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Abstract

Various searches for galactic high-energy neutrino sauvegiéh the neutrino telescopes lceCube and
AMANDA are presented. The analysis uses data collectechgl2008-2009 when IceCube was half-
completed. With AMANDA as an integrated part of the detecthe performance of IceCube below
10 TeV is improved significantly, opening new possibilittesimprove 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 thetisédpsto galactic neutrino sources can be
enhanced by the collection of a higher number of neutrinaicktes in the 100 GeV to 10 TeV range
despite the higher background in this region.

IceCube’s currently best soft-spectra upper limits for@aactic 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 ryedoubled 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 mehrarené& 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@reil des Detektors konnte die Ef-
fizienz von IceCube unterhalb von 10 TeV signifikant erhobatden. Dadurch bot sich insbesondere die
Maoglichkeit einer sensitiveren Suche nach Neutrinogunethit 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 Hintadydort 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 weiterfihrende Analyse,
die mit dem nahezu vollstandigen Detektor den gesamtenmtéinmach Neutrinoquellen untersuchen
wird, wurde in dieser Arbeit komplett vorbereitet. Diesdodit endet mit einem Aublick auf das Potential
der begonnenen Analyse.






Zwei Dinge erfiillen das Gemiit
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der gestirnte Himmel iiber mir und das moralische Gesetz in mir.
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About this Thesis

This thesis presents the work on two major projects. The dinst 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 AMAND&rS both an advantage and a challenge:
The more densely instrumented sub-array improves the tdetacenergies below10 TeV. To benefit
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 neutanple. 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 theopmidnce of IceCube for soft-spectra neutrino
sources.

The second major project that has been started within thi& v8can All-Sky search for astrophysical
sources of high-energy neutrinos with the lceCube 79¢sridetector. The physics program of this
search is broader than the one of the galactic neutrino poimmce search and will also include searches
for hard- and soft-spectra neutrino point sources in théhsoao 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 ofiendies many tasks that cannot be completely
reflected in a thesis. The main individual contributionshe author since summer 2008 are therefore
outlined here:
¢ | have contributed to the low-level processing of the daimfthe IceCube 40-strings and AMANDA
configuration. An additional processing step to apply aolditl reconstructions on the combined
events has been carried out with support from Cécile Rtricel
e 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 flux upper limits from these. The thiedrsh, a test for neutrino emission
inside the Cygnus region, has been carried out in collalooratith Yolanda Sestayo.
¢ | have contributed at various stages to ttielime processing of the IceCube 79-strings data and
the tests of the simulation for this detector configuratida.a major step for analyses of track-like
events with this data, | have developed the event seleabioa $econd stagefeline 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 first, preliminanalysis level event selection for an All-
Sky neutrino point source search with the IceCube 79-grifaga which indicates that a significant
improvement in #&iciency, 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 unigtriment. It is the first cubic-kilometer
scale neutrino telescope to observe the sky at neutringiesdrom about 100 GeV up to E€V energies.
The detector collects valuable data for many branches dicfgaand astropatrticle 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 siesosmic-ray acceleration. In this chapter,
we will review the connection between high-energy neutdetsonomy 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 canhief this work, we are primarily interested
in the hadronic component of the cosmic radiation and wilistuse the term “cosmic-rays” for this
component, neglecting the presence of others.

The cosmic radiation has been discovered in a series ofdmadirperiments 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 investigaihen 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 taaiiyals¢ 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 tb-bigergy neutrino astronomy are discussed
first. The main characteristics of the cosmic radiation olesk 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 bedidhat the flux has been multiplied by
the energy. Above 1PeV, the flux of cosmic-rays at Earth dtmgew 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 fective areas required for these measurements, the deteatonot be mounted on balloons
or satellites anymore but are built on the surface of thelEa@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 experimentahimgees 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 foIIomvwer—Iaw% ~ E™” with spectral index

v between~ 2.7 and~ 3.1. A spectral break at the cosmic-ray “knee” and two othetutes 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 coretetd 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 stochast@leration of regular galactic matter produced
in stellar nucleosynthesis. Supernova remnants (SNR)areidered 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 ofdlastream 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 profile of the plasma. Throwggtattering on magnetic field inhomogeneities,
charged patrticles can traverse the boundary between threapsand the downstream region. Each time
they do so, they gain a small amount of eneidy « Eq due to the velocity of the moving environment.
A particle is accelerated until it fiuses outside the acceleration region. The resulting ersgegtrum is

a power-law with spectral indexbetween 2.0 and 2.5. Taking into account thudion of cosmic-rays

in the Galaxy, the spectrum is modified and an observer ahkeltt see a spectru% o« E77 with

v = a+6. The size ob depends on the strength and structure of the galactic madiedd. In the Fermi
acceleration model, the maximum energy that can be obtaingilen by the magnetic fielB and the
sizeL of the acceleration region [Hil34]:

Ema{P€eV] = Ze- (B/uG)(L/pC)- Bshock (1.1)

whereBshockis the shock velocity andethe charge of the particle. A more refined description of dosm
ray acceleration is given in the framework of (non-lineaffusive 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 field amplificatiode\R@t 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:

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

e The knee can also be described in the context of leakageluéh@nergy particles from the Galaxy.

o Alternatively, the knee is produced by a single source, dngles prominent source among many
weaker sources.

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

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

The composition of the galactic cosmic radiation has beaedieti primarily at lower energies where
direct measurements are possible. The composition is verjas to the abundance of the elements
in the solar system except for an apparent excess of lithiigryllium and boron. These are produced
in spallation processes of heavier, more abundant elerfi2Bt309]. At ~1 GeV, measurements of the
relative abundance of fierent neon and iron isotopes with the CRIS spectrometer [B¥Ras well as
measurements of the relative abundance of a number of athi@pies with TIGER [RLIEQ9] indicate
that galactic cosmic-rays contain about 20% material frooifARayet stars, supporting the theory that
galactic cosmic-rays are produced in OB associations,|seqtdl 06] and [CD11].

Extragalactic Cosmic-Rays

Through their limited size and magnetic fields, the maxinrargy that can be reached in a galactic
cosmic-ray accelerator is limited. fPerent 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 acceleratifiiceency and assuming that non-linear
effects 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 [R2®8Ptuskin and Zirakashvili; they find
that young SNR might accelerate particles up to energigs10®GeV while significantly 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



1. High-Energy Neutrino Astronomy

andor larger magnetic fields than present in the Galaxy. Patlestiurces are Active Galactic Nuclei
(AGN), radio galaxies and gamma-ray bursts (GRB), lsee [BI}ldfd 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 flux from GREs [Whil1]. Alternatitheories involve the decays of very heavy,
exotic particles as sources of the highest energy cosmig;-s&el [BGCO] for a review.

An attenuation of the energy spectrum aboy@310'°GeV has been predicted by Greisen [Gre66] and
by Zatsepin and Kuzmin [ZK66] (GZK cuff) 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 bemkigd. Protons lose their energy primarily in
the production of pions. The most important energy loss éawier nuclei is through photodisintegration
[BEHQ9]. The presence of an attenuation at this energy sedebeen conclusively proven in 2008 by
the HiRes|[AAAr08a] and Auger [AAAQ8c] collaborations. The observation of a GZK diitagrees
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 field and
with that of the interstellar medium. Cosmic-rays may thagehan important role in the dynamics of the
Galaxy and may influence the interstellar chemistry, asrieest for example in [Gab09] and references
therein.

The most conclusive identification of a cosmic-ray sourceld/de the observation of a cosmic-ray flux
associated to a particular object. This however is veffgcdit as charged particles are deflected by
magnetic fields. In general, cosmic-rays do therefore noitgzack to their sources and their arrival
directions are isotropic after traversing the Galaxy. Th#edtion of a charged particle in a magnetic
field scales inversely with its energy. At the very highestrgies of the cosmic-ray spectrum, the
magnetic deflection therefore becomes smaller and cosagiestronomy 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 fields between the Earth and the cosmic-raycesuin particular the galactic magnetic
field, is incomplete and that the magnetic deflections evaheahighest energies may be of the order
of few degrees [AAAQ08b]. The Auger collaboration has reported hints for a cosiay anisotropy at
particle energies above 55 EeV [AAA8LH, AAA*10c¢]. Most notable is a clustering of events around
Centaurus A, the closest active galactic nuclei (AGN). Thestnsignificant excess around Centaurus A
was identified for an 18window, in which 13 events were observed with an expectatfod.2 events.
Accounting for the intrinsic trials of the observation i@l by the fact that éfierent regions around
Centaurus A were considered, the p-value of this observatid%. The measurement does therefore
not present a statistically significant discovery. In Icb€for example, only a five sigma deviation from
the background is regarded as a discovery.

At energies between a few TeV and several 100 TeV, expersiiémticeCube 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 IceCale 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 [AAA and references therein) are indeed isotropic
to a very high accuracy. However, small but statisticallyngficant anisotropies at the permille level
have been observed in this energy range. IceCube is themstyiment 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&&.x 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 resolutdf the detector has to be added
to this number. For the IceCube events selected here, ibimdr3 and depends on the
zenith angle.) Both analyses were performed with askoothing and the combined map
shows significant excess regions in both hemispheres. Tlodedand quadrupole moments
that dominate the cosmic-ray anisotropy have been subttaErom|[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 five times ardhkn the dipole and quadrupole moments.
The most prominent small-scale anisotropies in the Ice@akeefrom 2009-2010 have relative intensities
of 10~ and are observed at right ascension (r.a.).42and declination-47.4° with a clustering on a
22 scale and a pre-trial significance ab& (5.30 post-trial). Remarkably, the second most significant
excess (r.a. 128°, declination—45.2°, best clustering scale 13pre-trial significance of 8o (4.90
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
deflection by magnetic fields is too strong. Ideas how thia&de could be challenged in specific 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 cosayiair 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 imolusf 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. Thefecient acceleration of cosmic-rays is coupled to the pradoaif
high-energy photons and neutrinos. As neutral particlesy tire 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

dN o« B exp(— (Eﬁof) interacting via ambient matter. From [KABOG)].

their production. In the case gfrays however, there are also alternative production siwenauch as
Inverse-Compton radiation produced by highly energegctebns. Even though the mechanisms predict
different energy spectra, it isfiicult to disentangle the fierent components and the influence of the
local environment of the sources. Therefore, only neusrioan unambiguously identify the sites of
cosmic-ray acceleration since they are only produced indméel processes.

When high-energy cosmic-rays interact with matter or rgafiafields in the environment of their ac-
celerators, a flux of high-energy neutrinos is producedgédiarfor interactions with matter can be for
example molecular clouds that are located near the actmietdigh-energy protons can interact with

surrounding matter via
042
p+p—>{ﬂ TP 1.2)

7t +n+p

In addition,7~ are produced in the collisions with neutrons. The domin&danael for pion production
in the interaction of cosmic-rays with a surrounding radiafield is

+
p+y—>A+—>{ﬂo+n (1.3)
O+p

In astrophysical environments, pions will decay beforeytmgeract. Ther® 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.

7T0—>2y

mt—ut v, — e Vet vty (1.4)

T U +V, € VetV +Vy,
Following these equations, neutrinos offdient flavors (counting andv together) are produced in the
ratios

Ve i vy tve=1:2:0 (1.5)

Due to neutrino oscillations however, the expected flavibo &t Earth is changed with respect to the one
at the source. In the simplest scenario, equal numbers trimesiof each flavor 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 ogroduction of

high-energyy-rays. The spectra of these particles are therefore coupléer the assumption thgatrays
are only produced in hadronic interactions. Analyticahfatae for the conversion of a measuneday
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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.

flux to an expected neutrino flux under this assumption anddérabsence of-ray absorption, are given
in [KABO6] and [KAQE]. Through this connection, detectgday sources present interesting objects for
neutrino telescopes and many searches target these ofijeetaeutrino ang-ray spectra for a cosmic-

ray proton source with spectruﬁ% o« E7*. exp(— (EEO)'B) interacting with ambient matter are illustrated

in Figure[ 1.8 (from|[KABQGB]) for two diferent sets of parameteisy «, 8). The resulting neutrino flux
is a factor two lower than the correspondipgay flux and has a lower energy ctol he observation of
many galacticy-ray sources that follow a spectrum like the one consideerd ([AAB*06¢, AAB* 07,
AAB *06b[AAA*T09f]) or unbroken power-law spectra with spectral indezegdr than 2.0/([AAAQ7D,
AAA*07a) KCR11, AAA09q]) is then precisely the motivation to present a searchdtactic neutrino
sources that is optimized for softer spectra tiine E-20.

1.3. Neutrino Telescopes

Neutrinos are detected through the detection of the secpiuiaducts 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 deégstieescattering:

ve+N— X +¢ (1.6)

ve+ N — X+ vy 2.7)

where N stands for nucleus afid (e, u, 7) represents a charged lepton or the lepton flavor of a neutrin
if used as a subscript. In a neutral current (NC] 1.7) intemaca neutrino of the same lepton flavor
is found in the final state whereas a charged lepton emergesdharged current (CIC_1.6) interactions.
Both interactions are accompanied by a hadronic cascade X.
The dependency of the neutrino cross sectiq@,cc from the neutrino energy Ecan be approximated
with

2

E, (1.8)

1
ONC/CC &< [—2
(Q2 + MW/Z)
where @ is the invariant squared momentum transfer from the indisleio the outgoing lepton and
Mw/z is the respective mass of the®or 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 flux from an AGN as an eXamwipa cosmic-ray accelerating source
is compared to other measured and expected neutrino flusas [Spi07].

the cross sections for neutral and charged current interecare 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 interaciion 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 Askaryfirat [GBB"07] are applied. The use of acoustic detection
techniques is still under investigation [AXA1c¢]. The optical detection method is used for neutrino
energies up to the EeV regime and the focus here will be omikihod. 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 instrumentedunaé 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

B-n(2)
if they travel faster than the speed of light in a dielectriedium such as water or ice. The Cherenkov
angled.; depends on the refraction indegt) of the medium. For relativistic leptong & 1) in ice and

at a wavelength oft =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 ttmjees 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 ofribegg loss of high-energy muons in ice is
given in Chaptel]7. The angle between the incident neutratlae emerging lepton in a CC interaction
decreases with energy [LMOO]:

cosf) = (1.9

Ey )_0'7 (1.10)

1TeVv

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

(¥ = 0.7° (
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1.3. Neutrino Telescopes

With these prerequisites, the design of an optical neuti@escope is based on the instrumentation
of a large volume of a transparent medium with optical sensdre required instrumented volume
is dictated by the expected flux of neutrinos. Figuré 1.5 camep the expected neutrino flux from an
AGN as an example of a cosmic-ray accelerating source to othasured and expected neutrino fluxes.
The expected flux is significantly lower than for example thedk 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 [LRRE#03, AAA*11]] or are planned to be
built in water [BCH"11]. The two neutrino telescopes IceCube and AMANDA thatehlaeen used in
this work, use instead of water the deep antarctic ice slaietde South Pole. IceCube is the currently
largest high-energy neutrino telescope and its design anstriction 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 orstgrch for galactic neutrino sources. In the
pursue of this goal, threeftiérent search strategies have been adopted. One is thémetddhteresting
(y-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 modelépendent test for neutrino emission inside
the Cygnus region will be presented. We will here discusstihihe high-energy emission in the Milky
Way and the selection of interesting sources and regionthéopresented neutrino searches.
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Figure 2.1.: Schematic view of the structure of the Milky \W&hown 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 aboutd10P 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 flat distributibgas and dust. It is embedded within two
coplanar regions of a high density of stars, the thin andhioi disk. Most of the gas in the Milky Way
is contained within a region af5° 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|[BusQ0, 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 h#ec
to it, the Scutum-Centaurus and Perseus arms. The two mioon&and Sagittarius arms are located
between the major arms. The field of view of the analysis ofth€ube 40-strings and AMANDA data
extends from 36 < ¢ < 210 in galactic longitude and is highlighted in the Figlrel 2.pisTfield 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 MilWay. From [NJCSQ08]. The field 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 galaciicces of Ge-rays have been detected.
At energies above 100 GeV, theray sky is studied with two dlierent types of detectors: Imaging Air
Cherenkov Telescopes (IACT) like H.E.S.S., MAGIC and VERSThave a field 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 ¢bomplementary. Figufe 2.3 shows the
distribution of detected Tey-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 [AABO5h,[AAB*06d] have detected many sources in this region and corddbiot 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 datafqrened 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 metilvaere.
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2.1. Selected Targets for the IceCube 40-Strings and AMANDA Analysis

Source Types
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Figure 2.3.: The distribution of detected TgMay sources is shown with the galacti¢gfdse emission
observed by Fermi presented in the background. FMHM].

Supernova Remnants

Supernova Remnants (SNR) have been prime candidates foicosy acceleration since the early days
of cosmic-ray physics. Still, until now no conclusive praufftheir role in maintaining the galactic
cosmic-ray flux up to the cosmic-ray knee exists. There aneelier accumulating indications that SNR
contribute significantly to the galactic cosmic-ray flux oghese energies:

e Their energy budget is flicient to maintain the cosmic-ray flux even if only a fractidrthe en-
ergy released in each supernova is converted to cosmidwatidkenergy. This is the argument that
originally let Baade and ZwickyEﬂM] to propose SNR as ciasmy sources. As the cosmic-ray
spectrum below the knee is featureless, a single sourcdgimpuis preferred. The argument of
the energy budget is nevertheless not conclusive sinceottl®n known galactic objects such as
stars with powerful winds or pulsars are capable to fulfik #ondition.

e The existence of shock fronts in SNR provides an environmdrgre 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].

e Studies of observed thin X-ray synchrotron filaments in theirenment of some SNR imply
magnetic field strengths of uG which are dfficult to reconcile with a leptonic origin of the
vy-rays observed in the same SNmbOQ] and referencesrthere

e Thevy-ray morphology of some observed SNR supports hadroniasicen For example the shell-
like morphology of the GeVy-ray emission from the SNR W44 observed with Fermi is best ex-
plained by a hadronic origin of the emissi].

e The observed rapid variability of the synchrotron X-raysifirthe SNR RXJ1713.7-3946 idficult
to accommodate within leptonic mod@bw].

e Moreover, the spectral modeling of some SNR vyields the bgsteanent with the experimental
results for hadronic models, for example in the case of Cps&a A ].

With the combined IceCube 40-strings and AMANDA neutrinangée 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 grrarge 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 thaedyelonged to the star into a dense
shell, seeI_LB_I_D%S] and references therein. The source tesdiEserved by HEGRA in the energy
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region between 1 TeV and 10 TeV [AAB1a]. MAGIC [AAA*07b] and VERITAS|[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 ukgrgower-law spectrurﬁ% o« ET.
The best fits for the spectral ind&are 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 emiegiegion and yield a steep
‘é—g o« E~31 spectrum. These measurements are compatible with thevakiserfrom VERITAS
[AAA *09¢]. The correlation of theg-ray emission with the molecular cloud is naturally expéain
within scenarios of cosmic-ray acceleration and inteoactvith the molecular cloud. Alternative,
leptonic models do exist as well. The spectrum measured Fetimi [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 suppontisdrac 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 luminoygsray sources in the Galaxy. The Fermi observations [AA8d]
of this object are well explained by a combination @fa@ent cosmic-ray acceleration inside the
supernova shock and subsequent interactions of thesea@osysi with the molecular cloud. Very
high-energyy-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 casmay acceleration inside the SNR. For
these reasons, W51C is an interesting target for IceCubbamtieen 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 thamytieal 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 reportedlin [AABB04] and B#06¢]. The emission from the
Crab in all wavelengths is well studied and the high-enemjssion 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 fractiop-mys 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 othaicompact 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 modulatgday emission from his source has been detected
by MAGIC [AAA *09g], VERITAS [ABB*08] and Fermi LAT [AAAf09¢]. The maximal flux
at TeV energies is observed at apastron, i.e. when the déestaetween the two objects in the
binary system is largest. The measurements of MAGIC ardlfitiéh a soft power law spectrum

dN « E-26, The TeV emission on the other hand is peaked close to peragthen the target

dE
density is highest and Tey-rays may potentially gier strong absorption. Its brightness and the

16



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

considerable amount of both matter and radiation from timepamion star to provide a target for
hadronic interactions make LS 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 ofddSblack hole and a 3, supergiant star. The
microquasar has two relativistic jets which can intera¢hwiie 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 targeefubie. 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 stronglmsoofy-rays might be present. In
[DGWLO0Z], a generous steady flux of neutrinos from this seuscpredicted.

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 ChaptEl 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 jevays in the northern hemisphere
[AABBOQ7]. It is located approximately in the region of 7& ¢ < 90° in galactic longitude and
presents a complex environment where several objectfatatit distances are observed projected
onto a small part of the sky. Observationsyefay emission in this region have been made by
various instruments and include sources as well fisg# emission.

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

fluctuation in this region, thus making it even more intérestn 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 theasphere, they produce cascades of sec-
ondary particles. These particle cascades or air showasistmf three components: a hadronic, an
electromagnetic and a muonic part. These are illustrat€igire[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 kiqmtbvided 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 desedHdet for astrophysical environments

mt—ut v, — e Vet vty

_ i - — (3.1)
T Uty —€ +vetv,tV,
The most relevant processes for kaons which lead to prasfuofimuons and neutrinos are
KY — pv,
KO — nt 4+ 7~
(3.2

Kt —nat+ntn

Kt — 7%+ e" +ve
To afirst order approximation, the flux atmospheric neusridepends 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 background, abmospheric 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 tbfweption of muons in the Earth,
only muons that are produced above the detector constiteielayround 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 reconstruasdiown-
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 tofeda@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$e 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 telescdpeaied at the South Pole, the field of view
of the analysis is thus restricted to the northern hemigphis 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 backgrourttiebgipplication 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 obtainid the CORSIKA [HKCF98]. Alterna-
tively, the data can be used in many applications to studynihen background.
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Figure 3.2.: Measurements of the atmospheric neutrinaygrerectrum 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-stondjgaration 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 flux depends on the production rate of pions and kaorthe atmosphere. At the energies
above 100 GeV which are particularly interesting for Ice€ube atmospheric neutrino flux is primarily
produced in kaon decays [Gai06]. The flux of atmospheric munnceCube 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 dfsdineutrino flux over the background at very
high energies.

There are two dierent options to simulate the flux of atmospheric neutrinblse most complete ap-
proach is a full 3-D simulation. In this approach, randomneiosray air showers are simulated for ex-
ample with CORSIKA[[HKC 98] and at all position across the globe and all neutrinasghss through
the detector are collected [BGD4]. In this way, one can simulate the energy and directideglen-
dence of the atmospheric neutrino flux. The downside of thig@ach is that it obviously requires a
large amount of computational power. An alternative apginda therefore to simulate neutrino events
with a flat spectrum which are then weighted to a parameivizadf the expected atmospheric neutrino
flux. Tabulated models for the flux of atmospheric neutrinespresented for example in [BG04] and

in [HKKSO7]. As these are based on measurements of the atredsmeutrino flux at lower energies,
the parametrization used in IceCube represents an exatapoto higher energies.
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4. Statistical Methods in High-Energy Neutrino
Astronomy

The search for high-energy neutrinos from potential cosiacacceleration 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 dliuse flux of very high-energy neutrinos beyond the energyearfighe atmospheric
neutrino background. The other is to search for localizedritedo emission. This second search strategy
is the one followed in this work. It presentdidirent advantages with respect to the search foffasdi
very high-energy signal: the background estimation cardsed entirely on data and the search is there-
fore more robust against systematic uncertainties in telstion. Secondly, while the filuse 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 tdfisigmily suppress the background. Through
this, it is capable to access lower neutrino energies thardiffuse 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 assectosmic-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 fiicient search for spatially localized high-energy
neutrino emission. We summarize here two categories ofadstrevent classification methods that are
used in order to extract neutrino candidates from the athwyép 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 minanste produced in the atmosphere above
the detector, see also Chapter 3. Event classification mettamging 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 apptide 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 knodln

As the expected signal presents only a very small fractiohefevents at every analysis level, a very
robust data-driven background estimation can be useddhoau 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 ascendofhe signal is modeled using Monte Carlo simula-

tion (see Chaptér 8).

In general, the performance of an event classification ishmarked by its signal retention and back-

ground rejection power and its robustness against statigtuctuations 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 classifidcs, ,, .., Cy} is available. These could be for example a
quality parameter of the event reconstruction or the amofiohscattered light that has been detected.
A list of classifiers that has been used in this work is giveGlaptef®. If classifiers are selected which
show a diferent mean behavior for signal and for background, the ba@meseparated from the dominant
background by the identification of an acceptance regioreéamh classifiec;. These regions define a
rectangle in the multi-dimensional space spanned by thssifilersc;, and all events that lie outside
of this rectangle are rejected as background. The accaptagion for each classifier can be defined
by hand or optimized with dierent strategies like the one implemented in the data dadhgnework
TMVA [HSS*07].

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

Neyman-Pearson Decision Criterion

In a two class problem like the classification into the twoup® “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 classifiers with continuouseslthe 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 sizew [NP33].

For a list of available classifiers, the likelihood ratio test is constructed from the indivatiprobability
density functions for each classifigrunder the signal and background hypothesis. For each dtent,
classification rule is based on the parameter

n A
Psignal(ci)
£=]] et a1

D PbackgroundCi) (4-1)

wherenis the number of classifiers used in the testhé measured value of the classifieand Rigna(Ci)
(PoackgroundGi)) the probability to observe the valegif the event is of the signal (background) class.
The classification obtained in this way combines the sejpargiower of several variables but the clas-
sification of each single event can still be traced. A cut Basea likelihood ratio like this is used in
Chaptef®; a good signaffiziency is obtained even if the classifiers for an experimatata sample are
not strictly uncorrelated.

Boosted Decision Trees

The basic principle of a decision tree is the iterative dfesdion of the data into two groups. Each new
level of the tree is called a node. At the root node, all data @ne group. At each following node, the
data is divided based on a rectangular cut on the currentst pmwerful classifier, i.e. at each node, a
classifier and corresponding cut value are chosen to magitheincrease of separation between signal
and background. In this procedure, the separation of smmhbackground can be quantified in several
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4.1. Background Rejection

different ways, for example through the misclassification exrdine cross entropy. In the application of
Boosted Decision Trees in Chapiel 11, we use the softwaleagacl MVA [HSS 07] which by default
uses the Gini Index defined @ (1 — p), wherep is the purity, as measure of the separation. At each
node in a decision tree, thefifirence between the weighted sum over the separation indéttesschild
nodes and the separation index of the parent node is maxiniecision trees divide the space spanned
by the classifiers in hypercubes [HTF09]. In usual applar®tj 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 classification of each event is
always traceable. On the downside, decision trees are vimgnable to overtraining. In particular when
only small training samples are available, there is a sicanifi danger that the decision tree is impacted
by statistical fluctuations in the training sample and asifeestion on a test sample will not lead to the
same €iciencies 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 claasific power significantly; 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 classifiers into a single, moreifol classifier. In the training of the
first tree, equal weights are used for all events. For eachire®ythe weight of each event in the training
sample is adapted; higher weights are given to those evmaithave been misclassified by the previous
tree. The final cut parameter, the BDT score, is then cakedlas a weighted sum over the scores of the
individual trees. Diferent options for the weighting are available; the two mosresting 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 classifier obtained with timth tree using a vector of input variabl&s Gn,(X) takes
values{—1, 1} representing the two possible outcomes “background” a'rglhéﬁﬁ. With M trees in the
forest, the final classifier for an event with measured inpuiablesx is then obtained by the weighted
sum over all classifiers:

G(x) := sign (4.2)

M
Z amGm(X)
m=1

where the weighting cdicientsa, are computed by the boosting algorithm and larger valugs(gf

indicate signal-like events. The weighting fidgientsa, give higher weights to those trees in the forest

that present a smaller signal loss. After the training pfrtitte tree, AdaBoost uses the misclassification

rate to adapt the event weights for the training of the ned.tFor each trem, the misclassification rate

is given by

SN W - int(yi # Gm(X))
W

wherey; denotes the true character of the ith event and is eitlhdor background or 1 for signal. in(#
Gm(%)) is Lify; # Gm(X) and 0 if the event is classified correctiy.represents the measurements of the
input parameters for an individual evarandN is the number of events in the training sample. In the
next step of the boosting, the event weights are changeddingao

effy = (4.3)

Wi — Wi - exp(am - int(y; # Gm(X)) (4.4)

3This implementation is known as “Discrete AdaBoost”. Viidas whereG,(X) takes any real value betweer and 1 are
called “Real AdaBoost". The ffierence is however not important for the presentation of tiierying algorithm.
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4. Statistical Methods in High-Energy Neutrino Astronomy

with

am = log((1 - erry)/erty) (4.5)

am is also used to calculate the weighted sum over the treestéinatne final classifier, see Equation
4.2.

Alternatives to AdaBoost are provided by the GradientBatgdrithm. 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 fitting of an additive modti & specified loss function. AdaBoost
uses an exponential loss function that is not the most ramahst outliers. The key flierence between
the algorithms is that GradientBoost provides the podsilid use any dierentiable 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 candss sensitive to outliers and mislabeled
data points in the event sample. In particular the last pododd 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-the-tomts especially if many weak classifiers
are available. They cannot resolve correlations in thetippwameters and their biggest disadvantage
is probably that the classification rules are not traceaipplications of BDTs to IceCube data can be
found for example in[Hall, AAAlla] 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:

e The expected spatial distribution of the signal events.
e The energy spectrum of the neutrino emission.
e 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 evailtdish. Neutrino sources are often but not
necessarily assumed to be point-like, i.e. it is assumedhbaxtension of the source is smaller than the
angular resolution of the data sample and no structure caesioé/ed.

If neutrino sources with hard energy spectra are considénedenergy 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 Chapter 11 will be more general and will searahaftroader category of sources including
extragalactic neutrino sources and hard neutrino speletiathis 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 increaseowyer o discriminate a signal. A time-
dependent analysis has been applied_ in [Vbg10] to searahefdrino emission from Cygnus X-3 using
the data sample prepared in Chapler 9 of this work.

We present here threeffirent methods that can be used to search for steady (seftapeaeutrino
sources. Two of these tests have been applied in this wariirdt is presented for comparison.
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Measurement of the Local Event Density

A very robust and simple method to search for a localized #xo&events around a fixed 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 optimizes#msitivity 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 significance of the observations can be
calculated analytically. Finally, the results are easyefreésent 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 thadanot 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 fit a composite model @fsil and background to the data and to
use a hypothesis test to quantify if this model describesiéta 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 likelihood’g of a pure background model. The ratio of the two indicatesctvimodel
fits the data better. Often, the parameter

(4.6)

1=-20- In(£S+B)

LB

is used as a test statistic. In some particular casesill follow a y?-distribution if defined in this
way, allowing for a direct conversion into significances. gieneral however, the distribution dfis
not known analytically and the significance has to be detgthiwith 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

N
Loand = [ [|(2- ) 8@ + T S@a) 4.7

=1

where8 and S are the probability density functions (pdf) for the clagssic,; under the background
and signal hypothesis. Tlg; Tepresent the observed valuekaiassifiers in the evemt 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 fieutrino point source as signal to a uniform
background of atmospheric neutrinos is proposed in [BOg):

In this case, the classifiers for each evemire the reconstructed directiofh and the uncertainty of
the angular reconstructiosrj. More information about the reconstruction and the estomatf the
uncertainty of the reconstruction is given in Chajfer 7. Haaition X in the sky is to be tested for
neutrino emission, the signal probability density funetaf an individual event is given by

1 MRS
S (Xs, %, 07) = \/Z— e i (4.8)
. O—I

This expression assumes that the true neutrino signal ig-filoé with a Gaussian uncertainty of width
o on the reconstructed direction. The background is unifarmght ascension and can be modeled by
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4. Statistical Methods in High-Energy Neutrino Astronomy

a constant. Considering events in a declination band arthendssumed source position in the test, the
background probability density function is

1
QBand

with Qgangthe size of the declination band. The method has been uskis iimtm in two of the searches
presented in this thesis.

In [BDD™*08], it has been shown that for a hypothetical neutrino telps with a median angular reso-
lution of 0.86°, the maximum likelihood ratio test as defined above leads tio@rovement 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, increasagutation time and a potentially higher
impact of systematic uncertainties through the inclusibindividual estimates of the angular uncer-
tainty. Modifications of the method to include additiondbirmation such as the energy of the events or
to test for diferent neutrino source morphologies are straightforward.

(4.9)

Multi Point Source Analysis

The two above-mentioned methods are targeted to deteaineemission that is confined to regions
in the sky with a size of around the angular resolution of teictor. 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 at{lise emission. Even in modifications
that account for extended sources, a model for the shapezndfdhe source is used in the search.
The Multi Point Source (MPS) method presented. in [Ses10fsmts an alternative approach to search
for neutrino emission at astrophysical sites. It is tamgetesearch for neutrino emission inside regions
with a size that is significantly larger than the angular hgsan of the detector. The physics case for
this method is presented for example by star-forming regighich may comprise several cosmic-ray
accelerators. While each individual accelerator may beweak to produce a statistically significant
neutrino signal by itself, a method that can integrate thétrit® 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 clusteringefits on an angular scat® To achieve
this, a clustering function is defined:

(]
fpdata (G),) de’
®(©) = - (4.10)
f(Prandom(G’»d@,
0

wherePyata (@) is the number of event pairs with angular dista®ebetween them in the data and
(Prandom(®”)) the average number of event pairs at dista®térom 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 sampé®) = 1 means that the degree of clustering at the
angular scal® is exactly as expected from the background. Larger valudg®j indicate that a higher
degree of clustering than expected is observed.

The test defined throu@h 4]10 is model-independent; it isitemto any kind of neutrino emission within
the defined region. A diuse flux of neutrinos across the region increases the nunfileeents and thus
also the number of close pairs within the region. Any numbepaint 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 analyzexrédhe test is performed. The presented
test has been applied to IceCube data in [Ses10] and in thistw@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 lQSOsLLTJQbB]. The first
optical sensors of IceCube’s predecessor, the AntarctiocrMind Neutrino Detector Array (AMANDA)
M&], have been deployed at the end of 1993. More than 608abstnsors have been installed

1C40+AMANDA

IceCube neutrino telescope:
86 strings with 60 optical modules (DOMs) each

78 of these strings with equidistant DOMs over 1 km
8 infill strings with denser instrumentation in the deep
ice, forming part of lceCube DeepCore

AMANDA: 670 modules on 19 strings,
predecessor of lceCube

first low-energy core inside IceCube
decommissioned 2009

1.5 km

IceCube DeepCore

25 km B Football field: 105m x 68m

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. diteimo telescope instruments
about a cubic kilometer of ice with 5160 light sensors al@joa 86 cables called strings.
The more densely instrumented region in the deep centereadigtector is the low energy
extension IceCube-DeepCore. AMANDA, the predecessoreffibe, 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. Different 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 treeafsan improved data acquisition system
based on a decentralized signal digitizati]. The installation of the IceCube experiment
began in 2004 and has been successfully completed in Decé&@ib@. Today, IceCube instruments a
volume of approximately one cubic kilometer of the antar@te.

5.1. Design and Construction

Figure[5.1 presents a schematic view of the IceCube expatiniEhe 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 denstiyinented 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 bedroclwhikiice serve as interaction medium
for high-energy neutrinos. The ice is instrumented with®light sensors to detect Cherenkov light
produced by muons and electromagnetic and hadronic shgwedsiced in the interactions of high-
energy neutrinos (see Chagiér 1). The light sensors, dalgithl Optical Modules (DOMs) (see section
[£.2), are aligned on 86 strings and deployed at depths frdikni to 24 km. For the deployment of these
strings vertical, 2500 m deep holes are drilled into the lees using pressurized hot water. The optical
modules are then attached to the string and are gradualkrémhinto the water-filled hole. Figureb.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 thegrexeged on a hexagonal grid with 125 m
inter-string distance. Eight strings are installed withnzaler 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 sheeteaBthuth Pole is structured and its optical
properties change with depth. The two maost prominent featare a dust layer at medium depths in the
detector and a very high transparency in the deepest icenfilhetrings in IceCube-DeepCore primarily
instrument the deepest and clearest ice with 50 optical teeger string. Another ten optical modules
are placed above the dust layer to enhance the veto ca@%lb]. The denser instrumentation in
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Penetrator HV Divider
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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 mainboarddlust &l the necessary on-
board electronics. Power and communication to the outsidepeovided through cables
entering through the cable penetrator assembly. From [A09b].

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 Fasta&en in each configuration and physics
results have been obtained with the partially built detectbe deployment order of the IceCube strings
is indicated in Figuré 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 filled with ice and gupdpwith two optical modules each.
IceTop is a cosmic ray air shower detector and designed tsuneaosmic rays from the knee to the
ankle [KKKWOQ9]. The combination of the air shower detectathwthe neutrino telescopefters advan-
tages for both fields of physics. Coincident events betwhenwo components of the detector allow
a measurement of the cosmic ray composition with IceTop 1AfdIn exchange, IceTop can be used
to veto highly energetic cosmic ray air showers that canstit background in the neutrino telescope
[Auf1l, IACM11].

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 peassine ice [[AAA"09b]. Standard IceCube
DOMs are equipped with commercial HAMAMATSU R7081-02 PMT#&hna quantum ficiency of
about 20%. The majority of the DOMs on the DeepCore infillgisi contain a newer PMT model, the
R7081MOD that presents an improvement of about 40% in quasfiiciency [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 stringentimements on the quality and stability of all
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N =S

DOM Production DOM Testing

DOM Shipping
at three sites: Madison (US), Stockholm at three sites: Madison (US), Stockholm Transport to the South Pole. Picture credit:

(Sweden) and Zeuthen (Germany). Picture (Sweden) and Zeuthen (Germany). Picture S. Odrowski
credit: R. Pearson credit: R. Pearson

DOM Testing @ Pole Deployment Commissioning DAQ Integration
DOMs are tested again rigorously before they DOMs are ready to be deployed in the hole to Connections to the DOMs are verified, final newly deployed DOMs are integrated into
are deployed. Picture credit: S. Odrowski the left. Picture credit: S. Odrowski tests of the DOMs in the ice are performed the data taking from the South Pole. Picture
before it is safe to integrate them into the credit: S. Odrowski
data taking. Picture credit: S. Odrowski

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

components of the DOMs. As the majority of the DOMs is positid deep in the antarctic ice, they
cannot be recovered once they have been deployed. In agdhi® 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° C in the IceTop air shower detecto] 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 closegimto 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 bedw 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 fagantly long time. The most stringent require-
ments in this aspect came from the intention to be able tactidtaible bang events from tau neutrino
interactions. A waveform capture of aroungslis needed to catch a significant fraction of these events.
A high stability is required as DOM failure could result ineduction of the trigger and filteffleciency

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 IceCulas awDOM failure rate of less than 5% and
has been more than fulfilled.

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 throwigthe 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 dficult to achieve due to the scattering of light in the ice aredabailability of PMTs with

a better resolution.

Figure[5.8 shows a schematic view of a DOM. The PMT and thereleics 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 thlhot8. The plot was made
using minimum bias data from the 79-string array requiringast eight hit DOMs in each
event. The big dust layer (see text) is located around the B&M 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 gadreases the optical coupling between the
glass sphere and the PMT while it serves at the same time dawIPMT and the electronics in place.
The PMT is shielded against magnetic fields by a metal cage DIdM 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 vthEIDs of 405 nm wavelength. These
LEDs are used to calibrate the detector [AX¥b] and to study the properties of the ice [AABDa].

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 simultamealigitize waveforms and each of them
records 128 samples with a3s resolution. The first three channels are used to recerdidlveform,
the fourth is reserved for calibration purposes. The thismpels used to capture the waveform are
operated at a ffierent gains: 16x, 2x and 0.25x respectively. In most casdsg tloe highest gain channel
is used for data analysis but in case of saturation, one dber gain channels can be used. By using
the two ATWDs in a DOM in a ping-pong fashion, dead-time isusel. 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 todgis with a coarser binning [AAAQ9D].

Communication to the DOMs is provided via cables that megéténlceCube 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 acquisitionceQube are described in sectionl5.4.

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 integratedthe data taking once the water in the hole
is fully frozen and once the DOMSs passed a series of stalbdgtiyto ensure they will not cause detector
downtime and that they will not be damaged during oper@tid‘he whole chain of steps that each DOM
has to go through before it becomes an active part of the etésillustrated in Figurg 514.

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 freB00 to~400 nm, glacial ice is the most transparent

1The author of this work contributed to the commissioningheaf $trings deployed in the 202910 season
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Figure 5.6.: Measurements of scattering and absorptiomdnAntarctic 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 layeréisture of the ice is clearly visible
in both scattering and absorption. Fr].

solid known, se] and references listed therein. In the absence of binksoence it provides
a low noise environment. As a natural medium, the propedfdake ice cannot be controlled by the
experimenter. Instead, a deep understanding of its steuand optical properties is crucial.
At the site of the IceCube detector, the antarctic ice steabout 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 aitigor comes from dust in the ice. Both the
concentration of air bubbles and dust in the ice depend odédbéh. The concentration of dust traces
changes the climate conditions at the time the ice was for@].
Air bubbles are concentrated at depths above 1400 m and imethigce 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 significantly to the scattering as they have ainiee same refractive index as the ice itself
]. Ice that formed during times with a high concentratibualust 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 iceesrlgl visible in the IceCube data. Figlrel5.5
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 isidated 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@@n (see next section).
The optical properties of the ice are measured through tteetde response to short light pulses emitted
by the on-board flasher LEDs of the optical modules. In aoldjtice core data from fferent 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 flasher LED data and ice core sneaments in ]. The
layered structure is clearly visible and the scatteringfaxient 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] leading to a similar structure but larger variationshaf optical properties. In
addition to the on-board flasher LEDs, there are several aitecial devices that are used to infer the
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Event Filter at L3: -
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Figure 5.7.: Schematic view of the data processing from Hi to the final 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 first two steps giribeessing chain.

properties of the ice. Among them is a device to measure theertration 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 patts ofdta analysis take place in the North. As
the South Pole is not accessible during the largest pareoféhar, 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 ewthat are recorded and selected for transfer
to the North.

The first step to reduce the data rate in IceCube is the sigpnesf pure noise events via local coinci-
dence conditions and software triggers. Only DOM launchasfulfill a local coincidence condition can
contribute to trigger the readout of an event. The local@di&nce condition requires that a DOM launch
is accompanied by another launch on one of the four nearebtD@thin a time window of dus to sup-
press uncorrelated noise. DOM launches that fulfill thislawincidence condition are called “HLC”
(hard local coincidence) launches. DOMs with launches dibatot fulfill the local coincidence condi-
tion (“SLC” (soft local coincidence) launches) can be reatlas welfl 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 5. Once a trigger has been issued, all DOMs with HLC launches
within +£10u sec around the trigger time send the collected waveformbdostrface where they are
time-ordered and merged into events. The trigger windowjgmeded as long as the trigger condition
stays active. In the next step fast, on-line reconstrustimme applied to the events and physics filters
select interesting events based on the results of thesestegctions. Of particular interest to this work
are filters that select track-like, up-going events thatlizedy to be muons produced in muon neutrino
interactions. The implementation of the selected filteessammarized in sectidn 6.3 for the IceCube
40-strings and AMANDA configuration and in section 11.1 toe iceCube 79-strings configuration. All
events that pass one or more of the physics filters are traedfaorth and are available foffdine data
analyses. The most important processing steps of the aetetfre filtering at the South Pole to the final
analysis are illustrated in Figure 5.7 on the example of ttadyais presented in this work.

°This has been done in the 59-, 79- and 86-strings configmsatié IceCube while earlier configurations 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 ik provide communication to
one of the IceCube strings respectively and the two assaclaeTop stations. Each string
is controlled by a DOMHub computer in the ICL.
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6. lceCube and AMANDA as a Combined
Detector

The AMANDA neutrino telescope [AABQO1c¢], the predecessor of IceCube, is used in this work as
a more densely instrumented sub-array of lceCube itselfis Ghapter 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 ofgjbical modules - a downward facing photo
multiplier tube enclosed in a glass sphere - is similar td ¢idceCube. The signal transmission and
on-board electronics are however verffelient; 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 first
detector of its kind in the antarctic ice, AMANDA comprisetaeger range of dferent 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 B5.3) is very high and leads to a strong sicattef light. The experience obtained with
AMANDA-A proved nevertheless that the developed electsniere reliable and able to withstand the
large pressure in the ice; none of the deployed modulesifdileing the first two years [AABOQ].

The first strings at larger depths were installed in 7985as an array of 80 OMs on four strings at
depths between 1545m and 1978 m (AMANDA-B4). The optical ohesl 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 théoshiale, first tools for track reconstruction
were developed and first neutrino candidate events weretsdleThe detector served also to establish
the large absorption length of the deep antarctic ice of niome 200 m at a wavelength of 410 nm
[AAB *00]. Another six strings with 216 OMs in total were instali@d19961997. Together with the
previously deployed AMANDA-B4 strings they formed the AMAM-B10 array.

The final nine strings of the AMANDA array were deployed in Seasons 19998 and 19989. The
three strings deployed in 19®B 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 [AABG6a]. The final 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.
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Figure 6.1.: The AMANDA neutrino telescope. The detectoswaild in several stages and explored
the optical properties atfiierent depths of the ice for neutrino astronomy. The striridiseo
AMANDA-B10 array and the nine strings surrounding them wased as an integrated part
of IceCube from 2007 to 2009. As illustrated in Figlrel 5.1 agg) 29, AMANDA was in
this configuration fully surrounded by IceCube strings.rir{@dAB *054].

Technological Progress

As the first neutrino telescope in the antarctic ice and éskflor 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 trarssian cable types from
coaxial cables (AMANDA-B4) to twisted copper pair cablesMANDA-B10 strings 5-10) to optical
fiber [AAB*06a]. With the larger depth of IceCube and the need to pravidehanical 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 uBl&2 From 2007 on, it formed an inte-
grated part of the IceCube detector until it was decomnmgsglan 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 fiirste 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 ¢cXANMANDA 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. Severdfdiences in the data acquisition systems and the format afataefrom
the two detectors had to be bridged before the data from thaéutrino telescopes could be combined.
The optical modules in AMANDA transferred analog wavefortaghe surfagg while lceCube data
is fully digitized on-board the DOMs. A time synchronizatibetween the two detectors had to be
ensured. Moreover, the data acquisition systems of the atectbrs were housed infiirent 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 repaattin M]. Tablé_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 fiber 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 TWRDAQ was not the inte-
gration of AMANDA into IceCube, it presents a major step tosgathis achievement.

Despite its denser instrumentation, AMANDA would not haweel the capability to enhance IceCube’s
performance at lower energies without an upgrade of the D¥sQwas implemented from 2002 to 2005.
This new DAQ, the TWRDAQ@Q] (Transient Waveform Reamdsee below), reduced the dead
time of AMANDA substantially. It was operated in parallelttee original AMANDA DAQ until 2006
and finally replaced it. The combined IceCube and AMANDA daieused only the TWRDAQ.

The original AMANDA DAQ was based on a hardware trigger reipgi at least 24 hits within a time
window of 25us. The high multiplicity threshold resulted from the slowalng 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 onsietial 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 [AABO6a].
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6. lceCube and AMANDA as a Combined Detector
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Figure 6.3.: Two kinds of events are present in the combiregdotor 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 perfathby a set of Flash ADC modules
called Transient Waveform Recorders (TWR). With these, TWRDAQ provided also for higher re-
semblance of the AMANDA data to the IceCube data. In additine TWRDAQ allowed to store
valuable additional information such as the number and itieahtimes of individual pulses.

AMANDA was the first low-energy core ever used within a nendrielescope. The data collected in
this way proved to be valuable for several analyses like tieepresented in this work or for example
the one inl[AAA"11e]. The successful analysis of AMANDA data gave the itiitéato design and build
an advanced low-energy core, IceCube-DeepCore [ABW]. This new sub-array is placed within the
deep center of the detector and thus provides improved agabilities 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 dafaisition system was in danger through
the accumulation of snow [Res09].

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

After the deployment season 202308, 40 IceCube strings have already been installed. ThaXDNA
array served as an additional, integrated part of the deteData was taken in this configuration from
April 5, 2008 on. AMANDA was turned & on May 11, 2009 while IceCube 40-strings continued
to take data until May 20, 2009. Correcting for detector ddinme, 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 coudrges 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 stigared separately. A readout of
IceCube was initiated every time AMANDA was triggered. Tlewarse logic was neither possible
nor necessary; no significant improvement in the reconstruds achieved when AMANDA infor-
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6.3. 2008-2009 Data: IceCube 40-strings and AMANDA

oy

Figure 6.4.: Event display from a combined event taken fromn final IC46-AMANDA data sam-
ple. The regular IceCube strings from the 40-string conéiion 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
filter but is recovered by the use of the light recorded in AMBAN

mation is included into IceCube-triggered events as thgseally have a higher energy and are already
well-reconstructed [GRTT07]. The trigger logic is illusted in Figuré 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 twdidrent kinds of events in the data taken in this configuration:

e Events with AMANDA trigger. A readout of IceCube is initimteind the events contain the hits
recorded in both parts of the detector. These events wiltfiirned to aScombined events® in
this work. An example event is shown in Figlrel6.4.

e 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 fs. Only
modules with a local coincidence (de€]5.4) participateértigger. On the AMANDA side, a multiplic-

ity trigger was configured to select events with at least 18nudules within a time window of.8us.

No local coincidence condition was applied to these hit&iritainto 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 actie®d selected events with an even lower energy
threshold by taking the hit topology into account to suppithe 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.
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6. lceCube and AMANDA as a Combined Detector

Subdetector trigger name trigger condition trigger rate

IceCube Simple Multiplicity (SMT 8) 8 hit modules with locebinci- 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 fixed 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 trarefanorth via satellite and on-line filters are
applied to select the more interesting events. A list of eliva filters in the IceCube 40-strings and
AMANDA configuration is given in Tablg 614, along with a summmaf the events that are targeted with
each filter and a typical filter rate. The two most importanefd 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 higlffieiency
while the background has to be reduced significantly to cgmyiilh the bandwidth constraints of the
satellite transfer. As discussed in Chapter 3, multiple msugeaching the detector from coincident
cosmic-ray air showers constitute one of the primary bamkgs in the northern hemisphere. In the
southern sky, well-reconstructed single muons and muodlbamominate the data. The cut logic of the
muon filter in lceCube 40-strings is thus adapted ftedént regions of the sky. All cuts in the muon filter
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 first-guEsmnstruction LineFit (see sectibnl7.2) and a
dual-seeded likelihood reconstruction based on the Liraefd its inverse as seed are applied.

The first branch of the muon filter requires that the evente lateast 10 hit channels (NCh) and that
both likelihood reconstructions result in a zenith anghgéda than or equal to 70 This branch of the
muon filter is used in the analysis presented in this work.ediches anficiency 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 angleg(°.

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 @a-Muon Filter [LHOT].

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

In the second branch, designed to make the southern skys#aleet IceCube, the zenith cuts are
weakened with respect to the first branch. To pass the cytomd 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
suficient background suppression. The event selection eritérihe IceCube 40-strings muon filter are
summarized in Table 8.3

The JAMS (Combined) Muon Filter

The JAMS (Combined) Muon Filter [GroQ7a] has been desigoedmplement the IceCube Muon Filter
by adding additional events at lower energy that pass thréd\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 filter derives from the AMANDA first guess reconstructiMS which is introduced in secti¢n 7.2.
A cut on the reconstructed zenith angle of the JAMS algorithrapplied at 7%. 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 thenzaemile would have improved the background
rejection by a factor of three but would also have resultelloss of signal #iciency around the horizon.
In addition, a cut is placed on the quality parameter of th#SAirst guess fit (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 filter has amestid signal €iciency 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

IceCube¢ AMANDA) data is divided into runs of up to 8 hours IenthThe 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 sulstdete
it is possible that a run contains good IceCube data whiletmebined 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 andbeaimportant for analyses that search for phenomena of shor
duration. As the data taking is usually very stable duringra & run-based data selection isimient for this work and
does not lead to a significant loss of lifetime.
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6. lceCube and AMANDA as a Combined Detector

¢ Runs with non-standard DAQ or detector configurations actueed.
¢ 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 calébthe detector (see chaplér 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 physicstrflias well as DOM-based information such
as DOM launch rates, provide the base for a run-based datilyguanitoring as a joint &ort of the
IceCube collaboration. Only runs without indications adlpiems in this monitoring are selected.

In addition, each run is required to have a length of at le@shutes. The monitoring of shorter runs
is difficult due to the larger statistical fluctuation of the filtetesa 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 timelsonization between AMANDA and
IceCube was @ by one second due to a bug in the data acquiﬂtidﬁor 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 egemstructed atmospheric muons as well
as on the final level. Furthermore, it has been checked tleagtbnt ids and event times in the final
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-called/*fvents, that has to be identified and removed
from the data. These events have characteristic wavefdratgliter 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 IceCulsrz®is and AMANDA data [Ses10] and
the validity of the cuts has been reassessed for the anglesented here. The algorithm makes use of
two characteristic features of the waveforms recorded WiKtANDA:

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

The AMANDA DAQ produces a waveform segment whenever the omegischarge in an OM exceeds a
certain, predefined value. The measured charge is recosdedgaas it stays above the baseline and a few
sample points around the pulse are added to the waveformesgghone 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 thesemd 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 identified 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 IceCube@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 eveitisasmedian peak rate smaller
than 0005 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 IceCubeveall. The plot uses data from
runs 112000 to 112099 at L3, taking into account only everitis &successful likelihood
reconstruction of the combined pulse series and an upgeainighzangle.

combination of a high median rate of local maxima in the waxes and a high number of waveform
segments on AMANDA strings 5-10. Figure .5 shows the distion 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 "flary” events. For the
analysis, only events with a median peak rate equal to omb8l005 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. Tieeteon the signal, though not simulated,
can be estimated to be of the same size.

Figure[6.6 illustrates the non-particle induced naturénefavents that are removed from the data sample
in this way. To illustrate theféect better, a selection of events with median peak rate ab60é 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 thatftagy” events have a higher occupancy on
the dfected strings and leave very little light in the surroundicgCube detector.
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Active on filter name goal filter rate
IceCube Muon select up- and down-going track-like evenigpsess 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 N Hz
IceCube Cascade select cascade-like events based on #féthialocity (se€ 7]12) 16.2 Hz

and the event topology
IceCube Downgoing Starting  select down-going low-enettgytieg 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 moonmwisible 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 triggerezhisvin IceCube aridr  0.5Hz
AMANDA

Combined JAMS Muon select low-energy up-going muon track# va trigger in  3.1Hz
AMANDA

Combined Low Energy Upgoing select low-energy up-going mutiacks in IceCube or 111Hz
AMANDA for WIMP searches

Combined Low Energy Contained select low-energy contagwetts 46 Hz

Combined Low Energy Cascade  select cascade-like eventgd KNDA and surrounding lceCube 7.2Hz
strings using part of the detector as veto

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

Table 6.4.: Active filters during the IceCube 40-strings AMIANDA data taking. Additional IceTop filters are not listéere. Rates are as of run 111471.
The Moon filter did not collect data during this run. The raletfilter algorithms for this work are the lceCube Muon Filked the AMANDA
JAMS filter. Descriptions of all deployed filters are aval&abn [Bla08].
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6.5. Cleaning of Combined Events for the IceCube 40-strings and AMANDA Analysis
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Figure 6.6.: lllustration of the characteristics of thecatled "flary” events in AMANDA. The same data
as in Figuré 65 is divided into two separate samples: “staticevents (blue) are those that
are used in the analysis and have either a low median peaf@@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 ptotskhe string
occupancy for “flary* and standard events, AMANDA stringyéaegative string numbers.
As expected, AMANDA strings 5-10 contribute most to the "flagvents. 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 chaninestandard 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 notigd@rinduced character. Finally,
the z-position of the charge-weighted center of gravithimsn at the bottom left. The origin
of the IceCube coordinate system is in the center of the ttgtaad the z-axis points away
from the center of the Earth. With few hits on standard Icesilnings, "flary” events are
more abundant at the position of AMANDA at the top of the coneloi detector.
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7. Reconstruction in the Muon Neutrino Channel

When neutrinos interact in charged-current interactianepton of the same flavor is produced. The
average angle between the neutrino and the emerging lepilerbélow 4 for neutrino energies above
100 GeV. The directional reconstruction of the incomingtriea can therefore be based on the recon-
struction of the direction of the lepton. A more detaileddat neutrino interactions is provided in
ChapteflL.

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

7.1. Muon Energy Loss in the Ice

Cherenkov Light

Ice is a dielectric medium and at the energy range GeV to Eevg@s as of interest for IceCube, all
leptons are above the threshold for Cherenkov light enmssis % 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(1) of the medium:

1

B - ()

The Cherenkov angle in ice with a refractive index~0f1.32 at 400 nm is 41and the emission is
peaked in the ultraviolet. The observed light pattern ddpemm the lepton type of the neutrino and
on its interaction. The dierences are illustrated in Figure]7.1: A highly energetioomproduced
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. Newtnarge interactions as well as charged-
current interactions of electron and tau neutrinos leadhé¢oobservation of spherical Cherenkov fronts

cosf) = (7.1)
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Figure 7.1.: Left: schematic view of a muon track with geteataCherenkov light in a neutrino telescope.
Right: Electron and tau neutrinos generate forward-peakesdades in the detector. After
[ABB*04].
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Figure 7.2.: Muon energy loss in ice: the contributions afization, bremsstrahlung, photo-nuclear
interactions,e* pair production and muon decay are shown. lonization doménap to
energies of a few 100 GeV. At higher energies, bremsstrghlphoto-nuclear interactions
and electron pair production contribute more and the enlaggy scales with the energy of
the muon. From [RCO1].

(cascade) within a confined volume of the interaction Ebint

The diferences in the event topologies are precisely what makes mewtrinos more suitable for anal-
yses that rely on a good angular reconstruction, such ag fr@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
flavors.

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). Howseesummed 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 throufflerdint 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 loskitalremaining 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 theffdirent processes in ice are illustrated in Figuré 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 BethedBl@quation [Gro08]:

dE\ _Z1[1 (2mc®62°Tmax) .o 0(8Y)
_<5>_KK?[§M(I—2)_[3 _T] 72

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 ahg.x the maximum kinetic energy that can be
transferred to a free electron. The functi&(8y) is a correction term for polarizatiorffects that reduce
the energy loss through ionization. The Bethe-Bloch equai valid for 01 < B8y < 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 dominatertbeyy loss, the average energy loss per unit
length can be written as a function of the form [Gro08]:

dE
-{—)=a+b-E 7.3
(&) -2+ 73)
wherea is given through Equation_4.2 and b describes the sum of lsteaidung, 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 iotieras 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 configuration of lceCube ievah in Figure’Z.B for illustration. A
muon (atmospheric or induced by a neutrino) crossing thiuimented volume of IceCube will be
characterized and reconstructed via the photon arrivasimthe number of photo electrons detected
with the DOMs and the positions of the active DORIs= (xi,yi,zﬁ The result of the reconstruction
consists of the muon direction and its estimated en&igyThe two angle® (zenith) andy (azimuth)
define the direction of the movement. Even though it is pdsdibfit direction and energy at the same
time, the addition of a sixth free paramam the minimization makes the reconstruction significantly
slower [ABB*04]. Usually, the reconstruction is thus divided in two stefhe particle’s direction is
reconstructed first and the energy reconstruction is thedeskwith the previously obtained best track.
As a compromise between CPU-consumption and the qualithefréconstruction, the best track is
obtained by the successive application dfatient 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 JABB04]. The assumption of light traveling through the ice at astant speeti along
an infinite, straight line is fit to the data. The location of @R r; that detected a photon at timjecan
always be written as

Fi =13+ V-t (7.4)
The corresponding? function is
Nhit
Ko=) (=15 - V1)’ (7.5)
i1

where Nyt is the number of hits in the detector. The analytical sotutior the minimum of they?
function as function of andvis:
ro = (ri) — V- (t) (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 defined through the two angkeand¢ and the coordinateg 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
. (ri -ty = (r) - )
(t2) — ()

where(...) 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 minimalzing muon tracks and
cascade events or events with dominant stochastic enesggddABB 04]. The performance of the
LineFit as a track reconstruction is shown in Figuré 7.5 foruated neutrino events from the IceCube
40-strings configuration which pass the online filter and a@enate cut on the direction and quality of
a likelihood reconstruction that has been applied in aolditdo the LineFit. For this event selection, a
median angular resolution betweehahd 28 is observed with the LineFit. The LineFit is not only used
as a first guess reconstruction in the lceCube 40-stringégemation but also for data that has been taken
with later configurations. Within this work, the LineFit weity is used as a cut variable for the selection
of neutrino candidates from the lceCube 79-strings data.

(7.7)

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 different first guess algorithm has been used: the JAMS (JushAndtuon Search) algorithm. De-
scriptions of this algorithm can be found [n [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 thisepldiis property can be used to obtain a first
guess for the particle direction. The JAMS algorithm staytgjuantifying the amount of clustering for a
number of random track hypotheses. For each of these ranitentions, the clustering is quantified by
the number of hit pairs that fulfill

D = (%~ %) + (% - %)+ (f - )" < Drax (7.8)

wherex; y andct are the positions of the hits in a coordinate system whosgészpaints in the direction of
the hypothesized track. A typically used valudpf,xis 100 m. The direction with the largest number of
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7.2. Muon Angular Reconstruction
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Figure 7.4.: lllustration of thefBects of several detector properties on the distributionineé residuals
at the DOMs. In an ideal detectdres would be as-function at zero. In reality however,
the distribution is distorted by thefect of PMT jitter, i.e. the limited timing resolution of
the PMT. Random noise adds a constant component to thebdistrn. 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 flierent time residual distribution for DOMs that are orierdshy from the
track with respect to the one of a DOM which is oriented towahe track. From [ABBO4].

hits which fulfill Equatior_Z.B is used as a seed to a simplifieelihood reconstruction. In comparison
to the LineFit, JAMS is more robust against coincident muoosm multiple cosmic-ray primaries.

In addition to the track reconstruction, JAMS also calesah quality parameter Q. This quality pa-
rameter is based on the output of a Neural Network that has treimed with simulated data and uses
information about the reconstructed track such as the texgth 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@ze region.

Maximum Likelihood Reconstructions

A better angular resolution than with the first guess alpor# is achieved with maximum likelihood
reconstructions (see also Figlre]7.5). A set of parametéssdeduced from the measuremenby
maximizing the likelihood functior(X|&). For particles above 100GeV, an infinite muon track moving
with the speed of light is used as the track hypothesis.

To define the likelihood functions used in IceCube, it is @ment to introduce the concept tifne
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 thrd
geometry of the Cherenkov cone. The time residyals defined as the fference between the observed
hit time and expected hit timge,. In an ideal detector, the distribution s would peak sharply at
zero for the best track hypothesis. In reality however, haetector &ects distort the distribution and
make it wider. The impact of several of thedEeets is illustrated in Figufle4.4. 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 dependshenidcal properties of the ice, in particular
the scattering.

The diferences in the maximum likelihood reconstructions thatageslable in IceCube are primarily

defined trough the time residual pdf that is used in the raoaction. 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
fit particle direction, by maximizing the likelihood funoti

Nhit

LS PE(tr;s|a) = ]—[ pl(tresi|a) (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 parametérsThe product runs over all the DOMs and takes into account the
first hit. Later hits are more likely to originate from strdngcattered light and are more challenging to
describe.p;(tresild) is the probability density function (pdf) for the time résalt,es; under the variation

of din the first hit in the DOM assuming that no additional phothase 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 amration of the time residual pdfs. The
analytical approximation in use is the so-called “Pandetfiction, a gamma distribution of the following
form:

_ def/A-1 e e
Pt = ——* GRS L (R SN 1) (7.10)
N(deff) lﬂ(deff//l)
where G
detf e eff
N(detf) = € T - (1 + %) (7.11)
a

def is an dfective distance from the DOM to the track taking into accdbetorientation; of the PMT
with respect to the traclcce is the speed of light in icel, the absorption length ardg{d/ ) is the gamma
function. 1 andr are functions of the distanak+s. A, T and 1, as well as the connection betweess ¢
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 [AB®A]:

7 =557ns1 = 333m, 15 = 98M derf = 0.84m+ (3.1m - 3.9m- cos@) + 4.6m- cos’(y))  (7.12)

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

Multi Photo Electron (MPE) Reconstruction

The presence of additional pulses is taken into accountersdicalled “Multi Photo Electron” (MPE)
likelihood. The pdf of the time residuals is then defined as

00 N-1
ph (tres) = N - pa(tres) - (f pl(t)dt) (7.13)
tres

This is the probability density function for the observatif the time residualesfor first of N pulses. By
using this pdf in the likelihood functiof ypg, the MPE reconstruction yields a better angular resolution
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Figure 7.5.: The median angular resolution of the two maximtikelihood reconstructions is compared
to the first guess algorithm LineFit for the IceCube 40-girtonfiguration. All recon-
structions shown in this plot have been applied to the Icecatly pulses. For the first
background suppression mentioned here, events with ugyddPE fit and MPE rlogl (see
Chaptef D) smaller than 12 have been selected. The eventiselat analysis level is de-
scribed in Chaptdr]9 and targeted to select events with a g 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 configuration for twoftirent event selections. The event selection labeled witst “fi
background suppression” is obtained by applying two aoiditi cuts with respect to the on-line IceCube
Muon Filter (see sectidn 53.4): The MPE reconstruction isiested to be up-going and a soft cut on the
quality parameter of the MPE fit (i.e. the reduced likelihoseke also ChaptEl 9) has been made at a value
of 12.0, corresponding to a soft cut on the quality of the nstiction. At energies below 10 TeV, the
SPE and MPE reconstructions show a similar performanceanitiference of less thanD’ in median
angular resolution between them. At higher energies, th& kfeonstruction is clearly better than the
SPE reconstruction, with affierence of up to @° in median angular resolution. Therefore, the MPE
reconstruction is used in this work whenever possible. Bkefihood reconstruction are clearly superior
to the LineFit first guess reconstruction which shows an sindlle degradation in angular resolution as
the energy of the events increases.

The two reconstructions are also compared at analysis détexlthe event selection described in Chap-
ter[9 has been applied to the simulated events. The appleut selection is targeted to select well-
reconstructed events and a clear improvement with respeabetprevious 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 biasgdrtts events that are well-reconstructed with
the MPE reconstruction since the quality parameters ofrdgenstruction 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 fromad€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 réxeari®n when both were applied to the com-
bined IceCube and AMANDA pulses. AMANDA is the first low-eggrcore 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 diferent PMT density nor to data that has been merged from tifiereint data
acquisition systems that may among othéfesiences have fierent 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 diferences in detector and data acquisition between IceCubeARMNDA. These include
changes of the noise probability, the timing error and te sf the PMT jitter &ect 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 reaartgin 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 taggrocessing of the combined data, two
different reconstructions have been applied to all combinedtsve

¢ The above-mentioned SPE reconstruction, performed onateedl all PMTs with a signal in the
event, i.e. using both IlceCube 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 subgbedavailable 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 aftérent way. For low energetic events, it will be important noliide
the additional information collected in AMANDA. High-ersr events however that go for example
through the short axis of the asymmetric IceCube 40-strilegsctor 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 combifdg r8construction (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 fadhiferent spectra: a very hard neutrino signal
spectrum with spectral index 1 on the left, an intermediatgtnino signal spectrum with spectral index
2 in the middle and the soft® spectrum that has been used as a benchmark signal spectithe in
IceCube 40-strings and AMANDA analysis in the right plot.eTévent selection described in Chapfer 9
has been applied to the simulated events.

A spectrum like the one in the first plot includes many evehtie@highest energies. The angular reso-
lution of the SPE reconstruction on the combined pulses Inasdian of around.B° and is significantly
below the one that could be achieved if the best of the twonstcactions was selected. This optimal
selection has a median angular resolution belo#.0For intermediate (spectral index 2, middle) and
soft spectra (spectral index 3, left), théfdirence 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_71.6 represent the angular resolfto 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 recctimtrio be used in the final test based on
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Figure 7.6.: Comparison of the angular resolution for corati lceCube 40-strings and AMANDA
events with the event selection described in Chdgter 9. Blavey 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 witltspl 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 MREGube-only pulses was
selected (gray, only possible on MC) and the combinatiome(obf SPE and MPE depending
on the estimated energy of the event.

<« SPE-MPE energy estimate (EE) selected reconstruction
<05° — SPE
>0.5° log,o(EE) < 4.5 or energy reco failed SPE
> 0.5° 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 @naut with MUuE (see Chaptgl 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 Talle 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®. The angular resolution for this soft spectrum is flieeted.

The overall angular resolution of the neutrino sample @éerim Chaptel19, is characterized in Figurd 7.7.
For a soft E3 signal neutrino spectrum, a median angular resolution25fi$ obtained. This includes
both IceCube and combined events. As can be seen in the dsorpaf this number to the right plot
in Figure[Z.6, combined events do indeed obtain a betterlangeconstruction at low energies than
IceCube events; the median angular resolution of the ccedlénents in a £ signal neutrino spectrum
is below E.

Estimation of the Uncertainty of the Angular Reconstructio n

IceCube’s pointing capabilities are studied through thiitiel analysis and monitoring of the moon
shadow [BGKO09]. Moreover, a limited sample of tracks thajger both IceTop and IceCube is also
used for the verification of the angular reconstruction.
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Figure 7.7.: The angular resolution of the IceCube 40-g$riand AMANDA neutrino sample is shown
for four different neutrino energy regions based on simulated data. ifieenktic angle
between the neutrino and the detected muon is included apaciisithe 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& 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 evartton 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 camag with the reconstructed one providing
a measurement of the performance of the reconstructionritiigo Figured 7.6 anfd 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 errdnénréconstruction depends on the charac-
teristics of the events that are considered. Events witlgla humber of hits in the detector, i.e. high-
energy events and events that pass through the core of #ngatetire typically better reconstructed than
low-energy events or events that do not pass through theisinsenhted volume. This implies an energy
dependence of the performance of the reconstruction treatident in Figure§ 717 and 7.5. It is there-
fore desirable to obtain an estimate of the angular uncyté 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 wedgbthts with their probability to originate from
the direction of interest. A test of this kind is describedCihaptef## and applied to the event selection
developed in this work.

The method that is used to obtain the angular uncertainipatgs for this worltis described in [Neu06]
and is available as part of IceCube’s reconstruction soéw@he method samples the likelihood space
around the best fit track and by fitting a paraboloid finds thasetions in azimuth and zenith angle that
correspond to a predefined decrease in the value of thehidaadi functiol. The result of the method is
an error ellipse that is however well-approximated withrawdar uncertainty region defined through the
variableo.

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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7.2. Muon Angular Reconstruction
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Figure 7.8.: The logarithm of the ratio of the true error ie tteconstruction and the parabolaidis
shown versus the number of active channels (top) and theatstil event energy (bottom).
Shown are simulated events reconstructed with the MPE staation and selected by the
cuts described i]9. The plots on the left show the uncomepseaboloido, the plots on
the right the paraboloid- after an energy-dependent rescaling. The black boxessere
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 directibowdd be centered at 1 and be constant as a
function of energy. Figure 7.8 shows the logarithm of the m@tlo of the paraboloid angular uncertainty
estimatoro- 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 paraboloig. The same rescaling
as in [AAA*11]] is used here:

Tcorrected= 1.19:(4.97 - 1.97- log;o (MUE EnergyGeV) + 0.27- log; o (MUE EnergyGeV)’)-c- (7.14)

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

Figure[7.9 shows the pull ratio of the combined SPE parablaloi The plot on the left shows the
dependence on the number of channels as energy proxy. Ngstoorelation is visible and no rescaling
is hecessary.
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Figure 7.9.: The logarithm of the ratio of the true error i tleconstruction and the parabolaidis
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 parabol@ichecessary.

7.3. Energy Estimation

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

¢ The length of the muon track if contained events are constitler

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

e The energy loss along the muon track for muon energies abfewe 500 GeV.

Different algorithms are developed and used in IceCube to ¢xpkse characteristics for the energy
measurement. The analysis presented here uses to a largienfiarough-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 thexdfased on the energy loss along the muon
track. As illustrated in Figure_{.2, the energy loss scabeghly 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 theecefgravity 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
modelf. The number of photons per unit length from the mdris then related to the muon energy by
[zCog]

E
N.=3-10"m (122 +1.36- 103 — 7.15
N (L22+ GeV) (7.15)

The performance of the MUuE energy reconstruction is shovirigare[ .10 and compared to the number
of active channels as energy estimator. An approximategali scalirEof 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 CHdpteb8jtes than at lower level event selections
as most of the events are passing through the instrumentech@mf 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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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 attrég with a successful MukE
energy reconstruction in the event selection describedhap@r®. 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 flux scale. The colokespresents the number of
events for an arbitrary flux scale.

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

7.4. Background Rejection with Additional Reconstructions

In addition to the directional and energy reconstructiogsctdbed 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 lieen applied:

e A SPE maximum likelihood reconstruction with down-goingyBsian prior.

¢ A set of SPE maximum likelihood reconstructions based ongulee 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 théhn@r 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 likelihodio between this reconstruction and the
original, up-going reconstruction can then be used as aamible. It is used in the event selection
described in Chaptét 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-outasn An attempt to reduce this background
can be undertaken by splitting the pulse series into twasgartheck 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 eto split pulse series result in a down-
going reconstruction. Two fferent 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. Th@aency of the use of these reconstructions in the eventtsmiec
is characterized in Chapter 9.
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Figure 7.11.: Reconstructions as applied to the IceCubstrdigs and AMANDA data in the first three
processing and event selection steps. No further recatistng 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 theCube 40-strings and AMANDA data and
the processing steps at which they have been applied is simoRigure[7.11. Events with AMANDA
data receive a special treatment at each processing step.

The first reconstructions are applied on-line at the pole aedused in the physics filters (deel5.4) to
select the more interesting events. All events are reaactsl with the LineFit first. 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 resultenthe other receives the reciprocal of the
LineFit as an additional seed to improve the rejection of mlgweing events.

Combined events, i.e. events with AMANDA trigger are alscorestructed with the JAMS algorithm
at this level and the results of this reconstruction are usede on-line filter. In the next step, the so-
called Level 2 (L2), all filtered events are processed toyapmher 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 fit to estimate the angntrtainty of the MPE fit and a MuE
energy reconstruction are applied. A range of other fitsahatuseful for background rejection is also
performed for these events such as a fit with down-going ek reconstructions on split parts of the
pulse series. For events with combined data, a 32-iteiRI®PE fit is applied to the combined pulses.
This processing has been conducted centrally for the IceCaltaboration.

For combined events, an additional processing step (L3p&as carried out by the author of this work
to provide additional reconstructions based on the condbmése series. A paraboloid fit and several
other reconstructions for background rejection are agplide angular uncertainties are determined for
the 32-iterations SPE fit. Apart from thefidirent likelihood function, the settings for the two paralbl
uncertainty estimates are the same for combined and Ice€ugngs. The previous point source analysis
with combined IceCube and AMANDA da@lle] used a coagsdrfor the evaluation of the likeli-
hood function with the paraboloid method; a study of thisapaster however revealed a slightly better
performance when a finer grid(thstead of 8) was used. The application of additional reconstructions
at L3 provides the base for an event selection of both condkane IceCube events as the one presented
in Chaptef®.
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8. Simulation and Systematic Error Analysis

In the development of analyses such as the one presentdd wmdik, it is crucial to simulate a neutrino
signal flux in order to be able to optimize the event selectiot to calculate upper limits on the observed
flux of neutrinos. Atmospheric muon background simulat®osed 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 deCdata analyses is given before the
impact of systematic uncertainties on the IceCube 40ggrand AMANDA analysis is discusdkd

8.1. The Simulation Chain

MC generation of

. neutrino events
\ (NeutrinoGenerator) + % \ /

AN . . \ Air Shower simulation with CORSIKA
Neutrino propagation \ g

and interaction in the Earth ‘)
(NeutrinoGenerator)

\ Photon propagation Detector response
(ppc or photonics)
Muon Energy Loss in
the ice (MMC)

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 witRSIBA, 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 diferent programs are available to simulate the propagati@hations
through the ice (photonics and ppc). Finally the detectsposase and data acquisition are
simulated.

In addition to the work presented here, i.e. the use of sitimman the context of a physics analysis, the author of theskw
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 neutriaongh. 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.

e 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@delo) [RCOL].

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

e Detector responsghardware)

e Data acquisition (software) according to the treatment of experimental.data
The atmospheric muon background is simulated using a mddifiesion of CORSIKA (COsmic Ray
Simulation for KAscade) [HKC98] accounting for the fact that IceCube is not a flat surfaetector
as was the original target of the program. CORSIKA is capablally simulate extensive air showers
induced by cosmic-ray primaries and their development inatmosphere. To save computing time,
the electromagnetic component is neglected in IceCube dsels not reach the deep deteBtoFor
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 imgi&tion of ANIS (All Neutrino Interaction
generator) [GKO5] which is capable to simulate all threetriea flavors and to propagate them to the
detector. All possible interactions within the Earth adeetainto account. The neutrinos are simulated
with a configurable power-law spectrum and can then be weigta the neutrino spectrum of interest
to the analysis. The simulated spectrum is chosen accotdittye analysis and is usually flatter than
the energy spectrum of interest to the analysis to providicsnt statistics at the highest energies.
Even though the atmospheric neutrino background is pratlimceosmic-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 followirglets of the atmospheric neutrino flux
interpolated to high energies for example from the work d6[B04] and [HKKSQ7].
The propagation of the Cherenkov light is simulated usinigegiphotonics| [LMW Q7] or ppc (photon
propagation code) [AAAl11g]. Photonics provides the expected number of photonisegpadsition 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 &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 prodLE:tiBnth ppc and photonics take the inhomo-
geneous nature of the ice into account by the use of an “iceeth@mllowing 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 IceCube 40-strings and AM ANDA
Analysis

In analyses that derive the background expectation frontdéte (see chaptét 4) such as the one pre-
sented in this work, the main cause for systematic uncdigaiims the simulation of the signal used in
the calculation of the neutrino flux upper limits. Major soes of uncertainty in the signal simulation

2The electromagnetic component of the shower is of high agle® 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 configuration.
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8.2. Systematic Uncertainties in the IceCube 40-strings and AMANDA Analysis

set detector spectral index ice model x-sections DGIM eabsorption scatt.
2972a IC40 1 SPICER CTEQ5 - -10% -10%
2972b IC40 1 SPICER CTEQ5 - +10% +10%
5040 IC46-AMA 1 SPICE1 CTEQS - - -
5107 IC46-AMA 1 AHA CSS - - -
5114 IC46-AMA 1 AHA CSS- - - -
5122 IC46-AMA 1 AHA CSS+ - - -
3248 IC46-AMA 2 AHA CTEQS -10% - -
3247 IC46-AMA 2 AHA CTEQS +10% - -

Table 8.1.: Simulation data sets used to study the systenmnatertainties for the IC4AMANDA anal-
ysis. Sets 2972a and 2972b have been generated using pgcaltithers use photonics
tables for the photon propagation. Listed are the data sebar the simulated detector con-
figuration, the spectrum that has been simulated, the iceeintitk neutrino cross sections
that have been used and the variations of the D@idiency, 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 eficiency of the DOMs. Uncertainties on the modeling of the lgagknd do not fiect 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 vathin their uncertainties. The size of
the dfects is evaluated at the final analysis event selection.|&bal cuts that have been applied to reach
this level are presented in Chaptér 9. Tdblé 8.1 summatieesettings of the simulation data sets that
have been used in this evaluation. The settings of the paeasnend their impact on the event selection
will be discussed in the following. For each of the simulatsets, the number of events at the final event
selection level for a E2 signal neutrino flux as well as the energy and zenith digiobs 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 flux 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 igiin section 5J3. The default simulation
that has been used in IceCube 40-strings uses an ice moal bashe work of [AAB05a] (AHA
model). To study the systematic uncertainties that enteutih the modeling of the optical properties
of the ice, one can either benchmark th&atience between separate ice models, i.e. study the impact
of a different 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 combinedtsvé he data sets that have been used for
this test have been generated using the SP#QE&del derived with a global fit to bright flasher data as
described inl[AAA 11g]. Figurd 8.2 compares the distributions of energy amitlzengle obtained in
four different simulations: the default simulation (data sets 21i#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 SPI€HK2 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 kariviiee SPICE2 model and
the SPICE2 model with increasgdecreased 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 observeatci lgin for an arbitrarily scaled£ signal
neutrino flux. The plots on the right are normalized to onertiviole a better comparison of the shapes
of the distributions.

The diference in the total number of events between the default AldAlation and the SPICE2
simulation with its standard parameters is 2.0% with lesnewbserved in the SPICE2model. A
+8%/ — 12% change is observed with respect to the baseline numlegenfs in SPICER if absorption
and scattering are simultaneously varied. These changdarger than the fierence between the two
ice models and give the systematic uncertainty induced d&yca model. The shapes of the energy and
zenith distribution do not change significantly and it cambgumed 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 theaadf neutrino simulation for IceCube
40-strings is based on the parton distribution functionsnfICTEQS5 [LHK*00]. The high-energy neu-
trino cross sections from CS5 [CSS08] include newer ZEUS déth respect to the ones based on
CTEQS5. Besides, they also provide an uncertainty band ofi¢lirino cross sections. Thefdirences
between CTEQ5 and CSS are largest at the highest energies.
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Figure 8.3.: Energy and zenith distribution of¥signal neutrinos at analysis level are compared to each
other for four diferent high-energy neutrino cross sections. Events withcansgructed
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 sexton on the analysis, three data sets are
compared to the default simulation. The first one uses the €& sections, the other two represent
the error band of the CSS cross sections. The resulting esaingenergy and zenith distribution are
shown in Figuré_8I3. Within the statistical uncertaintial,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 &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 af10% in the
DOM efficiency are considered to benchmark tifieet on the signal neutrino flux. The data sets 3247
and 3248 have been generated with the exact same settinys laaseline simulation and are compared
to this in Figurd_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 flux.

Summary of the Systematic Uncertainties

A summary of all the considered systematic uncertaintiggrasided in Tablé 8]2. Assuming that all
effects are independent, a net uncertainty-®5%/ — 17% is calculated for anE signal neutrino flux.
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Figure 8.4.: Energy and zenith distribution of¥signal neutrinos at analysis level are compared to each
other. Events with a reconstructed zenith larger th&ne®8 shown and the plots on the right
are each normalized to one. The sensitivity of the DOMs igedany +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 eventsY{E
DOM sensitivity +12%/-13%
photon propagation +8%/-13%
y-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].

68



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 GBtaneutrino sources and presents the best
sensitivity for these among all point source analyses tlemewwerformed 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 (seesd&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 presentedreng all IceCube 40-strings point source
analyses.

Due to the diferent spacing of the optical modules in the two parts of theater as well as to the
different filtering that is applied on-line at the South Pole piveeevent populations haveftirent energy
distributions. Furthermore, combined events are treaidtdandifferent hit cleaning and afierent first-
guess reconstruction is used for them (see Chapter 7). Theevent classes fller 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 thifeeetit neutrino spectra:

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

e The atmospheric neutrino spectrum represents an everr spietrum. The event selection is
developed to extract a clean atmospheric neutrino sanmme the data.

e An E~? 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 fiiciency 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. Mastration purposes, a few possible neutrino
energy spectra are shown in Figlrel9.1, 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 indeperafghe correct modeling of the background in
the simulation. If integrated over the whole year, the detreesponse is uniform in right ascension and
pseudo-background samples are obtained from the data tas#ignment 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 analygik 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 final statistical test is performed on the data.

A short overview of the cut variables that have been used igahalysis 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 propedfehe surviving muon background are studied
in data.
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Figure 9.1.: lllustration of dferent 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 flux from the Crab if atrays were produced in pp-interactions, see also
Equatior_I0.1l 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 ChaptEf 3, the IceCube data at filter levebiisimhted by atmospheric muons. Even
if a cut is made to select only up-going events, mis-recanttd atmospheric muons still outhumber
atmospheric neutrinos by four orders of magnitude. Givenlthv expected flux of neutrinos from
astrophysical sources, it is not possible to identify aaligibove 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, powerfubcdables 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 fit. In analogy to the

quality parameter of g-fit %zf , it is defined as rlogk (N%Ogr:w)ﬂ where logl is the value of the
likelihood function at the best fit and, = 5. While this variable has a good separation power
between mis-reconstructed atmospheric muons and sigo#imes, it also has a strong energy
dependence. In contrast to the quality parameteryatit, the distribution of rlogl does not peak
around one for well-reconstructed events. Instead, timaptange of values has to be determined
from signal simulation.

plogl is a variation of rlogl that has been developed to reduceniikegy dependence. In this work, it is
defined as plogE % with x = 2.0,

paraboloid o measures the angular uncertainty of the likelihood recoasbn. It has been studied in
detalil in sectio_7]2. In particular, a rescaling is appfi@diceCube events to reduce an underes-
timation of the angular uncertainty at high energies.

Bayesian likelihood ratio  is defined as the ratio of the likelihood of the SPE fit with onifi prior and

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

1The definition of this cut variable is often stated withou tinus sign. This does however belong to the fully correct
definition.

2Other definitions are possible and have been used in oth€ubme analyses. The particular definition used in this work
has been selected based on its discrimination power bethagkground (atmospheric muon-dominated data) and a soft
neutrino signal with an £ spectrum. For harder neutrino spectra, larger values of piaferred.
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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 different pdfs are used in the ratio, the optimal range of valdfidhi® parameter is
determined with simulated signal neutrino events.

MUE Energy The reconstructed energy, obtained with the MUE reconsbrugChi08], see also section
[7.3), is a powerful variable to identify high-energy events

NDirPulses A direct pulse is defined as a pulse for which thfatence between the detected arrival
time t and the expected arrival timgd fulfills —15ns< t — tgeq < 75n§, i.e. the scattering of the
light has been small. NDirPulses is the number of directq:slﬂs

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 tradkilerithe values -/l 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 se€fidn Fah)this purpose, each event has been split
into two halves with two dterent algorithms and each of the four resulting split putsges has been
reconstructed with a SPE likelihood reconstruction (seapBhiT). In one of the splitting algorithms,
the events are split at the mean of the time of all hits (“tiqi’$. In the other algorithm, they are split
at a plane perpendicular to the original reconstruction poegltioned 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 eveoiis,df two atmospheric muons or of a muon
and a neutrino, are more abundant in the later, larger caatigns of IceCube. Considerable additional
effort has therefore been spent on this topic for the IceCubs&trit@gs analysis outlined in Chapfer 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 diferent processing steps. The first

step is the initial event reconstruction and event seleaithe South Pole. The details are described in
sectiong 54 anld 6.3. The IceCube Muon Filter selects a &éinmpke of interesting events. The data rate
at filter level is about 18 Hz for up- and down-going events together.

Level 2 Off-line Processing and Event Selection

After the data has been transferred north, additional i€tcactions are applied in the firsffdine pro-
cessing, called Level®2 The following processing steps and reconstructions aplieapto IceCube
events:
o Removal of data from few unreliable DOMs, Waveform Calilmmatand 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
e LineFit

3Different time windows can be used for this definition. In IceCiabernal notation, this analysis uses C-type definitions 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 Chajpfér 11.

5The Level 2 ¢t-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 Leveffdime processing are fully reflected in the analysis presei
this work.
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Figure 9.2.: Left: Signal vs datdfeiency 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 Thé cut has been varied
between 180 (no cut) and 0 (removing all events). Right: Signal vs daféiagency for cuts
on the rescaled MPE parabolaid varying the the threshold between°1Boft cut) and 0
(removing all events).

e SPE reconstruction, using the LineFit as seed.
e lterative SPE reconstruction, using the single iterati®$econstruction as seed. 32 iterations
are performed.
For a selection of events whose 32-iterations SPE recatistinuhas a zenith angle larger tharf &hnd
which have rlogl< 120 (indicating that the quality of the reconstruction is nety poor), additional
reconstruction are added:

SPE Paraboloid fit to provide an estimate of the angular tmiogy of the reconstruction.

32 iterations SPE fit with down-going prior (Bayesian SPE fit)

MPE reconstruction.

MPE Paraboloid fit.

MUE Energy reconstruction.

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

e Splitting on temporal criteria and a 16 iterations SPE retrmiction on each of the partial pulse
series.

Besides the reconstructions listed here, several othensgictions are applied within the Level 2 pro-
cessing to serve other detection channels. All recongbngthat are used in this work are also intro-
duced in Chaptdr]7.

Level 3 Off-line Processing and Event Selection

A second @-line processing, called Level 3, is carried out to provider@reconstructions for the com-
bined events. For the IceCube events, all reconstructioaisare needed in the analysis are already
available at this stage. The Level &ine processing for IceCube events therefore consistg aina
reduction of the data volume. Only events with an MPE recangtd zenith angléMPE > 90° and MPE
rlogl < 120 are kept for the analysis. The data rate after this cutG$i4, three orders of magnitude
above the atmaospheric neutrino rate & @Hz.

In addition, two quality cuts are applied before the final @ptimization is performed. The application

72



9.2. Selection of IceCube Events

of these cuts before the final, multivariate cut has beenrebddo improve the signalfgciency of the
event selection. A requirement on the zenith angle obtaivieid the reconstructions of the split pulse
series is made, asking all of them to be larger thahi8@rder to remove coincident muon events. The
left plot in Figure[9.2 shows how cuts on the zenith anglehefgeometrical and temporal split pulses
series #ect data and signal. The cut value has been varied betweér(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@tum neutrino signal with spectral
index 3. The same cut on the zenith of the temporally splisggkries rejects 79.3% of the background
and keeps 83.1% of the same signal.

Only events with a (rescaled) paraboleid< 4° are kept. This cut preserves 75.3% of atPFeutrino
events with up-going MPE reconstruction and MPE rodl20. 36.8% of the data pass this cut. The
signal dficiency increases if only events with a good angular recoastn are considered. Moreover,
the cut is very safe since events with latgeontribute very little in the statistical analysis (see ftea

) and their rejection does therefore not harm the sertyitofi the search. The combination of these
cuts keeps 02 Hz of the experimental data, representing a reductior®d® of the data with respect
to the 46 Hz after the previous cut. . ®mHz of atmospheric neutrinos pass this cut that prefers wel
reconstructed events.

Event Selection with the Neyman-Pearson Decision Criterio n

The final selection of IceCube events is divided into twfiedent branches: a main branch using a
multivariate yet very simple cut and an additional high ggearptimized branch based on rectangular
cuts. Multivariate cuts fder 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 final
neutrino sample are selected by this multivariate cut.

Alikelihood ratio based on several variables is used tacsédeCube events for the point source analysis.
In the case of strictly uncorrelated variables, the Neyiaarson lemma (see also Chapier 4) states that
the cut obtained in this way is the mosfieient cut that can be derived from the given set of cut vaembl
at each required level of purity. Even though the variabheg &re 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 andRDA analysis [Ses10]. The cut variable
used in this work is defined as:

Psgplogh) Psg(cl) Psgbayl) Psg(NDirl) Peg(LDirli) ,sosig(soiru)} 01
Pog(ploglli)  Pugloli)  Pog(bayi)  Poug(NDirli)  Ppg(LDirli)  Prg(SDirli)

NP(i) = log {

wherePsig(Xli) (Pog(XIi)) is the probability to observe the measured value of tharpater x in event i
under the assumption that i is a signal event (backgroundtevEhe cut variables used in Equation]9.1
are, in order of appearance: plogl, the parabotaithe 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 iwisstructed down-going muons. Data-MC
comparisons of for these cut variables are shown in Figufear®{ 9.%. 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 tluenber and length of the direct pulses, where
the statistics of the simulation are limited and the modgbththe atmospheric muon spectrum is most
difficult. A reasonably good agreement is achieved in the lowggnegions with sfficient 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 backgrguotability distributions. 1@ days of data
have been used to generate the background probabilitybdigtns. The performance of the cut was
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Figure 9.3.: Data-MC comparisons for three of the six vadeslihat are used in the Neyman-Pearson
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likelihood ratio cut. Data in black is compared to atmosgheruon simulation. The com-
ponents of single and double muons are shown separatelycamiireed. The plots on the
right show the ratio of data and the sum of the two simulatedkdpaund components.
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Figure 9.5.: Probability distributions for background t@aand signal (atmospheric neutrinos) as they
have been used to construct the likelihood ratio that is @sethe main cut variable for
IceCube events. Six filerent cut variables are combined into a single cut. The nsgio
where either one of the distributions falls below 0.001 amesidered in under- and overflow
bins and illustrated here with dotted lines. The structarghie distribution of the direct
length are caused by twdfects: The direct length is always a multiple of an existingiin
DOM distance. In addition, the IceCube 40-string detects én asymmetric shape with a
long and a short detector axis, limiting the direct lengthsdome azimuth angles more than

tested with a separate set of data. The probability digtdba that have been used in the cut are shown
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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 different spectra of arbi-
trary flux scale. A cut at a value of 1 is applied to the data tecte neutrino sample. The
agreement of data and simulated atmospheric neutrinosyigyeed 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:

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

e The MPE reconstruction is used. This results not only in &betngular resolution but also
resolves a problem with the SPE reconstruction that dimassthe separation power of direct
variables that are calculated with respect to the SPE fit.

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

Figure[9.6 shows the distribution of the cut variable forad@dilack), atmospheric neutrinos (red) and
two different 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 &elHood 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 antbdeisub 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 testemtAtdog(%g > 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 sefttsap 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 Chaptef 11 in two fferent zenith region in order to obtain the best sensitiviyoss 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 thigypofrthe neutrino sample.

Selection of Additional High-Energy Events

In the energy range above a fewl0 TeV, the background of atmospheric muons and neutrinobea
suppressed with energy estimators or strongly energyrdkgme variables without a significant signal
loss. The event selection presented so far however is @@irfor soft spectra for which the bulk of
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Figure 9.7.: Cut progression for high-energy IceCube evdritze simple cuts are to select high-energy
neutrino events. The distributions of data, muon backgiasimulation and atmospheric
neutrino simulation are shown alongside with an arbityasdaled hard E2 signal neutrino
flux. A cut on the rescaled MPE Parabolaid < 3.0° is applied, followed by a cut at
Iog(% > 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 showrehea 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-PearsotiHded 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 ddesir lower energy often presentidrent
values in the considered cut variables than very high-enevgnts. Atmospheric neutrino events have
on average larger angular uncertainties and less diresépul second branch for the selection of very
high-energy events has therefore been introduced to centhapower 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 tsvisnillustrated in Figur€9l7. To pass this
cut, each event is required to have a small rescaled MPE glardler of less than 3°. The recon-
structed energy is required to fulfill IgIUE Energy > 3.0 and a cut on the Bayesian likelihood ratio
at Iog(%& > 30,0 is made to suppress the down-going muon background. A la@hche
MPE rlogl is made, requiring MPE rlogt 8.3.

The combination of the Neyman-Pearson likelihood ratiovgth this cut improves the signatticiency
above 10 TeV, see Figufe 9]10. Th&iaencies shown in this plot are calculated with respect ko al
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9.3. Selection of Combined Events

IceCube and combined events with up-going reconstrucaouisriogl< 12.0 for an E* neutrino signal
spectrum.

9.3. Selection of Combined Events

Combined events are selected on-line by the JAMS (Combivedn Filter (see sectidn 8.3). This filter
selects about.3 Hz of data and is based on the JAMS first guess reconstruction

Level 2 Off-line Processing and Event Selection

The standard Level 2 processing does not apply any cuts aothbined 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 ofi4 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.
e SPE reconstruction, using the JAMS reconstruction run & Biod the LineFit on the IceCube
pulses as seed.
¢ lterative SPE reconstruction, using the single iterati®ESeconstruction and the 32 iterations
SPE fit on the IceCube pulses as seed. 32 iterations are pedor

Level 3 Off-line Processing and Event Selection

Only events with an up-going combined SPE reconstructiemi{z> 90°) and SPE rlogt 120 are
selected for further processing at Level 3. The Level 3 seteedd a further set of reconstructions and
verification tools:
e Waveform-based identification of non-particle inducednésén AMANDA (see sectiof 6]5).
e SPE Paraboloid fit to provide an estimate of the angular taioty of the combined SPE recon-
struction.
e 32 iterations SPE fit with down-going prior (Bayesian SPE fit)
e Splitting on geometrical criteria and a 16 iterations SRi®nstruction on each of the partial pulse
series.
e Splitting on temporal criteria and a 16 iterations SPE retrmigtion on each of the partial pulse
series.
As described in sectidn 8.5, the following cut is applied l@ao the combined data from non-particle
induced events caused by electronic noise in the AMANDAesibThe 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 tdI20data rate after these cut i$ 61z
while atmospheric neutrinos are at a level &f @Hz.

Final Event Selection for Combined Events

AMANDA is the first low-energy core that has ever been usedrip@rino telescope. Theftiérent PMT
spacing and the two flerent 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 ptrans 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 simuiagice shown along with an arbi-
trarily scaled E® signal neutrino flux. A cut at- < 3.0° is applied, followed by a cut at
Iog(% > 300 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 eventhigmanalysis. 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 apmid¢idet combined events. The first cut variable
is the paraboloidr 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 deteditmussed in Chaptét 8, also the modeling of
the cosmic-ray flux and the air shower development in the spimere add to the filerences 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 paraboloidr < 3.0° selects primarily double muon events. Again, events withdgaraboloid

o values cannot contribute very much in the statistical aislglescribed in Chaptel 4 as events with a
largeo receive low weights.

The top right plot in Figuré 918 shows the Bayesian likelithaatio after the cut on paraboloid has
been applied. A cut at I({g%ﬁ > 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 cutféiciency for combined events is shown in dependence of theinewgnergy, the
reconstructed zenith angle and the deviation of the angetaimstruction from the true di-

rection of the track. Well-reconstructed events are preteby the event selection.

The left plot in the bottom row of Figuie 9.8 shows the disitibn 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 plogt 6.7
selects a sample of data that is dominated by atmospheridnmes.

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 Bdittom right plot of Figure 918 shows that
the data at small values of the direct length exceeds the@fateents that are expected from atmospheric
neutrino simulation even if the statistics of the backgsmulation are not gficient 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€ e 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 AMANBRAave 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 thedample through this cut.

The cut dficiency for combined events in a soft¥neutrino spectrum is shown in Figure 9.9. The
acceptance is relatively flat in the zenith and selects pifynaell-reconstructed events.

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

The data sample presented here is the largest neutrino saxtphcted from the 2008-2009 data taking
period that has been used in a point source search. 1979Thoetdndidates have been selected. The
data rate at final level is.@6mHz 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%) dextad by the multivariate Neyman-Pearson
likelihood ratio cut. The IceCube high-energy cut is fulfillfor 10558 (53.3%) of the events in the final
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 daté# is regarded. As can be seen in Figure
[9.10, the high-energy cut branch adds significantly to thieiency at energies above 100 GeV.
Figure[9.11 shows the energy distribution of simulated apheric neutrino events at the final event
selection level. If the atmospheric neutrino model of [B®L] is used, 90% of the events are contained
in the central energy interval®TeV - 7.9 TeV. Tabled 9.l summarizes the central energy intervals for
three diferent neutrino spectra.

The angular resolution of the event selection presentee has already been discussed in Chdpter 7.
From simulation, the median angular resolution is estith&tebe 12° for a soft E* neutrino spectrum.
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Figure 9.10.: E? signal neutrino ficiency of the final neutrino selection. Thdieiency 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 whileglots on the right
consider only events that were reconstructed withiroBtheir MC truth direction. The
high-energy branch for IceCube events improves fhieiency above- 10TeV, combined
events addfiiciency primarily at energies below50TeV. The acceptance in zenith angle
is comparably uniform except for bordeffects at the horizon and a reduceticiency for
very large zenith angles. Théieiency for well-reconstructed events is significantly eett
than if all events are considered and ranges between 60%0%6d@ almost all zenith

angles.
Neutrino Spectrum 90% Energy Interval
Atmospheric Neutrinos [BGL04] 02TeV - 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 firent
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 d@°Gabove 100 TeV.

The dfective area of the event selection is shown in Figure]9.12ed Wiferent declination bands are
considered. The decrease ffeetive area at the higher energies that is observed for tiiealaup-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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IC40+AMANDA atmospheric v (Bartol)
1200

Mm all events at final level

JJ L’Ll IceCube events
600 ’—Hf LWVH’L\
400 rrr L'L

200 i F

Oy
HrrJ e,
oy N L P L |

1 2 3 2 N
IoglO(Ev/GeV)

1000

# events

800

Figure 9.11.: Energy Distribution of Atmospheric Neutsna the IC46-AMANDA Data Sample. The
model of [BGL"04] has been used to weight neutrino simulation to an atnevgpheutrino
spectrum.

into the region around 1 TeV. The increase fifeetive 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#AA *11]], 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 abovel0 TeV, the &ective areas of the two analyses
are very similar. At lower energies than this however, amdase in the féective area obtained in this
work is observed with respect to the analysis presentedAdAL11]. 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 patrtially by the inclusion of AMANDA in the analy and partially through the optimization
for soft-spectra neutrino sources.
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Figure 9.12.: Hective area of the neutrino sample. The plot on the rigfdrs a zoom into the region
around 1 TeV to better illustrate the contribution from AMBN.

Figure[9.18 shows the distribution of data and simulatiothatfinal 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@¥e than observed in data. A zenith
dependence of the disagreement is seen in the top left pkigafe[9.138. It is to be noted however that
the disagreement does not harm the potential of the seaideritify 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 fron 895 in zenith has been excluded from the
analysis but studied more in detail in section 9.5. Moreoer observed discrepancy is well-contained

83



9. IceCube 40-Strings and AMANDA Neutrino Sample

within the systematic uncertainties of the simulation:

e A major component of uncertainty is the atmospheric neatflinx. Changing from a model based
on the work of [BGLT04] 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.

e The systematic uncertainty on the DOM sensitivity and phgimpagation through the ice (ab-
sorption and scattering of the ice) sum up to 18% if bathats are varied independently, see also
Chaptef8.

e Recentimprovements in the neutrino simulation suggestitéfzédependent uncertainty of the sim-
ulation that was used in this wok These improvements imply that more atmospheric neutrinos
are expected at the horizon while the zenith region aroufdae0 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
influence on analyses such as this one where noise cleanittgeftceCube events is pursued only
with a time window cleaning.

It is potentially possible that also new, not simulated jtg/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 Figurd 9.13, it is evident that the data at llwgizon contains a significant muon back-
ground component. In addition, the number of events in dataaxls the expectation from simulation if
atmospheric neutrinos and muons are summed up. PossiBnsetor 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 natwf the events at the horizon. Any understand-
ing obtained in this region can help to improve future aredyand to enhance the understanding of the
detector and possible weaknesses of the reconstruction.

The study presented here is complimentary to MC based stuBased on the event selection presented
in this work, a fifth of the IceCube events in the zenith redrom 90 to 93° has been visually inspected.
In comparison to 309 experimental data events selectedsmty, 238 neutrino events were expected
from simulation as well as 29 double muon events. Within thetéd statistics of the single muon
simulation, no event survived the event selection. Thealigispection 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 significantly more events in these categareobserved than expected from simulation.
Within the study, 7 interesting candidate coincident mueenés could be identified. Note that not all
coincident events can be identified in a visual inspectionparticular particles that overlap in space
and in time are diicult 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 Figures19.14[ahB. 9The colors indicate the photon arrival
times at the DOMs, orange hits are first, cyan last. The sizbehits 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 camfagion 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 dferent 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
flux in azimuth with the detector geometry. For a more thohodgscussion 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\&wn here (from runs 111322, 113608
and 113659) are also contained in the data sample preser{i&dA *111] that was optimized for harder
spectra and could those apply more stringent quality cuts.

The properties of the candidate double muon events are stinatian Tabld 9.2. The first 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
Iog(%& > 30.0. This cut has been studied during the development of that eeéection but
has not been applied as it significantly reduces the sigfialency in other zenith regions. A solution
for future analyses could be the development of zenith digarcuts or the division of the up-going sky
into two zenith regions with dierent cuts. This last strategy is being followed for a foHopanalysis
on the IceCube 79-string data also reported in this thesest{se outlook in Chaptérii1).

It is very notable that all the selected candidate coindideents have large direct lengths. The distri-
bution of the hits along the track is however unusual withdgparts of the track having no hits within
close perpendicular distance of the track. While SDirPutiges characterize the distribution of direct
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9. IceCube 40-Strings and AMANDA Neutrino Sample

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 ewadrthe horizon. Events are listed in the same
order as they are shown in Figufes 9.14 @nd]9.15. The mairaciatle for IceCube events,
the Neyman-Pearson likelihood ratio, the number of chanaaet direct pulses, the direct
length and the smoothness of the direct length are given. Zldwordinate 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 likelkhadio. All events in this selection
have passed the cuts for IceCube events and have therefooelggraboloidr 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 significant signal loss. An alternative is to ordee projections 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 chcﬂ,eﬂne 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 usedeimbiie processing steps (see Chdptér 11).
In addition to the 7 candidate coincident events, also 7 idatel down-going muon events have been
identified by visual inspection. Their event displays amevatin Figure$ 9.166 arild 9.117 and their proper-
ties are listed in Table9.3. The first and last event are alfioel event selection presented.in [AARLI].

The first, sixth and seventh event are characterized by aitg of noise hits that distort the recon-
struction. The second event has a late pair of noise hits iteig@ 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. ThekRiinof the event was down-going, the 32
iterations SPE reconstruction is horizontal and the finaBM@&construction horizontal up-going.

Again, four of these events could have been rejected if theoouhe Bayesian likelihood ratio had
been raised to Io%& > 30.0 on the cost of loosing sensitivity for soft spectra souiioes
other zenith regions. This strengthens the argument tmithzdependent cut optimizations can help to
improve analyses.

Since the inclusion of triggers with a lower multiplicityréshold in the IceCube IC79-strings configu-
ration, a more rigorous noise cleaning is applied to the.dakas 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. lieieefore an interesting idea to include the
z-coordinate of the center of gravity of the hits or similarigbles in the cut variables. This approach

"Possible cut values are naturally limited by the spacingefstrings.
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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]9.16land 9.17. Theawiavariable for IceCube

events, the Neyman-Pearson likelihood ratio, the humbehahnels 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 meed 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 Bayesiggliiood ratio. All events in

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

o below 40°.

could not be followed in this analysis as the simulation tas 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 thehfature analyses will be able to apply cuts

like this. The work presented in111 will explore this podipi
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9. IceCube 40-Strings and AMANDA Neutrino Sample
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Figure 9.14.: A selection of candidate coincident muon &s/&pom the final neutrino sample. The events
were selected by eye among IceCube events that are withof tBe horizon. The colors
indicate the photon arrival times at the DOMSs, orange higsfiast, cyan last. The size of
the hits illustrates the charge that was measured in each. DOM
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9.5. Surviving Muon Background
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Figure 9.15.: A selection of candidate coincident muon &/om the final neutrino sample. The events
were selected by eye among IceCube events that are withofitBe horizon. The colors
indicate the photon arrival times at the DOMs, orange higsfiast, 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 téom the final 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, ordnigge are first, cyan last. The
size of the hits illustrates the charge that was measuregcimn BOM.
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9.5. Surviving Muon Background
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Figure 9.17.: A selection of candidate down-going muon &/émm the final 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, ordnigee are first, cyan last. The
size of the hits illustrates the charge that was measurealkin BOM.
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10. Results of the Searches for Galactic
Neutrino Sources

The combined IceCube 40-strings and AMANDA neutrino santipte has been developed and studied
in the previous chapters is finally used for various searaimmg to detect the first 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 fferent hypotheses
have been defined a priori before the directions of the maurandidates have been unblinded. The
results of these searches are reported here and IceCulbentbu 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 Chaptehl®, 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° in galactic latitude is considered. The region has beemdgeie with respect to the region
scanned in a previous work of [Ses10] to fully comprise th@is region. The considered part of the
Galaxy includes the Local Arm and the closest parts of thedsr Arm and comprises sevefatay
sources such as the ones considered in the next section.

Under the assumption that a signal is characterized by &-filgnemission pattern, the maximum likeli-
hood ratio test as in [BDPD&] and described in Chapfér 4 can be applied to locally fibtst composite
signal and background hypothesis to the data and comparottiie pure background hypothesis. The
likelihood ratio of the two hypotheses is used as test $itatis
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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 £ neutrino spectrum at galactic latitudé 8
considered in the left plot. In the plot on the right, the “BHike” neutrino flux of Equa-
tion[I0.] is used to benchmark the performance for evenrsgfectra with cutfi at low
energies.



10. Results of the Searches for Galactic Neutrino Sources
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Figure 10.2.: Distribution of events and significance in @alactic Plane: Each black dot represents
the position of a neutrino candidate. The color scale remtssthe significance of the
observation at each point of the grid quantified by the negdtigarithm of thep-value
(pre-trial). The most significant spot is at (85 —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 andssdiscovery potential of this search at each accessible timlangitude are
presented in Figufe 10.1 for a hypothetical source at a tialatitude of 0. The systematic uncertainties
of the signal flux simulation as discussed in Chalpter 8 atadiecl in the sensitivity curve. The sensitivity
is however dominated by statistical uncertainties; thesisigity flux corresponds to low numbers of
signal events around 3-4 and is therefoffieeted by large relative statistical uncertainties. In éopiel
coordinates, both sensitivity and discovery potentialetejponly on the declination of the source and
not on its right ascension. The sensitivity to sources fieidint 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 faiglithe comparison to the result of the analysis
shown in Figures 1012 and 10.3.

Two different spectra are considered in Figlre 110.1: a sottuRbroken power-law spectrum and a
“Crab-like” spectrum. The “Crab-like” spectrum is the egfesl neutrino flux if all they-ray flux from
the Crab measured by H.E.S.S.[AABSc] was produced in pp-interactions. In this case, a nmauftux

of

dN —24

7 E 1 —2—1

aGE- 3.0-10 (ﬁ/) exp(—ﬁ/) Gevcm “s (10.1)
would be expected using the conversionlof [KAB06]. With apanential energy cufbat 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 flux from other sources than
the Crab follow the exact same spectrum or present afEwttdhe 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 stitefll. In comparison to the analysis
presented in [AAA11]], an All-Sky point source search with the IceCube 4hgs 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 behieved in this work howeveffact 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.: E® neutrino ¢, +v,) upper limits for the Galactic Plane. The observed limitefegs both
on the declination (see Figure 10.1) and the observed lvealtelensity (see Figuke 10.2).

“Crab-like” spectrum with cut-fi is larger but has not been quantified.

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. Theet of the trial factor on the presented discovery potemtizlild

be to increase the flux needed for a discovery by the muléifiin with a constant factor. Théfective
number of trials scales with the number of uncorrelated tibstt are performed and is thus proportional
to the area that is scanifedrhe number of trials in this analysis is therefore reducét vespect to an
All-Sky scan and a potential discovery or any indication gfagsible neutrino source would be more
significant in this scan than in an All-Sky search. The sela@rea within the Galactic Plane covers
aroundsz; L 5 of the area of the full sphere and thigegtive number of trials is reduced by about this factor if
a unlform angular resolution across the whole sky is assuff@in the 19797 neutrino candidates in the
data sample, 1455 are localized in the considered regiotinéoscan of the Galactic Plane. Figlre 10.2
shows the result of the analysis along with the distributibthe selected neutrino candidates. The region
was scanned on aZ® x 0.25° grid. The color scale represents thevalue of the observation at each
point of the grid, i.e. the probability to locally observe igler or equal value of the test statistic if the
test is performed on a pure background sample. As descnib€tiaptef 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 numberents observed in each declination band
that it will not influence these pseudo background sampfpsfgiantly. A smallp-value implies that
the observation is very improbable to occur through randoetdhtions of the background. Within the
scan, the most significant deviation from the backgroundthgsis is observed at (88,-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 statistidgihificant neutrino source and the distribution
of events along the Galactic Plane is uniform on small arlguialeE In the absence of a statistically
significant signal, 90% upper limits on a generic soft spawtE-3 neutrino flux 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 find a similar but not identical structure in the scarttaf Galactic Plane performed @510]. The direction of
this “structure” is towards the closest approach to thederg&\rm of the Milky Way. The significance of any large scale
structure of this kind cannot be determined on unblinded datit is not possible to get a handle on the involved triabfac
Itis also to be noted that the color scale of the Figure iswoiged to make it easy to pick the “warmest” spot in the Gatacti
Plane. Small dferences in the pre-trigg-value might thus be overrated in the human perception. @itlye 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 d)?;?i/%l
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 35085° 5882 O 1 5.9
S5433 28B6° 498 0 1 9.8
1IC443 9418 2253 O 1 7.3

Table 10.1.: Upper limit on the flux of muon neutrinos from #ir considered galactic sources, as-

suming an E3 neutrino spectrum. The flux Iimit@?fi% = E®- ¥ are given in units of

10 11Tev2cm2s1. The limit setting ability of the analysis depends on thelidation of
the source. The best flux limit is obtained for CasA. Listed also the positions of the
sources, the pre-trigh-value for each source and the best fit number of signal evekts
p-value of 1 indicates that no positive fluctuation has beesenked, i.e. all background
samples show an equal or larger value of the test statistic.

with the method of Feldman & Cousins [FC98] and the additioifCBHP03, Hil03] to include a 17%
systematic error on the neutrino flux. This method is thedstesh method for the calculation of upper
limits in neutrino point source searches with IceCube. A ponent ofv. oscillating intov, 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 v@tmtre sensitive larger configurations of
IceCube. The limits are reported in Figlire 10.3. The obskliveit depends both on the declination and
on the observed local event density.

10.2. (y-Ray) Source List

On the base of the phenomenology of galactic acceleratiar@tsresting sources, five of which have
been detected ip-rays, are selected in Chaptér 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 fiset imposed by the binning of
the search grid. Moreover, an additional reduction of tla¢isttcal 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 dabined test.

The distribution of the selected neutrino candidates iretheronment of the six-ray sources are shown
in Figure[I0.4. The color scale represents the event-basgdlaa uncertainty of the reconstruction
(paraboloido, see Chaptdrl 7). No indication of a clustering of eventsradlaany of the objects can be
discerned. Indeed, no significant deviation from the bamlgd expectation is observed in the statistical
tests. The results of these tests are reported in Tablé Ihéd.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. Correctingitrials in the source list, the finptvalue

of this observation is 42%.

In the absence of a detection, 90% upper limits are placed®ffldx of neutrinos from the six listed
objects. An E2 neutrino spectrum is assumed in Table 10.1 and a 17% systeuratertainty (see
ChaptefB) is taken into account. With an upper limisf- 4¥ = 5.9 101 TeV?ecm2s7L, the lowest
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10.3. The Cygnus Region
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Figure 10.4.: Distribution of events around the six sel@gte@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 alettieation of the source with
most events observed at small declinations. The sourceshaven in increasing order in
declination. No significant clustering of events above thekiground expectation has been
observed for any of the six objects.

flux limit is found for the flux of neutrinos from the directiaf Cassiopeia A. For the Crab, a limit on
the flux in Equationi10]1 has been derived as well and is 4.8stigbove the expected flux if all the
v-rays detected with H.E.S.S. [AABG6¢] were produced in pp-interactions.

10.3. The Cygnus Region

The Multi Point Source (MPS) analysls [Ses10] has beenegpdi a 7 x 11° region of the Galaxy that
includes the most active parts of the Cygnus region. Thésseat test, also described in more detail
in Chaptei 4, tests the event distribution inside an extémdgion for clustering on a range offi@rent
angular scales. The interest in the Cygnus region as palesitié of cosmic-ray acceleration has been
motivated in Chapterl2. Moreover, the region showed a pesftuctuation in the previous year: 40
events were observed in the considered region in the comhliie€Eube 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 witt8a Zignificance at an angular scale ¢f 2
[Ses10]. In the analysis performed there, the angular seatefixed a priori to reduce the statistical
penalty involved with testing flierent angular scales.

The positive fluctuation of the Cygnus region observed iri¢te€ube 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 ofaim motivations to extract a neutrino
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10. Results of the Searches for Galactic Neutrino Sources
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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 indédaby the color of the marker. 55
events are observed inside the region while 60 are expeateddure background and no
significant clustering of events above the background isivesl. The degree of clustering
is quantified with the clustering functioh(®) and compared to the results from the previ-
ous year's analysis. With less events detected than exp&ot@m the background, the data
is less clustered than the average background distribati®(®) = 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 scannirfiedeént 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 thegmee 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 thesesieamtacterized on angular scales frast o
10°in 0.5° steps. In the data sample presented in this work, 55 evem¢solsserved inside the considered
region while 60 background events were expected. The bagkdrexpectation is again derived directly
from the experimental data by randomizing the right ascensf the neutrino candidates. This estimate
is therefore robust and ufiacted by any imperfections of the detector simulation omtlegleling of the
background. The result therefore presents a slight neg#tictuation with respect to the background
expectation, in contrast to the positive fluctuation obseérin the previous year’s data sample. This
result weakened then the possible presence of a signal caanponless a time dependency is assumed
or strong fluctuations of the background are invoked. Theilkigion of the observed events is shown
in the left plot of Figurd_10J5. With less events observedthapected, the event distribution is more
sparse than in an average background sample and no sighiflcatering has been observed on any
angular scale. The value of the clustering functi®) (see Chaptdrl4) at each considered angular scale
is shown for each considered angular s@land compared to the results from the lceCube 22-strings
and AMANDA data.

From the results obtained in this work, strong limits on tl ff neutrinos from the Cygnus region can
be set even when only aftlise emission is assumed. Theay emission from the Cygnus region has
been studied by the MILAGRO collaboratian [AABE07] and qtified for a E2° flux, 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 assumptiat no energy cutfb below 1PeV is
present in the neutrino flux, a neutrino flux upper limitd@®% = 3.10M1Tevlem2st is set.

ygnus
This flux upper limit is a factor three above the expected flumeutrinos if they-ray flux measured in
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10.4. Discussion

[AABBOQ7] was produced in pp-interactions and the conversié [KABO6] is used. The approach to

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

the Galaxy. It is therefore planned to extend this searaitalsther 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 tofghedecessor 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 possibleal 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 flux upper limits@alactic 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 liontthe flux of neutrinos at each position in
the Galactic Plane are presented in Figure]10.3 for a gepewer 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 Bux, the resulting limits range betwedi? - g—g =
5.9-101Tev2em2s~t andES- 4 = 9.8-10711Tev2em2sL. For the Crab, a limit on the spectrdm 20.1
has been set at 4.5 times the flux that would be expectedjifralys were produced in pp-interactions.

A previously observed positive fluctuation of the number wdrds 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@ssiumed energy cififothe obtained
neutrino flux upper limits range betwedl = 6 - 101'Tev-lcm2s! (cutof at 10 TeV) anddy =
3.101Tev-icm2s1 (no cutdf below 1000 TeV) for an E26 neutrino flux.

The non-detection of a neutrino source in the presented tlegts not imply that lceCube will not see
any (galactic) neutrino source in the future. Neutrinosrfroosmic-ray accelerators may have eluded
a detection until now in severalféerent ways. First and most importantly, the analyzed dagablban
collected with a partial configuration of the detector. hfig part of the steps that lead up to the scientific
program that will be realized on the full detector. The natedtion of neutrino sources at this stage is
not surprising given the known flux gf-rays and cosmic-rays in the Galaxy. Even with this in mind,
analyses of partial IceCube data such as the one presentegrogide 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#hsstrings).

The complete and almost-complete detector configuratiblteGube 86-strings and IceCube 79-strings
present a significantly larger neutrinffective area and will have a much improved sensitivity. Based
the results reported in this thesis, we are confident thauthdetector will after few years of operation
provide significant contributions to the understandinghaf high-energy universe even if no neutrino
sources were to be discovered. Under the conservative psisdﬂthat 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 ofy-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 regiotis 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 profit from this but also from imyed reconstruction and event selection tools as well as from
the presence of IceCube-DeepCore that will help to seleeteloergy events morefficiently than it was possible with
AMANDA.
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this region presented here are already now only a factor@faviour above the expected neutrino flux if
all y-rays from the region were from pp-interactions. With thrgéat detector, IceCube might thus after
few years of operation be able to constrain the fractiop-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 steadsino 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. Sowvidbsangular 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 significantly reduce the backgrourtttans 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 defined signal hypothesis is more challenging. Orehdast 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 propgedii¢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 theufigt Another interesting area to exploit is the
development of non-parametric tests on smaller anguldmﬁca

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 [ATIA 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 southernrekyautrino sources at energies below
~50 TeV are not yet accessible in large parts of the sky. In alyais of the IceCube 79-string data (see
Chaptei 111), the author of this work is currently mining thesgibility to improve this situation in two
different ways:

The low-energy extension DeepCore has now replaced AMANDBdAdters 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 efénergy 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 extefitiese parameters can either be fixed or varied to maximize
the significance. A maximum likelihood ratio test of this diprovides an excellent sensitivity to the considered sourc
hypothesis but isféected by trials if the parameters are fitted to the data andpginbal if the true signal deviates from
the considered signal hypotheses. A non-parametric test a8t MPS|[Sesl0], quantifies the deviation of the data from
the background hypothesis without the use of a fully defirigdad 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 expectationhigsnethod includes only a small fraction of the available
information about the events in the search bin, improvemeraty 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 presgtin the previous chapters has been per-
formed. The nearly complete 79-strings configuration o€ldee has been operated from 2010 to 2011
when the final strings of the IceCube array were deployed.edfleriences gained with this detector

will set the ground for years of analyses with the full Ice€uletector. Moreover, analyses of this data
sample will benefit from several advantages with respedig@tevious configurations:

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

e The detector geometry is more symmetric and thus the evistti®s is more #&icient. In contrast
to this, IceCube 40-strings had a long and a short detecisrvéhile the intermediate detector
configuration IceCube 59-strings contained a non-instnietkregion in the shape of a wedge.

¢ This configuration includes the first six DeepCore infilisgis. The value of this more densely in-
strumented sub-array has already become evident in a statipospheric cascade events [Hal1].
For point source analyses, the work presented in this tl@sisn [Ses10] provide the proof-of-
principle that the sensitivity to soft-spectra sources loarimproved with an increasedfective
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 adutitil events between 100 GeV and a few
TeV.

e More elaborate software such as new reconstruction afgositis available for many aspects of
the analysis. One important point is for example the avdiatof better energy estimators. A
comparison/[Wol11] indicates that a new algorithm calledniatedMean [Miall] has a larger
range of linearity than the MuE energy reconstruction tleat formerly been used in point source
analyses.

e 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 [Aufl1l,
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 [BDID8]. Once the full data sample is available, we will howevsoa
study the performance of other, faster statistical testderdata. In addition, a range of more specific
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 repeated. SEme statistical test can also be applied
to other star-forming regions. Furthermore, we plan tosttimk correlation of neutrino events with
different classes of objects such as AGNs with evidence of a jehutar 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 levetfdine
data processing on. In particular, a first background rgjedtas been developed to select a reduced
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Figure 11.1.: Overview of the fierent background in the southern and northern sky: In thgaiipg
region, i.e. in the northern sky, both low- and high-energgrided 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 interactidexside the detector. High-
energy analysis can suppress the background by selectingwants with very high energy
estimates. The remaining background is dominated by baradlatmospheric 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 ffort has recently been completed and the processing of thagiatking place at this
time. In parallel to the fi-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 jmaliyndfective area has been calculated to
benchmark the expected performance and clearly indichstsrt 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 offfHae processing of track-like events in the
IceCube 79-strings data sample, the so-called Leveffdif®) 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 filter. The resulting data set sewarious physics analysis which are based
on the muon neutrino channel likefilise and atmospheric neutrino analyses as well as the poirteso
analysis started here. The final event sample that will bd taethe point source analysis will consist
of up to three dferent streams of events:

¢ A selection of well-reconstructed, up-going neutrino ddates. Targeted neutrino energy range:
above a few 100 GeV. At the on-line filter level, the eventd Hra relevant for this stream are
selected by the IceCube Muon filter.

¢ A sample of down-going, very high-energy events. The dotirigebackground at analysis level
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Zenith Region Cut
All NCh> 8 and ( (NCk 10) or @-"¢Fit > 70r))
0° <6SPE<600°  log(total charge)> 0.6 - gcos(S?SPE) .05+ 2.5;

60.0° < 65PE< 785° log(total charge} 3.9 - (cos@>"H - 0.5+ 2.5
785° < 9SPE< 1800° e < g1

Table 11.1.: Event selection in the IceCube 79-stringsirmm-nuon filter [Bak09]. The applied cut
depends on the reconstructed zenith argle

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

e A selection of up- and down-going neutrino candidates witieraiction vertex inside a fiducial
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 filter.

As illustrated in Figuré11]1, the background in each ofdéhstseams is dlierent from the others. To be
able to perform the point source analysis, all of these stsdaad to be considered in the LevelfBline
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 hewsdsl passed two processing steps. First,
fast reconstructions have been applied at the South Poléngarésting events have been selected by
the on-line filters. After satellite transfer to the NortHjrat off-line processing called Level 2 has been
applied. The relevant aspects of the on-line filter and thelL2 of-line processing are described briefly.
The df-line processing [GS11] has been performed on all on-liner&étl data without any additional
event selection. In the context of this work, we are prinyariterested in the Muon and DeepCore filter
streams as mentioned above.

The requirements of the Muon filter are summarized in TAbld.1The cuts are based on a LineFit
and a SPE likelihood reconstruction (see Chdpiter 7), bothhath 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 thetelétebarge is applied. The charge is a
measure of the detected number of photo electrons and taustdi amount of light in the event.

The Level 2 ¢f-line data already contains a range of interesting recoctsbns for the Muon filter
events. For the first time, both DOM launches with and witHoo&l coincidence condition (see section
[B.4) are used in the reconstruction within a standard psiegs To reduce the impact of noise, an
iterative isolated launch cleaning (SeededRTCleaninghl8] as well as a time window cleaning of
(-4 ns,+10 ns) around the trigger time are applied. The followingrstructions are the performed:

The LineFit first guess reconstruction.

The SPE reconstruction, 4 iterations.

The MPE reconstruction.

A fast angular uncertainty estimator called CramerRao 0&Jeapplied for the MPE and the SPE
reconstruction.

The MuE Energy Reconstruction [Chi08].

¢ Another Energy Reconstruction called Photorec [GBHO08].

e A vertex reconstruction called Finite Reco [Eul08].

The DeepCore filter requires a trigger of at least 3 hit optisadules (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 fiducial volumeauadbDeepCore are considered in the veto.
For more details see [Gra09]. Again, DOM launches with antthauit local coincidence condition are
used in the reconstruction. An iterative isolated pulsarleg and a static time window cleaning of
(-5ns,+4 ns) around the first trigger in DeepCore are applied. THevidhg reconstructions are then
added:

e The Linefit first guess reconstruction.

e The SPE reconstruction, 4 iterations.

e A fast angular uncertainty estimator called CramerRao 08]eapplied for the SPE reconstruc-
tion.

e A vertex reconstruction called Finite Reco [Eul08].

The rate of events that pass the Muon filter is about 33 Hz. Wihdi-line MPE reconstruction based
on the pulse cleaning described above, the rate of up-gemgt®is 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 thetl$®ole - the on-line reconstruction had 19 Hz
of up-going events in this filter. The DeepCore filter has adate of about 17 Hz.

First Off-line Background Rejection

To provide higher level reconstructions and quality paranmseneeded for the final physics analyses of
IceCube data, it is mandatory to reduce the data volume iardadsave CPU time and to reduce the
storage requirements. The cuts that are applied to achiesestduction have been designed and studied
by the author of this work. Since the processitipe is meant to serve a large part of the IceCube
Collaboration, the final cut selection has been presented tbe interested analyzers and represent a
compromise between various needs. The thréfergint event streams introduced above are studied and
optimized: up- and down-going events that have been sdldntehe Muon filter and the events that
have been collected by the DeepCaore filter.

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 within3of their MC truth direction. A soft spectrum is chosen for the optimization as

it is generally more dficult to obtain a goodféiciency for these spectra. In addition, the performance for
a harder spectrum, arrEneutrino 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 3fé-line processing

of the previous year [BSWI0], named “Direct Ellipse”. Thariable is defined as

LDirChannej2 (NDirChanne)2

Direct Ellipse= ( 600 15.0

(11.1)

where NDirChannel is the number of channels with directgailsee Chaptél 9) and LDirChannel the
direct channel length. Besides this variable, a variatioplagl = Tw=29' (see also Chaptét 9) is used.
To further suppress the coincident muon background, wewsetlditional cut variables. The first is
called “Separation” and is defined very similar to a variatfi¢he same name that has previously been
used in WIMP analyses. The second has been developed bat®eelwark presented in sectién .5 and

is named “LEmpty”. The definitions of these two variables ssdiin this work are described here.
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Figure 11.2.: Two events from the IceCube 79-string dath ufi-going MPE reconstruction and a poor
(small) value in the Separation variable (see text). Theifirg coincident muon event with
an up-going reconstruction. The first quartile of hits is dtwatted 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 comt transformation is performed. The z-axis of
the new coordinate system is aligned with the particle teuk the z-coordinatez;,ck of the recorded
hits in this coordinate system are used to calculate theegadfiSeparation and LEmpty.

For the Separation, all hits are ordered in time and the cerfitgravity (COG) of the first and the last
quartile of hits is calculated. Their positions are transfed into the new coordinate system and the
Separation is defined agjélféagge— E;gucagge In essence, Separation is a measure of the track length.
Two typical events from the IceCube 79-string data with arpg@ue in this variable are shown in
Figure[11.2. The first is a coincident muon event with an uprg@®PE 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 thainwth angle is completely degenerate. The
only difference in the definition of this variable here fand in .Previwosks is the consideration of the
orientation of the track with respect to the positia t(/aclgtr?;l;irrt;ﬁ]ate@oe which improves the rejection

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

LEmpty is a variable that has been developed based on the prvedented in sectidn 9.5 of this the-

sis. The variable is calculated from the coordinaztgﬁ?i of all hits i within a cylindrical volume of

150 m radius around the track. The hits are sorted in inargasider ofz >0, and the maximum of
(Ztlrg?:?iﬂ - 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 Levelf2lioe data with a poor (large) value in
LEmpty. The original Level 2 fi-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 @-line Event Selection: Up-Going Muon Filter Stream

Direct Ellipse> 2

Separation- Om

LEmpty < 500m
plogl < 120

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

reconstructed particle trajectory without any hits with0 m of the track. The variable is primarily de-
signed to suppress coincident events with minimal sigres.|l&n example of an event from the IceCube
79-strings data with a large value of LEmpty is shown in FeJif.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¥ft > 90°) muon stream is summarized in Table 11.2. The
cuts have been developed on experimental data which is @beciy 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 signalféciency at high
energies with a stronger Direct Ellipse cut alone, the &t 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 expeahtatd, signal and background simulation.
The results are summarized in Table 11.3. In order to ewaling performance, simulated data based
on the IceCube-86 geometry and re-triggered to the Ice@8bsanfiguration has been used. Updated
studies show no significant changes in the sigfiatiency [Groll|, Sch1lb]. For comparison, the Ice-
Cube 59-strings Level 3filine processing which dealt with a smaller detector appéidess stringent
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Event Type Cut Hiciency w.r.t. L2 Event Rate after Cuts
u background (data) 0.13 DHz
u background (sim) 0.14 .OHz
coincidentu background (sim) 0.06 PHz
atmospherio (sim) 0.77 7 mHz
E-2 v (sim) 0.86 -
E~2 v, within 3° of MC truth (sim) 0.99 -
E-3y (sim) 0.79 -
E-3 v, within 3° of MC truth (sim) 0.98 -

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

background suppression and kept a similar rate of data.ifedhjs, the signal &ciency of the IceCube
59-strings Level 3 fi-line event selection was lower. There, dhakency of 74% (lceCube 79-strings,
this work: 77%) was achieved for up-going atmospheric meosr selected by the on-line filter. For
up-going E? neutrinos, the ficiency there was 76% (IceCube 79-strings, this work: 86%QWR.0].
The presented event selection therefore improves the ddtation as well as the neutrindfieiency
significantly with respect to the previous year's LevelfBlme filter. 98% of the events which are re-
constructed within 3of the MC truth are retained in this work for am¥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 theeeetion. The fraction of coincident events
in the muon background decreases from 64% at Level 2 to 28%\e I3.

The dficiency of the first up-going muon strearff-tine event selection is characterized also in Figure
[11.4. The bestféiciency 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 filter|[BakQ9] for down-going events is opitted for very high energies. The se-
lection of events from the DeepCore filter which targets um down-going low-energy events will be
discussed later. In the Muon filter, a zenith-dependent ouhe total detected charge is used to select
events. Previous southern sky point source analyses su@A2s™11/] have applied strong, zenith-
dependent energy clitat analysis level to suppress the down-going muon backgrouhile we are
currently mining to improve the background rejection in so@thern sky, it is unlikely that the resulting
event selection will be able to keep events down to 1 TeV atealith angles - the down-going muon
background is too large. We can therefore safely adopt dtedependent energy cut to achieve a first
suppression of the background. The data rate of eventsakatthe Muon filter and have a down-going
MPE reconstruction in the Level Zfdine processing is about 27 Hz while an acceptable rateufbinér
processing is 2 HEz

1For geometrical reasons, the background is in principigeistrfor 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-goingnév. Secondly, the event selection for the southern hémisp
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Figure 11.4.: Hiciency of the event selection in the IceCube 79-strings L&w#t-line processing for
up-going muon filter events. The cuts reach their béstiency 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 3he MC truth direction
are kept.
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Figure 11.5.: The total charge (Qtot) is plotted againstzéith angle of the Level 2 MPE reconstruc-
tion for Muon filter events from the IceCube 79-strings LeXelata. Despite the fact that a
zenith dependent charge cut is applied as part of the orfiliae(see Tabl€ 1111), there is
a significant fraction of events with down-going reconstiarc 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 filter.

Figure[I1.5 shows the dependence of the total charge fromethieh angle obtained in the Level &0
line processing for Muon filter events with a reconstructedith angle above the horizon. The color
scale represents the number of events in each bin. Withiekiel 2 df-line processing, a ferent
hit cleaning has been applied than on-line at the South Pidi& hit cleaning applies aflierent time
window cleaning as well as a reduction of isolated hits, fs@above. The diierences in the hit cleaning
are largest for coincident muon events or events with a ibnriton of noise. For a considerable fraction
of these events, the more stringent hit cleaning of the L2waft-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 clearang,now correctly reconstructed as down-
going in the Level 2 fi-line processing but are still kept in the data stream. Themnstruction shown
in Figure[I1.}b is based on this new hit cleaning. Despite dlce 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 ferdbwn-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 filter charge cut has been re-agpligh respect to the L2f&line
MPE reconstruction. In the left plot, a charge cut is fit tolte tata 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 alternativeecleatgvas fit 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 largéedénces in the reconstructed zenith angle obtained in
the df-line and in the on-line processing. A potential componditigh-energy signal neutrinos in this
low charge sector is very small. The first step in the devetamrof the down-going high-energy event
selection has therefore been to reapply the charge cut frefdtion filter (see Table 11.1) with respect to
the MPE reconstruction that has been performed in the Legéthe processing. This cut reduces the
data rate by almost a factor of three to about 10 Hz and allosép 91% of the down-going neutrinos
in an E2 spectrum that passed the on-line filter. For neutrinos tieateonstructed within°3f the MC
Truth direction, the passing rate of this cut is 98%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 easytavayppress them if the event selection is
targeted towards very high neutrino energies. In the cafriee development of the event selection, we
have studied three fierent parametrizations of a zenith-dependent energy cut.
All three considered cuts are designed to keep a data rabmaf 8 Hz and to distribute this rate of events
approximately uniformly across the southern sky. The fipsiom that is considered is the application of
a zenith-dependent charge cut. This cut is illustrated guife{11.6 on the left. The second alternative
is to first apply the quality cuts of the up-going Muon LeveltBam on the down-going data and to
subsequently apply afiiérent zenith-dependent charge cut, shown in Figuré 11.8endht. Finally,
we consider to apply a softer version of the zenith-dependeargy cut that has been applied in the
previous year’'s point source analy@:ll]. This cutasdd on the MUE energy reconstruction
]. To reach about the desired level of data reductioa,cut value at each zenith angle is scaled
down by a factor @B5.
The performance of these three cuts is compared in Tabléahtl #iguré 11]7. Thefigciencies quoted
in Table[I1.4 are given with respect to the Level 2 data whik numbers in Figure_11.7 have been
calculated with respect to an event selection where thegehaut of the on-line filter has already been

3For the perspective, in the previous year's point sourctyaisfaguli], only 5-10% of the neutrino events that werested
in the second fi-line processing step have been kept at the analysis level.
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Figure 11.7.: Hiciency of three alternative cuts for the down-going regibémthe muon stream versus
energy (left) and reconstructed zenith angle (right). Tiiieiencies are given with respect
to the event selection that is obtained after the zenitreddent charge cut of the on-line
filter has been reapplied to the data with the Levettaine MPE reconstruction as refer-
ence. The combination of a charge cut with the same qualtyasufor the up-going muon
stream is chosen as a cut for the LevelfBlme 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 wholétzeggion under consideration, the signal
efficiency for E2 neutrinos is very similar in the threeffirent event selections. With 64% to 66%, it is
considerably lower than for the up-going stream.

The left plot of Figuré 1117 shows the energy dependencyeéfticiency of the three considered cuts.
The application of quality cuts on the reconstruction reduihe éiciency for events above 10 PeV but
allows to keep more events at lower energies. The degradatithe dficiency 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 g¢itgsgs to pass the quality cuts. All previous
southern sky point source analyses with lceCube [AB%a, AAA*11l,|Agull] have applied quality
cuts at analysis level, including cuts on the direct lendtie event. Also the work presented in Chapter
[IT of this thesis explores the use of the direct length or theber of direct channels as cut parameter
at later event selection steps. It is therefore to be assuhadhe events that are removed through the
application of quality cuts on the event topology and thenstruction 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 smoiguire_ 11.77 on the right. The combination
of the quality cuts with the charge cut has the highéstiency around the horizon. As all previous
southern sky point source analyses with IceCube [AB®a| AAAT11],/Agull] have been most sensitive

Cut Datarate Hiciency for E2v Efficiency for E2 v, 3° of MC Truth
total charge 2AHz 0.66 0.67
total charge+ 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 first options use zenith dependent cuts otothecharge and are both
illustrated in Figuré 1116, the third is a softer version lné zenith-dependent energy cut
applied in [Agull].
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Figure 11.8.: Hiciency 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 df-line event selection. The precise parametrization of thesc

log (total charge > 1.05- (O.755+ 4.885. cosf)) — 4.778- cosf)® + 2.134. cos(9)5) (11.2)

whered is the zenith angle of the event as reconstructed with thellzut-line MPE reconstruction.
Finally, the dficiency of the proposed cut is set into perspective with tinitlzalependent energy cut that
has been used in the point source analysis of IceCube 5@stulata. 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 [Agul11] is shewwvell as the softer version of this cut
that has been considered for the event selection develayed Note that in [Agul1], the illustrated cut
has been combined with strong cuts on the direct length andrfular uncertainty estimator paraboloid
o. Figure 11.8 shows no indication of any alarmingfiitéency in the region that is potentially of interest
to analyses such as the onelin [Agull].

Notes on Neutrino Events with a Coincident Muon

In the previous sections, we have discussed the rejectiamoiotident 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. Figuré 1119 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 accoutitdrstandard simulation. Dedicated simulation
that allows to study these events is available now but wasaaaty yet when the event selection for the
off-line processing was first developed. Recent studies [KuEtd11] have shown that the fraction of
atmospheric neutrinos with a coincident muon is about 8%héurtrinos with energies abovel 00 GeV
which are selected by the Muon on-line filter. Events likesthpose two problems to the event selection
and processing:

e The probability that such an event is rejected by the cuteldped above is high. The cuts are
particularly designed toficiently reject events of a similar topology that are composktwo
atmospheric muons as these constitute a major background.

e Even if the event was kept by the event selection, the prelyaapplied df-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 alparihas been used to identify
the neutrino and muon tracks shown in this picture.

The same problems have existed already in previous anakjfethe only diferences that the detector
is now larger and that the rejection of coincident muon evdwts been improved in this work with
respect to the previous years. The approach to avoid a sttegigadation of #iciency 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 find particle candidates.

3. Perform reconstructions on each of the obtained paxahelidates.

4. Apply the Level 3 f-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 condit® are fulfilled:

e The diference in depth between the two hits is smaller than a coafijeidistanc& DOMDist
The distance is given in units of the nominal DOM spacing amdard IceCube strings.

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

e Atime residual is defined ait — % wheredt is the diference between the two hit timek;, their
spatial distance andthe speed of light. Two hits are connected if this time realidtismaller than
a configurable tim& imeCone

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 fi¥ine processing of the IceCube 59-strings
data [BSW1D0]. The priority there was to reject the coinctdanon background on the base of additional
reconstructions. Consequently, aggressive settingslieeme 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 appligdiceCube 79-strings atmospheric muon sim-
ulation with these settings, 86% of the events with a secamacitient muon are divided into at least
two parts but also 26% of the single muon events are split. Spititing 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
Chaptei b. 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 sidés 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|[Schlla]. To avoid the splitting ohgle atmospheric muon and in particular
single neutrino induced muon events, the parameters ofltiséedcng 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 verified by an extensive study of event displays that baen obtained from IceCube 79-strings
experimental data. Examples are shown in Fighres 11.8 atl The same settings for the clustering
algorithm have also been used in dfiline 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 applicatiorthimse events that are more likely to show the
topology of a coincident event. These events are selected the Level 2 €-line data before further
event selections are applied. Based on the work in thisglz®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 coémeied might
be present and that the spatial separation between thelgauntiight be large enough to separate
thenf.

2. Events for which more than eight pulses have been remavétkitime window cleaning. The
hit cleaning of the Level 2ft-line processing includes a time window cleaning that catinats
remove a significant fraction of the neutrino if a coincidemion is present. Similarly, it can also
remove a part of the muon but leave enough hits to distortébenstruction. These events are
identified by the dierence 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, thi@ency
for neutrino events with a coincident muon is improved anohisverage only less than 10% below the
efficiency for single neutrino events.

DeepCore Filter Events

In addition to the events from the Muon filter, also eventsrfithe DeepCore filter 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 arichatave the interaction vertex within a fidu-
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 define the signal region foevbat selection. In this first event selection,
a cylindrical fiducial volume 0&grtex < —2000m andryertex < 200.0m has been considered. If necessary
for the background rejection, a smaller fiducial volume carchosen at later stages of the analysis. As
well-reconstructed events are preferred for point sounzdyaes, we aim to achieve the befitagency

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

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

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

E_3 vV, Z\/ertex S —200.0m, r\/ertex S 150.0m, E 2 098
100GeV, within 5 of MC truth

E_3 vV, Z\/ertex S —200.0m, r\/ertex S 150.0m, E 2 097

50GeV, within 8 of MC truth
E_3 v, Z\/ertex S —200.0m, lSOmS r\/ertex S 200.0m, 095
E > 50GeV, within 8 of MC truth

Table 11.5.: Hiciency of the event selection for the DeepCore filter evemtthé 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 adovber of channels and as a first cut,
a cleaning cut is therefore applied to the data, requirirag #t least eight DOMs were hit. A cut at
pIogI:%’f&g' < 8.8 favors well-reconstructed events. Finally, cuts on tleemstructed vertex position
are used to suppress the muon background.

To estimate the position of the vertex, a simple vertex retaotion called FiniteReco [Eul08] is per-
formed within the Level 2 fi-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 identified 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 cylindxiazolume of the track and the hits are ordered
according to this position. The projection of the first reoa DOM is then used as an estimate of the
position of the interaction vertex. The depth of the recartsed vertexz R, and the radial distance
ri Ry Of the vertex to thez-axis of the coordinate system are used as cut parameterghé-bevel 3
off-line processing, we require the},., < 300m andz’ R, < —100m.

The remaining data rate for DeepCore events is about 1 Hzeffinency of these cuts for amEsignal
neutrino spectrum is shown in Figure 11.10 and in TRblel 18y events with interaction vertex within
the fiducial volume are considered in the plots in the top réWwigure[I1.10. The fficiency 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 11.1D. In the left plot, the event sample isriet&d to events withlyertex < 2000m and in
the plot on the right to events witheriex < —2000m. The diciency for well-reconstructed events is best
for events with interaction vertex within the fiducial volerthat has been defined 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, th&-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 filterhistset of data is shown in Figure 17111 and
compared to simulation. The yellow band represents thiststal uncertainty of the Monte Carlo (MC)
prediction. 2.3 days of atmospheric muon simulation are irs¢he comparison.
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Figure 11.10.: Hiciency of the DeepCore Level Fdine processing event selection. In the top row, only
events within the fiducial volume defined for this analysis @ynsidered. The acceptance
is uniform in zenith and reaches its beffi@ency around 100 GeV. The statistics above
10 TeV is low. In the bottom row, the event selection is rettd to events withyertex <
2000m (left) and to events witlzerex < —2000m (right). A very good fficiency is
achieved within the fiducial volume that was targeted fos t#malysis.

11.2. Analysis Level Event Selection - First Steps

To illustrate the potential of the IceCube 79-strings dara@e, we present a first, 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 evenesidbn.
As discussed above, we aim to use threffedént 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 Chaptel 4. They are chosee Ifer several reasons:
e Multivariate event selection techniques can improve tlgaai gficiency as the discrimination
power of several variables is combined.
e Each BDT provides a single cut parameter, allowing for a dplimization of the discovery po-
tential or the sensitivity.
e BDTs are powerful out-of-the-box classification algorithihat are well-suited for experiments
where many but sometimes weak cut variables are avaii@]. This is exactly the situation
in IceCube.
BDTs have been used successfully in previous IceCube datgsas (for examplé_[AAéllii,LHalll,
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Figure 11.11.: Zenith angle distribution of the IceCubes@#®gs Muon filter data afterfBline process-
ing and event selection: Data from the 33.5 days burn saregempared to simulation.
The total MC prediction includes atmospheric muons and spieric neutrinos. The
yellow band represents the statistical uncertainty of ti& NWhree diferent background
components are highlighted for illustration purposes: ajpieric 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 desagent between the data
and the MC prediction is observed with a ratio of up to abo8tiktween them. A similar
level of disagreement is observed at on-line filter level. dsgible explanation of this
discrepancy is an underestimation of high-energy muonsrarezh 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&89(~ 0.2 is more pronounced at on-line
filter level and patrtially survives the background rejestieveloped in this work.

Agull]). On the downside, BDTs are vulnerable to overtrajnias discussed also in Chagier 4. Care
is taken therefore to avoid this weakness. Sevefétmint settings for the BDTs have been or will be
tested in this work. The TMVAL[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-strirdyaMIANDA analysis, the northern hemi-
sphere has been divided into the two zenith angle regionx30F¢ < 1300° and 130 < 6°¢ < 1800°
and two BDTs have been trained for each of the two regionshifMibis work, it has thus been attempted
for the first time to take into account that the vertical anel tlorizontal 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 cuhermparaboloidr- angular uncertainty
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estimator (see also Chaplér 9) is applied at a value bb&éore 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 axige the fact that the background simulation
shows significant discrepancies from the data at the onfiliee level as well as at all stages of the
off-line processing. As the signal, we consider twaiient neutrino spectra: a hard®spectrum and

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

5° of the MC Truth direction are used in the training phase of8bg's.

We present the distributions of the variables that have beed in the BDTs in Figurés 11]14 dnd 11.15.
The zenith region 130< #"¢ < 1800° is chosen for illustration purposes. The presented total MC
prediction includes both atmospheric muons and atmospimentrinos. 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\wchapters of this work, the systematic
uncertainties have been estimated to be around 17%, a iseggtematic uncertainty can be expected
here. The theoretical uncertainty on the atmospheric meutiux is between 7% and 25% depending on
the energy. While anféset in the event rates is observed, the distribution of #r@bles that have been
used is well-simulated. Threeftérent background components are highlighted for illustngburposes:
atmospheric neutrinos, coincident atmospheric muon eard atmospheric muon bundle events which
have more than 10 muons with energies above 500 GeV in th@ feeclassification 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 first study of the perfacmare, in the same order as presented in
Figured 11.14 and 11.115:

Angle between standard and high noise fit Various studies like for example [Dum09] have shown
that the noise probability in the MPE likelihood (see Chafiffecan be tuned to obtain a better
reconstruction in particular for atmospheric muon eveAtMPE reconstruction with a ftimes
higher noise probability is performed as part of the Leveffdine processing. The angle between
this and the standard Level Zfdine MPE reconstruction can be used as a powerful cut agains
coincident muon events. This can be seen on the top left afr€i@1.I4. This variable has not
been used in previous point source analyses.

LineFit Velocity The definition of this parameter is given in Chapter 7. Theéalde 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 firg for 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 71 indicate a clustering at the beginnjtige 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 iratr for high-
energy events with a good track reconstruction.

plogl here defined as‘,\“l’(':%&g', is a very powerful variable to select well-reconstructegrgs. An
apparent mismatch in the shape of the distribution is cabsed transition from atmospheric
muon to atmospheric neutrino dominated regions which hiferdnt uncertainties.

Separation is a measure of the track length and the definition has beem gibove. In this form, itis a
modified version of a variable that has previously been us&®dIMP analyses and in the analysis
of [AAA *11a].

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

Tacc is defined as the time (in ns) to accumulate 75% of the chargecimvent. 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-eraarglyses.

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 erethian the MUuE energy estimator
[Wol11] that has previously been used in all point sourcdyses. 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 #@&AA f11a]. It measures the
vertical extension of the event by calculating the meanapuod the z-coordinates of all hits in the
first quartile of hits in the event.

Finally, also the reconstructed zenith angle has beendedin the BDTs. For this selection of input
variables and this definition of zenith regions, the AdaBadgorithm [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 111.12[and 111.18.dEtributions of
the BDT scores in the simulation agree well with the data enpihaks of the signal region. In the tails
of the distribution, we observe a deficit of data with respgie¢he simulation that is also observed in the
distribution of plogl in the bottom left of Figufe 11J14. Bhilisagreement is therefore very likely not
connected to the properties of the BDTs.

The BDTs obtained through the training with twdfdrent 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 correspondbadat the same level of background
contamination as in the analysis of [Agul1] and allows to pare the two event selections. The cuts for
this region are summarized in Talple 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 Paraboloidr < 10> BDT"9score> 0.144 or BDT " score> 0.195
130 < 6" < 1800° MPE Paraboloidr < 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 tovitret selection used in the IceCube 59-strings
point source analysis at the same level of muon contamimd#igull]. 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. Tltferdince is well-contained within the uncertainties of the
simulation but will still be studied further. At this cut lely an dficiency of 72% with respect to the Level
3 off-line processing event selection for this filter stream tseed for up-going signal neutrinos with
an E2 spectrum. Thefiiciency for atmospheric neutrinos is 47%. The acceptanceagyuniform in
the northern sky as can be seen in Figure 11.21. Both of thHs&ecies are substantially above the
efficiencies achieved in [Agul1] where a 58%@ency was observed for up-going signal neutrinos with
an E2 spectrum and 28% for atmospheric neutrinos. The comparishowever not straight-forward
as the signal-to-background ratio in the IceCube 59-drirayel 3 di-line processing was fierent than

in the work presented here. The IceCube 79-strings Levéll-Bn@ processing event selection contains
a higher fraction of atmospheric neutrino events than thefoniceCube 59-strings. The dependency
of the cut dhiciency from the neutrino energy and the performance of thengruction are shown in
Figure[11.4.
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Figure 11.12.: BDT Scores for the zenith region 1390 ¢ < 1800° obtained with training on two
different neutrino spectra. An excess of the data over the bawkdrexpectation in the
atmospheric muon-dominated regions is observed in aliligtons 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 Levelf2lne data (see the bottom-right plot in
Figure[11.1%) 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 Chaptél 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 straagrelations 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 analyd 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 first attempts to improve the very highggnevent selection in the southern hemi-
sphere. The pioneering work for very high-energy southé&gnpmoint source searches with IceCube
has been performed in [AA209a]. 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 *11],/Agull], a slightly diferent 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 [Agul1], a first generation
IceTop veto has been used to lower the energy threshold focay down-going events. In the analysis
started here, we aim to apply an improved selection of veslbnstructed tracks of very high-energy
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Figure 11.13.: BDT Scores for the zenith regiorf 30 6"¢¢ < 1300° obtained with training on two
different neutrino spectra. An excess of the data over the bawkdrexpectation in the
atmospheric muon-dominated regions is observed in aliloistons 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 Levelf2lne data (see the bottom-right plot in
Figure[11.T#) and is therefore very likely not an artifacthaf 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 gefewvill be completed by the use of the
advanced IceTop veto described|in [Aufll, ACM11].

As can be seen in Figute 11111, the background componeni 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 arecsetefor their discrimination power between
signal neutrinos and at least one of the described backdroamponents.

For the preliminary event selection presented here, two 8bBave been trained. The first is obtained
for the zenith region 0< 6"¢ < 75° and the second for the region°75 6°¢ < 90°. Experimental data
has been used to model the background in both cases and t&ithEf4 neutrinos that are reconstructed
within 5° of their MC truth direction are used as signal.

For the moment, the same twelve variables have been coediileeach of the two BDTs. For illus-
tration, their distributions after a cut on the paraboleidngular uncertainty estimator (see also Chap-
ter[9) has been applied at a value of 1@re shown in Figurds 11.18 ahd 11.19 for the zenith region
0° < 6®°¢ < 75°. A description of the variables is given here, in the sameioad in the Figures:

. . . . DOM - - -
Charge Ratio The charge ratio is here defined as I%O%) whereQROM 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 IBE
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Figure 11.14.: BDT input variables for events in the zendhion 130 < 6¢ < 1800°.
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Figure 11.15.: BDT input variables for events in the zendhion 130 < 6¢¢ < 1800°.
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Figure 11.16.: Hiciency of the preliminary IceCube 79-strings analysis llevent selection in the up-
going region in dependence of energy (left) and the anghder 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 thétzeagion 75 < ¢ < 90.0°; both
data and muon simulation contain a small excess of everttg aery top of the detector.

LineFit Velocity The definition of this parameter is given in Chapfier 7. Théalde is primarily useful
to identify cascade-like events. However, it is also obsérthat coincident muon events in the
zenith region 75 < 6" < 90° produce a tail towards higher values in this variable.

MUEX Energy Energy estimators canfficiently reduce the background in the southern hemisphere.
Here, an improved version of the MuE energy estimator ([€hiGee also Chaptél 7), called
MuEX is used. In contrast to the MUE energy estimator, MuER€sathe structure of the ice into
account. The study in [Woll11] has shown an improved perfocaa

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 variablesha®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 evehi@v 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 defined and discussed in Chapter 9 katkseell-reconstructed
high-energy events.

MPE paraboloid o 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 defined earlier in this chapter. It has a discriimmatower against coincident muon
events and even muon bundles that can be used for very heghyeanalyses.

Zsigma-abs(Ztravel) is the diference between two measures of the depth extension of thmd. eve
Ztravel is the mean spread of the depths of all hits in the djustrtile of hits in the event while
Zsigma is the standard deviation of the depfihadl 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 muonlbs.

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 regiort Z50"¢¢ < 90° (left) and 0 < €€ < 75° (right).

with the detector.

As can be seen in Figures 11118 and 111.19, the data is carikistbove the expected background from
simulation. In particular transitions between thffatient background components are not well-described
in the simulation. The most likely reason for these disagier@s lies in the modeling of the cosmic-
ray spectrum. Further studies with dedicated backgroumdilation that allows to study the impact of
different cosmic-ray primaries are planned.

For the selection of input variables and zenith regions ued, 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 Figuré 11.17. The ratio between data and simul&iapproximately flat in both distributions.
As in previous southern sky point source analyses [A8%a, AAAT11],/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 lzet@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
[I1.20 along with the parametrization of the cut that is agapfor the first 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 sualbhe same as in the IceCube 59-strings
point source analysis. While this is not necessary, itifatds the comparison of performances until the
final sensitivity is calculated. The MC prediction of theeatbtained after these cuts i 8Hz 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 @ 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 Leveli3lime event selection presented earlier in this chapter.
The zenith dependency of the cuiieiency for the whole sky is shown in Figure 11.21. Afi@ency of

at least 30% for E2 signal neutrinos is achieved at any position in the soutkleyn
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Figure 11.18.: BDT input variables for events in the zengion 0 < "¢ < 75°.
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Figure 11.19.: BDT input variables for events in the zenéion 0 < 6'¢¢ < 75°.
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Figure 11.20.: Parametrization of the cut on the BDT scareake zenith regions 75< "¢ < 90° (left)
and 0 < 6 < 75° (right).

Benchmarking the Performance of the IceTop Veto

The IceTop air shower array above the IceCube neutrinodabescan 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 higiggnmeeutrino searches iml]- It is
also reported in 1]. The key idea is that an atmosphemimn is accompanied by a shower of
particles that can produce hits in IceTop. When the diraatibthe muon is reconstructed in lceCube,
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 IceTaptime window around the expected passing
time of the shower front, a veto can be defined. The veto isacherized 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 detéctopptimal 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 -df000 ns, 500 ns) around the expected

E? v, arbitrary flux scale
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Figure 11.21.: Hiciency of the preliminary event selection with respect te tievel 3 df-line event
selection. Two dferent neutrino spectra are considered? Bignal neutrinos and the
atmospheric neutrino spectrum. For illustration purppgesshow the zenith distribution
of E~2 signal neutrinos after the Level 3fdine event selection in the background. The
absolute scale of this distribution is arbitrary. The IgeTeto is not considered in this
plot.
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Figure 11.22.: Left: Distribution of the number of SLC hitsiceTop in the veto window and in thefe
time window. Right: Background rejection power of the Icph@to at each cut strength
pSLChitsiniceTor Eyents with more than or equal o< ™ ™" '®™Phits in IceTop are
rejected as air shower events. The signal loss of the samie quantified by the use of
an df-time window and is shown here in black. All distributionam here are obtained
from experimental data. All down-going events with muorefilirom the Level 3 fi-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 definition of df-time window of the same length as the veto window
where no correlated hits in IceTop and IceCube are expetiede, an &-time window of ¢-3500 ns,
+5000 ns) with respect to the expected passing time of theeshivant is used. The performance of the
IceTop veto is benchmarked in Figlire 11.22. If all eventéaitleast 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 neugirergy and zenith angle.

11.3. First IC79 All-Sky Point Source Sample

A first All-Sky data sample has been produced to study evdettiens and to benchmark the expected
performance of the IceCube 79-strings point source arsatysilined here. The zenith distribution of
this first, preliminary data sample is shown in Figure TIl [23the plot on the left, we have applied the
cuts described above. In the plot on the right, we have aptie IceTop veto to the data and obtained
a new parametrization of the cut on the BDT scores in the dgwing 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 negligitéete

The agreement between data and atmospheric neutrino sionuia the northern hemisphere is very
good apart from a deficit of data with respect to the simuhatiothe region 0> cos@'®c) > 0.35.
Possible reasons for this disagreement are uncertaintitee 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. ThisfBect will be studied in the near future. More simulation isdesk for a study of the
agreement between data and simulation in the southern pleenes and will become available soon.
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Figure 11.23.: Zenith distribution of the preliminary ayg$ level event selection for IceCube 79-strings
without IceTop veto (left) and with IceTop veto (right).

The event distribution of B signal neutrinos and thefficiency for these without the application of
the IceTop veto is shown in Figure 11124 as a function of thtzeangle and the neutrino energy. The
IceTop veto leads to a small improvement in the selectioredfaal down-going events. AnE 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 neutrinosrhatbected. The final 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 tfanee push IceCube’s potential to search for
soft spectra neutrino sources in the southern sky.

Finally, the dfective area of the analysis with the current event selet¢tamnbeen calculated for six dif-
ferent ranges in the declinatiensee Figure 11.25. The event selection without the IceTapheas been
used here. The inclusion of the IceTop veto would increasedtiective area in the declination bands
(-90r, -60°) and 60°, —30°) a bit towards lower energies while a small overall decreasffective
area would be expected across all energies in these démfifznds due to random coincidences. To
first order however, the presentefieetive area provides a good first estimation of the perfoomani
both event selections.

The comparison of the presentdtieetive area to previous point source analyses with lceCGubifiicult

as several changes have been made to the simulation simceltese changes include an update of the
calculation of the interaction volume for neutrinos andffedent description of the ice as well as several
minor bug fixes. With the new simulation, the expected nunabereutrino events for a given neutrino
flux is decreased with respect to the previous simulationlmabst 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€itbe 59-string analysis by considering
the dhiciency with respect to the on-line filter. The performancehef on-line filter is expected to be
about the same for both detector configurations. For @nsinal neutrino flux, 62% of all up-going
events in the on-line Muon filter are kept in the preliminavemt selection presented here. The previous
year's analysis/ [Agull] kept 44% of the corresponding digriaanalysis level at the same level of
background contamination. An improvement of a factor 1.thnevent selection is thus expected here.
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Figure 11.24.: Energy distribution andfieiency of the preliminary analysis level event selectiome T
event selection without IceTop veto is presented here. Elarino signal spectrum con-
sidered here is an spectrum.

For atmospheric neutrinos, we observe a total improvemeatfactor of 1.7 in the ficiency from the
on-line filter to the preliminary high-level event selectidHowever, since only a worse simulation has
been available in the work o@ﬂhl], théfective areas calculated here for the northern hemisphere
are of about the same magnitude as the ones in presenteddhtre IceCube 59-strings configuration.
The analysis i1] did not providdtective areas for the southern hemisphere. For comparison, w
will therefore consider the analysis of the IceCube 4(rglidata presented ]. Accounting

for the diferences in the size of the detector, about a factor of 1.8dwgpnent in the fective area is
expected if the same cut strategy is applied. This expeatéilowered significantly through the updates
of the simulation that have happened in the meanwhile. Ity tadactor of at least 1.6 improvement
in effective area is achieved across the whole southern hemésjaimer all considered energies. The
largest improvements are obtained for energies of aboue@oF intermediate and vertical down-going
neutrino events; the IceCube 40-strings point source aisedynd 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
effective area is observed with respect to the IceCube 4Qgstenalysis. 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 #lexg 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 higingg down-going region has already now
been improved significantly. In addition, this analysislw# the first to explore the possibility of a
search for southern sky cosmic-ray accelerators with DespCWhile the size of DeepCore may not
be suficient to reach sensitivity to any expected signal flux byifitsiemight 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 fiteperties of the atmospheric neutrinos.
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Figure 11.25.: Hective Area of the Preliminary Event Selection for IC79
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A. Abbreviations

AGN

BDT

CcC

DOM

GRB

GZK cutaf
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 sectidn 5.2

Gamma-Ray Burst

Greisen-Zatsepin-Kuzmin cutpsee section 111

Hard Local Coincidence, see section|5.4

Imaging Air Cherenkov Telescope

IceCube 40-strings, all IceCube configurations areeaidted as ICNN with
NN being the number of operational strings

IceCube Laboratory

Just Another Muon Search - first guess reconstructiortdmbined events,
see section 712

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 5us, see sectidn 5.4

Supernova Remnant

Single Photo Electron






List of Figures

1.1 Cosmic-ray energ%o_e_c_tdjm ............................... 4
[1.2___Cosmic-ray ANISOOPY . . . . . . o oo 7
[1.3 __Comparison of Neutrino and Gamma-Ray Spectra . . . . . . . .. ... ..... 8
. ; - 9

10

2.1 ___Schematic view of the Milky WAY . . . . . . . . o oo e 13
[2.2 _ The spiral structure of the Milky WAy . . . . . . . o oo oo e 14
2.3 Very High-Energy Gamma-Ray Soufces . . . . .. .. .. ... ..o ..... 15
3.1 Cosmic-Ray Air ShOWET . . . . . . . . 19
3.2 Atmospheric Neutrino Spectrum Measurement from lc&Cub . . . . . . . ... .. 21
5.1 ThelceCubeDeteclor . . . ... ......... ... .. ... 29

|5,4 Production, |es];ing and Deployment of the IceCube DOMS. .. . . . . . . . . ... 32

[5.5  DOM Occupancy in Minimum Bias DAta . . . . . . . o v v v v e e e 33

[5.8  IceCubeSurface Cable . . . . . . . o 36
6.1 The AMANDA NeUtrino TEIESCOPE - . « « « + - o o ooe oo 38
6.2 Martin A, Pomerantz ODServatbry . . . . . . . oot 39

i i i {10 40
I6.4 __Event Display of a Comblned EVENt . . o o e 41

[7.8  Pull Ratio of the MPE Paraboloid|Fit . . . . . . . . o o oo 59
[7.9 ___Pull Ratio of the Combined SPE Paraboloid Fit 60
[7.10 _Performance of the MuE Energy ESHMAtOr . . . . . . .« oo oee v 61

' e . 26
[8.1  lllustration of the simulation ChAIN . . .« . . v v v v e e e e 63




List of Figures

67
68
VSPEGLra . « o e e 70
0.2 Hficiency of the Level 3 Cuts for IceCube Events . . . . . . &)
0.3 Data-MC comparisons for variables used in the Neymazigea leellhood Ratld I 74
9.4  Data-MC comparisons for variables used in the Neymamsee Likelihood Ratiolll . 75
0.5 PDFs used in the Neyman-Pearson Likelihood Ratio . . . . . . . . ... ..... 76
9.6 Neyman- Pearson Likelihood RAO . . o o oo 77
(9.7 Cut progre ) ) beevents. . . . o .. 78
(0.8 Cut progressi ' ANES. © o o 80
9.9 Cutdiiciency for combined evemts. . . . . . . . o 81
[9.10 E2efficiency of the final neutrino selection. . . . . . . . . ... ... ... 82
19.11 Energy Distribution of Atmospheric Neutrinos in thet AMANDA Data Sample . . 83
[9.12 Hfective area of the IC40AMANDA Neutrino Samplé. . . . . . . . . .. ... ... 83
[9.13 Declination, azimuth, paraboloid sigma a i el . 85
NS . . . . . e e 88

[10.1  Sensitivity of the Galactic Point Source Search withGEAMANDA! . . . . . . . . . 93
[10.2 GalacticPlane Sdan . . . . . . . .. 94
[10.3 E Neutrino Upper Limits for the Galactic Plane . . . . . .. ... ........ 95
[10.4 Distribution of events around the six selecieghy SQUICES . . . . . . . . . . . . ... 97

. San .. ..o 102

[11.2__Events Rejected W|th The “Seoaratlon“ Varlbble P 1053
[11.3 Example Event Rejected with the "L Empty* variable . . . ... ... ....... 106
[11.4 Hficiency of the Up-Going IC79 )Line Event Selection . . . . . . ... ...... 108
1115 Total Charge vs Zenith Distribution of Down-Going Mugiiter Events at Levell2 . . . 108
[11.6 Two Alternative Energy Cuts for the Down-going Muone8m in IC70 . . . . . . . . 109
[11.7 _Hficiency of the Down-Going IC79 Level 3 Cut versus Energy ancitfe. . . . . . . 110
[11.8 Hficiency of the Down-Going IC79 Level 3 Cut versus Reconstmi@nergy . . . . . 111
111.9 1C79 Neutrino Event with a Coincident Mlion . . . . . ... ............ 112
[11.10 Hiiciency of the IC79 DeepCore L3CUS . . . . . . o v v vt e 115
mewmwmg ....... 116
[11.12 BDT Scores for Vertical Up- i 79 . 119
[11.13 BDT Scores for Horizontal Up-goi ' 79 ... ... ... 120
11114 BDT Input Variables for Vertical Up-going Events ind@| . . . . .. ... ...... 121
[11.15 BDT Input Variables for Vertical Up-going Events indC . . . . . . .. ...... 122
[11.16 Hiiciency of the Preliminary 1C79 Event Selection in the UoFmB_egjdq ....... 123
11117 BDT Scores for Down-going Events in IC79 . . . . . . . .o cee oo ... 124
[11.18 BDT Input Variables for Vertical Down-going Eventd@79| . . . .. .. .. ... . 125
[11.19 BDT Input Variables for Vertical Down-going Eventd@79 1l . . . . . . .. ... .. 126
111.20 Parametrization of the Down-Going BDT Score CutfofdC. . . . . . . ... ... . 127
[11.21 Hiiciency of the Preliminary Event Selection for IceCube 78086 . . . . . . . . . . 127
[11.22 Background Rejection Power of the lceTopMeto . . . . ...... . .......... 128

' istributi iminary Event Selentfor IC79 . . . . . ... ... .. 129

136



List of Figures

l11.24 Energy Distribution andfficiency of the Preliminary IC79 Event Selection . . . . . . 130
' imi ' 79 ... 13

137






List of Tables

[11.2 Proposed @line Event Selection - Up-Going Muon Filter Strdam . . . . .. ... 106

i;;,g Hiiciency of the Up-Going IC79 - ine Event §g!gg§j§n ............... 107
11.4 Comparison of Three Alternative IC79 Down-Going MudhBvent Selections . . . . 110







Bibliography

[AAA *06a] The AMANDA Collaboration: A. [AAA*08c] The Pierre Auger Collaboration: J.

[AAA +06b]

[AAA +07a]

[AAA +07b]

[AAA +08a]

[AAA +08b]

Achterberg, M. Ackermann,
J. Adams, J. Ahrens, and et al.
Five years of searches for point
sources of astrophysical neutrinos
with the AMANDA-II neutrino
telescope. Physical Review D75,
2006.[67[ 6B

The IceCube Collaboration: A.
Achterberg, M. Ackermann,
J. Adams, J. Ahrens, and et al. First
year performance of the IceCube
neutrino telescope. Astroparticle
Physics 26, 2006 3D

[AAA +09b]

The MAGIC Collaboration: J. Albert,
E. Aliu, H. Anderhub, P. Antoranz,
and et al. Discovery of Very High
Energy Gamma Radiation from IC
443 with the MAGIC TelescopeThe
Astrophysical Journal Letters664,
2007.9[1b

The MAGIC Collaboration: J. Al- [AAA *09c]

bert, E. Aliu, H. Anderhub, P. An-
toranz, and et al. Observation of VHE
gamma-rays from Cassiopeia A with
the MAGIC telescope Astronomyér
Astrophysics474, 2007, 16

The HiRes Collaboration: R.U. Ab-

basi, T. Abu-Zayyad, M. Allen, J.F.JAAA *09d]

Amman, and et al. First Observation
of the Greisen-Zatsepin-Kuzmin Sup-
pression.Phys. Rev. Lett100, 2008.

6!

The Pierre Auger Collaboration: J.
Abraham, P. Abreu, M. Aglietta,

C. Aguirre, and et al. Correlation of[AAA *09e]

the highest-energy cosmic rays with
the positions of nearby active galactic
nuclei. Astropar. Phys.29, 20086

[AAA +09a]

Abraham, P. Abreu, M. Aglietta,
C. Aguirre, and et al. Observation of
the Suppression of the Flux of Cos-
mic Rays above 4 10'°aeV. Phys.
Rev. Lett.101, 20086

The IceCube Collaboration: R. Ab-
basi, Y. Abdou, T. Abu-Zayyad,
J. Adams, and et al. Extending the
neutrino point sources with IceCube
above the horizon.Physical Review
Letters 103(22), 200920, 110, 119,

The IceCube Collaboration: R. Ab-
basi, M. Ackermann, J. Adams,
M. Ahlers, and et al. The IceCube
data acquisition system: Signal cap-
ture, digitization, and time-stamping.
Nuclear Instruments and Methods in
Physics Research,A01, 2009.[31,
33

The Fermi Collaboration: A.A. Abdo,
M. Ackermann, M. Ajello, W.B. At-
wood, and et al. Fermi Lat Obser-
vations of LS 1+61 303: First detec-
tion of an orbital modulation in GeV
gamma raysThe Astrophysical Jour-
nal, 701, 200916

The Fermi Collaboration: A.A. Abdo,
M. Ackermann, M. Ajello, L. Bal-
dini, and et al. Fermi LAT Discov-
ery of extended gamma-ray emission
in the direction of the supernova rem-
nant W51C.The Astrophysical Jour-
nal, 706, 200916

The VERITAS Collaboration: V.A.
Acciari, E. Aliu, T. Arlen, T. Aune,
and et al. Observation of extended
very high energy emission from the



Bibliography

[AAA *09f]

[AAA T09¢]

[AAA +10a]

[AAA *10b]

[AAA *10c]

[AAA +10d]

supernova remnant IC 443 with VER-
ITAS. The Astrophysical Journal Let-
ters 698, 200916

The H.E.S.S. Collaboration: F. Aha-
ronian, A.G. Akhperjanian, G. An-

ton, U. Barres de Almeida, andAAA *11b]

et al. Spectrum and variability of
the Galactic center VHE gamma-ray
source HESS J1745-29Astronomy
& Astrophysics503, 2009[P

[AAA *11c]

The MAGIC Collaboration: J. Albert,
E. Aliu, H. Anderhub, L.A. Antonelli,
and et al. Periodic very high energy
gamma-ray emission from LS+#61
303 observed with the MAGIC tele-
scope. The Astrophysical Journal
693, 2009[ B, 16

The Fermi Collaboration: A.A. Abdo,
M. Ackermann, M. Ajello, L. Baldini,
and et al. Gamma-Ray Emission from
the Shell of Supernova Remnant W44
Revealed by the Fermi LATScience
327, 2010[1b

The Fermi Collaboration: A.A. Abdo,
M. Ackermann, M. Ajello, L. Baldini,
and et al. Observation of the super-
nova remnant IC 443 with the Fermi
Large Area Telescope.The Astro-
physical Journal 712, 201016

[AAA +11f]

The Pierre Auger Collaboration: P.
Abreu, M. Aglietta, E.J. Ahn, D. Al-
lard, and et al. Update on the correla-
tion of the highest energy cosmic rays
with nearby extragalactic matteAs-
tropart. Phys, 314, 2010[K,17

The VERITAS Collaboration: V.A.

Acciari, E. Aliu, T. Arlen, T. Aune, [AAA *11g]

and et al. Observations of the shell-
type supernova remnant Cassiopeia A
at TeV energies with VERITASThe
Astrophysical Journal714, 201016

[AAA *11a] The IceCube Collaboration: R. Ab-
basi, Y. Abdou, T. Abu-Zayyad,[AAA *11h] The IceCube Collaboration: R. Ab-

142

J. Adams, and et al. Neutrino Analy-
sis of the September 2010 Crab Neb-

[AAA *11d]

[AAA *11e]

ula Flare and time-independent con-
straints on neutrino emission from the
Crab using IceCube, to be published
in: The Astrophysical Journal, 2011.
[26,[115[ 1111, 118

The IceCube Collaboration: R. Ab-
basi, Y. Abdou, T. Abu-Zayyad,
J. Adams, and et al. Linefit. IceCube
SVN, unpublished, 201151

The IceCube Collaboration: R. Ab-
basi, Y. Abdou, T. Abu-Zayyad,
J. Adams, and et al. Measurement of
acoustic attenuation in South Pole ice.
Astroparticle Physics34, 2011[1D

The IceCube Collaboration: R. Ab-
basi, Y. Abdou, T. Abu-Zayyad,
J. Adams, and et al. Measurement
of the atmospheric neutrino energy
spectrum from 100 GeV to 400 TeV
with IceCube Phys. Rev. D83, 2011.
21

The IceCube Collaboration: R. Ab-
basi, Y. Abdou, T. Abu-Zayyad,
J. Adams, and et al. Multi-year search
for dark matter annihilations in the
Sun with the AMANDA-II and Ice-
Cube detectors. to be published,
2011.[38[4D

The IceCube Collaboration: R. Ab-
basi, Y. Abdou, T. Abu-Zayyad,
J. Adams, and et al. Observation of
Anisotropy in the Arrival Directions
of Galactic Cosmic Rays at Multiple
Angular Scales with IceCube.The
Astrophysical Journal740, 2011.[,
[

The IceCube Collaboration: R. Ab-
basi, Y. Abdou, T. Abu-Zayyad,
J. Adams, and et al. Study of South
Pole ice transparency with IceCube
flashers. to be published, 20101 34,
64,65

basi, Y. Abdou, T. Abu-Zayyad,
J. Adams, and et al. The Design and



Bibliography

[AAA +11i]

[AAA +11]]

[AAB *00]

[AAB *01a]

[AAB *01b]

[AAB *01c]

[AAB *05a]

Performance of IceCube DeepCordAAB *05b] The H.E.S.S. Collaboration: F. Aha-

to be published, 2011.BI, 40

The IceCube Collaboration: R. Ab-
basi, Y. Abdou, T. Abu-Zayyad,

J. Adams, and et al. Time-integrated
Searches for Point-like Sources of

Neutrinos with the 40-string IceCubelAAB *06a]

Detector. The Astrophysical Journal
732, 201124, 89, 88, 85.196.194,100,
(107,110 114, 124, 180

The Antares Collaboration: M.
Ageron, J.A. Aguilar, I. Al Samarai,
A. Albert, and et al. ANTARES:

the first undersea neutrino telescopéAAB *06b]

Science(December 2010), 2010111

The AMANDA Collaboration: E. An-
dres, P. Askebjer, S.W. Barwick,
R. Bay, and et al. The AMANDA
neutrino telescope: principle of op-
eration and first results. Astropart.
Phys, 13, 20003

[AAB *06c]

The HEGRA Collaboration: F. Aha-
ronian, A. Akhperjanian, J. Barrio,
K. Bernlohr, and et al. Evidence for
TeV gamma ray emission from Cas-
siopeia A.Astronomyé Astrophysics
370, 200116

[AAB *06d]

The IceCube Collaboration: J.
Ahrens, J.R. Alonso, J.N. Bahcall,
X. Bai, and et al. IceCube Pre-
liminary Design Document. 2001.

The AMANDA Collaboration: E. An-

dres, P. Askebjer, X. Bai, G. Barouch, [AAB *07]

and et al. Observation of high-energy
neutrinos using Cerenkov detectors
embedded deep in the Antarctic ice.
Naturg 410, 200124, 37

The AMANDA Collaboration: M.
Ackermann, J. Ahrens, X. Bai,
M. Bartelt, and et al. Optical prop-

erties of deep glacial ice at the SoutfAABBO04]

Pole. Journal of Geophysical Re-

search 111, 200534, 34, 38, 54,164,
65

ronian, A.G. Akhperjanian, A.R.
Bazer-Bachi, M. Beilicke, and et al.
A New Population of Very High
Energy Gamma-Ray Sources in the
Milky Way. Science307, 200514

The AMANDA Collaboration: M.
Ackermann, J. Ahrens, X. Bai,
M. Bartelt, and et al. The Ice-
Cube prototype string in AMANDA.
Nuclear Instruments and Methods in
Physics Research, %56, 2006.[37,
[38,[39

The H.E.S.S. Collaboration: F. Aha-
ronian, A.G. Akhperjanian, A.R.
Bazer-Bachi, M. Beilicke, and et al.
First detection of a VHE gamma-
ray spectral maximum from a cosmic
source: HESS discovery of the Vela
X nebula.Astronomyé Astrophysics
448, 2006 D

The H.E.S.S. Collaboration: F. Aha-
ronian, A.G. Akhperjanian, A.R.
Bazer-Bachi, M. Beilicke, and et al.
Observation of the Crab Nebula with
H.E.S.S. Astronomyé Astrophysics
2006.[9[16, 94. 97

The H.E.S.S. Collaboration: F. Aha-
ronian, A.G. Akhperjanian, A.R.

Bazer-Bachi, M. Beilicke, and et al.
The H.E.S.S. Survey of the Inner
Galaxy in Very High Energy Gamma
Rays. The Astrophysical Journal

636, 200614

The H.E.S.S. Collaboration: F. Aha-
ronian, A.G. Akhperjanian, A.R.
Bazer-Bachi, M. Beilicke, and et al.
Primary particle acceleration above
100 TeV in the shell-type supernova
remnant RX J1713.7-3946 with deep
HESS observation#\stronomyé- As-
trophysics 464, 2007[P

The HEGRA Collaboration: F. Aha-
ronian, A. Akhperjanian, M. Beil-
icke, and K. Bernldhr. The Crab
Nebula and Pulsar between 500 GeV

143



Bibliography

[AABBO7]

[ABB*+04]

[ABB*08]

[ACM11]

[AGLS96]

[Agull]

[And33]

144

and 80 TeV: Observations with the
HEGRA Stereoscopic Air Cerenkov
Telescopes.The Astrophysical Jour-
nal, 614, 2004114, 98

The MILAGRO Collaboration: A.A.

Abdo, B. Allen, D. Berley, and
E. Blaufuss. Discovery of TeV
Gamma-Ray Emission from the
Cygnus Region of the GalaxyThe

Astrophysical Journal 658, 2007.

17,9899

The AMANDA Collaboration: J.
Ahrens, X. Bai, M. Bartelt, S.W. Bar-
wick, and et al. Muon Track Recon-
struction and Data Selection Tech-
nigues in AMANDA. Nuclear Instru-
ments and Methods, 524, 200449,
51,[52[58[ 5k

The VERITAS Collaboration: V.A.
Acciari, M. Beilicke, G. Blaylock,
S.M. Bradbury, and et al. VERITAS
Observations of the Gamma-Ray Bi-
nary LS 1+61 303.The Astrophysical
Journal 679, 2008[1l6

J. Auffenberg, S. Cohen, and
K. Mase. New background rejection
methods for the cosmogenic neutrino

[And11]

K. Andeen. First Measurements of
Cosmic Ray Composition from 1-50
PeV using New Techniques on Coinci-
dent Data from the IceCube Neutrino
Observatory PhD thesis, University
of Wisconsin - Madison, 201181

[Aufll] J. Auffenberg. Who to do a blind

[Bak09]

[Baz10]

[BCH*11]

search with IceCube. IRroceedings [BDD*08]

of the 32th International Cosmic Ray
Conference2011.[31[T01[ 120, 1P3,
127

V. Agrawal, T.K. Gaisser, P. Lipari,
and T. Stanev. Atmospheric neutrino
flux above 1 GeV.Phys. Rev. D53,
1996.[20

J.A. Aguilar. Time-independent

[BES7]

searches for astrophysical neutrino [BEH09]

sources with the combined data of
59 and 40 strings of IceCube. In
Proceedings of the 32th International
Cosmic Ray Conferenc@011. [109,
110,111,116 117, 118,_11DB, 124,
129,130

C.D. Anderson. The Positive Elec-
tron. Phys. Rey.43, 1933[B

[Ber96]

analysis with IceTop Veto. IceCube
Autumn Collaboration Meeting 2011,
unpublished, 2011 B[, 101,120,127

M. Baker. Proposal for IceCube 79-
Strings Muon Filter.  unpublished,
2009.[108[ 107

J. L. Bazo Alba. Search for steady
and flaring astrophysical neutrino
point sources with the IceCube detec-
tor. PhD thesis, Humboldt Univer-
sitat zu Berlin, 2010_27

The KM3Net Collaboration: P.
Bagley, J. Craig, A. Holford,
A. Jamieson, T. Niedzielski, and

et al. KM3NeT Technical Design
Report for a Deep-Sea Research In-
frastructure in the Mediterranean Sea
Incorporating a Very Large Volume
Neutrino Telescope, 2010111

J. Braun, J. Dumm, F. De Palma,
C. Finley, A. Karle, and Teresa M.

Methods for point source analysis in
high energy neutrino telescopes. Jan
2008.[27[28.93. 101

R. Blandford and D. Eichler. Particle
acceleration at astrophysical shocks:
A theory of cosmic ray originPhys.
Rev, 154, 1987[b

J. Bluemer, R. Engel, and J.R. Horan-
del. Cosmic Rays from the Knee to
the Highest Energies, 2009. Invited
review, submitted to Progress in Par-
ticle and Nuclear Physicg] @,[5, 6

E.G. Berezhko. Maximum energy
of cosmic rays accelerated by super-
nova shocks. Astroparticle Physics
5,1996.[5[ 1b



Bibliography

[Berll] P. Berghaus. High energy muons ifBWA*05] W.R. Binns,

[BGOO]

[BGKO9]

[BGL*04]

[Bla08]

[BPVO3]

[BSW10]

[Bur08]

[Bus00]

[BVOO]

ic59. lceCube Autumn Collaboration
Meeting, unpublished, 201L. 120

P. Bhattacharjee and Sigl G. Origin
and propagation of extremely high-
energy cosmic rayPhysics Reports
327, 2000[b

D. Boersma, L. Gladstone, and
A. Karle. Moon Shadow Observation
by IceCube. InProceedings of the
31th International Cosmic Ray Con-
ference 2009.[5Y

G.D. Barr, T.K. Gaisser, P. Li-
pari, S. Robbins, and T. Stanev.

[BZ34]

[Cabl1]

M.E. Wiedenbeck,
M. Arnould, A.C. Cummings, and
et al. Cosmic-ray neon, wolf-rayet
stars, and the superbubble origin
of galactic cosmic rays. The As-
trophysical Journal 634, 2005.

W. Baade and F. Zwicky. Cosmic
Rays from Super-Nova®roceedings
of the National Academy of Science
20, 1934[1b

K.S. Caballero Mora. Low NChannel
Discrepancy IC79. IceCube wiki, un-
published, 2011114

Three-dimensional calculation of at- [CBHPO3] J. Conrad, O. Botner, A. Hallgren,

mospheric neutrinos.Phys. Rev. D

70, 2004211, 64, 76, 8L, B2.183]184

E. Blaufuss. TFT 2008 Season Plan-
ning. lceCube wiki, unpublished,
2008.[46

E.G. Berezhko, G. Puehlhofer, and
H.J. Voelk. Gamma-ray emission
from Cassiopeia A produced by ac-
celerated cosmic raysAstronomyé
Astrophysics400, 2003[1b

M. Baker, A. Schukraft, and M. Wal-
raff. IC59 Muon L3 Processing. Ice-
Cube Wiki, unpublished, 2010, 104,
(107112

T. Burgess. A Search for So-
lar Neutralino Dark Matter with

the AMANDA-II Neutrino Telescope
PhD thesis, Universitet Stockholms,
2008.[52

R. Buser. The formation and early
evolution of the milky way galaxy.
Science287, 2000113

E. G. Berezhko and H. J. Volk.
Kinetic theory of cosmic ray and
gamma-ray production in supernova
remnants expanding into wind bub-
bles. Astronomyé Astrophysics357,
2000.[%

[CD11]

[Chi08]

[Chill]

[Cho07]

and C. Pérez de los Heros. In-
cluding systematic uncertainties in
confidence interval construction for
Poisson statistics. Phys. Rev. D
67:012002, Jan 2008. V6

A. Castellina and F. Donato. As-
trophysics of Galactic charged
cosmic rays. Technical Report
arXiv:1110.2981, 2011. Invited

review, to appear in Vol.5 of "Planets,
Stars and Stellar Systems”, 1st Edi-
tion., 2012, 4760 p., Springer, ISBN
978-90-481-8817-8 Due: February
15, 2012 U b

D. Chirkin. Neutrino search with ice-
cube. Internal Report, unpublished,

2008.[60[ 71 103, 108, 1P3

D. Chirkin. Topological trigger al-
gorithm. IceCube SVN, unpublished,
2011.[11P

S. Choubey. Signature of sterile
species in atmospheric neutrino data
at neutrino telescopes. Journal of
High Energy Physic2007, 200784

[CSS08] A. Cooper-Sarkar and S. Sarkar. Pre-

dictions for high energy neutrino
cross-sections from the ZEUS global
PDF fits. Journal of High Energy

Physics 2008, 2008[_66

145



Bibliography

[DAO0S]

[DGWL02]

[Dru83]

[DS11]

[Dum09]

[Eul08]

[FCO8]

L.O’C. Drury and F.A. Aharonian.
The puzzling MILAGRO hot spots.
Astroparticle Physics29(6), 200817

C. Distefano, D. Guetta, E. Waxman,
and A. Levinson. Neutrino Flux Pre-
dictions for Known Galactic Micro-
guasars. The Astrophysical Journal
575, 200217

L. O'C. Drury. An introduction to the
theory of difusive shock acceleration
of energetic particles in tenuous plas-
mas. Reports on Progress in Physjcs
46, 1983[b

M. Danninger and E. Strahler. 1c79
solarwimp analysis. IceCube wiki,
unpublished, 20117113

J. Dumm. Gulliver’'s "NoiseProbabil-
ity” Term in (Coincident) Muon Re-
construction. Presentation to the Ice-
Cube Muon Working Group, unpub-
lished, 2009117

S. Euler. On the Detection of Low En-
ergy Neutrino Events with Full-Sky

Acceptance with the IceCube Deep-
Core Detector. Diplomarbeit, RWTH

Aachen, 20081038, 104, 114

G.J. Feldman and R.D. Cousins. Uni-
fied approach to the classical statisti-
cal analysis of small signalsPhys.
Rev. D 57:3873-3889, Apr 1998, D6

[Fer49] E. Fermi. On the origin of the cosmic

radiation. Phys. Rey.75, 1949[#%

[FMCTO09] A. Fiasson, V. Marandony, R.C.G.

146

[Fra07] R. Franke.

Chaves, and O. Tibolla. Discovery of
a VHE gamma-ray source in the W51
region. InProceedings of the Interna-
tional Cosmic Ray Conferenc2009.
[18

A new Approach to

[Fri00] J.H. Friedman.

[Gab09] S. Gabici.

[GBB*07] The ANITA Collaboration:

[Gra09] D. Grant.

Greedy Function
Approximation: A Gradient Boost-
ing Machine. Annals of Statistics

29:1189-1232, 2000._P5,176,124

[FS96] Y. Freund and R. E. Schapire. Ex-

periments with a New Boosting Al-
gorithm. InInternational Conference
on Machine Learning1996.[25[ 1118,

Gamma Ray As-
tronomy and the Origin of
Galactic Cosmic Rays, 2009.
httpy/arxiv.orgabg0811.0836[14, 15

[Gai06] T.K. Gaisser. Atmospheric Neutrinos.

In Neutrino 2006 2006.[21

P.W.
Gorham, S.W. Barwick, J.J. Beatty,
D.Z. Besson, and et al. Observations
of the askaryan féect in ice. Phys.
Rev. Lett.99, 2007[1D

S Grullon, D. Boersma, and
G.C. Hill.  Photonics-based Log-
Likelihood Reconstruction in Ice-
Cube. Internal Report, unpublished,
2008.[108

A. Gazizov and M. P. Kowalski.
ANIS: High energy neutrino genera-
tor for neutrino telescopesComput.
Phys. Communl72, 2005 64, 66

[GQRS98] R. Gandhi, C. Quigg, M.H. Reno, and

|. Sarcevic. Neutrino interactions at
ultrahigh energiesPhys. Rev. D58,
1998.[10

Proposal for IceCube
79-Strings DeepCore Filter. unpub-
lished, 2009104

[Gre66] K. Greisen. End to the Cosmic-Ray

Spectrum?Phys. Rev. Lettl16, 1966.
6

the Search for Point-like Sources [Gro07a] A. Gross. Proposal for the JAMS

of Cosmic Neutrinos at PeV Ener-
gies with AMANDA-II. Diplomar-
beit, Humboldt-Universitat zu Berlin,
2007.[52

Muon Filter. unpublished, 2007143

[Gro07b] A. Gross. TWRFlareChecker. Ice-

Cube SVN, unpublished, 2007144



Bibliography

[Gro08] C. Amsler (Particle Data Group). Pl

[Groll] A. Gross.

[GRTTO7] A. Gross,

[GS11] A. Gross and E. Strahler.

[Hall] C.H. Ha.

[Hes12] V.F. Hess.

[Hil84] A.M. Hillas.

[Hil03] G.C. Hill.

[HKO8]

[HKC*98]

[HKKS07]

b667, 1 and 2009 partial update for
the 2010 edition. 200810, H0,151

Muon L3 Coincident

events. IceCube wiki, unpublished,
2011.[106[ 111,113

E. Resconi, A. Tepe,
and M. Tluczykont. The Com-

bined AMANDA and IceCube Neu-
trino Telescope. IfProceedings of the
30th International Cosmic Ray Con-
ference 2007.[41

IC79 of-
fline processing. lceCube wiki, un-
published, 2011103

Observation of Atmo-

[HLO6]

[Hoe03]

[HSS'07]

spheric Neutrino-induced Cascades [HTF09]

in lceCube-DeepCore. IRroceed-
ings of the 32th International Cosmic
Ray Conferenge2011.[26[ 101, 115

Uber Beobachtungen
der durchdringenden Strahlung bei
sieben Freiballonfahrten. Phys.
Zeitschr, 13, 1912[B

The Origin of Ultra-
High-Energy Cosmic Rays. An-
nual review of astronomy and astro-
physics 22, 1984[ b

Comment on “Includ-
ing systematic uncertainties in confi-
dence interval construction for Pois-
son statistics”. Phys. Rev. D
67:118101, Jun 2008. P6

F. Halzen and S. Klein.  Astron-
omy and astrophysics with neutrinos.
Physics Today61, 2008 2B

D. Heck, J. Knapp, J.N. Capdevielle,
G Schatz, and D. Thouw. CORSIKA:
A Monte Carlo Code to Simulate Ex-
tensive Air Showers. Technical re-

port, 199820, 21, 64

M. Honda, T Kajita, S. Kasahara,
K.and Midorikawa, and T. Sanuki.

[KAOS]

[KABO6]

[KCR11]

[KKKWO09]

Calculation of atmospheric neutrino
flux using the interaction model cal-
ibrated with atmospheric muon data.
Phys. Rev. D75, 200721, 64, 84

J.C. Higdon and R.E. Lingenfelter.
The superbubble origin for galactic
cosmic rays.Advances in Space Re-
search 37, 2006 b

J. R. Hoerandel. On the knee in the
energy spectrum of cosmic rayé.s-
tropart. Phys, 19, 200364

A. Hoecker, P. Speckmayer,
J. Stelzer, J. Therhaag, and et al.
TMVA - Toolkit for Multivariate
Data Analysis. POSACAT 040,
2007.[24[25, 26,116

T. Hastie, R. Tibshirani, and J. Fried-
man. The elements of statistical
learning: data mining, inference and
prediction Springer, 2 edition, 2009.
23,25][26[ 115

S.R. Kelner and F.A. Aharonian. En-
ergy spectra of gamma rays, elec-
trons, and neutrinos produced at in-
teractions of relativistic protons with
low energy radiation. Phys. Rev. D
78, 20089

S.R. Kelner, F A. Aharonian, and V.V.
Bugayov. Energy spectra of gamma
rays, electrons, and neutrinos pro-
duced at proton-proton interactions in
the very high energy regimePhys.
Rev. D 74, 200689, 94,99

J. Krause, E. Carmona, and I. Re-
ichardt. Probing proton acceleration
in W51C with MAGIC. InProceed-
ings of the 2011 Fermi Symposium
2011.[9[16

F. Kislat, S. Klepser, H. Kolanoski,
and T. Waldenmaier. A First All-
Particle Cosmic Ray Energy Spec-
trum From IceTop. InProceedings
of the 31th International Cosmic Ray
Conference2009.31

147



Bibliography

[Kurll] N.Kurahashi. Muon L3 Issues. Slides [LueO8] J. Luenemann. Lower bounds on

circulated to the IceCube muon and muon track reconstruction resolution.

point source working groups, unpub- IceCube Spring Collaboration Meet-

lished, 2011111113 ing 2008, unpublished, 2008103,
104

[LHO7] R. Lauer and W. Huelsnitz. Proposal
for the IceCube 40-Strings Muon Fil- [MFMO02] S. Migliari, R. Fender, and

ter, unpublished, 2007 42,143 M. Mendez. Iron Emission Lines

from Extended X-ray Jets in SS

[LHK*00] H.L Lai, J. Huston, S. Kuhlmann, 433: Reheating of Atomic Nuclei.
J. Morfin, F. Olness, J.F. Owens, Science297, 200217

J. Pumplin, and W.K. Tung. Global
QCD analysis of parton structure of [Miall] S. Miarecki. I3TruncatedEnergy:

the nucleon: CTEQS5 parton distri- Measuring muon energy using the
butions. European Physical Review truncated mean of dEX. Ice-
Journal G 12, 200066 Cube Collaboration Meeting, Au-
tumn 2011, unpublished, 201,101,
[LMOQ] J. G. Learned and K. Mannheim. 118

High-Energy Neutrino Astrophysics.
Annual Review of Nuclear and Parti-  [Neu06] T. Neunh&er. Estimating the angular

cle Sciencg50, 200010 resolution of tracks in neutrino tele-
o scopes based on a likelihood analysis.
[LMW*07] J. Lundberg, P.  Miocinovic, Astropart.Phys.25, 200658

K. Woschnagg, T. Burgess, J. Adams,

S. Hundertmark, P. Desiati, and [NJCS08] NASA, JPL-Caltech, and R. Hurt
P. Niessen. Light tracking through (SSQCaltec). A Roadmap to the
ice and water-Scattering and absorp- Milky Way (Annotated), 200814

tion in heterogeneous media with

Photonics. Nuclear Instruments and [NP33] J. Neyman and E.S. Pearson. On the

Methods in Physics Research Section Problem of the Most Hicient Tests of
A, 2007.[64 Statistical Hypothese$2hilosophical
Transactions of the Royal Society of
[LPRS81] J. G. Learned, V. Z. Peterson, London. Series A, Containing Papers
A. Roberts, and V. J. Stenger. DU- of a Mathematical or Physical Char-
MAND - An Undersea Neutrino Tele- acter, 231:289-337, 1933. 24

scope. InBulletin of the American
Astronomical Societyvolume 13 of [PZ03] V.S. Ptuskin and V.N. Zirakashvili.

Bulletin of the American Astronomi- Limits on diffusive shock acceleration

cal Society1981.[11 in supernova remnants in the pres-

ence of cosmic-ray streaming insta-
[LSS11] A. Letessier-Selvon and T. Stanev. bility and wave dissipation.Astron-
Ultrahigh Energy Cosmic Rays, omyé& Astrophysics403, 2003[H,_ 15

2011. arXiv:1103.0031v114
[RCO1] W. Rhode and D. Chirkin. Muon

[LubO3] B.K. Lubsandorzhiev. — The lake Monte Carlo: A new high-precision
Baikal neutrino experiment: present tool for muon propagation through
status and future prospects. Nu- matter. 200150, 64

clear Instruments and Methods in
Physics Research Section A: Acceler- [Res09] E. Resconi. Status and prospects of

ators, Spectrometers, Detectors and the IceCube neutrino telescopsucl.
Associated Equipmers02, 2003111 Instrum. Meth. A602, 200934, 40

148



Bibliography

[RLL*09] B.F. Rauch, J.T. Link, K. Lodders, Neutrino TelescopePhD thesis, Ber-
M.H. Israel, and et al. Cosmic-ray gische Universitat Wuppertal, 2009.
origin in OB associations and prefer- [39,[40

ential acceleration of refractory ele- .
ments: Evidence from abundances ofl 1 C
elements 26Fe through 34SAstro-

10] The AGILE Collaboration: M. Ta-
vani, A. Giuliani, A.W. Chen, A. Ar-

physical Journal 697, 2009[5 gan, and et al. Direct evdence for
hadronic cosmic-ray acceleration on
[Sch10] O. Schulz. The design study of Ice- the supernova remnant IC 443 he
Cube DeepCore: Characterization Astrophysical Journal710, 201016

and veto studies PhD thesis, Uni- i
versitat Heidelberg, 2010.19.]20] 30, [Vogl0] M. Voge. Time-Dependent Search

(100 101 103 for Astrophysical Neutrinos from Mi-
croquasar Cygnus X-3 using lceCube
[Schlla] A. Schukraft. Search for dtlise flux and AMANDA. Diplomarbeit, Uni-
of astrophysical muon neutrinos with versitat Hamburg, 2010. 26, 700

the IceCube Detector. IRroceedings
of the 32th International Cosmic Ray [WH11] S. Wakely and D. Horan. TeVCa,

Conference2011.[T1B 2011. httpy/tevcat.uchicago.eduIs
[Sch11b] O. Schulz. Muon L3 Status. IceCube [Whill] N. Whitehorn. Results from high-
Autumn Collaboration Meeting 2011, energy neutrino searches from
unpublished, 2011106 gamma-ray bursts with IceCube,
2011. Talk at TAUP 2011, Munchen.
[Secll] D. Seckel. Dom noise rates and B

deadtime. IceCube Spring Collab- o

2011.[TT# Energy Estimators. IceCube Collab-
oration Meeting, Autumn 2011, un-
[Ses10] Y. Sestayo.Search for high energy published, 2011 _T0L 118, 123

neutrinos from our Galaxy with Ice- _

berg, 201017, 28, 44 B2 1131 77] 93, G.H. Rieke, and et al. The Spitzer
[94,[95 [97[T0d_101 Space Telescope Missioithe Astro-
physical Journal Supplement Series
[SG10] L.S. Sparke and J.S. Gallagher. 154, 2004[1B

Galaxies in the UniverseCambridge o
University Press, 2nd edition, 2010.  [ZC08] J. Zornoza and D. Chirkin. Muon en-

13 ergy reconstruction and atmospheric
neutrino spectrum unfolding with the
[Spi07] C. Spiering. Astroteilchenphysik - IceCube detector. |fProceedings of
Erfolge und Perspektiven, 2007.110 the 30th International Cosmic Ray
Conference2008.[60

[SS37] J.C. Street and E.C. Stevenson. New
Evidence for the Existence of a Parti-  [zK66] G. T. Zatsepin and V. A. Kuz'min.

cle of Mass Intermediate Between the Upper Limit of the Spectrum of Cos-

Proton and ElectronPhys. Rey.52, mic Rays. Journal of Experimental

1937.[3 and Theoretical Physics Letterst,
1966.[6

[Tep09] A. Tepe. Hardware Integration of
the AMANDA into the IceCube Neu-
trino Telescope and Search for Super-
symmetric Particles with the IceCube

149






Acknowledgements

First of all, | want to thank my supervisor, Elisa Resconi,owtas always encouraged me, has always
been a friend as well as a group leader and who has, in partitawards the end of my PhD, given me
an enormous, but really enormous, amount of freedom.

I would also like to thank Prof. Werner Hofmann and Prof. Maewalski who kindly agreed to referee
this thesis.

| acknowledge funding through the Klaus Tschira Stiftungtfte work presented in this thesis and |
would also like to thank the HGSFP (Heidelberg Graduate Slabfd-undamental Physics) for arranging
this fellowship and for financial support of an expensive swenschool at SLAC.

| have worked in a small, ever-moving and in the last yeariaibhadistributed group of extraordinary
people and would like to thank all of them: Elisa Resconi; fead Gross for his unfaltering readiness
to look at and understand every plot | produce; Cécile Ribejc€laudine Colnard; Olaf Schulz, for
considering even "loud and aggressive please” in ffie@music playlist and for listening patiently to
all my non-expert opinions about football; Yolanda Sestdgo her belief in neutrino sources; Markus
Voge and Martin Wolf.

It has been and will be a pleasure to be part of the IceCubalmthtion and this work would not have
been possible without the everyone’s work on the softwarkthe understanding of the detector. |
would like to thank especially the muon and point source waylgroups where most of my work has
been discussed. In particular, | would like to mention Chindely, Patrick Berghaus, Jon Dumm, Robert
Lauer, Robert Franke, José Luis Bazo Alba and Mike Bakeu$eful comments, help and refereeing of
my work. | would also like to thank Tom Feusels for drawing ntieation to the muon bundles.

One of the best experiences during this time has certairgy be travel to the South Pole to work on
this amazing detector. | want to thank Mark Krasberg a nrillimes for trusting me enough to let me
do commissioning and again Elisa who dedicated a signifiaaraunt of the group’s travel budget to
this. | would also like to thank the colleagues and friend®wiade an unbelievable experience even
more pleasant: Reina Maruyama, Tom Feusels, Tilo Waldesmraaul McGuire, Lisa Gerhardt, Jason
Koskinen and Boobah.

| would like to thank all past and present high-energy astysjtists from our corridor as well as the
cooking ladies Olga Zacharopoulou, Kathrin Koch, Kelly Feognd Dave Jones for having made many
lunches and dinners more sociable.

Meinen Eltern, Gela und Piet, danke ich fur ihre Liebe unddstitzung, und fir ihren Glauben, dass
ich “trotz Physik noch normal” sei.

Even if | have seen some of them only very rarely during thigetin Heidelberg, | would like to thank
also my friends Jessica, Susanne, Olaf, particularly Aldra for all her assistance, and for the best
memories | have of this time also all the great guys and gitie wtudied with me (Christian, Birthe,
Lisa, Theo, Christoph, Christoph and Thorsten).

Finally but most importantly, | want to thank Thorsten forkimey me laugh (about my own clumsiness)
every day.



	High-Energy Neutrino Astronomy
	High-Energy Cosmic-Rays
	High-Energy Neutrinos from Cosmic-Ray Accelerators
	Neutrino Telescopes

	The High-Energy Milky Way
	Selected Targets for the IceCube 40-Strings and AMANDA Analysis

	Atmospheric Muons and Neutrinos
	Production of Muons and Neutrinos in Atmospheric Air Showers
	Atmospheric Muons in IceCube
	Atmospheric Neutrinos in IceCube

	Statistical Methods in High-Energy Neutrino Astronomy
	Background Rejection
	Statistical Tests on the Final Neutrino Samples

	The IceCube Detector
	Design and Construction
	The Digital Optical Module
	The Antarctic Ice
	Data Acquisition and Filtering

	IceCube and AMANDA as a Combined Detector
	Design and Construction of AMANDA
	Integration of AMANDA into IceCube
	2008-2009 Data: IceCube 40-strings and AMANDA
	Run Selection for the IceCube 40-strings and AMANDA Analysis
	Cleaning of Combined Events for the IceCube 40-strings and AMANDA Analysis

	Reconstruction in the Muon Neutrino Channel
	Muon Energy Loss in the Ice
	Muon Angular Reconstruction
	Energy Estimation
	Background Rejection with Additional Reconstructions
	Application of Reconstructions within the Off-line Data Processing

	Simulation and Systematic Error Analysis
	The Simulation Chain
	Systematic Uncertainties in the IceCube 40-strings and AMANDA Analysis

	IceCube 40-Strings and AMANDA Neutrino Sample
	Cut Variables
	Selection of IceCube Events
	Selection of Combined Events
	Characterization of the Combined IceCube 40-strings and AMANDA Neutrino Sample
	Surviving Muon Background

	Results of the Searches for Galactic Neutrino Sources
	Galactic Plane
	(-Ray) Source List
	The Cygnus Region
	Discussion

	All-Sky Neutrino Source Search with IceCube 79-strings - First Steps
	Selection of Track-like Events for the Application of Additional Reconstructions
	Analysis Level Event Selection - First Steps
	First IC79 All-Sky Point Source Sample

	Abbreviations
	List of Figures
	List of Tables
	Bibliography
	Acknowledgements

