High-Energy Neutrino Scan of the Galactic Plane

Sirin Odrowski






Dissertation
submitted to the
Combined Faculties of the Natural Sciences and Mathematics
of the Ruperto-Carola-University of Heidelberg, Germany
for the degree of
Doctor of Natural Sciences

Put forward by

Sirin Odrowski
born in Hannover, Germany
oral examination: 23.01.2012






High-Energy Neutrino Scan of the Galactic Plane

Referees: Prof. Dr. Werner Hofmann
Prof. Dr. Marek Kowalski






Abstract

Various searches for galactic high-energy neutrino sauvegigh the neutrino telescopes IceCube and
AMANDA are presented. The analysis uses data collectechg2008-2009 when IceCube was half-
completed. With AMANDA as an integrated part of the detecthe performance of IceCube below
10 TeV is improved signi cantly, opening new possibilities improve the search for soft-spectra neu-
trino sources. The presented work provided important inpahe design of DeepCore, the low-energy
extension of IceCube, since it has established that thetisépsto galactic neutrino sources can be
enhanced by the collection of a higher number of neutrinalicktes in the 100 GeV to 10 TeV range
despite the higher background in this region.

IceCube's currently best soft-spectra upper limits for@adactic Plane, for six galactic sources and for
the star-forming “Cygnus” region have been obtained inwosk. The sensitivity improved by at least
a factor two with respect to the predecessor analysis.

During the realization of this data analysis, IceCube ryeddubled its instrumented volume from 40
to 79 strings, including the advanced low-energy array Qeep. The entire preparatory work for an
All-Sky point source analysis with the nearly full detectas been performed. This thesis concludes
with an outlook on the potential of the analysis of the Ice€ub-strings data.

Zusammenfassung

In der vorliegenden Arbeit werden die Ergebnisse mehrareh& nach galaktischen Quellen hochener-
getischer Neutrinos mit den Neutrinoteleskopen IceCulbeAMANDA vorgestellt. Die Analyse basiert
auf Daten, die im Zeitraum 2008-2009 mit dem zur Halfteifgrestellten IceCube-Detektor genommen
wurden. Durch die Einbeziehung von AMANDA als integriert@eil des Detektors konnte die Ef-
zienz von IceCube unterhalb von 10 TeV signi kant erhohékden. Dadurch bot sich insbesondere die
Maoglichkeit einer sensitiveren Suche nach Neutrinogurethit weichen Energiespektren.

Die Sensitivitat der Analyse konnte im Vergleich zur Vangjeranalyse mindestens verdoppelt werden.
Im Rahmen dieser Arbeit wurden IceCubes zurzeit beste @Gdergn an Neutrinoemissionen mit wei-
chen Energiespektren in der Galaktischen Ebene, fur sgalaktische Quellen und die sternbildende
Cygnus-Region erhalten.

Die hier prasentierte Arbeit zeigt unter anderem mit Hilben AMANDA, dass die Sensitivitat fir wei-
che Neutrinospektren durch die Einbeziehung zusatziidreutrinoereignisse im Energiebereich von
100 GeV bis 10 TeV verbessert werden kann, obwohl der Hintacydort deutlich hoher ist. Dadurch
hat diese Arbeit zur Entwicklung von IceCube DeepCore, ded&renergieerweiterung von IceCube,
beigetragen.

Wahrend der Entwicklung der vorliegenden Analyse hat da$instrumentierte Volumen von IceCube
von 40 Strings auf 79 Strings (DeepCore eingeschlossenydedoppelt. Eine weiterfilhrende Analyse,
die mit dem nahezu vollstandigen Detektor den gesamtermiginmach Neutrinoquellen untersuchen
wird, wurde in dieser Arbeit komplett vorbereitet. DiesdAit endet mit einem Aublick auf das Potential
der begonnenen Analyse.
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About this Thesis

This thesis presents the work on two major projects. Thearsd completed project is the search for
galactic neutrino sources with the combined IceCube 40gstrand AMANDA detector. The results of
this search are reported in this thesis. The use of AMANDATrS both an advantage and a challenge:
The more densely instrumented sub-array improves the tdetecenergies below10 TeV. To bene t
from this potential however, it is required that the backm in a second and less established stream
of data is studied and reduced to obtain a combined neutanpte. The neutrino sample that has
been extracted in this way is described and the introdugiarys of this thesis are targeted towards the
searches that have been performed with this data sampldo@ine of these chapters is therefore on the
physics of potential galactic neutrino sources and theopaidince of IceCube for soft-spectra neutrino
sources.

The second major project that has been started within thi& vgocan All-Sky search for astrophysical
sources of high-energy neutrinos with the lceCube 79gsridetector. The physics program of this
search is broader than the one of the galactic neutrino poimnce search and will also include searches
for hard- and soft-spectra neutrino point sources in théhsoo hemisphere. The entire preparatory work
for this analysis has already been performed and as an &uth@owill present the on-going work on the
neutrino sample.

Author's Contribution

In a large collaboration such as IceCube, it is often the tzetemnore than one person contributes to a
result or study. In exchange, the work of each person oftelndies many tasks that cannot be completely
re ected in a thesis. The main individual contributions bétauthor since summer 2008 are therefore
outlined here:
| have contributed to the low-level processing of the daienfthe IceCube 40-strings and AMANDA
con guration. An additional processing step to apply aiddial reconstructions on the combined
events has been carried out with support from Cécile Rtricel
The development of the combined IceCube 40-strings and ARANeutrino sample is a major
individual contribution. | have performed two searchesdalactic neutrino sources on this data
and derived neutrino ux upper limits from these. The thighech, a test for neutrino emission
inside the Cygnus region, has been carried out in collalooratith Yolanda Sestayo.
| have contributed at various stages to thelime processing of the IceCube 79-strings data and
the tests of the simulation for this detector con guratiés a major step for analyses of track-like
events with this data, | have developed the event seleabioa $econd stage eline processing to
provide additional reconstructions and have together @laf Schulz and Andreas Gross worked
on the technical implementation. The processing is undgat#he time this thesis is written.
Within this work, | have also developed a rst, preliminanyadysis level event selection for an All-
Sky neutrino point source search with the IceCube 79-drifaga which indicates that a signi cant
improvement in e ciency, in particular in the southern hemisphere, can beaeti with respect
to previous analyses.






1. High-Energy Neutrino Astronomy

The IceCube neutrino telescope at the South Pole is a unigtreiment. It is the rst cubic-kilometer
scale neutrino telescope to observe the sky at neutringiesdrom about 100 GeV up to EeV energies.
The detector collects valuable data for many branches dicfgaand astroparticle physics such as the
search for dark matter or the study of atmospheric air shawéowever, IceCube is primarily designed
and built to search for high-energy neutrinos from the gilesosmic-ray acceleration. In this chapter,
we will review the connection between high-energy neutdatsonomy and the astrophysics of the high-
energy cosmic radiation.

1.1. High-Energy Cosmic-Rays

The Earth is subject to a highly energetic radiation of cadrgarticles from the cosmos, consisting of
fully ionized nuclei, electrons and positrons. In the cantef this work, we are primarily interested
in the hadronic component of the cosmic radiation and wilisthuse the term “cosmic-rays” for this
component, neglecting the presence of others.

The cosmic radiation has been discovered in a series ofdmairperiments in 1912 [Hes12]. Since then,
it has been studied in great detail through the contributiba constantly growing community. More-
over, since the very early studies, cosmic-rays have pravbe a unique laboratory for particle physics;
many discoveries have been made through their investigaiMhen cosmic-rays reach the atmosphere,
they can eventually interact with the air molecules anddar@scades of secondary particles develop in
the atmosphere. As the cosmic-ray spectrum extends to iginehergies, these cascades or air showers
contain particles that could not be produced by man-buittigda accelerators before their discovery.
Among those particles that were discovered through thestigation of cosmic-ray air showers are the
positron [And33] and the muon [SS37]. The latter is contaiimecosmic-ray air showers in large abun-
dance. Today, these atmospheric muons are used as a taadiyals¢ energy spectrum and composition
of the cosmic radiation. On the other hand, they are a majckdraund for IceCube and many other
particle detectors, forcing them to be built deep undengdouThe characteristics of the atmospheric
muon background in IceCube is treated in more detail in GhiEht Here, the characteristics of the pri-
mary cosmic-rays, their sources and their connection th-bigergy neutrino astronomy are discussed
rst. The main characteristics of the cosmic radiation aled at Earth are the energy spectrum, the
composition and the distribution of arrival directions.

The Cosmic-Ray Energy Spectrum

The energy spectrum of the cosmic radiation detected ah Eatends up to around 100 EeV. The all-
particle energy spectrum is shown in Figlrel 1.1. It is to beedidhat the ux has been multiplied by
the energy. Above 1PeV, the ux of cosmic-rays at Earth dropkw a few tens of particles per’m
and year and large detectors have been (or are being) bukpiore this energy regime. Because of
the large eective areas required for these measurements, the deteetonot be mounted on balloons
or satellites anymore but are built on the surface of theltEa@nly measurements of the interaction
products of the cosmic-ray primaries are therefore auvailabthe very high energies, also known as
indirect measurements. Reviews about the experimenthhigees used to measure cosmic-rays and
about the connection of the properties of the air shower ¢gdhof the cosmic-ray primaries can be
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Figure 1.1.: Energy spectrum of the cosmic radiation measat Earth. From [BEH09].

found for example in [LSS11] and [BEH09].
The cosmic-ray spectrum is almost featureless and follomvwer—laW% E with spectral index
between 27 and 3:1. A spectral break at the cosmic-ray “knee” and two othetufes of the
cosmic-ray spectrum that are being discussed in the literathe “second knee” and the “ankle” are
highlighted in Figurd_T]1. The spectrum follows a spectnalex 2:7 up to around 1PeV. The
slope of the spectrum changes at the so-called knee at 3 ¥ 4Re “second knee” is located at around
400 PeV and the “ankle” around 3 EeV. A cut-s observed at the highest energies. All spectral features
of the cosmic radiation, in particular the knee, are corewtd the origin of the cosmic-rays within and
without the Galaxy or to their propagation through the Uréeeand play thus important roles in the
study of the cosmic radiation.

Galactic Cosmic-Rays

Cosmic-rays at least up to the ankle are believed to be peatincthe jets and shock fronts of violent
astrophysical phenomena. Potential astrophysical ssuneeboth of galactic and extragalactic nature
but galactic sources are believed to dominate the cosrgispactrum up to energies of aboutGaV.
The analysis of the IceCube 40-strings and AMANDA data preskin this thesis focuses on the search
for neutrinos in association with the galactic cosmic ridim A recommended review about galactic
cosmic-rays is for example [CD11].

Galactic cosmic-rays are produced through the stochastaleration of regular galactic matter produced
in stellar nucleosynthesis. Supernova remnants (SNR)arsidered to be the most promising source
candidates. We will discuss the experimental evidenceheracceleration of galactic cosmic-rays in
SNR in Chaptef12.

The basis of the acceleration process of cosmic-rays aipdstsical shock fronts has been described
by Fermi [Fer49]. The shock front can be regarded as a tiandayer propagating through a plasma.
The state of the plasma is changed through the transfer of sdfrtihe kinetic energy of the incoming
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(upstream) plasma to the internal degrees of freedom of dlxastream plasma. For a particle whose
kinetic energy is high enough so that it does not resonatethét shock wave, the shock front represents a
discontinuity in the velocity pro le of the plasma. Througbattering on magnetic eld inhomogeneities,
charged patrticles can traverse the boundary between threasand the downstream region. Each time
they do so, they gain a small amount of enerdy/ Eg due to the velocity of the moving environment.
A particle is accelerated until it duses outside the acceleration region. The resulting ersgegtrum is
a power-law with spectral indexbetween 2.0 and 2.5. Taking into account theudion of cosmic-rays
in the Galaxy, the spectrum is modi ed and an observer atrEaill see a spectrun% / E with

= + . The size of depends on the strength and structure of the galactic magelet In the Fermi
acceleration model, the maximum energy that can be obtasng@en by the magnetic eld and the
sizeL of the acceleration region [Hil84]:

Ema{PeV] Ze (BUG)(L=C)  shock (1.1)

where shockiS the shock velocity andethe charge of the particle. A more re ned description of casm
ray acceleration is given in the framework of (non-linear)usive shock acceleration. The non-linear
version takes the interaction of accelerated cosmic-ratfsthe shock into account and higher energies
can then be obtained through magnetic eld ampli cation.|é¥ant articles and reviews are for example
[Dru83, BE8Y] and/[BVOO].

The most prominent feature in the galactic cosmic-ray spectis the knee. Dierent models for the
origin of the knee are:

The knee can be produced by the limited acceleration powgalattic accelerators as the maxi-
mum attainable energy is limited by the size and magnetid althe accelerator.

The knee can also be described in the context of leakage loéh@mergy particles from the Galaxy.
Alternatively, the knee is produced by a single source, dngles prominent source among many
weaker sources.

Finally, models have been proposed that explain the knerighrthe interaction of accelerated
cosmic-rays with until now undiscovered background platisuch as heavy neutrinos.

A review of these dierent models and comparisons of the models to the measwsedamay data can
be found in[CD11] and the references therein.

The composition of the galactic cosmic radiation has beadieti primarily at lower energies where
direct measurements are possible. The composition is verijas to the abundance of the elements
in the solar system except for an apparent excess of lithberyllium and boron. These are produced
in spallation processes of heavier, more abundant elerfi2Bt309]. At 1 GeV, measurements of the
relative abundance of derent neon and iron isotopes with the CRIS spectrometer [BWas well as
measurements of the relative abundance of a number of abi@pies with TIGER [RLE09] indicate
that galactic cosmic-rays contain about 20% material frooifARayet stars, supporting the theory that
galactic cosmic-rays are produced in OB associations,|seqtl 06] and [CD11].

Extragalactic Cosmic-Rays

Through their limited size and magnetic elds, the maximakryy that can be reached in a galactic
cosmic-ray accelerator is limited. Derent values for the maximal cosmic-ray energy from superno
remnants have been derived. Berezhka in [Ber96] calcutateaximum energy of Z 10°GeV for an

ion with chargeZein the case of a high cosmic-ray acceleratiorce&ncy and assuming that non-linear
e ects play an important role. In this case, SNR are capablecielerate cosmic-rays up to the knee but
not beyond. A higher value is obtained for young SNR in [RA®8Ptuskin and Zirakashvili; they nd
that young SNR might accelerate particles up to energigs10®GeV while signi cantly lower energies

( Z 10GeV) are reached at later stages. Cosmic-ray acceleratioels at the highest energies assume
that an extragalactic component of cosmic-rays is prodigedstrophysical phenomena of larger size
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andor larger magnetic elds than present in the Galaxy. Po&rstburces are Active Galactic Nuclei
(AGN), radio galaxies and gamma-ray bursts (GRB), lsee [B3ldAd references therein. The change in
the spectrum at the ankle is then explained by a transitiarptoely extragalactic cosmic-ray component.
The model of cosmic-ray acceleration in GRBs is already neimdychallenged by IceCube's limits on
the high-energy neutrino ux from GRBs [Whil1]. Alternagitheories involve the decays of very heavy,
exotic particles as sources of the highest energy cosmis;-sel [BGQO] for a review.

An attenuation of the energy spectrum abow@ 310'°GeV has been predicted by Greisen [Gre66] and
by Zatsepin and Kuzmin [ZK66] (GZK cutg already in 1966, arising from the limited reach of highly
energetic protons (and heaver nuclei) when they traveltiitrahe cosmic microwave background. As
they do so, they interact with the low energetic photon bemlkigd. Protons lose their energy primarily in
the production of pions. The most important energy loss éanier nuclei is through photodisintegration
[BEHQ9]. The presence of an attenuation at this energy sedebeen conclusively proven in 2008 by
the HiRes|[AAA'08a] and Auger [AAA08c] collaborations. The observation of a GZK cutagrees
well with the model that the highest energy cosmic-rays apdyced in extragalactic accelerators. The
observed attenuation can however also be explained by &dracceleration power of local sources.

Cosmic-Ray Arrival Directions

The wish to reveal the sources of the cosmic radiation arisesnly from the puzzling question about
the extreme energies involved. Cosmic-rays can potengebivide unique information about their ac-
celeration sites, i.e. the interior of extreme astroptatgihienomena. In addition, the energy density of
the cosmic radiation is very large; it is comparable with pinessure of the galactic magnetic eld and
with that of the interstellar medium. Cosmic-rays may thagehan important role in the dynamics of the
Galaxy and may in uence the interstellar chemistry, as dbed for example in [Gab09] and references
therein.

The most conclusive identi cation of a cosmic-ray sourceulddoe the observation of a cosmic-ray ux
associated to a particular object. This however is verycdit as charged particles are de ected by
magnetic elds. In general, cosmic-rays do therefore nahfpback to their sources and their arrival
directions are isotropic after traversing the Galaxy. Thesction of a charged particle in a magnetic
eld scales inversely with its energy. At the very highestergies of the cosmic-ray spectrum, the
magnetic de ection therefore becomes smaller and cosmjastronomy may be possible at the end of
the spectrum albeit with very small statistics. It is to béadchowever that the current knowledge about
the magnetic elds between the Earth and the cosmic-raycesuyrin particular the galactic magnetic
eld, is incomplete and that the magnetic de ections everihat highest energies may be of the order
of few degrees [AAA08b]. The Auger collaboration has reported hints for a cogmy anisotropy at
particle energies above 55 EeV [AAA8H, AAA*10c]. Most notable is a clustering of events around
Centaurus A, the closest active galactic nuclei (AGN). Thesinsigni cant excess around Centaurus A
was identi ed for an 18 window, in which 13 events were observed with an expectatioB.2 events.
Accounting for the intrinsic trials of the observation imgal by the fact that dierent regions around
Centaurus A were considered, the p-value of this observatid%. The measurement does therefore
not present a statistically signi cant discovery. In Icdf@uor example, only a ve sigma deviation from
the background is regarded as a discovery.

At energies between a few TeV and several 100 TeV, expersiiéeticeCube collect high statistics data
samples of down-wards muons produced in the atmospherebming cosmic-rays and are able to test
isotropy down to the 1 level. As an example, the analysis of the 2009-2010 IceCalte cbllected
32 billion muon events in the southern hemisphere for this dihe arrival directions of the cosmic-rays
observed by IceCube and other experiments (see [AA4 and references therein) are indeed isotropic
to a very high accuracy. However, small but statisticalgnscant anisotropies at the permille level
have been observed in this energy range. IceCube is themsthyiment able to perform this analysis in
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Milagro + IceCube TeV Cosmic Ray Data (10° Smoothing)
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Figure 1.2.: Combined IceCube and MILAGRO cosmic-ray d&t&. 10 down-going muon events
from IceCube with a median energy of 20 TeV are analyzed insthghern hemisphere.
From simulation, it is expected that their arrival direatis typically within Q2 of the
direction of the cosmic-ray primary. (The angular resolutof the detector has to be added
to this number. For the IceCube events selected here, ibisdr3 and depends on the
zenith angle.) Both analyses were performed with askoothing and the combined map
shows signi cant excess regions in both hemispheres. Tipaeliand quadrupole moments
that dominate the cosmic-ray anisotropy have been subttaBrom [AAA" 11f]

the southern hemisphere. The data is dominated by a dipdlguadrupole moment but structures down
to 15 can be observed once this large scale structure has beeactetitfrom the data. The observed
anisotropy at smaller angular scales is about ve times wettlan the dipole and quadrupole moments.
The most prominent small-scale anisotropies in the Ice@akeefrom 2009-2010 have relative intensities
of 10 4 and are observed at right ascension (r.a.):42and declination 47:4 with a clustering on a
22 scale and a pre-trial signi cance of& (5:3 post-trial). Remarkably, the second most signi cant
excess (r.a. 128, declination 452 , best clustering scale 13pre-trial signi cance of 6/ (4:9
post-trial)) is located close to Vela, one of the closesesugva remnants. Local sources as explanation
of the cosmic-ray anisotropy are however excluded in stahgeopagation models as the cosmic-ray
de ection by magnetic elds is too strong. Ideas how thisrsaéo could be challenged in speci ¢ cases
are put forward by Drury and Aharonian in [DA08]. Both the ebh&d large- and small-scale cosmic-ray
anisotropies are not yet fully explained.

In summary, the analyses of the directional data from cosayair showers have not yet unveiled the
sources of the high-energy cosmic radiation. The obsermetyg spectrum is characterized by a power
law and changes in the spectral index might indicate chafrges one population of accelerators to
the other. Anisotropies at energies up to several 100 Te¢ baen observed but are not yet explained
unambiguously. At the highest energies, the number of detbevents is still very low and an initial
observation of anisotropy has become weaker with the ifmiusf additional data [AAA10c].

1.2. High-Energy Neutrinos from Cosmic-Ray Accelerators

In addition to the cosmic-ray primaries themselves, theecadternative messengers to search for the
origin of the cosmic radiation. The eient acceleration of cosmic-rays is coupled to the pradoaif
high-energy photons and neutrinos. As neutral particlesy aire both capable to identify the sites of
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Figure 1.3.: Comparison of neutrino aneray spectra for a cosmic-ray proton source with spectrum

%/ E exp EEO interacting via ambient matter. From [KABO6].

their production. In the case ofrays however, there are also alternative production siwenauch as
Inverse-Compton radiation produced by highly energegctebns. Even though the mechanisms predict
di erent energy spectra, it is dcult to disentangle the derent components and the in uence of the
local environment of the sources. Therefore, only neusrinan unambiguously identify the sites of
cosmic-ray acceleration since they are only produced indmél processes.

When high-energy cosmic-rays interact with matter or rigafia elds in the environment of their ac-
celerators, a ux of high-energy neutrinos is produced.géss for interactions with matter can be for
example molecular clouds that are located near the actmietdigh-energy protons can interact with
surrounding matter via 3
20+2p

|
Prp: -S++n+p

1.2)
In addition, are produced in the collisions with neutrons. The dominaanael for pion production
in the interaction of cosmic-rays with a surrounding radiateld is

8

L, Zh+n

p+ ! (1.3)

Poyp

In astrophysical environments, pions will decay beforeytmgeract. The © will dominantly decay
into two high-energy photons with a branching ratio of 98.88a the charged pions will lead to the
production of neutrinos.

+ g+ o+ 4+ (1.4)

I + !l e+ o+ +

Following these equations, neutrinos of dient avors (counting and together) are produced in the
ratios

e " . =1:2:0 (1.5)

Due to neutrino oscillations however, the expected avdiorat Earth is changed with respect to the one
at the source. In the simplest scenario, equal numbers tfimesiof each avor are expected at Earth.
The energy spectrum of the neutrinos observed at Earth degemarily on the spectrum of the cosmic-
ray primaries. In both pp- and gnteractions, the production of neutrinos is coupled toglroduction of
high-energy -rays. The spectra of these particles are therefore coupleer the assumption thatrays
are only produced in hadronic interactions. Analyticahfatae for the conversion of a measureday
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Figure 1.4.: Average angle between the incident neutrircbthe lepton in a CC interaction. The vast
majority of the events analyzed in this work correspond tatmeo energies above 100 GeV.

ux to an expected neutrino ux under this assumption andhe absence of-ray absorption, are given
in [KABO6] and [KAQE]. Through this connection, detecteday sources present interesting objects for

neutrino telescopes and many searches target these ofijeetaeutrino and-ray spectra for a cosmic-

ray proton source with spectru@% I E exp EEO interacting with ambient matter are illustrated

in Figure[1.B (from|[KABQG]) for two di erent sets of parameterS ; ). The resulting neutrino ux
is a factor two lower than the correspondingay ux and has a lower energy cuto The observation of
many galactic -ray sources that follow a spectrum like the one consideszd ([AAB*06¢,|AAB* 07,
AAB *06b,AAA*091]) or unbroken power-law spectra with spectral indexegdr than 2.0([AAAQ7D,
AAA*07a)KCR11, AAA09g)) is then precisely the motivation to present a searchdéactic neutrino
sources that is optimized for softer spectra t§in’ E 20.

1.3. Neutrino Telescopes

Neutrinos are detected through the detection of the secpniaducts of their interaction with nuclei
in a target material. They interact only by the weak force anthe energies of relevance for neutrino
telescopes, neutrinos interact via standard model deégstiwescattering:

AN X+ (1.6)

CHN!D X+ - (1.7)

where N stands for nucleus ah@ (e; ; ) represents a charged lepton or the lepton avor of a newitrin
if used as a subscript. In a neutral current (NC] 1.7) intemaca neutrino of the same lepton avor

is found in the nal state whereas a charged lepton emergaes &harged current (CIC_1.6) interactions.
Both interactions are accompanied by a hadronic cascade X.

The dependency of the neutrino cross sectigia-cc from the neutrino energy Ecan be approximated

with
1
nc=cc / Eﬁé E (1.8)
Q*+ My,

where @ is the invariant squared momentum transfer from the indideto the outgoing lepton and
Mw= is the respective mass of the Wor Z-boson. The cross sections for neutrinos and antirimest
are of the same order with a higher cross section for negtr@specially towards lower energies. Also
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Figure 1.5.: The expected neutrino ux from an AGN as an exa@nopa cosmic-ray accelerating source
is compared to other measured and expected neutrino uxesn [Spi07].

the cross sections for neutral and charged current interecére of the same order with a two to three
times higher cross section for charged current interastf@QRS98].

Several methods to detect the products of these interaciom currently in use or are being explored.
Radiochemical as well as optical methods are applied inngnolend detectors for the study of neutrinos
of energy below some tens of MeV. For more energetic newgrinatural material like water or ice are

used in order to reach a larger target mass. In these cagesl @etection methods as well as radio
detection methods based on the Askaryarat [GBB"07] are applied. The use of acoustic detection
techniques is still under investigation [AAA1c¢]. The optical detection method is used for neutrino
energies up to the EeV regime and the focus here will be omtkeihod. Hadronic cascades and ener-
getic leptons deposit light into the surrounding mediumti€h methods can thus detect neutral current
interactions if they take place within the instrumentedumeé and neutrinos with charged-current inter-
actions if the emerging charged lepton passes through ertheanstrumented volume. High-energy

charged leptons from neutrino-nucleus interactions atasaheir secondaries radiate Cherenkov light

at an angle [Gro08]:
1

n( )
if they travel faster than the speed of light in a dielectriedium such as water or ice. The Cherenkov
angle . depends on the refraction indek ) of the medium. For relativistic leptons & 1) in ice and
at a wavelength of =400 nm, the Cherenkov angle is 41Thus, the imaging of Cherenkov rings or
the sampling of Cherenkov light along a particle traject(@srticularly in the case of a muon) allow
to reconstruct the direction of the lepton. The longer ttmees of the muon with respect to the other
leptons make muon neutrinos more suitable for the extnactiairectional information. Neutral-current
events are less suitable for analyses that require diredtinformation but can be used for a variety of
other neutrino analyses. A more complete discussion ofieegg loss of high-energy muons in ice is
given in Chaptel]7. The angle between the incident neutniraktlae emerging lepton in a CC interaction
decreases with energy [LMOO]:

cos(¢) = (1.9

E 0:7
1TeV

(see also Figurie 1.4). At energies above a few 100 GeV, therlepvery well aligned with the incoming
neutrino and real neutrino astronomy is possible.

h-i=07 (1.10)
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1.3. Neutrino Telescopes

With these prerequisites, the design of an optical neutt@escope is based on the instrumentation
of a large volume of a transparent medium with optical sensdrhe required instrumented volume
is dictated by the expected ux of neutrinos. Figlrel1.5 cangs the expected neutrino ux from an
AGN as an example of a cosmic-ray accelerating source to otbasured and expected neutrino uxes.
The expected ux is signi cantly lower than for example thexes of solar and reactor neutrinos and
substantially larger detectors of cubic kilometer scalesraquired. As a consequence, high-energy
neutrino telescopes have to be built in natural reservditeaasparent media, i.e. in water or in ice. To
suppress the background from atmospheric muons and nesu(i$ee also Chaptel 3), these reservoirs
have to be deep underground but nevertheless accessiltke fimistallation of the detector.

Several neutrino telescopes have been built in water [LRRB#03, AAA"11]] or are planned to be
built in water [BCH"11]. The two neutrino telescopes IceCube and AMANDA thatehlagen used in
this work, use instead of water the deep antarctic ice shietde South Pole. IceCube is the currently
largest high-energy neutrino telescope and its design anstruiction are discussed in detail in Chapter
5.
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2. The High-Energy Milky Way

The work presented in this thesis is primarily focused orstherch for galactic neutrino sources. In the
pursue of this goal, three dérent search strategies have been adopted. One is thémetddhteresting

( -ray) sources to search for neutrino emission from paditylpromising objects. Another is the scan
of a large region of the Galaxy for neutrino point sourceshwitt any further assumption about the
location of a potential neutrino source. Finally, a modheldpendent test for neutrino emission inside
the Cygnus region will be presented. We will here discussthihe high-energy emission in the Milky
Way and the selection of interesting sources and regionthéopresented neutrino searches.

Figure 2.1.: Schematic view of the structure of the Milky \WW8hown is a cross section perpendicular to
the plane of rotation. Adapted from [Bus00] and [SG10].

A schematic view of a cross section of the Milky Way perpeuldicto the plane of rotation is shown in
Figure[2Z.1. The Galactic Center, a dense nucleus of stahsanientral black hole of about 410°M

is surrounded by a bulge of concentrated luminous mattee stim is located about 8.5 pc from the
Galactic Center. The extreme disk forms a at distributidrgas and dust. It is embedded within two
coplanar regions of a high density of stars, the thin andhtok disk. Most of the gas in the Milky Way
is contained within a region of5 in galactic latitude. This region, as far as accessible é€ide at
the energy range of the analysis, is covered within the stredsalactic Plane presented in this work.
The outermost part is formed by the Galactic Halo which edgesut to 100 kpc. It contains a lower
density of stars than the galactic disk and about 170 glolllsters|[BusQQ0, SG10].

The spiral structure of the Galaxy is shown in Figurg 2.2. picture is based on infrared images from
the Spitzer Space Telescope [WRI4]. The Galaxy has a central bar with its two major arms htelc
to it, the Scutum-Centaurus and Perseus arms. The two mioon#and Sagittarius arms are located
between the major arms. The eld of view of the analysis oflteCube 40-strings and AMANDA data
extends from 36. . 210 in galactic longitude and is highlighted in the Figlrel 2.isT eld of view
contains the closest approach to the Perseus arm as welies aleng the local arm.

At GeV energies, the-ray sky is or has been explored by the satellite experime@®RET, AGILE and



2. The High-Energy Milky Way

Figure 2.2.: Artist's view of the spiral structure of the MjlWay. From [NJCS08]. The eld of view of
the search for galactic neutrino sources with IceCube Afgstand AMANDA is indicated
by the black lines and arrows.

Fermi. The galactic diuse emission detected by Fermi follows the distribution &g @ the galactic
disk and is shown in Figuile_ 2.3. Moreover, several galactiicces of GeV -rays have been detected.
At energies above 100 GeV, theray sky is studied with two dierent types of detectors: Imaging Air
Cherenkov Telescopes (IACT) like H.E.S.S., MAGIC and VERS$Thave a eld of view of the order of
few degrees, an excellent angular resolution and hightsetysiExtended Air Shower (EAS) detectors
such as Milagro and TIBET on the other hand can observe arlaegtion of the sky simultaneously but
have a reduced sensitivity. The two types of detectors are ¢omplementary. Figufe 2.3 shows the
distribution of detected TeV-ray sources. Many sources have been detected within they Miay and
present an accumulation of sources along the Galactic Plangarticular the H.E.S.S. surveys of the
Galactic Plane [AABO5b, AAB*06d] have detected many sources in this region and coredtiat the
high-energy picture of the Milky Way.

2.1. Selected Targets for the IceCube 40-Strings and AMANDA
Analysis

In the analysis of the IceCube 40-strings and AMANDA datafqremed in this work, we search for
neutrino point sources in the Galactic Plane. This test ifopeed as a scan and is able to detect
neutrino sources at any point in the considered region ifrttemsity of the source is high enough.
Furthermore, a search for neutrino emission from a shariigteresting known astrophysical sources
is conducted. The selection of these sources will be metil/bere.
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2.1. Selected Targets for the IceCube 40-Strings and AMANDA Analysis

Source Types
e PWN
™) XRB PSR Gamma BIN

. HEL IBEL FRI FSRQ LBL
AGN (unknown type)
2 I Shell SNR/Molec. Cloud
[ Starburst
@ DARK UNID Other
o) uQuasar Star Forming
Region Cat. Var.

Massive Star Cluster BIN
WR

Figure 2.3.: The distribution of detected TeWtay sources is shown with the galactic dse emission
observed by Fermi presented in the background. FM\/Hll].

Supernova Remnants

Supernova Remnants (SNR) have been prime candidates foicosy acceleration since the early days
of cosmic-ray physics. Still, until now no conclusive prauff their role in maintaining the galactic
cosmic-ray ux up to the cosmic-ray knee exists. There améw@r accumulating indications that SNR
contribute signi cantly to the galactic cosmic-ray ux up these energies:

Their energy budget is sweient to maintain the cosmic-ray ux even if only a fractiohtbe en-

ergy released in each supernova is converted to cosmidatidkenergy. This is the argument that

originally let Baade and ZwickylﬁiM] to propose SNR as cismy sources. As the cosmic-ray

spectrum below the knee is featureless, a single sourcdaimpuis preferred. The argument of

the energy budget is nevertheless not conclusive sinceo#tt&s known galactic objects such as

stars with powerful winds or pulsars are capable to ful listicondition.

The existence of shock fronts in SNR provides an environmdwre cosmic-ray acceleration is

possible. Several calculations of the maximum energy thathe reached in a SNR indicate that

they might indeed be able to accelerate particles up to thmiceray kne3].

Studies of observed thin X-ray synchrotron laments in thwionment of some SNR imply

magnetic eld strengths of uG which are di cult to reconcile with a leptonic origin of the
-rays observed in the same SN@bog] and referencesrthere

The -ray morphology of some observed SNR supports hadroniasiosn For example the shell-

like morphology of the GeV -ray emission from the SNR W44 observed with Fermi is best ex-

plained by a hadronic origin of the emissi].

The observed rapid variability of the synchrotron X-raysifirthe SNR RXJ1713.7-3946 is dcult

to accommodate within leptonic mod@bOQ].

Moreover, the spectral modeling of some SNR yields the bgteament with the experimental

results for hadronic models, for example in the case of Cps&a A ].

With the combined IceCube 40-strings and AMANDA neutrinongée described in this work, we are

able to search for neutrino emission from SNR with declorai & 5 . We have selected three SNR in

this region for which very high-energy-ray emission has been observed, indicating that thesetsbje
may potentially be able to accelerate protons up to the grrargge of interest for IceCube. The selected

SNR are:

Cassiopeia A is the youngest known galactic SNR and is about 300 yeardtadda classical shell-type
SNR and located at a distance of about 3.4 kpc. Its progestiéorevolved into a Wolf-Rayet star
before the explosion, sweeping up part of the material thaedoelonged to the star into a dense
shell, seeI_LB_I_D%s] and references therein. The source leasdiEserved by HEGRA in the energy

15



2. The High-Energy Milky Way

region between 1 TeV and 10 TeV [AAB1a]. MAGIC [AAA*07b] and VERITASI[AAA"10d]
have lowered the energy threshold of the existing obsematio 250 GeV and 200 GeV respec-
tively. All three measurements are consistent with an ukdrgower-law spectrurﬁ% /I E
The best ts for the spectral indexare 2.4 (MAGIC), 2.5 (HEGRA) and 2.6 (VERITAS). All are
compatible with each other within the statistical and systéc uncertainties.

IC 443 is an asymmetric shell-type SNR that interacts with a mdégctioud. The MAGIC observa-
tions [AAA*Q7a] are spatially coincident with a molecular line emissiegion and yield a steep
‘é—g /| E 31 spectrum. These measurements are compatible with thevakiserfrom VERITAS
[AAA *09¢e]. The correlation of the-ray emission with the molecular cloud is naturally expéain
within scenarios of cosmic-ray acceleration and inteosictvith the molecular cloud. Alternative,
leptonic models do exist as well. The spectrum measured Matmi [AAA*10b] supports an
hadronic origin of the -rays. A detailed study of the morphology of theadiation detected by
AGILE [TGC*10] with nearby molecular gas complexes further supportisdrac scenarios.

W51C is another SNR that is interacting with a molecular clouds lbcated at a distance of 5.5 kpc
and is one of the most luminousray sources in the Galaxy. The Fermi observations [A82d]
of this object are well explained by a combination of@ent cosmic-ray acceleration inside the
supernova shock and subsequent interactions of these@osysi with the molecular cloud. Very
high-energy -ray emission from the W51 region has been detected by theSEBE[FMCTQ0]
and MAGIC [KCR11] telescopes. The emission is compatiblthwai spectral index of 2.4 and
the MAGIC measurements above 700 GeV are spatially cointidéth the position of shocked
molecular gas, giving further indications of hadronic ca@snay acceleration inside the SNR. For
these reasons, W51C is an interesting target for IceCubbasmtlieen considered in this work.

A search for point-like neutrino emission from these olgdws been performed in this work. We note

here that the angular resolution of IceCube is worse tharytieal angular resolution of IACTs, and

thus a source with angular extension in very high-energgtys may still properly treated as point-like

in IceCube.

Pulsar Wind Nebulae

In the search presented here, we consider the most studieal Wind Nebula (PWN), the Crab Nebula.

Crab Nebula appears as the strongestay source in the sky. Measurements of theay emission
from this source are for example reported.in [AABB04] and BA06¢]. The emission from the
Crab in all wavelengths is well studied and the high-enermjssion is consistently explained by
leptonic models. Due to its brightness however, the Crah ist@resting source also for neutrino
telescopes; IceCube will be able to constrain the fraction-mays from hadronic interactions in
this source within few years of operation.

Binary Systems

Searches for steady neutrino emission from two binary systeave been performed within this work.

The two selected objects are

LS 1+61 303 is a high mass X-ray binary composed of a Be-type star otpaicompact object whose
nature is not known. Both a neutron star model and a micr@juasdel where the compact object
is a stellar mass black hole have been suggested for thisesolihe orbital period of the system
is about 26.5 days. Periodically modulateday emission from his source has been detected
by MAGIC [AAA *09g], VERITAS [ABB*08] and Fermi LAT [AAA"09¢]. The maximal ux
at TeV energies is observed at apastron, i.e. when the destaetween the two objects in the
binary system is largest. The measurements of MAGIC arel with a soft power law spectrum
g—g / E %%, The TeV emission on the other hand is peaked close to pemagthen the target
density is highest and TeV-rays may potentially suer strong absorption. Its brightness and the
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2.1. Selected Targets for the IceCube 40-Strings and AMANDA Analysis

considerable amount of both matter and radiation from tmepamion star to provide a target for
hadronic interactions make L$61 303 an interesting target for galactic neutrino searches

SS 433 is a microquasar located near the center of the W50 SNR whkishrrounded by a large neb-
ulous structure. The system is composed ofVa 9black hole and a 3@ supergiant star. The
microquasar has two relativistic jets which can intera¢hwhe ambient matter. Studies of Chan-
dra X-ray data have revealed the presence of hadrons in thefi&S 433 [MEMO02]. For all
these reasons, SS 433 represents an interesting targeefube. As far as known to us, it has
not yet been observed in very high-energyays. High-energy emission might nevertheless be
possible as the system is in an environment where strongglmsoof -rays might be present. In
[DGWLO0Z], a generous steady ux of neutrinos from this sauig predicted.

Star-forming Regions

Neutrino telescopes like IceCube observe large regionseo$ky simultaneously and without the need
of pointing. Apart from single, point-like sources, theyndherefore also study whole extended regions
with potentially elevated neutrino emission. A statidtiesst that can be used for this kind of study has
been developed in [Ses10] precisely for this purpose andasdescribed in ChaptEt 4. A natural target
for this kind of study are star-forming regions. These araratterized by a high density of potential
cosmic-ray accelerators such as SNR, massive star clastdrgulsar wind nebulae. A very interesting
region for the study with IceCube is presented by the Cygag®n.

Cygnus Region This region is the brightest extended region in Tevays in the northern hemisphere
[AABBOQ7]. It is located approximately in the region of 70 . 90 in galactic longitude and
presents a complex environment where several objects atatit distances are observed projected
onto a small part of the sky. Observations efay emission in this region have been made by
various instruments and include sources as well agg# emission.

Moreover, a predecessor analysis of the Cygnus region w@é@ube |[Ses10] has detected an upward

uctuation in this region, thus making it even more intenagtin the context of this work.
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3. Atmospheric Muons and Neutrinos

The major backgrounds in neutrino telescopes like IceCé&in to the physics of the cosmic-ray air
showers that are produced in the atmosphere.

3.1. Production of Muons and Neutrinos in Atmospheric Air Showe rs

When high-energy cosmic-ray primaries interact with theaphere, they produce cascades of sec-
ondary particles. These particle cascades or air showaisistmf three components: a hadronic, an
electromagnetic and a muonic part. These are illustrat€igiore[3.1. Among the hadrons that are pro-
duced in the cosmic-ray air showers, the most abundant ans piut also kaons play an important role
in the production of atmospheric muons and neutrinos. Ddipgron the energy of the cosmic-ray pri-
mary, charmed mesons and baryons can be produced as wellyPeicthe secondary hadrons feed the

Figure 3.1.: Sketch of a cosmic-ray air shower. Figure kimmtbvided by O. Schulz [Schi10].



3. Atmospheric Muons and Neutrinos

muonic part of the shower and lead to production of atmospimeutrinos. The production of neutrinos
and muons through the decays of pions is the same as desegdbe for astrophysical environments

* * I e'+ o+ +
_ B _ (3.2)
I + I e + o+ +
The most relevant processes for kaons which lead to prauofimuons and neutrinos are
K* 1 *
KO | + +
K+ | ty f (32)
Kt1r  Oyeghy o

To a rst order approximation, the ux atmospheric neutrindepends on the number of incident cosmic-
ray primaries as a function of the energy per nucleon [AGI]S96

3.2. Atmospheric Muons in IceCube

The IceCube detector will be introduced in Chagter 5. Néwedess, we will already now give an
overview of the characteristics of the major backgroune, dtmospheric muons in the detector. The
understanding of the detector required for this sectionimsmal.

The abundance of atmospheric muons is precisely the reaspmeutrino telescopes are built deep in
the ice or on the ground of the deep sea or deep lakes. Due tbwgption of muons in the Earth,
only muons that are produced above the detector constiteeiekayround for neutrino telescopes and the
Earth can be used as a shield against the atmospheric marsdtproduced on the opposite side of the
Earth. For the suppression of the background from above nécessary to reconstruct the direction of
the incoming particle. Imperfections in the reconstruttiive rise to several major categories of muon
background in the detector:

Down-going Muon Events  The majority of the muon events are correctly reconstruegsdiown-
going events, arriving in the detector from above.

Mis-reconstructed Single Muon Events A non-negligible fraction of the atmospheric muons are
mistakingly reconstructed as up-wards moving particlesgeding the expected number of neu-
trino events from these directions.

Mis-reconstructed Coincident Events  Another background is incurred by events that contain two or
more muons from coincident air showers. These event tofgda@ye often mistaken as upwards-
going single particles.

Down-going Muon Bundles  When bundles of several collimated muons from the same cosayi
air shower arrive in the detector, their energy is often estimated.

Several strategies exist to suppress these background$ie binalysis of the lceCube 40-strings and
AMANDA data, a classical strategy for point source analjiseglopted and only upwards-reconstructed
events are considered. As the IceCube neutrino telescdpesied at the South Pole, the eld of view
of the analysis is thus restricted to the northern hemisgphis remove also the mis-reconstructed atmo-
spheric muon background, an event selection is optimizeeltxt well-reconstructed events.
Alternative strategies to open also the region above thect®tfor point source analyses are the sup-
pression of the single muon and the muon bundle backgrourttebgipplication of an event selection
that favors very high-energy events [AAB9a] or the application of muon vetoes [Sch10]. Both of these
strategies will also be explored in the point source anslysit is outlined in the last chapter of this work.
The simulation of atmospheric muons in IceCube is obtainitd the CORSIKA [HKC 98]. Alterna-
tively, the data can be used in many applications to studynihen background.

20



3.3. Atmospheric Neutrinos in IceCube
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Figure 3.2.: Measurements of the atmospheric neutrinaygregrectrum averaged over the zenith region
from 97 to 180 in comparison to results from AMANDA and other experimenishe
IceCube measurement has been obtained with the 40-stangguration of IceCube. From
[AAA *11d].

3.3. Atmospheric Neutrinos in IceCube

The processes for the production of neutrinos in the atn@sgiave been described above. The resulting
neutrino ux depends on the production rate of pions and kaionthe atmosphere. At the energies
above 100 GeV which are particularly interesting for Ice€ube atmospheric neutrino ux is primarily
produced in kaon decays [Gai06]. The ux of atmospheric nsuoniceCube is characterized by a
steeply falling energy spectrum, as shown in Fiduré 3.2.

Atmospheric neutrinos present a background that cannotiffyeressed on the base of individual event
characteristics. Strategies to identify an astrophysaatal above this background include the search
for localized sources and the search for an excess ofusdineutrino ux over the background at very
high energies.

There are two dierent options to simulate the ux of atmospheric neutrindfie most complete ap-
proach is a full 3-D simulation. In this approach, randomneiasray air showers are simulated for ex-
ample with CORSIKAI|[HKC 98] and at all position across the globe and all neutrinosghss through
the detector are collected [BGD4]. In this way, one can simulate the energy and directiciepen-
dence of the atmospheric neutrino ux. The downside of thgpraach is that it obviously requires a
large amount of computational power. An alternative apginda therefore to simulate neutrino events
with a at spectrum which are then weighted to a parametidzadf the expected atmospheric neutrino
ux. Tabulated models for the ux of atmospheric neutrinag @resented for example in [BG04] and

in [HKKSO07]. As these are based on measurements of the atragsmeutrino ux at lower energies,
the parametrization used in IceCube represents an exatapolto higher energies.
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4. Statistical Methods in High-Energy Neutrino
Astronomy

The search for high-energy neutrinos from potential costacacceleration sites requires to distinguish
a weak signal over a dominant background. There are two ¢oraptary approaches to this search: one
is to search for a diuse ux of very high-energy neutrinos beyond the energy eaoijthe atmospheric
neutrino background. The other is to search for localizadrived emission. This second search strategy
is the one followed in this work. It presents @irent advantages with respect to the search for asdi
very high-energy signal: the background estimation cardised entirely on data and the search is there-
fore more robust against systematic uncertainties in telstion. Secondly, while the duse search
can integrate the signal from many sources, this searctegyraan use the directional information and
in case also a possible time dependency of the signal to cigntlly suppress the background. Through
this, it is capable to access lower neutrino energies thamitbuse search. From the physics point of
view, it allows to search for soft-spectra sources in thea@alvhich are the in particular interest in this
work. Finally, a possible detection may then allow to assiectosmic-ray acceleration with a known
astrophysical object or at least a position in the sky. A sewf neutrinos will thus unambiguously
reveal the source of cosmic-rays.

Statistical methods are important instruments for armient search for spatially localized high-energy
neutrino emission. We summarize here two categories ofadstlevent classi cation methods that are
used in order to extract neutrino candidates from the atheyép muon background and the methods
that are used to test the data for a localized excess of evestshe atmospheric neutrino background.

4.1. Background Rejection

Soft-spectra neutrino source searches with the parti@ube detector explore the northern sky. The
main background are mis-reconstructed atmospheric minansite produced in the atmosphere above
the detector, see also Chapter 3. Event classi cation nusthanging from the most simple and transpar-
ent to more complex methods like Boosted Decision Trees @Ran be used to reject this background.
A short introduction to three methods that have been appfide analysis of IceCube data is given
here. All of these methods belong to the class of supervisaohing algorithms, i.e. they are developed
on a test sample of events for which the nature of each evaok@bound or signal) is knodlin

As the expected signal presents only a very small fractioth@fevents at every analysis level, a very
robust data-driven background estimation can be useddhmu this work. Background samples are
obtained from the data at each level by randomizing the aghension of the event positions; the back-
ground is expected to be uniform in right ascendofihe signal is modeled using Monte Carlo simula-
tion (see Chaptér 8).

In general, the performance of an event classi cation ischemarked by its signal retention and back-
ground rejection power and its robustness against staistictuations and systematic uncertainties.

A very useful summary including analytical derivations opervised learning algorithms is given in [HTFQ9].
2More careful randomizations have to be performed for amalythat search for phenomena of short duration. These are
however not studied in the work presented here.



4. Statistical Methods in High-Energy Neutrino Astronomy

Rectangular Cuts

Assume that along with the measurements of the incomingtibre energy and time of each event, a
list of other properties, the so-called classi efs;; Cy; ::;chgis available. These could be for example a
quality parameter of the event reconstruction or the amofiohscattered light that has been detected.
A list of classi ers that has been used in this work is giverCimaptef®. If classi ers are selected which
show a di erent mean behavior for signal and for background, the bigmeseparated from the dominant
background by the identi cation of an acceptance regionefach classi erc;. These regions de ne a
rectangle in the multi-dimensional space spanned by ttssiatais ¢, and all events that lie outside
of this rectangle are rejected as background. The accaptagion for each classi er can be de ned
by hand or optimized with dierent strategies like the one implemented in the data dasdhgnework
TMVA [HSS*07].

If the decision boundaries are selected by hand, the anmafamea large control over the outcome and
systematics of the event selection that is obtained. An gl@mf an IceCube analysis that is based
on rectangular cuts only is presentedlin [AABL|]. The disadvantage of rectangular cuts is that they
are considerably less powerful if the background and sidistitibutions have large overlap regions. In
the work presented here, rectangular cuts are used in catidsrwith multivariate classi ers, for low-
level data rejection and in cases where the simulation doesllow the use of more advanced event
classi cation methods.

Neyman-Pearson Decision Criterion

In a two class problem like the classi cation into the two gps “background” and “signal®, the optimal
test is the one that minimizes the probability to miss an egéthe signal class for a given probability

of misclassifying a background event as signal. In otherdaothe optimal test maximizes the detection
probability for a given limit on the false alarm probability

In the case of uncorrelated classi ers with continuous &ajiuhe Neyman-Pearson lemma states that this
requirement is met by a likelihood ratio test, i.e. in thiseahe likelihood ratio test is the most powerful
test of size [NP33].

For a list of available classi ers;, the likelihood ratio test is constructed from the indivatiprobability
density functions for each classi & under the signal and background hypothesis. For each dbent,
classi cation rule is based on the parameter

n Psignal(éi)

L = _
i=1 PoackgroundCi)

(4.1)

wherenis the number of classi ers used in the tegthe measured value of the classi@@and Rigna(Ci)
(PoackgroundGi)) the probability to observe the valegif the event is of the signal (background) class.
The classi cation obtained in this way combines the sepamgbower of several variables but the clas-
si cation of each single event can still be traced. A cut lthea a likelihood ratio like this is used in
Chaptef®; a good signal eiency is obtained even if the classi ers for an experimedéda sample are
not strictly uncorrelated.

Boosted Decision Trees

The basic principle of a decision tree is the iterative é¢leason of the data into two groups. Each new
level of the tree is called a node. At the root node, all data tne group. At each following node, the
data is divided based on a rectangular cut on the currentst pmwerful classi er, i.e. at each node, a
classi er and corresponding cut value are chosen to maxrifiz increase of separation between signal
and background. In this procedure, the separation of smmdbackground can be quanti ed in several
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4.1. Background Rejection

di erent ways, for example through the misclassi cation eatothe cross entropy. In the application of
Boosted Decision Trees in Chapiel 11, we use the softwateagacT MVA [HSS 07] which by default
uses the Gini Index de ned gs (1 p), wherep is the purity, as measure of the separation. At each
node in a decision tree, the dirence between the weighted sum over the separation indestes child
nodes and the separation index of the parent node is maxiniecision trees divide the space spanned
by the classi ers in hypercubes [HTEO9]. In usual applioat, the number of nodes in a decision tree is
either limited or a minimum number of events in each nodedsiired.

Though the number of nodes in a decision tree can be largeatheo the classi cation of each event is
always traceable. On the downside, decision trees are vmgnrable to overtraining. In particular when
only small training samples are available, there is a sicamt danger that the decision tree is impacted
by statistical uctuations in the training sample and a sl@stion on a test sample will not lead to the
same e ciencies and purities. Ways to overcome this weakness anengy, which is the removal of less
relevant branches, or boosting. In this context, the focilidoer on boosting. Besides reducing the risk
of overtraining, this method can also increase the claation power signi cantly; reference [HTF09]
contains relevant comparisons between boosted and natdubdecision trees.

Boosting

Boosting is the transition from a single decision tree tora$bof many decision trees. The idea is to
combine an ensemble of weak classi ers into a single, moweepiul classi er. In the training of the
rst tree, equal weights are used for all events. For eachtnegy the weight of each event in the training
sample is adapted; higher weights are given to those eveaithave been misclassi ed by the previous
tree. The nal cut parameter, the BDT score, is then caledlats a weighted sum over the scores of the
individual trees. Dierent options for the weighting are available; the two mosdresting algorithms
for this work are AdaBoost [FSB6] and GradientBoost [Fridf]the presentation of AdaBoost, we will
follow the notation of [HTFQ9].

Let G(X) be the classi er obtained with theth tree using a vector of input variabl&s Gn,(X) takes
valuesf 1;1grepresenting the two possible outcomes “background* a'rglhéﬁﬁ. With M trees in the
forest, the nal classi er for an event with measured inpatriablesx is then obtained by the weighted

sum over all classi ers:
G(X) = signéM me(x)i (4.2)

m=1

where the weighting coecients r, are computed by the boosting algorithm and larger valugs(gf
indicate signal-like events. The weighting cagients n, give higher weights to those trees in the forest
that present a smaller signal loss. After the training pfrtiie tree, AdaBoost uses the misclassi cation
rate to adapt the event weights for the training of the ned.tFor each tres, the misclassi cation rate
is given by b
Nowi int(yi, Gm(%))
i=1 Wi

erfy, := 4.3)
wherey; denotes the true character of the ith event and is eithhdor background or 1 for signal. iny(,
Gm(%))is Lifyi, Gm(X) and 0 if the event is classi ed correctly; represents the measurements of the
input parameters for an individual evaraindN is the number of events in the training sample. In the
next step of the boosting, the event weights are changeddiogdo

wi ! woexp( m int(yi, Gm(x)) (4.4)

3This implementation is known as “Discrete AdaBoost”. Viidas whereGn,(X) takes any real value betweer and 1 are
called “Real AdaBoost". The dierence is however not important for the presentation of titeerlying algorithm.
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with

m = log((1 err)=err,) (4.5)

m is also used to calculate the weighted sum over the treestéinaine nal classi er, see Equation
4.2.
Alternatives to AdaBoost are provided by the GradientBadgdrithm. The description of this algorithm
is out of scope of this work and interested readers are egfda [Fri00] and|[HTFQ9]. Mathematically,
boosting can be described by the tting of an additive modithva speci ed loss function. AdaBoost
uses an exponential loss function that is not the most ramanst outliers. The key derence between
the algorithms is that GradientBoost provides the pogsiltd use any di erentiable loss function even if
the corresponding weights, cannot be calculated analytically by applying a steepestent approach.
In the TMVA[HSS'07] implementation of GradienBoost, binomial log-likelitd loss is used. In com-
parison to AdaBoost, the resulting boosting algorithm carldss sensitive to outliers and mislabeled
data points in the event sample. In particular the last pudndd prove important for the applications
within this work as the background training samples arertdkem experimental data which contains a
fraction of signal-like events.
Boosted Decision Trees can be very powerful out-of-thedtomts especially if many weak classi ers
are available. They cannot resolve correlations in thetippwmameters and their biggest disadvantage
is probably that the classi cation rules are not tracealpplications of BDTs to IceCube data can be
found for example in[Hall, AAA11a] and in Chaptér11 of this thesis.

4.2. Statistical Tests on the Final Neutrino Samples

The choice of the best search method depends on the signathiegis and the properties of the back-
ground. All tests that are used to search for high-energyrineusources exploit one or more of the
following characteristics of the signal:

The expected spatial distribution of the signal events.
The energy spectrum of the neutrino emission.
A possible time-dependence of the signal.

The neutrino signal from a cosmic-ray accelerator is exquetd be clustered around the position of the
source and thus presents a localized excess in the evailbdisih. Neutrino sources are often but not
necessarily assumed to be point-like, i.e. it is assumeddhbaxtension of the source is smaller than the
angular resolution of the data sample and no structure caesiodved.

If neutrino sources with hard energy spectra are consigdénecenergy estimates of the detected events
can be used to discriminate signal and background. For thst paot of this thesis, we consider galactic
neutrino sources with soft spectra and this aspect is retaet. On the other hand, the on-going analysis
outlined in Chapter11 will be more general and will searahafdroader category of sources including
extragalactic neutrino sources and hard neutrino speetiathis reason, the use of energy estimates in
the statistical test will be of more importance in this asaly

In this thesis, we present searches for steady neutrinosemislf a time-dependency is however as-
sumed, for example based on the phenomenology of a knowspagsical source, the event times can
be used to further suppress the background and increaseotyer po discriminate a signal. A time-
dependent analysis has been applied_ in [Vbg10] to searahefarino emission from Cygnus X-3 using
the data sample prepared in Chapler 9 of this work.

We present here three dirent methods that can be used to search for steady (seftapeeutrino
sources. Two of these tests have been applied in this warkyrghis presented for comparison.
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Measurement of the Local Event Density

A very robust and simple method to search for a localized ®xoéevents around a xed position in the
sky is to compare the detected number of events in a regiamdrthat position with the background
expectation. The size of the region is chosen to optimizesémsitivity or the discovery potential of the
search and depends on the angular resolution and the etenf the data sample. The resulting method
is fast, the underlying statistics are well understood &g the signi cance of the observations can be
calculated analytically. Finally, the results are easyefresent and to understand.

On the other hand, the presented method does not fully éxpieiavailable information about each
event as the spatial distribution of the events inside thdédonot taken into account. Several analyses of
IceCube data have used this method, see for example [Baz10].

Maximum Likelihood Ratio Test

An alternative method is to locally t a composite model ofiisal and background to the data and to
use a hypothesis test to quantify if this model describesittia better than a pure background model.
This hypothesis test can be realized as a maximum likelimatid test. The likelihood. s.g of a model
that represents a mixture of signal and background is marinwith respect to the signal strength and
compared to the likelihootl g of a pure background model. The ratio of the two indicatesctvimmodel
ts the data better. Often, the parameter

|

= 20 In LS*B (4.6)
Ls

is used as a test statistic. In some particular casesill follow a 2-distribution if de ned in this
way, allowing for a direct conversion into signi cances. deneral however, the distribution ofis
not known analytically and the signi cance has to be deteediwith the help of a large number of
pseudo-experiments.

The model for a measurementfevents comprised of a mixture of signal and N ng) background
events is described by the likelihood function

W Ne ) Ns _ .
L s+B(Ns) = 1 N B G + N S G (4.7)
i=1

whereB andS are the probability density functions (pdf) for the clagsiscy; under the background
and signal hypothesis. Tlg; Tepresent the observed valuekalassi ers in the evenit The likelihood

for the null hypothesis is obtained from Equation|4.7 byisgths = 0.

The form of the signal and background probability densityctions depends on the particular data and
the physics scenario to be tested. A likelihood functiontta neutrino point source as signal to a uniform
background of atmospheric neutrinos is proposed in [BO&):

In this case, the classi ers for each everdre the reconstructed directiof and the uncertainty of
the angular reconstruction;. More information about the reconstruction and the esionatf the
uncertainty of the reconstruction is given in Chajfer 7. Hagition x5 in the sky is to be tested for
neutrino emission, the signal probability density funetaf an individual event is given by

2
1 A%
S s %, i =P e “i (4.8)

This expression assumes that the true neutrino signal ig-fleé with a Gaussian uncertainty of width
i on the reconstructed direction. The background is unifarmght ascension and can be modeled by
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a constant. Considering events in a declination band arthendssumed source position in the test, the
background probability density function is

B= 1 (4.9)
Band

with gangthe size of the declination band. The method has been uskis ifotm in two of the searches
presented in this thesis.
In [BDD*08], it has been shown that for a hypothetical neutrino telpe with a median angular reso-
lution of 0:86 , the maximum likelihood ratio test as de ned above leadsnténgprovement of around
13% in discovery potential with respect to a test based onrtéee counting of events. This increase
comes however at the cost of a reduced generality, increasagdutation time and a potentially higher
impact of systematic uncertainties through the inclusibindividual estimates of the angular uncer-
tainty. Modi cations of the method to include additionafammation such as the energy of the events or
to test for di erent neutrino source morphologies are straightforward.

Multi Point Source Analysis

The two above-mentioned methods are targeted to deteain@eemission that is con ned to regions
in the sky with a size of around the angular resolution of thictor. Their goal is to identify a single,
strong source above the background. In the case of the maxiikelihood test described above, the
spatial morphology of the neutrino source is modeled as atfliGe emission. Even in modi cations
that account for extended sources, a model for the shapezndfdhe source is used in the search.
The Multi Point Source (MPS) method presented. in [Ses10ksmts an alternative approach to search
for neutrino emission at astrophysical sites. It is targetesearch for neutrino emission inside regions
with a size that is signi cantly larger than the angular deson of the detector. The physics case for
this method is presented for example by star-forming regiohich may comprise several cosmic-ray
accelerators. While each individual accelerator may beweak to produce a statistically signi cant
neutrino signal by itself, a method that can integrate thériv® emission within a whole region of
increased high-energy activity may still be able to idgntife signal.

The basis of the method lies in the search for a clusteringyefits on an angular scale To achieve
this, a clustering function is de ned:

R 0
Pdata( O) d

()==> (4.10)

R .
hl:)random( 0)' d?
0

wherePgaa( 9 is the number of event pairs with angular distanc&between them in the data and
hPrandom( i the average number of event pairs at distanBé&om each other in an ensemble of ran-
domized pseudo experiments. In both cases, the distaneeslaulated for all events within the region
of interest with respect to all events in the samplé. ) = 1 means that the degree of clustering at the
angular scale is exactly as expected from the background. Larger valueg of indicate that a higher
degree of clustering than expected is observed.

The test de ned through 4.10 is model-independent; it isi&me to any kind of neutrino emission within
the de ned region. A diuse ux of neutrinos across the region increases the numbaramts and thus
also the number of close pairs within the region. Any numbfepaint sources or extended sources
would cause a local excess of close pairs as well. Neithemdhgber nor the positions of any potential
sources within the region need to be known to the analyzerédhe test is performed. The presented
test has been applied to IceCube data in [Ses10] and in thiste@earch for neutrino emission inside
the Cygnus region.
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5. The IceCube Detector

First plans to build a neutrino telescope at the South Polerged in the 1980s [HK08]. The rst
optical sensors of IceCube's predecessor, the AntarctiorMAnd Neutrino Detector Array (AMANDA)
[AAB *01c¢], have been deployed at the end of 1993. More than 606abstnsors have been installed

Figure 5.1.: Schematic view of the IceCube detector. Theatiet consists of the neutrino telescope in
the deep ice and the surface air shower detector IceTop. diteémo telescope instruments
about a cubic kilometer of ice with 5160 light sensors altjoa 86 cables called strings.
The more densely instrumented region in the deep centereadigtector is the low energy
extension IceCube-DeepCore. AMANDA, the predecessoraffbe, is located at smaller
depths and is fully surrounded by IceCube strings. It has deeommissioned in 2009 after
it took data as an integrated part of IceCube from 2007 to 2009



5. The IceCube Detector

Figure 5.2.: A 25 km deep hole drilled to accommodate a new IceCube stringsshrized hot water is
used to melt the ice. Photo: R. Maruyama

until 1999, most of them at depths of 1.5 t®&m. Di erent technologies have been tested and the
experience obtained with this detector has been used iregigrdof the IceCube experiment at the same
site. With respect to AMANDA, IceCube is a substantially deg detector and is deployed at larger
depth. IceCube provides a better timing resolution by theeafsan improved data acquisition system
based on a decentralized signal digitization [AX¥%b]. The installation of the IceCube experiment
began in 2004 and has been successfully completed in Dec&@ib@. Today, IceCube instruments a
volume of approximately one cubic kilometer of the antarate.

5.1. Design and Construction

Figure 5.1 presents a schematic view of the lceCube expetimEhe detector consists of two main
components: The neutrino telescope in the deep ice and pg¢eifoair shower detector at the surface.
The neutrino telescope comprises a central, more denstyinented region named IceCube-DeepCore
which enhances the performance at low energies. AMANDAptieeecessor of IceCube, is also embed-
ded in the IceCube array and acted as integrated part of lftom 2007 until it was decommissioned
in 2009. More details about AMANDA and its integration in @&be are given in the next chapter.

The very clear, deep ice at the South Pole and the bedrockvliblice serve as interaction medium
for high-energy neutrinos. The ice is instrumented with®ilight sensors to detect Cherenkov light
produced by muons and electromagnetic and hadronic shgwedsiced in the interactions of high-
energy neutrinos (see Chapter 1). The light sensors, d2althl Optical Modules (DOMS) (see section
5.2), are aligned on 86 strings and deployed at depths frdhkii to 24 km. For the deployment of these
strings vertical, 2500 m deep holes are drilled into the hees using pressurized hot water. The optical
modules are then attached to the string and are gradualréahinto the water- lled hole. Figure 5.2
shows a photograph of one of these holes before a new strieplsyed.

78 of the 86 IceCube strings are equipped with 60 equallyespaptical modules. The distance between
the optical modules is about 17 m on these strings and thegreaeged on a hexagonal grid with 125 m
inter-string distance. Eight strings are installed withn@aBer inter-string spacing in the center of the
grid. With these, IceCube-DeepCore provides a more densstyumented volume in the center of
the detector. As described in section 5.3, the ice sheeteabtluth Pole is structured and its optical
properties change with depth. The two most prominent featare a dust layer at medium depths in the
detector and a very high transparency in the deepest icenTihsrings in lIceCube-DeepCore primarily
instrument the deepest and clearest ice with 50 optical teeguer string. Another ten optical modules
are placed above the dust layer to enhance the veto cajabjiich10]. The denser instrumentation in
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5.2. The Digital Optical Module

Figure 5.3.: Schematic view of the IceCube Digital Opticaddvle (DOM). The task of the DOM is to
capture light and to record and digitize waveforms. Main ponents are a photo multiplier
tube surrounded by a glass sphere and the DOM mainboarddtust &l the necessary on-
board electronics. Power and communication to the outsidepeovided through cables
entering through the cable penetrator assembly. From [A@9b].

the IceCube-DeepCore allows to lower the energy threshdick@ube.

The remote site of the detector at the South Pole prohibéisliation and shipping of hardware from
around February to October. The IceCube detector has tharsthelt in several stages by adding new
strings each antarctic summer. In the meanwhile, data Fasth&en in each con guration and physics
results have been obtained with the partially built detecibe deployment order of the IceCube strings
is indicated in Figure 5.1.

In addition to the neutrino telescope in the deep ice, 81dpedtations are installed on the surface.
Each station is composed of two tanks lled with ice and eguip with two optical modules each.
IceTop is a cosmic ray air shower detector and designed tsuneaosmic rays from the knee to the
ankle [KKKWO09]. The combination of the air shower detectathihe neutrino telescope ers advan-
tages for both elds of physics. Coincident events betwdenttvo components of the detector allow
a measurement of the cosmic ray composition with IceTop JAgdIn exchange, IceTop can be used
to veto highly energetic cosmic ray air showers that canstia background in the neutrino telescope
[Aufll, ACM11].

5.2. The Digital Optical Module

Besides the antarctic ice, the Digital Optical Module (DOBIYhe most substantial constituent of the
IceCube detector, including DeepCore and the surface &efyop. The DOM's task is to detect the
light generated by leptons as they pass through the ice aptbtéde an on-board digitization of the
signal.

To this aim, each DOM contains a 25 cm diameter photomudtiglibe (PMT) housed in a 33 cm di-
ameter glass sphere to be protected against the high peessine ice [AAA"09b]. Standard IceCube
DOMs are equipped with commercial HAMAMATSU R7081-02 PMT&haa quantum e ciency of
about 20%. The majority of the DOMs on the DeepCore in llsgs contain a newer PMT model, the
R7081MOD that presents an improvement of about 40% in quaetuciency [AAA*11h]. Other main
components of the DOMs are a high voltage unit, an LED boaddearon-board digital data acquisition
system.

The environment of the IceCube detector place stringentimeapents on the quality and stability of all
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5. The IceCube Detector

Figure 5.4.: lllustration of the steps each IceCube DOM bagsass before it forms an active part of the
detector. Each DOM is tested at several stages before asdtdftas been deployed in the
ice.

components of the DOMs. As the majority of the DOMs is positih deep in the antarctic ice, they
cannot be recovered once they have been deployed. In agdhie® DOMs have to work reliably in an
environment of high pressure and at temperatures rangimg f6 C at the deepest positions in the ice
to 50 Cin the IceTop air shower detector. [AAB1b] discusses the requirements on the DOMs as
they are dictated by the science goals of the experimenty Mgh-energy muon showers generate as
many as 1000 photo electrons within 150 ns if they are closegmto a DOM. A high dynamic range
was thus required to ensure that not all DOMs saturate in sfesuch an event. The IceCube DOMs are
designed to have a dynamic range of 200 photoelectrons pes.15

The full recording of waveforms can help to distinguish bexdw close, dim light sources and far-away
high-energy tracks and can therefore improve the angutanstruction and the rejection of background.
To this aim, waveforms have to be recorded over a@antly long time. The maost stringent require-
ments in this aspect came from the intention to be able tactidtaible bang events from tau neutrino
interactions. A waveform capture of aroun@glis needed to catch a signi cant fraction of these events.
A high stability is required as DOM failure could result ineduction of the trigger and Iter eciency

in particular for short tracks. Accordingly, a high stalyilis especially important for all analyses such
as measurements of the atmospheric neutrino spectrumttiust the lower energy end of the particle
energy distribution in IceCube. The design goal of IceCulbs &#yDOM failure rate of less than 5% and
has been more than ful lled.

Another important parameter in the design of the optical ufexlis the noise rate. As ice is a low
noise environment, radioactivity in the building blockstbé DOMs is the dominant source of noise.
The noise rate of the DOMs directly impacts the sensitivitydupernovae as their signature is a short,
synchronous rise in the single photon electron rates thrawigthe detector. A noise rate below 500 Hz
was the design goal for IceCube. The timing resolution wgsired to be smaller than 5ns. A better
resolution is di cult to achieve due to the scattering of light in the ice aredatbailability of PMTs with

a better resolution.

Figure 5.3 shows a schematic view of a DOM. The PMT and therelaics are fully embedded in a glass
sphere interrupted only by a cable penetrator assemblyidingvpower and a path for communication
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Figure 5.5.: The structure of the ice is clearly visible ia ttata. Shown is the number of DOM launches
versus the DOM position summed over all DOM on strings 1 thlot8. The plot was made
using minimum bias data from the 79-string array requirinigast eight hit DOMs in each
event. The big dust layer (see text) is located around the BGM layer.

to the outside. According to the design requirements, thesgivas chosen for its high stability, high
transparency in the UV and low radioactivity. A silicone galreases the optical coupling between the
glass sphere and the PMT while it serves at the same time dafIPMT and the electronics in place.
The PMT is shielded against magnetic elds by a metal cage.0®M mainboard contains all necessary
devices to read out the waveforms from the PMT, to digitizd smstore them. In addition to these
components, each DOM includes an integrated LED board v@thEIDs of 405 nm wavelength. These
LEDs are used to calibrate the detector [A209b] and to study the properties of the ice [AAEba].

To record and digitize the signal, each DOM disposes of twaldg Transient Waveform Digitizers
(ATWD) and a Flash Analog to Digital Converter (FADC). The WDs are switched-capacitor arrays
with four channels each. The four channels can simultahealigitize waveforms and each of them
records 128 samples with a3s resolution. The rst three channels are used to recardvidveform,
the fourth is reserved for calibration purposes. The thismpels used to capture the waveform are
operated at a dierent gains: 16x, 2x and 0.25x respectively. In most casesg tloe highest gain channel
is used for data analysis but in case of saturation, one dbher gain channels can be used. By using
the two ATWDs in a DOM in a ping-pong fashion, dead-time isuse. Each DOM contains a local
clock used to assign a time stamp to the beginning of eachidedovaveform. The FADC allows to
capture longer waveforms of up todgus with a coarser binning [AAA09D].

Communication to the DOMs is provided via cables that megténiceCube Control Lab (ICL) at the
surface. DOMs communicate with the surface but also withhedber to exchange local coincidence
information. The relevant parts of the data acquisitioncefQube are described in section 5.4.

All lceCube DOMSs undergo rigorous testing before they aippsd to the South Pole and again before
they are installed in the ice. New strings can be integratemthe data taking once the water in the hole
is fully frozen and once the DOMSs passed a series of stalbditi/to ensure they will not cause detector
downtime and that they will not be damaged during operatidine whole chain of steps that each DOM
has to go through before it becomes an active part of the etéxillustrated in Figure 5.4.

5.3. The Antarctic Ice

The realization of the IceCube experiment was possibleusecaf the high transparency of the ice at
the South Pole; for wavelengths in the range froB00 to 400 nm, glacial ice is the most transparent

1The author of this work contributed to the commissioninghaf $trings deployed in the 202910 season
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Figure 5.6.: Measurements of scattering and absorptioménAntarctic ice and their dependence on
wavelength and depth. The contribution of trapped air bebld the scattering of light in
the shallow ice is highlighted in the left plot. The layerédisture of the ice is clearly visible
in both scattering and absorption. From [AABba].

solid known, see [AAB05a] and references listed therein. In the absence of binksoence it provides

a low noise environment. As a natural medium, the propedfdahe ice cannot be controlled by the
experimenter. Instead, a deep understanding of its steuatud optical properties is crucial.

At the site of the IceCube detector, the antarctic ice steeabout 2800 m thick and temperatures range
from -50 C at the surface to -&€ at the bottom of IceCube. The ice is between 30 000 and 100 000
years old. Most relevant for IceCube are the optical pragedf the ice, in particular the scattering and
absorption of light. The scattering of light in the ice is sad by dust and air bubbles that are trapped
between the ice crystals. The main contribution to the adtigsr comes from dust in the ice. Both the
concentration of air bubbles and dust in the ice depend odébéh. The concentration of dust traces
changes the climate conditions at the time the ice was fofha8 * 05a].

Air bubbles are concentrated at depths above 1400 m and imetliéce that forms in the holes drilled
to deploy the IceCube strings. As the pressure rises atrlaegths, air bubbles get compressed and
undergo a phase transition to the solid state. The air hgslrdiat are produced in this way do not
contribute signi cantly to the scattering as they have aimbe same refractive index as the ice itself
[AAB *05a]. Ice that formed during times with a high concentratibelust in the atmosphere contains
more dust than ice that accumulated in other times. Thislead layered structure of the ice. The most
prominent features of this layering are a big horizontak thyer in the middle of the detector and a very
clear region in the deepest ice. The structure of the iceemrlyl visible in the IceCube data. Figure 5.5
shows the number of DOM launches against the position of AN minimum bias data (see section
6.3) taken with the IceCube 79-strings array.This data msidated by down-going atmospheric muons.
Regions with a high DOM occupancy correspond to clear icerayThe occupancy at the highest and
lowest DOM positions is reduced by the local coincidenced@mn (see next section).

The optical properties of the ice are measured through ttextde response to short light pulses emitted
by the on-board asher LEDs of the optical modules. In addifiice core data from derent sites is
available and can be used to interpolate the ice properkagire 5.6 shows the optical properties of
the ice as derived from AMANDA asher LED data and ice core si@aments in [AABO5a]. The
layered structure is clearly visible and the scattering axient varies by almost an order of magnitude.
An update of this work using newer data from IceCube givesralai result. An alternative approach
is reported in [AAA" 11g] leading to a similar structure but larger variationshef optical properties. In
addition to the on-board asher LEDs, there are severalrathecial devices that are used to infer the
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Figure 5.7.: Schematic view of the data processing from RtEeto the nal statistical analysis on
the example of the IceCube 40-strings and AMANDA analysisliiidual contributions of
the author are highlighted in blue. The number of processiags between the application
of reconstructions at level 2 and the statistical test dépem the analysis. In addition,
contributions have also been made in the rst two steps optleeessing chain.

properties of the ice. Among them is a device to measure theerration of dust in the ice and the
so-called Swedish Camera deployed in the season/2010 at the bottom of one of the strings. The
camera delivered pictures from the refreezing ice in the.hol

5.4. Data Acquisition and Filtering

IceCube data is recorded at the South Pole but large paitte ofdata analysis take place in the North. As
the South Pole is not accessible during the largest pareoféhr, a timely analysis of the IceCube data
requires to transfer the data to the North via a satellite lirhe available bandwidth on this satellite link
is limited and it is thus necessary to reduce the rate of ewhat are recorded and selected for transfer
to the North.

The rst step to reduce the data rate in IceCube is the supjore®f pure noise events via local coinci-
dence conditions and software triggers. Only DOM launchasftl Il a local coincidence condition can
contribute to trigger the readout of an event. The local@dence condition requires that a DOM launch
is accompanied by another launch on one of the four nearestDAthin a time window of 1us to sup-
press uncorrelated noise. DOM launches that ful Il thisdbcoincidence condition are called “HLC”
(hard local coincidence) launches. DOMs with launches dioatot ful Il the local coincidence condi-
tion (“SLC” (soft local coincidence) launches) can be reatlas welf but transfer only compressed hit
information instead of full waveforms.

All HLC launches serve as input for the evaluation of sofevaigger algorithms that eventually lead
to the creation of an event. The trigger is part of the surfd& acquisition system, a set of high
performance computers located in the IceCube Laborat@l)(IThe trigger algorithms are based on
the number of launches and their distribution along thag#i In the context of the analysis presented
in this thesis, the Simple Multiplicity trigger is of maintarest. This trigger requires at least eight DOM
launches within a time window of jis. Once a trigger has been issued, all DOMs with HLC launches
within  10usec around the trigger time send the collected waveformbdostirface where they are
time-ordered and merged into events. The trigger windowjsmeded as long as the trigger condition
stays active. In the next step fast, on-line reconstrustiame applied to the events and physics lters
select interesting events based on the results of thesestegctions. Of particular interest to this work
are lters that select track-like, up-going events that litely to be muons produced in muon neutrino
interactions. The implementation of the selected Iters summarized in section 6.3 for the IceCube
40-strings and AMANDA con guration and in section 11.1 ftweticeCube 79-strings con guration. All
events that pass one or more of the physics Iters are tramsfenorth and are available for dine data
analyses. The most important processing steps of the aetetfre ltering at the South Pole to the nal
analysis are illustrated in Figure 5.7 on the example of trayais presented in this work.

2This has been done in the 59-, 79- and 86-strings con gunatiaf IceCube while earlier con gurations used only HLC
launches.
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5. The IceCube Detector

Figure 5.8.: An IceCube surface cable as used to provideamgsction from the surface junction box to
the IceCube laboratory (ICL) at the South Pole. Cables liie provide communication to
one of the IceCube strings respectively and the two assoclatTop stations. Each string
is controlled by a DOMHub computer in the ICL.
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6. IlceCube and AMANDA as a Combined
Detector

The AMANDA neutrino telescope [AABO1c], the predecessor of IceCube, is used in this work as
a more densely instrumented sub-array of lceCube itselfis Thapter provides an overview of the
AMANDA detector and its integration into IceCube. The cluaesistics of the data taken with this
combined detector from April 2008 to May 2009 are introduaed the low-level data selection for the
analysis is presented.

6.1. Design and Construction of AMANDA

The AMANDA neutrino telescope, as IceCube, is composed afraber of optical modules (OM) that
are frozen into the ice on vertical strings. The design ofgjbéical modules - a downward facing photo
multiplier tube enclosed in a glass sphere - is similar td didceCube. The signal transmission and
on-board electronics are however very elient; except for one string, all optical modules in AMANDA
transmit analog signals to the surface instead of the déegitformat that is used in IceCube. As the rst
detector of its kind in the antarctic ice, AMANDA comprisetaeger range of dierent technologies of
which many proved successful and have therefore also beplogad in the larger IceCube detector.

Construction

The construction of AMANDA started with the installation fafur strings (AMANDA-A) in 199394,
exploring the feasibility to build a neutrino telescope f& South Pole. These strings were however
deployed at shallow depths between 800 m and 1000 m whereotieemtration of air bubbles in the
ice (see section 5.3) is very high and leads to a strong sicaftef light. The experience obtained with
AMANDA-A proved nevertheless that the developed electteniere reliable and able to withstand the
large pressure in the ice; none of the deployed modulesifelileing the rst two years [AABOQO].

The rst strings at larger depths were installed in 1@#bas an array of 80 OMs on four strings at
depths between 1545m and 1978 m (AMANDA-B4). The optical ulesl were distributed equally
between these four strings with a vertical spacing of 20 me ®ftical properties of the ice at the
depth of these strings were shown to be better than in théoshile, rst tools for track reconstruction
were developed and rst neutrino candidate events weretsgle The detector served also to establish
the large absorption length of the deep antarctic ice of ntlome 200 m at a wavelength of 410 nm
[AAB *00]. Another six strings with 216 OMs in total were installi®d19961997. Together with the
previously deployed AMANDA-B4 strings they formed the AMAM-B10 array.

The nal nine strings of the AMANDA array were deployed in teeasons 19998 and 19989. The
three strings deployed in 198B span a larger range of depths from 1150 to 2350 m to exptitethe
shallower and the deeper ice for the future lceCube detettue last set of strings includes string 18,
the prototype string for IceCube [AA®6a]. The nal stage of the AMANDA detector was operational
in 2000 and contained 670 OMs on 19 strings. An overview offétector geometry is given in Figure
6.1.



6. lceCube and AMANDA as a Combined Detector

Figure 6.1.: The AMANDA neutrino telescope. The detectoswaild in several stages and explored
the optical properties at derent depths of the ice for neutrino astronomy. The striridiseo
AMANDA-B10 array and the nine strings surrounding them weased as an integrated part
of IceCube from 2007 to 2009. As illustrated in Figure 5.1 agg 29, AMANDA was in
this con guration fully surrounded by IceCube strings. FrfAAB *05a].

Technological Progress

As the rst neutrino telescope in the antarctic ice and tedtfor the technologies used in IceCube,
AMANDA is a less uniformly designed detector than IceCubdteAthe season 19985, the choice
of glass for the optical modules was revised and changed fglass with a higher transmittance in
the UV [AAB*05a]. AMANDA has experienced an evolution of signal trarssitin cable types from
coaxial cables (AMANDA-B4) to twisted copper pair cablesMANDA-B10 strings 5-10) to optical
ber [AAB *06a]. With the larger depth of IceCube and the need to prawidehanical support to the
DOMs through the cable, robust copper cables were used Guloe.

AMANDA string 18 served as a prototype for the on-board sigiigitization applied in IceCube
[AAB*06a]. Except on this one string, all AMANDA OMs pass only amplvaveforms to the sur-
face. An alternative candidate for the IceCube optical nexjuhe digitally controlled Analog Optical
Module, was also tested.

AMANDA took data as a stand-alone neutrino telescope ufl&2 From 2007 on, it formed an inte-
grated part of the IceCube detector until it was decomnmgglan 2009. Its science capabilities as a
low-energy sub-array of the detector are now covered byubetDeepCore.

6.2. Integration of AMANDA into IceCube

Being about eight times more densely instrumented thandbe CAMANDA provides the possibility to
lower the energy threshold of IceCube. The combination @€ldbe and AMANDA data for low-energy
events provides a better angular reconstruction than dmilachieved with AMANDA alone [Res09].
Finally, being embedded in IceCube, it provided for the tiste the possibility to use vetoes for the
rejection of background events (see for example [AAAe]).
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6.2. Integration of AMANDA into IceCube

Figure 6.2.: The Martin A. Pomerantz Observatory, home ¢cANMANDA DAQ.

The integration of AMANDA into IceCube was however not taki As the newer IceCube detector
builds on the experience obtained with AMANDA, it is in margpacts technologically more advanced
than its predecessor. Several diences in the data acquisition systems and the format afataefrom
the two detectors had to be bridged before the data from thaéwtrino telescopes could be combined.
The optical modules in AMANDA transferred analog wavefortosthe surface while IceCube data
is fully digitized on-board the DOMs. A time synchronizatidetween the two detectors had to be
ensured. Moreover, the data acquisition systems of the atectbrs were housed in dirent buildings
about 300 m apart from each other and physical connectiomgeba them had to be created. The full
details of the integration of AMANDA into IceCube are repamttin [Tep09]. Table 6.1 summarizes the
main issues in the integration of AMANDA and their solution.

issue solution time of implementation
AMANDA dead time TWRDAQ[Tep09] 2002-2005
Non-uniformity of the data TWRDAQ[Tep09] 2002-2005
Communication between the DAQs Connection via optical sher 2006-2007
Time synchronization GPS module 2006-2007

Table 6.1.: Overview of the most important milestones inititegration of AMANDA into IceCube:
Even though the original purpose of the implementation ef IWRDAQ was not the inte-
gration of AMANDA into IceCube, it presents a major step tosigathis achievement.

Despite its denser instrumentation, AMANDA would not haeal the capability to enhance IceCube's
performance at lower energies without an upgrade of the DvsQwas implemented from 2002 to 2005.
This new DAQ, the TWRDAQ [Tep09] (Transient Waveform Reaatdsee below), reduced the dead
time of AMANDA substantially. It was operated in parallelttee original AMANDA DAQ until 2006
and nally replaced it. The combined IceCube and AMANDA date used only the TWRDAQ.

The original AMANDA DAQ was based on a hardware trigger reipgj at least 24 hits within a time
window of 25us. The high multiplicity threshold resulted from the slowakry readout which could
not be parallelized. Even with this high trigger threshald dead time fraction was at 15%. With the
TWRDAQ, the trigger threshold could be lowered to 18 hit mledwith a simple multiplicity trigger
and down to 8 hit modules with additional requirements onsibetial distribution of the hits. With the
faster TWRDAQ, the multiplicity threshold was no longer strained by the dead time of the DAQ but

1The optical modules on AMANDA string 18 had the capabilitydigitize the signal directly [AABOGa].
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6. lceCube and AMANDA as a Combined Detector

O

O

Figure 6.3.: Two kinds of events are present in the combiregdator mode: Events with and without
AMANDA trigger. Events without AMANDA trigger contain onlthe information collected
with lceCube while AMANDA triggers initiate a readout of ICabe too.

by the high noise rates of up tollkHz of the optical modules on the AMANDA-B4 strings [Tep09]
The trigger conditions relevant to the ICAAMANDA analysis are reported later in this chapter.

The digitization of the analog AMANDA waveforms was perfatby a set of Flash ADC modules
called Transient Waveform Recorders (TWR). With these, TéRDAQ provided also for higher re-
semblance of the AMANDA data to the IceCube data. In additime TWRDAQ allowed to store
valuable additional information such as the number and ttieahtimes of individual pulses.

AMANDA was the rst low-energy core ever used within a nentritelescope. The data collected in
this way proved to be valuable for several analyses like tieepresented in this work or for example
the one in [AAA"11e]. The successful analysis of AMANDA data gave the itiiteato design and build
an advanced low-energy core, IceCube-DeepCore [AB]. This new sub-array is placed within the
deep center of the detector and thus provides improved agalilities to reject the muon background.
Besides, a full uniformity of the data is achieved with Ic@€tDeepCore and the energy threshold
could be lowered further. With the prospect of this new lavergy sub-array ahead, AMANDA was
decommissioned in 2009 as the building that housed its aafaisition system was in danger through
the accumulation of snow [Res09].

6.3. 2008-2009 Data: IceCube 40-strings and AMANDA

After the deployment season 200308, 40 IceCube strings have already been installed. ThaRDA
array served as an additional, integrated part of the deteData was taken in this con guration from
April 5, 2008 on. AMANDA was turned o on May 11, 2009 while IceCube 40-strings continued
to take data until May 20, 2009. Correcting for detector ddinre, 375.8 days of data were taken
with the IceCube 40-strings array. Of these, 306 days irclAMANDA data. The main causes for
detector downtime were scheduled operations in the codrges antegration of new strings during the
deployment season and for detector calibration.

Trigger Conditions in IceCube 40-strings and AMANDA

Even as a combined detector, AMANDA and IceCube were stigered separately. A readout of
IceCube was initiated every time AMANDA was triggered. Tlewarse logic was neither possible
nor necessary; no signi cant improvement in the reconsimacis achieved when AMANDA infor-
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6.3. 2008-2009 Data: IceCube 40-strings and AMANDA

Figure 6.4.: Event display from a combined event taken from hal IC40+AMANDA data sam-
ple. The regular IceCube strings from the 40-string conajiom are shown in gray and
AMANDA strings in blue. The reconstructed track is shown @ur The colored circles
along this track are the hits recorded in the detector, withrs from yellow to green indi-
cating the time of the hits and the size of the circles comrdjng to the recorded charge.
The event shown here did not leave enough hits on IceCulngstio pass the standard muon
Iter but is recovered by the use of the light recorded in AMBN.

mation is included into IceCube-triggered events as thgseally have a higher energy and are already
well-reconstructed [GRTTO7]. The trigger logic is illusted in Figure 6.3. Events from IceCube and
AMANDA are merged on a time coincidence base by the Joint EBaiilder. The illustrated trigger
logic leads to the presence of two drent kinds of events in the data taken in this con guration:

Events with AMANDA trigger. A readout of IceCube is initi@te@nd the events contain the hits
recorded in both parts of the detector. These events wiltferned to ascombined events® in
this work. An example event is shown in Figure 6.4.

Events without AMANDA trigger. These events contain onlistthat were recorded in IceCube
and will be referred to adceCube events”in this work.

IceCube operated several software triggers during the titaedata for this analysis was taken. The
IceCube Simple Multiplicity Trigger (SMT 8) required 8 hit@Ms within a time window of fus. Only
modules with a local coincidence (see 5.4) participate @rttigger. On the AMANDA side, a multiplic-

ity trigger was con gured to select events with at least 1i8nhddules within a time window of:3 us.

No local coincidence condition was applied to these hit&irtainto account the smaller spacing of the
optical modules in AMANDA, this trigger had a lower energyashold than the IceCube Simple Mul-
tiplicity Trigger. In addition, a string trigger was actiesd selected events with an even lower energy
threshold by taking the hit topology into account to supgithe background. A list of all active triggers
during the data taking period of the combined IceCube 4@gsrand AMANDA detector is given in
Table 6.2.

41



6. lceCube and AMANDA as a Combined Detector

Subdetector trigger name trigger condition trigger rate

IceCube Simple Multiplicity (SMT 8) 8 hit modules with locabinci- 1kHz
dence within fus

IceCube String 5 hit modules in a series of 7 1kHz
consecutive modules on a string
within 1:5us, no hits in the top
three DOM layers

IceCube Minimum Bias select events with at least one hit 30 Hz
module in regular time intervals
AMANDA Simple Multiplicity 18 hit modules in AMANDA  0:1kHz

within 2:5us, no local coinci-
dence condition

AMANDA String 3 hit modules in a series of 5 0:2kHz
consecutive modules on a string
within 1:.5us on strings 1-4 or
3 hit modules in a series of 3
consecutive modules on a string
within 1:5us on strings 5-19, at
least 8 hit modules in total

AMANDA Minimum Bias select random events in 1Hz
AMANDA with a xed rate

Table 6.2.: Active triggers during the IceCube 40-stringd AMANDA data taking. Additional IceTop
trigger algorithms are not listed here. Listed trigger satee as of run 111471.

Filter Conditions in IceCube 40-strings and AMANDA

As described in 5.4, not all triggered events can be trarestanorth via satellite and on-line lters are
applied to select the more interesting events. A list of eliva lters in the IceCube 40-strings and
AMANDA con guration is given in Table 6.4, along with a summyeof the events that are targeted with
each Iter and a typical Iter rate. The two most importantelrs for the analysis presented here are the
IceCube Muon Filter and the JAMS (Combined) Muon Filter.

The IceCube Muon Filter

The IceCube Muon Filter [LHO7] is designed to select trakk-events in IceCube with a high eiency
while the background has to be reduced signi cantly to cogmpith the bandwidth constraints of the
satellite transfer. As discussed in Chapter 3, multiple msueaching the detector from coincident
cosmic-ray air showers constitute one of the primary bamkgus in the northern hemisphere. In the
southern sky, well-reconstructed single muons and muodlbamominate the data. The cut logic of the
muon lter in IceCube 40-strings is thus adapted toatient regions of the sky. All cuts in the muon lter
are based on the number of channels, the average numbersesmer channel and the reconstructed
direction obtained with two dierent likelihood reconstructions. To apply these cutsaadsrd, single-
seeded likelihood reconstruction based on the rst-guessrstruction LineFit (see section 7.2) and a
dual-seeded likelihood reconstruction based on the Ltraefd its inverse as seed are applied.

The rst branch of the muon Iter requires that the events dnat least 10 hit channels (NCh) and that
both likelihood reconstructions result in a zenith anghgéda than or equal to 70 This branch of the
muon lter is used in the analysis presented in this work. elhiahes an eciency of above 70% for
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6.4. Run Selection for the IceCube 40-strings and AMANDA Analysis

Filter Branch Cut

Branch 1 NCh 10 AND BOTH single-seeded and dual-
seeded likelihood reconstruction zenith angles
70 .

Branch 2a  NCh 10 AND average number of pulses per chan-
nel 5 AND at least one of the likelihood recon-
structions has a zenith angl€0 .

Branch 2b  NCh 20 AND average number of pulses per chan-
nel 5 AND at least one of the likelihood recon-
structions has a zenith angl&0 .

Table 6.3.: Event Selection of the IceCube 40-strings @aMuon Filter [LHO7].

neutrino events with energies above 1 TeV and more than 8@MedtD TeV.

In the second branch, designed to make the southern skys#tileet IceCube, the zenith cuts are
weakened with respect to the rst branch. To pass the cuy, amé of the two likelihood reconstructions
needs to result in a zenith angle larger than the requiregevaln addition, the average number of
pulses per channels has to be larger than 5 and the requiredenwf channels is adapted to keep a
su cient background suppression. The event selection eritdrihe IceCube 40-strings muon lter are
summarized in Table 6.3

The JAMS (Combined) Muon Filter

The JAMS (Combined) Muon Filter [Gro07a] has been desigonedmplement the IceCube Muon Filter
by adding additional events at lower energy that pass thrd\lANDA. As such, it operates only on
events that have a trigger in AMANDA and that have less thahi2DOMs in IceCube. The name of
the Iter derives from the AMANDA rst guess reconstructialAMS which is introduced in section 7.2.
A cut on the reconstructed zenith angle of the JAMS algorithrapplied at 75. This setting ensures
a reasonable reduction of the background while it leavesgmooom to improve the reconstruction at
later stages of the data processing. A harder cut on thenzamile would have improved the background
rejection by a factor of three but would also have resultealloss of signal e ciency around the horizon.
In addition, a cut is placed on the quality parameter of thB1SArst guess t (see also section 7.2).
With the parameter varying between 0 (poor reconstructaom 1 (good reconstruction), the cut has
been applied at a value of 0.6. The resulting Iter has amestied signal e ciency of more than 80%
for neutrino-induced events passing through AMANDA at giess between 10 GeV and 10 TeV.

6.4. Run Selection for the IceCube 40-strings and AMANDA Analysis

lceCube¢ AMANDA) data is divided into runs of up to 8 hours lendthThe data used in this analysis
is selected on a run-by-run basisThe decision if a run is good to use can depend on the subtdete
it is possible that a run contains good IceCube data whiletimebined events do not meet all quality
criteria. However, very similar requirements are placedhenquality of the data collected by the two
parts of the combined detector for this analysis:

2t is planned to switch to 24 h runs in the future.

3The selection of smaller data units is possible as well ancbeaimportant for analyses that search for phenomena of shor
duration. As the data taking is usually very stable duringra & run-based data selection is sient for this work and
does not lead to a signi cant loss of lifetime.
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6. lceCube and AMANDA as a Combined Detector

Runs with non-standard DAQ or detector con gurations ardwged.
Runs with a length shorter than 20 minutes are excluded.
Runs that do not pass the IceCube monitoring are excluded.

IceCube includes several in-situ light sources to caléthe detector (see chapter 5). Data with light
contamination poses a strong risk to pick up non-partictiiéed events. All data that has been taken
while these light sources were in operation, is thus exddd®n the analysis.

A monitoring of the rates of several triggers and physicerdtas well as DOM-based information such
as DOM launch rates, provide the base for a run-based datilygquanitoring as a joint eort of the
IceCube collaboration. Only runs without indications ablpiems in this monitoring are selected.

In addition, each run is required to have a length of at le@shiutes. The monitoring of shorter runs
is di cult due to the larger statistical uctuation of the Itertess. Also, the shortness of the run is most
often caused by a failure in the detector (for example DOMstidings not starting up) that caused the
run coordinator to restart the run.

For the short period of 7 days after New Year 2009, the timelsyonization between AMANDA and
IceCube was o by one second due to a bug in the data acquisitiofor the data taken during this
period we only consider IceCube and discard all combinedtsvethe relative timing between the two
detectors is crucial for the reconstruction of these events

In addition to the application of these selection critetige stability of the rate of up-going events is
tested on the level where the data is still dominated by edemstructed atmospheric muons as well
as on the nal level. Furthermore, it has been checked thatetrent ids and event times in the nal
level event selection increase monotonically. Addingladise considerations together, 92% of the total
detector up-time with IceCube 40-strings and AMANDA aresidared in the analysis.

6.5. Cleaning of Combined Events for the IceCube 40-strings and
AMANDA Analysis

AMANDA strings 5-10 use twisted copper pair cables. Theddesaare vulnerable to pick-up of elec-
tronic noise, in particular during periods of strong windreg South Pole. The result of this vulnerability
is a class of non-particle induced events, the so-calledy” avents, that has to be identi ed and removed
from the data. These events have characteristic wavefdratgli er from the ones of particle-induced
events. A software to identify these events based on thaiefeems is available [Gro07b]. The algo-
rithm has been used already in the analysis of the IceCulsr2®is and AMANDA data [Ses10] and
the validity of the cuts has been reassessed for the anghesented here. The algorithm makes use of
two characteristic features of the waveforms recorded WiKtANDA:

The division of waveforms into waveforms segments.
The median rate of local maxima in the waveforms.

The AMANDA DAQ produces a waveform segment whenever the oregischarge in an OM exceeds a
certain, prede ned value. The measured charge is recorslkxhg as it stays above the baseline and a few
sample points around the pulse are added to the waveformesgeghone of two succeeding waveform
segments has only a single sample point over thresholdwthevaveform segments are merged into one.
Each waveform segment is thus a part of a full waveform thdsemd starts with the baseline charge
and comprises at least one pulse. Noisy, non-particle edl@vents tend to lead to the collection of
more waveform segments than other events.

In addition, they also often show waveforms with severahlanaxima or peaks. At moderate energies,
most particle induced events have exactly one peak per wawef’Flary” events are identi ed by the

40On December 31, 2008 a leap second was to be added to the UEC Tihis operation was performed correctly in the
AMANDA DAQ while two leap seconds were added in the lceCube@Ahis lead to a mismatch between the two
detectors.
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Figure 6.5.: Distribution of the two waveform charactécistthat are used to identify non-particle in-
duced events in the combined detector. The median peaksrptetied against the number
of waveform segments. The z-axis represents the numbeeofin each bin. Events with
both a high median peak rate and a large number of waveformesgg are more likely to be
induced by electronic noise. The analysis uses only eveitiisanmedian peak rate smaller
than Q005 Hz or less than 20 waveform segments. The tail of everitsavmoderate me-
dian peak rate and a high number of waveform segments condspo real events with
higher energies which typically leave many hits in IceCubevall. The plot uses data from
runs 112000 to 112099 at L3, taking into account only everitis &vsuccessful likelihood
reconstruction of the combined pulse series and an upgeanighzangle.

combination of a high median rate of local maxima in the wases and a high number of waveform
segments on AMANDA strings 5-10. Figure 6.5 shows the diistion of the two waveform characteris-
tics for a number of runs (112000 to 112099) from the IEAMANDA data. The majority of events are
located at low values of the median peak rate and the numhesnaform segments. There is however a
second population of events with higher values in both patara. These are the ” ary” events. For the
analysis, only events with a median peak rate equal to omb@i005 Hz or with 20 or less waveform
segments are considered. All other combined events amedjeThrough this cut, less than half a per-
cent of the combined data is removed from the analysis. Tleeteon the signal, though not simulated,
can be estimated to be of the same size.

Figure 6.6 illustrates the non-particle induced naturdnefavents that are removed from the data sample
in this way. To illustrate the eect better, a selection of events with median peak rate at60é Hz and
more than 30 waveform segments (in red) is compared to thatsteat are considered as good to be
used in the analysis (in blue). It can be clearly seen that #mg“ events have a higher occupancy on
the a ected strings and leave very little light in the surroundicgCube detector.
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Active on Iter name goal Iter rate
IceCube Muon select up- and down-going track-like evenigpeess coincident 19:8 Hz
muons from multiple cosmic-ray primaries and single dovingo
muons.
IceCube Atmospheric Muon select a complimentary sample @fndgoing atmospheric 0:3Hz
muons
IceCube EHE select up- and down-going events at the highesgies 11 Hz
IceCube Cascade select cascade-like events based on #tatlvelocity (see 7.2) 16:2Hz

and the event topology
IceCube Downgoing Starting  select down-going low-enetgytisg tracks for Galactic center 1.7 Hz
analyses using the top layer of the detector as veto

IceCube Moon select events from the direction of the moonnwisible for -
moon shadow analyses
IceCube ULEE select ultra low-energy events at energiesfefvatens of GeV 1.7 Hz

for GRB searches and atmospheric neutrino studies usintpa ve
IceCube  Physics Mininum Bias select a random sample of eweitth Physics Min Bias trigger :BHz

Combined Mininum Bias select a random sample of triggereghsvin IceCube ardr  0:5Hz
AMANDA

Combined JAMS Muon select low-energy up-going muon track#h va trigger in  3:1Hz
AMANDA

Combined Low Energy Upgoing select low-energy up-going mutracks in IceCube or 11:.1Hz
AMANDA for WIMP searches

Combined Low Energy Contained select low-energy contagwethts 46 Hz

Combined Low Energy Cascade  select cascade-like eventgl KNDA and surrounding lceCube 7:2Hz
strings using part of the detector as veto

Combined Downgoing Contained select down-going contagwests in AMANDA 119Hz

Table 6.4.: Active Iters during the IceCube 40-strings @&dANDA data taking. Additional IceTop lters are not listduere. Rates are as of run 111471.
The Moon lter did not collect data during this run. The redet Iter algorithms for this work are the IceCube Muon Filend the AMANDA
JAMS lter. Descriptions of all deployed lters are availkbon [Bla08].
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Figure 6.6.: lllustration of the characteristics of thecatled ” ary” events in AMANDA. The same data
as in Figure 6.5 is divided into two separate samples: “statfcevents (blue) are those that
are used in the analysis and have either a low median peak @95 Hz) or a low number
of waveform segments (20). "Flary” events (red) are selected to be events with aiamed
peak rate 0:006 Hz and more than 30 waveform segments. The top left ptatskhe string
occupancy for “ ary* and standard events, AMANDA stringsvieanegative string numbers.
As expected, AMANDA strings 5-10 contribute most to the 'yaevents. The top right plot
shows the comparison of the time of the events for both pdipus The middle row shows
the total number of channels (left) and the number of chaninetstandard IceCube strings.
“Flary* events reach up to high numbers of channels if AMANRAaken into account but
have very few hits in IceCube alone, stressing their notigb@rinduced character. Finally,
the z-position of the charge-weighted center of gravithimen at the bottom left. The origin
of the IceCube coordinate system is in the center of the ttetaad the z-axis points away
from the center of the Earth. With few hits on standard Ice€silnings, " ary” events are
more abundant at the position of AMANDA at the top of the comeloi detector.
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7. Reconstruction in the Muon Neutrino Channel

When neutrinos interact in charged-current interactiengpton of the same avor is produced. The
average angle between the neutrino and the emerging lepiisrbélow 4 for neutrino energies above
100 GeV. The directional reconstruction of the incomingtrira can therefore be based on the recon-
struction of the direction of the lepton. A more detaileddaat neutrino interactions is provided in
Chapter 1.

This chapter will primarily treat the track reconstructiarthe muon neutrino channel and is structured as
follows: First, the energy loss and light deposit of higkegy muons in ice are reviewed. The topology
of the light that is detected by the DOMSs provides the basbdtn directional and energy reconstruction
in IceCube. The most important reconstruction algorithmesiatroduced and their application within
the presented analysis of lceCube 40-strings and AMANDA @atliscussed.

7.1. Muon Energy Loss in the Ice

Cherenkov Light

Ice is a dielectric medium and at the energy range GeV to Eevgas as of interest for IceCube, all
leptons are above the threshold for Cherenkov light enmissio % i.e. their velocities are higher than
the speed of light in the ice. Cherenkov light is emitted abaracteristic angle which depends on the
refractive indexn( ) of the medium:

1

n()

The Cherenkov angle in ice with a refractive index of1:32 at 400 nm is 41and the emission is
peaked in the ultraviolet. The observed light pattern ddpem the lepton type of the neutrino and
on its interaction. The dierences are illustrated in Figure 7.1: A highly energeticomproduced
in a charged-current interaction of a muon neutrino is ablaavel over a long distance through the
detector and emits Cherenkov light along the track. Newtnalge interactions as well as charged-
current interactions of electron and tau neutrinos leadhé¢oobservation of spherical Cherenkov fronts

cos(¢) = (7.2)

Figure 7.1.: Left: schematic view of a muon track with geteataCherenkov light in a neutrino telescope.
Right: Electron and tau neutrinos generate forward-peakesgades in the detector. After
[ABB*04].



7. Reconstruction in the Muon Neutrino Channel

Figure 7.2.: Muon energy loss in ice: the contributions afization, bremsstrahlung, photo-nuclear
interactions,e pair production and muon decay are shown. lonization domsap to
energies of a few 100 GeV. At higher energies, bremsstrghlphoto-nuclear interactions
and electron pair production contribute more and the enlexgg scales with the energy of
the muon. From [RCO1].

(cascade) within a con ned volume of the interaction pbint

The di erences in the event topologies are precisely what makes mewutrinos more suitable for anal-
yses that rely on a good angular reconstruction, such ag fir@sented in this work. Therefore, only
the reconstruction of muons from charged-current intevastof high-energy neutrinos will be treated
in this chapter. It is to be noted however that also the caschdnnel has advantages; as the energy
deposit is more often contained within the detector thancf@arged-current muon neutrino events, a
better energy reconstruction is possible. Moreover, tisearde channel is sensitive to all three neutrino
avors.

The total amount of energy that goes directly into Cherenigit from the muon is negligible in com-
parison to other energy losses (see next section). Howneesummed Cherenkov light emission from
the muon and its secondaries plays the key role in the deteatid angular reconstruction.

Stochastic Energy Loss

A muon that travels through matter can lose energy througlerdint processes: ionization, brems-
strahlung, photo-nuclear interactions, i.e. the excharigephoton between the muon and the nucleus,
ande pair production. Ultimately, the muon will decay and loskital remaining energy. The relative
importance of each process depends on the cross sectiom fdbess and through this on the energy of
the muon. The contributions of the @dirent processes in ice are illustrated in Figure 7.2.

lonization of the atoms in the ice is dominant at energiesvbaleveral 100 GeV. The mean energy loss
per unit length through ionization is given by the Bethedl@quation [Gro08]:

n | #

1. 2 221
Emmeczl—zmax 2 % (7.2)

* o+
dE Z
dx A

LIf the energy is high enough, also a tau will be able travebbeythe interaction point.
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7.2. Muon Angular Reconstruction

whereK is a constant factoZ the atomic number of the stopping medium akds atomic mass num-
ber. | is the mean excitation energy in electronvolt ahghx the maximum kinetic energy that can be
transferred to a free electron. The functigh ) is a correction term for polarization ects that reduce
the energy loss through ionization. The Bethe-Bloch equait valid for 01 - - 1000 in media
with intermediateZ. It is to be noted that ionization is a stochastic processstMingle energy losses
are much smaller than the mean energy loss since the digtribof energy losses has long tails.

At higher energies, where radiative processes dominatertbiyy loss, the average energy loss per unit

length can be written as a function of the form [Gro08]:

+
dE
& —a+b E (73)

wherea is given through Equation 7.2 and b describes the sum of mteabung, photo-nuclear inter-
actions ande pair production. Hard, i.e. more energetic single energgds are more likely to occur
through bremsstrahlung than through photo-nuclear iotiergs ore pair production [Gro08]. This
relation of the energy loss to the particle energy provithestiase for many energy reconstructions in
IceCube.

7.2. Muon Angular Reconstruction

A muon event from the 40-string con guration of IceCube i®wh in Figure 7.3 for illustration. A
muon (atmospheric or induced by a neutrino) crossing thiuimented volume of IceCube will be
characterized and reconstructed via the photon arrivagimthe number of photo electrons detected
with the DOMs and the positions of the active DOMs= (x;;Vi;z)?. The result of the reconstruction
consists of the muon direction and its estimated en&igyThe two angles (zenith) and (azimuth)
de ne the direction of the movement. Even though it is pdestb t direction and energy at the same
time, the addition of a sixth free paramétém the minimization makes the reconstruction signi cantly
slower [ABB*04]. Usually, the reconstruction is thus divided in two stefhe particle's direction is
reconstructed rst and the energy reconstruction is theeed with the previously obtained best track.
As a compromise between CPU-consumption and the qualithefréconstruction, the best track is
obtained by the successive application ofatient reconstructions, starting with the fastest and sstpl
that will then be used as a seed for more elaborate recotistis®n a smaller selection of events.

First Guess Reconstruction for IceCube Events: LineFit

The LineFit reconstruction [AAA11b] ignores both the geometry of the Cherenkov cone andrte p
erties of the ice [ABB04]. The assumption of light traveling through the ice at astant spees along
an in nite, straight line is tto the data. The location of a@M # that detected a photon at timjecan
always be written as

fF=FR+¥ (7.4)
The corresponding? function is

Khnit

i=1
where Nyt is the number of hits in the detector. The analytical sotufior the minimum of the 2
function as function ofp andv is:

Fo= K ¥ M (7.6)

2lt is also possible to use the full waveforms rather than #teaeted pulses in the reconstruction. Both analyses ptegén
this work are however based only on reconstructions of th@aeted pulses.
3The track is fully de ned through the two anglesand and the coordinates of the particle at a timg
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7. Reconstruction in the Muon Neutrino Channel

Figure 7.3.: A muon event in the IceCube 40-strings detedtioe colors indicate the arrival times of the
light in the DOMSs; early hits are orange, the latest hist ganc The red arrow represents
the directional reconstruction obtained with the MPE iitkebd reconstruction.

and
fi i
¥ = 7.7
rtizi h i 7.1

whereh:i denotes the mean of the parameter with respect to all hite. nidgnitude of the constant
speedv can be used as a cut parameter to distinguish between miyifoalzing muon tracks and
cascade events or events with dominant stochastic enesggddABB 04]. The performance of the
LineFit as a track reconstruction is shown in Figure 7.5 forudated neutrino events from the IceCube
40-strings con guration which pass the online Iter and adecate cut on the direction and quality of
a likelihood reconstruction that has been applied in aoldito the LineFit. For this event selection, a
median angular resolution betweenahd 28 is observed with the LineFit. The LineFit is not only used
as a rst guess reconstruction in the IceCube 40-stringsgtwation but also for data that has been taken
with later con gurations. Within this work, the LineFit vatity is used as a cut variable for the selection
of neutrino candidates from the IceCube 79-strings data.

First Guess Reconstruction for Combined IceCube 40-string s and AMANDA Events:
JAMS

For AMANDA, both as a stand-alone neutrino telescope andpasteof the combined IceCube detector,
a di erent rst guess algorithm has been used: the JAMS (Justhemd@iuon Search) algorithm. De-
scriptions of this algorithm can be found in [Bur08] as wedlia [Fra07] where an optimization of the
algorithm has been performed.

The algorithm is based on a cluster search: For the truecfgadirection, it is expected that many hits
cluster with each other if their positions are projectedanplane perpendicular to the track. A cluster is
then characterized by a high number of close hits in thisepldinis property can be used to obtain a rst
guess for the particle direction. The JAMS algorithm stagtgjuantifying the amount of clustering for a
number of random track hypotheses. For each of these ranitentioins, the clustering is quanti ed by
the number of hit pairs that ful ll

~ . 2 N A 2 A A 2
Di2j: Xi Xj *t ¥ oY +c? ti tj < Dmax (7.8)

wherex, y andcf are the positions of the hits in a coordinate system whoseészpaints in the direction of
the hypothesized track. A typically used valuddpf.xis 100 m. The direction with the largest number of
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7.2. Muon Angular Reconstruction

Figure 7.4.: lllustration of the eacts of several detector properties on the distributioninoé tresiduals
at the DOMs. In an ideal detectdres would be a -function at zero. In reality however,
the distribution is distorted by the ect of PMT jitter, i.e. the limited timing resolution of
the PMT. Random noise adds a constant component to thebdistn. Secondary showers
along the track increase the probability to observe lateégrhbits. At DOM positions far
away from the track, the photon arrival time is strongly aittd by scattering. The scattering
also leads to a dierent time residual distribution for DOMs that are orierdshy from the
track with respect to the one of a DOM which is oriented towdhe track. From [ABBO04].

hits which ful Il Equation 7.8 is used as a seed to a simpli kkklihood reconstruction. In comparison
to the LineFit, JAMS is more robust against coincident muoos multiple cosmic-ray primaries.

In addition to the track reconstruction, JAMS also calesdah quality parameter Q. This quality pa-
rameter is based on the output of a Neural Network that has traimed with simulated data and uses
information about the reconstructed track such as the texaith and the number of hits close to the
track. If JAMS was ever to be used on IceCube events, a nemirtgaof this Neural Network would be
necessary as well as a new optimization of the distdhgg. It has also to be taken into account that
the algorithm can be slow for events with a high number of $iitsh as events with very high energies
or events that pass through the more densely instrumentegd@ge region.

Maximum Likelihood Reconstructions

A better angular resolution than with the rst guess aldoris is achieved with maximum likelihood
reconstructions (see also Figure 7.5). A set of parametéssdeduced from the measuremenby
maximizing the likelihood functioh (¥a). For particles above 100GeV, an in nite muon track moving
with the speed of light is used as the track hypothesis.

To de ne the likelihood functions used in IceCube, it is cenient to introduce the concept tine
residuals In a non-scattering medium, the expected arrival ttgagof a photon from the Cherenkov
cone at a DOM at positiom; can be calculated from the distance of the DOM to the track thed
geometry of the Cherenkov cone. The time residyals de ned as the dierence between the observed
hit time and expected hit timgeo. In an ideal detector, the distribution s would peak sharply at
zero for the best track hypothesis. In reality however, haetector eects distort the distribution and
make it wider. The impact of several of theseeets is illustrated in Figure 7.4. It is to be noted that the
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7. Reconstruction in the Muon Neutrino Channel

distribution of the time residuals at a given DOM dependshendcal properties of the ice, in particular
the scattering.

The di erences in the maximum likelihood reconstructions thataaeglable in IceCube are primarily

de ned trough the time residual pdf that is used in the rettoicion. The two most important ones are
the “Single Photo Electron” pdf and the “Multi Photo Electtgdf.

Single Photo Electron (SPE) Reconstruction

The “Single Photo Electron” (SPE) reconstruction searthesnost likely track hypothesis, i.e. the best
t particle direction, by maximizing the likelihood funain

Whit
Lspeted®) = Pultresii®) (7.9)

i=1
that is equivalent to the probability to simultaneously erve the time residualss; if the true particle
track is described by the parametersThe product runs over all the DOMs and takes into account the
rst hit. Later hits are more likely to originate from strolygscattered light and are more challenging to
describe.p; (tresij) is the probability density function (pdf) for the time rdsalt;esi under the variation
of ain the rst hit in the DOM assuming that no additional photdrave been detected with this DOM.
While it is possible to use tabulated probability densitpdtions to include a detailed description of
the detector, it is more economical to use an analytical a@mpration of the time residual pdfs. The
analytical approximation in use is the so-called “Pandefiction, a gamma distribution of the following
form:

t es (T 7.10
Pulled  Nidern ™ (derr=) (710
where I
deff Cice‘den:
N(detf) =€ a1+ —— (7.112)

a

det¢ is an e ective distance from the DOM to the track taking into accdbetorientation of the PMT
with respect to the traclcce is the speed of light in ice,5 the absorption length andd= ) is the gamma
function. and are functions of the distanakss. , and 5 as well as the connection betwees;
and the real distanatare determined from simulation of Cherenkov light in theedtdr. The following
values [ABB04] are obtained from an ice model based on the work of [AEa]:

=557ns = 333mM; 5= 98Mdesf = 0:84m+ 31m 3:9m cos()+ 4:6m cos( ) (7.12)

and are used in current reconstruction algorithms. The éduadction includes the ect of scattering.
It does however not take into account theset of PMT jitter illustrated in Figure 7.4. This is included
in the pdf by a convolution with a Gaussian of con gurable thid

Multi Photo Electron (MPE) Reconstruction

The presence of additional pulses is taken into accountersticalled “Multi Photo Electron” (MPE)
likelihood. The pdf of the time residuals is then de ned as
Z, IN 1
ph(tres) =N pi(tres) pa(t)dt (7.13)

tI'ES

This is the probability density function for the observatif the time residualesfor rst of N pulses. By
using this pdf in the likelihood functiob ypg, the MPE reconstruction yields a better angular resolution
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Reconstructions on IceCube pulses, E 2 spectrum
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Figure 7.5.: The median angular resolution of the two maxmtikelihood reconstructions is compared
to the rst guess algorithm LineFit for the IceCube 40-sfisncon guration. All recon-
structions shown in this plot have been applied to the Icecaily pulses. For the rst
background suppression mentioned here, events with uyddPE t and MPE rlogl (see
Chapter 9) smaller than 12 have been selected. The eventigelat analysis level is de-
scribed in Chapter 9 and targeted to select events with a e reconstruction.

than the SPE reconstruction for high-energy particles eineultiple pulses are dominantly observed.
At the same time, it is more sensitive to the timing resolutid the pulse extraction. Figure 7.5 shows
a comparison between the MPE and the SPE reconstructionrrdiheolceCube pulses from the Ice-
Cube 40-strings con guration for two derent event selections. The event selection labeled witt
background suppression” is obtained by applying two aoiaiti cuts with respect to the on-line IceCube
Muon Filter (see section 5.4): The MPE reconstruction isiested to be up-going and a soft cut on the
quality parameter of the MPE t (i.e. the reduced likelihgege also Chapter 9) has been made at a value
of 12.0, corresponding to a soft cut on the quality of the nstrction. At energies below 10 TeV, the
SPE and MPE reconstructions show a similar performanceavitherence of less thanD in median
angular resolution between them. At higher energies, th& Mfeonstruction is clearly better than the
SPE reconstruction, with a dérence of up to @ in median angular resolution. Therefore, the MPE
reconstruction is used in this work whenever possible. Bkgtihood reconstruction are clearly superior
to the LineFit rst guess reconstruction which shows an widdble degradation in angular resolution as
the energy of the events increases.

The two reconstructions are also compared at analysis ddtelthe event selection described in Chap-
ter 9 has been applied to the simulated events. The applient eelection is targeted to select well-
reconstructed events and a clear improvement with respebetprevious cut level is seen. The MPE
reconstruction has a slightly better angular resolutiantthe SPE reconstruction. It is however to be
noted that the event selection at analysis level is biassdrtts events that are well-reconstructed with
the MPE reconstruction since the quality parameters ofrtgenstruction are used in the selection of
events.

Maximum Likelihood Reconstructions for Combined IceCube 4 0-strings and AMANDA
Events

During the development of the combined data sample fromdd€ube 40-strings and AMANDA data,
new challenges emerged in the use of the MPE reconstructiontrary to the expectation, the MPE
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7. Reconstruction in the Muon Neutrino Channel

reconstruction performed clearly worse than the SPE réxari®n when both were applied to the com-
bined IceCube and AMANDA pulses. AMANDA is the rst low-erggr core that has been used in a
neutrino telescope and none of the reconstruction algonsithas been designed to be applied to data
with two regions of dierent PMT density nor to data that has been merged from twereiht data
acquisition systems that may among otheraiiences have derent timing resolutions. The MPE recon-
struction is indeed more sensitive to the timing resolutitam the SPE reconstruction as the MPE pdfs
are narrower than the SPE ones.

Within this work, several variations of the settings of th@EIreconstruction have been tested to account
for the di erences in detector and data acquisition between IceCubbeABMNDA. These include
changes of the noise probability, the timing error and tke sf the PMT jitter eect in the likelihood
reconstruction. None of them lead to an improved or equalilangesolution with respect to the SPE
reconstruction if both were applied to the combined pulses.

A possible consequence of the superiority of the SPE reaqarigin on the combined pulses would
have been to use the SPE reconstruction for all combinedswdrile the MPE reconstruction is used
for IceCube events. Instead, a hybrid approach has beerrhioghis work for the combined events
to obtain the best possible angular resolution. Within tagrocessing of the combined data, two
di erent reconstructions have been applied to all combinedtsve

The above-mentioned SPE reconstruction, performed ondtzead all PMTs with a signal in the
event, i.e. using both lceCube and AMANDA.

An MPE reconstruction that omits the pulses recorded withAANDA and uses only the informa-
tion collected in IceCube.

Both of these reconstructions do not use the full infornratioat is available about the event. The
SPE reconstruction does not take into account the presdémoaltiple pulses per PMT while the MPE
reconstruction in this particular case uses only a subgbedvailable pulse series. Itis not a priori clear
which of the two reconstructions is better for an individeaént as the performance of both depends on
the energy of the event in a dérent way. For low energetic events, it will be important toliide
the additional information collected in AMANDA. High-ersr events however that go for example
through the short axis of the asymmetric IceCube 40-strifegsctor and pass AMANDA may have only
intermediate numbers of channels in IceCube but multiplegauin each channel. In this case, the MPE
reconstruction on the IceCube-only pulses may be superithret SPE reconstruction on all pulses.
Figure 7.6 compares the angular resolution of the combidg ri8construction (red) to the angular reso-
lution that would be achieved if the optimal reconstructimtween the combined SPE and the IceCube-
only MPE reconstruction was selected based on the MC infaomabout the true track direction. While
this selection cannot be applied to experimental datanitsesve to benchmark the performance of the
reconstruction. The angular resolution is compared f@dfui erent spectra: a very hard neutrino signal
spectrum with spectral index 1 on the left, an intermedi&tattino signal spectrum with spectral index
2 in the middle and the soft B spectrum that has been used as a benchmark signal spectith in
IceCube 40-strings and AMANDA analysis in the right plot.eTéwvent selection described in Chapter 9
has been applied to the simulated events.

A spectrum like the one in the rst plot includes many everittha highest energies. The angular reso-
lution of the SPE reconstruction on the combined pulses Inasdian of around:B and is signi cantly
below the one that could be achieved if the best of the twonstcactions was selected. This optimal
selection has a median angular resolution belofv.0For intermediate (spectral index 2, middle) and
soft spectra (spectral index 3, left), the dirence between the SPE reconstruction and the optimal selec
tion between the two reconstructions is much smaller, atitig that the SPE reconstruction is indeed
the better of the two for the majority of the events.

The blue lines in Figure 7.6 represent the angular resoiftio combined events that is achieved with
the choice of reconstruction that is used in the IceCubetdfigs and AMANDA point source analysis.
A hybrid approach has been chosen that selects the recctimtriio be used in the nal test based on
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Figure 7.6.: Comparison of the angular resolution for coratli lceCube 40-strings and AMANDA
events with the event selection described in Chapter 9. Slaver three dierent neutrino
spectra: a very hard spectrum with spectral index 1 at thedefintermediate spectrum with
spectral index 2 in the middle and a very soft spectrum wititspl index 3 at the right. The
comparison shows the angular resolution of the SPE maxinkeiihlood reconstruction of
the combined pulses (red) with the angular resolution thatldvbe achieved if the best re-
construction between the SPE on combined pulses and the MREEGube-only pulses was
selected (gray, only possible on MC) and the combinatiome(obf SPE and MPE depending
on the estimated energy of the event.

N SPE-MPE energy estimate (EE) selected reconstruction
<05 — SPE
0.5 log;o(EE) 4:5 or energy reco failed SPE
05 log;o(EE) > 4:5 MPE

Table 7.1.: For events with AMANDA data, the combined SPBnmstruction or a pure IceCube MPE
reconstruction is used depending on the energy estimatg f(EEhe event and the angle
between the two reconstructions. The energy estimate &ndat with MUuE (see Chapter 7)
applied to the IceCube-only pulses.

the characteristics of the event. The estimated energyeoétient (based on the IceCube-only pulses)
and the angular distance between the two reconstructienssad to decide which reconstruction should
be used. The full decision criteria are summarized in Taldle An improvement with respect to the use
of only the SPE reconstruction for combined events is gfeddible in Figure 7.6 for harder neutrino
signal spectra than B. The angular resolution for this soft spectrum is ueeted.

The overall angular resolution of the neutrino sample @éetrin Chapter 9, is characterized in Figure 7.7.
For a soft E3 signal neutrino spectrum, a median angular resolutiontdfi obtained. This includes
both IceCube and combined events. As can be seen in the dsompalf this number to the right plot
in Figure 7.6, combined events do indeed obtain a betterlangeconstruction at low energies than
IceCube events; the median angular resolution of the coedlénwents in a E signal neutrino spectrum
is below 1.

Estimation of the Uncertainty of the Angular Reconstructio n

IceCube's pointing capabilities are studied through thiitkel analysis and monitoring of the moon
shadow [BGKO09]. Moreover, a limited sample of tracks thajger both IceTop and IceCube is also
used for the veri cation of the angular reconstruction.
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Figure 7.7.: The angular resolution of the IceCube 40-gsriand AMANDA neutrino sample is shown
for four di erent neutrino energy regions based on simulated data. ifileenktic angle
between the neutrino and the detected muon is included apacimthe pointing capability
at the lowest energies. In addition, high-energy eventdbatter reconstructed than low-
energy tracks because of their longer track length and highmber of hit channels in
the detector. For an E neutrino spectrum as considered in this plot, the mediamlang
resolution ranges from:2 for neutrino events below 1 TeV to less thaf Gabove 100 TeV.
All events, including combined events, that pass the evaatton described in Chapter 9
are included in this plot and the reconstruction is choseoraing to the type of event.

The uncertainty in the angular reconstruction of a distidsuof events is determined using simulated
neutrino events. The true simulated track direction is cameg with the reconstructed one providing
a measurement of the performance of the reconstructiorritdgo Figures 7.6 and 7.7 characterize
the performance of the reconstructions on the events seléat the IceCube 40-strings and AMANDA
point source analysis in this way.

In both simulation and data, it can be shown that the erranénréconstruction depends on the charac-
teristics of the events that are considered. Events witlgh humber of hits in the detector, i.e. high-
energy events and events that pass through the core of #ngateare typically better reconstructed than
low-energy events or events that do not pass through thesmsnted volume. This implies an energy
dependence of the performance of the reconstruction theatident in Figures 7.7 and 7.5. It is there-
fore desirable to obtain an estimate of the angular uncaytéi the reconstruction of individual events.
These estimates can be used to select well-reconstructediseor point source analyses. Besides that,
they can be used in the statistical analysis itself to wedghnts with their probability to originate from
the direction of interest. A test of this kind is describedChapter 4 and applied to the event selection
developed in this work.

The method that is used to obtain the angular uncertainiyass for this workis described in [Neu06]
and is available as part of IceCube's reconstruction soéw@ihe method samples the likelihood space
around the best ttrack and by tting a paraboloid nds thogariations in azimuth and zenith angle that
correspond to a prede ned decrease in the value of the ieti functioR. The result of the method is
an error ellipse that is however well-approximated withrawar uncertainty region de ned through the
variable .

4Alternative methods have been developed in the meanwhile/ére not available for this analysis.
5In fact, the algorithm uses an internal coordinate tramségion. The results can however be transformed back intategal
coordinates.
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Figure 7.8.: The logarithm of the ratio of the true error ie tleconstruction and the paraboloidis
shown versus the number of active channels (top) and theatstil event energy (bottom).
Shown are simulated events reconstructed with the MPE staantion and selected by the
cuts described in 9. The plots on the left show the uncordeptgaboloid , the plots on
the right the paraboloid after an energy-dependent rescaling. The black boxesseqre
the mean of the ratio in each bin and the standard deviatitimeafatio in each bin is shown
with the error bars. For a perfect angular uncertainty esttim the mean would be constant
at zero. Before rescaling, a clear energy dependence Hevisith an underestimation of
the error of the reconstruction in particular at high eresgi

The performance of the paraboloid uncertainty estimatedhiated on simulated neutrino events for the
IceCube 40-strings and AMANDA analysis. The pull ratio o tbstimated uncertainty and the error
in the reconstruction with respect to the true MC directibnwdd be centered at 1 and be constant as a
function of energy. Figure 7.8 shows the logarithm of thd gatlo of the paraboloid angular uncertainty
estimator and its dependence on two energy estimators: the numbet oh&inels on the top and
the MUE energy reconstruction (see next section) on th@imotfThe left column shows that the ratio
is not constant at 1 (0 in logarithm) and that the angularlugien is overestimated in particular at high
energies. The cause of this is that the pdf in the likelihoedcdbes the data less accurately at high
energies than at low energies. It is therefore necessagstale the paraboloid. The same rescaling
as in [AAA*11i] is used here:

corrected= 1:19 4:97  1:97 log,;; MUE EnergyGeV + 0:27 log;q MUk Energ),tGeV2 (7.14)

The plots in the right column show the pull ratio after thecedimg; an improved agreement between the
paraboloid and the MC angular reconstruction error is achieved.

Figure 7.9 shows the pull ratio of the combined SPE paratioloi The plot on the left shows the
dependence on the number of channels as energy proxy. Ngstoorelation is visible and no rescaling
is necessary.
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7. Reconstruction in the Muon Neutrino Channel
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Figure 7.9.: The logarithm of the ratio of the true error i tleconstruction and the paraboloidis
shown for the combined SPE reconstruction. The left plotsvshthe dependence on the
number of channels while the right plot shows the distrioutof the parameter. The black
boxes represent the mean of the ratio in each bin and theasthddviation of the ratio in
each bin is shown with the error bars. For a perfect angulaemainty estimator, these
would be constant at zero. No rescaling of the SPE paraboldschecessary.

7.3. Energy Estimation

The estimation of the energy of a muon in IceCube can be basemhe or more of the following
characteristics of the event:

The length of the muon track if contained events are consier

The energy of the cascade at the interaction point if it iated inside the instrumented volume of
IceCube.

The energy loss along the muon track for muon energies abfewe 200 GeV.

Di erent algorithms are developed and used in IceCube to e€xpkse characteristics for the energy
measurement. The analysis presented here uses to a largjerfiarough-going events whose energy
cannot be estimated on the base of the track length or thgyenéthe cascade at the interaction point.
The energy estimate that is used in this analysis is thexrdfased on the energy loss along the muon
track. As illustrated in Figure 7.2, the energy loss scatesinly linear with the muon energy above a
few 100 GeV.

The algorithm applied in this work, MUk [ZC08, Chi08], estitas the muon energy by reconstructing
the photon density at the point of closest approach to theecefigravity of the hits in the detector with
a maximum likelihood approach, taking into account the gtifan and scattering in the ice in a bulk ice
model®. The number of photons per unit length from the midris then related to the muon energy by
[zC08]

E
N.=3 10*m Y(1:22+ 1:36 10 3— 7.15
N ( GeV) (7.15)

The performance of the MUuE energy reconstruction is showigare 7.10 and compared to the number
of active channels as energy estimator. An approximategali scalingof the MuE energy estimate with
the muon energy is observed at energies above 10 TeV. Tlaitineange of MUE as energy estimator
extends farther than if the number of channels is used agempeoxy. The energy resolution that is
obtained on the presented event selection (see Chaptetb@jtés than at lower level event selections
as most of the events are passing through the instrumentechem®f the detector. Both MUuE and the

6Alternative energy estimators are available or are becgrairailable at this time. On-going studies indicate thatttaeo
energy estimator will preferred for the analysis of IceCidBestring data.
A gradient of 1 in a log-log plot corresponds to a linear sugliall other slopes translate into a power-law.
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7.4. Background Rejection with Additional Reconstructions
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Figure 7.10.: The MC muon energy in GeV at the interactiompis plotted against the MUE energy
estimate (left) and the number of channels (right) for aktrég with a successful MukE
energy reconstruction in the event selection describedhiap@r 9. The black squares
represent the mean of the MC muon energy distribution in eaengy estimate bin and
the error bars show the standard deviation of the distobutiThe color scale represents
the number of events for an arbitrary ux scale. The colodescapresents the number of

events for an arbitrary ux scale.

number of channels do not perform very well for events thandbpass through the detector. MuE
results in an overestimate of the energy for these evente wid number of channels underestimates the
energy. These events are selected with a loweriency.

7.4. Background Rejection with Additional Reconstructions

In addition to the directional and energy reconstructioesctibed above, it can be useful to apply a set
of reconstructions that are targeted to identify and rejediain classes of background. In the analyses
presented here, three such additional reconstructiores leen applied:

A SPE maximum likelihood reconstruction with down-goingyBsian prior.

A set of SPE maximum likelihood reconstructions based onpulee series obtained by splitting
the original pulse series using geometrical criteria.

A set of SPE maximum likelihood reconstructions based ongulee series obtained by splitting
the original pulse series using the time of the pulses.

One of the major backgrounds for neutrino searches in thén@or sky are down-going atmospheric
muons that are wrongly reconstructed as up-going eventbeffer reject these events, a reconstruction
with down-going prior is applied to the data. The likelihotio between this reconstruction and the
original, up-going reconstruction can then be used as aamible. It is used in the event selection
described in Chapter 9.

The other dominant background are coincident, down-goingma from more than one cosmic-ray air
shower arriving at the detector within the same read-outiesn An attempt to reduce this background
can be undertaken by splitting the pulse series into twesgartheck if both parts are reconstructed as
up-going. For a neutrino event, both split reconstructiarsexpected to point in the same direction. For
a coincident muon event however, it is possible that one et split pulse series result in a down-
going reconstruction. Two derent ways to split the pulse series are used: one is a gaoahsplit that
divides the pulse series at a plane that is perpendiculdetoriginal track reconstruction and intersects
with the mean position of the hits along this track. The sdcgplitting divides the pulse series at the
mean of the times of the pulses. The@ency of the use of these reconstructions in the eventtsaec
is characterized in Chapter 9.
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Figure 7.11.: Reconstructions as applied to the IceCubstrdtgs and AMANDA data in the rst three
processing and event selection steps. No further recatising are applied at later stages.

7.5. Application of Reconstructions within the Off-line Data
Processing for IceCube 40-strings and AMANDA

An overview of all relevant reconstructions applied to theGube 40-strings and AMANDA data and
the processing steps at which they have been applied is simoligure 7.11. Events with AMANDA
data receive a special treatment at each processing step.

The rst reconstructions are applied on-line at the pole anglused in the physics lters (see 5.4) to
select the more interesting events. All events are reaactetl with the LineFit rst. The result is then
used as a seed for two likelihood reconstructions. Bothhes8PE pdf and a single iteration is performed
for each of them. One is seeded only with the LineFit resultexthe other receives the reciprocal of the
LineFit as an additional seed to improve the rejection of ml@gweing events.

Combined events, i.e. events with AMANDA trigger are alsocorestructed with the JAMS algorithm
at this level and the results of this reconstruction are uis¢de on-line lter. In the next step, the so-
called Level 2 (L2), all Itered events are processed to ggpyher quality reconstructions. A LineFit,
SPE and MPE reconstructions are applied to both event sldms®ed on the IceCube-only pulses. For
a subsample of events, a paraboloid t to estimate the anguiaertainty of the MPE t and a MuUE
energy reconstruction are applied. A range of other ts tirat useful for background rejection is also
performed for these events such as a t with down-going paiod reconstructions on split parts of the
pulse series. For events with combined data, a 32-itetRRPE t is applied to the combined pulses.
This processing has been conducted centrally for the IceCaltaboration.

For combined events, an additional processing step (L3pbas carried out by the author of this work
to provide additional reconstructions based on the concdbmése series. A paraboloid t and several
other reconstructions for background rejection are agplide angular uncertainties are determined for
the 32-iterations SPE t. Apart from the dérent likelihood function, the settings for the two paraibl
uncertainty estimates are the same for combined and Ice€ugngs. The previous point source analysis
with combined IceCube and AMANDA data [Ses10] used a coagsdrfor the evaluation of the likeli-
hood function with the paraboloid method; a study of thisapagter however revealed a slightly better
performance when a ner grid (2nstead of 5) was used. The application of additional reconstructions
at L3 provides the base for an event selection of both condkanel IceCube events as the one presented
in Chapter 9.
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8. Simulation and Systematic Error Analysis

In the development of analyses such as the one presentdd mdtk, it is crucial to simulate a neutrino
signal ux in order to be able to optimize the event selectimil to calculate upper limits on the observed
ux of neutrinos. Atmospheric muon background simulatisrused to estimate the muon contamination
of the neutrino sample and to validate the quality of the @etesimulation on background dominated
data. A short overview of the simulation chain as used in ldeCdata analyses is given before the
impact of systematic uncertainties on the IceCube 40ggrand AMANDA analysis is discussed

8.1. The Simulation Chain

Figure 8.1.: lllustration of the simulation chain. Neutr& their propagation through the Earth and in-
teraction are simulated with NeutrinoGenerator. In thamgXa illustrated here, a muon is
produced in the interaction. Muons are also produced witRSIKA, a program to simulate
atmospheric air showers that has been adapted for IceCubandvirom either neutrino in-
teraction or air shower simulation are then treated in theesaay in the remaining steps of
the simulation chain: the muon propagation through theckits energy loss are simulated
with MMC and two di erent programs are available to simulate the propagati@hations
through the ice (photonics and ppc). Finally the detecteposese and data acquisition are
simulated.

In addition to the work presented here, i.e. the use of sitimrlan the context of a physics analysis, the author of thaskw
has also contributed to validate the simulation releasehfermass production of simulation for the IceCube 79-string
detector.



8. Simulation and Systematic Error Analysis

The analysis presented in this work uses the muon neutriaoneh. In the description of the simulation,
the focus will therefore be on this channel. The simulatibbath signal and background events follows
a chain of distinct steps:

Generation of Monte Carlo events either of signal or of background nature.

Muon propagation through the ice and the simulation of the energy loss of themalong its

path. The program used for this step is called MMC (Muon Md@déelo) [RCO1].

Propagation of the Cherenkov lightfrom the track to the optical modules.

Detector responsghardware)

Data acquisition (software) according to the treatment of experimental.data
The atmospheric muon background is simulated using a mddiersion of CORSIKA (COsmic Ray
Simulation for KAscade) [HKC98] accounting for the fact that IceCube is not a at surfaegedtor
as was the original target of the program. CORSIKA is capablally simulate extensive air showers
induced by cosmic-ray primaries and their development enatmosphere. To save computing time,
the electromagnetic component is neglected in IceCube @dsei not reach the deep deteétoFor
IceCube, cosmic-ray primaries from 600 GeV td4BeV are typically simulated following the primary
composition and spectrum of tipwly-gonatomodel [Hoe03]. Cosmic-ray primaries up Zo= 26 are
taken into account.
Neutrinos are generated using NeutrinoGenerator, an imgigation of ANIS (All Neutrino Interaction
generator) [GKO5] which is capable to simulate all threetriea avors and to propagate them to the
detector. All possible interactions within the Earth ateetainto account. The neutrinos are simulated
with a con gurable power-law spectrum and can then be weiglb the neutrino spectrum of interest
to the analysis. The simulated spectrum is chosen accotditige analysis and is usually atter than
the energy spectrum of interest to the analysis to providecgnt statistics at the highest energies.
Even though the atmospheric neutrino background is pratiiceosmic-ray induced air showers in the
atmosphere, it is usually simulated with NeutrinoGeneraather than with CORSIKA to save CPU
time. The generated neutrinos are then weighted followinglets of the atmospheric neutrino ux
interpolated to high energies for example from the work d&[B04] and [HKKSO07].
The propagation of the Cherenkov light is simulated usitigegiphotonics [LMW 07] or ppc (photon
propagation code) [AAA11g]. Photonics provides the expected number of photoriseapasition of
an optical module and probability density functions for #reival times of independent photons in a
tabulated format. The nature of the light (cascade or tré&ckyken into account. ppc does not use
tables but performs a full photon propagation through the While potentially o ering a better descrip-
tion of the detector by avoiding the necessary interpatatitnen tables are used, ppc is slower and has
therefore in the past been less suitable for mass produttiBoth ppc and photonics take the inhomo-
geneous nature of the ice into account by the use of an “iceeth@mlowing either the measurements
of [AAB *05a] (AHA ice model) or the work of [AAA11g] (SPICE ice models). For a discussion of the
optical properties of the ice, see also Chapter 5.

8.2. Systematic Uncertainties in the lceCube 40-strings and AM ANDA
Analysis

In analyses that derive the background expectation frondéte (see chapter 4) such as the one pre-
sented in this work, the main cause for systematic uncdigaims the simulation of the signal used in
the calculation of the neutrino ux upper limits. Major s@es of uncertainty in the signal simulation

2The electromagnetic component of the shower is of high agles for analyses using the surface array IceTop and isdedlu
in dedicated simulations.

3The increasing availability of GPUs has changed this andggsed mass production is available for the IceCube 78gstri
detector con guration.
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8.2. Systematic Uncertainties in the IceCube 40-strings and AMANDA Analysis

set detector spectral index ice model x-sections DOM eabsorption scatt.
2972a IC40 1 SPICER2 CTEQ5 - -10% -10%
2972b IC40 1 SPICER2 CTEQ5 - +10% +10%
5040 IC4G-AMA 1 SPICE1 CTEQS - - -
5107 1C4G-AMA 1 AHA CSS - - -
5114 IC4G-AMA 1 AHA CSS- - - -
5122 1C46-AMA 1 AHA CSS+ - - -
3248 1C46-AMA 2 AHA CTEQS -10% — -
3247 I1C4G-AMA 2 AHA CTEQS +10% — —

Table 8.1.: Simulation data sets used to study the systennatertainties for the IC40AMANDA anal-
ysis. Sets 2972a and 2972b have been generated using pgcaltithers use photonics
tables for the photon propagation. Listed are the data sebeg the simulated detector con-
guration, the spectrum that has been simulated, the iceahdlde neutrino cross sections
that have been used and the variations of the DOMiency, absorption and scattering. “—*
means that the default values have been used.

are: the modeling of the ice, the neutrino deep inelastittexiiag cross section and the photon collec-
tion e ciency of the DOMs. Uncertainties on the modeling of the lgagknd do not aect the signal
simulation.

The impact of the most important systematic uncertaintestudied by the use of dedicated simulated
data sets in which the corresponding parameters have beed wéthin their uncertainties. The size of
the e ects is evaluated at the nal analysis event selection léMaé cuts that have been applied to reach
this level are presented in Chapter 9. Table 8.1 summatieesdttings of the simulation data sets that
have been used in this evaluation. The settings of the paesasnand their impact on the event selection
will be discussed in the following. For each of the simulatsets, the number of events at the nal event
selection level for a EX signal neutrino ux as well as the energy and zenith distitns of these events
are compared to the default simulation. If neither the gnaay the zenith distribution changes with the
variations, it can be assumed that every uncertainty on tiheber of events translates directly into an
uncertainty on the ux upper limit.

Description of the Ice

The description of the ice is a crucial part of the detectorusation. An overview of the properties
of the Antarctic ice at the site of the IceCube detector i®giin section 5.3. The default simulation
that has been used in IceCube 40-strings uses an ice modsl bashe work of [AAB 05a] (AHA
model). To study the systematic uncertainties that enteutih the modeling of the optical properties
of the ice, one can either benchmark theatience between separate ice models, i.e. study the impact
of a di erent layering of the ice, or vary the optical parametersiwit set ice model. The second way
has been adopted by the IceCube collaboration to deterimingize of the systematic uncertainties that
enter through the modeling of the ice.

The availability of data sets with varied ice propertiesimgited and include only data sets that have
been produced for IceCube alone, not including combinedtsvd he data sets that have been used for
this test have been generated using the SP¥JHE&del derived with a global t to bright asher data as
described in [AAA 11g]. Figure 8.2 compares the distributions of energy amitlz@ngle obtained in
four di erent simulations: the default simulation (data sets 2Xi#2826), using the AHA ice model
and photonics as photon propagator is shown in gray and isabeline for all comparisons. Compared
to that are a simulation based on the SPIEKZ model produced with ppc as photon propagator and
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Figure 8.2.: Energy and zenith distribution of¥signal neutrinos at analysis level are compared to each
other. IceCube events with a reconstructed zenith larger 5 are shown and the plots
on the right are each normalized to one. The variations kariviee SPICE2 model and
the SPICE2 model with increasddecreased absorption and scattering give the systematic
uncertainty of the ice model.

two variations of this ice model. The variations have beeriobd by varying the absorption length and
scattering by 10% each and present two extreme deviations tine baseline ice model. The plots on
the left represent the number of events that are observeakci gin for an arbitrarily scaled & signal
neutrino ux. The plots on the right are normalized to one toyide a better comparison of the shapes
of the distributions.

The di erence in the total number of events between the default AifAlation and the SPICE2
simulation with its standard parameters is 2.0% with lessnewbserved in the SPICE2model. A
+8%= 12% change is observed with respect to the baseline numleeeofs in SPICER if absorption
and scattering are simultaneously varied. These changdarger than the dierence between the two
ice models and give the systematic uncertainty induced &yctlh model. The shapes of the energy and
zenith distribution do not change signi cantly and it candssumed that the uncertainty on the combined
events is the same.

Neutrino Cross Sections

High-Energy neutrino cross sections are based on parttnibdigon functions measured at collider ex-
periments. The implementation of ANIS [GKO05] used in theaddf neutrino simulation for IceCube
40-strings is based on the parton distribution functioosnfiCTEQS [LHK 00]. The high-energy neu-
trino cross sections from CSS [CSSO08] include newer ZEUS déth respect to the ones based on
CTEQS5. Besides, they also provide an uncertainty band ofi¢urino cross sections. The dirences
between CTEQ5 and CSS are largest at the highest energies.
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Figure 8.3.: Energy and zenith distribution ofsignal neutrinos at analysis level are compared to each
other for four di erent high-energy neutrino cross sections. Events withcanstructed
zenith larger than 95are shown and the plots on the right are each normalized to one
Within the statistical uncertainties, all data sets areatible with each other.

To assess the impact of the uncertainty on the neutrino sextn on the analysis, three data sets are
compared to the default simulation. The rst one uses the @8Ss sections, the other two represent
the error band of the CSS cross sections. The resulting elsaingenergy and zenith distribution are
shown in Figure 8.3. Within the statistical uncertaintie,of the four data sets are compatible with
each other. The CSS data sets are high-energy data setsubihtenal statistics in the energy range
that is most relevant to the analysis presented here. Tdrerghe systematic uncertainty of 3% derived
in [AAA *06a] for the e ects of neutrino cross sections and rock density are usedcastainty for this
analysis as well.

DOM Sensitivity

Another source of uncertainty is the detector responsest€tierenkov light. Variations of10% in the
DOM e ciency are considered to benchmark the& on the signal neutrino ux. The data sets 3247
and 3248 have been generated with the exact same settinys laaseline simulation and are compared
to this in Figure 8.4. The changes in the distributions aralkas can be seen in the plots on the right.
The number of events however changestip%= 13% and is thus one of the major contributions to
the simulation of the signal ux.

Summary of the Systematic Uncertainties

A summary of all the considered systematic uncertaintiggraésided in Table 8.2. Assuming that all
e ects are independent, a net uncertainty %= 17% is calculated for an E signal neutrino ux.
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Figure 8.4.: Energy and zenith distribution ofsignal neutrinos at analysis level are compared to each
other. Events with a reconstructed zenith larger thare®8 shown and the plots on the right
are each normalized to one. The sensitivity of the DOMs iedadny 10% in two data sets
that ore otherwise identical to the baseline simulation.

In the limit calculation, Gaussian errors of 17% will be ansdl.

source of uncertainty variation in signal eventsYE
DOM sensitivity +12%/-13%
photon propagation +8%/-13%
-X-sections and rock density +3%/-3%
total +15% /-17%

Table 8.2.: Summary of systematic uncertainties. The t@icgies arising from neutrino cross sections
and rock density are based on the studies in [AA8a].
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9. IceCube 40-Strings and AMANDA Neutrino
Sample

A sample of 19797 neutrino candidates has been selectedtf®@rmombined IceCube 40-strings and
AMANDA data to search for soft-spectra neutrino sourcese &hent selection is optimized for soft
spectra to provide an optimal sensitivity to potential Gitaneutrino sources and presents the best
sensitivity for these among all point source analyses tlemewerformed on data from the same period.
The optimization for soft-spectra sources is partiallyieebd through the use of combined IceCube-
AMANDA events next to the standard IceCube events (seeme@i3). Combined events are those
events which have an AMANDA trigger that initiated the ratiog of data with IceCube and AMANDA.
The use of these events is unique to the analysis presentedieng all IceCube 40-strings point source
analyses.
Due to the dierent spacing of the optical modules in the two parts of thealer as well as to the
di erent ltering that is applied on-line at the South Pole, tive event populations have dérent energy
distributions. Furthermore, combined events are treaiddandi erent hit cleaning and a dérent rst-
guess reconstruction is used for them (see Chapter 7). Thewant classes der thus also in the
background composition and separate event selectionsharefare developed for them to extract a
sample of neutrino candidates.
Both event selections are developed and tested on threeetlit neutrino spectra:

An E 3 spectrum is used as the benchmark neutrino signal spectrum.

The atmospheric neutrino spectrum represents an everr spitetrum. The event selection is

developed to extract a clean atmospheric neutrino samme the data.

An E 2 spectrum is used to benchmark the performance for hardrap&sten though the analysis

is optimized for soft spectra, it is still desirable to retai competitive e ciency for very high-

energy events.
The consideration of two very soft spectra in the develognoéthe event selection is a key point to
improve the sensitivity for galactic neutrino sources. Hastration purposes, a few possible neutrino
energy spectra are shown in Figure 9.1, the detector respem®t taken into account.
The background estimation at any point of this work is otgdidirectly from the experimental data and
presents therefore a robust estimation that is indeperafehe correct modeling of the background in
the simulation. If integrated over the whole year, the deteesponse is uniform in right ascension and
pseudo-background samples are obtained from the data tas#iignment of a random right ascension
to each event. Even if present in the data, the expectedl$ignaany neutrino point source represents
a small number of events in comparison to the integrated sgheyic neutrino background in each
declination band. Any potential discovery in this analygit be apparent as an unambiguous excess in
the number of events over this robust background estimatimaccordance with the IceCube analysis
standards and to reduce the risk to introduce biases, teereal analysis is performed as a blind analysis
with respect to the position of the events. The right aseemand the times of all events are thus blinded
until the nal statistical test is performed on the data.
A short overview of the cut variables that have been used ig1ahalysis is given before the event
selection for both event streams is discussed. The reguitatrino sample and the performance of the
event selection are characterized. Finally, the progedfehe surviving muon background are studied
in data.
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Figure 9.1.: lllustration of dierent neutrino energy spectra: All four curves are norredlio the same
number of events at 10 GeV. The shape of the energy spectmmmsh orange corresponds
to a the neutrino ux from the Crab if all-rays were produced in pp-interactions, see also
Equation 10.1 and the accompanying text. The observededetibution in IceCube is a
convolution of these spectra with the detector acceptance.

9.1. Cut Variables

As discussed in Chapter 3, the IceCube data at Iter levebisidated by atmospheric muons. Even
if a cut is made to select only up-going events, mis-recantd atmospheric muons still outhumber
atmospheric neutrinos by four orders of magnitude. Givenlthv expected ux of neutrinos from
astrophysical sources, it is not possible to identify aaligiove the background of atmospheric muons
unless this background is reduced substantially at mingiggdal loss. The remaining background of
atmospheric neutrinos is indistinguishable from the digmaan event-by-event basis. The analysis
presented here uses a set of well-established, powerfubcables to select neutrino candidates among
the background of mis-reconstructed atmospheric muons:

NCh The number of hit DOMs (channels) in an event correlates thighparticle's energy as well as
with the angular uncertainty of the reconstruction.
rlogl or "reduced loglikelihood” is an indicator of the quality tife likelihood t. In analogy to the

quality parameter of a?- t sz , itis de ned as rlogl= Wogn'wl where logl is the value of the
likelihood function at the best t andga, = 5. While this variable has a good separation power
between mis-reconstructed atmospheric muons and sigo#ines, it also has a strong energy
dependence. In contrast to the quality parameter &f &, the distribution of rlogl does not peak
around one for well-reconstructed events. Instead, thmaptange of values has to be determined
from signal simulation.

plogl is a variation of rlogl that has been developed to reducenieegy dependence. In this work, it is
de ned as plogl= % with x = 2:02.

paraboloid measures the angular uncertainty of the likelihood recoasbn. It has been studied in
detail in section 7.2. In particular, a rescaling is appfiediceCube events to reduce an underes-
timation of the angular uncertainty at high energies.

Bayesian likelihood ratio  is de ned as the ratio of the likelihood of the SPE t with uaiin prior and

the likelihood obtained from a reconstruction with a downing Bayesian prior. The logarithm of

1The de nition of this cut variable is often stated withouetminus sign. This does however belong to the fully correct
de nition.

2QOther de nitions are possible and have been used in othé@ube analyses. The particular de nition used in this work
has been selected based on its discrimination power bethaekground (atmospheric muon-dominated data) and a soft
neutrino signal with an E spectrum. For harder neutrino spectra, larger values of paferred.
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9.2. Selection of IceCube Events

this ratio is used to suppress mis-reconstructed downggoumons. Since two likelihood functions
with two di erent pdfs are used in the ratio, the optimal range of valdidhi® parameter is
determined with simulated signal neutrino events.

MUE Energy The reconstructed energy, obtained with the MUE reconibrugChi08], see also section
7.3), is a powerful variable to identify high-energy events

NDirPulses A direct pulse is de ned as a pulse for which the dience between the detected arrival
time t and the expected arrival tim@dfullls  15ns0 t  tgeo O 75n$, i.e. the scattering of the
light has been small. NDirPulses is the number of directgafls

LDirPulses The maximum distance between the projections of the direlsies on the reconstructed
muon trajectory.

SDirPulses is the smoothness of the direct pulses, i.e. describes stigbdtion of direct pulses along
the track. Possible values are in the rangé;[l]. SDirPulses= 0 corresponds to a uniform
distribution of direct pulses along the length of the tradkilevthe values -/ indicate a clustering
of direct pulses at the beginnifige end of the track.

In addition the variables listed above, it is often usefuhpply dedicated reconstructions to identify and
reject down-going coincident muon events (see section Fdh)this purpose, each event has been split
into two halves with two dierent algorithms and each of the four resulting split puksges has been
reconstructed with a SPE likelihood reconstruction (seapB¥r 7). In one of the splitting algorithms,
the events are split at the mean of the time of all hits (“tiqi'3. In the other algorithm, they are split
at a plane perpendicular to the original reconstruction pogitioned at the mean of the hit positions
along the track (“geo split”). A cut on the zenith angles ald with these additional reconstructions
can be used to reject coincident muons. Coincident eveotis,df two atmospheric muons or of a muon
and a neutrino, are more abundant in the later, larger caatipns of IceCube. Considerable additional
e ort has therefore been spent on this topic for the IceCub&trit®ys analysis outlined in Chapter 11 to
identify background and signal events with complicatechet@pologies.

9.2. Selection of IceCube Events

The IceCube events that are selected for this analysis godeur di erent processing steps. The rst
step is the initial event reconstruction and event seleaithe South Pole. The details are described in
sections 5.4 and 6.3. The IceCube Muon Filter selects a aste of interesting events. The data rate
at lter level is about 198 Hz for up- and down-going events together.

Level 2 Off-line Processing and Event Selection

After the data has been transferred north, additional r€tcactions are applied in the rst oline pro-
cessing, called Level®2 The following processing steps and reconstructions aptieapto lceCube
events:

Removal of data from few unreliable DOMs, Waveform Calilmatand Extraction.

Hit Cleaning: only pulses within a sliding time window ofi6 are kept. The position of the time

window is chosen to maximize the number of pulses that are kep

LineFit

3Di erent time windows can be used for this de nition. In IceCirternal notation, this analysis uses C-type de nitions of
all direct variables.

4An even better cut variable is the number of direct chann&sthe restriction to only one direct pulse per DOM. This cu
variable is used in the work presented in Chapter 11.

5The Level 2 o -line processing of the IceCube 40-strings data has beeateg several times because bugs in the processing
script have been discovered. All updates of the Level dime processing are fully re ected in the analysis presenn
this work.
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Figure 9.2.: Left: Signal vs data eiency for cuts on the smallest of the two zenith angles abthby
splitting the pulse series into two parts based on geonagffitark blue) or temporal (light
blue) criteria. The data at this cut level is dominated byaspheric muons and can thus
be used to evaluate the background rejection power of the The cut has been varied
between 180(no cut) and 0 (removing all events). Right: Signal vs data@ency for cuts
on the rescaled MPE paraboloid varying the the threshold between 1Boft cut) and 0

(removing all events).

SPE reconstruction, using the LineFit as seed.
Iterative SPE reconstruction, using the single iterati®tSeconstruction as seed. 32 iterations

are performed.

For a selection of events whose 32-iterations SPE recatisinuhas a zenith angle larger than &hd
which have rlogl 120 (indicating that the quality of the reconstruction is nety poor), additional

reconstruction are added:

SPE Paraboloid tto provide an estimate of the angular uagety of the reconstruction.
32 iterations SPE t with down-going prior (Bayesian SPE. t)

MPE reconstruction.
MPE Paraboloid t.
MUE Energy reconstruction.

Splitting on geometrical criteria and a 16 iterations SRi®nstruction on each of the partial pulse

series.

Splitting on temporal criteria and a 16 iterations SPE retiction on each of the partial pulse

series.

Besides the reconstructions listed here, several othenséictions are applied within the Level 2 pro-
cessing to serve other detection channels. All recongpngthat are used in this work are also intro-

duced in Chapter 7.

Level 3 Off-line Processing and Event Selection

A second o-line processing, called Level 3, is carried out to providerereconstructions for the com-
bined events. For the IceCube events, all reconstructibasare needed in the analysis are already
available at this stage. The Level 3-ine processing for IceCube events therefore consistg aina
reduction of the data volume. Only events with an MPE recangtd zenith angleMPE 90 and MPE
rlogl  12:0 are kept for the analysis. The data rate after this cut@$i4, three orders of magnitude

above the atmaospheric neutrino rate &f @Hz.

In addition, two quality cuts are applied before the nal optimization is performed. The application
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9.2. Selection of IceCube Events

of these cuts before the nal, multivariate cut has been olegkto improve the signal eciency of the
event selection. A requirement on the zenith angle obtawieid the reconstructions of the split pulse
series is made, asking all of them to be larger thani8@rder to remove coincident muon events. The
left plot in Figure 9.2 shows how cuts on the zenith angledhvefgeometrical and temporal split pulses
series aect data and signal. The cut value has been varied betweer(ri@@ut) and 0 (removing alll
events). A cut at 80on the reconstructions performed on the geometricallyt pplse series removes
80.9% of the background (data) while it keeps 86.3% of a g@tsum neutrino signal with spectral
index 3. The same cut on the zenith of the temporally spligggkries rejects 79.3% of the background
and keeps 83.1% of the same signal.

Only events with a (rescaled) paraboloid 4 are kept. This cut preserves 75.3% of alPFBeutrino
events with up-going MPE reconstruction and MPE rlodi2.0. 36.8% of the data pass this cut. The
signal e ciency increases if only events with a good angular recoostm are considered. Moreover,
the cut is very safe since events with largeontribute very little in the statistical analysis (see Qea

4) and their rejection does therefore not harm the sertsitofithe search. The combination of these
cuts keeps 02 Hz of the experimental data, representing a reductiordd@% of the data with respect
to the 46 Hz after the previous cut. :®mHz of atmospheric neutrinos pass this cut that prefert wel
reconstructed events.

Event Selection with the Neyman-Pearson Decision Criterio n

The nal selection of IceCube events is divided into two éient branches: a main branch using a
multivariate yet very simple cut and an additional high ggewptimized branch based on rectangular
cuts. Multivariate cuts oer an advantage in particular for soft neutrino spectraesihey allow to
combine the discrimination power of several variables iingle cut. 81.3% of all events in the nal
neutrino sample are selected by this multivariate cut.

Alikelihood ratio based on several variables is used tacséte Cube events for the point source analysis.
In the case of strictly uncorrelated variables, the Neyiaarson lemma (see also Chapter 4) states that
the cut obtained in this way is the most eient cut that can be derived from the given set of cut vaembl
at each required level of purity. Even though the variabheg are used in this work are not strictly
uncorrelated, a good discrimination power is achieved. ddoer, the same method has already been
used successfully in the combined IceCube 22-strings anARDA analysis [Ses10]. The cut variable
used in this work is de ned as:

(Psig(pl()glji) Psig(_J)) Psig(bayji) Psig(NDirji) Psig(LDirji) Psig(SDirji)
Pog(ploglii) Pog( ji) Pog(bayi) Pog(NDirji) Pug(LDirji)  Prg(SDirji)

)
NP (i) = log

(9.1)

wherePsig(Xji) (Pbg(Xji)) is the probability to observe the measured value of thampater x in event i
under the assumption that i is a signal event (backgrounatlevEhe cut variables used in Equation 9.1
are, in order of appearance: plogl, the paraboloithe Bayesian likelihood ratio, the number and length
of the direct pulses and the smoothness of the direct pulShey have been selected for their good
separation power between atmospheric neutrinos and wisstucted down-going muons. Data-MC
comparisons of for these cut variables are shown in FiguRargd 9.4. The Level 3 event selection for
IceCube events has been applied to both data and simul&isarepancies are mostly observed at the
high energy ends of the distributions, in particular for tlumber and length of the direct pulses, where
the statistics of the simulation are limited and the modgbththe atmospheric muon spectrum is most
di cult. A reasonably good agreement is achieved in the lowggnegions with su cient statistics in
the simulation.

To avoid that uncertainties in the modeling and simulatiboosmic-ray air showers propagate into the
data selection, the data itself is used to for the backgrquotability distributions. 1@ days of data
have been used to generate the background probabilitybdigstms. The performance of the cut was
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likelihood ratio cut. Data in black is compared to atmosghaeruon simulation. The com-
ponents of single and double muons are shown separatelycanbired. The plots on the
right show the ratio of data and the sum of the two simulatedkdpaund components.
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DOM distance. In addition, the IceCube 40-string detects éin asymmetric shape with a
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Figure 9.6.: Distribution of the main cut variable for Icdfgeuevents in data (black), simulated atmo-
spheric neutrinos (red), and a simulated neutrino signtil two di erent spectra of arbi-
trary ux scale. A cut at a value of 1 is applied to the data tiesea neutrino sample. The
agreement of data and simulated atmospheric neutrinosyiggeed in the signal region.

With respect to the cut used in the combined IceCube 22gstramd AMANDA point source analysis
[Ses10], several improvements have been made:

plogl is used instead of rlogl and provides a bettecency for soft neutrino spectra. This change
also reduces the correlations with the other cut varialblasare used in the likelihood ratio.

The MPE reconstruction is used. This results not only in debetngular resolution but also

resolves a problem with the SPE reconstruction that dim@ssthe separation power of direct
variables that are calculated with respect to the SPE t.

The application of a few additional quality cuts before theylhan-Pearson multivariate cut is
applied has been observed to increase the separation pbtheraut.

Figure 9.6 shows the distribution of the cut variable forad@lack), atmospheric neutrinos (red) and
two di erent signal spectra. A good separation power between ddtatenospheric neutrinos as well
as both signal spectra is achieved. In the signal regionod ggreement between data and simulated
atmospheric neutrinos is observed. The cut is applied &efHbod ratio value of 1.0 to obtain the best
sensitivity to soft-spectra sources and to select a highypatmospheric neutrino sample. Variations of
the cut around the chosen cut value have been tested antbdesul worse sensitivity for soft-spectra
neutrino point sources. Other tested variations of the meiude the removal of variables from the
likelihood ratio. These variations did however result in@se separation power. Also the addition of a
hard cut on the Bayesian likelihood ratio has been testedit Atdog %d 25:0 improved

the sensitivity of the search for soft-spectra neutrinorsesi at all zenith angles. An even harder cut at
30 was disfavored as it decreased the sensitivity for sefttsa@ sources except for the region around the
horizon. If harder spectra such as’Rvere regarded, the cut improved the sensitivity at all de¢ions.

As the search is however optimized for soft spectra souecest value of 25.0 was chosen. This is one
of the observations that lead to the decision to divide tlemeselection for IceCube 79-strings analysis
outlined in Chapter 11 in two derent zenith region in order to obtain the best sensitivityoss the
whole northern sky. Finally, a cut on LDirPulses150m for all IceCube events has been observed to
improve the sensitivity of the search and to increase thitypofrthe neutrino sample.

Selection of Additional High-Energy Events

In the energy range above a fewl0 TeV, the background of atmospheric muons and neutrinopea
suppressed with energy estimators or strongly energyrdkgmt variables without a signi cant signal
loss. The event selection presented so far however is gaidrfior soft spectra for which the bulk of
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Figure 9.7.: Cut progression for high-energy IceCube evdritve simple cuts are to select high-energy
neutrino events. The distributions of data, muon backgiasimulation and atmospheric
neutrino simulation are shown alongside with an arbityssdaled hard E signal neutrino
ux. A cut on the rescaled MPE Paraboloid 3.0 is applied, followed by a cut at
log %d 30:0. For high-energy events, rlogl is a good cut parameter and
events with rlogl 8:3 are selected. A cut on the reconstructed energyNad= Energy
3:0 reduces the data a little bit further. Finally (not showrefea cut on LDirPulses 150m
for all IceCube events has been found to improve the seitgitif’the search and to increase

the purity of the neutrino sample.

the signal events would be lost with this kind of high-eneggfimized event selection. On the other
hand, we observe that the ability of the Neyman-PearsoliHdad ratio cut to select signal events at
the highest energies is not optimal. This is illustrated iguFe 9.10. It is related to that fact that the
cut has been optimized for atmospheric neutrinos which ddeeir lower energy often present drent
values in the considered cut variables than very high-enevgnts. Atmospheric neutrino events have
on average larger angular uncertainties and less diresépulA second branch for the selection of very
high-energy events has therefore been introduced to centhipower of the multivariate cut with the
possibility to select very high-energy events based om teebnstructed energy or energy-correlated cut
variables.

The high-energy optimized event selection for IceCube ®visnillustrated in Figure 9.7. To pass this
cut, each event is required to have a small rescaled MPE glardb of less than ® . The recon-
structed energy is required to ful Il logMuE Energy 3.0 and a cut on the Bayesian likelihood ratio
atlog gorelkeheod . 30:0 is made to suppress the down-going muon background. A huamhahe
MPE rlogl is made, requiring MPE rlogl 8:3.

The combination of the Neyman-Pearson likelihood ratioveth this cut improves the signal eciency
above 10 TeV, see Figure 9.10. The @encies shown in this plot are calculated with respect ko al
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IceCube and combined events with up-going reconstrucéowisriogl  12:0 for an E 2 neutrino signal
spectrum.

9.3. Selection of Combined Events

Combined events are selected on-line by the JAMS (Combiedh Filter (see section 6.3). This Iter
selects about:3 Hz of data and is based on the JAMS rst guess reconstruction

Level 2 Off-line Processing and Event Selection

The standard Level 2 processing does not apply any cuts amthbined events. The following process-
ing steps and reconstructions are applied on the combinied paries for all events that were selected
by the JAMS (Combined) Filter:
Removal of data from few unreliable (D)OMs, Cross-Talk @ieg for AMANDA, Waveform
Calibration and Extraction.
Hit Cleaning: only pulses within a sliding time window ofi are kept. The position of the time
window is chosen to maximize the number of pulses that aré Képe time window cleaning
is followed by an isolated hits cleaning, requiring eachtdiihave at least one other hit within a
radius of 150 m and within a time window of 500 ns.
SPE reconstruction, using the JAMS reconstruction run & Bod the LineFit on the IceCube
pulses as seed.
Iterative SPE reconstruction, using the single iterati®ESeconstruction and the 32 iterations
SPE ton the IceCube pulses as seed. 32 iterations are pesthr

Level 3 Off-line Processing and Event Selection

Only events with an up-going combined SPE reconstructi@mita 90 ) and SPE rlogl 120 are
selected for further processing at Level 3. The Level 3 seteedd a further set of reconstructions and
veri cation tools:

Waveform-based identi cation of non-particle induced mtgein AMANDA (see section 6.5).

SPE Paraboloid t to provide an estimate of the angular uagety of the combined SPE recon-

struction.

32 iterations SPE t with down-going prior (Bayesian SPE. t)

Splitting on geometrical criteria and a 16 iterations SRi®nstruction on each of the partial pulse

series.

Splitting on temporal criteria and a 16 iterations SPE retction on each of the partial pulse

series.
As described in section 6.5, the following cut is applied leaa the combined data from non-particle
induced events caused by electronic noise in the AMANDAestbThe median peak rate in the wave-
forms of AMANDA strings 5-10 has to smaller than or equal t605 Hz or the number of waveform
segments in these strings has to be smaller than or equal tdI#0data rate after these cut i$ 61z
while atmospheric neutrinos are at a level & MHz.

Final Event Selection for Combined Events

AMANDA is the rstlow-energy core that has ever been used ireatrino telescope. The dérent PMT
spacing and the two dierent data acquisition systems present a challenge notmtig integration and
operation of the detector but also to the simulation. Theagent between data and simulation for
the combined events is worse than for IceCube events at ptrads muon dominated data selection
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Figure 9.8.: Cut progression for combined events. Six sinepts are applied to arrive at neutrino level
with a good sensitivity for soft spectra neutrino source$e @istributions of data, muon
background simulation and atmospheric neutrino simulagice shown along with an arbi-
trarily scaled E® signal neutrino ux. A cut at 3.0 is applied, followed by a cut at
log %d 30:0 and the selection of events with plogl 6:7. Finally, cuts at
LDirPulses 150m and NCh 20 have been observed to improve the sensitivity of the

search and to increase the purity of the neutrino sample.

levels. For this reason a manual event selection througlpribgressive application of straight cuts is
preferred over a multivariate cut for the combined eventhimanalysis. Moreover, comparisons with a
multivariate cut on a likelihood ratio such as the one usedhe IceCube events have revealed a similar
separation power between background (data) and signal.
Figure 9.8 presents the progression of cuts that is apmli¢idet combined events. The rst cut variable
is the paraboloid obtained for the combined 32 iteration SPE reconstructimws in the upper left
plot. Experimental data (black) is compared to the simdlateon background. Single and double muon
events are shown separately. Adding the two components teal30% excess of simulation over data.
Besides the uncertainties in the simulation of the detedismussed in Chapter 8, also the modeling of
the cosmic-ray ux and the air shower development in the afphere add to the derences between
data and simulation. For large values of the paraboloidhe data is dominated by the single muon
component and the shape of the distribution is reasonallydescribed by the simulation. The applied
cut at paraboloid  3:0 selects primarily double muon events. Again, events withdgaraboloid
values cannot contribute very much in the statistical aislglescribed in Chapter 4 as events with a
large receive low weights.
The top right plot in Figure 9.8 shows the Bayesian likelithaatio after the cut on paraboloid has
been applied. A cut at |Og%d 30:0 removes a large fraction of the remaining single muon
background while most of the signal is kept.
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Figure 9.9.: The cut eciency for combined events is shown in dependence of theinewtnergy, the
reconstructed zenith angle and the deviation of the angetaimstruction from the true di-
rection of the track. Well-reconstructed events are prefeby the event selection.

The left plot in the bottom row of Figure 9.8 shows the disttibn of plogl. All previously discussed
cuts on paraboloid and the Bayesian likelihood ratio have been applied to dadasanulation. The
parameter presents an indicator of the quality of the likmd reconstruction. A cut at plogl 6:7
selects a sample of data that is dominated by atmospheridns.

Finally, cuts on the direct length of the track and the nundiehannels have been observed to increase
the sensitivity of the search and the purity of the sample2 Gdttom right plot of Figure 9.8 shows that
the data at small values of the direct length exceeds thefateents that are expected from atmospheric
neutrino simulation even if the statistics of the backgsimulation are not sucient to demonstrate
the background contamination of the data. Events with LOIs®s 150m or NCh 20 are rejected.

In addition, it is allowed that combined events that pasthalcuts except for the cut on plogl are allowed
to enter in the data sample if the part of the event that ise€lde would by itself pass the high-energy
branch cuts for IceCube events except for the direct lengthTthe purpose of this cut is to potentially
save very rare high-energy events that pass through AMANBRAFave a good reconstruction with the
combined pulses. A hard cut on plogl as is applied in the stahldranch of the combined events can be
harmful at high energies. Only 15 events are added to thesaaiple through this cut.

The cut e ciency for combined events in a soft £neutrino spectrum is shown in Figure 9.9. The
acceptance is relatively atin the zenith and selects pritpavell-reconstructed events.

9.4. Characterization of the Combined IceCube 40-strings and
AMANDA Neutrino Sample

The data sample presented here is the largest neutrino sa&xtpacted from the 2008-2009 data taking
period that has been used in a point source search. 197%Thoecdndidates have been selected. The
data rate at nal level is ® mHz if averaged over the whole data taking period. 16.3%efselected
events are combined events that would not have been in thas#AMANDA had not been part of the
data taking. The majority of the events (16097, 81.3%) dexted by the multivariate Neyman-Pearson
likelihood ratio cut. The IceCube high-energy cut is fukd for 10558 (53.3%) of the events in the nal
sample. The overlap with the Neyman-Pearson likelihodd rait is however large and only 438 (2.4%)
additional events are added in the sample through this clatéd is regarded. As can be seen in Figure
9.10, the high-energy cut branch adds signi cantly to theciency at energies above 100 GeV.

Figure 9.11 shows the energy distribution of simulated apheric neutrino events at the nal event
selection level. If the atmospheric neutrino model of [B®4] is used, 90% of the events are contained
in the central energy intervat®TeV - 7.9 TeV. Table 9.1 summarizes the central energy intervals for
three di erent neutrino spectra.

The angular resolution of the event selection presentee Ihas already been discussed in Chapter 7.
From simulation, the median angular resolution is estich&tebe 12 for a soft E 3 neutrino spectrum.
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Figure 9.10.: E2 signal neutrino e ciency of the nal neutrino selection. The eiency is calcu-
lated with respect to all IceCube and combined events witiyaipg reconstruction and
rlogl  12.0. The plots on the left take all events into account whileplogs on the right
consider only events that were reconstructed withiroBtheir MC truth direction. The
high-energy branch for IceCube events improves theiency above 10TeV, combined
events add eciency primarily at energies below50TeV. The acceptance in zenith angle
is comparably uniform except for borderects at the horizon and a reducedatency for
very large zenith angles. The eiency for well-reconstructed events is signi cantly leett
than if all events are considered and ranges between 60%0%6d@ almost all zenith

angles.
Neutrino Spectrum 90% Energy Interval
Atmospheric Neutrinos [BGL04]  0:2TeV - 7.9 TeV
E 3 Neutrino 02 TeV - 205 TeV
E 2 Neutrino 24 TeV - 7500 TeV

Table 9.1.: List of the central energy intervals which cant@0% of the neutrinos for three dérent
spectra.

The bulk of the events in such a soft spectrum are at low esrgior higher energies, the angular
resolution is better, reaching a median @ Gabove 100 TeV.

The e ective area of the event selection is shown in Figure 9.12ed Wi erent declination bands are
considered. The decrease inegtive area at the higher energies that is observed for tiiealeup-going
events is related to the fact that the Earth starts to becgaque to neutrinos at these energies. The
contribution from AMANDA is strongest at energies below BT For illustration, we present a zoom
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Figure 9.11.: Energy Distribution of Atmospheric Neutsria the IC46- AMANDA Data Sample. The
model of [BGL"04] has been used to weight neutrino simulation to an atnes&pheutrino
spectrum.

into the region around 1 TeV. The increase ireetive area through the use of AMANDA is between
10% and about 20%, depending on the declination band. Thesemtation in the left plot of the Figure
is chosen to provide an easy comparison to the work presémf@dhA *11i], a point source analysis
with the same data sample that has been optimized for hactraand does not use the combined events
collected through AMANDA. At high energies abovelO TeV, the eective areas of the two analyses
are very similar. At lower energies than this however, amdase in the eective area obtained in this
work is observed with respect to the analysis presented AWALLi]. At 1 TeV for example, an increase
of a factor 1.4 to 2.0 is achieved, depending on which detitindband is considered. The improvement
is achieved partially by the inclusion of AMANDA in the analg and partially through the optimization
for soft-spectra neutrino sources.
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Figure 9.12.: Eective area of the neutrino sample. The plot on the righdre a zoom into the region
around 1 TeV to better illustrate the contribution from AMAN.

Figure 9.13 shows the distribution of data and simulatiothat nal level. From atmospheric muon

simulation, the background contamination of the data isnegéd to be 2.5%. The total expectation for
the number of events from the simulation are 21057 eventsm@é¥e than observed in data. A zenith
dependence of the disagreement is seen in the top left pkigafe 9.13. It is to be noted however that
the disagreement does not harm the potential of the seaidentify a possible astrophysical neutrino
signal. Cuts to further improve the data-MC agreement ahtirezon have been avoided as they hurt
the sensitivity at other declinations. The region from 8995 in zenith has been excluded from the
analysis but studied more in detail in section 9.5. Moreower observed discrepancy is well-contained
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9. IceCube 40-Strings and AMANDA Neutrino Sample

within the systematic uncertainties of the simulation:
A major component of uncertainty is the atmospheric neatnirx. Changing from a model based
on the work of [BGLF04] as used in the plot to a model based on the work of [HKKS0#,
expected number of events decreases to 19644. Both modedgtaapolated from energies below
1TeVv.
The systematic uncertainty on the DOM sensitivity and phgimpagation through the ice (ab-
sorption and scattering of the ice) sum up to 18% if bothats are varied independently, see also
Chapter 8.
Recent improvements in the neutrino simulation suggestitéfizdependent uncertainty of the sim-
ulation that was used in this woPk These improvements imply that more atmospheric neutrinos
are expected at the horizon while the zenith region arounda!60 sees less events.
Uncertainties in the modeling of the higher-energy cosraicair showers could lead to an under-
estimation of the muon contamination at the horizon.
Finally, the simulation of noise in the detector is condiabéing improved and might have a small
in uence on analyses such as this one where noise cleanirigddceCube events is pursued only
with a time window cleaning.
It is potentially possible that also new, not simulated ptg/distort the zenith distribution such as oscil-
lations of sterile neutrinos into muon neutrinos [ChoO7¢ tsts in this direction have been pursued in
this work.

9.5. Surviving Muon Background

A study of horizontal events has been performed on the datplsgpresented in this thesis. From the
top left plot in Figure 9.13, it is evident that the data at blmgizon contains a signi cant muon back-
ground component. In addition, the number of events in dataaxls the expectation from simulation if
atmospheric neutrinos and muons are summed up. PossiBensetor this have been discussed in the
previous section. While the discrepancy is not outside yistematic and statistical uncertainties of the
simulation, it is still of interest to investigate the nawf the events at the horizon. Any understand-
ing obtained in this region can help to improve future anedyand to enhance the understanding of the
detector and possible weaknesses of the reconstruction.

The study presented here is complimentary to MC based stulased on the event selection presented
in this work, a fth of the IceCube events in the zenith regfoom 90 to 93 has been visually inspected.
In comparison to 309 experimental data events selectedsmiy, 238 neutrino events were expected
from simulation as well as 29 double muon events. Within fhtéd statistics of the single muon
simulation, no event survived the event selection. Thealigspection of events is able to provide small
samples of double muon and mis-reconstructed single muemt®vBoth of these can then be used to
study why these events survived the cuts and how they coulllteen rejected. It might be also possible
to check if the contributions of single and double muon baglkgd are incompatible with the simulation
in the case that signi cantly more events in these categaie observed than expected from simulation.
Within the study, 7 interesting candidate coincident mueenés could be identi ed. Note that not all
coincident events can be identi ed in a visual inspectiam;particular particles that overlap in space
and in time are di cult to identify. While no statement on the validity of thensilation can be derived
from the observed number of coincident muon events, therebdesample of events is nevertheless
interesting. Event displays are shown in Figures 9.14 ah#l.9The colors indicate the photon arrival
times at the DOMs, orange hits are rst, cyan last. The sizthefhits illustrates the charge that was
measured in each DOM. The red arrdimes represent the MPE reconstruction. All events that are
shown here have up-going, near horizontal MPE reconstmgtiThe same event is always shown twice:

SImproved simulation is not available for the detector camration used in this work.
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Figure 9.13.: Declination, azimuth, paraboloid sigma andhber of channels at analysis level. The
data in black is compared to the expected distributions fiteersum of the dierent back-
ground components: atmospheric neutrinos, atmospherigesmuons and atmospheric
double muons. The distributions for atmospheric neutriziod double muons are shown
separately as well. The statistics of the coincident muprukition is limited. Error bars
are purely statistical. The azimuth distribution resutts"f the combination of a uniform
ux in azimuth with the detector geometry. For a more thoroutjscussion of the data
simulation agreement, see text.

a side view on the left and a top or bottom view on the right.slévident that all of these events can
be clearly separated into two parts. Indeed, it is almogir@ing that these events were able to pass as
single muon events. Three of the candidate coincident s\&awn here (from runs 111322, 113608
and 113659) are also contained in the data sample preserfi@dA *11i] that was optimized for harder
spectra and could those apply more stringent quality cuts.

The properties of the candidate double muon events are stimatian Table 9.2. The rst event that is
shown is unusual due to its position deep in the detectorh @litthe early hits on a single string, it is
possible that the event is a combination of correlated renigka downgoing muon.

Three of the events could have been rejected with a hardendhie Bayesian likelihood ratio at around
log %a 30:0. This cut has been studied during the development of thet ee¢ection but
has not been applied as it signi cantly reduces the signadiency in other zenith regions. A solution
for future analyses could be the development of zenith ddgarcuts or the division of the up-going sky
into two zenith regions with dierent cuts. This last strategy is being followed for a foHopvanalysis
on the IceCube 79-string data also reported in this thesest{ge outlook in Chapter 11).

It is very notable that all the selected candidate coindidsents have large direct lengths. The distri-
bution of the hits along the track is however unusual withyégparts of the track having no hits within
close perpendicular distance of the track. While SDirPutiges characterize the distribution of direct
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Run N-P. Llhratio NCh NDir LDir[m] SDir COGZ[m] Bay. Llhrat

110948 1.61 20 15 780.6 -0.49 43.0 28.3
111295 1.18 14 44 665.0 0.79 439.3 25.2
111322 1.94 15 25 625.0 -0.70 434.1 35.4
111958 1.22 15 13 752.0 0.28 191.3 29.5
113608 0.06 22 11 760.5 -0.77 435.2 36.7
113641 1.96 15 17 576.0 0.56 192.0 35.2
113659 2.09 16 18 638.3 -0.42 261.3 31.1

Table 9.2.: Characteristics of candidate double muon ewerthe horizon. Events are listed in the same
order as they are shown in Figures 9.14 and 9.15. The mairaciatle for IceCube events,
the Neyman-Pearson likelihood ratio, the number of chanaat direct pulses, the direct
length and the smoothness of the direct length are given. ZIdwordinate of the charge-
weighted center of gravity of the hits (COGZ) is measured etars from the origin of the
IceCube coordinate system in the center of the detectorz¥hés is pointing away from the
center of the Earth. The last entry is the Bayesian likekhiaiio. All events in this selection
have passed the cuts for IceCube events and have thereforelggraboloid below 40 .
The event from run 113608 passes the high-energy cut bran¢befCube events.

hits along the track, it is not possible to be used as cut patemagainst these events: As can be seen
in Figure 9.5, it is not a very powerful cut parameter and dodt have been used to reject these event
without signi cant signal loss. An alternative is to ordéetprojections of the hits on the track by their
position on the track and to calculate the largest distamted®en them as a cut variable. As long as
large enough cut values are choSethe signal loss of such a cut is expected to be very small. The
sample of events selected here is not large enough to pedatatistical study of the potential of such
a cut. Moreover, the geometry of the IceCube 40-stringscti@tés not ideal for that either. The cut has
however been studied for IceCube 79-strings and is usedeibiine processing steps (see Chapter 11).
In addition to the 7 candidate coincident events, also 7 idatel down-going muon events have been
identi ed by visual inspection. Their event displays arewh in Figures 9.16 and 9.17 and their proper-
ties are listed in Table 9.3. The rst and last event are aisbé event selection presented in [AALLI].

The rst, sixth and seventh event are characterized by gaalys of noise hits that distort the recon-
struction. The second event has a late pair of noise hits ieiq@ detector. The remaining events are
probably cases where the reconstruction reaches a locathomim For the fourth event, two other recon-
structions are shown next to the MPE reconstruction. Thekitnof the event was down-going, the 32
iterations SPE reconstruction is horizontal and the nalBAeconstruction horizontal up-going.

Again, four of these events could have been rejected if theoouhe Bayesian likelihood ratio had
been raised to Io%d 30:0 on the cost of loosing sensitivity for soft spectra souices
other zenith regions. This strengthens the argument tmathzdependent cut optimizations can help to
improve analyses.

Since the inclusion of triggers with a lower multiplicityrgshold in the lceCube IC79-strings con gu-
ration, a more rigorous noise cleaning is applied to the.datas cleaning is very likely to reduce the
component of single down-going muons in combination witls@gairs that survive at analysis levels.

It is also notable that all of the 7 candidate down-going mexents are in the upper third of the detector,
all except one even in the top 100 m. In general it is observedl avent selection levels that the muon
background is more abundant at the top of the detector. lieisefore an interesting idea to include the
z-coordinate of the center of gravity of the hits or similariables in the cut variables. This approach

"Possible cut values are naturally limited by the spacingefstrings.

86



9.5. Surviving Muon Background

Run N-P. Llhratio NCh NDir LDir[m] SDir COGZ[m] Bay. Llhrat
110913 1.55 21 25 1011.6 -0.72 460.5 37.7
110997 1.71 46 24 4441  -0.32 434.7 28.9
111080 1.80 27 29 323.8 -0.25 303.5 25.0
111365 2.65 20 38 246.4 0.44 428.5 25.5
110877 1.05 21 7 4519 -0.32 456.8 27.1
112284 1.10 14 12 778.2 -0.76 433.7 45.7
113799 1.19 21 15 457.1  -0.92 454.9 32.5

Table 9.3.: Characteristics of candidate down-going mwemts at the horizon. Events are listed in the

same order as they are shown in Figures 9.16 and 9.17. Theauiavariable for IceCube

events, the Neyman-Pearson likelihood ratio, the numbehahnels and direct pulses, the

direct length and the smoothness of the direct length arengivihe z-coordinate of the
charge-weighted center of gravity of the hits (COGZ) is miead in meters from the origin
of the IceCube coordinate system in the center of the dete€tee z-axis is pointing away
from the center of the Earth. The last entry is the Bayesiegliiood ratio. All events in

this selection have passed the cuts for IceCube events ardherefore a good paraboloid

below 40 .

could not be followed in this analysis as the simulation that existing at the time was not able to
reproduce the distribution of this parameter, neither akgeound-dominated event selection levels nor
at neutrino level. The simulation has improved since thahfature analyses will be able to apply cuts

like this. The work presented in 11 will explore this posiii
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Figure 9.14.: A selection of candidate coincident muon &s/&om the nal neutrino sample. The events
were selected by eye among IceCube events that are withifi tBe horizon. The colors
indicate the photon arrival times at the DOMSs, orange higs iat, cyan last. The size of
the hits illustrates the charge that was measured in each. DOM
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Figure 9.15.: A selection of candidate coincident muon &s/&#om the nal neutrino sample. The events
were selected by eye among IceCube events that are withofi tBe horizon. The colors
indicate the photon arrival times at the DOMSs, orange higs i&t, cyan last. The size of
the hits illustrates the charge that was measured in each. DOM
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9. IceCube 40-Strings and AMANDA Neutrino Sample
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Figure 9.16.: A selection of candidate down-going muon tvéom the nal neutrino sample. The
events were selected by eye among IceCube events that &ia @itof the horizon. The
colors indicate the photon arrival times at the DOMs, oramigeare rst, cyan last. The
size of the hits illustrates the charge that was measureaicin BOM.
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9.5. Surviving Muon Background

Figure 9.17.: A selection of candidate down-going muon &/émm the nal neutrino sample. The
events were selected by eye among IceCube events that &aia @itof the horizon. The
colors indicate the photon arrival times at the DOMs, oramigeare rst, cyan last. The
size of the hits illustrates the charge that was measurealcin BOM.
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10. Results of the Searches for Galactic
Neutrino Sources

The combined IceCube 40-strings and AMANDA neutrino santipée has been developed and studied
in the previous chapters is nally used for various searcigsng to detect the rst astrophysical sources
of high-energy neutrinos. The searches have been contshtra the Galactic Plane due to the fact that
galactic cosmic-ray accelerators are more likely to betlgtén this region. Three derent hypotheses
have been de ned a priori before the directions of the neatdandidates have been unblinded. The
results of these searches are reported here and IceCulbeEntty best upper limits for soft-spectra
galactic neutrino sources are presented.

10.1. Galactic Plane

The event selection presented in this work is optimized tvige the best sensitivity to soft spectra
sources. These scenarios are, as discussed in Chaptehly, feigvant if galactic neutrino sources are
targeted. To be sensitive to any galactic neutrino pointcgin the northern sky, a scan of the accessible
part of the Galactic Plane is performed. The region 0835 <" < 209875 in galactic longitude and

5 b 5 ingalactic latitude is considered. The region has beemdgie with respect to the region
scanned in a previous work of [Ses10] to fully comprise thgiis region. The considered part of the
Galaxy includes the Local Arm and the closest parts of thedesr Arm and comprises severatay
sources such as the ones considered in the next section.
Under the assumption that a signal is characterized by &-[ilgnemission pattern, the maximum likeli-
hood ratio test as in [BDD08] and described in Chapter 4 can be applied to locally tibst composite
signal and background hypothesis to the data and comparottiie pure background hypothesis. The
likelihood ratio of the two hypotheses is used as test $iatis
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Figure 10.1.: Sensitivity and discovery potential of thénpgource search with IceCube 40-strings and
AMANDA: a source with a generic soft B neutrino spectrum at galactic latitude 8
considered in the left plot. In the plot on the right, the “BHlike” neutrino ux of Equa-
tion 10.1 is used to benchmark the performance for evenrsgfectra with cuto at low
energies.



10. Results of the Searches for Galactic Neutrino Sources

-log 10(pre—trial p-value)

— P ly 3
oo . :\I-.A
g - 25
=2
8 2
Q
kS 15
[
o
1
0.5

180 200
galactic longitude [ °]

Figure 10.2.: Distribution of events and signi cance in tBalactic Plane: Each black dot represents
the position of a neutrino candidate. The color scale remtssthe signi cance of the
observation at each point of the grid quanti ed by the nagatogarithm of thep-value
(pre-trial). The most signi cant spot is at (8; 2:0) and has a pre-trial p-value of
0.000934 ( log(p-value) = 3:03). The trial-correcteg-value for the whole scan of the
Galactic Plane is 88%.

The median sensitivity and 5discovery potential of this search at each accessible timlangitude are
presented in Figure 10.1 for a hypothetical source at a tialatitude of 0. The systematic uncertainties
of the signal ux simulation as discussed in Chapter 8 artiohed in the sensitivity curve. The sensitivity
is however dominated by statistical uncertainties; thesitigity ux corresponds to low numbers of
signal events around 3-4 and is thereforeeted by large relative statistical uncertainties. In ¢opie
coordinates, both sensitivity and discovery potentialetejponly on the declination of the source and
not on its right ascension. The sensitivity to sources aeint galactic longitudes in Figure 10.1 can
therefore be identical if the corresponding source detitinan equatorial coordinates is the same. The
representation in galactic coordinates is chosen to fafglithe comparison to the result of the analysis
shown in Figures 10.2 and 10.3.

Two di erent spectra are considered in Figure 10.1: a sottuRbroken power-law spectrum and a
“Crab-like” spectrum. The “Crab-like” spectrum is the egped neutrino ux if all the -ray ux from

the Crab measured by H.E.S.S.[AABGCc] was produced in pp-interactions. In this case, a nauttix

of

dN — 2. 7 E 24 E 1 21

dE - 3.0 10 TTev exp TV GeV “cm “s (10.1)
would be expected using the conversion of [KABO6]. With apanential energy cutoat 7 TeV this
presents a very soft spectrum (see also Figure 9.1). It sekoellently suited to benchmark the low-
energy performance of the search even if it is unlikely that meutrino ux from other sources than
the Crab follow the exact same spectrum or present a cutdhe same energy. With respect to the
predecessor analysis presented in [Ses10], an improveshabbut a factor of two has been achieved
in the discovery potential for this neutrino spectrum. Tihiprovement is to the largest part due to the
increase in the number of strings in lceCube which increéisedhstrumented volume, as well as to the
longer detector up-time in AMANDA and an improved event séte'. In comparison to the analysis
presented in [AAA 11i], an All-Sky point source search with the IceCube 4@hgs data that has been
optimized for harder spectra, we obtain an improvement éetwl5% and 40% in sensitivity for an
E 3 neutrino spectrum, depending on the declination of thecsouThe expected improvement for a

IMany of the improvements in the event selection that have ehieved in this work however act the higher energies and
are not relevant for this very soft spectrum.
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10.1. Galactic Plane
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Figure 10.3.: E3 neutrino ( + ) upper limits for the Galactic Plane. The observed limitetegs both
on the declination (see Figure 10.1) and the observed lveal @ensity (see Figure 10.2).

“Crab-like” spectrum with cut-o is larger but has not been quanti ed.

When performing a scan, a trial factor is incurred by the igptibn of the test to many positions in
the sky. As customary within the lceCube collaborations thial factor is not taken into account in the
presented discovery potential. Theeet of the trial factor on the presented discovery potemtialild

be to increase the ux needed for a discovery by the multtian with a constant factor. The ective
number of trials scales with the number of uncorrelated tibstt are performed and is thus proportional
to the area that is scanrfedrhe number of trials in this analysis is therefore reducét vespect to an
All-Sky scan and a potential discovery or any indication gfassible neutrino source would be more
signi cant in this scan than in an All-Sky search. The sadecarea within the Galactic Plane covers
aroundz; L 5 of the area of the full sphere and theegtive number of trials is reduced by about this factor if
a unlform angular resolution across the whole sky is assuifein the 19797 neutrino candidates in the
data sample, 1455 are localized in the considered regiothéoscan of the Galactic Plane. Figure 10.2
shows the result of the analysis along with the distributibthe selected neutrino candidates. The region
was scanned on aZb  0:25 grid. The color scale represents thevalue of the observation at each
point of the grid, i.e. the probability to locally observe iglter or equal value of the test statistic if the
test is performed on a pure background sample. As descrnib@tapter 4, the background samples for
comparison have been generated from the data by assigrimglam right ascencion to each event. Any
possible signal is small enough in comparison to the numbevents observed in each declination band
that it will not in uence these pseudo background samplgsisiantly. A small p-value implies that
the observation is very improbable to occur through randoctuations of the background. Within the
scan, the most signi cant deviation from the backgrounddilipsis is observed at (86,-2:.0 ) and has

a pre-trialp-value of 0.0934% (log(p-value)= 3:03). The post-trial probability to observe a similar or
larger deviation from the background expectation on anyefaoints within the Galactic Plane is 88%.
The performed test has thus not revealed any statistidgiy sant neutrino source and the distribution
of events along the Galactic Plane is uniform on small angsdale$. In the absence of a statistically
signi cant signal, 90% upper limits on a generic soft spestrE ° neutrino ux have been calculated

2In addition, the number of independent trials scales irlgnsith the angular resolution for the events in the sample

3An extended large scale structure around galactic longifl8D might be apparent to some readers, in particular as they
might nd a similar but not identical structure in the scantbé Galactic Plane performed in [Ses10]. The direction of
this “structure” is towards the closest approach to theder#&\rm of the Milky Way. The signi cance of any large scale
structure of this kind cannot be determined on unblinded datit is not possible to get a handle on the involved tridbfac
Itis also to be noted that the color scale of the Figure isoged to make it easy to pick the “warmest” spot in the Gatacti
Plane. Small dierences in the pre-trigg-value might thus be overrated in the human perception. @ilye analyses have
the potential to test for an excess of events in this region.
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10. Results of the Searches for Galactic Neutrino Sources

Object R.A. Dec ng pre-trial p-value 0%
Crab Nebula 8%3 2202 O 1 7.3
LSI+61 303 4013 6123 1.6 0.247 8.3
W51 29082 1415 0.6 1 8.3
CasA 355 5882 0 1 5.9
SS5433 2806  4:98 0 1 9.8
1C443 9418 2253 0 1 7.3

Table 10.1.: Upper limit on the ux of muon neutrinos from te&x considered galactic sources, as-

suming an E® neutrino spectrum. The ux limits %% = E3 98 are given in units of

10 1TeV?cm 2s 1. The limit setting ability of the analysis depends on thelidation of
the source. The best ux limit is obtained for CasA. Liste@ atso the positions of the
sources, the pre-trigh-value for each source and the best t number of signal eveAts
p-value of 1 indicates that no positive uctuation has beesesbed, i.e. all background
samples show an equal or larger value of the test statistic.

with the method of Feldman & Cousins [FC98] and the additioif&CBHP03, Hil03] to include a 17%
systematic error on the neutrino ux. This method is the dead method for the calculation of upper
limits in neutrino point source searches with lceCube. A ponent of oscillating into is not
included in the limits as considered of secondary impodamere. The limits obtained in this way are
conservative and will be superseded by measurements vétmthre sensitive larger con gurations of
IceCube. The limits are reported in Figure 10.3. The obsklingt depends both on the declination and
on the observed local event density.

10.2. ( -Ray) Source List

On the base of the phenomenology of galactic acceleratiarfnteresting sources, ve of which have
been detected in-rays, are selected in Chapter 2. Unbinned maximum likelih@tio tests with point-
like signal hypotheses centered at their positions hava pedormed to search for neutrino emission
from these objects. With respect to the scan of the GaladdioeR it is guaranteed in this way that the
test is performed directly at the position of theay source with no oset imposed by the binning of
the search grid. Moreover, an additional reduction of tla¢isdtcal penalty coming from the scan of
large regions is here obtained by considering only a shetrbfiinteresting objects. While the scan of
the Galactic Plane has already shown that no strong clogtefievents is detected around any of these
sources, we present here the detailed results of this a gdared test.

The distribution of the selected neutrino candidates irethéronment of the six-ray sources are shown
in Figure 10.4. The color scale represents the event-basgalaa uncertainty of the reconstruction
(paraboloid , see Chapter 7). No indication of a clustering of events ragicany of the objects can be
discerned. Indeed, no signi cant deviation from the backmd expectation is observed in the statistical
tests. The results of these tests are reported in Table IThé.smallest pre-triab-value is observed
for LSI +61 303; but a similar or higher deviation from the backgroengectation at this position is
detected in 25% of all randomized data sets. Correctingiotrials in the source list, the ngl-value

of this observation is 42%.

In the absence of a detection, 90% upper limits are placed®nuix of neutrinos from the six listed
objects. An E2 neutrino spectrum is assumed in Table 10.1 and a 17% systeuratertainty (see
Chapter 8) is taken into account. With an upper limiesf 4N = 5:9 10 1TeV?cm 2s 1, the lowest
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10.3. The Cygnus Region
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Figure 10.4.: Distribution of events around the six selécte@ay sources. The uncertainty of their an-
gular reconstruction is indicated by the color of the marKere position of the source is
represented by a star. The local event density depends alettiaation of the source with
most events observed at small declinations. The sourceshaven in increasing order in
declination. No signi cant clustering of events above tlaekground expectation has been
observed for any of the six objects.

ux limit is found for the ux of neutrinos from the directiorof Cassiopeia A. For the Crab, a limit on
the ux in Equation 10.1 has been derived as well and is 4.%¢irabove the expected ux if all the
-rays detected with H.E.S.S. [AAB6c] were produced in pp-interactions.

10.3. The Cygnus Region

The Multi Point Source (MPS) analysis [Ses10] has beenegptia 7 11 region of the Galaxy that
includes the most active parts of the Cygnus region. Thésseat test, also described in more detail
in Chapter 4, tests the event distribution inside an extémegion for clustering on a range of dirent
angular scales. The interest in the Cygnus region as palesitie of cosmic-ray acceleration has been
motivated in Chapter 2. Moreover, the region showed a pesitictuation in the previous year: 40
events were observed in the considered region in the comhlie€ube 22-strings and AMANDA data
over a background expectation of 27 events. The applicatidhe statistical test to that data lead to
the observation of an increased clustering of events witl8a Zigni cance at an angular scale of 2
[Ses10]. In the analysis performed there, the angular seate xed a priori to reduce the statistical
penalty involved with testing dierent angular scales.

The positive uctuation of the Cygnus region observed inliteCube 22-strings and AMANDA search,
while far from being a discovery, increased the interesh@application of the same test on a larger and
more sensitive data sample even further and has been one ofdim motivations to extract a neutrino
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Figure 10.5.: The distribution of events inside the seawhfbr the Cygnus region is shown on the left.
The uncertainty of their angular reconstruction is indécaby the color of the marker. 55
events are observed inside the region while 60 are expeateddure background and no
signi cant clustering of events above the background isobed. The degree of clustering
is quanti ed with the clustering function ( ) and compared to the results from the previ-
ous year's analysis. With less events detected than expé&om the background, the data
is less clustered than the average background distribatiof ) = 1 (Credit for this plot:

Y. Sestayo.)

sample from the IceCube 40-strings and AMANDA data. The samadysis but performed on the data set
presented in this work and with the addition of scanningedént angular scales improves the discovery
potential by a factor of two if only diuse emission, i.e. randomly distributed emission witharégion,

is considered. A larger improvement is achieved when thegoree of neutrino point sources within the
region is assumed.

The same region from 720 83 in galactic longitude and3 to 4 in galactic latitude as in the previous
analysis has been considered and the clustering of thesesieatacterized on angular scales frag @o

10 in0:5 steps. Inthe data sample presented in this work, 55 evemésoliserved inside the considered
region while 60 background events were expected. The bagkdrexpectation is again derived directly
from the experimental data by randomizing the right aseensf the neutrino candidates. This estimate
is therefore robust and unacted by any imperfections of the detector simulation omtiegleling of the
background. The result therefore presents a slight negaitstuation with respect to the background
expectation, in contrast to the positive uctuation obsehin the previous year's data sample. This
result weakened then the possible presence of a signal cenpanless a time dependency is assumed
or strong uctuations of the background are invoked. Thdrittistion of the observed events is shown
in the left plot of Figure 10.5. With less events observedthgpected, the event distribution is more
sparse than in an average background sample and no sighictastering has been observed on any
angular scale. The value of the clustering functidn ) (see Chapter 4) at each considered angular scale
is shown for each considered angular scaland compared to the results from the lceCube 22-strings
and AMANDA data.

From the results obtained in this work, strong limits on tl of neutrinos from the Cygnus region can
be set even when only a dise emission is assumed. Theay emission from the Cygnus region has
been studied by the MILAGRO collaboration [AABB07] and qtiad for a E %¢ ux, corresponding

to the spectrum of the Crab measured by HEGRA [AABBO04]. Thaesapectrum is used to calculate
IceCube's limits for the Cygnus region. Under the assunmptitat no energy cut-obelow 1 PeV is
present in the neutrino ux, a neutrino ux upper limit atg%nus =3 10 "Tev cm %s 1 s set.
This ux upper limit is a factor three above the expected ulkrmeutrinos if the -ray ux measured in
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10.4. Discussion

[AABBO7] was produced in pp-interactions and the conversié [KABO6] is used. The approach to

study large regions proved to be very powerful and apprtefiar the study of star-forming region in

the Galaxy. It is therefore planned to extend this searahntalsther star-forming regions in future data
analyses.

10.4. Discussion

A neutrino sample to search for galactic neutrino point sesithas been developed based on the com-
bined IceCube 40-strings and AMANDA data. With respect toghedecessor analysis, an improvement
of at least a factor of two in discovery potential has beeneseld even for very soft neutrino spectra.
Three blind tests have been performed to identify a possibieal over the background of atmospheric
neutrinos. None of the three tests has revealed the presérgadactic neutrino sources in the data.
IceCube's currently strongest neutrino ux upper limits fdalactic sources are derived.

The distribution of events observed in the considered gaheoGalactic Plane is characterized in Figure
10.2 and is uniform on small angular scales. The upper liarithe ux of neutrinos at each position in
the Galactic Plane are presented in Figure 10.3 for a gepewier law spectrum with spectral index 3.
No accumulation of events near the six considered objec#8%3SN51, the Crab, 1C443, Cassiopeia
A and LS 1+61 303 has been observed. For arf Eix, the resulting limits range betweef? g—g =

5:9 10 1TeV2cm 2s L andE3 g—g = 9:8 10 1TeV2cm 2s 1. For the Crab, a limit on the spectrum 10.1
has been set at 4.5 times the ux that would be expected if-edlys were produced in pp-interactions.

A previously observed positive uctuation of the number @Ests in the Cygnus region could not be
strengthened on the larger and more sensitive data samgderged here; less events than expected
from randomized sky maps have been observed. Dependinge@asiumed energy cutothe obtained
neutrino ux upper limits range betweef = 6 10 'TeV lcm 2s ! (cuto at 10 TeV) anddy =

3 10 1TeV 1cm 2s 1 (no cuto below 1000 TeV) for an E-¢ neutrino ux.

The non-detection of a neutrino source in the presented tlegs not imply that IceCube will not see
any (galactic) neutrino source in the future. Neutrinosrfroosmic-ray accelerators may have eluded
a detection until now in several dérent ways. First and most importantly, the analyzed dagablean
collected with a partial con guration of the detector. Itiias part of the steps that lead up to the scienti ¢
program that will be realized on the full detector. The natedtion of neutrino sources at this stage is
not surprising given the known ux of -rays and cosmic-rays in the Galaxy. Even with this in mind,
analyses of partial IceCube data such as the one presentgrogide important experience with the
detector and contribute to the development of mature aealyBor these reasons, it is most important
to apply the obtained knowledge to the newest data and thermaat this work is already active on the
analysis of data from the almost-complete detector (IceCi#hstrings).

The complete and almost-complete detector con guratidriseCube 86-strings and IceCube 79-strings
present a signi cantly larger neutrino ective area and will have a much improved sensitivity. Based
the results reported in this thesis, we are con dent thafuleletector will after few years of operation
provide signi cant contributions to the understanding bé thigh-energy universe even if no neutrino
sources were to be discovered. Under the conservative asisufrthat the full detector's sensitivity to
the Crab will be a factor two better than in the presented sataple, IceCube will be able to constrain
the fraction of -rays from pp-interactions from the Crab within 4-5 yearopération. Given the fact
however that it is very likely that most of the emission frohe tCrab is of leptonic origin, it might
take longer until IceCube enters the interesting regimeHisrsource. As hadronic scenarios are more
relevant in star-forming regions like the Cygnus regiolis inore inspiring to observe that the limits for

4This assumption is conservative as it only takes into adcihenlarger size of the detector. It is however expectedfthate
data samples will not only pro t from this but also from immex reconstruction and event selection tools as well as from
the presence of IceCube-DeepCore that will help to seleeteloergy events more eiently than it was possible with
AMANDA.
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10. Results of the Searches for Galactic Neutrino Sources

this region presented here are already now only a factor@fdviour above the expected neutrino ux if
all -rays from the region were from pp-interactions. With thrgéat detector, IceCube might thus after
few years of operation be able to constrain the fraction-odys that are produced in pp-interactions in
the Cygnus region.
Another important aspect to consider is the power of théssitzl test that is applied. Even if present
in the data, a signal may go undiscovered if an inappropdatuboptimal test is used. In this work, a
large part of the Galactic Plane has been scanned for steadino sources with no extension beyond
the angular resolution of the detector. With a median amg@solution of 12 , this still presents a
fairly general search for steady neutrino sources. Sowibsangular extensions above this range may
however have escaped detection. Dedicated searches &rdext sources can be performed with a
simple extension of the applied maximum likelihood ratistteThe inclusion of the event times in the
statistical test can signi cantly reduce the background irus improve the discovery potential if a time
dependence of the neutrino signal is present. A test of thiklkas been performed on the event selection
developed in this work in [Vog10]. The development of adeégumen-parametric tests that do not include
a fully de ned signal hypothesis is more challenging. Onelstest is the analysis of the Cygnus region
applied here and developed in [Ses10]. This method is sensit a wide range of signal hypotheses
through the characterization of the second order propedid¢he spatial distribution of the events, i.e.
the distances between the events. The application of site#s to other regions of the sky such as the
Galactic Center will provide interesting results in theufiet Another interesting area to exploit is the
development of non-parametric tests on smaller anguldesca
In the analysis performed in this work, a neutrino sourcddaalso have hidden in the southern sky. Even
in analyses such as the ones presented in [ABA] which consider the whole sky, it is still possible
that a neutrino point source is present in the southern lpdmaie but not yet detected; the sensitivity of
the search is an order of magnitude worse in the southernrekynautrino sources at energies below
50 TeV are not yet accessible in large parts of the sky. In afyais of the IceCube 79-string data (see
Chapter 11), the author of this work is currently mining tlesgibility to improve this situation in two
di erent ways:
The low-energy extension DeepCore has now replaced AMANB®A@ ers the possibility to suppress
the down-going muon background by the use of atmosphericmeato strategies[Sch10]. This totally
new potential will be exploited in the analysis. The workgeeted on the IceCube 79-string data will
thus continue the use of a low-energy core for point soured¢yaaes that has been advanced in this work
and follow along the line of low-energy point source anadyperformed during the work reported in
this thesis. In addition, it is attempted to suppress theontzgckground at high energies - bundles of
low-energy muons that are reconstructed as single higlggmeuons - as much as possible by the use
of cut variables that are sensitive to the distribution efémergy loss along the track. In this way, it may
be possible to lower the energy threshold of the analysis.

5A parametric search is characterized by a background hgpistlas well as a signal hypothesis that is described thrasgh
of parameters such as the energy spectrum or source extefisiese parameters can either be xed or varied to maximize
the signi cance. A maximum likelihood ratio test of this kirprovides an excellent sensitivity to the considered sourc
hypothesis but is aected by trials if the parameters are tted to the data anagtilmal if the true signal deviates from
the considered signal hypotheses. A non-parametric test a8l MPS [Ses10], quanti es the deviation of the data from
the background hypothesis without the use of a fully de naphal hypothesis. An example of a non-parametric test at
small angular scales is an analysis that simply counts thebeu of events in a search bin around the position of interest
and compares this number to the background expectationhigsntethod includes only a small fraction of the available
information about the events in the search bin, improvemaraty be possible.
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11. All-Sky Neutrino Source Search with
lceCube 79-strings - First Steps

The construction of IceCube continued while the work presin the previous chapters has been per-
formed. The nearly complete 79-strings con guration ofCabe has been operated from 2010 to 2011
when the nal strings of the IceCube array were deployed. exiberiences gained with this detector

will set the ground for years of analyses with the full Ice€uletector. Moreover, analyses of this data
sample will bene t from several advantages with respech#oprevious con gurations:

The larger instrumented volume allows to collect more anilebeeconstructed events. With
respect to the analysis presented earlier in this work,rtsgumented volume has been increased
by almost a factor of two.

The detector geometry is more symmetric and thus the evisati®s is more e cient. In contrast
to this, IceCube 40-strings had a long and a short detecisrvehile the intermediate detector
con guration lceCube 59-strings contained a non-instrated region in the shape of a wedge.
This con guration includes the rst six DeepCore in lI-dtrgs. The value of this more densely in-
strumented sub-array has already become evident in a statipospheric cascade events [Hall].
For point source analyses, the work presented in this tl@slsn [Ses10] provide the proof-of-
principle that the sensitivity to soft-spectra sources loarimproved with an increased ective
area in the 100 GeV to 10 TeV range despite the larger backdratithese energies. The work
started here will explore the use of the veto tools describg8ch10] to improve IceCube's sen-
sitivity to southern sky sources by the collection of addlitil events between 100 GeV and a few
TeVv.

More elaborate software such as new reconstruction ahgositis available for many aspects of
the analysis. One important point is for example the avditatof better energy estimators. A
comparison [Woll11] indicates that a new algorithm calledrniatedMean [Miall] has a larger
range of linearity than the MuE energy reconstruction tlzat formerly been used in point source
analyses.

The IceTop array on top of the neutrino telescope allows to #ewn-going muons from cosmic-
ray air showers at the highest energies. Studies of thishdapdave been performed in [Aufll,
ACM11] and a software to apply this veto is now available.

In view of all this progress, | took the initiative to realiae IceCube 79-strings All-Sky point source
search in collaboration with the other members of our grotipe primary search will be a scan of
the full sky to search for neutrino point sources. To perfoiie scan, we plan to apply the maximum
likelihood ratio test described in [BDI®8]. Once the full data sample is available, we will howeusoa
study the performance of other, faster statistical test$erdata. In addition, a range of more speci c
physics scenarios will be studied. Among the most intergstesults obtained in the previous chapters
are the limits for the Cygnus region. IceCube-79 stringd pribvide a much larger data sample on
which the same test for the Cygnus region will be repeateé. SBme statistical test can also be applied
to other star-forming regions. Furthermore, we plan to stk correlation of neutrino events with
di erent classes of objects such as AGNs with evidence of a jebutar Clusters with a high content
of Millisecond Pulsars and to massive star clusters.

To achieve this goal, we have started the development ofrat selection from the lower level dine
data processing on. In particular, a rst background régechas been developed to select a reduced
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Figure 11.1.: Overview of the derent background in the southern and northern sky: In thgaiipg
region, i.e. in the northern sky, both low- and high-energgried analyses have to reject
the background of mis-reconstructed down-going muons.s€bendary background of at-
mospheric neutrinos cannot be rejected ultimately. In tverdgoing regime, two dierent
strategies can be followed to suppress the background afi-gming muons. Low-energy
analyses aim to select a sample of events with interactidex@side the detector. High-
energy analysis can suppress the background by selectingwants with very high energy
estimates. The remaining background is dominated by baraflatmospheric muons that
are mistaken as high-energy single muons.

sample of events on which more CPU-intensive reconstmgti@n be applied and provided to the col-
laboration. This eort has recently been completed and the processing of thasiatking place at this
time. In parallel to the o-line processing, | have also developed a preliminary aimlgvel event selec-
tion. This event selection is currently still being optimizand additional studies of the background will
be undertaken as soon as this document is submitted. A jimealiyne ective area has been calculated to
benchmark the expected performance and clearly indichssrt particular a substantial improvement
of the high-energy event selection in the southern hemisphigh respect to previous analyses is already
achieved.

11.1. Selection of Track-like Events for the Application of Ad ditional
Reconstructions

As part of this work, we have prepared the second step of tHa&e processing of track-like events in the
IceCube 79-strings data sample, the so-called Level i) processing. The aim of this processing
step is to perform higher level reconstructions on a smdbg¢a sample with respect to the data volume
obtained from the on-line lter. The resulting data set ssrvarious physics analysis which are based
on the muon neutrino channel like dise and atmospheric neutrino analyses as well as the poirdeso
analysis started here. The nal event sample that will beldse the point source analysis will consist
of up to three dierent streams of events:

A selection of well-reconstructed, up-going neutrino ddatks. Targeted neutrino energy range:
above a few 100 GeV. At the on-line lter level, the eventstthee relevant for this stream are

selected by the IceCube Muon lter.

A sample of down-going, very high-energy events. The dotirigebackground at analysis level

102



11.1. Selection of Track-like Events for the Application of Additional Reconstructions

Zenith Region Cut
All NCh 8and ((NCh 10) or ( HneFit > 70 ))

0 SPE<600 log(total charge) 0:6 cos(SPH 0.5+ 255
600 SPE< 785 log(total charge) 3:9 cos(SPH 05+ 25

785  SPE< 1800 orERd g

Table 11.1.: Event selection in the IceCube 79-stringsima-nuon lter [Bak09]. The applied cut
depends on the reconstructed zenith angle

are high-energy muons and muon bundles. Targeted neutngrg\erange: above a few 10 TeV.
The IceCube Muon lter also provides the on-line selectionthese events.

A selection of up- and down-going neutrino candidates witleriaction vertex inside a ducial

volume around DeepCore. Targeted neutrino energy randgeGad to a few TeV. At the South

Pole, a sample of potentially interesting events for thisash is selected by the DeepCore lter.

As illustrated in Figure 11.1, the background in each oféhstseams is dierent from the others. To be
able to perform the point source analysis, all of these stsdaad to be considered in the Level 3-kine
processing and a dedicated event selection had to be deddlopeach of them.

On-line Filter and First Off-line Processing

The data that provides the base for the work presented headsgl passed two processing steps. First,
fast reconstructions have been applied at the South Poléngerésting events have been selected by
the on-line Iters. After satellite transfer to the North,rat o -line processing called Level 2 has been
applied. The relevant aspects of the on-line Iter and thedl@ o -line processing are described brie y.
The o -line processing [GS11] has been performed on all on-linerdd data without any additional
event selection. In the context of this work, we are prinyariterested in the Muon and DeepCore lter
streams as mentioned above.

The requirements of the Muon Iter are summarized in Tablel11The cuts are based on a LineFit
and a SPE likelihood reconstruction (see Chapter 7), bothhith are performed on-line at the South
Pole. An up-going stream where a decent quality of the tracknistruction is required is combined with
a down-going stream where a zenith dependent cut on thetéetelbarge is applied. The charge is a
measure of the detected number of photo electrons and tadstdi amount of light in the event.

The Level 2 o-line data already contains a range of interesting recoctibns for the Muon lter
events. For the rsttime, both DOM launches with and withlmaal coincidence condition (see section
5.4) are used in the reconstruction within a standard psiregs To reduce the impact of noise, an
iterative isolated launch cleaning (SeededRTCleaningh8] as well as a time window cleaning of
( 4ns,+10ns) around the trigger time are applied. The followingrestructions are the performed:

The LineFit rst guess reconstruction.

The SPE reconstruction, 4 iterations.

The MPE reconstruction.

A fast angular uncertainty estimator called CramerRao (BJieapplied for the MPE and the SPE
reconstruction.

The MuE Energy Reconstruction [Chi08].

Another Energy Reconstruction called Photorec [GBHO08].

A vertex reconstruction called Finite Reco [Eul08].

The DeepCore lIter requires a trigger of at least 3 hit ogticendules (SMT3) inside the DeepCore
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volume. In addition, down-going muons are vetoed by an ath@iveto algorithm; only hits that are
causally connected with the hits inside a ducial volumeward DeepCore are considered in the veto.
For more details see [Gra09]. Again, DOM launches with anithauit local coincidence condition are
used in the reconstruction. An iterative isolated pulsarleg and a static time window cleaning of
( 5ns,+4ns) around the rst trigger in DeepCore are applied. Théofahg reconstructions are then
added:

The Line t rst guess reconstruction.

The SPE reconstruction, 4 iterations.

A fast angular uncertainty estimator called CramerRao Qi8]ieapplied for the SPE reconstruc-
tion.

A vertex reconstruction called Finite Reco [Eul08].

The rate of events that pass the Muon lter is about 33 Hz. Witho -line MPE reconstruction based
on the pulse cleaning described above, the rate of up-gemgteis about 6 Hz, the remaining 27 Hz are
reconstructed as down-going. Note that not all of thesetsugave been reconstructed as down-going
with the reconstructions that were applied on-line at thetls®ole - the on-line reconstruction had 19 Hz
of up-going events in this Iter. The DeepCore lter has aaaate of about 17 Hz.

First Off-line Background Rejection

To provide higher level reconstructions and quality parnanmseneeded for the nal physics analyses of
IceCube data, it is mandatory to reduce the data volume iardmsave CPU time and to reduce the
storage requirements. The cuts that are applied to achiessesduction have been designed and studied
by the author of this work. Since the processing® is meant to serve a large part of the IceCube
Collaboration, the nal cut selection has been presentealltthe interested analyzers and represent a
compromise between various needs. The threerdint event streams introduced above are studied and
optimized: up- and down-going events that have been sdldgtehe Muon Iter and the events that
have been collected by the DeepCore lter.

Up-Going Muon Filter Events

The up-going muon stream is of primary importance for poouree analyses as the best sensitivity
can be achieved in this region. The cuts for this region haenkdesigned to reduce the data rate to
1Hz with the goal to preserve 98% of all neutrinos in a soft &ignal neutrino spectrum that can be

reconstructed within 3of their MC truth direction. A soft spectrum is chosen for the optimization as

it is generally more di cult to obtain a good eciency for these spectra. In addition, the performance for
a harder spectrum, an Eneutrino spectrum is evaluated as well. The dominant backgfs at this level
are mis-reconstructed single and coincident muons fronospimeric air showers above the detector.
The applied event selection is primarily based on a varigitteduced in the Level 3 oline processing

of the previous year [BSW10], named “Direct Ellipse”. Thariable is de ned as

| |
LDirChannef2+ NDirChannel?
60.0 15.0

Direct Ellipse= (11.2)

where NDirChannel is the number of channels with directgmilsee Chapter 9) and LDirChannel the
direct channel length. Besides this variable, a variatioplagl = I\'I\”CF;]Eé?g' (see also Chapter 9) is used.
To further suppress the coincident muon background, wewseatiditional cut variables. The rstis
called “Separation” and is de ned very similar to a variabfethe same name that has previously been
used in WIMP analyses. The second has been developed batieelwaork presented in section 9.5 and

is named “LEmpty”. The de nitions of these two variables a=d in this work are described here.
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JU

Figure 11.2.: Two events from the IceCube 79-string dath wufi-going MPE reconstruction and a poor
(small) value in the Separation variable (see text). Theiga coincident muon event with
an up-going reconstruction. The rst quartile of hits is daated by the highlighted orange
hits. The Separation value is therefore negative and that &veejected. The second event
is a correlated noise event or a very low energy muon withitdldn a single string. The
Separation of this event is 0 and it is rejected. Note thall@afigular reconstruction of this
event class is not possible - the azimuth angle cannot bendieted.

Both Separation and LEmpty aim to quantify the distributadrthe hits in the detector with respect to
the reconstructed particle trajectory. To do this, a comti transformation is performed. The z-axis of
the new coordinate system is aligned with the particle teaul the z-coordinatez;,ck of the recorded

hits in this coordinate system are used to calculate theegadfi Separation and LEmpty.

For the Separation, all hits are ordered in time and the ceftgravity (COG) of the rst and the last
quartile of hits is calculated. Their positions are transfed into the new coordinate system and the
Separation is de ned az%?asélgucag'c'f ztiztcﬂ“ggg In essence, Separation is a measure of the track length.
Two typical events from the IceCube 79-string data with arpaaue in this variable are shown in
Figure 11.2. The rstis a coincident muon event with an ugrgoMPE reconstruction. The value of
Separation for this event is negative as the MPE recongiruseems to go backward with respect to
the positions of the two calculated centers of gravity. Téeoad is a single-string event. These events
are not very valuable for point source analyses since tlainwh angle is completely degenerate. The
only di erence in the de nition of this variable here and in _Previtmsrks is the consideration of the
orientation of the track with respect to the positioff§ o, seoramatecoc WHICh improves the rejection

of coincident atmospheric muon events. This is useful sineevent selection developed for this stream
aims at the identi cation of well-reconstructed up-goingats.

LEmpty is a variable that has been developed based on the pvegented in section 9.5 of this the-
sis. The variable is calculated from the coordinaztﬂi%ﬂ“i of all hits i within a cylindrical volume of
150 m radius around the track. The hits are sorted in inargasider ofz:>°™ and the maximum of

Ztrack i
Ztlrg?:?Hl ztlrggz“l is the value of LEmpty. In other words, LEmpty is the maximuistahce along the
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Figure 11.3.: An event from the IceCube 79-string Level 2lioe data with a poor (large) value in
LEmpty. The original Level 2 o-line MPE reconstruction is up-going but the event is in
fact composed of two coincident muons. A clustering algonithas been used to identify
the two muon tracks shown in this picture.

Proposed O-line Event Selection: Up-Going Muon Filter Stream

Direct Ellipse> 2

Separatiorr Om

LEmpty 500m
plogl 120

Table 11.2.: Proposed event selection for the up-going nitewstream in the IceCube 79-string Level
3 0 -line processing.

reconstructed particle trajectory without any hits withs0 m of the track. The variable is primarily de-
signed to suppress coincident events with minimal sigres.|lé&n example of an event from the IceCube
79-strings data with a large value of LEmpty is shown in Féeglit.3. The range of reasonable cut values
for LEmpty is naturally limited from below by the spacing bktstrings in IceCube.

The event selection for the up-going®’® 90 ) muon stream is summarized in Table 11.2. The
cuts have been developed on experimental data which is @baaiiby atmospheric muons and on signal
simulation. The majority of the rejected background is reetbby the Direct Ellipse cut. While it would
have been possible to achieve the same reduction in theatataith a similar signal eciency at high
energies with a stronger Direct Ellipse cut alone, the &mltid cuts on LEmpty, Separation and plog|
allow to reject more coincident muon events and keep morediogrgetic atmospheric neutrino events
instead.

The performance of the cuts has been evaluated on expeahaatd, signal and background simulation.
The results are summarized in Table 11.3. In order to ealin performance, simulated data based
on the IceCube-86 geometry and re-triggered to the Ice@8besn guration has been used. Updated
studies show no signi cant changes in the signalceency [Groll, Sch11b]. For comparison, the Ice-
Cube 59-strings Level 3 cline processing which dealt with a smaller detector appéidess stringent
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Event Type Cut E ciency w.r.t. L2 Event Rate after Cuts
background (data) 0.13 ‘®DHz
background (sim) 0.14 ‘DHz

coincident background (sim) 0.06 ‘PHz
atmospheric (sim) 0.77 7 mHz

E 2 (sim) 0.86 -

E 2 , within 3 of MC truth (sim) 0.99 -

E 3 (sim) 0.79 -

E 3 , within 3 of MC truth (sim) 0.98 -

Table 11.3.: E ciency of the event selection for the up-going muon strearthénlceCube 79-string
Level 3 o -line processing. The event selection is capable to keep afré#e up-going
atmospheric neutrinos and favors well-reconstructedtsvdie rate disagreement between
data and background simulation is about the same size as ahtline Iter level.

background suppression and kept a similar rate of data.itedhjs, the signal e ciency of the IceCube
59-strings Level 3 o-line event selection was lower. There, anaéency of 74% (lceCube 79-strings,
this work: 77%) was achieved for up-going atmospheric reotr selected by the on-line lter. For
up-going E?2 neutrinos, the eciency there was 76% (IceCube 79-strings, this work: 8699WR.0].
The presented event selection therefore improves the ddtaction as well as the neutrino eiency
signi cantly with respect to the previous year's Level 3-tine Iter. 98% of the events which are re-
constructed within 3of the MC truth are retained in this work for an¥neutrino signal spectrum. The
remaining 2% are primarily lost with the Direct Ellipse cetdause they do not have a single direct hit in
the detector. It is thus very unlikely that any analysis Hiats to select well-reconstructed events would
have been able to save these events at later stages of theeestion. The fraction of coincident events
in the muon background decreases from 64% at Level 2 to 28%\e I3.

The e ciency of the rst up-going muon stream dine event selection is characterized also in Figure
11.4. The best eciency is reached above 10 TeV and well-reconstructed swnatfavored over events
with a poor reconstruction. Finally, we have studied if tpplaed event selection introduces a bias in the
zenith angle distribution and obtained that this is not theec The signal acceptance is uniform in the
zenith angle.

Down-Going Muon Filter Events

The on-line Muon lter [Bak09] for down-going events is optized for very high energies. The se-
lection of events from the DeepCore Iter which targets upd @own-going low-energy events will be
discussed later. In the Muon lter, a zenith-dependent cuthe total detected charge is used to select
events. Previous southern sky point source analyses sui@Aads"11i] have applied strong, zenith-
dependent energy cudtat analysis level to suppress the down-going muon backgtoWhile we are
currently mining to improve the background rejection in doa@ithern sky, it is unlikely that the resulting
event selection will be able to keep events down to 1 TeV atalith angles - the down-going muon
background is too large. We can therefore safely adopt dredependent energy cut to achieve a rst
suppression of the background. The data rate of eventsakatthe Muon Iter and have a down-going
MPE reconstruction in the Level 2 dine processing is about 27 Hz while an acceptable rateufbinér
processing is 2 Hz

1For geometrical reasons, the background is in principigelstrfor vertical down-going events.
2A higher rate of down-going events than up-going events ¢epied for two reasons: First, we will apply more additional
reconstructions for up-going events than for down-goingnés. Secondly, the event selection for the southern hémisp
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B ull E 3 spectrum
3°<reco error<=5 °

— reco error<=3 °
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Figure 11.4.: E ciency of the event selection in the IceCube 79-strings L&w -line processing for
up-going muon lter events. The cuts reach their bestiency above 10 TeV and present
a uniform acceptance in zenith. Well-reconstructed evargdavored by the cuts. In an
E 3 spectrum, 98% of all events that are reconstructed withiof 3ne MC truth direction
are kept.

Figure 11.5.: The total charge (Qtot) is plotted againstzémith angle of the Level 2 MPE reconstruc-
tion for Muon Iter events from the IceCube 79-strings Levadlata. Despite the fact that a
zenith dependent charge cut is applied as part of the onHargsee Table 11.1), there is
a signi cant fraction of events with down-going reconstion and low values of the total
charge. These are events that were reconstructed as upigitinthe on-line reconstruc-
tion and passed the up-going branch of the Muon lter.

Figure 11.5 shows the dependence of the total charge fromzethieh angle obtained in the Level 20
line processing for Muon Iter events with a reconstructezhith angle above the horizon. The color
scale represents the number of events in each bin. Withiekiel 2 o -line processing, a dierent
hit cleaning has been applied than on-line at the South Pidiés hit cleaning applies a derent time
window cleaning as well as a reduction of isolated hits, $s@above. The dierences in the hit cleaning
are largest for coincident muon events or events with a ibriton of noise. For a considerable fraction
of these events, the more stringent hit cleaning of the L2wel-line processing eliminates the noise
or the contribution of the second muon. As a result, more thanthirds of the events that have been
reconstructed as up-going with the South Pole hit clearding,now correctly reconstructed as down-
going in the Level 2 o-line processing but are still kept in the data stream. Themnstruction shown
in Figure 11.5 is based on this new hit cleaning. Despite #lae that a charge cut was applied in the

is less mature than for the up-going region and we want teeleaough room for improvements.
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Figure 11.6.: Two alternative cuts on the total charge ferdown-going muon stream: Shown is the
distribution of the total charge in data in dependency of#w®nstructed direction. In both
of the plots, the on-line lter charge cut has been re-appligth respect to the L2 oline
MPE reconstruction. In the left plot, a charge cut is t to letdata to keep approximately
2 Hz of data with a uniform distribution. In the plot on thehrfgan additional set of quality
cuts has been applied to the data before an alternativeeclkbatgvas t to the remaining
data in the same way. This cut is used in the Level 3 processing

down-going sector of the on-line processing, there is naavgel fraction of events with low total charge.
This is a direct consequence of the often largeedénces in the reconstructed zenith angle obtained in
the o -line and in the on-line processing. A potential componditigh-energy signal neutrinos in this
low charge sector is very small. The rst step in the develeptof the down-going high-energy event
selection has therefore been to reapply the charge cut frefltion Iter (see Table 11.1) with respect to
the MPE reconstruction that has been performed in the Legethe processing. This cut reduces the
data rate by almost a factor of three to about 10 Hz and alloksep 91% of the down-going neutrinos
in an E 2 spectrum that passed the on-line Iter. For neutrinos thatraconstructed within 3f the MC
Truth direction, the passing rate of this cut is 99%n E 2 neutrino spectrum is used to benchmark the
performance in this event stream has it is designed to séarttard spectra neutrino sources.

At this stage, the data already contains a considerablédraof background events that are indistin-
guishable (down-going single muon events) or almost indjsishable (down-going bundles of muons)
from the signal and further energy cuts represent an easyavsyppress them if the event selection is
targeted towards very high neutrino energies. In the canfriee development of the event selection, we
have studied three derent parametrizations of a zenith-dependent energy cut.

All three considered cuts are designed to keep a data rablmaf 2 Hz and to distribute this rate of events
approximately uniformly across the southern sky. The stion that is considered is the application of
a zenith-dependent charge cut. This cut is illustrated gufei 11.6 on the left. The second alternative
is to rst apply the quality cuts of the up-going Muon Level 8eam on the down-going data and to
subsequently apply a deérent zenith-dependent charge cut, shown in Figure 11.6ernght. Finally,
we consider to apply a softer version of the zenith-dependeargy cut that has been applied in the
previous year's point source analysis [Agull]. This cutasdd on the MUE energy reconstruction
[Chi08]. To reach about the desired level of data reductibe,cut value at each zenith angle is scaled
down by a factor (B5.

The performance of these three cuts is compared in Tableahtl&igure 11.7. The eciencies quoted

in Table 11.4 are given with respect to the Level 2 data wiiite iumbers in Figure 11.7 have been
calculated with respect to an event selection where thegehaut of the on-line lter has already been

3For the perspective, in the previous year's point sourcéyaispAgull], only 5-10% of the neutrino events that werestd
in the second o-line processing step have been kept at the analysis level.
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Figure 11.7.: E ciency of three alternative cuts for the down-going regibéithe muon stream versus
energy (left) and reconstructed zenith angle (right). Theiencies are given with respect
to the event selection that is obtained after the zenitteddent charge cut of the on-line
Iter has been reapplied to the data with the Level 2llme MPE reconstruction as refer-
ence. The combination of a charge cut with the same qualtyasifor the up-going muon
stream is chosen as a cut for the Level 3lme processing.

reapplied with the Level 2 MPE reconstruction as referen&k.three cuts keep a similar amount of
data. If integrated over the whole spectrum and the wholélzeggion under consideration, the signal
e ciency for E 2 neutrinos is very similar in the three dirent event selections. With 64% to 66%, it is
considerably lower than for the up-going stream.

The left plot of Figure 11.7 shows the energy dependencyeétitiency of the three considered cuts.
The application of quality cuts on the reconstruction reduthe e ciency for events above 10 PeV but
allows to keep more events at lower energies. The degradafithe e ciency at the highest energies
is not considered as a problem here. It is caused mainly byetipgrements of the Direct Ellipse cut,
i.e. the event needs to have at least two channels with ¢itgsgs to pass the quality cuts. All previous
southern sky point source analyses with IceCube [A8%a, AAA"11i, Agull] have applied quality
cuts at analysis level, including cuts on the direct lendtihe event. Also the work presented in Chapter
11 of this thesis explores the use of the direct length or thraber of direct channels as cut parameter
at later event selection steps. It is therefore to be assuh@dhe events that are removed through the
application of quality cuts on the event topology and th@nstruction would in any case be removed at
later stages by any analysis that aims to select events wjitloa angular reconstruction.

The zenith dependency of the three considered cuts is shokigure 11.7 on the right. The combination
of the quality cuts with the charge cut has the highestiency around the horizon. As all previous
southern sky point source analyses with IceCube [AB®%a, AAA"11i, Agull] have been most sensitive

Cut Datarate EciencyforE? E ciencyforE2 ,3 of MC Truth
total charge A Hz 0.66 0.67
total charget quality cuts 2 Hz 0.67 0.84
MuE Energy 2 Hz 0.64 0.67

Table 11.4.: Comparison of three alternative event selestiin the high-energy down-going muon
stream. The two rst options use zenith dependent cuts ortdta charge and are both
illustrated in Figure 11.6, the third is a softer version lué zenith-dependent energy cut
applied in [Agul1l].
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Figure 11.8.: E ciency of the Down-Going IC79 Level 3 Cuts versus MUuE Enengy Zenith

around the horizon and considerably less powerful at smadleith angles, we consider the horizontal
region as the most important one and the combination of tyualits with a charge cut is chosen for the
Level 3 0 -line event selection. The precise parametrization of thesc

log total charge 1:05 0:755+ 4:885 cos() 4:778 cos()®+ 2:134 cos()® (11.2)

where is the zenith angle of the event as reconstructed with thellze -line MPE reconstruction.
Finally, the e ciency of the proposed cut is set into perspective with tinitlzalependent energy cut that
has been used in the point source analysis of IceCube S@siulata. Figure 11.8 shows the@ency of
the proposed cut for well-reconstructed neutrino eventieendency of the reconstructed zenith angle
and the MuE energy estimate. The energy cut of [Agul1l] is sheswvell as the softer version of this cut
that has been considered for the event selection develayed Note that in [Agull], the illustrated cut
has been combined with strong cuts on the direct length andrtular uncertainty estimator paraboloid
. Figure 11.8 shows no indication of any alarming ireéency in the region that is potentially of interest
to analyses such as the one in [Agull].

Notes on Neutrino Events with a Coincident Muon

In the previous sections, we have discussed the rejectiamviotident atmospheric muon events. In
principle however, it is not only possible that two atmogphmuons reach the detector at the same time
but also that a neutrino is accompanied by a randomly caémtichuon. Figure 11.9 shows an event
from the IceCube 79-string data with this event topology.e Tip-going neutrino candidate enters the
detector from below. As the size of the detector grows, thmber of events with topologies like this
increases. This event topology is not taken into accouttitdrstandard simulation. Dedicated simulation
that allows to study these events is available how but wasaaaty yet when the event selection for the
0 -line processing was rst developed. Recent studies [Ku@rb11] have shown that the fraction of
atmospheric neutrinos with a coincident muon is about 8%héurtrinos with energies abovel00 GeV
which are selected by the Muon on-line Iter. Events likesbgoose two problems to the event selection
and processing:

The probability that such an event is rejected by the cuteldped above is high. The cuts are

particularly designed to eciently reject events of a similar topology that are complosktwo

atmospheric muons as these constitute a major background.

Even if the event was kept by the event selection, the prelyaapplied o -line reconstruction is

not useful and the event will be rejected once stronger quth® quality of the reconstruction are

made.
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Figure 11.9.: A neutrino candidate event from the IceCubstrifig experimental data that is accompa-
nied by a down-going atmospheric muon. A clustering alharihas been used to identify
the neutrino and muon tracks shown in this picture.

The same problems have existed already in previous anakjfeghe only di erences that the detector
is now larger and that the rejection of coincident muon evdwats been improved in this work with
respect to the previous years. The approach to avoid a sttegigadation of e ciency for coincident
neutrino-muon events is therefore:

1. Select a sample of events that are likely to belong to thssmf events.

2. Apply a clustering algorithm to nd particle candidates.

3. Perform reconstructions on each of the obtained paxahelidates.

4. Apply the Level 3 o-line event selection on the new reconstructed particles.

To this aim, we have studied the clustering algorithm Togiial Trigger [Chill]. The algorithm is
simple and can achieve a very good separation of coincidatitles. The algorithm considers two hits
as topologically connected if all of the following conditi® are ful lled:

The di erence in depth between the two hits is smaller than a coalgerdistanc& DOMDist
The distance is given in units of the nominal DOM spacing emdard IceCube strings.

The distance between the two hits in the x-y-plane is smé#fian XY Dist The value of this
parameter is given in meters.

A time residual is de ned adt % wheredt is the di erence between the two hit timek, their
spatial distance andthe speed of light. Two hits are connected if this time realidtismaller than
a con gurable timeTimeCone

The output of the algorithm are one or more sets of hits. Basethese, new reconstructions can be
applied. Topological Trigger has already been used in théine processing of the IceCube 59-strings
data [BSW10]. The priority there was to reject the coinctdanon background on the base of additional
reconstructions. Consequently, aggressive settingslieese chosen for the parameters of the clustering
algorithm. The chosen values weXér Dist= 300m,ZDOMDist = 30 (in units of the vertical DOM
spacing) and imeCone= 450ns.

If the clustering algorithm Topological Trigger is appligmliceCube 79-strings atmospheric muon sim-
ulation with these settings, 86% of the events with a secamacitlent muon are divided into at least
two parts but also 26% of the single muon events are split. Sptiting of single particle events into
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several parts becomes stronger with higher energies. $hiaused by the dust layer in the ice, see
Chapter 5. At higher energies, the length of the muon trajgdhcreases and it is more likely that an
event traverses the dust layer, leaving hits on both sidéts dhese events are often split precisely at
the dust layer if aggressive settings are used in the sjiiigorithm. This behavior has been studied
in detail in the work of [Sch1la]. To avoid the splitting ohgle atmospheric muon and in particular
single neutrino induced muon events, the parameters ofltiseedng algorithm have been reevaluated.
With the settings obtained here, which a¢¥ Dist= 300m,ZDOMDist = 15 (in units of the vertical
DOM spacing) and’ imeCone= 1000ns, the algorithm still separates 77% of the simulatéacaent
muon events but splits only 2% of the single muon events. HEropnance of the splitting has also
been veri ed by an extensive study of event displays thatHasen obtained from IceCube 79-strings
experimental data. Examples are shown in Figures 11.3 aifd The same settings for the clustering
algorithm have also been used in anline processing for WIMP analyses with the IceCube 7Rgtri
data [DS11].

Since the application of Topological Trigger and all sulsaq reconstructions is too CPU extensive
to be applied to all events, we restrict their applicatiothimse events that are more likely to show the
topology of a coincident event. These events are selected e Level 2 o-line data before further
event selections are applied. Based on the work in thisglze®l on the studies presented in [Kurll] and
[Grol1], two classes of events are selected to this means:

1. Events with LEmpty 250m. Large values of this parameter indicate that a coémeid might
be present and that the spatial separation between thelgsuntiight be large enough to separate
thent.

2. Events for which more than eight pulses have been remavétkitime window cleaning. The
hit cleaning of the Level 2 o-line processing includes a time window cleaning that catinats
remove a signi cant fraction of the neutrino if a coincidention is present. Similarly, it can also
remove a part of the muon but leave enough hits to distortébenstruction. These events are
identi ed by the di erence in the number of pulses in the time window cleanecemdsies and
the non-time window cleaned pulse series.

For the events listed above, Topological Trigger is appiiethe pulse series without previous time win-
dow cleaning and the resulting particle candidates arenstnacted. With these settings, the @ency
for neutrino events with a coincident muon is improved anohisverage only less than 10% below the
e ciency for single neutrino events.

DeepCore Filter Events

In addition to the events from the Muon lter, also eventsnfrthe DeepCore lIter are presently inves-
tigated to be used for the All-Sky point source analysiststahere. The aim is to select a sample of
neutrino candidates which can be well-reconstructed aridhiwtave the interaction vertex within a du-
cial volume inside the detector. The depth of the vergx.x measured from the center of the detector
and the radial distanagertex Of the vertex to the-axis of the IceCube coordinate system are available in
the simulation and are used to de ne the signal region foethent selection. In this rst event selection,
acylindrical ducial volume ofz,griex  2000m andryeriex  200:0m has been considered. If necessary
for the background rejection, a smaller ducial volume candhosen at later stages of the analysis. As
well-reconstructed events are preferred for point sounzdyaes, we aim to achieve the bestagency

for these. Events which are reconstructed withirobthe MC truth are used to benchmark the signal
e ciency of the event selection. A SPE t with four iterationaded on the DeepCore pulse cleaning
described above is used as reconstruction.

A rst problem is that the simulation of low-energy eventssiill under improvement. In fact, the
data rate at Level 2 is17 Hz, exceeding the event rate expected from MC simulatipns factor

“Topological Trigger can only distinguish particles that aeparated in space or in time.
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Event Type CutE ciency w.r.t. L2
background (data) 0.06

E 3 | Zertex 2000m, ryerex ~ 1500m, E 0.98

100GeV, within 5 of MC truth

E 3 | Zertex 2000m, ryerex ~ 1500m, E 0.97

50GeV, within 5 of MC truth

E 3, Zertex 2000m, 150M ryerex  2000m, 0.95

E 50GeV, within 5 of MC truth

Table 11.5.: E ciency of the event selection for the DeepCore Iter evemtghie IceCube 79-string
Muon Level 3 processing.

two. This discrepancy is to a large extent owned to the indetagsimulation of noise in the detector
[Cabll, Secll]. Pure noise events are characterized by adowber of channels and as a rst cut,
a cleaning cut is therefore applied to the data, requirirag #t least eight DOMs were hit. A cut at
plogl= %E&g' 8:8 favors well-reconstructed events. Finally, cuts on tloemstructed vertex position
are used to suppress the muon background.

To estimate the position of the vertex, a simple vertex retantion called FiniteReco [Eul08] is per-
formed within the Level 2 o-line processing. In this vertex reconstruction, the scatty of light in the
ice is neglected and it is thus assumed that light emitteldea€herenkov angle travels directly from the
reconstructed particle trajectory to the receiving DOMaclEreceiving DOM can then be identi ed with
a position on the reconstructed track at which the lightatetkin this DOM has been emitted. These
positions are calculated for all hit DOMs within a cylindalavzolume of the track and the hits are ordered
according to this position. The projection of the rst radgag DOM is then used as an estimate of the
position of the interaction vertex. The depth of the recantséd vertexz R, and the radial distance
riR ey Of the vertex to thez-axis of the coordinate system are used as cut parameterghé-bevel 3

o -line processing, we require thel},., 300m andZ R,  100m.

The remaining data rate for DeepCore events is about 1 Hze Thiency of these cuts for an Esignal
neutrino spectrum is shown in Figure 11.10 and in Table 1Qr8y events with interaction vertex within
the ducial volume are considered in the plots in the top rdwrigure 11.10. The eciency is best at
neutrino energies around 100 GeV. Note that the statistioseal0 TeV is low. The acceptance in zenith
is uniform. The performance of the cuts with respect to thiéexeposition is benchmarked in the bottom
row of Figure 11.10. In the left plot, the event sample isriefstd to events withyerex  2060m and in
the plot on the right to events witheriex ~ 2000m. The e ciency for well-reconstructed events is best
for events with interaction vertex within the ducial volwerthat has been de ned for this analysis. The
plots indicate that the estimation of the radial distancthefvertex to the detector center is very poor if
the event is not well-reconstructed.

At the time that this thesis is being written, the-bne processing of the IceCube 79-string data is being
performed with the event selection described here and tihe gtocessed data sample will become
available within few weeks. The data from33:5 days, the so-called burn sample, is already available
and the zenith distribution of the events with Muon lter imig set of data is shown in Figure 11.11 and
compared to simulation. The yellow band represents thiststal uncertainty of the Monte Carlo (MC)
prediction. 2.3 days of atmospheric muon simulation are is¢he comparison.
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reco within 5 © of MC thruth

all DC events within fid. volume
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Figure 11.10.: E ciency of the DeepCore Level 3 dine processing event selection. In the top row, only
events within the ducial volume de ned for this analysissaronsidered. The acceptance
is uniform in zenith and reaches its best@ency around 100 GeV. The statistics above
10 TeV is low. In the bottom row, the event selection is restd to events withyertex
20G0m (left) and to events witlertex 20G0m (right). A very good e ciency is
achieved within the ducial volume that was targeted foisthhalysis.

11.2. Analysis Level Event Selection - First Steps

To illustrate the potential of the IceCube 79-strings datape, we present a rst, preliminary analysis
level event selection. The presented event selection heexperience obtained in the previous chapters
of this work as well as in other analyses that have been peddron the IceCube data by our collabo-
rators. The optimization for the best sensitivity as welhadeeper study of the background are not yet
completed and will both help to further improve the evenestbn.
As discussed above, we aim to use threeedént streams of events in the analysis. The main event
selection in each of the three streams will be obtained wihtaf Boosted Decision Trees (BDT). An
introduction to BDTs is given in Chapter 4. They are chosae far several reasons:
Multivariate event selection techniques can improve tigmali e ciency as the discrimination
power of several variables is combined.
Each BDT provides a single cut parameter, allowing for a dpllimization of the discovery po-
tential or the sensitivity.
BDTs are powerful out-of-the-box classi cation algoritenthat are well-suited for experiments
where many but sometimes weak cut variables are availa@le(QM]. This is exactly the situation
in IceCube.
BDTs have been used successfully in previous IceCube datgsas (for example [AAAlla, Hall,
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Figure 11.11.: Zenith angle distribution of the IceCubes@®gs Muon lter data after o-line process-
ing and event selection: Data from the 33.5 days burn saregempared to simulation.
The total MC prediction includes atmospheric muons and speric neutrinos. The
yellow band represents the statistical uncertainty of ti& NWhree di erent background
components are highlighted for illustration purposes: aperic neutrinos, coincident
atmospheric muon events and atmospheric muon bundle evbitls have more than 10
muons with energies above 500 GeV in the ice. An overall desgent between the data
and the MC prediction is observed with a ratio of up to abo8thketween them. A similar
level of disagreement is observed at on-line lter level. #spible explanation of this
discrepancy is an underestimation of high-energy muonsrarzh bundles due to an in-
complete modeling of the cosmic-ray primary composition.cifcumvent this problem
and to obtain a robust description of the background, the itklf is used to describe the
background at all stages. The structure at ¢8§( 0:2 is more pronounced at on-line

Iter level and patrtially survives the background rejectideveloped in this work.

Agull]). On the downside, BDTs are vulnerable to overtrajnias discussed also in Chapter 4. Care
is taken therefore to avoid this weakness. Severatmint settings for the BDTs have been or will be
tested in this work. The TMVA [HSS)7] analysis framework is used for all studies.

Selection of Neutrino Candidates in the Northern Hemispher e

Based on the experience obtained in the IceCube 40-strirdypBMIANDA analysis, the northern hemi-
sphere has been divided into the two zenith angle regions 90°¢ < 1300 and 130 "¢ < 1800

and two BDTs have been trained for each of the two regionshifMibis work, it has thus been attempted
for the rst time to take into account that the vertical ane thorizontal region dier in the background
composition and, in this case more importantly, in the endigtribution of the signal. In the PeV range,
the Earth becomes opaque to neutrinos. Very high-energlyimesi are therefore more abundant in the
horizontal region.

The same input variables are used in all four BDTs and a cuherpéraboloid angular uncertainty
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estimator (see also Chapter 9) is applied at a value ob&€ore the training is performed. In each case,
experimental data is used to model the background. In this wa obtain a robust description of the
background and avoid part of the inconveniences that axise the fact that the background simulation
shows signi cant discrepancies from the data at the on-litez level as well as at all stages of the

o -line processing. As the signal, we consider twoatient neutrino spectra: a hard®=spectrum and

a soft, Crab-like spectrum as in Equation 10.1 with an exptialeenergy cuto at 7 TeV. The goal is to
obtain a good e ciency for both high and low energies. Only signal events éinareconstructed within

5 of the MC Truth direction are used in the training phase oBbBF's.

We present the distributions of the variables that have bsed in the BDTs in Figures 11.14 and 11.15.
The zenith region 130 "¢ < 1800 is chosen for illustration purposes. The presented total MC
prediction includes both atmospheric muons and atmospimenitrinos. The yellow band represents
the statistical uncertainty of the MC. The systematic amitétical uncertainties of the simulation are
not taken into account. In the analysis presented in theiqus\chapters of this work, the systematic
uncertainties have been estimated to be around 17%, a iseggéematic uncertainty can be expected
here. The theoretical uncertainty on the atmospheric meutux is between 7% and 25% depending on
the energy. While an oset in the event rates is observed, the distribution of #r@bles that have been
used is well-simulated. Three dérent background components are highlighted for illustngburposes:
atmospheric neutrinos, coincident atmospheric muon evard atmospheric muon bundle events which
have more than 10 muons with energies above 500 GeV in th@ feeclassi cation as muon bundle or
coincident muon event is not exclusive; it is possible thatdame event belongs to both classes. The
variables that have been used for a rst study of the perfoaaare, in the same order as presented in
Figures 11.14 and 11.15:

Angle between standard and high noise t Various studies like for example [Dum09] have shown
that the noise probability in the MPE likelihood (see Chaptecan be tuned to obtain a better
reconstruction in particular for atmospheric muon eveAtSPE reconstruction with a ftimes
higher noise probability is performed as part of the Level dine processing. The angle between
this and the standard Level 2 dine MPE reconstruction can be used as a powerful cut agains
coincident muon events. This can be seen on the top left afr€igl.14. This variable has not
been used in previous point source analyses.

LineFit Velocity The de nition of this parameter is given in Chapter 7. Theiable is used here to
reject cascade-like or small events. It has also been ugée iwork of [Agull].

closest approach to center of gravity The distance of the reconstructed track to the charge-wezigh
center of gravity of the hits at the point of closest approechxpected to be very small for a
neutrino event. In the presence of noise or additional édémt particles however, large distances
can be observed. This variable is studied here for the nsetfor a point source analysis.

smoothness of all hits  The smoothness of all launches is a weak cut parameter againeident
muons. A value of 0 corresponds to a uniform distribution @NDd launches along the length of
the track while values /1 indicate a clustering at the beginnitige end of the track. The absolute
value of the variable is used here.

DOMs with direct hits  The number of DOMs with direct hits (NDirChannel) is an iratir for high-
energy events with a good track reconstruction.

plogl here de ned as-MPEldl s g very powerful variable to select well-reconstructegnts. An

apparent misma';\lcchh i?ﬁSthe shape of the distribution is calbiyed transition from atmospheric
muon to atmospheric neutrino dominated regions which haverdnt uncertainties.

Separation is a measure of the track length and the de nition has beesngabove. In this form, itis a
modi ed version of a variable that has previously been used/IMP analyses and in the analysis
of [AAA *11a].

MPE paraboloid is a measure of the angular uncertainty of the reconstrcsiee Chapter 7, and is
used in many analyses to select well-reconstructed evedtsoasuppress the atmospheric muon
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background.

Tacc is de ned as the time (in ns) to accumulate 75% of the charghenevent. It is a variable that
has previously been used primarily in WIMP searches buigmtesa discrimination power against
coincident muon events that can be used also for high-erarglyses.

log(Truncated Mean Energy=GeV) Truncated Mean [Miall] is a new energy estimator that has bee
shown to have a better energy resolution towards low ereth&n the MUuE energy estimator
[Wol11] that has previously been used in all point sourcdyeses. Energy estimators can be used
to suppress a low-energy muon background.

Ztravel is a variable that has been used in WIMP analyses as well asAA {11a]. It measures the
vertical extension of the event by calculating the meanapuod the z-coordinates of all hits in the
rst quartile of hits in the event.

Finally, also the reconstructed zenith angle has beendedin the BDTs. For this selection of input
variables and this de nition of zenith regions, the AdaBoakjorithm [FS96] has been observed to
provide an excellent separation between background amalsigrhe distribution of the BDT scores
obtained in the two dierent zenith regions are shown in Figures 11.12 and 11.18.dEtributions of
the BDT scores in the simulation agree well with the data énpghaks of the signal region. In the tails
of the distribution, we observe a de cit of data with respecthe simulation that is also observed in the
distribution of plogl in the bottom left of Figure 11.14. Bhilisagreement is therefore very likely not
connected to the properties of the BDTs.

The BDTs obtained through the training with two drent signal spectra are combined in the preliminary
event selection. For this study, cuts have been chosen tmweetie muon background contamination
in the northern hemisphere to around 4%. This correspondddot the same level of background
contamination as in the analysis of [Agull] and allows to pare the two event selections. The cuts for
this region are summarized in Table 11.6. The cuts have ridigen optimized for the best sensitivity
and also the selection of input variables for the BDTs i$ atitgoing.

Zenith Region Cuts before BDT training Cuts on the BDT scores

90 "< 1300 MPE Paraboloid 10 BDT"dscore 0:144 or BDT"score 0:195
130 €< 1800 MPE Paraboloid 10 BDT"9score 0:137 or BDT score 0:185

Table 11.6.: Preliminary cuts applied on the BDT scores énup-going region.

With these preliminary cuts, a rate of22nHz of events is selected from the experimental data. This
represents an increase of a factor of 1.6 with respect tovitve gelection used in the IceCube 59-strings
point source analysis at the same level of muon contamim@figull]. It is more than expected from
the increase in instrumented volume. The total rate predibly the simulation is:2 mHz, which is
about 10% above the observed data rate. Thismince is well-contained within the uncertainties of the
simulation but will still be studied further. Atthis cutlely an e ciency of 72% with respect to the Level
3 0 -line processing event selection for this Iter stream ifiawed for up-going signal neutrinos with
an E 2 spectrum. The eciency for atmospheric neutrinos is 47%. The acceptanceagyuniform in
the northern sky as can be seen in Figure 11.21. Both of thesiecies are substantially above the
e ciencies achieved in [Agull] where a 58%@ency was observed for up-going signal neutrinos with
an E 2 spectrum and 28% for atmospheric neutrinos. The comparishowever not straight-forward
as the signal-to-background ratio in the IceCube 59-drirayel 3 o -line processing was derent than

in the work presented here. The IceCube 79-strings Level-Bne processing event selection contains
a higher fraction of atmospheric neutrino events than thefonlceCube 59-strings. The dependency
of the cut e ciency from the neutrino energy and the performance of then&ruction are shown in
Figure 11.4.
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Figure 11.12.: BDT Scores for the zenith region 130 "¢ < 1800 obtained with training on two
di erent neutrino spectra. An excess of the data over the bawkdrexpectation in the
atmospheric muon-dominated regions is observed in aliibiigions and at all processing
levels. This discrepancy might arise from the incompletedeting of the cosmic-ray
primary spectrum. To circumvent this problem and to obtainkast description of the
background, the data itself is used in the training of the BDA better agreement is
observed in the high-statistics bins of atmospheric neorttiominated region. The excess
of simulated neutrino events over the data is not only oleskiv this distribution but also
in the neutrino dominated regions of the Level 2lne data (see the bottom-right plot in
Figure 11.14) and is therefore very likely not an artifacthaf BDT. Further investigations
are on-going.

We will continue to improve the event selection before thalgsis will be performed. In particular
we will work further on the selection of the BDT input variabl A powerful variable to reject mis-
reconstructed down-going single muon events, the Bayd#ialihood ratio (see Chapter 9) was not
available at this moment but will be included in the futureorgover, we will test if the BDTs can be
improved by removing or substituting variables with straogrelations to the other variables. First tests
in that direction have not yielded a better discriminatiomvpr though. Already studied variations of the
BDT include the application of a principal component analysd the input variables before the training
as well as variations of the training settings.

Very High-Energy Event Selection in the Southern Hemispher e

We present here the rst attempts to improve the very higbrgy event selection in the southern hemi-
sphere. The pioneering work for very high-energy southégnpoint source searches with IceCube
has been performed in [AAZ09a]. The analysis presented there opened the sky abovetizerhfor
IceCube through the careful selection of high-energy evbgtthe use of rectangular cuts on six vari-
ables that are correlated with the energy or the quality eftthck reconstruction. In later analyses
[AAA *11i, Agull], a slightly di erent approach has been followed; only few variables wensidered
and very hard cuts have been applied before a zenith-depeadergy cut has been performed to keep
an approximately uniform data rate across the southerniskige analysis of [Agull], a rst generation
IceTop veto has been used to lower the energy threshold focaky down-going events. In the analysis
started here, we aim to apply an improved selection of veslbnstructed tracks of very high-energy

119



11. All-Sky Neutrino Source Search with IceCube 79-strings - First Steps

E n spectrum in training

Crab-like n spectrum in training

S F - — Data, 33.5 days. ot - = — Data, 33.5 days_
= r . itotal MC Prediction = - total MC Prediction
e 104 . -~ atm. n (Honda 2006) €104 - L -- atm. n (Honda 2006)
i} E = RERE - - coincident mbg I} E = i~ L= --caincident mbg
£ - L - - mbundle bg 5 = - -i_ - -- mbundle bg 5
R A e 2 r : Q
- 4 . 4
10° N 107 y
E & £ &
C < F <
: 3 - 3
102 s 102 i
E o E o
£ E) = E)
|- =3 - =1
L «Q L «Q
g 8
10 g 10 8
E 5 E 5
C > C S
1= 1
E E -
O 2 O 2
2= 1sf 2 15
g I s I
T 05[ T 05
o L | L] Ll o ! ! | | | ! I
1

N R B
06 08 1
BDT score

N .
06 08 1 -1
BDT score

Figure 11.13.: BDT Scores for the zenith region 90 "¢ < 1300 obtained with training on two
di erent neutrino spectra. An excess of the data over the bawkdrexpectation in the
atmospheric muon-dominated regions is observed in aliilbligions and at all processing
levels. This discrepancy might arise from the incompletedeting of the cosmic-ray
primary spectrum. To circumvent this problem and to obtaipkast description of the
background, the data itself is used in the training of the BDA better agreement is
observed in the high-statistics bins of atmospheric neorttiominated region. The excess
of simulated neutrino events over the data is not only oleskiv this distribution but also
in the neutrino dominated regions of the Level 2lne data (see the bottom-right plot in
Figure 11.14) and is therefore very likely not an artifacttef BDT. Further investigations
are on-going.

neutrino events through the use of a multivariate cut obthiwith a BDT. In this way, we hope to be
able to lower the energy threshold of the analysis. The seteaill be completed by the use of the
advanced IceTop veto described in [Aufll, ACM11].

As can be seen in Figure 11.11, the background componenke ihdrizontal down-going region are
single muons, coincident muons and muon bundles in aboat éaetions. In the vertical down-going
regime, muon bundles dominate the background. The cotitibof coincident muons is an order of
magnitude smaller. The input variables for the BDTs arecsetkfor their discrimination power between
signal neutrinos and at least one of the described backdroamponents.

For the preliminary event selection presented here, two 8bave been trained. The rst is obtained
for the zenith region 0 "¢ < 75 and the second for the region 75 '€ < 90 . Experimental data
has been used to model the background in both cases and t&ichEI4 neutrinos that are reconstructed
within 5 of their MC truth direction are used as signal.

For the moment, the same twelve variables have been coedideeach of the two BDTs. For illus-
tration, their distributions after a cut on the paraboloidingular uncertainty estimator (see also Chap-
ter 9) has been applied at a value of 1@re shown in Figures 11.18 and 11.19 for the zenith region
0 '®C < 75 . A description of the variables is given here, in the sameioad in the Figures:

. . . DOM DOM . - -
Charge Ratio The charge ratio is here de ned as IO%.HS_; , WwhereQp5y" is the maximum charge, i.e.

amount of light detected in a single DOM whil@.4 is the total charge in the event. The variable
presents a discrimination power against single muons aingident muon events. It has not been
used in any point source analysis before but in the work of IBf
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Figure 11.16.: E ciency of the preliminary IceCube 79-strings analysis llevent selection in the up-
going region in dependence of energy (left) and the anglderi the MC truth and the
reconstructed direction.

Center of Gravity, z The depth of the charge-weighted center of gravity of the piesents a weak
discrimination power against the muon background in thétlzeagion 75 €€ < 900 ; both
data and muon simulation contain a small excess of everte aetry top of the detector.

LineFit Velocity The de nition of this parameter is given in Chapter 7. Theiahle is primarily useful
to identify cascade-like events. However, it is also obsérthat coincident muon events in the
zenith region 75 "¢ < 90 produce a tail towards higher values in this variable.

MUEX Energy Energy estimators can eiently reduce the background in the southern hemisphere.
Here, an improved version of the MuE energy estimator ([8hi8ee also Chapter 7), called
MUEX is used. In contrast to the MUE energy estimator, MuER€sathe structure of the ice into
account. The study in [Wol11] has shown an improved perfoicea

Mean_Square DistTrack _ChargeWeighted The mean of the charge-weighted, squared distances of
the hit DOMSs to the track. This as well as the next variableeha®en chosen based on the work
of [ACM11]. For vertical down-going events, a discrimirati power against muon bundles is
evident.

Mean_TimeResidual _ChargeWeighted The mean of the charge-weighted time residuals (see Chapter
7) of all pulses with respect to the track. Coincident evehisw a tail towards negative values.
Again, for vertical down-going events, a discriminationygo against muon bundles and coinci-
dent muon events is evident.

MPE rlogl The variable has been de ned and discussed in Chapter 9 dectssevell-reconstructed
high-energy events.

MPE paraboloid Selects events with a small angular uncertainty.

Smoothness of all hits  The absolute value of the smoothness can be used to reject@ir of single
and coincident muon events in the down-going region.

Tacc has been de ned earlier in this chapter. It has a discrinonapower against coincident muon
events and even muon bundles that can be used for very haglyeanalyses.

Zsigma-abs(Ztravel) is the di erence between two measures of the depth extension of thnt. eve
Ztravel is the mean spread of the depths of all hits in the gqsartile of hits in the event while
Zsigma is the standard deviation of the depthadl hits. Zsigma is strictly positive while Ztravel
can be negative as well. This combination of variables hasmigeen used before as far as we
know but presents a good discrimination power against muoules.

Distance to detector center / number of strings is the ratio of the distance of the reconstructed
track to the center of the detector at the point of closestagmi and the number of strings with hit
DOMs. The variable is used to preferentially select everitsre the reconstructed track intersects
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Figure 11.17.: BDT Scores for the zenith region 75 "¢ < 90 (leftyand 0 "¢ < 75 (right).

with the detector.

As can be seen in Figures 11.18 and 11.19, the data is canbisibove the expected background from
simulation. In particular transitions between theatient background components are not well-described
in the simulation. The most likely reason for these disagie@s lies in the modeling of the cosmic-
ray spectrum. Further studies with dedicated backgroumdilation that allows to study the impact of
di erent cosmic-ray primaries are planned.

For the selection of input variables and zenith regions ud, the GradientBoost algorithm [Fri00]
has a better performance than AdaBoost [FS96]. This is prably connected to the fact that the data
in the down-going region contains a higher fraction of sigik@ events than the data in the up-going
region. The distribution of the BDT scores in data and sittimteobtained for the two zenith regions is
shown in Figure 11.17. The ratio between data and simul&iapproximately at in both distributions.
As in previous southern sky point source analyses [AB®%a, AAA*11i, Agull], we have taken care to
choose the cuts in the down-going region in such a way thatetmransition between up- and down-
going events at the horizon is guaranteed and an approtimaidorm event density in the southern
sky is achieved. As the density of background events is lzel@pendent, the strength of the cut to
suppress the background needs to be zenith-dependentlagedlave therefore parameterized cuts on
the obtained BDT scores to keep an approximately unifornmteslensity across the southern sky. The
distribution of the BDT scores in dependence of the recanstd zenith angle in data is shown in Figure
11.20 along with the parametrization of the cut that is agapfor the rst studies presented here.

With these cuts, approximately23nHz of experimental data are selected across the soutkeriise
ratio in the rates in the up-going and down-going region isualbhe same as in the IceCube 59-strings
point source analysis. While this is not necessary, itifatds the comparison of performances until the
nal sensitivity is calculated. The MC prediction of the eabbtained after these cuts is78Hz and
thus about 16.5% above the observed rate in experimental d&ie statistical uncertainty on the MC
estimate is however very high as only the equivalent of 2y3 d# lifetime was available at this moment
for the atmospheric muon simulation. The background estimél be improved with higher statistics
in the future. Averaged over the southern hemisphere, tsepted preliminary cuts keep 40% ofE
signal neutrino events with respect to the Level 3lime event selection presented earlier in this chapter.
The zenith dependency of the cut eiency for the whole sky is shown in Figure 11.21. An@ency of

at least 30% for E2 signal neutrinos is achieved at any position in the southleyn
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Figure 11.20.: Parametrization of the cut on the BDT scareake zenith regions 75 €< 90 (left)
and0 "¢ < 75 (right).

Benchmarking the Performance of the IceTop Veto

The IceTop air shower array above the IceCube neutrinodaescan be used to veto down-going muons
from cosmic-ray air showers and thus further reduce thedracikd. The method that is considered
here has been developed in the context of extremely higrggmeeutrino searches in [Aufll]. It is
also reported in [ACM11]. The key idea is that an atmospherimn is accompanied by a shower of
particles that can produce hits in IceTop. When the diraatibthe muon is reconstructed in IceCube,
an approximate position of the shower front can be calcdlfdeany time. By counting the number of
SLC (soft local coincidence, see Chapter 5) hits in IceTagtime window around the expected passing
time of the shower front, a veto can be de ned. The veto is atiarized by the chosen time window
and the maximum number of IceTop hits that are accepted. ésumber of particles in the shower and
the lateral extension of the shower depend on the energyeafdbmic-ray primary, the veto capability
is energy-dependent. Through the geometry of the detaéctopptimal for vertical down-going events.
To illustrate the expected improvement in the selectionesf/\nigh-energy down-going events for the
All-Sky neutrino point source search, a veto time window 4000 ns, 500 ns) around the expected
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Figure 11.21.: E ciency of the preliminary event selection with respect te tievel 3 o -line event
selection. Two dierent neutrino spectra are considered? Bignal neutrinos and the
atmospheric neutrino spectrum. For illustration purppa@&sshow the zenith distribution
of E 2 signal neutrinos after the Level 3 dine event selection in the background. The
absolute scale of this distribution is arbitrary. The lgeTeto is not considered in this
plot.
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Figure 11.22.: Left: Distribution of the number of SLC hitslceTop in the veto window and in the o
time window. Right: Background rejection power of the Icph@to at each cut strength
pSLChitsiniceTor Eyents with more than or equal tdo-C ™ ™" '®™Phits in IceTop are
rejected as air shower events. The signal loss of the samie quanti ed by the use of
an o -time window and is shown here in black. All distributionsogm here are obtained
from experimental data. All down-going events with muorerfrom the Level 3 o-line

event selection are considered.

passing time of the shower front is considered. To benchrttagkveto capability, we also have to
characterize the probability for random coincidences betwa down-going signal neutrino and SLC
hits in IceTop. The best way to do this is to use a data-drivaimation. The probability for random
coincidences is studied by the de nition of an-time window of the same length as the veto window
where no correlated hits in IceTop and IceCube are expetiede, an o-time window of ¢+3500 ns,
+5000 ns) with respect to the expected passing time of theahivant is used. The performance of the
IceTop veto is benchmarked in Figure 11.22. If all eventaitleast 5 SLC IceTop hits within the veto
time window are rejected, 4% of the background can be rematndlé only 0.04% of the signal are lost.
The veto power is zenith and energy dependent and is coabldelarger for small zenith angles and
high energies. The signal loss is independent of the neutirergy and zenith angle.

11.3. First IC79 All-Sky Point Source Sample

A rst All-Sky data sample has been produced to study evelgicsens and to benchmark the expected
performance of the IceCube 79-strings point source armatysilined here. The zenith distribution of
this rst, preliminary data sample is shown in Figure 11.23the plot on the left, we have applied the
cuts described above. In the plot on the right, we have apitie IceTop veto to the data and obtained
a new parametrization of the cut on the BDT scores in the dgoing region to keep an approximately
uniform event density in the southern sky. The IceTop vetmoabe applied to the simulation as IceTop
is not included there. For the study of the agreement betwatmand simulation, we therefore have to
use the event selection without the consideration of th&dpe/eto. The estimation of the signal loss of
about 0.04% is however robust and presents a negligilkdete

The agreement between data and atmospheric neutrino siomuia the northern hemisphere is very
good apart from a de cit of data with respect to the simulatin the region 0 cos('®®)  0:35.
Possible reasons for this disagreement are uncertaintige imodeling of the energy spectrum of the
atmospheric neutrinos and in the description of the detewtthe ice. Another possible reason is that
coincidences between neutrinos and atmospheric muonseser in the data but not in the simulation
used here. This eect will be studied in the near future. More simulation isdesk for a study of the
agreement between data and simulation in the southern pleenesand will become available soon.
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Figure 11.23.: Zenith distribution of the preliminary ays$ level event selection for IceCube 79-strings
without IceTop veto (left) and with IceTop veto (right).

The event distribution of B signal neutrinos and the esiency for these without the application of
the IceTop veto is shown in Figure 11.24 as a function of tmitlzeangle and the neutrino energy. The
IceTop veto leads to a small improvement in the selectioredfaal down-going events. An E neutrino
spectrum is shown here as a compromise since it is relevahbfb hemispheres with the current event
selection. In the northern hemisphere, a good performaorcsofter spectra is obtained already now as
can be seen by the high number of atmospheric neutrinosniaebkected. The nal event selection will
be developed on the base of the work presented here and sdlcahtain a selection of starting tracks
in DeepCore that is not yet included. The analysis will tfene push IceCube's potential to search for
soft spectra neutrino sources in the southern sky.

Finally, the e ective area of the analysis with the current event selettamnbeen calculated for six dif-
ferent ranges in the declinationsee Figure 11.25. The event selection without the Ice Tophas been
used here. The inclusion of the IceTop veto would increasestlective area in the declination bands
(90; 60)and ( 60; 30) a bit towards lower energies while a small overall decrease ective
area would be expected across all energies in these démtifznds due to random coincidences. To
rst order however, the presented ective area provides a good rst estimation of the perforoeaaof
both event selections.

The comparison of the presentedegtive area to previous point source analyses with IceCGubie icult

as several changes have been made to the simulation simceTtiese changes include an update of the
calculation of the interaction volume for neutrinos and aedéent description of the ice as well as several
minor bug xes. With the new simulation, the expected numiieneutrino events for a given neutrino
ux is decreased with respect to the previous simulation latost all energies. Even the update of
the calculation of the interaction volume for neutrinosn@aan lead to a 30% decrease in the number
of expected events at TeV energies. A complete comparis@netdous analyses can therefore not be
performed until these are updated with new simulation. Rerrtorthern hemisphere we can estimate
the improvement in the event selection with respect to te€lbe 59-string analysis by considering
the e ciency with respect to the on-line Iter. The performancetioé on-line Iter is expected to be
about the same for both detector con gurations. For af €ignal neutrino ux, 62% of all up-going
events in the on-line Muon lter are kept in the preliminaneat selection presented here. The previous
year's analysis [Agull] kept 44% of the corresponding digitaanalysis level at the same level of
background contamination. An improvement of a factor 1.thanevent selection is thus expected here.
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11. All-Sky Neutrino Source Search with IceCube 79-strings - First Steps
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Figure 11.24.: Energy distribution and eiency of the preliminary analysis level event selectiome T
event selection without IceTop veto is presented here. Elrino signal spectrum con-
sidered here is an B spectrum.

For atmospheric neutrinos, we observe a total improvemieatfactor of 1.7 in the e ciency from the
on-line lter to the preliminary high-level event seleatio However, since only a worse simulation has
been available in the work of [Agull], the ective areas calculated here for the northern hemisphere
are of about the same magnitude as the ones in presenteddhtre IceCube 59-strings con guration.
The analysis in [Agull] did not provide ective areas for the southern hemisphere. For comparison, w
will therefore consider the analysis of the IceCube 4(rgisidata presented in [AAA 1i]. Accounting

for the di erences in the size of the detector, about a factor of 1.8dwgpnent in the eective area is
expected if the same cut strategy is applied. This expeat&ilowered signi cantly through the updates
of the simulation that have happened in the meanwhile. Ity fadactor of at least 1.6 improvement
in e ective area is achieved across the whole southern hemésjaimer all considered energies. The
largest improvements are obtained for energies of aboued @cF intermediate and vertical down-going
neutrino events; the IceCube 40-strings point source aiseynd also the IceCube 59-strings point source
analysis had no sensitivity at all to these events. At 10Q @&Mmprovement of up to a factor of 400 in

e ective area is observed with respect to the IceCube 40gstenalysis. This is caused by the improved
background rejection applied here.

The data sample presented here is still being optimizedraptbived. It is aimed to provide the base for
the most sensitive search for neutrino point sources in @lexy and beyond as well as for the search of
extended regions of neutrino emission. The event seleptiesented here makes use of the experience
obtained in previous point source analyses, including thekwn the combined IceCube 40-strings and
AMANDA data sample presented in this thesis, and makes usar@us innovations that have been
developed inside IceCube. The event selection in the higingy down-going region has already now
been improved signi cantly. In addition, this analysis Mile the rst to explore the possibility of a
search for southern sky cosmic-ray accelerators with DesppCWhile the size of DeepCore may not
be su cient to reach sensitivity to any expected signal ux by litsé might improve the sensitivity for
soft spectra sources once combined with the other two etrerainss. Besides, the selection of DeepCore
events will then provide further possibilities to study fireperties of the atmospheric neutrinos.
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11.3. First IC79 All-Sky Point Source Sample
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A. Abbreviations

AGN
BDT

CcC

DOM
GRB
GZK cuto
HLC
IACT
IC40

ICL
JAMS

MC
MPE
NCh
NC
PDF
SLC
SMT8

SNR
SPE

Active Galactic Nucleus

Boosted Decision Tree

Charged Current

Digital Optical Module, see section 5.2

Gamma-Ray Burst

Greisen-Zatsepin-Kuzmin cutpsee section 1.1

Hard Local Coincidence, see section 5.4

Imaging Air Cherenkov Telescope

IceCube 40-strings, all IceCube con gurations arerabiated as ICNN with
NN being the number of operational strings

IceCube Laboratory

Just Another Muon Search - rst guess reconstructianctfambined events,
see section 7.2

Monte Carlo

Multi Photo Electron

number of channels, i.e. number of active DOMs

Neutral Current

Probability Density Function

Soft Local Coincidence, see section 5.4

Simple Multiplicity Trigger, requiring at least 8 hitgith local coincidence
within 5 s, see section 5.4

Supernova Remnant

Single Photo Electron
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