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Leiden, The Netherlands, July 17, 2020



Searches for Lorentz

Invariance Violation of Gamma

Ray Burst neutrinos with the

IceCube neutrino detector

Thijs Poiesz

Instituut-Lorentz, Leiden University
P.O. Box 9500, 2300 RA Leiden, The Netherlands

July 17, 2020

Abstract

We look for cosmic neutrinos originating in Gamma Ray bursts using
public data from the IceCube collaboration. We allow for a time

difference between a neutrino and GRB photon of up to 40 days to probe
possible Lorentz invariance violations. These violations might become

visible if a neutrino has high enough energy and traveled a long enough
distance before we observe it. We make use of pseudo experiments to
simulate different possible neutrino realizations and see how well a

signal can be discerned from background. We find slightly less neutrinos
than expected from background in the IceCube data. A signal associated
with more than 3% of the GRBs can be excluded at 98% confidence in the
northern hemisphere, and at 70% confidence in the southern hemisphere.

Under the assumption that the highest energy neutrinos that can be
associated to a GRB are experiencing LIV induced time shifts we have

derived an intrinsic time difference at emission between GRB neutrinos
and photons of ∆tin = (4.49± 23.0) 104s, and a LIV scale of

ELIV = (1.05± 0.85) 1015GeV, while the probability of finding similar
results from purely uncorrelated events is P = 54%.
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Chapter 1
Introduction

To better understand the universe a mathematical formulation of all ele-
mentary particles and the way they interact is useful. In 1975 Abraham
Pais and Sam Treiman first coined the term standard model for the model
describing these fundamental interactions [1]. The standard model is a
Lorentz invariant formulation of three of the four fundamental physical
forces [37]. It describes the electromagnetic, weak and strong interactions
and has done many experimentally confirmed predictions such as the ex-
istence of top quarks [2, 3], neutrinos [4], and the Higgs boson [5].

The standard model is not a complete description of the whole uni-
verse however. It fails to explain baryon asymmetry [6], or the accelerated
expansion of the universe [7, 8]. It also lacks a description of gravitational
forces as in general relativity. The two different theories work well within
their own regimes. For a particle of mass M, quantum effects, as described
by the standard model, are relevant at the scale of the Compton wave-
length λc = h̄

Mc . Here h̄ is Planck’s constant and c is the speed of light.
Gravitational effects will become relevant on scales of the Schwarzschild
radius, rs = GM

c2 . If a spherically symmetric, non rotating, object of mass
M becomes smaller than this radius, it will form a black hole. For most
known objects these two scales differ to a great extent and only one of
the two theories has to be used. If we want a complete description of
nature however it is interesting to look at the scales for which both theo-
ries are relevant. By simply setting the Compton wavelength equal to the

Schwarzschild radius we will find the Planck mass, Mp =
√

h̄c
G ∼ 1028eV.

This mass is associated with the Planck scale. This is a scale given in

Planck length, lp =
√

h̄G
c3 , time, tp =

√
h̄G
c5 , temperature, and charge, that

tells us when general relativity and quantum field theory (QFT) give con-
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4 Introduction

flicting results.
Models unifying quantum field theory and general relativity are called

quantum gravity theories. Multiple attempts have been made to develop
testable quantum gravity theories [9]. Using the standard scheme of quan-
tization on gravity was the most tried approach up to the early 1970s when
it was shown that this scheme will lead to some inconsistencies in the
theory[10, 11]. Other attempts such as (super)string theory or loop quan-
tum gravity are more promising, but lead to adjustment of QFT and rel-
ativity. One of the common approaches to quantum gravity is allowing
for violation or of Lorentz invariance (LIV). This is done by introducing
a background field, as a series expansion, on an energy scale similar to
the Planck scale[12–16]. The newly introduced field gives the system a
preferred frame of reference and violates Lorentz invariance [17–19]. Fol-
lowing [15, 20, 21] we write the velocity dispersion relation in quantum
gravity theories in equation 1.1. Here, the energy of a particle is denoted
by E, m is the particles rest mass, the momentum is given by p, c is the
speed of light. ε is an unknown constant which relates the Scale of LIV to
the Planck scale, εMpl = ELIV .

E2 −m2c4 ≈ −p2c2 − E2Σ∞
n=1sn

(
E

εnMpl

)
(1.1)

Because both relativity and the standard model are Lorentz invariant
theories that seem to work just fine within the appropriate regimes, it is
worthwhile to investigate this violation more closely. We expect to see the
LIV effects more clearly in the regimes where both theories are conflict-
ing. This means we will be looking at ways to probe scales that come as
close as possible to the Planck scale. It is at present not possible to do
laboratory experiments accessing the Planck scale. We can however look
at highly energetic cosmic events. If these events happen far away from
Earth it might be possible to observe the effects of LIV. The large traveling
distance means that redshift effects will enhance even a small deviation
from relativity, as in equation 1.1.

It is interesting to investigate how well we know that massless parti-
cles are Lorentz invariant, and how well we know that massive particles in
the high energy limit behave the same. To do these kind of investigations
it is necessary to measure separate types of signal from the same source.
Observing a source in multiple different ways is a relatively new field of
astrophysics called multi-messenger astronomy. In this thesis photons are
used as massless particles and cosmic neutrinos as massive particles. Neu-
trinos can have a wide range of energies depending on their source. The

4
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5

highest neutrino energies are the least probed part because these energies
can only be reached in cosmic accelerators. The first time neutrinos were
associated directly with a cosmic source was in 1987 when multiple instru-
ments detected neutrinos coinciding with supernova 1987A [22, 23]. The
combined observation of a photon and a neutrino from the same source
opened the door for investigating differences in their propagation through
space.

What makes neutrinos extra fitting for investigating Lorentz Invari-
ance is the fact that they are thought to have small mass which makes
interaction through gravitational forces negligible [24], furthermore they
only interact through the weak force. These properties make neutrinos
travel long distances almost without interacting. Since they travel uninter-
rupted through space, neutrinos from far away regions are good messen-
ger particles. Even when they originate in dense regions a big proportion
of them will travel through this region without interacting. If a cosmic
source is found to be emitting both neutrinos and photons simultaneously

The suggestions that they can be emitted simultaneous with photons
from a Gamma Ray Burst (GRB) gives us a chance to look at differences
between photon and neutrino propagation [25, 26]. GRBs are extremely
energetic and of unknown origin, with a duration in the order of a few
seconds, occurring well outside the milkyway. Already in 1997 Waxman
[27] suggested that high energy (TeV to PeV) neutrinos can originate in
GRBs. The high neutrino energy in combination with the great distance
to the burst makes this scenario a good candidate for testing LIV effects.
Even tiny LIV effects will become noticeable when the distance traveled is
big enough.

Since the publication of these studies, there have been many more mea-
sured gamma ray bursts. Even more significant in this regard is the fur-
ther completion of the IceCube detector. The increasing size of the de-
tector has allowed for the detection of many more neutrino events. The
increased number of observed neutrino events makes it possible to ex-
pand a previous assessment of LIV in GRB neutrinos done by [28]. This
assessment used data collected by the Antares telescope[29] and IceCube
in its 40 string configuration[30]. We will first follow the work done in [28]
to set up our method of associating neutrinos to GRBs and then apply it
to newer data. We use neutrino data collected by the IceCube detector in
its 79 and 86 string configuration and GRB data obtained from the GRB-
web [31] and GRB Coordinates Network (GCN) [32]. Both GRB catalogs
contain data from a multitude of detectors.

A boundary on LIV of cosmic neutrinos from a Blazar has been derived
in [33]. A high energy (E ≥ 200TeV) neutrino detected by the IceCube de-
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6 Introduction

tector and photons from the coinciding blazar TXS 0506+056 are used to
see how much the neutrinos propagation speed deviates from the speed
of light. Using a linear relation between the neutrino energy and propa-
gation speed, and allowing for a time difference in neutrino and photon
propagation of 10 days an upper limit for the Lorentz Invariance violation
of ELV ≥ 3× 1016GeV was found. More recent attempts have been made
to exploit the correlation of GRB photons and neutrinos to constrain the
LIV scale. In 2019 [34] for example, public IceCube data is used to find a
LIV energy scale of ELV = (6.4± 1.5)× 1017GEV. One of the caveats of the
method used there is that the LIV scale was derived using 12 shower neu-
trino events originating in the northern hemisphere. These type of events
can be reconstructed with an angular resolution of around 10◦, making the
associating of a neutrino to a GRB less significant.

We will first describe the effect Lorentz invariance violation can have
on observations in multimessenger astronomy in chapter 2. In the same
chapter, we consider why photons and neutrinos are good candidate par-
ticles to explore the possible LIV effects. In chapter 3 we will look at the
type of data that is collected by the IceCube detector and how it can be
interpreted. An overview of the GRB data we have selected is also given
in this chapter. In chapter 4 we describe a statistical approach for corre-
lating neutrinos to GRBs. This approach follows one derived in [28]. We
apply the statistical approach to the IC40 data for a comparison with pre-
vious results. In the last chapter we use the newer IceCube data, collected
from June 2010 to May 2013 covering a broader range in the sky. We will
first blind the data to tune our method to the new information and after
that we look at the results of associating GRBs with neutrinos. At last we
will derive the scale of LIV effects from our found results and discuss its
significance.

6
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Chapter 2
Physics

We start this chapter by considering how LIV effects can become visible.
An educated guess of the LIV scale was given in the introduction and set
proportional to the Planck scale. This is derived by considering on what
scales both theories are valid and relevant. As can be seen in equation 1.1
we introduced LIV effects as a correction to the velocity dispersion rela-
tion. This correction is given as a series expansion of the particles energy
over the LIV scale. Since the LIV scale is expected to be very high we need
highly energetic particles to probe LIV effects even up to first order. If we
compare for example the arrival times of two particles with very differ-
ent energies coming from the same source we might see a small deviation
from the expectations from general relativity. Multi messenger astronomy
gives us a way of comparing two particles of very different energies. We
will look at the neutrino and GRB photons as candidate particles in the
sections 2.2 and 2.3.

2.1 Lorentz Invariance Violation

The goal is to investigate the possibility of a shift in propagation time due
to LIV effects. These effects will be investigated between neutrinos and
GRB photons from the same source. How to identify GRBs that could have
emitted a neutrino will be treated in section 4.2. For now we assume that
GRBs emit high energy neutrinos. We had already described the velocity
dispersion relation through a phenomenological approach in equation 1.1.
For GRB photons the mass term in this equation is zero. For the high
energy cosmic neutrinos we can safely neglect the mass term, since it is
much smaller than the neutrino energy [35]. We also know that the particle
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energies that have been measured until now are at least a few orders of
magnitude smaller than the Planck scale. This makes dropping the higher
order terms in the expansion in equation 1.1 a valid approximation [14, 34,
36]. Next, assuming dE/dp = v(E) still holds in quantum gravity theories,
we can derive the velocity of a high energy particle traveling towards us
from a cosmic source.

vn(E) ≈ c
[

1− sn
n + 1

2

(
E

ELIV,n

)n]
(2.1)

In equation 2.1, vn(E) is the particles nthe order velocity term is given
as a function of its energy, E. The sign of the LIV term is given by sn = ±1.
ELIV,n is the scale of of the nth order Lorentz correction, which has to be
found from the data. Now that we have a relation for the particles travel-
ing speed we can calculate the expected time shift due to LIV between the
two particles. We consider only the first order part since this will have the
biggest contribution to the traveling time difference. Equation 2.2 gives
the time shift due to LIV effects. For two particles coming from the same
source, with different energies, Eh, and El, we find.

tLIV = ±Eh − El
ELIV

D(z)
c

(2.2)

If we consider the case of GRB neutrinos and photons we can neglect
the photon energy El, Since it is much smaller than the neutrinos energy,
Eh [36]. Since the particles travel a long distance at different speed we
have to account for the expansion of the universe. As a particle travels
slower, its traveling time will be delayed by this expansion even more.
We included this expansion by writing the distance, D (z), to a far away
source as a function of both the redshift of the source, z, and the content
of the universe. The content of the universe is usually described in terms
of cosmological parameters, Ωi, where i denotes the type of content [8].
These parameters give the ratio of the density of a certain content species
(ie. matter, photons, cosmological constant) divided by the critical den-
sity. Where critical density is the density at which the universe will halt
expansion after an infinite time.

D(z) =
c

H0

∫ z

0

(1 + z′)dz′√
Ωm(1 + z′)3 + ΩΛ

(2.3)

Here H0 is the Hubble constant at present, Ωm, and Ωλ are the mat-
ter and cosmological constant density parameters at present, and z is the
redshift.

8
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2.2 Neutrinos 9

We will look at the appropriate events in some more detail in the next
sections. We will discuss some background information on neutrinos ,GRBs,
and the observations of both events.

2.2 Neutrinos

Neutrinos are electrically neutral subatomic elementary particles, that were
first predicted by Wolfgang Pauli in 1930. Neutrinos only interact through
the weak subatomic force and gravity. They are thought to have very low
mass [35] and since the range of the weak force is also small they are ex-
pected to travel almost unperturbed through space. Due to these proper-
ties they were only discovered in 1956 [4], while they were already well
established in theoretical models. Neutrinos can be created in three differ-
ent flavors. Each flavor is associated with nuclear reactions of leptons with
the same flavor, so that the lepton flavor over the reaction is conserved.
Electron neutrinos, muon neutrinos and tau neutrinos correspond to the
electron, muon, and tau particle respectively. There also exist antineutri-
nos which have opposite lepton number and correspond to the opposite
lepton particle. For example an electron, and positron corresponds to an
electron neutrino and an electron antineutrino. The conservation of lep-
ton flavor is only approximately conserved. The most notable violation
of this conservation can be seen in neutrino oscillations. This describes
the change of lepton flavor of a single neutrino traveling through space
[24, 37].

There are many different sources of neutrinos. A classification of neu-
trino sources can be made based on the measured neutrino energy. In
figure 2.1 an overview of the different energy neutrinos, and their fluxes
is given. The appropriate source for each energy band is also given in this
plot. It is important to note that not all sources have been experimentally
confirmed yet. Cosmological background neutrinos (CNB) are thought to
be a background relic which formed when the universe was about 1 sec-
ond old. This background formed when the universe had expanded and
cooled enough for neutrinos (and anti-neutrinos) to decoupled from the
matter content in the universe [38, 39] and freely travel through it. Cosmo-
logical neutrinos have not been measured directly. The CNB energy scale
is indirectly derived by looking at fluctuations in the cosmic microwave
background of photons [40]. The anti-neutrinos denoted by BBN, are neu-
trinos produced by the decay of neutrinos and tritium during big-bang nu-
cleosynthesis [41]. The next energy range is populated with thermal (anti-
) neutrinos, and nuclear neutrinos that have been measured coming from
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the sun (Solar) [42]. At slightly higher energies we find anti-neutrinos
coming from nuclear reactors (Reactor) [4], or emitted by decaying radio
active particles in the Earth (Geoneutrinos). The diffuse supernova neu-
trino background (DSNB) is a theoretical population of (anti-) neutrinos
originating in supernovae. It is thought that this gives a continuous flux
of neutrinos. Not to be confused with a single supernova event, which is
thought to eject a huge amount of neutrinos in a burst. Unfortunately only
one such event (SN1987A [22, 23]) has been measured. The next energy
scale is associated with atmospheric (anti-)neutrinos. Atmospheric neutri-
nos are created when cosmic rays interact with the Earths atmosphere and
generates a flux of secondary particles [43, 44]. These secondary particles
consist of electrons which are absorbed in the atmosphere, muons which
travel up to several kilometers into the Earth, and neutrinos which will
travel almost undisturbed through the Earth. In section 3.1 we will briefly
discuss the effects of atmospheric neutrinos and muons on our analysis.
Atmospheric neutrinos are partially overlapping with the part of the spec-
trum we want to probe using the IceCube data.

For this work we will focus on neutrinos detected by the IceCube detec-
tor [30]. Part of the neutrinos detected by IceCube are thought to originate
in cosmic sources such as, Blazars [33], and GRBs. We go into more detail
on the detector in section 3.1. The highest energy neutrinos are thought
to come from high energy protons interacting with the cosmic microwave
background (Cosmogenic) [39].

2.3 Gamma Ray Bursts

Gamma Ray bursts (GRB) are very short intense flashes of gamma radia-
tion. In a matter of seconds energies between roughly 1051 ∼ 1053ergs is
emitted [46]. This is as much energy as the sun will produce in its entire
lifetime. The initial gamma radiation burst, consists of photons with en-
ergies typically ranging roughly from a few keV to MeV, with some rare
events at GeV energies. The initial gamma radiation burst, an afterglow is
often observed. This afterglow consists of longer wavelength radiation in
the radio [47], optical [48] and X-ray bands [49]. The bursts are relatively
rare and occur about once every million years per galaxy. [50]. GRBs were
first detected in 1967 by the Vela satellite system, which was intended to
monitor the Nuclear Test Ban Treaty. In 1973 Klebesadel and Olsen [51]
had found a total of 16 Gamma ray bursts of cosmic origin with a dura-
tion of up to 30 seconds. When in 1991 the Compton Gamma Ray Ob-
servatory launched its Burst and Transient Source Explorer (BATSE) it be-

10

Version of July 17, 2020– Created July 17, 2020 - 16:58



2.3 Gamma Ray Bursts 11

10-6 10-3 100 103 106 109 1012 1015 1018
10-36

10-30

10-24

10-18

10-12

10-6

100

106

1012

1018

Energy E [eV]

N
eu
tri
no
flu
x
ϕ
[e
V
-
1
cm

-
2
s-
1
] CNB

BBN (3H)

BBN (n)

Solar (thermal)

DSNB

Solar (nuclear)

Atmospheric

Cosmogenic

Geoneutrinos

Reactors

IceCube data
(2017)

10-6 10-3 100 103 106 109 1012 1015 1018
10-18

10-12

10-6

100

106

1012

1018

Energy E [eV]

N
eu
tri
no
en
er
gy
flu
x
E
ϕ
[c
m

-
2
s-
1
] CNB

BBN (3H)

BBN (n)

Solar (thermal)

DSNB

Solar (nuclear)

Atmospheric

Cosmogenic

Geoneutrinos

Reactors

IceCube data
(2017)

Figure 2.1: The top panel shows the measured and expected neutrino flux and
energy for neutrinos from different sources. The bottom panel shows the flux
times the energy. The spectrum is integrated over all directions and summed over
all flavors. Solid lines are for neutrinos and dashed lines are for anti neutrinos.
Superimposed solid and dashed lines are for sources that emit both. See the text
for a per source explanation [45].
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came possible to pinpoint to the GRBs location with more precision. This
showed an isotropic distribution suggesting that most GRBs occur out-
side of the milky way [52]. Measuring the redshift of GRB970228 in 1997
by van Paradijs [53] further indicated the cosmic origin of GRBs. Since the
first results from BATSE many more detectors, such as Fermi [54–56], and
SWIFT [57, 58], have been collecting data on GRBs. This resulted in almost
daily measurements of a new GRB. Data from all these bursts is collected
and distributed by the Gamma ray Coordinates Network (GCN) [32]. We
will be using data from the GRBweb, which is a GRB catalog maintained
by [31]. We supplemented this data with information obtained from the
GCN. GRBs have been measured coming from galaxies with a redshift of
up to 9.4 [59]. The big distance from Earth and brightness of the measure-
ments suggests that GRBs are hugely energetic events.

Due to all the effort of finding new GRBs a huge variety of GRB prop-
erties is found. This makes explaining the physics of GRBs a complicated
matter. For GRBs that last long (on average 30 seconds) the most accepted
model is the collapsar model [46]. This associates a burst with the death
of a massive star followed by the formation of a black hole. The material
that is falling into this black hole from the outer regions of the collapsed
star can drive a pair of jets. The jets in turn can cause relativistic shocks,
accelerating charged particles, in the media surrounding the black hole.
This media contains electrons, photons but also baryonic matter [27, 60].
As soon as an electron reaches the edge of the star it is thought to emit
photons through inverse Compton scattering. It is this burst of photons
that is seen as a GRB. There are also thought to be protons in the accel-
erated media. They will interact with the photon field and result in high
energy neutrinos.

It is thought that shorter duration GRBs (on average 0.3 seconds) can
be caused by the merging of two compact objects like neutron stars, or a
black hole and a neutron star [61]. The result of this merging is again the
formation of a black hole which can form jets and radiation in the same
way as the long bursts. These bursts can also occur far outside star form-
ing regions and at lower redshifts than the long bursts we have discussed
before [62]. Both the short and long duration GRBs eject a lot of energy in
the form of gamma radiation and are expected to eject high energy neutri-
nos as well.

12
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Chapter 3
Observations

3.1 IceCube

As mentioned in section 2.2 neutrinos can travel long distances through
dense clouds of matter without interacting. This makes it complicated to
detect them. The general approach to detecting neutrinos is using a large
volume filled with photo sensors that register light patterns in this volume
that are caused by particles created in neutrino interactions.

In this analysis we will use neutrino events measured by the IceCube
detector. This detector consists of a 3D array of photo-sensors submerged
in a cubic kilometer of ice. The array of photo-sensors is used to detect
light patterns in the ice. The sensors are incorporated in Digital Optical
Modules (DOM) that send the detected light to the laboratory at the sur-
face as a digital signal. A schematic overview of the detector as published
by the IceCube collaboration is given in figure 3.1. The ice contains 5160
DOMs that are arranged on vertical strings with 60 DOMs per string. They
are placed at a depth ranging from 1450m to 2450m and separated by 17m
vertically and roughly 125m horizontally. The detector has been collect-
ing data since before it was completed. The different configurations of the
detector are referred to by the number of strings that were actively collect-
ing data. For this thesis we will use public data collected when IceCube
was in its 40, 79, and 86 string configuration, which we will refer to as
IC40, IC79, and IC86 respectively. Apart from using the deeper regions of
the Ice to detect light the detector also has a top layer, called IceTop. This
layer is used to calibrate the detector. It can detect air showers coming
from cosmic rays with an energy from 300TeV to 1EeV. In the center of
IceCube lies a region with the strings closer together. This region is called
the DeepCore, and is used to investigate lower energies [63].
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14 Observations

Figure 3.1: A schematic overview of the IceCube detector as published by the
IceCube collaboration.

IceCube cannot detect neutrinos directly. Instead it detects light caused
by particles that are produced by the interaction of a neutrino with the ice.
When a neutrino interacts with the ice it produces electrically charged par-
ticles. These particles travel through the ice faster the light travels through
ice. As a result the particles cause Cerenkov light. This can best be ex-
plained as a light shock wave that follows the particles path similar to a
sonic boom following an aircraft flying at supersonic speed.

The IceCube detector can detect three different types of neutrino events.
There can be cascade- or shower-like events, which are created by charged
current interactions of electrons or tau neutrinos, or by neutral current in-
teractions of any type of neutrino. Figure 3.2a shows an example signature
that an electron neutrino leaves in the detector. These type of events can
be reconstructed with a median angular resolution of about 10◦. Due to
the large amount of scattering of the light they produce almost spherically
symmetric signal in the detector.

IceCube has also detected the atmospheric tau neutrino interactions
[64]. Due to the short lifetime of the tau lepton it can decay in another

14
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3.1 IceCube 15

cascade after a short distance. These cascades can both contain charged
particles and be visible in the detector.

For our work we will be using track like events. The track like events
are caused by muons. Muons are created in charged current neutrino in-
teractions in the ice or atmosphere. As a muon travels through the detector
ice it will leave a trace of Cerenkov radiation pointing to the direction it
came from. Due to the long track like signal the muon causes in the de-
tector it is possible to point to their origin with a reconstructed angular
resolution in the order of 1◦ [65]. The good angular resolution is useful for
studying far away objects because it points to the location with more pre-
cision than can be done using cascade like events. An example of a muon
signature is given in figure 3.2b. Another reason for choosing the track
like events caused by muons is their great abundance. They cannot only
be detected if a neutrino interacts with the ice to form a muon, but also
reach the detector if such an interaction has occurred in the sky outside of
the detector.

To probe the neutrino energy of a detected event we have to be care-
full. The IceCube collaboration has not published an error estimate on the
observed energies. Instead they warn users users that the energy is de-
rived from looking at the energy loss of a muon, as it travels through the
detector [63, 66]. For this reason they suggest using it as a lower estimate
of the neutrino energy with a reconstruction error of roughly 30%. An ex-
tra complication for gathering neutrino data from muons is that most of
these events measured by the detector will be muons resulting from cos-
mic rays interacting with the Earths atmosphere [67]. These type of events
are called atmospheric muons and flood the detector with roughly 1011

events per year [64]. One method of removing an atmospheric muon sig-
nal from the data uses the Earth as a blocking filter. When an atmospheric
muon travels through the Earth it will interact with the particles in the
Earth and not reach the detector. There does however exist the possibility
to wrongly reconstruct the neutrinos direction and mistake an down-going
neutrino for an up-going one. The IC 40 data for example only contains
up-going neutrinos. This simplifies our analysis but at the same time re-
moves half the neutrino information the detector can collect.

3.1.1 IceCube neutrinos

We have shown in section 2.2 that neutrinos can be produced in many
different sources. Depending on the source we expect them to have a dif-
ferent energy spectrum. It is important to note that the energy dictates
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16 Observations

(a)
(b)

Figure 3.2: A cascade signature of an electron neutrino as registered by IceCube
in figure 3.2a and a track like signal from a muon that is created as a secondary
particle by a muon neutrino in figure 3.2b. The colors denote arrival times of light
in the Doms, from earlier (Red), to green to blue (later).

how likely a neutrino is to interact. To detect a neutrino we need it to in-
teract with matter close to the detector. Neutrinos interacts almost purely
through the weak force. We want to know how the probability of such an
interaction depends on the energy. The interaction probability is described
by the cross section. It is given in units of the area transverse to the relative
motion of two particles, within which they must be in order to interact.
Many works have been published on the cross section of neutrinos, see for
example [68, 69]. For neutrino interactions, its cross section increases with
its energy. This means that a higher energy neutrino is more likely to in-
teract with the medium it is traveling through than a low energy neutrino.
The highest energy neutrinos will not even reach the detector when they
have to cross the Earth.

To set up our analysis we follow the same method as used in [28]. We
apply it to the IC40 data [30] so that we can validate our implementation
with the analysis of [28] of the same data. Since IceCube will detect a
lot of atmospheric muons and we are not interested in those a filtering
choice is made. Atmospheric muons can not travel all the way through
the Earth, so by selecting only events going up in the detector we remove
most of the atmospheric muons. The IceCube detector is located at the
south pole. This means that all the up-going events in the IC40 data are
all coming from the northern hemisphere. By selecting this part of the
data we have used the Earth as a filter that blocks the atmospheric muons
from reaching the detector. Unfortunately some atmospheric muons will
be reconstructed wrong and also look like up-going events. This method

16
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3.2 Gamma Ray Burst observations 17

removes at least most of the atmospheric neutrinos. We will be looking for
neutrinos that can be associated with GRBs. We will discussed in section
2.3 that these sources are isotropically distributed over the sky and are not
observed with any specific timing profile. It is therefore useful to confirm
if our neutrino data follows the same overall distribution. In figure 3.3 we
have shown the detection time and spatial distribution of the neutrinos
in the IC 40 data. We see that the neutrinos are distributed isotropically
over the space. In the next section we will take a look at the GRB data we
have compiled. We also make a selection of the GRB data we will use for
correlating with neutrino data.
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Figure 3.3: The distribution of 12875 neutrinos on the sky in equatorial coordi-
nates as measured by IceCube in its 40 string configuration. The colors denote
the time in Modified Julian Date of the measured event.

3.2 Gamma Ray Burst observations

To be able to explore potential LIV in GRB neutrinos a data sample of
GRBs is required. We have used GRB information obtained from GRBweb
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18 Observations

[31]. We also supplemented the GRBweb data sample with bursts obtained
from the GCN network [32] to find a total of 5344 bursts. The equatorial
positions of the GRBs can be seen in figure 3.4. The colors in this plot
denotes the Modified Julian Date.

In section 3.1.1 we looked at neutrino data that was already analyzed
by J. Schmid [28]. To repeat her analysis we will need a set of GRBs to
compare to the neutrinos. Unfortunately she only published the GRBs
that were compared to Antares neutrinos and not to IceCube neutrinos.
So we will not be sure of her exact data. When comparing the GRBweb
catalog to her published table we did however find some bursts missing
in the GRBweb, or in her tables. We contacted the maintainer of the GRB-
web page, who could then update his code to include at least part of the
missing bursts.
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Figure 3.4: The distribution in equatorial positions of all 5344 GRBs [31, 32]. Col-
ors denote the Modified Julian Date.
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3.2 Gamma Ray Burst observations 19

3.2.1 Gamma Ray Bursts for IC40

Since our goal is to relate the neutrino and GRB data we should first con-
sider if the data was taken from to same part of the sky, and during the
same period. The IC40 data sample consists only of neutrinos coming
from the northern hemisphere. This means that we cannot associate it
to any GRB that is in the southern hemisphere. We follow the declina-
tion boundary of IC40 and drop all GRBs that have occurred with a dec-
lination of δ ≤ −5◦. Next we can consider during what time period the
data was collected. The IC40 data was collected from April 2008 to May
2009. We want to associate neutrinos to GRBs that have occurred within
a certain time window around a GRB. We define the time window in sec-
tion 4.2.2. In order to be sensitive to the entire time window we remove
all bursts for which the chosen time window is not fully included in the
time period of neutrino data taking. This will ensure that we do not find
any preferred time difference between a neutrino and its associated GRB,
purely due to our data taking periods. In section 3.1 we discussed that the
events observed in the IceCube detector contain a large background con-
sisting of atmospheric neutrinos, and even some wrongly reconstructed
atmospheric muons. To decrease this background we do not want to as-
sociate neutrinos with bursts that might have occurred in a big positional
search cone. In figure 3.5 we see that the observed GRB error can go up
to O (10◦). Using such a big positional search cone would lead to dilut-
ing the potential high precision neutrino to GRB associations with a large
amount of lower precision events. Instead, we set the maximum allowed
positional error of GRBs at δerr and drop all bursts with bigger error from
our sample.
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Figure 3.5: The distribution of the GRBs positional errors [31, 32]. The blue bars
denote GRB’s for which we have a redshift measurement. The orange bars corre-
spond to bursts withouth a redshift measurement. The gray line gives the cumu-
lative distribution of the positional errors.

The spatial distribution and time of the selected GRBs can be seen in
figure 3.6. In table 3.1 we have summarized how the number of GRBs
changes for each new selection criteria. The distribution of the selected
GRBs positional errors can be seen in figure 3.7. By making this first selec-
tion our sample has been reduced to 58 GRBs.
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3.2 Gamma Ray Burst observations 21

Variable Criterion Ne f f ected Ntotal
NGRB 0 5344
δerr ≤ 3◦ 2176 3168
δ ≥ −5◦ 1558 1610
MJD ∈ [54602, 54931] 1552 58
redshift any 41 17

Table 3.1: The number of GRBs using different selection criteria. Ne f f ected is the
number of GRBs effected by a criterion, and Ntotal is the total number of GRBs left
after applying the criteria in order.
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Figure 3.6: The distribution of 58 gamma ray bursts, in equatorial sky coordi-
nates, present in the catalog after we have used all the sampling criteria in table
3.1. The colors denote the time in Modified Julian Date of the measured event.
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Figure 3.7: The distribution of GRB positional errors with redshift (blue), and
without redshift (orange). The cumulative distribution is seen in gray.
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Chapter 4
Method

We set out to look for observed time differences, ∆tobs, between photons
and neutrinos that are emitted by the same GRB. We want to use these
time differences as a probe of Lorentz violation. However, much is still
unknown about the physics of GRBs. We are for example not at all certain
that a GRB emits photons and neutrinos simultaneously. It is possible that
there is an intrinsic time difference, ∆tin, present between the emission of
a neutrino and a photon. Furthermore we have to take into account that a
signal that is emitted at one time will be redshifted by the time it reaches
an observer at Earth. In equation 4.1, the relation between the different
times used in this study given.

∆tobs = tLIV + (1 + z)∆tin (4.1)

We have already given an expression for tLIV in equation 2.2. Combing-
ing this with equation 4.1 leads to a formula for the observed time differ-
ence over the redshift. Note that we have followed [34, 36] in assuming
that the neutrinos energy is much bigger than that of the photon, and
hence dropped the photon energy from this formula. We can determine
what time differences we expect to find for neutrinos of known energy if
we make assumptions on the size of ∆tin and ELIV .

∆tobs
1 + z

= ± Eν

ELIV

D(z)
c

+ ∆tin (4.2)

Since the LIV effects can possibly delay or advance the arrival times of
neutrinos with respect to photons we have to account for both situations.
The minus sign is used if the neutrino signal is delayed with respect to
the photon, and a plus sign if the neutrino signal is arriving earlier. In the
end the signals we can probe will be the arrival time differences of GRB
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tν Observation time of neutrino on Earth
tGRB Observation time of GRB on Earth
τ tν − tGRB Observed time difference on Earth
τz τ/(1 + z) Time difference corrected for redshift
τLIV τ/(Eν · D(z)) Time difference due to LIV

Table 4.1: Different time measurements used throughout this work.

neutrinos and their associated photons, the redshift to a GRB, and neu-
trino energy. From these observables we can construct three different time
difference measurements. An overview of these measurements is given
in table 4.1. Here τ = tν − tGRB probes the observed time difference on
Earth. We can use τz = τ/(1+ z) as a probe of the intrinsic time difference.
This boils down to correcting our observations for the redshift. If Lorentz
violations are present we can best probe those by using τLIV = τ

EνD(z) .
We have shown in equation 4.2, that the observed time difference in the
presence of LIV depends on the neutrino energy and the distance to the
source. For this work we follow [28, 34, 36] and assume that the intrinsic
time difference in neutrino and photon emission is always the same. It is
important to note that a lot is still unknown about GRB physics, so this
could be a wrong assumption. There might be for example a correlation
between neutrino energy and intrinsic time shift, that we have omitted by
making this assumption. If we find a specific preferred value of τLIV , this
would indicate the presence of an effect compatible with LIV. We expect
to see these effects more clearly for higher energy neutrinos, since then
tLIV � ∆tin, for PeV neutrinos and an ELIV is of the order of 1018 GeV
[34].

As we have seen in figure 3.7 the redshift is only known for about 10%
of the GRBs. This means that we will only be able to use a small fraction
of the GRB measurements when considering possible time shifts. To have
an overview of the difference in arrival times we will stack all the time
differences of neutrinos and the associated GRB in a single histogram. If
there is a LIV effect we expect there to be a significant peak in this his-
togram. A complication to this approach comes from the fact that we do
not know if a neutrino truly comes from a GRB source. To distinguish a
background signal from a cosmic signal we follow the statistical approach
explained in section 4.1. Using pseudo experiments, as given in section
4.3 , we simulate both signal and background. From this we can derive
’stacked’ or ’cumulative timing profiles’ for each hypothesis. Using these
profiles we are able to distinguish signals of different strengths compared

24
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4.1 Statistical approach 25

to background. We define when there is a correlation or ’match’ between a
neutrino and a GRB in section 4.2. In the next sections we follow the statis-
tical approach used in [28] and apply it to the data introduced in chapter
3.

4.1 Statistical approach

One of the challenges of using neutrino data in multi messenger astron-
omy comes from the abundance of background events in the observed
data. We set out to find GRB neutrino sources, which we will call our
signal. To search for an excess of signal over the background we will use
the goodness of fit test, developed by [70]. This method aims at quanti-
fying the compatibility of observations with a hypothesis. In the case of
cosmic neutrino search, we can test how well our data matches the null
hypothesis: ”None of the observed neutrinos are produced by Gamma
Ray Bursts”. If the data does not match the null hypothesis with a high
enough degree of incompatibility, we reject the null hypothesis. We can
also consider how well our data compares with an alternative hypothesis.
For example: ”Some neutrinos originate in gamma ray bursts”. Since we
do not want to make assumptions about the physics of GRB sources we
can not formulate the alternative hypothesis in such a way that we can
differentiate with high certainty between the null and alternative hypoth-
esis. All we can find is the degree in which our data matches one or the
other hypothesis.

4.1.1 Goodness of fit test

The goodness of fit test is used to study the compatibility between our
measurements and a given hypothesis. We will do this in terms of a test
statistic, ψ. This test statistic can be any function of the experiments ob-
servables. It is constructed in such a way that it allows for distinguishing a
systematically time shifted signal from the cumulative timing profile cor-
responding to a hypothesis. For this we will need to know how our timing
profile would look if the hypothesis is true. For the null hypothesis this
means that we have to find a data sample consisting of only uncorrelated
events. We do not a priori know what part of our data can be considered
background and what part can be considered signal. Instead, we can use
pseudo experiments to generate data that is used as a possible realization
of uncorrelated neutrino data. This is done in section 4.3. The p-value is
calculated by comparing the observed value of the test statistic, ψdata, to
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the distribution of ψ under the hypothesis that we are testing. This quan-
tity is defined as the probability to obsere a value of ψ under the tested
hypothesis, that is at least as extreme as ψdata. We have shown an illustra-
tion of the goodness of fit test in figure 4.1. Here the black curve represents
the probability density function (pdf) of the test statistic, ψ, under the null
hypothesis. All the values of ψ under this curve are called the sample
space. The vertical line denotes the value of the test statistic found from
actual observations, ψdata. The gray area gives all the values contained in
the sample space higher than the value of ψdata. The surface of this area
corresponds to the one sided p-value.

We can also define when we will reject the null hypothesis. This is done
by stating at what p-value our data is not compatible with the null hypoth-
esis. This value is chosen so that it is unlikely to find a value of ψdata, so
large under the null hypothesis. This p-value is given by the red area in
figure 4.1. It is bound by a threshold value, ψc. It is important to note that
the threshold value is set by our choice. If we choose a very small thresh-
old value, we increase the chance of falsely rejecting the null hypothesis.
For this work we will assume that we find hints for rejecting a hypothesis
when its p-value is smaller than p3σ ∼ 2.7 · 10−3. Here we have used the
conventional notation, where nσ corresponds to the number of standard
deviations, σ, away from the normal distribution. pnσ is calculated from
the two sided p-value under the normal distribution with standard devia-
tion σ. This approach can be applied to study the compatibility of our data
with hypotheses representing different physical scenarios.

Before using any data however, we can compare the null hypothesis
with an alternative hypothesis. For this we will calculate the threshold
value ψ3σ, corresponding to p3σ from the background distribution. We can
use this value to calculate our power at distinguishing a simulated signal
pdf from the background pdf. We calculate the surface under the sim-
ulated signal pdf above the threshold to find the discovery power. This
gives the probability to find a value ψalternative ≥ ψbg. A larger the discov-
ery power thus means that we can better distinguish the null hypothesis
from the alternative hypothesis.

26
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f(
)

data

c

Significance

Figure 4.1: Schematic illustration of goodness of fit approach. The probability of
finding ψ under the null hypothesis is shown as a function of ψ as black curve.
The gray area corresponds to the p-value corresponding to observations. It is
bound by hypothetical value ψdata, that is represented with the vertical black line.
The vertical dotted black line indicates the chosen threshold value ψc (see text),
whereby the red area corresponds to the associated significance.

4.1.2 The test statistic

We introduced the concept of a test statistic in the previous sections. Now
it is time to define it for the case at hand. We follow [28, 71, 72] and use
a test statistic that allows for a way to evaluate the compatibility of our
found timing profile and the background scenario, as described by the
null hypothesis. We will describe our timing profile, and the background
scenario, in terms of a histogram containing the number of matches per
observed time difference. The observables that we will be using is thus
the number of neutrino to GRB associations and the time differences of
these associations. The probability to find an outcome of this experiment,
Ak, is given by pk. For successive trails of this experiment the probabil-
ities are independent and stationary. This means that these experiments
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belong to the Bernoulli class Bm [73]. We can now write the probability
p (n1...nm|Bm, I), of observing nk occurrences of each outcome Ak after n
trails using the multinomial distribution.

p (D|Bm, I) =
n!

n1!...nm!
pn1

1 ...pnm
m . (4.3)

Here D denotes the data realization spread out over m different bins. I
is the prior information we have about the system. nk denotes the number
of events contained in a single time difference bin, k. We follow [28] and
[71] in writing our test statistic as a logarithmic function of this probability.
See appendix A for more information.

ψ = −10log10p(D|H, I)

= −10

[
log10n! +

m

∑
k=1

(nklog10pk − log10nk!)

]
(4.4)

The test statistic can be used as a reference to quantify our degree of be-
lief in H. It is constructed of the total number of events, n, in our data, the
number of events per bin, nk, and the probability to find an event in a cer-
tain bin under the null hypothesis, pk. Using the time difference binning
means that we can include information on the observed time differences
in our test statistic. In table 4.1 we have given three different probes for
the time difference. For each of these probes we can find a timing profile
from associating neutrinos to GRBs. The timing profiles give the number
of matches with a certain time difference. For this we have divided the to-
tal time window into time difference bins, denoted by k. We define the bin
width so that signals from different GRBs are isolated and the emission
associated with a single GRB falls within one bin. The resulting timing
profile of a the data will therefore be discretely distributed with roughly
zero or one match per time difference bin. We can also use some prior
information about the background scenario in defining our test statistic.

We know that the background scenario as described by the null hy-
pothesis will not lead to any preferred time difference in the τ profile. This
means that if we have m bins in total, the probability for a match to fall into
a single bin is pk = 1/m. For the other two timing profiles it is not so easy
to find the background distribution of time differences. Instead, we can
use the pseudo experiments described in section 4.3 to calculate the prob-
ability for a match to fall into a certain time difference bin. We expect this
probability to be higher for lower values of |τz|, and |τLIV |, since we divide
the time difference by values bigger than one. We calculate the pdf of the
test statistic for each hypothesis using equation 4.4, which is the same as

28
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4.2 Matching criteria 29

in [28]. It is important to note that these properties depend on the choices
made by the experimenter. The number of neutrinos we can associate to
a GRB depends on our definition of a match or association. The number
of bins we use depends on the size of the allowed time difference between
a neutrino and a GRB. In the next section we will discuss the matching
criteria in more detail.

4.2 Matching criteria

We are looking for neutrinos that can be associated with a GRB. This means
that we expect the GRB measurement and the neutrino measurement to
align in both position and time of occurrence. Since the measurements
both have an error we have to define a certain criteria that specifies when
a neutrino matches to a GRB. For the time matching we have to be even
more lenient since we want to look for a time shift due to LIV effects. It is
important to note here that we expect tighter constraints on the matching
criteria to increase the ratio of signal to background. Setting the constraints
too tight however will result in also removing signal from our data. To find
an optimum choice we will use some physical considerations, but have to
keep this in mind too. Below are the considerations on the search cone size
and time window we will use for matching neutrinos to GRBs. To allow
for comparison to literature we used the same criteria as in [28].

4.2.1 Search cone size

We will first set a criterion for spatially matching neutrinos with GRBs.
A neutrino is potentially originating in the same event as a GRB when
it is measured within a certain distance from the GRB. We are effectively
looking in a search cone centered around a GRB source. The size of this
search cone can be set depending on the positional error in the GRB and
neutrino measurement. As can be seen in figure 3.7 the error in the GRB
measurement can take many different values. The neutrinos however do
not have a per event error measurement in the IC40 data. Instead, we can
use the median angular resolution derived from Monte Carlo simulations
in [30, 74]. This simulation was done with the same reconstruction quality
criteria as the original data consisting of 12877 neutrinos. A resolution
of 0.7 degrees is derived. An obvious choice of search cone radius, δcut,
would be equation 4.5.

δcut =
√

δ2
ν + δ2

GRB (4.5)
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Here δν is the angular resolution of the neutrino data and δGRB is the
positional error of the GRB we are considering. Since there are a lot of
GRBs with a large positional error, as shown in image 3.5, we will also
have a lot of big search cones to consider for coincidences. This will lead
to more matching neutrinos, but also dilutes the possible signal with back-
ground matches. On the other hand for the smallest positional errors re-
ported in the GRBweb catalog the search cone size will be dominated by
the resolution of the neutrino telescope. Since this is based on the me-
dian angular resolution and not on the per event error, this might lead to
removing potential matches between neutrinos and GRB photons. To ac-
count for these effects we follow the suggestion by Julia Schmidt and the
Antares collaboration [28, 29] and limit the size of the search cone using
equation 4.6. This equation is designed, in [28], to find a search cone at
least bigger than the neutrino resolution, but smaller than 3 degrees to not
dilute a possible signal too much.

δcut = 1.58 ·max(δν, min(δGRB, δmax
err )) (4.6)

To keep the search cone under three degrees a maximum error is intro-
duced of the size δmax

err = 3/1.58. Using the 0.7◦ reconstructed resolution of
the IceCube data as a minimum of the search cone size we find δcut = 1.1◦.
We follow the formulation of [28] and introduce the factor of 1.58. There
this factor is used to optimize for the signal to background ratio in a high
background scenario. Since we will eventually compare our results to that
in [28] we follow the same convention.

If in the future the positional errors are defined precise enough for neu-
trinos too it will be interesting to combine equations 4.5, and 4.6. The logic
of squaring the errors to find a new search cone size is more intuitive,
while limiting the search cone size restricts the background contamina-
tion. I suggest using equation 4.7 in future works. This limits the search
cone again to a range of 1.01 to 3 degrees, and also takes into account the
neutrino and GRB error measurement, instead of picking the biggest of
the two.

δcut = 1.58 ·
√

min(σ2
ν , ∆max

err ) + δ2
GRB (4.7)

4.2.2 Time window

Now that we have set some boundaries on the search cone size we should
look at the maximum time difference we expect to see for a neutrino-GRB
pair. To decide on the size of the time window we want to consider around
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each GRB we can use equation 2.2. We see that the time shift depends not
only on the LIV effect but also on the neutrino energy and the distance
to the source. Previously time windows of the order of −1 to +3 hours
[75], and from 10 seconds all the way up to 15 days [76] have been studied
without finding any significant GRB to neutrino association.

In later works a LIV shifted signal was derived at a LIV scale of ELIV =
(6.4± 1.5) × 1017GeV , by allowing for a time window of up to 40 days
[34, 36]. We will use the same sized time window in this work to allow
for comparison. The choice of such a large time window size is justified in
[28] by considering what the biggest observed time difference due to LIV
effects can be. For deriving the maximal time shift we can use the values
in the IceCube data taken between April 2008 and May 2009 and the GRB
data that complements this. In equation 2.2 we have shown that the LIV
time shift depends on the neutrinos energy and the distance to a source.
As in [28] we used the distance at a redshift of z = 8.5, which is the highest
redshift in the GRB data, and Emax = 109 GeV accounting for the energy
range at which a signal might be observed by IceCube. We also have to
use an estimate on the LIV scale to derive the maximum time window. We
follow the suggestion in [28], and use ELIV > 7.6 · MPlanck as limit on on
the LIV scale. This value is derived from FERMI/LAT data by [17]. We
now find a maximum time window of±470 days. Since this time window
is larger than our neutrino data taking time for the IC40 sample we cannot
use this. Instead, we assume a smaller maximum value for the neutrino
energy of the order of 108GeV. This is still much higher than the highest
observed event in our data, which has an energy of 0.32 · 106GeV. The
neutrino energy supplied by the IceCube collaboration should be treated
as a lower boundary with high uncertainty as mentioned in section 3.1.
We now find a time difference of closer to the previously used ±40 days.
To compare our work with previous studies [28, 34, 36] we will stick to the
40 day time window.

As a last remark we should again consider the number of bins used
in the stacked timing profiles. We want the signal associated to different
GRBs to be distinct in the time difference histogram. In section 4.4.1 we
will show that we expect to find O (3) events per GRB, for a total of 58
GRBs. This means that if we use timing bins of roughly 13 hour we ex-
pect the signal to be discretely distributed with approximately one or zero
events per bin, for each data realization.
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4.3 Pseudo experiments

The null hypothesis is defined as: ”None of the observed neutrinos are
produced by Gamma Ray Bursts”. To be able to compare our observations
to this hypothesis we want to know what a neutrino background looks
like. Going back to figure 3.3 we can already see that the neutrino dis-
tribution is roughly isotropic. Even after filtering out atmospheric muon
events we are still left with a lot more neutrinos than GRB sources (figure
3.6). A part of the neutrino events can be associated with a GRB but we
will not know whether these are background neutrinos or GRB neutrinos.
To approximate a background distribution of the test statistic, ψbg, without
signal we will use pseudo experiments. These pseudo experiments consist
of generating possible realizations of neutrino data by randomizing their
detection times and positions. In section 4.3.1 we will explain how we
have randomized the data precisely. For now it is enough to know that
we can use the randomized data to look at the time differences between
a neutrino and an associated GRB. For each pseudo experiment we find a
new time difference distribution, or timing profile. We repeat this process
many times over and calculate a value of the test statistic for every real-
ization. This gives us an approximation of the background distribution of
neutrino to GRB associations. Any signal that might have been present in
the original data is removed by the randomization while the background
profile still follows that of the original data.

We can also generate data for an alternative hypothesis. Even without
knowing much of the physics behind the system we can assume that a
certain amount of signal is present. For example: ”10% of all Gamma Ray
Bursts have emitted an observed neutrino”. To test our data against this
hypothesis we have to find the pdf of ψ for the alternative hypothesis. We
can again compare this to our chosen threshold value and see how well we
can distinguish two possible hypotheses. We create a possible realization
of the neutrino data just as was done in the background scenario. This
time however, we inject known signal in the neutrino data. In section
4.3.2 we explain how exactly we injected a neutrino signal. We follow the
same logic as for the background scenario and end up with a profile of a
randomized background. This time however, it also contains an excess of
neutrinos correlated to GRBs.

4.3.1 Simulating background

For the IC 40 neutrinos we can define a few possible scenarios. We want
to test our data against the null hypothesis first. It is also interesting how

32
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4.3 Pseudo experiments 33

it compares to an injected signal of matching neutrinos. We consider the
same cases as in [28] to allow for a cross check. For the background sce-
nario we want to generate pseudo pseudo experiments of uncorrelated
neutrino data. We have shown in figure 3.3 that the detected neutrino
events follow an isotropic distribution in both time and space. In section
5.1 we will see that the the detectors efficiency at detecting events depends
on the events energy and its declination. This effect will still be present in
a background distribution. From figure 4.2 we see that the right ascen-
sion of an event does not have a preferred direction. This means that we
can use both time and right ascension randomization to generate a back-
ground distribution. To do this, we first scramble the measured neutrino
arrival times. Then we use the new arrival time to calculate how much
we have shifted the neutrinos time of observation. We can then use this
time shift to calculate a new position for the source in equatorial coordi-
nates. Since the IceCube detector is located at the south-pole we do not
expect the declination to change significantly. We can thus calculate the
new right ascension by moving the events incident direction at the same
speed as the rotation of the Earth.
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Figure 4.2: The distribution of neutrino right ascension in orange. The cumulative
distribution of neutrinos right ascension in gray.

For every realization of a pseudo experiment we match neutrinos to
GRB sources and give the time differences in a histogram. We stack all
these histograms together to find the background distribution of observed
time differences, τ. We can use the same pseudo experiments to find a
stacked histogram of the observed time differences over one plus the red-
shift, τz, and of the observed time differences over the distance to a source
times the neutrino energy, τLIV . We will use 500.000 realizations of the
background distributions for τz and τLIV to calculate the probability of
finding a single match with a certain time difference bin. The probability
per bin, k, is given by pk = nk/ntot, where nnk is the number of matches
per bin, and ntot is the total number of matches in a stacked histogram.
Using pk in 4.4, we can calculate the test statistics, ψ, ψz, and ψLIV .

4.3.2 Simulating signal

After having considered the background only case we generate pseudo
experiments with a known signal. These new pseudo experiments can be

34
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used to test our data against an alternative hypothesis comparable to the
one suggested in section 4.3: ”n% of all Gamma Ray Bursts have emitted
an observed neutrino”. This is done by first scrambling the data using
the method described above, and then injecting the signal. We define the
signal so that a fraction of randomly selected GRBs will be matched to a
random neutrino. We achieve this by changing the neutrinos observation
time and position to exactly match that of a GRB. We have repeated this for
injected signal fractions of 0.1%, 1%, 3%, 10%, and 30%. We have chosen to
replace the neutrinos instead of the GRBs when we simulate signal, since
this leaves the background of neutrinos around a GRB unchanged. An-
other effect of changing the GRB sources instead of the neutrinos would
be the possibility of placing a GRB at the edge of the data taking time.
As discussed in section 4.2.2, we want to prevent this as it can introduce
boundary effects.

We have explained how to inject signal into a realization. Each real-
ization can be used to calculate the time differences and respective test
statistics. This gives us a pdf for the null hypothesis, where all neutri-
nos matching to GRB come from background, but also for some alterna-
tives, where the fractions of signal given above could come from a cosmic
source. The next step will be comparing this to the observed data. We can
calculate the p-value for for every pdf and see how consistent it is with
experimental observations. From now on we will denote the fraction of
injected signal simply with f .

4.4 Performance

4.4.1 Expectations from background

After deriving the conditions of a match and defining how to generate
pseudo experiments it is insightful to consider how many matches we can
expect from a pure background distribution. For this we start of with the
assumption that both the neutrinos and the GRB are distributed uniformly
over the sky and time. We have 12875 neutrinos in the IceCube data col-
lected from April 2008 to May 2009 and 58 GRB that have been observed in
the northern hemisphere in the same 400 day period. We have set bound-
aries on the search cone size in section 4.2.1. The search cone size can vary
in size from 1.1◦ to 3◦, as given by equation 4.6. We expect to find between
2.4 neutrinos per GRB if the search cone is 1.1◦ and 17.7 neutrinos per GRB
if the search cone is 3◦. If we consider the distribution of GRB positional
errors (figure 3.7) we will see that only 5 sources have an error above 1.1◦.
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Hence most search cones will be of the smaller size. We have defined a
match between a neutrino and a GRB if the time difference between their
observation is smaller than 40 days we will have to account for this too.
For this time window size we expect every GRB to have between 0.46 and
3.45 neutrinos matching to it. This means that for our sample of 58 GRBs
we expect 26 neutrinos to match to 26 GRBs if all have a small error of the
order of 1◦. Or if all GRBs were to have a positional error of the order of 3◦

we expect 201 neutrinos to match to 58 GRBs. The upper bound of number
of matches is estimated way to high due to the small number of GRBs that
actually have such a big positional error. Taking into account that only 5
GRB have a big positional error, a more realistic range of 26 ∼ 46 neutrinos
is expected to match to 26 ∼ 31 GRBs. In figure 4.3 an overview for the ex-
pected number of coinciding neutrinos per GRB for different search cone
and time window sizes is given. This figure is made with the assumption
that neutrinos and GRBs follow an isotropic distribution over the sky and
a homogeneous distribution in time. It is clear that even if future work
reveals that neutrinos can not come from GRBs we still expect some of
the events to coincide. This is simply due to the large number of neutri-
nos that are measured by IceCube. For clarity lines of constant number of
coincidences are added to this figure.

We can compare the educated guess above to the simulated background
as discussed in 4.1. Before considering the stacked time differences and
deriving the pdf of the test statistic, ψ, we will first consider a much sim-
pler counting approach. This means we only count the number of coinci-
dences per pseudo experiment, ncoinc and find a pdf of this number. This
distribution is derived from generating 500.000 background pseudo exper-
iments and can be seen in figure 4.4. This distribution is used as the pdf
of the null hypothesis: ”None of the observed neutrinos are produced by
Gamma Ray Bursts”. The number of coincidences we expect from back-
ground is given by < ncoin >, and the number of coincidences that corre-
spond to a 3σ fluctuation above the mean n3σ is also shown. As we can
see in this figure the peak lies within the expectations from our educated
guess. We have also calculated the curves corresponding to the number of
coincidences we have found in the actual IC40 data, ncoin,data. This num-
ber will be obtained in section 4.4.3. Before applying the goodness of fit
test to this scenario we will compare the data we have used to that in [28].
This is most obvious by considering the stacked time differences of the
background distribution. The stacked time differences of the background
distribution is shown by the blue lines in figure 4.5.

36
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Figure 4.3: The expected number of neutrinos matching per GRB as derived for
the IceCube 40 data. The curves corresponds to sets of boundaries that will lead
to a given number of matches per GRB.
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Figure 4.4: The normalized distribution of the number of coincidences, ncoinc, for
the uniform background of sources without (a) and with (b) redshift. The gray
dashed line gives the expected number of coincidences, < Ncoinc >. The red
dashed line gives number of coincidences found from the IC40 data, ncoinc,data.
The orange dotted line gives the number of coincidences for a 3σ fluctuation from
the mean.

4.4.2 Sensitivity

Besides the null hypothesis we want to test for an alternative too. For this
we have generated pseudo experiments with different fractions of injected
signal. These are shown together with the background distribution in fig-
ure 4.5. In this figure three different scenarios are probed. The observed
time differences, τ are given in figure 4.5a. The intrinsic time difference of
the source is probed by the time difference over the redshift, τz, given in
figure 4.5b. The LIV induced time shift is probed best by τLIV , in figure
4.5c, the time difference over the distance to a source times the neutrinos
energy. For each scenario we have also derived the corresponding test
statistic ψ. We have shown together the background distribution and dif-
ferent simulated signals. The pdfs of ψ are plotted in figure 4.6, the blue
line again corresponds to the background case and the colors to different
injected fractions of signal. Before we compare the results however it is
important to note some key differences.

The GRB data that was used previously in [28] could not be exactly re-
produced as it was not publicly accessible. The analysis is thus repeated
with 58 GRB candidate instead of 60 that were present in [28]. Another
difference in the GRB data comes from the information on redshift mea-
surements. Since at present some of the sources have a redshift estimate,
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Figure 4.5: The stacked time differences for the three different physics cases and
different injected fractions of matching neutrinos in percentage. Note that this
plot is normalized and gives the time differences for 500.000 stacked realizations.
In plot a we see the time differences, τ, as measured by our telescopes. In plot b
we see the time differences at the moment of emission τz. The redshift is used to
extrapolate the observation times back to the emission times. In plot c the we see
the Lorentz invariance corrected time difference, τLIV in units of days×c

GeV×Mpc .
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Figure 4.6: The normalized distribution f (ψ) for a different fraction of injected
matching neutrinos in percentage. All the three different physics cases are shown
above (τ, τz, τLIV) . The gray dotted line gives ψbg the average value of the back-
ground distribution. The black dotted line gives ψdata, the value found from the
original data. The blue dotted line gives ψ3σ, the value corresponding to a 3σ
fluctuation above background.
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f 1− Pbg 1− P3σ 1− Pz,bg 1− Pz,3σ 1− PLIV,bg 1− PLIV,3σ

0% 0.56 0.00126 0.51 0.00030 0.50 0.0006
1% 0.59 0.0011 0.69 0.00040 0.58 0.00014
3% 0.79 0.0028 0.73 0.00060 0.64 0.00090
10% 0.97 0.078 0.84 0.0031 0.80 0.011
20% 1.0 0.83 0.92 0.049 0.92 0.042
30% 1.0 1.0 0.97 0.14 0.98 0.12

Table 4.2: Here we see the results from pseudo experiments with different in-
jected fractions of matching neutrinos, f . Pbg,i, P3σ,i give the probability of finding
ψpseudo,i ≥ ψthreshold,i, where i = [, z, LIV] .

that was not known at the of publication from the previous work. We now
have redshift information of 17 GRBs instead of only 12. As a result we
expect to find one less coinciding GRB neutrino withouth redshift, but we
expect to find almost twice as many coincidences with redshift. Another
import difference comes from the way we inject the signal. in [28] signal is
injected of the form 5days× (1+ z). It is assumed there that a hypothetical
GRB neutrino will be emitted 5 days after a GRB photon. The redshift is
included in the signal to account for the effect the traveling distance has on
the difference in arrival times in the detector. Looking at other literature
that suggested LIV effects, for example in [34, 36], an intrinsic time shift of
the order of 102 seconds is derived. Since we do not have a good model to
decide on an intrinsic time shift we have chosen to inject our signal with
an observed time difference of τ = 0. This leads to a difference in the lo-
cation of the peaks in the histograms. The step-like distribution in figure
4.5b comes from the small number of redshifts we have in our GRB data
to sample over.

From the pdf of ψ we can derive the discovery power of the test for a
given signal. This is given by the probability that a pseudo experiments
gives a test statistic above a threshold value, ψc. We integrate the areas of
the different curves in figure 4.6 from the threshold value. An overview
of the results is given in table 4.2. Here we see the probability of finding a
value of the test signal above the given threshold.

4.4.3 Results from IceCube 40

So far we have only used pseudo experiments to see how strong we can
make any claim. Now it is time to look at the original data and see how it
matches to GRB sources. We have already done an educated guess at how

40
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many neutrinos we can expect from matching them to GRBs in section
4.4.1. Here we show the results of matching IC40 following the scheme de-
scribed before. The goodness of fit test can be used on the simple counting
approach of the background distribution we have given in section 4.4.1.
Keeping in mind the differences between our data an that used in [28] we
compare our results. In the previous work 42 neutrinos, of which 8 have
a known redshift, were found to match to a GRB, while only 35 (4 with
redshift) were expected. In our analysis of an almost similar data set we
have found 38 coincidences, were only 34 were expected for the total sam-
ple. If we consider only GRBs that have a redshift measurement we find
11 coincidences where 7.7 were expected. Going back to figures 4.4 we see
that these values lie well within the range of the background pdf.

The probability to find a value like the one of the data or higher, in the
background distribution, is 39%, or 0.86σ for sources without redshift. For
sources with redshift we find 16%, or 1.41σ, above the expectation from
background. In [28] a fluctuation over the expectation from background
of only 13.5% (no redshift), and 5.1% (with redshift) was found. The dif-
ferences in outcome will be due to the lack of 2 GRB sources in our data
and the higher number of GRB sources with a redshift measurement. In
both our study and that in [28] this first analysis does not lead to rejecting
the background scenario.

We have shown that the number of matches correlates well with the
background case. It is now insightful to consider how the test statistic
compares to the background case. We have to consider three different sce-
narios for this. We plot the distribution of ψ for a flat background case
in blue in figure 4.6. We can use this distribution to see how well the
pseudo experiments match the data, which is given by ψdata. As before
we will also show the values of ψ at the 3σ significance level. In table
4.3 an overview of the relevant values of ψ for all three physics cases for
the background distribution are given. The probabilities, P, to find values
above the measured ψdata, and the average number of matches per pseudo
experiment, < Ncoinc > are also given in this table. If we compare the val-
ues of ψ found from IC40 data to the pseudo experiments which simulate
the background we find that 26% of the distribution lies above ψdata. For
the sources with a redshift measurement this is even lower. Here the fluc-
tuation above expectation from simulated background is only 13%. These
fluctuations correspond to 1.13σ, and 1.51σ respectively.

The stacked time difference histograms of the IceCube 40 data are given
in figure 4.7. We have shown the time difference of 38 neutrinos that were
associated with 24 GRBs here. This fortifies our believe in having only
accidental background matches even more since there is no obvious pre-
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ψdata P ψ3σ < Ncoinc > Ndata
τ 394 0.26 503 34.0 38
τz 166 0.13 259 7.7 11
τLIV 163 0.35 324 7.7 11

Table 4.3: The values of the test statistic as derived from the original data ψdata,
and at the 3σ limit ψ3σ. The probability, P, to find a result bigger than ψdata, in the
background distribution, the expected number of coincidences, < Ncoinc >, and
the found number of coincidences Ndata.

ferred time shift in this histogram. We have also shown the probe of the
intrinsic time shift and LIV induced time shift respectively. We see that
only a small portion of the matches actually has a redshift measurement
and thus a measure of τz or τLIV . We have only found 11 neutrinos match-
ing to 8 GRBs with a measured redshift.
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Figure 4.7: The distribution of the stacked time differences between a neutrino
and its associated GRB. We have shown all three physics cases side by side. N
gives the number of matches in a certain time difference bin, and τi gives the time
difference of a match.

The last test we can do on this data is comparing it with an alternative
hypothesis as formulated in section 4.3.2. We have injected the signal with
an observed time difference of τ = 0. This signal is visible in all three
physics cases under consideration.

We can guess what will happen to ψ for a higher matching fraction.
As long as the injected fraction f is small we expect there not to be a big
effect. In fact for the 34 matching neutrinos in the original data set we
have calculated ψ = 394.58. When we inject a fraction of f = 0.1% we
expect there to be an extra matching neutrino in only a small fraction of
the pseudo experiments. A single extra neutrino in the time difference

42
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f P Pz PLIV NGRB Nz,GRB Npairs Nz,pairs
0% 0.26 0.13 0.32 21.69 6.14 33.97 7.72
1% 0.41 0.24 0.42 22.31 6.34 34.94 8.03
3% 0.48 0.23 0.49 22.91 6.51 35.97 8.30
10% 0.86 0.39 0.65 25.28 7.23 40.08 9.49
20% 1.0 0.73 0.83 28.43 8.20 46.16 11.34
30% 1.0 0.85 0.93 30.81 8.93 51.22 12.72

Table 4.4: Here we see some of the results from the pseudo experiments with dif-
ferent injected fractions of matching neutrinos, f . N, Nz give the average number
of matches per pseudo experiment for either the GRBs or the total GRB neutrion
pairs. P, Pz, and PLIV give the probability of finding ψpseudo > ψdata.

histogram will result in an increase of ψ ∈ [3, 12], depending on how many
matches were already present in the bin it gets added to. As a result we see
for the ψ distributions in figures 4.6 that the lower injected fractions are
similar to the background data. Only when we go to a higher matching
fraction the shift in ψ becomes clear. Table 4.4 gives an overview of the
results from 500.000 pseudo experiment with different injected fractions.
As expected the portion of a pdf that lies above our data increases as we
increase the strength of our simulated signal.

We can conclude that we were not able to distinguish a significant sig-
nal over the expected background. This is in agreement with the findings
in [28] from analyzing similar data. In a more recent studies [34, 36] the
association of high energy neutrinos to GRB sources has been used to de-
rive a value of the intrinsic time shift at the source and the LIV energy
scale. Even though we have shown that our data does not show a signifi-
cant excess of signal we will still see what size of LIV shift we can derive
from this. We do this with the assumption that all neutrinos matched to a
source with redshift are GRB neutrinos, which is obviously not justified.

To find a value for the LIV scale we have to use equation 4.2. We can
go about this in two ways. We assume a LIV effect at ELIV = 6.4× 1017

GeV, and ∆tin = 280 seconds as given in [34]. Then we use equation 4.2
for each matching pair. The time difference that we find is the expected
time difference in days, texpected, if ELIV = 6.4× 1017 GeV, and ∆tin = 280
seconds. This shows a big disagreement with the observed time difference
suggesting once again that our data does not show a LIV shifted signal,
but rather a background signal.

We can also follow another approach, and derive the size of LIV scale
and intrinsic time shift that we would find if the matches we have found
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GRB z Eν tobs texpected
080810A 3.35 2.00 3.85 0.06
081228A 3.8 1.71 3.25 0.06
081228A 3.8 2.75 -4.54 -0.08
080707A 1.23 1.67 8.67 0.02
080707A 1.23 3.03 3.15 0.04
080604A 1.416 11.28 -10.60 -0.14
080604A 1.416 1.76 -1.32 -0.02
080607A 3.036 1.30 0.30 0.04
080603B 2.69 1.20 6.09 0.03
090102A 1.547 1.88 -3.91 -0.02
090323A 3.57 1.98 7.38 0.06

Table 4.5: The candidates of IC40 neutrinos that are associated with GRBs. Time
differences are given in days/(1 + z), and the energy in TeV.

are all GRB neutrinos. As in [34, 36] we interpret equation 4.2 as a linear
equation of two variables. For every matching pair we can use the ob-
served time shift, redshift, distance to a source, and the neutrinos energy
as parameters in two variables, x = ±Eν · D(z)

c , and y = ∆tobs
1+z . We can in-

terpret the unknown constants as, A = ∆tin, and B = 1
ELIV

, which are the
values we want to find.

∆tobs
1 + z

= ± Eν

ELIV

D(z)
c

+ ∆tin,

y = A + B · x
(4.8)

To do the actual fitting we follow the least-squares fitting approxima-
tion as it is explained in [77, 78]. This allows us to find A, and B, and hence
the LIV scale and intrinsic time difference. In figure 4.8 we have plotted
the associated neutrino GRBs in blue and fitted a line to this with the ap-
proach explained above. The slope of the line corresponds to 1 over the
LIV energy scale, ELIV, f it = (8.2± 0.045) · 1015 GeV, and the zero cross-
ing point corresponds to the intrinsic time shift, tin, f it = (9.5± 7.6)× 104

seconds. More detail on the least-squares fit can be found in appendix B.
Our results corresponds really well with a linear relation. This is partly

due to our freedom of choice in sign for the LIV factor. By using a −
sign for the LIV scale of delayed events and a + sign for the LIV scale of
advanced events we have introduced a linear correlation to the results. We
will leave quantifying this artificial effect for a future study and try to give
a measure of how well our result corresponds with a linear relation. This is
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done in terms of a correlation coefficient following the approach of [34, 36].
For our data we find r0 = 0.87. To know what this tells us we can calculate
the probability to find a correlation coefficient bigger than this value from
the same amount of uncorrelated events. This is P (|r| > |r0|) = 0.16%.
The formulas to calculate the correlation coefficient and the probability
to find this value are given in appendix B.1. This does not agree with
[34], where a LIV scale of ELIV = (6.5±) · 1017 GeV and an intrinsic time
shift of ∆tin = (1.7± 3.6) · 103s was found for a correlation coefficient of
r0 = 0.98. In [36] the LIV scale is found at ELIV = (6.4± 1.5) · 1017 GeV,
and the intrinsic time shift at ∆tin = (−2.8± 0.7) · 102s, at a correlation
coefficient of r = 0.989. This again does not match our results. The main
difference in the IC40 data and that used in the studies showing LIV effects
is that neutrinos that were matched to source with a similar time difference
between neutrino and photon arrival times have a much higher energy
than in the IC40 data. Neutrinos of similar energies however were in [34,
36] found to match to a source with a much smaller time difference.
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Figure 4.8: A linear fit to the observed time difference over redshift and neutrino
energy times distance to the source. s is the LIV sign factor which is negative for
delayed neutrinos and positive for advanced neutrinos. The gray region is given
by the variance of our fit, σ. The observed time differences are given in blue.
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Chapter 5
IC79 and IC86

In November 2016 the IceCube collaboration has published new neutrino
data [63]. We will use the analysis developed in the previous chapters
on this new data set. The data is collected from June 2010 to May 2013,
when the IceCube detector was still being completed. During this time it
had 79, and 86 strings actively detecting neutrino events going both up
and down in the detector. We combine this with data from GRBweb from
the same period and apply similar selection criteria as was done for IC40
data. We can however not treat the newer data exactly the same as the
IC40 data. First we note that the IC40 data only consisted of up-going
neutrinos, while the newer data shows both up- and down- going neutrino
events. This means we have to consider GRBs in both parts of the sky.
Another difference comes from the fact that the detector was still being
constructed during this new data taking period. During its construction
the event selection criteria were also changed [63]. This means we have to
be more careful about selecting data.

The most obvious change in the detector during the collection of IC79
and IC86 data comes from adding 7 strings more to the detector, increas-
ing its detection volume. In the section 5.1 we will look into this in more
detail. For now we only consider the neutrino data at hand. Even dur-
ing the 2 years in the 86 string configuration the number of events in the
data is not constant over time. We have shown the number of detected
neutrino events as a function of the detection time in figure 5.1a. In this
figure a jump in the number of events can be seen on the boundaries of
the different data taking periods. Since these jumps come from the de-
tector configuration and data selection by the IceCube collaboration [63],
we do not want to include them in our analysis. We want the result of
our analysis to be as independent as possible from data taking conditions.
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Figure 5.1: The distribution of neutrino MJD in the data collected from June 2010
to May 2013 in 5.1a. There are big changes in number of events between the
different data taking periods. The GRB MJD distribution given in the right panel.
The gaps in the GRB data come from the selection criterion that no GRB lies in
the boundary region.

We eradicate boundary effects due to the change of data collection by ex-
cluding all the GRB sources that fall within the boundary regions of data
taking. If we are to explore a 40 day time window for example, we want
to exclude all GRBs that have occurred within 40 days from the edges of
neutrino data taking. Figure 5.1b illustrates the selected GRB sources in
the full sky, after removing all bursts within 40 days of the data taking pe-
riods. The equatorial positions of each selected burst can be seen in figure
5.2. The color is used to denote the time of observation. The first selection
based on the observed time of has already reduced our GRB sample by a
lot. From the 5334 bursts that we have in the GRBweb catalog only 260 are
left.

5.1 Effective area

As we have explained the IceCube detector has been detecting events,
while it was being constructed further. One of the ways of quantifying
the change in the detector efficiency, is considering the effective area of
the detector. The effective area gives us a measure of how efficient a de-
tector can detect events and depends on the event energy and incident
direction. This area is defined as the ratio between the detected neutrino
event rate and the incoming cosmic neutrino flux. The IceCube collabora-
tion has published data on the effective area of the detector [63]. We can
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Figure 5.2: The distribution of GRB positions and observation times.
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Figure 5.3: The effective area of the IceCube detector during three different time
periods as a function of neutrino energy and incident zenith angle. The effec-
tive area for neutrinos that come from the northern hemisphere are shown in the
upper three panels. The effective area for neutrinos coming from the southern
hemisphere are given in the lower panels

look at the different periods and see that the effective area has changed
over time. We show the effective area as a function of energy and incident
zenith angle in figure 5.3. The effective areas for both up-going neutrinos,
which come from the northern hemisphere, and down-going neutrinos,
which come from the southern hemisphere are shown separately. In fig-
ure 5.4 we have shown the number of neutrinos detected per declination
bin. This shows a strong dependence of the number of detected events and
the declination of the impinging neutrino. Both 5.3, and 5.4 are split up in
a northern and southern hemisphere part. In section 5.2 we will argue
why this split is chosen. We can also see different energy selection criteria
in figure 5.4, denoted as E f = x%. This selection will also be explained in
the next section.

5.2 Energy selection

Figure 5.3 shows the effective area of the IceCube detector for both the
northern and southern hemisphere. From this figure we see that the ef-
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Figure 5.4: The distribution of neutrino declination for both the up- and down-
going neutrinos. The different energy selection criteria are also shown.

fective area depends strongly on both the events energy and the incident
declination. If we consider the data that is provided by the IceCube collab-
oration [63] we see that the neutrino energies vary greatly depending on
their declination. Up -going neutrinos have traveled through the Earth.
We have discussed in chapter 3.1 that the Earth will remove a big por-
tion of the atmospheric muon signal that is detected by IceCube. Unfor-
tunately it also works as a filter for the highest energy neutrinos which
are most likely to show a noticeable LIV effect. Figure 5.5 shows the rela-
tion of neutrino energy and incident declination for all three years of data
taking. In this figure we have also shown where we will split up the sky.
This split is chosen at −5◦ declination following the choice of the IceCube
collaboration [63]. They argue that this is the angle from which absorption
of high energy neutrinos by the Earth becomes an important factor. The
effect of this absorption can be seen by the lack of high energy events for
positive declination.
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Figure 5.5: The distribution neutrino energies per year (color coded) as a function
of declination. The lightgray line denotes where we split the data.

When we compare the distribution of the neutrino energies in the two
parts of the sky, we see that the spectrum is different. In the northern
hemisphere we expect to observe less high energy neutrinos than in the
southern hemisphere due to the filtering by the Earth. In the southern
hemisphere however, a large amount of the detected events is likely to
stem from atmospheric muons. The yellow lines in figure 5.6 show the
distributions of neutrino energies in the both southern and northern hemi-
sphere respectively. The other lines correspond to a selection based on the
neutrino energy explained below.

After applying the declination split on the neutrino data, we have 138.361
neutrinos in the southern hemisphere, and 196.314 neutrinos in the north-
ern hemisphere. We can match them to 139 GRBs in the southern hemi-
sphere and 121 GRBs in the northern hemisphere. As in section 4.4.1 we
can calculate how many neutrino to GRB associations we expect to find
if the data is uncorrelated. We assume that the number of neutrinos we
measured is randomly distributed over the sky, and consider how many
neutrinos we would expect to coincide with a GRB. This gives us an es-
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Figure 5.6: The distribution of down-going neutrinos in the southern hemisphere,
and up-going neutrino energies in the northern hemisphere after applying differ-
ent energy selection criteria. The criteria are denoted as a fraction of the total
energy denoted by E f . The gray lines give the cumulative distribution of neu-
trino energies per selected fraction.

timate of a neutrino background distribution. To calculate the expected
number of background neutrinos per GRB we use equation 5.1. We can do
our analysis with different search cone boundaries, as discussed in section
4.2. We have plotted the expected number of background coincidences
per GRB in figure 5.7 as a function of the time window size, and the search
cone radius.

< nν >

nGRB
=

Nν · πδ2
cone · Tdata

3602 · 2∆t
(5.1)

Here <nν>
nGRB

is the number of expected neutrinos per GRB source. Nν is
the total number of neutrinos in the data. δcone is the search cone radius in
degrees, similar to δcut in section 4.2.1. The total data taking time is given
by Tdata and ∆t is the search time window, similar to the one derived in
section 4.2.2.

We see from the expected number of coincidences in figure 5.7 that we
can expect a lot of coincidences from purely background neutrinos. To in-
crease the ratio of signal to background we can apply a cut on the energy.
We expect the cosmic neutrinos coming from a GRB source to have rela-
tively high energies, compared to atmospheric neutrinos. Removing lower
energy events will thus increase our signal to background ratio. We have
to take into account however that the detectors effective area also depends
on the neutrino energy, and its incident direction. This means that we can-
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Figure 5.7: The expected number of neutrino matches per GRB in the southern
5.7a, and northern hemisphere 5.7b. Lines of constant number of matches are
added in for clarity.

not just remove the x% lowest energy neutrinos. As this would result in
heavily biasing our data for neutrinos impinging from the lowest decli-
nation. Figure 5.5 Illustrates the energy declination dependence. For the
northern hemisphere, we have already seen in figure 5.6a that the energy
distribution is relatively flat. For the southern hemisphere however there
is a strong relation between the neutrino energies and their declination.
An energy cut can be done on a declination dependent basis. Meaning
that we take declination bins of 1◦ size and only include the highest x%
of neutrinos per declination bin. The resulting energy distribution for the
highest 50%, and 10% energy neutrinos is in figure 5.6 by the orange and
red curves. The cumulative distributions for each energy fraction are also
shown in this figure.

5.3 Sensitivity for IC79 and IC86

Before we apply the goodness of fit test to the new data we will first blind
it. This means that we have randomized the neutrino detection times,
within the period of observation, and right ascensions. This is done to
ensure that we will follow an unbiased approach to setting the matching
and selection criteria. For the null hypothesis we will again use: ’None of
the observed neutrinos are produced by Gamma Ray Bursts.’ We test to
this hypothesis with the method explained in chapter 4. This means that
we can first find a discovery potential of different hypothetical signals and
only after having found this we will consider the real data. In figure 5.8
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Stacked time differences of Up-going Neutrinos
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Stacked time differences of Down-going Neutrinos
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Figure 5.8: The normalized stacked time differences of 500.000 realizations for
the three different physics cases and different injected fractions of matching neu-
trinos in percentage. In plot a and d we see the time differences, τ, as observed.
In plot b and e we see the time difference probe of the emission times τz. The
redshift is used to extrapolate the observed time difference back to the emission
time difference. In plot c and f the we see the Lorentz invariance corrected time
difference, τLIV in units of days·c

GeV·Mpc .

we see the stacked time differences from associating neutrinos to GRBs.
We have considered three physical scenarios to probe, as in section 4.4.2.
Again τ corresponds to the observed time difference, τz to the time differ-
ence corrected for redshift, and τLIV for the time difference tuned to probe
LIV effects. We have included different amounts of injected signal gen-
erated according to the strategy described in section 4.3.2. The up- and
down-going particles are shown in separate histograms, because we have
been separately looking for matches in the northern and southern hemi-
sphere. In appendix C we show results for the same analysis, but this time
with a constant search cone of δ = 3◦. This is done as an extra control to
see how our varying search cone will effect the strategy.

Figure 5.9 shows the test statistic for the same three scenarios of up-
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Threshold values of ψ for Up-going neutrinos

Selection ψbg ψdata ψ3σ < Ncoinc > Ndata
E f = 1 τ 1263 1226 1405 490 462

τz 576 567 718 123 125
τLIV 230 224 365 123 125

E f = 0.5 τ 993 987 1117 233 232
τz 412 432 556 60 69
τLIV 137 130 237 60 69

E f = 0.1 τ 430 447 571 44 48
τz 146 127 272 12 10
τLIV 49 52 116 12 10

Table 5.1: The values of the test statistic as derived from the up-going neutrinos
in the original data ψdata, and at the 3σ limit ψ3σ. The ψ value for the simulated
background and the expected number of coincidences, < Ncoinc >, and the found
number of coincidences Ndata. Note that the results are given for the three differ-
ent energy selections.

going neutrinos. We have here also included the results of choosing dif-
ferent energy fractions, E f . This allows for considering the effect it has
on improving the signal to background ratio. Figure 5.10 shows the same
test statistics but then for neutrinos traveling down into the detector. Both
figures also contain vertical lines to denote the different threshold values,
ψ3σ and ψbg. A line for ψdata has been included in figures and tables. This
will not be considered until we look at the unblinded data in section 5.4.
Tables 5.1 and 5.3 give the numerical values of the threshold values for
both the up-going neutrinos and down-going neutrinos respectively. We
will use these values to test our find how well we can distinguish differ-
ent simulated signal distributions from the background. An overview of
the sensitivities is given in tables 5.2 and 5.4 for both parts of the neutrino
data, and all the different energy selection criteria.
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Distribution of the Test statistic for Up-going Neutrinos
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Figure 5.9: From left to right we have shown the normalized distributions of ψ,
ψz, and ψLIV for different fractions of simulated signal. The upper row gives the
results if we include all neutrinos, the middle row gives the result if we include
only the highest 50% energy neutrinos, and the bottom row gives the result for
the highest 10% energy neutrinos. The dashed lines correspond to the threshold
value. The mean from background, ψbg, is given in gray, the 3σ value is given in
orange, and the black dashed line gives the value of, ψdata we found in our data.
An overview of the threshold values can be seen in tables 5.1 and the probability
of finding values above this threshold is given in table 5.2. Note that the figures
give up-going neutrinos only.
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Probability of finding ψpseudo > ψbg for Up-going Neutrinos

Selection f 1− Pbg 1− P3σ 1− Pz,bg 1− Pz,3σ 1− PLIV,bg 1− PLIV,3σ

E f = 100% 0% 0.50 0.00017 0.50 0.00015 0.47 0.00015
1% 0.50 0.00015 0.50 0.00015 0.47 0.00016
3% 0.58 0.00036 0.51 0.00015 0.48 0.00018
10% 0.97 0.031 0.62 0.00046 0.59 0.00017
30% 1.0 1.0 0.94 0.035 0.59 0.00035

E f = 50% 0% 0.50 0.00015 0.50 0.00016 0.46 0.00013
1% 0.51 0.00020 0.50 0.00018 0.47 0.00016
3% 0.66 0.0090 0.53 0.00020 0.50 0.00019
10% 1.0 0.20 0.69 0.0010 0.61 0.00046
30% 1.0 1.0 0.98 0.12 0.88 0.0046

E f = 10% 0% 0.50 0.00014 0.50 0.00014 0.47 0.00013
1% 0.56 0.00026 0.52 0.00021 0.50 0.00016
3% 0.83 0.0033 0.61 0.00044 0.60 0.00043
10% 1.0 0.87 0.87 0.011 0.86 0.0044
30% 1.0 1.0 1.0 0.685 1.0 0.26

Table 5.2: This table gives the probability to find a value of the test statistic above
the median from background, Pbg, for up-going neutrinos, and above the 3σ value
from background, denoted by P3σ. The probabilities are calculated for different
injected fractions of signal, f , and for different energy selection criteria, E f .

58

Version of July 17, 2020– Created July 17, 2020 - 16:58



5.3 Sensitivity for IC79 and IC86 59

Distribution of the Test for Down-going Neutrinos
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Figure 5.10: From left to right we have shown the normalized distributions of ψ,
ψz, and ψLIV for different fractions of simulated signal. The upper row gives the
results if we include all neutrinos, the middle row gives the result if we include
only the highest 50% energy neutrinos, and the bottom row gives the result for the
highest 10% energy neutrinos. The dashed lines correspond to different threshold
values. The mean from background, ψbg, is given in gray, the 3σ value is given in
orange, and the black dashed line gives the value of, ψdata we found in our data.
An overview of the threshold values can be seen in tables 5.3 and the probability
of finding values above this threshold is given in table 5.4. Note that the figures
give down-going neutrinos only.
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Threshold values of ψ for Down-going neutrinos

Selection ψbg ψdata ψ3σ < Ncoinc > Ndata
E f = 1.0 τ 1092 1133 1221 304 352

τz 457 463 599 85 103
τLIV 301 370 450 86 103

E f = 0.5 τ 827 848 956 149 171
τz 275 314 407 33 45
τLIV 137 158 234 33 45

E f = 0.1 τ 315 279 458 27 23
τz 76 58 190 5.3 4
τLIV 31 23 94 5.3 4

Table 5.3: The values of the test statistic as derived from the down-going neutri-
nos in the original data ψdata, and at the 3σ limit ψ3σ. The probability, P, to find a
result bigger than ψdata, in the background distribution, the expected number of
coincidences, < Ncoinc >, and the found number of coincidences Ndata.

From figures 5.9 and 5.10, we see that applying the energy selection
to reduce the total number of neutrinos in our sample also influences the
distribution of the test statistic. Comparing the figures to the associated
tables 5.2 and 5.4 we can say something about how the energy selection
can improve our ability to distinguish signal from background. Remov-
ing more low energy neutrinos will lead to a higher sensitivity to simu-
lated signal. If for example, we want to look for an evidence of a signal
associated with 10% of the GRBs. In section 4.1.1 we have defined the sig-
nificance of our test. We stated that we find a hint for rejecting the null
hypothesis, if we find a p-value pdata, smaller than p3σ as derived from the
background distribution. Comparing with the background however is not
enough. We also want to know how confident we are in our statement that
this value of ψ comes from a neutrino signal of said strength. This is where
the pseudo experiments come in. We have simulated a pdf for ψ contain-
ing a simulated signal of 10%. If we integrate the surface under this curve
from ψ3σ, as derived from background, to infinity we find the discovery
power. Or, in other words, the probability that a value of ψ above 3σ can
be associated with this simulated pdf. If this probability is high enough
we can state that we have found an evidence for a signal associated with
10% of the GRBs at the calculated discovery power.

In table 5.4 we see that as we select less low energy particles the discov-
ery power increases. Including all particles and looking for a 10% fluctua-
tion over 3σ from background, leads to a discovery power of 4.3% which
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Probability of finding ψpseudo > ψbg for Down-going Neutrinos

Selection f 1− Pbg 1− P3σ 1− Pz,bg 1− Pz,3σ 1− PLIV,bg 1− PLIV,3σ

E f = 100% 0% 0.50 0.00017 0.49 0.00015 0.48 0.00013
1% 0.51 0.00019 0.50 0.00017 0.49 0.00013
3% 0.63 0.00061 0.52 0.00018 0.52 0.00020
10% 0.98 0.043 0.63 0.00048 0.62 0.00038
30% 1.0 1.0 0.94 0.031 0.90 0.00052

E f = 50% 0% 0.50 0.00016 0.50 0.00016 0.48 0.00015
1% 0.53 0.00019 0.51 0.00016 0.49 0.00016
3% 0.72 0.010 0.56 0.00024 0.52 0.00020
10% 1.0 0.17 0.74 0.011 0.62 0.00038
30% 1.0 1.0 0.99 0.18 0.90 0.0053

E f = 10% 0% 0.51 0.00013 0.50 0.00012 0.48 0.00012
1% 0.58 0.00026 0.53 0.00013 0.52 0.00015
3% 0.87 0.0047 0.67 0.00034 0.65 0.00026
10% 1.0 0.78 0.92 0.015 0.90 0.0022
30% 1.0 1.0 1.0 0. 1.0 0.31

Table 5.4: This table gives the probability to find a value of the test statistic, ψpseudo
above the median from background, Pbg, for down-going neutrinos, and above
the 3σ value from background, denoted by P3σ. The probabilities are calculated
for different injected fractions of signal, f , and for different energy selection cri-
teria, E f .
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tells us we cannot distinguish the signal from background. If we repeat
this analysis for the highest 50% energy neutrinos we find that our dis-
covery power has increased to 17%. This is still too low to say we have
found a signal. In the scenario for only the highest 10% energy neutrinos,
the confidence level is even higher at 78%. Still to state that we will be
able to distinguish this signal from background this will not be enough.
We did however learn that, if we want to have the strongest test to recog-
nize any signal at all, we are best of in considering only the higher energy
neutrinos.

5.4 Results

We have shown the result of correlating neutrinos to GRB sources for all
different energy selection criteria. In figure 5.11 the gray bars denote the
total neutrino sample, orange and red bars denote the highest 50% and
10% energy neutrinos respectively. We have again considered the three
physics cases for both up- and down-going neutrinos separately. The val-
ues of ψ calculated from the unblinded results shown in the figures here
was already given in tables 5.1 and 5.3. There we can see that in all cases
ψdata < ψ3σ. We have not found any evidence for a neutrino signal asso-
ciated with GRB above background. We can still calculate how well our
found ψdata compares to the different injected fractions to give a numeri-
cal assessment of our statement that no significant signal was found. This
way we can at least reject the presence of signal above a certain fraction.
In the previous section we have shown that we are most likely to be able
to distinguish a signal for only the highest energy neutrinos. Hence, table
5.5 only considers the highest energy scenario. We can also see in figures
5.9 and 5.10 that the spacing between pdfs for different injected fractions
increases as the energy selection becomes more constrained. This trans-
lates to finding a higher discovery power, as can be seen in the tables 5.2
and 5.4.

From the bottom row in figures 5.9 and 5.10, and table 5.5, we see that
the value of ψdata is always smaller than psi3σ,bg. This tells us that our
signal cannot be distinguished from the background distribution. We can
also use the found value ψdata to see if we can reject a signal associated
with a certain amount of GRBs. For the observed time difference of the
up-going neutrinos we find that, we can reject a signal associated to more
than 3% of the GRBs with a confidence level of 70%. We can reject a signal
associated to more than 3% of the GRBs at 80% confidence for the observed
time difference over 1 + z. For the LIV probed time difference, we can
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Stacked time differences for Down-going Neutrinos

40 20 0 20 40
 (days)

0

2

4

6

N

(a)

40 20 0 20 40
z (days

1 + z )
0

1

2

3

4

5

6

(b)

1.5 1.0 0.5 0.0 0.5 1.0 1.5
LIV ( days c

GeV Mpc ) ×10 6

0

5

10

15

20 lowest
highest 50%
highest 10%

(c)

Stacked time differences for Up-going Neutrinos
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Figure 5.11: The stacked time differences for the three different physics cases. In
plot a and d we see the time differences, τ, as measured. In plot b and e we see
the probe of the time differences at the moment of emission τz. In plot c and f
the we see the Lorentz invariance probed time difference, τLIV in units of days·c

GeV·Mpc .
The colors denote the energy selections used on selecting neutrino data.

Version of July 17, 2020– Created July 17, 2020 - 16:58

63



64 IC79 and IC86

Direction f P Pz PLIV Npairs Nz,pairs
Up− going 0% 0.34 0.70 0.40 44.3 11.6

1% 0.40 0.73 0.42 45.3 11.9
3% 0.70 0.80 0.52 48.3 12.7
10% 1.0 0.95 0.80 58.4 15.6
30% 1.0 1.0 1.0 86.8 23.7

Down− going 0% 0.80 0.73 0.75 27.4 5.3
1% 0.86 0.77 0.79 28.4 5.5
3% 0.98 0.86 0.87 31.4 6.5
10% 1.0 0.98 0.98 39.3 8.9
30% 1.0 1.0 1.0 63.3 16.2

Table 5.5: The probabilities P, Pz, and PLIV to find values of ψ > ψdata for differ-
ent injected fractions. The average number of matches per pseudo experiment is
given by Npairs, and for pairs with redshift Nz,pairs,.

reject a signal associated to 3% of the GRBs with a confidence level of 52%.
For the observed time difference of the down-going neutrinos we find that
we can reject a signal associated to 3% of the GRBs with a confidence level
of 98%. A signal in observed time difference over 1 + z associated to more
than 3% of the GRBs can be rejected with a confidence level of 86%. For
the LIV probed time difference, we can reject a signal associated to more
than 3% of the GRBs with a confidence level of 87%. A signal associated
to more than 30% of the GRBs can be rejected with a confidence level of
100% in both the northern and southern hemisphere, for all three scenarios
probed. An overview of the confidence levels for the highest 10% energy
neutrinos is given in table 5.5.

Even though we have now shown that any GRB to neutrino association
is cannot be distinguished from a background result with any significance,
we do the exercise of calculating the LIV scale and intrinsic time shift at
the source. We follow the same approach of least squares fitting as for the
IceCube 40 data in section 4.4.3. We have split up the results of this fit in
those for up and down-going particles, and then considered the combined
result in figures 5.12. The different parts of the sky are not in good agree-
ment with each other. This again suggests that the association of GRBs
to neutrinos was not significant over the background. Table 5.6 gives an
overview of the found LIV scales and intrinsic time shifts. We have also
shown the correlation coefficient, r0, which gives a measure of how well
our data follows a linear distribution. In appendix B.1 we explain how
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Fitting to find LIV scale
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Figure 5.12: The least squares fitting approximation on the highest 10% energy
neutrinos going both down and up in the detector. The slope of this fit corre-
sponds to ELIV and the zero crossing point corresponds to the intrinsic time shift.

Direction ELIV (GeV) ∆tin (s) r0 P (r > r0)
Up-going 5.40± 17.6 · 1012 −4.57± 17.6 · 104 0.75 1.2%
Down-going 9.17± 21.4 · 1014 −5.80± 1.71 · 105 0.86 14%
Full sky 1.05± 0.85 · 1015 4.49± 23.0 · 104 0.23 44%

Table 5.6: The found LIV scale under the assumption that all neutrino to GRB
associations are real LIV shifted GRB neutrinos.

we derived this coefficient. The probability to find a correlation coefficient
bigger than the one found from our data in another uncorrelated data set
with the same number of measurements is given by p (|r| > |r0|). We can
see that both the up- and down-going neutrinos compare reasonably well
with a linear relation. If we want to consider the sky as a whole however
we find big discrepancies. The difference in neutrino energies is huge and
hence both parts of the hemisphere will lead to a different result.
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Chapter 6
Conclusion

We have searched for a neutrino signal associated with a GRB using data
from the IceCube detector and GRBweb. For this no model was assumed.
Instead, we have allowed for an arrival time difference between the neu-
trino and its associated GRB photon counterpart of at most 40 days. To
increase our chances of finding a signal over background we have used
the cumulative timing profiles of all the neutrino to GRB associations we
have found. We quantify how the found associations compare to a uni-
form background by using the timing profiles to calculate a test statistic.

We generate a large number of pseudo experiments by randomizing
the actual neutrino data to find a lot of possible neutrino realizations.
From these realizations, we can calculate the distribution function of the
test statistic under different assumptions. We have shown that setting se-
lection criteria on the neutrino energy can also increase our ability to dis-
tinguish a signal from background. For a signal consisting of 10% of GRBs
that have a matching neutrino, we can increase our discovery power at
the 3σ level by selecting only the highest 10% energy neutrinos. For up-
going neutrinos our discovery power is increased from 3.1% to 87% and
for down-going neutrinos it is increased from 4.3% to 78%.

We have not only investigated the association of neutrinos to GRB
sources but also the possibility of changes in arrival times between a GRB
photon and neutrino due to LIV. For this we considered a linear correction
to the neutrinos velocity dispersion relation that scales with the neutrino
energy divided by the LIV scale. We have probed the effects this factor
can have on the observed arrival time differences between a photon and
neutrino. To attain these results, we considered the arrival time differ-
ence, the arrival time difference corrected for redshift, and the arrival time
difference corrected for the distance to the source and the neutrinos en-
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ergy. A LIV effect is expected to be detected easiest in the last of these
three scenarios. Applying the test statistic and an energy selection of only
the highest 10% energy neutrinos we again improve our ability to distin-
guish signal from background. For probing LIV induced time shifts in a
simulated signal associated to 30% we improve our discovery power for
Up-going neutrinos from 0.035% to 26% at the 3σ level.

In the southern (northern) hemisphere we have found 352 (462) neu-
trino to GRB associations, including 103 (125) with a redshift measure-
ment. Comparing this with our expectations from background, where
we expect 304 (491) matches, including 123 (85) that have a redshift mea-
surement, in the southern (northern) hemisphere. This signal is slightly
lower than the expectations from our simulated background. Using the
approach described in this thesis we are able to use this signal to reject
the hypothesis that there is a neutrino signal associated to more than 30%
of the GRBs, with a confidence level of 100%, in all three scenarios we
probed.

If we only consider the high energy neutrinos we will find 23 matches
with 4 redshift measurements in the northern hemisphere, and 48 matches
with 10 redshift measurements. The p-values derived from the highest
10% energy neutrinos are given in table 5.5. The value found in our data
always lies below the 3σ value from background which we have chosen
to be the threshold of finding evidence for GRB neutrinos. We can there-
fore, not claim to have found a neutrino signal from GRBs in our data. We
can however reject a signal consisting of matches to more than 30% of the
GRBs. In the case of deriving a test statistic to probe time differences we
can also neglect a signal to 10% of the GRBs. For the LIV case however our
confidence in rejecting this signal is lower. For down-going neutrinos we
have a P-value of 0.98 and for the up-going neutrinos only 0.80. A sum-
mary of the probabilities that a certain scenario matches the background
is given in table 6.1

We have calculated the size of the LIV effect and an intrinsic time shift
from associating the highest 10% energy neutrinos to GRBs. For this we
assumed that all matches we have found are from GRB neutrinos. The
matches observed in the northern and southern hemisphere allow for a
linear fit with high correlation coefficient. Combining the two parts of the
data however, leads to problems. From only up-going neutrinos we found
a LIV scale of ELIV = (5.40± 17.6) 1013GeV, and an intrinsic timeshift of
∆tin = (−4.57± 21.4) 104s with P (|r| > |r0|) = 1.2%. For down-going
neutrinos only we have found ELIV = (9.17± 21.4) 1014GeV, and an in-
trinsic time shift of ∆tin = (−5.8± 1.71) 105s, with P (|r| > |r0|) = 14%.
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Direction E f P Pz PLIV Ndata Ndata,z Nexp Nexp,z
Up− 10% 0.34 0.70 0.39 48 10 44 12
going 50% 0.57 0.29 0.58 232 69 233 60

100% 0.85 0.60 0.56 462 125 490 123
Down− 10% 0.80 0.73 0.75 23 4 27 5
going 50% 0.09 0.12 0.18 171 45 149 33

100% 0.12 0.42 0.04 352 103 304 85
Table 6.1: The probabilities P, Pz, and PLIV to find values of ψ > ψdata for the
different energy selection criteria. The average number of matches in the data
is given by Ndata(,z), and the number of matches expected from a background
distribution is given by Nexp(,z).

Both parts of the sky separately strongly suggest a linear correlation be-
tween the data points. Part of this correlation is due to our own choice of
changing the sign of the LIV term depending on the sign of the time dif-
ference. Considering the full hemisphere however, we find a LIV scale
of ELIV = (2.24± 1.44) 1015GeV, and an intrinsic time shift of ∆tin =
(−3.01± 13.6) 104s with P (|r| > |r0|) = 54%. We have confirmed our ex-
pectation, that we cannot derive a coherent value of the LIV scale using the
data collected by IC79/86. We have done a similar analysis of the IC79/86
data in appendix C, but then with a constant search cone. This leads to
even less power in distinguishing a signal over background in our data
and further confirms our expectations.

6.1 Discussion

From analyzing IceCube data collected from June 2010 to May 2013 we
cannot significantly seperate a signal from background. On the contrary,
we found slightly less matches than expected from a simulated back-
ground. We have however shown that using the method described in this
work we can discern a signal coming from 10 to 30% of the GRBs. Since
no assumption was made on neutrino emission in GRBs in this work, our
method works best in distinguishing signal in the observed time differ-
ence. It is worth to consider how to improve the presented method to
probe emission time differences. One way of going about this would be
simulating signal with a given time difference and redshift at emission.
This will make our test statistic less sensitive to the observed time differ-
ences but more sensitive to the observed time differences corrected for the
redshift, and the LIV induced time differences.
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If Lorentz invariance violation is the object of study, another possible
improvement is promising to investigate. In this work, we have allowed
for a maximum time window of ±40 days. This was shown to be an esti-
mated maximum value for LIV induced time shifts as observed on Earth,
for IceCube data. The time shift was calculated from the LIV corrected
velocity dispersion relation using values in the IC data that maximize it.
Since this corrected velocity dispersion relation depends on the neutrinos
energy it is interesting to consider the allowed time shift between a GRB
photon and neutrino as a function of the neutrino energy. This will remove
some of the matches found in this work that have a large observed time
difference, but low energy.

The further completion of KM3NET might also give us insight in the
association of neutrinos to cosmic sources. This detector will be able to
distinguish a neutrino signal with a better angular resolution. This means
that we can reduce the background for many of the GRBs in our data. The
improved sensitivity might make even a single neutrino to GRB associa-
tion significant. In [79] it is shown that km3net will be able to observe two
gamma ray sources Vela jr. and RX J1713.7-3946 at 3σ significance within
6 and 5.5 years respectively.
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Appendix A
Deriving the test statistic

This derivation follows the Bayesian assessment of the significance of a
hypothesis given in [71, 73]. We will be using the test statistic, that is
introduced by van Eijndhoven, as a reference to quantify our degree of
believe in a hypothesis.

When considering two propositions A and B and some prior infor-
mation I, we can write the probability that A is true under the condi-
tion that both B, and I are true, as p (A|B, I). Using the product rule,
p (A, B|I) = p (A|I) p (B|A, I) = p (B|I) p (A|B, I), we can write this as
Bayes’ theorem [73].

p (A|B, I) = p (A|I) p (B|A, I)
p (B|I) (A.1)

Keeping this in mind we consider a hypothesis H, some observable
data D and prior information I. We can use equation A.1 to find the pos-
terior probability of hypothesis H, given by p (H|D, I).

p (H|D, I) = p (H|I) p (D|H, I)
p (D|I) (A.2)

This is a function of the prior probability of hypothesis H given by
p (H|I), the likelihood function p (D|H, I), and a normalization factor
p (D|I). The prior probability gives us a way of encoding the knowledge
we have of a system. We can write down a similar expression for an alter-
native hypothesis, given by H∗, stating that H is not true. the ratio of the
two probabilities is then given by

p (H|DI)
p (H∗|DI)

=
p (H|I)
p (H∗|I)

p (D|HI)
p (D|H∗ I)

(A.3)
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72 Deriving the test statistic

We follow the suggestion in [71] of using a decibel scale to write an
equation for the evidence of H relative to any alternative based on D and
I.x

e (H|D, I) = 10log
[

p (H|D, I)
p (H∗|D, I)

]
(A.4)

Using this with equation A.3 we can write

e (H|DI) = e (H|I) + 10log
[

p (D|H, I)
p (D|H∗, I)

]
(A.5)

The degree of believe to which our data supports a certain hypothesis
is then given by the last term in equation A.5. We can now introduce the
observables, ψ = −10logp (D|H, I), which we will call the test statistic,
and ψ∗ = −10logp (D|H∗, I). Since a probability always lies between 0
and 1 we have ψ ≥ 0, and ψ∗ ≥ 0. We can finally write the evidence for
H∗ relative to H as

e (H∗|D, I) = e (H∗ I) + ψ− ψ∗ ≤ e (H∗|I) + ψ (A.6)

Here the value of ψ gives us a way of quantifying the degree of believe
in hypothesis H. It is this test statistic that we will be using throughout
this work to compare data against a number of hypotheses.
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Appendix B
Least-squares fitting

If we want to find a relation between to measured observable quantities
x and y of the form given in equation B.1. We start by noting that we
have a limited amount of measurements N, and that we can denote every
coordinate pair (xi, yi). For every coordinate pair, we can write down a
realization of equation B.1. If we know both A and B we can fill in a mea-
sured value of xi and find the theoretical value y. The measured value of yi
is not exactly the same as the theoretical prediction. Instead it is expected
to follow a normal distribution, of width σy around the theoretical value.
We write the probability of finding a value single value yi, in equation B.2,
and of the whole set of measured y1,2,3....,N values in equation B.3.

y = A + Bx (B.1)

P (yi) ∝
1
σy

e−(yi−A−B−xi)
2/2σ2

y , (B.2)

or a collection of value χ,

P (y1, y2, ...., yN) = P (y1) P (y1) ....P (yN) ,

∝
1

σN
y

e−χ2/2,

χ2 =
N

∑
i=1

yi − A− Bxi

σ2
y

(B.3)

We maximize the probability of finding the the values yi we have in our
data from this formula. This is done by minimizing χ2 this with respect
to both our unknown constants A and B. Solving the set of equations and
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74 Least-squares fitting

dropping the subscripts on the sum to make the formulas more readable
gives equation B.4.

A =
∑ x2 ∑ y−∑ x ∑ xy

N ∑ x2 − (∑ x)2 ,

B =
N ∑ xy−∑ x ∑ y

N ∑ x2 − (∑ x)2

(B.4)

Deriving the constants A and B we have used the assumption that yi
was normally distributed around some theoretical value with an width
given by σy. This means that σy is given by the squared difference between
the theoretical value and the measured value of y, divided by the number
of degrees of freedom in our system. Equation B.5 shows σy. Note that
this gives only information of the spread of points in our data, not on the
actual errors of the data points, due to observational errors.

σy =

√
1

1− N ∑ (y− A− Bx) (B.5)

Here A and B are given by equation B.4. We can now use this quantity
to derive the uncertainties in the constants A and B by error propagation.
We find

σA = σy

√
∑ x2

N ∑ x2 − (∑ x)2 ,

σB = σy

√
N

N ∑ x2 − (∑ x)2

(B.6)

B.1 Correlation coefficient

The correlation coefficient gives us a measure of how well observed data
can fit a linear relation. For a derivation of the equations used here see for
example [77, 80]. It can be calculated considering how far individual data
points, (xi, yi) lie from the median values (x̄, ȳ). It is calculated using the
equation below.

r0 =
∑ (xi − x̄) (yi − ȳ)√

∑ (xi − x̄)2 ∑ (yi − ȳ)2
(B.7)

For points that are closely resembling a linear relation we expect to
find r0 = ±1, the zero denotes that this is from our data. If the data points
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do not follow a linear relation we expect r0 closer to zero. Now we still
do not know how to interpret a value of r0 if it is not equal to either ±1
or 0. For any value in between the two extrema we have to compare our
found result of r0, to that we find by considering the same number of un-
correlated points. We can then calculate what the probability is to find an
uncorrelated r bigger than the one in our data with the equation below

PN (|r| ≥ |r0|) =
2√
π

Γ ((N − 1) /2)
Γ ((N − 2) /2)

∫ 1

|r0|

(
1− r2

)(N−4)/2
dr (B.8)

Here N is the number of measurements in our data. r0 is the observed
value of the correlation coefficient, r is the correlation coefficient for un-
correlated data, and Γ is given by the integral below.∫ ∞

0
uje−audu =

Γj + 1
aj+1 (B.9)
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Appendix C
Constant search cone on IC79/86

Here we show the results of associating IC79/86 neutrinos with GRBs us-
ing slightly different matching criteria. Instead of letting the search cone
size vary depending on the positional error in our data, as was done in
chapter 5, we have chosen to use a constant search cone size of 3◦. In fig-
ure C.1 we have shown the timing profiles found by using 500.000 pseudo
experiments. The test statistic derived from the pseudo experiments for
the up-going events is given in figure C.2. The down-going events are
shown in figure C.3.

The found matches for the unblinded data can be seen in figures C.4.
The final values of the Lorentz violation scale are found by fitting a linear
relation to the redshifted time difference as a function of the neutrino ener-
gies and the distance to the associated GRB source. This is shown in figure
C.5 for both the up- and down-going events, and the combined data.

Version of July 17, 2020– Created July 17, 2020 - 16:58

77



78 Constant search cone on IC79/86

Stacked time differences of Up-going Neutrinos
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Figure C.1: The normalized stacked time differences of 500.000 realizations for
the three different physics cases and different injected fractions of matching neu-
trinos in percentage. In plot a and d we see the time differences, τ, as observed.
In plot b and e we see the time difference probe of the emission times τz. The
redshift is used to extrapolate the observed time difference back to the emission
time difference. In plot c and f the we see the Lorentz invariance corrected time
difference, τLIV in units of days·c

GeV·Mpc .
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Distribution of the Test statistic for Up-going Neutrinos
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Figure C.2: From left to right we have shown the normalized distributions of ψ,
ψz, and ψLIV for different fractions of simulated signal. The upper row gives the
results if we include all neutrinos, the middle row gives the result if we include
only the highest 50% energy neutrinos, and the bottom row gives the result for the
highest 10% energy neutrinos. The dashed lines correspond to different threshold
values. The mean from background, ψbg, is given in gray, the 3σ value is given in
orange, and the black dashed line gives the value of, ψdata we found in our data.
An overview of the threshold values can be seen in tables C.1 and the probability
of finding values above this threshold is given in table C.2. Note that the figures
give up-going neutrinos only.
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80 Constant search cone on IC79/86

Threshold values of ψ for Up-going neutrinos

Selection ψbg ψdata ψ3σ < Ncoinc > Ndata
E f = 1 τ 1799 1755 1952 2462 2325

τz 1120 1119 1267 729 688
τLIV 533 469 690 729 688

E f = 0.5 τ 1566 1520 1712 1206 1177
τz 926 919 1075 380 359
τLIV 417 398 564 380 359

E f = 0.1 τ 999 976 1127 236 240
τz 488 436 635 79 63
τLIV 226 206 358 79 63

Table C.1: The values of the test statistic as derived from the up-going neutrinos
in the original data ψdata, at the median from the background simulation, ψbg, and
the 3σ limit from background. The expected number of coincidences, < Ncoinc >
in a background distribution and the found number of coincidences Ndata are also
given. Note that the results are given for the three different energy selections.
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Probability of finding ψpseudo > ψbg for Up-going Neutrinos

Selection f 1− Pbg 1− P3σ 1− Pz,bg 1− Pz,3σ 1− PLIV,bg 1− PLIV,3σ

E f = 100% 0% 0.49 0.00016 0.49 0.00016 0.48 0.00014
1% 0.49 0.00016 0.49 0.00016 0.48 0.00013
3% 0.51 0.00020 0.49 0.00018 0.48 0.00014
10% 0.70 0.00090 0.52 0.00024 0.49 0.00014
20% 0.97 0.027 0.58 0.00051 0.47 0.00015
30% 1.0 0.37 0.68 0.0012 0.51 0.00018

E f = 50% 0% 0.49 0.00017 0.49 0.00015 0.48 0.00015
1% 0.49 0.00016 0.49 0.00015 0.49 0.00016
3% 0.53 0.00022 0.50 0.00015 0.50 0.00019
10% 0.83 0.041 0.54 0.0031 0.55 0.00026
20% 1.0 0.22 0.65 0.00091 0.63 0.00060
30% 1.0 0.96 0.78 0.0036 0.70 0.0013

E f = 10% 0% 0.50 0.00017 0.50 0.00015 0.48 0.00015
1% 0.52 0.00020 0.50 0.00016 0.49 0.00016
3% 0.67 0.00082 0.53 0.00018 0.54 0.00022
10% 1.0 0.18 0.67 0.00071 0.67 0.00092
20% 1.0 1.0 0.87 0.0073 0.82 0.0040
30% 1.0 1.0 0.97 0.062 0.91 0.014

Table C.2: This table gives the probability to find a value of the test statistic above
the median from background, Pbg, for up-going neutrinos, and above the 3σ value
from background, denoted by P3σ. The probabilities are calculated for different
injected fractions of signal, f , and for different energy selection criteria, E f .
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Distribution of the Test statistic for Down-going Neutrinos
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Figure C.3: From left to right we have shown the normalized distributions of ψ,
ψz, and ψLIV for different fractions of simulated signal. The upper row gives the
results if we include all neutrinos, the middle row gives the result if we include
only the highest 50% energy neutrinos, and the bottom row gives the result for the
highest 10% energy neutrinos. The dashed lines correspond to different threshold
values. The mean from background, ψbg, is given in gray, the 3σ value is given in
orange, and the black dashed line gives the value of, ψdata we found in our data.
An overview of the threshold values can be seen in tables C.3 and the probability
of finding values above this threshold is given in table C.4. Note that the figures
give down-going neutrinos only.
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Threshold values of ψ for Down-going neutrinos

Selection ψbg ψdata ψ3σ < Ncoinc > Ndata
E f = 1 τ 1711 1705 1861 1881 1960

τz 983 971 1138 629 648
τLIV 787 920 948 629 648

E f = 0.5 τ 1478 1528 1625 924 928
τz 704 675 851 248 242
τLIV 450 428 567 248 242

E f = 0.1 τ 885 857 1017 174 166
τz 305 247 439 39 31
τLIV 141 111 234 39 31

Table C.3: The values of the test statistic as derived from the down-going neu-
trinos in the original data ψdata, at the median from the background simulation,
ψbg, and the 3σ limit from background. The expected number of coincidences,
< Ncoinc > in a background distribution and the found number of coincidences
Ndata are also given. Note that the results are given for the three different energy
selections.
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Probability of finding ψpseudo > ψbg for Down-going Neutrinos

Selection f 1− Pbg 1− P3σ 1− Pz,bg 1− Pz,3σ 1− PLIV,bg 1− PLIV,3σ

E f = 100% 0% 0.49 0.00015 0.49 0.00015 0.49 0.00016
1% 0.49 0.00014 0.49 0.00015 0.49 0.00016
3% 0.51 0.00023 0.49 0.00015 0.49 0.00015
10% 0.69 0.0011 0.51 0.00016 0.49 0.00015
20% 0.96 0.025 0.57 0.00023 0.50 0.00018
20% 1.0 0.32 0.61 0.00070 0.50 0.00017

E f = 50% 0% 0.49 0.00018 0.49 0.00015 0.49 0.00015
1% 0.49 0.00019 0.49 0.00015 0.49 0.000156
3% 0.54 0.00027 0.50 0.00015 0.52 0.00022
10% 0.82 0.030 0.55 0.00019 0.58 0.00044
20% 1.0 0.16 0.67 0.00061 0.67 0.00098
20% 1.0 0.91 0.80 0.0029 0.75 0.0022

E f = 10% 0% 0.50 0.00016 0.49 0.00014 0.48 0.00015
1% 0.52 0.00019 0.50 0.00014 0.50 0.00023
3% 0.70 0.00080 0.55 0.00019 0.56 0.00042
10% 1.0 0.11 0.71 0.00095 0.72 0.0015
20% 1.0 1.0 0.91 0.018 0.88 0.0095
20% 1.0 0.91 0.99 0.15 0.96 0.042

Table C.4: This table gives the probability to find a value of the test statistic above
the median from background, Pbg, for down-going neutrinos, and above the 3σ
value from background, denoted by P3σ. The probabilities are calculated for dif-
ferent injected fractions of signal, f , and for different energy selection criteria,
E f .
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C.1 Results for constant search cone

In figure C.4 we show the found timing profiles from the IC79/86 data.
The matching was done with a constant search cone. The p-values to find
similar results from a background distribution are given in table C.5. From
this we see that we find roughly the same number of matches in our data
as we would expect from a background distribution. Depending on our
energy selection criteria we find a difference in how well our data matches
with the background expectations. From tables C.4 and C.2 we can see
however, that the value of ψdata will never be bigger than the 3σ threshold.
Using the constant search cone we can again find the discovery power of
distinguishing a signal associated to 10% of the GRBs. Similar to the vary-
ing search cone scenario described in chapter 5 we see that decreasing
the total number of particles increases our ability to distinguish the back-
ground scenario from alternatives containing signal. If we compare the
discovery power of the constant search cone to the varying search cone,
we see that the discovery power to distinguish a signal associated to 10%
of the bursts is much smaller. This is mainly due to the larger number
of matches we find when we use a constant search cone. From this ap-
proach we see that our data cannot be distinguished from the background
distribution. Using a constant search cone we make it even less likely to
distinguish signal from background than using a varying search cone as
described in chapter 4.2.1.

From the found matches in figures (c) and ( f ) in C.4, we can derive
the LIV scale and intrinsic time shift. This is done in the same way as in
section 5.4. The least squares fit is given in figure C.5 and the resulting
values of the LIV scale and intrinsic time shift are given table C.6. As was
explained in section 5.4 this is very different from the values found in [36].
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Stacked time differences for Up-going Neutrinos
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Stacked time differences for Down-going Neutrinos
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Figure C.4: The stacked time differences for the three different physics cases. In
plot a and d we see the time differences, τ, as measured. In plot b and e we see
the probe of the time differences at the moment of emission τz. In plot c and f
the we see the Lorentz invariance probed time difference, τLIV in units of days·c

GeV·Mpc .
The colors denote the energy selections used on selecting neutrino data.
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p-values found from comparing data with background.
Direction E f P Pz PLIV Ndata Ndata,z Nexp Nexp,z
Up− 10% 0.75 0.92 0.48 240 63 236 79
going 50% 0.90 0.56 0.70 1177 359 1206 380

100% 0.88 0.49 0.96 2325 688 2462 729
Down− 10% 0.79 0.96 0.92 166 31 174 39
going 50% 0.09 0.79 0.76 928 242 924 248

100% 0.55 0.61 0.0010 1960 648 1881 629
Table C.5: The probabilities P, Pz, and PLIV to find values of ψ > ψdata for the
different energy selection criteria. The average number of matches in the data
is given by Ndata(,z), and the number of matches expected from a background
distribution is given by Nexp(,z).
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Figure C.5: The least squares fitting approximation on the highest 10% energy
neutrinos going both down and up in the detector. The slope of this fit corre-
sponds to ELIV and the zero crossing point corresponds to the intrinsic time shift.
The found values for each scenario are given in table C.6.

Direction ELIV (GeV) ∆tin (s) r0 P (r > r0)
Up-going 0.47± 1.07 · 1014 1.02± 1.2 · 105 0.28 2.5%
Down-going 3.29± 5.42 · 1015 0.17± 1.2 · 105 0.29 11%
Full sky 2.88± 4.23 · 1015 1.05± 0.90 · 105 0.15 15%

Table C.6: The found LIV scale under the assumption that all neutrino to GRB
associations are real LIV shifted GRB neutrinos.
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