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Introduction

Astronomy, with several thousand years of history, is one of the oldest of the natural

sciences. Most of our knowledge of the Universe comes from the observations of the pho-

tons through the entire electromagnetic spectrum. However, the ultra high energy domain

remains largely unexplored by conventional astronomical methods, because gamma-ray

astronomy observations are limited by the high energy photon interactions with the 2.7 K

cosmic microwave background radiation. As a result, the Universe is opaque to gamma-

rays from extragalactic sources; photons with energy higher than 106 GeV cannot even

survive the journey from the Galactic Center to the Earth.

On the contrary, the observation of high energy neutrinos may help to explain the

dynamics of the most energetic phenomena that occur in the Universe. Due to their nature

(weakly interacting and neutral charge), neutrinos can escape from hot dense sources

without being absorbed during their propagation to the Earth or deflected by extragalactic,

galactic and geo-magnetic fields. Therefore, neutrinos act as cosmic messengers which point

straight back to their source and may identify extragalactic and galactic sources of cosmic

rays. However, due to their small interaction cross sections, a large target mass is essential

to detect them. For this reason cosmic neutrino detectors employ enormous volumes of

natural material such as deep seawater or ice.

A neutrino telescope such as ANTARES can be considered as a fixed target experi-

ment: A cosmic muon neutrino produced in a cosmic source (Supernova Remnants, Active

Galactic Nuclei, Gamma-Ray Bursts, . . .) which arrives from the hemisphere opposite to

the detector location, crosses the Earth and interacts by a charged current process with a

nucleon of the medium surrounding the telescope and induces a muon. Above a few TeV,

the neutrino-induced upward going muon is (almost) collinear with the incident neutrino

and can travel up to 10 km before reaching the detector. The Cherenkov light emitted by

the muon with an angle θC � 42� in deep seawater or ice is detected by a three-dimensional

array of photomultiplier tubes (PMTs). The ANTARES detector, located in the Mediter-

ranean Sea approximately 40 km offshore Toulon (France), comprises 885 PMTs placed



on 12 flexible strings anchored to the seabed and kept vertical by buoys.

Neutrino telescopes are optimized to detect neutrino-induced muons, and most of the

studies conducted so far have focussed on muon reconstruction to discover the cosmic

sources which emit neutrinos. However, the detection of electron neutrinos as well as all-

flavor neutrinos produced by neutral current interactions is also possible. These events are

characterized by showers: Electromagnetic showers are generated from secondary electrons

in the charged current reactions of electron neutrinos, while hadronic showers are produced

in all-flavor neutral current reactions.

Through the detection of showers, a search for the integrated contribution from all

neutrino sources, which may produce a diffuse high energy neutrino flux, can be done.

The only way to detect this diffuse flux of high energy neutrinos is to look for an excess of

high energy events in the measured energy spectrum induced by atmospheric neutrinos.

Nevertheless, the most abundant signal seen by a neutrino telescope is due to high

energy downward going muons produced in the extensive air showers resulting from in-

teractions between cosmic rays and atmospheric nuclei. Although the shielding effect of

the sea reduces their flux, at the ANTARES site the atmospheric muon flux is about six

orders of magnitude larger than the atmospheric neutrino flux. Therefore, atmospheric

muons represent a dangerous background in the search for neutrino events.

This thesis presents a Monte Carlo event generator to simulate underwater/ice atmo-

spheric muons, known as the MUPAGE code. Based on parametric formulae which permit to

save computing time with respect to a full Monte Carlo generation, MUPAGE produces the

muon event kinematics on the surface of a virtual cylinder surrounding the active volume

of a generic underwater/ice neutrino telescope. The generated output file can subsequently

be used as input in the following steps of a detector-dependent Monte Carlo simulation,

which includes production of Cherenkov light in water/ice and simulation of the signal in

the detection devices.

Using MUPAGE, a Monte Carlo simulation of atmospheric muons corresponding to an

active detector time of 1 year is used to optimize selection criteria to distinguish cosmic

neutrino-induced showers from the background. This novel technique, presented for the

first time in this thesis, takes advantage of the different topology of shower events with

respect to muon tracks. The spatial extension of the Cherenkov light emitted by hadronic

and electromagnetic showers is significantly smaller than the typical size of the detector,

hence the showers can be considered as point-like light sources. On the other hand, a

particle track is considered as a straight line in space. Rejecting all the signal due to muon

tracks induced by atmospheric muons and by atmospheric muon neutrinos, this technique



permits to estimate the sensitivity of the ANTARES detector to the diffuse flux of high

energy (anti-)electron neutrinos.

This thesis is organized as follows. Chapter 1 discusses an overview of the knowledge

of cosmic rays as well as the mechanisms for their production in candidate sources. Chap-

ter 2 presents the ANTARES neutrino telescope. Chapter 3 starts with a brief description

of the interaction of cosmic rays with the atmospheric nuclei and the subsequent cre-

ation and propagation of secondary particles through the atmosphere. This is followed

by the parameterization of underwater/ice atmospheric muons, which considers also the

contribution of multiple muons in a bundle. The details of the MUPAGE code, the Monte

Carlo event generator of underwater/ice atmospheric muons derived from these formulae,

are described in Chapter 4. Chapter 5 discusses an overview of high energy neutrino inter-

actions and the propagation through the Earth, introducing the theoretical models which

describe the atmospheric neutrino as well as the cosmic neutrino flux. Chapter 6 presents

the diffuse neutrino flux analysis, describing the Monte Carlo data sample used to define

the selection criteria for the rejection of the background signal. To conclude, in Chapter 7

the sensitivity to the diffuse electron neutrino flux of the ANTARES detector is estimated

and an outlook for further developments is given.





Chapter 1

High Energy Astronomy

High energy astronomy derived from the fundamental necessity of extending conventional

astronomy beyond the optical and, more in general, electromagnetic messengers. Also

known as astroparticle physics, this relatively young field of astronomy opens a new window

on the Universe, focussing on high energy cosmic rays, gamma-rays, gravitational waves

and neutrinos.

Neutrinos are of particular interest because they only interact through the weak nuclear

force. Hence they can cross long distances and penetrate regions which are opaque to

photons. Furthermore, due to their neutral electric charge, they are not deflected by any

magnetic fields in the Universe, and therefore point straight back to their source. Thus

neutrinos act as cosmic messengers which can provide information on the dynamics of

the most energetic phenomena of the Universe and possibly the identification of cosmic

ray sources.

However, the small interaction cross section of neutrinos requires a large target mass to

detect them. This is the reason why cosmic neutrino detectors employ enormous volumes

of natural material such as deep seawater or ice. After a pioneering paper published by

Markov [1] half a century ago, the technology is finally in place for neutrino astronomy to

become a reality.

The main results concerning the composition and energy spectrum of cosmic rays

are presented in § 1.1. § 1.2 discusses the production of gamma-rays and neutrinos in

astrophysical objects. Acceleration models and candidate cosmic ray and neutrino sources

are described in § 1.3 and § 1.4, divided in two ranges of energy: up to and above 100 TeV

respectively.
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1.1 Composition and Energy Spectrum of Cosmic Rays

The Earth’s exposure to radiation from space was discovered in 1912 by Hess1. In the

following decades, cosmic rays were studied with balloon experiments and later with satel-

lites. However, with increasing energy, the cosmic radiation arrives too infrequent to be

detected directly by the small detectors carried in balloons or spacecraft. In 1938 Pierre

Auger constructed a ground-based experiment discovering extensive air showers, caused

by the interaction of high energy charged particles with the atmosphere. The energy con-

tained in these showers turned out to be several orders of magnitude higher than the

energy of the cosmic rays measured with balloons. Cosmic ray experiments have therefore

been built on larger and larger scales, in order to detect particles at the highest energies.

The cosmic radiation incident at the top of the terrestrial atmosphere is composed of all

stable charged particles and nuclei. Technically, primary cosmic rays refer to those particles

accelerated at astrophysical sources, and secondaries refer to those particles produced by

spallation of primaries with interstellar gas. Thus, electrons, protons and nuclei synthesized

in stars (such as He, C, O, Fe) are primaries. Nuclei such as Li, Be and B are secondaries.

Antiprotons and positrons are also in large part secondary. About 79% of the primaries

are free protons and about 70% of the rest are helium nuclei [2].

Apart from particles associated with solar flares, the cosmic radiation originates outside

the solar system. The incoming charged particles are ‘modulated’ by the solar wind which

decelerates and partially excludes the lower energy extrasolar cosmic rays from the inner

solar system. There is a significant anticorrelation between solar activity (which has an

alternating eleven-year cycle) and the intensity of the cosmic rays with energies below

about 10 GeV. In addition, the lower energy cosmic rays are affected by the geomagnetic

field, which they must penetrate to reach the top of the atmosphere. Thus the intensity of

any component of the cosmic radiation in the GeV range depends both on location and

time.

The cosmic ray spectrum extends over 13 orders of magnitude, from about 108 eV up

to roughly 1021 eV. With increasing energy, the flux decreases: at 1011 eV, one particle

m�2 s�1 bombards the atmosphere; the flux at 1015 eV is only one particle m�2 year�1.

At energies higher than 1020 eV, the flux is only one particle km�2 century�1.

The lowest energy cosmic rays are detected directly by experiments on board of satel-

lites or high altitude balloons before they are absorbed in the atmosphere. High energy

cosmic rays however are detected indirectly through the extensive air showers by an array

1Victor Franz Hess was awarded the Nobel Prize for his discovery of cosmic radiation in 1936.



1.1 Composition and Energy Spectrum of Cosmic Rays 11

Figure 1.1: The all-particle spectrum from air shower measurements. The shaded area shows
the range of the direct cosmic ray spectrum measurements. Figure taken from [2].

of particle detectors at ground level.

Figure 1.1 shows the measured all-particle spectrum for energies above 1013 eV. The

flux has been multiplied by E2.7 in order to display the features of the steep spectrum

that are otherwise difficult to discern.

Above 10 GeV, the flux of the all-particle spectrum is well described by a broken

power-law,
dN

dE
9 E�γ (1.1)

where N is the number of observed events, E the energy of the primary particle and γ is

the spectral index. The spectral index is about 2.7 up to 3� 1015 eV. Above this energy,

the spectral index steepens to about 3.1, introducing the feature known as the knee of the

spectrum. The feature around 1019 eV is called the ankle of the spectrum and above this

energy the spectral index is again about 2.7.

The change in the slope in the knee region can be explained phenomenologically by

assigning a cutoff energy to the cosmic ray components. This also explains why at around

4 � 1017 eV, the slope becomes even steeper at the so-called second knee. For relativistic

nuclei with electric charge Ze and energy E in a magnetic field B, the gyroradius is given
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by the Larmor radius RL � E{ZeB. The propagation of cosmic rays in the Galaxy is

described by the Leaky Box model [3]. In the galactic magnetic field, protons with energy

up to 1018 eV have a Larmor radius which is smaller than the size of the Galaxy and can

remain confined. Up to these energies, cosmic rays are therefore thought to have a galactic

origin, while at higher energies they can escape from the Galaxy. Heavier nuclei have larger

charges and must therefore be accelerated to larger energies to achieve the same Larmor

radius than protons. Consequently, the heavier element cutoff lies at higher energies and

the composition of cosmic rays for energies above the knee shows a domination of heavier

nuclei over the protons.

Concerning the ankle region, one possible explanation of the flattening of the spectrum

could be the result of higher energy population of particles overtaking a lower energy

population, e.g. an extragalactic flux which starts to dominate over the galactic flux [4].

Furthermore, dimensional analysis related to the Larmor radius and to the fact that, given

the microgauss magnetic field of our Galaxy, no structures are large or massive enough to

reach the energies of the highest energy cosmic rays, limits their sources to extragalactic

objects [5].

1.1.1 The GZK Cutoff

In the highest energy region, not only deflection by the intergalactic magnetic field, but

also the energy losses of cosmic rays in the intergalactic radiation fields, such as microwave,

infrared and radio backgrounds, become important. Soon after the discovery of the Cos-

mic Microwave Background radiation (CMB) [6], Greisen [7], Zatsepin and Kuz’min [8]

independently predicted that there would be a cutoff in the spectrum of protons around

6� 1019 eV due to photo-production of pions due to interactions with the photons of the

CMB. This phenomenon, known as the GZK cutoff, also limits the possible distance of

any source to several tens of Mpc, the so-called GZK zone.

If cosmic rays are of extragalactic origin, their expected arrival direction distribution

is isotropic for energies below the GZK cutoff. But when their energies exceed the GZK

cutoff energy, the cosmic rays are hardly defected by the intergalactic and/or galactic

magnetic field, and their arrival directions should point back to their sources in the sky, if

the sources are within the GZK zone. Thus a correlation of their arrival directions with the

galactic structure and/or the larger scale of galaxy clusters may be expected [9]. The Pierre

Auger Collaboration reported [10] a correlation of the arrival directions of cosmic rays with

energies exceeding 6� 1019 eV with the positions of nearby Active Galactic Nuclei (AGN)

at distances smaller than 75 Mpc. Although this result suggests an anisotropy in the arrival
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Figure 1.2: Expanded view of the high energy end of the cosmic ray spectrum. The most
recent measurements from AGASA [11], HiRes [12] and Auger [13] are shown. Figure taken
from [2].

directions of the cosmic rays, it does not unambiguously identify AGN as the sources of

cosmic rays. Furthermore, it is not confirmed by the other ground-based array experiments

such as HiRes.

Although several experiments have detected cosmic rays above 1020 eV, the spectral

shape above the ankle is not well determined. The AGASA experiment [11] claimed 11

events above 1020 eV, while the HiRes [12] and Auger [13] spectra show a significant

steepening of the cosmic ray spectrum above 4 � 1019 eV, which is consistent with the

prediction of the GZK cutoff.

Figure 1.2 gives an expanded view of the high energy end of the spectrum, showing the

results of the three of ground-based experiments. This figure shows the differential flux

multiplied by a power of the energy, a procedure that enables one to see structure in the

spectrum more clearly, but amplifies small systematic differences in energy assignments

into sizable normalization differences.

1.2 Production of Gamma-Rays and Neutrinos

In general, the acceleration of charged particles by astrophysical sources is described by

two models. The model which describes acceleration of electrons is the so-called lep-
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tonic model [14]. Acceleration of protons or other nuclei is described by the so-called

hadronic model [5]. An adequate description of the current experimental situation concern-

ing gamma-rays can be provided by both models [15]. Since neutrinos are only produced

in the hadronic model, only this model will be discussed.

In the hadronic model, high energy neutrinos and gamma-rays are produced in the

decay of pions which are created in collisions of energetic protons with dense matter or

photon fields.

Accelerated protons interact with photons in the surrounding of the cosmic ray emitters

predominantly via the ∆� resonance:

p� γ Ñ ∆� Ñ π0 �X (1.2a)

p� γ Ñ ∆� Ñ π� �X (1.2b)

Protons can also interact with ambient matter (other protons, neutrons and nuclei),

giving rise to the production of charged and neutral mesons:

p� p Ñ π0 �X (1.3a)

p� p Ñ π� �X (1.3b)

Neutral pions decay into photons (observed at Earth as γ-rays) with a probability of

almost 98.8%:

π0 Ñ γγ (1.4)

Charged pions decay into neutrinos with almost 100% probability:

π� Ñ νµ�µ�

ë νµ � νe � e� (1.5a)

π� Ñ νµ�µ�

ë νµ � νe � e� (1.5b)

Therefore, in the framework of the hadronic model and in the case of transparent

sources, the energy escaping from the sources is distributed between cosmic rays, γ-rays

and neutrinos. A source is referred to as transparent if its size is larger than the proton

mean free path, but smaller than the meson decay length. For these sources, protons have

large probability of interacting once, and most secondary mesons can decay.

Since the cosmic ray acceleration mechanism also produces neutrinos and high energy

photons, γ-ray sources are in general also candidates for neutrino sources. In the hadronic
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model, the spectral indices of the cosmic ray energy spectrum and the γ-ray and neutrino

spectra are related. It is expected [16] that for nearby sources, they are almost identical.

Hence, γ-ray measurements provide crucial information about primary cosmic rays, and

they constrain the expected neutrino flux.

1.3 Origin of the Bulk of Cosmic Rays

After one century of research, the question of the origin of cosmic rays continues to be

regarded as an unsolved problem. Although the general aspects of the origin of cosmic rays

are considered fairly well-understood, major gaps and uncertainties remain. In general, the

level of uncertainty increases with the cosmic ray energy.

One of the difficulties to distinguish among the various possible scenarios is due to

the fact that the cosmic ray nuclei do not travel in straight lines, but are diffused by the

tangled magnetic fields in the Galaxy. Since cosmic rays with energy below 1020 eV do not

point back to their sources it is impossible to identify the sources in this way. However,

for the majority of the cosmic rays (i.e. those with energy from 1 to 105 GeV per nucleon)

many aspects concerning the origin can be understood in terms of shock acceleration and

diffusive propagation in turbulent magnetic fields in the Galaxy.

The presence in the cosmic radiation of a much greater proportion of secondary nuclei

as spallation products of the abundant primary nuclei, implies that cosmic rays travel

distances thousands of times greater than the thickness of the galactic disk during their

lifetime. This suggests diffusion in a containment volume that includes some or all of the

galactic disk. The fact that the amount of matter traversed decreases as energy increases

suggests that the highest energy cosmic rays spend less time in the Galaxy than the lowest

energy ones. It also suggests that cosmic rays are accelerated before most propagation

occurs. If, on the contrary, acceleration and propagation occurred together, one would

expect a constant ratio of secondary/primary cosmic rays.

Nevertheless, acceleration and transport of cosmic rays are expected to be closely

related. In particular, in the shock acceleration model by supernova blast waves, diffusive

scattering of particles by irregularities in the magnetic field plays a crucial role in the

acceleration as well as the propagation process. Moreover, since acceleration occurs as

the supernova remnant expands into the interstellar medium, there is no sharp division

between acceleration and propagation.
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1.3.1 Shock Acceleration and Supernova Explosion

The basic idea of the statistic acceleration mechanism is to transfer macroscopic kinetic

energy of moving magnetized plasma to individual charged particles in the medium due

to repeated collisionless scattering (encounters). Although in each individual encounter

the particle may either gain or lose energy, there is an average net gain of energy after

multiple encounters. Thereby the energy particle is increased significantly and the non-

thermal energy distribution characteristic of particle acceleration is achieved.

In the original paper proposed by Fermi in 1949 [17], charged particles collide with

moving clouds of plasma and begin to diffuse by scattering on the irregularities in the

magnetic field. However, this mechanism, nowadays referred to as the second-order Fermi

mechanism, is not a very efficient acceleration process because the average fractional energy

gain is proportional to pu{cq2, where u is the relative velocity of the cloud with respect to

the frame in which the cosmic ray ensemble is isotropic, and c is the light speed.

A more efficient version of the Fermi mechanism is realized when encounters of parti-

cles with plane shock fronts are considered. In this case, the average fractional energy gain

of a particle per encounter is of the first order in the relative velocity between the shock

front and the isotropic cosmic ray front. Currently, the ‘standard’ theory of cosmic ray ac-

celeration – the so-called Diffusive Shock Acceleration Mechanism (DSAM) – is therefore

based on the first-order Fermi acceleration mechanism. An important feature of DSAM is

that particles emerge out of the acceleration site with a characteristic power-law spectrum

with a spectral index that depends only on the shock compression ratio, and not on the

shock velocity.

The ejected material from a supernova explosion moves out through the interstellar

medium in the form of shock waves at which acceleration can occur. The acceleration hy-

pothesis is motivated by the fact that the power release in supernovae is about 2 � 1035 W.

The total power required to supply all the galactic cosmic rays is about 5 � 1033 W. Even

if there are large uncertainties in these numbers, it appears plausible that an efficiency of

few per cent would be enough for supernova blast waves to energize all the galactic cosmic

rays.

The finite lifetime of the supernova blast wave as a strong shock, however, limits the

maximum energy per particle than can be achieved with this mechanism. For a supernova

with a typical size of 5 pc, the maximum energy is about 104 GeV per nucleus. Thus,

since the maximum achieved energy is proportional to the charge per nucleus, according

to this acceleration mechanism the cosmic ray composition becomes progressively enriched
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in heavier nuclei as energy increases beyond the knee region.

The case for supernova explosions as the powerhouse for cosmic rays becomes stronger

with the realization that the first-order Fermi acceleration naturally produces a spectrum

of cosmic rays close to what is observed. Nevertheless the measured spectral index (γ � 2.7)

is steeper than the source spectrum (γ � 2), because of the energy dependence of cosmic

ray diffusion out of the Galaxy, according to their gyromagnetic radii.

The steepening of the spectrum in the knee region is explained by the end-point of

this kind of acceleration mechanism. To conclude, this model explains a large part of the

spectrum observed from the Earth.

1.3.2 Candidate Galactic Neutrino Sources

The operation of second-generation Imaging Air Cherenkov Technique (IACT) Telescopes,

such as H.E.S.S. [18], VERITAS [19] and MAGIC [20], disclosed the very high energy

gamma-ray sky, revealing a large number of TeV γ-ray sources. Galactic TeV sources

are mainly associated with SuperNova Remnants (SNRs) and X-Ray Binaries, as well

as and with their jetty subclasses: Pulsar Wind Nebulae (PWN) and microquasars [21].

In particular, SNRs and microquasars show peculiar TeV γ-ray emissions that suggest

interactions of accelerated protons on dense media or local radiation fields, that could also

produce TeV neutrino fluxes [22].

A phenomenological approach [23] determines the cosmic ray flux accelerated by SNRs,

required to produce the observed TeV γ-ray flux in the hadronic scenario. In this approach,

interactions between cosmic ray protons and ambient hydrogen clouds result in the pro-

duction of mesons which subsequently decay producing photons and neutrinos. Since both

γ-ray and neutrino fluxes depend linearly on the flux of primary cosmic rays, there is also

a linear relation between the γ-ray and the neutrino flux (with a factor of about 2 for

neutrinos, as the photo-production of pions gives the same amounts of π�, π� and π0).

If the energy content of the galactic microquasar jets is dominated by electron-proton

plasma, there is the possibility [24] that protons, accelerated at energies larger than

100 TeV by internal shocks within the microquasar jets themselves, could produce TeV

neutrino fluxes through photo-meson interactions with ambient X-ray radiation. Depend-

ing on source parameters, the expected neutrino flux range [25] is Φν � 10�12 � 10�10

TeV�1 cm�2 s�1 sr�1.
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1.4 Origin of Ultra High Energy Cosmic Rays

The simplest set of assumptions for particle acceleration in the form of DSAM (§ 1.3.1) does

not disclose the origin of cosmic rays with energies greater than roughly 1017 eV. For these

Ultra High Energy Cosmic Rays (UHECRs), one has to invoke shocks on larger scales,

namely extragalactic shocks. This acceleration scenario is referred to as the bottom-up

scenario. In order to trivially solve the problem of maximum energy achievable, a non-

acceleration mechanism is also possible, referred to as the top-down decay scenario.

In the bottom-up scenario, charged particles are accelerated from lower energies to the

required energies in certain special astrophysical environments. Examples are acceleration

in shocks associated with SNRs, AGN, powerful radio-galaxies, and so on, or acceleration

in the strong electric fields generated by rotating neutron stars with high surface magnetic

fields. On the other hand, in the top-down scenario energetic particles simply arise from

the decay of certain sufficiently massive particles originating from physical processes in

the early Universe, and no acceleration mechanism is invoked at all.

1.4.1 Acceleration Scenarios and Source Candidates

In one possible bottom-up scenario, the supernova blast wave mechanism itself may ac-

tually give energies higher than 1017 eV. Particles could be accelerated by interactions

with multiple SNRs as they move through the interstellar medium. Moreover, supernovae

probably do not occur in the average interstellar medium. A notable example is Supernova

1987A, which exploded into an environment formed by the wind of its progenitor. This

could raise the maximum energy limit by one or two orders of magnitude [26].

Irrespective of the acceleration mechanism taken into account, a simple dimensional

argument was given by Hillas [27], which allows one to restrict attention to only a few

classes of astrophysical objects as possible sources capable of accelerating particles to a

given energy. In any acceleration scenario, there must be a magnetic field B to keep the

particles confined within the acceleration site. Thus, the size R of the acceleration region

must be larger than the diameter of the orbit of the particle. This argument shows that to

achieve a given maximum energy, the acceleration site must have either a large magnetic

field or a large size (Figure 1.3). Thus, only a few astrophysical sources such as AGN,

radio-galaxies and pulsars satisfy the conditions necessary for acceleration up to 1020 eV.

Estimates of the typical values of R and B for the central regions of AGN give

R � 0.02 pc and B � 5 G. These values yield a cutoff energy of approximately 1019 eV for

protons. However, the energy of accelerated protons is severely degraded due to the photo-
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Figure 1.3: Hillas Diagram: Theoretical upper limits of the energy of the particle are deter-
mined by the size and strength of celestial objects.

pion production in interactions with the intense radiation field in and around the central

engine of the AGN. In addition, there are energy losses due to synchrotron and Compton

processes. So neither protons nor heavy nuclei are likely to escape from the central regions

of AGN with such extremely high energies. Nevertheless, the associated ultrahigh energy

neutrinos from the pion decay can escape from AGN cores. The integrated contribution

from all AGN may then produce a diffuse high energy neutrino flux that may be detectable

with a neutrino telescope [28].

The only way to detect this diffuse flux of high energy neutrinos is to look for an

excess of high energy events in the measured energy spectrum induced by atmospheric

neutrinos. It has been pointed out by Waxman and Bahcall [29] that a comparison from

the observations of the diffuse flux of γ-rays and UHECRs leads to an upper bound on

the diffuse neutrino flux of

E2
ν Φν   4.5� 10�8 GeV cm�2 s�1 sr�1 (1.6)

More details about the Waxman-Bahcall upper limit are given in § 5.2.

Other promising acceleration sites for UHECRs [30] are the so-called hot-spots of
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Fanaroff-Riley type II radio-galaxies [31]. The hot-spot is interpreted as a gigantic shock

wave injected by jets emanating from a central active galactic nucleus at relativistic speeds.

The energy loss due to photo-pion production at the source is not significant at hot-

spots because the density of the ambient soft photons is thought to be relatively small.

Depending on the magnetic field strength, a maximum energy of up to 1021 eV seems

to be possible. However, it seems difficult to invoke the radio-galaxies as sources of the

observed Extremely High Energy Cosmic Rays (EHECRs) above 1020 eV, due to their

large cosmological distances (¡ 100 Mpc) from Earth and the GZK effect.

Acceleration to extremely high energy near the event horizons of spinning supermassive

black holes associated with presently inactive quasar remnants has been suggested by Boldt

and Ghosh [32]. The required effective electromotive force would be generated by black-

hole-induced rotation of externally supplied magnetic field lines threading the horizon.

Another type of sources are gamma-ray bursts (GRBs) which are very short, typi-

cally tens of seconds long, intense flashes of MeV gamma-rays. Various models have been

proposed in order to describe what causes these apparent explosions and which processes

take place during the explosion that leads to the observations. A comprehensive review

is reported in [33]. On the basis of energetics and dynamical considerations, GRBs were

suggested to be UHECR sources [34] via a Fermi mechanism occurring in internal shocks.

GRBs are expected to emit neutrinos during several stages of their evolution [35].

Since GRB neutrino events are correlated both in time and in direction with γ-rays, their

detection is practically background free. A neutrino telescope, triggered by satellite alerts,

could therefore detect them.

Other candidates, motivated by radio observations, are starburst galaxies, common

throughout the Universe, where an exceptionally high rate of star formation has been ob-

served. The high rate of supernova explosions expected in these regions could enrich the

ambient gas with highly relativistic electrons and protons that interact with the interstellar

medium. Such hidden accelerators of cosmic rays could represent pure high energy neu-

trino injectors. A cumulative flux of E2
ν Φν   2� 10�8�0.5 GeV cm�2 s�1 sr�1 has been

calculated [36], in agreement with the Waxman-Bahcall upper limit (Eq. 1.6).

1.4.2 Decay Scenario

As previously mentioned, the shock acceleration mechanism is a self-limiting process: For

any given set of values of the acceleration region size R and the magnetic field strength B,

simple criterion of Larmor containment of a particle of charge Ze within the acceleration

region implies that there is a maximum energy E � ZeBR up to which the particle can
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be accelerated before escaping from the acceleration region.

Because of this difficulty, there is the possibility that the extremely high energy events

may represent a fundamentally different component of cosmic rays in the sense that

these particles may not be produced by any acceleration mechanism at all. These par-

ticles may simply be the result of the decay of some supermassive X particles with mass

mX " 1020 eV originating from extremely high energy processes in the early Universe. The

sources of the massive X particles could be topological defects such as cosmic strings or

magnetic monopoles that could be formed in the symmetry-breaking phase transitions as-

sociated with Grand Unified Theories at the end of inflation. Alternatively, the X particles

could be certain supermassive metastable relic particles of lifetime comparable to or larger

than the age of the Universe, which could be produced in the early Universe through, for

instance, particle production processes associated with inflation. A comprehensive review

of the top-down scenario can be found, e.g., in [37]. It has to be remarked that mount-

ing observations pointing out protons as the dominant particles for the EHECRs do not

necessarily rule out superheavy particles as the sources of the highest energy cosmic rays.

Extremely high energy neutrinos are also predicted in a wide variety of top-down

scenarios invoked to produce EHECRs. There are several ways neutrinos can be produced

in the fragmentation of ultra high energy jets. The X particles can decay into quarks,

gluons and leptons [38], which ultimate materialize into, among other particles, nucleons,

γ-rays and neutrinos with energies up to mX . Consequently, besides the photo-production

of pions and subsequent muon decay, neutrinos can be produced by heavy quark decays.

Bottom and charm quarks decay semileptonically about 10% of the time. Furthermore,

top quarks produced in the jets decay nearly 100% of the time to bW�. The W -bosons

then decay semileptonically approximately 10% of the time to each neutrino species. In

this scenario, the neutrino flux greatly exceeds the proton flux at energies larger than

1020 eV.

In the Z-burst scenario [39], ultrahigh energy neutrinos could be the sources of the

GZK air showers. In this scenario, cosmic neutrinos will annihilate on the non-relativistic

relic antineutrinos (and viceversa) at the Z resonance. The Z-boson decays hadronically

about 70% of the time, creating a so-called Z-burst which contains photons and nucleons

with energy near or above the GZK cutoff energy of roughly 5 � 1019 eV. If the Z-burst

points in the direction of the Earth and it occurs within the GZK distance of Earth

(  100 Mpc), the photons and the nucleons produced by the Z-boson decay may easily

initiate a super-GZK air shower at Earth.

Diffuse high energy neutrino flux measurements and the search for super-PeV neutrinos
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can be used to constrain the top-down scenario.

1.4.3 Cosmogenic Neutrinos

In addition to neutrinos generated by high energy cosmic accelerators, there are high

energy neutrinos induced by the propagation of cosmic rays in the local Universe after

their interaction with the CMB [40]. The subsequent pion decay will produce a flux of

so-called GZK or cosmogenic neutrinos. Since neutrinos carry approximately 5% of the

proton energy, this flux is similar to the Waxman-Bahcall bound above 5 � 1018 eV [41].

In general, about 1% of cosmogenic neutrinos from the UHECR flux is expected.

The detection of these neutrinos will test the hypothesis that the UHECRs are pro-

tons (or possibly somewhat heavier nuclei) of extragalactic origin. On the other hand, an

absence of the GKZ cutoff would reflect into an absence of cosmogenic neutrinos.



Chapter 2

The ANTARES neutrino telescope

A high energy neutrino detector behaves like a telescope when the neutrino direction is

reconstructed with an angular precision of 1 degree or better. This is the case for high

energy charged current muon neutrino interactions. The accurate measurement of the

(anti)muon neutrino direction permits the association with (known) sources. It also allows

the neutrino telescopes to face some of the most fundamental questions in high energy

physics beyond the Standard Model: the nature of Dark Matter through the indirect search

for weakly interacting massive particles (WIMPs); the study of sub-dominant effects of

neutrino oscillations and the violation of Lorentz invariance; the study of relic particles

such as magnetic monopoles or nuclearites in cosmic radiation; the coincident emission of

neutrinos and gravitational waves.

A neutrino telescope is basically a three-dimensional set of arrays of photomultipliers

designed to collect the Cherenkov light (§ 2.1) emitted by neutrino interaction products.

The information provided by the number of photons detected and their arrival times is

used to infer the neutrino track direction and energy.

The ANTARES (Astronomy with a Neutrino Telescope and Abyss environmental Re-

search) is currently the most sensitive high energy neutrino observatory studying the

Southern Hemisphere including the particularly interesting region of the Galactic Center.

The ANTARES field of view has a sky coverage of 3.5π sr. ANTARES is also a unique

deep-sea marine observatory providing continuous high-bandwidth monitoring of a variety

of sensors dedicated to acoustic, oceanographic and Earth science studies.

The ANTARES Collaboration currently comprises 29 particle physics, astrophysics

and sea science institutes from seven countries (France, Germany, Italy, the Netherlands,

Romania, Russia and Spain).
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Figure 2.1: Schematic view of the production of Cherenkov radiation by a relativistic charged
particle.

2.1 Cherenkov Radiation

Cherenkov radiation [42] is created when a charged particle passes through a medium with

a speed larger than the speed of light in the medium. In this situation, the charged particle

infers a polarization of the molecules along its trajectory. When the dipoles induced by

the polarization restore themselves to equilibrium, a coherent radiation is emitted in a

cone (Figure 2.1).

The angle of the Cherenkov cone depends on the refraction index n of the medium and

the speed v � βc of the particle, and can be geometrically calculated. During a time t, the

particle will travel a distance dv � βct, while the light will travel a distance dc � pc{nqt.
The ratio between dc and dv determines the Cherenkov angle θC :

cos θC � 1
βn

(2.1)

As high energy neutrinos are relativistic particles (β � 1) and the refraction index of sea

water is n � 1.364, the Cherenkov angle in sea water is θC � 43�.

The number of Cherenkov photons N emitted by a particle with unit charge per unit

distance x and unit wavelength λ is [43]

d2N

dxdλ
� 2πα

λ2

�
1� 1

β2n2



(2.2)

where α is the fine-structure constant. Hence a relativistic muon in water emits about

3.5� 104 Cherenkov photons per meter in the 300 – 600 nm wavelength range.
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Mediterranean Sea water
λ � 473 nm λ � 375 nm

absorption length 60� 10 m 26� 3 m
effective scattering length 270� 30 m 120� 10 m

Table 2.1: Light propagation parameters for Mediterranean Sea water.

The group velocity of Cherenkov light in a medium vg depends not only on the photon

wavelength and the refractive index of the medium, but also on the wavelength dependence

of the refractive index:

vg � c

n

�
1� λ

n

dn

dλ



� c

ng
(2.3)

where ng is the group refractive index of the medium and c is the speed of light. In sea

water in particular, for photons with a wavelength of 460 nm, the group refractive index

is approximately 1.38.

Propagation of light through a medium is governed by absorption and scattering. The

first effect reduces the intensity of the Cherenkov light emitted by the charged particle;

the second effect influences the direction of the Cherenkov photons. Both phenomena

depend on the photon frequency. Photon absorption is characterized by the absorption

length λabs of the medium, defined as the average distance at which a fraction of e�1

of the photons is unabsorbed. Photon scattering in a medium is characterized by the

scattering length λscat of the medium defined similarly as λabs, and by the mean scat-

tering angle xθscaty. These quantities can be combined into an effective scattering length

λeff
scat � λscat{p1� xcos θscatyq, where xcos θscaty is the mean cosine of the scattering angle.

The light propagation parameters for Mediterranean Sea water for photons with different

wavelengths are summarized in Table 2.1.

2.2 Detector Layout

The ANTARES detector [44] is located at a depth of 2.475 km in the Mediterranean Sea,

south-east off the coast from Toulon, France (Figure 2.2). An electro-optical cable of about

40 km length serves as the power and data transmission line between the detector and the

ANTARES control room in La Seyne-sur-Mer.

ANTARES is equipped with 885 photomultipliers (PMTs), arranged in triplets on

12 flexible vertical strings.

The basic element is the Optical Module (OM) [46], as shown in Figure 2.3. Each OM

consists of a pressure-resistant glass sphere with a diameter of 43 cm and 15 mm thickness,
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Figure 2.2: The ANTARES detector is located at a depth of 2475 m in the Mediterranean
Sea, about 40 km offshore from Toulon, France (42�48’N, 6�10’E). Satellite picture taken from
Google Maps [45].

that contains a Hamamatsu R7081-20 PMT. The Hamamatsu R7081-20 is a hemispherical

PMT with a diameter of 25 cm and an effective sensitive area of about 440 cm2. It contains

14 amplification stages and has a nominal gain of 5� 107 at a high voltage of 1760 V.

The PMT is sensitive to single photons in the 300 – 600 nm wavelength range; the peak

quantum efficiency is about 25% between 350 and 450 nm. The charge resolution and the

Transit Time Spread (TTS) of the PMT with respect to a single photon are approximately

40% and about 1.3 ns respectively. The dark count rate at the 0.25 photoelectron level is

about 2 kHz. The PMT is surrounded by a µ-metal cage to minimize the influence of the

magnetic field of the Earth on its response. The high voltage is provided by the electronics

board mounted on the PMT socket, which also contains a LED calibration system. A

transparent silicon rubber gel provides the optical and mechanical contact between the

PMT and the glass. The glass hemisphere behind the PMT is painted black and contains

a penetrator which provides the power and data transmission connection to the outside.

The OMs are grouped in triplets to form a storey or floor, as shown in Figure 2.4. They

are mounted at equidistant angles around a titanium Optical Module Frame (OMF), and

point downwards at 45� with respect to the vertical. The OMs are connected to the Local

Control Module (LCM). The titanium cylinder at the center of the OMF houses the data

transmission electronics of the OMs, as well as various instruments for calibration and

monitoring. A storey may also contain extra instruments that are mounted on the OMF,
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Figure 2.3: Schematic view (left) and picture (right) of an ANTARES optical module.

Figure 2.4: Schematic view (left) and picture (right) of an ANTARES storey.

such as a LED beacon or an acoustic hydrophone.

Storeys are serially connected with Electro-Mechanical Cables (EMCs), which contain

electrical wires for power distribution and optical fibres for data transmission. The distance

between adjacent storeys is 14.5 m. Five storeys linked together constitute a sector, an

individual unit in terms of power supply and data transmission. In each sector, one of the

five LCMs is a Master LCM (MLCM). The data distribution between all LCMs in the
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Figure 2.5: Schematic view of the ANTARES layout.

sector and the String Control Module is handled by the MLCM.

Five sectors linked together form an individual detector line. Each line is anchored to

the seabed by a Bottom String Socket (BSS) and kept vertical by a buoy at the top of

the line and by the buoyancy of the individual OMs. A string is 480 m long, since roughly

100 m from the seabed are left empty to allow for the development of the Cherenkov

cone for upward going particles. The BSS contains a String Control Module (SCM), a

String Power Module (SPM), calibration instruments and an acoustic release system. The

acoustic release allows for the recovery of the complete detector line including BSS except

for a dead-weight. The SPM houses the individual power supplies for all five sectors in

the line. The SCM contains data transmission electronics to distribute data between each

sector and the onshore control room.

The complete detector consists of 12 detector lines in a octagonal configuration, plus a

dedicated instrumentation line (IL), as shown in Figures 2.5 and 2.6. The IL and the top

sector of Line 12 do not contain OMs. Instead, they are equipped with various instruments

for acoustic neutrino detection and for monitoring of environmental parameters. The av-



2.3 Detector Status 29

Figure 2.6: Schematic view of
the ANTARES detector, as seen
from above.

Figure 2.7: Fingerprints of ANTARES.

erage horizontal distance between lines is approximately 60 m. The BSS of each line is

connected to the Junction Box (JB), which is the distribution point of power and data

between the detector lines and the �40 km long Main Electro-Optical Cable (MEOC) to

the onshore control room in La Seyne-sur-Mer.

Figure 2.7 shows x and y coordinates of track fits at the time of the first triggered

hit (§ 2.4.3). The track fits are dominated by downward going atmospheric muons or

muon bundles. The structure of the detector becomes visible because the efficiency of the

trigger algorithm is higher for tracks that pass closer to a detector line. For comparison,

the x and y coordinates of the ANTARES lines are shown in Figure 2.6.

2.3 Detector Status

The ANTARES detector has been fully operational since May 28th 2008. Prior to its

completion, ANTARES has taken data in intermediate configurations. An overview is

given in Table 2.2. Data taking started in 2006 with the connection of Line 1 on March 2nd

and Line 2 on September 21st. On January 29th 2007, after the connection of Lines 3 – 5,

ANTARES surpassed the Baikal telescope as the largest neutrino telescope on the Northern

Hemisphere. The detector doubled in size on December 7th 2007 with the connection of

Lines 6 – 10 and the IL. Finally, ANTARES was completed on May 28th 2008 with the

connection of Lines 11 and 12. Detector lines which showed significant problems during

operation have been recovered, repaired, redeployed and reconnected as shown in the table.

The detector was not operational between June 25th and September 5th 2008 due to a fault

in the Main Electro-Optical Cable (MEOC).
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Detector line Connection date Not operational

Line 1 March 2nd 2006
Line 2 September 21st 2006
Line 3 January 29th 2007
Line 4 January 29th 2007 March 3rd 2008 – May 28th 2008
Line 5 January 29th 2007
Line 6 December 7th 2007 October 27th 2009 – present
Line 7 December 7th 2007
Line 8 December 7th 2007
Line 9 December 7th 2007 July 2nd 2009 – present
Line 10 December 7th 2007 January 7th 2009 – November 6th 2009
Line 11 May 28th 2008
Line 12 May 28th 2008 March 12th 2009 – November 14th 2009

IL December 7th 2007

Table 2.2: Operational timeline of the ANTARES detector. The entire detector was not
operational between June 25th and September 5th 2008 due to a fault in the MEOC.

2.4 Detector Acquisition

The transport of data and control signals between the PMTs and the onshore control room

and vice versa is handled by the Data AcQuisition (DAQ) system [47]. The DAQ system

involves several steps, such as the signal digitization, the data transmission and the data

filtering and storage.

2.4.1 Signal Digitization

A photon that hits the photo-cathode of a PMT can induce an electrical signal on the

anode of the PMT. The probability for this to happen is characterized by the quantum

efficiency of the PMT. If the amplitude of the signal exceeds a certain voltage threshold,

the signal is read out and digitized by a custom designed front-end chip, the Analogue

Ring Sampler (ARS), located in the LCM. The voltage threshold is set to a fraction of

the single photoelectron average amplitude to suppress the PMT dark current, typically

0.3 photoelectrons. The time the signal crosses the threshold is timestamped by the ARS

with respect to a reference time, provided by a local clock. All clocks in the detector are

synchronized with a 20 MHz onshore master clock. A Time-to-Voltage Converter (TVC)

is used to measure the time of the signal within the 50 ns interval between two subsequent

clock pulses. The TVC provides a voltage which is digitized with an 8-bit Analogue-to-

Digital Converter (ADC) to achieve a timestamp accuracy of about 0.2 ns. Each ARS

contains two TVCs which operate in flip-flop mode to eliminate electronic dead-time. Ad-
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ditionally, the charge of the analogue signal is integrated and digitized by the ARS over

a certain time period by using an Analogue-to-Voltage Converter (AVC). The integration

gate is typically set to 35 ns to integrate most of the PMT signal and to limit the con-

tribution from electronic noise. The combined time and charge information of a digitized

PMT signal is called a hit, and amount to 6 bits. Each PMT is read out by two alter-

nately operating ARS chips to minimize electronic dead-time. All 6 ARS chips in an LCM

are read out by a Field Programmable Gate Array (FPGA). The FPGA arranges the hits

produced in a certain time window into so-called dataframes, and buffers these dataframes

in a 64 MB Synchronous Dynamic Random Access Memory (SDRAM). The length of the

time window is set to a value much larger than the time it takes for a muon to traverse

the complete detector, typically 13.1072 ms (219 � 25 ns) or 104.8576 ms (222 � 25 ns).

2.4.2 Data Transmission

Each LCM contains a Central Processing Unit (CPU) which is connected to the onshore

computer system. Each CPU runs two programs that manage the data transfer to shore.

The DaqHarness program handles the transfer of dataframes from the SDRAM to the

onshore control room. The ScHarness program handles the transfer of calibration and

monitoring data, referred to as slow control data. Communication between all offshore

CPUs and the onshore control room is done via optical fibers using the Transmission

Control Protocol and Internet Protocol (TCP/IP). Each LCM CPU in a sector is con-

nected via a bi-directional Fast Ethernet link (100 Mb/s) and an electro-optical converter

to the MLCM. In the MLCM, these links are electro-optically converted and passed to

an electronic data router (switch). The switch merges the 5 bi-directional Fast Ether-

net links (4 LCM and 1 MLCM CPU) into two uni-directional Gigabit Ethernet links

(1 Gb/s), one for incoming control signals and one for outgoing data. The gigabit sig-

nals are electro-optically converted using an optical wavelength which is unique for each

MLCM in a detector line. The incoming and outgoing optical links of the 5 MLCMs in

a detector line are routed to the String Control Module, where they are (de)multiplexed

into a single optical fiber using Dense Wavelength-Division Multiplexing (DWDM). The

optical fiber from each String Control Module runs through the Junction Box and the

Main Electro-Optical Cable to the onshore control room, where they are (de)multiplexed

into separate MLCM channels using the same wavelengths as in a detector line. The uni-

directional optical MLCM channels from all demultiplexers are linked to an onshore switch

via electro-optical converters. Finally, the switch is connected to a computer farm which

accommodates the detector control and the data processing systems.
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2.4.3 Data filtering and storage

The DAQ system is designed according to the so-called All-Data-To-Shore concept. This

concept entails that no offshore signal selection is done except for the ARS threshold

criterion, and all detected hits are transferred to shore. However, since the vast majority

of detected signals is due to the optical background in the detector (§ 2.6), the data are

filtered in the onshore computing farm to reduce the data storage demands. This is done

by sending all dataframes that belong to the same time window to a common processor

in the onshore computer farm. The complete set of dataframes from all ARS chips in the

detector that correspond to the same time window is referred to as a timeslice, which

consequently contains all hits that were detected in the same time window. Each timeslice

is handled by a different processor, each of which accommodates a dfilter program. The

dfilter program collects all dataframes corresponding to the same timeslice, and applies

a trigger algorithm to search for signals that can be attributed to a charged particle which

traversed the detector. Hence data filtering is done using software rather than hardware,

which has advantages in terms of flexibility and detection sensitivity. Different trigger

algorithms can be applied in parallel to search for specific signatures. The output from

every datafilter is passed to the dwriter program that formats the data using the ROOT

software package [48] and stores them in a database for offline analysis. Similarly, the slow

control data are collected and processed by the scDataPolling program, and written to

the database by the dbwriter program.

2.5 Detector Calibration

The precision with which the direction and energy of charged particles which traverse the

detector can be determined, depends on the accuracy with which the photon arrival times

at the PMTs and the location of those PMTs are measured. ANTARES is designed to

achieve an angular resolution smaller than 0.3� for muons above 10 TeV [49]. To realize

this resolution, the ANTARES detector comprises several independent calibration systems

that are able to measure and monitor the absolute and relative timing of PMT signals and

the location of all PMTs.

2.5.1 Time Calibration

The relative timing of the photon arrival times on the PMTs are needed to reconstruct the

neutrino direction. Hence the offset of each local clock, caused by the optical path length

to shore, has to be known. The offsets are obtained by an internal clock calibration system.
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A calibration signal sent by the onshore master clock is echoed back along the same optical

path by each LCM, to measure the relative offset of each LCM with an accuracy of 0.1 ns.

A second calibration system based on a blue (470 nm) LED inside each OM is used to

calibrate the time offset between the PMT photo-cathode up to the read-out electronics.

The internal LED system is used in dedicated data-taking runs to monitor the relative

variation of the PMT transit time. Finally, a calibration system based on optical beacons

in the detector is used to calibrate the relative time offsets between PMTs. The system

comprises four blue (472 nm) LED beacons located on storeys 2, 9, 15 and 21 of each

detector line, and two green (592 nm) LASER beacons on the BSS of Lines 7 and 8. A

small PMT in each LED beacon and a photo-diode in each LASER beacon measure the

time of emission. Dedicated data-taking runs in which one or several beacons are flashed

are performed regularly (typically once per week), to monitor the relative time offsets

between the PMTs and the influence of water on the light propagation.

Measurements obtained by the internal LED and optical beacon systems have shown

that the contribution of the detector electronics to the photon arrival time resolution

is less than 0.5 ns [49]. Therefore the time resolution is dominated by the TTS of the

PMTs (σTTS � 1.3 ns), and the light scattering and chromatic dispersion by the sea

water (σsea � 1.5 ns, for an optical path length of 40 m).

The presence of 40K (§ 2.6) in the sea water provides a convenient calibration source,

which is used to verify the time offsets between the triplet of PMTs within a storey, as well

as the long term stability of the PMT efficiencies. A mean coincidence rate of 16 � 2 Hz

has been observed. This agrees with the expected rate of 19 � 3 Hz, obtained by Monte

Carlo simulations [50].

Absolute timing is needed to correlate the reconstructed neutrino direction with specific

sources in the Universe. This is achieved by synchronizing the onshore master clock to the

Global Positioning System (GPS) time with an accuracy of 100 ns [47].

2.5.2 Charge Calibration

The charge calibration and threshold tuning of the PMTs and their associated front-

end electronics enables to translate signal amplitudes into units of number of photoelec-

trons (p.e.), which are used in the track and energy reconstruction.

All the ARSs (§ 2.4.1) have been calibrated prior to deployment, measuring the transfer

functions of the Analogue-to-Voltage Converter (AVC). This AVC transfer function is an

important parameter for the correction of the so-called walk of the PMT signal, and for

the measurement of the amplitude of each PMT pulse. The principal component used in
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the on-shore calibration procedure is a pulse generator which directly sends signals to a

pair of ARSs operating in a flip-flop mode. The generated pulse has a triangular shape

with 4 ns rise time and 14 ns fall time, somewhat similar to the electrical pulse of a PMT

with variable amplitude. The transfer functions of the dynamic range of the AVCs are

linear and can therefore be parameterized by their slope and intercept. The distributions

of these two parameters for a large sample of ARS chips have demonstrated that they are

homogenous [51]. This implies that the same parameters can be used for all ARSs.

After the deployment, special data-taking runs reading the PMT current at random

times enable the measurement of the so-called pedestal value of the AVC channel. The

single photoelectron peak can be studied using randomly triggered events, since the optical

activity due the 40K decays and bioluminescent bacteria (§ 2.6) produces, on average,

single photons at the photo-cathode level. The knowledge of the photoelectron peak and

the pedestal is used to estimate the charge over the full dynamical range of the AVC. The

AVC channel values of the pedestal and the single photoelectron peak are used to convert

the analogue charge measurements of the PMT signals into photoelectron units.

Furthermore, since the 40K coincidence rate is constant, it can be used to monitor the

time evolution of the detector response. The 40K coincidence rate has shown a regular

decrease indicating a gain decrease of the PMTs. The PMT gain drop is thought to be

due to ageing of the photo-cathode. Indeed, after the period between July and September

2008 when the detector was off for cable repair, the gains seem to have partially recovered

when the PMTs were switched off [51].

2.5.3 Position Calibration

Each detector line is anchored to a BSS on the seabed and kept vertical by the buoyancy

of the individual OMs and a top buoy. Nevertheless, due to the sea current and the

flexibility of the Electro-Mechanical Cables, the radial displacement of a detector line can

be considerable and real time positioning of each line is needed. This is achieved through

two independent systems: an acoustic positioning system and a tiltmeter-compass system.

The acoustic positioning system consists of a three-dimensional array of acoustic

emitters and receivers (hydrophones). The emitters, capable of sending high frequency

(40 – 60 kHz) acoustic signals, are located on the BSS of each line. An additional inde-

pendent autonomous emitter is located approximately 145 m from the detector array. Five

hydrophones are located on Storeys 1, 8, 14, 20 and 25 of each detector line. Dedicated

acoustic runs are performed every 2 minutes, during which the transit times between each

emitter and the receivers are recorded. The distances between emitters and receivers are
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Figure 2.8: The horizontal movements of all hydrophones on Line 10 relative to the bottom
of the line during February 2010; black points represent the hydrophone on Storey 1, red on
Storey 8, blue on Storey 14, green on Storey 20 and magenta on Storey 25.

calculated using the sound velocity which is monitored by several sound velocity profilers

located throughout the detector. The calculated distances are then used to triangulate

the position of each acoustic receiver relative to the acoustic emitters with an accuracy

of 10 cm [52].

The tiltmeter-compass system comprises a tiltmeter and a compass in each LCM. The

two perpendicular tilt angles of a storey, the pitch and roll angles along the North-South

and East-West axes, are monitored by a tiltmeter with an accuracy of 0.2�. The heading

angle of a storey with respect to the North-South axis is monitored with a compass with

an accuracy of 1�. The tiltmeter-compass data are also read out every 2 minutes.

The shape of each detector line is reconstructed by performing a global chisquare-like

fit using information from both of these systems. The line shape is used to calculate the

relative position of each PMT in the detector line with respect to the BSS. The absolute

position of the BSS of each line is determined during the connection of a line to the Junction

Box with a Remotely Operated Vehicle (ROV). This is done by acoustic positioning and

water pressure measurements by the ROV, and the GPS location of the ship.

Figure 2.8 shows the movement of various storeys on a line, relative to its center axis.

The extent of the displacement depends on the intensity of the sea current. For typical

currents of few centimeters per second, the displacement is a few meters for the topmost

storeys.
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Figure 2.9: Median rate (in kHz) of measured single photon counts for Line 1 and IL, since
July 2005 until June 2009. The greed, red and blue lines indicate the median counting rates
in storey 1 of the IL, the bottom of Line 1 (Storey 1, OM 1) and the top of Line 1 (Storey 25,
OM 1) respectively.

2.6 Optical Background

Sea water contains two naturally occurring and independent sources of visible light, which

have to be taken into account in neutrino telescopy: the radioactive potassium isotope 40K

and bioluminescence.

Monitoring of the sea water salinity at the ANTARES shows that it is constant at

about 3.9%. This implies that sea water consists for about 400 ppm of potassium. About

0.012 % of potassium consists of the long-lived radioactive isotope 40K, which has a half-

life of 1.3 billion years. It can decay to 40Ca through beta decay (89% of the time) and

to 40Ar through electron capture and emission of an energetic photon (11 % of the time).

In the beta decay (40K Ñ e� � νe � 40Ca), the maximum electron energy of 1.3 MeV

lies above the Cherenkov threshold in water. In the electron capture (40K� e� Ñ 40Ar*,

followed by 40Ar* Ñ 40Ar � γ), the photon energy of 1.46 MeV is sufficiently high to

Compton scatter an electron above the Cherenkov threshold. A dedicated Monte Carlo

simulation indicates that the counting rate for each PMT in the ANTARES detector due

to 40K events is constant at 34� 7 kHz [53].

The median counting rate per PMT for a number of arbitrary PMTs in ANTARES,

as measured between 2005 and 2009, is shown in Figure 2.9. The corresponding mean

counting rate per PMT, the so-called baseline rate (which on average varies between

60 and 100 kHz), is higher than what is expected from 40K alone, and is highly time

dependent. It is assumed that the surplus and time variations are due to bioluminescence,

light produced by organisms living in the water. The amount of bioluminescent light

detected in ANTARES is expected to be correlated to the amount of luminescent organisms

in the water, and hence to the sea current velocity. Furthermore, occasionally the baseline
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rate increases up to several MHz for short periods of time. These so-called bursts can last

for seconds and are thought to be produced by organisms hitting the PMTs. The fraction

of time during which the instantaneous background rate exceeds the baseline rate by at

least 20% is referred to as the burst fraction.





Chapter 3

Parameterization of Atmospheric
Muons

The most abundant signal seen by a neutrino telescope is due to high energy downward

going muons produced in the extensive air showers resulting from interactions between

primary cosmic rays and atmospheric nuclei. Although the shielding effect of the sea

reduces their flux, at the ANTARES site the atmospheric muon flux is about six orders

of magnitude larger than the atmospheric neutrino flux (Figure 3.1). These atmospheric

muons represent a dangerous background for track reconstruction as their Cherenkov light

can mimic fake upward going tracks. On the other hand, they are a useful tool to test offline

analysis software, to check the understanding of the detector and to estimate systematic

uncertainties.

This chapter starts with a brief description of the interaction of cosmic rays with the

atmospheric nuclei and the subsequent creation and propagation of secondary particles

through the atmosphere (§ 3.1). The primary cosmic ray models used as first inputs in

the Monte Carlo simulations of underwater atmospheric muons are discussed in § 3.2.

Particular interest is given to the HEMAS parameterization [54] from which parametric

formulae [55] have been derived (§ 3.3) and compared to experimental data of some neu-

trino telescopes (§ 3.4). These formulae have been subsequently used to develop a fast

event generator, called MUPAGE [56]. This code is one of the main topics of this thesis

and it will be presented in the following chapter.

3.1 Cosmic Ray Interaction with the Earth’s Atmosphere

Cosmic rays with an energy above about 1012 eV are capable of generating cascade showers

containing thousands of secondary particles through interactions with the atmosphere.
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Figure 3.1: Different contributions to muon background as a function of the zenith angle.
Atmospheric muons at a depth of 2 km w.e. are from MUPAGE [56] and atmospheric neutrino-
induced muons are from calculations by Bartol [57]: The dotted line stands for Eν ¡ 100 GeV
and the dashed-dotted line for Eν ¡ 1 TeV.

During the propagation of the air showers in the atmosphere, the number of particles

initially increases until it reaches a maximum, after which it attenuates as more and more

particles fall below the energy threshold for further particle production (about 1 GeV).

The initial interaction is

CR�N Ñ π�, π0,K�,K0, p, n, . . . , exotic particles

A cosmic-ray-induced air shower can be described by three components: electromag-

netic, muonic and hadronic. The classic discussion by Greisen is reported in [58]. The

shower consists of a core of high energy hadrons that continually feed the electromagnetic

part of the shower, primarily by photons from decay of neutral pions and eta particles.

Each high energy photon generates an electromagnetic subshower through pair production

and bremsstrahlung interactions with the atmosphere. However, as the shower develops,

the number of electrons and positrons declines rapidly after reaching a maximum because

radiation and pair production processes subdivide the energy down to the critical energy

after which electrons quickly lose the remaining energy by ionization. Nucleons and other

high energy hadrons contribute further to the hadronic cascade. Lower energy charged

pions and kaons decay to feed the muonic component.

Below 100 GeV, most pions and kaons produced in the atmosphere decay before they
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interact. The pion decays (and their branching ratios) are the same decays which produce

astrophysical neutrinos and γ-rays, namely

π� Ñ µ� � νµ p� 100%q (3.1a)

π� Ñ µ� � νµ p� 100%q (3.1b)

π0 Ñ γγ p� 98.8%q (3.1c)

Kaons decay with almost 63.5% probability to:

K� Ñ µ� � νµ (3.2a)

K� Ñ µ� � νµ (3.2b)

These meson decays significantly contribute to the production of atmospheric muon neu-

trinos.

Another particular important semileptonic decay channel to take into account, with

almost 40.6% of branching ratio, is

K0
L Ñ π� � e� � νe (3.3a)

K0
L Ñ π� � e� � νe (3.3b)

which is the dominant source of atmospheric electron neutrinos for energies higher than

10 GeV when muon decay is unimportant. Muons indeed are nearly stable and rarely in-

teract catastrophically, but only lose energy relatively slowly by ionization of the medium.

Therefore, muons give the dominant signal deep in the atmosphere, underground and

underwater.

Production of heavier flavors, especially charm, eventually becomes important for muon

and neutrino fluxes at very high energy. Above 1–10 TeV, the semileptonic decays of very

short-lived charmed particles like D mesons and Λ baryons are the dominant sources,

despite their low production rate. The main contribution comes from the D meson decay

modes, in the charged (almost 9% of probability)

D� Ñ K
0 � l� � νl (3.4a)

D� Ñ K0 � l� � νl (3.4b)

and in the neutral (roughly 3-4% of probability) channels

D0 Ñ K� � l� � νl (3.5a)

D
0 Ñ K� � l� � νl (3.5b)
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and from the Λc baryon decay mode (roughly 2% probability):

Λ�
c Ñ Λ0 � l� � νl (3.6)

where l can be only e or µ.

The role of Ds meson decay

D�
s Ñ l� � νl (3.7a)

D�
s Ñ l� � νl (3.7b)

is almost negligible (of order to 10�3) for the production of e and µ, but has a branching

ratio of almost 7% for the production of τ and ντ [59].

Because of the short lifetime of these particles, heavy meson and baryon decays are not

inhibited by interactions with the atmosphere for energies below about 108 GeV. Muons

and neutrinos generated in heavy flavor decay are called prompt leptons. The energy at

which the contribution of prompt muons to the sea level flux becomes equal to that of

muons from π,K decays is expected to be between 10 TeV and 103 TeV, depending on

the charm production model [60].

3.2 Primary Cosmic Ray Models

The two main ingredients that have to enter in the Monte Carlo simulations of atmospheric

muons are the cosmic ray energy spectrum and composition, and the properties of the

inelastic interactions of nucleons with air nuclei. Then, the particles must be propagated

in the atmosphere and in the overburden medium of the detector.

Although the general features of the muon spectrum measured at ground level are well

understood, differences between Monte Carlo computations and experimental data up to

25–30% exist [61]. These differences could reside either in an incorrect knowledge of the

cosmic ray energy spectrum and composition or in the adopted interaction model.

Concerning the cosmic ray composition, different models have been introduced with the

intent of reproducing the cosmic ray energy spectrum behavior for mass group elements. It

is customary in the Monte Carlo computations to account for five mass groups of primaries,

namely H, He, C+N+O, Mg+Si, Fe. This selection follows the fact that these nuclei are

the ones synthesized by nuclear-fusion processes occurring in different stages of massive

star evolution and are subsequently spread out in the Galaxy during supernova explosions.

The most common parameterizations of the primary cosmic rays are: NSU [62], poly-

gonato [63], HEMAS [54] and FLUKA [64].
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The HEMAS code was developed to simulate the muon flux underground and it was ex-

tensively used by the MACRO experiment at Gran Sasso (Italy) in the study of the muon

flux and the muon bundle rate [65] at an average depth of 3400 m w.e. Hadronic interac-

tions in the atmosphere are handled with the hadronic interaction code DPMJET [66]. In

HEMAS, the energy spectrum assumed to generate each mass group is represented by a

function of the form

ΦpEq � Ki E
�γi (3.8)

where Ki and γi have different values depending on the mass group and E is the energy

per particle. Furthermore, for the same nucleus, they have different values before and after

the knee energy Ek. The values of the constants are reported in Table 3.1.

Nucleus Z A K1 γ1 K1 γ2 Ek

[m2 s sr GeV]�1 [m2 s sr GeV]�1 [GeV]

H 1 1 3000 2.56 2.1� 106 3 3� 106

He 2 4 20100 2.74 6� 106 3.12 2� 106

CNO 7 14 600 2.5 3.7� 107 3.24 3� 106

Mg-Si 12 24 877 2.5 6.3� 107 3.25 3� 106

Fe 26 56 311 2.36 4.1� 106 3 2.7� 106

Table 3.1: The constants used in the HEMAS model.

Figure 3.2 shows the comparison of Monte Carlo input spectra, considering the convo-

lution of the all particle groups (all-particle). The plot represents the differential spectra

multiplied by E2.7 as a function of energy per particle. The value 2.7 is very close to the

weighted average of the spectral indices of the elements with Z from 1 to 28 deduced by

the best fits to experimental data as presented in [67]: γZ � �p2.684� 0.008q. The ‘the-

oretical’ spectra will thus appear almost horizontal with a trend to increase (decrease)

according to their spectral indices having values smaller (larger) than the above chosen

value. Moreover, by using a logarithmic scale along the y-axis it is straightforward to ap-

preciate the percentage deviations of one model from the others, that can vary from 10%

to 100% in absolute value.

The polygonato and the NSU models show the apparent major difference in the shape

of the knee that is much sharper in the former one. The HEMAS parameterization tends

to overestimate the individual spectra and in particular the Fe spectrum with respect to

the other models, as a consequence of a flatter spectral index. However, the knee position

in the all-particle spectrum seems to coincide with that of the polygonato and NSU model.
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Figure 3.2: Parameterizations of the all-particle input spectra of Monte Carlo computations
cited in the legend: HEMAS [54], NSU [62], FLUKA [64] and polygonato [63].

The FLUKA model overestimates the contribution of medium nuclei (CNO, Mg-Si and

Fe) by assuming softer spectral indices for their spectra. The effect is that the knee of

the all-particle spectrum is smoother and displaced at a higher energy than in the other

models.

The all-particle spectrum as a function of energy resulting from measurements by some

direct and indirect experiments is shown in Figure 3.3 compared to the Monte Carlo pre-

dictions. As already mentioned, the ‘theoretical’ spectra have been multiplied by E2.7 and

for comparison so are the experimental data. As a consequence, if the energy normaliza-

tion of an experiment is overestimated (underestimated) by a factor κ, the flux intensity

will be overestimated (underestimated) by a factor κ1.7. This emphasizes the deviations

between experimental data sets and ‘theoretical’ models.

Although the HEMAS parameterization seems to overestimate the overall flux with

respect to the other parameterizations as well as the observations, it should be remarked

that the observable variables are obtained after the unfolding with the interaction model.

For this reason, HEMAS in combination with the DMPJET interaction model have been

preferred over other models, since they were deeply used and cross-checked with the re-

sults of the underground MACRO experiment. Additionally, the input primary cosmic

ray spectrum is based on a phenomenological model obtained by MACRO [65]. Moreover,

HEMAS is optimized to reproduce the multiplicity distribution of muons in bundles and
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Figure 3.3: All-particle input spectra deduced by direct (ATIC [68] and RUNJOB [69]) and
indirect (KASKADE [70], DICE [71], CASA-BLANCA [72], TUNKA [73] and Akeno [74])
measurements and the parameterizations used in the Monte Carlo simulations (HEMAS [54],
NSU [62], FLUKA [64] and polygonato [63]).

the lateral distribution of muons inside the bundle at different depths of standard rock.

3.3 From the HEMAS Model to the Parametric Formulae
of Underwater Muons

A parameterization of the multiple muon flux and energy spectra [55] has been deduced

from the results of a full Monte Carlo simulation of the primary cosmic ray flux, interac-

tions and shower propagation in the atmosphere. The latest version of the HEMAS code

was used: HEMAS-DPM [75].

The reliability of the code is restricted to secondary particles with energies above

500 GeV. Muons that have a lower energy at sea level are discarded because their survival

probability for depths larger than 1.5 km w.e. is very small, and completely negligible at

2 km w.e.

The so-called prompt muons (§ 3.1) and other short-lived particles produced in the

interactions of cosmic rays with the atmosphere are not included in the Monte Carlo simu-

lation. An unknown uncertainty factor due to these processes should be included for muon

residual energies higher than roughly 10 TeV.
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Figure 3.4: Muon energy loss in water from [76]: p = e�e� pair production;
b = bremsstrahlung; pn = photo-nuclear interaction; ion = ionization.

3.3.1 Muon Energy Loss in Water

Muons that traverse through matter lose energy by ionization and by radiative processes:

bremsstrahlung, direct production of e�e� pairs, and photo-nuclear interactions. In the

ionization process, the muon interacts with the electric field generated by the electron

cloud of the atom. In the radiative processes, the muon interacts with the nuclear electric

field of the atom.

The total muon energy loss may be expressed as a function of the amount of matter

traversed X as [2]

� dEµ

dX
� a� bEµ (3.9)

where a is the ionization loss and b is the fractional energy loss by the three radiative

processes. Figure 3.4 shows the energy loss due to different interactions in water as a

function of the muon energy. As can be seen, ionization is nearly independent of energy,

whereas the radiative processes are proportional to the muon energy.

The quantity ε � a{b defines a critical energy below which continuous ionization loss

is more important than radiative losses.

In the full Monte Carlo simulation, the muons in the atmospheric showers that reached

the sea level were propagated down to 5 km of water using MUSIC [76], a three-dimensional

muon propagation code which uses recent and accurate cross sections of the muon inter-

actions with matter.
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Figure 3.5: Flux of muon bundles as function of multiplicity m at depth h � 2.5 km w.e. for
five different zenith angles, θ � 0�, 20�, 40�, 60� and 70� as computed with Eq. (3.10).

3.3.2 Flux of Muon Bundles

The flux of single and multiple muons (so-called muon bundles) with multiplicity m is

obtained as a function of vertical depth h and zenith angle θ [77], using two free parameters

(K and ν), as:

Φpm,h, θq � Kph, θq
mνph,θq

(3.10)

The validity range of the vertical depth h is between 1.5 and 5 km w.e., the validity range

of the zenith angle θ is up to 85 degrees.

Figure 3.5 shows how the flux of muon bundles of increasing multiplicity m decreases

with the zenith angle.

3.3.3 Energy Spectrum

Assuming a power-law for the primary beam energy, the expected muon energy distribu-

tion, at a slant depth X � h{ cos θ, is described by [78]:

dN

dplog10Eµq � G � EµebXp1�γqrEµ � εp1� e�bXqs�γ (3.11)

where γ is the spectral index of the primary cosmic rays and ε is defined from the param-

eters of the muon energy loss formula (Eq. 3.9). γ and ε are used as free fit parameters

and b is fixed. G � Gpγ, εq represents a normalization constant so that the integral over

the muon energy spectrum (Eq. 3.11) from 1 GeV to 500 TeV is equal to one.
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Figure 3.6: Differential energy spectra (normalized to unit area) of vertical (θ � 0�) single
muons at different depths (h = 2, 3, 4 and 5 km w.e.). The marker points (superimposed to
h = 2 km w.e.) correspond to the values obtained with the full Monte Carlo simulation. Figure
taken from [55].

Figure 3.6 shows the energy distribution of vertical (θ � 0�) single muons at various

depths. The energy spectrum is evaluated by multiplying the normalized energy distribu-

tion (Eq. 3.11) with the flux (Eq. 3.10) of vertical single muons: Φ1 � Φpm � 1, h, θ � 0�q.
For instance, at h = 3 km w.e., Φ1 � 1.6 � 10�4 (m2 s sr)�1. The total muon flux is

ΦT � °
m Φpm,h � 3 km w.e., θ � 0�q � 2.2 � 10�4 (m2 s sr)�1. Note that, as each

integrated energy spectrum is normalized to 1, Eq. (3.11) gives only the shape of the

distribution.

The situation is more complicated for multiple muons. Particles resulting from hadron-

air interactions are produced in clusters. The number of charged hadrons follows a negative

binomial distribution, whose characteristic depends on their primary energy. The trans-

verse momentum pt of the mesons follows in part an exponential-law distribution and in

part a power-law distribution [75, 79]; most of the energy is concentrated in the very for-

ward region (i.e. near the longitudinal axis). Muons produced in the decay of secondary

mesons which reach a given water depth h follow the energy distribution of the parent

mesons. As a consequence, in a muon bundle, the most energetic muons are expected to

arrive closer to the shower axis. This effect is shown in Figure 3.7, obtained from the Monte
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Figure 3.7: Differential energy spectra (normalized to unit area) of double muons (m � 2)
assuming vertical direction (θ � 0�) and depth h = 3.5 km w.e., at five different distances from
the bundle axis: R � 3, 10, 30, 50 and 70 m. The marker points (superimposed to R = 3 m)
correspond to the values obtained with the full Monte Carlo simulation. Figure taken from [55].

Carlo parameterization in [55] assuming the vertical direction and a depth h � 3.5 km w.e.

Hence, the energy spectrum (Eq. 3.11) of muon bundles depend not only on the vertical

depth h and on the zenith angle θ, but also on the muon bundle multiplicity m and on

the muon radial distance R from the shower axis.

3.3.4 Lateral Spread

The muon lateral distribution in a plane perpendicular to the shower axis can be described

as [54]
dN

dR
� C

R

pR�R0qα (3.12)

where R is the distance from the shower axis and C, R0 and α are parameterization

constants.

Figure 3.8 shows the normalized lateral distribution of vertical double muons at dif-

ferent depths h as obtained from Monte Carlo parameterization in [55].

The average distance of all muons in a bundle to the shower axis depends on the bundle

multiplicity m, on the vertical depth h and on the zenith angle θ. At a given depth, the

average distance to the shower axis of each muon in a bundle slightly decreases when the
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Figure 3.8: Lateral distribution (normalized to unit area) for vertical double muons (m � 2)
at four different depths (h = 2, 3, 4 and 5 km w.e.). Figure taken from [55].

multiplicity m increases. This can be qualitatively understood because bundles with high

multiplicities are generally produced by primary parents of high energies.

3.3.5 Multiplicity

The distribution of the muon multiplicities in a bundle depends on the vertical depth h

and on the zenith angle θ. The dependence of the multiplicity distribution on these two

variables is the following: for a fixed zenith angle θ, bundles with high multiplicity are

suppressed when h increases; for a fixed vertical depth h, bundles with high multiplicity

are suppressed when θ increases (Figure 3.9). In both cases the number of muons in the

bundle decreases because increasing h or θ is equivalent to increasing the path length in

the water through which muons travel.

3.4 Comparison of Parametric Formulae with Experimental
Data

A comparison of the zenith distribution evaluated at a fixed depth using Eq. (3.10) with

some experimental data has been performed [80]. Figure 3.10 shows a comparison be-

tween the predicted muon zenith angular distribution at three different depths and the

measurements of the ANTARES [81] and Baikal [82] underwater neutrino telescopes and
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Figure 3.9: Average muon event multiplicity mh as function of the cosine of the zenith angle θ
at the fixed sea depth h = 2 km for energies larger than 20 GeV. Figure taken from [81].

the AMANDA-II [83] under-ice experiment. The AMANDA data (triangular markers)

superimposed to the line at a vertical depth h = 1.68 km w.e. have been converted to

intensities relative to the underwater depths, taking into account the lower ice density

ρice = 0.917 g cm�2.

The comparison demonstrates that the analytical solution provides a good represen-

Figure 3.10: Muon flux as a function of the cosine of zenith angle θ as measured by
ANTARES [81], AMANDA-II [83] and Baikal [82] at three different depths. The results ob-
tained by the parametric formulae at the three depths are superimposed as full lines.
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tation of the experimental data so far collected. This is true also in the case of the Baikal

experiment, at a depth h = 1.17 km w.e., nominally outside the range of validity of the pa-

rameterization. Note that not all experiments have declared their systematic uncertainties.



Chapter 4

The Simulation of Underwater
Atmospheric Muons:
the MUPAGE Code

The development of an event generator of atmospheric muons for neutrino telescopes de-

duced from the parametric formulae introduced in Chapter 3 is one of the main topics of

this thesis. This chapter describes MUPAGE (MUon GEnerator from PArametric formu-

lae), a standalone C++ code, already published in [56]. It produces, in an ASCII table,

the muon event kinematics on the surface of the so-called can, an imaginary cylinder sur-

rounding the active volume of a generic underwater/ice neutrino telescope. The ASCII

table can subsequently be used as input in the following steps of a detector-dependent

Monte Carlo simulation, which includes production of light in water/ice and simulation of

the signal in the detection devices. Some applications of MUPAGE can be found in [84].

§ 4.1 presents the structure of the MUPAGE code. § 4.2 describes the generation of

events on the surface of the can, in which a Hit-or-Miss method [85] is applied. Events

can be single muons (§ 4.3) or the more complex multiple muons (§ 4.4). There is neither

bias nor ordering (in energy, multiplicity and zenith angle) in the simulation. All events

have the same weight, thus the output file reproduces a real data file. For each run the

livetime is computed as described in § 4.5. In § 4.6, using MUPAGE as event generator,

the angular distributions of reconstructed atmospheric muon tracks have been computed

and subsequently compared with the ANTARES data.

4.1 Program Structure

MUPAGE needs some input parameters, as described in [56], such as the detector config-

uration (Figure 4.1), the density of the detector medium and the ranges of the various
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Figure 4.1: Sketch of the geometrical meaning of some input parameters. The cylinder sur-
rounding the instrumented volume is the can, with radius Rcan and height Hcan. The events
are generated on an extended can, with Rext � Rcan �Recr [56]. The lower disk is at a depth
Hmax with respect to the sea/ice surface. The origin of the detector coordinate system lies on
the cylinder axis, but it does not necessarily coincide with the center of the cylinder.

simulation parameters (e.g. multiplicity, zenith angle, muon energy).

As shown in Figure 4.1, the radius of the generation volume must be increased by

a quantity Recr, in order to accept peripheral muons in large bundles. These peripheral

muons are due to the high multiplicities of bundles (which at roughly 2 km w.e. depth can

reach up to 103 muons per bundle) and to the fact that muons can be hundreds of meters

far from the shower axis. The radius of the generation cylinder is thus Rext � Rcan�Recr.

In the following, the can refers to the extended can.

A MUPAGE event is a bundle of muons with multiplicity mc on the can. As schemati-

cally described by the flowchart in Figure 4.2, the bundle multiplicity, direction and impact

point of the shower axis on the can surface are generated first. Then, for each muon in the

bundle, the distance from the shower axis, the energy and the coordinates of the impact

point on the can surface are calculated. Since the multiplicity m of the bundle is gener-

ated according to the muon flux, it can happen that some muons in the bundle do not

geometrically intercept the can surface. Therefore they are not written in the output file.

The output file thus contains all the information about each generated event: the

coordinates of the muon impact point on the can surface, the direction cosines of the

muon, the muon energy and the time delay at the can surface of the ith muon in the
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Figure 4.2: Flowchart of the MUPAGE event generator. The smooth-angle rectangles indicate
the extraction of uniformly distributed random values. The decisional rhombuses in bold select
values according to formulas reported in § 3.3.2, § 3.3.3 and § 3.3.4, with a Hit-or-Miss method.
The procedure is iterated for Ngen events.

bundle with respect to the first muon in the same bundle pi � 1q. It is assumed that all

muons in the same bundle travel parallel to the shower axis with the speed of light, and

that they intersect with any plane perpendicular to the shower axis at the same time.
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Since MUPAGE generates the events according to their abundance, no weighting of

the events is needed and the output file reproduces a real data file: Each set of events

corresponds to a certain observation time period, the so-called livetime (§ 4.5), which is

reported in a second ASCII output file.

4.2 Generation of Muon Bundles on the Can Surface

4.2.1 Sampling of the Bundle Direction and of the Impact Point

As a first step, a generic bundle with muon multiplicity m� P rmmin,mmaxs1, random

zenith angle θ� P rθmin, θmaxs2 and azimuth angle φ P r0, 2πs in the detector frame is

generated. The zenith angle is defined as the angle with respect to the positive z-axis.

The azimuth angle is the angle in the x-y plane. Variables that have to be selected by

a Hit-or-Miss method, as described in the following, will be denoted with a �. The pseu-

dorandom number generator used in the program is the Mersenne Twister algorithm [86]

and it is included in the ROOT libraries (TRandom3 class) [48].

The bundle axis with direction (θ�, φ) intercepts the can in a random point of coordi-

nates (x�, y�, z�). To calculate this point, one has to generate first a random point pXR, YRq
in the plane perpendicular to the shower which includes the origin. As Lx and Ly in Fig-

ure 4.3 are defined as Lx � 2Rext and Ly � Hcan sin θ�� 2Rext cos θ�, the coordinates XR

and YR can assume the values:

�Rext ¤XR ¤ Rext (4.1a)

�
�

Hcan

2
sin θ� �Rext cos θ�



¤YR ¤ Hcan

2
sin θ� �Rext cos θ� (4.1b)

As muons are downward going particles, events on the lower disk of the can (z� � Zmin

in Figure 4.1) are not considered. Therefore the point (XR, YR) on the plane perpendicular

to the shower direction can be on the upper disk or on the lateral surface of the can. It

lies on the upper disk (grey area of Figure 4.3) if:

YR ¡ Hcan

2
sin θ� �Rext cos θ� (4.2)

and
X2

R

R2
ext

� rYR � pHcan{2q sin θ�s2
pRext cos θ�q2 ¤ 1 (4.3)

1mmin and mmax are given as input parameters, as described in [56]. The default values are mmin � 1
and mmax � 100.

2θmin and θmax are given as input parameters, as described in [56]. Because MUPAGE is based on the
parametric formulae described in § 3.3 and in [55], the validity range of zenith angle θ is r0�, 85�s.
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Figure 4.3: Left: sketch of the plane Π perpendicular to the shower axis. The muon bundle
has zenith angle θ with respect to the detector z-axis. The interception point of the shower
axis is uniformly distributed on the can projection on the plane Π and is generated outside
the black region. The events generated in the grey area lie on the upper disk of the can; the
events generated in the white are lie on the can lateral surface.

Therefore, if both conditions of Eqs. (4.2) and (4.3) are valid, the shower axis impacts

on the upper disk of the can and its coordinates (x�, y�, z�) are:

x� � �XR (4.4a)

y� � YR

cos θ�
� Hcan

2
tan θ� (4.4b)

z� � Zmax (4.4c)

Otherwise, i.e. if Eqs. (4.2) and (4.3) are not both valid, the shower axis hits the lateral

surface. In this case, the intersection point has coordinates:

x� � Rext cos φ1 (4.5a)

y� � Rext sin φ1 (4.5b)

z� �
YR � cos θ�

b
R2

ext �X2
R

sin θ�
� Zmin � Zmax

2
(4.5c)

where φ1 � φ � 3
2
π � arccos

�
� XR

Rext



. The points (x�, y�, z�) are distributed uniformly

on the can surface (with the exclusion of the lower disk).
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4.2.2 Hit-or-Miss Method to Sample the Impact Point

The procedure described in § 4.2.1 extracts uniformly h�, θ� and m�, but the muon

flux Φph, θ,mq, Eq. (3.10), decreases with increasing depth h, zenith angle θ and muon

multiplicity m. A Hit-or-Miss method [85] is used to reproduce the correct dependence

of the number of events on these variables. For each set of parameters (h�, θ�,m�), the

number of events arriving on the projected area Spθ�q in a small solid angle ∆Ωpθ�q
centered around θ� is computed as:

Nprojph�, θ�,m�q � Φph�, θ�,m�q � Spθ�q �∆Ωpθ�q (4.6)

where

Spθ�q � πR2
ext � cos θ� � 2RextHcan � sin θ� (4.7a)

∆Ωpθ�q � 2πrcospθ� � 0.5�q � cospθ� � 0.5�qs (4.7b)

A random number u is then generated according to:

0   u   Nmax � ΦpHmin, θmin,mminq � Spθ1q �∆Ωpθ1q (4.8)

Nmax corresponds to the set of values ph, θ,mq for which the function Φph, θ,mq � Spθq �
∆Ωpθq is maximum. This function has a maximum for the minimum value of the detector

depth ph � Hminq, corresponding to the can upper disk, and for the minimum value of the

range of muon multiplicities pm � mminq. The maximization in terms of the θ variable is

more complex, due to the not trivial dependence of Φph, θ,mq � Spθq �∆Ωpθq on θ.

In order to save computing time, the maximum of ΦpHmin, θ,mminq � Spθq �∆Ωpθq
is computed as the product of the maximum of the functions ΦpHmin, θ,mminq and

Spθq �∆Ωpθq. The former has a maximum in correspondence of θmin. The latter has a

maximum, from Eqs. (4.7), for zenith angle

θ1 � π

2
� 1

2
arctan

�
� Rext

2Hcan



(4.9)

Using this approximation, Nmax is evaluated as in Eq. (4.8). The parameter set (h�, θ�,m�)

is accepted if:

u   Nprojph�, θ�,m�q (4.10)

In the following, to simplify the notation, (h, θ,m) will be used and the impact point

coordinates become (x, y, z).

Figure 4.4 shows that the number of generated events on the can surface decreases

with increasing depth h, as expected.
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Figure 4.4: Events generated on the can surface of the ANTARES detector (see Chapter 2)
after the application of the Hit-or-Miss method described in the text.

4.3 Single Muons

The underwater/ice flux of atmospheric muons is dominated by events reaching the de-

tector with multiplicity m � 1, the so-called single muons. In this case the muon direction

is assumed to be coincident with the shower axis and the impact point is (x, y, z). The

arrival time of the muon on the can surface is t � 0. The muon energy E is extracted

according to Eq. (3.11), whose parameters depend on the vertical depth h of the impact

point on the can surface and on the muon zenith angle θ.

A value of log10 E� is randomly generated in the range between log10 Emin � �3 and

log10 Emax � 2.7 (Emin = 0.001 TeV and Emax = 500 TeV). The value E� is accepted (or

rejected) according to the Hit-or-Miss method: a random number u1 is generated between 0

and the maximum of Eq. (3.11) at depth h and zenith θ:

0   u1  
�

dN

dplog10 Eµq


ph, θ; Emax

µ q (4.11)

The maximum of Eq. (3.11) corresponds to Emax
µ � εp1� e�bXq

γ � 1
, where ε defines the

critical energy below which continuous ionization loss is more important than radiative

losses (parameters a and b, respectively, of Eq. (3.9)), and γ is the spectral index of the

primary cosmic rays (Eq. 3.11). The value E� is accepted if:

u1   dN

dplog10 Eµqph, θ; E*q (4.12)
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4.4 Multiple Muons

4.4.1 Radial Distance of Muons with Respect to the Bundle Axis

For events with muon multiplicity m ¡ 1, the distance R of each muon from the bundle axis

(in a plane perpendicular to the axis) is calculated, according to the radial distribution,

Eq. (3.12). R depends on the depth h, the bundle multiplicity m and the zenith angle

θ. It is useful to define a new reference frame Bundle Axis Frame, shortened as BAF,

where the zBAF -axis points in the direction of the shower axis (Figure 4.5). Each muon is

located in a point pX, Y q of the plane Π perpendicular to the shower axis. The distance

of the point pX, Y q from the origin of the BAF is called Ri (the muon radial distance).

R�
i is sampled randomly between Rmin and Rmax (both values from input parameters).

The Hit-or-Miss method is used to accept (or reject) the value R�
i . A random number u2

is generated between 0 and the maximum of the lateral distribution function pdN{dRq at

the given h, θ and m. R�
i is accepted if:

u2   dN

dR
ph, θ,m, R�

i q (4.13)

The coordinates in the BAF are computed from the selected Ri as X � Ri � cos β and

Y � Ri � sin β, where β is a random number between 0 and 2π.

4.4.2 Coordinates of the Multiple Muons on the Can Surface

The shower axis (SA) intercepts the can in the impact point (computed in § 4.2.1) with

coordinates px, y, zq � pxSA, ySA, zSAq. Then, referring to Figure 4.5, for each muon in the

bundle:

- pX, Y q = coordinates of the muon in the BAF ;

- pxµ, yµ, zµq = coordinates of the muon in the laboratory frame;

- pvx, vy, vzq � psin θ cos φ, sin θ sin φ, cos θq = direction of the muon in the laboratory

frame;

- pxi, yi, ziq = projection of the point pxµ, yµ, zµq on the can surface.

When the point pX, Y q in the BAF is known, the point pxµ, yµ, zµq in the laboratory

frame can be computed using a general matrix A resulting from the composition of three

rotations [87]. In the so-called ‘X-convention’ the rotations are defined by the Euler angles

pΦ, Θ, Ψq, where the first rotation is by an angle Φ around the z-axis, the second one is by

an angle Θ P r0, πs around the x-axis and the third one is by an angle Ψ around the z-axis
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Figure 4.5: Lateral view of the can (the rectangle). The shower axis has direction pvx, vy, vzq
and intercepts the detector in the point pxSA, ySA, zSAq. m muons are generated on the plane Π
perpendicular to the shower axis and mc ¤ m intercept the can. A muon has coordinates pX, Y q
in the BAF and pxµ, yµ, zµq in the laboratory frame. The point pxi, yi, ziq is the projection of
the point pxµ, yµ, zµq along the muon direction on the can. The time delay of each muon is
evaluated from the distance between the points pxi, yi, ziq and pxµ, yµ, zµq.

(again). There is a univocal relationship between the three Euler angles and the zenith pθq
and azimuth pφq angles:

Φ � �π{2 (4.14a)

Θ � θ (4.14b)

Ψ � φ� π{2 (4.14c)

The transformation of the point pX, Y q in the BAF into the point pxµ, yµ, zµq in the

laboratory frame is defined as:
�
� xµ

yµ

zµ

�

� A

�
� X

Y
0

�

 (4.15)

where the matrix A is related to the Euler angles according to [87]

A �
�
� cos Φ cos Ψ� cos Θ sin Φ sin Ψ cos Φ sin Ψ� cos Θ sin Φ cos Ψ sin Θ sin Φ
� sin Φ cos Ψ� cos Θ cos Φ sin Ψ � sin Φ sin Ψ� cos Θ cos Φ cos Ψ sin Θ cos Φ

sin Θ sin Ψ � sin Θ cos Ψ cos Θ

�
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The coordinates of the impact point of each muon on the can are obtained using the

projection of each point pxµ, yµ, zµq along the direction pvx, vy, vzq. This is done using

the straight line defined by the three parametric equations pxi, yi, ziq � pxµ, yµ, zµq �
kpvx, vy, vzq, where k � pZmax � zµq{vz.

The impact point of the ith muon in the bundle is on the upper disk of the can if

the straight line intercepts the plane z � Zmax with x2
i � y2

i ¤ R2
ext. In this case, the

coordinates are:

pxi, yi, ziq � pxµ � kvx, yµ � kvy, Zmaxq (4.16)

If x2
i � y2

i ¡ R2
ext, the impact point pxi, yi, ziq lies on the can lateral surface or it does not

intercept the can at all.

The intersection of the straight line with the lateral surface of the can (defined by

equation x2 � y2 � R2
ext) gives a second degree equation aΛ2�2bΛ�c � 0, with a � v2

x�v2
y ,

b � vxxµ � vyyµ and c � x2
µ � y2

µ � R2
ext. The solutions are Λ� � p�b � ?

∆q{a, with

∆ � b2 � ac. If ∆   0, the ith muon does not intercept the can. For ∆ ¥ 0 the two

possible impact points are:

pxi, yi, ziq � pxµ � Λ�vx, yµ � Λ�vy, zµ � Λ�vzq (4.17a)

pxi, yi, ziq � pxµ � Λ�vx, yµ � Λ�vy, zµ � Λ�vzq (4.17b)

As atmospheric muons are downward going, the solution with the larger value zi is

chosen. If zi   Zmin, the ith muon does not intercept the can. The number of muons

intercepting the can surface determines the bundle multiplicity mc ¤ m at the can.

4.4.3 Arrival Time of the Muons in the Bundle

All muons in the bundle are assumed to arrive at the same time on the plane Π perpen-

dicular to the shower axis. In general, each muon reaches the can surface at a different

time.

The distance between the impact point of the ith muon Pipxi, yi, ziq and the coordinates

of that muon on the plane Π in the laboratory frame Pµpxµ, yµ, zµq is:

dpPi, Pµq � sign �
b
pxi � xµq2 � pyi � yµq2 � pzi � zµq2 (4.18)

The arrival time of the first muon in the list (i � 1) on the can surface is taken as

t1 � 0. All the remaining muons, labeled with i � 2, . . . ,mc, can intercept the can earlier

pti   0q or later pti ¡ 0q. The relative time is computed from the distance dpPi, Pµq defined

by Eq. (4.18). Since distances are intrinsically positive, the evaluation of the relative delay
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between muons in the bundle requires the definition of the sign in Eq. (4.18). Referring to

Figure 4.5, if zµ   zi the distance is assumed positive (sign � 1), otherwise it is negative

(sign � �1). The delay ti of the ith muon with respect to the first one is:

ti � dpPi, Pµq � dpP1, Pµ1q
c

(4.19)

where c is the speed of light. Since the distances can be either positive or negative, also

ti (in ns) will assume either positive or negative values.

4.4.4 Muon Energy for Multimuon Events

The last step is the choice of the energy of each muon in a multimuon bundle according

to the energy distribution, Eq. (3.11). The muon energy extracted from this distribution

depends on vertical depth h, zenith angle θ, on the multiplicity m of the shower and on

the radial distance R of the muon from the shower axis. The steps described in § 4.3 for

the energy of single muons are repeated for the evaluation of the energy of each muon in

the bundle.

4.5 Livetime of the Simulation

MUPAGE automatically computes the detector livetime corresponding to the number of

generated events Ngen on the can surface. The number of simulated events Np∆Ωiq in a

small solid angle ∆Ωi � 2πpcos θ1i� cos θ2iq, with multiplicity m � mmin and with shower

axis intercepting the can upper disk, are evaluated in 33 bins1. The expected rate of muon

events with multiplicity mmin on the can upper disk with area πR2
ext at the depth Hmin,

and in the solid angle ∆Ωi is:

9NMCp∆Ωiq � ΦpHmin, θi,mminq � S �∆Ωi rs�1s (4.20)

where θi � pθ1i� θ2iq{2, and S � πR2
ext cos θi [m2] is the projected area of the upper disk.

The equivalent livetime for each bin is:

T p∆Ωiq � Np∆Ωiq{ 9NMCp∆Ωiq rss (4.21)

The livetime with its statistical error is computed as the weighted average of the 33

different solid angle regions of T p∆Ωiq, which have the same value, within statistical errors.

1The first bin is 0�   θ   10�, then 30 bins of 2 degrees are considered. The last two bins are
70�   θ   76� and 76�   θ   85�, respectively. The bin size was chosen in order to have a constant or at
least an adequate statistical sample in each bin.
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Figure 4.6: Zenith angle distribution of reconstructed tracks. Black points represent data.
The solid line corresponds to the simulation with MUPAGE as event generator. The grey band
represents the systematic uncertainties, with respect to the solid line.

4.6 Comparison of Angular Distributions with ANTARES
data

Using MUPAGE as event generator, the angular distributions of the reconstructed atmo-

spheric muon tracks have been computed. The entire Monte Carlo chain includes the pro-

duction of Cherenkov light in water, the simulation of the signal on the PMTs, the trigger

selection and the application of the reconstruction algorithm, using the codes described in

Appendix A.

In order to save computing time, two different samples have been performed, which are

the official MUPAGE production available within the ANTARES Collaboration. The first

sample includes 312 files with muon multiplicity up to 100, which corresponds to about

1.6� 109 atmospheric bundles generated on the can surface, with a livetime equivalent to

about 30 effective days. The second sample includes 1 file with muon multiplicity between

101 and 1000, which corresponds to 5 � 104 atmospheric bundles generated on the can

surface, with a livetime equivalent to about 36 effective days.

To simulate the background noise due to 40K decay and bioluminescence (§ 2.6), the

run 38712 acquired on November 18th 2008 has been implemented in the trigger algo-

rithm (§ A.3). For this run, the baseline rate is 63 kHz and the burst fraction is 17%.

To compare the Monte Carlo angular distributions with data, a data sample taken
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Figure 4.7: Azimuth angle distribution of reconstructed tracks. Black points represent data.
The solid line corresponds to the simulation with MUPAGE as event generator.

around November 18th 2008 is considered, in order to avoid biasing due to a different

configuration of the detector or a different background. Between all runs acquired on that

period, only runs which fulfill the following quality criteria have been selected:

- at least 700 out of 885 installed optical modules are active during a run (� 80%);

- the baseline rate (§ 2.6) is below 120 kHz;

- the burst fraction (§ 2.6) is less than 20%.

The 18 selected runs correspond to an active detector time of about 1.2 effective days.

Figure 4.6 shows the zenith angle distribution of the reconstructed tracks. The sys-

tematic errors on the Monte Carlo expectations are due to uncertainties in the detector

description and in the knowledge of the environmental parameters. In a study made for

the 5 Line setup of the ANTARES detector [88], the overall uncertainty on the total num-

ber of reconstructed tracks is estimated as �45%
�40%. This evaluation is overestimated for the

12 Line configuration, and a new analysis of systematic uncertainties is in progress. The

reconstructed event rate is 3.1 Hz in the data and 3.3 Hz in the Monte Carlo sample.

As mentioned in § 3.2, the uncertainties due to the primary cosmic ray composition

and hadronic interaction models (not included in grey band of Figure 4.6) affect the Monte

Carlo expectations up to 30%.
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Figure 4.7 shows the azimuth angle distribution of the reconstructed tracks. Although

the azimuth angle distribution is uniform for atmospheric muons which do not have a

favorite direction, the structure of the ANTARES detector (Figure 2.6) clearly favors

certain azimuth angles over others. To emphasize this effect, the systematic errors are not

included in the plot.



Chapter 5

Ultra High Energy Neutrinos

Assuming that at acceleration sites a fraction of high energy cosmic rays interacts with the

ambient matter or photon fields, TeV γ-rays are produced by the π0 decay, while neutrinos

are produced by charged pion decay. This is the so-called astrophysical hadronic model. In

this framework, the energy spectrum of secondary particles follows the same power-law of

the progenitor cosmic rays and it is possible to constrain the expected neutrino flux from

sources where γ-rays are observed. Due to this connection between cosmic rays, neutrinos

and γ-rays, it is also possible to put upper bounds on the expected neutrino flux from

extragalactic sources, since the neutrino generation rate will never exceed the generation

rate of high energy protons. Indeed, neutrinos due to their neutral nature cannot be

directly accelerated.

In addition to stars, the Galaxy contains interstellar thermal gas, magnetic fields and

cosmic rays which have roughly the same energy density. The inhomogeneous magnetic

fields diffusively confine the cosmic rays within the Galaxy. Cosmic ray hadronic interaction

with the interstellar medium produce a diffuse flux of γ-rays and neutrinos (expected to

be equal within a factor of roughly 2). The flux at Earth is expected to be correlated to

the gas column density in the Galaxy: the largest emission is expected from directions

along the line of sight which intersects most matter [28].

Apart from atmospheric muons, other sources of background for the study of the

diffuse neutrino flux are atmospheric neutrinos, which are described in § 5.1. A particular

theoretical upper bound on the diffuse neutrino flux, the so-called Waxman-Bahcall limit,

is discussed in § 5.2. In a detailed calculation of the upper limit of the diffuse flux of high

energy neutrinos, the neutrino oscillation effects (§ 5.3) have to be taken into account.

§ 5.4 describes the neutrino interactions with matter, while § 5.5 discusses the attenuation

of the neutrino flux due to propagation through the Earth.
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Figure 5.1: Atmospheric conventional muon neutrino flux parameterized by Bartol [57] (in
gray) and prompt neutrino flux according to the RQPM charm production model [90] (in red).

5.1 Atmospheric Neutrinos

Atmospheric neutrinos originate from the interaction of primary cosmic rays with the

terrestrial atmosphere (§ 3.1). The decays in flight of charged pions and kaons, Eqs. (3.1),

(3.2) and (3.3), often referred to as the conventional atmospheric lepton flux, dominates

to about 1–10 TeV. Above this energy range, the dominant sources are the semileptonic

decays of very short-lived charmed particles like D and Λ, Eqs. (3.4), (3.5) and (3.6).

The latter is known as the prompt atmospheric lepton flux. Whereas cosmic neutrinos

reflect the cosmic ray spectrum near the source (dN{dE 9 E�2), as described in § 1.1,

the atmospheric neutrino spectrum is proportional to E�3.6 (above 100 GeV), almost two

powers of the energy steeper than the cosmic ray spectrum.

Currently the most commonly used conventional atmospheric neutrino flux calculation

is the Bartol group neutrino flux [57]. The Bartol model assumes that neutrinos travel in

the same direction as their primaries.

In [89] a review of different models describes prompt lepton production, including

prompt neutrinos. Among these charm production models, the highest prompt neutrino

production model is considered in this thesis: the Recombination Quark Parton Model

(RQPM) [90]. It is a phenomenological non-perturbative model, taking into account the

intrinsic charm contribution, in which a cc̄ is coupled to more than one constituent of the
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projectile hadron.

Since the prompt lepton flux is almost independent of lepton flavor, detection depth

and zenith angle, Figure 5.1 shows just a line using the muon neutrino vertical flux at

sea level. Instead, the Bartol flux depends on the lepton flavor as well as the zenith angle

and is therefore represented by a shaded band. The lower limit of the band represents

the flux from the vertical direction, while the upper limit is the flux from the horizontal

direction. Furthermore, the conventional flux takes into account the propagation through

the Earth (§ 5.5).

5.2 Diffuse Neutrino Flux

As already mentioned in § 1.4.1, a possible way to observe extragalactic neutrino sources is

through the measurement of the cumulative flux in the whole sky. The only way to detect

this diffuse flux of high energy neutrinos is by looking for a surplus of high energy events

in the measured energy spectrum over the background of the atmospheric neutrinos.

Theoretical models can derive upper bounds on the high energy neutrino flux pro-

duced in astronomical sources, by using the observation of the diffuse fluxes of γ-rays and

UHECR. One of these bounds, the Waxman-Bahcall (W&B) bound [29] is based on the

fluxes of cosmic rays measured at Earth at energies between 1016 and 1020 eV, and is used

as a reference bound on the neutrino flux coming from different extragalactic sources.

W&B pointed out that cosmic ray observations set a model-independent upper bound

on the intensity of high energy neutrinos produced by photo-meson interactions in sources

with a size not much larger than the proton photo-meson mean free path. This bound ap-

plies, in particular, to neutrino production by either AGN or GRBs. It is assumed that the

spectral shape of cosmic rays up to the GZK cutoff is dN{dE9E�2, as typically expected

from the Fermi acceleration mechanism. The limit is numerically derived by assuming

that all of the energy of the high energy protons produced in the astronomical sources is

transferred in photo-pion or nucleon-proton interactions and that the neutrinos produced

by the decay of charged pions carry 5% of the proton energy. The W&B limit is considered

a rather loose bound, since the charged pion produced by photo-pion interactions actually

receives only about 20% of the initial proton energy.

W&B computed the upper limit of muon neutrino (νµ � νµ) flux, already reported in

Eq. (1.6) and re-written here for convenience, as:

E2
ν

dNν

dEν
  4.5� 10�8 GeV cm�2 s�1 sr�1 (5.1)

taking also into account the redshift energy loss of neutrinos.
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Figure 5.2: Atmospheric conventional and prompt muon neutrino flux (in gray) and Waxman-
Bahcall (W&B) upper limit for a E�2 diffuse flux of high energy neutrinos of one flavor (in
black). The upper limit is divided by two to take into account the neutrino oscillation effects
(see Eq. (5.8) in § 5.3).

Using observational constraints, they also showed that neither magnetic fields in the

source nor intergalactic magnetic fields affect the upper bound.

Figure 5.2 shows the W&B upper limit for a E�2 diffuse flux of high energy muon neu-

trinos. In order to take into account the neutrino oscillation effects on the flux (described

in § 5.3), the upper bound has been divided by two. For comparison, the atmospheric

(conventional and prompt) muon neutrino flux (§ 5.1) is shown as a shaded band. This

flux takes already into account the propagation through the Earth (§ 5.5). The lower limit

of the band represents the flux from the vertical direction, while the upper limit is the

flux from the horizontal direction.

5.3 Neutrino Oscillation Effects on the Diffuse Neutrino
Flux

As already mentioned in § 1.2, high energy neutrinos are produced in astrophysical sources

mainly through the decay of charged pions, e.g. π� Ñ µ��νµ Ñ e��νe�νµ�νµ (Eq. 1.5).

Therefore, neutrino fluxes of different flavors at the source are expected to be in the ratio

(νl � νl combined)

νe : νµ : ντ � 1 : 2 : 0 (5.2)
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However, neutrino oscillations induce flavor changes while neutrinos propagate in vac-

uum or in matter. Neutrino oscillations were observed in atmospheric neutrinos, in solar

neutrino experiments and on Earth based accelerator and reactor experiments. A complete

review about neutrino oscillations can be found e.g. in [91].

If neutrinos have masses, then there is a spectrum of three neutrino mass eigenstates, νi

(i � 1, 2, 3), that are the analogues of the charged lepton mass eigenstates, l (l � e, µ, τ).

The superposition of neutrino mass eigenstates νi gives the weak flavor eigenstates νl

through the elements of the unitary neutrino mixing matrix U , the so-called Pontecorvo-

Maki-Nakagawa-Sakata matrix [92]:

|νly �
¸
i

U�
li |νiy (5.3)

On Earth, all oscillations are averaged out, so that the probability of a neutrino chang-

ing flavor from α to β is given by [93]:

P pνα Ñ νβq �
¸
i

|U�
αi|2e�im2

i L{2E |Uβi
|2 (5.4)

where L is the distance traveled by the neutrino from production to detection and E

is the neutrino energy. Assuming CPT invariance, the probability for oscillation of an

antineutrino is the same as that for a neutrino (except that the mixing matrix U is replaced

by its complex conjugate).

In the special case where only two mass eigenstates (e.g. ν2, ν3), two flavor eigenstates

(e.g. νµ, ντ ), and one mixing angle (e.g. θ23) are involved, the unitary mixing matrix U

takes the form

U � νµ

ντ

�
ν2 cos θ23 ν3 sin θ23

�ν2 sin θ23 ν3 cos θ23

�
(5.5)

Hence, the probability that a muon neutrino νµ changes flavor in a tau neutrino ντ is:

P pνµ Ñ ντ q � sin2 2θ23 sin2

�
1.27∆m2 L

E



(5.6)

and the survival probability for a pure νµ beam is:

P pνµ Ñ νµq � 1� sin2 2θ23 sin2

�
1.27∆m2 L

E



(5.7)

where ∆m2 � m2
3�m2

2 is in units of eV2{c4, L is in units of km and E is in units of GeV.

According to the neutrino oscillation parameters ∆m2 and the mixing angles θ, the

flavor ratio of neutrinos at the astrophysical origin, Eq. (5.2), changes to the flavor ratio

observed on Earth as:

νe : νµ : ντ � 1 : 1 : 1 (5.8)
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Figure 5.3: Charged current (blue lines) and neutral current (red lines) cross sections for
neutrino (solid lines) and antineutrino (dashed lines) interactions on isoscalar nucleon targets,
according to the CTEQ6-DIS parton distributions [96]. The thick black solid line represents
the sum of the four reactions.

5.4 Neutrino Interactions

Neutrino interactions with matter are to a large extent dominated by the inelastic neu-

trino scattering on atomic nuclei, for which the cross section is generally several orders

of magnitude larger than for the interaction between neutrinos and atomic electrons. An

exception to this is the so-called Glashow resonance, which is discussed below.

Neutrinos can interact with a nucleon via weak interactions by exchanging a charged

W -boson in the charged current (CC) interaction

νl �N Ñ W� Ñ l� �X (5.9a)

νl �N Ñ W� Ñ l� �X (5.9b)

or by exchanging a neutral Z-boson in the neutral current (NC) interaction

νl �N Ñ Z0 Ñ νl �X (5.10a)

νl �N Ñ Z0 Ñ νl �X (5.10b)

where N � pneutron� protonq{2 is an isoscalar nucleon.

Details on calculations of the cross sections for deep inelastic neutrino-nucleon scatter-

ing at neutrino energies between 109 and 1021 eV are presented in [94]. These calculations
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Figure 5.4: Cross sections for electron neutrino interactions (solid line) and for anti-electron
neutrino interactions (dashed line) on atomic nuclei and electrons, according to the CTEQ6-
DIS parton distributions [96]. The contribution of the neutrino-electron scattering at the
Glashow resonance is clearly visible in the antineutrino distribution.

are based on the CTEQ4-DIS (Deep Inelastic Scattering) parton distributions [95]. The

current version (CTEQ6 [96]) of the parton distributions takes into account the most re-

cent experimental results, but in the calculations of the deep inelastic scattering does not

differ from the previous ones.

Figure 5.3 shows the cross sections for the CC and NC reactions, Eqs. (5.9) and (5.10),

of the muon neutrino (solid lines) and anti-muon neutrino (dotted lines) on isoscalar

nucleon targets as a function of the neutrino energy Eν . The thick solid line represents the

sum of all reactions. The difference between the neutrino and antineutrino cross sections

are due to dynamics of the weak interactions and the dominance of the valence quarks. At

low energies the cross sections rise linearly with Eν . For energies exceeding about 104 GeV,

the cross sections are damped by the W -boson propagator. For the range of neutrino

energies of interest here, the cross sections for reactions involving electron neutrinos are

identical to those of muon neutrinos.

Because of the small electron mass, neutrino-electron interactions can generally be

neglected with respect to neutrino-nucleon interactions. There is however an exceptional

case: resonant formation of the intermediate boson W� in νee interactions at 6.3 PeV

(Eres
ν � M2

W {2me � 6.3�106 GeV), also known as the Glashow resonance [97]. Figure 5.4
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Figure 5.5: Neutrino interaction signatures: νi-nucleon NC interaction (a), νµ-nucleon CC in-
teraction (b), νe-nucleon CC interaction (c).

shows the cross sections for electron neutrino interactions with atomic nuclei and electrons

(solid line), in which the neutrino-nucleon interactions dominate, and for anti-electron neu-

trino interactions with atomic nuclei and electrons (dashed line), in which the contribution

of the neutrino-electron interactions rules in the neighborhood of the Glashow resonance.

The NC and CC interactions result in different signatures in the detector, as shown

in Figure 5.5. The case of CC interactions of tau neutrinos is not discussed in this thesis.

For Eν ¡ 10 GeV, the interaction will disintegrate the nucleus and produce a hadronic

shower (HS). In water, a hadronic shower can travel up to few tens of meters. In the case

of an NC interaction, this is the only signal produced, as the outgoing neutrino will escape

the detector medium without interacting another time. In the case of a CC interaction, the

signature depends on the flavor of the outgoing lepton which is determined by the flavor

of the neutrino. In the case of an electron neutrino, the outgoing electron will quickly

lose its energy in the medium, resulting in an electromagnetic shower (ES). The spatial

dimensions of an electromagnetic shower are similar to a hadronic shower. In the case

of a muon neutrino, the outgoing muon has a much larger mass than an electron and a

considerable lifetime of 2 � 10�6 s. This enables a muon to travel up to 10 km before it

decays.

5.5 Earth’s Opacity to Neutrinos

The rise of the CC and NC cross sections with energy is mirrored in the decrease of the

(water-equivalent) interaction length [98]

Lint � 1
σνN pEνqNA

(5.11)

where NA � 6.022 � 1023 cm�3 w.e. is Avogadro’s number. The energy dependence of

the interaction lengths for neutrinos and antineutrinos on nucleons is shown in Figure 5.6.
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Figure 5.6: Charged current (blue lines) and neutral current (red lines) interaction lengths
for neutrino (solid lines) and antineutrino (dashed lines) on nucleon targets, computed with
the CTEQ6-DIS parton distributions [96]. The thick black solid line represents the sum of the
four reactions.

Due to the smaller cross section of NC interactions, the corresponding interaction length

is larger than the CC interaction one.

At the Glashow resonance, the reaction νee Ñ W� Ñ X significantly attenuates an

anti-electron neutrino beam propagating through the Earth. The water-equivalent inter-

action length is evaluated as

Lpeqint �
1

σνepEνqp10{18qNA
(5.12)

where p10{18qNA is the number of electrons in a mole of water.

To good approximation, the Earth may be regarded as a spherically symmetric ball

with a complex internal structure consisting of a dense inner and outer core and a lower

mantle of medium density, covered by a transition zone, lid, crust and oceans [99]. A

convenient representation of the density profile of the Earth is given by the Preliminary

Earth Model [100], plotted in Figure 5.7.

The Earth’s diameter exceeds the total interaction length of neutrinos with energy

higher than about 10 TeV (Figure 5.8). Thus, neutrinos with higher energies preferentially

enter the detector at larger zenith angles. In the interval 2� 106 GeV ¤ Eν ¤ 2� 107 GeV,

resonant νee scattering adds dramatically to the attenuation of anti-electron neutrinos. At

resonance, the interaction length due to the reaction νee Ñ W� Ñ X is 60 km w.e. There-
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Figure 5.7: Density profile of the
Earth according to the Preliminary Earth
Model [100].

Figure 5.8: Total interaction lengths for
(anti)neutrino-nucleon interactions. The
diameter of the Earth, according to the
parameterization in Figure 5.7, is also
shown.

fore, the resonance is effectively extinguished for anti-electron neutrinos that traverse the

Earth.



Chapter 6

Diffuse Neutrino Flux Analysis

To study the sensitivity of the ANTARES detector to a diffuse flux of high energy neutrinos

which produce showers in the detector, specific selection criteria have to be defined in order

to discard the background signal. The background signal is represented by atmospheric

muons and neutrinos, while the signal comprises cosmic neutrinos.

Specific Monte Carlo samples have been generated to simulate the background and the

signal, which are described in § 6.1. The selection criteria for reconstructed events to reject

the background signal are discussed in § 6.2. These criteria do not discriminate upward

going from downward going events, leaving the signal isotropically distributed over 4π.

After the selection criteria have been applied to the Monte Carlo data samples, a compar-

ison between atmospheric muons and a sample of real data has been performed (§ 6.3).

To conclude, § 6.4 presents efficiencies and purities of the selected signal events.

6.1 Monte Carlo Samples

This section describes the different Monte Carlo data samples that have been generated

to perform the study of the diffuse flux of high energy neutrinos. The atmospheric muons

as well as the atmospheric and cosmic neutrinos have been specifically produced for this

analysis. Regarding the atmospheric muon neutrinos, the official Monte Carlo production

as used within the ANTARES Collaboration has been applied.

To simulate the optical background due to 40K decay and bioluminescence (§ 2.6),

data run 38712 acquired on November 18th 2008 has been applied to the simulation of the

trigger algorithm (§ A.3). For this run, the baseline rate is 63 kHz and the burst fraction

is 17%.
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6.1.1 Atmospheric Muons

A dedicated simulation of atmospheric muons has been performed for this analysis, which

subsequently became an official production available within the ANTARES Collaboration.

The atmospheric muon flux is about six orders of magnitude larger than the atmo-

spheric neutrino flux (Figure 3.1) and represents the most abundant signal seen by a

neutrino telescope. Although the computing time required by MUPAGE (Chapter 4) is

very small with respect to a full Monte Carlo simulation of atmospheric muons, the subse-

quent steps in the Monte Carlo analysis chain (Appendix A), such as the Cherenkov light

production and the detector response, are very time consuming1.

A study which compares the muon bundle energy with the number of reconstructed hits

has shown that, if the number of reconstructed hits is greater than 60 (minimum number

of reconstructed hits in an event of cosmic muon or electron neutrinos), the energy of an

atmospheric muon bundle is greater than a few TeV. Therefore, the atmospheric muon

flux has been generated with an energy threshold of 1 TeV and an equivalent livetime of

1 year. The energy threshold is the minimum energy of all muons in the bundle. Hence, if

the bundle comprises a single muon, this muon will have an energy of at least 1 TeV. On

the other hand, if the bundle comprises multiple muons, the sum of all the muon energies

will be larger than at least 1 TeV.

In order to save further computing time, the generation have been divided in 6 ranges

of muon multiplicity. Table 6.1 reports the number of generated events for each muon

multiplicity range as well as the number of events surviving after the application of the

trigger criteria (§ A.3) and of the event reconstruction, using the BBFit reconstruction

algorithm described in § A.4. After the reconstruction, the six muon multiplicity samples

have been summed in a unique sample (Total in Table 6.1).

6.1.2 Atmospheric CC Muon Neutrinos

For the Monte Carlo sample of charged current atmospheric muon neutrinos, the official

production available within the ANTARES Collaboration has been used. This production

takes into account the conventional atmospheric neutrino flux (Bartol [57], § 5.1) and it

has been generated with an energy spectrum proportional to E�1.4 in order to increase

the statistics. The genhen program (§ A.1.2) assigns for each generated event 3 weights,

1The computing time required to produce the other official MUPAGE production available within the
ANTARES Collaboration (described in § 4.6), which corresponds to an equivalent livetime of 30 days, was
11 days for the MUPAGE generation and 488 days for the Cherenkov light production and the detector
response (on a 2.33 GHz computer, using Scientific Linux 4).
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Range of Muon Multiplicity Generated Triggered Reconstructed
1 7.08� 108 2.79� 107 (4%) 2.21� 107 (3%)
2 4.34� 108 2.67� 107 (6%) 2.23� 107 (5%)
3 2.45� 108 1.93� 107 (8%) 1.67� 107 (7%)

4 – 10 3.88� 108 4.18� 107 (11%) 3.80� 107 (10%)
11 – 100 5.40� 107 8.88� 106 (16%) 8.41� 107 (16%)

101 – 1000 5.50� 105 1.49� 105 (27%) 1.43� 107 (26%)

Total 1.83� 109 1.25� 108 (7%) 1.08� 108 (6%)

Table 6.1: Number of events in the atmospheric muon samples, in order to simulate an
equivalent livetime of 1 year, after generation, trigger selection and reconstruction. The given
percentages refer to the number of generated events (first column).

which are described in detail in § A.1.2. Using the weight w3, it is possible to reobtain

the flux that was used in the generation with its appropriate energy spectrum which is

proportional to E�3.6. Furthermore, it is also possible to re-weight the events adding the

prompt (e.g. RQPM [90]) flux to the conventional flux.

The (anti)neutrino Monte Carlo data samples have been generated isotropically over

4π with an energy range between 10 and 107 GeV. In order to save computing time, the

production has been divided in 4 groups: upward going neutrino and antineutrino, and

downward going neutrino and antineutrino.

Table 6.2 reports the number of generated events for each sample as well as the number

of events surviving after the application of the trigger criteria (§ A.3) and the reconstruc-

tion, using the BBFit reconstruction algorithm described in § A.4.

Figure 6.1 shows the energy distribution of the four categories of atmospheric CC

muon neutrinos, after weighting the events according to the atmospheric conventional and

prompt flux. The flux of reconstructed antineutrinos (dashed lines) is smaller than for

Particle Generated Triggered Reconstructed
up-going νµ 9.0� 1011 1.05� 106 (1� 10�6) 9.60� 105 (1� 10�6)
up-going νµ 4.0� 1011 4.90� 105 (1� 10�6) 4.46� 105 (1� 10�6)

down-going νµ 9.0� 1011 4.17� 106 (5� 10�6) 3.63� 106 (4� 10�6)
down-going νµ 8.9� 1011 4.43� 106 (5� 10�6) 3.86� 106 (4� 10�6)

Total 3.1� 1012 1.01� 107 (3� 10�6) 8.89� 106 (3� 10�6)

Table 6.2: Number of events in the atmospheric CC muon neutrino samples, after generation,
trigger selection and reconstruction. The given percentages refer to the number of generated
events (first column).
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Figure 6.1: Energy distribution of atmospheric CC muon neutrinos. The thick red lines rep-
resent upward going neutrinos, while the thin blue lines represent downward going neutrinos.

neutrinos (solid lines), because they have a smaller interaction cross section (§ 5.4). The

flux of reconstructed downward going (anti)neutrinos (thin blue lines) at low energies is

smaller than for upward going (anti)neutrinos (thick red lines), due to the PMT orientation

in the ANTARES detector (§ 2.2). The PMTs look downwards with an inclination of 45�

with respect the vertical, as shown in Figure 2.4. At energies larger than roughly 40 TeV,

when the Earth starts to be opaque for neutrinos (§ 5.5), the downward going and the

upward going neutrinos give almost the same contribution.

6.1.3 CC Electron Neutrinos

A dedicated production of charged current electron neutrinos has been generated taking

into account the conventional (Bartol [57]) and the prompt (RQPM [90]) flux (§ 5.1). In

order to increase the statistics at high energies, it has been generated with energy spectrum

proportional to E�1.4. As already mentioned, the use of the weight w3 calculated by the

genhen program and described in § A.1.2, gives back the selected flux of atmospheric

neutrinos with its corresponding energy spectrum proportional to E�3.6. Furthermore, to

simulate a cosmic neutrino flux, e.g. according to Waxman-Bahcall (§ 5.2), the generated
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events must simply be weighted with

w2 � �E�2 � 4.5� 10�8
�

GeV cm�2 s�1 sr�1

Hence, the same Monte Carlo data sample can be used to reproduce either the background

due to atmospheric electron neutrinos or the signal of cosmic electron neutrinos.

The (anti)neutrino Monte Carlo data samples have been generated with energy range

between 104 and 108 GeV and are isotropic over 4π. Since the computing time of the

geasim program (which produces the Cherenkov light and simulates the detector response)

increases at increasing neutrino energies, as described in § A.2.2, the generation has

been divided in 4 ranges of energy: 104 � 105 GeV, 105 � 106 GeV, 106 � 107 GeV and

107 � 108 GeV. Separate samples for upward going neutrino and antineutrino, and down-

ward going neutrino and antineutrino have been generated, in order to not introduce biases

when the events are weighted afterwards.

Table 6.3 reports the number of generated events for each sample as well as the number

of events surviving after the application of the trigger criteria (§ A.3) and the reconstruc-

tion, using the BBFit reconstruction algorithm (§ A.4).

Figure 6.2 shows the energy distribution of the four categories of atmospheric CC

electron neutrinos, after each event has been weighted according to the atmospheric en-

ergy spectrum. The peak around 6.3 PeV for antineutrinos (dashed lines) is the so-called

Glashow resonance, described in § 5.4. The contribution of downward going neutrinos

(thin blue lines) is larger than the contribution of upward going neutrinos (thick red lines)

because of the Earth’s opacity at this energy range (§ 5.5). Note that antineutrinos at the

energy of the Glashow resonance should not be able to traverse the Earth, since at those

energies their interaction length is 60 km w.e. However, as can be seen from Figure 6.2,

they are present in the Monte Carlo simulation. These unphysical neutrinos are caused

Particle Generated Triggered Reconstructed
up-going νe 2.14� 105 1.50� 105 (70%) 1.49� 105 (70%)
up-going νe 1.98� 105 1.36� 105 (69%) 1.34� 105 (68%)

down-going νe 2.20� 105 1.48� 105 (67%) 1.46� 105 (66%)
down-going νe 2.03� 105 1.35� 105 (67%) 1.33� 105 (66%)

Total 8.36� 105 5.69� 105 (68%) 5.62� 105 (67%)

Table 6.3: Number of events in the CC electron neutrino samples, after generation, trigger
selection and reconstruction. The given percentages refer to the number of surviving events
with respect to the number of generated events (first column).
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Figure 6.2: Energy distribution of reconstructed atmospheric CC (anti-)electron neutrinos.
The thick red lines represent upward going, while the thin blue lines represent downward
going (anti)neutrinos. The peak around 6.3 PeV for antineutrinos (dashed lines) is the so-
called Glashow resonance, described in § 5.4.

Figure 6.3: Energy distribution of reconstructed atmospheric CC (anti-)electron neutrinos,
after the exclusion of wrongly generated upward going anti-electron neutrinos (see text for
details). The thick red lines represent upward going neutrinos and antineutrinos, while the
thin blue lines represent downward going neutrinos and antineutrinos.
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by an error in the computation of the Earth’s absorption of anti-electron neutrinos. Since

before the deadline of this thesis it was not possible to redo the simulation, upward go-

ing anti-electron neutrinos with energies larger than 3 � 106 GeV have been excluded.

Furthermore, even if downward going anti-electron neutrinos around the Glashow reso-

nance could be a little bit overestimated, this possible effect is not taken into account.

Figure 6.3 shows the energy distribution of upward going (red thick line) and downward

going (thin blue line) atmospheric (anti-)electron neutrinos after the exclusion of upward

going anti-electron neutrinos with energies larger than 3 PeV.

6.1.4 NC Neutrinos

Although a dedicated production of neutral current neutrinos has been generated, unex-

pected behavior has been noticed in the sample which will require further investigations.

Hence, the contribution of the NC interactions have been excluded from the following

analysis.

6.2 Rejection of the Background Signal

The background signal to cosmic high energy neutrinos identified by showers is mainly

due to the atmospheric muons and to atmospheric neutrinos.

In this section, a novel technique to identify the signal from the background is devel-

oped. It is based on the application of a number of selection criteria on different variables

with respect to the reconstructed events in the Monte Carlo data samples described in the

previous section (§ 6.1).

Since the events are reconstructed with BBFit algorithm (§ A.4), two categories of

events have to be discarded from the following analysis: events with less than 5 hits and

events with cos θ � �1. The first exclusion is due to the fact that no fit is attempted

for events which have less than 5 hits. The second one is due to the fact that the recon-

struction algorithm does not always converge towards a definite set of values for all fitting

parameters. In this case the program sets the value of the reconstructed zenith angle cosine

(cos θ) equal to 1 or �1.

Although most of the background signal is due to atmospheric muons which are down-

ward going, it has been preferred to avoid a cut on the particle direction. This choice is

mainly due to preserve the isotropy over 4π of the signal. This decision is motivated by

the fact that at the considered neutrino energies, the amount of downward going cosmic

neutrinos is larger than the number of upward going neutrinos because of the Earth’s
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Particle Events per year
Atmospheric µ 9.18� 107

Atmospheric νµ 8.56� 103

Atmospheric νe 15.2
E�2 νe 36.5

Table 6.4: Number of expected events per year at reconstruction level, before any cut, for
background and for the signal given by Eq. (6.1).

opacity (§ 5.5).

Table 6.4 shows the number of expected events per year for each Monte Carlo sample.

The cosmic electron neutrinos (E�2 νe) have been weighted according to the flux

E2
ν

dNν

dEν
� 10�7 GeV cm�2 s�1 sr�1 (6.1)

Note that this normalization is irrelevant in the definition of selection criteria, or on the

computation of the ANTARES sensitivity.

6.2.1 Number of lines

The first cut that have been applied concerns the number of lines used to reconstructed

an event, referred to as nline. Most of the atmospheric muons are reconstructed with

two lines (about 77%), as shown in Figure 6.4. Hence only events with nline ¡ 2 have

been selected.

6.2.2 Fit Quality Parameters

A cut on the fit quality parameter Q (Eq. A.14) can been applied by taking advantage of

the different topology of the events. The atmospheric muons and neutrino-induced muons

are reconstructed as tracks (§ A.4.1.1), while the electromagnetic showers induced by CC

electron neutrinos are reconstructed as bright points (§ A.4.1.2).

The quantity chi2 refers to the fit quality parameter Q divided by the number of degrees

of freedom. A cut on the difference between the bright point chi2 (bchi2) and the track chi2

(tchi2) allows the rejection of a further roughly 22% of reconstructed atmospheric muons,

as shown in Figure 6.5. Hence, only events with bchi2 – tchi2   1 have been selected.

Figure 6.5 shows some peculiarities. A peak between �1 and 0 for the atmospheric

CC muon neutrinos (dash-dotted line), and one peak between �25 and �22 in the cosmic

electron neutrino distribution (in gray). The peak in the atmospheric CC muon neutrino

distribution, shown in more detail in Figure 6.6, is due to downward going events (thin
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Figure 6.4: Number of reconstructed events per year as a function of the number of de-
tector lines used in the reconstruction. The events are cosmic electron neutrinos (in gray),
atmospheric muons (solid line), atmospheric CC muon neutrinos (dash-dotted line) and atmo-
spheric CC electron neutrinos (dashed line). As can be seen, for a significant fraction of the
cosmic electron neutrinos all detector lines are present.

blue line). These events, after the nline ¡ 2 cut, have more probability to be reconstructed

as bright points than as tracks (i.e. bchi2   tchi2). This is even more accentuated at low

energies (up to a few TeV). A possible explanation concerns the PMT orientation of the

ANTARES detector (§ 2.2), where the PMTs look downwards with an inclination of 45�

with respect the vertical (see Figure 2.4). The peak in the astrophysical CC electron

neutrino distribution is due to the Glashow resonance (§ 5.4) in the downward going

antineutrino distributions, as shown in more detail in Figure 6.7.

6.2.3 Amplitude

The last cut based on the total amplitude is intended to totally exclude the contribution

of the atmospheric muons.

As explained in § 2.4.1, when the amplitude of a PMT signal exceeds 0.3 photoelec-

trons, the signal is read out and digitized by the Analogue Ring Sampler (ARS). As

described in § 2.5.2, prior to deployment, a study has shown that all ARSs behave in the

same way [51]. During data taking, special data runs are taken to measure the so-called
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Figure 6.5: Distributions of the difference between the bright point chi2 and the track chi2.
The figure shows four distributions which are all normalized to unit area and which contain
only events with nline ¡ 2: cosmic electron neutrinos (in gray), atmospheric muons (solid line),
atmospheric CC muon neutrinos (dash-dotted line) and atmospheric CC electron neutrinos
(dashed line).

Figure 6.6: Number of reconstructed at-
mospheric CC muon (anti)neutrinos per
year (after the nline ¡ 2 cut) as function
of the difference between the bright point
chi2 and the track chi2. The thin blue line
represents the downward going events and
the thick red line the upward going events;
the sum of them is the dash-dotted line.

Figure 6.7: Number of reconstructed as-
trophysical CC electron (anti)neutrinos
per year as function of bchi2 – tchi2. In
thick red lines the upward going neutri-
nos and thin blue lines the downward go-
ing neutrinos. The antineutrinos are in
dashed lines. The total contribution of
these four categories is represented by the
black line.
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pedestal of the Analogue-to-Voltage Converter (AVC) as well as the position of the single

photoelectron peak. These quantities are used to estimate the charge over the full dynam-

ical range of the AVC, which is used to convert the analogue charge measurements of the

PMT signals into photoelectron units.

The BBFit reconstruction algorithm approximates each storey as a space point centered

on a vertical detector line. After the application of time and charge calibrations (§ 2.5),

the hits in the event are time ordered and merged on each storey if closer than 20 ns. In

this case, the time of the first hit is taken and the charges are summed.

The total amplitude is the sum of the amplitudes of all the hits in an event (in pho-

toelectrons) and is referred to as amp. Table 6.5 shows the number of atmospheric muons

per year which pass different selection criteria on the variable amp. With the selection

criterion amp ¡ 2300 p.e. no atmospheric muons survive.

Cut Events per year
amp ¡ 500 p.e. 7414
amp ¡ 1000 p.e. 408
amp ¡ 1500 p.e. 48
amp ¡ 2000 p.e. 7
amp ¡ 2100 p.e. 3
amp ¡ 2200 p.e. 2
amp ¡ 2300 p.e. 0

Table 6.5: Number of expected atmospheric muons per year which pass different amp selection
criteria.

6.2.4 Summary of the Selection Criteria

Table 6.6 shows the number of surviving events per year for background and signal (last

column) after each subsequent selection criterion.

Cuts Atm. µ Atm. CC νµ Atm. CC νe E�2 νe

No cut 9.18� 107 3.56� 103 15.2 36.5
nline ¡ 2 2.12� 107 1.22� 103 10.2 28.8
bchi2 – tchi2   1 1.06� 106 2.05� 102 9.70 27.0
amp ¡ 2300 p.e. 0 7.51� 10�3 0.37 5.2

Table 6.6: Event rate per year after each subsequent selection criterion.
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Figure 6.8: Distribution of the sum of the amplitudes of all the hits in an event: total ampli-
tude (in photoelectron). The reconstructed events per month have passed the nline ¡ 2 and
the bchi2 – tchi2   1 cuts: atmospheric muons (solid line) and selected data of November 2008
(black points).

6.3 Comparison between Monte Carlo Atmospheric Muons
and Data

The comparison between Monte Carlo atmospheric muons and data is only done outside

the so-called black box region. In this region, only events that pass the first two cuts

(i.e. nline ¡ 2 and bchi2 – tchi2   1) are selected, while the events that pass the last cut

(i.e. amp ¡ 2300 p.e.) are excluded.

The data set comprises the data acquired in the month of November 2008. This choice is

due to the fact that in the Monte Carlo samples the optical background has been simulated

using data run 38712 acquired on November 18th 2008. The chosen data set must have

on average the same detector configuration as used in the Monte Carlo simulations, such

as the number of active OMs, baseline rate and burst fraction (§ 2.6). Hence, only runs

fulfilling the so-called silver quality criteria have been selected:

- at least 700 out of 885 installed optical modules are active during a run (� 80%);

- the baseline rate is below 120 kHz;
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Figure 6.9: Efficiencies of the selection criteria as a function of the generated neutrino energy.

- the burst fraction is less than 40%.

The 258 selected data runs1 correspond to an active detector time of about 20 effective

days.

Figure 6.8 shows a comparison between the total amplitude distributions of Monte

Carlo atmospheric muons and data after the nline ¡ 2 and bchi2 – tchi2   1 selection

criteria. The Monte Carlo atmospheric muon simulation seems to overestimate the total

amplitude of the signal. Hence setting a selection criterion at amp ¡ 2300 p.e. can be

considered as a conservative choice.

6.4 Efficiencies and Purities of the Selection Criteria

The selection efficiency is defined as the fraction of reconstructed signal events, i.e. astro-

physical electron neutrinos, which pass a selection criterion:

Efficiency � N signal
cut

N signal
(6.2)

Figure 6.9 shows the efficiencies of each subsequent selection criterion as a function of

the generated neutrino energy.
1Silver runs from data run 36850 to data run 37470.
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The selection purity is defined as the fraction of reconstructed signal events which pass

a selection criterion over the total number (signal and background) of reconstructed events

which pass the same selection criterion:

Purity � N signal
cut

N signal
cut �N background

cut

(6.3)

Efficiencies and purities for cosmic electron neutrinos (E�2 νe), after each subsequent

selection criterion, are shown in Table 6.7.

E�2 νe

Cuts Efficiency Purity
nline ¡ 2 0.79 1.4� 10�6

bchi2 – tchi2   1 0.74 2.5� 10�5

amp ¡ 2300 p.e. 0.14 0.93

Table 6.7: Cumulative efficiencies and purities of the signal events after each selection crite-
rion applied in this analysis.



Chapter 7

Sensitivity to the Diffuse Neutrino
Flux through Electromagnetic
Showers

After the identification of suitable selection criteria which reject most of the background

signal described in Chapter 6, the sensitivity of the ANTARES detector to the diffuse

flux of high energy electron neutrinos which induce electromagnetic showers is estimated

in § 7.1 for a detector livetime of 1 year. Some considerations regarding the ANTARES

running configurations from December 7th 2007 until December 31st 2009 are discussed

in § 7.2. Therefore, the Monte Carlo electron neutrino samples are adapted to reproduce

the real detector setups (§ 7.3). In § 7.4, the realistic ANTARES sensitivity for 335 active

days is calculated and subsequently compared to other experiments. Finally, § 7.5 discusses

the outlook of this analysis.

7.1 Diffuse Neutrino Flux Sensitivity

With the selection criteria applied in the previous chapter, the background signal due

to atmospheric muons has been totally eliminated. Furthermore, the background signal

due to atmospheric CC muon neutrinos can also be neglected since it is three order of

magnitude smaller than the signal, as shown in Table 6.6. The only background signal

which survives the cuts is due to atmospheric CC electron neutrinos with an expected

rate nb of 0.37 events per year. For the signal, due to astrophysical CC electron neutrinos, a

hypothetical flux of E2
ν Φ � 10�7 GeV cm�2 s�1 sr�1 was assumed, leading to an expected

rate ns of 5.2 events per year.

The sensitivity is defined as the average upper limit on the diffuse flux of neutrinos

that would be obtained by an ensemble of experiments with the expected background and
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Figure 7.1: Energy spectra of cosmic (anti-)electron neutrino events, E�2 pνe � νeq, that
pass all the selection criteria. The peak between 106.7 and 106.9 GeV is due to the Glashow
resonance for downward going anti-electron neutrinos.

no true signal. The average upper limit is the sum of the expected upper limits at 90%

confidence level in the Feldman-Cousins unified approach [101], weighted by their Poisson

probability of occurrence

µ90pnbq �
8̧

nobs�0

µ90pnobs, nbq pnbqnobs

pnobsq! e�nb (7.1)

where nb is the expected number of background events and nobs is the number of observed

events. Over an ensemble of identical experiments, the upper limit on the expected signal

flux ΦpEq corresponds to the set of selection criteria that minimizes the so-called model

rejection factor µ90{ns [102], and hence minimizes the average flux upper limit that would

be obtained over the hypothetical experimental ensemble

ΦpEq90 � ΦpEq µ90

ns
(7.2)

In this analysis, the expected background nb is the event rate of the atmospheric CC

electron neutrino flux, which corresponds to 0.37 events per year. Therefore, the aver-

age upper limit is µ90p0.37q � 2.75. Since ns is equal to 5.2 events per year and the

flux E2
ν ΦpEq � 10�7 GeV cm�2 s�1 sr�1, the diffuse electron neutrino flux sensitivity is

E2
ν Φ90%CL � 5.3� 10�8 GeV cm�2 s�1 sr�1 (7.3)

with the central 90% of the E�2 signal found between the energies of 105.2 and 107.2 GeV,

as shown in Figure 7.1.
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7.2 The Real Detector

The sensitivity to the diffuse flux of high energy neutrinos calculated in Eq. (7.3) refers

to the ANTARES detector livetime of 1 year, with all the 12 lines and with an average of

712 active OMs out of 885. The number of active OMs is taken from data run 37218, which

is used in the simulation of the trigger algorithm used to process the Monte Carlo data

samples described in § 6.1. However, the real detector has different configurations which

change run by run.

From December 7th 2007, when Lines 6 – 10 were connected, until December 31st 2009

the detector has acquired data in different setups (Table 2.2) with 10 active lines, 9 active

lines and 12 active lines. To estimate the percentage of effective days for each configuration,

only runs which fulfill the so-called silver quality criteria have been selected:

- at least 80% of working optical modules are active during a run;

- the baseline rate (§ 2.6) is below 120 kHz;

- the burst fraction (§ 2.6) is less than 40%.

To satisfy the first condition, the minimum number of active OMs for the 9Line configu-

ration is 500, for the 10Line configuration is 571, while for the 12Line is 700. Figure 7.2

shows the distributions of the number of active OMs in the 3081 selected runs1. These

runs correspond to an active detector time of about 335 effective days.

The range of active OMs, the number of selected runs and the equivalent number of

effective days are reported in Table 7.1 for each configuration.

Detector Setup Active OMs Number of Runs Effective Days
9Line 500 – 570 945 136.1 (40.6%)

10Line 571 – 700 1167 128.4 (38.4%)
12Line 700 – 885 969 70.0 (21.0%)

Table 7.1: Range of active OMs, number of selected runs, equivalent number of effective days
and percentage with respect to the total 335 days for each detector configuration.

To estimate a more realistic diffuse neutrino flux sensitivity, the Monte Carlo data

samples can be processed to reproduce these 3 detector setups and then summed together

taking into account the different livetimes.

1Silver runs from data run 30508 to data run 45536.
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Figure 7.2: Distribution of the number of active optical modules in the 3081 considered runs.

7.3 Monte Carlo Samples for Different ANTARES Setups

Since the background signal due to atmospheric muons and atmospheric muon neutrinos

has been already rejected with the selection criteria described in § 6.2 and optimized for

the 12Line configuration, there is no need to reprocess them for the other two ANTARES

configurations. Using the same selection criteria defined with the 12Line setup on a detector

with a smaller number of OMs (9 and 10Line), the rejection of the background is even

more conservative. Therefore, only the CC electron neutrino sample (§ 6.1.3) has to be

reprocessed in order to take into account the new detector configurations.

7.3.1 9Line Configuration

To simulate an average of 540 active OMs, the geasim output files of the Monte Carlo CC

electron neutrino samples (§ 6.1.3) have been processed in the simulation of the trigger

algorithm (§ A.3) using data run 33341 acquired on April 3rd 2008 to simulate the optical

background (§ 2.6). For this run, the baseline rate is 55 kHz and the burst fraction is 16%.

For the 9Line setup, the number of generated events for each Monte Carlo sample, the

number of events surviving after the application of the trigger criteria and the number

of reconstructed events are summarized in Table 7.2. As usual, the BBFit reconstruction

algorithm as described in § A.4 was used. This table is equivalent to Table 6.3 for the

12Line configuration.
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Particle Generated Triggered Reconstructed
up-going νe 2.14� 105 1.45� 105 (68%) 1.43� 105 (67%)
up-going νe 1.98� 105 1.42� 105 (66%) 1.40� 105 (65%)

down-going νe 2.20� 105 1.31� 105 (65%) 1.28� 105 (64%)
down-going νe 2.03� 105 1.30� 105 (64%) 1.25� 105 (63%)

Total 8.36� 105 5.49� 105 (66%) 5.38� 105 (64%)

Table 7.2: Number of events in the CC electron neutrino samples, after generation, trigger
selection for the 9Line configuration and reconstruction. The given percentages refer to the
number of surviving events with respect to the number of generated events (first column).

7.3.2 10Line Configuration

To simulate an average of 604 active OMs, the same geasim output files of the Monte

Carlo CC electron neutrino samples have been processed in the simulation of the trigger

algorithm (§ A.3) using data run 32185 acquired on February 2nd 2008 to simulate the

optical background (§ 2.6). For this run, the baseline rate is 55 kHz and the burst fraction

is 15%.

For the 10Line setup, the number of generated events for each Monte Carlo sample,

the number of events surviving after the application of the trigger criteria and the number

of the reconstructed events with BBFit algorithm are summarized in Table 7.3. It has to

be noted that the trigger criteria adopted during data acquisition with the 10Line config-

uration are slightly different than the ones used for the other two setups. The so-called

T3 trigger (§ A.3) has been activated in the online trigger algorithm since March 2008,

while the run used to simulate the detector status (and the optical background) is taken

from the previous month. However, even if in the Monte Carlo samples this trigger is not

active, this should have no effect on this analysis because the majority of the signal induces

hits in all the detector lines and will be totally collected by the 3N trigger. Only for rela-

tively low energy events this is not the case. Hence, the Monte Carlo samples are adequate

also for the subsequent periods of the 10Line configuration in which the T3 trigger was

operating.

7.4 Diffuse Neutrino Flux Analysis for Different Setups

The selection criteria defined for the 12Line configuration (§ 6.2) are applied to these

new Monte Carlo samples of CC electron neutrinos. It has to be remarked that upward

going anti-electron neutrinos with energies higher than 3 PeV are excluded because the
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Particle Generated Triggered Reconstructed
up-going νe 2.14� 105 1.41� 105 (66%) 1.40� 105 (66%)
up-going νe 1.98� 105 1.39� 105 (64%) 1.38� 105 (63%)

down-going νe 2.20� 105 1.27� 105 (63%) 1.26� 105 (63%)
down-going νe 2.03� 105 1.26� 105 (62%) 1.25� 105 (61%)

Total 8.36� 105 5.33� 105 (64%) 5.29� 105 (63%)

Table 7.3: Number of events in the CC electron neutrino samples, after generation, trigger
selection for the 10Line configuration and reconstruction. The given percentages refer to the
number of surviving events with respect to the number of generated events (first column).

Glashow resonance was not included in the Earth’s absorption probability. The hypo-

thetical flux of the signal, due to astrophysical CC electron neutrinos, is assumed again

as E2
ν Φ � 10�7 GeV cm�2 s�1 sr�1.

Table 7.4 shows the number of reconstructed atmospheric and cosmic electron neutrino

events per year for the 3 ANTARES configurations (namely 9Line, 10Line and 12Line)

before any selection criterion and after all the selection criteria. The cumulative efficiencies

for the signal (Eq. 6.2) are 11% for the 9Line setup, 14% for the 10Line and the 12Line

setups. The cumulative purities (Eq. 6.3) are 95% for the 9Line setup, 94% for the 10Line

and 93% for the 12Line setup.

The three Monte Carlo samples are then summed, taking into account that ANTARES

has collected data for 136.1 active days in the 9Line configuration, for 128.4 active days

in the 10Line configuration and for 70.0 active days in the 12Line configuration, with the

specifications summarized in Table 7.1.

The expected number of background events nb due to atmospheric CC electron neutrino

flux corresponds to 0.27 events per year, with an average upper limit µ90p0.27q � 2.67. As-

suming as usual a hypothetical cosmic neutrino flux of E2
ν Φ � 10�7 GeV cm�2 s�1 sr�1,

the expected signal ns is equal to 4.4 events per year. Therefore, the sensitivity to the

9Line setup 10Line setup 12Line setup
Cuts Atm. CC νe E�2 νe Atm. CC νe E�2 νe Atm. CC νe E�2 νe

No cut 13.6 33.9 13.2 33.3 15.2 36.5
All cuts 0.19 3.8 0.29 4.5 0.37 5.2

Table 7.4: Event rate per year of reconstructed events (i.e. atmospheric and cosmic CC
electron neutrinos) for 9Line, 10Line and 12Line configurations before any selection criterion
and after all the selection criteria.
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Figure 7.3: Diffuse flux sensitivity at 90% confidence level to isotropic electromagnetic shower
events in 335 active days of the ANTARES detector (dash-dotted line) as determined in this
analysis, in comparison with the predicted Waxman-Bahcall upper bound [29] (thick solid line)
and with experimental upper limits (thin solid lines): AMANDA-II [103, 104], Baikal [105] and
Auger [106]. The fractions of these limits are explained in the text.

diffuse flux of high energy neutrinos and antineutrinos through electromagnetic showers

in 335 days of livetime of the ANTARES detector is

E2
ν Φ90%CL � 6.1� 10�8 GeV cm�2 s�1 sr�1 (7.4)

with the central 90% of the E�2 signal found between the energies of 105.3 and 107.2 GeV.

The energy spectra of cosmic electron neutrino events that pass all the selection criteria

is similar to Figure 7.1.

Figure 7.3 shows the diffuse flux sensitivity computed in Eq. (7.4) in comparison

with the theoretical Waxman-Bahcall (W&B) upper limit (§ 5.2). The original value of

this bound (Eq. 5.1) is calculated for a flux of muon neutrinos but can be transformed

into a bound on the flux of electron neutrinos because of neutrino oscillation effects be-

tween the source and the Earth (§ 5.3). The neutrino flavor ratio observed at Earth is

νe : νµ : ντ � 1 : 1 : 1 (Eq. 5.8). Therefore, the W&B upper limit has to be divided by

two. Similarly, the experimental results, which are derived with respect to all three neu-

trino flavors, are divided by three and compared to the single-flavor result obtained in



98 Sensitivity to the Diffuse Neutrino Flux through Showers

this thesis. The AMANDA-II neutrino telescope in Antartica ice reported two upper lim-

its: the first one (AMANDA-II 2000 [103]) refers to a period of 197 active days between

February and November 2000; the second one (AMANDA-II 2000-02 [104]) refers to a

period of roughly 459 active days between February 2000 and November 2002. The diffuse

all-flavor neutrino flux of the Baikal underwater Cherenkov detector NT200 [105] has been

derived using data collected in 1038 active days between April 1998 and February 2003.

The array of water-Cherenkov detectors of the Pierre Auger Observatory has also placed

a limit on the diffuse all-flavor neutrino flux [106] using data collected from January 2004

and February 2009. It has to be noticed that the Auger limit has been calculated only

taking into account downward going neutrinos.

The result of Eq. (7.4) is a factor of about 1.5 lower than the upper limit placed

by AMANDA-II [104] for 456.8 days of livetime. The sensitivity for a single-flavor flux

given by AMANDA-II for the same livetime period is of 6.0 � 10�8 GeV cm�2 s�1 sr�1,

assuming a mean of 0.43 background events and a data expectation of 0.33 event. The two

results are of same order of magnitude as expected due the similarity of the instrumented

volume sizes. AMANDA-II analysis concentrated on ultra high energy neutrino events at

the horizon, while in this analysis all directions are considered.

7.5 Conclusion and Outlook

In this thesis, a novel technique to identify shower-like events from track-like events has

been developed. Using suitable selection criteria, a sensitivity to the diffuse flux of high en-

ergy neutrino events which induce showers in the ANTARES detector has been calculated.

This sensitivity is lower than the upper limit placed by other experiments, in particular

AMANDA-II which has a size comparable with the ANTARES one, because no cut on the

direction of the incoming particles has been made, but isotropic electromagnetic shower

events are considered.

In the future, this technique will be applied also to the Monte Carlo samples of

(anti)neutrinos interacting via neutral current (NC) reactions. The selection criteria op-

timized for the charge current (CC) electron neutrinos should be valid also for NC in-

teractions because of the similar behavior of hadronic and electromagnetic showers in

the ANTARES detector. The NC interactions will increase the number of signal as well

as background events by a relative small fraction. Indeed, for NC anti-electron neutrinos

there is no Glashow resonance; the cross sections for NC reactions for the considered energy

ranges are roughly 40% smaller than the cross sections for CC reactions; approximately
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50% of the energy is carried out by the secondary neutrino and the remaining energy goes

to particles which travel longer distances in water then electrons.

As the main background rejecting criterion involves the total amplitude of the hits in

an event (§ 6.2.3), a more detailed study of the charge of the hits is useful. The dedicated

data-taking runs which are used to perform the charge calibration (§ 2.5.2) can be used to

test the real response of the detector at events with such large amplitudes (¡ 2300 p.e.).

Finally, using the selection criteria optimized for the Monte Carlo samples, the search

for the diffuse flux of high energy neutrinos and antineutrinos which induce showers will

be done with the data collected by ANTARES. Hence, the ANTARES effective area with

respect to shower-like events has to be evaluated, and an energy estimator has to be

developed.





Appendix A

ANTARES Analysis Chain

In this appendix, a description of the ANTARES analysis chain is presented, as far as

it was used for the presented study. § A.1 describes the Monte Carlo event generators

of atmospheric muons, and of atmospheric and cosmic neutrinos. The Cherenkov light

production and the detector simulation are described in § A.2. The implementation of the

optical background in Monte Carlo simulations and the trigger selections are introduced

in § A.3. Finally, the reconstruction algorithm is presented in § A.4.

A.1 Monte Carlo Event Generators

The ANTARES analysis chain starts with the generation of muons or neutrinos reaching

the can surface1 of the ANTARES detector.

The dimensions of the can are computed by adding 2.5 absorption lengths λabs (§ 2.1)

to the instrumented volume. Hence, the ANTARES can size is:"
Hcan � 587.09 m
Rcan � 238.68 m

For this analysis, atmospheric muons are generated with the MUPAGE code, while

neutrinos are generated with the genhen code.

A.1.1 MUPAGE

The MUPAGE code [56] has been described in details in Chapter 4. This analysis uses the

latest version of MUPAGE (v22).

As described in § 4.1, the ANTARES can in MUPAGE has to be extended in order to

accept peripheral muons. Hence the radius of the can becomes Rcan � 338.68 m.
1The can is a virtual cylinder surrounding the active volume of a generic underwater/ice neutrino

telescope.
2Official version v2 corresponds to v3r4 within the ANTARES Collaboration.
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Note that MUPAGE generates the events according to their abundance, and therefore no

weighting of the events is needed. Each set of events corresponds to a certain livetime (§ 4.5)

in units of seconds. Hence to obtain the event rate (in Hz), the number of events has to

be divided by the calculated livetime.

A.1.2 Genhen

The atmospheric neutrino flux reaching the can surface of the ANTARES detector is

simulated with the FORTRAN code genhen [107]. The latest version of genhen (v6r4

within the ANTARES Collaboration) allows to generate all neutrino flavors with NC or

CC interactions, according to the CTEQ6-DIS [96] parton distribution functions (described

in § 5.4). The Glashow resonance for (anti-)electron neutrinos as well as the propagation

through the Earth of upward going (anti)neutrinos (§ 5.5) are also taken into account.

The output of genhen includes the kinematics information of the primary neutrino: its

energy, flavor, direction, position of the interaction vertex and of the long-lived secondary

particles produced in the interaction.

The program provides the possibility to generate events according to different models

of the atmospheric conventional neutrino flux, such as the Bartol flux [57], as well as the

prompt flux, such as the RQPM [90]. The differential flux of atmospheric neutrinos chosen

in the generation is implemented in the weight w3 as Φ. The weights of each event are

defined as:

w1: contains the can volume [m3].

w2: contains the generation weight. For the generation of neutrino interactions, which are

flat in cosine of zenith angle and flat in E�γ :

w2 � w1 � Iθ � IE � Eγ � σpEq � ρ NA � PEarth � F (A.1)

where Iθ [sr] is the angular phase factor 2πrcospθmaxq � cospθminqs; IE is the energy

phase space factor pE1�γ
max �E1�γ

minq{p1� γq if γ � 1, or lnpEmax{Eminq for γ � 1; the

factor Eγ takes into account that the generation has been done flat in E�γ , hence

IE �Eγ is measured in GeV; σpEq [m2] is the total neutrino cross section for neutrino

energy E; ρ NA is the number of target nucleons per m3; PEarth is the probability

for the neutrino to traverse the Earth (depending on energy and zenith angle); and

F is the number of seconds per year [s/year].

Hence, w2 has the following units: GeV m2 s sr year�1.
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w3: is defined as

w3 � w2 � Φ (A.2)

where Φ is the differential flux of neutrinos (in units of GeV�1 m�2 s�1 sr�1) as

selected during the generation (e.g. the Bartol flux) before penetrating the Earth.

Therefore, w3 has the simple units [year�1] which can be understood as a ‘rate per

year’.

Therefore, weighting the generated events with w3, one has the number of atmospheric

neutrino events per year according to the generated flux Φ (e.g. the Bartol flux). While, to

obtain the number of astrophysical neutrino events per year, the generated events have to

be weighted with w2�E�2� a cosmic neutrino flux, such as the Waxman-Bahcall (§ 5.2).

A.2 Cherenkov Light Production and Detector Simulation

The tracking of particles through the ANTARES active volume, the production of Che-

renkov light by charged particles and the detector response, such as the signal digitiza-

tion (§ 2.4.1), are simulated using the KM3 package in the case of muons. The geasim code

is used for all other particles.

A.2.1 KM3

The KM3 package of FORTRAN codes [108] allows for a full simulation of the ANTARES

response to the passage of high energy muons including the effect of photon scattering

in the water. As the number of photons emitted along the muon trajectory is large, the

simulation of the light production is very time consuming. For this reason, a set of tables

storing amplitude and time of Cherenkov photons hitting the PMTs is created. They

are constructed taking into account the water properties of the ANTARES site (light

absorption length and scattering model), the characteristics of the OMs (geometry and

efficiency, § 2.2) and the position, distance and orientation of an OM with respect to a

given muon track.

For this analysis, the latest version of KM3 (v3r6 within the ANTARES Collaboration)

has been used.

A.2.2 Geasim

The tracking of particles other than muons is done with the geasim package which is based

on GEANT 3.21 [109]. All relevant physics processes that can occur during the passage
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Figure A.1: Average CPU time for one event in geasim as a function of the neutrino energy.

of particles through the water are taken into account, as well as the characteristics of the

OMs (geometry and efficiency, § 2.2). However, scattering effects are not simulated; the

number of photons is only decreased according to the attenuation length.

For hadronic showers, no parameterizations are implemented and every single particle

in the shower is tracked down to the Cherenkov level. This is very time consuming and

energy dependent. As shown in Figure A.1, the average CPU time1 necessary to process one

event in the simulation of this thesis rises almost exponentially with energy. The average

CPU time is determined by processing at least 300 events for each decade of energy.

The significant processing time makes the production of events above roughly 10 PeV a

considerable task. There are also some known errors in the cross sections from GEANT 3.

The authors of geasim therefore do not recommend the usage above 100 TeV, although

events have been produced within this work up to energies of 100 PeV without displaying

any obvious flaws other than technical ones2.

For this analysis, the latest version of geasim (v4r10 within the ANTARES Collabora-

tion) has been used.

A.3 Trigger Selection

In order to identify potentially interesting events, an online trigger algorithm [110] is

applied to real data. The trigger algorithm search for hits which are causally connected

and/or have a sufficiently large amplitude. When the trigger conditions are fulfilled, a

1Using a 2.33 GHz computer and Scientific Linux 4.
2For example, the maximum number of tracking steps (10000) is reached for some of the showers

produces at the highest energies, and the program simply discards the track. Hence not all tracks are
followed down to the Cherenkov level.
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so-called physics event is built.

The trigger conditions define a L0 hit as a hit with amplitude larger than 0.3 p.e. An

L1 hit is defined either as 2 L0 hits in coincidence within 20 ns in two OMs of the same

storey or as a single L0 hit with an amplitude larger than 3 p.e.

The most common applied selection criteria are referred to as 3D-scan Trigger (short-

ened as 3N) and/or 2T3 Trigger (shortened as T3). The 3N Trigger requires at least 5

causally connected L1 hits. A 1T3 cluster is defined as 2 L1 hits in adjacent or next-to-

adjacent storeys, in coincidence within 100 ns or 200 ns, respectively. The T3 trigger seeks

for time coincidence between two 1T3 clusters, in the whole detector, within 2.2 µs. These

two 1T3 clusters can be located on the same detector line or on different lines. In the

former case, 3 L1 hits on three adjacent storeys can lead to a triggered event.

An offline code (TriggerEfficiency [111]) is dedicated to the treatment of Monte Carlo

events. It adds the background hits due to 40K and bioluminescence (§ 2.6) and applies the

same trigger criteria defined in the online trigger, to select candidate events in the Monte

Carlo samples. The background added to Monte Carlo samples is taken from data to

reproduce the real acquisition conditions such as the number of active OMs, low efficiency

PMTs, baseline rate and bursts due to bioluminescence.

A.4 Reconstruction Algorithm

Several reconstruction algorithms are available to process (real and Monte Carlo) triggered

events in the ANTARES analysis chain. A brief description of the results on the neutrino

event reconstruction can be found in [112]. The analysis described in this thesis uses the

so-called BBFit reconstruction algorithm [113], which is included in the BBdisp package.

The latest version of this package (v3r5 within the ANTARES Collaboration) has been

used.

As an official documentation of BBFit is not available yet, a description of this strategy

is presented here.

The BBFit algorithm is based on a chisquare-like minimization and is designed to

reconstruct muon tracks as well as so-called bright point events. A bright point is a point-

like light source which emits a single light flash (assumed as isotropic) at a given moment.

The model of a bright point applies not only to artificial light sources such as LED and

laser beacons (§ 2.5.1), but also to sparks (as have been occasionally observed in some

optical modules) and to light from hadronic and electromagnetic showers, for which the

spatial extension of the shower is significantly smaller than the typical size of the detector.
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BBFit approximates each storey as a space point centered on a vertical detector line.

After the application of time and charge calibrations (§ 2.5), the hits in the event are time

ordered and merged on each storey if closer than 20 ns. In this case, the time of the first

hit is taken and the charges are summed. In order to augment the weight of coincidences

with respect to single high charge pulses, the total charge is further increased by 1.5 p.e.

if the hits originate from different OMs of the same storey. All hits, merged or single,

having a minimal charge of 2.5 p.e. are defined as step-1 hits. Next, a selection analogous

to the Trigger T3 requirements (§ A.3) is applied: A cluster of step-1 hits requires the

presence of 2 step-1 hits within 80 ns on two adjacent storeys or within 160 ns on next-

to-adjacent storeys. Only detector lines having at least one cluster are considered in the

prefit selection, in order to avoid the attribution of isolated noise hits to a track. Finally,

at least 5 hits in the whole detector lines are required to start the fit.

A.4.1 Fitting Procedure

If all selected hits are on a single detector line, a reconstruction algorithm for single line is

started, otherwise multi-line fit procedure is applied. The analysis presented in this thesis

uses only the multi-line fit as described in the following.

A.4.1.1 Particle Track

A particle track is considered as a straight line in space (multiple scattering and other

effects which could deviate the particle from its straight trajectory are ignored). The

particle is assumed to move with the speed of light in vacuum. All space-time points ÝÑp
on the track can be parameterized as

ÝÑp ptq � ÝÑq pt0q � cpt� t0qÝÑv (A.3)

where ÝÑq pt0q is the particle position at time t0 and ÝÑv represents the track direction.

The track can be defined by a total of 5 parameters: three values to fix ÝÑq for a given

time and two angles to define ÝÑv . Considering an exactly vertical detector line along the

z-axis, i.e. given by (0, 0, z), from purely geometrical considerations the point of closest

approach between the detector line and the particle track can be defined. The point of

closest approach along the z-axis is

zc � qz � vzpÝÑq � ÝÑv q
1� v2

z

(A.4)

through which the particle passes at time

tc � t0 � qzvz � pÝÑq � ÝÑv q
cp1� v2

zq
(A.5)
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at a distance

dc � q
b

p2
xptcq � p2

yptcq � ppzptcq � zcq2 (A.6)

If the track is exactly vertical, i.e. parallel to the detector line (condition |vz| ¡ 0.9999

in the code), then tc � t0 and zc � qz are chosen.

To build a fitting function it is necessary to know the arrival time tγ of a Cherenkov

photon at the detector line position (0, 0, z), its corresponding travel path dγ and its

inclination with respect to the detector line cos θγ :

dγpzq � n?
n2 � 1

a
d2

c � pz � zcq2p1� v2
zq (A.7)

tγpzq � ptc � t0q � 1
c

�
pz � zcq vz � n2 � 1

n
dγpzq

�
(A.8)

cos θγpzq � p1� v2
zq

z � zc

dγpzq �
vz

n
(A.9)

These equations hold exactly for Cherenkov photons of a given wavelength. Dispersion

and group velocity effects, as well as delays due to light scattering in a medium, are

ignored. A refractive index n = 1.38 is used in the code.

A.4.1.2 Bright Point

A bright point is defined by four parameters: its position ÝÑq and its time t0. In analogy

with the definitions of the point of closest approach as done for particle tracks, it is

straightforward to see that for a bright point zc � qz, tc � t0 and

dc �
b

q2
x � q2

y (A.10)

The photon arrival time tγ , its travel length dγ and its angle with respect to a given

arrival point z along the detector line can thus be determined in analogy to the case of a

particle track:

dγpzq �
a

d2
c � pz � qzq2 (A.11)

tγpzq � t0 � n

c
dγ (A.12)

cos θγpzq � z � qz

dγ
(A.13)

As for particle tracks, it is assumed that all photons have one particular wavelength,

such that a refractive index of n = 1.38 is appropriate.
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A.4.1.3 Fit Function

The fitting function exploits the time difference between the hit times ti and the expected

arrival times of photons from the track or bright point tγ , as in a standard χ2 fit. Further-

more, the expected amplitude versus distance relation of the measured hit amplitudes ai

is used.

Q �
¸
i�1

Nhit

�ptγ � tiq2
σ2

i q
� apaiq dpdγq

xayd0

�
(A.14)

The timing error σi is set to 10 ns for ai ¡ 2.5 p.e. and to σi = 20 ns otherwise. These

values might seem large with respect to the transit time spread of 1.3 ns for the ANTARES

PMTs, but have been confirmed by exploring the time residuals of typical track fits.

The second term is not organized as a difference between theoretical value and mea-

sured amplitude in order to avoid penalties from large theoretical amplitudes. Instead, the

chosen form gives a penalty to the combination of high amplitude and large distance. The

product is normalized by the average amplitude xay to compensate for the fact that higher

energy tracks or showers will produce more light at the same distance. The normalization

d0 = 50 m serves to balance the weight between the two terms. Hit amplitudes ai and

photon travel distances dγ are not taken directly from the calibrated detector measure-

ments. The amplitudes are first corrected for the angular acceptance of the storey. A very

simple form can be numerically derived from the arrangement of the OMs in a storey and

the corresponding angular acceptance function of a single OM. This leads to a corrected

hit amplitude a1i of

a1i �
2ai

cos θγ � 1
(A.15)

The average amplitude xay is calculated from these corrected hit amplitudes

xay � 1
Nhit

Nhiţ

1

a1i (A.16)

To be used in the fit function, the amplitudes are further modified

apaiq � a0a
1
ib

a2
0 � a1i

2
(A.17)

The function apaiq introduces an artificial saturation such that for a1i ! a0 one finds back

a � a1i, whereas for a1i " a0, one gets a � a0: the saturation value of a0 = 10 p.e. This

limits the influence of the large dispersion in the dynamic ranges of the different modules

which is currently not simulated.
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A similar trick is applied to the photon travel distance

dpdγq �
b

d2
1 � d2

γ (A.18)

For large distances dγ " d1 one finds back d � dγ , whereas for very small distances

dγ ! d1 one gets d � d1 with d1 = 5 m. This avoids an excessive pull of the fit object

towards the detector line.

The somewhat arbitrary choice of introducing Eqs. (A.17) and (A.18) can be justified

by the following consideration. The intensity of Cherenkov light decreases linearly with

distance (ignoring dispersion and similar effects). Thus one can write a1idγ � a0d1, which

corresponds to the observation that about 50 p.e. can be measured for a minimally ionizing

particle at 1 m distance, or equivalently 1 p.e. is seen at a distance of 50 m. Using this

identity, one can show that apa1iq dpdγq � a1i dγ , i.e. the two functions have absolutely no

effect on the product of amplitude times distance.

A.4.1.4 Minimization Procedure

The MIGRAD function of the MINUIT package [114] is used to perform the actual

minimization. Eqs. (A.7), (A.8), (A.9), (A.11), (A.12) and (A.13) are used to obtain

dγ , tγ , cos θγ for a given particle track or bright point. A loop is performed over all detec-

tor lines which have selected hits, and for each line a coordinate transformation is done to

place the line at the nominal position px, yq � p0, 0q. After minimization, the value of the

fit quality Q divided by the number of degrees of freedom is retained for further analysis

and it is stored in the resulting n-tuple. The covariance matrix is not used.

The multi-line bright point fit is insensitive to the choice of its initial parameters which

are simply fixed to constant values: ÝÑq � p0, 0, 250q m and t0 � 0. The multi-line track fit

requires a prefit, however. The usual ‘DUMAND’ prefit is used, which represents a linear

fit through the positions of the hits while allowing for a variable particle speed. The result

of the prefit is not used for further analysis.

A.4.2 Event Display

The BBdisp package includes also an application (BBdispfil) which fills a two-dimensional

event display. For each detector line, the horizontal axis indicates hit time (in ns) and the

vertical axis shows the height above the seabed of the fired storey (in m).

In this appendix, two examples of the event display are shown. Both of them refer to

the reconstruction of Monte Carlo events. In practice, this 2-D event display is used to

check in real time the acquisition of data events.
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Figures A.2 shows an example of a downward going Monte Carlo muon, which is recon-

structed as a track. The value (in degrees) of the reconstructed zenith angle is displayed

in the top-left corner and it is compared with the value of the generated zenith angle

in the Monte Carlo sample (so-called MC truth). If the zenith angle has a value larger

than 90 degrees the event is downward going, otherwise it is upward going. In this specific

example, the muon is reconstructed on 10 out of 12 detector lines. In each display, corre-

sponding to each detector line, the black crosses represent hits in a time window of 3 µs

around the trigger, full circles indicate hits participating in the trigger and open boxes

designate those hits which have been used in the fit.

Figure A.3 shows an example of an upward going Monte Carlo electron neutrino, which

is reconstructed as a bright point. In the bright point case, the reconstruction algorithm

does not compute any zenith angle for construction. It is therefore impossible to evaluate if

the event was originally downward or upward going. In this specific example, the electron

neutrino is reconstructed on 11 out of 12 detector lines.
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Figure A.2: A downward going Monte Carlo muon reconstructed as a track on 10 out of
12 detector lines. The value (in degrees) of the reconstructed zenith angle is displayed in the
top-left corner and it is compared with the value of the generated zenith angle in the Monte
Carlo sample (‘MC truth’). In each display, the curve shows the signature of the reconstructed
muon track, i.e. the z-position of the Cherenkov cone with respect to the seabed, as a function
of the time. The black crosses represent hits in a time window of 3 µs around the trigger,
full circles indicate hits participating in the trigger and open boxes designate those hits which
have been used in the fit.
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Figure A.3: An upward going Monte Carlo electron neutrino reconstructed as a bright point
on 11 out of 12 detector lines. In each display, the curve shows the signature of the recon-
structed shower event, i.e. the z-position of the Cherenkov cone with respect to the seabed, as
a function of the time. The black crosses represent hits in a time window of 3 µs around the
trigger, full circles indicate hits participating in the trigger and open boxes designate those
hits which have been used in the fit.
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Summary

This thesis is devoted to the search for a diffuse high energy neutrino flux through shower

events with the ANTARES neutrino telescope which is taking data at a depth of 2475 m

in the Mediterranean Sea. The main goal of ANTARES is the detection of high energy

cosmic neutrinos produced in astrophysical objects such as Supernova Remnants, Active

Galactic Nuclei and Gamma-Ray Bursts. A neutrino can be detected by measuring the

Cherenkov light emitted by the charged particles produced after the neutrino interacts

with the seawater or with the rock under the seabed. The amplitudes and arrival times of

the light signals are measured by a three-dimensional array of 885 photomultiplier tubes,

with a volume of approximately 0.01 km3.

Depending on the type of neutrino interaction, different secondary particles are gen-

erated resulting in different topologies. Muons induced by charged current muon neutrino

interactions produce a track that can be considered as a straight line in space. Electron

neutrinos induced by charged current electron neutrino interactions generate an electro-

magnetic shower. Neutral current interactions produce a hadronic shower. Both electro-

magnetic and hadronic showers can be considered as point-like light sources, because the

spatial extension of the Cherenkov light they generate is significantly smaller than the

typical size of the detector. Taking advantage of these topologies, shower events can be

discerned from muon tracks.

In this thesis, an in-depth study of atmospheric muons has been done. Since the flux

of these particles is about six orders of magnitude larger than the atmospheric neutrino

flux, they represent the majority of the signal seen by a neutrino telescope. A Monte

Carlo event generator of atmospheric muons, known as MUPAGE, has been developed from

parametric formulae which reproduce the flux and the energy spectrum of underwater/ice

atmospheric muons and take into account the multiplicity of muons produced in the same

cosmic ray interaction. The main feature of MUPAGE relies on the tiny computing time

– with respect to a full Monte Carlo generation – required to simulate a long period of

active detector time. Since the generation is based on parametric formulae, the model of



primary cosmic rays as well as hadronic interactions in the atmosphere cannot be changed

afterwards. Nevertheless, due to the importance of rejecting atmospheric muons in this

study, Monte Carlo samples with larger livetime have been preferred to smaller samples

with a more accurate reproduction of the atmospheric muon flux.

In the context of this thesis, selection criteria have been defined to reject the back-

ground signal due to track events. The expected isotropic rate for atmospheric electron

neutrinos is determined as 0.37 events per year. Assuming a hypothetical cosmic electron

neutrino flux of E2
ν Φ � 10�7 GeV cm�2 s�1 sr�1, 5.2 events per year are expected. The

sensitivity to diffuse high energy neutrino flux through shower events at a 90% confidence

level is

E2
ν Φ90%CL � 5.3� 10�8 GeV cm�2 s�1 sr�1

for one year of data taking in ANTARES, assuming a detector efficiency of roughly 80%.

The central 90% of the E�2 signal lies between generated energies of 105.2 and 107.2 GeV.

The ANTARES detector is acquiring data in different configurations with a detec-

tor efficiency between about 56% and 88%. Taking into account these various setups, a

more realistic estimate of the sensitivity for 335 days of detector livetime (from Decem-

ber 7th 2007 until December 31st 2009) gives

E2
ν Φ90%CL � 6.1� 10�8 GeV cm�2 s�1 sr�1

with the central 90% of the E�2 signal found between generated energies of 105.3 and

107.2 GeV.

With the study made in this thesis, the feasibility to detect diffuse cosmic neutrino

flux which induces showers in the ANTARES neutrino telescope has been demonstrated

as well as the competitiveness with the results obtained by other neutrino detectors.
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