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Zusammenfassung

Das ANTARES Neutrinoteleskop wird derzeit am Boden des Mittelmeers aufge-
baut, mit dem Ziel, nach galaktischen und extragalaktischen Quellen von hoch-
energetischen kosmischen Neutrinos zu suchen und nach Neutrinos, die bei der
Annihilation von dunkler Materie entstehen.

Diese Arbeit ist der Detektion von Neutrinos aus Gammastrahlungsausbriichen
(sogenannte Gamma-Ray Bursts, GRBs) mit dem ANTARES Detektor gewid-
met. Die "Hindsight Methode” wird als eine Offline-Methode zur Identifikation
von GRB-Neutrinos vorgestellt, die nachtraglich angewendet werden kann, da
sie lediglich die GRB-Koordinaten, die bereits von Gamma-Satelliten im Orbit
aufgezeichnet wurden, zusammen mit den ANTARES Daten, die ebenfalls vorher
im Standard-Aufnahmeverfahren gewonnen wurden benutzt, und somit die exis-
tierende Methode, die einen dedizierten Online-Trigger basierend auf Satelliten-
daten benutzt, erganzt.

Um die Sensitivitat vorherzusagen wurde der Neutrinofluss von einzelnen
Gamma-Ray Bursts abgeschatzt, die mit dem BATSE Detektor beobachtet wur-
den. Die Neutrinoemission wird auf zwei Arten berechnet im Rahmen des GRB
Feuerballmodells mit internen Schockfronten: Das erste Modell nimmt an, dass
10% der ~y-Luminositat in Form von Neutrinos ausgesandt wird, wahrend das
zweite Modell etwas raffinierter ist, im dem Sinne, dass es den individuellen Neu-
trinofluss direkt an die gemessene Luminositat des betreffenden GRBs normiert.
Durch Aufsummieren der einzelnen Neutrinospektren wir der mittlere GRB-
Neutrinofluss fiir unterschiedliche Arten von GRBs bestimmt (lange Bursts, kurze
Bursts und Rontgenblitze).

Fiir die Berechnung der zu erwartenden GRB-Neutrinorate in ANTARES
wurden die Schliisselparameter des Teleskops, wie die effektive Flache und die
Winkelauflosung fiir den modifizierten Myon-Rekonstruktionsalgorithmus be-
stimmt. Angesichts der unerwartet hohen optischen Rauschrate in der Tiefsee
am ANTARES Standort, wahrscheinlich aufgrund von erhéhter Biolumineszenz-
aktivitat seit den ersten Standortbewertungsmessungen, ist es ebenso ein An-
liegen dieser Arbeit, einen Rekonstruktionsalgorithmus zu entwickeln, der robust
ist gegeniiber hohen und variablen Untergrundraten und gleichzeitig sowohl die
Effizienz behélt, die man von niedrigen Rauschraten kennt, als auch die Reinheit
der rekonstruierten Ereignisse.

Untergrundstudien, die sowohl die atmospharischen Neutrinos als auch die My-
onen berticksichtigen, deuten darauf hin, dass bereits ein Neutrino, das in Koinzi-
denz mit dem zeitlichen und raumlichen Fenster eines aufgezeichneten GRBs de-
tektiert wird innerhalb eines Zeitraum von ca. 5 Jahren, zu 3¢ signifikant sein
konnte. Diese Messung eines einzelnen GRB-Neutrinos wére eine Meilenstein-
Beobachtung, da sie die Beschleunigung von Hadronen bis zu mindestens der
gemessenen Energie bestiatigen wiirde und damit einen Anhaltspunkt fiir den
Ursprung der kosmischen Strahlung bieten wiirde. Fiir den Fall, dass kein GRB-



Neutrinosignal beobachtet wiirde, konnte ein 5-Jahres Limit gesetzt werden:
F?®g0, =3.8-107Y GeVem 2 s !sr!

wenn der Neutrinofluss dem zweiten GRB Flussmodell entsprache.



Abstract

The ANTARES neutrino telescope is currently being installed in the Mediter-
ranean Sea with the principal objective of searching for galactic and extragalactic
sources of high-energy cosmic neutrinos and neutrinos from dark matter annihi-
lation.

This thesis is dedicated to the detection of neutrinos from gamma-ray bursts
(GRBs) with the ANTARES detector. The ”hindsight method” is presented as
an off-line method for the identification of GRB-neutrinos, which can be applied
a posteriori as it uses GRB coordinates recorded beforehand by gamma-ray satel-
lites in orbit, together with ANTARES event data previously collected in normal
sampling mode, thus complementing the existing alert-based method.

To predict its sensitivity, the neutrino flux from individual gamma-ray bursts
which have been observed with the BATSE detector is estimated. The neutrino
emission is calculated in two ways within the framework of the GRB fireball
model with internal shock waves: the first model assumes that 10% of the ~-
luminosity is emitted in the form of neutrinos, while the second model is more
elaborate in the sense that it directly normalises the individual neutrino flux to
the measured luminosity of the GRB in question. By summarising the individual
neutrino spectra, the average GRB-neutrino flux is calculated for different types
of GRBs (long bursts, short bursts and X-ray flashes).

For the calculation of the expected rate of GRB-neutrinos in ANTARES the
key parameters of the telescope such as effective area and angular resolution
are determined from the modified muon reconstruction algorithm. Given the
unexpectedly high rate of optical noise in the deep sea at the ANTARES site,
probably due to the increase in bioluminescent activity since the first site eval-
uation measurements, this thesis has also been devoted to the development of a
reconstruction algorithm which is robust with respect to high-level and varying
background noise and retains most of the efficiency familiar from low noise levels,
while at the same time maintaining the purity of the reconstructed events.

Background studies taking into account both atmospheric neutrinos and muons
alike suggest that one neutrino detected in coincidence with the time and angu-
lar window of a recorded GRB during an observation period of approximately
5 years would already be significant to a level of 30. This measurement of a
single GRB-neutrino would already constitute a benchmark observation, since it
would confirm the acceleration of hadrons to at least the measured energy and
thereby provide a clue to the origin of high-energy cosmic rays. In the regret-
table case of the absence of a GRB-neutrino signal a 5-year limit could be derived
corresponding to

E?®gp, =3.8-1072 GeVem 25! srt

if a flux corresponding to the second GRB flux model is expected.
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Introduction

Le seul véritable voyage n’est pas d’aller vers d’autres paysages, mais

d’avoir d’autres yeux.

The real voyage of discovery consists not in seeking new landscapes,
but in having new eyes.

Marcel Proust, French novelist (1871 - 1922)

Historically, the field of astronomy is based on optical observations starting with
the naked eye and advancing towards more sophisticated instruments to boost
resolution. As detector techniques improved, the frontiers of astronomy were
extended further at both ends of the photon spectrum with radio astronomy and
gamma-ray astronomy already matured.

At the high-energy end of the spectrum, photon astronomy has made considerable
progress thanks to the successes of the Compton Gamma-Ray Observatory and
the imaging air Cherenkov telescopes. However, an intrinsic limit is set on further
exploration by the attenuation of gamma-rays from distant sources due to pair
production in interactions with the photons of the cosmic microwave background
(CMB) radiation:

Y+ vorx — et e

As the Universe is not transparent to photons of TeV energy and above, new
astronomical messengers such as neutrinos, very high-energy cosmic rays (at EeV*
energies) and gravitational waves rise into the exploratory focus and are becoming
increasingly important for probing the high-energy sky to its outer edge.

At EeV energies, proton astronomy is also conceivable, at least in terms of point-
ing accuracy, since at such high energies the ambient magnetic field no longer
diverts the direction of charged particles. However, the Universe is also opaque
to the highest-energy cosmic rays, since they likewise interact with the CMB,
predominantly by photoproduction via the A resonance:

p+yerx — AT — 1+ N.

11EeV=1ExaeV =10%eV =0.16 J



This so-called GZK-cutoff? [1],[2] establishes an upper limit to the range of high-
energy nuclei. For instance, the absorption length of a 50 EeV proton is 10 Mpc
(see Fig. 0.1).
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Figure 0.1: Absorption length in Megaparsec as a function of photon/proton
energy. [3]

Thus, despite considerable instrumental challenges due to the extremely low
cross-section of neutrino interactions and the modest angular resolution com-
pared to conventional astronomical instruments, neutrino astronomy is a promis-
ing complementary field of astrophysics, especially at high energies. Both cross-
section and angular resolution increase with energy, and large natural resources of
ice and water can be instrumented and thus exploited as target material. More-
over, the low cross-section of neutrinos enables them to escape from very dense
regions (e.g. the centre of galaxies or collapsing stars), which are otherwise opaque
to photons, and reach us without being hindered by clouds and other material
on the way.

Therefore, neutrino astronomy can address a number of fundamental questions
concerning the origin of cosmic rays and the physics behind the most luminous
and violent phenomena in the Universe such as gamma-ray bursts and active

2first predicted by Greisen, Zatsepin and Kuzmin



galactic nuclei. The discovery potential of neutrino astronomy could also be
extended to include dark matter which is likely to annihilate itself in gravitational
centres (such as the galactic centre or the Sun), producing among other things
neutrinos, which are perhaps the only particles capable of escaping from these
dense regions.

Regions from which both neutrinos and photons can also be observed are of great
interest because combined observations can provide a lot of information about
the internal mechanisms of these energetic objects and maybe help identify the
acceleration mechanisms behind the highest-energy cosmic rays.






1 Neutrinos in astrophysics and
cosmology

The observation of cosmic rays (CR) ranging over more than 10 orders of magni-
tude in energy can be viewed in connection with neutrino production on various
energy scales and by different mechanisms. Neutrinos are known to emerge from
the interaction of cosmic rays with different background media — in analogy to
conventional beam dumps — which they encounter during their propagation, such
as the terrestrial atmosphere, intragalactic gas and cosmic microwave background
radiation.

In addition to these guaranteed neutrino fluxes, there are a number of candidate
neutrino sources based on the assumption that the astrophysical sources respon-
sible for the acceleration of cosmic rays due to the gravitational energy release in
very luminous objects will also produce neutrinos as a by-product of their cooling.
This direct connection between neutrinos and cosmic rays could be proved by the
observation of neutrinos from sources known to emit high-energy non-thermal
gamma-rays, such as gamma-ray bursts, active galactic nuclei, supernova rem-
nants, x-ray binaries etc. Such an observation would constitute a smoking-gun
evidence of the origin of the hadronic component of cosmic rays.

1.1 Neutrino background emission from known

sources

Atmospheric neutrinos

Neutrinos are produced in abundance when cosmic rays penetrate the atmo-
sphere. For the high-energy cosmic rays, the atmosphere represents an absorber
with exponentially increasing density. As a result, the interaction of cosmic rays
with air can be described phenomenologically as a showering process yielding a
cascade of secondary particles, which in turn decay or continue to interact. Neu-
trinos arise from the decay of pions, kaons and other hadrons as well as from the
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decay of muons. They provide a significant background for neutrino telescopes,
which needs to be discriminated so that extraterrestrial sources can be detected.
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Figure 1.1: Left: Composition of the atmospheric neutrino spectrum from [4]:
vertical flur of v, + v, (heavy solid line); v. + U, (dashed line); prompt neutrino
(dotted line); v, + v, from pion and kaons (thin solid line at high energies).
The shaded region is dominated by solar neutrinos. Right: Measured atmospheric
neutrino flur by Amanda and Frejus [5]. The black lines indicate the theoretical

values for the horizontal (upper) and vertical (lower) direction respectively.

The main components of the high-energy atmospheric neutrino flux are presented
in Figure 1.1. At low energies, the flux is dominated by conventional atmospheric
neutrinos, which arise from the decay of charged pions and kaons. At energies
below several GeV, the muons have not yet been attenuated relativistically and
hence decay, producing v, and v, with a ratio of 1 : 2 in accordance with the initial
pion distribution. However, as Super-Kamiokande has demonstrated, when the
atmospheric neutrinos are used as a test beam, neutrino oscillation effects have
to be taken into consideration. With v, oscillating almost exclusively into v,
the neutrino flavour composition changes from initially 1 : 2 : 0to1:1: 1 at
energies close to 1 GeV. Well above this energy level, oscillation effects can be
safely ignored in the treatment of atmospheric neutrinos.

Above a few hundred GeV, the pion flux is larger than the kaon flux but, since
the pions are more likely to interact before decaying, the total neutrino flux is
dominated by the kaon contribution.

At high energies above 1 TeV, kaons also start to become significantly attenu-
ated before decaying, thus lending importance to the prompt component. In this



1.1 Neutrino background emission from known sources

energy region neutrinos are produced predominantly by the decay of short-lived
charmed mesons such as D*, D° D, and A.. The calculation of the prompt
neutrino flux requires taking into account next to leading order processes in the
charm production cross-section, which heavily depend on the behaviour of the
parton distribution functions at small x, below the lowest values (z ~ 1079)
probed in collider experiments. Hence, estimating the prompt neutrino flux in-
volves systematic uncertainties due to the need for extrapolating the parton dis-
tribution functions over several orders of magnitude. Therefore, measuring the
atmospheric neutrino flux at energies in the PeV region will have an important
impact on parton distribution functions.

Moreover, the prompt atmospheric neutrino flux also depends considerably on
the assumed chemical composition of the cosmic rays. For the same spectrum,
a heavier composition of cosmic rays would result in a lower CR-nucleon flux,
thus leading to lower neutrino fluxes. While the detailed composition of cosmic
rays below the knee! has been well measured in air shower experiments, at higher
energies a rigidity-dependent model has to be assumed, which again introduces
theoretical uncertainties.

The differential atmospheric neutrino flux can be parametrised with the use of a
broken power law to account for the above-mentioned components of the flux. In
addition, the angular variation of the neutrino flux, called the secant theta effect,
is also taken into consideration in the analytic approximation. The conventional
atmospheric neutrino flux component arising from pion and muon decay peaks
at the horizon due to the comparatively longer flight-time in thinner layers of
the atmosphere, thus increasing the decay probability. In contrast, the prompt
atmospheric neutrinos — as their name indicates — are produced instantly and
hence distributed isotropically, following the spectrum of the primary cosmic
rays.

The differential spectra of atmospheric muon neutrinos (v, + 7,) at sea level
are analytically approximated by [6] as a function of the zenith angle 6 and the
neutrino energy F in units of (GeV m? s sr)~!:

—2.69
285 (L L 0.213 102 GeV < E < 5.4-10° GeV
®,,(E,0) ~ (Gev) (HEi?e) i Er@ ) ‘ ‘

E

4800 ()" (B4 (6) + 0.89E+(0)), E > 5.4-10° GeV’

(1.1)

The corresponding electron neutrino (v, + ) spectra from muon and kaon decay
can be parametrised by

!The transition region in the cosmic ray spectrum around 4 PeV where the spectral index

steepens from 2.7 to 3.0 is called the "knee”.
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®,, (E,0) ~ eV HEam  HEew RO
—4.045
71 (G];Jv) (Ex=(0) + 3'7EK8<‘9)>7 E >3.7-10° GeV

(1.2)

The values for E(0), Ex+(0), Exg(0), and ((0) are extracted from tables given in
[6]. The accuracy of these formulae is about 5% in shape, but the absolute flux is
uncertain to about 20%. It is also evident that electron neutrinos are suppressed
by nearly two orders of magnitude in comparison to muon neutrinos because, at
the high energies involved, all the decay channels which would produce v, via
muon decay contribute only to a small extent since the lifetime of the muons is
relativistically prolonged, allowing them to reach sea level before decaying.

Galactic neutrinos

Cosmic rays also propagate through the interstellar medium of our galaxy, thereby
producing secondary particles such as neutrinos in hadronic interactions similar
to those reactions giving rise to the terrestrial atmospheric neutrino flux. Unlike
Earth’s atmosphere, the interstellar medium has a much lower density of about
1 particle per cm® which leads to far greater interaction lengths as compared
to the decay lengths of the secondary particles. Therefore, in contrast to the
atmospheric scenario, mesons and muons are more likely to decay on the way
rather than to interact.

As a result, the flux of galactic neutrinos can exceed the flux of atmospheric
neutrinos at very high energies, at which the latter is typically suppressed by
the energy loss of mesons in high-energy collisions. However, at the low energy
end of the spectrum the atmospheric neutrino flux clearly dominates the galactic
flux due to the increased rate of reaction by the cosmic rays with the dense
atmosphere.

On the assumption that the cosmic ray flux on Earth is uniformly and isotropi-
cally distributed throughout the galaxy, the neutrino flux from the galactic disk
has been calculated on the basis of density, with the interstellar medium in a
column length of 1 kpc and a density of 1 nucleon/cm? [7]. The resulting fluxes
for muon and electron neutrinos are shown in Figure 1.2 multiplied by E3.

Extragalactic (cosmogenic) neutrinos

Very high-energy cosmic rays propagating in the extragalactic medium interact
with the cosmic microwave background and infra-red (IR), optical (Opt), and

10

—2.69
24 (&) 00, + 048, 4 114{?;(?) , 102 < E<3.7-10° GeV
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Figure 1.2: Total galactic flux of muon and electron neutrinos and the contribu-

tions from the decay of the indicated particles. [7]

ultra-violet (UV) background photons. These interactions produce features in the
ultra-high-energy cosmic ray spectrum such as the GZK-cutoff (see introduction)
and their decay products generate the cosmogenic neutrino flux, also referred to
as GZK neutrinos.

The total cosmogenic flux was calculated by [8] and is displayed in Figure 1.3.
Three distinct peaks appear in the total cosmogenic neutrino flux. In the TeV
energy region the flux is generated purely by neutron decay, which gives rise to
electron neutrinos only. At higher energies, in the PeV region, the contribution
due to hadronic interaction with UV/Opt/IR photons dominates, while at the
highest energies prior to the GZK-cutoff the neutrinos are produced via interac-
tion of protons and nuclei with the CMB radiation. In these models, pions are
generated via photoproduction and neutrinos emerge from the decay of 7.

However, despite comprehensive knowledge of the particle physics behind the
GZK-cutoff, the phenomenon itself has not been conclusively measured. It is still
unclear whether the cosmic ray spectra are truncated above 10?° eV, mainly due
to lack of data, which is understandable at the extremely low fluxes involved.

1.2 Candidate cosmic neutrino sources

In contrast to the guaranteed neutrino emission from processes involving cosmic
rays hitting ambient matter or radiation, there are also astrophysical objects
which might qualify as neutrino sources if the predicted hadronic interaction
processes applied to them.

11
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Figure 1.3: Total cosmogenic neutrino flurz from pure proton sources assuming
strong source evolution. Left: The contribution from different backgrounds. Right:

The contribution of different neutrino flavours (without oscillations). [8]

The generic models of astrophysical neutrino production are based on the as-
sumption of a highly relativistic hadronic beam hitting a target, which results
in pion production and subsequent decay. From the observation of ultra-high-
energy cosmic rays it is evident that particle acceleration exceeding EeV-energies
is possible. Furthermore, shock acceleration of particles is known to occur in
solar flares, for instance, so it is likely that charged particles undergo diffusive
shock acceleration, also termed Fermi acceleration, on a much larger scale in the
following objects:

e Gamma-Ray Bursts (GRBs)

Gamma-ray bursts are sudden and extremely intense flashes of gamma-rays
which, for a few seconds, outshine the entire gamma-ray sky. Their copious
energy release amounts to 105! — 10°* erg/s, which makes them, for a brief
period of time, the most luminous objects known in the Universe?. Obser-
vations of an afterglow shifting slowly from x-ray to optical and eventually
radio emission are the key factor in measuring the redshift distances and
thereby identifying the host galaxies.

This has confirmed the earlier assumption drawn from the isotropic dis-
tribution of GRBs that they are indeed located at cosmological distances.
Hitherto, the highest measured redshift has been z = 6.3 for GRB 050904
9], with a clear signature of a Gunn-Petersen trough [10] in the spectrum,
otherwise detected only in high-z quasars. Since this feature is produced

1 erg = 107" J = 625 TeV

12



1.2 Candidate cosmic neutrino sources

by absorption through neutral hydrogen gas in the intergalactic medium, it
provides evidence of the early Universe before reionisation.

GRB FIREBALL MODEL",

Pre Burst
E ~ 1091-1054 erg

R-3x1012¢m T. 3::1035

em T ~ 108
R~1014em 3}}10?50"1

p=tem?

Figure 1.4: Schematic view of a gamma-ray burst [11].

The non-thermal gamma spectra suggest that GRBs are produced by the
dissipation of the kinetic energy of a relativistically expanding wind, called
a fireball, whose primal origin is still unclear. Regardless of what was the
progenitor, the fireball shock model [12] (see also Chapter 5.1) provides a
good explanation for the observed spectra and the small timescales. It is
based on the fact that shock waves inevitably occur in an outflow as soon
as the fireball becomes transparent and hence particles accelerate at these
shock fronts. When the forward shock impinges on the external medium
it decelerates and gives rise to the afterglow radiation (see Figure 1.4). At
the same time a reverse shock moving back into the ejecta is also thought
to accelerate particles.

It is assumed that the observed non-thermal gamma spectra are the result
of such shock-accelerated electrons or positrons, which lose their energy by
synchrotron radiation. If this model is accepted as valid, protons are also
accelerated in the same shock waves, reaching energies of up to 10%° eV.
Interaction with the fireball photons leads to the production of pions, which
in turn decay into muons and neutrinos. It is estimated that 10% of the
gamma luminosity is emitted in the form of neutrinos [13].

Active Galactic Nuclei (AGNs)

Active galactic nuclei are powered by the gravitational energy release asso-

ciated with the accretion of interstellar gas onto a supermassive black hole

of about 10® solar masses in the centre of a galaxy. Observations [15] indi-

cate that the outermost regions of the accretion disc (at one parsec from the

central object) probably rotate with Keplerian velocity, which is referred to
"standard disc”. This standard disc is assumed to emit continuum ra-

13



1 Neutrinos in astrophysics and cosmology

diation peaking in the visible but extending into X-ray and gamma ranges
due to a relativistic jet of particles, and also into the far-infrared range due
to the presence of dust surrounding the central region. Superimposed onto
this wide continuum emission, AGN spectra also display broad emission
lines emitted by ionised gas. The spectral lines show a Doppler broadening,
which increases the closer they are to the centre due to the higher Keplerian
velocities.

The whole family of AGNs may be unified by using one model, which is then
viewed from different angles (see Figure 1.5). The supermassive black hole
at the centre is surrounded by an accretion disc from which jets emanate
perpendicularly. In the same plane as the disc there are clouds of material
in orbit around the black hole. Blazars, the brightest objects, are those in
which the jets are aligned with our line of sight. The emission from the
core fades away as the angle from the jet axis increases.

Blazar flares emitting TeV-energy gamma-rays are believed to be produced
by the relativistic jets. As in GRBs, protons are also expected to be ac-
celerated in AGN jets. In hadronic interactions with ambient gamma-rays
and hadrons, pions are produced via the A-resonance. While the neutral
pions decay into TeV-gamma-rays and thus explain the observed spectra,
charged pions are supposed to give rise to neutrino fluxes ranging from TeV
to EeV energies.

080
BLRE

Figure 1.5: Schematic view of what an AGN looks like depending on the angle
that we view it from [16].

Besides the above-mentioned extragalactic sources, there are a number of galactic
neutrino-emitters associated with stellar objects:

14



1.2 Candidate cosmic neutrino sources

e Supernova Remnants (SNRs)

A supernova remnant is the structure resulting from the core collapse of
a massive star into a supernova. The supernova remnant is bounded by a
powerful expanding shock wave, and consists of ejected material expand-
ing from the explosion as well as the interstellar material it sweeps up and
shocks along the way (see Figure 1.6). As the shells of supernova remnants
are capable of accelerating particles up to 10° GeV via the Fermi mecha-
nism, SNRs are the best candidates for the origin of the galactic component
of cosmic rays. Besides providing sufficient power to sustain the galactic
CR-flux, they feature non-thermal power-law spectra indicating Fermi ac-
celeration and they display chemical abundances similar to those found in
cosmic rays. TeV gamma-ray emission has been observed from the Crab
nebula and from numerous other SNRs measured by the HESS telescope
[18],[19]. However, the gamma-ray flux cannot prove beyond doubt the
acceleration of hadrons, as they might also originate from inverse Comp-
ton scattering on accelerated electrons instead of m°-decays. Nevertheless,
SNRs with TeV gamma-ray emission might also be good candidates for
neutrino sources.

Figure 1.6: Multiwavelength observation of Kepler’s supernova remnant SN 1604.
The image is a superposition of infrared, visible and x-ray images taken by the

Spitzer, Hubble and Chandra space telescopes [17].

e Microquasars
Microquasars are named after quasars because they have some common
characteristics: strong and variable radio emission, often resolvable as a
pair of radio jets, and an accretion disc surrounding a black hole or neu-
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tron star. While in quasars the black hole is supermassive (millions of solar
masses), in microquasars it is of the order of a few solar masses. Also, the
accreted mass in microquasars comes from a companion star, and the accre-
tion disc is very luminous in optical regions and X-rays. A part of the radio
emission comes from relativistic jets, often showing apparent superluminal
motion. The jets are formed close to the black hole, and as time-scales near
the black hole are proportional to the mass of the black hole, microquasars
display variations on the a scale of days rather than centuries, as do or-
dinary quasars. Like AGNs, they are assumed to accelerate hadrons and
thereby emit neutrinos. However, the maximum possible energies to which
protons can be accelerated due to the gyrolimitation of Fermi acceleration
are smaller by a factor of 10 than for relativistic AGN jets. However, due
to their vicinity in our galaxy, microquasars might well contribute to the
galactic CR flux and also yield detectable neutrino emissions. For example,
the microquasar LS I 461 303 has been recently discovered [20] to emit
VHE gamma-rays, which were recorded by the MAGIC telescope.

e Pulsar Wind Nebulae

A pulsar wind nebula (also known as a ”plerion”) is a nebula powered by
the relativistic wind of an energetic pulsar. At the early stage of their evo-
lution, pulsar wind nebulae are often found inside the shells of supernova
remnants. Unlike SNRs, they do not have a shell-type structure. Pulsar
wind nebulae are believed to be powered by active rotation-powered pul-
sars through a relativistic wind of particles and magnetic fields. Due to
the pulsar’s rotation there is a very strong gradient in the magnetic field
capable of accelerating charged particles. The pulsar’s wind is decelerated
to a sub-luminal speed across a strong standing shock. The emission from
the plerion is seen beyond this radius and results mainly from synchrotron
radiation of the high-energy particles injected by the pulsar in the presence
of the strong magnetic field. However, neutrons escaping the plerion with-
out adiabatic losses might represent an interesting source of high-energy
neutrinos. Moreover, pulsed neutrinos from the magnetosphere might arise
from secondary reactions when accelerated electrons and positrons hit the
polar caps.

In addition to the potential neutrino sources relying on Fermi acceleration, there
are more hypothetical neutrino emissions conceivable, which are based on relic
Big Bang particles.

e Dark matter (DM)
While the existence of dark matter and its proportion were precisely mea-
sured by the WMAP experiment [21], its particle nature has not yet been
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revealed. Weakly interacting massive particles (WIMPs) or the lightest su-
persymmetric particle are favoured candidates and are thought to conglom-
erate in gravitational centres, where they annihilate each other. Neutrinos
emerging in the decay chain may be the only observable particles due to
their ability to escape from very dense regions. Therefore, a neutrino signal
from the Sun or the galactic centre could provide indirect evidence of the
existence and possible also the nature of WIMPs.

e Topological defects

Topological defects are (often) stable configurations of matter predicted by
cosmology theories to form at phase transitions in the very early universe.
Topological defects arise naturally if the structure of the vacuum manifold is
such that it has at least two disconnected sets of ground states which can be
occupied during spontaneous symmetry breaking in the early universe. As
the universe expands and cools, symmetries in the laws of physics begin to
break down in regions that spread at the speed of light. Topological defects
occur wherever regions with different ground state configurations come into
contact with each other. Depending on the nature of symmetry breakdown,
various solitons are believed to have formed in the early universe according
to the Kibble-Higgs mechanism [22], such as magnetic monopoles, cosmic
strings, domain walls etc. As topological defects are a concentration of
energy which can move but cannot dissipate easily, they could theoretically
be observed. No topological defects of any type have been observed yet,
however, magnetic monopoles might be detectable by ANTARES due to
their direct Cherenkov light emission or the Cherenkov light produced by
the d-rays generated by the monopole.

1.3 Bounds on diffuse high-energy neutrino

radiation

The observation of ultra-high-energy cosmic rays (UHECR) may provide an upper
bound for the diffuse cosmic neutrino flux. Since the observed cosmic rays above
the knee cannot be confined by the galactic magnetic field, they inevitably have
to be of extragalactic origin. Knowing the energy-dependent generation rate of
protons in the energy range 10 — 10! eV to be [14]

dNcr
E2
CR dECR
and assuming photoproduction of pions with total energy transfer from proton

to pion, the maximum muon-neutrino intensity was estimated by Waxman and

Bahcall (WB) [14] to be

~ 10" erg Mpc™ yr~! (1.3)
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dNcr
dEcr

CtH
Dy, 45, = 0.25—FE%

E2
47

vt

~1.5-100% GeVem2stsrl.  (1.4)

The factor 0.25 arises since neutral pions and charged pions are produced with
approximately equal probability, but only charged pions decay into neutrinos
mt — v, +ut — v, + 0, + v, + e where the resulting muon neutrinos carry
approximately half of the pion energy.

However, extragalactic sources generally show considerable evolution in the course
of cosmic time in the sense that they were much more active in the past than
they are today. Therefore, redshift losses and source evolution, following the rapid
luminosity-density evolution of quasi-stellar objects, were included in Eq. (1.4),
leading to an increased upper bound (see Figure 1.7).
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The upper bound proposed by Waxman & Bahcall has been extended even further
by Mannheim-Protheroe-Rachen (MPR) [23] by also taking into account cases in
which protons are absorbed within the source or suffer adiabatic losses in large-
scale magnetic fields. It is conceivable that neutrons, which were produced in
previous hadronic interactions in the source such as p+~ — 7 +n, are — unlike
protons — not confined by the magnetic fields and can thus escape the cosmic
accelerator without energy losses, and undergo (-decay outside the host galaxy’s
magnetic field. The associated maximum neutrino flux including the effects of
source evolution is presented in Figure 1.7.

The upper bound according to the model of Mannheim-Protheroe-Rachen (MPR)
is indicated by the shaded area between the two extremes: the straight upper line,
which represents sources optically thick to pion photoproduction, from which
neutrons will not be able to escape without previous interactions (7,, > 1), and
the lower curve, which illustrates the thin case, in which neutrons can escape
freely (7, < 1). At low energies the allowed region for upper bounds is well
above the bound obtained by Waxman and Bahcall. The MPR limit decreases
to a minimum at 10° GeV, where it meets the WB-limit, after which it increases
again. The reason for this rise is that neutrinos are received from the entire
cosmic volume including the particularly active sources in the early Universe,
whereas protons suffer energy losses while propagating through the CMB, thus
reducing the horizon from which their sources can contribute to the measured
diffuse background.

From the experimental point of view, currently operated detectors have started
to approach the theoretical limits, and detectors still under construction (like
ANTARES and IceCube) will soon enter the realm left open by theoretical con-
straints. Figure 1.8 shows the upper limits obtained by different experiments such
as Frejus [24], Macro [25], Baikal [26], Amanda-B10 [27] and Amanda-II [28].
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of cosmic neutrinos.

20



2 The age of neutrino telescopes

Compared to millennia-old photon astronomy, neutrino astronomy is still in its
infancy due to the weakly interacting nature of neutrinos. Since the cross-sections
involved are very small, neutrino telescopes need to compensate by instrumenting
very large volumes of target material, which poses a technical challenge.

Following in the footsteps of the pioneering instruments, which demonstrated
the detection technique and thereby discovered neutrino oscillations, present-
day prototype neutrino telescopes like BAIKAL, AMANDA and ANTARES are
starting to explore the high-energy neutrino sky, and will be succeeded by cubic-
kilometre-scale observatories needed to pursue neutrino astronomy with better
statistics.

2.1 Principles of detection

In general, neutrinos interact with nuclei via the exchange of W and Z bosons,
thereby producing either leptons by charged current (CC) interactions and
hadronic cascades as a result of the deep inelastic scattering processes, or the
latter in neutral current (NC) interactions (see Eq. 2.2). The emerging lepton
inherits the flavour [ = e, u, 7 of the incident neutrino.

U+N — 1+X (CC) (2.1)

The cross-section for neutrino nucleon interactions at high energies depends
greatly on the parton distribution of the nucleon. Since these distribution func-
tions have been measured in accelerator experiments only, they have to be ex-
trapolated to cover the whole energy range relevant to astroparticle physics. For
neutrino energies of up to 10*® eV, all the standard sets of parton distribution
functions give very similar cross-sections. At higher energies, the behaviour of the
parton distributions at very low values of the momentum fraction x become in-
creasingly important, thus giving rise to uncertainties in the cross-section around
1020 eV [29)].
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2 The age of neutrino telescopes

In Figure 2.1 the inclusive neutrino nucleon cross-section is presented as a function
of the neutrino energy. The total cross-section is the sum of charged current and
neutral current partial cross-sections. At energies of below 10* GeV, the cross-
section increases linearly in energy, whereas at higher energies the cross-section
is damped by the W Z-boson propagator term in the matrix element.
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Figure 2.1: Cross-section for yyN (left) and U;N (right) interactions [29].

At low energies, the anti-neutrino nucleon cross-section is smaller than the neu-
trino nucleon cross-section due to the dominant contribution of the valence
quarks. This effect becomes negligible at energies of above 10° GeV, which results
in a convergence of the neutrino and anti-neutrino cross-sections.

The increase in cross-section with neutrino energy suggests that neutrino detec-
tors are expected to measure higher rates at higher energies (provided the flux is
constant). However, since the cross-section is inversely proportional to the inter-
action length, very high-energy neutrinos are likely to interact while traversing
the Earth before reaching the site of the telescope. Figure 2.2 illustrates the
differential shadow factor versus nadir angle for different neutrino energies and
three sets of parton distribution functions.

In the PeV energy range neutrinos are increasingly absorbed in the Earth, and at
higher energies the Earth can be considered opaque to neutrinos. Tau-neutrinos
are an exception to this rule because the tau lepton, which emerges from the inter-
action, will itself decay quickly, thus producing a new tau-neutrino with a lower
energy. This decay and reproduction chain will continue until the tau-neutrino
has lost sufficient energy so that the Earth eventually becomes transparent and
the tau-neutrino can pass unhindered. Moreover, anti-electron neutrinos expe-
rience a significant attenuation at energies of around 6.35 - 10° GeV due to the
Glashow [30] resonance v.e — W ™.

In any case, the strategy for neutrino telescopes changes in the energy range
of around 1 PeV. At energies below the shadowing effect, it is preferable for

22



2.2 Optical Cherenkov technique

PR

S

1/2m dS/dcos@
[
=)
&

~
-
~

N N I S N T U O - |

=
o
|
= -
<
v T T T T T T T T 7T 7T 1T 171
<
-
~

1.5

o
o
o
—
o

Figure 2.2: Earth shadowing effect on neutrino propagation [29].

neutrino telescopes to look for upward-coming events to ensure that the detected
particle is a neutrino. Since the Earth acts as a filter allowing no particles except
neutrinos to pass through, looking downwards ensures that only neutrinos are
detected. However, atmospheric neutrinos still have to be discriminated. By
contrast, at energies in the PeV range and above, when the shadowing effect
becomes dominant, it is worthwhile to look for down-going events, especially
since cosmic rays and their secondary particles, including atmospheric neutrinos,
are no longer expected at such high energies.

2.2 Optical Cherenkov technique

The most established technique for the detection of high-energy neutrinos already
used by the precursor instruments is the optical Cherenkov method in a trans-
parent medium. Charged particles at relativistic energies which move faster than
light in the medium are known to emit Cherenkov light, thereby dragging a cone
of light in their wake with an opening angle corresponding to cosf. = 1/0n (see
Fig. 2.3). Here, = v/c is the velocity of the particle relative to the speed of
light in vacuum, and n is the refraction index of the medium. The radiation arises
due to effective polarisation of the medium, which is induced by the propagation
of the charged particle at a velocity higher than the local speed of light and the
subsequent relaxation of the atoms along the path.

The need to instrument large volumes of optically transparent and inexpensive
target materials causes the natural resources of ice and water to become the
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2 The age of neutrino telescopes

Figure 2.3: Schematic view of the formation of the Cherenkov cone and derivation

of its opening angle.

focus of interest. Currently operated neutrino telescopes use the Antarctic ice,
deep-sea water or the fresh water of Lake Baikal. FEach of the chosen target
media has its advantages and disadvantages: Ice seems particularly well-suited
from the point of view of deployment since it provides a solid platform from
which the detector elements can be lowered into the medium and installed. Lake
Baikal, which freezes in winter, provides a layer of ice for deployment as well
as maintenance work. By contrast, sea experiments need boats and submarines
or remotely operated vehicles (ROVs) suited for the deep sea in order to install
and maintain the detector elements. Also, the background noise in sea water is
much greater than in ice due to “° K-decays and bioluminescence, which generates
about ca. 60 kHz per photomultiplier tube (PMT), whereas the detector in ice is
affected only by the phototube’s dark noise, which is around 500 Hz per PMT.

The advantages of water-based detectors are the uniformity of the medium and
the detector response. While the Antarctic ice has incorporated dust layers and
bubbles, water is always homogeneous, which facilitates the understanding of the
detector efficiency. Moreover, the scattering length A,. is much shorter in ice,
but the absorption length A, is shorter in water (see Table 2.1). The resulting
attenuation length A\, which is the inverse sum of the scattering and absorption
length,

>~
>

att )\sc abs

is around 46 m in the Mediterranean and 17 m in Lake Baikal and the Antarctic
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2.3 The ANTARES experiment

Table 2.1: Comparison of optical properties w.r.t. Cherenkov detection for blue
and UV (in parentheses) light [31],[32].

Parameter Mediterranean Sea Lake Baikal Antarctic Ice
refraction index 1.35 1.35 1.32
Cherenkov angle 42° 42° 41°
Scattering length [m] 265(122) 104(35) 20
Absorption length [m] 60(26) 19(8) 110
Attenuation length [m] 46(23) 17(7) 17

ice. As a result, the angular resolution for muon neutrinos is below 0.5° for

ANTARES! and around 2°-3° for AMANDA.

2.3 The ANTARES experiment

The ANTARES neutrino telescope is being installed at a depth of 2400 m in
the Mediterranean, 40 km off the French coast near Toulon. Due to its location
(42°50’ N and 6°10” E) it has an annual sky coverage of 3.57 sr, with 0.57 sr in-
stantaneous and 1.57 sr integrated common field of view with AMANDA /IceCube
in the sub-PeV energy range, where both telescopes are restricted to looking
below the horizon (see Figure 2.4). Hence neutrino telescopes in different hemi-
spheres are complementary to each other with respect to their field of view. How-
ever, ANTARES has the special advantage of being able to observe the galactic
plane with its numerous candidate neutrino sources for a large part of the day
(67% on average). From the point of view of multi-messenger observations, the
Mediterranean site is quite auspicious due to the inherent correlation between
TeV-v-sources and neutrino sources if hadronic acceleration is involved. Hence
multi-messenger observations are important not just from the astrophysical point
of view but can be used to leverage the signal to background ratio (see Chapter

6).

Detector setup

Upon completion, the ANTARES detector will consist of 12 lines (see Figure 2.5)
that are anchored to the sea bed and tightened by a buoy at the top end (450 m

lin the energy region above 10 TeV, where the resolution is dominated by the reconstruction

and not the intrinsic deviation between muon and neutrino direction,
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Figure 2.4: Field of view in galactic coordinates of a neutrino telescope at 2w
downward sensitivity for location at the South Pole (left) and the ANTARES
site in the Mediterranean (right) superimposed on the EGRET sky map with

prominent y-sources added.

height). The key components are the so-called storeys, each equipped with three
optical modules (OMs) consisting of a 177 pressure-resistant glass sphere, which
houses a 10”7 Hamamatsu R7081-20 photomultiplier, and a titanium electronics
container, the so-called Local Control Module (LCM), which accommodates the
electronics needed to digitise the OM signals, the compass, tiltmeter and various
other optional devices connected to the LCM, such as a hydrophone or an optical
beacon. The OMs are inclined at an angle of 45° towards the sea bed, thus
looking aslant downwards and thereby having an excellent view of the Cherenkov
photons emitted from upward-going muons, which is in accordance with the sub-
PeV detection mode. The photomultipliers are capable of detecting single photo-
electrons with the time resolution of 2.7 ns being limited by the transit time
spread.

Each detector line comprises 25 storeys spaced at intervals of 14.5 m, with the
lowest storey starting at 100 m above the sea bed. The storeys are interconnected
with an electro-opto-mechanical cable, which supplies the active components with
electric power and control signals and transfers data from the storey to the bottom
of the line.

The layout of the lines is discernible in Figure 2.5. Submersible-deployed electro-
optical interlink cables connect each line to the junction box, which acts as a
fan-out between the lines and the main electro-optical cable to the shore station.
In addition to the 12 principal instrumented detector lines, the Mini Instrumen-
tation Line with Optical Modules (MILOM) and the prospective Instrumentation
Line (IL) will be part of the detector setup whose function is that of constantly
monitoring the environmental parameters and providing a platform for interdis-
ciplinary deep-sea studies.

Currently, two completely instrumented detector lines have been collecting data
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Figure 2.5: Left: Schematic view of the planned arrangement of the detector
strings at the ANTARES site. Right: The optical module frame as the basic

detector element.

continuously since their connection on 2/3/2006 and 22/9/2006. The MILOM is
still being used to provide data on the environmental parameters. By the end of
2007 the detector is expected to be complete and fully functional in accordance
with the design specifications.

Data acquisition and trigger

The default readout mode is the transmission of the digitised time and amplitude
signal of any incoming light above a certain threshold, known as the ”all-data-
to-shore” concept (see [33] for a detailed description).

The readout architecture of the ANTARES detector has several levels of multi-
plexing of the photomultiplier signals. The first level is in the LCM, where the
analogue electrical signal of each photomultiplier is digitised by the Analogue
Ring Sampler(ARS)? before being buffered by the Field Programmable Gate Ar-
ray (FPGA) and then sent to the processor, which outputs the signals of the

2Each OM has two ARS chips to avoid dead time whilst one of them is digitising the signal.
The ARS readout has two modes: in the SPE mode the hit time and integrated amplitude
are recorded, whereas in waveform mode the pulse waveform is digitised in 128 samples at
a rate of 1 GHz.
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2 The age of neutrino telescopes

three OMs on the storey on an ethernet optical link. Five storeys are grouped
together to form a sector, which share a common ethernet switch located in the
Master Control Module (MLCM) of every fifth storey. This MLCM represents
the second level of multiplexing, since the combined output is sent on a particu-
lar wavelength to the String Control Module (SCM) at the bottom of each line,
where the output from the 5 MLCMs of the complete line is multiplexed on to
a pair of optical fibres. These fibres are connected via interlink cables to the
junction box, which then gathers the data from all lines onto the 48-fibre main
electro-optical cable going to the onshore PC farm.

To ensure that all ARS chips are synchronised, a common clock signal has to be
provided by a clock system. A master clock onshore generates a 20 MHz clock
signal, which is distributed to all offshore clock transceivers on each LCM. This
local clock synchronises the ARS with a relative time accuracy of 50 ps. The
output of each ARS chip within a certain time window is buffered in a frame,
whose length can be adjusted from 10 to 100 ms. All frames belonging to the
same time window are sent to a single PC and form a time slice (see Figure 2.6).

off shore [ ARs1 | [Arsz] [Ars:] [Ars4] [Arss | E

\‘/ /

frame 2
frame 3
frame 4

\ “,-" ; g //
AT 7 3 u/j j - j
kTimeSlice 1 LTimeSIice 2 TimeSlice 3 LTimeSlice 4
on shore i :

PC1 PC2 PCs

~ N

physics events

Figure 2.6: Data processing based on TimeSlices. The DataFilter programme

running on each PC processes the data in the TimeSlice.

The onshore handling of the raw data is done in the form of time slices and is sub-
ject to the DataFilter programmes, which have several algorithms implemented to
provide for different physics signals. For instance, the standard muon filter seeks
for typical muon signals by scanning in all directions. By contrast, the Flash-
Back programme, which is activated by a GRB alert message (see [69] for more
details), searches only in the direction of the potential GRB to see whether any
particular signal could be attributed to a neutrino coming from that particular
direction.
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2.3 The ANTARES experiment

In general, when a time slice is complete it is passed down to the trigger algorithm
for further processing. The trigger logic again has several levels of processing [34]
and is optimised to select the hits which are likely to originate from a physics
signal rather than the random background:

e L0O: conversion and calibration of raw data
The raw data of a time slice is converted into a data format readable by
the trigger software and at the same time the charge and time of the hits
are calibrated according to a table in the database.

e L1: local trigger search
The first-level trigger focuses on local coincidences and big hits, e.g. it
looks either for hits arriving in coincidence on the same storey within a
time window of 20 ns or for hits with an amplitude above the threshold of
about 2 photoelectrons (pe) (see the paragraph about calibration below for
more details).

e L2: global trigger search
The second-level trigger looks for causally related hits, called clusters. It
scrutinises all hits to see whether they could in principle have been pro-
duced by unscattered light originating from a muon trajectory. Taking into
account the geometry of the detector, the maximal causal time allowed
is tMaxCausal = 2.2us. Since the muon is highly relativistic, the lowest
velocity is ¢/n and the causality relation hence reads

|At] < |A7]
c/n

e L3: merging of overlapping events

Each event contains a snapshot of all hits within a certain time window
around the cluster. This time interval of snapshot hits is constructed
such that it starts tMaxCausal earlier than the last triggered hit and ends
tMaxCausal after the first triggered hit. Two events overlap when the clus-
ter of one event falls into the snapshot of another event. In this case, the
hits in both clusters are merged to form a single one and the corresponding
snapshot is redefined.

e L4: event building
All raw hits of a snapshot are collected and combined to form a physics
event, which is then stored on disk for further processing by the reconstruc-
tion software.
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Calibration

The timing resolution of the detector is dominated by the transit time spread
(TTS) of the photomultipliers, which is the spread in measured times due to the
photoelectron (pe) taking different lengths of time between production at the
photocathode and arrival at the last dynode. The T'TS is measured in situ using
an LED built into the OM, which is fired at a given time. The time difference
between the LED trigger and the hit time recorded by the ARS is attributed to
the TTS, and is found to be 2.7 ns at FWHM.

Equally important are the timing calibrations using external optical beacons,
such as four LED beacons along the top of each detector line and one LED at
the MILOM together with a Nd-YAG laser beacon located at the base of the
MILOM. The individual LEDs in the beacons are pre-selected in order to have
very short rise times of about 2 ns in the 10%-90% signal range and 5 ns at
FWHM.

Figure 2.7 shows an example of a measurement in which the three OMs of storey
3 of Line 1 were illuminated by the flashes of the MILOM LED beacon. As can
be seen, the two OMs facing the MILOM receive direct light, thus having narrow
Gaussian distributions of 0.6-0.7 ns, whereas the OM on the opposite side of the
storey mainly sees scattered light, which becomes manifest in the long tail of late
photons.
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Figure 2.7: Data recorded in storey 3 of Line 1 during timing calibrations with
the MILOM LED beacon.

For charge calibration, it is necessary to know the response of each PMT to a sin-
gle photoelectron. A typical measurement is shown in Figure 2.8. The Analogue
to Digital Converter (ADC) channel is proportional to the charge deposited at
the anode, each channel corresponding to 0.25 pC. The charge spectrum starts
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2.3 The ANTARES experiment

with a pedestal, which represents the intrinsic noise of the PMT. Due to this fea-
ture no measurement is possible below this threshold, which corresponds roughly
to 0.3 pe. For a given number of photoelectrons the deposited charge follows
a Gaussian distribution, which can be fitted. Therefore, by measuring a given
charge distribution, it is possible to calculate the corresponding number of pho-
toelectrons. Although it may seem unphysical, fractions of photoelectrons are
also possible values.
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Figure 2.8: Ezample of a charge spectrum [35].

Positioning system

Since the lines of the ANTARES detector are flexible and thus move in the water
as a result of the sea current, the position and orientation of each OM have
to be constantly monitored to ensure a precise track reconstruction. For this
purpose, five receiving hydrophones are installed on each line, which, together
with the network of emitting transponders on the sea bed, can be used for acoustic
triangulation.

In addition to the acoustic positioning system, compasses and tiltmeters have
been installed on the TCM2-cards in each LCM to measure the components of
the magnetic field (B,, B,, B,) and the pitch and roll values of the LCM, thereby
providing a relative orientation measurement along the line. The magnetic field
vector is a prerequisite for calculating the heading of the storey, which is the
angular deviation of OMO from north in the plane of the OMs. The azimuth and
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2 The age of neutrino telescopes

zenith angles of each OM can be computed from the heading and the inclination of
the storey. The hydrophone positions obtained by means of acoustic triangulation
are absolute positions and therefore used as a reference for the computing of
absolute OM positions and at the same time they provide a consistency check.
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Figure 2.9: Sea current velocity obtained by direct measurement with the ADCP
monitor (black) and from the reconstruction of the line shape (red). [36]

The expected correlation between the sea current velocity and the line shape
is illustrated in Figure 2.9, where the velocity of the sea current is shown as
obtained from direct measurements with the acoustic doppler current profiler
(ADCP) and from the reconstructed line shape. The higher the velocity of the
sea current, the greater the incline of the storeys on the line. The zenith angle
of the storey therefore increases with the velocity of the current. On the other
hand, in the case of strong sea currents, the azimuth angle traces the direction
of the sea current, since the storey aligns with the current to produce the best
stream-lined shape possible. This is the case when one of the three OMs points
directly into the current. If the sea current is weak, there is no constraint on
alignment, and neighbouring storeys will not display similar headings.

2.4 Optical background in the deep sea

The optical properties of the deep sea have a critical impact on the detector
performance. Not only do scattering length and absorption have to be taken into
consideration but also important sources of background light prevalent in the
deep sea, which are recorded by the PMTs and can be mistaken for Cherenkov
light, thereby contaminating the neutrino signal.
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2.4 Optical background in the deep sea

One class of background light is generated by radioactive decay of potassium-40,
which occurs naturally in salt water but also in the glass spheres housing the
PMTs. Two decay modes have been observed, the (3-decay with a branching
ratio of 89.3% being more common than the electron-capture process:

VK — YCa+e + 7, B-decay (2.3)
VR — 04 4y, =1 Ar 4 4. e-capture (2.4)

With an energy of 1.5 MeV the « scatters to produce Compton electrons, which
in turn will generate Cherenkov photons due to their high energy. Similarly,
the electron produced by the (-decay will also emit Cherenkov radiation. Both
processes give rise to a continuous and random background with an expected
rate of 40 kHz per 107 PMT. Since this rate depends only on the salinity, which
remains constant over time, it is referred to as the baseline rate.
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Figure 2.10: Raw counting rates measured with a photomultiplier of the

ANTARES Prototype Sector Line. Two different excerpts are shown, featuring
an optically active (a) and a quiet (b) 5-minute period.

However, there is another contribution to the optical background in the deep sea
known as bioluminescence. Various sea-dwellers ranging from microorganisms
to deep-sea fish emit light for purposes of communication, hunting, etc. The
microorganisms, especially dinoflagellates — a form of unicellar algae — are known
to emit bluish flashes of uncorrelated light, thereby contributing significantly to
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2 The age of neutrino telescopes

the random background. The overall baseline rate thus rises from 60 kHz per 10”
PMT in quiet periods to many hundred kHz in active intervals (see Figure 2.11).
To take into account these variations, the baseline rate is recalculated every 5
minutes by averaging the counting rate during the 5-minute time interval.
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Figure 2.11: Measurement of the baseline rate at the ANTARES site during a

period of several months. (a) with the PSL in 2003 and (b) with the MILOM in
2005.

Moreover, macroscopic organisms featuring special bioluminescent organs are ca-
pable of generating visible flashes of light. If this bioluminescent activity occurs
in the vicinity of a PMT, a large burst signal is recorded above the baseline.
Due to the locally increased photon counting rate (see Figure 2.10) over a long
period compared to the duration of a typical neutrino event, these burst signals
are easily identified, and the affected PMTs can be removed temporarily from
the event-reconstruction algorithms. In this context, the burst fraction rate is
defined as the fraction of time during a 5-minute interval in which the counting
rate of a PMT exceeds the baseline rate by more than 20%.

As studies of the MILOM data have shown, there is a strong correlation between
the burst rate and the velocity of the sea current. Above a sea current of 4 cm/s
the burst rate increases quickly and reaches almost 50% (see Figure 2.12) due to
the stimulated bioluminescence activity, which is considered to result from me-
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Figure 2.12: Correlation between the burst fraction and the velocity of the sea
current observed in the MILOM 2005 data.

chanical excitation of organisms by turbulences in the wake of the detector com-
ponents. However, although bioluminescence bursts can be easily eliminated,
they still introduce some dead time on the affected PMTs, which reduces the
overall performance of the ANTARES detector. By contrast, the bioluminescent
activity leading to an increase in the baseline rate cannot be removed a priori,
but its effects on track reconstruction and detector performance have to be stud-
ied and the reconstruction algorithms adapted to suit conditions with variable
baseline rates.
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3 ANTARES detector performance
under high optical background

To assess and improve the detector capabilities for muon-neutrinos at high opti-
cal background rates, Monte Carlo (MC) studies were conducted, starting with
a full simulation of muon-neutrinos. The already existing reconstruction algo-
rithms were reviewed and modified to suit variable baseline rates. The purity
of the altered reconstruction algorithm was tested on atmospheric muons, and
the performance of the detector was assessed with particular regard to effective
volume and area as well as the angular resolution — the key parameters of any
telescope.

3.1 Simulation and analysis chain

For the generation of Monte Carlo signal events, simulation tools provided by
the ANTARES software packages were used. The MC neutrino simulation and
analysis chain is presented in Figure 3.1.

Neutrino-induced muons were simulated using the Genhen programme, which
allows the user to choose the energy spectra of the generated neutrinos. While
atmospheric neutrinos form a background over the entire sky with a steeply falling
spectrum of dN/dE o« E=%7, the energy spectrum of shock-accelerated cosmic
neutrinos is expected to be as hard as £~2. The muon-neutrino samples used
for this study were generated in the energy range of 100 GeV - 100 PeV with a
spectrum of E~1% to ensure better statistics at high energies. The muon tracking
and Cherenkov light generation were performed by the Geasim and KM3 packages,
which are described in detail below.

The cosmic-ray-induced muons, which form an important background for muon-
neutrinos, were already simulated with the CORSIKA 6.014 package [37] for dif-
ferent energy ranges of the primary cosmic rays: 1 - 10 TeV/nucleon, 10 -
100 TeV/nucleon and 100 - 10° TeV /nucleon. Two zenith angle bins 0° - 60°
and 60° - 85° were also chosen for the production [38]. The QGSJET model [39]
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Figure 3.1: Overview of the simulation and analysis chain. See text for more
details.

was used to simulate high-energy hadronic interactions. The muons with suffi-
cient energy to reach the sea level were tracked down as far as the vicinity of the
detector using the MUSIC [40] package. The muon tracking in the detector and
light generation were again performed by KM3.

Random background noise corresponding to a baseline rate of 60, 120 and 240 kHz
was added to all muon samples using ModK40 in order to study the effects of optical
background on track reconstruction and detector performance.

Event generation and muon propagation

Genhen [41] is used as event generator for all neutrino flavours up to energies
of 10° GeV, where it is limited by the muon and tau propagation codes. The
neutrino interactions are based on the LEPTO package [42] to simulate deep in-
elastic scattering, and the RSQ package [43] is used for resonant and quasi-elastic
events. The CTEQ6D parton distribution functions [44] are used as default.
Muon-neutrinos can be generated according to the user-defined abundance, en-
ergy range, power law spectrum and zenith angle distribution. The direction is
sampled from an isotropic distribution or to correspond to a point source with
a given declination. Moreover, a cylindrical volume, referred to as "can” (see
Figure 3.2), can be specified at a distance around the detector. For events pro-
duced inside the can, both a muon and hadronic shower are generated and stored,
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3.1 Simulation and analysis chain

whereas for events produced outside the can but still within the total generation
volume Vp.,, only the muon is generated and stored in case it propagates to reach
the can. By default, the can size exceeds the instrumented volume by 200 m in
all directions except from below, where it is bounded by the sea floor, from which
no Cherenkov light will escape to reach the detector.

Earth shadowing effects (see chapter 2.1) are also taken into account by cal-
culating the transmission probability of the generated neutrino according to its
incident direction and energy. For a known density profile of the Earth pg(r),
the integrated column density p;(6,) = [; pp(r)dL can be computed from the
neutrino’s zenith angle. The overall survival probability thus depends on the
neutrino’s energy and zenith angle:

Pu(E,,0,) = ¢ Narm) (3.1)

This shadowing effect strongly suppresses the neutrino flux at energies close to
the PeV range and especially for vertical neutrinos, whose attenuation is most
pronounced due to the large amount of traversed matter.

generation volume|

Figure 3.2: Schematic view of the detector geometry at different stages of the

event simulation chain for neutrinos.

For the simulation of high-energy muon propagation to the can, the muon energy
loss mechanisms (see Figure 3.3) and muon ranges in rock and water have to
be taken into consideration. At low energies, the muon loses its energy continu-
ously, mainly by ionising the atoms of the traversed medium in accordance with
the Bethe-Bloch formula. The energy transferred to the atomic electrons by scat-
tering is low, except in some rare cases where ”knock-on electrons” are produced,
also referred to as d-rays, which are likewise capable of producing Cherenkov
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3 ANTARES detector performance under high optical background

light. In the TeV energy region muons start to radiate Bremsstrahlung or pro-
duce e~e' pairs due to their interaction with the electric field of the nucleus.
For these processes, the energy loss of the muon is approximately proportional
to its initial energy. At very high energies, photonuclear processes, in which a
virtual photon is exchanged directly with the nucleus, are becoming increasingly
important.
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Figure 3.3: Total and partial energy losses of muons in water (left) and standard

rock (right) as a function of muon energy [45].

Detector response simulation

Further tracking of the muons inside the can volume and light generation is done
either by the Geasim package or the KM3 [46] package. Geasim is based on Geant
3.21 [47] and provides a full tracking algorithm for all particles. The number
of Cherenkov photons emitted by each particle and their arrival at the OMs
are calculated analytically, thereby including the measured attenuation length.
However, scattering of Cherenkov light is not taken into account, which clearly
detracts from a precise description of the detector medium.

By contrast, the KM3 package allows a full simulation of the ANTARES detector
response to the passage of high-energy muons and electromagnetic showers only,
including the effect of photon scattering in water. The muon tracking is per-
formed by Music [40], which computes the muon energy losses in one-metre steps
and also takes into account multiple Coulomb scattering. Unlike Geasim, the
Cherenkov photons are not generated and propagated individually due to their
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3.1 Simulation and analysis chain

numerousness at high energies, which would lead to time-consuming processing.
Instead, KM3 uses "photon tables”, which have been precalculated using Geant
3 to store the distributions of the numbers and arrival times at the OMs at dif-
ferent distances, positions and orientations with respect to a given muon track
or electromagnetic shower. This method clearly improves the simulation speed
although it has incorporated the effects of light scattering in water.

Photon scattering is described in terms of two types of scattering centres, gen-
erally referred to as Rayleigh scattering, which occurs on particles much smaller
than the wavelength of light (molecules), and Mie scattering from spherical par-
ticles larger than about a tenth of the illuminating wavelength, e.g. sedimentary
particles or microorganisms. The latter shows a strongly forward peaked angular
distribution, whereas the angular distribution of Rayleigh scattering, governed
by the (1 + cos?#) term, is symmetric in the plane normal to the incident direc-
tion of the light, and so the forward scatter is equal to the backwards scatter.
Scattering has a major impact on the reconstruction algorithms due to the time
delay imposed on the photons and the change in the angle under which scattered
photons hit the OMs.

The response of the OM to the Cherenkov photons is implemented in both pack-
ages, Geasim and KM3. It comprises the angular acceptance of the OM depend-
ing on its orientation with respect to the direction of the incident photon (see
Figure 3.4 right) and the quantum efficiency of the PMT as a function of wave-
length. However, the overall quantum efficiency of the OM decreases towards
shorter wavelengths due to the effect of the glass sphere and the optical gel in
which the PMT is embedded (see Figure 3.4 left).

The other key parameters for simulating the OM concern the timing response,
such as the transit time spread (TTS) already mentioned in chapter 2.3 and the
dead time. The ARS chip integrates the analogue signal from the PMT over
a time window of 25 ns and digitises the integrated signal before output. This
operation causes a dead time of 250 ns, in which the ARS cannot process any
more signals. To minimise the dead time each PMT is equipped with two ARS
so that the second can take over signal processing whilst the first is occupied.
These effects of the front-end electronics are included in the detector simulation:
two or more photons arriving within a time interval of 25 ns in a PMT cannot
be separated due to signal integration during this time period. Instead, their
signals are merged, producing a hit with higher amplitude — corresponding to
several photoelectrons — and the hit time corresponding to the arrival of the first
photon. Other effects of the front-end electronics such as afterpulses, which also
cause a higher amplitude although only a single photoelectron is generated at the
photocathode, are not incorporated into the simulated detector response. The
TTS is taken into account by smearing every hit time according to a Gaussian
distribution with ¢ = 1.3 ns/ \/E, where N, is the number of simultaneously
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Figure 3.4: Left: Quantum efficiency of the PMT as a function of wavelength
for the bare PMT and the PMT embedded in a glass sphere. Right: Angular

acceptance of a PMT as a function of the incident photon angle.

detected photons.

In addition to the hits generated by the Cherenkov light of the tracked particles,
hits from the background noise are included randomly to simulate the baseline
rate. The background rate of a simulated sample of events can be changed using
the ModK40 software, which is part of the Geasim package. In this work, event
samples have been generated with the default value of 60 kHz per PMT — corre-
sponding to periods of very low bioluminescent activity — and altered to 120 kHz
and 240 kHz for busy periods.

3.2 Muon track reconstruction and selection criteria

The trajectory of neutrino-induced muons passing the detector is characterised by
the interaction vertex position, the direction and the energy. The reconstruction
algorithm computes these parameters from the time and amplitude information
provided by the hits in the OMs, whose position and direction at any instant are
known from in-situ line alignment.

The existing muon reconstruction algorithm AartStrategy has been used to anal-
yse the effects of high background noise and also served as a starting point for
the development of a robust muon reconstruction strategy applicable at variable
baseline rates from 60 to 240 kHz. The AartStrategy is a complex algorithm
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3.2 Muon track reconstruction and selection criteria

consisting of several consecutive hit selection and fitting procedures. In the fol-
lowing, a brief synopsis of the key components of the strategy is given. The
detailed description of the AartStrategy can be found in [48].

/t/,

0

Figure 3.5: Geometry of the neutrino-induced muon track and Cherenkov light

relation in the detector.

The original AartStrategy

As a first approximation, the muon track is assumed to be a straight line starting
at the interaction vertex at the time ¢y and radiating Cherenkov photons at a
specific angle, referred to as the Cherenkov angle 6o (see Figure 3.5). In this
simplified model the theoretical arrival time #*" of the photon in an OM can be
computed analytically:

1 k 1 k
=ty + = (1 - — 2
ot c ( tan90> + c/n sinfc’ (3:2)

where [ and k are the components parallel and perpendicular to the muon track.
Since the muon is relativistic at energies above the ANTARES threshold, it is
assumed to propagate at the speed of light in vacuum ¢, whereas the photon
travels at the speed of light reduced by the refraction index of the medium c¢/n.
Other crucial parameters that are calculated from this model are the photon path
length
b= — i
sin ¢

(3.3)

and the cosine of angle between the incident photon and the pointing direction
of the OM a, which are used to predict the number of detected photons.
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3 ANTARES detector performance under high optical background

The key component of the reconstruction algorithm is Maximum Likelihood (ML)
fits. The concept behind the ML fit is that for each possible track the probability
of obtaining the detected set of hits can be computed. For a given track and
a given PMT, labelled 7, the probability of observing the event at given track
parameters is:

P(event|track) = [] P(t:|t{", a;, bi, A;), (3.4)
where ¢ denotes the measured arrival time, t** the expected arrival time according
to the given track, and A is the hit amplitude.

This probability is referred to as the likelihood of the event, which is expressed in
terms of a Probability Density Function (PDF). This function was developed by
modelling the detector response for muon events. It comprises the time residual
7; of hit i, which is the difference between the measured arrival time of a hit ¢

and the expected arrival time t* according to the assumed muon track:

7 o= tht — tth, (3.5)

These time residuals of signal hits for different amplitude bins were parametrised
to fit the distribution obtained from simulation (see Figure 3.6). They include
contributions from scattered and direct photons originating from the muon itself
and from secondary particles.
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Figure 3.6: Distribution of time residuals of photon arrival times relative to the

direct muon signal (from [48]).

Moreover, the PDF takes into account the expected number of signal hits N*%
of a given amplitude, which is estimated from the parameters a and b assuming
they are independent:

N*9(a,b) = N*9(b) - f(a). (3.6)
N*9(b) denotes the expected number of signal hits taking into account the dis-
tance from the track, and the function f(a) describes the angular acceptance of
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3.2 Muon track reconstruction and selection criteria

the PMT, as shown in Figure 3.4 right. N*¥9(b) was parametrised to fit the sim-
ulations. The background hits, which are uniformly distributed in time during
an event, are also included in the PDF. The total PDF is a weighted sum of the
PDF for a signal hit P*¥(¢;|t!"*) and the PDF for background hits P (t;|t!"):

P(t,|tfh,a,,bZ,Az) = Pszg(tz|tfh)Pz(szg|al,b,,Al)+Pbg(tz|tfh)PZ(bg|a,,bZ,AZ) (37)

P,(sig) and P;(bg) are the probabilities that the hit is a signal or a background
hit respectively.

However, it was found that the ML is very sensitive to the quality of the track es-
timate, which is used as starting point for the calculation of the track parameters.
If this input track is too far from the true track parameters, the minimisation
algorithm will converge on a local maximum in the PDF instead of finding the
global maximum. The efficiency of finding the global maximum is related to the
gradient of the likelihood function and the quality of the starting point. In or-
der to ensure that the starting point is already as close as possible to the true
track parameters, a chain of consecutive fitting procedures was combined with
hit selection procedures to form a full reconstruction algorithm (see Figure 3.7).
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Figure 3.7: Illustration of the reconstruction algorithm featuring hit selections

(blue) and fit algorithms (green). The original AartStategy is displayed in black

and the modifications are shown in pink.

Prior to reconstruction, a simplified trigger is applied to the events, selecting
only those events that have produced at least 6 hits in 5 different OMs, which
is the minimum number of hits needed to calculate the 5 parameters defining
a track (7,0, ¢). Moreover, to provide a sensible lever arm to fit the track, it is
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necessary for the hits to be distributed in at least 2 different storeys on 2 different
strings. This simplified trigger had been established before the ANTARES trigger
software was completed and is still part of all reconstruction algorithms.

The first stage of reconstruction starts with the selection of hits. Only those
hits are considered suitable for reconstruction which are causally related to each
other. The hit with the highest amplitude is selected as the reference hit with
which all other hits are causally correlated. In most cases, this hit is indeed a
signal hit.

A linear prefit with constraint of the muon velocity is performed by analytically
fitting a straight line through the hit positions. This prefit is performed on a sub-
sample of hits, which are considered to be very likely signal hits and are therefore
selected either as potential hits with amplitudes higher than 3 pe or hits occurring
in coincidence, that is hits in the same storey within a time interval of 25 ns (the
integration time of the ARS). The linear prefit provides the first track needed as
the starting point for the successive ML fits.

The hits for the next fit are selected on the basis of the prefit track. Early hits
are preferred since they are likely to originate from unscattered photons. From
the sample of early hits, only those are selected as input for the next fit which
have small time residuals and distances with respect to the prefit track. The
M-estimator fit, which belongs to a special class of minimisation solutions, is
performed on these hits and was selected for its robustness. The next stage is an
ML fit using a simple PDF which is based solely on time residuals. The input
hits are almost the same as for the M-estimator fit, except that they are selected
because of having small time residuals and distances with respect to the track
produced by the M-estimator.

Finally, an ML fit is carried out that uses the full PDF containing information on
time residuals, amplitudes and expected photon numbers. To be unbiased, the
hits for the final fit are selected from all causal hits to show small time residuals
and distances with respect to the last fitted track, which serves as a starting
point. However, the time window for small residuals is set to 250 ns, which is
much larger than in the previous hit selection. Since the PDF also takes the noise
hits into consideration, this larger window allows us to use a larger sample of hits
without compromising the reconstruction quality. Finally, cuts on the likelihood
are performed to reject poorly reconstructed muon tracks.

The original AartStrategy was used to study the effects of high optical back-
ground noise: the 60 kHz noise rate — for which the strategy is optimised — was
taken as a reference for comparison with the results at 120 kHz and 240 kHz.
The effects on the pointing accuracy of the reconstructed track and the expected
muon-neutrino rates in the detector are shown in Figure 3.8 and 3.9 respectively.

In general, the higher the background noise, the more tracks can be reconstructed
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Figure 3.8: Pointing accuracy of reconstructed neutrino events using the original
AartStrategy at different baseline rates before (left) and after (right) quality

cuts. The vertical line indicates a resolution of 1°.

at the expense of quality. Since the fit algorithms require a minimum number
of input hits, this condition is likely to be satisfied if plenty of noise hits are
present. (Especially at low energies, where the muon produces only a limited
amount of signal hits, noise hits can slip through the hit selection criteria and
provide the missing hits needed to fulfil the minimum hit number. However, the
fit algorithms are misguided by these noise hits and cannot converge on the true
muon track. This leads to a large number of falsely reconstructed events with
huge angular deviations (see Figure 3.8 left). The quality cuts applied by the
AartStrategy reject these fake tracks very rigorously at the expense of signal
events (see Figure 3.8 right and 3.9). The surviving events correspond to only
70% (20%) of the total number of well-reconstructed events at 60 kHz. The
problem of this tremendous loss in reconstruction efficiency has to be tackled
in such a way that it is unnecessary to compromise in pointing accuracy and
reconstruction purity.

The modified strategy for high background noise

While the original AartStrategy is explicitly optimised to perform well at a
background rate of 60 kHz, it is not suited for higher background rates without
modifications. The most obvious alteration concerns the adjustment of the back-
ground rate in the PDF to ensure that the noise hits are likely to be recognised
as such and not treated as signal hits. Furthermore, the selection procedure for
causal hits has been modified. Since only causal hits are used in all fitting algo-
rithms, the selection process must be examined carefully. In the original version
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Figure 3.9: Faxpected rates of atmospheric neutrinos at different baseline rates

using the original AartStrategy.

the causality filter takes the hit with the highest amplitude as the reference hit to
which all other hits are put into a causal relationship. If the causal relationship
is viable, these hits are selected and the entity of these hits forms the sub-sample
of causal hits. All the others are rejected and no longer used as input for any fits.
It was found that at 60 kHz this kind of causality filter is quite viable since the
highest hit is likely to be a signal hit. However, at higher noise rates the proba-
bility that the highest hit is a background hit increases, in which case the whole
sample of causal hits is invalidated and the fitting algorithms are completely
thwarted. If this happens and the fitted track is rejected by the quality cuts,
the causality filter is reactivated and a new sample of causal hits is selected in
accordance with a new reference hit, which shows the second-highest amplitude.
The reconstruction procedure is repeated with the new sample of causal hits. It
has been determined that, in general, one out of five hits which have the highest
amplitude is very likely to be a signal hit. This means that, at most, five itera-
tions of the reconstruction procedure suffice to reconstruct a decent track based
mainly on signal hits. However, selecting the right reference hit does not imply
that the whole sample of causal hits also consists of signal hits. The higher the
background rate, the more noise hits emerge which meet the causality condition.

Therefore, an amplitude cut was applied before the causality filter. Hits with an
amplitude below a given threshold, which depends on the actual noise rate, are
rejected altogether at the start of reconstruction. This remedial action disposes
of a vast number of noise hits while retaining the majority of signal hits. The op-
timal threshold amplitude which gives the highest efficiency of well-reconstructed
events was determined by studying samples of events with varying amplitude cuts
at different noise rates. The 60 kHz sample with no amplitude cut was used as
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Figure 3.10: Efficiency of well-reconstructed tracks as a function of the threshold
amplitude of the hits used. Different noise rates have different optimum threshold

amplitudes.

a reference for establishing the relative efficiency. As can be seen in Figure 3.10,
the 120 and 240 kHz samples display efficiency losses when no amplitude cut is
applied. This effect is most evident at 240 kHz, when the efficiency falls below
20%. However, the efficiency can be recovered significantly if amplitude cuts are
placed at 1 pe (1.25 pe) for the 120 kHz (240 kHz) samples. The implemen-
tation of this action is also the cause of the drop in total reconstructed events
in Figure 3.11 left, as compared to Figure 3.8 left. Since many hits, especially
noise hits, are missing, the minimum hit number criteria are no longer easily met,
which in the former case leads to an enormous increase in fake muon tracks.

The amplitude cut is very striking but in some cases, especially where low energy
muons are concerned, the number of remaining hits is reduced to such an extent
that the minimum hit number condition needed for some fitting algorithms is no
longer satisfied. Therefore, the minimum hit numbers for the ”M-estimator fit”
and ”"simple PDF fit” have been reduced to the lowest possible minimum required
by the fit strategy.

The modifications presented above all aimed at increasing the reconstruction
efficiency especially at high background rates (compare Figure 3.12 to Figure 3.9).
However, a gain in efficiency is often accompanied by purity losses, as was also
the case in this study. An easing of conditions in the reconstruction algorithm
leads to a higher number of falsely reconstructed events, which cannot be singled
out and removed by the usual quality cuts. This is especially critical if down-
going events are reconstructed as up-going events because the usual means of
discriminating atmospheric muons is a cut on the zenith angle. If this measure
fails to hold, atmospheric muons, which are much more abundant than neutrinos,
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Figure 3.11: Pointing accuracy of reconstructed neutrino events using the modi-
fied strategy for high background noise at different baseline rates before (left) and
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Figure 3.12: Ezpected rates of atmospheric neutrinos at different baseline rates

using the modified strategy for high background noise.

are falsely identified as neutrinos, thus spoiling the results of an observation.

In order to restore the purity of the reconstruction algorithm, a study on atmo-
spheric muons was carried out. First, the reconstruction algorithm — in the state
after augmenting the efficiency to the maximum — was used to reconstruct a large
sample of atmospheric muons and thereby assess the extent of contamination by
atmospheric muons. The sample of atmospheric muons used in this analysis was
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3.2 Muon track reconstruction and selection criteria

previously produced by simulating the interaction of cosmic ray nuclei in the
atmosphere (see [38] and section 3.1 for more details). The number of muons
originating in these hadronic interactions is large and, in spite of being shielded
by 2400 m of water, muon bundles with multiplicities of up to several hundred
still reach the detector. Since the reconstruction algorithm is designed for single
muons it is not impossible — although extremely rare — for an atmospheric muon
to be reconstructed as an upward-going muon.

Table 3.1: FExpected rates per day in ANTARES for atmospheric muons and
neutrinos for different baseline rates and reconstruction algorithms: a — maximum

efficiency; b — mazximum efficiency and purity; ¢ — original AartStrategy

baseline || down-recon. atm. g | up-recon. atm. g | atm. v | WB-bound v
60 kHz 23220¢ 9.2

38598 18.7

29313 3.4 12.7 0.019
120 kHz 19494 72.6

12114° 2.2 6.6 0.014
240 kHz 7681 46.7

3964° 2.7 2.8 0.0097

Applying the reconstruction algorithm modified for maximum efficiency to both
atmospheric muons and neutrinos alike leads to higher rates of muons compared
to neutrinos (see Table 3.1). However, from the astrophysical point of view it is
desirable to keep the rate of atmospheric muons below the rate of neutrinos. This
can be achieved by tuning the cuts on the likelihood to make them less prone to
falsely reconstructed events. The limit on the likelihood cut is reached when the
atmospheric neutrinos outnumber the muons. Since atmospheric neutrinos rep-
resent an intrinsically irreducible background to any astrophysical observation,
there is no reason to go much below their rate. Naturally, at higher background
rates the likelihood cut has to be more stringent to avoid contamination due to
noise hits. The final results obtained by using the above-mentioned cuts are pre-
sented in Table 3.1 and also in Figure 3.13 to illustrate the energy dependence
of the rates. Two different curves are shown for the atmospheric neutrinos rep-
resenting the maximum rate to be expected from horizontal neutrinos and the
minimum rate from vertical neutrinos.

In conclusion, it must be pointed out that the dependence of the event rates in
ANTARES from the baseline rates is different for signal and background events.
Since varying baseline rates primarily cause a drop in efficiency, which is a func-
tion of energy, atmospheric muons and neutrinos featuring softer spectra (E—>7)
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Figure 3.13: Expected signal and background event rates in ANTARES for base-
line rates of 60, 120 and 240 kHz.

than the expected signal neutrinos (E~2) will suffer more from the efficiency loss
than the signal neutrinos. As can be seen in Table 3.1, the rate of neutrinos
corresponding to the Waxman-Bahcall bound decreases from 100% at 60 kHz to
75% at 120 kHz and 50% at 240 kHz, whereas the rates of atmospheric neutrinos
fall much more dramatically to 50% at 120 kHz and 22% at 240 kHz. Thus, this
is good news for all neutrino sources with spectra that are not too soft.

Effects of bioluminescence bursts on the reconstruction

In the following, the results of the bioluminescence burst study are presented
in terms of their impact on the reconstruction efficiency. Due to their nature,
bioluminescence bursts can be easily identified on the basis of their duration,
which is usually on a scale of seconds and therefore cannot, for instance, be
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mistaken for Cherenkov light from a hadronic shower. In the end, optical modules
affected by bursts will be eliminated from the reconstruction process.

In the present study a software burst filter was applied to simulate the loss re-
sulting from OMs affected by bursts. In the beginning, it was assumed that a
burst rate of 10% corresponds to 10% of the optical modules being randomly de-
activated and thus eliminated from the reconstruction procedure. A more precise
modelling of bioluminescence bursts takes into account the fact that the bursts
are not distributed completely statistically among the optical modules but seem
to affect all the OMs located on the same storey. Therefore, in a second version of
the burst filter these correlations between neighbouring OMs were implemented.
However, the relative difference from the uncorrelated version of bursts proved
to be negligible for burst rates below 20%. In the case of a 40% burst rate the
maximum observed discrepancy in the results amounted to a 5% effect.

In general, bursts cause a decline in reconstruction efficiency due to the lack of
signal hits. If the rate of missing hits is low compared to the total number of hits
induced by a neutrino signal, the reconstruction algorithm can compensate for
the loss with virtually no adverse effect on the overall efficiency and purity of the
reconstructed track. This is the case when either the burst rate is low (e.g. below
20%) or sufficient hits have been generated, which is a characteristic feature of
high-energy events. The results are shown in Figure 3.14 for different baseline
and burst rates in combination, expressed in terms of effective detector volume.
A gradual reduction in effective volume is observable towards low neutrino ener-
gies. As a rule, the decrease in efficiency is greater the higher the baseline and
burst rate are. A significant drop in effective volume occurs at a baseline rate of
240 kHz in combination with a burst rate of 40%. Since the two phenomena are
interconnected and both effects lead to a loss of signal hits, the limit seems to be
exceeded below which it would be possible to compensate for missing hits.

3.3 Effective detector volume and area

For the evaluation of relative effects resulting from particular changes at different
stages of reconstruction it is often helpful to present the results as ratios of
event rates or changes in the angular resolution. However, if a quantitative
measure is emphasised to present the predictions concerning the performance
of the ANTARES detector, effective volume and effective areas for neutrinos and
muons are the preferred means.

The effective volume of ANTARES is defined as the volume of a 100% efficient
detector for observing neutrinos which interact within that volume. To calculate
the effective volume V., the generation volume V., has to be multiplied by the
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Figure 3.14: Effective detector volume corresponding to baseline rates of 60, 120
and 240 kHz. The burst rates are indicated in the figures.

ratio of selected events after reconstruction Ny to the total number of generated
events Ny, (in the same energy and angular bins):
Nsa(E,,0,)
Ngen(Ey, 6,)
Given the effective volume, the rate of neutrino interactions can be calculated for
a given theoretical flux model ®, based on the neutrino interaction cross-section

o(E,), its transmission probability through the Earth Pg(FE,,0,) and using the
knowledge of the target nucleon density pN4:

Verr(Ev,0,) = Voen- (3.8)

N, (E,) = /veff(Ey, 8,) - o(E,)pNa - Pe(Ey,0,) - (B, 0, 0,)dE,dQ,. (3.9)

However, for astrophysical calculations it is more convenient to use the effective
neutrino area of a telescope to be able to compute the expected event rates
directly. Thus the effective area of a neutrino detector is defined by the relation

NJ(E,) = / Aesf(B,0,) - (B, 0y, 0,)dE, . (3.10)
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3.3 Effective detector volume and area

This quantity is indeed an effective area corresponding to neutrino fluxes arriving
at the detector:

Aeff<E,/,9y) = Veff(E,,,G,,) . O'(El,)pNA . PE<E,/,¢9,,). (311)

In Figure 3.15 the effective area for upward-going and downward-going neutrino
fluxes arriving at the surface of the Earth is presented. The black curve shows the
area for an isotropic flux of upward-going neutrinos. Three zenith angle ranges
of 0° — 30°, 30° — 60° and 60° — 90° are resolved to demonstrate the effect of
absorption within the Earth, which is most pronounced at vertical directions and
becomes dominant in the PeV energy region. In the low-energy region however,
the detector seems to be more efficient for neutrinos arriving closer to the ver-
tical since the detector volume is comparatively longer at these angles and thus
provides a greater length for observing muon tracks.

The detector is less efficient for downward-going neutrino fluxes due to the fact
that it was designed to see mainly upward-going neutrinos and hence the OMs
are looking 45° downwards. Since this kind of observation mode is only interest-
ing at energies well in the TeV region, where atmospheric neutrinos are virtually
nonexistent and therefore cannot be confused with cosmic neutrinos, only the
high-energy behaviour of the effective area for downward-going neutrinos is im-
portant. Since no absorption in the Earth occurs, the effective area for downward-
going neutrinos is perfectly competitive with the area for upward-going neutrinos
above 100 TeV.

The effects of different baseline rates have also been illustrated by their corre-
sponding effective areas (see Figure 3.15 lower). The effective areas presented
here correspond to the effective volumes in Figure 3.14 with burst rates set to
zero. The loss in effective area resulting from increasing baseline rates is most
pronounced at low energies, where noise hits generally outnumber signal hits,
which hampers the reconstruction.

Another way of displaying the ANTARES detector performance is the effective
area for muons. Like the effective area for neutrinos, it can be considered as
the area of an equivalent "flat” detector and thus can be used to compute the
number of detected muons at a given differential muon flux. The effective area
for muons is calculated by dividing the effective volume V. ¢ (E,) by the effective
muon range (R.;r(E,)):

‘/eff<E1/) _ sel(Eu> . ‘/gen
(Reps(Ev))  Noen(Ev) (Reps(Ev))

Agff<Eu) = (3.12)
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Figure 3.15: Effective muon neutrino area of ANTARES obtained when using
the modified reconstruction strategy for high optical background. Upper: Effective
areas for different neutrino zenith angles at 60 kHz background rate. Lower:

Effective areas for varying baseline levels and zenith angles between (P-90°.

3.4 Angular resolution and point-spread function

Knowing the pointing accuracy of the telescope, in other words the precision with
which neutrinos from a point-like source are reconstructed in terms of direction,
is equally important for astrophysical studies. The angular resolution is an im-
portant quantity in the search for neutrinos, especially those from point sources.
A higher angular resolution leads to smaller search bins, thus lowering the back-
ground rate per bin and thereby increasing the signal-to-noise ratio. The angular
resolution is defined here as the median of the distribution of angles between the
original neutrino and the reconstructed track.

Figure 3.17 shows the angular resolution of ANTARES for neutrinos as a func-
tion of the neutrino energy and its dependency upon the muon angular resolution,
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Figure 3.17: Angular resolution as a function of neutrino energy.

which is the actual resolution of the detector, and the angular deviation between
incident neutrino and resulting muon. The upper curve (black squares) showing
the neutrino angular resolution is the important parameter for astrophysical stud-
ies, whereas the lower curve (red rhombi) corresponding to the muon resolution
states the reconstruction accuracy of the telescope. At low energies, the discrep-
ancy between the resolution of the detector for neutrinos and the resolution for
muons is especially pronounced because the incident neutrino and the generated
muon do not have the same direction in the first place. The angular deviation
between neutrino and muon is illustrated by the blue triangles. As the neutrino
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3 ANTARES detector performance under high optical background

energy increases, the muon will experience a stronger Lorentz-boost and its di-
rection will be aligned more precisely with the neutrino direction. The vertical
line at 10 TeV indicates the energy above which the resolution of the detector
for neutrinos coincides with the resolution for muons and is limited only by the
reconstruction procedure and the underlying finite time and spatial resolution of
the detector.
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Figure 3.18: Point-spread function in detector coordinates.

Figure 3.18 illustrates the point-spread function of the ANTARES telescope.
This is another way — adopted from the astronomers — of characterising the
reconstruction resolution in terms of the width of the angular deviation expressed
in spherical detector coordinates 6 and ¢, so that all bins span equal solid angles.

3.5 Impact of systematic uncertainties on efficiency

and resolution

Data analysis is always subject to systematic uncertainties, whose origin is both
theoretical and experimental. Since complex detectors like ANTARES rely on
Monte Carlo studies to establish high-efficiency and good-quality reconstruction
algorithms, theoretical uncertainties with regard to the underlying physical mod-
els similarly affect the results of data analysis, as do experimental uncertainties
due to imperfect knowledge of the detector components and the instrumented
target medium.

Theoretical uncertainties affect the primary cosmic ray flux, composition and
energy spectrum and also the physical interaction models implemented in the
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3.5 Impact of systematic uncertainties on efficiency and resolution

simulation programmes used for the analysis. This translates into an uncertainty
of about 20% in the flux of atmospheric neutrinos and muons in the relevant
energy region (see chapter 1.1). Besides, the muon bundle multiplicity is also
known to have been underestimated by the CORSIKA programme when compared
to experimental results.

Experimental uncertainties are related to the detector response, which depends
on the precise knowledge of each component, including the detector medium
itself. Although water is a homogeneous medium, the scattering and absorption
length at the ANTARES site can be affected by seasonal variations in the degree
of pollution. Similarly, the optical noise rate is subject to temporal variations,
which are taken into account in the modified reconstruction strategy, but also to
spatial variations — besides bioluminescence bursts — in such a way that OMs at
the top of a detector line can be affected by higher noise levels than OMs a the
bottom. Most important for the determination of angular resolution and effective
area — which are essential for absolute flux measurements — are the timing and
position information from the OMs. While the transit time spread of the OMs
and light scattering are already included in the simulations used, the position
and orientation of the OMs are usually assumed to be known beyond doubt.

The study dedicated to fathoming the impact of systematic uncertainties there-
fore focuses on alignment issues, which can be a major source of systematic errors
in ANTARES. Line alignment depends on hydrophone position information ob-
tained by triangulation to acoustic beacons on the sea floor. If the accuracy
of the hydrophone position is assumed to be 10 cm instead of perfect, this will
have an effect on the accuracy of track reconstruction. Simulations have been
performed using different detectors for reconstruction: the perfectly aligned de-
tector, a detector whose lines have been distorted corresponding to a sea current
of 10 cm/s, and the same distorted detector whose line shape has been recon-
structed with the aid of hydrophones and tiltmeters, thereby assuming an error
on the hydrophones’ position of 5 cm and on the tiltmeters of 1° [36]. The impact
of the misaligned detectors on the angular resolution is shown in Figure 3.19.

Clearly, the angular resolution of the non-aligned detector is deteriorated as com-
pared to the perfectly aligned detector. However, the angular resolution of the
distorted detector, whose line shape has been reconstructed on the basis of re-
alistic errors on the hydrophones and tiltmeters, is comparable to the angular
resolution of the perfectly aligned detector.

Another study has been carried out to assess the importance of TCM2 cards
on each storey, which house the compasses needed to determine the heading of
each storey. The heading information is very important for track reconstruction
because it indicates the orientation of OMO with respect to north. Without the
knowledge of the orientation of the OMs, the likelihood function in the recon-
struction algorithm, which assumes a certain hit probability depending on the
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Figure 3.19: Angular resolution depending on the detector alignment.

relative photon angle with respect to the OM, cannot yield good results. There-
fore, unknown headings represent a source of systematic errors which need to be
investigated.
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Figure 3.20: Angular resolution depending on the heading knowledge.

A new simulation generating a sample of neutrinos with an E~2-spectrum in
the energy range between 10> — 10° GeV has been performed. The simulation
was performed using a detector with random headings. For reconstruction a
different detector was used. In this case every second heading was identical to
the headings of the detector used for simulation, and the headings in between were
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3.5 Impact of systematic uncertainties on efficiency and resolution

rotated randomly [36]. This corresponds to a situation in which compass cards
are omitted on every second storey, an omission which could become necessary
due to economic constraints, and interpolation from neighbouring floors is not
possible due to the uncorrelated movement of the optical module frames in general
— with the possible exception of very strong sea currents. The results are shown
in Figure 3.20. The overall angular resolution clearly deteriorates by almost a
factor of two and, moreover, there is a loss in efficiency of about 30%. It is
conceivable that a reconstruction strategy with a likelihood function adjusted to
this special situation may alleviate the effects of efficiency loss. However, there
seems to be justification for integrating a compass on each storey provided the
funding is available.
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4 Line 1 data analysis

The ANTARES collaboration has taken a major step forward with the deploy-
ment and operation of the first complete detector line — Line 1. Prior to the
successful operation of Line 1 several test lines had been deployed and operated
(a ”demonstrator line” in 1999/2000, the Mini Instrumentation Line (MIL) and
Prototype Sector Line (PSL) in 2003, and the MILOM since 2005), which proved
the validity of various design aspects in situ but in some cases also indicated cer-
tain problems concerning the loss of optical transmission and leaks in the cables
and containers. From the experiences with these prototype lines lessons were
learnt, which accounted for the successful operation of Line 1.

4.1 Principles of muon-track reconstruction with

one line

The offline physics data analysis of Line 1 is performed within the framework of
a software package consisting of the modules Calibrate, Real and Physics [49].
It is preceded by the Datafilter, which triggers and filters the raw data online and
stores it in the form of ”Physics Event” and ”Summary Timeslices” on disk.

The Calibrate package is used to calibrate the raw data by accessing the relevant
ARS calibration information stored in the database. Moreover, the calibration is
intended to be extended to include the position and orientation of the OMs once
the detector has been aligned. While the ARS calibration values are constant,
the position and heading information for each OM is expected to change every
3 minutes, which corresponds to the read-out interval of the tiltmeter, compass
and hydrophone data. This high sampling frequency is essential to keep trace
of the varying detector geometries as the line, and with it the OMs, move in
the sea current. Thus the Calibrate software has to deal with varying detector
geometries during a run as alignment data are supposed to change accordingly. A
precise calibration of the raw data is unavoidable in order to prevent systematic
errors caused by misaligned OMs and other offsets in the ARS. The main output
of Calibrate is the "Full Event” containing all the calibrated hits.
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4 Line 1 data analysis

The Real package contains the actual reconstruction algorithm which reads the
information from the Calibrate output file, consisting of calibrated hits (posi-
tion, time and amplitude), and performs the muon track reconstruction, thereby
supplementing the ”"Full Event” with the fit information. Finally, the Physics
package provides some examples of how the fit and possibly Monte Carlo infor-
mation can be extracted from the Real output file and stored in histograms. The
Calibrate, Real and Physics processing chains are capable of processing both
real and Monte Carlo data, provided the MC data comes in the right format
containing ” Physics Event” and ”Summary Timeslices”.

Within the framework of the Real software package the reconstruction algo-
rithm was modified to test the applicability of different algorithms to real data.
The reconstruction algorithms tested involved different hit selections and x?2-
minimisation procedures. Starting from the triggered hits, those hits were se-
lected first that produced the highest amplitudes. In a further attempt [50], hits
were selected which lay within a cylinder of 120 m radius around the probed
track and all the other hits were ignored. However, as these hit selections did
not render the desired result in terms of a more accurate reconstruction of the
zenith angle and smaller hit-time residuals, and, furthermore, proved to be quite
time-consuming, they were abandoned in favour of all triggered hits together.

s . . SCAN parameters
all calib hits H triggered hits ﬁ» L bee
Om<d<300m

-3000 ns < t < 3000 ns
-250m <z <300 m

min. x*

A4
TMinuit (SIMPLEX)

moves along polytope edges

J min. ¢*

TMinuit (MIGRAD)

moves along MInimum GRADient

Figure 4.1: [llustration of the reconstruction algorithm used for Line 1 data.

Whereas in the previous reconstruction strategies the muon track was defined by
the interaction vertex and direction of the muon (z,y, z, 6, ¢), the Real strategy
uses a different reference frame with a new set of parameters to characterise the
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track consisting of the zenith angle 6, the shortest distance between the track and
the line (assumed to be straight) d, the interaction time ¢y, and the altitude z, at
the closest approach of the muon to the detector line. These variables have been
chosen because they are better suited for the simple geometry of one line, which is
essentially azimuth-symmetric and thus yields poor results on the azimuth angle
of the muon. By contrast, in the new reference frame the muon track can be
described adequately by a simple hyperbolic equation between hit times ¢; and
altitudes z;:

c(ti —to) = (2 — 29) cos 0 + tan GCh\/cP + (2; — 29)%sin? 6. (4.1)

The reconstruction algorithm for Line 1 data used in this work (see Fig. 4.1) starts
by reading in all triggered hits but, instead of using a pre-fit on the basis of the
time-altitude hyperbola equation, in which the zenith angle is derived from one of
the hyperbola’s asymptotes, a scan is carried out on the four relevant parameters:
the zenith angle 6, the distance between the track and the line d, the interaction
time ¢, and the altitude z. However, instead of sampling the complete parameter
space, the scanning is restricted to a certain interval for each parameter, which is
physically motivated and does not cut away useful parts of the parameter space.
While the zenith angle is naturally constrained to be between 0 and 180 degrees,
the other parameters are not a priori restricted. Nevertheless, it seems justifiable
to assume that the minimal distance between the muon track and the detector
line should be less than 300 m, given the attenuation length at the site (46 m).
In addition, the time of the closest approach of a muon ¢y has been limited to
+3000 ns, which is still well above the typical duration of the maximum time
period between causally related hits of 2200 ns. Similarly, the altitude of closest
approach zg is restricted to the interval [—250 m;+300 m], where the centre of
the line is set to 0.

The introduction of predefined intervals on the parameter space, which is physi-
cally motivated, provides guidance for the scanning and prevents the minimisation
algorithms from running into minima which are very unlikely. The scan of the
parameter space, as well as all the subsequent minimisation procedures, involve
a chi-square minimisation of the time residuals on the triggered hits

=y ek (42)

where t; is the calibrated hit time in OM; and t* is the calculated time de-
pending on the other parameters. The minimisation algorithms used involve the
SIMPLEX and MIGRAD algorithms, which are numerical methods for optimis-
ing multi-dimensional unconstrained problems. The SIMPLEX method uses the
concept of a simplex, which is a polytope of N + 1 vertices in N dimensions. A
series of linear inequalities defines a polytope as a feasible region. The simplex
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algorithm begins at a starting vertex and moves along the edges of the polytope
until it reaches the vertex of the optimum solution.

However, as the simplex algorithm does not always converge to the absolute
minimum, a second minimisation technique, MIGRAD, is applied, which uses
an approximation to the gradient vector at the current best point. In practice,
MIGRAD usually yields good estimates of the minimum, but it also has the dis-
advantage of not being absolutely reliable. The consecutive implementation of
both minimisation algorithms appears to be useful as they apply different tech-
niques, but a further repetition of both — as is implemented in the original Real
strategy — does not seem to be more advantageous because the additional im-
provement is small (see also Fig. 4.3) in comparison to the increase in computing
time.

4.2 Monte Carlo studies for Line 1

In contrast to the complete ANTARES detector, muon-track reconstruction with
a single detector line is very challenging due to the limited efficiency and poor
angular resolution, the latter being mostly the result of azimuth symmetry and
geometric ambiguity. Therefore, the muons reconstructed with Line 1 will most
probably be atmospheric muons because they are much more abundant than
atmospheric neutrinos.

The Monte Carlo simulations used for the Line 1 analysis consist of atmospheric
muons generated by the CORSIKA programme in interactions of primary cosmic
protons with nuclei in the atmosphere (see also chapter 3.1 for further details).
The muons were propagated further from the sea level to the can level using
the MUSIC code, from which they were tracked through the detector, thereby
generating hits in the OMs with the KM3 programme. The two detectors used
for input were distorted in shape in accordance with sea currents of 7.5 cm/s
and 23 cm/s. At this stage the Monte Carlo files were converted from ASCII to
ROOT format by the MonteCarloEventWriter code. In addition, background
noise could be added from a real data file (here: 022924), provided the latter has
been previously processed by the SummaryTimeSliceWriter programme, which
extracts the time slice summaries from raw data and simulates the background for
a given detector geometry. Finally, the TriggerEfficiency programme triggers
on hits and generates the "Physics Event” tree — similar to the ”Physics Event”
written by the Datafilter, which is used on real raw data. Thenceforward,
both Monte Carlo and ANTARES data files can be processed by the same offline
analysis programme package described above, consisting of Calibrate, and the
modified Real and Physics programmes.
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CORSIKA real raw DATA

air shower simulation for CR

¢ | at sea level
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| propagation in sea
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MC EventWriter

ROOT format SummaryTimeSlice
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‘ TriggerEfficiency ‘ DATAFILTER

triggers on hits triggers on hits

tiggered hitsiwith noise ¢ real triggered hits

CALIBRATE /REAL / PHYSICS

u track reconstruction

Figure 4.2: Overview of the simulation and analysis chain for Line 1.

The performance of the reconstruction algorithm was first studied on MC files
with and without background noise. With the reconstruction algorithm shown
in Figure 4.1 (and a repetition of the last two minimisation methods), the re-
constructed (black) and true (red) zenith angles of the muons and the difference
between the two are presented in Figure 4.3. The initial scan provides a first
starting point which is already within 14° of the true zenith angle and is further
used as input for the successive minimisation algorithms. The SIMPLEX algo-
rithm yields a continuous angular distribution with the main peak resembling
the true distribution and a small adjacent peak already emerging. The deviation
from the true value is typically around 12°. The MIGRAD method further im-
proves the resolution of the main peak to 6° at the expense of a more pronounced
tail with errors of up to 100°. The zenith angle distribution also features two
distinct peaks, the smaller secondary peak being due to geometric ambiguities in
the reconstruction if only one side of the Cherenkov wavefront is detected. This
effect can lead to a serious shift in the zenith angle of the reconstructed events, as
a downward-going muon can be falsely identified as an upward-going muon (see
Figure 4.4), thus introducing fake solutions. This ambiguity can also occur as
fringe effect in a greater detector comprising more than one line if the geometry
is such that only one side of the Cherenkov cone is detected. A further consec-
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Figure 4.3: Fvolution of zenith angles and zenith angle deviations after the initial

scan and different stages of the minimisation algorithms.
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utive implementation of the SIMPLEX and MIGRAD algorithms shows almost
no improvement in track reconstruction and is thus no longer used.

Cherenkov cone

Cherenkov cone

Figure 4.4: Origin of the zenith angle ambiguity at Line 1: if only one side of
the Cherenkov cone is detected, a downward-going muon (left) can be mistaken

for an upward-going muon (right).

Another explanation for the poor reconstruction quality with Line 1 is provided
by the fact that atmospheric muons, which have been dealt with here, are very
likely to arrive at the detector in bundles. As these muons are produced in
abundance in air showers, bundles of parallel muons with multiplicities of up to
20 can simultaneously penetrate the detector. As the reconstruction algorithm
assumes that a single muon track traverses the detector, the calculated hit time
residuals which have to be minimised are no longer valid a priori, thus degrading
the resolution.

Moreover, it was not possible to take the deflection of the detector line and, as a
result, the uncertainty in the position and heading of the OMs into consideration
in the reconstruction study presented above, as the relevant alignment informa-
tion is not available for the analysed period. However, it was possible to study the
impact of distorted line shapes due to different sea-current velocities on the angu-
lar resolution by using a detector distorted by sea current in the simulation and
a straight line detector for reconstruction. Figure 4.5 left illustrates the change
in the zenith angle distribution for weak and strong sea currents. The red curve
represents the zenith-angle deviation corresponding to a line shape at 23 cm/s
and background noise, whereas the blue curve corresponds to a more moderate
sea current velocity of 7.5 cm/s and likewise includes background noise. The
main difference is the drop in well-reconstructed events due to the increasing
uncertainties in the OM positions, which are the result of more pronounced line
deflections: the top storey of the line suffers a displacement of about 20 m at a
sea current of 23 m/s.
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Figure 4.5: Difference between reconstructed and MC' zenith angle of a sample of
atmospheric muon events. Left: Background noise and sea current of 7.5 cm/s
(blue) and 23 cm/s (red) respectively. Right: With (red) and without (black)

background noise.

Changes in the zenith angle distribution have also been studied with regard to
dependence on the presence and absence of background noise. Figure 4.5 right
illustrates the difference in zenith-angle deviation due to added background light
(red) compared to the case of pure signal hits (black). As the reconstruction
algorithm uses only triggered L1-hits as input, which have been checked for co-
incidences and high amplitudes, chances are generally small that random back-
ground hits will intrude into the reconstruction algorithm and detract from its
purity.

Examples of real data events reconstructed with the Line 1 strategy described in
section 5.1 are presented in Figure 4.6. All the hits belonging to an events are
displayed with the triggered hits represented as dots and the untriggered hits as
crosses. The hit altitude — with the zero-point at the centre of the line — is plotted
against the hit time so that hits belonging to a muon track lie on a hyperbola.
The hyperbola obtained as a fit to the hits is also shown. However, the track
direction is not immediately obvious from the hyperbolas shown in Figure 4.6. All
the events shown have been reconstructed as down-going events and are therefore
considered to be atmospheric muons.

In the current state, no quality cuts are being applied to the reconstructed events
since the data and Monte Carlo have not been comprehended in detail. Therefore
it seems precarious to exclude events without a profound understanding of the
reason. However, as Line 2 is also operational now, it may be expected that the
reconstruction quality will improve rapidly as the geometric ambiguity and az-
imuthal symmetry of the detector no longer provide sources of confusion. Instead
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Figure 4.6: FExamples of real events reconstructed with the Line 1 strateqy de-

scribed in section 5.1. The black dots represent the triggered hits in the event,

and the line shows the fitted hyperbola.

of the ambiguities of a single line, the combination of two and more detector lines
features a sensible lever arm better suited to the reconstruction of long-range
muons. Figure 4.7 is an exemplary illustration of an event reconstructed with
both detector lines, leaving no doubt of the muon’s direction.
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Figure 4.7: Exzample of a reconstructed muon event recorded with both detector

lines [51]. The red line represents the muon track.
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5 Gamma-ray bursts as candidate
sources of neutrinos

The detection of high-energy neutrinos from Gamma-Ray Bursts (GRBs) would
provide the ultimate evidence sought to confirm the acceleration of hadronic
matter in astrophysical sources up to very high energies of 10> eV. While the
presence of electrons and their shock acceleration is indicated by the synchrotron
and inverse Compton emissions, which are manifest in the prompt v-rays of the
observed burst, the acceleration of protons remains an assumption.

Photohadronic neutrino production is a result of the decay of charged pions orig-
inating from interactions of high-energy protons with ambient low-energy pho-
tons. While neutrinos are produced exclusively by charged pion decay, gamma-
rays are not necessarily the product of 7%-decay, but may also originate from
inverse Compton scattering of low-energy photons with shock-accelerated elec-
trons. Therefore, even the observation of sources emitting TeV ~-rays with imag-
ing air Cherenkov telescopes cannot demonstrate beyond doubt the acceleration
of hadrons and thus the origin of cosmic rays. For this reason the detection of
high-energy cosmic neutrinos would be a landmark observation because it has
never been done so far, except in the case of a few low-energy neutrinos of the
supernova SN1987A.

Gamma-Ray Bursts are particularly good candidates for a position among the
first sources to be detected by ANTARES. First, they are among the most en-
ergetic known phenomena, releasing typically 105! — 10° erg/s in gamma-ray
luminosity per burst!, with additional ~ 10% of the total luminosity supposedly
converted to a burst of > 10° GeV neutrinos. Second, as they are transient
point sources, the directional and time information provided by multi-messenger
observations, such as -telescopes, can be leveraged to undertake an essentially
background-free search for neutrinos from GRBs.

!more than would be generated if the entire mass of the Sun were converted into y-rays
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A brief history of GRBs

GRBs were discovered accidentally on 2nd July 1967 by the Vela military satellites
monitoring for nuclear explosions to verify compliance with the Nuclear Test Ban
Treaty. The observation of short and very intense flashes of gamma-rays, which
did not come from Earth’s direction, was first considered to be a possible signal
from an advanced extraterrestrial civilisation. However, it soon became clear that
this was a fascinating new cosmic phenomenon and the discovery was eventually
published in 1973 [52].

In the years that followed, a lack of key observational data led astronomers to
believe that GRBs were of galactic origin, which appears reasonable in view of the
extremely high intensity of the bursts. Real progress in the field began in 1991,
when NASA launched the Burst and Transient Source Experiment (BATSE) on
board the Compton Gamma-Ray Observatory (CGRO) (see section 5.2). The
observations showed complete isotropy of GRBs throughout the sky, thus ruling
out galactic origin. Since gamma-rays are hard to focus, BATSE was unable to
pinpoint the location of GRBs to much better than 1 or 2 degrees, thus rendering
impossible any follow-up observation of the predicted ”afterglow” by ground-
based telescopes.

The next breakthrough occurred in 1997, when the Beppo-Sax satellite succeeded
in obtaining high-resolution x-ray images of the afterglow from GRB970228, fol-
lowed by more observations made in optical and longer wavelengths with an
angular resolution of arcminute precision. This accurate angular resolution al-
lowed redshift measurements, which led to the identification of the host galaxies.
Although a great deal of progress has been made in understanding the GRBs,
many questions still remain unanswered, most importantly that of the progeni-
tor(s) which is closely connected to the nature of the ”inner engine”.

Possible progenitors

Since afterglow observations suggest that GRBs are predominantly generated in
host galaxies and are likely to be the result of stellar processes, research into
stellar progenitors has been undertaken. These progenitor stars have to undergo
a catastrophic energy release event towards the end of their evolution.

One class of candidate involves super-massive stars whose core collapses result
in a failed supernova, often referred to as a hypernova or collapsar scenario. As
matter falls into the black hole created in this process, gravitational energy is
transferred to bulk kinetic energy, which generates the relativistic jet that pene-
trates the stellar envelope and produces the fireball. This scenario is supported
by growing evidence for GRBs occurring in star-forming regions within their host
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galaxies. Magnetars, which result in a rapidly spinning neutron star featuring an
extremely strong magnetic field, are also a possible subset of the core collapse
model. Another class of candidates consists of neutron star binaries or black hole
binaries in close binary orbits which lose orbital angular momentum by radiating
gravitational waves and finally undergoing a merger.

Both of these progenitor types are expected to lead to the formation of a black
hole surrounded by a temporary debris torus which is accreted onto the black
hole, thus giving rise to a fireball due to the enormous compressional heating
and dissipation. Most of the star’s binding energy could be released, providing
strange matter were present. It is anticipated that a seed of strange hadrons
could start a chain reaction leading to the conversion of what was once a neutron
star to a completely strange star [53].

A link between GRBs and supernovae was first established by observing
GRB030329, one of the brightest and closest gamma-ray bursts on record [54].
Ground-based follow-up observations of its afterglow, visible at x-ray, radio and
visible wavelengths, revealed for the first time that a GRB and a supernova had
essentially occurred simultaneously. However, only characteristic spectral fea-
tures of a supernova observed directly in the fading afterglow of a GRB could
provide direct evidence for the supernova connection. The recent observation of
the presence of emission lines in GRBs [55] seems to provide evidence in favour
of the collapsing stars as progenitors.

An interesting modification of the collapsar model has been suggested [56], named
the supranova model, thus reflecting its strong responsiveness to the supernova
connection. The model presupposes a supernova explosion in the beginning,
which leaves behind a supramassive neutron star of ~ 2.5 — 3 solar masses. Due
to its excess of rotational energy, it fails to collapse further until it loses sufficient
rotational energy to finally implode in a black hole and thereby trigger a GRB.
The most natural process by which the supramassive neutron star can lose its
rotational energy is by a strong pulsar-type wind, which is thought to create a
pulsar wind bubble (PWB).

While the progenitors of GRBs have not been well identified so far, it is interesting
to note that the bimodal time distribution of bursts may also point to multiple
GRB classes and associated progenitors.
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5.1 The fireball model

The widely accepted interpretation of the phenomenology of GRBs is summarised
in the relativistic internal-external shocks fireball model (see [57] for review).?
General phenomenological considerations based on GRB observations indicate
that, regardless of the nature of the underlying sources which are not yet known,
GRBs are produced by the dissipation of the kinetic energy of a relativistically
expanding wind, a ”fireball”.

The non-thermal spectra indicate that the observed emission emerges from an
optically thin region, and at the same time the rapid variability times imply that
the sources must be very compact and therefore optically extremely thick to pair
production, suggesting the existence of a thermal plasma of photons, electrons
and positrons, which seems to be in contradiction to the first observation. The
optical depth is therefore reduced by the assumption of an ultra-relativistic ex-
pansion of the source powered by radiation pressure, which leads to the relativistic
fireball model. In this model relativistic expansion with increasing velocity will
occur until the fireball becomes transparent and the radiation can be released,
which is what we observe as GRB. Moreover, the relativistic expansion reduces
the photon energy in the source frame by the factor I', the wind bulk Lorentz
factor, compared to the energy in the observer frame, thus lowering the photon
energy below the pair production threshold. To obviate the compactness limit,
the shocks have to be extremely relativistic with I & 300.

For a relativistically expanding source, the size constraint implied by the short
variability time has to be modified: since the radiation seen by a distant observer
originates from a conical section of the source with opening angle o< 1/T", photons
emitted at the edge of the cone are delayed, compared to those emitted on the
line of sight by R'/2I'?c. Thus the limit on the source size set by the variability
time scale At is

R = 2I%cAt (5.1)

with primed quantities referring from now on to the rest frame of the fireball.

In the fireball model, an inner compact source produces a variable relativistic
wind. During expansion, the opaque fireball cannot radiate and any particles
present, leptons and baryons alike, will be shock-accelerated, thus converting
radiation into bulk kinetic energy. When radiation is eventually emitted, the
fireball expands at constant velocity, which is determined by the amount of bary-
onic matter present because it increases the optical depth due to Thompson
scattering. The flow of the relativistic ejecta is not steady but, similar to the
emission of jets in AGNs, composed of multiple shocks expanding with a range

20ther models that describe the GRB observations also exist, such as the so-called ” Cannon-

ball Model”, but they are not considered in this work.
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Figure 5.1: The internal-external shock scenario of the fireball model taken from
[57]. See text for further explanation.

of velocities. Relativistic internal shocks arise in this irregular flow when faster
shells overtake slower ones (see Figure 5.1). As the fireball expands further, it
drives the relativistic forward shock into the ambient medium, for instance into
the interstellar matter (ISM) if the GRB occurs within a galaxy, and a reverse
shock moves backward into the ejecta as the latter is decelerated by interaction
with the external medium.

As the fireball continues to plough into the external medium, it is slowed down
further by the surrounding matter, thereby continuously heating new gas and
producing relativistic electrons which give rise to the delayed afterglow radiation
observed on time scales typically in the order of days to months. In this phase the
flow is regular and approaches the adiabatic self-similar solution. The radiation
emitted by the reverse shocks during the transition to self-similar expansion is
the afterglow emission. It evolves progressively and peaks in the x-rays, then UV,
optical, IR and radio.

The question of the fireball geometry is raised when observing GRBs at large red-
shifts, whose y-ray fluences imply a total photon energy of 102 —1054(Qr /47) erg,
where Qr is the solid angle into which the v-rays are beamed. If the fireball were
spherically symmetric, the released energy would correspond to more than the
entire mass of the Sun or a neutron star converted into gamma-rays, whereas
a beamed jet would alleviate the energy requirements, and corroborative obser-
vational evidence suggests that the outflow from a GRB is collimated. Several
afterglow emissions have been observed to fade more quickly over time, which
hints at changes in the geometry of the emitting regions. When the jet expands
into the surrounding medium, it decelerates and beams its radiation to a larger
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5 Gamma-ray bursts as candidate sources of neutrinos

angle. As the beam becomes less collimated it causes the afterglow to start to
fade more rapidly than expected without beaming. Since this sudden break in
the afterglow light curve occurs at all wavelengths, it can be used to calculate the
initial opening angle of the cone and hence the total energy release at the source.
To understand the break in the light curve due to beaming, it is essential to dif-
ferentiate between ”geometric” beaming into an angle 6; and purely relativistic
beaming due to the Lorentz boost I', which in the observer frame results in a net
beaming into a cone with opening angle 6 ~ I'"'. But the relativistic beaming
simply sets a lower limit on the beaming angle. A distant observer will only be
able to distinguish between a spherical fireball and a jet-like fireball if the source
has an opening angle 6; < I'"!, which leads to a break in the light curve as the
received flux decays faster when no new radiating surface is added (see Fig. 5.2).

Break Time

relativistic beaming effect

jet opening
angle

4—::j:'_—//\]et

GammaRay Burst |

L

brightness

Y

time
Figure 5.2: An illustration in the break of a decelerating conical jet with a constant
geometrical opening angle 0;, here to be taken as 0.1 radian. The coloured cones

represent the cones within which photons emitted by the jet can reach the observer
on Earth.

If the outflow from a GRB is indeed collimated, then the number of GRBs occur-
ring is much higher than what is observed because only a fraction of the ensuing
jets will be aimed at the Earth. However, depending on the angular structure
of the jet, off-axis emissions from more slowly moving matter will occur. This
material will be less affected by Doppler shifting and its intensity will therefore
be expected to peak at lower frequencies than the on-axis emission. Hence a
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particular class of objects, referred to as X-ray flashes, could be associated with
GRBs seen slightly off-axis [58][59].

5.2 Pilot GRB survey with BATSE

The experiment with the best statistics in collecting data on GRBs so far has
been the Burst and Transient Source Experiment (BATSE, [60]) on board the
NASA Compton Gamma-Ray Observatory (CGRO). It consisted of eight detector
modules made of 58.5 cm in diameter by 1.27 cm thick Nal scintillator discs,
sensitive to gamma-rays from ~25 to ~1000 keV. The geometry of the experiment
made burst direction reconstruction with an accuracy down to very few degrees
possible.

Fluence, 50-300 keV (ergs cm?)

Figure 5.3: The final BATSE sky map of GRB locations and fluences comprising
2704 measured GRBs shows them to occur at random locations in the sky. [61]

While in operation during 1991-2000, BATSE detected and classified 2704 indi-
vidual GRBs. Our knowledge about the cosmological distances of the bursts, as
indicated by their isotropic distribution in the sky with no dipole or quadrupole
moments (see Figure 5.3) and their non-thermal spectra is due in large part to the
precise measurements made by BATSE. The duration of the bursts is measured
in Tyy, which denotes the time in which 90% of the total flux (at MeV energies)
is emitted, and ranges from 1073 to about 10® s (Figure 5.4 left). Since the time
distribution is markedly bimodal, the bursts are generally classified as long- and
short-duration bursts. The X-Ray Flash candidates among the bursts are also
shown.
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Figure 5.4: Time and fluence distribution of BATSE bursts, which are used for

analysis in this work.

The measured v-spectrum

The spectrum of a GRB can provide information about the burst energetics,
acceleration mechanisms and the overall expansion of the fireball. Unlike the ex-
treme variations in the light curves, the spectra of GRBs are fairly homogeneous.
The photon spectrum of most GRBs in the BATSE spectral energy range can
be parametrised by a broken power-law with a break energy FEj, at which the
spectral slope changes from a low-energy index « to the high-energy index (3 [62].
However, the spectral parameters «, 3, and Ej vary from burst to burst with no
universal values.
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Figure 5.4 right illustrates the wide range of fluences measured by BATSE for
different burst categories. The break in the spectrum, FEj, ranges from below
100 keV to above 1 MeV, but peaks below 200 keV with only a small fraction
of spectra breaking above 400 keV. In most emission models the break energy
usually reflects some characteristic electron energy and could indicate the energy
above which all electrons "cool” - rapidly radiating all of their kinetic energy
within the source [12]. Although it has been suggested that synchrotron emission
is a likely source of radiation from GRBs [63], there has since been a lot of
controversy over what radiation mechanism actually gives rise to the observed
spectra.

The BATSE burst samples the following analysis is based upon are extracted
from [64] due to the fact that it is necessary for the key burst parameters beyond
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the ones given in the catalogue to be known, which would require a detailed astro-
physical analysis of the lightcurves. These parameters are the spectral coefficients
a and 3 together with the break energy £, and the fluence F,, which determine
the photon spectrum. Furthermore, the variability time At, the redshift z, the
gamma-ray luminosity L, and the bulk Lorentz factor I' of the burst have to
be already known. Since the redshift was measured only for 13 long-duration
bursts, Guetta et al. [64] had to estimate the redshift of the others using the
variability of the GRBs. As this method applies only to long-duration bursts, the
short duration bursts and X-ray flash candidates in the sample were set to z = 1.
From the redshift, which is a measure of the co-moving distance, and the flu-
ence the isotropic-equivalent luminosity was calculated, which provided the final
ingredient for the calculation of the bulk Lorentz factor. All the BATSE GRBs
for which these parameters could be extracted were included in this sample: 579
long-duration bursts, 199 short-duration bursts and 15 X-ray flash candidates. A
detailed description of the determination of the above-mentioned parameters is
given in [64].

5.3 Neutrino flux calculation in the standard fireball

model

In the case of synchrotron radiation from accelerated electrons as a viable emis-
sion process, it can be assumed that protons are also accelerated along with the
electrons.

The calculation of the neutrino flux is performed in the standard fireball model
with internal shock waves [13], whereby Fermi shock-accelerated protons interact
with GRB photons via photo-meson production to produce neutrinos. The basic
idea of the fireball model with internal shocks is that the fireball energy is dissi-
pated equally in electrons and protons. The physical conditions in the dissipation
region allow Fermi shock acceleration of both particles to the highest energies,
the only difference being their cooling mechanisms. While electrons lose their
energy emitting synchrotron radiation and interact with their own synchrotron
photons to produce “self-inverse Compton” radiation, protons tend to interact
with the synchrotron photons to produce pions. In this process, the A-resonance
is excited, which subsequently decays into either 7 and neutron, or 7° and pro-
ton. The branching ratios for the two reaction chains are almost identical, which
leads to the assumption that 7= and 7° are produced in equal amounts®. In the

3While at the A-resonance 7° are produced with higher probability than 7+, the simplified
assumption of equal amounts still holds with regard to the wider energy region starting at
the threshold energy for pion production at 150 MeV until 1200 MeV.
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subsequent decay chain the neutral pion produces two high-energy photons, while
the charged pion decays into leptons and neutrinos.

py — AY = pr?, 70—y

Tt syt - vret

py — At —nrt, 7w (5.3)

Normally, these first-generation gamma-rays cannot leave the emission region,
but, instead, induce an electromagnetic cascade through pair production with
low-energy background photons and subsequent synchrotron radiation of elec-
trons and positrons. They cascade down in energy, until they eventually escape
below some critical energy level at which the emission region finally becomes
optically thin. Therefore, the only original outburst particles accompanying the
GRB-photons visible at cosmological distances are the neutrinos.

In this model, the neutrino spectrum is determined by the observed low-energy
gamma-ray spectrum, which is well described by a broken power-law (see above),
and the proton spectrum. The latter is assumed to be a power-law distribution,
dN,/dE, < E;?, due to Fermi acceleration of the protons in a Newtonian (non-
relativistic) shock up to energies greater than 10%° eV. The interaction of these
protons with GRB photons results in a broken power-law neutrino spectrum,
essentially tracing the photon spectrum, with the neutrino break energy E° fixed
by the threshold energy of protons for A-photo-production:

m3 — m?

E > L (5.4)

P= 4R,

In our observer’s frame this threshold energy translates to £, > E;TQ, where I is
the plasma bulk Lorentz factor. The energy of a neutrino produced in the decay
chain (see Eq. 5.3) by a proton with energy E, would yield E, = (z,_)E,. The
factor 1/4 reflects the fact that the energy is approximately evenly distributed
between the 7 decay products, and (z,_.,) is the mean fraction of energy lost to
pion production by high-energy protons, usually 20%. Hence the neutrino break
energy results in

1 I2
B = —(vp .p)E,=5-10" -2 ¢V (5.5)
4 E'y,MeV

Here I'soo = I'/300, which corresponds to the mean value of I', and E, jey =
E,/1MeV . This does not take into account the evolution of the source. In cases
in which the GRB redshift z could be measured by afterglow observations of iron
K-« emission lines (of a pre-ejected shell), the observed break energy correctly
reads
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1 F%00
(1 + 2)2 E'y,MeV

Eb =5.10" eV. (5.6)

The dependence on the source redshift is quadratic since both the proton energy
and the photon energy are shifted by the factor (14 z). A second and third break
energy in the high-energy region of the neutrino spectrum will occur due to the
synchrotron losses of muons and pions. At very high energies the radiative losses
of charged particles compete with the decay processes, and if the synchrotron
loss time becomes shorter than the lifetime of the particle ¢, < 7/, cooling
via synchrotron radiation will be preferred. Thus muons and pions producing
neutrinos at energies higher than the respective synchrotron break energy Ej
or E? will adiabatically lose a significant part of their energy before decaying.
This effect results in reduced neutrino energies. For the sake of simplicity, it is
generally assumed that the slope of the neutrino spectrum steepens by a factor
of 2 above the synchrotron break energy E*.

The particle’s lifetime 7 at rest is relativistically extended to 7 = 7 - E/(mc?).
In comparison, the synchrotron energy loss of a charged particle in a magnetic

field B’ is s )
dE 4 E B” /m,
—— = — ] = (— 5.7

at ~ 377° <m02) 8 <m) ’ (5.7)
where o7 is the Thomson cross-section. The magnetic field can be estimated
from the observed y-ray luminosity L. by the assumption that the internal energy
carried by the magnetic field,

_ 4w R*cI?B"
N 8T ’
is a fraction of the total wind luminosity Lg = &g L4y, which in turn is related to

the observed luminosity by L, = & L. Here, R ~ 2I'2cAt is the collision radius
of different shells (see Eq. 5.1).

Lg (5.8)

A comparison of the synchrotron loss time with the lifetime of a particle yields:

toyne  12mmPc® TSALE,

<1 (5.9)

7! orm?t  E2L.Ep —

The equipartition fractions &, and {g cannot be determined by present observa-
tions and are basically unknown. However, in various fireball models they are
estimated to be close to unity. In order to become the dominant process, the syn-
chrotron loss time has to be shorter than the lifetime. This requirement defines
the synchrotron break energy as follows

ES _ 3 * 1015 . FgOOAth

P42 /L., 51

GeV (5.10)
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if we also take the energy redshift at the source into account. Here At,,, =
At/1 ms and L,5 = L,/10° erg/s are the observed gamma-ray luminosity.
Since the lifetime of 7 is a hundred times shorter than that of a muon, and both
have roughly the same mass, the synchrotron break energy of the pion will be 10
times higher: EZ = 10E;.

The normalisation of the flux is determined by the efficiency of pion production
in the fireball. The neutrino flux is normalised to the ~-fluence of a GRB by
estimating the fraction f, of fireball energy lost to pion production. The fraction
of energy converted to pions f, can be estimated either by looking at the ratio
of the wind expansion time to the time available for pion production or by the
ratio of the size of the shock AR’ to the mean free path of a proton \,:

AR
)\p"/

Ir (Tpor) = AR -0l oA (Tp—r). (5.11)
The number density of photons in the fireball n/ can be computed from the
photon energy density U] and the photon energy to nl, = U’ /E!. The energy
density is related to the fireball luminosity:

, L, At
7 4wR? AR
The radius of the fireball has been estimated to be R’ = 2I'%cAt (see Eq.5.1).

Inserting this into the equation above and allowing for relativistic effects on the
variability time and energy, the photon number density becomes

n., = Ly (5.13)
7 1674 AtAR'E,’

(5.12)

and hence the fraction of proton energy converted to pions is

L . L
10al8yn) 0. 2,51 (5.14)

Ju = 1672 AtAR'E, (EP vrev) D00 Al

Thus, for a typical burst 20% of the fireball energy is expected to be converted
into pions by photoproduction, which means that 10% of the energy will be
transferred to neutrinos.

At first glance it seems as if the strong dependence on the bulk Lorentz factor T,
which varies considerably from burst to burst, might result in the domination of
the neutrino flux by a few bright bursts with f, close to unity. However, f is
also constrained by the fact that the observed characteristic photon energy is ~
1 MeV, which implies that the wind model parameters (I', L, A