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Abstract

Cosmic-rays are the nuclei originating from outside the Earth, incident on the high altitude at-
mosphere. Since their discovery of cosmic-rays in 1910s, their characteristics have been studied
from various aspects of astrophysics and particle physics: the original source and mechanism
of their acceleration in the galaxy, components of the incoming cosmic-rays, and the relation
between hadronic interaction and secondary productions in the atmosphere. Cosmic-rays can
be classi ed into two categories: primary and secondary cosmic-rays. Secondary cosmic-rays
are produced via the interactions of primary cosmic particles with air nuclei at the frontier
of the atmosphere. The interaction products, pions, and kaons composing the showers of sec-
ondary cosmic-rays mostly decay into penetrating components, muons, and neutrinos which
reaching under the Earth’s surface. These observable particles carry the history of the cascade
production of secondaries directly and enable probing the mechanism of secondary production.
The muon charge ratio, de ned as the ratio of the number of positive to negative charge atmo-
spheric muons, is one of the important parameters to understand the hadronic interactions. It
re ects the production ratio of charged pions and kaons and composition of cosmic primaries.
Moreover, since neutrinos are produced in association with muons, the behavior of the muon
charge ratio strongly relates to the energy distributions of atmospheric neutrinos. Thus, the
muon charge ratio is necessary for the studies of secondary production and an improved calcu-
lation of the atmospheric neutrino uxes. The muon charge ratio has been widely measured in
several experiments on surface and underground in diverse energy ranges. In the previous mea-
surements by CMS [1] and OPERA [2] below and above 1 TeV/c, respectively, the charge ratio
was approximately constant at R( "= )  1.27 in the momentum range of 10 300 GeV/c
and increased above this range [3], [4]. In this thesis, the measurement of the muon charge ratio
with the minimum surface muon energy of 1.3 TeV in Super-Kamiokande detector is presented.
Super-Kamiokande is a large water Cherenkov detector located in the Kamioka mine, Gifu
Prefecture, Japan at a depth of 1,000 m (2,700 m of water equivalent (m.w.e.)). The muon
charge increased from a TeV energy region and the precise measurement helped investigate the
e ect of kaon contribution.

At rst, the production of cosmic-ray muons and the muon charge ratio are introduced in Chap-
ter 1. Chapter 2 provides the fundamental information of Super-Kamiokande detector with its
detection principle via Cherenkov radiation and data acquisition system. The method of event
reconstruction for muons and decay electrons used in the analysis is explained in Chapter 3.
Chapter 4 describes the simulation of muons and decay electrons including detector structure
for a detailed understanding of the detector response and for the determination of the selec-
tion criteria. The evaluation and optimization of selection cuts for the control sample and the
distribution of selected muon decay events are shown in Chapter 5. Chapter 6 reports the
measurement of the charge ratio and the discussion of results. Finally the summary is provided
in Chapter 7.

Keywords: Cosmic-ray muons; Muon decay; Charge ratio



Acknowledgement

I would rst like to express my gratitude and appreciation for my research supervisor Koshio-
san for his enormous support. He allowed me to join the Super-Kamiokande group and made
my research life a wonderful time. He actively provided me the opportunity to join the meetings
on-site and connected me with other researchers to proceed with my research project smoothly.
Without his precious support, it was impossible to conduct my research. Further, | would like
to acknowledge my co-supervisor, Nakano-san from B4, for his valuable guidance throughout
my research. He provided me with the methods and tips to lead me in the right direction. His
suggestions and feedback brought my thoughts to a higher level. | would also like to appreciate
inviting me to the restaurant after the conference. In addition, I would like to appreciate the
support from the members of Kobe University. During my stay at Kobe, | was given a valuable
opinion about the simulation from Kurashige-san as a developer. He taught me the details of
the simulation tools and the surrounding physics for my further understanding. | would also like
to express my gratitude to an OB of the particle group at Kobe University, Shiozawa-san. My
research base consists of his tremendous works, and without this support, the research has never
been accomplished. | would also thank all the members of Kobe university who helped with my
research. Moreover, | would like to thank the laboratory members. The discussions with Hino-
san of specially appointed researcher, Harada-san of D2, Sakai-san of D1, and conversation with
Nakanishi-san of M1, Tano-kun of B4, Tada-kun of B4, Shiraishi-kun of B4, and supports from
Yamamoto-san of a secretary were very helpful and made my research life ful lling. Finally, |
would like to thank my family for their kind support.



Table of Contents

Abstract
Acknowledgment
Table of Contents
List of Figures
List of Tables

1 Introduction

1.1 Cosmic-ray MUONS . . . v v v v e e e e e e e e e e e e e e e e

1.2 Primary and secondary cosmic-rays

1.2.1 Primary interaction in the atmosphere . . . .. .. .. ... ... ....

1.2.2 Production of secondary particles
1.2.3 Production of atmospheric muons

1.3 Muon Spectrum . . . . . .. e e e e e
1.4 Muonchargeratio . . . .. . . . . . . . . e e e

1.5 Fraction of atmospheric neutrinos

1.6 Previous cosmic-ray muon charge ratio measurements . . . . . .. ... .. ...

2 Super-Kamiokande detector

2.1 Overview of Super-Kamiokande detector

2.2 Detector structure . . . . . . . ... e

2.2.1 Inner detector and outer detector

2.2.2 20-inch Photo Multiplier Tube (PMT) . . .. .. ... ... .. .....
2.2.3 Helmholtzcoils . . .. ... ... . .. .. .
2.3 Detection principle . . . . . . . e e

2.4 Water and air circulation system
2.4.1 Water puri cation system

2.4.2 Airpuri cationsystem . . . .. ...

2.5 Data acquisition system in SK-IV

251 QBEE . . . . . e
2.5.2 Software trigger . . . . . . . . e e

3 Event reconstruction

3.1 Reconstruction of muon . . . . . . . . . ... e
3.1.1 Cleaning Cuts . . . . . . . . e e e
3.1.2 Entrypoint . . . . .. e e



3.1.3 Direction reconstruction . . . . . . . . . ..o 27

3.1.4 Eventclassication . .. ... ... ... ... ... .. e 29
3.2 Reconstruction of decay electron . . . . . . ... ... ... ... . . .. 31
3.2.1 Vertexreconstruction . . . . . . . . .. 31
3.2.2 Direction reconstruction . . . . . . . . ... e 32
3.2.3 Energy reconstruction . . . . . . . .. ... e 33
Muon and decay electron simulation 37
4.1 SKdetector simulation . . . . . . . . ... e 37
4.2 Muonsimulation . . . . ... e e e 37
4.2.1 Generating MUONS . . . . . . o v v i i i e e e e e e e e 38
4.3 Decay electron simulation . . . . . . . . ... .. e 39
Event selection 45
5.1 Datasetofcontrolsamples. . . ... .. .. . .. .. ... 45
5.2 Selectioncriteria . . . . . . .. e e e 46
5.2.1 Selection for stopping muon . . . . . ... Lo a7
5.2.2 Selection for decay electron . . . . .. .. ... ... ... . ... 48
5.3 Selected samples . . . . . . . e e e 51
5.3.1 Stopping muon candidates . . . . . . ... .o 51
5.3.2 Decay electron candidates . . . .. .. ... ... . o0 55
Results and discussion 62
6.1 Calculationofchargeratio . . . . . . .. ... .. ... ... 62
6.2 Results . . . . . . . . e e e 64
6.3 DISCUSSION . . . . . . e e e e 64
Summary 69



List

11
1.2

1.3

1.4

15

2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9
2.10
2.11
2.12
2.13
2.14
2.15

3.1
3.2

3.3
3.4

3.5
3.6

of Figures

Overview of cosmic-ray production. . . . . . . . . .. ... ... ... ..., 2
Energy spectrum of cosmic-rays. The equivalent lab energies of particle acceler-
ator experiments are indicated on the energy axis[5]. . . .. ... ... ..... 3
Comparison between the calculation of high muon energy ux and the measured
data. In the high energy region E " 1 GeV), the e ects of decay and
energy loss are negligible| Eog). However, muon energy loss and decay
become important below 200 GeV [5]. . . .. .. ... ... .. o o0 7
Fraction of atmospheric muons and muon neutrinos from pions and kaons decay.
Solid lines represent for vertical and dashed lines for the zenith angle §8]. . . 9
The prvious measurements of the muon charge ratio as a function of the vertical
muon momentum with a t of K model (see Chapter6) [1]. . . . . . ... ... 10
Schematic view of the SK detector [11]. . . . . . . .. ... ... ... ...... 12
Schematic view of the PMT support structure [11]. . . . .. ... .. ... ... 14
Topology of the muon decay event and neutrino event in SKtank. . . . . . ... 15
Construction of a PMT (The PMT shown above is the type of Head-on) [14]. . . 15
20-inch ID PMT [11]. . . . . . . o o e e e e e e 16
Quantum e ciency of the ID PMT as a function of wavelength [11]. . . . . . .. 17
Distribution of 1 p.e. pulse height of ID PMT with 410 nm wavelength light [11]. 17

Distribution of relative transit time of ID PMT with 410 nm wavelength light [11]. 18
Schematic view of acrylicand a FRP cases [15]. . . .. .. ... .. .. .. ... 18
Schematic view of Helmholtz coils surrounding the SK tank [15]. . . . . . . . .. 19
Formation of Cherenkov radiation. . . . . . ... .. ... ... .. ....... 19
Schematic view of the water puri cation system [15]. . .. ... ... ... ... 22
Schematic view of the air circulation system [11]. . ... ... .. ... .. ... 23
Block diagram of the QTC and its peripheral devices [19]. . . . .. ... .. .. 23
Timing chart for the QTC operation. The gradation of color indicates the inte-

grated charge of PMT signals [19].. . . . . . . . . . . . .. . .. . ... ..... 24
Four types of cosmic-ray muon events observed at the SK detector. . . .. ... 27
Distribution of two parameters, GOF andF..,e used in Muboy in assessing qual-
ityofthe t.. . . . . . . . e 30
The histogram of &/d X distribution for the track length determination of Stop-

ping muons [21]. The stopping point is determined at25m. . . ... ... ... 31
Probability density function of the residual timet,s; obtained from LINAC

calibration. The peaks around 40 nsec and 110 nsec are the PMT late-pulses [23]. 32

Vertex resolution as a function of true electron kinetic energy in SK-IV [23]. . . 33
Energy dependence of the angular likelihood function used in direction recon-
struction [15]. . . . . . . . e e 34



3.7
3.8

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

The ; and ; coordinates for thei th hit PMT[15]. . ... ... ... .. ... 36
The distribution of photo-cathode coverage functios(; ): for PMTs on the
barrel of the tank (left) and for PMTs on top and bottom of the tank (right) [24]. 36

Mountain Ikenoyama topographical map in 50 m grid. The color represents the
magnitude of the altitude and the black point is the location of SK detector [29]. 38
Schematic of vertical cylindrical detector of SK with coordinate system. is

de ned to be the zenith angle and is the azimuthal angle. The slant depth

denotes the traverse distance by muon in the rock between entering position of

the mountain at the speci c altitude (m) to the center position of the detetctor

located at the certain depth underground, 330 m from sea level [30]. . . . . . .. 39
Cosmic muon energy spectrum at three underground experiment site [26]. The
average muon energy at SK i€ =271 2 GeV. Muon energy spectrum for

E 20GeVisalmost at. . . . . . .. ... 40
Muon ux as a function of zenith and azimuthal angle at SK depth and location
calculated with MUSIC. . . . . . . . . . . . . .. . e 41

Energy distribution of injected muons (left) and its survival probability de ned
as the ratio of injected muons to stopping muons per 0.5 GeV bin (right). The
minimum muon energy is set at least 0.1 GeV at the generated point of frame

of ID to travel inward the ID tank. . . . . . .. .. ... ... ... ... ... 41
Generated muon energy and the Z coordinate of its reconstructed decay electrons
INMC. . . e 42

Zenith angle distribution of generated muons in MC calculated from [31]. The
angular integration covers the entire hemisphere. Blue line and red line represent
injected and reconstructed muons, respectively. . . . ... ... ... ... ... 42
The true decay curve of stopped muons observed in MC. The tting range is red

solid line and the expected distribution after tting the function is red dashed
= 43
The kinetic energy distribution of decay electrons from positive stopping muons

in MC. The true energy distribution is red solid line and reconstructed energy
distribution is black solid line. Events are required to be positioned more than

200 cm away from the ID wall in the SK detector (Fiducial volume cut). . ... 43

4.10 Vertex distribution of reconstructed decay electrons in MC. Here, the ducial

5.1

5.2
5.3

5.4
5.5

5.6

volume cutis applied. . . . . . . . . e 44

Typical ring pattern of a stopping muon in the SK detector (ID and OD). The
gradation of the color in each point represents the amount of charge observed in

a PMT. e 46
Typical ring pattern of a decay electron in the SK detector (ID). The gradation

of the color in each point represents the amount of charge observed in a PMT. . 46
The ow chart of -e decay event selection for SK-IV data analysis. . . . .. .. a7
Total charge of stopping muons in the control sample. . . . . .. ... ... ... 48
Zenith angle distribution of stopping muons in the control sample. is de ned as

the zenith angle, where cos = +1 correspond to vertically downward direction

and cos = 1 to vertically upward direction. Almost all stopping muons are
coming from the top side of the SK tank toward the bottom. . . . . .. ... .. 49
Vertex distribution of reconstructed decay electrons in the data. Muon reduction

cuts, ducial volume cut, and time di erence cut for decay electrons are applied. 51

Vi



5.7 Distributions of the quality of tting parameters used for decay electrons in the

data (black line) and MC (red line). Muon reduction cuts, ducial volume cut,

and time dierence cutare applied. . . . .. ... ... .. ... ... ... ... 52
5.8 Distributions of reconstructed energy (left) andNs, (right) of decay electrons in

the data (black line) and MC (red line). Muon reduction cuts, ducial volume

cut, and time dierence cut are applied. . . ... .. ... .. .. ... ... 53
5.9 Distribution of distance between reconstructed stopped position of stopping

muon and vertex of decay electrons in data (black line) and MC (red line).

Muon and decay electron reduction cuts are applied. . . .. ... ... .. ... 53
5.10 The fraction of muon events per 10 cm distance bin to the total events (left) and

its detecting e ciency (right) as function of distance in MC. The reduction cuts

described in above for both muons and decay electrons are applied. . . ... .. 54
5.11 Schematic view of the prompt signal and delayed signal in the time window. . . 54
5.12 Distribution of decay electron energy and muon lifetime in the data after applying

ducial volume cut. . . . . . . . . e 55
5.13 Enter position of stopping muon in the SK tank for X-Y (left) and R-Z (right)

coordinates inthedata. . . ... ... ... .. ... ... 56
5.14 Intensity of stopping muons arriving at SK detector as a function of azimuthal

and zenith angle in the data. =0 and =90 corresponds to east and north,

respectively. . . . . . L e e e e e e 57
5.15 Azimuthal and zenith angle distribution of stopping muons in the data. . . . . . 57
5.16 Distribution of Muboy goodness for stopping muon in the data (black line) and

MC (red line). Almost all muon events are distributed around 0.6. . . . . . . .. 58
5.17 Distribution of track length for stopping muons inthe data. . .. .. ... ... 58

5.18 The relationship between track length and total deposit charge (left) and the

distribution of total charge divided by track length (right) for stopping muons

in the data. The constant of proportionality is approximately 25 p.e per unit cm. 59
5.19 Vertex distribution of selected reconstructed decay electrons in the data. . ... 60
5.20 The decay curve of stopped muons observed in sample data. The tting range

is red solid line and the expected distribution after tting the function is red

dashed line. . . . . . . . . e 61

6.1 Schematic of the muonic atom. A negative muon takes an atomic orbit (K shell)
and creates an excited nucleus. The negative muon follows either process, free
muon decay in orbit of nuclear muon capture. . . . . .. .. ..., 62
6.2 The decay curve of stopped muons observed each year from 2008 to 2018. The
solid red line was obtained by tting a function Eq. (6.5). The e ective live time
and tting results (number of positive and negative muons with the charge ratio,
2=d:o:f) are listed inthe legend. . . .. .. .. ... ... ... . ... . .... 66
6.3 Fitting results of decay curve with 2 (red) probability, d:o:f (green), ( ?=d:o:f)
100 (blue) (left) and the event rate of decay electron [event/day] (right) obtained
from positive (red) and negative (blue) stopped muons in SK-IV period. . . . . . 67
6.4 Yearly time variation of the charge ratio of 1.3 TeV cosmic-ray muons from 2008
to 2018 together with the result from the Kamiokande-Il. The blue band area
shows the average of muon charge ratio in SK-1V period and green band is the
result from Kamiokande-I1 [10]. . . . . . . . . . .. . .. .. .. 68

vii



List of Tables

2.1
2.2

2.3
2.4

3.1

3.2

6.1

Experimental phases of SK. The live times are the duration of the observation
after removing bad/calibrationruns. . . . . ... ... ... ... . L. 13
The property of 20-inch PMT. . . . . . . . . . . . ... . . 16
Energy threshold of Cherenkov radiation for various particles in pure water. . . 20
Summary of trigger threshold of hit PMTs within a 200 nsec windowNq) in
SK-IVanditstime width. . . . . . . .. .. . ... .. 25
Number of hit PMTs (Ny;;) and the corresponding limit on the PMT charge of

all selected ID PMTs in Muboy t. . . ... ... . .. ... ... .. . ..... 28
Lower limits on the number of nearest neighbord\(esr) corresponding to the
number of PMTs selected after the rst cleaningcut. . . . ... ......... 28
The results ofN,., N and the charge ratioR( "= ). In this study, only
statistical uncertainty is considered. . . . . . . .. ... ... . 0o L. 67

viii



Chapter 1

Introduction

1.1 Cosmic-ray muons

Cosmic-rays are relativistic high-energy particles entering the Earth's atmosphere, with some
reaching the Earth's surface. Cosmic-rays can be divided into primary cosmic-ray and secondary
cosmic-ray. Primary cosmic-rays have an energy region expanding from a few MeV té°16V,
composed of various ionized nuclei, such as protons (90%) and alpha particles (9%). Primary
cosmic-rays produce several particles through various reactions between atmospheric nuclei
while propagating the atmosphere. The particles generated in this process are called secondary
cosmic-rays. These are mostly produced via hadron interactions generating hadrons, such
as pions and kaons in most cases. Conversely, some secondary particles decay into cosmic-
ray muons and neutrinos. The overview of cosmic-ray production can be seen in Figure 1.1.
Regarding the production of muons, kaons, and pions decay into as described into the following
process:

! + () ( 100%)

K 1 ( ) ( 635%) (1)

+

Here, parent pions and kaons mostly decay as following process via the weak interaction:

e+ (et () (1.2)

However, cosmic-ray muons are less likely to interact with matter, and their relativistic e ects

extend their lifetime, allowing them to reach deep underground. In the Earth's atmosphere,

the muon decay length becomes larger than its typical production height (15 km) aboveE
2.5 GeV.

1.2 Primary and secondary cosmic-rays

The primary cosim-rays have been measured in several experiments over the energy range
from a few GeV to above 1% eV. The di erential energy spectrum of the cosmic-ray can be
expressed as:

dN

—_ =] 2
dE I NoE [1=m~ s srGeV] (2.3)



Figure 1.1. Overview of cosmic-ray production.

where N is the number of nucleonsNy is the constant, E is total energy of nucleon, is the

di erential spectral index set as +1, and is the integral spectral index. Figure 1.2
shows the energy spectrum of primary cosmic-ray of various particles obtained by both the
direct measurements above the atmosphere and indirect measurements from the air shower
experiments. Here, the parameter changes according to the energy between 10 GeV and
10 eV and set as 2.7. The determination of spectral index is signi cant in examining the
components of cosmic primaries, and further understanding the interaction mechanism of high
energy particles in the atmosphere.

1.2.1 Primary interaction in the atmosphere

The diusion equation of particles in the atmosphere is developed to demonstrate the air
shower production depending on the type of particles. The di usion equation of the primary
particles (nucleon) in the atmosphere can be described as follows:

Z
dNw(E;X) - Nn(EX) | 1FNN(E_E(§NN(E°,X)dE°_

dX n(E) E n(E) E°
where Ny (E; X )dE is the number of nucleons at a slant depttX in the atmosphere with
the energy rangeE E + dE, y(E) is the mean free path of nucleons in atmosphere, and

Fnn (E; E9 is the cross section for nucleon-nucleon interaction between an incident nucleon of
energy E°and outgoing nucleon of energf. Here, Fyy (E;E9 is de ned as:

(1.4)



Figure 1.2: Energy spectrum of cosmic-rays. The equivalent lab energies of particle accelerator
experiments are indicated on the energy axis [5].

E d nw (E; Ecb .
WEY  dE
where K,‘ﬁ' is the total inelastic nucleon-nucleon cross sectiod, vy (E; E9 is the cross section
for a nucleon of energyE°to produce a nucleon with energye in nucleon-nucleon interaction.

The solution of Eqg. (1.4) is obtained by applying Eqg. (1.3) as the boundary condition. For
nucleons, the solution is given as:

Fun (E;E9 = (1.5)

N(E:X)= Cexp( X=) E *; (1.6)

whereC is a constant, and is the attenuation length (g=cm?) of nucleon.

1.2.2 Production of secondary particles

The cascade of various hadrons can be expressed as the set of coupled di usions in principle.
Analytic solutions for the di usion equations provide the detail and speci ¢ information of
particle ux and energies of secondary particles.

Considering only pions and kaons as the secondary patrticles, the di usion equation of pions
can be expressed as the sum of two components, and  as follows:

. Z 1 — . . —
dN (E;X) _ 1,1 4 (E:X)+ N (E=x_;X)F (E ;E _xL)dx2L
dX d 0 (E=xp) X (1.7)
NN (E=x; X)Fy (E E =x)dx. '
0 N (E=x0) x¢



wherex, is E=E°, is the interaction length of pions in air, andd is the decay mean free
path of pions de ned as:

i _ m C2h0 : (18)

d Ec X cos EX cos
Here,m and is the mass and lifetime of a pion, respectivelyy, is the scale height ( 6.5
km), and cis the speed of light. The rst term of Eq. (1.7) represents the decrease in pions via
interaction and decay in the atmosphere, the second term represents the regeneration of pions
and the third term indicates the production of pions via nucleon-nucleon interaction.
For E , the contribution of Eq. (1.8) can be neglected. Then, the solution of Eq. (1.7) is

obtained by applying the boundary conditionN (E; 0) = 0 as follows:

N (E;X) = NN(E;O)lz“ZNN SEp( X= ) ep(X= W) (L9)

where, the attenuation lengths is given as:

1z (1.10)
N

N1 Zw

The pion ux in Eq. (1.9) reaches the maximum atX 140 gcm? (15 km) and then,
decreases according to the attenuation length [5]. Hergyy is the spectrum-weighted moment
for a nucleon to produce another nucleon de ned as:

Z,
ZnN (x1) Fan (xL)dx: (1.11)
0

For =1, Z-moment represents the average ratio of the energy between the incident and out-
going particles in a nucleon-nucleon interaction. Due to the steep primary comic-ray spectrum,
for > 1, the contribution of x, to the Z-moment becomes smallx¢ ! 0). However, if
X, is large enough, the outgoing particle carries the most energy of incident particle. In this
case, the uxes only depend on the particles generated in the forward region of the interaction
frame.

1.2.3 Production of atmospheric muons

Muons are produced in the atmosphere at a high altitude and carry the original information

of early shower production. A relatively long time of 2.2 sec and a small cross section of the
medium render muons detectable at the Earth's surface. Muons are produced by the decay
of unstable secondary particles, including pions and kaons, and charmed particles. The main
decay processes producing muons are shown in Eq. (1.1). In addition to the decay modes of
Eq. (1.1), high energy muons can be produced by the decay of charmed mesdds;D?).
Here, for unstable particles, the two major processes, namely nuclear interactions, and decay
processes, become competing while propagating through the atmosphere. These processes
rely on the particle lifetime and the cross section of the atmosphere depending on its density.
Charmed particles have a small production cross section in the nucleon-nucleon interaction,
which becomes important in over 10 TeV energy region due to the relatively short lifetime of
charmed mesons and hadrons. Hence, as the secondary particles, pions and kaons can mainly

4



be considered as the primary particles to produce muons. The energy limit of the muon and
neutrino from two-body decay in the lab frame is given as:

m2
E e E E; (muons)
m2 (1.12)
E (neutrinos)

0 E 1

M2 ;
whereM is the mass of a parent meson, artd is the energy of a decaying meson in the lab frame.
For the numerical calculation of the ! + () decay process, comparing the masses
between the parent pions and muons, the latter has a su ciently large mass, carrying most
energy. Therefore, the energy fraction of decay products to the pion are given,l&s i=E =

0:79 andhE i=E = 0:21, respectively, indicating that the contribution of pions to neutrino is
constrained to that of muons. However, the corresponding kaon decay, numbers are given as
hE i=Ex = 0:52 andhE i=Ex = 0:48, respectively. Since the mass of kaon is much larger than
that of muon, the contribution of kaons to neutrinos becomes signi cant in the high energy
region (TeV and above) and further understanding of kaon production becomes important for
the precise calculation of atmospheric neutrino uxes.

Here, the muon production spectrum from the parent meson (pions or kaons) is given as
follows:

X % Ena dNy(E;E

P (E;X)= i

Di(E% X)dE® (1.13)

i E min
where dN; (E; E9=dE is the muon spectrum produced by particles with energy E E,, and
Emax are the minimum and maximum energies of parent mesons producing muoBs(E® X ) is
the spectrum of the parent mesons with energl ° at the slant depth X . Assuming the parent
mesons are pions, the functio® is given as follows:

D (E;X)= ( E;X): (1.14)

EX cos

The production spectrum of muons from both components, pions and kaons, is obtained by
taking two forms of Eq. (1.13) as follows:

ZE=r
N (E;X)dE
P (E;X)= B LA Sl
(E:X) Xcos(1 r) g E E (1.15)
, 0635« Z e =ne Nk (E; X ) dE '
Xcos (1l rg) g E E’

wherer . m2=M ?K , and M .« is the mass of either parent meson, pions or kaons.

1.3 Muon spectrum

The muon energy spectrum at the slant deptlX o is obtained by calculating the e ects of energy
loss and decay while propagating in the atmosphere. According to Eq. (1.8), the decay rate of
muons is given as:



dN

dX _ EX cos N (E:XD); (1.16)
where X is the slant depth along the travel direction of the muon with energye, and is
the zenith angle. The muon energy loss in the atmosphere is given @&=dX = ;n

2 MeV=g=cm?. Hence, the muon energ)E at the vertical atmospheric depthX, can be
expressed as:

whereEq is the muon energy at the slant depthX . The survival probability P of muon with
energyE and zenith angle at the observation levelX, from the original location at the slant
depth X is calculated by integrating Eq. (1.16) as follows:

X cos E =(E cos + am Xo)
P(E ; ;X;X o) = 1.18
( 0) Xo E + am(Xo=cos X) . ( )
Muon intensity at the observation depth in the energy region foE < , is given as:
Z Xo=cC0s
I (E)= P (Eog; X) P(E ; ;X; X g)dX: (1.19)
0
Numerical approximation values for the muon energy spectrum is provided as:
8 9
2:7 % E
dN 0:14E = 1 0:054
+ : (1.20)
dE cmzsecereV§ L11E 111E 3
-1+ +

() k()

where () =115 GeV=cos , and ¢ ( ) =850 GeV=cos . Here, the contribution from charm
particle and heavier particles are not considered though their contributions are signi cantly
high in the very high energy region. The measured muon energy ux at the sea level together
with the approximation of high energy muon ux from the calculations are shown in Figure 1.3.

1.4 Muon charge ratio

The muon charge ratio is the ratio of the positive to negative charge atmospheric muons.
The measurement of muon charge ratio can provide a detailed information on the high energy
hadronic interaction in the atmosphere and components of cosmic primaries. The muon charge
directly re ects mechanisms of the production of multiple hadrons, such pions and kaons in the
atmosphere and contribute to the determination of spectral index in the high energy region.
However, since the data regarding the production of multiple hadrons in the accelerator are
limited to the high energy region, the theoretical understanding of the hadronic interaction is
still insu cient. For these reasons, the muon charge ratio at sea level has been studied and the
measurements have been performed in wide energy ranges. For the theoretical understanding
of the muon charge ratio, a simpli ed model assuming the primary spectrum only consisting of
protons is considered [6]. In the model, the pion production wherein all partilces decaying into
muons is considered (except kaon). Further illustration of the production of secondary particles
is further discussed in [6].



Figure 1.3: Comparison between the calculation of high muon energy ux and the measured
data. In the high energy region E ' 1 GeV), the e ects of decay and energy loss are
negligible E Eog). However, muon energy loss and decay become important below 200
GeV [5].

The cross sections of pions in a proton-proton interaction using Eq. (1.5) can be expressed as
follows:

E d, (E;Ep)

g

whereE, and E are the energies of the primary proton and secondary pion in the laboratory
frame, and I‘D”pe' is the total inelastic proton-proton cross section. Applying the hypothesis of the
energy spectrum of Eq. (1.3) for primary patrticles, the pion energy spectrum can be expressed
as:

Fo (E Ep)= (1.21)

(E )= dN (E ) _ (const)Z !

- dE  E E

De ning x. = E =E and applying the same analogy as the spectrum-weighted moments from
Eq. (1.11), EqQ. (1.22) can be simpli ed expressed as:

E (*YF, (E ;Ep)dE: (1.22)

(E )=(conshE (*VZ, ; (1.23)

whereZ, is de ned as:
Z 1
Z, = (x) Py (x)dx.: (1.24)
0
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Consequently, the muon charge ratidR can be obtained as follows:
(E)_Zp-.

(E) Zp
The remarkable features in this model are described as follows:

R

(1.25)

" Only pions contribute to the muon production. R is independent of the muon energy.

A

R > 1. As the primary particles consist mainly of protons, * are more likely to be
produced than

R depends on the of the primary spectrum.

" R depends only on the projectile particle, not the target. Forward moving fragments
with x > O contribute to Z,, , , and F, + (x > 0) relies on the projectile particle.

The numerical estimate for the charge ratio is derived by including the proton and neutron
components as cosmic primaries.

Considering only muons produced from the decay of pions, the muon charge ratio can be
expressed as follows:

1+ AB _ f .
"1 B 1 f.’
where o (po Nho)=(po + No) is the fraction of proton excess to the total particles (proton
and nucleon) at the top of the atmosphere, ané and B are, described as:

R (1.26)

pr T 4p
0 2 7 (1.27)

1 Zpp+ Zpn)'

respectively, andf - =(1+ (AB)=2 is the fraction parameter of positive muons to the decay
of charged pions. The contribution fromK to the muon charge ratio must also be considered.
More K* is generated thanK in the process,p + air ! + K7* + anything, which is
dicult for K production. K can only be produced with an additional baryon and a strange
particle creating a di erence in theZ-moment between the pions 4, + = Z, ) and kaons (

Z ok + Znk Zyk ). The behavior of the charge ratio depends on the relative production
ratio of kaons to pions. The contribution of kaons gradually increases as compared to that of
pions at the critical energy range for pionse > =cos . Thus, the kaon production can

a ect the muon charge ratio especially at a higher energy range.

1.5 Fraction of atmospheric neutrinos

The improved contribution of kaon to the atmospheric neutrino production becomes consider-
ably important as the energy increases. As described in the previous section, the fractional kaon
production becomes signi cant aboveD (10%) GeV to a few TeV energy range corresponding to

<E cos < . Neutrinos from kaon decay carry almost half the energy of kaons, and this
fraction is much large than that of pions, as mentioned in Section 1.2.3. Figure 1.4 shows the
fraction of muons and neutrinos from the pion and kaon decays, respectively.

8



Figure 1.4: Fraction of atmospheric muons and muon neutrinos from pions and kaons decay.
Solid lines represent for vertical and dashed lines for the zenith angle g6].

1.6 Previous cosmic-ray muon charge ratio measurements

The measurements of the muon charge ratio have been performed in various experiments, as
shown in Figure 1.5. The previous results of the charge ratio are obtained in the wide energy
range from GeV to TeV. From previous measurements by Compact Muon Solenoid (CMS),
L3+C below 1 TeV/c and Utah, MINOS, OPERA above 1 TeV/c, the charge ratio is approxi-
mately constantat R( = ) 1.27 in the momentum range of 10 300 GeV/c and increases

in the higher momentum region. The increase in the charge ratio in the TeV energy region
is considered a contribution from kaon decay to muon production, as explained in previous
sections. Here, the overview of the past experiments is expressed below:

" CMS experiment [1]

CMS is one of the detectors installed at the Large Hadron Collider at CERN. The main
physics target is searching for new signal in proton{proton collisions; however, it is ex-
tensively used to measure cosmic-ray muons. At the detector center, the magnetic eld
is parallel to the central axis (along the beam direction) of the solenoid. The muon mo-
mentum is reconstructed by measuring the muon trajectory curvature. CMS collected
data in two cosmic-ray runs in 2006 and 2008, and performed most precise measurement
of the charge ratio in the momentum region below:B TeV=c

L3 + C experiment [7]

The precise muon magnetic spectrometer of the L3 detector is located at the LEP collider
at CERN. The L3 inner detector is surrounded by the scintillator array, magnet, and
drift chamber. After passing through the rock overburden, muons are measured by the
scintillator and then, the direction is bended while traveling the drift chamber. The track
position is measured in the drift chamber, and its momentum is obtained by determining
its track radius. The absolute muon ux between 20 and 3,000 GeV is measured using
the data collected between 1999 and 2000 for zenith angles ranging fromt@®58 .

Utah experiment [8]
The Utah cosmic-ray muon detector is located underground the Masatch Mountains at



Figure 1.5: The prvious measurements of the muon charge ratio as a function of the vertical
muon momentum with a t of K model (see Chapter 6) [1].

Park City, Utah. The detector consists of cylindrical spark counter arrays lled with argon
and ethylene, and water Cherenkov counter triggering the incoming muons and vertical
ion magnets with a magnetic eld about 16 kG. The muon trajectory is determined from
the discharge of a cylindrical spark counter. Muons were collected for 765 days with
energies between about 1 and 7.5 TeV at the zenith angle from 40 80 .

" MINOS experiment  [9]
The MINOS far detector is a steel-scintillator and tracking calorimeter located at a depth
of 2070 m.w.e. in the Soudan Underground Laboratory northern Minnesota, originally
designed for the study of neutrino oscillations with the NuMI beam (Fermilab). Muon
momentum is measured by magnetizing the steel with a toroidal eld (about 1.3 T)
along the detector's beam direction. MINOS recorded data between August 1, 2003 and
February 28, 2006 with surface muon energies from 1 to 7 TeV.

" OPERA experiment [2]

The OPERA is a hybrid experiment with electronic detectors and nuclear emulsions,
located underground at the Gran Sasso Laboratory in Italy at an average depth of 3,800
m.w.e. A dipolar iron magnet is instrumented with resistive plate chambers, and its
magnetic eld vertically transverses along the beam axis. The charge and momentum are
determined via a similar method in other experiments using its magnetic spectrometer.
The muon data corresponding to live time of 113.4 days during 2008 were collected for
the measurement of the charge ratio with the energy range of about 890 GeV to 7 TeV
as a function of vertical surface energy.

Kamiokande-IlI experiment [10]
The Kamiokande-Il (KAMIOKA Nucleon Decay Experiment) is a water Cherenkov de-
tector located 1,000 m underground (2,700 m.w.e) in the Kamioka mine and is the pre-
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decessor of the Super-Kamiokande experiment. It was designed to discover the proton
decays and extensively used as it is for a neutrino detector. The operation period stared
in 1984 and ended in 1995. The muon charge ration was measured for 978 e ective days
from January 1987 to April 1990 with the sea-level momentum of.4 TeV=c and found

to be 137 0:06(stat) 0:01(syst).
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Chapter 2

Super-Kamiokande detector

2.1 Overview of Super-Kamiokande detector

Super-Kamiokande (SK) is the water Cherenkov detector located 1,000 m underground (2,700
m.w.e) in the Kamioka mine in Japan [11]. The detector consists of a cylindrical stainless
steel tank. The tank contains 50 kilotons of ultra pure water. Since the detector is located
deep underground, cosmic ray muons with energy over 1.3 TeV can penetrate the surrounding
rocks (2,700 m.w.e) and reach the detector. The fourth phase of the SK experiment (SK-1V)
began in September 2008 with the new electronics and data acquisition systems [12] (details
are given in Section 2.5). The upgrade of electronic systems has enlarged the time window of
event trigger and contributed to the high detection e ciency of the delayed signal of primary
event. Experimental phases of SK are summarized in Table 2.1.

Figure 2.1. Schematic view of the SK detector [11].
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Table 2.1: Experimental phases of SK. The live times are the duration of the observation after
removing bad/calibration runs.

Phase SK-I SK-II SK-III SK-IV SK-V SK-VI'*
Start April 1996 October 2002  July 2006  September 2008 January 2019 July 2020
End July 2001  October 2005 August 2008 May 2018 July 2020  Running
Live time [days] 1496 791 548 2970 379 -
ID PMTs 11,146 5182 11129 11129 11129 11129
OD PMTs 1,885 1885 1885 1885 1885 1885
PMT coverage [%] 40 19 40 40 40 40

2.2 Detector structure

2.2.1 Inner detector and outer detector

The structure of the SK detector consists of two regions, the inner detector (ID) and the outer
detector (OD) as shown in Figure 2.1. Between the ID and OD, there is a stainless steel support
structure about 60 cm wide to accommodate the PMTs, as shown in Figure 2.2. The ID consists
of a cylindrical stainless steel tank, 33.8 m in diameter and 36.2 m in height. The ID is lled
with 32.5 kton of ultra pure water and installed with 11,129 20-inch ID PMTs facing inward
from the wall surface (inside the super module). In the SK-IV phase, 20-inch ID PMTs cover
40% of the surface area of the ID tank. The space between the ID PMTs is covered with a
black sheet to reduce the unnecessary photon re ection.

The ID tank is surrounded by the OD tank with a thickness of 2.05 m on the upper and lower
sides and 2.2 m on the lateral side. Approximately 17.5 kton of ultra pure water is contained
in the OD tank and 1,885 8-inch PMTs are installed outwards on the tank wall (outside the
super module). The OD wall is covered with white re ective sheet called the Tyvek sheet, used
to prevent light from entering the ID tank. The main purpose of the OD is to identify the
cosmic ray muons and to prevent the low energy gamma rays and neutrons, produced in the
surrounding rocks from entering the ID.

The typical neutrino events react with the nuclei in the ID to generate charged particles emitting
Cherenkov light without ringing OD. Conversely, charged particles, such as cosmic ray muons
entering the SK, emit Cherenkov light while traveling through the water, which is detectable
in both OD and ID. Therefore, neutrino and cosmic ray muon events can be distinguished by
applying the signal information of OD and ID, as shown in Figure 2.3.

2.2.2 20-inch Photo Multiplier Tube (PMT)

Principle of PMT

To detect the Cherenkov light in water, a highly sensitive optical sensor is required. A PMT is an
optical sensor using the mechanism of photoelectric e ect to amplify weak light and converting
it into an electrical current (Figure 2.4). The operation principle of PMT is described as follows:

" Photons in a speci ¢ wavelength region passing through the PMT's glass surface emit a
number of electrons according to their energies on photocathode due to the photoelectric

1Gadolinium sulfate dissolved in the ultra pure water [13].
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Figure 2.2. Schematic view of the PMT support structure [11].

e ect.

Photoelectrons are accelerated and converged by the focusing electrode and later ampli ed
by the dynodes to produce multiple secondary electrons. Here, the inside of PMT is
in a vacuum to improve the collection e ciency of photoelectrons and prevent internal
discharge.

Photoelectrons are accelerated by the electric eld in the electron multiplier, and ampli ed
by the subsequent dynode to create additional secondary electrons.

" The ampli ed secondary electrons are removed as a signal from the anode.

20-inch PMT

The 20-inch PMT used in the ID tank of SK is a type of Hamamatsu R3600, which is the type
of spherical PMT and about 50 cm in diameter, as shown in Figure 2.5. The property of 20-inch
PMT is listed in Table 2.2. The photocathode of the PMT is made of bialkali (Sb-K-Cs) and
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Figure 2.3: Topology of the muon decay event and neutrino event in SK tank.

Figure 2.4: Construction of a PMT (The PMT shown above is the type of Head-on) [14].

its sensitive wavelength region spans from 280 to 660 nm. The wavelength dependence of the
guantum e ciency is the most sensitive around 360 nm, as shown in Figure 2.6. Figure 2.7
shows that the transit time distributed about 2.2 nsec (1 resolution) for single photoelec-
tron (p.e.) and the one 1 p.e. distribution of the ID PMT with a wavelength of 410 nm light

Is shown in Figure 2.8.
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