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SUMMARY

Cosmic rays are highly energetic particles, mostly protons, that arrive at our Earth
from various astrophysical sources. The identification of these sources as well as the
mechanisms that accelerate particles to such high energies are topics of great interest
in modern day research. The topic of this work is the measurement of the atmospheric
neutrino energy spectrum. Atmospheric neutrinos are produced in the interactions
of cosmic ray particles with nuclei in the Earth’s atmosphere. Secondary hadrons,
produced in these high energy collisions, decay and among the products of these decays
are neutrinos. The study of the atmospheric neutrino energy distribution can provide
insight and valuable information on the high energy collision processes that take place in
the atmosphere and are outside the energy reach of present day accelerators, as well as on
the intensity of the cosmic ray spectrum. Additionally, atmospheric neutrinos constitute
the irreducible background for searches of cosmic neutrinos, which are produced in
the vicinity of the cosmic rays’ sources. A precise knowledge of the background can
significantly enhance the sensitivity for cosmic neutrino source searches.

The ANTARES detector is a neutrino telescope, located at a depth of 2475 m on
the bottom of the Mediterranean sea. It consists of 12 vertically positioned flexible
strings, equipped with a total of 885 photomultiplier tubes that detect light produced by
muons traversing the instrumented volume. These muons can be products of collisions
of cosmic rays in the atmosphere, but more importantly, they can be the products of
charged current neutrino interactions in the vicinity of the detector. The time, position
and pulse height of the hits recorded on the photomultipliers provide the necessary
information to reconstruct the direction of the muons with high precision. The muon
direction is very close to the neutrino direction, therefore the ANTARES detector is
primarily used as a telescope.

Another important quantity characterizing each track, other than its direction, is its
energy. This is especially relevant for the measurement described in this work. As muons
travel through the ANTARES detector, they lose energy through a variety of processes.
The amount of light emitted through these energy-loss processes is almost proportional
to the energy of the muon. A maximum likelihood based method was developed for the
reconstruction of the muon energy. It uses the time, position and pulse height of each
hit and attempts to find the muon energy that maximizes the agreement between the
observed hit signature at the detector and the expected amount of light for a given muon
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energy. The expected amount of light for a given photomultiplier tube and time window
is calculated as a function of the muon energy, taking into account the absorption and
scattering of light in water, as well as the electronics response of the phototubes. A
resolution better than 0.4 - 0.3 in the logarithm of the energy is achieved throughout
the whole energy range we consider, namely from 100 GeV to a few hundreds of TeV.

The vast majority of detected events in ANTARES are due to atmospheric muons.
For the work presented here, this is a background that needs to be suppressed. Since
muons, in contrast to neutrinos, cannot traverse the Earth, a directional cut where
only upward going events are selected reduces this background significantly. There are
still, however, atmospheric muons present after this cut due to downward going events
mis-reconstructed as upward going. A cut on the quality of the track-reconstruction
suppresses the muon background to levels below 1%. The selection criteria ensure a pure
sample of very well-reconstructed events, and consequently an increased performance
of the energy reconstruction.

The shape of the reconstructed muon energy distribution is different from the shape
of the atmospheric neutrino energy spectrum at the surface of the Earth, which is the
goal of this measurement. The reason for that is the limited energy resolution as well
as the overall acceptance of the ANTARES detector. The transformation between the
reconstructed muon energy distribution and the atmospheric neutrino energy distribu-
tion is described by a response matrix, determined from Monte Carlo simulations. The
problem at hand belongs to a class of problems called ill-posed problems. A direct
inversion of the transformation matrix is not sufficient and a different approach is im-
plemented. A singular value decomposition is performed on the matrix and the solution
is written as a series expansion. In addition, to suppress components in this expansion
that predominantly contribute statistical noise, a constraint is imposed that controls
the smoothness of the solution, effectively filtering out insignificant terms.

A measurement of the atmospheric neutrino energy spectrum in the range of 102.5 GeV
to 105.3 GeV has been performed. The result obtained is compatible with the theoretical
predictions and the measurements performed by the AMANDA and IceCube collabo-
rations. The systematic uncertainties of the measurement have been estimated and
the largest contributions arise from uncertainties in light propagation in water and the
efficiency of the photomultiplier tubes. The limited statistics at the highest energies
also affect the final result uncertainties. The next generation of neutrino telescopes will
provide tighter constraints in these uncertainties and a more precise determination of
the atmospheric neutrino energy spectrum reaching much higher energies.
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