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Abstract

Upward-going muons produced in the surrounding rock by high energy atmospheric neu-
trinos have been measured for using the large underground water Cherenkov detector,
Super-Kamiokande. During about 1250days data was studied. The experimental upward-
going muon flux was obtained. The expected upward-going muon flux was estimated by
analytical calculation and Monte Carlo method, respectively.

The v, — v; vacuum oscillation is considered as the most probable process. The v, — v,
oscillation hypothesis with sin?20 > 0.65,1.9 x 1072 < Am? < 7.2 x 1073 is consistent
with the observed zenith angle shape at 90% confidence level.

The observed atmospheric v, /v, ratio was measured and the expected ratio was esti-
mated by analytical calculation. The ratio of observed to expected was 0.2970355 (stat.) +
0.04(syst.) obtained.
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Chapter 1

Introduction

1.1 Neutrino oscillation

The neutrino is one of leptons that are classified into three types, electron, muon and tau
type. Each type has its own anti-particle. Neutrinos have no charge and are thought to
have zero mass in the standard model. However, there are essentially unsolved problems
in neutrino masses. If neutrinos are indeed massive, then neutrino oscillation may be ob-
served. The oscillation probability, for which one neutrino changes its flavor into another
depends on the mass-squared difference of the two neutrino mass eigenstates(Am?) and
the mixing angle parameter(6).

We give a brief review of the neutrino oscillations. The observed neutrinos, |v,) and
|v;), are flavor eigenstates and the massive neutrinos, |v;) and |vs), are the mass eigen-
states, respectively. The relation between the flavor eigenstates and the mass eigenstates
with the transformation matrix, U, is written by,

v v cosf  sinf v
l=ul 7| = ' (1.1)
v, Vo —sinf cosfd Vo

where 6 is the mixing angle in vacuum. Time evolution of a state v(t) is written as,

igvi(t) = Ejvi(t) (7 =1,2), (1.2)
where E; is the energy of v;, j is the index of mass eigenstates. The neutrino wave

function is written as,

v(t) | _ [ exp(—iEat) 0 v1(0) ’ (1.3)
va(t) 0 exp(—iEat) | \ v2(0)

where v1(0) and 15(0) are the mass eigenstates at T'= 0 and v4(t) and v,(t) are at T = t.
Eq. 1.3 is rewritten using Eq. 1.1 as,
vu(t) exp(—iFEht) 0 1(0)

=U Ut , (1.4)
v(t) 0 exp(—iEst) v2(0)
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The probability that a neutrino v, remains to be v, is written as,

2

LB 0 1
Py, — 1)) = (1 0>U p(—iEt) Ut (1.5)
0 exp(—iFat) 0

= ‘eXp(—iE1t>C0829 + exp(—z’EQt)siHQH‘ : (1.6)

If neutrino mass is sufficiently smaller than their momentum, the following approximation

can be applied,
2

m=
E; ~ —L 1.7
J p + 2p7 ( )
where m; is the mass of neutrino v; and p is the momentum of v,. Finally, the survival

probability can be written as:

L
P(v, — v,) = 1 — sin*20sin? <7TL—> (1.8)

v

where Am? = m2 —m?(eV?), and L(km), L, are the path length and oscillation length
of neutrino, respectively. L, is defined as,

Dv
L, = 2.48(k 1.
S(lm) x 22 (19)

where p, is neutrino momentum in GeV.



Chapter 2

Atmospheric neutrino

In this chapter, we report atmospheric neutrino and one detected by Super-Kamiokande
detector.

2.1 Atmospheric neutrino production

The cosmic-ray incident on the atmosphere consists of protons and nuclei. High energy
cosmic-ray interacts with the atmosphere whose major components are oxygen and ni-
trogen, and some kinds of mesons are generated at the altitude of about 10km hight in
the atmosphere. These mesons produce eventually some neutrinos which are called as the
atmospheric neutrinos. The mesons decay as follows,

T = uF v
pE = eF Ve(Ve) V(1)
K= = = ()
— v
— 70 et Ve (Ve)
K} — ()
— gt et Ve (Ve)

Because of rapidly decay of kaons, the kaon decay is important in the higher energy
region.

The uncertainty in the calculation of atmospheric neutrino flux is estimated to be
about 20%, due to the uncertainties in the flux of the primary cosmic-ray and hadronic

interactions.

2.2 Atmospheric neutrino in Super-Kamiokande

The atmospheric neutrino generated in the atmosphere propagates to the detector in
the earth and interacts with water in the detector or rock out of the detector, then

10
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electrons, muons and pions are produced by charged current interaction or neutral current
interaction. The contained event is detected as Cherenkov light by these muons and pions.
Atmospheric neutrinos detected by Super-Kamiokande can be categorized as follows,

e Contained event
A contained event is categorized by event topology and also reflects parent neutrino
energy as follows,

1. Fully contained event
The interaction point of the neutrino is inside the detector, and the generated
particle stops within the fiducial volume of the detector. The neutrino grouped
into this category has about 1 GeV energy.

2. Partially contained event
The interaction point of the neutrino is inside the detector, and generated
particle goes out of the detector. The neutrino grouped into this category has
about b~ 10GeV energy.

e Upward-going muon event
Atmospheric neutrinos generated on the opposite side of the earth can propagate
through it and interact with rock surrounding the detector. If the interaction re-
gion is within about 5km, the muons generated by charged current interaction may
penetrate the rock to the detector. Muons induced by such neutrinos are observed
having upward-going direction(Fig. 2.1).
The upward-going event is categorized by detecting topology as follows,

1. Upward through-going muon event
The muon events which come from underneath the detector generated in the
rock. The muon goes through the whole detector. Fig.2.2 is a typical upward
through-going muon event.

2. Upward stopping muon event
The muon events which come from underneath the detector generated in the
rock. The muon crosses the detector partially and stops in the detector. Fig.2.3
is a typical upward stopping muon event.

2.3 Upward-going muon in Super-Kamiokande

Almost all downward-going muons are cosmic-ray muons which are generated directly
in the atmosphere. Downward-going muons penetrate into the detector but cannot be
distinguished muons induced from neutrinos. Therefore, we select only muons going
upward. Electron neutrinos also interact with rock and upward going electrons can be
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generated. However, they produce showers in the rock and the track length is too short
to reach at the detector.

The average energy of the parent neutrino for these events is about 10GeV for upward
stopping muons and 100GeV for upward through-going muons. The energy distributions
for stopping muons, through-going muons and sum of them are shown in Fig.2.4. Ac-
cording to the figure, the energy region of parent neutrinos for stopping muons is about
1.6GeV to 100GeV. For through-going muons, it is a few GeV to over 10TeV.

Super- Kamiokande
Earth

upward-going p

P
He

Figure 2.1: Schematic view of upward going muon event
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Figure 2.3: The typical event for upward stopping muon event

If neutrinos actually oscillate, the observed upward-going muon flux will deviate from
expectation and Am? and mixing angle will not be zero. Since the survival probability
depends on neutrino energy E, and path length L, because the flux of muon neutrinos in
the energy region from a few GeV up to over 10TeV can be searched, upward-going muon
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Parent Neutrino Energy Distribution (muon track length > 7m)
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Figure 2.4: Energy distribution of parent neutrino for upward muons. All upward muons
mean sum of stopping muon and through-going muon.

is suitable for oscillation study. As a consequence of oscillations, the flux of upward-going
muons should be affected both in the absolute number of events and in the shape of the
zenith angle distribution, with relatively fewer observed events near the vertical than near
the horizontal. This is due to the longer path length of neutrinos from production point
to their observation point.



Chapter 3

Super-Kamiokande detector

The major themes of this detector are experiments on nucleon decay and on neutrino
detection. Super-Kamiokande is located a depth of 2700meters water equivalent in the
Kamioka Observatory in Japan, near the Kamiokande. The schematic view of Super-
Kamiokande is shown in Fig.3.1. Super-Kamiokande is a cylindrical 50 kton water
Cherenkov image detector. It started running in April 1996.

Since the detector is located deep under ground, the cosmic-ray muon background is
reduced. The intensity of cosmic-ray muons at the surface of the earth is about 10°m=2y .
In the Kamioka mine, the intensity is reduced to 10~°. The lowest energy of cosmic-ray
muons detected by Super-Kamiokande is about 1.3TeV. The atmospheric muon rate at
Super-Kamiokande is about 2.2Hz. The properties of the Super-Kamiokande are given

briefly shown in Table 3.1. Especially important characteristics are as follows,

1. Due to its large volume, it is suitable for nucleon decay experiment and neutrino

detection experiment.
2. A charged particle’s vertex position, direction, and momentum can be reconstructed
3. A charged particles e, 1, m can be identified.

4. Tt was good energy resolution with 40% photosensitive coverage of large diameter
PMTs.

5. Since the optical separation between the inner and outer detectors is almost com-
plete, the detector can separate between neutral particles coming from outside of
the tank and charged particles generated by interaction inside the tank.

3.1 Water Cherenkov image counter

The Super-Kamiokande is a ring-imaging water Cherenkov detector. The detector detects
Cherenkov photons emitted in water by charged particles. When the velocity of the

15
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Super-Kamiokande remark
Total size 42mh x 39mo
Total volume 50,000t

Number of PMTs

11,146( 50cme)
1,885(20cma)

inner-detector

outer-detector

Photosensitive coverage 40%
Timing resolution for PMT 3nsec at 1 photo-electron
Energy resolution 2.6% / VE e(E(GeV))
2.5% (< 1GeV)
16% / VE e ( < 20MeV)
Vertex resolution 50cm e (10MeV)
~ 10cm p — etn®
Angular resolution 28° e (10MeV)
~1° through going
Trigger threshold energy 4 ~ 5MeV
Analytical threshold energy 5MeV
e/ separation 99% 0.03 < p. < 1.33GeV/c

0.2 < p, < 1.5GeV/c

Table 3.1: Specification and performance of the Super-Kamiokande detector
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Figure 3.1: Schematic view of Super-Kamiokande

charged particle 3 exceed the speed of light in the de-electric medium, a charged particle
emits Cherenkov photons. If n is the refraction index of the medium, then

np>1,8=v/c (3.1)

Cherenkov photons are emitted forward like a circular cone with a half opening angle 6
to the direction of motion of the particle(3.2). The opening angle 6 is related to n, 3 as
follows,

1
cost) = e (3.2)

In this experiment the medium is water(n = 1.33) and the emitted Cherenkov light
is detected by PMTs. The critical energy of each charged particle for Cherenkov light
emission is shown in Table 3.2
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Particle | Critical energy(MeV)
et 0.766
pu* 157.4
¥t 207.9
K* 735.5

Table 3.2: Critical energy for Cherenkov light emission in water

The maximum emission angle of Cherenkov light is about 42° at # = 1. The number
of photons emitted per unit path length per wave length is,

2N 1 1
=2 7%0(1 — —
Joay — 22l n252>)\2

(3.3)

path length
wave length of Cherenkov light
number of photon

fine structure constant(1/137)

N S = > '

Charge of particle

Cherenkov ring
Figure 3.2: Cone of Cherenkov light

3.2 Detector components

The tank of the Super-Kamiokande detector is 41.4m in height and 39.3m in diameter
and the cavity is coated with about 50cm thick concrete and is covered with 8mm thick
stainless steel water-tightly. This tank is filled with 50,000m? ultra pure water.
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The PMTs are located on the stainless structure(Fig.3.3), 11146 PMTs in the inner-
detector and 1885 PMTs in the outer-detector. The size of PMT is 50cm in diameter
in the inner-detector and 20cm in the outer-detector. Inner-detector and outer-detector
are optically separated by black sheet(Fig.3.3). The inner-detector is used for particle
detection while the outer-detector vetoes incoming events from outside of the detector.
The high voltage supply and the data acquisition system are located on the top of the
detector.

Black sheet

Barrel

20" PMT

Figure 3.3: The structure of the frame for PMTs

3.3 PMTs

The PMT was developed by HAMAMATSU Photonics Company for the Super-Kamiokande
experiment(Fig.3.4). As described earlier, two types of PMTs which differ in diameter
are installed in the inner and outer detectors.

e Inner 20-inch ¢ PMT
The photo-multiplier tubes in Super-Kamiokande are improved version of the PMTs
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Figure 3.4: 20inch PMT

in Kamiokande which were also developed by HAMAMATSU Photonics CO. LTD.
With several improvements in the dinode shape and the bleeder chain were carried
out, we obtained good timing and energy resolution. Timing resolution is improved
from 3nsec in Kamiokande to 2nsec (Fig. 3.5). These improvements affect many

low energy event analysis and we obtain even better energy and vertex resolution.

The quantum efficiency and the spectrum of Cherenkov light are shown in Fig.3.6.
At the peak of the Cherenkov light(A = 390nm) quantum efficiency is 22%.
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Fig. 3.7 shows a typical pulse height distribution for 1p.e. This figure shows two
signals, dark noise(around ADC=0) and signal(around ADC=400), which are clearly
divided. Therefore the energy threshold can be decreased to 5MeV. Since electric
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Figure 3.7: A typical 1p.e distribution

wires are laid on the surface of the cavity around the detector, the geomagnetic field
is compensated to less than 100G (Fig.3.8)

e Outer 20cm ¢ PMT
20cm-diameter PMTs are installed to the outer-detector. In order to increase light
collection efficiency, PMTs are attached to a 60cm x 60cm wavelength shifter plate.

3.4 Data acquisition system

Five electronics huts for data acquisition are located on the detector top. Four of these
huts are for data taking and power supply and one hut controls the event trigger. At first,
one-fourth parts of signal send to workstation in four huts. Next, four parts of data are
gathered to control hut and reconstruct to a whole event.

An ATM (Analogue Timing Module) is installed to obtain energy and timing informa-
tion(Fig.3.9). One ATM deals with signal channels for 12 PMTs and these channels are
independent each other. Each channel consists of discriminator, amplifier, ADC(Analogue
to Digital converter), TDC(Timing to Digital Converter) and memory. Fig.3.10 is the
schematic view of the inner detector data taking system. The inner detector consists of
eight parts and each part works independently. One part consists of one workstation,
one VME crate, and six TKO boxes. A signal exceeding the threshold is stored in the
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coil current (A)
A 31.35
B 31.35
C 31.35
D 28.20
E 30.10
F 28.60
G 30.10

Figure 3.8: The coil to compensate for the magnetic field

ATM buffer. When a trigger signal from discriminator is available within 1.2usec, the
stored signal in the ATM buffer is summed. The summed signal is called "HITSUM’ and
is treated as global trigger. When this global trigger is available, ADC receives timing,
and charge information from the ATM and digitizes them. The digitized signal is received
by FIFO(First In First Out). Since both the short digitizing time with about 5usec and
two independent same digitizing systems are performed, the Super-Kamiokande detec-
tor achieves the dead time free system. The dead time free system is suitable to collect
multiple reaction like proton decay event and successive event in short time like 1 decay
electron events.
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Chapter 4

Calibration

4.1 Calibration of PMTs

Since many PMTs are used to detect Cherenkov light in Super-Kamiokande detector,
energy and timing calibrations are especially important. We describe the relative energy
calibration in following section.

The relative energy calibration is done to obtain the same and adjust the gain for
each PMT so as to output pulse height from each PMTs. Fig.4.1 shows schematic view
of relative energy calibration system.

In relative energy calibration a scintilator ball is used for a light source, because the
property of scintilator ball is in good agreement with Cherenkov lights. The relative
energy calibration is done by measuring the charge of each PMTs induced by the light of
scintilator ball. The position of scintilator ball is changed vertically in order to calibrate
at various height. In addition, the correction for the acceptance from the light angle
injected to PMTs, the distance between scintilator ball and PMT, and a variation for
intensity of light from the Xe lamp are considered. The variation of the gain for each
PMTs is adjusted so as to have a uniform gain for PMTs by high-voltage adjustment of
each PMTs. The result for the gain adjustment is shown in Fig.4.2. From Fig.4.2 the
gain variation after the high-voltage adjustment was estimated to be 7%.

4.2 Calibration for low energy events

The absolute energy calibration is also important in order to reduce systematic error for
total energy measurement. Therefore it is required to calibrate the energy within a few
percent.

4.2.1 Calibration wusing neutron capture with Ni

The schematic view is shown in Fig. 4.3. This calibration uses nickel(Ni) for v source,

26
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Figure 4.1: Schematic view of relative energy calibration system
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Figure 4.2: The gain variation for all PMTs after the high-voltage adjustment (x-axis
shows corrected charge(pC - m?))
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Although the requirement for the absolute energy calibration is mono energy 5 ~
10MeV, such a ~-ray source is not available. Therefore, Ni source which emits several -
rays 5 ~ 10MeV is used to obtain 9MeV ~-ray at thermal neutron capture in Ni(n,y)Ni*.
Since the Super-Kamiokande detector has large volume, absolute energy scale may be
strongly dependent on the detector position. The calibration using neutron capture with
Ni could be carried out at several different position because Ni v source system is compact
and can be moved.

Also the detector can detect Cherenkov light from secondary electron by Compton
scatter and electron pair creation. It is indirect measurement of electron energy. The

direct measurement is described in next section.
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Figure 4.3: The schematic view of Ni calibration system

4.2.2 Calibration using electron linear accelerator

The calibration using electron linear accelerator(LINAC) is direct measurement of energy
for single electron. The LINAC can generate the desired electron beam energy using
collimators and magnets. The electron from LINAC is injected to the Super-Kamiokande
detector. the electron energy is set planned energy between 5-20MeV.

The beam pipe is installed from top of the tank, The measurement can be done at
variable position in inner-detector by changing the beam pipe length. The schematic view
is shown in Fig.4.4.

The advantages using this calibration are direct energy calibration using electron,
mono-energetic electron with 5 — 20MeV energy electron. However, it is inconvenient
for study of position and direction dependence. Because it is very large heavy system



4.3 Timing calibration 29

compared with Ni calibration equipment, further LINAC can generate only under going
electron.

beam pipe support structure
magnet 2
LINAC magnet 1 ‘

=
magnet 3

Rock Tunnel

IS

beam pipe

~— 76mm —=

Veto
counter

Super-Kamiokande tank

=

Trigger counter
(1mm)

Ti window
(0.1mm)

Figure 4.4: Configuration of LINAC calibration system

4.2.3 decay-e event metho d

The p decay electron event method is useful source of the energy calibration for electrons
around a few tens of MeV. The energy spectrum for p decay electron is expressed as
Eq.4.1.

AN G , (. AE,
d—& = 12ﬂ_3muEe 3— m, (41)

where F, is the energy of decay electron, G is the Fermi coupling constant, m , is the

mass of muon. The maximum energy and mean one of muon decay electron is 53MeV
and 37MeV, respectively.

The energy distribution of muon decay electron is shows in Fig.10.5, a solid line shows
Monte-Carlo result and cross shows data. The difference in the low energy region is found.
The reason of this difference is described in Section 10.3.2.

4.3 Timing calibration

Timing response of each PMT is not uniform. The differences come from fluctuation of
transit time in each PMT and timing response of the discriminator. In order to calibrate
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the difference of timing response, the transit time difference and pulse height dependence
of the timing response are measured using the timing calibration system. Fig.4.5 shows
the schematic view of the timing calibration system.

Filter
Optical Fiber
Laser
PMT
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i | “u
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Electronics
SK Tank

Figure 4.5: Schematic view of timing calibration system

The diffuser ball is located at the center of the tank. The distance from the position
of each PMT to the diffuser ball is considered in TOF calibration.
Fig.4.6 is the T-QQ maps which shows the relation between the mean value of the time
and the charge from the PMT. The T-Q maps are made for each PMT and the measured
time information is corrected using the T-Q maps. The timing resolution after correction
by T-Q maps is shown in Fig.4.7 as 3nsec at one photo-electron.
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4.4 Water transparency measurement

Since the transparency is about 60m, the water transparency determines the number of
Cherenkov photons at the PMTs, and it affects to detector response. Then it is important
to estimate the water transparency for data analysis.

Two kinds of transparency measurement are done in Super-Kamiokande, one is using

cosmic-ray muon events, another is using the laser system.

4.4.1 Water transparency by cosmic-ray events

The cosmic-ray through-going muon from top to bottom into the tank is useful for mon-
itoring the attenuation length. The entrance point and exit point is determined by auto-
matic directional fitting.

The total charge(Q);) detected by each PMT is described as the following equation(Fig.
4.8),

0; i
Qi = const. X f(l ) ~e_|L_
L . attenuation length
0; . the incident angle for Cherenkov light

f(6;) : acceptance function of PMT
l; . the flight length of Cherenkov photon

& G

Figure 4.8: Schematic view of cosmic-ray muon method
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Fig. 4.9 shows log(;g(‘—eiL)) plot against [ in a typical run. The attenuation length was

estimated to be 105.4 £ 0.5m(error of the fitting) in water from Fig. 4.9.

The attenuation length is estimated for each run. At the just starting this experiment,
the attenuation length was around 60m. After the water purification system is running
and makes very pure water, the attenuation length attained to be about 100m and be
maintained stably.

4.4.2 Water transparency by laser

The directly measurement of water transparency is carried out by using the laser system
which consists of the laser and CCD camera shown as in Fig. 4.11.

Beam Splitter (50:50)

CC%:amera @ \

]

D Integrating Sphere

<< |aser box >>

Diffuser Ball I i
\ Jinch PMT

- - Optical Fiber (70m)

DYE /N2 laser

Figure 4.11: Set up of the laser system

The light source is a dye laser pumped by a pulsed N5 laser. The emitted light divides
into two optical fibers, the one is for monitoring PMT which measure the light intensity
directly, the another is guided to the diffuser ball which is located in the water. The
diffuser ball emits the isotropically light. The CCD camera measure the intensity of the
attenuated light from diffuser ball. The depth of the diffuser ball is changed from 5m to
30m, [jgser(the light directly intensity at the laser) and I¢op( the attenuated intensity at
the CCD ) are measured at each point. The attenuation length(L,) is expressed to be
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following equation,

I l
[ij = const. X exp (—ﬁ) , (4.2)

where A is the wave length of the light. The experimental % is shown at the wave
length of 400nm in Fig. 4.12. The data is fitted by Eqn. 4.2 and the attenuation length
is obtained to be 92.2£5.2m.
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Figure 4.12: The attenuation length



Chapter 5

Data reduction

The trigger rate for all of Super-Kamiokande data is about 10Hz. But about 80% of
the events are background which is are either low energy electron events or noise events.
These background events are removed by automatically or manually. In this chapter, the
event selection for upward-going muons is described.

5.1 Dataset

The Super-Kamiokande detector started in April 1996. The data earlier than July 1996
was not used for the analysis of stopping muons because the outer-detector was not
stable before that time and the reduction for upward-going muons needs outer-detector
information. Thus, the data from July 1996 to April 2000 for stopping muons and from
April 1996 to April 2000 for through-going muons were studied. The live-time for stopping
muons and through-going muons were 1247days, and 1268days, respectively.

5.2 Automatic reduction

The reduction flow chart is shown in Fig. 5.1. The first reduction, called 'online reduction’,
is a high speed and rough process. The second reduction, which is called "offline reduction’,
required high precision and is a more precise process. In eye scan, physicists judge the
event type and reconstruct the track of particle. I will describe these reduction processes.

5.2.1 Upward stopping muons
1st reduction

This reduction applied for rejection low energy ~-ray from radioactivity and through-going

events.

e Total Q) cut
A large amount of background, about 80% of all events, are low energy events or

37
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Figure 5.1: The flow chart of event selection.

~v-ray from radioactive sources present in the water or from outside of the detector.
The first reduction applied a total @ cut for rejection these background. Events
with less than 1000p.e. in total Q were rejected. Total Q means a summation of
the charge from all PMTs for one event.

Outer-detector cut

Outer-detector cut is applied in order to reject through-going muons. The event rate
due to muons in the Super-Kamiokande is about 2.2Hz. Muon events are categorized
into through-going events and stopping events. The rate for stopping muon event
is about 5% of all muon data.

Through-going muon and stopping muon events are topologically defined by outer-
detector information. Through-going muons go through the anti-detector with sig-
nals corresponding to entrance and exit points. Stopping muons stopped in the
detector and a single signal is made in the anti-detector. Two kinds of cut are
applied to reject through-going muons.

{ Cluster cut
When charged particles go through the PMT layer of the inner-detector and
the outer-detector, Cherenkov light forms some clusters of the active PMT.
Stopping muon and through-going muon have different topological character



5.2  Automatic reduction 39

of the clusters. The topological difference is in the number of clusters produced
in the outer-detector. In the through-going muon case, the muon generated
outside of the outer-detector goes into and through out the outer-detector,
two clusters appear in outer-detector, the entering cluster and the exit cluster.
In the stopping muon case, only one cluster appears, the entering cluster.
Therefore we need to know the number of clusters for each event to discriminate
between through-going muons and stopping ones. At first, we select hit PMTs
with the time between 500nsec and 1300nsec. Then the geometry of the selected
PMTs and the number of these PMTs neighboring each other is estimated and
defined as a cluster candidate. If the cluster candidate has more than 8 PMTs
and the distance between them is less than 8m, then the candidate is judged
as a cluster. The location of clusters is defined as the PMT position with
maximum photo electrons. The events which have two clusters are removed

from the stopping muon data and kept as through going muons.

{ Time-window cut
The other method for the separation of stopping and through-going muons
is a time-window cut which uses the difference of time width for PMT hits.
Stopping and through-going muons differ in the time of flight for muon in the
outer-detector. The time width for the through-going muon is larger than the
stopping one. The time width is determined as follows. At first, the number of
hit PMTs is counted in the time-window between 800nsec and 900nsec. Next,
the time-window is moved by 1nsec, that is between 801nsec and 901nsec, and
the number of hit PMTs is again counted. This counting of PMTs and moving
of the time-window is repeated 500times. The time width is determined as the
number of 100nsec time-windows where there are more than 15 hit PMTs. An
event whose time width is longer than 240 nsec is judged to be through-going

muons and is removed.

e Detection efficiency

The reduction factor for through-going muons is estimated by using the cosmic-ray
muon data applied with total Q cut. The reduction factor of through-going muons
by outer-detector cut is 96%. However, 76% of through-going muons which could not
be eliminated are events with a shorter track length than 5m (£, ~ 1.2GeV) in the
inner-detector. The detection efficiency for stopping muon is estimated to be 98.6%
by time-window cut and 99.9% by cluster cut using cosmic-ray event. Therefore
the combined detection efficiency for stopping muons after all anti-detector cuts is
98.5%. Moreover, an estimation of the detection efficiency for stopping muon is
carried out using Monte-Carlo(MC) data, with neutrino induced muons at higher
energy than 1.6GeV for muon energy. The detection efficiency for stopping muons
by outer-detector cut for MC event is obtained to be 95.9%.
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Because neutrino induced upward stopping muons could interact with the water of
the anti-detector, the efficiency obtained by using upward stopping muons could be
different with the efficiency obtained by using cosmic-ray muons. Therefore, the
detection efficiency for muons was adopted 95.9% using MC data. The discrepancy
between the MC result with and the cosmic-ray result is included as systematic

error.

2nd reduction

e Total Q) cut
Total Q(charge) cut for the 2nd reduction is applied to reject short track length
events.
Fig. 5.2 shows the relation of total Q with track length by manual reconstruction
for cosmic-ray stopping muons. Since a short track length event is difficult to re-
construct, events in which its orbit has longer than 7m of track length are collected.
The 7m track length is equivalent to 1.6GeV in energy for a muon.
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Figure 5.2: Total photo-electron and track length for stopping muons. Stopping muons
collected by eye scan were fitted by hand and were determined their track length.

e i direction cut
Stopping muons are grouped as either cosmic-ray induced or atmospheric neutrino
induced muons. Since cosmic-ray muons are almost downward-going and upward
going muons are almost neutrino induced, downward-going muons are rejected as
background event. The direction of muons is obtained by directional reconstruc-
tion(stopping muon fit). The horizontal downward events with cos ©, < 0.12 are
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collected to estimate for contamination of cosmic-ray muons, where ©, is zenith
angle; cos©®, = —1 is defined as vertically upward. The obtained contamination of
the cosmic-ray muons are in cos©®, < 0.12.

The method of automatic directional reconstruction is as follows,

{ Determination of entrance point
Since the particle coming from the outer-detector and going into the inner-
detector makes entrance cluster at first, the PMTs at the entrance point get
hit earlier than other one. However, some noise events could happen in similar
timing sequence, for example dark noise of PMTs. Therefore, the position of
the earliest hit PMT whose neighbor PMTs get hit within 5nsec is taken to be
the entrance point.

{ Directional reconstruction for muons

The direction at the entering point on the inner-detector wall is determined
by using a grid search method. At first, muon direction is approximated from
the muon entering point to the center of Cherenkov ring which is determined
by a center of mass in charge produced in PMTs. The grid search is carried
out by changing the virtual direction starting from the initial direction and by
minimizing the fitting evaluation function. The fitting function 'goodness’ is
as follows,

1 1 1/t —Ti\?
goodness = g X E?exp [—§< 5o, > 1 (5.1)

where t; is the hitting time for each PMT, o; is the timing resolution(=3nsec),
and T; is the hit time of each PMT estimated from T, the entering time of
muon. 7; is calculated as follows,

{ n- lph

,=T+++—= (5.2)
c c

where ¢,n are light velocity in vacuum, and the refractive index of water(n =
1.344), respectively. [, is the distance from the entering point to the Cherenkov
emission point along the muon track. [, is the distance from the Cherenkov
emission point to each PMT(Fig.5.3). Since the fitting result agrees with the
data, when goodness is closest to 1, it means completion of the fitting and grid
search. Thus, entrance point and direction are obtained.

e Detection efficiency
The 2nd reduction was applied to upward stopping muons generated by MC detector
simulation. The detection efficiency was 100% in all direction. Subsequently, the
2nd reduction was applied to cosmic-ray muons. The result is shown in the table
6.1. The detection efficiency for cosmic-ray stopping muons is almost 100% in all

directions.
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inner detector

Figure 5.3: Schematic view of TOF'.

5.2.2 Upward through-going muons
1st reduction

e Total Q) cut
Both low energy and noise events are eliminated with a cut on total QQ < 5000p.e.

same as stopping muon reduction.

e Maximum Q) cut
The charge of PMTs at exit point must be largest charge because of the no attenu-
ation of photons. Single-ring stopping muons, which has no exit point, are rejected
by this selection. Events having maximum @ larger than 235p.e. are chosen as
through-going events.

e The position dependence of the maximum Q PMT cut

In the through-going muon case, the position of the PMT with maximum Q must be
close to exit point. Therefore, the distance between entrance point and maximum
Q PMTs position(Leyt) is large. On the other hand, the distance between exit point
and maximum Q PMTs position(Le,) is small. The entrance and exit point is
estimated by using same process as stopping muon reduction process. The selection
Lepnt > 300cm and L, < 300cm are applied. The event with Le,; < 300cm is judged
as stopping muons. The event with L.,; > 300cm is classified into the multiple muon
event. Therefore, these two kinds of events were rejected.

e i direction cut
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The down-going cosmic-ray muons are eliminated by using same reduction routine
as stopping muons selection. The event with larger goodness than 0.88 is chosen as
the good event. All fitted events are selected by zenith angle with cosf < 0.1

2nd reduction

e Total Q) cut
The total Q cut is applied on the events through first reduction in order to make the
performance of the track length reconstruction better. The events with less than
12000p.e. in total Q, corresponding to 5m in track length, were rejected. The total
Q cut and maximum Q cut are shown in Fig 5.4.

e i direction cut
In the 2nd reduction, two kinds of the directional fit are applied. These are more
precise processes than 1st reductions one. One is based on time-of-flight and other
is based on charge of PMTs.

The following function is defined for the time-of-flight based reduction,

Il
TOF, = 4 (5.4)
C C

where ¢ is the index of a PMT number, Tj is the timing information of i-th PMT.
l,, and [y, is described in stopping muons reduction. Fig 5.3 shows the definition of
l, and lp,. A smaller TOF — o means a better muon fitting.

Another function is R.one, based on charge information. R.,,. means the ratio of
hit PMT numbers and is defined as follows,

Ny Ny
h1t42 + hlt?O (55)
Npmta2  NpMmT70

Recone =1 —

where Nyjit42 and NpyjT42 are the number of hit PMTs and the number of PMTs
in 42° Cherenkov cone, respectively. Nyii7g and Npyjp7o are the number of hit
PMTs and the number of PMTs between 70° cone and 42° cone. The defined thresh-
old of the hit PMT is y/total Q/100. In equation 5.5, the second term Np;a0/Nparrao
shows the filledness of the Cherenkov ring and third term Np;i70/Nparrro shows the
sharpness of the edge of the Cherenkov ring. Therefore, if the event is through-going
muon, Ny /Nparrae shows a larger value and Nyiz0/Nparr7o shows a smaller value.
Then, a smaller R.,,. means a better muon fitting.
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Figure 5.4: Total Q cut and maximum Q cut

5.3 Eye scan with manual fitting

The elimination of short track length events is difficult by means of the automatic direc-
tional reconstruction. After the second reduction, edge clipping events still remain which
go through or along the edge of the inner-detector wall. However, edge clipping events
are categorized as through-going muon in the reduction process. At the second reduc-
tion, because the number of clusters is only one at the edge of the detector, they were
placed into the same category as stopping muons. Therefore, the eye scan by physicists
was applied to all events remaining after automatic reduction. As mentioned already, the
stopping muons are categorized the events with only one cluster and more than 7m track
length in the inner-detector.

The directional resolution for muons becomes better by means of manual reconstruc-
tion by physicists. The manual reconstruction is performed by selection of the entrance
and the exit points, the exit point is determined by extrapolation from entrance to stop-
ping direction. The resolution for directional reconstruction manually is estimated to be
1.4° using MC events, (Fig. 5.5). Also individual human bias is obtained to be 0.8°(Fig.
5.6) from angular difference comparing the results of two independent scanners. The con-
tamination of through-going muons with stopping muons is estimated to be lower than
1%. Since the eye scan was applied by two independent groups, the eye scan reduction
could be accomplished with almost 100% efficiency.
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5.3.1 Track length cut

Since the directional reconstruction is difficult for short track length events and the back-
ground other than muons should be taken into account in the low energy region, events
with longer than 7m track length(equivalent to 1.6GeV in muon energy) were adopted for
final data.

The track length of through-going muons is geometrically determined from the en-
trance and exit points. However, for stopping muons, track length should be estimate
from particle energy at entrance. Algorism of the track length calculation is described
below. Coarse direction and entrance point are obtained by manual reconstruction. Next,
cone with opening angle of 70° cone is put on the entrance point in order to obtain rough
total charge. The charge of all PMTs inside the approximated 70° cone is summed as the
total charge. The charge is applied some collections, water transparency and acceptance
by PMT geometry. The momentum is estimated from the total charge and the track
length is calculated from the momentum by using the muon energy loss of Lohmann’s
calculation.
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5.4 Upward-going muon events

After all event selection, The final data is selected. The scatter plot of the vertical angle
versus azimuth angle distribution of the final data is shown in Fig. 5.7. Cosmic-ray
contamination is clearly seen in thin rock region between ¢ = 120° and ¢ = 180°. Finally,
143 events were observed as upward stopping muons.
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Figure 5.7: Zenith angle and azimuth angle for stopping muons.

5.5 Backgrounds
We considered the reason of background for upward stopping muons.

1. Cosmic-ray muons contamination
The horizontal downward cosmic-ray muons are possibly mistaken as upward-going
muons due to finite resolution of directional manual reconstruction. In Fig. 5.7,
regions with higher density of points, possibly due to this background, are seen
in the region vertical angle cos® ~ O(near horizontal) and azimuth angle between
¢ = 120°,¢ = 180°. Since cosmic-ray contamination depends on the amount of
rock surrounding the detector and the shape of Ikenoyama mountain, cosmic-ray
down-going muons penetrate from relatively thin rock direction. In Fig. 5.9, region
(2) is thin rock direction, the thin rock region is defined as the region that the
azimuth angle between 60° and 310°, and the zenith angle smaller than —0.1 of
cosine. Region (1) is outside of the region (2). Fig. 5.8 is plotted two region defined
as the region (1) and (2) in Fig. 5.9 in zenith angle distribution separately, (1) and
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(2) region, are normalized in shown azimuth angle respectively. The horizontal line
in center of figure is shown border between downward and upward. Although both
distribution is flat in upward region cos® < 0, the number of muons is increasing
exponentially with cos® in due to downward-going in the region (2) cosmic-ray
muons.

The number of cosmic-ray contamination into upward region is estimated by ex-
trapolation the distribution of (2) and fitting of exponential function and integrate
the exponential slope in the upward going range as follows,

0
Number of contamination = / el dcosO (5.6)
-1

The number of cosmic-ray muons contamination is estimated to be 22 £+ 10 events
for upward stopping muons and 10 + 0.9 events for upward through-going muons.
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Figure 5.8: Zenith angle distribution of stopping muons. The region (1) is thin rock direc-
tion, the region (2) is thick rock direction in azimuth angle. Cosmic-ray contaminations
are seen apparently in thin rock region.
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Figure 5.9: The azimuth angle distribution for stopping muons. The region (1) is thick
rock direction, the region (2) is thin rock direction. Three peaks due to contamination

downward-going cosmic-ray are seen in thin rock region.



Chapter 6

Observed flux

The experimental upward-going muons flux(®.s) is calculated by using live time(7};ye),
effective area of the detector(S), and selection efficiency(e). The upward-going muons
flux is expressed by the formula,

1 N 1
27T hive 8 Z W (6-1)

j=1 J

(I)obs =

where 0; is the zenith angle of the j-th upward going muon, 27 is the total solid angle
covered by the detector for upward-going muons, and N is the total number of observed
upward-going muon events. Fluxes of observed upward stopping muons and through-going

muons are estimated from equation 6.1.

6.1 Live time
The detector live time is calculated by following equation,
CZjlive = Trun - Tpedestal - Tdead (62)

where Tj;,. is the detector live time, T, is the pedestal event time, T'4..q is the detector
dead time. The detector dead time means all or a part of event information is lost by
electrical or network trouble. The total detector live time is estimated to be 1247days
for upward stopping muons, and 1268days for upward through-going muons. The differ-
ence appeared for the detector live time of upward stopping muons and through-going
because the instability of the detector deteriorates more intensively the events with stop-
ping muons. The live time is about 90% of the true time.

6.2 Effective area

The effective area is the required area in order to get enough information for upward-going
muons which have a given direction, the sensitivity depends on the azimuth angle and the

51
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zenith angle of the path of the muons. In this analysis upward-going muons with longer
than 7m track-length are required. But a non sensitive region is available because of the
cylindrical detector. The area which have longer than 7m track length in the detector is
called the effective area.

The effective area is calculated as follows and the schematic view is shown in Fig
6.1. A large enough plane, having two-dimensional grid points with every 10cm step, is
defined out of the detector. A vertical line on the defined plane is drawn from each grid
point to the detector. If the length of line crossing the detector is longer than 7m, the
corresponding grid point is counted for a part of the effective area. Finally the effective
area is calculated for every zenith angle of the area divided into 100 directions. The result
of the effective area calculation is shown in Fig. 6.2.

projected plane
T T
EEEE

track length > 7m

\
-7 [T

ot muon track

Figure 6.1: Schematic view of effective area.

6.3 Selection efficiency

The selection efficiency is the detection probability for the upward-going muons estimated
for each zenith angle bin, with the range —1 < cosf < 0 being divided into 10 bins. The
selection efficiency depends on 1st and 2nd reduction efficiency because the selection
efficiency for eye scan is almost 100%. The result for selection efficiency is shown in table
6.1

The selection efficiency for the most horizontal bin is slightly smaller than any other
bin because of the resolution of automatic fitters. It is possible that true upward-muons



6.3 Selection efficiency 53

~ 1500 [
1400 [ ]

1300

Effective Area (m

1200 f
1100

1000 [{

900 .
800 [ .
700 F .

600 .

500 Lol o bl b b bee b b
-1 -09 -08 -07 -06 -05 -04 -03 -02 -01 O
cosB

Figure 6.2: Zenith angle dependence of the effective area.

cosf | -0.95 | -0.85 | -0.75 | -0.65 | -0.55 | -0.45 | -0.35 | -0.25 | -0 .15 | -0.05

stop | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 0.99 | 0 .98
thru | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 0 .99

Table 6.1: The summary for selection efficiency.
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could be judged as downward-going muons.

6.4 Systematic errors

The systematic errors are categorized into two cases: one which depends on the event
category(whether stopping or through-going), the other is independent of event category.
The independent errors are live time and effective area, while the dependent errors are
track length and reconstruction efficiency. The uncertainty for cosmic-ray contamination,
which has been described in Section 5.5 and was estimated from down-going muons(0 <
cosf) < 0.1), is included in the statistical error.

Track length

The reconstructed track length for upward stopping muons is described in Section 5.3.1.
The difference of the track length between reconstructed from total charge of cosmic-ray
stopping muons and calculated from entering point to stopping point with MC is 5%.
When the track length cut with 7m is changed +5%, the upward stopping muon flux
is changed +4.9% — 4.1%. The systematic error of track length for upward through-
going muons is determined to be 1% by geometric uncertainty for the Super-Kamiokande
detector.

Reconstruction e ciency

The reconstruction efficiency for upward stopping muons is described as section 5.2.1, the
difference of the efficiency between cosmic-ray muons and MC is 2.6%, and corresponds to
1% for upward stopping muon flux. For the upward through-going muons, the reconstruc-
tion efficiency is near 100% as shown in table 6.1. Thus the systematic error is negligible.

Systematic errors for observed ux

Table 6.2 shows the summary of systematic errors for observed upward-going muon flux.
The systematic error for observed upward-going muon flux and through-going muon flux
are estimated to be +5.2%-4.5%, and 41.2%, respectively.

6.5 Observed flux of upward going muons

In the 1247 live days for upward stopping muons, the observed flux is estimated to be
{0.4140.02(stat.) £0.02(syst.) } x 107¥em~2s7!sr~!. On the other hand, in 1268 live days
for upward through-going muons, the observed flux is estimated to be {1.70+0.05(stat.)+
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(upward stopping muon flux)

track length +4.9% — 4.1%
live time +1%
reduction efficiency +1%
total +5.2% -4.5%

(upward through-going muon flux)
track length | £0.5%

effective area | +0.3%
live time +1%
total +1.2%

Table 6.2: The summary of systematic error for upward going-muons

0.02(syst.)} x 1073 em™2s7tsr 1. The total upward going muon flux which is a summation
of stopping muon flux and through-going muons is {2.11 £ 0.05(stat.) = 0.03(syst.)} x
107 em2s7tsr~!, which is independent of the detector shape. The energy dependence of
upward-going muon is estimated from the ratio of stopping muons to through-going muons
flux, the ratio for stopping muon flux and through-going is 0.24 £ 0.02(stat.) £0.01(syst.).



Chapter 7

Expected flux

The expected flux for upward-going muons are estimated for neutrino oscillation analysis.
Neutrino oscillation is deduced by comparison between the observed flux and the expected
one. The expected flux is usually estimated by Monte Carlo approach, but it is difficult in
the upward-going muon case. Since a large amount of neutrino-nucleon interaction near
the detector should be considered, the statistics are not enough for oscillation analysis.
Therefore an analytical method to calculate the expected upward-going muon flux is
adopted.

We give a detailed description of the analytical method to calculate the upward-going

muon flux.

7.1 Analytical method

The atmospheric neutrino induced upward-going muon flux are calculated by using the
atmospheric neutrino flux(®), the charged current cross section for the neutrino-nucleon
interaction in the rock(o,), and the muon range in the rock. The muon neutrino induced
upward-going muon flux is expressed as follows,
d*c, d*®,(E,,cosb),)
drdy ~ dE,dS
where F, is the energy of atmospheric neutrino, x, y are Bjorken scaling parameters. The

(7.1)

probability that the muon with energy E), produced by the neutrino-nucleon interaction
goes through with X (g/cm?) in the rock and come into the detector is expressed with
9(X, E,, cos,). The upward-going muon flux with zenith angle 6, is calculated as follows,

d(bM(Eth,cose / 00 d*c, d*¢,(E,,cosb,)
NadX / dE, / / : i - o(X.E, . E
A dy dx dxdy dEVdQ !]( s s th)
(7.2)

where N4 is the Avogadro constant. The 6, is nearly equal to 6,. Therefore 0, is taken

to be 6,. The traveling distance is R(E,, Ey,), over which the muon loses energy from E,
to Ey, in traveling R. The function ¢(X, E,, Ey,) is,

9(X, E,, Ew) = O(R(E,, Ew) — X) (7.3)
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where © is defined as,

1 >0
o) = re (7.4)
0 : <0
| 9%, B Ea)dX = R(E,., Eu) (75)

The equation (7.2) is rewritten as,

do,(Ew, cos ) o 1 1 d*c, d*¢,(E,,cosb)
: = Naf dE, [ dy [ de- 22 S8 R(B,., En)T.
ds 4 e o Yy dxdy dE,dQ R(E, Eun7.6)

_ /w Vol Vol d2“”1NAR(EM,Em)dy1 PoByc080) g (7 )

E dzdy dE,dS)
00 d*¢,(E,,cos0)
= P(E, E d E, .
[ (B, Ba) =P (7.8)
(7.9)
where the function P is defined as,
P(E, E Lo RE, B
v, = , 1
(Ev Bu) = [ [/0 dxdy] AR(E,, Ea)dy (7.10)

The function P is the probability that an neutrino with energy FE, produces muons by
neutrino interaction and the muons reach the detector with energy larger than Fy,. Since
the Super-Kamiokande detector can not discriminate between negative muons from muon
neutrinos and positive muons from anti muon neutrinos, the total upward-going muon
flux is estimated.

7.2 Atmospheric neutrino flux

The energy spectrum of atmospheric neutrino is calculated on the basis of the energy
spectrum of primary cosmic-ray. The calculation of atmospheric neutrino flux needs the
information about the composition of primary cosmic-ray and hadron interaction. Several
models for the atmospheric neutrino flux are available. Energy spectra for atmospheric
neutrino fluxes by Bartol[13], Volkova[l4], Honda[15], and Butkevitch[16] are shown in
Fig.7.1. The zenith angle distribution for various neutrino energy is shown in Fig.7.2

The upward-going muon flux at vertical upward (cosf = —1) is larger than the one at
horizontal(cosf) = 0). The shape of the zenith angle distribution depends on the neutrino
energy. The shape in low energy is flat while it is steep in high energy.

7.3 Neutrino-nucleon interaction

The atmospheric neutrino interacts with nucleon in the rock and produces muons. The
cross section for charged current(CC) interaction is described in the following. The total
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Figure 7.1: The energy spectrum of atmospheric neutrino(v, + 7,,) flux

cross section for charged current interaction of neutrinos is composed of deep inelastic
scattering(DIS), quasi-elastic scattering(QEL) and single-pion production(17).

O_C’C DIS

=0 + o9OFL

Lol (7.11)

The cross section for DIS is calculated on the basis of parton distribution function(PDF)
which shows quark distribution in nucleus. The QEL and single pion production are also
taken into consideration.

7.3.1 Deep inelastic scattering

The differential cross section when neutrino with £, produces muons with £, by charged
current interaction is expressed by Bjorken scaling parameter(r = Q?/2myE,y, y =
1—E,/E,) is shown as follows,
d’c, GimyE,  mjy, 5 myzy Y
= F (1 —y— >F +ly—=|zF 7.12
drdy o |V lmym 5 ) BEly - o) (T12)

where the positive and negative signs in the last term correspond to v and v, respectively,

G'r is the Fermi constant, my, the mass of W boson, () the momentum transfer between
neutrino and muon. Fy, Fy, F3 are the structure functions given by quark distribution
functions f;(¢ = the flavor of quark) as follows,

vun(p) — pu= X

Fy = 22F) =2x[fa(fu) + [s + fo + falfa) + fe + fi] (7.13)
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By = 2[fa(fu) + fs + fo — falf2) — fo — fi] (7.14)
vup(n) — pt X

Py = 2oFy =2x[fu(fa) + fo + fi + falfa) + fs + 1] (7.15)

Fs = 2[fu(fa) + fo+ fi — falfa) — fs — fa] (7.16)

There are various kinds of the fitting method with the parton distribution function in order
to fit the experimental results. The parton distribution function is limited by minimum
momentum transfer Q2 for correct calculation . Equation 7.12 shows the deep inelastic
scattering cross section with large momentum transfer Q2 and large the invariant mass
of final state hadron system. Fig. 7.3 shows the neutrino-nucleon cross section versus
neutrino energy. The cross section is obtained by using GRV94(DIS)[17].

7.3.2 Quasi-elastic scattering and single pion pro duction

Total charged current cross section are calculated by D.Rein and LM.Seghal taking into
consideration of the quasi-elastic scattering to single pion production. The cross section
used in this analysis is shown in Fig. 7.4.

7.4 Energy loss for muons

The neutrino-induced muon goes through in the rock with losing their energy. Its travel
length in the rock is calculated to judge whether the muon reaches the detector or not.
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Figure 7.4: Total neutrino-nucleon CC cross section. Dotted line shows the cross section
of deep inelastic scattering, dashed line shows one of quasi-elastic scattering, dashed-dot
line shows one of single pion production and solid line shows the total cross section

The muon track length in water is calculated for judgment on muons stopping or going

through and on muons traveling over 7m.

7.4.1 Muon energy loss in rock

The muon energy loss in rock is calculated by Lohmann, including contributions from
bremsstrahlung, direct pair production and photo-nuclear interactions. Fig. 7.5 shows
dE/dz in standard rock.

The traveling distance for which muons lose energy down to a threshold Fy, is calcu-
lated from following equation.

—dE
dE/dX

Etn
R(E,, Ep) = [E (7.17)
Ey, defined in this analysis is 1.6GeV and the range with Ey, = 1.6GeV is shown in Fig.
7.6

7.4.2 Muon energy lossin Water

The muon energy loss in water is calculated by Lohmann for muon energy larger than
1 GeV. So Lohmann‘s result is applied for energy loss larger than 1GeV, and ionization
energy loss is applied for smaller than 1GeV. The muon range in water is shown in Fig.
7.7. The 7m track length corresponds to a muon energy of 1.6GeV.



7.4  Energy loss for muons

62

=
o
m®

dE/dx (GeV cm %/g)
=
o
H‘U‘ T T

=
1S}
R

10
10

10 |

i

Figure 7.5: dF/dx in

2
10 10

3
10

6
E, (GeV)

standard rock

=
o
e
T

R(E,E,) (gfcm?)

=
o

I

10

w

10

10

E,=1.6GeV

10

10

10

10 0 10
E, (GeV)

Figure 7.6: Range of muon in standard rock



7.5 Theoretical uncertainties 63

=
o
T
1

Range (g/cm?)
TTT &

10 -
E 7m |

10 2:, 1.6GeV E

E, (Gev)
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7.5 Theoretical uncertainties

In this section, the theoretical uncertainties for the expected upward-going muon flux are
described. The uncertainties of atmospheric neutrino flux and neutrino-nucleon interac-
tion are main factor.

7.5.1 Atmospheric neutrino ux

The uncertainty of atmospheric neutrino flux comes from the primary-cosmic ray energy
dependence and affects to upward-going muon flux. Although the primary cosmic-ray flux
is well studied at low energy, there is large ambiguity in the determination of absolute
value. The fitting error of the compilation is obtained to be ~10% for the nucleon flux at
100GeV and ~20% at 100 TeV. The uncertainty in the calculation of the upward-going
muon flux is estimated to be approximately £20% above several GeV.

In addition, the dependencies on neutrino flux model was estimated by comparison
of Bartol model[13] with Honda model [15] and shown in Fig 7.8. The uncertainty of
absolute flux from model dependence was estimated to be ~ 10%.

Moreover, the zenith angle bin-by-bin uncertainty was estimated by comparison of
Bartol model and Honda model. Fig. 7.9 shows the zenith angle bin-by-bin error. The
ratio was normalized by the combination of the GRV94 parton distribution function and
Bartol neutrino flux model.
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7.5.2 The ratio of upward stopping muon ux to upward through-
going muon ux

The ratio of upward stopping muon flux to upward through-going muon flux is useful for
the analysis. Because the neutrino flux is approximately defined as (absolute flux)xE 7
and the cross section of the deep inelastic scattering is canceled, the large uncertainty in
the neutrino flux normalization and the neutrino interaction cross section were canceled.

The uncertainty of atmospheric neutrino flux comes from the primary-cosmic ray en-
ergy dependence and affects to upward-going muon flux. To estimate the uncertainty of
the upward-going muon flux, the change of energy spectrum for atmospheric neutrino is

applied as follows,
do,  do,
H [
dFE, dE,

The uncertainty of the ratio of upward stopping muon flux to upward through-going muon

x FE0-05 (7.18)

flux come from the uncertainty of the spectrum index is estimated to be +12.5% -11.4%.

Described as before, the uncertainty of the total charged current cross section only
consider quasi-elastic scattering and single pion production. When the cross section is
changed with + 15%, the change of upward-going muon flux is estimated to be +4.2%
-3.5%.

7.6 Expected flux of upward going muons

The upward-going muon flux are calculated by using Bartol’s atmospheric neutrino flux[13]
and GRV94 neutrino-nucleon neutrino interaction[17]. The energy loss for muons are ap-
plied with Lohmann’s calculation [18]. The expected upward-going muon flux (E, >
1.6GeV) is

upward stopping muon flux : 0.73 &+ 0.16(theo.) (x107¥em ™25 tsr™!)
upward through-going muon flux : 1.97 + 0.44(theo.) (x10™¥cm™2s 1sr!)
upstop/upthru ratio : 0.3715:02%(theo.)

total upward-going muon flux : 2.70£0.47(theo.) (x107Bem2stsr™1)



Chapter 8

Neutrino Oscillation

The neutrino oscillation is described in Section 1.1. In this chapter observed and expected
flux are applied to the analysis of neutrino oscillation. v, — v, oscillation is considered
as the most probable process of neutrino oscillation analysis described in Section 1.1.
The three kinds of oscillation result are estimated, for upward through-going muon, the
ratio of upward stopping muon to upward through-going, upward stopping muon and
through-going combined.

8.1 Method to examine neutrino oscillations

The basic oscillation examination is done by comparison between the observed result and
the expected. The y? examination is applied to the oscillation analysis in this study. The
x? examination is done at the various oscillation parameter, Am? and sin®26, and the
best fit parameter at minimum y? is searched.

The basic x? definition for oscillation analysis is written in,

N ) 8.1)

JN err JE

where N is observed value, N, is expected, Ne,, is the sum of observed and expected
error including statistic and systematic error, € is normalization factor, and o is the error
of the normalization factor. We divided the data into 10 zenith angle bin for upward
through-going muon, 5 for the ratio of stopping muon to through-going muon, 15 for
combined upward stopping and through-going muon analysis. The range of the oscillation
parameter is 0 < sin?20 < 1 and 107 < Am? < 1 examined, this region is divided into
1763 points. The oscillated expected flux are calculated from Equation 1.8 and Equation
1.9.
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8.2 Effect on oscillation analysis from theoretical uncertainties 67

8.2 Effect on oscillation analysis from theoretical un-

certainties

The observed and expected systematic error and normalization factor are described. The
most dominant systematic error comes from the absolute normalization of atmospheric
neutrino flux with error ~ 20%.

The systematic uncertainties are shown in Table 8.1 and the normalization summary
for oscillation analysis is shown in Table 8.2.

(a)Theoretical uncertainties in flux calculation

typical v flux normalization +20.0%
choice of v flux/PDF +10.0%

(b)Stop/thru theoretical uncertainties

primary spectrum index +12.5% -11.4%

cross section +4.2% -3.5%
choice of v flux +0.9%
(c)Experimental sys. errors in through flux
7m track length cut +0.5%
live time +1.0%
(d)Experimental sys. errors in stopping flux
7m track length cut +4.9% -4.1%
live time +1.0%
(e)Experimental stop/thru sys. errors
7m track length cut +4.9%
live time +1.0%
stop/thru miss 1D +1.0%

Table 8.1: Uncertainties for oscillation analysis.
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absolute normalization factor o, 22.4%
stop/thru relative normalization factor og 14.2%

atmospheric K/m ratio normalization factor . | 3%

Table 8.2: The systematic error of normalization factor for oscillation analysis.

8.3 v, — v; oscillation

The three kinds of oscillation analysis results are shown as follows.

The x? definition of through-going muon is as follows,

10Whre) [(d2yi (1 4 )(1 + 2¢(cosO; + 0.5))(92)i,  (sin®20, Am?) 2
\/(Ugtat)Q + (Ugy8>2

O =

where (d—Q)Z is observed muon flux in the i-th cos®, (%)Zheo is theoretical muon flux,
Ogtat 18 experimental statistical error, ogyg is bin-by-bin uncorrelated theoretical and ex-
perimental systematic errors, a is absolute flux normalization factor with error o, € is
vertical /horizontal correlated normalization factor with error o.. The zenith angle distri-
bution of through-going muon flux and the confidence intervals for v, — v, oscillations is

shown in Fig.8.1.

The x? definition of the ratio of stopping/through-going muon is as follows,

2

, S(ratio) [ pi 4o (5in?20, Am?) x (1 + ) AR
X = ; ; 2 i 2 i 0'_6
= \/(JRstat ) + (JRSYS)

where R is the observed flux ratio in the i-th cosé, R%heo is the theoretical muon flux

(8.3)

ratio, and (3 is the relative normalization factor for the ratio of stopping muon flux to
through-going flux with error oz. The vertical/horizontal normalization factor is almost
canceled. The zenith angle distribution of the ratio and confidence interval are shown in
Fig.8.2.

The x? definition of combined stopping and through-going muon is as follows,
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) ) ) v, « Vv oscillation(upthru 10bin)
Zenith Angle Dist. of Observed Upward Through Going Muon Flux H
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Figure 8.1: Oscillation result for through-going muon flux. The left figure shows the

zenith angle distribution and the right shows the confidence interval.

10Wrw) [(d2yi (1 4 a)(1 + 2e(cosO; + 0.5)) (927, (sin260, Am?)

2 SO + (01,2

QU

48Yi (1 4 a)(1+ B)(1 + 2¢(cosO; + 0.5)) (22 )i, (sin?20, Am?)

5(stop) (4
.= o+ (0
2
+ (%)2 - (%) - (%)2 (8.4)
The zenith angle distribution for stopping and through-going muon flux is shown in Fig.8.3

and the confidence interval is shown in Fig.8.4.
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v, eV oscillation(Ratio 5bin)
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Figure 8.2: Oscillation result for the stop/through ratio. The left figure shows the zenith
angle distribution of the ratio and the right shows the confidence interval of the ratio.
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Figure 8.3: Zenith angle distribution of upward muon flux. The left figure shows stopping
muon flux and the right shows through-going muon one.



8.3 v, — v, oscillation 71
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Figure 8.4: Confidence interval for combined stopping muon and through-going muon.



Chapter 9

Approach with Monte Carlo

simulation

The upward-going muon flux was calculated by analytical calculation method, but there
are no consider for angle of neutrino-nucleon interaction, the multiple scatter of muons,
neutral current effect and the precise detector response. The Monte Carlo approach is
good solution for these problems.

9.1 Monte Carlo method for upward-going muons

e Atmospheric neutrino flux
The Bartol model[13] is applied for atmospheric neutrino flux same as analytical
calculation described in Section 7.2. The neutrino energy range is applied from
1.6GeV to 90TeV.

e Neutrino-nucleon cross section
The neutrino-nucleon interaction is applied as same as analytical calculation de-
scribed in Section 7.3. So the cross section is calculated by using GRV94 parton
distribution function[17]. The only charged current interaction is generated out of
the detector and both charged current interaction and neutral current are generated
in the detector.

e Area of the neutrino-nucleon interaction point
The area that the neutrino-nucleon interaction is generated is in the spherical shape
with 4km radius, the detector is located at center of the sphere.

e Detector simulator
The GEANT program in CERN program library is used for detector simulation
commonly used in high-energy experiments.
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e Muon energy loss
The muon energy loss is applied the Lohmann’s model[18], same as analytical cal-
culation.

e Data selection
The data selection is done by true information, judgment between stop and thru,
and 7m track length cut and zenith angle cut are applied.

9.2 Comparison between MC and analytical calcula-
tion

The live time 19.5years Monte Carlo data was generated. The Monte Carlo result and
analytic calculation result are compared in the absolute flux and the zenith angle distri-
bution of the flux.

The comparison result for upward stopping muon flux is shown in Fig. 9.1. The
left-side figure shows the zenith angle distribution for upward stopping muon flux, the
cross shows Monte Carlo flux and the solid line shows analytic calculation flux. The ab-
solute flux for upward stopping muon is 0.73 +0.02(stat.)(x 10~ 3em s~ sr™!) for Monte
Carlo and 0.73(x10™3cm™2s7tsr™!) for analytic calculation obtained, both flux are con-
sistent. The right-side figure shows the zenith angle shape difference, upper figure shows
normalized flux distribution and lower figure shows the ratio of Monte Carlo to analytic
calculation, and the shape is found to be consistent.

The comparison result for upward through-going muon flux is shown in Fig. 9.2. The
absolute flux is 1.8940.02(stat)(x 10~ 3em=2s~tsr 1) for Monte Carlo and 1.97(x 10" Bem—2s~tsr 1)
for analytic calculation. The Monet Carlo absolute flux is smaller than analytic calcula-
tion with 4%. From The right-side and lower figure, the shape is found to be consistent.

The comparison result for upward stop/through ratio is shown in Fig. 9.3. The
absolute ratio is 0.39+0.01(stat.) for Monte Carlo and 0.37 for analytic calculation, the
absolute difference is 4% which come from the inconsistent of through-going muon result.
The shape is found to be consistent.
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Chapter 10

Atmospheric v /v

10.1 Method to estimate atmospheric v/v

The upward-going muons detected in Super-Kamiokande is generated by simple process

of neutrino-nucleon charged current interaction as follows,
v+N—-u +X (10.1)
v+N—put+X (10.2)

where N is nucleon and X is any particle. Then the relation between atmospheric v, /7,
and the charge ratio of neutrino induced upward stopping muons is as follows,

(bl/ _ OpN Nﬂ_
¢17 OuN NM+

where ¢,,¢,- is the atmospheric neutrino flux for v, v respectively and oy, oy are cross

(10.3)

section of vN, 7N in charged current interaction. N,- and N+ are number of 1~ and p™,
respectively. We compare experimental data with theoretical value for the atmospheric

neutrino and anti-neutrino ratio as follows,

(¢y/¢ﬁ)data _ (N;F /NM+)data (10.4)

(60 b0)theo.  (Nu= /Nyt )theo.

The theoretical atmospheric neutrino ratio is estimated by using analytical calculation as

follows,
[ éu(E)) x D xo,n(E,) x dE, N~

f(bp(Ep) X D X O'pN(Ep) X dElj a NM+

where D is nucleon density of rock and F, is neutrino energy.

(10.5)

10.2 Charge separation of muons

Although the charged particles is usually separated by magnetic field in accelerator exper-
iments, directly separation of charged particle is impossible for the Super-Kamiokande.
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In this study, charge difference is observed by using lifetime difference of muons in
water. The lifetime for muons in Super-Kamiokande is obtained by observation the time
difference between parent muon and decay electron. Charge ratio for upward going muons
is equivalent to the ratio of the number of u* to u~ after correction of nuclear absorption
for p~.

In vacuum, both pt and = have same lifetime, 2.2usec [19]. However, ™ and = have
different lifetime in water because of only p~ captured by medium atom(pu~+p — n+v,).
Then p~ has shorter lifetime than 1 [20]. The lifetime of each muons in water is as follows,

T~ = 1.17954 £ 0.0020usec
T+ = 2.19703 £ 0.00004 psec

Therefore the muon counts of the mixture of two muons which have different lifetime
in a water. The number of the particle with lifetime 7 is shown as equation(10.6).

N(t) = Noexp (—;) (10.6)

where Ny is number of particle at t=0, and N(¢) at t=t.

The two kind of method for estimation N,-/N,+ are available, the lifetime fitting
method and lifetime ratio method. The former lifetime fitting method is using the decay
curve for time difference between muon and decay electron.

At first decay rate of the particle —dN(t)/dt is expressed as following equation(10.6).

_dN(t):NO ( t>

—_— —ex
dt P

(10.7)

In the next step, the number of count(N.punt) during At is as follows,

t+ At dN t
Ncount<t ~t+ At) = /t <—%> dt

= Ny [1 —exp <_$>} exp (—;) (10.8)

The number of count is estimated separately by equation(10.8) for u~,u*™. The total
number of count(Nyuq) is shown as following equation10.9.

A
Ncount<t ~ 14+ At) = NM+ [1 — exp <—_t>‘| exp (_i)

Tut Tut

T e | 1 =) L

The tuning parameters in the equation 10.9 are N,- and N,+.

In order to deduce the true charge ratio of muons observed in the SK detector, we
should taken into the g~ nucleon capture in water. There is no electron emission when
nuclear p~ capture occurred. A.(the nucleon capture ratio) is defined for oxygen as
follows[20],

A, =0.184 £+ 0.001



10.3 Event selection 78

Finally, the charge ratio of muons(R(ut/p™)) turns out to be,

v N+
O (10.10)

Since only tagged decay electron events is used in the lifetime fitting method, the large
amount of events are required and it is not suitable for this analysis. Therefore, latter
method, lifetime ratio method is adopted.

The lifetime ratio method uses all event detected stopping muons. Although the
lifetime ratio method is basically same as lifetime fitting method, the charge ratio is
estimated by integrating the Eqn. 10.9 and Eqn. 10.10.

At first, we defined the ratio of number of x* and g~ as N+ : N,- = 1: X. The
ratio of the number of total muons to electron tagged events which lifetime is longer than
definite time (Ne_tag/Niotaru) is shown as follows,

Ne_tag _ Gt (el’p(_T/T;ﬁ) + Xexp(—T/TM—)(l —A)) (10.11)
Ntotalu 1 + X |

where €,+ is the detection efficiency for ©* and T is definite time. The ratio Ne—tag/Ntotain
is obtained experimentally.

10.3 Event selection

10.3.1 Parent upward stopping muons
Contamination of cosmic-ray muons

The contamination of cosmic-ray is described in Section 5.5 The contamination due to
the cosmic-ray muons exists only between —0.1 < cos® < 0 (O:vertical angle) in zenith
angle direction. Therefore events in the region 60° < ¢(azimuth angle) < 310° and
—0.1 < cosO(O : vertical angle) < 0 are removed from the data set.

Fiducial volume cut

Fiducial volume cut is applied on the muon events. This cut requires that stopping
position of muons should be away more than 2m from detector wall as shown in Fig. 10.1.
This cut is useful for rejection y-ray events which is generated frequency available near
the wall (Fig. 10.1) and affects destructively the detection efficiency for decay electron in
the analysis. Although almost noises near the wall are eliminated by time difference cut
by coincidence between parent muon and decay electron, we applied this cut because of
well known energy resolution for the decay electron in fiducial volume.

10.3.2 Electron from decayed muon

In this section, the direction and vertex reconstruction for p decay electron is described.
Figure 10.2 is the typical event of u decay electron.
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Figure 10.1: The vertex distribution for low energy events. The left-side plot is Z dis-
tribution(+18.1m and -18.1m show the top and bottom PMT) and the right-side plot is
R(radial direction). The large amount of events are found near inner-detector wall. The
fiducial volume away more than 2m from detector wall is 22.5kton.

Vertex reconstruction

At first, the hit channel is selected for vertex reconstruction as below. The time distribu-
tion of hit PMTs is shown in Fig. 10.3. The peak around 900nsec is the signal of electron
event and noise signals by dark current of PMTs are found after 1200nsec. The noise
signal deteriorates the vertex reconstruction. Accordingly it is eliminated as follows.

1. The 200nsec timing window is determined so as to include maximum hit PMTs. In
the Figurel0.3, this window is between ¢ and ts.

2. The number of background hit in the timing window is estimated using following
equation.

Npit(t1 : t2) + Npae(ts : ta)
(ts — t1) + (ta — t3)

Nbackground = (t2 - t3) (1012)

3. 200nsec window is divided to 11 small window and significance for each small window
is calculated as follows,
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Figure 10.2: Typical o decay electron event. solid line shows the result of vertex and

direction reconstruction.

Nsignal

\/ Nbackground

where Ng;gna is equivalence to Npit — Npackground-

signi ficance = (10.13)

4. Select the small window which has maximum significance.

5. The other small window which the significance is larger than 80% of maximum

significance is selected and use for vertex reconstruction.

Next, reconstruct the vertex point using selected channel by the grid search method
described as Section 5.2.1. The function for vertex reconstruction is Eqn. 10.14 and
search minimum point for 7°2.

) Nhit )
17 = Z tresolution,i (1014)
i=1

where t,esoiutioni 1s the time which difference time between detected time at PMT and
time of flight of photon, t,esolution,i is defined as follows,
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Figure 10.3: Timing distribution of electron event
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tresolutioni = 10 — (n/c) x \/(az — )+ (y— )+ (2 —2z) —t. (10.15)

t9 . hit time at i-th PMT

(2

n : refraction index (n = 1.34 in water)
¢ : velocity of photon in vacuum
(x,y,2) : vertex point of decay electron

(x:,yi,2;) : location of i-th PMT

t. : average of t;

Goodness is defined by the time resolution of PMT as follows,

1 1 £ csolution.i
goodness = RNk E?exp [—%] (10.16)

: i
where o; is time resolution of PMT. The goodness takes the value between 0 and 1. If
tresolution,i 15 0, goodness takes 1. The method of grid search is same as muons case and
determines the point where goodness takes maximum value.
Table10.1 shows vertex reconstruction resolution described in Section 5.2.1. The vertex
position and resolution is estimated from average and ¢ by Gaussian fitting as figurel0.4.
Then o, is estimated from difference distribution(figure10.4) as the region including 68%

of all.

Position (x,y,z) Ax | Ny | Az o oy o, o,
(35.3,-70.7,-1200) || -0.3 | -2.7 | -3.0| 47.98 | 49.28 | 47.66 | 115.8
(35.3,-70.7,0) 0.7 -0.5| -1.9] 47.11 | 49.23 | 52.80 | 114.2
(35.3,-70.7,1200) -1.0| -0.7| -1.0] 46.87 | 48.17 | 47.88 | 113.6
(35.3,-70.7,1600) -0.6 | -2.8 | -10.0 || 46.98 | 46.40 | 44.67 | 111.6
(
(
(

35.3,-1201,-1200) || -3.4 | 7.0| -7.0| 46.91 | 47.65| 47.40| 110.7
35.3,-1201,0) -1.1 ] 16.0 | -1.11 42.70| 43.16 | 50.08 | 113.0
35.3,-1201,1200) 0.6 | 10.0 2.0 43.74 | 44.92 | 48.74| 109.4

Table 10.1: Vertex reconstructed position difference and resolution by Ni calibration

Energy spectrum for electron

Characteristics for muon decay is the maximum 50MeV in energy spectrum. The deter-
mination of energy is on the different basis between low energy event like electron and
high energy event like muon. The energy in high energy event is determined by using
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Figure 10.4: The resolution of vertex reconstruction for electron

total charge of hit PMTs. On the other hand, in the low energy case, determined by the
number of hit PMTs. Since the amplifier of PMT is not stable in low energy, definition
of number of hit PMT is better than definition of charge.

In order to reject the dark noise events of PMTs, the corrected number of hit N5q is
defined which applied corrections of tube weights taking into account of the attenuation,
geometry, and charge corrections. The N3¢ has a good energy scale in low energy as
characteristic value of the event.

1 decay electron events
Backgrounds for decay electron are radioactivity in water and v-ray from rock, electric
noise. Following event selection was applied in order to eliminate these background.

1 decay electron Event selection

These electron events are emitted after parent muons released that’s energy and stopped.
Since the lifetime of muon in vacuum is 2.2usec, events which have time difference between
muon and following event is shorter than 30usec was collected.

Goodness cut

The definition of goodness was described elsewhere and is used for inspection of quality for
vertex reconstruction. This definition is also used for decay electron. For decay electron
selection, goodness is used for elimination of electrical after-pulse due to parent muon.
Event with goodness > 0.5 is taken into data set.
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Energy cut

Fig. 10.5 shows energy distribution for decay electron of muon. MC and experimental data
is consistent with the data around 5MeV except very low energy region. The difference
comes from gamma-ray by radioactivity element in the water and g~ nucleon capture by
nucleus. Stopping p~ is sometimes captured by Oxygen atom in the water and excited to
16N. When excited 5N goes to ground state, emitted gamma-ray. The maximum energy
of emitted gamma-ray is 10.8MeV. Then N5y > 60 was applied effectively for rejection

these noise events.

I S S e e

EERNT N R T D
T
- : : : : : : il
TR S S R L
O L1 ‘ - ‘ I -} ‘ I -1 ‘ I -1 ‘ | -1 ‘ ] | ‘ L1 H «H L1 ‘ I -}
Q 50 100 150 200 250 300 350 400 450 500

N eff

Figure 10.5: The Michel spectrum, solid line shows MC and cross shows data

Time dierence cut

Since muon decay electron is successive phenomena after stopping muon, there is problem
of trigger gate. The trigger time width in Super-Kamiokande detector is 800nsec. The
gate type is classified for three groups because of the relation of muon and electron and
gate type as Fig. 10.6. Only sub-gate events of which detection efficiency are highest, are
used for this study. The types of trigger gate are explained as follows,

1. in-gate event
The time difference between parent muon and decayed electron is very small. It is
difficult for detection decay electron because of signal tail of parent muon.
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2. bye-bye event

The event decay electron signal is divided two gate.

3. sub-gate event

After parent muon gate is finished, electron signal appears in the next gate.

in-gate event
|

bye-bye event
|

[ A

sub-gate event

trigger gate

Figure 10.6: Schematic view of u-e decay events for gate pulse

Detection e ciency for u* decay e

The detection efficiency for u* decay e is estimated by Monte Carlo simulation. The
positive electron with Michelle energy spectrum is generated and applied the detector

simulator, the figure is shown in Fig. 10.9. The goodness cut and low energy cut are

applied, the detection efficiency for u* decay e is estimated to be 98.7 4= 0.04stat.%.

10.4 Charge ratio of upward stopping muon

The 224 upward stopping muons are observed as parent muons and 114 decay electron

which time difference between parent muons and decay electron is larger than 1.2usec is

observed. The ratio of number of electron tagged event to total muon is,

114

= — =0.51£0.03
Ntotal—u 224

(stat.)

(10.17)
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Figure 10.7: Timing distribution for in-gate event. Both parent muons and decay electron
is available in the gate

Since equation(10.11), Equation(10.17), and the detection efficiency for u* decay elec-
tron described as 10.3.2 are taken into account. The charge ratio for upward stopping
muons(E, > 1.4GeV) is obtained to be

N,

N = 0.5710 15 (stat.)
)

(10.18)

Figure 10.10 shows the relation between Ng a0 /Ntotalu and N+ /N,,-.

10.5 Expected charge ratio

The expected charge ratio is estimated by the analytical calculation described as Chapter
7. The expected upward stopping muon flux from atmospheric v, and v, are 0.50 and 0.25
respectively. So the ratio of upward stopping muon flux from v, to v, is 1.98 obtained.

10.6 Systematic uncertainties

10.6.1 The systematic error for absolute energy determination

The energy distribution of p decay electron is shown in Fig. 10.11. The cross shows data
and the slid line shows Monte Carlo data, the difference is found in mean energy with
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Figure 10.8: Timing distribution for sub-gate event. Upper figure shows parent muons
and lower figure shows decay electron
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Figure 10.9: The Michelle spectrum of u decay e™ generated by Monte Carlo simulation

2.5%. The difference of the mean energy affects to observed atmospheric v, /v, ratio with
13.2%.

Detection e ciency for u* decay electron

The detection efficiency for p* decay electron is estimated to be 98.7 & 0.04stat.% in
Section 10.3.2, the statistic error for detection efficiency affects to observed atmospheric
v,/ v, ratio with 0.6%.

The uncertain ty of neutrino-n ucleon interaction

The total neutrino-nucleon charged current cross section is shown in Fig. 10.12. The
cross points show the various experimental results and the blue line shows the analytical
calculation described in Section 7.3. The v, and v, data are independently fitted by ana-
lytical calculation ,respectively. The difference between expected ratio of o, to o, and
normalized theoretical ratio is estimated to be 8%. The effect for observed atmospheric
v,/ v, ratio is 8% obtained.
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Figure 10.10: The Ne—tag/Ntotalu versus NM+ /NM_

10.7 Obtained atmospheric v/v

The ratio of observed atmospheric v/ to expected one is estimated as follows,
W/ )ops, 0.2910-30 (stat.) & 0.04(syst.)

(V/ﬂ)theo.
T (stat.20) (10.19)



10.7  Obtained atmospheric v/v 90

350 L ® data <p>=39.01 MeV/c
[ —— MC <p>=37.99 MeVic

300 [
$250 ?
> L
() r
“5200 n
2150 £

=100 F

50 |

0 0710720 30 40 50 60 70 80 90
Momemtum (MeV/c)

Figure 10.11: The energy distribution of p decay electron
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Figure 10.12: Neutrino-nucleon charged current cross section



Chapter 11

Result and discussions

The live time 1247 days for upward stopping muons and 1268 days for upward through-
going muons data were studied, the 345 upward stopping muon events and 1416 upward
through-going muon events were detected.

11.1 Observed upward-going muon flux

The observed upward-going muon flux was estimated from upward-going events. The ob-
served upward stopping muon flux was 0.41+0.02(stat.)£0.02(syst.) (x 107 Bem?s~1sr™1),
the through-going muon flux was 1.704-0.05(stat.) 20.02(syst.) (x 107 ¥em=2s71sr 1), the
stop/through ratio was 0.24 4 0.02(stat.) £ 0.01(syst.), total upward-going muon flux was

2.11 £ 0.05(stat.) 4= 0.03(syst.) (x1073ecm~2s71sr™!) obtained.

11.2 Expected upward-going muon flux

The expected upward-going muon flux was estimated by analytical calculation on the
basis of the Bartol atmospheric flux model, GRV94 parton distribution function for deep
inelastic scatter, energy loss of muons calculated by Lohmann. The expected upward
stopping muon flux was 0.73 4 0.16(theo.) (x107*3cm—2
flux was 1.97 4= 0.44(theo.) (x107¥cm~2s71sr™1), the ratio of stopping to through-going
muon flux was 0.37£0.05(theo.), the total upward-going muon flux was 2.70 £0.47(theo.)
(x107Bem2?stsr™1) obtained.

stsr71), through-going muon

11.3 Oscillation examination

The oscillation examination was applied by comparison between the observed upward-
going muon flux and the expected upward-going muon flux. The result of the oscillation
examination is summarized in Table 11.1, where a, (3,7 are described in Chapter8.
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sin6 Am? x’/dof| « 6] € Prob.(%)
stop/through ratio 5bin

0.00 - 9.4/ 5 - -0.3 - 9.4%
1.04 [ 3.0x107% | 1.3/ 3 - 0.0 - 71.8%
1.00 [ 2.9x1073 | 1.4/ 3 - 0.0 - 71.2%

stop + through combined 15bin
0.00 - 30.2/15 | -0.2 | -0.3 | 0.05 1.1%
1.02 [ 3.2x 1073 | 7.1/13 | 0.03 | 0.002 | -0.01 89.6%
1.00 | 3.2x 1073 | 7.1/13 | 0.03 | -0.01 | -0.004 | 89.5%
through 10bin
0.00 - 18.7/10 | -0.16 - 0.05 4.4%
0.86 | 5.2x 1073 | 5.9/8 | 0.05 - | -0.001 | 66.1%

Table 11.1: The summary of oscillation analysis

11.4 Monte Carlo approach

The another approach for estimation upward going muon flux applied Monte Carlo method.
The Bartol atmospheric neutrino flux model, GRV94 parton distribution function for deep
inelastic scatter calculation, the energy loss of muon calculated by Lohmann were applied
and the GEANT program in CERN library simulated the detector response. The upward-
going muon fluxes were estimated by Monte Carlo method, the upward stopping muon
flux was 0.73+0.03(stat.) (x107¥cm 257 1sr™1), the upward through-going muon flux was
1.98 £0.02(stat.) (x107Bem2s7!sr!), the ratio of stopping muon flux to through-going
was 0.39 + 0.01(stat.) obtained.

11.5 Atmospheric v,/v, ratio

The experimental atmospheric v, /v, ratio was estimated by using the muon lifetime dif-
ference in the water.

The experimental charge ratio of negative muon to positive muon(N,-/N,+) was ob-
tained to be 0.5710:%5 (stat.). and the ratio of observed v, /v, to expected from analytical
calculation was estimated to be 0.2970:30 (stat.) & 0.04(syst.).



Chapter 12

Conclusion

The atmospheric neutrino flux has been measured using about 1250days exposure at the
Super-Kamiokande detector. 345 events for upward stopping muons and 1416 events for
upward through-going muons were detected. The experimental upward-going muon flux
was obtained on the basis of the observed muons. The expected flux without neutrino
oscillation was estimated by analytical calculation.

The oscillation examination was done by comparison between observed upward-going
muon flux and expected one. The v, — v, vacuum oscillation is considered as the most
probable process. The v, — v; oscillation hypothesis with sin?26 > 0.65,1.9 x 1073 <
Am? < 7.2 x 1072 is consistent with the observed zenith angle shape at 90% confidence
level. We obtained the probability of 89.5% at a best fit parameters at (sin®20, Am?) =
(1.0,3.2 x 107?) for the v, — v, oscillation case. On the other hand, we obtained the
probability of 1.1% for the null oscillation case. The Monte Carlo approach was applied
for the realistic expected flux estimation and about 20years upward-going muon events
were generated. The upward-going muon flux by Monte Carlo was compared with analyt-
ical calculation. Although the distribution of the zenith angle was consistent, the absolute
value of the flux for through-going muon was found 4% difference.

The observed atmospheric v, /v, ratio was measured and the expected ratio was esti-
mated by analytical calculation. The ratio of observed to expected was 0.297039 (stat.) +
0.04(syst.) obtained.
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