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Neutrinos have long been important in particle physics and are now practical tools for
astronomy. Neutrino Astrophysics is expected to help answer longstanding astrophys-
ical problems such as the origin of cosmic rays and the nature of cosmic accelerators.
The IceCube Neutrino Observatory is a 1 km?3 detector currently under construction
at the South Pole and will help answer some of these fundamental questions. Search-
ing for high energy neutrinos from unresolved astrophysical sources is one of the main
analysis techniques used in the search for astrophysical neutrinos with IceCube. A
hard energy spectrum of neutrinos from isotropically distributed astrophysical sources
could contribute to form a detectable signal above the atmospheric neutrino back-
ground. Since astrophysical neutrinos are expected to have a harder energy spectrum
than atmospheric neutrinos, a reliable method of estimating the energy of the neutrino-
induced lepton is crucial. This analysis uses data from the IceCube detector collected
in its half completed configuration between April 2008 and May 2009 to search for a

diffuse flux of astrophysical muon neutrinos across the entire northern sky.

Albrecht Karle (Adviser)
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Chapter 1

Introduction

Man has pondered the mysteries of the universe for thousands of years by looking to the
sky. Guided by visible light from stars and other cosmic objects, mankind has learned
much about the universe and our place in it. During the last century, new windows
into the universe were opened using different wavelengths of light revealing new and
unexpected phenomena. A common theme with many of these discoveries is that the
universe is often ferocious and energetic. The universe is still filled with light from the
primordial explosion of the Big Bang, matter collides and spirals around supermassive
black holes at the center of galaxies, heavy stars explode in supernova, and even
heavier stars explode and binary systems collide resulting in violent explosions known
as gamma ray bursts.

Under such extreme conditions, scientists use the cosmos as a laboratory to
investigate the fundamental laws of physics from a vantage point that is inaccessible
to even the highest energy particle accelerators on Earth. These new windows to the
universe have not only revolutionized astronomy, but also has opened up a new cosmic
frontier of particle physics that help answer questions in fundamental physics while

also revealing new mysteries. Among these are cosmic rays; high energy protons and



nuclei that are acelerated to energies far beyond what can be achieved by any particle
accelerator on Earth. Cosmic rays bombard Earth continuously and their ultimate
origin is a currently an unsolved problem in astrophysics.

Neutrinos deepen the connection between particle physics and astronomy. Any-
where nuclear reactions or high energy collisions take place, neutrinos are a fingerprint
of such interactions. Neutrinos were produced in large numbers right after the Big
Bang [3], in the cores of stars (fig. , when heavy stars explode in supernova [4],
and other potential celestial objects. The new window to the universe provided by
the neutrino has already revolutionized our understanding of fundamental physics and
the sun. The discovery that neutrinos have mass solved a longstanding problem in
astronomy where fewer neutrinos were observed from the sun than were predicted [5].

Wolfgang Pauli proposed the neutrino in 1933 [6] to solve a known problem where
radioactive beta decay appeared to violate energy conservation. The observation of
the neutrino proved elusive for 20 years until Clyde Cowan and Frederick Reines [7]
first detected the anti-social particle coming from the Hanford and Savannah River
nuclear reactors. Neutrinos, having no electric charge and interacting only via the
weak interaction, are ideal cosmic messengers to study the high-energy universe since
they enable physicists to observe environments inaccessible to optical telescopes. (See
fig. [L.3])

Neutrino astronomy is still new field. The only confirmed sources of extrater-
restrial neutrinos are from the sun and Supernova SN 1987a. The main goal of the
IceCube Neutrino Observatory is the detection of new sources of high energy astro-

physical neutrinos. The goal of this work is the search for high energy extraterrestrial
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Figure 1.1: The three frontiers of particle physics. Research in fundamental physics
progresses on three fronts: the energy frontier, the intensity frontier and the cosmic
frontier. At the energy frontier, physicists build particle accelerators to collide particles
at the highest possible energy in order to create new particles. Physicists at the
intensity frontier use accelerators with intense beams and experiments with very large
volumes to study processes that occur only rarely in nature. Physicists at the cosmic
frontier take insight from the new windows to the universe provided by astronomers
to explore physics inaccessible in a laboratory environment. Taken from [I].



Figure 1.2: Image of the sun in neutrinos, taken by the Super-Kamiokande neutrino
experiment [2]. Image Credit: R Svoboda and K. Gordan
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Figure 1.3: The neutrino’s role in multi-messenger high energy astrophysics. Cosmic
rays are charged and therefore lose their directional information by the time they ar-
rive at Earth. Gamma-rays have a short horizon and easily absorbed by dust, the
infrared background, and cosmic microwave background. Discrimination between the
production mechanisms responsible for the gamma-rays is also difficult, since most
gamma-ray sources are equally well described by electromagnetic or hadronic accel-
eration models. Neutrinos are uncharged and only interact via the weak interaction,
making them ideal cosmic messengers for the high-energy universe. Image Credit:
Wolfgang Rhode



neutrinos from unresolved astrophysical sources. The presence of such a diffuse flux
of astrophysical neutrinos carries a lot of information about the distribution of cosmic
accelerators in the universe, while the lack of such a signal enables us to set strong

constraints on the distribution of such high energy sources.



Chapter 2

High Energy Neutrino Astrophysics

Although neutrino astronomy is still in its infancy, it has great potential to revolu-
tionize our understanding of many astrophysical phenomena. It is in particular well
positioned to elucidate the origin of the high energy cosmic rays whose ultimate origin
remain a mystery since their discovery by Vector Hess’s [8] balloon flights in 1912. We
shall see that the production of high energy astrophysical neutrinos is closely linked

to the acceleration of high energy cosmic rays in the universe.

2.1 Cosmic Rays

Cosmic rays are high energy charged particles traveling through the universe.
The majority of cosmic rays (79% [9]) are protons while the other 21% of the cosmic
ray composition consists of helium nuclei, (15%), electrons (2%), and elements heavier
than helium (4%). Although the Large Hadron Collider at CERN will accelerate
protons to a center of mass energy of 14 TeV, cosmic rays have been observed with
energies as high as 10%° eV making them the highest energy particles ever observed. An
important feature of the cosmic ray energy spectrum is that it follows a power law over

many orders of magnitude in energy. This indicates that cosmic rays can not result



from thermal processes, but instead must come from non-thermal mechanisms which
focus the energy outflow from a source onto a relatively small number of particles.
The measured cosmic ray spectrum is shown in fig. [2.I, which shows the results of
both direct measurements from satellite and balloon-based experiments and indirect
measurements from air shower arrays.

The differential flux is dN/dE oc E=27 [9] over many decades in energy until a
feature around 10'® eV known as “the knee” where the spectrum steepens to dN/dE o
E~32. The exact mechanism responsible for the knee has yet to be understood, but
it has been hypothesized that a rigidity dependent cutoff [I1] in the spectrum would
be natural as cosmic rays diffuse out of the milky way galaxy at higher energies. The
slope changes again with a feature called “the ankle” at 5x 10'8eV where the spectrum
hardens back to dN/dE o E~%7. The cosmic ray spectrum gets suppressed above
5 x 10eV [12] by the Greizen-Zatsepin-Kuzmin (GZK) mechanism, where cosmic
ray protons are above the energy threshold to interact with the cosmic microwave
background photons to produce pions.

For energies below the knee, shock waves produced by supernova remnants in
the milky way galaxy [13] provide natural non-thermal candidates to accelerate cosmic
rays. As the cosmic ray spectrum transitions from galactic to extra-galactic in origin
at higher energies above the knee, larger acceleration sites and stronger magnetic fields
are necessary to explain the observed energies. Natural extragalactic source candidates

include active galactic nuclei and gamma ray bursts.
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The cosmic ray flux has been multiplied by E? to enhance features. Taken from [10].
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2.2 Astrophysical Neutrino Production

Active galactic nuclei (AGN), gamma ray bursts (GRBs), and supernova rem-
nants (SNR) are among the leading candidate astronomical objects that could accel-
erate cosmic rays to high energies and produce neutrinos. As mentioned in the last
section, the power law nature of the cosmic ray spectrum indicates a non-thermal
mechanism is responsible for their acceleration. A widely held non-thermal accelera-
tion mechanism due to magnetic shocks is first order Fermi acceleration [I4]. Charged
particles are confined to the shock region by magnetic inhomogeneities and are there-
fore continuously accelerated by repeated magnetic deflection through the shock front.
First order Fermi acceleration predicts a primary cosmic ray spectrum of:

dN

E X EWi2 (21)

With high densities of matter and radiation at the source, the accelerated cos-
mic ray primaries may interact and not escape. Neutrinos are produced from the
hadronic nucleon-photon and nucleon-nucleon interactions in the astrophysical shock
fronts which result in the production of pions. Pion production occurs via the delta

resonance for nucleon-photon interactions and the dominant channels are:

py —AT
AT = p47° (2.2)

AN Y
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ny —AY
A’ = n+7° (2.3)

A = p4+ 7~

The dominant pion-production channels for nucleon-nucleon scattering are:

pp —p+p+7°
p+n+7r+
pn —p +n 4 7° (2.4)

p+p+m

It can be seen that half of the pions produced are charged where as the other

half are neutral. The charged pions decay to produce neutrinos and the neutral pions

decay into gamma rays:

T —=ut 4, (2.5)

p=et+u. 4+,
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T+, (2.6)

o= e + Vet

™ — vy (2.7)

At higher energies, kaons can also be produced [15] and contribute to the neutrino
and gamma ray flux. The resulting neutrinos and gamma rays follow the energy
spectrum of the primary cosmic rays. Astrophysical neutrinos and gamma rays from
hadronic interactions are therefore predicted to have a dN/dE o< E~? energy spectrum.

The neutrino flux at the source has a flavor ratio of

VeiV, iV, =1:2:0 (2.8)

Neutrinos have a small but non-zero mass, which causes them to oscillate and

change flavors. The expected flavor ratio of astrophysical neutrinos at Earth is [16]:

VeV, v, =1:1:1 (2.9)

Although the particle physics responsible for the production of neutrinos and
gamma rays is well known, the underlying astrophysical details are poorly understood.

We consider several models for astrophysical neutrinos in the next section.

2.3 Astrophysical Neutrino Models

Neutrino astrophysics is a young field. With the underlying astrophysics respon-

sible for the hadronic acceleration of cosmic rays being so uncertain, a wide range of
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models have been developed to calculate the neutrino flux from different astrophysical
source classes. These models generally use a particular waveband (radio, cosmic rays,
gamma rays) to determine the normalization of the neutrino flux. This work searches
for an isotropic distribution of astrophysical muon neutrinos from unresolved sources.
The models considered in this analysis calculate the total sum of astrophysical neu-
trinos from different extragalactic source classes that contribute to a diffuse v, flux.

These models are shown in fig. and are described in this section.
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Figure 2.2: Diffuse astrophysical neutrino model predictions for different extraterres-
trial source classes. The models for active galactic nuclei include predictions from
Stecker [I7], Miicke et al. [18], Becker-Biermann-Rodhe [19], and Mannheim [20]. The
two models for gamma ray bursts shown are described by Razzaque and Meszaros
in [21I]. An upper bound on astrophysical neutrinos is calculated by Waxman and
Bahcall in [22]. Finally, neutrinos produced by the GZK suppression of the cosmic ray
flux is calculated by Engel, Seckel, and Stanev [23].
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2.3.1 Waxman-Bahcall Upper Bound
The Waxman-Bahcall upper bound [22] assumes that the extragalactic cosmic

ray flux has a ® oc £~2 spectrum. Consistent with the observed cosmic ray spectrum,

an energy production rate for protons was assumed to be

= 10" erg Mpc™® yr* (2.10)

An upper bound on the astrophysical neutrino flux was derived for optically thin
sources. Since half of the produced pions are charged and half the energy of the charged
pions goes into the muon neutrinos, the upper bound on the diffuse astrophysical

neutrino flux is given by

dNgp
dEcr

ViB, = 0.25 t;, x Ep

(2.11)

The Hubble time, t, = 1010 years, is given by the inverse of the Hubble constant

which was assumed to be H = 65 km s~' Mpc™?

in the calculation. The upper bound
on the flux was calculated to be 1.5 x 1078 GeV em=2 s=! sr=!. After correcting for

redshift evolution and neutrino oscillations, the upper bound for muon neutrinos at

Earth is 2.25 x 1078 GeV em™2 s~ 1 sr— 1.

2.3.2 Becker, Biermann, and Rhode Radio Galaxy Model

Becker, Biermann, and Rhode [19] calculated the diffuse astrophysical neutrino
flux from active galactic nuclei using observations from FR-II radio galaxies. The
jet of the AGN is a candidate site for p + 7 interactions and subsequent photo-pion

production. The observations from FR-II radio galaxies was used to normalize the flux
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of neutrinos by assuming a relationship between the disk luminosity, the luminosity
in the observed radio band, and the calculated neutrino flux. ® oc £~2 was assumed

for the proton energy spectrum in the model considered in this work.

2.3.3 Astrophysical Neutrinos from Blazars

For optically thick sources, TeV gamma rays that are produced from the decay
of neutral pions cascade to lower energies resulting in the emission of sub-TeV pho-
tons. The observed diffuse extragalactic gamma ray flux from the experiments in the
Compton Gamma Ray Observatory satellite can therefore be interpreted as hadronic
gamma-rays avalanched to lower energies. The neutrino flux can therefore be nor-
malized to the diffuse extragalactic gamma-ray background detected by the EGRET
and COMPTEL experiments that were onboard the Compton Gamma Ray Observa-
tory. These two experiments were sensitive in different energy ranges, with EGRET
detecting a diffuse extragalactic gamma-ray flux at higher energies (£, > 100 MeV)
and COMPTEL measuring the diffuse component at lower energies (£, < 100 MeV).
A model of p + v interactions and p + p collisions at the core of AGNs is derived by
Mannheim [20] which uses the EGRET diffuse observation to normalize the neutrino
flux calculation. The model calculated by Stecker [I7] uses the results from COMP-
TEL to normalize the neutrino flux resulting from pp and p~v interactions at the core

of the blazar.

2.3.4 High-Frequency Peaked BL-LACs Model

BL-LACs that are observed to emit TeV gamma rays can be interpreted to be

optically thin to photon-neutron interactions. The model calculated by Miicke et
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al. [18] assumes that charged cosmic rays are produced in these sources through the
decay of escaping neutrons. The resulting neutrino flux would be proportional to the
observed extra-galactic cosmic ray flux at Earth. The calculation of the neutrino flux
connects the observed cosmic ray flux to TeV emission from high frequency peaked BL-

LACs. The flux is calculated to be quite small and peaks at high energies (10% GeV).

2.3.5 Neutrinos from Gamma-Ray Bursts

Gamma-Ray Bursts are the highest energy explosions known in the universe with
energies greater than 10°° erg over an extremely short time scale of 1073s — 1000 s.
They are a prime candidates to accelerate the highest energy cosmic rays. The non-
thermal emission occurs in three stages: the precursor phase hours before the GRB, the
prompt phase coincident with the burst, and the afterglow phase. Although there is a
wide variation in gamma-ray burst emission profiles, an average spectrum of neutrinos
from the precursor and prompt phases of GRBs is calculated in [21] by correlating the

gamma-ray emission to the observed flux of ultra high energy cosmic rays.

2.3.6 Cosmogenic Neutrinos

The observation of the GZK suppression in the cosmic ray flux above the ankle
implies the existence of a high energy astrophysical neutrino flux. It is called one of
the guaranteed sources of neutrinos induced by the cosmic ray flux, with the other
two being neutrinos produced by the propagation of cosmic rays through plane of the
milky way galaxy and atmospheric neutrinos which are described in the next chapter.
The cosmogenic neutrino flux, which has yet to be observed, originates from the GZK

mechanism of photo-pion production by protons interacting with the cosmic microwave
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background. A calculation of the cosmogenic flux is done by Engel, Seckel, and Stanev

in [23].

2.3.7 Other Sources of High Energy Astrophysical Neutrinos

Not considered in this work are other sources of high energy astrophysical neu-
trinos. Among these models are neutrinos from the decay of exotic relic particles [24]

and neutrinos from the annihilation of neutralino dark matter [25].
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Chapter 3

Atmospheric Neutrinos

3.1 Neutrino Production in Extensive Air Showers

The primary background in a search for high energy astrophysical neutrinos is
the atmospheric neutrino and muon background produced in the Earth’s atmosphere.
High energy cosmic rays interact with air molecules in the Earth’s atmosphere which
results in a cascade of particle production and decay. This chain leads to an extensive
air shower of electrons, positrons, pions, kaons, muons, and neutrinos. In quite an
analogous manner to the astrophysical production of neutrinos discussed in the last
chapter, atmospheric neutrinos are produced through the hadronic interactions of
cosmic ray primaries with the atmosphere generating charged pions and kaons, which

subsequently decay into muons and muon neutrinos:

™ (KY) —»pt +u, (3.1)

7 (K7) = + 7,
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Figure 3.1: An extensive air shower leading to the production of atmospheric muons
and neutrinos. Taken from [20]
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An example of an extensive air shower is shown schematically in fig. [3.1 Some
of the muons produced in the shower would decay producing both electron and muon
neutrinos according to eq. and eq. 2.6 The atmospheric neutrino flux due to the
decay of pions and kaons are commonly referred to as the conventional atmospheric
neutrino flux.

While the flux of the parent cosmic ray primaries is isotropic, the conventional
atmospheric neutrino flux has a complicated zenith angle dependence due to the kine-
matics of meson interaction and decay in the atmosphere. The kinematics of meson
interaction and decay also affects the energy spectrum of the atmospheric neutrino
flux. An important parameter is the critical energy FE..; which is defined as the

energy where the decay length and the interaction length are equal and is defined as:

TTL02

E.iw=—"h 3.2
=" h, £

Table 3.1: Critical energies for various particles. Data from [27].

Particle Constituent Quarks mc? (GeV) E..;u (GeV)

u* lepton 0.106 1.0
ot m ud, ud 0.140 115
Kt K~ us, us 1.116 850

were 7T is the live-time of the particle and hg comes from the assumption of an
isothermal atmosphere [2§]. A lepton or a meson with energies above the critical
energy will more likely interact than decay. Table summarizes the critical energies
of the particle types that contribute to the conventional atmospheric neutrino flux.
We note that the muon has a critical energy of 1.0 GeV, which is well below the

energy threshold of the IceCube Neutrino Observatory and the sensitivity of this work.
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Since the v, component of the conventional atmospheric neutrino flux arises from the
decay of atmospheric muons, the atmospheric electron neutrino flux is an order of
magnitude smaller than the v, flux in the GeV —TeV energy range [29]. For energies
below E..;;, the atmospheric neutrino spectrum follows the primary cosmic ray energy
spectrum. Above the critical energy, the energy spectrum of neutrinos decreases by
one additional power of the energy [29]. Detailed three-dimensional calculations of the
energy spectrum and angular distribution of the conventional atmospheric neutrino

flux are summarized in [30] and [31].

3.2 Prompt Atmospheric Neutrinos

Table 3.2: Summary of Charm Particles. Data from [27].

Particle Constituent Quarks mc? (GeV) FE.iu (GeV)

Dt D~ cd, ed 1.87 3.8 x 107
DO DY cti, eu 1.865 9.6 x 107
D}, Dy €5, s 1.969 8.5 x 107
AF udc 2.285 2.4 % 108

If the energy of the primary cosmic ray is high enough, the extensive air shower
will include the production and decay of charm baryons and mesons. Charm particles
typically have very short live-times, so the atmospheric neutrino flux arising from the
decay of charmed mesons is often called the prompt component of the atmospheric
neutrino flux. The charm particles thought to be produced in extensive air showers
are summarized in Table 3.2l The dominant contribution to the prompt flux is the

semi-leptonic decay modes of D mesons decaying to Kaons and leptons:

D—K+l+uy (3.3)
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The most common semi-leptonic decay channels are from D* which have a

branching ratio of 17.2% [32]:

Dt —-K°+ut + v, (3.4)

D™ K+ u 41,

Dt K" +et +u, (3.5)

D™ =K'+e +1,

Since the critical energies (Table of charm particles are so high, they will
decay before interacting and subsequently follow the primary cosmic ray energy spec-
trum and have an isotropic angular distribution. We note that the prompt component
of the atmospheric neutrino flux has an equal contribution from v, and v.. Full cal-

culations of the prompt component of the atmospheric neutrino flux are given in [33],

[34], and [35].

3.3 A Comment on Neutrino Oscillations

If neutrinos have a nonzero mass, their mass eigenstates do not correspond to the
flavor eigenstates. This implies that neutrinos can change flavor as they propagate. A
v, produced in the atmosphere may appear in the detector as another flavor. For the

case of two-flavor oscillations (v, and v, ), the survival probability of a muon neutrino
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in the atmosphere for the two-flavor oscillation case is [27]:

Am?, L
P, v, =1 — sin(20,,) sin® (%) (3.6)

where Am?2, is the squared mass difference between the two mass eigenstates

atm
and the baseline L is in natural units of GeV~!. For energies above 50 GeV, atmo-
spheric neutrino oscillations cease for baselines equal to the diameter of the Earth.

Atmospheric neutrino oscillations are therefore unimportant for the majority of anal-

yses done with the IceCube Neutrino Observatory and this work in particular.
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Chapter 4

Principles of Neutrino Detection

The small interaction cross section of the neutrino presented a major challenge to
understanding their properties and to the development of neutrino astrophysics. Neu-
trino detectors in general and neutrino telescopes in particular must encompass an
enormous volume to compensate for such low interaction cross sections. The design
of a high energy neutrino telescope involves the use of natural bodies of water or
transparent ice as target material and a detection medium for neutrinos to interact
in. The medium is instrumented with photomultiplier tubes to detect the products of

the neutrino interaction occurring in or near the instrumented detector volume.

4.1 Neutrino-Nucleon Interactions

Neutrinos only interact via the weak interaction. They interact via charged-
current (CC) interactions which are mediated by W* bosons or neutral current (NC)
interactions which are mediated by Z° bosons. The Feynman diagrams depicting these
interactions are summarized in fig. [4.1] A charged-current interaction of a neutrino

with nucleus in the ice produces a charged lepton:
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XK XX

u/d u/d u/d u/d

(a) (b) (c) {d)

Figure 4.1: Feynman diagrams for neutrino-quark Charged Current and Neutral Cur-
rent interactions

v+q—1l+4 (4.1)

where ¢ is a valence or sea quark in the nucleus and ¢’ is a quark of a different
flavor. (The flavor of the quark is changed by the exchange of a W boson.) As an
example, a muon neutrino that undergoes a charged-current interaction with one of
the ice nuclei would result in a muon.

The deep-inelastic scattering cross sections are the most important for the energy
range relevant to an astrophysical neutrino observatory. The neutrino in the deep-
inelastic regime has enough energy to interact with the quarks or gluons as point
particles. The neutrino transfers enough energy to the parton (a quark or gluon
constituent of the nucleon) such that the interaction dissociates the parent nucleon.

The NC and CC neutrino-nucleon deep inelastic cross sections in ice are summarized

in fig.
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Figure 4.2: Charged Current and Neutral Current cross sections for neutrino-nucleon

deep inelastic scattering. From [36], which uses the Parton Distribution Functions
parametrized in CTEQ5. [37]
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Figure 4.3: Cerenkov cone geometry formed by a relativistic muon traveling through
a medium

4.2 Cerenkov Radiation

Neutrinos can not be seen directly in a detector since they only interact via
the weak interaction. A relativistic muon from a charged-current neutrino-nucleon
interaction radiates light via the Cerenkov effect if the muon travels faster than the
speed of light in the medium. The detection of Cerenkov radiation in a transparent
medium arising from neutrino interactions is the primary operating principle of a
neutrino telescope. A coherent front of light analogous to a shock wave forms at a
characteristic angle 6. which depends on the index of refraction of the medium:

1

cosf. = e (4.2)

where 8 = v/c is the velocity of the particle. The geometry of the Cerenkov

cone is depicted in fig. [4.3] The Cerenkov angle for ice is Ocice = 41° for relativistic
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particles (8 = 1) and an index of refraction n;. ~ 1.33.
The number of Cerenkov photons emitted per unit track length as a function of

wavelength of light A is given by the Frank-Tamm formula [27]:

>N  2rna 1
=—1|1- 4.3
ded\ N2 < 62712) (4:3)
where « is the fine structure constant. High frequency radiation dominates the
Cerenkov emission due to the 1/\* dependence of the Frank-Tamm formula. A cutoff

at the ultraviolet end of the spectrum is imposed (300 nm [38]) due to the absorption

of light by the glass of the photomultiplier-tube.

4.3 Muon Energy Loss

It is of critical importance to understand the physical processes involved in muon
propagation and energy loss since all information about the atmospheric v, flux and
a potential astrophysical v, flux is inferred from the secondary muons. Muons do not
lose much energy via Cerenkov radiation, which is estimated to be 24 keV/cm for
E, > 1 GeV [40]. The muon energy loss rate as a function of distance, dE/dX, is

commonly expressed [27] as:

dE

— =a(l E)E 4.4
98 —a(B) +b() (4.4
Where a(F) corresponds to continuous muon energy loss mechanisms and b(E)

corresponds to the sum of stochastic energy losses. An assumption is often made that

a and b are constant such that one can use the relation
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Figure 4.4: Average muon energy loss in ice as a function of the energy of the muon.
From [39]
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dE
RPN 4.
¥ dads +bE (4.5)

to make an estimate of the energy loss for high energy muons. In ice:

a = 0.25958 GeV /mwe (4.6)

b= 3.5709 x 10~* GeV/mwe

with a systematic error of 3.7% [?]. An example of such a calculation is an

estimate of the muon range. The mean range R of a muon with initial energy Ej is

given by integrating eq.

R~ (1/b)In (1 + EE° ) (4.7)

crit

Where E..; = a/b is an estimate of the critical energy where continuous and
stochastic energy losses are equal. Inice, E..;; ~ 727 GeV. A 1 TeV muon for example
would have a mean range in ice of R ~ 2.6 km. This illustrates that a muon can have
a range larger than the instrumented volume of a neutrino telescope, so a CC v,
interaction does not need to be contained within the fiducial volume of the detector.

The continuous and stochastic energy losses of the muon come from different
physical processes. Continuous energy losses come from ionization and stochastic
energy loss mechanisms come from e*e™ pair production, bremsstrahlung, and photo-

nuclear interactions. The energy losses from these various components are shown in

fig. [4.4]
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Stochastic muon energy losses in ice come in the form of relativistic electromag-
netic and hadronic showers which also produce visible light due to Cerenkov radiation.
The total light output of a stochastic shower can be estimated from the muon track
length subtended by the constituent particles of the shower. This effective track length

has been parameterized with shower energy in ice by C. Wiebusch [41]:

legr (E) =0.894 (E(Gev) . 4.889) For EM showers (4.8)

less (E)) =0.860 (E(Gev) . 4.076) For Hadronic Showers

The amount of Cerenkov light emitted by a stochastic shower is then calculated

N%S = leff(E) X Ngo (49)

where l.s7(E) is given by eq. and n¢ is obtained by integrating the Frank-

Tamm formula (eq. over the sensitivity range of the photomultiplier tube.
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Chapter 5

The IceCube Neutrino Observatory

The IceCube Neutrino Observatory is the largest neutrino detector built to date. When
construction is completed in 2011, it will encompass a cubic-kilometer of instrumented
Antarctic ice. The large instrumented volume is necessary because of the low neutrino
interaction cross sections and the low predicted flux rates for astrophysical neutri-
nos. The IceCube detector is specifically designed to be a large tracking calorimeter,
measuring energy deposition in the form of Cerenkov light contained within the in-
strumented volume.

Neutrino detection in the Antarctic ice was pioneered by AMANDAJ42], the
prototype and proof-of-principle for the IceCube detector. Operational from 1996 to
2009, the AMANDA array consisted of 677 optical modules deployed on 19 strings at
a depth between 1900 m and 2000 m. IceCube will be over two orders of magnitude
larger than its predecessor and will use improved electronics.

The IceCube design consists of three detectors operating in union, see fig. [5.1}
The main in-ice array will be composed of 4800 photosensors arranged in 80 strings
which are deployed vertically with 60 photosensors per string. The detector is deployed

deep in the Antarctic ice between a depth of 1450 and 2450 meters. Each photosensor
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Figure 5.1: The IceCube Neutrino Observatory
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is vertically spaced 17 m from its neighbor and each string of photosensors has a
horizontal spacing of 125 m giving a total instrumented volume of 1 km®. The design
is optimized for the energy range of 100 GeV to 100 PeV [38] and for the event
reconstructions discussed in chap. [§

The DeepCore extension is deployed within the main in-ice array and consists
of six specialized strings of photosensors with increased quantum efficiency in order
to lower the energy reach to 10 GeV. Each DeepCore string also has 60 photosensors,
but the extension is more densely spaced than the main in-ice array with a horizontal
spacing of 72 m. Ten of the photosensors are deployed at shallow depths between
1750 m and 1850 m with a 10 m vertical spacing and the other 50 sensors are deployed
with a 7 m vertical spacing at a depth below 2100 m where the Antarctic ice is the
clearest. This extends the number of strings in the main in-ice array to 86 giving
a total of 5160 photosensors. The physics goals of DeepCore include indirect dark
matter searches and atmospheric neutrino oscillations studies [43].

The IceTop surface array [44] is an extensive air shower detector instrumenting
a 1 km? area at the surface of the South Pole directly above IceCube. It will consist
of 160 tanks deployed in pairs with two photosensors per tank. The primary physics
goals of IceTop include measurements of the cosmic ray energy spectrum & mass
composition near the region of the knee and studies of cosmic ray anisotropy.

79 of the total 86 strings are currently operational. The remaining seven strings
will be deployed during the 2010-2011 South Pole construction season. This work is
based on one year of data taken with the 40-string configuration of IceCube which was

operational from April 2008 to May 2009.
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5.1 Digital Optical Modules

Photosensors are critical to the design and construction of a neutrino telescope
since they are responsible for converting Cerenkov light to electrical signals. In the
IceCube Neutrino Observatory, the fundamental photosensor component takes the
form of a Digital Optical Module (DOM) [45]. Each DOM consists of a 10-inch (25
cm) Hamamatsu photomultiplier tube (model R7081-02) and associated electronics.
These electronics include a 2kV high voltage power supply, a DOM main board, a
delay board, and a LED flasher board. These components are responsible for the
operation and control of the PMT as well as amplification, filtering, and calibration.
The PMT, associated electronics, and mu-metal magnetic shield are housed within
a 35.6 cm pressurized glass sphere. The photocathode glass of the PMT rests in a
silicone gel in order to provide optical coupling to the glass sphere. The DOM is

schematically shown in fig.

Penetrator HV Divider
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Flasher
Board

L
i
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Mainboard
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Glass Pressure Housing

Figure 5.2: Schematic of the Digital Optical Module (DOM)
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The PMT is sensitive in the wavelength range of 300 nm to 600 nm. The peak
quantum efficiency of the PMT is 0.25 at around 400 nm and starts to plummet at
shorter wavelengths due to the absorption of UV light by the photocathode glass. It
has ten dynodes and operates in the voltage range between 1200 V and 1400 V with
a gain of 107.

The flasher boards contain twelve LEDs each pointing radially outward. Six of
the LEDs point in the horizontal direction and six point upward at a 48° angle. These
flashers are useful for timing & geometry calibration, setting the energy scale for an
energy reconstruction, and measurement of the optical properties of the South Pole

Ice.

5.2 Data Acquisition System

Analog waveforms captured by the Hamamatsu PMTs are digitized in situ by the
DOM main board. The analog waveform is first split between a trigger discriminator
and the 75 ns delay board. If the discriminator threshold (0.25 photoelectrons) is
surpassed, the raw waveform is then digitized in two ways.

An Analog Transient Waveform Digitizer (ATWD) digitizes the waveform into
128 bins at a sampling frequency of 300 MHz in order to capture the precise timing
information of the analog signal in a 422 ns long digitized waveform. The ATWD
has three channels operating at three different gains (0.25x, 2x, and 16x) that cover
a dynamic range up to 400 PE/15 ns. A fourth ATWD channel is implemented for
a variety of uses including an internal clock, local coincidence trigger conditions, and
communications. In order to minimize dead time during a trigger readout, two ATWD

chips were designed into the DOM main board. The second method uses a fast Analog
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to Digital Converter (fADC) to capture longer waveforms. The 256 bins in the fADC
are sampled at 40 MHz which gives a waveform that is up to 6.4 us wide.

A single cable from the surface connects the 60 DOMs in a string to a surface
junction box. (The junction box also receives input from two IceTop tanks.) The
surface junction box provides power (£48 V DC') to the DOMs and relays the acquired
data to the central counting house in the IceCube Laboatory (ICL). Each string is
controlled by a specialized computer in the ICL called a DOMHub. Each DOMHub
contains eight DOM readout (DOR) cards. The DOR card controls the power, boot-
up, software, firmware updates, calibration, data transfer, and time calibration of the
DOMs.

The DOMs can operate in local coincidence (LC) mode in order to reduce the
dark noise trigger rate of 540 Hz. DOMs can transmit and receive LC tags to and
from the neighboring vertical DOMs. When a DOM triggers, it transmits a LC tag
to its immediate vertical neighbors and sets a time window of 1 us. A DOM satisfies
the LC condition If it receives a reciprocal tag from its vertical neighbor. Hard local
coincidence was implemented for the 40-string configuration where only waveforms
from DOMs that pass the LC condition are digitized and sent to the surface. Soft
Local Coincidence is also possible where only limited timing information is sent for
waveforms that do not satisfy the LC condition. Soft Local Coincidence (SLC) was
first implemented for the 59-string configuration. The hard local coincidence condition
reduces the false trigger rate to less than 1 Hz. For the 40-string data run, the event
is then sent to a buffer for further filtering (ch. [9)) if it passes a simple majority trigger

(SMT) of eight triggered DOMs within a 5 us time window.
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Chapter 6

Optical Properties of the South Pole Ice

IceCube functions as a neutrino observatory by measuring the Cerenkov light emitted
by relativistic muon tracks and showers. It is therefore extremely important to under-
stand the propagation of Cerenkov photons through the detector medium, which for
IceCube means a thorough understanding of the optical properties of the South Pole
Ice. The ice at the South Pole has a complex depth structure consisting of horizontal
ice sheets with varying degrees of dust concentration [46]. The glacial ice under the
South Pole was created over a period of 165,000 years and currently has a thickness of
2820 m. The ice structure varies quite strongly with depth due to the accumulation
of dust particles due to varying atmospheric conditions and volcanic activity during
the glacial history of Antarctica. The largest concentration of dust in the South Pole
ice is in a layer at 2050 m.

The optical properties of the South Pole ice are described by the absorption
length and the scattering length as a function of depth. The absorption length A, is
defined as the distance over which the photon survival probability drops by a factor of
e. The scattering length A, is the average distance a photon travels before scattering

with an average angle denoted by (cos ). In Mie scattering, the photon wavelength is
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comparable to the particle size and the scattering is peaked in the forward direction
(cosf) = 0.94 [47]. It is customary to use the effective scattering length, A., which is

the distance after which the direction of a photon is randomized. It is given by:

As

Y —
1 — {(cos®)

(6.1)

In general, the ice at the South Pole has short effective scattering lengths aver-
aging around 20 m but long absorption lengths averaging around 110m. (This is in
contrast to neutrino telescopes in water, where for example the Mediterranean site of
the ANTARES experiment has longer effective scattering lengths of 100 m but shorter
absorption lengths of 57 m [48].) At shallow depths above 1400 m, scattering is dom-
inated by air bubbles trapped in the ice. Below 1400 m, a phase transition occurs
such that air bubbles become a solid air hydrate phase with the gas within the ice
giving the same index of refraction as the ice [49]. The Scattering and absorption of
the ice instrumented by the IceCube detector are therefore dominated by the varying
concentration of dust.

The effective scattering length A\, and the absorption length A\, has been parametrized
in a six-parameter model [47]. The model is parametrized in scattering and absorption

coefficients which are the reciprocal of the respective lengths:

b (400) =1/, (400) (6.2)

a(400) =1/, (400)
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The model fits the scattering and absorption coefficients at 400 nm, which the
peak of the IceCube PMT quantum efficiency. The model is parametrized in terms of

the temperature of the ice 07" and six parameters denoted by «a, x, A, B, D, and E:

b = w00 (75)

a(\) = a*(400) - X" + Ae™B/* . (14 0.0107) (6.3)

a*(400) = D - a(400) + E

Where a describes the wavelength dependence of the scattering coefficient as
calculated by Mie theory. The parameter A describes absorption due to an Urbach
tail which is a steep exponential decrease in absorption for wavelengths longer than
the band gap energy of ice. The parameter B describes the absorption of light by the
ice itself and is independent of the dust concentration. Parameters D and E describe
absorption due to dust particles. The values of D and E vary with depth and are the
dominant parameters that determine the absorption length for the relevant wavelength
range of the IceCube PMTs.

The scattering and absorption coefficients as a function of depth have been mea-
sured with a variety of in-situ light sources [47] which has led to the AHA ice model.
This model was originally derived for depths spanned by the the AMANDA detector
and subsequently the ice properties below the dust peak at 2050 m were not directly
measured. The AHA ice model was extrapolated to the clean ice region using ice core

measurements at Vostok Station and Dome Fuji in Antarctica to scale the scattering
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and absorption coefficients by using an age vs. depth relation [46]. The ice, however,
was found to be significantly cleaner below the dust layer than was initially calculated.

Recent developments [50] have measured the ice properties over the full depth
range of the IceCube detector using the in-situ LEDs present in every DOM main
board resulting in what is called the South Pole Ice (SPICE) model. This new work
also implements a new, direct-fit approach to fitting the optical properties of the
South Pole ice. A global maximum likelihood procedure is performed on the data
which fits all flashing LEDs in a single string that cover the entire depth range of

IceCube simultaneously. The scattering and absorption coefficients as a function of

depth for SPICE is shown in fig. [6.1]
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Figure 6.1: Scattering and absorption coefficients as a function of depth as derived
by the South Pole Ice (SPICE) model [50]. The final SPICE model is in black. The
previous AHA model is shown in red. The green area denotes the error range of the fit.
The light blue lines show the iterative progress of the global likelihood fit procedure.
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Chapter 7

Simulation

An accurate Monte Carlo (MC) simulation of the down-going atmospheric muon back-
ground, the atmospheric neutrino flux and the subsequent detector response is abso-
lutely critical for this analaysis. A reliable MC simulation allows us to meaningfully
compare IceCube data with the expectation from these various components and de-
velop selection criteria to reject the significant atmospheric muon background. Since
the atmospheric neutrino flux is the main background in the search for a diffuse as-
trophysical neutrino flux, an inaccurate simulation of the atmospheric neutrino flux
and the subsequent detector response can lead to a false identification or rejection
of a signal flux. An accurate simulation allows us to predict a physically meaningful
sensitivity of this analysis to an astrophysical neutrino flux and make a discovery or
set a convincing upper limit once the data is analyzed. An accurate simulation of
the down-going atmospheric muon background also enables us to reliably estimate
the contamination from this background in our final event sample. (The procedure of
obtaining our final event sample for this data set will be discussed in ch. [9] )

The simulation of IceCube data proceeds in three stages:

e The event generation stage. Event generators create primary particles from
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input flux models and assign physics parameters to each particle such as energy,

direction, distance from the IceCube detector, and particle type.

e The propagation stage. Propagators transport these particles through different
media such as the atmosphere, earth rock, and the Antarctic ice taking incor-
porating the various energy loss mechanisms and the production of secondary
particles. The propagation stage also tracks the Cherenkov photons produced

by the primary and secondary particles in the Antarctic ice.

e The detector simulation stage. This stage simulates the response of the IceCube

detector.

These three stages are separately discussed in the following sections. All three
stages of the simulation chain are handled in a collective software framework called

IceSim [51]. The IceCube simulation chain is summarized in fig. [7.1]

7.1 Event Generation

The trigger rate of the IceCube experiment is dominated by down-going atmo-
spheric muons, so an accurate simulation of this background is very important. The
generation of extensive air showers initiated by high energy cosmic ray particles and
the propagation of the subsequent muons through the atmosphere is handled by the
CORSIKA (COsmic Ray SImulations for KAscade) [52] event generator. The gener-
ation of the air showers can be done at the primary cosmic ray energy spectrum of
E~=27 or can be done with a higher power of E~7 in order to increase the amount of
event statistics at higher energies. The simulated events are therefore weighted to a

steeper spectrum in order to do meaningful comparisons with data.
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-
Event Generation
(Neutrino / Air Shower)

-
Primary/Secondary
Propagation

Cherenkov Light
Propagation

Hit Construction

PMT Simulation

DOM Simulation

Trigger Simulation

Figure 7.1: Summary of the Monte Carlo simulation chain of the IceCube experiment.
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The generation of neutrinos of all flavors are handled by the Neutrino Generator
software package which is based on the ANIS (All Neutrino Interaction Simulation)
code [30] and uses the parton structure functions from CTEQ-5 [37]. Neutrinos are
generated on a random position on the Earth’s surface and then propagated through
the Earth. ANIS takes into account the absorption due to charged current interactions
and energy losses due to neutral current interactions. Note that ANIS handles both
the generation and propagation of neutrino primaries. The structure of the Earth is
modeled by the PREM, or Preliminary Reference Earth Model [53].

In order to reduce computation time, neutrinos that reach IceCube are forced
to interact with the nearby Antarctic ice or bedrock to produce secondary particles
that would trigger the detector. Each event is assigned a weight that represents
the probability that this particular neutrino interaction has occurred. Neutrinos are
typically generated with a baseline energy spectrum of either £~! or E~2. Despite
the large number of atmospheric and astrophysical neutrino models described in ch.
and ch. [2] the event weights that are calculated can be used to weigh the baseline

spectra to one of the models considered in those chapters.

7.2 Propagation

A daughter muon from a neutrino charged current interaction or an atmospheric
muon passing from the atmosphere into earth rock is propagated using the Muon
Monte Carlo (MMC) [39] code. MMC incorporates the various continuous and stochas-
tic energy loss mechanisms described in ch. [4| to propagate the muon and the various
secondaries it produces. The Cerenkov light produced by the muon and the various

secondaries are then propagated separately from the muon track through the detector
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volume to the DOMs in the IceCube detector.

There are two methods used for photon propagation in the IceCube simulation.
Both methods can incorporate either ice model described in ch. [6l The first method
is provided by the PHOTONICS [54] software package. PHOTONICS numerically
tabulates the photon distribution results of various simulation runs with different
light sources. Predicted light distributions in the IceCube simulation chain are thus
drawn from these tabulated results. These PHOTONICS tables are computationally
efficient and has the added benefit of allowing the full ice description to be used in
the reconstruction of muon events as described in ch.

The second method for propagating Cerenkov photons through the Antarctic ice
uses direct photon tracking provided by the Photon Propagation Code (PPC) [50].
Although computationally intensive, direct photon tracking allows for a more com-
plete description of photon propagation in the Antarctic ice and avoids many of the
numerical approximations that are made with a numerically tabulated propagation
strategy provided by a software package such as PHOTONICS. A significant improve-
ment in computation speed is provided by the latest version of PPC which incorporates
support for Graphics Processing Units (GPUs) with the CUDA architecture [55].

The choice of which photon propagation to incorporate into simulation produc-
tion depends on the needs of the analysis. This analysis uses PPC for the simulation
of neutrino Monte Carlo data and PHOTONICS for the simulation of the background

atmospheric muons.
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7.3 Detector Simulation

Once the Cerenkov photons have propagated to the DOMs, the detector re-
sponse to these photons is simulated. Since all event information is digitized in situ,
the detector simulation amounts to simulating the DOM response. The first step of
this process is called hit construction. Hit construction uses the output of the photon
propagation to determine the number of photons that propagate from the pressur-
ized sphere that encases the DOM to the PMT photocathode. The PMT simulation
step simulates the resulting photo-electrons and the output pulse of the PMT. The
DOM simulation stage simulates the response of the DOM mainboard and electron-
ics, including the PMT base transformer, the mainboard input discriminator, and the
waveform capture from the ATWD and fADC. Finally, the trigger simulation applies
the trigger logic to build an IceCube event. It fills the trigger status and rejects events

that do not fulfill the trigger requirement.

7.4 Simulation Sample

There should ideally be as much simulated background live-time as the live-
time of the IceCube 40-string data set of 375.15 days. Due to limited computational
resources, however, the simulated background live-time is significantly less than the
live-time of the data set. Using the weighting scheme to generate air showers with
an E~17 spectrum allows the effective live-time at higher energies to be substantially
larger than the simulated live-time of the entire sample. Two classes of the atmospheric
muon background are generated. The first class simulates down-going muons that

trigger IceCube detector which come from a single extensive air shower and the second
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class simulates muons from two separate air showers that trigger the detector within
the trigger window. Table [7.1] summarizes the effective live-time in several energy
ranges for simulated atmospheric muons from single extensive air showers generated
with an E~17 spectrum. The coincident atmospheric muon simulation used in this
work does not employ the high-energy weighting scheme and has a total simulated
live-time of 6 hours.

Table 7.1: Summary of simulated live-times at different energy ranges for atmospheric
muons originating from single extensive air showers simulated by CORSIKA

All Energies 10 TeV 100 TeV
11 days 56 days 240 days

Neutrinos are simulated with a baseline energy spectrum of ! or E~2 as dis-
cussed above and the simulated events are then reweighed to an atmospheric or as-
trophysical neutrino model. This work uses an ensemble of neutrino Monte Carlo
simulations to incorporate the various sources of systematic uncertainty discussed in
ch. to the analysis. Table summarizes three main neutrino spectra used which
includes the generation of v,.. Most of the systematic uncertainties discussed in ch.
have a corresponding Monte Carlo set of v, generated with an £~? spectrum with

the equivalent number of events shown in Table

Table 7.2: Summary of simulated v + v events used in this analysis. These events are
all generated in the energy range of 100 GeV to 10° GeV.

Spectrum Number of Generated v + v
E2, 2 % 10°
Ely, 8 x 107
E~2 v, 2 x 108
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Chapter 8

Muon Track And Energy Reconstruction

Since the main science goal of the IceCube Neutrino Observatory is to detect high
energy astrophysical neutrinos, determining the arrival direction, arrival time, and the
energy of the daughter muons is of vital importance. The purpose of reconstruction
is to convert the electrical signals recorded by the IceCube detector to an estimate
of the muon trajectory and its energy. Reconstructing these physical quantities are
also fundamental to background rejection since atmospheric muons and atmospheric
neutrinos have different angle and energy distributions than astrophysical neutrinos.

The reconstruction of an event in IceCube is a specific case of a more general
problem of estimating a set of unknown parameters {@} given a set of experimentally
measured values {Z} [56]. The parameters, {d}, are determined by maximizing the

likelihood function L({a}|{Z}) which for independent measured values x; becomes:

L({ay|{7}) Hp i|{a}) (8.1)

where p(z;|{a}) is the probability density function (PDF) of observing the measured

value z; for given values of the parameters {@}. The reconstruction is performed by
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minimizing — log L with respect to d seeded by a first guess of the parameters a.

For the specific case of a muon traveling through the Antarctic ice, the geometry
of the muon track specifies the parameters {@} as shown in fig. It is assumed that
the Cerenkov radiation in this geometry is generated by a single muon track of infinite
length (with § = 1) and forms a cone. The muon track is most generally described by

the parameters

a= (r_67t07ﬁ7 EO) (82)

where 7 is an arbitrary point along the muon track, ty is the time the track passes
through point 7, Ej is the energy of the muon at point 7, and p is the direction of the
muon. The geometrical coordinates contain five degrees of freedom, namely the vertex
position and the direction. The sixth degree of freedom is provided by the energy of
the muon, Ey. One can reconstruct all six degrees of freedom together or reconstruct
the geometry and the energy of the muon separately.

The measured values ¥ depend on how the data was processed. The IceCube
data acquisition system captures the full waveform f(¢) from the ATWD and the
fADC digitizers as discussed in [5] This information is recorded as a series of volt-
ages within the trigger window of the ATWD and the fADC. The full amplitude and
timing information of the captured waveform can be directly used to reconstruct the
muon parameters a@. It is common, however, to perform some initial processing of
the waveform. Included in the initial processing step is baseline subtraction, removal
of transformer droop and calculating the total charge of the waveform. In addition,
the single photo-electron (SPE) response function of the photomultiplier tubes is de-

convolved to obtain a series of Cerenkov photo-electron arrival times. This process is
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Figure 8.1: Geometry of the Cerenkov light front created by an infinitely long muon
track with g = 1.

called feature eztraction [57] and is a standard procedure performed on all IceCube

data and monte carlo simulation.

8.1 First Guess Algorithms

The likelihood reconstructions require an initial track hypothesis to start the
minimization. These initial hypotheses are provided by fast first guess methods that

do not require an initial track geometry.

8.1.1 Line-Fit

The Line-Fit algorithm ignores the geometry of the Cerenkov light front and the
optical properties of the medium and instead simplifies the geometry by assuming the
light from the muon travels along a one dimensional line through the IceCube detector

with a velocity ¢. The location of each triggered OM 7; which trigger at time ¢; can
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be connected by a line:

7 =7+t (8.3)

The first guess algorithm simplifies to a x? minimization problem where the x? to be

minimized is:

Npe
2= (-7 - )’ (8.4)
t=1
which has an analytic solution:
7= (1) — U(t;) (8.5)
- <thz> - <Fz> t1>
U= (8.6)
(t7) — (t:)?
where (z;) = <= SN 2, denotes the mean of parameter z with respect to all

Npe

photo-electrons. The line-fit algorithm gives a first guess for the more sophisticated

log-likelihood reconstructions in the form of a vertex point r and a direction e =

Urr/|ULr|.
8.1.2 Tensor of Inertia

The tensor of inertia algorithm models the light pattern that triggers the IceCube
detector in a mechanical way. A charge amplitude from a PMT at 7; corresponds to
a virtual mass a; at r;. A tensor of inertia I can be defined for this virtual mass
distribution. The origin of I is the center of gravity (COG) of the mass distribution.

These quantities are defined as:
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Nch
COG = "(a;)"7; (8.7)
i=1
Nch
M= () (6% (7) — rirl] (8.8)
=1

The amplitude weight is chosen arbitrarily depending on how wants to weigh
the photo-electron charges. The tensor of inertia has three eigenvalues I, Iy and I3
corresponding to its three main axes e;. The smallest eigenvalue corresponds to the
longest axis. For a track-like event, this eigenvalue is significantly smaller than the
others and can be used to approximate the direction of the track. Cascade like events
have a more spherical geometry in the detector, resulting in the three eigenvalues that

are approximately equal to each other.

8.2 Likelihood Description

A likelihood function in the context of IceCube gives the an estimate of the
parameters of a muon track given the observed data f(t), which can be the captured
waveform or a series of feature extracted photo-electrons. The estimate of the muon
track is given by a maximum-likelihood estimation technique, which maximizes the
probability of observing a photo-electron distribution f(t) given an expected photo-
electron distribution p(t). The expected photo-electron arrival distribution is given
by the PDF and depends on the hypothesis parameters @ described in the last section.
With f(¢) binned into K bins, the probability of observing n; photons in the ith bin
given an expectation of u; photons in the ¢th bin is given by Poissonian statistics. The

overall probability for a single OM is given by the product over all bins:
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e (8.9)

L(alf(t)) = < /;—n,) (Hl 1’:“) (He"”) (8.10)

K (u_>n ilVee
= Htot o — ot
Ll f(t) = Ne!' T ] Tz\; et (8.11)
i=1 v pe:

where N, is the total number of photo-electrons. In this form, one can see that
the likelihood function is a multinomial distribution giving the probability of arrang-
ing exactly N,. photo-electrons into K bins multiplied by the Poisson probability of
observing these NN, photo-electrons. Taking the log of the likelihood function gives

us:

K
g L@ 1(8) = Y- (mitog - ) + Ny 0g s s~ Slognt)  (512)

i=1 Htot i=1

The first term is a sum over all bins. Each term in the sum n; log ”‘:; corresponds

to the log of the normalized timing probability of observing a photo-electron in the
1th bin weighted by the number of observed photo-electrons in the ¢th bin. This
timing probability is independent of the amplitude information present in f(t). For
the second and third terms, 14, is the total number of expected photo-electrons (which

depends on the geometry and the energy of the muon), and N, is the total number
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of observed photo-electrons in the OM. The second and third terms of the likelihood
function depend solely on the amplitude information present in f(¢) and enable one
to reconstruct the energy of the muon. The fourth term is a constant combinatorial
term that does not depend on a.

We evaluate Eq. for all DOMs in the ice and sum these values as our log-
likelihood function which we then maximize with respect to the free parameters of
the track. This amounts to fitting the shape of the PDF to f(t). This allows the
reconstruction of not only the geometry of the muon, but also its energy. Every term
in Eq. can be used to reconstruct the geometry and the energy of the muon
simultaneously. The geometry and energy of the muon can also be reconstructed sep-
arately by considering only the timing information for the geometry and the amplitude

information for reconstructing the energy of the muon.

8.2.1 Time Likelihood

Although the form of Eq. is completely general, in practice one reconstructs
the geometry and the energy of the muon separately. For reconstructing the geometry
of the muon, the arrival times of the photo-electrons give the most relevant information
and the amplitude information in f(¢) can be ignored. This simplifies Eq. to:

Npe
log L(a| f(t)) = D _ p(tres|d) (8.13)
i=1

The likelihood is simply a sum over the arrival time probabilities of the observed

photo-electrons. The PDF of the arrival times are typically formulated as a function

of the time residual which is the difference in time between when a photo-electron is



57

recorded and when it is expected to arrive according to the geometry of fig. [8.1}

tres = tpe — tgeo (8.14)

p - (r; —79) + dtand,
tgeo = tO + b <T TO) + an (815)

CU ac

Here, 4, represents the expected arrival time of a direct Cerenkov photon, a photon
that travels undelayed from the muon directly to the photomultiplier tube without
scattering. The shape of the probability density function should ideally be a delta
function. The dominant effect on the shape of the timing residual distribution is the
scattering of the antarctic ice [47]. The shape is also affected by PMT jitter, the dark
noise rate and stochastic energy losses along the muon track.

The simplest form of the likelihood function is constructed from a PDF describing
the arrival times of only the photons with the earliest arrival times at the location of

the triggered photomultiplier tubes:

Npowm
log(Ltime) = Z pl(tres,i|6> (816)
i=1
where only the earliest photo-electron in every DOM contributes to the overall like-
lihood function. This is known as the single photo-electron (SPE) likelihood recon-
struction. The first photon is usually less scattered than the average single photon,

which modifies the PDF of the detected photo-electron. The arrival time distribution

of the first of N photons is given by:
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Pk = Npi(tre) ( | w (t)dt) N1 - Pt (817)

P, is the cumulative distribution of the SPE PDF. This function is known as the

multi-photo-electron (MPE) PDF and defines Ly, pg [56].

8.2.2 Amplitude Likelihood

The second and third terms of Eq. as discussed before allows one to recon-
struct the energy of the muon or both the geometry and the energy simultaneously.
This is made possible by modeling ji;,¢, the total number of expected photo-electrons,
as a function of the muon energy FEy. The simplest models of 1, describes the ex-

pected number of photo-electrons as scaling linearly with energy:

E
Htoti =
Eref

* Jo,i (8.18)

where 11; is the number of expected photo-electrons at the ith OM at some baseline
energy E,.¢. This baseline energy is normally determined from monte carlo studies.
Electromagnetic cascades are a classic example where the dependence of the amount
of Cerenkov light on the cascade energy is a linear scaling factor [58]. Under such a
linear scaling case, the geometry parameters of @ can be made constant and Eq.

has an analytic solution in the energy:



99

Nowm K
dlog L d E B
=0= E -/ i1 tres @ N, eil T M0gq) — ’ (
dE p dE <j21 (n] ng( ‘a)) + pe, Og(ETef Iu“07 ) Eref /J/O, )
&/ d E d E
0= E —N, e 11 = i) T T : 7
=1 (dE " Og(ET@f Ho ) dE ET@f o )

> ..

M N o E
0= E (L _ )
i—1 o, Eref
Nowm
i N, e,l
E 221:1 pesr Eref

(8.19)
SNOM po

The sum in the numerator is over the observed number of photo-electrons in every
OM. The sum in the denominator is over the expected number of photo-electrons in

every OM at the baseline energy.

8.2.3 Bayesian Likelihood

The likelihood function [8.12| can be extended to incorporate prior information
of the atmospheric muon flux. Bayes’ Theorem states for a track with parameters @

and a given set of observables "

P@|7) = —2 14 (8.20)

P(Z|d) is simply the likelihood function defined in Eq. or one of its sim-
plified forms. The current version of the Bayesian reconstruction that is used in the
IceCube data processing uses the SPE likelihood defined in Eq. . The P(Z) term
is independent of the track parameters @ and is a constant factor. The denominator

therefore can be safely ignored. P(@) is the prior probability distribution for the muon
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Figure 8.2: The angular distribution of atmospheric muons. cosf = 0 is the horizon,
while cos = 1 is vertically downgoing. Taken from [59].

track with parameters parametrized by @. The atmospheric muon distribution has
a strong and very well characterized zenith dependence which is shown in Fig. [8.2
This provides the prior probability distribution P(@). The atmospheric muon flux
becomes negligible near the horizon due to absorption by the Earth. By weighting the
likelihood reconstruction with this prior angular distribution, P(6), events that would
otherwise reconstruct as upward-going through the Earth will instead reconstruct as

downward-going. This Bayesian Likelihood is written as:

Ly=L-P(6) (8.21)

The Bayesian likelihood forces the muon to reconstruct as down-going. In prac-
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tice, the Bayesian likelihood value is used as a test statistic by forming a likelihood
ratio in order to compare the hypothesis of an upward going reconstructed muon with
an alternative hypothesis of a track that is forced to reconstruct downward. Low values
of the test statistic support atmospheric muons where as higher values of the likeli-
hood ratio support upward going muon tracks arising from neutrinos. The Bayesian
likelihood ratio test statistic is a powerful tool for reducing the mis-reconstructed

upward-going atmospheric muon contamination.

8.2.4 Split Reconstruction

Multiple down-going atmospheric muons from different, uncorrelated extensive
air showers can trigger the IceCube detector during its trigger window. These coinci-
dent muons are difficult to reject, and the reconstruction algorithms discussed in the
previous sections need to be extended to a two muon hypothesis. The strategy we use
is to perform a split reconstruction. This involves splitting the triggered DOMs to
two separate groups and using each group of DOMs to reconstruct a muon hypothesis
resulting in two reconstructed muon tracks.

The DOM splitting is performed one of two ways. The first is to perform a ge-
ometry splitting which takes advantage of the fact that two muons triggering IceCube
during its trigger window would result in two groups of triggered DOMs that would be
spatially separated in the detector. The splitting of the triggered DOMs into these two
groups uses a plane which is defined to be perpendicular to the track and contain the
Center of Gravity (see eq. [8.7)) of the captured charge. The second method involves
a splitting in time. This strategy uses the mean time of the captured waveforms to

divide the DOM responses to two groups.
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This work uses the split reconstruction as a means to reject coincident atmo-
spheric muons that are mistakenly reconstructed as upward going muon tracks. The
Bayesian likelihood (eq. formalism can be extended to reconstruct a multiple
down-going atmospheric muon hypothesis. A muon that is reconstructed as a single
upward going track can be compared to an alternative hypothesis of multiple down-
going muon tracks which provides a powerful tool for reducing the mis-reconstructed

upward-going coincident atmospheric muon contamination.

8.3 Probability Density Functions

A reliable reconstruction of the muon geometry relies upon on an accurate prob-
ability density function that correctly models the photon hit probabilities and the
photo-electron arrival times. A reliable reconstruction of the muon energy relies upon
an accurate description of the light yield py, in Eq. [8.12] The probability density
functions can be written as an analytic function or by numerically tabulating the

output of a photon propagation simulation.

8.3.1 The Pandel Function

The Pandel function is a PDF which parameterizes the arrival time distribution
of Cerenkov photons as a gamma distribution. It assumes bulk ice (Antarctic ice
without dust layers) and has the same form for muons and electromagnetic cascades.
Its use is motivated by an analysis of laser light signals in the BAIKAL experiment
[56]. It is defined as:

1 7—d/apld/A=1)

Pltves) = ¢ ) (8.22)
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_ _—d/)a TCmedium 4/
N(d)=e 1+ . (8.23)

where ), is the absorption length, d is the closest approach distance between the OM
location and the hypothesis, and A and 7 are two unspecified parameters whose form
depends on whether the hypothesis is a muon or an electromagnetic cascade. The
Pandel function is normalized, does not require much computing resources, and can
be integrated analytically over the time. This makes the construction of the multi-
photo-electron (MPE) time PDF straightforward. A sample illustration of the Pandel

PDF as a function of the time residual is given in fig. [8.3]
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Figure 8.3: Ilustration of the timing residual distribution of the Pandel function
(dashed curve) and its comparison with monte carlo simulation (black histogram) at
two distances from the muon track.

8.3.2 Photorec

The main disadvantage to using the Pandel function defined in eq. for muon
reconstruction is that it assumes bulk ice which treats the scattering and absorption

coefficients as constant as a function of depth in the detector. This assumption limits
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how accurately eq. can describe the arrival time distribution of Cerenkov photons.
It would be ideal to incorporate the more detailed layered description of the ice used
in the simulation of IceCube data described in Ch. [7]into a likelihood reconstruction
of muon tracks. This is made possible by the PHOTONICS photon propagation code
since the results of the photon propagation are stored in the form of tables. An
interface for the purposes of reconstruction called Photorec [54] has been developed
that provides a numerical PDF describing the normalized arrival time probability
distribution of Cerenkov photons and the expected amplitudes using the complete ice
description used in the IceCube simulation. Tables are available for electromagnetic
cascades and for bare muon tracks.

One of the major challenges in using Photorec for muon reconstruction is the
large system memory requirements imposed by the PHOTONICS tables. A possible
solution to this problem is the use of spline interpolation that parametrizes the tabu-
lated photon arrival time probabilities and amplitudes at various depths in the ice as
a spline function. This work is the subject of ongoing research and was first applied
to the problem of cascade reconstruction [60].

The performance of the likelihood functions described in Ch. and the
probability density functions described in this section are summarized in Fig. [8.4]
The waveform log-likelihood algorithm uses the captured waveform directly in Eq.
and the Photorec PDF. The Photorec log-likelihood algorithm uses the feature
extracted waveform in Eq. and the Photorec PDF. The SPE Pandel algorithm
uses Eq. and the Pandel PDF. The MPE Pandel algorithm uses Eq. and

the Pandel PDF. The complete description of the ice provided by the Photorec PDF
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Figure 8.4: The top plot shows the angular difference between the reconstructed muon
track direction and the Monte Carlo track direction as a measure of reconstruction
performance. The study used neutrino Monte Carlo simulation generated with an £ 2
spectrum in the 40 string configuration. The bottom plot shows the median angular
difference as a function of energy.
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provides a better angular resolution than the Pandel function. The MPE likelihood
defined in eq. gives the best angular resolution especially at higher energies. This
demonstrates that the earliest Cerenkov photon arrival times are the most important
for reconstructing the muon track geometry. The MPE reconstruction is used when
the data from the 40 string configuration is processed. A future improvement to the
MPE reconstruction algorithm would incorporate the Photorec PDF in the form of a

spline function such that eq. could be properly integrated.

8.4 Energy Reconstruction

Since extra-terrestrial sources of neutrinos are expected to have harder energy
spectra than the atmospheric neutrino backgrounds, a reliable method for reconstruct-
ing the energy of the event is crucial. Here we summarize two algorithms that estimate

the muon energy.

8.4.1 N,

The number of triggered PMTs (channels) in an event provides a simple energy
estimator that is called N.,. Muons with higher energy deposit more light in the
detector subsequently triggering more DOMs. A problem with using N., as an energy
estimator is that the dust concentration in the Antarctic ice affects the absorption
of light, which affects the number of triggered DOMs in an event. This introduces
a systematic depth dependence in using N, as an energy estimator. Nevertheless,
N, represented a reliable and simple energy estimator for previous analyses done in
IceCube and AMANDA, its predecessor. The correlation of N, with the simulated

muon energy for the IceCube detector in the 40-string configuration is shown in fig.
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Figure 8.5: Scatter plot demonstrating the correlation between the number of triggered
optical modules, N, and the simulated energy of the muon closest to the center of
gravity (COG) of the triggered DOMs for IceCube in the 40-string configuration. The
COG is defined in eq. [8.7]

8.4.2 Photorec dE/dX Reconstruction

Estimating the energy of muon tracks is quite a challenge for non-accelerator
experiments such as IceCube. An estimate of the muon energy is obtained through
modeling p;,; which is the total light yield of the muon defined in the second and third
term of eq. [8.12] Although 1, allows one to reconstruct the energy of the muon,

modeling the total light yield is difficult for high energy muons due to the stochastic
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Figure 8.6: Comparison of the expected photo-electron distribution . (¢) (thick line)
from photorec lightsaber tables with a sample of individual simulated waveforms taken
from a high energy muon MC sample (thin lines). Upper figure: 1 PeV muon at 53
meters from the track. Lower figure: 100 PeV muon at 147 meters from the track.
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nature of muon energy loss. The stochastic muon energy loss mechanisms dominate
over continuous energy losses above > 1 TeV. The majority of Cerenkov light comes
from the many secondaries produced by the various stochastic energy loss processes
discussed in Ch. What one measures is not the energy of the muon Ej, but the
energy loss of the muon dE/dX. The relationship is approximately linear in this
energy regime and is given by dF/dX = a + bE as also discussed in ch. .

The Photorec dE/dX reconstruction algorithm models the average energy loss
dE/dX of the muon as an infinite chain of mono-energetic electromagnetic cascades
that are equally spaced by one meter. This approximation of the dE/dX profile of
the muon models i, as a continuous cylinder of light and is known as the lightsaber
model. The Photorec energy reconstruction algorithm takes advantage of the Photorec
interface to PHOTONICS and uses specialized muon tables called lightsaber tables for
the purpose of modeling ji,; in eq. in order to reconstruct the dE/dX of the
muon.

Fig. demonstrates example comparisons between the expected photo-electron
distribution as obtained with the photorec lightsaber tables and individual waveforms
as obtained in the full MC simulation. It should be noted that the lightsaber model
describes the average energy loss behavior of the muon track and therefore predicts
an average photo-electron arrival profile. In many events, the individual waveforms in
various DOMs will look quite different as shown in fig. [8.6] Individual stochastic en-
ergy losses near the DOMs may produce deviations beyond the statistical fluctuations
from the Cerenkov light profile modeled by the lightsaber approximation.

The performance of the Photorec dE/dX reconstruction is characterized by con-



70

| Energy Correlation

log10(dE/dX)

||r+|

8
log10(E,_ )

Figure 8.7: Correlation between the reconstructed dE/dX and the energy of the muon
closest to the center of gravity (COG) of the triggered DOMs for IceCube in the 40-
string configuration. The COG is defined in eq. 8.7, The Monte Carlo sample used
was generated with an E~! energy spectrum.
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was generated with an E~! energy spectrum.
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Figure 8.9: Energy estimator resolution as a function of the muon energy closest to
the COG of the triggered DOMs for IceCube in the 40-string configuration. Gaussian
functions are fit to the energy resolution distributions in different energy slices to get
a numerical estimate of the resolution. The Monte Carlo sample used was generated
with an £~ energy spectrum.
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sidering simulated high energy muons and neutrinos. Since IceCube measures the
energy loss of the muon in the form of Cerenkov light produced by stochastic show-
ers, we first derive the intrinsic resolution of the Photorec dE/dX reconstruction by
using a sample of simulated high energy muons with a flat £=! energy spectrum. We
then characterize the response of the energy estimator to neutrino fluxes with different
energy spectra.

The correlation between the Photorec dE/dX reconstruction and the muon en-
ergy for the IceCube detector in the 40-string configuration is shown in fig. 8.7 Only
moderate quality criteria are applied. A containment cut is applied that selects only
muons that traverse through the IceCube detector and whose direction are well re-
constructed with a paraboloid sigma error estimate (See ch. @ of 3 degrees or less.
The dFE/dX energy reconstruction is more linearly correlated with the muon energy
than the N, estimator. Fig. [8.8 and fig. compare the energy resolution of N,
with the Photorec dE/dX reconstruction. The energy resolution is calculated by con-
sidering the average dF/dX of the simulated muon track. The average muon energy
loss is calculated from the total energy deposit of the simulated muon in the detector
divided by the total path length traversed by the muon through the detector. A nu-
merical estimate of the overall energy resolution can be obtained by fitting Gaussian
distributions to the curves shown in fig. [8.8] The standard deviation of these fits are
summarized in table Rl

Table 8.1: Energy Resolution for IceCube in the 40 String Configuration

Energy Estimator o of log(FEreco/ Enic)

Ny, 0.43
Photorec 0.27
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Figure 8.10: Correlation between the reconstructed dE/dX and the energy of the pri-
mary neutrino for IceCube in the 40-string configuration. The top plot demonstrates
the correlation for atmospheric neutrinos and the bottom plot for a hypothetical as-
trophysical E~2 v, flux.
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Figure 8.11: Profile of the RMS in the reconstructed dF/dX for different slices in the
energy of the primary neutrino for IceCube in the 40-string configuration. We note
that the spread gets larger for higher neutrino energies due to the increased muon
range.

Table 8.2: dE,..,/dX spread for different values of E, for IceCube in the 40 String
Configuration

E,  1og(dEseco/dX) RMS

10 TeV 0.38
100 TeV 0.55
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Figure 8.12: Distribution of Reconstructed dE/dX for a primary neutrino energy of 10
TeV for IceCube in the 40-string configuration. The top plot shows the distribution
for all up-going zenith angles. The bottom plot shows the reconstructed dE/dX
for different zenith ranges. We note that the spread does not have a large zenith
dependence.
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Figure 8.13: Distribution of Reconstructed dE/dX for a primary neutrino energy of
100 TeV for IceCube in the 40-string configuration.

With the muon energy resolution well characterized for many decades of the
muon energy, we then study the performance of the Photorec dE/dX algorithm for
different neutrino energy spectra. The correlation between the Photorec dE/dX re-
construction and the parent neutrino energy for the IceCube detector in the 40-string
configuration is shown in fig. for different muon neutrino energy spectra. The
plots are shown with stringent quality criteria (see E[) that are eventually applied to
the data in order to get a pure neutrino sample. Fig. shows a profile of the
RMS of the Photorec dE/dX reconstruction in different bins of the parent neutrino
energy. We note that the RMS gets larger for higher neutrino energies due to the
increased muon range. Fig. shows the Photorec dF/dX distribution for 10 TeV
neutrinos and for different zenith bands. We note that the spread does not have a

large dependence on the zenith angle. Fig. |8.13|shows the dE,.,/dX distribution for
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Figure 8.15: Distribution of the primary neutrino energy for different v, spectra in two
slices of dE,¢c,/dX for IceCube in the 40-string configuration. The top plot is for a
AE,eco/dX of 0.252 GeV/m (the peak of the atmospheric neutrino energy response) and
the bottom plot is for a dE,..,/dX of 6.31 GeV/m where the dFE,¢.,/dX distribution
is expected to turnover to an astrophysical E~2 v, spectrum with a normalization of
N, =1.0""GeVem? s sr. The large bin to bin variations in the bottom plot is due to
the lack of statistics in the simulation at higher energies.
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100 TeV neutrinos, which is considerably wider than for 10 TeV v,. We summarize
the spread in dFE,¢q,/dX for 10 TeV and 100 TeV neutrinos in Table

A prior assumption of the neutrino energy spectrum must be made in mak-
ing an estimate of the neutrino energy from a measured value of the reconstructed
dE/dX. Fig. 77 shows a profile of the RMS of the simulated neutrino energy in dif-
ferent bins of dFE,..,/dX. The profile is shown for conventional atmospheric neutrinos
and astrophysical neutrinos. Fig. demonstrates the distribution in the parent
neutrino energy for two different values of Photorec dE/dX. The distributions are
shown for conventional atmospheric neutrinos, prompt atmospheric neutrinos, and
a hypothetical astrophysical neutrino flux. The significance of these two values of
dE,cco/dX is that 0.252 GeV//m is the peak of the dE,..,/dX distribution for con-
ventional atmospheric neutrinos and 6.31 GeV//m is the value of Photorec dF/dX for
which the distribution is expected to turnover to an astrophysical E~2 v, spectrum
with a normalization of N, = 1.07"GeVem? s sr. Table [8.3] characterizes the spread
in primary neutrino energy for different spectral shapes for these two important values

of dEeco/dX .

Table 8.3: log,o(E,) RMS for two values of dE,..,/dX for IceCube in the 40 String
Configuration

dE,eco/dX  Atmospheric v, RMS Prompt v, RMS Astrophysical v, RMS

0.252 GeV/m 0.43 0.5 0.52
6.31 GeV/m 0.52 0.49 0.51

The energy scale of the Photorec dE/dX reconstruction depends on the light
yield for stochastic electromagnetic cascades. The reconstruction algorithm incorpo-

rates the effective muon track length parameterization derived by C. Wiebusch (eq.
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from which the total amount of Cerenkov light from stochastic electromagnetic
cascades can be calculated. Another parameterization of the effective muon track
length has been derived by M. Kowalksi [61], but this parameterization has a neg-
ligible affect on the energy scale of the Photorec dE/dX reconstruction. One can
approximate a larger change in the muon light yield by varying the stochastic energy
loss cross sections in the muon propagation stage in the simulation. This is discussed
in ch. [[1 We note here that such an increase or decrease in the muon energy loss cross

sections do not largely affect the energy scale of the reconstructed dFE/dX distribution.

8.5 Iterative Reconstruction

The log-likelihood reconstructions described in this chapter need to be seeded
with a vertex and a direction which is normally provided by the first guess algorithms
described in this chapter. It is possible for the log-likelihood reconstruction to fit a
vertex and direction from a local minimum in the likelihood space. This undesirable
behavior can be mitigated by performing multiple iterations of the same log-likelihood
reconstruction, but with a variety of seed values for the geometry and the direction.
This increases the chances that the global minimum is indeed found and the most
accurate track is returned. There is a trade off between the number of iterations
performed and the total computing time required. 16 — 64 iterations are commonly

performed.
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Chapter 9

Event Selection

The data used for this analysis were taken using IceCube in the 40 string configuration
which operated between April 2008 and May 2009 giving a total live time of 375.5 days.
Since the goal of this analysis is to look for evidence of astrophysical muon neutrinos
in the atmospheric muon neutrino energy spectrum, the data must first be processed
in order to obtain a pure sample of muon neutrinos. This involves rejecting the
large amount of down-going atmospheric muon background. The background rejection
strategy was developed using simulation in several stages. First, the triggered event
rate at the South Pole was reduced using a level 1 software filter before the data was
transmitted via satellite to the northern hemisphere. The level 2 filtering stage sees
CPU intensive reconstructions performed offline in the northern hemisphere. Finally,
analysis level cuts were applied to reject the atmospheric muon background and obtain

a pure muon neutrino sample.

9.1 Filtering

The data rate from the IceCube DAQ far exceeds the bandwidth capability of

the satellite (35 GB/day) that transmits data from the South Pole to the northern
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hemisphere. A significant reduction of the trigger-level data rate is required before the
data is transmitted to the northern hemisphere. The Processing and Filtering (PnF)
system runs on a cluster of computers at the South Pole which takes events from
the DAQ and performs a variety of fast first guess reconstruction algorithms (see ch.
. The PnF system sends an event to the South Pole Archival and Data Exchange
(SPADE) system for transmission to the northern hemisphere if it passes one or more
of the software filters set up at the South Pole. Although there are a variety of filters in
use, only events passing the muon and the extremely high energy (EHE) filter are used
in this analysis. The EHE filter simply tags high energy events with log(/N,.) = 3.5 or
greater photoelectrons. The muon filter, however is the primary filter in this analysis
for rejecting down-going atmospheric muons and retaining candidate muon neutrino
events near and below the horizon. It is also a common filter shared by other analyses
such as the point source analysis and the atmospheric neutrino analysis.

The level 1 muon filter consists of two cut branches and a NChannel threshold of
10. Two reconstructions using the simplified SPE likelihood (eq. are performed
as inputs to the level 1 filter. The first reconstruction is seeded with the result of a
LineFit first guess reconstruction. The second is seeded with the opposite direction of
the first guess result with the intention of reducing the number of mis-reconstructed
events that might otherwise pass the filter. Branch 1 of the filter tags whether both log
likelihood reconstructions pass a specified zenith cut. Branch 2 determines if one of
the reconstructed tracks passes a specified zenith cut. The filter branches are defined
in table[9.1] An event passes the level 1 muon filter if it passes either the branch 1 or

branch 2 criteria.
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Figure 9.1: Summary of the Level 2 muon filter data processing chain used for this
analysis.
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Table 9.1: Summary of the level 1 muon filter for IceCube in the 40 string configuration

Branch Selection Criteria

Branch 1 (0spe1 AND Ospps > 80 AND N, > 10) OR
(Ospp1 AND fspgs > 70 AND N, > 16)

Branch 2 Npe/Nch Z 5 AND (QSPEI OR QSPEQ Z 50 AND Nch Z 20) OR
(Ospe1 OR Ospga > 70 AND N, > 10)

The more CPU intensive level 2 processing of the muon filter is done in the
northern hemisphere. The processing is summarized in fig [9.1] The level 2 processing
chain has the following steps performed offline on events that pass either the muon

filter or the EHE filter:

e Feature Extraction: The waveform is first reprocessed with a more complete

feature extraction (see ch. [§).
e First Guess Reconstruction: The LineFit first guess algorithm is run on the data.
e SPE reconstruction: The SPE log-likelihood reconstruction is performed.

e SPE32 reconstruction: The previous SPE log-likelihood reconstruction seeds a

subsequent SPE log-likelihood reconstruction run with 32 iterations.

e Bayesian Reconstruction: The Bayesian reconstruction (eq. [8.21)) is performed
using the SPE likelihood and seeded with the result of the SPE 32 iteration

reconstruction.

e Split Bayesian Reconstruction: The Bayesian reconstruction is ran on a two-
muon hypothesis. Each muon hypothesis is reconstructed using the SPE likeli-

hood with 16 iterations. (See sec. for a discussion on split reconstruction.)
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e MPE Reconstruction: The MPE log-likelihood reconstruction (eq. [8.17)) is per-

formed using the result of the SPE 32 likelihood reconstruction as a seed.

e Paraboloid: The paraboloid error estimate (see discussion in the next section)

of the MPE log-likelihood reconstruction is calculated.

e Photorec Energy Reconstruction: The Photorec Energy Reconstruction is run

using the result of the MPE likelihood reconstruction as a seed.

The zenith and dF,..,/dX distributions at filter level comparing data and Monte

Carlo for one day of IceCube 40-string data is shown in fig. 9.2

9.2 Analysis Level Cut Variables

In order to prevent any inadvertent tuning of the event selection criteria that
would bias the final event sample, a blindness procedure was followed. The blindness
criteria for the IceCube 40-string dataset allowed thirty days of data taken during the
month of June 2008 (called the “Burn Sample”) to be used to develop an analysis. The
burn sample and simulation were used to establish the final analysis level cuts for this
analysis. The observables used to separate neutrino like events from the down-going
muon background events are derived from the reconstructed track and are summarized

below:

e Oypp: The zenith angle of the muon track reconstructed with the MPE likeli-
hood is used as a cut parameter. As discussed in section [8.2.3] the atmospheric
muon flux has a well characterized zenith dependence that quickly drops to zero

at the horizon.
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Figure 9.2: Distributions comparing data to simulation for one day of IceCube data at
filter level. Top plot is the dF,.,/dX distribution and the bottom plot is the zenith
distribution. Shown is the total sum of Corsika atmospheric muon simulation from sin-
gle and coincident atmospheric muons, simulated atmospheric v, and a hypothetical

astrophysical £~2 v, flux.
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e Reduced log-likelihood of the MPE reconstruction, %—M—Igm: The re-
duced log-likelihood value is the log-likelihood value of the reconstructed track
divided by the number of degrees of freedom of the fit. The number of degrees
of freedom is taken to be the number of triggered DOMs minus five, which is
the number of free parameters in the reconstruction. A smaller value of the
reduced log-likelihood indicates that the Cerenkov photons arrived at the indi-
vidual DOMs as predicted by the Pandel function. It is an efficient observable

for separating higher energy atmospheric neutrinos from mis-reconstructed at-

mospheric muons.

Redefined reduced log-likelihood of the MPE reconstruction, loﬁ(i%g):
The reduced log-likelihood defined above should be independent of the energy of
the muon track. In practice, the reduced log-likelihood is not energy dependent
for lower values of N.,. Redefining the effective degrees of freedom to N, — 2.5
makes the reduced log-likelihood energy dependent at low N, making this an ef-

ficient observable for separating medium and lower energy atmospheric neutrinos

from mis-reconstructed atmospheric muons.

Paraboloid sigma error estimate of the MPE reconstruction o)/pg:
A technique for estimating the 1o error of a log-likelihood reconstruction was
developed [62] that calculates an error ellipse in the likelihood function space
of the reconstruction. The 1o error is given from the major and minor axis of
the event error ellipse: o = /(02 + 02)/2. This parameter provides an event by
event uncertainty in the likelihood function used in the reconstruction of muon

tracks.
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e Log-likelihood ratio of the Bayesian reconstruction to the SPE-32 re-
construction log(Lyuyesian) — 10g(Lsprsz): The Bayesian likelihood ratio com-
pares the hypothesis of an up-going muon track with the alternative hypothesis
of a down-going muon track reconstructed with the Bayesian prior defined in eq.
[B.21] The likelihood ratio of the two reconstructions provides a powerful observ-
able to reject mis-reconstructed atmospheric muons. Low values of the likelihood
ratio supports the alternative hypothesis of a down-going muon, where as higher

values indicate an up-going muon track.

e Log-likelihood ratio of the split Bayesian reconstruction to the SPE-32
reconstruction 1og(Liayesiant ) +108(Liayesianz) —10g(Lsprs2): The split Bayesian
likelihood ratio compares the hypothesis of a single up-going muon track with
the alternative hypothesis of two down-going muon tracks reconstructed with
the Bayesian prior defined in eq. [8.2I] The two muons were reconstructed either
by splitting the DOMs by their geometry or their trigger time as discussed in
section [8.2.4] This observable is constructed to reject mis-reconstructed coinci-
dent atmospheric muons. As in the single muon case, low values support the
alternative hypothesis of two down-going atmospheric muons where as higher

values indicate an up-going muon track.

e minimum zenith angle of a split two muon reconstruction using a ge-
ometry splitting 0,,/14c,: 'Two muons are reconstructed by using the geometry
of the triggered DOMs in the event to split them into two groups as discussed
in section [8.2.4, The SPE PDF with 16 iterations is used in reconstructing

the two muon tracks. This observable requires both reconstructions to pass a
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reconstructed zenith angle threshold.

minimum zenith angle of a split two muon reconstruction using a time
splitting 0,,/i11ime: Two muons are reconstructed by using the trigger time of
the DOMs in the event to split them into two groups as discussed in section [8.2.4]
The SPE PDF with 16 iterations is used in the reconstruction. This observable

requires both reconstructions to pass a reconstructed zenith angle threshold.

Number of DOMs with direct photoelectrons, N Dir: The number of
Cerenkov photons arriving between —15 and 475 ns of their expected un-scattered
photon arrival times from a reconstructed track is known as the number of di-
rect photons, or NDir. More direct photons would decrease the chance of a
mis-reconstructed track. N Dir is calculated with respect to the MPE likelihood

reconstruction.

Direct length of the MPE reconstructed track, LDir: The number of
direct photons, N Dir, are projected back on to the reconstructed track. The
direct length, L Dir; is the maximum separation distance between these projected

photons.

Smoothness of the MPE reconstructed track, SDir: The number of di-
rect photons, N Dir, are projected back on to the reconstructed track. The
smoothness, SDir, is a measurement of how uniformly distributed these pro-
jected photons are along the reconstructed track. Smoothness runs between —1
and 1. Positive values of smoothness indicate that the projected photons cluster

at the beginning of the track, where as negative values of smoothness indicate
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there are more at the end of the track. A smoothness that is close to 0 indicates

a uniformly distributed distribution of projected Cerenkov photons.

9.3 Final Event Sample

Observable and Selection Criteria

QMPE > 90°

log(LarpE) log(LarpE)
(Nchfg’) < 8 OR (Nch72'5) < 71

ompe < 3°

log(LBayesian/LSPE32> > 25 for COS(@MPE) < —=0.2

log(L payesian/ Lsprs2) > (75 cos(0ypr) + 40) for cos(6ypr) > —0.2
10g<LBayesu}’:L;:E[;ZayeslanQ) > 35

esplittime > 80°

esplitgeo > 80°

NDir >5

LDir > 240

|SDir| < 0.52

Table 9.2: Summary of the analysis level cuts applied to the IceCube data to derive
the final event sample for the analysis.

A summary of the analysis level cuts applied to the IceCube data in order to
obtain the final neutrino sample is given in table 0.2l The passing rates after suc-
cessive purity cuts for data and monte carlo for the down-going atmospheric muon
background, atmospheric neutrinos, and a hypothetical astrophysical £—2 flux are
given in Table [9.3] Although these cuts are designed to reject the down-going atmo-
spheric muon background, a subset of these quality criteria are observables dealing
with track quality and can be used to select well-reconstructed atmospheric muons.
An example dFE,..,/dX distribution of such high quality atmospheric muons for one

day of 40-string data is shown in fig. [9.3]
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Data : 278107 Events
Total Downgoing Muons : 263854 Events

Coincident Downgoing Muons : 35256 Events

5 Atmv, 21 Events
10 E*-2v,: 0.000
104
10°

2 3
log, (dE__/dX) (GeV/m)

Figure 9.3: Distributions comparing data to simulation for one day of IceCube data
for well-reconstructed atmospheric muons. From Table[9.2] the quality cuts on oy pp,
Lypg, NDir, LDir, and SDir are appied. Mis-reconstructed down-going muons
are removed from these plots. Shown is the total sum of Corsika atmospheric muon
simulation from single and coincident atmospheric muons, simulated atmospheric v,
and a hypothetical astrophysical E~2 v, flux.
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Figure 9.4: dFE,¢.,/dX and cos(f) for data, atmospheric muon simulation, and atmo-
spheric neutrino simulation demonstrating the progression from filter level to analysis
level. Each set of curves show the dFE,..,/dX and cos(f) distributions after several
stages of quality cuts.
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Quality Parameter Data Total Atm. ¢ Coincident p Atm. v, E~%uy,

Orpe > 90° 19211340 24557460 14318580 7290 100.0%
log(Lpr) 675820 365570 89283 3473 69%
OMPE 114305 83913 32615 2985 50%

108(Lpayes/ Lspus) 22981 21842 18920 2195  48.7%

log(Fuettlinet) 355 1925 1436 1490 46.0%

O piittime 1794 253 188 1284  41.1%

Ospiitgeo 1425 94 80 1229 39.3%

NDir 1273 61 48 1195 38.7%

LDir 1099 43 38 1153 36.9%

SDir 1001 0 0 1111 35.1%

Table 9.3: Summary of the passing rates for data, atmospheric muon monte carlo,
atmospheric neutrino monte carlo, and a hypothetical astrophysical E~2 v, flux after
successive applications of purity cuts. The quality parameter for the purity cut is
shown; the cut for each quality parameter is defined in Table (9.2 The passing rate
for E7% v, is quoted as a percentage. Adhering to the blindness procedure, the cuts
were derived from the 30 day burn sample as discussed in the text.

We are left with 12877 candidate neutrino events below the horizon for the Ice-
Cube 40 string data set after all analysis level cuts have been applied. The selection
criteria is designed to reject the large amounts of down-going atmospheric muons while
keeping as many neutrino events as possible resulting in an essentially pure (99.9%)
event sample. These cuts were designed in particular to maximize the retention ef-
ficiency of the simulated E~2 astrophysical neutrino flux, which is 35.1% for this
analysis. Appendix [A] contains a discussion on the cut progression for this analysis. A
summary of the event selection progression in the dF,¢.,/dX and cos(f) distributions
are shown in Fig. 9.4, Event displays for the four highest reconstructed dF/dX events
are contained in Appendix [B] The distributions of our primary observables and track
quality variables at the final analysis level for the full year of the IceCube 40-string

data set are shown in figs. -[9.91 We note an 8% deficit of atmospheric neutrino
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Monte Carlo below data at the horizontal region between 90 and 97 degrees in zenith

angle.

9.4 Neutrino Effective Area

The effective area of a neutrino telescope such as IceCube is the area A, (E, 6, ¢)
of a detector that would have a 100% neutrino detection efficiency. The low interaction
cross section of the neutrino makes this effective area much smaller than the physical

cross section of the detector. The total number of detected events is given by:

Nevents == /dEV d) dt (I)V(Euaea ¢)A€ff<E797¢> (91)

This quantity summarizes the efficiency of a particular analysis, which includes
the efficiency of the analysis level cuts and physical effects like the absorption due to
the Earth. For a detailed discussion of the calculation of the neutrino effective area,
see Appendix B of [63]. Fig. |9.11| shows the effective area as a function of energy for
this analysis in different zenith angle ranges. Tables of the neutrino effective area for
the energies and zenith angle ranges shown in Fig. are tabulated in Appendix [C]

for easy reference.
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Figure 9.5: dE,c.,/dX and cos(f) for data and atmospheric neutrino simulation after

all quality cuts have been applied.
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Figure 9.6: Physics observables for data and atmospheric neutrino simulation after all
quality cuts have been applied.
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Figure 9.7: Direct hit track quality variables for data and atmospheric neutrino sim-
ulation after all quality cuts have been applied.
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all quality cuts have been applied.
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the solid black line.
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Chapter 10

Analysis Method

As discussed in chap. [2] evidence for a diffuse astrophysical v, flux would manifest as a
hardening of the atmospheric neutrino spectrum in the high energy tail of the energy
distribution. The energy of the primary neutrino is not measured in the detector,
however, since IceCube only measures the energy loss of the through-going muon. We
use the Photorec muon dE/dX reconstruction described in sec. for the energy
observable in the final analysis.

The simulated energy response of the IceCube 40-string detector to the Honda et
al. conventional atmospheric neutrino flux [31], the Sarcevic et al. prompt atmospheric
neutrino flux [33], and a hypothetical astrophysical £~ flux is shown in fig. [10.1] The
simulated energy response is shown for the true simulated neutrino energy of events
that pass the analysis level purity cuts. The simulated dFE,..,/dX distribution of this

same event sample is shown in fig.

10.1 Maximum Likelihood Technique

The goal of this analysis is to quantify how the observed energy distribution of

the data is described by the different hypotheses of conventional atmospheric neutri-
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nos, prompt atmospheric neutrinos, and astrophysical neutrinos. A reliable analysis
method is needed to determine the contributions from these respective components
while incorporating the various sources of systematic uncertainty described in the next
chapter. This method should also allow us to construct confidence intervals to deter-
mine if a background only hypothesis of atmospheric neutrinos is favored or if the data
demonstrates evidence of astrophysical neutrinos.

This chapter describes a frequentist method of using a likelihood function to
define central confidence intervals that incorporates systematic errors. This method is
an extension of the frequentist approach described by G. Feldman and R. Cousins in
[64] and is currently being applied to a wide variety of physics analyses, an example

of which is the study of neutrino oscillations [65].

10.1.1 Likelihood Function

A test statistic is needed in order to compare the observed dE/dX distribution
for different combinations of the various hypotheses discussed above which are de-
scribed by physics parameters 6,.. The two physics parameters in this analysis are the
absolute normalization of the prompt atmospheric v, flux (since the prompt flux has
yet to be measured) and the normalization of a hypothetical astrophysical E~2 v, flux.
With the dE/dX distribution binned in N bins, we first define a Poisson likelihood

function analogous to eq. [8.9

N

L({n}{pa0)}) = [ 1

i=1

e_ui

o (10.1)

where n; is the observed event count in the ith bin and u; is the expected
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event count in the ith bin. The expectation p; is the sum of the contributions from
conventional atmospheric neutrinos, prompt atmospheric neutrinos, and astrophysical
neutrinos. Neglecting sources of systematic uncertainty for the moment, p; is defined

as:

Wi = Hei + fpi + Hayi (10.2)
Mi = HcPei + HpPp i + HaPa,i

where the subscripts ¢, p, and a stand for conventional atmospheric neutrinos, prompt
atmospheric neutrinos, and astrophysical neutrinos respectively. The expected event
count in the ith bin for the atmospheric and astrophysical neutrinos is a multiplication
of the total expected event count by the PDF of the physics parameter in question.
As an example, the term p,p,; multiplies the total expected number of astrophysical

neutrino events by the PDF in the ith bin giving p, ;. Taking the negative logarithm

of eq. gives:

— 2log L({n;}|{6,}) = 22 (11; — g log p1; + log ny!) (10.3)

The likelihood ratio of two hypotheses Hy and H; is a test statistic that compares
the probability that the two hypotheses would give rise to the observed data. Using

eq. to take the likelihood ratio of hypothesis Hy to hypothesis H; gives:

N
L i
-2 IOg L—O =2 E <M0,i — M1 +n,; lOg 517 > (104)
L i=1

0,2

where 111 ; is the expected event count from the hypothesis H; in the ith bin and
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Io; is the expected event count from the hypothesis Hy in the ith bin. The additional
factor of 2 in eq. arises because Wilks’s theorem states that, in the asymptotic
regime, a likelihood ratio approaches a x? distribution with the number of degrees of
freedom equal to the number of parameters described by 6, [66].

The likelihood ratio in our analysis is constructed to compare an alternative
hypothesis at some physics point 6, to the hypothesis that best describes the data. The
hypothesis that best describes the data is the value of 6, that minimizes the negative
log-likelihood (thereby maximizing the probability) and is denoted by —2logL =
—2log L(QAT). Our test statistic is the likelihood ratio of a point in physics space 6, to

the likelihood of the best fit value:

R=—2log Lf’“) (10.5)

This test statistic allows us to construct confidence intervals for our physics

parameters 6,.

10.1.2 Confidence Intervals

When an observable is reconstructed from the data, one wants to determine the
physically allowed hypotheses and construct confidence intervals for the physics pa-
rameters #,.. In this analysis, we wish to construct confidence intervals for the prompt
atmospheric neutrino normalization and the astrophysical £~2 normalization from the
observed dE/dX distribution. Wilks’s theorem is often used to define confidence in-
tervals with a x? distribution. The likelihood ratio for the data Rg.(6,) (eq. [10.5)) is

calculated at every point #,. The point is physically allowed if Rguq(6,) is less than
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some critical likelihood ratio value R.;; which is given by the y? distribution. The

physically allowed region for a given confidence level « is the set:

{97“}04 = {HT’R<0T> < Rcrit} (106)
Rcrit = Xz(aa k)

The chi-square distribution is a function of the confidence level @ and the number
degrees of freedom k. For two physics parameters and a 90% confidence level, R..;; =
4.61. The physically allowed region for 6, is the region where Rgq,(6,) < 4.61. This
method of constructing confidence intervals is known as the global scan method.

The x? approximation has several disadvantages as discussed in [64]. R(6,) can
deviate from the y? distribution by a significant amount if there is a region in the
physics parameter space 6, that has little affect on the observable or if there are large
statistical fluctuations in the observable. This reduces the effective degrees of freedom
of 0, and confidence intervals constructed from the x? distribution do not give proper
coverage. This is especially true in this analysis since a search for an astrophysical
v, flux is dominated by the high energy tail of the atmospheric neutrino distribution
which undergo large statistical fluctuations. One is therefore not in the asymptotic
regime and the use of the x? approximation is not appropriate. The approach outlined
in [64] solves this problem and takes other issues into account in order to achieve proper
frequentist coverage. The method entails calculating R.,.; exactly using the following

steps:

e Each point in the physics parameter space 6, is scanned in order to calculate
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the critical value of the likelihood ratio at confidence level . (R is now a

function of the physics parameters, Re.i(6,).)

For each point in 6., a number of Monte Carlo experiments are performed by
sampling from the parent distribution {x|6,} to generate the experimental trial.
The sampling can be achieved by selecting the total number of events N from
a Poisson distribution with p equal to the integral of the parent distribution
and then sampling N times from the parent observable distribution to find the

observables for the trial.

The likelihood ratio R is calculated for each experimental trial. This gives a

distribution of likelihood ratios that undergo only statistical variations.

Once all experimental trials are performed at point 6., a confidence interval at
confidence level o can be constructed. The critical value of the likelihood ratio

R..;; of the point 6, at confidence level « is given by:

( / e Riwr)) / ( | Rz-<er>) —a (10.7)

The likelihood ratio from the data Rgu.(6,) is compared to R..(6,). The point
is physically allowed if Ryaia(0r) < Rerite(0:). The physically allowed region for a
given confidence level « is the set of 6, defined in eq. using R (6,) defined

in eq. instead of the y? distribution.
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10.2 Profile Likelihood

The method originally outlined in [64] does not take into account any source of
systematic uncertainty. Statistically, a systematic error can be treated as a nuisance
parameter which is a parameter not of immediate interest but must be accounted for
in the analysis of the physics parameters. The classic example of a nuisance parameter
is the variance o2 of a normal distribution when the mean p is of primary interest.
This changes the formulation of the likelihood function which now becomes a
function of not only the physics parameters 6,, but also of the nuisance parameters 6.

In determining the physically allowed hypotheses in the final analysis, one needs
to construct confidence regions in the physics parameter space described by 6, while
incorporating systematic errors parametrized by #, and maintaining proper frequentist
coverage. This requires a modification to the Feldman-Cousins procedure used to
calculate R+ (eq. |10.7)) outlined in the last section.

The incorporation of systematic errors into the construction of confidence in-
tervals is an active area of research, and there is no general solution to the problem.
The most general frequentist solution involves a Neyman construction of confidence
intervals with the goal of covering the physics parameter of interest for every value of
the nuisance parameters [67]. This method is computationally prohibitive, and there
is not a general consensus on an ordering principle. The nuisance parameters could
also be averaged over using a hybrid Bayesian-frequentist method for constructing
confidence intervals which is summarized in [68].

The procedure used in this analysis uses the profile likelihood [69] as a test statis-

tic in constructing confidence intervals. The profile likelihood is a an approximation
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to the likelihood ratio that uses values for the nuisance parameters 6, that fit the
data the best at some physics point #,.. This provides a worst case scenario for the
values of 6, while maintaining proper frequentist coverage for the values of the physics

parameters. The profile likelihood is defined as:

5>
N—

L(0:,05) (10.8)

R, = —2lo —
v & L(b,,

D>
N—

where the denominator is the global minimum to the likelihood function and
the numerator is a conditional minimum of the likelihood function. The conditional
minimum is found by fixing 6,., but varying the nusiance parameters to find the values
és that minimize the likelihood function. The physics and nuisance parameters are
both varied to find the global minimum of the likelihood with values (ér, és)

The profile likelihood is widely used in physics analyses in combination with the
x? approximation in the MINOS method in the MINUIT suite [70]. This analysis uses
the suggestions of Feldman [71] to extend the Feldman-Cousins procedure described in
the last section in order to use the profile likelihood to incorporate systematic errors
in the non asymptotic regime. This method is often called the profile construction
method. The key to the method is fixing the values of the nuisance parameters to

the best fit value from the data, which makes R, a function only of the physics

parameters 6, and not 6,. The profile construction method is summarized below:

e The test statistic is the profile likelihood R, defined in eq. [10.8]

e The profile likelihood for the data R, ga is calculated at each point 6,. The

numerator is a conditional minimum at (0, és) and the denominator is the global
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minimum at (6,,6,).

® 7, it is calculated at the point 6, by first performing a number of Monte Carlo
experiments. Fach Monte Carlo experiment is sampled from the parent distri-
bution {z]6,,6,} to gencrate the experimental trial. Note that 6, is fixed from

the fit to the data.

e The profile likelihood R, is calculated for each experimental trial, giving a dis-

tribution of profile likelihood values.

e Once all experimental trials are performed at point 0,, R, ..+ at confidence level

a can be calculated using eq. [10.7}

e The profile likelihood from the data R, 4atq(6;) is compared to Ry i(6,). The
hypothesis is physically allowed if R, gata(0r) < Rpcrit(6,) for a given confidence

level a.
e The above procedure is repeated for every value of 6,.

e The set of all allowed hypotheses gives the physically allowed region at confidence

level a.

The profile construction method described in this chapter allows us to reliably
search for a diffuse astrophysical v, flux while taking into account the various sources
of systematic uncertainty described in the next chapter. The same methodology is
also used to search for evidence of an atmospheric prompt v, flux and to reconstruct

the conventional atmospheric v, spectrum.
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Chapter 11

Systematic Errors

Systematic errors represent uncertainties in fundamental quantities that lead to un-
known variations in the observables x that do not randomly vary from measurement
to measurement. These quantities can describe uncertainties in the underlying physics
such as the absolute normalization of the flux of conventional atmospheric neutrinos
or detector effects such as the absolute sensitivity of the DOMs. It is important to
accurately model the sources of systematic uncertainty in order to determine how they
affect the measured result. A proper treatment of systematic errors is critical for this
analysis since the observed energy distribution is quite sensitive to various sources of
systematic uncertainty. Reliable modeling of the systematic errors allows their incor-
poration into the final analysis as nuisance parameters. This enables the use of the
profile construction method discussed in sec. [10.2, which results in confidence inter-
vals that approximately have proper frequentist coverage for the physics parameters

of interest as discussed in [71].
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11.1 Conventional Atmospheric Neutrino Flux

One of the largest sources of systematic uncertainty is the overall normalization
of the conventional atmospheric neutrino flux. The baseline model for conventional
atmospheric neutrinos used in this analysis is the model derived by Honda et al. [31].
The uncertainty in the absolute normalization of the atmospheric neutrino flux from
this model is £25%. Fig compares the conventional atmospheric flux prediction

from Honda et al. to another atmospheric neutrino prediction from Barr et al. [30].
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Figure 11.1: Predicted conventional atmospheric neutrino fluxes averaged over zenith
angle and multiplied by E® to enhance features.

A major source of systematic uncertainty affecting only the conventional atmo-
spheric neutrino flux is the relative contribution from pions and kaons to the total

flux. The general dependence of the 7/K ratio is shown in fig. This source
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of systematic uncertainty mainly affects the zenith angle distribution of atmospheric

neutrinos and therefore is not incorporated into this analysis.

uw' +u and v+ VM flux from pions and kaons

0.8

0.6 [

Fraction

04
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Figure 11.2: Relative contribution from pions and kaons to atmospheric muons and
muon neutrinos. Solid is vertical, dashed is 60°. Taken from [72].

11.2 Prompt Atmospheric Neutrino Flux

The Honda et al. conventional atmospheric neutrino model only considers neu-
trinos produced from charged pion and kaon decay. At high energies, charmed mesons
such as D', D™, D, and others can be produced. These charmed mesons decay almost
immediately, which is why the atmospheric neutrino flux from the decay of charmed
mesons is often called the prompt atmospheric neutrino flux. The prompt component
is a critical source of systematic uncertainty since it is predicted to contribute to the
atmospheric neutrino flux at high energies, which is also the signal region for this

analysis.
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This particular source of systematic uncertainty is also a challenge since the
prompt component of the atmospheric neutrino flux has yet to be measured and the
theoretical uncertainties in the normalization are large. Fig. shows the range
of predictions from a variety of models. The Naumov RQPM (Recombination Quark
Parton Model) [34] is a non-pertubative calculation of the atmospheric neutrino flux
from charmed decay and provides a conservative prediction for the prompt component.
The Sarcevic et al. model [33] uses a perturbative QCD approach that incorporates
results from HERA data in the calculation to predict a range of possible prompt at-
mospheric neutrino fluxes. The Martin et al. model [35] is another perturbative QCD
model that predicts a normalization lower than the other models. The baseline model
used in this analysis is the standard prediction from Sarcevic et al.. The uncertainty
in the model is shown in Fig [11.3] where the higher prediction is 25% higher than
the standard calculation and the lower prediction is 44% lower than the standard

calculation.

11.3 Primary Cosmic Ray Slope

The uncertainty in the spectral slope of the primary cosmic ray spectrum leads
to an uncertainty in the spectral slope of the atmospheric neutrino flux. Although
the spectral shapes of the conventional and prompt components of the atmospheric
neutrino flux are predicted to be different, a change in the primary cosmic ray spectral
slope would change both components by the same amount. The uncertainty in the
primary cosmic ray spectrum can be estimated by considering the uncertainty in the
spectral slopes of cosmic ray protons (which comprise 79% of the flux) and of helium

nuclei (15% of the flux). Gaisser et al. [73] estimates the spectral slope uncertainty for
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Figure 11.3: Predicted prompt atmospheric neutrino fluxes averaged over zenith an-
gle and multiplied by E% to enhance features. The Honda 2006 model is shown for
comparison.



119

protons to be £0.01 and for helium nuclei to be £0.07. Scaling the individual spectral
index uncertainties by the fraction of the total flux for the respective component gives
an uncertainty in the primary cosmic ray spectral slope of +0.03. The effect of this

uncertainty on the reconstructed dF/dX distribution is shown in fig. [11.4]

- —Ay=0.0
3 — Ay = +0.03
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log (dE /dX) GeV/m
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Figure 11.4: The simulated effect of the cosmic ray slope uncertainty A~y on the
observed dE/dX distribution for atmospheric neutrinos.

11.4 Digital Optical Module Sensitivity

One of the main sources of systematic uncertainty in the response of the IceCube
detector is the uncertainty in the absolute sensitivity of the digital optical module.

This uncertainty has a large effect on the overall event rate; a change in the absolute
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sensitivity of 1% for example leads to a corresponding 2% change in the event rate.
The uncertainty is quantified in [74], which is measured to be £7.7%. The absolute
sensitivity is further reduced by a shadowing effect from the main cable and the mag-
netic shield in the DOM [75], which reduces the sensitivity by 6.96%. The simulated

effect of the uncertainty in the absolute DOM sensitivity is shown in fig. [11.5]
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Figure 11.5: The simulated effect of the uncertainty in the DOM sensitivity € on
the observed dE/dX distribution for atmospheric neutrinos. The DOM sensitivity is
reduced by 6.96% due to the shadowing effects described above, giving a central value
for the absolute sensitivity of 0.93.

11.5 Ice Properties

The other main source of systematic uncertainty due to the response of the
IceCube detector is the uncertainty in the measured properties of the glacial ice at the

South Pole. The uncertainty in the measured scattering and absorption coefficients
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affects not only the overall event rate, but also the shape of the reconstructed energy
distribution. This analysis incorporates the latest developments in the South Pole Ice
Model (or SPICE model) described in [50]. The measured uncertainty in the scattering
and absorption coefficients of the south pole ice is measured to be £10% at a flasher
LED wavelength of 405 nm. The simulated effect of the uncertainty in the scattering

and absorption is shown in fig. [11.6]
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Figure 11.6: The simulated effect of the uncertainty in the ice properties on the
observed dFE/dX distribution for atmospheric neutrinos. The uncertainty in the ice
properties are described by the effective scattering coefficient b, and the absorption
coefficient @ measured at a LED wavelength of 405 nm.
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11.6 Other Sources of Systematic Uncertainty

There are other sources of systematic uncertainties in the underlying physics and
detector response that are relatively minor compared to the sources discussed above,

but are summarized here.

11.6.1 Neutrino Interaction Cross Section and Muon Energy Loss

At the TeV energy scale, the uncertainties in the deep inelastic neutrino cross
section and the muon energy loss cross sections are quite small. The uncertainty in the
charged current, deep-inelastic neutrino-nucleon cross section was calculated in [70]
to be £3% using the parton distribution function error tables from [37] and the error
calculation prescription in [77]. The 3% uncertainty in the cross section corresponds
to a 3% uncertainty in the overall neutrino event rate since the effective area (eq.
is a linear function of the neutrino cross section. The uncertainty in the muon energy
loss cross sections is estimated from [39] to be 1%. This has a negligible effect on the

total event rate and the observed dFE,..,/dX distribution as shown in fig. [11.7]

11.6.2 Tau neutrino-induced Muons

For the atmospheric neutrino background, v,-induced muons are negligible since
mass-induced oscillations are unimportant above the energy threshold of the IceCube
detector which is about 100 GeV. For astrophysical neutrinos, however, the models
considered in ch. 2| predict a flavor ratio at the source of v, : v, : v, =2 :1:0, which
oscillates to a flavor ratio of v, : v, : v; =1 :1:1 at Earth. The v, flux can interact,
generating a 7 daughter lepton which subsequently decays to a muon. The branching

ratio of 7 — pv,v, is 17% [27] and these muons need to be taken into account when
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Figure 11.7: The simulated effect of the uncertainty in the muon energy loss cross sec-
tions on the observed dF/dX distribution for atmospheric neutrinos. The ionization,
photo-nuclear, bremsstrahlung, and pair-production cross sections were varied in the
simulation.



124

quoting an all-flavor limit for astrophysical neutrinos.

To estimate the flux, we generate a sample of tau neutrinos with the neutrino
generator package and weight them to an £ =2 spectrum with an astrophysical normal-
ization of N = 1.077 GeVem s !'sr~!. The simulated energy distribution of the v,
contribution is shown in fig. [11.8] The number of v, induced muons at our final purity
level is 59 events compared with the expectation from v, of 452 events at this nor-

malization. The simulated zenith and dFE,..,/dX distributions of the v, contribution

is shown in Fig. [11.8]

11.6.3 Rock Density

The uncertainty in the density of the bedrock under the polar ice is 10% [78].
This provides a negligible difference in the atmospheric neutrino event rates of < 0.1%,
since the increase in the neutrino interaction probability is offset by a corresponding

decrease in the range of the muon.

11.6.4 Background Contamination

The background contamination in the final event sample is estimated to be
less than 1% , and is therefore a negligible source of systematic uncertainty in the
analysis. This is estimated from the mis-reconstructed atmospheric muon background

that survive the analysis level cuts.

11.7 Summary and Final Analysis Parameters

With the previously discussed sources of systematic uncertainty parameterized as

nuisance parameters, the profile likelihood construction method discussed in ch.



125

— o Conventional Atmosphericvu 13466 Events
103 E- ———— Prompt Atmospheric v : 118.1 Events
E ———— E"-2 Astrophysical vy 452.9 Events
2 B ————— E"-2 Astrophysical v,: 59.3 Events
10
1 I I 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I\ 1 1 1 I 1 1 1 1
2 3 4 5 | 7 EN (G V8
[0} e
g, (E,) (GeV)
3 B Conventional Atmosphericvu 13466 Events
10 §_ Prompt Atmosphericvu: 118.1 Events
r E~-2 Astrophysical Vi 452.9 Events
5 B E~-2 Astrophysical v;: 59.3 Events

10

101

|

2 3 4
Ioglo(d ErecoldX) (GeV/im)

-1 0 1

I'\’_I.Illllll

Figure 11.8: Simulated contribution of the v, + 7, contribution to the energy dis-
tribution of the final muon event sample assuming an astrophysical £~2 flux with a
normalization of N = 1.077 GeVem?2s~tsr=!. The top plot shows the MC neutrino

energy, and the bottom plot shows the simulated dFE,..,/dX distribution of the muon.
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can be used. The sources of systematic uncertainty and their corresponding nuisance

parameters are summarized in Table [11.1]

Table 11.1: Summary of Nuisance Parameters

Systematic Uncertainty Nuisance Parameter = Magnitude
Conventional Atmospheric v, Normalization 1+ a. +25%
Prompt Atmospheric v, Normalization 1+, —44%, +25%
Cosmic Ray Spectral Slope A~y +0.03
Detector Efficiency € +8.3%
Scattering Coefficient b(405) +10%
Absorption Coefficient a(405) +10%

The conventional and prompt atmospheric neutrino fluxes are parametrized as:

E \*
(I)C: (1_'—@0) ( ) CI)Honda (111)
Emedian
E \¥
(I)P = (1 + Oép> E— (I)Sarcevic (112)
median

1 4+ o, and 1 + a, describe the deviation in the absolute normalization of the
conventional and prompt atmospheric neutrino fluxes respectively from the reference
atmospheric neutrino models. The models from Honda et al and Sarcevic et al are
used as the reference models for the conventional and prompt atmospheric neutrino
fluxes. The uncertainty in the primary cosmic ray slope, A7, changes the shape of
the predicted atmospheric neutrino flux. This is modeled by introducing an energy
dependent weight (E/Epegian)™ Where E,cqian is the median neutrino energy at final
cut level. The median energy is 1.17 TeV for the conventional atmospheric neutrino

prediction and 7.24 TeV for the prompt atmospheric neutrino prediction.
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The detector efficiency, €, affects the overall event rate in the IceCube detector.
The magnitude of this systematic error combines in quadrature the systematic uncer-
tainties in the absolute DOM sensitivity, the neutrino interaction cross section, and
the muon energy loss cross sections giving an allowed range of +8.3%.

The scattering and absorption coefficients b(405) and a(405) are implemented
as discrete nuisance parameters in the analysis. This is facilitated by generating a
set of neutrino MC simulations for a range of allowed values for the scattering and

absorption coefficients, which are summarized in Table [11.2]

Table 11.2: Simulated range of scattering and absorption coefficients

b.(405)  a(405)
baseline baseline
+10% +10%

—10% —10%
+10% —10%
—10% +10%

The primary goal of the analysis is the search for evidence of diffuse astrophysical
muon neutrinos. The main physics parameter in this search is the normalization of a

hypothetical E~2 spectrum:

o, = N,E? (11.3)

Where N, has units of GeV~tem™2s~sr~!. Other astrophysical models are also
considered in the analysis and are tested in the next chapter. The primary analysis
also includes the absolute normalization of the prompt atmospheric neutrino flux as a

physics parameter. The likelihood function therefore has two physics parameters and
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five nuisance parameters:

L(#,,05) = L (Ng, 1+ a,, 1+ ae, Ay, €,b.(405), a(405)) (11.4)

The profile likelihood construction can also be used to determine the conventional
atmospheric neutrino flux. This analysis promotes the deviation in the conventional
atmospheric flux and the uncertainty in the primary cosmic ray spectral slope to
physics parameters, giving a likelihood with two main physics parameters and four

nuisance parameters:

L(6,,05) = L(1+ a.,Ay,1+ a,,€,b.(405), a(405)) (11.5)

The likelihood function depends on the total expected number events defined in
eq. The total expected number of events from atmospheric and astrophysical
neutrinos is a convolution of the neutrino fluxes with the effective area defined in eq.

9. 1f

1.17 TeV

E
724 TeV

Ay
He = /dEV dQ dt Aeff(Eaea ¢) (1 + ac) < ) (DHOTLda(EI/797 ¢)

Ay
thy = /dEV dQ dt Ay (E,0,6) (1+ ) ( ) Psarcevic(Ey, 0,¢)  (11.6)

g = /dE,, dQ dt Aesp(E,0,6) N,E~2

These components are scaled by the uncertainty in the detector efficiency, e,

which linearly changes the event expectation. During the minimization, the physics
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and nuisance parameters are allowed to vary, with each nuisance parameter constrained
within the range defined in Table [11.1, Nuisance parameters that have gaussian con-

straints to restrict their range requires a modification to eq. [10.3}

al o= (B — 0:0,)°
— 2log L({ni}|{6:}) = 22 (i — nilog p; + logn;!) + Z 2 (11.7)
i=1 j=1 8.

where N, denotes the number of nuisance parameters. The scattering and ab-
sorption coefficients are discrete nuisance parameters in the analysis, so they are al-
lowed to vary by incorporating the generated neutrino MC simulation sets defined in
Table [11.2] The minimization terminates when the point is found in the likelihood
space that minimizes eq. [[1.7] thereby providing the best fit values of all the physics
and nuisance parameters to the data. Confidence regions for the physics parameters
of interest are defined using the profile construction method in ch. [10.2]

The sensitivity of the profile construction analysis to a diffuse flux of astrophys-
ical muon neutrinos is calculated by considering the median 90% upper limit obtained

over an ensemble of simulated experiments with no true signal. The sensitivity of the

GeV

analysis to a diffuse astrophysical v, flux is 1.22x 1078 s B

The discovery potential
of the analysis is defined by finding the strength a hypothetical astrophysical v,, flux

required to obtain a 5o discovery in 90% of simulated experiments in the ensemble.

GeV

The E~? astrophysical normalization required for such a discovery is 6.1 x 1078 eV —.

Further information about the calculation of the sensitivity and discovery potential of

this analysis is given in Appendix [D]
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Chapter 12

Results

12.1 Final dE,..,/dX Distribution and Fit Results

The final data sample was analyzed with the profile likelihood construction
method described in ch. [I0] We find no evidence for an astrophysical neutrino flux or
a prompt component of the atmospheric neutrino flux. The fitted dE,..,/dX distri-
bution is shown in fig. and the best fit values of the analysis parameters to the
data are summarized in Table [[2.1]

Table 12.1: Fit Results

Parameter Best Fit Value Error Range
1+ a. 0.96 +0.096
14+ 0 0.73 (90% U.L.)
A~y —0.026 +0.012
€ +2% +0.09
b.(405),a(405) Baseline Ice Model +10%
N, 0 8.9 x 1079 —G¥— (90% U.L.)
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Figure 12.1: The fitted muon energy loss distribution of the final event sample is
shown. The best fit to the data consists only of conventional atmospheric v, and no
evidence is found for a prompt atmospheric v, flux or an astrophysical E£~% v, flux.
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12.2 Upper Limits on Astrophysical Neutrino Fluxes

12.2.1 &, = N,E2

There is no evidence in the IceCube 40-string data set for astrophysical neutrinos
with a F~2 spectrum, nor is there any evidence for prompt atmospheric neutrinos
predicted by the standard theoretical calculation from Sarcevic et al [33]. The allowed
regions for the astrophysical normalization N, corresponding to an £~2? v, flux and
prompt atmospheric neutrinos are shown in fig. [12.2 The most conservative upper
limit for N, at 90% confidence level is obtained from fig. by finding the point on
the 90% C.L. boundary along the null hypothesis of no prompt atmospheric neutrinos.
The 90% upper limit on a hypothetical astrophysical ®,,, = N,E72 flux at Earth with

2g=lgr=! The result

systematic uncertainties included is N?°% = 8.9 x 107 GeVcem™
is valid from the energy range 34.7 TeV to 6.9 PeV. We note that the observed
upper limit is quite below the expected analysis sensitivity of the analysis of 1.22 x
107® GeVem™2s'sr~!. This 90% upper limit on an astrophysical v, flux is compared
to other v, limits and flux models in fig.

The energy range is determined from MC simulation studies of the analysis sen-
sitivity, which was calculated to be 1.22 x 107® GeVem2s 'sr~!. A high energy cutoff
on the neutrino energy was introduced until the sensitivity of the analysis decreased
by five percent, providing the high energy end of the energy range. The same pro-
cedure was done by introducing a lower energy cut on the neutrino energy until the
sensitivity of the analysis also changed by five percent. This provides the lower end

of the energy range.

Since astrophysical neutrinos are predicted to have a flavor ratio at Earth of
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Figure 12.2: Allowed regions for astrophysical muon neutrinos with an £~2 spectrum
and prompt atmospheric neutrinos at 90%, 20, and 30 confidence level. The lines
indicate the boundary of the allowed region at the stated confidence level. The area
to the left of the boundary is allowed while the area to the right of the boundary
is excluded. The best fit point is shown as the black dot at the origin. Systematic
uncertainties are included in the calculation of these exclusion regions.
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Figure 12.3: Upper limits on an astrophysical v, flux with an £~2 spectrum are shown
along with theoretical model predictions of diffuse astrophysical muon neutrinos from
different sources. Measurements of the atmospheric neutrino spectrum are also shown
along with theoretical atmospheric neutrino flux models. The astrophysical -2 v,
upper limits shown are the 3 year AMANDA-II limit [79], the ANTARES 3 year
limit [80], and the current work. The atmospheric v, measurements shown are the
AMANDA-II Atmospheric v, forward folding measurement [8I], the AMANDA-II
unfolding measurement [82], the IceCube 40-string unfolding measurement [83] and
the current work.
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Figure 12.4: Upper limits on an all-flavor astrophysical neutrino flux are shown along
with various predictions for a diffuse astrophysical neutrinos from different sources.
The integral upper limits on an astrophysical £~2 flux shown are the 5 year AMANDA-
IT cascade search, [84], the AMANDA-IT upper limit on ultra high energy astrophysical
neutrinos, [85], the 3-year AMANDA-II v, limit multiplied by 3 [79], the ANTARES
3-year limit on v, multiplied by 3 [80], the IceCube 22-string cascade search [80],
the IceCube 22-string ultra high energy sensitivity [87], and the current work. The
differential 90% upper limits on an astrophysical neutrino flux have all been normalized
to one entry per energy decade. The differential upper limits shown are from the Radio
Ice Cherenkov Experiment (RICE) [88], the Pierre Auger Observatory’s upper limit on
v, multiplied by 3[89], the HiRes experiment [90], the Antarctic Impulsive Transient
Antenna (ANITA) [91], and the IceCube 40-string extremely high energy result [92].
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Ve:v, v, =1:1:1, we take into account the contribution of astrophysical v, to the
muon flux at the IceCube detector discussed in ch. [11| when deriving an all-flavor 90%
upper limit on astrophysical neutrinos. This results in a 90% upper limit on all flavors
of astrophysical neutrinos of 2.53 x 1078 GeVem 25 !sr~!, which is 5.5% lower than
multiplying the single flavor limit by a factor of 3. The all-flavor 90% upper limit on

astrophysical neutrinos from this analysis is compared to other all-flavor limits and

flux models in fig. [12.4]

12.2.2 Other Models of Astrophysical Neutrino Fluxes

Astrophysical neutrino models that do not predict an E~2 spectrum were tested
in the analysis. The models are shown in fig. and were discussed in ch. 2] Of the
models considered, this analysis is sensitive to the blazar model derived by Stecker [93],
the AGN neutrino model derived by Mannheim [20], and the radio galaxy neutrino
model from Becker, Biermann, and Rhode [94]. The simulated energy distributions
of these models for the 40-string configuration of IceCube are shown in figs. [12.5
- [12.77 These models are all rejected at the 50 confidence level. The analysis also
rules out the Waxmann-Bahcall upper bound [22] at a 30 confidence level. The upper
limits on astrophysical v, for the different models are summarized in table [I2.2] The
upper limits for the models are expressed in terms of the model rejection factor [95],
which in the context of this analysis is the fraction of the model rejected at the stated
confidence level. As in the E~2 case discussed above, the contribution of v, to the
muon flux changes the all flavor astrophysical neutrino limits. The all-flavor upper

limits on astrophysical neutrinos are summarized in table
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Figure 12.5: Simulated contribution of astrophysical v, from the blazar model derived
by Stecker to the energy distribution of the final muon event sample. The top plot
shows the MC neutrino energy, and the bottom plot shows the simulated dE,c.,/dX
distribution of the muon.
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Figure 12.6: Simulated contribution of astrophysical v, from the radio galaxy model
derived by Becker, Biermann, and Rohde to the energy distribution of the final muon
event sample. The top plot shows the MC neutrino energy, and the bottom plot shows
the simulated dF,..,/dX distribution of the muon.
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Figure 12.7: Simulated contribution of astrophysical v, from the AGN model derived
by Mannheim to the energy distribution of the final muon event sample. The top plot
shows the MC neutrino energy, and the bottom plot shows the simulated dE,.,/dX
distribution of the muon.
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Table 12.2: Upper Limits for Astrophysical v, for different Astrophysical Models

Model 90% 95% 3o 50

E7? (Z59) 0.89x 107 1.2x107® 22x10"% 4.0x107°
W-B Upper Bound 0.4 0.53 0.97 1.78
Stecker Blazar Model 0.1 0.14 0.32 0.42
BBR FSRQ neutrino model 0.02 0.04 0.09 0.12
Mannheim AGN model 0.02 0.03 0.14 0.2

Table 12.3: All-flavor (v, + v. + v;) Upper Limits for Astrophysical Neutrinos for
different Astrophysical Models

Model 90% 95% 30 S50

E? (Z59—) 253 x 107° 341 x107% 4.25x107% 11.36 x 10~®
W-B Upper Bound 0.38 0.50 0.92 1.69
Stecker Blazar Model 0.09 0.13 0.29 0.38
BBR FSRQ neutrino model 0.019 0.038 0.086 0.11
Mannheim AGN model 0.019 0.029 0.135 0.18

12.3 Measurement of the Atmospheric Neutrino Flux

There is no evidence for astrophysical neutrinos in our final event sample, and
therefore the final neutrino distribution is interpreted as a flux of atmospheric muon
neutrinos in the context of the standard model. The profile construction method is
used to perform a forward-folding fit of the atmospheric neutrino flux as described in
ch. to determine the normalization and any change in shape from the reference
atmospheric neutrino flux model considered. We test the hypothesis with the reference

flux from Honda et al for the conventional flux and Sarcevic et al for the prompt flux:

D, (E,9,¢) = (1 + Oéc) ( ) ’Y(I)Honda <E797¢> (121>

Emedian
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median

Avy
(I)p (E, 9, (b) = (1 + OKp) ( ) (I)Sarcevic (E, 97 (b) (122>

There is no evidence for prompt atmospheric neutrinos in the data. The best fit

result of the atmospheric neutrino flux is of the form:

E

—0.027
m) Ptonda (E,0,9) (12.3)

(I)bestfit <E7 07 (b) = (096) (

The allowed regions of (1 + a.) and Ay are shown in fig. [12.8f These allowed
regions can be translated into a range of fluxes that can be compared to the reference
flux model and other measurements of the atmospheric neutrino flux. Every point on
the 90% boundary in fig. corresponds to a different allowed atmospheric neutrino
flux. The envelope formed from this set of fluxes provides the 90% error band of the
measured atmospheric neutrino flux. The measured atmospheric neutrino flux along
with this 90% error envelope are compared to the calculation from Honda et al and
other measurements of the atmospheric neutrino flux in fig. [12.9 Also shown in fig.
is the atmospheric neutrino unfolding analysis discussed in [83]. The unfolding
analysis makes no prior assumption regarding the shape of the atmospheric neutrino
spectrum, where as this work fits the deviation in the normalization and spectral
index of the model calculated by Honda et al. [31]. The effect of this differing prior
assumption of the flux in the two analyses is a different allowed error band in the
measurement of the atmospheric neutrino spectrum.

The energy range of the atmospheric neutrino flux measurement is valid from
332.4 GeV to 83.7 TeV. This energy range is derived from the lowest and highest

values of the reconstructed muon energy loss in the data. The median neutrino energy
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Figure 12.9: Angle-averaged v, + v, measurements of the atmospheric neutrino flux
and the model prediction from Honda et al [31I]. The fluxes are multiplied by E? to
enhance features. The black set of curves is this work, the blue triangles are from the
atmospheric unfolding analysis discussed in [83], and the brown band is the forward
folding result discussed in [81].



144

for the reference atmospheric neutrino flux for the lowest dF,.,/dX value in the data
provides the lower end of the energy range, and the median neutrino energy for the

highest dF,¢.,/dX value in the data provides the higher end of the energy range.

12.4 Upper Limits on Prompt Atmospheric Neutrinos

The result of this analysis shows no evidence for a prompt component to the
atmospheric neutrino flux. Hypotheses other than the reference model from Sarcevic
et al are shown in fig. and were tested in this analysis. The results of the prompt
model tests are summarized in table[I12.4] Like the astrophysical model tests described
above, the upper limits on prompt atmospheric neutrinos are expressed in terms of
the model rejection factor. The standard calculation from Sarcevic et al which is used

as the reference flux in this analysis is rejected at 90% confidence level.

Table 12.4: Upper Limits on Prompt Atmospheric Neutrinos for different Models

Model 90% 95% 3o

Sarcevic (Minimum) 1.25 1.8 3.6
Sarcevic (Standard) 0.73 1.1 2.2
Sarcevic (Maximum) 0.53 0.85 1.89

Naumov RQPM 0.2 041 0.87
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Chapter 13

Conclusions and Outlook

13.1 Summary of Results

We have set the field’s most stringent limit on astrophysical muon neutrinos
from unresolved sources. The 90% upper limit on an astrophysical flux with an E—2

Ysr=! valid from the energy range of 34.7 TeV to

spectrum is 8.9 x 107 GeVem™2s~
6.9 PeV. Several optimistic astrophysical neutrino production models are rejected at
a 5o confidence level. We have also set stringent limits on the prompt component of
the atmospheric neutrino flux, constraining the models to the predictions calculated
with perturbative quantum chromodynamics and rejecting the standard prediction
from Sarcevic et al. [33] at a 90% confidence level. Finally, we have measured the
atmospheric muon neutrino flux from 332.4 GeV to 83.7 TeV and find a fit result
that is slightly lower than the calculation from the Honda et al. [31]. The result is

consistent with other measurements made of the atmospheric neutrino flux with the

IceCube detector and its predecessor, AMANDA.
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13.2 Discussion and Outlook

The stringent 90% upper limit on a diffuse astrophysical flux of muon neu-
trinos reported by this analysis along with the rejection of the models from Stecker,
Mannheim, Waxmann-Bachall, and Becker-Biermann-Rhode implies that the partially
completed IceCube detector is not yet sensitive enough to discover astrophysical neu-
trinos from unresolved sources and the actual astrophysical neutrino flux is not close
to the upper bound reported by the optimistic models ruled out by this work. The full
86-string array will be completed during the 2010-2011 summer construction season
at the South Pole. An astrophysical E~2 v, flux at the 90% limit derived by this work
will take three years of the full IceCube array for a 5o discovery.

This time scale for discovery can be made shorter by an improved understand-
ing of the various sources of systematic uncertainty and considering new analysis
techniques. It is particularly difficult to disentangle a potential diffuse astrophysi-
cal neutrino signal from a possible prompt component to the atmospheric neutrino
flux. With a proper measurement of the prompt component of the atmospheric neu-
trino flux, the time scale for discovery becomes more tractable. Analyses dedicated
to the study of leptons from the decay of charmed mesons would also yield a better
understanding of the physics of air showers and atmospheric neutrinos. Other strate-
gies other than using atmospheric v, to search for the prompt component involve a
thorough investigation of the down-going muon flux and a measurement of the atmo-
spheric neutrino spectrum from v.. The former analysis takes advantage of the large
statistics of the down-going atmospheric muon flux to analyze differences in the zenith

angle and energy observable dependence between muons from the decay of charmed
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mesons and the decay of pions and kaons. Pioneering analysis work was done with
the AMANDA detector [96], and IceCube provides improved statistics of high energy
atmospheric muons. The measurement of the atmospheric v, flux has an advantage
that the transition energy from conventional v, to prompt v, occurs at an order of

magnitude lower in energy than in v,,. (See fig. [13.1])

T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T
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Figure 13.1: Predicted prompt atmospheric neutrino fluxes averaged over zenith angle
and multiplied by E? to enhance features. The Honda 2006 model expectations for v,
and v, are shown for comparison. The calculations of the prompt component of the
atmospheric neutrino flux predict the same contribution from v, and v,, where as the
conventional atmospheric flux from v, is an order of magnitude below the flux from
Uy

The event selection in this analysis used the Earth as a filter to remove the large
down-going atmospheric muon background. An improved simulation of atmospheric
muons would allow a diffuse astrophysical v, search to incorporate the down-going

region in the analysis. In particular, the horizontal region is particularly sensitive to
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the primary cosmic ray composition. We note that our final zenith distribution in Fig.
[0.5] shows an eight percent deficit of atmospheric neutrino Monte Carlo below data
at the horizontal region between 90 and 97 degrees in zenith angle. Although this
discrepancy does not affect our limit on astrophysical v, or our reconstructed atmo-
spheric neutrino spectrum, understanding the origin of the discrepancy is important
for future work. In order to explain the deficit, a possible physics scenario has been
suggested [83] which involves high A2 oscillations of 7, which would lead to a deficit
of up-going muon anti-neutrinos.

Although this analysis focuses on v, IceCube is sensitive to all flavors of neutri-
nos. As the detector grows, reconstruction methods mature, and the understanding of
the various sources of systematic uncertainty improve, it would be possible to combine
event topologies from different neutrino flavors in a multi-flavor analysis. A simultane-
ous search for neutrinos of all flavors from unresolved astrophysical sources would be
significantly more sensitive than an analysis focusing exclusively on a single neutrino
flavor.

As the IceCube neutrino observatory explores new territory in neutrino astron-
omy with a completed detector and improved analysis techniques, the experiment has
a high potential for discovery. IceCube is in position to usher in a new era of particle
astrophysics and contribute to multi-messenger astronomy with a new window into

the universe.
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Appendix A

Event Selection Progression

As discussed in ch. [9] this work followed a blindness procedure which used the burn
sample (data taken during June 2008) to establish the final analysis level cuts. The
observables used to separate neutrino like events from the down-going muon back-
ground events were summarized in ch. [9] A summary of the event selection criteria
used to obtain a pure sample of candidate muon neutrino events was given in Table
and is shown again in Table for easy reference. The selection cuts were designed
to reject the large amounts of down-going atmospheric muons while maximizing the
retention efficiency of the simulated £~2 astrophysical neutrino flux, which is 35.1%
at final purity level. This appendix summarizes the progression of the analysis cuts
used to process the data from filter level to the final analysis level. The passing rates
after successive purity cuts for data and monte carlo for the down-going atmospheric
muon background, atmospheric neutrinos, and a hypothetical astrophysical F~2 flux
were given in Table and are summarized again in Table for easy reference.
Distributions that show the agreement between data and Monte Carlo during each

step of the event selection progression are shown in Fig. to Fig. [A.10]
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Observable and Selection Criteria

QMPE > 90°

log(LypE) log(LypPE)
(Vaog) - <8 OR 75 2955 < 7.1

ompe < 3°

log(LBayesian/LSPE32> > 25 for COS(@MPE) < —=0.2
log(LBayesian/LSPE32) > (75 COS(@MPE) + 40) for COS(@MPE) > —0.2
log(LBayesuZL;:;:B};ayesmm) < 35

esplittime > 80°

esplitgeo > 80°

NDir >5

LDir > 240

|SDir| < 0.52

Table A.1: Summary of the analysis level cuts applied to the IceCube data to derive
the final event sample for the analysis.

Quality Parameter Data Total Atm. ¢ Coincident p Atm. v, E~%y,

Orpe > 90° 19211340 24557460 14318580 7290 100.0%
log(Lypr) 675820 365570 89283 3473 69%
orpE 114305 83913 32615 2985 50%

108(LBayes/Lsprs) 22981 21842 18920 2195  48.7%

log(Fmettlonet) 355 1925 1436 1490 46.0%

O piittime 1794 253 188 1284  41.1%

Ospitgeo 1425 94 80 1229 39.3%

NDir 1273 61 48 1195 38.7%

LDir 1099 43 38 1153 36.9%

SDir 1001 0 0 1111 35.1%

Table A.2: Summary of the passing rates for data, atmospheric muon monte carlo,
atmospheric neutrino monte carlo, and a hypothetical astrophysical E~2 v, flux after
successive applications of purity cuts. The quality parameter for the purity cut is
shown; the cut for each quality parameter is defined in Table [9.2l The passing rate
for E7% v, is quoted as a percentage. Adhering to the blindness procedure, the cuts
were derived from the 30 day burn sample as discussed in the text.
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Data : 1786692 Events

107 ————— Total Downgoing Muons : 1503740 Events

6 Coincident Downgoing Muons : 499909 Events
10 Atmv, 332 Events

5 Er-2vu: 5.4
10

4 r—— et E:ﬁ :q:--—"'____,..-—"'_l:
10 —_— W/_-L
10°
102

10

1
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-1 -0.5 0 0.5 1
Cos(Zenith)

Figure A.1: cos(fypr) distribution comparing data to simulation for one day of Ice-
Cube data at filter level. Shown is the total sum of Corsika atmospheric muon simu-
lation from single and coincident atmospheric muons, simulated atmospheric v, and
a hypothetical astrophysical F—2 v, flux. A selection of 0p;pp > 90° is made.
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Figure A.2: A two-dimensional cut is made on two different definitions of the reduced
log likelihood value of the MPE reconstruction for the IceCube burn sample, which is
thirty days of data taken during June 2008. The y-axis shows the redefined reduced
log likelihood and the x-axis shows the standard reduced log-likelihood. The selection
shown is ‘emes) g OR %

)
(Nen—5) Tomy <711



164

107 :E Data : 675820 Events
= Total Downgoing Muons : 365570 Events
:I_O6 E- Coincident Downgoing Muons : 89283 Events
E Atm v 3473 Events
10° & Er-2v,: 0.690

T Illll'ﬂl TTT

1 2 3 4 5 6 7 8 9
(0}

o

MPE

Figure A.3: A cut is made on the paraboloid sigma error estimate of the MPE recon-
struction to select well-reconstructed muon tracks. The cut chosen is oy prp < 3



165

loglL,, . Lspe)

[TIT T[T I T[T T[T TIIT]T

-1 -0. -0. -0. -0.2 0 09 -08 -7 -06 -05 -04 03 -02 0.1 0

Gos(Zenith) cos(Zenith)
Atmospheric v

T T TR T 4 ki e e
-1 -0‘.8 -0‘.6 -0‘.4 )

_,__
=]
]
&
o
=]
»

0.2 0 -0.2 0
Cos(Zenith) cos{Zenith)

Figure A.4: A two-dimensional cut is made on the Bayesian likelihood ratio test statis-
tic and the zenith angle. A tighter cut on the Bayesian likelihood ratio is needed
to reject mis-reconstructed down-going muons near the horizon. The cut chosen
is log(Lpayesian/ Lspes2) > 25 for cos(0ypr) < —0.2 and log(Lpayesian/Lsprs2) >
(75 cos(Orrpr) + 40) for cos(Oypr) > —0.2
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Data : 22981 Events

Total Downgoing Muons : 21842 Events
Coincident Downgoing Muons : 18920 Events
Atm v 2195 Events

E*-2v 0.5

0Q
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0 log(L %0 +log(L 80 log(L
og( Bayesl) Og( BayesZ)- Og( SPE32

Figure A.5: A cut is made on the split Bayesian likelihood ratio test statistic. This cut

is necessary to reject the mis-reconstructed coincident down-going muon background.

. Lpayesian1 +LBayesi
The cut chosen is log (=2t ——Bavenenz ) > 35
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103 - —— Data: 3550 Events
§ Total Downgoing Muons : 1925 Events
C Coincident Downgoing Muons : 1436 Events
| Atm vy 1460 Events

E”-2v 1 0.46
10 [ I | 1]1
L __""-n_____ i
157 11U “1"-: |

= i M
C 11—!1_L

10-1 =) | | | l H -LLL |
= 1 1 Ll 1 1 Ll 1 1 1 11 1 LR 1 1 L1 1
0 20 40 60 80 100 120 140 160 180

tZenMinDeg

Figure A.6: A cut is made on Oyys1ime, the minimum zenith angle of a split two muon
reconstruction using time splitting . The cut chosen is Ogpittime > 80°
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Figure A.7: A cut is made on Ogpizge0, the minimum zenith angle of a split two muon
reconstruction using geometry splitting . The cut chosen is Ogyi1ge0 > 80°
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Figure A.8: A cut is made on NDir, the number of direct hits. The cut chosen is

NDir > 5
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Data : 1273 Events
Total Downgoing Muons : 61 Events
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Figure A.9: A cut is made on LDir, the direct length. The cut chosen is LDir > 240
meters.
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- Data : 1099 Events
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Figure A.10: A cut is made on SDir, the smoothness parameter. The cut chosen is
|SDir| < 0.52
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Appendix B

Candidate Neutrino Event Displays

Table B.1: The four highest energy events in the final analysis sample for the IceCube
40-string data set

AEeco)dX E, NCh

17.78 GeV/m 88.7 TeV 158
21.41 GeV/m 103.2 TeV 125
22.39 GeV/m 107.1 TeV 206
42.65 GeV/m 185.7 TeV 109

The results of this analysis for the unblinded IceCube 40-string data set is consis-
tent with a background only hypothesis of conventional atmospheric neutrinos. This
appendix documents the four highest reconstructed energy events in the final analysis
sample for the 40-string data set along with the corresponding event displays demon-
strating the topology of these events. Table lists the four highest dE,c.,/dX
events, the corresponding muon energy, and the number of triggered DOMs. The
event displays for these events are shown in Fig. through Fig. [B.4l The timing of
the arrival photons in the IceCube event display are represented by a color spectrum
with red corresponding to earlier hit times and blue corresponding to later hit times.

The MPE (ch. |8) reconstructed muon track is indicated by the red line.
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Run 110977 Event 6361345 Ons, 40000ns

Figure B.1: Event display for a candidate neutrino event in the final IceCube 40-string
event sample. The dF,¢.,/dX for this event is 17.78 GeV/m, which corresponds to a
muon energy of 88.7 TeV.



174

Fun 111210 Event 4919665 Ons, 40000ns

Figure B.2: Event display for a candidate neutrino event in the final IceCube 40-string
event sample. The dE,..,/dX for this event is 21.4 GeV/m, which corresponds to a
muon energy of 103 TeV.
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FRun 111707 "Event 35926037 Ons, 40000ns

Figure B.3: Event display for a candidate neutrino event in the final IceCube 40-string
event sample. The dF,¢.,/dX for this event is 22.39 GeV/m, which corresponds to a
muon energy of 107 TeV.
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Run 111554 Event 21954174 Ons, 40000ns

Figure B.4: Event display for a candidate neutrino event in the final IceCube 40-string
event sample. The dF,¢.,/dX for this event is 42.65 GeV/m, which corresponds to a
muon energy of 185.7 TeV.
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Appendix C

Neutrino Effective Area Tables

This appendix has summary tables of the neutrino effective area discussed in Ch. [
and shown in Fig. [9.11] Table lists the neutrino effective area in different zenith
bands as a function of energy. Table lists the neutrino effective area over all

up-going zenith bands as a function of energy.



Table C.1: Neutrino effective area for v, + 7, in different zenith ranges

Energy Aeg (cm?) Aeg (cm?) A (cm?)
log,(E,) (GeV) 90° < 6 < 120° 120° < 6 < 150° 150° < 6 < 180°
1.87 0.00786 0.0175 0.0316483
2.12 0.651 1.11 1.50653
2.37 8.68 13.9 18.8
2.62 53.2 93.6 125
2.87 227 430 497
3.12 871 1521 1535
3.37 3036 4440 4107
3.62 8967 11343 9990
3.87 23583 27610 19680
4.12 55937 60781 41273
4.37 116966 108570 74411
4.62 233420 188563 98948
4.87 386720 289126 169012
5.12 602700 479723 95173
5.37 1.04 x10° 525077 94141
5.62 1.59x10° 539513 187518
5.87 2.23 x10° 756785 115723
6.12 2.33x10° 889516 0
6.37 3.22x 10 203947 0
6.62 1.68x10° 415063 0
6.87 3.55x 108 41212 0
7.12 1.02x10° 0 0
7.37 8.64x 108 0 0
7.62 0 0 0
7.87 3.71x107 0 0
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Table C.2: Neutrino effective area for v, + v, over all zenith ranges

log,o(E,) (GeV) Az (cm?)

1.87 0.0145
2.12 0.935
2.37 11.9
2.62 77.6
2.87 338
3.12 1198
3.37 3693
3.62 9974
3.87 24534
4.12 55745
4.37 108192
4.62 198985
4.87 321831
5.12 489692
5.37 722931
5.62 1.02x 108
5.87 1.41x10°
6.12 1.49x10°
6.37 1.68x10°
6.62 996327
6.87 1.79x 106
7.12 509358
7.37 4.32x108
7.62 0

7.87 1.85 x107




180

Appendix D

Analysis Sensitivity and Astrophysical v,

Discovery Potential

Table D.1: Analysis Sensitivity and Astrophysical v, Discovery Potential

Sensitivity Discovery Potential for E~2 v,
1.22 x 1078 GV 6.1 x 107% GV

As discussed in ch. [9 a blindness procedure was followed in order to prevent
any inadvertent tuning of the purity cuts that would bias the analysis. The blindness
criteria for the IceCube 40-string dataset allowed the use of the burn sample (data
taken during June 2008) for the development the analysis level purity cuts. Two
important considerations for an analysis to quantify before unblinding the relevant
data set is how sensitive the analysis is to the signal flux in question and what the
threshold is for a 50 discovery. This establishes a context for the unblinded results of
the analysis.

The sensitivity is defined as the median 90% upper limit obtained over an en-
semble of simulated experiments with no true signal. The ability of the analysis to

establish a 50 discovery claim, also known as the discovery potential, is defined in this
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work to be the strength a hypothetical astrophysical v, flux required to obtain a 5¢
discovery in 90% of simulated experiments in the ensemble. As quoted in Ch. the
sensitivity of this analysis to a diffuse flux of astrophysical v, with an E~? spectrum
is 1.22 x 1078 —5<V— and the E~* discovery potential is 6.1 x 1078 —5<¥—_ These
numbers are tabulated in Table for easy reference.

The procedure used to calculate the sensitivity of this analysis to an astrophysical

E~? vy, spectrum is outlined below:

An ensemble of 1000 simulated experiments is performed with no true astro-

physical v, signal.

e For each Monte Carlo experiment, a simulated dE,..,/dX distribution is recon-

structed.

e The profile construction method outlined in ch. [10|is performed on every Monte

Carlo experiment in the ensemble.

e The analysis sensitivity is the median 90% upper limit obtained from the en-

semble of Monte Carlo experiments.

The discovery potential of the analysis is calculated using a procedure similar
to the definition of sensitivity . An ensemble of 1000 simulated experiments is also
performed, but instead with an injected flux of astrophysical v,. The discovery po-
tential is the injected flux required for the profile construction method to report a 5o
discovery in at least 900 of the 1000 simulated experiments. The allowed regions for
one of these simulated experiments along with the simulated dE,..,/dX distribution

for the experimental trial are shown in Fig. [D.1]
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Figure D.1: IceCube 40-string F~2 v, discovery potential. The top plot shows an
example acceptance region from one of the simulated experiments in a MC ensemble
used to calculate the discovery potential flux, which has a normalization of N =

6.1x 1085V
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experimental trial

. The bottom plot shows the dFE,..,/dX distribution for the simulated
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