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High energy neutrinos provide a new frontier of astrophysical and particle physics research. Astrophysical

neutrinos are produced at the same sources as hadronic cosmic rays throughout the universe in many different

accelerators. These neutrinos propagate a very long distance to reach the Earth during which they experience

oscillations between the flavors, including tau neutrinos which are not produced at the source. Astrophysical

tau neutrinos are a clear sign of neutrino oscillations, which can shed light on beyond standard model physics

at energy scales and distance scales not yet explored. The signature of the BSM physics can be seen in the

flavor ratio of astrophysical neutrinos. However, astrophysical tau neutrinos have not yet been observed by

IceCube, this dissertation is on my work to observe astrophysical tau neutrinos.

The work presented here is about an improved analysis to observe astrophysical tau neutrinos using

novel observation techniques, a critical key in measuring the astrophysical neutrino flavor ratio. Neutrino

oscillations, interactions, and observe techniques will be explored along with the methods to improve a

previous analysis of IceCube data to observe neutrinos. The main signature used to observe tau neutrinos

is a double pulse waveform, where a single DOM observes the Cherenkov light signals associated with both

the tau neutrino interaction and the decay of the tau that it produced. This analysis focuses on observing O
(100 TeV) tau neutrinos via double pulse waveforms in 8.5 years of data. The analysis observed two neutrino

candidates and one probable muon background event which resulting in setting upper limits of tau neutrino

flux at 1:1� 10�18 � E�2:19, 2:5� 10�18 � E�2:5, and 6:0�18 � E�2:9GeV�1cm�2s�1sr�1.

Francis Halzen
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Chapter 1

Introduction

Neutrinos are one of the least understood known elementary particles, however we do know a substantial

amount about neutrinos. Neutrinos are nearly massless, the smallest mass of any massive particle, have a

very small interaction cross section, so small they can pass through the entire Earth, come in three di�erent


avor types in between which they can change, and are produced at a variety of places including the sun,

Earth atmophsere, galactic, and extra-galactic astrophysical bodies. Due to our lack of understanding of

the particle and its unique properties, the neutrino is a very rich topic to study with the potential to a�ect

many di�erent sub�elds of physics.

With the discovery of the di�use astrophysical neutrinos by the IceCube Neutrino Observatory, that is

neutrinos coming from many extra-galatic bodies and at very high energies above 100 TeV, we can explore

topics of neutrino oscillations at whole new scales. Tau neutrinos are rarely produced in nature, however

there may be a 
ux of astrophysical tau neutrinos coming from the oscillation of the other astrophysical

neutrinos. In this context, measuring tau neutrinos can allow us to study the neutrino oscillations over the

very long baseline and high energies never explored before. Tau neutrinos are also rarely directly observed,

only 13 tau neutrino candidates have been observed by the human race and none at high energies [8] [9].

This thesis will explore my e�orts and results of an analysis for �rst observation of tau neutrinos in the

IceCube Neutrino Observatory.

In Chapters 2, 3, and 4 I provide introductory material on neutrinos physics, neutrino 
uxes, and IceCube.

These chapters also provide motivation for a tau neutrino search in the context of particle physics research and

astrophysical neutrino observations. The neutrino physics and 
uxes section will cover neutrino interactions,

oscillations, astrophysical and atmospheric neutrino production, neutrino 
avor ratios, and the particle

physics research potential via oscillations to tau neutrinos. Chapter 4 will introduce IceCube and how to

observes neutrinos and other events with an emphasis on tau neutrino double pulse events.

Chapter 5 will cover in depth the work done to improve on a previous double pulse selection conducted



2

with 3 years of IceCube data. One of the main improvements was the double pulse algorithm by adding

a local coincidence double pulse that considers neighboring DOMs waveforms to lower the threshold. The

selection improvements resulted in a factor of two increased e�ective area over the previous analysis which

is an important improvement for this analysis as the expected number of tau neutrinos was 1 in 8 years

of data. An additional improvement to this analysis was using a forward folding method to measure the

astrophysical 
ux of tau neutrinos from this sample of data which is covered in Chapter 6. Along with a

forward folded 
ux measurement this analysis reports a p-value per event and tau-ness score. The results of

the selection applied and �t results using 8.5 years of data is shown in Chapter 7, and �nally a conclusion

in Chapter 8.

This thesis only details my work on the tau neutrino search which was conducted over the last two years

of my graduate studies. My other work focused on particle physics phenomenology for IceCube. This work

includes ultra-high energy particle cross sections [2], exploration of the prompt atmospheric neutrino 
ux

using forward charm production [10], comparison of double pulse methods for the search of tau neutrinos

[11], and the self-veto e�ect of cosmic ray air showers in neutrino observatories [12].
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Chapter 2

Neutrino Physics

Neutrinos are a very special particle, they are the lightest known particle that have mass, only interact

through the weak force, pass right through you without interacting, and change between the three types of

neutrinos. The types of neutrinos are called 
avors, which there are three currently known, electron, muon,

and tau, represented symbolically as� e; � � ; and; � � . Neutrino mass is one of the concrete pieces of evidence

that shows the Standard Model of particle physics is incomplete, as there is no mechanism in the current

model to provide mass to the neutrino. Neutrino physics is an area of particle physics that is rich for new

research and potential discoveries, however it is di�cult to conduct research on as they rarely interact and

are di�cult to observe. In this chapter we will discuss relevant neutrinos interactions for IceCube, their

relation to charged leptons, and their oscillation between 
avors.

2.1 Neutrino Interactions

Neutrinos only interact through the weak force, so all of the couplings involve either a W+ ;� or Z boson.

The coupling constants for these bosons are very small compared to other boson coupling constants making

the interaction cross section for neutrinos very small. When coupling with a W boson, the three point vertex

includes the neutrino and a charged lepton. This charged lepton, electron, muon, or tau, must be the same

as the 
avor of the neutrino which gives rise to the concept and naming of the neutrino 
avor. Neutrinos

undergoing an interaction through a Z boson do not produce a charged lepton but instead a neutrino. The

two couplings are called a a charged-current, CC, interaction and neutral-current, NC, interaction for W

and Z bosons respectively. The interaction vertices are shown in Fig. 2.1. For high energy interactions

above 10 GeV, the mediating boson couples with one of the quarks in the nuclei of an atom, depositing a

large amount of energy that is enough to blow apart the nuclei. This type of interaction is a deep-inelastic

scattering, or DIS. The resulting quarks from the now destroyed nuclei form many short lived hadrons. The

cross section for CC and NC DIS interactions di�er by a constant that comes from the weak angle phase.

The cross section for DIS interactions on a proton are shown in Fig. 2.2.1

1See the paper [2] for my research on ultra-high energy cross sections, including neutrino cross sections.
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Figure 2.1: The Feynman diagrams for charged-current and neutral-current neutrino interactions with a

nucleon. The di�erence between the two is the weak boson exchanged and the outgoing lepton.

Figure 2.2: The charged-current and neutral-current cross sections for neutrinos on a single nucleus. The

cross section uses CT10 NNLO parton distribution functions [1]. The orange "This Work" line refers to my

work on high energy behavior of cross sections in the paper [2]. The modi�cation to the cross section is not

important for this work as that is at much higher energies than IceCube can observe.

The total neutrino charge (neutral) current cross section for an incident neutrino energyE � (i.e. s �

2mpE � ) is given by the following expression

� CC =NC
�p (E � ) =

Z s

Q 2
min

dQ2
Z 1

Q 2 =s
dx

�
@2� �p

@Q2@x

�

CC =NC
(2.1)

with Qmin = 1GeV, Q2 is the momentum transfer from the neutrino, s is the center of mass of energy, x

is the fraction of energy the parton carries from the struck hadron, and
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@2� �p

@Q2@x
=

G2
F

2x

�
M 2

i

M 2
i + Q2

� 2

[Y+ F �
T + (1 � y)F �

L � Y� xF �
3 ] (2.2)

where Y� = 1 � (1 � y)2 with y = Q2=(xs), M i = M W (M Z ) for charge (neutral) current interaction,

and \ + " for neutrinos and \ � " for antineutrinos. In perturbative QCD, at leading order, F �
L = 0 whereas

the F �
T (x; Q2) and F �

3 (x; Q2) can be written as a function of the parton distribution functions, e.g. for a

neutrino charge current interaction [13]

CC :

8
<

:

F �
T = x(u + �u + d + �d + 2s + 2b+ 2�c)

xF �
3 = x(u � �u + d � �d + 2s + 2b� 2�c)

; (2.3)

and for a neutrino neutral current interaction

NC :

8
>>>>>>><

>>>>>>>:

F �
T = x

�
(1=2 � s2

w + 10=9 s4
w )(u + �u + d + �d)

+(1 =2 � 4=3 s2
w + 16=9 s4

w )(c + �c)

+(1 =2 � 2=3 s2
w + 4=9 s4

w )(s + b+ �s + �b)
�

xF �
3 = x

�
(1=2 � s2

w )(u � �u + d � �d)
�

; (2.4)

where sw = sin( � w ) is the sine of the weak mixing angle. Finally, the antineutrino structure functions

for charge and neutral current are obtained by replacingq ! �q and F ��
3 ! � F �

3 .

The variable y that appears in Eq. 2.2 is the inelasticity of the interaction, which is the ratio of the

outgoing lepton's energy to the incoming neutrino energyy = E l =E� . Generally the inelasticity of a neutrino

interaction is O(0:1). For tau neutrinos, the cross section probability peaks at y� 0.66, this is however a

distribution, and can be any value from 0 to 1. This results in the hadronic interaction created by the struck

nuclei and charged lepton to have roughly the same energy.

2.1.1 High Energy Lepton Interactions in Ice

The leptons produced in a charged-current neutrino interaction are called the daughter particle of the

neutrino. The lepton produced is the same as the neutrino 
avor, so an electron neutrino would produce an

electron. These leptons have similar energy loss mechanisms, but the energy at which the energy losses take

place di�er, electrons experience radiative losses at a much lower energy than muons and taus, and the same

for muons compared to taus [14]. This causes electrons to have rapid energy losses in ice and travel only

a short distance of only a few meters. Muons are able to travel several kilometers at 100s of TeV, but will

have several energy losses during the propagation some of which can happen randomly and be very large,

these are called stochastic losses. Tau leptons at energies of 100s of TeV are minimum ionizing, undergoing

only very minimal energy losses. However, they are unable to travel very far distances due to their short
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livetimes. All of these leptons and any other charged particle produce cherenkov light when they travel above

the speed of light in ice. This cherenkov light is the main source of light observable for these particles. How

these particles are observed in IceCube will be discussed in detail in the next chapter.

2.2 Neutrino Oscillations

As discussed, neutrinos have 
avors which are the eigenstates of the electro-weak interaction Hamiltonian.

These eigenstates are not the eigenstates of the propagation or in other words, they are not the mass

eigenstates. These two eigenstates are slightly misaligned as shown in Fig. 2.3. A neutrino is produced in

a 
avor eigenstate but propagates through the mass eigenstates. These mass eigenstates have di�erent time

evolution due to their di�ering energetics which causes the relative contributions from each mass state to

change from the initial state. The di�ering mass eigenstate evolution lead to a changing projection back into

the 
avor eigenstates. In essence, a neutrino of one 
avor can be produced, travel a distance and undergo an

interaction as a di�erent 
avor. This process is called neutrino oscillation which is not a part of the standard

model of particle physics and is an important unexplained phenomena.

Figure 2.3: A pictorial representation of the neutrino basis projection into the mass eigenstate basis. Where

each color represents the 
avor contribution to each mass state. This is shown in normal mass ordering.

Figure taken from [3].

The projection of the mass basis,j� i i into the 
avor basis, j� � i , can represented by a unitary matrix U,

j� � i =
X

k

U�k j� k i : (2.5)

U here is represented with mixing angles,f � ij g, and CP phases,f � ij g which are all free parameters,
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U =

0

B
B
B
@

c12c13 s12c13 s13e� i� 13

� s12c23 � c12s23s13ei� 13 c12c23 � s12s23s13ei� 13 s23c13

s12s23 � c12c23s13ei� 13 � c12s23 � s12c23s13ei� 13 c23c13

1

C
C
C
A

; (2.6)

where cij = cos � ij and sij = sin � ij .

The full equation for a three 
avor, three mass state oscillation in vacuum is complicated and is not fully

enlightening, however a simpli�ed version with only two neutrino types is very enlightening. First we start

with the mass eigenstate time evolution, a simple quantum mechanics equation,

j� k (x; t )i = e� iE k t + ip k x j� k i : (2.7)

Applying Eq. 2.5 to this equation to we obtain the time evolution of the 
avor basis,

j� � (x; t )i =
X

k

U �
�k e� iE k t + ip k x j� k i : (2.8)

We can express thej� k i mass state as a 
avor state by the inverse of Eq. 2.5m, doing so we obtain,

j� � (x; t )i =
X

� = e;�;�

X

k

U �
�k e� iE k t + ip k x U�k j� � i : (2.9)

Once here, we use the quantum mechanics method to �nd the probability of one state given another, by

multiplying the ket state by a bra state, in this case, we multiply Eq. 2.9 by the h� � j state,

P� � ! � � (x; t ) = j h� � i � � (x; t )j2 = j
X

k

U �
�k e� iE k t + ip k x U�k j2: (2.10)

The exponential term can be simpli�ed by assuming the speed of the neutrino is light speed, and thus t

� x,

Ek t � pk x � (Ek � pk )L =
E 2

k � p2
k

Ek + pk
L =

m2
k

Ek + pk
�

m2
k

2E
L: (2.11)

Taking this simpli�cation and applying it to 2.10, and reorganizing terms we obtain,

P� � ! � � (x; t ) = j
X

k

U �
�k e� im 2

k L= 2E U�k j2 =
X

k

jU�k j2jU�k j2 + 2Re
X

k>j

U �
�k U�k U�j U �

�j e� i � m 2
kj L= 2E ; (2.12)

which has two terms, the �rst a constant term, and the second a time evolving term. This second term

is what causes neutrino oscillations. Taking a simpli�ed version of Eq. 2.6 with only two neutrinos, this

simpli�es to,
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P� � ! � � (L; E ) = sin 2 2� sin2
�

� m2L
4E

�
: (2.13)

where � is the mixing angle between the two 
avor and mass eigenstates and �m2 is the square mass

di�erence between the mass states. These mixing angles and mass states are free parameters and need to be

experimentally found. In a vacuum, the oscillation probability is solely dependant on these free parameters,

its energy, and distance traveled.
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Chapter 3

Neutrino Fluxes and Flavor Ratio

3.1 Neutrino Production

Neutrinos can be produced in many di�erent environments, deep in the Earth's core, inside the Sun, high

in the atmosphere above us, in the Big Bang, and in far away astronomical bodies. For this work, neutrinos

above 100 TeV energy are of interest, so we will only discuss atmospheric neutrinos and astrophysical

neutrinos. As discussed in Chapter 2, neutrinos only interact via the weak force. This also relates to their

production, neutrinos can only be produced through the weak interaction limiting their possible parents to

hadrons and heavy leptons. In this chapter, we will discuss the neutrino production via hadronic and lepton

decays, their 
avor ratio and how it changes from oscillations during propagation, and why tau neutrinos

are a keystone to high energy astrophysical neutrino studies.

The key ingredient to produce astrophysical and atmospheric neutrinos are high energy cosmic rays.

Cosmic rays are nuclei that are accelerated by Galactic and Extragalactic astronomical bodies, and span

several orders of magnitude in energy roughly following a power-law distribution as shown in Fig. 3.1 [4].

These cosmic rays form the grandparent particles of the neutrinos, they can interact to create hadronic

secondary particles, which will in turn decay into neutrinos. These cosmic rays can interact during their

acceleration, during their travel through space, and in the Earth's atmosphere, we will refer to the �rst

two as astrophysical sources, and the last as atmospheric. We won't discuss the speci�c mechanics of the

cosmic ray acceleration or their interactions other than how the di�erent environments a�ect the resulting

hadrons and the resulting neutrinos. Because the 
ux of cosmic rays is distributed according to a power

law, the produced neutrinos will also follow a power-law distribution at a similar spectrum, � � E� 
 . The

astrophysical neutrino spectral index, 
 has been measured to be -2.19 to -2.9 with a normalization,�

O(10� 18)GeV� 1cm� 2s� 1sr� 1 [15, 16].

For high energy neutrinos the most common parent particles, that is the particle that decayed to create

the neutrino, are pions, kaons, and muons. This is due to a two fold e�ect, one, these particles are commonly

created in high energy proton interactions, and two, they decay readily into neutrinos. Pions undergo a

decay via a W boson between the u and d quark, which creates a muon and muon neutrino. Due to the



10

Figure 3.1: The all particle cosmic ray 
ux spanning many orders of magnitude in energy. The existence of

hadronic cosmic rays guarantees the existence of astrophysical neutrinos. Plot taken from [4].

mass of the pion being similar to a muon, the muonic channel is the dominant one, occurring nearly 100%

of the time [17]. Charged kaons can go through the same decay mechanism as the pion but is suppressed

by the Cabibbo angle, resulting in a reduced rate decaying to only a muon and muon neutrino, about 65%,

allowing for electron neutrinos to be produced through other decay channels. Neutral K-longs decay through

a di�erent process, resulting in a 40% rate to an electron and electron neutrino, and 27% to muon and

muon neutrino. Finally, muons decay via a virtual W boson, producing a muon neutrino, a electron, and

a electron neutrino. As you can see, the ratio of electron and muon neutrinos produced depends on which

parent particles existed and decayed to create the neutrinos. This ratio is called the 
avor ratio, and is

denoted as� e : � � : � � .

In low density environments, such as cosmic ray accelerators, all of the particles produced can readily

decay. This leads to a 1:2:0 
avor ratio, pions are the most commonly produced parent particle, so their
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decay chain dictates the 
avor ratio. Fig. 3.2 illustrates the decay chain, �rst the pion decays to a muon and

muon neutrino, then the muon decays to a muon neutrino and electron neutrino, resulting in one electron

neutrino and two muon neutrinos, thus the 1:2:0 
avor ratio. In higher density cosmic ray accelerators, pions

can readily decay, but muons will interact before decaying due to their longer life time. This suppresses the

electron component of the neutrino 
ux, resulting in a ratio close to 0:1:0.

Figure 3.2: The decay change of a pion produced by cosmic ray interaction, note this can also be a p


interaction. The pion decays to a muon and muon neutrino, this muon further decays into an electron,

electron neutrino, and muon neutrino. The resulting 
avor ratio is 1:2:0.

For very high density environments, such as the Earth atmosphere, muons, pions, and kaons will interact

prior to decaying depending on their energy. Fig. 3.3 shows how the dominant parent particle changes as

a function of energy for cosmic rays interacting in the Earth's atmosphere [5]. The life time of the parent

particles dictate this dependence, longer lived particles will interact and lose energy before decaying and at

higher energies those particles life time increase in the the lab frame. This energy dependent parent particle

gives an energy dependent 
avor ratio, going from 1:10:0 atO (1 GeV) to 1:1:0 at O(1 PeV) and higher. At

energies above 100 GeV, muons are so long lived that they can reach several kilometers deep into the Earth

surface, giving rise to an atmospheric muon 
ux that is the same magnitude as the atmospheric neutrino


ux. The atmospheric 
uxes for the three neutrino 
avors and muons broken down by parent particles are

shown in Fig. 3.4 [6]. At even higher energies,O(1 PeV) and higher, pions and kaons live so long that they

cannot decay fast enough before interacting with the Earth's atmosphere, reducing the 
ux of neutrinos from

those particles signi�cantly. At this energy, a rare class of hadrons that contain a charm quark become the

dominant neutrino and muon parent, as seen in Fig. 3.4 due to those charmed hadrons having very prompt

decay times. To simplify the discussion of atmospheric neutrinos and muons, those produced by pions and

kaons are referred as conventional and those produced by charm hadrons are called prompt.1

1See the paper [10] for my work on prompt neutrinos.
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Figure 3.3: The fraction of the atmospheric neutrino 
ux produced by pions, kaons, and charm particles as

a function of energy. As the energy increases the parent particles start to interact with the environment,

losing energy, before decaying, reducing the 
ux of neutrinos from that parent at those energies. Plot from

[5].

3.2 Tau Neutrinos and 
avor ratio

An important aspect of the 
avor ratio at production of the atmospheric and astrophysical neutrinos is

the lack of tau neutrinos. Tau neutrinos are only produced through the exceedingly rare strange D meson

decay resulting in orders of magnitude lower 
ux for tau neutrinos compared to electron or muon neutrinos.

This leads to a very small 
ux of atmospheric tau neutrinos at energies of hundreds of TeV and higher,

as shown in Fig 3.4. Increasing the distance the neutrino travels, to Galactic and intergalactic distances,

neutrino oscillations can signi�cantly change the 
avor ratio of the 
ux. As we discussed in the previous

chapter, neutrinos have a chance to oscillate from one 
avor to another given by a probability dependent

on the neutrino energy and distance propagated. For one neutrino source, the 
avor ratio at Earth of

neutrinos from that source is speci�ed by the oscillation probabilities and the 
avor ratio at production.

However, the 
ux of astrophysical neutrinos is not from a single source, but from a large sample of sources,

all at di�erent distances, and thus di�erent 
avor ratios arriving at Earth. Under the standard model of

neutrino oscillations this ensemble of neutrino 
avor ratios, regardless of the 
avor ratio at creation, tends

towards a total neutrino 
avor ratio of approximately 1:1:1 [7]. The region the expected 
avor ratio at Earth

lies, assuming current measured errors of neutrino oscillation parameters with four di�erent 
avor ratios at

production, is shown in Fig. 3.5 [7].

Observing a 
ux of tau neutrinos would be an incredibly signi�cant discovery for two reasons; it would

be an additional con�rmation of astrophysical neutrinos that is independent of the modeling of background

atmospheric neutrinos and it would shed light on the neutrino 
avor ratio at Earth. As we discussed there
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Figure 3.4: Atmospheric muon and neutrino 
ux as a function of energy broken down by their parent particle.

These 
uxes are calculated with SIBYLL 2.3 RC-1 and TIG cosmic ray model. Plots from [6].

are practically zero atmospheric tau neutrinos and so any observed tau neutrino most likely came from an

astrophysical source as shown in Fig 3.6. This is unlike the observed astrophysical electron or muon neutrino


ux that has an atmospheric neutrino background on top of it requiring a statistical ensemble of events to

con�rm the observation. While an additional con�rmation of astrophysical neutrinos is not necessary, the

existing observations have reached 5� , it would be the �nal puzzle piece for astrophysical neutrinos and a

background independent observation is very compelling.

Measuring the astrophysical 
avor ratio at Earth allows us to explore new regions of particle physics and

create possibilities to study beyond standard model physics. The longest baseline of neutrino oscillations that

have been studied so far is from the Sun to the Earth, increasing this distance to Galactic and Extragalactic

scales allows for very minuscule e�ects to accumulate that would otherwise be un-observable. These minuscule

e�ects could come from things such as non-unitarity neutrino mixing matrices, Lorentz violation, additional

neutrino 
avors, non-standard model particle interactions, and many more exotic new physics phenomena

[7]. In addition to the cumulative e�ect over a long baseline, there exists a possibility of energy dependent



14

Figure 3.5: The 
avor ratio of astrophysical neutrinos at Earth. The plot shows the regions of 
avor

ratio assuming four di�erent 
avor ratios at production with current oscillation parameters uncertainties.

Regardless of the production 
avor ratio the 
avor ratio at Earth is close to 1:1:1. Plot from [7].

new physics a�ecting the neutrino oscillations. These astrophysical neutrinos extend to considerably higher

energies than any previous oscillation study, allowing us to probe these possible energy dependent propagation

terms. These new physics can e�ect the neutrino oscillations by driving the overall 
avor ratio away from

1:1:1, as shown in Fig. 3.7. If the measured 
avor ratio is not near 1:1:1 this would provide a hint for exciting

new physics that could break down the door for a new era of particle physics. However, a 
avor ratio near

1:1:1 would exclude certain models of new physics, and help push the physics community in other directions

that are more promising. While this thesis work does not aim to measure the astrophysical 
avor ratio, an

important �rst step to measure it is observing tau neutrinos.
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Figure 3.6: The 
ux of astrophysical tau neutrinos assuming a 1:1:1 
avor ratio compared to the atmospheric

tau neutrino 
ux [6]. The astrophysical 
ux is about at least 1.5 orders of magnitude larger than the

atmospheric neutrino 
ux in the region of interest, > 100 TeV.
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Figure 3.7: Four plots that show the regions of 
avor ratio when including possible beyond standard model

physics mechanisms to the oscillation mechanics. Each plot assumes a di�ering production 
avor ratio, the

most probable two are 1:2:0 or 0:1:0. Note that the allowed regions include 
avor ratios that are far from

1:1:1. Plot taken from [7]
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Chapter 4

The IceCube Neutrino Observatory

As established in the previous chapter, observing astrophysical tau neutrinos can have provide important

measurements of physics that impacts not only astrophysics studies, but also beyond standard model particle

physics. Neutrinos, though di�cult to detect as we discussed in Chap. 2, only interact through the weak

force and require a very large detector to observe any appreciable amount. In addition neutrinos can only

be observed indirectly through the secondary particles they produce in an interaction. In this chapter I will

discuss the IceCube neutrino observatory, a particle detector speci�cally constructed to detect high energy

astrophysical neutrinos. In addition, I will discuss how tau neutrinos interactions appear in the IceCube

detector and di�erent ways of identifying them.

The IceCube detector is a 1km3 volume of ice that is instrumented by 5,160 Digital Optical Modules,

DOMs. Each DOM consists of a photomultiper tube, PMT, electronics to digitize the waveform the PMT

outputs, and other elements. The ATWD waveform recorded is the voltage output of the PMT in 3.3 ns

time bins, which corresponds to the amount of light striking the PMT as a function of time. The DOMs

are placed on strings which are vertical cables providing power and communication to the surface for the

DOMs. Each string holds 60 DOMs spaced 17 m apart, except for 8 strings which have a shorter spacing of

7 m for the bottom 50 DOMs and 10 m for the other 10 DOMs. The strings with shorter spacing comprise

a denser instrumented section at the bottom middle part of IceCube called DeepCore. The 78 strings with

17 m spacing are spaced 125 m apart in a hexagonal pattern. These 78 strings comprise the majority of

the IceCube detector volume. The detector is located near the geographical South Pole where the ice is

very clear with long absorption lengths. The instrumented volume is between 1450 m and 2450 m below

the surface of the glacial ice. The structure of IceCube in the glacial ice is shown in Fig. 4.1. The sparse

nature of IceCube limits it's ability to observe lower energy neutrinos but excels at higher energy neutrinos,

sensitive to neutrinos of energiesO(5 GeV) to O(10 PeV).

The large volume of IceCube increases the number of neutrinos interacting inside it allowing for the

study of astrophysical neutrinos. These neutrinos are observable by the secondary particles produced in

their interaction with the ice. These observable secondary particles include the daughter charged lepton of
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Figure 4.1: The IceCube detector near the geographic south pole buried in the glacial ice. The grey dots

between 1450 m and 2450 m are the DOMs that measure and record the light produced by particles interacting

in the ice.

the neutrino, electrons, muons, photons, and hadrons. Other than the daughter lepton, these secondary

particles are produced by the struck ice nuclei breaking apart or the charged daughter lepton. These charged

particles travel faster than the speed of light in ice causing cherenkov light to be produced which can be

observed by the DOMs. The cherenkov light can travel a considerable distance, up to a few 100 meters in

the clearest ice, allowing multiple DOMs to observe the light produced from a single point [18].

The topology of the event observed depends on which daughter lepton is produced. As discussed in

chapter 2 the leptons in the range of a few 100 Tev to 1 PeV can travel varying distances, electrons travel

short distances of a few meters, muons travel hundreds of meters, and taus travel a few meters to 10s of

meters before decaying. Muons and long lived taus travel an appreciable distance away from the neutrino

interaction vertex. These leptons can produce other particles or light which create spatially elongated events

compared to single point-like events that do not contain muon or tau leptons. The elongated events are

referred to tracks or double cascades. For leptons that travel shorter distances, such as electrons and low

energy taus, they will have a single point-like event. We can classify these topologies into three catagories,

tracks, cascades and double cascades. Track events are produced by muons and muon neutrino undergoing

charged-current interactions. Cascades are produced by electron neutrinos, short lived tau leptons, and all

three neutrinos undergoing neutral-current interactions. Double cascades are produced by very high energy

tau neutrinos undergoing charged-current interactions and the subsequent tau lepton decaying via hadrons

or electron, creating two distinct, separate cascades. The distance between these two cascades are set by the
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(a) Single Cascade (b) Track (c) Double Cascade

Figure 4.2: Event view of the three event topologies in IceCube. The single cascade is a spherically symmetric

event with a single point light source. The track event is elongated due to the long lived and traveling muon.

The double cascade has two spherically symmetric light source, one from the hadronic interaction and the

other from the tau decay.

tau lifetime, which is variable and correlated to the tau lepton energy. Event views of these topologies are

shown in Fig. 4.2. Event views in IceCube are shown in colored bubbles per DOM, the size of the bubble is

proportional to the charge observed by the DOM and the color relates to when the DOM �rst saw light, red

being early, blue late.

Besides neutrinos, IceCube observes atmospheric muons, that is muons that are created in cosmic ray

interactions in the atmosphere. The 
ux of atmospheric muons is not substantially higher than that of

neutrinos, but are observed at a rate several orders of magnitude higher than neutrinos due to a cross

section being several orders of magnitude larger. Atmospheric muons create track events in IceCube with an

additional constraint, they only enter from above as the Earth shields the detector from the other directions.

In addition, the atmospheric muons produce light as they enter the detector, so the events are �rst observed

near the edge of the detector as opposed to neutrinos which can be �rst observed in any part of the detector

volume. 1

Thankfully, tau neutrinos have a distinct interaction in the IceCube, so observing them becomes a task

of searching for their unique topology. This topology is called a double bang event, which is where a

tau neutrino undergoes a charged-current interaction and they produced tau lepton decays hadronically or

through an electron, which produces exactly two large energy losses. The �rst from the initial hadronic

interaction with a nuclei of an ice molecules and the second from the tau lepton decaying. As discussed in

chapter 2 tau leptons have a low interaction cross section and can travel freely through the ice without losing

1See the paper [12] for my research on atmospheric muons in IceCube.
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energy, but their livetime is very short, they decay rapidly not far from their creation point. These traits of

the tau lepton make the tau neutrino interaction unique, no other neutrino has an interaction resulting in a

localized interaction with two losses. The distance that a tau lepton travels is directly related to its energy.

The average distance traveled as a function of energy can be found by time dilation�t 0 = 
 � �t , energy

E = 
 � m� , and distance traveledd = v � t. Combining these along with the tau lepton mass and lifetime,

m� = 1776:82 MeV, � � = 2 :906� 10� 13s, you obtain Eq. 4.1,

d(E) =
E � 4:909 m

100 TeV
: (4.1)

The 
ux of astrophysical tau neutrinos is a falling spectrum, meaning there are considerably more low

energy neutrinos than high energy neutrinos, a factor of 10� 2 per energy decade. This results in far more

low energy events and thus, tau neutrino events with tau leptons that travel on the order of 10s of meters

are far more common than tau lengths of 100s of meters. When a tau lepton travels only a few 10s of meters

IceCube is unable to easily resolve the position of the two energy depositions due to the sparse nature of the

detector, making an event that looks like a single cascade. However, a single DOM can easily detect the light

arriving from the initial interaction and tau lepton decay. When the two light pulses are well separated, they

appear as two bumps in the waveform, as shown in Fig. 4.3. For a DOM to observe this type of waveform

it needs to be near the interaction point, otherwise the light pulses can start to merge and wash out due to

travel time and scattering in the ice. This type of waveform is referred to as a a double pulse, and can be

used to detect tau neutrino events with short lived tau leptons.

Figure 4.3: The waveform of a double pulse event created by a charged-current tau neutrino interacting in

IceCube. This is compared to a single pulse waveform created by an electron neutrino interaction.

This work focuses on �nding these lower length and energy tau double pulse events by using a specialized

algorithm which will be discussed in the next chapter. It leverages the di�erences in the event topologies



21

discussed in this chapter, �rst, looking for double pulse waveforms in individual DOMs to separate double

pulse events from single cascades. And next, measuring how track-like or cascade-like the event is to remove

atmospheric muon and muon neutrino events from the cascade-like double pulse event.
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Chapter 5

Tau Neutrino event Selection

5.1 General overview and motivation

As we have established in chapter 4, IceCube can detect tau neutrinos. However, as discussed in 2, tau

neutrinos are rare particles can be di�cult to distinguish from other neutrino 
avors. In order to observe

a tau neutrino in the IceCube data, we need to apply signi�cant cuts to reduce the background events,

non-double pulse tau neutrinos, electron neutrinos, muon neutrinos, and atmospheric muons. We target

to remove these backgrounds in three di�erent steps, called cut levels. The �rst level is a double pulse

algorithm, DPA, which focuses on selecting double pulse tau neutrinos and rejecting single cascade events

and tau neutrinos that do not produce a double pulse. The second is a topology cut, where we select cascade-

like events and reject longer, track-like events created by muons and muon neutrinos. Finally, we have a

containment cut that selects only events that start inside the detector, which excludes the last remaining

atmospheric muons.

This analysis improves on a previously performed IceCube NuTau double pulse analysis [19]. This

previous analysis, which will be referred to as PRD, constructed the general event selection framework to

select double pulse Tau Neutrino events. The PRD analysis used 3 years of IceCube data and observed zero

double pulse events, which was not unexpected as the expected number of signal events was 0.45 events,

assuming an 1� 10� 18E � 2GeV � 1cm� 2sr � 1s� 1 astrophysical neutrino 
ux. If this analysis was performed

using the full 8 years of IceCube data the expected signal rate, assuming a more realistic neutrino 
ux,

would still be below 1 event. This low rate of signal events along with better understanding of the IceCube

detector and more available monte carlo statistics, motivated me to take the PRD analysis and improve the

event selection by modifying all of the cut levels to increase the signal e�ciency. Overall the improvements

that I implemented increased the signal rate by roughly a factor of 2, increasing the expected signal events

to be 1.8 in 8 years of IceCube data.

In this chapter I will discuss in detail the various cuts used to create the double pulse selection along with

the improvements of the cuts from the previous PRD analysis. I will also discuss the physical motivation of

each cut and what new information or technique allowed me to create the improvements.
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To optimize the cuts presented here, I used monte carlo simulated events. This monte carlo simulation

was split into the di�erent particle types: electron, muon, and tau neutrino along with atmospheric muons.

This split allows to examine the performance of the cut as it's being created to maximize e�ciency and

purity of the �nal sample. The neutrino simulation has events randomly injected from all directions and

over an energy range of 5 TeV to 100 PeV with an E� 1:5 spectrum. The neutrinos were weighted by the

interaction and Earth propagation probabilities along with re-weighting to a astrophysical 
ux of 0 :9 �

10� 18E � 2:13GeV � 1cm� 2sr � 1s� 1 in addition to an atmospheric 
ux. Each neutrino 
avor had a total of

500,000,000 events simulated. The muon simulated events will be discussed later in this chapter.

5.2 Double Pulse Algorithm and Local Coincidence

To begin the selection process, we apply two pre-cuts to signi�cantly reduce the amount of events. As

discussed in 4, double pulse events are only observable in energetic, bright events, and in DOMs near the

interaction vertex. The energy threshold for a double pulse event in IceCube is roughly 100 TeV, below this

energy, the secondary tau lepton tends to decay too rapidly to produce a pulse that is clearly separate from

the initial neutrino interaction pulse. Therefore, events with less than 2000 total detected photoelectrons

(PE) are rejected, which corresponds to roughly 10 TeV neutrino energy. We place the pre-cut below the

tau neutrino double pulse energy threshold due to it not being a hard threshold and to ensure no events are

lost.

Next we apply a cut to individual DOM waveform charge, the double pulse signal is only observable

to DOMs very close to the neutrino interaction point, so we apply a cut of 432 PE to remove DOMs far

from the event vertex. The light from the neutrino interaction and tau decay become scrambled together

at long distances due to the scattering e�ect of ice, thus only DOMs near the event vertex can distinguish

the two pulses. These two pre-cuts dramatically reduce the amount of data that is processed, the 2000 PE

total charge cut reduces the event stream by about 99.999% or 5 orders of magnitude. The individual DOM

charge cut reduces the data analyzed per event by 90% to 99.94%, as on average only 3 DOMs pass this

charge cut per event compared to the 5160 DOMs in the entire IceCube array.

The original double pulse algorithm (DPA) was designed to �nd double pulse waveforms in individual

DOMs while rejecting single pulse waveforms. The necessary features to identify a double pulse are the

rising and falling edge of the �rst pulse and the rising edge of the second pulse. A second pulse falling

edge is not necessary to search for as it is a guaranteed feature and o�ers no discriminating power. An

example double pulse waveform is shown in Fig. 5.1. First a sliding time window is used to �nd the start

of the waveform pulse. Then the rising and falling edges are found by calculating the time derivative of the

waveform averaged over 4 ATWD time bins, a 13.2 ns period. Once the necessary edges are found, their

duration and steepness are determined and used to decide if the waveform is a double pulse. Though these
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features themselves are obvious, at what threshold should a rising edge and falling edge be called a pulse is

not. One of the issues is the size of the two pulses is variable, a lower energy interaction near a DOM can

look the same as a higher energy pulse far from a DOM, and the ratio between the �rst and second pulse

is a distribution. In addition, the timing structure between the two pulses is a distribution according to the

tau lifetime, as discussed in 2. Due to the lack of constraints on these features, a general minimum threshold

for all the features is the most e�cient for selection.

Figure 5.1: A double pulse waveform from a tau neutrino charged-current interaction is shown, it shows the

�rst pulse rising and fall edge along with the second pulse falling edge. A comparison is a single pulse from

a electron neutrino interaction with only one pulse.

In the original PRD analysis, two thresholds were created, one which was optimized to select all pre-

hand selected double pulse events, the second to maximize the number of double pulse events with a low

background event rate. The two thresholds had an expected signal rate of 0.72 and 0.29 tau neutrino events

per year respectively. The issue with the former selection was a substantial electron neutrino single cascade

background rate. Electron neutrinos and neutral current neutrino interactions can create a fake double

pulse due to noisy waveforms, prepulsing, and late scattered light. To reduce this background, the second

threshold increased the the minimum steepness and duration of the trailing and 2nd rising edge pulses.

However, this more than halved the rate of signal tau neutrino events. The PRD analysis used the 2nd

threshold con�guration to ensure high sample purity.

With this established method, it was clear that there is a signi�cant optimization possible that can

increase the number of tau neutrino events that potentially can be observed. One of the features that the

original method failed to use was that a double bang can create double pulse features that appear in multiple

DOMs near the event vertex. This is contrast to a single cascade event which generally only makes a double

pulse-like feature in a single DOM, due to the statistical 
uctuation nature of the fake double pulse. We
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can take advantage of this feature by looking at pairs of neighboring DOMs to see if they both have double

pulse-like waveforms, in which case a lower threshold can be used without increasing the background rate.

5.2.1 The Local Coincidence DPA

The main enhancement my work focused on for the DPA was incorporating the neighboring DOM double

pulse feature and optimizing the thresholds for these neighboring DOMs. This additional requirement is

referred to as local coincidence (LC). The local coincidence requires two DOMs that are nearest neighbors

or next-to-nearest neighbors on the same string to have both passed the LC DPA threshold. The threshold

for both neighboring DOMs is the same in order to reduce the complexity of the threshold. The choice

to allow nearest and next-to-nearest DOMs was to ensure the largest 
exibility of the LC DPA, IceCube

contains DOMs that are non-functioning and to not punish the region around those DOMs next-to-nearest

local coincidence was chosen.

The di�culty with optimizing the LC DPA threshold is there are 6 independent parameters, the 1st, 2nd

and falling edge steepness and duration, that makeup the threshold to declare a waveform a double pulse.

To optimize the thresholds, I �rst extracted the DPA features for both signal tau neutrinos and background

electron neutrino monte carlo events that passed a very minimal threshold using the original DPA code. I

then scanned over the 6 DPA parameters to create 14,000 LC DPA thresholds each with a unique set of

parameters. These 14,000 LC DPA thresholds were then applied to the extracted DPA features of the tau

and electron monte carlo events, recording the event rates for each threshold, shown in Fig. 5.2.

Figure 5.2: The tau neutrino charged-current event rate versus electron charged current plus all 
avor neutral

current event rate as a function of LC DPA parameter set thresholds are shown. Each dot is a di�erent

parameter set, the color represents one the Amp2 parameter in that parameter set.



26

After these 14,000 DPA thresholds, another scan was performed in the promising region threshold region.

It was chosen that the signal to single cascade background rate should be at least 10:1 to ensure a good event

selection purity. The LC DPA threshold was picked that resulted in the highest signal event rate that passed

this signal to background rate of 9:1, this can be seen in Fig. 5.3, the second scan, over a promising region,

is shown in Fig. 5.2. The threshold is shown in Table 5.1 and compared to the original DPA threshold.

Figure 5.3: A scan of a promising region from Fig. 5.2, showing the 9:1 signal to single cascade background

rate ratio line. Each dot is a di�erent parameter set, the color represents one the Amp2 parameter in that

parameter set. The parameter set that obtained the highest double pulse signal rate while reaching the (:1

signal to single cascade event rate was chosen.

As seen in Table 5.1, the LC DPA threshold allows for smaller and shorter duration pulses than the PRD

DPA algorithm. One of the largest di�erences is the �rst rising edge and following trailing edge thresholds

being signi�cantly smaller. A �rst rising edge is a feature in both single cascade and double cascade events

and so is not a good discriminator between background and signal. However, in the original method the �rst

rising edge threshold was large to reduce prepulsing single cascade events. Prepulsing is a process in which

incoming light excites electrons that skip the dynodes of the PMT and are received in the anode prior to

the electrons coming from the dynodes. In the improved method this background is not a concern because

prepulsing is a random process and rarely occurring in multiple DOMs in an event.

� � interactions tend to have low inelasticity because of mass threshold e�ects of� production, which

manifests in IceCube as a small �rst energy deposition and more energetic second deposition. Decreasing

the �rst pulse threshold makes this low inelastic phase space observable. Additionally the overall decrease

in the double pulse thresholds makes lower energy� � events observable. Both of these e�ects increase the

e�ective area, as shown in Fig. 5.4. Overall the LC technique has a 50% increase in signal rate over the
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LC Method PRD 93.022001

1st Rising Edge Steepness > 1 mV/ns > 10 mV/ns

1st Rising Edge Duration > 13.2 ns > 26.4 ns

Falling Edge Steepness < -0.5 mV/ns < -17 mV/ns

Falling Edge Duration > 26.4 ns > 26.4 ns

2nd Rising Edge Steepness > 12 mV/ns > 18 mV/ns

2nd Rising Edge Duration > 39.6 ns > 39.6 ns

Table 5.1: Comparison of the threshold values from the improved local coincidence method to the method

used in the previous analysis. These are threshold values for declaring a waveform with two rising edges and

a falling edge a double pulse.
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previous technique while maintaining a similar signal purity. A Monte Carlo event that passes the improved

selection that would have been previously rejected is shown in Fig. 5.5.

With the LC DPA the duration of the �rst rising edge is reduced, while this at �rst glance might just

appear to allow smaller �rst pulses to pass the DPA threshold, the shorter pulse duration also allows for

events with shorter tau livetimes to pass the threshold. In a hypothetical situation of a � � interacting very

close to a DOM, the shortest lived tau that could pass the LC DPA is 17.14 ns, which corresponds to the tau

traveling 5.14 meters. This is in comparison to the PRD DPA which could only observe taus living longer

than 22.86 ns, or taus that traveled further than 8.86 meters.

Also investigated for this analysis was multi-neighboring DOM DPA. It was found that a LC DPA that

considered three neighboring DOMs to all observe double pulse waveforms did not signi�cantly reduce the

thresholds or increase the expected event rate. For this reason, the analysis only considered pairs of DOMs

for the local coincidence.

For the event selection of the tau neutrino analysis, a combination of the LC DPA and PRD DPA was

used. It was found that some events only passed the original single DOM PRD DPA selection, speci�cally

very high energy events. To ensure the largest e�ective area, the combination of allowing events to pass either

the LC DPA or the PRD DPA was used. These two along with the pre-cuts formed the Level 4 selection

of the analysis which was then passed to the next level of cuts. In Fig. 5.6 the energy of the tau neutrinos

that pass the double pulse cut is shown. There is a clear minimum energy around 100 TeV required for a

tau neutrino to create a double pulse.

5.2.2 Local Coincidence Double Pulse Algorithm Veri�cation

With the established DPA that is a combination the PRD DPA and LC DPA, the next step is to verify

its operation with real world data. However, this analysis is designed to be a blind analysis, that is, an

analysis that does not look to optimize itself using real world data, and minimizes the amount of real world

data seen during development. This blind analysis policy is put into place to minimize bias from the scientist

constructing the analysis. For this analysis, only 10% of the data collected by IceCube was used to verify

the data selection, this data is called the burn sample.

As discussed in chapter 3, atmospheric muons are a dominant background for IceCube, and after the

DPA cut, they make up the vast majority of the data selected. In order to verify the DPA cut with the

burn sample, a monte carlo sample of simulated atmospheric muons is needed. This monte carlo simulation

is created by the program Corsika, which simulates cosmic rays interacting in the Earth atmosphere and

the produced muons from these interactions [20]. One of the largest di�culties with the atmospheric muon

background simulation is obtaining enough statistics, as shown in Fig. 5.7 the e�ective livetime is only

su�cient above 5 PeV, however a saving grace is the muon energy is usually at least a factor of 10 to 100



29

Figure 5.4: The e�ective area of the Local Coincidence DPA compared to the previous single DOM DPA

used in PRD 93.022001. This analysis uses both, shown by the blue line.
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Figure 5.5: A monte carlo simulation tau neutrino event view is shown. This event passed the LC DPA but

not the single DOM DPA, showing what potentially new events can be seen with this analysis. The two grey

spheres are the two main losses, the initial neutrino interaction and hadronic decay of the tau lepton, which

are 12 m apart. Inset are the two double pulse waveforms that were selected by the LC DPA.
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Figure 5.6: The distribution of simulated tau neutrinos binned by their true energy. This plot shows the

double pulse starts being observable above 100 TeV.

less than the cosmic ray primary energy.. This issue will be discussed in greater detail in section 5.4.

To verify the DPA cut, we compare the six DPA variables between the Corsika simulation and the burn

sample for any event that passes the DPA cut. One note, a single event can have multiple double pulse

waveforms that contribute to this comparison. For the Corsika simulation we give each waveform parameter

a weight equal to the event weight they came from. This possibly introduces a bias to the Corsika waveform

parameters as the data was simulated at a hard spectrum and high energy events tend to have higher number

of double pulse waveforms, thus increasing the rate of Corsika waveforms. We however have not determined

a better way of handling the weight in a manner that guarantees no bias.

The six di�erent DPA variables for the Corsika, burn sample, and the three neutrino 
avors are shown

in Figs. 5.8. These plots illustrate a general agreement between the real data burn sample and simulated

Corsika sample. However, there is a disagreement, this in part is due to the weighting bias discussed earlier,

and in part due to imperfect Corsika simulation. The shape of the corsika curves can vary depending on the

chosen model for the cosmic ray 
ux. In addition, the corsika simulation is using an older interaction model,

which can change the shape of these histograms.

We can also compare event-wise data to verify the DPA cut. One general quantity that is often compared

is the total charge, QTot, seen by the IceCube detector during the event. This quantity is relatively low level

and doesn't depend on any reconstruction. The comparison between burn sample and simulated Corsika is

shown in Fig. 5.9. In addition, we can compare the QTot for events that only pass the LC DPA cut, this is
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Figure 5.7: The total e�ective livetime of the Corsika monte carlo atmospheric muon sample shown per

cosmic ray primary particle. At low energies the statistics are lacking, ideally this would be greater than the

livetime considered in the experiment. A saving grace is the muon energy is usually at least a factor of 10

to 100 less than the cosmic ray primary energy.

shown in Fig. 5.10. These two comparisons agree quite well and show that the DPA cut is not acting oddly

between the simulated data and real data.

5.3 Topology Cuts

As seen in Fig. 5.9, the number of muon and muon neutrino events dominate the selection after the

DPA cut, the next cut in this event selection is designed to remove the vast majority of these two types of

background events. Muon related background events can pass the DPA cut easily because muons can have

multiple energy losses close in time, which create a multiple pulse signature that the DPA selects for. The 
ux

of muons and muon neutrinos is considerably higher than tau neutrinos and so they dominate the selection.

However, muons are also long lived compared to the tau lepton, and so can travel several kilometers through

the ice. These long muons create events, called track events, that extend through the detector which are

distinct from the very localized tau neutrino events, called cascade events. We can leverage this topological

di�erence between the event types to create a cut that predominantly removes the muon related backgrounds

while keeping the majority of tau neutrino events.

To classify an event as either cascade or track we can apply reconstructions that assumes the event is
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(a) Amp1 (b) ToT1 (c) AmpT

(d) TbT (e) Amp2 (f) ToT2

Figure 5.8: The comparison between the burn sample and Corsika simulated events using the six DPA

parameters corresponding the the rising and falling edge slope and duration of the double pulses observed.
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Figure 5.9: The monte carlo expected event rate binned by the charge observed by IceCube compared to

the 10% burn sample at level 4. The lower plot shows a ratio of the burn sample data to the simulated

atmospheric muons. This level is dominated by atmospheric muons.

a cascade and another that assumes the event is a track. The likelihood value of the resulting cascade and

track best �ts are a measure of how well each the event topology �ts with the two di�erent assume event

types. A single value to cut on for this topology di�erence can be constructed by taking the di�erence

between the reduced log likelihoods of the two �ts. The reduced log likelihood is the log of a the likelihood

divided by the number of struck DOMs of the event. This is to normalize the likelihoods between events,

as events with large numbers of struck DOMs results in a larger likelihood than one with small number of

struck DOMs.

Due to the high volume of events at this stage of selection, the techniques used to separate the muon

events need to be computationally-e�cient and fast. In general, one could implement a very sophisticated

reconstruction technique to remove the background events, though this method would take a very long time

to calculate and cut events, several months potentially. In an e�ort to reduce computational time simple
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Figure 5.10: The monte carlo expected event rate binned by the charge observed by IceCube compared to

the 10% burn sample when only applying the pre-cuts and LC DPA. The lower plot shows a ratio of the

burn sample data to the simulated atmospheric muons.

reconstruction techniques are preferred. However, too simple of a reconstruction may be easily confused by

complicated events and fail to perform well at separating the signal from the background. This issue will be

discussed later in the chapter.

The two reconstructions chosen for this cut are SPEFit32 and CscdLLh, with an underlying assumption

of track and cascade events respectively. Both of these reconstructions assume a fairly simple approximation

for the event structure. SPEFit32 assumes an in�nitely long muon on a straight line that is emitting a

cherenkov lightcone. This muon line is moved around in both direction and position such that the timing

pro�le of the light observed by the DOMs most closely matches the expected light from the muon. The �tter

iterates this process 32 times to �nd the maximal likelihood for muon track given the data. CscdLLh assumes

a single point of spherically symmetric light emission. This �tter moves the position of the light emission

point and also the amount of light emitted to match the observed light in the DOMs. CscdLLh maximizes
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the likelihood of the model to �nd the best �t point. These two reconstructions are computationally e�cient

due to the simple approximations of the neutrino interactions and detector con�guration.

To combine these two reconstructions and determine which of the two topologies an event most likely falls

under, the di�erence between the reduced log likelihood of the reconstructions is taken. A cascade event will

have a large likelihood for the CscdLLh reconstruction and small likelihood for the SPEFit32 and vice-versa

for a track event. The distribution of the di�erences between CscdLLh and SPEFit32 reduced log likelihood

is shown in Fig. 5.11. You can see the cascade events of tau neutrino and electron neutrinos group near

positive di�erence values, cutting at -0.5 retains most of the tau neutrino signal events while rejecting the

vast majority of background. There is an approximate 27% reduction of signal tau neutrino events after this

cut, this is due to two physical processes. The tau lepton has a 17% chance of decaying into a muon, creating

a track event. Second, at very high energies the tau lepton is long lived and creates an elongated event that

straddles the single cascade and track event topology. These two processes are the main contributions to the

27% tau neutrino event rate reduction after this cut. The very high energy reduction in the tau neutrino

e�ect can be seen Fig. 5.12, where the events above 1 PeV neutrino energy are reduced compared to the

Level 4 events.

One additional cut is applied to further reduce the atmospheric muon background, this is primarily

to remove low energy muons that do not produce long tracks in the detector. Atmospheric muons only

come from above the detector and so generally are �rst seen at the top of the detector. Whereas neutrinos

interactions are evenly distributed throughout the detector volume. By removing events that have their �rst

observed light at the top of the detector, a large number of atmospheric muons are removed with only a

small reduction of signal tau neutrinos, as shown in Fig. 5.13. Speci�cally the variable used for this cut is

�rst hit z, which records the height of the DOM that is �rst hit by light by an event.

The topology cut and �rst hit z variable reduces the atmospheric muon background by 99.5% and the

muon neutrino background by 88% while only reducing the signal tau neutrino event rate by 27%. These

two cuts together form the Level 5 cut, event rates for all event types are shown in Table 5.2. The level

5 selection reduces the background to nearly the same rate as the signal events, however for the discovery

of tau neutrinos, a higher purity is still necessary. The remaining background muon events are trickier to

remove and will require additional simulation and study of their topology, this will discussed in the next

section.

5.4 Geometric Containment Cut

With only 16 burn sample events we can visually inspect them to understand why they were not removed

with the level 5 cut. Two of the remaining burn sample events are shown in Fig. 5.14, they represent two

muon topologies that the level 5 failed to remove. The �rst are corner-clippers, these are muon events that



37

Figure 5.11: The event rate of all simulated particles considered binned by the rLogL di�erence between

the CscdLLh and SPEFit32 �ts compared to the burn sample. The majority of atmospheric muons have

negative values whereas the majority of tau neutrinos have positive values. A cut is applied at -0.5, removing

any events below this value.

only passed through a small portion of the detector near a corner. The second are muon events that pass

through Deepcore, a densely instrumented portion of Icecube. In this section, we will discuss why these two

topologies passed the level 5 cut and how to remove these events.

Before any cut can be created, su�cient simulation statistics are needed to understand the behavior of the

events and verify the cut. After the level 5 cuts, the Corsika muon background simulation has poor statistics

and is dominated by a handful of events. Thankfully these handful of events have a unique characteristic,

they are individual high energy muon events, as shown in Fig. 5.15.R� is the ratio of the highest energy

muon to the total muon energy in an event is a proxy to if an event is a single muon or multiple muons.

This characteristic, while rare, makes the event very simple to simulate using a dedicated program called

MuonGun. We combine the MuonGun simulation with Corsika simulation by removing all the Corsika events
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Figure 5.12: Distribution of simulated tau neutrinos after the level 5 cuts compared to the level 4 cuts.

Overall the rate is reduced due to removing the muon decay mode of the tau lepton. In addition, the high

energy tail above 3 PeV is reduced due to the elongation of the events at these energies.

with R� values larger than 0.9 and add the MuonGun events into the simulation sample. This is done to

ensure the single muon event type is not double counted. The new combined muon background sample agrees

better with the burn sample than Corsika alone as shown in Fig. 5.16. I'll use this combined simulation set

for creating the cuts we discuss in this section.

The DeepCore events are fairly straightforward to remove. Because the SPEFit32 and CscdLLh recon-

structions are simple, they are confused by the higher density of Deepcore and prefer a single cascade event

reconstruction located in Deepcore. Telling the reconstructions to ignore the Deepcore DOMs during the

�tting procedure removes the confusion and more accurately reconstructs the events. The rLogL distribution

of the Deepcore removed reconstructions is shown in Fig. 5.17. Due to the better single muon statistics,

the Corsika + MuonGun simulation extends further into positive rLogL values compared to Corsika alone in

5.11. This prompts a harder cut at -0.15, compared to -0.5 at Level 5, on the rLogL value to remove more

of this background.

After the second topology cut there remains a small, but not insigni�cant, muon background which

consists of corner clipping muons and single muons. Corner clipping events only pass through a small

portion of the detector, either the top or bottom corners, resulting in a very short track which appear as

cascade-like. High energy muons primary energy losses are random stochastic losses, such as pair production.

It is possible that a single muon only has one stochastic loss and otherwise only insigni�cant small energy
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Figure 5.13: The event rate of all simulated particles considered binned by the �rst hit z variable. The

majority of atmospheric muons interact at the top of the detector whereas the neutrinos have no dependence

of the �rst hit z. A cut is applied at 475, removing any events below this value.

losses, which makes the event appear to be more cascade-like than track-like. Because of the cascade-like

topologies of these two muon event con�gurations, they can potentially pass the topology cut. But we can

leverage the geometric information that muon events start outside of the detector volume to remove them.

To use the geometric information, we can create a containment cut, which requires the events to start

inside the IceCube detector and not the edge, which rejects these last muon events and keeps a large fraction

of tau neutrino events. The containment cut uses a single variable,R 250P E , the �rst 250 photoelectron

center of gravity,

R 250P E = 1
250P E

P
i =1 r i � Ci ,

where r i is the position of the i th DOM and Ci is the charge that DOM observed until 250 PE total

charge was observed in an event. ThisR 250P E provides the information where the very beginning of an

event is, and thus shows if an event was starting inside the detector or near an edge. We distill the three
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(a) DeepCore Event

(b) Corner Clipping Event

Figure 5.14: Two event views of burn sample events that represent the remaining atmospheric muon back-

ground. (a) is a muon event that passes through DeepCore, skewing the level 5 reconstructions. (b) is a

muon event that clips a top corner of IceCube, making it appear cascade like, a muon event can also clip a

bottom corner of IceCube.
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Level 5 Event Rate in 235 Days

NuTau CC 0.234� 0.0024

NuMu Astro. + Atmo. 0.16 � 0.013

NuE Astro. + Atmo. 0.046� 0.002

Burn Sample 16

Corsika 10.5 � 1.3

Table 5.2: The expected rate of events in the 235 burn sample period.

Figure 5.15: The Corsika atmospheric muon sample binned by the muon ratio,R� , and the L5 delta rLogL

value. At large R� values, the event is dominated by a single muon. This plot shows that the sample is

dominated by single muon events at level 5 that are cascade like.

dimensional center of gravity into two variables, distance to closest edge,Eveto , and height, Zveto , in the

detector which allows for a simpler cut as the detector is not cylindrically symmetric. The distribution of

these two variables for the muon background, burn sample, and signal tau neutrino events are shown in

Fig. 5.18. The red shaded areas denote the three regions that are removed by the containment cut, the top

corner, bottom corner, and edge of the detector. There regions de�ned as,

Top Corner : Zveto + 1=3 � Eveto > 400 m

Bottom Corner : Eveto < 75 m and Zveto < � 200m

Edge Region: Eveto < 10m.

While the containment cut successfully removes the vast majority of the muon background, it does reduce
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Figure 5.16: The distribution of the combined Corsika and Muongun sample as described in the text compared

to a Corsika only sample and burn sample at level 5. The combined Corsika and Muongun sample agree

with the burn sample better than the Corsika only sample.

Figure 5.17: The level 5 no DeepCore �rLogL distribution of tau neutrinos, atmospheric muon simulated

events, and burn sample events. A cut is applied at -0.15, removing all events below this value.

the e�ective volume of the detector. A neutrino interacting at the edge of the detector will be removed by

this cut, reducing the volume the neutrino can interact and successfully pass into the �nal sample. The total
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volume reduction is around 40%, reducing the total event rate by about 40%. The overall decrease in event

rate can be seen in Fig. 5.19.

Figure 5.18: The distribution of events in the detector using the R 250P E CoG position. The atmospheric

muons cluster near the edge, top and bottom corners. The pink shaded area are the regions that are removed

by the containment cut.

The two cuts, the DeepCore removed topology and containment cut, together form the last level of cut,

level 6. At this stage there are no remaining burn sample events so there is no ability to verify the cut against

burn sample other than the expected rate for all events in the burn sample is below zero. The expected rate

of all event types after is shown in Fig. 5.20. This �gure shows the signal tau neutrinos dominates over all

of the other background events in a large energy range. The expected rate for all particles is shown in Table

5.3.

5.5 Final Sample

After the three cut levels presented here, level 4 through 6, we have created a sample of events where

tau neutrinos are the dominant event type. An overview of the rates for the di�erent event types are shown

in Table. 5.4. In summary, for 8 years of livetime this selection expects to �nd a total of 3.13 events, 1.71

of which are signal tau neutrinos. One of the main purposes of this selection is the �rst observation of tau

neutrinos in IceCube, so we created a scoring evaluation to highlight speci�c events in the sample. This

tau-ness score uses two variables, maxToT1 and Ereco , and compares the rate of signal to total events binned

in these two variables. The Ereco is the reconstructed energy from a cascade reconstruction, Monopod, and

maxToT1 is the maximum �rst pulse duration observed in the double pulse waveforms of an event. The

tau-ness score is de�ned as,

Score = Rate� � ;i =(Rate� � ;i + Rate BG ;i ),

where i represents the 2D bin the event falls into, Rate� � ;i is the expected rate of tau neutrinos from

simulation in the i th bin, and RateBG ;i is the expected rate of all simulated background events in thei th

bin. The bins are de�ned in Fig. 5.21, and are set to have good statistics in the majority of the bins.
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Event Rate in 235 Days

NuTau CC 0.143� 0.0019

NuMu Astro. + Atmo. 0.074� 0.0081

NuE Astro. + Atmo. 0.025� 0.0014

Burn Sample 0

Corsika 0

MuonGun 0.02 � 0.011

Table 5.3: The Level 6 �nal sample expected rate of events in the 235 burn sample period.

Event Rate in 8 years

NuTau CC 1.72 � 0.023

NuMu Astro. + Atmo. 0.95 � 0.048

NuE Astro. + Atmo. 0.26 � 0.010

Atmospheric Muons 0.2 � 0.14

Table 5.4: The �nal sample expected rate of events in the 8 years of data.
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Figure 5.19: The expected rate of tau neutrino events as a function of true neutrino energy compared after

the level 6 cuts. The overall rate is decreased by about 40% for all energies due to the reduced �dicual

volume of the containment cut.

The distribution of scores for the signal and background simulated events is shown in Fig. 5.22. Tau

neutrinos group towards larger values and the background events towards smaller values showing good

performance of this tau-ness scoring. During the unblinding of the 8.5 years of IceCube data, all events

found will be given a tau-ness score which will highlight which of the events are most likely to be tau

neutrinos.

One of the goals of this work was to improve upon the previous analysis, a metric to compare two analyses

against each other is the e�ective area. This quantity is the cross section for tau neutrinos in the detector

including selection e�ciency as a function of energy. A larger e�ective volume results in a higher event

rate in the �nal sample. A comparison of the legacy PRD analysis and this new analysis is shown in Fig.
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