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I’ll tell you more later - I must have a long rest now. I'll tell
you something of the forbidden horrors he led me into -
something of the age-old horrors that even now are festering in
out-of-the-way corners with a few monstrous priests to keep
them alive. Some people know things about the universe that
nobody ought to know, and can do things that nobody ought
to be able to do. I've been in it up to my neck, but that’s the
end.
H. P. Lovecraft, " The Thing on the Doorstep” (1933)



Introduction

Astroparticle physics is a relatively young field derived from the exten-
sion of conventional astronomy beyond the optical to the microwave and X
spectrum. This new field can explore universe using a different kind of mes-
sengers, relying on high energy cosmic rays, gamma rays and neutrinos. The
latters, interacting only via weak interaction and being very light, are the
ideal messenger to observe astronomical sources, for they are not deflected
by galactic magnetic fields and not suffer from absorption.

In 1960 Markov proposed a possible way of detecting high-energy neutri-
nos using huge volumes of material, such as sea water or ice. Muon neutrinos
produced in astrophysical objects reach the Earth and interact via charged
current with one of the nucleons of the medium surrounding the detector.
The charged current interaction leads to the production of a muon that in-
duces Cherenkov photons emission along its trajectory. These photons can
be detected with photomultipliers. At energies above TeV, muons can travel
kilometers and are almost collinear with the parent neutrino. Knowing that
neutrinos have a low cross section and taking into account the astronomical
fluxes, the typical size of the detector should of the order of km?.

ANTARES is the first neutrino telescope installed in the Mediterranean
Sea. It is composed by 12 lines of photomultipliers. Detector construction
started in 2006 and was completed in 2008 with the deployment of the last
line. The data taking has started in 2007. The main goal of the experi-
ment is the search of high energy neutrinos from astrophysical sources. Its
favored position allows to see the galactic center and ANTARES could be
considered complementary to the IceCube Antarctic Telescope. It is also a
first step before the construction of a km? neutrino telescope in the Northern
hemisphere.

Neutrino telescopes are optimized to observe upgoing event from neutri-
nos coming from the other side of the Earth. It is the best way to reject
muonic background originating from the interaction of cosmic rays with the
nuclei of the atmosphere. However Earth becomes opaque to neutrinos with
energy greater than 10 PeV and it is difficult to detect the upgoing signal
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beyond this energy. In this case neutrinos have to cross a smaller amount of
matter which is achieved if their direction is near the horizon. This thesis
is mainly dedicated to the study of these particular neutrinos, called Ultra
High Energy (UHE) neutrinos, but we will also study a more conventional
energy range, called Very High Energy neutrinos.

Ultra high energy neutrinos may have very different origins: a part of
them comes from the interaction between cosmic rays and CMB, another
one may originate from particular phenomena like AGNs. There are also
some fluxes predicted for theories beyond Standard Model, but they are not
discussed in this work.

In this thesis the search of an astrophysical signal in ANTARES data is
performed. The first chapter is dedicated to the high energy astronomy, an-
alyzing the possible neutrino sources and the flux models associated. In the
second chapter the detection mechanism is detailed, along with the particu-
lar signatures of different neutrino flavors. ANTARES experiment, with its
layout and its possible background sources, is described in the third chapter.
The fourth chapter deals with the Monte Carlo simulation system, taking into
account the different software for event generation and track reconstruction
used in the collaboration. The analysis chain is described in the fifth chap-
ter, with a detailed description of sample selection and tests on the Monte
Carlo. In the same chapter ANTARES sensitivity for Waxman-Bahcall and
cosmogenic flux is estimated. The analysis chain is then applied on the full
data sample in chapter six, in order to get a limit on the neutrino fluxes on
which this work is focused.
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Chapter 1

High Energy Astronomy

Astroparticle physics is a relatively young field derived from the exten-
sion of conventional astronomy beyond the optical to the microwave and
X spectrum. This new field can explore universe using a different kind of
messengers, relying on high energy cosmic rays, gamma rays and neutrinos.

This chapter deals with high energy cosmic rays, their spectrum and
origin, to focus in particular on neutrino astronomy.

1.1 High Energy Cosmic Rays

The discovery of cosmic rays was made by Hess in 1912 [I] by three
golden spectrometers placed in a free balloon at 5300 meters of altitude,
finding that the level of radiation increased with height, contradicting the
hypothesis of earth rock radioactivity. This opened the way to all the studies
of the following decades with different kinds of detectors, from balloons to
satellites. Detection of cosmic rays of higher energy becomes more difficult
because of their low arrive frequency.

In 1938 Pierre Auger discovered the extensive air showers through a
ground-based experiment, detecting the product of the cosmic ray interac-
tions with atmosphere. The energy measured in these showers was some
orders of magnitude greater than the one obtained in balloon experiments.
New detectors on large scale were built to detect particles with these energies.

1.1.1 Cosmic Rays Composition and Spectrum

Cosmic Rays (CRs) spectrum is ranged between ~ 10% eV and ~ 10! eV.
The largest part (almost 90%) of the incoming CR is made up by protons,
while there is a 10% of alpha particles (helium nuclei) and a minor part

1
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Figure 1.1: The all-particle spectrum from air shower measurements. The
shaded area shows the range of the the direct cosmic ray spectrum measure-
ments [2].

(almost 1%) of heavier elements, beta particles (electrons) and gamma ray
photons. In CRs it is possible to find a composition similar to the one of
the Solar System, even if there are some relevant differences. An abundance
of nuclei with Z > 1 is visible in CRs and the contribution of two groups
of elements, such as Li-Be-B and Sc-Ti-V-Cr-Mn, is more important than in
the Solar System. The explication of this abundance lies in the collisions of
heavier elements (C and O for the first group, Fe for the second one) with
the interstellar medium, which produces lighter element through a process of
spallation.

The energy spectrum spans over 13 orders of magnitude and follow ap-
proximately a power law, decreasing with the energy’s increment. The dif-
ferential flux can be expressed as following:

- x E7 1.1
75 (1.1)
where N is the number of observed events, E is the energy of the primary
particle and 7 is called spectral index. The latter is about 2.7 until the energy
reaches 3x 10*® GeV, where the spectrum shows a knee and the spectral index
steepens to about 3.1. The slope changes again at about 3 x 10! GeV, when
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v steps back to 2.7. To summarize:

2.67 log(E/eV) < 154
vy=< 3.10 154 <log(E/eV) < 18.5 (1.2)
2.75 18.5 < log(E/eV)

Shielding by solar wind dominates for CRs below ~10 GeV. Also, CRs with
energy below ~100 MeV are not able to reach the Earth.

Measurements above the atmosphere are required to detect CRs up to
energy of ~ 10'* eV. For this kind of CRs the acceleration is explained by
the Fermi mechanism [3, [4]. These CRs seems to have a galactic origin,
confirmed by experiments on satellites and stratospheric balloons, which had
provided information also about the composition of CRS. Because of the ran-
domization of original direction by the Galactic (B ~ 3 uG) and intergalactic
(~nG) magnetic fields, it is impossible connecting CRs with sources. The
so-called gyro-radius for a nucleus with charge Z and energy E (eV) is:

E
~ 3 x 107> [pc] (1.3)

For CRs with energy below the knee the value of Ry, is comparable with
the thickness of Galactic disc (~200 pc) for a Z = 1 particle, such as a
proton. This means that a source pointing is possible only for protons having
E > 10" eV.

The knee in the spectrum is shown at about 3 x 10! eV. There is still no
unique explication for the spectrum’s shape, even if several models had been
proposed [7]. A possible phenomenological cause could be a cutoff energy to
the CRs component, which should became iron-richer after the knee.

At energy above ~ 10 eV the CRs flux becomes even lower and the
study of this spectral region are performed by big infrastructures located
on the ground. These experiments can detect large showers of secondary
particles produced by the CRs interaction with the atmosphere. KASCADE
experiment has studied the region around the knee [8] and it seems to indicate
that the average of CRs increases for energies above the knee.

At ~ 10?° there is a second change in the spectrum, called the ankle.
Above this energy the spectrum becomes flat and the CRs’ origin is supposed
to be extragalactic. There is no galactic source which can produce particles
of such energy range and the gyro-radius of particles is large enough to make
them escape from the galaxy [9]. In addition the particle diffusion is low if
compared to the traveling path through the galaxy. It is possible to identify
the source of this high energy particles. The isotropic distribution suggests
that the traveling lenghts are longer than the galaxy’s diameter.
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The so-called GZK (Greisen-Zatsepin-Kuz'min) cutoff suppress the CRs
flux above 6 x 10" [10]. The cutoff is caused by the photo-interaction of pro-
ton with the 2.7 K Cosmic Microwave Background radiation. Observations
by HIRES [1I] and Auger [12] seem confirm the hypothesis. On the other
hand the data from AGASA [I3] experiment give no hints of this cutoff. The
most recents analysis of Auger data cannot firmly establish the existence of

GZK effect.

1.1.2 Acceleration mechanism

The high energy neutrino production is strictly bound to the CRs accel-
eration.

The Fermi mechanism explain the acceleration by iterative scattering
process of charged particles in a shock-wave. The latter is originated by
a very strong gravitational force, like in the proximity of a stellar collapse
or a black hole. A particle goes through a stochastic acceleration, entering
in the region with a certain E and exiting with a different one. The model
proposes that the particle is accelerated by magnetic field inhomogeneities,
increasing its energy in a proportional way (AE = & x E, where £ is the
gain).

There are two main configurations for the stochastic acceleration. The
first configuration consider the acceleration zone as a moving gas cloud, where
particles are scattered by the irregularities, with a random direction. The
gain at the end of the acceleration is proportion to the squared cloud velocity,
such as AE oc 82E. This is the second order Fermi acceleration mechanism.

In the first order acceleration mechanism the shock wave front is consid-
ered plane and infinite. The particles are accelerated going back and forth
between the shock wave front. Being 3 the velocity of the shocked plasma
flow, the energy is increased of AE o« SE. This is dependent on the veloc-
ity’s direction, but is much more efficient than the second order mechanism,
which has a 3 ~ 1072,

Supernova explosions are the main Fermi accelerators and can give birth
to particles with a maximum energy of 100 TeV. These accelerated CRs can
interact or decay, producing gamma ray, positrons, neutrinos and so on.

However the SNR (Supernova Remnant) model fails to explain the flux
above the knee, even if at the present days there is no better model up to
101 eV. There are some hypothesis involving an acceleration by rotating
neutron stars. The particles, already accelerated by a SNR shock, suffer an
additional acceleration into the strong variable magnetic field of the neutron
star. The maxim energy which can be reached is 10 eV [14].
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1.2 High energy ~-ray

Neutrino telescope are able to study the energy spectrum up to the ankle,
where the Fermi mechanism fails to explain CRs acceleration.

In this spectral region pointing CRs sources is not possible because of the
galactic magnetic fields. On the other hand, neutral particles such as v and
neutrinos do not suffer the magnetic fields action, but are produced during
interaction or decay of charged particles. There is no direct acceleration for
them.

Two models have been developed to explain the v-ray production, one
leptonic [15] and another adronic [16]. In the first case, electrons are ac-
celerated, while in the adronic model there is an acceleration for protons or
nuclei. The lepton model wants high energy v-rays produced in synchrotron
radiation, bremsstrahlung and Inverse Compton (IC) scattering. The inter-
action between electrons and background photons is able to produce ~y-ray
via IC scattering with a high efficiency. The adronic model relies on v pro-
duction in neutral pions decay. In this particular scenario also charged pions
are present, associated with the production of high energy neutrinos.

EGRET (Energetic Gamma-Ray Experiment Telescope) experiment has
compiled a catalog from the 1990s with ~-ray sources in the MeV + GeV
range [I7]. The cataloger contains 271 sources with high significance, even if
the largest part of them are not identified.

In June 2008 the Fermi Gamma-ray Space Telescope (Fermi) has been
launched, with the goal of producing a new and more accurate skymap in
the v spectrum. At the GeV energies, Fermi has increased the number of
known sources by nearly an order of magnitude in its first year of operation,
confirming observationally some theorized v-ray emitters [18]. In Figure
the new skymap is shown.

Satellites experiments are not sufficient for the low v-ray fluxes above
100 GeV. High energy v-rays interact with Earth’s atmosphere and produce a
cascade of high energy relativistic particles, which are able to emit Cherenkov
radiation. The latter, formed by visible light and UV, can be detected at
ground level by arrays of telescopes equipped with photomultipliers. By the
Imaging Air-Cherenkov Technique (IACT) it is possible to reconstruct the
shower and inquire the direction and energy of the primary photons.

The first experiments using the IACT method are Whipple [19], HEGRA
[20], CANGAROO [21] and CAT [22]. In these days the modern experiments
are HESS [23], VERITAS [24] (array telescopes) and MAGIC [25]. These
telescopes have provided a large catalog of TeV ~-ray sources.

After the TeV spectrum, infrared, radio and microwave photons pose a
limit to the mean free path. Above 10 TeV the horizon of photons is limited
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Figure 1.2: All-sky gamma-ray map from two years of Fermi LAT data, in
Galactic coordinates and Aitoff projection. The color scale indicates the
number of photons with energy greater than 1 GeV detected per pixel in
the first twenty-four months of LAT operation. Diffuse Galactic emission is
evident as a bright red band across the Galactic plane. This diffuse emission
is produced by cosmic rays colliding with diffuse gas in the Milky Way, and
by inverse Compton scattering of background starlight by energetic electrons.
Bright point sources are visible both within the Galactic disk (predominantly
pulsars, pulsar wind nebulae, and supernova remnants) and outside of it
(predominantly AGNs, along with some millisecond pulsars). Many of the
point sources are still unidentified [I§]
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to less than 10 Mpc.

1.3 Neutrino Astronomy

This part will deal with neutrino astronomy and its advantages and dis-
advantages, in order to explain why the neutrino is a good messenger and
which are the mechanisms for neutrino production in the universe.

1.3.1 The choice of neutrinos

Neutrinos are stable particles and their neutral charge assures a straight
trajectory from the source across the universe. On the other hand neutrinos
can interact only through weak interaction. Their small cross section (~
1073* cm?) allow them to cross big portions of space without interact, also
through zones full of matter which can stop other messengers, such as photons
or protons. This property implies also great volumes for neutrino detection.

Neutrinos can also bring new information about the most violent phe-
nomena in the universe.

1.3.2 Production’s mechanism

The main way to product neutrino is via hadronic interactions in matter.
Hadronic interactions create pions whose decay implies neutrinos:

™t — ut 4w,
— vu—|—6+ye—|—l/u (1 4)
T — oyt '
— vte +T. 47,

Neutrino generated in this process have a ratio (v, : v, : v,) = (1 : 2 : 0).
Oscillations mechanism changes this proportion to (1 : 1: 1) when neutrinos
reach Earth.

Having no electric charge, neutrinos cannot be accelerated after produc-
tion. In this way hadrons must have a high energy, in order to justify the
energy of neutrinos observed on Earth. Phenomena which can product such
high energy hadrons are Fermi mechanism for supernovae of first and second
order.

During first order acceleration, particles trajectories are bent by magnetic
fields inside the wavefront. Particles travel in the same direction of the
wavefront, having the rear wavefront a speed u; greater than s for the front
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one. Particles are magnetically reflected between the two wavefront, gaining
an energy proportional to |u; — i3] before escaping the shock region.

Second order process is a stochastic particle acceleration. Particles gain
and lose energy in random way inside magnetic matter’s clouds, i.e. super-
nova remnants. These clouds moves through the space and their movement
gives birth to a magnetic field that can give particles an energy contribution
proportional to |i; — u»|?, being @; and iy the velocities for the two magnetic
regions.

1.3.3 Neutrino sources

Neutrino astronomy is still a developing field. There are different sources
which are good candidates for neutrino sources. These ones are investigated
at Earth by Cherenkov telescopes.

1.3.3.1 Local sources

The nearest astrophysical neutrino source is the sun. It can product
neutrinos by internal nuclear reactions. Neutrino energy is quite low (~MeV)
and such flux can be investigated by smaller detector, as in the last forty
years, from Homestake experiment until SuperKamiokande.

Atmospheric neutrinos are generated in the cosmic ray interactions with
atmosphere. Even if cosmic rays are of extraterrestrial origin, neutrino pro-
duction is considered local. The first and main contribution comes from the
long lived particle disintegration, such as pions and muons (1078 — 107¢ s).
The prompt contribution is from short lived particle disintegration (charmed
hadrons, 10712 s).

Energy spectrum for atmospheric neutrinos is very similar to the cosmic
ray one (E~27) until 100 GeV. Beyond this energy the spectral index becomes
-3.7, decreasing quickly. Neutrinos form prompt contribution follow a slope
o E~27 until higher energies, 10-100 PeV, because of even higher hadron’s
energy.

1.3.3.2 Galactic sources

All the cosmic rays up to the ankle are supposed to be of galactic origin.
These kind of sources are quite near the Earth (orders of 10 kpc). Some
of them are very likely to be neutrino sources, since the complementary
observations from ~-ray telescopes can not be explained by leptonic models
alone.
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Neutrinos form galactic disc: cosmic rays can interact with interstellar
gas, whose main concentration is inside the galactic disc. These interactions
create mesons which decay into neutrinos and other particles. These neutri-
nos are called diffuse because they have no information about their direction.
Energy spectrum should follow the cosmic ray one, £~>7 until the most high
energies.

Supernova remnants: supernova explosions are catastrophic events caused
by gravitational collapse of a star at the end of her life, when all the element
until iron had already been burnt. A supernova explosion can throw out an
enormous quantity of energy in few time. The largest part of this energy is
sent out as MeV neutrinos. After the explosion hadrons can be accelerated
until PeV by Fermi mechanism. These high energy particles can interact
with the medium and product other neutrinos. Final product of a supernova
can be a neutron star, so the already accelerated particles can gain additional
energy due to its strong magnetic fields.

In spite of the low expected explosion rate (2-4 per century), significant
flux of high energy neutrinos can be produced during the short period after
the explosion. In addition, these events will arrive in a short time window,
which makes their detection easier.

Pulsar Wind Nebulae: it is a kind of stellar wind powered by magnetic
fields from a pulsar, which blows put jets of very fast moving material into
the nebula. These emissions are of synchrotron origin, according to radio,
optical and X-ray observations, such as the case of the TeV ~-ray emission
from the Vela PWN (Vela X) observed by HESS telescope.

Neutrino fluxes from these objects could be observed by a kilometer-scale
neutrino telescope.

Microquasars: they are the best galactic candidates for neutrino astron-
omy. They are galactic X-ray binary systems composed of an accretion mas-
sive object such as a black hole or a neutron star and a companion star which
provides mass to the firs one. They also display relativistic radio-emitting
jets, probably caused by the accretion of matter from the companion star.
Micro-quasar are quite like AGN, but at a much smaller scale.

Binary systems: a binary star is a neutron star or a black holes that
increases by its companion’s material and a fraction of this material is emitted
as a couple of jets aligned with the stellar axis. These jets are naturally
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region of acceleration for particles because of the collisions between particles.
Moreover, in these regions there are strong magnetic fields.

To detect these neutrinos is mandatory to be in axis with one of the two
jets. For this reason this kind of flux is considered as diffuse.

Neutrinos from Galactic Center (GC): Galactic Center is within the
sky view with the latitude of the Mediterranean, so it is very interesting for
the ANTARES experiment.

Inside the GC region a 7y-ray spectrum described by a power law with
spectral index of ~2.3 has been measured. This fact indicates a local CR
spectrum in the GC region which is much harder and denser than that mea-
sured on Earth. It could be due to an additional component to the CR
population, above the standard concentration which fills the Galaxy.

Fermi Bubbles In the last years Fermi-LAT satellites has detected -rays
with an hard and relatively uniform energy spectrum. This emission can be
shaped as two bubbles in a region centered in the core of the Milky Way.
They are perpendicular to the galactic plane and have an extension of 10
kpc. It is widely though that Fermi Bubbles can be neutrino sources [30]
and these neutrinos should detectable by a km-scale telescope [31].

1.3.3.3 Extragalactic sources

Cosmic rays above the ankle are assumed to be of extragalactic origin.
Therefore the existence of extragalactic high energy neutrino sources is di-
rectly implied by CR observations. Neutrinos can be produced in the same
mechanism that accelerates hadronic particles, such as protons or nuclei.

While dealing with high energy cosmic rays, one must take into account
the GZK cutoff, which imposes a theoretical upper limit on the energy of cos-
mic rays from distant sources. Auger experiment has rejected the hypothesis
of a power low for CRs with £ > 6 - 10'%¢ eV, with a 6 sigma significance
[26], as shown in Fig. [1.4 The main source for this kind of CR could be
active galactic nuclei (AGN), even if sources distributed among the nearby
galaxies are not excluded.

Neutrinos from the cosmic background radiation: all the CR in-
teraction with the microwave background radiation of 2.7 K, which can be
considered as a neutrino source both galactic and extragalactic. This kind of
interaction produces pions via A1 (1232) resonance. Pions decay gives birth
to a neutrino flux with a energy higher than 108 GeV.
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Figure 1.3: Galactic coordinates of simulated neutrino from the Fermi bub-
bles. The color code indicates the fraction of Monte Carlo neutrinos that are
up-going in local detector coordinates. The measured bubble edges are also
reported (black points). The red line represents the separation line between
the northern and southern hemisphere [31].
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Figure 1.4: Aitoff projection of the celestial sphere in galactic coordinates
with circles of radius 3.1° centered at the arrival directions of the 27 cosmic

rays with highest energy detected by the Pierre Auger Observatory. The
positions of the 472 AGN (318 in the field of view of the Observatory) with
redshift z < 0.018 (D < 75 Mpc) from the 12 edition of the catalog of
quasars and active nuclei are indicated by red asterisks. The solid line repre-
sents the border of the field of view (zenith angles smaller than 60°). Darker
color indicates larger relative exposure. Each colored band has equal inte-
grated exposure. The dashed line is the supergalactic plane.
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Figure 1.5: Scheme of an AGN. It is indicated which objects are believed to
be seen from particular directions.

Neutrinos from AGN: galaxies with a very bright core of emission in
their center are called Active Galactic Nuclei. They are 5% of the galaxies
in the universe. There could be a supermassive black hole in the centre of
these galaxies.

A schematic view of an AGN can be seen in Fig. [I.5]

The supermassive black hole, with a mass 10° < 10° times the Sun, would
attract material in the center of the AGN and release a large amount of
gravitational energy. Matter from dust torus feds the accretion disk. Is it
possible to observe two jets, both perpendicular to the accretion disc.

These jets are particle accelerators. The outgoing beams can interact
with the ambient matter and photons. ANG appear very bright when one of
the jets is oriented along the line of sight: in this case it is called blazar and
is one of the best chances to detect a neutrino point source.

The AGN mechanism can generate an energy rate greater than L > 1
erg s and thus an AGN is the brightest steady source. AGN are believed
to be high energy neutrino sources.

047

Neutrinos from Gamma Ray Bursts: this phenomenon has been dis-
covered in the 1960s and is characterized by a brief flash of v-rays, often
followed by X-ray, optical and radio emission which carries out most of the
energy as > 1 MeV photons. A GRB can last from few milliseconds to tens
of seconds.

Among the models which can explain GRBs, the most accepted is the
fireball model (Fig. [L.6). It is assumed that matter moving at relativistic
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Figure 1.6: The GRB fireball model. Moving material at relativistic speeds
(I' ~300) which interacts with the surrounding medium produces y-rays and
the afterglow.

speed, under the powering of radiation pressure, collides with other material
in the proximity. The origin of the radiation pressure is still unknown, but it
is thought to be a collapse of massive object to a black hole. Assuming that
the fireball produced in the collapse has a high relativistic velocity (Lorentz
factor I' ~ 300), the protons accelerated within the shock wave lose energy
through interactions with ambient photons. The high photonic density grants
a high collision rate between photons and protons. This yields to a significa-
tive pion’s production. The pions later decay in neutrinos carrying the 5%
of the original proton energy, £, ~ 10 eV [27]. Neutrino contribution can
be different depending on the GRB evolution.

The advantage of this kind of transient sources is that they are almost
background-free, being the emitted neutrinos correlated in time and direction
with y-rays. Being the average energy ~ 100 TeV, a kilometer-scale neutrino
telescope could be sufficient for their detection [28].

1.4 Diffuse v fluxes

All the sources previously listed can be observed performing an individual
pointing search. This procedure is quite difficult for detectors with a volume
smaller than one kilometer cube.
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However there is another way to have an evidence of high energy neu-
trino sources. In order to face the very low ration of events from individual
sources, a cumulative neutrino flux from unresolved sources is searched. This
is commonly known as neutrino diffuse flux.

There is no need for directional information when searching the diffuse
flux. An excess of high energy events over the atmospheric spectrum is a
signal of it.

A theoretical upper bound can be set relying on diffuse flux of v-rays
and UHECRs. Neutrinos and high energy ~-rays are produced in parallel
from the decay of pions (charged in the first case, neutral in the second),
but neutrinos have a larger probability to escape the source, due to their
low cross section. The observation of the v-ray flux can put a limit on the
neutrino flux, taking into account the branching ratios and kinematics at the
source.

The diffuse v-ray flux measured by EGRET above 30 MeV has the spec-
trum shown in Eq. [29]:

E*L(F) = (1.37£0.06) x 107° [GeV cm st~ 's™'] (1.5)

so the theoretical neutrino flux should have an upper bound of the same
order of magnitude.

A similar upper bound can be deduced from extragalactic CRs, under
the assumption that nucleons can escape from sources. In case of Fermi
mechanism, protons are magnetically confined near the source. On the other
hand, neutrons produced by protons’ interaction are able to escape and decay
again in protons outside the acceleration region.

There are still other factors to take account of in this relationship be-
tween neutrinos and CRs, such as the production kinematics, the opacity
of the sources to neutrons and the effect of propagation. The last one is
the greatest source of uncertainty because it is strongly dependent from the
galactic evolution and the poorly known magnetic fields in the Universe.

1.4.1 The Waxman-Bahcall upper bound

The constrain on neutrino flux proposed by Waxman and Bahcall [32]
[33] uses the observation on cosmic rays at Fcg ~ 10 eV as a constraint on
the neutrino flux. There are some hypothesis to be made in order to obtain
this upper limit:

e neutrinos are produced by interaction of proton with ambient radiation
or matter;



1. High Energy Astronomy

e sources are transparent to high energy neutrinos (E, ~ 10! eV), the
so-called optically-thin proton accelerators;

e highest energy cosmic rays produced in neutron decay are not deflected
by magnetic fields;

e the spectral shape of CRs up to the GZK cutoff is dN/dE «x E~2,
typical of Fermi mechanism.

Considering that protons are accelerated by a Fermi mechanism in the
energy range 10'° — 10%! eV, the energy injection rate of cosmic rays is given
by:

dNcr €CrR 3
E? = ~ 10* erg Mpc yr ! 1.6
°R B on ; In(1021/10'9) erg Mpc yr (1.6)
0

assuming that the energy spectrum has a shape of =2 and the starting at
the sources energy is Fy = 10 eV.

High energy protons produces by sources out of the galaxy lose a fraction
€ < 1 of their energy due to photomeson production of pions before escaping
the source. In this way the produced energy density for muon neutrinos is:

dNcr
dEcr

dN, 3

(1.7)

where ty is the Hubble time and €, is the fraction of energy injected in
protons and lost during photo-pion interaction. The factor 3/8 that a half
of the generated pions is neutral and they do not produce neutrinos in their
decay. If it is considered € = 1, a muon neutrino intensity can be defined as
the following:

3 C dNCR
Inax = &gty —Fip——— ~ 1.5 x 107%GeV cm % 'sr* 1.8
w ¥ gl g Bon g (18)
where the quantity &z describes the possible contribution of high redshift
sources of cosmic rays and includes the effect of redshift in neutrino energy.
At high redshift the generation rate of cosmic rays may have been higher, so
it could be necessary to introduce a correction factor:

Joo dzg(2)(1+ 2) 2 f ()

Sz = Jo dzg(z)(1 4 2)75/2

(1.9)

where z is the redshift, g(z) is a weak function of redshift and cosmology
(equal 1 for a flat universe with zero cosmological constant) and f(z) =
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Figure 1.7: Comparison of muon neutrino intensities (v, and 7, combined)
predicted by different models with the upped bound implied by cosmic ray
observation. The solid lines give an upped bound the case of evolution and no
evolution, corrected for neutrino energy loss due to redshift and for possible
redshift evolution of the cosmic ray generation rate. The component due to
GRB is estimated in case of pure burst and afterglow. For comparison, the
limit fixed for the AMANDA experiment is reported [32].

(1 + 2)3 at low redshift. In this way, with weak dependent on cosmology, it
could be approximated £z = 3.
Under the previous assumptions, the upper limit is:

dd
E2
YdE,

< 4.5 x107% GeV cm %sr st (1.10)

Despite this limit may be out of date, due to hidden or optically thick sources
for protons to interactions like py or pp(n), the Waxman-Bahcall limit is still
took as a reference threshold for large volume neutrino detector.

1.4.2 The Mannheim-Protheroe-Rachen upper bound

The main problem of Waxman-Bahcall flux is the model dependency, be-
cause the largest part of the observations had been made under the choice of
the spectral index « = 2. This bound does not apply to models where the
proton photo-meson optical depth is much greater than one. There is an-
other upper limit, proposed by Mannheim and others [34], derived using also
the ~-ray diffuse flux. Both opaque and transparent sources are taken into
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account, while sources partially transparent to neutrons give an estimation
of intermediate limits.
For sources opaque to neutrons, the limit is:

1% dd

dF,

The limit is two order of magnitude smaller than the Waxman-Bahcall one.

This is due to source opaque to neutrons produce a small amount of cosmic

rays, because neutrons cannot escape and decay outside the source. On the
other hand, the source is transparent to neutrinos and y-rays.

<2x107% GeV cm Zsrts ! (1.11)

1.4.3 Cosmogenic neutrinos

A very high energy neutrino flux can be derived by the propagation oh
high energy nuclei on cosmological distances [35]. There are different hypoth-
esis of neutrino flux, depending of the starting particle, being it a proton
or an heavier nucleus. Present studies of cosmic ray composition indicate
a dominance of heavier nuclei (from ‘He to *°Fe) around the knee region
(~ 10'6 — 10'7 eV) followed by a tendency toward lighter nuclei around
~ 10' eV and above. A way to confirm this hypothesis is the study of
very high energy neutrinos produced after nuclei interactions. Cosmic rays
at the highest energies produce pions off the cosmic microwave background
(CMB) giving rise to the Greisen-Zatsepin-Kuzmin feature in the cosmic ray
spectrum [I0]. The decay of the charged pions produced by the interactions
with the CMB generates neutrinos that are often called cosmogenic, GZK,
or photopion neutrinos.

Even if most predictions of the cosmogenic neutrino flux assume that the
UHECR primaries are protons, recently other cosmogenic neutrino fluxes
were calculated for other primaries such as pure °Fe, ‘He, and 0.

1.4.3.1 Mixed composition and sources evolution

To predict neutrinos production, two UHECR injection compositions
must be taken into account: pure proton and mixed composition. The source
is assumed to emit a power law spectrum with spectral index « such that
the number of nuclei ¢ emitted in the energy range [E, E + dFE] is:

ni(E) = 5;AY 'k E~dE | (1.12)

where A is the mass number of a given nucleus, x is a normalization constant,
and z; is the abundance of species ¢. The maximum energy at injection of
each species is set to

Emaac,z’ = ZiEmaz(1H> ) (1'13>
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i.e., the maximum energy is proportional to the charge number Z of a given
nucleus. This assumption is reasonable if the maximum energy at the source
is limited by the confinement of particles. For the neutrino flux calculation,
the maximum proton energy is set to En..('H) = 10%%5 eV for the pure
proton case and use the same input E,,q.(H) in Eq. to set the mixed
composition case, which gives a maximum energy for iron of ~ 10?2 eV.

The predicted neutrino flux is strongly dependent on the choice of source
redshift evolution. Difference source evolution models could be taken into
account. The simple one previews no evolution with redshift, also called
uniform distribution. A more evolved model considers a redshift dependence
proportional to the old estimate of the star formation rate (SFR), which
could be more on less severe, depending on the redshift z.

1.4.3.2 Interactions of protons and nuclei with photon backgrounds
and neutrino emission

Protons and nuclei can interact with the CMB and the infra-red, optical
and ultraviolet backgrounds (IR/Opt/UV for short). Even if the effect of
IR/Opt/UV photons on the propagated UHECR spectrum of pure proton
sources is negligible, these additional backgrounds have a significant effect
on the neutrino flux associated with UHECRs.

In general, the IR/Opt/UV has a much milder cosmological evolution
when compared to the CMB. The UV background gets fainter at lower red-
shifts due to the aging of the stellar population which results in the death of
the stars with the shortest lifetimes which produce all of the UV emission.
The basic reason is that most galaxies were forming stars at much higher
rates at z=1 than they are today.

Protons and nuclei propagating in the extragalactic medium interact with
CMB and IR/Opt/UV background photons. These interactions produce fea-
tures in the propagated UHECR spectrum such as the GZK cutoff [10] and
their decay products generate the cosmogenic neutrino flux. The evolution
of the mean free path with redshift is strong in the case of the CMB, which
implies that the dominant background strongly depends on the source evo-
lution assumed. It is also important to note that the photo-pion production
off IR/Opt/UV photons competes with the pair production process off CMB
photons which is also evolving with redshift. At very high energies (above
~ 5x10(1+2) eV) the CMB contribution starts to dominate the mean free
path evolution and the effect of the IR/Opt/UV photons becomes negligible.

The photopion production process off the IR/Opt/UV background has
little effect on the predicted UHE proton spectra. Indeed, as soon as the pair
production threshold with the CMB is reached, the photopion production
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with TR/Opt/UV photons is completely subdominant and can be neglected
in the calculation of UHECR with pure proton sources.

The interactions experienced by nuclei with photon backgrounds are dif-
ferent from the proton case. Pair production results in a decrease of the
Lorentz factor of the UHE nucleus, whereas at higher energies, photodisin-
tegration (also called photoerosion) processes lead to the ejection of one or
several nucleons from the nucleus. Different photoerosion processes become
dominant in the total interaction cross section at different energies. The
lowest energy disintegration process is the Giant Dipole Resonance (GDR)
which results in the emission of one or two nucleons and « particles. The
GDR process is the most relevant as it has the highest cross section with
thresholds between 10 and 20 MeV for all nuclei.

Around 30 MeV in the nucleus rest frame and up to the photopion pro-
duction threshold, the quasi-deuteron (QD) process becomes comparable to
the GDR and dominates the total cross section at higher energies. The pho-
topion production (or baryonic resonances (BR)) of nuclei becomes relevant
above 150 MeV in the nuclei rest frame (e.g., ~ 5 x 10?! eV in the lab frame
for iron nuclei interacting with the CMB). It is important to note that pho-
topion cross sections for nuclei are different from the free nucleon case. In
particular, in nuclei the baryonic resonances heavier than the first A reso-
nance are far less pronounced than for nucleons and the cross sections are
not simply derived from the free nucleon case.

Pair production and photoerosion processes contribute to the total atten-
uation length of iron nuclei. Photoerosion processes dominate through most
of the energy range and the effect of pair production is small at low red-
shifts. Although the competition between pair production off the CMB and
photoerosion processes with TR/Opt/UV photons depends on the redshift
(e.g., at high redshifts pair production increases due to the strong evolution
of the CMB), the propagation of nuclei is mainly dominated by photoerosion
processes. the attenuation length of low mass nuclei are smaller than that
of protons and heavy nuclei and, as a consequence, light nuclei should not
contribute as significantly at the high energy end of the spectrum. Further-
more, iron nuclei have larger or similar attenuation lengths to protons up to
3 x 10% eV.

Neutrinos are also produced by the photopion production of protons and
neutrons: N+ — A — N’ + 7 (where N is a nucleon). Photopion pro-
duction through the delta resonance has a 1/3 probability of isospin flip of
the incoming nucleon, and each isospin flip leads to the production of three
neutrinos. For example, in the case of proton interactions producing m+,
p+7v — 7" 4+ n, the 7* decay generates one v, one v+ and one 7,,.

In the case of nuclei propagation, neutrinos can also be produced via the
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photopion production of nuclei. The treatment of this component is more
uncertain complicated by pion interactions within the nucleus. To a good
approximation, the pion production can be treated as the production of free
nucleons, but the energy losses of the pion inside the nucleus have to be
taken into account. The transfer of the initial kinetic energy of the pion
to the spectator nucleons is partly responsible for the high multiplicity of
ejected nucleons from this process. Furthermore, the produced pion can also
be absorbed by a pair of nucleons before leaving the nucleus. If the pion
is not absorbed, we remove 40 MeV of kinetic energy in the nucleus rest
frame per participant nucleon before calculating the energy of the produced
neutrinos.

1.4.3.3 Neutrino fluxes for cosmological distributions of sources

The proton spectra and the presence of a pair production dip are only
mildly dependent on the source evolution hypothesis. The amplitude and the
energy of the pair production dip minimum (around 10'®7 eV) only slightly
depend on the evolution. However, the beginning of the dip is determined by
the transition between the adiabatic and the pair production losses, which is
more sensitive to the density of sources at high redshifts.

In the mixed composition case, the transition from galactic to extragalac-
tic components ends at the ankle. The transition point and the spectrum
above 1089 eV is quite insensitive to the source distribution. At energies
below the ankle, the galactic fraction that completes the total observed spec-
trum depends on the source evolution, as in the case of pure proton models
below 10 eV.

1.4.3.4 Neutrino fluxes for pure proton sources

Neutrino fluxes for a pure proton composition and four different source
evolutions are displayed on Fig[I.§ on the left where it is clear that the source
evolution is a critical parameter. At high energies, ~ 10'® eV, the neutrino
flux for a uniform distribution of sources is almost one order of magnitude
below the other hypotheses.

The contribution of the CMB and IR/Opt/UV backgrounds is detailed
for the strong evolution case on the right of Fig[I.8 At low energies, the neu-
trino flux is dominated by the contribution of the IR/Opt/UV backgrounds
and the flux is much higher than at higher energies. Although the interac-
tion probability with the IR/Opt/UV backgrounds is much lower than with
the CMB, the number of particles that are able to interact is much higher
due to the steep injection spectra provided by acceleration mechanisms in
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Figure 1.8: Left: Total neutrino flux from pure proton sources and four source
evolution hypotheses. Right: Contribution of the different backgrounds to
the neutrino flux for a strong source evolution hypothesis. The photopion
interactions with CMB (dashed line) and IR /Opt/UV (dotted line) are shown
and the difference between the sum of the two contributions and the total is
the neutron decay component [35].

astrophysical sources. The CMB contribution generates a peak at ~ 1076
eV, while the peak at ~ 1045 eV is due to the IR/Opt/UV contribution.
The position of the peaks depends on the combination of the evolution of the
interaction probability and the injection spectrum.

1.4.3.5 Neutrino fluxes for a mixed composition

In the case of a mixed composition, the expected neutrino flux is shown
in Fig[l.9h for the different source evolution hypotheses. At high energies,
the flux is very similar to the pure proton case.

In the case of a strong evolution, the contribution of protons, He, and Fe
nuclei to the total flux are displayed on the left of Fig[1.9. Above 10 eV,
the main contribution is due to protons (~ 65%), the second contribution
comes from He, and Fe nuclei contribute only of a few percent over the whole
energy range. Due to the harder spectral index, the intermediate energies
peak for the proton component in Fig (on the right) is slightly shifted
towards higher energies (to ~ 10 eV), when compared to the corresponding
peak in the pure proton case. The intermediate energy peak for the total
flux from all the species is again around ~ 10 eV due to the contribution
of the other species which become dominant for energies below the proton
peak. The neutron decay peak of the proton component is invisible on the
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Figure 1.9: Left: Total neutrino fluxes corresponding a mixed composition
and three source evolution hypotheses (the nSFR hypothesis is omitted).
Right: Contribution of the different species to the neutrino flux for a strong
source evolution hypothesis [35].

total flux as it is completely dominated by the nuclei contribution in this
energy range. It is important to note however that the contribution of the
different species is strongly dependent on the relative abundances assumed
at the source. In our model, protons contribute ~ 50%, helium ~ 30%, and
Fe ~ 5% at the source for a spectral index [ = 2.1.

In the intermediate peak region around 10'4® eV, the neutrino flux from
nuclei originate mainly from direct pion production and neutron decay from
secondary nuclei. Direct photopion production is the dominant process in
the peak region, which may appear surprising since the GDR interaction
probability (which is responsible of the nucleon emission) is higher than the
photopion probability. However, for the photopion production of secondary
nucleons, the neutrino emission requires first the emission of a nucleon and a
subsequent photopion interaction of the emitted nucleon. At low energies, the
realization of both of these requirements becomes less probable than a direct
photopion interaction (despite the pion absorption probability), therefore,
direct photopion dominates.

At the lower energies, below 10 eV, the neutrino flux from nuclei is
dominated by the contribution of secondary neutron [-decays. This com-
ponent is far more important than in the case of primary protons as the
interaction probability of nuclei (via the GDR process) is much higher. Un-
like the secondary nucleon photopion component, the flux keeps increasing
at lower energies as a subsequent interaction of the ejected nucleon is not
necessary. The CMB contribution peaks around 10'* eV but is overwhelmed
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by the IR/Opt/UV background contribution in the case of He nuclei. Neu-
trons with energies below 106 eV can be ejected in contrast with the pure
proton case where neutrons are produced following a photopion interaction
of a proton, which does not occurs below 10 eV even at high redshifts.

1.4.3.6 Comparison between the two composition hypotheses

The comparison between the pure proton and the mixed composition is
displayed on Fig|I.10] for a strong source evolution hypothesis. For the other
choices of source evolution, the comparison is qualitatively similar. At high
energies, where detection is feasible, the fluxes are comparable. Changes in
the detailed composition at the source or in the maximum energy reachable
for the nuclei can slightly increase or decrease the predictions, but for a proton
dominated mixed composition the flux at the highest energies is very close
to the pure proton model. The similarity between the fluxes arises from the
fact that the lower contribution of nuclei to the neutrino flux is compensated
by the harder spectral index required to fit the UHECR data. Conversely,
at lower energies, the higher fluxes expected for the pure proton scenario
are mainly due to the softer spectral index that give a higher luminosity at
low energies. In the intermediate energy range, detectability is limited by
the atmosphere neutrino background for energies below 10'° eV. For energies
between 10'° eV and 10'7 eV, the pure proton case increases the chances of
future detectability.

For the aim of this thesis, the pure proton flux will be used as a model
for cosmogenic neutrinos.

1.5 ANTARES physics results

ANTARES telescope has already achieved some physical results for dif-
ferent phenomena. Here the most significant results are presented.

1.5.1 Diffuse flux

The search of signal coming from Waxman-Bahcall flux has been already
performed with ANTARES telescope. The analysis has exploited 334 days
of data taking, analyzed with a particular energy estimator to discriminate
signal and background. The sensitivity for ANTARES has been estimated
as:

E?®ggp = 5.3 x 107% GeV em s st} (1.14)
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Figure 1.10: Predicted cosmogenic neutrino flux for pure proton and mixed
composition in the case of the strong source evolution compared with the
sensitivities of Auger (v,;) and ANITA at high energy and the limit of Ice
Cube (for the v, detection channel only) after three years of observation
with 90 C.L. (assuming neutrino spectra oc E~2 and E~%) at low energy,
estimates of the atmospheric neutrino flux and atmospheric neutrinos due to
charmed interactions are also displayed.
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Figure 1.11: The ANTARES 90% c.l. upper limit for a £~2 diffuse high
energy neutrinos and antineutrinos flux obtained in this work, compared
with the limits from other experiments. The Frejus, MACRO, Amanda-II
2000-03 limits refer to muonic neutrinos and antineutrinos. The Baikal and
Amanda-IT UHE 2000-02 refer to neutrinos and antineutrinos of all flavours,
and are divided by 3. For reference, the W-B and the MPR upper bounds
for transparent sources are also shown. They are divided by two, to take
into account neutrino oscillations. The grey band represents the expected
variation of the atmospheric muonic neutrino flux: the minimum is the Bartol
flux from the vertical direction; the maximum the Bartol + RQPM flux from
the horizontal direction. The central line is averaged over all directions [37].

in the energy range 20 TeV-2.5 PeV, as can be seen in Fig. Other
models predicting cosmic neutrino fluxes with a spectral shape different from
E~? are tested and some of them excluded at a 90% C.L. [37].

1.5.2 Point source search

ANTARES has performed the search of an astronomical signal coming
from a precise direction, exploiting the information on the position of the
events inside the detector, the so-called point source analysis. A search on
the period 2007-2010 (813 days) has been made, with two different analysis
methods: within a list of candidate sources and in the whole sky. No statis-
tically significant excess has been found in either cases, so 90% C.L. upper
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Figure 1.12: Limits set on the £, ? flux for the sources in the candidate list.
Upper limits, previously reported by other neutrino experiments, on sources
from both Northern and Southern sky are also included. The ANTARES sen-
sitivity of this analysis is shown as a solid line and the IceCube 40 sensitivity
as a dashed line [?].

limits on the neutrino flux normalisation have been set at 1 — 10 x 1078 GeV
cm™2 572 in the range from 4 to 700 TeV (80% of the signal, see Fig. [L.12)),
assuming an energy spectrum of F 2 and are the most restrictive ones for a
large part of the Southern sky.

1.5.3 Magnetic monopoles

Magnetic monopoles are hypothetical particles first proposed by Pierre
Curie and theoretically confirmed by Dirac. In certain spontaneously broken
gauge theories, magnetic monopoles are not a possibility, but a requirement,
leading to the quantization of electric charge.

Measurements and estimates of cosmic magnetic fields suggest that mag-
netic monopoles lighter than 10 GeV could have been accelerated to rel-
ativistic velocities, acquiring typical kinetic energies of 105 GeV. Magnetic
monopoles are expected to lose energy significantly when crossing Earth due
to their large equivalent electric charge (gp ~ 68.5¢). Magnetic monopoles
with mass below ~10'* GeV would be detectable in a neutrino telescope
after crossing Earth. For the refractive index of sea water (n ~ 1.35) fast
monopoles are expected to emit about 8550 times more Cherenkov photons
than muons of the same velocity.
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A search for relativistic magnetic monopoles has been performed with 116
days of data taking for ANTARES detector, yielding a limits on the upgoing
magnetic monopole flux above Cherenkov threshold which are more stringent
than the ones obtained by previous experiments, as can be seen in Fig. [1.13

136].



Chapter 2

Neutrino Detection Principle

2.1 Neutrino interactions

The main problem in neutrino detection is the very small cross section:
the majority of neutrinos that reaches the Earth is able to traverse it with-
out leaving any detectable trace. This makes a massive detector (~GTon)
mandatory. Since underground detectors cannot reach such mass, in the 60s
Markov proposed to use a great amount of natural medium, such as the sea
or lake water or the ice of Antarctica [51].

A neutrino telescope is usually made up by a matrix of light detector
inside a transparent medium, such as water or ice. This approach has some
advantages:

e a great target for neutrino interactions;
e a shield against background sources such as secondary particles in CRs;

e the Cherenkov photons produced after neutrino interactions are trans-
mitted and not absorbed by the medium.

Also an acoustic or radio detection is possible for neutrinos in a huge volume

of water [52].

2.1.1 Interaction types

There are two main interaction types depending on the boson exchanged.
The interaction will be a charged current resulting in a final charged lepton
if the exchanged boson in a W*:

v+N—=>1+X (21)

29



30

2. Neutrino Detection Principle

When the exchanged boson is a Z°, the interaction is a neutral current and
the outgoing lepton is a neutrino:

v+N—->y+X (22)

The cross section for CC interactions for neutrino at astronomic energies is
given by:
d’o,N B 2GimyE, M,
dedy T Q%+ M)

sla(z, Q%) + 2(1 - y)*q(x, Q)] (2.3)

where Q? is the squared momentum transferred between the neutrino and the
lepton, my is the nucleon mass, My, is the mass of the mediator, G is the
Fermi coupling constant and ¢(z, Q%) and g(z,Q?) are the parton function
distributions for quarks and antiquarks. x and y are the Feynman-Bjorken
variables:

QQ
T Ymn(E, — ) (24)

In Fig. 2.1|neutrino cross section as a function of the energy is shown. Cross
section grows linearly with energy in the range 10'° — 10% eV, so it can be
expressed as [2]:

E
= -3 (v 2
o,n = (0.677 £ 0.014) x 10 (1 GeV) cm (2.6)
E
_~ = (0.334 4+ 0. 10738 | —X— 2 2.
opn = (0.334 4 0.008) x 10 (1Ge\/> cm (2.7)

The increment to the cross section is reduced at higher energies because the
invariant mass Q* = 2my E,xy could be larger than the W-boson rest mass.
These values are extrapolated from the data of HERA collider, with a 10%
uncertainty on the total cross section at £, ~ 100 PeV [3§]. In the range
10 — 10%! eV cross section can be approximated as following:

E 0.363
oun = 5.53 x 1073 (ﬁ) cm? (2.8)

E 0.363
opN = 9.92 X 10_36 <ﬁ) sz (29)
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Figure 2.1: Cross-section for v, and 7, as a function of the energy according
to the parametrization in Eq. [44]. At low energies the cross section for
v, is near one third of the v, one. When the energy increases, the two cross
sections converge.

One of the effects of the increasing cross section with energy is the enlarge-
ment of the effective volume of the detector. Also the muon range is increased
with energy (~ 1 km at 300 GeV and ~ 25 km at 1 PeV). A side effect is
the Earth opacity for high energy neutrinos.

Simulations of neutrino interactions are implemented in the CERNIib
package [41]. The kinematic of Deep Inelastic Scattering (DIS) is provided
by LEPTO [45], with the following facilities:

e integration of the differential cross-section over a specified kinematic
range to give the total cross-section (up to 10® GeV);

e sampling of the kinematic properties of the outgoing muon from the
differential cross-section;

e hadronisation of the quark-gluon system in the target nucleus using the
Lund string model, calling the PYTHIA 5.7/JETSET 7.4 package [40]
to give the initial particles in the hadronic shower.

To perform these calculations, a particular PDF is used, either taken
form the ones built in LEPTO or calling the Parton Distribution Function
Library PDFlib 8.04 [42]. These functions come from the most up-to-date
calculations of the PDF's based upon recent accelerator data.
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Co 01 02 C'3 04
v || -1.826 -17.31 -6.406 1.431 -17.91
v || -1.033 -15.95 -7.247 1.569 -17.72

Table 2.1: Coefficients for parametrizing the cross section according to Eq.

.10 )

LEPTO takes into account only the DIS contribution when computes the
total cross section. This interaction involves a neutrino on a target nucleus,
which participates with only one of its partons to produce a muon. Interac-
tions between partons are important only in the hadronisation of the colored
interaction products after the charged current exchange. LEPTO uses to
integrate the differential cross-section over a range of kinematic variables.
LEPTO is able to reproduce the cross-sections and kinematics computed by
Gandhi et al. [43] to better than 5% in the main region of interest.

The LEPTO code is accurate up to lepton energies of 10 TeV. Above
this energy a dedicated ANTARES software [66] performs an extrapolation
of the model, for neutrino energy up to 10® GeV. For even higher energies a
parametrization of the cross-section has been used [44], with an expression
of the following form:

10g10[0(€)/cm2] = Cl Jng-ln(s—C’o)+C'3-1n2(5—00)+04/ IH(S—C()) (210)

where € = log,,(E,/GeV) and 4 < ¢ < 12. Values of the constants for each
vN and 7N are shown in Tab. R.1.11

The choice of PDF enters into both the cross-section and kinematics cal-
culations via the quark distribution functions ¢(z, @*). These PDF are ex-
tracted from electron-proton collisions at HERA and other fixed target ex-
periments. ANTARES software relies on the CTEQG6-D [47]. For high energy
neutrino interactions, most neutrino interactions correspond to the low-z and
high-Q? region of kinematic phase space, the one of greatest uncertainty in
the calculations and fitting of the PDFs.

2.2 Neutrino Detection

Being a neutral particle, a neutrino can be detected by its interaction
products. In the case of ANTARES experiment, the signal searched is the
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Figure 2.2: Some event signature topologies for different neutrino flavors
and interactions: a) CC interaction of a v, producing a p and a hadronic
shower; b) v, CC interaction producing a 7 and tracing the double bang event
signature; ¢) v, CC interaction with an electromagnetic and an hadronic
shower; d) NC interaction producing an hadronic shower.

Cherenkov radiations. To detect this radiation, a detector made up by trans-
parent medium is mandatory. Schematic view of neutrino interactions are

shown in Fig.

2.2.1 Cherenkov Radiation

When a neutrino interact via CC interaction, a charged relativistic lep-
ton is produced and travels across the detector. When the speed of this
charged particle exceeds the velocity of light in the medium through which
it is traveling, the particle will emit the so called Cherenkov radiation [4§].
In a medium the speed of light is defined as:

C

fec=v = (2.11)

n
where n is the refraction index of the medium and ¢ the speed of light in the
vacuum. When this condition is respected, the particle generates a shock
wave (Fig. . The light emission creates a wave front where the light
emitted is coherent. As the particle propagates across the medium, the wave
front forms a cone with its axis along the particle trajectory. The opening
half-angle of the cone can be written:

1
cosf. = n (2.12)
As measured in [50], refraction index at the ANTARES site is 1.35, generating
a Cherenkov angle of 42.2°. For a muon or an electron, the number of emitted
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charged
particle |

Figure 2.3: Cherenkov cone generated by a charged particle traveling through
a medium with a speed superior than light in the same medium. The opening
half angle depends on the particle velocity.

Cherenkov photons is given by:
d*pN 1 1
CPY _oras (1 ) (2.13)

where A is the emission wavelength of the photon and « is a fine structure
constant. Typically, in the wavelength range between 300-600 nm, 3.5x10*
Cherenkov photons per meter are emitted.

2.2.2 Neutral currents interactions

If a NC interaction occurs, it is the same for all neutrinos flavors. The
outgoing neutrino carries away a part of the energy and this increases the
error on the true energy estimation. In reality, there is no topological dif-
ference between a neutral current interaction and an electron neutrino one,
mostly because of the poorly instrumentation of the current detectors.

Hadronic and EM showers can be produced. The first ones present a more
important fluctuation event-to-event due to the secondary particles produced
during the interaction. These particles usually leave the shower producing
long tracks.

Monte Carlo simulations show that a energy of TeV the largest amount of
Cherenkov light is produced by EM sub-showers. Even if an hadronic shower
can be parametrized in the same way of an EM one, the measurement of the
incoming neutrino show an angular difference with the shower lesser than 2°
for £, > 1 TeV.
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2.2.3 Electron neutrinos

A high energy electron is the product of a 1, interaction for charged
current. This electron can create a shower through bremsstrahlung and the
following process of pair creation, generating a shower until the energy of
constituents falls below the threshold value of critical energy F.. At this
point the remaining energy is dissipated via excitation and ionization.

An EM shower emits Cherenkov light isotropically in azimuth with re-
spect to the shower axis. The lateral extension, of the order of 10 cm, is
negligible if compared to the longitudinal one. The longitudinal profiles are
used to parametrize the total shower length L as a function of the initial
energy. The 95% of the shower energy is deposed covering this distance. For
example, a 10 TeV electron can cover a length of 7.4 m.

The most difficult task in electron neutrino detection is the shower re-
construction. The pointing accuracy is lesser than the one for a single track.
Also, there are two effects which have consequences on EM showers:

e the so-called Glashow resonance [39], which creates a resonance process
affecting the 7.:
UVet+e =W —=q+7q (2.14)

The resonance peak is for a 7, with an energy of 6.3 PeV;

e the Landau-Pomeranchuk-Migdal (LPM) [40], which suppresses the ra-
diative energy loss of the particles in the shower, enhancing the lon-
gitudinal development. This effect is dominant at ultra high energy
(E > 10'¢ eV).

2.2.4 Muon neutrinos

Muonic neutrinos are the most used probe in the field of high energy
point sources search, for energies greater than 1 TeV. In this case, even
if neutrino interaction occurs outside the detector, the muon produced is
energetic enough to reach the sensible volume and even traverse the detector.
The muon’s direction is closely correlated with the neutrino’s one, which
allows a an accurate reconstruction of the primary direction after the measure
of the muon track.

Neutrino telescopes rely on the relation between muon and neutrino di-
rection. Being neutrinos neutral particles, they are not affected by galactic
magnetic fields, so the direct pointing of the source is possible. While in
traditional astronomy this is done tracing photons back to the sources, in a
neutrinos telescope the muon direction (and thus the neutrino one) is tracked.
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Figure 2.4: Angle between the neutrino direction and the produced muon
(labeled as interaction), and the variation in direction of the muon due to
multiple scattering.

There is however an angle between the incident neutrino and the outgoing
muon, defined as [84]:

B < —00 (2.15)
E,[TeV]

where E, is the energy in TeV. Although the muon is subjected to multiple
scattering through matter, it will maintain the same direction to a large
extent. Fig. shows the difference in the direction of the muon with
respect to the neutrino and the variation of the muon direction from the
interaction vertex point to the moment in which it enters the detector.

As they propagate through matter, muons can lose energy by different
processes (Fig. , which can be classified as following:

e ionization: muons traversing matter excite and ionize atoms all around.
When the energy loss is at low energy (less than 1 TeV) ionization is
the dominant process. In the rare case an electron is able to catch a
non-negligible fraction of the muon energy, there is the emission of the
so-called d-rays.

e bremsstrahlung: charged particles emit radiation in the presence of
an electromagnetic field, giving rise to a deceleration. If the muon
propagate itself in a dense medium, the deceleration is produced by
the electromagnetic interaction with nuclei and electrons of surrounding
atoms.
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Figure 2.5: Average energy lost per meter of water equivalent (m.w.e.) for
muons in sea water as a function of the muon energy. The contribution of
the different processes are shown separately. The data for this figure were
taken from the MUSIC code [§1].
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e pair production: this is the dominant process for muons with energy
above 1 TeV, when an e*e™ pair is produced.

e photo-nuclear interactions: there could be an exchange of a virtual
photon between the muon and an atomic nucleus.

All the process listed above can be parametrized in a single formula for
the muon’s energy loss:

dE

_<dx> =a(E)+5(E)-E (2.16)

The first constant term takes into account ionization, while the second one,
with a slope linear with energy, accounts for radiative losses. For water and
a muon energy between 30 GeV and 35 TeV, the constant are o ~ 2.67-1073
GeV/gand 8 ~ 3.40-107% g=! ecm™2. Tonization is considered as a continuous
process, while the other process have a stochastic behavior, which makes more
difficult the energy reconstruction.

2.2.5 Tau neutrino

When a v, interacts via CC, the produced tau lepton can travel a distance
dependent on its energy before decaying in a secondary shower. It is possible
to detect the Cherenkov light emitted by the shower in the case both the v,
interaction and the tau decay occur in the sensible volume of the detector.
Except for the case where the tau has a muonic decay, below 1 PeV for the
largest part of v, CC interactions it is impossible to resolve the tau track, so
the event are classified as trackless ones.

Having a short lifetime, the tau lepton is able to travel from few meters up
to few kilometers before decay, in the energy range of interest. If the leptonic
track is long enough, it is possible to distinguish the primary interaction of
the v, and the tau decay. In this case a particular signature, called double
bang event, is observed: a shower, plus a track, plus another shower.

If the tau track starts or ends outside the detector, only a shower plus
a track can be detected. This signature is called lollipop event. This kind
of event has a rate below than 1 event per year for small detectors like
ANTARES. For larger detector, the optimal v, energy to observe a double
bang event is around ~ 106 eV, because the tau path length rapidly exceeds
the dimensions of the detectors at higher energies. When the tau decays into
a muon, the distinction form a true v, event is not possible.



Chapter 3

The ANTARES Telescope

3.1 The ANTARES Detector

ANTARES (Astronomy with a Neutrino Telescope and Abyss environ-
mental RESearch) is actually the largest Cherenkov telescope in the North-
ern hemisphere. Its collaboration is made up by 200 physicists, engineers
and sea science researchers from 7 different European countries. ANTARES’
goal is the exploration of Southern sky hemisphere, an very interesting zone
due to the presence of the Galactic Center.

The first project for ANTARES telescope was presented in 1996 [53], while
the first line connection took place in March 2006 [54]. The whole detector
deployment ended in May 2008, with the current 12 lines configuration.

The largest part of ANTARES technologies were already tested during the
DUMAND experiment [55] and also the more successful Baikal detector in
Siberia [56]. ANTARES has also some similarities with AMANDA /IceCube
detector at the South Pole.

ANTARES is located at a depth of 2475 m in the Mediterranean Sea, 42
km away the coast of La Seyne-Sur-Mer, near Toulon in Southern France,
at 42°48’N, 6°10’E. Fig. show a schematic view of ANTARES detec-
tor. The current configuration is composed of 12 lines holding the detector
for Cherenkov light emitted in water by the charged leptons coming from
neutrinos’ vertexes.

ANTARES could be seen as a complement of the South Pole detector
because it explores a region which is not accessible to AMANDA or IceCube.
Furthermore, being located on the seabed, ANTARES gives an opportunity
to study the deep sea environment. Its permanent connection with the shore
for high-bandwidth data acquisition allows the installation of sensor to study
the sea parameters on very long periods. All the instrumentation for marine
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Figure 3.1: Schematic view of the ANTARES detector.
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and Earth science is distributed on the 12 detector lines, plus a 13th one
dedicated to the monitoring of sea environment.

3.1.1 Detector Layout

ANTARES was designed to have an area of 0.1 km?. Its fundamental
unit is called Optical Module (OM) and its scheme is shown in Fig. [57].
It consists of a borosilicate glass sphere (with 41.7 cm of inner diameter and
15 mm thickness, in order to support high pressures) housing a photomulti-
plier tube (PMT, 10” Hamamatsu R7081-20). This model has the following
properties:

e a hemispherical 10 inch diameter, which assures the best angular ac-
ceptance. It is a good compromise between a large angular coverage
and a still small contribution in the transit time spread due to optical
entrance;

e a gain greater than 5-10” when working at a voltage up to 2000 V;

e a peak-to-valley ratio greater than 2, in order to have a good separation
of the peak of 1 photo-electron;

e a transit time spread (TTS) smaller than 3 ns. This impacts track
resolution and the angular resolution for the detector;

e a dark noise rate smaller than 10 kHz for the 0.25 photo-electron thresh-
old.

The influence of Earth’s magnetic field can spread the trajectories of
the low energy photoelectrons in the optical entrance, and thus degrade the
TTS. To avoid this effect, a yu-metal cage with high magnetic permeability is
included in the OM as magnetic shield. The PMT, along with the magnetic
shield, is fixed to the glass sphere by a silicon gel able to perform a good
optical coupling, reducing photon internal reflection. The opposite of the
glass hemisphere is painted black to minimize the reflection and insuring a
little efficacy for downgoing atmospheric muons.

The PMTs are gathered in triplets, forming a three dimensional telescope
matrix element called storey. The three OMs are mounted in a mechanical
structure, the Optical Module Frame (OMF), equipped also with a titanium
container, the Local Control Module (LCM), containing the offshore elec-
tronic, two Analogue Ring Samplers (ARS) per OM. The dialog between the
OMs and the offshore data control is assured by this Application-Specific
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Figure 3.2: Schematic view of the OM of ANTARES on the left, the plot of
its quantum efficiency on the right.

Integrated Circuit (ASIC). The ARS receives all the electronic commands:
the clock signal, the slow control, the HV supply and the readout.

The storeys are grouped in five as a sector, a stand-alone unit for power
distribution and data acquisition. One out of five storeys has a Master Local
Control Module (MLCM) with an ethernet switch, a bidirectional concentra-
tor and a Dense Wavelenght Division Multiplexing board (DWDM) which
multiplexes the signal information from each sector onto one optical fiber.
The MLCM contains all the electronic boards for all the functionalities at
the sector level. Some storeys are equipped with receiving Rx hydrophones
(5 per line) for the acoustic positioning system and a LED optical beacon (4
per line) for timing calibration.

Each detector line, 450 m long, is a chain of 25 OMFs connected by
Electro-Mechanical Cable segments (EMC), each one 12.5 m long from storey
to storey. Lines are arranged on the sea bed in an octagonal configuration
[3.3] in order to minimize potential symmetries which could contribute to
ambiguities in the reconstruction. There is a 60-75 m spacing between the
lines, making the detector sensitive to muon energies greater than 100 GeV.
The lines are anchored on the sea bed with a Bottom String Socket (BSS),
while on the top of each line there is a buoy to maintain the verticality.
The BSS is equipped with a String Power Module (SPM) in order to power
supply all the instruments. There is also a String Control Module (SCM)
which contains the electronics required by the slow control system, the clock
and the instruments of the BSS and controls of the data traffic from the
MLCMs.

On the seabed there is an infrastructure which connect ANTARES to the
shore: it consists of a Junction Box (JB), the Main Electro-Optical Cable
(MEOC) and the Inter Link cables (IL). The internal elements of the JB are
protected from water pressure and corrosion by a titanium structure. On
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Figure 3.3: Schematic view of ANTARES detector, where each dot represents
a line. The octagonal minimizes potential symmetries between the different
detector parts, and thus minimizes the ambiguities at reconstruction stage.

the JB there are 16 connectors for the 12 lines, the instrumentation line and
the spares. The MEOC contains an internal steel tube and 48 optical fibers,
protected and insulated by a set of external layers of copper and steel, in
order to avoid possible failure and breaking.

Data are sent from the detector to the control room, near Toulon, where
they are stored in the PC farm. The operation of data filtering, triggering
and communication with the database are performed before data are stored
permanently at the Computer Center in Lyon.

The 13th line, the so-called IL07, is dedicated to the measurement of
environmental parameters and equipped with oceanographic sensors. Along
with the twelfth line, it also include storeys equipped only with hydrophones
to study the ambient acoustic background.

3.1.2 Positioning and absolute time measurement

ANTARES lines are anchored on the seabed and sustained by a top buoy,
along with other buoyancy for individual OMs. Lines are not fixed and
even a small sea current (~5 cm/s) can displace the top storeys of several
meters. For this reason, for each line a real time positioning system had
been implemented. This is the sum of two independent systems: an acoustic
positioning and a lattice of tiltmeters-compasses sensors. The information
from both systems are combined in order to perform a global % and to
reconstruct the line’s shape. In a second time it is possible to compute the
relative position of each OM, starting from line fit and using the known
geometry of each individual storey.
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For the measurement of the absolute time, a master clock system is im-
plemented. This system delivers a common reference time to all the offshore
electronics in the LCMs. A time stamp based on GPS time is sent via a fibre
optic network from the shore to the junction box, where it is sent to all the
lines. The clock has a frequency of 20 MHz and is able to to calibrate itself.
Also, it measures the time path from shore to the LCM, using the echoes
between the LCM and the shore station.

3.2 Environmental properties

Because of the nature of the ANTARES telescope, an extensive study of
the detector site had been carried out, in order to evaluate environmental
parameters and site properties.

3.2.1 Water optical properties

Detector’s medium can affect Cherenkov light propagation by scattering
or absorption, effects which can spoil the capabilities of the telescope. Ab-
sorption reduce the number of photons that reach the PMTs affecting the
amplitude of the Cherenkov wavefront, while scattering change the direction
of propagation and the arrival time distribution. In this case two different
cases of photons are defined: direct photons, not affected by scattering, and
indirect photons otherwise.

For a given wavelength A\, propagation of light in a transparent medium
is defined by the latter’s optical properties, such as the absorption a()), the
scattering b(\) and the attenuation coefficient ¢(\) = a(A)+b(A). Otherwise,
these coefficients can be defined as lengths: L,(A\) = a(A\)™!, Ly(\) = b(\) !
and L.(\) = ¢(\)~!. Each one of these lengths represent the path after which
a beam of intensity I, is reduced by a factor 1/e, according to the following
relation:

Li(z, ) = LN e 5N =qa b, ¢ (3.1)

where x is the distance covered by light.

The absorption length in ANTARES site was measured by a LED source
at different distances from the OM. The value measured for a wavelength
A = 466 nm is [58]:

Le(A = 460 nm) = 41 + 1 . Fgye, m (3.2)

The scattering length was measured with a different experimental setup (Fig.

54).
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Figure 3.4: Absorption (dots) and effective scattering (triangles) lengths mea-
sured at the ANTARES site at various epochs for UV and blue data. Hori-
zontal error bars illustrate the source spectral resolution (+10). The large
circles are estimates of the absorption and scattering lengths in pure sea wa-
ter. The dashed curve is the scattering length for pure water, upper limit on
the effective scattering length in sea water.

3.2.2 Biofouling and sedimentation

ANTARES is sited in a very particular environment and it is exposed to
the so-called biofouling, i.e. particle sedimentation and adherence of bacteria.
This effects affect light transmission through the glass sphere of the OMs [60].

For this measure an experimental setup made up by two resistant glass
spheres, like the ones used to house the OMs. The first one was equipped with
five photo-detectors glued at the surface with different inclinations respect the
zenith angle 6. In the second sphere two blue light LEDs were housed. Several
months of immersion were necessary to extrapolate data on long periods. Fig.
3.5 shows the light transmission as function of the immersion time for the
five photodiodes. As expected, fouling tends to decrease when the zenith
angle on the glass sphere increases. The process seems to reach a saturation
after 8 month of operation and the loss of transparency in the equatorial
region of the OM dropped of ~ 2.7%. For ANTARES configuration with
PMTs pointing 45° downward, biofulding and sedimentation are not a major
problem for the experiment.
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Figure 3.5: Light transmission as a function of time from the second immer-
sion, with the two spheres mounted horizontally. The measurements for each
of the 5 photodiodes are normalized to unity at immersion day. Curves are
labeled according to the photodiode zenith angle 6 [60].

3.2.3 Optical background in sea water

There are two main contribution to optical background in ANTARES:
the decay of radioactive elements in water and the so-called bioluminescence,
light produced by organisms.

The “°K is the most present of all the radioactive natural isotopes. Its
decay channels are:

WK — Ca+e + 7, (BR=80.3%)

YK +e — YAr+v, +v (BR=10.7%) (33)

Both the channel produce a noise detectable in ANTARES. The first decay
channel produces electrons with an energy spectrum up to 1.3 MeV, produc-
ing 5 Cherenkov photons per electron on average in the wavelenght sensitivity
window of the PMT. This gives rise to a photon flux of about 100 cm™2s™!
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for a 50 m water attenuation lenght. The photon originating from the second
chain has an energy of 1.46 MeV, sufficient to produce electrons able to give
rise Cherenkov effect.

Light’s intensity from Cherenkov emission is strictly bound to the *°K
concentration in water. This is not a feature of the site, since salinity in
Mediterranecan Sea has small geographical variations. Knowing that 4°K
emission is stable, it can be used to measure the PMT detection efficiency.

Bioluminescence is diffused in all the oceans and is due to two main
sources: a steady glow from bacteria and flashes produced by marine animals.
Flashes are detected as burst while the animal is near the detector, while the
bacterial glow has a quite constant rate, as seen in Fig. Along with
the “°K decay, the bacteria colonies give rise to a typical baseline rate of
20-30 kHz. Measurement over 4 year have shown that the mean rate value
is around 60 kHz.
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Figure 3.6: Mean rates (in kHz) measured by ANTARES’ PMTs in the period
from March 2006 to May 2008. The constant background rate is due to “°K
radioactivity and bacterial glow, while the bursts correspond to the passage
of bioluminescent animal near the detector.

The second component of the bioluminescence is composed by short burst,
due to the passage near the detector of light emitting organisms, which can
last from hundreds of microseconds to seconds. These bursts are simultane-
ously detected by nearby optical modules and they are superimposed on the
constant baseline rate, a 20% over it.

In order to avoid the aging of PMTs when high optical background rates
are recorded, when a safety threshold is reached, the PMTs are tuned to low
gain mode, until the stable rate is recovered. In the meantime, the rates
are monitored by the instrumentation line (IL). The bursts rate can reach
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values of some MHz, and an appreciable dead time can be produced in the
acquisition system.

In order to find correlations with the biological activity, deep sea currents
were monitored on long time periods. Even if long-term variations had been
registered, the baseline component is not correlated nor with current nor with
burst frequency. This may suggest that contributions are caused by different
populations.

3.2.4 Deep sea currents

Sea currents have to be taken into account in the mechanical design of the
detector. At the ANTARES site, the detector lines sway in the sea current
which is typically 5 cm/s, with variations up to a maximum value of 30 cm/s.

3.3 Data Acquisition System

All the data from the ANTARES site are sent to the shore, where a
data processing remove all the background. This data are signals with an
amplitude larger than 0.3 photo electrons (p.e.), digitalized at LCM level
[61]. All smaller signal are supposed due to dark currents inside the PMT
and thus eliminated. To reject the contribution due to electronic noise, a
timing gate is tuned to integrate PMT signals in a window of 35 ns.

PMTs produce an analogue signal which is read by two integrated cir-
cuits, the Analogue Ring Sampler (ARS), in charge of digitising the signal
when triggered. The signal is then sent to the Data Acquisition (DAQ)
board, in charge to envoy data to shore. The DAQ system is a network of
hundreds of processors (Fig. . These offshore processors are integrated in
custom made electronic. The MEOC links the DAQ system to the on-shore
processors of the shore station.

To reconstruct the arrival moment of the photon it is mandatory to know
the time offset between the local clock board and the PMT cathodes. This
process is called time calibration. After that, the optical signal reaches the
junction box and is converted in a data stream, readable by the front-end
chips. For every signal above threshold (0.3 p.e., the so called L0 threshold)
recorded by the PMT, the ARS counts the number of Time Stamp (TS)
since the last reset of the master clock. A time stamp id the period of the
master clock pulse, than permits to achieve a precision of 50 ns for the photon
reaching the PMT. Clock pulses are the interpolated by a Time to Voltage
Converter (TVC). The latter returns an analogue signal proportional to the
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Figure 3.7: Schematic view of the DAQ hardware. Each storey has its LCM.
The information is sent by sectors to the SCM of each line and then to the
shore station via the JB.

moment in which the PMT signal took place within the TS. The TVC has a
resolution of 8 bits, corresponding to 50 ns x 256~ ~ 0.2 ns.

A time calibration is needed to reconstruct precisely the arrival time
moment of the photon and to know the time offset introduced by the different
optical paths.

The data writing in a temporary memory (pipeline) induces a dead time
of 250 ns on the ARS. The dead time is reduced using both the ARS of each
module, because the two samplers are alternated. ARSs are also able to work
in waveform mode, sampling and digitizing the photomultiplier signal. This
procedure is used only during certain calibration runs. The ARS integrates
the charge from the start where the signal passes the threshold for a period
of 40 ns.

Data coming out from the ARS contains arrival time and charge infor-
mation. These quantities can be combined to form hits, procedure in charge
of the Filed Programmable Gate Array (FPGA), that organize the hits in
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frames covering a time period of 104.858 ms. Each frame is sent to the shore
as a separate package. This transmission is performed by the DagHarness, a
program running in the CPU of LCMs. Control, monitoring and calibration
are performed by the ScHarness, on the same CPU.

PMT signals are selected only on the base of the 0.3 pe threshold. How-
ever not all the raw data can stored because the storage space limitation,
so a background suppression is necessary. For this operation a DataFilter
program had been implemented on shore. This program perform a fast algo-
rithm in real time suppressing background and keeping only muon track-like
information. After the filtering, a DataWriter program store the data on the

disk.

3.4 Calibration

In order to reconstruct the track of the incoming particle, it is necessary
to know precisely the time and position. A calibration procedure allows to
have the information as precise as possible

3.4.1 Position Calibration

As previously said, ANTARES is subject to the sea current and to monitor
it continuously a system of acoustic positioning had been developed. On the
BSS of each line, an acoustic transmitter send a pulse (range 40-60 kHz)
which is received by all the hydrophones along the line. In order to monitor
the depth, the BSS is also equipped with pressure sensors.

The instruments of the LCM (a bi-axial tilt meter and a compass) allow
to measure the pitch, the roll and the heading. Combining their information,
it is possible to know the OM position with a precision of 10-20 cm.

In Fig. the results of the analysis of the signals received by the
hydrophones on one ANTARES detection line is shown, along with the hor-
izontal displacement form the nominal position.

3.4.2 Time Calibration

There are different factors which can affect the time resolution: time
spread of the PMT, the scattering and chromatic dispersion of Cherenkov
light in the environment. Delay from electronics is less relevant, being no
more than 0.5 ns. With time calibration, it is possible to achieve a precision
better than one nanosecond.
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Figure 3.8: Horizontal tracking of the hydrophone of one particular line over
a period of 20 days. The hydrophones are located at 100, 202, 289, 376 and
448 m from the sea floor. The measurement precision is ~ 10 m.

The main uncertainties contributing to the relative time resolution come
from the TTS of the signal in the PMT, around ~ 1.3 ns. The calibration
results show that the uncertainty of the transit time is around 0.5 ns. Taking
into account the optical properties of the sea water, such as light scattering
and chromatic dispersion, the uncertainty results 1.5 ns for a distance of
40 m. The contribution of the electronics would spread the timing accuracy,
which contributes with less than 0.5 ns to the overall relative time resolution.

3.4.2.1 LEDs inside the optical module

Each OM is equipped with a blue LED glued to the back of PMT.
This LED can illuminate the photocatode in the wavelength band where
ANTARES is most sensitive (470 nm). This system measures the transit
time of the PMT and dedicated runs for this calibration took place once a
month.

3.4.2.2 Optical Beacon

This is a time calibration between different OMs. It also allows to measure
the effects of water on light propagation.

An Optical Beacon can be a LED Beacon or a Laser Beacon. The first
is made up by 36 LEDs arranged on the surface of hexagonal cylinders and
pulsed by dedicated electronic circuits. LED Beacons are located uniformly
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along the line, in order to illuminate all the storeys on the neighboring strings.
The trigger for LED Beacon to fire is provided by a 1.5 V negative square
pulse with a duration of around 150 ns superimposed on a negative direct
current (DC) bias that can be varied from 0 to 24 V. Varying the DC voltage
ti is possible to tune the amount of light emitted. The detector is not sensible
when light is emitted below 8 V. When the DC is at 24 V, there is an emission
of approximately 4 - 10® photons [?].

Laser Beacon uses a solid state pulsed laser whose light is spread out by
a diffuser. They are located at the BSS of lines 7 and 8 and illuminate the
lower part of the detector. Optical Beacon system has a precision of 0.3 ns,
in agreement with the expected value spoiled by the electronics [63].

3.5 Data Processing and Triggering

ANTARES data taking is organized in runs, each one almost three hours
long. A software called RunControl stores in the database run duration,
starting time, ending time and trigger condition. During a run, the data
frames from the LCMs are sent to a on-shore PC. When the time period
change, the following frames are sent to a different PC. A set of frames
during a period of 13 ms is called TimeSlice.

A first-level filtering can reduce the optical background, relying on the
Cherenkov light emitted by a single muon track. The PMTs keep all the
signal above 0.3 pe and data from the full detector are transferred to the
computer at the processing farm within a time window of about 100 ms.
This correspond to a data flow of 0.5 GB per second from the detector to the
shore. The largest part of these data are composed by optical background
and after the filtering the amount of data is reduced by a factor 10*. The
software in charge of filtering, the DataFilter, is referred to as trigger [65].

The first assumption is based upon coincidences: it is far less probable
that hits caused by background appear in the same storey. The first level
selection relies of hits coincidence within 20 ns in different PMTs of the
same storey. Hits are however selected if they have a charge greater than
3 pe: these are the so-called L1 hits. After this selection, time and charge
information are merged and the DataFilter looks for hits correlated by causal
relation. Two hits in different parts of the detector are causally related if
their timing and positioning satisfy the following condition that parametrize
a light wave propagating from one PMT to another:

AL < %d (3.4)

where At is the time difference between two hits, d is the difference two hits
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storeys and v, = n,/c is the group velocity of light in sea water. To take
account of all the uncertainties, trigger selection add 20 ns to the selection.

A set of L1 hits is called cluster and considered as a candidate event.
Cluster are stored if they have a sufficient size (Ny; > 5). These data contain
the triggered hits plus all the hits which happen between 2 us before the first
level hit and 2 us after the last one. This last collection is called Snapshot,
while all the hits are saved in a data structure referred as PhysicsEvent.
Moreover, for each timeslice a SummaryTimeSlice is generated, containing
the number of LO hits recorded by the PMTs.

A second level trigger looks for coincidences with consistent with the
Cherenkov angle emission. The solid angle is divided uniformly with a spac-
ing of 10° and a search of hits which could form a track similar to that
expected for Cherenkov photons is performed.

Figure 3.9: Schematic view of the track passing in the detector. The photons
(7) are emitted at the Cherenkov angle 6, and reach the PMT; at time t;.
The PMT position is defined in this reference system as the distance between
the PMT and the muon position at the time ty(z;), while R; is the distance
of closest approach.

The reference frame chosen has the axis of the detector parallel to the
suspected muon track. In this geometry, the expected time for a hit is:

 tan 0, ¢ sind,

where tj is the initial time of the muon track, the second term represent the
time that the muon takes to travel from the initial position to the point where
the detected photons are emitted, and the last term is the time required for
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the photons to reach the PMT. Assuming cosf. = 1/n,, the time difference
between two hits caused by Cherenkov radiation can be written as:

22— 21

R
tg — tl S + — tan 96 (36)
c
where R is defined as the maximum distance between two PMTs perpendic-
ular to the muon track. A pair of hits is considered a Cherenkov hits pair if
it satisfies the following relation:

[ty — t1| < S

+ a tan 0, + 20 ns (3.7)
c

For all the hits which obey the previous relation new clusters are formed. A
more restrictive selection can be made selecting a certain size for clusters.
To summarize the basic three level triggers are:

e L0: the electrical signal has an amplitude greater than 0.3 p.e.;
e L1: the two possible kind of L1 hits:

— an electrical signal with amplitude greater than 3 p.e.;

— two L0 hits in time coincidence (time window smaller than 20 ns,
to take into account the position of the PMTs and the scattering
effects) on the same storey;

e T3: a cluster of L1 hits of two kinds:

— coincidence of two L1 in a 80 ns time window;

— coincidence of two L1 in a 160 ns time window.
There are then six trigger algorithms which could be applied at a higher level:

e 3N: it requires at least 5 L1 in a time window corresponding to a muon
track;

e T3 (2T3): it requires at least 1 or 2 T3;

o GC: the Galactic Center trigger requires 1 L1 and 4 L0 in the direction
of the galactic center. It is used to maximize the detection efficiency
of neutrinos coming from galactic center;

e Minimum bias: each second, in a time window of 4 us, the data is
registered without any filter (it is a monitor for data quality);
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e K40: used for in situ calibration, it requires 2 L0 on 2 optical modules
of the same storey within a time window of 50 ns;

e TST: the Transient Source Trigger is activated in presence of an alert
from v ray satellites. In this case, 2 minutes of data around the trigger
are saved without any filtering.

The main contribution to the trigger data stream is given by atmospheric
muons crossing the detector. Their rate depends on the particular choice
of the trigger logic, but it is the range 2-10 Hz. At trigger level there is no
distinction between events due to atmospheric muons, atmospheric neutrinos
or cosmic neutrinos.

3.6 High threshold measurement

The so called high threshold is a parameter used in the first level trig-
ger for the selection of hits with large amplitude. Large hits are interesting
because they are likely to be produced by physics signal. Higher values for
the thresholds allow to reduce the background which is not able to produce
such large amplitudes. In order to optimized the data taking, there is a com-
promise between the high threshold set and the L1 trigger rate. During the
ANTARES data taking there are three main values used as high threshold:
3 p.e., usually for the scan runs, 5 p.e. and 10 p.e., used for test runs [59].

The high threshold value is measured in the charge distribution for trig-
gered hits. As shown in Fig. the charge distribution has two peaks. The
first one, seen at 1 p.e., is due to the pure SPE signals, which are smeared by
the resolution of PMT and ARS, while the second peak is the high threshold.
The part below the high threshold is dominated by the SPEs which pass the
trigger as a pair. The distribution above the cut is due to large hits that
originate from the tails of SPE distribution.

To identify the high threshold, a custom SeaTray module able to identify
the second peak had been written and tested on the November 2010 data
sample. When no secondary peak is found, the threshold is set at 10 p.e.
The module has been used to measure the high threshold value for all the
runs from January 2007 until December 2011.

The thresholds of all the runs had been measured, taking into account all
the triggered hits in the runs. When the high threshold value was different
from the database one, also the charge distribution on different lines has been
inspected. A crosscheck with the run table has been performed in these cases,
in order to understand the reason of the difference between the measure and
the database value.
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Figure 3.10: Typical charge distribution for a normal ANTARES run, with-
out imposing any particular condition for the trigger choice.
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Figure 3.11: Left: charge distribution for run 51943 (September 2010), with
misidentified threshold. Right: same distribution for the same run but with-
out LC and GC hits, when the peak at 3 p.e. becomes visible.

There is a recurring problem of misidentified threshold when taking into
account the hits due to all the triggers. The main problem looks like the 3
p-e. peak is overwhelmed by the local coincidence hits which are needed to
fire trigger such as GC or TQ, as shown in Fig. [3.11] A second analysis has
been performed removing all the LC and GC hits, in order to understand
if the high threshold is really overwhelmed or if the runs are pathological.
All the still remaining disagreements have been investigated and noted for
further analysis [62].

3.7 Background rate
To estimate the rate from the optical background, it is necessary to sep-

arate the two components. In the 400 part per million (ppm) of potassium
present in the sea water, the 0.0117% is “°K. Simulation of this kind of back-
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ground show a continuous behavior, with a rate of 30 + 7 kHz per PMT [64].
For the bioluminescence the rate of light emitted changes in time. It is pos-
sible to define a baseline rate, taking into account the “°K contribution and
burst of bioluminescence from 50 kHz to several hundred kHz. A burst of
bioluminescence at the top of this baseline rate can last several millisecond
or minutes.

A completely different sort of background comes from cosmic rays. The
largest part of muons crossing the detector are atmospheric muons produced
in cosmic rays interaction with the atmosphere. There is a shielding effect
because of the huge layer of water above ANTARES, but very energetic
muons are however able to reach the detector. There are a few muons per
second which are able to reach the detector. However, ANTARES PMTs
are pointing downwards, in order to have a better sensibility to upgoing
muons than to the downgoing ones. Being impossible for a muon to cross
the Earth, upgoing muons can be generated only by neutrino interactions. If
these neutrinos are produced by cosmic rays in atmosphere, they are called
atmospheric neutrinos and mix with the cosmic signal. Rejection of this
background is based on statistical tools. Atmospheric neutrino reaching the
detector are around five or six per day. Their flux is visible in Fig.
as a function of the zenith angld’l A cut on the incoming direction can
distinguish atmospheric muons, but there will be always a upward rate due
to atmospheric neutrinos.

3.8 Detector performances

3.8.1 Visible sky

Neutrino telescopes are optimized to observe the upgoing signal from neu-
trinos which have crossed the Earth. This is the main criterion to distinguish
between cosmic signal and atmospheric background. The fraction of visible
sky is therefore on the other side of the Earth. ANTARES position at the
coordinates 42°50” N, 6°10" E allows the telescope to cover a solid angle of
3.5 sr during the day rotation.

3.8.2 Effective Area

The effective area is the surface, perpendicular to the incident particle
beam, of a perfect detector (100% of efficiency) to detect the same event
number produced in the real data taking. It can be considered an expression

! Angle with which the muon cross the detector with respect to the vertical
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Figure 3.12: Muon flux at a depth of 2.1 km as a function of the zenith angle.
A cos @ > 0 indicates downward-going particles.

the evolution of the detection efficiency It can be calculated as a function
of the energy anf the direction. For neutrinos, the effective area is smaller
than the muon one beacuse of the smaller cross-section. The effective area
for neutrinos is energy-dependent, just like the cross section, thus it becomes
greater than 1 m? for energies above 100 TeV. In this range there is a good
probability for neutrinos crossing Earth at a nadir angle of 0° to interact
during their long travel through the planet. This shows an opacity effect
depending on the angle and it is the reason why neutrinos of the highest
energies are expected for angles close to the horizon.
The effective are can be computed as following;:

Nse —
= 2 X Vin X (pNa) X 0(E,) x e M BAT il (35)
gen

where:
e N, is the number of the selected events at the cuts’ choice;

® N,y is the number of generated events;
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Veen 1s the generation volume;

pN 4 is the nucleon density of the target;

e 0(E,) is the neutrino cross section;

[ pdl is the integrated density on the neutrino trajectory across the
matter.

Fig. shows the effective area for the different neutrino energetic range.

Neutrino Effective Area

o : : :
E i B e e
3 : o — o ST
% = == —v-
==
; Nsutrino Nadir Angle
< & Al an%Ies
* : ; v 0°-30
................................... | % 30%60°
i : 60°- 90°
o 7T T S [ Tt L ] s T B T o i
3 4 5 6 7 8
Log,,(E.[GeV])

Figure 3.13: Effective area for neutrinos detected by ANTARES, as function
of the neutrino energy for different angles of the primary neutrino. It can be
noted that at the highest energies only the contribution from the component
near the horizon has an appreciable effective area.

3.8.3 Angular resolution

Angular resolution is one of the most important features for a neutrino
telescope. In ANTARES it is defined as the median of the distribution of
the angle between the Monte Carlo neutrino direction and the reconstructed
muon direction. The angular resolution is made up by two terms: one takes
into account the kinematics, the other one the reconstruction. For the highest
energies neutrino and produced muon are essentially aligned. When this
occurs, all the errors which could spoil the pointing accuracy are due to the
reconstruction of the muon trajectory.
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Thanks to the water properties at the ANTARES site and the expected
detector resolution, the angular resolution is better than 0.3° for neutrinos

of energy greater than 10 TeV (Fig. [3.14)).
point-back to the cosmic neutrino sources.
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Figure 3.14: Angular resolution for ANTARES according to detailed simu-
lation of the detector. The points represent the median of the angular error
distribution for muons and neutrinos. Below 10 TeV the angular resolution
is dominated by the kinematic angle between neutrino trajectory and muon
track. Above this energy, it is dominated by the reconstruction.



Chapter 4

Monte Carlo Simulation Tools

The tools used to make simulation for this thesis are presented in this
chapter. Also the chain of event generation (muons and neutrinos) used in
the ANTARES experiment will be presented. There are three main steps:

e muons and neutrinos generation,
e particles propagation toward the detector volume,
e generation and propagation for Cherenkov radiation,

e coding of the signal inside the detector, along with a simulation for
background noise.

At the end of this chain the event reconstruction follows, just like as for a
physical event.

4.1 The SeaTray environment

ANTARES, like the majority of high energy physics experiments, deals
with a huge amount of data on a daily basis. The raw data after triggering are
more then 30 gigabytes per day, and all these data must be stored and later
processed. To do so, a robust and reliable system of software is needed. In
order to match this requirement and allow scientist to develop their personal
code for each different analysis, it is desirable to have the entire software
package organized in a modular way, so that the user can modify or add a
single module, to perform a specific task, taking advantage of the simplicity
of a fixed programming scheme. For this reason ANTARES and KM3NeT
collaborations have adopted IceTray, the software framework used in the
IceCube collaboration, detached from the IceCube version and modified in
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order to suit the seawater detectors [76]. This new framework is named
SeaTray. The user to follow a certain logic while developing software, so that
the entire code remains readable by anyone who is familiar with this logic.
At the same time it provides a large set of object classes and services that
can be employed by the user in his own code.

This framework supplies a set of dataclasses C++ classes that describe
how to store information such positions, directions, particles, hits or detector
geometry. Each user can write SeaTray modules, objects dynamically linked
into the framework which perform the actual data processing. Data is passed
between modules in containers called frames, collections of dataclasses that
can be written to disc or stored in memory. Each frame is associated with
different stream corresponding to a different, aspect of the analysis. Clali-
bration frames contain the calibration data of the detector, while Geometry
frames describe the geometry of the detector, along with descriptions of op-
tical modules and photomultipliers. The Physic frame stores all the typical
event information, such as charge, times, simulated or real hits and recon-
structed tracks.

SeaTray contains a set of classes that define its standard data format. By
default it uses Boost libraries [77] for the 1/O, but other methods and file
types can be used, such as ROOT [7§].

4.2 Simulation Tools

This part deals with the different programs used for the simulations,
from the generation until the final reconstruction. It is necessary to study
the different neutrinos sources and their flux on earth, so in ANTARES there
are two main stages of simulation. First comes the neutrino interaction in
the media in and around the detector volume, along with the propagation of
the particles coming from the interaction. In the second stage there is the
generation of Cherenkov light produced by the particles and the detector’s
response.

4.2.1 Generation requirement

In order to treat an easier problem, the detector volume is considered to
be a cylinder which contains all the instrumentation. Outside this cylinder
there is a larger one, called "the can”. This can define the region where the
Cherenkov light is generated, in order to determine the detector response. In
this volume the full generation is performed.

The generator used for neutrinos study is called GENHEN [66]. It is
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suitable for all the neutrino processes, from oscillations to high energy astro-
physics (PeV range).

Statistical uncertainties should be at the level of 5%. To reach this level,
the following requirements have to be satisfied:

e all the interactions must be correctly simulated in every energy range,
from few GeV until the region of Deep Inelastic Scattering (DIS);

e there should be a correct proportion in the generation of neutrino in-
teracting inside the can (volume events) and outside it (surface events);

e in the simulation of volume events, the Cherenkov light produced by
shower at the interaction vertex must be take into account as light
coming from secondary particles;

e the contribution of surface events is simulated as high energy muons,
followed until they stop in the detector or reach the surface of the can;

e one must consider also the effect of the media (rock and water) sur-
rounding the detector, which can affect the neutrino interaction or the
muon propagation;

e in case of ultra high energy neutrinos the probability of absorption by
Earth must be calculated, taking into account the neutrino interaction
cross-section and the Earth density profile.

4.2.2 FEvent generator

The simulation of neutrino interactions inside the can is performed by
GENHEN (v6r10), a software developed by the collaboration.

All the events are generated following a power-law spectrum (E£~7) and
they can be later weighted in order to obtain the different neutrino fluxes.
Such an energy spectrum is motivated by the theory of Fermi shock acceler-
ation. The direction of the generated particle is defined by the zenith angle
0 and the azimuth angle y. Events are sampled uniformly in the cosine of
the zenith angle range [fiin, Omax] and azimuth angle range [0, 27].

The chosen generation spectrum corresponds either to the flux of neu-
trinos at the interaction vertex close or inside the telescope, or to the flux
of primary neutrinos crossing the Earth from the opposing side. A spectral
index o = 1.4 gives interacting neutrinos over all the energetic range. This
value corresponds to a spectral index 7 of 2.4 (o + 1) for the neutrino flux
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Figure 4.1: Definition of the ANTARES can. The can is built by extending
the instrumented volume by three attenuation lengths (~200 m), except
from below where it is bounded by the sea bed from which no Cherenkov
light can emerge. If the interaction vertex is outside the can, only the muon
is propagated up to the can surface, since the Cherenkov light produced by
the other particles would not reach the detector.

at the Earth surface. It is mandatory to have a full propagation of neutrinos
inside the Earth in order to estimate the flux that reaches the detector.

In general, during the simulation there is the definition of a volume around
the detector, where all the possible interactions for the observable neutrinos
occur. The interactions are simulated inside that volume, while for neutrinos
that interact outside the can the produced muon is propagated and stored if
it reaches the surface of the can.

The maximum energy for the simulated muon corresponds to the upped
limit on the neutrino energies Ey.y, set by the user at as input parameter.
This defines a maximum muon range R, in water. In the neutrino interac-
tion occurs farther than the maximum muon range, the muon cannot reach
the detector. These distances allow to define the total simulation volume:

1. after the definition of R,.x, a cylindrical volume around the instru-
mented one is defined;

2. the energy range [Epin, Emax is divided in equal bins in log,, E,. Also,



4.2 Simulation Tools

65

the calculation of the number of events N for each bin is performed;

3. A maximum range in rock and water is computed for each energy bin,
relying on Fiax;

4. LEPTO integrates the cross-section in the energy bin of interest, ini-
tializing the generation in the energy range;

5. aloop over the number of events N5°°d inside the scaled volume starts:

(a)

inside the energy bin, the energy of the interacting neutrino is
sampled according to the £~ spectrum;

the neutrino position is chosen inside the scaled volume;

the vertex position is determined. If the interaction happens out-
side the volume, the shortest distance between the can and the
neutrino last position is computed. If the distance exceeds Ry ax,
the event is rejected because the muon cannot reach the detector;

an isotropic distribution samples the neutrino direction. If the
event is located outside the can, also the distance between the
instrumented volume and the neutrino vertex is computed;

the particles produced in the interaction are simulated, using a
dedicated code;

for events outside the can, only the information about the muon
are kept;

the event weights are computed and event information are written
on disk.

6. when all the stage above are completed, a record of every interesting
event is stored and written on the output file.

4.2.2.1

Neutrino fluxes and event weights

The algorithm described above uses the user input power-law energy spec-
trum to generate events for the neutrino interaction rate. This could be inter-
esting to calculate the effective areas and volumes, but to perform a physical
analysis it is desirable to reweight the events to a particular differential neu-

trino flux.

Following the definition given in [67], the event weight is defined by the
following parameters:

b ‘/gen

(m?): total generation volume;
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Figure 4.2: Schematic overview of the event generator algorithm.It begins
by choosing the neutrino energy, then it compute the coordinates of the
interaction vertex. If the muon track is not contained in the can, the volume
is scaled and it is verified if the track passes inside this new scaled can. If it is
positive, LEPTO generate the outgoing particle and the muon is propagated
inside the can until it stops.

o [y (sr) = 27m(cOS Omax — COS O ): angular phase space factor depending
on the specified range of cos,. It is the integral of the solid angle;

e [p: energy phase space factor depending on the input spectral index
for the neutrino interaction rate. If v = 1, I = In(Fyax/ Fuin ), other-
wise Iy = (EL7 — EX7)/(1 —4). It is the integral of the generation

spectrum between the minimum and the maximum energy;

e o(E,) (m?): total neutrino cross-section of the charged current neutrino
interaction;

e pN,4 (m?): total number of target nucleons per unit volume (p is the
target density and Ny is the Avogadro’s number);

e Pr.n(E; 0): probability of neutrino transmission through the Earth;
e Nia: total number of generated events;

® tyen (s): the arbitrary time represented by the simulation. This will
appear in the flux calculations below and eventually cancel.
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The following distribution describes the rate '] of interacting neutrinos
(with units of GeV™'m™3s7'sr™!) from the generated events:

dFlI, . E—’Y 1 Ntotal 1
dE,dVdtdQ) — Ig Iy Vien tegen

The number of generated events Ny is given by the integration of
over the range of angles, energy, time and volume simulated. The rate of
interacting neutrinos depends on the incoming flux ¢, (per unit area dS),
the target density and the neutrino cross-section. It is interesting to convert
the above interaction rate to obtain the neutrino events generated on so far.
To do this, the interaction rate is divided by the target nucleon density and
neutrino interaction cross-section:

do, B dr? 1 BT 1 Nygtar 1 1
dE,dVdSdtdQ) — dE,dVdtdQo(E,)pNa  Ig Iy Veen tgeen 0(E,)pNa
(4.2)
The latter is the neutrino flux which arrives on the detector. In turn, it repre-
sents the flux of neutrinos arriving on the Earth surface times the probability
of transmission Pgan(E; 0), for a particular F, and 6,. Now it is possible

to write the flux of simulated neutrinos arriving at the Earth surface:
dqby Ntotal

(4.1)

= 4.3
dE,dVdSdtdQY  VenlolpEYo(E,)pN atgen Prartn (£ 0) (43)
If a particular model is chosen, the flux can be expressed as:
d¢model
v = ¢(F,; theta, 4.4
dE,dvasdn — O\ v theta) (4.4)

and the events can be re-weighted in each interval dFE,df, by the ratio of
the two fluxes at that point. To obtain a rate of events per second (setting
tgen €qual to 1) corresponding to a specific neutrino flux model described
by ¢(E,;0,), each event sample is considered in the interval dFE,df, from
the simulation and weighted by the ratio of the model flux to the generated
flux. In this way the weight Weyent is computed with a flux independent
part, called Weeneration, associated with each individual event for a particular
model:

Wgeneration -

VgenfeIEEWU(EV)pNAtgenPEarth(E§ 0)
Ntotal

Wevent - Wgeneration ' ¢(EV7 91/)
The weight Weeneration is computed for convenience during the generation
phase. This allows for a range of different fluxes to be applied without recal-
culating all the individual elements of the weights. To obtain distributions
or event rates corresponding to a particular model it is sufficient to multiply
each event by its weight in the phase of histograms filling.
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4.2.2.2 Neutrino absorption in the Earth

There is a possibility for the neutrino to be absorbed by Earth, depending
on the neutrino cross-section and the density of matter through the Earth.
The column density inside Earth can be parametrized as [43]:

pi Z/LPEarth(T)dL (4.5)

column depth {111s mwe)
= -
) - [X
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Figure 4.3: Left: The density of the Earth, integrated over the path of
the neutrino as a function of the direction of the neutrino expressed in water
equivalent meters. The kink in the figure is caused by the density discontinu-
ity associated with the boundary of the Earth’s core. Right: The probability
of a neutrino to traverse the Earth without undergoing an interaction as a
function of the direction (zenith angle) of the neutrino and its energy.

When the neutrino’s direction has an angle greater than 145° the prob-
ability of absorption in enhanced due to the increasing density of the Earth
core. The probability that a neutrino is able to cross the Earth is expressed
as:

Pearen(Ey; 0,) = exp (—Nao(E,)p(0)) (4.6)

The shape is shown in Fig. (right), with the probability as a function of
the energy and zenith angle of the incoming neutrino. This probability is fun-
damental in the computation of the expected event rate in the simulation.
For neutrinos with angles close to cosf = —1, the absorption probability
shows a maximum for energies above 10 TeV, while above 1 PeV only neu-
trinos close to the horizon remain unattenuated.
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4.2.2.3 Atmospheric neutrino flux

Neutrinos from atmospheric background are the main source of signal in
the ANTARES detector. Their flux can be computed in different ways, de-
pending on the measurements of the primary cosmic ray flux and the models
used for the interactions with the atmosphere. The most known ones are the
models developed by Honda (HKKM) [68] and Bartol [69].

These calculations depend on the measured cosmic ray spectrum and
extrapolation of hadronic interaction models to high energies. There are of
course some uncertainties on the high energy atmospheric neutrino flux [70],
estimated to be of order of 20% using the two inputs above as reference. The
good agreement between the two models is a result of a cancellation between
the differences in the primary cosmic ray spectrum used and the hadronic
interaction models. The actual uncertainty is much larger than the difference
between these two models suggests. In this analysis the default Bartol flux
is used, with the extension to the high energy range as written in tables in
[r1].

In addition to the conventional neutrino flux produced by pions and kaons
decays from cosmic showers, also the so-called prompt neutrino flux must be
taken into account. It originates from the decay of charmed mesons with en-
ergy above 10° GeV. The interested range changes depending on the extrap-
olation of charm production cross-sections from accelerator energies. There
are three main models for charm production[72]: Quark-Gluon String Model
(QGSM), Recombination Quark Parton Model (RQPM) and Perturbative

QCD (pQCD).

4.3 Atmospheric muon simulation

Muons resulting form the decay of particles produced in the CRs interac-
tion with the atmosphere compose the largest part of the signal detected by
a neutrino telescope. Even if ANTARES is shielded by the large amount of
water above, a large flux of high energy atmospheric muons is able to reach
the instrumented volume of the detector.

The main problem with the atmospheric muons is that they can mimic
fake upgoing tracks with their Cherenkov light production. This signature
can be confused with the genuine cosmic signal. On the other hand, at-
mospheric muons are useful to test the offline software, to check the good
functioning of the detector and to estimate uncertainties.

A full MC simulation can reproduce accurately atmospheric muon bun-
dles. The starting point is the simulation of primary CRs in their interaction



70

4. Monte Carlo Simulation Tools

with the atmosphere, using software like CORSIKA [73], followed by the
simulation of the air shower and the propagation of the muons through the
sea water. This process is extremely time consuming, and therefore it is not
easy to produce a large statistical sample.

In order to save computing time, it is mandatory to have a fast MC
generator. ANTARES collaboration uses the MUPAGE package [74]. This
software had been developed starting from the flux, the angular distribution
and the energy spectrum of underwater muon bundles [75]. The muon flux
and energy are parametrized in terms of the bundle multiplicity m. MU-
PAGE returns in output the kinematics of atmospheric muon bundles at the
surface. Event generation is not weighted and the livetime corresponding to
the simulated events is calculated automatically. On the other hand, the user
is not able to change the generation spectrum.

4.4 Particle propagation and generation of light
in water

All the information concerning long-lived particles generated by the soft-
ware are stored and two GEANT-based packages [79], KM3 [80] and GEASIM,
track the particles through the water in the sensible volume. For the water
properties the values recorded at the experimental site are used.

GEASIM is in charge of tracking all the particles but muons. It takes
into account all the physics processes such as energy loss, multiple scatter-
ing, radiative processes and hadronic interactions. At each tracking step
the Cherenkov cone produced by charged particles is calculated. For all the
OMs which are in the cone the hit probability is determined and converted
into a photo-electron number using Poisson statistics. The wavelength con-
sidered is in the range of 300+600 nm and to evaluate the hit probability
several factors (wavelength dependent absorption length, quantum efficiency
and transmission coefficients of the glass sphere and the gel) are taken into
account. Another important value which can affect the hit probability is the
relative orientation of the PMT with respect to the Cherenkov front, along
with the angular acceptance. The uncertainty on the angular acceptance of
the OMs is the main systematic source of uncertainty for the simulated flux
of atmospheric neutrinos and muons.

The arrival time is calculated based on the group velocity of the photon
front and includes smearing factors from the TTS (time transit spread) of
the PMT as well as from the wavelenght dispersion, where the latter de-
pends on the distance between tack segment and OM. This effect can make
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the Cherenkov cone fuzzy. The angular distribution of the Cherenkov light
emitted in the shower is shown in Fig. There is the Cherenkov peak
well visible, while the tails extend over the whole angular range. In this way
it is much more easy and time saving to parametrize the Cherenkov light
production in a electromagnetic shower. Hadronic showers exhibit much
larger fluctuations, occasionally giving rise to secondary muons, and thus no
parametrization is used. The simulation of the adronic part is done with the
package GHEISHA which is generated in GEANT [79).

It is mandatory to include also the effect of light diffusion when treat-
ing muon propagation. Before simulating physics events, a set of scattering
tables is created. If the muon track is longer than one meter, it is sent to
a dedicated GEANT-based program within a large water volume. All the
radiative process below a given energy threshold (0+1 GeV) are taken into
account along with energy loss and multiple scattering. Cherenkov photons
are created one by one and tracked in water, by a precise diffusion and ab-
sorption model, which allows to track each photon, including its scattering
before the absorption. Each time a photon penetrates one of several concen-
tric spheres around the muon track origin, its position, direction and time
are stored. This photon field is then convoluted with possible orientations
of OMs in the spheres which leads to a hit probability table in a 5 dimen-
sional parameter space: R (distance from the muon origin), 6 (latitude of the
sphere), the pair (¢, ¢) (orientation of OM with respect to muon direction),
t (photon arrival time). Similar scattering tables are created also for electro-
magnetic shower and stored for the following processing step. Now muons
from physics generator events are tracked in the usual can volume by MUSIC
[81]. At the end of tracking for Cherenkov photons, the hits probabilities for
all OMs are evaluated using the scattering tables. One set of scattering ta-
bles can be reused as long as the underlying scattering and absorption model
does not have to be change.

4.5 Detector response and trigger simulation

A program called TriggerEfficiency program [82] is in charge to simulate
the detector response. This software adds an optical background to the
hits generated by physical events, the simulation of the electronics and the
triggering of the events.

The optical background can be generated and added to the MC events,
according to a Poisson distribution, using a fixed background rate specified
by the user (for example a mean optical rate of 60 kHz), or using real data
run. In this second case the TriggerEfficiency program adds to the PMTs a
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Figure 4.4: Angular distribution of Cherenkov light for electromagnetic show-

ers with respect to the shower axis. The Cherenkov peak is well visible, while
the tails extend over all the angular range.
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background which corresponds to a counting rate taken from real detector
simulation. In this way also the biological activity, such as bioluminescence
or biofouling, or temporary problems related with electronics (charge satu-
ration, temporary power off of single PMTs, sparks) are taken into account.

The front-end ARS chip integrates the analogue signal from the PMT over
a typical time window of 25 ns. This is simulated by summing the number
of detected photons in that window. After this integration, ARS cannot take
data for about 250 ns. A second ARS, connected to the same PMT, digitizes
signals arriving afterward. The time resolution for a single photo-electron
signals is 1.3 ns and decreases for higher amplitudes. To simulate this effect,
the hit times are smeared using a Gaussian function with a width ¢ = 1.3
ns/ \/E, where N, is the number of simultaneously detected photons. The
so-called level zero trigger (L0O) selects hits that have a charge greater than a
low threshold, typically set at 0.3 pe. The amplitude measurements is then
simulated by smearing the integrated number of photons with an empirical
function. This function results in a (roughly Gaussian) smearing of about
30% [82]. The dynamic range of the charge integration has a saturation level
which correspond to about 20 photo-electrons.

Monte Carlo events are triggered with the same trigger algorithm used
for real data. The first level trigger (L1) is built up of coincidence hits in
the same storey within a 20 ns time window and a single hits with a large
charge amplitude, greater than a high threshold tunable from 3 pe to 10
pe. A trigger logic algorithm, a level 2 trigger (L.2), is then applied to data,
operating on the L1 hits. The main physics triggers are the 3D-directional
scan logic trigger 3N and the cluster logic trigger 2'T3.

The 3N trigger process all data and declares an event as soon as a mini-
mum number of L1 hits are found within a 2.2 us time interval. In addition,
each pair of L1 hits should verify the causality relation:

c/n

where At;; and d;; are the time difference and the spatial distance between
(hit); and (hit); respectively, ¢ is the speed of light and n the index of refrac-
tion of the sea water. Eventually an extra scan of direction (1D trigger) is
applied. The 1D trigger implements a standard 1-dimensional trigger looking
for time correlated hits from a muon in a given direction.

The 2T3 trigger is based on the definition of T3 cluster of hits [83].
A T3 cluster is defined when two L1 hits on three adjacent storeys are in
coincidence. The coincidence time window is set to 100 ns in case that the
storeys are adjacent, and to 200 ns in case of next to adjacent storeys. The
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2T3 trigger logic requires at least two T3 clusters within a time window of
2.2 us.

The output of the TriggerEfficiency routine is in the same format (a *.root
file) as the real raw data.

4.6 Track reconstruction

The track reconstruction relies on algorithms which estimates the direc-
tion and position of the muon, starting from the arrival times and amplitudes
of the hits. In ANTARES there are two main reconstruction strategies, both
in use and exploited for the different analysis, based upon different crite-
ria: AAFit and BBFit. The first one is considered the high efficiency track
reconstruction, while the second is the faster one.

4.6.1 The AAFit reconstruction strategy
4.6.1.1 Track description and relation to the OM

There are two main parameters which characterize the muon trajectory:
the direction d = (dy,dy,d,) and the position p' = (py,py,p.) of the muon
at some fixed time ¢y. Knowing that at energies above the detection (~10
GeV) the muon is relativistic, its speed is taken equal to the speed of light in
vacuum. Zenith 6 and azimuth ¢ angles are used to parametrize the direction
asd = (sin 0 cos ¢, sin  sin ¢, cos #). During the reconstruction is necessary to
estimate five independent parameters. For a given track with known position
and direction and an OM at position ¢, whose field of view if oriented in the
direction w, there are three main relevant properties to take into account for
an emitted Cherenkov photon:

e the theoretical arrival time of the photon (¢'*);
e the expected photon path length (b);

e the expected cosine of the angle of incidence of the photon on the OM
(a), i.e. the angle between the direction of the photon and the pointing
direction of the PMT.

With these three quantities it is possible to characterize the position and
the orientation of the OM relative to the track. The true arrival time, path
length and angle of incidence may differ from these values, because of photons
emitted by secondary electrons and inferences due to the scattering.
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Figure 4.5: Description of the geometry of the detection of the Cherenkov
light. The muon trajectory is identified by the red line. The Cherenkov light
is emitted with an angle of 6. with respect to the muon track and is detected
by the OM. The blue arrow indicates the path of the light.

™" is defined relying on the quantity:

F=G—p (4.8)

The theoretical time

Knowing that the components of ¢ parallel and perpendicular to the muon
direction are [ = 7+ d and k = V% — l_é, the arrival time of the light in ¢ is

given by:
1 k 1 k
" =to+=(1- — 4.9
ot c ( tan@c) * Vg <sin90> (4.9)

where v, is the group velocity of light (value taken at 460 nm). The second
term is the time the muon takes to reach the point where the detected light
is emitted, while the third term is the time the light takes to travel from that
point to ¢. The length of the photon path is given by
k
b=f (4.10)

sin 6,

while the cosine of the angle of incidence of the photon on the OM is given

by:
I P P ] (4.11)
a= (v tand, w .

where @ is the pointing direction of the OM.
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4.6.1.2 Summary of the full reconstruction algorithm

Track reconstruction passes through several steps and its final result is
the best estimation for track direction. These are the main reconstruction
steps:

e Preselection of hits: this is a first selection to exclude hits due to the
optical background. Hits selected must have |A¢| < ¢ + 100 ns, where
At is the time difference between a hit and the hit with the largest
amplitude in the sample and d is the distance between the OMs of the
two hits.

e Linear prefit: it is a linear fit through the positions of the hits, with
the hit time as an independent variable. It is assumed that all the
hits occur on points that are located on the muon track. Its main
advantage: it does not require a starting point. It takes into account
only hits in local coincidence (combination of two ore more hits on one
floor in a time window of 25 ns) or with an amplitude larger than 3 pe.

e M-estimator fit: this method is weakly sensible to the quality of the
linear prefit. The hits used in this step are selected on the basis of the
result of the prefit. Hit time residuals are computed using the prefitted
track, selecting hits that are far less than 100 meters from the track and
with a time residual in the interval [-150, 150]. Hits with an amplitude
greater than 2.3 pe are equally kept. Last step is the application of a
minimization function to enhance the precision of track parameters.

e Maximum likelihood with the original PDF: it has the same hit
selection as the previous step. It consists of the ML fit with the original
PDEF. Time residuals are computed using the track from M-estimator.
Hits are selected if their time residual are in the interval [-0.5 R, R],
where R is the root mean square of time residual distribution. Hits with
amplitudes greater than 2.5 pe and in coincidence are also selected. The
asymmetry in the selection interval reflects the fact that the original
PDF is asymmetric.

e Repetition of steps 3 and 4 with different staring points: to
make the algorithm efficiency better, the two previous steps are re-
peated changing the starting point with respect to the prefit. Rotating
the prefit track by an angle of 25° for of the additional starting point
are obtained. The origin of rotation is the point on the track that is
closest to the center of gravity of the hits. Four more starting points
are obtained by translating the track £50 m in the direction d x  and
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+50 in the Z (upward) direction. In total, steps 3 and 4 are thus done
nine times.

e Maximum likelihood fit with improved PDF: the last step is done
starting from the preferred result obtained in the previous step. Hits are
selected if they have residuals between -250 and 250 ns with amplitudes
larger than 2.5 pe or in local coincidences. Since background is taken
into account in the PDF, the presence of background hits in the sample
does not spoil the reconstruction accuracy.

The rejection of misreconstructed tracks can be made using two reconstruc-

tion quality related variables: the log-likelihood per degree of freedom (log(L)/Npor)
and the number of compatible solutions (Ncomp) found by the reconstruction
program. The variable A combines the two quantity above and has been
chosen as the quality fit estimator:

log(£)

A=
NDOF

+ 0.1(Neomp — 1) (4.12)

4.6.1.3 Performances

There is a fraction of 1.1% of tracks that are reconstructed with an error
smaller than 1° at the linear prefit stage. After the M-estimator stage this
fraction rises up to 38%, than up to 57% after applying the original PDF.
Last step enhances efficiency up to 59%, which is not so significant on the
whole reconstruction strategy. The last step is however able to raise to 20%
the tracks reconstructed with a precision lesser than 0.1°. In Fig. the
error on the reconstruction at every stage is shown.

Reconstruction in details is presented in [84].

4.6.2 The BBFit reconstruction strategy

The BBfit algorithm does not precise positioning calibration, relying on
a strict hit selection and still keeping a good efficiency. In this strategy, both
a detector line and a muon track are considered as straight lines in space
and a point of closest approach for the muon is defined. The Cherenkov light
produced must be in the vicinity of this point to be considered for the fit.

The geometry of the optical modules plays no important role, since storeys
are considered as space points centered on the detector line. To be considered
as hits to be fitted, a calibration on time for time and charge is applied and
only one hit per storey is allowed in the fitting procedure. The event hits
are then ordered and merged in time and amplitude if closer than 20 ns (the
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Figure 4.6: Distribution of the reconstruction angle for tracks in different
stages of reconstruction. The error is reduce more and more at the progress-
ing stage of the distribution. The final stage is the one with the smallest
€rror.

time kept is the one of the first hit). All the hits must be triggered as L1
hits and if there are two L1 hits in two adjacent floors within 80 ns or within
160 ns in two next-to-adjacent floors, a T3 is defined. The hits contributing
to a T3 are then selected for the fit. New hits are then searched for within a
time window around the T3 times, calculating their expected hit time in an
adjacent floor, assuming these hits arrive linearly in the z-t plane, as a plane
wave front. These hits are searched in an asymmetric time window because
of the generic shape of the Cherenkov cone with a recursive procedure.

The detector geometry is considered invariable, using the measured BSS
positions from acoustic triangulation. In these configurations, lines are per-
fectly vertical, thus lines distortions due to sea current are ignored, and the
detailed geometry of a floor is considered negligible.

4.6.2.1 Fitting procedure

Before fitting, the list of selected hits is examined and if there are less
than 5 hits, no fit attempt is made. There are two procedures depending on
the number of lines involved: a single line or a multi lines.

Ignoring all the effect due to multiple scattering and other deviations, the
track is considered a straight line in space, with the particle moving a the
speed of light in vacuum. Space-time points are parametrized as:

p(t) = q(to) + c(t — to) (4.13)
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where the particle passes through point ¢ at time ty moving in the direction
v. The track is defined by a total of 5 parameters: the three ¢ coordinates
and two angles to define ¥. If a detector line is described as (0,0,z), the point
of closest approach is defined:

q> — Uz((T U)

.= 4.14
while its time is: oL
q:V, —q-v
t.=1t = - 4.15
O =) (4.15)
at the distance of:
de = \[P2(t) + P3(t) + (p(te) — 2.)? (4.16)

In this way the track is conveniently parametrized.

To build a fitting function it is necessary to know the time arrive ¢, of
a Cherenkov photon on the line, its travel path d, and its inclination with
respect to the line (cos,). These values can be derived from the parameters
above:

dy(2) = —m—=\/d% + (2 — 2.)2(1 — v2) (4.17)

S
b =ttt (Gmzn D lam) @

Z—Z. U,
cosf,(z) = (1 — vg)m + -
where n = 1.38 and it is the refractive index. All the dispersion and group
velocity effects are ignored.

On the other hand, if the event has a structure more bright point-like, the
emission of light is assumed to be isotropic. This model is applied to sources
such as LED and laser beacon, but also to sparks and electromagnetic or
hadronic showers. Each bright point is defined by four parameters: the po-
sition ¢ and the time ty. The distance of closest approach is then calculated,
taking into account that for a bright point we have z. = ¢, and t. = ty, thus:

de =1/ + q; (4.20)

With these three parameters, the bright point is located with respect to a
single detector line. It is now possible to compute the parameter of a photon
arriving on the line:

(4.19)

dy(2) = VdZ + (= — ¢.)? (4.21)
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t(2) =to+ %al7 (4.22)

2=y
dy
The fitting function relies on the difference between the measured hit
time ¢; and the expected time of the photon ¢,, computed for a track or a
bright point, like in a x? procedure. In a second time, the expected amplitude
versus distance relation of the measured hit amplitudes a; is computed:

cos 0(z) (4.23)

Npits

. (tv - ti>2 CL(ai)d(dw)
0= 3 (B ) =

where the time error o; is set at 10 ns for amplitudes greater than 2.5 pho-
toelectrons and 20 ns otherwise. The second term is not organized as a dif-
ference between theoretical value and measured 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. Instead,
the combination of hits with large amplitude and large distance is penalized.
The amplitudes are first corrected with the angular acceptance of the floor
in question:

’ 2@,;

= " 4.25
% cosf., +1 ( )

thus the average amplitude is computed with these corrected hit amplitudes:

Nhits

1 /
Nhits 21: ’ ( )

(@)

Before use them in the fit function, the amplitudes are still modified as

following:
aoQ;

ala;) = —— (4.27

() Vai+a? )
This function introduces an artificial saturation at ag = 10 pe, to obtain
a ~ d for a, < ap, and a ~ ag if a; > ay. In this way the influence of the
large dispersion in the dynamic ranges of the different modules is limited. A
quite similar modification is applied also to the distance:

d(dy) = /& + & (4.28)

where d; = 5 m. This avoids an excessive pull of the fit object toward the
detector line.
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Figure 4.7: Correlation between reconstructed and simulated elevation an-
gle. On the left for downgoing atmospheric muons, on the right for upgoing
atmospheric neutrinos [86].

At the end, a procedure of minimization using the MIGRAD function of
MINUIT is applied, for both bright point or track hypothesis. After min-
imization, the value of the fit quality, divided by the number of degrees of
freedom, is retained for further analysis [85].

4.6.2.2 Performances

The accuracy in the reconstruction of the angle with respect to the hori-
zontal plane (elevation angle), required to be well reconstructed to separate
upgoing and downgoing tracks, is shown in Fig. 1.7, The reconstructed el-
evation angle is plotted as a function of the true elevation angle, for muons
and atmospheric neutrinos, reconstructed in as multilines events. More than
95% of fits converge for all events with selected hits on at least two lines.
Most events are located within a narrow band around the diagonal and 80%
of the events have their elevation angle reconstructed with an error smaller
than 5°. The agreement is robust even when the triggered atmospheric muon
events are muon bundles, reconstructed as a single track [86].

4.7 Monte-Carlo samples

In this thesis two main kinds of simulation have been used: muonic neu-
trinos (along with antineutrinos) and muons. In ANTARES experiment the
current simulations exploited are called run by run simulation. This system,
used in ANTARES since 2010, is based upon the idea to produce a sample
of muons or neutrinos for each run recorder by the detector. It allows to
follow the detector behavior, with several thousands of Monte-Carlo events
available to be compared to each data run, and have a more reliable estima-
tor for the analysis. At the top the simulation chain, only the run number
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Figure 4.8: Schematic view of the simulation chain before the reconstruc-
tion stage. It begins with the generation phase (GENHEN/MUPAGE), to
go through detector simulation (KM3) and hadronic interaction computation
(GEASIM). The different triggers are then taken into account (TriggerEffi-
ciency) before the final reconstruction step.

is injected. With it, it is possible to extract from data detector conditions
for the particular period, calibrations and all the needed parameters for the
following sub-programs (Fig. [4.8)).

4.7.1 Neutrinos

There is no difference at the generation and reconstruction stages between
atmospheric and astrophysical neutrinos. The same files are used for both
signal and background, applying different weights depending on the chosen
flux.

4.7.1.1 High energy range (up to 10® GeV)

For this simulation, v, and 7, events interacting via charged current
interaction are produced. The energy range has been split in two, a high
energy range (100-108 GeV) and a low energy one (5-3000 GeV). The spectral
index of the generated spectrum is -1.4 in both cases [87].

In the following steps of the chain, KM3 propagates the primary muons,
while GEASIM takes care of all the other particles. The OM response is split
between KM3/GEASIM and TriggerEfficiency.
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To summarize the details of this simulation:
e two energy range, 100-108 GeV and 5-3000 GeV;

for each run, 5 x 10® events are generated;

generation performed on the whole solid angle;

the flux used to weight the atmospheric events is the Bartol one;

the probability density function for the interaction is the one defined
by [47].

4.7.1.2 Ultra high energy range (10° — 10 GeV)

In order to complete the already existent simulation sample, I have per-
formed a personal simulation production restricted to the energy range 108 —
1010 GeV. The simulation chain has not been changed, only some parameters
of the GENHEN part has been adapted for this particular request. To briefly
summarize them:

e cnergy range restricted to 108 — 10'° GeV;
e generation performed on the whole solid angle;

e for each run, 9 x 10° events are generated.

4.7.2 Muons

As said previously, the atmospheric muonic component is simulated with
the software MUPAGE. For this kind of analysis, two productions of muons
with different parameters has been exploited.

4.7.2.1 Low multiplicity muon bundles

This simulation production is the standard one used for analysis in the
whole ANTARES collaboration. It concerns atmospheric muons in the energy
range 4 GeV - 1 PeV, simulated between 0° and 85°. Each shower generated
with these parameters must have a multiplicity between 1 and 200, with an
energy threshold of 0.02 TeV.

For reasons of CPU time, it has been decided to generate only one third
of the livetime of the whole simulation volume. To take into account this
deficit, an appropriate weight is applied to the simulation at analysis stage.
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4.7.2.2 High multiplicity muon bundles

In order to have a better background estimation in the case of an ultra
high energy analysis, it is mandatory to take into account also the muonic
component when the latter has an high multiplicity. In order to have a sort
of high energy background estimation, also the minimum energy threshold of
all muons combined in the event bundle should be higher than the standard
one.

To accomplish this, I have performed a special production of muons,
always exploiting the MUPAGE software, with a maximum multiplicity of
1000 and an energy threshold for the shower of 3 TeV.

A potential problem for this production is the huge CPU time required
to generated the high multiplicity muons. Instead of generating one third of
each run livetime, it has been chosen to fix instead the number of generated
events per run. This has an effect on the run livetime, which is calculated
automatically [74]. Since the flux of muon bundles of a given multiplicity m
is known for each value of depth H at a given zenith angle ¢;, the expected
rate on the can upper disk at the depth H = H;, is:

Nue(AQ;) = ®(Hpin, 6;,m) - S - AQ;  [s71] (4.29)

where, AQ); = 27(cosy; — cosby;) is the solid angle centered at 6; = (0y; +
02:)/2, and S = TR?,, cosf; [m?] is the projected area of the upper disk.
The equivalent livetime is computed from the number of generated events
N(AQ;) on the upper disk in the solid angle Af; as:

T(A;) = N(AQi)/NMC(AQi) [s] (4.30)

The livetime is computed as the weighted average on 33 different solid
angle regions of T'(A(;), which have the same value, within statistical error.

For this production, 1827 runs taken randomly on the period 2008-2011
have been used to start the production. Each run has a livetime of 3800 s,
for a total production time of more than 80 days. In order to apply this
background to the other run by run simulations, it is necessary to scale it to
the desired livetime.



Chapter 5

Diffuse Flux analysis

In this chapter it is presented the analysis of simulations in search of a
diffuse neutrino flux in a very high energy range, for a Waxman-Bahcall flux
and a cosmogenic one. The presence of an astrophysical signal is registered as
an excess of events over the atmospheric background, without any particular
assumption on the source direction. A limit on the sensitivity for ANTARES
detector, relying on the simulations described in the previous chapter, will
be presented.

To perform this analysis, in the ideal case the energy of every event should
be estimated to evaluate if the event is signal or background. Even if some
energy estimators are current developed for ANTARES detector, there is no
reliable method able to estimate events of such elevate energy. To perform
this analysis, it has been chosen a set of six variables, each one representative
of one aspect of the event, to later use a combination of them to evaluate the
events.

Before combining the variables into one single estimator, it is necessary
to clean the sample from misreconstructed events. For this reason, some
sequential cuts has been defined. Moreover, to maximize the possibility to
kept signal over background and search in particular for ultra high energy
events, a cut on the zenith angle near the horizon has been defined.

The last step concerns the statistical analysis of the multivariate estima-
tor. Finally, the Model Rejection Factor techniques has been use to estimate
ANTARES sensitivity for both the flux models of interest.

5.1 Simulation summary

The simulations for neutrinos and muons are those described at the end
of the previous chapter, following the run by run policy. The two main

85
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Figure 5.1: Summary of all the neutrino fluxes exploited in this analysis.
The signal has been weighted using in the first case the Waxman-Bahcall
flux taking into account sources evolution, in the second case a cosmogenic
neutrino flux, in the hypothesis of protons at the CRs sources. The atmo-
spheric background component has been weighted with the Bartol flux.

samples are neutrinos (standard plus ultra high energy custom simulations)
and muons (standard plus high multiplicity).

Neutrino productions must be weighted in order to have atmospheric
neutrinos and cosmic signal. The generic weight to apply to the simulations
is defined in Par. [4.2.2.1] This latter is then multiplied by the flux of interest,
being it an astrophysical flux for the signal or an atmospheric one for the
background (Fig. |5.2)).

5.2 Ciriteria for data quality selection

Before beginning into applying quality cuts or analysis high-level cuts,
it is mandatory to define some requirements for the runs to be analyzed.
Normally this stage should be applied directly to data, but knowing the
run by run character of ANTARES simulations (described in the previous
chapter), it is mandatory to select the runs with the best quality parameter,
in order to exploit only their corresponding simulations runs and estimate a
realistic sensitivity for the detector.

The selection of the runs according to detector conditions is based on
a flag of data quality stored for each run and called quality basic. It is a
parameter which regroups some low-level data quality parameters concerning
detector or environmental conditions and their effect on the run during the
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Figure 5.2: Plot of the possible neutrino energy weighted all the atmospheric
fluxes considered for ANTARES analysis. There are two flux diffuse flux
model (Bartol and Honda) and three prompt one (Martin, Sarcevic and Nau-
mov).

data taking. The quality basic flag can take five different values:

e QB=0: possible pathological run, it is unwise to use it for the analysis.
These runs come from period when detector is not reliable for data
taking, because of sea operations or malfunctioning or testing;

e QB=1: basic selection, minimum requirement for a run to be included
in the analysis. These are the minimum requirements for this flag:
— a run must have an effective duration of T,g > 1000 s;
— there are no double frames;
— there are no problems of synchronization;
— for 2007 runs, the sampling must be smaller than three;
— the muon rate must be between 0.01 Hz and 100 Hz;
— the apparent duration i.e. the time from run start to run stop must

be quite similar to the effective duration: 0 > T,,, — Teg > 450 s;

e QB=2: the same requirements as QB=1 and at least 80% of the OMs
expected to work at the time of the run are effectively working (former
copper run classification);

e QB=3: the same requirements as QB=2, with baseline less than 120
kHz and burst fraction less than 0.4 (former silver run classification);



88

5. Diffuse Flux analysis

e QB=4: the same requirements as QB=3, with baseline less than 120
kHz and burst fraction less than 0.2 (former golden run classification).

For this analysis, all the runs with QB>1 on the period December 2007
- December 2011 have been considered. With this selection, there are 9615
runs for a total livetime of 933.17 days, exploited for the following analysis
and sensitivity estimation.

5.3 Preliminary cuts

Before starting with the analysis tools aiming to discriminate signal and
background, it is necessary to clean the sample from all the events which
suffer from a bad reconstruction or detector defects able to feign possible
signal events. At the end of the quality cuts, an additional angular selection
is performed, in order to maximize the probability to have ultra high energy
signal and to minimize the surviving background.

5.3.1 Preliminary event selection

As already explained, in ANTARES the so-called L1 hits mainly used for
analysis can be due to a time coincidence of two hits on a PMT in a time
window smaller than 20 ns or a single having a charge greater than 3 p.e.
For this analysis, in order to exclude at least a part of the false events due
to optical background or detector artifacts (such as afterpulses), only L1 hits
due to time coincidences have been taken into account.

Also, in order to analyze an event, it must contain a track reconstructed
by both the strategies, AAFit and BBFit.

5.3.2 Event time structure

The time structure of the events must be well defined. As can be seen in
Fig. when a PMT is hit multiple times by a bunch of photons gives rise
to a reliable time structure. So it has been decided that, to keep en event for
further analysis, its number of PMTs touched by more than one hit should
be at least greater than zero.

5.3.3 AAFit track quality cut

In order to face the difficulty of reconstruction for ultra high events, the
AAFit strategy requests two cuts on its quality parameter, the quality of the
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Figure 5.3: Event display from a MC ultra high energy event on a particular
detector line. As can be seen, the same PMT is hit several time by different
photon wavefronts, giving rise to a particular time structure which could be
later exploited for the analysis.

track fit A and the angular error 5. As can be see on the left of Fig. [5.4]
the ultra high energy part of the signal has a peak near A = —6.5, because
the large amount of hits produced in a ultra high energy event is difficult to

manage for this reconstruction strategy. The distribution of § is shown in
Fig. 5.5,

5.3.4 Agreement between the two reconstruction strate-

gies

For ultra high energy events it may happen that the two reconstruction
strategies give very different results in terms of zenith angle or track direc-
tion, even if their quality parameters are per se good. In order to have a
consistency between the two strategies, a cut on the difference of the cosine
of the zenith angles has been set, as shown in Fig. [5.6l This cut is just
for the sanity of the angular selection, not intended to separate signal and
background.

5.3.5 BBFit track quality cut

There are two main quality parameters, defined as y? probabilities, in
BBFit: the tchi2, which is the probability for an event to have a good fit as
track, and bchi2, which is the same probability associated to a bright point.

Since the tchi2 parameter is not optimize to reconstruct ultra high energy
events, it is mandatory to modify the variable with the aid of a quantity
representative for this kind of events. The number of couples of floors in T2
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Figure 5.7: On top: distribution of tchi2* parameter for the Monte Carlo
samples (in red the chosen analysis cut). On bottom: signal to noise ratio
used to tune the cut, with only the ultra high energy events (energy greater
than 10%) used as signal (in red the chosen analysis cut).

status (both in a L1 status in a time window of 200 ns) has been exploited.
This is the modified definition of tchi2*:

tchi2
tchi2* = 5.1
T foor T2 — 1) - 0.5 (5-1)

The distribution of this variable is in Fig. on top.

The second cut concerning BBFit strategy is to set to reject the bright
point. In order to prefer track-like topologies, a cut on the difference between
bchi2 and tchi2 is chosen, as shown in Fig. on bottom.
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5.3.6 Angular selection

After the quality cuts, all the surviving events are selected by the angle
of incidence.

Earth becomes opaque to neutrinos of energy greater than 10 PeV, so
there is an angular sector of interest near the horizon. This zone has been
chosen to reject the most muons as possible in the downgoing region, because
even if they are reduced in number, their signature is very similar to a cosmic
neutrino’s one. The cut in the upgoing region is set to collect a part of the
upgoing events before the atmospheric neutrino background becomes too
important.

Since events near the horizon are difficult to reconstruct, in order to
minimize the risk of taking into account misreconstructed tracks, it has been
chosen to request that both the reconstruction strategies must have the zenith
angle inside the chosen range. In Fig. the distributions of the zenith angle
according to the Monte Carlo truth, AAFit and BBFit.

5.4 Analysis technique

Even if the ANTARES collaboration has developed a certain number of
algorithms for energy estimation, there is no reliable energy estimator reliable
and tested over 108 GeV. A good technique to discriminate ultra high energy
events is the exploitation of a set of variables (six in the present case), later
combined in a single estimator. Each variable is representative of one aspect
to describe an event inside ANTARES detector.

In this section the detailed list of variables will be analyzed. The best
multivariate technique is then tested and applied to simulations, to estimate
the sensitivity by model rejection factor technique.

5.4.1 List of variables

All the variables listed in this section have been calculated after the ap-
plication of preliminary cuts detailed in Par. [5.3]

5.4.1.1 Number of hits in time coincidence

This is the most common variable, as it is just the number of total hits
deposed in the instrumentation volume by an event. In this case, hits taken
into account are the LL1 due only to time coincidences.

This variable is strongly correlated to the number of photons emitted
along a particle’s track, giving a measurement of the event luminosity. This
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Figure 5.8: Distribution of the zenith angle according to Monte Carlo truth
(top), AAFit (middle) and BBFit (bottom). On the Y axis the number of
events is normalized at the integral.



5.4 Analysis technique

95

variable has higher values for ultra high energy neutrinos, because of the
amount of light produced in their events.

In order to compensate the loss of light for all the tracks passing nearby
the detector, this variable is multiplied by a function of the distance of closest
approach computed with respect to the center of gravity for the detector.

dca
(dca)

f(dca) =1+ (5.2)
The distance of closest approach is computed for the track reconstructed
with AAFit and its mean is taken 100 m.

5.4.1.2 Number of PMTs with more than one hit

The number of PMTs touched by more than one hit is correlated to the
spatial extension of an event. Moreover, it assure that the event has a time
structure, as already said in the dedicated section. This variable has higher
values for ultra high energy neutrinos because they produce more light along
their trajectory, touching the same PMT several times.

Also atmospheric muons can have an important spatial extension, but
being less energetic, they touch a PMT less times than the ultra high energy
neutrinos.

Also for this variable, it is necessary to multiply the value by the function
of the distance of closest approach in Eq.

5.4.1.3 Number of neighbor floors in time coincidence (T2)

A couple of T2 floors consists of two adjacent floors touched at least by
a L1 hit in a time window of 100 ns, as shown in Fig. 5.9

This selection is not exclusive: the same floor can make part of two
couples, with the two adjacent floors.

Also this variable is multiplied by the function in Eq. [5.2]

5.4.1.4 Inertia tensor

This technique considers each PMT i as a point in the space whose virtual
mass A; is the sum of the amplitudes of all the hits recorded by the PMT.
The inertia tensor is defined as its analogue for classic mechanics:

885

15 =37 (A)" [5 - (1) = ok o] (5.3)

=1
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L1 Floor
T2 Floor
At<100 ns
W L1 Floor
%ﬁ) LO Floor

Figure 5.9: Scheme of a couple of T2 floors.

This tensor is computed in the reference system of the detector center of
mass and the weight factor w can be defined by the user. In this analysis,
knowing the potential ANTARES charge calibration problems, it is set to
Zero.

This technique, based on the position of all the PMTs which recorded hits,
results in three eigenvalues (e; > ey > e3) corresponding to the three main
axis of the event (Fig. . The ez eigenvalue correspond to the eigenvector
which approximates the track direction.

5.4.1.5 Dispersion of hit time weighted by charge

Hit time dispersion is the mean, calculated of the all the PMTs touched by
the root mean square of the time distribution At weighted by the amplitude
A:

1 NpwmTs NpwmTs 1 Np

S = RMS(AAt) = — N [Ants = 5] (5.4
Npmrs £ (4A0) PMTs Zl Ny Z [Aclts = 8] (5.4

p= p= k=1
N, is the number of hit on every PMT and ¢, is the mean time of the

hits on every PMT. A, and ¢, are the time and the amplitude of the k hit.
The sum is performed over all the PMTs which have recorded L1 hits. This
kind of normalization allow to rely on the instrumented volume. In this way
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Figure 5.10: Schematic representation of inertia eigenvalues e;, representing
the inertial momentum with respect to the event’s axis.

the spatial extension of the event is taken into account, along with the time
extension.

The time dispersion is higher for ultra high energy neutrinos because they

produce more hits inside the detector, resulting in a greater time residual
distribution and thus a greater S.

5.4.1.6 Mean dead time

In an ultra high energy event lots of photons are created along the muon
track and they will arrive as frontwave on the PMTs. It is possible that the
two ARS are occupied, giving rise to a dead time of 250 ns during which the
electronic is blind.

The mean dead time is defined as the mean value At = |t; — t5| on all
the 885 PMTs for all the Np,is pairs of hits of time ¢; and ¢, on the same
PMT, in a time window greater than 50 ns:

Nhlts Nhlts

D) MM — (5.5)

=1 j>1

Ndouble

It is a way to look for events with a well-defined time structure.
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5.4.2 Multivariate analysis

The variables defined in the previous list are not use in the purpose of
a classical analysis with sequential cuts, but in the aim of a multivariable
analysis. Their different power of discrimination is used to male the analysis
more efficient.

For this aim, ROOT software tools for multivariate analysis, TMVA, has
been exploited [89]. This tool provides a ROOT-integrated environment for
the processing, parallel evaluation and application of multivariate classifica-
tion and regression. All its techniques belongs to the family of supervised
learning algorithms. They make use of training events, for which the desired
output is known, to determine the mapping function that either describes
a decision boundary (classification) or an approximation of the underlying
functional behavior defining the target value (regression). The software pack-
age contains an abstract, object-oriented implementations in C++/ROOT
for each of these multivariate analysis, as well auxiliary tools such as param-
eters fitting and transformations. It provides training, testing and perfor-
mances evaluation algorithms, along with visualization scripts.

Training and testing for all the methods is performed with an user-
supplied data set, in form of ROOT trees or text files, where each event
can have an individual weight. The true sample composition in these data
sets must be supplied for each event. TMVA works in transparent factory
mode to guarantee an unbiased comparison between MVA methods: they all
see the same training and test data, and are evaluated following the same
prescriptions within the same execution job.

A typical TMVA classification analysis consists of two independent phases:
the training, where the multivariate methods are trained, tested and eval-
uated, and an application phase, where the chosen methods are applied to
concrete classification problem they had been trained for.

In the training phase, the TMVA factory provides member functions to
specify the training and testing data set, to register the discriminating input
variables, and to book the multivariate methods. After, the factory calls for
training, testing and evaluation of the booked MVA methods. Specific results
files in XML format, called weights, are created after the training phase by
each booked method.

The application of training results to a data set with unknown sample
composition is the following step. The weight file provides for each of the
methods full and consistent configuration according to the training setup
and results. Within the event loop, the input variables are updated for each
event, and the MVA response values are computed.

For this analysis the training sample chosen is 10000 events for signal and
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Figure 5.11: On the left, the flow of a typical TMVA training application.
On the right, the flow of a typical analysis application.

backgrounds. The methods booked for estimation are two linear discriminant
analysis (Fisher test and LD), a multidimensional likelihood and boosted
decision trees. As shown in Fig. [5.12] the best method to use is the boosted
decision trees.

5.4.2.1 Boosted decision trees

A decision tree (BDT) is a binary tree structured classifier, as can be
seen in Fig. Starting from the root node, a sequence of binary splits
using the discriminating variable x; is applied to data. Repeated left /right or
yes/no decision are taken on a single variable at a time until a stop criterion
is fulfilled. Each split uses the variable that at this node gives best separation
between signal and background. The phase space is split this way into many
regions that are eventually classified as signal or background, depending on
the majority of training events that end up in the final leaf node.

There are different separation criteria that can be implemented in the
growing of a boost decision tree, most of them symmetric with respect to the
event class. All separation criteria have a maximum where the samples are
fully mixed (at purity p = 0.5) and fall to zero when the sample consist of
one event class only. For this analysis the chosen discrimination criterion is
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‘ Background rejection versus Signal efficiency ‘
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Figure 5.12: Signal efficiency versus background rejection for the booked
methods in TMVA, applied to this particular analysis.

the so-called Gini index, defined by p(1 — p). Each event ¢ is weighted by a
factor W; and the purity of the node is computed like:

_ 2 Ws
Y W+, W (5.6)

defined as the ratio between the sum of the weight of signal events in the
node and the sum of all the weights of all the events present in that node.
The purity p = 0 is reached when there are only background events in the
sample, p = 1 if there are only signal events and p = 0.5 is they are equally
mixed. For a node with n events, the Gini index is computed as the following:

D

Gini = i Wip(1 —p) (5.7)

The method wants that the separation between the variables of different
classes increases from a level to a deeper level of the tree.

The main problem of a single decision tree is the stability: a small change
or fluctuation in the data can make a large difference in the classification. The
boosting of a decision tree extends this concept from one tree to several trees
which form a forest, solving the stability problem. The trees are derived from
the same training ensemble by reweighting events, and are finally combined
into a single classifier which is given by an average of the individual decision
trees. Boosting stabilizes the response of the decision trees with respect to
fluctuations in the training sample and is able to considerably enhance the
performance with respect to a single tree.

After the training of a boost decision tree with a certain Monte Carlo
sample, for each event ¢ at each node depth there is a factor Y; whose value
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Figure 5.13: Schematic view of a decision tree. The leaf nodes at the bottom
end of the tree are labeled S for signal and B for background depending on
the majority of events that end up in the respective nodes.

is 1 is the event ¢ is signal, -1 if it is background. Coming to an unknown
sample, the boost decision tree overall decision for a tree m is summarized
in the factor T,,(z;), which is 1 if the event is attributed to a signal leaf, -1 if
it falls into the background leaf. The goal is to have T,,,(z;) = Y;, otherwise
the event is misclassified. If the event is misclassified, the method increase

its weight:
1— m
W; — W; - e*™ with a,,, = 5 - In S (5.8)

ErTm
where [ is a constant and the function err,, is defined:

21, @y, Wi
> Wi

In this case, a new tree is built. At the end, the final boost decision tree

variable is obtained summing over the trees:

(5.9)

erry, =

T(x;) = zr:eeozme(a:i) (5.10)

m=1

5.4.2.2 Model rejection factor

This method is thought to optimize experimental cuts in order to place the
strongest constraints, or upper limits, on theoretical signal models [90]. The
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upper limit of a diffuse flux ®(F) for a certain confidence level C.L. depends
on the number of events observed n,s, on the number of expected background
events npe and on the number of expected signal events ns, according to the
ratio:

O(E)er, = @(E)M (5.11)

S

where ficr, (Tobs, Nbg) is the upper limit of Feldman-Cousins for a certain con-
fidence level CL [91]. In order to avoid the any bias when setting the cut
on th multivariate estimator, this choice must be done without any informa-
tion about the data. Only Monte Carlo are used to calculate this average
upper limit, under the hypothesis of no true signal (ns = 0) and expected
background n,. This ratio depends only on the number of observed events,
weighted according to their Poisson probability of occurrence, giving an up-
per limit as the following:

Mobs ,—N
n Obbe bg

ﬁCL(nbg> = Z MCL(nobs;nbg> (512)

Nobs=0

nobs!
This mean upper limit does not depend from expected background, obtained
by Monte Carlo studies. The 90% confidence level sensitivity is defined as
the following:

B(E)opy, = ®(E) - MRF = &(E) - “9%(%) (5.13)
where MRF= Tigq, (n1,¢) /s 1 the so called model rejection factor. The MRF
value represents the factor to be applied to the flux in order to have it ob-
servable on the detector of interest. Its computation on different cuts on a
chosen variable allows also the optimization for the minimization selection.
In the following this technique has been employed to choose the best cut on
the multivariate estimator, for both the flux model investigated.

5.5 Optimization of the cuts

The cuts shown in Par. must be optimized to have a good signal
efficiency and background rejection. However, knowing the very weak signal
expected for this kind of analysis, the best method to chose the most efficient
cut is evaluating which sample can lead to the best model rejection factor.
To have this result, for every cut at least three possible values have been
taken into account.

e Number PMTs with ore than one hit: 1, 0;
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A: -6 (taken into account only in the Waxman-Bahcall analysis), -6.2,

-6.6, -6.8, -7, -7.2, -7.4;
e 3:0.3° 0.5° 1°, 1.2°
e reconstruction agreement: 0.15, 0.20, 0.25;
e tchi2*: 0.75, 1, 1.5;
e bchi2-tchi2: 1, 2, 3;
e lower limit of the angular selection (zenith angle): 75°, 79°, 81°, 83°;

e upper limit of the angular selection (zenith angle): 112°, 120°, 150°,
180°.

All the possible combinations are around 25000 and for each one of them
the corresponding MRF factor have been computed. The process has run
separately for Waxman-Bahcall and cosmogenic flux, in order to have two
real optimizations.

In the majority of these cuts combinations the muons’ sample ranges
from few to few hundreds. This reduced number can be a problem when
the model rejection factor minimization is applied: the absence of tail in the
distribution of boost decision tree variable for muons could result in a too
optimistic sensitivity estimation. For this reason a gaussian fit is performed
over the muon distribution, in order to smooth it and extrapolate the tails
(see Figl5.14)).

The combination chosen after this cut optimization is the one which has
the smallest model rejection factor, along with a correct muon fit evaluation,
to avoid all the bad muon’s estimation which can lead to wrong minima.

For the atmospheric sample, during the training phase only the diffuse
flux from Bartol model is used, because a prompt component spoils the signal
recognition. In order to evaluate the background coming from prompt flux,
the atmospheric neutrino events have been weighted with a sum of Bartol flux
and Sarcevic flux when the weights coming from the multivariate technique
are applied.

5.5.1 Analysis for Waxman-Bahcall flux

The cut combination with the best model rejection factor taking into
account a signal weighted with Waxman-Bahcall flux is the following:

e Number PMTs with ore than one hit> 0;
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Figure 5.14: On the left: the histogram of muon background (with an appro-
priate binning) fitted with a gaussian function in order to evaluate the tails.
On the right: the histogram derived from the fit, used to compute the model

rejection factor.



5.5 Optimization of the cuts 105

e A>-6.2

£ < 0.3%

reconstruction agreement<< 0.20;

tchi2* < 1;

bchi2-tchi2> 3;

e angular selection (zenith angle): 81°-150°;

In the Tab. [5.T]there all the effects of the sequential cuts are summarized,
scaling over a year of data taking.



| Samples | L1 | Npyp >0 | A>—62] 8 <0.3° | Cons.<0.20 | tx* <1 | by*tx* >3 | Angular selection |
Cosmic v 150.8 78.671 72.347 21.207 20.385 17.553 17.387 10.9
UHE v 1.56 1.46 1.07 0.197 0.154 0.132 0.130 0.078
Atmo v 3414 2947.5 2319 245.61 217.59 175.47 168.29 100
Std 4.87-10° | 1.19-10% 8.97-107 | 9.96-10° 8.97-10° 3.42-10° 3.40-10° 60
HM ;|| 240107 | 1.28107 | 1.09-107 | 1.41.10° | 1.33-10° | 5.76-10° | 5.75-10° 347

Table 5.1: Number of events surviving the different analysis pre-cuts, computed over a period of 933 days. Cosmic
neutrinos are weighted with Waxman-Bahcall flux (E?® = 4.5 x 107® GeV m~2s~!'sr™!). The line labeled as UHE-v
refers to the simulation in the energy range 108 — 10! GeV, the HM-px to the special MUPAGE production with
high multiplicity.

’ Samples H L1 \ Npyr > 1 \ A>-—-74 \ £ < 0.5°

Cons.<0.20 ‘ txy* < 1.5 ‘ by%-tx? >3 ‘ Angular selection ‘

Cosmic v 4.04 2.88 2.87 1.64 1.41 1.22 1.15 0.64
UHE v 0.4106 0.362 0.358 0.151 0.096 0.076 0.069 0.042
Atmo v 3414 2947.5 2881.7 945.04 666.91 512.71 378.17 266.20

Std p 4.87-10% | 1.19-108 1.15-10% | 4.43-107 3.55-107 1.63-107 1.49-107 837
HM p 2.40-107 | 1.28:107 1.26-10" | 5.60-10¢ 5.00-10¢ 2.67-10° 2.54-10¢ 141

Table 5.2: Number of events surviving the different analysis pre-cuts, computed over a period of 933 days. Cosmic
neutrinos are weighted with cosmogenic flux [35]. The line labeled as UHE-v refers to the simulation in the energy
range 108 — 101 GeV, the HM-u to the special MUPAGE production with high multiplicity.

90T
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After the application of the previous set of cuts, the simulation is used to
train the multivariate analysis, in particular the technique of boost decision
tree (Fig. at the top). In order to set the cut for this analysis method,
the model rejection factor has been employed, as can be seen in the bottom
of Fig. .15 Scaling over a year of data taking:

on one year: MRF = 1.85 corresponding to bdt > 0.195 (5.14)

Over a year of data taking, this cut results in a certain number of events
for signal and background:

e 1.43 cosmic neutrinos from Waxman-Bahcall flux (E*® = 4.5 x 1078
GeV m—2stsr1);

e 0.14 atmospheric neutrinos (Bartol model for diffuse component and
Sarcevic model for prompt component);

e 10 atmospheric muons;
e (.10 atmospheric muons coming from the fit extrapolation.

The absence of muons in the final sample is important, because even a
single event can spoil the value of the model rejection factor. This effect
is produced because these muons are very difficult to eliminate, having a
topology very similar to the one of an ultra high energy neutrino.

Taking into account the whole livetime of the simulations of 933 days of
data taking, the model rejection factor has been computed:

on 933 days: MRF = 0.80 corresponding to bdt > 0.195 (5.15)
obtaining these events after the cut:

e 3.66 cosmic neutrinos from Waxman-Bahcall flux (E*® = 4.5 x 1078
GeV m—2s7lsr71);

e (.33 atmospheric neutrinos (Bartol model for diffuse component and
Sarcevic model for prompt component);

e no atmospheric muons;
e (.27 atmospheric muons coming from the fit extrapolation.

With the current events obtained after the model rejection factor cut, the
energy range covered at 90% is from 56 TeV to 28 PeV, as can be seen in

Fig. [5.16,
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Figure 5.15: On top: application of the boost decision trees technique on the
three Monte Carlo samples, with the signal weighted with Waxman-Bahcall
flux. The distribution of muons according to fit extrapolation is also shown.
The green line represent the cut set by model rejection factor. On bottom:
distribution of the boost decision trees value for the three samples (signal
weighted with Waxman-Bahcall flux with evolution), plus the fit performed
for the muons, given in cumulative distribution. Superimposed, the fit for
the MRF computer over 933 days of livetime, in case of muon fit and muon
histogram.
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Figure 5.16: Energy of primary neutrinos survived after the application of
the cut on boost decision trees, when weighted with a Waxman-Bahcall flux.

The area in red represents the 90% of the signal.

5.5.2 Analysis for cosmogenic flux

The cut combination with the best model rejection factor taking into

account a signal weighted with cosmogenic flux is the following:

e Number PMTs with ore than one hit: 1;

o A > -74;

e < 0.5%

e reconstruction agreement<< 0.20;

e tchi2* < 1.5

e bchi2-tchi2> 3;
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a year of data taking, the model rejection factor reports:

(5.16)

on one year: MRF = 21.4 corresponding to bdt > 0.197
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Figure 5.17: On top: application of the boost decision tree technique on the
three Monte Carlo samples, with the signal weighted with the cosmogenic
flux. The dotted line represents the cut set by model rejection factor. On
bottom: distribution of the boost decision trees value for the three sam-
ples (signal weighted with cosmogenic flux), plus the fit performed for the
muons, given in cumulative distribution. Superimposed, the fit for the MRF
computer over 933 days of livetime, in case of muon fit and muon histogram.
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After this final cut, scaling over a year we can expect the following number
of events:

e (.12 cosmic neutrinos from cosmogenic flux;

e 0.06 atmospheric neutrinos (Bartol model for diffuse component and
Sarcevic model for prompt component);

e no atmospheric muons;

e (.08 muons from fit extrapolation.

On the whole simulation period, for a total data taking time of 933 days,
the model rejection factor has been recomputed:

on 933 days: MRF = 8.6 corresponding to bdt > 0.229 (5.17)
On this livetime the expected number of events surviving the cut:

e (.32 cosmogenic neutrinos from cosmogenic flux;

e (.15 atmospheric neutrinos (Bartol model for diffuse component and
Sarcevic model for prompt component);

e no atmospheric muons;

e (.21 muons from fit extrapolation.

With the current events obtained after the model rejection factor cut, the
energy range covered at 90% is from 562 TeV to 139 PeV, as can be seen in

Fig. [5.18]

5.5.3 ANTARES sensitivity

At the end of the analysis chain, the sensitivity for both the flux mod-
els has been estimated. It is computed as the product between the model
rejection factor and the flux value. In Fig. all the sensitivities are
summarized, along with the reference fluxes from models.

For Waxman-Bahcall flux, the sensitivity is estimated:

E*® < 3.6 x 107® GeV m™ s 'sr? (5.18)
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Chapter 6

Application to data and results

The analysis chain described in the previous section has to be applied to
real ANTARES data in order to give an upper limit for the fluxes of interest.
The same data quality selection chooses the runs to be analyzed, for a total
of 933 days of data taking. This period does not take into account some
pathological runs, such as sparking runs or runs which have resulted to be
problematic, as explained in the following.

6.1 Sparking optical modules

When analyzing ANTARES data, there is a severe detector defect which
could feign astrophysical signal (see Fig. and Figl6.2] to compare the
topologies of a problematic run and an ultra high energy event generated
by Monte Carlo simulations): the phenomenon of sparking optical modules.
Sparking OMs are due to some Antares photomultipliers which suffer from
an effect of high voltage surges that cause the photomultiplier to spark [88].
A run containing such events is called a sparking run and poses some prob-
lems for the following physical analysis, being it able to feign a high energy
neutrino event. So it is mandatory to identify the sparking runs, in order to
exclude them from the analysis dataset, and also the optical module which
originates the scintillation.

Sometimes this kind of runs is identified during the data taking, if the
shift crew in charge of the detector is able to find them. However, normally
a sparking runs is not identified as one until the physical analysis stage.
The problem of conceiving a sparking identification algorithm is well known
in ANTARES collaboration. A method based on the shower reconstruction
has been already proposed and exploited. It relies on the localization of
the shower’s vertex: if it is quite near a photomultiplier, then the event is

113
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Figure 6.1: Event display of a sparking run. In this case it is possible to
see the amount of light produced by the scintillation phenomenon. The
reconstruction strategy identifies it as a bright point, with the vertex located
inside the detector, near the instrumentation lines.
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Figure 6.2: Event display of ultra high energy neutrino event, taken form the
Monte Carlo simulation sample.

identified as sparking. However, the algorithm is not able to identify precisely
the OM, knowing the distance computation is more precise in Z than in the
plane X-Y, making it reliable for the floor identification but for the optical
module precisely. It was mandatory to develop an algorithm able to identify
at the same time the run and the OM responsible of the scintillation, starting
from the simplest quantities and independent from track reconstruction.

6.1.1 Run Identification

A sparking optical module produces lot of light in the detector, so a cut on
the number of hits is a good estimator to discriminate a candidate sparking
run. Considering only L1 hits, without taking into account hits form the
galactic center trigger, an event is considered a sparking candidate if it has
more than 100 hits. This kind of precut identifies a possible sparking event
and reject all the other, with a gain on CPU time.

6.1.2 Optical module Identification

In order to identify the optical module candidate for the sparking origin,
a series of three preliminary cuts is applied, in order to clean up the event
from spurious hits:
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Figure 6.3: Schematic view of the time residual computation starting from a
sparking optical module.

e cach hit must have a charge greater than 5 p.e. in order to not take into
account the photons due to secondary ionization from muonic showers;

e all the hits must be in the zone in front of the photomultiplier, under
the hypothesis that a sparking OM emits only in the right direction;

e the hits taken into account must be in a spherical shell of radii between
20 and 200 meters all around the candidate OM: they should be in a
different floor and not exceed the detector size.

For each event with more than 100 hits, the time residual distribution is
studied. Time residuals are computed in this way: taking each optical module
as reference, the difference between the hit arrival time on the optical module
and the distance between the OM recording the hit and the optical module
reference, as shown in Fig. [6.3}

\/(xz - 950)2 - (yi - yo)2 - (Zi - 20)2

res =t; —

where x; are the coordinates of the optical module recording the hit, ¢; is the
arrival time of the hits, x¢ the ones of the optical module reference and v, is
the group velocity.

In this way, a time residual distribution for every OM is obtained. The
candidate sparking optical module is the one corresponding to the distribu-
tion with time smallest o, after a cleaning up of all the hits exceeding the
30.

For each sparking event, the candidate sparking optical module is iden-
tified and an additional cut is applied: the event must have more than 30
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Figure 6.5: Distribution of the optical modules with the minimum o for a set
of genuine non-sparking runs, taking as reference for the x? computation.

hits after the cleaning up and a ¢ smaller than 125 ns. In this way it is
possible to identify a single sparking event in a run. At the end, the OM
distribution is traced for the whole run. In this way it is possible to observe
a peak corresponding to the sparking optical module, as seen in Fig. [6.4]

If there is no candidate peak but still some event with small ¢ has been
detected, the optical modules distribution for the run is compared with the
same plot for a set of non-sparking runs (Fig. [6.5). The x? for this com-
parison is calculated and if the y?—probability is less than 1%, the run is
considered sparking.
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6.1.3 Treatment of the sparking runs

In the ideal case, when a sparking event is identified, it should be removed
from the analysis sample, keeping all the other events from the same run.
However, this procedure is rather dangerous, because of some events which
could be particularly difficult to detect as sparking. Since the identification
of the single could fail, the safest way to treat the sparking runs is to remove
the whole suspected run from the data sample. An even more severe criterion
to be really sure that there are no surviving sparking events in the sample
is to remove also the previous and the following run with respect to the one
where the sparking phenomenon has been identified, because of some tails of
the scintillation hard to identify.

It is also interesting to verify in ANTARES’ elog if the optical module
responsible of the sparking phenomenon has been switched off (dead state)
or not.

6.2 Analysis of the data sample

In this section the analysis chain defined in the previous chapter is applied
to the whole data sample. The quality selection for this sample is the same as
the one for Monte Carlo, illustrated in Par. [5.2] The two different procedures
has been applied separately, for the search for Waxman-Bahcall (results in

Tab. or cosmogenic signal (results in Tab. [6.2).



| Samples | L1 | Npyp >0 | A>—62] 5 <0.3° | Cons.<0.20 | tx™ <1 [ bx*tx? >3 | Angular selection |
Cosmic v 150.8 78.671 72.347 21.207 20.385 17.553 17.387 10.9
UHE v 1.56 1.46 1.07 0.197 0.154 0.132 0.130 0.078
Atmo v 3414 2947.5 2319 245.61 217.59 175.47 168.29 100
Std p 4.87-10% | 1.19-10° 8.97-107 | 9.96-10° 8.97-10° 3.42-10° 3.40-10° 60
HM pu 2.40-10" | 1.27-107 1.09-107 | 1.41-10° 1.33-10° 5.76-10° 5.75-10° 34.7
Data 5.78-108 1.40-10% 1.02-10% | 1.21-107 1.06-10" 3.85-10° 3.83-10° 164

Table 6.1: Number of events surviving the different analysis pre-cuts, computed over a period of 933 days. Cosmic
neutrinos are weighted with Waxman-Bahcall flux. The line labeled as UHE-v refers to the simulation in the energy
range 108 — 10'° GeV, the HM-p to the special MUPAGE production with high multiplicity.

| Samples | L1 | Npyp>1|A>—-74]5<0.5 | Cons.<0.20 | tx* < 1.5 | by*tx* >2 | Angular selection
Cosmic v 4.04 2.88 2.87 1.64 1.41 1.22 1.15 0.64
UHE v 0.4106 0.362 0.358 0.151 0.096 0.076 0.069 0.042
Atmo v 3414 2947.5 2881.7 945.04 666.91 512.71 378.17 266.20
Std p || 4.87-10% | 1.19-10% | 1.15-10% | 4.43-10" | 3.55-107 1.63-107 1.49-107 837
HM n 2.40-107 | 1.28-107 1.26-10" | 5.60-10¢ 5.00-10¢ 2.67-10° 2.54-10° 141
Data 5.76-10% | 1.40-108 1.36-10° | 5.33-107 4.04-107 1.74-107 1.53-107 1049

Table 6.2: Number of events surviving the different analysis pre-cuts, computed over a period of 933 days. Cosmic
neutrinos are weighted with cosmogenic flux [35]. The line labeled as UHE-v refers to the simulation in the energy
range 10% — 101 GeV, the HM-x to the special MUPAGE production with high multiplicity.
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Figure 6.6: The plot of the variable number T2 floors for the period of the
marine campaign (34420) on the left and another from a standard period
(34470) on the right. The slope of the variable for run 34420 is spoiled by
the bad computation of the distance of closest approach.

6.2.1 Problematic runs

When analyzing the sample and comparing it with the Monte Carlo simu-
lation, a strange behavior has been recorded. When comparing the variables
multiplied by the function of the distance of closest approach, such as the
number of T2 floors (Fig. and number of PMT recording more than one
hit (Fig. , a bump is observed. This problem concerns a run in particu-
lar, the 34420 from May 2008, classified as QB=3. It is interesting to note
that in this particular period a sea operation has been performed to connect
lines 11 and 12.

As can be seen in Fig. [6.8] the distribution of the distance of closest
approach for this run is completely false, if compared to the one of a non-
problematic run. The problem concerns the detector geometry, which affects
the reconstruction strategy and thus the computation of the distance of clos-
est approach with respect to the detector center.

For the physical analysis, this run has been removed from the sample,
along with all the runs of the period of the sea campaign.

6.2.2 Data/Monte Carlo comparisons

In this section the agreement between data and simulations is evaluated,
in order to verify if they match i.e. if physical data are well reproduced during
the simulation process. Different stages are presented, in order to show the
goodness of the cuts, which improve the agreement. For the comparisons, the
analysis chain for cosmologic flux is presented. The one for Waxman-Bahcall
flux is reported in Appendix B.
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Figure 6.7: The plot of the variable number of PMTs with more than one
hit for the period of the marine campaign (34420) on the left and another
from a standard period (34470) on the right. The slope of the variable for run
34420 is spoiled by the bad computation of the distance of closest approach.
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Figure 6.8: The plot of the distance of closest approach for the period of
the marine campaign (34420) on the left and another from a standard period
(34470) on the right. As it can be observed, for the marine campaign the
computation of the DCA is completely wrong, maybe due to a bad AAFit
reconstruction or a problem in the geometry. No cut on track quality has
been applied.
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6.2.2.1 Comparisons of the cut variables

Before going on comparing the variable exploited in the multivariate anal-
ysis, it is interesting to look at the agreement for the quality parameters used
to clean the sample from pathological events (listed in . These variables
are presented each one before the cut of interest. In this section, the chain
used for cosmogenic flux is presented, while the one dedicated to Waxman-
Bahcall flux is reported in Appendix B.

e A (AAFit quality parameter) (Fig. [6.9] left): data and Monte Carlo
are in a good agreement, reproducing quite the same slope;

e 3 (AAFit quality parameter) (Fig. [6.9] center): globally the agreement
between data and simulation is good;

e Reconstruction agreement (Fig. right): data and Monte Carlo are
compatible, showing an acceptable agreement on the whole range;

e tchi2* (BBFit quality parameter) (Fig. left): the compatibility
between data and Monte Carlo is kept, with the two distributions hav-
ing the same slope;

e bchi2-tchi2 (BBFit quality parameter) (Fig. [6.10, center): the agree-
ment between data and Monte Carlo is globally good, with compatible
slopes;

e Zenith angle (according to AAFit reconstruction) (Fig. [6.10] right): for
this plot, it necessary to consider the sum of background components,
in order to evaluate the neutrino contribution in the upgoing region.
The agreement is still good, even if the plot is scattering in the upgoing
region, due to the low statistic.
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Figure 6.9: Left: A: data and Monte Carlo are in a good agreement, reproducing quite the same slope. Center:
B: globally the agreement between data and simulation is good. Right: reconstruction agreement: data and Monte
Carlo are compatible, showing an acceptable agreement on the whole range.
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6.2.2.2 Comparisons after preliminary cut

At this stage the events made up by L1 hits in time coincidence only and
having a track reconstructed by both reconstruction strategies, AAFit and
BBFit. For each one of the six variables listed in Par. [5.4.1, a comparison
between the possible background sources and the data is reported. It should
be noted that at this stage there is no cut on the fit quality or the time
structure, so some non-physical events present in data and not simulated by
Monte Carlo can spoil the agreement.

e Number of hits (Fig. |6.11] left): data reproduce quite well the slope of
Monte Carlo, leading to an acceptable agreement at this stage;

e Number of PMTs with more than one hit (Fig. [6.11] center): a certain
consistency can be seen between data and Monte Carlo in the low range,
while in the high range the agreement is spoiled by ill-reconstructed and
non physical events, later eliminated by the quality cuts;

e Number of T2 floors (Fig. [6.11} right): globally the agreement is good,
showing a consistency between data and Monte Carlo;

e Inertia tensor (Fig. [6.12] left): data and Monte Carlo have a similar
slope in the low region, while for higher values ill-reconstructed events
from data spoil the agreement. The cuts on track quality are able to
heal this effect, as shown in the following steps;

e Hit time dispersion (Fig. [6.12 center): the agreement between data
and Monte Carlo is globally good, but in the queue the surviving bio-
luminescence spoils the agreement;

e Mean dead time (Fig. [6.12] right): data and Monte Carlo have quite
the same slopes, showing an acceptable compatibility between the two
histograms.
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6.2.2.3 Before application of the angular selection

Before show the comparisons of data and Monte Carlo at the final stage,
when the statistics is very reduced because of the angular selection, it is
interesting to verify that the agreement is maintained when the statistics is
more significative. The following plots show the comparisons after the cut
on BBFit reconstruction strategy, with the cuts chosen for the cosmogenic
analysis chain. The same plots of the analysis under the hypothesis of a
Waxman-Bahcall flux are shown in Appendix B.

e Number of hits (Fig. [6.13] left): data and Monte Carlo have quite the
same slope, showing a good compatibility;

e Number of PMTs with more than one hit (Fig. center): there
is a good compatibility between data and Monte Carlo, which results
in similar slope. The disagreement present at the preliminary stage is
removed by quality cuts;

e Number of T2 floors (Fig. [6.13], right): the agreement is good, with an
acceptable compatibility within the error bars;

e Inertia tensor (Fig. [6.14] left): the ratio between data and Monte Carlo
is close to one, making the agreement acceptable;

e Hit time dispersion (Fig. [6.14] center): the agreement is acceptable,
with data and Monte Carlo compatible inside the errors bars;

e Mean dead time (Fig. [6.14) right): globally the agreement is quite
good, with a overestimation of data in the low range, compensated in
the medium one, effect which could be due to a limited description by
the simulations.
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6.2 Analysis of the data sample 131

6.2.2.4 After the angular selection

As can be seen in Tab. at this final stage the statistic is reduced
with respect to the previous steps. In order to have a better estimation of
the agreement between data and simulations and taking into account also
the contribution of atmospheric neutrinos, the sum of the background com-
ponents is reported.

e Number of hits (Fig. , left): data reproduce quite well the slope of
the sum of backgrounds. The disagreement toward the highest value is
likely due, other than statistical fluctuation, to a lack of muons simu-
lation for this particular phase space;

e Number of PMTs with more than one hit (Fig. [6.15, center): a cer-
tain consistency can be seen between data and the sum of background
components, which are in a very good agreement;

e Number of T2 floors (Fig. [6.15] right): as for the number of hits, the
slope of data is compatible Monte Carlo simulations;

e Inertia tensor (Fig. |6.16] left): data and Monte Carlo have a similar
slope, resulting in an acceptable agreement;

e Hit time dispersion (Fig. m, center): the agreement between data
and Monte Carlo is globally good, their slopes are compatible inside
error bars and considering statistical fluctuations;

e Mean dead time (Fig. right): data and Monte Carlo have quite
the same slopes, showing an acceptable compatibility between the two
histograms.
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134 6. Application to data and results

6.2.3 Application of the multivariate analysis and up-
per limit

The last step of the analysis is the application of the chain developed in
the previous chapter, in order to look for signal events in data. As explained,
a different boost decision trees training has been applied for Waxman-Bahcall
and cosmogenic flux.

The case of Waxman-Bahcall diffuse flux is shown in Fig. [6.17] This is
fully compatible with the background slope and no data event survives the
cut set by model rejection factor.

The comparisons of data and Monte Carlo in the case of cosmogenic flux
is presented in Fig. [6.18 As it could be seen, the agreement is good between
data and the sum of background components, with no event surviving the
cut chosen by model rejection factor.
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136 6. Application to data and results

With these zero events surviving, it is possible to compute the upper
limit to the fluxes. Using the Feldman-Cousins method [91], the upper limit
resulting for Waxman-Bahcall is:

E?® <22x107% GeV m % tsr! (6.1)

For the cosmogenic flux, the corresponding MRF to multiply the flux is
6.47. The upper limits for the analysis are shown in Fig. in the case of
Waxman-Bahcall and cosmogenic flux, computed with the Feldman-Cousins
method. The sensitivity, defined as the average upper limit that would be
obtained by an ensemble of experiments with the expected background and
no true signal, is based on several realizations of the experiment, whereas
the upper limit assessed here is computed for a unique realization: our data.
The Poisson probability to get 0 events when 0.6 are expected, as in the case
of Waxman-Bahcall flux, is 0.55. This is the probability of obtaining data
given the hypothesis. In situations near a physical limit, it is possible to
obtain a smaller upper limit estimate simply by random fluctuation: as in
the present case, observing fewer events than were expected from background
alone. This approach however suffers from some practical drawbacks: being
it a fully frequentist construction, it does not handle background expectations
or signal efficiencies which are known only with some limited accuracy.

An alternative to Feldman-Cousins, always following the frequentist ap-
proach, has been developed by Rolke [92]. It is based on the combination of
a two dimensional confidence region and the large sample approximation to
the likelihood ratio test statistic, which is more robust in presence of back-
ground uncertainty. The construction of the confidence region is the same
as the one used in the Feldman-Cousins method, but the probabilities of the
observations are exploited as ordering quantities to sort the observations to
reach the desired confidence level. The main advantage of this method is
being able to treat the background uncertainty as a statistical error [92]. For
the present analysis, in the case of Waxman-Bahcall flux, the upper limit
according to this method is set to:

E?® <2.0x107% GeV m ?s tsr? (6.2)

The upper limit for cosmogenic analysis is equal to the flux multiplied by a
factor 4.77.

It is interesting to compute also the upper limit (or rather the credibility
level) using the Bayesian approach. In absence of a clear discovery, using
the likelihood function for a Poisson distributed events, the upper limit can
be derived from the posterior density. In this case of zero event found it is
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rather simple to compute and for the Waxman-Bahcall it reports an upper
limit of:

E*® <28 x107% GeV m s tsr? (6.3)

For the cosmogenic analysis, the corresponding MRF to multiply the flux
to obtain the upper limit is equal to 7.66. However, like in any Bayesian
analysis, this result is dependent from the different prior probabilities.






Conclusions

ANTARES telescope has been completed with 12 lines in May 2008, but
the data taking has started since the 5-lines period in 2007. Since then, data
taking is going on without interruptions. The main goal of ANTARES is
now to search for cosmic neutrinos in the amount of data taken.

Diffuse fluxes originate from the sum of different possible astrophysical
sources, able to produce high-energy neutrinos. The main contribution is
given by AGN, GRB and the interaction of protons from cosmic rays with
the cosmic microwave background and interstellar gas. Neutrinos are a good
proof the existence of hadronic processes in cosmic accelerator like AGN or
GRB (like the fireball model developed by Waxman and Bahcall). In this
latter case, neutrinos are produced during the interaction of accelerating
protons with the photons produced from electron bremsstrahlung radiation,
and the flux depends also on the optical thickness of the source. Another
hypothesis of neutrino diffuse flux is the production during the interaction of
cosmic rays protons with different photon backgrounds (optical, infrared and
microwave). This flux originates from pion decay and it is called cosmogenic,
having also a higher energy range with respect to the Waxman-Bahcall one.
The work presented in this thesis is finalized to the search for diffuse flux of
astrophysical muon neutrinos, in the range of the ultra high energies (from
100 GeV to 100 EeV). The flux models exploited are the classic Waxman-
Bahcall flux [32] B3] and a cosmogenic one [35], under the hypothesis of
protons as primary cosmic rays.

The first step of this analysis is a study based on Monte Carlo simulations,
in order to develop a robust algorithm able to keep the very feeble signal and
reject the two sources of atmospheric background, coming from neutrinos
and muons produced in cosmic rays interaction with the atmosphere. For
this aim, a list of preliminary selection criteria has been chosen (see Par.
, consisting essentially in the event time structure and track quality from
the two reconstruction strategies used in ANTARES. Also, knowing that for
energy above 10 PeV the Earth is opaque to neutrinos, the choice of an
angular selection near the horizon is mandatory, to select a region where the
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signal is more significative.

The best way to analyze this kind of signal is to perform a multivari-
ate analysis, with the aid of the ROOT tool TMVA [89], exploiting a set
of six variables (listed in Par. each one representative of one aspect
of the event, such as the event topology, its luminosity, its spatial and time
extension. These variables are then combined via TMVA in a single esti-
mator: the best one has happened to be the boost decision trees. After
the application of this technique to the three different simulations (cosmic
neutrinos, atmospheric neutrinos and atmospheric muons) the best cut to
optimize the sensitivity to a given signal is chosen with the model rejection
factor technique [90)].

In order to choose the best set of cuts for the flux of interest, a scan on
a large number of cut’s combinations has been performed. For each cut, a
set of three or more possible values has been defined and for each possible
combination the boost decision trees technique has been trained, and the best
achievable has been assessed. The combination reporting the best sensitivity
has finally been chosen for the analysis.

The analysis for Waxman-Bahcall flux is described in Par. [5.5.1] with
the number of expected events for one year of data scaling and over all the
simulation livetime (933 days). The similar analysis for the cosmogenic flux
is reported in Par. [5.5.2 The sensitivity for ANTARES is then estimated
and presented in Fig. [5.19] resulting in a sensitivity for Waxman-Bahcall
flux evaluated as E?® = 3.6 x 107® GeV m~2s7!sr™! in the energy range
from 58 TeV to 28 PeV. For the cosmogenic flux, the analysis on 933 days
has reported a model rejection factor of 8.6, in the energy range form 562
TeV to 139 PeV.

The last chapter deals with the application of the analysis algorithm,
both for Waxman-Bahcall and cosmogenic flux, to ANTARES data. Before
that, the identification and treatment of the so-called sparking runs, able
to feign astrophysical signal, is presented in Par. [6.1] with the list of runs
identified as sparking reported in Appendix A. The preliminary cuts and
analysis algorithm have been applied on the full data sample, in order to
search the presence of a signal. In the end, the boost decision trees has been
applied to the sample, finding no event passing the analysis cuts. For the
Waxman-Bahcall flux, an upper limit of E?® < 2.2 x 1078 GeV m 2 lsr~!
is obtained. The upper limits are summarized in Fig. [6.19]



Appendix A

List of sparking runs

In this the list of sparking runs identified by the algorithm described in
Par. [6.1]is presented. For each run also the corresponding position is shown.
These runs has been retired from the analysis final sample.

] RUN ‘ OM index ‘ Line ‘
31309 41 L1 F14 OM2
33608 500 L7 F17 OM2
33610 500 L7 F17 OM2
36600 32 L1 F11 OM2
36666 839 L12 F5 OM2
36670 838 L12 F5 OM1
36689 839 L12 F5 OM2
38347 767 L11 F6 OM2
38348 767 L11 F6 OM2
38351 767 L11 F6 OM2
38352 767 L11 F6 OM2
38353 767 L11 F6 OM2
38355 767 L11 F6 OM2
38357 767 L11 F6 OM2
38342 354 L5 F19 OMO
41668 618 L9 F7 OMO
42507 812 L11 F21 OM2
42509 812 L11 F21 OM2
42511 812 L11 F21 OM2
42513 812 L11 F21 OM2
42746 812 L11 F21 OM2
42915 812 L11 F21 OM2
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42919 812 L11 F21 OM2
43196 812 L11 F21 OM2
43202 812 L11 F21 OM2
43206 812 L11 F21 OM2
43210 812 L11 F21 OM2
43996 152 L3 F20 OM2
44030 152 L3 F20 OM2
44035 152 L3 F20 OM2
44070 152 L3 F20 OM2
54512 o84 L8 F20 OM2




Appendix B

Data/MC comparisons for
Waxman-Bahcall analysis

In this appendix the plots of data and Monte Carlo comparison for the
Waxman-Bahcall analysis chain are shown, at same steps chosen for the
cosmogenic analysis.

B.1 Comparisons of the cut variables

Before going on comparing the variable exploited in the multivariate anal-
ysis, it is interesting to look at the agreement for the quality parameters used
to clean the sample from pathological events (listed in . These variables
are presented each one before the cut of interest.

e A (AAFit quality parameter) (Fig. [B.1] left): data and Monte Carlo
are in a good agreement, reproducing quite the same slope;

e 3 (AAFit quality parameter) (Fig. [B.1] center): globally the agreement
between data and simulation is good;

e Reconstruction agreement (Fig. [B.1] right): data and Monte Carlo are
compatible, showing an acceptable agreement on the whole range;

e tchi2* (BBFit quality parameter) (Fig. left): the compatibility be-
tween data and Monte Carlo is kept, with the two distributions having
the same slope;

e bchi2-tchi2 (BBFit quality parameter) (Fig. [B.2] center): the agree-
ment between data and Monte Carlo is globally good, with compatible
slopes;
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e Zenith angle (according to AAFit reconstruction) (Fig. [B.2] right): for
this plot, it necessary to consider the sum of background components,
in order to evaluate the neutrino contribution in the upgoing region.
The agreement is still good, even if the plot is scattering in the upgoing
region, due to the low statistic.



Muons Muons II\Dlluons
. Data 9 ] Data ® ata . o
Atmospheric v (Bartol+Sarcevik) gl0 g Atmospheric v (Bartol+Sarcevik) Atmospheric v (Bartol+SarceVic)
Cosmic v (WB with evolution) %108 Cosmic v (WB with evolution) Cosmic v (WB with evolution)
- z
tz__tﬁi-#* 107
-2
- 10° +*° el T
- 10° o o,
&= &% %04,
g 10
& 10°
— ~ 102
— 10 e
L. 1 — — T
L] 10_1 J_r L"'—._L‘ H_F‘_‘“_'-‘_HH_'_L‘"‘—._. '—'nL‘,-._.-'L
: 1 HRRL o el
1.8F 05 - 1.4F v .
Lo iz bt 1.3F S A
1.4E & 0.95F s F .. + LTS
E E > - E ¢‘
Q 1.2¢ Q 0.9¢ o Q 12F - .o
S oak PURAE S e Oy 7fs. . * e A 1E T R
. :3_'++*++ 0 5 EY PO "0.“'”' Fe e
0.4¢ 0.7E 22 0.9F -
0.2¢ 0.65F 0.8F otay
0—9 -8 -7 -6 -5 -4 -3 0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
A (AAFit quality parameter) B (AAFit quality parameter) Reconstruction agreement

Figure B.1: Left: A: data and Monte Carlo are in a good agreement, reproducing quite the same slope. Center:
B: globally the agreement between data and simulation is good. Right: reconstruction agreement data and Monte
Carlo are compatible, showing an acceptable agreement on the whole range.

so[qerrea Inod 9y} jo suostredwo)) 1°g

avl



T
-~

Muons
9 L] Data
glo Atmospheric v (Bartol+Sarcevil
%103 Cosmic v (WB with evolution)
<10
10° Ereesigiy
10° e
10
10°
10°
10
1 L e
107 \_l_'_‘—-—“_.__‘_‘— e e
1
0.98 ;
o E
%0.96 =
70.94F +o4
0.92F PR SN S . e s
. . -+ + ++
0.9F g
0 1 2 3 4 5 6
tchi2*

Muons
Data

Atmospheric v (Bartol+Sarcevik)
Cosmic v (WB with evolution)

1.05

g
$0.95
S
o

t

0.85

t

$
'

% T

O

10 15
bchi2-tchi2

20

25

Data/MC

Muons

Sum of atmosp

ata . .
Rtmos,phenc v (Bartol+Sarcevi
Cosmic v (WB with evolution)

f heric backgroun

oD

<

Qo

:h_»\
%

||.'__:|:

>

I

+++ L1 4L
4

pes
o0
+ * .o ®

Pyt

=S o

TTT T TR T[T T T[T TT T

'
=

-0.8

06 04 -02 0 02
cos 6,,., (AAFit)

04 06 O

8

1

Figure B.2: Left: tchi2*: the compatibility between data and Monte Carlo is kept, with the two distributions having
the same slope. Center: bchi2-tchi2: the agreement between data and Monte Carlo is globally good, with compatible
slopes. Right: angular selection for this plot, it necessary to consider the sum of background components, in order
to evaluate the neutrino contribution in the upgoing region. The agreement is still good, even if the plot is scattering
in the upgoing region, due to the low statistic.

Wi

SNOISNTONOD



B.2 Comparison after the cut on reconstruction consistency
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B.2 Comparison after the cut on reconstruc-

tion consistency

Number of hits (Fig. [B.3] left): there is a consistency between data
and Monte Carlo, which show the same slope and have a ratio quite
close to one;

Number of PMTs with more than one hit (Fig. center): the slopes
are inside statistical fluctuations and the agreement is good, especially
in the lower range. The data fluctuation in the queue are most probably
due to some bright-point-like events, later rejected by the cut on BBFit
quality variables;

Number of T2 floors (Fig. right): the ratio between data and
Monte Carlo is very close to one, so the agreement is considered satis-
factory;

Inertia tensor (Fig. left): the agreement is very good, inside sta-
tistical fluctuations and with a ratio close to one;

Hit time dispersion (Fig. , center): the ratio is always quite close
to one, showing a good compatibility between data and Monte Carlo;

Mean dead time (Fig. [B.4] right): even if the slope of Monte Carlo and
data is quite the compatible, the disagreement in the low value region
is most likely due to the simulation’s limited description of detector
effects.
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are most probably due to some bright-point-like events, later rejected by the cut on BBFit quality variables. Right:
Number of T2 floors: the ratio between data and Monte Carlo is very close to one, so the agreement is considered
satisfactory.
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B.3 Comparison after the angular selection

As can be seen in Tab. at this final stage the statistic is very re-
duced, as for the cosmogenic analysis. In order to have a better estimation
of the agreement between data and simulations, the sum of the background
components is reported.

Number of hits (Fig. left): even if the statistical fluctuations due
to low statistic make the plot scattering, there is a global consistency
between the data and the sum of background components;

Number of PMTs with more than one hit (Fig. [B.5] center): a cer-
tain consistency can be seen between data and the sum of background
components, which are in a very good agreement especially in the low
region;

Number of T2 floors (Fig. [B.] right): as for the number of hits, even
if the plot is scattering, the slope of data is quite well reproduced by
Monte Carlo simulations;

Inertia tensor (Fig. left): considering statistical fluctuations, data
and Monte Carlo have a similar slope, resulting in an acceptable agree-
ment;

Hit time dispersion (Fig. [B.6] center): the slope of data and sum
of background component is well reproduced, giving a globally good
agreement between data and Monte Carlo;

Mean dead time (Fig. [B.6] right): data and Monte Carlo have quite
the same slopes, showing an acceptable compatibility between the two
histograms.
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