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Chapter 1

Motivation

Why is the cosmogenic neutrino flux so important to physick@ 3hort answer would be because its
verification would reveal essential information aboutailiigh energy cosmic rays (UHECR) and thus
about the universe. For the long answer one should know hewdlmogenic neutrino flux is created
and what the current unknowns are concerning the cosmic Fags evidence of cosmic rays was found
by Victor Hess (1911-1912) as he measured an increase afriterig radiation with height in the atmo-
sphere during balloon flights at altitudes of up to 5km. Sithe, as the field of astronomy expanded
creating the branches of astrophysics and astropartigisigs) cosmic rays have been investigated in
every respect, revealing large parts of their spectrum pomition and sources (see section 2). The most
energetic observed events have energies of up ¥ eV [1] corresponding to 50 Joule ‘carried’ by
just one particle. However, until now, not many ultra higleeyy events have been observed leaving
behind great uncertainties in this energy regime.

Astrophysical neutrinos are produced when cosmic raysaotevith matter or radiation fields on
the way through the cosmos (see section 3.1). UHECR interectvith the cosmic microwave back-
ground (CMB) create the so-called Greisen-Zatsepin-Kn{@ZK) cutdt [2, 3] in the energy spectrum
of the cosmic rays. When UHECR interact with interstelladt amiergalactic photon fields, a special kind
of neutrino flux is generated, named the ‘cosmogenic neuthirx’, the investigation of which this work
is about. Many authors made considerations and calculassilje cosmogenic neutrino spectra [4—
7] which highly depend on the characteristics of the UHECRwEler, as the UHECR interactions
during cosmic ray propagation alter the cosmic rays medsatrearth (primary and secondary cosmic
rays), creating for instance the aforementioned GZK ffutbe cosmogenic spectrum mainly depends
on the characteristics of the cosmic radiation as it is pceduat the sources, the so-called primordial
cosmic rays [8] (section 3.2). The parameter space, likinkiance the chemical composition of these
primordial cosmic rays is what a measurement of the cosniogentrino flux can greatly constrain.

Due to their special characteristics like the low inter@atiprobability (chapter 4), neutrinos are ca-
pable of communicating to us unique information about thprdial cosmic rays, especially about the
mystery which sources and processes are able to accelessmgcaays to the highest energies. This is
because they are, unlike most cosmic raysfli@tted by intergalactic magnetic fields and may cross also
cosmic gas clouds, unlike gamma rays, virtually undistdrié@n the other hand the same neutrino char-
acteristics force scientists to build huge structures, tlite future deep-sea neutrino telescope KM3NeT,
in the scope of which the study was done, with a planned instnied volume of approximately 3 Bm
(section 5.3). The major background for the detection fitide cosmic neutrinos like the cosmogenic
neutrino flux, is produced when cosmic rays interact in theogphere forming the atmospheric neutrino
flux (section 3.3).

High energy neutrinos are detected by measuring the Chevdight which is produced from
charged secondary particles generated in neutrino interac Depending on these secondaries, and
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thus on the neutrino flavour and interaction type, neutrirenés difer in their appearance in the detec-
tor (section 5.1). The most important measure of the perdoca of a detector is itdfective area. This
guantity includes the detectiorfficiency and determines the expected event rates in the me tie-
scope. For the determination of thiextive area, simulations of all possible event types ineddiviant
energy ranges are necessary.

In the scope of this thesis, presented in chapter 6, sinoalédiols from ANTARES, the first work-
ing deep-sea neutrino telescope and KM3NeT’s predecessctidn 5.2), are investigated in the context
of their capability of simulating highest energy neutrin@mts. In addition first simulations with the
simulation tool Geant4 were performed, which will replagesat of the hitherto existing event simula-
tion software framework of KM3NeT.

The main part of this work, which is the calculation of the eged event rates of the cosmogenic
neutrino flux in KM3NeT, is presented in chapter 7. As mergihnthe expected event rates depend
on the dfective area, the determination of which for the ultra higlergg regime goes beyond the
scope of this work. Therefore a perfect detectifiicency is assumed for the event rate calculation.
However, first considerations regarding the detectahfityigh energy events and thus theeetive area
are made and presented in section 7.1. The work concludeswiiort outlook on the relevance of the
cosmogenic neutrino flux to astroparticle physics.



Chapter 2

Cosmic Rays

Cosmic rays are a fundamental ingredient for the produdi@strophysical high energy neutrinos. As
the resulting neutrino fluxes depend highly on the chareties of cosmic rays, like their spectrum,

chemical composition and their sources, the measuremdéim oésulting neutrino fluxes can give valu-
able information about current uncertainties in these attaristics. Therefore, the known features of
the cosmic rays will be described shortly in the followingether with the main unknowns.

2.1 Spectrum and Sources

The spectrum of cosmic rays measured on earth is shown imé=&yli. Above 10 GeV the spectrum can

be characterized by a broken power law:
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Figure 2.1: Direct and indirect measurements of the energighted cosmic ray spectrum. The main
features of the spectrum are indicated including the twekraad the ankle. Around 60 EeV- (@' GeV)

the GZK cutdf sets in. Figure taken from [9].
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Figure 2.2: The high energy end of the cosmic ray spectrumeasured by HiRes-I and HiRes-II [12] and
the Auger Observatory [1] weighted wi?. Adjusted to the data are propagated cosmic ray spectra from
simulations which are done forftirent source evolution models by Kotera et al. [7] where tigerié is
taken from. See also section 3.2.1.

wherey is the spectral index anlp is a normalization constant both, determined by the cosayc r
measurements. From the measurements follow two major ieake spectrum where the power index
changes. At about 4 PeV, at the so-called knee, the indexgelsanomy ~ 2.7 toy ~ 3.2 [10]. There
might be a second knee at roughly 400 PeV where the spectrisnegen steeper. One interpretation of
the knees is the galactic containment, which describestimted particles, until a certain energy that
depends on the charge numieiare trapped in the galaxy by the galactic magnetic field. fireeknee
might then be a ‘proton knee’ while the second one would tésuin heavier particles with highet.

At the second major break, the so-called ankle at about 3tBe\$pectrum gets harder againte2.8.
The ankle is commonly interpreted as the galactic to exteaga transition, i.e. the energy region where
cosmic rays coming from outside of our galaxy begin to preidate over those coming from within our
galaxy. However, models exist in which this transition attg begins at the second kieeAround

60 EeV the Greisen-Zatsepin-Kuzmin (GZK) cfiitf2, 3] sets in and the spectrum drops exponentially.
This strong suppression is explained by the fact that uligh Bnergy cosmic rays lose energy in the
interaction with the cosmic microwave background (CMB)isTinteraction eventually leads to the pro-
duction of the cosmogenic neutrino flux which therefore aejsehighly on the characteristics of the
highest energy cosmic rays. Predictions for the cosmogenitrinos are made by modelling the ultra
high energy cosmic rays at the sources and simulating thefrggation through the cosmos. The mean
free path for the reaction of cosmic ray protons with the phditackground is around 10 Mpc, meaning
that all cosmic rays contributing to the formation of thermogienic neutrino flux, are of extragalactic
origin. After the simulated propagation, when reachindgreahe modelled cosmic rays have to fit the
high energy end of the spectrum measured at earth as it @/bdlto be solely composed of extragalac-
tic cosmic rays. This high energy end is shown in detail iruFé2.2. More on the cosmogenic neutrino

1See [11] for more detail on fierent transition models, and section 3.2 for tHeet of diferent transition models on the
cosmogenic neutrino flux.
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flux and how it is &ected by cosmic ray parameters is presented in section 3.2.

Galactic cosmic rays are believed to be accelerated by thmifeechanism which describes the
stochastic energy gain of charged particles in plasma stvagks, e.g. in supernova remnants. Other
acceleration mechanisms besides the Fermi acceleraoprasent in the vicinity of pulsars where
the particles gain their energy in the enormous magnetiditilat are generated by the pulsars or in
binary systems, consisting of a massive object like a nawgtar or pulsar and a normal star. Matter
from the normal star is dragged onto the massive object fagran accretion disk of hot plasma and
producing strong electromagnetic fields in which partides accelerated to very high energies [8].
Known candidates for galactic sources are believed to etaldccelerate single particles to energies
of up to around 1 EeV at maximum.

Expected sources of particles up to the highest energiextve galactic nuclei (AGN) and gamma ray
bursts (GRB). In an AGN, similar to the processes in a bingsgesn, matter forming an accretion disk
spirals towards a super massive black hole and is eventifaligt sucked into the black hole, emitted
in high relativistic jets perpendicular to the accretioslkdi It is assumed that due to the processes in
these active nuclei and jets, single particles can reachititeest energies. Because of the enormous
mass of the central black hole, these processes are powedubh to produce luminosities almost as
large as the entire host galaxy. On the other hand, GRBs afi®fa being understood. They appear as
short bursts of gamma rays with durations of some millisdsdo several hundred seconds. They occur
suddenly and unpredictably. A possible explanation fos¢hdtra high-energy events is for instance the
collision of two massive compact objects, e.g. neutrorssdad black holes, or an enormous supernova
explosion, called hypernova. For more details on GRBs ankl A€e [8].

2.2 Chemical Composition

The chemical composition of cosmic rays has been measuptolusdy in the low energy regime. How-
ever, itis hard to determine in the energy regime where teen@oparticles can only be detected by their
production of secondary particles, i.e. by indirect measwant methods. In the lower energy domain
(< 1 GeV) the abundances are about 85 % for protons, 12 % farticles and only 3 % for the total of
all heavier nuclei, which is very similar to the compositiarthe solar system [8]. With rising energy
the composition seems to get heavier. For example at esdrglew the knee the composition is mixed,
i.e. the light component, which is the sum of the proton amparticle abundances, is roughly 54 % [10].
At the highest energies-(1 EeV), results from the Pierre Auger Observatory [13] atstethern hemi-
sphere indicate that the composition also seems to getdreaith rising energy, while results from
the Telescope Array Experiment [14] favour a pure protonposition at these energies. The chemical
composition at the highest energies is of big importanceiferproduction of the cosmogenic neutrino
flux (see section 3.2).






Chapter 3

Neutrino Production and Neutrino Fluxes

Astrophysical neutrinos are produced in cosmic ray intewas. The generated neutrino fluxes can
be categorized into two fierent types, that is point-like or filise. Point-like fluxes are generated
when the cosmic rays directly interact at the acceleratin for example in supernova remnants or
binaries. More about point-like neutrino sources can bd feaexample in [15]. This chapter begins
with a description of the processes leading to neutrino yctidn. Afterwards the cosmogenic and
the atmospheric neutrino flux, two types offdse fluxes, are presented. While the investigation of
the cosmogenic neutrino flux within the scope of KM3NeT représ the main goal of this work, the
atmospheric neutrino flux forms the major background in treech for cosmogenic neutrinos.

3.1 Basic Production Processes
The basic process for the production of high energy newristhe decay of charged pions and kaons:
7= (K*) = u* +), (3.1)
and the subsequent decay of the muons:
+ T )
U =€ + VetV (3.2)

The short lived mesons are produced when high energy cosysdmteract with matter (process (3.3))
or photon fields (process (3.4)) at their source forming meaipoint-like fluxes with galactic and extra
galactic origin or in the earth’s atmosphere forming theagpheric background neutrino flux. In the
processesX represents any particles consistent with conservatios.law

0

X

p+x—>{” - (3.3)
*+ X

t

Another possibility is the interaction of high energy cosmays with the interstellar or intergalactic
medium thus generating félise neutrino fluxes. Here, the reaction of UHECR with the d¢ogrho-
ton background has to be emphasized which leads to the giodwdf the cosmogenic neutrino flux
(section 3.2).

0
p+7 (3.4)

p+y—
n+nrt
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From this process, the threshold energy for protons canlbelated from four-momentum conservation
assuming head-on collisions with the photons:

(@p+ @) = E5+ 2EpE, + ES — p5+ 2pppy — 12 (3.5)
~ G +4EpE, (3.6)
2 (my + my-)? (3.7)
=+ 2my M, + e, (3.8)

with qp, g, as the four-momenta of the proton and photon, respectingly,m, andm,. as the nucleon
and pion masses£;, andE, as the proton and photon energigg,and p, as the magnitudes of the
proton and photon momenta, with the approximatpr: E, such that p,p, ~ 2E,E,. The threshold
proton energy for the reaction with a CMB photon at wavelbngtax = b/Tcms is then given by
(b =29-10°3m/K as the Wien displacement law constaftys = 2.7 K as the mean temperature of
the CMB)

2My My + M2, 2My My + M2,
E ~ s = X = 2E V .
P 4E, AhTom /b 02Fe (3.9)

with h = 4.1- 10 ®eV s as Planck’s constamty, = 0.94 GeV,m,- = 0.14 GeV.

From the neutrino production processes above follows aineutavour ratio at the production site
of ®, :®, 1@, =1:2:0 for the neutrino fluxe®,. During propagation over cosmological distances,
neutrinos of diferent flavour oscillate, leading to a ratio ®f : @, :®, =1:1:1 observed at the earth.
For further details on neutrino oscillation see for exanjjpé 17].

An upper bound for the @fuse neutrino flux from extra-galactic optically thin sowwt®given by

N Vv
2d_ :1~5.10—8G_e

E
dE cméssr

(3.10)

calculated by Waxman and Bahcall taking into account ctitngrh energy cosmic ray measurements
and assuming a genefic? injection spectrum which generates the same energy deassttye charged
cosmic ray flux [18, 19].

3.2 The Cosmogenic Neutrino Flux

The so-called cosmogenic neutrinos are produced when hiljifa energy cosmic rays interact with
the cosmic photon background (see equation (3.4)). Thlades the cosmic microwave background
(CMB) and photons from the infrared regime to the opticalbyta the ultraviolet regime (IR-UV). The
different wavelength regions havetdrent impacts on the shape of the resulting neutrino flux. An e
ample of the general shape of the cosmogenic neutrino fluiciarpd in Figure 3.1. The IR-UV and
CMB contributions generally form two distinct bumps in ttesmogenic spectrum while the contribu-
tion from the beta decay of neutrons produced in photo-tligiation processes of heavier nuclei present
in cosmic raysn — pe€ v, is less significant.

As the cosmic rays producing the cosmogenic neutrinos fidsevery distant sources predictions
of the cosmogenic neutrino flux not only have to take into aotdhe general characteristics of the
cosmic rays (see chapter 2) but also the source emissivatytaan and the photon background evolution
with the redshift, i.e. with the age of the universe. In gahahere are five major issues that hightieat
the spectrum of the cosmogenic neutrino flux:
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Figure 3.1: Diferent impacts of the fferent neutrino production channels on the cosmogenic ineutr
flux, considering all neutrino flavours. The interactionstled cosmic rays with IR-UV photons (blue
dashed line) and the CMB (green solid line) form two distibatnps in the total cosmogenic neutrino
flux spectrum (black solid line) peaked Bf ~ 5 PeV andE, ~ 5 EeV, respectively. The neutron channel
(red dashed line) only contributes a negligible fractiorihia presented case (pure proton composition).
However, for heavier chemical compositions the neutromob&contribution rises. In this plot a pure
proton composition with a dip transition model and a stanfation rate type source emissivity evolution
is assumed. For more information on that see the descrijtithe text. Figure taken from [7].

the evolution of the cosmic photon background

the source emissivity evolution

the galactic to extragalactic transition model of the casrays

the chemical composition of the ultra high energy cosmisray
e the maximum acceleration energy of the cosmic rays in theceou

The evolution of the IR-UV photon background with redshsftlirectly correlated to the star formation
rate and its evolution while the CMB photon density increasith redshiftzin (1 + 2)° [7]. The poor
knowledge of the other four points results in great unceties for the prediction of the cosmogenic
neutrino flux. Six models of cosmogenic neutrino fluxes ragdiom very low to very high predictions
are used in this work. The data for these models are taken[ffhnThey are shown in Figure 3.2 and
represent always the sum of all neutrino flavours. Due toriteudscillation as mentioned in section 3.1,
the neutrino flavour ratios are,, : @, : @, =1:1:1ontheirarrival at earth.

In the following the parameter space of the above mentiospeas and thefiect of various
models will be described shortly. The description mainljofes Kotera et al. [7], who made detailed
studies and simulations of the production of the cosmogemirtrino flux. Visit this reference also for
more detail on the dierent models considered in this work.
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Figure 3.2: The dferent cosmogenic neutrino flux models considered in thikwalways representing
the sum of all neutrino flavours. The highest prediction enésd as a red dashed line corresponds to
a strong FRII source evolution model with a pure proton cositin and a maximum acceleration en-
ergy Epmax = 10°°ZeV. As a shaded area follows a region of realistic neutrinref with a wide range

of parameters. Not included in this range are uniform and ERblution models as well as iron rich
(with low Epmax) and pure iron composition models. The next lower predictitso contributing to real-
istic models and presented as blue dotted line is the lowesliqgiion from above but including a uniform
source emissivity evolution model. As the lowest preditsifollow both with uniform evolution case the
low Epmax iron rich model and the pure iroiEf max = 100 EeV) model presented as blue and black dashed
dotted lines, respectively. How the cosmogenic neutrinodlspecially is influenced by theftirent mod-

els and parameters is described in the text.

3.2.1 Source Emissivity Evolution

As mentioned in chapter 2, there are not many astrophysigetts which qualify for the production of
ultra high energy cosmic rays, namely AGN and GRBs. FigusesBows evolution models for possible
sources assumed to be origin of ultra high energy cosmic ray®ere are considered two evolution
models for GRBs and one for AGN as mentioned in chapter 2, poreisely Fanar®-Riley type I
(FRII) which is a special kind of AGN. Besides them a uniformoletion model and two dierent star
formation rate (SFR) evolution models are plotted, as stanétion regions generally are a tracer for
matter density in the universe and therefore a tracer fosiplessources of ultra high energy cosmic
rays. Figure 3.4 shows théfects of these emissivity evolution models for the cosmageeitrino flux.
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and GRB models are similar up 6= 4 in contrast to the latter two models. See Figure 3.4 for gfeect

on the cosmogenic neutrino flux. Figure taken from [7].
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proton composition, dip transition model. It can be seenttinafluxes for the SFR and GRB models are
very similar, while the strong FRII source evolution and thréform evolution lead to a global increase
or decrease of the spectrum, respectively, demonstrdtaighe diference in the evolution models above
z=~4 has little éfect on the neutrino production. Figure taken from [7].
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Figure 3.5: Hect of various transition models on the cosmogenic neufhinofor the case of a SFR type
source evolution. The pure proton dip model with an injecspectrum ofyin; = 2.5 (black solid line),
together with the galactic mix model with an injection ind#2.1 and a transition slightly below the ankle
(pink dotted line) and a pure proton ‘WW model’ withr > 10 EeV andyi, = 2.1 is shown. The flux

is normalized at 10 EeV. The lower presence of cosmic rayeveatt energies for the galactic mix and the
WW model compared to the dip model results in the bitedence below 100 PeV. At highest energies the
high injection index of the dip model is compensated on the loend by the heavier composition of the
galactic model and on the other hand by the fact that theraageneral less extragalactic cosmic rays in
the WW model so that the fluxes are similar of all three modsgure taken from [7].

3.2.2 Transition Model

Generally the ‘ankle’ in the cosmic ray spectrum is assediatith the galactic to extragalactic transition
of the components of the cosmic rays. Yet there is little km@lvout how exactly this transition looks
like. Important parameters for the transition are in patticthe spectral index of the injection spectrum
of the cosmic raygin;, the injected particle composition and the eneigywhere the extragalactic con-
tribution begins to predominate over the galactic one. &the cosmic ray spectrum at the observer that
follows from these parameters has to fit the cosmic ray datiahidis been measured so far, the injection
index and the injected particle composition are not inddpehfrom each other, as they both influence
the shape of the cosmic ray spectrum after propagation.ré&igb shows theftect of three dierent
transition models on the cosmogenic neutrino flux spectriihre so-called ‘WW model’ assumes an
injection index of 20 < vin; < 2.4 with a pure proton composition and a transition endfgy: 10 EeV.
Additionally, a ‘galactic mix’ model is considered whichsasnes an injection composition similar to
that of low energy galactic cosmic rays. For this model thedtion indexy;y; is around 22 — 2.3 and

the transition range begins Bf ~ 1 EeV and ends at the anklE«(~ 3 EeV). Furthermore, a so-called
‘dip model’ exists where the transition occurs already &t $b-called second knee in the cosmic ray
spectrum in an energy region of 32 PeVEr < 320 PeV. This requires a steeper injection spectrum of
2.3 < vinj < 2.7 and the abundance of heavy nuclei may not exceed 10-15 %.sHeuific parameter
values for these modeldfect the cosmogenic neutrino spectrum is shown in Figure Bds.further
detail on diferent transition models see [11].
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Figure 3.6: Impacts of dlierent chemical compositions of the cosmic rays at injediiora SFR source
evolution. Presented are the results for a pure proton dipsition model (black solid line), a proton
dominated galactic type mixed composition (pink dotte@)jra pure iron composition (blue dashed line)
and a lowE,, max iron rich model (red dashed dotted line). The low maxinmagteleration energy in
addition to an iron rich composition leads to a drastic reéidmcof the whole cosmogenic neutrino flux.
Apart from that, the CMB bump in the spectrum is only littiéezted by diferent compositions while the
differences in the low energy bump are caused by the respedtetiom index needed to fit the observed
cosmic ray spectrum. Namely, for a lighter composition alrhigher injection index is required, resulting
in more cosmic rays being present at lower energies and tbesmeutrinos will be produced. Figure taken
from [7].

3.2.3 Chemical Composition

The cosmogenic neutrino fluxes obtained frorffatent chemical compositions of the cosmic rays at
the acceleration site is shown in Figure 3.6. Four modelcansidered: a pure proton composition,
a mixed composition based on lower energy galactic aburedamcpure iron composition and a mixed
composition containing 30 % iron. It is assumed that for aimaxn proton energy o, max @ Nucleus

of charge numbeZ has the maximum enerdyz max = Z - Epmax. For the last of the four models, to fit
the observed cosmic ray data, a rather low maximum acceletergy ofE, nax = 10 EeV is required,
which leads to a drastic reduction of the whole neutrino spet Latest results on the chemical com-
position of highest energy cosmic rays can be found in [1B,B#fects of higher maximum acceleration
energies follow in the next section.

3.2.4 Maximum Acceleration Energy

Figure 3.7 presents theffect of diferent maximum acceleration energi€smax on the cosmogenic
neutrino flux for the assumption of a pure proton dip traoeithodel and an SFR1 type source evolution.
The maximum energy particles contributing to the cosmis @n reach, depends on the source and the
physical parameters of its acceleration mechanism. Whéeetis less known about the main sources
of the highest energy particles in cosmic rays, even lesgeaaid about what specific process leads to
these high energies. Consequently, one tries to shed ligfihiese question with high energy astroparticle
experiments like KM3NeT.
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Figure 3.7: Impacts of dierent maximum acceleration energies on the cosmogenigmetitix assuming

a SFR type source evolution with a pure proton dip modéedEs ofE, max = 107, 107° and 16 EeV are
presented as a pink dotted, black solid and blue dashed liakpectively. While at highest energies the
spectrum changes drastically according to the respeatiergyg, the peak of the high energy bump is only
mildly effected. Figure taken from [7].

3.3 Atmospheric Neutrino Flux

Atmospheric neutrinos form a major, irreducible backgbior experiments like KM3NeT in the search
for cosmic neutrinos. They are produced when cosmic ragsdnt in the atmosphere following equa-
tions (3.3) and (3.1) as a by-product of extensive air shewdihe contribution according to equa-
tion (3.2) is less important as most muons reach the detbefore decaying. Thus the electron neutrino
component is strongly suppressed. In addition, the atmergpheutrino flux spectrum is much steeper
than the primary cosmic ray flux due to the fact that with gsemergy, the probability grows that
the charged mesons interact with the surrounding matteréefecaying resulting in a spectral index
of y ~ 3.7. Many diferent theoretical models for this so-called conventiotralaspheric neutrino flux
exist (see for example [20—-24]) based on simulations ofrttezaction of the cosmic rays with the matter
in the atmosphere.

With increasing energy of the cosmic rays, the productigpesficles with charm content becomes
more and more important. These very short lived particlesgibefore interacting with the surrounding
matter thus on the one hand making the atmospheric neugxirsim less steep and on the other hand
causing the electron neutrino component to rise (see Fig®e This component of the atmospheric
neutrino flux is called the prompt neutrino flux. Because eflitk of information on charm production
at these high energies, predictions of the prompt neutrimo [25—-28] vary strongly, resulting in an
uncertainty larger than one order of magnitude. These glieds can be categorized into three types of
models according to the underlying physics regarding tteerahproduction:
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Figure 3.8: The dferent models of the atmospheric neutrino fluxes combinel difterent models of
the prompt neutrino flux. In the energy range front £010° GeV, depending on the model, the prompt
component begins to dominate which can be seen as an exglidining of the spectrum. This Figure also
illustrates the big dierences of the various prompt models forming a large rangesdible atmospheric
fluxes.

e Quark Gluon String Model (QGSM), a semiempirical approaabdal on non-perturbative quan-
tum chromodynamics (QCD) calculations.

e Recombination Quark Parton Model (RQPM), a phenomenaddbgimdel also based on non-
perturbative QCD calculations.

o A model based on perturbative QCD (pQCD) in which the charadpction is explicitly evalu-
ated.

These models and their consequences for the prompt netltrinare discussed in [25].

Figure 3.8 shows a plot of fierent combination of models for the conventional and forpttoampt
atmospheric neutrino flux. The prompt flux begins to domirsmewhere between 46 10° GeV
depending on the model.

The predictions for the conventional flux considered in tisk are the Volkova [20], Bartol [23],
Honda[29] and an updated FLUKA [21] model taken from the ANRERS software library. This library
also provides nine distinct data tables for the prompt meaftux which are taken from [25—-27], seven
of which are used. In particular these are the TIG model from [27], which is a @&pproach, and

1This software library also contains the data tables of thditional models [22, 24, 30], however, because of unstdva

problems with the ANTARES software library, only the fouroab-mentioned models could be used.
2For similar reasons as for the conventional models, notoailcche used.
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Figure 3.9: Comparison of the atmospheric electron and nmewrtrino flux for the conventional model
from Honda. The onset of the prompt flux can be seen as a rispamaah with the conventional flux.
Because of the low conventional electron neutrino flux tee df that sort happens at lower energies. For
the high QGSM and RQPM predictions the electron and muorrinewtontributions almost become equal
while for the low pQCD and the TIG model the electron neutriraxtion always stays well below the
muon neutrino one. Also included in this picture are measergs of the atmospheric muon neutrino flux
made by Auanpa and keCuse that somewhat constrain the range of possible prompt fluxes.

the ones following from the charm production approachestimeed above (QGSM, RQPM, pQCD).

For each of those the lowest and the highest prediction isidered. Additionally a parametrization by
Sinegovsky [28] for QGSM is used. In total this leads to 3Pedlent combination of models considered
here which define a wide range of possible atmospheric meutiix spectra. The uncertainties can
be quantified by 20-25 % for the conventional flux and are latigen one order of magnitude for the
prompt neutrino flux.

Figure 3.9 shows separately the atmospheric muon and@becgutrino flux. It demonstrates the
suppression of the electron neutrino component at lowengaseand its rise as the prompt component
sets in. For prompt models favouring charm productionstfye,-ratio for high energies eventually
becomes almost equal to one. Also shown in this plot are meamnts of the atmospheric muon
neutrino flux made by #anpa [31] and keCusk [32]. These observations fit the conventional models
very well and already seem to exclude the highest predigfionthe prompt neutrino flux.

Consequently, as the conventional atmospheric neutrinoujuto energies of 10GeV is well
understood it can be used for the calibration of the neuttetectors like KM3NeT and to assess its per-
formance. Further observations of the prompt componenhegmunderstanding hadronic interactions
at high energies.



Chapter 4

Neutrino Interaction

4.1 Kinematics and Neutrino Cross Section

Neutrinos interact through gravitation and the weak forBeie to their low mass, the only relevant
interaction type for their detection is the weak interattidn the energy ranges considered here, the
predominant interaction process is the deep-inelastitesoay (DIS) between the neutrino and a nu-
cleonN. This process is illustrated in Figure 4.1. Lepton-nuclBd®@ is generally described by several

g

I
g

o
S—
YY
Yy

Figure 4.1: Kinematic situation for the deep-inelastictneo nucleon scattering. See also [33] where the
figure is taken fromy, represents an incident neutrino of flavéuwhile I’ stands for the outgoing lepton.
W andZ are the mediating bosons respectively. See text for more.

invariant quantities, among them the Bjorkerandy variables andQ?. Q? is defined as the negative
squared of the four-momentum transfee p— p’ between the incoming lepton with four-momentygm
and outgoing lepton with four-momentup’:

Q=-=-(p-p) (4.1)
In the parton modelx describes the fraction of the nucleon’s momentum carriethbystruck quark. It
is given by
_ @
X = My

whereM is the mass of the nucleon. The invariant quantity q- P/M = E — E’ is the neutrino’s
energy loss in the nucleon rest frame, which here is equivéabethe laboratory systen® is the initial

(4.2)

Ynvariant under Lorentz transformation.
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four-momentum of the nucleon while andE’ are the initial and final lepton energies in the nucleon
rest frame.y is the fraction of the lepton’s energy lost in the nucleort fiesne and plays an important
role in neutrino detection (see also section 4.3). It isrofeferred to as the inelasticity:

Ko}
T

T
mi <

y = = (4.3)

p .

One distinguishes two kinds of weak interaction processlearged current (CC) interactions me-
diated by a charged/ boson and neutral current (NC) interactions mediated byéuwtralZ boson. For
the CC interactions, where a charged lepton is produced,

({/)e+N—>e¢+X,
(71/)#+ N — u®+ X (4.4)

O -
v+ N —> 15+ X

thevN total cross section is given by [34]
2G2MN ;o MZ Y ,
Coo(Ey) = =N ffwazMzhmulwmd (4.5)
0 0

For the NC interactions, where the neutrino remains in its&irstate and only the hadronic cascatle
is produced,

Y+ N -9+ X (4.6)
thevN total cross section is given by
1 1
2G2 MNEV 2
one(®) = == [ [ aya| i 7 [one + (-] (@.7)
0 0

In these equatiorBg = 1.17-10°GeV 2 is the Fermi coupling constari]y is the mass of the nucleon
(0.9383 GeV for the proton, 0.9396 GeV for the neutrdvi), = 80.4 GeV andM; = 91.2 GeV are the
masses of the mediating bosons, respectiglys the incident neutrino energy,andy are the Bjorken
variables and? is the negative four-momentum transfer squag@, qcc, One anddne are the target
parton distribution functions (PDFs) for the nucleon of thepective reaction which generally depend
on x and Q%. For thevN cross sections, the equations are the same with each digiritfunction
replaced with the corresponding antiparticle distribationction and vice versa. For more details on
the PDFs see [34] and references therein. The high endigsross section is shown in Figure 4.2.
There is a rising uncertainty in the ultra high energy cresdisn. This is due to the fact that the PDFs
are not known at these high energies and thus have to be ebeteqb.

4.2 The Glashow Resonance

Generally for neutrino interactions, other processesdessileep-inelastic neutrino nucleon scattering
can be neglected. However, in the energy range of a few Petfreh antineutrinos may interact res-
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Figure 4.2: The high energy neutrino cross section for CCN@d'N DIS reactions with isoscalar targets
as calculated by Connolly et al.[34], where the Figure i®taftom, compared with earlier calculations
(GQRS) [35]. Uncertainties due to unknown PDFs are inditateshaded bands. The NC cross section
uncertainties additionally are bounded by thin black lines

onantly with electrons, thus generating\&i Boson which thereupon decays into leptons or a quark-
antiquark pair which produces a hadronic shower:

Ve + €
Vo
Vet T

(g+qg) — X

Vet€ - W — (4.8)

This resonanWW~ production is also called the Glashow resonance, whose faatares will be de-
scribed shortly in the following. It will become clear thhtd resonance plays an important role for high
energy neutrino experiments.

The diferential cross section for thge™ — v,u~ reaction is given in [36] as:

2 1 i ’
do(vee™ - v,u~) 2GEmeE, ( - ZmeEv)
— = —— (-y? (4.9)
y s 1 _ 2mE, s,
( T ) g

The resonance cross sections for the three reactions wiibrie decay products are approximately the
same. The cross section for the hadronic mode is given by:

do(vee™ > X)  do(ve€ — vuu7) T(W-qq)

dy dy LW = v,u) (4.10)
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constant meaning value unit
Gk Fermi coupling constant ~ .1664- 107> GeV ™2
Me electron mass B1100- 102 GeV
m, muon mass 1066-10° GeV
M W boson mass 8899 GeV
I'w W boson width 2085 GeV
(hc)? conversion constant .88938-1027 cnP GeV?

% ratio of partial widths 6955

Table 4.1: Values of the constants used in the formulas wrabtinits, i.es = ¢ = 1. The values are taken
from the Particle Data Group [37].

wherel'((W — qq) andl'(W — v,u) are the partial widths for @ boson decaying into a quark-antiquark
pair or into a muon neutrino and muon. Equation (4.9) can tegnated to get the total cross section:

2GZmeE, (l ~ 2meE,
3 (1_ 2meEv)2 + i

(e — V) =

(4.11)

The constants appearing in these and following formulasamemarized in Table 4.1, while like above
E, is the neutrino energy angis now the fraction of the energy transferred to the recgitiharged
lepton. Figure 4.3 shows the Glashow resonance cross seqige” — anything) together with the
DIS neutrino nucleon cross sections used in this work.

The resonance peak is reached when the denominator becdnigsim Therefore the resonance
energy is given by the following expression (which can als@btained by evaluating the square of the
neutrino-electron four momentum and set it equaVi):

M2
Ees= W — g325PeV (4.12)
2me
Thus, as the numerator in the right fraction of equation](}id approximately equal to unity &S, the
peak cross section is given by:

2

G M2
F W] — 5.402- 1032 ¢cn?. (4.13)

V3r Ty

Table 4.2 summarizes the values for the cross sectionfigfent reactions &;°°. The Glashow reso-
nance cross section exceeds the deep-inelastic neutridleomuscattering cross section by a factor of
approximately 240 which results in a rise of expected neatevent rates by a factor of up to 20 in the
energy region arounB!*® considering all neutrino flavours and assuming the samediua&ch neutrino
flavour®. This visibly will affect the energy integrated event rates in an experiment IMBMeT (see
chapter 7).

O_reS(ljee— — ‘7;1/1_) = (

2Evaluating the integral yieldﬁ)l(l —y)?dy= 1.
3The factor is derived by dividing 240 by 6 as all neutrino tyjgee considered, and again by 2 as the number of electrons

is roughly half the number of nucleons considering stand#etaction media.
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Figure 4.3: The cross sections in the very high energy regiseel in this work for the calculation of the
event rates (see chapter 7), which are the tail cross section including all reaction channels and DIS
neutrino nucleon cross section for all reaction types. Tdta df the deep-inelastic scattering cross section

is taken from [38].

reaction o/cmP
W — X 5.97-103
W - IFX 155-103%4
vN — anything| 21.5-1034
VeE o Ve 5.40-10732
V€ o Vo 5.40-10°%2
Ve€ = viT 5.40-107%2
vee© — qQ 345.10°32
ve€ — anything| 50.8- 10732

Table 4.2: Summary of total neutrino cross sectiors/&t v in the first three reactions stands for any one
kind of neutrino whilel™ in the second reaction represents any one kind of chargéshleprresponding
to equations (4.4). The values for the Glashow resonanceadealated according to equations (4.13) and
(4.10). The values for theN cross section are interpolated according to the data fr& [3

Not only because of this significant rise of event rates kad dlue to its special event characteristics
the Glashow resonance can play an important role as Bhattgelet al. [39] presented a way how the
special event characteristics of the Glashow resonaneea(se section 5.1.2) can be used to discriminate
between dierent kinds of neutrino production channels (equatior®) @ad (3.4)).
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Figure 4.4: Mean inelasticityy) as a function of the incident neutrino energy in the energgeafrom
10— 10" GeV for charged current (solid line) and neutral currensteal line) neutrino and antineutrino
nucleon interactions as calculated by Gandhi et al. [36]revtiee figure is taken from. For high energies
the mean inelasticity approaches a valu¢ypfs 0.2.

4.3 The Bjorkeny Variable

While especially for smaller detectors and lower energyeeixpents muon searches have priority, i.e.
detecting the muon produced in a CC interaction, cascadeaswehich are produced in every neutrino
nucleon reaction as a hadronic shower, grow in importanteinéreasing detector volume and neutrino
energy. The reason for this is on the one hand, that for kiterecale detectors théective volume for
cascade events becomes comparable to that for low energy datection. On the other hand, only a
part of the muon energy is deposited in the detector whiledotained cascade events, the total amount
of light output that can be measured directly, allows thalteshower energy to be inferred (see also
section 5.1.2).

But to be able to make a general statement about a measure@rséeent, one needs to know
the energy transferred from the incident neutrino to theads, and the corresponding energy which
is consequently deposited in the detector. This is giverheyBjorkeny variable also referred to as
inelasticity, as it is the fraction of the neutrino energynisferred to the hadronic cascade. While the
inelasticity varies statistically one can calculate theamealug(y), the distribution of which with respect
to the incident neutrino energy is shown in Figure 4.4.

Connolly et al.[34] recently published parametrizatiooisthe diferential neutrino nucleon cross
sections d/dy in the ultra high energy regime 1& E, < 10'2GeV, in which the mean inelasticity
does not dter significantly for all interaction types:

do | Ys(Co, C1,Co), for O0<y<103 i
dy | Yn(Do, D), for 10%<y<1 .
with
Co
TS (4.15)
(y-Cp=
_ Do
¥(Do.Da) = 75 - (4.16)

where ‘s’ and ‘h’ indicate the lowy( < 107%) and high y > 1073) inelasticity region, an€, andDg
are normalization parameters, so that the distributioroisnalized to unity. They are together with the
other parameteiS,, C, andD; energy dependent. For the latter three parameters theyathepgndence
can also be parametrized:
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AO Al A2 A3
allvN 0.0 0.0941 4.72 0.456

Eo E; E Es

vN-CC | -0.0026 0.085 4.1 1.7
vyN-CC | -0.008 0.26 3.0 1.7
vyN-NC | -0.005 0.23 3.0 1.7
vN-NC | -0.005 0.23 3.0 1.7

Bo B1 Fo Fi1 F»
all vyN 2.55 -0.0949 0.128 -0.197 21.8

Table 4.3: The constants appearing in equations (4.1720)4.

&=~y

Cile) =Ao-Ar-e %, (4.17)

Cz(s) =Bp+B;1-e, (4.18)
e—E

Di(e) =Eo—E;-€ &, (4.19)

with ¢ = log;o(E/GeV). In addition to that, a parametrization for the fraction loé tcross section
occupying the lowy region exists:

F(S) =Fp- sin(Fl . (8 — Fz)) . (420)

The values for the constants are given in Table 4.3. Theseulas are used in the following to calculate
an analytical function for the distribution of the mean ealof (y) for the energy region 10< E <
10'2GeV. This function is used in section 6.1.2 to compare it wéthults of simulations of ultra high
energy neutrino interactions. It should be mentioned tr@ir@lly et al. also published a method to
determine the distribution dfy) in the form of a software program, however, no analyticakfion for
the(y)-distribution was given.

Derivation of an Expression for the Mean Inelasticity

With the formulas given above the mean inelasti¢itycan be expressed as

Ly Edy [y Yedy+ [y Yady

— (4.21)
1 gy 103 1
fo %dy fo Ysdy + J;_(y3 Yhdy

y

Due to the fact that the paramet&gandDg in Ys andYjy, from equation (4.15) and (4.16) are not known,
this cannot be calculated directly. So in a sense the fotigwealculation corresponds to an elimination
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of these two parameters. For a better readability the fatiguabbreviations and definitions are made:

Ym = 10°3,

1 Ym Ym 1 1
_ do _ do _ do
= - —_ = [ = . = R - Y,
y fy Y dy, Ys fy d dy fy Ysdy, Yh fy Y dy fy hdy.
0 0 0 Ym Ym

1 d Ymd Ym 1 d 1
(o (o (o
= —_— = —_— = Ysd = o = Yhd
loa f y dy, Os dy dy f say, Oh f dy dy f h ay,
0 0 0 Ym Ym
Ve Vi o o
() = =, (=2, ne = 2%, = 0
Os Oh loa o
Now (y) can be written as
T w
<y>:X:ys Yh_Ys_ Yh
g g (on (o8

Ts Ys , Oh Yh
O Os O Oh

=Ns-(Y)s+ Mh - (Yn,

whereng = F is given by equation (4.20) and it holdg = 1 — ns. The unknown paramete€ andDg
in {y)s and{y)n, respectively, cancel out such that the latter two quastitan be calculated:

Ym Ym 1
[y-Ysdy [y-(y-C1) C2dy
Ws= G = - . (4.22)
[ Ysdy [(y-Cy) % dy
0 0

1 1
[y-Yady [y-(y-Dp)tdy

(n =" =M (4.23)

1
[ Yndy [(y-Dy)tdy
Yin

Ym

Evaluation of the integrals yields

2_ 1 21
Co-1 (m=-Cy)” = -(-Cy)” =

+ C]_ (4.24)
2C, -1 (Ym — Cl)l_c_12 - (—Cl)l_c_12

W)s =

_ 1-ym
W)h = —In( D, )

Ym—D1

+ Dy, (4.25)
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Figure 4.5: The energy dependence of the mean inelasteigywan by equation (4.26) foiN andvN CC
and NC reactions.

so that the final expression f¢y) is given by:

1 1
Co-1 —C)* G - (-C)* G 1-
y=F- 2(:2 — (ym 1)1_A ( 1)1—i + Cl} +(1-F)- {TyD": + Dl], (4.26)
271 (ym-C1)" % - (-C)* S In(75:)

where, as a reminder, the paramet€ss C,, D1 and F are energy-dependent and given by equa-
tions (4.17) to (4.20). This distribution is plotted in Frgud.5 for 7< ¢ < 12 and will be used in
section 6.1.2 for comparison with simulation results obhhémergy neutrino interaction.






Chapter 5

Mediterranean Deep-Sea Neutrino
Telescopes

In this chapter, an overview is given of ANTARES, as the firstking deep-sea neutrino telescope, and
the KM3NeT-Project, the successor of ANTARES and in the saofpwhich this study is done. This
overview is preceded by a brief description of the physidsrmunder water neutrino detection.

5.1 Under Water Neutrino Detection

5.1.1 Detection Principle

As seen in the previous chapter, high energy neutrino ictierss produce a charged lepton #rd
hadronic showers that exhibit charged secondary particlésharged particles move faster than the
speed of light in the surrounding medium they emit Chereright. This light is emitted under a char-
acteristic angl@c with respect to the particle track:

CoSlc = L (5.1)
B-n
whereB = v/cis the velocity of the particle relative to the speed of lighindn is the refractive index of
the surrounding medium which depends on the photon wavisleRgr characteristic values nf= 1.34
andg = 1 the Cherenkov angle is approximately’ 42 schematic comparison of light emission from a
muon and a shower is illustrated in Figure 5.1. This charatie emission allows the reconstruction of
the direction of the interaction products. Due to the faat fbr suficiently high energies, the secondary
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Figure 5.1: Schematic Cherenkov light emission from a mueft) @nd a shower (right). The emission
from the muon generates a light cone while the Cherenkot figihm a shower is emitted in the full
solid angle peaked at the Cherenkov angle with respect tgttbeer axis. The light is measured with
photomultiplier tubes (PMTSs), which are indicated as smiadlles. Figure taken from [40].
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A/nm | La/m | Ls/m
290 | 0.0 | 16.6
310 | 11.9| 20.2
330 | 16.4 | 23.8
350 | 20.6 | 27.6
375 | 295 | 325
412 | 48.5 | 40.2
440 | 67.5| 46.2
475 | 59.0 | 53.9
488 | 55.1 | 56.8
510 | 26.1 | 61.8
532 | 19.9 | 66.8
555 | 14.7 | 72.1
650 | 2.8 | 94.2
676 2.3 | 100.3
715 1.0 | 109.4
720 | 0.0 | 109.4

Table 5.1: Absorption length, and scattering lengths in water as a function of the wavelengtlas used
in KM3NeT. The numbers are taken from an internal KM3NeT doeunt [41].

particles follow the initial neutrino direction with only small deviation, the neutrino direction can be
reconstructed. The energy loss per path length, a partitheclvargeze sustains due to the Cherenkov

effect is given by
dE 2nZ2ah 1
_(&)C - — f v(l—ﬁ—2 ' nZ(V))dV‘ (5.2)

Bn(v)=1
Herea is the fine structure constaritthe Planck constant andthe frequency of the Cherenkov light.
From this follows that a single charged particle emits altrd@® Cherenkov photons per cm in a wave-
length region of 300 nnx A < 700 nm, the region where water is transparent to a good aippation
(see also Table 5.1). This in principle allows the energpmstruction of secondaries and therefore an
estimation of the neutrino energy.

However, to successfully reconstruct the direction andgnaformation one not only requires
efficient detection elements but one also needs to know thdslefahe propagation of light in water.
Two main dfects dfect the photon propagation: absorption and scattering. ntingbersN; and Ng of
unscattered or unabsorbed photons, respectively, desreaponentially as a function of the photon path
lengthd

Ny = Ng - e ¥ta, Ng = Ng - e %/bs, (5.3)

with Ly and Ls denoting the absorption and scattering lengths, resgdgtivihese two characteristic
guantities are measured with artificial light sources akeasstattering functiog (0, 1), which describes
the fraction of photons with wavelengthscattered under an angle Table 5.1 shows values for the
absorption and scattering length in the transparency wirafavater.

As absorption just reduces the total amount of photons medsacattering féectively delays the
propagation of photons between their origin and the poirdetéction and therefore deteriorates time
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information [40]. Consequently botltects constrain a viable event reconstruction as a high anodun
photons clearly is useful for both the energy and directemonstruction and a precise time information
is important for the direction reconstruction.

5.1.2 Event signatures

Due to the fact that high energy neutrino interactions, ddjmg on the neutrino flavour and reaction
type, yield many dierent particles as reaction productsfeatient neutrino events will ffier in the infor-
mation they leave in the detector. Generally, neutrino efeatures can be categorized into cascade-like
and track-like signatures. These can be distinguished \duking at the Cherenkov light pattern they
generate (see also Figure 5.1).

Track-like events are produced by high energy muons anal hilgh energy tadsas they travel large
distances before decaying. They produce a Cherenkov latg,¢he measurement of which allows the
reconstruction of the particle track, when it crosses thteaer and therefore provides a good directional
resolution. Because of the long range, especially of mubisspossible to measure an event even if its
origin is far outside the instrumented volume. However, ¢hergy estimation of the corresponding
primary event is then strongly handicapped as the measmexdyeprovides only a lower limit for the
primary muon energy.

Cascade-like events result from electromagnetic and hadsbhowers. The energy of most involved
particles is deposited in a relatively small volume withragin of several metres and a diameter of a few
centimetres. Any charged particles produced in the shovwlegenerate Cherenkov light if their energy
is above the Cherenkov threshold. As their directiorfiedifrom one another, Cherenkov photons are
emitted in every direction with a strong peak at the Cheremlkmle (measured from the incident neutrino
direction). This makes the direction reconstruction mafeatilt. Because of the relatively small spread
of a shower compared with the spacing of the detector elanérse events will look approximately
point-like in the detector. Due to light absorption in watkle event has to be at least in the vicinity of
the instrumented volume, in order to be detected. In this,caken the neutrino interaction vertex lies
inside the detector, one speaks of a ‘contained event'.

With that information, these event sighatures can now bigrad to the dferent interaction types
and channels (equations (4.4), (4.6) and (4.8)). In NC syehé only signature produced is a hadronic
cascade, where the unmeasurable energy fractiony s carried away by the outgoing neutrino. In an
electron neutrino CC event, an electromagnetic cascadedsiped in addition to the hadronic cascade.
Thus, the total neutrino energy is deposited in the dete@&ot as there is no possibility to distinguish
between hadronic and electromagnetic cascades, one whhioov if there was a NC event or an elec-
tron neutrino CC event. In addition, approximately 70 % ofgblow resonance events will produce a
hadronic cascade while about 10 % of them will produce artrele@gnetic cascade. Therefore, all the
aforementioned event types can be summarized to appedy asleascade-like events. And assuming
the same flux for all neutrino flavours, this will lead to thetféhat from energie§, > E**~ 6 PeV,
approximately 50 % ofN reactiond and nearly 80 % of.e reactions are of that type of signature.

v,N andv;N CC events will also generate a hadronic cascade. Nevesthed higher energies
(E, > 6PeV) all of these events also appear track-like. While inummneutrino event the produced
muon always leaves a track behind, a tau neutrino interactom have various signatures depending on
the energy and the decay mode of the tau. At low energiesathddcays in the direct vicinity of the
event vertex while at higher energies, the tau will itseticarce a track until it eventually decays. With a
probability of 18 % the tau will decay into a muon, thus agaimving a track behind. In the other cases, a
shower is produced so that, at high energies, a second eaisgaibduced at some distance from the first

1Taus with energ\g, = 10 PeV travel roughly 500 m on average before decaying whiteian with the same energy has a
mean range of several kilometres.

2The ratioocc : one is roughly 5:2 so that the fraction of solely cascade-likeevents isz + 2 - 1 = 21 ~ 50 %.
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Figure 5.2: The possibleN-signatures. ay, - CC, b)v, - CC, c)ve - CC, d) allv - NC. See text for a
detailed description. Figure taken from [33].

one. This event type, if both cascades lie in the detectais@sreferred to as ‘double bang’ event. If just
one cascade lies in the detector with a track leading to oy &ween it, the event is called ‘lollipop’ [18].
Figure 5.2 shows these possible signatures schematically.

As high energy muons and ultra high energy taus travel féaauies before decaying, one will often
only observe the particle crossing the detector withouingeits origin or decay. Thus, such an event
appears as solely track-like. Contrariwise, as opposed tf@ementioned event types, a contained
Glashow resonance event with an outgoing muon or tau predwaeadditional signature types. On the
one hand, if a muon is produced, one has a track starting ideatextor without having a cascade at its
origin. On the other hand, if a tau is produced, it is possibleave a contained lollipop event. These
two signatures allow for the direct measurement of the Glastesonance [39].

A big drawback for solely track-like events is the fact thatyathe energy losskd/dx, which by approx-
imation is proportional to the particle’s energy (see alsctisn 7.1.1), can be measured and therefore,
only a lower limit for the initial neutrino energy can be give

5.2 The ANTARES Neutrino Telescope

ANTARES (Astronomy with a Neutrino Telescope and Abyss enmunental RESearch) [42] is a deep-
sea neutrino telescope located 40 kfintbe French Coast in the Mediterranean Sea at a depth of 2475 m.
The schematic setup is shown in Figure 5.3. It consists ofelt2ation lines, each with a length of
450 m and equipped with 25 so-called storeys at intervalsdds h. The first storey on each line is
located 100 m above the sea bottom. Each storey comprisesicalomodules, each holding a 10-
inch photomultiplier tube (PMT). The PMTs are oriented® 4bwnward with respect to the vertical
recording mainly upward-going neutrino events, as ANTAREBuilt for an energy regime where the
muon background from above does not allow for the detecti@ownward-going neutrino events. The
lines are anchored to the sea bottom at distances of 60-7@mefach other and are hold taut by buoys at
their top. Thus the total instrumented volume is roughly?#n?. A further line called ‘instrumentation
line’, carries devices for environmental monitoring. Afitalally, 36 acoustic sensors are installed on
6 of the ANTARES storeys, forming the AMADEUS (ANTARES Modsl for the Acoustic Detection
Under the Sea) [43] system which investigates the fedsilafiacoustic neutrino detection.
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Figure 5.3: Schematic design of the ANTARES detector wishli? lines and the instrumentation line
‘ILO7’. Also shown is a storey carrying 3 optical modules.

5.3 KM3NeT - Research Infrastructure in the Mediterranean Sea

Besides ANTARES, two other European neutrino observatarjepts were initiated in the 1990s, called
NEMO and NESTOR, which focused on research and developmerk. wrhe NEMO project is di-
rected by Italian groups while NESTOR started out as a Greentred, originally international collab-
oration [40]. The collaborations of these three groupstjtgether to form the KM3NeT consortium
with the goal to build a cubic kilometre sized neutrino tetgse in the Mediterranean Sea, the KM3NeT
detector. Up to now, two major achievements are a Conceptesign Report [44] and a Technical De-
sign Report [45]. The final detector layout is not yet fixedvélgheless, important steps have been made
towards a final design, regarding the individual componeht$e telescope, as the preparatory phase
(PP) ended end of February 2012, which was supported by th&igUre 5.4 shows a schematic design
of KM3NeT. The total instrumented volume is expected to beghty 6 kn? containing 320 vertical
structures called detection units (DUs) or towers. Thess,[@dch with a height of nearly 1 km, will be
placed on the sea bottom in a distance of about 150-180 m frenanother. Every single tower consists
of 20 storeys, which are 40 m apart and each of which will holetiical bar structure of 6 m length
(see Figure 5.5). The towers are constructed in such a wanhauccessive bar structures will be per-
pendicular to each other, which is illustrated in Figure %% the end of each bar a spherical so-called
digital optical module (DOM) is attached. A DOM is composd®i three inch photomultiplier tubes
(PMTs) which are the actual detection elements that medsei@herenkov-Radiation eventually arising
from the neutrino events. The layout of the DOM and a PMT issshim Figure 5.6. Also included in
the DOMs is the data acquisition system.

Therefore, when fully constructed according to this desM3NeT will host 396,800 PMTs in
12,800 DOMs in total. In this study, a smaller configuratioaswused which was up to date to the
beginning of the study, defined as part of the preparatorgghbhis configuration is about half the size
described above, with 154 DUs and a total instrumented velafiroughly 3 knd, which is a cylinder
with a radius of 1.16 km and a height of 0.76 km starting 100 ovelthe sea bottom. An important value
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Figure 5.4: Schematic view of KM3NeT

= ‘.-'.«m.*:

e

Figure 5.5: The planned storeys in KM3NeT: The left Figureveh the layout of a storey. The Figure on
the right illustrates how two consecutive storeys are o with respect to each other.

for simulations is the so called-can volume, which is theusod in which detectable Cherenkov light
can be produced. It is an extension of the instrumented v@lboynseveral times the maximum photon
absorption length in water (see also section 7.1). For thigiguration the can volume is roughly 6 Rm
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Figure 5.6: The digital optical module (left) and a phototiplier tube (right) as planned to be used in
KM3NeT.

S 3500 m M 4500 m - 5200 m

Toulon ‘ Capo Passero Pylos a1

Figure 5.7: Possible sites of KM3NeT

As of the time of this study, no decision on the site of the cetehas been made. Possible sites
include the locations of the existing projects, ANTARESm&aulon with a depth of 2500 m, NEMO
near Capo Passerdfdhe coast of Sicily with a possible depth of 3500 m and NESTOR® Greek
coast near Pylos with a depth up to 5200 m. The possible sitedepicted in Figure 5.7. The site plays
an important role, as for example a great depth will on theh@mal reduce background like atmospheric
muons, but on the other hand will demand higher robustnetiseadetector components and will make
the construction more flicult.






Chapter 6

ANTARES Simulation Software

For the simulation of neutrino events in the ANTARES and KM3Ndeep-sea neutrino telescopes,
neutrino interactions are generated in the vicinity of teéedtor. The secondary particles produced in
these interactions are recorded and afterwards propatatmegh the sensitive volume of the detector.
The same is done for atmospheric background muons. For bottes- and track-like events, Cherenkov
light is produced and propagated to the detector elemeatgethier with the optical background present
in the deep sea, hits triggering the detector and all hits givan time window around these hits are
recorded, from which the reconstruction of the simulateshév can be performed.

For all parts of this simulation chain dedicated softwaristeor ANTARES, most of which is sup-
posed to be adopted for high energy event simulation in KMBMNethe scope of this study the software
packages &wmex and Gasim were investigated. The former is responsible for the gdiveraf neu-
trino interactions while the latter simulates the deteoct@ponse to particle showers. Both of these two
packages turn out to be not fully suitable for the simulatdnltra high energy events. In the following
sections, these packages are described further togethiethei problems that have been encountered.
This chapter will be concluded with the results from firstgiations with Geant4, a simulation software
for particle tracking, that have been done in the scope efitioirk.

6.1 GENHEN

GenHEN [46, 47] is the first step of the simulation chain for Monte I8aroduction in ANTARES. It is
responsible for the generation of neutrino events of albflas. All secondary particles produced in the
generated neutrino events are stored, together with détaformation on the interaction, in an output
file so that they can be processed further. The functionatfity the basic content of the output files will
be characterized in the following. Afterwards the issued tiave been encountered by evaluating these
output files are discussed.

6.1.1 Functionality

GenteN generates high energy neutrino events in the so-calledaggevolume and stores the outcomes
of these interactions. The generation volume exceeds streimented volume of the detector such that it
will contain all potentially observable neutrino interiacts of a given energy range. Thus, the extents of
the generation volume depend on the generated neutrindarsihtulated interaction type. As the CPU-
time required for the simulation grows with the generatiotume, the user needs to determine which
neutrino type and which interaction type to simulate, st dindy the smallest required volume is used for
the simulation. As seen in section 5.1.2, charged cunsrgandv; interactions as well as the Glashow
resonance, produce track like events for which, consetydghe generation volume exceeds the can
volume of the detector. Since the range of the produced maedsaus depend on the energyfatient
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energy regions are treated separately, too. For all necraént interactions and charged curregt
interaction far beyond the Glashow resonance, the geoaratilume is equal to the can volume as only
cascades are produced.

In events with a track-like signature, that are generatesidelithe can volume, the muon or tau that
is produced in the neutrino interaction is propagated ftiinailne surrounding medium using dedicated
propagation code. The events are stored if they reach tfecsunf the can, by recording their position,
direction and energy. Otherwise, they are discarded. Esecgndary particle resulting from an inter-
action generated inside the can is stored the same way. @leglstvents are written to an output file
that is meant to be further processed with appropriate soéwools. Besides the position, direction and
energy of the produced secondaries, corresponding geartitr the generated neutrino are stored, too,
together with the Bjorken kinematic variablgsndy of the interaction. To account for the probability
that a generated event occurs, additionally the intenactioss section of each simulated event is written
to the output file together with other quantities that alldarsassigning a weight to the event (see [48]).

The user of GnueN also defines the energy range of the generated neutrinosth&dM3NeT
experiment and especially for the simulation of cosmogaeidtrinos reaching highest energies, a com-
prehensive simulation tool capable of simulating intécanst up to 182 GeV, in the scope of known
errors (see chapter 4), is necessary. However, as will beisgbe next section, from energies of about
10° GeV, interactions simulated withgSxen show unphysical behaviour regarding the interaction cross
section and the distribution of the Bjorken y variable.

6.1.2 Behaviour at High Energies

To study the behaviour of &sHeN at high energies, simulations have been performed for eauti (
Yneutrino flavour as well as for each interaction type in agrgyregion of 18GeV < E, < 101 GeV.
With the particle and antiparticle of each flavour, togetivéh the neutral and charged current inter-
actions, this gives a total of -23-2 =12 event output files that were analysed. For each partiade an
interaction type the number of generated neutrinos wasechssch that the number of detectable inter-
actions is sfficiently large to obtain good statistics. For this reasomilmaber of simulated interactions
with track-like signature was several orders of magnitudadr than for interaction types that only have
to be produced in the can. As the regarded energy region isefaond the Glashow resonance, all
events are cascade-like and therefore their generatiamis equal to the can volume. Table 6.1 sum-
marizes the parameters used for each simulation includéngrmgtion volume and number of produced
detectable events.

The behaviour of the cross sectiof,; and the distribution of the inelasticitygiven by the simu-
lation was analysed. The cross section that is calculatétkienaen simulation is shown in Figure 6.1
together with the cross sections from Figure 4.3 as a functiche energy. The simulated cross sections
grow stronger untiE, ~ 10> GeV by comparison, but still in the scope of known errors.sTdan be
explained by the fact that flierent extrapolations of the parton distributions are use@enHeEN COM-
pared with those that were used to calculate the cross sedtiom Cooper-Sarkar et al. which are used
in this work. In Genaen PDFs from the CTEQ collaboration are used, while Coopekéaat al. used
HERAPDF1.5 parton distributions. F&t, > 10°2 GeV for CC events ani, ~10°8 GeV for NC events
the cross section shows unphysical behaviour by droppimagndar below theoretical values.

For the analysis of the inelasticity, the energy range fré@hta 10'* GeV is divided into 6 bins of
equal size and for each bin the mean value is formed. Itsllitobn with energy is shown in Figure 6.2
together with the mean distribution developed in secti@(Bigure 4.5). The values determined in the
simulations strongly deviate from the theoretical caltiofes.
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Figure 6.1: The cross section as calculated intB~ simulations (markers) compared to the cross section
from [38] (dashed lines). Until they start to drop, the siatall cross sections for CC and NC events,
respectively, are the same for all types of neutrinos. Tienger rise compared to the cross sections used
in this work until E, ~ 10°2 GeV andE, ~ 10°8 GeV, respectively can be explained by the use fedént
PDFs for their calculation.
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Figure 6.2: The mean inelasticity) as simulated with GEHEN (markers) compared to the analytica
distribution of(y) developed in section 4.3 (black line). The values deterthirem the simulations are
below the theoretical ones, except for the second to lasiMhiere they are higher. This indicates an
incorrect simulation of the physics at high energies byisn. The number of entries in each energy bin
is of the order of 18-10%. For the last bin only entries fog, - CC simulations exist, all of which are equal
to zero.
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Interaction| Ngen | Nget | Vgenkm?
ve- CC 10° 946 5.67
v,-CC |5-10" | 1938 | 2.40-10°
v;-CC | 5-10" | 1137 | 240-10°
ve- NC 10° 946 5.67
v, -NC 10° 946 5.67
ve -NC 10° 932 5.67
ve-CC 10° | 1059 5.67
v,-CC | 5-10" | 1892 | 2.40- 10°
v.-CC |5-10" | 1102 | 2.40-10°
ve-NC 10° | 11166| 5.67
v,-NC | 10° | 946 5.67
v:-NC 10° 932 5.67

Table 6.1: The quantities for the ftBrent simulatedvN interactions with Gnuen in the energy
range 16 to 10 GeV. The can volume of the detector used in the simulatioNgzis= 5.67 kn?. Ngenis

the input number of neutrino interactions that are gendriat¥ye,. It can be seen thatgen > VeanWhere
events with track-like signature are simulat®ée; is the number of produced detectable events. For most
cases the simulation time exceeded the allowed CPU-timieadddr a complete simulatioNge; would be
bigger for the same amount of generated neutrinos. Onlyth€C simulation was performed completely
so that hereéNge is in fact bigger tharNgen This is due to the way how SHen calculates the number of
generated interactions in each energy bin, so that theriataber of generated events mighffei from

the user inpulNgen.

6.2 Geasim and GEANT

Geasmi [49] is a software package that simulates the detector nsgpt particle showers in ANTARES
by computing the Cherenkov light produced at the passagdaed particle tracks in water and its
propagation. It is based one&nr which is a software package developed at CERN for the simouolaif

the passage of particles through mattekagss uses version 3.21 of €ant which is written in Fortran.
However, Geant3 is not capable of simulating highest enpagiicle showers satisfactorily (see below)
and therefore the new generation afs@r, Geant4 [50], is used which is supposed to be a future stdndar
for simulations of that sort in KM3NeT. It is a complete reterin C++ and the first to use object ori-
ented programming of &nt. In the following the basic concepts and characteristicGrokmv will be
described and after a short description of Geant4, firsttsesn simulations of electromagnetic showers
with Geant4 will be presented.

6.2.1 Geasmm

Geasmm uses, among others,e&en shower simulation output files as input and is responsibiaéhe
generation of Cherenkov light output from electromagnaticd hadronic cascades. It propagates the
produced Cherenkov photon through the deep-sea mediuninanidtes the hits in the detector elements.
For this purpose a geometric volume in the form of a cuboitedilvith sea water, is defined as the
volume (see also next section) in which the shower is gesratfter propagation of the Cherenkov
photons produced from this shower, the probability of paddg a hit in a PMT is calculated. The
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properties necessary to calculate the hit probabilitiekide the spectral quantunflieiency and angular
acceptance of the PMT together with the transmissivity efglass sphere covering the PMT. Hereupon,
40K background hits can be added to the simulated signal hits.uBer may specify afiiérent detector
geometry than given by the input file. Then, from the total lbpaoton hits, the detector response is
simulated and stored in an ASCII file that thereupon can bd fseevent reconstruction.

Hadronic showers at higher energies (from about 100 Pe\y graomplexity in such a way that
full simulations in Giasiv lead to a collapse of the programme. Therefore and for thele@tion of
lower energy shower simulations, the one particle appration (OPA) has been introduced [51, 52],
which converts every single hadron, directly produced ie@tmno event, into an electromagnetic shower
with an adjusted total energy output. The electromagnétievers in Gasmm are not fully simulated but
rather parametrized with a Cherenkov light output directiyrelated to the shower profile and energy
output in space and time. However, it turned out [53] thatfienergies of about 1 PeV the Cherenkov
photon output in the OPA decreased notably in comparisoh thi¢ complete shower simulation. To
bypass these problems and enhance the OPA as well igtslower characteristics at highest energies,
it was decided to use Geant4, the newest generatioreofiGGfor the investigation of showers.

6.2.2 Simulations with Geant4

Like Geant3, Geant4 is a toolkit for the simulation of thegaage of particles through matter. However,
as opposed to Geant3 it is written inCand therefore ffers object-oriented use. It is regularly updated
and enhanced, the current version is 9.5. It is a very congiaxlation tool, which to handle requires
considerable expertise.

In the context of the simulation, the user chooses the gagnaed media where the simulation
shall take place. The geometry is defined by volumes, in thelsist case boxes, cylinders and spheres,
that can also be placed into one another. Volumes are fille mvaterial of user-defined chemical
composition. For example, for a single element the useradeslthe atomic numbet and massA.
From single elements one can make molecules such that fervpater the user defines hydrogeh=
1, A = 1gmol) and oxygen4 = 8, A = 16 gmol) and puts them together with a ratio of 2 : 1 and
an arbitrary molecular densify. To generate, for instance, deep-sea salt water the ugeadds the
respective elements and molecules. Volumes may also barddcas sensitive detector elements so
that hits can be simulated. In addition electric and magrfatlds can be activated. The user specifies
all particles that shall be producible and tracked, inaigdall kinds of leptons and almost all kinds of
mesons and baryons, and defines all physical processes sitatttbe simulated. This includes, among
others, hadronic interactions, particle decays and mane 89 electromagnetic processes. Finally the
user defines a ‘particle gun’ that generates particles obaarntype at a given point in space with given
energy and direction or momentum, respectively. Thesetdiggnmay also be chosen to be generated
randomly with a certain distribution or spectrum. The siation itself, that is the tracking of each
particle, is processed in steps. Each activated continpbysical process is applied along each step
while discrete processes happen at the end of each step.ethsod, whether the process happens, is
made by computing the probability of the process occurrixyy produced particles are tracked and any
energy loss and momentum change is stored at the end of egchsstvell as the position. With the aid
of graphics software the simulations can be visualized imr@etdimensional fashion. For more on the
functionality of Geant4 see also the online documentatiah. [

In the scope of this thesis, first Geant4 simulations of edecagnetic showers have been performed
to check the operability of Geant4 and to verify theoretamdcriptions of electromagnetic showers. Fol-
lowing these descriptions (see for example [37]), the ludinal profile of a shower can be parametrized
as a gamma distribution:

dE (bt)>1 et

dt I'(a) (6.1)
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Figure 6.3: Geant4 simulation results for electromagrgtimwvers. The normalized number of particles
N/Nint produced at a distante= x/ X from the shower vertex is shown fgi(black),e™ (red) ande™ (blue),

for a primary electron particle energy of 100 GeV (dotted)e¥ (long dashed), 10 TeV (short dashed)
and 100TeV (solid). Also shown are fits of the gamma distidmu{smooth curves) to the respective
histograms.

with the gamma functio’(a) and parametergp, a andb. The distance = X/Xg is measured in units
of radiation lengthXy. For sea water at the ANTARES si# = 35cm. Figure 6.3 shows the results
for sea water shower simulations with Geant4. Shown aredhmalized numbers of gammas, electrons
and positron produced forftierent shower energies (100 GeV, 1 TeV, 10 TeV and 100 TeV}hegevith

fits of the gamma distribution. These results confirm quality the results from earlier works [55-57]
with simulations up to 1 PeV. The next steps would be a congmrglie quantitative confirmation of the
shower energy deposition profile and thereupon the sinonisidf very high energy electromagnetic and
hadronic showers with energies above 1 PeV. At these eseaggappression of the pair production and
bremsstrahlung cross sections has to be taken into acabergp-called LPM fect, which leads to a
vast increase of the radiation length [58].



Chapter 7

Calculation of Expected Event Rates

This chapter presents the expected event rates from cosmaggutrinos in KM3NeT. It will be com-
pared to the expected background events from the atmospiearirino flux. In Figure 7.1, a comparison
of models of these two fluxes is presented. It can be seertghabsmogenic flux begins to predominate
over the atmospheric flux roughly at around some PeV.
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Figure 7.1: Comparison of the cosmogenic neutrino flux nodéth the models for the atmospheric neu-
trino flux. The cosmogenic flux begins to predominate someg/hrethe energy range of 1 to 10 PeV for
the moderate models. Considering also the extreme preds;tthis energy region ranges from approxi-
mately 0.5 to 100 PeV.
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For a given difuse neutrino fluxb(E), a rough calculation gives an estimate for the number of
neutrinos crossing the detector in a given time: The flux tel how many particles per unit time and
area come from a directioncdin an energy rang& < E, < E + dE. Because the flux is isotropic,
multiplication with 4r gives the number of particles from all directions. Due toftm that absorption
of neutrinos in the earth plays a major role at high energiely, the upper hemisphere is considered so
that a value of 2 is taken. For simplicity of the calculation one can assuneadittector as a sphere with
can volumeV = 6 km?, which gives a cross-sectional areafof= 7R? with R = 1.13km. If we also
assume the flux following aB~2-spectrum so thaE2®(E) is constant, one gets the number of neutrinos
N, with energiesE; < E, < E; crossing KM3NeT in a given timé& by the following expression:

N, = 27°ReT E°®(E) - (E;* - E3). (7.1)

Taking E; = 3PeV,E, = 100 PeV andE20(E) = 108 GeV st ecm2sr ! which corresponds approxi-
mately to the highest prediction of cosmogenic neutrinoefuate, = 3 PeV (see figure 7.1) and is in
the range of the Waxman-Bahcall bound (equation (3.10))g&tea number of neutrinos crossing the
detector of 26 000 per year or 70 per day.

In section 7.2, it is calculated how many of these neutrindkimteract in the sensitive volume
of the detector. The flierential event rate as well as the cumulative event ratehf@rcbosmogenic
and atmospheric neutrino flux will be presented. It will ateoseen that the Glashow resonance is an
interesting feature in the event rate spectrum. In sectiBn& model for the energy resolution of the
detector is included in the calculations leading to an evatet spectrum as it would be measured by an,
apart from the energy resolution, perfect detector. Thesateates will be called smeared event rates.
However, first of all, the fective area with which event rates are calculated and whiemiimportant
measure for the performance of a neutrino telescope willifeudsed. The chapter will be concluded
with a discussion on how theftierent neutrino flavoursfizect the various event rate spectra.

7.1 HEffective Area

The number of detectable eveNs generated from a fiuse neutrino fluxb(E, 6) = 3; ®,,(E, 6) of all
neutrino flavours in an energy range < E < E, and time windowT is given by (see also [45])

Ex

1
N, = 27T f f D" @, (E,0) - Aary(E, 6) d cost dE. (7.2)

E1 -1

Here 2r accounts for the integration over the azimuth angle @isdthe incident neutrino zenith angle
in the coordinate system of the detector, so that O corresponds to a neutrino coming straight from
above. The atmospheric neutrino flux varies witlvhile the cosmogenic neutrino flux is expected to be
independent of.

Aerr, (E, 6), which generally depends on the neutrino endfggnd angle, is the dfective area of
the detector for one specific neutrino tyges {ve, ve, v, Vi, v+, v2} @nd is given by

At (E. 6) = miN - 7 (E) - Vetin (E, 0) - Pearthy, (E. 0) (7.3)

wherep = 1.025- 10° kg/m® is the density of deep-sea salt water amgl = 1.67 - 10727 kg is the mean
nucleon mass of the target material, so {haty is the nucleon densityr,, (E) is the ‘dfective sum’ of
cross sections for the interactions a specific neutrino ¢gmeundergo, so that, (E) = occ(E)+onc(E)
for all neutrino types but electron antineutrinos ang(E) = occ(E) + onc(E) + 0.556- og|(E). Here,
occ andoc are the cross sections for deep-inelastic scattering eaagd neutral current interaction
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while o is the Glashow resonance cross section (see section 4.2)factor 1018~ 0.556 accounts
for the fact that the Glashow resonance only occurs in intemas with electrons and that there are
approximately 10 electrons per 18 nucleons in sea water.

Pearthy, (E, ) is the transmission probability through the earth for anea coming from directior.
It is given by

Poann (&0 =exp- 252 [ )l (7.4

with py(l) as the density of the earth along the neutrino path throagi ¢o the detector. In the formula,
it is neglected that further neutrinos may originate fromittlinteractions in the earth. For neutrinos
coming from the upper hemisphere u@tg 100 the transmission probability is approximately equal to
unity. But especially for ultra high energ¥( > 1 PeV) upward-going neutrinos absorption in the earth
becomes a crucial factor (for detailed simulations of taekrof neutrinos through earth see [46]).

The dfective volumeVe,, (E, 6) accounts for the detectiorffigiency and is evaluated from the
number of eventdNec,,(E, ) being successfully reconstructed from a number of geedratutrino
interactionsNgen,, (E, 0) in a generation volum¥gyen,, (E), so that

NI‘EC,V'(E9 9)
Vet (E, 0) = ———— - Vgeny; (E). 7.5
eff,w( ) Ngenvi(Ea 9) geny ( ) ( )
For Nrec,, (E, 6) one can write:
NFECVi(E’ 9) = Syi(E, 9) . Ngenyi(E, 9), (76)

so that the ffective volume can also be written as
Vet (E, 0) = &,,(E, 6) - Vgenyi (E, 6), (7.7)

with the detection #iciencye,,(E, 6). The detection fciency will in general be dierent for each sepa-
rate event signature (see section 5.1.2) so that one cale’dejmsﬂ ande; as the detectionficiencies
for showers, muon and taus, respectively, that are prodinceeutrino interactions. If additionally, one
defineswg as the probability that the Glashow resonance occurs in aneractiorf, and given that for
the cross sectionscc : onc®5 @ 2 (see section 4.1) one can write

Esh Vgen, sh for ve,
(1 - WGl) gstheny Sh+ WGl (O.7885then’ Sh+ 0.118/1 Vgen# + 0.1187— Vgeny-r) for Ve,

5 2 =
(7 8/1 Vgen# + 7 Ssthen’ s[’) fOI’ V/’l’ V‘u,

5 2 b
(7 Er Vgenﬂ- + 7 Ssthen’ s[’) for VY, Vr.

Here, the values 0.78 and 0.11 account for the probabiliteshe diferent reaction channels at the
Glashow resonance aMen sy./- are the generation volumes for the specific signature typesmula-
tions, the size of the generation volumes is selectéicgently large so that generated events outside of

1From this point on, the notation of the dependencies on imeutype, energy and direction is omitted, though in general
all quantities still depend on those parameters.
2Due to time constrainta (E) could not be calculated.
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it would never be successfully measured or reconstructedstitowers typicallWgen, sh= Vcan With Vean

as the volume of the so called can which is the region wheet#ile Cherenkov light can be produced
(see also section 5.3). Itis defined as an extension of threimented volume by several times the maxi-
mum photon absorption length in every direction. Its basieised by the sea floor. For muons and taus
the generation volume is adjusted to the respective paurdeiges in water and rock. The detectidii e
ciency is the probability that an event triggers the deteatl is thereupon successfully reconstructed.
Thus each detectiorfiiciencys;, i € {sh u, 7}, can be expressed as

Ei = &trig,i * €reqi (7-8)

where the triggerfiiciencyeyig j is the probability of an event triggering the detector aredrtonstruc-
tion eficiencyerec; is the probability of an event being successfully recorsérl.

To determine the values of the detectidficdencies, detailed simulations of all possible event sig-
natures have to be performed. Up to now, such simulationddep-sea telescopes have been done for
ANTARES and KM3NEeT for specific event types up to energies @b PeV (see for example [33, 59—
62]). For higher energies, i.e. for the simulation of ultrghhenergy neutrino events, no software capable
of doing that is available, as also mentioned in chapter &rdfore, the determination of the exact ef-
fective area of KM3NeT to cosmogenic neutrinos goes beybdstope of this work. Instead, the
calculation of the event rates of the cosmogenic neutrinoifllkM3NeT will be made with the approx-
imatione,,(E, ) = 1 and the calculations of smeared event numbers will beduirtio contained shower
events. Figure 7.2 shows thffective area that follows from these approximation and wisalsed for
the event rate calculation.

First attempts have been made to approximate the trigieremcy for all kinds of signatures by
doing Monte Carlo simulations for, on the one hand, the fdrdihya a shower generated in the can,
and on the other hand, the probability a muon or tau, gercerattheir respective generation volumes
produces detectable Cherenkov photons. These probedbilifil be called observation probabilities and
are discussed in the following section.

7.1.1 Observation Probability

The probability of an event triggering the detector, thggeir dficiencyeyig, can be expressed as
Etrig = €obs * €ph, (7.9)

whereggpsis the probability that an event produces a certain amou@hefenkov photons reaching the
detector andyy, is the probability that these photons trigger the detectdre former one can also be
interpreted as the probability that an event is observedhéylétector (without triggering). By reason of
that, this will be called the observation probability. Iretfollowing, simple studies of the observation
probability for showers and muons and it$eet on the &ective volume are presented. As the exact
amount of produced Cherenkov photons cannot yet be detedfniapproximations will be made for
each event type. Unfortunately, due to time constraintsyéisults could not be included in the calcula-
tions of the event rates in section 7.2.

Eops for Showers

To determine the observation probability for showers, &veaiith random position and random direction
were generated inside the can volume. The energy dependsnwell as the dependence on the dis-
tance to the instrumented volume is neglected in the foligwionsiderations. Thus, the only relevant
parameter considered here is the shower direction. Thetdeteolumes are considered as cylinders.

3For this purpose detailed event simulations are necessary.
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Figure 7.2: The ffective area as calculated by equation (7.12). For illustnathe contributions from

charged current and neutral current interactions are ste®parately besides théfective area fone

charged current events including the Glashow resonance.
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Figure 7.3: Schematic illustration of the simulation methside view (left), top view (right). The smaller
black framed area indicates the instrumented volume, thgebione the can volume. 1) observed event
pointing near the instrumented volume € ¢), 2) observed event pointing to the instrumented volume,
3) unobserved event pointing too far away from the detegtor §).

¢ 0 36 6c=42 T2 OO 126 > 140
Soutobs | 0.349 0546  0.607 0.839 0.943 0.99998 1
Eobs 0.705 0.795 0.823 0.927 0974 0.999991 1
copsVea/km® | 4.14 466 483 544 571 587 5.87

Table 7.1: The results of the simulations for the shower nlagi®n probability for some values of the
limit angle . 10° events are generated inside the can for each valge Bhe table shows the values for
the total observation probabilityoy, the observation probabilityou:,ons for events produced outside the
instrumented volume and the quantitysVcan that goes into theféective volume.

The values used args = 1.16 km,hj,s = 0.76 km, Vins = 3.21 kn? for the radius, height and volume of
the instrumented volume, amgy, = 1.34 km, hean = 1.04 km, Vean = 5.87 kn? for the can, so that the
can is extended by 0.18 km in every direction but the downvdiretction, which corresponds to three
times the photon absorption lengthiat 475nm,L,(1~ 475 nm)= 60 m. The extension downwards is
0.1 km. For events inside the instrumented volumg = 1. For events outside the instrumented volume
two cases are distinguished:

1) The shower points directly towards the instrumented ma@uThensgps = 1.

2) The shower does not point towards the instrumented valufiren, if the smallest angle
between the shower direction and straight lines from thateeethe boundaries of the detector is
smaller than a given limit anglg, qps = 1, otherwisesgps = 0.

To determine if the shower points towards the instrumentdanve, the shower direction is parametrized
as a straight line in terms of linear algebra and it is chedkibis line intersects the instrumented volume.
Figure 7.3 shows this schematically.

The simulation was performed for 11fidirent angleg reaching fromp = 0° to ¢ = 18C in steps
of 18 and additionally for the Cherenkov angle= 6c = 42°. For each angle, fGevents were produced
homogeneously distributed in the can volume and with armapat direction distribution. The results
for certain angles are summarized in Table 7.1. Also givenmeths the value foEopsVean = €obsVgen
which goes into the féective volume, and the probabiliyot obs that an event generated outside the
instrumented volume will be observed. As expected, fromragleaof ¢ ~ 140 all events are observed
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Figure 7.4: Schematic illustration of the simulation methside view (left), top view (right). The smaller
black framed area indicates the instrumented volume, tpgebione the can volume. 1) unobserved event
not crossing the can, 2) observed event crossing the cama®served event generated inside the can but
outside the instrumented volume pointing too far away fromihstrumented volume.

because this corresponds approximately to the highesibbmssgley an event can have. Fer= 0c,
roughly 18 % of generated events are not observed.

&ops for Muons and Taus

Similar simulations have been performed to determine tsemation probability to muons and taus. The
generation volume is adjusted to the energy dependent mean and tau rangg,,.. The muon range
is determined by the ionization energy l@and the sum o&*e™ pair production, bremsstrahlung, and
photonuclear energy lossbs These parameters vary only weakly with energy. To the aqmatior
that they are constant, the mean range of a muon with ertergygiven by

X, ~ % In (1+ g E). (7.10)

The values used here for the range calculationaare 2 MeV cn?/g andb = 3.5 - 10°% cm?/g taken
from [40]. With this formula simulations are done for muoneothe whole energy range from®lid 10° GeV.
For taus, as no such formula is known, the simulations are @tmrspecific energies, where the tau range
is derived from [64]. The generation volume for each simafats then given by gen = rcan+ X,/ and

Ngen = hcan + 2X,/-. The height is limited by the sea surface since a neutrineraction in air above
the sea surface is very unlikely. The fact that the mean ramgeck (below the sea bottom) is shorter
than in water is neglected in first approximation. For bothituons and taus the events are generated
homogeneously and with an isotropic direction distributigithin the generation volume. The particle is
defined to be observed when it is generated within the camelar, if it is generated outside of it, when

it crosses the can. Figure 7.4 shows this schematically.ntingber of events that are generated inside
the can is multiplied by the observation probability forsfeos as, like above, the event should not point
too far away from the detector. Therefore, a reasonableevaki 36° is chosen for the limit angle, for
which gqps = 0.795, to get Cherenkov light from the particle track. For ésayenerated outside the can,
the particle’s trajectory is parametrized as a straight #ind it is checked if it crosses the can and if the
distance to the can is smaller than the mean particle rargjge 7.2 summarizes the simulation results
for muons and taus for given energies. Figure 7.5 preseatefults for muons graphically. As a result,

“Exact values foa(E) andb(E) and detailed calculations on the muon range can be four@Bin [



54 7. Calculation of Expected Event Rates

E,/./GeVv 1009 10°° 100 10 10P0  10®S 100

%, /km 213 246 279 312 345 378 411
Vgen-103/km® | 40.0 59.4 843 115 153 199 252
Ngen- 1076 6.81 10.1 144 197 261 339 430
Nobs - 1073 126 145 159 173 191 202 218
Eobs* 10° 1.85 143 110 0.880 0.729 0.595 0.508
gobsVgen/km® | 73.8 849 931 102 112 118 128

X, / km 0.0491 0.155 491 155 4 10 17
Vgen/ km3 6.90 948 213 109 672 5450 21700
Ngen- 1073 1.18 162 363 185 115 930 3690
Nops - 1073 0.805 0.809 0.834 1.71 3.76 7.28 10.6
Eops- 108 684 500 230 92.0 32.8 7.84 2.88

obsVgen/kM® | 472 474 489 100 221 427 623

Table 7.2: Simulation results for the observation prohighib muons (upper part of the table) and taus
(lower part) for specific energie&,- is the muon and tau energy, respectively. is the corresponding
particle range in water. Untif, ~ 10’ the tau range is given by its decay length, the approximaiedinge

for higher energies is derived from [64]. For the number afigyated particles, a constant density was
chosen so thatlyen = 1000- Vger/ Vean Therefore, this number rises with the generation volMggwhich
itself rises with the particle range. The observation philig cqps iS given by the number of observed
eventsNgps divided by the number of generated eveNg, The quantitysons Vgen Which goes into the
effective Volume is of the order of 100 Knfor muons. For low energy taus, due to their small range, the
generation volume is approximately given by the can voluanel thereforeopsVgen is roughly constant.
For high energy taus this quantity approximates the valoe®iv energy muons.

it can be see that the observation volusggs Vgen rises by approximation logarithmically with energy or
linearly with the particle range and reaches values up tki$0 As also mentioned in section 5.1.2, a
great drawback of ultra high energy track-like events idéloethat only a part of the energy is deposited
in the detector. Additionally, the background of atmosjtharuons will lower the detection capability,
so that the #ective area will not follow straightly the behaviour of thieservation volume with energy.

7.2 Event Rates in the Detector

Following equation (7.2), one can write thdfdrential event rateN/dE for neutrinos of energ¥ as

1
g—:(E):erT f Z @, (E, 6) - Actr., (E. 6) d cOSh. (7.11)
1 !

Again ®(E,0) = Y, @,,(E,6) is the sum of the fluxes for all neutrino flavours. In this sectonly
events contained in the can (‘contained events’) are cereit] which allow to draw conclusion about
the measured neutrino spectrum. Looking just at the uppaidphiere and assuming a perfect detection
efficiency as mentioned at the beginning of the previous sedtiendfective area is independent of the
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Figure 7.5: Simulation results for muons in the energy rat@&GeV< E, < 10°GeV. Top left: muon
rangex,, top right: generation volum¥ge, bottom left: observation probabiliy,s, bottom right: ob-
servation volumesgpsVgen The muon range rises logarithmically with energy. As a ltesan be seen,
that this is, by approximation, also true for the observatiolume, so thatonsVgen rises linearly with the

particle range.
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zenith angle and can thus be written as
Actn(E) = 1= Vean 7(E) (712)

which only difers forve from the other neutrino types as the Glashow resonance rneustisidered.
This dfective area as a function of the energy is shown in Figure Th2. integration over cas(from
0 to 1) can then be evaluated which gives the zenith anglgratied neutrino flux®(E). Thus, the
differential event rate for one specific neutrino type is nowrglve

g—:(E) = 27T Ny - ©(E) - o(E), (7.13)

where the dependence on neutrino type is omitted and Myt Veanpo/my as the number of nucleons
in the can volume.

From this equation follows that the event rate of neutrinbs given type in an energy bin at
energyE of width s = AE is given by

E+AE/2
N(E) = 22T Ny f ®(E) - o(E) dE. (7.14)
E-AE/2

In a logarithmic plot this would lead to an ever-decreasiimgdize s = Iog(E+—EAE) for constantAE. To
avoid this, it is chosen to work with the logarithmidigirential event rate:

dN dN dE

dlogE ~ dE dlogE ~ 2" W @(E)o(E) - EIn(10) (7.15)

which also will simplify further calculations (see secti@n3). The event rate per bin of constant
width s= AlogE = logE, — log E; = log(E»/E;) is then given by

log E2

dN
N(E) = f dlogE dlogE (7.16)
|Og E;
with
logE; = logE - Along, logE; = logE + Along, (7.17)

so thatE = +EE; is the geometric mean &; andE,. To derive the expected event number per energy
bin from the diferential event rate, one can approximate the integral iratemu (7.16). For a small
bin sizes = Alog E, so that the dferential event rate does not vary much over the region of atln
integral roughly yields

AN dN
N(E) = f dIOgEdIogEzdlogE-AlogE, (7.18)

log E1

so that, for example, a fllerential event rate of /dlogE = 10 gives 0.1 events per energy bin of
sizes= Alog E = 0.01. If the diferential event rate would be constant over one order of madmthen
its value would correspond to the actual event number oicguwrithin that energy decade. Due to the
small peak of the Glashow resonance, the bin size has to Isewclsdiiciently small to resolve the entire
peak of the resonance. For the calculations done in thisehap= 0.01 is chosen. Therefore, all given
cross section and flux data had to be interpolated to get teaime resolutioh
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Figure 7.6: The logarithmic éerential event rate for cosmogenic and atmospheric n@strivith (top)

and without (bottom) the Glashow resonance. The range of rmasonable cosmogenic models is plotted
as a bright shaded area, while the range of the atmosphedelsis presented as a grey shaded area. For a
large part of the possible combinations dfeient models, the resonance peak is located in the rangewher
the diferent models for the cosmogenic flux and atmospheric flux .miges will have a high impact on
the predicted event rate that can be measured for the cosicogritrinos (see also Table 7.3). For which

models limit the area for the atmospheric fluxes, see texigorg 7.7.
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The logarithmic diferential event rates as calculated according to equatids)with T = 1year
are plotted in Figure 7.6 for all used cosmogenic neutrine fiwdels together with the event rates for
the atmospheric flux models. For each model the sum of altineuiavours is plotted. The event rates
are illustrated with and without the Glashow resonance tphamsize its impact. The two bumps of the
cosmogenic flux spectrum also form two bumps in the eventspéetrum. As already could be seen
in the comparison of the fluxes (Figure 7.1) the energy ranigerevithe cosmogenic neutrinos start to
predominate the spectrum lies at around 1 to 100 PeV. Simcpdak of the Glashow resonance lies in
this energy range, the resonance will highfeet the total, energy integrated event number that could be
expected from the cosmogenic neutrinos while being clafisiynguishable from the atmospheric back-
ground event rate. While for high cosmogenic and low atmesgplpredictions most events around the
resonance peak come from cosmogenic neutrinos, the everihithis region is predominated by atmo-
spheric contributions for lower cosmogenic and higher apheric predictions. The consequences for
the energy integrated event numbers, the so called cunvmikatent rates, are discussed in the following.

Cumulative event rate

The cumulative event ratdc, which is an important quantity for the experiment, dessithe number
of events from a given enerdy.

rdN
NC(E):deOgEdIogE. (7.19)
logE

As mentioned in the previous section, there exists such arggrwhere the atmospheric background
becomes negligible compared to the cosmogenic flux. Thuth theé cumulative event rate one can

guantify the total number of events of cosmogenic neutrithas can be expected in KM3NeT. The

integral is here approximated by a sum, where the high résolthat has been introduced because of
the small peak of the Glashow resonance is taken advantagéws it can be written as

rdN
Nc(E) = f dIOgE(E’)dIogE’ (7.20)
logE
& dN
~ AIogEiZIZ(I:E) dIogE(Ei) (7.21)
Noo
= 27T In(10)AlogE ) ®(E) - Awr(E:) - Ei (7.22)

i=I(E)

with AlogE = 0.01 and the sum is evaluated such tkatis the energy of the-th data point,l (E)
corresponds to the data point at enekggindN,, is the total number of data points.

The cumulative event numbers are shown in Figure 7.7. Adamplotted with and without the
Glashow resonance. From the intersection points of thehgrap the cosmogenic numbers with the
graphs of the atmospheric numbers one can get an impressimwamany cosmogenic events can be
expected per year in the detector volume of KM3NeT. The &foethe event numbers and the corre-
sponding energy from which cosmogenic events can be expectesummarized in Table 7.3. In the
Table only the highest and lowest atmospheric model at angimergy is considered which are given as
the borders of the shaded area in the plots. These limits anelyngiven by the high RQPM and low
pQCD prompt model. It follows that in the best cases, regarttie cosmogenic flux detection, a number
of 22 events can be expected, the measurement of which wiveldlgar evidence of its existence, while

5The cross section data was given witk 0.35, the flux data witls = 0.1.
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Figure 7.7: The cumulative event number per year with (lmo}tand without (top) the Glashow resonance.
The resonance can be seen as a step in the spectrum. Thet higthdswvest atmospheric flux predictions
that limit the gray shaded area are, for the upper bordezngdy the Bartol model combined with the high
RQPM prompt neutrino flux prediction, and for the lower bartiee Bartol model combined with the low
pQCD prompt prediction. For low energies &€ 55- 10° GeV) the lower limit is given by the Fluka model

combined with the low pQCD prediction.
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w/o Gl. w/ Gl.

Atm. model| Cosm. model
Nc E/GeV Nc E/GeV

highest 17  16-10°| 22  14-10°

reas. high 69 25.10°| 8.9 23.10°

reas. low#1 | 059 94.-10° | 0.75 87-10°
lowest

reas. low#2 | 0.15 19-10° | 0.21 19-1C°

lowest #1 0.040 37-10° | 0.052 62-10°

lowest #2 0.013 63-10° | 0.015 70-10°

highest 11 14-1°f | 16  13-1C°

reas. high 27 32-10°| 29 G3-1¢°

. reas. low#1 | 0.38 99-10° | 0.38 10-10
highest

reas. low#2 | 0.069 25-10’ | 0.070 25-10/
lowest #1 0.0085 68-10" | 0.0085 68-10’
lowest #2 0.0080 70-10" | 0.0080 70-10’

Table 7.3: The expected cosmogenic neutrino event Nggeer year for the dferent models. The numbers
as well as the enerdy are given by the intersection points in Figures 7.7. Comsidlare all cosmogenic
neutrino flux models presented in [7] and the highest and$ba&nospheric flux model, respectively. The
numbers are given with (vand without (wo) the Glashow resonance, which increases the total energy
integrated event number by approximately 30 % in case ofékenogenic neutrinos. The highest number
that could be expected from cosmogenic neutrinos is aboav@ats per year while the lowest prediction
leads to approximately 0.8 events per century. The highesispheric flux prediction is the Bartol model
combined with the high RQPM prompt neutrino flux predictitimee lowest atmospheric flux prediction
is given by the Bartol model combined with the low pQCD prompdiction. Note that the final size
of KM3NEeT is planned to be roughly twice the size used in thiewdations so that the event numbers
would roughly double as well. For comparison, the event nemsithat could be expected in ANTARES
are a factor of roughly 35 smaller than those listed in théetaince the can volume of ANTARES is
approximately 0.17 krh

for the lowest predictions with only 0.8 events per centting discovery of the cosmogenic neutrinos
from today’s perspective would be nearly impossible in goeexnent like KM3NeT. Note that the final
size of KM3NeT could reach a value twice as large as used inatweilations, leading to event numbers
roughly twice as large as well. In any case, a few years of oreagents would put strong constraints on
the parameter space of the cosmogenic neutrino flux and thevauable information on the charac-
teristics of highest energy cosmic rays and their sourcescémparison, the event numbers that could
be expected in ANTARES are a factor of roughly 35 smallerstbxcluding a possible detection of the
cosmogenic neutrino flux by ANTARES for most predictions.

7.3 Smeared Event Rates

Because of imperfect detector characteristics, the medsurergy of the neutrino events will be smeared
around the actual energy deposited in the detector volunmeac€ount for this, a simple model for
the energy resolution of the detector is introduced. In thixlel it is assumed that for an event, the
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measured or reconstructed energy spreads around the antrgly deposit in the detector following a
Gaussiarg(log E — log E’ ; o) with respect to the logarithm of the energy and with a widiho = 0.3:

, 1 (logE - log E’)2
d(logE - logE’ ;0) = N -exp = ] (7.23)
with E being the reconstructed energy dfdbeing the energy deposit in the detector.

As seen in chapter 4, the energy deposit of a hadronic showedugped in neutrino events is not
the energyE, of the interacting neutrino but rather given by the inetastimultiplied with the neutrino
energy. Only forveN CC events and for resonant production of hadrons at the @lashsonance
the total energy of the neutrino is deposited as showers.sé&prently, as showers are the considered
signatures in this section, this has to be included in theasimg of the event rates. To account for this,
a mean value ofy) = 0.2 is taken for the inelasticifyso that for all NC events ang}-, v.-CC events as
well as the resonant processe — ve€ the diferential event rate before smearing is shifted towards
lower energies:

deep
dlogE

B =

y*t-E)=

(5-E), (7.24)

dIogE dIogE

where nowk is the mean energy of the produced shower at the interacéex: ForveN-CC events
and the procesg€e — qg the deposited energy is equal to the neutrino energy:

dN
dep (E) = dN
dlogE dlogE

(B). (7.25)

The resonant production of muonge™ — v,u~ and tau leptonsee™ — v,7~ is not considered in this
section as they do not leave a direct shower signature atti@ction vertex, so that for these processes:

dNgep
dlogE

(E)=0. (7.26)

The index ‘dep’ denotes that this corresponds to tifkedintial event rate of events depositing the en-
ergy E in the detector.

The smeared event rate for a specific interaction channékis given by the convolution of the
differential event rate with the Gaussian:

+00
stm _ 1 deep , _ log Eflozg 5’22 ,
dIogE(E) T Vomo? dIogE(E )-e 2% dlogE". (7.27)

The smearing must conserve the total number of eydgisuch that

+00 +00

dNy

—00 —00

(7.28)

5The value of the width is taken according to studies in [33].
"Due to time constraints, the results for detai{ggdcalculations are not included in calculations in this ckapt
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A short calculation shows that this is true:

stm deep (logE- IogE’)2 ,
diog E(E)dlogE f\/_fdlogE e 22 dlogE’ dlogE

—00

~J V202 dlogE

ogE IogE’ 2
(E") f dlogE dlogE’

x—x')2

deep
dlogE

—00

The evaluation of the integral is again done by approxinggitias a sum:

(E")dlogE’

+Ngo (Ei) dN (togEi-logE; !2
stm( E) ~ ——— AlogE Z 9 )6 a7 (7.29)
dlogE \/z,m & e dlogE

where the sum goes fromN,, to +Ny,, the numbers that corresponds to the energy where the @aussi
becomes small enougty+4o; o)/9(0 ;o) = 3.4- 1074, such that the contribution from energies outside
that region is negligible.

The smeared dierential event rate for all models is shown in Figure 7.8. $tieng peak of the
Glashow resonance is smoothed out together with the whaetrspn, which is in large parts shifted
towards lower energies. Still it is noticeable how the Gtaglesonance enlarges the intersection area
of cosmogenic models with atmospheric background modelas€quently the total expected event rate
highly depends on the considered model.

Cumulative smeared event rate

In the same way as for the non-smeared event rates, theatadeubf the cumulative event rate is done
for the smeared flierential event rates so that we get the smeared cumulaire ste:

[ee)

Nsmc(E) = dlesm (E")dlogE’ (7.30)
logE
N
= dN
~ AlogE ) dlo;”l‘E(Ei) (7.31)

i=I(E)
The smeared cumulative event rate is shown in Figure 7.9inAgize intersection points of the graphs
of the cosmogenic numbers with the graphs of the atmospharitbers give an approximation to the
cosmogenic event number that can be expected per year in K€M3Ne values for these numbers for
the smeared event rates and the corresponding energy anessined in Table 7.4. As above, only the
highest and lowest atmospheric model at a given energy saered in the table. Compared to the non-
smeared events the expected event rate decreases, duefdotttiet after smearing, the atmospheric
background, which is very high for lower energies, coversidgewrange. In the best cases, regarding
the cosmogenic flux detection, a number of 19 events can naxfected while the lowest predictions
lead to roughly 0.6 events per century. Still the KM3NeT ekpent will be able to give essential input
to the open questions about the cosmic rays and their higigyeparameter space, considering also the
fact that KM3NeT probably will be larger than the size usedtfi@ calculations.



7.3. Smeared Event Rates

63

3
@ 10

(2]
o
S
zZ
©

10?

10

10?

102

3

@ 10

(2]
o
S
zZ
©

10?

10

10

102

| |:| atmospheric Fluxes

Cosmogenic Fluxes

highest case (FRII, proton, dip, E

reasonable high (SFR1&GRB2, proton, dip, E

reasonable low #1 (SFR1, mix, E

reasonable low #2 (uniform, mix, E
.+ lowest case #1 (uniform, low E
.+ lowest case #2 (uniform, iron, E

= 3160 EeV)
max

=100 EeV)
max

parax)

= 100 EEV)

=100 EeV)
max

= 3160 EeV,
max

\' T

S ‘ \|
T TN BN sl ettt it N B 6.

10° 10° 10’ 108 10° 10" 10t
Energy/GeV

| |:| atmospheric Fluxes

.+ lowest case #1 (uniform, low E
.+ lowest case #2 (uniform, iron, E

Cosmogenic Fluxes

highest case (FRII, proton, dip, E

reasonable high (SFR1&GRB2, proton, dip, E
reasonable low #1 (SFR1, mix, E ma

reasonable low #2 (uniform, mix,

= 3160 EeV)
max

" 100 EeV)
E

pamax)

.= 100 EeV)

m

= 3160 EeV,
ax

=100 EeV)
max

P

10° 107

108

10°

10%

10t

Energy/GeV

Figure 7.8: The smeared logarithmididrential event rate with (bottom) and without (top) the Gtas
resonance. Compared to the non-smeared event rates, thesplecotrum is shifted towards lower energies
(see also section 7.4). The Glashow resonance smears g gigmall bump at 6.3 PeV. The cut of the
atmospheric spectrum at approximately-4GeV is explained by the fact that atmospheric predictioas ar
only given up tox 10° GeV and that the smearing is done for a range®f4 1.2 in logE, so that for
E > 10’8 GeV the smearing cannot be done properly.
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Figure 7.9: The cumulative smeared event rate per year Witktdm) and without (top) the Glashow
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w/o Gl. w/ Gl.
Atm. model | Cosm. model
highest 16 77-100| 19 6810
reas. high 59 13.10°| 75 12.10°
reas. low#1 | 052 57-10°| 0.65 52-1C°
lowest
reas. low#2 | 0.12 15-10° | 0.16 14.-10°
lowest #1 0.026 36-10° | 0.029 58-1C°
lowest #2 0.011 57-10° | 0.010 11-107
highest 73  14-10°| 11  13-1¢°
reas. high 1.5 38.10°| 1.7 69-1C°
, reas. low#1 | 0.32 95-10f | 0.29 18-107
highest

reas. low #2 | 0.052 25.10" | 0.047 34-10/
lowest #1 0.0043 62-10" | 0.0040 65-10°
lowest #2 0.0056 58-10" | 0.0055 62-10°

Table 7.4: The expected smeared event rhitgs: per year for the dferent cosmogenic and atmospheric
models with (w) and without (wo) the Glashow resonance. The numbers as well as the eBengygiven

by the intersection points in Figures 7.9. Depending on tiex@y a diferent fraction of events occurring
due to the Glashow resonance contributes to the total eaétin the most beneficial case, the Glashow
resonance increases the expected event rate by roughly 248, note that for the planned final size of
KM3NeT the event numbers would roughly be twice as large.

7.4 All neutrino flavour considerations

This section will give an impression of how thdfeéirent event rate spectra are formed by the contribution
of the diferent neutrino flavours. Especially for the smeared eveat vehere only shower events are
considered and the inelasticity has to be taken into ac¢athistis informative. The dierential event
rate is calculated with & code, which was kept very generic. Therefore, any changeedigions

or any future models can easily be included in the calcuiatite it for a specific kind of neutrino or
the sum of all neutrino flavours. This has the advantage thiaxample just the muon neutrino charged
current events, which produce long muon tracks, or eveiggating from electron antineutrinos, which
include the Glashow resonance, can be calculated.

It should be recalled that due to neutrino oscillation thepprtion of each neutrino flavour in the
cosmogenic neutrino flux is the same, while for the atmospHernx the amount of tau neutrinos is
negligible and the ratio of electron neutrinos to muon rieag is a function of the energy and also
depends on the fierent models (see also Figure 3.9). This will aléieet the height of the Glashow
resonance in the atmospheric spectrum as will be shown ie ebtine following figures.

Figures 7.10 and 7.11 present th&elient types of event rates for the cosmogenic and atmospheri
neutrinos separately for all neutrino flavours with and withthe Glashow resonance. Shown is the
range of reasonable cosmogenic models and the total raragmo$pheric models. For the non-smeared
events, the cosmogenic contributions for all neutrino flmsare identical while for the smeared events,
the muon and tau neutrino contributions are shifted towkndsr energies according to equation 7.24.
The electron neutrino events, therefore, contribute adriggrt to the smeared event rate spectrum at
higher energies, i.e. the spectrum at these energies iatgapart influenced by the number of electron
neutrinos present in the cosmogenic flux. Additionally, boenps in the cosmogenic spectrum formed
by the electron neutrino contribution are broader, conp#weéhose formed by the other flavours, due to



66 7. Calculation of Expected Event Rates

the fact that only electron neutrino NC events are shiftegatds lower energies, while electron neutrino
CC events are not (see also below). The contribution fromGleshow resonance onlyfacts the
electron antineutrino events and can always be seen as amiaksise in the event rate contribution
from electron neutrinos. For more detailed illustratioigsh®e dfect of the Glashow resonance, see
also Figures 7.14 to 7.17. In the non-smeared atmospheeictrapcan be seen that for low prompt
predictions, the electron contribution is smaller than itm@on neutrino contribution, while for high
prompt predictions from: 10° GeV both contributions are the same. In contrast, the srdesrewer
event spectra for the atmospheric neutrinos is predondriatelectron neutrino contributions due to the
shift of muon neutrino contributions towards lower enesgie

Figures 7.12 and 7.13 show the event rate spectra sepdi@telyneutrino flavours and interaction
types, including NC and CC events and the Glashow resonsmmgether with the total event rate spec-
trum, which is formed by the aforementioned ones. Thesetigpaoe shown for the ‘high, reasonable’
cosmogenic neutrino flux prediction (for the terminologye $egend to figures in section 7.2 and 7.3).
While each spectrum is the same for all neutrino flavour NGiesvand lower than the CC event spec-
tra, one can again see the shift towards lower energies IfeNaévent types but the.N CC events in
the smeared spectra. Due to the smearing, the Glashow resof@ms two bumps in the fiiérential
event rate spectrum: a little one which results from the ggegee™ — ve€ and is thus shifted towards
lower energies, and a big one which follows from the proegss — qqg. In the cumulative event rate
spectra can be seen that the cumulative event rafe-dt0° GeV resulting from the Glashow resonance
is approximately equal to those resulting from chargederrDIS events of one neutrino flavour.

Figure 7.14 and 7.15 present théeet of the Glashow resonance in detail by showing only the-ele
tron neutrino contributions for the reasonable cosmogemige of models and the atmospheric models.
The contribution from the Glashow resonance is also showaragely. In the dferential event rate
spectrum can be seen that the Glashow resonance peak foorbsitmps after smearing which, as men-
tioned above, result from theftitrent energy deposit in the detector for thedent reaction channels.
A smaller one shifted to the ener@y = (y)Eyes = 0.2- 6.3 PeV = 1.26 PeV~ 101 GeV resulting from
the processe.e" — ve€ and a higher bump & = E;es = 6.3 PeV following from the resonant quark
productionvee™ — qg. The latter bump is roughly seven times higher than the emaiie, since roughly
70 % of the Glashow resonance processes produce the hadhawier and only about 10 % result into
anve ande™. The bump aE = 6.3 PeV is substantially higher than the DIS event rate of edeateutri-
nos, resulting in a rise of electron neutrino events by afast more than 2 arounft = 6.3 PeV in the
smeared event rate spectrum.

Figures 7.16 and 7.17 present a closer look on the event f@atatifferent conventional atmo-
spheric models combined with a high (high RQPM) and a low ({&®CD) prompt prediction around
the Glashow resonance energy. From the resonance pealeflmvtipQCD model in the non-smeared
differential event rates can be seen that the electron aniimeatmponent is completely determined by
the prompt model since the absolute height of the peak ipemtent of the conventional atmospheric
models. On the other hand, for the high prompt model at thaseges both the electron and muon
neutrino component is fixed by that prompt model as the ewaataver the whole shown energy region
is independent of the conventional model. Apart from themasce, the conventional modelstdi for
low prompt models meaning that the muon neutrino componetitat case is still in a large extent de-
termined by the conventional model.

The considerations done here make clear hdfedint neutrino flavour contributiongfect the total
cascade event rate spectrum after smearing. Thereforgyasible changes in predictions of neutrino
flavour ratios for regardless of which kind of neutrino fluxndae translated in the respective cascade
event rate spectrum considering the approximations theg been done in this chapter.
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neutrino flavours. See Figure 7.10 for the correspondiffgreintial event rates. See text for more.
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Chapter 8

Summary and Outlook

The cosmogenic neutrino flux possesses valuable informatidhe characteristics of ultra high energy
cosmic rays (UHECR). In this work, it was investigated théeptial to detect cosmogenic neutrinos
with the future deep-sea neutrino telescope KM3NeT. Thisaame by approximating the event rates of
various cosmogenic neutrino flux models. For an exact ewatprediction, detailed event simulations
have to be performed. It was shown that present ANTARBEENeT software tools are not yet capable
of doing that. Therefore, a perfect detectidhatency was assumed for the event rate calculation. It could
be shown, that in this case and for very high cosmogenic rsptied expected event rate, depending on
the actual design of KM3NeT, can reach a few tens up to apmabely 40 events per year considering
the largest possible KM3NeT design. Reasonable cosmofarimodels result in approximately 0.3 to
nearly 10 detectable events per year, considering an instited volume of roughly 3 kfn The latter
event rates account for the irreducible atmospheric backgt and the energy smearing of the events
due to imperfect detector characteristics. Thereforepfalhese events will at least deposit an energy
of roughly 1¢ GeV in the detector. In any case, no matter if or how many everiginating from
cosmogenic neutrinos KM3NeT will measure, strong constsaian be given on the parameter space of
UHECR after several years of measurement.

In this work, the &ect of the Glashow resonance, peaked at 6.3 PeV, has beestigated. It is
an increase of the event rates, generated by electron amiives, compared to standard high energy
neutrino nucleon interaction. The number of events rasykblely from the Glashow resonance is com-
parable to the number of events generated by charged cimterdctions of one neutrino flavour in the
cosmogenic flux over the whole high energy spectrum (fromG&V). Recently, two neutrino initiated
cascade events with energies of order 1 to 10 PeV have beertaépy the IceCube collaboration.
Barger et al. [65] proposed an interpretation of these twatrited events. They conjecture that both
events result from the Glashow resonance. This would haygfisiant physics implications for cosmic
neutrinos and their detection. For instance, this disgopegsents an opportunity for KM3NeT to focus
on cascade detection in its design, which is not yet fixedtheamore, if the IceCube PeV showers are
electron antineutrino Glashow resonance events, therhagtergy muon neutrino events should also be
detected in the future.

As mentioned above, precise event rate predictions for asenogenic neutrino flux in KM3NeT
will have to take into account the detectioffi@ency to ultra high energy (UHE) events. First considera-
tions to approximate this quantity have been performed thi¢ result that probably 75 % to 85 % of the
calculated number of shower events could be detectableertheless, future work considering cosmo-
genic event rate predictions will have to focus on complateukations of contained events to quantify
the trigger and reconstructiorffieiency of the detector and to get an impression of the quafitthe
energy reconstruction of the contained events. It has begenea out in this work, how the fferent
neutrino flavours will influence the total shower event rggectrum with a given energy resolution. The
spectrum in the relevant energies (from roughly 1 PeV) isgtioee to a large part influenced by the ratio
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of electron neutrinos, due to the fact that most electrorrimeuinteractions deposit the entire neutrino
energy in the detector. Furthermore, to get a complete aabidiralysis of the cosmogenic neutrino flux,
full detector simulations for UHE events with track-likgsature, i.e. events where a muon or tau is pro-
duced, are necessary. With the results of such simulatiowdl| also be possible to calculate a precise
and model independentftirential sensitivity and the discovery potential of KM3N®TUHE neutrino
fluxes. Definitely, there is a lot of exciting work to do and eveeresting physics to be discovered.
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