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In recent years, many advancements in astrophysics have brought astrophysicists new
tools to study the universe. Specifically, the discovery of astrophysical neutrinos by the
IceCube Neutrino Observatory and Gravitational waves by the LIGO/Virgo collaboration
has started the era of multi-messenger astronomy. Scientists can finally use messengers
other than electromagnetic waves to study astrophysical phenomena.

With the addition of new messengers, it is crucial that data from multiple instruments
and messengers can be jointly analyzed through a unified framework using one physics
model. Many efforts have been put into jointly analyzing electromagnetic waves of differ-
ent wavelengths from different instruments, but the ability to jointly fit other messengers
to a single physics model is still missing. In this work, we present a method to jointly
analyze data from HAWC Gamma-ray Observatory and IceCube Neutrino Observatory by
using a newly developed IceCube likelihood software called i3mla and the existing HAWC
likelihood software called HAL. Together with the Multi-Mission Maximum Likelihood
framework (3ML), we are able to jointly fit the gamma-ray emission model and neutrino

emission model simultaneously with the HAWC gamma-ray and IceCube neutrino data.



We apply the method to search for Galactic PeVatrons. Galactic PeVatrons are sources
of PeV galactic cosmic rays. When the cosmic ray interacts with nearby material, it will
produce both gamma rays and neutrinos with the same morphology and spectral shape.
While gamma rays could also be produced from other interactions, neutrinos can only be
produced by hadronic interactions of the cosmic ray. Therefore, it is natural to search for
neutrino emissions from gamma-ray sources. We first perform a search for neutrino emis-
sions from the 12 known gamma-ray sources detected by LHAASO. No significant detec-
tion was found and we put constraints on the neutrino emission on the sources. Second,
a more detailed multimessenger search of Galactic PeVatrons candidates using simultane-
ously the HAWC data and IceCube neutrino data is conducted. We model the gamma-ray
emission using the HAWC data and jointly fit a unified model to both the gamma-ray and
neutrino data. No significant detection was found and we put constraints on the fraction of

the gamma rays due to hadronic interactions.



MULTI-MESSENGER SEARCH FOR GALACTIC PEVATRON WITH
HAWC AND ICECUBE

by

Kwok Lung Fan

Dissertation submitted to the Faculty of the Graduate School of the
University of Maryland, College Park in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
2024

Advisory Committee:

Professor Jordan A. Goodman , Chair/Advisor
Professor Gregory W. Sullivan, Co-Advisor
Professor Kara Hoffman

Dr. Michael Larson

Professor M. Coleman Miller



© Copyright by
Kwok Lung Fan
2024



Dedication

To physics, the subject that seeks the truth.

“Somewhere, something incredible is waiting to be known.”

— Carl Sagan
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Chapter 1: Introduction

The field of Particle Astrophysics is relatively young compared to other fields in astro-
physics. Particle Astrophysics uses the observation of ultra-high-energy gamma rays and
other particles to study the most extreme and energetic physical process in the universe.
The first branch of particle astrophysics was comic rays physics and it was started when
Victor Hess’ Balloon experiments first discovered the existence of cosmic rays [43]].

Cosmic rays are charged particles originating from astrophysical and cosmological pro-
cesses with an energy range that spans more than 10 decades. From studying the spectrum
and composition of cosmic rays with multiple space-based and ground-based cosmic ray
experiments, it is widely believed that cosmic rays below 1 PeV (known as the “knee”)
originate from galactic sources such as supernova remnants (SNRs). Astrophysicists be-
lieve cosmic rays with energy between 1 PeV to 1 EeV (known as the “ankle”) originated
from extragalactic sources such as active galactic nuclei (AGN).

Identifying the sources of cosmic rays could help astrophysicists reveal the nature of
the most energetic processes in the universe and new fundamental particle physics. How-
ever, cosmic rays are charged particles and are deflected by the galactic and intergalactic
magnetic field when propagating through space. Therefore, the detected arrival direction
of Cosmic ray doesn’t point back to its source, making the study the physical processes of
cosmic ray acceleration extremely difficult. In the field of cosmic ray physics, researchers
mainly study the spectrum, composition, and large-scale anisotropy of cosmic rays.

When the cosmic rays interact with matter or photons, they can create gamma rays and



Figure 1.1: Vector Hess’s Balloon experiment in 1911.

neutrinos. Since gamma rays and neutrinos are charge-neutral, they could travel through
interstellar and intergalactic magnetic fields without deflection, hence providing us the in-
formation on the location of the source. Therefore, the search for galactic cosmic ray
sources is closely related to gamma-ray astronomy and neutrino astronomy.

In this thesis, I will focus on using gamma-ray and neutrino observation to search for
sources of galactic cosmic rays. Chapter[I]will introduce the field of gamma-ray astronomy
and neutrino astronomy, including the physics and the detection techniques of gamma rays
and neutrinos. Chapter 2] will introduce the HAWC Gamma-ray Observatory, which is the
source of the gamma-ray data used in the analysis. Chapter [f] will introduce the IceCube
Neutrino Observatory which is where the neutrino data in the analysis is taken. Chapters
[ and 5] describe the methods for analyzing the HAWC data and IceCube event. Chapter

[6] describes the methods and techniques for performing simultaneous joint search between



Figure 1.2: Schematic diagram of cosmic ray, neutrino, and gamma-ray propagation from the source
to Earth [44].

HAWC and IceCube data. Chapter [7] describes the result of an IceCube standalone search
for sources of PeV galactic cosmic rays. Chapter [§]describes the result of the joint HAWC-
IceCube search for sources of PeV galactic cosmic rays. Chapter [J] is the summary and

conclusion

1.1 Gamma-ray astronomy

Gamma rays are photons with energy above 100 keV. Astrophysicists have observed
gamma rays with energy as high as 1 PeV. Since the energy of gamma rays spans more
than 10 orders of magnitude, both the physical processes such as nuclear and high-energy
non-thermal processes that produce the gamma rays, and the methods of detection of the
gamma rays could vary across different energies. In this thesis, we will focus only on the

energy range of HAWC Gamma-ray Observatory (>100 GeV).



1.1.1 Production of Very-high-energy gamma rays

Very-high-energy gamma rays are gamma rays with energy greater than 100 GeV. At
this energy range, the dominant physical processes for generating gamma rays are inverse
Compton scattering and pion decay. Other leptonic and hadronic processes like electron
and proton synchrotron radiation and Bremsstrahlung radiation could produce very-high-
energy gamma rays, but are not expected to contribute significantly to the flux in the energy
range discussed in this thesis [19]. Therefore, this thesis focuses only on inverse Compton

scattering and pion decay.

1.1.1.1 Inverse Compton scattering

Inverse Compton (IC) Scattering plays a crucial role in high-energy astrophysics, as it is
expected to be one of the main channels to produce gamma rays from relativistic electrons.
In this process, a high-energy electron scatters with a low-energy photon. The energy of
the electron decreases while the energy of the photon is boosted. The total cross-section of

inverse Compton scattering is given by [34]

30 2 2 1 4 1
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where or is the Thomson cross-section and Ky is the product of the energy of photon and

electron. The energy loss rate of inverse Compton scattering is given by [[18]]
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where Li(x) = fxl (1 —y)"Un(y)dy, b is 4E.mn/(mc?)? where ay is the energy of the pho-
tons (in units of mec?). and n ph 18 the number density of photon.
The above equation could be reduced to a simple expression in the Thomson regime
(b << 1) and Klein-Nishina regime (b >> 1).In the Thomson regime, it is reduced to
dE 4
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which is proportional to £ In the Klein-Nishina regime, it is reduced to

dE 3 orcnp, 11
@ _2 In(b) — — 13
e CORS (13

which is almost energy-independent. If the low-energy photons come from cosmic mi-
crowave background, the relation between electron energy and the gamma-ray energy can

be approximated by

E 0.5
E,~17.2 ¥ TeV (1.4)
1TeV

1.1.1.2  Pion decay

The main pion decay channel produces gamma rays and also neutrinos. When an ac-
celerated cosmic ray proton interacts with nearby gas or photon, it produces charged and
neutral pion that may result in high-energy gamma rays and neutrinos as one of the final
products. One such example is an inelastic p-p collision where the cosmic ray proton in-
teraction interacts with nearby matter. In inelastic p-p collision, both neutral pions 7° and

charged pions 7 can be produced.



Another possible process is a photohadronic interaction, also called p-7y collision

. 0+ p
p+y—AT =

7r++n

The neutral pion could further decay into two gamma rays 7° — y+7y . The nt could
decay into

t =t vy
pt—et +ve+ vy

Charged pions decays to neutrinos and other products, and the resulting neutrinos carry
roughly 1/4 of the energy of the pion. Neutral pions decay into two gamma rays, each with
1/2 of the energy [20]].

We can see that the gamma rays and neutrinos are produced from both p-p and p-y
interactions, meaning the gamma rays produced from the hadronic process (interactions
involving relativistic protons) should be accompanied by neutrinos. The flux ratio between
the gamma rays and neutrinos depends on the 7 : ¥ ratio. For p-y interactions, it is 1:1.
For p-p interactions, it is 2:1. Here, we mainly consider p-p interaction, as it is expected to
be the dominant process for galactic cosmic rays. The connection between the gamma-ray

flux and neutrino flux can be expressed as:

d
EyJy(Ey) ~ e*rr

x| 1
W[ —

Y Evv,(Ey) (1.5)

Where Ey = 2Ey is the relationship of the energy of the gamma rays and neutrinos at the
source. Jy and Jy, are the differential flux of gamma rays and neutrinos for one flavor at

some specific energy, respectively. K is the ratio between 7 and ©t; for pp case, K ~ 2.



d and A are the distance to the source and the mean free path of gamma rays: here we
d_
assume the absorption of gamma rays is negligible for galactic source by setting e*r = 1

[20]. Rearranging the terms gives us:
1
EyJy(Ey) = 3 Y Evlv,(Ev) (1.6)
Vo

After traveling a long distance, neutrino oscillations will cause an equal flux between
different flavors. On the other hand, neutrino telescopes on Earth are only able to recon-
struct the neutrino direction to a reasonable precision if it is a muon neutrino and the inter-
action is charged current interaction (details in [#.2)). Hence the relation between detected

muon neutrino flux and gamma-ray flux at Earth will be:

EyJy(Ey) = EyJy,(Ey) A7

2Jy(Ey) = Jy, (Ev)

1.1.2 Detection technique

Since Earth’s atmosphere is opaque to the gamma rays, most gamma-ray experiments
use space-based instruments to detect gamma rays directly. For example, the Fermi Large
Area Telescope is a space-based gamma-ray detector that detects the gamma rays by re-
constructing the tracks left by pair production electrons induced by the gamma ray. Such
direct detection experiments are proven to be extremely effective at MeV to GeV ener-
gies and produce important scientific results. However, the gamma-ray flux decreases as
the energy increases, adhering to a power law. Hence, detecting very-high-energy(>TeV)
gamma rays requires an extremely large effective area to collect enough gamma-ray sig-
nals. Ground-based, indirect detection experiments are therefore needed to detect very

high-energy gamma rays.



1.1.2.1 Indirect detection

Very-high-energy gamma rays will interact with the atmosphere and cannot penetrate
it. Therefore it is not possible to detect Very-high-energy gamma rays at the ground. At
energies above 100 GeV, the interaction of the primary gamma ray and the atmosphere cre-
ates a cascade of secondary particles called an extensive air shower (EAS) that is detectable
by ground-based instruments.

There are two main types of indirect detection experiments: Imaging Atmospheric
Cherenkov Telescopes (IACTs) and Extensive Air Shower Arrays. IACTs detect the Cherenkov
radiation [48] produced when secondary particles move through the atmosphere and recon-
struct the information of the original particle. IACTs have several advantages, like a lower
energy threshold, better angular resolution and better sensitivity. However, IACTs have a
very small field of view, and limited uptime since they can only be operated during moon-
less clear nights.

On the other hand, Extensive Air Shower Arrays have a larger field of view, a higher
effective area in general, and a longer uptime ( > 90%). Therefore, IACT and Extensive
Air Shower Arrays are complementary as detection methods. Figure[I.3]shows schematics
of a generic IACT and Extensive Air Shower Array and their detection principles.

When high-energy gamma rays interact with the atmosphere, the main interaction chan-
nel is electron-positron pair production. Other leptons are highly suppressed because of
their heavier masses. The electron and positron produced then interact through bremsstrahlung,
generating additional gamma rays. These gamma rays again undergo pair production,
rapidly multiplying the number of particles and generating an extensive air shower. The
process stops when the resulting particles have an energy less than a certain energy threshold(~
84 MeV) due to the drop in cross section and absorption through ionization takes over as

the dominant process. The location where the shower reaches the maximum number of
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Figure 1.3: IACT and Extensive Air Shower Arrays as a ground-based gamma-ray observatory.
Figure taken from [58]]

particles and it is called shower maximum. The depth of the shower maximum depends
on the energy of the primary particles. The process is relatively straightforward and results
in a generally smooth radially symmetric particle distribution. The particle distribution is

known as the NKG function [39,50] and is parameterized as

0= Faornem (n) ()

where p is the electron density, N is the total number of electrons, r is the distance to the

shower axis, rys is the Moliere scattering radius and s is the age parameter of the shower.
The pair production and bremsstrahlung cascade process only apply to electromagnetic

(leptonic) showers, meaning the primary particle is a photon or leptons. On the other hand,



hadronic showers are much more complicated and produce a lot of protons and muons in the
shower. The muons cause a lumpy lateral distribution profile and can be used to distinguish
between gamma-ray showers and hadronic showers. Figure [I.4] shows simulated gamma-

ray and hadronic showers.

Gamma-ray shower Hadron shower

Figure 1.4: Left shows a simulated gamma-ray shower and right shows a proton shower. The upper
right of each figure is the schematic of the main processes of the air shower development. The plots
are taken from [53]].

1.1.2.2 Cherenkov radiation

When the secondary particles travel the dielectric medium (water in water Cherenkov
array), they will emit light when their velocity surpasses the phase velocity of the dielectric
medium. This is known as Cherenkov radiation. When the charged particle moves through
the medium, it polarizes the surrounding medium and excites the medium to a higher energy

state. When the exited medium returns to the ground state, light is emitted. If the speed of
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the charged particle is faster than the phase velocity of light, the light produced accumulates

and creates a shock wave of light. Figure [I.5]shows the production of Cherenkov radiation.

Spherical electromagnetic wavefronts Spherical electromagnetic
moving with velocity V, wavefronts crossed

Charged particle moving
with velocity V,,

Figure 1.5: Left shows the process when the charged particle is slower than the phase velocity of
water and the right shows when it is faster than the phase velocity of water. Figure taken from [44]].

The coherent radiation produced will have a fixed angle of emission which is called a
characteristic angle. The characteristic angle 0 is given by

1
cosO = —
n

where Bc is the particle speed and n is the refraction index of the medium.

1.2 Neutrino astronomy

Neutrino astronomy is a much younger field compared to gamma-ray astronomy. The
detection of solar neutrinos by Homestake experiment started the field in the 1960s. Ice-
Cube Neutrino Observatory became the first experiment to detect TeV astrophysical neutri-
nos in 2013 [4]. After that, IceCube detected astrophysical sources of neutrinos, including
TXS 0506 [56] and NGC1068 [46l]. However, the majority of the astrophysical neutrino
candidate events detected by IceCube do not unambiguously correlate with any known

sources. Their distribution is consistent with an isotropic distribution in the sky, char-
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acteristic of an extragalactic origin. Recently, IceCube has also discovered astrophysical
neutrinos from the galactic plane [33], which explains ~ 10% of the observed astrophysical
diffuse neutrino flux. The galactic neutrino flux is likely a mix of source and diffuse, but
can’t be separated using current result.

Neutrinos are a very special and important messengers in astrophysics. One main ad-
vantage of neutrino astronomy is that neutrinos can travel over cosmological distances with-
out interacting with other particles. At TeV energies, gamma rays are energetic enough to
undergo pair production with extragalactic background photons, prohibiting them from be-
ing observed over long distances. Therefore, neutrinos are a messenger that could provide
information on the highest energy processes outside the Milky Way galaxy.

Another advantage of neutrinos as messengers is that neutrinos can be produced from
hadronic interaction as described in section m but not leptonic interaction. Therefore,
the detection of neutrinos from astrophysical sources will be a smoking gun for the presence
of hadronic acceleration and prove that it is the source of cosmic rays.

Like gamma rays, neutrinos are charge-neutral and cannot be deflected by magnetic
fields. Cosmic rays, on the other hand, are charged particles that deflect from magnetic
fields, making it extremely difficult to determine the origin of these particles. Hence, neu-

trinos’ arrival directions could point to the source of ultra-high-energy cosmic rays.

1.2.1 Detection technique

Neutrinos only participate in the weak interaction in the Standard Model and the cross-
section is very small. Therefore, neutrinos rarely interact with materials, requiring a large
effective volume to detect neutrinos. Therefore, neutrinos are indirectly detected through
the interaction products. Neutrino indirect direction is very similar to gamma-ray indirect

detection. We detect the Cherenkov light emitted bysecondary leptons or other charged
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particles produced from neutrino interaction with the medium [41].

Like gamma rays, one popular medium of neutrino detection is water. The required
volume to detect TeV neutrinos makes it infeasible for man-made water tanks or ponds to
detect neutrinos. Therefore, most experiments use natural water or ice bodies like seas,
lakes, or glacier ice as mediums for neutrino indirect detection. Water has several ad-
vantages for neutrino detection. Water has a long scattering length for light, reducing the
directional reconstruction uncertainty. Water also doesn’t require drilling and the detector
can be embedded in water, therefore easier to deploy. However, water has a relatively small
absorption length compared to south pole ice so the Cherenkov light can’t travel very far
before being absorbed by water. This causes the detector array to be arranged with a smaller
distance, leading to a smaller effective volume for the same amount of detector units. Water
is also liquid and the relative position of the detector could move with water current, mak-
ing the calibration of the detector harder. Organic materials might also accumulate around
the detector and lower the detection efficiency.

South pole Ice, on the other hand, has a very long absorption length, leading to a bigger
effective volume. Ice has a short scattering length and light will scatter multiple times be-
fore reaching the detector, making angular reconstruction much harder compared to water.
It also requires drilling long and large holes in the ice in order to place the detector. There
is also no way to replace the detector components if any one fails and no maintenance or
repairs are possible for any equipment deployed below the ice.

In this thesis, we will focus on using the IceCube Neutrino Observatory which uses ice
as a medium for neutrino detection. The details of the IceCube Neutrino Observatory are

described in Chapter 4
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1.3 Potential sources of galactic cosmic rays

The origin of galactic cosmic rays has been puzzling astrophysicists over decades and
many potential candidates have been proposed. Possible candidates include supernova rem-
nant shells, star-forming regions, and pulsar-powered systems. Such objects are expected
to produce gamma rays and neutrinos if there is enough surrounding material at the source,

such as the material inside molecular clouds.

1.3.1 Supernova remnant

Supernova remnants have long been the primary candidates for galactic cosmic rays.
Expanding supernova remnants create diffusive shocks and those shocks contain a large
amount of kinetic energy. Theorist calculated that about 10% of its kinetic energy is needed

to explain the observed cosmic rays spectrum [19].

Figure 1.6: Image of Cassiopeia A (Cas A), a Supernova remnant of a massive star that exploded
about 300 years ago. Image credit: NASA/CXC/SAO .

TeV gamma rays can originate from both hadronic and leptonic processes in SNR. In

14



the case of leptonic process, the supernova remnant shock accelerates electrons to rela-
tivistic speeds. The accelerated electrons interact with CMB photons or ambient light (eg.
starlight or synchrotron photons) through inverse Compton scattering and boost the energy
of the photons to TeV. The same electron population is expected to undergo cooling from
synchrotron radiation, which depends on the magnetic field of the environment. The ratio

of inverse Compton scattering flux and synchrotron radiation flux is [19]]

Fic NOI( B >_2
Fsync . 10uG

where B is the magnetic field. Observations from SN 1006 suggests that the magnetic

field must be less than 10 4G in order to make the TeV gamma-ray observed via inverse
Compton. However, explaining the gamma-ray emission with inverse Compton will require
a short electron acceleration time and violate the shock speed constraint observed in normal
supernova shocks.

In contrast, the hadronic process can explain the TeV gamma rays observed. Recent
observations from HAWC of SNR G106+2.7 suggests that the supernova remnant can ac-
celerate cosmic ray up to PeV energy [22]]. Accelerators able to accelerate cosmic rays to

PeV energies are known as Galactic PeVatrons.

1.3.2 Star-Forming Regions

As the name suggests, star-forming regions contain gas and dust which collapse to form
new massive stars. Many star-forming regions are young star cluster. Massive stars have a
shorter lifetime and die in supernova explosions. The remnant or compact object it leaves
behind could accelerate cosmic rays up to PeV energies [15]. Since they are rich in gas and
dust, the accelerated protons could interact and produce gamma rays and neutrino signals.

In addition to the supernova shocks, the fast-moving stellar wind from a young massive
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star could also create a strong shock and accelerate charged particles. However, it is un-
likely that a single star could produce a stellar wind strong enough to accelerate particles
up to PeV energies. To achieve PeV energies, winds from multiple stars need to collide to-
gether to create a strong shock and enhance the acceleration process [32]]. Different shock
waves from supernovae and stellar could also collide and produce a strong shock, boosting
the maximum energy of the particle accelerated.

Recently, the HAWC Observatory reported the presence of TeV gamma rays in the
Cygnus Cocoon region, within the Cyg OB2 star-forming region [15]. HAWC claims the
origin of the TeV gamma rays in the Cygnus Cocoon region is very likely to be produced

from relativistic proton interactions with the surrounding gas.

Figure 1.7: Image of the Cygnus region in infrared.Image credit: NASA/IPAC/MSX.

1.3.3  Other possible candidates

Other observed objects in the TeV gamma-ray sky could also be sources of galactic

cosmic rays but are less likely to be proton PeVatrons or may only contribute to a small
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fraction of the observed gamma-ray flux. For example, the Crab nebula, a pulsar wind
nebula that emits gamma rays up to PeV energies [30], is well into the Klein-Nishina regime
where inverse Compton scattering is heavily suppressed. The non-observation of neutrinos
could put a strong constraint on the hadronic emission of the Crab. Some TeV gamma-
ray emitters such as TeV halos [[10] are all expected to be leptonic and to not produce a

significant flux of cosmic rays at high energy.
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Chapter 2: HAWC Gamma-ray Observatory

This chapter describes the HAWC Gamma-ray Observatory, including the instrumen-
tation, the DAQ system, and reconstruction methods. The main focus of this chapter will
be on reconstruction, specifically ”pass 57 reconstructions as these greatly improve the

performance of HAWC [21]] and benefit the analysis results in this thesis.

2.1 HAWC Detector

The High Altitude Water Cherenkov (HAWC) Observatory is a ground-based gamma-
ray observatory sensitive from ~100GeV to ~100TeV. It is located at an elevation of 4100
meters above sea level, on the Sierra Negra volcano’s flanks, in Puebla, Mexico. It consists
of an array of large 300 water Cherenkov detector (WCDs), covering an area of 22,000 i’
and 345 small water Cherenkov detector called outriggers, extending the main array area
by a factor of 4. Figure 2.1 shows the HAWC detector. The Water Cherenkov Detector is
a cylindrical water tank with a diameter of 7.3 meters and a depth of 4.5 meters. Figure
[2.2) shows the size of HAWC tank compared to an average human. The water tanks hold
over 200,000 L of water in total. Each WCD is equipped with 4 PMTs, one 10-inch high-
quantum-efficiency photomultiplier tube (PMT) placed at the center bottom of the WCD,
and three 8-inch PMTs placed in an equilateral triangle of side length 3.2 meters. Figure
[2.3]shows how the PMTs are arranged inside a HAWC water tank.

HAWC operates with more than 95% uptime and monitors the sky continuously with a
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Figure 2.1: The HAWC main array and outrigger.

field of view of 2 sr. During each full transit (a day), HAWC observes two-thirds of the sky.
The main HAWC detector started operating in March 2015, and the complete outrigger

array started operating in August 2018.

2.1.1 Photomultiplier Tubes

Each HAWC WCD contains four PMTs, a 10-inch R7081 Hamamatsu PMT and three
8-inch R5912 Hamamatsu PMT. We use PMT to collect the Cherenkov photons produced
when secondary particles travel through the water in the HAWC water tanks.

A PMT contains a photocathode that converts the incoming photon to an electron

through the photoelectric effect. The resulting electron travels through the strong elec-
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Figure 2.2: The size of HAWC tank compared to the size of a human.

air shower
particle

200,000 L of
purified water

photomultiplier
tube (PMT)

Figure 2.3: The arrangement of PMTs in a HAWC tank.

tric field produced by a voltage applied to the electrode called dynode. The accelerated
electron interacts with the dynodes and creates more electrons. The processes are repeated
at the next dynode, and creating an avalanche of electrons. The emitted electrons are col-

lected at the last electrode (anode) and create a small current detectable as a signal. The
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charge amplification (gain) in the process is of the order of 107 in HAWC’s PMTs.

2.2 Detection principles

As introduced in section[I.1.2.1} high-energy gamma rays will interact with the Earth’s
atmosphere and create an extensive air shower. A large number of secondary particles are
created during the processes. These secondary particles interact and propagate with the
atmosphere. The number of secondary particles will peak at an altitude that depends on
the incoming zenith angle, the particle type and its energy. When the secondary particles
reach the altitude of the HAWC detector, the electrons and positions enter the water tanks
and produce Cherenkov light. The Cherenkov light propagates through water and reaches
the PMT at the bottom of the tank. The PMT records the light signals that are used to
reconstruct the primary particle.

To better reconstruct the properties of the primary gamma rays, we want to maximize
the number of secondary particles observed. Figure [2.4] shows the number of secondary
electrons as a function of atmospheric depth for different primary particle energies. The air
shower creates a curved shower front when arrives at the detector. The time of the PMT
hits together with the detector geometry and shower curvature can be used to reconstruct

the direction of the primary particle.

2.2.1 HAWC data acquisition

When the signal is detected by the PMT, HAWC electronics do not store the full wave-
form of the PMT pulse signal. Instead, HAWC characterizes the PMT pulse signal by
the time it spent over a certain voltage threshold (time-over-threshold). The time-over-
threshold (ToT) strongly correlates with the current integrated over time (aka the total

charge), allowing us to estimate the total charges produced by the signal.
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Figure 2.4: Shower development as function to the atmospheric depth. The Green band is the
optimal altitude range for TeV gamma rays. Credit: Dr. Xiaojie Wang

There are two voltage thresholds in the HAWC DAQ system. A low threshold is set at
0.25 PE level and a high threshold is set at 5 PEs level. The ToT of the lower threshold is
called LoToT and the high threshold is called HiToT. In theory, one threshold is enough to
estimate the total charge of the signal but it will be affected by the early or late arrival of a
single photon. HiTOT allows a more precise estimate of charge and avoids misidentifying
multiple small hits as one big hit. Figure 2.5]shows how small and large signals cross the
thresholds and the difference between the ToT of two signals.

The data acquisition systems continuously process the hits of each PMT and trigger
when there are 28 hits in a 150 ns time window. When the detector is triggered, the data
from 500 ns before to 1000 ns after the trigger are saved. This trigger results in a data
rate of 25 kHz and all of the recorded trigger readouts are reconstructed in real-time at
the site (with less than 5 s latency). This enables a fast response real-time analysis on
transient events, such as self-triggered burst-like events or transient events reported by

other experiments.
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Figure 2.5: (a) A small signal that only crosses the low threshold.(b) A large signal that crosses both
thresholds. Figure reproduced from [53]]

2.2.2 Calibration

The purpose of calibration is to accurately extract the information of a recorded ToT
signal and convert it to the total charge, the time of arrival, and other physical properties of
the hits.

Each HAWC tank includes a pulsed laser with a wavelength of 523 nm (green) calibra-
tion system and a set of neutral density filter wheels. The filter wheels allow the intensity
of the laser to change over a few orders of magnitude. The laser is transmitted to the
WCDs through an optical fiber. Various laser intensities can be used to calibrate the charge
(number of PE). The log of number of PEs (nPE) can then be expressed as a function of

ToT:

p1+p2-ToT ifppin < ToT < py
logio(npe) = 2.1

(p1+p2-ToT) - (exp(T28) ~ L2} ity < ToT < pa

where p; is the fitted parameters using calibration laser data. The data reconstruction pro-
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cess read the charge calibration from these fitted curves.

Besides the charge calibration, we also need to calibrate the time. One timing system
that needs to be calibrated is the time difference between the photon entering the PMT
and the first threshold-crossing time. This is known as slewing. The slewing time will be
different for different signal intensities as large signals will cross the threshold earlier than

small signals. We calculate the slewing time by fitting

—ToT—pg ToT—py

Tslewing =e N —e B +ps—ps- ToT (22)

With pg and p; the same as the calibration parameters. If we can measure the exact
length of the cable connecting the PMT and counting house, then we can use the laser
calibration timing to account for signal travel time in the cable. In reality, it has proven to be
inaccurate, and we apply a data-driven approach to correct cable travel time. We calculate
the difference between the recorded time of each PMT and the expected hit time of the
shower plane. If the calibration is perfect, the time residual distribution should be centered
at zero. We calculate the timing offset needed to center the time residual distribution at
zero using cosmic ray data samples, and reconstruct the shower again using the calculated
offset. We iterate the process until the reconstructed time residual distribution is centered

at zero.

2.3 Reconstruction

HAWTC reconstructs the trigger data with the Analysis and Event Reconstruction Inte-
grated Environment (AERIE) framework. AERIE is a C++ and Python-based framework
for HAWC reconstruction and analysis. The section will describe the chain of HAWC’s

latest pass 5 reconstruction.
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2.3.1 MultiPlane Fitter

For each triggered event, the recorded event will unavoidably include PMT noise that
can originate from the PMT. The noise rate of HAWC follows a Gaussian distribution of
a mean of 50 hits and a standard deviation of 13 hits in a 1500 ns time window. After
hit selection, roughly 1/3 of the noise hits remain. The remaining noise can affect the
performance of the reconstruction. Figure [2.6] shows a simulated HAWC air shower and

how the noise hit affects the reconstruction.
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Figure 2.6: A small simulated HAWC air shower. Each point represents a hit. The grey plane
shows the reconstructed plane, which deviate from the true shower plane due to noise hit Figure
reproduced from [57]]

HAWC shows that the majority of noise hits remaining after hit selection originate from
unrelated small cosmic-ray air shower events. Those small air shower events will create
another shower front in addition to the original event of interest, causing the one-shower-

plane fit to fail to reconstruct the event properly. To account for the correlated small shower
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noise, HAWC applies the MultiPlane Fitter(MPF) algorithm to reconstruct the dominant
and smaller noise shower plane. The MPF algorithm uses a maximum likelihood method
to fit multiple shower planes to the HAWC events. We set a limit on a maximum of three
shower planes and at least 5 hits in each plane to avoid over-fitting. The goal of the MPF
is to remove the noise hits unrelated to the main showers. Therefore, MPF only keeps the
largest shower plane and removes all the other shower planes. The additional planes found
by the multi-plane fitter could contain hits from sub-threshold showers or other types of
noise that may or may not be correlated with other noise hits. The hits from the largest
shower plane are fed into the standard reconstruction chain for further reconstruction.

The MPF drastically improves the performance of HAWC at low energy and is the main
driving factor of the performance improvement between pass 4 and pass 5 reconstructions
of the data. The low energy events in pass 4 was mostly mis-reconstructed due to the
noise hits from small showers, causing HAWC to discard low energy events. Since most
transient events like GRB are expected to only be detectable in sub-TeV energy due to
extragalactic background light interacting with the high energy photon, the MPFs improve
the sensitivity of HAWC to transient events the most. Figure [2.7] shows the comparison of

sensitivity between pass 4 and pass 5 to a transient event.

2.3.2 Core Reconstruction

The first step of reconstruction after noise reduction is to reconstruct the core of the
shower. The shower core is the center of the shower axis. Figure [2.8] shows an example
HAWC event with the shower core labeled in blue star. HAWC employs three different
core reconstruction algorithms. The first one is the center-of-mass core reconstruction. It

performs a simple spatial average using the location of the PMT hits and weights the PMT
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HAWC self-trigger GRB sensitivity for index =2,2=0.3 ,100s
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Figure 2.7: The sensitivity of HAWC to a 100s transient event at a redshift of 0.3 as a function of
zenith angle. The addition of the MPF in pass 5 results in improvement between 25% to 35% due
to improved efficiency for low energy events.

hits by the charge recorded:

Yixiqi Y.iyiqi
Yigi  Yiqi

Xcom,Ycom = (2.3)

The center-of-mass core fit is extremely fast since it is just a simple averaging, but results
in a relatively poor core resolution. Moreover, due to the nature of the center of mass

algorithm and the convex shape of the main array layout, the reconstructed core must land
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Figure 2.8: An example HAWC event. The color show the relative time of the hits and the size
of the circle shows the recorded charge. The blue star shows the shower core and the blue circle
around the core has a diameter of 40 and is used to calculate gamma/hadron separation parameters.
on the interior of the array. Despite these limitations, the center of mass algorithm is used
as the first step in core reconstruction and the result only acts as a seed for the next step of
reconstruction.

The next core reconstruction is the Super Fast Core Fitter (SFCF). SFCF aims to pro-

vide a more robust shower core reconstruction while maintaining a relatively fast speed.

SFCF employs a modified version of Nishimura-Kamata-Greisen (NKG) function to fit the
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PE distribution [11]. The NKG function describes the distribution of particles in an air
shower as a function of distance to the core. This distribution is referred to as the lateral

distribution function. The modified version of NKG function is

Si(A,X,5) = A ( : e‘<f§;§)2 + N ) (2.4)

2ro? (0.5+ |X; —X|/Rm)?
where X is the core location, and A is the amplitude which are free parameters. The Moliere
radius Ry, is the characteristic constant of a material giving the size of the fully contained
electromagnetic showers. The R,, of the atmosphere is approximately 120 m, at HAWC
altitude. The width, o, is fixed at 10 meters and the normalization of the tail, N, is fixed
at 5x 107>, They are obtained from the simulation. The SFCF algorithms fit the PE
distribution of the events to the modified version of the NKG function and obtain the core
position. In pass 4, this is the last core reconstruction step, and the result of SFCF is the
final output of the core.

During pass 5, HAWC applies another core reconstruction algorithm. Before proceed-
ing to the final core reconstruction, HAWC first performs an angular fit using the core
position from SFCF. The details of the angular fits are described in the next section. After
obtaining the first angular fit result, HAWC performs the final core reconstruction using a
likelihood core fitter.

HAWC uses Monte Carlo to estimate the likelihood of PMT hits and stores it in a like-
lihood table. The likelihood core fit computes the likelihood of each PMT hit given a core
position and angle, as well as all non-hit PMTs. This method incorporates the information
given by a PMT not having any hits for a core and angle hypothesis, significantly improving
the core resolution for low-energy events. However, this also means that even very small
events require the likelihood computation of all PMTs, and the computational complexity

increases significantly for low-energy events. Figure 2.9] shows an example of the core
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Figure 2.9: The likelihood surface of an example event’s core. In the upper two plots, the x and
y axes show the x and y coordinates, and the dot represents the HAWC tank. The contour is the
likelihood value of the core location.

2.3.3 Directional Reconstruction

Directional reconstruction is the key to astrophysical analysis. HAWC uses a Gaussian
fitter to perform directional reconstruction. We model the shower as a cone-like structure
with a curved shower front, and the particle density decreases with the distance from the
shower axis. At larger distances from the shower axis, particles will experience more scat-
tering and therefore have a delayed arrival time and wider arrival time distribution. There-
fore, before performing the actual fit, we have to correct for the curvature of the shower.
To do that, we model the shower arrival time distribution as a Gaussian and mean delay

time relative to the shower plane as a quadratic function. The quadratic function depends
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on the distance to the shower axis and the charge. The Gaussian width is modeled with
another quadratic function of the distance to the shower axis and the charge. Parameters
for correction are derived from the Monte Carlo simulation.Figure 2.10] shows the shower

front illustration.
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Figure 2.10: Illustration of the air shower front. Credit: Dr. Dezhi Huang

After correction, we use a simple weighted least square fit trying to minimize
N
x* =Y on(cty — cto+ iy + jyn +kzn)? (2.5)
n=1

where N is the total number of hits, @, is the weight of the hit which is the inverse of

charge, 1, is the detected time of the PMT, 1y is the absolute arrival time, X, y and z is the
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location of the PMT and 1, j, k is the unit vector definition is the shower axis. The fitting is
essentially trying to minimize the sum of time residual of the fitted plane and the hit time

of the PMT.

2.3.4 Energy

HAWC uses two independent algorithms to reconstruct the energy of the primary par-
ticle. In the past, HAWC directly used the fraction of PMTs hits to estimate the energy of
the primary particle, which has been proven to be inaccurate because the zenith angle of
the event and the location of the core will also affect the fractional of hit PMTs.

HAWC currently uses Ground Parameter (GP) and Neural Network (NN) algorithms to
estimate the energy of the primary particle. GP uses the fit charge density at 40 meters from
the shower core to estimate the energy. The 40 meters number is optimized to fit the NKG
function to the lateral distribution function in simulation. The GP energy is then calculated
by

logioEcp = m(0)logo(sigao) +¢(0) (2.6)

where 0 is the zenith angle, sig4q is the charge density at 40 meters, m is a piecewise linear
function and c is a quadratic function fitted using simulation.

The Neural Network (NN) algorithms uses the charge density at different radii as the
input to a neural network and performs regression on the energy. From studying the lateral
distribution of the air shower, we use the total charge at 9 annuli ranging from 0 m to 90
m from the shower cores to better capture the shower development. The final annulus is all
the charge beyond 90 m. We normalize the charge contained in each annulus so it summed
to 1. These 9 variables are fed into the neural network to estimate the energy. The neural
network is a simple one-hidden layer neural network with 12 hidden neurons. We use the

Monte Carlo gamma-ray events with £~2 energy weighting to train the network. We used
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80% of the Monte Carlo gamma-ray events are in the training and 20% of the Monte Carlo
gamma-ray events are used for testing. The performance of the GP and NN for pass 5 are

shown in figure 2.11]
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Figure 2.11: The bias and resolution of the two energy estimators for pass 5

2.3.5 Gamma/hadron separator

To distinguish gamma rays from cosmic rays, HAWC applies cuts on two gamma/hadron
separation variables. Both of these are based on the fact that cosmic ray showers produce
more muons far from the core. The first separator is called compactness, which is simply

the total number of hit over the largest charge recorded from a PMT at least 40 meters away
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from the core. The denominator is larger when the shower contains more muons away from
the core and is therefore more likely to be cosmic rays, corresponding to a smaller com-
pactness. Compactness works better at lower fraction of hits PMT (fHit) and energy, as
the information is not enough to robustly fit the entire lateral distribution. The other pa-
rameter is called LDFChi2, which is the x? value from the gamma-ray lateral distribution
fit. Since cosmic ray showers produce a lot more muons away from the core than gamma
rays, the lateral distribution fit using the NKG function will result in a much higher x?
value compared to gamma-ray showers. LDFChi2 works best at high fHit/energy when the
information is large enough to fit the lateral distribution. At the high fHit, the LDFChi2
parameter can reject more than 99.99% of the showers produced by CRs while retaining
more than 50% of the showers produced by gamma rays.

There is also a study that uses a gradient-boosting tree and neural network to better
improve gamma/hadron separation. The program uses different existing gamma/hadron
separators as input and outputs the probability of the particle being a gamma ray [24].
The result shows a 10-20% improvement compared to a simple LDFChi2/compactness cut.
The program is included in HAWC’s current reconstruction output but is not used in our

analyses.

2.3.6 Simulation

Since we don’t have a calibration beam, simulation is one of the most important steps
in any particle astrophysics experiment. It directly affects our understanding of the detector
and the physics results of our data. In HAWC, we break the simulation into two parts. The
first part is to simulate the interaction of the primary particle in the Earth’s atmosphere and
how the air shower develops. We use the CORSIKA [42]] software package to simulate the

process until it reaches the HAWC altitude. We then simulate how that particle propagates
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through the HAWC water tanks using GEANT4 [17]. We also simulate how the particle
emits Cherenkov light and the response of the HAWC PMTs. The recorded signal goes
through the same triggering and reconstruction processes and is saved into the same format
along with the true information of the simulated particle. The simulated dataset is then
ready to be used to create the parameterized response functions (detector response) used in

analysis.
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Chapter 3:  Analysis method of HAWC

This chapter describes the analysis method of HAWC from reconstructed data. HAWC
reconstructed data are stored in XCDF format [28]] and include the reconstructed informa-
tion for each event. The reconstructed data includes the GPS time of the trigger, the number
of hits in the event, the reconstructed direction after pointing alignment, the reconstructed
energy, and the gamma/hadron separators. We bin the events into different analysis bins,
usually based on the fraction of the PMTs hit and the reconstructed energy of the event.
We choose the optimal cut on gamma/hadron separators for each analysis bin to maximize
the Poisson significance and make a count map. A binned maximum likelihood analysis is
then performed to test whether a source is present and obtain the best model that describes
the data. Section [3.1] describes the binning scheme of HAWC. Section [3.2] describes the
gamma/hadron separation cut parameters optimization. Section [3.3]describes HAWC map-
making and background estimation. Section [3.4] describes how sources and the detector
response of HAWC are modeled. Section [3.5] describes the formalism of HAWC binned
likelihood.

3.1 Binning scheme

Reconstruction qualities can vary for different HAWC events, including angular reso-
lution, energy resolution, and signal-to-noise ratio after gamma/hadron separation. This

could be due to the size of the air shower, the zenith angle of the shower, and the energy of
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the gamma rays.

In theory, the optimal way to perform an analysis is to perform an unbinned maximum
likelihood by calculating the likelihood of a model for each event but it is not feasible given
the HAWC event rate since the complexity scales with O(Neyent). A binned likelihood, on
the other hand, loses some information about each event but the computational complexity
of performing a likelihood analysis only scales with the number of analysis bins, but not
number of events. In HAWC, we perform a binned analysis. When binning the events,
the events with similar characteristics are binned together to achieve the minimum loss of

statistical power compared to an unbinned analysis.

3.1.1 Fractional hits(thit) binning scheme

The dominant factor determining the quality of the reconstruction of a HAWC event
is the number of PMTs that recorded a signal (hit fraction). Notice that lower-energy air
showers could result in a larger hits fraction if the zenith angle is low or it is entirely con-
tained in the detector. Small air showers or showers that have a core away from the detector
will result in a low number of hits recorded and less information will be available during
the reconstruction. Also, the fraction of noise in an event will be high for events with a
low number of hits since the noise rate is the same for each event. In contrast, a large air
shower will result in a high number of hits and contain more information to reconstruct the
properties of the events. Therefore, reconstruction performance such as shower core resolu-
tion, angular resolution, energy resolution, and gamma/hadron separation power varies as a
function of the number of hits. The reconstruction performance typically improves when an
event has more hits. In addition, both the cosmic-ray and the gamma-ray fluxes fall rapidly
as a function of energy in the HAWC energy regime, making small showers the dominant

events in HAWC data. Therefore, the rate is much higher for small air showers, and any
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Binning name | Fractional PMT hits
BO 2.7-4.7 %
B1 4.7-6.8 %
B2 6.8 -10.4%
B3 10.4 - 16.1%
B4 16.1 - 24.5%
B5 24.5-35.1%
B6 35.1-47.2%
B7 47.2 - 59.9%
B8 59.9-72.2%
B9 72.2 - 82.2%
B10 82.2 - 100.0%

Table 3.1: Table showing the fractional PMT hit binning.

analysis that doesn’t separate the small and large air showers will suffer a significant loss in
sensitivity because the high data rate from the small showers will swamp the high-quality
large showers. Notice that the small showers could still be important, especially in the case
where the source exhibits a cut-off in the observed spectrum.

To address the differences in reconstruction quality and background rate, HAWC bins
the events based on the fraction of PMTs that recorded hits. The number of fractional hits
bins is a trade-off between computationally complexity and the gain in sensitivity. For pass
5 reconstructions, HAWC uses a total of 11 fractional hits bins to perform analyses. The
bin edge is chosen such that each bin is half the rate of the previous bin. Table [3.1] shows

the bin boundary of fractional hits binning.

3.1.2 Energy binning

Reconstructed energy is also a crucial property of an event. Reconstructed energy acts
as a proxy of the true energy of the event. Separating events with different reconstructed
energies improves the energy resolution and produces a spectrum with lower uncertainty.

Therefore, HAWC bins the reconstructed energy when performing spectral analysis and
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Bin | Low energy (TeV) | High energy (TeV)
a 0.316 0.562
b 0.562 1.00
c 1.00 1.78
d 1.78 3.16
e 3.16 5.62
f 5.62 10.0
g 10.0 17.8
h 17.8 31.6
i 31.6 56.2
j 56.2 100
k 100 177
1 177 316

Table 3.2: Table showing the reconstructed energy binning. We use log energy binning with a
spacing of 0.25.

producing the spectrum of a source. Notice that HAWC doesn’t perform the energy bin-
ning for some analyses like catalog searches due to computational power constraints. We
apply energy binning in this work to improve the spectral modeling. Energy binning im-
proves very little in discovery potential and is more important for spectral analysis [21]].
As mentioned in section [2.3.4] HAWC reconstructs the energy with two different methods,
the ground parameter and neural network energy. HAWC produces two different sets of
maps by binning in ground parameter energy and neural network energy in log scale. The
reconstructed energy binning is the same in the two sets of maps and table [3.2] shows the

reconstructed energy binning boundary of HAWC.

3.1.3 Reconstructed core location binning

Events that have a core landing inside the main array will have a better core resolution
and angular resolution given the same fractional hits in the detector. This is due to the loss
of signal near the core and the increase of shower width when away from the core. How-

ever, the gamma/hadron separation increases when the core is away from the detector since
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more muons from hadronic showers are recorded by the detector. Due to the difference in
reconstruction properties, HAWC bins the event by core that landed inside the main array

(CO bin) and those where the core landed outside the main array(C1 bin).

3.1.4 Spatial binning

The quality and properties of HAWC reconstructed events also vary with the zenith an-
gle of the events because the air shower has traveled different distances in the atmosphere
before reaching the detector. For a time-integrated analysis, the final effect will be folded
into the declination-dependent response functions. Sources in the same declination transit
over the sky on the same path and spend the same amount of time at each zenith angle.
The response function is therefore a function of declination. HAWC implicitly bins the
event in declination by creating a pixelized all-sky HEALPix map and modeling the detec-
tor response in different declination bins. More detail on HAWC HEALPix map will be

discussed in section 3.3]

3.2 Gamma/hadron separation

Since the majority of events recorded by HAWC are cosmic rays, separating the cosmic-
ray events(background) and gamma-ray events(signal) is crucial for HAWC’s sensitivity to
gamma-ray sources. In section [2.3.5] we discussed the gamma/hadron separators calcu-
lated during the event reconstruction steps. HAWC used the Compactness parameters and

LDFChi2 parameters to perform the gamma/hadron separation and create the pass 5 maps.

To optimize the gamma/hadron cut for each analysis bin, HAWC adopts several differ-
ent methods. For lower fhit bins or lower energy bins, we used the Monte Carlo weighed

according to a Crab-like source while using the real data as background. The real data
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is dominated by cosmic rays so the signal contamination is low while being more robust.
There are two reasons behind such an approach: first, the data rate is too high to perform
the optimization of significance in real data as a signal; second, the data rate is very high in
low fhit and energy bins and the poisson significance can be approximated with a Gaussian
and the signal-to-noise doesn’t affect the optimal cut. For lower thit bins, we apply both
a cut in Compactness parameters and LDFChi2 parameters. The Compactness parameters
are important in small showers since there are not many hits that could be used to perform
the fit to the lateral distribution. Simple parameters like Compactness parameters are more
robust for small events.

HAWC performs a 2D search on Compactness and LDFChi2 to maximize the Poisson
significance of a crab-like source in each analysis bin. The Poisson test statistic of an

analysis bin is the square of significance according to Wilks’ theorem [62] and is given by

b + el.f>die*(bi+eif)/di!
blie=bi /d;!

T Spoisson = 22108< (3.1)
i

where b; is the expected background in bin i, e; is the expect signal per unit flux in the bin
i, f is the flux, d; is the data count in bin i. Bin here only refers to spatial binning since we
are optimizing the cut per fhit, energy and core bin. The Poisson test statistics is twice the
log-likelihood ratio of background with sources and background-only hypotheses, Notice
that the Poisson likelihood is reduced to a Gaussian likelihood when the average rate A is
large, which is true in low thit and energy bins. For Gaussian significance, it is simply
the signal divided by the square root of background and the maximum is independent of
the signal strength. Figure shows the distribution of gamma rays and cosmic rays as a
function of 1/Compactness and LDFChi2 in one of the fhit analysis bins and the optimal
cut associated with it.

To optimize the gamma/hadron cut for the high thit bins and energy bins, the signal
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Figure 3.1: The distribution of gamma rays and cosmic rays as a function of 1/compactness and
LDFChi2 in one example lower fhit bin. The green dashed line shows the optimal cut in this bin

strength matters since the background is low and Poisson likelihood dominates. Also, the
cut obtained from using Monte Carlo as the signal is found to be non-optimal in high thit
bin. Therefore, HAWC uses a small subset of events near the Crab to optimize the cut
for high fhit bin by maximizing the Poisson significance. HAWC only uses LDFChi2 to

perform gamma/hadron separation in high fhit bins(B7 and above) since the events are large
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Figure 3.2: The distribution of gamma rays and cosmic rays as a function of 1/compactness and
LDFChi2 in one example high thit bin. The green dashed line shows the optimal cut in this bin

enough to perform robust lateral distribution fits and compactness cut only bring marginal
benefit (see figure 3.2). We compute two sets of cut, one based on a Crab-like source and
the other one based on a Crab-like spectrum but only with 2% of the Crab flux. The 2%
Crab flux cut is better for discovering weak sources while the 100% crab flux is better for

spectral fits since it keeps more gamma rays and reduces our systematics. Figure [3.3]shows
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how the significance changes as a function of LDFChi2 for 100% Crab flux and 2% Crab

flux in a high fhit bin.
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Figure 3.3: The significance as a function of LDFChi2 for 100% Crab flux and 2% Crab flux in a
high fhit bin. The Monte Carlo cut deviates from the peak significance and the peak significance for
100% crab flux and 2% crab flux are different

It was discovered that the optimal cut also changes with the zenith angle: the optimal cut
for a source at the location of the Crab is cutting too hard for a source transiting far away
from the zero-degree zenith. To further account for that, HAWC applies a zenith-angle
parameterized cut to keep the gamma-ray passing rate the same for each zenith angle. This
method helps retain the significance of large declination sources which transit the sky with

a high zenith angle. More detail can be found in [21]]. Figure[3.4]shows the passing ratio of

cosmic rays and simulated gamma rays when applying the gamma/hadron separation cut.
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Figure 3.4: The passing ratio of simulated gamma rays €, and cosmic rays €, as a function of
fraction hit. The different colors represent different zenith angle ranges. The dashed line is for pass
4 and the solid line is for pass 5. Figure is taken from [21]]

3.3 Map making

A skymap is essentially a spatial binning for binned likelihood analysis. Instead of
calculating the likelihood of each event, we only need to calculate the likelihood for each
pixel in the skymap, which reduces the computational complexity. The complexity does
not scale with the amount of data but only the number of pixels. Skymaps can also help us

visualize the sources in the sky for visual inspection and analysis.

3.3.1 HEALPix

To make a skymap, we need to pick a pixelation method first. In experiments with
narrow field-of-view, astronomers usually chooses equal angle pixelation in Right Accesion
(RA) and Declination. In Particle astrophysics or cosmology, the Hierarchical Equal Area
isoLatitude Pixelization (HEALPix) [40] is more popular. HEALPix is a scheme to divide

a spherical surface into pixels of equal area defined by a parameter known as N
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3.3.2 Exposure tracking and background estimation

To perform an analysis with the skymap, we need to know the exposure of the detector
and the expected background in each pixel. To track the exposure for a time-integrated
analysis, HAWC tracks the difference in arrival time of each event and marks the time as
downtime if the difference in arrival time is greater than one second. This is because the
data rate of HAWC is high and downtime of the detector is usually much longer than the
arrival time difference between consecutive events.

To the first order, the HAWC background is constant along the same declination for
time-integrated analysis. However, many other factors like atmospheric temperature, pres-
sure difference, and detector deadtime could affect the HAWC background rate and a sim-
ple average over right accesion is not sufficient to robustly estimate the background. Since
HAWC data rate is so high and the significance scales with the square root of the total
background count, the background estimation method needs to be extremely accurate for
low fhit bins with high data rate.

To estimate the background of each pixel, HAWC employs a method called direct in-
tegration which was developed for analyzing Milagro data [27]. Although the background
rate fluctuates during the detector operation, the zenith distribution of events is found to
be extremely stable. That means that no matter what the data rate is, the distribution of
the arrival direction of background events is the same. Because of this property, we can
estimate the zenith distribution with a certain period of data and then convolute the zenith
distribution to the data rate to obtain the background map. The equation for computing the

background is

bkg(RA, Dec) / rate(t)P(HA, Dec)dt
(3.2)
/rate P(t — RA,dec)dt
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where the rate(t) is the all-sky rate as a function of time in the analysis bin of interest after
all the cuts and HA is the hour angle. P(HA, Dec) is the normalized event distribution as
a function of local coordinates estimated from the data. P(HA,Dec) is also called local
acceptance or local efficiency. Figure [3.5]shows an example of a zenith angle distribution

before normalization.

0 114 228 342 456 570 684 798 912 1026 1140
local map

Figure 3.5: The instantaneous arrival direction distribution before normalization for an example
analysis bin of HAWC.

To estimate the zenith angle distribution from data, we need to pick a certain time
duration to build the zenith angle distribution. The time duration for direct integration is
a trade-off between detector stability and statistics. For low fhit bin where the data rate
is high, we use 2 hours to estimate the zenith angle distribution and perform the direct
integration. For high fhit bin or energy bin where the statistics are low, we need a longer
integration period. HAWC developed another modification to direct integration to account
for low statistics bin called randomized background [12] which essentially uses the entire

data-taking period to build the zenith angle distribution. For the analyses in this work, we
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use the randomized background method when the total number of counts in a bin is lower
than 1000 events.

To avoid the effects of bright sources like the Crab and the galactic plane, HAWC per-
forms region-of-interest(ROI) masking when estimating the background using direct inte-
gration. HAWC removes events near the ROIs when building the zenith angle distribution
to avoid containmenation from strong sources and scales up the zenith angle distribution to
account for the events removed. The scaling is determined by the data rate and the number

of events removed.

3.4 Source modeling and detector response

3.4.1 Source modeling

To search for and analyze gamma-ray sources, we need to model the emission of the
source: usually, this involves the morphology of the source and the spectrum of the source.
One common model of morphology is a point source, in which the physical size of the
source in angular scale is smaller than the angular resolution of the detector. Therefore, the
detector cannot resolve the source’s physical structure, and the source appears to be a point
in the sky map. One example of a point source in HAWC is the Crab Nebula where the
physical size is smaller than the angular resolution of HAWC'’s highest fhit and energy bin.
Most extragalactic sources by HAWC appear to be point sources due to the large distance
between the source and the earth.

However, HAWC has discovered many extended sources whose physical size is much
larger than the angular resolution of HAWC, like the galactic TeV halos and supernova
remnants(SNRs) [23]. HAWC assumes a generic Gaussian extended morphology when
there is no information regarding the morphology of the source. For sources with known

physics, HAWC assumes a more detailed physics model to fit the relevant morphological
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parameters like diffusion coefficients. For sources with known emission structures in other
wavelengths like Fermi bubbles or molecular clouds, HAWC models the source morphol-
ogy with a spatial template.

To model the source spectrum, HAWC assumes an unbroken power law when there is

. . . ‘o AN E\a
no information regarding the source. An unbroken power law is 7z = ¢ - (5)* where N

is the number of gamma-rays, ¢ is the gamma-ray flux normalization, o is the spectral
index and Ej is the reference energy. HAWC also tests log-parabola and power law with
cut-off models of the source spectrum if the data shows signs of spectral softening. The

. . dN _ E Oc—ﬁ-logEL .
log-parabola spectrum is parameterized by 5% = ¢ - Eo> o where f3 is the spectrum

curvature. The broken power law is parameterized by %’ =¢- (EEO)O‘exp(

E

ECM[

) where E,;
is the cut-off energy. For some analyses, a physics-driven spectrum might be used if a phys-
ical model is being tested or fitted. For example, active galactic nuclei with extragalactic

background light absorption

3.4.2 Detector response

To model the detector response, HAWC generates a large number of simulated gamma-
ray events. The simulated signal goes through the same reconstruction algorithm as the
data. This results in a reconstructed simulation with known particle properties which can
be used to model the detector response.

We model the detector response by summarizing the Monte Carlo into a series of his-
tograms. For a time-integrated analysis, the response is a function of the analysis bin and
declination bin only. We use the Likelihood Fitting Framework (LiFF) to create the detector
response. A more detailed description of LiFF can be found in [63]. We use Monte Carlo
to create LiFF the detector response, which stores the point spread function histogram and

the spectral response histograms for each thit, energy, core and declination bin. The point
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spread function (PSF) for each bin is also parameterized into the sum of two Gaussian by
fitting the PSF histogram. The PSF for each bin can be used to calculate the fractional
expected excess in each pixel given the source location and morphology. The spectral re-
sponse histogram is a histogram that stores the differential expected excess as a function of
true energy for each analysis bin and each declination bin. The spectral response histogram
can be used to calculate the total expected excess given a source location, morphology, and
spectrum after proper reweighting.

An alternative way of creating the detector response is to bin the histograms in zenith
angle instead of declination. HAWC'’s analysis software ZEBRA uses this method to create
the detector response [S3]. Binning in zenith angle gives you the ability to analyze tran-
sient events, since those events happen with a short time scale and only transit through a
few zenith angle bins. It could also model the response in declination by weighting the
histogram bin for each zenith angle bin for a full transit. HAWC employs this method
mainly for analyzing transient events like gravitational waves and gamma-ray bursts. For
time-integrated analysis, LiFF and ZEBRA give very similar results and we mainly use

LiFF for time-integrated analysis.

3.5 Binned maximum likelihood analysis

HAWC performs binned maximum likelihood analysis to analyze the data. The likeli-
hood is based on the Poisson likelihood, which assumes the distribution of events in one bin
follows a Poisson distribution with a certain rate. The Poisson distribution has a probability

mass function (PMF) of

Py(k) = (33)
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Figure 3.6: HAWC’s PSF for a low fhit bin and zenith angle bin extracted from a ZEBRA detector
response. Notice the PSF here is not in phase space but the projection of the source excess fraction
into 1D 6.
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Figure 3.7: HAWC’s PSF for a high fhit bin and zenith angle bin extracted from a ZEBRA detector
response. Notice the PSF here is not in phase space but the projection of the source excess fraction
into 1D 6.

Assume we know the expected background at a particular pixel for a particular analysis bin

by the direct integration method described in section [3.3.2] The background hypothesis,
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Figure 3.8: HAWC energy and PSF 2D histogram for a low fhit bin and zenith angle bin extracted
from a ZEBRA detector response
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Figure 3.9: HAWC energy and PSF 2D histogram for a high fhit bin and zenith angle bin extracted
from a ZEBRA detector response

which assumes all the recorded events are background events, has a likelihood of

ple?

5 (3.4)

Ly(d)
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where b is the expected background counts and d is the data counts in that pixel and analysis
bin. The signal hypothesis assumes that some fraction of recorded events are signals from

a source of interest. The signal likelihood is

(b+e % f)de—(b+exf)
d!

Ly(d) = (3.5)

where e is the expected excess counts per unit flux and f is the flux. The expected excess
counts per unit flux are calculated by the following steps; First, calculate the total excess
counts given a source model; second, divide the total excess counts by some flux unit to
correct for flux normalization unit (with a dimension of per energy per area square per
time); finally, multiply by the fractional excess events using the phase space PSF, which is
approximated by the PSF convolved with the source morphology and evaluated at the pixel
location and multiplied by the area of the pixel. In other words, the fractional excess count
is the fraction of excess events contained in that pixel. This will result in the expected
excess counts per unit flux at that particular pixel and analysis bin. The e x f therefore
gives you the expected excess counts at the pixel and bin. From equation [3.5] we can see
the signal hypothesis essentially changes the rate of data by adding expected signal events
from the source to the background rate.

The total log-likelihood is therefore

Nbin Npixels b . .. dij 7(bij+eijf)
logl = Z Z log( U+e,,fil”‘e (3.6)
7T i’

which is the signal log-likelihood summed over each pixel and each analysis bin. We
maximize the signal log-likelihood with respect to the signal parameters. When computing
the signal log-likelihood, the pixels far from the source have an expected excess of zero

and the likelihood is just a constant at that pixel. Therefore, excluding those pixels or not
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in the likelihood will not affect the result of the maximum likelihood fit and we could use
a small region around the source to calculate the likelihood.

After maximizing the signal likelihood, we can calculate the significance of the source
using the likelihood ratio test. The test statistic (TS) in the likelihood ratio test is 2 times

the log-likelihood ratio

L
TS =2log—
Ly
Npin Npixels (bij+eijf)tie=teiif)

:22 Z log bdij
j i

ij

(3.7

According the Wilks’ theorem [62], the TS follows a x? distribution with a degree of
freedom equal to the number of free parameters. If the spectral shape and morphology are
fixed, then the only degree of freedom is flux normalization f, and the TS is expected to
follow a x? distribution with one degree of freedom. For a simple source search in HAWC,
the search strategy uses a point source and a power law spectrum with a fixed index to
search for sources and pixels with TS > 25 are marked as hotspots. For these analyses, the
flux normalization is the only free parameter and the significance of the source is estimated

using the x? distribution with one degree of freedom [23]] and TS of 25 corresponds to 56.
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Chapter 4: IceCube Neutrino Observatory

This chapter describes the IceCube Neutrino Observatory, including the IceCube detec-
tor, detection principles, track event selection, and reconstruction. The chapter will focus

on the track dataset used in the analyses described in this thesis.

4.1 IceCube detector

The IceCube Neutrino Observatory is a cubic-kilometer-scale neutrino detector located
at the geographic South Pole. It is comprised of 5160 digital optical modules (DOMs) em-
bedded in the Antarctic ice. The DOMs are designed and optimized to detect the Cherenkov
radiation emitted by highly relativistic charged particles traveling through ice [6]. Each
DOM has a 10-inch photomultiplier tube in a pressure-resistant sphere along with the nec-
essary electronics for the read-out of the signal and calibration. Figure f. 1] shows an illus-
tration of the IceCube DOM. The DOMs are deployed at a depth of 1450 to 2450 meters
where the ice is optically clear.

The DOMs are grouped into strings. Each string comprises 60 DOMs with a vertical
spacing of 17 meters. The string also includes the power supply cable and the readout
cable for the DOMs. In total, the IceCube main detector comprises 86 strings deployed on
a hexagonal grid with approximately 125 meters spacing. Figure f.2] shows an illustration
of the IceCube detector.

Besides the main detector, IceCube also includes a group of tightly packed strings and
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Figure 4.1: Configuration of an IceCube DOM. Figure from [T]]

DOMs called DeepCore and a surface air shower array called IceTop. DeepCore mainly
focuses on GeV-scale neutrino interaction and IceTop focuses on studies of cosmic rays.
Nither of these are used in this study. The IceCube Laboratory, located at the surface of the
hexagonal grid, is responsible for the power supply and the communication of the IceCube

detector.
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Figure 4.2: The IceCube Neutrino Observatory illustration. Figure from [[1]]

4.2 Detection principles

Neutrinos are charge-neutral particles and only interact via weak interaction. Their
interaction cross-section is small, meaning they travel over long distances in space without
deflecting or interacting with matter. This property makes them both good messengers for
discovering the location of the hadronic interactions and extremely hard to detect. To detect
neutrinos, we must rely on observing their interaction products with large detector volumes
to overcome low cross-sections.

When a neutrino interacts via the weak force with a quark from a proton or neutron in

ice, it produces leptons and other particles. The interaction is mediated by the W boson for
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charged current interaction and the Z boson for neutral current interaction. The resulting
charged particles will produce Cherenkov radiation. Due to the optically clear ice, the
produced Cherenkov radiation travels over long distances in ice and can be detected by the

DOM light sensors IceCube detector.

4.2.1 Neutrino interaction with ice

Three types of neutrino interactions are detectable and relevant to the IceCube analysis.
Charged current (CC) interactions are a neutrino or anti-neutrino interacting with a quark
via the exchange of a charged W boson. The resulting particles are charged lepton coun-
terparts to the neutrino and a hadronic shower from the recoiling nucleus due to its high
energy.

If the neutrino or anti-neutrino in the CC interaction are electron neutrino/anti-neutrino
(v/Vv,), the resulting electron/positron will create a shower of electrons, positrons, and
photons near the interaction vertex. The resulting electron only travels a very small dis-
tance before depositing all its energy, and the photons produced will propagate in a nearly
symmetric sphere shape. This is called an electromagnetic cascade. Besides the resulting
electron/positron, the interaction nucleus will recoil and produce another hadronic shower
when it interacts with the surrounding material. Due to the spatial overlap between the
two showers, it is a non-trivial task to disentangle the two showers. In addition, due to its
roughly spherical shape, reconstruction of the direction of the primary neutrino, resulted in
a larger directional uncertainty.

If the neutrino or anti-neutrino in the CC interaction are tau neutrino/anti-neutrino
(v¢/Vv:), the resulting tau/anti-tau will decay in a very short timescale. Tau decays are
hadronic or leptonic, and the products create a shower slightly away from the interaction

vertex, while the hadronic shower creates another shower close to the vertex. If the sep-
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aration is large enough, it will create what is called a double-bang event. However, the
separation is small at most of the energies IceCube is sensitive to. When the separation is
smaller than the IceCube resolution, a tau decay event is indistinguishable from a single
cascade event.

If the neutrino or anti-neutrino in the CC interaction is a muon neutrino/anti-neutrino,
the resulting muon/anti-muon (v,,/V,,) could travel a long distance in ice before decaying.
Around 17% of tau leptons also decay into muons and travel far in ice. The muon loses
energy through ionization and bremsstrahlung along the travel path and the secondary par-
ticle produces Chrenkov radiation, leaving a long lever arm track in the detector. These
events will look like a track in the detector and are therefore called track events. Such
events result in excellent angular resolution (< 1 degree) and enlarged effective volume
since the initial interaction could happen outside the detector. The track events will be the
main IceCube dataset used in the analysis described in the next few chapters. Figure [4.3]
shows an example track event in IceCube detector.

Neutral current (NC) interactions are another possible interaction in IceCube. Neutral
current interactions happen when a neutrino interacts with a quark via the exchange of a Z
boson. The quark recoils and produces a hadronic shower. Since the interaction is charge
neutral, no charged lepton will be emitted. The hadronic shower from the recoil nucleus is
the only signal from an NC interaction. It is not distinguishable from the charged lepton
cascade events. The Glashow resonance is the final possible interaction and the evidence
of its existence had been recently published by IceCube [47/]. Glashow resonances happen
when an electron anti-neutrino interacts with an electron. The interaction peaks at the
energy of 6.3 PeV for a target stationary in the lab frame. Figure [.4] shows the Feynman

diagrams of all the neutrino interactions detectable by IceCube.
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Figure 4.3: Example of multiple IceCube track events. Each point represents a DOM and the colored
spheres are DOMs that record signals. The size of the sphere represents the charge detected and the
color represents the relative time of arrival. Figure from [[1]

4.2.2 Cherenkov radiation in ice

Cherenkov radiation in ice is identical to the Cherenkov radiation in water like HAWC.
The angle at which the light emits is governed by the same equation:
1

cosf = E “4.1)

where the 3 is the speed of the particle divided by the speed of light in vacuum and n is

the index of refraction. In ice, n is around 1.32 meaning the Cherenkov angle is about 41°
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Figure 4.4: Feynman diagram of all neutrino interactions detectable by IceCube. The upper right
shows the charged current interaction with a neutrino and a down quark, and the upper right shows
charged current interaction with an anti-neutrino and an up quark. The lower left shows the neutral
current interaction with a neutrino or anti-neutrino and a quark and the lower right shows the charged
current interaction with an anti-electron neutrino and an electron. the Figure from [54]]

4.2.3 Muon propagation in ice

The muon produced by CC muon neutrino interaction travels over a long distance in ice
while depositing energy into the ice. To remove the background and reconstruct the prop-
erties of the primary neutrino, we need to model the physical process of muon propagation
in ice.

At higher energies, muon stochastically loses energy as it travels through the ice. At
energies below ~300 GeV, the ionization of ice dominates the energy loss. The ionization
is caused by the muon pulling out electrons from the nuclei and the muon loses energy
in the process. At higher energies, pair production, bremsstrahlung, and the photonuclear

interaction become the dominant energy loss processes [S1].
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4.3 Point Source Track dataset

For the studies conducted in this thesis, we used the point source track dataset of Ice-
Cube. The point source track dataset contains the track-like events identified by the re-
construction algorithm and is more likely to be track events induced by muon neutrino CC
interaction. The long lever of track events provides a better angular resolution and makes
them the ideal dataset for astrophysical point source analysis. This section will describe
the details of the point source track dataset.

The dataset also consists of data taken by the partially built detector with only 40, 59,
79 strings. The remaining data are taken with a fully built detector with 86 strings. We
show the uptime, duration, and total number of events for the 12 years tracks dataset used
in chapter [7]in table f.1] The dataset used in chapter [§] are with two more years of data

from the fully built detector.

Data | Total number of events | Total livetime (days) | Start date | Stop date
1C40 36900 376 6/4/2008  20/5/2009
IC59 107011 354 20/5/2009 31/5/2010
IC79 101972 313 1/6/2010  13/5/2011
IC86 1294410 3635 13/5/2011 22/8/2021

Table 4.1: IceCube configuration, number of events, livetime, start and end date.

4.3.1 Triggering

IceCube uses a simple multiplicity trigger (SMT) to trigger the detector to store read-
outs from the PMTs. The SMT trigger looks for local coincidence signals between DOMs
with a certain time window. A local coincidence in IceCube occurs when both a DOM and
one of its vertical neighbors (two above and two below) record a signal within 1us. The
SMT trigger removes the most obvious noise and requires a minimum number of hits to

ensure a reasonable trigger rate. The SMT-8 trigger looks for eight or more locally coin-
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cident hits within 5us. If triggered, the data from 4us before the trigger to 6us after the
trigger will be recorded. The final recorded data is called an event and it is the fundamental
data structure used in event processing. The SMT-8 has a trigger rate of about 2.3 kHz
with some seasonal variation due to changing atmospheric conditions. Figure §.5] shows

the trigger rate for an example data-taking run.
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Figure 4.5: Trigger rate for an example run. The error bar is the error on linear fit to the rate. Figure
taken from IceCube monitoring page live.icecube.wise.edu

4.3.2 Processing and Filtering

The majority of SMT-8 triggers are background, with only 100 events per year expected
to be from neutrino interactions. The background is dominated by atmospheric muons from
cosmic ray showers. A data rate of 2kHz cannot be transferred via satellite to the data cen-
ters in the northern hemisphere and real-time processing and filtering (PnF) is needed at the
South Pole. The full PMT waveform is converted to a series of pulses and the reconstruc-
tion is performed on the converted pulses. A rough estimate of particle energy, direction,
total charge, and reconstruction quality is output. The PnF system runs a simple and fast
reconstruction algorithm on the triggered event to keep the computational complexity low

(online L1 data).
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A series of filters is then applied to select the events that are more likely to be neutrinos.
Different levels of filters reduced the data rate and selected events that were relevant to the
analysis. At each level, there could be several different filters, each with different signal
hypotheses and passing criteria aiming to optimize for different physical processes. Figure
[.6] shows the a high-level overview of several filters used by IceCube for astrophysical

searches.
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Figure 4.6: IceCube filter workflow. Figure credit: Michael Larson and Hans Niederhausen

After reducing the data rate, the data is sent to a centralized computer cluster in Madi-
son, Wisconsin via satellite. Additional cuts and more sophisticated reconstructions are

applied in the north to get the analyis-ready dataset.

4.3.3 Event selection and Reconstruction

After the data is sent from the South Pole (= 30 Hz for muon filter), more computing
power is available to use for reconstruction and event selection.

The first reconstruction algorithm applied is a simple LineFit algorithm. LineFit ap-
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proximates the muon propagation as a simple infinite line and performs a geometric fit
with the least square method [59]. We ignore the geometry of the Cherenkov cone and
the emission is just a plane wave of light traveling through the detector with some velocity
V. IceCube applies a modified version of the LineFit algorithm by adding a penalty term
known as the Huber penalty. It penalizes the pulses that are far away from the trajectory
since they are likely to be significantly scattered. Another modification made is to penalize
pulses that are late since they are likely to be scattered.

The second reconstruction algorithm used is the single photoelectron (SPE) fit. The
SPE fit performs a likelihood fit to the track using the charge and timing of the first hit
in DOM. The first photon is less likely to get scattered by the ice and provides better
information on the muon propagation track. An accurate modeling of light propagating
through the ice is required to reduced the systematics uncertainty in the fit. IceCube uses
a Pandel function [60] to model the arrival time distribution and it is convolved with the
Gaussian time resolution to get the final detected time distribution. The details of the Pandel
function and arrival time distribution modeling can be found in [377]]. The likelihood of each
hit DOM is multiplied together and we minimize the negative likelihood by changing the

direction, position and timing hypothesis. The likelihood can be written as
L({7;,1:}17,1,9) = [ | P(Fi, il ,1,9) (4.2)
i

where P is the probability of observing a photoelectron by a DOM i at position 7; and
time #; given the muon vertex at position 7, time ¢ with muon velocity V. In reality, the
muon velocity is close to the speed of light, and we can just use the speed of light with
the direction as V. Assuming a fixed speed reduced the parameter space significantly. The
LineFit result will be fed into the SPE fit as the seed particle hypothesis.

Fitting only the first hit loses the information of all the other hits can provide. IceCube
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adopted a muti-photoelectron (MPE) fit to reconstruct the primary particle after the SPE
fit. MPE fit also uses the Pandel function to model the arrival time distribution.

The likelihood requires information from simulation data. This simulates a large num-
ber of tracks from different positions and directions, and IceCube uses a multidimensional
spline to store the information. This spline can be used to calculate the charge PDF ex-
pectations. This reconstruction algorithm is called SplineMPE in IceCube. From the MPE
likelihood, we can also deduce the angular uncertainty using the second derivative at the
negative likelihood minimum. However, this estimation of angular uncertainty is not reli-
able and IceCube adopted another angular uncertainty estimation method called Paraboloid.
Paraboloid scans around the likelihood minimum by varying the fit parameters. A parabola
is fitted using the scanned point and outputs the fitted parameters as angular uncertainty
[S5]. This is computationally intensive and IceCube only performs the Paraboloid when
computational resources allow such as alert events which are high-energy events that are
likely astrophysical.

The energy of the muon is estimated by the amount of light deposited along the track
using Poisson statistics and likelihood maximization. For the energy reconstruction, we
use the energy deposited inside the detector. For events interacting outside the detector, the
energy reconstructed can be far away from the true energy of the neutrino but act as a lower
bound of the neutrino energy.

After reconstruction, we apply various cuts on different reconstruction parameters to
further filter out atmospheric background muons in the PSTracks dataset. Different filters
are applied to events that arrive from below of the IceCube detector (up-going events) and
events that arrive from above IceCube detector (down-going events).

Up-going neutrinos encounter a large volume of materials before reaching the detector
and contain fewer backgrounds. However, the highest energy events cannot penetrate the

Earth due to its high cross-section. Down-going events encounter a small volume of ma-
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terials before reaching the detector and thus contain a much higher background muon rate.
However, down-going events have a higher maximum energy threshold.

A set of pre-cuts is applied to remove the atmospheric muon background. After pre-
cuts, a Boosted Decision Tree (BDT) is applied to the data passing the cuts to select up-
going and down-going events. The BDT is trained using simulated neutrino events and
atmospheric muons generated from CORSIKA and optimized to separate throughgoing
muons from neutrino from atmospheric muons from CR-induced air showers. Many re-
constructed variables go into the BDT and more details on the BDT can be found in [31].
After filtering, the event rate of the PSTracks sample (both up-going and down-going) is
about 4 mHz (~0.0002 % the trigger rate) and the majority of the events left are neutrino

events.

4.3.4 Simulation

To accurately model both signal and background events, we need to simulate all types
of interactions that can happen inside the detector. The Monte Carlo simulates the physical
process of neutrino and muon production from CR showers; neutrino and muon propaga-
tion through the Earth and atmosphere; neutrino and muon propagation through the polar
ice; the generation and propagation of Cherenkov photon; and finally the detector response
to the Cherenkov photons. Several different modules handle the generation, propagation,
and interaction of different types of particles. Figure shows the simulation chain of
IceCube.

The simulation captures and models the performance of the detector and the event se-
lection scheme. The simulation is used to calculate the effective area, the expected signal

spatial distribution, the signal energy distribution, and signal injection.
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Figure 4.7: IceCube simulation workflows. Figure credit: Juan Carlos Diaz Vélez
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Chapter 5:  Analysis method of IceCube

This chapter focuses on the analysis method of astrophysical track events for point
sources or sources with small extensions. Some methods described in this chapter can
be applied to other IceCube datasets like the cascade events dataset or other sources with
some modification but these are beyond the scope of this chapter. The method described
was used to obtain the result in chapter [7] and the result published in [9]. IceCube has
developed multiple software tools to perform the analysis method described in the chapter
below. For the result shown in chapter [7]] we used an internal IceCube analysis software

called csky to implement the analysis using the methods below.

5.1 Unbinned Likelihood formalism

Unlike HAWC, the IceCube point source dataset has a much smaller data rate (~ 4mhz)
and computational complexity is not a big concern when applying unbinned likelihood
analysis.

Unbinned maximum likelihood analyses calculate the likelihood of each event and com-
bine the likelihood of all events by multiplying them together. Equivalently, we could cal-
culate the log-likelihood of each event and sum them together [S]. The total likelihood
is
N ns N —ng

L= ﬂL,-(é,ﬁi) =T1(>8(6.D)+ v

i

B(Dy)), (5.1)

=z

where L; is the likelihood of the event i, 6 is the source properties including location, mor-
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phology, and spectrum (also the temporal profile if the analysis is time-dependent). The
parameter vector 5,~ stands for the reconstruction information of the event i, including re-
constructed direction, energy, and estimated angular error. N is the total number of events
and ny is the best-fit number of signal neutrinos. S and B are the signal probability dis-
tribution function (PDF) and background probability distribution function, each consisting
of a product of a spatial likelihood and an energy likelihood (and temporal likelihood for
time-dependent analysis).

The likelihood ratio test associated with the likelihood is the ratio between the signal
hypothesis and the background-only hypothesis. The signal hypothesis for a single source
analysis is some fraction of the events are neutrinos coming from the source of interest
(ns # 0) and the background hypothesis is all events are background (n; = 0). A conven-

tional test statistics for likelihood ratio test is

N (0 D: N D. 0
TS = ZZlog (%) = 2ZIOg (% (S;?gg) — 1) + 1) (5.2)

which follows a x? distribution with a degree of freedom equal to the number of free
parameters according to Wilks’ theorem [62]]. However, this approximation from Wilks’
theorem is not reliable enough to discover new neutrino sources and a more robust method
will be described in the following section.

In addition, the background likelihood is independent of the signal hypothesis, meaning
the log-likelihood ratio itself is a valid log-likelihood since it only differs from the signal
log-likelihood by a constant. This means maximizing the signal likelihood is equivalent
to maximizing the TS over n, and other free parameters here. Since TS is a convex func-
tion of ng, a faster maximization method like the Newton method can be applied here to
maximize the TS with respect to ng; while keeping other free parameters fixed. In practice,

IceCube analysis software uses other methods to maximize the likelihood over free param-
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eters except ng and uses Newton’s method to maximize ng for every iteration tested during
the maximization.

For time-integrated analysis, the S/B is

Sepati S
E __ Ospatial « energy (5.3)
B B spatial Benergy

5.1.1 Spatial likelihood

One important component in IceCube’s unbinned likelihood is the spatial likelihood.
An event that has a reconstructed direction that points to the source has a much higher
probability of being a signal event than an event that doesn’t point back to the source. In
IceCube, we model the signal spatial likelihood as a 2D Gaussian in the tangent plane which
is valid for a sufficiently small angular extension. Therefore, the signal spatial likelihood

of a point source is
1 (F=7y)?

e 20 . (5.4)

Sspatial <?7 ?Vv G) = 27162

Here, the parameters 7,7,,c correspond to the location of the source, the reconstructed
direction of the event, and the estimated angular uncertainty of the event.
To calculate the likelihood of an extended source, we need to convolve the PSF with

the source morphology

S R L
Sspatial(f<r)arV7G) = /Szf(i") 27[626 202 d7
1 (?_7‘,)2 (5.5)
~ 7 "~ 30l dxd
/x/yf(r)chze 4y,

where f(7) is the spatial PDF of the extended source. The integral can be approximated
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numerically by dividing the sky into a grid and summing the contribution of each grid cell:

Sspatial (&(7), Fevents, O) ~ Zg(fi)—e 207, (5.6)
i

where g(7;) is the spatial probability density function of the extended source and 7 is the
pixel center. This approach is computationally intensive and needs to be done for each event
to get the exact likelihood. Another way is to pre-compute the convolution result for a list
of angular error values and approximate the likelihood by a spline or other interpolation
method.

In the special case of Gaussian extended sources, the signal’s spatial likelihood term

can be simplified into

Fyre—7)?
1 _ (sre=)

5 o 2262
Sspatial(rsrCa r,o, GA) = e *Tron) ) (5.7)

2n(02+03)

with the oy being the extension of the source.

Using a 2D Gaussian to model the PSF comes with several advantages. It doesn’t
depend on the spectrum of the source and the convolution of a Gaussian extended source
can be analytically solved and yields equal to another 2D Gaussian. However, it has been
shown that the 2D Gaussian doesn’t accurately represent the PSF of IceCube. IceCube has
proposed the use of a Kernal density estimation using Monte Carlo data to model the PSF
[46]. Alternatively, using the King function to model the PSF has also shown promising
results. The King function is parameterized by two parameters and is used for example by
the Fermi LAT experiments to model their PSE. The King function captures the feature of
the long tail in IceCube PSF and prevents the n; bias during likelihood fitting. Figure[5.]]

shows an example fit of the King function compared to the 2D Gaussian (Rayleigh).
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Figure 5.1: PSF of IceCube. The King function describes the PSF better than Rayleigh(2D Gaus-
sian) distribution

with even a simple Gaussian extended source. Numerical methods can be used to calculate
the result of the convolution but such methods have not been implemented in all IceCube
analysis software. In this work, we will simply use the 2D Gaussian PSF model.

IceCube uses real data to model the background spatial likelihood because IceCube data
are background dominated. Unlike HAWC, IceCube has a longer and more stable uptime
while having a much lower background. Therefore, the background is constant for a fixed

declination to the first order because of the IceCube geographic location. we can model the
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background spatial likelihood as only a function of declination with a form

. 1
Bspatial(revents) = ﬁp(d)v (5.9

where d is the reconstructed declination of the event and p is the declination PDF of the
background. We use the actual data to build a histogram in declination and spline it in

declination. The resulting background distribution is shown in the figure[5.2]
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Figure 5.2: The background spatial distribution as function of sin(Declination) of IceCube Point
Source Track dataset.
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5.1.2  Energy likelihood

In addition to the reconstructed direction of the event, the reconstructed energy of the
event could also add information on how likely the event is signal or background. In gen-
eral, we expect an astrophysical source to have a harder spectrum than the background
which is dominated by atmospheric neutrinos with a spectrum of approximately E 37

To model the signal energy likelihood, we calculate the distribution of an events’ re-
constructed energy and direction given a source spectrum. To do that, we first weight the
Monte Carlo events using the assumed source spectrum. Then we build a 2D histogram
of Monte Carlo events with the resulting weight using reconstructed energy and declina-
tion. We then normalize the histogram for each declination bin to obtain the final signal
energy likelihood histogram for the spectrum of interest. To model the background energy
likelihood, we build the 2D histogram of events from data by reconstructed energy and dec-
lination and normalizing it for each declination bin.To obtain the energy likelihood of an
event, we find the corresponding bin of energy and declination and take the ratio between
the signal energy histogram and background energy histogram at the bin. For the highest
energy bins which have low statistics, we use the pdf value at the nearest reconstructed
energy bin to avoid an infinity signal-over-background value.

For a typical IceCube analysis, we use a power law spectrum with the spectral index
and flux normalization as free parameters. Although the signal energy likelihood does not
change with flux normalization since the pdf is normalized, changing the spectral index
will change the signal energy likelihood. A naive way for handling this is to build a new
histogram whenever the fit evaluates the likelihood for a new spectral index, but it is too
computationally intensive because it requires reweighting the entire MC dataset each time.
Instead, IceCube analysis usually pre-computes the energy likelihood histogram for a range

of spectral indices and creates a spline over the spectral index. When evaluating the likeli-
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hood, the value is retrieved by evaluating the spline. Figure[5.3]and [5.4] shows the energy
likelihood ratio histogram for a E~2 and E~3. Bins that have no data in them are shown
in white. A darker blue color means the events in that bin are more likely to be signals
and a darker red means the opposite. If the high energy bins have no data event but have
Monte Carlo events in them, we take the maximum ratio in that sin(Dec) bin to make a

conservative likelihood ratio estimate.

Energy likelihood ratio for E~2 spectrum

4

reconstructed log(energy) (GeV)
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Figure 5.3: The energy likelihood ratio histogram for a £~ spectrum binned in log of reconstructed
energy and sine of reconstructed declination. The color represents the likelihood ratio.

5.2 Sensitivity and p-value calculation

The analysis standard in IceCube is to calculate what is the sensitivity and discovery
potential of the analysis prior to unblinding the data. The 90% sensitivity in IceCube rep-
resents the level of neutrino flux needed for analysis to have a 90% chance of having test
statistics higher than the median of the background-only test statistics distribution. 5o dis-
covery potential represents the level of neutrino flux needed for analysis to have a 50%
chance of having test statistics higher than the 5¢ fluctuation of the background-only test

statistics distribution. Both the sensitivity and the discovery potential measure how weak
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Energy likelihood ratio for E~—3 spectrum
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Figure 5.4: The energy likelihood ratio histogram for a E~3 spectrum binned in log of reconstructed
energy and sine of reconstructed declination. The color represents the likelihood ratio. The energy
likelihood should be monotonic and continuous. The anomaly is likely due to low statistics and
trigger threshold.

of a source we can discover for the analysis we intend to perform. To obtain the sensitivity
and discovery potential, we need to perform a large number of background and signal trials
to build the background TS distribution and signal TS distributions for different neutrino

fluxes. This is also necessary for obtaining a more reliable p-value after the analysis is

performed.

5.2.1 Background trials

Unlike HAWC, which approximates the background TS distribution as y? distribution,
IceCube uses a more data-driven and more robust way to construct the background TS dis-
tribution. This requires simulating a large number of datasets consisting of presumed only
background and performing the same analysis on the simulated datasets. Each simulated
analysis is called trial and the TS associated with the background trials is a background TS.
With enough background TS, we could construct the background TS distribution using the
histogram of background TS we obtain from background trials.

To simulate a background trial in IceCube, we scramble the IceCube data in Right As-

77



cension while keeping the declination and other events properties like energy and angular
error. This is because the signal neutrinos are only a small fraction of the data. This creates
a simulated dataset while preserving the detector acceptance which is a function of decli-
nation. Then we apply the analysis method to the simulated dataset and obtain the best-fit
value and the corresponding TS. The tail of the distribution of background TS in general
still roughly follows a x? distribution with a degree of freedom equal to the number of free
parameters.

To compute the sensitivity of an analysis, we need the median of the background TS
distribution, which is a very stable quantity and does not require a large number of back-
ground trials to obtain a reasonable estimate. Notice that the formalism we apply does not
allow negative ng so the minimum TS is 0. That means approximately 50% of the back-
ground trials will have a TS of 0. Therefore, the median of the background TS distribution
should be equal to or close to 0. To obtain the discovery potential, we need the TS thresh-
old accurate to the level of the 50 fluctuation which requires millions of trials. This is not
feasible even for a very simple likelihood calculation. In practice, we compute a hundred
thousand background trials to fit a 2 distribution to the tail of the distribution and calcu-
late the corresponding 5o threshold. Figure [5.5] shows an example of a background TS

distribution for a point source analysis of IceCube.

5.2.2 Signal trials

Similarly, we need to generate signal trials to determine the TS distribution when a
source with a certain level flux of neutrino is present in the data. Since most of the source
in IceCube is expected to be weak compared to the background, we simply inject a neu-
trino source on top of the background data. To generate a signal trial, we first generate a

background dataset by scrambling. Then, we use the spectrum we aim to test and calculate
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Figure 5.5: An example plot for the background TS distribution.

the expected number of neutrinos from the source using Monte Carlo. We draw a number
from a Poisson distribution with a rate of the expected number of neutrinos. We inject that
number of neutrinos by selecting the Monte Carlo events with probability proportional to
the spectral weight. Finally, we append the data to the background data and perform the
analysis on the new data. We use the resulting TS to build the signal TS distribution. To
calculate the sensitivity and discovery potential, we need to know the signal TS distribution
for various neutrino flux levels. We generate dozens of signal TS distributions with differ-
ent neutrino fluxes. Figure [5.6] shows the signal TS distribution with different numbers of

neutrinos injected.
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Figure 5.6: An example plot for the background TS distribution and signal TS distribution with
different numbers of signal neutrinos injected. As the number of injected signal neutrinos increase,
the TS distribution shifted away from the background TS distribution.

5.2.3 Sensitivity and discovery potential calculation

After obtaining the background TS distribution and the signal TS distribution for differ-
ent numbers of injected neutrinos, we can calculate the sensitivity and discovery potential
by calculating the 90% threshold and median of the signal TS distribution. Figure[5.7)shows
the fraction of signal trials whose TS value lies above the median of the background TS
distribution and the fraction of signal trials whose TS-value lies above the 5o of the back-
ground distribution. We interpolate to obtain the sensitivity and discovery potential and

convert the number of neutrinos to a neutrino flux using the effective area of the detector.
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Figure 5.7: An example plot shows the fraction of signal trials whose TS-value lies above the median
of the background TS distribution and the fraction of signal trials whose TS-value lies TS above the
50 of the background TS distribution.

In the case of null detection, we could compute the 90% flux limit for a given spectrum.
We inject different levels of neutrino flux until the produced TS has a greater than 90%
chance of having a TS greater than the TS from the actual search. The corresponding flux

is the 90% flux limit. The source has a high chance of having a flux lower than the flux

limit. Otherwise, the source should produce a higher TS in 90% of the time.

5.2.4 p-value calculation and trial correction

After performing the analysis, we need to convert the TS obtained to the p-value and
significance. The p-value represents the probability that a background trial has a TS equal

to or higher than the TS we obtain from the actual search. A smaller p-value means the
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probability of the observed data being explainable by only background is low and the prob-
ability of having a signal in the data is high. We use the background TS distribution to
find the fraction of background trials that have a higher TS than our actual search, and the
fraction is the p-value of our search. Figure[5.5]show the background TS distribution which
is used to obtain the p-value of the search.

It is rare for an IceCube analysis to search for only one source. In most cases, we search
for every source in a pre-defined catalog of sources with similar properties or perform an
all-sky search and search for every point in the sky. When we perform multiple searches
and select the smallest p-value to report, we introduce trials and the look-elsewhere effect.
The look-elsewhere effect means if you look for a signal over multiple points, it is more
likely to find something significant because of background fluctuation. An analogy is the
advantage mechanism in Dungeons & Dragons which allows you to roll the dice twice and
pick the higher one. This will change the distribution of your dice roll from a uniform
distribution and it is more likely that you get a higher number. Similarly, the smallest p-
value from multiple searches will not distributed as a uniform distribution and we need
to find out the new distribution of the smallest p-value to get an accurate measure of the
chance of our result being background fluctuation. This is known as a trial correction.

If the searches are independent (the sources don’t overlap spatially or temporally), the

trial factor is simply the number of searches performed, and the post-trial p-value is

Ppost = 1— (1 _ppre)n (5.10)

where n is the number of searches.
However, a lot of the analyses performed by IceCube have correlations and are therefore
not independent. We need to explicitly construct the smallest p-value background distri-

bution in such cases. We perform a background trial by generating background data and
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performing all searches on the trial dataset. We calculate the p-value of each search and
choose the smallest. The collection of the smallest p-values from a large number of back-
ground trials forms the smallest p-value background distribution. The post-trial p-value is
the fraction of the p-value from trials that is smaller than the p-value we obtain from the

actual search.
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Figure 5.8: An example plot showing the smallest p-value background distribution

5.3 Stacking analysis

If an individual source is too weak, we cannot detect the source at a 5o level. However,
a collection of such weak sources could be significant enough to claim detection. The
stacking analysis is a method for analyzing a collection of sources together to improve the
sensitivity and discovery potential. Sources in a stacking analysis are expected to share
some properties like the physical nature of the source etc. In other words, most stacking
analyses make assumptions about the sources, such as the source class possessing uniform
spectral properties across all sources.

In a rough sense, a stacking analysis combines the log-likelihood of multiple sources.
Even if the sources themselves are too weak to stand out of the background at 5o level,

the combined signal might. The likelihood of a stacking analysis is a modification of the
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equation [5.2]and can be written as

N M
s o\ Nen, -
L:H—’;V (ZWJ-S(ej,D,-))+ N” B(D)), 5.11)
i j

where w; is the product of the assumed source weight and energy-integrated effective area
at the source declination. If there is no obvious way to differentiate between the expected
flux of sources, an equal flux weight can be used and the final weight is the weight of
the effective area. For other cases, we usually use the flux at another electromagnetic
wavelength as a proxy for neutrino flux to weigh the source. The weight w; is normalized

as ZIJM w; = 1 with M being the total number of sources[7]. Hence the TS is

v ns (L) w;S(D:,6))
TS—2Zi:log<N< B350 —1])+1]. (5.12)

The background TS distribution and the signal TS distribution are needed for sensitivity and

p-value calculation. Similar to a point source search, IceCube performs stacking analyses
with multiple weighting schemes. The one scheme with the smallest pre-trial p-value is

trial-corrected using the same method as the point sources analysis.
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Chapter 6: Method to joint-fit data from HAWC and IceCube

This chapter describes the joint-fit analysis method with HAWC and IceCube data and
the IceCube software implementing it. Some of these are very similar to the methods
described in chapter [3] and chapter [5] but require modification. New analysis software for
IceCube is also needed since no existing IceCube analysis software supports joint fits with
other experiments. This method can be used to perform first-ever joint gamma-ray/neutrino

source search using event data directly.

6.1 The Multi-Mission Maximum Likelihood framework (3ML)

We used The Multi-Mission Maximum Likelihood framework (3ML)[61] for joint-
fitting HAWC and IceCube data. 3ML is a Python-based likelihood analysis framework
that provides a common model definition and high-level interface. Because of its flexible
structure, 3ML allows coherent modeling of sources across multiple instruments and mes-
sengers, regardless of the nature of the detector. For every dataset and instrument that the
user wishes to include, a plugin designed specifically for that instrument is needed. The
plugin could translate the 3ML model definition to the likelihood formalism of the instru-
ment and calculate the likelihood for that model from each detector. Ideally, the plugin is
developed and maintained by the collaboration that built the instrument itself. This ensures
the likelihood method is correctly implemented. The user could define the model in 3ML

and the plugin will compute the likelihood.
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Common features in 3ML could accelerate and unify the analysis done. For example,
3ML provides multiple source modeling methods, including extended sources and custom
spectrums. It also provides multiple likelihood maximization algorithms and error esti-
mation methods. The error estimation errors are particularly powerful as they properly
propagate the error to other dependent parameters. Other features like Bayesian analysis
are also supported to provide a Bayesian-style uncertainty measure.

Most HAWC analyses use 3ML to do the model fitting. This is done using HAWC
accelerated likelihood (HAL) [16], a pure Python likelihood software for HAWC [16].
It supports the majority of 3ML model definitions. A new likelihood analysis software
called i3mla has been developed to support IceCube data. The new software supports the
3ML point source and extended source morphology definitions. It also supports a flexible
spectral fit which is the only IceCube likelihood software able to perform such fit. Section

describes i3mla in detail.

6.2 HAWC profile likelihood method

HAWC HAL software was designed to support 3ML and most analyses in HAWC are
done using 3ML. For a joint fits with IceCube, we can simply use HAL directly to do
the HAWC part of the likelihood calculation. This is also what had been illustrated in
the previous publication [36]. However, IceCube analysis requires an accurate measure
of p-value and this is usually done with a large number of background trials as described
in section [5.2.1] To compute a background trial in a joint fit, we keep the HAWC data
fixed and randomize the RA of the IceCube data. The reason why it is valid is because
the HAWC source has a high significance in the HAWC data and we are only interested in
whether the IceCube observed data is inconsistent with the background.

We perform the fit using 3ML and extract the IceCube TS. We can use the background
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IceCube TS to build a background TS distribution. During each background trial, the
HAWC data maps and detector response have to be loaded into the memory. Moreover, the
likelihood calculation has to be redone in every background trial despite the HAWC likeli-
hood being the same in everything trial. This has proven to be extremely computationally
intensive and not feasible for calculating the sensitivity and p-value.

However, HAWC and IceCube are independent experiments so there is no correlation
between the data and the likelihood. During each IceCube background trial, the HAWC
data is the same and the model space is also the same. That means we can pre-compute
the HAWC likelihood over the model parameter space. During the fitting procedure, the
HAWC likelihood can be retrieved from the pre-computed likelihood and be combined with
the IceCube likelihood. This method skips the long computing time of HAWC’s likelihood
and speeds up the background trial process exponentially.

To explore the HAWC likelihood space, we use a function defined in 3ML called
get_contours(). The function takes in the minimum and maximum of the parameters you
want to explore and computes the likelihood in a grid-like space while maximizing over the
rest of the parameters. Notice that we only need to create the likelihood grid over the pa-
rameters that will be related to the joint fit. For example, the spectral index of gamma rays
can be related to the neutrino source but the flux normalization can be fit independently
in some models. In this case, only the spectral index likelihood space needs to be pre-
computed and the likelihood can be maximized over the flux norm during the get_contours
step. Figure [6.1] shows an example negative log-likelihood space of a log-parabola model
modeling a HAWC source. The model contains three free parameters, ¢, f and the flux
norm. We evaluate the likelihood using a 10 x 10 grid over o and 3, ranging from +50 of
the uncertainty of the parameters. The negative log-likelihood is minimized over the flux
norm at each point.

A new custom 3ML plugin was developed to handle the recalculated likelihood table.
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Figure 6.1: A plot visualizing the HAWC likelihood for a source example. The log-likelihood is
evaluated around the best-fit model.

During the joint-fitting, the plugin reads the pre-computed likelihood table and creates a
spline over the free parameters. Users of the plugin have the option to choose the spline
method used for interpolation. The HAWC likelihood will be retrieved using the spline

when the program is trying to evaluate the HAWC likelihood for some set of parameters.
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6.3 13mla for IceCube

To perform IceCube fit with 3ML, we have developed a new IceCube likelihood soft-
ware called the IceCube Maximum Likelihood Analysis (i3mla) package. The i3mla soft-
ware takes in IceCube data with a 3ML model and computes the likelihood. 3ML iteratively
explores the parameters space and finds the best-fit parameters with the maximum likeli-
hood. This section describe the working principles and key modifications to the likelihood
calculation compared to chapter [5] The main goal of the software is to allow the program

to fit any spectrum and make it work with 3ML software.

6.3.1 Instrument response functions

As described in section [5.1.2] IceCube standard analysis software pre-computes the
energy likelihood histogram for a range of free spectral parameters and splines it through
the free spectral parameters, resulting in a 2D array of splines with two axes corresponding
to reconstructed energy and declination. When computing the energy likelihood, the splines
were evaluated using the spline at the event’s energy and declination bin. This approach
is extremely fast since it only involves evaluating a dozen splines for each recent at bins
near the source. However, this approach requires a spectral model to be chosen at the
beginning instead of during the fit. IceCube analyses generally use either a fixed spectrum
or a power law with a fit spectral index. Most IceCube analysis software also only supports
a power law or fixed spectrum and is only able to fit a spectral index. This prevents a more
complicated model or a physics-motivated model from being used in the analysis. This
approach is also inherently incompatible with 3ML since it expects the plugin to be able to
evaluate the likelihood with only a function for the spectrum as input of the likelihood.

In theory, the plugin can use the entire Monte Carlo dataset to calculate the energy

histogram during the fit. This was found to be extremely computationally intensive since
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every likelihood evaluation requires evaluating all the Monte Carlo datasets with millions
of events. Workarounds were tested by randomly reducing 50% of Monte Carlo or only cal-
culating bins that are near the source. However, this approach still requires going through
the MC events and the complexity still scales with the number of events. This will cause
even more burden when future detectors that span an even larger energy range are live.
We develop a new approach to building the energy likelihood histogram which is much
faster than using the Monte Carlo directly. The new method called this approach the In-
struments response functions (IRFs) approach involves binning the Monte Carlo. The idea
is the same as HAWC’s detector response approach in section 3.4} Instead of using the
Monte Carlo events directly, we create a collection of histograms to summarize the Monte
Carlo. Here, we are only interested in the energy likelihood histogram. We create a 3D
histogram of Monte Carlo, binned in reconstructed declination, reconstructed energy, and
the true energy of the neutrino in log scale. We weight the events based on the effective
area and the simulation weight adjustment. To calculate the energy likelihood histogram
given a spectrum, we evaluate the spectrum at the bin centers of the true energy axis and
multiply the value in the histogram. We then sum over the true energy axis, resulting in
a 2D histogram of reconstructed declination and reconstructed energy. The value in the
histogram represents the expected number of neutrinos in that bin given the spectrum and
should be the same or very close to the result from using the full Monte Carlo. The energy
likelihood histogram is just the ratio between the resulting histogram and the fixed back-
ground histogram. Figure [6.2]and figure [6.3] shows the result of the energy likelihood ratio
from Monte Carlo and the IRF method and they are nearly identical. We adopted the IRF

method in i3mla and this enable us to fit any spectrum through 3ML.
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Figure 6.2: 2D plot showing the ratio between signal and background energy likelihood where the
signal histogram is constructed using the full Monte Carlo set and E~2 spectrum
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Figure 6.3: 2D plot showing the ratio between signal and background energy likelihood where the
signal histogram is constructed using the IRF and E~2 spectrum
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6.3.2 Software structure

The software structure of i3mla is different from most IceCube analysis software. The
goal of i3mla is to make the likelihood module as flexible as possible and make the software
compatible with 3ML. This section describes the software structure of 13mla.

To perform an unbinned IceCube likelihood analysis, there are three main compo-
nents needed: trial generation, likelihood calculation, and minimization of the negative
log-likelihood.

There are several foundation modules in i3mla. The data_handler module stores both
the data and Monte Carlo in a class called data_handler. The data_handler object creates
the IRF using the Monte Carlo, the background spatial distribution using data, and the
background energy histogram using data. The sob_terms module defines a generic like-
lihood ratio term as well as some commonly used likelihood ratio terms like the spatial
term and the energy term. The test_statistics module calculates the test statistic given the
likelihood terms and n;. The source module defines the point source and the Gaussian ex-
tended source. trial_generator defines the trial_generator class to generate a trial. A separate
threeml folder contains all the 3ML related modules including the plugin for IceCube and
functions that convert 3ML model to one that is readable by i3mla. An analysis class is the
core class and it contains all the objects mentioned above and allows the user to perform
the analysis. Figure [6.4]shows the structure of i3mla.

To generate a trial in i3mla, the user can call the trial generation method in the analysis
object, which calls the member trial generator object. The trial generator will create a
simulated dataset by copying the actual data and randomizing it in RA. If a signal injection
is requested by the user, the trial_generator will add the signal neutrino by sampling from
the Monte Carlo using the method described in section [5.2.2] The user needs to define the

injection model which can be either a 3ML or an i3mla model. The 3ML will be converted
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Figure 6.4: Software structure of i3mla.

to i3mla model internally.

To calculate the likelihood, the user first defines a 3ML model and creates a plugin

object with the analysis object using the plugin module in i3mla. The data is then either
generated (if trials) or loaded (if actual data). The program will calculate the likelihood

using the likelihood terms inside the analysis object and the test_statistics object. The

formula for the likelihood and likelihood ratio is the same as equation[5.2]

To maximize the likelihood (or minimize the negative log-likelihood), the user has two

options. A default minimization function is implemented inside i3mla but only supports

a power law. This option allows the user to perform a simple point source or Gaussian
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extended source analysis like csky entirely in i3mla. If the user wants to perform a spectral
fit beside power law or a muti-messenger analysis with 3ML, the user can use the 3ML

minimization module which provides many different methods for minimization.

6.3.3 Validating 13mla

We validate the i3mla software by comparing the performance of i3mla to the existing
IceCube analysis software csky. We compute the 14-year IceCube Track-sample point
source sensitivity with i3mla and csky. We use a E~2 and a E—%° spectrum for our test.
Figure [6.5]and figure [6.6] shows the sensitivity and discovery potential calculated by i3mla
with 3ML and csky. There are very slight differences in the sensitivity and discovery
potential but the two tools are consistent with each other in general.

We are also interested in testing whether the i3mla with 3ML program can recover the
right injected spectrum. To test it, we generated 10000 signal trials at various declinations,
each injecting 10 signal neutrinos with a E~2* spectrum. We perform a simple power law
fit using i13mla with 3ML to the generated signal trials and obtained the best-fit parameters.
We calculated the median of the best-fit ny and spectral index as well as their 1 — sigma
threshold. In the ideal case, the n; should be close to the true injected number of neutrinos
while the fitted spectral index should be close to the injected index. Figure and figure
[6-8]shows the ng and spectral index bias plot for different declinations. The ny was slightly

overestimated but it is a known phenomenon due to the imperfect PSF modeling.

6.4 Simultaneous fit with HAWC and IceCube data

To perform the simultaneous fit with HAWC and IceCube data, we create a 3ML plugin
object for both HAWC and IceCube. The HAWC object HAL contains the binned maps

and the detector response of HAWC. Alternatively, the HAWC plugin object could be the
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Figure 6.5: The E~2 sensitivity and discovery of IceCube 14 year track sample calculated by i3mla
with 3ML and csky. The lower plot shows the relative difference between csky and i3mla results.

likelihood table pre-computed in some cases. The IceCube object contains the data, Monte
Carlo, and the IRFs of the dataset. Note that if the IceCube data spans multiple detector
configurations, eg IC86 and IC79, each dataset has to be treated as a different detector.
Another class in 13mla could handle muti-configuration datasets by combining the plugin
object created from each dataset. The functionality can be used to combine datasets of

different types eg. Track and Cascade. Since HAWC and IceCube are independent, the
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3ML vs csky 14 years v4.2 for PS E™-2.5
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Figure 6.6: The E~2 sensitivity and discovery of IceCube 14 year track sample calculated by i3mla
with 3ML and csky. The lower plot shows the relative difference between csky and i3mla results.

combined log-likelihood is simply the addition of the two log-likelihoods

Nbian,'Xgls (b_._i_e_.f)dije*(bijJreijf) N n S(l_j é)
log % +log s = log~——" +) log | (===
8L HAWC 8L IceCube ; Z;. § d;j! ; ¢ N ( B(D;)
(

The 3ML minimizer explores the parameters space to minimize the negative of the com-

bined log-likelihood.
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Figure 6.7: The bias plot for n; when injecting 10 neutrinos with E~27 spectrum. The blue error

region represents the 68% containment region.
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Figure 6.8: The bias plot for spectral index when injecting 10 neutrinos with E~2 spectrum.The
blue error region represents the 68% containment region.
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Chapter 7:  Searching neutrino emission from LHAASO catalog

This chapter describes the result of an IceCube search for Galactic PeVatrons using
IceCube data and LHAASO’s > 100TeV catalog. This analysis does not use 3ML and is a
separate analysis from chapter[§] The result is published and some figures and tables in this
chapter are reproduced [9], with the permission of AIP Publishing. The method is based

on the methods in chapter 5}

7.1 LHAASO high energy catalog

The Large High Altitude Air Shower Observatory (LHAASO) is an extensive air shower
detector array for studying gamma rays and cosmic rays. LHAASO is located in the
Sichuan province of China with an elevation of 4410 m. LHAASO consists of three compo-
nents; Kilometer Square Array (KM2A), Water Cherenkov Detector Array (WCDA), and
Wield Field-of-view Cherenkov Telescope Array (WFCTA). KM2A has a large physical
area and focuses on studying sources that emit above 30 TeV in the Northern sky. KM2A
has been operating since December 2019. The KM2A comprises electromagnetic particle
detectors (ED) and muon detectors (MD) which are uniformly distributed over 1.3 km?.
The large area of scintillation counters together with the MD array can suppress the back-
ground from CR-induced hadronic showers above ~ 50 TeV. The sensitivity of the full
KM?2A is ~ 1% of a Crab-like source with a 1-year observation at 100 TeV [35,52]. The

angular and energy resolution of the KM2A are 0.4° and 28% at 30 TeV, respectively.
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LHAASO published the first UHE catalog with the half-completed LHAASO-KM2A
data from December 2019 to October 2021. The catalog consists of 12 UHE gamma-
ray sources above 100 TeV with statistical significance > 7¢ [30]. All these potential
PeVatrons appear to be located in our Galaxy. Among these 12 sources, three sources
(eHWCJ1825-134, eHWCJ1907+063, and eHWCJ2019+368) are also in HAWC’s high
energy source list [[14]. LHAASO J0534+2202, which is the Crab Nebula, is the only
source in the LHAASO catalog with a clear association. All the other LHAASO UHE
sources have no obvious association, with several potential TeV counterparts nearby. Table
2 in Cao et al. [30] lists the possible TeV associations close to these UHE sources. It is
believed that the majority of them are associated with pulsar wind nebula or supernova

remnants. The list of sources in the catalog is shown in table

Source | RA. | Dec | yray flux[CU] | Possible association
LHAASOJ1825-1326 27645 —13.45 3.57 PWN
LHAASOJ1839-0545 27995 —5.75 0.7 PWN
LHAASOJ1843-0338 280.75 —3.65 0.73 SNR
LHAASOJ1849-0003 282.35 —0.05 0.74 PWN/YMC
LHAASOJ1908+0621 287.05 6.35 1.36 SNR/PWN
LHAASOJ1929+1745 29225 17.75 0.38 SNR/PWN
LHAASOJ0534+2202 83.55  22.05 1.0 PWN
LHAASOJ1956+2845 299.05 28.75 041 SNR
LHAASOIJ2018+3651 304.75 36.85 0.5 PWN/YMC
LHAASOJ2032+4102 308.05 41.05 0.54 SNR/PWN/YMC
LHAASOJ2108+5157 317.15 51.95 0.38 -
LHAASQJ2226+6057 336.75 60.95 1.05 SNR/PWN

Table 7.1: LHAASO’s > 100TeV catalog reported in Cao et al. [30].

7.2 IceCube dataset

We use 11 years of IceCube track-like data from April 6, 2008 to May 29, 2020. The
data taken from April 6, 2008 to May 13, 2011 are from the partially built detector with
40, 59 and 79 strings (IC40, IC59, and IC79) [3] and the rest of the data are taken from the
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full detector configuration of 86 strings (IC86) [2]. The dominant source of background
is atmospheric neutrinos and atmospheric muons originating from air showers induced by
cosmic-ray interactions in the atmosphere. Table [7.2] shows the details of the dataset used.
Figure shows the 2D distribution of the events in the IC86 dataset as a function of
reconstructed declination and estimated energy. Figure [7.1]also shows the relevant energy

range of the dataset.

Data \ Total number of events \ Total livetime (days) \ Start date \ Stop date
I1C40 36900 376 6/4/2008  20/5/2009
IC59 107011 354 20/5/2009 31/5/2010
IC79 101972 313 1/6/2010  13/5/2011
IC86 1294410 3635 13/5/2011 22/8/2021

Table 7.2: IceCube configuration, number of events, livetime, start and end date.

7.3 Individual source search

We perform an individual source search for each of the 12 sources. Among the 12
sources, 10 of each are reported as an extended source by LHAASO. LHAASO J0534+2202
and LHAASO J2108+5157 are the two sources identified as point sources. LHAASO does
not fit for the exact extension but reported the gamma-ray flux using a 0.3-degree Gaussian
extension template. Therefore, we apply the same 0.3 degree when performing the search
for extended sources. Since LHAASO provides the gamma-ray flux at 100 TeV, we convert
the expected neutrino flux at 50 TeV using equation We use the method described in
chapter [5]to perform the analysis. We use a simple power law as the spectral assumption for
this analysis. We generate 100000 background trials to obtain the background TS distribu-
tion and 10000 signal trials for each flux level injected. We find no significant correlation
between the observed neutrinos and the newly identified LHAASO UHE (E, > 100 TeV)

sources in our searches. Figure [7.2]and figure [7.3] show the sensitivity and discovery po-
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Figure 7.1: The 2D distribution of events in data taken in 2019 with full 86 strings as a function of
reconstructed declination and estimated energy. The 90% energy range for the data is shown in the
black solid line. Simulated astrophysical signal Monte Carlo (MC) for an E~2 and an £~ spectrum
is shown in purple and orange respectively as a guide for the relevant energy range of IceCube
tential of a 0.3-degree extended source together with the flux limit from the analysis for a
E~? spectrum and a E~> spectrum. Table shows the p-value of the search and the flux
limit.

The two most significant sources are LHAASOJ1908+0621 with a pre-trial p-value of
0.0462 and LHAASOJ2018+3651 with a 0.0454 (highlighted in red in table[7.3] LHAASO
J1908+0621 is suspected to be the counterpart of MGRO J1908+06, which is also the

lowest p-value galactic source in the IceCube 10-year point-source search [5]. We note that

the source shows a relatively hard spectral index of 2.11 in the best-fit result. LHAASO
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Figure 7.2: The blue solid and dashed lines are the per-source IceCube 50 discovery potential and
sensitivity for 0.3-degree extension and E~2 spectrum of this analysis. The green solid and dashed
lines on the left plot are the 5o discovery potential and sensitivity of a E~2 spectrum of ANTARES
point source analysis [49]]. The red stars represent the neutrino flux predicted from the LHAASO
measurement if photon flux is assumed to be 100% of hadronic origin [30]. The blue triangles
represent the 90% flux upper limits obtained from this analysis for E~2 spectrum, The green crosses
are the ANTARES 90% flux limits [49].

J2018+3651 is close to an HII region Sh 2 — 104. The region Sh 2 — 104 contains multiple
young massive clusters. Diffuse emission from those young massive clusters is thought to

have originated from the colliding winds of young stars [38].
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Figure 7.3: The orange solid and dashed lines are discovery potential and sensitivity for 0.3-degree
extension and E 3 spectrum. The red stars represent the neutrino flux predicted from the LHAASO
measurement if photon flux is assumed to be 100% of hadronic origin [30]. The orange triangles
represent the 90% flux limits obtained from this analysis for E~3 spectrum.

7.4  Stacking analysis

We perform a stacking analysis on the catalog with different source weighting schemes.
We group the sources into three groups; all sources, sources with potential association with
SNR, and sources with potential association with PWN. For each group, we employ two
different weights; equal-flux weighting and gamma-ray flux at 100 TeV weight. In total,
we have six weighting schemes. The spatial hypothesis for the stacking analysis follows
the extension templates used by LHAASO to calculate the 100 TeV flux and the individual

sources search. All sources are considered to have 0.3 degree Gaussian extension except for
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Source \ ng \ r \ TS \ pre-trial p-value \ P909%
LHAASOJ1825-1326 1.00 3.33 0.02 0.42 4.0
LHAASOJ1839-0545 9.34 3.12 1.43 0.46 1.8
LHAASOJ1843-0338 0.00 — 0.00 1.0 0.99
LHAASOJ1849-0003 0.00 — 0.00 1.0 0.90
LHAASOJ1908+0621 6.83 2.11 4.06 0.046 2.5
LHAASOJ1929+1745 16.0 2.63 1.34 0.18 2.3
LHAASOJ0534+2202 14.0 4.0 1.22 0.19 2.0
LHAASOJ1956+2845 17.6 3.05 1.16 0.21 2.5
LHAASOJ2018+3651 18.7 2.67 3.62 0.045 4.5
LHAASOJ2032+4102 24.8 3.98 2.81 0.075 4.1
LHAASOJ2108+5157 10.6 2.96 0.84 0.26 2.4
LHAASOJ2226+6057 0.00 — 0.00 1.0 2.9

Table 7.3: Table of best-fit parameters with corresponding test statistic (T'S) and p-value of cat-
alog search.The neutrino 90% C.I. flux upper-limit (¢og,) is parameterized as: dN;gV' = (oo -

(50‘%\,)*2 x 10716 TeV~! cm=2 s~!. The two smallest pre-trial p-values of 0.046 and 0.045 ob-

served for two sources (highlighted in red) correspond to a post-trial p-value of 0.42 with the as-
sumption that those 12 sources are independent given their large separation.
LHAASO J0534+2202 and LHAASO J2108+5157. For the spectral hypothesis, we apply a
simple power law with a shared index between sources to perform the stacking search. This
reduced the degree of freedom to 2 and improved the discovery potential if the hypothesis
was close to the truth. The spectral index and the total number of signal neutrinos are fitted
as free parameters during the maximization of the likelihood. Nine sources are included in
the PWN stacking search, and six sources are included in the SNR stacking search. Four
gamma-ray sources are included in both the PWN stacking and SNR stacking search. The
association follows the association purposed by LHAASO’s catalog paper [30]].

For the equal-weight cases, the relative weight of each source is % where N is the

number of sources in the stacking search. For the gamma-ray flux weighted stacking search,

the relative weight of each source i is ngi Py where ¢; is the LHAASO y-ray flux at 100 TeV
j 9J
[30]]. The relative weight is multiplied by the effective area at the declination of the sources

and normalized to sum to one. To build the background TS distribution, We generate
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100000 background trials and perform the searches with all the weighting schemes. We
use the background trials to obtain 6 background TS distributions, one for each scheme. In
addition, the weight scheme with the lowest pre-trial p-value in each trial is stored to build
the lowest pre-trial p-value distribution. This distribution is used to trial correct the final
result. This ensures the correlation is accounted for correctly. Table[7.4] shows the result of

the stacking analysis.

Sample | Weighting scheme \ g \ r \ TS \ Pre-trial p-value \ 090%
All sources flux-weighted 38.7 2.58 3.11 0.068 7.2
All sources  equal-weighted  79.7 2.81 4.83 0.022 7.8

SNR flux-weighted 874 221 1.85 0.14 4.1
SNR equal-weighted  22.3 2.56 1.42 0.16 4.2
PWN flux-weighted 334 246 4.15 0.042 8.0
PWN equal-weighted  59.2 2.62 5.42 0.022 8.1

Table 7.4: Table of best-fit parameters for the stacking analyses. The 90% flux upper-limit (¢ )

. . dNyy, vy _ _ _ 2 .
is parameterized as : ;2vv“ = ¢90% - (SOEﬁ) 2% 10710 TeV~! em~2 s~!. The smallest pre-trial p-

value of 0.022 observed in the two stacking hypotheses corresponds to a post-trial p-value of 0.06.

In addition to the flux limit for a £~2 spectrum, we compute the flux limit for spectral
indices from 2 to 3 for all weighting schemes. Figures [7.4] [7.5] and [7.6] show the flux limit

for different injected spectra.

7.5 Hadronic fraction constraint

For the null result we obtain, we can put a constraint on the origin of the sources’
gamma-ray emission. If a source is purely hadronic, the gamma rays emission must be
accompanied by the neutrino with relation described in equation With the null result,
we can constrain three of the LHAASO UHE sources using the observed gamma-ray TeV
spectrum. Table shows the hadronic constraints, neutrino upper limits, and expected
neutrino fluxes for the three LHAASO sources.

The strongest hadronic constraint we can put on is LHAASO J2226+6057. Using the
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Figure 7.4: The 90% flux limit for all source stacking analysis as a function of spectral index. The
predicted flux is calculated by assuming all the gamma rays are produced purely hadronically.

LHAASO name \ Counterpart \ Index / o \ B \ Energy range(TeV) \ Ext[o] \ ®opg | Constraints
J1849—-0003 HESSJ1849—000 1.99[a] — 0.4—100 0.09  0.85 <94%
J0534+2202 Crab Nebula. 3.12[b] — 10 — 1600 0.00 0.70 <59%

2.79[c] 0.1 1-177 0.00 1.0 <84%
J2226+6057 SNR G106.3+02.7  3.01[d] — 20— 500 0.36  0.60 <47%
1.56[d] 0.88 20 —500 0.36 2.1 —

Table 7.5: Table of TeV spectral parameters and the corresponding hadronic constraints from neu-
trino upper limits. The TeV spectral and morphology information is taken from [a] Huang and Li
[45], [b] Cao et al. [29], [c] Abeysekara et al. [12], and [d] Cao et al. [30]. The parameter @ggq, rep-

. . . . de,lJrv— E. Ey
. B —o—f3-log =y
resents the neutrino 90% C.I. flux limits parameterized as : a5 = $90% - (50757 ) Blog sy %

10710 TeV ! em 251,

reported spectrum of a simple power law with an index of 3.01 reported by LHAASO,

the sources have a hadronic limit of < 47%, meaning less than 47% of the gamma-ray
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Figure 7.5: The 90% flux limit for source potential associated with PWN stacking analysis as a
function of spectral index. The predicted flux is calculated by assuming all the gamma rays are
produced purely hadronically.

emission is coming from hadronic interaction. This UHE source is associated with SNR
G106.3+02.7, and is suggested as a potential PeVatron by Albert et al. [22] and Amenomori
etal. [20]. HAWC and Tibet ASy observations suggests the SNR has an unbroken hard TeV
spectrum that extends up to at least 100 TeV. On the other hand, LHAASO J2226+6057
detected by LHAASO from 20 to 500 TeV is better described with log-parabola rather than
a single power-law [30]. Using a log-parabola spectrum reported by LHAASO, the 90%
neutrino flux limit obtained exceeds the theoretical bound. Therefore the hadronic fraction
of this source cannot be constrained.

For LHAASO J0534+2202, the UHE counterpart of the Crab Nebula, we constrain the
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Figure 7.6: The 90% flux limit for source potential associated with PWN stacking analysis as a
function of spectral index. The predicted flux is calculated by assuming all the gamma rays are
produced purely hadronically.

hadronic UHE gamma-ray emission to < 59% of the total. This constraint is set using a
power law of I' = 3.12 as reported by LHAASO. Using the log-parabola spectrum reported
by HAWC, the hadronic constraint put on the Crab is < 84%. Although a 1.12 PeV gamma
ray particle was detected by LHAASO-KM2A from the direction of the Crab, it is still
considered as an unlikely source of PeV protons [29]. If part of the UHE emission from
the Crab is hadronic, protons could be accelerated in the pulsar’s magnetosphere or at the
wind termination shock.

LHAASO J1849—-0003 can only be marginally constrained to be < 94% using the

power-law index of 1.99 [45].

109



Chapter 8: Searching for Galactic PeVatrons using HAWC and IceCube

This chapter describes the result of a search for Galactic PeVatrons using IceCube and
HAWC data. The method is based on the methods in chapter[6} The result is submitted to

the Astrophysics Journal and the draft is uploaded to arXiv [235].

8.1 Dataset

This study uses the 2141 days of HAWC ground parameter energy estimator maps using
the latest pass 5 reconstruction. The ground parameter energy estimator uses the charge
density at a fixed optimal distance from the shower axis to estimate the energy [[12]. The
dataset covers from June 15, 2015 to October 21, 2021 with a uptime > 90%. The maps
are binned in fractional hit, group parameter energy, and core location.

In addition, this study uses 14 years of IceCube track-like data (PSTrack version 4.2)
from April 6, 2008 to May 23, 2022. This dataset is very similar to the dataset used in
Chapter[7} except with additional years for data. The data from April 6, 2008 to May 13,
2011 is taken from the partially built detector with 40, 59, and 79 strings (IC40, IC59, and
IC79), with each configuration spanning about a year [3]. The rest of the data is taken with

the full detector configuration of 86 strings (IC86) [S].
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8.2 Source selection

We first select a list of sources of interest from HAWC’s third gamma-ray source catalog
(BHWC). 3HWC contains 65 sources detected at > 50 significance using 1523 days of
fractional hit binned data. The 3HWC provides the location and the gamma-ray flux at 7
TeV for each source in the catalog. Suppose the gamma-ray emission from these sources
comes from hadronic interactions, we can infer the upper limit of the neutrino flux at half
the pivot energy (3.5 TeV) using Equation [I.7}

We compute the IceCube point source 90% sensitivity for a E~2unbroken power law.
For sources with a predicted neutrino flux higher than IceCube sensitivity, there is a > 90%
chance of seeing a TS higher than the median of background TS distribution in the IceCube
point source search. Figure [8.1] shows the sensitivity and the 3HWC sources’ predicted
neutrino flux.

We select sources that have a predicted neutrino flux from a hadronic emission higher
than the E~2 sensitivity line. We exclude two extra-galactic sources, Markarian 421 and
Markarian 501 since we are focusing on galactic PeVatron candidates. We further exclude
any sources classified as secondary sources (sources in close proximity to another bright
source) in 3HWC from our list of sources. Sources listed as secondary sources could be
statistical fluctuations instead of a real source since they are close to a bright source. In the
end, our source list comprises 22 sources from 3HWC.

The source selection is motivated by the trade-off between searching as many sources
as possible to avoid missing a potential source (including sources that are not strong enough
to reach 3 or 5 sigma individually but produce a non-zero TS) and avoiding a sensitivity
loss from a large trials factor. The choice of E~2 is close to a typical hard spectrum source
and gives the “optimal” case estimate for whether the source is detectable in IceCube data.

(The sensitivity of the event selection worsens for softer spectra) .The selection removes
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Figure 8.1: IceCube 14 years point source sensitivity for E~2 unbroken power law spectrum. The
red dot represents the predicted neutrino flux of 3HWC sources assuming they are pure hadronic
and the red squared are the sources included in the search.

sources that we have no chance of seeing in current IceCube data, so we don’t need to
account for a trial factor from searching 65 sources, but only 22 sources. Alternatively, we
could fit all 65 sources first using the HAWC data, but we believe that will only bring a
very marginal benefit to the final sensitivity.

There are two known caveats with the source selection method. First, E~2 is a very
hard spectrum and most of the known gamma-ray sources have a softer spectrum or exhibit
spectral softening. Using a £~ sensitivity gives us an optimal scenario to include as many
sources as possible since we do not want to miss out on any sources in the first step. The

second caveat is the point source assumption during the sensitivity calculation. Most of the
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galactic sources are extended sources, meaning their total flux is much higher than the flux
calculated using a point source assumption. However, since both 3HWC flux and IceCube
sensitivity use a point source assumption, we expect the effect to be canceled out to the first

order.

8.3 Model selection

The first step is to fit an appropriate gamma-ray emission model to each source. We
employ a systematic model selection procedure to select the best-fit model for each of the
22 sources.

We use 2141 days of HAWC ground parameter energy estimator maps with the pass
5 reconstruction for our model selection procedure. The dataset includes more data and
a better energy estimator compared to the dataset used in 3HWC. The new reconstruction
provides a better angular reconstruction and gamma/hadron separation. For the model-
fitting, we use the 3ML [61] with the HAL plugin [[16]. The details of HAL are described
in section [6.T]in the previous chapter. The likelihood method used by HAL is based on the
method described in chapter 3]

We first use the location in 3HWC as the seed for our fit. We use an unbroken power
law as the spectral hypothesis and a point source as the spatial hypothesis. The unbroken

Ey

o) where ¢ is the gamma-ray flux and o is

power law is parameterized as % =0
the spectral index. There are four free parameters in this model: Right Ascension(RA),
Declination(Dec), spectral index, and gamma-ray flux.

Second, we fix the RA and Dec of the previous best-fit model and allow the program to
fit for a Gaussian extension together with spectral index and flux. We accept the extended

source hypothesis if the AT'S is greater than 16 (corresponding to 40 according to Wilks’

theorem [62]). The TS is defined as 2 times the difference between the log-likelihood of
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the model and the log-likelihood of the background and is described in equation 3.7}
For the last step, we fixed the Right Ascension(RA), Declination(Dec), and Gaussian
extension (if the source is extended) and use a log-parabola spectrum to fit the data. The

Ny

log-parabola spectrum is parameterized by Z_Ey =0- (i

E
a—pB-log =% _
el 7ev. The free parame

ters in this model are the &, B, and the gamma-ray flux. We accept the curved spectrum
hypothesis if the AT'S is greater than 16. Following the completion of the model selection
procedure, the final model contains the information on morphology and spectrum of the
source. We estimate the statistical error of the parameters by sampling the likelihood space
near the minimum of the negative log-likelihood. Figure[8.2]shows the flow chart for model

selection.

8.4 HAWC best-fit result

We present the best-fit gamma-ray result using the HAWC pass 5 data alone. Table
@ summarizes the best-fit location, extension, and spectral parameters of each source in
our source list. Additionally, we report the spectral fit result’s statistical and systematic
uncertainty. Systematic errors of HAWC include PMT efficiency, charge uncertainty, etc.,

and are described in Abeysekara et al. [13]].

8.5 Joint-fit method

We will use equation [I.7]as the basis of our joint-fit model. We assume the signal neu-
trinos and gamma rays are coming from hadronic interaction from the source. The neutrino
source should have the same location and morphology as the gamma-ray source. The spec-
tral shape of the neutrino source should be the same as the gamma rays with the reference
energy shifted by half. The flux of the neutrino should be twice the gamma-ray flux at half

the energy. However, some of the gamma-ray sources might be partially hadronic or pure
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Figure 8.2: Flow chart of model selection.
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leptonic and we allow the gamma-ray flux and neutrino flux to float independently during
the fit. Table|8.2| shows all the parameters in the model and the relation between them.

To prepare for the joint fit with IceCube, we extract the HAWC likelihood around the
likelihood maximum and save it into a table. This method is described in section
The location and morphology are fixed during the fit, hence we do not need to extract
the likelihood around the spatial parameters. We evaluate the HAWC likelihood around

(+50) the best-fit spectral shape parameters while maximizing it over the gamma-ray flux




Name RA[°] Dec[°] Ext[°] a B Fr [10710TeV-Tem 257 T]
0.0T +0.09 0.0 +0.0 023 +0
3HWCJ0534+220 83.64 2201  PS  -2.82°000 007 0.127 0071 “00; 23.82°0% 9,
3HWC J0634+067 9859 666 049  -257701 104 0 135705 06
3HWC J1757-240 26932 -2386  PS  -2.587020 T0.07 0 16875 10
3HWCJ1809-190 27242 -19.34 023 2097012 09 0237007 09 11.69" 106 13|
0.08 +0.48 0.47 +1.0
3HWCJI813-125 2734  -127 027 -2.6%)00186%)0054 o 2.87201_45121;02 i
SHWCIISIS-174 2734 1774 026 191753 %% 035754 o) 134700 T
3HWCJ1825-134 27649 -13.63 046 245007 *07, 0.137007 700, 41027113 70,
3HWCJ1831-095 277.85 985  1.14  -2.597007 T00%  0.14700%7 700 3737570 8,
0.02 +0.14 0.0 +0.0 0.89 +0
3HWCJ1837-066 27938 -6.83  0.65 -2.69 007 "04% 0.17007 00 3452708 04
3HWCJ1843-034 28095 -339 0.6 2517003705 0137007 709, 215175070 7%,
0.03 +0.28 0.02 +0.0 0.81 +0
3HWCJ1847-017 28207 -1.78 075  -2.66.00: 07° 0.097007 700 17.03505 0
3HWCJ1849+001 28231  0.02  0.68 -2.427007 002 0.137007 709, 1538709 19,
0.02 +0.28 0.02 +0.0 0.59 +0
3HWCJI857+027 28435 282 0.6 _2'7318'8% ;8'89 0'1338'8? ;8' i 16.3%)055822303
SHWCJI9084063 28702 635 057 -2447gq “gp 00970 Togy 2002705 5
3HWCJI1912+4103  288.1 1032 052 -2.83°00F 007 0.147003 00 57904 56
3HWCJ1914+118 288.71 11.79 071  -2.69700; 709 0 40970 0
3HWC J1922+140 290.74  14.06  0.13 277308 *0.2 0 1377017 7004
0.04 +0.18 0.02 +0.0 0.58 +0
3HWCJ1928+178 29213  17.81  0.83 _2'5218'82‘ ;8"1’2 0.1 %8'8% ;8'64 94;8'?1 : ;(1)_7
SHWCJI930+188 29256 1881 076 -25174) Ty 014700 Ty 9.07gu8 15
SHWC 20194367 3049 3677 032 20470 Tl 03170 Ton 1705 72
3HWCJ2031+415 308.01 4149 051 2527007 070°  0.197007 *0% 12.06702 13,
3HWC J2227+610 33682 60.94 ~ PS  -2.42703 078 0 153708 702

Table 8.1: The best-fit results from the HAWC data. The columns from left to right are 3HWC
source name, Right Ascension, Declination, Gaussian extension(PS indicate point source), & and 3
of the log-parabola(3 = 0 indicate power law spectrum), and the differential gamma-ray flux at 7
TeV. The first uncertainty on the spectrum is statistical and the second is systematics.

Model parameters ~ Gamma-ray spectrum Neutrino spectrum  Relation
Right ascension(RA) Fix Fix Equal
Declination(dec) Fix Fix Equal
Extension Fix Fix Equal
o Float Float Equal
B Float Float Equal
Pivot energy Fix Fix Ey,=E,/2
Flux norm Float Float Independent

Table 8.2: Table summarizing the model parameters of the gamma-ray and neutrino fits and their
relationship.

normalization. The gamma-ray flux and neutrino flux float independently, maximizing the
likelihood over the gamma-ray flux normalization results in the likelihood maximum for

HAWC at the spectral shape parameters in the joint fit. There are two free spectral shape
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parameters for a log-parabola spectrum (o and ). We use a 50x 50 grid around the best-fit
parameters for likelihood evaluation. There is only one free spectral shape parameter for
the power law spectrum (&) and we evaluate 300 points around the best-fit parameters.
When the program evaluates the HAWC likelihood during the joint fit, it will read and
interpolate the pre-computed likelihood table.

For the likelihood computation of IceCube, we use i3mla software to perform the like-
lihood calculation and 3ML to perform the joint fit with HAWC. The i3mla software is
described in chapter [f] section [6.3] The likelihood formalism is described in Chapter [5]
We generate 100000 background trials by randomizing the RA of the IceCube data while
keeping the HAWC likelihood fixed. We perform the joint fit on simulated background
data and construct the background TS distribution. We compute the pre-trial p-value by
calculating the fraction of the background trials having the TS greater than the TS from the
actual search. To correct for trials, we build the smallest pre-trial p-value distribution by
searching for neutrinos for each source using the same background data and picking the
smallest p-value from the 22 sources in each background trial. The post-trial p-value is
the fraction of the smallest pre-trial p-value distribution smaller than the smallest pre-trial
p-value observed in a fit to 22 sources. This method can correctly account for the correla-
tion between neutrino events and sources. Figure [8.3]shows the sensitivity and discovery
potential of the joint-fit analysis. Figure [8.4]shows the ratio between the predicted neutrino
flux and the 90% sensitivity and 56 discovery potential for each source.

We compare the improvement in sensitivity and discovery potential of performing the
joint fit. We inject signal neutrinos using the HAWC best-fit model and calculate the sen-
sitivity and the discovery potential by searching with the simple point source power law
model. This represents the sensitivity of traditional IceCube analysis software which only
uses a point source and power law. We compare the result to the joint fit sensitivity and

discovery potential and plot the difference. We can see that as the extension of the source
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Figure 8.3: Sensitivity and discovery potential of the joint-fit analysis. The red dot is the predicted
neutrino flux from the HAWC best-fit result assuming the source is hadronic. The relative size of
the marker represents the size of the extension.
goes higher and higher in figure [8.5] the relative improvement of the joint fit is larger and
larger because the point source assumption is further away from the truth. It is not exactly
a linear relation as the curvature of the spectrum also plays a role in there. This shows that
better modeling could result in significant improvement in sensitivity and the improvement
depends on how far away the simple model is compared to the truth.

Besides joint fit to each individual source, we also perform a binomial test to test
whether a subset of sources in the source list has a signal that is inconsistent with the back-

ground hypothesis [8]. The TS of the binomial test is the smallest p-value as a function of
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Figure 8.4: The ratio between the predicted neutrino flux and the 90% sensitivity and 5o discovery
potential of the joint-fit analysis.

k of the formula

N
N
TS = min P, = mi ML — p )N 8.1
min P mkmmZ_k (m)pk( Pk) (8.1)

where py is the pre-trial p-value of k smallest p-value sources. To correct for trials, we use
the previously generated background trials and perform a binomial test on each of them.
We record the binomial test p-value of each background trial and build the distribution
of background-only binomial test p-value. The post-trial p-value is the fraction of the
background-only binomial test p-value trials that have a smaller p-value than the actual
search. We perform an overall trial correction to correct the trials arising from performing

two searches (individual source search and binomial tests) following a similar method.
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Figure 8.5: The relative improvement in sensitivity and discovery potential of the joint-fit method
compared to the point source power law model when injecting with the HAWC best-fit model. The
relative improvement is generally more significant when the extension is larger because the point
source model is less accurate and cannot describe the neutrino emission.

8.6 Joint fit p-value

We found no significant neutrino emission from the joint-fit analysis. The smallest
pre-trial p-value from the individual source search is 0.07 from 3HWC J2019+367, corre-
sponding to a post-trial p-value of 0.21 (accounting for the trials in the individual source
search). The binomial test on the 22 pre-trial p-values from the individual source search
results in no significant neutrino emission from any subset of the 22 sources. The pre-trial
p-value of the binomial test is 0.09 with k=6 and corresponds to a post-trial p-value of

0.34(accounting for trials in the binomial test). We perform an overall trial correction to
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account for both the trials from the individual source search and the binomial test using
the trial correction method described above. The final post-trial p-value is 0.37. Table[8.3]
shows the pre-trial p-value and the post-trial p-value of the individual source search. Table

[8.4] summarizes the result.

Name pre-trial p-value post-trial p-value
3HWC J0534+220 0.36 -
3HWC J0634+067 0.19 -
3HWC J1757-240 1 -
3HWC J1809-190 1 -
3HWC J1813-125 1 -
3HWC J1813-174 0.70 -
3HWC J1825-134 1 -
3HWC J1831-095 1 -
3HWC J1837-066 1 -
3HWC J1843-034 1 -
3HWC J1847-017 1 -
3HWC J1849+001 1 -
3HWC J1857+027 0.13 -
3HWC J1908+063 0.10 -
3HWC J1912+103 0.08 -
3HWC J1914+118 1 -
3HWC J1922+140 1 -
3HWC J1928+178 0.14 -
3HWC J1930+188 1 -
3HWC J2019+367 0.07 0.21
3HWC J2031+415 0.08 -
3HWC J2227+610 1 -

Table 8.3: The pre-trial p-value and the post-trial p-value of the joint fit.

Analyses Pre-trial p-value Post-trial p-value
Individual source search 0.07 0.21
Binomial test 0.09 0.34
Opverall trial correction - 0.37

Table 8.4: Summary of the search result
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8.7 Flux limit

Since there is no significant emission found, we set a neutrino flux upper limit for all
22 sources. We calculate the 90% flux limit by injecting different levels of neutrino flux.
The spectrum of the injected model follows the gamma-ray best-fit result and is converted
to neutrino using equation [I.7] We also account for IceCube systematics by calculating
the sensitivity using different systematics Monte Carlo sets and adding the difference to
the baseline in quadrature. Figure [8.6] shows the 90% neutrino flux limit plots against the
declination of the sources. Table shows the value of the 90% neutrino flux limit. Table
[8.6] shows the total systematic error of each source. Notice that the flux limit reported

already account for systematics error in table[8.6]
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Figure 8.6: Neutrino 90% flux upper limit from the individual source search. The blue triangle
represents the flux limit and the red dot represents the neutrino flux predicted from the gamma-ray
best fit assuming all the gamma-ray emission originated from hadronic interaction.
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Name RA[°] Dec[°] Extension[°] Neutrino flux limit [TeV lecm 2s~!]

3HWC J0534+220 83.64 22.01 PS 244 %107 13
3HWC J0634+067 98.59  6.66 PS 5.04x 10714
3HWC J1757-240 269.32 -23.86 0.10 9.94x 10 13
3HWC J1809-190 272.42 -19.34 0.23 7.47 x 1011
3HWC J1813-125 273.40 -12.70 0.27 442 x 10713
3HWC J1813-174 27340 -17.74 0.26 6.33x 1011
3HWC J1825-134 27649 -13.63 0.46 3.94x 10~ 1
3HWC J1831-095 277.85 -9.85 1.14 471 x 10~ 1
3HWC J1837-066 279.38 -6.83 0.65 3.12x 10712
3HWC J1843-034 280.95 -3.39 0.60 471 x 1071
3HWC J1847-017 282.07 -1.78 0.75 2.70%x 10713
3HWC J1849+001 28231 0.02 0.68 3.56x 10713
3HWC J1857+027 284.35 2.82 0.60 7.87x 10713
3HWC J1908+063 287.02  6.35 0.57 524%x 1013
3HWC J1912+103 288.10 10.32 0.52 7.61x 10713
3HWC J1914+118 288.71 11.79 0.71 487 x 10714
3HWC J1922+140 290.74 14.06 0.13 233x 10714
3HWC J1928+178 292.13 17.81 0.83 573x 10713
3HWC J1930+188 292.56 18.81 0.76 3.50x 10713
3HWC J2019+367 30490 36.77 0.32 3.87x 10713
3HWC J2031+415 308.01 41.49 0.51 547x 10713
3HWC J2227+610 336.82 60.94 PS 2.51x 10714

Table 8.5: 90% neutrino flux limit at 3.5 TeV from the individual source search. The 90% neutrino
flux limit is calculated using the gamma-ray best-fit model’s neutrino prediction.

8.8 Hadronic constraint

We perform a similar calculation to chapter [7]section[7.3]to constrain the hadronic frac-
tion of the sources. If a source has a lower flux limit than the predicted neutrino flux, we
can conclude that the gamma-ray emission in the TeV range cannot completely originate
from hadronic interaction. Otherwise, it will likely violate our observation result. Further-
more, if we assume that the leptonic component shares a similar spectral shape in the TeV
energy range, we can constrain the percentage of the gamma-ray flux caused by hadronic

interaction. Five sources in our source catalog satisfy this criterion and we calculate the
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Name Total systematic uncertainties

3HWC J0534+220 18%
3HWC J0634+067 25%
3HWC J1757-240 25%
3HWC J1809-190 39%
3HWC J1813-125 27%
3HWC J1813-174 54%
3HWC J1825-134 30%
3HWC J1831-095 40%
3HWC J1837-066 33%
3HWC J1843-034 19%
3HWC J1847-017 21%
3HWC J1849+001 19%
3HWC J1857+027 18%
3HWC J1908+063 18%
3HWC J1912+103 21%
3HWCJ1914+118 20%
3HWC J1922+140 14%
3HWC J1928+178 13%
3HWC J1930+188 23%
3HWC J2019+367 14%
3HWC J2031+415 16%
3HWC J2227+610 30%

Table 8.6: The total IceCube systematics of each source. The numbers are multiplied by the 90%
neutrino flux limit computed from baseline Monte Carlo to obtain the final 90% neutrino flux limit.

hadronic fraction constraints for those five sources. Table shows the constraint of the

hadronic fraction, ranging from 51% to 82%.

Name a B Flux limit [TeV Tcm~2s~'] p-value Hadronic fraction limit
3HWC J1847-017 -2.66 0.09 2.70x 10713 1 0.79
3HWC J1914+118 -2.69 0 487 x 101 1 0.59
3HWC J1922+140 277 0 233x 107 1 0.85
3HWC J0534+220 -2.82 0.12 244 %1073 0.36 0.51
3HWC J2227+610 -2.42 0 251 x 1071 1 0.82

Table 8.7: Table showing the sources that have a predicted neutrino flux lower than the 90% neutrino
flux limit when assuming the source is hadronic. The hadronic fraction limit is the ratio between
the predicted neutrino flux and 90% neutrino flux, representing the maximum hadronic fraction
assuming the leptonic emission shares a similar spectral shape.
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Chapter 9: Conclusion and outlook

9.1 Summary of Galactic PeVatron search with HAWC and IceCube

In this thesis, two searches were performed to look for Galactic PeVatrons. The first
search uses IceCube data only and searches for neutrino emission from LHAASO’s 12
ultra-high-energy sources. The method for the analysis is described in chapter[5} Both the
individual source search and stacking search found no significant neutrino emission and we
cannot conclude that they are indeed PeVatrons. We place a flux limit on all 12 sources and
the source classes. We place an additional hadronic fraction upper limit on 3 sources that
have a predicted neutrino flux from hadronic interaction higher than the flux limit set by
the analysis. The detailed results are shown in chapter [7]

The other search incorporates both HAWC and IceCube data and uses a novel joint-
fitting method via 3ML. The analysis selects 22 promising Galactic PeVatron candidates
from the existing HAWC catalog and performs a model fit using the latest HAWC data.
The resulting model incorporates the information of the source including morphology and
spectrum. The model is augmented with a neutrino source that spatially overlaps with the
gamma-ray source and with matched spectral parameters. The model is then joint-fitted
using the IceCube and HAWC data with 3ML and i3mla. The detail on the method of joint
analysis is described in chapter [6]

No significant detection had been found. A binomial test is performed to test whether a

subset of the sources has a p-value inconsistent with the background and yields no signifi-
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cant detection. We place a neutrino flux limit on each source and a hadronic fraction limit

on five sources.

9.2 Future outlook

Multi-messenger astronomy is an emerging field of astrophysics and astronomy. Through-
out the history of astronomy, important scientific discovery was made whenever a new
window in the electromagnetic spectrum was opened. With new wavelengths available
to explore, astronomers and astrophysicists have discovered new physics phenomena that
were previously hidden in other wavelengths. With recent advancements in technology,
physicists and astronomers can now observe gravitational waves and astrophysical neu-
trino. By incorporating data from different wavelengths of the electromagnetic spectrum
and different messengers like neutrinos and gravitational waves, we can gain new insight
into the physical processes behind astrophysical phenomena.

With 3ML and the newly developed i3mla software, we can now perform model-
dependent fits with both neutrino data and gamma-ray data from other experiments. It
opens the window for physical modeling with neutrino data. We explored the case of
Galactic PeVatrons, in which the neutrino emission will be the smoking gun indicating
the presence of hadronic acceleration. However, many more analyses can be done, and
the modeling of physical processes can be tested statistically with the new tools. Many
more developments for i3mla can be done including enabling template analysis and im-
provements to PSF modeling, which could help us reveal the nature of the galactic neutrino
emission recently discovered by IceCube [33]].

In the future, joint-fitting data from multiple experiments and messengers could help
us reveal the physics behind astrophysical processes. The astronomy community should

prepare all the necessary tools and pipelines for multi-messenger astronomy.
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