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Abstract

The J-PARC KOTO experiment studies the K; — 7v& decay by observing two pho-
tons from the 7¥ using a CsI electromagnetic calorimeter. The calorimeter measures
the energy and position of the two photons, and the shapes of electromagnetic show-
ers made by the photons. These are important information to distinguish the signal
events from the background events. The energy and position resolutions of the Csl
calorimeter, however, had not been fully measured yet in the KOTO experimental con-
dition. The shower shapes had been studied based on a Monte Carlo simulation, but
the consistency between real data and the simulation had not been checked yet.

I measured these resolutions and shower shapes in the engineering runs conducted
in 2012, by using a spectrometer to track charged particles from Kj decays. The
momentum-analyzed electrons from the K; — wer decays were used as references
for the measurement. This was the first test of the calorimeter performance with
the actual calorimeter, and also with almost the same condition for the calorimeter
operation with the KOTO physics run.

The energy and position resolutions of the Csl calorimeter with the total energy E were
measured to be og/E = 0.66% & 1.81%/+/E[GeV] and ox = 1.99 ® 3.95// E[GeV]
mm for 2.5 cm x 2.5 cm crystals, and op/E = 1.71% @ 1.31%/+/E[GeV] and ox =
6.17 ® 4.01/y/E[GeV] mm for 5 cm X 5 cm crystals.

Data — Monte Carlo inconsistencies were found in variables related to the shower
shapes. I tested several Monte Carlo conditions, and found that the consistency was
improved by modifying the bremsstrahlung model used in the Geant4 simulation.

The engineering runs were also the unique opportunity to measure both charged parti-
cles and photons. Taking this opportunity, the momentum spectrum of the K beam
was measured with the K, — 777~ and K; — 777~ 7° decays, by using the spec-
trometer and the calorimeter cooperatively. The spectrum shape in > 4 GeV/c region
was determined for the first time in KOTO.
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Chapter 1

Introduction

Particles and antiparticles were considered to be described with the same Lagrangian.
Although quantum numbers between them are opposite each other, it seems that they
have no difference in the reaction. This symmetry is called “CP invariance” because
particles and antiparticles are related each other through CP conversion. But this
symmetry must be violated in order for our universe to exist, because our universe is
made of not antiparticles but dominantly particles. A CP violating phenomenon was
first observed in a K-meson system by Cronin and Fitch et al. in 1964 [6]. The observed
phenomenon was explained by the mixing of two CP states in the K-meson system,
and called “indirect CP violation”. The existence of another type of CP violation
which arising from decay amplitudes, called “direct CP violation”, was confirmed by
FNAL KTeV experiment and CERN NA48 experiment by using K-meson in 1999 [7,8].
In the 2000s, Belle experiment and Babar experiment made a precise measurement of
parameters of CP violation with B-meson [9,10], and their result can be fully explained
with the theory by Kobayashi and Maskawa [11]. This theory is now considered as one
of the center part of the Standard Model of particle physics. This theory is, however,
not sufficient to explain the CP asymmetry of the universe. There must be another
source of CP violation beyond the Standard Model that we do not know yet.

The rare decays of K and B mesons will play an important role to search for such
origin of CP violation beyond the Standard Model. In particular, K; — 7’vi decay
is one of the most sensitive probe. The branching ratio of K; — 7vv is predicted
with a high degree of precision in the Standard Model. If a new physics exists, the
branching ratio could be different from this prediction.

Although several experiments have searched for K — 7°v decay, this decay has not
been observed yet. J-PARC KOTO experiment is trying to make the first observation
of this rare decay. This thesis describes several studies that we have conducted in
the engineering runs in the first half of 2012, to lead the KOTO experiment to a
success.
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This chapter reveals the purpose and outline of this thesis. I will start from introducing
the theory of CP violation followed by that of K; — m%vi decay. I will then explain
the KOTO experiment. Finally I will describe the theme of this thesis.

1.1 CP Violation in Standard Model

1.1.1 CP Violation

“CP” represents the multiplication of operations of Charge conjugation (C) and Par-
ity inversion (P). CP can be interpreted as an operation to exchange particles and
antiparticles. If a Lagrangian is not invariant under this operation, it is said that “CP
is violated”.

In the standard model, the charged current of weak interaction, or the interaction in-
volving a W boson, can violate CP. The Lagrangian for the charged current is described
as

L= —% (ﬂl’}/u(l — VB)WJdJW; + C@’Y”(l — 75)szu]WM_) s (11)

where u; (d;) represents up(down)-type quark and subscripts i and j denote the gen-
eration of quarks. The Vj; is a complex constant representing the strength of coupling
constant between u; and d;. Because there are three generations, V' is interpreted as
a 3 x 3 matrix, which is called Cabibbo-Kobayashi-Maskawa matrix (CKM matrix).
Under a CP conversion, the Lagrangian changes as:

Lep = (CP)L(CP) ™ = ‘2% (@ (1 = V*)Vd; Wy + iy (1 — 7°) Vi, Wy )
(1.2)

If a CP violation exists, these two Lagrangian should not be equal. Comparing
Eq. (1.1) and Eq. (1.2), that condition is satisfied if V' includes complex elements,
1€

L# Lop=Vy £V (13)

Hense, the study of CP violation in the standard model is the study of the magnitude
of an imaginary component in the CKM matrix.
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1.1.2 Unitarity Triangle

CKM matrix can be parameterized by three mixing angles, 615, 093, and 63, and a
CP-violating phase ¢ as

Vud Vus Vub
V = Vea Ves Va
Vie Vis Vi
C12C13 $12€13 size”
= —S12C23 — C12893513€ 0 C12Co3 — S12523513€ 0 S12C13 (1.4)
S12523 — C12C93813€ 0 —C12823 — S12C23813€ 0 (23013

where s;; = sin6;; and ¢;; = cos 0;;.
Because the CKM matrix is unitary, it satisfies a unitarity condition,
VauaVay + VeaVig + ViaVyy, = 0. (1.5)

This condition is represented as a triangle in the complex plane, as shown in Fig. 1.1.

(p.n)

=<

d

A

d

(0,0) (1,0)

Figure 1.1: The unitarity triangle

Each side of the triangle is divided by V.4V, so two vertices of the base are exactly

C

(0,0) and (1,0). The top vertex is (p,7), where p and 7 are defined as [12]:

_ A2 _ A2
p:p(l—?) andn:n(l—?>, (1.6)

where Wolfenstein parameters, p, 1, and A, are used for convenience [13]. The p, 1,
and A are related to the CKM matrix elements as

A= 512, A>\2 = S93, A>\3(p + 277) = Slgeia. (17)

From Eq. (1.6) and Eq. (1.7), .

7j oc Im(e®). (1.8)
Thus, the magnitude of the imaginary part in the CKM matrix is visualized as the
height of the unitarity triangle, 7.
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1.2 K; — m'vi Decay

The K; — 70 decay is one of the most sensitive probe to study the origin of CP
violation. In the standard model, we can derive the height of the unitarity triangle
7 directly from the branching ratio of this decay with a small theoretical uncertainty.
Also, the branching ratio has a possibility to be different from the expectation of the
standard model if a new physics beyond the standard model exists.

1.2.1 K; — 7'vv Decay in the Standard Model

The leading diagrams of the decay from a K° to a m°vi state are shown in Fig. 1.2.
Each of three diagrams has an electoroweak loop with a virtual top quark. Conse-

d - d d - d d - d

) W Vi o t Vi o t Vi ,

s d S d S d
t- W wo g

ZO v ZO v 14

v v v

Figure 1.2: Leading diagrams of K° — 7%vi

quently the amplitude of K  includes a CKM matrix element Vi V5. In contrast,
the amplitude of K includes V;*V;4 because the flowing direction of quarks are oppo-
site.

Because the particle K is the mixture of K° and K° states:
1 _
Kr,> ~ —(|[K°> —|K°>), 1.9
KL 7 (I K >) (1.9)

K, decay amplitude, A(Ky — 7%v7), is also a mixture of the amplitudes of K and
K°. Due to the minus sign of Eq. (1.9), the real part of K° and K° cancel out each
other. As a result, only the imaginary part of V;iV}; remains, as:

A(Kp — ) o« A(K® — 7%0) — A(K° — 7°vp)
o< Im (VigVia)
x 7, (1.10)

where Eq. (1.4), Eq. (1.6), and Eq. (1.7) were used. Thus, the branching ratio of
K1 — mvv decay is directly related to the height of the unitarity triangle 7.
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In a quantitative form, the branching ratio can be represented as [14]

* 2
Br(Kp — m°vp) = & (WX(%)) , (1.11)
where X (z;) is relevant to the top quark in the loop, and x summarizes all other
contributions. The X (z;) is well studied and precisely calculated including QCD
corrections [15,16]. The & is difficult to calculate because it includes a hadronic matrix
element, but it can be extracted from the branching ratio of K; — mer which is a
well-known leading decay channel of K, [17,18]. The branching ratio in the Standard
Model is then estimated [19] as

Br(Kp — n’vp) = 2.43 £ 0.39, (1.12)

with a small theoretical uncertainties of only 2%.

1.2.2 K; — 7'vv Decay beyond the Standard Model

The K; — 7°vi decay occurs via loop diagrams. If a new particle which is predicted
in some new physics models beyond the standard model propagates in the loop, the
branching of the K; — 7°vi decay will be different from the standard model predic-
tion. One of such new physics models is the Minimal Supersymmetric Standard Model
(MSSM) which is the minimal extension to the standard model including features of
supersymmetry theory. In the MSSM, the K; — w'vi decay is possible to have a
new CP-violating phase. As a result, the branching ratio is possible to be a few times
10719 that is, 10 times larger than the standard model prediction [20].

Some new physics models predict that the deviation of the branching ratio of the
K — 7% decay from the standard model prediction will correlate with that of the
K* — mtvp decay. The predicted correlation in Minimal Flavor Violation model
and other three new physics models [1] are shown in Fig. 1.3. The branching ratio
of K — ntvp decay was measured by BNL E949 group as Br(Kt — ntvp) =
1.737182 x 1071° [21], and a further precise measurement by CERN NA62 group is
in preparation. Combining their results, the measurement of the branching ratio of
K — mvv decay can put a strong restriction on some physics models.

1.2.3 History of K; — 7wy Search

Several experiments to search for the K — 7v decay were conducted as shown in
Fig. 1.4. The upper limit of the branching ratio is given by KEK E391a group [22],
as

Br(Kp — 7)) = 2.6 x 107%(90%C.L.). (1.13)
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TTEM9 1o ]

100 x BR(Ky, — 7ovi)

10'° x BR(K+ — 7twp)

Figure 1.3: Predicted correlation between the branching ratio of K; — w’viv decay
and K, — 7tvw decay in various new physics models. The grey area was ruled out
experimentally. The SM prediction point is marked by a star. This figure is quoted
from the reference [1].

1.3 KOTO Experiment

In this section I describe a basic strategy of KOTO experiment designed to observe
K; — mvv decay. Through that, I am going to reveal important roles of the CslI
calorimeter which is the main detector of the KOTO experiment.

1.3.1 Introduction of KOTO Experiment

The purpose of KOTO experiment is to measure the branching ratio of the K; — 7%
decay. We plan to have two phases of the measurement, Step 1 and Step 2. The goal
of Step 1 is to make the first observation of the decay. In Step 2, we plan to measure
the branching ratio by accumulating more than 100 decay events. In the following, I

will concentrate on the Step 1 experiment.

The experiment is conducted in J-PARC [3] which is the accelerator facility in Tokai
village, Japan. Protons are accelerated to 30 GeV and extracted to hit a fixed target.
K, mesons generated at the target are guided to a 2 m-long vacuum decay volume.
We observe K mesons decaying in that volume. Detailed descriptions for the beam
facilities will be given in Chapter 2.

1.3.2 Signature of K; — 7'vi
K; — mvi decay has a unique feature, that is, the observable particles in the final
state are only two gammas from 7%, and the 7° has a transverse momentum (Pt)

because of missing neutrinos. Because no other K; decay mode has such a final
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Figure 1.4: History of K; — 7°vi decay search.

state,! this is a signature of K — m%vi decay. We search for this unique feature, 2~y
+ Pt, by the following steps.

1. Observe two gammas with a calorimeter.

Two gammas are the sole observable particles in this decay mode. They are
observed by the Csl electromagnetic calorimeter which consists of 2716 undoped
Csl crystals used in the FNAL KTeV experiment. The CsI calorimeter is located
in the downstream of the decay volume. It measures the energies and incident
positions of the two gammas.

2. Reconstruct decay vertex.

The 7° decay vertex is reconstructed to calculate its Pt, as well as to ensure
that the decay occurs within the decay volume. The vertex is calculated from
the energies and incident positions of two gammas, which are measured with
the Csl calorimeter. Assuming that observed two gammas are produced from
a m decay, that is, their invariant mass is equal to 7° mass, the opening angle
between the two gammas () can be calculated by using the conservation law of

4-momentum as
2

m_o
fd=1-— x 1.14
cos 3By ( )

where m o is a mass of 7°, and E, 5 are energies of the two gammas. With
two more assumptions that the decay vertex is located on the beam axis and
is located in upstream of the Csl calorimeter, a position satisfying Eq. (1.14) is

V' K1 — v decay also has only two gammas in its final state, but the Pt of the two gammas is
balanced.
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decided uniquely in many cases,? as shown in Fig. 1.5(a). We require that the

Pt, calculated from the reconstructed vertex position, should be greater than
130 MeV/c.

(b)

(@ 3
incident position of Y

satisfy eq(l.12)

beam axis

reconstructed decay vertex vertex candidates ‘

Figure 1.5: Schematic view of the decay vertex reconstruction. (a) The vertex is found
on the circle which passes through the two incident positions of gammas, and of which
circumferential angle satisfies Eq. (1.14). We define the decay vertex as the intersection
point of the circle and the beam axis. There are such points both in upstream and
downstream of the Csl calorimeter. We adopt the upstream one. (b) An example of
the case in which multi-vertexs exist. We discard such events.

3. Veto extra particles.

To make sure that there are no observable particles except two gammas, we cover
the decay volume with hermetic veto counters as shown in Fig. 1.6. All detectors
in the figure except the Csl calorimeter are veto counters.

1.3.3 Backgrounds Suppression

The background events arise from the other K; decays or neutrons in the beam.
Although most of the other K, decays involve charged particles or extra gammas that
can be vetoed, a measurable amount of them escape detection of the veto counters due
to the finite efficiency. Those decays are misidentified as the K; — 7% decay if all
the particles to be vetoed are missed. The neutrons in the beam can be background
sources by interacting with the detector component. Although the CsI calorimeter and
the other veto detectors have beam holes to pass the core part of the beam, a small

2Sometimes multi-vertexes satisfy Eq. (1.14) as shown in Fig. 1.5(b). In that case, the event is
just discarded.
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Figure 1.6: The KOTO detector. All detector components except for the Csl calorime-
ter are veto counters. The 2-m decay volume is also shown.

portion of the beam neutrons spreads over the sizes of the beam holes. They are called
halo neutrons. The secondary particles which are generated from the interaction of
halo neutrons with the detector component sometimes mimics K; — 7vi decay and
becomes a background. Some examples of beam-neutron background are shown in
Fig. 1.7.

Those backgrounds are suppressed by kinematic cuts and shower shape cuts. The
kinematic cuts are based on the energies and incident positions measured by the Csl
calorimeter. The cuts are designed to distinguish characteristic distributions of back-
ground. The shower shape cuts compares the shape of shower observed in the Csl
calorimeter with the shape expected by Monte Carlo simulation. Because the Csl
calorimeter consists of crystals with smaller cross-section than Moliere radius, the elec-
tromagnetic shower spreads over many crystals and we can observe its shape. Some
backgrounds have a hadronic shower or a shower overlapped multi-gammas. Those
backgrounds are strongly suppressed by shower shape cuts.

The number of signal events and background events from the K; — 7%7° decay which
are expected to be the largest background are estimated with a Monte Carlo simulation
as shown in Table 1.1. The numbers in the table represent for the case of a twelve-
months data taking with designed beam intensity (2 x 10 protons on a production
target every 3.3-sec beam cycle). The ratio of the signal and the background events
increases from 0.5 to 1.7 before and after applying these cuts. A detailed explanation
for the K; — 7%7° background and the other backgrounds is given in Appendix A.
Details for the kinematic cuts and the shower shape cuts are also given in Appendix A.
I want to emphasis here the fact that both of kinematics and shower shapes are solely
measured by the Csl calorimeter. The performance of the Csl calorimeter thus directly
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Figure 1.7: Schematic view of neutron backgrounds. Halo neutrons sometimes interact
with the detector component near the beam hole. The secondary particles make
activities in the CsI calorimeter that mimics the K; — 7% decay.

influences the signal-to-background ratio.

1.4 Engineering Runs in 2012

The Csl calorimeter is the main detector of the KOTO experiment as described in the
previous section. The construction of the Csl calorimeter started in 2008 from trans-
ferring the Csl crystals from FNAL to J-PARC. All the crystals had been stacked
in the KOTO experimental area by February 2011. Although J-PARC had a large
earthquake in March 2011, the calorimeter did not suffer a significant damage. Af-
ter waiting for restoration of accelerator facilities, we conducted engineering runs in
February and June in 2012.

These were the first tests to operate the Csl calorimeter in almost the same condition
with the physics run. In that time, we had not yet measured a basic performance of the
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Table 1.1: The number of signal events and background events from the K; — 797

decay expected in 12-months data taking with designed beam intensity. The number
in each column shows the number of events remaining after requiring selection cuts

which are shown in the top row. The selection cuts are applied in sequence from the
left .

2von Csl | Pt & Z veto kinematics shower
shape
K; — 7 || 42.3 15.8 6.73 3.62 2.99
Ky — 7%% || 1.99 x 10° | 3.34 x 10® | 12.9 5.46 1.72

calorimeter such as an energy resolution and position resolution.> We had not checked
the consistency of Monte Carlo simulation for electromagnetic shower shapes on the
calorimeter, either. Uncertainties of these issues will directly affect the effectiveness of
the kinematic cuts and the shower shape cuts which were introduced in the previous
section. One of the main purposes of the engineering runs was to study the shower
shape and the resolutions of the Csl calorimeter.

A beam test with a small number of crystals had been carried out [4] while the crystals
were still in the process of stacking. The issues listed above, however, were not studied
because a clustering process, which is a process to group Csl crystals with finite energy
deposits and reconstruct an incident gamma, was not carried out due to a limited
number of Csl crystals used in the test.

In the engineering runs, I used electrons which were generated from K; — mev decays
as a reference to study the shower shape and the resolutions. The response of the Csl
calorimeter to gammas can be well approximated by the response to electrons, because
electrons make electromagnetic showers with almost the same mechanism as gammas.
In the engineering runs, the veto counters and the vacuum vessel were not installed
yet in the experimental area, and a space upstream of the Csl calorimeter to install
them was vacant. In that space, I installed a spectrometer which consisted of three
drift chambers and a magnet, to measure momenta and incident positions of electrons.
These runs were the last chance to use beam electrons to study the calorimeter, because
an installation of the veto counters and the vacuum vessel soon started after the
engineering runs and no trackers were available after installing them.

The engineering runs were also considered as a unique opportunity that we could
measure both charged particles and gammas. Taking this opportunity, I observed

3The KTeV experiment group had already measured those resolutions when they were using the
Csl crystals in FNAL. A beam condition, however, was different from that of KOTO experiment
and their result cannot directly adopted to KOTO. A typical energy of incident gammas in KTeV
experiment was over 10 times larger than that in our experiment. In addition, polar angles of incident
gammas in our experiment will be distribute widely up to ~ 30 deg while they were almost ~ 0 degree
in KTeV experiment.
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K; — nfn~ and K; — wt7 7" decays in order to measure the K; momentum
spectrum. All particles in the final states of those decays can be observed by using
the spectrometer and the Csl calorimeter cooperatively, and a momentum of parent
K7, can be exclusively reconstructed. The K; momentum spectrum has been already
measured [23], but that measurement had no acceptance in the momentum region
higher than 4 GeV/c. My measurement complement the previous work.

1.5 Overview of the Thesis

In this thesis, I studied the following three issues with the data from the engineering
runs conducted in 2012.

1. A consistency check for electromagnetic shower shape between a Monte Carlo
simulation and the data.

2. A measurement for an energy and position resolution of the CsI calorimeter.

3. A measurement for K; momentum spectrum.

In this chapter, I have introduced the basic issues about CP symmetry, K; — 7lvi

decay and KOTO experiment, and revealed the motivation of this thesis. I show the
result of the engineering runs in the rest of the thesis.

I describe an experimental apparatus and conditions of the engineering runs in Chap-
ter 2. The analysis regarding the Csl calorimeter is described in Chapter 3, while the
analysis of the spectrometer is in Chapter 4. I describe an energy calibration of the Csl
calorimeter with electrons as a separate chapter in Chapter 5, because this calibration
process involves both of the spectrometer and the Csl calorimeter analyses, and also
the electron selection criteria which is introduced in that chapter is important in the
following chapters. Chapter 6, 7, and 8 are devoted to the measurement of the main
three topics listed above, respectively. The impact that this thesis will give on the
KOTO physics run is discussed in Chapter 9. Chapter 10 concludes this thesis.



Chapter 2

Apparatus of the Engineering
Run

In this chapter, I will describe the experimental apparatus of the engineering runs
conducted in February and June of 2012. I will first explain the beam facilities fol-
lowed by the detectors. The data acquisition systems and run conditions will be also
described.

Let us define a coordinate system here. The origin is placed on the K; beam axis,
21 m downstream of the production target. The z axis is parallel to the K; beam
axis, pointing downstream. The y axis points vertically up, and the x axis points to
the direction for the system to be right-handed. Hereafter I will use this coordinate
system unless otherwise stated.

2.1 K; Beam

2.1.1 Primary Proton Beam and Production Target

The Japan Proton Accelerator Research Complex (J-PARC) is a high-intensity proton
accelerator facility in Japan. It consists of three accelerators: a linear accelerator
(Linac), a 3-GeV Rapid-Cycling Synchrotron (RCS) and a 30-GeV synchrotron (Main
Ring), as shown in Fig. 2.1. Protons are accelerated up to 30 GeV through these
accelerators before extracted toward a production target in the Hadron Experimental
Hall. The production target was a platinum rod with 60 mm in length and 6 mm in
diameter. The flux of extracted protons was almost flat for 2.6 seconds, and we took
data in this flat duration (spill). The beam was extracted every 6 seconds. Typical

13
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Hadron Beam Facility
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Figure 2.1:  Overall view of J-PARC. The KOTO experiment is held in the hadron
experimental hall located in the “Hadron Beam Facility”. Though the energy of the
Main Ring is described as 50 GeV in the figure, protons are currently accelerated up
to 30 GeV. This figure is quoted from the reference [2]

beam intensity at the target was 4 x 102 protons per spill *.

The experimental hall was designed to deliver the secondary particles from the target
to several experiments simultaneously through different beam lines. The layout of the
hall in 2012 is shown in Fig. 2.2. The engineering runs were conducted on the KL
beam line which is located in the south area of the hall.

2.1.2 K; Beam Line

The K beam line is directed at 16 degrees from the primary proton beam axis. The
beam line consists of a gamma absorber, a 2-tesla dipole magnet and two collimators
as shown in Fig. 2.3.

Almost all neutral particles generated at the production target decay while passing
through the beam line, except gammas, neutrons and Kjs. The gamma absorber,

'With the design value, J-PARC will provide 2 x 10'* protons every 3.3-second beam cycles. In
that condition, the target will be a water-cooled nickel disk which is designed to be easy for cooling.
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Figure 2.2: Layout of the hadron experimental hall in the engineering runs. This
figure is given by the J-PARC Center [3].

which is a 7-cm-thick lead block, reduces the gamma flux in the beam. The dipole
magnet swept out charged particles either from the decays in flight or from the tar-
get. Thus, the beam includes dominantly neutrons and Ks at the exit of the beam
line.

The beam profile is shaped into a narrow square by the collimators which are made of
iron, and partly embedded tungsten alloys. The collimators are designed carefully to
reduce the beam neutrons scattering on its surface, because such scattering produces
the halo neutrons which are the background sources of KOTO experiment as already
discussed in Section 1.3. The detail design of the collimators is described in [24]. The
beam profile after shaping by the collimators is shown in Fig. 2.4, which is simulated
by using Geant3. The ratio of halo neutrons to beam core neutrons is well suppressed
to the order of 1075,

The K, flux after passing through the beam line was already measured in 2010 [23].
The number of Ks at the exit of beam line was estimated as 4.19 x 10" Ks per
2 x 10* protons on the target.
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Figure 2.3: Schematic view of K beam line. The ruler shows the distance from the
production target

2.2 Detectors

The layout of detectors in the engineering runs is shown in Fig. 2.5. There were two
detectors: the spectrometer and the Csl calorimeter.

2.2.1 Spectrometer

The spectrometer was used to measure momenta and track paths of charged particles.
It consisted of a dipole magnet, three drift chambers and trigger scintillators.

Magnet

A view of the spectrometer magnet is shown in Fig. 2.6. The center position of the
magnet was located at z=1600 mm. The iron return yoke of the magnet had a window-
frame structure, and the gap between the two poles was 1400 mm in x, 800 mm in
y and 800 mm in z directions. Coils were placed in the gap. They were bent up or
down at the entrance and exit of the gap, in order not to obstruct paths of incident
charged particles. In order to suppress fringe field, 10-cm-thick iron plates, called end
guards, were placed on each side of the yoke. The end guard on the upstream side had
a 600 x 300-mm? hole, while the one on the downstream side had a 1100 x 702-mm?
hole. The magnet was operated with 2400 A of current. The field strength at the
center of the magnet was 0.7 Tesla, and its direction was downward.

The magnetic field was measured before installing the magnet in the experimental
area. The measured points were arranged in a grid-like pattern. The interval of the



2.2. DETECTORS 17

beam profile (X) beam profile (Y)

10°F —all

E e gamma
L - =+ neutron
SSK L

7L —all
g L gamma
= =* neutron
SKL

arbitrary unit
805

arbitrary unit
E;G’

Figure 2.4: Beam profile at Z=0 m simulated using Geant3.

grid points were 60 mm (20, 30 mm) in the x (y, z) direction. The gap between points
were interpolated linearly. The measurement was done only for the first quadrant,
that is, * > 0 and y > 0 region. For other quadrant regions, the measured field was
appropriately inverted and used. The measurement covered from -1000 mm to +970
mm in the z direction with respect to the center of the magnet. For the field outside
of the measured range, I calculated it using ANSYS [25] which is a software for a
numerical calculation with a finite element method. The calculated values are shown
in Fig. 2.7.

The whole field was scaled by a factor 0.98 to match the K7 mass (= 497.614 MeV /c?
[26]) measured with K; — 77~ analysis, which will be described later in Chap-
ter 8.

Drift chambers

Three drift chambers were used in the spectrometer. We will call them “1st chamber”,
“2nd chamber” and “3rd chamber”, respectively, in the order from the upstream.
The 1st chamber was located between the magnet poles, and the other two were
placed just downstream of the downstream end-guard. The center positions of the
1st, 2nd, and 3rd chambers were located at z=1576.5 mm, 2640 mm, and 2909 mm,
respectively.

All the chambers had four sense-wire planes, y, y’, x, and x’. The number and the
spacing of the sense wires are summarized in Table 2.1. The y and y’ (or x and
x') wires were parallel, and staggered by a half of the wire spacing. The y’ wires of
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Figure 2.5: Layout of detectors in the engineering runs. The top (bottom) figure
shows the view in the x-z (y-z) plane. The Csl calorimeter and the trigger scintillators
were placed inside a dry room. The position of the trigger scintillators was different
between the February run and the June run.

the 2nd chamber were not active because the readout electronics for them were not
functioning.

Field wires were placed around each sense wire to form a hexagonal cell. They were
applied negative high voltage in order to form an electric field to drift ionization
electrons, which were produced by charged particles passing through the cells, toward
the sense wires. Guard wires were placed at the outermost side of the chambers in
order to shape the electric field and to reject the electrons produced outside the cells.
As for the 1st chamber, the guard wires were also placed at the center of the chamber.
The layout of the wires are illustrated in Fig. 2.8. Materials, diameters and applied
voltage of the wires are summarized in Table 2.2.
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(b)

Figure 2.6: (a) Components of the spectrometer magnet. In order from the left, they
are the upstream end guard, electric coils, the return yoke, and the downstream end
guard. (b) Overview of the magnet unifying the components.

The front and back of each chambers were covered by 25um polyethylene-terephthalate
sheets. The mixture of 50% argon and 50% ethane at atmospheric pressure were used
for the chamber gas.

Trigger scintillators

Trigger scintillators were placed just upstream of the Csl calorimeter, at z=535 cm in
the February run and at z=519 c¢m in the June run. The role of the trigger scintillators
was to make trigger signals for a data acquisition system and start-signals for TDC
modules for drift chambers.

The trigger scintillators consisted of plastic scintillator bars which were 1-cm thick,
5-cm wide and 112-cm long (some bars were 120-cm length) as shown in Fig. 2.9(a).
The surface of the bar was coated with TiO, reflective paint. Each bar had a 2 x 4
mm hole along the longer direction. Two wave-length-shifting fibers, Kuraray Y11,
were inserted in each hole to transmit the scintillation light out of the bar.
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Figure 2.7: The y component of the magnetic field as a function of the z position at
(a) x=0 and y=0, and (b) x=300mm and y=300mm. The black histogram shows the
measured values while the red histogram shows the values calculated using ANSYS.
The area filled with blue color is inside the end guard. The range between purple
vertical lines show the measured area.

A group of four, five or six scintillator bars were combined as a module. The fibers
in each module were connected to a photomultiplier tube (PMT) with optical cement
(Fig. 2.9(b)). Each module was covered by black sheet for light shielding. Twelve
modules were stacked as shown in Fig. 2.9(c). Modules with ID=10 and 11 in the
figure were not installed in the February run.

We used 2-inch Hamamatsu R329 PMTs for modules with ID=5, 6, 10 and 11, and
2-inch Hamamatsu R329-EGP PMTs [27] for the rest.

Table 2.1: The numbers and spacing of sense wires.

spacing | # of wires note
Ist chamber || 10 mm | (x, x’) 70
(v, y') 40

2nd chamber | 9 mm | (x, x") 128
(v, y’) 96 | The y’ wires were not active

3rd chamber || 9 mm | (x, x") 128
(y,y’) 128 Only 96 wires were active
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Table 2.2: Materials, diameters and applied voltages of the chamber wires.

wire type materials diameter | applied voltage
1st sense Au-plated W ¢ 30um -
chamber field Au-plated BeCu | ¢ 50um 2700 V
guard Au-plated BeCu | ¢ 50um oV
2nd sense Au-plated W @ 20pm -
chamber field Au-plated Al | ¢ 100um 2100 V
guard Au-plated Al | ¢ 100um 1800 V
3rd sense Au-plated W ¢ 20pm -
chamber field Au-plated Al | ¢ 100um 2100 V
guard Au-plated Al | ¢ 100um 1500 V

2.2.2 Csl Calorimeter

Csl crystals

The Csl electromagnetic calorimeter was placed downstream of the spectrometer. Its
upstream surface was located at z=573 cm. The calorimeter had a cylindrical shape
with a diameter of 1.9 m and consisted of 2716 pure Csl crystal as illustrated in
Fig. 2.10. The inner 1.2 x 1.2 m? region of the calorimeter consisted of 2240 crystals
whose size was 2.5 x 2.5 x 50 cm?, while the outer region consisted of 476 larger crystals
whose size was 5.0 x 5.0 x 50 cm®. A square 20 x 20 cm? beam hole was made at the
center of the calorimeter. Each crystal was separately wrapped with 13-pm-thick
mylar to optically isolate each other. Some sections of the mylar were aluminized and
other sections were painted with black ink. The allocation of these aluminized and
black sections had been adjusted individually for each crystal by the KTeV experiment
group so that the light yield became uniform along the z direction. The uniformities
of light yield along the z direction was within £5%.

Scintillation light produced in the Csl crystal was detected by a PMT mounted on
the downstream surface of each crystal. The small crystals were viewed by 3/4-inch
Hamamatsu R5364 PMTs, while the large crystals were viewed by 1.5-inch Hamamatsu
R5330 PMTs. An UV transmitting filter was placed on the surface of the PMT to
reduce the slow component of scintillation light from the CslI crystal. Each Csl crystal
and PMT was optically connected through a transparent silicone called a “cookie”.
We will not be able to use air cooling for the PMTs in the physics run because the
calorimeter will be operated in vacuum. In order to suppress the heat produced in the
PMTs, we developed a custom Cockecroft-Walton bases to supply HV to PMTs with
small power (60 mW in the CW circuit [28]).

Because readout equipments for the Csl calorimeter was still under preparation, crys-
tals located above y=600 mm and below y=-600 mm were not readout. The silicone
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cookies of the crystals in the south side had been damaged by outgas from cables
around the calorimeter in a vacuum test which was conducted before the engineering
runs. In the February run, those crystals with damaged cookies were read out though
the light transmission of their cookies was about a half of usual one. Such crystals
were not read out in the June run. The location of active crystals is also shown in
Fig. 2.10.

Equipment for monitoring and conditioning

There were several equipments for monitoring or conditioning the Csl calorimeter.
e thermocouples

Light output from CslI crystal decreases about 1.5% if its temperature increases
by 1 Kelvin. The temperatures at the upstream and downstream surfaces of
the Csl calorimeter were monitored with 40 thermocouples through the runs.
The correction of light output for the temperature shift will be described in
Chapter 3.

e cosmic-ray scintillators

Five plastic scintillators were placed above and below the Csl calorimeter each,
to collect cosmic-ray muons to be used for energy calibration of the calorimeter.
The five scintillators were arranged along the z direction as shown in Fig. 2.11
to find trajectories of the muons in the y-z view.

e dry room

The CsI calorimeter was placed in a dry room where the humidity was controlled
to be less than 20%, in order to prevent the crystals from deliquescence. The
walls of the room were made of steel and heat insulator. A small section of the
downstream wall near the beam axis and a 2 x 2 m? section of the upstream wall
were removed not to obstruct the paths of incident particles. Those areas were
covered with 100-um-thick black sheets and 7.2 x 103 g/ cm” moisture prevention
sheets.

e (sl cover for earthquake

The northeast area of Japan suffered a large earthquake in 2011. The Csl
calorimeter, which was already installed in the experimental area, was not sig-
nificantly damaged by the earthquake but the CsI crystals moved at most 5 mm
away from its support structure. From that experience, we prepared a cover
in front of the calorimeter so that the crystals will not fly out of the support
structure even if an earthquake gives them 1G acceleration in the z direction.
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The cover is illustrated in Fig. 2.12. The cover was made of two cloths of Teijin
Technora MF1500 whose total mass thickness was 0.044 g/ cm’, with a structure
made of 3-mm-thick polyvinyl-chloride pipes to form the cover in a parabolic
shape. In addition, there were two plates of 2-mm-thick polyethylene on the
upstream and downstream side of the pipes to protect the surface of Csl crystals,
and the cloths from the edges of the pipes. The center parts of the pipe structure
and polyethylene plates were removed in a circular shape with a 200-mm radius
to avoid interactions with beam particles.?

2.2.3 Other materials

There were some materials in the experimental area which were not directly related
to my studies.

e Beam shutter

A beam shutter made of steel and tungsten was placed around z = 0 m to allow
access to the experimental area during the accelerator operation. Its size was
200, 150, and 750 mm in x, y, and z directions, respectively. It was movable
along x direction, and opened when the data was taken.

e Charged Veto (CV)

In the June run, an operation test of plastic scintillator modules, which is called
“Charged Veto” or “CV” and will be used as a veto detector for charged particles
in KOTO physics run, was conducted in parallel with my measurement. The CV
consisted of 3-mm-thick plastic scintillator plate and and a 0.8-mm-thick carbon
fiber reinforced plastic (CFRP) plate. Two CV was placed in the dry room,
upstream of the trigger scintillators, at z = 477 and 502 cm. In my measurement,
these modules were treated as dead materials.

2.3 Data Acquisition System

2.3.1 Readout Electronics
Spectrometer

A signal from each sense wire of drift chambers was amplified by a pre-amplifier (FU-
JITSU MB43468). The signal was subsequently transmitted through a 4-m twisted
pair cable to an Amp-Discri module which had an amplifier (PLESSEY SL560C) and a

2In the physics run, another cover made of CFRP is used instead of the cover described here.
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comparator (LeCroy MVL407). A differential ECL-level output from the Amp-Discri
module was sent to a Time-to-Digital converter modules (TDC) through a 40-m long
twisted pair cable. I used two types of TDCs, Repic 32-channel Dr.T for the 1st
chamber and GND 64-channel HRTDC for the 2nd and 3rd chambers. Both TDCs
were based on TKO-standard [29]. The Dr.T operated as a common stop TDC while
HRTDC was a common start TDC. Both the common start and stop signals were made
from trigger scintillators. The Dr.T generate information that each channel had a hit
or not, as a TTL-level signal. This information was used for trigger decisions.

Raw signals from each trigger scintillator module were amplified by a NIM-standard
amplifier module and transmitted through 12-m BNC cables to a discriminator in the
module rack where the TDCs for chambers were also placed. The discriminated output
was divided into two paths. One was sent to the trigger logic to make the timing of
start and stop signals for the TDCs. Another one was sent to the HRTDC input, to
later identify which trigger module determines the trigger timing.

If a DAQ trigger, which will be described later in this section, was made, the TDC
data was transferred to a buffer on a VME memory module (SMP). The data in the
SMP buffer was sent to a Linux PC between spills.

Csl calorimeter

Raw signals from each PMT of the Csl calorimeter were amplified by a pre-amplifier
and transmitted to a custom made flash analog-to-digital converter module (FADC).

The FADC modules had filters for shaping input pulses, and ADC chips. The type of
the filter was called 10-pole Bessel filter and it was designed to shape the waveform
of Csl output to a Gaussian shape with ¢ ~ 30 nsec as shown in Fig. 2.13. The
ADC chip had the dynamic range of 14 bit to cover up to 1500 MeV, and digitized
the input waveform every 8 nsec. With the shaping filter, we can obtain a larger
number of sampling points for a signal pulse to increase the accuracy of fitting the
waveform.

The digitized data was stored onto its buffer for 4 psec. If a DAQ trigger, described
later in this section, was generated, the digitized data for 512 nsec (= 64 sampling
points) was transferred to a memory module ®. The data on the memory module was
sent to a Linux PC farm every spill during a beam interval. This system basically did
not have a dead time.

3In the physics run, this memory module will provide several selection methods to distinguish
K; — 7% decay from backgrounds and suppress the amount of data to store. In the engineering
runs, however, we did not use that function.
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2.3.2 Trigger

I analyzed K;, — ntn~, K, — 77 7n° and K; — wev decays for this thesis. All
these decays have two charged particles in their final states. I designed a trigger to
select such final states.

On the trigger scintillators, I allocated four regions, Right-up, Right-down, Left-up,
and Left-down, as shown in Fig. 2.14. I required at least two hits on the trigger
scintillators, and the two hits located on a diagonal areas each other. Namely, a pair
of hits on Right-up and Left-down or a pair of hits on Right-down and Left-up were
accepted. I also required at least two hits on y-wire plane of the 1st chamber to ensure
that the K}, decayed upstream of the 1st chamber.

The trigger logic diagram is shown in Fig. 2.15. If the trigger scintillators had hits
with a diagonal pattern, start and stop signals for the TDC modules were produced
as long as the following conditions were satisfied.

e A memory module for the Csl system was not full.
e A “spill gate”, which was open during the spill, was on.
e “DAQ ready” flag was on.

The “DAQ ready” flag was turned off when the “TDC start” signals were produced
so that the next event will not be accepted until the trigger decision for this event was
made. After distributing TDC stop signals, the TDC modules for the 1st chamber
returned information of hit channels as TTL signal. The DAQ trigger was requested
if there were more than two hits on the y plane of the 1st chamber. Subsequently,
TDC data of the spectrometer was transferred to a memory module (named SMP)
after waiting for the TDC conversion time (200usec). The transfer to the SMP took
several hundred psec and dominated the dead time of the DAQ system. The FADC
data of the Csl calorimeter was also transferred to the memory module for the CsI
system. This process had no dead time. After data was transferred to the SMP, the
TDC modules were cleared and “DAQ ready” flag was turned on to accept the next
event. If the number of hits on the y plane of the 1st chamber was less than two, the
TDC modules were cleared and “DAQ ready” flag was turned on immediately.

2.4 Run

The February run was carried out for about 3 weeks from January to February in
2012, while the June run was carried out for about 3 weeks from June to July of 2012.
Because we used the beam for several studies, the data taking for studies described in
this thesis was carried out only a half of each beam time.
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Table 2.3: Beam Intensity thorough the engineering runs and the number of triggers
collected in each period. The term “POT” in the table means the number of protons
on target.

POT / spill | # triggers accepted
Feb. 1 ~ Feb. 9 1.3 x 102 7.2 x 10°
Feb. 10 ~ Feb. 22 || 3.8 x 10" 11.5 x 10°
June 9 ~ June 21 4.1 x 10*? 21.4 x 10°

The beam intensity gradually changed because the accelerator was still under com-
missioning. The beam intensity during the runs are written in Table 2.3. I also took
the data with the magnet turned off in addition to the normal run, to collect straight
charged tracks to align the detectors. Before and after each beam time, we collected
cosmic ray muons for several days for an energy calibration of the Csl calorimeter.
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Figure 2.9: (a) Scintillator bar used for the trigger scintillator. (b) A trigger scin-
tillator module consisting of 4~6 scintillator bars. Scintillation light of each bar is
transmited through two wave-length-shifting fibers to PMT. (¢) Whole image of trig-
ger scintillators. Twelve modules were stacked in the June run. Modules 10 and 11
were not installed in the February run.
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Figure 2.10: Schematic view of the Csl calorimeter. Crystals above 600 mm and below
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30 CHAPTER 2. APPARATUS OF THE ENGINEERING RUN

plastic
scintillators

Ty_§ Csl

L1 T\T 1 1]
muon

Figure 2.11: Schematic view of cosmic-ray scintillators.

(2) (b)

Technora PVC pipe 1000,
sheet Csl  Ee0
] 600? ) v Y (X
400?
200;7
115mm 0F
-> -> > P 200
-400?
-600?
800 OQEXAIRXIO
26mm T ettt I
) P72 199fh00 " -500 0 500 1000
polyethylene x[mm]
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Figure 2.13: A conceptual view of a role of a shaping filter. A raw signal from Csl
crystal (a blue line in the left figure) was shaped to approximately Gaussian with a
larger width (a red line in the right figure). Black dots shows FADC sampling points.
We can obtain more sampling points a pulse due to the shaping filter.
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Figure 2.14: Four regions allocated on the trigger scintillators. If Right-up and Left-
down regions had hits, or Left-down and Right-up regions had hits, stop and start
signals were distributed to TDC modules.
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Chapter 3

The CslI Calorimeter Analysis

In this chapter, I will describe how to reconstruct the energies and positions of gammas
(or electrons) hitting the Csl calorimeter based on the waveforms recorded with the
FADC modules. This process consisted of the following steps.

1. Integrate the waveform.
2. Convert the integral to an energy deposit.
3. Group the energy deposits of an incident gamma (or electron).

4. Apply corrections for a temporal shift of energy scale.

3.1 Waveform Fitting

The first step of the calorimeter analysis is to calculate the integral of the waveform.
A simple method for that is just summing ADC values of the 64 sampling points
in the waveform. The summing method, however, is affected by ground noises on
every sampling points. In addition, the summation method cannot recognize strange
waveforms like two overlapped pulses. For these reasons, I adopted a fitting method
to calculate the integral. This method is based on a previous work [4], but slightly
modified according to the run condition.

3.1.1 Fitting Function

Because the waveforms were difficult to be parameterized with any given formula, I
used an averaged waveform, which was derived from the data, as the fitting func-
tion. The averaging of waveforms was separately done for each Csl crystals because

33
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the waveforms were slightly different between Csl crystals. Because the waveforms
depended on its height, I prepared averaged waveforms for 11 pulse height sections
separately.

There were not many waveforms with large heights in the data, as shown in Fig. 3.1.
To collect statistics even in a larger height region, the height sections were arranged
at logarithmically equal intervals, as also shown in Fig. 3.1. Namely, the boundaries
of the height sections were located at

10

where i = {0,1,2,...,10}. The smallest boundary was located at 14.6 counts, while the
largest boundary was located at 13600 counts. These roughly correspond to energy
deposits of 1.3 MeV and 1.2 GeV, respectively.

10 to the power of ( x (i —0.5) + loglo(QO)) [counts],
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Figure 3.1: Distribution of the maximum ADC value of 64 sampling points. Here,
pedestals were subtracted.

The averaging process took the following four steps.

1. A custom asymmetric gaussian fuyq.s(f) was fitted to each waveform as shown
in Fig. 3.2(a), to obtain a rough peak height and peak timing. The fygqus(t) is
defined as

Jagaus(t) = A x Gaussian(t, p, o(t)) + C, (3.1)
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where A, p, and C represent a peak height, a peak timing, and a pedestal,
respectively. The o(t) was defined as

o(t) = a(t — p)* +b(t — p)° + et — p)* + d(t — p) + 0.

The C was fixed as the average value of the first nine FADC samples in the
fitting. Other parameters were free. The fitting range was restricted within -5 ~
5 sampling points around the point with the maximum ADC count. A ground
noise fluctuation (=2.04 counts) was added as an error to each sampling point.

2. After subtracting the pedestal, the height of the waveform was normalized by
the peak height derived at the step 1, as shown in Fig. 3.2(b). In addition, the
timing of the waveform was shifted to align the peak timing to be zero.

3. The normalized waveform was interpolated with a cubic spline curve as shown
in Fig. 3.2(c). The values on the curve were then sampled every 1 nsec from -176
nsec to 200 nsec.

4. The mean value of many sample waveforms were taken for the each 1-nsec point.
A curve interpolating those mean values, shown in Fig. 3.2(d), was the averaged
waveform that we wanted to derive. The RMSs of the 1-nsec-sampled values
were also calculated to be used later as errors in the fitting process. The average
waveform of the i-th height section denotes f*/(t) as a function of timing.

The fitting function, F', was obtained by summing two averaged waveforms with log-
arithmic weights, 7.e.:

F(thpr,e) = hx (L= W)fPT (= )+ W (=) +e. (32)

where h, 1, and c represent a peak height, a peak timing, and a pedestal, respectively.
The i-th and ¢ + 1-th sections are the two nearest height sections to h. The W is the
weight defined as
_ log(h) —1og 20
~ 1og 10000 — log 20

x 10 — 1. (3.3)

3.1.2 Integral of the Waveform

The function in Eq. (3.2) was fitted to each waveform with the free parameters, h, u,
and c. The fitting process was iterated twice. In the first iteration, the fit range
was restricted to within -160 ~ 40 nsec around the sampling point with the maximum
ADC count. The ground noise level, 2.04 counts, was used as an error of each sampling
point. In the second iteration, the fit range was updated to -160 ~ 40 nsec around
the p which was obtained from the first iteration. Errors of sampling points were set
as the RMSs derived in the step 4 of the averaging process described in the previous
subsection.
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Instead of numerically integrating the fitting function, look-up tables were used to
determine the integral of the waveform. Figure 3.3 shows a ratio of a summation of
64 ADC values to the height which was derived from the fitting. The same plots were
made for every Csl crystal, and the mean value in each height (dots in the figure) was
stored. After fitting and obtaining a waveform height, we could obtain the integral
corresponding to the height by referring these stored values.

3.2 Energy Calibration

An integral of waveform was converted to an energy deposit, by simply multiplying
a calibration constant. The calibration constant was derived for each Csl crystal by
using cosmic rays.!

Cosmic rays were triggered by using cosmic-ray scintillators described in Section 2.2.
There were 5 scintillators each above and below the calorimeter as shown in Fig. 2.11.
We required that the most upstream counters on the both sides had hits. This re-
quirement limited the paths of cosmic rays to the upstream part of Csl crystals, and
suppressed the fluctuation of Csl light output due to a light yield non-uniformity along
the z direction.

Figure 3.4 shows a distribution of the waveform integrals of one of the Csl crystals
in the cosmic-ray events. Considering the angle dependence of the path length, the
integral was multiplied by the cosine of the incident angle. The peak position in the
distribution was determined by fitting Landau function. The calibration constant was
calculated as the ratio of an expected energy deposit ( = 5.63 MeV/cm x the crystal
size) to the peak position.

3.3 v / Electron Reconstruction

3.3.1 Clustering

Electromagnetic showers on the calorimeter tend to spread over multiple CsI crystals
because the Morier radius of Csl is larger than the size of the Csl crystals. We
should group energy deposits located close to each other to reconstruct the energy
and position of the incident particle. The group is called “cluster”, and the grouping
process is called “clustering”.

!There was another method using electrons tracked by the spectrometer, that I will introduce
later in Chapter 5
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The clustering process is illustrated in Fig. 3.5. We picked Csl crystals with more
than 3-MeV energy deposits as cluster seeds. We then focused on a cluster seed with
the maximum energy deposit. If there were other cluster seeds within a square of
14 x 14 cm? centered on the focused seed, such seeds were linked with the focused
seed. The focus was then moved to one of the linked seeds. The other seeds around
the focused seed were again searched for and linked with. The process to move the
focus and link was iterated until no more seed was linked with. A group of the linked
seeds was defined as a cluster. After a cluster was found, we tried to find another
cluster from the remaining seeds. The cluster finding was iterated until all the seeds
were used.

A cluster energy E,s was defined as the sum of energy deposits of seeds in the cluster.
A cluster timing t.,, was defined as the mean of the seed timings weighted by their
timing resolution. Cluster positions, X,s and Y,,, were calculated as the mean of
the positions of the seed weighted by energy deposits. Namely,

seeds

S
seeds t; seeds 1
tclus Z 0'_152> / <Z 0'_152)

seeds
Lelus E x; X € /Eclus
7

seeds
Yelus Z Yi X €i> /Eclus (34)

Eclus

where e;,t;,z; and y; represent the energy deposit, timing, x and y components of
the center position of the i-th seed, respectively. The o, is the timing resolution of a
crystal measured in a past beam test [4] which is defined as

ons] = 5/e;[MeV] @ 3.63/+/e;[MeV] @ 0.13. (3.5)

Due to a fluctuation of electromagnetic shower development, a part of seeds were
sometimes not included in a proper cluster and were observed as a separate cluster. In
order to reject such clusters, I required that clusters should have energies more than
20 MeV and more than 1 seed.

Cluster information in Eq. (3.4) are still different from the information of the incident
photon. Several corrections are applied as described in the following subsections.
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3.3.2 Accidental Hit Rejection

The cluster might include accidental hits. Those hits are excluded by using their
timing information, with reference to the method in [30]. A 2-dimensional histogram
in Fig. 3.6 shows the timing difference observed in the data between the cluster and
the crystals in it, as a function of energy deposits in the crystals. The red lines in
the figure represent 5 x RMS of each x bin. I then calculated the ratio of the timing
difference to the 5 x RMS for each crystal, i.e.:

R?‘me — |t7, - tclus|

~ 5 x RMS’ (3.6)

where t; means the timing of the i-th crystal in the cluster. To reject accidental hits,
the ratio, RI'™¢ was required to be less than 1 for every crystal in the cluster. If
there were crystals with the R™¢ > 1, the crystal with the largest R; was eliminated
from the cluster. The clustering process was then repeated again with the remaining
crystals, the t.,s was newly calculated, and the R!™¢ was re-calculated with the
renewed t.,s. This elimination process was iterated until all the crystals in the cluster
satisfied RI™e < 1.

3.3.3 Energy Reconstruction

The cluster energy defined in Eq. (3.4) was generally smaller than the energy of incident
particle. This is because energy deposits in crystals less than 3 MeV were ignored in
the clustering process. In order to obtain the incident energy of photon, Ej,., we
applied an energy correction as

1
fEcor (Emc, ‘9)

where fr. is a correction function described below. The 6 represents the incident
angle of the photon or the electrons. For electrons, the 6 could be measured directly
with the spectrometer. In case of photons from K; — w7~ 7° decays, the § was
calculated from the cluster position and the decay vertex which was reconstructed
from 777~ tracks measured with the spectrometer.

Einc = X Eclu87 (37)

Correction function

The form of fg., in Eq. (3.7) was studied by using Geant4 simulation. The simulation
was run for photons with several energies and incident angles, because fg., depends
on such kinematics. The simulation was also run for a region of small Csl crystals and
for a region of large Csl crystals, separately.
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Table 3.1: The values of parameters a, b, ¢, and d, in Eq. (3.8). They were derived
from Monte Carlo simulation.

for small Csl for large Csl

sinfd a b C d a b C d

V3/20x 0 || 0.992 | -0.0573 | -0.00366 | -117.349 || 0.988 | -0.0205 | -0.00525 | -10.724

V3/20x 1 | 0.996 | -0.0613 | -0.00223 | -122.288 || 0.988 | -0.0206 | -0.00507 | -8.705

V3/20x 2 || 0.968 | -0.0319 | -0.0129 | -50.329 || 0.989 | -0.0215 | -0.00474 | -13.915

V3/20x 3 || 0.987 | -0.0523 | -0.00530 | -96.304 || 0.987 | -0.0204 | -0.00542 | -4.780

V3/20x 4 || 0.988 | -0.0539 | -0.00534 | -100.387 || 0.987 | -0.0203 | -0.00576 | -7.560

V3/20x 5 || 0.967 | -0.0324 | -0.0136 | -38.456 || 0.987 | -0.0206 | -0.00580 | -1.673

V3/20x 6 || 0.966 | -0.0329 | -0.0138 | -34.263 || 0.988 | -0.0228 | -0.00520 | -4.093

V3/20x 7 | 0.965 | -0.0334 | -0.0142 | -28.306 || 0.989 | -0.0245 | -0.00477 | 0.205

V/3/20x 8 | 0.986 | -0.0580 | -0.00546 | -70.594 || 1.003 | -0.0401 | 0.00102 | -44.58

V3/20x 9 | 0.963 | -0.0371 | -0.0147 | -23.422 || 0.989 | -0.0282 | -0.00435 | -0.225

V/3/20x 10 || 0.962 | -0.0415 | -0.0135 | -19.867 || 0.984 | -0.0294 | -0.00525 | 0.291

The Eeys/ Eine distribution for E;,. = 400 MeV and 6 = 15 deg is shown in Fig. 3.7(a)
as an example. The mean values of the similar histograms for various E;,. and 6 are
plotted in Fig. 3.7(b).

The fg.or was derived by fitting the mean values with

b(6)
V(E[MeV] = d(A)) /1000

fBcor(Eine, 0) = a(0) + +¢(0) log((E[MeV] — d(6)) /1000).

(3.8)
The values of parameters a, b, ¢, and d, are summarized in Table 3.1. The fg., for a
given 0 was derived by linearly interpolating the fg...s for the two nearest angles in
the table.

The fgeor was prepared for small Csl crystals and for large Csl crystals separately.

As for a cluster including both kinds of crystals, the weighted sum of fg., for small
S L ; .

crystals, fp.,., and fgeor for large crystals, fg.,., were combined as:

fECOT(EiTLCa 9) = (1 - W) X fgcor(Eincv 9) + W X fécor(Einca 0) (39)

The form of the weight W was studied by using Geant4 simulation. As shown in
Fig. 3.8, I found that the W can be represented by:

Eepus,9)—1 Elarge Erarge ?
—log(l.gB(MelV/E)clus)+log2 log(0.5(1 — El ) + g(Eaus, 0)  for 7= > 0.5

Eepus,? Erarge Erarge
W - { _log(1‘5‘?\(48‘/l'/Ecl)us)_10g2 10g(05 Elclfs ) + g(EClU57 9) for E}clfs S 05

Ecius

clus

(3.10)
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where g(Eys, 0) was derived for several E,s and 6.

The freor was designed as a function of Ej,. so far. The Ej,. is, however, what we want
to derive. The observable quantity is F.,s. To obtain a proper fg.,- value, an iterative
process was used. At first I calculated fg., value with assuming E;,. = E.,s and
applied the correction shown by Eq. (3.7). I calculated fg., again with the corrected
cluster energy in the second iteration. Namely, fg.r in Eq. (3.7) was approximated
as

Eclus
fEcor(Einm Q) - f (m, 9) . (311)

3.3.4 Incident Position Reconstruction

The cluster position defined in Eq. (3.4) tends to locate farther away from the beam
center than the true incident position of the photon. This difference is due to the finite
length of electromagnetic shower, as illustrated in Fig. 3.9. We applied a correction
as

Tine = Teus — Lsinfcos o
Yine = Yelus — Lsinfsin @, (3.12)

where 6 and ¢ are the incident angle and the azimuthal angle of the incident photon.
The L is the length from the incident position to the shower maximum. The L was
estimated with a Geant4 simulation as

L\ (Eine)[em] = Xo x (6.37 4+ 1.11log(Eipc[GeV])) (3.13)
for photons, and
Le(Eine)[em] = Ly(Eine) — Xo x (0.796 — 0.091 log(E;n.[GeV])) (3.14)

for electrons, where X denotes the radiation length of CsI (1.85 c¢m).

3.3.5 Alternative Method for Position Reconstruction

An alternative method to reconstruct the incident position using the cluster shape
information was proposed by E. Iwai [4]. In that method, we calculate the sum of
energy deposit in each column (or row) of crystal arrays, as shown in Fig. 3.10. This
column (row) energies is regarded as the projected cluster shape to x (y) direction.
The x (y) projected shapes are fitted with a fitting function, to determine the incident
x (y) position. The fitting function is the expected shape of the projected cluster based
on Monte Carlo simulation, as shown in Fig. 3.11. The fitting function is prepared for
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every 9 energy sections, 25 polar angle sections and 15 azimuthal angle sections. More
details for this method were found in [4]. Hereafter, I will call this method “shape’
method.

From the Monte Carlo study, the shape method is expected to have a better position
resolution compared to the current “COE” method defined in Eq. (3.4) and Eq. (3.12).
In Chapter 7, I will evaluate position resolutions using the shape method as well as
the COF method.

3.4 Correction for Temporal Change

Minimum ionization particles (MIPs) in the beam were used to check the drifting of
energy scale of the calorimeter with time. They made a peak in a cluster energy
distribution even without any selection cuts, as shown in Fig. 3.12.

The position of the MIP peak changed about 2% during the runs as shown in Fig. 3.13.
This drift could be explained by the temperature change of the Csl blocks which was
monitored by the thermocouples described in Section 2.2. I found a negative correla-
tion between the MIP peak position and the temperature of the upstream surface of
the calorimeter, as shown in Fig. 3.14. I corrected energy deposits in each crystal by
—1.4% per Kelvin temperature shift.
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Figure 3.2: Process to derive the average waveform. (a) The function in Eq. (3.1)

was fitted to each waveform recorded on the FADC. Black dots show the ADC values
and the red line shows the fitting result. (b) Based on the fitting result, the height
of the waveform was normalized to 1 and its peak timing was shifted to 0. (c¢) The
normalized waveform was interpolated with a cubic spline curve as drawn by a black
line. (d) Values on the spline curve at every 1 nsec filled in a 2-dimentional histogram.
Their mean values were calculated, as shown by a black line.
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Figure 3.3: The ratio of a summation of 64 ADC values in a waveform divided by
the height of the waveform is shown as a function of the height. Black dots represent
mean values of the ratio.
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Figure 3.4: The histogram shows the distribution of the integral of waveform for the
cosmic-ray events. The peak position was determined by fitting Landau function as
shown in the red line.
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(b) (c)

u;: seed
=; focused
u; linked

Figure 3.5: Illustration of the clustering process. (a) The Csl crystals with energy
deposits more than 3 MeV are shown in red. They are defined as cluster seeds. The
black block represents the seed with the maximum energy deposit. First we focused
on the black block. (b) The 14x14 cm? square, drawn with blue line, is placed around
the focused block. The seeds which were located in the square are linked with the
focused seed. The linked crystals are filled with green. (c¢) We then move the focus
to one of the linked crystals and seek the seed in the square centered on the focused
block. (d) The process in (c) is iterated until no more seeds can be linked. The group
of the linked crystals is defined as “cluster”. (e) The processes (a)~(d) are iterated
for the remaining seeds. (f) In this example, three clusters are finally found (Each of
them are shown in magenta, purple and blue, respectively).
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Figure 3.6:

Timing difference between the custer and the crystals in it, ¢t — ¢, as
a function of energy deposits in the crystals. A 2-dimensional histogram shows the
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Figure 3.8: The Eyys/Eine is shown as a function of the ratio of total energy in large
Csl crystals to a cluster energy. The E;,. = 600 MeV and # = 15deg. The black solid
line shows freor in Eq. (3.9), and the lower (upper) dashed line shows f5.,,. (f&.,.)-
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Figure 3.9: Schematic view of the correction for cluster position. Due to the finite
length of shower, the center-of-energy position (z.,s) is different from the incident

position of photon (z;,.).
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Figure 3.10: An example of the shape
method. The black histogram shows the
projected cluster shape to the x direction,
and the red line shows the fitting func-
tion. This figure is quoted from the ref-
erence [4].

Figure 3.11: Fitting functions used in the
shape method. The fitting functions are
prepared for various photon kinematics.
The functions in the figure are for the
photon with 600 MeV energy and with
10- (black), 20- (red), and 30- (blue) de-
gree incident angle. This figure is quoted
from the reference [4].
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Figure 3.12: Cluster energy distribution in a data file (corresponding to ~20-minute
data taking). The MIP peak was located around 300 MeV. The peak position was
determined by fitting a Gaussian + a straight line as shown by the red line.
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Figure 3.13: Drifting of MIP peak position with time observed in the February run
(top) and in the June run (bottom).
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Figure 3.14: Relation between the MIP peak position and the temperature shift, AT
The MIP peak position was normalized by the value at the beginning of the run. The
red line shows the slope of —1.4% /Kelvin.



Chapter 4

The Spectrometer Analysis

The K — mev decays will be used to study the performance of the Csl calorimeter in
Chapter 6 and Chapter 7. The K;, — 777~ and K; — 777 7% decays will be used
to measure the K, momentum spectrum in Chapter 8. In the final state of any of the
three decays, there are two charged particles, and both of them are reconstructed by
using the spectrometer.

In this chapter, I will first describe the analysis of the spectrometer to reconstruct the
two charged tracks. Subsequently, I will explain some corrections to increase the track-
ing accuracy. In the final section, I will estimate the spectrometer performance.

Alignment for the drift chambers and the trigger scintillators was important, because
a large systematic errors will arise if the alignment is inadequate. I will explain that
in Appendix C.

4.1 Reconstruction of Two Charged Tracks

4.1.1 Drift Chamber Analysis

I reconstructed the hit positions on the drift chambers from their TDC data.

TDC calibration

TDC data T[count] of each wire of the drift chambers was converted to a drift time
tarite [nsec] assuming a simple linear correlation:

Tarist = @ X T — tg, (41)

49
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where a [nsec /count] represents a conversion factor and t, [nsec] represents an offset.
The a for each TDC channel was measured with a clock generator before the runs
started. It was typically 0.7 [nsec/count| for Repic-Dr.T, and 0.05 [nsec/count| for
GND-HRTDC.

The to for each wire was determined from the data. To select events which did not
include accidental hits or noises, I defined “hit cluster”. A particle could pass through
2 ~ 4 successive wire cells in x and x’ (or y and y’) planes, as illustrated in Fig. 4.1.
Such successive hits were grouped as a “hit cluster” and considered to be made by one
incident particle. If there were 5~8 successive hit wires, those were divided into two
hit clusters with 4 hit wires as shown in Fig. 4.2. If there were more than 8 successive
hit wires, those hits were ignored. As for the y plane of the 2nd chamber, where the y’
plane was not active due to a shortage of readout electronics, a single hit was treated
as a hit cluster. In order to derive the tgs, I required that there were only two hit
clusters in every wire plane. Figure 4.3 shows a typical tq. distribution assuming
to = 0. I fitted a linear function to the rising edge of the distribution, and sought for
a timing where a value on the linear function was equal to be a half of the maximum
height of the distribution. The timing was set as .

Figure 4.1: Hit patterns that a charged particle can make. The arrow represents a
track of a charged particle and the circles represent hit sense wires. The 2~4 hit
wires with the patterns in the figures and their flipped patterns were grouped as a hit
cluster.

X-T function

The drift time was converted to a drift length by using an X-T function fx7(fasis)-
The fxr was derived from the data. I selected events in which each wire plane had

just two hit clusters. The fxr was derived by integrating the drift time distribution,
g(tarite), as .

h [ g(t)dt

S (4.2)

xr (taviee) = 2 [ g(t)di
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Figure 4.2: More than 4 successive hit cells was divided into two hit clusters.

where h is the spacing of the sense wires. The fxr was prepared for each wire plane
separately. An example of fx7 is shown in Fig. 4.4.

4.1.2 Track Candidate Selection

Because every chamber had multiple hits, many combinations of such hits were con-
ceivable. We had to select one of the combinations corresponding to the two charged
particles.

First of all, I picked a hit cluster in xx’ (or yy’) planes from each of three chambers.
These three hit clusters were a candidate to form a track in the x (or y) direction. For
y-track candidates, I required that the three hit clusters were located on a straight
line, as

B ) )] < 30, (4.3)
Z3 — 21

|92—{

where y; and z; represent y and z positions of the hit cluster on the i-th chamber,
which was defined as an average position of the hit wires in the hit cluster. The o
was calculated according to the error propagation by assuming that errors on the y-
positions were h/ V12, where h is the gap of sense wires, and the z-position error was
ZEro.

Next, I made a combination of 2 x-track candidates and 2 y-track candidates as a
candidate of two charged tracks. I required some conditions for angles of those track
candidates. Before explaining the conditions, let me introduce the notation to denote
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Figure 4.3: Drift time distribution of a given wire. The rising edge was fitted with a
linear function as shown in solid line.

the angle,

R(L) R(L)

xR(L) Ti W =&y
92‘]‘ = arctan W

7 7
- D) _ , D(V)

Y. _ 7 7

0;; = arctan ~gr——p (4.4)

where z; and y; mean x and y positons of hit clusters on the i-th chamber. The
superscript R (or L) represent that, on the 1st chamber, the hit cluster of the track
was located right (left) of the other track . Similarly, the superscripts for y direction, D
and U, represent Down and Up, respectively. This notation is illustrated in Fig. 4.5. 1
rejected the two-track candidates which satisfied any of the following conditions.

1. The two tracks had the same curvature directions.

(5 — 032) x (0% — 03%) > 50,
2. The two tracks could not intersect at upstream of the 1st chamber.

R — 05 > 30 and &3 — 055 > 30
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Figure 4.4: (a) Drift time distribution g(t) of x-wire plane of the 1st chamber. (b)
The XT function, fxr . It was obtained by integrating g(t).

for x hit clusters, or,
07> — 0V > 30
for y hit clusters.

In each of the conditions, the error o was calculated from errors of the positions of hit
clusters by using the error propagation.

4.1.3 Track Path Reconstruction

Track paths were reconstructed for every remaining candidate of two charged tracks.

Tracking method

I used the tracking method based on [31,32]. T will introduce only the essence of the
method here.

In general, x and y positions of any curved track path, p.n and ypam, can be described
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Figure 4.5: Schematic view of QmR (1) 9v7 ) defined in Eq. (4.4). White and black

¥
circles represent the positions of hlt clusters.

as a function of z position, as

() = Tparn(0) + 2 (0)7 + / dz / dz 2 (2)
0 0

) = Upa(0) + G 02+ [ 22 [ 2 4 2), (45)
0 0

where the prime (') indicates the differential to z. We cannot derive the track path from
these equations, because v, ),(2) and y7 ), (2) in the right-hand side are unknown.

In this tracking method, the equations are modified as

1 z zZ
CCpath(z> = xpath(o) —i—x;ath(())z—i—;/dz/dz p5(7path( z)

/dZ/dZ pypath (46)

where the p is the momentum of the charged particle. Because now we consider
the charged particles moving in the magnetic field, the p is a constant. Although
the pry . (2) and py;.,(2) are still unknown, they can be estimated by using the
known magnetic field and the roughly-estimated 7., (z) and y; ., (2), as described

Ypatn(2) = ypath(o)‘i‘y];ath zZ+

@Ib—‘
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in Appendix D.1. On the assumption that those double-integrals were given, the five
unknown parameters, Zpatn(0), Ypatn(0), ,1,(0), Yo, (0) and p~!, were determined
by fitting Zpaen(2) and ypan(2) to the positions measured with drift chambers. The
estimation of the double-integrals were then updated with the fit result, and the fitting
was repeated again. The parameters and the double integrals converged after iterating
this process 6 times.

In each iteration of the fitting, the parameters were determined to minimize the x?
which was defined as
x wire plane 2 y wire plane 2
(Xi -z ath(Zi)) (Yz‘ —Y ath(Zz'))
=) " 2 ; TN

2
O4; O4;

where X; (Y;, Z;) represents x (y, z) position of a hit on the i-th wire plane, and o; is
the resolution of the drift length for the hit.! The o4 was set to 300 gm in all hits in
the beginning, and updated later after evaluating the position resolutions of the wire
planes which will be described later in Section 4.3.1. The X; (or Y;) was calculated
using fxr of Eq. (4.2), as

Fxr(taie)

X Y)=
(orY)=sx -

+ wire position, (4.8)
where the 6 is the track angle projected to the x-z (or y-z) plane. In the first iteration
of the fitting, the cos# was tentatively set to oo, or the first term was ignored. From
the second iteration, the 6 was set to the value obtained from the previous iteration.
The s is +1 or —1, to represent the side of the wire that the track passed through. If
the track passed through the left (above) side of x (y) wire, s = +1, otherwise s = —1.
In order to recognize the passed side, I used “sum of distances” which is described in
the following subsection.

In the case that a hit cluster included 3 or 4 hit wires, I used only two of them for the
fitting. I also used the “sum of distances” for selecting the two wires.

To reject tracks with bad combinations, I required that the x? defined in Eq. (4.7)
should be less than 10. This cut value was determined based on a Monte Carlo
simulation so that the efficiency for correct track candidates were 99%.

Sum of distance

Although the drift chamber can measure the distance between a wire and a track path,
it cannot tell which side of the wire the track passed through. If each of x and x’ sense
wire has a hit, there are four possible paths as shown in Fig. 4.6.

!The parameters to minimize the x? can be solved without any numerical solution, as described
in Appendix D.1.2. Thus, this tracking method generally takes less computing time than methods
with numerical calculation.
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’

X X

Figure 4.6: Schematic view of the ambiguity. White circles represent x and x’ sense
wires. For drift lengths of x and x’ wires d; and d», there are four possible track paths
which correspond to common tangent lines as shown in red solid lines.

In order to solve this ambiguity, I calculated the “sum of distances (SOD)”. Defining
the drift length of x (or x’) wire as d (d’), the SOD s was defined as

SODys = —sxd+s xd, (4.9)

where s (and ') is +1 or —1 as used in Eq. (4.8)?. There are 4 combinations of s and
s’ which correspond to the 4 common tangent lines in Fig. 4.6.

As illustrated in Fig. 4.7, the expected value of the sum of distances, SOD,,,, can be
calculated from the track angle as

SOD.y;, = hsin (0 + syire % 30°) (4.10)

where £ is the space of sense wires® and 6 is the incident angle projected on the x-z (or
y-z ) plane. The sy is +1 or —1. If the x (y) wire is located on the left (or upper)
side of the x’ (y’) wire, Syire is positive, and vice versa.

In order to determine s and s’ in the fitting of the tracking process, I used ASOD
which was defined as

ASOD = SOD,,s — SOD,a,. (4.11)

In the first iteration of the fitting, s and s’ are assumed as 0. From the second iteration,
SOD.,, was calculated with the 6 obtained in the previous iteration. The combination

2 Equation (4.9) becomes SOD s = d+d' if s = —1 and s = +1. That is why I call this quantity
“sum of distances”.
3Tt is equal to the distance between the closest x and x’ wire.
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Figure 4.7: Schematic view of SOD.. Because s = ¢ = 1 and Sy = —1 in this
example, SODy, in Eq. (4.9) becomes d' — d and SOD,,, in Eq. (4.10) becomes
hsin (0 — 30°). Both are consistent with “SOD” in the figure.

of s and s’ which made |[ASOD| minimum was adopted. As for the y plane of the 2nd
chamber where y’ plane was nonactive and SO D, could not be calculated, I selected
the s which made the hit position defined in Eq. (4.8) closer to the track path which
was derived from the previous iteration.

If a hit cluster included more than two wires, only two wires were used for the fitting in
the tracking process. In that case, the SO Ds were calculated for every combination of x
and x’ (or y and y’) wires, and the one with the minimum |ASOD| was adopted.

Determination of two track paths

After the track path reconstruction, the matching with trigger scintillators was checked
for each candidate. I extrapolated two reconstructed tracks to the surface of the trigger
scintillators, and required that both of the extrapolated positions were located within
one of the hit scintillators or within 2 cm from the edge of them. In case that two
hit scintillators were channel 2 and channel 7, the event was discarded because both
of the scintillators were located at y=0 and we cannot match tracks in the x and y
views.

To select the most appropriate candidate, I used the minimum distance of the two
tracks, Ly, to evaluate the goodness of the candidate. If two tracks were produced
from a K7, decay, the two tracks should intersect at the decay vertex and L,,;, should
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be nearly equal to zero. The candidate which made the L, minimum was adopted as
the correct two tracks in the event. Figure 4.8 shows the distribution of minimum L.
To ensure the quality of the two tracks, I required that the minimum L,,;, was less than
50 mm. This requirement reduced the acceptance by 4.3 % for the data, and 2.7 % for
Monte Carlo simulation. I also required that the two track paths are more than 5 mm
away from the massive materials in the experimental area, such as frame structures
of the drift chambers, the components of the magnet, and components of the beam
shutter. The events which did not satisfy these requirements were discarded.

- Data(best)
10 Data(2nd)

— MC
10* "\‘H

arbitrary unit

10%E

10?

o

Figure 4.8: The L,,;, distribution. The black dots and the dashed line show the L,,;,s
of the best candidate and the second best candidate for the data, respectively, and the
red line shows the best candidate for the Monte Carlo simulation.

4.2 Improvements on Tracking Quality

In this section, I will introduce some updates and corrections to improve the tracking
quality.

4.2.1 X-T Function

The X-T function fxr which was defined as Eq. (4.2), was updated using the tracking
result. The updated function was determined to minimize the ASOD which was
defined in Eq. (4.11). T defined a x? as

= (ASOD)*. (4.12)

event
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where the summation was taken over events. With Eq. (4.9) and Eq. (4.11), it can be
written as

X =Y (=X fxr(t) +5 % fyr(t) = SOD.y)”, (4.13)

event

where prime (') indicates the value for x’ plane.

The shape of the old X-T function, f9$ (Eq. (4.2)), was well expressed with a poly-
nomial function except the regions near the sense wire and near the edge of the wire
cell. T therefore parameterized the updated X-T function as

Ixr(titsy, <t <tosn) = fpois(t)
fpol5 (t5%) old

f t,t <t % = Told s N X t
XT( 5 ) )(1%(155%) XT()

)2 — foos(toss;
Far(tit > tos) = (JR40E) — [ (togye)) L2 Jootslloon) ey,

h/2 = f35 (tesn)
(4.14)

where h is the spacing of sense wires, and the t5 and tg5 are the timings where the
fxr value becomes 5% and 95% of h/2, respectively. The fyo15(¢) represents polynomial
function of fifth degree, i.e.:

5

Joois(t) = Z (ai(t — ao))". (4.15)

i=1

In other words, I used an old X-T function with appropriately scaling at the re-
gions where fxr ~ 0 and fxr ~ h/2, and used a fifth polynomial function in other
ranges.

The 10 parameters of fx7 and fip, a;(i = 0 ~ 5) in Eq. (4.15), were determined by
minimizing the x? in Eq. (4.13) for each xx’ or yy’ wire plane pair of each chamber.
The ASODs and the fxr before and after the minimization are shown in Fig. 4.9.

As for the y plane of the 2nd chamber, where we cannot calculate the SOD because
the y’ plane was inactive, the X-T function was updated with another method. I
reconstructed the tracks without using the y plane of the 2nd chamber. The distance
between the tracks and hit wires at the y plane of the 2nd chamber is shown in Fig. 4.10
as a function of the TDC times of the hit wires. The X-T function was determined by
fitting the function in Eq. (4.14) to this plot.

4.2.2 Drift Time

I applyed two corrections to the drift time of the chambers.
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Figure 4.9: (a) The ASOD distribution of the x plane of the 2nd chamber calculated
with old fxr (black histogram) and with updated fx7 (red histogram). (b) The old
fxr(t) (black line) and the updated fxr(t) (red line) of the x plane of the 2nd chamber.
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Figure 4.10: Histogram showing the distance of positions between the tracks and hit
wires at the y plane of the 2nd chamber. The black line shows the updated X-T
function.



4.2. IMPROVEMENTS ON TRACKING QUALITY 61

Table 4.1: Propagation velocities in sense wires.

propagation velocity[mm /nsec]
1st chamber 313 £ 15
2nd chamber 225+ 4
3rd chamber 208 £ 3

e Propagation time in sense wire

It took a finite time to transmit signal pulses through the sense wires to the
PreAmps mounted on one side of the chambers. Consequently, the observed
drift time was different from the true value due to the propagation time in the
wire. By approximating that the drift velocity is constant in the wire cell, the
drift length differed due to this effect as

L. .-
d—>dm0dif5d+(5d:d+ e

X Varifts (4.16)

wire

where dd denotes the difference due to the propagation time in wire, L. and
Viwire Tepresent the propagation length and velocity, respectively. The Vg.ip
represents the average drift velocity and was estimated to be 50 pm/nsec. In
order to study this difference, I used ASOD defined in Eq. (4.11). Modifying
the drift length as Eq. (4.16), the ASOD was also modified as

ASOD — ASODyeair = —5 X (dmodif) + 8 % ( ;nodl-f) — SOD.y,

L .
= ASOD+(s' = ) T % Vaupr. (4.17)

wire

By requiring s’ # s,

(=) x ASODyouis = (—5) x ASOD + 2@*’“‘@ $Vipis.  (4.18)
Thus, the (—s) x ASOD observed in the data should include the component
proportional to the propagation length L,;... The dependence of ASOD upon
the Lyire is shown in Fig. 4.11 (The kink in the plot of yy’ wire plane is due
to a propagation time in a trigger scintillator which is described in a following
subsection). The propagation velocities of each chamber were then derived from
the slopes of the plots for x-planes which corresponded to 2Vt /Vipire. They
were estimated by linear fitting as summarized in Table 4.1.

The drift time, t455¢, was corrected as

tdrift - tdrift - Lwire/vwire- (419)
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Figure 4.11: Dependence of ASOD multiplied (—s) upon the propagation length in
wire, L. Here I required s # s’. The left and the right plots show the dependence
in x plane and y plane of the 3rd chamber, respectively. The red line in the left plot
shows a fit result with a linear function.

e Propagation time in the trigger scintillator

A scintillation light generated in a trigger scintillator took a finite propagation
time to reach a PMT. Similarly to the propagation time in wire, this effect was
also observed as the dependence of the ASOD with s # s’ upon the propagation
length, as shown in Fig. 4.12. I determined the propagation velocity of the
scintillation light as 23.3 +0.1 ¢cm/nsec, by linear fitting with the plots for the y
planes. The drift time was then corrected as

tdrift - tdrift + Lscimfi/‘/tscinth (420)

where Vieingi and Lgeny represent the propagation velocity and length in the
scintillator, respectively.

After these corrections were applied, TDC offsets of each wire which were determined
in Section 4.1.1 were derived again with the corrected drift time.

Stability of trigger timing

The mean value of the ASOD drifted through the run time as shown in Fig. 4.13(a).
Because the shift was common to all the chambers, this shift should be caused by the
trigger signal. I set an offset for trigger timing for each data file corresponding to
about 20 minutes data taking so that the mean value of the ASOD of all the wire
planes became zero as shown in Fig. 4.13(b).
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Figure 4.12: Dependence of ASOD multiplied (—s) upon the propagation length in
the trigger scintillator. Here I required s # s’. The left and the right plots show the
dependence observed in the x plane and y plane of the 3rd chamber, respectively. The
red line in the right plot shows a fit result with a linear function.
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Figure 4.13: (a) Temporal shift of the ASOD multiplied (—s) with requiring s # s’
The 2-dimensional histogram shows the (—s) x ASOD observed in the x wire plane
of the 2nd chamber, and the black line shows its mean value. The blue line shows a
mean value of the (—s) x ASOD in the y wire plane of the 3rd chamber. (b) Plots in
(a) after applying the correction for the shift.
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4.3 Performance Evaluation

The performance of the spectrometer is evaluated in this section. First, the fluctuation
of the drift lengths measured with the drift chambers will be derived from the data.
Subsequently, the momentum resolution and the incident position resolution of the
spectrometer will be evaluated from the Monte Carlo simulation, by using the drift-
length fluctuation as the Monte Carlo input.

4.3.1 Fluctuation of Drift Length

The drift lengths measured with the drift chambers were fluctuated by several sources,
for example, the diffusion of the drift electrons. The difference of the measured drift
length from its true value was described as dd. I used the ASOD defined in Eq. (4.11)
to derive the distribution of dd. By assuming that the error on the SOD,,, is negligible,
the ASOD is related to the dd as

ASOD = —sdod + s'od, (4.21)

where s is +1 or —1 as in Eq. (4.8), and a quantity with a prime mark (’) indicates
that it is a value related to the x’ wire plane. By requiring s # s’, we obtain

(—s) x ASOD = 6d + 6d. (4.22)

Figure 4.14(a) shows this (—s) x ASOD observed in the data. Because the distribution
was not a Gaussian, the distribution of dd is not expected to be a Gaussian either.
Besides, a correlation was found between two ASODs of different wire planes, as
shown in Fig. 4.14(Db).

To reproduce these features of the ASOD, I assumed that the dd had two component
as
0d = ddins + 0deom- (4.23)

The first component, dd;,;, describes a fluctuation intrinsic to each wire plane, such
as the diffusion of drift electrons or an inaccuracy of the X-T function. The second
component, dd..,, describes a fluctuation common to all wire planes, such as the timing
fluctuation of the trigger signal. The dd.., explains the correlation in Fig. 4.14(b).
The distribution of dd is then expressed as

F(8d) = [fint * feom] (3d), (4.24)

where f;,; and f.,, represent the distributions of dd;,; and dd.,,, respectively, and the
operator “*” means a convolution, i.e.:

[fint * feom)(x) = /_ b Jint (") feom(z — 2)dx’. (4.25)
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Figure 4.14: (a)The distributions of (—s) x ASOD observed in the data, which corre-
sponded to dd + dd’ as described in Eq. (4.22). Here I required s x s’ = —1. The black
and the red histograms show the distributions observed in x wire planes of the 2nd
and 3rd chambers, respectively. (b) Correlation of the ASODs between the different
wire planes.

I reconstructed the forms of f;,; and f.,, separately with following steps. First, I
took the difference between two ASODs to eliminate the contribution from the d.,,.
Because there were two charged tracks in each event, there were two ASODs in each
wire plane. By subtracting one of the two ASO Ds from the other and requiring s # ¢/,
the common fluctuation was canceled and we could obtain the contribution from the
0d;n: only, as

A(ASOD) = sWASODW — sPASODP

S (5d§.jg +ad 4 25dc,,m> + (5d§§1 +8d? — 26dcom>
= —ddy, — odly) +6ds) + odL) (4.26)

where superscripts (1) and (2) represent the track ID. Describing the convolution of

two fin: as
Fint(x) = [fint * fmt](x)7 (427)

the distribution of A(ASOD) is expressed as the convolution of Fj,;(x) and F(—).
The A(ASOD) observed in the data is shown in Fig. 4.15(a). It was fitted well with
a triple Gaussian fiy4,s Which is defined as

1—A2—A3 ( (.’I'—/L)Q)
aus\ L = ———¢€X — T a4 9
f tg ( ) \/%0_1 p 20_%

Ay (z — M)2> As < (z — M)2>
+ — + ———]. (4.28
V210, P ( 203 V2o, P 202 (4.28)
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I assumed that the f;,;(z) also could be expressed with the triple Gaussian. The Fj,;
is then expressed as

ant(x) = [ftgaus * ftgaus](x)v (429)
and the A(ASOD) distribution is expressed as

faa(x) = N X [Epy o+ Find] (), (4.30)

where N is a normalization factor. The faa(x) is calculable numerically. The faa(z)
was fitted to the observed A(ASOD) distribution to determine the parameter set
(N, Ay, A, i, 01,09 and 03). The fit result and the obtained f;,;(z) are shown in
Fig. 4.15(a) and (b).

(

53
~

f|nt(x) \q‘/

# of events

A -
A BNV

IRVAR .
\

. _— 1O o
-5 0 5 -4 -2 0 2 4

A(AS.O.D)[mm] X[mm]

Figure 4.15: (a) The A(ASOD) distribution defined in Eq. (4.26). The black his-
togram shows the data of x-plane of the 2nd chamber. The red line shows the best fit
of faa(z) which was defined in Eq. (4.30). (b) The f;,; derived from the fitting.

Next I derived the f.,,. Requiring s # ', Eq. (4.21) was rewritten as

(—s) x ASOD = 8dy; + 0d,

int

+ 26dcom. (4.31)

Therefore, the distribution of the (—s) x ASOD was expressed with the following

function,

T —a

fale) = [ Ao/ s Find @) (5

The f;,; was already derived as the triple Gaussian, and consequently [fins * fine] 1S
calculable. The f., was derived by unfolding the contribution of the [fin: * fin] from
the measured (—s) x ASOD distribution, by using T'Unfold in ROOT library [33,34]
which provides a function to solve unfolding problems.An example of the distributions
of (—s) x ASOD was already shown in Fig. 4.14(a). The [fint * fine] and the derived

). (4.32)
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feom(x) are shown in Fig. 4.16(a). The average of the derived f.,,s of all wire planes
is shown in Fig. 4.16(b). It was parameterized with three Gaussians, i.e.:

Feom (2 ZA eXp( e “Z) ) . (4.33)
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Figure 4.16: (a) The [fin: * fine)(x) (green) and feom(2/2) (red), which appeared in
Eq. (4.32), for an x wire plane of the 2nd chamber. (b) An average of the f,,,s derived
from all wire planes (black) and its fit result with three Gaussians (red).

The RMS of the derived f.,,, was 0.165 mm in the February run and 0.222 mm in the
June run, and those of the derived f;,; are summarized in Table 4.2. The performance
of the 1st chamber in the February run was worse than that in the June run because
the voltage supplied to the preAmps of the 1st chamber was set lower than usual to
suppress observed noises in the February run. A quadratic sum of the f;,; RMS for
each wire plane and the f.,,, RMS is also shown in Table 4.2 and 4.3. It corresponded
to the position resolution of the wire plane, and used as the o, in Eq. (4.7) to calculate
the x? of the track in the tracking process.

4.3.2 Momentum Resolution and Incident Position Resolu-
tion

The track position resolution at the Csl calorimeter z position and the momentum
resolution of the spectrometer were derived from the Monte Carlo simulation. Hit
positions on the chambers were fluctuated with the f;,; and f,,, derived above. Details
of the Monte Carlo simulation are described in Appendix B.
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Table 4.2: An RMS of the f;,; and o4 (= (RMS of fis) & (RMS of fn)) for each
wire plane in the February run.
(The February Run)

chamber | wire plane || RMS of fi,;[mm] | o4[mm]
1st X 0.467 0.495

- 0.462 | 0.490

2nd X 0.248 0.298

v _ _

3rd X 0.292 0.335

y 0.265 0.312

Table 4.3: An RMS of the f;,; and o4 (= (RMS of fi;) @ (RMS of feon)) for each
wire plane in the June run.
(The June Run)

chamber | wire plane || RMS of fi,;[mm] | o4[mm]
1st X 0.179 0.285

y 0.182 | 0.287

2nd X 0.218 0.311

y _ _

3rd X 0.207 0.303

y 0.208 | 0.304
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In the simulation, charged tracks were reconstructed with the same procedure as the
data. The reconstructed momentum and incident positions to the calorimeter were
compared to the Monte Carlo true values, as shown in Fig. 4.17. The resolutions
were evaluated from the width of these distributions. The momentum resolution o), is

-0.1F

-40

-0.2
-60

o

e 1 | T e N
0'30 200 400 600

0

p[MeV/c]

Figure 4.17: Residuals between the reconstructed value and the Monte Carlo true
value for the momentum (a) and the incident position (b).

expressed as

Up;p) = a, @b, x p[GeV/(]

= (1.347+0.011%3090)% @ (2.618 4 0.0071 33N % x p[GeV/c] (4.34)

for the February run and

”p;p) — (1.286 % 0.01075495)% @ (1.981 + 0.0077599)% x p[GeV/d] (4.35)

for the June run, where p represents a momentum. The first error of each parameter
was derived from Monte Carlo statistics, while the second error shows the systematic
uncertainty which is described in the next section. The incident position resolutions
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for x direction, o,, and for y direction, o,, were expressed as

(p)mm] = a, @ bxv
Oz(D Qy p[Ge /C]
(2.009 £ 0.01375075)

= (3.089 + 0.00910-297
( —0.036) @ p[GGV/C]

_ by
oy(p)lmm] = ay@p[GeV/c]

(2.377 £ 0.00779559)

= (1.056 & 0.0080 o5 4.36
( —0.064) D p[GGV] ( )
for the February run and
2.017 £0.0117357%)
. (2,368 4 0.0117027) g ~0.019
0(p)[mm] ( “0.036) @ p[GeV/d]

. (2.02 £ 0.01799%)

o,(p)[mm] = (0.6604 +0.0257314%) @ GeV] 0050 (4.37)

for the June run. Due to the worse position resolutions of the chambers, the spectrom-
eter resolutions in the February run were worse than those in the June run. These
functions for the June run are shown in Fig. 4.18.
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Figure 4.18: Resolution functions of the momentum (a) and the incident position (b)
described in Eq. (4.35) and Eq. (4.37).
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Table 4.4: Systematic uncertainty of the momentum resolution (o,/p) and the x and
y position resolutions (o, and o) of the spectrometer. The parameters, a, (5,) and
by (,y), are defined in Eq. (4.35) for o,/p, in Eq. (4.37) for o, and o,.

a,/p%) 0 [mm)] oy [mm]

ap ‘ by od ‘ by ay ‘ by
magnet

resolution || 4+0.005 0 | +0.002 0 | +0.003 | -0.001
0| -0.006 0] -0.003 | -0.001| -0.001
direction || 40.004 | +0.002 | +0.001 0 0 0.008
-0 | -0.006 | -0.001 0] -0.004 0
offset || +0.018 | +0.004 | +0.001 | 4-0.009 | 0.002 0.018
0] -0.014 | -0.002 0] -0.005 0
asymmetry || +0.101 0 +0 | +0.137 0 0.002
-0 | -0.007 | -0.041 -0 | -0.003 0
ANSYS || +0.004 0 | +0.004 | +0.012 0.001 0
0] -0.004 | -0.004 0] -0.001 | -0.001
multi. scat. model +0 | +0.020 | +0.037 | +0.041 | +0.034 +0

-0.004 | -0.003 | -0.007 | -0.048 | -0.063 | -0.057

chamber alignment

1st chamber || +0.013 0| +0.028 | +0.028 | +0.181 | +0.014
0| -0.014 | -0.015| -0.008 | -0.003 | -0.006
2nd chamber || +0.013 0 | +0.005 | +0.002 | +0.001 0
0| -0.014 0| -0.009 0| -0.001
3rd chamber || +0.014 0 | +0.009 | +0.009 | +0.004 | +0.002

0| -0.015| -0.004 | -0.009 | -0.003 | -0.002

total | +0.105 | +0.020 | +0.048 | +0.146 | +0.184 | +0.024
-0.004 | -0.031 | -0.045 | -0.050 | -0.064 | -0.057

4.3.3 Uncertainties of the Resolutions

Table 4.4 shows the systematic uncertainties of the parameters (a and b) of the mo-
mentum resolution and the position resolution of the spectrometer. All items in the
table were quadratically summed. In the following, I will explain the source of each
uncertainty.
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Accuracy of magnetic field measurement

As described in Section 2.2.1, I measured the magnetic field of the spectrometer magnet
in the X > 0 and Y > 0 region. In addition, the field was measured for several points
at X =0and Y < 0,and alsoat Y = 0 and X < 0, to study the systematic uncertainty
related to the measurement. The measured region is illustrated in Fig 4.19.

y[mm]
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0 nnu
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-400  -200 0 200 400

x[mm]

Figure 4.19: Points where the magentic field was measured are illustrated. Some red
points shows points where the measurement was done twice. Some points near the
dent of the upstream end guard around X = —300 mm were measured in addition,
which are illustrated as blue points.

e Resolution of the measuring instrument

The field measurement was done twice for some points shown in red in Fig 4.19.
Figure 4.20 shows the difference of those two measurements. The resolution of
the measuring instrument was estimated as 4.7 Gauss, from the RMS of the

difference divided by /2.

To study the effect of this uncertainty on the spectrometer resolution, the mag-
netic field of every measured points was fluctuated randomly in the simulation
with a Gaussian with ¢ = 4.7 Gauss. I tested 9 patterns of the fluctuations.
The parameters of the resolution, a and b, were estimated for each pattern. The
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Figure 4.20: Differences of the magnetic field between two measurements. The red,
green, and blue histograms show the differences of x, y, and z components of the field,
and the black histogram shows the sum of those 3 histograms.

mean = RMS of the 9 trials was adopted as the systematic error of the parameter
which is shown in the “resolution” items in Table 4.4.

e Direction of the measured field.

Because the magnet had almost symmetric configuration in both vertical and
horizontal directions, it was expected that the x and z component of the magnetic
field on the z axis should be zero. The measured values, however, were not
zero and they had correlation with the y component of the field, as shown in
Fig. 4.21(a, b). This indicates that the direction of the measured field was
misaligned. Assuming that the direction misalignment was small enough, the
real field, B}, B, and B, can be expressed with the measured field, B,, B, and

B., as
B?’J = 0, 1 -0, B, (4.38)
B! -0, 0, 1 B,

where 6,,0,, and 0, represent the rotation angles around x, y, and z axis.

By fitting a linear function to the scattered plots in Fig. 4.21(a, b), 6, and 0,



74

(a) B, VS B, (b) B. VS B,

B,[Gauss]

CHAPTER 4. THE SPECTROMETER ANALYSIS

were derived from the slope of the linear function as 0.022 and -0.0016 rad,
respectively. The 0, was determined by using the measurement points at x = 0
and y # 0 where B/ should be zero. The 6, corresponded to the slope of
(B, — 0,B,) vs B, plot which is shown in Fig. 4.21(c). It was estimated as
0, = —0.00308. The measured field was corrected with these rotational angles.

The scattered plots in Fig. 4.21 have parabola shapes. As described in the next
topic, this shape is related to the offset of the magnetic field. An ambiguity to
determine the 0,(,.) arose due to this parabola shape. To evaluate the effect
of this ambiguity on the estimation of the spectrometer resolutions, I did linear
fittings separately for the one side and the other side of the parabola, as shown
in the blue lines in Fig. 4.21. The rotational angles derived from the fittings
denote Qzlvj(y,z) and Hf(y’z). I ran the simulation with using Qg(y%) or Qf(w) for a
correction instead of 6, .). As a result, the parameters of the resolution formula
were changed as shown in the “direction” items in Table 4.4. I adopted these

changes as the systematic errors.
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Figure 4.21: Correlations between the components of the magnetic field. (a) The x
vs y components on the z axis. (b) The z vs y components on the z axis. (c¢) The x
vs z component at x=0. The red line in each plot shows the result of linear fit with
using all points. Blue lines are also linear fit results, but using only the points above
or below the red line.

Offset of the measured field.

As shown in Fig. 4.22, the B, values and the B, values on the z-axis had non-zero
values which depended on z position, although they were expected to be zero
from the symmetrical shape of the magnet. This was a source of the parabola
shape which was described in the previous topic. Each side of the parabola
corresponded to values in z > 0 and z < 0 region.

The source of this dependence is still unknown. I assumed that the field had a
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Figure 4.22: The x component (a) and z component (b) of the magnetic field on the
z-axis. They had unknown dependence on z position.

z-depended offset, and estimated the uncertainty of the spectrometer resolutions
due to such offset. I assumed three types of the offset forms:

1. The z-depended offset. The B, and B, values shown in Fig. 4.22 were used
as the offset for each z position.

2. A constant offset of -7.5 Gauss for x component, and 22.5 Gauss for z
component. These values are corresponding to the components at the center
of the magnet.

3. No offset.

With these offsets, the parameters of the resolution changed as shown in the
“offset” items in Table 4.4. I adopted these changes as systematic uncertainties.

Asymmetry along vertical and horizontal directions.

I measured the magnetic field only in the first quadrant, that is, X > 0 and
Y > 0 region. For other quadrant region, the measured field was appropriately
inverted assuming the symmetry along both in vertical and horizontal directions.

I checked the symmetry along the vertical direction by comparing the y compo-
nents of the field, B,, at ¥ > 0 and X = 0 with those at ¥ < 0 and X = 0.
Similarly, the symmetry along horizontal direction was checked by comparing B,
at X < 0 and Y = 0 with those at X > 0 and Y =0 . As shown in Fig. 4.23,
the asymmetry of the field was less than 2% around the center of the magnet
and tended to be larger around the end guards. A region surrounded by the
magenta line in the figure had a relatively large asymmetry because there was
a 10 x 10-cm dent on the upstream end guard. Instead of inverting the filed of
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1st quadrant, the field was additionally measured for a region around the dent
which is shown in Fig. 4.19 with blue points.

(b)

Y[mm]

500 500

Z[mm] Z[mm]

Figure 4.23: (a) Horizontal asymmetry of the y component of the magnetic field, or,
(By(—x,0, z) — By(x,0, 2))/By(x,0, z). (b) Horizontal asymmetry, or, (B,(0, -y, z) —
By(0,y,2))/By,(0,y,z). The region surrounded by the black line had no measured
data because of the end guard. The field was additionally measured around the region
surrounded by the magenta line

To evaluate the uncertainty due to this asymmetry, I assumed that a magnetic
field at all points in X < 0 (or Y < 0) region had the same rate of the asymmetry
in Fig. 4.23(a) (or (b)). With and without such assumption, the parameters of
the resolution changed as shown in the “asymmetry” items in Table 4.4. 1
adopted those changes as systematic uncertainties. This is the largest source of
uncertainty for the parameter a in o,/p: +0.099%, and also for the parameter b
in g, +0.126 mm.

Consistency of ANSYS simulation for magnetic field

As described in Section 2.2.1, the field value calculated with ANSYS was used in the
range outside the measurement. The consistency between the ANSYS calculation and
the measurement was checked by comparing the values around the center of the magnet
where the calculated value and the measured value both existed. The comparison
was executed for points within —200 < x < 200 mm, —200 < y < 200 mm, and
—400 < z < 400 mm with respect to the center position of the magnet. The RMS of
the difference between the ANSYS calculation and the measurement was less than 4

%.
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I changed the scale of the values calculated by ANSYS by this difference, +4%, in
the simulation. The parameters of the resolution changed as shown in the “ANSYS”
items in Table 4.4. I adopted those changes as systematic uncertainties.

Uncertainty of multiple scattering models

I used the G4UrbanMscModel95 model to simulate multiple scattering. Geant4 9.5
supports other models, G4GoudsmitSaundersonMscModel and G4 WentzelVIModel. 1
ran the simulation with these two models. The parameters of the resolutions changed
as shown in the “multi. scat. model” items in Table 4.4. I adopted those changes as
the systematic uncertainties.

Drift chamber alignment

As described in Appendix C, the position displacements of the drift chambers were
represented with the parallel translation d;, and the rotation 6;, ( where the subscript
1 = 1,2,3 represents the 1st, 2nd and 3rd chamber in order, and the subscript a =
x,y, z represents the direction to translate or the axis to rotate around). Their values
and errors were estimated as shown in Table C.1.

To estimate the effect of the chamber displacement on the spectrometer resolutions,
the translations and rotations in the simulation were fluctuated randomly within their
errors. When the values of the 1st chamber were fluctuated, the corresponding val-
ues of the 2nd and 3rd chambers were also modified, because the displacement of the
2nd and 3rd chambers were derived with assuming that the position of the 1st cham-
ber was correct. Similarly, when the values of the 3rd chamber were fluctuated the
corresponding values of the 2nd chamber were modified.

I prepared 9 patterns of the fluctuation for each component. The parameters of the
resolution were estimated for each pattern, and the mean + RMS of the 9 trials was
calculated. The square sum of the mean + RMS of all the component was adopted as
the systematic error of the parameter. They are shown in the “chamber alignment”
items in Table 4.4. These are dominant uncertainties for the parameters of o, and
oy-



Chapter 5

Csl Energy Calibration with
Electrons

The energy calibration of the Csl calorimeter was performed by using cosmic rays, as
described in Section 3.2. A calibration with using electromagnetic showers is, however,
preferable because there is nonuniformity of light output along the z direction of Csl
crystal and consequently Csl outputs made by cosmic rays are different from those
made by electromagnetic showers.

In this chapter, I will derive calibration factors again with electrons which were tracked
by the spectrometer. I will explain the selection criteria for electrons in the first section.
The method to determine the calibration factors is given next. If a nonlinearity of the
FADC exists, the calibration performance will become worse. The nonlinearity was
checked and corrected for in the third section. The accuracy of the calibration factors
is estimated in the last section.

5.1 Electron Selection

Electrons were identified by using both the CsI calorimeter information and the spec-
trometer information cooperatively.

5.1.1 Matching Tracks and Clusters

The tracks which were reconstructed with the spectrometer were related to the clusters
observed in the Csl calorimeter according to their positions. If the track position
extrapolated to the calorimeter was located within 100 mm of a cluster position, the
track was associated with the cluster. To avoid mis-associating, I required that there

78
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were no other clusters within 100 mm of the track position. The distributions of the
distances to the nearest and the second nearest clusters from the track position are
shown in Fig. 5.1.
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Figure 5.1: Distance between the incident position of charged particles tracked with
the spectrometer and the cluster position. The black line shows the distance to the
nearest cluster, and the red line shows that to the second nearest. The blue line shows
the distance to the nearest cluster after applying the electron selection cuts described
in the following section.

5.1.2  FEg,/EY, Ratio

spec

Because electrons made electromagnetic showers and deposited almost all of their en-
ergies on the Csl calorimeter, the ratio of the energy measured by the Csl calorimeter,
Ecsr, to the momentum measured with the spectrometer, pgp,e., had a clear peak cen-
tered at 1. This was a signature of electrons. To be more precise, the E¢cgr differed
from pgpec by energy deposits in materials in front of the Csl calorimeter such as the
trigger scintillators, the CslI covers, and air. The total amount of such energy deposits,
Ef;;;terial, was 8.0 MeV based on the Monte Carlo simulation. As for positrons, the
energy deposits also differed by the positron mass because the energy equivalent to
their mass was deposited in the calorimeter through annihilation. I defined the visible
VS

energy measured with the spectrometer, EJ7 ., as

vis 2 2 material
Espec Y/ me +pspec + Q X Me — dep ) (51)

where m, denotes the electron mass and () represents a sign of the charge of the track.

The Ec,/EYS, ratio is shown in Fig. 5.2. A clear peak made by electrons was found
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around Egs/EY. = 1. The events with the Ecs/E%S. < 0.8 in the figure were

spec spec
considered to be made dominantly by pions and muons from K decays. We need

further selection cuts to suppress their contamination to the electron peak.
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Figure 5.2:  Ratio of the Eg, to the EYs. The black dots shows the measured
data, while the histograms shows the expectation from the Monte Carlo simulation.
The colors represent kinds of incident particles. The red, light blue, and magenta
show electrons, pions, and muons generated from K, decays, respectively. The yellow
shows particles generated from K, hadronic interactions or from decays of K daughter

particles. The green shows particles generated from neutron interactions.

5.1.3 Selection Cuts

I applied selection cuts as follows, to identify the electrons and to guarantee the data
quality.

1. FADC range cut.

To avoid an overflow from the range of the FADC (14-bits), I required the maxi-
mum FADC count of every waveforms in the cluster to be less than 15000 counts.

2. Csl fiducial region cut.

To ensure that electromagnetic showers did not leak from the effective area of the
calorimeter, I allocated an edge region and a fiducial region on the calorimeter
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as shown in Fig. 5.3. I required that the both positions measured with the
calorimeter and the spectrometer were located within the fiducial region.
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Figure 5.3: Region allocation of the Csl calorimeter. The condition in the February
run and the June run are shown in (a) and (b), separately. The white area shows the
fiducial region, while the red shows the edge region. The blue filled blocks are inactive
crystals.

3.

The k;_ cut.

To suppress the contamination from K; — 77~ 7% decays, I introduced a pa-

rameter called k;_o which was used in the KTeV experiment [35]. It was defined

as

(m%(L —m3_ — mfro)2 —4mb_m2, — 4m§<Lpt2
4(mi_+pi)

ki_o= , (5.2)
where myg, and myo are the masses of Ky and 7°, respectively. The m,_ and
the p; represent the invariant mass and the transverse momentum of the system
of two charged particles, respectively.

The physical meaning of the k, _( is that the square of the longitudinal mo-
mentum of the 7° from the K; — 777~ 7% decay along K flight direction in a
frame where the 777~ pair has no longitudinal momentum. If the two charged
particles did not come from the K; — m" 7~ x° decay, k;_o tend to be negative
as shown in Fig. 5.4(a). I required that the k, o was less than —9000 MeV?2.

Shape 2 cut.

To evaluate a cluster shape on the calorimeter, the KOTO experiment uses a
variable called “shape x?”. This value is calculated by comparing the observed
energy deposit in each crystal with its expectation derived from a Monte Carlo
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simulation. If the cluster is made from a normal electromagnetic shower, the
shape x? becomes ~1. The details of the shape x? is described in Appendix A.1.2.

The distribution of the shape x? is shown in Fig. 5.4(b). Clusters made by
electrons tend to have smaller shape x? values than the clusters made by other
particles. I required the shape x? to be less than 2.5.

5. Cluster size cut.

The pions and muons often passed through the calorimeter as MIPs. In such
a case, energy deposits were made on only a few Csl crystals, as shown in
Fig. 5.4(c). I required the number of crystals in the cluster to be > 5.

6. Ecsr/EYE, cut.

spec

The distribution of the Ecy;/EY%, ratio after applying all the cuts above is shown

spec

in Fig. 5.4(d). I required 0.8 < E¢s/EY%, < 1.2.

spec

The number of electron candidates passing through all the selection cuts was 2.2 x 105.
The energy distribution is shown in Fig. 5.5.

5.2 Calibration Using Electrons

Energies of electrons incident on the Csl calorimeter, Ej,., were reconstructed as shown
in Eq. (3.4) and Eq. (3.7). By making the calibration constants visible, the FE;,. was

rewritten as

1
Eine = ¢ X [i7 5.3
fEcm' Z ( )

where ¢; and I; represent the calibration constant and the waveform integral of the
i-th crystal respectively, and fgq, is the correction function defined in Eq. (3.8).

To determine the calibration constants, I defined x? as

Einc_EgiZc ’
¢= Y (—) | (5.4)

events O-SPeC S gCsI

where o and o represent the momentum resolution of the spectrometer and the
energy resolution of the calorimeter, respectively. The summation was taken over all
electron events. The oy, was derived as Eq. (4.35) in Section 4.3. The o¢s; was
assumed to be the KOTO design value,

OcCsI 2%
=1%p ———. 5.9
E " TG (5:5)
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The set {c;} was determined to make the x* minimum. In such case, a partial differ-
entiation of the x? to a given ¢; should be zero, i.e.:

3X2 o 21] ]' VLS
a_Cj - Z 2 +O%s[) ( ;Ci x I; — Espec)

events fECOT X (Uspec fEcor
201 21, B,
= ¢ X —
zi: (e;nts fJQEcor X (ngec + U%’s[) ) e;s fECOT (ngec + o%’sl)
=0 (5.6)

This equation exists for all the active Csl crystals. All these equations are linear
combinations of the set of {¢;}. I solved them by using Gaussian elimination, and
obtained optimal values of {c;}.

The width of Ecg/Ey, distribution became narrower after the x* minimization as
shown in Fig. 5.6. The difference of the new calibration constants from the old cali-
bration constants derived from the cosmic-ray analysis is shown in Fig. 5.7. The new
constants of crystals in the edge region defined in Fig. 5.3 were largely different from
the old constants. This difference was due to shower leaking out of the CsI calorimeter.

For the crystals in the edge region, I kept using old calibration constants.

5.3 Nonlinearity Correction

I found that the mean value of the Ecg/E2y, of electrons depended on the maximum
waveform height of all crystals in the cluster, as shown in Fig. 5.8. This suggested
that there was nonlinearity of the FADC, that is, waveform integrals recorded with

the FADC did not keep a linear correlation with energy deposits in crystals.

An existence of the nonlinearity was also confirmed with a laboratorial test where
known pulses generated by a function generator were injected to the FADC. The
saturation of waveform heights recorded on the FADC were found in the test as shown
in Fig. 5.9(a). The ratio of waveform integrals on the FADC to input also changed
according to the pulse height as shown in Fig. 5.9(b).

Because the nonlinearity depends on the pulse shape, we do not use the result of the
laboratorial test for the correction for the nonlinearity effect. Instead, I made the
correction function from the observed data shown in Fig. 5.8. The mean value was
calculated for every x-bin of the 2-dimensional histograms in the figure, and a line
interpolating those mean values linearly was used as the tentative correction function
denoting fl’;jfL. Here, the events was divided into two data sets. In one data set, the
maximum energy deposit was located on a small crystal, and in the other set it was
located on a large crystal. The tentative correction function was derived separately for
each data set, to use for the correction for small crystals and for large crystals.
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The energy in each crystal was corrected by using the correction function as

e—e =ex(1—fin? (b)), (5.7)

nonL

where e and h represent the energy and the waveform height of the crystal. The plots

like Fig. 5.8 were drawn again with corrected energies, and the mean value for each

x-bin was calculated. The fi?fL was modified by the mean values. This process was

iterated 4 times, and the f;ZZJL was converged as shown in the black line in Fig. 5.10.
tmp

Finally, the tentative function f, 7 were parameterized as a smooth function fyonr
which is defined as

fnonL(h;h</JJ) =0

Frons(hih >= ) = Ax <exp[—u]—1>, (53)

202

where the h denotes the maximum waveform height in the cluster. The parameters
A, i and o were estimated as

A = 0134,

p = 3.33 x 10%[counts],

o = 5.6 x 10*[counts],
for small crystals, and

A = 0.058,

= 3.4 x 10*[counts],
o = 5.3 x 10%[counts],

for large crystals. The function form is shown in the red lines in Fig. 5.10.

The dependence on the maximum height disappeared after the nonlinearity was cor-
rected with the f,,,zs, as shown in Fig. 5.11. The calibration process explained in
the previous section was executed before and after this derivation of the correction
function.

5.4 Accuracy

To check the accuracy of the calibration, I divided the data into two parts, events with
n < 5 and n > 5 where n represents the lowest digit of the serial event number. I did
the calibration for each data set, and compared the derived calibration constants each
other as shown in Fig. 5.12. Evaluating the difference of the calibration constants
between the two data sets with Gaussian fit and dividing by v/2, the accuracy of
calibration constants was estimated as 0.669+0.016 %.
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Figure 5.4: (a) The k;_q distribution. (b) The shape x? distribution. (c) Distribution
of number of crystals in each cluster. (d)The Egy/E, distribution. The black dots
show the data, while the filled histograms show the estimation from the Monte Carlo
simulation. The color difference in (a) represents the decay mode. The red, light blue,
and magenta show K; — mwev, K; — w7 7, and K; — muv decay, respectively.
The yellow and green show the hadronic interaction of K;’s and neutrons, respectively.
In other plots, colors represent types of incident particles. the red, light blue, and
magenta show electrons, pions, and muons generated from K decays. The yellow
show particles generated from K hadronic interactions or decays of K daughter

particles. The green shows particles generated from hadronic interactions of neutrons.
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Figure 5.5: The E;);ch distribution after applying all the selection cuts. The black
dots shows the measured data with statistic errors. Colors represent types of incident
particles. the red, light blue, and magenta show electrons, pions, and muons generated
from K decays. The yellow show particles generated from K hadronic interactions
or decays of K daughter particles. The green shows particles generated from hadronic

interactions of neutrons.
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Figure 5.9: (a) Waveform shapes recorded on the FADC in the laboratorial test. The
black dots show the waveform when a height of input pulse was 50 mV (corresponding
to ~ 125 MeV energy deposit), while the red dots show the waveform with 280 mV
input (corresponding to ~ 700 MeV). (b) Ratio between output and input charge as
a function of the output pulse height.
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shows the events in which the maximum energy deposit was located on the small
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Chapter 6

The Shower Shape Study

In this chapter, I will describe the study for the shower shape made in the CsI calorime-
ter. The importance of this study will be explained in the first section. The data
selection used for the study will be described in the second section. A consistency
between the data and the Monte Carlo will be checked for variables related to the
shower shape in Section 6.3. Several conditions for the Monte Carlo will be tested in
Section 6.4. The studies in this chapter will be summarized in the last section.

6.1 Motivation

The crystals used in the KOTO Csl calorimeter have smaller sizes than Moliere radius.
It enables us to obtain the information of shower shapes which is useful to suppress
some background events. In particular, the suppression of the “fusion” K — 7%7°
background, whose details are described in Appendix A.2.1, is important. In this
background, two of four photons generated from the 7% hit the CsI calorimeter close
to each other and their showers overlap so that they are recognized as one cluster.
Without the shower shape information, the expectation of this background is 1.4 times
larger than that of the signal events even after applying all the other cuts. By applying
selection cuts for the shower shape information, the number of this background is
reduced to 1/5 of the signal events.

To reject such backgrounds with strange shower shapes, a shape x? method was devel-
oped in the KOTO experiment which was already introduced in Section 5.1 and whose
detail is described in Appendix A.1.2. This method compares the observed energy
deposit in each crystal in the cluster with its expectation derived from a Monte Carlo
simulation. The difference is quantified as “shape x?”. The number of crystals in the
cluster and a cluster RMS which is defined in Eq. (A.4) are also useful to distinguish
such backgrounds.

91
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The effectiveness of the selection cuts for the shape x?, the number of crystals, and
the cluster RMS were estimated based on the Monte Carlo studies. The consistency of
shower shape between the data and the Monte Carlo is, however, not fully studied yet.
In this chapter, I compare these variables observed in the data with those expected
from the Monte Carlo simulation, and study the source of the differences between
them.

6.2 Data Selection

To study the shower shape, I used electrons from the K; — mer decays. Because the
fundamental processes of electron interaction in the calorimeter is the same as photons,
the property of the shower shape is expected to be the same between electrons and
photons.

I used the June data because the spectrometer performance was better in the June
run than in the February run as described in Section 4.3.

Electron events were selected with the selection cuts listed below.
1. FADC range cut,
2. Csl fidutial region cut,
3. ky_g < -9000 MeV?,
4. the number of crystals in the cluster > 5,
5. shape x? < 5.

These cuts were almost the same as those used in the calibration process described in
Chapter 5, except that the shape x? cut was loosened. In addition, the cluster energy
E.s was required to be 600 < E,s < 1800 MeV whose lower limit was set to reject
the events from MIPs. The E¢,;/EUS, was required to be 0.8 < Egy/EYS, < 1.2.
The cluster was rejected if it included any large crystal.

6.3 Data/MC Difference

The shape x? distributions observed in the data and the Monte Carlo are shown in
Fig. 6.1. The peak position in the data was lower than the position in the Monte Carlo
simulation.

Finite differences were also found in the distribution of the number of crystals in the
cluster, and the distribution of the cluster RMS, as shown in Fig. 6.2(a) and (b),
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Figure 6.1: (Top) Shape x? distribution obtained from the data (black dots) and from
the Monte Carlo simulation (red histogram). (Bottom) The ratio of the data to the
Monte Carlo expectation.

respectively. Mean values of the both distributions observed in the data were larger
than those in the Monte Carlo. These differences indicate that the electromagnetic
shower spread more widely in the data than in the Monte Carlo. To see the spread
of the shower more directly, I grouped the crystals as follows. At first I calculated
the total energy deposit in each row and each column of crystal arrays. The “center
crystal” is then defined as the crystal at the intersection of the row and column with the
maximum energy deposit.! The crystals were then grouped according to the distance
from the center crystal as shown in Fig. 6.3(a). Figure 6.3(b) shows the total energy
deposit in each group. Energy deposit in the center crystal observed in the data was
about 3% lower than the Monte Carlo expectation, while energy deposits in the outer
region in the data were ~ 5% larger than the Monte Carlo expectation.

6.4 Monte Carlo Conditions

In the default Monte Carlo, the shower in the calorimeter was simulated by using the
QGSP_BERT physics list in Geant4 9.5-patch01, where the electromagnetic process is
defined in the G4EmStandardPhysics class [36]. In the simulation, there were inaccu-
racies for the reproducibiliy of the Csl configurations, and also there were uncertainties
for models for the electromagnetic processes used in Geant4. I estimated the effects
of such inaccuracies and uncertainties on the shower shapes, by changing the Monte
Carlo conditions. To study these effects efficiently, the showers in the simulation were

IThis “center crystal” is the same one defined in the explanation for the shape y? method in
Appendix A.1.2.
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Figure 6.2: (Top) The distribution of the number of crystals in the cluster (a), and
the cluster RMS (b). The black dots show the data, while the red histogram shows
the Monte Carlo estimation. (Bottom) The ratio of the data to the Monte Carlo
estimation.
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defined in the body text, and is allocated ID=0. (Top of (b)) The energy deposit in each
region defined in (a) with normalized by the total energy deposit in the cluster. The
black and red dots in the top figure show the data and the Monte Carlo expectation,
respectively. (Bottom of (b)) Ratio of the data to the Monte Carlo expectation.
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produced by generating positrons at the Csl surface with the energies and the incident
angles according to the observed distribution in the data. To quantify the differences
of the shower shapes, I monitored the average number of crystals in the cluster, the
peak position of the shape y? distribution, and the mean value of the cluster RMS.
The ratio of each value observed in the data to the simulated estimation was calcu-
lated. I also monitored the x? of the distribution between the data and the Monte
Carlo simulation, for the distribution of the number of crystals, the shape Y2, and
the cluster RMS. The definition of the x? between two distributions is based on the
reference [37], which is implemented in the ROOT library.

6.4.1 Calorimeter Configuration

The CslI calorimeter used in the simulation, which was prepared in the KOTO shared
library, has partly inaccurate configurations as listed below. I tested the effects of these
inaccuracies on the shower shape, by changing the Monte Carlo conditions.

1. The gap between the crystals are assumed as 50 pm for small crystals and 100 pm
for large crystals in the default simulation. The real gaps are unknown although
they are guaranteed to be less than 200 pm.

The shower was simulated by assuming the gaps as 0 um, and also assuming as
200 pm. The results are shown in Fig. 6.5. The effect of the gaps is too small
to explain the data — Monte Carlo inconsistency.

2. The cross-sectional sizes are assumed as 2.5-cm square for small crystals and
5.0-cm square for large crystals in the simulation. The sizes of the real crystals
were measured by the KTeV experiment group. The sizes of the small crystals
are distributed from 2.49 to 2.52 cm and its average is 2.51 c¢m, as shown in
Fig. 6.4.

I simulated the showers by assuming that the small crystal size is 24.7, 24.85,
and 25.1 mm, and also by assuming that the sizes were randomly distributed as
shown in Fig. 6.4. The results are shown in Fig. 6.6. The shower shape did not
change.

3. All the crystal lengths are assumed as 50 cm in the simulation. The lengths
of the real crystals are not identical. Because we stacked the crystals so that
their downstream surface became even, the upstream surface of the crystals were
uneven and there were at most 4 mm bumps.

To reproduce such irregularity of the upstream surface, I fluctuated the z posi-
tions of crystals with a Gaussian with ¢ = 2 mm in the simulation. The result
is shown in Fig. 6.7 in green dots. Almost no differences were observed.
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Figure 6.4: Distribution of the width of the small Csl crystals measured by the KTeV
group.

4. Mylar sheet covering the surface of every crystal is ignored in the simulation. I
set a 20-um-thick Mylar around each crystal, which is about 1.3 times thicker
than the real ones. The result is shown in Fig. 6.7 in blue dots. Almost no
differences were observed.

In summary, none of the Csl configuration inaccuracies tested above has a large effect
on the shower shape to explain the data — Monte Carlo inconsistency.

6.4.2 Model for Physics Process in Geant4

I tested several models to calculate electromagnetic processes in Geant4 package.
e Electromagnetic physics constructor

Several sets of models for electromagnetic processes are prepared in Geant4 as
electromagnetic physics constructor classes. The default class used in QGSP_BERT

is “G4EmStandardPhysics”. Instead of the default class, I simulated the showers

with using the “G4EmStandardPhysics_option3” (denoting STD3), “G4EmLivermorePhysics”
(LM), “G4EmLivermorePolarizedPhysics” (LMP), and “G4EmPenelopePhysics”

(PEN). The results are shown in Fig. 6.8. Although the consistency of the shape

x? between the data and the Monte Carlo slightly improved with these construc-

tors, there was still a finite difference.

e Multiple scattering model

A “G4UrbanMscModel95” model is used to calculate multiple scatterings for
electrons in all the electromagnetic constructors tested above. Besides this
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model, Geant4 provides “G4GoudsmitSaundersonMscModel”, and also “G4Wentzel VIModel”
which is used for multiple scatterings of muons or hadrons. I simulated the
shower shapes with using these multiple scattering models. The results are
shown in Fig. 6.9. The inconsistency of shape x? peak value was improved by
using G4GoudsmitSaundersonMscModel, but inconsistencies of the number of
crystals in the cluster or the cluster RMS were rather large. No models for
multiple scattering explained the inconsistency between the data and the Monte

Carlo.
e Geant4 version

I used the Geant4 of version 4 9.5-patch01 (denoted by G951) for the simulation
as a default. I also simulated with the Geant4 9.4-patch04 (G944) and Geant4
9.6-patch02 (G962). The results are shown in Fig. 6.10. The data - Monte Carlo
consistency of all variables improved with using G944.

The improvement by changing the Geant4 version from G951 to G944 was the largest
among all of the effects tested in this section.

Difference of the Geant4 versions

One of the difference of electromagnetic processes between (G944 and the later versions
is a model for the bremsstrahlung. The “G4eBremsstrahlungModel” is used in G944
for the bremsstrahlung from electrons, while the “G4SeltzerBergerModel” is used in
G951 and the later version [38]. If the “G4eBremsstrahlungModel” is used in G951,
the data — Monte Carlo consistency also improved, as also shown in Fig. 6.10 with
orange dots.

The difference of the cross-section of the bremsstrahlung process between the two
models is shown in Fig. 6.11. The cross-section in the “G4eBremsstrahlungModel” for
electrons with < 10 MeV energy is larger than that in the “G4SeltzerBergerModel”.
Consequently, the larger number of low energy photons are produced in an electromag-
netic shower with the “G4eBremsstrahlungModel”, as shown in Fig. 6.12(a). Such low
energy photons tend to have large angles from the direction of the incident particle as
shown in Fig. 6.12(b), and make the shower shape wider, as observed in the data.

6.5 Summary of Studies in This Chapter

The distributions of variables related to the shower shape information, that is, the
shape x?, the number of crystals in the cluster, and the cluster RMS, were inconsis-
tent between the data and the Monte Carlo simulation. The electromagnetic shower
observed in the data spread more widely than the Monte Carlo expectation.
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Figure 6.5: Results of the shower shape simulation with the different crystal gaps.
The red, green, and blue dots show the default gap (=50 pm), 200 pm, and no gap,
respectively. (a) The ratios of the data to the simulation for the mean number of
crystals, the peak position of the shape x?, and the mean of the cluster RMS. (b) The
x%/NDF between the data and the Monte Carlo for the distributions of the number of
crystals, the shape x?, and the cluster RMS.

(a

~—~—

Ratio of mean values (b

~—

x2/NDF

8 L [ crystal size ] [©)] N [ crystal size ]
3 1.15- —e— default = 1%L —e— default
g T —¢— 247 mm B g —— 247 mm
c F —— 24.85 mm © F —e— 24.85 mm
S q4f 25.1 mm o i 25.1 mm
e ° —e random T 10%E —e random
e f a ¢

[ c r
o 105[*5e%s § [ ..o
= r 0% E 10E e
B r (0] £
< 17 O r 0%,
o - Y nl

0.95] T
: $290¢
#Crystals shapex? cluster RMS 10 #Crystals shapex? cluster RMS

Figure 6.6: Results of the shower shape simulation with different crystal sizes. The
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green, blue, and orange dots show the default size (=25 mm), 24.7 mm, 24.85 mm, and
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magenta.
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Figure 6.7: Results of the shower shape simulation with the default condition (red),
with the irregularity of the CsI upstream surface (green), and with 20-pm-thick Mylars
(blue). The meanings of the x and y axes in (a) and (b) are the same as for Fig. 6.5.
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Figure 6.8: Results of the shower shape simulation with five different electromagnetic
constructors. The meanings of the x and y axes in (a) and (b) are the same as for
Fig. 6.5. The red, green, blue, orange and magenta dots show the defult, LM, LMP,
PEN and STD3 constructors, respectively.
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Figure 6.9: Results of the shower shape simulation with three differenct multiple
scattering models. The meanings of the x and y axes in (a) and (b) are the same as
for Fig. 6.5. The red, green, blue dots show the defult model (G4UrbanMscModel95),
G4GoudsmitSaundersonMscModel, and G4WentzelVIModel, respectively.
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Figure 6.10: Results of the shower shape simulation with the different Geant4 ver-
sions. The meanings of the x and y axes in (a) and (b) are the same as for Fig. 6.5.
The red, green, blue dots show the G951, G944, G962 versions, respectively. The
orange dots show the G951 but the bremsstrahlung model for electrons was changed
to “G4eBremsstrahlungModel”.
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Figure 6.11: Cross-section of the bremsstrahlung process used in the Geant4 based
simulation. The black (red) solid line shows the cross-section for electrons in version
G951 (G944), and the dashed line shows that for positrons.

—
&
~—
~
=3
~—

—

0.045

O[rad]

0.04"

o o
o 2 o
N O ®
a D a
TTTT]TTTTI[TIT
-
e

ot | Y

# brems. photons (normalized

-0.015E o
0.01F
0.005} .
0-2 I -1 T T 0 Lo 1 I 2 L 3

log10(E[MeV]) log10(E[MeV])

Figure 6.12: Kinematics of the bremsstrahlung photons in electromagnetic showers
made by 900 MeV photons. (a) Energies of the bremsstrahlung photons made with
G951 (black) and G944 (red). (b) Relation between the energies of the photons and
their angles from the direction of the incident particle.
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I searched for the source of the inconsistency. I tested several Csl configurations in
the simulation, and also tested several models for the physics processes prepared in
Geant4. Relatively large improvement was shown when changing Geant4 version from
G4 9.5 to G4 9.4, and I found that the improvement mainly arose due to a model used
to simulate the bremsstrahlung process for electrons.

Figure 6.13(a)~(c) show the distributions of the shape x?, the number of crystals
in the cluster, and the cluster RMS simulated by using a Monte Carlo which was
based on G4 9.5 although the bremsstrahlung process was simulated by using the
“G4eBremsstrahlungModel” which is the model used in G4 9.4. The other electromag-
netic processes were calculated by using the “G4EmLivermorePhysics” electromagnetic
constructor, and the Mylar sheet around the CsI crystals and the irregularity of the
Csl upstream surface were included in the simulation. Energy deposit in each of the
crystal groups which were defined in Fig. 6.3(a) was also shown in Fig. 6.13(d). Even
though the consistency between the data and the Monte Carlo were improved in all
the plots, there were still finite differences. The effect of the difference on the KOTO
physics run will be discussed in Chapter 9.
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Chapter 7

Resolutions of Csl Calorimeter

The energy resolution and position resolution of the Csl calorimeter directly influence
the efficiency of the kinematic cuts in the KOTO physics run. This chapter presents
a measurement of the energy and position resolutions of the Csl calorimeter with
momentum-analyzed electrons.

7.1 Data Selection

7.1.1 Data Set

I used the June data to derive the energy and position resolutions of the CsI calorime-
ter, because the spectroemter performance was better in the June run than in the
February run as described in Section 4.3.

In order to study the effect of the crystal size on the resolutions, I calculated the ratio
of energy deposits in small crystals to the total deposit in the cluster, and divided the
data into two subsets according to the ratio. The data with the ratio greater than
0.9 was named small-crystal data subset, while the data with the ratio less than 0.1
was named large-crystal data subset. The resolutions were derived for each subsets
individually.

7.1.2 Event Selection

Electron events were selected with the same selection cut set as the calibration process
described in Chapter 5, that is,

1. FADC range cut,

104
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2. Csl fidutial region cut,

3. ky_g < -9000 MeV?,

4. shape x? < 2.5,

5. the number of crystals in the cluster > 5.

To avoid a part of the shower leaking out of the active Csl region, I required an
additional cut. If the cluster includes crystals in the edge region which was defined in
Fig. 5.7, I required the total energy deposits in such crystals to be less than 1% of the
cluster energy.

7.2 Resolutions

The energy resolution and the position resolution were derived using the electron
events selected in the previous section.

7.2.1 Energy Resolution

The energy resolution of the calorimeter was determined from the width of the E¢;/EYS,.

The width was evaluated with a Gaussian fit for every 50 MeV EZ . region, as shown

in Fig. 7.1(a). The width of Ecs/E%S, is shown in Fig. 7.1(b) as a function of en-
ergy.

Fluctuations from other sources

The Ecs/EYs, width is determined by the energy resolution of the Csl calorimeter,
the momentum resolution of the spectrometer, and the fluctuation of energy deposits

in the materials upstream of the CsI calorimeter.

The momentum resolution of the spectrometer was already estimated in Chapter 4.3
as Eq. (4.35). The energy deposits in the materials were estimated with Monte Calro
simulation as shown in Fig. 7.2(a). The RMS of the energy deposit distribution was
parameterized as a function of the momentum of the incident electrons p. as

(0.335 £ 0.003) % & (0.559 + 0.002) %
De [G@V] Pe [G@V]

(7.1)

Jmat/pe -

The function was shown in Fig. 7.2(b).
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Figure 7.1: (a) Distribution of the Ecs/EY%.. The colors represent different energy

spec”
region: 500~550 MeV (black), 1000~1050 MeV (red) and 1500~1550 MeV (green).

(b) Width of the Egy/EYs. as a function of electron energy. The momentum resolu-

tion of the spectrometer (green line) and the energy fluctuation due to the materials
upstream of the Csl calorimeter (red line) are also shown.

Energy resolution of the CslI calorimeter

The contributions from the spectrometer and the material were quadratically sub-
tracted from the Ec,/E?%, width. The remaining width was fitted with a function of

spec
general expression of energy resolution, 7.e.:

OE b2 P3
— =1 D ©® .
E Y JEGev]  ElGeV]

(7.2)

The fitted parameters are

pr = (0.66 £ 0.12 £ 0.51)%, ps = (1.81 £+ 0.04 £ 0.02)%, ps = (0=£0.15 £ 0.00)%
(7.3)

for the small-crystal data subset, and

p = (1.71+0.11 £ 0.13)%, p2 = (1.31 £0.10 £ 0.01)%, p3 = (0 £ 0.44 £+ 0.00)%
(7.4)

for the large-crystal data subset, where the first error of each parameter is a statistic
error, and the second error is a systematic error of which derivation is described in
the next section. The covariances between the parameters are shown in Table 7.1.
The fitting result for the small-crystal data subset and for large-crystal data subset
are shown in Fig. 7.3(a) and (b), respectively. The fitting error of the function, shown
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Figure 7.2: (a) Energy deposits by the electrons in the materials located upstream
of the Csl calorimeter, estimated with the Monte Carlo simulation. Colors represent
different £, regions: 500 ~ 550 MeV (black), 1000 ~ 1050 MeV (red) and 1500 ~
1550 MeV(green). (b) RMS of the energy deposit as a function of momentum. The
black dots show the measured data, and the red line shows the function defined in

Eq. (7.1).

Table 7.1: Covariance between the parameters of energy resolution function.
cov(pi,p2) | cov(pi,ps) | cov(pz,ps)

for small subset | —6.53 x 1072 | 2.03 x 107 | —=3.31 x 107!
for large subset | —1.51 x 107 | 1.31 x 107> | —3.23 x 107°

in the green area in the plot, was calculated from the fitting errors of the parameters
and the covariances, as described in Appendix D.2.

The result of the small-crystal data subset was consistent with the Monte Calro esti-
mation within its error. As for the result of the large-crystal data subset, the constant
term was 1.4% larger than the Monte Calro estimation. The effect of this difference
on the KOTO physics run will be discussed in Chapter 9.

Consistency of energy correction

A cluster energy was corrected to an incident energy of electron with the correction
function fpe defined in Eq. (3.7). To confirm the consistency of this correction, a
difference of the center value of the Fcgy/ Es”;zc distribution from 1 was checked. In
this study I used whole data set, without separating the data into the small- and
large-crystal data subsets. The difference are shown in Fig. 7.4 as a function of the

incident energy or a function of the incident angle, which are the parameters of the
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Figure 7.3: Energy resolutions of the Csl calorimeter obtained from the small-crystal
data subset (a) and the large-crystal data subset (b). The black dots show the mea-
sured data, and the black line shows the best fit with the resolution function defined
in Eq. (7.2). The green-filled (light blue-filled) area shows +1o deviation of fitting
(systematic) error. The red line shows the expectation from the Monte Carlo simula-
tion.

correction function. The difference was smaller than 1/5 of the energy resolution given
in Eq. (7.3) at any energies or angles, and it was considered to have no significant effect
on the physics run.

7.2.2 Position Resolution

The data set used to determine the position resolution had an additional electron
selection cut:

. O pvis
|Eoa/ES, —1] <3 EE (7.5)
spec

where o/ E was derived in the previous subsection.

The x and y position resolutions were determined from the difference of the incident
position measured with the CsI calorimeter from that measured with the spectrometer.
The distribution of those differences, Az and Ay, in some energy regions are shown in
Fig. 7.5(a). The width of Az(Ay) distribution was evaluated with a Gaussian fit for
every 50 MeV EU . region. The evaluated width is shown in Fig. 7.5(b) as a function
of energy.
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Figure 7.5: (a) Distribution of the difference between x positions measured with the
CsI calorimeter and the spectrometer (= Az). The colors show different EY/. ranges:
500 ~ 550 MeV (black), 1000 ~ 1050 MeV (red), and 1500 ~ 1550 MeV (green).
(b) Width of Az as a function of electron energy. The position resolution of the
spectrometer (green line) and the position fluctuation due to the materials upstream

of the Csl calorimeter (red line) are also shown.
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Fluctuations from other sources

The position resolution of the spectrometer was already estimated in Chapter 4.3 as
Eq. (4.37). The position fluctuation due to multiple scattering in the materials were
estimated with Monte Calro simulation as shown in Fig. 7.6(a). The RMS of the
position displacement was parameterized as a function of the electron momentum p,

as
2.012 £0.002

PGeV] (7.6)

Omat|mm] =
as shown in Fig. 7.6(b).
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Figure 7.6: (a) Position displacement due to the materials located upstream of the Csl
calorimeter, estimated with the Monte Carlo simulation. Colors represent different
EYs. regions: 500 ~ 550MeV (black), 1000 ~ 1050MeV (red) and 1500 ~ 1550
MeV(green). (b) RMS of the position displacement as a function of momentum. The
black dots show the measured data, and the red line shows the function defined in

Eq. (7.6).

Position resolution of the CsI calorimeter

The contributions from the spectrometer and the material were quadratically sub-
tracted from the Ax (or Ay) width. The remaining width was fitted with a position
resolution function which was defined as
D2
olmm|=p & ——. 7.7
] =1 & (7.1
The fitting result is shown in Fig. 7.7. The fitted parameters are

p1=1524+0144+0.39, p, =4.18+£0.06+0.35 for A x

pr=237T+£0.08+0.27, p,=372+0.06+0.61 for Ay (7:8)
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Table 7.2: Covariances between the parameters of the position resolution function.

direction | cov(py,p2)
for small-crystal X —7.52 x 107°
Y —4.21 x 1073
for large-crystal X —4.04 x 1072
Y —4.41 x 1072

for the small crystals, and

p1=539+0.18£0.12, p,=4.09+0.24+041 for Ax

pr=6.87+£0.17+£0.06, p,=23.93+£0.20+0.68 for Ay (7.9)

for the large crystals, where the first error of each parameter represents statistic error,
and the second error is the systematic error of which derivation is described in the
next section. The covariances of the parameters were estimated as shown in Table 7.2.
These parameter errors and the covariances were used to calculate the error of the
fitting function, as described in Appendix D.2.

For the large crystals, the y resolution was ~1.5 mm larger than the x resolution.
This difference was reproduced in the Monte Calro simulation, and is explained by
the dependence of the position resolution on the azimuthal angle. If the direction of
incident electron has a finite polar angle, the numbers of rows and columns of crystals
that its electromagnetic shower spread over changes due to the azimuthal angle of
the electron direction. Because the cluster position was reconstructed with the COFE
method defined in Eq. (3.4), the x (or y) position resolution depended on the number of
rows (columns) of crystals. When the azimuthal angle is near zero or 7 (/2 or 37/2),
the number of rows (columns) became minimum and the x (y) resolution became
worst. Because only the large crystals on the north side of the Csl calorimeter were
read out in the June run, the azimuthal angle of incident electrons were peaked at 0
degree. Subsequently the x resolution were better than the y resolution.

This explanation was confirmed with a Monte Carlo simulation. In the simulation,
photons with a flat E distribution (1.1 < E' < 1.8GeV), a flat azimuthal angle distri-
bution, and a fixed polar angle (10 degree) were injected to a large crystal area of the
Csl calorimeter. The resolution of reconstructed cluster position had a dependence on
the azimuthal angle as shown in Fig. 7.8. The measured x and y resolutions are also
shown in the figure.

Position Reconstruction Method with Cluster Shape Information

Besides the current “COFE’ method for a position reconstruction, an alternative method
using cluster shape information (called “shape” method) was proposed, as described
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Figure 7.7: Position resolutions of the Csl calorimeter. Plots (a) and (b) show the x
and y resolutions obtained from the small-crystal data subset, and plots (c) and (d)
show those obtained from the large-crystal data subset, respectively. The black line
shows the best fit with the resolution function defined in Eq. (7.7). The green-filled
(light blue-filled) area shows +1¢ deviation of fitting (systematic) error. The red line
shows the expectation of the Monte Carlo simulation.
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Figure 7.8: Azimuthal angle (¢) dependence of the position resolution of the Csl
calorimeter. The black dots show the measured ox as a function of ¢. The red dots
show the measured oy, but ¢ was calculated as the angle from not x-axis but y-axis.
The green dots show the expectation from a Monte Carlo simulation.

in Section 3.3.5. I evaluated the x and y position resolution with the shape method as
shown in Fig. 7.9, with the same procedure described so far. The difference of x and y
resolutions, or, the dependence on azimuthal angle discussed above, was reduced with
this method. Also, the constant term of the resolution was improved.

The improvement of the constant term was explained by resolving the localization of
cluster position. A cluster position derived with the current COFE method tended to be
localized at the center position of the crystal with the maximum energy deposit. The
Ax(Ay) strongly correlated with the incident x (y) position in the crystal as the result,
as shown in Fig. 7.10(a). This correlation was one of the main sources of the constant
term, in particular for large crystals. The shape method resolved this localization as
shown in Fig. 7.10(b), and improved the position resolution.

Consistency of Position Correction

The cluster position was corrected to the electron incident position with the function
defined in Eq. (3.12). The consistency of the correction was tested by checking the
discrepancy of the mean value of the Az (or Ay) from zero. In this study I used
whole data set, without separating the data into the small- and large-crystal data
subsets.

The dependence of the mean value of the Ax on the electron energy is plotted in
Fig. 7.11(a). The difference of Az from zero was smaller than 1/5 of the position
resolution in any energy range.



114 CHAPTER 7. RESOLUTIONS OF CSI CALORIMETER

(a) small-crystal data subset (b) large-crystal data subset
= 121 — new, X = T2r — new, X
= r —new, Y IS r l —new, Y
10 — current, X 10 — current, X
T T \ — current, Y T T — current, Y
s I 5 |
. 8 8 —
67 \N 67 &ht \\M
;L bl
)i \\.“\ 4 i i
r T i
2f 2f
% 7500 1000 1500 2000 % 7500 1000 1500 2000
EpeclMeV] EpeclMeV]

Figure 7.9: Position resolution with the shape position reconstruction method ob-
tained from the small-crystal data subset (a) and from the large-crystal data subset
(b). The black (red) dots show the measured data for x (y) resolution, and the black
(red) line shows the best fit of the resolution function. Resolutions for x (or y) obtained
by the current method are also shown in the green (blue) line.
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derived with the shape method. Both plots were made by using the large-crystal data
subset.
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Figure 7.11: Dependence of AX on energy (a) and incident angle (b). The black (red)
dots show the center values of every x bin observed in the data (simulation). The
magenta lines in (a) represent +1o deviation of the position resolution for the small
crystals given in Eq. (7.7)

The dependence on the incident angle 6 is plotted in Fig. 7.11(b). There was about
a 1 mm difference around ¢ = 0.15 rad. This difference was reproduced in the Monte
Calro estimation. Based on the Monte Calro study, this discrepancy was considered to
occur at the boundary of the small and large crystals. This could be seen more clearly
as the x position dependence of the Ax, as shown in Fig. 7.12. The discrepancy of
the Az from zero was about 4 mm at 500 mm ~ the boundary(= 600 mm).! This
discrepancy arose from calculating the cluster position by using the COFE method, and
was resolved by using the shape method as shown in Fig. 7.12 in red.

7.3 Systematic Uncertainties

I separately estimated the systematic uncertainties related to three contributions: the
spectrometer resolution, the materials located upstream of the Csl calorimeter, and
the width of Ege/EYS, or AX.

spec

IThe zigzag structure found in outside the boundary was due to the localization of the cluster
position shown in Fig. 7.10
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Figure 7.12: Dependence of AX on x
incident position. The black (red) dots
were derived with using the COF (shape)
method for position reconstruction.

7.3.1 Uncertainties of Spectrometer Resolution

The uncertainties of the spectrometer resolutions were already estimated in Chap-
ter 4.3, as shown in Eq. (4.35) and Eq. (4.37). The error due to Monte Calro statistics,
which was separately described in Eq. (4.35) or Eq. (4.37), was treated as a part of
the systematic errors for the calorimeter resolutions.

7.3.2 Uncertainties due to Materials

The fluctuation of electron energies and incident positions due to the materials located
upstream of the calorimeter was estimated with Monte Calro simulation. I considered
two kinds of sources for the systematic uncertainties: the amount of the materials,
and the physics models of electromagnetic process in Geant4.

Amount of materials

Table 7.3 shows the materials, expected energy deposits in them, and energy and po-
sition fluctuations due to them estimated from the Monte Carlo simulation. The Csl
cover occupied about a half of the total amount of materials, and it was a dominant
source of the energy fluctuation. The Csl cover was considered to have the worst
reproducibility of the configuration in the simulation, because its structure was rela-
tively complicated than other materials. The inaccuracy of the amount of material of
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Table 7.3: Materials upstream of the Csl calorimeter. The average energy deposits
in them, and energy and position fluctuations due to them estimated from the Monte
Carlo are also shown.

name ene. dep. [MeV] | ene. fluc. [%] | pos. fluc. [mm]
air 0.35 0.03 1.02
window of dry room 0.06 0.01 0.94
CV 1.83 0.18 2.05
trigger scinti. 2.24 0.21 1.64
Csl cover 3.36 0.69 0.92

the CsI cover in the simulation is conservatively estimated to be less than 10 %.

I increased and decreased 10% of the amount of material of the CsI cover in the
simulation. To be conservative, I also changed the amount of materials of the CV
and the trigger scintillators at the same rate. With these changes, the fluctuations of
energies and incident positions varied as shown in Fig. 7.13. I summed the variations
of the fluctuations quadratically, and assigned the systematic uncertainties based on
the summed variation as shown with black lines in the figure.
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Figure 7.13: Differences of energy fluctuation (a) and incident position fluctuation
(b) from default value by changing the amount of materials upstream of the Csl
calorimeter. The red, green, and blue dots show the differences by changing the
amount of materials of the CV, the trigger scintillators, and the CsI cover by 10 %,
respectively. The black dots show the quadratic sum of the differences of the three
cases. The black line shows the systematic uncertainty I adopted.
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Dependence on physics models

There are several physics models for electromagnetic processes in Geant4 [36]. I simu-
lated interactions in the materials by using those models individually. The differences
between the models were less than 0.05% for the energy resolution and 0.02 mm for the
position resolution in all energy range, as shown in Fig. 7.14. I assigned the systematic
uncertainty as shown with black lines in the figures.
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Figure 7.14: Differences of energy fluctuation (a) and incident position fluctua-
tion (b) from the default value when the different physics models of electromag-
netic process were used in the simulation. The colors show the different models:
G4EmStandardPhysicsModel _Option3 (red), G4EmLivermorePhysicsModel (green),
G4EmLivermorePolarPhysicsModel (blue), and G4EmPenelopePhysicsModel (ma-
genta). The default model was G4EmStandardPhysicsModel. The black lines show
the systematic uncertainties I adopted.

7.3.3  Uncertainties for the Widths of E¢,;/E}. and AX Dis-
tributions

There remained some non-electron events even after applying the electron selection
cuts. Those backgrounds events could distort the estimation for the widths of Ecg;/ E;’;;gc
and AX.

To evaluate the effect of those backgrounds, I estimated the widths using the Monte
Calro simulation with and without the backgrounds. The differences of the widths
between the two cases are shown in Fig. 7.15. Finite differences were found in the
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Ecsr/EYs. width and the AX width. Here I iterated the Monte Calro simulation by
20 times by changing its random seed. The mean value and RMS value of the 20 trials
are shown in red circles and their error bars in the figure. I assigned the mean + RMS

as the systematic uncertainties.
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Figure 7.15: Difference of Ec,r/EYS, width (a) and AX width (b) with and without
background events. The simulation was iterated 20 times. The 20 black points in each
x value correspond to the 20 iterations, and the red circles show the average of them.

The black lines represent the systematic errors I adopted.

The background level in the Eqy/EYs. plot was different between the data and the
Monte Calro simulation. To make the background level comparable between the data
and the Monte Calro, I loosened the shape x? cut value from 2.5 to 4.05 in the Monte
Calro simulation as shown in Fig. 7.16. The differences of the estimated widths before
and after changing the cut value were evaluated as shown in Fig. 7.17. The both
widths became slightly wider after loosening the cut value. Here I iterated the Monte
Calro simulation by 20 times by changing its random seed. The mean value and RMS
value of the 20 trials are shown in red circles and their error bars in the figure. I
assigned the mean + RMS as the systematic uncertainties.

7.3.4 Uncertainty in Total

I will explain how the systematic errors for the energy and position resolution were
calculated from the uncertainties for the three contributions estimated so far.

I describe the case of the energy resolution obtained from the small-crystal data subset,
as an example. Figure 7.18 shows the three contributions to the energy resolution,
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Figure 7.16: The Egy/EZs, distribution. The black dots show the data and the red
solid-lined histogram shows the default Monte Calro simulation. The red dashed-lined
histogram shows the Monte Calro simulation with a loose cut value for shape y2. The

histograms are scaled so that their peak heights are consistent with that of the data.

i.e: the spectrometer resolution (shown in the solid lines), the energy fluctuation due
to materials (the dashed lines), and the measured width of Egg/EYS, (the circles),
with their systematic errors. The black circles and lines in the figure include no
systematic uncertainties, while the red (green) colored circles and lines in the figure
include systematic uncertainties which make the estimation for the energy resolution

larger (smaller).

As described in the previous section, I derived the energy resolution by quadratically
subtracting the contributions of the spectrometer and the materials from the width of
Ecsr/EYs,. In other words, the widths shown by the black solid line and dashed line
in Fig. 7.18 were quadratically subtracted from the width shown by black circles in the
same figure. I did the subtraction process for two more cases: subtraction of the widths
shown by the two red lines from the width shown by the red circles, or subtraction of
the widths shown by the two green lines from the width shown by the green circles in
the figure. We then obtained three estimations for the resolution as shown in the dots
in Fig. 7.19. These dots were individually fitted with the energy resolution function
(Eq. (7.2)). The fit results were shown in the lines in the figure. The differences of
the estimation shown by the red and green lines from the estimation shown by the

black line were considered as the systematic errors of the energy resolution of the CsI
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Figure 7.17: Differences of E¢yr/Es, width (a) and AX width (b) before and after
loosening shape x? cut value. The simulation was iterated 20 times. The 20 black
points in each x value correspond to the 20 iterations, and the red circles show the

average of them. The black lines represent the systematic errors I adopted.

calorimeter. The fitted parameters are shown in Table 7.4.

Similarly I estimated the systematic uncertainties for the other resolutions: the energy
resolution for large-crystal data set (described in Eq. (7.3)) and the position resolutions
for small-crystal and large-crystal data set (described in Eq. (7.8, 7.9)). The results
are summarized in Table 7.4.
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Figure 7.18:  Three contributions for the energy resolution. Contributions of the
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Figure 7.19: Energy resolution of the calorimeter. The black, red, and green dots were
derived by using the black, red, and green plots in Fig. 7.18. The lines show fitting
results with the function in Eq. (7.2).
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Table 7.4: Systematic errors for parameters of the resolution functions. The “de-

fault” column shows the estimation without the systematic uncertainties, while the

“larger” (“smaller”) column shows the estimation with the systematic uncertainties

which makes the estimation larger (smaller).

e Parameters for the energy resolution function defined in Eq. (7.2)
defulat larger smaller

P1 P2 | P3 P1 P2 | P3 P1 P2 | P3

for small-crystal | 0.66 | 1.81 | 0 || 0.87 | 1.82 | 0 || 0.15 | 1.79 | 0

for large-crystal | 1.71 | 1.31 | 0 || 1.80 | 1.32 | O || 1.58 | 1.30 | O

e Parameters for the x position resolution function defined in Eq. (7.7)
defulat larger smaller
P1 P2 P1 P2 p1 P2
for small-crystal | 1.52 | 4.18 || 1.13 | 4.51 || 1.81 | 3.83
for large-crystal | 5.39 | 4.09 || 5.28 | 4.47 || 5.51 | 3.68

e Parameters for the y position resolution function defined in Eq. (7.7)
defulat larger smaller
P1 P2 P1 P2 p1 P2
for small-crystal | 2.37 | 3.72 || 2.10 | 4.33 || 2.41 | 3.32
for large-crystal | 6.87 | 3.93 || 6.81 | 4.61 || 6.86 | 3.47




Chapter 8

Measurement of K; Momentum
Spectrum

In this chapter, I will describe the measurement the K; momentum spectrum by using
K; — mtr~ and K;, — 777 7" decays. Both decays can be reconstructed exclusively
using the Csl calorimeter and the spectrometer.

First I will introduce the previous measurement of the K; momentum spectrum and
reveal its problems. Next, I will explain the event reconstruction for each decay.
The momentum distribution of the reconstructed Kj should be deformed from the
momentum spectrum of the beam, because of detection efficiencies of the decays and a
smearing effect due to detector resolutions. I will describe corrections for these effects
in the third section. In the last section, the systematic errors will be estimated.

8.1 Previous Work

The momentum spectrum of the K beam was already measured in 2010 [5]. The
spectrum is shown in Fig. 8.1(a). The measurement, however, did not have a sensitivity
to the K, with momentum higher than 4 GeV/c (Fig. 8.1(b)). The tail shape of the
spectrum had a relatively large uncertainty as the result. In addition, the specific
function form of K momentum spectrum was assumed to derive the spectrum from
the observed K momentum distribution. Due to such an assumption, there was some
bias in the result.

The measurement described in this chapter is a cross check for the previous measure-
ment. It has a higher acceptance in the higher momentum region and it does not
assume any function form for the momentum spectrum.

125
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Figure 8.1: (a) Momentum spectrum previously measured (black dots) and the Monte
Carlo estimations with different simulator (colored histograms). (b) Signal acceptance
in the measurement. Both plots are from reference [5].

8.2 K; Reconstruction

In this section I will describe the identification of the K; — 777~ and K; — nTn~n°
decays and the reconstruction of the K; momentum. I used the June data for the
analysis of the K; — 777~ decay while the February data was used for the analysis
of the K; — ntn~n" decay.

8.2.1 K; — n'm Analysis

Particles in the final state of the K; — w7~ decay are 7+ and 7w~. Their momenta
Do+ and pr- were measured with the spectrometer. The K; momentum py, was
obtained by adding the two pion momenta, as

ﬁKL :]5’7r+ +ﬁ7r*- (81)

The decay vertex 7, was reconstructed from the intersection of the two tracks. The
K; — w7~ decay events were thus fully reconstructed with the spectrometer infor-
mation only.

Event selection

I required two kinematic selections to identify the decay.
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1. Square of the transverse momentum of 7+z~

—~
&
~—

From Eq. (8.1), the square of the transverse momentum of 77~ perpendicular
to the K, direction should be zero. This value, denoted by p?, was calculated as

— — 2
— — T + ™ 7
p? = (Pt —|—p7r—)2 [1 - (M . dKL) ] 7 (8.2)

|]5’\7rJr + ﬁrr* |

where the chL represents the unit vector pointing to the K direction. The
direction from the center of the production target to the decay vertex was used
as the JKL;

- Tote — (0,0, —21m)

dy = — . 8.3
K 7 e — (0,0, —21m)| (8.3)

The distribution of the observed p? is shown in Fig. 8.2(a). I required the p? to
be less than 50 MeV?/c2.
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Figure 8.2:  (a) Distribution of p? of the two charged particles which is defined in

Eq. (8.2). (b) Distribution of the invariant mass of the two charged particles assuming

that they are 7+ and 7.

In both figures, the black dots show the measured data.

The histograms show the expectations from the Monte Carlo simulation, and their
colors represent the sources of the events: K; — wtn~ (green), K, — mev (red),
K; — 7rn 7° (cyan), K, — muv (magenta), other K interaction (orange) and
beam-neutron interaction (blue).

2. Invariant mass of mtn—

The invariant mass of two charged particles M, was reconstructed with assum-
ing that the particles have the 7% mass (139.57018 MeV/c?). The distribution
of the invariant mass is shown in Fig. 8.2(b). The K, — n"n~ decay events
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have a peak at the K7 mass (497.614 MeV/c?). 1 required the invariant mass
was equal to the K mass within 30 MeV /c?.

Background subtraction

A contamination from the K; — mwer and the K — mur decay events still remained
even after applying the selection cuts. One possible way to further suppress those
backgrounds is using the calorimeter information. Electrons from the K; — mwev
decays make electromagnetic showers in the Csl calorimeter, and those showers can
be distinguished from the activity of pions from the K; — w7~ decays by using
the electron selection criteria introduced in Chapter 5. However, I avoided using the
calorimeter information because of the reasons listed below.

1. The contamination from the K; — wur decay events was difficult to suppress,
because both pions and muons often interacted with the calorimeter as MIPs.

2. Hadron interactions of pions in the calorimeter are difficult to reproduce in the
Monte Carlo simulation.

3. A geometrical acceptance is lost by requiring the activity in the calorimeter,
because the effective area of the trigger scintillator was larger than that of the
calorimeter. In particular, the south side of the calorimeter was not active in
the June run.

Instead of introducing further selection cuts, the background contribution was es-
timated by using the Monte Carlo simulation and subtracted from the data. In the
simulation, the K s were generated with a momentum spectrum distributed uniformly
from 0 to 10 GeV/c, to obtain a sufficient statistics even in a high momentum region.
The events were then weighted so that the momentum spectrum became consistent
with that measured in the previous work. The momentum spectrum and the beam pro-
file of neutrons were determined based on an independent simulation with Geant3 [24].
Details about the Monte Carlo simulation is described in Appendix B.

The amount of background contamination was determined by fitting the probability
density function (PDF) of the backgrounds to the p? distribution of the data. For
the K background, the histogram of the p? distribution obtained from the simulation
was used as the PDF. For neutrons, the PDF was assumed as a parabolic function as
shown in Fig. 8.3. Its parameters were determined by fitting the p? distribution in the
simulation, by requiring the invariant mass cut.

The data was divided into 100 MeV /c regions in the reconstructed K momentum. The
PDF for the p? distribution from the K, background was prepared for each momentum
region, while the shape of the PDF for the neutron background was common to all the
regions. The K}, and neutron PDF's were combined based on the ratio of the numbers
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Figure 8.3: Monte Carlo expectaion of the p? distribution of the neutrons. The neutron
PDF was obtained by fitting a parabolic function to this plot, as shown in the red line.
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Figure 8.4: Monte Carlo expectation of the numbers of background events from K7,
(black histogram) and neutrons (red crosses) as a function of reconstructed K mo-
mentum. Here, I required p? < 5000 MeV?/c? and | M, — My, | < 30 MeV/c?. The
absolute value of the y axis was arbitrary, but the relative scale of the two background
was retained. The green line shows a function used to estimate the number of neutrons
in each momentum.
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of expected events in each momentum region which is shown in Fig. 8.4. Because of
a small statistics of the Monte Carlo, the number of the neutrons in each region was
determined by assuming the distribution shown in a green line in the figure.

The PDF was fitted to the data in 2000 < p? < 5000 MeV?/c? range as shown in
Fig. 8.5. The PDF shape at p? < 1500 MeV?/c? was approximated as a linear function
to determine the number of the background events in the signal region, as also shown
in Fig. 85 in a green line. The K; momentum distribution after subtracting the
backgrounds is shown in Fig. 8.6.
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Figure 8.5: An example of the PDF fit-
ting. The black dots show the p? dis-
tribution observed in the data in 600 <
Pk, < 700 MeV/c range. The red dots
show the PDF of the backgrounds. The
PDF shape at p? < 1500 MeV?/c* was
approximated as a linear function which
is shown in green.

8.2.2 K; — ntn 7" Analysis

Figure 8.6: The number of events in the
signal region as a function of K momen-
tum. The black dots show all the events
observed in the data, while the green his-
togram shows the expected number of
background contamination in it. The red
dots show the remaining events after sub-
tracting the backgrounds.

There are two charged pions, and two gammas from 7° in the final state of K; —

Tt

77" decay. The momenta of the pions p,+ and p,- and the decay vertex position

Tyie Were measured with the spectrometer. The energies of the two gammas F; and
E5 and their incident positions 7 and 75 were measured with the Csl calorimeter. The
momenta of the two gammas p,; and p,» were then calculated as

ﬁ'yi - Ez (7_1; - thz)

(i=1,2). (8.4)
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The momentum of K; was calculated as

ﬁKL = ﬁ'yl + 572 + ﬁw* + ﬁw* (85)

The K; — ntn~7° decay was thus fully reconstructed.

Event selection

I required some conditions to identify the decay.

1.

Number of clusters.

Because there are 4 particles in the final state, I required 4 clusters in the Csl
calorimeter with energy > 50 MeV.

. Track association to the cluster.

If the cluster position was located within 100 mm around the incident position
of charged tracks measured with the spectrometer, the cluster was regarded as
a charged pion and associated with the track. If any of the following conditions
were satisfied, such events were discarded.

e There were no associated cluster for at least one of the tracks.
e There were 2 or more clusters associated with one track.
e There was a cluster associated with both tracks.

Csl fiducial region.

Clusters which were not associated with any tracks were regarded as gammas,
called gamma clusters. To suppress electromagnetic showers leaking out of the
active region of the Csl calorimeter, the positions of the gamma clusters were
required to be located within the fiducial region which was defined in Fig. 5.3(a).
In addition, if a gamma cluster includes crystals located in the edge region which
was also defined in Fig. 5.3(a), the total energy deposit in such crystals was
required to be less than 10 % of the total energy deposit in the cluster.

. Invariant mass of 2 s (M, ).

I required that the invariant mass of the 2 s should be equal to the 7° mass
(134.9766 MeV /c?) within 25 MeV/c%. As shown in Fig. 8.7(a), almost all the
contributions from the K decays except the K; — 77~ 7° decay were rejected
with this requirement.

. The ky_o.

As already shown in Chapter 5.1, the ky o defined in Eq. (5.2) tends to be
positive if the decay mode is K, — 77~ 7. Figure 8.7 (b) shows the observed
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ky_o distribution. To reject charged tracks with mis-reconstructed momenta,
the k,_o was required to be greater than -20000 MeV?.
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Figure 8.7: (a) The invariant mass of 2 gammas. (b) The k,_¢ distribution. (c¢) The
invariant mass of 4 particles. (d) The observed K momentum distribution. The black
dots shows the data with statistical errors. The histograms shows estimations from
Monte Calro simulation. Their colors represent origins of the events: the K; — mev
decay (red), the K — 777" decay (cyan), K — muv decay (magenta), other K,
interactions (orange), and the beam neutrons (green).

6. Invariant mass of 4 particles (Mry-).

Figure 8.7(c) shows the invariant mass of all 4 particles by assuming that the
charged particles were pions. I required that the mass should be equal to the
K1 mass (497.614 MeV¢?) within 50 MeV /2.
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Backgrounds from other K decays were well suppressed to the negligible level with
these selections. There remained 7552 events after these selection cuts. The recon-
structed K, momentum distribution of those events is shown in Fig. 8.7(d).

8.3 K; momentum spectrum

The reconstructed K; momentum distributions in the previous section, shown in
Fig. 8.6 and Fig. 8.7(d), were different from the momentum spectrum of the K beam,
because they were smeared due to the resolution of K7 momentum measurement, and
also because the probability to observe the K depended on its momentum. In this
section, I describe the correction for the smearing effect and the observation probabil-

ity.

8.3.1 Unfolding

The resolution for the K, momentum was estimated with the Monte Carlo simulation,
and represented as the 2-dimensional histogram shown in Fig. 8.8, which is called a
migration matrix. The x axis of the migration matrix shows the Monte Carlo true
value of the K momentum while the y axis shows the momentum smeared due to
the detector resolution. We have to unfold, or, correct for the smearing effect due
to the resolution. The unfolding process was done by using T'Unfold class [34] which
is prepared in the ROOT library [33]. This class provides a function to solve the
unfolding problem.

The unfolded K; momentum distributions are shown in Fig. 8.9.

8.3.2 Observation Probability

Probability that the K; was observed through the K; — 777~ or the K; — ntn—7°
analysis was determined by four factors: the branching ratio of the decay, the probabil-
ity to decay before the spectrometer, The geometrical acceptance of the detector, and
the efficiency of the selection cuts. This observation probability, Prob,,,, was defined

as

Prob,s. — number of observed K7,

: 8.6
number of K, at the beam exit (or Z = —1m) (8.6)
The observation probability was estimated with the Monte Calro as a function of the
K7 momentum, as shown in Fig. 8.10. The K; — 777~ decay analysis covered a wide
momentum region, while the K; — 777~ 7% decay analysis had a high sensitivity in
high momentum region.
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decay (b) as a function of K; momentum.

8.3.3 Result

The K; momentum spectrum at the beam exit was obtained by dividing the unfolded
momentum distribution by the observation probability. Two spectrums obtained from
the K; — "7~ analysis and the K; — 7t7n~7° analysis were scaled to minimize
the chi-square between them. The average of the two histograms was calculated with
weighting the bin errors. The result is shown in Fig. 8.11.

To test the previous work [5], the result was fitted with the function used in that work
which was defined as

_A. . (pKL [GGV] - :u)2
f(pk,) = A-exp ( 2 (0lor ) ) : (8.7)
where pg, represents the momentum of Ky, and
o(px,,) = a(l — (b+ cpk,[GeV]) - (px, [GeV] — 1)) . (8.8)

The fitting result is also shown in Fig. 8.11(b). The fit x?/NDF was 25.6/28. This
function well described the obtained K momentum spectrum. The parameter errors
and the covariances between them are shown in Table 8.1 and Table 8.2. The error
of the fitting function, also shown in the dashed lines in the figure, were calculated

with the errors and covariances of the parameters. Details of the error calculation is
described in Appendix D.3.

The spectrum measured in the previous work is also shown in Fig. 8.11(b) in a blue
line. The spectrums were consistent with each other within 1-sigma deviation in a
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Table 8.1: Parameters and their errors of Eq. (8.7) obtained by fitting the data.

parameter A 1 a b c
value 1 1.387 | 0.778 | -0.312 | 0.0190
error £0.026 | £0.034 | £0.030 | +0.048 | +0.0062

Table 8.2: Covariances between parameters of Eq. (8.7) obtained by fitting the data.

A

parameter 0 a b c
A 0.000694868 | -0.000345716 | -0.000545587 | -0.000593292 | 5.28806x10~°
I - 0.00117164 | 0.000606273 | 0.00129076 | -0.000162336
a - - 0.000918408 | 0.00127293 | -0.000131779
b - - - 0.00233233 | -0.000285512
c - - - - 3.8117x107°
(a) (b)
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% 08: + | % 1= 4 o
= O \f > ¢ R
g o 6: + + ++4:. g ‘{ \\&
.'é L 4/ é 10" .{ %\Qn
© 0.4: 4 <3+ © ,’i ‘\w
r 4 f Ry,
02f 4y Fap N A
r 1 i#ﬂtgi%& f‘ 10 N
0: SR %_ { .| |
_0_2; 10° TR
-0.4F ‘~‘
0 2000 4000 6000 8000 0 2000 4000 6000 8000
pKL[MeV/c] pKL[MeV/c]
Figure 8.11: The Ky momentum spectrum at the beam exit derived from the data,

shown in linear scale (a) and in log scale (b).

The red and green dots in (a) show

the spectrum obtained from K; — 7t7~ decay and that from K; — nt7n~ 7% decay,
respectively. The black circles in both (a) and (b) show the combined result. In (b),
the best fit with Eq. (8.7) is shown in the red solid line and its 1o deviation are
shown in the red dashed lines. The blue line in (b) shows the result of the previous
measurement.
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momentum region below 4 GeV. In the higher momentum region, the previous work
overestimated the number of Ks.

8.4 Systematic Uncertainties

The systematic uncertainties of the K momentum spectrum is described in this sec-
tion. I estimated uncertainties related to the background estimation, the resolution of
K momentum, and the cut effectiveness.

8.4.1 Uncertainties for Background Estimation

To reconstruct the K, momentum spectrum, I assumed that there is no background
contamination in the observed K momentum distributions (Fig. 8.6 and Fig. 8.7(d)).
I estimated the uncertainties related to the background estimation.

+

K — n7n~ analysis

1. Shape of the p? PDF for K backgrounds.

The PDF of the p? distribution for K, backgrounds was made from the Monte
Carlo by assuming the K; momentum spectrum measured in the previous work.
To study a sensitivity of the PDF shape to the momentum spectrum shape, |
tested another PDF which is made by assuming the spectrum obtained in this
measurement, and also a PDF made by assuming the spectrum with a triangle
shape as shown in Fig. 8.12(a). This changed the observed K momentum
distribution as Fig. 8.12(b). Even if the triangle shape is used, the change was
smaller than the statistical fluctuation in almost all momentum range. Although
a relatively large difference was found around the 4000 GeV/c, it had almost
no effect on the final result because the K; — ntn~ 7" analysis dominantly
determined the spectrum shape in that range.

2. Shape of the p? PDF for the beam neutrons.

The p? PDF shape of the neutron backgrounds was assumed as a parabolic
function. It had a large uncertainty because of a small amount of the Monte
Carlo statistics. The parameters of the function was determined from the p?
distribution observed in the Monte Carlo, with requiring |M., — Mg, | < 30
MeV/c? . To study this uncertainty, I tested a variety of PDFs made with
requiring other conditions:

o | M, — Mg, | <45 MeV/c?
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Figure 8.12: (a) Triangle K momentum spectrum shapes used to study the systematic
uncertainties. (b) The K momentum distributions with three types of the K PDFs.
The PDFs were made by assuming the Kj; momentum spectrum measured in the
previous work (black), measured in this thesis (red) and the triangle spectrum (green).

o | M, — Mg, | <60 MeV/c?

o | M, — Mg, | <60 MeV/c? and px, < 1000 MeV/c

o | M, — Mg, | <60 MeV/c? and 1000 < px, < 2000 MeV/c
o | M, — Mg, | <60 MeV/c* and pg, > 2000 MeV /c.

In addition to a parabolic function, the PDF with a linear function form was
also tested. Differences of the observed K; momentum distribution by changing
the PDFs were much smaller than the statistical errors, as shown in Fig. 8.13.

3. The number of the beam neutron backgrounds.

The neutron flux was estimated based on the Geant3 simulation, but that number
has an uncertainty due to an inaccuracy of simulation for hadronic interactions.
The z vertex distribution observed in the data agreed with this expected flux,
but the M,, distribution claimed the neutron flux should be 1.5 times larger
than expected, as shown in Fig. 8.14.

I changed the neutron flux to be x3 or x1/3 of the Geant3 expectation, and
studied the effect on the momentum spectrum measurement. The difference of
the observed K; momentum distribution due to the flux ambiguity was much
smaller than statistical fluctuation, as show in Fig. 8.15.

4. Approximation of the p? PDF around the signal region
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Figure 8.13: The K momentum distribution with the default condition and its statis-
tic errors are shown in the black dots and error bars. The fluctuation by changing the
neutron PDF's is shown in the red error bars.
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Figure 8.14: (a) Z position of the decay vertex. (b) The M., distribution. The
black dots show the data, while red and green histograms show the Monte Carlo
expectation from K and beam neutrons. To reproduce the tail shape, the neutron
events was scaled by factor 1.5 in (b).



140 CHAPTER 8. MEASUREMENT OF K; MOMENTUM SPECTRUM

400
350 |
300 ﬁﬁ@#
500
2004 h
1504

100

# events

50

TTTT
-
o o

o

J— TSRS TSSO OO
2000 4000 6000 8000
MeV
P [MeVid]

Figure 8.15: The K; momentum distribution derived with scaling the expected number
of neutron events by 0.333 (red), 1 (black), 3 (green).

To estimate the number of backgrounds events in the signal region, I approxi-
mated the PDF of the p? distribution near the signal region as a linear function
as shown in the green line in Fig. 8.5. Its parameters were determined by fitting
the function to the PDF in the range of p? < 1500 MeV?/c?. To study the
uncertainty related to this approximation, I changed the fitting range from 800
to 2000 MeV?/c?, and also changed the function form to a parabolic function.
The difference of the K momentum distribution due to these change was much
smaller than the statistical errors, as shown in Fig. 8.16

+ 0

K, — nmr~ 7’ analysis

1. Other K, decays and beam neutrons.

After applying all the selection cuts, the number of events from the K decays
other than the K; — 777 7 decays was estimated to be 1.28 by using the
Monte Carlo simulation. Because this number was ~ 6000 times smaller than
that from the K; — 77~ 7% decays, its contribution to the measurement result
was negligible.

The number of events from the beam neutrons after applying all the selection
cuts was estimated as 0 with the Monte Carlo. The Monte Carlo statistics,
however, was insufficient, as small as 3 % of the data. To enhance the neutron
events, I removed the cut on the invariant mass of four particles (M-~ cut) and
the k, o cut. Although it made neutron events 10 times larger, the invariant
mass cut for two photons (M., cut) rejected all the events. (The M,, distri-
bution from neutrons without the k;_o and M., cuts were already shown in
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Figure 8.16: The K momentum distribution with the default condition and its statis-
tic errors are shown in the black dots and error bars. The fluctuation by changing
the method of approximation of the PDF around the signal region is shown in the red
error bars.

Fig. 8.7(a)). I therefore decided that the neutron contribution to the measure-
ment was negligible.

2. Mis-reconstructed K; — nra~n° decays.

There were events where the M., was less than 100 MeV/c? in both the data
and the Monte Carlo simulation as shown in Fig. 8.17(a). From the Monte
Carlo study, I found that in such events one of the two photons did not hit the
calorimeter but the hadronic shower from the pion in the calorimeter mimicked
two clusters. Because the hadronic interactions are involved, the number of such
events was not consistent between the data and the Monte Carlo.

To estimate the number of such events contaminating the signal region, I fitted
an exponential function to the data in the range of 60 < M., < 100 MeV/c?,
and extrapolated the function to the signal region, as shown in the black line in
Fig. 8.17(a). The expectation was 126 events.

To study the effect of these contamination on the measurement, I subtracted
126 events from the observed K; momentum distribution. The momentum dis-
tribution of 126 events was assumed to be the same as that of the events in
60 < M,, < 100 MeV/c?, which is shown in Fig. 8.17(b). The 126 events were
generated randomly according to this distribution and were subtracted. I tested
200 patterns of the random generation. The change of the K momentum distri-
bution due to this subtraction was smaller than the statistical errors, as shown
in Fig. 8.18.
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Figure 8.18: The K; momentum distribution with and without subtracting the con-
tribution from the mis-reconstructed K; — 77— 7% events. The distribution without
the subtraction and its statistical errors are shown in the black circles and error bars.
The red dots show the distirbution with the subtraction, and their error bars show the
fluctuation of the 200 patterns of the random generation.
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8.4.2 Uncertainties due to Resolution for X; Momentum

The resolution of K, momentum, o,x, was determined by the momentum resolution of
the spectrometer, 0,/p, and the energy and position resolutions of the CsI calorimeter,
op/E and ox. Although these resolutions were estimated in Chapter 4 or measured
in Chapter 7, finite errors were assigned to the evaluation as described in Eq. (4.35),
Eq. (7.3), Eq. (7.8), and Eq. (7.9). These errors gave an ambiguity to the o,x. To study
the relation of the o,k to the 0,/p, og/E, and ox, I did a toy Monte Carlo simulation.
In the simulation, the Monte Carlo true value of the momentum of the pion from the
K; — 7~ decay or K — wrm 7% decay was smeared in two patterns: smeared
with 0, /p, or with o,/p plus its error. Similarly, the photon energy in K, — w7 7°
decay was smeared by og/F or by og/E plus its error, and the photon hit position was
smeared by ox or by ox plus its error. The K, momentum was calculated using those
smeared values. The difference of the o, due to adding the errors is shown in Fig. 8.19.
I then derived the migration matrix by additionally smearing the reconstructed K7,
momentum according to this o, difference. The K; momentum distribution unfolded
with these migration matrix is shown in Fig. 8.20. The difference is smaller than the
statistical fluctuation.
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Figure 8.19: Change in K; momentum resolution due to the worsening of the spec-
trometer and calorimeter resolutions by 1o. The black and red show the K; — ntm~
decay and the K; — 777~ 7" decay, respectively.

8.4.3 Uncertainties due to Cut Effectiveness

The difference of the effectiveness of the kinematic cuts between the data and the
Monte Carlo expectation is one of the uncertainties of the observation probability.

e The K; — n"n~ analysis
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Figure 8.20: The red dots show the unfolded K; momentum distribution using the
migration matrix with additionally smearing by the o, uncertainty. Their error bars
show the fluctuation by changing the smearing pattern. The black circles show the
distribution without smearing, and their error bars show the statistic errors. (a)The
K — 771~ decays. (b)The K; — m7n7° decays.

In the K; — 77w~ analysis, two kinematic selection cuts were applied as de-
scribed in Section 8.2.1, that is, the invariant mass cut (M, cut) and the square
of transverse momentum cut (p? cut) of the two charged particles.

I changed each cut value to be x2 or x1/2 of the default value. The recon-
structed K momentum distribution and the observation probability with the
different p? cut values are shown in Fig. 8.21(a) and (b). Although there are large
changes in these plots, the K; momentum distribution divided by the observa-
tion probability changed within the statistical errors as shown in the Fig. 8.22.

e The K; — ntn— 7" analysis

In the K;, — nT7~ 7" analysis, six kinematic conditions were applied as enumer-
ated in Section 8.2.2 “Event selection”.

The uncertainties of the first condition (the number of clusters) and the sec-
ond condition (track association) mainly come from the pion showers in the Csl
calorimeter, because they were made by hadronic interactions which were diffi-
cult to reproduce in the Monte Carlo. To study the pion interaction in the Csl
calorimeter, I used the K — mwer decays. I collected events where two charged
tracks hit the Csl calorimeter and one of the tracks was identified as electrons
by using the selection criteria introduced in Chapter 5. Because electrons domi-
nantly came from the K; — mev decays, the other track was identified as pions.
By using these pion samples, the probability that a pion makes two clusters



8.4. SYSTEMATIC UNCERTAINTIES 145

—
o
~—
~—
=3
~—

x10°
..g 16007 Entries. 67 4? L Entries 100
G.>) E Mean 2162 + 14.62 3 6: Mean 3741+ 2.201
@ 1400 RMS 972+ 10.34 8 N RMS 1840+ 1.556
#* r - o 5 Jﬁ
1200F ﬁ— 5
C rH [ C e
1000 E’ = 8 4 ; L
| — m : ——
800} + S o T T
C g C —_
600 Ej g I % -
: 2r L - 1]
400, 1 : _J ~
200+ L I 1
% 20000 4000 6000 8000 20000 4000 6000 8000
pKL[MeV/c] pKL[MeV/c]

Figure 8.21: (a) The K; momentum distributions and (b) the observation probability,
with the different p? cut values. The black histgram shows the distribution with
the default cut value (p? < 50 MeV?/c?) and its statistic error, while the red and
green histograms show the distribution with p? < 25 MeV?/c¢? and < 100 MeV?/c?,
respectively.

(a) Changing p? cut value. (b) Changing M, cut value.
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Figure 8.22: The K momentum distributions divided by the observation probability,
with the different p? cut values (a) and with the different M, cut value (b). The
black histgram shows the distribution with the default cut value (p? < 50 MeV?/c?
or — My, — Mg, | < 30MeV/c?). The red and green histograms show the distribution
with x1/2 and x2 of the default cut values.
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whose energy are larger than 50 MeV, and the distance between the two clusters
is greater than 100 mm, was estimated as the function of the pion momentum,
as shown in Fig. 8.23(a). The probability that the pion tracks associated with
a single cluster was also estimated as shown in Fig. 8.23(b). The ratio of these
probabilities of the data to those of the simulation was defined as a weight of the
pion track. I then calculated the observation probability for the K; — ata 7"
decay again, with assigning the weight to each of the two pion tracks and counting
the event as the multiplication of those two weights. The observation probability
was changed with the weight as shown in Fig. 8.24. Although the absolute scale
of the probability was changed, the momentum spectrum did not change.

(a) Condition for the number of cluster.  (b) Condition for the track association.
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Figure 8.23: Probability that a pion satisfies the first condition (a) and the second con-
dition (b) of the K — w77~ 7" kinematic cuts, as a function of the pion momentum.
The black dots show the data, and the red dots shows the Monte Carlo simulaiton.

The third conditions (Csl fiducial region) was related to an electromagnetic
process and the uncertainty from this condition was negligible compared to the
first and the second conditions.

To estimate uncertainties of M., ky_o, and My, cuts, the number of events
were compared before and after applying the cuts. The data set was divided
into 5 K, momentum sections, and the comparison was taken for each section.
For the M., cut, there were contributions from background events from the mis-
reconstructed K; — w7~ 7% decays. The number of such backgrounds were
estimated by assuming that those events distributed exponentially, as shown in
Fig. 8.25. The cut efficiency was calculated as
Ncenter _ Nl%eélter

obs

wide wide

obs

(8.9)




8.4. SYSTEMATIC UNCERTAINTIES 147

x10°®
> r
8 25 -
o] L Nna e
o r —_
S ’— —
o 27 * ==
c F ot -]
o r bay ==
= r -~ -
S 15 g
o r £
() = 4
N B =
o S
O |- *

0.5 o~
r -
% 2000 4000 6000 8000

pKL[MeV/c]

Figure 8.24:  Observation probability for the K;, — w7 7% decay. In the black
histogram, the uncertainty of the first and the second conditions of the kinematic cuts
are not considered. In the colored histograms, the uncertainties of only the first (red),
only the second (green) or both conditions (blue) were considered.

where N, and Npg represent the number of observed events and the estimation
of the background events, respectively. The superscript “center” means the
numbers in the range of |M,, — M,o(= 134.9766MeV/c?)| < 25 MeV/c?, while
“wide” means in the range of 70 < M., < 200 MeV/c?. For the ky_o cut and
the M, cut, the cut efficiencies were calculated as

(the number of observed events after applying cut)

. 8.10
(the number of observed events before applying cut) (8.10)

Figure 8.26 shows the efficiencies of the M., ki_o and M, ., cuts in each
momentum region. The difference of the efficiency between the data and the
Monte Carlo was less than 2% for any cut and for any momentum region.

8.4.4 Uncertainties in Total

The K; momentum spectrum was derived separately with including each uncertainty
source described above. The fluctuation of the derived spectrum were then quadrati-
cally summed, and adopted as a systematic uncertainty of the spectrum as shown in
Fig. 8.27(a). The ratio of the systematic uncertainty to the statistic error is shown in
Fig. 8.27(b). The systematic uncertainties are comparable or smaller than the statistic
errors, except for p < 500 MeV /c region. Table 8.3 summarizes the contribution from
each uncertainty source at the K momentum = 1.7 GeV/c and 5.1 GeV /c.
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Figure 8.25: An example of an estimation of cut efficiency for the M,, cut. The dots
and histogram show the M., distribution in the data and the simulation where the
K, momentum is in the range of 4 ~ 5 GeV/c. The data in 45 < M, < 90MeV/c?
was fitted with an exponential function as shown in the solid line, and the function
was extrapolated as shown in the dashed line, to estimate the number of background
events in the signal region.
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Figure 8.26: Cut efficiencies for M., cut (top), ki_o cut (middle), and M, cut
(bottom). The black markers show the data, while the red markers show the Monte
Carlo expectation.
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Table 8.3: Uncertainties of the K momentum spectrum at px, = 1.7 GeV/c and
5.1 GeV/c, where the pg, represent K momentum. The spectrum heights at those

momenta are also shown in the last row.

uncertainty source at px, = 1.7 GeV/c | at pg, = 5.1 GeV/c

K; — mtn~ | background estimation 0.007 0.0007

resolution for pg, 0.015 0.0014

cut efficiency 0.044 0.0010

K; — mtn~ 7Y | background estimation 0.005 0.0017

resolution for pg, 0.012 0.0015

cut efficiency 0.009 0.0003

| total of sys. err. 0.050 \ 0.0031

| stat. err. 0.053 \ 0.0052

\ spectrum height 0.907 \ 0.0293
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Figure 8.27: (a) TheK; momentum spectrum with statistical errors (black error bars)
and with statistic and systematic errors (red error bars). (b) The ratio of the system-

atic error to the statistical errors.




Chapter 9

Discussion

In this chapter, I will discuss the impact of my studies on the KOTO physics run.

9.1 Shower Shape Study

As described In Chapter 6, there were inconsistencies between the data and the Monte
Carlo in the distributions of the shape x2, the number of the crystals in the cluster, and
the cluster RMS. I modified the bremsstrahlung model used in the Geant4 simulaiton
from the default G4SeltzerBergerModel to the G4eBremsstrahlungModel, to improve
the Data — Monte Carlo consistency. In this section, I will discuss how the inconsisten-
cies influence the signal efficiency of the shower shape cuts for the KOTO physics run,
and also discuss the effect of the Monte Carlo modification. In this study, I assume
that the responses of the calorimeter to photons and electrons are similar.

9.1.1 Cluster RMS and the Number of Crystals

First I studied the efficiencies of the cuts applied to the cluster RMS and the number of
crystals. The electron data used in Chapter 6 was also used in this study. Because these
cut variables depend on the energy of the incident electrons as shown in Figure 9.1,
I divided the data into 100 MeV /c regions in the electron energy, and studied each
region. The cut efficiency with a given cut value was estimated by integrating and
normalizing the distributions of the cut variables, as

_ Iy frars(a’)da!
I frus(2)da!

150

Prirs(x) (9.1)
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for the cluster RMS, and

_ fox fnCsI(I,)dx/
fOOO fnCsI (xl)dx/ ’

for the number of crystals, where the z is the cut value and the frys and fhosr
represent the distributions of the cluster RMS and the number of crystals. Here, the
events with larger values than the cut values are rejected. The Pgio(x) and PS% ,(x)
for the events with 600< E., < 700 MeV/c?, where the E, represents the electron
energy, are shown for the data and the Monte Carlo simulations in Fig. 9.2(a) and
(b). As shown in Fig. 9.3(a, b), the difference between the data and the default Monte
Carlo was at most 12 %, while difference between the data and the modified Monte
Carlo was 6 %. The differences in the different energy regions are shown in Fig. 9.4.
In all the energy regions, the differences of the modified Monte Carlo from the data

were about a half of those of the default Monte Carlo.

P (x) (9.2)

(a) Cluster RMS (b) The number of crystals in a cluster
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Figure 9.1: Cluster RMS (a) and the number of crystals (b) as a function of the
incident electron energy. The histogram shows the number of events observed in the
data, which are scaled so that the integral in each x bin is equal to 1. The black line
in each x bin shows the mean value in the bin.

9.1.2 Shape \?

To study the shape x?, the electron data was selected by the same selection cut set used
in Chapter 6 except that the shape x? cut was removed. Because no dependence on the
incident electron energy was observed in the shape x? distribution as shown in Fig. 9.5,
I did not divide the data by the energy. The amount of the background contamination
was estimated from the events with 0.5 < E¢gy/ E;Zﬁc < 0.7 and subtracted as shown
in Fig. 9.6.
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Figure 9.2: Cut efficiency of the cluster RMS (a) and the number of crystals (b). The
x axis shows the cut values. The black, red, and green lines are derived from the data,
the default Monte Carlo, and the modified Monte Carlo simulation, respectively.
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Figure 9.3: Difference of the cut efficiency between the data and the Monte Carlo
simulation for the cluster RMS (a) and the number of crystals (b). The x axis shows
the cut value. The red (green) line shows the difference of the data from the default
(modified) Monte Carlo.
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Figure 9.4: Difference of the cut efficiencies between the data and the Monte Carlo
simulation for the cluster RMS (a) and the number of crystals (b), in each energy
region. The red (green) graphs show the differences between the data and the default
(modified) Monte Carlo. The dots, squares, triangles show the differences of the
efficiency at the cut values where the effciencies observed in the data are 50, 70, and
90 %, respectively.

The cut efficiency for the shape x? was calculated from the shape x? distribution fspape

as
’ shape ! d !
Pcut (.’E) — f(l)ofh P (l’) x
0 fshape(x,)dx/

shape
where I assumed that the events with large shape x? are dominantly from the back-
grounds, and restricted the integral range in 0 < shape x? < 10. The cut efficiency in
the data and the Monte Carlo, and those differences are shown in Fig. 9.7 and Fig. 9.8.
The differences from the data are at most 4 % and 2% in the default and the modified
Monte Carlo, respectively.

: (9.3)

9.2 Resolutions of the Csl Calorimeter

As described in Section 1.3.2, all the kinematic information of the K; — 7°viv events

and backgrounds are solely obtained from the Csl calorimeter. Therefore, the efficiency
of kinematic selection cuts, which is described in Appendix A.1, depends on the energy
and position resolution of the calorimeter. To study this dependence, I used a toy
Monte Carlo simulation in which all particles hitting any detector were stopped on
its surface, without simulating the interaction with the detector component. Energies
and positions of photons stopping at the CsI calorimeter was then smeared by a given
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resolution. The particles stopping at the veto detectors were ignored to study the
influences of the Csl calorimeter resolution alone.

In this section, I will first describe how the CsI resolutions affect the 7° reconstruction
in the K; — 7vi decay. I will then show the influence of the resolution measurement
described in Chapter 7 on the KOTO physics run.

In this study, the standard coordinate system of the KOTO experiment is used. The
directions of the x, y, and z axis in the system are the same as the system used in
this thesis. The origin is located on the upstream surface of the “Front Barrel” which
is the most upstream veto counter in the KOTO detector. In this coordinate system,
the upstream surface of the Csl Calorimeter is located at z = 6.148 m.

9.2.1 7Y Kinematics for Signal Events

Let us study the 7° reconstruction in the K; — 7% decay to understand how
the Csl calorimeter performance influences the kinematic variables. Even if the Csl
calorimeter has infinitely accurate resolutions for photon energy and incident position,
the uncertainties of the 7% kinematics arise from the size of the beam profile, because
the x and y positions of the 7° vertex are unknown in the reconstruction process, and
we assume that the 7% vertex is located on the beam axis. The differences of the
reconstructed 7m° Pt and the z vertex from their Monte Carlo true values are shown
in Fig. 9.9 as a function of the z vertex, where no smearing effects due to the energy
and position resolution of the calorimeter are included. To simulate the calorimeter
resolution effect, I defined an energy resolution function as

bg

OF

—(F) =ap & —, 9.4
(B =as® (94)
and a resolution function for the incident position as
b
ox(E) =ax ® —— (9.5)

VE[GeV]’

where E represents the photon energy. The energies and positions of the photons
hitting the Csl calorimeter were then smeared with these resolution functions. The
parameters ag and bg (or ax and bx) were changed from 0 to 9 % ( 0 to 9 mm). When
one of the parameters were changed, the other parameters were set to 0. Fluctuations
of the Pt and the z position due to the smearing are shown in Fig. 9.10. The Pt
resolution is dominated by the uncertainty due to the finite beam size, while the z
position resolution strongly depends on the energy resolution of the Csl calorimeter.
The z vertex dependence of the 7 Pt resolution and the z vertex resolution are shown
in Fig. 9.11, where by = 2% and ap = ax = bx = 0. The z position resolution becomes
wider for upstream decays.
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Figure 9.9: Differences of the reconstructed 7 Pt (a) and the z position of the decay
vertex (b) from their Monte Carlo true values as a function of decay z position. Here,
the photon energy and incident position are not smeared. The differences come from
the uncertainty of x and y positions of the decay vertex due to the finite beam size.
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Figure 9.10: RMS of the differences of the reconstructed 7° Pt (a) and the z vertex (b)
from their Monte Carlo true values V.S. the parameters of the resolution functions.
The dependence on ag, bg, ax, and bx are shown in red, green, blue, and orange lines,
respectively.
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Figure 9.11: RMS of the differences of the reconstructed 7% Pt (a) and the z vertex
(b) from their Monte Carlo true values, as a function of z position of the vertex. The
black line shows the fluctuation with no smearing, while the green line shows that
with the smearing based on the energy and position resolution for the small crystals

described in Eq. (9.6).

9.2.2 The Influence on the Physics RUN

The measurements in Chapter 7 determined the parameters as

ap = (0.66 £ 0.52)%, (9.6)
bp = (1.81+0.04)%, (9.7)
ax = (1.99+0.23)mm, (9.8)
by = (3.95+0.35)mm (9.9)
for the small crystals, and
ap = (L71+£0.17)%, (9.10)
bp = (1.31+0.10)%, (9.11)
axy = (6.17=+0.18)mm, (9.12)
by = (4.01+0.40)mm (9.13)
for the large crystals. The ay and bx were calculated as
)2 Y\2 )2 Y\2
ax = (p1)* + (1) by = (p5)* + (p3) (9.14)

2 2 ’

where pgf(y) and p;”@ represent parameters p; and po of x (y) position resolution in
Eq. (7.8) and Eq. (7.9). The parameters expected from the Monte Carlo simulation
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Table 9.1: Parameters of the resolution function. The measured values, the values

expected from the Monte Carlo simulation, the KOTO design values are shown.

crystal area ag (%) be (%] ax [mm] bx [mm]
measured values (small) 0.66 +£0.52 | 1.81 £0.04 | 1.99+0.23 | 3.95+£0.35
(large) 1.71£0.17 | 1.31 £ 0.10 | 6.17£0.18 | 4.01 £0.40
MC expectation (small) 0.86 1.72 2.35 3.56
(large) 0.00 1.56 5.27 3.90
KOTO design values | (small & large) 1 2 0 5

are shown in Table 9.1. The KOTO design values of the calorimeter performance
are also shown in the table. In the preparation period of the KOTO experiment, we
estimated the number of the signal and background events by assuming this design
values.

In the following, I will study the changes of the background estimations due to the
uncertainties of the measured parameters, and also due to the difference between the
measured parameters and the Monte Carlo expected parameters or the KOTO design
values.

Background expectation

Among the K backgrounds expected in the KOTO experiment, the kinematic cuts
are important in particular for the ”odd-pair” K; — 7%7% background and the K; —
7t~ 70 background. The odd-pair K; — 7% background is a kind of background
events from the K; — 7°7° decay, where two photons from different 7°s hit the
Csl calorimeter. The reconstructed decay vertex is incorrect in this background, and
consequently the kinematics of the two photons are reconstructed incorrectly. The
cut for the product of the photon energy and incident angle (E-6 cut), and the cut
for the ratio of two photon energies (E ratio cut) strongly suppress this background.
The K; — nta~ 7" background is strongly suppressed by requiring the 7° Pt to be
> 130 MeV/c, because the momentum of the 7° generated in this decay mode is
kinematically limited to be less than 133 MeV/c. The number of the signal events,
the odd-pair K; — 7w%7° background events, and the K; — 77 7" background
events are estimated to be 2.71, 0.14, and 0.87 events', respectively, after applying
all the KOTO standard kinematic cuts in a 12-month data taking with the designed
beam power of the J-PARC (= 2 x 10' protons on target / 3.3 sec). The details of
these backgrounds and the kinematic cuts in the KOTO experiment are described in
Appendix A.2.1. In the following, I will study dependences of the numbers of such
background events on the energy and position resolutions of the Csl calorimeter.

IThese values are estimated by using the toy simulation by weighting the inefficiencies of the veto
counters. More accurate estimation is found in [5].
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Table 9.2: The number of background events after applying all the kinematic cuts,
with different resolution parameters. The number of each decay mode were simulated
by generating 108 K ;s which decay to only that decay mode. The veto detectors were
not considered.

measured values MC expectation KOTO design
odd-pair K7, — 7070 | (936.0 £ 3.1) x 102 | (935.3 £3.1) x 107 | (937.6 + 3.1) x 107
K; — mrr—m 2474 + 50 2462 £ 50 2537 £ 50

e The odd-pair K; — 7°7° background.

The odd-pair K; — 7°7° background is suppressed by the E — @ cut and E ratio
cut as shown in Fig. A.2 in Appendix A.2.1. I changed the parameters of the
energy and position resolution functions around the measured values, as

ag (or bg) = \/(a%was (or bimeas))? 4 |z—| (i x 1%) (9.15)
ayx (orby) = \/(aanas (or bpeas))? 4 |z—| (i x 1[mm])?, (9.16)
where 1 = —4,—3,...,5 as long as the value inside the square root > 0. The

aEx) and bg‘(ef?) represent the measured values shown in Table 9.1. When one of

the parameters was changed, the ¢ for the other parameters were set to 0. The
energies and positions of photons were smeared based on those resolutions in the
toy simulation. The changes in the estimated number of the background events
was < 0.5%, as shown in Fig. 9.12(a). The kinematic cuts for the K — 7%7°
background do not strongly depend on the resolutions of the CsI calorimeter.

The number of the “odd-pair” K; — 77" background events after applying all
the kinematic cuts were estimated with different resolution parameter sets: the
measured parameters, the parameters expected from the Monte Carlo, and the
parameters of the KOTO design value. The estimations are shown in Table 9.2.
The differences between them are within 0.1%.

e The K; — ntn~ 7 background.

The K; — ntn~7° background is largely suppressed by requiring 7° Pt > 130
MeV/c as shown in Fig. A.3 in Appendix A.2.1. By changing the parameters of
the resolution functions as described in Eq. (9.15), the estimated number of this
background events changes at most 10% as shown in Fig. 9.12(b). The errors of
the measured parameters described in Eq. (9.6) are also shown in Fig. 9.12(b) as
horizontal bars. The number of the K — 77~ 7% background events fluctuated
by less than 1% within the errors.
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Figure 9.12: The number of the odd-pair K; — 7’7" background events (a) and the
K; — wtr 7% background events estimated from the Monte Carlo simulation, by
changing the parameters of the resolution functions. The x axis shows the “” defined
in Eq. (9.15). When one of the parameters was varied, the ¢ for the other parameters
were set to 0. The results with the varied ag, bg, ax, and by are shown in red, green,
blue, and orange points, respectively. The horizontal bars in the bottom of the plots
represent the errors of the measured ag,bg, ax, and by described in Eq. (9.6)

The number of the K; — ntn~ 7" background events after applying all the
kinematic cuts were estimated with the measured parameter sets, the parameters
expected from the Monte Carlo, and the KOTO design values. The result are
shown in Table 9.2. The differences between them are within 3%.

As for the backgrounds from the beam neutrons, the resolution for the z position of
the decay vertex influences the NCC-7" background estimation where the neutron
interacts with the “NCC” detector located upstream of the decay region and produce
a m°, as described in Appendix A.2.2. Because we require the decay vertex to be 550
mm apart from the NCC downstream surface and the z resolution is much smaller, at
most 100 mm as shown in Fig. 9.11, the influence of the CsI resolution on the NCC-7°
background is estimated to be negligible.

In summary, the uncertainties of the energy and position resolutions measured in
Chapter 7 are small enough that they do not change the background estimations.
Even though the measured parameters have finite differences from those of the Monte
Carlo expectation or the KOTO design values, the effect of such differences on the
background estimations is negligible.
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9.3 K; Momentum Spectrum

The K; momentum spectrum measured in Chapter 8 has almost the same shape
with that obtained in the previous work, although there is a small difference of the
shape in the momentum region > 4 GeV/c. (Hereafter these two spectrums are called
“new spectrum” and “previous spectrum”). The uncertainty of the shape of the new
spectrum is, however, much smaller than that of the previous spectrum, in particular
in the high momentum region where the previous work had no sensitivity. To discuss
the importance of this improvement of uncertainty, the number of the K; — 7%7% and
the K; — 77~ 7" background events were estimated with using the new and previous
spectrums, and also using the spectrums modified by their 1o deviations which are
shown in dashed lines in Fig. 9.13. Each spectrum was normalized with its integral
between 0 and 4 GeV/c. This integral range corresponds to the sensitive range of the
K1, flux measurement conducted before.? In this estimation, I used the toy Monte
Carlo simulation where any particle hitting any detector was stopped at its surface.
The energies and hit positions of the photons hitting the CsI calorimeter were smeared
with the energy resolution, og, and position resolution, ox, which are approximated

as
2%
E=1 I — 9.17
o5/ B =14 E[GeV] (9.17)

and
5[mm]

where E represents the photon energy. For each particle hitting the other detectors,
the probability of not detecting the particle was calculated based on the KOTO veto
inefficiency function [39], which depends on the momentum of the incident particle,
detector type, and incident particle type. The event was weighted by the product of
the veto inefficiencies of all particles.

(9.18)

9.3.1 The K; — 77" Background

Figure 9.14(a) shows the product of the decay probability, the geometrical acceptance,
and the kinematic cut efficiency for the K; — 7%7° background events. Events with
the K, momentum > 3 GeV are suppressed with these effects. Such events are further
suppressed by the veto detectors as shown in Fig. 9.14(b), although there remains
some events with large veto inefficiencies in > 5 GeV region. In these events, extra
photons tend to fly in the forward direction and hit the veto counter located on the
beam axis which is called “Beam Hole Photon Veto (BHPV)”. The inefficiency of

2This measurement was conducted simultaneously with the previous measurement for the K,
momentum spectrum.
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Figure 9.13: The K; momentum spectrums used to study an influence of the spectrum
shape on the background estimation. The black (red) solid line shows the previous
(new) spectrum and the dashed line shows +1o deviation from it. For the momentum
> 5 GeV/c, the previous spectrum does not have error data. I assumed the previous
spectrum +1o0 deviation as the linear function in such region.

BHPYV for photons are estimated as ~ 1073 which is relatively larger than those for
other veto detectors (typically 107 ~ 107%) because it is exposed to the beam core
neutrons.

Table 9.3 summarizes the estimations of K; — 7°7° backgrounds by assuming the
four spectrums: the new spectrum, the previous spectrum and the modified spectrums
with their 1o deviations. The estimated numbers between the previous spectrum and
the “previous +10” spectrum, and between the new spectrum and the “new +10”
spectrum, are consistent within their errors. The K — 7% background events are
not sensitive to the spectrum shape.

9.3.2 The K; — n"n 7" Background

For the K; — w7~ 7% backgrounds, the probability to observe the high-momentum
(> 4 GeV) K7, is larger than that for low-momentum (< 4 GeV) K, before applying the
kinematic cuts, as shown in Fig. 9.15. The high-momentum K events are, however,
strongly suppressed with the Pt/Pz cut, which is the cut for the ratio of the transverse
component to the z component of the reconstructed 7° momentum. The details of this
cut is described in Appendix A. The efficiency of the kinematic cuts is estimated as 0.51
by using the previous spectrum as shown in Table 9.3. If the “previous +10¢” spectrum
is used, this value changes to 0.28. This 55% uncertainty for the cut efficiency arises
from the uncertainty of the spectrum shape. The cut efficiencies estimated by using
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Figure 9.14: Product of the decay probability, the geometrical acceptance and the
kinematic cut efficiency for the K — m7% background events, without (a) and with
(b) the weight of veto inefficiency.

Table 9.3: The number of the signal events, the K; — 7%7% background events, and
the K;, — mrn~ 7" background events estimated with different spectrum shapes by
the toy Monte Carlo. The numbers in “loose kine. cuts” rows were estimated with
applying the 7° Pt cut and the Z-vertex cut, the E, cut and the calorimeter fiducial
cut. The numbers in “all kine. cuts” rows were estimated with applying all the KOTO
standard kinematic cuts.

previous | previous +1lo new new +1lo
K; — % loose kine. cuts | 4.93 +0.04 | 4.82+0.04 | 4.884+0.04 | 4.85+0.04
K; — % all kine. cuts | 2.75+0.03 | 2.64+0.03 | 2.73+£0.03 | 2.71 £+ 0.03
K; — 7079 loose kine. cuts | 4.474+0.23 | 4.414+0.21 | 4.36 £0.22 | 4.30 = 0.22
K; — 7970 all kine. cuts | 1.55+£0.03 | 1.53£0.03 | 1.51 £0.02 | 1.49 £ 0.02
K; — mtn~ 7Y | loose kine. cuts | 1.73+0.52 | 2.934+0.62 | 1.34 £ 0.50 | 1.39 £ 0.50
K; —»ntn—nY all kine. cuts | 0.89 £20.50 | 0.83£0.46 | 0.88 £0.50 | 0.87 £0.49
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the new spectrum and the “new +10” spectrum are 6.6 and 6.3, respectively. The
difference is 4%; it is much smaller than that for the previous spectrum.

By the way, the Pt/Pz cut was originally designed for the KEK E391A experiment
which was the pilot experiment of the KOTO, to reject the CV-n background. In this
background, the beam neutrons interact with the charged veto counter named “CV”,
and produce 1 mesons. The details of the background is described in Appendix A.2.2.
There is an opinion that this cut should be modified because the configuration of the
CV is changed in the KOTO experiment from E391a experiment, but the cut is not
optimized yet for KOTO. I suggest that we should be careful to the high-momentum
K — mtm~ 7 backgrounds when we modify this cut.
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Figure 9.15: Product of the decay probability, the geometrical acceptance, and the
kinematic cut efficiency for the K — 77~ 7% background events with the weight of
veto inefficiency. For the black dots, only the E. cut, the calorimeter fiducial cut, the
7 Pt cut and the Z-vertex cut are applied. All the kinematic cuts are applied for the
red dots.
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Conclusion

The J-PARC KOTO experiment studies the K; — 7’v decay, which is a sensitive
probe for the direct CP violation in the Standard Model, and also a new physics
beyond the Standard Model. Only two photons from the 7° are observable in this
decay mode. We observe them by using a Csl electromagnetic calorimeter.

The CslI calorimeter measures the energies and incident positions of the two photons.
These are the sole kinematic information obtained in this experiment. The kinematic
selection cuts based on these variables are important to distinguish the signal events
from the background events. Because of the small crystal sizes, the shower shape in-
formation of the incident particles are also obtained with the calorimeter. Background
events with abnormal cluster shapes are suppressed by using the shape information,
in particular, the “fusion” K; — 77° background.

Before my studies described in this thesis, the energy and position resolutions of the
calorimeter in the KOTO experimental condition had not been fully measured yet. As
for the shower shape information, the study was developed based on the Monte Carlo
simulation, but the consistency of the electromagnetic shower shape between the data
and the Monte Carlo had not been checked yet.

I measured these values in the engineering runs conducted in February and June in
2012. T placed a spectrometer which consisted of a magnet and three drift chambers
in upstream of the Csl calorimeter to measure the electrons from the K; — mev
decays. By using the momentum-analyzed electrons as a reference, I measured the
resolutions of the Csl calorimeter, and also studied the shower shapes. This is the first
measurement of the Csl calorimeter performance with the actual CsI calorimeter, and
also the first test using almost the same criteria with the physics run for the clustering,
energy and position corrections in the Csl calorimeter.

The energy resolution was measured as op/E = (0.664+0.52)%®(1.814+0.04)%/+/ E[GeV]
for the small crystals, and (1.71 £ 0.17)% @ (1.31 £ 0.10)%/+/ E[GeV] for the large
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crystals of the calorimeter. The position resolution was measured as ox = (1.99 £
0.23) @ (3.95 £ 0.35)/\/E[GeV] mm for small crystals, and (6.17 £+ 0.18) @ (4.01 £
0.40)/\/E[GeV] mm for the large crystals. These values were consistent with the
Monte Carlo simulation within 1.50, except the energy resolution of the large crystals.
The effect of the difference on the background estimation for the KOTO experiment
was studied and estimated to be negligible. The uncertainties of the measurement are
small enough that they do not change the background estimation.

There were inconsistencies between the data and the Monte Carlo in the distribution of
the variables related to the shower shapes. Due to these inconsistencies, cut efficiencies
for the shape x?2, the number of crystals in the cluster, and the cluster RMS differ by
at most 4 %, 10 ~ 15%, and 5 ~ 9%, respectively, between the data and the Monte
Carlo. I modified the physics models used in the Monte Carlo simulation to improve
the data — Monte Carlo consistency. The differences of the efficiencies became about
a half with the modification.

I simultaneously measured the K; momentum spectrum with the engineering run
data. The spectrum was previously measured in 2010, but that measurement had
large uncertainties and no sensitivity in the > 4 GeV/c range. I derived the spectrum
by analyzing the K; — 777~ decays and the K — 777~ 7" decays. The uncertainties
of the spectrum shape around its peak became 1/2 of the previous measurement. The

spectrum shape in the momentum region > 4 GeV /c was determined for the first time
in KOTO.

These measurements reveals parameters of the KOTO experiment which are basic, but
had not been fully understood before. The results described in this thesis will help to
reduce several uncertainties of the KOTO physics run.



Appendix A

Cuts and Backgrounds of the
KOTO Experiment

The kinematic cuts and the shower shape cuts prepared for the KOTO physics run
are described in Section A.1. The types of backgrounds in the KOTO physics run are
explained in Section A.2.

In this Appendix, I use a standard coordinate system in the KOTO experiment. The
origin is placed at the upstream surface of the “Front Barrel” which is the most
upstream veto counter in the KOTO detector. The z axis is parallel to the K beam
axis. The y axis points vertically up, and the x axis points to the direction for the
system to be right-handed. In this coordinate system, the upstream surface of the Csl
calorimeter is located at z = 6.148 m.

A.1 Selection Cuts

The cut values described in this section are based on the Monte Carlo study, and are
tentative. In the physics run, they will be fine-tuned with the data.

A.1.1 Kinematic Cuts
Cuts For 7°

As described in Section 1.3.2, the following two selection cuts are required to the
reconstructed 7° to identify the K; — 7°v decay occurring inside the KOTO detec-
tor.
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e Pt cut.

The transverse momentum (Pt) of the 7° should be greater than 130 MeV /c and
less than 250 MeV/c. The requirement of lower limit ensures the existence of
neutrino, and rejected backgrounds from the K; — 777~ 7 decays and K —
~vv decays as described in the next section. The upper limit is determined from
the K; — % kinematics whose the maximum Pt is 231 MeV /c.

e /-vertex cut.

The z position of the decay vertex of the 7° should be located within 2-m decay
volume between z=3 m and 5 m, which is illustrated in Fig. 1.6.

In addition, the following cut is required to suppress the background events.
e Pt/Pz cut.

The ratio of the 7° Pt to the z component of the 7° momentum (Pt/Pz) should
satisfy all the three conditions:

Pt/Pz > 0.1
Pt/Pz > 0.05(z[m] —4)+0.1
Pt/Pz < 0.07(z[m] —3)+0.2,

where z represents the z position of the 7% vertex. This cut are designed to sup-
press the CV-n background where the beam neutrons interact with the detector
component and generate 17 mesons. The detail of the 1 background is described
later in Section A.2.2. The cut values were optimized based on the study in the
KEK E391a experiment and are not optimized for the KOTO experiment yet.

Cuts for 2 photons
The two photons measured with the Csl calorimeter are required to be satisfied con-
ditions listed below.

e L, cut.

Energies of both two photons should be greater than 100 MeV to reject hits due
to electrical noises or accidental hits.

e (Calorimeter fiducial cut.
The measured incident position, X and Y, of both photons should satisfy
| X] > 150mm, [Y|> 150mm, v X2+ Y? < 850mm. (A1)

These requirements reduce the amount of energy leaking out of the calorimeter
through its beam hole or the outer edge.
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e Azimuthal angle cut.

The difference of the azimuthal angles of the two photons should be less than
150 degrees. This requirement rejects photons from the K — ~v decay where
the difference of azimuthal angle is nearly 180 degrees.

e F — 0 cut.

The product of the energy and the incident angle of each photon should be less
than 2.5 [GeV-degree]. This requirement suppresses a kind of the K — m%7°
background where two photons from different 7% hit the CsI calorimeter. This
type of the K; — 7%7% background is called “odd-pair” background. The details
of the background will be described in the next section.

e F ratio cut.

The ratio of the smaller energy to the larger energy of the two photons should be
greater than 0.2. This also suppresses the “odd-pair” K; — 7%7° background.

e F-total cut.

The sum of energies of the two photons should be greater than 500 MeV. This re-
quirement rejects 7°’s produced downstream of the CsI calorimeter with photons
traveling back upstream.

A.1.2 Shower Shape Cuts
Shape x?

In the signal events, a cluster should be made from a single electromagnetic shower. To
evaluate a consistency of an observed cluster shape with an assumption of the single
electromagnetic shower, we calculate a quantity called “shape y?” for each cluster in
the calorimeter. The shape x? is defined as

in 27X 27 region 2
1 ei/Eine — 0
2 % inc

, o
(2
where e; represents an energy deposit in the i-th crystal in the cluster, Fj,. is the
measured photon energy defined in Eq. (3.7), and N is the number of crystals used
in the summation.! The range that the sum is calculated, p and o are explained
below.

!The shape x? was originally defined in my master thesis [40]. In that time, the summation range
was 11 x 11 crystals.
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1. The range of the summation

To determine the range, we first calculate the total energy deposit in each row
and each column of crystal arrays. The “center crystal” is then defined as the
crystal at the intersection of the row and column with the maximum energy
deposit. The summation is calculated for all the crystals which are included in
the cluster and located in the 27 x 27 crystal array where the center crystal is
located on the intersection of the 9-th row and the 9-th column of the array. A
schematic view of the summation range is illustrated in Fig. A.1.

2. The p and o

The p and o in Eq. (A.2) represent the mean and RMS of the e;/FE estimated
with Geant4 simulation for photons. These are expressed as functions:

Ho = ,U(Einca einca ¢inca Qrow;s 9eolumns Ly yz)

o = U(Ein07 9inc7 ¢inca Qrows Geolummny Lis yz)a

where 6;,. and ¢;,. are the polar angle and azimuthal angle of the incident
photons which are calculated from the measured cluster position and the 7°
vertex position. The ¢, is defined as

max (B, Eroy)
q’I’O’w = ECt?” 9 (Ag)

Tow

where E¢ " is the total energy deposit in the row which includes the center
crystal, and Ef ~and E  represent those in the two neighboring rows. The
operator “max(A, B)” returns A if A > B, otherwise returns B. The Geopmn
is the similar quantity to ¢,.w, just replacing “row” to “column” in the above
explanation. The x; and y; are the x and y positions of the i-th crystal.

To save a computational resource, the u and o were prepared only for photons
with 0° < ¢ < 45°. The crystal positions were modified with y position
inversion and rotation appropriately so that the azimuthal angle fitted in the

¢inc range.

The x? is designed to be ~1 if the incident particle is a photon. Otherwise it will
have a larger value. By applying a cut on this value, we suppress backgrounds with
an abnormal shower shape, the K; — 7w%7° “fusion” background in particular. In
that background, showers of two photons hitting the Csl calorimeter close to each
other overlapped and look like one cluster. Such fused clusters tend to have the larger
shape x? values. The details of the fusion background will be described in the next
section.

We require the shape x? to be less than 2.5.
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Figure A.1: Schematic view of the center crystal and the range of the summation
used in the shape x? calculation. A 2-dimensional histogram shows an example of
energy deposits in the cluster. Each bin corresponds to a crystal. The 1-dimensional
histograms on the left and bottom show the total energy deposit in each row and each
column, respectively. The star mark represents the center crystal. The range of the
summation corresponds to the square of 0~26 columns x 0~26 rows of the histogram.
The purple lines show the edge of the range.
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Table A.1: The numbers of signal and background events which are expected in 12-
months of data taking with designed beam power. This estimation is quoted from [5].

’ \ source H # expected ‘
signal K; — mvp 2.39 + 0.03
K-decay K — 779 1.32£0.04
backgrounds | K; — 7#t7—7° || 0.11 +0.01
K — mev 0.07 +0.04
neutron NCC-7? 0.05 £ 0.02
backgrounds | CV-r? 0.04 £ 0.04
CV-n 0.01 +0.01

Other shape variables

The number of crystals in the cluster is a convenient quantity to check the size of the
shower. A cluster RMS is defined as

1
RMSclus = \/El Z {61‘ X ((xz - Xclus)2 + (yz - Y;:lus>2> }7 (A4)

%

where Eous, Xeus, and Yy, are an energy, x position, and y position of the cluster
defined in Eq. (3.4), and x; and y; are the x and y position of the i-th crystal in the
cluster. This quantity represents the width of the shower.

Definite cut values are not set for these values, but these are useful to qualify the cluster
shape as an electromagnetic shower. For example, I use the number of the crystals to
distinguish the electron clusters from the clusters made by MIPs in Chapter 5.

A.2 Backgrounds

Two background sources are considered. One is other K decay modes, another is
halo neutrons in the beam. The number of signal events and background events in a
12-month data taking with the design beam power (2 x 10'* protons on target per 3.3
seconds) are estimated as shown in Table A.1. The estimation is based on the Monte
Carlo study assuming that all the veto detector fully functions as their designs. Each
background in the table is explained in the following.
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A.2.1 Kj Decay

In all the K, decays except the K; — 7% and the K; — 77 decays, there are at
least two charged particles or at least two extra photons. Because the KOTO veto
system detects those particles with a high efficiency, only the decays with relatively
large branching ratio (BR) are possible to be background sources. The K — m97°
decay, K; — ntn~ 7% decay, and K; — mev decays are considered to be the main
background sources. The contribution from the K; — 37° decay is estimated to be
negligible. Although the branching ratio is relatively large (BR = 19.52%), the decay
accompanies 4 extra photons in its final state and is vetoed easily. The contribution
from the K — ~~ decay is also expected to be negligible, because there is no missing
transverse momentum in the event and the Pt cut effectively distinguishes this decay
from the K — 7% decay.

1. The K — 7%7% decay.

The K — 7°7° decay (BR = 8.64 x 107%) is expected to be the largest back-
ground source of the KOTO experiment. There are three mechanisms that this
decay becomes the background.

The first one is that the two photons from the same 7% hit the CsI calorimeter
and the other two photons escape detection. This is called “even-pair” back-
ground. In this case, the undetected two photons carried the missing transverse
momentum as if the neutrinos in the K; — 7°v decay. The vertex of the 7° or
the directions of the detected photons are correctly reconstructed. As a result,
neither the kinematic cuts nor the shower shape cuts are effective for the even
background.

The second one is that the two photons from the different 7% hit the CsI
calorimeter and the other two photons escape. This is called “odd-pair” back-
ground. The kinematic cuts are effective for this background because the 7°
should not be reconstructed correctly. The E — 6 cut and the E ratio cut are
effective in particular, as shown in Fig. A.2.

The third type is called “fusion” background where the three of four photons
hit the Csl calorimeter, and two of them are so close to each other that their
electromagnetic showers overlap and mimic one shower. In this case, the veto
efficiency should be lower than other two types because there is only one extra
photon. The fused cluster, however, tends to have a different shower shape from
that of a normal electromagnetic shower. The cuts on shower shape strongly
suppress this background.

Table A.2 shows a Monte Carlo estimation of the numbers of the three back-
grounds in a 12-month data taking with the designed beam power. The odd-
pair background is suppressed by a factor 23 by the kinematic cuts for the two
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Table A.2: The expected numbers of the K; — 7%7% background events in 12-month
data taking with the design beam power (2 x 10'* protons on target per 3.3 seconds
). The acceptance loss due to accidental activities is not included. The estimation for
the signal event is also shown.

’ type H 7% kine. cuts. & veto ‘ # w/ 27 kine. cuts ‘ # w/ shape cuts ‘
even-pair 1.99 +0.09 1.23 +0.07 1.12 +0.07
odd-pair 4.35 £0.72 0.21£0.13 0.20 £0.13
fusion 9.56 £ 0.34 6.75 £ 0.28 0.82 £0.10

| K, — 70 total || 15.92 £ 0.79 819+£031 | 216+017 |

| K — m'vi | 8.07 £ 0.02 | 491+0.01 [ 4544001 |

photons and the fusion background is suppressed by a factor 8 by the shower
shape cuts. The contribution of the even-pair background becomes largest after
applying all the cuts.
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Figure A.2: Kinematics of photons in the signal events (black), the even-pair (red), and
the odd-pair K; — 7%7° backgrounds (green). An energy multiplied by an incident
angle of each photon shown in (a). An energy ratio of the two photons shown in (b).
A vertical dashed line in each plot represents the cut value. All the kinematic cuts
except cuts for quantities drawn here are applied, and neither the veto nor the shower
shape cuts are required.

2. The K; — mr7~7° decay.

The K — mF 7~ 7% decay becomes a background source if the two charged pions
escape detection. Contributions of the events where one of the two pions escapes
through the beam hole is especially dominant, because a detection efficeincy of
a charged veto counter in the beam (“BHCV” in Fig. 1.6), is lower than the
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other veto counters due to the high flux of beam particles. The Pt of the 7 is,
however, kinematically limited to be less than 133 MeV/c, as shown in Fig. A.3.
The Pt cut effectively suppress this background.
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Figure A.3: Transverse momentum of the reconstructed 7° of the signal events (black)
and the K; — nrn~ 7" events (red). Vertical dashed lines show the cut values. All
the kinematic cuts except the 7 Pt cut are applied. Neither the veto nor the shower
shape cuts are applied.

3. The K — mev decay.

The K; — mev decay does not accompany a 7° or two photons. The positron
from this decay, however, often annihilates with electrons in the charged veto
counter located upstream of the Csl calorimeter (“CV” in Fig. 1.6), and converts
to two photons. The 7~ is also possible to convert to two photons via the charge
exchange interaction with a proton in the CV, that is, 7= +p — 7°(— 2v) + n.
If both of these interactions occur at the surface of the CV before depositing
sufficient energies, the charged particles are not detected in our veto system.
If two of the four photons are missed, this decay event becomes a background.
Dominant contributions come from the events as follows [41]. The two photons
from the 7 hit the Csl calorimeter and the low energy photon from the e*
escapes the detection. If the other photon from the et hits close to one of the
two photons from the 7", then their showers overlap and seems as one photon.
A schematic view of the event is shown in Fig. A.4. Because there is a fused
shower, these events are suppressed with the shower shape cuts by a factor 10.
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Figure A.4: Schematic view of the K — mer background.

A.2.2 Beam Halo Neutron

The beam halo neutrons are possible to be a background source if they interact with
a detector component near the beam axis and produce a particle decaying to two
photons.

NCC-7° background

The largest contribution of the halo neutron backgrounds comes from the 7° produc-
tion at “NCC”, which is a photon veto counter located upstream of the decay volume
as illustrated in Fig. 1.6. If the two photons from 7 were not detected in the NCC,
and hit the CsI calorimeter, this event becomes a background. This is called NCC-7°
background. We can strongly reject this background by the Z-vertex cut because the
7% decay vertex is correctly reconstructed at the NCC position if the energies of two
photons from the 7° are correctly measured. Only if the energy of either of the photons
is mis-measured lower than the actual energy due to energy leakage or photonuclear
interaction, the reconstructed vertex shifts downstream and is possible to be inside
the decay volume.

CV-m¥ background

The 7° produced at the CV is also possible to be a background. This is called CV-
7% background. Because the decay vertex is reconstructed at the CV position, this
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background is also suppressed by the Z-vertex cut. In contrast to the NCC-7° back-
ground, the reconstructed vertex is possible to be inside the decay volume if the
energy of either photon from the 7¥ is mis-measured larger than the actual energy.
This mis-measurement occurs when the energies of extra secondary particles, which
are simultaneously produced with the 7°, are added to one of the photon cluster. In
that case, the shape of the cluster is different from a normal photon cluster and the
shower shape cut is therefore effective to reject this background. The contribution of
this background becomes comparable or smaller than the NCC-7® background after
applying the kinematic cuts and the shower shape cuts.

CV-n background

The n produced at the CV is also possible to be a background if it decays to 2 photons
(BR(n — 2v) = 39.3%). This is called CV-n background. The decay vertex is
reconstructed more upstream than the actual vertex, because we assumed that the
invariant mass of the two photons is equal to the 7 mass in the vertex reconstruction
as described in Section 1.3, but the assumption is wrong in this case. The Z-vertex
cut is therefore not effective to this background unlike the NCC-7° or the CV-7°
background. Instead, the shower shape cuts are effective to this background because
the incident angles of the photons are reconstructed much smaller than the actual
angles, and consequently the observed shower shapes are different from the shapes
expected from those incident angles.
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Monte Carlo

[ used a Monte Carlo simulation based on Geant4 to reproduce the data. The result
of the simulation was used in Section 4.3 to derive the momentum resolution and
the position resolution of the spectrometer, in Chapter 7 to estimate the energy and
position fluctuation of electrons due to the materials in the experimental area, and in
Chapter 8 to evaluate the acceptance of the K; — 777~ and K; — ntn 7" decays.
In addition, the Monte Carlo expectations were shown in several plots to check the
consistency with the measured result.

In the simulation, primary particles, K;s and neutrons which are described in Sec-
tion B.1, were generated from Z=-1m. The interactions of the primary particle and
its daughter particles with the materials except for the Csl calorimeter were simulated
based on FTF_BIC package in Geant4. Hits on the drift chambers and hits on the
trigger scintillators were reproduced with a criteria described in Section B.2. As for
the Csl calorimeter, the electromagnetic or hadronic showers in it took long CPU time
to simulate. To save the time, the interactions in the calorimeter were simulated only
for the events where there were at least two hits on the trigger scintillators, and at
least one hit in every wire plane of the drift chambers. The interactions in the Csl
calorimeter were simulated based on Geant4d QGSP_BERT package . The reproduction
of the response of the Csl calorimeter is described in Section B.2. The same analysis
criteria was then applied to the simulation data as the measured data.
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B.1 Primary Particle Generation

B.1.1 Kj

Initial position and direction

The initial position and direction of the primary K was determined with the following
steps, based on the geometry of the production target and the beam-line collimators
which were described in Section 2.1. First we decided a x and y point on the target,
Xigt and Y. The X5 and Yy virtually corresponded to the interaction point of
the proton from the accelerator, and randomly distributed in —9.1 ~ 9.1 mm for X,
and in —1 ~ 1 mm for Y;4 according to the target geometry. The K was assumed
to be produced from that point, and its flight direction was decided at isotropically
random. We then required the K flight trajectory to pass through the entrance of the
collimator which is located 7 m downstream of the target. The size was —7.6 ~ 7.6
mm in x and —12.5 ~ 12.5 mm in y. The X4, Y, and K, flight direction were chosen
repeatedly until this requirement was satisfied, and was adopted as the initial direction
of the primary K. The K trajectory was then extrapolated to 20 m downstream
of the target which corresponded to z=-1m. The position of the trajectory there was
adopted as the initial position of the primary K.

Momentum spectrum

To calculate the acceptance of the K; — m7n~ decays and K; — 777 7" decays in
Chapter 8, the momentum of the primary K distributed uniformly between 0 and 10
GeV/c . Otherwise the momentum spectrum measured in Chapter 8 was used.

Decays

The standard K in Geant4 has only 4 main decay modes: K; — mev, K; — wuv,
K; — 37° and K;, — 77 7% It does not have the K; — w7~ decay channel
which was used to measure the K; momentum spectrum in Chapter 8. Furthermore,
a flat phase space is assumed for the K; — 37° decay and the K — ntn 7% decay
in Geant4. We therefore designed and used custom K decay routines.

+

The decay matrices, M, for the K; — 37° decay and the K; — nt7~ 7" decay were

replaced as [26]

2 2
2 83 — 8o §3 — S0 S2 — S1
M o 14 g=— +h< - ) +k( - ) : (B.1)

Tt
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where s;(i = 0 ~ 3) were defined as

(pK _pi)27 for i = 172737

Si

—~
oS
(\)

~

1
S0 = (mik +mi +mj+m3).

3

—~
w
w

~

Here px and p; are the four-vectors of the K and the i-th pion, respectively. Similarly
my and m; are their masses. The index 3 is allocated for a 7°, and the indexes 1 and
2 are allocated for the other two pions. The g, h and k in Eq. (B.1) were [26]

g =0 )

h = —0.005 (B.5)

k=0 (B.6
for the K; — 37° decay and

g = 0.678 (B.7)

h o= 0.076 (B.8)

ko= 0.0099 (B.9)

for the K;, — wt7 7" decay. The directions and energies of the three pions were
determined according to this |M]2.

We separately prepared the K decaying to only 777~ channel, because this decay
mode has a relatively small branching ratio, BR(K — 77~ ) ~ (1.974+0.01) x 1073,
and it is not efficient to simulate this decay mode simultaneously with the main de-
cay modes. The two daughter pions with the same energies were produced isotrop-
ically in the K rest frame, by using G4PhaseSpaceDecayChannel class prepared in
Geant4.

B.1.2 Neutron

The initial positions, directions and the energies of the primary neutrons were obtained
by an independent Monte Carlo simulation with Geant3 [24]. In the simulation, the
neutrons produced in the target were propagated to the exit of the collimator. The
simulation included interactions with the materials in the beam line such as the col-
limator or the gamma absorber. The position, direction, and energy of each neutron
at the exit of the collimator were stored, and used for the primary neutrons in our
simulation.
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B.2 Detector Response

B.2.1 Trigger Scintillators

Energy deposits in trigger scintillator modules were summed. The sum of deposits
greater than 1.5 MeV was treated as a hit. The timing information was not stored
because the drift length in the drift chambers were reproduced without using it, as
described next.

B.2.2 Drift Cambers

Neither the production nor the drift of ionization electrons in the chamber gas were
simulated. Instead, I stored the passage point of charged particles at each wire plane.
The nearest wire to the passage point was assumed to have a hit, and the drift length
d was calculated as

d = | Xpath — Xuwire| cosOx (B.10)

for x-wire planes, where X, and X,,;,. represent the x position of the passage point
and the hit-wire position, respectively. The 6x denotes the incident angle projected
in x-z plane. A schematic view of drift length reproduction is shown in Fig. B.1. For
y-wire planes, replace x in this explanation with y.

In addition, the drift lengths were fluctuated as
d — d = d+rand(feom) + rand(fint), (B.11)

where f.,,m and f;,; were the probability distributions of fluctuations measured in
Section 4.3.1. The “rand(f)“ means a random value based on a given distribution f.
The rand( f.,m,) was common to all the drift lengths in that event, while the rand( f;,;)
differed for each hit.

B.2.3 CslI Calorimeter

In Geant4 simulation, a particle in a material moves step by step, and an interaction
between a particle and a material is simulated for each step. The step length is deter-
mined according to the cross-sections of interactions implemented in the simulation.
The energy deposit on the material is calculated by each step. We stored the energy
deposit, timing, and position of every step in the Csl calorimeter. An energy deposit
in a Csl crystal, E, was then calculated as

in the Csl

E= Y ¢ (B.12)

%
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° o o sense wire
; ® field wire

Figure B.1: Schematic view of the drift length reproduction in the simulation.

where e; represents an energy deposit of the i-th step in the crystal, and the sum is
calculated for all the steps in the crystal. The index i is assigned in the order of time.
The timing of the crystal, T', was defined as

T=t, (B.13)

where t; represents a timing of the j-th step in the crystal, where the index j satis-
fies

—_

E j

1=0

jf

I
o

%

The real Csl crystals, however, have several sources of the fluctuations in both energy
and timing which were not included in the simulation. To reproduce the response of
the Csl calorimeter as realistically as possible, the energy in Eq. (B.12) and timing in
Eq. (B.13) were modified to include such effects. The sources of fluctuations and the
modifications for them are explained below.

1. Light yield dispersion

The scintillation light yield was different among the Csl crystals. In addition,
the light yield was not uniform along z direction. The relative light yield and the
“nonuniformity” along the z direction of each crystal was measured before the
crystals were installed, by using a 37Cs radioactive source. The PMT output
for 667 keV gamma-rays from 3"Cs was measured for every 2.5-cm step along
the z direction. We defined the relative light yield as

LK:&?CS(Z, IDCsI)
<<L}/137C's(za IDCSI)>Z>CSI

LY,a(z, I Dcgr) = (B.15)
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where LY1s704(2, I Dosr) represents the output of the crystal with a crystal ID=1 D¢y
due to 37Cs placed at z. The (X), means the average of X for all the 2.5-cm
steps along the z direction, while the (X)csr means the average for all the crys-
tals. Figure B.2 shows the distribution of the relative light yield averaged along
the z direction, or (LY, (2, IDcsr)).. The light yield differed by ~20% among
the crystals. We also found that the light yield differed along the z direction, as
shown in Fig. B.3. The difference fell within £10% for most of crystals.

To reproduce this effect in the simulation, Eq. (B.12) was modified as

in the Csl

E= Y e xLYa(z) (B.16)

where z; represent the z position of the i-th interaction, and LY, (z) is the
relative light yield of the crystal at z.
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Figure B.2: The (LY,),: arelative light Figure B.3: Position dependence of

yield of each crystal averaged along the z  light yield of each crystal. The relative

direction. light yields of four crystals (ID=0~4) are
shown as a function of the z position in
the crystal (the PMT surface coressponds
to z=0).

2. A photoelectron fluctuation.

The number of photoelectrons at the PMT should fluctuate according to Poisson
distribution. The typical number of the photoelectrons per MeV, n, ., was mea-
sured using cosmic-rays [4], as n,. = 12.7 [photoelectrons/MeV]. To reproduce
this fluctuation in the simulation, the energy of each crystal, £ in Eq. (B.16),

was modified as
Poisson(E X n,..)

E — ) (B.17)

Np.e.
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where Poisson(z) means a random value according to the Poisson distribution
whose mean value is z.

. The accuracy of the energy calibration.

In the data, the energy in each crystal was calculated from the waveform integral
of the crystal by multiplying the calibration factor. The accuracy of the calibra-
tion factor was measured as 0.669 + 0.016% in Section 5.4. The energy of each
crystal, F, in the simulation was fluctuated according to the normal distribution
whose width was equal to this accuracy.

. The timing resolution of each crystal.

The timing resolution of a crystal was measured in the past beam test [4], as
already shown in Eq. (3.5). The timing of each crystal, 7" in Eq. (B.13), in
the simulation was fluctuated according to the normal distribution whose o was
equal to this resolution.
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Chamber Alignment

The drift chambers were placed so that their wire planes were perpendicular to the
z-axis. Their positions were measured with a LASER marking instrument and a
stainless steel ruler. The accuracy of the measurement was estimated as 0.5 mm
for x and y directions from the width of the LASER maker. The accuracies in the z
direction were estimated as 0.5 mm for the 1st chamber, and 2 mm for the 2nd and
3rd chambers.

A displacement of the measured positions of the drift chambers from the real positions
were estimated by using charged tracks in the data. In this Appendix, I will describe
how the displacements were determined.

C.1 Displacement of Drift Chambers

The center positions of the three drift chambers are denoted as
m =@y m) (i=1,2,3), (C.1)

where ¢ = 1,2, and 3 indicates the 1st, 2nd, and 3rd chamber, respectively. The hit
position on the chamber relative to its center is described as

P = (@, ye,0) (1= 1,2,3). (©2)

If there is no displacement, the hit position on the i-th chamber, 77, is then represented
as

2 = ,';@uire_‘_,':ictr (Cg)

7

= (x,yi,21) (1=1,2,3). (C.4)

&3
I
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The displacement of the chambers are expressed with the rotations around their centers
and the parallel translations . I defined the translation vectors and the rotation matrix
of i-th chamber as

0i = (81 0y 052) (C5)
and
R 0 =0, 0
—0;y  Oia 0

where I assumed 6;,(,,) < 1 and ignored O(#?) terms. A variable with “hat”, like A,
means a matrix.

Considering the displacement, Eq. (C.3) is modified as
7l = (1 + e) Fwire 4 per 4 g, (C.7)
= (zh,y2) (i=1,2,3). (C.8)

Hereafter, I use the prime mark (') for quantities which take the displacement into
account.

Our task is to derive the (i and 91 from the data. These displacement were determined
with reference to the 1st chamber, that is, I assumed the 51 =0 and 6; = 1. The
52, 65 and 05 were derived by using data with straight tracks. The ds, and o3, were
determined by using the K; — 777~ events. The 03, cannot be derived from the data
and I assumed 03, = 0. In the rest of this section, I will explain the details of the
derivation of the ds and 0s.

C.1.1 Translation and Rotation of the 2nd Chamber

The 0, and 05 were determined by using a special run data where the spectrometer
magnet was turned off. In the data, charged tracks should be straight, and the hit
position recorded in the 2nd chamber should lie on the straight line which joined the
hit positions on the 1st and 3rd chambers. Assuming that the 1st and 3rd chamber
have no displacement, the straight track can be reconstructed as

X(2) =8z —2) + 7, (C.9)
where § represents the slope of the track:

S = (fy—1) /(23— 21) (C.10)
= (84,8, 1). (C.11)

The hit position on the 2nd chamber, 7:;2, should be on this track, i.e.:
iy — X () = 0. (C.12)
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We do not know yet the displacement of the 2nd chamber and the 175 is not observable
but 75 is. Replacing 7’5 in Eq. (C.12) with 7%, I defined the observable quantity A,
as

—

AQ = FQ—X(ZQ)
= (A9, Ny, 0). (C.13)

Rewriting Eq. (C.12) to make the A, visible,

ry — X(zé) =0
= (1 + 0}) e | 4§, — ( (22) = 5(22 — Zé))

7y — X (22) + 0o + 8y — & (—a¥ 700y, + YL "0y, + 05
= Ny + o7V 4 5y — § (—a¥"0y, + YL 0s, + 62.)

(C.14)

Each component of the 52 and 92 were observed as the correlation between its coefficient
vector in this equation and the A,. For example, the 6y, was observed as the slope
of a plot of Agy(y) Vs y¥7¢s,(,). Because the coefficient vectors were not independent
each other, I adopted the iteration process to determine the 52 and éQ. First, the 6o,
and &, were determined as the peak position of the Ay, and Ay, shown in Fig. C.1(a),
respectively. The 6, was also derived as the slope of Ay, (Ag,) vs y&¢(—xy™) plot
which is shown in Fig. C.1(b). By taking the derived d2,, d,, and 65, into consideration,
the A, was calculated again, and then the remaining components were determined.
The §5, was derived as the slope of the Ay, (Agy) vs s, (s,) plot which is shown
in Fig. C.1(c). The 6y, was derived from the slopes of the plots of Ay, (Ay,) vs
—Y25; (—Ya28,) which is shown in Fig. C.1(d). Similarly 65, was derived from the
Aoy (Agy) vs —x98, (—x2s,) plot. Furthermore, the A, was iteratively calculated 4
more times, and the 52 and ég were updated in each iteration.

C.1.2 Rotation of the 3rd Chamber

The rotation of the 3rd chamber, 93, was derived by also using the straight-track data.
Events with two tracks were used, which originated dominantly in K decays. Each
of the two tracks could be expressed with hit positions on the 1st and 3rd chamber,
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Figure C.1: Plots to derive the displacement of the 2nd chamber, 5 and 6s. (a) The
Ay, (black) and Ay, (blue) measured in the data. The peak positions were determined
by fitting Gaussian which is shown in a red line. (b) Dependence of the Ay, on the
y@re. (¢) Dependence of the Ay, on the s,. (d) Dependence of the Ay, on the —y4¢s,.
The 605, d3., and 65, were determined from the slopes of (b),(c), and (d), respectively.
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7 and 13, as
X'p(2) = sp(z — z) + 7 (T'=Aor B), (C.15)

where T'= A or B represents a tag of track. The sy represents the slope of the track
and is defined as

Ll

(F@,T . F1T> /(e — 21) (C.16)
= (shpSyp 1) (C.17)

ST

The position difference between the two tracks at a given z is
X)/A(Z) — X’B(Z) = (ST;A — ST;B) (Z — 21) + (FlA — FlB)
(AAB)Zf(Z)) - (AABE’) (2 — 21) + (Aupf) (C.18)

where the notation A 4p@Q means Q4 — @ g for a given quantity ). The | (AABX/(Z)) |

becomes minimum at

Aups') - (AapFy)
< )

Because the two tracks comes from the same vertex, the minimum value should be
Z€T0, i.€.:

(C.19)

:Zl—

Aups ) - (AapF)
( )

= 0. (C.21)

(AABX’(Z;,”-”)) — —(AAB§’> +(Aupm)  (C.20)

Because we do not know the displacement of the 3rd chamber yet, the r’sp is not

man

an observable but 73r is. Consequently, the s'z, z/ . and (A X! (z;nm)> are not

observables. The observable quantities are

s5p = (FST - FlT) /(2’3T - 2’1)7 (0-22)
Zmin = 21 — <AAB§> : (%1243711)’ <CZ3)
(AapS)

and .
(AapS) - (Aapr)

(Aaps)”

(AAB)Z'(ZW)> = — (Aapd) + (Aap). (C.24)
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[ define € as the difference of the ' and the 3, i.e.:

—

€r = 8'p — Sp. (C.25)

The difference of €’s of two tracks can be written as

(Aspé) = €1—€p
(B B+ (Ban) Oy + (Bancd) s + (Aan) 8
(C.26)
where
_ yg)’v%re ST Iéu%re STy yév%re
Co= | —usr sty |, = | 25771y |, C.=| x57° |. (C.27)
0 0 0

The computation process to derive Eq. (C.26) is described in Appendix D.4.1: ”Ver-
bose Calculation”.

Substituting Eq. (C.23), Eq. (C.24) and Eq. (C.25) into Eq. (C.20),
(845X "))~ (DapX (zmin) ) + (min — 21) (Aa)
(A4s5)

_m { (2 (AABX(Zmin)) - (AABfl)) ' (AABa}
(C.28)

The computation process to derive Eq. (C.28) is also described in Appendix D.4.2.
Note that the left-hand side, <AABX)’(z;nm)>, is 0. Substituting Eq. (C.26),

<AABX(me)> - CZ;:QZM + J;;H?)y + d_jzeiiz, (C29)

a = 1
{((AA:;%;)Q- (2 <AABX(Zmin)> - (AABﬁ)) (AapC) — (Zmin — 1) (AABEr)} :
(C.30)

where r = z,y and z. The 6s,,63,, and 65, were thus related to the AAB)?(zmm). I

calculated the inner product of A4 B)? (zmin) and each coefficient vector, d;, d;, and d:
The 03,(,,.) was derived as a slope of a 2-dimensional plot of the inner product versus

]czp(w)\, as shown in Fig. C.2. Because the d;,d;, and d: had correlations between
each other, I determined them with an iterative process. Once estimating the 6s, I
made the 2-dimensional plots again with taking the estimated fs into account, and
the s were updated from the plots. This process was iterated 4 times.
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Figure C.2: Plots to derive the rotation of the 3rd chamber, fs. (a) <AABX (me)) :

C.1.3 Translation of the 3rd Chamber

The K beam direction was measured with a beam profile monitor [42] before the runs
started. The direction of the K beam was also reconstructed with the spectrometer
by using the K; — 7 7~ decays, although that direction depends on the translation
of the 3rd chamber 53 I determined the x and y translation of the 3rd chamber d3, and
d3y so that the K direction reconstructed with the spectrometer became consistent
with the direction measured with the monitor.

After the 52, 92, and ég were determined, I did the tracking process described in
Section 4.1 and reconstructed the two charged particle events. I described the total
momentum of the two charged particles as p, and the vector from the production
target to the vertex of the two tracks as V. If 63 = 0, and the events came from the
K; — wt7~ decay, the p should be equal to the K; momentum, and be parallel to
the 17, i.€:

r

Dz

=0, (C.31)

S =<

where p, and V, are the z-components of p'and V. If 53 #+ 0, the momentum direction
of K, was observed to be different from the real direction. As a result, Eq. (C.31) was
modified to be . .

v &

D= V. 23 — 21

Figure C.3(a) and (b) show the measured p,/p, — V,/V, and p,/p, — V,,/V.. A sharp
peak was considered to come from the K; — wtn~ decays. The peak position was

(C.32)
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Table C.1: Estimation of the chamber displacement.

(translation)
| chamber || 0 [mm] | d,[mm] | 6.[mm] |
1st 0+£0.5 0+£0.5 0+0.5
2nd 0.1956 £ 0.0009 | —1.2398 £ 0.0006 | 0.522 £ 0.011
3rd 0.558 £ 0.047 —0.526 £ 0.086 0£2
(rotation)
| chamber || 0, [mrad] | 0, [mrad] | 0.[mrad] |
1st 0+1 0+0.7 0+0.7
2nd 1.349 £ 0.075 | 1.031 £0.033 | 0.670 £ 0.004
3rd —4.67£0.82 0.78 £0.63 | 0.513 £0.010

determined by fitting a double-Gaussian as also shown in the figures. Consequently,
d3, and 03, were determined from Eq. (C.32).
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Figure C.3: Components of the left-hand side of Eq. (C.32) observed in the data.
The x and y component is shown in (a) and (b), respectively. The peaks in the plots
were considered to originate from the K; — wtn~ decays, and their position were
determined by fitting double-Gaussians shown in red lines.

C.1.4 Accuracy

The estimated values of the ds and fs are shown in Table C.1. The 51, él, and 03, were
assumed to be 0, and their errors are the uncertainties of the measurement with the
ruler and the LASER marking instrument. The errors of 3, and ds, are the errors of
fitting which were described in Section C.1.3 and are shown in Fig. C.3. To estimate
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errors of the 52, 92, and é3, I divided the data into 6 subsets. The derivation of those
values were executed for each subset, and the RMS of the 6 results was adopted as the

error of the value.



Appendix D

Verbose Calculation

D.1 Calculation in Chapter4

D.1.1 Double Integral in Eq. (4.6)

As described in Section 4.1.3, I used the tracking method based on [31,32]. In this
method, the track path was represented by the function in Eq. (4.6) as,

1 z VA
Poan(2) = n(0) + T (0)2 4 / dz / dz pe’ ()
0 0

1 zZ zZ
ypath(z) = ypath(o) —i—y;ath(O)z—l—;/dz/dz pygath(z)- (D.1)
0 0

In this section, I will describe how we can estimate the double integrals in the equa-
tions, without knowing the exact form of xpan(2) and Ypatn(2).

From the equation of motion of a charged particle with a mass m in magnetic field

—

B = (B,, By, B,),

d2$path dypath dz 1
= B, ——B — D.2
dt? ( dt it v) " m (D-2)
*Ypatn dz dxpain 1
ah - (=g, - =t p - D.3
dt? dt di " (D-3)
d*z d path AYpath 1
g B, — 2B, —. D.4
dt? ( dt Y dt . (D-4)
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The z7,,;, can be rewritten using time derivatives as

dx ath
Tan = g
. dmpath dt
N dt dz
AT parn Az
= #’f /7 (D.5)
Similarly,
dy ath dz
y]/mth = Z;tt E (D-G)
The z,,, can be rewritten as
d21’ ath
‘rgath = d§2
o idxpath
 dz dz
o idxpath %
odz dt ' d,
_ d_Z - d_Zd2xpath B dxpath@ ' (D?)
dt dt  dt? dt  dt?
By inserting Egs. (D.2), (D.4), and (D.6) into Eq. (D.7),
! —1 dz - / / / /
Lpath = M % (ypathBZ - (1 + xpath) By + xpathypathB$) : (DS)
The momentum p can be expressed as
_ dxpath 2 dypa,th 2 dZ 2
b m(( dt)+( a ) T\
dz 2 2
= () + o) + 1) (D.9)

With Eq. (D.8) and Eq. (D.9), the pz},,,, which is the function to be integrated in
Eq. (D.1), can be written as

px;;ath = ((x;)ath)Q + (y;mth)2 + 1) (y;athBZ - (1 + x;ath) By, + x/pathy;:mthBl") . (D.10)

The slopes, z,,,;, and y,,,1,, in the right-hand side of this equation are unknown, but we
can roughly estimate them by interpolating the hit positions on the three chambers
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with a cubic-spline curve. I evaluated the slopes and the magnetic field on every
20-mm intervals on the spline curve, and calculated the px7,, on each interval. An
interpolation with a cubic-spline curve was then taken for the px; ,;, values. Reminding
a cubic-spline curve is just a set of N polynomial functions of the third order where
N is the number of intervals, we can calculate its double integral analytically without
any numerical calculation. We thus can estimate the double integral in Eq. (4.6). This
estimation was a rough approximation. After once executing the fitting as described
in Section 4.1.3, however, we can calculate the pz},,, on each interval more precisely
with using the fitted track path. Iterating the fitting 6 times, the estimation of the

double integral was well converged.

D.1.2 Minimization of x? Defined in Eq. (4.7)

We do not need any numerical calculation to minimize the x? defined in Eq. (4.7).
This saves a computing time for tracking, which is an advantage of this tracking
method.

Substituting Eq. (4.6), Eq. (4.7) is rewritten as

2
O4i

x wire plane _ 2
> i (X — @parn (0) — 20,,(0)Z; — p~ 1D (Z;))

%
2

(D.11)

y wire plane (}/z - ypath(o) - yl,;)ath<0)Zi T p_lDy(Zz))
+ Z op |

where D,(z) and D, (%) represent the double integrals appeared in Eq. (4.6). The free

parameters are Zpaen(0), 2h01,(0), Ypatn(0), Yhan(0), and p~'. Partial differentials of
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the x? by those parameters are

X wire plane

%ﬁ(o) - ; _10,5: 2 (Xi — Tpatn(0) — xgath(O)Zi — plex(Zi))

% - Wireilane #372 (X = 2pan(0) = 2,1, (0)Z; — ™' Da(Z:))

(91/2)::(0) - y Wiri:flane _105: : (Vi — yparn(0) — 4100 (0)Z; — p~' Dy (Z;))
gp%i - X Wirezplane %52;2 (X = 2pan(0) = 23,0, (0)Z; — ™' Da(Z1))

i
y wire plane

—-D, x 2 -
FY 2R ) - 027 D(2)

(D.12)

It should be noted that the right-hand sides of all of these equations are the linear
combination of the parameters. When the y? becomes minimum, all the partial differ-
entials should be zero. The parameter set which minimizes the x? are then determined
as the solution of these 5 simultaneous equations. Because all of them are linear equa-
tions, we can solve them by using Gaussian elimination. Thus the x? is minimized
without any numerical calculation.

D.2 Calculation in Chapter 7

D.2.1 Error of the E Resolution of the Calorimeter

The energy resolution and position resolution of the Csl calorimeter derived in Chap-
ter 7 were expressed with the same functional form, as

b2 D3

f(E)=p @ BV S E[GeV]’

(D.13)

except that the ps is fixed to zero for the position resolution. The parameters were
determined by fitting this equation to the data. The error of f can be written with
covariance matrix elements, cov;;, which were calculated in the fitting process, and
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partial derivatives df/Jp; as

of(E) = ZZ of 8—fcovij (D.14)

where, i, 7 = 1,2,3. The diagonal elements of the covariance matrix, covy;, are defined
as square of errors of parameters. Each partial derivatives are analytically calculated
as

o _m

o = (D.15)
of - P2

Ops  fE[GeV] (D-16)
o _ __ P (D.17)

Ops  fE2[GeV?]’

D.3 Calculation in Chapter 8

D.3.1 Error of the Function of Momentum Spectrum

The momentum spectrum f(pg,) was represented with the function in Eq. (8.7),

as
(pKL [GGV] B :u)2
—A-exp| — , D.18
f(pk,) p ( 2 (0o ) ) (D.18)
where o is a function of pg, , defined as
o(pk,) = a(l = (b+ cpr, [GeV]) - (pk, [GeV] — 1)) . (D.19)

The error of the function was calculated as

5 5
o= ZZ of a—fcovij, (D.20)

where p;s (i = 1 ~ 5) correspond to 5 parameters of f(pg, ), that is, A, u,a,b, and ¢,
respectively. The cov;; is a covariance matrix which was derived in the fitting process,
and its diagonal elements, cov;, is the square of the fitting error of the i-th parameter.



D.4. CALCULATION IN APPEDIX C 199

The partial derivatives are calculated as

of _ f

9A — A

of _ plpwlGeVi—p | (piy[GeV] - )’ b+ cpi, [GeV]

o o? o? 1 — (b+ epk, [GeV]) (pk, [GeV] — 1)
o pelGeV] -

da ac?

of _ [ (b [GeV] - p)” p— i, [GeV]

ob 02 1 — (b+ epk, [GeV]) (pk, [GeV] — p)

of (k. [GeV] — p)*  pi,[GeV] (1 — pr, [GeV])

o 7 ( T (bt o, [GoV]) (i, [GoV] - m) 21

D.4 Calculation in Appedix C

D.4.1 Derivation of Eq. (C.26)
Substituting Eq. (C.7) into Eq. (C.16), the S'r is written as

- Trlsr—Tir
sr = ————

Z3r T A1

03757 + 03 + T3r — Tir

(é:;f%u%re + (5;;) + zZ3 — 21

-1

) zwire Iy éSFE),Uji“re + éTE’)
_ <§T+ 93T3T _'_53) (1+ ( )z , (D22)

Z3 — 21 23 — 21

where the notation (Q), means a z component of a given vector . Because (égf}f}m + §3> <
z

z3 — 21, the s’ can be approximated as

~ - ) ~wire <
. 2] Swire 5 (93T3T + 53)
S,T ~ (gT + - 3—713T i 3) (]_ — z
zZ3 — 21 Z3 — 21

~ . - ) ~wire Iy
. egféu%re + 53 . <93’I“3T + 53)
ST + — —5 zZ.

T
23 — 21 23— 2

~

(D.23)
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where T ignored O((6/(z3 — 21))*) term. Substituting Eq. (D.23) into the definition of
€ in Eq. (C.25),

— 1 2 ;i < = ) ire <
g = {037?’3"12’“6 4oy — (03% + 53> }
Z3 — 21 z
1

Z3 — 21

(AABa = {é3 (AAB%UiTE) - (AABg) 532 - 0390 (AABgyguire) + ng (AAnggjire)} .

(D.24)

I defined ¢, ¢, and ¢, as Eq. (D.4.1), i.e.:

s e s, e
wire = wire = wire

CTy = _y3T STy ) CTy == x3T STy , Cry = I?,T

0 0 0

Then,

(Aapyy"™) = (Aapls), (Aapsay™) = (Aapd,), 05 (AapTy"¢) = (Aapc.) 0.
(D.25)

Substituting Eq. (D.25) into Eq. (D.24), we obtained Eq. (C.26), i.e.:

1

23 — 21

(A4p€) = {(A4apCy) O3, + (Aapcy) O3y + (AapCs.) O3, + (AapS) 03 }

D.4.2 Derivation of Eq. (C.28)
Substituting Eq. (C.25) into Eq. (C.20),

(AapS+ AupE) - (AapT)
(Aup5+ Aupé)’
(AapS+ Aape) - (AapTh)

2 (Aap) (Bapd)
(Aap5) (1—1—2%)

(24X (i) = = (Bans+ Aagd)

+ (Aapm)

~ — (AABg—i- AABE) + (AABFI) )
(D.26)

where a value with €2 is ignored. Because the € is minute, the denominator in this
equation can be approximated as

(1 1 olBand): (?QABa)l 1 plBanS) (Basd) (D.27)
(Aag3) (AaBS)
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Using this approximation and ignoring the term with €2, Eq. (D.26) becomes

(AapS+ Aype) 2 (AapTr) <1 B Q(AABg) : (AQABg))
(Aag3) (A4BS)

<AABX’(Z§m~n)> ~ —(As5+ Aape)

+ (AapT1)

(AaBS) - (AapTh)
(Aap3)?
(AapS) - (Aupr1) E (AaBE) - (AapTr)
(AAB§)2 (AapS) (AABg)Q
(AagS3) - (AapT1) (AagE) - (AapS)

(Aap3)° (Aaps)?

~ —(AagS) + (Aaprh)

— (Aag€)

+2 (A4pd) (D.28)

Substituting Eq. (C.23) and Eq. (C.24), we obtained Eq. (C.28), i.e.:
(845X (1)) = (Ba5X (zin)) + (D) (min — 1)

(A4p5)
(Aups)°

{(2 (AABX' (zmm)) _ (AABﬁ)) - (AABa} .
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