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INTRODUCTION

When our ancestors turned their gaze to the night sky thousands of years ago, they were
performing the first astronomical observations. The human eye, sensitive to the visible
part of the electromagnetic spectrum, was the biological instrument able to observe
distant bright objects on the sky. Many ancient civilizations developed a keen interest
in astronomical objects among them the Babylonians, the Egyptians, the Greeks and
the Chinese. The first observations using a telescope, invented in the Netherlands at
the beginning of the 17th century, were performed by Galileo who was able to observe
objects magnified as much as thirty times. In the course of the 19th century, astronomy
was not anymore restricted to the visible part of the spectrum. Techniques were devel-
oped that allowed scientists to see a world hitherto invisible to the naked eye. Radiation
beyond the infrared and ultraviolet edges of the spectrum, from gamma-rays to radio
waves, was detected allowing men to expand their knowledge of the cosmos. Modern
man has been privileged to see images of immense beauty from the far away corners of
the visible universe with the help of the Hubble telescope, orbiting around the Earth.

Our civilization has been using light for these observations for millennia. But our
Earth is not merely swimming in a sea of light. It was Victor F. Hess who, in 1912,
discovered that high energy radiation is reaching our Earth from outer space. A few
years later it was verified that these cosmic rays were charged particles. A new branch
of astronomy was born, that used the influx of these charged particles for observational
purposes. Cosmic rays, consisting mainly of protons and other nuclei and spanning
many orders of magnitude in energy, reach our Earth. One of the questions that re-
mains unanswered until the present day is where do these high energy cosmic rays come
from and how are they accelerated to such high energies. Possible accelerator candi-
dates include supernova remnants, gamma ray bursts and active galactic nuclei. The
IceCube collaboration, however, has recently placed strong constraints on the neutrino
production in gamma ray bursts [Abba 12], eliminating GRB’s as prime candidates of
cosmic rays.

Whereas light is attenuated in interstellar matter and charged particles are deflected
from their original direction due to the presence of magnetic fields, neutrinos may open
a new window to the universe, providing us with valuable information on the origin
and acceleration mechanisms of the high energy cosmic rays. Neutrino astronomy is a
relatively young research field. Neutrinos originating from the Sun were detected for
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2 Introduction

the first time by Raymond Davis and John Bahcall with the Homestake mine Chlorine
experiment [Clev 98], shedding light into the energy production mechanism taking place
in our Sun. Significant progress has been made in the following decades with the
discovery that neutrinos oscillate [Fuku 98], i.e. they change their flavor as they travel,
explaining the lower neutrino rates that Davis measured compared to the expectations.
The supernova explosion in the Large Magellanic cloud in 1987 lead to an increased
neutrino flux measured by the Kamiokande-II, IMB and Baksan neutrino detectors
[Hira 87; Hain 88; Alek 88], confirming the theoretical models describing core collapse
supernovae. Neutrinos that can be produced in the sources of cosmic rays are referred
to as cosmic neutrinos. Neutrinos, massive, but lighter than any other known particle,
interact only weakly with their environment. This makes the task of detecting them
very challenging. By the time the reader will go through the pages of this introduction,
trillions of them will have passed through his body, the book he is holding, the Earth
itself, and will be in the mean time millions of kilometers away. Ingenious means must
therefore be devised in order to capture these elusive particles. However, the high fluxes
involved with these particles make this task less daunting. The ANTARES neutrino
telescope was built for this purpose. It is located at the bottom of the Mediterranean
sea, south of France. It consists of 12 vertical strings, equipped with photomultiplier
tubes that detect the Čerenkov light that is produced by muons as they traverse the
detector. Some of these muons will be the product of neutrinos that interacted in the
vicinity of the detector, producing them.

High energy atmospheric neutrinos are the topic of this thesis. They are produced
in particle cascades initiated by the interaction of cosmic rays with nuclei in the Earth’s
atmosphere, differentiating them from cosmic neutrinos. The search for cosmic sources
of high energy neutrinos is not a trivial task. At relatively low energies, of the order of
a few TeV, the atmospheric neutrino flux is so much higher than the expected galactic
or extragalactic flux making it virtually impossible to extract a cosmic signal over this
background. At higher energies, a cosmic component is expected to be visible above the
steeply falling atmospheric neutrino spectrum. It is obvious that a precise knowledge
of the atmospheric neutrino spectrum is of prime importance for neutrino astronomy,
since it constitutes the irreducible background for these searches. The goal of this work
is the measurement of the atmospheric neutrino energy spectrum. This measurement
may also provide information about high energy scattering processes outside the reach
of present day accelerators. This can be achieved by examining the component of the
atmospheric neutrino flux that has its origins in the decay of charmed hadrons in the
atmosphere.

The question we are called to answer is: how many neutrinos are produced in the
atmosphere through collisions of high energy cosmic rays with air molecules and what
is their energy? In order to achieve this we develop a muon energy reconstruction
method, based on a maximum likelihood method approach. The reconstructed muon
spectrum differs from the physical neutrino spectrum due to limited resolution effects.
A singular value decomposition approach [Höck 96] is used to unfold the atmospheric
neutrino energy spectrum. The AMANDA and IceCube collaborations, operating a
neutrino detector immersed in the glacial ice of the South Pole have recently measured
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this spectrum [Abba 10; Abba 11]. The work presented here is the first measurement
of the atmospheric neutrino energy spectrum with an underwater deep sea detector,
covering a neutrino energy range between 102.5 and 105.3 GeV.

This thesis is organized as follows. Chapter 1 outlines the theoretical framework
of the present work, serving as an introduction to cosmic ray physics and describing
the progress that has been made on the calculation of the atmospheric neutrino flux.
The ANTARES detector and its principles of operation are described in chapter 2.
The method we employ to reconstruct the energy of muons passing through the ap-
paratus and the reconstruction performance are explained in detail in chapter 3. The
methodology on how the distribution of the reconstructed muon energies can provide
us with the atmospheric neutrino energy spectrum is examined in chapter 4. Chapter 5
focuses on the criteria applied for the final data sample selection. The measured atmo-
spheric neutrino energy spectrum and an estimation of the measurement uncertainties
are presented in chapter 6.


