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ABSTRACT

Astrophysical high-energy neutrino point sources has been considered of extreme in-
terest in the field of both astrophysics and particle physics. The mysterious neutral
lepton with supper tiny mass, effected by neither the magnetic field nor the cosmic
microwave background, is believed to be able to carry the information of the ultra-
high-energy celestial objects and phenomena, and even the cosmic accelerator that
has confused scientists for a long time. Very few is known to us about the astrophys-
ical neutrinos or their sources up until now, but the effort has never been stopped
and remarkable progress has been achieved.

Using the data collected by the water Cherenkov detector Super-Kamiokande
during 2008 and 2018, we performed both a time-integrated and a time-dependent
search for the potential candidates of the high-energy astrophysical neutrino sources
with upward-going muon events via unbinned maximum likelihood method. No excess
with respect to the background is found in either search.

The most probable location to have a point source in the full sky is found at
(198.3°, 15.1°) in J2000 equatorial coordinate system with pre-trial p-value of 1.18 x

10~* and post-trial p-value of 79.2% in the time-integrated search. The upper limits

v



of the neutrino fluence and flux are set to ® = 2.06 x 10? [GeVem™2] and @“PPe" =
4.53 x 1077 cm™2s7!, respectively.

In the time-dependent search, the most significant cluster is at (118.0°, —62.7°) on
2010.10.27 13:09:42 JST and half emission duration ; = 9.25 x 103 s. The pre-trial
p-value is 2.24 x 10~* and post-trial p-value is 33.4%. Neutrino fluence upper limit is
® = 7.86 x 10! GeVem 2, with the emission time interval estimated by 1.85 x 10% s
(26¢).

The algorithm and the library of the numerical analysis established in this study
can be applied on future relative researches on topics regarding the astrophysical

neutrinos.
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CHAPTER 1

Introduction

1.1 NEUTRINO

In 1930, Pauli first postulated the existence of neutrinos to explain the momentum
conservation of beta decay. The electron anti neutrino was first observed by Reines
and Cowan in 1956 at a nuclear reactor. Using the neutrino beam produced by the
decay of charged pions, the existence of the muon-neutrino was confirmed by Danby in
1962. The third kind of neutrino, tau-neutrino, was discovered by Direct Observation
of the Nu Tau (DONuT) Experiment in 2001.

In the standard model, neutrinos were first thought to be massless, neutral leptons.
Although they have been proved to have mass now, it is negligible when considering
the effect of gravity. As a result, the only interaction channel for them is weak inter-
action. The neutrinos detected on Earth are mainly generated via nuclear reactions
in the core of the sun and high energy cosmic rays interacting with nucleus in the
atmosphere. Except for natural sources, nuclear reactors and accelerators can also
generate neutrinos and are widely used in the studies of neutrino properties.

The discovery of neutrino oscillation can date back to the Homestake Experiment
in 1960s, which observed a huge difference between the measured electron-neutrino
flux and the one predicted by the standard solar model. This solar neutrino prob-
lem had remained unsolved for about thirty years before physicists realized that the
properties of neutrino that had been assumed might not be accurate. If the three
kinds of neutrinos are massive and have mass differences, their flavor eigenstates will
be different from their mass eigenstates, and thus the flavor can oscillate to one that

differs from what the neutrino is generated with. Such a phenomenon is called neu-



trino oscillation. In 1998, Super-Kamiokande Experiment (SK) found the evidence
of neutrino oscillation via the asymmetry between the upward-going and downward-
going atmospheric neutrino. Then with the measurement of solar neutrinos at SK
and Sudbury Neutrino Observatory, solar neutrino problem was well explained.

The first observation of astrophysical neutrinos outside solar system was on Febru-
ary 23rd, 1987, from a supernova explosion in Large Magellanic Cloud 51.4kpc away
from the Earth. This supernova was numbered as SN1987A | and SK, Irvine-Michigan-
Brookhaven Experiment (IMB) and Baksan Underground Scintillation Telescope (BUST)
detected 11, 8 and 5 neutrinos, respectively. In the supernova model, 99% of the
energy of the core collapse supernova will be released via neutrino emission. This
observation not only examined the model, but also remarked the beginning of using

neutrino as a tool to study astronomy.

1.2 HIGH-ENERGY ASTROPHYSICAL NEUTRINOS

1.2.1 Overview

High-energy astrophysical neutrinos refer to the neutrinos from galactic or extra-
galactic distant objects with energy above 1 GeV. Unlike solar neutrinos or supernova
neutrinos, high-energy neutrinos are not produced directly by the celestial bodies.
Instead, they are produced as a result of the cosmic accelerator, which is a kind of
electromagnetic accelerator. More details will be discussed in 1.2.2.

Protons accelerated by the cosmic accelerator can scatter off another accelerated

proton or a photon and produce mesons through the following channel:

p+y—=71+n (1.1)

p+v—=al+p (1.2)



p+p—>7ri,7ro (1.3)

The charged and neutral pions, together with protons and neutrons, can undergo

the following decays:

™= uty, s et e+t (1.4)

0 — 2y (1.5)

Among the produced particles, photons, neutrinos and neutrons are neutral and

will escape from accelerator. Additionally, the neutron can decay into a proton:

n—pte +1, (1.6)

Energy distribution of neutrinos generated in this way will follow a power spec-
trum. This will be introduced in details in Section 1.4.1.

Although cosmic rays (mainly consists of protons), gamma rays and neutrinos
are all produced in this process, neutrino has advantages compared with the other
two. First, it is electromagnetic neutral, meaning that it will not be deflected by
the magnetic field existing in the galaxy and so that the direction information of the
source is not lost. Second, its cross section is extremely small so that the probability
that it scatters off another particle is tiny. Gamma rays can be blocked by the opaque
objects, and cosmic rays will interact with the cosmic microwave background (CMB)

at high-energy region.



1.2.2 Cosmic Accelerator

The cosmic rays we have observed on Earth have energies that is much higher than the
expected thermal energies of cosmic rays emitted by astrophysical objects. The most
commonly accepted explanation of such a phenomenon is that the cosmic rays are
accelerated by the electromagnetic fields known as the cosmic accelerator. Although
many models have been established, the mechanism of acceleration still remains un-
known to us.

The mechanisms of acceleration can be different for different astrophysical ob-
jects, and the process may consist of more than one mechanism. Among the mech-
anisms, shock acceleration is widely included in the scenarios of many astrophysical
objects[34]. In this model, the accelerating region contains two parts: upstream and
downstream. The upstream is a region full of charged particles with high velocity
(mainly protons) generated by some certain kind of driven force such as the super-
nova explosion. In the downstream, on the other hand, the velocity of the charged
particle is smaller. The boundary between the upstream and downstream is called
the shock front. When a charged particle moves across the shock front, it can scatter
on a magnetic irregularity and change the momentum direction. Then it will move
across the shock front and scatter again. In the process of bouncing back and forth,
the energy of the particle will increase or decrease, depending on the scattering an-
gles, but in average the particle gains energy. After the energy of the particle is large
enough, it has the probability to escape from the shock.

Such kind of acceleration can take place both galactically and extra-galactically.
There is an energy limit which the particle trapped within the magnetic field in the
galaxy can reach. As a result, the cosmic rays with the highest energies are probably

generated from extra-galactical sources.



1.3 POTENTIAL NEUTRINO SOURCE CANDIDATES

Except for solar neutrinos and supernova neutrinos, no astrophysical neutrino event
had been observed before 2017. However, on 22 September 2017, IceCube detected
an ultra-high-energy neutrino event of approximately 290 TeV, labeled as IceCube-
170922A. Following this observation, IceCube performed a search for neutrino point
sources at the position of TXS 05064056, but independent of IceCube-170922A1[30].
In that search, they used the time-dependent search method which is similar to what
is used in this study, and discovered an excess of neutrino emission of a confidential
level above 30 between 2014 and 2015 (Figure 1.1). This provided a strong evidence
that blazars could be the sources of high-energy astrophysical neutrinos.

There are, however, many potential neutrino source candidates that are considered

to generate neutrinos theoretically. In this part I will briefly introduce some of them.

1.3.1 Active Galactic Nucleus

An Active Galactic Nucleus (AGN) is super massive black hole (BH) with an accretion
disk located at the center of a distant galaxy:.

The BH and accretion disk is surrounded by clouds of gas moving rapidly in the
potential of the BH and a torus or warped disk of gas and dust well outside the
accretion disk. Relativistic collimated jets are emitted perpendicular to the disk.
Figure 1.2 shows a schematic of AGN. Those AGN with the jet direction pointing to
the observer are called the blazar[59].

When matter in the accretion disk fall into the BH, it creates an accretion shock,
leading to the first order Fermi acceleration of charged particles including protons.
These ultrarelativistic protons can collide with intensive photon fields and produce

high-energy neutrinos[57].



IC40 1C59 IC79 IC86a 1C86b IC86¢c
5 L i L L L
=1 lceCube-170922A A 4o
o 41 Gaussian Analysis \
o 34 = Box-shaped Analysis - I
c"_ -
o o4 .
1 - 20
1 I i = 10
0 — — —_— T T T T
2009 2010 2011 2012 2013 2014 2015 2016 2017
(a)
B 6o
45 L 6.69°
N ‘ c
=2 i o
& 3.0 S c rrrrr 5690
8 <
4 i ]
- a
15 5 4.69°
0.0 . 3 ;
78.36° 77.36° 76.36°

Right Ascension
(b)

Figure 1.1: Top: Results of time-dependent analysis. Black dashed
line represents IceCube-170922A. A significant peak over 3o was discov-
ered during IC86b, at around the beginning of 2015. Bottom: Skymap
of p-value. Black cross at the middle is TXS 0506+056. Figures are
taken from [30].



Figure 1.2: Schematic of radio-loud AGN[59]

1.3.2 Gamma-Ray Burst

Gamma-ray burst (GRB) are extremely luminous electromagnetic radiation events
observed in distant galaxies.

The GRB is considered to be produced by the dissipation of an expanding fire-
ball. The ultrarelativistic particles in the fireball are generated in the collapse of a
massive rotating star core or the merger of a neutron star with another neutron star
or blackhole, where large amount of gravitational energy is released in a short time
in a small region[49].

In this fireball model, protons can undergo Fermi acceleration to energies up to
1020 eV[61]. Then high-energy neutrinos can be generated through the photomeson

production.



1.3.3 Supernova Remnant

Supernova Remnants (SNR) are expanding materials ejected from supernovae ex-
plosions bounded by shock waves. Figure 1.3 is one of the most famous supernova

remnant, Crab Nebula, which is also a plerion (pulsar wind nebula).

Figure 1.3: Crab Nebula[51]

The possible acceleration mechanism SNR have is the diffusive shock accelera-
tion[33]. When the ejecta meets the surrounding interstellar medium, it is possible

to produce neutrinos via pion production.

1.3.4 Magnetar

Magnetars are rotating neutron stars with strong magnetic fields (~ 10°G).

There are two main energy source to power the magnetars: the magnetic power
and the spin-down power[28]. For magnetars whose spin and magnetic momentum
are in opposite directions, spin-induced electric fields can accelerate the protons from

surfaces. Then they will scatter off the photons generated in the decay of strong



magnetic fields and produce pions, which will later decay into neutrinos.

The particles emitted by magnetars are not isotropic but will concentrate in a
certain direction. The expected neutrino flux will be magnificent in that direction,
yet much lower in others. It is not very likely the direction happens to point at Earth.
However, if it does, it will be helpful for the study on astrophysical neutrinos and

magnetar structure.

1.4 MULTI-MESSENGER ASTRONOMY

After the detection of high-energy neutrino event IceCube-170922A in 2017, IceCube
sent out an alert to all gamma ray observatories. It was later found out that the
blazar TXS 0506456, whose position is coincident with the direction of the neutrino
event, was in a flaring state. From that time, a series of gamma-ray observation in
a various of wavelength range followed, and high-energy gamma rays were confirmed
to be detected from that blazar (Figure 1.4)[31].

This kind of research, usually called multi-messenger research, has been proved
very useful, as various messengers can carry information of different process. Other
than neutrinos, cosmic rays, electromagnetic radiation and gravitational wave are also

the major messengers used in astronomy studies.

1.4.1 Cosmic Rays

Cosmic rays (CR) are high energy astrophysical particles mainly consist of protons
(90%), nucleus (9%) and electrons (1%)[53]. I have briefly introduced their origins
and the acceleration mechanism in previous chapters so I will mainly introduce their
energy spectrum in this chapter.

Energy distribution of cosmic rays follows a power spectrum, with a spectral index
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trino and gamma rays by IceCube, MAGIC and Fermi. Figure taken
from [31]
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gamma, shown in Figure 1.5. There are two important structures: a knee, and an
ankle. The knee is at ~ 10'5eV. Below the knee, gamma 2.7. The ankle is at

~ 10'9¢V. Above that gamma 2.6. Between the knee and the ankle, gamma 3.1.
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Figure 1.5: Energy spectrum of CR [3§]

The spectrum does not continue to infinity. At around 5 x 10, there is a rapid
steepening in the spectrum called the Greisen-Zatsepin-Kuzmin (GZK) cutoff[37, 63].
Protons with energies higher than this threshold undergo inelastic interactions with
CMB:

p+y—=1"4p (1.7)

1.4.2 Gamma rays

Gamma rays can be generated both leptonically and hadronically.
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Leptonic process refers to the synchrotron radiation of accelerated electrons prop-
agating in strong magnetic fields. Since the synchrotron radiation will be suppressed
for particles with larger mass, heavier particles like protons does not have much con-
tribution to this process.

The hadronic process is similar to neutrino creation, with only charged pion decay
being changed to neutral pion decay. Since neutrinos and gamma rays are produced
at the same time, and neither of them are deflected by the magnetic fields in the

galaxy, they can be used as the triggers of each other.

1.4.3 Gravitational Waves

Gravitational wave (GW) is a different kind of messenger in comparison with CR,
gamma rays and neutrinos. It is not particle, but the propagation of the change
in curvature of spacetime. On August 17th, 2017, LIGO and Virgo collaboration
observed the first evidence of gravitational wave. This not only proved the general
relativistic, but also provided a new way and aspect to study the astrophysics and
cosmology.

GWs are usually generated by the merger of two massive objects, such as neutron
star and neutron star, black hole and black hole, and neutron star and black hole.
After the merging, a magnificent amount of energy is released in the form of GW.
GW travels in the universe with the speed of light. Its direction does not change
and hardly lose any energy through its propagation, making it an extremely useful
messenger.

Current observatories of GW including LIGO, Virgo and KAGRA. Each of the
can detect the GW signal from all directions. After a signal is received, an alert is

sent to all the astronomical observatories all over the world and following observation
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of other messengers can be carried out immediately.

1.5 PREVIOUS RELATED SEARCH

o SKI-III:
In 2009, a time-integrated search on data from SKI to SKIII was conducted][58].
Only up-going muon sample was used. Sensitivity in this research is estimated
to 3 x 1077 em™2s7! in the region of declination of (—30°,0°). The lowest
—2,-1

neutrino flux limit averaged in right ascension is set to 6 x 107® cm 257! at

around dec= —54°.

o IceCube:
[ceCube searched for the time and space clustering of high-energy neutrinos
time-dependently in 2020 using data from 2012 to 2017, and in 2015 using data

from 2008 to 2012[5, 4].

« ANTARES:
ANTARES searched for point-like neutrino sources time-integrally with 9-year

data and 11-year data in 2017 and 2020, respectively.[21, 43]
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CHAPTER 2

Super-Kamiokande
2.1 OVERVIEW

Super-Kamiokande (SK) is a water Cherenkov detector. The detector lies 1,000 me-
ters under Mt. Ikenoyama, Hida City, Gifu Prefecture, Japan. The main part of the
detector is a stainless steel cylindrical water tank with a diameter of 39 meters and
height of 42 meters. This water tank contains 50,000 tons of ultra pure water. On
the wall of the tank and outside of the tank, there are in total 13,000 photomulti-
pliers (PMT). The rock above and around the detector create a good shelter which
shields most of the cosmic rays of energies below 1.3 TeV, and only about 1 x 107°
of the cosmic muons arrive at the earth surface can reach the detector. Figure 2.1 is

a schematic of SK.

Control room

§S ¥R All_— Inner Detector

T Outer Detector

41m

o
Detector hall Access tunnel

Figure 2.1: A schematic of SK.[44]

The SK detector contains two parts: the inner detector (ID) and outer detector
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(OD). ID uses about 11,000 20-inch PMTs located 2.6 meters inward from the wall
of the tank. OD is placed 2.2 meters from the wall and 2.1 meters from the top
and bottom of the tank, consisting of 1,885 8-inch PMTs. The OD wall is covered
with white Tyvek sheet to maximize light detection efficiency. Additionally 26 sets
of vertical and horizontal Helmholtz coils are lined up along the wall, reducing the
geomagnetic field inside the tank from 450 mG to 50 mG. The frame structure is

shown in Figure 2.2.

Figure 2.2: Frame structure which supports PMTs.[35]

SK started to operate since 1 April 1996, and has 6 completed phases (from SK-I
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to SK-VI). During SK-II in 2001, more than half of the PMTs were destroyed due to
an implosion of one bottom PMT, causing the ID photon coverage rate dropping to
19%. In 2008, front-end electronics were upgraded. From SK-VI, gadolinium (Gd)
was dissolved in the ultra-pure water to make it easier to separate neutrinos from
antineutrinos. The latest phase SK-VII started from 1 June 2022. In this phase the

Gd concentration will be increased from 0.01% to 0.03%.

2.2 CHERENKOV RADIATION

SK detect charged particles via the emitted Cherenkov lights that hit the PMTs. The
speed of light in dielectrics is smaller than that in the vacuum, making it possible
for ultra-relativistic charged particle to move with a velocity larger than that. When
such a situation occurs, an electromagnetic shock called the Cherenkov radiation is
created. Using the Huygens-Fresnel principle, it is predicted that the emitted lights
form a cone centered at the particle traveling direction with an opening angle related

to the velocity of the particle:

Cherenkov
light

Charged
particle

Figure 2.3: Cherenkov radiation light cone.[9]
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1
0, = — 2.1
oS Yz (2.1)

Here 6, is the opening angle, n is the refractive index of the dielectric, and 5 = v/c.
The number of photons emitted per unit traveling length per unit wave length as a

function of wave length and 3 can be given by

d*N 2T« 1
dzd\ N2 (1 B 52n2) (22)

where « is the fine structure constant. The S threshold of Cherenkov radiation then

can be obtained as
1

, = 2.3
o = — 23
and using this the momentum and energy threshold is given by
mc
= — 2.4
Din o (2.4)
mec*n
Eipy = ——— 2.5
e (25)

In Table 2.1 thresholds for different particles in water are listed. PMTs in SK are
sensitive to light with wave lengths from 340 nm to 600 nm, and the spectrum in this

region of water is shown in Figure 2.4.

2.3 PHOTOMULTIPLIER

Two types of PMT are installed in SK: 8-inch PMT for OD and 20-inch PMT for ID.
The ID PMT is Hamamatsu R3600 PMT developed by Hamamatsu Photonics

K.K., and the structure is shown in Figure 2.5. The photocathodes are made of
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Table 2.1: Cherenkov energy thresholds in water for different particles.

Particle Rest Mass [MeV] Threshold [MeV]

et 0.511 0.775
ut 105.7 160.3
T* 139.6 211.7
K* 493.7 748.8
P 038.3 1408.9
0.006
~ 0.005
£
£
~ 0.004
T
=
o
0.003
0.002
0.001
0 . .
300 350 400 450 500 550 600

Wavelength (nm)

Figure 2.4: Spectrum of Cherenkov radiation in water.[48]
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Figure 2.5: 20-inch PMT.[35]

Bialkali (Sb-K-Cs). The quantum efficiency peaks at around 360 nm to 400 nm to a
value of 22% as shown in Figure 2.6.

The OD PMT has been used in SK since the accident in 2001 is Hamamatsu
R5912 PMT. Each PMT is attached to a 60cm x 60cm x 1.3cm wavelength-shifting
(WS) plate made of acrylic-doped panels to absorb ultraviolet and emit blue green
light which is closer to the sensitivity peak of the PMT.

Every PMT has been covered by a 12 mm ultraviolet transparent acrylic dome

and a fiberglass reinforced plastic (FRP) case to prevent chain explosion in SK-II

(Figure 2.7).

2.4 ELECTRONICS AND DATA ACQUISITION SYSTEM

Since SK-IV, the front-end electronics used for data acquisition (DAQ) system is
charge-to-time converter (QTC) based electronics with ethernet (QBEE)[52].
Each QBEE board consists of 8 QTCs, and each QTC connects to 3 PMTs.

Charge signal from PMT is first integrated by QTC, and then the output signal is
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Figure 2.8: Timing chart of QTC in QBEE.[52]

sent to time-to-digital converter (TDC). The digital signal is then recorded by a field-
programmable gate array (FPGA) at 60 kHz for data-sort mapping (DSM) (Figure
2.8). Four DSM chips are installed in each QBEE, and their outputs are sent to the
system-interface controler (SIC) which sorts the data and stores them into first-in

first-out (FIFO) memory (Figure 2.9).

QTC TDC
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Figure 2.9: Block diagram of the QTC.[52]

One QBEE has the dynamic charge range from 0.2 to 2,500 pC, and there are three

gains, 1, 1/7, 1/49, corresponding to small, medium, large, in each QTC channel.



22

Trigger used before SK-IV is the hardware trigger. Together with the upgrade
in 2008, the hardware trigger was replaced with software trigger, allowing the event
width to change according to the trigger type. The triggers include super low energy
(SLE), low energy (LE), high energy (HE), special high energy (SHE), outer detector

(OD) triggers, and after trigger (AFT). AFT is used for the neutron tagging system.

2.5 WATER AND AIR SYSTEM

The water used in SK is the underground water from the mine. The dust in the
water can scatter or absorb the light and cause the detector sensitivity to decrease.
The water may also be contaminated by the radioactive materials from the rock
such as the radon and radium. These radioactive materials increase noise hits and is
the main background in low-energy neutrino measurements. The water purification
system is applied in SK for those reasons mentioned above. About 50 tons of water
are circulated and purified in this system per hour. Additionally a heat exchange
system is installed to keep the water temperature at 13.6 degrees.

The air is also purified by an air purification system which pumps radon-free air

into the tank to prevent the radioactive materials being dissolved in the water.
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CHAPTER 3

Upward-Going Muon
3.1 SK DATA SAMPLE

The events SK collected are classified into three types: fully contained (FC), partially
contained (PC) and upward-going muon (UPMU). UPMU are additionally classified
as stopping, through-going and showering. Figure 3.1 shows the schematic of different
types of samples. For FC and PC, neutrinos interact with the water and create
secondary particles within the ID volume. The difference is that all charged particles
stop within the ID volume for FC, and at least one particle exits the ID volume
and deposit energy in OD for PC. For UPMU, the muon neutrinos interact with the
rock around the detector and create energetic muons that enters the detector from
directions below horizon. If the muon stops and decays inside the detector, it is
classified as stopping muon. Both through-going and showering muons pass through

the detector, but showering muons pass the shower selection.

Upward Stopping
Fully Contained Muon

¥ #
’ ’
’ ’
I r
. ’
’ ’
.
.
.
-

«* Upward Through-

3 /  Partiall
! o going Muon

Contained

Figure 3.1: Schematic of SK samples.[62]

FC, PC and UPMU have mean energies of 1 GeV, 10 GeV, and 10 to 100 GeV

respectively. The simulated neutrino energy distribution is shown in Figure 3.2.
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Figure 3.2: Expected atmospheric neutrino energy distribution for
different samples.[8]

3.2 DATA REDUCTION

SK receives a huge amount of events at the trigger level, yet only a tiny percent of
them are the true signal events. The major parts of the background here is the CR
muons and PMT noises. In order to reject the background events and classify the
signal events, data reduction is of vital importance. Here I will briefly introduce the
major steps of UPMU reduction. More details for UPMU and FC, PC can be found
in [25].

In the first reduction, a charge cut which requires

6,000 p.e. < PEg < 1,750,000 p.e. (3.1)

is applied. Here PE3q is the total number of observed photoelectrons (p.e.) within 300
ns. This eliminate the low energy and extremely high energy events. The requirement
for the track length of UPMU is longer than 7 m, and a muon with a momentum of 1
GeV and a track length of 3.5 m produces 6,000 p.e.. If the ID charge is larger than
1,750,000 p.e., the muon fitters will fail because the electronics become saturated.

The second reduction downward-going muons are rejected, for they are mostly
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CR muons. To do so, a logic tree of 7 different muon fitters specialized to fit stopping
muons, through-going muons and muons with bremstrahlung are involved. For one
fitter, those events classified as upward with a goodness-of-fit larger than the threshold
are accepted, and those classified as downward with a goodness-of-fit larger than the
threshold are rejected. If the event is classified as horizontal with a goodness-of-
fit above the threshold or all of the goodness-of-fits are below the thresholds, the
event will be passed to the next fitter and repeat the steps above. If none of the
fitters classify the event as upward or downward with a goodness-of-fit larger than
the threshold, but at least one of them classified it as horizontal with a goodness-of-fit
above the threshold, it will be accepted. Otherwise, it is rejected.

The third reduction is eye-scanning. And eventually the final reduction classifies
the events. To classify whether an event is a stopping or through-going (including
showering) muon, a criteria is used to determine the entry or exit. If the number
of OD hits within 800 ns and with 8 m from the entry or exit projected by the
track is greater than 10, then this entry or exit is considered to be an entry or exit
signal. If both entry and exit signal exist, and the distance between the entry and
exit is greater than 7 m, the event is classified as a through-going muon. If only
entry signal exists and the fitted momentum using Cherenkov light is not less than
1.6 GeV, corresponding to 7 m track length, it is classified as a stopping muon. For
the showering muons, an extra chi-squared test based on the observed charge and the
expected charge of non-showering muon is applied. Events pass all selections will be

reconstructed.
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3.3 EVENT RECONSTRUCTION

Information including energy, time, direction and neutrino type can be reconstructed
using the time, charge and position of PMTs. The current fitting algorithm used
by SK is called APFit. I will only cover the reconstruction procedure of UPMU
reconstruction, which is same to part of the single-ring FC and PC reconstruction.
[25] introduces the reconstruction for all situations.

First part is the vertex fitting. This is done using the time information of hit
PMTs.

The first step is the point fit. In this step, it is assumed that all photons from the
Cherenkov radiation are emitted at the same time from one point. The goodness of

the fit is dined as:
- t0)2

1 £
G(ty) = N Xi:exp <_(2(1.T)2> (3.2)

where t; is the time residual equals to the photon arrive time minus time of fly of the
photon for the " PMT, t, is a free parameter to be fitted to maximize G(ty) and
o = 2.5 ns is the PMT timing resolution.

The second step is to estimate the opening angle and direction. A goodness-of-fit

is used to test the combination of the opening angle and direction:

2
Qe e _‘9893 2
X exp <—M> (3.3)
0:08dge 20-9

Here PE(6) is the angular distribution of the observed charge as a function of opening

Q (eedge) =

Jeta PE(6)df . [ dPE®)
sin (Gedge) do

angle 6 (not the opening angle to be estimated, which is denoted as .44¢) at a certain
direction, 0., is the expected Cherenkov opening angle given the charge within 0,4,
and oy is the angular resolution.

In the third step for vertex fitting, the vertex position will be fitted again using
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the TDC-fit. This time photons are not assumed to be emitted from one point, but
along the track length. Photon scattering is also taken into consideration. Finally,
MS-fit is used to make a preciser fit[46]. In this fit, the information of ring pattern
is used to search for the vertex position parallel to the direction. The upward-going
muons are generated outside the ID, so their vertices are constrained on the surface
of ID.

The momentum can be estimated using the number of observed Cherenkov pho-
tons inside a cone of 70° centered at the ring direction. However, the momentum
estimated this way only includes the energy deposit in the detector. For UPMU, this
is only the lower bound of the muon momentum, for the energy dissipated before
reaching the ID, or even after leaving the ID for through-going and showering muons,

is unknown. The estimated momentum is used as the energy for the UPMU events.
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CHAPTER 4

Event Simulation

In this study, the background events dominate the data set where we search for
the potential astrophysical neutrino events. The evidence for an existing neutrino
point source is usually considered to be a cluster of multiple high-energy neutrinos
in space and time. The spatial and time distribution of atmospheric neutrinos are
supposed to be quite uniform in general, but could have coincident fluctuations which
produce a false appearance looks like a signal. We cannot estimate the probability
that such a situation occurs either by theoretical calculation or using the data we have
collected, but we can use a powerful tool called Monte Carlo (MC) simulation to do
it. MC simulates with three steps: atmospheric neutrino flux, neutrino interactions,
and detector simulations. We will not directly use the simulation introduced in this
chapter for this study. Instead, we use the already existed MC to generate a subset

of toy MC events. Details of this will be talked about later in Section 5.4.1.

4.1 ATMOSPHERIC NEUTRINO FLUX

Atmospheric neutrinos are produced by CR. As mentioned in Section 1.4.1, the major
components of CR are protons and nuclei such as a-particles. These high-energy pro-
tons and a-particles strike the atmosphere and interact with the nuclei isotropically,

producing pions and kaons. Charged pions decay into muons and muon neutrinos:

T Ut

=t +u,
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Figure 4.1: Schematic the creation of atmospheric neutrinos.[47]

and muons further decay into electrons, electron neutrinos and muon neutrinos:

pt=et +u. 4,

Boo— e + Vet

The neutrino flux model SK uses is the Honda-Kajita-Kasahara-Midorikawa (HKKM)
flux model[41]. HKKM model uses flux primary taken from experiments CR as input.
Solar activity and geomagnetic field, which affect the flux of primary CR, are also
taken into consideration. The theoretic models used for hadronic interaction between
CRs and air nuclei are JAM and DPMJET-III. The particle interactions and propa-
gation are calculated in three dimensions to enhance the near-horizon neutrino flux.

A summary of the results from HKKM in comparison with Bartol flux[26] and Fluka
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flux[27] are shown in Figure4.2.
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Figure 4.2: Left:Calculated atmospheric neutrino fluxes averaged over
all directions for different models. Right: Neutrino and anti-neutrino
flavor ratios for different models.[42]

4.2 NEUTRINO INTERACTION

Interaction between neutrinos and hydrogen and oxygen atom in water molecule and
rock (primarily made of SiOy) are simulated by NEUT[39]. According to the ex-
changed weak boson (W# or Z), the interactions are classified into charge current

(CC) or neutral current (NC) two categories. The simulated interactions include:

CC/NC Quasi-Elastic and Elastic Scattering v+ N—=l/yy+N'/N
CC/NC Single Meson and Gamma Production v+ N — /vy + N'/N + (7, K, n,7)
CC/NC Deep Inelastic Scattering v+ N — /v, + N'/N + hadrons

CC/NC Coherent Pion Production v+ %0 = 1y +%0 +7
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where N(N’) is the nucleon (proton or neutron), [ is lepton (not include neutrinos)
and v is the neutrino for .

For NC elastic scattering, no new particle is created, and the neutrino just scatters
off a nucleon. The charged lepton that can be detected by SK is generated through
CC quasi-elastic (CCQE) scattering. Llewellyn-Smith model[45] is used for CCQE
cross-section of free protons. For nucleons bounded in an oxygen nucleus, Fermi
motion and Pauli blocking of the nucleon are taken into account in model by Smith
and Moniz[56].

A single meson can be produced via baryon resonance in the CC/NC neutrino-
nucleon interaction. Such a simulation is based on the Rein and Sehgal model[54]. 18
resonances together with the pion-less delta-decay have been taken into consideration.

When neutrino energy exceed 10 GeV, the interactions between neutrino and
quark in the nucleon which generate multiple hadrons via deep inelastic scattering
(DIS) dominates the interactions. This is the dominant interaction for the upward-

d*c

oy Which is given by[39)]:

going muons. The cross section is by integrating

1
L—y+ =y’ +C)F(z,¢%)

d20' G%MNEV

dedy T

1 (4.1)
(1= 50+ ColeFl )]}
M? M M? M?
oy=-S2L AN A (4.2)
AMyE,x 2F, 4F2  2MyE,x
M2
Cy = l (4.3)

" AMyE,x
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Here, v = —¢*/(2M(E, — E))), y = (E, — E})/E,, M,, and M; are the mass of the
nucleon and lepton, respectively, E, and E; are energies of the incoming neutrino and
outgoing lepton in laboratory frame. Fy and xF3 are the nucleon structure functions
taken from GRV98[36]. Figure 4.3 shows the calculated total charged current cross

section in comparison with the experiment data.
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Figure 4.3: Total charged current cross sections for neutrinos (top 4
lines) and antineutrinos (bottom 4 lines).[39]

Beside the baryon resonance, a pion can also be produced by the interaction
between neutrino and oxygen nucleus called coherent pion production. Such an in-

teraction is also simulated in Rein and Sehgal model.

4.3 DETECTOR SIMULATION

The detector simulations include particle propagation, Cherenkov photon generation
and propagation, and PMT response. These are simulated by a GEANT3 based
package, SKDETSIM.
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For hadronic interactions except for low energy pions, GCALOR[64] is used. Low
energy pions are simulated using a custom program[50]. Charged particle propagation
are simulated based on what we discussed in Section 2.2.

In Cherenkov photon propagation simulations, Rayleigh scattering, Mie scattering
and absorption by water molecule are considered. Reflection on the wall of the tank
is also calculated.

PMT charge and time response simulation use the measurements from calibration.
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CHAPTER 5

Analysis

5.1 DATA SAMPLE

In this study, we look for the high-energy astrophysical neutrino point sources in SK-
IV using only UPMU events. We used 4547 UPMU events from SK-IV with a total
live time of 3288.8 days for the analysis, and also the MC equivalent to 500.0 years
simulation are used for the calculation of the PDF in Section 5.2.2 and the generation
of the toy MC in Section 5.4.1. Figure 5.1 shows a sky map of all UPMU events and

Figure 5.2 is the time distribution of all UPMU events.

UPMU Events
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Figure 5.1: A sky map of different types of UPMU events. All the sky
map in this and next chapter are shown in J2000 equatorial coordinate.

Since we are searching the full sky without relying on any other triggers, it is very
important to have good angular resolutions for all the events we use. As shown in

5.3, UPMU events have the best angular resolution among the all three samples.
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Figure 5.2: Time distribution of different types of events. Time is
presented in the modified Julian day (mjd).
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Figure 5.3: Angular resolution corresponding to 1o for FC, PC and
UPMU from atmospheric neutrino simulation.

5.2 UNBINNED MAXIMUM LIKELTHOOD METHOD

5.2.1 Likelihood

In this study, events are classified into two categories: either a signal event or a
background event. For the data set we use, there are two hypothesis: a null hypothesis
which means no signal events is in the data set, and another hypothesis that at least
one signal event is in the data set. The direction, energy and time PDF for the signal
and background events are different.

For the binned method, events within a certain angular region and time interval
around the assumed source direction and burst time are selected. This region and
interval can be chosen based on the detector angular resolution and burst model. By
comparing the number of selected events and the expected background events, we
can get the probability of having such a number of events without any signal events.

Then we can evaluate the expected number of signal events if the probability is lower



37

than a confidential level threshold.

For the unbinned method that is used in this study, each event does not have to
be taken as either a signal or a background. Instead, it is a combination of a signal
component and a background component. The probability density for i event in a

set of N events is:

ng ng

S; + B; (5.1)
ng + np ng +ng
Then the likelihood for N events is:
[ = S ns 4 np) ﬁ g+ —2 B (5.2)
N N! ng+ng . ng+ng ‘

=1

Here the ng (ng) is the expected number of signal (background) events, S; (B;) is
the signal (background) probability density function (PDF). ng is the only unknown
variable here, so we can fit ng to maximize £(ng) and obtain the expected number
of signal events.

Both binned and unbinned methods are top-down searches and are model inde-
pendent. This is a much more efficient choice compared with the bottom-up search,
as there are too many possible models to test, but little progress has been obtained.

In this study we will conduct both a time-integrated search and a time-dependent
search for high-energy astrophysical neutrino point sources. These two methods have
advantages in different neutrino emission duration. Time-integrated search have a
better performance for sources with emission duration longer than 100 days, while
time-dependent search will have a better discovery potential for shorter time dura-
tion[4].

When calculating the likelihood, if all events are included, it will take an ex-

tremely long time. This is neither efficient nor necessary. The angular resolution for



38

UMPU have been discussed in Section 5.3 and it can be seen in Figure5.3 that events
reconstructed to energy above 1 GeV have angular resolution smaller than 15°. As a
result, it is reasonable for us to calculate likelihood with only events within a search

cone centered at the source direction with an opening angle of 15°.

5.2.2 Variables

Before introducing PDF, it is important to take a look at the variables that will be
used in the searching algorithm. In time-integrated search, only angular and energy
PDF will be included in the likelihood Equation 5.3 and we calculate L(ng,v) as a
function of ng and energy spectrum index ~. For time-dependent search, Equation
5.2 will also consist of a time PDF, and L(ng,, to, ;) is calculated as a function of
two extra parameter, emission center time t; and emission duration ;. Details on
this will be discussed in the following section.

The S; and B; in Equation 5.3 is given as

Si = A{g(Aﬁbz’Ez)ng(EzW) (5.3)

for time-integrated search and

Si = AL (A | E)ES (Eilv) T (tlto, o) (5.5)

B; = AP (alt;|deco)EP (E)T” (5.6)

for time-dependent search. Here AZ-S(B) , &S(B) and 7;5(3) are the angular PDF, energy
PDF and time PDF for signal (background).

The definition of each variable is listed below:
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e Ag,: the angular separation between reconstructed direction of i*® muon event

and assumed point source in equatorial coordinate.
o decy: declination of assumed point source in equatorial coordinate.
« FE;: reconstructed energy of i muon event.
e ~y: spectrum index.
o dec;: declination of i** muon event in equatorial coordinate.
e alt;: altitude of i** muon event in detector coordinate.
e t;: detection time of i muon event.
e ty: center of neutrino emission time.

e 0;: duration of neutrino emission.

5.2.3 Probability Density Function

It is important to notice that the PDF time-integrated search and time-dependent
search do not only differ in the time part, but also have a difference in the angular
part for background. The PDF are calculated using the MC.

The angular PDF of signal events depends on their reconstructed energy. The
energy interval used for this study is divided into bins with same number of events
in each bin. The distribution of the scattering angles between the reconstructed
direction of muons and the true direction of the neutrinos are fitted with a Gaussian-
like function in each bin. Then the PDF is normalized between 0° and 15°. Azimuth
(¢) distribution is taken to be uniform. Plots of A%(Ag¢|E,) = P(A¢|E,)P(p) is

shown is in Figure 5.4.
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Figure 5.4: A°(A¢|E,) for signal events at different reconstructed
energy. Left: P(A¢|E,). Right: P(p)

It is more complicated for the background angular PDF. Using the MC, we can
obtain the angular PDF in the detector coordinate. But when we are searching for
astrophysical point sources, we look for them in the equatorial coordinate. There is
an one-to-one correspondence between the altitude and azimuth, and declination and
right ascension for a given local sidereal time. Thus we can calculate the declination
PDF in the following way:

P(dec,ra) = | P(dec,ra,t)dt

D\M
=

24

P(alt,azi,t)dt (5.7)

S O —

P(alt)P(azi)P(t)dt

Here P(alt) and P(azi) are the altitude and azimuth PDF in the detector coordinate
(Figure 5.5) and P(t) is the local sidereal time (Ist) distribution (Figure 5.6). The

integration of P(t) and Jacobian matrix equal to 1, hence are omitted here.
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Figure 5.5: A®(dec,ra) for background events used in time-dependent
search. Left: P(alt). Right: P(azi).
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Figure 5.6: Local sidereal time (LST) distribution.
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Taking the right ascension distribution to be uniform, we have A (dec) = P(dec)P(ra)

(Figure 5.7). The probability of being inside the search cone is:
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Figure 5.7: A®(dec, ra) for background events used in time-integrated
search. Left: P(dec). Right: P(ra).

P((dec,ra) € {A¢(dec,ra) < 15°}) = / P(dec,ra) cos (dec)d(dec)d(ra)

A¢(dec,ra)<15°

(5.8)
And eventually we have the angular PDF with the precondition of being in the search

cone for time-integrated search:

AP (dec|decy) = P(dec, ra|Ad(dec,ra) < 15°}) 59)
5.9
= P(dec)P(ra)/P((dec,ra) € {A¢(dec,ra) < 15°})
Things are, on the other hand, a bit different for the time-dependent search, since

variables in P(dec, ra,t) are correlated. We have to calculate the PDF in the following
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way:

P(dec,ra,t|A¢(dec,ra) < 15°}) = P(dec,ral(dec,ra) € {A¢p(dec,ra) < 15°},t)P(t)

P(dec,ra, (dec,ra) € {A¢(dec,ra) < 15°}t)P(t)
P((dec,ra) € {Ap(dec,ra) < 15°})
P(dec,ralt)P(t)
P((dec,ra) € A¢(dec,ra) < 15°})
B P(dec,ra,t)
"~ P((dec,ra) € {A¢(dec,ra) < 15°})
P(alt,azi,t)
P((dec,ra) € {A¢(dec,ra) < 15°})
P(alt)P(azi)P(t)
P((dec,ra) € {A¢(dec,ra) < 15°})

(5.10)
The angular PDF with the precondition of being in the search cone for time-dependent

search is given by:

AP (alt|decy) = P(alt)P(azi)/P((dec,ra) € {A¢(dec,ra) < 15°}) (5.11)

The energy distribution of high-energy astrophysical neutrinos has not been con-
firmed experimentally, so we assume they follow a spectrum distribution, but leave
the spectrum index free to change in a range. With this, we can calculate the energy

PDF of signal event:
E(Eu,y) = / / E,"P(E,, E"™)S(z, E,) f(E|E,)dE,dz/N (5.12)

N is the normalization factor.
The first part we need is the probability that a neutrino of energy E,, is scattered
off into a muon with an energy larger than the minimum energy EL’”” to be detected

as an UPMU event P(E,, E;*") (Figure 5.8). We also need to take into account the
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earth shadow effect S(z, F,) (Figure 5.9), where z = cos() and 0 is the zenith angle

in the detector coordinate.
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log1o(Ev[GeV])

Figure 5.8: Probability P(E,, E;Tm) for a neutrino of energy E, cre-
ating a muon of energy larger than EJ"".

Then we calculate the energy response function f(£,|E,) (Figure: 5.10), which
is the probability of a neutrino of F, being reconstructed to an UPMU event of E,,.
Just like what we did when calculating the angular PDF for signal events, we divide
the energy interval of MC into small bins, yet the reconstructed energy is changed to
neutrino energy. In each bin, we calculate the PDF of reconstructed energy.

Background energy PDF can simply be obtained from the MC. Figure 5.11 shows
a comparison of the £9(E,,v) and EP(E,,).

Shape of signal time PDF is also unknown to us, so here we use the Gaussian

distribution

N

T (tilto, 01) = ()’ (5.13)

o\ 21

and leave ty and o; as free parameters to be fitted. For background time PDF, we
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Figure 5.9: Earth shadow effect S(z, E,) for v, (left) and 7, (right)
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Figure 5.11: Expected reconstructed energy distribution for back-
ground events and signal events with different spectrum indices.

assume it to be uniformly distributed = L

end L star

- where T,,q — Tsiare is the operation

time of SK-IV (not live time). (Figure 5.12)

5.2.4 Expected Number of Background Events

SK receives atmospheric neutrino events at a quite stable event rate in each direction.
This again is in the detector coordinate. In order to calculate the expected number of
background events in the search cone, we need to transform to equatorial coordinate.
By assigning local sidereal time to each event in MC according to the distribution, we
can calculate their corresponding declination and right ascension. Then we count the
number of events within the search cone at all searching directions. Finally, all ng
are weighted by Tsjfjw—*c“/, data and MC live time ratio. In Figure 5.13, a comparison

between the calculated expected np and the true event distribution of the SK-IV

data is shown, together with the ng as a function of declination averaged over right
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5.2.5 Test Statistics

We have defined the likelihood in a general sense in Section 5.2.1. In order to calculate
the probability that such a situation is generated by the fluctuation of background
events, we need to make a comparison with the null hypothesis (ng = 0). To do so,
we can calculate the ratio of two likelihood and define it as the test statistics (7°5).

The T'S for time-integrated search is defined as:
TS = 2log [

N
=2 E log <1+ nSSi)—Qng
i=1 npDB;

L(ns, )
L(ng = 0)] (5.14)

where ng and v are the best fitted number of signal events and the energy spectrum
index. The probability of observing a given T'S with null hypothesis will approxi-
mately accord to the x? distribution.

In the time-dependent search, we must pay attention to a not so obvious fact which
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Figure 5.13: Top left: Sky map of expected number of background
events within the search cone. Top right: Sky map of number of events
within the search cone for the data. Bottom: Expected number of
background events as a function of declination.
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is easy to be neglected. For background events with a uniform time distribution, the
probability for np events to be within 20, is smaller for shorter o;. On the other
hand, if o, becomes shorter, T (t;|to, 0;) will have a larger peak value. As a result,
the algorithm will prefer a shorter o;, which is reasonable. Yet we must also realize
another aspect that for the same searching period, the number of independent ways
of choosing tj, or in another way of saying, the number of non-overlapping region
with a time width of 20y is larger for shorter o;, meaning that the probability that
np background events appear within at least one of the time region becomes larger.

In order to include this effective trail factor in the algorithm, we can integrate the

likelihood over all possible ¢, for a given oy:

Tend
1
- L to)dt 5.15
Tend - Tstart (nS7 70 0) 0 ( )

Tstart

C(nsa%at) =

The integral can be approximated by a penalty term times the maximized original

likelihood[29]:
2’/T(3’t

— 7Y L(hg,d, 6, 1 5.16
Tend_Tstart (”S:%Uta O) ( )

ﬁ(ﬁ57 /3/7 a-t) ~

Where T,,,4 and T+ are the ending and starting time of SK-IV. Ignoring the constant
V2w, the modified T'S then becomes:

6-15 E(ﬁfh ’3/7 a-t)
TS =21 X
o8 |:Tend - Tstart E(”S = O)

N
Z Si
A end — Lstart

i=1

(5.17)
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5.3 ALL-SKY SEARCH

So far we have discussed the construction of T'S and its elements in details. Our next
step is to obtain the value of the free parameters that maximize the likelihood and
the corresponding T'S at each searching direction. In general, we will carry out the

all-sky search in the following steps:

1. Obtain the best fitted fg, 7, ty and &, which maximize £ and the corresponding

TS at each direction.

2. Find the direction with the overall maximum 7T'S,,.,, together with its corre-

sponding ng, 7, to and d;.

We will discuss the detail procedures for each step in the following sections.

5.3.1 Parameters Fitting and Likelihood Maximization

We will maximize the likelihood numerically because the energy PDF of signal and
its dependence on ~ is obtained numerically, and there are to many terms contained
in the likelihood. But the PDF of signal part can be extremely large and exceed the
maximum limit of number storage for a signal like event, so instead we will minimize
the minus logarithm likelihood, which has opposite monotonicity and same extreme
point as the original likelihood.

As has been mentioned in previous sections, the events we are looking at are
background dominated, which means in most of the cases, ng will be fitted to be 0.
The number of events within the search cone at a given direction N will fluctuate so
it is possible for that number to be smaller than the expected number of background

events np, and the likelihood will maximize at negative ng to make up the "missing”
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events in the search cone. We are not interested in such a situation, so the lower limit

of ng is set to be zero (see Figure 5.14).
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Figure 5.14: TS distribution for time-integrated search in a pseudo
experiment with solely background toy MC.

5.3.2 First Guess of Time Parameters

The minimizer we use here is iminuit. This minimizer is powerful to find the local
maximum (it is supposed to be the minimum not maximum, but since the mini-
mum of minus logarithm likelihood corresponds to the maximum of likelihood, T will
use maximum instead for convenience) if given an accurate initial value. For the
time-integrated search, it is expected that there is only one local maximum, so this
maximum is the global maximum. On the other hand, a large amount of local min-
ima may exist in the time-dependent search, especially when o, is small, as shown
in Figure 5.15. If we set the initial value of ty to be Ty or T.,4, this minimizer

will return the first or last local maximum in the search time region, which does not
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necessarily to be the global maximum. As a result, we must make an accurate enough

first guess of ty and oy, and use them as the initial value for the fit.
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Figure 5.15: T'S as a function of ¢, with fixed o; in a pseudo exper-
iment using toy MC. Vertical dashed blue line represents the assumed
emission center time. Simulated with ng = 10 on top of the background
toy MC, oy = 10%s, at dec = 30°.

A method to obtain the first guess values is intro[29] and is adjusted for this study.
To do so, only a part of the events in the search cone are needed because those far
away from the source does not have much effect on fitting the time parameters. After
balancing between the accuracy and calculation speed, we decide to use events within
7.5° from the searching direction. Then we arrange these events in time order, and
divide them into groups. The ith group contains n consecutive events from the ith
to the (i +n — 1)th. Here n is an integer in range [2, 8], as the results hardly change
for n > 8. For each group of each n, we calculate the likelihood with n as ng, ty and
o as the mean value and standard deviation of ¢; respectively and fixing v to 2. And

finally we use the ty and o; corresponding to the overall largest likelihood as the first



23

guess value.

5.3.3 Search Directions

In order to do the all-sky search for the point sources, we need to divide the full
sky into small bins. A usual way to do this is to use the equally sliced grids in
equatorial coordinate, for example 1° x 1° grids. This, however, has a disadvantage
that the corresponding solid angle of each grid will decrease as the declination gets
larger, making the angular uncertainties of the search nonuniform. An improved way
that has been widely used by astronomy research is HEALPix method[3], which will
divide the full sky into pixels with the same solid angle. Figh.16 shows an example
of how it works. The searching directions are set to be the positions of pixel centers.

In principle, the trial factor will become larger if we more searching directions, as

Figure 5.16: A schematic of how HEALPix divide the full sky into
pixels. [3]

the probability for at least one 7S in all directions is larger than a certain value

increases. The number of pixels that full sky is divided into is eventually decided to
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be 49152 with an separation between two pixels being 0.5°. This is smaller than the
best angular resolution for the highest-energy events of SK, and reduce the possibility
of the clustering of point sources in one pixel as well.

After calculating T'S for all searching directions, we get a sky map of T'S, as shown

in Figure 5.17.

Direction of TSmax

-19.3367 12.7551

Figure 5.17: A sky map of T'S for time-dependent search in pseudo
experiment with solely background toy MC.

5.4 PSEUDO EXPERIMENTS

After performing the full sky time-integrated and time-dependent search, we need
to estimate the significance of the result with respect to the background. To do so,
we calculate two different p-values using the results from simulation. The pre-trial
p-value is calculated by comparing 71'S,,., with the distribution of T'S from the same
position obtained by simulating using toy MC 10° from trials. In order to take into
account this trial factor, we also need to calculate the post-trial p-value. To do so, we

first run many pseudo experiments called the trials and get a distribution of T'S,,.,



95

in each trial. Then we compare the T'S,,,, we obtain from the data with this and

calculate the post-trial p-value. In this section, I will introduce how to run the trials.

5.4.1 Toy Monte Carlo

A set of simulated events is needed to be thrown for each trial. We can generate the
so called toy MC, which only contains the required information for the PDF. Each
variable in the toy MC will follow the distribution calculated from the MC in Chapter

4.

We generate one background toy MC in the following procedure:
1. Assign energy according to the distribution shown in Figure 5.11.
2. Assign altitude and azimuth according to the distribution in Figure 5.7 or 5.5.
3. Assign Julian date with the following steps:
(a) Choose which run the event is in. Each run is weighted by its duration

times its live time rate.

(b) Assign a time in the duration of that run assuming a uniform distribution.
4. Calculate the equatorial coordinates (right ascension and declination).

The number of background toy MC events follows Poisson distribution, with the mean
value being the event rate times total live time for SK-IV.

Besides the threshold of T'S, we also what to evaluate the sensitivity of this search-
ing algorithm for SK. This not only requires events sets containing solely backgrounds,
but also several signals on top of backgrounds. Before generating signal toy MC, we
need to determine the direction and time information for the assumed point source.

Procedure for the generation of one signal toy MC for time-integrated search and
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time-dependent search are mostly the same, with only a difference in Julian data

assignment:

1. Assign Julian date:

o For time-integrated search: the same as the Julian date assignment for

background toy MC.

e For time-dependent search: assign a random value according to the Gaus-
sian distribution of ¢y and ;. If this lies in the dead time region (the time

between two runs or the time for test runs), we repeat this again.
2. Assign true neutrino energy according to £, [ P(E,, E;}")S(z, E, )dz.
3. Assign reconstructed muon energy using f(E,|E,).
4. Assign scatter angle A¢ based on A(A¢|E),).
5. Calculate the equatorial coordinates.
6. Calculate altitude and azimuth in the detector coordinate.

7. If the event is above horizon, we repeat the steps again.

5.4.2 Search Algorithm Confirmation

By running the trials with toy MC, we can check if the algorithm is working prop-
erly to find the position and time information of the assumed source. Figure 5.18
and Figure 5.20 are sky maps of T'S for time-dependent and time-integrated search,
respectively. It is can be seen that the T'S distribution for trial with background
only toy MC is quite uniform, while those with signals have a T'S,,., located close to
the neutrino source position we have set at different declination. In Figure 5.19, we

calculated the T'S as a function of to and o, for different emission duration.
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Figure 5.18: Sky map of T'S of time-dependent search for solely
background 5.18a and ng = 7 at dec = 30°5.18b, 0°5.18¢c, —30°5.18d,
—60°5.18e, —90°5.18f. Red cross represents the location of assumed
source, and yellow plus represents the direction of T'S,,q.-
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Figure 5.19: T'S as a function of ¢ty and o; for ng = 2 0, = 0s 5.19a,
ng = 3 o, = 10s 5.19b, ng = 5 g, = 100s 5.19¢, ng = 7 o, = 1,000s
5.19d, ng = 10 o, = 10*s 5.19¢, ng = 13 0, = 10°s 5.19f, ng = 17
o, = 10% 5.19g. Vertical and horizontal dashed green line represents
the assumed log,, o, and %y, respectively. Yellow cross represents the
best fitted log,, o, and ;.
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Figure 5.20: Sky map of T'S of time-integrated search for solely back-
ground 5.20a and ng = 20 dec = 30°5.20b, ng = 20 dec = 0°5.20c,
ng = 25 dec = —30°5.20d, ng = 30 dec = —60°5.20e, ng = 40
dec = —90°5.20f. Red cross represents the location of assumed source,
and yellow plus represents the direction of T'S,,...
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5.4.3 Sensitivity

By running many trials for a given ng, we can find the 7'S,,,, in each trial and get
a distribution of 1T'S,,q,. Figure5.21 is the T'S,,,, distribution for pure backgrounds.
The detection threshold is defined the T'S,,., value of 90% CL due to lack of previous
detection. We then define the sensitivity as the ng needed so that 50% of the T'S,,4x
is larger than the detection threshold. If none of the ng matches the threshold, we

interpolate linearly between two successive values of ng, as shown in Figureb.22.

— CLyY
1 ns=0

0 5 10 15 20 25 30
Tsmax

Figure 5.21: T'S,,,, distribution for solely background events. Verti-
cal red solid line indicates the 90% CL threshold.

Sensitivity for time-integrated search is calculated as a function of the source
declination and converted to neutrino fluence using Equation 5.24, as shown in Figure
6.6. And sensitivity for time-dependent search is calculated at different declination
and oy, shown in Figure 5.24. Using Equation 5.24, we can convert the sensitivity
obtained from Section 5.4.3 into fluence (shown in the right panel of Figure 6.6 and

5.24).
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Figure 5.22: TS,,,, distribution with different ng. Vertical red solid
line indicates the background 90% CL threshold. Vertical blue and
green line represent the 50% CL for ng = 2 and ng = 3.

The calculated sensitivity strongly relies on the number of trials we run, espe-
cially for the cases where the distribution for two successive ng values are similar.
Such a situation occurs when calculating sensitivity for the time-integrated search at
declination above 85°. Running the trials is supper time-consuming, for we only get
one TS, value in one trial, but need to perform nearly 50,000 times search in one

trial. As a result, we can only provide a less accurate result here.

5.5 NEUTRINO FLUENCE

The final results we are interested in is not ng but neutrino fluence ®(GeVem=2).

The relationship between the neutrino fluence and muon fluence is given by:

Eu,maz
v min v dq)”
D, = / dE, Y P"(E, E")S (Z,Ey)d—& (5.18)

v=vy,l,
Eu,maz BaTp
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Figure 5.23: Sensitivity for time-integrated search in terms of ng
(top) and ® (bottom).
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By assuming spectrum distribution, we have:

dd
L = QyEY 1
dE, 0~y (5 9)
and muon fluence can be expressed by:
ns
o = 5.20
H Aeff ( )

Substitute Equation 5.19 and Equation 5.20 into Equation 5.18, we have:

. ng
(B, > EMn)y = — =2 5.21
B> B = 3 et (520)
Here
Eu,maz
Y(z) = / dE, Y P"(E, E}")S"(z,E,)E,” (5.22)
Eu,maac V:V'L“DM

is the detection efficiency and A.f¢(z) is the effective area for SK, 7 is assumed to be
2 and, E, min = 1.6 GeV, E, ax = 10° GeV/[58].
We have introduced P”(E,, E;*") and S”(z, E,) in 5.2.2. With these two parts,

we average them with respect to F, together with ng(Ey) x E;7 and get 1 as a

function of z (shown in Figure 5.25).

The effective area of SK can be calculated using a numerical technique from [55]:

Take a large plane next to a cylinder with the same dimensions of SK.

Construct a grid of 10cm x 10cm squares on the plane.

o Draw a ray perpendicular to the plane at each grid vertex through the cylinder.

If the path length inside the cylinder is larger than 7m, the grid is counted as
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Figure 5.25: ¢(z) for v, (left) and v, (right)

a part of the effective area contributing 100cm?.

Figure 5.26 is a schematic of how effective area is calculated. This process is repeated

projected plane
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[ I
T
track length > 7m /
“.\ - —
./’/‘ : N\ ,“" h E i
\\:J:"
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: = ] []
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/
--»-'f’f‘--.n“ muon track
e

Figure 5.26: Schematic of calculating effective area.[55]

for every zenith angle. Then we get the effective area as a function of z, as shown in
Figure 5.27
There is one last step we need to do, that is convert these from functions of zenith

angle to functions of declination using the relation between zenith angle, declination
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Figure 5.27: Effective area as a function of z.

and local sidereal time:

df di)(2) Ay (2) P(t)
Y(dec)Acsr(dec) = = ec)<0}f 0 (5.23)

{t|z(t|dec)<0}

Figure 5.28 shows the result of Equation 5.20 This is because the zenith angle is

always changing for a certain declination as the Earth is rotating. Then we have:

ns
Acrr(dec)y(dec)

Py(E, > E'™) = (5.24)

(5.25)
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Figure 5.28: Product of ¢(dec) and A.s¢(dec) as a function of decli-
nation.

We can also calculate the flux by:

Eu,maz

o = P, / dE,E;"|T

Eu,maz

(5.26)

=oy(E, T —FE )T

v,min v,max

For time-integrated search, T' = 2.84 x 10® s, the total live time of SK-IV.
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CHAPTER 6

Results and Discussion
6.1 RESULTS

6.1.1 Time-Integrated Search

TS sky map and histogram of time-integrated search are shown in Figure 6.1 and
Figure 6.2. T'S;4: = 13.32 occurs at (198.3°,15.1°). This value is much smaller than
the 90%C.L. T.S%%C L — 18,76, and the post-trial p-value is 79.1% (see Figure.6.3).

The pre-trial p-value is 1.18 x 10™* (Figure 6.4).

v Direction of TSmax

1.18389e-06 13.3239

Figure 6.1: Sky map of 7'S for time-integrated search. Location of
T Syae is marked with red triangle. Positions with ng = 0 has been
excluded from the sky map, which is represented by the white color
region.

Details of the fitted parameters are listed in Table6.1. Figure 6.5 shows a zoomed-
in map of the events around 71'S,,4..

We calculated L(ng|y) as a function of ng with v fixed at best fitted value 4, and
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0 5 10 15 20 25 30
s

Figure 6.2: Blue filled histogram: TS distribution for time-integrated
search from all searching directions from data. Red dashed line his-
togram: TS distribution from all searching directions obtained from
50 trials (roughly 2 million times searches) with solely background toy
MC. The peak around 0 represents the situation where ng = 0. The re-
sult from the data basically agrees with the simulation for background.

Table 6.1: Table of the best fitted parameters for time-integrated
search.

TS ns v ral’] dec[°] pretrial p post-trial p
13.32 7.913 258 1983 151 1.18 x 107* 79.1%




70

140 1 —— Data
90% C.L.
120

100 A

80 A

60 1

40

20 A

100 125 150 175 200 225 250 27.5 30.0
s

Figure 6.3: The histogram of post-trial T'S,,,, distribution for time-
integrated search obtained from 1,000 trials with solely background toy
MC.

—— TSmax
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Figure 6.4: Histogram of pre-trial T'S distribution for time-integrated
search by simulating 10° times at the position of T'S,,qz-
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20°W : 0°

Figure 6.5: Stopping (red plus), through-going (green dot) and show-
ering (blue cross) UPMU events detected around the position of 7S,
Grey region encircled by the black circle is the 15° search cone.

calculated upper limit by

upper

Ji5 dnsL(ng,...)

90% =
’ fj—;o dn5£<ng,...)

(6.1)

The result nd?" = 13.86, with corresponding fluence upper limit &7 = 2.06 x
s 0

102 GeVem™? and flux upper limit %P = 4.53 x 1077 ecm =25~

6.1.2 Time-Dependent Search

Figure6.7 and Figure 6.8 show the sky map and histogram of 7'S. The maximum 7'S
occurs at (118.0°,—62.7°), with T'S,,,, = 14.53. This value is smaller than the the
threshold T/S90%C-L- = 17.8. The post-trial p-value is 33.4%, with the pre-trial p-value
found to be 2.24 x 1074, as shown in Figure 6.9 and Figure6.10. The best fitted time

of the emission is 13:09:42 JST, October 27, 2010, with a emission duration (26)
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Figure 6.6: L£(ngs|Y) as a function of ng with ~ fixed to the best fitted
value 4. The vertical solid blue line represent the upper limit for 90%

CL.

of around 5.1 hours. Rest of the best fitted parameters of the top three T'S are listed

in Table 6.2.

Table 6.2: Table of the best fitted parameters of the top three largest
TS for time-integrated search.

TS ng vy to[mjd] oils] ra [°] dec [°] pre p post p

14.53 1.996 1.56 2010.10.27 04:04:48 9.25 x 10> 118.0 -62.7 224 x 107* 33.4%
13.96 1.999 2.50 2009.09.27 03:07:12 3.37 x 10> 3.4 12.0  5.08 x 107> 39.5%
12.07 3.829 3.00 2016.03.03 21:24:30 1.36 x 10° 277.9 -60.2 6.09 x 10~* 69.2%

Since no excess was found with respect to the background, we calculate the upper
limit of the neutrino flux. In Figure 6.11, we calculated the L(ng|4,to,d;) as a
function of ng at the position where T'S,,q, occurs. The results are ng””" = 5.29,
with corresponding ®¢”"“" = 78.6 GeVem™2 for the 1% largest T'S, nd™™*" = 5.27, with
corresponding ®" = 78.1 GeVem ™2 for the 2" largest T'S and n g’ = 7.84, with

corresponding """ = 117.3 GeVem~2 for the 37 largest T'S. The emission time
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Figure 6.7: Sky map of T'S for time-dependent search. The locations
of the top three maximum 7'Ss are marked with red triangle, plus and
cross, respectively. Positions with ng = 0 has been excluded from the
sky map, which is represented by the white color region.

interval is estimated by 26; (1.85 x 10* s, 6.74 x 10? s and 2.72 x 10° s for 1%, 24
and 3", respectively).

It is clear that most of the events are more background-like, but we do find
something interesting at the largest three T'S. At least two events with offset less
than 5° from the fitted source direction in a time region of +46, are found at each
of these three positions. The information of are listed in Table 6.3. Figure 6.12
shows the orientation of the events with their angular uncertainties and their time

information.

6.2 POTENTIAL CANDIDATE CHECK

After obtaining all the results, we tried to find potential sources which is coincident
with the largest three T'S. The first candidate is the TXS 0506+56 discussed in

Chapter 1, but none of these three matches either with direction (77.36°,5.69°) or



74

=30 -20 -10 0 10 20
s

Figure 6.8: Blue filled histogram: TS distribution for time-integrated
search from all searching directions from data. Red dashed line his-
togram: T'S distribution from all searching directions obtained from 50
trials with solely background toy MC. The peak around 0 represents
the situations where ng = 0 and 6; = (Tong — Tstare)/2, the maximum
value set for o;. The result from the data basically agrees with the
simulation for background.

Table 6.3: Energy, distance from best fitted position, time interval
from the best fitted ty, and event type of the events within 15° to the
position of the top three largest T'S with in 74, around t.

E;[GeV] A¢ [°] At [s] Event Type

1%t 10.26 1.18 —8.64 x 10>  Through
37.74 1.90 9.50 x 103 Showering

ond 704  1.26 —3.46 x 103 Through
929 057 259x10°  Through

3rd .78 590 —2.37x 10>  Through
8.99 11.01 —1.37 x 10° Showering
2.67 2.99 2.25 x 10* Stop
9.66 1.18 2.94 x 10*  Showering
4.45 5.26 1.52 x 10° Stop
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Figure 6.9: The histogram of post-trial T'S,,,, distribution for time-
dependent search obtained from 1,000 trials with solely background toy
MC.

time (2017.09.22). Then we compared the alerts of high-energy neutrino in IceCube
catalogue[2] and 27 potential candidates taken from [21], as shown in Figure 6.13,
Table 6.4 and Table 6.5, and still found no match. Finally, we checked the catalogs
and astronomical archives of HEASARCI1].

6.3 DISCUSSION

In comparison with the previous time-integrated search for astrophysical neutrino
point sources from SK-I to SK-III in [58], this search additionally included the en-

ergy distribution in the likelihood to consider different power-law emission spectra

2,—1

with varying spectral index. The sensitivity 3.63 x 1077 [em~2s™! averaged in the

Lin previous search.

declination region (—30°,0°) is comparable to 3 x 1077 cm~2s~
There is no events or celestial objects that has an obvious coincidence with the po-

sition or time of the largest T'S in either time-integrated search and time-dependent
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(b)

Figure 6.10: Histograms of pre-trial T'S distribution for time-
dependent search of 1 (top), 2"¢ (middle) and 3" (bottom). Each
one is simulated 10° times at the corresponding direction.
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Figure 6.11: L(ng|¥, %o, 6¢) as a function of ng with ~, ¢, and o, fixed
to the best fitted value 4, ty and &, for 1% (top), 2" (middle) and 3"
(bottom). The vertical line represents the upper limit for 90% CL.
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Figure 6.12: Space orientation (left column) and time distribution
(right column) of the events within 15° to the position of the 15 (top),
2" (middle) and 3" (bottom) largest T'S with in 76, around #,. Black
dashed circle in the left figures is the boundary of the search cone. The
red plus indicates the best fitted source position. Blue cross is the
direction of the UPMU event, with the circle around them being the
angular resolution. The black dashed line in the right figures is the
Gaussian distribution with the best fitted ¢y and o; as the parameter.
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Figure 6.13: TS sky map for time-integrated (top) and time-
dependent (bottom) search, with the the green squares represent the
events from IceCube alert catalog (Table 6.4) and yellow diamonds
represent the candidates from list in Table 6.5, and the red dot is the
location of TXS 05064-056.
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Table 6.4: List of the IceCube alert.

UTC ra [°]  dec [°] UTC ra [°]  dec [°]
2010-09-12 01:41:53 1279  -31.2 | 2010-11-12 13:14:21 110.56 -0.37
2011-02-16 19:40:59 1824  -21.2 | 2011-07-14 02:42:41 67.86  40.32
2011-12-28 12:45:49  345.6  -24.8 | 2012-05-01 13:41:24 164.8 -71.5
2013-04-08 04:31:49 167.17 20.67 | 2013-06-27 02:38:57 93.43  14.02
2013-12-02 13:39:09 206.63 -22.02 | 2014-01-22 04:54:26 219.64 -86.16
2014-04-20 01:35:28 238.98 -37.73 | 2014-11-09 04:58:36  55.63  -16.50
2014-12-09 03:26:05 160.05  6.57 | 2015-04-28 11:20:46 80.77 -20.75
2015-09-11 13:34:02 240.20 -0.45 | 2015-12-07 10:36:57 0.4 7.5
2016-04-27 05:52:32 240.57  9.34 | 2016-08-14 21:45:54 200.3  -32.4
2016-11-03 09:07:31  40.83  12.56 | 2017-03-12 13:49:39 305.15 -26.61
2017-05-06 12:36:56  221.8  -26.0 | 2010-10-09 09:08:02 331.09 11.10
2010-10-28 07:16:47 88.68  0.46 | 2011-01-28 01:30:24 307.53  1.19
2011-03-04 22:54:57 116.37 -10.72 | 2011-09-30 10:41:00 266.48 -4.41
2012-03-01 19:21:57 238.01 18.60 | 2012-05-23 13:46:58 171.03  26.36
2012-09-22 13:11:01  70.75  19.79 | 2012-10-11 18:30:09 205.22 -2.39
2013-09-07 19:02:03 129.81 -10.36 | 2013-10-23 13:24:14 301.82 11.49
2013-12-04 11:16:53 289.16 -14.25 | 2014-01-08 07:23:22 344.53  1.57
2014-01-09 12:04:17 292.85 33.06 | 2014-02-03 18:50:34 349.54 -13.71
2014-06-10 16:54:23 110.30 11.57 | 2014-09-23 17:18:22 169.72 -1.34
2015-08-12 18:13:05 328.19  6.21 | 2015-08-31 05:13:40 54.85  33.96
2015-09-23 00:38:35 103.27  3.88 | 2015-09-26 21:37:43 194.50 -4.34
2015-11-22 12:45:31 262.18 -2.38 | 2016-01-28 04:24:11 263.40 -14.79
2016-05-10 15:56:05 352.34  2.09 | 2016-07-31 01:55:03 214.5  -0.33
2016-08-06 12:21:33 122.81 -0.81 | 2016-12-10 20:06:41  46.58  14.98
2017-03-21 07:32:21  98.30 -15.02 | 2017-09-22 20:54:30 77.43  5.72




Table 6.5:

81

List of potential astrophysical neutrino source candi-

dates[21]. The column from left is name, declination, right ascension,
distance measured in z (redshift) or kpec, observed gamma ray flux,
energy threshold for flux integration, gamma ray emission energy spec-
trum index[60], and neutrino flux 90 CL upper limit at that direction
for time-integrated search (averaged for total live time of SK-IV).

Name dec °] 1a[?] distance @, [x1072cm 257l Ey [TeV] v ®%CL[x1077em 257
1ES0347-121 -11.99 5735 z=0.19 3.9[18] 0.25 3.1 1.36
RBS0723 11.56  131.80 2z=0.20 2.6[14] 0.2 3.6 1.39
H2356-309 -30.63  359.78 z=0.17 4.1[17] 0.2 3.1 1.07
PKS2005-489 -48.82  302.37 z=0.07 2.6[15] 0.4 3.2 1.09
PKS0548-322 -32.27  87.67  z=0.07 2.7[16] 0.25 2.9 2.15
RGBJ0152+4-017 1.79 2817 z=0.08 2.7[19] 0.3 3.0 1.43
RGBJ2243+203  20.35 340.98 - 78[10] 0.112 4.6 1.42
VERJ0521+211  21.21  80.44 - 19[23] 0.2 3.4 2.19
PKS1440-389 -39.14 22099 z=0.14 19[7] 0.147 3.7 1.12
1ES1215+303 30.10 184.45 2z=0.13 8.0[22] 0.2 3.6 3.03
PKS1424+4-240 23.79  216.75 - 21[24] 0.12 3.8 1.40
PKS2155-304 -30.22 329.72  z=0.12 43[11] 0.2 3.5 1.96
Markarian421 38.19 166.08 z=0.03 310[20] 0.4 2.2 3.21
1ES1218+-304 30.19 185.36 z=0.18 12[13] 0.2 3.1 3.11
PSRB1259-63 -63.83  195.70 2.7 kpc 0.4[6] 1 2.6 2.48
Terzanb -24.90 266.95 5.9 kpc 0.3[6] 1 2.4 1.72
Crab 22.01 83.63 2.0 kpc 21[40] 1 2.5 3.28
RCW86 -62.48 220.68 2.5 kpc 2.4[6] 1 1.6 1.58
MSH15-52 -59.16 22853 5.2 kpc 5.7[6] 1 2.3 1.04
SNRG327.1-01.1  -55.08 238.65 9.0 kpc 0.29[6] 1 2.2 1.13
RXJ0852.0-4622 -46.37 133.00 0.2 kpc 2316] 1 1.8 2.24
RXJ1713.7-3946  -39.75 258.25 1.0 kpc 17[6) 1 2.1 1.34
W28 -23.34 270.43 2.0 kpc 0.45[6] 1 2.7 1.54
SNRGO015.4+00.1 -15.47 274.52 4.8 kpc 0.23[6] 1 2.1 0.95
HESSJ1912+101 10.15 288.21 - 2.5[6] 1 2.7 1.02
W51C 14.19 290.75 5.4 kpc 0.69[6] 1 2.6 1.29
1C443 2250  94.21 1.5 kpc 4.6[12] 0.3 3.0 1.58
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search. For the direction of the second largest in time-dependent search, the closest
event both in space and in time is a GRB numbered as GRB090428552 detected
157.9" away (at (0.8°,11.5°)) and about 5 month earlier (on 2009.04.28). The GRB
typically last from several seconds to several thousand seconds, and no evidence has
suggested that the neutrino emission from the GRB has a time delay compared with
gamma ray emission up to several month, so we just keep this as a record for future
study. As for the third one, a known pulsar PSR J1833-6023 is located within 18.5
away from it at (278.3°, —60.4°). It is possible that these are related, but further

study regarding this is needed to confirm it.
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CHAPTER 7

Summary and Prospects

In this study, we performed both time-integrated search and time-dependent search
in the full sky for high-energy (above 1.6 GeV) astrophysical neutrino point sources
in SK-IV with UPMU. Unfortunately, no excess with respect to the background is
found in either search.

The most significant cluster in the full sky for the time-integrated search is at
(198.3°,15.1°) in J2000 equatorial coordinate system with pre-trial p-value of 1.18 x
10~* and post-trial p-value of 79.2% . The upper limit of the neutrino fluence is
Py = 2.06 x 10? [GeVem 2] and corresponding flux is p*PPe" = 4.53 x 1077 ecm ™25~

For the time-dependent search, the most significant cluster is at (118.0°, —62.7°)
on 2010.10.27 13:09:42 JST and 6; = 9.25 x 10® s. The pre-trial p-value is 2.24 x 1074
and post-trial p-value is 33.4%. Neutrino fluence upper limit is set to &, = 7.86 x
10! [GeVem™2], with the emission time interval estimated by 1.85 x 10* s (25;).

There are still a lot of work that could be done which is related to this study.
Although not many, part of the FC and PC data still have a good-enough angular
resolution which could be used for the search. And till now the SK-V data is com-
pletely ready and a joint search from SK-I to SK-V can be performed. Except for the
full sky search, trigger based search could also help to reduce the huge trial factor
raised when looking for too many directions at a time.

In addition to the present experiment facility, the next-generation neutrino detec-
tor Hyper-Kamiokande (HK) has already been constructed. With larger water tank

and more PMTs, we can expect a better detection performance in the future.
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