42] and KE103 by Shinetsu-kagaku with 2, 3 and 5 % hardener, were
tested. Although KE103 with 5 % hardener was used for the Main Barrel, softer cookie
was better to make a more reliable optical connection. Hardness of KE103 with 3 %
hardener was equal to that of TSE3032 with 4 % hardener. From the view point of the
proper optical connection and the production stability, TSE3032 with 4 % hardener,
which was used for the Csl calorimeter, was chosen for the Inner Barrel.

Light transmittance of all the tested cookies were 90 ~ 95 % around 400 ns wave-
length. The thickness of cookies were adjusted to 5 mm to make optimum optical
connection.

5.1.2 Combination of materials

The light yields of the combination of fibers and scintillators were measured. Figure 5.4
shows the light yield measured with a Strontium source. Large fluctuation of measure-

[ BCF92 EJ204,230,232,200,MS | [ Y11 EJ204,230,232,200,MS |

Relative ng_h‘l Yield
o
Relative nghiYield
o

4 6
D?stance from PST [m] Distance from PMT [m]

Figure 5.4: Relative light yield v.s. the distance from PMT for various combinations
of scintillators and fibers. The EJ-200 (magenta), EJ-204(black), EJ-228(red), EJ-
232(blue), and the MS-resin used for the Main Barrel (green) were read out by BCF-92
(left) and Y11 (right) fibers.

ments is due to the reproducibility of optical connection with grease. The light yield
fitted at all positions were equivalent between 1.0 mm ¢ BCF-92 and Y11 fibers if they
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were combined with EJ-204 scintillator. With BCF-92 fiber, EJ-200 and EJ-204 scintil-
lators showed similar light yield in the regions > 2 m from the PMT.

The timing was also measured with a 50 ps/count resolution TDC. As shown in
Fig. 5.5, the timing resolution of BCF-92 was (60 + 3) % of that of Y11. We thus
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Figure 5.5: Timing resolution measured at 2 and 5 m distance for 2 and 5 photo-electron
outputs of Y11 and BCF-92 fibers. The curves are estimated values for Y11 and BCF-92
fibers from Eq. (4.6).

decided to examine BCF-92 fiber further.
To select between EJ-200 and EJ-204 scintillator for BCF-92 fiber, we prepared an-
other setup shown in Fig. 5.6 to reduce systematic ambiguity. The EJ-200 and EJ-204

Trigger counter — [
Test scintillator
Test fiber
1

PMT| | PMT2

Collimeter —
S source = iy ® x axi
X stage — X axis

Figure 5.6: Setup to measure light yield in combination of EJ-200 or EJ-204 scintillator
and BCF-92 fibers.

scintillators were glued to the center of 2-m-long BCF-92 fibers with adhesive NOAG1.
The light yield of EJ-200 was 9 + 1 % higher than EJ-204. Energy distribution and
position dependence for direction of width of EJ-200 drawn in units of absolute light
yield are shown in Fig. 5.7.

The Table 5.4 shows the relative light yields of other configurations with different

o7



o8 CHAPTER 5. DESIGN FOR PRODUCTION

=

c

'%'103 E ;GG_ - : i

£ F 5. r black: testA PMT

3 @25} red: testA PMT2

¢t102 I B blue: testB PMT I
20 : testB PMT2

I S T AT S—

10g:
; nul.fu;lt(:- :

|

ADC ouggl?? [ent]

500

'pla';t'é"pd's'i'tibh"i;h"fé"s't'A'

A PP BN P
0 50 100
Sr source positon [mm]

Figure 5.7: Left: The distribution light yield of EJ-200 scintillator and BCF-92 fiber
glued with BC600 at 1 m from a PMT. Right: The mean light yield as a function of
the position of the YSr source on a moving stage. The ADC count is converted to the
absolute light yield by one photo-electron count calibrated for PMTs. Combination of
EJ-200 scintillator glued with BCF-92 fiber by adhesive BC600 was read out from both
ends at 1 m distance. In left plot, the other side PMT signal was required additionally
(black line). In right plot, PMT1, 2, means each end readout. Charge of the signal
is normalized by that of 1-photoelectron signal measured independently. Difference
between PMTs was caused by the difference of PMT quantum efficiency.

fiber pitches and diameters. The basic configuration was EJ-200 scintillator with 10-

Table 5.4: Light yield for different configurations measured by changing only one condi-
tion from the basic configuration.

Test ID | Conditions Relative light yield
1 Basic 1
2 7 mm pitch groove 1.27
3 6 mm pitch groove 1.30
4 1.5 mm ¢ fiber diameter 1.67
5 1.5 mm ¢ fiber diameter, adhesive NOAG1 1.50
6 Single clad fiber 0.70
7 U-shaped groove 1.02

mm-pitch grooves in which 1-mm ¢ multi-clad BCF-92 fibers were glued by adhesive
BC-600. The grooves had a square cross-section and 0.2 mm larger depth and width
than the fiber diameter. Fibers were read out at 1 m from both ends.

The configuration with the 1.5 mm ¢ fiber diameter increased light yield more than
the configurations with the 7 mm or 6 mm pitch groove. We thus selected 1.5 mm ¢
fiber as a candidate and decided to examine its properties further.

For the glue, although NOA61 had 10 % lower light yield than BC-600. we adopted
NOAG61 because it was easier to handle during fabrication.

We selected multi-clad fiber because its light yield was 30 % higher than that of
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5.1. MATERIALS FOR THE ACTIVE PART 59

single-clad fiber. However, we had to purchase single-clad fibers due to a production
problem at the manufacture.

We also tried grooves with a U-shape cross-section whose diameter was 0.2 mm larger
than fiber diameter. The groove cross-section can be changed by changing the shape of
blade for the lathe. The light yield was the same as that of the basic configuration. We
selected the U-shape groove because bubbles did not remain at the groove edge.

5.1.3 Examination of larger-diameter fiber

We examined larger BCF-92 fiber when we changed fiber diameter from 1.0 mm ¢ to
1.5 mm ¢. We studied position dependence of light yield compared with 1.0 mm ¢ fiber,
and the relation between light yield and fiber bending radius for bundling.

Figure 5.8 shows the light yield of 1.0 mm ¢ and 1.5 mm ¢ fibers measured as a
function of distance from the PMT with 405nm LED. Both fibers had similar attenuation

Constant : 8.083+ 0:04035

ADC [cnt]

103___

P
600
Distance from PMT [cm]

Figure 5.8: Fiber attenuation length about 1.5 mm ¢ (black) and 1.0 mm ¢ (red) BCF-92
fiber irradiated by 405 nm wavelength LED.

lengths.

Before large purchase, we developed a relative light yield measuring system with 405
nm wavelength LED for accurate and speedy measurement. We parametrized relative
light yield with two exponential attenuation length as:

F(d) = Ayeap (zf) + Ageap (;j) , (5.1)

where A; and A, are normalization factors and L1 and Lo are attenuation lengths in units
of cm. Typical fiber attenuation length for the delivered 1.5 mm ¢ single clad fiber was
Ay =4.25440.2042, Ay = 3.544+0.1358, L; = 66.99+5.412 and Ly = 418.6+£12.99 [43].

Relation between light yield and bending radius for both multi-clad and single-clad
fibers was tested. The light yield decreased by ~ 10 % if the fiber was bent with a 7 cm
diameter.
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5.1.4 Selection of extrusion-molding scintillator

We selected the same fluorescence with EJ-200 scintillator for extrusion-molding scintil-
lator. The scintillator was made of MS-resin (80 % polystyrene and 20 % meta-acrylate)
mixed with 1.2 % p-terphenyl and 0.045 % POPOP. We also tried 1.45 % p-terphenyl
and 0.045 % POPOP sample.

The light yield of new extrusion-molding scintillator fluctuated between productions.
The light yield of the scintillator was 60 ~ 70 % of that of EJ-200. Difference of light
yield between the samples with 1.2 % and 1.45 % p-terphenyl was negligible compared
to the production fluctuation.

The scintillator extrusion methods were different between the way for the Inner Barrel
and the Main Barrel. The extrusion for the Main Barrel was done by rolling out, whereas
melted scintillator was pushed through a square frame for the Inner Barrel. In these
extrusion-molding process, evaporation and coagulation of fluorescence occurred, and
grains of the fluorescence stuck on the roll or the frame. The grains on the frame could
not be wiped away, and made stripes on the scintillator surface.

We examined the effect of stripes with test scintillators with and without grinding.
The grinding increased the light yield only by (3+1) %. The gain in the light yield was
small, considering the cost of grinding.

Finally we selected MS-resin mixed with 1.2 % p-terphenyl and 0.045 % POPOP
without grinding surface.

5.1.5 Light yield of module

As active part of the Inner Barrel, we selected 1.5 mm ¢ BCF-92 fiber and MS-resin
based scintillator mixed with 1.2 % p-terphenyl and 0.045 % POPOP. Fibers were glued
with scintillator by adhesive NOAG61 in 10 mm pitch U-shaped grooves.

We made a 1/10-length prototype module with the selected materials, but with two
differences: we used EJ-200 scintillator instead of MS-resin scintillator, and multi-clad
fibers instead of single-clad fibers. The production process was also tested by making
the prototype.

The light yield of this prototype was (11.0 + 0.1) p.e./MeV at 4.8 m away from a
R329EGP PMT. The expected light yield with the final materials was 5.0 p.e./MeV at
4.8 m distance considering the light yield ratio between MS-resin and EJ-200 (x0.65)
and the ratio between single-clad and multi-clad fibers (x0.70).

5.2 Mass production process of active part

This section describes the process to produce one layer of scintillator connected with
fibers.

Scintillator preparation

The scintillator was produced and processed by a manufacture.

The 400-mm-wide scintillator was extruded. The thickness varied across the width;
the side was (5.14 £ 0.05) mm thick and the center was (4.97 &+ 0.02) mm thick for a
few measured sample plates. The difference in thickness was caused by the difference
in the pressure during extruding from the frame. After an extrusion-molding process,
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5.8. CONCEPT FOR ASSEMBLING MODULES 61

the scintillator plate was cut into half width along the long direction by grinding. We
alternately assigned the edge that was at the center of original scintillator to left and
right of the module to make the module thickness uniform.

The scintillators were cut twice to release internal stress and to make the edges
straight. After releasing the stress by the first cut, the second cut ensured the straight-
ness of the plate within 0.5 mm. All the grooves on the scintillator plate were made by
one pass of multi-blade saws. The straightness of the grooves was kept with the same
precision with the plate straightness. This tolerance satisfied the requirement for con-
structing a cylindrical detector, and for making the glueing process smooth. After the
grooved scintillators were delivered, we had to remove shavings remaining in the grooves
by ourselves.

Fiber preparation

We cut fibers from a reel to 4.5 m. (Actually, 4.2 m was long enough.) and checked
that each fiber has uniform diameter and no damage. The light yield of the fibers varied
between reels by +20 % [43]. The fibers with high and low light yields were assigned to
the grooves alternately to make the light yield of modules even [43]. We protected the
fibers near the scintillator edge with 2-cm-long thin tubes made of PEEK resin. The
ends of fibers were fixed temporary on a table for curing called exposure table so that
the fibers would not move while curing glue.

Glue applying

We applied glue in the grooves in a scintillator by a dispenser system attached to an
automatic positioning stage. All three dimensions were controlled by the stage fixed on
a special table made for applying glue. We fixed the scintillator on the table with bolts
and supporters, and adjusted the position of the needle of the dispenser system before
start applying glue. We applied 1.4 cc/m glue at speed 30 cm/sec.

Cureing

The scintillator plate was moved from the table for glueing to the exposure table after
applying glue. We lowered the fibers into the grooves, and added tension to fibers to
soak them in glue. We exposed glue to UV light for an hour. The exposure time was
decided based on the production test.

5.3 Concept for assembling modules

Missions for assembling module were to make rigid module shape and to decide module
length to readout from narrow space between detectors.

5.3.1 Rigid module

The modules have to keep their shapes even when they are rotated along the beam axis.

To keep the detection inefficiency low, the module shape should be kept with small
amount of dead material. We considered the three methods shown in Fig. 5.9 to keep
the module shape.
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Bolt Box

Figure 5.9: Three methods to make rigid module.

The first method was the same as the method used for the Main Barrel. The scin-
tillator and lead plates are pushed together with bolts penetrating through the module.
Although this method was successful, it was expensive; a total of 50 holes had to be
drilled on every scintillator and lead plate.

The second method packs the scintillator and lead plates inside a rigid box. The box
should not deform along its 3 meter length. Although the box is made by bending a
thick plate to U-shape, the curvature of its corner had to be large to keep its strength.
To reduce the requirement on the box strength, we considered applying a pressure on
the scintillator and lead plates and use the friction between layers to keep the module
shape. This idea lead to the third method.

The third method presses the layers just as the first method, but with bands around
the module to apply pressure. To prevent the layers from slipping, the compressing force

Figure 5.10: Module deformation and compressing force.

F should satisfy:
p(F —Wecosf) > Wsin, (5.2)

where p is the coefficient of friction, W is module weight, and @ is tilt angle as shown in
Fig. 5.10.
If we use n bands, the tension on each band is:

[ = F/2n. (5.3)
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The measured friction coefficient p was 0.24 between the reflector and lead, 0.55
between the reflector and test acrylic plate. The required force at each band was thus
f=59 kgf for W=250 kg and n = 9.

Several types of tapes and steel bands were tested. Although glass-cross tapes were
strong enough, its aging effect was the largest concern. A concern about steel band
was that once the steel is belt bent at a module corner, it could not be tightened any
more. This problem was solved by attaching a plastic guide with a large curvature at
the module edge.

Another concern was about the amount of dead material for the strong plates to keep
the lead and scintillator layers flat. This concern was solved by using stronger plates
outside the module to prevent the deformation of total module. We named the plate
covering the inside surface of the module as Front Plate, and the plate covering the
outside of the module as Back Plate. The Front Plate also served as the first absorber
layer in total barrel detectors. Its radiation length had to be equal or less than an
absorber layer of the Inner Barrel. Inside the Front Plate, new Barrel Charged Veto was
placed.

From the above, we selected the method using the steel bands to apply pressure
around the module sandwiched between Front Plate and Back Plate. These structural
components are described in next section.

5.3.2 Module length and readout

Figure 5.16 shows the side view of the final design of the Inner Barrel. The length of

(Z—2987) Maln Barre] E= 2777 == (2—5764)
Inner Barrel = 178
(z=30375) IBCV 2676 (z=5713.5)
«— Front Barrel 741 ~ Membrane f/
Charged Veto /
(z=2750) Csl calorimeter

Detector Configuration Check Distance between Middle Section flange : 6050
2016.02.23 Center of Main Barrel from the downstream flange : 3050
Edge of Csl from Downstream Flange : 1000
Edge of CV from Downstream Flange : 1323
Outside radius of CV is 987.
Length of Back plated ( 2777) and Font plate (2676)
Center of IMB is 277.5mm downstream from center of Main Barrel
Inner radius of downstream BCV : 1000
Inner radius of upstream of IMB : 941

Figure 5.11: Side view of the Inner Barrel. Each size and position was measured value
except the calculated position from the upstream edge of the Front Barrel written in
parenthesis.

the Inner Barrel was decided based on the space available inside the detector system,
the allowed fiber curvature, and required air flow for evacuation.

The fibers were bundled just outside the scintillator and connected to a 2-inch PMT.
The diameter of the bundle of 400 fibers from a module was ~ 40 mm. The relation
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between a fiber curvature and the distance between the scintillator edge and the PMT
is shown in Fig. 5.12. The distances are:

Main Barrel

Figure 5.12: Fiber curvature.

h = 2R(1— cosb), (5.4)
L = 2Rsind,

where R is the fiber curvature radius, and 6 is angle keeping the curvature. By removing
0 from the equations, we get:

L? = 4Rh-—h2 (5.6)

The curvature of fibers outside the scintillators was kept larger than 100 mm in radius.
The limitation of radial distance h is required for fibers to be able to pass through the
the gap between the Main Barrel and other detectors. The required h is 67 mm for the
outermost layer, and 220 mm for the innermost layer. In addition, a 16-mm margin for
L between the edges of the Front Barrel and the Inner Barrel was added to allow air flow
during evacuation. The distance between the edge of the Front Barrel and the surface
of the Charged Veto was 3092 mm.

Based on these boundary conditions, the length of the Inner Barrel was decided to
be 2777 mm for the outermost layer, and 2676 mm for the innermost layer.

5.4 Material of non-active part in module

Properties of absorber and tools for forming modules are described.

Lead sheet

Lead sheets were produced according to the Japanese Industrial Standards (JIS). The
purity was 99.99 % and the tolerance of thickness was less than +0.1 mm for 1.0 mm
thick plate including safety factor provided by the manufacturer. The radiation length
of a layer is 0.18 Xy. The lead sheets were degreased to prevent out-gassing in vacuum.

Stiffer lead sheets containing 4 % antimony (Sb) was considered for the easiness of
construction, but they were not available for a thickness < 3 mm.

Steel bands
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To tighten the lead and scintillator plates together, 3/4-inch-wide and 0.76-mm-thick
stainless steel (SUS201) band made by Bandit was chosen. The band can support
maximum of 1020 kgf tensile strength.

Band guide

A plastic pieces shown in Fig. 5.13 were placed on the Front Plates and Back Plates
to guide the steel band with a 12 mm curvature.

The band guide is made of polyethylene. The material was chosen because of its low
mass, low out-gassing, high yield strength, and a low friction coefficient between it and
steel band. To prevent the steel band from slipping, it has 1-mm-high side walls.
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Figure 5.13: Band guide plastic.
Front Plate

The Front Plate is a 3-mm-thick (0.17 X) SUS plate. The Front Plate serves as a
strong structure to keep the lead and scintillator layers flat, and also as the first absorber
of the module.

Back Plate

The Back Plate has two roles.

The first role is to prevent the module from deformation. Two shapes were considered.
One was just a thin flat plate, and the other was a thicker plate with holes between the
path for stainless steel bands as shown in Fig. 5.14. As described in Chapter 4, the flat

Figure 5.14: A sample of Cut-out back plate (left) and flat Back Plate at final design
(right).
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structure (uniform thickness) had a benefit to lower the number of background events.

The second role is to connect the module to supporting rings on the outside. The
thickness of the Back Plate had to be larger than 10 mm to use M8 bolts. We decided
to make the Back Plate with a 10-mm-thick A6061-T651 aluminum alloy plate.

5.5 Production process of assembling modules

To construct a module, we used an inclined table used to make the Main Barrel modules
for E391a. We stacked scintillators, lead sheets, and reflector sheets between them, on
the table. The length of lead was about half of total module length for the easiness of
handling. We used two lead sheets per one layer and the positions of boundaries were
switched between layers.

The Front Plate and Back Plate on which band guides were connected were placed at
first and end of piling up. After all the layers were stacked, the Back Plate was placed
on top, and the layers were pressed with 4.5 tons of force uniformly for 12 hours by oil
press system to flatten the lead sheets.

The total module thickness depended on the thickness of scintillator because the
tolerance of lead was smaller than that of scintillator. Extrusion-molding scintillator
could keep uniform thickness for long direction and the thickness was (5.06 £+ 0.02)
mm for a few measured sample plates. With assignment of thicker and thinner side
alternately, the tolerance of total module thickness was less than 1 mm. We bound the
module at 9 positions with the steel bands. The binding force was checked based on the
thickness of the module to be the same as that under pressure.

A bundle of fibers were hardened inside an acrylic pipe with epoxy-base adhesive.
After 24 hours for hardening, the bundle and the acrylic pipe were cut together, and
polished to have a good optical connection with a silicone cookie.

5.6 Design of cylindrical structure

The Inner Barrel was designed to be a self-supportive detector because it cannot be
connected to the Main Barrel.

Initially, we considered a Roman arch structure in which modules are pushed inward
to form a cylindrical detector shape. However, there were two difficulties due to non-rigid
body of the module.

First, the force between modules may be concentrated on small areas where the
modules touch each other. In that case, scintillator could brake. Second, even if we
could assemble all the modules cylindrically, a sheer stress deforms the module. The
sheer stress is caused by torque from fulcrum of the next module. Although we also
considered to connect modules at the Back Plate, the structure satisfying the strength
against the sheer stress was too massive to be installed inside the Main Barrel. Finally
the modules were decided to be supported by 8 rings on the outside as shown in Fig. 5.15.
The support ring was made of AL-7075-T7352 aluminum alloy.

Each module is supported individually from outside. A gap between neighboring
modules was needed so that the modules would not apply forces each other. The size of
gap was decided to be 3 mm based on the background estimation described in Chapter 4.

Figure 5.16 shows the front view of the Inner Barrel in the final design. To insert the
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Figure 5.15: Inner Barrel supported by 8 rings (left figure) and design of ring (right two
drawings).
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Figure 5.16: Front view of the Inner Barrel.

final module into the ring, the top module had a rectangular cross-section.

To insert the Inner Barrel into the Main Barrel, 5 sets of aluminum rails and pads
were aligned. To reduce friction between rails and pads, 1-mm-thick teflon sheets were
glued on the rails and pads. The size of the rails remaining after the installation on
the Main Barrel were 180 x 4250 x 12¢t. The size of the pads on the 8 rings were
110 x 120 x 17¢ (16.5t) (with a curved inner surface to match ring).
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Chapter 6

Light yield and timing resolution
obtained by the Inner Barrel and
the Main Barrel

After we constructed the first Inner Barrel module, we studied its performance.

We also investigated the Main Barrel, because we had not understood its perfor-
mance related to the waveform readout, and we had to finally evaluate the combined
performance of the Inner Barrel and the Main Barrel.

In Section 6.1, we introduce the relation between several parameters and the perfor-
mance. In Section 6.2 and Section 6.3, we report measurements of parameters for the
Inner Barrel and the Main Barrel, respectively. In Section 6.4, we describe the timing
resolution estimated based on the measured parameters.

6.1 Relation between detector response and resolution

As described in Chapter 4, requirements on the performance of the Main Barrel and the
Inner Barrel were decided based on light yield and timing resolution. As expressed in
Eq. (4.5), timing resolution depends on the light yield and noise level. Noise and the
different number of photoelectrons change the shape of waveforms, and the fluctuation
of shapes and the timing defining method of waveform affect the timing resolution.
Therefore, we reproduced waveforms to understand the timing resolution.

Waveforms are affected not only by light yield and noise level but also by the timing
spread of photoelectrons and sampling frequency of the readout system. Light yield
and the noise level were measured and described in the following sections. As for the
sampling frequency of the readout system, we studied 125 MHz and 500 MHz. The
timing spread of photoelectrons was defined and measured as follows.

The timing spread of photoelectrons depends on the material and the structure of a
detector. Detector components that determine the waveform in the Main Barrel and the
Inner Barrel are classified into scintillator, wavelength shifting fiber, PMT, and FADC. In
scintillator, a fluorescent signal has a timing spread according to the path of the incident
particle and emission decay time of the scintillator. Wavelength shifting fiber absorbs
the light from the scintillator, and re-emit scintillation light with a different wavelength
according to its emission decay time. The signal in fibers also spread by different paths
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of photons in the fibers. Although Monte Carlo for KOTO already contained the effect
of the paths of incident particles, it did not include other processes. In particular, the
fiber emission decay time dominated the total timing spread. We included the effect
of these timing spreads in scintillator and fibers in Monte Carlo as timing probability
density function (timing PDF) of photoelectrons.

The timing PDF was extracted as shown in Fig. 6.1. To extract a timing PDF, we

Timing PDF * #photon

FADC read out

Photon output
waveform

=

Cosmic ray Ipe.
waveform
\waveform observed with
scinti. fiber (catalog PMT FADC w/or|  EFADC
v decay time) w/o filter

MS-resin | Y11 (8.8ns) || FR329EGP || 125 MHz w/
5+30 layers

Bessel filter .
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MB /\ X /\ X A : /\
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MS-resin  |BCF92 (2.7 ns)
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Figure 6.1: Method of timing PDF extraction and combining to realistic waveform.
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used a scope to see the PMT signal for two types of data: the waveforms of cosmic ray
signals, and the waveforms of 1-photoelectron signals. Additionally, to convolute the
pulse shaping effect of the Bessel filter, we also measured 1-photoelectron signals with a
125 MHz FADC.

The waveform of cosmic ray signal is made of 1-photoelectron signal pulses distribut-
ing according to the timing PDF. We thus convoluted the timing PDF and the pulse
shape of 1-photoelectron signal. We fitted the observed waveform with the reconstructed
waveform by varying the parameters for the timing PDF and searched for the waveform
at the minimum 2. Details will be described in Section 6.4.

To create an observable waveform, we convoluted a pulse caused by detector compo-
nents based on timing PDF, light yield, and a pulse caused by PMT and FADC.

6.2 Parameters of the Inner Barrel
We collected waveforms of cosmic ray signals observed in a module and 1-photoelectron

signals with a 500-MHz-sampling FADC, and a 5 GS/s sampling rate 500-MHz-bandwidth
scope. With the FADC, we obtained light yield and timing resolution for minimum-
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ionizing particles (MIP). With the scope, we obtained the waveforms of cosmic rays and
1-photoelectron signals. The measured timing resolution by the FADC is compared with
the resolution estimated in Section 6.4.

6.2.1 Parameters measured with 500 MHz FADC

Figure 6.2 (left) shows the measured light yields as a function of the distance from a
PMT [43].
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Figure 6.2: Light yield (left) and timing resolution (right) for the Inner Barrel obtained
from cosmic ray data taken with 500 MHz FADC [43].

The light yield at 5 m from a PMT was (5.6 £0.2) p.e./MeV. The attenuation lengths
fitted with Eq. (5.1) were (59.91 £ 25.19) cm for a short component and (389.9 + 13.4)
cm for long component.

Figure 6.2 (right) shows the timing resolution obtained with cosmic ray MIPs. The
resolution was (4850 + 30)/v/N [ps/(p.e.)'/?] for N = 100 ~ 500 and the corresponding
z-position, where NN is the number of photoelectrons deduced from the light yield at each
cosmic ray position.

6.2.2 Waveform of cosmic ray signal

The waveforms of cosmic ray signals were measured with a scope to obtain data relevant
for the timing PDF. The waveforms were measured at 4 z-positions in a module. The
setup is shown in Fig. 6.3.

The typical waveform was obtained by taking the average of waveforms after normal-
izing the peak heights, and shifting the waveforms in time to match the peak timing.
The peak position was defined by fitting the waveform with landau function. The typical
waveform will be used to extract timing PDF in Section 6.4.

6.2.3 Waveform of single photon signal

Waveforms of 1-photoelectron signal were measured with a scope. Typical 1-photoelectron
waveforms of R329EGP PMT and R7724 PMT are shown in Fig. 6.5. The typical wave-
form of 1-photoelectron will be used in Section 6.4.
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Figure 6.3: Setup of waveform measurement for cosmic ray data. Top figure shows the

front view and bottom figure shows the side view. Trigger counters were placed above
and below the Inner Barrel.
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Figure 6.4: Left: Waveform of a cosmic ray event fitted. Right: Overlaid waveforms
after matching the fitted peak timing and fitted peak heights. Black points in the right
figure show the averaged typical waveform.
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Figure 6.5: Waveform of 1-photoelectron signal measured with R329EGP PMT (left)
and R7724 PMT (right). Waveforms were shifted in time to match the fitted peak timing
and normalized by the fitted peak height with an gaussian function. Black points show
the obtained typical waveform.

6.3 Parameters of the Main Barrel

Some parameters for the Main Barrel were measured differently from the Inner Barrel
because they had to be measured after the Main Barrel was assembled. We measured
light yield, waveform and noise level to obtain timing resolution.

6.3.1 Light yield

We measured the light yields of 4 Main Barrel modules during detector reconstruction
in 2012, and all of the modules in 2015 after assembling. The light yields measured in
2012 were consistent with the light yields measured in 2015.

To measure the absolute light yield, we made three measurements. First, we obtained
ADC counts per energy deposit in a module using cosmic rays. Second, we obtained
ADC counts per 1-photoelectron signal by using weak LED light. The first and second
measurements gave the number of photoelectrons per 1 MeV energy deposit. Because
the above two measurements had to be made with different high voltages for PMT, we
also measured the gain curve of PMTs.

The measured light yields in units of the number of photoelectrons per MeV are shown
in Fig. 6.6. The mean of all the channels of the Main Barrel was (10.39+£0.04) p.e./MeV.
This result is 70 % of the initial light yield measured before the E391a experiment
started [22]. On the other hand, this result was consistent with the measurement we
made in 2012. The light yield decreased sometime between the beginning of the E391a
experiment and 2012.

6.3.2 Noise level

Noise level was measured as one of the parameters to reproduce the waveform. The noise
level was defined as the standard deviation of pedestals. The pedestal in an event was
defined as the average of the first 10 samples. Width of pedestals depended on FADC
channels as shown in Fig. 6.7. Channels of the Main Barrel and the BCV are arranged
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Figure 6.6: Light yields in the units of the number of photoelectrons per MeV for all the
channels of the Main Barrel and the Barrel Charged Veto. The light yield is normalized
to the value at the center of z direction of modules.

| FADC cnt for pedestal width {sigma) |

g e E
[ G 1.4 E
Q =
W e REL
2 < E
1 L 12F ;

g E
& ME
w fe
[0} 1 oy
2 =
0 09F
Z E
. 08

: =

H .

s 0.7

i 1 i".:": 1 1' = o
570 580 _ 590 00 610 0 50 100 150 200
Pedestal [FADC cnt] MB chID
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bution at each readout channel (right).
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in one FADC crate in order. Latter channels in a 16-channel FADC module and latter
FADC modules in the crate containing 14 FADCs had larger noise level. This tendency
was common to the KOTO’s 125 MHz FADCs.

6.3.3 Waveform of cosmic ray signals

We measured the timing PDF of a Main Barrel module with cosmic ray signals, in the
same way as the Inner Barrel. We took the waveform data with a scope in 2012 just
before reassembling the detector. The setup is shown in Fig. 6.8.
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Figure 6.8: Setup to measure the timing PDF of the Main Barrel with cosmic rays. Top
view (left) and side view (right) of 4 modules of the Main Barrel and trigger counters
are shown. Waveform were taken at the positions of trigger counters A, B, C and D.

The waveforms were shifted and scaled with the same method as for the Inner Barrel
described in Section 6.2.2. The typical waveform of a channel is shown in Fig. 6.9.

Normalized Pulse height

Time [ns]

Figure 6.9: Waveform of the Main Barrel taken with a scope. Waveforms were normalized
at peak position and overlayed. Black points show the defined typical waveform.
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6.4 Estimation of timing resolution

As described in Section 6.1, we extracted timing PDF from waveforms to estimate the
timing resolution of the Inner Barrel and the Main Barrel.

6.4.1 Timing PDF extraction

In the process of extraction, we assumed that the timing PDF has a form of an asym-

metric gaussian:
( —t _u + O'> 2
a(t )

where t is time, o is the width of waveform, a is asymmetric parameter, u is peak timing,
A is pulse height, and C' is pedestal level.

The convolution of a timing PDF and the pulse shape of 1-photoelectron signal re-
produced the shape of the measured waveform. With the pulse shape of 1-photoelectron
signal W (t) measured in Section 6.2.3, the convoluted waveform Hz-pdf(t) at timing ¢; is
described as:

f(t) = Aexp +C, (6.1)

mY ) = Y ft - 56) W(50), (6.2)

j=—n

where ¢§ is pitch of this calculation, and n is the cut-off range. The pitch ¢ has to be
small enough, and n has to be large enough for fluctuation of the convoluted waveform
to be negligible.

The convoluted waveform H” af (t) and the measured cosmic ray waveform H{°%(t)
were compared based on a reduced x? defined as:

N Fcos def 2
NDF N -2 iamn@ﬂﬂfﬂz+%uﬁﬂp)

where N is the number of measured points, o;(H) is the error of H(t) at each timing t;,
Qmin 18 the minimum value of a parameter o to normalize systematic discrepancy between
the measured and convoluted waveform. The parameter « is defined as a reduced x?
without systematic correction as:

N cos pdf 2
1 (Hz - Hi ) (6 4)
o = E . .
N -2 : O-Z.(HZ_COS)Q "‘Ui(HZpdf)Q

The error o;(H) includes two definitions. One is o;(H} o ) defined from the error of
1-photoelectron measurement. The other is o;(H{*®) defined from cosmic ray measure-
ments.

The best timing PDF and its parameters ¢ and a were defined at the minimum y?
in Eq. (6.3) as shown in Fig. 6.10. Parameters of timing PDF at best fit for each hit
position in the detector is shown in Fig. 6.11. The shape of timing PDF depends on
the hit position in the detector. The waveform of hits far from PMT are wider. This
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Figure 6.10: Left: The reduced x? used for fitting the timing PDF is shown for asym-
metric gaussian width o (horizontal axis) and asymmetric parameter a (vertical axis).
Top right: Waveform at best fit with ¢ = 8.47, a = 0.382. Bottom right: Difference of
the waveform height between data and MC in the top figure.

tendency is reasonable because the propagation time in fiber depends on the emitted
photon angle in the fiber. Difference between upstream and downstream readout in the
Inner Barrel was considered to be caused by different direction of fiber bundle: straight
for upstream and 90° bent for down stream.

6.4.2 Waveform simulation

We reproduced waveforms for the various numbers of photoelectrons using the obtained
timing PDF. As described in Section 6.1, we convoluted the timing PDF and the wave-
form caused by readout systems.

We created the waveforms as follows. First, we created photons at random timing
according to the timing PDF. Second, we smeared the timing of each photon to emulate
the waveform read out by PMT. This smeared pulse means the distribution of photo-
electron readout from PMT, and thus overlaid pulse of all photons means waveform of
the signal. Third, we added ground noise to the waveform. For the noise level, we used
a gaussian with ¢ = 0.82 FADC counts, which is the mean of ¢ of all the 64 channels
of upstream PMTs described in Section 6.3.2. Last, we quantized the pulse hight at a
regular interval to match FADC’s resolution and sampling frequency. As the FADC’s
resolution, we used 2.1 FADC counts per a photoelectron based on the measurement of
the Main Barrel. As a sampling frequency, we selected 2 or 8 ns pitch for 125 or 500
MHz FADC, respectively. We set random timing offsets within one count not to make
bias on the relation between waveform position and FADC count timing.

Samples of generated waveform are shown in Fig. 6.12.
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Figure 6.11: Hit position dependence of the timing PDF parameters o (left) and a
(right) for the Main Barrel (top) and the Inner Barrel (bottom). The position 0 mm
shows the upstream edge of the detector. Error bar at each point indicates the range of
reduced x? < 1.1. Colors in the top two plots show the Inner or Outer module, and the
upstream or downstream readout PMT: inner and upstream (black), outer and upstream
(red), inner and downstream (blue), and outer and downstream (magenta). Colors in
the bottom two plots show the upstream or downstream readout PMT for two modules:
upstream (black and blue), and downstream (red and magenta).
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Figure 6.12: Samples of generated waveforms for 5, 10, 100 photoelectrons in the Main
Barrel (left) and the Inner Barrel (right). Pedestal was set to 500 counts.
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6.4.3 Time defining method

The timing of each event was decided with a waveform and a defining method. We
compared 4 defining methods; constant fraction, parabola fitting, asymmetric gaussian
fitting, and fixed parameter fitting. We generated waveforms, decided timing, and then
estimated timing resolution. The pedestal in each event was defined by averaging the
first 10 samples in all four methods. The pedestal value in an event was not affected by
a real pulse because the peak position was set at around the 27th sample.

Constant fraction

Constant fraction method [11] decides the timing as the position at half maximum of
the highest sample in all the sampling points. A sample of a waveform and its defined
timing is shown in Fig. 6.13 (left). After finding the highest sample, adjacent 2 samples
crossing half maximum were searched for in the rising slope. On the line connecting
these 2 samples, the timing at half maximum height was defined as the constant fraction
time. If there were multiple positions crossing the half maximum, the position nearest
to the highest sample was defined as the timing.

This method was developed mainly for detectors reading large signal, such as the Csl
calorimeter.
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Figure 6.13: An example of defining constant fraction time (left) and parabola fitting
time (right). Sampling points are shown in black points. The base lines are shown in
green horizontal lines. Red vertical arrows show the decided timings. In the right figure,
purple points show moving averages of neighboring 5 sampling points. These figures are
taken from [44].

Parabola fitting

Parabola fitting method [44] decides the timing by searching for a local maximum of
a pulse. This method was developed for veto detectors not to lose a small pulse at veto
timing. For this purpose, the local maximum was required to be around the veto timing.
We used this method in the analysis for the 2013 data because we had high accidental
hit rates as it will be described in Chapter 7.

In parabola fitting method, the timing was defined as the peak of parabola function.
Fitting points were made by making a simple moving average as shown in Fig. 6.13
(right). Each moving average was the mean of the nearest 5 points centered on each the
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original sample, and the nearest 3 moving averages were used in parabola function.

This method had three requirements. First, the middle of the 3 moving average points
had to be larger than the other 2 points. Second, the middle of 3 moving average points
had to be larger than a given threshold. This parabola threshold was set at 10 FADC
counts, equivalent to 4.8 p.e., in this analysis in common with the analysis for the 2013
data. Third, parabola peak was required to be close to the nominal timing.

Although parabola fitting method was effective for the 2013 data, there are two issues
to be solved in the future. One is the inefficiency of waveforms caused by the parabola
threshold shown in Fig. 6.14. The energy threshold for the 2013 data was set to 2 MeV,
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Figure 6.14: The fraction of events that signal is not detected in the Main Barrel.

equivalent to 14 p.e. for the hits near the calorimeter, read from the upstream side. If
we lower the energy threshold, event loss increases due to the parabola threshold. The
other issue is that the nominal timing cannot be set appropriately for a long detector
such as the Main Barrel. For these reasons, we tried another method to prepare for
future analysis.

Asymmetric gaussian fitting

We considered another method to separate accidental hits from background hits by
fitting the waveform.

Regenerated waveform described in previous subsections can be also fit to an asym-
metric gaussian given in Eq. (6.1). We set o, a, p and A as fitting parameters, and
searched for a waveform. The o of the convoluted waveform was larger than that of
timing PDF because of the distribution of the convoluted 1-photoelectron waveforms.
As shown in Fig. 6.15, the fitted o and a converge toward their certain values for higher
number of photoelectrons. Different timing PDF assuming each position in the detector
shows a similar convergence. Thus, we conclude that position dependence of waveform
in the detector shown in Fig. 6.11 does not affect observed waveforms.

Fixed parameter fitting

80



6.4. ESTIMATION OF TIMING RESOLUTION 81

€ 555 £ 0.45p~ —~—rr————rrrr
o~
§ 5 b O 04 0 [ns] and “a” of timing PDF
g F % 0.35 black: 0=8.5 ns,a=0.39
2 45 3 o red: 0=9.7 ns,a=0.34
K s 0.3 blue: 0=8.5 ns,a=0.36
o 4 2 0.25F magenta: 0=9.7 ns,a=0.3
fous — —
T35 PR 5 02 TR
E 3 o [ns] and “a” of timing PDF & 0.15F
& black: 0=8.5 ns,a=0.39 £ obd
25 red: 0=9.7 ns,a=0.34 < 08k
5 blue: 0=8.5 ns,a=0.36 . E
E magenta: 0=9.7 ns,a=0.3| 07 H H
1‘5'1 H il — ||||||l3 0.05‘“ i i 2
10 10° 10 10 10° 10
#p.e. #p.e.
g55 g 0.45p~ R
5 0 [ns] and “a” of timing PDF 5 E o Pof il
“q>'; 5 black: 0=4.8 ns,a=0.36 5 0.4 [T
s red: 0=5.6 ns,a=0.29 g 0.35 i
> 45 blue: 0= = z | i
= ue: 0=5.0 ns,a=0.31 5 oskitiile.., ) Ie5) - L
o 4 magenta: 0=5.5 ns,a=0.31 g SR i
o — g - S 0.0 AR
- T T H H «w 0.25] H HE
035 o 1
o 5 02 e P e
oEo 3 o 0 [ns] and “a” of timing PDF
& € 0.15 : black: G=4.8 ns,a=0.36
25} < 0. red: 0=5.6 ns,a=0.29
oF- blue: 0=5.0 ns,a=0.31
0.05¢ magenta: 0=5.5 ns,a=0.3|
15 ii 0-. i T I ———
10° 10 10° 10°
#p.e. #p.e.

Figure 6.15: Fit parameters of “asymmetric gaussian fitting method” (black, red , blue,
and magenta) and “fixed parameter fitting method” (green). The left plots show o, and
the right plots show a, for the Main Barrel (top) and the Inner Barrel (bottom).

Another fitting method called “fixed parameter fitting” kept ¢ and a in asymmetric
gaussian as constant convergent values shown in Fig. 6.15, and assigned only peak tim-
ing p and peak height A as free parameters. This method performed better than the
asymmetric gaussian fitting method at low energy, because the fitting function was not
sensitive to fluctuated waveform caused by the small number of photoelectrons.

6.4.4 Timing resolution of candidate detectors

Finally, we calculated the timing resolutions with the four described methods. The
results are shown in Fig 6.16. When we generated waveforms at each light yield, we
chose the actual number of photoelectrons according to Poisson distribution.

The constant fraction timing showed relatively better timing resolution than other
methods in high energy region but not in low energy region for 125 MHz FADC. This
is because Constant fraction methods is easily influenced by noise fluctuation in low
energy region than other methods. Constant fraction method decides the timing from
one sample at pulse peak. If the sample is fluctuated, the timing is inaccurate. On
the other hand, other methods are less sensitive to pulse shape because the timings are
decided from multiple samples by fitting.

A veto detector requires good timing resolution in low energy region. The fixed
parameter fitting is a suitable method for the Main Barrel. The parabola fitting is also
a suitable method next to the fixed parameter fitting method.
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Figure 6.16: The timing resolution of each detector component and readout system
evaluated with “asymmetric gaussian fitting method” (black), “parabola fitting method”
(red), “constant fraction method” (blue), and “fixed parameter fitting method” (ma-
genta). Each plot shows the combination of fiber types and FADC frequencies: Y11
fiber and 125 MHz FADC (top left), Y11 fiber and 500 MHz FADC (top right), BCF-92
fiber and 125 MHz FADC (bottom left), and BCF-92 fiber and 500 MHz FADC (bottom
right).
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6.5 Result of light yield and timing resolution of the Inner
Barrel and the Main Barrel

Based on the measurements and calculations described in this chapter, we obtained the
light yield and the timing resolution caused by detector response.

We compared the estimated timing resolution with the timing resolution measured
with cosmic rays. The light yield of the Inner Barrel was (5.6 £ 0.2) p.e./MeV at 5
meter from PMT as described in Section 6.2. Timing resolution of cosmic ray was thus
estimated as 0.24 ns with 500 MHz FADC and constant fraction (CF) timing. Compared
with the measurement described in Section 6.2, the estimated value was (0.10 £ 0.01) ns
smaller than measured value. In all measured energy region, the measured values were
systematically higher than the estimation of the Inner Barrel (BCF92 fiber) and 500
MHz FADC using CF timing.

For the Main Barrel, the timing resolution measured with cosmic rays was (0.51+0.02)
ns for the inner module and (0.30 £ 0.02) ns for the outer module [45]. The estimated
value was 0.1 ns larger than these results for a modules with 10.4 p.e./MeV light yield
at the center of the module and a factor 1/4/2 with both-side readout.

In the next chapter, we evaluate the timing resolution mainly in low deposit energy
region for the Main Barrel as significant energy region for veto detector.

83



Chapter 7

Confirmation of timing resolution
with the Main Barrel

In the previous chapter, we obtained timing resolution caused by fluctuation of waveform.
In this chapter, we evaluate this resolution in low deposit energy region. We apply the
resolution in the KOTO Monte Carlo (MC) simulation, and compare MC with the data
taken in the KOTO beam line and detector system. We used only the Main Barrel
because the Inner Barrel had not been installed at the time of this study.

To evaluate the resolution, we selected 5-cluster events on the Csl calorimeter in
the K1 — 7770 events. This decay mode has 6 gammas in total in the final state.
The four-vector-momentum of the 6th gamma was reconstructed by using the 4-vector-
momentum of other 5 gammas. If the 6th gamma hits the Main Barrel, its hit timing
and position measured by the Main Barrel were compared with those obtained from
the 5 gammas on the calorimeter. We evaluated the timing resolution by investigating
the difference of measured and reconstructed timings. We used parabola fitting for this
evaluation because of the limitation of the analysis flow as following.

7.1 Data set for the analysis

We compared data taken in the May 2013 Run with its MC. The detector setup in the
run was the same with that described in Chapter 2.

We used a trigger called normalization trigger. The difference from the usual trigger
was that the trigger did not include the selection of Center Of Energy (COE). It means
that the trigger did not select Pr. The trigger requires large energy deposit on the Csl
calorimeter and no large energy deposit in some veto detectors. The energy deposit in
the Main Barrel was required to be less than 50 MeV equivalent.

Data and MC were analyzed in the KOTO analysis scheme shown in Fig. 7.1. We will
explain analysis of data and full MC here. The Fast MC has a special analysis scheme
as described in Chapter 3. We describe the analysis steps according to the procedures.
In each step, we focus on the Csl calorimeter and the Main Barrel.

From Raw to DST (Data)
The first step of the analysis scheme is to convert measured values at each channel
to physical quantities.
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’Name ‘Scale unit %Data unit ‘

Data MC (Full) MC (Fast)

’Raw ‘FADC countiFADC sample ‘ ’Gsim ‘MeV, ns | Module Gsim ’MeV, ns %Module

1. Calculate timing, energy from 1. Convert hits on module to readout (Stop particle on detector surface)

waveform at each channel. channel. 1, Apply inefficiency function for

2. Calibrate energy and timing channel (2. Overlay accidental signal to each veto detector.

by channel. waveform and re-convert timing and 2. Apply cluster probability on
energy of readout channel.) CslI calorimeter.

v

’DST ‘MeV, clock %Readout channel ‘

1. Reconstruct v, 0, KL temporary. (Csl calorimeter)

2. Calculate hit timing and energy. (Veto detectors)
¥

’clustering ‘MeV, ns %Module, cluster ‘

1. Correct y energy and position on Csl calorimeter.

’ Fsim Probability Detector, gamma

2. Select the number of cluster and apply specific
correction and calculation.

3. Calculate veto timing.
v 1. Apply cuts on CslI calorimeter.

gNana (g2ana, g4ana, ...) [MeV, ns %Detector, gamma ‘

1. Apply event selection.
L4 \

e m———— Femmm————— Frmmmmm - i r . r .
+Final Output ; MeV, ns 1 Detector, gamma |} +Final Output } #Event ! Detector, gamma |

Figure 7.1: The conceptual view of the KOTO analysis scheme. (Some data partially
include two types of contents expressed as “data unit”. For instance, Raw data includes
not only FADC samples but also integrated ADC. )
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The parabola fitting time was calculated for the veto detectors in this step. Raw
data already had Constant Fraction time (CFTime) and the sum of all the 64 samples
(integrated ADC) after subtracting pedestal. Timing offset decided from CFTime at
each channel was also applied to the parabola time.

The Main Barrel used cosmic ray data for the calibration [11]. Nominal timing for
the parabola fitting time was defined as one constant value based on the mean of all
hitting events.

The waveforms recorded in FADC counts for each sample were not included in DST
(data summary tape) data. It was thus difficult to access Raw data to reproduce a
timing decided in another timing defining method from the waveform. This was the
reason for using the parabola fitting time but not the fixed parameter fitting time in this
evaluation.

From Gsim to DST (MC)

In the KOTO Monte Carlo (MC), the hit energy was converted to the observed energy
by attenuating the signal based on the hit position.

For the Main Barrel, the hit timing was converted to the observed timing by correcting
for the propagation time between the hit position and a PMT. Based on the measurement
in the early stage of the KOTO experiment [11], the light attenuation constant was 4920.5
mm, and the propagation velocity was 168.1 mm/ns.

If we add accidental hit samples to MC data, we reproduce a waveform for an original
event, and then overlay accidental hit samples on the samples of the waveform. The
FADC samples was created temporary in this step and removed from MC DST.

For the Main Barrel, we generated waveforms according to an asymmetric gaussian
waveform with ¢ = 37.416 ns and a = 0.08396. The accidental hit samples were taken
by target monitor (TMON) trigger which will be described in Section 7.3. After that,
energy and timing were reconstructed from the overlaid samples in the same way as real
data.

From DST to clustering
In this step, physical quantities at each readout channel were grouped to each cluster
for the Csl calorimeter and each module for veto detectors.

e Csl calorimeter:

Quantities of the cluster; energy eqyster, X-POSition Topyster, y-pPOosition Yepyster, and timing
teluster, Were calculated from the i-th crystal in n crystals contained in the cluster as:

n
Ccluster = Zeiv (71)
i=1

_ Zi:l €iLi (72)

Tcluster — n ’
Doy €i
nl 1+
Yelust _ D i1 €iYi (7.3)
cluster — n ) .
Die €
cluster = n ) .
Zi:1 1/03
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) o 3.63
e; [MeV] e; [MeV]

and oy, [ns] @ 0.13, (7.5)

where o, is the timing resolution for each CsI crystal [32], e;, 4, y; and ¢; are the energy,
z-position, y-position and timing for the i-th crystal, respectively.

The decay vertex Z,, was calculated with equations for the 7° reconstruction shown
in Eq. (2.1) and Eq. (2.2) by substituting the gamma energy and position in the equation
with the reconstructed cluster energy and position. The decay timing 7Ty, is calculated
from the timing of each cluster in the observed n clusters as:

ZZ:1 Tk/”%

Tyt ==, (7.6)
>ho 10t
T, = tcluster(k) - |’I’k‘/C, (77)
3.8
and or [ns] = @ 0.19, (7.8)

\/ecluster(k) [MeV]

070 reconstruc-

where o7 is the timing resolution of a cluster obtained by the K — 707
tion [11], and 7y is a vector T = (Tcuster(k)» Yeluster(k)s 20sI — Zutz), Which points the

cluster position on the calorimeter surface from the vertex position.
e The Main Barrel:

Hit timing Tpetns B, Z-position Zpetarp, and deposit energy Epetprp were calculated from
raw readout energy e, (e4) and timing ¢, (t4) read out from upstream (downstream) as:

Tpetmp = (tu+ta)/2, (7.9)

ZpetmB = v(tu —ta)/2, (7.10)

EpetvB = Eup + Edowna (711)
FZpetMB

d ¢ = EW _uers 7.12

and €y down €XP <A + aZper B ) ’ ( )

where v = 168.1 mm/ns is propagation velocity, A = 4920.5 mm, a = 0.495, and E,,
(Edown) is the readout energy after applying correction for the light attenuation in the
detector. These parameters are based on the measurement made in the early stage of
the KOTO experiment [11]. The z-position dependence of the measurement for relative
light yield is shown in Fig. 7.2.

From clustering to glNana

After we reconstructed clusters and the vertex, we corrected these quantities in the
following steps.

First, we corrected the gamma energies and positions. A cluster energy and position
depends on the incident angle [46], because cluster shapes have incident angle dependence
and the cluster was reconstructed with crystals only with energies above an energy
threshold.

Next, we reconstructed the vertex again with the corrected gammas.

If a decay contains multiple 7%s, such as K; — 797970 or K; — 7%7%, we also used
parameters according to the 7° and K7, reconstructing methods. Each gNana analysis,

0
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Figure 7.2: The z-position dependence of ADC output at the Main Barrel [11].

which N means the number of clusters, has specific reconstructing methods. The x? for
the vertex reconstruction was used to select the best combination to reconstruct Kj,.
The decay vertex Zy, and the x% are calculated as:

2211 thac(k /02
Zx, = - V172 (7.13)

k=1 1/‘7%(@

- (Zv z(k) — ZK )2
Xz = el 2R (7.14)
k=1 TZ(k)

where m is the number of reconstructed 7¥’s, Zyta(k) 18 the reconstructed vertex from the
k-th 79, and oz is the z-position resolution calculated from the energies of the gamma
pairs. The decay timing Tk, is calculated again with Eq. (7.6), using the reconstructed
Zk, instead of Z,, in the definition of the vector rg in Eq. (7.7).

Last, veto timing according to the vertex position and timing were calculated. For
the Main Barrel, the veto timing ¢;;5 was calculated as:

tup = (Ipetmp —TOFMB) — Tota, (7.15)
TOFyp — \/T?WB - (Zpewnin — Zoww)?/c, (7.16)

where TOFysp is the time of flight from the vertex to the Main Barrel surface, and
ry B 18 the radius of the Main Barrel surface defined as 1018 mm for inner module and
1118 mm for outer module. Hit timing Tpetprp and z-position Zpeayrp are defined in
Eq. (7.9) and Eq. (7.10), and vertex time T, is defined in Eq. (7.6).

From gNdata to final output

In this step, we apply vetoes and kinematic cuts.

Veto at the Main Barrel in the standard analysis for the May 2013 data required > 2
MeV energy deposit within £30 ns of veto timing. We used the energy deposit in the
module having the largest energy deposit for veto.

Events are selected based on the values measured at the Csl calorimeter. Parameters
for cluster quality common in gNana are the followings.
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E,: Gamma energy as a cluster eqyszer finally obtained after corrections.

Fiducial XY: Distance from the beam hole at |z yster| and |Yeruster |-

2

Fiducial R: Distance from outer edge of the calorimeter at R = \/ Touster T yglu ster

Cluster distance: Distance between clusters to ensure that one cluster is originated
from only one gamma.

7.2 5-gamma pointing method

The 5-cluster events were treated in ghana, and specific reconstructing methods and cut
conditions were applied. Procedure to reconstruct four momentum of the 6th gamma
from other 5 gammas is the following.

First, we reconstructed 2 7°’s from 4 clusters in 5 clusters hitting the calorimeter.
The best combination was selected to be the one with the smallest vertex x? represented
in Eq. (7.14). With the selected combination, momentum of 5 gammas, the vertex Z, ,
and the timing Ty, were decided.

Second, by assuming Pr = 0 for the K, and the 7° mass for 3rd 7%, the 6th gamma
was temporary reconstructed as:

5
=1
5
De(y) = —Zpi(yp (7.18)
=1
Mpeero = (Ips| + [ps])* — (P5 + p6)”, (7.19)

where p; = (pi(xg,pi(y),p,-(z)) is a three-momentum of the i-th gamma, and Mp,..0 is the
reconstructed 7 mass. Equation (7.19) is a quadratic equation about pg(.). Applying
the nominal 7° mass to Mp,.-0, we obtained two answers for Pe(z)- The K1, mass Mpeck,
was reconstructed as:

6 6
Mpeere, = OQ_Ipil)> = O_pi)*. (7.20)
i=1 i=1

Third, these pe, Mpecr0, and Mpeci, were corrected by minimizing the y?:

2

(MReck, — Mi,)*  (Mpeero — Myo)® 3 Pys

Xhee(P6(2) Po(y)» Pe(z)) = e i e BT 21)
O-KL O'ﬂ_o O-pw O-py

where My, (M o) is the nominal K7, (7%) mass, prsum (Pysum) is the sum of six gammas’
x (y) momentum, and ok, , 00, 0p, and o, are the errors of Mpecx, , Mpecr0; PeSum
and pysum, respectively. Three-momentum of the 6th gamma was a free parameters for
the fitting.
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Last, veto timing and hit z-position of the 6th gamma are defined as:

tRee = Tk;, (7.22)

D6 - €2
pol (723)

ZRec = LK, +luB

where [j;p is the path length from the vertex to the hit position at the inner radius
ryB = 1018 mm of the inner module of the Main Barrel, pg is the momentum of the
6th gamma, and e, is a unit vector pointing z-direction.

Kinematic cuts for selecting 5-gamma events are listed in Appendix A.

7.3 Contamination of accidental hits

Accidental hits were investigated during the May 2013 Run with Target Monitor (TMON)
trigger data. The TMON was a hodoscope to monitor the yield of secondary particles
created at the T1 target. It detected particles toward 50° direction from the primary
beam line. The timing of the TMON trigger was adjusted to the Kj beam events at
the KOTO detector. The counting rate at each module of the Main Barrel and deposit
energy distribution are shown in Fig. 7.3. Higher accidental hit rate were shown in the
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Figure 7.3: Left: Signal counting rate at each Main Barrel module. Center: The largest
energy deposit in the modules of the Main Barrel for TMON trigger data. Right: The
deposit energy distribution of 6th gamma hitting the Main Barrel for data and MC
with accidental overlay. Module ID shown in the bottom left figure was numbered in a
clockwise direction viewed from upstream from the near primary beam side for inner 32
modules and later outer 32 modules. Therefore, ID 0 and 31 for the inner modules, 32
and 63 for the outer modules were placed near the primary beam line.

side modules near the primary beam line. We suspected that neutrons from the primary
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7.4. MEASURED TIMING RESOLUTION 91

beam line downstream of T1 target hit the modules. We thus dealt with the particles
by water and iron shield and tuning of RF modulation. By tuning of RF modulation,
the different arrival timing between K and neutron can change their ratio around the
KOTO detector.

By overlaying the waveforms observed in TMON trigger on the waveforms of MC
events, we could compare data with MC in a realistic beam accidental rate condition.
We call this method the accidental overlay. Events analyzed with 5-gamma pointing
method had a 10 % acceptance reduction by the accidental overlay. In the following
analysis to measure the timing resolution with 5-gamma events, we used MC events with
accidental overlay.

7.4 Measured timing resolution

We evaluated timing resolution with the distribution of difference of the detected and
reconstructed timing. In the same way, we also evaluated the z-position resolution, which
is closely related to the timing resolution. The definitions of each timing and z-position
were as follow.

The hit timing difference T' between veto timing ¢y in Eq. (7.15) and reconstructed
timing tre. in Eq. (7.22) is described as:

T = tup—tre (7.24)
TpeemiB — TOFyuB — Tyt — Tk, (7.25)
= Tpemp —TOFyB — 2T is. (7.26)

The position difference Z between detected position Zpesprp in Eq. (7.10) and recon-
structed hit position zge. in Eq. (7.23) is:

Z = ZpetMB — ZRec- (7.27)

The relation between the detected position Zpe:arp and reconstructed hit position zge.
in the KOTO data is shown in Fig. 7.4.

From Eq. (7.9) and Eq. (7.10), the detected z-position resolution o, ge. is proportional
to the detected timing resolution o;pes as:

OzDet — UO0tDet- (728)
The resolution of T' and Z are:
o7 = et © orror © (V20iu1z), (7.29)
0z = OzDet D OzRec (730)
= VOtDet D Oz Rec (7.31)

where oyroF, Ottz, and o, ge. are the resolutions of TOFasg, Tyts, and zge., respectively.

The data taken in the experiment contains the timing and z-position resolutions
caused by the waveform described in Section 6.4. We added such resolution in the MC.
The resolution of data, and that of MC with and without waveform contribution are
shown in Fig. 7.5.
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Figure 7.4: Detected and reconstructed z-positions. The Z = 0 mm is defined as the
center of the Main Barrel.
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Figure 7.5: The width op (left) and oz (right) at each deposit energy region. Each color
shows data (black) and MC with (blue) and without (magenta) resolution caused by
waveform.
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In the figure, the discrepancy between data and MC was reduced after the resolution
caused by the waveform was added, as visible by comparing these three op’s. In other
words, the effect of the waveform was the main contribution in the timing resolution
observed in data. This effect was included in o;pe; term in Eq. (7.29).

On the other hand, the z-position resolutions are not different between data and
MC with and without waveform contribution. This means that the fluctuation of the
reconstructed z-position is the main contribution in the z-position resolution observed
in data.
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Chapter 8

Optimization of veto window and
threshold

The veto windows and thresholds for the Main Barrel and the Inner Barrel should be
adjusted to maximize the sensitivity of the experiment. We evaluated the sensitivity
with a significance S/ VB, where S and B are the number of signal and K; — 7%7°
background events, respectively.

In Chapter 4, we estimated the signal to background ratio (S/B) without considering
the timing resolution. In this chapter, we re-estimate the signal and noise with the
realistic timing resolution we obtained in Chapter 6, and evaluate the significance.

To reproduce realistic relative timings between the Inner Barrel, the Main Barrel,
and the Csl calorimeter, in the following analysis, we used MC set for the May 2013
data analysis which included the timing response in the calorimeter.

At the first physics run, we also learned that there were several issues to be solved for
the further progress of the KOTO experiment. One of the issues was the large accidental
loss. Dependence of the accidental event rate on beam intensity and the estimation for
future condition are described in Section 8.2. Another issue was the statistics of MC.
Both Fast and Full MC had difficulties for future analysis. The data size of Full MC is
too large to generate large number of events. Fast MC had some discrepancy between
Full MC for the estimated number of background events. Detail of these issues and a
trial of another MC method will be described in Section 8.3.

Beforehand, in this and next chapters, we call the barrel detectors after installing the
Inner Barrel as “middle-stream Barrel detectors” to express the Main Barrel and the
Inner Barrel working together.

8.1 K; — n'vi analysis

In this section, we will obtain the number of the K — 7% signal events, and its

dependence on veto width and energy threshold caused by back-splash.

8.1.1 Analysis method

To study the effect of the barrel detectors on the sensitivity for the K; — 7w, we
generated Full MC without beam accidental overlay. Most parts of the analysis method
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for the K; — 7% % mode were common with the 5-cluster analysis in the K — 7%7%7°

mode described in Chapter 7. The main difference from the 5-cluster analysis was the
cuts to avoid vertex mis-reconstruction. In 2-cluster analysis, we reconstruct only one 7°
vertex for the K — 7% % mode. The cuts are listed in Appendix A. Most of cuts were

the same as the analysis for the May 2013 data, without cuts for neutron backgrounds
such as Neural Net cuts.

8.1.2 Number of signal events

The single event sensitivity (S.E.S) is defined as:
SES =—7-—7 (8.1)

where Ng, is the total number of the incident K;’s and €44 is the signal acceptance
including decay probability of the incident K. In this analysis, the signal acceptance
after applying all the cuts including the Main Barrel veto at 2 MeV threshold was
2.1 x 102 without a beam accidental loss. In this study, I assumed that the total
number of protons on target (P.O.T.) is 1.3 x 10%!, the loss of acceptance is 50 % due
to accidental hits, and another 50 % due to cuts to suppress the neutron backgrounds.
We assumed N7 = 2.8 x 10 based on the Ky flux Frp = (4.041 4 0.109) x 107 per
2 x 10 P.O.T from the result of K; measurement [47]. The S.E.S. is equivalent to
6.9 x 10712, With this S.E.S., the number of the Standard Model signal events is 3.5.

8.1.3 Timing and z position distribution of back-splash

Timing and z-position distributions of the backsplash particles hitting the barrel detec-
tors in the K; — 7’v mode are shown in Fig. 8.1. The backsplash particles hit the
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Figure 8.1: Timing and z-position distributions of the largest energy deposit of the
backsplash particles hitting the barrel detectors in the K — 707 mode. Full simulation
without timing and z-position smearing (left), that with smearing for the Main Barrel
(center), and that with smearing for the middle-stream Barrel detectors (right). The
flat line (vetoT = 40.7) shows the veto timing. The black shallow line (vetoT = —5.67 x
10732 + 53.93) shows the mean timing of back-splash events.

barrel detectors after the veto timing. Late shower events around zp;; = 2000 mm shown
in Fig 8.1 (left) were caused by photo-nuclear interaction in the Csl calorimeter.
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As already shown in Fig. 3.10, 28 % of observed signal events had back-splash hits in
the middle-stream Barrel detectors, and the deposit energies in 99 % of these events were
less than 5 MeV. Because the timing resolution is large at low energy, the reconstructed
timing and z-position have a broad distribution.

8.2 Beam accidental event

As described in Chapter 7, the May 2013 data had high rate of accidental events hitting
the Main Barrel. Beam accidental hits will be reduced by shielding and beam tuning.
I thus studied accidental hits estimated from the K; beam line MC for future beam
conditions. Besides, we estimated the signal loss caused by accidental hits in various
beam intensities by scaling the counting rate.

8.2.1 Requirement for acceptance

Before estimating the signal loss due to accidental hits, we mention the relation of signal
counting rate to the signal collecting efficiency, that is the yield of collected signal event,
and Data Acquisition (DAQ) system. The yield of signal events Y is described as:

Y = NK X ]Dlive X Asig; (82)

where N is the number of K ’s which satisfies the trigger condition per spill, Py is
the probability that the DAQ can accept triggers (live ratio), and Agj4 is the fraction of
the events without accidental hits in the triggered events. The live ratio is expressed as:

1
1+ Ng x wDAQ/wSp’

Ijlive (83)

where wp 4 is dead time of the DAQ system for an event, and wy), is the spill length.
By assuming that the accidental hit timing is flat, the probability that a selected event
has no accidental hits is:

Agig = Poisson(0, Ngcd), (8.4)

where N4 is the expected number of accidental hits in a trigger on the barrel detectors.
The Poisson distribution was defined in Eq. (4.8).

If Ngea S 0.1, we can regard Ryeq = 1 — Poisson(0, Ngeq) ~ Nged, where Ryeq is the
fraction of events with accidental hit per one K in the barrel detectors. Figure 8.2
shows the signal yield as a function of the intensity at the same 2 sec spill and 6 sec
beam cycle. Here, we assumed 10 % (Rgeq = 0.1) and 3% (Racq = 0.03) acceptance loss
at 24 kW beam intensity, and no advanced trigger to reduce Nk less than that for > 24
kW beam intensity. If the acceptance loss is 10 % at 24 kW, and if the condition did
not improve, the efficiency of data acquisition system reaches a plateau near 100 kW
beam intensity. As described in Chapter 7, there was a 10 % loss in 5-cluster events
at 24 kW beam power. Therefore, accidental event rate lower than May 2013 Run is
required for efficient data taking in future high intensity beam at ~ 100 kW. Study to
reduce accidental hits is underway. We thus should study the acceptance loss and the
achievable sensitivity after the accidental rate is reduced.
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Figure 8.2: Factor of acceptance and signal yield as a function of beam intensity for
10 % (red) and 3% (black) acceptance loss at 24 kW beam intensity. Signal yield is
normalized by that at 24 kW beam intensity. Beam cycle is assumed to be 2 sec spill
and 6 sec beam cycle as in May 2013.

8.2.2 Beam Monte Carlo

In beam Monte Carlo simulation, particles with momentum > 100 MeV /¢ were generated
as sources of accidental events. The particles which were produced in a 66-mm-long gold
target and passed the collimators downstream of T1 target were collected. The types of
generated particles and deposit energy distribution caused by each source particle are
shown in Fig. 8.3. Most particles hitting the Main Barrel were particles decayed from
the K. Table 8.1 shows the rate that a particle deposits energy higher than a given
threshold in the Main Barrel.

8.2.3 Event loss expectation

We counted the number of accidental hits reproduced in MC in a trigger width as:

Wye

Nacd = fKL X 2 X Naed (85)

Wsp

where fr is a factor of the flux of K, wyeto is veto width, wy), is spill length. The n4eq
is the number of accidental hits per one K but includes hits of particles produced by
gamma and neutrons.

Width of veto window wy.t, is assumed to be 60 ns which is the same as in the May
2013 data analysis. We scaled fx, by P.O.T based on Fi, puu = (4.041 £ 0.109) X 107
per 2 x 104 P.O.T [47].

In future, the beam power will be increased to 100 kW. Repetition cycle is shortened
to be 4 seconds from 6 seconds without altering the 2 seconds spill length by replacing
power supply for J-PARC Main Ring [48]. In this 4-seconds cycle, acceptance become
better than that in 6-seconds cycle at the same beam power.
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Figure 8.3: Generated particle id (left) and deposit energy on the Main Barrel for each

source particle (right).

Table 8.1: Accidental event rate (n4.4) estimated from beam MC for the flax Fi, pui-

Threshold | Accidental Rate [evt/ K]
Egep >Threshold | 5 > Egy, >Threshold
2 MeV 0.323 0.072
1 MeV 0.374 0.123
0.5 MeV 0.418 0.167
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If the veto window is narrowed to wpey, the signal acceptance Ay, is changed to:

Agig = Poisson(0, Ngeq % wnew). (8.6)

Wyeto

Veto width dependence of the A;, is shown in Fig. 8.4. The figure also shows the case if

ance

pt

Acce

S0 20 40 60
Veto width [ns]

Figure 8.4: A, as a function of width of veto window for 24 kW 6-second beam cycle
(green), 100 kW 4-second beam cycle (red), and a factor 3 higher accidental hit rate in
100 kW 4-second beam cycle (blue). Each line style shows the acceptance for thresholds
at 2 MeV (dotted line), 1 MeV (dashed line), and 0.5 (solid line), respectively.

the beam line condition is not improved and the accidental hit rate was 3 times higher.

8.3 MC method for background estimation

In the K; — 7%7° background study, we tried a new method different from Full and
Fast MC. In the method, to reduce the statistical fluctuation, deposit energy of an event
is reproduced by a probability distribution as a function of the incident gamma energy
and angle. Timing is reproduced by interaction timings and the spread from it. The
timing spread is calculated by a convolution of the timing resolution and the probability
distribution of the deposit energy because the timing resolution is a function of the
deposit energy. The timing spread is thus a probability distribution. The z-position are
reproduced in the same way to the timing.

In this section, we describe the merit of the method, its approach, and evaluation of
the method.

8.3.1 Feature and merit of mapping method

In the May 2013 data analysis, the number of the Kj — 7%7% background events was
estimated with Full MC. This analysis also used this Full MC, and the statistics was
equivalent to generating K;’s which would give 5.2 x 107! S.E.S for signal events.
However, a few events depositing less than 5 MeV in the Main Barrel remained. To
study further reduction, higher statistics was required.

On the other hand, we wanted smaller MC size per event for future analysis. The
simulated events of all studied decay modes for the May 2013 data analysis already
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occupied 14 TB of disk space (only for raw level format). We are going to collect 103
times more experimental data, and the MC size will increase in proportion to the data
size. Current MC event size is too large to analyze speedy due to the limitation of CPU
power and disk access speed.

With Fast MC, we could generate the events with small event size. The Kj — 77070
decay mode which had larger branching ratio than the K; — 7%7% decay mode was
generated with Fast MC. The Kj — 7%7° decay mode was also generated in Fast MC
as the reference. The number of the K7 — 7%7° background events estimated with Fast
MC was twice smaller than that with Full MC.

For these reasons, I developed another method to estimate the number of background
events accurately with small event size.

The new method, named mapping method, is similar to Fast MC but can evaluate the
deposit energy distribution. In Fast MC, we defined only one energy threshold and only
judged whether the energy deposit was larger than the threshold or not. The merit of
seeing the deposit energy distribution is that we can compare the distributions between
MC and data, and can understand systematically the difference of the event properties
between them.

In addition, we can also reproduce timing distribution by obtaining energy distribu-
tion as follows. To obtain timing distribution including detector response, we smeared
the timing according to detector timing resolution. Because the detector timing resolu-
tion is a function of deposit energy, we need deposit energy. This is the reason why the
timing could not be smeared in Fast MC but could be in the mapping method.

In the followings, we explain energy, timing, and z-position calculation in the mapping
method. After that, we compare the energy deposit obtained with the mapping method
and with Full MC to confirm the accuracy of the method itself. This confirmation was
done under loose cut condition to increase statistics. Finally, we apply all the cuts to
the mapping method and evaluate the number of background events.

8.3.2 approach of mapping method

In the mapping method, we treated energy, timing, and z-position information differently
from Fast and Full MC.

For energy, we used only the K decay kinematics in the same way as the Fast MC.
The result of monochromatic gamma MC used to make inefficiency function was reused
to obtain energy deposit distribution. In the Fast MC, the inefficiency function I was a
function of incident angle 0;, and incident energy Ej,; I = I(0;y,, Ei). Instead of ineffi-
ciency function, we prepared a gamma response function F[Egcp] = F(0in, Ein, Eqep) for
the mapping method. Gamma response function is a function (array) of the probability
of energy deposit between Ege, and Fgep,+AFE for a gamma with the incident energy Fj,
entering a detector with angle 6. The function can also be interpreted as the difference
of inefficiencies between two near thresholds as:

F(0, Ein, Egep) AE = (thre=Edep+ AE) (0, Ein) — L(threshold=Edep) (0, Ein)- (8.7)

The function is also normalized:

/ F(0, B, a)dz = 1. (8.8)
=0
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If two particles hit the detector, we used the maximum deposit energy in one module
to make a veto decision. We neglected the effect that two gammas hit the same module
because the effect was only 3 %. The distribution of maximum deposit energy is then:

Edep
Fioat(Euaey) = / FL(0, B, )z F(0, Eun, Euey)
xT

=0
Edep
+F1(07Ein7Edep)/ FQ(@, E,-n,ac)dx (89)
=0
+F1 (07 Eiru Edep)F2(97 Eirm Edep)
= LFy+ 11y + F1Fy (810)

Similarly, if three particles hit the detector, the distribution of maximum energy
deposit is described as:

Fiotal(Eqep) = IloF3+ 11 Fols + Filolz + [ FoFs + FiIb Fy + F1 Fol3 + FL Fo(11)

The timing and z-position were smeared with the timing and z-position resolution,
respectively. As already shown in Chapter 7, the z-position resolution is described by
timing resolution. In following, we omit description of z-position.

The timing resolution of the barrel detectors, oyeror, measured in real data is ex-
pressed as:

OvetoT = 0CsI D Tint D Odet, (812)

where oogr is the resolution caused by the Csl calorimeter, o;,; is the resolution caused
by particle interaction in the barrel detectors, and o4 is the resolution coming from
detector response in the barrel detectors estimated in Chapter 6. In Full MC, the
resolution ocs; and oy, were already included. In the mapping method, we added oget
as follows.

In this method, each hit at time ¢4, and z-position z4e, in the barrel detectors makes
a probability density function:

oo
P(tae + At, 2gep + Az) = > |Gaussian(tae, + At, taep, 0¢(Eaep))
Edep:(]

x Gaussian(zgep + Az, Zdep, VOt (Edep)) X F(Edep)(]&l?))

where Gaussian(z, a, o) is a gaussian function of x at mean a and width o. The F(Eg;)) is
the gamma response function for incident energy E;,. The tg4e; and z4e¢ are the detected
timing and z-position in original Full MC, and we use these values to reproduce the
resolution caused by particle interaction o in Eq.(8.12). The oy is timing resolution,
and v is propagating velocity in the detector. The At and Az are the difference from
the detected timing and z-position.

8.3.3 Evaluation of inefficiency in mapping method

To confirm the accuracy of the mapping method, we compared the mapping method
with Full MC about the energy distribution in two decay modes in different analysis
schemes.
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The first mode was the K7, — 7%7%7% mode with 5-cluster event analysis. As shown
in Fig. 8.5 (left), the deposit energy distribution agreed well with Full MC by including
the effect of back splash. By using the back splash hit with the maximum deposit energy
as a hit of an incident particle, we calculated the deposit energy distribution according
to the 2-particle-incident formula shown in Eq. (8.10). The total response function is
calculated from the energy deposit in the 6th gamma and back splash as:

Fiotal(Egep) = LetnForsp + Fotndorsp + FotnForsp- (8.14)

The response function for back splash Fy,, was defined for each number of clusters in
the Csl calorimeter because the number of clusters was closely related to the number
and energy of backsplash. The defined function Fjs, does not depend on the incident
energy and angle of gamma hitting the Csl calorimeter. Sometimes there were multiple
back splash hits, but the function Fjye, was defined by using the largest energy deposit
in one module. The probability that backsplash is not observed, that is integration of
the response function, is shown in Fig. 8.5 (right).
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Figure 8.5: Left: The deposit energy distribution in the Main Barrel estimated with
loose kinematic cuts. Red points show the result of Full MC. Blue points show the
mapping method result assuming that only the 6th gamma hit the Main Barrel. Black
points show the mapping method result assuming not only 6th gamma but also back
splash of 5 gammas in the calorimeter hit the Main Barrel. Right: The probability of
not observing backsplash in the Main Barrel when 2 (red), 4 (black), and 6 (magenta)
gammas entered the calorimeter from the K; — 7w, K; — 7n%% and K — 70797
modes, respectively. Inefficiency thus includes events which do not have backsplash
particle hitting the Main Barrel. In addition, 3 (blue) (5 (green)) gamma incident in the
calorimeter was approximated as the mean of 2 and 4 (4 and 6) gamma incidence.

The following background analysis also uses this correction of the deposit energy
distribution caused by back-splash.

The second mode was the K7 — 7979 decay mode with a set of loose cut conditions.
This cut set applied only the cut on the hit region on the calorimeter called fiducial cut,
and the cut on z-vertex position to obtain large statistics. The energy deposit caused by
the combination of back-splash and one (two) decay gamma(s) hitting the Main Barrel
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was defined as a function for energy deposit distribution as expressed in Eq. (8.10) (
Eq. (8.11) ).

The calculated energy deposit distributions in limited hit z-position regions are shown
in Fig. 8.6. At most z, Full MC and the mapping method agreed. On the other hand,
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Figure 8.6: The number of the K; — 7°7° background events as a function of threshold
at limited hitting z-position —4000 < z < 1800 (left) and 2050 < z < 2200 (right) with
loose cuts (only fiducial and z-vertex position cuts). The position of the center of the
Main Barrel is z = 0, and that of the surface of the Csl calorimeter is z=2048 mm. The
numbers of background events were estimated by mapping method (black) and Full MC
(red).

there was a discrepancy for deposit energy in the Main Barrel around the Csl edge.
It was the effect of other detectors and dead materials of support structures sharing
a gamma shower. The response function of gamma hitting the Csl edge region had a
large radial position dependence. If we estimate the deposit energy distribution of this
region with the mapping method, we need to prepare minute parameterization in the
response function with an additional parameter such as hitting radius. In the following
estimation, we thus used Full MC instead of mapping method for the Csl edge region.

8.4 K;— 7’7" background

The K7, — 7%7% mode was the major background caused by the barrel detectors. We
regard only this decay mode as the background in significance estimation.

In this K7 — 7% background study, we tried the mapping method except for the
Csl edge region.

8.4.1 Timing, z position distribution

We separated the region for two different methods, the mapping method and Full MC,
depending on the trajectory of gamma. We traced the trajectory to the Csl surface and
the Main Barrel surface, and calculated its distance Rggr from the center on the Csl
and z-position z);p on the Main Barrel.

Before the Inner Barrel was installed, if the trajectory satisfied the condition Rosr >
850 mm and zp;p > 6100, the trajectory was recognized that it passed the Csl edge
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region. After the Inner Barrel was installed, the condition was changed to Rcsr > 850
mm and zprp > 5600 mm. We defined this region large enough to cover the events
affected by other detectors and structures around the Csl edge.

Events except those hitting the Csl edge region were estimated in the mapping method
by applying all the kinematic cuts. Timing and z-position distributions of those events
are shown in Fig. 8.7. These distribution are made by summing up of the probability
density function for each event expressed in Eq. (8.13).
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Figure 8.7: Timing and z-position distribution of the K; — 7%7° decay mode generated
in original full simulation (left), and events hitting the region excluding CsI edge region
after applying energy deposit probability, and timing and z position resolution based
on the mapping method for the Main Barrel (middle) and the middle-stream Barrel
detectors (right). The x-axis is defined as z = 0 to be the center of the Main Barrel.
The events in the left plot were generated with the number of K decays which would
give a signal S.E.S of 5.2 x 107!, The region between a solid black line and a solid black
curve shows an example of veto window.

For the CsI edge region, the timing and hit position distributions and the number of
background events were estimated with Full MC. We increased the statistics by reusing
the tracks of decay particles generated in Full MC and recreating a gamma shower
every time. Timing and z-position distributions after applying all the cuts are shown
in Fig. 8.8. The timing and z-position of each hit was smeared according to the energy
deposit.

These figures also show an example of veto window. Decision on the borders of the
veto window is described in the following.

8.4.2 Vertex mis-reconstruction

As shown in the timing and z-position distribution, there were earlier timing events in
relatively upstream side of the barrel detectors around ¢ < 38 ns and z < 800 mm.
These events were caused by mis-reconstruction of the K, decay vertex. If the energy of
a gamma was mis-measured low, the decay vertex was mis-reconstructed downstream of
real vertex position. In this case, the path of the particles hitting the barrel detectors was
mis-calculated, and the reconstructed timing of the particles hitting relatively upstream
side became earlier.

As understood from Eq.(7.15), the true veto timing ¢, is expressed as the constant
timing ¢4, = tg. The largest timing difference between the true veto timing and the
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Figure 8.8: Timing and z-position distribution of the K; — 7%7° events which have
gammas hitting the Csl edge region. Top two figures show the case with the Main Barrel,
and the bottom two figures show the case with the middle-stream Barrel detectors. The
plots on the left show hits with the maximum energy, and the plots on the right show
the hits with the timing nearest to the veto timing. The number of generated events for
the middle-stream Barrel detectors was 3.8 times that of the Main Barrel. Distributions
were created by recycling original full simulation events 100 times, which was equivalent
to generating the number of the K, that would give S.E.S = 5.2 x 10~ for the signal.
The z = 0 in these plots corresponds to the center of the Main Barrel. The region
between a solid black line and a solid black curve shows an example of veto window.
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reconstructed timing ¢,.. occur if a gamma hits the barrel detectors perpendicularly as
shown in Fig. 8.9. In this case, the timing difference is calculated as:

”“*x' L2

true vtx  rec vtx ]

Figure 8.9: The fastest limit of the mis-reconstructed timing is shown at the largest
difference of the length L3 and L4. If the Csl calorimeter mis-measures the gamma
energy lower, the vertex is reconstructed downstream rather than the true vertex.

trec — tir = %{(L2 - Ll) - (L4 - L3)}’ (815)

1
trec z tO‘i‘E{Zdiff—\/Z?h-ff-i‘RQ—FR}, (816)

where the zg4;7 is the z-position difference between the reconstructed vertex and the
true vertex. The geometrical limitation is thus expressed as:

t(z2) :tO—At—I—%{(z—Az) —V/(z— A2)2+ R2 + R}, (8.17)

where Az and At is the offset assuming the resolution. The curve shown in Fig. 8.7
and Fig. 8.8 set (Az, At) = (500, 16). Although the following study on veto window is
independent of z-position, the window inside ¢(z) limit is effective under the condition
of high accidental rate such as May 2013 run.

8.4.3 Late shower events

As also shown in the timing and z-position distribution in Fig. 8.8, there were events
with more than 10 ns later than the veto timing. These events were caused by photo-
nuclear interactions. A typical event display is shown in Fig 8.10. Most events have a
lower energy deposit at an earlier timing in other modules. When we use such modules
for vetoing, the veto timing spread is reduced as shown in Fig. 8.8 (right).

8.4.4 Veto window dependence

By combining two estimations of the t-z distribution in the Csl edge region and the
region calculated with the mapping method, the number of the K — 7979 background
events was calculated as a function of veto width. The veto width dependence is shown
in Fig. 8.11. Hits closest to the veto timing with the energy higher than the energy
threshed was used. The number of the K — 770 background events rapidly decrease
by detecting events creating shower on veto timiming for veto width < 30 ns, and slowly
decrease by detecting late shower events for veto width > 30 ns. Background events
around 30 ns were mainly caused by vertex mis-reconstruction.
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Figure 8.10: Event display (left) and deposit energy and timing of the Main Barrel
(right) for a K — 7°7% event which created a late shower. Another module has an
energy deposit near the veto timing.
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Figure 8.11: The number of the K — 7%7° background events is shown as a function of
the veto window width for the Main Barrel (left) and the middle-stream Barrel detectors
(right). Each line shows the events with the energy threshold 2 MeV (black), 1 MeV
(red), and 0.5 MeV (blue). Veto window was moved for all events (dashed line) and for
only < 5 MeV deposit events (solid line). The veto window for > 5 MeV deposit events
in solid line was fixed at 60 ns width to detect late shower events caused by photo-nuclear
interaction.
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8.5 /B ratio related with back splash loss

As described in Chapter 4 and Section 8.1, back splash on the Main Barrel caused a 28
% signal loss. In this section, we discuss a veto window to maximize S/B between the
K — mvp signal and the K; — 77 background by recovering acceptance loss due
to back-splash without increasing backgrounds.

Both the K7 — 7%v7 and the K7, — 7%7° modes were estimated without overlaying
accidental events in the previous sections. In this section, we will compare the timing
and z-position distribution between back splash and K; — 7%7° background without
accidental overlay.

A figure of merit as a ratio of the number of signal events with back-splash and the
K1, — 71979 background is shown in Fig. 8.12. There is only small z-position dependence
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Figure 8.12: A S/B ratio but scaled with 5 x 107 over S/B for 100 x 100 bins plotting
points based on the signal shown in Fig. 8.1 and the background events shown in Fig. 8.7
and Fig. 8.8. The z-axis thus gives better S/B with the value > 5 x 103 for each point.
Upper three figures show the case of the Main Barrel, and lower three figures show the
case of the middle-stream Barrel detectors for subdivided energy deposits 2 < Ege, < 5
MeV (left), 1 < Egep < 2 MeV (center) and 0.5 < Egep, < 1 MeV (right). The number
drawn in the plots are the recovered signal ratio if the narrower “on time 48 ns” veto
window (red line) is applied. The recoveries are 10.2 % for the Main Barrel, and 10.8 %
for the Inner Barrel.

for all energy region. We thus consider a veto window only in time, and no dependence
in z-position. By selecting “on time +8 ns” timing window, both before and after the
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Inner Barrel installation show the same 10 % recovery from the 28 % loss in original
detector condition. With the Inner Barrel, we can select a narrower veto window “on
time 46 ns”, and recover the loss by 16 %.

8.6 Decision on veto window and threshold and estimation
of significance

In this section we include the effect of accidentals. The number of both K; — 7%vp
signal and Ky — 7%7° background events without beam accidental loss are scaled with
the function expressed in Eq. (8.6).

We defined a figure of merit as a significance S/ VB, where S is the number of observed
K1 — n%0 events and B is the number of the K; — 7%7% background events.

The significance before and after the Inner Barrel installation is shown in Figure 8.13.
The maximum significance was obtained with a 60-ns-wide veto window for Ege, > 5
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Figure 8.13: The significance S/v/B as a function of the veto window for all events with
the Main Barrel (top left) and with the middle-stream Barrel detectors (bottom left),
and the fixed 30 ns veto window for > 5 MeV deposit events and the changed veto
window for other events about the Main Barrel (top right) and the middle-stream Barrel
detectors (bottom right). Each color shows the beam condition: 24 kW 6 seconds cycle
(blue), 100 kW 4 seconds cycle (black), and assuming a 3 times higher accidental event
rate at 100 kW 4 seconds cycle (red). The line styles represent the veto energy threshold:
2 MeV (solid line), 1 MeV (dashed line), and 0.5 MeV (dotted line).
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MeV deposit hits and 20-ns-wide for 5 > Ege, > 0.5 MeV hits. This veto window and
threshold utilize the difference between the energy distributions of accidental hits and
background events. Most of beam accidental hits and back-splash hits deposit low energy
(Egep < 5 MeV), whereas, most of the Ky, — 7979 background events deposit > 5 MeV
in broad timing.

The highest significance for the expected future beam structure was 2.5 without the
Inner Barrel, and 3.7 with the Inner Barrel.
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Chapter 9

Discussion

9.1 Improvement of sensitivity

We evaluated the significance S/v/B against the K — 7979 background in Chapter 8.
In this section, we consider the 3¢ sensitivity by including other backgrounds. We discuss
the sensitivity to observe the signal events as a function of the amount of collected data.
In the following, we assume 100 kW and 4 second cycle beam. We also assume that
neutron background expected in May 2013 run will be rejected by several cuts with a
50 % acceptance reduction.

We compare the sensitivity for two cases: with and without the Inner Barrel. First,
the number of signal and K; — 7%7% background events estimated in previous chapter
were used. With the final amount of data, the expected number of Standard Model
signal events is S = 3.5, and the number of K — 797% background events is B,.0..0 = 3.0
without the Inner Barrel. In case with the Inner Barrel, the number of the K; — 7070
background events became B, o0 = 0.8. Next, the number of other K background
events was calculated from the estimation of the final detector configuration but without
the Inner Barrel [37]. From the K background except the Kj — 7%z background
events (2.75 &+ 0.31) normalized with the number of signal events (6.50 £ 0.05), the
number of other Ky, background events is calculated as Bx, o = 1.5.

The above number of signal and background events are scaled with the amount of
collected data. The Kj — n0vp observation with the 3-0 evidence is distinguished by
the expectation P as:

P = ZPoisson(i,a(BKLo+Bﬂo,ro)) (9.1)
< 2.7x1073, (9.2)

where n is the number of observed events, and « is a scale factor for the amount of
collected data expressed in the fraction of final amount of data. If we replace the number
of expected background events By, o + Bjoro in Eq.(9.3) with that of the total number
of expected events S + Bx, 0 + Bo0, we can evaluate the sensitivity to observe a New
Physics with the 3-0 evidence. The branching ratio that we can claim the 3-0 evidence
is:

BR = (n—aNep) X S.E.S. (9.3)
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112 CHAPTER 9. DISCUSSION

where Neg), is the number of the expected events with the final amount of data: Ny, =
Bg, 0 + Bogo for the Standard Model, and Neyp = S + Bk, 0 + Bo0 for New Physics.

The sensitivity with and without the Inner Barrel installation is shown in Fig. 9.1.
The Inner Barrel improves the sensitivity by 10 % for > 0.2 times the total amount of
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Figure 9.1: The branching ratio sensitive to a New Physics with 3-0 evidence (solid
line) and the K; — 7’vi observation in the Standard Model branching ratio with 3-o
evidence (dashed line) without the Inner Barrel (red) and with the Inner Barrel (black).
Each point shows the branching ratio at a scale factor « satisfying the expectation
P = 2.7 x 10? for each observed number of events n in Eq. (9.2).

data.

9.2 Advices for module production in further

We finished the construction of all the Inner Barrel modules, and installed the detector
inside the Main Barrel in April 2016.

We experienced several problems during construction.

After glueing fibers on the scintillator, cracks grew in the scintillator, and un-cured
glue was remaining in the groove. This phenomena did not occur in the stage of the
prototype production. From several features of the cracks and the difference between
the prototype and mass production, we suspected that the cracks were caused by the
reaction between un-cured glue and the extrusion-molding scintillator.

Most of the cracks existed near the edge of the scintillator and other cracks existed
randomly. At the edge of the scintillator, plastic tubes made of PEEK resin were glued
in the grooves to protect fibers. We carved the grooves to insert the tube, and the surface
of the grooves was rough. The groove surface in other region was not as smooth as the
surface of the prototype due to the difference in machining process. We found small
holes in the grooves of the mass production. The largest difference was the kind of the
scintillator between extrusion-molding scintillator for the mass production and casting
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scintillator for the prototype.

On the other hand, we did not find any fibers damaged by un-cured glue. About the
fibers, the difference from the prototype production was only that we found partially
thick fibers in the mass production process.

An assumption that the cracks were caused by a reaction between un-cured glue and
the extrusion-molding scintillator is supported by the followings. The edge position
tended to leave un-cured glue because UV light cannot penetrate to behind the PEEK
tube. Other positions sometimes left un-cured glue due to partially thick fibers or holes
in the scintillator.

Finally, by the effort of Prof. Togawa and other people, cracks stopped growing after
annealing the scintillator and placing the scintillator in vacuum after glueing.

If we construct a similar detector in future, we should consider using casting scintil-
lator. For the Inner Barrel, we selected extrusion-molding method to make long scintil-
lators at low cost. However, scintillator are supported by the Back Plate and the Front
Plate, so structure-wise, a few short scintillators should work. In addition, with casting
scintillators, the light yield can be 30 ~ 40 % higher.
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Chapter 10

Conclusion

We developed the Inner Barrel to improve the overall gamma veto efficiency to supress
the major K7, — 7%7° background. We also aimed at obtaining a good timing resolution
by the Inner Barrel to recover acceptance loss due to back-splash hits and beam acci-
dental hits. To realize the Inner Barrel, we studied the performance and the structure of
the detector based on Geant4 MC and mechanical calculations. As a result, we decided
to construct 5-Xo sampling detector made of lead and scintillator. The signal is read out
by WLS fiber with a shorter decay time than that for the Main Barrel, and 500-MHz
FADCs.

We also studied the Main Barrel because the performance of the Main Barrel was
not proven enough. We evaluated the timing resolution for both the Inner Barrel and
the Main Barrel, and improved analysis methods to reduce the acceptance loss caused
by beam accidental hits and back-splash hits. By including this timing resolution in the
MC for the Main Barrel, the timing distribution of data and MC agreed well.

By installing the Inner Barrel and improving the analysis for both the Inner Barrel
and the Main Barrel, the K7, — 7%7% background was estimated to be suppressed by a
factor of three, and the total number of background events was estimated to be reduced
to less than the number of signal events predicted by the Standard Model.
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Appendix A

Cut conditions

A.1 Cut conditions for 5 gamma analysis

Kinematic cuts for selecting 5-gamma event are listed as follows.

Shape x2: The value evaluating the cluster shape whether it is created by a gamma
or not [46]. This selection rejects multiple gamma fusion and hadronic incident particles.

ZBL. The K, decay vertex defined from Eq. (7.13).

vtz *

A gt(;: Difference of z-vertex between the first 7 and the second 7°.

AK; Mass: Difference between the nominal K mass and reconstructed Ky, mass.
A7Y Mass: Difference between the nominal 7% mass and the first (second) 7° mass.

Awgm Mass:  Difference between the nominal 7° mass and the third 7° mass at
minimum X%?ec‘

Z5L 2. The minimum x? of the decay vertex defined in Eq. (7.14).

vt

Second Z{f;% x%:  Difference of the first to second minimum y? of the decay vertex
as X3,4 — Xis- The first (second) minimum x? is defined in Eq. (7.14). This cut is to
ensure the gamma pairs at the minimum x? is the best combination.

K1 Mass x?:  The minimum x? of the K mass defined in Eq. (7.21).
Second K Mass x?: Difference of the first to second minimum y? of the K, mass
as X3,4 — Xis- The first (second) minimum x? is defined in Eq. (7.21). This cut is to

ensure the gamma pairs at the minimum x? is the best combination.

Yetn hit Z:  Reconstructed hit z-position on the Main Barrel defined in Eq. (7.23).

115



116 APPENDIX A. CUT CONDITIONS

Yetn A¢: Difference between hit and reconstructed ¢-direction on the Main Barrel.

Cut conditions to select 5-gamma event are summarized in Table A.1.

Table A.1: Cut values for 5-gamma analysis.

Cut conditions Cut values
E, 100 < E, < 2000 MeV
Fiducial x,y > 100, R < 880 mm
Cluster distance > 150 mm
Shape 2 <10
Dead channel > 53 mm
zKr 2000 < z < 5200 mm
AZT, (for 2 70s) < 100 mm
AKj, mass +15 MeV
Ar% Mass (for 2 7%s) +5.125 x 0.5 MeV
And , Mass +5.125 MeV
zEr 2 < 3.0
Second Zyik x* (X3na — X3st) > 0.5
K1 Mass x? <3
Second K, Mass X% (X34 — Xtst) > 0.5
Yerr, Hit Z 2000 < z < 5800 mm
Yoth AP +0.2 rad
Vetos Standard of May2013 [44] except the Main Barrel

A.2 Cut conditions for 2 gamma analysis

K Pr: Transverse momentum of reconstructed K7i,.
FEiot: Total energy of two gammas.

FEO: The product of each gamma energy and incident angle. Perpendicular hit is
defined as 6 = 0.

E ratio: Energy ratio of two gammas to exclude wrong pair of 7° decay gammas.
COE: Energy weighted mean hit position called Center Of Energy.

T difference: Timing difference between two gammas.

70 kinetic: Correlation between Pr and the z-position of 7° decay to reject n — vy

events.
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A.2. CUT CONDITIONS FOR 2 GAMMA ANALYSIS

Cluster size: Number of crystals in a cluster.

Cluster RMS: Energy weighted mean square of hit radius. The radius is defined as

the distance from center of energy of the cluster to ¢-th crystal.

Dead channel: Distance from dead channels to a crystal included in a cluster. This

cut required because there were two dead channels in May 2013.

These cut conditions were the default of May 2013 analysis but without Neural Net
cuts to exclude neutron cluster.

Table A.2.

Table A.2: Cut values for signal mode.

Cut conditions

Cut values

E, 100 < E, < 2000 MeV
Fiducial z,y > 130, R < 850 mm
Cluster distance > 300 mm
Shape x? < 4.6
Dead channel > 53 mm
ZKr 3000 < z < 5000 mm
K Pr 130 < Pr < 125 MeV
Eior > 650 MeV
Ef > 2500 MeV deg
E ratio > 0.2
COE > 200 mm
T difference < 2mns
7V kinetic default
Cluster size >4
Cluster RMS > 10 mm

Vetos

Standard of May2013 [44] except the Main Barrel
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