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1 Introduction

Astroparticle physics uses elementary particles arrivingat the earth to explore the uni-
verse. These particles are used as messengers from remotgioas. A great variety of
experiments has been installed to detect the various parties. They have in common to
obtain information about the source objects or probe the bigbang scenario. One of these
experiments is the AMANDA neutrino telescope at the South Pde. The main purpose of
the telescope is to detect astrophysical neutrinos.

The data of the AMANDA detector can be analysed in various mamers to obtain in-
formation about the extra-terrestrial neutrino sources (di use or point like). Here, the
data is investigated for characteristic signatures at di erent angular scales. The presented
analysis studies the angular power spectrum of neutrino evds. As reference the power
spectrum of atmospheric neutrinos is used. This is our basibackground and will domi-
nate the data set. The goal of this work is to study the deviation or non-deviation of the
measured data from this background in a statistical way.

We have to face the situation of dierent source types. Each surce type has its own
characteristic angular power spectrum. This o ers the oppatunity to search for angu-
lar structures like the galactic or super galactic plane as wll as to look for small scale
structures produced by neutrinos from point sources.

For di erent source hypotheses simulations are made to undestand the characteristics in
the angular power spectra. These hypotheses are based on maparameters and we show
how they in uence the analysis. The simulations are based ora Monte Carlo data set
describing the full detector response, the trigger and the econstruction. This is necessary
because the angular power spectrum is a ected by the detectoresolution as well as by
the detector acceptance and the reconstruction e ciency.

A similar method has already been used to analyse the anisatipies in the cosmic back-
ground radiation (WMAP). In comparison a data set of much smaller statistics is used
here. Additional problems and e ects have to be consideredge.g. structures due to the
detector acceptance and correlations in the angular powerpectrum.

This thesis will explain the theoretical basis of neutrino physics and possible neutrino
sources in chapter 2. Then, the general detection techniquand the AMANDA detector
are explained in chapter 3. The analysis procedure (chapted and 6) and the required
simulations (chapter 5) are discussed. Finally, the resultfor the angular power spectrum
of the measured data is obtained in chapter 7 and limits on thecontributions from di ered
source hypotheses are set (chapter 9 and 10). Additionallytests of the data sample are
performed in chapter 8.
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2 High Energy Neutrinos

This chapter provides an overview on the properties of neutinos. Section 2.1 summarises
the general properties, with special emphasis put on neutrio oscillations. Afterwards
terrestrial (chapter 2.3) and cosmic (chapter2.4) neutrino sources and the corresponding
uxes are discussed.

2.1 General Properties of Neutrinos

Neutrinos are elementary particles (fermions with spin £2) and part of the standard
model of particle physics. Three types of neutrinos (so cafld avours) are known: the
electron-, muon- and tau-neutrino and their correspondinganti-particles. Neutrinos are
the lightest massive particles in the standard model with vey small masses. They have
no electrical or colour charge. Thus, they interact only viathe weak force and have a very
small interaction cross section. Parity violation of the weak interaction induces a xed
helicity (relation between spin direction and moment) for massless neutrinos. Neutrinos
have a helicity of 1 and it is 1 for anti-neutrinos.[Pe91]

2.1.1 Neutrino Oscillation

An important property of non massless neutrinos are neutriro vacuum oscillations. This
e ect occurs because of the di erence between the weak eigetates ¢; ; andthe mass
eigenstates 1; »; 3. Both sets of eigenstates are a linear combination of the otér set.
Considering only oscillations between two avours the mixing is described by:

= 1c08 + 2sin and .= 1Sin + ,cos : D

Here is the mixing angle between electron- and muon-neutrinos. Mutrinos are produced
and decay only in weak (avour) eigenstates. The propagatim is determined by the
evolution of their mass eigenvalues:

1(t) = 1(0)e Bt and ()= ,(0)e E2t: )

t is the time and E; is the energy of the neutrino (herec= h =1 is used). At energiesE;
much larger than the massm; the following equation can be used:

2
m.

E: = + . 3

=P o 3)

For identical momentum p the oscillation is determined by the neutrino mass. So avou
changes are possible while travelling. The probability fornot changing the avour is
[Pe9l]: |
1:27 m2L

P( ! )=1 sin%@2 )sin? =

(4)

m? = mZ mj3 is the squared mass dierence in (e\¥®)2. L denotes the travelling
distance in meters andE the neutrino energy in MeV.
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There are compelling pieces of evidence for neutrino osallions. (E.g. Super-Kamiokande,
SNO or KamLAND measurements) [PP04].

The observation of neutrino oscillation, means mﬁ = m? mj2 6 0. Thus, at least two
neutrino masses cannot be zero. Values for m? for atmospheric (90% CL) and solar
neutrinos (best t values from solar and KamLAND) [PP04] are:

1:3 10 *eV?< m2,s <3 10 %eV? and m2, 1.7 10 °eV?; (5)

SIP2 ams > 0:9 and sif2 . 0:82: (6)

Here, the squared mass di erences are denoted by "atms." andsol." because is is not
sure which of the possible mass dierences (12; 13; 23) is observed. These results
only imply a non-zero mass di erence but provide no informaion on the absolute scale of
the neutrino masses. One reason is the unknown hierarchy. Bect upper limits for the
neutrino masses are [PPO04]:

m, <3eV (90%CL)
m < 0:19 MeV (90%CL) (7)
m < 182 MeV  (95%CL)

These limits do not include the restrictions from neutrino oscillation.

2.2 Cosmic Information Messenger

Figure 1 shows the dierent astronomical messengers. Hadrms (e.g. protons) can be
accelerated at sources. An accelerated proton produces dirent secondary particles in
interactions with a target. Furthermore, decay of unstable particles results in protons (
nuclei), neutrinos and gammas. High energy photons are absibbed on their way through
the universe. Charged particles change their direction dugo magnetic elds. Neutrinos
travel without interactions on nearly all energy scales to the earth. Thus, they point di-
rectly to the source making them ideal cosmic messengers.

The mean free path depends on the neutrino cross section (E) and the matter number
density of the universen [Ne04]: L

= En (8)
A typical neutrino energy of this work is 1 TeV. In this case the cross section is ' 10 3°
cm?. Assuming a nucleon densityn of about 6 nucleons=m? (critical nucleon density of
the universe) one nds =5:4 107! lightyears (ly). This is 11 orders of magnitude larger
than the horizon of the observable universe ¥ 100 ly [Be03]. Even uncertainties in this
approximation due to non-isotropic mass distribution or other e ects cannot compensate
this di erence of 11 orders of magnitude. (For example dark @ergy might interact weakly.)
The avours of the neutrinos oscillate while travelling thr ough the universe. Therefore,
for an estimation of the avour ratio of the neutrinos arrivi ng at the earth, the initial
ratio need not to be known precisely. As mentioned above the autrinos are produced
in interactions of protons with the source. In these interadions many di erent particles

1CL = con dence level
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Figure 1: Astronomic Messengers.

are produced. An important production channel for neutrinos is the pion decay into a
muon-neutrino and a muon. The muon decays into an electron ad an additional muon-
and electron-neutrino.

A ! + ©)
et + o+ o I e + + ¢ (10)
From this channel a composition of ¢: : =1:2:0is generated. The distance to

the sources from the earth is large compared to the length fooscillations, so full mixing
is expected. Under the assumption of the mixing angles obseed by neutrino oscillation
experiments [PP04] a ratio of ¢ : : =1:1:1is expected to be observed at the
earth. This is described in detail in [GMO03].

We will discuss the measurement technique for these values ichapter 3.2.

2.3 Terrestrial Neutrino Sources

The dominant source of terrestrial neutrinos are air showes induced by cosmic patrticles.
Above 1 GeV the energy spectrum of the cosmic rays is proportinalto  E 27 ( gure 2).
It slightly steepens at the so called "knee" ( 10! eV) and attens again at the "ankle"

( 5 108 eV).

When a high energetic cosmic particle interacts with the atnobsphere of the earth it pro-
duces particles which also interact. The induced showers cain many di erent particles.
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Figure 2: Energy spectrum of cosmic rays.[Sw97]

The neutrinos originate from decays of kaons, pions, muonsral charm particles. Neutrinos
originating from charm particles are called "prompt neutri nos".
The ux of neutrinos from pion decay is given by [Ga90]:

dN _ No(E) A
dE 1 Zyn 1+B cosE =

+ () (12)

whereA =Zy @1 r ) Y=:r =(m =m )2and is the power index of the primary
energy spectrum. B is a constant with respect to the energy and depending on the
nucleon and pion attenuation lengths.  re ects the ratio of decay and interaction in the
medium. For cascades in the earth's atmosphere this is 115 GeV. The nadir angle
is included here because of the angular dependent e ectiveatay length of the mesons.
As the high atmosphere is less dense, horizontal mesons tralva larger distance through
thin air and the interaction probability is smaller, while t he decay rate is higher. [Ga90]
(::2) represents the contributions of other mesons which must nobe neglected. They can
be parametrised in the same way. These have dierent energycales: g 850 GeV
and p 4 10’ GeV. Additionally, the branching ratio has to be taken into account.
For pions this is about one, but for kaons K ! + ) this is only 0:64. For neutrino
energiese below ; i = ;K;D the neutrino energy spectrum follows the primary ux,
because all mesons decay. Fd&E > ; the spectrum steepen by one power oE . Muons
are not included here, because for energids > 2 GeV they reach the ground and stop
before decaying.
The neutrino spectrum is dominated by neutrinos from di erent source processes at di er-
ent energy scales. The low energetic neutrinos are mostlydm pion decay, while at higher
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energies the kaon decay dominates. This leads to a power ingdef 2:7 corresponding
to the initial spectrum upto 100 GeV and 3.7 above. Additionally, the spectrum
has a characteristic angular dependency with more neutrine from the haorizontal direction.
Prompt neutrinos can be described similarly to the mesons. The di erence is the higher
energy scale (charm 10* TeV) and an isotropic distribution. The lifetime of theses
particles is so short that most of them decay. The energy spémm remains with an index
of 2:7 also at high energies. At a scale of 10 100 TeV prompt neutrinos eventually
dominate the energy spectrum.

2.3.1 Oscillation of Atmospheric Neutrinos

The neutrinos generated in the atmosphere change their avar while travelling through
the earth to the detector. For a xed energy E the oscillation depends only on the length
L the neutrinos travel before reaching the detector (equatia (4)). The distance between
the origin and the detector is xed by geometry ( gure 1). The oscillation is zenith angle
dependent. The distanceL is:

Rearth = 6342 km is the radius of the earth. Figure 1 shows the nadir agle

2.4 Extra Terrestrial Sources of High Energy Neutrinos

High energetic neutrinos are also expected from various obfts in the universe. The
production mechanism of these neutrinos is similar to the poduction in air showers. The
neutrinos originate from interactions of high energetic halrons. A possible acceleration
mechanism for hadrons is the Fermi-acceleration (chapter 2.1).

Candidates for sources of high energetic neutrinos have tafl some requirements. Pro-
tons must be available and for Fermi-acceleration high magatic elds must exist. Addi-
tionally there must be targets for producing neutrinos. These targets could also be the
particles or even the shock front itself. Thus, the detectiom of neutrinos from a source
would be a proof of hadronic acceleration.

Candidates ful lling these requirements are supernova remants, active galactic nuclei
and micro quasars. They are discussed in the following chapts (2.4.2 - 2.4.4). Other
candidates for sources of high energetic neutrinos can exige.g. WIMP 2 annihilations
[Ga94]). High energy neutrinos also are also expected in tedown scenarios [LeMa]. Such
possibilities are not discussed further in the context of ths work.

Additional candidates for neutrino sources are proposed witch do not accelerate particles
by their own. One source of this type is the galactic plane lled with interstellar matter.
Here high energy cosmic rays can interact producing neutrios. (chapter 2.4.5).

2.4.1 Fermi-Acceleration

Neutrinos themselves cannot be accelerated to high energie An acceleration mechanism
for charged particles which then may produce secondary neuinos is the Fermi-acceleration
[Fe49][Ga90].

2WIMP = weakly interacting massive particle
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Figure 3: Fermi-acceleration. Left: Step vise acceleration by di erent clouds. Right: Sketch for
the interaction with a cloud

Fermi-acceleration is based on a step-wise energy transfey scattering at magnetic elds.
This can be induced by partly ionised gas clouds or shock wageof changing matter density.
A gas cloud has a typical speed of abouv; 15 km/s. This is small compared to the
speed of light ¢ = vc=c < 10 . A high energetic charged particle scatters elastically at
this magnetic eld. The interaction can be treated as scattering without energy transfer
in the system of the gas cloud because of the huge mass of thesgaloud. In a system
not moving with the cloud the particle can loose or gain energ depending whether it
is a head-on or a tail-on collision. Calculating the energy lefore E1 and after E, the
interaction using the entry angle ; and leaving angle », to the cloud leads to ( gure 3):

E?2= E;(1  ccosi) Epx= EJ1+ cos?): (13)

This calculation is done by transformations between the di erent rest systems. The system
of the cloud is marked with a "®". There is no change of the energy in the clouds rest
system: E{ = EJ. The relative energy change is given by:

E_E2 Ei_

ccos 1)(1+ ccos D) 1: (14)

E E1

To obtain the expectation value for the energy change, the epectation for the angles are
required. In the rest system of the cloud no direction is preérred. Thus, the expectation
value is< cos § >=0. For the initial particles an isotropic distribution is a ssumed. More
particles ying in the opposite direction interact with the cloud. The direction distribution
of the particles for a solid angle element is proportional tothe relative velocity between
the cloud and the particle.

dn _ c vccos 1

dcos ; 2c (15)
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Here, a relativistic particle is assumed. This leads to an epectation value of

< COosS 1>= «=3. From this results follows:
E 1+ 2=3 4
= F "1z s 16)

C

On average a patrticle gets energy scattering at a magnetic le. The relative additional
energy is proportional to 2 < 10 8. This is called "Second Order Fermi-acceleration".
Here, the particle gets only a very small amount of energy . In fact, the second order
Fermi-acceleration is too ine cient to produce high energetic protons in reasonable time
scales.

The acceleration to the high energies are better explained Yo the "First Order Fermi-
acceleration". This kind of acceleration appears at shock aves. E. g. shock waves are
generated when a supernova shoots material into the surrouting interstellar matter. The
speed is about 16 km/s, above the speed of sound. In the front the interstellar matter
is compressed together with the inherent magnetic elds. Hee, the boost has always
the same direction due to the xed propagation direction of the shock front. The energy
transfers are calculated similar to the second order Fermacceleration. The change of the

energy is:

E 4
T E 3% )

Compared to the rst order Fermi-acceleration this mechanism is thus more e ective.

Each particle passes the gas cloud or the shock front more timaonce. After n interactions
the mean energy of these particles is:

E,= Eol+ )": (18)

Eo is the initial energy. The number of interactions is estimated by the probability for the
particle to leave the area of the shock frontp. This probability depends on the properties
of the shock, the geometry, the thermodynamic parameters at the energy of the particle.
For more informations see [Pr98],[Ga90].

The probability for n interactions is (1 p)". For the energyE, ng encounters are required.

no=ln £ =in@+ ) (19)
Eo

The number N (> E ) of particles with an energy greater thanE is:

@ ps, 1 E . _hna=t p). 0

NCE)= 5 & T Thas )

This is the observed type of spectrum. The spectral power indx is not universal, but
depends on details of the clouds or shock fronts. For monoatnic gas is calculated to
be 2+  ( ¢ is a small number). The observed spectrum of cosmic rays at th earth is
steeper than this spectrum. This can be understood by the emgy dependent di usion in
the galaxy. Particles with higher energies leave the galaxyeasier. The spectrum steepens
to E 2 ° . Forl 100 GeV a value of 0:6 can be inferred from observed ratios
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Figure 4: Picture of a part of the crab nebula, a supernova remnant

of secondary cosmic ray nuclei to their progenitor. The obseved spectrum is therefore in
good agreement with the prediction from Fermi-acceleratia.

For secondary neutrinos the spectrum does not steepen due tthe escape probability.
Neutrinos travel trough the galaxy independent of their enagy. For neutrinos the initial
hard 2 spectrum is expected.

2.4.2 Supernova Remnants

A supernova happens if the fusion in a massive star ends. Withut thermical power
released by fusion the gravitational force is not compensa&td anymore by the radiation
pressure. The core of the star collapses to a neutron star oréck hole, compressing protons
and electrons to neutrons by inverse -decay. This process produces electron-neutrinos.
A region of high energy density is accumulated and only neutinos can leave. 99% of the
energy is emitted by thermic neutrinos. Their mean energy is 10 MeV, far below the
detection limit of for example AMANDA-II. During the collap se the outer part of the
shell is blown away with a speed above the sonic velocity of & surrounding interstellar
medium. A shock front for Fermi-acceleration develops. Figire 4 shows the crab nebula
as example of a supernova remnant.

These shock fronts may accelerate charged particles up to ergies of about 100 TeV
[Ga90]. The energy spectrum of the cosmic rays below the kneean be explained by
supernova remnants. High energetic charged particles pragte high energy neutrinos after
their acceleration with a spectrum proportional to E 2 . These sources are expected to
be located in the galactic plane.
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Proton-induced
Shock Cascade

Inverse-Compton

Figure 5: Schematic picture of an AGN with a jet. Dierent types of accelerated particles and
their interaction products are shown.

2.4.3 Active Galactic Nuclei (AGN)

Galaxies can be classi ed according to their luminosity: Ore group with "normal” lumi-
nosity and the other with high luminaosity, called "active". The main part of the radiation
originates from the central nucleus of the galaxies.

A model for AGN? has to include many di erent components ( gure 5). In the centre of
the galactic nuclei is a super massive black hole with a massda0® 10'° solar masses. It
attracts mass from the surrounding galaxy. The gravitational force forms an accretion disc
perpendicular to the rotation axis of the black hole due to argular momentum conservation.
In the accretion disc particles loose energy due to radiatio and gain energy from the
transformation of potential energy. The particles ionise and the disc contains a plasma.
The circular movement of the plasma around the centre induce strong magnetic elds.
The stream lines of the eld are described in rst order by in nite lines parallel to the
rotation axis. More precisely the magnetic eld is distorted by the movement of the plasma
and relativistic e ects near the black hole.

In the accretion plane additionally a dust torus is observedat larger distances to the
centre. Here, the gravitational force is not strong enough o concentrate the particles
to a at disc. A wider distributed arrangement of the massive particles with a lower
temperature is characteristic.

The phenomena of so called "jets" is observed with AGN's. Jes move matter concentra-
tions away from the black hole along the rotation axis of the dsc. This matter out ow
has a relativistic speed.

SAGN = Active Galactic Nuclei
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The standard model for AGN can describe di erent observed plenomena. The appearance
depends on the observation direction. In the plane of the agetion disc all particles have to
pass the dust torus before they are observed. The spectrum dominated by the properties
of the torus: Low energy photons and narrow absorption linesdue to the low speed are
observed. At a small angle to the rotation axis the centre is vsible. The spectral lines are
broad due to the Doppler-e ect. Directly along the rotation axis the jets show uxes of
high variability. Such objects are called "Blazars". The variability is at the time scale of
days. From causality arguments can be derived that the orign of the jets has a size on a
scale at the size of our solar system. This indicates stronglthe existence of a black hole
in the central region as the mass is expected to be $0solar masses.

In the centre of most galaxies black holes are expected; onlgome of them are active at
the moment. The state can change depending on the amount of amrbed mass. This
again depends on the mass of the black hole itself.

An AGN could be an ideal particle accelerator. It has relativistic mass concentrations
in the jets and high magnetic elds for Fermi-acceleration. Which type of particles is
accelerated? There are two possibilities: a leptonic or a ldronic acceleration, both explain
the observed TeV gamma rays ( gure 5). The leptonic process ssumes that x-rays are
produced by synchrotron radiation of accelerated electros. High energy -rays are then
produced by inverse Compton-scattering of the electrons wh the x-rays. This leptonic
acceleration produces no neutrinos. This process would nobe visible for a neutrino
telescope.

In the case of a hadronic process protons and electrons arejétted into the jet. After the
acceleration the protons interact and produce pions. Neutal pions decay into high energy
gamma rays and charged pions into leptons and neutrinos. Fothe interaction a partner
is required. It can originate from the material of the jet or t he interstellar medium.

The neutrino ux from the hadronic process is described by may di erent models. In
general a steepE 2 is expected. For the locations of the galaxies two arrangengs are
meaningful: an isotropic sky distribution or locations in the super galactic plane.

A upper limit for the ux from sources with protons accelerat ed by the Fermi-acceleration
is given by the Waxman Bahcall limit [WB99][BWO01]. This limi t is derived from measured
ux of cosmic ultra high energy hadrons and the assumption ofoptically thin sources (size
not much larger than the mean free path for proton photon interactions). Assuming
that the complete energy observed in ultra high energy cosnai rays is transformed into
neutrinos one derives a limit E 2< 2 10 8E 2 GeV cm 2s sr 1

2.4.4 Micro Quasars

Micro quasars are galactic objects similar to AGNs. The maindi erence is that they are

much smaller. The gravitational object in the centre is supposed to be a neutron star or
a black hole of about 10 solar masses. Jets and accretion dsscan be observed as well.

Micro quasars are binary systems. The material necessary tbuild the disc originates
from the compending star. The size of the accretion disc of a ro quasar is about 163

km and the length of a jet is some lightyears. The correspondig values for the AGN are
a disc of 10 km and jets of a length of some millions of lightyears.( gure 6).

As in the AGN scenario it is possible to have "active” and "non active" phases due to
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Figure 6: Scale comparison between AGN and micro quasar: Left: pictue of a micro quasar.
Right: Picture of a AGN

variations in the mass accretion. The changes between thegghases is faster due to the
smaller dimension. A change between two phases is performad days. This leads to
models for matter collection and emission which is di erentto the AGN.

The jets of micro quasars are candidates for sources of highhergetic neutrinos. They
have the initial steep energy spectrum E 2 and are located in the galactic plane.

2.4.5 Cosmic Ray Interactions in the Galactic Plane

All previously discussed objects are bottom up accelerat@. Protons are accelerated and
produce neutrinos in interactions. The galactic plane is no accelerating protons to high
energy. It is a di erent source type.

Here, neutrinos are produced in the interactions of high enegetic cosmic rays [Ga94] with
the interstellar matter. Pions are produced decaying into reutrinos and leptons. The
highest density of interstellar matter is found in the galactic plane.

The ux of this source can be estimated under the assumption &a given cosmic ray
density in the galaxy. For photons produced by pions the ux is approximately [Ga94]:

I (cry am) (21)

Here (cry L8E 2%’ cm 2sr !s !GeV ! is the local cosmic ray ux and u ) the
average density of the interstellar matter. The important fact is the proportionality of the
spectrum to the primary spectrum E 27, It is steeper than the spectrum expected from
other extra-terrestrial sources and atter than the spectrum from atmospheric neutrinos.
A limit taking into account the cosmic ray ux (cr) Nds a neutrino ux below E%7 <
5 10 > GeV¥’cm 2sr 1s 1. This is a guaranteed ux from the direction of the galactic
plane, but due to the small scale no observation is expectedhiactual neutrino-telescopes.
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\ source \ \ \ distribution d |
supernova 2 1123 galactic plane
251 1,23 galactic plane
AGN 2 11,23 isotropic
251 1,23 isotropic

2 2,3 | super galactic plane
24| 2,3 | super galactic plane

micro quasars 2 2,3 galactic plane
24| 2,3 galactic plane
cosmic ray interactions | 2.7 - galactic plane, di use

Table 1: Hypotheses for di erent source types. is the index of the energy spectrum and is
the number of neutrinos in the 4-year-sample per source

2.4.6 Signatures and Search Hypotheses for the Extra Terres trial Neutrinos

The presented analysis is sensitive to in the sky distributon of the detected neutrinos.
The following section summarises the signatures of the distssed source candidates and
constructs hypotheses for the later analysis of the AMANDA Ky-plot.

The sources discussed above can be characterised by a fewekant parameters. These
are the mean source strength denoted by the number of neutrios in the 4-year-sample
from one source , the energy spectrumE  and the source distribution in the sky. The
di erent hypotheses are listed in table 1. All objects (except the galactic plane) are treated
as point like sources. For objects larger than the angular rsolution of the detector (about
0:0038 sr for AMANDA-II) no separate hypothesis is discussed.This is no limitation of
the analysis. The main analysis is independent of the modeldiscussed here. The models
are only used to set limits.
For the hypothesis a sources strength is de ned. As simpli ation all sources in one
hypothesis have the same strength. The point source analysifor AMANDA-II [IC05]
excludes sources with more than a handful neutrinos in the d@ from 2000 - 2003. The
mean number of neutrinos per source for this analysis is set to 1,2 or 3. The detector
e ciency and the detection probability have to be taken into account. For a source
strength  the number of measured neutrinos follows a Poisson distribtion (with mean
).
The total e ciency depends mainly on the energy spectrum. For E 2 the ux (for the
assumed ) is at the scale of =10 ° cm 2s ! and for steeper spectra it is at the scale
of =10 8cm ?s L.
For the energy spectrum of the point sources the initial spetrum with 2 is used.
Additionally a atter spectrum is assumed. For the cosmic ray interactions the predicted
= 2.7 spectrum is used.

Simulations are done for these hypotheses. They are descel in chapter 5.
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3 Neutrino Observation

In this chapter the detection technique for neutrinos is desribed. It starts with the
information about the general technique in chapter 3.1.

Then the di erent properties of the AMANDA-II neutrino tele scope are discussed in chap-
ter 3.2. The necessary steps for the data Itering and reconuction are described (chapter
3.3 -3.3.5), and the so called "4-year-sample" used for thianalysis is explained in chapter
3.3.6. In chapter 3.4 also the production of Monte Carlo datais described.

3.1 Detection Principle of Neutrino Telescopes

Neutrinos are detected indirectly, by observing the chargd leptons produced in neutrino
interactions with matter. Neutrinos interact in two ways. F irst by neutral current inter-
actions:

|+ N ! [+ X (22)

N is the interaction partner, a nucleon. X is a hadronic cascade. At energies of interest
the nucleon usually is destroyed and a hadronic shower is genmated. The second possible
interaction is a charged current interaction producing the charged lepton.

(+ N T+ X (23)

Due to the relativistic boost the direction of the charged lepton is closely aligned with the
initial neutrino direction. The angle  between the lepton and the neutrino direction can
be approximated by [Ne04]:
0:7 ]

(E =TeVv)07 "~
Thus, the tracking of the lepton allows to reconstruct the initial direction of the neutrino.
The behaviour of the three leptons is dierent. Electrons produce an electromagnetic
cascade, muons and taus propagate straight forward depositg energy along their track.
The lifetime of atau = 0:29 ps [PP04] is orders of magnitude shorter than the lifetime
of the muon =2:2 s|[PPO04]. A tau decays shortly after it is produced, while a mwn
can travel longer distance. For high energetic taus this ditance is about 5 cm for 1 TeV
and 50 m for 1 PeV. The tau decay is most often hadronic, such ents are called "Double-
Bang-Events" because of the two separate high energy cascas, one from the neutrino
interaction and one from the tau decay. In ice, muons travel atypical distance of about
25 km at 1 TeV.
High energetic particles move through matter with almost vacuum light speedc,,c S0 they
emit light due to the Cherenkov-e ect. For a track a light con e is produced while for
showers a nearly spherical wavefront is generated with a marmum of the amplitude in
the forward direction.
By instrumenting a large detector volume with light sensitive modules it is possible to
measure the Cherenkov photons. The arrival time at the modués allows tracking. Hence,
the neutrino direction can be reconstructed.
Important for background rejection of muons produced by cosnic ray induced air showers
is the direction of an event. Only the cross section for neutinos is low enough that they
can travel trough the earth. So events from this direction are neutrino events and are

(24)
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Figure 7: Track and cascade like events in the detector. Muon tracks poduce tracks with a
Cherenkov cone (left). Electrons induce cascades and spheal events are observed.

(right)

called "up-going". At a few PeV the earth becomes opaque for autrinos. At these ener-
gies it is possible to change the eld of view upward becausehe background of down-going
muons is smaller due to the steeper energy spectrum.

A big detector is required for the neutrino detection due to the small cross section and
the steep power spectrum. Usually natural materials are use for these detectors. These
materials are ice or water. Both provide good transmission poperties for photons. (For

ice the absorption length is about 100 m and for sea water it issbout 50 m.)

For the instrumentation a compromise between the detector e and the distance between
the optical sensors must be found. Larger volumes increasén¢ number of observed neu-
trinos interactions while narrow distances provide a betta reconstruction especially for

lower energetic neutrinos. Typical distances are in the ordr of some ten meters.

3.1.1 Cherenkov Light

The Cherenkov-E ect occurs if a particle moves with a speed hove the speed of light in

the material.
Cvak .

n() "
The critical energy for the Cherenkov e ect is frequency degndent due to the wavelength
dependence of the refraction index. A muon requires a total mergy of about 160 MeV. A
light cone is produced similar to a sound cone from a jet traviting with supersonic speed.
This light cone is the constructive interference of in nite spherical waves originating from
the track. The Cherenkov angle . for the photons is (compare gure 8):

cos(¢) = N (26)

“Ton@)’

The index of refraction is connected to the phase velocity ad thus it is connected to the
observation angle. The propagation speed for the photon isigen by the group velocity

V> Cmed = (25)
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Figure 8: Cherenkov cone of a particle in the detector with a parametrgation for the track and
the optical module.

in the material.
The photons from the Cherenkov e ect form a cone with the half opening angle [MS53]:
!

- sot oz gaOMp Lt 27

For a constant index of refraction the propagation direction of the photons is perpendicular
to the cone front.
The number of photons emitted per track length dx is given by the Frank-Tamm-Formula
[Ja96].
?PN 2 ., 1
dxd =~ 2 “2n2
¢ is the ne structure constant. With the assumption of a wavelength between 300 nm
and 500 nm about 250 photons/cm are emitted under a Cherenkovangle of 41 in ice.
The corresponding energy loss is:

(28)

dE dN dN hcyac eV
— =" < >= 0= :
dx dx E dx < > 85 cm ' (29)

The emission of Cherenkov photons is not the dominant procesfor the energy loss of
the muon. For muons the main processes are instead: ionisath, bremsstrahlung, pho-
tonuclear reactions and pair production (chapter 3.1.2). h these processes other charged
particles occur, they have the same ight direction due to the large Lorentz boost. They
also emit Cherenkov light.

3.1.2 Muon Energy Loss

The di erent processes of energy loss for muons will be briey discussed in the following:
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lonisation : The energy of the muonEy;, is large compared to the mean energy required
to ionise an atom|. The muon knocks an electron out of the atomic shell. The enayy
loss of the muon is then described by the Bethe-Bloch-Forma [PP0O4]:

! !

1
>in = 5 (30)

Here, Tmax IS the maximum kinetic energy which can be imparted to a free kctron in a
single collision and is a density e ect correction.

Bremsstrahlung : In the electromagnetic eld of the nucleus the muon is de eded and
emits bremsstrahlung photons.

Pair production : The energy of the muons is high enough to produce virtual phtons
for pair production. The minimum energy is about 1 MeV for electron positron pairs and
about 210 MeV for * pairs. Here also a third charged particle must exist to take he
recoil.

Photo nuclear reactions : Similar to the ionisation a particle from the nucleus can be
knocked out. These are rare interactions compared to pair ppduction or Bremsstrahlung.
Energy is transferred to the nucleus by a virtual photon. Ustally the core is destroyed.

The total energy loss of a high energetic muon in matter can bapproximated by [PP04]:

ddix = a+ bE a 2MeV=cm b 36 10 ®=cm: (31)

In rst order the values of a and b are independent of the energy. The constant part of the
energy loss is the result of ionisation. Below a critical eneyy of about E 600 GeV the
ionisation is dominant while above pair production and photonuclear reactions dominate.
Here the stochastic character has to be taken into account, Wile the ionisation can be
treated as continuous energy loss.

3.2 The AMANDA Detector

The "Antarctic Muon And Neutrino Detection Array” (AMANDA) is installed in the ice
near to the geographic South Pole. Between the year 1995 and)Q0, 678 optical modules
were deployed. An optical module consists of a photomultigker for the light detection in
a pressure housing. The modules are attached to cables in \@ral holes in the ice. These
holes are melted with a special drill. One cable including dlattached modules is called a
"string". Most optical modules are placed at a depth betweenabout 1500 m to 2000 m.
A test installation called "AMANDA-A" in shallow depth was d eployed in 1993. Then the
initial installation of the rst part of the detector nishe din 1996 was called "AMANDA-
B4". These are the rst four strings in the centre of the detector. One string is placed in
the centre and the other three are placed on a circle of 30 m around it. The rst upgrade
is a next ring (radius 60 m) with six strings commissioned in 1997. Together they a
called "AMANDA-B10". A third ring completes the detector wi th nine additional strings
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Figure 9: The layout of the AMANDA-II detector. The main part of the det ector is between 1500
m and 2000 m. Strings with optical modules placed in the ice. The inner part was
deployed rst and is called AMANDA-B10. AMANDA-A is an older test installation
from 1993 at shallow depth. The dots represent optical modus. A sketch of an optical
module is drawn for illustration.
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at a radius of 100 m. This con guration is taking data since 2000 and is refered to as
"AMANDA-II". Figure 9 shows an overview of the detector.

The optical modules are arranged in a cylindrical form with a diameter of about 200 m
and a height of 500 m. This corresponds to an enclosed detecteolume of about 0.:015
km?3. The vertical distance between two optical modules is betwen 10 m and 20 m. Each
optical module contains a hemispherical photo multiplier PMT) with a diameter of 8
inch* of the photocathode. A PMT is coupled with an optical gel to the glass of the
surrounding sphere. The sensitive wavelength region is fra green to ultra violet light.
The technical details of the modules and strings depend on tb date of deployment. The
data of each PMT is transmitted to the surface for processing The single hit-rate is
between 03 kHz and 15 kHz. Only a small fraction is from muon tracks. Data from a
32 s interval is stored if 24 PMTs show a hit within a time window of 2.5 s. This is
called a multiplicity trigger. With the given distance of th e optical modules this results
in a lower energy threshold of some 10 GeV. Additional trigges are produced by the air-
shower experiment SPASE-2. It is located near the AMANDA detector on the surface of
the ice.

The data from each trigger is moved to one event with the infomation about the photon
arrival time (LE ®) and the time over threshold (TOT). The LE is de ned by the tim e
when the amplitude of the PMT signal rises above the threshal. This is stored up to
eight times per event and per optical module. Additionally the maximum peak height
around the trigger (2 s before and 78 s after) is stored. These are called AD€-values.
The storage of the data takes about 2 ms. During this time AMANDA cannot measure
new data. With a typical trigger rate of 150 Hz this leads to a dead time fraction of about
17%.

From the beginning of the year 2003 waveform-recorders (TWR) are additionally used
for almost all optical modules. They allow the storage of thefull PMT signal. This is
important to increase the acceptance at high energies.

AMANDA-II is the largest completed neutrino telescope on Eath. The successor experi-
ment IceCube will have a 50 times larger detector volume of 1 k3. The rst strings are
already deployed in the ice. Compared to the other neutrino elescopes in water, ice has
the advantage of xed positions of the optical modules and a &atic installation platform.
Also the solid state is a advantage compared to other telesges; no permanent pressure
on the optical modules exist. Additionally, the noise by “0K decay in the PMTs is low
because the ice contains nd°K. A disadvantages is that it is not possible to repair the
modules in the ice.

A further di erence are the optical properties of ice and water and that AMANDA observes
the full northern sky with constant exposure.

3.2.1 The Antarctic Ice

An important aspect of the detector are the optical properties of the ice around the optical
modules which a ect the propagation of the Cherenkov light.

41inch 2:54 cm

5LE = Leading Edge

SADC = Analog to Digital Converter
"TWR = Transient Waveform Recorder
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Figure 10: Left: Scattering coe cient as function of depth. Right: Sca ttering coe cient between

1200m and 2400m depth in more details. [PWO00]

The ice properties are correlated to the time when the ice wagormed. These proper-
ties of the dierent ice layers depend on the climatic situation at that time (di erent
amounts of acids, salts, minerals and dust inclusions). Inte South Pole ice there is only
a small amount of inclusions compared to water, but they stil change the scattering and
absorption appreciably. Figure 10 shows the scattering legth as function of the depth.

At varying depth di erent e ects dominate. Above about 1000 m icebound gas bubbles
increase the scattering; below there is less gas. Here, thaqgperties are dominated by
embedded solid materials. Four peaks corresponding to dudtayers are seen ( gure 10).
Typical sizes of the absorption length s and the scattering length ¢4 in ice are:

These values determine the detector size given above.

The water in the holes from deployment re-freeze with speciaproperties. Gas bubbles
and impurities from drilling raise scattering. More inform ation about the ice properties
can be found in [PWO0O0][W099].

3.2.2 Calibration

The number of calibration parameters is small: the positionof the optical modules, time
and height of the PMT signal.

These parameters are calibrated by in situ light sources. Tk light produced by these
sources is observed in the modules.

The arrival time t, di ers from the measured time t g . The propagation of the signal in
the cables and the PMTs is denoted totg. Also the time to reach the detection threshold
has to be considered. The delays are measured with a surfacasker. The time a light
pulse needs to reach the modules can be calculated taking iotaccount scattering. The
di erence between this and the detection time in the control station is an estimation for
the delay. The time until the threshold is reached depends orthe maximum hight of the
pulse A. All together the arrival time tg is:

ta = tLE ’Pf to : (33)
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to and are determined for each module. The achieved precision is ber than 7 ns for
to and 30% for . [Bi0O]

The geometric calibration is done by the relative time di er ences of the various light pulses
in the optical modules. In a global t for all modules a precision of 1 m in the position of
each optical module is achieved. The absolute precision oht detector orientation with
respect to sky coordinates is better than @ . This has been veri ed by cross calibration
with the air shower experiment SPASE-2.

In the range of interest the PMT signal increases linear withthe light signal. Most pulses
correspond to single photons. Their amplitudes are used to etermine the proportionality
constant between photon number and pulse height (taking thebackground into account).
The precision is determined by the width of a t with a Gaussian. It is about 35%. [BiO1]

3.3 Fom the Raw Data to Final Directions

In the previous chapters the raw data taken with the AMANDA-I | detector is described.
For this data an event selection has to be applied to reduce bekground events. Afterwards
a track reconstruction is performed. Only muon neutrinos ae used for the analysis.

The detector samples data with a rate of about 100 Hz. Only 15 eents per day are
muon-neutrinos, the major part is from muons produced in theatmosphere.

By fast pre- ltering of the neutrino events from the atmosph eric events (chapter 3.3.3) the
data is reduced. A full track reconstruction is done for the snaller data sample (chapter
3.3.4). This is done by a maximum likelihood method. Finally quality parameters are
de ned to separate the remaining background from the data. ¢hapter 3.3.5).

3.3.1 Dierent Background Types

The detector records many di erent signals which are not all induced by leptons from
neutrinos. The huge number of atmospheric muons induces mandi erent types of back-
ground events. These signals can be separated in di erent akses:

Well reconstructed, down going muons: This is the biggest part of the back-
ground. Filtering is performed by a zenith cut.

Muon bundles:  Air showers also produce bundles of muons. They travel togéter
through the detector producing an ambiguous signal which ca be mis-interpreted
as up-going neutrino.

Cascades: Catastrophic energy losses (e.g. pair production) of high mergetic
muons in the ice lead to cascade like light depositions. Theyan mimic an "up-
going" muon signature.

Stopping muons:  No track through the full detector is produced. The reconstruc-
tion is more challenging. Especially horizontal events carbe mis-reconstructed as

up-going.

Scattering layers:  The scattering rate in the polar ice has a layered structure.An
up-going event can be imitated by bright events particularly when the light traverses
layers with a high scattering rate.
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Corner Clippers: A muon travels diagonal below the detector. The Cherenkov
light reaches the detector from below and mimics a "up-goin§j event.

Uncorrelated coincident muons: During one event two muons from di erent
showers in the atmosphere deposit light in the detector. An 'Up-going" event is
reconstructed if the light deposition of one muon in the uppe detector part is taking
place later.

Electronic artefacts:  Crosstalk between the optical modules of one string creates
electronic artefacts. These signals should be excluded fno the reconstruction.

All these e ects have to be taken into account in the reconstuction and event selection.

3.3.2 Hit-Cleaning

Before calculating a track hypothesis a hit-cleaning is doe. For the reconstruction only
hits corresponding to the track should be used. Hits from PMT noise, cross talk or other
sources are removed. Optical modules with too low ("dead"),too high or variable noise
level are removed. A stable noise level indicates a proper fictionality of a module.
Additionally hits are removed from events by the following selection:

1 Isolated hits: A hitis isolated if no other hits are found in a distance of 60 100 m
and a time di erence of 300 nsto 600 ns. Such a hit is expected to be produced
by noise and is discarded.

2 Hits with a too large time di erence: Hits with 2 sto +4:5 s around the
trigger are selected. Other hits are expected to be noise ordve no information due
to after-pulsing.

3 Hits from crosstalk: A comparison between the ADC-values and the length of
the pulse (TOT) is used. Large ADC-values with short pulses ae a clear indication
for crosstalk due to the dispersive widening of the signal irthe cable. These hits are
removed.

These criteria depend on the individual event con guration. Modules with a skipped hit
in one event can contribute to other events.

3.3.3 Initial Track Reconstruction

For the initial selection of "up-going" event candidates and for the full track reconstruction
a rst track estimation is required.

For the calculation of this initial track several methods are available. The "Direct Walk"
and the "JAMS 8" method are discussed here, although other rst guess trackeconstruc-
tions based on a "line-t" or a "dipole algorithm™ exist. The y are not used for the data
sample on which this analysis is based on and thus they are naliscussed here.

Direct Walk  [St00]:

8JAMS = Just Another Muon Search
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This method has four steps. First a search for track segmentss performed. A track

segment are two optical modules with a distance greater tharb0 m and a time di erence
t < d=cyac + 30 ns for the hits. The track segment is the connection line ketween these

two modules.

The number of associated hitsN ss;; is determined for each track segment. Therefore, for

each hit the time residuum teg is calculated. This is the di erence between the expected

time from geometry tge, and the observed timety;; .

) # 1)+ dtan
tres = thit  lgeo with tgeo 11+ Pl 1C)v <. (34)
ac

tres IS the delay from scattering. The other parameters describeéhe track and the position
of the optical module. They are given in gure 8. g is the track direction, t; is the track
time and +; is the position of the track. ¥ is the position of the optical module and . is
the Cherenkov angle. Together with the perpendicular distance to the track segmentd,
tres IS Used as discriminant. A hit is associated with a track segrant i if:

30 ns<t e < 300 ns; (35)

d < 25 m(tres=ns + 30)1 : (36)

For each modulej the projection of its position to the track is calculated. This is called
"lever arm” L;j. The mean "lever" quanti es the length of the track in the det ector. The
track segments ful lling the requirements below are choseras track candidates.

V
p_1 X

N ass;i

Nass;i >9 L;i 29m with L;i (Lj <L> )2 (37)

j
In general, more than one candidate exists and a further seftion is required. First the
two values Nss:i and . are combined in one quality parameter.

. 0:3
Qi =min  Nass;i; Y Li 7 Qmax = Max Q; (38)

Candidates require a quality Q larger 70% of Qmax . Finally; for each track segment the
number of segments with a di erence less than 15in the direction is counted. The en-
semble with the highest number is chosen. The vertex of the g#ral track segment and
the average of all directions of the ensemble is the rst guestrack.

JAMS [St02]:

JAMS reconstructs the track by a complementary technique. Here, a search for clusters
in time and transverse position to speci ¢ cones is performd. For a hit the signals from
the PMTs cluster in both criteria.

To perform this search, the hit topologies are investigatedin di erent directions. For this,
26 equally distributed cones with a opening angle of 25 are used. In these cones a
distance is given by:

( tCvac;X;Y); t=1thit to [=Cyac: (39)
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X;Y are the transverse coordinates to the cone direction and ; is the time di erence

between a hit and the reference hit {p). For each hit the number of close neighbour hits is
counted, called multiplicity myt; . A hit with a distance j( (Cyac; X; Y )j < 70 mis "close".

The hit with the largest multiplicity my;t; is chosen. The average over ({Cyac; X;Y ) for

all neighbours is used as start value for the reconstructiotogether with the cone direction.

The reconstructed direction of the muon deviates from the oiginal direction in 94% less
than 30 for simulated data.

Both methods provide good rst estimations for the track dir ection but do not achieve a
high precision.

3.3.4 Maximum Likelihood Reconstruction

A more precise way of reconstructing a muon track is a maximumikelihood method. Here,
the probability to obtain the measured hits for a track is maximised for di erent track
hypotheses. This takes more computing time, so it is done fothe smaller data sample of
"up-going" candidates selected.

With a probability density function p(xjja) for measuring the observed valuex; for a xed
track a the Likelihood function can be written as:

Y
L(xja)=  p(xija) : (40)

x is the full experimental information (the ensemble of all x;) and the x; are assumed as
independent.
Here, a track is specied by the vertex, the time, the direction and the energy. The
experimental data x; are times T g, durations TtoT;; and the peak amplitudes A; for
each modulei. (Each module stores up to eight sets of time, duration and arplitude per
event.) For the simplest likelihood only the arrival times are used. The time likelihood
function can be written as: Ny
its
Ltime = P(tres;ija) : (41)
i=1
The probability density for a time likelihood depends on t,es (de ned by equation (34)).
In the ideal case the distribution p(tiesja) is a delta function. This is dierent in a real
experiment. The distribution is broadened and distorted by the PMT jitter, the PMT
noise and by scattering in the ice. Additionally, the orientation between the PMT and
the muon track must be considered due to a non uniform PMT respnse. A PMT looking
away from the track can observe only scattered photons with darger time residual t;es
than direct photons.
The distribution of the time di erences can be described appoximately by a so called
Pandel [Pa96] function.

1 tes 95 1 ¢ d
L P (42)
a

N (d) ( d=)tres a

P(tres; d) =

Cmed

N(d=e Fa 1+ (43)

a
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N (d) is a normalisation constant, 4 is the attenuation length in ice, and are free

parameters and is the Gamma function. The free parameters & the Pandel function are

determined by simulations including the ice model. The usedvalues are e ective values

for the corresponding parameters. Also the distanceal is replaced by an e ective distance
et -

=557 ns detf = ap + a1d =33:3m a=98m (44)

a1=0:84 a;=3:1m 39mcos()+4:6 mcos( ) (45)

is the angle between the orientation of the Cherenkov-cone ral the orientation of the
PMT (see gure 8). The Pandel function is not de ned for negative t.es, has a pole at
tres = O (for small distances d) and does not include the PMT jitter. A convolution with a
Gaussian solves this but takes more computing time. Insteaé composed functionpis_used:
A (half) Gaussian with width 4 for tes < 0 and the Pandel function for tyes 2 .
The parts are connected with a spline (3rd order polynomial) This is a meaningful
de nition since the jitter is relevant for small tes. Good reconstructions are achieved for

g=10 20 ns.
Additionally a "hit likelihood", a "Amplitude likelihood" and a "Zenith weighted (Bayesian)
likelihood"[AhO4] can be used. They are not used to lter the 4-year-sample and they are
not discussed here. A description is in [Ah04].

3.3.5 Quality Parameters

Quality parameters are de ned to clean the data from backgraind events (chapter 3.3.1),
additionally to the zenith angle cut. They are related to information in the detector that
is not used or not fully used by the reconstruction.

The number of direct hits . Nyir (t1;t2). A direct hit has a small time residual.
Good choices are 15 ns' t1 <t(s <ty =25 150 ns. These photons provide the
best information about the track. A large number of Ny, indicates a high quality
information.

The length of the event L: The length of an event is the biggest di erence of
two projections of the position of the optical modules on thetrack. A large length
indicates a long track in the detector. This value is especiby useful to exclude
corner clippers, stopping muons and cascades. The length nébe calculated using
direct hits, only. Obviously, the length of the event depends on the chosen range of

tI’ES-
The absolute value of the likelihood . The likelihood parameter is:
L = log(L)=Nsree : (46)

The degrees of freedom ardNfee = Ny 5 for a track reconstruction. Smaller
values for L correspond to higher qualities.

Comparing likelihood parameters for di erent reconstructions: High probabil-
ities for a cascade reconstruction compared to the track reanstruction imply other
event interpretations. It is not sure that the event is generated by an "up-going"
neutrino.
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The spacial distribution of the hits is not included in the reconstruction. An
equal distribution of the hits along the muon track ts bette r to the approximation

of a constant light emission than a cluster at the end. This isdescribed by the
smoothness parameter S. A simple de nition is:

S=max(§) with S =(] DN 1) =l (47)

l; is the distance between the points of closest approach of theeconstructed track to
the rst and the j™ module. The hits are ordered by the position of the projectia
of their position to the track. N is the total number of hits. Small absolute values of
S correspond to smooth distributions. Values close to 1 describe clustered events.

For interesting events in AMANDA more than one reconstruction algorithm is per-
formed. Each reconstruction provides a ight direction §. Comparing these di-
rections for several reconstructions is a good consistency check. EHfollowing value

is de ned: |
s 1=w

X
w = [arccos@E)W ; (48)
i
E is the mean direction from all reconstructions. ; and » are used as discrim-
inants. These are good discriminants against horizontal mans and wide muon
bundles.

These are the most general quality parameters. Others rela&d to some of the rst guess
methods or to the intrinsic stability of the observed hits are available, too. For example,
in one approach the width of a minimum of log(L) is estimated by a parabola t and

another approach splits the data into two sup samples. The reonstruction is than done
separately and the results are compared.

For each analysis the used quality parameters must be choseseparately because di erent
criteria can be important. The selection for this analysis s presented in the next chapter.

3.3.6 The 4-Year-Sample

The data sample for this analysis is based on the AMANDA-II daa of the years 2000-2003.
The lifetime of the detector is 807 days. Each year of the datas Itered individually by
the same procedure. Afterwards they are combined to one datsample. Dierences in
the procedure for the di erent years concern the lists of opeating optical modules, the
calibration constants, the crosstalk cleaning constants ad the TOT ranges. Finally events
from stable detector periods are selected. These are evaligal for each year individually.
The ltering procedure is shown in table 2. Hit-cleaning is done in the rst level. Af-
terwards a rst track estimation by the "Direct Walk" method is used to remove the
down-going events. (< 70). A second rst guess reconstruction is made (JAMS). Now
all events below 80 are discarded. In the second level cross talk is removed and 1&-
construction by the Pandel likelihood is done. Again all eveats below 80 are removed.
The third lter level includes a smoothness calculation, a paraboloid t and a Bayesian
Likelihood Fit [AhO4].

This procedure delivers a sample of 3369 events 40 of thoseeabelow the horizon. All
events in the sample are considered to be neutrino events. §ure 11 shows a sky map
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Figure 11: Map of the detected neutrino events in galactic coordinateswith the galactic centre
in the middle. Each dot corresponds to one neutrino. All evetts (N = 3329) are on
the northern hemisphere.

of these events. The fraction of mis-reconstructed eventsrém background is expected to
be less than 5%. This background is treated separately in chater 8. More information
about the Itering and the data sample can be found in [IC05]

3.4 The Monte Carlo Data

For the interpretation of the measured data, simulations are important. They describe
the detector response and the expected uxes from di erent surces.

In the following the simulation for the AMANDA-II detector i s described. This is per-
formed by the programs:

1 NUSIM for event generation

2 MMC for muon propagation

3 PTD for photon propagation depending on the ice model (MAM)
4 AMASIM for the detector response

The rst step of the simulation is the event generation. For this purpose NUSIM [Hi96]
was developed by the AMANDA collaboration. Neutrinos with an zenith angle 80 < <
180 are generated. These neutrinos are forced to propagate thugh the earth and to
interact near the detector. Statistical weights are included according to the probability of
these events. These constraints speed up the simulation.

The propagation through the earth and the interaction crosssection for the neutrinos are
taken into account. Not included are neutrino oscillations

9NUSIM: NeUtrino SIMulation



28 3 NEUTRINO OBSERVATION

| Level | Filtering/ Fit |
1 Hit and optical module cleaning
Low TOT/amplitude lIter
Direct walk Reconstruction
JAMS Reconstruction

2 X-talk cleaning
Pandel Likelihood Fit (JAMS seeded)
3 Smoothness calculation

Paraboloid Fit
Bayesian Likelihood Fit (Pandel seeded)
Flare Checker

Table 2: Filtering steps for the 4-year-sample

The simulation is independent of the initial sky distributi on of the neutrinos and the same
simulated data can be used for di erent energy spectra and ditributions by re-weighting.

After the interaction of the neutrino a muon is propagated through the detector. The
processes of energy loss are described in chapter 3.1.2. Thgtistical character of the
di erent processes are taken into account. In the AMANDA collaboration the package
MMC 10 [CRO1] has been developed for this part.

The muons produce photons by the Cherenkov-e ect. These phimns are detected by the
PMTs of the detector. The propagation of the photons in the ice is simulated with a
tool named PTD!! [Ka99]. The wavelength dependencies and the changed ice gerties
around a PMT due to re-freezing and dust layers are included.

In the simulation the local properties of the ice around the cetecting module are used as
reference. The vertical properties of the ice on the way is igored. It is better than an
homogenous ice model but still does not include the whole imirmation about the ice. The
parameters of the ice are taken from the MAM Ice-Model [Wo03].

The simulation creates a table with the statistical distrib utions of all data. These values
depend on the distance and the relative orientation betweerthe PMT and the photon
direction. The optical module, the deposited energy and thearrival time are taken into
account.

Finally the detector response is simulated with a program deeloped by the AMANDA

collaboration, named AMASIM 3 [Hu99]. The probability for a hit in an optical module

is determined depending on the photon propagation and the ie model. It depends on
the sensitivity of the PMT and the relative direction of the p hoton and the PMT. For a

signal the individual gains, the corresponding pulse shape the data transport and the
procedures in the surface electronics are simulated.

OMMC: Muon-Monte-Carlo

1pTD: Photon Transport and Detection
2MAM: Muon Absorption Model

13 AMASIM = AMANnda SlIMulation
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A precise information about the system components is requid for an accurate simula-
tion. PMTs and high voltage supplies are devices, with time é&pendent failures. "Dead"
channels simply can be skipped while "hyperactive” channed must be taken into account.

After the event generation these events are analysed in thessne way as the measured data.
This is described in chapter 3.3.6. After all selections theMonte Carlo data used for this
analysis has 821339 neutrino events with corresponding wglits w;. For the simulation
the number of equivalent eventsmis important. This is the number of unweighed events
with the same relative error as the weighted events.

P \2

n= (e W) (49)

In the Monte Carlo the number of events is proportional to E 1. Steeper spectra have
less equivalent events. The steepest spectrum used in thisnalysis is the spectrum of
atmospheric neutrinos ( 3:7). Here the number of equivalent events is 21440. For the
hypotheses with = 2 the number of equivalent events is above 100000. Comparetb the
number of events from the experimentN; = 3329 the statistics of the Monte Carlo is
better by a factor 6:4 compared to the atmospheric spectrum of data. More inform#on
about the used Monte Carlo data can be found in [Ac06].

This Monte Carlo data is used for all simulations described m chapter 5.
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4 Principle of the Analysis

The idea of this analysis is to compare the angular power spéwm of the measured data
with the background expectation. This background is dominged by atmospheric neutrinos
(chapter 2.3). For this background and di erent source hypotheses, sky distributions of
source directions are simulated (chapter 5.1 and 5). The dierent hypotheses are given
in chapter 2.4 and 5. Figure 12 shows a diagram with the analyis procedure. From the
neutrino distributions the neutrino sky maps are generatedincluding the acceptance and
the angular smearing of the detector. Each hypothesis is sinlated 1000 times in order to
calculate the statistical variations. The measured data isalso arranged to a sky-map. For
each sky-map the multipole C; moments (chapter 4.1) are calculated forl = 1 to 100.

In order to compare the di erent multipole spectra the quantity D? is de ned by:

pr=  ECums > GF, (50

range l;atms

Here < Ciams > is the mean multipole moment for the atmospheric neutrinos vith
the corresponding standard deviation |.ams (denoted by < C; > and | in gure 12).
C, is the obtained spectrum of multipole moments from the simuations of the signal
hypotheses or the measured spectrum, respectively. The rge of the sum is determined
by an optimisation of the sensitivity. Therefore, D2 is used to compare the power spectra
of the simulations to the mean and standard deviation of the amospheric spectra with
a range from 1 tolnax (described in chapter 6). The optimum range is determined by
the probability for these D2(Imax) to be not a uctuation of the background. For these
ranges the nal D2 values from the simulations and the measured multipole momets are
calculated. The values from the simulations are combined tca con dence belt according
to Feldman & Cousins "Uni ed Approach” [FC99] (chapter 6.5) . This allows to determine
a limit on the hypothesis for the D2 of the experimental data.

4.1 The Angular Power Spectrum

The analysis of the angular power spectrum is based on the mhematical expansion of
the distribution of the arrival directions in spherical har monics. The spherical harmonics
are a normalised orthogonal set of functions, de ned by:
S s
m 20+1 (I m)!
Y| =
4 (I+ m)!

P™(cos )e ™ : (51)

| is the multipole index, m is the orientation of the multipole on the sphere, and
correspond to spherical coordinates. Figure 13 shows the aé and imaginary-part of the
spherical harmonics*. P™ are the extended Legendre Polynomes de ned by:

PMO0=( )" XA PIX) 52
P00 =( MGG 59

(+my !

¥ The charts are created with an interactive online tool from [ Ri086].
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Figure 12:

genrate directions generate directions
pure atms. v atms. v + signal
hypothesis
acceptance & angular smearing
MC
1000x 1000x
simulated simulated
7 — Sky map p — SKy map

limit

Scheme of the analysis. The red boxes (left) show the di erensteps for the measured
data while the blue boxes (right) show the corresponding stps for the simulated data
samples. Additionally the upright black line separates themeasured and the simulated
data. The light blue boxes (top left) separate the simulation steps from the analysis
steps. Some boxes have a thick border to represent that thistep is done 1000 times.
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Figure 13: The spherical harmonics for small multipolesl and di erent orientations m. The top
(blue, red) shows the real parts and the bottom (green, yella) the imaginary parts
of the Y,™. The charts are taken from [Ri06].
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e

_ o | i 20 )1 2.
Pk =2 jzo( 'ma oa o3¢ &9
With the orthogonality relation:
Z
YOG ) = w0 o (55)

It is possible to expandRa functionf (; ) (; corresponding to spherical coordinates) to
spherical harmonics, if jf(; )j?d < 1:

® X o

f(; )= amY (5 ) ; (56)
1=0 m= |
Z
am= f(; )Y,"(; )d : (57)
The multipole moments are de ned as:
1 X

C= 51 N IJaImJ : (58)

Each C, describes the strength of structures at a xed angular scale This angular scale

is roughly approximated by:

ﬁ X (59)

The ensemble of allC, (21 +1) is the angular power spectrum of the inserted functionf (; ).

Solving the integrals in equation (57) is the main task when alculating the angular power
spectrum. The integration is numerically di cult because t he spherical harmonics oscillate
strongly for large |. It is performed by the software "GLESP®" [Do05]; "GLESP" is
discussed further in chapter 6.1.

4.2 Sky-Map for an Ensemble of Points

The data-sample contains discrete neutrino arrival directons and not a continuous map
de ned on the sphere (described by a functionf (; )). However, this is required for the
expansion in spherical harmonics.

A direction in the sky can be described by+; = ( i; i) in spherical coordinates. Such a
direction is interpreted as point on an unit sphere. A meanirgful map is:

Not
()= b +): (60)

i=1

+_is a point on the sphere and (+) is the 2 dimensional delta function on the half sphere
( (&)d =1). The b are normalisation and weight factors for each neutrino diretion.

SGLESP = Gauss Legendre Sky Pixelation



34 4 PRINCIPLE OF THE ANALYSIS

The angular resolution is not included into the sky-map. Indead it is taken into account
in the simulations.

In this analysis a sky-map with equal weights is used i.e.bb = b; 8i. Note, that the
angular acceptance of the detector is not taken into accounhere. The nal sky-map is:

Mot
f(*)= b (*+ *+): (61)
i=1

bis xed by the normalisation of Co = jaggj? = . The value for b= P =N (ot. (Compare
equation (57) and (58)).

4.3 Limitations by Statistics

The 4-year-sample consists of onl\N; = 3329 events in the northern hemisphere. This
is a relatively small number for a multipole analysis. Thus, statistical e ects have to be
taken into account. For a rough estimation of the angular reslution the solid angle per
neutrino direction on a half sphere is:

2

= 1:9 10 3sr: (62)
tot

The mean angular distance of two neutrino directions is the pening angledelta of a cone
corresponding this solid angle :
S __ s

2
=2 —=2
Ntot

4:9 10 ?rad22:8 : (63)

With equation (59) a maximum multipole index of 12194a" 64 is obtained. This is only
a rough approximation of an upper limit because e ects on sm#er angular scales may still
exist. (For example: groups of clustered neutrino directims would lead to e ects on smaller
scales.) This|2dular js the size of the limit, above which the statistical uncertanties
becomes too large to extract informations from the multipole moments.

Another e ect limits the information of higher multipole mo ments. Each multipole mo-
ment C; has 2 + 1 degrees of freedom (compare equation (58)). For the full gpansion the
degrees of freedom are:

|Xax
dof = (2+1)= lmax (Imax +2)+1 : (64)
1=0

The degrees of freedom should not exceed the number of neuti directions. This restricts
the maximum number of independent multipole moments:
p—
19% <" Nt 1 57 (65)

max

Above 199 the multipole moments C; are correlated with the moments with | < | 4of
Only these multipole moments are used in the analysis.
The optimisation in chapter 6.4 shows that a maximum multipole moment lhax < 40 is

meaningful. Which is su ciently smaller than the limits cal culated here.
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Figure 14: Correlation coe cients between the multi pole moments. The x-axis and the y-axis
give the multipole index I. The colours indicates the values of the correlation coe -
cients.

4.4 E ects According to the Partial Sky Coverage

E ects according to the partial sky coverage and the zenith cependent detector acceptance
have to be taken into account as well.

The AMANDA-II detector covers only the northern hemisphere. Correlations in the mul-
tipole moments occur because the spherical harmonics are horthogonal on the half
sphere, In particular when concerning the non-isotropic déector acceptance and the an-
gular distribution of atmospheric neutrinos. The correlation coe cient for the rst 40
multipole moments are shown in gure 14. They are calculatedfrom the 1000 atmo-
spheric simulations. The coe cients for the signal hypotheses are similar because all
neutrino distributions are dominated by atmospheric neutrinos.

Mainly weak next neighbour correlations (correlation coe cient 0.5) are observed. This is
not surprising, since Y™ and Y|, are orthogonal on a half sphere. This can be seen from
the equations 51 to 55. At small multipole moments the non-urnform acceptance induces
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additional (anti-) correlations. Obviously the correlati ons are small but will be considered
in the later analysis procedure.

The second important e ect is the dependence of the multipok moments on the non
uniform detector acceptance. The "true" unbiased multipole moments can be obtained by
unfolding:

*
Clobs — |\/||kC|t(rue : (66)
k=0
CPPs are the multipole moments calculated from the map of the partal sky, C'“® are the
multipole moments of the full sky and M is the folding matrix. The C/™® also extend the

structures from the half to the full sphere. M depends only on the sky coverage and the
detector acceptance [D204]:

k +1 X
Mk= 22727 2m+ 1) Wy,

m

I k m
0 0 O (67)
Here, the Wy, are the multipole moments of the function describing the skycoverage and
the acceptance. ( ) is the Wigner 3j-Symbol. To calculate the C"® the matrix M is
inverted.

The unfolding is particularly important for the interpreta tion of the multipole moments C,

in terms of the angular scale. Strictly speaking, the approxmation in equation (59) holds
only for the true moments C[™¢. The observed moments are biased by the sky coverage
and the acceptance. Thus, an unbiased interpretation is nofpossible.

The main aim of this analysis is the search for deviations fra the atmospheric expectation.
In order to detect these deviations it is not required to unfdd the observedC, spectrum.
This can be done with the folded spectrum. Therefore the unflding is only relevant, after

a signal is detected and it is not discussed here further. Ma information is found in
[D204].
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5 Simulation of the Background and Signal Hypotheses

The in uence of dierent signal hypotheses on the multipole moments is evaluated by
simulations. The di erent hypotheses for deviations from the atmospheric neutrino dis-
tribution are: (See chapter 2.4 for a description of the hypadheses.)

1 neutrinos from micro & mini sources

2 neutrinos from mini sources in the (super) galactic plane
3 neutrinos from cosmic ray interactions in the galactic plare
4 oscillation of the atmospheric neutrinos

5 background from mis-reconstructed muons

The simulation is done similarly for all hypotheses, as exmined in the following sub-
sections.

All Monte Carlo sky-maps are generated from the Monte Carlo ample described in chapter
3.4. The total number of neutrinos is xed to the number in the 4-year-sample. Due to
di erent uncertainties it is not su cient to perform each si mulation only once. Instead,
all simulations are done 1000 times for each hypothesis in der to evaluate the statistical

uncertainties.

The equator is chosen as boundary for the acceptance. The sufation, however, is done
for the full sky to avoid boundary e ects.

All Monte Carlo sky-maps consist of atmospheric neutrinos ad neutrinos from additional

contributions.

5.1 Atmospheric Background Neutrinos

The dominant neutrino signal in AMANDA-II is from atmospher ic neutrinos. In order

to simulate atmospheric neutrinos their zenith distributi on (described in chapter 2.3) has
to be combined with the relative detector e ciency. The detector e ciency describes

all losses due to reconstruction e ciency or event selectio at di erent angles. These

e ciencies also depend on the energy. This information is ateady included in the Monte

Carlo sample which corresponds to the 4-year-sample.

Figure 15 shows the e ective zenith distribution after selections corresponding to the 4-
year-sample. The event selection changes at cos(180 )=0:15and cos(180 )=0:45

[Ac06][Ac+6]. Therfore a binning of 0:05 is chosen for the histogram. The distribution
is parameterised with a spline (3rd order polynomial). As weare only interested in the
relative angular acceptance, the normalisation is arbitray.

In order to generate a random sky-map of atmospheric neutrins, a direction is chosen
uniformly distributed in the sky for each event. A random number according to the
parametrised detector e ciency decides if the event is keptor discarded. This is repeated
until Nyt = 3329 events are reached.

Two types of uncertainties exist: Systematic deviations inthe atmospheric neutrino distri-

bution due to di erent models of the cosmic ray interactions and statistical uncertainties in
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Figure 15: Zenith angle distribution of atmospheric neutrinos after detection (blue boxes) with
statistical errors. The red line is a spline (3rd order polyromials) associated to this
distribution. The normalisation is arbitrary and set to a ma ximum of 0:95.

the Monte Carlo data set. In order to quantify these e ects the zenith angles distribution
is varied in each of the 1000 simulations.

The systematic uncertainties in the atmospheric neutrino dstribution are included by
a linear 5% change in the shape. The e ciencies in each birg of the histogram are
correspondingly modi ed. The size of the modi cation s is given by a Gaussian distribution
(mean zero and width Q05) with a linear change from the pole to equator. It can be
parametrised by:

efist =5 g (180  )=90 : (68)

The statistical Monte Carlo error is included by simulating the e ciency in each bin g
with its statistical uncertainty, using a Gaussian distrib ution. This is done for each of the
3329 neutrino events separately.

After all modi cations the distribution is renormalised to a maximum of (:95. A spline
(3rd order polynomial) is calculated to parametrise each ofthe simulated distributions.
The values of the spline must be strictly smaller than one, beause they are used as
probabilities during simulation. For the southern hemisphere the probability is set to
zero. As an example gure 16 shows one simulated data sample.
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Figure 16: Sky map of atmospheric neutrinos distributed as given by thespline in gure 15 (in
galactic coordinates with the galactic centre in the middle.

| type [ | | Ns |
mini sources | 1 | 2,2.5| 10-1000
micro sources| 2,3 | 2,2.5| 10-1000

Table 3: Values for , and N for isotropic point sources.

5.2 Neutrinos from Isotropic Point Sources

One hypothesis for extra-terrestrial neutrinos are isotrgically distributed weak point

sources (described in 2.4.6). The simulation procedure isimilar to the atmospheric neu-
trinos and is shown in gure 17. A di erence is the clustering of neutrinos from the same
source and the sky distribution. These hypotheses are parapsterised by:

the number of neutrino sourcesNg

the mean number of neutrinos per source
the energy spectrumEk

the sky distribution d

The values used for this parameters in the simulation are gign in table 3.

An isotropically distributed source direction +4 and a Poisson distributed (mean ) number
n of neutrinos are generated for the full sky. For the neutrinodirections the reconstruction
error is taken into account by a point spread function. It is estimated by the di erence
between the true and the reconstructed direction in the Monte Carlo data (shown in gure
18).

The errors are typically of the size of a few degrees, but a snfiatail of the probability
density reaches up to 180. By simulating directions on the full sky, neutrinos can appear
from or disappear to the upper sky.
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Figure 17:
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Simulation procedure. Main simulation steps are presentedn blue boxes. The white
boxes show important parameters of the simulation steps. Orthe right side three
blue boxes are included by one red box titled "MC" to express hat this information

is taken from the Monte Carlo data set.
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Figure 18: Probability density of the di erence between the reconstructed and true directions,
for di erent energy spectra from Monte-Carlo data.

For each neutrino a direction is generated with an angle to tke source direction corre-
sponding to this probability density. This is repeated for all Ng sources. By this a total
number of N neutrino directions is generated.
In the next step, the detector e ciency is applied. Similarl y to the atmospheric neutrinos
it is taken from the Monte Carlo data. Due to the changed enery spectrum also the
e ciency changes. The angular distribution is renormalised to a maximum of 0:95 and a
spline (3rd order polynomial) is applied. Figure 19 and 20 shw the zenith dependence of
the e ciency for the spectral indices of =2 and 2:5.
The nal data sample contains neutrino directions according to this angular distribution.
The e ective number of neutrinos N by all sources in the sample is smaller by a factor.
The mean of is the integral over the e ciency. For = 2 this factoris = 0:8230 and for
= 2.5 the factor is =0;6988 (More values for are given in appendix C). Atmospheric
neutrinos are used to Il the simulated number of neutrino directions up to Nyt = 3329.
They are generated as described in the chapter 5.1. Figure 2dhows an example map.

5.3 Neutrinos from Point Sources in the (Super-) Galactic PI ane

Another possible event distribution are neutrino sources dcated in the (super-) galactic
plane (described in chapter 2.4.6).
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cos(180 -0)

Figure 19: The angular acceptance of the detector including the sele@n e ciency, as a function
of zenith angle, for isotropic neutrinos with a power index = 2. Data from Monte-
Carlo is used (blue dots) and a spline (red line) is applied. he maximum is normalised
to 0.95.

The simulation is done similarly to the simulation of the isotropically distributed point
sources. (The simulation procedure is shown in gure 17.) Hee not an isotropic event
distribution is used but a distribution d according to the (super-) galactic plane. This
distribution follows the description in [ICO5].

The expected distribution is at in (super-) galactic longi tude and Gaussian distributed
perpendicular to the (super-) galactic equator with a width of 221 . For the simulations the
Monte Carlo is re-weighted (described in appendix B). The epected energy spectrum is
the same as for point sources. Here, an index of 2 and 24 is used for the simulations. The
zenith angle dependent detector acceptance ( gures 19 and2) and the angular resolution
(gure 18) are taken into account in the same way as for the isd¢ropically distributed
sources. The two factors for the detector e ciency are: = 0:8230 for = 2 and

=0:7329 for =2:4. (More values for are listed in appendix C.) These factors do not
include the location of the (super-) galactic plane in the sk. This is considered separately
for the nal results.
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Figure 20: The angular acceptance of the detector including the sele@n e ciency, as a function
of zenith angle, for isotropic neutrinos with a power index = 2:5. Data from Monte-

Carlo is used (blue dots) and a spline (red line) is applied. he maximum is normalised
to 0.95.

Figure 21: Sky-map of 3329 neutrinos generated with 600 neutrino souss in the full sky ( =3
and =2).
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cos(180 -0)

Figure 22: The angular acceptance of the detector including the selean cuts, as a function of
zenith angle, for isotropic neutrinos with a power index = 2:4. Data from Monte-
Carlo is used (blue dots) and a spline (red line) is applied. he maximum is normalised
to 0.95.

5.4 Neutrinos from Cosmic Ray Interactions in the Galactic P lane

Neutrinos from cosmic ray interactions in the galactic plane (described in chapter 2.4.6) are
simulated analogous to point sources in the galactic planeHere, the neutrino directions
are not correlated as no discrete sources exist.

For cosmic rays an energy spectrum with = 2:7 is expected for the neutrinos. The
strength of this signal is given by a fraction f of neutrinos in the whole sample which
originate from the galactic plane. f is varied in the simulations between 05% and 20%.
Figure 23 shows the corresponding zenith angle dependent tdetor acceptance. It has a
mean e ciency of = 0:6449. The sky distribution is the same as for the point source in
the galactic plane.

This simulation of an event takes the reconstruction error n the direction into account.
(The same procedure as for point sources is used.) The recdnsction errors are taken
from the di erence between true and reconstructed directin in the Monte Carlo ( gure
18). The result of the point spread function is a broadening 6 the (super-) galactic plane.
An example sky-map is shown in gure 24.
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Figure 23: The angular acceptance of the detector including the sele@n e ciency, as a function
of zenith angle, for isotropic neutrinos with a power index =2:7. Data from Monte-

Carlo is used (blue dots) and a spline (red line). The maximumis normalised to
0.95.

Figure 24: Sky-map of 3329 neutrinos with a fraction of 20% from the galatic plane.
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Figure 25: The angular acceptance of the detector combined with the zeith angle distribution of
the atmospheric neutrinos and oscillations ( m? =5 meV?). Data from Monte-Carlo
(blue dots) is used and a spline (red line) is applied. The maknum is normalised to
0.95.

5.5 Oscillation of the Atmospheric Neutrinos

Neutrinos can change their avour while travelling through the earth as described in
chapter 2.3.1. This induces a zenith angle dependent disagarance of atmospheric muon-
neutrinos.

The simulation uses equation (4) as additional weight. The ¢her steps are the same as
described for atmospheric neutrinos. The parameter m? is varied between values of 1
meV? and 10 me\2.

As an example gure 25 shows the zenith angle dependent dettmr e ciency including
this e ect for m? =5 meV2. No obvious di erences to the angular distribution of the
atmospheric neutrinos occur.

5.6 Mis-Reconstructed Down-Going Muons

As described in chapter 3.3.6 the fraction of mis-reconstrated down-going muons is esti-
mated to be less than 5%. This must be taken into account for ths analysis.

No predictions for the sky distribution of these mis-recongructed muons exist. Thus, it
is not possible to a priori include them into the atmospheric neutrino simulation. Instead
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Figure 26: Hypotheses for the zenith distribution of down-going muons All hypotheses are
normalised to an integral of one.

mis-reconstructed down-going muons are simulated simildy to the signal hypotheses.
Various hypotheses for this background are de ned in chapte5.6.1. An additional test is

performed to chose the most probable of these background hypheses in chapter 8.1 and
8.2.

5.6.1 Hypotheses for Down-Going Muons

For reasonable hypotheses of the sky distribution of the migeconstructed down-going
muons the initial muon distribution and the probability for such a mis-reconstruction (an-
gle dependent) have to be taken into account. Down-going muas are generated in showers
from cosmic particles interacting in the atmosphere. Theseparticles hit the atmosphere
isotropically distributed over the sky. No azimuth angle dependence is expected.

The probability for mis-reconstruction is di erent. AImos t no information is available8.
We assume a at distribution in right ascension, due to the rotation of the detector with
the axis through the poles of the Earth. Di erent models for the zenith angle distribution
are used. The hypotheses for this distribution are ( gure 26:

18 Otherwise these events would have been rejected earlier.



48 5 SIMULATION OF THE BACKGROUND AND SIGNAL HYPOTHESES

(at) 5% at distribution in cos

(g90) 4% Gaussian distributed (width 5 ) at the horizon (90 zenith angle)
and 1% at distributed in cos

(g105) 3% Gaussian distributed (width 8 ) at 105 zenith angle
and 2% at distributed in cos

(9g140) 5% Gaussian distributed (width 20 ) at 140 zenith angle cos

Percentages refer to the fraction of events in the 4-year-saple.

A at distribution is the most naive expectation of such a background. The peak at the
equator (g90) is motivated by the di culties in discriminat ing between up- and down-
going events in this region. The excess at 105(g105) is motivated by [Gr06]. It describes
a possible small excess at this angle. The hypothesis (g146drresponds to a "ghost peak”
due to detector symmetries,observed without cuts.

The simulation is done similarly to the atmospheric neutrinos. The angular detector
response is modi ed by adding events according to the di eret background distributions
to include the described hypotheses. The strength of the cdribution is varied between
0:05% and 20%.
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6 Analysis of Monte Carlo Data

An overview of the analysis procedure was presented in chapt 4 (gure 12). The rst
part of this chapter discusses how the angular spectrum for &h simulated sample is cal-
culated by the "GLESP" software (chapter 6.1 and 6.2). From these spectra the multipole
moments for the analysis are selected and optimised (chaptes.4). The last part of this
chapter summarises the creation of con dence belts and the alculation of upper limits
(chapter 6.5).

6.1 Determination of the Angular Power Spectrum

The calculation of the angular power spectrum requires intgrating over the unit sphere
(equation 57). Implementing a stable integration algorithm with small errors is di cult
due to the strong oscillations of the spherical harmonicsy|™ (equation 51); for the zenith
angle the number of oscillations is proportional tol and for the azimuth angle it is pro-
portional to m (gure 13). So, the integration is di cult particularly for large multipole
moments.

In this analysis the calculation of the angular power spectum is done by the "GLESP"
software [Do05], which was developed for cosmic microwaveabkground maps. The algo-
rithm covers the sphere with pixels. The positions in the zeith coordinate of the centre
of these pixels are the so-called Gauss-Legendre quadratizeros. Additionally the pixels
have equal size and nearly equal shape when using "GLESP". Me information about
"GLESP" can be found in [Do05].

Important for the optimisation in chapter 6 is the maximum mu ltipole index 19/SP for
which "GLESP" can calculate the multipole moment. Simulati ons with di erent numbers
of neutrino events are made for atmospheric neutrinos; gue 27 shows the result. The
mean of 1000 simulations is used to reduce uctuations due tahe limited numbers of
neutrinos.

The calculated multipole moments depend on the number of evats. For a larger number
of events the moments get smaller. At smalll the reduction varies for di erent multipole
moments. For largel the decrease is similar for all moments. Furthermore, at lage | the
moments have about the same values for a constant number of eats. At the index | =27
and 29 two peaks are visible at high statistics.

The constant values for large moments show that the calculabn of the multipole moments
is stable even if the event statistic is too low to determine he actual value of the multipole
moment (equation 65).

It is useful to analyse this value of the multipole momentsCy,, , as function of the event
statistics. These values correspond to the maximum sensitity that this analysis can
achieve as function of the available statistics. The angulapower spectra in gure 27 obey
approximately the relationship:

1

Cmin (Ntot)/ Ntot :

(69)

For a hypothetical power spectrum momentsC; < C nin (Not) are indistinguishable from
the atmospheric background. No maximum multipole index19/¢5P can be set because the
C, that exceed the limit of C,, depend on the distribution of the events. This can be



50 6 ANALYSIS OF MONTE CARLO DATA

10"
c, = #neutrinos
L 3329
B : : . : : . * 998?
q02l ® T S T T B
= | | | 5 “l % 33290
- : ' : : | % 99870
10 = *ane ------- ak"'************ﬂe**aﬁ********************ﬂeaé
S AL I - | . .
N o ¥ 8 g+ *: * **********ﬂe***ﬂe*****************ae
B 0 % % ¥y : : : : :
: : & : * | : : :
104 e , ...... * ....... ** ......... ** *****************************
= : : * : : * | : : :
- *o *_ KD kg Sk | g :
L : : * G T L L e O e
10'5IIIIiIIIIiIIIIiIIIIiIIIIiIIIIiIIIIiIIIIiIIIIiIIII
0 5 10 15 20 25 30 35 40 45 50

Figure 27: Angular power spectrum of atmospheric neutrinos calculatd by "GLESP" for di er-
ent numbers of neutrino events.

seen at the two peaks atl = 27 and 29 for the atmospheric spectrum used here. Both
exceedCnin and for smaller multipole indices already values similar toC,, are seen.
The decreases of theC, at small | with rising Ny can be explained by smaller summands
when averaging due to the lowered limit. This e ect is bigger for moments with a value
near the lower limit Cnin (N ).

6.2 Resulting Angular Power Spectrum

Using the information in chapter 6.1 the power spectra can bereadily calculated. The
results for the di erent hypotheses are discussed in the fdbwing sub-chapters. The power
spectra for mis-reconstructed down-going muons are discgsd separately in chapter 8.

6.2.1 Atmospheric Neutrinos

Figure 28 shows the simulated angular power spectrum for atmspheric neutrinos. The
spectrum drops with increasingl at small multipole moments (about two orders of mag-
nitude). Above | = 13 the values rise steadily. Betweenl = 6 and | = 10 high values are
observed for evenl and small values for oddl.

The relative errors due to the statistical uncertainty from the Monte Carlo data set and
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Figure 28: Angular power spectrum for atmospheric neutrinos. The err@ bars show the 1
spread of 1000 simulations due to statistical uncertaintis from the Monte Carlo and
uncertainties in the atmospheric neutrino distribution.

due to the uncertainty in the atmospheric neutrino distribu tion have about the same size
for most moments. For| = 0 no error is plotted because the spectrum is normalised to
Ci = (chapter 4.2). The relative error for C; is smaller than the other ones.

The steady increase at large multipole moments is explainedy the factor (21 + 1) for the
calculation of the power spectrum. The minimum C; calculated by "GLESP" is constant
(chapter 6.1). A linear growth with | is expected for momentsC; = Cpin (N ).

Further investigations of this angular power spectrum mustbe compared to the spectrum
of the half sphere (calculated in appendix A) because this isthe dominant contribution.
Most of the properties of the power spectrum for the atmosphdc neutrinos are explained
by this.

The dipole moment C; (describing the half sphere structure) is large in both spetra. This
structure has small uncertainties due to event statistics ad di erent angular distributions
of the atmospheric neutrinos.

In the angular power spectrum of the half sphere all multipoe moments with even|
(I 6 0) are zero and the odd moments are decreasing with. This explains the steeply
falling spectrum and the odd-even uctuations in the angular power spectrum of the
atmospheric neutrinos.

It is also worth noting that these uctuations do not appear at the moments with | =1 to
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5. Here, the momentsl = 2 and 4 are larger than for the half sphere and 5 is smaller. Tlese
e ects result from the non-uniform angular distribution of the atmospheric neutrinos and
of the zenith angle dependent detector e ciency.

In the following, all angular power spectra will be comparedto the spectrum of the atmo-
spheric neutrino distribution because it is the dominant cantribution.

6.2.2 Isotropic Mini and Micro Sources

The isotropic mini and micro sources are described by the nuimer of neutrinos per source
, the energy spectrumE  and the number of sourcedNs. To understand the dependen-

cies of the angular power spectra, spectra for di erent paraneters have to be considered.

Figures 29 to 31 show mean angular spectra with two values of and . The number of

sourcesN; is varied for all of these spectra. Here, the mean of the 100Grsulations is

shown to get rid of statistic uncertainties.

The corresponding angular power spectra for the other hypdieses are shown in appendix

D.

The angular power spectrum for the mini sources with = 1 (gure 29) is similar to

the power spectrum of the atmospheric neutrinos, especiafl for multipole moments with

| > 10. The deviations increase with the number of sources.

For | > 10 all moments increase with the number of sources but even f@64 neutrinos,

from these sources in the data sample, the deviations are srler than the error in the

atmospheric expectation. For the multipole moments with | = 2; 3;5 large deviations are

observed. The changes irC, are exceptionally small.

The angular power spectrum for mini sources with =2 and = 3 (gure 30) behaves

similar to the spectrum from micro sources ( = 1). For | = 2;3;5 large deviations in

di erent directions are observed, while for| = 4 only small deviations occur. Abovel =10

all moments grow with a rising number of sourcesNs.

Compared to the mini sources the multipole moments forl > 10 grow faster while the

moments from| = 1 5 show approximately the same dependencies on the neutrino
number.
The angular power spectrum for mini sources with = 2:5 and = 3 (gure 31) has

only distinguishable deviations from the atmospheric expetation for multipole moments
with | > 10. Here, all moments grow with the number of sourcedNs. For | =1 to 5 all
moments have about the value as those expected by the power sptrum of the atmospheric
neutrinos.

The behaviour of the angular power spectra for mini and microsources can be separated
into two e ects. The multipole moments with | > 10 change with the number of neutrinos
per source , while the moments with | 5 depend on the energy spectrum.

Neutrinos from one source have di erences in their directims due to the nite detector
resolution; this is described by the point spread function €hapter 5.2). The di erence in
the direction is at the scale of 3 . For weak sources there are less neutrinos with this
angular di erence than for strong sources. The deviations athe high multipole moments

| > 10 can be explained by the dependency on the source strength

To explain the di erent behaviours at small multipole moments, | = 2; 3;5, e ects at larger
scales are required. Here the changes depend on the power édof the energy spectrum.
For =2 large deviations exist, which vanish for = 2:5. This can be explained by the
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Figure 29: The mean angular power spectrum for micro sourceswith =2 and = 1 for di erent
source numbers compared to the expectation from the atmospdric neutrinos. The
black stars are the mean values for the atmospheric expectan < C|_gms > with
1 spread as error bars. The coloured stars are the mean multidge moments for the
micro source hypothesis. They have a statistical spread ofisilar size which is not
plotted here. In the legend the number of sources on the wholephere and the mean
number of neutrinos from these sources in the data sample (ibrackets) are given.

change in the detector e ciency as a function of . The detector e ciency for a spectral

index of = 2:5 (gure 20) is similar to the zenith angle distributions of atmospheric
neutrinos including the detector e ciency (gure 15 and 20) . For = 2 the distributions

dier (gure 19).

Finally the behaviour of C4 has to be explained. For all simulations of the isotropic min
and micro sources almost no changes are observe@, is the multipole moment with the

lowest | which is completely symmetric to the equator (compare gure 13). Only e ects
on both hemispheres or radical changes in the shape for the \(jper-) galactic plane lead
to changes ofCy,.

6.2.3 Neutrinos from the (Super-) Galactic Plane

For hypotheses of neutrinos from the (super-) galactic plae there exist only weak depen-
dencies of the angular power spectrum on di erent parametes ( , ). Figure 32 shows
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Figure 30: The mean angular power spectrum for mini sources with =2 and = 3 for di erent
source numbers compared to the expectation from the atmospdric neutrinos. The
black stars are the mean values for the atmospheric expectain < C|_agms > with 1
spread as error bars. The coloured stars are the mean multige moments for the mini
source hypothesis. They have a statistical spread of similasize which is not plotted
here. In the legend the number of sources on the whole spher@éthe mean number
of neutrinos from these sources in the data sample (in bracke) are given.

examples of the spectra for mini sources in the galactic plamwith =2 and =3. For
examples of spectra for neutrinos from cosmic-ray interadons in the galactic plane see
gure 33.

The corresponding angular power spectra for other hypothess are shown in appendix D.
The angular power spectrum for mini sources in the galactic fane shows deviations from
the atmospheric expectation at the multipole moments withl =3to |  17. All multipole
moments grow with the fraction of neutrinos from the plane, especially the moments with
| = 4;5;6;8, which have low values for the atmospheric expectation. Inaddition, the
odd-even oscillations are reduced and the decrease of theesgirum for the rst moments
is less steep.

The Angular power spectrum for the cosmic ray interactions n the galactic plane is similar
to the spectrum of the mini sources in the plane ( gure 32 and 3). The multipole moments
between| = 3 and 17 increase with rising source numberNs. The largest changes are
observed forl = 4;5; 6; 8.
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Figure 31: The mean angular power spectrum for mini sources with = 2:5 and = 3 for

di erent source numbers compared to the expectation from the atmospheric neutrinos.
The black stars are the mean values for the atmospheric expéation < C|_gms > with
1 spread as error bars. The coloured stars are the mean multidge moments for the
mini source hypothesis. They have a statistical spread of snilar size which is not
plotted here. In the legend the number of sources on the wholephere and the mean
number of neutrinos from these sources in the data sample (ibrackets) are given.

The changes in the angular power spectra are similar for all ypotheses with the (super-)
galactic plane. The di erences are an e ect of the descripton of the plane. The dependen-
cies on the additional parameters are weak compared to thisA half ring (this is how the
galactic plane approximately appears on a half sphere) is deribed by di erent multipole
moments to a half sphere. For a ring with a width at a scale of 6 large moments have
bigger contributions than for the half sphere, so theC, decrease slower withl and the
odd-even e ects are reduced.

6.2.4 Neutrino Oscillations

The angular power spectrum for neutrino oscillations showslmost no signi cant di erence
to the expected spectrum for atmospheric neutrinos. Only the multipole moments C5; C3
and Cs di er; the di erence for Cs is small (see gure 34).

The power spectra are similar because there is no big di erece in the sky distribution of
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Figure 32: Angular power spectrum for mini sources ( =2, = 3)in the galactic plane compared
to the expectation from the atmospheric neutrinos. The blak stars are the mean
values for the atmospheric expectation< C|_yms > with 1 spread as error bars.
The coloured stars are the mean multipole moments for the sigal hypothesis. They
have a statistical spread of similar size which is not plottel here. In the legend
the fraction of neutrinos from sources in the galactic planeand the mean number of
neutrinos from these sources in the data sample (in brackejsare given.

the atmospheric neutrinos with and without oscillation. Th e oscillation causes the largest
loss at the pole and the smallest loss at the equator. The zethi angle distribution of the
neutrino directions gets atter with the additional weight . This corresponds to a lowerC,
as it is observed becaus€, is sensitive to the di erence of the signal strength between
the pole and the equator (compare gure 13).

6.3 Statistical Properties of the Fluctuations

For the analysis it is important to understand the statistic al properties of the angular
power spectra. A second independent set of 1000 atmospherltackground samples is
simulated and the corresponding 1000 angular power spectrare calculated. The spectra
of the samples are compared to the mean spectrum of the rst deby a 2-test. From

these 2-values a probability p is calculated for the additional spectra to be identical to
the original one. The distribution of these probabilities is shown in gure 35.
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Figure 33: Mean angular power spectrum for neutrinos from cosmic ray iteractions in the galac-
tic plane compared to the expectation from the atmospheric rutrinos. The black stars
are the mean values for the atmospheric expectatiorx C|_ams > with 1 spread as
error bars. The coloured stars are the mean multipole momers for the signal hypoth-
esis. They have a statistical spread of similar size which isot plotted here. In the
legend the fraction of 3329 events of neutrinos from the galetic plane and the mean
number of neutrinos from these sources in the data sample (ibrackets) are given.

The gure shows a line for the expectation from independent Gaussian distributed mo-
ments in the power spectrum. The calculated distribution has two peaks, one for small
(p < 0:05) and one for large probabilities p > 0:95). In between the distribution is nearly
constant with a small minimum at about 0:5.

The deviations from the Gaussian expectation show that the derent moments are not

independent and Gaussian distributed. Because of this the lmservable in chapter 4 is
called D2 instead of 2. Correlations between the moments were observed in chaptet.4.
The deviation from the Gaussian expectation is not big. Thus for the optimisation of the

sensitive region in the following chapter the ? distribution is used. In the nal analysis

the distributions of the moments and the correlations are carectly taken into account by

calculating con dence belts (chapter 6.5).
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Figure 34: Angular power spectrum for neutrino oscillation compared © the expectation from
the atmospheric neutrinos. The black stars are the mean valas for the atmospheric
expectation < C|_ams > with 1 spread as error bars. The coloured stars are the
mean multipole moments for the signal hypothesis. They have statistical spread of
similar size which is not plotted here.

6.4 Optimisation of the Sensitive Region

For the selection of the multipole moments for the analysis he statistical and systematic
characteristics are important. These are:

|angular < 64 due to angular resolution [chapter 4.3]

|9of 57 due to the number of events [chapter 4.3]

correlations for small multipole indices | and next neighbour correlations for all
indices [chapter 4.4]

Cmin / Ntotl, the minimum value calculated by GLESP [chapter 6.1]
These values are not strict upper bounds for the multipole meonents used. Instead they

only provide a hint at the maximum multipole index. For this r eason the moments used
for each signal hypothesis are optimised to maximise the seaitivity.
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Figure 35: Distribution of the probabilities comparing two sets of 1000 atmospheric samples. The
red crosses are the obtained numbers of the probabilities wh the statistic spread as
errors.

To nd the multipole moments with the best sensitivity a  2-test is used:

IXax <C, > C 2
2(|max) = ( I,atrr213 ) (70)

1=0 l;atms

where [max is the maximum used multipole moment, < C.aims > is the mean of the 1000
atmospheric neutrinos simulations with the correspondingerrors |.ams and C, are the
multipole moments of the test angular power spectrum.

The 2 are calculated for the mean of all 1000 simulated samples farach hypothesis. They
show the systematic changes in the angular power spectruméie of statistical uncertainties.
For the optimisation of the range of the multipole moments the probability that the 2 ts
to the atmospheric spectrum is used. A high probability corresponds to a low sensitivity
and a low probability to a high sensitivity.

The probabilities for the 2 values are cumulative for risinglmax . Falling probability for
the step from Imax t0 (Imax + 1) shows an increased sensitivity achieved by adding the
multipole moment (Imax + 1) to D2 (and vice versa for rising probability). The intervals
with falling probability should be used for the analysis.

These probabilities for 2(Imax ) are shown in gure 36 and 37. The corresponding gures
for the other hypotheses can be found in appendix E.
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Figure 36:  2-probability for an angular power spectrum of mini sources ( =2 and = 3) to
appear as atmospheric background signal depending on the ed multipole moments.
Figure 36 shows the probabilities for a signal from mini souces ( = 2 and = 3)

to appear as background uctuation for di erent numbers of events. The diagrams for
the other isotropic sources are similar. The probabilitiesget smaller with rising signal
strength. For a xed strength the probabilities have three minima, two at Inhax = 3 and
5 and a broad one is atljax =30 40. All remain stable with changing signal strength.
Between Ihax = 4 and 12 the probability does not change signi cantly.

Here, two optimum regions of the multipole index | are chosen. The rst is at small
multipole moments | = 2; 3;5 and the second region is at =13 40.

From the angular power spectra (chapter 6.2) we know that thee ect for large moments
depend on the number of neutrinos per source. They are sensitive to strong mini sources
independent of the energy spectrum. For the moments B and 5 the changes depend on
the energy spectrum independent of the source strength. These moments show a good
sensitivity for =2 but not for =2:5. The here de ned regions separate these e ects.
Additionally, for all mini and micro sources the interval from | =1 40 is used, so no
information gets lost. An unexpected phenomenon giving dehations in | =6 12 would
be included here.

Figure 37 shows probabilities for the sources in the galactiplane ( =2 and =3). The
probabilities for the other simulations of the galactic plane and the super galactic plane
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Figure 37:  2-probability for an angular power spectrum of the galactic plane with mini sources
( =2and = 3)to appear as atmospheric background depending on the usk
multipole moments.

are similar. For larger fractions the probability for the sp ectrum to be from atmospheric
neutrinos decreases. A minimum is observed betwe€é, = 10 and 15, this minimum is
stable with changing fractions of events from the plane.

Here, the optimum region isl =1 15 the region of falling probability. The other parts
of the spectrum are not used.

Finally, the region for neutrino oscillations has to be chogn. Here, no 2 values are
calculated. By diagram 34 (with the multipole moments) a chace is obvious,| =2 and 3.
Only these two multipole moments change strongly due to osdlations. Other moments
are not taken into account.

The de ned ranges for the di erent hypotheses are listed in table 4.

6.5 Construction of Con dence Belts

The multipole moments are not distributed independently and Gaussian like(chapter 4.4
and 6.3). Thus, it is not possible to calculate limits for the di erent hypotheses directly. To
determine these limits, con dence belts are calculated acarding to Feldman and Cousins
uni ed approach [FC99].

For each hypothesis there exists one parameter that determies the signal strength. This
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\ signal hypothesis \ | | lrange |
isotropic point sources 2 1| 235 1-40
2 | 2| 235 1340 1-40
2 3| 235 1340 1-40
251
25| 2 13-40 1-40
25| 3 13-40 1-40
galactic plane with sources 2 |2 1-15
2 |3 1-15
24| 2 1-15
24| 3 1-15
super galactic plane with sources| 2 | 2 1-15
2 |3 1-15
24| 2 1-15
241 3 1-15
galactic plane with cmbr 2.7 | - 1-15
neutrino oscillation - |- 2,3

Table 4: Multipole moments with the optimum sensitivity for di eren t hypotheses

is the number of sourcesNg for the hypothesis with sources. For the galactic plane and
the background it is the fraction f and for atmospheric neutrino oscillations parameter
m? that determines the signal strength. Ns and f correspond to the number of neutrinos
from extra-terrestrial sources used as observable. Thesaeathe values determined by the
con dence belt.
After de ning the intervals for the analysis, the D?=dof!’ (equation 50) are calculated for
all hypotheses (all parameters excepNg, f or m? xed) and all ranges. The probability
density function for the D?=dof for each hypothesis is determined from the 1000 samples
for each signal strength. Therefore, the number ofD?=dof values in dierent bins n is
counted and the probability P = n=1000 is calculated. For one hypothesis and di erent
signal strengths the same bins are chosen. The dierent sigal strengths are taken into
account by a ranking of the bins for di erent signal strength and the sameD?=dof. The
bins with a high probability P get the highest priority. Afterwards, bins are cqyected for
xed signal strength (and variable D ?=dof) corresponding to this priorities until P =0:9
. This procedure is described in [FC99].
As one example the con dence belt for mini sources (with =3 and = 2) for the range
| =2;3;5 is shown in gure 43. The other con dence belts are shown in ppendix F.
Combining the D2=dof from the measurement with the con dence belts yields the lirit
on the number of neutrinos from a hypothesis in the 4-year samle (or for m?2). The
measuredD ?=dof is drawn as line in the diagram with the con dence belt. The intersec-
tion with the borders of the 90% con dence region de ne the ugper and lower limit. These
limits have a 90% con dence. Included are the statistical urcertainties, the reconstruc-
tion error and the uncertainties in the atmospheric neutrino spectrum. Other systematic

" dof = degrees of freedom. Here, the number of multipole moments included in D?2
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uncertainties are not included.

No limit is observed if the line does not cross the boundary. Br each hypothesis and each
multipole interval an upper limit is obtained for the number of neutrinos from sources
with the given parameters.
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7 Experimental Result

For the 4-year-sample (chapter 3.3.6) the same analysis gbs are performed as for the
simulated data samples. Note that a completely blind analyss has been performed; i.e.
the full analysis has been exclusively developed with MonteCarlo. No change to the
analysis has been applied after the "un-blinding” of the exgerimental data. Figure 38
shows the angular power spectrum compared to the atmosphariexpectation.

C, (21+1) .

_ ................. ................. ................. ................. —_— atmospheric

¥ measured data

Figure 38: Angular power spectrum for the data Measured by AMANDA-II. T he red stars are the
measured power spectrum. The black stars are the expectatiofrom the atmospheric
neutrinos with error bars.

The power spectrum calculated from the 4-year sample ts wdlto the expectation of the
atmospheric background. Deviations in many of the multipole moments exist. All of these
deviations are consistent with the errors in the atmospherc expectation.

Another check of the statistical behaviour is done, a histogam for the size of the deviations
in units of the corresponding error is created ( gure 39) usng the multipole moments from
1 to 50. The expected distribution is only approximately Gaussian because the multipole
moments are weakly correlated and the distribution of theC, has non-Gaussian tails (see
gure 35).

The mode of the calculated distribution is below zero and thetail for a positive deviation
is longer. The mean of the distribution is 02 0:14 and the RMS is 1 0:26.
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Figure 39: Distribution of deviations from the atmospheric expectation for the measured data

for the multipole moments with | =1 to 50.

The measured angular power spectrum ts well to that expectal spectrum from the at-
mospheric background. No hint of a strong contribution from other sources is observed.
Thus, the Monte Carlo provides a good description of the detetor.
Applying the pre-de ned ranges in | yields the D2=dof values as given in table 4. The
expectation for theses values is approximately 1.
In the following chapters the measured values forD?=dof are used to set limits on the

range | D<=dof
| [ D*=dof |

2,3 0.14
2,35 0.19
6-12 1.43
13-40| 1.32
1-40 121
1-15 0.78

Table 5: D?=dof for the 4-year-sample dependent on the ranges given for thei érent hypotheses

(table 4)
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Figure 40: Angular power spectrum of the measured data in terrestrial ®ordinates. In black the
expectation for atmospheric neutrinos is shown with the 1 spread as error bars. The
red dots show the spectrum from the experiment and the blue dts are the simulated
spectrum for the atmospheric background in equatorial coodinates.

source hypotheses de ned in chapter 2.4.

7.1 Analysis in Detector Coordinates

The comparison above is done in celestial coordinates. In ih system extra-terrestrial
objects have xed positions. In order to test for detector e ects terrestrial coordinates of
xed orientation with respect to the detector are used. In this system the extra-terrestrial
objects are circulating while the detector is xed. Therefore systematic e ects according
to the azimuth angle of the detector can be tested.

The same analysis as for celestial coordinates is performedd simulation of the angular
power spectrum for the atmospheric neutrinos in terrestrid coordinates is required. The
relative detector acceptance is taken from the Monte Carlo ad is applied in the same way
to the simulated data sample as the zenith acceptance.

Figure 40 shows the mean angular power spectra for atmosphierneutrinos in terrestrial
and celestial coordinates and the power spectrum calculatefrom the experimental data.
The two simulated power spectra in terrestrial and celestid coordinates show large devia-
tions in the multipole moments betweenl| =2 and 8. The other moments have nearly the
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Figure 41: Distribution of deviations from the atmospheric expectation in celestial coordinates.
The measured data for the multipole moments between 1 and 50ra used. The
numbers in the peak give the included multipole moments in ths bin.

same values. Most of the multipole moments are rising in terestrial coordinates. This can
be explained by the -periodic structure in the azimuth angle acceptance of the étector,
the spherical harmonicsY,™ show such kind of structure form = 2. The rst a ected
multipole moment is | =2 (due to m I). Increasing! only changes the number of oscil-
lations from the equator to the pole. Multipole moments with | > 2 also change because
the detector acceptance depends on the zenith angle.

The spectrum of the experimental data in terrestrial coordinates ts well to the expecta-
tion from atmospheric neutrinos in this coordinates. (Note, in gure 40 the dots for the
spectrum from the experimental data (red) correspond to onedata sample, while the dots
for the atmospheric spectrum in celestial coordinates (ble) represent the mean of 1000
data sets. A bigger spread is expected for the experimentalata.) Figure 41 shows the
histogram of the deviations.

A mean of about 604 0:18 and a RMS of 13 0:25 are observed. These values t well
to the expected statistical deviations. A further inspection of the error distribution shows
an unexpected peak at about 16 standard deviations. 2=3 of the entries in this bin are
from the rst 15 multipole moments. For an estimation of about 3 entries and an observed
number of 9 events, there is no signi cant di erence. This can be explained by statistics
but hints at a small azimuth angle dependent artefact.
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In celestial coordinates deviations between the spectrumfahe experimental data and the
Monte Carlo data exist. The source of these deviations is theasymmetry of the detector
acceptance in azimuth, however, more detail is not known. Tl e ect has no in uence on
the analysis because it does not appear in the celestial codinates.
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8 Background from Mis-Reconstructed Muons

This chapter presents the results for events from mis-recastructed down-going muons.
The results provide a quality check for the data sample, becase the fraction of mis-
reconstructed events is an indication of the purity of the daa set. The hypotheses from
chapter 5.6 are listed here again:

(at) 5% at distribution in cos

(990) 4% Gaussian distributed (width 5 ) at the horizon (90 zenith angle)
and 1% at distributed in cos

(g105) 3% Gaussian distributed (width 8 ) at 105 zenith angle
and 2% at distributed in cos

(9g140) 5% Gaussian distributed (width 20 ) at 140 zenith angle in cos

The limits from the con dence belts are nally given in numbe rs of background events or
as fraction of the measured data set; 5% correspond to 166 aws. Figure 42 shows the
mean angular power spectra for the di erent hypotheses, theaveraging is done over 1000
simulations.

For the at distribution only small deviations from the atmo spheric expectation are ob-
served. However, this is not the case for the other hypothese The largest deviations
occur for (g90), here deviations for multipole moments withan index smaller than| = 21
are observed. The multipole moments abové = 9 show an odd-even e ect. For odd| the
C, are larger than expected from the atmospheric background wite at evenl no deviations
or deviations to the other direction can be seen. For (g105) ad (g140) large deviations
for the multipole moments betweenl = 1 and 7 are seen. For largerl the deviations are
small.

Also the directions of the deviations are interesting. While at large | all C, from the
hypotheses are equal or larger than the expectation, deviabns at small multipole moments
occur in di erent directions. This is explained by the minim um value Cpin (Not) that
GLESP can calculate (chapter 6.1). For the largel this minimum is already reached by
the atmospheric expectation so the spectrum with the hypothesis cannot have a lower
value. At small | the strongest deviations for (g140) are in the opposite diretion to
the deviations for the other hypotheses. This shows a pringile di erence in the zenith
distributions. The hypotheses ( at), (g90) and (g105) produce an increase in the relative
number of neutrinos near the equator. Here, the atmospheri@xpectation has the fewest
events. The hypothesis (g140) increases the relative numbef events closer to the pole
with a corresponding loss in the region of the equator.

The analysis of the power spectra is expected to have a low ssitivity to a (at) dis-
tribution of the mis-reconstructed down-going muons. The ®nsitivity is better for the
distributions (g105) and (g140), where the rst moments shawv deviations. The largest
sensitive range is observed for (g90). This sensitivity als means that contributions from
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Figure 42: Angular power spectra for mis-reconstructed muons (5%). Tk black stars are the
expectation from the atmospheric neutrinos with error bars and the coloured stars
correspond to the di erent background hypotheses.

these backgrounds may in uence the limits for the astrophyscal hypotheses in these re-
gions. Turning this argument around it is observed that for a contribution of less than
5% of background only angular distributions like (g90) can aect the search for extra-
terrestrial signals.

Due to the dierences in the sensitivity an optimisation of t he range of used moments
would have to be done for each hypothesis separately, but focomparison uni ed ranges
are useful. The ranges from the isotropic point sources (chaer 6.4) include the largest
number of multipole moments. Additionally, they nearly separate the range sensitive to
all background hypotheses [ = 1 to 7) from the rest. It is useful to add the range | = 6
to 12 because it could be sensitive here. The ranges used are:

1=2;35 1=6 12 =13 40 |1=1 40: (71)

For these ranges the con dence belts are calculated and theocresponding values from
the experimental data are inserted to obtain the limits (appendix F). These are listed in
table 6.

The result for the limits ts to the expectation from the sensitivity. For | =2;3;5 limits

are obtained for all hypotheses. The ranges =6 12 andl = 13 40 provide only a
limit for the hypothesis with the peak at the horizon (g90). For the full rangel =1 40
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N{IT(90% CL) for NI =Nor

1=2;35|1=6 12|1=13 40|1=1 40| bestrange
at 440 - - - 0.13
g90 100 265 370 185 0.03
g105 167 - - 320 0.05
9140 290 - - 570 0.09

Table 6: Maximum numbers of events from mis-reconstructed down-gaig muons for di erent
ranges with 90% CL. A "-" means that there no limit can be given. In the last colum
the maximum fraction of events from the speci ed hypothesisis given.

limits are obtained for (g90), (g105) and (g140). These limis are less restrictive than the
limits for the multipole moments with | = 2;3;5. If no limit is obtained in a range this
shows that the sensitivity of this range (for a special hypohesis) is low and that the limit
is above 20%¢8 of the data sample (666 events). For each selecteldrange (g90) has the
smallest limit.

The upper limits on the event number of the complete range arehigher than the results
from the small moments. This can be understood by considerig the combination of
sensitive and insensitive multipole moments in the full rarge. For (at) the limit at

| =1 40 exceeds the 20% and is not relevant.

The limits are small fractions of the 4-year-sample. For the at distribution a fraction of
13% and for (g140) a fraction of 9% are observed. For the othehypotheses the results
are even smaller. The peak at 105(g105) is smaller than 5% of the data sample and for
(990) there are less than 3%.

A low event limit for a hypothesis does not imply a low probability. A calculation of the
most probable background is done in the following sub-chayrs.

Here, all results for the background hypotheses are zero anddditionally upper limits are

observed. The analysis has a low sensitivity to the hypothess with limits larger than 5%
(166 events). In the case of (g90) the background can be restted to less than 3%.

At the regions, where no limit is obtained, this background has no in uence on the results
of the physics analysis in chapter 9. The region with the biggst in uence is for the
moments with | = 2;3;5.

8.1 Discrimination between the Hypotheses using D 2

In order to determine the preferred hypothesis for the mis-econstructed down-going muons
the measured data is compared with the hypotheses from miseconstructed down-going
muons in simulations instead of the pure atmospheric neutmo spectrum. D2 is calculated

with the corresponding mean angular power spectrum. SmalD? values represent a good
consistency. Large values foD? correspond to a poor agreement, which can however still
be due to statistical uctuations.

For this calculation an assumption of the strength of the hypotheses has to be made. Two
possible choices exist. One choice is to assume the same sgth for all hypotheses (A),

1820% is the maximum fraction simulated.
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D ?=dof for 5% (A) N Mt =N D?=dof for N{™t =N, (B)
= || 2356 12|13 40|1 40| bestrange|2,3;5|6 12|13 40[1 40
at 0.59 1.63 1.35 1.29 0.13 2.60 1.75 1.31 151
g90 3.39 3.17 1.27 2.02 0.03 0.36 1.59 1.34 1.26
g105 || 2.66 0.94 1.35 1.38 0.05 2.66 0.94 1.35 1.38
g140 | 0.40 1.65 1.34 1.32 0.08 1.12 1.72 1.29 1.40
atms | 0.19 1.43 1.32 1.21
Table 7: Comparison of the di erent hypotheses for down-going muons For the di erent models

the D2 values comparing the measured data to the mean of 1000 simulans are given
for the di erent ranges. This is done for equal background stength and for the upper
limit of the speci ¢ hypothesis.

ignoring the upper limits. In a second approach the upper linits are used for the strength
(B). Both results are listed in table 7.

For D2=dof with the equal strength assumption (A) the result ts the exp ectation; the
rangel =13 40 has about the same value ob ? for all hypotheses. The rangd =1 12
discriminates between the hypotheses. The hypothesis witlthe peak at the horizon (g90)
is disfavoured, in agreement with the upper limit. The rst m ultipole moments (I = 2; 3;5)

are most consistency with ( at) and (g140). For| =6 12 the peak at 105 has the smallest
limit. The complete range (I =1 40) can be used to compare this rstrangesl(=2;3;5
andl =6 12) due to the similar values in the last part]| =13 40. The ( at) hypothesis

is most probable followed by (g140) and (g105). (g90) is stnogly disfavoured.

With a background strength set by the upper limits (B) the results change. The values
do not vary as much as the results for the equal strength. The egion from| =13 40
is also insensitive, as above. For the small multipole momdn | = 2; 3; 5, the peak at the

horizon (g90) is the most probable and forl = 6

12 the peak at 105 provides the best

agreement. The at distribution is disfavoured. For the full rangel =1 40 the peak at
90 has a small preference, followed by (g105) and (g140). The tadistribution has the
lowest probability.
Comparing the D? values for the hypotheses (at), (g90), (g105) and (g140) tothe D?
values from the pure atmospheric background (chapter 7 and gain listed in table 7)
indicates that only in one rangel =6 12 the hypothesis (g105) is preferred. At all other
ranges the pure atmospheric background provides the best agement.

From both assumptions ((A) and (B)) is the preferred hypothesis that no additional back-
ground contribution exists. The values for the di erent hyp otheses ( at), (g90), (g105)
and (g140) are too similar to prefer one of them.

8.2 Discrimination using the Predicted Signs of the Deviati ons

Another estimation of the favoured hypothesis can be proviegd by including the signs of
the deviations sjpypo. These sihypo are given by the direction of the deviations of the
hypotheses from the atmospheric expectation for each (compare gure 38 and 42). The
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D 2=dof B 2=dof (D2 DB?)=dof
range at | g90 | g105]| g140| at | g90 | g105| g140
2,3,5 0.19 -0.19| -0.19( -0.19| 0.19 | 0.38| 0.38| 0.38 0
6-12 1.43 103| -05| 111 052 040|193| 0.32| 0.91
13-40 1.32 0.8 | 0.82 | 0.8 0.8 || 0.52|050| 0.52 | 0.52
1-40 1.21 0.75| 049 | 0.76 | 0.65 || 0.46| 0.72| 0.45 | 0.56

Table 8: Comparison valuesD?=dof for the 4-year-sample to the signs of the background hy-
potheses (5%) dependent of the ranges given for the di erenhypotheses (table 4). The
values for D?=dof are taken from table 5.

new quantity D2 is de ned by:

X <C > C)? .
B2 = S| hypo( Iamgs ) signum(< Ciams > Cj) : (72)

range | atms

The other symbols are the same as foD? (equation 50). B2 is smaller than D2 for
data tting to the prediction poorly. 2 remains nearly equal toD?2 for data tting the
hypothesis well. Numerically the agreement between each Ipothesis and the data can
be represented using the quantity D2 I§2)=dof (the degrees of freedom are the same
for D2 and §2). A small value corresponds to a good t. Table 8 shows the valies for
H2=dof for the measured data in comparison to the atmospheric neuino prediction.

For the small multipole moments | = 2;3;5 the predicted signs are the same for the
hypotheses with a at distribution ( at), the peak at the equ ator (g90) and the peak at
105 (gl105). Itis not surprising to nd identical values since for these multipole moments
the predicted signs (in this region) are di erent to the deviations in the data. Only the
hypothesis with the peak at 140 (g140) predicts the correct signs. For the larger multipole
moments the values for (g140) are worse compared to the at ditribution ( at) and the
peak at 105 (g105). The range betweenl = 13 40 has nearly the same values for all
hypotheses, it has no distinguishing character. However, e value for the peak at the
equator (g90) is the worst ( =1  40). The best tis achieved for (at) and (g015).

The results are similar to the results for assumption (A) in the previous chapter. This is
not surprising because backgrounds with the same strengthra assumed here. This test
gives no result for hypotheses with di erent strengths.

Also by this test it is not possible to give a preferred hypothesis for the additional back-
ground from mis-reconstructed down-going muons because #values are to similar to
each other.
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9 Extra-Terrestrial Fluxes

The measured deviations in the angular power spectrum (char 7) were found to be
consistent with the hypothesis of atmospheric neutrinos ad no additional contribution
from extra-terrestrial sources.

In this section upper limits on the contribution from extra- terrestrial uxes are calculated
with a con dence level of 90%. This con dence includes the shtistical and systematic
uncertainties due to the atmospheric neutrino distribution and direction reconstruction.
E ects from other possible sources are not included. Thesera mis-reconstructed down-
going muons, other source hypotheses or neutrino avour osiations and systematic errors
in the acceptance.

The value for each hypothesis is obtained independently frm the other hypotheses. The
results for the di erent hypotheses are discussed in the fdbwing sections.

9.1 Limits on Isotropic Mini and Micro Sources

For the hypotheses of isotropic mini and micro sources 90% rhits are obtained from
the con dence belts. These con dence belts are constructecccording to the procedure
described in chapter 6.5. An example con dence belt is showin gure 43. (The other
con dence belts are shown in appendix F.)

The results (table 9) for the di erent hypotheses show the exected behaviour (see chapter
6.2). Small multipole moments (rangel = 2; 3; 5) are sensitive to the energy spectrum. For
all hypotheses with = 2 approximately the same value is obtained, while for =2:5 no
limit can be set for this range (table 9). The small limits for the rst multipole moments
are a result of the small value of the measured ?.

For the multipole range | = 13 40 the sensitivity depends on the number of neutrinos per
source. For both spectral indices ( = 2;2:5) the upper limit gets lower with increasing
number of neutrinos per source.

The complete rangel =1 40 has a dependence on both e ects, the size of the limits
changes with the spectral index and the number of neutrinos per source .

Nt (90% CL) for
1=2;3,5|1=13 40|1=1 40

2 [1] 300 - 660

2| 345 785 560

3| 318 620 460
25]1 - - -

2 - 825 775

3 - 672 625

Table 9: Limits on neutrino numbers for isotropic mini and micro sources.
The parameter for the energy spectrum and for the source strength de ne the
di erent hypotheses. N'™t s the upper limit for the total number of neutrinos from
one hypothesis in the full data sample ofN = 3329 neutrinos at the given| ranges.
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Figure 43: Con dence belt for mini sources with =2, =3 and arangel = 2;3;5. The

area with the red stars is the 90% con dence region, borderedby the black line. The
blue line is the measured data [32 = 0:19). The intersection with the black line
corresponds to the upper limit N'™mt =318,

For the further analysis the range with the highest sensitivty is used. Thisrange ( = 2;3;5
for =2and 1 =1 40 for =2:5) also provides the smallest limits.

From chapter 6 is known that the rangel =1 40 includes a range with no sensitivity
(=6 12) and a range with lower sensitivity (I =13 40). The inclusion of these ranges
would lead to results worse than if only the rangel = 2; 3;5 were used. If, however, the
limits for the whole range | =1 40 were unexpectedly bad this would be a hint that
there is an unexpected e ect in the experimental data.

The result of this procedure (table 9 and gure 44) is a limit of less than 350 neutrinos in the
4-year-sample from isotropic sources with a energy spectrm proportional to E 2. These
are less than 11% (90% CL) of the events in the 4-year-samplend is nearly independent
of the source strength . Such a result is only achieved for =2. For = 2:5 the sensitive
range in | shows dependencies on the source strength and the limits depd on . Here

the number of neutrinos is below 775 neutrinos for =2 and below 625 for = 3.

So far all results are given in terms of neutrino numbers in tke 4-year-sample. An upper
limit for the number of neutrino sources and a limit on the di use ux are calculated in

the following sections 9.1.1 and 9.1.2.
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Figure 44: Upper limits on neutrino numbers (lled boxes) and source numbers (empty boxes)
for di erent neutrino distributions and a E 2 energy spectrum. The black lines are
the limits for the isotropically distributed sources. The red and green data points
correspond to sources in the galactic plane and in the superajactic plane respectively.

For the absolute ux normalisation the detector acceptanceis determined from the Monte
Carlo data set. With this it is possible to calculate the mean ux per source at the Earth
source corresponding to the number of neutrinos per source in the 4ear-sample .

d_source ;OE”rceE =2 sr 0 (73)

where o ) is the ux per observed neutrino calculated in GeV lcm 2sr s 1 from
Monte Carlo data, it depends on the power index . is a factor due to the simulation

technigue (chapter 5) and the factor 2 sr results from an integral over the half sphere.
Additionally it is useful to calculate the total ux per sour ce using:

z

d
source = dEi(sjoEurce : (74)

The integration is done for energies above 10 GeV, both valueare listed in table 10.
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9.1.1 Limits on the Number of Point Sources

From the limit obtained on the number of neutrinos in the 4-year-sample a limit on the
number of sources in the half sky is calculated using:

imic = Nt
Nslcr)nulrces = (75)

where is a parameter due to the simulation technique (chapter 5). Tble 10 lists the
values and gure 44 shows a diagram with the limit on the numbe of sourcesN/mit
versus the total ux per source source-

The number of allowed sources in the limit decreases with ineasing source strength. E.g.
for micro sources ( =1, = 2), less than 365 sources in the northern sky are allowed
and for =3 less than 130 are allowed. The limits for the steeper spectim with =2:5
are larger. Here no limit is obtained for the micro sources ( = 1) and the limits for mini
sources are: 555 sources for = 2 and 298 sources for = 3.

The decrease of sources with rising source strength is expfeed by the 1= dependence of
the upper source limits on the neutrino limits. For the energy spectrum with = 2:5 the
neutrino limit for =3 is smaller than the limit for = 2. Thus, the limit on the source
number becomes smaller.

The astrophysical interpretation of the limit on the number of sources is di cult because it
is obtained under the assumption of a speci ¢ strength for al sources. This is unrealistic.
What message does this limits provide?

For an energy spectrum with =2 the nal limit on the neutrino number is independent
of the source strength (in the inspected range). The limit of 350 neutrinos would be
similar for any distribution of strengths between =1 and 3.

The situation for = 2:5 is more di cult to interpret. Here the observed limits on th e
number of neutrinos depends on the source strength. Howevea weak source has a smaller
contribution for the same multipole moments as a strong souce. It is expected that the
limits decrease for a mixture of di erent strengths.

9.1.2 Limits on the Diuse Flux

From the measured neutrino number a diuse ux limit d=dE can also be derived, the
ux per observed neutrino ¢ is used (see equation 73). The diuse uxis:

d

GEE = N it (76)

N Mt s the observed neutrino limit given in table 9. The values fa di use ux are shown
in table 10.

For an energy spectrum with = 2 the upper limit for the diuse uxis d=dE E 2
5:6 10 7 GeV cm 2s lsr 1, nearly independent of the ux per source source. The diuse
ux for the energy spectrum with a power of = 2:5 is larger than that for = 2. Here,
the upper limitis d =dE E #°> 1:6 10 % GeV'5cm 2s lsr 1.

The di erent scale of the upper ux limits appears due to the smaller detector acceptance
at low energies. Thus, the same number of neutrinos in the 4gar-sample for both energy
spectra would be produced by uxes of di erent sizes.
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< ux/source > i ux
d source=dE E ‘ source Né‘gﬂﬁces (90% CL) d =dEE

2 |1 837 10 ° 837 10 10 365 4:86 10 7
2 1:67 10 8 1:67 10 ° 210 559 10 7
3 251 10 8 251 10 ° 130 518 10 7

25| 1 9:17 10 7 2:90 10 8 - -
2 1:83 10 © 5:80 10 8 555 1:62 10 4
3 275 10 © 870 10 8 298 1:31 10 4

Table 10: Limits on source numbers and neutrino ux from isotropic mini and micro sources. The
parameter of the energy spectrum and de ne the di erent hypotheses. In the 3rd
colum < ux/source > expresses the mean ux per source reaching the earth. Here ¢h
dierential ux d souce =dE E is givenin GeV ‘cm 2s ! and the total ux  source
incm 2s 1. NImt _ is the upper limit on the number of sources in the northern sky
The ux isthe diuse uxin GeV cm ?s lsr 1.

Limits on the di use ux obtained from a dedicated analysis of AMANDA-II data do exist
already. The actual upper limit is [ICO5]:

d GeV
—E?=2:6 10 :
dE cm2srs

(77)

This is about a factor 2 better than the result obtained in this analysis. Additionally
for the result given above only the AMANDA-II data of the year 2000 is used. A better
limit for the full data is expected. However, the method usedin this analysis is largely
complementary to the direct one used to obtain the di use limit. The result can thus be
interpreted as an independent con rmation of the limits obtained by the direct analysis.

9.2 Limits on Mini Sources in the (Super-) Galactic Plane

For neutrino sources in the galactic plane the con dence bdt are created as described in
chapter 6.5, and the results are shown in appendix F. Here, dg one rangel =1 15is
used (chapter 6). Table 11 shows the upper limits obtained fothe number of neutrinos
from the planes in the 4-year-sample.

The limits on the neutrino numbers are less than 200 neutring and show only weak
dependencies on the di erent hypotheses. The upper limits dr the steep spectrum, with
= 2:4 are smaller than the corresponding values for = 2. Another e ect is that the
limits for the super galactic plane are somewhat larger thanthe corresponding limits for

the galactic plane (table 11).

The weak dependence of the upper limits on and is expected due to the similar angular
power spectra; they are dominated by the shape of the plane.

The dierence in the limits between the galactic and the supe galactic plane is small

but it can be an e ect due to the di erent positions of the two p lanes in the sky. This

produces a small di erence because the detector does not havthe same acceptance for
di erent zenith angles. Neutrinos from the super galactic pane have a larger maximum
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N"™T(90% CL) for
gal. pl. | super gal. pl.

2 |2 182 197
3 190 195

241 2 168 175
3 172 178

Table 11: Limits on the number of neutrinos for mini and micro sources h the galactic and super
galactic planes.
The parameters of the energy spectrum and de ne the di erent hypotheses. N 'mit
is the upper limit for the total number of neutrinos from one hypothesis in the full data
sample ofN = 3329 neutrinos.

zenith angle (74 in equatorial coordinates) than the neutrinos from the galectic plane
( 63).

The limits on the number of neutrinos for both planes are abou a factor 1:7 lower than
for the isotropic distribution of the sources (see table 9).The e ective sky coverage of the
two planes isA¢y = 0:0038 2 . The covered part of the sky by both planes is the same.
Thus, the sources in the planes are located in a small part oftte sky compared to the
isotropic distributed sources. This creates additional amgular structures leading to smaller
upper limits on the neutrino numbers.

The limits on the number of sources in the (super-) galactic pane are calculated in section
9.2.1 and the corresponding values for a di use ux from the ganes in section 9.2.2.
The mean ux at the Earth is determined from . This is done similar to equation 73
and 741, The values for the di erential ux d source=dE and for the total ux source are
given in table 12.

The results for the mean ux per source are di erent to the corresponding results from
the isotropically distributed point sources. This is explained by the angular dependent
detector acceptance ( gure 19 to 22) in combination with the anisotropic event distribution
due to the description of the (super-) galactic plane. Thus, o( ) in equation 73 depends
on the distribution of the neutrinos in the sky and is calculated separately for both planes
from the Monte Carlo data set by re-weighting the events. Thecalculation is described in
appendix B.

9.2.1 Limits on the Number of Point Sources in the (Super-) Ga lactic Plane

The upper limit on the number of sourcesNIMt __in the (super-) galactic plane is cal-
culated in the same way as the limit for isotropically distributed point sources (equation
75). The results are listed in table 12 and are shown in gures44 and 45.

The number of sources is below 120 for = 2 and below 81 for = 3. These results are
nearly independent of the choice of the plane and the energypgctrum.

The smaller upper limits for stronger sources = 3 results from the similar upper limits
on the neutrino number and the 1= dependence in equation 75.

9The integration in equation 74 is again done for E > 10 GeV.
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Figure 45: Limits on the number of neutrinos (lled boxes) and the number of sources (empty
boxes) for sources in the (super-) galactic plane and & %° energy spectrum.

A comparison of the limits on the number of sources in the plaes and on the number
of isotropically distributed sources (table 10) shows the ame factor of about 17 as the
limits for the neutrino numbers.

9.2.2 Limits on the Diuse Flux from the (Super-) Galactic PI ane

The diuse ux from the (super-) galactic plane is calculate d analogously to equation 76.
Here, the fraction of the half sphere covered by the (super-yjalactic planeAq,, = 0:00382
is included. g
| .
2 E = N& o)

2
Acov

Again ¢( ) depends on the distribution of the sources in the sky and is derent for both
planes. It is calculated from the Monte Carlo data set by re-weighting (appendix B).
Table 12 shows the obtained limits on the ux.

For an energy spectrum with = 2 and for both planes an upper limit of d ,=dE E2< 28
10 5 GeV cm 2s ! sr 1is obtained. The corresponding value for the steeper speatm,
with =2:5,isd ,=dE E?* < 3:2 10 3 GeV'4cm 2s 1sr 1.

(78)
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< ux/source > imi
d source=dE E ‘ source Ngg&l?ces d pl:dE =
galactic plane
2 |2 245 10 8 2:45 10 9 111 2:71 10 °
3 367 10 8 3:67 10 ° 71 2:83 10 °
242 1:09 10 6 4:34 10 8 115 314 10 3
3 1:63 10 6 6:50 10 8 78 322 103
super galactic plane

2 |2 2:36 10 8 2:36 10 9 120 2:82 10 °
3 354 10 8 354 10 ° 79 2:79 10 °
242 1:00 10 © 399 10 8 119 301 10 3
3 1:50 10 © 5:99 10 8 81 3:06 10 3

Table 12: Limits on the number of sources and neutrino ux from mini and micro sources in
the (super-) galactic plane. The parameter of the energy spectrum and de ne the
di erent hypotheses. The values for the mean ux per source eaching the earth is

given as di erential ux in GeV  'cm 2s !andtotal uxincm 2s ! NlImit s the

upper limit on the number of sources in the northern sky and the diuse ux limit is
d w=dE E inGeV !cm 2s lsr 1.

It is possible to compare the diuse ux from the isotropical ly distributed sources with

the ux from the planes because both describe the neutrino Imit per unit area. All upper

limits on the diuse ux from the planes are more than one order of magnitude larger
than the corresponding di use limits for the isotropic sources (table 10). This is explained
by the small fraction of the sky covered by the planes, inclugd in the normalisation of
the diuse ux.

9.3 Neutrinos from Cosmic Ray Interactions in the Galactic P lane

The search for neutrinos from cosmic ray interactions in thegalactic plane (chapter 2.4.5)
is related to the search for a diuse ux from that area with a s pectral index of =2:7.
Here, only one con dence belt (chapter 6.5) is created with he rangel =1 15 (chapter
6) and is shown in appendix F. The result is an upper limit of:

NUmit 142 90%CL : (79)

This limit is smaller than the limits on neutrino humbers fro m sources in the (super-)
galactic plane (table 12). The existence of point sources nams that a part of the power
is concentrated at small angular scales and largé respectively. In the case of the di use
ux all power goes to smaller | where this analysis is more sensitive.

The ux from the galactic plane is:

dE
The result is 3 orders of magnitude above the expected ux fron the galactic plane of
10 8cm 2sr 1s ! estimating a E %7 spectrum (chapter 2.4.5). Thus, this analysis does

EZ7 342 10 3GeVvY’cm 2s lsr 1: (80)
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not have the sensitivity required to measure the ux of neutrinos from the interactions of
cosmic rays with matter in the galactic plane, assuming the tandard scenario.

The limit obtained here, is also about a factor seven worse aopared to results from a
direct search. An upper limit of 20 neutrinos from the galactic plane with a con dence
of 90% is obtained [IC05] for the same data set. This is substdially better than the
result of this analysis. However, as explained in the conclsion (chapter 12) substantial
improvements are still possible for this analysis.
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10 Limits on Neutrino Oscillations

The study of the neutrino oscillation hypothesis is di erent from all previous ones, because
no astronomical sources are required here. As discussed ihapters 2.3.1, 5.5 and 6.5 the
observable from the con dence belt (gure F.5) is the squaremass di erence m?2. An

upper limit of:
M2, < 48 10 2eVZ  90% CL (81)

is obtained. This value has to be compared with the values from Super-Kamiokande
(chapter 2.1.1):
1:3 10 *eV?< m2,s <3 10 2eV?: (82)

The sensitivity on  m? is smaller for this analysis and only an upper limit can be gien.
However as AMANDA-II was not designed to measure atmosphed neutrino oscillations,
this result can be considered remarkably good.
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11 Outlook to the IceCube Sensitivity

IceCube is the successor experiment of AMANDA. It is based oithe same detection tech-
nique but it is larger by about a factor 100 (about 1 km? instrumented volume). The
low energy threshold is larger because the distances betwe@ptical modules in IceCube
are bigger. Interesting for this analysis is the expected tgher event rate for atmospheric
neutrinos. AMANDA-II triggers about 11000 "up-going" muon neutrino events per life-
time year [A+04] while IceCube is expected to have 0.8 millim triggers from atmospheric
neutrinos per year [Wi02]. The improvement of this analysisby the about 70 times higher
statistic is discussed in the following.

The number of events a ects this analysis in di erent ways. The maximum multipole
moment |hax Used for the analysis (compare chapter 6) is restricted by tk area per source
and the degrees of freedom. The limit is given by (in rst order):

p P
dof Niot (83)

angular
N tot I magX /

Both increase with the square-root of the number of events. Tie minimum value for the
multipole moments that "GLESP" calculates is already given in equation (69):

1

Cni —
min / Ntot

(84)

The relative width of the C, becomes smaller with rising statistics. The 1 spreads cor-
responding to the statistical error are shown in gure 46 for di erent numbers of events.

The spreads become smaller with rising statistic. For largemultipole moments the error

is proportional to 1=Ny;. For high statistics the small multipole moments are dominaed

by the uncertainty in the distribution of the atmospheric ne utrinos. Here the spreads
decrease slower.

A mean multipole moment < C|° > for a sample with a signal can be given by:

<C>=<Ciams >+ I: (85)

| is the di erence between the two mean spectra. The sensitiy s of the analysis can be

expressed bhy:

s(Nw) 4 |(Niot) : (86)

|2;atms (Ntot) +( |0(Ntot))2

I's

Niot =2 | =15 | =30
fsig || 0.37%] 0.74%| 1.11%| 0.37%| 0.74% | 1.11%| 0.37%| 0.74%| 1.11%
3329 | 1 1 1 1 1 1 1 1 1

9987 | 154 | 207 | 165 | 3.25 | 160 | 157 | 154 | 1.19 | 1.18
33290 321 | 261 | 200 | 539 | 213 | 1.76 | 46.4 1.6 1.34
99870| 358 | 2.88 | 221 | 885 | 281 | 2.14 166 3.83 | 2.29

Table 13: Relative sensitivity depending on Ny for chosen multipole moments.
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Figure 46: Spread of the multipole moments for atmospheric neutrinos épending on the number
of events.

Y is the statistical error of the mean < C 2 > with a signal contribution determined from
1000 simulations. The relative improvement of the sensitiity with respect to AMANDA-II
is given by:

_ S(Ntwt) .
*Ts(NG)

NQ, = 3329 is the number of events in the AMANDA 4-year-sample. The results are
shown in table 13 and gures 47 to 49 for three speci ¢ multipde moments. Here, the
relative signal fraction fsjg is xed to the values 0:37%, Q74% and 111% of Ny ; this
corresponds to a constant signal.

In all cases the relative sensitivity rises faster for smallsignals fsig = 0:37%). Only a
small improvement is obtained for the larger signals.

With changing number of events the largest improvement is ahieved between 3329 and
about 10000 events. Here the errors are dominated by the stadtics; Above the statistical
uncertainty is not the main contribution to the error.

A large improvement for small signals is achieved by the highr statistics of the IceCube
detector. In general the improvement depends strongly on tle signal strength. This raise
in the sensitivity for a single multipole moment must be comhkined with the larger number
of available moments|yax .

(87)
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Figure 47: Sensitivity for I=2 versus the number of events.
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Figure 48: Sensitivity for I=15 versus the number of events.
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12 Summary and Outlook

AMANDA-II is a neutrino telescope located at the South Pole. From the measurement
during the years 2000-2003 a sky map with 3329 neutrino evesatfrom the northern sky
was generated.

In this thesis a search for signatures of extra-terrestrialneutrinos is performed. This in-
volves studying anisotropies in the sky distribution of neurino directions by calculating the
angular power spectrum. This method has already been used tanalyse the anisotropies
in the cosmic background radiation and is used here the rst ime for AMANDA-II data.
In order to nd neutrinos from extra-terrestrial sources th e angular power spectrum of
the measured data is compared to the expectation from the atrmaspheric neutrino back-
ground. Di erent source types correspond to di erent structures in the power spectrum.
The atmospheric neutrino background and all hypotheses foextra-terrestrial sources are
simulated 1000 times to take statistical e ects into accourt.

The result of the analysis is that the experimental data ts well to the assumption of
atmospheric neutrinos. Here, no speci ¢ information aboutthe source type is used and
no contribution from any source is seen. No deviations due tageconstruction artefacts or
other not understood detector e ects are observed and the exalent quality of the data set
is veri ed in this way. An analysis for unexpected backgrourd sources nds no signi cant
contamination of the data set and upper limits can be set in ageement with previous
estimates. No de nite statement about the distribution of r emaining background events
is possible.

For speci ¢ model assumptions, the contributions from extra-terrestrial sources can be
guantitatively constrained. The limits for di erent possi ble sources are almost competitive
to direct search methods. The limits for diuse uxes are only a factor 2 to 3 worse
than the limits of the direct searches. For the weakest casengeutrinos from cosmic ray
interactions in the galactic plane) the limit is larger by a factor 7. For each individual
search a specialised analysis is thus more sensitive. Hovezy the results achieved with
this approach are complementary and provide independent poof.

The limits on the number of astrophysical sources of neutritos in the northern sky are
between 70 and 370 depending on the source strength. They areore di cult to interpret
since the assumption of equal strength is not well motivated Limits were obtained for
isotropically distributed sources as well as for sources irthe galactic and super-galactic
planes.

A limit is also obtained for angular distortions due to neutrino oscillations: m? < 4:8
10 3eV?. This is a remarkable result because AMANDA-II was not desigied for this
measurement.

The limits presented here partially include systematic unertainties. Uncertainties in the
distribution of atmospheric neutrinos and statistical uncertainties in the Monte Carlo data
set are taken into account as well as the nite detector resaltion. Possible admixtures of
di erent contributing source types are not included.

Di erent possibilities exist to improve this analysis. One possibility is to use a larger data
sample as discussed above. Therefore additional AMANDA-IIdata from the year 2004
with 953 additional events could be used or the data from Ice@be with two orders of
magnitude higher statistics. It is shown in this thesis that for the high statistics with
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IceCube, systematic errors would then dominate the sensity.

A second possibility for improvement is to exchange the diséminating quantity D2 by
a more sensitive one. For example the sign of the deviationsrahe behaviour of neigh-
bouring multipole moments can be included. Also a Fischer-gscriminant analysis could
be applied. An optimised selection of the binning might further improve the sensitivity.

In this thesis the analysis of the neutrino sky-map was perfaned using a multipole anal-
ysis, a method new to this eld and adapted from cosmology. Ithas been demonstrated
that the application of this technique to the AMANDA-II data is possible. Doing so pro-
vides a new perspective on the detector systematics and thepportunity to gain insights
in to the high energy neutrino sky.
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Appendix

A Multipole Moments of the Half Sphere

It is dicult to calculate the multipole moments for a genera | function f(; ). One
example can be calculated without di culties. This is the half sphere:

f(; )=1p=9()wWith0< < 2;0< < : (88)
The following integral for the coe cients has to be evaluated:
z
am = f(; )YW"(; )d (89)
z, Z
am = d decos()f (; )Y,"(; ): (90)
0 0

The integration separates inserting the spherical harmonis Y|\ (equation (51) and the
function f. The integration over is done easily:

Z, z,
€™ d =0for m860and d =2 form=0: (91)
0 0
Thus, the second integral is only calculated form = 0.
s 1 z, |
ao=2 A+1 o P (x)dx C = malo (92)
The orthogonality relation (equation (55)) for m =0 is:
s s
1 1 z
m m 0 P| (COS )P|0(COS )d = 0. (93)
Wwith P/( x) = ( )'P;(x) (from equation (54)) follows for even I:
Zy Zy Zy
1
Pi(x)dx = > Pi(x)dx + Pi(x)dx / o: (94)
0 0 1

All a, =0 for | even and greater zero om 6 0. For | =0 the result is agp =2 . For the
other coe cients the integral must be solved:
S _

ETPRL RN (D

20 +1 o i 2i+1)

a|0:2

(95)

This description is not useful for programming, because it $ not stable for largel. Thus,
a recursive de nition would be better. In [By59] can be found

1 Pl 1(0) P (0)
. P (x)dx = A+ 1 ; (96)
S
Ao =2 L Pa0 Pa@ . (97)

20+1 20+1

The multipole moments for the half sphere are shown in gure ® for | =1 40. In this
range the odd multipole moments can be described by a powervaC, / 12; a 2:5.
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Figure 50: Odd multipole moments of the half sphere. The even moments wh | 6 0 are zero.



B Re-Weighting the MC for the (Super-) Galactic Plane

For the generation of neutrinos which are Gaussian distribted around the (super-) galactic
equator with the Monte Carlo (described in 3.4) the events must be sorted and re-weighted.
Simulated events have a zenith and azimuth angle but no rightassertion. No time is set
for the event. Since the detector is rotating the right ascersion is thus free. In the Monte
Carlo the weights for an isotropic sky distribution are included. To simulate events from
the (super-) galactic plane the time is set so that all eventsoriginate from the (super-
) galactic plane. Events in the pole region have to be discared. After positioning the

events in the plane they are re-weighted to obtain a at distribution in the (super-) galactic

longitude.

First, for each neutrino event the (super-) galactic longitude | is calculated:

q
sinl= sin 1 cot? cot? : (98)

Here |l is given in degrees, is the zenith angle given from the Monte Carlo and is the
highest angle of the (super-) galactic plane in equatorial oordinates. (In numbers: 63
for the galactic plane and 74 for the super galactic plane.) This equation can be
easily obtained by rotations. The di erent signs correspord to the two possible solutions
for each zenith angle. A random sign is chosen for each dirdoh. For neutrinos with a
zenith angle larger than the root is imaginary and no right assertion is calculated.
These events cannot be shifted to the (super-) galactic pla@ and receive the weight zero.
Skipping these events reduces the initial number of neutrim events in the Monte Carlo.
The number of events is:

Nmc = Nmc sin (99)

Nmc is the number of events in the Monte Carlo andNyc the e ective number.
In the Monte Carlo the events are isotropically distributed.
dn=dcos = C (100)

C is a not speci ed constant. A weight w(cos ) for an at sky distribution in (super-)

galactic longitude has to ful I
dn

i w(cos )= C: (101)
Comparing both equations gives the weightw:
w(cos ) = d (102)
~ dcos
With equation (98) this leads to:
S 2
w(cos ) = 1+ cot (103)

1 (L+cot? )cog

This is the weight added to the isotropic weight for each evehto get Monte Carlo data
for the (super-) galactic plane together with the correction of the number of events given
by equation (99).
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C Table of factors for the relative acceptance

L ]

2

0.8230

2.4

0.7329

2.5

0.6988

2.7

0.6449

Table 14:  depending on dierent . The zenith angle distributions for the detector e ciency
are normalised to a maximum of 095, this leads to an integral which is not one. Thus
only a fraction of the neutrinos is accepted. This fraction s given by for isotropically

distributed neutrino directions.




D Angular Power Spectra for the Di erent Hypotheses

D.1 Isotropic Micro and Mini Sources

Figure 51:

The mean angular power spectrum for mini sources with =2 and = 2 for di erent
source numbers compared to the expectation from the atmospdric neutrinos. The
black stars are the mean values for the atmospheric expectain < C|_gms > with 1
spread as error bars. The coloured stars are the mean multide moments for the mini
source hypothesis. They have a statistical spread of similasize which is not plotted
here. In the legend the number of sources on the whole spher@éthe mean number
of neutrinos from these sources in the data sample (in bracks) are given.



VI D ANGULAR POWER SPECTRA FOR THE DIFFERENT HYPOTHESES

Figure 52: The mean angular power spectrum for micro sources with = 2:5 and = 1 for
di erent source numbers compared to the expectation from the atmospheric neutrinos.
The black stars are the mean values for the atmospheric expéation < C|_gms > with
1 spread as error bars. The coloured stars are the mean multidge moments for the
micro source hypothesis. They have a statistical spread ofimilar size which is not
plotted here. In the legend the number of sources on the wholephere and the mean
number of neutrinos from these sources in the data sample (ibrackets) are given.



D.1 Isotropic Micro and Mini Sources Vil

Figure 53:

The mean angular power spectrum for mini sources with = 2:5 and = 2 for
di erent source numbers compared to the expectation from the atmospheric neutrinos.
The black stars are the mean values for the atmospheric expéation < C|_gms > with
1 spread as error bars. The coloured stars are the mean multidge moments for the
mini source hypothesis. They have a statistical spread of snilar size which is not
plotted here. In the legend the number of sources on the wholephere and the mean
number of neutrinos from these sources in the data sample (ibrackets) are given.



VIl D ANGULAR POWER SPECTRA FOR THE DIFFERENT HYPOTHESES

D.2 Micro and Mini Sources in the Galactic Plane

Figure 54: Angular power spectrum for mini sources ( =2, = 2)in the galactic plane compared
to the expectation from the atmospheric neutrinos. The blak stars are the mean
values for the atmospheric expectation< C|_yms > with 1 spread as error bars.
The coloured stars are the mean multipole moments for the sigal hypothesis. They
have a statistical spread of similar size which is not plottel here. In the legend
the fraction of neutrinos from sources in the galactic planeand the mean number of
neutrinos from these sources in the data sample (in bracke)sare given.



D.2 Micro and Mini Sources in the Galactic Plane IX

Figure 55:

Angular power spectrum for mini sources ( = 2:4, = 2) in the galactic plane

compared to the expectation from the atmospheric neutrinos The black stars are the
mean values for the atmospheric expectatior< C|_sms > with 1 spread as error
bars. The coloured stars are the mean multipole moments forhe signal hypothesis.
They have a statistical spread of similar size which is not pbtted here. In the legend
the fraction of neutrinos from sources in the galactic planeand the mean number of
neutrinos from these sources in the data sample (in brackejsare given.



X D ANGULAR POWER SPECTRA FOR THE DIFFERENT HYPOTHESES

Figure 56: Angular power spectrum for mini sources ( = 2:4, = 3) in the galactic plane
compared to the expectation from the atmospheric neutrinos The black stars are the
mean values for the atmospheric expectation< C|_;ms > with 1 spread as error
bars. The coloured stars are the mean multipole moments forhe signal hypothesis.
They have a statistical spread of similar size which is not pbtted here. In the legend
the fraction of neutrinos from sources in the galactic planeand the mean number of
neutrinos from these sources in the data sample (in brackejsare given.
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D.3 Micro and Mini Sources in the Super Galactic Plane

Figure 57:

Angular power spectrum for mini sources ( = 2, = 2) in the super galactic plane
compared to the expectation from the atmospheric neutrinos The black stars are the
mean values for the atmospheric expectationr< C|_ams > with 1 spread as error
bars. The coloured stars are the mean multipole moments forte signal hypothesis.
They have a statistical spread of similar size which is not pbtted here. In the legend
the fraction of neutrinos from sources in the galactic planeand the mean number of
neutrinos from these sources in the data sample (in brackejsare given.



X D ANGULAR POWER SPECTRA FOR THE DIFFERENT HYPOTHESES

Figure 58: Angular power spectrum for mini sources ( = 2, = 3) in the super galactic plane
compared to the expectation from the atmospheric neutrinos The black stars are the
mean values for the atmospheric expectation< C|_;ms > with 1 spread as error
bars. The coloured stars are the mean multipole moments forhe signal hypothesis.
They have a statistical spread of similar size which is not pbtted here. In the legend
the fraction of neutrinos from sources in the galactic planeand the mean number of
neutrinos from these sources in the data sample (in brackejsare given.



D.3 Micro and Mini Sources in the Super Galactic Plane X

Figure 59:

Angular power spectrum for mini sources ( = 2:4, =2) in the super galactic plane
compared to the expectation from the atmospheric neutrinos The black stars are the
mean values for the atmospheric expectatior< C|_sms > with 1 spread as error
bars. The coloured stars are the mean multipole moments forhe signal hypothesis.
They have a statistical spread of similar size which is not pbtted here. In the legend
the fraction of neutrinos from sources in the galactic planeand the mean number of
neutrinos from these sources in the data sample (in brackejsare given.



XV D ANGULAR POWER SPECTRA FOR THE DIFFERENT HYPOTHESES

Figure 60: Angular power spectrum for mini sources ( = 2:4, = 3) in the super galactic plane
compared to the expectation from the atmospheric neutrinos The black stars are the
mean values for the atmospheric expectation< C|_;ms > with 1 spread as error
bars. The coloured stars are the mean multipole moments forhe signal hypothesis.
They have a statistical spread of similar size which is not pbtted here. In the legend
the fraction of neutrinos from sources in the galactic planeand the mean number of
neutrinos from these sources in the data sample (in brackejsare given.



XV

E Probabilities for Signals to Appear as Background

E.1 Isotropic Micro and Mini Sources

Figure 61:  2-probability for an angular power spectrum of micro sources({ =2 and =1)to
appear as atmospheric background signal depending on the ed multipole moments.

Figure 62:  2-probability for an angular power spectrum of mini sources ( =2 and = 2) to
appear as atmospheric background signal depending on the ed multipole moments.
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Figure 63:

Figure 64:

E PROBABILITIES FOR SIGNALS TO APPEAR AS BACKGROUND

2-probability for an angular power spectrum of micro source§y =2:5and =1)to
appear as atmospheric background signal depending on the ed multipole moments.

2-probability for an angular power spectrum of mini sources ( =2:5and =2) to
appear as atmospheric background signal depending on the ed multipole moments.



E.2 Micro and Mini Sources in the Galactic Plane XVII

Figure 65:  2-probability for an angular power spectrum of mini sources ( =2:5and =3)to
appear as atmospheric background signal depending on the ed multipole moments.

E.2 Micro and Mini Sources in the Galactic Plane

Figure 66:  2-probability for an angular power spectrum of the galactic plane with mini sources
( =2and = 2)to appear as atmospheric background depending on the usk
multipole moments.



XVIII E PROBABILITIES FOR SIGNALS TO APPEAR AS BACKGROUND

Figure 67:  2-probability for an angular power spectrum of the galactic pane with mini sources
( =2:4and = 2)to appear as atmospheric background depending on the usk
multipole moments.

Figure 68:  2-probability for an angular power spectrum of the galactic pane with mini sources
( =2:4and = 3) to appear as atmospheric background depending on the usk
multipole moments.
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E.3 Micro and Mini Sources in the Super Galactic Plane

Figure 69:  2-probability for an angular power spectrum of the super galatic plane with mini
sources ( =2 and = 2) to appear as atmospheric background depending on the
used multipole moments.

Figure 70:  2-probability for an angular power spectrum of the super galatic plane with mini
sources ( =2 and = 3) to appear as atmospheric background depending on the
used multipole moments.
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Figure 71:

Figure 72:

E PROBABILITIES FOR SIGNALS TO APPEAR AS BACKGROUND

2-probability for an angular power spectrum of the super galatic plane with mini
sources ( =2:4 and = 2) to appear as atmospheric background depending on the
used multipole moments.

2-probability for an angular power spectrum of the super galatic plane with mini
sources ( =2:4 and = 3) to appear as atmospheric background depending on the
used multipole moments.
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F Con dence Belts for Di erent Hypotheses

F.1 Isotropic Micro and Mini Sources

Figure 73: Con dence belt for micro sources with =2, =1 and arangel =2;3;5. The
area with the red stars is the 90% con dence region, borderedby the black line. The
blue line is the measured data D?=dof = 0:19). The intersection with the black line
corresponds to the upper limit Nt = 300.

Figure 74: Con dence belt for micro sources with =2, =1 andarangel =1 40. The
area with the red stars is the 90% con dence region, borderedby the black line. The
blue line is the measured data D?=dof = 1:21). The intersection with the black line
corresponds to the upper limit N = 660.



XXII F CONFIDENCE BELTS FOR DIFFERENT HYPOTHESES

Figure 75: Con dence belt for mini sources with =2, =2 and a rangel = 2;3;5. The
area with the red stars is the 90% con dence region, borderedtby the black line. The
blue line is the measured data D?=dof = 0:19). The intersection with the black line
corresponds to the upper limit N'™Mt = 345,

Figure 76: Con dence belt for mini sources with =2, =2 and arangel =13 40. The
area with the red stars is the 90% con dence region, borderedtby the black line. The
blue line is the measured data D?=dof = 1:32). The intersection with the black line
corresponds to the upper limit Nt = 785,



F.1 Isotropic Micro and Mini Sources XXII

Figure 77: Con dence belt for mini sources with =2, =2 and arangel =1 40. The
area with the red stars is the 90% con dence region, borderedby the black line. The
blue line is the measured data D?=dof = 1:21). The intersection with the black line
corresponds to the upper limit N'™Mt =560,

Figure 78: Con dence belt for mini sources with =2, =3 and arangel =13 40. The
area with the red stars is the 90% con dence region, borderedby the black line. The
blue line is the measured data D?=dof1:32). The intersection with the black line
corresponds to the upper limit N'™Mt = 620.



XXIV F CONFIDENCE BELTS FOR DIFFERENT HYPOTHESES

Figure 79: Con dence belt for mini sources with =2, =3 and arangel =1 40. The
area with the red stars is the 90% con dence region, borderedtby the black line. The
blue line is the measured data D?=dof = 1:21). The intersection with the black line
corresponds to the upper limit N'"™M = 460.

Figure 80: Con dence belt for mini sources with =2:5, =2 and arangel =13 40. The
area with the red stars is the 90% con dence region, borderedtby the black line. The
blue line is the measured data D?=dof = 1:32). The intersection with the black line
corresponds to the upper limit N'™Mt = 825,



F.1 Isotropic Micro and Mini Sources XXV

Figure 81: Con dence belt for mini sources with =2:5, =2 andarangel =1 40. The
area with the red stars is the 90% con dence region, borderedby the black line. The
blue line is the measured data D?=dof = 1:21). The intersection with the black line
corresponds to the upper limit N'™Mt = 775,

Figure 82: Con dence belt for mini sources with =2:5, =3 and arangel =13 40. The
area with the red stars is the 90% con dence region, borderedby the black line. The
blue line is the measured data D?=dof = 1:32). The intersection with the black line
corresponds to the upper limit N'™mt =572,
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Figure 83:

F CONFIDENCE BELTS FOR DIFFERENT HYPOTHESES

Con dence belt for mini sources with =2:5, =3 and arangel =1 40. The
area with the red stars is the 90% con dence region, borderedtby the black line. The
blue line is the measured data D?=dof = 1:21). The intersection with the black line
corresponds to the upper limit N'™Mt = 625,

F.2 Micro and Mini Sources in the Galactic Plane

Figure 84:

Con dence belt for mini sources with =2, =2 in the galactic plane and a range
| =1 15. The area with the red stars is the 90% con dence region, balered by
the black line. The blue line is the measured data D?=dof = 0:78). The intersection
with the black line corresponds to the upper limit N'"mit =182,



F.2 Micro and Mini Sources in the Galactic Plane XXVII

Figure 85: Con dence belt for mini sources with =2, =3 in the galactic plane and a range
| =1 15. The area with the red stars is the 90% con dence region, balered by
the black line. The blue line is the measured data D ?=dof = 0:78). The intersection

with the black line corresponds to the upper limit N'"Mit = 190.

Figure 86: Con dence belt for mini sources with =2:4, =2 in the galactic plane and a range
| =1 15. The area with the red stars is the 90% con dence region, balered by
the black line. The blue line is the measured data D ?=dof = 0:78). The intersection
with the black line corresponds to the upper limit N'"Mit = 168.
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Figure 87:

F CONFIDENCE BELTS FOR DIFFERENT HYPOTHESES

Con dence belt for mini sources with =2:4, =3 in the galactic plane and a range
| =1 15. The area with the red stars is the 90% con dence region, balered by
the black line. The blue line is the measured data D?=dof = 0:78). The intersection
with the black line corresponds to the upper limit N'"™Mit =172,

F.3 Micro and Mini Sources in the Super Galactic Plane

Figure 88:

Con dence belt for mini sources with =2, =2 in the super galactic plane and a
rangel =1 15. The area with the red stars is the 90% con dence region, balered by
the black line. The blue line is the measured data D?=dof = 0:78). The intersection
with the black line corresponds to the upper limit N'"mit =197,



F.3 Micro and Mini Sources in the Super Galactic Plane XXIX

Figure 89: Con dence belt for mini sources with =2, =3 in the super galactic plane and a
rangel =1 15. The area with the red stars is the 90% con dence region, balered by
the black line. The blue line is the measured data D ?=dof = 0:78). The intersection
with the black line corresponds to the upper limit N'"Mit =195,

Figure 90: Con dence belt for mini sources with = 2:4, = 2 in the super galactic plane
and a rangel =1 15. The area with the red stars is the 90% con dence region,
bordered by the black line. The blue line is the measured datgD ?=dof = 0:78). The
intersection with the black line corresponds to the upper limit Nt =175,
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Figure 91:

F CONFIDENCE BELTS FOR DIFFERENT HYPOTHESES

Con dence belt for mini sources with = 2:4, = 3 in the super galactic plane
and arangel =1 15. The area with the red stars is the 90% con dence region,
bordered by the black line. The blue line is the measured datgD ?=dof = 0:78). The

intersection with the black line corresponds to the upper Ilimit Nt =178,

F.4 Neutrinos from Interactions in the Galactic Plane

Figure 92:

Con dence belt for neutrinos from cosmic ray interactions in the galactic plane and a
rangel =1 15. The area with the red stars is the 90% con dence region, baered by
the black line. The blue line is the measured data D?=dof = 0:78). The intersection
with the black line corresponds to the upper limit N'"Mit =145,



F.5 Neutrino Oscillation XXXI

F.5 Neutrino Oscillation

Figure 93: Con dence belt for neutrino oscillations. The moments C, and C3; are used. The
area with the red stars is the 90% con dence region, borderedby the black line. The
blue line is the measured data D?=dof = 0:78). The intersection with the black line
corresponds to the upper limit m2 . =4:8 10 3 eV2.

F.6 Mis-reconstructed Down-Going Muons

Figure 94: Con dence belt for at distributed mis-reconstructed down -going muons ( = 2; 3;5).
The area with the red stars is the 90% con dence region, bordeed by the black line.
The blue line is the measured data D?=dof = 0:19). The intersection with the black
line corresponds to the upper limit N'™t = 440.
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Figure 95: Con dence belt for mis-reconstructed down-going muons (g9) (range | = 2;3;5).
The area with the red stars is the 90% con dence region, borde=d by the black line.
The blue line is the measured data D2=dof = 0:19). The intersection with the black

line corresponds to the upper limit N'™' = 100.

Figure 96: Con dence belt for mis-reconstructed down-going muons (g9) (rangel = 6  12).
The area with the red stars is the 90% con dence region, borde=d by the black line.
The blue line is the measured data D2=dof = 1:43). The intersection with the black
line corresponds to the upper limit N'™Mt = 265,



F.6 Mis-reconstructed Down-Going Muons XXXIII

Figure 97: Con dence belt for mis-reconstructed down-going muons (g9) (range |l = 13  40).
The area with the red stars is the 90% con dence region, borde=d by the black line.
The blue line is the measured data D2=dof = 1:32). The intersection with the black

line corresponds to the upper limit N'™t =370,

Figure 98: Con dence belt for mis-reconstructed down-going muons (g9) (range |l =1  40).
The area with the red stars is the 90% con dence region, borde=d by the black line.
The blue line is the measured data D2=dof = 1:21). The intersection with the black
line corresponds to the upper limit N'™Mt = 185,
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Figure 99: Con dence belt for mis-reconstructed down-going muons (g@5) (rangel = 2;3;5).
The area with the red stars is the 90% con dence region, borde=d by the black line.
The blue line is the measured data D2=dof = 0:19). The intersection with the black

line corresponds to the upper limitN'™' = 167.

Figure 100: Con dence belt for mis-reconstructed down-going muons (g@5) (rangel =1  40).
The area with the red stars is the 90% con dence region, borded by the black line.
The blue line is the measured data D ?=dof = 1:21). The intersection with the black

line corresponds to the upper limit N'™t = 320.



F.6 Mis-reconstructed Down-Going Muons XXXV

Figure 101: Con dence belt for mis-reconstructed down-going muons (g40) (rangel = 2; 3;5).
The area with the red stars is the 90% con dence region, borded by the black line.
The blue line is the measured data D ?=dof = 0:19). The intersection with the black
line corresponds to the upper limit N'™t =290,

Figure 102: Con dence belt for mis-reconstructed down-going muons (g40) (rangel =1  40).
The area with the red stars is the 90% con dence region, borded by the black line.
The blue line is the measured data D ?=dof = 1:21). The intersection with the black
line corresponds to the upper limit N'™t =570,
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