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1 Introdu
tion�Neutrino physi
s is largely an art of learning a great deal by observing nothing.�Haim HarariThe night sky with its bright stars and the universe itself has been fas
inating mankindsin
e the beginning of time. Astronomy, whi
h deals with the study of 
elestial obje
tsas well as formation and development of the universe, is one of the oldest naturals
ien
es. It is primarily based on opti
al observations, �rst with the naked eye, lateron with instruments that be
ame more and more advan
ed. Over the years, espe
iallyduring the last de
ades, the observed photon energy spe
trum was extended beyond thevisible range towards higher (X-ray astronomy) and lower (radio astronomy) photonenergies.In 1911 though, when Vi
tor Hess dis
overed the 
osmi
 radiation (Nobel Prize1936), a 
ompletely new window to our universe was opened up. Cosmi
 rays aremessenger parti
les that 
onvey pre
ious information from outer spa
e and 
an answeropen astrophysi
al questions. They allow for a 
omplementary insight to our universe,in addition to the 
onventional observation of ele
tromagneti
 radiation.Cosmi
 radiation 
onsists of 
harged parti
les that are permanently impinging on theEarth's atmosphere, where they intera
t with atmospheri
 gas mole
ules. New parti
lesare generated in su
h intera
tions, whi
h again intera
t and generate further parti
les.A 
as
ade (so-
alled shower) develops, whi
h is of hadroni
 or ele
tromagneti
 nature,depending on the primary parti
le type. This se
ondary or atmospheri
 radiation 
an bedete
ted with dedi
ated instruments, and 
on
lusions 
an be drawn about the original(primary) 
osmi
 parti
les. Besides, it 
an also be employed for studying topi
s ofparti
le physi
s, like neutrino �avour os
illations.The energy spe
trum of the primary 
osmi
 radiation ranges over several ordersof magnitude and rea
hes beyond E = 1020 eV, whi
h ex
eeds the energy that 
an beobtained at the 
urrently most powerful parti
le a

elerators on Earth by several ordersof magnitude1. The �ux is de
reasing with a broken power law and ranges from aboutone parti
le per se
ond per square meter at around 1012 eV to less than one parti
le per
entury per square kilometer at about 1020 eV.Even though a lot is already known about these 
osmi
 messengers, there are fun-damental questions yet to be answered, like their origin and their a

eleration me
ha-nisms. As 
harged parti
les are de�e
ted in gala
ti
 and intergala
ti
 magneti
 �elds,1The LHC for example, is eventually expe
ted to rea
h an energy of E = 14TeV in the 
entre ofmass for proton-proton 
ollisions. 1



1 Introdu
tionthey rea
h the Earth isotropi
ally, not revealing their origin. Only at highest ener-gies the de�e
tion may be small enough for the parti
les to point ba
k to their 
osmi
sour
es. It is generally assumed that e.g. a
tive gala
ti
 nu
lei are ex
ellent sour
e
andidates for high-energy 
osmi
 rays, but there is no de�nite observational proof yet.Besides 
harged parti
les, also high-energy photons (E > 100 keV) and neutrinos arepart of the 
osmi
 radiation2. While γ-rays 
an be produ
ed by di�erent me
hanisms inleptoni
 (e.g. syn
hrotron radiation) or hadroni
 pro
esses (e.g. pion de
ay), neutrinosare ex
lusively generated in hadroni
 s
enarios. The dete
tion of high-energy neutrinoswould dire
tly imply the existen
e of relativisti
 hadrons. Furthermore, neutrinos arenot de�e
ted in magneti
 �elds and due to their very small intera
tion 
ross se
tion,they propagate virtually undisturbedly through the universe. These 
hara
teristi
srender the neutrino an ideal messenger parti
le. Though one has to pay a 
ertain pri
e:their small intera
tion probability 
reates enormous di�
ulties to dete
t neutrinos onEarth and huge dete
tors are ne
essary to measure at least a few of them.The I
eCube experiment [1℄, lo
ated at the South Pole, is 
urrently the largest ex-periment for the dete
tion of these elusive 
osmi
 messengers, with an instrumentedvolume of about one 
ubi
 kilometer. It employs the deep 
lear i
e at the SouthPole as a dete
tion medium to measure high-energy neutrinos. This is possible viatheir 
harged intera
tion produ
ts that are emitting Cherenkov light when traversingthrough the i
e. The light 
an propagate up to several 100m and �nally be re
ordedby photosensors. Typi
ally, the Earth is employed as shielding against atmospheri

harged parti
les (mainly muons) and therefore the I
eCube �eld of view 
overs onlythe northern hemisphere3.On the basis of exa
tly the same dete
tion prin
iple, the Antares 
ollaboration hasdesigned and 
onstru
ted a neutrino teles
ope in the depth of the Mediterranean Sea,employing sea water instead of i
e as a dete
tion medium. The aim of Antares, withan instrumented volume of about 0.01 km3, is the dete
tion of 
osmi
 neutrinos. Its�eld of view 
overs the 
omplete Southern hemisphere, in
luding the Gala
ti
 Centre.Like I
eCube, Antares is designed for the dete
tion of muon neutrinos that generatemuons when they intera
t via 
harged 
urrent intera
tions. Due to their mass, muonswith energies above some GeV 
an travel tens to several thousand meters in water.These long traje
tories allow for a good dire
tional re
onstru
tion, whi
h is essentialfor doing astronomy. Despite the fa
t that Antares is the largest water-based neutrinoteles
ope worldwide, it is expe
ted to be too small for the dis
overy of 
osmi
 neutrinos.Therefore, a future multi-
ubi
-kilometer dete
tor, KM3NeT [2℄, is 
urrently in theplanning phase.The main hindran
e in identifying 
osmi
 signals for all 
osmi
 neutrino dete
tors isthe irredu
ible ba
kground of atmospheri
 neutrinos emerging from hadroni
 showersgenerated in the Earth's atmosphere by primary 
osmi
 rays. Only by dete
ting anex
ess of neutrinos from a 
ertain 
elestial dire
tion or at parti
ular high energy over2In some literature, the term �
osmi
 radiation� only refers to the 
harged 
omponent.3Lately analyses also in
lude data from the southern hemisphere, some however at neutrino energiesbeyond 1015 eV.2



the atmospheri
 ba
kground, a 
osmi
 origin 
an be proven. On the other hand, eventhough the dete
ted atmospheri
 neutrinos are only ba
kground for sear
hes for 
osmi
neutrinos, they also provide great possibilities for studying parti
le physi
s aspe
ts, inparti
ular the phenomenon of neutrino os
illations.Neutrino os
illations are a quantum me
hani
al e�e
t, that was �rst proposed inthe late 1950s and early 1960s [3, 4, 5, 6℄. De�nite experimental eviden
e for neutrinoos
illations was �rst found by the Super-Kamiokande experiment [7, 8℄, employing alarge water tank for measuring both solar and atmospheri
 neutrinos, also by makinguse of the Cherenkov e�e
t. In short, the e�e
t of neutrino os
illations is that neutrinos
hange their �avour identity while travelling from their generation to their dete
tionpoint. For Antares, whi
h is mainly designed for the dete
tion of muon neutrinos,the 
onsequen
e is a redu
ed �ux of atmospheri
 muon neutrinos in an energy range ofabout 10 � 100GeV. This is right at the low-energy sensitivity limit of Antares, whi
his given by the layout of the dete
tor.At su
h energies, neutrino os
illations have not yet been probed, and doing an os
il-lation analysis with the Antares data therefore allows for the investigation of neutrinoos
illations in a new energy range. On the other hand, as the results of many di�erentexperiments are 
onsistent with the theoreti
al des
ription of neutrino os
illations, su
han analysis 
an be employed to test the understanding of the Antares dete
tor in thelow-energy regime.I have performed su
h a study of os
illations by means of atmospheri
 neutrinos de-te
ted with Antares. My thesis deals with this 
hallenging analysis in the low-energyrange of a neutrino teles
ope designed for high-energy neutrinos. For the analysis, Ihave re
overed an old re
onstru
tion program and have implemented it into the 
urrentAntares software framework. I have adjusted and improved the re
onstru
tion algo-rithm at several levels, for example by in
luding a new probability density fun
tion,using new hit sele
tions and implementing a new �t pro
edure.The 
onstru
tion of Antares, whi
h is the �rst fully fun
tional deep-sea neutrinoteles
ope, was su

essfully 
ompleted in June 2008. However, data taking startedalready at the beginning of 2007 with the parts of the dete
tor. The work presentedin this thesis was done during the 
ommissioning phase of the dete
tor, and it must beseen in this 
ontext, that parts of the thesis fo
us on rather te
hni
al issues.No o�
ial data produ
tion was available when I was working on that thesis and Ihad to pro
ess data and simulations by myself. This o�ered the possibility for testingan alternative 
on
ept 
on
erning data sele
tion and the simulation of experimentaldete
tion 
onditions. I have developed a 
on
ept for the sele
tion of data, based on anevent-by-event evaluation of environmental and dete
tor 
onditions. It also in
orporatesthe adjustment of simulations to the time varying data taking 
onditions. Due toseveral te
hni
al problems, for example with very slow a

ess to the data base and aslow re
onstru
tion speed, the pro
essing itself took several months (February to July2010). All developments and progress made by the Antares 
ollaboration during thattime 
ould not be 
onsidered for the analysis anymore. 3



1 Introdu
tionIn Chapter 2 of this thesis, a brief overview of neutrino physi
s is given. The roleof the neutrino within the Standard Model of parti
le physi
s is highlighted, di�erentsour
es of neutrinos are dis
ussed, as well as how neutrinos intera
t and how they 
anbe dete
ted. It 
loses with a short summary of neutrino os
illation experiments.Chapter 3 is dedi
ated to the Antares experiment. The dete
tor is des
ribed indetail, in
luding the dete
tion prin
iple, the experimental setup, and the data a
quisi-tion. The ambient 
onditions are illustrated, in
luding the opti
al ba
kground. Thisis followed by the event triggering and a dis
ussion of signal and ba
kground events.The simulation pro
essing 
hain in Antares is des
ribed and the software frameworkSeaTray is introdu
ed, to whi
h I made several 
ontributions.In Chapter 4, a detailed des
ription and evaluation of the updated and improvedlow-energy re
onstru
tion algorithm is given.The details of the approa
h used for data evaluation and sele
tion, as well as forsimulating realisti
 dete
tion 
onditions, and the respe
tive software developments aredis
ussed in Chapter 5. Furthermore, the pro
essing and re
onstru
tion 
hain of dataand simulations is illustrated, and 
omparisons between data and simulation are shownin examples. Finally, quality sele
tion 
uts on the re
onstru
ted events are dis
ussedand the results are shown.In Chapter 6, the relevant parameter distributions of simulation and data are dis-
ussed, and the os
illation analysis is introdu
ed. The systemati
s and the 
on
lusionsthat 
an be drawn from the analysis are also addressed within this 
hapter.A summary of this thesis is given on pp. 155 � 157.
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2 Neutrino physi
sAs the neutrino is the leading a
tor in this thesis, it is introdu
ed in this 
hapter.Its role within the Standard Model of parti
le physi
s and beyond is illuminated inSe
tion 2.1. A short introdu
tion to the theoreti
al 
on
epts of neutrino os
illations isgiven in Se
tion 2.2. In Se
tion 2.3 the main sour
es of neutrinos are presented and inSe
tion 2.4 neutrino intera
tions and possible dete
tion me
hanisms for neutrinos aredis
ussed. Finally, in Se
tion 2.5, an overview of the experimental status of neutrinoos
illation physi
s is given.2.1 Neutrinos within the Standard Model andbeyondThe Standard Model (SM) of parti
le physi
s is a basi
 theory of the elementary par-ti
les of matter and three of the four known fundamental intera
tions: ele
tromag-neti
, weak, and strong. All three intera
tions are explained by parti
les with spin 1(bosons) that are ex
hanged between the intera
ting elementary parti
les. The prob-ability amplitude of an intera
tion is determined by the transition matrix element. Itin
orporates the 
oupling strength of the intera
tion, whi
h is given by the respe
tive
oupling 
onstant, and a propagator term, whi
h depends on the momentum transferof the intera
tion and the mass of the ex
hanged boson.There are twelve known elementary parti
les (and their twelve anti-partners), all ofthem being spin-1/2 parti
les (fermions). They are divided into two groups of six,the quarks and the leptons (see Fig. 2.1). Quarks (up u, down d, 
harm 
, stranges, top t and bottom b quark) are massive parti
les with a 
harge of either minus onethird or two thirds of the elementary 
harge e and they are subje
t to all of the threeintera
tions of the SM. They do not exist as isolated free parti
les but only in boundstates.Leptons 
omprise two types of parti
les: three massive and ele
tri
ally 
harged par-ti
les (ele
tron e−, muon µ− and tau τ−) and three 
orresponding ele
tri
ally neutralneutrinos νe, νµ, and ντ , that are very light (and are regarded massless within the SM).Ea
h pair of a massive lepton and its 
orresponding neutrino partner are represent-ing a so-
alled family or generation. Ex
ept for their mass, the 
hara
teristi
s andthe intera
tions of the three generations are identi
al. Contrary to quarks, leptons donot 
ouple to gluons, the for
e 
arriers of the strong intera
tion. Neutrinos, due tobeing ele
tri
ally neutral, are only subje
t to the weak intera
tion. The for
e 
arriersof the weak intera
tion are the massive W+, W− and Z0 bosons. Both the W± andthe Z0 are heavy parti
les with masses of around 80GeV and 91GeV, respe
tively. As5
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hemati
 view of the Standard Model of parti
le physi
s. See text fordetails.a 
onsequen
e, the weak intera
tion is short-ranged and the intera
tion probability isextremely small 
ompared to the ele
tromagneti
 or strong intera
tion4.This ex
lusive 
ombination of attributes, being ele
tri
ally neutral, massless andintera
ting stri
tly via the weak intera
tion, ensures a spe
ial role for the neutrinowithin the SM. Postulated by Wolfgang Pauli already in 1930 to explain the kinemati
sof the radioa
tive β-de
ay, neutrinos were �rst dete
ted in 1956 by Cowan and Reines[10℄.In the same year, 1956, parity violation of the weak intera
tion was observed for the�rst time [11℄. Soon thereafter, it was found that all neutrinos are left handed [12℄,whereas all anti-neutrinos are right handed, implying that parity is maximally violatedfor these parti
les.Measurements of the de
ay width of the Z0 boson at LEP in 1989 showed that thereare exa
tly three light-mass neutrinos [13℄. As ea
h of the three neutrinos has its
orresponding ele
tri
ally 
harged and massive lepton partner, this also indi
ates thatthere are only three lepton generations. The νµ was dete
ted for the �rst time in 1962[14℄, six years after the �rst measurement of νe. In 2000 �nally, the observation of ντwas reported [15, 16℄ and thus all three types of neutrinos have been dire
tly dete
ted.In summary, the SM des
ribes almost all observations made in the �eld of elementaryparti
le physi
s amazingly well, and even various predi
tions basing on the SM 
ould4The exa
t value depends for example on the momentum transfer. Typi
ally, an order of 10−13 for theweak intera
tion is given, while the strong intera
tion is of the order of 10 and the ele
tromagneti
intera
tion is of the order of 10−2 [9℄.6



2.1 Neutrinos within the Standard Model and beyondexperimentally be veri�ed later on with extreme pre
ision. However, though being re-markably predi
tive, it does not give a perfe
t des
ription of all observable phenomena.It provides a good approa
h to the fundamental understanding of elementary parti
lesand intera
tions and a

ordingly also to neutrino physi
s, but it has to be extended toin
lude, for example, neutrino os
illations.A de�
it in the solar neutrino �ux was already observed in 1968 by Davis et al.,who performed measurements of the solar neutrino �ux with with a radio
hemi
al de-te
tor, the Homestake experiment [17, 18℄. That this measured de�
it was due to theos
illations of neutrino �avours (and not for example due to �aws in the solar models)
ould only be proven later on. The �rst de�nite experimental eviden
e for neutrinoos
illations has been reported by the Japanese Super-Kamiokande group [8℄ in 1998.As explained in detail in the next se
tion, neutrino os
illations require both neutrino�avour mixing and massive neutrinos. Neither of it is part of the SM theory. Neutrinoos
illation experiments are not sensitive to the neutrino mass values themselves, butonly to di�eren
es between squared neutrino masses. Information on neutrino masses
an instead be obtained by three di�erent methods, whi
h are 
osmologi
al observa-tions, sear
h for neutrinoless double beta de
ay, and a dire
t determination of theneutrino mass by kinemati
s. Data from β-de
ay measurements [19℄ yield the mostre
ent upper limit on the νe mass of about 2 eV [20℄.Naturally, the question arises how neutrinos get their mass. The simplest assumptionis that neutrinos (like 
harged fermions) are Dira
 parti
les and 
ouple to the Higgsboson. Dira
 neutrinos would exist in four states (both left and right handed neutrinosand anti-neutrinos), but without having mass only left handed neutrinos and righthanded anti-neutrinos are realised in nature. Mathemati
ally this is explained by theDira
 mass term in the Lagrangian whi
h mixes the left and right hand states of thefermions. Having only a single de�nite handedness like in the SM, the Dira
 termvanishes and neutrinos be
ome massless. On the other hand, if neutrinos are massive,right handed neutrinos and left handed anti-neutrinos must exist.An alternative explanation for massive neutrinos is the Majorana s
enario, where theneutrino is its own anti-parti
le and only one single parti
le with its two handednessstates would exist for ea
h lepton generation. This is theoreti
ally possible be
auseneutrinos have no ele
tri
 
harge. In the Lagrangian, a set of Majorana mass terms ap-pears and, by invoking so-
alled �seesaw� models, small observable neutrino masses aremotivated (see for example [20, 21, 22℄ and referen
es therein). A dire
t 
onsequen
e ofthe Majorana See-Saw Model is at least one heavy neutrino, whi
h is essentially righthanded. It is not yet observed be
ause it is far too massive (MR ≤ 1015 GeV, [22℄) . Ifneutrinos are Majorana parti
les, this would also impa
t on the theoreti
al des
riptionof neutrino �avour mixing and result in two additional CP violating phases (see Se
-tion 2.2). In any 
ase, an extention of the SM is ne
essary and only if neutrinos aremassive, the question about the Dira
- or Majorana-nature of neutrinos 
an eventuallybe answered. 7



2 Neutrino physi
s2.2 Neutrino os
illationsThe phenomenon of neutrino os
illations requires that neutrinos have mass. This isalready beyond the Standard Model theory, as explained above. Furthermore neutrinomixing is required, whi
h means that the observed weak eigenstates |να〉 of the neutrinosthat take part in weak intera
tions, are not eigenstates of mass. Instead they are linear
ombinations of three de�nite mass eigenstates |νi〉. One eigenstate system is given interms of the other via the unitary matrix Uαi:Flavour eigenstates: |να〉, α = e, µ, τ (2.1)Mass eigenstates: |νi〉, i = e, µ, τ (2.2)
|να〉 =

∑

i

Uαi|νi〉, |νi〉 =
∑

α

U∗

αi|να〉. (2.3)The unitary transformation matrix Uαi is 
alled MNS-matrix (a

ording to Maki,Nakagawa, and Sakata, who �rst des
ribed �avour mixing in 1962 [5℄) and is analo-gous to the CKM-matrix in the quark se
tor that des
ribes the mixing between quark�avours. The MNS-matrix is 
ommonly parametrised as



1 0 0
0 c23 s23

0 −s23 c23



 ·




c13 0 s13e

−iδ

0 1 0
−s13e

iδ 0 c13



 ·




c12 s12 0
−s12 c12 0

0 0 1



 (·V ) (2.4)with sij = sin Θij and cij = cos Θij . It depends on the three rotation or mixingangles Θij and the 
omplex CP violating phase δ. The term V = diag(1, eiΦ1, ei(Φ2+δ))
ontains two further CP violating phases Φ1 and Φ2 that arise as a dire
t 
onsequen
eof a possible Majorana nature of neutrinos. If neutrinos are Dira
 parti
les, V equalsthe identity matrix. In any 
ase, this term does not a�e
t the 
al
ulation of os
illationprobabilities and 
an be negle
ted for our purposes [21, 23℄.Neutrinos are ex
lusively generated in weak intera
tions as pure �avour eigenstatesand thus as a mixture of mass eigenstates. They are likewise dete
ted via 
hargedparti
les produ
ed in weak intera
tions (Se
tion 2.4), whi
h again means measuringthe �avour eigenstates of the neutrinos. The propagation through spa
e time andtherefore the time evolution of a neutrino is, in 
ontrast to produ
tion and dete
tion,des
ribed by its mass eigenstates. The time evolution of a general quantum state |νi〉is generated by the Hamiltonian H0:
|νi(t)〉 = e−iH0t|νi〉 = e−iEit|νi〉. (2.5)Provided that the mass eigenstates have di�erent masses, they also have di�erent en-ergies and their asso
iated waves will have di�erent frequen
ies. Superposition of thewaves leads to interferen
e e�e
ts and hen
e the �avour 
omposition 
hanges with time.The quantum me
hani
al probability to measure one spe
i�
 �avour eigenstate there-fore depends on the energy of the neutrino, on the di�eren
e of the frequen
ies of the8



2.2 Neutrino os
illationsmass eigenstates (i.e. on the di�eren
e in mass) and on the life time of the neutrino or,respe
tively, the distan
e between the points of produ
tion and dete
tion (i.e. the pathlength of the neutrino). A pure �avour eigenstate |να〉 at time t = 0 evolves as:
|να(t)〉 =

∑

i

Uαi|νi(t)〉 =
∑

i

Uαie
−iEit|νi〉 =

∑

i,β

UαiU
∗

βie
−iEit|νβ〉 (2.6)The quantum me
hani
al probability of �nding a �avour state |νβ〉 of a neutrino withenergy E after time t, that was produ
ed in eigenstate |να〉 is given by

P (να → νβ) = |〈νβ|να(t)〉|2. (2.7)Assuming CP 
onservation (phase δ = 0; 
urrent neutrino os
illation data have nosensitivity to CP violation) and repla
ing the time of �ight t by the path length L, theresulting probability is
P (να → νβ) = δαβ − 4 ·

∑

j>i

UαiU
∗

αjU
∗

βiUβj sin2
∆m2

ijL

4E
, (2.8)with the di�eren
es of the neutrino masses squared ∆m2

ij = m2
i −m2

j (for the derivationof the formula see for example [24℄)5. The amplitudes of the individual terms in theos
illation probability depend on the entries Uαi of the MNS-matrix and therefore onthe mixing angles Θij , whereas the frequen
y of the os
illation is given by ∆m2
ij andthe energy E of the neutrino.Altogether, there are six free parameters to be determined: the three mixing angles,the CP violating phase δ and two independent ∆m2

ij parameters, ∆m2
12 and ∆m2

23;
∆m2

13 is given by:
∆m2

12 + ∆m2
23 + ∆m2

13 = 0. (2.9)The ordering of the masses, the so 
alled mass hierar
hy, is still unknown. The eigen-states 
an either follow the �normal� hierar
hy (m1 < m2 < m3) or the �inverted�hierar
hy (m3 < m1 < m2), for whi
h ∆m2
23 
hanges its sign. Neither the absolutevalues of the masses nor the two Majorana CP violating phases Φ1 and Φ2 
an be de-termined in os
illation experiments be
ause the os
illation probability does not dependon these parameters. On the other hand, the three-�avour mixing s
enario depends onthe mass ordering being normal or inverted, although in subleading order due to thesize of Θ13 (see below).The values for Θ12 and Θ23, as well as for ∆m2

12 and ∆m2
23, are well known fromseveral measurements (Se
tion 2.5). Only few measurements exist for the third mixingangle Θ13 but they hint to a small value 
ompatible with zero. Though the CP violatingphase δ is in prin
ipal a

essible through os
illations, the fa
t that it only appears in
ombination with sin Θ13 in the MNS-matrix makes it di�
ult to extra
t its value.The three-�avour mixing s
enario 
an be simpli�ed using the results of various ex-periments. Given that ∆m2

12 ≪ ∆m2
23 and in the limit of Θ13 ≈ 0, the os
illations5This is for ultrarelativisti
 neutrinos. Due to the small neutrino mass this is already a good approx-imation for energies at some 10 eV. 9



2 Neutrino physi
s
νe ↔ νµ and νµ ↔ ντ 
an be 
onsidered independently. Furthermore, the e�e
t ofthe CP violating phase δ is negligible. In this approximation, the survival probability
P (νµ → νµ) for a muon neutrino simpli�es to

P (νµ → νµ) = 1 − sin2 (2Θ23) · sin
2

(
1.27 · ∆m2

23[eV2] · L[km]

E[GeV]

)
, (2.10)with L denoting the distan
e from the sour
e and E the neutrino energy. A

ording to(2.10), the os
illation amplitude depends on the mixing angle Θ23 and the os
illationwavelength on E and ∆m2

23.A des
ription of 
urrent neutrino os
illation experiments, their impli
ations and thebest �t values to the �ve os
illation parameters will be given in Se
tion 2.5.2.3 Neutrino sour
esHuge amounts of neutrinos are produ
ed in weak intera
tion pro
esses and in varioussour
es. Depending on the type of sour
e, the neutrino energies are ranging from a fewMeV to extremely high energies of the order of 1020 eV. Di�erent neutrino sour
es aredis
ussed in the following, paying spe
ial attention to atmospheri
 neutrinos, whi
h areof relevan
e for this thesis.2.3.1 Cosmi
 neutrinosCosmi
 neutrinos naturally appear in the 
ontext of primary 
osmi
 rays, whi
h 
onsistof parti
les from outer spa
e that are permanently impinging on our Earth's atmo-sphere. These parti
les are 
overing a huge energy range and bear pre
ious informationabout high-energy pro
esses o

urring within our galaxy and beyond. The most inter-esting questions yet to answer are where the parti
les (espe
ially those with highestenergies) are 
oming from and how they are a

elerated.Cosmi
 rays 
onsist of 
harged parti
les, whi
h are mainly protons but to a smallextend also nu
lei with higher 
harge Z, as well as ele
trons. Their energy spe
trum hasbeen well measured by many di�erent experiments. It ranges over more than ten ordersof magnitude in energy up to extremely high values of the order of 1020 eV (Fig. 2.2).The �ux de
reases steeply over thirty orders of magnitude, following a broken powerlaw
dN(E)

dE
∝ E−γ , (2.11)with the energy dependent spe
tral index γ, whi
h varies between γ ≈ 2.7 and γ ≈

3.0. The 
ause for the distin
t features in the spe
trum is still subje
t of dis
ussions,involving di�erent a

eleration me
hanisms, the 
omposition of the 
osmi
 rays and thetransition from gala
ti
 to extra-gala
ti
 origin.The information that 
an be gained from investigating 
harged 
osmi
 parti
les isrestri
ted by the fa
t that they are de�e
ted in interstellar and intergala
ti
 magneti
�elds and thus lose their dire
tional information. Only at highest energies the parti
les10



2.3 Neutrino sour
es
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Figure 2.2: Cosmi
-ray spe
trum, multiplied by a fa
tor E2.7. See text for furtherexplanation. Figure from [25℄. The dis
repan
y between the di�erentexperiments at highest energies (E & 1018 eV) is mainly an issue of theenergy 
alibration of these experiments.may point ba
k to their sour
es, be
ause the de�e
tion is small enough to allow fora reasonable dire
tional re
onstru
tion. Furthermore, above an energy of about 6 ·
1019 eV protons are subje
t to intera
tions with the 
osmi
 mi
rowave ba
kground,whi
h restri
ts their mean free pathlength to some 10Mp
 [26℄.In any sour
e in whi
h 
harged 
osmi
 parti
les are a

elerated, neutrinos and γ-photons must be generated in se
ondary pro
esses. Gamma radiation may, neutrinoswill emerge from these sour
es and 
an rea
h the Earth. Investigating them 
an helpto 
learly identify hadroni
 
osmi
 a

elerators.Cosmi
 γ-radiation is being investigated for the last few de
ades. Espe
ially twoimaging air shower Cherenkov teles
opes, H.E.S.S. [27℄ and Magi
 [28℄, dis
overedhigh-energy photon sour
es. For example, the H.E.S.S. experiment has reported 5811



2 Neutrino physi
sgala
ti
, TeV γ-photon emitting obje
ts [29℄ up to now.Besides the above mentioned hadroni
 a

eleration me
hanism, su
h high-energyphotons 
an also be a

elerated in leptoni
 s
enarios via ele
tromagneti
 pro
esses. A
lear distin
tion between leptoni
 and hadroni
 s
enarios from the measured spe
tra isvery 
hallenging and in fa
t not possible without doubt.Contrary to this, the dete
tion of 
osmi
 neutrinos would provide a 
lear indi
ationof the hadroni
 s
enario. Furthermore, due to being ele
tri
ally neutral and havinga tiny intera
tion 
ross se
tion (Se
tion 2.4.1), neutrinos 
an emerge even from the
entral parts of gala
ti
 and extra-gala
ti
 obje
ts and travel virtually undisturbedlythrough the spa
e. They provide valuable information and investigating them will
omplement our pi
ture of the universe. However, the advantages they have in 
ontrastto other 
osmi
 messengers go along with enormous di�
ulties in dete
ting them onEarth. Huge dete
tors are needed to be able to measure only few of them. Indeed, nosigni�
ant signal of high-energy 
osmi
 neutrinos has been dete
ted up to now6. Good
andidates for sour
es of 
osmi
 high-energy neutrinos are for example a
tive gala
ti
nu
lei or gamma-ray bursts.2.3.2 Atmospheri
 neutrinosAtmospheri
 neutrinos are produ
ed uniformly in the Earth's atmosphere by primary
osmi
 rays intera
ting with atmospheri
 parti
les. They form an irredu
ible ba
k-ground for the sear
h for 
osmi
 neutrinos, but 
an also be employed for investigatingneutrino os
illations. Studying os
illations of atmospheri
 neutrinos with the Antaresneutrino teles
ope is the topi
 of this thesis and therefore atmospheri
 neutrinos willbe treated a bit more detailed in this se
tion.Besides atmospheri
 neutrinos, muons (≈ 80% of all 
harged parti
les) are the main
omponent of the so-
alled se
ondary 
osmi
 radiation. Other 
omponents, i.e. mesons(pions, kaons, et
.) and baryons (like protons) 
an also survive down to sea level,however their fra
tion is small. Ele
trons and positrons build up a third 
harged 
om-ponent but as they are absorbed soon after their produ
tion, their �ux at sea level issmall 
ompared to the muon �ux (ex
ept for very high-energy 
osmi
 parti
les with
E ≥ 1016 eV) [26℄.Dete
ting neutrinos is 
hallenging in general, and so is the dete
tion of atmospheri
neutrinos. The measurement of the atmospheri
 neutrino energy spe
trum is still underway, theoreti
al predi
tions are 
ontinuously probed and models for its 
al
ulation arepermanently improved.Two 
omponents 
ontribute to the total atmospheri
 neutrino �ux Φν , the 
onven-tional �ux Φc

ν and the prompt �ux Φp
ν . The prompt �ux of neutrinos results fromsemi-leptoni
 de
ays of parti
les 
ontaining 
harm quarks. Su
h parti
les are in
reas-ingly produ
ed in the hadroni
 
omponent of the se
ondary 
osmi
 rays with in
reasingenergy of the primary parti
le. The impa
t on the neutrino spe
trum is very small for6Cosmi
 low-energy neutrinos (E = 20 � 40MeV) from the supernova explosion SN1987A were ob-served with the IMB dete
tor [30℄.12



2.3 Neutrino sour
esenergies below a threshold around Ep
ν ≈ 105 GeV. The energy range above this thresholdis not of interest for the investigation of atmospheri
 neutrino os
illations and thereforethe prompt �ux will not be further dis
ussed here.In the energy range below the threshold, where the impa
t of the prompt �ux be
omesnegligible, neutrinos are predominantly produ
ed in de
ays of pions and kaons and ofthe resulting muons:

π−/K− → µ− + νµ and π+/K+ → µ+ + νµ, (2.12)
µ− → e− + νe + νµ and µ+ → e+ + νe + νµ. (2.13)The �ux of neutrinos resulting from these de
ays is 
alled the 
onventional neutrino�ux. The expe
ted �ux ratio of muon to ele
tron neutrinos (νµ + ν̄µ)/(νe + ν̄e) and theratio of neutrinos to anti-neutrinos ν/ν̄ for ele
tron and muon neutrinos as fun
tionsof Eν are shown in Fig. 2.3. The �avour ratio has a value of about two around 1GeVand in
reases up to about seven at 100GeV, due to muons rea
hing the ground beforede
aying. In fa
t, this 
al
ulated ratio is redu
ed be
ause of the e�e
t of neutrinoos
illations, where νµ os
illate into ντ .
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Figure 2.3: Left: The �ux ratio (νµ + ν̄µ)/(νe + ν̄e) averaged over zenith and azimuthversus neutrino energy for di�erent �ux models.Right: The �ux ratios of νe/ν̄e and νµ/ν̄µ versus neutrino energy for dif-ferent �ux models (same key as left �gure). Figures from [31℄.If all pions and kaons produ
ed in the atmosphere de
ay, the energy spe
trum ofthe atmospheri
 neutrinos theoreti
ally re�e
ts the spe
trum of the primary 
osmi
rays. Indeed, the neutrino �ux 
an be parametrised by a power law (dN(Eν)
dEν

∝ E−γ
ν ),and around 10GeV the spe
tral index approximately relates to the spe
tral index ofthe low-energy primary 
osmi
 rays of about γ ≈ 2.7. At about 100GeV though, the13



2 Neutrino physi
sspe
trum steepens to a value of about γ ≈ 3.7. This relates to an in
reasing numberof hadroni
 intera
tion pro
esses of pions and kaons with atmospheri
 parti
les. Within
reasing energy, they are beginning to dominate over the de
ay pro
esses and thereforeless neutrinos are produ
ed in this energy range.Furthermore, variations in the atmospheri
 neutrino �ux with the zenith angle Θ(angle between the parti
le's traje
tory and the normal of the Earth's surfa
e) areobserved. Given the same tra
k length, verti
al parti
les are 
rossing more matterthan horizontal ones and thus have more opportunities to intera
t. This results in averti
al �ux that is redu
ed by a fa
tor of about two7 
ompared to the horizontal �uxin the energy range from about 1GeV to 1PeV. The angle-averaged atmospheri
 muonneutrino and anti-neutrino spe
trum is shown in Figure 2.4.
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tions by Honda et al. and Barr et al. Pi
ture from [32℄(see also for referen
es).
2.3.3 Other sour
esGeologi
al and arti�
ial sour
esNeutrinos, besides ele
trons, are a produ
t of the nu
lear β-de
ay. Radioa
tive β-emitting isotopes o

ur everywhere in nature, mainly in ro
ks, hydrogeneti
 ro
ks and7The exa
t value depends on the �ux models.14



2.4 Neutrino intera
tions and dete
tionsea water. Mainly ν̄e in the MeV range are emitted by β-de
ay pro
esses. By far,geologi
al sour
es 
ontribute most to the amount of terrestrial neutrinos.Besides natural radioa
tivity, arti�
ial radioa
tivity in rea
tors or parti
le a

elera-tors is a further terrestrial sour
e of neutrinos. While in rea
tors only the radioa
tive
β-de
ay 
ontributes a nearly pure �ux of anti-ele
tron neutrinos in the range of a fewMeV, all three neutrino �avours 
an be produ
ed in parti
le a

elerators up to thehigher GeV range.Solar neutrinosFrom the standard solar model (SSM) that des
ribes the fusion pro
esses in the sun,we 
an expe
t a pure ele
tron neutrino �ux up to 14MeV. The main fusion pro
ess inthe sun is the pp-
y
le whi
h 
ontributes more than 98% to the total energy release.In ea
h fusion step νe are produ
ed. Contrary to photons, neutrinos are not absorbedby the solar matter and 
an thus 
onvey information from the inner part of the sun.The energy integrated �ux predi
ted by the SSM is Φsol ≥ 1011
m−2s−1.2.4 Neutrino intera
tions and dete
tionInvestigating neutrinos in general helps to 
omplete our pi
ture of the fundamentalparti
les and for
es in nature. In parti
ular, neutrinos might be a 
lue to the physi
sbeyond the Standard Model. Many things are already known about neutrinos, but thereare still open questions, like the exa
t mass values, the reason why the neutrino massesare so tiny in relation to other parti
les, and the phenomena of os
illations and CPviolation. Besides the role of neutrinos in the 
ontext of the fundamental understandingof matter and intera
tions, neutrinos also play a role as messenger parti
les. Fromdete
ting 
osmi
 neutrinos, new �ndings about high-energy phenomena in our universeare expe
ted. A

elerator, rea
tor, solar and atmospheri
 neutrinos on the other hand
an be employed for the study of neutrino os
illations and CP violation. As neutrinosthemselves leave no tra
es in dete
tors, they 
an only be dete
ted by their intera
tionprodu
ts. Hen
e, in this se
tion, fundamental neutrino intera
tions are des
ribed, andhow neutrinos 
an be dete
ted.The Antares neutrino teles
ope is employing the Cherenkov e�e
t for an opti
al de-te
tion of high-energy neutrinos. With respe
t to the fo
us of this thesis, this dete
tionmethod is stressed and the Cherenkov e�e
t is introdu
ed. An alternative dete
tionte
hnique for neutrinos of highest energies will also be mentioned brie�y.2.4.1 Neutrino intera
tionsThe intera
tion 
ross se
tion is proportional to the square of the transition matrixelement, whi
h in turn is proportional to the inverse of the mass of the for
e 
arrier15



2 Neutrino physi
s(i.e. Z0, W+ or W− bosons) squared:
σ ∝ M

2
fi and Mfi ∝

g2

(M2 − q2)
, (2.14)with the 
ross se
tion σ, the transition matrix element Mfi, the weak 
harge g (whi
his of the order of the ele
tri
al 
harge e), the momentum transfer q2 and the mass ofthe for
e 
arrier, M . Due to the large masses of the bosons, the 
ross se
tion is smallfor small values of the momentum transfer. Only if the momentum transfer is very high(at least of the order of the mass of the ex
hanged boson), the 
ross se
tion be
omes
omparable to the 
ross se
tion of the ele
tromagneti
 intera
tion.Charged and neutral 
urrentsThe ex
hange of an ele
tri
ally neutral Z0 boson is 
alled a neutral 
urrent (NC) inter-a
tion, while the ex
hange of an ele
tri
ally 
harged W± boson is referred to as 
harged
urrent (CC) intera
tion.The CC intera
tion 
an 
hange the �avour of quarks, 
reate a 
harged lepton/anti-neutrino pair, or 
onvert a 
harged lepton into a neutrino of the same family or vi
eversa (the same holds for the anti-parti
les). In this type of intera
tion, the identityof all parti
ipating parti
les 
hanges, as well as their ele
tri
al 
harges. Dependingon the parti
les involved, the intera
tions are 
ategorised as leptoni
, semi-leptoni
 ornon-leptoni
 pro
esses. An example for a leptoni
 pro
ess is the muon de
ay µ− →

e− + νe + νµ (a

ordingly for anti-muons). The pion and kaon de
ays are examples forsemi-leptoni
 pro
esses: π−/K− → µ− + νmu (a

ordingly for π+/K+). Only quarksare involved in non-leptoni
 pro
esses. As they are not of relevan
e for what follows,they will not be further dis
ussed here.NC intera
tions, on the other hand, do not 
hange the �avour or the types of the in-volved parti
les, implying that the in- and outgoing parti
les are identi
al. An examplefor a NC rea
tion is the neutrino s
attering from quarks: νµ + q → νµ + q.Deep inelasti
 s
atteringWhen neutrinos are passing through baryoni
 matter, they 
an intera
t with the targetnu
lei in semi-leptoni
 pro
esses, either via CC or NC intera
tions. In the energyrange of interest for large-volume neutrino dete
tors like Antares (above 10GeV),the 
ross se
tion for su
h neutrino-nu
leon intera
tions is predominantly deep inelasti
s
attering8 [33℄. The measure for the inelasti
ity of su
h a pro
ess is the Bjorken s
alingvariable x, whi
h is de�ned as:
x :=

Q2

2M(Eν − El)
, (2.15)8Further rea
tion 
hannels are quasi-elasti
 and resonant s
attering, whi
h will not be dis
ussed herefurther, but are in
luded in the simulations.16



2.4 Neutrino intera
tions and dete
tionwith the mass of the nu
leus M , the energy of the in
ident neutrino Eν and the outgoinglepton El and the negative squared four-momentum transfer between the neutrino andthe lepton, Q2 = −(p − p′)2 [34℄. In an elasti
 intera
tion the Bjorken variable willbe x ≡ 1, whereas for an inelasti
 pro
ess 0 < x < 1. The energy di�eren
e Eν − Elis 
onverted into a hadroni
 
as
ade, originating from the intera
tion vertex. The
as
ade mainly 
onsists of pions, kaons, protons, and neutrons. All possible semi-leptoni
 neutrino-nu
leon deep inelasti
 intera
tion 
hannels in
luding the hadroni

as
ades are depi
ted in Fig. 2.5.
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Figure 2.5: Neutrino-nu
leon deep inelasti
 intera
tion 
hannels. Charged 
urrentintera
tions of all three neutrino �avours (a � 
) and neutral 
urrent inter-a
tions (d; identi
al for all neutrino �avours). See text for details.In CC pro
esses 
harged leptons are produ
ed (e, µ or τ), depending on the �avourof the in
oming neutrino. Ele
trons produ
ed by the intera
tion of νe (Fig. 2.5a) haveonly a short mean free path length (in the order of a few 
m). Shortly after theirgeneration, they initiate an ele
tromagneti
 
as
ade 
onsisting of e+, e− and γ byiterative energy loss pro
esses (pair produ
tion and bremsstrahlung). Muons from νµintera
tions (Fig. 2.5b) have mu
h longer traje
tories than ele
trons, ranging from afew meters around 1GeV up to several 10 km above 10TeV (see also Se
tion 3.1). Thepath length of taus produ
ed in the intera
tion of ντ in
reases with in
reasing energy,but only beyond 10TeV it ex
eeds the length of the hadroni
 shower (about 10m).Taus have only a short lifetime and most of their de
ay modes in
lude the generationof a hadroni
 
as
ade as depi
ted in Fig. 2.5
.In NC pro
esses the outgoing lepton is a neutrino. The pro
ess is identi
al for allneutrino �avours: as shown in Fig. 2.5d, a Z0 boson is ex
hanged between the neutrinoand the nu
leus and, like for the CC pro
esses, a hadroni
 
as
ade is generated at theintera
tion vertex.As will be dis
ussed in the next subse
tion and in the following 
hapter, the CCpro
esses are of main interest for 
onventional neutrino dete
tors in the deep-inelasti
energy range. Therefore, only the leading-order 
ross se
tion for the 
harged 
urrentdeep inelasti
 s
attering is given here [35℄:
d2σcc

dxdy
=

2G2
F MEν

π

(
M2

W

Q2 + M2
W

)2

[xq(x, Q2) + xq(x, Q2)(1 − y)2]. (2.16)17



2 Neutrino physi
s
GF = 1.17 · 10−5 GeV−2 is the Fermi 
oupling 
onstant, x and Q2 the Bjorken s
alingvariable and the momentum transfer, respe
tively. M is the mass of the nu
leon, MWthe mass of the W boson and y = (Eν − El)/Eν the di�eren
e between the energyof the in
ident neutrino Eν and the outgoing lepton El divided by Eν . q(x, Q2) and
q(x, Q2) are the parton distribution fun
tions for quarks and anti-quarks, respe
tively.In Fig. 2.6, the total 
ross se
tions for neutrino and anti-neutrino nu
lear s
attering aregiven as a fun
tion of the neutrino energy. It 
an be seen that below about 5TeV (theinteresting energy range for studying os
illations of atmospheri
 neutrinos in Antareswill be around 10 − 100GeV) the 
ross se
tion in
reases linearly with the logarithmi
energy.

 

Figure B-1 : Évolution de la section efficace d’interaction des Figure 2.6: Cross se
tions for NC and CC s
attering of neutrinos and anti-neutrinosfrom isos
alar nu
leons as a fun
tion of the neutrino energy. Figure from[35℄.2.4.2 Neutrino dete
tionDue to their tiny 
ross se
tion, the dete
tion of neutrinos is di�
ult. Either largeneutrino �uxes or large dete
tion volumina are ne
essary for the su

essful dete
tion ofa signi�
ant number of neutrinos. Hen
e, the 
hoi
e of the dete
tor type is 
orrelatedwith the neutrino �ux and 
onsequently driven by the required dete
tor size.Conventional s
intillation dete
tors, for example, 
an be employed for the dete
tionof rea
tor and a

elerator neutrinos. In su
h dete
tors, photons are measured, whoseemission is indire
tly indu
ed by neutrino intera
tions9. One experiment that is dete
t-ing rea
tor neutrinos with a s
intillation dete
tor is, for example, the Double Choozexperiment [36℄, whi
h is studying neutrino os
illations.The �ux of solar low-energy neutrinos is su�
iently large to measure them also withs
intillation dete
tors (for example the Borexino experiment [37℄). Alternatively,9The exa
t me
hanism depends on the dete
tion media.18



2.4 Neutrino intera
tions and dete
tiondete
tors based on radio
hemi
al methods 
an be used (e.g. the Homestake [18℄ or theGallex [38℄ experiment). In su
h dete
tors, unstable nu
lei are generated in neutrino
apture rea
tions, whose radioa
tive de
ay 
an be dete
ted.When it 
omes to high-energy, atmospheri
 or 
osmi
 neutrinos, with �uxes manyorders of magnitude below the solar low-energy �ux or the �ux of rea
tor and a

eler-ator neutrinos, huge dete
tors are needed. Typi
ally, su
h dete
tors are based on themeasurement of Cherenkov light, emitted by 
harged, se
ondary high-energy parti
lesfrom neutrino intera
tions. The dete
tion media employed are transparent media likewater or i
e. Natural volumina like the sea or the 
lear i
e beneath the South Poleallow for the 
onstru
tion of large-s
ale dete
tors. The Cherenkov e�e
t itself, as wellas the opti
al neutrino dete
tion via Cherenkov light will be dis
ussed in detail below.Cosmi
 neutrinos with ultra-high energies (Eν > 1018 eV) may be dete
ted with thePierre Auger Observatory in western Argentina, whi
h is designed for the dete
tion ofextensive air showers, initiated by 
osmi
 (
harged) parti
les with highest energies [39℄.Ultra high-energy neutrinos 
an be identi�ed as highly in
lined showers that originatefrom deep inside the atmosphere, tagged by a signi�
ant ele
tromagneti
 
omponent[40℄. An alternative dete
tion method for 
osmi
 neutrinos with energies above ≈ 1PeVuses an a
ousti
al approa
h and will be introdu
ed below.Opti
al dete
tion - making use of the Cherenkov e�e
tDete
ting high-energy neutrinos is mainly done by making use of the Cherenkov e�e
t.If a 
harged parti
le traverses a diele
tri
 medium with a velo
ity v = βc ex
eedingthe velo
ity of light cn = c/n in this medium (with the va
uum velo
ity of light c andthe refra
tion index of the medium n), it emits ele
tromagneti
 radiation, the so-
alledCherenkov light. The mole
ules in the medium are polarised along the traje
tory ofthe 
harged parti
le and a
t as dipoles. If the velo
ity of the parti
le is small (v < cn),the dipoles are oriented isotropi
ally with respe
t to the position of the parti
le, andthe waves they emit interfere destru
tively. If v > cn, the symmetry is broken andradiation is emitted under an angle ΘCh, whi
h depends on the refra
tion index of themedium n, as well as on the velo
ity of the parti
le. ΘCh is given by:
cos ΘCh =

cnt

βct
=

1

βn
. (2.17)In the 
ase of 
harged intera
tion produ
ts of high-energy neutrinos, the velo
ity almostequals the va
uum velo
ity of light (β ≃ 1, v ≃ c). Employing a transparent mediumlike water or i
e as dete
tion medium, high-energy 
harged parti
les 
an therefore bedete
ted by measuring the Cherenkov radiation in photosensor arrays.This te
hnique is used for example in the Antares dete
tor (see Chapter 3), where avolume of about 0.01 km3 in the Mediterranean Sea is instrumented with photomultipli-ers. The sea water is employed as dete
tion medium. The I
eCube neutrino teles
ope[41℄ at the South Pole, uses the 
lear i
e in a depth from about 1 400 to 2 400m beneaththe surfa
e as dete
tion medium, and the Super-Kamiokande experiment [7℄, designed19



2 Neutrino physi
sfor the dete
tion of solar and atmospheri
 neutrinos, was built up of a large tank offresh water equipped with photomultipliers.The intensity of the Cherenkov radiation de
reases with in
reasing wavelength (as1/λ2). In the typi
al e�
ien
y range of a photo-multiplier (300−600nm) about 35 000photons are emitted per meter of tra
k length [42℄. An essential 
ondition for themeasurement of Cherenkov radiation of individual parti
les is therefore perfe
t darknessin the dete
tion volume10.While propagating through matter, the Cherenkov photons 
an be absorbed by ors
attered o� mole
ules and parti
les of the dete
tion medium. Whereas absorptionattenuates the intensity of the emitted light, s
attering only a�e
ts its original angulardistribution. By introdu
ing the wavelength-dependent absorption length Λabs ands
attering length Λs
at, the e�e
ts of photon absorption and s
attering 
an be quanti�ed.Both fa
tors give the length at whi
h on average a fra
tion of 1/e of the originallyemitted photons is not absorbed or is uns
attered, respe
tively.The tra
ks of the 
harged parti
les 
rossing the dete
tor 
an eventually be re
on-stru
ted from the known positions of the photosensors that are used to measure thelight, the arrival times and the amplitudes of the light signals.A
ousti
 dete
tion - an alternative dete
tion me
hanismIn natural dete
tion media like sea water or i
e, almost arbitrarily large volumina
an be instrumented with photosensors to dete
t even 
osmi
 neutrinos with highestenergy and very small �uxes by means of the opti
al Cherenov te
hnique. The onlygiven restri
tion is the distan
e between the photomultipliers, that has to be aroundthe attenuation length (i.e. the 
ombination of absorption and s
attering length, seeSe
tion 3.3.2) of light in this medium. Consequently, with in
reasing volume, also the
osts for su
h a dete
tor in
rease and in real life this usually is the limiting fa
tor. Inorder to in
rease the instrumented volume without in
reasing the 
osts in the sameway, an alternative dete
tion method, basing on the thermo-a
ousti
al model [43℄ is
urrently studied within the Antares 
ollaboration [44℄.The energy deposited by a neutrino intera
tion with a nu
leus leads to a lo
al in
reasein temperature, and thus to a lo
al expansion of the dete
tion medium11. This 
ausesa short a
ousti
 bi-polar signal, whi
h 
an be dete
ted by sensitive a
ousti
 antennas.As the absorption length of sound in sea water ex
eeds the absorption length of lightby a fa
tor of ten to twenty, the instrumentation density of the dete
tion volume 
ouldbe signi�
antly redu
ed.Within the Antares dete
tor an a
ousti
 dete
tion test system is installed, that
onsists of a three-dimensional array of hydrophones. Ex
ept for its small size, thesystem has all features required for an a
ousti
 neutrino teles
ope and hen
e is suitedfor a feasibility study of a potential future large-s
ale a
ousti
 neutrino teles
ope [45℄.10As is always the 
ase, perfe
tion is almost impossible to obtain. What is meant in prin
iple, is abest possible shielding from sun light or arti�
ial light sour
es.11The water in the Mediterranean Sea has a temperature of ∼ 14◦ and is not at the anomaly point.20



2.5 Overview of experimental neutrino os
illation statusCurrently the a
ousti
al ba
kground at the Antares site is investigated and studies
on
erning signal 
lassi�
ation and sour
e re
onstru
tion are under way.2.5 Overview of experimental neutrino os
illationstatusNeutrino os
illations have been �rmly established in the last twelve years by a series ofdi�erent experiments. Su
h experiments for the determination of neutrino os
illationparameters are in general only sensitive to 
ertain neutrino �avours, depending on theneutrino sour
e and the dete
tion te
hniques employed. The distan
e from the sour
eand the energy of the neutrinos determine the �avour transitions that 
an be measured.As dis
ussed in Se
tion 2.2, there will be a mixing among all three �avours of neutri-nos in general. This three-�avour mixing s
enario de
ouples, given that ∆m2
12 ≪ ∆m2

23and Θ13 ≈ 0. In this 
ase, the two-generation mixing model is a good approximationand ea
h transition 
an be des
ribed by a two-generation mixing equation.Typi
ally, the two de
oupled two-os
illation s
enarios are referred to as �solar� and�atmospheri
�, be
ause they are a

essible via ele
tron neutrinos from the sun and muonneutrinos generated in the Earth's atmosphere, respe
tively. Even though neutrinosfrom rea
tors or a

elerators are also used for determining the os
illation parameters,the nomen
lature is kept in literature. While the solar os
illation s
enario 
onstrainsthe parameters ∆m2
12, Θ12, and Θ13, the atmospheri
 s
enario 
onstrains the parameters

∆m2
23, Θ23, and Θ13. The only parameter 
ommon to both s
enarios is Θ13, whi
h maypotentially allow for some mutual in�uen
e.2.5.1 Neutrino os
illation experimentsExperiments for the investigation of neutrino os
illations employ di�erent sour
es ofneutrinos. In the following, the exemplary mentioned experiments are 
lassi�ed a

ord-ing to their neutrino sour
e.Solar neutrinosIn the late 1960s, the Homestake experiment [18℄ observed a signi�
ant de�
it in thesolar neutrino �ux 
ompared to the predi
tions of the standard solar model (SSM).Homestake was a radio
hemi
al experiment that dete
ted νe from the sun via thede
ay of 37Ar generated in the CC rea
tion of νe with 37Cl: νe+

37Cl→37Ar+e−. Themeasured de�
it 
ould be explained by νe → νµ, or νe → ντ os
illations.Sin
e then, several experiments measured solar neutrinos in di�erent energy bands.The Sudbury Neutrino Observatory (SNO) [46℄ took data from 1999 to 2006. It was aheavy-water Cherenkov dete
tor designed to dete
t neutrinos produ
ed by fusion rea
-tions in the Sun. SNO was 
apable of dete
ting νe via CC intera
tions, but 
ould alsodete
t all other neutrino �avours via NC intera
tions and ele
tron s
attering. SNO, andalso Super-Kamiokande (see below), allow for a dire
tional and energy re
onstru
tion of21



2 Neutrino physi
sthe dete
ted neutrinos. Both dete
tors have an energy threshold of about E = 5MeV12,and are sensitive to the solar �ux 
ontribution of neutrinos from the radioa
tive 8B de-
ay in the sun.Borexino [48℄ on the other hand fo
uses on the measurement of the solar 7Be neutrino�ux (emerging from the pro
ess of 7Be4++e− →7Li3++νe) in the sub-MeV range, but isalso 
apable of measuring 8B neutrinos. The dete
tor is taking data sin
e May 2007 and
ontains an ultrapure liquid s
intillator viewed by more than 2 000 photomultipliers.Its energy threshold is at an energy of about 250 keV.Atmospheri
 neutrinosThe Super-Kamiokande experiment [7℄ is operational sin
e 1996, and the 
ollaborationwas the �rst that published de�nite eviden
e for neutrino os
illations from the observa-tion of atmospheri
 neutrino data [8℄. Super-Kamiokande is a water Cherenkov dete
torand 
onsists of a tank �lled with 50 000 tons of ultra-pure water. More than 11 000photomultipliers measure the light emitted by high-energy 
harged parti
les 
rossingthe dete
tion volume. The dete
tor is sensitive to both solar ele
tron neutrinos andatmospheri
 ele
tron and muon neutrinos.Super-Kamiokande has measured the �ux of atmospheri
 νe and νµ as a fun
tion ofthe zenith angle of the neutrinos. It turned out that the νµ �ux from the hemispherebelow the dete
tor is smaller than predi
ted by models without neutrino os
illations,but 
onversely, the νµ �ux from the hemisphere above the dete
tor, as well as theele
tron �ux from both hemispheres, are 
onsistent with the predi
tions. This e�e
t ofvanishing νµ from below 
an be assigned to an os
illation νµ → ντ . Only for those νµthe path length is long enough to allow for os
illations. On the 
ontrary, the os
illationof atmospheri
 νe 
an not be resolved at these path lengths and energies.Rea
tor neutrinosEmploying neutrinos from nu
lear rea
tors is another possibility of investigating theneutrino �avour os
illation phenomenon. The Chooz experiment [49, 50℄, for example,utilised the high intensity and purity of a rea
tor ν̄e �ux. It was lo
ated at about 1 kmfrom a nu
lear rea
tor near the 
ity of Chooz in Fran
e. Chooz, that took data in 1997and 1998, dete
ted the ν̄e emerging from the rea
tor via inverse β -de
ay. As for theChooz rea
tor data, the survival probability of ν̄e at an average energy of a few MeVdepends only on ∆m2
23 and Θ13, as long as ∆m2

12 . 3 · 10−4 eV2. Chooz reported noeviden
e for neutrino os
illations in the ν̄e disappearan
e mode. It 
ould thus ex
ludethat the observation of a νµ/νe ratio that is roughly one half of what expe
ted, is due toa transition from νµ to νe. Together with the Super-Kamiokande results it be
ame 
learthat the e�e
t has to be 
aused by νµ → ντ os
illations. From this non-observation,Chooz also made an important 
ontribution to the bound on Θ13.12In a re
ent publi
ation SNO reported an e�e
tive ele
tron kineti
 energy threshold of Ee� = 3.5MeV[47℄.22



2.5 Overview of experimental neutrino os
illation statusKamLAND [51℄, a liquid s
intillator dete
tor at the underground Kamioka neutrinoobservatory in Japan, started data taking in 2002. Like Chooz, it dete
ts ν̄e via inverse
β-de
ay. The ν̄e are produ
ed in nu
lear rea
tors surrounding the dete
tor site. Withan energy threshold at about 1.8MeV and a �ux weighted average distan
e of ∼ 180 kmfrom the rea
tors, KamLAND is sensitive to the solar mixing parameters ∆m2

12, Θ12and Θ13. The spe
tral information from the experiment allowed for a determination of
∆m2

12 with unpre
edented pre
ision. Furthermore, the KamLAND data has helped to
onstrain the lower bound of the mixing angle Θ12 [52℄, and has also set upper limits on
Θ13 [53℄. The dete
tor is 
urrently undergoing a puri�
ation upgrade whi
h will enableKamLAND to exe
ute a low energy neutrino program in parallel with the anti-neutrinoprogram.An up
oming rea
tor experiment, Double Chooz [36℄, is intended to improve theresults of its prede
essor Chooz 
on
erning the determination of the Θ13 mixing angle.This will require an in
rease in statisti
s, a redu
tion of the systemati
 errors belowone per
ent, and a 
areful 
ontrol of the ba
kgrounds. For this purpose, two identi
aldete
tors are used, one at 400m distan
e, the other at 1.05 km distan
e from the Chooznu
lear 
ores.A

elerator neutrinosBeam-dumps of proton a

elerators are a sour
e of νµ and ν̄µ. Huge amounts of 
hargedpions are generated when high-energy protons hit the beam-dump target and de
aymainly to µ+ and νµ or µ− and ν̄µ, respe
tively.The K2K neutrino os
illation experiment [54, 55℄ was lo
ated at Kamioka in Japan,250 km away from the 12GeV proton syn
hrotron a

elerator KEK. At the KEK site,a neutrino beam was generated and pre
ise measurements of the beam �ux were per-formed. The 
ontamination of the beam with other than νµ �avours is determinedusing a set of nearby dete
tors. By 
omparing the measurement in Kamioka with thefront dete
tor measurement, possible e�e
ts due to neutrino os
illations 
an be investi-gated. K2K took data from 1999 to 2004. It measured the disappearan
e of νµ and wassensitive to the atmospheri
 os
illation parameters ∆m2

23 and Θ23. As K2K used muonneutrinos from a well-
ontrolled and well-understood beam, this was the �rst positivemeasurement of neutrino os
illations in whi
h both the sour
e and the dete
tor werefully under 
ontrol. The results of K2K are 
onsistent with the os
illation parame-ters previously measured by the Super-Kamiokande 
ollaboration using atmospheri
neutrinos.T2K is the se
ond generation follow up to the K2K experiment [56℄. The J-PARCfa
ility, whi
h is a more powerful proton syn
hrotron a

elerator than KEK used in theK2K experiment, will produ
e an intense o�-axis beam of νµ. O�-axis means that theinitial parti
le beam is dire
ted 2 to 3 degrees away from the dete
tor, whi
h lowers the�ux of neutrinos rea
hing the dete
tor but provides a more desirable neutrino energyspe
trum. At the T2K baseline (295 km), maximal neutrino os
illation is expe
tedto o

ur at energies lower than 1GeV. The goal of the T2K experiment is to gain amore 
omplete understanding of neutrino os
illation parameters by observing os
illation23



2 Neutrino physi
sfrom νµ to νe. The probability for this os
illation is 
ontrolled by the mixing angle
Θ13. T2K 
ould be the �rst experiment to measure the appearan
e of νe in a νµbeam. Furthermore, T2K aims at a pre
ise determination of the atmospheri
 mixingparameters [57℄.TheMinos Collaboration operates another a

elerator based neutrino os
illation ex-periment [58, 59℄, whi
h started data taking in its �nal 
on�guration in 2005. Minos
onsists of two dete
tors. The �rst one is more than 700 km away from the neutrinosour
e, the NuMI ("Neutrinos at Main Inje
tor") beamline at Fermilab. The se
onddete
tor is lo
ated only a few hundred meters away from the a

elerator. Neutrinointera
tions in this dete
tor are used to determine the initial neutrino �ux and en-ergy spe
trum. Both dete
tors are steel-s
intillator sampling 
alorimeters made ofalternating planes of magnetised steel and plasti
 s
intillators. Muons produ
ed in νµintera
tions are de�e
ted by a magneti
 �eld. It is therefore possible to distinguishbetween neutrinos and anti-neutrinos, allowing for a sear
h for CPT violation. LikeK2K and T2K, Minos is sensitive to the atmospheri
 os
illation parameters. In ad-dition to produ
ing pre
ision measurements of ∆m2

23 and Θ23, Minos also looks forthe appearan
e of νe in the far dete
tor in order to measure or to set a limit on theos
illation probability of νµ → νe and thus on the mixing angle Θ13.The Opera neutrino dete
tor [60℄ is lo
ated in the Gran Sasso Laboratory and was
ompleted in 2008. It is exposed to the νµ beam of the SPS a

elerator at Cern.It has been designed to perform the �rst dete
tion of neutrino os
illations in dire
tappearan
e mode through the study of the νµ → ντ 
hannel. Opera is a hybriddete
tor, 
onsisting of two targets, ea
h followed by a muon spe
trometer for momentumand 
harge identi�
ation of penetrating parti
les. The targets are built of 75 000 �bri
ks�arranged in parallel walls and interleaved with plasti
 s
intillator 
ounters. The bri
ksare emulsion modules 
onsisting of lead plates interleaved with emulsion �lms.The distan
e between Opera and Cern is about 730 km and the average neutrinoenergy is ∼ 17GeV. The number of neutrino intera
tions expe
ted to o

ur in theOpera targets in �ve years is about 24 000. The number of ντ 
harged 
urrent inter-a
tions is about 120 for ∆m2 = 2.5 ·10−3 eV2, leading to an observation of about ten ντevents with less than one ba
kground event. The observation of a �rst ντ 
andidate wasreported re
ently [61℄, with a signi�
an
e of 2.36σ not being a ba
kground �u
tuation.This does not allow yet for 
laiming the observation of νµ → ντ os
illation and thedete
tion of a few more 
andidate events will be required to �rmly establish νµ → ντneutrino os
illations in dire
t appearan
e mode.2.5.2 Global �tsCombining the results of several neutrino os
illation experiments, a global analysis ofthe data 
an be made and the three-�avour os
illation parameters 
an be obtained.The 
urrent best �t values from su
h a global analysis, in
luding the data of solar,atmospheri
, rea
tor and a

elerator experiments, 
an be found in Table 2.1. Detailson the analysis 
an be found in [62, 63, 64℄.Spe
tral information from KamLAND data leads to an a

urate determination of24



2.5 Overview of experimental neutrino os
illation statusTable 2.1: Neutrino os
illation parameters obtained from a global three-�avour anal-ysis (1σ errors). |∆m2
23| is given as absolute value as its sign, i.e. theneutrino mass hierar
hy, is still unknown.

sin2(Θ12) = 0.318+0.019
−0.016 sin2(Θ23) = 0.50+0.07

−0.06

∆m2
12 = 7.59+0.23

−0.18 · 10−5 eV2 |∆m2
23| = 2.40+0.12

−0.11 · 10−3 eV2the solar mass parameter ∆m2
12. Whereas KamLAND data 
ontribute also to the lowerbound on Θ12, the upper bound is 
onstrained by solar data. |∆m2

23| is dominated bydata from Minos. Mainly data from Super-Kamiokande determine the atmospheri
mixing angle Θ23 and lead to a best �t point at maximal mixing. The mass hierar
hy,i.e. the sign of ∆m2
23 remains undetermined by the present data.The value of the third mixing angle Θ13 is not known at present, but is 
onstrainedto be small 
ompared to the other two angles. Like the other os
illation parameters,the limit on Θ13 is obtained from the 
ombination of di�erent data sets; its 
urrentvalue is

sin2(Θ13) ≤ 0.031 (2.18)at 90% 
on�den
e level [62, 63, 64℄.2.5.3 The LSND and MiniBoone resultsFrom the LSND experiment, there is a hint for os
illations with a mu
h larger ∆m2.LSND took data from 1993 to 1998, sear
hing for ν̄µ → ν̄e and νµ → νe transitionsin an appearan
e measurement. The neutrinos were generated in the intera
tion of anintense proton beam at the Los Alamos Neutrino S
ien
e Center with di�erent targets.The beam stops were at a distan
e of 30 to 135m from the dete
tor and the neutrinoenergy was about 40MeV. LSND reported an eviden
e for neutrino os
illations, basedon an event ex
ess in the ν̄µ → ν̄e transition [65℄. No 
lear ex
ess has been observed inthe νµ → νe transition, but the results are 
onsistent with the anti-neutrino os
illationsignal. In 
onjun
tion with other available neutrino os
illation limits the LSND datasuggest neutrino �avour os
illations with 0.2 eV2 < ∆m2 < 10 eV2.This result is in
ompatible with the mass-squared di�eren
es required by other exper-iments within the standard three-�avour framework. Various solutions to the problemare suggested. The standard one is to introdu
e one or more �sterile� neutrinos (see, forexample, [22℄ and [63℄, and referen
es therein), whi
h are hypotheti
al parti
les thatare assumed to intera
t only gravitationally.The MiniBooNE experiment [66℄ is intended to shed more light on this topi
 and testthe eviden
e of the transitions reported by LSND. The experiment has sear
hed for a
νµ → νe appearan
e with a baseline of 540m and a mean neutrino energy of about700MeV and thus a very similar L/Eν range as LSND. The results of the experimentwere 
onsistent with no os
illations within a two-neutrino appearan
e-only os
illation25



2 Neutrino physi
smodel [67℄ and were thus in
ompatible with the LSND results, under the assumptionthat os
illations of neutrinos and anti-neutrinos are the same.Later on, in a more dire
t test of the LSND signal, MiniBooNE performed a sear
hfor ν̄µ → ν̄e os
illations. Only re
ently, in O
tober 2010, MiniBooNE reported an ν̄eevent ex
ess in this study [68℄. The data are 
onsistent with ν̄µ → ν̄e os
illations inthe 0.1 to 1.0 eV2 ∆m2 range and with the eviden
e for anti-neutrino os
illations fromLSND. No 
lear 
on
lusion 
an 
urrently be drawn from these results.

26



3 The ANTARES neutrinoteles
opeThe Antares 
ollaboration presently 
ounts more than 150 a
tive physi
ists and te
h-ni
ians from seven European 
ountries, operates a neutrino dete
tor in the Mediter-ranean deep sea, about 25 km o� the Fren
h 
ost near the 
ity of Toulon (Fig. 3.1). The
ollaboration has been formed in 1996 with the purpose of developing and 
onstru
tinga deep-sea neutrino teles
ope. Twelve years later, in May 2008, the 
onstru
tion of thedete
tor was su

essfully 
ompleted [69℄.

Figure 3.1: The lo
ation of the Antares dete
tor, near the 
oast of southern Fran
e.The dete
tor itself is a large-s
ale water Cherenkov dete
tor, designed and optimisedfor the dete
tion of high-energy extraterrestrial and atmospheri
 neutrinos. It 
onsistsof a three-dimensional array of photosensors, and the sea water serves as dete
tionmedium. The dete
tor is installed on the sea bed in a depth of about 2 475m, whereit is 
ompletely shielded from sunlight. The sea water above the dete
tor additionallyserves as shielding against downward-going atmospheri
 muons.In the �rst se
tion of this 
hapter the dete
tion prin
iple of Antares will be ex-plained in detail. The experimental setup, i.e. the layout of the dete
tor and the data27



3 The ANTARES neutrino teles
opea
quisition will be illustrated in Se
tion 3.2. Se
tion 3.3 deals with the ambient 
on-ditions at the Antares site, like the opti
al ba
kground and the water properties. InSe
tion 3.4, the trigger algorithms and the event building is introdu
ed. The variousevent types measured by Antares are dis
ussed in Se
tion 3.5 and in Se
tion 3.6 thesimulation 
hain for Antares is illustrated. Finally, a summary of the software used inthe Antares 
ollaboration is introdu
ed in Se
tion 3.7, paying parti
ular 
onsiderationto the analysis software.3.1 Dete
tion prin
iple3.1.1 Dete
tor des
riptionWhen high-energy neutrinos intera
t with nu
lei, they generate highly relativisti
,
harged parti
les, whi
h in turn emit Cherenkov light while propagating through thesea water. If su
h an intera
tion takes pla
e inside or near the instrumented volume ofthe Antares dete
tor, the Cherenkov radiation 
an be measured. Extremely sensitivephotosensors, atta
hed to mooring stru
tures, are the �eyes� of the dete
tor. They are
apable of dete
ting single photons. From the known positions of the photosensors, themeasured arrival times of the Cherenkov photons and the amount of light re
orded, tra-je
tories of 
harged parti
les and, to a 
ertain extent, also the position of the intera
tionvertex 
an be re
onstru
ted.Antares is optimised for the dete
tion of muons that are produ
ed in CC intera
-tions of high-energy νµ. Ele
trons, produ
ed by νe, only indu
e short-range ele
tromag-neti
 
as
ades. In the Antares perspe
tive, they have a point-like signature, whi
his di�
ult to identify and even more di�
ult to distinguish from the signature of NCintera
tions.Muons, on the other hand, have a long traje
tory (Fig. 3.2). They lead to a tra
k-like signature in Antares, whi
h enables a 
omparatively easy separation of signalsfrom opti
al ba
kground and a pre
ise dire
tional re
onstru
tion. Furthermore, thedete
tion volume is larger for νµ 
ompared to νe, as the latter 
an only be measuredwhen the intera
tion vertex is inside or 
lose to the instrumented volume. The muontra
k length is determined by the initial muon energy: muons lose energy on their waythrough matter through various pro
esses (Se
tion 3.1.3) and eventually stop beforethey de
ay. Be
ause of their key role, produ
tion, propagation, and energy loss ofmuons in sea water will be dis
ussed in the following subse
tions.Even though about one third of the 
osmi
 neutrinos are expe
ted to arrive as ντ ,they 
ould only for Eν > 1PeV be identi�ed due to their 
hara
teristi
 signature beingthat of a shower, a tra
k, and a se
ond shower: most de
ay modes of the tau in
lude thegeneration of a hadroni
 or ele
tromagneti
 
as
ade. Be
ause of the short lifetime oftaus, their �ight distan
e before de
ay is short (several ten meters at Eν = 1PeV), butfor taus with Eν > 1PeV, the tra
k is long enough to distinguish between the showerfrom the initial intera
tion of the ντ and the shower from the de
ay of the tau. Belowthis energy, taus would have a point like signature in Antares and their dete
tion and28



3.1 Dete
tion prin
iple

Figure 3.2: Range of muons, taus, and hadroni
 and ele
tromagneti
 
as
ades in seawater, as fun
tion of their respe
tive energy.identi�
ation is subje
t to the same problems as for other events with su
h signatures.Contrary to muons, energy loss pro
esses play a mu
h smaller role, be
ause the 17times larger mass of the tau.3.1.2 Muon produ
tionWhen νµ intera
t with nu
lei via a CC intera
tion, a muon is generated. Antaresis sensitive to muons with an energy above ∼ 10GeV. As dis
ussed above, the deepinelasti
 intera
tion is predominant at these energies. The average s
attering anglebetween µν and muon depends on the neutrino energy and is very small for high-energyneutrinos. It 
an be parametrised by
∆Θs
at =

0.7◦

(E[TeV])0.6
, (3.1)where E is the energy of the neutrino [70℄. For energies of ∼ 500GeV, the s
atteringangle between muon neutrino and muon is around 1◦ and is further de
reasing withenergy; above 25TeV it is already smaller than 0.1◦. In this energy range, the resolutionof the dire
tion measurement of the neutrino is usually limited by the un
ertainty onthe dire
tion of the re
onstru
ted muon tra
k. For energies in the range of some tenGeV, the deviation between the dire
tions of the νµ and the muon is a few degrees (seealso Se
tion 4.2), and the pre
ision of the dire
tion re
onstru
tion is dominantly limited29



3 The ANTARES neutrino teles
opeby this s
attering angle. The fra
tional energy transfer to the muon (Eµ/Eν) dependson the original energy of the neutrino and in
reases from about 50% on average at100GeV to more than 70% on average at 1PeV. This 
orrelation allows for drawing�rm 
on
lusions on the neutrinos from measuring the muons.3.1.3 Muon propagationThe muon itself su�ers from multiple s
attering on its way through ro
k or sea water,but in general the deviations from the original dire
tion are smaller than the s
atter-ing angle between muon neutrino and muon. The muon thus essentially retains thedire
tion of the muon neutrino and therefore points ba
k to the sour
e of the neutrino.This eventually legitimates 
alling instruments like Antares neutrino teles
opes andjusti�es the usage of the term neutrino astronomy.On their way through matter, muons intera
t with the medium through various pro-
esses. The ionisation (or ex
itation) of atoms and mole
ules of the surrounding matter,transferring ea
h time a small amount of energy, is an almost energy independent pro-
ess. It results in a nearly 
onstant energy loss of about 0.2 � 0.3GeV per meter waterequivalent. Below about 100GeV the energy loss is dominated by ionisation and, as a
onsequen
e, the path length of the muon is linearly 
orrelated with the energy.Above about 1TeV, radiative pro
esses start to dominate the total energy loss: inthe nu
lear ele
tri
 �elds of atoms, muons 
an radiate photons (bremsstrahlung) orprodu
e ele
tron-positron pairs (pair-produ
tion). The energy loss due to these radia-tive pro
esses in
reases linearly with energy and is of sto
hasti
 nature, implying thatthe a
tual energy loss is strongly �u
tuating.In Fig. 3.3, the average di�erential energy loss of muons propagating through matteris illustrated.3.2 Experimental setup3.2.1 Dete
tor layoutAntares 
onsists of 885 photosensors (photomultiplier tubes, PMTs) in total, arrangedon twelve so-
alled lines or strings. From ea
h string, an ele
tro-opti
al 
able runs toa jun
tion box (JB), that again is 
onne
ted to the shore station in La-Seyne-Sur-Mervia a deep-sea 
ommuni
ation 
able.A deadweight at the bottom string so
ket (BSS) of ea
h line keeps the bottom of thelines down to the sea bed, while buoys at their top ends hold them verti
ally upright.The strings are free to swing and rotate in the undersea 
urrent and have a total lengthof about 450m.One string 
onsists of 25 rigid titanium stru
tures (storeys), whi
h are equidistantlydistributed along an ele
tro-me
hani
al 
able (EMC). The lowermost storey is at aheight of about 100m measured from the seabed, and the distan
e between two neigh-bouring storeys is about 14.5m.30



3.2 Experimental setup

Figure 3.3: Di�erential energy loss of muons propagating through matter in GeV permeter water equivalent (mwe), as a fun
tion of the muon energy. The totalenergy loss for muons propagating through water (bla
k solid line) andthrough ro
k (green solid line), as well as the 
ontributions from di�erentintera
tion pro
esses are indi
ated (dashed lines).Three pressure-resistant glass spheres (opti
al modules, OMs) are �xed to the ti-tanium frames with an angular spa
ing of 120◦. Ea
h of them is housing a 10� pho-tomultiplier tube. The PMTs are orientated downward at an angle of 45◦ from thehorizontal. The OMs are ele
tri
ally 
onne
ted to a lo
al 
ontrol module (LCM) in the
entral part of the storey. The LCM 
onsists of a titanium 
ylinder that 
ontains thefront-end ele
troni
s of the storey. For te
hni
al reasons, �ve neighbouring storeys aregrouped together, forming a so-
alled se
tor. The se
ond storey of ea
h se
tor (
ountedfrom the bottom) is equipped with a master lo
al 
ontrol module (MLCM) that gathersthe information from the �ve storeys of the respe
tive se
tor. A string 
ontrol module(SCM) in the BSS gathers the data from the MLCMs. The SCMs from all the lines are
onne
ted dire
tly to the JB. Line 12 is somewhat ex
eptional be
ause it 
onsists onlyof four opti
al se
tors. The �ve topmost opti
al storeys are repla
ed by storeys witha
ousti
al sensors (hydrophones) and other instruments.The o
tagonal footprint of the dete
tor with the numbering of the lines 
an be seenin Fig. 3.4. The spa
ing between two neighbouring strings is about 60 � 75m. Antaresthus 
overs an area of about 180m × 180m on the ground. The layout of the dete
toris depi
ted in Fig. 3.5. In both �gures, the instrumentation line (IL) is also shown,whi
h 
ontains further a
ousti
al storeys and monitoring instruments. 31



3 The ANTARES neutrino teles
ope

Figure 3.4: Footprint of the Antares dete
tor.
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Figure 3.5: S
hemati
 view of the layout of the Antares dete
tor. Also shown arepi
tures of a standard storey with opti
al modules and of an a
ousti
alstorey with hydrophones. See text for details.
32



3.2 Experimental setupAs the lines are subje
t to movement by deep sea 
urrents, the positions of all OMsneed to be monitored in short time intervals. For this purpose, all lines 
arry tilt-metersand 
ompasses. Additionally, a system of a
ousti
 transmitters and hydrophones isemployed. By measuring the time between emission and re
eption of a
ousti
al signals,the positions of the hydrophones (whi
h are atta
hed to every �fth storey) 
an betriangulated. With these positions and the tilt-meter data as input, the shape of ea
hline, in
luding the orientation of ea
h storey, 
an be re
onstru
ted. This pro
ess isgenerally referred to as alignment.The downward orientation of the OMs renders them mostly sensitive to parti
les
oming from below. The reason for this design is the �ux of atmospheri
 muons pro-du
ed in the atmosphere by impinging 
osmi
 parti
les. It ex
eeds the �ux of muonsfrom atmospheri
 muon neutrinos by several orders of magnitude, even in the depthof the Mediterranean Sea that already shields the dete
tor (see also Se
tion 3.5). InAntares, it is not possible to extra
t νµ out of this ba
kground, be
ause the signaturesof downward-going neutrino-indu
ed muons and of atmospheri
 muons are identi
al.Be
ause of being subje
t only to the weak intera
tion, neutrinos are able to 
rossthe whole Earth13, 
ontrary to ele
tri
ally 
harged parti
les. Upward going muons 
antherefore only be neutrino indu
ed instead of being of atmospheri
 origin and hen
ethe identi�
ation of neutrino indu
ed muons is straightforward14.Another reason for the downward oriented design is that the transparen
y loss of theOMs due to sedimentation 
an be redu
ed. Sediments are 
overing mostly the top sideof the OMs. With downward-fa
ing photomultipliers inside the glass spheres, the lossof transparen
y is only 1.5% per year [71℄.3.2.2 Data a
quisitionThe analogue PMT signals have to be 
onverted into digital data and be transmittedto the shore station. The data need to be �ltered and stored on disk, while informationabout the measurement settings and the 
alibration are ar
hived in a database. Allthese pro
esses are 
overed by the data a
quisition system (DAQ), whi
h will be de-s
ribed in this subse
tion. For logi
al reasons, it is divided into an �o��- and �on-shore�part. The �rst part deals with the hardware 
omponents that are lo
ated in the deepsea and the related data a
quisition pro
esses. The on-shore 
omponents and pro
essesare dis
ussed in the se
ond part. In prin
iple, also the trigger algorithms are part ofthe on-shore DAQ, but they will be dis
ussed in a separate se
tion (Se
tion 3.4).Opti
al modules, front-end ele
troni
s and o�-shore DAQAll 
omponents of the OMs are housed inside a glass sphere with a diameter of 43 
m.The essential part of one single module is the 14-stage 10� diameter Hamamatsu pho-tomultiplier R7081-20 [72, 73, 74℄. It is opti
ally 
oupled to the glass sphere by a13Above a 
ertain zenith dependent energy (about 100TeV at Θ = 180◦), the Earth is getting opaqueto neutrinos.14Assuming perfe
t muon tra
k re
onstru
tion. 33



3 The ANTARES neutrino teles
opesili
one gel; a µ-metal 
age shields it from the terrestrial magneti
 �eld. The averageFWHM transit time spread (TTS) of the photomultipliers is 2.6 ns, and the overalldete
tion e�
ien
y (i.e. the 
ombination of the quantum e�
ien
y of the photo
athodeand the ele
trostati
 
olle
tion e�
ien
y) of the light hitting the photo
athode surfa
eis around 16% [75℄. The spe
trum of this light is the 
onvolution of the Cherenkovlight spe
trum and of the attenuation due to the gel, the glass sphere and the sea wa-ter. The PMTs are sensitive to single photons in a wavelength range between 300 nmand 600 nm. The highest sensitivity is rea
hed around 400 nm, whi
h mat
hes well thewavelength distribution of the photons hitting the PMTs (see also Se
tion 3.3.2).The angular a

eptan
e of the photomultipliers 
an be seen in Fig. 3.6 whi
h showsthe results of new measurements and simulations [76, 77℄. They revealed that thea

eptan
e in the boundary region around cos Θ
 ∼ 0 (Θ
 is the angle between thePMT axis and the Cherenkov light) is about 20 � 30% higher than previously thought.
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Figure 3.6: The angular a

eptan
e of the photomultipliers as a fun
tion of the angle
Θ
 between the PMT axis and the Cherenkov light, normalised to one at
Θ
 = 0.The analogue signal of a PMT is re
orded and 
onverted into a digital signal bythe front-end ele
troni
s. Two 
ustom-designed analogue ring sampler 
hips (ARS) peropti
al module re
ord the information from the photomultipliers and send the data toa �eld programmable gate array (FPGA) whi
h bu�ers and 
onverts the data streaminto a dedi
ated data format [78℄. A s
heme of the main ele
troni
s 
omponents of theo�-shore DAQ 
ontained in the titanium 
ylinders of ea
h storey is depi
ted in Fig. 3.7.The ARS 
hips are able to re
ord the data in two di�erent modes, waveform andsingle photo ele
tron mode. In the waveform mode, whi
h is only used for 
alibrationpurposes, the pulse shape of a signal is re
orded by sampling the anode signal with atunable frequen
y of up to 2GHz. In order to minimise power 
onsumption and thetransmitted data volume, the ARS operate in the single photo ele
tron mode (SPE) by34
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Figure 3.7: S
heme of the front-end ele
troni
s of theAntares opti
al modules. Ea
hof the three photomultiplier tubes of one Antares storey is 
onne
ted totwo ARS 
hips, whi
h are syn
hronised by a 
ommon 
lo
k signal. TheFPGA 
olle
ts the data, whi
h �nally is sent to shore by the CPU.default. As soon as a PMT pulse 
rosses a tunable threshold, the re
ording of the datastarts and the signal 
harge is integrated over a 
ertain time window. The threshold istypi
ally set to the equivalent of 0.3 photoele
trons (pe), whi
h is enough to suppressthe dark 
urrent noise of the PMT. The integration gate is 
hosen to integrate most ofthe PMT signal and at the same time limiting the 
ontribution of ele
troni
 noise. Itis set to 25 ns after the signal 
rossing the threshold plus 8 ns before. After re
ordinga signal, the ARS has a dead time of about 250 ns. For this reason, a se
ond ARS is
onne
ted to ea
h PMT to provide readout fun
tionality during this dead time. Thetwo ARS 
ommuni
ate via a token ring proto
ol. After the integration gate of the�rst ARS 
loses, it takes 10 � 20 ns for the se
ond to take over. When the PMT signal
rosses the threshold again (at least 40 ns after the �rst time) it will be re
orded by these
ond ARS.A timestamp is assigned to every PMT signal at the moment the pulse 
rosses thethreshold. A lo
al 
lo
k system in ea
h storey provides the timing information. Toprovide a 
ommon 
lo
k signal to all ARS 
hips, the lo
al systems are syn
hronisedwith an on-shore master 
lo
k that generates a 20MHz 
lo
k signal, whi
h again issyn
hronised to the GPS time with an absolute a

ura
y of 100 ns.The data from the ARS 
hips are 
olle
ted by the FPGA in time frames of 104.858ms.This large value is 
hosen in order to minimise the probability of a physi
al eventmeasured by the dete
tor (whi
h has a typi
al duration of 1 � 5µs) to 
ross the boundaryof the frame. 35



3 The ANTARES neutrino teles
opeFinally, the data is transmitted to shore by a 
entral pro
essing unit (CPU). TheCPU is the interfa
e between o�-shore data re
ording and the online data pro
essingsystem and is 
onne
ted to a fast Ethernet port (100Mb/s). For the data transportthe TCP/IP proto
ol is used.The Ethernet port of ea
h storey is 
onne
ted with the MLCM of its se
tor, whi
hhas additional fun
tionality 
ompared to the standard LCMs. Within the MLCM, thelinks from the �ve storeys of one se
tor are merged by an Ethernet swit
h into a singleEthernet link.The data transport is organised with multiple wavelengths that transmit di�erentdata streams along a single �bre. This te
hnique is referred to as dense wavelengthdivision multiplexing (DWDM). The �ve DWDM 
hannels (one per se
tor) are opti
allymultiplexed in the string module, lo
ated at the bottom of ea
h string.Ea
h string is 
onne
ted to the JB via an ele
tro-opti
al 
able. The JB again is
onne
ted to the shore station by one single (main) ele
tro-opti
al 
able (MEOC),where a (de-)multiplexer exists for ea
h dete
tor string. The data transfer poli
y inAntares is the �all-data-to-shore� 
on
ept, whi
h means that all re
orded signals aresent to shore, where di�erent data pro
essing methods are applied to the data.On-shore DAQ, data taking and pro
essingThe on-shore part of the DAQ hardware 
onsists of a farm of standard PCs and anEthernet swit
h to whi
h all on- and o�-shore pro
essors that are part of the DAQ are
onne
ted. The pro
essors are forming a large network, where ea
h of the pro
essors isaddressable by its unique IP address. This enables 
ommuni
ation with all pro
essors inthe system and makes the data �ow from the ARS to the on-shore pro
essors 
ompletelytransparent. Also belonging to the on-shore hardware are the master 
lo
k system anda DWDM trans
eiver for ea
h line, whi
h is used to multiplex slow 
ontrol data streamsfor initialisation and 
on�guration of the dete
tor and to demultiplex the data streamsfrom the ARS respe
tively.Three types of pro
esses have to be organised by the DAQ system: pro
esses fordata transfer and 
ommuni
ation, pro
esses for the dete
tor operation and pro
essesfor data taking and data handling. In total, there are hundreds of pro
esses that allneed to be syn
hronised and, depending on their type and purpose, are running eitheron o�- or on-shore pro
essors.Details 
on
erning data transfer and 
ommuni
ation pro
esses as well as a des
riptionof the dete
tor operation pro
esses 
an be found in [79℄. Data pro
essing and �ltering ofthe data are of interest for the subsequent analysis. As the �ltering plays an importantrole, it is des
ribed separately in Se
tion 3.4, and only the handling of the data will bedis
ussed in the following.The raw data from the o�-shore pro
essors is sent to shore in time frames. Ea
h ARSsends one frame, and the simultaneously re
orded frames of the di�erent ARS 
hipsare all sent to one pro
essor in the on-shore PC farm. The 
olle
ted bun
h of framesnow 
ontains the 
omplete data re
orded by the ARS 
hips during this time intervaland forms a so-
alled time sli
e. The frames of the subsequent time interval are sent36



3.2 Experimental setup

time slice 1time slice 1 time slice 1

ARS 1 ARS 4ARS 2 ARS 3 ARS 5 ARS 6

time slice 1

DataFilter

PC 1

DataFilter

PC 4

DataFilter

PC 3

DataFilter

PC 2

frame 1

frame 4

frame 3

frame 2

off shore

on shore

Figure 3.8: S
heme of the data pro
essing in Antares. All frames belonging to thesame time window are sent from the ARS to a single PC, forming a timesli
e. The data �lters running on ea
h PC pro
ess the data in the timesli
e.
to another PC, be
ause only when the pro
essing of one time sli
e is �nished, the PCa

epts another one. This pro
essing s
heme is illustrated in Fig. 3.8.The data pro
essing software (i.e. the data �lters) implements algorithms (triggers)that are designed to dete
t physi
s signals. Various of su
h triggers are running inparallel, all having 
ertain purposes. The two trigger algorithms that are of relevan
efor this analysis will be des
ribed in Se
tion 3.4.The physi
s event 
andidates sele
ted by the data �lter programs are passed to adata writer pro
ess, whi
h formats the events and �nally writes them to disk in Root[80℄ format. The size of one Root �le is limited to about 2GB and one �le 
orrespondsto what is 
alled a run in Antares. Normally a new run starts when the data limitis rea
hed, but new runs 
an also be started manually, for example, after 
hanging thedete
tor settings. 37



3 The ANTARES neutrino teles
ope3.3 Ambient 
onditions3.3.1 Opti
al noiseThe photomultipliers of Antares are sensitive to single photons of the faint Cherenkovradiation emitted by highly relativisti
, 
harged parti
les. Shielding the dete
tor fromsurfa
e light is a fundamental 
ondition for measuring these signals. Though no sun-light is able to rea
h the Antares dete
tor in the depth of the Mediterranean Sea,ba
kground light signals are produ
ed by di�erent sour
es and pro
esses.The intensity of this opti
al ba
kground is spe
i�ed as the number of measured pho-tons per photomultiplier per se
ond. It is referred to as ba
kground rate and �u
tuateswith time, typi
ally in the range between 50 � 80 kHz, but it has been observed toin
rease up to more than 100 kHz or even into the MHz range.The de
ay of radioa
tive 40K, whi
h is naturally 
ontained in salt water, leads to a
onstant and homogeneous rate of about 30 kHz [81℄. The 
oin
iden
e rate (i.e. therate of signals on di�erent OMs of the same storey within a time window of 20 ns,see Se
tion 3.4.1) due to 40K, whi
h is important to 
onsider be
ause it might 
ausea

idental triggers, is about 10 � 15Hz.This kind of ba
kground is well understood and 
omparatively easy to simulate.Mu
h more 
hallenging is the 
ontribution of light from living organisms (biolumi-nes
en
e) to the ba
kground rates, be
ause it is �u
tuating with time and is nothomogeneous. Biolumines
ent ba
teria and other mi
ro-organisms are more or lessuniformly distributed. They produ
e a single-photoele
tron ba
kground rate of around20 � 50 kHz, whi
h is to a 
ertain extent 
orrelated with the sea 
urrent. Despite that,light is also emitted by larger multi-
ellular deep sea inhabitants, like squids or 
rus-ta
eans. They are responsible for aperiodi
 and lo
alised light bursts that 
an leadto rates of a few MHz in the a�e
ted PMTs. Altogether, biolumines
ent organismsare responsible for large �u
tuations on short (minutes to hours) and long times
ales(seasonal) in the measured ba
kground rate.Commonly, the quality of the re
orded data with respe
t to the 
ontamination withopti
al ba
kground is quanti�ed by two values, the baseline rate and the burst fra
tion.The baseline rate is 
omputed by �tting a Gaussian to the distribution of 
ountingrates from the single PMTs, while the burst fra
tion is the fra
tion of time, where the
ounting rates ex
eed the baseline rate by 20%. These two parameters are, amongothers, used for the assessment of the data quality and are 
riteria for the sele
tion ofruns for the analysis. In Fig. 3.9, the baseline rate and the burst fra
tion per run areshown, for all physi
s runs between January 2007 and O
tober 2009. It 
an be seen,that the baseline rate most of the time �u
tuates between about 50 and 80 kHz, butalso exhibits peaks up to 300 kHz during the �rst half of the years 2007 and 2009. Theburst fra
tion mainly ranges between about 5 and 40% (median value is 18%), but�u
tuates up to 80%.A

ording to its de�nition, the 
al
ulation of the burst fra
tion depends on the base-line rate. In turn, the 
omputing of the baseline rate does not give meaningful resultsduring times of high biolumines
ent a
tivity. To improve this somewhat unsatisfa
tory38



3.3 Ambient 
onditionssituation, an alternative approa
h was followed for this thesis, see Chapter 5.

Figure 3.9: The baseline rate (above) and the burst fra
tion (below) for all physi
sruns between January 2007 and O
tober 2009.
3.3.2 Water properties at the ANTARES siteCertain parameters of the sea water have impa
t on the measurement or are requiredfor the re
onstru
tion of the muon tra
ks. The dete
tor is a�e
ted by deep-sea 
urrents,in whi
h the strings with the photosensors move. The amplitude of this displa
ement isof the order of several meters and depends on the velo
ity of the 
urrents, with typi
alvalues of 4 � 10 
m/s and rare peaks up to more than 30 
m/s. 39



3 The ANTARES neutrino teles
opeAbsorption and s
attering length of light and the refra
tion index of the sea water,whi
h determines the velo
ity of light in water, have been studied in detail during several
ampaigns for the site evaluation [82℄ and are monitored 
ontinuously. Both absorptionand s
attering length depend on the wavelength of the light. In the wavelength rangethe PMTs are sensitive (300 � 600 nm), the absorption length has a maximum around400 � 500 nm, while the s
attering length in
reases with in
reasing wavelength. Con-voluting this with the spe
trum of the Cherenkov light, the attenuation of the glassspheres and the opti
al gel between glass sphere and photomultiplier, results in a peakaround 470 nm in the spe
tral distribution of the photons hitting the photomultiplier.The attenuation length of light Λatt is de�ned as
1/Λatt = 1/Λabs + 1/Λs
att, (3.2)with the absorption length Λabs and the s
attering length Λs
att. As s
attered light isnot ne
essarily lost, the s
attering length is repla
ed by an e�e
tive s
attering length

Λe�s
att whi
h depends on the average 
osine of the s
attering angle distribution 〈cos Θ〉:
Λe�s
att =

Λs
att
1 − 〈cos θ〉

. (3.3)Employing the e�e
tive s
attering length, the attenuation length be
omes an e�e
tiveattenuation length Λe�att.The Antares Opti
al Bea
on System has been used to estimate Λe�att [82, 83℄ at theAntares site, resulting in a value of about 46m for a wavelength of 472 nm (
orre-sponding to the wavelength of the LEDs used for the measurements) The values forthe absorption and the e�e
tive s
attering length in
luded in the relevant Monte-Carlosimulations (Se
tion 3.6) are Λabs = 55m and Λe�s
att ≈ 53m (both at λ = 472nm) [84℄.The refra
tive index of sea water 
onne
ts dire
tly to the velo
ity of light in waterand thus to the Cherenkov radiation angle and the arrival times of the photons at thephotosensors. Studies 
on
erning the refra
tive index of the sea water at the Antaressite 
an be found in [85℄ and [86℄. The value of the refra
tive index for the phase velo
ityof light used in the simulation and for tra
k re
onstru
tion is n = 1.35 (assumed to be
onstant for the relevant photon spe
trum).3.4 Trigger and event buildingThe measured data 
onsist of light signals, referred to as pulses or hits. From theidentity of the ARS and hen
e the position of the asso
iated OMs, the positions ofmeasured photons are known. The amplitude of a hit is given in the unit of photo-ele
tron equivalents, i.e. the number of photons dete
ted by the PMT. This value isobtained after a 
harge 
alibration performed separately for ea
h ARS.Trigger algorithms are employed to identify Cherenkov photons emerging from high-energy 
harged parti
les within the 
ontinuous stream of ba
kground hits that super-pose the Cherenkov signal. If one of the a
tive �lters �nds that the re
orded data are40



3.4 Trigger and event building
ompatible with a signal, a physi
s event is 
reated. Only triggered events are storedand the (untriggered) rest of the data is dis
arded, ex
ept for the so-
alled summarytime sli
es that 
ontain the measured rate of ea
h OM per time sli
e.3.4.1 TriggerVarious triggers are available for di�erent purposes: there are some universal triggerswith di�erent sensitivities, but also triggers for dedi
ated sear
hes, for example a mag-neti
 monopole trigger. A standard trigger (3N trigger) is running by default during alltimes of regular data taking. Other trigger algorithms are additionally swit
hed on ando� as needed. Spe
ial trigger algorithms also exist for example for in-situ 
alibrationpurposes. The 
hoi
e of a
tive triggers usually depends on the ba
kground rates. Whenrates are low, more sensitive triggers 
an be applied, whereas the trigger algorithmsneed to be stri
t during periods of high ba
kground rates to guarantee that the sele
teddata rate respe
ts the available bandwidth. For this work only the default 3N triggerand another universal but more sensitive trigger (2T3 trigger, only a
tive when theba
kground rate is smaller than about 80 kHz) were 
onsidered and will be explainedin the following.The time sli
es 
ontain the 
alibrated and un�ltered PMT signals, whi
h are referredto as L0 hits. In a �rst step, 
ommon to all trigger algorithms, a basi
 hit sele
tion isapplied: big hits, having an amplitude larger than a 
ertain value (usually either 3 pe or10 pe) and 
oin
ident hits, that are measured on di�erent OMs of the same storey withina tunable time window (20 ns by default) are tagged as L1 hits. Ba
kground pro
esseslike biolumines
en
e and the de
ay of 40K mostly produ
e un
orrelated single hits,but there is a 
ertain rate of a

idental L1 hits due to ba
kground hits that in
reaseswith in
reasing ba
kground rate. Consequently, more advan
ed �lter me
hanisms arerequired, but the L1 sele
tion is forming the basis for all subsequent trigger algorithms.Within the L1 hits, the 3N trigger is looking for 
ausally 
onne
ted hits. The 
ausal-ity 
ondition is given by
|∆t| <

1

cn

· |∆x|, (3.4)where |∆t| is the absolute time di�eren
e between the hits, |∆x| the absolute distan
ebetween their positions and cn the velo
ity of light in water.Hits that are 
ausally 
onne
ted form a 
luster. As soon as the size of a 
lusterex
eeds a 
ertain value (�ve by default), it is a

epted for the next step, in whi
ha s
an of muon traje
tory dire
tions is made. Only if the hits are 
onsistent with amuon from a 
ertain dire
tion, the 
luster is a

epted [87℄. By doing so, the a

identaltrigger rate 
an be redu
ed to less than 0.1Hz for a ba
kground rate of about 100 kHz.The e�
ien
y of this trigger (i.e. the number of triggered neutrino indu
ed muons withhits on at least six �oors and two lines, 
ompared to the total number of su
h events)strongly depends on the energy of the events and ranges from around 5% at 20GeVneutrino energy up to about 70% at 1PeV [88℄.The 2T3 trigger is simpler, but at the same time more sensitive, whi
h leads to ahigher a

idental trigger rate. It sear
hes for L1 hits in adja
ent or next-to-adja
ent41



3 The ANTARES neutrino teles
opestoreys within a time window of 100 ns or 200 ns, respe
tively. Two of these so 
alledT3 
lusters within a time interval of 2.2µs are needed to a

ept the data as physi
sevent. Two T3 
lusters 
an share one L1 hit su
h that three L1 hits 
an be su�
ient,if all other 
onditions are ful�lled.The 2T3 trigger has an e�
ien
y of around 20 � 30% between 10 and 100GeV. Forhigh energies around 1PeV its e�
ien
y is a few per
ent higher than that of the 3Ntrigger. The a

idental trigger rate at 100 kHz ba
kground rate is 0.3Hz, assumingun
orrelated, single photoele
tron ba
kground. Current investigations indi
ate, thatthe opti
al ba
kground also 
ontributes a 
ertain amount of hits with a big amplitudeand additional 
oin
ident hits. This e�e
t is not yet in
luded in the simulations andthe impa
t on the a

idental trigger rate has not been studied.3.4.2 Event buildingFinally, the data is stored as physi
s events whi
h 
ontain a header with some generalinformation and a list of hits. In the hit list all L0 hits between the �rst and thelast hit of the triggered sequen
e (i.e. �triggered hits�) are stored as well as all L0 hitswithin a snapshot window that 
omprises the 2.2µs before the �rst and 2.2µs afterthe last triggered hit. If within the snapshot window a se
ond hit sequen
e is triggered(independent of the trigger type), the two events are merged into one physi
s event.The size of 2.2µs of the snapshot window 
orresponds to the time a relativisti
parti
le needs for traversing the dete
tor in verti
al dire
tion. This ensures that thewhole physi
s signal is 
ontained in a physi
s event. Altogether, the duration of thedata stored in a physi
s event is 2 · 2.2 µs +(t2 − t1), where t1 and t2 are the time ofthe �rst and last triggered hit, respe
tively.The total data output rate of the 
omplete dete
tor is about 0.3 � 0.5GB/s, whi
h
annot be stored 
ompletely. Consequently, only triggered events or hit sequen
es(for example minimum bias events that are 
reated with a 
ertain 
onstant frequen
ywithout requiring any hit patterns) are stored and the rest of the data is dropped.3.5 Signal and ba
kground eventsAntares is designed for the dete
tion of high-energy 
osmi
 neutrinos. It measuresCherenkov-light signals, and is thus sensitive to all high-energy 
harged parti
les that
ross the dete
tor or pass near by. Regarding the 
osmi
 neutrino events as signal,all other events are ba
kground. Nevertheless, these ba
kground events also provideinteresting experimental opportunities. Labelling events as �signal� and �ba
kground�is a question of de�nition and is depending on the s
ienti�
 intention. The presentwork fo
uses on low-energy atmospheri
 neutrinos (10 � 100GeV) whi
h, in the 
ontextof this thesis, are 
onsidered as signal, whereas possible high-energy neutrinos are partof the ba
kground.In prin
iple, physi
s events 
an be 
lassi�ed in upward-going and downward-going,depending on their zenith angle. Upward going events 
ross the dete
tor from bottom to42



3.5 Signal and ba
kground eventstop and their zenith angle is larger than 90◦. Events are referred to as downward-going,when they 
ross the dete
tor from top to bottom and their zenith angle is thus smallerthan 90◦. Upward going events 
an only be 
aused by neutrino indu
ed parti
les, asneutrinos are the only parti
les, that 
an 
ross the Earth and enter the dete
tion volumefrom the bottom. Downward going events, on the other hand, 
an be neutrino-indu
edparti
les as well as atmospheri
 muons from intera
tions of primary 
osmi
 rays withthe Earth's atmosphere. Although the �ux of atmospheri
 muons is redu
ed by thewater above the dete
tor, it ex
eeds the �ux of muons indu
ed by neutrinos by severalorders of magnitude.The bulk of triggered events in Antares are therefore muons from three di�erentsour
es: (downward-going) atmospheri
 muons, atmospheri
 muon neutrinos and 
os-mi
 muon neutrinos (Fig. 3.10). In Fig. 3.11, the �ux of muons from atmospheri
 muonneutrinos and of atmospheri
 muons is shown as a fun
tion of the zenith angle Θ. Asalready mentioned above, shower events from NC neutrino intera
tions or from CC νµor ντ intera
tions only play a minor role and will not be dis
ussed further.

Figure 3.10: S
heme of the threemuon event sour
es inAntares. Both 
osmi
and atmospheri
 (
osmi
-ray indu
ed) neutrinos
an 
ross the Earthand produ
e dete
tablemuons. Cosmi
-ray in-du
ed muons 
an rea
hthe dete
tor only fromabove.
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3.5.1 Atmospheri
 muonsAtmospheri
 muons dominate the event triggers in the Antares dete
tor. In Antaresit is not possible to distinguish atmospheri
 muons from downward-going neutrinoevents. Therefore, events 
oming from above are usually dis
arded. An ex
eptionare analyses that make use of atmospheri
 muons, like the moon shadow analysis,43
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ope

Figure 3.11: Fluxes of atmospheri
 muons and of muons generated by atmospheri
neutrinos as a fun
tion of the 
osine of the zenith angle. Figure from[89℄ (see also for referen
es).investigating the shielding e�e
t of the moon on 
osmi
 radiation in order to verify theabsolute pointing of the dete
tor [70℄.Due to the downward orientation of the OMs, the light emitted by atmospheri
muons is dominantly measured near the a

eptan
e limit of the PMTs, and the fra
-tion of s
attered light is enhan
ed. This leads to a larger un
ertainty in the re
on-stru
tion of the traje
tories of atmospheri
 muons and a 
ertain amount of them willbe misre
onstru
ted as upward-going parti
les. Additionally, atmospheri
 muons of-ten appear in bundles, whi
h means that several muons 
ross the dete
tor in parallel.The dete
ted light signals, produ
ed by more than one parti
le, 
an fake upward-goingneutrino events. As the muon �ux is so mu
h larger than the �ux of upward-goingneutrino-indu
ed muons, even a small per
entage of misre
onstru
ted events leads toan una

eptable signal-to-noise ratio. E�e
tive quality 
uts are therefore needed tosuppress this ba
kground.3.5.2 Atmospheri
 neutrinosAtmospheri
 neutrinos are the main neutrino signal (i.e. upward-going parti
les) inAntares. Like atmospheri
 muons, they also emerge from the intera
tion of primary44



3.6 Simulation
osmi
 rays with the atmosphere. Their �ux depends on the zenith angle Θ = [0◦, 180◦],and is almost symmetri
 around Θ = 90◦ (see Fig. 3.11). However, in Antares it isnot possible to separate downward-going neutrinos from atmospheri
 ba
kground.The sensitivity of Antares to atmospheri
 low-energy neutrinos is restri
ted by thespa
ing of the OMs and to a 
ertain extent also by the opti
al ba
kground. Eventswith an energy smaller than 10GeV are not dete
table, be
ause the number of hitsmeasured by the dete
tor (the signature in general) is typi
ally not su�
ient for thetrigger algorithms. Even if they are triggered, the re
onstru
tion will usually fail.This thesis therefore deals with the investigation of os
illations of atmospheri
 neu-trinos in the energy range of 10 � 100GeV (Chapter 6). This is right at the low-energyend of the sensitivity range of Antares. The 
hara
teristi
s of su
h low-energy atmo-spheri
 neutrino events in Antares will be illustrated in detail in Chapter 4.3.5.3 Cosmi
 neutrinosDete
ting 
osmi
 neutrinos is what the Antares dete
tor is built for. For the measure-ment of high-energy 
osmi
 neutrinos, atmospheri
 neutrinos are forming a ba
kground,that is di�
ult to separate. It is not possible to identify individual neutrino events as
osmi
 neutrinos. Only an ex
ess of neutrino events at a 
ertain energy or from a
ertain 
elestial dire
tion over the expe
ted �ux from atmospheri
 neutrinos signals a
osmi
 origin. No su
h 
osmi
 high-energy neutrino signal was as yet found by anyneutrino teles
ope.3.6 SimulationFor understanding the dete
tor response to the various pro
esses, detailed Monte-Carlosimulations are ne
essary. The software 
hain used for the generation of su
h simula-tions 
onsists of several steps and depends on the simulated parti
les. Resulting fromthe simulation 
hain is the dete
tor response to a given input signal (i.e. 
harged parti-
les) as a set of dete
ted PMT hits, in
luding the arrival time at the respe
tive PMT.Taken into a

ount are the PMT 
hara
teristi
s and photon attenuation due to thesurrounding material. The simulation of the read-out ele
troni
s is done within ano�ine analysis framework (Se
tion 3.7) and will be des
ribed in detail in Chapter 5,together with the simulation of opti
al ba
kground and unsound OMs.3.6.1 Atmospheri
 muonsThe fast simulation pa
kage Mupage (v3r4), [90, 91, 92℄ was used for the simulationof atmospheri
 muons. Instead of doing a full Monte-Carlo (MC) simulation of atmo-spheri
 showers, in
luding the 
osmi
-ray intera
tions and the shower propagation inthe atmosphere, this MC generator is based on a set of parametri
 formulae, generatingatmospheri
 muon events dire
tly at the dete
tor. 45



3 The ANTARES neutrino teles
opeThe parametri
 formulae are obtained from simulations done with Hemas [93, 94, 95℄andMusi
 [96℄. They give the radial distribution of the muons in the shower, as well asthe energy spe
trum and the �ux of the muons in the range of verti
al depths from 1.5to 5 km water equivalent and zenith angles Θ < 85◦. Hemas simulates the intera
tionof the primary 
osmi
 rays and the propagation of parti
les in the atmospheri
 shower.The 
osmi
 ray �ux used as input to Hemas is based on a phenomenologi
al model
ombining results from various measurements of 
osmi
 rays in the energy range from10GeV to 1EeV. Musi
 propagates the muons from sea-level down to the dete
tor. Ittakes into a

ount the de�e
tion and energy losses of the muons due to multiple andinelasti
 s
attering, pair produ
tion, Bremsstrahlung and kno
k-on ele
trons.Simulations done withMupage do not require the detailed tra
king of muons to thedete
tor and are therefore mu
h faster than full simulations. Also no relative eventweighting is needed be
ause the events are generated a

ording to their abundan
e andea
h set of events 
orresponds to a 
ertain s
alable lifetime.3.6.2 NeutrinosNeutrino intera
tions are simulated only within a 
ertain volume around the dete
tor,determined from the maximal neutrino energy and the zenith angle, so that the longestranging intera
tion produ
ts are able to rea
h the dete
tor.The Genhen (v5r6) software pa
kage [97, 98℄ is used for the simulation of neutrinoevents, in
luding deep-inelasti
 s
attering using the Lepto 6.5 pa
kage [99℄ and reso-nant and quasi-elasti
 intera
tions using RSQ [100℄. For the parton distributions thefun
tions from CTEQ6D [101, 102℄ are used and the hadronisation is done with Pythia5.7 and Jetset 7.4 [103℄.Ea
h event is generated with a 
ertain weight that needs to be 
onsidered whenanalysing the simulations. This weight in
ludes the probability for a neutrino to rea
hthe intera
tion point, 
al
ulated from the neutrino energy and the 
olumn densitythrough the Earth, whi
h is in turn asso
iated with the neutrino dire
tion. It alsoa

ounts for the neutrino �ux and in
ludes the energy dependent neutrino 
ross se
tion.If the neutrino intera
tion is inside the dete
tor region, all originating 
harged parti
lesare passed to the Cherenkov photon simulation (next subse
tion), otherwise only themuon is propagated. The energy range 
overed with the simulations is 10 � 108 GeV.3.6.3 Photon generationThe simulation of Cherenkov light is 
ommon for all parti
les and is restri
ted toa 
ertain volume around the dete
tor, referred to as �
an�. The size of the 
an isdetermined by the absorption length of light in sea water Λabs and ex
eeds the dete
torvolume by 3 · Λabs.Cherenkov light produ
tion and the response of the Antares dete
tor is simulatedby the KM3 (v3r6) pa
kage [104℄, whi
h makes use of a modi�ed version of Musi
 forthe propagation of the muons inside the 
an. The Cherenkov photons are not tra
kedindividually but their �ux is 
al
ulated from tables, based on the parametrisation of46



3.7 ANTARES softwarephoton number and arrival time distributions of the emitted Cherenkov light at di�erentdistan
es, positions and orientations with respe
t to the muon tra
k. The parametri-sation are obtained from full simulations with the Geant3 pa
kage [105℄. Measuredwater properties at the Antares site are used to simulate absorption, s
attering anddispersion of photons.Geant3 is also the basis for Geasim (v4r10) [106℄ that simulates the propagationand light emission of other 
harged parti
les that are, for example, generated in thehadroni
 shower of neutrino intera
tions. Geasim performs a full tra
king of the par-ti
les simulating all relevant physi
s pro
esses. The number of Cherenkov photons is
al
ulated taking into a

ount the attenuation of light but without 
onsidering thephoton s
attering. The arrival time of the Cherenkov photons in
ident on the OMs is
al
ulated analyti
ally for ea
h of the 
harged parti
les.The response of the OMs is simulated in the same way in Geasim and KM3, 
al
u-lating the number of photons eventually dete
ted by the PMTs. This number dependsstrongly on the properties of the OMs in
luding the angular a

eptan
e of the PMT,the wavelength dependent dete
tion e�
ien
y and the absorption of photons in thesurrounding material (glass and gel).3.7 ANTARES softwareThe Antares software presently 
an be divided into three main parts: the DAQsoftware used for the data a
quisition, the simulation software and programs for o�ineanalyses.The data a
quisition software has been des
ribed in detail in Se
tions 3.2.2 and 3.4.The simulation software, up to the individual Cherenkov photons seen by the OMs,has been dis
ussed in the previous se
tion. The simulated data in Antares is 
entrallygenerated and provided to the group members, basi
ally at two di�erent simulation lev-els: the raw simulated data up to OM level, in
luding the PMT simulation as des
ribedabove, is available in ASCII format. Additionally, simulations are available in Rootformat, already 
ontaining simulated opti
al ba
kground and �ltered with the data�lters (triggers) of the DAQ. For this thesis, an alternative approa
h was used for thesimulation of the real dete
tion 
onditions like opti
al ba
kground and defe
tive OMs,whi
h will be illustrated in detail in Chapter 5.Contrary to the DAQ and the simulations, programs for o�ine analysis are typi
allydesigned individually by the group members, depending on their aims and purposes.As in large-s
ale experiments a lot of physi
ists are working together, most of themnot being professional programmers, a spe
ial way of organising the analysis software isneeded, to bundle e�orts and to make program 
ode easier to implement, to understandand to modify for others. All this is guaranteed by a modular stru
tured softwareframework named SeaTray, that was introdu
ed toAntares during 2008 [107, 108℄. Asmost algorithms written in 
ontext of this thesis were implemented in this framework,its stru
ture and program logi
 will be sket
hed in the following.The framework 
onsists of modules that operate on the data. So 
alled servi
es are47



3 The ANTARES neutrino teles
ope
ommon tools that 
an be 
alled by the modules for 
ertain tasks. The data �ow itselfis organised in four separate, parallel streams: for the dete
tor status, the geometry,the 
alibration and for physi
s events. New data in one of the streams, su
h as a newphysi
s event, or a modi�
ation of the geometry due to new alignment data, indu
esthe 
reation of a new data 
ontainer, a so 
alled frame. The dete
tor status, thegeometry and the 
alibration 
hange on times
ales (minutes to days) mu
h larger thanthe usual physi
s event duration, meaning that one frame in general 
ontains exa
tlythe information of one physi
s event together with its dete
tor status, 
alibration andgeometry. The information in the frame is stored in so 
alled frame obje
ts. Theframes are passed from module to module; the modules get the information they needto perform their operations from the frame and �nally add new obje
ts to the frame.Modules, frame obje
ts and servi
es have a prede�ned stru
ture. Users 
an modifyalready existing algorithms or easily implement new program 
ode in the prototypestru
tures. The modules usually work independently from ea
h other. Apart from afew default modules like the data I/O modules, they 
an be arranged and ex
hangedmore or less arbitrarily, depending on the needs of the user. This allows for the �exible
ombination of di�erent modules without 
hanging the program 
ode.In the 
ontext of this thesis, several 
ontributions to this framework for the generaluse in Antares were made, like the 
omplete low-energy re
onstru
tion program Posi-donia (Chapter 4). Also all developments 
on
erning data quality, data �ltering andthe adaption of real dete
tor 
onditions to simulations (Chapter 5) have been imple-mented into SeaTray, as well as several useful tools like a module for the extra
tionand storage of Monte-Carlo information.
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4 Low-energy re
onstru
tion
The energy range relevant for the investigation of os
illations of atmospheri
 neutrinoswith the Antares neutrino teles
ope is around 10 � 100GeV. This is at the sensitivitylimit of the dete
tor at about 10GeV and is 
onsequently referred to as low-energyrange. Antares is primarily dedi
ated to sear
hes for high-energy 
osmi
 neutrinos(starting from about 1TeV), and so are the available re
onstru
tion algorithms. Low-energy neutrino events need spe
ial attention be
ause they typi
ally produ
e only fewhits in the dete
tor, whi
h, like all measured physi
s signals in Antares, are 
ontam-inated by opti
al ba
kground hits.A spe
ial re
onstru
tion program named Posidonia, optimised for low-energy neu-trino events, will be introdu
ed in this se
tion. It was originally developed before theAntares dete
tor design was �nalised and settled [109, 110, 111℄. In the 
ontext of thisthesis, the program has been re
overed and ported to the o�
ial Antares softwareframework SeaTray. It has been revised, tuned and adjusted to the �nal Antareslayout, the hardware settings and the latest Monte Carlo simulations. Within theframework, the program was stru
tured as modularly as possible to enable the easyex
hange of individual parts of the re
onstru
tion 
hain. The re
onstru
tion pro
edureitself was enhan
ed and optimised in several ways, for example by applying new hitsele
tions. As the main fo
us was on the quality and e�
ien
y of the re
onstru
tion,the program is not (yet) optimised 
on
erning 
omputing time. This short
oming hasto be 
ompensated by a 
areful presele
tion of the data, whi
h will be dis
ussed inSe
tion 5.4.The �rst se
tion of this 
hapter (4.1) introdu
es the simulations used for the 
har-a
terisation of low-energy events and for development and optimisation of the re
on-stru
tion algorithm, as well as for the assessment of its performan
e. The physi
s oflow-energy events and the dete
tor response will be dis
ussed in Se
tion 4.2, then there
onstru
tion algorithm is illustrated in detail in Se
tion 4.3. The performan
e of there
onstru
tion program for simulated low-energy neutrino events is demonstrated inSe
tion 4.4. Also shown is a 
omparison with one of the two standard re
onstru
tionalgorithms in Antares, as well as the performan
e in 
ase of an in
reased ba
kgroundrate and a degraded dete
tor state. Finally, also the sele
tion of low-energy events witha dedi
ated 
ontainment estimator and the energy re
onstru
tion are assessed. 49



4 Low-energy re
onstru
tion4.1 Simulation of neutrino events and dete
tor
onditionsThe simulations used in this 
hapter only 
ontain muon neutrinos rea
hing the dete
torfrom the lower hemisphere (i.e. upward-going, neutrino zenith angle Θν > 90◦). 50·1010muon neutrinos were simulated in the energy range from 10 � 107 GeV, �at in cos Θν andwith an energy spe
trum of E−1.4. The neutrinos are reweighted to the atmospheri
�ux (Bartol �ux model), assuming one year of data taking.In the majority of 
ases only neutrino events with a neutrino energy up to Eν =
200GeV or with a muon energy up to Eµ = 150GeV were used15. The number ofsimulated neutrino events with at least one hit in the dete
tor in the energy range10GeV < Eν < 200GeV is 237 690 (the weighted sum is 98 449).The full simulation pro
edure up to the level of Cherenkov hits at the OMs hasalready been des
ribed in the last 
hapter. The ele
troni
s simulation is performedwithin the SeaTray framework and will be des
ribed in Chapter 5.Random opti
al ba
kground is added to the simulated signal. Unless otherwise noted,for this analysis a ba
kground rate of 60 kHz per OM was added. The dete
tor geometryused is the one of the ideal dete
tor: twelve strings with a total of 885 a
tive OMs (75OMs on lines 1 � 11, and 60 OMs on line 12), all working and perfe
tly aligned. Thisneutrino event sample will later also be employed in the os
illation analysis and willbe referred to as �ideal referen
e sample� (IRS), as it is a measure of what 
ould beobtained under perfe
t dete
tion 
onditions and assuming the ability to sele
t a pureneutrino sample.If triggered events are 
onsidered, the events had to pass the Antares trigger sim-ulation module, with both the 3N and the 2T3 triggers a
tive. The module emulatesthe behaviour of the online data �lter of the Antares DAQ. The di�erent behaviourof the two trigger algorithms, 3N and 2T3, is demonstrated in the following se
tions.However, it be
omes also evident when 
omparing the fra
tion of 3N triggered eventsto the fra
tion of 2T3 triggered events: about 99% of all triggered events are triggeredby the 2T3 trigger and only 30% by the 3N trigger (events 
ould be sele
ted by bothof the triggers and the 3N trigger is almost a subset of the 2T3 trigger). So generally,the 2T3 trigger is mu
h more e�
ient 
on
erning low-energy muons. Consequently, there
onstru
tion quality of the Posidonia re
onstru
tion algorithm was evaluated sepa-rately for 3N and 2T3 triggered events (Se
tion 4.4). The weighted sum of triggeredlow-energy (anti-)neutrinos16 events within one year of data taking (Eν < 200GeV,15Although only neutrinos with Eν > 10GeV are simulated, the generated muons 
an have ener-gies Eµ < 10GeV, as only a 
ertain fra
tion of the neutrino energy is transferred to the muon(Se
tion 4.2).16At this point, the anti-neutrinos were a

ounted for by simply multiplying the total number of eventswith a fa
tor of two. In fa
t, anti-neutrinos have a smaller 
ross-se
tion than neutrinos within thelow-energy range: between 10 and 200 GeV, the ratio of νµ/ν̄µ is 1 � 2. However, this pro
edurewas 
onsidered as a

eptable at this point, as only the performan
e of the re
onstru
tion algorithmwas evaluated, whi
h is not sensitive to the 
harge of the muon. The given absolute event numberswithin this 
hapter are only upper estimates, that are intended to be 
onsidered relative to ea
h50



4.2 Low energy events and their signature in ANTARES60 kHz opti
al ba
kground and ideal dete
tor) is 17 064, 
orresponding to a number of31 333 simulated events (both triggers 
ombined).4.2 Low energy events and their signature inANTARESAs dis
ussed in Se
tion 3.1.2, the angular 
orrelation between muon neutrino and muonde
reases with de
reasing energy. For muons from low-energy neutrinos with at least�ve hits from the muon traje
tory seen by Antares (�muon hits�), the mean s
atteringangle ranges from about 4◦ at 10GeV to 1◦ � 2◦ between 50 and 200GeV (Fig. 4.1). Themean energy transfer from neutrino to muon ranges from 60% to 80%.
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Figure 4.1: Left: Mean s
attering angle between muon neutrino and muon (true sim-ulated angles) as a fun
tion of the neutrino energy.Right: Fra
tion of energy transferred from the muon neutrino to the muon(true simulated energy) as a fun
tion of the neutrino energy.The bars indi
ate the standard deviations. Only events with at least �vedete
ted hits from the muon are 
onsidered.In this low-energy range, muons are minimally ionising parti
les (MIP). Furthermore,the amount of light produ
ed along the tra
k is mu
h smaller than at higher energieswhere sto
hasti
 energy-loss pro
esses of the muon lead to the emission of additionallight. Hen
e, the energy of the muon is linearly 
orrelated with its tra
k length (Fig. 4.2)and, 
onsequently, the energy of a low-energy muon 
an be inferred as soon as the rangeof the muon is re
onstru
ted reliably. The length of the muon traje
tory at low energiesis of the order of tens to some hundred meters. For a dete
tor with a sensor spa
ingof 14.5m (verti
al) and 60 � 80m (horizontal), the re
onstru
tion of low-energy muontra
ks is thus very 
hallenging.other, to evaluate the e�
ien
y loss due to a varying ba
kground rate or dete
tor 
ondition. 51
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Figure 4.2: Mean length of the muon traje
tory as a fun
tion of the muon energy (truesimulated length and energy). The bars indi
ate the standard deviations.Only events with at least �ve dete
ted hits from the muon are 
onsidered.
Tra
k re
onstru
tion in Antares is additionally 
ompli
ated by light signals due toopti
al ba
kground. The mean number of hits 
oming from the muon as a fun
tion ofthe energy of the muon is shown in Fig. 4.3. Under favourable environmental 
onditions,the opti
al ba
kground in the deep sea at the Antares site 
orresponds to a typi
alrate of 60 kHz per single PMT. For a typi
al physi
s event of about 5µs length, thisresults in about 260 single photoele
tron hits due to random ba
kground noise, whi
hex
eeds the mean number of signal hits by far. Consequently, hit �lters that extra
t thesignal hits out of the opti
al ba
kground are indispensable. In prin
iple, �ve hits aresu�
ient for the tra
k re
onstru
tion, though in the Posidonia re
onstru
tion algorithmat least six hits are required for quality reasons.The non-uniformity of the dete
tor, i.e. the di�erent spa
ing of the OMs in horizontaland verti
al dire
tion, poses 
ompli
ated problems that have to be addressed whenre
onstru
ting low-energy muon tra
ks. The muon hits 
an either be distributed alonga single line or spread out over di�erent lines, indu
ing two di�erent topologies of hitpatterns. This gives rise to two di�erent 
lasses of low-energy muon events that are
onsequently referred to as 1D or single-string events and a

ordingly 3D or multi-string events. All analyses based on low-energy muons have to deal with these twodistin
t 
lasses with their di�erent 
hara
teristi
s and systemati
s.From Fig. 4.4 it be
omes obvious that low-energy single-string events (Eν < 200GeV)tend to be �more verti
al� and have signi�
antly lower energies than multi-string events.Overall, only about 17% of all events with at least �ve muon hits in the dete
tor aresingle-string events. The exa
t de�nition and 
lassi�
ation of single- or multi-stringevents applied for the re
onstru
tion with Posidonia will be given within the followingse
tion.52



4.3 The re
onstru
tion algorithm
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Figure 4.3: Mean number of dete
ted hits from the muon traje
tory as a fun
tionof the (true simulated) muon energy. The bars indi
ate the error on themean. Only events with a neutrino energy 10GeV < Eν < 200GeV areused.4.3 The re
onstru
tion algorithmThe 
omplete re
onstru
tion algorithm, optimised for an analysis in the low-energyregime, basi
ally 
onsists of an independent hit pre-sele
tion and the Posidonia re
on-stru
tion pa
kage, whi
h itself 
onsists of several modules. A s
hemati
 view of thePosidonia re
onstru
tion 
hain, in
luding the hit pre-sele
tion is depi
ted in Fig. 4.5.A detailed des
ription of the re
onstru
tion algorithm will be given in this se
tion.4.3.1 Hit pre-sele
tionHit �lters are typi
ally assessed by means of their e�
ien
y and their purity. If s (b) isthe number of signal (ba
kground) hits 
ontained in an event, sa

 (ba

) the number ofsignal (ba
kground) hits a

epted by the hit �lter and sdis (bdis) the number of signal(ba
kground) hits dis
arded by the �lter, the e�
ien
y Re� of a hit �lter is de�ned as
Re� =

sa


sa

 + sdis , (4.1)and the purity Rpurity as

Rpurity =
sa



sa

 + ba

 . (4.2)Sin
e low-energy events have numbers of signal hits 
lose to the minimum numberof hits required to re
onstru
t an event, the e�
ien
y of a hit sele
tion plays a majorrole in de�ning the e�
ien
y of the re
onstru
tion itself. Consequently, before enteringthe Posidonia re
onstru
tion 
hain, the events are passed to an elaborate hit sele
tion53
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Figure 4.4: Ratio of the single-string events to all events as a fun
tion of the true muonenergy (left) and the true zenith of the muon (right). Only events withat least �ve dete
ted hits from the muon were 
onsidered. The simulationin
orporates neutrinos up to Eν = 200GeV. No opti
al noise is in
luded.
algorithm to reje
t a signi�
ant part of the ba
kground hits while keeping as manysignal hits as possible.This so-
alled HM hit sele
tion looks for hits 
lose in distan
e and time and 
omputesthe slopes of their 
onne
ting lines in the z-t diagram (where z is the z-
oordinate ofthe hit position ~p and t its time). If the 
onne
ting lines of di�erent pairs have relatedslopes, the pairs are grouped. A detailed des
ription of this hit sele
tion 
an be foundin [112℄.The hits remaining after the HM hit sele
tion are merged with the so-
alled L2 hits,that have a very high purity. In the 
ontext of this thesis the name L2 refers to thosehits that are sele
ted by at least one of the two triggers, 3N and 2T3, while both triggersare a
tive. In this 
ontext the triggers are only used for sele
ting hits and not as data�lters. The trigger algorithms are not only part of the DAQ, but also of the SeaTrayanalysis framework and thus 
an also be applied o�ine on real and Monte Carlo data.In Fig. 4.6 the distributions of e�
ien
y and purity of the HM, the L2 and the
ombined HM/L2 hit sele
tion are shown. By merging L2 and HM hits, at the expenseof a small degradation of the purity, an in
rease in the e�
ien
y 
an be obtained.In Fig. 4.7, the mean e�
ien
y of the merged HM/L2 hit sele
tion 
ompared tothe L1 sele
tion (i.e. the hits sele
ted by the L1 trigger) is given as a fun
tion of thenumber of hits from the muon (the same simulated data sample was used). Over thewhole range, the e�
ien
y 
ould be in
reased by at least 10% by applying the HM/L2hit sele
tion, instead of using the default L1 sele
tion.54
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Figure 4.5: S
heme of the Posidonia re
onstru
tion algorithm as implemented in theSeaTray software framework. Besides the modules (blue boxes), the rele-vant hit 
olle
tions (dark blue oval shapes) and tra
ks (arrow shapes) areindi
ated.4.3.2 Posidonia: Event 
lassi�erThe �rst step of the Posidonia re
onstru
tion 
hain is an event 
lassi�er, separating thedete
ted events into single-string and multi-string types. A

ording to the 
lassi�
ationresult, the events are passed to the single-string or multi-string re
onstru
tion module.The 
lassi�er is based on the L2 hits: if there are L2 hits on more than one string, theevent is 
lassi�ed as multi-string event, as single-string event otherwise.Figure 4.8 shows, in 
omparison to Fig. 4.4, how the trigger a�e
ts the per
entageof single-string events. Obviously, both triggers in
rease the per
entage of single-stringevents. The overall ratio of single- to multi-string events for Eν < 200GeV (no opti
alba
kground) has a mean value of about 25% for the 3N trigger and a mean value ofabout 75% for the 2T3 trigger (
ompared to 17% without trigger, but requiring �vemuon hits in the dete
tor). Clearly, the 2T3 trigger is more sensitive to single-string55
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Figure 4.6: Distributions of purity (left) and e�
ien
y (right) of the HM hit sele
tion,the L2 sele
tion and the 
ombination of both. 60 kHz random opti
alba
kground per OM is added to the simulations, and only triggered eventswith a muon energy below 150GeV are 
onsidered. The distin
t peaks inthe distribution of the e�
ien
y are not due to low statisti
s, but to thesmall number of signal hits in the low-energy events.events and thus more sensitive to events below 50GeV. For both trigger types theper
entage of single-string events de
reases with in
reasing muon energy; espe
ially the3N trigger enhan
es the per
entage of single-string events above Θ = 150◦.Figures 4.9 and 4.10 show that single-string events tend to be more verti
al and havea lower energy than multi-string events. However, even though both the 3N and the2T3 triggers preserve the signi�
ant energy di�eren
e between the single-string and themulti-string events, the angular di�eren
e is largely washed out by the 2T3 trigger. It
an therefore be 
on
luded that the event 
hara
teristi
s of 3N and 2T3 triggered eventsare signi�
antly di�erent, and thus they will be treated separately for the assessmentof the re
onstru
tion algorithm.
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al ba
k-ground per OM is added to the simulations, and only triggered eventswith a muon energy below 150GeV are 
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Figure 4.9: Distributions of energy and zenith for single- and multi-string events of3N triggered events. No opti
al noise was added to the simulated signal.
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4.3 The re
onstru
tion algorithm4.3.3 Posidonia: Tra
k re
onstru
tionIn general, a muon traje
tory is fully 
onstrained by �ve parameters. The dire
tion isgiven in terms of the zenith angle Θ and the azimuth angle Φ. By de�ning a planeperpendi
ular to the tra
k and through the origin of the 
oordinate system, the tra
kis �nally determined by the time t0 when the muon 
rosses the plane and the position
~p at t0, whi
h is the point of minimal approa
h of the tra
k to the origin. Rotatingthe axes of the 
oordinate system by Θ and Φ (the zenith and azimuth angle of thetra
k), the z-
oordinate of the plane transforms to z′ = 0 and ~p 
an be given in termsof the independent variables x′ and y′. Therefore, �ve hits are ne
essary to 
ompletelyre
onstru
t a tra
k, but for numeri
al and quality reasons this threshold is in
reased tosix. Triggered events have always a su�
ient number of hits, albeit sometimes only dueto the additional 
ontribution of ba
kground hits. In the low-energy regime it happensthat after all hit �lters an event no longer ful�ls this 
ondition and is therefore lost,thus redu
ing the e�
ien
y of the re
onstru
tion algorithm.Both the single and the multi-string re
onstru
tion of Posidonia are based on a max-imum likelihood �t, during whi
h the tra
k parameters are varied until the maximumof the likelihood fun
tion is found. The likelihood fun
tion,

L =
n∏

i=1

fi(∆ti; T ), (4.3)is the produ
t of the probability distribution fun
tions (PDF) fi for the n hits sele
tedfor the re
onstru
tion. For a given tra
k T , fi 
an be expressed as a fun
tion of thetime residuals ∆ti = ti,
al
. − ti,meas., whi
h give the time delay between the 
al
ulatedarrival time of a Cherenkov photon emerging from the assumed muon tra
k and themeasured arrival time. The tra
k T itself is des
ribed by the �ve tra
k parameters:the time t0, the position (x′, y′) and the two angles Θ and Φ. In a �rst approximation,the PDF de
ouples into two fun
tions of the tra
k and propagation probabilities, fi1,and the a

eptan
e of the photomultiplier, fi2, whi
h is a fun
tion only of the angle ofin
iden
e of the photon onto the photomultiplier:
fi(∆ti; T ) = fi1 · fi2. (4.4)The parametrisation of fi1 was newly adjusted in the 
ontext of implementing there
onstru
tion algorithm into the SeaTray framework. It is given as

fi1 =
1

anorm ·

[
aGauss · exp

(
t2di�
2a2

σ

)

+ a2late_fa
tor · (1 + tanh (tdi�))
2

· exp

(
−tdi�

alate_exp)
·

1√
1 +

t2di�
a2

σ

+a2early_fa
tor · (1 −
(1 + tanh (tdi�))

2

)
· exp

(
tdi�

aearly_exp)
·

1√
1 +

t2di�
a2

σ



 ,(4.5)59



4 Low-energy re
onstru
tionwith tdi� = ∆t − ao�set, the time residual ∆t = t
al
. − tmeas., the normalisation fa
tor
anorm, and the seven �t parameters aGauss, ao�set, aσ, alate_fa
tor, alate_exp, aearly_fa
tor, and
aearly_exp, whi
h are obtained by �tting the distribution of time residuals ∆t.In Fig. 4.11, the distributions of the time residuals obtained from simulations, andthe fun
tions fi1 �nally implemented in the Posidonia �tting algorithm are displayed.For single- and multi-string re
onstru
tion, all the respe
tive hit �lters were applied,resulting in two slightly di�erent fi1 distributions for the two 
ases. The values for theparameters and the normalisation fa
tor 
an be seen in Table 4.1.
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Figure 4.11: Distribution of time residuals after all hit �lters for single- (left) andmulti-string events (right). The histogram shows the distributions fromthe simulations, the red line is the resulting parametrisation.Table 4.1: Parametrisation of fi1 for single- and multi-string events.Parameter Single-string Multi-string
ao�set 1.9126 2.3652
aGauss 0.0969 0.0741

aσ 2.9613 3.2843
alate_fa
tor -0.1553 -0.1742
alate_exp 46.7905 48.4724

aearly_fa
tor -0.2092 -0.1950
aearly_exp 3.0836 3.5923

anorm 1.0352 1.0011For 
al
ulating the distribution of the time residuals, only hits from simulated upward-going neutrino events (atmospheri
 �ux) with an energy less than 250GeV were used,and no opti
al ba
kground was applied. Due to the permanently �u
tuating ba
kgroundrates, it is te
hni
ally almost impossible to implement ba
kground in the PDF in a rea-sonable way. However, be
ause of the good purity of the merged HM/L2 hit sele
tions,60



4.3 The re
onstru
tion algorithmthe negli
en
e of ba
kground in the PDFs 
an be justi�ed. The deviations between�tted 
urves and distributions of the time residuals are predominantly in the tails ofthe distribution and their impa
t on the re
onstru
tion quality is likely smaller thanthe negli
en
e of ba
kground. However, the agreement 
ould probably be improvedwith a di�erent parametrisation.For pra
ti
al reasons usually instead of maximising the likelihood L, the negativelogarithm of the likelihood is minimised by applying an appropriate minimisation pro-
edure.The minimiser that is used in Posidonia is part of the 
ommer
ial Nag library [113℄.Espe
ially at low energies, where the information is sparse, it requires a reasonablestarting point for 
onvergen
e, sin
e the likelihood fun
tion may exhibit several lo
alminima and therefore di�erent starting values for the minimisation pro
edure mayresult in di�erent solutions. However, as long as the same hits are used in the �t, thosedi�erent solutions 
an be 
ompared using their absolute likelihood value. To a

ountfor this behaviour of the minimiser, a �ve-parameter spa
e was s
anned to determinea set of starting points for the minimisation pro
edure. For this purpose, the zenith
Θ = [0, π], the azimuth Φ = [0, 2π] and the horizontal distan
e from the 
entre ofgravity of the hits d = [0m, 44m] are sampled uniformly in equidistant steps. In total,for ea
h �t 520 starting points are determined. A tra
k is �tted for ea
h su
h startingpoint and the �tted tra
k with the smallest log-likelihood value is 
onsidered to be thebest solution.This �s
an-�t� pro
edure was already employed in the original Posidonia program,but only for the single-string �t. In the 
ontext of this thesis, it has also been introdu
edto the multi-string �t pro
edure.Multi-string re
onstru
tionIn the multi-string re
onstru
tion 
hain of Posidonia the s
an-�t pro
edure des
ribedabove is pre
eded by a double-stage hit �lter, whi
h 
onsists of a linear pre�t and asu

essive sele
tion of hits 
ompatible with this pre�t. The linear pre�t is a simple
χ2-�t and is adapted from [114℄.It is assumed that all n hits with their positions ~pi at times ti are lo
ated on thetra
k. Then

~pi ⋍ ~p + ~v · ti, (4.6)where ~p is the position of the tra
k at t = 0 and ~v is the velo
ity ve
tor of the tra
k.The parameters ~p and ~v 
an be obtained by minimising the quadrati
 sum
χ2 =

n∑

i=1

ai

(~pi − ~p − ~v · ti)
2

(∆p2
i + |~v|2∆t2i )

. (4.7)To a

ount for the fa
t that the measured 
harge is the larger the 
loser the tra
kpasses by the opti
al module, the χ2 terms are weighted with the 
harge ai of the
orresponding hits. As the error (∆p2
i + |~v|2∆t2i ) is about the same for all hits it 
anbe negle
ted in this 
ase. The minimisation of the χ2 is done analyti
ally. 61



4 Low-energy re
onstru
tionThe pre�t tra
k only serves as referen
e tra
k for the following hit sele
tion. Withinthe presele
ted hits, all hits are sele
ted with a maximum photon path length fromthe pre-�tted tra
k of 120m and time residuals ∆t = t
al
. − tmeas. in an interval of[-100 ns, 80 ns℄, where t
al
. is the expe
ted arrival time of the photon assuming thepre-�tted tra
k is the true tra
k (negle
ting s
attering and attenuation) and tmeas. isthe experimentally measured arrival time. In Fig. 4.12 the time residual distributionswith respe
t to the pre-�tted tra
k for signal and ba
kground hits 
an be seen. Theirsuitability as 
ut variable be
omes evident from the di�erent shapes of the distributionsfor signal and ba
kground hits.
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Figure 4.12: Distributions of the time residuals ∆t (left) and the photon path length
l (right) of signal (solid line) and ba
kground hits (shaded area) withrespe
t to the pre-�tted tra
k. Without the pre
eding HM hit sele
tion,the time residuals of the ba
kground hits would be distributed uniformlyover the 
omplete range. The simulation in
orporates neutrinos up to
Eν = 250GeV, and in
ludes 60 kHz opti
al ba
kground.

Single-string re
onstru
tionThe essential di�eren
e between the single- and multi-string re
onstru
tion is the hitsele
tion pro
edure. The main s
an �t in the end is basi
ally the same for both re
on-stru
tion 
hains ex
ept for the PDF used in the �t.In order to get a high-quality sele
tion of hits for the single-string �t, the hits have topass a spe
ial single-string hit sele
tion. Like for the multi-string events, the hits haveto pass the basi
 hit sele
tion �rst. The remaining hits are separated into two groups:
oin
ident hits (a

ording to the 
oin
iden
e 
ondition for L1 hits) and the remainingones, so-
alled single hits. Those two hit 
olle
tions are passed to the main 
ausality�lter. Ea
h 
oin
ident hit is tested, if it is 
ausally 
onne
ted to all other 
oin
ident62



4.3 The re
onstru
tion algorithmhits. This basi
 
ausality 
ondition that has to be met is
|∆z|

cn

+ Tadd > |∆t|, (4.8)with the group velo
ity of light in sea water cn, the absolute di�eren
e of the measuredhit times |∆t|, the absolute di�eren
e in distan
e between the two hits |∆z|, and anallowan
e of Tadd, whi
h is set to 20 ns.To improve the sele
tion, two additional 
ausality 
onditions are introdu
ed. Theya�e
t hits that are at least four storeys apart and are in
reasingly restri
tive as thenumber of storeys between the hits is in
reasing.The �rst 
ondition requires a minimum time di�eren
e ∆t for the hits:
∆z

c
− T ′add < ∆t, (4.9)with the velo
ity of light in va
uum c, whi
h is approximately the velo
ity of the muontra
k and T ′add = 150ns.The se
ond additional 
ondition is a slight modi�
ation of the basi
 
ausality 
ondi-tion. Again the group velo
ity of light in water is repla
ed by the velo
ity of the muontra
k c, and the allowan
e fa
tor is again T ′add = 150ns:

∆z

c
+ T ′add < ∆t, (4.10)This modi�ed 
ondition is more restri
tive than the basi
 
ausality 
ondition, if thehits are more than four storeys apart. It a

ounts for the fa
t, that the Cherenkov lightemitted by the muon is attenuated in the sea water (Λe�att ≈ 45m), and the probabilityof hits being 
ausally 
onne
ted with the tra
k is small if the 
al
ulated photon pathlength signi�
antly ex
eeds the attenuation length. Hen
e, hits on one string, beingsome storeys apart, 
an only result from rather verti
al tra
ks (resulting in a 
onstantphoton path length over the length of the string) and thus the arrival times of thesehits are 
onne
ted via the velo
ity of the muon tra
k.4.3.4 Posidonia: Containment estimation and energyre
onstru
tionFor the energy re
onstru
tion, di�erent te
hniques are used, depending on the energyof the muon. The energy loss of muons above 1TeV is dominated by sto
hasti
 ra-diative pro
esses and elaborate te
hniques for re
onstru
ting the energy are ne
essary.Contrary to this, muons within the energy range of interest for an os
illation analysisare minimally ionising parti
les: their energy loss is almost 
onstant over the 
om-plete tra
k length and the energy is linearly 
orrelated with the tra
k length (see alsoFig. 4.2). Thus, having a reliable muon tra
k length re
onstru
tion, the energy of themuon 
an be inferred.On the other hand, a reasonable and reliable energy estimation is only possible fortra
ks that are 
ompletely 
ontained within the instrumented dete
tor volume. Only63



4 Low-energy re
onstru
tionfor muons below about 100GeV this requirement is satis�able, as the muon tra
k lengthis about 300m at this energy.Sele
ting su
h �
ontained events� from the upward-going neutrino sample there-fore automati
ally implies sele
ting low-energy events. Again, single- and multi-stringevents have to be treated separately due to their di�erent topologies. Furthermore, alsothe de�nition of the 
ontainment volume is di�erent for the two 
ases.Multi-string eventsFor estimating the 
ontainment of an event, the starting point and end point of thetra
k have to be determined. This is done by 
al
ulating the point of photon emissionwith respe
t to the re
onstru
ted muon traje
tory, for every hit of the hit sample usedfor the �t. Only tra
ks re
onstru
ted as upward-going are 
onsidered at this level, sothe point of emission with the smallest z-
oordinate is assumed to be the starting pointof the tra
k and the point with the largest z-
oordinate is assumed to be the end point.Then, the expe
ted number of photons is 
al
ulated that would have been dete
tedif the tra
k would ex
eed the so-determined length. Assuming an in�nite tra
k lengthof the muon, for ea
h OM the 
orresponding point of photon emission along the tra
kis 
al
ulated (Fig. 4.13). If this point of emission is beyond the previously 
al
ulatedtra
k limits, the amount of light (i.e. the number of photons) is estimated, that shouldhave been dete
ted by the given OM, 
onsidering its angular a

eptan
e, the distan
efrom the tra
k to the module and the attenuation of light in water. The sum overall OMs �nally gives an estimate on the probabilities that the starting or end point,respe
tively, are lo
ated within the instrumented dete
tor volume. The photon distri-butions for 
ontained and non-
ontained events, are shown below (Se
tion 4.4.6), wherethe performan
e of the re
onstru
tion algorithm, in
luding the 
ontainment estimationand energy re
onstru
tion, is dis
ussed. The larger the amount of light that shouldhave been dete
ted, the more likely the tra
k starting or end point is 
ontained. Ifboth the starting and the end point are 
ontained, the event is fully 
ontained in thedete
tor and the tra
k length �nally is determined by the di�eren
e of the tra
k limits[110℄.Single-string eventsSin
e the single-string tra
ks tend to be quite verti
al, the z-positions of the startingand of the end point of the tra
k (whi
h are 
al
ulated in the same way as for multi-string events) serve as separation variables. Before 
on
luding on the 
ontainment, a
ut has to be applied to sele
t only verti
al events (e.g. Θre
, Posidonia > 135◦).The smaller the absolute z-values of the re
onstru
ted starting and end point of thetra
k are, the more likely the tra
k is 
ontained (Fig. 4.14). The z-distributions areshown below (Se
tion 4.4.6).
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A

B

C

D

Figure 4.13: S
heme of the 
ontainment estimator for multi-string events. The start-ing (B) and stopping point (C) of the tra
k are 
al
ulated by usinginformation from OMs with hits (green OMs). If the tra
k ex
eeds the
al
ulated length, light emitted at points (A) or (D) should have beendete
ted by the marked OMs (orange).
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AB

D C Figure 4.14: S
heme of the 
ontainmentestimator for single-stringevents. The starting andstopping points (B) and (C),respe
tively, are 
al
ulatedin the same way as formulti-string events. Theproje
tions of the startingand stopping point on the z-axis, (A) and (D), are usedto estimate the 
ontainmentof the tra
k.
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4.4 Performan
e of the Posidonia re
onstru
tion algorithm4.4 Performan
e of the Posidonia re
onstru
tionalgorithmIn this se
tion, the performan
e of the Posidonia re
onstru
tion algorithm will be dis-
ussed by means of signal events from upward-going low-energy neutrinos. To be ableto better judge the performan
e, it will be 
ompared to the standard Antares re-
onstru
tion algorithm BB�t [115℄ (SeaTray implementation, 
orresponding to versionv3r5). The impa
t of di�erent ba
kground rates and of an imperfe
t dete
tor will beinvestigated, as well as the e�
ien
y of the 
ontainment estimator and the quality ofthe energy re
onstru
tion.4.4.1 Multi-string re
onstru
tion qualityIn Fig. 4.15 the distributions of the re
onstru
tion error on the zenith, ∆Θ = Θre
−Θsim,and on the azimuth, ∆Φ = Φre
 − Φsim, are shown. The distributions are shownseparately for the two di�erent triggers 3N and 2T3. Only few multi-string events wereadditionally sele
ted by the 2T3, 
ompared to the 3N trigger, and thus both triggersamples have a similar behaviour 
on
erning the multi-string �t.In order to quantify the re
onstru
tion quality, the median re
onstru
tion errors aregiven. They are 
al
ulated from the absolute di�eren
e between re
onstru
ted and trueangle: 50% of the valid re
onstru
ted events have an absolute re
onstru
tion error (ofthe respe
tive parameter) smaller than this median value. The median re
onstru
tionerrors on the zenith and azimuth are almost the same for both triggers: 0.7◦ and 1.6◦for the 3N, and 0.8◦ and 1.7◦ for the 2T3 trigger, respe
tively.Also shown is the error on the zenith of the pre�t, whi
h is only used as referen
efor a hit sele
tion at this point, but will also be used for a presele
tion 
ut later on inthe 
ontext of the analysis. The median values of the absolute errors are 4.7◦ for the3N and 4.5◦ for the 2T3 trigger.In Fig. 4.15, also the ratio of well re
onstru
ted multi-string events to all triggeredmulti-string events is displayed. For low-energy events a re
onstru
tion error of |∆Θ| <
5◦ de�nes �well re
onstru
ted�. The ratio de
reases steeply below 40GeV but is quitestable around 85% above 50GeV. Overall, for both triggers the mean fra
tion of wellre
onstru
ted multi-string events is about 80%.4.4.2 Single-string re
onstru
tion qualityThe per
entage of single-string events of all triggered events is 21% for the 3N triggerand 73% for the 2T3 trigger for a ba
kground rate of 60 kHz, similar to the valueswithout any opti
al ba
kground. The performan
e of the single-string re
onstru
tionis expe
ted to be worse than the performan
e of the multi-string re
onstru
tion dueto the la
k of three dimensional information and the lower number of signal hits ingeneral. In parti
ular, the azimuth angle 
an only be determined with bad quality. Asit is not of relevan
e for this analysis anyway, it will be 
ompletely negle
ted in the67



4 Low-energy re
onstru
tionfollowing. The distribution of the re
onstru
tion error on the zenith and the ratio ofwell re
onstru
ted events (de�ned analogously to the multi-string 
ase) are shown inFig. 4.16.For the zenith, a median value of 2.4◦ for the 3N events and 6.1◦ for 2T3 events isobtained. Below 30GeV, the e�
ien
y de
reases less steeply 
ompared to the multi-string re
onstru
tion. Above 50GeV, the e�
ien
y is only around 70 � 80% for the 3N,and around 50% for the 2T3 trigger. The overall e�
ien
y is 68% for the 3N and44% for the 2T3 trigger. Noti
eable is a signi�
antly larger di�eren
e between the3N and the 2T3 trigger 
ompared to the multi-string re
onstru
tion, whi
h is due tothe in
reased e�
ien
y of the 2T3 trigger that is basi
ally due to an in
rease of single-string events. The 2T3 trigger is more sensitive to low-energy events, whi
h 
ontain lesshits, and is therefore, on average, less e�
ient and yields larger re
onstru
tion errors.Additionally, the 
ontamination of the signal with ba
kground hits has the more impa
tthe less hits an event has.4.4.3 Overall performan
e and 
omparison with a standardANTARES re
onstru
tion algorithmIn order to 
ompare Posidonia with other re
onstru
tion strategies and to assess itsoverall performan
e, the single- and multi-string re
onstru
tion will be 
ombined inthe following. As there is no overlap in the events, this just 
orresponds to the sum ofthe respe
tive distributions. To evaluate the performan
e of Posidonia, it is 
omparedto the performan
e of the BB�t algorithm [115℄. As input, exa
tly the same simulatedevent sample was used. No quality 
uts were applied at this level in either of the studies.In Fig. 4.17 the distributions of the absolute re
onstru
tion error on the zenith Θ areshown for Posidonia (left) and for BB�t (right). With BB�t, 92% of the 3N and 61%of the 2T3 triggered events have a valid �t result. For Posidonia, these values a

ountfor 99% and 98% respe
tively. For 3N events, the median values of the absolute erroron the zenith re
onstru
tion are 1.0◦ for Posidonia and 1.7◦ for BB�t, and for the 2T3trigger the mean values degrade to 3.9◦ for Posidonia as well as for BB�t.The overall fra
tions of well re
onstru
ted events with Posidonia and BB�t di�erby 10 to 20% in the energy range below 50GeV (Fig. 4.18). The energy-integratedper
entage of well re
onstru
ted in all triggered events is 78% for 3N and 54% for 2T3events for Posidonia and 66% and 33%, respe
tively, for BB�t.4.4.4 Impa
t of di�erent ba
kground ratesThe opti
al ba
kground at the Antares site is not 
onstant but 
hanges on time s
alesof typi
ally days to weeks. 60 kHz is a typi
al value, but the rates 
an go up to 150 kHzor even more. At some point, the signal-to-noise ratio be
omes too small to extra
t thesignal. The number of fake events in
reases as well as the number of misre
onstru
tedevents, due to a degradation in the performan
e of the hit �lters. For this thesis, a meanba
kground rate (see Se
tion 5.2.1 for details about the 
al
ulation) of up to 80 kHz was68
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e of the Posidonia re
onstru
tion algorithm
onsidered as a

eptable for an analysis. The trigger rate is at the same level as with60 kHz opti
al ba
kground (a weighted sum of 17 003 events per year with both triggersa
tive). The impa
t of su
h an in
reased rate on the re
onstru
tion is illustrated inFig. 4.19. As expe
ted, a small de
rease in the fra
tion of well re
onstru
ted events 
anbe observed: the e�
ien
ies are 74% for 3N and 53% for 2T3 events for Posidonia,and to 66% and 31% respe
tively for BB�t.This degradation of the re
onstru
tion quality with in
reasing ba
kground ratesis mainly due to the imperfe
t hit sele
tion and has to be taken into a

ount whenanalysing the data. The de
rease in the per
entage of single-string events (19% single-string events with the 3N, 71% with the 2T3 trigger) also indi
ates the sele
tion ofadditional ba
kground hits by the hit �lters, resulting in an in
rease of multi-stringevents.4.4.5 Impa
t of missing PMTsNot only opti
al ba
kground degrades the measurements, but also failure of dete
tor
omponents. Individual OMs, storeys and entire lines 
an fail to take data for variousreasons. To study the impa
t of real dete
tor 
onditions, the simulations are masked bytaking into a

ount defe
tive OMs or lines absent in the data taking. Possible reasonsfor the failure of OMs and the way they are treated in data and simulation will bedis
ussed in detail in Chapter 5. For the simulated data this basi
ally means, thatmodules, storeys or 
omplete lines 
an be swit
hed o�, ignoring all hits theoreti
allydete
ted by the 
orresponding modules.For this study, a dete
tor setup without lines 11 and 12 was 
hosen. This representsa phase during the installation of the dete
tor, where only the lines 1 to 10 were takingdata. Out of the resulting 750 modules, 108 modules were swit
hed o� 
ontinuously,plus a mean number of 66 randomly distributed modules (di�erent ones from eventto event). This results in 23% bad modules, whi
h is a typi
al value. The opti
alba
kground was set to 60 kHz.Due to the sparser dete
tor and thus less hits, less events are triggered in total anda larger fra
tion of them is 
lassi�ed as single-string. The number of triggered eventsin total is redu
ed by more than a fa
tor two (a weighted sum of 8 401 events per yearwith both triggers a
tive), and the per
entage of single-string events is in
reased to24% for 3N and 78% for 2T3, respe
tively.Despite the strongly redu
ed trigger rate and the shift towards the single-stringre
onstru
tion, the overall ratio of well re
onstru
ted events for the 3N triggered eventsis the same as for the ideal dete
tor at the same noise level for Posidonia and de
reasesonly slightly to 64% for BB�t. The ratio of 2T3 triggered events de
reases to 50% forPosidonia and stays at 33% for BB�t (see Fig. 4.20).
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Figure 4.15: Distributions of the re
onstru
tion error of the pre�t zenith ΘPre�t (up-per left), the multi-string azimuth Φ (upper right), and the multi-stringzenith Θ (lower left). All three plots show the distributions of the di�er-en
e between the re
onstru
ted and the simulated value. The lower rightplot shows the ratio of well re
onstru
ted events (re
onstru
tion error on
Θ smaller 5◦) to all triggered events for the multi-string algorithm as afun
tion of the true muon energy. The ba
kground rate is 60 kHz perOM.
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Figure 4.16: Distribution of the zenith re
onstru
tion error of the Posidonia single-string re
onstru
tion. Ratio of well re
onstru
ted single-string events toall triggered single-string events as a fun
tion of the true muon energy(right). The ba
kground rate is 60 kHz per OM.

| [deg]Θ∆|
0 20 40 60 80 100 120

E
nt

rie
s

1

10

210

310

Trigger 3N

Trigger 2T3

Posidonia

| [deg]Θ∆|
0 20 40 60 80 100 120

E
nt

rie
s

1

10

210

310

Trigger 3N

Trigger 2T3

BBfit

Figure 4.17: Distribution of the absolute value of the di�eren
e between simulated andre
onstru
ted zenith angle |∆Θ| (in degrees). Posidonia re
onstru
tionalgorithm (left) and standard Antares re
onstru
tion algorithm BB�t(right). The ba
kground rate is 60 kHz per OM.
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Figure 4.18: Ratio of well re
onstru
ted events with the Posidonia (left) and the BB�tre
onstru
tion algorithm (right) as a fun
tion of the true muon energy.The ba
kground rate is 60 kHz per OM.
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Figure 4.19: Like Fig. 4.18, but with a ba
kground rate of 80 kHz per OM.
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Figure 4.20: Ratio of well re
onstru
ted events with the Posidonia (left) and the BB�tre
onstru
tion algorithm (right) as a fun
tion of the true muon energy.Only 576 OMs are a
tive and the ba
kground rate is 60 kHz per OM.
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4 Low-energy re
onstru
tion4.4.6 Performan
e of 
ontainment estimator and energyre
onstru
tionThe sele
tion of 
ontained events, the 
al
ulation of the tra
k length, and the subsequentenergy re
onstru
tion 
an only reasonably be performed for well re
onstru
ted events.Hen
e, in the following, only events of the ideal referen
e sample were 
onsidered thatwere re
onstru
ted within 5◦ of the true muon zenith angle. Additionally, the simulatedtest sample was extended to muon energies up to E = 107 GeV, in order to better assessthe fun
tionality of the 
ontainment estimator and the energy re
onstru
tion.Multi-string eventsBe
ause of the asymmetri
 sensitivity of the dete
tor and the seabed below the dete
tor,the re
onstru
tion of the z-
oordinate of the starting position of the tra
k is biasedand a tolerable agreement between simulation and re
onstru
tion is only given up toabout z = −150m (origin at dete
tor 
entre; Fig. 4.21). Therefore, events with anintera
tion vertex at re
onstru
ted z-
oordinates of less than −150m are ex
luded forthe 
ontainment estimation of multi-string events.
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Figure 4.21: Distribution of true simulated (dashed line) and re
onstru
ted (dashedline) z-
oordinates of the starting points of the muon tra
ks. The sharppeak at z = −280m 
oin
ides with the position of the sea �oor, andlight emission is only simulated above the sea �oor. In these 
ases, thestarting point of the muon tra
k is not the intera
tion vertex.Starting and stopping points of tra
ks are 
alled �
ontained�, if they are within the
ontainment volume (CV). The tra
k is 
alled �
ontained�, if both its starting and74



4.4 Performan
e of the Posidonia re
onstru
tion algorithmstopping points are 
ontained. A rotational symmetry was assumed for the CV ofmulti-string events, implying a 
ylindri
al shape. The 
hosen values are a radius of
r
v = 120m, and a height z
v from −150m to 180m.The upper row of Fig. 4.22 shows the (normalised) distributions of the 
al
ulatednumber of photons for 
ontained and non-
ontained starting and stopping points, re-spe
tively. The lower row in the �gure shows the ratio of 
ontained and non-
ontainedevents, that are lost when 
utting on the respe
tive number of photons of the 
ontain-ment estimate.
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Figure 4.22: Distributions of the expe
ted number of photons for 
ontained and non-
ontained events (upper row) and the ratio of suppressed events, when
utting on the spe
i�
 value (lower row). Distributions for the startingpoint (left) and for the stopping point (right). Only neutrinos with azenith re
onstru
tion error of less than 5◦ were 
onsidered.For the following, a 
ut value of an expe
ted number of 1.1 photons was 
hosen, bothfor the starting and for the stopping point. From originally 6 932 multi-string events,only 1 373 survived this 
ut. For the starting point, 30 (±1)% of non-
ontained events75



4 Low-energy re
onstru
tionremained after the 
ut, whereas 76 (±2)% of the 
ontained events were kept. For thestopping point, the values are 31 (±1)% and 71 (±2)%, respe
tively.Cutting on the output of the 
ontainment estimator is equivalent with sele
ting low-energy muons, be
ause of the size of the dete
tor, that restri
ts 
ontained events totra
k lengths of about 300m. In Fig. 4.23, the muon energy of the events before andafter the 
ut (both on starting and stopping estimate) 
an be seen. The mean muonenergy of the event sample is redu
ed from 445GeV before the 
ut to 149GeV after the
ut.
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Figure 4.23: Distribution of the true muon energy for the event sample before (solidline) and after 
utting on the output of the 
ontainment estimator(shaded area). Only neutrinos with a zenith re
onstru
tion error of lessthan 5◦ were 
onsidered.For the events remaining the 
ut, the median distan
e from the re
onstru
ted to thetrue starting point is 32m and the median distan
e from the re
onstru
ted to the truestopping point a

ounts for 58m. The muon tra
k length is 
al
ulated as the di�eren
ebetween those two values. Figure 4.24, left, shows the mean true tra
k length as afun
tion of the re
onstru
ted tra
k length. The mean re
onstru
ted tra
k length showsa good 
orrelation with the true tra
k length up to about 300m. In Fig. 4.24, right,the true tra
k length and the re
onstru
ted tra
k length are displayed in a s
atter plot.The re
onstru
ted tra
k length in turn shows a very good linear 
orrelation withthe true energy of the muon and the energy of the sele
ted events 
an be dire
tlyinferred. In the upper row of Fig. 4.25, left, the mean true muon energy is shown asa fun
tion of the re
onstru
ted muon tra
k length. The green line indi
ates the resultof a straight line �t (f(x) = a0 + a1 · x) to the distribution, whi
h is then employed76
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Figure 4.24: Mean true muon tra
k length as a fun
tion of the re
onstru
ted muontra
k length (left). True muon tra
k length and re
onstru
ted muontra
k length displayed in a s
atter plot (right). Only events with azenith re
onstru
tion error of less than 5◦ and 
ontainment estimationvalues of more than 1.1 photons for both the starting and stopping pointwere 
onsidered. The bars indi
ated the standard deviation, and the reddashed line indi
ates the identity.for the re
onstru
tion of the energy of the muon. The values obtained from the �tare a0 = 27.85GeV with an error of 19.80GeV and a1 = 0.34GeV/m with an error of0.12GeV/m17. The mean true muon energy as a fun
tion of the re
onstru
ted energy
an be seen in the upper row of Fig. 4.25, right. The mean re
onstru
ted energy perenergy bin mat
hes almost perfe
tly the true muon energy. The median re
onstru
tionerror on the energy is 35GeV. In the lower row of Fig. 4.25 the true muon energy and there
onstru
ted tra
k length (left), as well as the true muon energy and the re
onstru
tedmuon energy (right) are displayed in s
atter plots.Single-string eventsA di�erent 
ontainment volume needs to be de�ned for single-string events. Again, a
ylindri
al shape was 
hosen su
h that proximity of the tra
k to the string is assured:the volume has a radius of r
v = 60m around the string on whi
h the event wasdete
ted, and a height z
v from -150m to 150m. Like for the multi-string events, thesingle-string CV was determined empiri
ally.As mentioned in the des
ription of the single-string 
ontainment estimator and alsoin the 
hara
terisation of the low-energy events, single-string events tend to be �moreverti
al�. Thus, events 
an be separated into 
ontained and non-
ontained events byusing the z-
oordinate of the re
onstru
ted starting or stopping position, respe
tively,17This value 
ompares well to the values reported by the Parti
le Data Group [20℄. 77



4 Low-energy re
onstru
tionas 
ut parameter. To guarantee the validity of this approa
h, a 
ut on the re
onstru
tedzenith angle is set at Θ = 135◦.In the �rst row of Fig. 4.26, the distributions of the absolute values of the re
on-stru
ted z-
oordinates |pz| of the starting (left) and stopping point (right) for 
ontainedand non-
ontained events are shown. To enhan
e features, for this �gure 
ontainment isrequired within a radius of r′
v = 30m around the string and a height z′
v from −100mto 100m, whereas non-
ontainment is determined by means of the default single-stringCV. The se
ond row of the �gure shows the fra
tion of 
ontained and non-
ontainedevents that remain when 
utting on the respe
tive |pz| value of either the starting (left)or the stopping point (right).The 
ut applied for the sele
tion of the 
ontained events is |pz| < 100m both forthe starting and the stopping point. 68% of the events with a 
ontained starting pointsurvive the 
ut on the starting point, as well as 25% of the events with non-
ontainedstarting point. For the stopping point the values are 68% and 34%, respe
tively. Byapplying the 
ombined 
ut on the starting and stopping point, the event sample isredu
ed from originally 2 834 single-string events to about 982 
ontained single-stringevents. As for the multi-string 
ontainment estimator, 
utting on the single-string
ontainment parameter |pz| means sele
ting low-energy muons. This 
an be seen inFig. 4.27, where the true muon energy of all single-string events is shown, as well asthe true muon energy of 
ontained single-string events. The mean energy of the samplede
reased from about 84GeV before the 
ut to 44GeV after the 
ut.In Fig. 4.28, right, the mean true muon tra
k length for 
ontained single-string eventsis plotted as a fun
tion of the re
onstru
ted muon tra
k length. It 
an be seen fromthe mean values, that a good 
orrelation is given only up to about 170m re
onstru
tedtra
k length. Therefore, for the single-string energy re
onstru
tion, a further 
ut isapplied on the re
onstru
ted tra
k length at 170m, whi
h redu
es the test sample usedin this se
tion by only ten events. The true muon tra
k length and the re
onstru
tedmuon tra
k length are displayed in a s
atter plot in Fig. 4.28, left.The 
orrelation between the re
onstru
ted tra
k length and the mean true energy ofthe muon 
an be seen in Fig. 4.29, left. The green solid line is the result of a straight line�t, whi
h is employed later on for the re
onstru
tion of the energy. The values obtainedfrom the �t are a0 = 4.94GeV with an error of 18.6GeV, and a1 = 0.38GeV/m withan error of 0.20GeV/m . On the right hand side of the same �gure, the 
orrelationbetween the re
onstru
ted muon energy and the true muon energy is shown. The meanre
onstru
ted energy per energy bin mat
hes ni
ely the true muon energy. The medianre
onstru
tion error on the energy is 13GeV. In the lower row of Fig. 4.29, the truemuon energy and the re
onstru
ted tra
k length (left), as well as the true muon energyand the re
onstru
ted muon energy (right) are displayed in s
atter plots.4.5 SummaryThe per
entage of well re
onstru
ted events in the muon energy range below 100GeV
an be in
reased by up to 20% by using the Posidonia re
onstru
tion algorithm instead78



4.5 Summaryof the Antares standard re
onstru
tion program BB�t. In the relevant energy rangearound and below 50GeV the improvement even ex
eeds 20%. This is also the 
ase forin
reased ba
kground rates or a dete
tor with more than 20% disfun
tional OMs. Thebehaviour of Posidonia in the low-energy range is robust against 
hanging environmen-tal 
onditions, whi
h eventually helps to redu
e systemati
s. Be
ause of the 
orrelationbetween tra
k length and energy, the sele
tion of 
ontained events is equivalent tosele
ting low-energy tra
ks. For 
ontained tra
ks, a reliable energy re
onstru
tion ispossible. Both for single- and multi-string events, a good 
orrelation between re
on-stru
ted and true tra
k length and thus between re
onstru
ted tra
k length and energyis obtained, up to tra
k lengths of 170m and 300m for single- and multi-string tra
ks,respe
tively.
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Figure 4.25: Upper left: Mean true muon energy as a fun
tion of the re
onstru
tedmuon tra
k length. The green line indi
ates the result of a �t to thedistribution.Upper right: Mean true muon energy as a fun
tion of the re
onstru
tedmuon energy. The red dashed line indi
ates the identity.Both �gures: the bars indi
ate the standard deviation.Lower row: True muon energy and re
onstru
ted muon tra
k length(left), as well as true muon energy and re
onstru
ted muon energy (right)displayed in s
atter plots. Only neutrino events with a zenith re
onstru
-tion error of less than 5◦ and 
ontainment estimation values of more than1.1 photons for both the starting and stopping point were 
onsidered.
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Figure 4.26: Distributions of the absolute z-
oordinate of the re
onstru
ted starting(left) and stopping point (right) of the tra
k for 
ontained and non-
ontained single-string events (upper row) and the fra
tion of events lostwhen 
utting at |pz| (lower row).
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Figure 4.27: Distribution of the true muon energy of the events before 
utting on the
ontainment parameter |pz| (solid line) and muon energy of the remainingevents after the 
ut on |pz| < 100m both for starting and stopping point(shaded area). Only neutrinos with a zenith re
onstru
tion error on themuon of less than 5◦ and a re
onstru
ted muon zenith of less than 135◦were 
onsidered.
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4.5 Summary
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Figure 4.28: Mean true muon tra
k length as a fun
tion of the re
onstru
ted muontra
k length (left). True muon tra
k length and re
onstru
ted muontra
k length displayed in a s
atter plot (right, event numbers given ona log s
ale). Only neutrinos with a zenith re
onstru
tion error on themuon of less than 5◦, a re
onstru
ted muon zenith of less than 135◦,and |pz| < 100m for both the starting and the stopping point were
onsidered. The bars indi
ate the standard deviation and the red dashedline indi
ates the identity.
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Figure 4.29: Upper left: Mean true muon energy as a fun
tion of the re
onstru
tedmuon tra
k length. The green line indi
ates the result of a �t to thedistribution.Upper right: Mean true muon energy as fun
tion of the re
onstru
tedmuon energy. The red dashed line indi
ates the identity.Both �gures: the bars indi
ate the standard deviation.Lower row: True muon energy and re
onstru
ted muon tra
k length(left), as well as true muon energy and re
onstru
ted muon energy (right)displayed in s
atter plots. The event numbers are given on a log s
ale.Only neutrino events with a zenith re
onstru
tion error of less than 5◦and a re
onstru
ted muon zenith of less than 135◦, and |pz| < 100m forboth the starting and the stopping point were 
onsidered.
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5 Pro
essing of data andsimulations
No measurement pro
ess is ideal and measured signals typi
ally su�er from ba
kgroundfrom di�erent sour
es. Additionally, every measurement pro
ess 
an be subje
t to var-ious kinds of problems, possibly having impa
t on the re
orded data. It is thereforemandatory to inspe
t and evaluate the quality of re
orded data. Only data that aremat
hing spe
i�
 standards and 
onditions may be used for an analysis. Furthermore,remaining imperfe
tions have to be in
luded in the simulations, to reprodu
e the realdete
tion pro
ess as well as possible and to guarantee good agreement between simu-lations and data. Finally, after the tra
k re
onstru
tion pro
ess, quality 
uts have tobe applied, in order to sele
t well re
onstru
ted events and to obtain a high-qualitysample of re
onstru
ted events for the subsequent analysis.In this 
hapter, data quality assessment and data sele
tion for the following os
illationanalysis are dis
ussed. In Se
tion 5.1, pro
esses with impa
t on the data quality willbe illustrated. Several of su
h pro
esses that are a�e
ting the data, like mis
alibrationor the 
ontamination due to biolumines
en
e are not yet 
ompletely understood.In prin
iple, simulated data, without and with opti
al ba
kground in
luded, is pro-vided by an Antares working group to the whole 
ollaboration. At the time thepro
essing of data and simulation for this analysis should start, there were 
ertainshort
omings in the 
onsisten
y of data and simulation. To over
ome these problems,with spe
ial fo
us to the low-energy regime, an alternative approa
h was made to assessthe quality of Antares data and to simulate opti
al ba
kground and di�erent kindsof dete
tor problems.Data assessment and sele
tion, and the data pro
essing 
hain are des
ribed in Se
-tion 5.2; the simulation of the dete
tor ele
troni
s and real data taking 
onditions areillustrated in Se
tion 5.3. The 
ommon re
onstru
tion pro
edure of data and simu-lations is des
ribed in Se
tion 5.4. In order to further suppress muoni
 ba
kgroundand badly re
onstru
ted muon neutrinos after event re
onstru
tion, quality 
uts areapplied using a neural net. To �nally obtain a sample of low-energy neutrino eventsand to be able to do a reliable energy re
onstru
tion, only events where the muontra
k is 
ontained in the dete
tor will be 
onsidered. Both pro
edures are subje
t ofSe
tion 5.5. 85



5 Pro
essing of data and simulations5.1 Pro
esses with impa
t on data qualityConstant pro
esses like homogeneous, random ba
kground and also some kinds of fail-ure like permanently defe
tive opti
al modules, 
an typi
ally be 
onsidered in the sim-ulations very easily. More 
hallenging are pro
esses that o

ur rarely, have �u
tuatingintensity or are not yet well understood. Three main fa
tors, the alignment, opti-
al ba
kground and failures of OMs and LCMs (in
luding mis
alibration of OMs) areknown of having impa
t on the data and will be dis
ussed in the following subse
tion.5.1.1 AlignmentThe strings of the Antares dete
tor are free to move in the deep-sea 
urrents. Theexa
t positions of the OMs are therefore unknown and need to be 
ontinuously moni-tored. For this purpose, 
ompasses, tilt-meters and an a
ousti
 positioning system areemployed. Data from these instruments is re
orded every few minutes (
urrently two,formerly six minutes). The 
ombined information allows for the re
onstru
tion of theshapes of the Antares strings, and the parti
ular dete
tor geometry 
an be obtained.This 
al
ulation is 
urrently done o�ine. The knowledge of the position of the opti
almodules, i.e. the 
oordinates of the hits re
orded by the modules, is essential for thetra
k re
onstru
tion and the errors on the re
onstru
ted traje
tories are in
reasing withthe error on the positions of the opti
al modules.The alignment pro
edure 
an fail if no data from the hydrophones and/or the 
om-passes and tiltmeters are available. Reasons for missing data are for example problemswith the slow 
ontrol, whi
h is 
ontrolling the readout of various monitoring instru-ments, or problems during sending and writing the 
ompasses and tiltmeter and/orhydrophone data to the data base. Also, when data from a 
ertain number of tilt-meters from an individual string are missing, the shape re
onstru
tion of the respe
tivestrings is not possible.Currently, if an aligned geometry is missing, either for the 
omplete dete
tor orfor individual strings, the so 
alled nominal geometry is employed, whi
h 
orrespondsto a perfe
tly aligned dete
tor with the line shapes being straight lines and all OMsoriented verti
ally downward. Periods of missing alignment 
an a�e
t 
omplete runs,but they also o

ur within runs, so that for parts of a run only the nominal geometryis available. When the nominal geometry is employed, the errors on the line shapein
rease with in
reasing displa
ement of the lines, and in general they are expe
tedto be larger than with an aligned geometry. Furthermore, when swit
hing from analigned to nominal geometry or vi
e versa, a dis
ontinuity o

urs, with an impa
t thatis di�
ult to estimate. Therefore, one should avoid using the nominal geometry for ananalysis.5.1.2 Opti
al noiseOpti
al ba
kground mainly 
onsists of 
ontributions from de
ays of 40K and of biolu-mines
en
e. The 40K de
ay is homogeneous at a 
onstant level of about 30 kHz per86



5.1 Pro
esses with impa
t on data qualityopti
al module. Biolumines
en
e on the other hand is emitted by organisms and isnot 
onstant in time. Even more, ma
roorganisms 
an emit large amounts of light,so 
alled bursts, 
ausing a lo
al in
rease in the opti
al ba
kground rate. This kind ofba
kground is not yet well investigated and understood and still bears a lot of poten-tial for marine biology resear
h. Nevertheless, it has to be treated for an a

eptableagreement between data and simulation.Investigations show that 
ontributions from biolumines
en
e 
an be separated into arather 
onstant and homogeneous part that, together with the 40K de
ays, 
ontributesa rather stable rate (referred to as baseline), and the above mentioned bursts. The base-line typi
ally ranges between 55 and 70 kHz and mainly 
onsists of single photoele
tronpulses. During bursts, rates up to several MHz 
an be observed and the number of
oin
iden
es (hits on di�erent OMs at the same storey within some ns) and big hits(amplitudes of more than one photoele
tron) is expe
ted to in
rease. Beyond a 
ertainrate (roughly at about 250 kHz), due to saturation of the data pro
essing system, af-fe
ted opti
al modules only send empty data frames (whi
h 
ontain no re
orded signalsbut only some header information) to the on-shore pro
essors, leading e�e
tively to avanishing rate of these OMs.5.1.3 OM and LCM/SCM failureThe opti
al modules of Antares are 
ustom designed, 
omplex, and extremely sensi-tive measuring instruments, performing their task in a very hostile environment. Thesame holds for the lo
al and string 
ontrol modules (LCM/SCM) that 
onsist of tita-nium 
ylinders, housing the ele
troni
s for the individual storeys and strings. Naturally,the housings, as well as the ele
troni
s and the sensors, 
an malfun
tion in several ways,in parti
ular as Antares is the �rst fully operational opti
al deep-sea neutrino tele-s
ope18 and a pilot proje
t for future, mu
h larger teles
opes.Penetration of water into glass spheres of OMs or ele
troni
s 
ontainers had happenedrarely up to now. More frequent are problems with the ele
troni
s or the sensors, su
hthat a�e
ted modules eventually might have to be turned o� permanently. From timeto time the 
onne
tion to individual LCMs or SCMs is lost and no data are re
ordedor transmitted for a 
ertain time period from a whole storey or even a 
omplete se
tor.Typi
ally, the LCMs/SCMs 
an be �revived� in-situ (when data taking pauses), but italso happens that 
omplete se
tors are permanently lost, at least unless the string isre
overed from the sea bed and repaired. This sums up to a 
ertain number of OMsthat are not taking part in the data-taking pro
ess and 
an be 
onsidered as �o��. Somemodules are a�e
ted permanently or for a long period of time and are never taking dataduring that time. Su
h behaviour is straightforward to 
onsider in the simulations, butwhen it 
omes to dete
ting units that are only temporarily a�e
ted, the task is more
omplex.OMs 
an exhibit further problems that renders them unusable for analysis, like18The Dumand proje
t [116℄ that existed between 1975 and 1995 aimed at 
onstru
ting the �rstdeep-o
ean high-energy neutrino dete
tor, but was 
an
elled due to te
hni
al problems. 87



5 Pro
essing of data and simulationsre
ording high (above 250 kHz) or unusually low rates (below 40 kHz), or a permanent,re
urring, or transient abnormal fra
tion of hits with large amplitude. Permanent prob-lems might be due to a bad 
harge 
alibration, whereas lo
ally 
lustered, transient highrates are probably 
aused by lo
al biolumines
en
e bursts.Low or high rates, as well as sending empty frames, are typi
ally transient states ofan OM, that randomly a�e
t a 
ertain per
entage of OMs in a mainly unpredi
tableand highly sto
hasti
 way. Their impa
t is di�
ult to estimate and 
an disturb themeasurement. Badly 
alibrated modules produ
ing fake large hits 
an lead to faketriggers and also bias re
onstru
tion algorithms that are sensitive to hits with largeamplitudes.5.2 Data pro
essingFor a neutrino os
illation analysis at the edge of dete
tor sensitivity, a data high-qualitydata set is ne
essary. Within the 
ontext of this thesis, methods to assess the qualityof the re
orded data and to sele
t data have been developed.The information obtained from data quality assessment is also employed to mask theraw signal simulations (resulting from the simulation 
hain des
ribed in Se
tion 3.6;these simulations are 
ondu
ted on the basis of a perfe
t 12-line dete
tor and withoutopti
al ba
kground). This pro
edure will be des
ribed in detail in Se
tion 5.3.5.2.1 Data quality assessment and data sele
tionFor this analysis, all data re
orded between February 2007 and end of O
tober 2009were taken into a

ount. Only runs have been 
hosen for further pro
essing that havea duration of more than 15 minutes and 
ontain more than 1 000 events. In addition,they had to be marked with a Physi
s tag, whi
h implies data taking for physi
spurposes (instead of 
alibration for example). Runs with the label S
an in the run ortrigger setup were ex
luded, be
ause su
h runs are employed for the tuning of the highvoltage of the PMTs and might show unexpe
ted behaviour. Furthermore, by meansof parameters already available from the data base, the remaining runs were tested forte
hni
al problems, for example for problems with the data �lters.After this rough and rather standard sele
tion on a run-by-run basis, the data se-le
tion pro
edure has been applied that has been devised within 
ontext of this thesis.The method is based on an event-by-event inspe
tion. Instead of desele
ting 
ompleteruns due to temporary problems only the a�e
ted parts of the data are dismissed. Forea
h event the availability of alignment data is 
he
ked and two quality assessment pa-rameters, the so-
alled bad 
hannel ratio and the mean rate, are 
al
ulated. An eventis sele
ted only if both the aligned geometry is available and none of the two qualityassessment parameters is ex
eeding a 
ertain threshold.88



5.2 Data pro
essingMissing alignment dataThe settings of the o�ine analysis framework SeaTray19 were su
h, that if a singletwo (six) minute period of alignment data was missing, the values of the pre
edingperiod were used. If the data of the pre
eding period were also missing, the data fromthe subsequent period were used. This is 
ommonly 
onsidered to be an a

eptablesolution, as the deep-sea 
urrents typi
ally do not 
hange signi�
antly on su
h times
ales. No further extrapolation was done if more than three subsequent periods ofalignment data are missing, resulting in periods without available alignment. For theseperiods, the nominal geometry was employed.If only individual strings are unaligned due to missing data, the whole dete
tor wasassumed to be not aligned and also the nominal geometry was used. As the stringsare typi
ally moving in parallel, the shape of strings with missing alignment data 
antheoreti
ally be inferred from the neighboring aligned strings. This modi�
ation andimprovement of the alignment pro
edure was implemented only towards the end of thiswork and 
ould therefore not be used for the analysis.As already mentioned in Se
tion 5.1.1, it has to be avoided to swit
h between nominaland aligned geometry within the analysis pro
edure. Prin
ipally, two solutions are pos-sible to treat this problem. The �rst one is to 
onsequently use the nominal geometry,whi
h might be reasonable when re
onstru
ting with a robust algorithm. The se
ondsolution is to use the aligned geometry and skip all data without alignment information.As the Posidonia re
onstru
tion algorithm is expe
ted to be very sensitive, only datawith full alignment information are used in the �nal analysis. Whereas a

epting onlyruns with 
omplete 
overage of alignment data would signi�
antly redu
e the availableamount of data, working on an event-by-event basis allows for ex
luding shorter periodswithout alignment information.Bad quality of the dataTwo quality assessment parameters, the bad 
hannel ratio and the mean rate are 
al-
ulated for ea
h event and is based on the information of the parti
ular frame that
ontains the event. Consequently, two events within the same frame have the same bad
hannel ratio and mean rate.The bad 
hannel ratio is given by the number of OMs that are in a failure statedivided by the number of all theoreti
ally a
tive modules. An OM 
an be either inone of four prede�ned failure states or in the state Ok, when re
ording data regularly.The di�erent failure states are either Off, when the module is not sending any data,High or Low, when it is measuring high (more than 250 kHz) or low (less than 40 kHz)rates, or Empty, when it is sendig empty frames. Another important state was latelyin
luded, hinting at bad 
alibration. It 
ould not be 
onsidered for this data produ
tionany more, but should be in future analyses.During times of high biolumines
ent a
tivity like lo
al bursts, a�e
ted modules aretypi
ally either in state High or Empty and should not be 
onsidered for tra
k re
on-19The alignment version used for the analysis in this thesis was V:0.992. 89



5 Pro
essing of data and simulationsstru
tion. Espe
ially OMs with very high rates or big hits due to su
h biolumines
en
ebursts 
an bias the re
onstru
tion result. Also, events that are triggered only by su
hOMs should be dis
arded. A reasonable and feasible solution to redu
e the impa
tof biolumines
ent a
tivity is to ignore data from OMs being in any failure state (seeSe
tion 5.3). For data sele
tion purposes events are dis
arded, where the bad 
hannelratio ex
eeded a 
ertain limit, whi
h was 
hosen to be 30% for this analysis.The mean rate is the mean 
ounting rate of all OMs being inOk state in the parti
ularframe. This rate will later be used for masking the simulations with opti
al ba
kground.Only events with mean rates below 80 kHz were a

epted for the analysis data set.Cal
ulating the e�e
tive lifetimeSele
tion on an event-by-event basis immediately generates the demand for a tool to
al
ulate the e�e
tive lifetime: dismissing individual events is equivalent to turning thedete
tor o� during these periods. This pro
edure is legitimate, as long as the de
isionabout dismissing events is based on parameters that are not 
orrelated with the physi
ssignal but depend only on ba
kground pro
esses. This is the 
ase for the alignmentdata, as well as for the mean rate and the bad 
hannel ratio.The 
al
ulation of the e�e
tive lifetime (of a run for example) is done by adding upthe extended time intervals of ea
h a

epted event, whi
h are half of the period betweenthe pre
eding and the following event.Indeed, when an event has to be dis
arded, it is unknown how mu
h of the timeintervals between the 
urrent event and the pre
eding and following event, respe
tively,is a�e
ted and so this approa
h is only an approximation. Nevertheless, it is a

eptablebe
ause pro
esses that lead to the dismission of events typi
ally a�e
t several minutes(e.g. missing alignment), implying that un
ertainties in the range of a few ms to s, whi
his the typi
al duration between two triggered events, are negligible. Furthermore, theun
ertainties are expe
ted to 
an
el to a large extend.5.2.2 Organising the dataAntares is a �living� dete
tor with varying dete
tion 
onditions, 
on
erning opti
alba
kground, size of the dete
tor, number of OMs in failure states, and trigger settings.The opti
al ba
kground shows, besides �u
tuations due to bursts, variations on largertime s
ales (days to weeks) that have to be 
onsidered in the simulation. The sizeof the dete
tor is 
hanging with the number of a
tive lines. It was in
reased duringthe 
onstru
tion of the dete
tor and repeatedly 
hanged afterwards due to failures of
omplete lines, whi
h had to be re
overed and repaired before they were redeployed andresumed data taking. Additionally, temporary failures of OMs and LCMs/SCMs 
ausevarying bad 
hannel ratios. Another issue are 
hanging trigger settings: the thresholdfor L1 big hits is either 3 or 10 photoele
trons, depending on the settings 
hosen, andthus a�e
ts the trigger e�
ien
y.To adequately in
orporate all these fa
tors in the analysis, the data set remainingafter the sele
tion pro
edure des
ribed above has been grouped into di�erent setups90



5.2 Data pro
essingof similar 
onditions. For ea
h setup, simulations of (anti-)neutrino and ba
kgroundevents (atmospheri
 muons) have been adjusted and pro
essed separately (
ompareSe
tion 5.3). Altogether, 23 setups of rather homogeneous 
onditions have been de�ned(see Table 5.1). The e�e
tive lifetime of these setups is ranging from less than two daysto almost forty days. In total, the data 
orresponds to an e�e
tive data taking timeof about 250 days. As 
an be seen from the table, the assignment of the runs to thesetups is not stri
tly 
hronologi
al, implying that several su

eeding runs 
an belongto di�erent setups, depending for example on their ba
kground rate.
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5Pro
essingofdataandsimulations

Table 5.1: List of the 23 data setups. Simulations are adjusted separately to ea
h of the setups, in
orporating the respe
tivedete
tion 
onditions like ba
kground rate and trigger settings.First Last Missing Mean Bad Channel Life- Trigger Trigger Threshold ofSetup Date Date Lines Rate [kHz℄ Ratio time [d℄ 3N 3T big L1 hits [pe℄1 27.03.07 29.05.07 6 - 12 66.8 0.11 21.05 x - 102 29.05.07 03.11.07 6 - 12 64.0 0.12 39.13 x - 33 10.09.07 03.12.07 6 - 12 59.4 0.19 30.5 x - 34 03.06.07 17.08.07 6 - 12 72.7 0.12 25.95 x - 35 05.06.07 27.11.07 6 - 12 74.0 0.20 13.87 x - 36 05.04.07 28.05.07 6 - 12 74.4 0.17 4.69 x - 107 03.01.08 25.02.08 11, 12 56.9 0.18 9.94 x - 38 22.12.07 27.02.08 11, 12 56.4 0.23 13.29 x - 39 22.12.07 27.02.08 11, 12 67.3 0.24 9.49 x - 310 27.02.08 02.03.08 11, 12 67.3 0.24 3.08 x x 311 03.03.08 22.04.08 4, 11, 12 66.6 0.23 13.79 x x 312 04.03.08 25.04.08 4, 11, 12 59.1 0.19 18.23 x x 313 30.05.08 06.10.08 - 60.2 0.16 5.23 x x 1014 31.05.08 05.10.08 - 69.2 0.17 5.51 x x 1015 01.06.08 07.10.08 - 68.4 0.22 5.41 x x 1016 11.10.08 30.12.08 - 62.1 0.20 2.58 x x 317 07.10.08 27.12.08 - 70.4 0.21 3.65 x x 318 04.06.08 05.10.08 - 74.4 0.24 4.61 x x 1019 02.06.08 18.09.08 - 75.6 0.16 3.41 x x 1020 10.01.09 28.01.09 10 56.8 0.23 7.33 x x 321 22.01.09 28.01.09 10 66.5 0.26 1.98 x x 322 11.06.09 30.06.09 10, 12 65.5 0.26 5.56 x x 323 18.08.09 20.08.09 9, 10, 12 63.7 0.17 1.84 x x 3
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5.3 Dete
tor simulation and simulation pro
essing 
hain5.2.3 Data pro
essing 
hainThe �rst steps in the data pro
essing 
hain are default pro
edures and are a

omplishedby means of so-
alled tasks provided within the SeaTray framework. They take 
areof reading event by event from the spe
i�ed Antares run �les (available in .rootformat) by implementing the required servi
es and 
alling the 
orresponding modules.Additional information is gathered from the data base, like the valid 
alibration versionand the requested geometry. If no aligned geometry is available, the nominal geometryis employed. In this 
ase, all OMs of the a�e
ted events are �agged �unaligned� tostore this information for later use. Furthermore, a �lter is installed to dis
ard so-
alled minimum bias events. They are not suitable for tra
k re
onstru
tion in general,be
ause they 
ontain only opti
al ba
kground20. Finally, the raw hits of the events are
alibrated a

ording to the a
tual 
alibration version.After these standard tasks, the newly developed event-by-event sele
tion of the datafollows. In a �rst step, all hits measured by OMs in any of the failure states are dis-
arded. Then the events are re-triggered with the simulated trigger. This is ne
essarybe
ause OMs being in state High, for example, 
ould have 
aused fake triggers. Fur-thermore, the o�ine 
alibration is taken into a

ount for the re-triggering, whi
h isre
ommended to be used instead of the preliminary online 
alibration 
onsidered forthe online triggering of data.The events are then passed to two �lters. The �rst one dis
ard events where noaligned geometry is available, the se
ond one dis
ards events with the mean rate or thebad 
hannel ratio ex
eeding the limit of 80 kHz and 0.3, respe
tively. Additionally, allevents triggered within the �rst 120 s at the beginning of ea
h run are skipped to getrid of start-up problems due to the transition phase of the data taking system. Finally,linked to this event �ltering pro
edure, the e�e
tive lifetime is 
al
ulated.The remaining events are stored in the SeaTray spe
i�
 .i3 data format and arepassed to the re
onstru
tion 
hain (Se
tion 5.4). A s
heme of the data pro
essing 
hain
an be seen in Fig. 5.1. The steering s
ript to perform this data pro
essing in SeaTray
an be found in Appendix B.5.3 Dete
tor simulation and simulation pro
essing
hainThe general simulation pro
edure of physi
s events in the Antares dete
tor (i.e.
harged parti
les, that are traversing the dete
tor) up to the level of the photo
athodeof the PMT has been des
ribed in Se
tion 3.6. It already in
ludes the angular a

ep-tan
e and the dete
tion e�
ien
y of the PMT. Still, the simulation of the dynodesof the PMT and the ARS, that are responsible for the integration and re
ording ofthe PMT signals, as well as opti
al ba
kground and failures of OMs have yet to be20The minimum bias events are triggered in 
ertain time intervals, independent of any hit patterns.They are intended for example for ba
kground investigations. 93
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essing of data and simulations
MINIMUM BIAS FILTER

ALIGNMENT FILTER

DATA QUALITY FILTER

FILTER FIRST 120 SEC

READ DATA

READ ALIGNMENT

GET CALIBRATION VERSION

BUILD GEOMETRY

APPLY CALIBRATION

MASK DATA WITH OM CONDITION

L1 TRIGGER SIMULATOR

L2 TRIGGER SIMULATOR

CALCULATE LIFETIME OF RUN

Figure 5.1: S
heme of the data pro
essing 
hain of thepresent thesis. The data has been pro
essedwithin the SeaTray software framework.in
luded. This simulation of the �real� dete
tor is done within the SeaTray framework,whi
h allows for an individual adjusting of a simulated event on the �y.For the present study, simulated event samples were adjusted separately to ea
hof the 23 data setups. All information ne
essary, like the mean ba
kground rate andinformation about the 
ondition of the OMs, is gathered from the respe
tive data setupthe simulated events are being adjusted to. The simulated event sample in
orporatesatmospheri
 muons simulated with Mupage, as well as upward-going muon neutrinoand muon anti-neutrino events (atmospheri
 �ux, Bartol model) with an energy between10 � 107GeV. Not in
luded are neither NC events, nor ele
tron or tau (anti-)neutrinos,as their 
ontribution to the number of triggered events in Antares 
an be safelynegle
ted.Random opti
al ba
kground hits are added to the raw 12-line simulations with a
ertain �xed rate for ea
h OM. Currently, only single photoele
tron hits with onededi
ated rate for all OMs 
an be in
luded in SeaTray - it is not (yet) possible to in
ludeL1 hits, i.e. 
oin
ident hits or hits with large amplitude. After in
luding the ba
kgroundhits, the simulation of the photomultiplier dynodes and the read-out ele
troni
s follows.Contrary to the simulation of the ba
kground, the ele
troni
s simulation is a defaultpro
edure in Antares.The photo
athode signals are not simulated as waveforms integrated over a 
ertaintime as done in reality. Instead, the pro
ess is simpli�ed: the signal as well as theba
kground hits are stored as single photoele
tron hits, only 
ontaining position andtiming information. The integration time and the two ARS 
hips in the OMs are94



5.3 Dete
tor simulation and simulation pro
essing 
hainsimulated su
h that when further hits appear on the same module within the integrationgate of 33 ns, they are added up to the �rst one, resulting in a hit with an amplitude
orresponding to the number of re
orded hits and the time stamp of the �rst hit. Afterthe integration gate of the �rst ARS has 
losed and after an additional dead time ofabout 8 ns, the se
ond ARS takes over. Hits within the 8 ns dead time are dis
arded.The amplitude of the integrated signal is �nally smeared by a Gaussian, whose widthdepends on the square of the integrated amplitude.The e�e
tive di�eren
es between simulation and reality are subtle: in reality, theintegration gate of 25 ns starts as soon as the signal has 
rossed the threshold. In orderto a

ount for the rising edge of the signal below the threshold, the integrated 
hargewithin the 8 ns time window before the threshold 
rossing is added. Furthermore,the integration of the se
ond ARS is only triggered, when the signal has droppedbeneath the threshold and 
rossed it again. In summary, these two fa
tors lead to anoverestimated 
harge in the simulations, though the e�e
t is expe
ted to be small in
omparison to other e�e
ts like mis
alibration.Su

eeding the dynode and ARS simulation is the simulation of OM failure states,that has been developed within the 
ontext of this thesis. The implementation is su
h,that dedi
ated OMs 
an be tagged as Off, plus a 
ertain number of randomly sele
tedOMs 
hanging from event to event. This a

ounts for the behaviour of the dete
tor:some OMs never take part in the data taking pro
ess and a 
ertain number of OMsare in (usually) transient states like High or Empty. Consequently, those hits of thesimulated events, that are to be dete
ted by OMs tagged as Off, are dis
arded.Finally, the event building pro
ess with the snapshot window around the triggered hitsequen
e is emulated. At this level, the events are also stored in .i3 format and shouldmimi
 the data that have undergone the pro
edure des
ribed above, to a high degree.A s
heme of the simulation pro
essing 
hain 
an be seen in Fig. 5.2. The steering s
riptto perform this simulation pro
essing in SeaTray 
an be found in Appendix B.

Figure 5.2: S
heme of the simulation pro
essing
hain of the present thesis. The simu-lations have been pro
essed within theSeaTray software framework.
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5 Pro
essing of data and simulationsYet, dis
repan
ies between data and simulations still exist, though they are typi
allyde
reasing with more stringent hit sele
tions. As examples, low-level distributionsof four arbitrarily sele
ted data runs from four di�erent setups (Table 5.2) and therespe
tive simulations are shown. The distributions of the number of hits per eventand the distributions of the integrated 
harge of the events are shown in Figs. 5.3 �5.6 for L0 hits, L1 hits and L2 hits. For better 
omparability, the distributions arenormalised relative to ea
h other. The distributions of the integrated 
harge of theevents exhibit larger di�eren
es than the distributions of the number of hits. Reasonsfor the dis
repan
ies in the 
harge distributions are manifold: besides the ina

ura
y inthe ARS simulation dis
ussed above, also a bad 
harge 
alibration 
an be
ome evidentat this level. Furthermore, hits with amplitudes larger than one photoele
tron (pe)or 
oin
ident hits 
an also o

ur in ba
kground pro
esses. This is 
urrently not notsimulated in SeaTray.Table 5.2: Runs for the low-level data-simulation 
omparison.Missing Mean Bad Ch. Threshold ofRun Setup Date Lines Rate [kHz℄ Ratio big L1 hits [pe℄30208 3 06.11.07 6 - 12 61 0.18 333617 11 18.04.08 4,11,12 65 0.2 334711 13 09.06.08 - 61 0.16 1038084 16 23.12.08 - 62 0.21 3That a larger per
entage of big and/or 
oin
ident hits might indeed be to blame(independently from what 
auses them) be
omes obvious from the distributions of theevent duration with respe
t to L1 and L2 hits, i.e. the time interval between �rst andlast L1 and L2 hit, respe
tively (Figs. 5.7 � 5.10). Espe
ially the L1 time interval is,on average, larger in data than in simulation. The �rst peak around 300 � 400 ns is dueto the muon event, whereas the se
ond peak, starting at about 1 200 ns, is due to L1hits within the ba
kground. As some studies indi
ate too few 
oin
ident hits in thesimulation [117℄ and others too few big hits [118℄, the problem appears to be 
omplexand further investigation is ne
essary in the future.As already mentioned and obvious from Figs. 5.3 � 5.6, a general improvement in theagreement between data and simulation with the more stringent hit sele
tions 
an beobserved. This also be
omes evident from the distributions of the number of lines withL1 and L2 hits, respe
tively. Generally, an a

eptable agreement on the L2 hit level
an be observed providing 
on�den
e in this hit sele
tion. The L2 hits are 
onsequentlyused as a basis for the Posidonia event 
lassi�er and the linear pre�t.
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Figure 5.3: Low-level distributions of Antares run 30208 (bla
k) and the 
orre-sponding simulation (blue line). The distributions are normalised relativeto ea
h other.Left: Distribution of the number of hits per event (from top to bottom:L0, L1, L2).Right: Distribution of the integrated 
harge (i.e. sum of the hit ampli-tudes) of the events in photoele
trons. Same order as left 
olumn. 97
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Figure 5.4: Low-level distributions of Antares run 33617 (bla
k) and the 
orre-sponding simulation (blue line). The distributions are normalised relativeto ea
h other.Left: Distribution of the number of hits per event (from top to bottom:L0, L1, L2).Right: Distribution of the integrated 
harge (i.e. sum of the hit ampli-tudes) of the events in photoele
trons. Same order as left 
olumn.98
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Figure 5.5: Low-level distributions of Antares run 34711 (bla
k) and the 
orre-sponding simulation (blue line). The distributions are normalised relativeto ea
h other.Left: Distribution of the number of hits per event (from top to bottom:L0, L1, L2).Right: Distribution of the integrated 
harge (i.e. sum of the hit ampli-tudes) of the events in photoele
trons. Same order as left 
olumn. 99



5 Pro
essing of data and simulations

n Hits
0 100 200 300 400 500 600

−410

−310

−210

−110

NumberOfHits

Charge [p.e.]
100 200 300 400 500 600 700 800

−410

−310

−210

−110

SumCharge

n Hits
0 20 40 60 80 100

−410

−310

−210

−110

NumberOfL1Hits

Charge [p.e.]
0 50 100 150 200 250 300

−410

−310

−210

−110

SumL1Charge

n Hits
0 20 40 60 80 100

−410

−310

−210

−110

NumberOfL2Hits

Charge [p.e.]
0 50 100 150 200 250 300

−410

−310

−210

−110

SumL2Charge

Figure 5.6: Low-level distributions of Antares run 38084 (bla
k) and the 
orre-sponding simulation (blue line). The distributions are normalised relativeto ea
h other.Left: Distribution of the number of hits per event (from top to bottom:L0, L1, L2).Right: Distribution of the integrated 
harge (i.e. sum of the hit ampli-tudes) of the events in photoele
trons. Same order as left 
olumn.100
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Figure 5.7: Low-level distributions of Antares run 30208 (bla
k) and the 
orre-sponding simulation (blue line). The distributions are normalised relativeto ea
h other.Upper row: distribution of the time di�eren
e between �rst and last L1hit (left) and L2 hit (right), respe
tively.Lower row: distribution of the number of lines with L1 hits (left) and L2hits (right).
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Figure 5.8: Low-level distributions of Antares run 33617 (bla
k) and the 
orre-sponding simulation (blue line). The distributions are normalised relativeto ea
h other.Upper row: distribution of the time di�eren
e between �rst and last L1hit (left) and L2 hit (right), respe
tively.Lower row: distribution of the number of lines with L1 hits (left) and L2hits (right).
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Figure 5.9: Low-level distributions of Antares run 34711 (bla
k) and the 
orre-sponding simulation (blue line). The distributions are normalised relativeto ea
h other.Upper row: distribution of the time di�eren
e between �rst and last L1hit (left) and L2 hit (right), respe
tively.Lower row: distribution of the number of lines with L1 hits (left) and L2hits (right).
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Figure 5.10: Low-level distributions of Antares run 38084 (bla
k) and the 
orre-sponding simulation (blue line). The distributions are normalised rela-tive to ea
h other.Upper row: distribution of the time di�eren
e between �rst and last L1hit (left) and L2 hit (right), respe
tively.Lower row: distribution of the number of lines with L1 hits (left) andL2 hits (right).
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5.3 Dete
tor simulation and simulation pro
essing 
hainThe agreement between data and simulation of the distributions of the HM hitsranges somewhere between the agreement of the L1 and L2 sele
tion. This is un-derstandable, as, 
onversely to the L1 sele
tion, the HM sele
tion bases on 
ausality
onne
tions, and the L2 hits are a subset of the HM hits. The distributions of the HMhits of the four example runs 
an be see in Figs. 5.11 � 5.14.A 
ompromise had to be found between having a su�
ient number of hits left afterthe basi
 hit sele
tion and, at the same time, having a good agreement between dataand simulations. The HM sele
tion was 
onsidered as a

eptable to serve as a basisfor the Posidonia re
onstru
tion algorithm, whi
h moreover 
ontains further dedi
atedsingle- and multi-string hit sele
tions. The e�
ien
y of only the L2 hit sele
tion wouldhave been too low to serve as initial hit sample, i.e. there would have been too few hitsleft after the L2 hit sele
tion, espe
ially for events with lowest energy E < 50GeV.None of the deviations between data and simulation is yet perfe
tly understood.They are not a spe
i�
 problem of the des
ribed data sele
tion pro
edure nor the dataand simulation pro
essing 
hain. Attempts made in the Antares 
ollaboration toemulate the dete
tion 
onditions using another software program and following a dif-ferent approa
h, showed similar results. The extend of the disagreement varies withthe runs and no underlying pattern 
ould be identi�ed. Besides dis
repan
ies in theshape of the individual distributions, disagreements in the total number of triggeredevents 
an be observed. The reasons are still unknown and need to be 
arefully in-vestigated in the future. Trying to understand the di�eren
es is a major task thathas already started to be ta
kled and improvements in the agreement 
an be expe
tedwithin the next months. Lastly, e�orts within the 
ollaboration of 
onsidering hits withlarge amplitudes in the opti
al ba
kground, resulted in an overall improvement of thedata-simulation agreement. For this analysis, this innovation 
ould not be in
ludedanymore.
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Figure 5.11: Low-level distributions of the HM hits of Antares run 30208 (bla
k)and the 
orresponding simulation (blue line). The distributions are nor-malised relative to ea
h other.Upper row : distribution of the number of HM hits (left) and distributionof the integrated 
harge of the HM hits (right).Lower row : distribution of the time di�eren
e between the �rst and thelast HM hit of an event (left) and the number of lines with HM hits(right).
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Figure 5.12: Low-level distributions of the HM hits of Antares run 33617 (bla
k)and the 
orresponding simulation (blue line). The distributions are nor-malised relative to ea
h other.Upper row : distribution of the number of HM hits (left) and distributionof the integrated 
harge of the HM hits (right).Lower row : distribution of the time di�eren
e between the �rst and thelast HM hit of an event (left) and the number of lines with HM hits(right).
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Figure 5.13: Low-level distributions of the HM hits of Antares run 34711 (bla
k)and the 
orresponding simulation (blue line). The distributions are nor-malised relative to ea
h other.Upper row : distribution of the number of HM hits (left) and distributionof the integrated 
harge of the HM hits (right).Lower row : distribution of the time di�eren
e between the �rst and thelast HM hit of an event (left) and the number of lines with HM hits(right).
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Figure 5.14: Low-level distributions of the HM hits of Antares run 38084 (bla
k)and the 
orresponding simulation (blue line). The distributions are nor-malised relative to ea
h other.Upper row : distribution of the number of HM hits (left) and distributionof the integrated 
harge of the HM hits (right).Lower row : distribution of the time di�eren
e between the �rst and thelast HM hit of an event (left) and the number of lines with HM hits(right).
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5 Pro
essing of data and simulations5.4 Analysis re
onstru
tion 
hainAfter data and simulations have undergone their respe
tive pro
essing 
hain, they arepassed to a 
ommon re
onstru
tion 
hain. This sequen
e of SeaTray modules doesnot only in
lude the mere re
onstru
tion algorithm but also a basi
 �lter for the re-je
tion of atmospheri
 muon events. Their number typi
ally ex
eeds the number ofupward-going neutrino events by several orders of magnitude (see also Fig. 3.11). ThePosidonia re
onstru
tion algorithm is not optimised 
on
erning 
omputing time and itwould therefore be impossible to re
onstru
t all re
orded Antares events within ana

eptable amount of time, not even by employing a powerful 
omputing 
luster. Toavoid the time 
onsuming re
onstru
tion of 
lear atmospheri
 downward-going muonsignatures with Posidonia, a basi
 
ut was applied on the data. For this purpose, theBB�t re
onstru
tion algorithm was employed, whi
h proved to be quite robust.The distributions of the BB�t-re
onstru
ted zenith angles of the events of the fourexample runs from the previous subse
tion are shown in Fig. 5.15. For better 
om-parability, the distributions are normalised relative to ea
h other. The agreement ofthe distributions is highly a

eptable, espe
ially when 
onsidering the fa
t that thedistributions 
ontain (almost) ex
lusively atmospheri
 muons Su
h atmospheri
 muonevents have a large fra
tion of Cherenkov photons that are multiple s
attered or thathit the a

eptan
e areas of the OMs in regions where the un
ertainties are large.For further pro
essing, all events with a valid BB�t-re
onstru
ted zenith angle ofless than 115◦ are dis
arded. Only events without valid BB�t result, or with a zenithangle of more than 115◦ (i.e. upward-going) are passed to the Posidonia algorithm.This pro
edure redu
es the amount of data by 60 � 80%, depending on the opti
alba
kground level and a
tive triggers. On the other hand, the number of upward-goinglow-energy neutrinos with a true (simulated) neutrino in
ident angle of more than
Θν = 115◦ were only redu
ed by about 4%.Later on, 
uts on the �nal Posidonia-re
onstru
ted zenith angle are applied at ΘPos. =
115◦ for multi-string and ΘPos. = 135◦ for single-string events, to suppress misre
on-stru
ted atmospheri
 muons and to sele
t verti
al single-string events for the 
ontain-ment sele
tion. The 
ut on ΘBB�t = 115◦ was 
hosen with respe
t to these subsequent
uts and, on the other hand, with respe
t to the need for e�
ient data redu
tion.The BB�t re
onstru
tion algorithm is followed by the HM hit sele
tion, the Posidoniaevent 
lassi�er and, for the multi-string events, the linear pre�t. To further redu
e theamount of data, a 
ut at ΘPre�t = 115◦ is imposed on the zenith angle of the linearpre�t for events without valid BB�t result. The re
onstru
tion e�
ien
y of the linearpre�t is higher than the e�
ien
y of BB�t, but the angular resolution is slightly worse.The remaining events are passed to the full Posidonia re
onstru
tion pro
edure forsingle- and multi-string events, respe
tively. A s
heme of the analysis re
onstru
tion
hain is displayed in Fig. 5.16. The steering s
ript to pro
ess this re
onstru
tion 
hainin SeaTray 
an be found in Appendix B.110



5.5 Event sele
tion
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Figure 5.15: Zenith angle of four Antares runs, re
onstru
ted with the BB�t algo-rithm. Data (bla
k) and simulation (blue line) are normalised relativeto ea
h other. Events with ΘBBFit < 115◦ are dis
arded for further pro-
essing.5.5 Event sele
tionIn Fig. 5.17, the re
onstru
ted zenith of the full simulation sample (FSS), i.e. the
ombination of all simulations of the 23 setup samples is shown. Ex
ept for the pres-ele
tion 
uts des
ribed in the last se
tion, no further 
uts are applied. Also indi
atedin the �gure are the well re
onstru
ted upward-going neutrino events, whi
h dire
tlydemonstrates the need for e�e
tive quality 
uts: the overwhelmingly large ba
kgroundof misre
onstru
ted atmospheri
 muons has to be suppressed to dete
t the tiny signalwithin. This is typi
ally done by 
utting on parameters that are indi
ating the �t qual-ity. This 
utting pro
edure 
an be enhan
ed by making use of multivariate analysismethods, like an arti�
ial neural network (ANN). The parameters that are used as inputto the ANN are illustrated within the �rst subse
tion, as well as the fun
tioning of the111
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3D PREFIT ZENITH FILTER Figure 5.16: S
heme of the re
onstru
tion 
hain usedfor the analysis.ANN. The e�
ien
y of the quality 
uts are presented, as well as relevant distributionsafter appli
ation of the quality 
uts.Further event sele
tion is ne
essary to �nally obtain a set of low-energy neutrinos foran os
illation analysis, and to be able to re
onstru
t the energy reliably. For this pur-pose, after appli
ation of the quality 
uts the 
ontainment estimation method des
ribedin Chapter 4 is employed. The performan
e of the 
ontainment estimation on the sim-ulated events is evaluated in the se
ond subse
tion, and the relevant distributions areshown.5.5.1 Sele
tion of well re
onstru
ted eventsPrin
iple and performan
eThe separation of well re
onstru
ted from badly re
onstru
ted events is done by meansof an arti�
ial neural network. For this purpose the �MLP� network, one of the 
las-si�ers embedded in TMVA (Toolkit for Multivariate data Analysis with Root [119℄),was employed. TMVA is a Root-based software pa
kage 
ontaining various 
lassi-�ers. They 
an be used to 
ombine several unsatisfa
torily separating distributions ofparameters to a single 
ut parameter a

ording to a mathemati
al fun
tion mapping:N:= pi 7−→N(pi) = a, with the input parameters pi and the output parameter a. All
lassi�ers need to be trained by providing them a representative sample of (simulated)data together with the information whi
h events are �signal� (=̂ well re
onstru
tedevents, here: ∆Θ < 5◦) and whi
h are �ba
kground� (=̂ badly re
onstru
ted events,here: ∆Θ > 10◦).In the remaining event sample (after the 
uts on the Posidonia-re
onstru
ted zenithand on the output of the ANN), the 
ontamination with badly re
onstru
ted events(almost ex
lusively atmospheri
 muons) has to be minimised, while maximising at the112
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Figure 5.17: Re
onstru
ted zenith of the full simulation sample (FSS) after the 
om-plete re
onstru
tion 
hain, without any quality 
uts (only the presele
-tion 
uts des
ribed in Se
tion 5.4 are applied). All re
onstru
ted events(bla
k) and upward-going neutrino events (blue) with a re
onstru
tionerror on the zenith angle of less than 5◦ (i.e. �well� re
onstru
ted events).Left: single-string re
onstru
tion. Right: multi-string re
onstru
tion.same time the number of well re
onstru
ted events. Intermediate events with an erroron the re
onstru
ted zenith angle between �ve and ten degrees are a

eptable to bekept in the remaining event sample, but they are not of importan
e for the 
hoi
e of the
ut value. Hen
e, for the training of the ANN, the de�nition of signal and ba
kgroundwas 
hosen su
h that two distin
t samples of well and badly re
onstru
ted events areused.Single- and multi-string events are treated separately with two ANNs trained individ-ually. This is ne
essary be
ause the input distributions for the two event 
lasses exhibitdi�erent shapes and mean values. For the multi-string re
onstru
tion, six parameterswere as
ertained as �quality� parameters, suitable as input parameters to the ANN:
• Three �t error estimates from the Posidonia �nal �tting routine 
al
ulated fromthe singular values of the Ja
obian matrix for the zenith, the azimuth and thetime, given as de
adi
 logarithm.
• The number of uns
attered Cherenkov photons emitted by the muon tra
k, re-ferred to as �number of dire
t hits�. This value is 
al
ulated by using the �ttedtra
k as referen
e and sele
t only hits with time residuals between −5 and +10ns.
• The minimal negative log-likelihood − lnL of ea
h event divided by the numberof degrees of freedom, i.e. the number of hits used for the �t. This fra
tion is alsogiven as de
adi
 logarithm log (− lnL/ndof).
• The absolute di�eren
e between the �nal zenith of the �t with Posidonia and the113



5 Pro
essing of data and simulationslinear pre�t ∆Θ = |ΘFinalFit − ΘPreFit|. The pre�t, whi
h is only used for hitsele
tion purposes, is quite robust though not very pre
ise. If the �nal �t solutiondi�ers signi�
antly from the solution of the pre�t, this is indi
ating very likely abad quality of the �nal �t.The distributions of these parameters 
an be seen in Fig. 5.18. They are shown sepa-rately for signal events (upward-going neutrinos, re
onstru
ted within ∆Θ < 5◦) and fortwo types of ba
kground events: upward-going neutrinos re
onstru
ted with ∆Θ > 10◦and misre
onstru
ted atmospheri
 muons with a re
onstru
ted zenith of more than
115◦. The peaks of signal and ba
kground distributions of the input parameters arewell distinguishable from ea
h other. Employing the powerful ANN optimises the 
uton 
ombinations of these input parameters.No pre�t is available for single-string events, making this input parameter obsolete.Therefore, only the �rst �ve parameters des
ribed above serve as input variables to theANN. The error estimate on the azimuth is also employed as quality parameter, even ifthe azimuth itself is not of relevan
e for the single-string �t. The individual parameterdistributions are slightly degraded 
ompared to the multi-string �t in terms of separa-tion power. The 
orresponding distributions 
an be seen in Fig. 5.19. Obviously, dire
tand 
onse
utive 
uts on the parameters will not give satisfying results and the usage ofmultivariate data analysis methods like the ANN are mandatory.Attempts were made to obtain a further quality parameter by performing the single-string �t twi
e. While the �rst �t was applied as before, hits from other strings werein
luded in the se
ond �t pro
edure, whi
h are 
lose to the traje
tory obtained fromthe �rst �t. The result was not satisfying and did not enhan
e the quality sele
tionpro
edure.The MLP neural network is said to perform stable even with linearly and non-linearly
orrelated input variables [120℄. Hen
e, no bias has to be expe
ted by usage of linearly
orrelated parameters and all quality parameters des
ribed above 
an be employed asinput to the respe
tive (single- or multi-string) network. The output value of the ANN�nally ranges between a = −1 and a = 1. The smaller the value, the more likely theevent is a ba
kground event.The Monte-Carlo simulation sample used for training and testing the network in
or-porates upward-going neutrino events and atmospheri
 muons with a 60 kHz opti
alba
kground rate. The dete
tor geometry employed was the perfe
tly aligned 12-linedete
tor with all OMs a
tive. For low-energy neutrinos up to 200GeV, the sample isidenti
al to the ideal referen
e sample (IRS, see Se
. 4.1). This training and testingsample will be referred to in the following as �global test sample� (GTS).Before training, the presele
tion 
ut on BB�t at ΘBB�t = 115◦ (see previous subse
-tion) was applied, 
orresponding to the pro
edure in the �nal pro
essing s
heme. Addi-tionally, only events having a Posidonia-re
onstru
ted zenith of more than ΘPos. = 115◦were a

epted for the training21.21For both single- and multi-string events. The more restri
tive 
ut on ΘPos. = 135◦ for the single-string events is applied afterwards.114



5.5 Event sele
tionAfter training the network, its performan
e is evaluated by means of a test sample,whi
h is identi
al to the sample used for training itself but 
ontains di�erent events.In Fig. 5.20, the results of the ANN training are shown: the distributions of the ANNoutput for signal and ba
kground are depi
ted. E�
ien
y, purity and ba
kgroundreje
tion are given as a fun
tion of the 
ut value. Finally, the so 
alled ROC 
urve(re
eiver operating 
hara
teristi
) enables the evaluation of the multivariate method.The larger the area beneath the 
urve, the better the method performs. As 
an beseen, the separation for the multi-string �t with the ANN is almost perfe
t, while forthe single-string �t it is worse but still satisfying.
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Figure 5.18: Normalised distributions of the ANN input parameters for multi-stringevents. The solid lines show the distributions for well re
onstru
tedupward-going neutrino events, the dashed lines for badly re
onstru
tedupward-going neutrino events, the shaded areas for misre
onstru
ted at-mospheri
 muons. Only events with a re
onstru
ted zenith angle of
ΘPos. > 115◦ are taken into a

ount.116
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Figure 5.20: Performan
e of TMVA on the test sample. Left: Single-string re
on-stru
tion. Right: multi-string re
onstru
tion.First row: Distribution of the ANN output parameter for signal andba
kground.Se
ond row: Purity and e�
ien
y as a fun
tion of the 
ut value.Third row: Signal e�
ien
y as a fun
tion of the ba
kground e�
ien
y.
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5.5 Event sele
tionAppli
ation to full simulation setupNeither the shape of the dete
tor, nor the ba
kground rate (ranging from 60 � 80 kHz)show signi�
ant impa
t on the distributions of the quality parameters serving as inputto the ANN. This ni
e agreement allows for a dire
t appli
ation of the network, trainedwith the GTS, to all di�erent simulated setup samples. In Fig. 5.21, the output dis-tributions of the ANN are shown for the GTS and the FSS. The distributions of theGTS and the FSS both for well and for badly re
onstru
ted events agree well. Theindividual parameter distributions of the GTS used for training in 
omparison to theFSS 
an be found in Appendix A.
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Figure 5.21: Neural network output distributions of well and badly re
onstru
tedevents of the global test sample (GTS) used for training (bla
k dashedand bla
k dotted lines, respe
tively), and of the full simulation sample(FSS, green and red lines, respe
tively).In order to e�e
tively suppress misre
onstru
ted muons and to a
hieve an a

eptablesignal-to-ba
kground ratio, restri
tive 
uts have to be imposed on the re
onstru
tedzenith angle and at large output values a ∈ [−1; 1] of the ANN. The 
hosen 
ut valueson the Posidonia-re
onstru
ted zenith angle are ΘPos. = 115◦ for multi-string eventsand ΘPos. = 135◦ for single-string event. The stronger 
ut on single-string events is dueto the required verti
ality for the subsequent 
ontainment sele
tion. The reason fornot a

epting multi-string events up to a zenith angle of Θ = 90◦ is the typi
ally worsere
onstru
tion quality of rather horizontal events.In Fig. 5.22, the true muon zenith angles of the FSS and the ANN output are dis-played in a s
atter plot. Obviously, the ANN ni
ely separates upward-going neutrinoevents from downward-going atmospheri
 muons, ex
ept for upward-going single-stringevents with a true muon zenith below about 135◦, whi
h will be dis
arded anyway. The
ut values on the ANN output a were determined by making use of these distributionsand were 
hosen to be at a = 0.93 for single-string events and a = 0.95 for multi-string119



5 Pro
essing of data and simulationsevents.
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Figure 5.22: True (simulated) muon zenith angle ΘTrue and the output of the neuralnetwork displayed in a s
atter plot. The plots in the upper row 
over thewhole range and are shown on log s
ale, the plots in the lower row are azoom of the region of interest, shown on normal s
ale. Left: single-stringre
onstru
tion. Right: multi-string re
onstru
tion.After 
utting on the respe
tive Posidonia-re
onstru
ted zenith angle of 135◦ and 115◦for the single- and multi-string events, as well as on the output of the neural network, theper
entage of well re
onstru
ted neutrino events out of all remaining events a

ounts for65% for the single-string events and for 87% for multi-string events. The 
ontaminationof the remaining single-string event sample with atmospheri
 muons is about 21% andthe 
ontamination of the multi-string event sample is only 6%. The missing per
entageof events (14% and 7%, respe
tively) are neutrino events that are re
onstru
ted witha zenith error of more than 5◦.29% of all well re
onstru
ted single-string neutrinos remain after these two 
uts,as well as 79% of the well re
onstru
ted multi-string events. The per
entage of well120



5.5 Event sele
tionre
onstru
ted single-string neutrino events out of all valid re
onstru
ted single-stringneutrino events before the 
ut a

ounted for 48%, and for multi-string events, respe
-tively, the per
entage a

ounted for 82%. After the 
ut, these values improve to 82%for the single-string events and 93% for the multi-string events. Both in the single-and the multi-string 
ase, more than 99.9% of the ba
kground events (i.e. atmospheri
muons and badly re
onstru
ted neutrinos) are reje
ted by applying the 
uts.In Fig. 5.23, the distribution of the zenith angle of the FSS after appli
ation of the
uts are shown. In addition to the distribution of the events remaining after the 
ut,also the distribution of the zenith angle of the well re
onstru
ted neutrino events beforeand after the 
ut are indi
ated.
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Figure 5.23: Distributions of the re
onstru
ted zenith angles of the FSS after thequality 
uts (red). Left: single-string re
onstru
tion. Right: multi-stringre
onstru
tion. Also indi
ated are the distributions of well re
onstru
tedneutrino events before the 
uts (bla
k dashed line) and after the 
uts(bla
k solid line).
5.5.2 Sele
tion of low-energy neutrino eventsHaving now reje
ted almost all misre
onstru
ted events, the energy of the remainingevents has to be 
al
ulated. For this purpose, the pro
edure des
ribed in Se
tions 4.3.4and 4.4.6 is applied. The 
ontainment of single- and multi-string events is estimatedand their tra
k length is 
al
ulated, from whi
h the energy �nally is inferred.The 
uts have been determined and evaluated by means of the ideal referen
e sampleand they are now transferred one-to-one to the FSS. In detail, single-string events aredis
arded if the re
onstru
ted starting or stopping point of the traje
tory ex
eeds averti
al distan
e of 100m from the dete
tor 
entre in upward or downward dire
tion.Furthermore, events are reje
ted if their re
onstru
ted tra
k length ex
eeds 170m.Multi-string events are dis
arded, if the re
onstru
ted starting point has a z-value of less121



5 Pro
essing of data and simulationsthan−150m (with respe
t to the dete
tor 
entre) and if either the 
ontainment estimateof the starting or the stopping point is smaller than the equivalent of 1.1 photon.In Fig. 5.24, the distributions of the re
onstru
ted zenith angles of the FSS after the
ontainment sele
tion are shown. In addition to the distributions of the events remain-ing after 
uts and 
ontainment sele
tion, also the distributions of well re
onstru
tedneutrino events before and after 
uts and 
ontainment sele
tion are indi
ated. Obvi-ously, the remaining sample has a high purity. In detail, the remaining single-stringsample 
onsists of 61% well re
onstru
ted neutrino events, the multi-string sample of86%. The 
ontamination with atmospheri
 muons a

ounts for 19% and 4% for thesingle-string and multi-string event sample, respe
tively. As the 
uts had to be 
ho-sen very stri
t, the signal e�
ien
y of both the 
uts and the 
ontainment sele
tion
ombined is only 7% and 17% for single- and multi-string events, respe
tively.On the other hand, the strong sele
tion leads to a good zenith and energy re
onstru
-tion quality of the remaining event sample. In Fig. 5.25, the absolute re
onstru
tionerror on the zenith and on the energy for both the single- and the multi-string re
on-stru
tion 
an be seen. The median re
onstru
tion error on the zenith angle a

ountsfor 3.0◦ for single-string events and for 0.6◦ for multi-string events. The median re
on-stru
tion error on the energy is 25GeV for single- and 42GeV for multi-string events,whi
h is only a fa
tor of 2 and 1.2, respe
tively, larger than the median error on theIRS (Se
. 4.4.6).
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Figure 5.24: Distributions of the re
onstru
ted zenith angles of the FSS after 
uts and
ontainment sele
tion (red). Left: single-string re
onstru
tion. Right:multi-string re
onstru
tion. Also shown are the distributions of wellre
onstru
ted neutrino events before the appli
ation of quality 
uts and
ontainment sele
tion (bla
k dashed line) and afterwards (bla
k solidline).
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Figure 5.25: Distributions of the re
onstru
tion errors on the zenith (left) and on theenergy (right) of the �nal event sample, remaining after quality 
uts and
ontainment sele
tion.5.5.3 Appli
ation on the dataHaving now determined the event sele
tion pro
edure and all 
ut values, the sele
tion
an be applied to the data. For this purpose, the ANN output of the data is 
omparedto the ANN output of FSS (Fig. 5.26). It 
an be seen that dis
repan
ies betweenthe distributions exist, whi
h are larger for multi-string events than for single-stringevents. On a log-s
ale, the dis
repan
ies in
rease with in
reasing ANN output values.An in
rease in the event numbers of both data and simulations around a = 0.95 (single-string events) and a = 0.96 (multi-string events) 
an be seen. As these ANN outputvalues are typi
al values of well re
onstru
ted neutrinos (see also Fig. 5.22), it 
an beassumed that the 
ut values applied on the data do also mainly sele
t neutrino events.Trying to understand the di�eren
es in the ANN output distributions 
an only bedone by studying the input parameter distributions, whi
h are shown in Figs. 5.27 and5.28. Already in
luded in these distributions are the 
uts on Θre
 = 115◦ and Θre
 =
135◦ for multi- and single-string events, respe
tively. While all of the distributionsof the single-string re
onstru
tion show an a

eptable agreement between data andsimulation, 
lear dis
repan
ies are apparent in the multi-string distributions of thenumber of dire
t hits, the negative log-likelihood divided by the number of degrees offreedom and by the di�eren
e between the zenith angles obtained from the pre�t andthe �nal �t.The reasons that 
ause these di�eren
es are (yet) unknown. It has already been men-tioned that investigations of the deviations between data and simulation (in low-leveldistributions, as well as in more advan
ed distributions like the parameters presentedhere) are still under way. Lately, it has been observed, for example, that there are di�er-ent time o�sets between hits dete
ted at di�erent lines [121℄. This has an impa
t onlyon multi-string events and 
an explain the observed dis
repan
ies in the 
orresponding123
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Figure 5.26: First row: distribution of the ANN output of data (bla
k) and of thefull simulation sample (red) for single-string events (left) and for multi-string events (right).Se
ond row: Zoom of the interesting region of the ANN output distribu-tions.distributions. As the single-string events are not a�e
ted, this plausibly 
on�rms theobservation that smaller dis
repan
ies between data and simulations are apparent in thesingle-string than in the multi-string distributions. This and other e�e
ts that mightemerge with further investigations, have to be studied 
arefully in the near future.Other problems already mentioned, like hits with amplitudes of more than one photo-ele
tron within the ba
kground hits, are already under investigation. Re
ent progress inthis �eld 
ould not be 
onsidered for this analysis any more. In summary it 
an be said,that the 
ollaboration is 
urrently spending a lot of e�ort in studying, understandingand 
orre
ting the dis
repan
ies between data and simulation and for future analysismu
h better agreement 
an be expe
ted. Nevertheless, this disagreement 
an not beinvestigated and solved in the present analysis. The analysis is therefore 
ontinued,124
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Figure 5.27: Single-string: distributions of the neutral network input parameters ofthe data (bla
k) and the full simulation sample (red).
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Figure 5.28: Multi-string: distributions of the neutral network input parameters ofthe data (bla
k) and the full simulation sample (red).
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5.5 Event sele
tionignoring the problems at this level. But in any 
ase they have to be kept in mind whenevaluating the results of the analysis.The distributions of the re
onstru
ted zenith angles of data and simulations afterapplying the quality 
uts on the re
onstru
ted zenith and the output of the ANN areshown in Fig. 5.29. As expe
ted from the ANN output distributions, the number ofevents in the data is smaller than the number of events in the simulation. Though thestatisti
s is low, it does not seem to be merely a normalisation problem. It shall bepointed out that the simulated neutrino sample is already weighted with the os
illationprobability based on the os
illation parameters published by the Minos 
ollaboration(Chapter 6). Without 
onsidering os
illatory e�e
ts in the simulation, the dis
repan
ieswould be larger.
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Figure 5.29: Distributions of the re
onstru
ted zenith angles of data (bla
k) and sim-ulations (red) after appli
ation of the quality 
uts on the re
onstru
tedzenith angle and the output of the neural network. Left: single-stringre
onstru
tion. Right: multi-string re
onstru
tion.Applying the 
ontainment sele
tion leads to the �nal event sample whi
h will be usedfor the subsequent analysis. In Fig. 5.30, the distribution of the re
onstru
ted zenithangles as well as the distributions of the re
onstru
ted energy of data and simulationsafter the appli
ation of the 
ontainment sele
tion are shown. In total numbers, thedata is redu
ed from 133 single-string events after the 
uts to 29 after the 
ontainmentsele
tion, whereas the simulated single-string events are redu
ed from 226 to 57 events.The multi-string data events are redu
ed from 487 to 72 events and the simulatedmulti-string events from 875 to 195.Combining single- and multi-string events, there are 101 data events remaining intotal, 
ompared to 252 simulated events, whi
h 
orresponds to a fa
tor of about 2.5.The 
ombined distributions of re
onstru
ted zenith and energy 
an be seen in Fig. 5.31.The distributions of the simulations without os
illation hypothesis are also indi
ated.In Fig. 5.32 �nally, the E/ cos Θ′-distribution, whi
h is the basis of the subsequent127
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Figure 5.30: Distributions of the re
onstru
ted zenith angle (upper row) and of there
onstru
ted energy (lower row) of the data (bla
k) and the simulations(red) after appli
ation of the 
ontainment sele
tion.Left: single-string re
onstru
tion. Right: multi-string re
onstru
tion.os
illation analysis, is depi
ted (with Θ′ := π − Θ, and the zenith angle Θ). Thedistribution of the simulation is shown with and without os
illation hypothesis.
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Figure 5.31: Combination of single- and multi-string events remaining after all 
utsand sele
tion. Distributions of the re
onstru
ted zenith (left) and of there
onstru
ted energy (right). In addition to the data (bla
k) and thesimulations based on the Minos os
illation hypothesis (red line), thesimulations are also shown without os
illation hypothesis (green line).
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6 Studying os
illations ofatmospheri
 neutrinosThe phenomenon of neutrino os
illations was �rst proposed in the late 1950s [3, 4℄,and the theory has been developed during subsequent years [5, 6℄. In 1968, a de�
itin the solar neutrino �ux was observed [17, 18℄, whi
h at that time 
ould not be as-signed unambiguously to the os
illation of neutrino �avours. De�nite experimentaleviden
e for neutrino os
illations has been reported only thirty years later in 1998 bythe Super-Kamiokande 
ollaboration [8℄. Sin
e then, various experiments 
ould 
on�rmthis e�e
t and measure the relevant (solar and/or atmospheri
) os
illation parameterswith in
reasing pre
ision.Neutrino os
illations o�er a great opportunity for neutrino teles
opes su
h asAntares:os
illations have not been studied yet in this energy range and the Antares data 
ouldtherefore help to 
omplement the pi
ture. Su
h an analysis is ambitious, as it operatesat the edge of the Antares sensitivity. The sparse instrumentation of the dete
tor, theopti
al ba
kground, as well as misre
onstru
ted atmospheri
 muons render a reliablezenith and energy re
onstru
tion of low-energy tra
ks very 
hallenging. Investigat-ing the data with respe
t to a signature of os
illations is therefore also valuable forunderstanding the dete
tor in the low-energy regime.In this 
hapter, the neutrino os
illation analysis of the Antares data is presented. InSe
tion 6.1 it is introdu
ed, how neutrino os
illations are probed with Antares. Thedetailed analysis method is illustrated in Se
tion 6.2 and its performan
e is evaluatedin Se
tion 6.3. Finally, the analysis of the Antares data set and a dis
ussion of theresults are subje
t of Se
tion 6.4.6.1 Probing neutrino os
illations with ANTARESThe Antares dete
tor is sensitive to muons generated by upward-going atmospheri
neutrinos with energies down to about 10GeV. The survival probability of atmospheri
neutrinos, given �xed os
illation parameters ∆m2
23 and sin2 (2Θ23), depends only onthe energy Eν of the neutrino and the distan
e Lν travelled by the neutrino (see Equa-tion (2.10), Se
tion 2.2). For upward-going atmospheri
 neutrinos generated in theEarth's atmosphere and dete
ted with Antares, the distan
e Lν 
an be inferred fromthe mean diameter of the Earth L0 = 12 740 km22 and the zenith angle of the neutrino22The deviations of the diameter due to the non-spheri
al shape of the Earth, whi
h are less than

±30m, 
an safely be negle
ted. 131



6 Studying os
illations of atmospheri
 neutrinos
Θν (Fig. 6.1):

Lν = − cos Θν · L0 = cos(π − Θν) · L0. (6.1)Making use of Lν , Equation (2.10) reads as
P (νµ → νµ) = 1 − sin2 (2Θ23) · sin

2

(
16.2 · 103∆m2

23[eV2]

x

)
, (6.2)with x = Eν [GeV]/ cos (π − Θν), where Eν is the energy of the in
ident muon neu-trino in units of GeV, and Θν its zenith angle (in the following: Θ′

ν := π − Θν).In
orporating the results of the Minos experiment published in 2008 [122℄, ∆m2
23 =

(2.43±0.13)×10−3 eV2 and sin2 (2Θ23) > 0.95 both at 68% C.L., with the best �t values
∆m2

23 = 2.43 × 10−3 eV2 and sin2 (2Θ23) = 1, the minimum in the survival probabilityof atmospheri
 muon neutrinos with largest x is expe
ted to o

ur around x ≈ 25GeV,the next one around x ≈ 8.3GeV (Fig. 6.2).
L0

θ

ν

ANTARES

Earth Figure 6.1: The distan
e of �ight of theneutrino 
an be inferred fromthe Earth's diameter L0 andthe zenith angle of the neu-trino Θ.In Fig. 6.3, the survival probability of atmospheri
 muon neutrinos is depi
ted (blueline). Also shown are the distributions of the muons generated by the neutrinos (redline), both with true muon energy Eµ,true and true muon zenith Θµ,true, whi
h 
ouldtheoreti
ally be obtained given a perfe
t tra
k and energy re
onstru
tion of the dete
tedparti
le, and with re
onstru
ted muon energy Eµ,re
 and zenith Θµ,re
 (bla
k points).Statisti
s is redu
ed when employing the re
onstru
ted values, be
ause of the ne
essaryquality 
uts: only events re
onstru
ted within 5◦ of the true zenith angle are 
onsidered,and for the energy re
onstru
tion the 
uts spe
i�ed in Se
tion 4.4.6 are applied.It 
an be seen that the shape of the muon distributions follow the distribution of theparent neutrino, though the minimum is shifted and washed out due to the kinemati
s ofthe neutrino intera
tion (see also Se
tion 3.1.2). The distribution of the re
onstru
tedmuon is additionally smeared due to the errors on the re
onstru
ted zenith and energy.132



6.1 Probing neutrino os
illations with ANTARES
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Figure 6.2: The survival probability of muon neutrinos as a fun
tion of Eν/ cosΘ′

ν ,based on the Minos os
illation s
enario ( ∆m2
23 = 2.43 × 10−3 eV2 and

sin2 (2Θ23) = 1).Yet, provided enough statisti
s, and given an e�e
tive zenith and energy re
onstru
tionalgorithm su
h as Posidonia, dete
tion of the atmospheri
 neutrino os
illation signaturein the Antares data seems feasible.The distributions shown in Fig. 6.3 are based on the extended ideal referen
e sampledes
ribed in Se
tion 4.4.6, where only neutrinos with energies of more than 10GeV aresimulated. The impa
t of neutrinos with energies below 10GeV on the distribution ofre
onstru
ted muons 
an be safely negle
ted, be
ause of the strongly de
reasing e�e
tivearea (see below) for both triggered and sele
ted events within this energy range: thee�e
tive area of triggered events drops by a fa
tor of about 10 between 50GeV and20GeV, and the e�e
tive areas of both sele
ted and 
ontained events drop by a fa
torof about 14 (see below, Fig. 6.4).Statisti
s is one of the 
ru
ial points in performing an os
illation analysis with theAntares data. Muons with energies below 100GeV are at the lowermost end of thesensitivity range (
ompare Se
tion 4.2), whi
h is mainly determined by the sparseinstrumentation of the dete
tor and the opti
al ba
kground. The neutrino e�e
tivearea is given by
Ae�(Eν , Θν) = Ve�(Eν , Θν) · σ(Eν) · ρNA · PEarth(Eν , Θν), (6.3)with the neutrino intera
tion 
ross-se
tion σ(Eν), the transmission probability of neutri-nos through the Earth PEarth(Eν , Θν) and the target nu
leon density ρNA. The e�e
tivearea is assumed to be independent of the azimuth angle of the neutrino φν . This is a133
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Figure 6.3: Survival probability of neutrinos (blue line) and their respe
tive muonsas fun
tion of E/ cos Θ′ (red line). Employing the re
onstru
ted muonzenith and muon energy (bla
k) instead of the simulated true muon valuesredu
es statisti
s due to ne
essary quality 
uts.good estimate for the full 12 line Antares dete
tor, but is only a �rst approximationwhen lines are missing, like during the 5 line period. The e�e
tive volume
Ve� =

Nsel(Eν , Θν)

Ngen(Eν , Θν)
· Vgen, (6.4)is obtained by multiplying the generation volume Vgen by the ratio of sele
ted events

Nsel (e.g. triggered or re
onstru
ted events; events after quality 
uts, et
.) to the totalnumber of generated events Ngen. The expe
ted event rate for a given �ux model
Φν = dNν/dEν 
an then be 
al
ulated by integrating over the neutrino energy Eν andspa
e angle Ων :

Ṅν(Eν) =

∫
Ae�(Eν , Θν) · Φ(Eν , Θν , φν)dEνdΩν . (6.5)The neutrino e�e
tive area for triggered low-energy neutrinos in Antares (both 3Nand 2T3 triggers a
tive) are shown in Fig. 6.4 (solid line). Additionally indi
ated are ar-eas for sele
ted neutrinos remaining after appli
ation of the quality 
uts (Se
tion 5.5.1;dashed line), as well as for the neutrinos after applying the 
ontainment sele
tion (Se
-tion 5.5.2; shaded area). In the energy range of 10 � 250GeV, the area drops towardssmaller neutrino energies by more than two orders of magnitude, re�e
ting the fadingsensitivity. As the os
illation signature itself is a redu
ed number of events with re-spe
t to the expe
ted number without os
illation, spe
ial 
are is ne
essary in neutrinodisappearan
e studies su
h as the present analysis.134



6.2 Des
ription of the analysis method
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Figure 6.4: Neutrino e�e
tive area of triggered events (solid line), of events after appli-
ation of the quality 
uts (dashed line) and of events after the 
ontainmentsele
tion (shaded area).From the neutrino e�e
tive areas, only a small low-energy event statisti
 
an beexpe
ted from Antares, due to the diminishing sensitivity and the size of the dete
tor(Fig. 6.5, solid line. Both 3N and 2T3 trigger a
tive). Applying the quality 
uts redu
esthe number of events by a fa
tor of four in the energy range from 10 � 150GeV (dashedline), applying additionally the 
ontainment sele
tion (shaded area) redu
es them by afa
tor of twenty 
ompared to the triggered number of events. Eventually about 1 500(low-energy) neutrino events 
an be expe
ted after one full year of Antares datataking with both 3N and 2T3 trigger a
tive and after the appli
ation of quality 
utsand 
ontainment sele
tion23 (in the simulation, the full 12-line dete
tor with all OMsa
tive, and a 
onstant opti
al ba
kground rate of 60 kHz is assumed).6.2 Des
ription of the analysis methodAssuming the mixing parameters published by Minos, the �rst minimum in the atmo-spheri
 muon neutrino survival probability is expe
ted to be
ome apparent in the rangeof 10 � 60GeV in the Antares E/ cos Θ′ spe
trum (
ompare Fig. 6.3). The presentneutrino os
illation analysis is designed to dete
t the minimum in the spe
trum andto determine the mixing parameters using the Antares data. For this purpose, the23This roughly estimated number is slightly overestimated, as the intera
tion 
ross se
tions of neutrinosand anti-neutrinos have been assumed to be identi
al, whi
h in fa
t they are not (
ompare alsoSe
tion 4.1). 135
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Figure 6.5: Expe
ted number of atmospheri
 muon neutrino events as a fun
tion ofthe true muon energy, after trigger (solid line), after quality 
uts (dashedline) and after 
ontainment sele
tion (shaded area). The simulated eventsample is the extended ideal referen
e sample (Se
tion 4.4.6).
E/ cos Θ′ distribution of the data is 
ompared to di�erent simulated os
illation s
e-narios, i.e. assuming di�erent values of sin2 (2Θ) and ∆m2. For the 
omputation ofthe 
on�den
e interval, a frequentist approa
h for the analysis of small signals [123℄ isemployed.A basi
, simulated E/ cosΘ′ distribution is obtained from the full Monte-Carlo soft-ware 
hain (Se
tion 3.6 and Se
tion 5.3), after re
onstru
tion and event sele
tion. Itin
orporates the Antares dete
tor a

eptan
e and e�
ien
ies, and 
orresponds to aspe
trum in absen
e of neutrino os
illations. Di�erent os
illation s
enarios T , ea
h
orresponding to a 
ertain os
illation parameter pair sin2(2Θ) and ∆m2, are generatedfrom this spe
trum by weighting the individual events with the muon neutrino survivalprobability determined by the respe
tive os
illation parameters.The performan
e of the analysis is not tested with the measured data, but with toy-data sampled from a full Monte-Carlo simulation in
orporating a 
ertain os
illationhypothesis (parent s
enario). For this study, the mixing parameters published by Mi-nos are taken as granted and hen
e the Minos os
illation s
enario is used as parents
enario. The sampling is done by randomly generating a given number of events, dis-tributed a

ording to the histogram bin 
ontents of the parent spe
trum. For the �nalanalysis eventually, the toy-data will be repla
ed with the measured Antares data.The 
omparison between a (toy-)data E/ cosΘ′ distribution and di�erent os
illations
enarios is done by means of a χ2 statisti
s, that is 
onstru
ted dire
tly from the like-lihood fun
tion [124℄. Given (toy-)data in the form of a histogram, with k bins labelled136



6.2 Des
ription of the analysis methodby the index i running from 1 to k and being indu
ed by a 
ertain os
illation s
enario
N ≡ (ni| sin

2(2Θtrue), ∆m2true). Let
ni = the number of events in the i-th bin, and
n = (n1, n2, ..., nk).The task is to �t to the (toy-)data a theoreti
al distribution depending on j parameters:in the present 
ase j = 2 for the two os
illation parameters. This is done by 
ompar-ing the (toy-)data to di�erent model histograms, ea
h based on a parti
ular os
illations
enario
T ≡ (µi| sin

2(2Θ), ∆m2), with
µi = the number of events predi
ted by the model to be in the i-th bin, and
µ = (µ1, µ2, ..., µk).The (toy-)data is des
ribed best by the theoreti
al histogram basing on the os
illationparameter pair Tbest, that minimises the χ2 statisti
s.Dete
ting atmospheri
 neutrinos with Antares is a Poisson pro
ess and a

ordingly,the entries of the (toy-)data histogram are Poisson-distributed. For su
h a Poisson-distributed histogram n, the likelihood fun
tion is given as

L(n; µ) =

k∏

i=1

exp(−µi) ·
µni

i

ni!
, (6.6)whi
h is the produ
t of the probabilities of all k bins, to have ni events in the i-th bin,given an expe
tation of µi events. A

ording to [124℄, this likelihood fun
tion 
an be
onverted into the form of a general χ2 statisti
 by making use of the theorem on thelikelihood ratio test for goodness-of-�t. This will be sket
hed in the following.Let m be the true (unknown) values of n that one would get if there were no errors.The likelihood ratio λ is then de�ned by

λ =
L(n; µ)

L(n; m)
. (6.7)A

ording to the likelihood ratio theorem the �likelihood�-χ2, de�ned by

χ2
λ = −2 ln λ = −2 ln L(n; µ) + 2 ln L(n; m), (6.8)asymptoti
ally for k → ∞ obeys a χ2 distribution. As the se
ond term is indepen-dent of µ, minimisation of χ2

λ is entirely equivalent to maximisation of the likelihoodfun
tion L(n; µ). Repla
ing the unknown true values m by their bin-by-bin maximumlikelihood estimation n (i.e. the mean of the Poisson distribution of ea
h bin) leads tothe likelihood ratio
λ =

L(n; µ)

L(n; n)
. (6.9)137



6 Studying os
illations of atmospheri
 neutrinosWith equation (6.6) this leads to
χ2

λ = −2 lnλ = −2 (ln L(n, µ) − ln L(n, n))

= −2

[
k∑

i=1

(
−µi + ln

µni

i

ni!

)
−

k∑

i=1

(
−ni + ln

nni

i

ni!

)]

= 2

k∑

i=1

(
µi − ni + ni ln

ni

µi

)
. (6.10)The 
on�den
e region is determined by a te
hnique proposed by Feldman and Cousins(FC) [123℄. For ea
h point on the sin2(2Θ) �∆m2 plane (i.e. for ea
h os
illation s
e-nario T ), a large number of simulated experiments nExp with Antares a

eptan
eand resolution are generated by sampling from the respe
tive simulated os
illation s
e-nario T = Ts. For ea
h experiment, χ2s of the 
urrently tested os
illation s
enario Tsis 
al
ulated, and Tbest ≡ (µbest,i| sin2(2Θbest), ∆m2best) with the 
orresponding χ2best isdetermined, whi
h is the smallest χ2 for physi
ally allowed values of sin2(2Θ) and ∆m2.Then, the di�eren
e in χ2 between Ts and Tbest is 
al
ulated.

∆χ2
λ = ∆χ2 = χ2s − χ2best = 2

k∑

i=1

[
µi − µbest,i + ni ln

(
µbest,i

µi

)]
, (6.11)For the 
onstru
tion of the 
on�den
e region, a dedi
ated ordering prin
iple is sug-gested by FC, basing on the di�eren
e in χ2: the ∆χ2 of all simulated experimentsfor the 
urrently tested point on the sin2 (2Θ) �∆m2 plane are arranged in in
reasingorder and a ∆χ2
 is determined for ea
h point on the plane su
h, that for α% of theexperiments ∆χ2 < ∆χ2
 . The 
on�den
e region at α% 
on�den
e level (C.L.) is thengiven by all points in the parameter plane for whi
h

∆χ2(toy-)data, s < ∆χ2
 , (6.12)with
∆χ2(toy-)data, s = χ2(toy-)data, s − χ2(toy-)data, best, (6.13)where χ2(toy-)data, best 
orresponds to the os
illation s
enario T(toy-)data, best that minimises

χ2 for the (toy-)data, and χ2(toy-)data,s is the χ2 between (toy-)data and the 
urrentlytested point Ts on the sin2 (2Θ) �∆m2 plane.The advantage of 
onstru
ting the 
on�den
e region a

ording to the frequentistapproa
h of FC is that a 
orre
t 
overage is given, ex
ept for a slight 
onservatismresulting from the dis
reteness of the problem (i.e. the measured number of events
n distributed over i bins). Furthermore, the underlying ordering prin
iple disregardsstatisti
al �u
tuations with no information on the parameters. Finally, FC a

eptan
eregions are never empty for any 
hoi
e of the 
on�den
e level, be
ause every point inthe data spa
e belongs at least to the FC a

eptan
e region of the parameter Tbest thatmaximises its probability [123, 125℄.138



6.3 Performan
e of the analysis6.3 Performan
e of the analysisThe two os
illation parameters sin2 (2Θ) and ∆m2 have di�erent impa
t on the E/ cosΘ′distribution. Whereas sin2 (2Θ) a�e
ts the amplitude of the os
illation, i.e. the depthof the minimum in the survival probability of muon neutrinos, ∆m2 determines theposition of the minimum. With de
reasing sin2 (2Θ) values, the total number of eventsin the E/ cosΘ′ distribution in
reases be
ause of the in
reasing survival probability ofthe muon neutrinos. A maximum is rea
hed at sin2 (2Θ) = 0, where the survival prob-ability is exa
tly one, i.e. the absen
e of os
illations. On the other hand, the minimumin the distribution is shifted towards larger E/ cos Θ′ values with in
reasing values of
∆m2. This implies for the Antares spe
trum that a larger number of events is a�e
tedby muon �avour suppression (
ompare with the neutrino e�e
tive areas of Antares inSe
tion 6.1), leading to a de
rease in the integrated event number within the relevant
E/ cosΘ′ range from about 10 to 150GeV.As be
omes obvious from Fig. 6.6 (left), variation of sin2 (2Θ) at a given ∆m2 value(here: ∆m2 = 2.4 · 10−3 eV2) a�e
ts mainly the region where the maximum in the
E/ cosΘ′ spe
trum of the muon events appears (here: around 30GeV), whereas anin
rease of ∆m2 at given sin2 (2Θ) (Fig. 6.6, right; maximal mixing at sin2 (2Θ) = 1 isassumed) leads to an overall redu
tion of the event numbers in the spe
trum between10 and 150GeV. This e�e
t due to the kinemati
s of the neutrino intera
tion and theun
ertainty on the re
onstru
ted muon tra
k (i.e. Eµ,re
 and Θµ,re
) has already beenmentioned in 
ontext of Fig. 6.3.
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Figure 6.6: Impa
t of di�erent sin2 (2Θ) and ∆m2 values on the re
onstru
ted
E/ cos Θ′ distribution. Left: Distributions for ∆m2 = 2.4 · 10−3 eV2 anddi�erent values of sin2 (2Θ). Right: Distributions for sin2 (2Θ) = 1 (max-imal mixing) and di�erent values of ∆m2.The shape of the E/ cos Θ′ distribution, as well as the total number of events, area�e
ted by both neutrino os
illation parameters. However, be
ause of un
ertainties in139



6 Studying os
illations of atmospheri
 neutrinosthe absolute normalisation of the neutrino �ux of about 10 � 20%, it is reasonable touse only the shape of the E/ cos Θ′ distribution for the estimation of the Antaressensitivity to neutrino os
illations. At the expense of redu
ing sensitivity of the χ2minimisation, the normalisation is �tted as free parameter by normalising the fullMonte-Carlo simulations relative to the (toy-)data set. Additionally, also an absolutenormalisation of the Monte-Carlo simulations is tested. In this 
ase, the �xed numberof toy-data events that are to be sampled from the parti
ular os
illation s
enario issmeared with a Poisson distribution. By 
omparing the results obtained from relativeand absolute normalisation of the simulations, the loss in sensitivity due to a freenormalisation parameter 
an be assessed.6.3.1 Performan
e of the χ2 minimisationIn a �rst step the robustness of the χ2 minimisation pro
edure is investigated, whi
hindi
ates the sensitiveness to statisti
al �u
tuations in the (toy-)data. Three di�erenttypes of Monte-Carlo samples are used for this purpose:
• The extended ideal referen
e sample (IRS, Se
tion 4.4.6), for whi
h only eventsthat are re
onstru
ted within 5◦ error on the zenith angle are used. The 
ontain-ment sele
tion 
uts are applied a

ording to Se
tion 4.4.6.
• The global test sample (GTS, Se
tion 5.5.1). The impa
t of the event sele
tionvia neural network, as well as the impa
t of the 
ontamination of the event samplewith atmospheri
 muons will be
ome obvious in 
omparison to the ideal referen
esample.
• The full simulation sample (FSS) that additionally 
onsiders the data taking
onditions a

ording to the 23 setups used for the analysis (Se
tion 5.5).Toy-data is sampled from the Minos s
enario as des
ribed in the previous se
tion.For the test, the sampling and the subsequent 
omparison to di�erent os
illation s
enar-ios is repeated 1 000 times for ea
h of the three simulation test samples. Only physi
allyallowed os
illation parameters are used to �nd the best s
enario Tbest: ∆m2 is s
annedin steps of 1 · 10−4 eV2 from 0 eV2 to 0.01 eV2, and sin2 (2Θ) is sampled in steps of 0.01from 0 to 1. Both absolute and relative normalisation are tested. Furthermore, in orderto estimate the impa
t of di�erent event statisti
s, the relative normalisation is testedwith small toy-data statisti
s 
ontaining 150 neutrino events and large toy-data statis-ti
s, 
ontaining 1 000 neutrino events. For ea
h toy-data sample, the best os
illations
enario is determined by χ2 minimisation, as des
ribed in detail in Se
tion 6.2.In Fig. 6.7, the muon neutrino survival probability as fun
tion of E/ cosΘ′ for thethree di�erent Monte-Carlo samples is displayed. All three samples exhibit a 
lear os
il-lation signature, even though the distin
tness of the minimum in the survival probabilityis redu
ed when passing on from IRS to GTS and FSS. This e�e
t is due to the event se-le
tion via neural network, whi
h is less e�
ient than allowing for a re
onstru
tion erroron the zenith angle of only 5◦. Furthermore, the 
ontamination with misre
onstru
ted140



6.3 Performan
e of the analysisatmospheri
 muons, as well as a de
reasing re
onstru
tion quality (i.e. in
reasing errorson the re
onstru
ted values) when in
orporating experimental dete
tion 
onditions inthe simulations 
ontribute to this e�e
t. Be
ause of the redu
ed spe
tral distortion,a sensitivity loss in the determination of the 
on�den
e region has to be expe
ted inthe des
ribed order of the Monte-Carlo samples: IRS→GTS→FSS. It shall be noted,that no events with a re
onstru
ted muon energy below 15GeV are left in any of thethree samples after all sele
tion 
uts. Furthermore, the large values of more than 0.8 inthe survival probability in the 15 to 20GeV bin of the GTS and FSS sample 
omparedto the rather small value of about 0.45 in the IRS simulation sample are not 
aused byan in
reasing survival probability of the muon neutrino below the minimum at 25GeV,but have to be as
ribed to smaller statisti
s in that bin (
ompare with Fig. 6.3, for thedistribution of the true muon values Eµ,true/ cosΘ′

µ,true).
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Figure 6.7: Muon neutrino survival probability as a fun
tion of E/ cosΘ′ (with re
on-stru
ted muon energy E and muon zenith angle Θ′ = π − Θµ), for threedi�erent Monte-Carlo samples. See text for details.In Fig. 6.8 the distributions of the best os
illation s
enarios Tbest 
an be seen forthe ideal referen
e and the global test sample. Additionally, also the mean values
〈∆m2〉 and 〈sin2 (2Θ)〉 of the os
illation parameters, as well as the respe
tive standarddeviation σ are given. As expe
ted, the spread in ∆m2 in
reases when passing fromIRS to GTS, due to the washed out minimum in the E/ cos Θ′ spe
trum. Conversely,the spread in sin2 (2Θ) is more or less 
onstant in both samples when using toy-datasets of the same size. This is due to the fa
t that this parameter is mainly sensitive tothe event statisti
s in the individual bins. When using the small toy-data samples, thestandard deviation of the sin2 (2Θ) parameter approximately doubles. Furthermore,the spread in
reases also for the ∆m2 parameter, when redu
ing the event statisti
s ofthe toy-data sample.The most stable �t results are obtained for both IRS and GTS, when using absolutenormalisation (see Fig. 6.9). In this 
ase, the mean statisti
s of the toy-data sets141



6 Studying os
illations of atmospheri
 neutrinosare determined by the number of events in the respe
tive simulated Minos os
illations
enario (1 176 events in the IRS sample, 1 030 events in the GTS sample) and they aresmeared with a Poisson distribution to obtain the number of events to sample.As dis
ussed above, a redu
tion in the event numbers due to smaller sin2 (2Θ) 
anbe 
ompensated to some extend by larger ∆m2 values. The E/ cos Θ′ spe
tra exhibitsimilar shapes, and this 
onsequently leads to wrong results in the minimisation pro
essof the χ2. When using simulations with absolute normalisation, the dispersion of thebest �t results in the sin2 (2Θ) − ∆m2 spa
e indi
ates the relation between the totalnumber of events in the observed energy regime and the os
illation parameters, althoughthe e�e
t is not very signi�
ant due to the smearing of the number of sampled eventsand the large event statisti
s of more than 1 000 events in both 
ases. However it 
anbe 
on
luded that the distribution of the best �t results using simulations with absolutenormalisation is more physi
ally motivated than the distribution of the best �t resultsusing simulations with relative normalisation.The results using the FSS are shown in Fig. 6.10. The stability of the �t is signi�-
antly redu
ed 
ompared to IRS and GTS, due to the less distin
t os
illation signaturein the spe
trum. Whereas with large sampling statisti
s (1 000 events), the distributionof the best �t results has a broad peak around the true input mixing parameters, thisis no longer the 
ase for the small sampling statisti
 with only 150 events: the peakis shifted towards smaller ∆m2 values. Using absolute normalisation, the distributionexhibits several peaks at di�erent ∆m2 values around the true input value. Again, the
orrelation between smaller sin2 (2Θ) and larger ∆m2 values is apparent, even thoughnot very expli
it.6.3.2 Con�den
e regionCon�den
e regions are 
omputed to report un
ertainties on results of experiments. Themethod to 
onstru
t 
on�den
e regions proposed by Feldman and Cousins (FC) [123℄has been des
ribed above. Its main advantage is that it gives 
orre
t 
overage, ex
eptfor a slight 
onservatism due to the dis
reteness in the Poisson 
ase. Besides, it avoidsunphysi
al 
on�den
e intervals. In the following, tests are performed using the FSSand 
onstru
ting 
on�den
e intervals at α = 90% C.L. for the three di�erent kindsof toy-data samples: �tting the normalisation of the simulated os
illation s
enariosas free parameter (a mean of 1 000 and 150 events, respe
tively, in the toy-data) andusing absolute normalisation (a mean of 228 events in the toy-data). The number ofdegrees of freedom in the χ2 minimisation pro
edure is 20 in all 
ases using the FSS,
orresponding to the 20 bins of the toy-data E/ cos Θ′ histograms 
onsidered for the χ2minimisation.In addition to the FC 
on�den
e region, also approximate 
on�den
e regions aregiven, whi
h are 
onstru
ted from the di�eren
e in χ2 between the parameters Tbestwith smallest χ2 within the s
anned parameter spa
e, and the χ2 of a parti
ular pointin the parameter spa
e Ts. As done in the last se
tion, the toy-data is obtained bysampling the respe
tive number of events from the full Monte-Carlo simulation basedon the Minos os
illation s
enario. In both the absolute and relative normalisation142
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tive toy-data. Two di�erent toy-data statisti
s aretested: a large statisti
s (upper row, 1 000 neutrino events) and a smallstatisti
 (lower row, 150 neutrino events). See text for details.
ase, the number of events is smeared with a Poisson distribution.For the 
omputation of the 
on�den
e intervals, only a physi
ally allowed parameterspa
e is s
anned. Contrary to the study on the best �t results des
ribed above, ∆m2is now 
omputed and given on log s
ale instead of linear s
ale: ∆m2 is s
anned from
10−5 eV2 to 1 eV2 in steps of 100.1 eV2. The sin2 (2Θ) parameter is s
anned in steps of0.02 from 0 to 1. 143
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 neutrinos

)Θ (2 2sin
0.6 0.7 0.8 0.9 1

2
 m∆

1

1.5

2

2.5

3

3.5

4
−310×

0

20

40

60

80

100

IRS: n = 1176 evts, absolute normalization

)Θ (2 2sin
0.6 0.7 0.8 0.9 1

2
 m∆

1

1.5

2

2.5

3

3.5

4
−310×

0

20

40

60

80

100

GTS: n = 1030 evts, absolute normalization

〈∆m2〉 = 2.46 · 10−3 eV2, σ = 0.20 · 10−3 eV2 〈∆m2〉 = 2.53 · 10−3 eV2, σ = 0.30 · 10−3 eV2

〈sin2 (2Θ)〉 = 0.98, σ = 0.03 〈sin2 (2Θ)〉 = 0.97, σ = 0.04Figure 6.9: Distribution of Tbest of 1 000 toy-data samples using two di�erent di�er-ent types of simulation: Left: IRS. Right: GTS. The simulations arenormalised to an absolute value.For the 
onstru
tion of the 
on�den
e region, nExp = 100 experiments are generatedfor ea
h point in the parameter spa
e. The number of events to sample for one ofthese experiments is determined from the parti
ular os
illation s
enario Ts at the givenpoint in the parameter spa
e. When using simulations with relative normalisation, thisnumber of events is res
aled with a fa
tor given by the mean number of events sampledfor the toy-data (here: either 1 000 or 150 events), divided by the total number ofevents 
ontained in the FSS histogram based on the Minos mixing parameters, fromwhi
h the toy-data is sampled. Eventually, the number of events to be sampled for oneexperiment is also smeared with a Poisson distribution.Typi
ally, 
on�den
e regions are given as smoothed areas, sin
e the entries in the
on�den
e plane are not ne
essarily simply 
onne
ted. This pathology arises from thefa
t that the measured parameter, i.e. the number of events n, is dis
rete. The fraz-zling of the 
on�den
e region in
reases with de
reasing event statisti
. The smoothed
on�den
e interval stret
hes over the outermost entries in the ∆m2 � sin2(2Θ)-plane. Inthe present study, the 
on�den
e regions are not smoothed in order to see all e�e
tsin
luding de
reasing event statisti
s.Figure 6.11 shows 
on�den
e regions for exemplary toy-data samples with large (left)and small (right) statisti
, 
al
ulated with relative normalisation of the simulatedos
illation s
enarios. The presented example of a large toy-data sample has a best
χ2 = 16.1. The best �t values within the s
anned physi
al region are ∆m2 = 10−2.7 eV2and sin2(2Θ) = 1. The best �t values of the presented small toy-data example insidethe s
anned physi
al region are ∆m2 = 10−2.5 eV2 and sin2(2Θ) = 1 with χ2 = 19.9.Besides the 90% C.L. interval 
onstru
ted a

ording to the FC approa
h (�rst row),144
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〈sin2 (2Θ)〉 = 0.94, σ = 0.11Figure 6.10: Distribution of the best �t results of the full simulation sample usingrelative normalisation with two di�erent event statisti
s for the toy-data spe
trum (left : 1 000 events, right: 150 events) and using absolutenormalisation (228 events with Poisson smearing, 
orresponding to the
∼ 250 days of lifetime, 
ompare Chapter 5).also the χ2 
ontours in the ∆m2 � sin2(2Θ)-plane are depi
ted (se
ond row). Addi-tionally, the 
ontours of the 68% (∆χ2 = 2.30), 90% (∆χ2 = 4.61) and 95% C.L.(∆χ2 = 5.99) intervals basing on the minimum inside the physi
al region (2 degreesof freedom) are shown (third row)24. They are obtained from the di�eren
e in χ2:

∆χ2 = χ2s − χ2best, with the a
tual given os
illation s
enario χ2s and the s
enario with24The ∆χ2 values are obtained from tables using a standard statisti
s books [126℄. 145



6 Studying os
illations of atmospheri
 neutrinosthe maximal likelihood χ2best (within the physi
al region). ∆χ2 between the best �t andthe no-os
illation s
enario is 27.7 for the large sample and 7.5 for the small sample.The ∆χ2 between best �t and the parameter point 
losest to the Minos input mixingparameters (∆m2 = 10−2.6, sin2 (2Θ) = 1) is 0.6 for the large and 0.1 for the smallsample.As obvious from the �gure, the event statisti
 has signi�
ant impa
t on the topologyof the χ2 distribution and 
onsequently on the size of the 
on�den
e region, indepen-dently of how it is 
onstru
ted. Whereas the true input mixing parameters 
an beobtained with good pre
ision having a large event statisti
 of 1 000 events in the toy-data sample, the 90% 
on�den
e level region is larger for the small toy-data sample
ontaining only 150 events. Extrapolating the available Antares data used in thisanalysis, 1 000 events 
ould be measured within 6 � 7 years of e�e
tive lifetime. Basingthe estimation on more optimisti
 assumptions i.e. for example all dete
tor lines tak-ing data 
onstantly, an improved event sele
tion or energy re
onstru
tion pro
edure,et
., this statisti
 
ould probably also be obtained within 1 or 2 years from now on.In the 
ase of the large event statisti
, the approximate 90% 
on�den
e region is agood approximation to the 
on�den
e region 
onstru
ted with FC. This is no longerthe 
ase for the small event sample, where the approximate region is larger, indi
atingan over
overage.In Fig. 6.12, two further examples of small toy-data samples with 150 sampled eventsare shown, having di�erent parameter sets Tbest. The minimum χ2 of the sample to theleft is at ∆m2 = 10−2.1 eV2 and sin2(2Θ) = 1 with χ2 = 22.6, and the best parametersof the sample to the right are ∆m2 = 10−2.5 eV2 and sin2(2Θ) = 1 with χ2 = 15.3.Compared to the �rst toy-data sample with small statisti
 shown in Fig. 6.11, the
on�den
e intervals are enlarged and very di�erent in shape. For the sample to theleft the approximate a

eptan
e regions are the regions left of the respe
tive 
ontours.For the sample to the right, the respe
tive approximate 
on�den
e regions are to theright of the 68% and the 90% 
ontour, but it is to the left of the 95% 
ontour. Thedi�eren
e in χ2 between the best �t result and the Minos s
enario are 4.7 for thetoy-data sample to the left, and 0.1 for the sample to the right. The di�eren
e betweenbest �t and the no-os
illation s
enario are 2.1 and 5.1, respe
tively.As obvious from Fig. 6.12 and also from Fig. 6.11 (se
ond row), the χ2 distributionof the small toy-data sets have a �at topology. This is due to low event statisti
s andto the 
onsequently less signi�
ant os
illation spe
trum. The e�e
t of this indistin
t χ2distribution be
ame already apparent in the distribution of the best �t result, whereare larger spread, i.e. a less stable χ2 minimisation, 
ould be observed (Se
tion 6.3.1).Consequently, as obvious from the �gures, also size and shape of the 
on�den
e regionbe
ome in
reasingly variable with de
reasing event numbers. It shall be pointed out,that the �u
tuations are due to di�erent shapes of the toy-data sets. The smaller themean of the events to be sampled, the larger the �u
tuations in the event numbers inthe toy-data set are, and the less signi�
ant the shape of the spe
trum is. Conversely,the ∆χ2
 distribution, even though 
omputed separately for ea
h toy-data sample, ismore or less 
onstant.With large toy-data samples 
ontaining 1 000 events, the shape of the sampled toy-146



6.3 Performan
e of the analysisdata distribution and 
onsequently the best �t result (i.e. the parameter set whi
hgives the small es χ2) is less variable, resulting in a more 
onstant shape and size ofthe 
on�den
e region.The in
reased sensitivity due to using absolute normalisation partially 
ompensatesfor the low toy-data event statisti
s, and the χ2 distribution is very distin
t. Butnevertheless, due to the unavoidable variations in the shape of the E/ cos Θ′ spe
trumof di�erent toy-data samples, �u
tuations of the best �t s
enario Tbest and a

ordinglyin size and shape of the 
on�den
e region be
ome apparent. Two typi
al results fortwo di�erent toy-data samples using simulations normalised to an absolute value 
anbe seen in Fig. 6.13.The best �t parameters of the sample to the left are ∆m2 = 10−2.5 eV2 and sin2(2Θ) =
1 with χ2 = 11.3. ∆χ2 between best �t and the s
enario with no os
illations is 18.3.Between best �t and Minos s
enario, that again served as parent s
enario for the toy-data sample, it is 0.8. The sample to the right has the best �t value at ∆m2 = 10−2.4 eV2and sin2(2Θ) = 0.62 with χ2 = 14.2. ∆χ2 between best �t and the s
enario with noos
illations is 7.7, and between best �t and the Minos s
enario it is 3.1. The fa
t thatsmaller sin2(2Θ) values are 
ompensated by larger ∆m2 values, as already mentionedabove, be
omes apparent again from the topology of the χ2 distribution of both samplesand from the shape of the 
on�den
e regions, espe
ially of the toy-data sample to theright.Summing up it 
an be said that the results that 
an be expe
ted from the analysis ofthe Antares data will be di�
ult to interpret due to the low event statisti
, whi
h iswith 91 events in the 
onsidered E/ cos Θ′ spe
trum range even smaller than the toy-data statisti
s used for testing the analysis (see next se
tion). From the results of thesmall toy-data samples with a mean of 150 sampled events and relative normalisation itbe
omes apparent that the 
on�den
e regions 
an assume signi�
antly di�erent shapes,depending on the parti
ular shape of the toy-data sample. Using simulations withabsolute normalisation, the spe
i�
 shape of the χ2 distribution and thus also of the
on�den
e regions is rather 
onstant, but the size of the 
on�den
e region is variable.
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Figure 6.11: Con�den
e region at α = 90%, 
omputed a

ording to the Feldman-Cousins approa
h (�rst row), for simulations with relative normalisationand 1 000 sampled events (left) and 150 sampled events (right). Se
ondrow: distribution of the χ2. Third row: approximate 68%, 90% and95% 
on�den
e regions. The best �t to the toy-data samples Tbest isindi
ated by a red star.148
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Figure 6.12: Con�den
e region at α = 90%, a

ording to the Feldman-Cousins 
on-stru
tion (�rst row), the χ2 distributions (se
ond row) and the approxi-mate 
on�den
e regions 
onstru
ted from the di�eren
e in χ2 (third row)for two di�erent toy-data samples with small statisti
 (150 events). Thebest �t to the toy-data samples Tbest is indi
ated by a red star. See textfor details.
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Figure 6.13: Con�den
e regions at α = 90% C.L., a

ording to the Feldman-Cousins
onstru
tion (�rst row), the χ2 distributions (se
ond row) and the ap-proximate 
on�den
e regions 
onstru
ted from the di�eren
e in χ2 (thirdrow) for two di�erent toy-data samples. Simulations are normalised toan absolute value, and both toy-data samples have a mean number of228 events, 
orresponding to the expe
tation with the Minos os
illations
enario. The best �t to the toy-data samples Tbest is indi
ated by a redstar. See text for details.150



6.4 Analysis of the ANTARES data6.4 Analysis of the ANTARES dataThe E/ cos Θ′ spe
trum of the FSS and the data is depi
ted in Fig. 6.14, using theparti
ular histogram binning that is also employed for the χ2 minimisation. The sim-ulated spe
trum based on the Minos mixing parameters is displayed, as well as thesimulated spe
trum based on the no-os
illation s
enario. They are shown with an ab-solute normalisation (left), and with normalisation relative to the data (right). In theenergy range 
onsidered for the χ2 minimisation (5GeV< E/ cosΘ′ < 145GeV), thedata sample 
ontains 91 neutrino 
andidate events, in 
ontrast to the simulations withabsolute normalisation, that 
ontain a mean of 228 events assuming theMinos s
enarioand a mean of 272 events assuming the s
enario without os
illations.

’ [GeV]ΘE/cos
20 40 60 80 100 120 140

0

5

10

15

20

25

30

no oscillation

with oscillation

data

’ [GeV]ΘE/cos
20 40 60 80 100 120 140

0

5

10

15

20

25

30

no oscillation

with oscillation

data

Figure 6.14: The E/ cos Θ′ spe
trum of the data (bla
k points) and the simulationswithout os
illation hypothesis (red line) and assuming os
illation withthe Minos parameter set (blue line). Left : absolute normalisation ofthe simulations. Right: relative normalisation of the simulations.Despite the signi�
ant dis
repan
ies between data and simulation that already be-
ame evident in Chapter 5, an os
illation analysis is performed. However, the apparentproblems in the agreement between data and simulations, as well as the small eventstatisti
, have to be kept in mind, when interpreting the results.In Fig. 6.15, the 
onstru
ted FC 
on�den
e regions (�rst row), as well as the re-spe
tive χ2 distributions (se
ond row) are shown, using relative (left) and absolutenormalisation (right). The best �t for the relative normalised simulations is at ∆m2 =
10−2.8 eV2 and sin2(2Θ) = 1 with χ2 = 20.3 for 20 degrees of freedom. The ∆χ2 betweenbest �t and no os
illation s
enario is 2.3, and between best �t and Minos s
enario 0.9.Even though the best �t parameter set is 
lose to the expe
ted value, the result is notsigni�
ant. This be
omes 
learly obvious from the large a

eptan
e region that 
oversalmost the 
omplete 
onsidered parameter spa
e.For the simulations with absolute normalisation, the best �t parameters are ∆m2 =151
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Figure 6.15: Con�den
e region at α = 90% C.L., a

ording to the Feldman-Cousins
onstru
tion (�rst row) and the χ2 distributions (se
ond row) for themeasured data and simulations with relative normalisation (left) andwith absolute normalisation (right). The best �t to the data is indi
atedby a red star. See text for details.
10−0.7 eV2 and sin2(2Θ) = 1, 
lose to the boundary of the s
anned ∆m2 parameterspa
e. The χ2 = 42.4, indi
ating a 
onsiderably bad �t. The ∆χ2 between best �t andno os
illation s
enario and best �t andMinos s
enario are 135.6 and 80.0, respe
tively.From the available Antares data, no 
on
lusion 
an yet be drawn on the true neu-trino mixing parameters. Even though the s
enario with theMinos mixing parametersis more likely in both 
ases (using relative and using absolute normalisation), the 
on-�den
e regions are too large to draw meaningful 
on
lusions. Nonetheless, testing theanalysis with Monte-Carlo simulations proved that a good estimation of the os
illationparameters is possible with the given resolution of the zenith and energy re
onstru
tionof the muon, as soon as a large enough event statisti
 is available. It be
ame apparent152



6.4 Analysis of the ANTARES datafrom the test, that with a number of 1 000 events for example, a good estimation ofthe os
illation parameters is feasible. This statisti
s 
an be expe
ted within two yearsof full data taking, provided a 
omplete 12-line dete
tor and reasonable data taking
onditions (opti
al ba
kground rates below 100 kHz). Furthermore, by improving theevent sele
tion and espe
ially the sele
tion of low-energy events, the number of availableevents 
an also be in
reased.Moreover, the result of the analysis does not allow for inferring about the under-standing of the dete
tor in the low-energy range, mainly be
ause of the small eventstatisti
s. It has been 
learly revealed with the sele
tion of low-energy events (Chap-ter 5) for the os
illation analysis, that further studies are ne
essary to eventually obtaina good understanding of the dete
tor.No systemati
 error estimation is yet in
luded in the 
omputation of the 
on�den
eregion, as the large dis
repan
ies between data and simulations have to be treated �rst.As long as the agreement is unsatisfa
tory, a systemati
 error estimation is of minoruse. Nevertheless, the main sour
es of systemati
 errors shall be dis
ussed in short.The �rst point to mention is the un
ertainty in the atmospheri
 neutrino �ux, whi
his roughly about 20% in the energy range of interest. As the shape of the atmospheri
neutrino spe
trum is mu
h better understood than the absolute normalisation, the
E/ cosΘ′ spe
trum is expe
ted to be dominantly a�e
ted in terms of statisti
s. Fit-ting the normalisation as a free parameter neutralises the impa
t of variations in theoverall �ux normalisation, whi
h will 
onsequently only be re�e
ted in variations of thene
essary period of data taking time. The same holds for un
ertainties in the absolutedete
tor a

eptan
e. An under- or overestimation of the absolute dete
tor a

eptan
ewould 
ause a larger or smaller event statisti
 as expe
ted, but will have no impa
t onthe shape of the measured E/ cosΘ′ spe
trum.Probably the main systemati
s is the dete
tor energy a

eptan
e. For low-energyneutrinos up to Eν = 150GeV, as required for the os
illation analysis, the dete
tione�
ien
y is steeply in
reasing with energy. Thus, the 
alibration of the dete
tor energya

eptan
e is one of the main 
hallenges for future low-energy analyses. The energya

eptan
e shape 
an be a�e
ted by the dete
tor environment like water transparen
yand opti
al ba
kground level.The alignment of the dete
tor strings and the timing resolution both impa
t thezenith resolution of the tra
k re
onstru
tion. A poorer resolution both of the align-ment and the timing will 
onsequently lead to a degradation of the os
illation pattern.Systemati
 timing shifts between the individual strings, as dete
ted in the Antaresdata only re
ently, will also deteriorate the zenith re
onstru
tion. All three e�e
ts areproblemati
 insofar, as they might have an energy dependent impa
t.Potential 
ontamination of the dete
ted signal with misre
onstru
ted downward-going atmospheri
 muons is parti
ularly dangerous. Underestimation of su
h 
ontami-nation, probably a

ompanied by an overestimation of the absolute dete
tion e�
ien
y
ould result in an E/ cos Θ′ spe
trum that mimi
s the e�e
t of neutrino os
illations orblurs it 
ompletely.All possible systemati
 e�e
ts have to be studied 
arefully in the future. Their impa
t153



6 Studying os
illations of atmospheri
 neutrinoson the result of the analysis 
an be signi�
ant, espe
ially at the required sensitivity level.
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7 Con
lusion and outlookThe Antares dete
tor is designed to dete
t high-energy 
osmi
 neutrinos that areprobably produ
ed in astrophysi
al obje
ts su
h as a
tive gala
ti
 nu
lei. It is installedon the seabed of the Mediterranean Sea, about 24 km o� the Fren
h 
oast near the 
ityof Toulon. Antares 
onsists of a sparse three-dimensional photosensor array, 
overinga volume of about 0.03 km3, and the sea water itself is employed as dete
tion medium.Cherenkov light, emitted by high-energy 
harged parti
les traversing the instrumentedvolume will be dete
ted by the photosensors. Su
h parti
les are for example generatedin 
harged 
urrent weak intera
tions of neutrinos with nu
lei. Antares is optimizedfor the dete
tion of muon neutrinos, as the long traje
tory of muons generated in
harged 
urrent high-energy muon neutrino intera
tions with nu
lei allows for a pre
isedire
tional re
onstru
tion of a few tenth of a degree. The length of the muon tra
kdepends on the energy of the muon and ranges from a few ten meters at 10GeV muonenergy up to some kilometers at 1PeV. The 
oarse instrumentation of the dete
tor, aswell as the impa
t of opti
al ba
kground 
aused mainly by Potassium-40 de
ays andbiolumines
en
e, determine the energy threshold of Antares, whi
h is at about 10 to20 GeV.The expe
ted 
osmi
 neutrino signal is embedded in a ba
kground of atmospheri
neutrinos, generated by 
harged 
osmi
 parti
les impinging the Earth's atmosphere.Atmospheri
 neutrinos are the main neutrino signal in Antares. Being an irredu
ibleba
kground for the dete
tion of 
osmi
 neutrinos, atmospheri
 neutrinos themselveso�er an opportunity for di�erent types of analyses. One possibility is to study thequantum me
hani
al phenomenon of neutrino os
illations, whi
h has been done in the
ontext of this thesis. Neutrinos are generated and dete
ted as pure �avour eigen-states but their time evolution is des
ribed in mass eigenstates. As mass and �avoureigenstates of neutrinos are not identi
al and a pure �avour eigenstate is a 
ompositeof the three mass eigenstates, this leads to interferen
e e�e
ts and hen
e to a 
hangein the �avour 
omposition. Due to the values determined in various experiments sofar, the general three �avour mixing s
enario 
an be simpli�ed to a two �avor mixingapproximation. The survival probability for a muon neutrino then depends only on themixing angle Θ23, the mass di�eren
e squared ∆m2
23, as well as upon Eν/ cos Θ′

ν , withthe neutrino energy Eν and the angle Θ′

ν = π −Θν with the neutrino zenith angle Θν .Using dedi
ated re
onstru
tion algorithms, su
h as the one developed and optimizedwithin the s
ope of this thesis, the zenith angle and the energy of a muon dete
ted withAntares 
an be 
omputed. Eventually, the known kinemati
s of neutrino s
atteringallows to infere the dire
tion of the original neutrino to su�
ient, albeit energy depen-dent, pre
ision. A

ording to the two �avor mixing s
enario approximation and givenvalues for Θ23 and ∆m2
23, the �avor os
illations will be
ome evident in a de�
it in the155



7 Con
lusion and outlookmeasured Eµ,re
/ cosΘ′

µ,re
 distribution.Assuming for Θ23 and ∆m2
23 values that have been published in 2008 by the Minosexperiment, the only minimum in the muon neutrino survival probability within theAntares sensitivity range is expe
ted around Eν/ cos Θ′

ν = 25GeV. Due to the kine-mati
s and the errors on the re
onstru
tion, this results in a broad de�
it of eventsin the Antares data in the re
onstru
ted Eµ,re
/ cos Θ′

µ,re
 spe
trum between 10 and50GeV. As this energy range is at the sensitivity threshold of Antares, an analysisaiming at the determination of the so-
alled atmospheri
 os
illation parameters Θ23and ∆m2
23 is very 
hallenging.This thesis is devoted to an analysis of the Antares data with respe
t to a neutrioos
illation signature. For this purpose, a dedi
ated low-energy re
onstru
tion alogrithmhas been implemented into the o�
ial Antares software framework. The algorithmhad originally been developed before the Antares dete
tor design was �nalized. In the
ontext of this thesis, the algorithm has been revised and adjusted to the �nal dete
torlayout and hardware settings, as well as to the latest simulations. Furthermore, it hasbeen tuned and improved in several ways.Besides an e�
ient low-energy re
onstru
tion algorithm, also a proper data sele
tionis important for a neutrino os
illation analysis. Building upon an existing set of simplequality 
riteria, a data sele
tion 
on
ept has been devised that is based on the environ-mental and dete
tor 
onditions at the respe
tive time of the data taking. Furthermore,the dete
tor simulations have been re�ned su
h that the time varying dete
tor statusis taken into a

ount.After identifying muon tra
ks in the sele
ted data and the subsequent re
onstru
tionof their zenith angle with the above mentioned low-energy re
onstru
tion algorithm,e�e
tive quality 
uts are ne
essary to suppress misre
onstru
ted atmospheri
 muonevents, whi
h ex
eed the atmospheri
 neutrino signal by three to four orders of mag-nitudes. To this end, a neural network has been employed that e�e
tively 
ombinesthe information of several input parameters into one single 
ut parameter. The energyre
onstru
tion is applied to all events remaining after the 
ut on the output of theneural network. It 
onsists at �rst of a sele
tion of so-
alled 
ontained events (meaningthat their starting and stopping point is within the instrumented dete
tor volume),allowing for a reliable tra
k length re
onstru
tion and at the same time, redu
ing themean energy of the remaining event sample. The energy of the muons 
an then beinferred from the 
al
ulated tra
k length.The resulting Eµ,re
/ cos Θµ,re
 spe
trum is investigated with respe
t to neutrino os-
illations. It is 
ompared to simulated spe
tra basing on di�erent os
illation s
enarios(i.e. di�erent pairs of os
illation parameters Θ23 and ∆m2

23; the mixing angle is givenhere in the form sin2(2Θ23)). Minimizing a χ2 fun
tion for data and simulations deter-mines the most likely os
illation s
enario. For the 
onstru
tion of a 
on�den
e region,a frequentist approa
h to the analysis of small signals is employed. In order to be ableto evaluate the result obtained from the analysis of the data, the analysis and the 
on-stru
tion of the 
on�den
e region was tested beforehand with toy-data samples, thatwere generated assuming the mixing parameters published by Minos.The toy-data study shows that with an assumed event statisti
s of 150 neutrino events156



in the spe
trum, the χ2 distribution does not allow for a 
lear dis
rimination betweendi�erent s
enarios. Consequently, for di�erent samples of toy-data basing on the sameMinos os
illation s
enario, 
on�den
e regions very di�erent in size and shape are ob-tained. Using a toy-data sample with a statisti
s of 1 000 neutrino events instead, the
χ2 distribution is mu
h more distin
t, leading to 
on�den
e regions that are smallerand more robust in size and shape than obtained with the small toy-data sample.Applying the analysis to the data, the best �t parameters are ∆m2

23 = 10−2.8 and
sin2(2Θ23) = 1, whi
h is 
lose to the values measured by Minos, whi
h are ∆m2

23 =
10−2.6 and sin2(2Θ23) = 1. The number of neutrino 
andidate events in the relevantenergy range 
onsidered for the analysis is 91, whi
h is even less than the statisti
 ofthe small toy-data sample. The result 
an therefore not be expe
ted to be signi�
ant.Consequently, the 
on�den
e region 
overs the 
omplete tested parameter plane. Usingan absolute instead of a relative normalization of the tested Eµ,re
/ cos Θ′

µ,re
 distributionbetween data and simulation, the minimum yields a best �t result at ∆m2
23 = 10−0.7and sin2(2Θ23) = 1, 
ompletely o� the expe
ted ∆m2

23 value.This is due to the fa
t that the agreement between data and simulations is notvery satisfying. This problem be
omes not only evident in the �nal Eµ,re
/ cosΘ′

µ,re
spe
trum, but also at a more basi
 level. This disagreement is not a spe
i�
 problemof the presented work but at present still a general de�
it of the Antares dete
torsimulations. It is 
urrently investigated and progress has been made re
ently, but 
ouldnot be 
onsidered for this thesis anymore.However, the study with the toy-data proved that having a good event statisti
s, aproper determination of the os
illation parameters with an a

eptably small 
on�den
eregion 
an be expe
ted. A statisti
s of 1 000 neutrino events for example 
an be obtainedwithin six to seven years extrapolating from the 
urrently available data. Basing theestimation on a bit more optimisti
 assumptions, like a fully operational dete
tor, lowopti
al ba
kground rates and for example a further in
rease in the re
onstru
tion andevent sele
tion e�
ien
y, su
h a neutrino statisti
 might be obtained in one to two yearsfrom now on. The analysis itself 
an then easily be repeated and, given the results foratmospheri
 os
illation parameters from other experiments, might give a valuable 
lueto the understanding of the Antares dete
tor in the low-energy range.
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A Distribution of qualityparametersNeither the shape of the dete
tor, nor the ba
kground rate (ranging from 60 � 80 kHz)are showing signi�
ant impa
t on the distributions of the quality parameters servingas input to the neutral network. In this Appendix, the distributions of the trainingsample (global test sample, GTS, basing on ideal dete
tor: 12 strings, 60 kHz opti-
al ba
kground, all modules a
tive) are shown in 
omparison to the full simulationsample (FSS), whi
h is the 
ombination of all 23 setup simulations with their di�er-ent numbers of a
tive lines, ba
kground rates and bad 
hannel ratios. It 
an be seen,that all distributions agree a

eptably. Consequently, the network does not have tobe trained separately for ea
h of the di�erent setups. Instead, dire
t appli
ation ofthe neural network trained with the GTS to all di�erent setup simulations is possible.In Figs. A.1 and A.2 the distributions of the single- and multi-string parameters areshown, respe
tively.
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A Distribution of quality parameters
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Figure A.1: Neural network input distributions of well (∆Θ < 5◦) and badly re
on-stru
ted single-string events (∆Θ > 10◦) of the global test sample (bla
kdashed and bla
k dotted lines, respe
tively), used for training the net-work, and the full simulation sample (green and red lines, respe
tively).
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Figure A.2: Neural network input distributions of well (∆Θ < 5◦) and badly re
on-stru
ted multi-string events (∆Θ > 10◦) of the global test sample (bla
kdashed and bla
k dotted lines, respe
tively), used for training the net-work, and the full simulation sample (green and red lines, respe
tively).
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A Distribution of quality parameters
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B Python steering s
ripts forpro
essing the dataThe Python steering s
ript to perform the data pro
essing with SeaTray :#xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx# S
ript start#xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx#!/usr/bin/env pythonfrom I3Tray import *from os.path import expandvarsimport osimport sysimport tasks.antarestray = I3Tray()load("libdata
lasses")load("libphys-servi
es")load("libdataio")load("libantares-reader")load("libhit-sele
tor")load("libantares-tools")load("libinterfa
es")load("libposidonia")load("libi
epi
k")load("libantares-qa")#======================================================================# Set parameters#======================================================================storeydist = 14.5
oin
iden
eWindow = 20.*I3Units.nsevtfile = <ANTARES data file>outfile = <path> + <filenmame> + ".root"outi3file = <path> + <filenmame> + ".i3.gz"outtxtfile = <path> + <filenmame> + ".txt"#======================================================================# A

ess to database#======================================================================# load basi
 fun
tionality for Antares datatasks.antares.exp.addReadAntExpData(tray, evtfile=evtfile,fallba
kToTriggerGeometry=True)#======================================================================# Filter Minimum Bias#======================================================================# filter minimum bias events from Antares raw datatasks.antares.exp.addFilterMinimumBiasEvents(tray)#======================================================================# Calibration#======================================================================# ANATARES raw data 
alibrationtasks.antares.exp.addCalibration(tray)#====================================================================== 163



B Python steering s
ripts for pro
essing the data# Mask Pulses#======================================================================tray.AddModule("AntMaskOMCondition", "MaskPulses")(("InputRe
oPulses", "CalibratedPulses"),("OutputRe
oPulses", "PureCalibratedPulses"),("OMConditionMap", "OMCondition"))#======================================================================# Cal
ulate the mean rate and defe
tive 
hannel ratio#======================================================================tray.AddModule("AntCal
EventInfo", "Cal
EventParams")(("InputOMCondition","OMCondition"),("EventHeader","I3EventHeader"))#======================================================================# The L1 trigger#======================================================================# this is the L1 trigger (4 modules)# find big hitstray.AddModule("I3HitSele
torModule<I3LowHighCutOff>","HighThreshSele
tion")(("INmap", "PureCalibratedPulses"),("OUTmap", "PureCalibratedPulses_high_thresh"),("MinNPE", bigHitAmp),("MaxNPE", 1.e7))# find 
oin
iden
es within the remaining hitstray.AddModule("I3HitSele
torModule<I3Lo
alCoin
iden
es>","Lo
alCoin
iden
eSele
tion")(("INmap", "PureCalibratedPulses_high_thresh_desele
ted"),("OUTmap", "PureCalibratedPulses_
oin
iden
es"),("Coin
iden
e", 
oin
iden
eWindow),("OnlyOneHitPerCoin
iden
e", True),("NoFrameNamingPostfix", True),("WriteSele
tedHits", True),("WriteDesele
tedHits", False))# build a 
ombined list of big hits and floor 
oin
iden
estray.AddModule("I3HitMerger","MergeSele
tions")(("INmap1", "PureCalibratedPulses_high_thresh_sele
ted"),("INmap2", "PureCalibratedPulses_
oin
iden
es"),("OUTmap", "PureCalibratedPulses_with_redundan
ies"))# 
lean up this list by removing redundant 
oin
iden
estray.AddModule("I3HitSele
torModule<I3RemoveRedundantCoin
iden
es>","RemoveRedundantCoin
iden
es")(("INmap", "PureCalibratedPulses_with_redundan
ies"),("OUTmap", "PureCalibratedPulses_L1"),("NoFrameNamingPostfix", True),("WriteSele
tedHits", True),("WriteDesele
tedHits", False),("Coin
iden
e", 
oin
iden
eWindow))#======================================================================# The L2 trigger#======================================================================tray.AddModule("I3AntTriggerSimulator","TriggerSimulator")(("InputRe
oPulses", "PureCalibratedPulses_L1"),("OutputRe
oPulses", "PureCalibratedPulses_L2"),("OutputTriggeredBool", "Triggered"),("OutputTriggeredNum", "NumTriggers"),("TriggerHierar
hyName", "SimulatedTriggers"),("WriteOutUntriggeredEvents", True),("UseFloorPositions", True),("DoTrigger3D", False),("DoTrigger3N", True),("DoTrigger3S", False),("DoTrigger3T", True),("DoTrigger1D", False))
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#======================================================================# Rebuild L1 Hits#======================================================================tray.AddModule("I3HitSele
torModule<I3Lo
alCoin
iden
esWithHits>","RebuildTriggeredHitsL1")(("INmap", "PureCalibratedPulses"),("Referen
eHitSeriesMap", "PureCalibratedPulses_L1"),("OUTmap", "FullL1List"),("Coin
iden
eGate", 
oin
iden
eWindow),("NoFrameNamingPostfix", True),("WriteSele
tedHits", True),("WriteDesele
tedHits", False))#======================================================================# Rebuild L2 Hits#======================================================================tray.AddModule("I3HitSele
torModule<I3Lo
alCoin
iden
esWithHits>","RebuildTriggeredHitsL2")(("INmap", "PureCalibratedPulses"),("Referen
eHitSeriesMap", "PureCalibratedPulses_L2"),("OUTmap", "FullL2List"),("Coin
iden
eGate", 
oin
iden
eWindow),("NoFrameNamingPostfix", True),("WriteSele
tedHits", True),("WriteDesele
tedHits", False))#======================================================================# Pi
k the events with alignment#======================================================================# the i
epi
k to sele
t eventstray.AddModule("I3I
ePi
kModule<I3AlignmentFilter>", "FilterAlignment")(("Dis
ardEvents",False),("OMConditionMap","OMCondition"),("De
isionName","PassAlignment"),)#======================================================================# Pi
k the events with good quality#======================================================================# the i
epi
k to sele
t eventstray.AddModule("I3I
ePi
kModule<I3DataQualityFilter>","FilterDataQuality")(("Dis
ardEvents",False),("NoiseMeanRateName", "EventMeanRate"),("NoiseLimit", 80.0),("Defe
tiveChannelRatioName","Defe
tiveChannelRatio"),("ChannelLimit",0.3),("De
isionName","PassDataquality"),)#======================================================================# Cal
ulate lifetime and dis
ard events that did not pass the filters#======================================================================tray.AddModule("AntCal
Lifetime", "Cal
Lifetime")(("EventHeader","I3EventHeader"),("TriggerHierar
hy", "SimulatedTriggers"),("InputRe
oPulses", "PureCalibratedPulses"),("DataqualityBool", "PassDataquality"),("AlignmentBool", "PassAlignment"),("Dis
ardEvents", True),("SkipFirstNSe
onds", 120),("OutfileNameTxt", outtxtfile),)#======================================================================# Write a .i3 file#======================================================================tray.AddModule("I3Writer","Writer")(("filename", outi3file))#======================================================================# Finish s
ript 165



B Python steering s
ripts for pro
essing the data#======================================================================tray.AddModule("TrashCan","TheEnd")tray.Exe
ute()tray.Finish()#xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx# S
ript end#xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
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The Python steering s
ript to perform the pro
essing of the simulations with SeaTray :#xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx# S
ript start#xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx#!/usr/bin/env pythonfrom I3Tray import *from os.path import expandvarsimport osimport sysimport tasks.antaresimport stringtray = I3Tray()load("libdata
lasses")load("libphys-servi
es")load("libdataio")load("libantares-reader")load("libhit-sele
tor")load("libantares-tools")load("libinterfa
es")load("libi
epi
k")#======================================================================# Set parameters#======================================================================infile = <MC input file>outfile = <path> + <filenmame> + ".root"outi3file = <path> + <filenmame> + ".i3.gz"# set a

ording to data filenoise = 60.bigHitAmp = 10.geofile = expandvars("/pi1/
ommon/antsoft/DETECTOR/r12_
00_s01.det")ba
kground_rate = noise*1000storeydist = 14.5seed = <seed># these are the values used by the ANTARES tool "TriggerEffi
ien
y"
oin
iden
eWindow = 20.*I3Units.nsARSThresholdAmp = 0.3ARSIntegrationTime = 40.*I3Units.nsswit
hTime = 7.*I3Units.nsARSDeadTime = 250.*I3Units.ns# these are the values used by the ANTARES tool "TriggerEffi
ien
y"# determine number of events, generated for this input filenumberOfGeneratedEvents = 0mupage=Falseif string.find(infile, "mupage") is not -1:irradiationTime = 312* 1.*I3Units.snumberOfGeneratedEvents = 208.*30.*24.*3600.mupage=Trueelif string.find(infile, "anumu") is not -1:irradiationTime = 1.*I3Units.snumberOfGeneratedEvents = 13*1E10elif string.find(infile, "numu") is not -1 andstring.find(infile, "anumu") is -1:irradiationTime = 1.*I3Units.snumberOfGeneratedEvents = 30*1E10#======================================================================# Install the servi
es#======================================================================# fill the geometry stream with data from the ANTARES dete
tor filetray.AddServi
e("I3AntTextFileGeometryServi
eFa
tory","geometry")(("OMAngularParametrization", "Spring09"),("AntaresGeoFile",geofile))# read the text filetray.AddServi
e("I3AntTxtReaderServi
eFa
tory","anttxtreader")( 167



B Python steering s
ripts for pro
essing the data("Filename",infile),("Year",2007),("DAQTime",173356670000000001),("MCSeriesName","EvtMCHitSeries"),("RawSeriesName","EvtRawHitSeries"))# add empty streams where ne
essarytray.AddServi
e("I3EmptyStreamsFa
tory","empty_streams")(("InstallGeometry",False),("InstallEvent",False),("InstallStatus",True),("InstallCalibration",True),)# install random number servi
etray.AddServi
e("I3SPRNGRandomServi
eFa
tory","random")(("Seed",seed),("NStreams",seed+1),("StreamNum",1))tray.AddModule("I3Muxer","muxer")#====================================================================# Add the noise#====================================================================tray.AddModule("I3NoiseHitsAdder","AddNoise")(("WhiteNoiseRatePerPMT",noise*I3Units.kilohertz),("NoiseOffsetTime",2500.*I3Units.ns),("RemoveOldNoise",True),("InputMCHits","EvtMCHitSeries"),("OutputMCHits","EvtMCHitSeries_WithNewNoise"))#====================================================================# The PMT simulator#====================================================================tray.AddModule("I3AntPMSimulator","simpm")(("InputMCHits","EvtMCHitSeries_WithNewNoise"),("OutputRe
oPulses","Re
oPulseSeriesAfterARS"),("OutputHitRelationMap","Re
oPulseToMCHitRelation"),("NumARS",2),("IntegrationTimeARS",ARSIntegrationTime),("Swit
hTime", swit
hTime),("DeadTimeARS",ARSDeadTime),("AmplitudeThresholdARS",ARSThresholdAmp),("DoTrigEffTTS", True),("DoTrigEffGainRandomization", True))#====================================================================# Dete
tor emulation#====================================================================# set a

ording to data filetray.AddModule("AntEmulateOMCondition", "Dete
torEmulation")(("OMsLine1", [9,40,48,65℄),("OMsLine2", [6,10,19,28,64℄),("OMsLine3", [1,31,41,50,54,57,62,66,73℄),("OMsLine4", [11,15℄),("OMsLine5", [1,2,3,15,34,41,46,48,55,66,70,71,73,75℄),("OMsLine6", [12,13,14,15,555℄),("OMsLine7", [7,31,33,39,46,47,49,56,58,59,63,64,74℄),("OMsLine8", [27,49℄),("OMsLine9", [15,222,41,444℄),("OMsLine10", [4,5,6,13,14,21,35,59,67,68℄),("OMsLine11", [1,2,3,4,7,12,15,39,67,70,71℄),("OMsLine12", [5,17,28,33,34,35,36℄),("OutputOMConditionMap", "OMCondition"),("NumberOfDeadOMs", 15))#======================================================================# Mask the pulses#======================================================================tray.AddModule("AntMaskOMCondition", "MaskPulses")(168



("InputRe
oPulses", "Re
oPulseSeriesAfterARS"),("OutputRe
oPulses", "FinalPulses"),("OMConditionMap", "OMCondition"))#======================================================================# The L1 trigger#======================================================================tray.AddModule("I3HitSele
torModule<I3LowHighCutOff>","HighThreshSele
tion")(("INmap", "FinalPulses"),("OUTmap", "FinalPulses_high_thresh"),("MinNPE", bigHitAmp),("MaxNPE", 1.e7))tray.AddModule("I3HitSele
torModule<I3Lo
alCoin
iden
es>","Lo
alCoin
iden
eSele
tion")(("INmap", "FinalPulses_high_thresh_desele
ted"),("OUTmap", "FinalPulses_
oin
iden
es"),("Coin
iden
e", 
oin
iden
eWindow),("OnlyOneHitPerCoin
iden
e", True),("NoFrameNamingPostfix", True),("WriteSele
tedHits", True),("WriteDesele
tedHits", False))tray.AddModule("I3HitMerger","MergeSele
tions")(("INmap1", "FinalPulses_high_thresh_sele
ted"),("INmap2", "FinalPulses_
oin
iden
es"),("OUTmap", "FinalPulses_with_redundan
ies"))tray.AddModule("I3HitSele
torModule<I3RemoveRedundantCoin
iden
es>","RemoveRedundantCoin
iden
es")(("INmap", "FinalPulses_with_redundan
ies"),("OUTmap", "FinalPulses_L1"),("NoFrameNamingPostfix", True),("WriteSele
tedHits", True),("WriteDesele
tedHits", False),("Coin
iden
e", 
oin
iden
eWindow))#======================================================================#The L2 trigger#======================================================================tray.AddModule("I3AntTriggerSimulator","TriggerSimulator")(("InputRe
oPulses", "FinalPulses_L1"),("OutputRe
oPulses", "FinalPulses_L2"),("OutputTriggeredBool", "Triggered"),("OutputTriggeredNum", "NumTriggers"),("TriggerHierar
hyName", "SimulatedTriggers"),("WriteOutUntriggeredEvents", False),("UseFloorPositions", True),("DoTrigger3D", False),("DoTrigger3N", True),("DoTrigger3S", False),("DoTrigger3T", True),("DoTrigger1D", False))#======================================================================# Event building#======================================================================tray.AddModule("AntSnapshotMaker", "SnapshotMaker")(("InputAllRe
oPulses", "FinalPulses"),("InputTriggeredPulses", "FinalPulses_L2"),("OutputSnapshotPulses", "EventPulses"),)#======================================================================# Rebuild L1 hits#======================================================================tray.AddModule("I3HitSele
torModule<I3Lo
alCoin
iden
esWithHits>","RebuildTriggeredHitsL1")(("INmap", "EventPulses"),("Referen
eHitSeriesMap", "FinalPulses_L1"), 169



B Python steering s
ripts for pro
essing the data("OUTmap", "FullL1List"),("Coin
iden
eGate", 20.*I3Units.ns),("NoFrameNamingPostfix", True),("WriteSele
tedHits", True),("WriteDesele
tedHits", False))#======================================================================# Rebuild L2 hits#======================================================================tray.AddModule("I3HitSele
torModule<I3Lo
alCoin
iden
esWithHits>","RebuildTriggeredHitsL2")(("INmap", "EventPulses"),("Referen
eHitSeriesMap", "FinalPulses_L2"),("OUTmap", "FullL2List"),("Coin
iden
eGate", 
oin
iden
eWindow),("NoFrameNamingPostfix", True),("WriteSele
tedHits", True),("WriteDesele
tedHits", False))#======================================================================# Write a .i3 file#======================================================================tray.AddModule("I3Writer","Writer")(("filename", outi3file))#======================================================================# Finish s
ript#======================================================================tray.AddModule("TrashCan","TheEnd")tray.Exe
ute()tray.Finish()#xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx# S
ript end#xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
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The Python steering s
ript to perform the full re
onstru
tion pro
essing with SeaTray,as done within 
ontext of this thesis. The re
onstru
tion pro
edure is the same bothfor data and simulations.#xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx# S
ript start#xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx#!/usr/bin/env pythonfrom I3Tray import *from os.path import expandvarsimport osimport sysimport stringtray = I3Tray()load("libdata
lasses")load("libphys-servi
es")load("libantares-reader")load("libhit-sele
tor")load("libantares-tools")load("libi
epi
k")load("libposidonia")#======================================================================# Set parameters#======================================================================infile = <input file> + ".i3.gz"outi3file = <path> + <filenmame> + ".i3.gz"storeydist = 14.5# When pro
essing data, repla
e 'EventPulses' by 'PureCalibratedPulses'#========================================================================# File reader#========================================================================tray.AddServi
e("I3ReaderServi
eFa
tory", "Reader")(("Filename", infile ),)tray.AddModule("I3Muxer","muxer")#======================================================================# BBfit tra
k re
onstru
tion#======================================================================tray.AddModule("I3BBFitRe
o", "BBRe
o")(("InputPulseSeriesMap","EventPulses"),("InputTriggeredPulseSeriesMap","FinalPulses_FullL1List"),("FitResultNameTra
k","BBTra
k"),("FitResultNameBrightPoint","BBBright"),("FitParamsName","BBInfo"),("AmplitudeCut",2.5))#======================================================================# BBfit tra
k zenith filter#======================================================================tray.AddModule("Os
illationZenithFilter","ZenithFilterBBTra
k")(("BBTra
k","BBTra
k"),("MinZenith", 115.),)#======================================================================#HM Hitsele
tion#======================================================================tray.AddModule("I3HitSele
torModule<I3ClusterHits>", "XClusterHits")(("MaxTimeDifferen
e",150.0*I3Units.ns),("MaxDistan
e",3*storeydist*I3Units.m),("MinHits",3),("MaxRMSIn
",4.0*I3Units.degree),("OriginHitOnly",True),("INmap", "EventPulses"), 171



B Python steering s
ripts for pro
essing the data("OUTmap", "XClusterHits"),("WriteDesele
tedHits", False),("NoFrameNamingPostfix", True),)tray.AddModule("I3HitSele
torModule<I3ClusterHits>", "YClusterHits")(("MaxTimeDifferen
e",50.0*I3Units.ns),("MaxDistan
e",2*storeydist*I3Units.m),("MinHits",2),("OriginHitOnly",True),("INmap", "EventPulses"),("OUTmap", "YClusterHits"),("WriteDesele
tedHits", False),("NoFrameNamingPostfix", True),)tray.AddModule("I3HitSele
torModule<I3ClusterHits>", "ZClusterHits")(("MaxTimeDifferen
e",200.0*I3Units.ns),("MaxDistan
e",5*storeydist*I3Units.m),("MinHits",4),("OriginHitOnly",True),("MaxRMSIn
",4.0*I3Units.degree),("INmap", "EventPulses"),("OUTmap", "ZClusterHits"),("WriteDesele
tedHits", False),("NoFrameNamingPostfix", True),)tray.AddModule("I3HitSele
torModule<I3LowHighCutOff>", "XLargeHits")(("INmap", "XClusterHits"),("MaxNPE", 1000000),("MinNPE", 1.5),("OUTmap", "XLargeHits"),("WriteDesele
tedHits", False),("NoFrameNamingPostfix", True),)tray.AddModule("I3HitSele
torModule<I3LowHighCutOff>", "YLargeHits")(("INmap", "YClusterHits"),("MaxNPE", 1000000),("MinNPE", 2.0),("OUTmap", "YLargeHits"),("WriteDesele
tedHits", False),("NoFrameNamingPostfix", True),)tray.AddModule("I3HitSele
torModule<I3LowHighCutOff>", "ZLargeHits")(("INmap", "ZClusterHits"),("MaxNPE", 1000000),("MinNPE", 2.0),("OUTmap", "ZLargeHits"),("WriteDesele
tedHits", False),("NoFrameNamingPostfix", True),)tray.AddModule("I3HitSele
torModule<I3Identi
alHits>", "XYClusterHits")(("Referen
eHitSeriesMap","YClusterHits"),("INmap", "XClusterHits"),("OUTmap", "XYClusterHits"),("WriteDesele
tedHits", False),("NoFrameNamingPostfix", True),)tray.AddModule("I3HitSele
torModule<I3Identi
alHits>", "YZClusterHits")(("Referen
eHitSeriesMap","YClusterHits"),("INmap", "ZClusterHits"),("OUTmap", "YZClusterHits"),("WriteDesele
tedHits", False),("NoFrameNamingPostfix", True),)tray.AddModule("I3HitSele
torModule<I3Identi
alHits>", "XZClusterHits")(("Referen
eHitSeriesMap","XClusterHits"),("INmap", "ZClusterHits"),("OUTmap", "XZClusterHits"),("WriteDesele
tedHits", False),("NoFrameNamingPostfix", True),)tray.AddModule("I3HitMerger", "Meta_One")(("INmap1", "XYClusterHits"),("INmap2", "YZClusterHits"),("OUTmap", "Meta_One"),)tray.AddModule("I3HitMerger", "Meta_Two")(("INmap1", "Meta_One"),172



("INmap2", "XZClusterHits"),("OUTmap", "Meta_Two"),)tray.AddModule("I3HitMerger", "Meta_Three")(("INmap1", "Meta_Two"),("INmap2", "XLargeHits"),("OUTmap", "Meta_Three"),)tray.AddModule("I3HitMerger", "Meta_Four")(("INmap1", "Meta_Three"),("INmap2", "YLargeHits"),("OUTmap", "Meta_Four"),)tray.AddModule("I3HitMerger", "Meta_Five")(("INmap1", "Meta_Four"),("INmap2", "ZLargeHits"),("OUTmap", "ClusterHits"),)#======================================================================# Merge with L2 hits#======================================================================tray.AddModule("I3HitMerger","MergeSele
tions")(("INmap1", "ClusterHits"),("INmap2", "FullL2List"),("OUTmap", "HMHits"))#======================================================================# Posidonia event 
lassifier#======================================================================tray.AddModule("PosidoniaEventClassifier","Classifier")(("EventHeader","I3EventHeader"),("InputAllRe
oPulses","HMHits"),("InputCoin
identPulses","FullL2Pulses"),("NStrings", 13),("NStringsWithCoin
s", 2),("Logi
alOperator", "and"),("OutputInfoName","EventInfo"),("OutputName","Classifi
ationResult"))#======================================================================# 3D Prefit#======================================================================tray.AddModule("PosidoniaLinearPrefit","Prefit")(("InputRe
oPulses","FullL2Pulses"),("EventClassifi
ationResult", "Classifi
ationResult"),("OutputTra
k","3DPrefit"),)#======================================================================# Posidonia zenith filter#======================================================================tray.AddModule("Os
illationZenithFilter","ZenithFilterPrefit")(("BBTra
k","BBTra
k"),("Parti
leKey","3DPrefit"),("PosidoniaClassifi
ationResult","Classifi
ationResult"),("MinZenith", 115.),)#======================================================================# Posidonia 3D hit sele
tion#======================================================================tray.AddModule("I3HitSele
torModule<I3SmallTimeResidualsAndDistan
es>","SmallTimeResidualSele
tion")(("INmap", "HMHits"),("OUTmap", "HitsCompatibleWithPrefit"),("WriteDesele
tedHits", False),("NoFrameNamingPostfix", True),("Referen
eParti
leName", "3DPrefit"),("TimeResidualsInUnitsOfRMS", False),("MinDt", -100.*I3Units.ns),("MaxDt", 80.*I3Units.ns),("MaxDist", 120.*I3Units.m),("AlwaysKeepAmpThreshold", 999999.)) 173



B Python steering s
ripts for pro
essing the data#======================================================================# Posidonia 3D s
an fit#======================================================================tray.AddModule("PosidoniaMainFit", "3DS
anFit")(("EventClassifi
ationResult","Classifi
ationResult"),("InputRe
oPulses","HitsCompatibleWithPrefit"),("OutputFinalFit", "3DFinalfit"),("OutputFitInfo", "3DFitinfo"),("OutputAmplitudes", "3DAmplitudes"),("OutputResiduals", "3DResiduals"),("Do1DS
anFit", "Do1DS
anFit"),)#======================================================================# Posidonia: information about 3D tra
k, 
ontainment estimation#======================================================================tray.AddModule("PosidoniaCal
Tra
kInfo", "Cal
Tra
kInfo3D")(("InputFitColle
tion","HitsCompatibleWithPrefit"),("InputContainmentColle
tion","HMHits"),("InputTra
k","3DFinalfit"),("OutputTra
kInfo","3DTra
kinfo"),("InputEventType", "3D"),)#======================================================================# Posidonia 1D string sele
tor#======================================================================tray.AddModule("Posidonia1DStringSele
tor","StringSele
tor")(("EventClassifi
ationResult", "Classifi
ationResult"),("InputCoin
identPulses", "FullL2Pulses"),("InputSinglePulses", "HMHits"),("OutputHitColle
tionName","1DColle
tion"),("OutputMainStringNumber","Mainstring"),("Do1DS
anFit", "Do1DS
anFit"))#======================================================================# Posidonia 1D s
an fit#======================================================================tray.AddModule("Posidonia1DS
an","1DS
anFit")(("InputPosidoniaHitColle
tion","1DColle
tion"),("InputMainString","Mainstring"),("OutputFinalFit", "1DFinalfit"),("OutputFitInfo", "1DFitinfo"),("OutputAmplitudes", "1DAmplitudes"),("OutputResiduals", "1DResiduals"),)#======================================================================#1D Cal
Tra
kInfo#======================================================================tray.AddModule("PosidoniaCal
Tra
kInfo", "Cal
Tra
kInfo3D")(("InputFitColle
tion","1DColle
tion"),("InputContainmentColle
tion","HMHits"),("InputTra
k","1DFinalfit"),("OutputTra
kInfo","1DTra
kinfo"),("InputEventType", "1D"),)#======================================================================# Write a .i3 file#======================================================================tray.AddModule("I3Writer","Writer")(("filename", outi3file))#======================================================================# Finish s
ript#======================================================================tray.AddModule("TrashCan","TheEnd")tray.Exe
ute()tray.Finish()#xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx# S
ript end#xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
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ZusammenfassungIm Jahre 1911 entde
kte Vi
tor Hess die kosmis
he Strahlung (Nobel Preis 1936), undö�nete damit ein völlig neues Fenster zu unserem Universum. Kosmis
he Strahlen sindgeladene Botenteil
hen aus dem All, die permanent auf unsere Erdatmosphäre auftref-fen. Sie tragen Information, wel
he helfen kann, no
h o�ene astrophysikalis
he Fragenzu beantworten.Kosmis
he Strahlung wird hauptsä
hli
h auf der Erde über Sekundärstrahlung (au
hatmosphäris
he Strahlung genannt) gemessen, die dur
h die We
hselwirkung der kos-mis
hen Teil
hen mit Gasmolekülen der Erdatmosphäre entsteht. Dabei werden neueTeil
hen erzeugt, die wiederum we
hselwirken und weitere Teil
hen erzeugen. Eine ha-dronis
he oder elektromagnetis
he Kaskade (S
hauer) bildet si
h aus. Über den Na
h-weis dieser Sekundärstrahlung kann auf das Primärteil
hen rü
kges
hlossen werden.Das Spektrum der primären kosmis
hen Strahlung rei
ht über viele Gröÿenordnungenbis jenseits von E = 1020 eV. Dies übersteigt die Energie, die in den aktuell leistungs-fähigsten Teil
henbes
hleunigern erzeugt werden kann um mehrere Gröÿenordnungen.Obwohl über die kosmis
he Strahlung bereits viel bekannt ist, gibt es immer no
h un-geklärte fundamentale Fragen wie beispielsweise Fragen na
h ihrer Herkunft und ihrenBes
hleunigungsprozessen. Da geladene Teil
hen in galaktis
hen und intergalaktis
henmagnetis
hen Feldern abgelenkt werden, tre�en sie isotrop auf die Erde und lassen kei-ne Rü
ks
hlüsse über ihre Herkunft zu. Nur bei hö
hsten Energien ist die Ablenkungklein genug, so dass die Teil
hen auf ihren Ursprungsort zurü
kdeuten.Neben geladenen Teil
hen zählen au
h ho
henergetis
he Photonen (E > 100 keV) undNeutrinos zur kosmis
hen Strahlung1. Während γ-Strahlen dur
h vers
hiedene Me
ha-nismen in leptonis
hen (z.B. Syn
hrotronstrahlung) oder hadronis
hen Prozessen (z.B.Pion-Zerfall) erzeugt werden können, werden Neutrinos nur in hadronis
hen Szenarienerzeugt. Der Na
hweis von ho
henergetis
hen Neutrinos würde daher direkt die Existenzrelativistis
her Hadronen beweisen. Neutrinos propagieren im Wesentli
hen ungestörtdur
h das Universum, da sie in magnetis
hen Feldern ni
ht abgelenkt werden und sieeinen sehr kleinen We
hselwirkungsquers
hnitt haben. Allerdings sind diese Vorteileau
h glei
hzeitig der ents
heidende Na
hteil beim Na
hweis von Neutrinos: aufgrunddes kleines Wirkungsquers
hnittes sind sie s
hwer na
hzuweisen, und groÿe Detektorensind nötig, um zumindest einige wenige kosmis
he Neutrinos zu messen.Das Antares Neutrino Teleskop wurde gebaut um ho
henergetis
he kosmis
he Neu-trinos zu detektieren. Der Detektor ist etwa 24 km vor der französis
hen Küste in derNähe der Stadt Toulon am Grund des Mittelmeeres verankert. Antares nutzt das1Einige Autoren verwenden den Ausdru
k �kosmis
he Strahlung� nur für die geladene Komponenteder Strahlung. 177



ZusammenfassungMeereswasser als Detektionsmedium und besteht aus einer dreidimensionalen Anord-nung von Photomultipliern, die ein Volumen von etwa 0.03 km3 instrumentieren. In ders
hwa
hen 
harged-
urrent We
hselwirkung von ho
henergetis
hen Neutrinos mit Nu-kleonen werden relativistis
he, geladene Teil
hen erzeugt. Beim Dur
hgang dur
h eintransparentes Medium emittieren diese Cherenkovli
ht, wel
hes von den Photomulti-pliern detektiert wird.Antares ist auf den Na
hweis von Myon-Neutrinos optimiert. In 
harged-
urrentWe
hselwirkungen mit Nukleonen erzeugen diese Myonen, wel
he aufgrund ihrer langeSpurlänge eine präzise Spurrekonstruktion bis auf einige zehntel Grad ermögli
hen. DieLänge der Myonspur ist von der Energie des Myons abhängig und rei
ht von einigenzehn Metern bei 10GeV bis zu einigen Kilometern bei 1PeV. Dur
h die Instrumentie-rung des Detektors und den im Detektor vorhandenen optis
hen Untergrund (haupt-sä
hli
h Zerfälle von 40K und Biolumineszenz) liegt die Na
hweiss
hwelle von Myonenmit dem Antares Detektor bei einer Energie von etwa 10 bis 20GeV.Das häu�gste Neutrinosignal inAntares sind atmosphäris
he Neutrinos, wel
he Teilder sekundären kosmis
hen Strahlung sind. Ein potentielles kosmis
hes Neutrinosignalist in diesen irreduziblen Untergrund eingebettet, und kann nur dur
h einen Übers
hussan Ereignissen aus einer bestimmten Himmelsri
htung oder bei sehr hohen Energienidenti�ziert werden. Atmosphäris
he Neutrinos selbst ermögli
hen allerdings vers
hie-denen Arten von Studien. Das Phänomen der Neutrino-Oszillationen beispielsweise,wel
hes Thema der vorliegenden Arbeit ist, kann anhand atmosphäris
her Neutrinosuntersu
ht werden.Neutrinos werden als reine Flavour-Eigenzustände erzeugt und detektiert, wohin-gegen ihre Zeitentwi
klung in Masse-Eigenzuständen bes
hrieben wird. Flavour- undMasse-Eigenzustände von Neutrinos sind ni
ht identis
h. Ein reiner Flavour-Eigenzu-stand ist aus den drei Masse-Eigenzuständen zusammengesetzt, was bei einer zeitli-
hen Entwi
klung zu Interferenze�ekten, und somit zu einer Änderung der Flavour-Zusammensetzung führt. Aufgrund der Werte, die in vers
hiedenen Experimenten bis-her bestimmt wurden, kann das allgemeine Drei-Flavour Mis
hungsszenario dur
h zweiZwei-Flavour Szenarien angenähert werden. Die Überlebenswahrs
heinli
hkeit für einatmosphäris
hes Myon-Neutrino hängt dana
h nur vom Mis
hungswinkel Θ23 (oft au
hin der Form sin2 (2Θ23) angegeben), von der Di�erenz der Massenquadrate ∆m2
23, so-wie von der Neutrinoenergie Eν ab. Berü
ksi
htigt man Neutrinos mit unters
hiedli-
hen Zenitwinkeln, so ergibt si
h eine Abhängigkeit von Eν/ cos Θ′

ν , mit dem Winkel
Θ′

ν = π − Θν und dem Zenitwinkel des Neutrinos Θν .Der Zenitwinkel und die Energie eines von Antares na
hgewiesenen Myons kön-nen mit einem geeigneten Rekonstruktionsalgorithmus, wie er im Rahmen der Arbeitentwi
kelt und optimiert wurde, bere
hnet werden. Die Kinematik der Neutrinowe
h-selwirkung lässt es s
hlieÿli
h zu, (mit energieabhängiger Genauigkeit) auf die Ri
htungund die Energie des ursprüngli
hen Neutrinos rü
kzus
hlieÿen. Entspre
hend dem Zwei-Flavour Mis
hungsszenario und gegebenen Werten für Θ23 und ∆m2
23, manifestiert si
heine Flavour-Oszillation in einem De�zit in der Eµ,re
/ cosΘ′

µ,re
 Verteilung.Unter der Annahme von Werten für Θ23 und ∆m2
23, die im Jahr 2008 von der MinosKollaboration verö�entli
ht wurden [122℄, liegt ein Minimum der Myon-Neutrino Über-178



lebenswahrs
heinli
hkeit innerhalb der Antares Sensitivität bei etwa Eν/ cosΘ′

ν =
25GeV. Aufgrund der Kinematik und der Fehler dur
h die Rekonstruktion führt dieszu einem breiten De�zit an Neutrino-Ereignissen in den Antares Daten im rekonstru-ierten Eµ,re
/ cos Θ′

µ,re
 Spektrum zwis
hen 10 und 50GeV. Da dieser Energieberei
han der Sensitivitätss
hwelle von Antares liegt, ist eine Analyse, die auf die Bestim-mung der sogenannten atmosphäris
hen Oszillationsparameter Θ23 und ∆m2
23 abzielteine groÿe Herausforderung.Im Rahmen der vorliegenden Arbeit wurden die Daten des Antares Neutrino Te-leskops auf eine Signatur von Neutrino-Oszillationen hin untersu
ht. Zu diesem Zwe
kwurde ein dedizierter Niederenergie-Rekonstruktionsalgorithmus in das o�zielle An-tares Software-Framework implementiert. Der Algorithmus war ursprüngli
h zu einerZeit entwi
kelt worden, in der das endgültige Design von Antares no
h ni
ht festgelegtwar [109, 110, 111℄. Im Rahmen der Arbeit wurde der Algorithmus überarbeitet und andas �nale Detektorlayout und die aktuellen Simulationen angepasst. Auÿerdem wurdeder Algorithmus auf unters
hiedli
he Weise verbessert, beispielsweise dur
h das Einfü-gen einer neuen Wahrs
heinli
hkeitsdi
htefunktion (PDF), oder dur
h das Verwendenneuer Hit�lter.Für eine Neutrino-Oszillationsanalyse mit Antares ist neben einem e�zienten Nie-derenergie-Rekonstruktionsalgorithmus au
h eine gute Datenauswahl wi
htig. Im Rah-men der Arbeit wurde ein Konzept zur Selektion der Antares-Daten erarbeitet, wel-
hes die Umgebungsbedingungen und den Zustand des Detektors zur Zeit der Daten-nahme ermittelt und prüft. Weiterhin wurden die Detektorsimulationen so verändert,dass der si
h zeitli
h ändernde Detektorzustand berü
ksi
htigt wird.In den selektierten Daten wurden Myonspuren identi�ziert, und der oben genannteRekonstruktionsalgorithmus wurde angewendet um die Zenitwinkel der Myonspuren zubere
hnen. Da fehlrekonstruierte atmosphäris
he Myonen aus atmosphäris
hen S
hau-ern das atmosphäris
he Neutrinosignal um drei bis vier Gröÿenordnungen übertref-fen, sind e�ektive Qualitätss
hnitte notwendig, um diese zu unterdrü
ken. Zu diesemZwe
k wurde ein neuronales Netz verwendet, wel
hes die Information vers
hiedenerEingangsparameter e�ektiv zu einem einzelnen S
hnittparameter kombiniert. Nur fürEreignisse, die dur
h den S
hnitt auf den Ausgangsparameter des neuronalen Netzesselektiert wurden, wurden eine Energierekonstruktion dur
hgeführt.Die Energierekonstruktion besteht in einem ersten S
hritt aus der Auswahl von sogenannten �
ontained� Ereignissen, deren Start- und Endpunkt im Detektor enthaltensind. Dur
h diese Auswahl wird die mittlere Energie der selektierten Myon-Ereignissereduziert, und eine verlässli
he Spurlängenrekonstruktion ist mögli
h. Die Energie dereinzelnen �
ontained� Ereignisse kann s
hlieÿli
h über die bere
hnete Spurlänge ermit-telt werden.Das so erhaltene Eµ,re
/ cosΘ′

µ,re
 Spektrum wurde mit simulierten, auf unters
hied-li
hen Oszillations-Szenarien (d.h. unters
hiedli
hen Werten für die Oszillationspara-meter Θ23 und ∆m2
23) beruhenden Spektren vergli
hen. Über die Minimierung einer χ2Statistik [124℄ wurde das wahrs
heinli
hste Oszillationsszenario bestimmt. Für die Kon-struktion einer 90% Kon�denzregion wurde ein frequentistis
her Ansatz zur Analysekleiner Signale verwendet [123℄. 179



ZusammenfassungUm das Ergebnis der Datenanalyse einordnen und bewerten zu können, wurden dieAnalyse und die Konstruktion der Kon�denzregion vor Anwendung auf die Daten mitToy-Daten getestet. Diese Toy-Daten basieren auf einem Oszillations-Szenario gemäÿden von Minos verö�entli
hten Werten [122℄ (∆m2
23 = 10−2.6 eV2 und sin2(2Θ23) = 1).Die Toy-Daten Studie zeigte, dass bei einer kleinen Ereignis-Statistik von 150 Neu-trinos die χ2 Verteilung keine klare Unters
heidung zwis
hen vers
hiedenen Szenari-en zulässt. Dementspre
hend variieren die Kon�denzregionen unters
hiedli
her Toy-Datensätze (jeweils auf dem Minos Szenario beruhend und mit glei
her Statistik von150 Ereignissen) stark in Gröÿe und Form. Unter Verwendung von (ebenfalls auf demMinos Szenario beruhenden) Toy-Datensätzen mit einer groÿen Ereignis-Statistik von1 000 Neutrinos dagegen ist die χ2 Verteilung wesentli
h ausgeprägter und führt dement-spre
hend zu kleineren Kon�denzregionen. Diese sind stabiler in Form und Gröÿe alsdie Kon�denzregionen der kleinen Toy-Datensätze mit 150 Neutrino-Ereignissen.Die Anwendung der Analyse auf die Daten ergab als besten Fit die Werte ∆m2

23 =
10−2.8 und sin2(2Θ23) = 1, was nahe an den Minos Werten liegt. Die Daten enthaltenim für die Analyse berü
ksi
htigten Energieberei
h 91 Ereignisse. Dies liegt no
h unterder Statistik der kleinen Toy-Datensätze mit 150 Ereignissen. Aus der Untersu
hungmit den Toy-Daten lässt si
h der S
hluss ziehen, dass das Ergebnis ni
ht signi�kantist. Dies spiegelt si
h au
h in der 90% Kon�denzregion der Daten wieder, wel
he diekomplette getestete Parameterebene bede
kt.Dur
h Verwendung einer absoluten anstelle einer relativen Normierung der simu-lierten Eµ,re
/ cosΘ′

µ,re
 Verteilungen ergab si
h der beste Fit zu ∆m2
23 = 10−0.7 und

sin2(2Θ23) = 1. Dies ist weit abseits des erwarteten ∆m2
23 Wertes, der dur
h andereOszillationsexperimente, wie beispielsweise Minos, bereits gut bestimmt ist.Die Ursa
he dafür ist vermutli
h, dass die Übereinstimmung zwis
hen Daten undSimulationen ni
ht zufriedenstellend ist. Dieses Problem wird ni
ht nur im �nalen

Eµ,re
/ cosΘ′

µ,re
 Spektrum deutli
h, sondern bereits in elementareren Verteilungen, wieder Anzahl von Hits pro Ereignis oder der gemessenen Li
htmenge pro Ereignis. DieseDiskrepanz ist kein spezi�s
hes Problem der hier präsentierten Arbeit, sondern no
h eingenerelles Problem der Antares Detektorsimulation. Der Antares Detektor be�ndetsi
h na
h der Fertigstellung im Sommer 2008 no
h in seiner Commissioning Phase, undes wird aktuell innerhalb der Kollaboration daran gearbeitet, die Übereinstimmung zwi-s
hen Daten und Simulation zu verbessern. Es wurden auf diesem Gebiet bereits groÿeForts
hritte erzielt, die jedo
h in der vorliegenden Arbeit ni
ht mehr berü
ksi
htigtwerden konnten.Die Studie mit den Toy-Daten hat gezeigt, dass eine gute Bestimmung der Oszillati-onsparameter mit einer kleinen Kon�denzregion mögli
h ist, wenn die Ereignisstatistikausrei
hend groÿ ist. Eine Anzahl von 1 000 Neutrino Ereignissen, mit der in der Stu-die gute Ergebnisse erzielt werden konnten, kann beispielsweise innerhalb von se
hsbis sieben Jahren Datennahme erhalten werden (unter Extrapolation der vorliegendenDaten). Gründet man die Abs
hätzung auf optimistis
he Annahmen, wie beispielswei-se ein vollständig funktionierenden Detektor, niedrige optis
he Untergrundraten undmögli
herweise einen weiteren Anstieg der E�zienz von Rekonstruktion und Ereig-nisselektion, so kann sol
h eine Ereignis-Statistik bereits innerhalb von ein oder zwei180



Jahren erzielt werden. Die Analyse kann zum gegebenen Zeitpunkt lei
ht wiederholtwerden. Unter Einbeziehung der Ergebnisse anderer Experimente zur Bestimmung derOszillationsparameter könnten dann au
h wertvolle S
hlüsse über das Verständnis desAntares Detektors im Niederenergieberei
h gezogen werden.
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