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Chapter 1Introdution
This work will be onerned with neutrino physis and, in partiular, with neutrinoosillations. Therefore, a short introdution into the history of neutrino physis, thestandard model of partile physis and neutrino osillations will be given in this hap-ter. It is followed by a brief outlook on the subsequent hapters. From now on, theonvention ~ = c = 1 will be used.1.1 History of neutrino physisIn 1930, Wolfgang Pauli postulated the existene of a new partile, a neutral fermionwith spin 1/2 and small mass, whih he alled the �neutron�, in order to desribe theontinuous spetrum of the β-deay proess

A
ZX → A

Z+1Y + e− + νe. (1.1)If no antineutrino took part in the deay proess, the energy spetrum of the eletronwould have to be disrete and its energy would be the energy di�erene between A
ZXand A

Z+1Y . Furthermore, without the presene of the antineutrino, angular momentumwould not be onserved. In 1932, James Chadwik disovered the partile now knownas the neutron. It was lear that this partile ould not be the same as the partilewhih had been postulated by Pauli, sine Pauli's �neutron� ould at most have themass of one perent of the proton mass. Therefore, Pauli's �neutron� was given thenew name �neutrino� by Fermi in 1933. In the same year, it was onluded that theneutrino had to be massless and in the following year, Fermi presented his theory of
β-deay. It was very di�ult to detet the neutrino in experiments diretly due tothe extreme smallness of neutrino interation ross-setions. Thus, it took until 19561



2 Chapter 1. Introdutionthat the existene of the eletron neutrino ould be veri�ed experimentally by ClydeL. Cowan Jr. and Frederik Reines by means of the inverse β-deay proess
νe + p → n + e+. (1.2)In 1962, Leon M. Lederman, Melvin Shwartz, and Jak Steinberger deteted the muonneutrino. The �rst diret detetion of the tau neutrino was announed by the DONUTollaboration at Fermilab in 2000.Neutrino-osillation experiments started in the late 1960s. One of the �rst experi-ments whih observed the osillation of solar neutrinos was the Homestake experimentby Raymond Davis Jr. It operated from 1970 until 1994. In the late 1990s, more a-urate neutrino-osillation experiments suh as the Sudbury Neutrino Observatory andSuper-Kamiokande began to measure the neutrino-osillation parameters. This is a stillongoing proess with new experiments trying to advane previous experimental results.1.2 Standard model of elementary partile physisThe standard model of elementary partile physis (SM) is the theory whih desribesthe fundamental fores of strong, weak, and eletromagneti interations and the fun-damental fermioni partiles of whih all matter onsists. The fundamental fermionsare arranged in two di�erent groups, the quarks, whih have olor harge and an in-terat via the strong fore, and the leptons, whih do not have olor harge and annotinterat via the strong fore. The quarks and leptons are divided into three generations,where eah quark and lepton has a partner in the other two generations. These partnershave the same properties but very di�erent masses. The masses of the partiles inreasefrom generation to generation, whih means that the fundamental fermions in the �rstgeneration are the lightest ones and therefore stable. In the quark setor, the threegenerations are
(

u
d

)

,

(

c
s

)

,

(

t
b

)

, (1.3)where u is the up quark, d the down quark, s the strange quark, c the harm quark, bthe bottom quark, and t the top quark (in order of their masses). More preisely, theseare the �elds standing for the respetive partiles. In the lepton setor, the generationsare
(

e
νe

)

,

(

µ
νµ

)

,

(

τ
ντ

)

, (1.4)where e is the eletron, νe the eletron neutrino, µ the muon, νµ the muon neutrino, τthe tau, and ντ the tau neutrino. Again, to be more preise, these are the �elds whihstand for the respetive partiles.The quarks arry an eletri harge of +2/3 (up, harm, and top quark) or −1/3(down, strange, and bottom quark). The harged leptons, i.e. eletron, muon, and tau,



1.3. Neutrino osillations 3arry an eletri harge of −1, whereas the neutrinos do not arry any eletri harge.The orresponding antipartiles to the quarks and leptons arry the negative eletriharge of the partiles.Within the SM, the fundamental fores are mediated by gauge bosons. These arethe photon for the eletromagneti fore, the W± and Z0 for the weak fore, and eightgluons for the strong fore, summing up to a total of twelve gauge bosons. The partileswhih arry olor harge, i.e. the quarks, an interat via the strong fore, the partileswhih arry eletri harge, i.e. the quarks and harged leptons, an interat via theeletromagneti fore, and all fundamental fermions an interat via the weak fore. Inaddition, there is the Higgs boson whih is responsible for the irumstane that thearriers of the weak interation and the massive partiles have mass (the photon andthe gluons are massless in the SM).It should also be pointed out that the three neutrinos are postulated to be masslessin the SM. This is the ase beause a Dira mass term would require right-handed Diraneutrinos whih are not observed experimentally. In order to obtain neutrino masses,it is neessary to extend the SM. This an be done by introduing right-handed sterileneutrinos, i.e. neutrinos whih do not interat weakly, or by allowing neutrinos to be ofMajorana type. In the framework of these extensions, the smallness of neutrino masses(ompared to the masses of the harged leptons) an be motivated. This is done bymeans of the so alled seesaw mehanism where very heavy right-handed neutrinos areresponsible for the small masses of the left-handed neutrinos.1.3 Neutrino osillationsNeutrino osillations are proesses in whih a neutrino, that was produed in one ofthe three �avor states νe, νµ, or ντ , travels a ertain distane and does not neessarilyretain its initial �avor state. This means that it is possible that the neutrino is foundin one of the two other �avor states. The idea for these neutrino osillations was �rstlyintrodued by Bruno Ponteorvo [1, 2℄.The neutrino-osillation framework whih oinides best with experimental resultsrequires massive neutrinos. More spei�ally, it requires at least two massive neutrinoswith di�erent masses. In addition, the neutrino mass eigenstates (i.e. the states withde�nite mass) must not be the same as the neutrino �avor eigenstates, whih means thatthere must be neutrino mixing. In other words, a neutrino �avor eigenstate is a linearombination of neutrino mass eigenstates. In the extreme relativisti limit, whih is thenormal ase for propagating neutrinos, the probability for neutrino osillations takingplae is not dependent on the absolute neutrino masses but only on their mass squareddi�erenes ∆m2
ij = m2

i − m2
j , where mi is the mass of the neutrino mass eigenstate

|νi〉. This is the standard neutrino-osillation ase and therefore, these osillations are



4 Chapter 1. Introdutionalled standard mass-di�erene neutrino osillations. Their mehanism will be furtherdisussed in Chapter 2.1.4 OutlookThis thesis is onerned with the osillation of high-energy osmogeni neutrinos andantineutrinos, i.e. neutrinos and antineutrinos whih have travelled very long distanesbefore arriving on Earth. The reation of high-energy osmogeni neutrinos and an-tineutrinos is related to ultrahigh-energy osmi rays, whih will be disussed in Chapter3. High-energy osmogeni neutrinos and antineutrinos are produed in sattering pro-esses of ultrahigh-energy osmi rays and osmi bakgrounds at mirowave, infrared,optial, and ultraviolet wavelengths. The most important proess is the satteringo� the osmi mirowave bakground, known as the Greisen�Zatsepin�Kuzmin meh-anism. The Greisen�Zatsepin�Kuzmin mehanism forms, along with the orrespond-ing sattering proesses involving the other osmi bakgrounds, the dominant soureof osmogeni neutrinos and antineutrinos in the energy range between 1014 eV and
1020 eV.An experiment sensitive to high-energy osmogeni neutrinos and antineutrinos isthe IeCube neutrino observatory, whih will be disussed in Chapter 4. It is sen-sitive to high-energy tau neutrinos and antineutrinos via several di�erent tau neu-trino/antineutrinos indued signatures. The energy of these osmogeni tau neutrinosand antineutrinos is muh higher than the neutrino energies available at other presentneutrino-osillation experiments. Therefore, it an serve as an instrument to probe neu-trino osillations for nonstandard ontributions, sine standard mass-di�erene neutrinoosillations are more and more suppressed with inreasing neutrino energy. In this the-sis, the fous is put on the ase of nonstandard ontributions arising from Fermi-pointsplitting. It is assumed that neutrinos have Fermi-point splitting, analogous to theourrene of Fermi-point splitting in quantum phase transitions of fermioni atomigases at ultralow temperatures. The e�et of Fermi-point splitting on neutrino osil-lations ompared to the standard mass-di�erene ase (Chapter 5) and the resultingimpliations for the results of the IeCube experiment will be disussed in Chapter 6.In partiular, it will be analyzed up to whih order of magnitude the IeCube experi-ment is sensitive to ontributions from Fermi-point splitting and what impat the aseof possible CP violation in the Fermi-point splitting setor an have.



Chapter 2Standard mass-di�erene neutrinoosillationsThe priniple of standard mass-di�erene (MD) neutrino osillations is relatively simpleand equals that of many other quantummehanial systems. If we onsider, for example,a quantum system with two energy levels E1 and E2, then the eigenstates of the systemare the states whih diagonalize its Hamiltonian. Note that if the system is in an initialstate whih does not orrespond to one of the eigenstates, then the probability to �ndthe system in this state osillates in time with a frequeny ω21 = E2 − E1.In standard MD neutrino osillations, the neutrino mass matrix takes the role of theHamiltonian. The mass matrix is diagonal in the basis of the neutrino mass eigenstates,but in general, the �avor eigenstates are not the same as the mass eigenstates. Thus,for a neutrino reated in a spei� �avor state, the probability to �nd the neutrino inthis very state osillates with time.If we onsider standard MD neutrino osillations in the ase of a Dira neutrinomass term, the part of the Lagrangian whih desribes the lepton masses and hargedurrent weak interations is given by
Lℓ = − g√

2
ℓαL γµ ναL W †

µ − ℓαL (Mℓ)αβ ℓβR − ναL (Mν)αβ νβR + h.c. , (2.1)where g is a oupling onstant, ℓα denotes the harged lepton �avor eigen�elds, να theneutrino �avor eigen�elds, Wµ is one of the weak gauge �elds, Mℓ the harged leptonmass matrix, and Mν the neutrino mass matrix.The matries Mℓ and Mν are omplex matries whih an be diagonalized by bi-unitary transformations. We an hoose unitary matries UL, UR, VL, and VR suhthat
U †

L · Mν · UR = Mν , (2.2a)
V †

L · Mℓ · VR = Mℓ , (2.2b)5



6 Chapter 2. Standard mass-di�erene neutrino osillationswhere Mν andMℓ are diagonal matries. Then, we an de�ne the neutrino and hargedlepton mass eigen�elds to be1
νiL = (U †

L)iα ναL , (2.3a)
νiR = (U †

R)iα ναR , (2.3b)
ℓiL = (V †

L)iα ℓαL , (2.3)
ℓiR = (V †

R)iα ℓαR . (2.3d)Now, the Lagrangian in Eq. (2.1) an be written in the mass eigen�eld basis as
Lℓ = − g√

2
ℓiL γµ Uij νjL W †

µ − ℓiL mℓi ℓiR − νiL mνi νiR + h.c. , (2.4)where mℓi = (Mℓ)ii are the harged lepton masses and mνi = (Mν)ii are the neu-trino masses. The matrix U = V †
LUL is alled the leptoni mixing matrix or theMaki�Nakagawa�Sakata (MNS) matrix [3℄ whih is the leptoni analog of the Cabibbo�Kobayashi�Maskawa (CKM) matrix in the quark setor.2.1 General neutrino-osillation probabilityThe leptoni mixing matrix relates the neutrino �avor eigenstates |να〉 to the neutrinomass eigenstates |νi〉:
|να〉 = U∗

αi |νi〉. (2.5)If a neutrino is reated in the initial �avor state |να〉 at time t = 0, we an now alulatethe probability of �nding the neutrino at a later time t in the �avor state |νβ〉. Fordoing this, it is onvenient to alulate the time evolution of the initial state in the masseigenstate basis, sine the neutrino mass matrix expressed in this basis is diagonal andtherefore, the time evolution of an initial state is given by just multiplying a phase fator.In the mass eigenstate basis, the initial state at t = 0 beomes |ν(0)〉 ≡ |να〉 = U∗
αi|νi〉.The neutrino state at later time t is then

|ν(t)〉 =
∑

j

U∗
αj exp (−iEjt) |νj〉, (2.6)1Latin indies denote mass eigen�elds, whereas Greek indies denote �avor eigen�elds. Itis summed over double indies.



2.2. Two-�avor ase 7where the Ej are the energy eigenvalues of the mass eigenstates. The probability am-plitude that the neutrino is in the �avor eigenstate |νβ〉 at time t beomes
AMD(να → νβ; t) = 〈νβ |ν(t)〉 =

∑

j

U∗
αj exp (−iEjt) 〈νβ|νj〉

=
∑

j

UβkU
∗
αj exp (−iEjt) 〈νk|νj〉 =

∑

j

UβkU
∗
αj exp (−iEjt) δkj

=
∑

j

Uβj exp (−iEjt) U∗
αj =

∑

j

Uβj exp (−iEjt) U †
jα . (2.7)The physial meaning of the �nal expression is that U †

jα transforms the initial �avoreigenstate |να〉 into the mass eigenstate |νj〉. The fator exp (−iEjt) is the propagatordesribing the time evolution in the mass eigenstate basis and Uβj transforms the time-evolved mass eigenstate |νj〉 bak into the �avor basis, namely into the �avor eigenstate
|νβ〉. The probability for an osillation between two �avor eigenstates, i.e. the proba-bility of a transition between these two states is then

P MD(να → νβ; t) = |AMD(να → νβ ; t)|2 =
∣

∣

∣

∑

j

Uβj exp (−iEjt) U †
jα

∣

∣

∣

2

. (2.8)This is the general form of the MD neutrino-osillation probability for an arbitrarynumber of �avors.2.2 Two-�avor aseA simple ase of standard MD neutrino osillations is the two-�avor ase, i.e. we assumeto have only two neutrino �avors νe and νµ. In this ase, the leptoni mixing matrix Uan be written as
U ≡ U(θ0) =

(

cos(θ0) sin(θ0)
− sin(θ0) cos(θ0)

)

, (2.9)where θ0 is the neutrino mixing angle with the domain
θ0 ∈

[

0,
π

4

]

. (2.10)Then, the relation between the neutrino �avor and mass eigenstates is as follows
|νe〉 = cos(θ0) |ν1〉 + sin(θ0) |ν2〉,
|νµ〉 = − sin(θ0) |ν1〉 + cos(θ0) |ν2〉.

(2.11)If we substitute Eq. (2.11) into the general MD neutrino-osillation probability (2.8),we obtain
P MD(νe → νµ; t) = P MD(νµ → νe; t) = sin2(2θ0) sin2

[

1

2
(E2 − E1)t

]

. (2.12)



8 Chapter 2. Standard mass-di�erene neutrino osillationsIf we further take into aount that for relativisti neutrinos with momentum p, kinetienergy Eν , and masses mj ,
Ej =

√

p2 + m2
j ≃ p +

m2
j

2p
≃ p +

m2
j

2Eν

, (2.13)Eq. (2.12) beomes
P MD(νe → νµ; t) = P MD(νµ → νe; t) = sin2(2θ0) sin2

(

∆m2

4Eν

t

)

, (2.14)where ∆m2 ≡ m2
2 − m2

1.The survival probabilities beome
P MD(νe → νe; t) = P MD(νµ → νµ; t) = 1 − sin2(2θ0) sin2

(

∆m2

4Eν

t

)

, (2.15)due to the ondition
P MD(να → νe; t) + P MD(να → νµ; t) = 1 , (2.16)where α ∈ {e, µ}.For relativisti neutrinos, it also holds that L ≃ t, with L being the distane travelledby the neutrinos. Using this fat, Eq. (2.14) an be written as

P MD(νe → νµ; L) = P MD(νµ → νe; L) = sin2(2θ0) sin2

(

1.27 ∆m2 L

Eν

)

, (2.17)where L is in m and Eν in MeV or L is in km and Eν in GeV.We observe that the MD neutrino-osillation probability onsists of two fators. Anamplitude whih is only dependent on the mixing angle θ0 and an osillation fatorwhih depends on the neutrino mass squared di�erene, the neutrino energy Eν , andthe distane L travelled by the neutrinos. In neutrino experiments, the distane L,i.e. the baseline of the experiment, is normally kept �xed and the energy Eν is thethe only variable. In order to obtain a su�iently large neutrino-osillation probabilityin the energy range of an experiment (whih has a lower limit) the osillation phasemust not be too small, i.e. the baseline must be long enough. On the other hand, thedetetors in neutrino experiments have limited energy resolution. Therefore, neutrinoosillations must not be too fast in order to observe the osillatory behavior and notjust the onstant average. This means that the osillation phase must not be too largeand the same has to hold for the baseline.2.3 Three-�avor aseIn the ase of three neutrino �avors (νe, νµ, and ντ ), the leptoni mixing matrix Udepends on three mixing angles θ12, θ13, and θ23 and one (CP violating2) phase δ. The2This will be further disussed in Se. 2.4.



2.3. Three-�avor ase 9standard parameterization oinides with the standard parameterization of the quarkmixing matrix:
U(θ12, θ13, θ23, δ) =





c12 c13 s12 c13 s13 e−iδ

−s12 c23 − c12 s23 s13 eiδ c12 c23 − s12 s23 s13 eiδ s23 c13

s12 s23 − c12 c23 s13 eiδ −c12 s23 − s12 c23 s13 eiδ c23 c13



 ,(2.18)where sij ≡ sin θij and cij ≡ cos θij . The domains of the mixing angles θij and the phase
δ are [4℄

θij ∈
[

0,
π

2

]

, (2.19a)
δ ∈ [0, 2π) . (2.19b)It is instrutive to de�ne the evolution Hamiltonian H ′

MD expressed in �avor eigen-state basis
H ′

MD = U(θ12, θ13, θ23, δ) · diag (E1, E2, E3) · U †(θ12, θ13, θ23, δ)

≃ U(θ12, θ13, θ23, δ) · diag

(

p +
m2

1

2Eν

, p +
m2

2

2Eν

, p +
m2

3

2Eν

)

· U †(θ12, θ13, θ23, δ) ,(2.20)where ondition (2.13) has been applied. Sine terms proportional to the identity 1only result in an overall phase fator, we an de�ne a new evolution Hamiltonian HMD

HMD ≡ H ′
MD −

(

p +
m2

1

2Eν

)

1, (2.21)whih does not alter the MD neutrino-osillation probabilities. It has the expliit form
HMD =

1

2Eν

U(θ12, θ13, θ23, δ) · diag (0, ∆m2
21, ∆m2

31) · U †(θ12, θ13, θ23, δ) , (2.22)where ∆m2
k1 ≡ m2

k − m2
1.Contrary to the two-�avor ase, the MD neutrino-osillation probabilities with three�avors, whih an be alulated by means of Eq. (2.8), do not have a simple form.However, we an apply some limiting ases whih are of pratial interest and leadto simple approximate expressions for the MD neutrino-osillation probabilities in theframework of two-�avor MD neutrino osillations. At �rst, one an assume a hierarhybetween the mass squared di�erenes

|∆m2
21| ≪ |∆m2

31| , (2.23)whih is based on the results of solar and atmospheri neutrino experiments. Thishierarhy allows two ases: either m1 ≪ m2 ≪ m3 whih is alled normal hierarhy or
m3 ≪ m1 ≤ m2 whih is alled inverted hierarhy.



10 Chapter 2. Standard mass-di�erene neutrino osillationsConsider now the limiting ase ∆m2
21 → 0. This ase is of interest in atmospheri,reator, and aelerator neutrino experiments. The probability for osillations betweentwo neutrino �avor states then takes the form

P MD(να → νβ; L) = 4 |Uα3|2 |Uβ3|2 sin2

(

∆m2
31

4Eν

L

)

. (2.24)This has the same form as the MD neutrino-osillation probability in the two-�avor ase.The MD neutrino-osillation probabilities among νe, νµ, and ντ then are as follows
P MD(νe → νµ; L) = 4 |Ue3|2 |Uµ3|2 sin2

(

∆m2
31

4Eν

L

)

= sin2(θ23) sin2(2θ13) sin2

(

∆m2
31

4Eν

L

)

,

(2.25)
P MD(νe → ντ ; L) = 4 |Ue3|2 |Uτ3|2 sin2

(

∆m2
31

4Eν

L

)

= cos2(θ23) sin2(2θ13) sin2

(

∆m2
31

4Eν

L

)

,

(2.26)
P MD(νµ → ντ ; L) = 4 |Uµ3|2 |Uτ3|2 sin2

(

∆m2
31

4Eν

L

)

= cos4(θ13) sin2(2θ23) sin2

(

∆m2
31

4Eν

L

)

,

(2.27)with P MD(νβ → να) = P MD(να → νβ).Another limiting ase is the one valid for solar MD neutrino osillations and verylong-baseline reator experiments. For this ase, it holds that
∆m2

31

2Eν

L ≫ 1 . (2.28)Then, the neutrino osillations due to the mass squared di�erenes ∆m2
31 are fast andonly ause an average e�et. The eletron neutrino survival probability beomes ap-proximately

P MD(νe → νe) ≃ cos4(θ13) P + sin4(θ13) , (2.29)where P is the νe survival probability in the two-�avor ase with ∆m2 = ∆m2
21 and

θ0 = θ12, i.e.
P = 1 − sin2(2θ12) sin

(

∆m2
21

4Eν

L

)

. (2.30)



2.4. CP, T, and CPT invarianes 112.4 CP, T, and CPT invarianesLet us reall the equations for the general MD neutrino-osillation amplitude, Eq. (2.7)
AMD(να → νβ; t) =

∑

j

Uβj exp (−iEjt) U∗
αj , (2.31)and for the general MD neutrino-osillation probability, Eq. (2.8)

P MD(να → νβ; t) =
∣

∣

∣

∑

j

Uβj exp (−iEjt) U∗
αj

∣

∣

∣

2

. (2.32)In the ase of neutrinos, CP essentially ats as the transformation between neutrinosand antineutrinos. This ation orresponds to the transformation of the leptoni mixingmatrix U → U∗. If one has CP invariane, this means that the MD neutrino-osillationprobabilities between neutrinos and the orresponding antineutrinos oinide:
P MD(να → νβ ; t) = P MD(να → νβ; t) (2.33)or

∣

∣

∣

∑

j

Uβj exp (−iEjt) U∗
αj

∣

∣

∣

2

=
∣

∣

∣

∑

j

U∗
βj exp (−iEjt) Uαj

∣

∣

∣

2

, (2.34)from whih we an onlude that we need to have U = U∗ for CP invariane.An interesting question now arising is when CP is not onserved. For n neutrino�avors, U is a general unitary n × n matrix and it an be parametrized by n(n − 1)/2angles and n(n + 1)/2 phases. In the ase of Dira neutrinos, 2n − 1 phases an beabsorbed into the left-handed �elds and therefore, (n − 1)(n − 2)/2 physial phasesremain. From this follows that the ondition U = U∗ and CP onservation an only beviolated for n ≥ 3 neutrino �avors.If we look at T transformations, these have the ation t → −t. For the MD neutrino-osillation amplitude (2.31), this means that
AMD(να → νβ ; t) =

∑

j

Uβj exp (−iEjt) U∗
αj

T−→

AMD(να → νβ;−t) =
∑

j

Uβj exp (+iEjt) U∗
αj =

(

∑

j

Uαj exp (−iEjt) U∗
βj

)∗

=
(

AMD(νβ → να; t)
)∗

,

(2.35)
and therefore, it follows for the osillation probability (2.32)

P MD(να → νβ ; t)
T−→ P MD(να → νβ;−t) = P MD(νβ → να; t) , (2.36)



12 Chapter 2. Standard mass-di�erene neutrino osillationswhih means that T interhanges the initial and �nal neutrino state. For T invarianewe then have
P MD(να → νβ; t) = P MD(νβ → να; t) (2.37)or
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∣
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∣
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∣

∣

∣

∑
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Uαj exp (−iEjt) U∗
βj

∣

∣

∣

2

. (2.38)However, this is nothing else but Eq. (2.34) whih we had for CP invariane. Thus, forT being onserved we need as for CP onservation: U = U∗. This is not very surprising,sine we expet CPT invariane and therefore, if CP is onserved, T must be onservedas well.It remains to show that CPT is onserved. The ombined appliation of the trans-formations U → U∗ and t → −t has the following ation on the MD neutrino-osillationamplitude (2.31)
AMD(να → νβ; t) =

∑

j

Uβj exp (−iEjt) U∗
αj

CPT−→

AMD(να → νβ;−t) =
∑

j

U∗
βj exp (+iEjt) Uαj =

(

AMD(νβ → να; t)
)∗

=
(

AMD(να → νβ; t)
)∗

,

(2.39)whih means that CPT turns the osillation amplitude into its omplex onjugate andwe have indeed CPT invariane:
P MD(να → νβ; t) = P MD(νβ → να; t) . (2.40)



Chapter 3Ultrahigh-energy osmi rays andosmogeni neutrinosIt is known that there exist ultrahigh-energy (UHE) osmi rays with energies above 1018eV and even exeeding 1020 eV. These UHE osmi rays mainly onsist of protons, but,in priniple, also heavier elements, e.g. iron nulei, are possible onstituents. Ultrahigh-energy osmi rays an satter o� osmi mirowave bakground (CMB) photons, aproess whih is alled Greisen�Zatsepin�Kuzmin (GZK) mehanism [5, 6℄. Further-more, the same sattering an take plae with photons of the osmi ultraviolet-optial(CUVOB) and infrared (CIB) bakgrounds [7℄. Both proesses are the main soures ofosmogeni neutrinos and antineutrinos with energies above 1014 eV.In the following, a short introdution to UHE osmi rays (Se. 3.1) and the osmimirowave, UV-optial, and infrared bakgrounds (Se. 3.2) will be given, followed bythe desription of the GZK mehanism in Se. 3.3 and the osmi ray sattering o�the osmi UV-optial and infrared bakgrounds in Se. 3.4. In Se. 3.5, the ontent ofthe preeeding setions will be used to determine the energy spetrum of high-energyosmogeni neutrinos and antineutrinos.3.1 Possible origin of ultrahigh-energy osmi raysThe reation proess of UHE osmi rays is to a large extend unknown. However, thereare a number of possible andidates for UHE osmi ray soures like neutron stars,ative galati nulei (AGNs), radio galaxies, or gamma ray bursts (GRBs).A �rst estimate for UHE osmi ray soures was already performed by Hillas in1984 [8℄. He onneted the aelerating proess of a osmi ray partile with harge Zeto the Larmor radius rL of a relativisti partile with energy E in a magneti �eld with�eld strength B. The Larmor radius rL is given by
rL = 1.08

E

ZB
, (3.1)13



14 Chapter 3. Ultrahigh-energy osmi rays and osmogeni neutrinoswhere rL is in parse, B in mirogauss, and E in units of 1015 eV. If the partiles aregradually aelerated by making many irregular loops in the magneti �eld and therebygaining energy, the size L of the aelerating region with su�iently strong B has tobe muh larger than two times the Larmor radius
L ≫ 2rL ∼ 2

E

ZB
. (3.2)More preisely, this an be desribed by the mehanism of Fermi aeleration. Then,the energy gain of the harged partiles ours by re�etion from distint magnetized�louds� whih move with veloity v ≡ βc. In this ase, the mean aeleration time taan be expressed by

ta =
λ

2cβ2
, (3.3)where λ is the mean free path between two sattering events of the harged partile.On the other hand, the mean esape time te for a harged partile leaving a sphere ofradius R ontaining the magnetized louds is

te ∼ 1.5
R2

cλ
. (3.4)If we assume

λ ∼ rL , (3.5)and additionally demand
te > ta , (3.6)it follows that

L ≡ 2R &
rL

β
∼ E

ZBβ
, (3.7)where L is in parse, B in mirogauss, and E in units of 1015 eV, as in Eq. (3.1).Condition (3.7) for protons and iron nulei is shown in Fig. 3.1 along with possiblesites of osmi ray aeleration. It is apparent that only few andidates an be on-sidered to be able to aelerate harged partiles to energies of 1020 eV. A few of theseandidates will be desribed in the following.3.1.1 Neutron starsA neutron star is the remnant of a massive star, more preisely of the ore of the star.As the name suggests it onsists mainly of neutrons.When a massive star explodes in a supernova at the end of its life time, its ore isompressed and �nally ollapses into a neutron star, the diameter L of whih is of theorder of several kilometers. In this proess, the neutron star retains most of the starore's angular momentum, but it has only a fration of the size of the original ore.
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Figure 3.1. Size L and magneti �eld strength B of possible sites of osmi rayaeleration, as given in [8℄. Objets below the solid/dashed diagonal line are notable to aelerate protons/iron nulei to energies of 1020 eV. β is the veloity ofsattering enters in the Fermi aeleration proess divided by the speed of light,as disussed in the main text.Thus, a neutron star an have very high rotation veloities with rotation periods of theorder of milliseonds. Additionally, the produt of star ross-setion and the magneti�eld strength on the star surfae is onserved due to energy onservation whih leads tovery high magneti �eld strengths B on the surfae of a neutron star of the order of 1012G. The magnetosphere of a neutron star o-rotates with the star itself leading to a highveloity β of sattering enters in the Fermi aeleration proess. The ombination ofsmall size L, high magneti �eld strength B, and high veloity β makes neutron starssuitable andidates for soures of UHE osmi rays.3.1.2 Ative galati nulei and radio galaxiesIt is believed that in the enter of all massive galaxies, there exist supermassive blakholes (with masses between 106 and 1010 times that of the Sun). The high gravitationalfore of these blak holes fores the surrounding galati matter to form a so alledaretion dis, from whih the matter spirals into the blak hole. Inside the aretiondis, high temperatures prevail, whih makes it an optially very ative region. Thisentral ative region with the blak hole and the aretion dis forms the AGN.In many ases a entral AGN powers two large lobes of a radio galaxy. These lobesare very ative in the radio wave band due to synhroton radiation losses inside thelobes. This is a result of the relativisti veloity of matter inside the lobe of the order
β ∼ 0.3.



16 Chapter 3. Ultrahigh-energy osmi rays and osmogeni neutrinosUltrahigh-energy osmi rays an be produed inside AGNs as well as in radio galaxylobes. An AGN has an extension L ∼ 0.1 p with magneti �eld strengths B ∼ 1 G.A radio galaxy lobe is muh larger than the entral AGN, with an extension L of theorder of 10 kp. On the other hand, the magneti �eld strength B inside the lobe ismuh weaker and of the order of 100 µG.3.1.3 Gamma ray burstsGamma ray bursts are �ashes of high-energy radiation that an be brighter than anyother gamma ray soure in the sky. They an our as single-peaked bursts, but alsoas bursts with fast rising and exponential deaying gamma ray �ux or the inverse ofthe latter. The duration of GRBs is typially a few seonds, but an range from a fewmilliseonds to minutes.The ollapsar model is the urrently favored model for the reation proess of mostobserved GRBs. When the ore of an extremely massive, rapidly-rotating star ollapsesinto a blak hole, the infall of material from the star onto the blak hole powers twoextremely energeti jets of relativistially expanding plasma onsisting of photons, ele-trons, and positrons. The optial depth in the initial plasma jet is high enough thatthe photons have energies above the pair prodution threshold. With progressing ex-pansion of the jets, the optial depth is redued and the photon energy falls below thepair prodution threshold. This allows the photons to exit the plasma and the GRB isreated.The fast moving plasma of the jets also reates high magneti �eld strengths B andleads to high veloity β of sattering enters in Fermi aeleration. Together with adimension L of the GRB jets of the order of 10−5 p, these jets form a possible sourefor UHE osmi rays.A presently running experiment measuring the spetrum of UHE osmi rays is thePierre Auger Observatory [9℄. The spetrum whih this experiment observed is givenin Fig. 3.2. It shows that the spetrum of UHE osmi rays J follows a power law inosmi ray energy E

J ∝ E−2.6 , (3.8)for E . 1019.6 eV. Above this energy, a uto� in the spetrum is observed. Oneexplanation for this uto� is the GZK mehanism whih will be disussed in Se. 3.3.There are two other interesting results from the Pierre Auger Observatory. The �rstis that osmi rays with energies above 5.6× 1019 eV from soures loser than 75 Mp1seem to be orrelated with AGNs. The seond is that the observed UHE osmi rays1Cosmi rays with these high energies an only originate from lose astrophysial soures(up to a distane of the order of 100 Mp) due to the GZK mehanism.
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Figure 3.2. Ratio of the UHE osmi ray spetrum J measured by the PierreAuger Observatory and a power law behavior ∝ E−2.6 as a funtion of osmi rayenergy E [9℄.are most likely protons. Partiles with greater harge, e.g. iron nulei, would undergo ade�etion in the magneti �eld of our galaxy whih is too strong for being ompatiblewith the measured anisotropi distribution of UHE osmi rays [10℄.3.2 Cosmi mirowave, ultraviolet-optial, andinfrared bakgroundsThe most known osmi bakground radiation is the osmi mirowave bakgroundradiation (CMBR). It orresponds to the radiation of a blak body with a temperatureof 2.7 K and is onsidered as evidene for the in�ationary big bang theory, whih involvesthe expansion of the universe after the initial big bang.The present piture of the origin of the CMBR is as follows. During the �rst periodof its existene the universe was in thermal equilibrium and photons were ontinuallyabsorbed and emitted leading to a blak body spetrum of the radiation. With pro-eeding expansion, the universe ooled down to a temperature of approximately 3000K at whih eletrons and nulei started to form hydrogen atoms, a proess known asreombination. The reombination proess stopped the main interation mehanismbetween photons and matter, namely Thomson sattering, and the universe beametransparent for photons. Thus, the photon �eld deoupled from matter, but retainedits blak body spetrum. This is the CMBR we observe today, but as a onsequene of
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Figure 3.3. Spetrum of the osmi bakground radiations as a funtion ofphoton energy E and wavelength λ, as given in [11℄. Along with the CMB, theCIB, and the CUVOB, the osmi radio bakground (CRB), the osmi X-raybakground (CXB), and the osmi gamma ray bakground (CGB) are shown.the subsequent expansion of the universe after the deoupling proess, it is strongly red-shifted ompared to the radiation diretly after deoupling. Therefore, the temperatureof the CMBR today is 2.7 K whih lies in the mirowave region of the eletromagnetispetrum.Besides the CMB, there are other osmi bakgrounds in di�erent spetral areas.The CIB and the CUVOB are examples for these additional bakgrounds. They do notfollow a blak body spetrum in ontrast to the CMB, sine they are the onsequeneof the eletromagneti radiation of galaxies. The superposition of the light of manygalaxies with di�erent distanes to Earth, i.e. their light arrives with di�erent redshiftson Earth, form these additional osmi bakgrounds.Figure 3.3 shows the spetrum of the CMB, the CIB, and the CUVOB along withother osmi bakgrounds. The CMB follows the typial blak body spetrum. Com-pared to the CMB, the CIB and the CUVOB are fainter, approximately two orders ofmagnitude, and all other bakgrounds are at least four orders of magnitude below theCMB.3.3 Greisen�Zatsepin�Kuzmin mehanismCosmi ray protons with extremely high energies an satter o� CMB photons. Thisproess is known as the Greisen�Zatsepin�Kuzmin mehanism [5,6℄. In this interation,
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Figure 3.4. Feynman diagrams of the photopion proesses (3.9a) represented bydiagram (a) and (3.9b) represented by diagram (b). The diagrams were reatedwith FeynArts [12℄.the proton and the CMB photon reate a ∆+ resonane whih subsequently deays intoso alled photopions. Examples for these reations are
p + γ −→ ∆+ −→ n + π+ , (3.9a)

p + γ −→ ∆+ −→ p + π+ + π− , (3.9b)the orresponding Feynman diagrams are given in Fig. 3.4. The proton energy Ep forthese proesses depending on the ∆+ mass m
∆+ , the proton mass mp, the CMB photonenergy Eγ , and the angle between the momenta of the initial proton and CMB photon

θ is given by
Ep =

m2
∆+ − m2

p

2Eγ(1 − cos θ)
. (3.10)The derivation of this formula an be found in Appendix A. For the reation (3.9a),the e�etive proton threshold energy EGZK an be alulated to be

EGZK ≃ 8 × 1019 eV , (3.11)with θ = π, Eγ = 2 × 10−3 eV, at whih the photon energy density is 1/10 of itsmaximum, and the mass of the lightest ∆+, m∆+ = 1232 MeV [13℄. This has twoonsequenes. First, we expet a uto� in the osmi-ray energy spetrum above EGZK,the so alled GZK uto� [5,6℄2, sine the osmi-ray protons loose energy via reationslike (3.9a) and (3.9b) as long as their energy is above EGZK. Seond, the produed pions2Experimental indiation for the GZK uto� is given in Se. 3.1.



20 Chapter 3. Ultrahigh-energy osmi rays and osmogeni neutrinosdeay with neutrinos and antineutrinos as deay produts [14℄, mainly in the followingreations (99.99 % branhing ratio [13℄)
π+ −→ µ+ + νµ −→ e+ + νe + νµ + νµ , (3.12a)
π− −→ µ− + νµ −→ e− + νe + νµ + νµ . (3.12b)These are the dominating GZK neutrino prodution proesses for neutrino energies Eνlarger than∼1017 eV. At lower energies, neutrons produed for examples in reations like(3.9a) are the dominating soure of GZK neutrinos. The neutrons almost ompletelyundergo beta deay [13℄

n −→ p + e− + ν̄e , (3.13)whih results in the reation of eletron antineutrinos. This is the dominating GZKneutrino prodution proess for neutrino energies Eν lower than ∼1017 eV.3.4 Cosmi ray sattering o� the osmi UV-optialand infrared bakgroundsBesides the GZK mehanism, there is another very similar proess, namely the inter-ation of osmi ray protons with the infrared, optial, and ultraviolet photon bak-ground [7℄. The di�erene is that photons of the CIB and CUVOB have energies Eγwhih are up to three orders of magnitude larger than those of CMB photons. Thus,the threshold energy EUV for osmi ray protons undergoing these sattering proess,whih is de�ned by Eq. (3.10), is approximately three orders of magnitude lower than
EGZK

EUV ≃ 1017 eV . (3.14)However, the neutrino reation mehanisms (3.12a), (3.12b), and (3.13) stay the same.The energy density of the CIB and the CUVOB is approximately two orders ofmagnitude lower than the energy density of the CMB. This greatly inreases the meanfree path for osmi ray protons to undergo reations like (3.9a) or (3.9b) omparedto the orresponding mean free path in the GZK proess. However, sine the osmiray spetrum follows a power law, the �ux of osmi ray protons in the energy regimerelevant to CIB and CUVOB sattering is almost eight orders of magnitude higherthan that relevant to CMB sattering. This is why the �ux of osmogeni neutrinosand antineutrinos reated as a result of CIB and CUVOB sattering is expeted tobe larger than that of GZK neutrinos and antineutrinos, but entered at an neutrinoenergy Eν approximately three orders of magnitude lower than the GZK neutrino �ux.33The ombination of larger mean free path of osmi ray protons and higher osmi ray�ux is also the reason why the osmi ray spetrum is not signi�antly altered by CIB andCUVOB sattering in ontrast to the GZK proess whih leads to the GZK uto�.



3.5. Energy spetrum of high-energy osmogeni neutrinos 213.5 Energy spetrum of high-energy osmogenineutrinosSummarizing the two previous setions, high-energy osmogeni neutrinos and antineu-trinos are produed by pion deay in the ratio
N(νe + νe) : N(νµ + νµ) : N(ντ + ντ ) = 1 : 2 : 0 , (3.15)where N(να + να) denotes the number of neutrinos and antineutrinos with �avor α.Moreover, they are reated by neutron deay in the ratio
N(νe + νe) : N(νµ + νµ) : N(ντ + ντ ) = 1 : 0 : 0 , (3.16)where the maximum of the neutrino spetrum of the latter proess lies approximatelytwo orders of magnitude below that of the former proess. On the other hand, thespetrum of neutrinos and antineutrinos produed in CIB and CUVOB sattering isshifted approximately three orders of magnitude to lower energies ompared to thespetrum of GZK neutrinos and antineutrinos. Sine the spetral �ux of neutrinosand antineutrinos produed in CIB and CUVOB sattering is larger than that of GZKneutrinos and antineutrinos, its pion deay omponent should dominate the neutrondeay omponent of the GZK neutrino spetrum, i.e. we expet high-energy osmogenineutrinos and antineutrinos above a ertain energy in the ratio
N(νe + νe) : N(νµ + νµ) : N(ντ + ντ ) = 1 : 2 : 0 . (3.17)A quantitative alulation of the spetrum of high-energy osmogeni neutrinos andantineutrinos inluding the desribed neutrino prodution proesses was performed inRef. [7℄. Their result is shown in Fig. 3.5. In this work, however, we are not interestedin the exat shape of the neutrino spetrum. We are only interested in the ratios ofdi�erent neutrino �avors. Figure 3.5 shows that osmogeni neutrinos and antineutrinoswith energies above 1014 eV are to a very good degree generated in the ratio
N(νe + νe) : N(νµ + νµ) : N(ντ + ντ ) = 1 : 2 : 0 , (3.18)as it was antiipated in the preeeding onsiderations.
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Figure 3.5. Estimated �ux of osmogeni neutrinos and antineutrinos dependenton neutrino energy Eν , as given in [7℄. The long-dashed line shows the ombined�ux of muon neutrinos and antineutrinos from photopion deay, the short-dashedline the ombined �ux of eletron neutrinos and antineutrinos from photopiondeay, the full squares the eletron antineutrino �ux from neutron deay, andthe solid line orresponds to the sum of all ontributions to the neutrino andantineutrino �ux.



Chapter 4IeCube experiment
The IeCube Neutrino Observatory [15℄ is a neutrino telesope loated at the Amundsen-Sott base at the South Pole, Antartia. It is the suessor of the AMANDA telesopeand will be the �rst km3 sized neutrino detetor.The main neutrino detetor material of IeCube is the polar ie at the South Pole.After ompletion, the detetor will onsist of an in-ie array situated in depths between1450 m and 2450 m and it will over an ie volume of about one km3. In detail, 80 stringswith 60 digital optial modules (DOMs) eah will be deployed in the ie in a hexagonalarrangement, with the strings being separated 125 m from eah other. The DOMs areequipped with 25 m diameter Hamamatsu photomultiplier tubes (PMTs) and eletro-nis whih digitize the measured signals. Additionally, the IeCube experiment featuresthe IeTop air shower array at the surfae. It will onsist of two ie Cherenkov tankslose to the hole of eah in-ie string and every tank will be equipped with two of thesame DOMs whih are in operation in the underground detetor. The IeTop array willbe used for alibration and bakground studies as well as a supplement to the in-iedetetor in studying osmi rays. Figure 4.1 shows a graphial representation of theIeCube experiment with the in-ie strings and the IeTop air shower array.At the beginning of 2007, 22 in-ie strings and 26 IeTop stations were deployed [16℄and it is planned to install 14 additional strings and IeTop stations every australsummer.4.1 Tau neutrino events in the IeCube experimentIn Chapter 5, it will be disussed in detail that standard MD neutrino osillations leadto the following ratio of osmogeni neutrinos and antineutrinos with energy Eν > 1014eV on Earth:

N(νe + νe) : N(νµ + νµ) : N(ντ + ντ ) = 1 : 1 : 1 . (4.1)23
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Figure 4.1. The IeCube neutrino observatory with the IeTop air shower arrayat the surfae and in-ie strings. For illustration, a true-to-sale image of theEi�el tower is inluded. The AMANDA telesope is inluded in IeCube and isindiated as a dark ylinder. The �lled irles on top show the ompleted stringsand IeTop stations in February 2006, whereas the open irles orrespond toadditional �nished IeTop stations. The �gure is taken from Ref. [15℄.



4.1. Tau neutrino events in the IeCube experiment 25Compared to the initial ratio (3.18) there is an exess of tau neutrinos and antineutrinos.It is antiipated that the IeCube neutrino observatory is able to detet this exess ofhigh-energy tau neutrinos and antineutrinos by means of several di�erent signatures [17℄.The variety of signatures arises from the fat that a seondary tau lepton produed ina harged-urrent interation of the primary osmogeni tau neutrino/antineutrino, inwhih it obtains 0.75 times the tau neutrino/antineutrino energy Eν in average, has adeay length of about 50 m per PeV.1 Therefore, only tau events with tau energies Eτup to 20 PeV an be fully ontained in the IeCube detetor. For higher energies, onlythe prodution vertex or the deay vertex of the tau is observable in the detetor. Thedeay verties an be of di�erent kind, sine the tau lepton an deay leptonially,
τ− −→ e− + ν̄e + ντ , (4.2a)
τ− −→ µ− + ν̄µ + ντ , (4.2b)with branhing ratios of ∼18 % and ∼17 %, respetively, or hadronially with a branh-ing ratio of ∼65 % [13℄. For the antitaus, we have respetive deays with the samebranhing ratios. The possible signatures for di�erent tau energies Eτ will be desribedin detail in the following. The distintion between tau-neutrino and tau-antineutrinoevents will be omitted from now on, sine the tau-antineutrino events follow exatlythe same priniple as the desribed tau-neutrino events.4.1.1 Double-bang signatureA double-bang signature denotes an event in whih two separated showers are observedwithin the detetor. The primary tau neutrino produes a tau lepton inside the detetorvolume by the reation
ντ + N −→ τ− + X , (4.3)where N denotes a nuleon and X a hadroni shower, whih is observed by the emittaneof Cherenkov light. When the tau lepton deays to an eletron, see Eq. (4.2a), orhadronially, it produes a seond shower, an eletromagneti one in the �rst ase anda hadroni one in the seond. This means that the branhing ratio for a double-bangevent is ∼82 %. For being distinguishable, the two showers, whih are onneted bythe Cherenkov light trae of the tau lepton, must be separated by at least 100 m. Thetau deay length is only larger than this distane if its energy Eτ is high enough. Onthe other hand, Eτ must not be too high in order to have both showers on�ned withinthe detetor volume. These onstraints give an aeptane range of the tau neutrinoenergy Eν of approximately 2-20 PeV.1Reall 1 PeV = 1015 eV.



26 Chapter 4. IeCube experimentSignature Branhing ratio Eν energy aeptaneDouble-bang 82 % ∼ 2-20 PeVLollipop 82 % & 5 PeVInverted-lollipop 100 % & 5 PeVSugardaddy 18 % ∼ 5 PeV - 1 EeVTable 4.1. Summary of the tau-neutrino and tau-antineutrino signatures whihare expeted to be aessible to the IeCube neutrino observatory.4.1.2 Lollipop signatureIf the primary neutrino interats with a nuleon su�iently far from the detetor, theresulting shower annot be observed. However, the produed tau lepton an enter thedetetor volume and there deay into a shower, as desribed in Se. 4.1.1. The signatureof the event in the detetor is a Cherenkov light trak entering the detetor and endingin a shower, whih is somewhat reminisent of a lollipop. The trak orresponds tothe stik of the lollipop and the shower to the ball-shaped sweet part. The branhingratio of a lollipop event is, as in the ase of a double-bang event, ∼82 %. Requiring aminimal tau lepton deay length of 200 m the energy aeptane range is Eν & 5 PeV.4.1.3 Inverted-lollipop signatureAs the name indiates, this is the inverse of the lollipop signature, i.e. the tau leptonis reated inside the detetor volume and then leaves the detetor without furtherinteration. Thus, the detetor signature onsists of a shower followed by a Cherenkovlight trak leaving the detetor. The branhing ratio for this signature is 100 %, butpossibly, there is bakground from muon neutrino harged-urrent events, sine it is veryhard to distinguish the initial shower and the reated muon from the orresponding tauevent. As for the lollipop signature, the energy aeptane range is Eν & 5 PeV if werequire a tau deay length of at least 200 m.4.1.4 Sugardaddy signatureThis signature is the omplement to the lollipop signature. The tau lepton is reatedoutside the detetor suh that the shower aompanying this reation annot be ob-served. Then, the tau enters the detetor and deays into a muon whih leaves thedetetor thereafter. This deay has a branhing ratio of ∼18 %. The resulting trak inthe detetor does not have to be kinked at the loation of the deay. However, the tauemits signi�antly less Cherenkov light than the subsequent muon. This is the reason



4.1. Tau neutrino events in the IeCube experiment 27for the name Sugardaddy whih is a lollipop with a ylindri sweet part (orrespondingto the muon) on a stik (orresponding to the tau). For energies roughly between 1 PeVand 1 EeV,2 the hange in Cherenkov light intensity is expeted to be large enough tobe detetable by IeCube. Requiring the same 200 m tau deay length as before, theenergy aeptane range of the sugardaddy signature is Eν & 5 PeV and Eν . 1 EeV.Table 4.1 summarizes the introdued tau-neutrino and tau-antineutrino signatures.The IeCube is expeted to have event rates of 0.31 osmogeni tau-neutrino/antineu-trino events per year in the energy range from 0.1 PeV to 100 EeV [18℄ for the fullon�guration of 80 deployed in-ie strings. Thus, it is very likely that the IeCubeexperiment will be able to learly identify events indued by osmogeni tau neutrinosor antineutrinos in this energy range if neutrino osillations are mass-di�erene driven.

2Reall 1 EeV = 1018 eV.





Chapter 5Standard mass-di�erene neutrinoosillations and IeCubeStandard mass-di�erene (MD) neutrino osillations are governed by the Hamiltonian(2.22) whih shall be realled here:
HMD =

1

2Eν

U(θ12, θ13, θ23, δ) · diag (0, ∆m2
21, ∆m2

31) · U †(θ12, θ13, θ23, δ) , (5.1)where Eν is the neutrino energy, U the leptoni mixing matrix, θij the neutrino mixingangles, ∆m2
k1 the neutrino mass-squared di�erenes, and δ the CP-violating Dira phase.This yields a neutrino-osillation probability P MD

α into neutrinos and antineutrinos of�avor α for the initial ondition (3.18), i.e. for osmogeni neutrinos and antineutrinoswith Eν > 1014 eV,
P MD

α =
1

3

[

∣

∣

∣
Uα1 U †

1e + Uα2 exp

(

−i
∆m2

21L

2Eν

)

U †
2e + Uα3 exp

(

−i
∆m2

31L

2Eν

)

U †
3e

∣

∣

∣

2

+ 2
∣

∣

∣
Uα1 U †

1µ + Uα2 exp

(

−i
∆m2

21L

2Eν

)

U †
2µ + Uα3 exp

(

−i
∆m2

31L

2Eν

)

U †
3µ

∣

∣

∣

2
]

,(5.2)where L is the travel distane of the osmogeni neutrinos/antineutrinos. This formulaarises from the general MD neutrino-osillation probability (2.8) and desribes neutrinoosillations relevant to the IeCube experiment.If an upper limit of Eν of 1020 eV is assumed and it holds that
L ≫ 100 pc , (5.3)then the travel distane L is muh larger than the osillation lengths

Losc,k1 =
4πEν

∆m2
k1

, (5.4)29



30 Chapter 5. Standard mass-di�erene neutrino osillations and IeCubefor k ∈ {2, 3}, and the di�erene Losc,31 − Losc,21. Condition (5.3) is ful�lled for os-mogeni neutrinos and antineutrinos originating from outside our galaxy. In this ase,Eq. (5.2) an be averaged over L and simpli�es to
P MD

α =
1

3

3
∑

j=1

(

∣

∣Uαj U †
je

∣

∣

2
+ 2

∣

∣Uαj U †
jµ

∣

∣

2
)

. (5.5)For the neutrino mixing angles θ13 = 0 and θ23 = π/4, one obtains the neutrino-osillation probabilities
P MD

e = P MD
µ = P MD

τ =
1

3
, (5.6)whih means that we expet to detet osmogeni neutrinos and antineutrinos with

Eν > 1014 eV on Earth (approximately) in the ratio
N(νe + νe) : N(νµ + νµ) : N(ντ + ντ ) = 1 : 1 : 1 , (5.7)for the present experimental values of θ13 and θ23.The ourrene of tau neutrinos and antineutrinos in (5.7) in ontrast to the ini-tial ondition (3.18) is of importane. Sine there are no other soures of these high-energy tau neutrinos and antineutrinos, the experimental observation of suh a tauneutrino/antineutrino in the IeCube experiment would be potential evidene of MDneutrino osillations.



Chapter 6Nonstandard neutrino osillations andIeCubeNonstandard neutrino osillations inorporate e�ets from new physis in addition tothe established standard MD neutrino osillations. The partiular ase of nonstandardneutrino osillations whih is onsidered here is based on the assumption that neutrinoshave Fermi-point splitting (FPS), in analogy to the fermioni quasi-partiles ourringin ertain quantum gases of fermioni atoms at ultralow temperatures [19℄. In suh sys-tems, a quantum phase transition between a vauum state with fully-gapped fermionispetrum and a vauum state with Fermi points, i.e. points in three-momentum spaeat whih the energy vanishes, is predited. This phase transition ours in the so-alledBEC-BCS rossover region, where BEC stands for Bose-Einstein ondensate and BCSfor Bardeen, Cooper, and Shrie�er, i.e. the superondutive regime. Denoting twoFermi points in three-momentum spae by b1 and b2, we an de�ne the splitting ∆b21between these two Fermi points:
∆b21 ≡ b2 − b1 . (6.1)We an arry over the onept of FPS to elementary partile physis. If neutrinosare assumed to have timelike FPS (in four-momentum spae), it enters their dispersionlaws in the following way

Ej ≃ p ± b
(j)
0 +

m2
j

2p
, (6.2)for j ∈ {1, 2, 3}, where p denotes the neutrino momentum, b(j)

0 the FPS parameters, and
mj the neutrino masses. Only for non-zero b

(j)
0 , we an obtain Ej = 0 and as a resultFPS. The altered dispersion relations result in the following extension of HMD [20℄:

HMD+FPS =
1

2Eν

U(θ12, θ13, θ23, δ) · diag (0, ∆m2
21, ∆m2

31) · U †(θ12, θ13, θ23, δ)

+ V (χ12, χ13, χ23, ω) · diag (0, ∆b
(21)
0 , ∆b

(31)
0 ) · V †(χ12, χ13, χ23, ω) ,(6.3)31



32 Chapter 6. Nonstandard neutrino osillations and IeCubewhere the FPS part is parametrized by the matrix V , the FPS equivalent of the leptonimixing matrix U , the angles χij, the FPS di�erenes ∆b
(k1)
0 ≡ b

(k)
0 − b

(1)
0 , and a omplexphase ω. The relative phases between the MD and the FPS setor have been hosento be zero. The domains of the FPS angles χij and the FPS phase ω are in the limit

Eν → ∞
χij ∈

[

0,
π

2

]

, (6.4a)
ω ∈ [0, 2π). (6.4b)If we denote the energy eigenvalues of HMD+FPS by ǫj ≡ ǫj(Eν), for j ∈ {1, 2, 3}, thefollowing energy-eigenvalue di�erenes an be de�ned

∆ǫk1 ≡ ǫk − ǫ1 , (6.5)where k ∈ {2, 3}.There exists a matrix W whih diagonalizes HMD+FPS. It is notable that, as theenergy eigenvalues ǫj , this matrix W is dependent on Eν . When FPS is inorporated,the neutrino-osillation probability P MD+FPS
α orresponding to that in Eq. (5.5) beomes

P MD+FPS
α =

1

3

3
∑

j=1

(

∣

∣Wαj W †
je

∣

∣

2
+ 2

∣

∣Wαj W †
jµ

∣

∣

2
)

. (6.6)This formula is valid if the following onditions hold true for the energy-eigenvaluedi�erenes ∆ǫk1:
|∆ǫk1|L ≫ 1 , (6.7a)

|∆ǫ31 − ∆ǫ21|L ≫ 1 . (6.7b)Sine osmogeni neutrinos and antineutrinos with energies Eν > 1014 eV most likelyoriginate from outside our galaxy, we will assume a lower limit on L of the order of onemegaparse. This assumption results in the onditions
|∆ǫk1| ≫ 10−29 eV , (6.8a)

|∆ǫ31 − ∆ǫ21| ≫ 10−29 eV . (6.8b)In the limit of low neutrino energies Eν , the MD part in HMD+FPS dominates over theFPS part and the energy eigenvalues have the limits
∆ǫ21 →

∆m2
21

2Eν

, (6.9a)
∆ǫ31 →

∆m2
31

2Eν

. (6.9b)



33Therefore, it results from the onditions (6.8a) and (6.8b) that the following must hold:
∆m2

k1

2Eν

≫ 10−29 eV , for k ∈ {2, 3} , (6.10a)
1

2Eν

(

∆m2
31 − ∆m2

21

)

≫ 10−29 eV . (6.10b)This is the ase for
Eν ≪ 4 × 1024 eV , (6.11)an energy well above the highest observable energies of osmogeni neutrinos and an-tineutrinos. Moreover, it has to hold that

∣

∣

∣
∆b

(k1)
0

∣

∣

∣
≫ 10−29 eV , k ∈ {2, 3} , (6.12a)

∣

∣

∣
∆b

(31)
0 − ∆b

(21)
0

∣

∣

∣
≫ 10−29 eV , (6.12b)sine in the limit Eν → ∞, the energy-eigenvalue di�erenes ∆ǫk1 have the limits

∆ǫ21 → ∆b
(21)
0 , (6.13a)

∆ǫ31 → ∆b
(31)
0 . (6.13b)Performing perturbation theory, one obtains the following behavior of the energy-eigenvalue di�erenes ∆ǫk1 in �rst order of ∆m2
31/(2Eν):

∆ǫ21 ≃ ∆b
(21)
0 +

∆m2
31

8Eν

[

cos(2χ12)
(

2 cos2(χ13) + sin(2χ23)
(

cos(2χ13) − 3
)

)

− 4 sin(2χ12) sin(χ13) cos(2χ23) cos(ω)
]

,

(6.14a)
∆ǫ31 ≃ ∆b

(31)
0 +

∆m2
31

16Eν

[

(

cos(2χ12) + 3
)

cos(2χ13)
(

sin(2χ23) + 1
)

+ 2 sin2(χ12)
(

3 sin(2χ23) − 1
)

− 4 sin(2χ12) sin(χ13) cos(2χ23) cos(ω)
]

,

(6.14b)where terms of the order ∆m2
21/(2Eν) are negleted and the standard MD neutrino-osillation angles are hosen to be θ13 = 0 and θ23 = π/4. The energy orretions inEqs. (6.14a) and (6.14b) an be positive as well as negative. Under ertain irum-stanes, this results in an intersetion of ǫ1 and ǫ2 at a spei� energy EI , i.e. theondition (6.8b) would not be ful�lled around this energy. However, the energy intervalin whih Eq. (6.6) would not be valid is very small if the onditions (6.12a) and (6.12b)apply.



34 Chapter 6. Nonstandard neutrino osillations and IeCubeWe are interested in whih way the inlusion of FPS an alter the standard MDneutrino-osillation probabilities (5.6). Sine the MD term in HMD+FPS is suppressedwith rising neutrino energy Eν , one preferably goes to high neutrino energies, in order toobserve possible e�ets of FPS on neutrino osillations. The IeCube experiment withits apability of deteting osmogeni tau neutrinos and antineutrinos with Eν > 1015eV is a promising andidate for this task. Therefore, we will onentrate on FPS e�etsentering the tau neutrino-osillation probability P MD+FPS
τ . However, the �rst thingwhih has to be investigated is the question when FPS has no or only very little e�eton P MD

τ = 1/3. This an be determined in the limit Eν → ∞ where the MD termin HMD+FPS is ompletely suppressed. Then, the tau neutrino-osillation probabilitybeomes
P FPS

τ =
1

3

3
∑

j=1

(

∣

∣Vτj V †
je

∣

∣

2
+ 2

∣

∣Vτj V †
jµ

∣

∣

2
)

. (6.15)Figures 6.1-6.4 show the regions in the phase spae of χ12, χ13, and χ23 for whih
P FPS

τ > 0.3, i.e. a maximal derease of 10 % with respet to P MD
τ . The phase ω is setto a di�erent value in eah �gure, namely ω = 0, ω = π/3, ω = 2π/3, and ω = π.1 The�gures indiate that the regions in the FPS parameter spae for whih FPS e�ets donot derease the tau neutrino-osillation probability signi�antly onentrate around

χ23 ≃
π

4
, (6.16)as long as χ13 < π/4. This inludes the ombination

χ12 = 0.58, χ13 = 0, χ23 =
π

4
, (6.17)whih orresponds to the standard MD neutrino-osillation ase. For larger values of

χ13, χ23 an obtain arbitrary values. However, the point
χ12 = χ23 =

π

4
(6.18)is no longer allowed, as it is the ase as long as χ13 is small. It should also be noted thata signi�ant enhanement of the tau neutrino-osillation probability is not possible. Itholds that

P FPS
τ < 0.35 . (6.19)Thus, for the phase spae regions shown in Figs. 6.1-6.4, P MD+FPS

τ does not deviatemuh from the standard value of 1/3 exept for a onstrained Eν interval where possibleinterferene e�ets between the MD term and the FPS term in HMD+FPS are dominant.1It is su�ient to onsider ω ∈ [0, π], sine P FPS
τ is symmetri in ω, as it will be shown inEq. (6.37).
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P (P FPS

τ > 0.3) = 0.24

P (P FPS
τ < 0.15) = 0.25

P (P FPS
τ < 0.075) = 0.10Table 6.1. Numerial values of the probability that P FPS

τ stays above or fallsbelow ertain thresholds Pt.We would like to estimate the probabilities for di�erent ases of FPS altering thetau neutrino-osillation probability. Sine we basially know nothing about the valuesof χ12, χ13, χ23, and ω, we will assume eah point in the parameter spae as equallyprobable. Then, the probability for P FPS
τ staying above or falling below a threshold Ptis given by

P (P FPS
τ ≷ Pt) =

∫ π

0

∫ π

2

0

∫ π

2

0

∫ π

2

0

dω dχ12 dχ13 dχ23 Θ(±P FPS
τ ∓ Pt)

π
(π

2

)3 , (6.20)where Θ is the Heaviside step funtion and π(π/2)3 is the volume of the whole parameterspae. P (P FPS
τ < Pt) is also a measure for the probability that an experiment, whihis able to distinguish the ase P FPS

τ < Pt from the standard MD neutrino-osillationase, detets e�ets from FPS. Numerial results for di�erent values of Pt are givenin Table 6.1. There is a 24 % hane that P FPS
τ stays above 0.3, whih orrespondsto the previously disussed ase. The probability is 25 % for FPS altering the tauneutrino-osillation probability signi�antly (P FPS
τ < 0.15). For a dramati alterationof the tau neutrino-osillation probability (P FPS

τ < 0.075), there is a hane of 10 %.This means that, in prinipal, there is quite a large probability for possible FPS e�etsbeing observable in the osillations of high-energy osmogeni neutrinos.The ase inluding a dramati alteration of the tau neutrino-osillation probabilityis the most interesting one, in partiular when
P FPS

τ = 0 . (6.21)This is ful�lled if there is no onnetion between the νe�νµ setor and ντ in the FPSpart of HMD+FPS, i.e. if the following two onditions hold
∆b

(21)
0 Ve2 V †

2τ + ∆b
(31)
0 Ve3 V †

3τ = 0 , (6.22a)
∆b

(21)
0 Vµ2 V †

2τ + ∆b
(31)
0 Vµ3 V †

3τ = 0 , (6.22b)whih is the ase for ertain regions in the FPS parameter spae, partiularly
χ13 = 0 , (6.23a)
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χ23 = 0 , (6.23b)with χ12 and ω being arbitrary.As a onrete example, we will onsider the ase of no mixing in the FPS setorwhih is very similar to quark mixing. This orresponds to the following standard MDneutrino-osillation and FPS parameters:

θ12 = 0.58, θ13 = 0, θ23 = π/4,

∆m2
21 = 7.9 × 10−5 eV2, ∆m2

31 = 2.6 × 10−3 eV2, δ = 0,
(6.24a)

χ12 = 0, χ13 = 0, χ23 = 0,

∆b
(21)
0 = 5 × 10−18 eV, ∆b

(31)
0 = 10−17 eV, ω = 0,

(6.24b)where the standard MD neutrino-osillation parameters (6.24a) are hosen aording topresent experimental results [21℄. The hoie of the FPS di�erenes ∆b
(k1)
0 is motivatedas follows. Let us �rst de�ne ∆b

(31)
0 to be the larger FPS di�erene. Then, the FPSpart in HMD+FPS dominates over the standard MD part if

∆m2
31

2Eν

< ∆b
(31)
0 . (6.25)For the hosen value of ∆b

(31)
0 , this ondition is ful�lled if

Eν & 1014 eV . (6.26)Therefore, it is expeted that in the onsidered ase, P MD+FPS
τ signi�antly deviatesfrom the standard MD value of 1/3 in this energy domain. Sine a ase with P FPS

τ = 0is onsidered, we assume that
P MD+FPS

τ → 0 , (6.27)if the FPS part is at least one order of magnitude larger than the standard MD part,i.e.
10

∆m2
31

2Eν

< ∆b
(31)
0 . (6.28)For the hosen value of ∆b

(31)
0 , this results in an energy range

Eν & 1015 eV , (6.29)whih orresponds to the total energy aeptane range of the IeCube tau-neutrinoand tau-antineutrino events desribed in Se. 4.1.The energy-eigenvalue di�erenes ∆ǫk1 of the onsidered example are shown inFig. 6.5. Equations (6.14a) and (6.14b) yield for the hosen parameters
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k1/(2Eν), k ∈ {2, 3}.

∆ǫ21 ≃ ∆b
(21)
0 +

∆m2
31

4Eν

+ O
(

(

∆m2
31/(2Eν)

)2
)

, (6.30a)
∆ǫ31 ≃ ∆b

(31)
0 +

∆m2
31

4Eν

+ O
(

(

∆m2
31/(2Eν)

)2
)

. (6.30b)This suggests that ∆ǫ21 and ∆ǫ31 grow monotonially with dereasing Eν . Figure 6.5also shows that the onditions (6.8a) and (6.8b) are ful�lled and that for high energies,as it was antiipated previously, one obtains the limits
∆ǫ21 → ∆b

(21)
0 , (6.31a)

∆ǫ31 → ∆b
(31)
0 , (6.31b)as well as for low energies

∆ǫ21 →
∆m2

21

2Eν

, (6.32a)
∆ǫ31 →

∆m2
31

2Eν

. (6.32b)The resulting energy dependene of P MD+FPS
τ is shown in Fig. 6.6.2 For energiesbelow 1014 eV, it resembles the standard MD neutrino-osillation ase with a value of2Although Eq. (6.6) is only valid for Eν > 1014 eV the energy range in Fig. 6.6 is extendedto 1012 eV for illustration purposes.
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Figure 6.6. Neutrino-osillation probability P MD+FPS
τ , as de�ned by (6.6), forthe standard MD neutrino-osillation parameters (6.24a) and the FPS parameters(6.24b). The dashed line shows the standard MD neutrino-osillation probability

P MD
τ = 1/3.1/3. For energies larger than 1014 eV, the probability dereases rapidly, approahingzero at around 1015 eV, as it was antiipated previously.We will now onsider a seond example whih is similar to the previous one, but itinorporates large mixing in the FPS setor. Therefore, only the FPS mixing angles

χ12, χ13, and χ23 are hanged ompared to the preeeding ase. The partiular hoieof standard MD neutrino-osillation and FPS parameters is as follows:
θ12 = 0.58, θ13 = 0, θ23 = π/4,

∆m2
21 = 7.9 × 10−5 eV2, ∆m2

31 = 2.6 × 10−3 eV2, δ = 0,
(6.33a)

χ12 = 0, χ13 = π/4, χ23 = π/2,

∆b
(21)
0 = 5 × 10−18 eV, ∆b

(31)
0 = 10−17 eV, ω = 0.

(6.33b)The resulting energy-eigenvalue di�erenes ∆ǫk1 are shown in Fig. 6.7. They showvery similar behavior as in the previous example whih is suggested by the results ofEqs. (6.14a) and (6.14b)
∆ǫ21 ≃ ∆b

(21)
0 +

∆m2
31

8Eν

+ O
(

(

∆m2
31/(2Eν)

)2
)

, (6.34a)
∆ǫ31 ≃ ∆b

(31)
0 + O

(

(

∆m2
31/(2Eν)

)2
)

. (6.34b)Here, the seond order orretion of ǫ2, being the largest energy-eigenvalue di�erene,is positive.
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Figure 6.8. Neutrino-osillation probability P MD+FPS
τ , as de�ned by (6.6), forthe standard MD neutrino-osillation parameters (6.33a) and the FPS parameters(6.33b). The dashed line shows the standard MD neutrino-osillation probability

P MD
τ = 1/3.



44 Chapter 6. Nonstandard neutrino osillations and IeCubeThe energy dependene of P MD+FPS
τ is shown in Fig. 6.8. Sine the hoie χ12 = 0,

χ13 = π/4, and χ23 = π/2 ful�lls, as in the ase of all three angles being zero, theonditions (6.22a) and (6.22a), P MD+FPS
τ behaves very similar to the previous example.For energies below 1014 eV, it resembles the standard MD neutrino-osillation ase witha value of 1/3. Above 1014 eV, the probability dereases rapidly and approahes zeroat around 1015 eV.What do the preeeding onsiderations imply for the IeCube experiment? It hasbeen shown that it depends on the mixing in the FPS setor, i.e. the values obtainedby χ12, χ13, and χ23, whether FPS an or annot a�et the results of the IeCubeexperiment ompared to the ase of standard MD neutrino osillations. However, if theFPS mixing angles have the appropriate values, the tau neutrino-osillation probabilitydrops to zero for su�iently high neutrino energies Eν . More quantitatively, aordingto Eq. (6.28), we have as ondition for P MD+FPS

τ ≃ 0

Eν & 5
∆m2

31

∆b
(31)
0

. (6.35)Putting in the onrete values of ∆m2
31 and ∆b

(31)
0 hosen before this yields

Eν & 1015 eV . (6.36)This energy range orresponds to the omplete energy aeptane range of tau-neutrinoand tau-antineutrino events in the IeCube experiment desribed in Se. 4.1. Thus,the IeCube experiment would not observe any of the disussed tau-neutrino or tau-antineutrino events at energies above 1015 eV in ontrast to the expetations arisingfrom the preditions of the standard MD neutrino-osillation mehanism.The absene of tau-neutrino and tau-antineutrino events at energies above 1015 eVwould suggest that there are nonstandard ontributions to neutrino osillations, possiblyfrom FPS. However, the experimental veri�ation of this senario is a ompliated task,sine statistis in the relevant energy region is expeted to be poor for the IeCubeexperiment (see Se. 4.1). Better statistis would help here. Moreover, better statistisould make it possible to distinguish between the standard MD neutrino-osillation aseand a less dramati alteration of the neutrino-osillation probability by FPS. This isfavorable, sine a senario ful�lling P FPS
τ < 0.15 is far more probable than a senariofor whih a very small value of Pt as upper limit is demanded (see Table 6.1).In the ases disussed, the FPS di�erenes were hosen of the order of 10−17 eV. Thisis the lower limit for the FPS di�erenes, in order to obtain no tau-neutrino or tau-antineutrino events at energies above 1015 eV. Present bounds on the FPS di�erenesare of the order of 10−13 eV - 10−14 eV [22℄. The IeCube experiment is thereforesensitive to FPS di�erenes whih are at least three orders of magnitude smaller thanthe present bounds.



45Another matter of interest is the question how the results of the IeCube experimentan be in�uened by the FPS phase ω. The terms in P FPS
τ whih depend on ω an besummarized as

P FPS, ω
τ =

1

6

[

1

2
sin (4χ12) sin (χ13)

(

(

1 + sin2 (χ13)
)

sin (4χ23)

− cos2 (χ13) sin (2χ23)
)

cos(ω)

− sin2 (2χ12) sin2 (χ13) sin2 (2χ23) cos(2ω)

]

.

(6.37)
The variation of this quantity an only be of signi�ant size if χ13 is not too small. Inaddition, the possible hoies for the other two angles χ12 and χ23 are also restrited.A suitable and not too unrealisti ombination of the mixing angles is

χ12 =
π

8
, χ13 =

π

4
, χ23 =

π

8
. (6.38)Then, the variation of P FPS, ω

τ is
P FPS, ω=0

τ − P FPS, ω=π
τ =

3
√

2 − 1

24
≃ 0.14 , (6.39)whih oinides with the variation of P MD+FPS

τ in the limit Eν → ∞. Figure 6.9 showsthe neutrino-osillation probability P MD+FPS
τ for the following hoie of standard MDneutrino-osillation and FPS parameters:

θ12 = 0.58, θ13 = 0, θ23 = π/4,

∆m2
21 = 7.9 × 10−5 eV2, ∆m2

31 = 2.6 × 10−3 eV2, δ = 0,
(6.40a)

χ12 = π/8, χ13 = π/4, χ23 = π/8,

∆b
(21)
0 = 5 × 10−18 eV, ∆b

(31)
0 = 10−17 eV.

(6.40b)The di�erene between the ase ω = 0 and ω = π is onsidered. For ω = 0, there is onlyan insigni�ant deviation from the standard MD ase throughout the omplete energyrange. However, for ω = π, P MD+FPS
τ starts to drop at an energy Eν ≃ 1014 eV andfalls to a value of about 0.18 for Eν & 1016 eV. The di�erene between both urves athigh energies oinides very well with the di�erene omputed in Eq. (6.39).It has been shown that a non-zero phase ω, i.e. the existene of CP violation in theFPS setor, an alter the neutrino-osillation probability P MD+FPS

τ quite signi�antly.In the onsidered example, P MD+FPS
τ is almost equal to the standard MD neutrino-osillation ase for ω = 0 and dereases to almost half of the standard MD value atenergies Eν & 1015 eV for ω = π. However, it has to be emphasized that a non-zero ω an only alter P MD+FPS

τ signi�antly for a quite restrited range of values of
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Figure 6.9. Neutrino-osillation probability P MD+FPS
τ , as de�ned by (6.6), forthe standard MD neutrino-osillation parameters (6.40a) and the FPS parameters(6.40b). The solid line orresponds to ω = 0 and the dashed line to ω = π.The dotted line shows P MD+FPS

τ for the same standard MD neutrino-osillationparameters and χ12 = 0, χ13 = π/4, χ23 = 0, and ω = 0.
χ12, χ13, and χ23. In partiular, χ13 must not be small. Moreover, it is not lear ifthe IeCube experiment is able to disriminate between, e.g., the full and half of thenumber of expeted tau-neutrino and tau-antineutrino events at energies above 1015eV. This problem ould be overome by better statistis, e.g. by an experiment with alarger detetor volume than IeCube.However, if IeCube or any other similar experiment should be able to learly identifya de�ieny of these tau-neutrino and tau-antineutrino events, there is no possibilityto tell whether this de�ieny arises from a non-zero phase ω or another ombinationof FPS mixing angles with ω = 0. This is illustrated in Fig. 6.9, where the asewith FPS angles χ12 = 0, χ13 = π/4, and χ23 = 0 and vanishing phase ω is shownfor omparison. This issue ould only be overome by omplementary experiments,e.g. experiments whih measure neutrino osillations at high energies dependent on thepropagation distane L rather than averaged osillations. Summing up, it has to besaid that possible CP violation in the FPS setor an alter the results of the IeCubeexperiment, but it is not possible for the IeCube experiment to make a statement ifthere is or if there is not CP violation in the FPS setor.



Chapter 7Conlusion
Ultrahigh-energy osmi rays with energies between 1017 and 3×1020 eV have been mea-sured in experiments. These osmi rays an satter o� osmi mirowave bakgroundphotons, a proess known as the Greisen�Zatsepin�Kuzmin mehanism. Moreover, simi-lar sattering proesses take plae whih involve other osmi bakgrounds, in partiularthe osmi ultraviolet-optial and infrared bakrounds. In these sattering proesses,photopions are reated and in the deay of these photopions, eletron neutrinos, muonneutrinos, and tau neutrinos along with the orresponding antineutrinos are produedin the ratio one to two to zero in very good approximation. This neutrino produtionmehanism is the dominating one for all osmogeni neutrinos and antineutrinos withenergies above 1014 eV.The absene of initially reated tau neutrinos and antineutrinos is of partiularimportane, sine mass-di�erene neutrino osillations alter the neutrino-�avor om-position to equal frations of all �avors during neutrino propagation. The IeCubeNeutrino Observatory is expeted to be able to measure the resulting exess of osmo-geni tau neutrinos and antineutrinos with energies above 1014 eV by means of severalunique signatures, whih are sensitive to energies greater than 1015 eV. The observationof these osmogeni tau neutrinos and antineutrinos would be interpreted as furtherevidene for the existene of mass-di�erene neutrino osillations.In this work, neutrino osillations have been disussed whih inlude nonstandardontributions arising from Fermi-point splitting. It has been onsidered whih e�etthese nonstandard neutrino osillations have on the results of the IeCube experiment.In partiular, a formula has been derived whih desribes neutrino osillations involvingFermi-point splitting. This formula is valid for minimal neutrino propagation lengthsof one megaparse, whih is a small distane on osmologial sales.It has been shown that Fermi-point splitting an alter the osillation probabilityof osmogeni tau neutrinos and antineutrinos in suh a way that no tau neutrinosor antineutrinos with energies above 1015 eV arrive on Earth (see Figs. 6.6 and 6.8).As a result, the IeCube experiment would not observe any of the events indued by47



48 Chapter 7. Conlusionthese tau neutrinos or antineutrinos. This would then suggest that ontributions fromFermi-point splitting ould be present in neutrino osillations.The sensitivity of the IeCube experiment to ontributions from Fermi-point split-ting allows values of the Fermi-point splittings whih are at least three orders of magni-tude below present bounds. However, its sensitivity is restrited to limited ombinationsof the mixing angles and the phase in the Fermi-point splitting setor. This issue ouldbe overome by, e.g., a suessor of the IeCube experiment with better statistis, whihwould extend the sensitivity to a larger fration of the spae of the Fermi-point splittingmixing angles and the Fermi-point splitting phase. This extension would imply a largerprobability that e�ets from Fermi-point splitting an be observed. See Table 6.1 fora quantitative estimate. Table 6.1 also shows that there is a relatively large prinipalprobability for being able to detet possible e�ets from Fermi-point splitting in theosillations of high-energy osmogeni neutrinos.E�ets from possible CP violation in the Fermi-point splitting setor may be ob-servable at the IeCube experiment (see Fig. 6.9). However, a de�nite result on thepresene of CP violation in the Fermi-point splitting setor annot be expeted from Ie-Cube. This has to wait for omplementary experimental data, e.g. from other neutrino-osillation experiments with very high neutrino energies but, in ontrast to the IeCubeexperiment, well-de�ned neutrino propagation distane.



Appendix AGZK kinematisWe want to derive a formula for the kinematis of the GZK proesses, in whih a protonand a photon produe a ∆+. This problem is e�etively two+one-dimensional and theonservation equations of energy and momentum are given by
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, (A.1)where Ep is the proton energy, mp the proton mass, Eγ the photon energy, θ the anglebetween the momenta of the initial proton and photon, m∆+ the ∆+ mass, and p∆+,xand p
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Zusammenfassung
Neutrinooszillationen beshreiben das Verhalten von Neutrinos während ihrer Propa-gation. Ein Neutrino, das mit einem bestimmten Flavor erzeugt wurde, muss nihtnotwendiger Weise mit demselben Flavor vorgefunden werden, nahdem es eine gewisseStreke propagiert ist. Vielmehr gibt es eine endlihe Wahrsheinlihkeit, es mit einemanderen Flavor vorzu�nden. Dies ist darauf zurükzuführen, dass die drei Flavorzu-stände, nämlih νe, νµ und ντ , niht die Neutrino-Eigenzustände sind. Folglih sinddie Flavorzustände Linearkombinationen der Eigenzustände. Man spriht hier von Mi-shung. Diese wird von drei Mishwinkeln und einer CP-verletzenden Phase beshrieben.Im Standardbild, das man von Neutrinooszillationen (im Vakuum) hat, entsprehendie Neutrino-Eigenzustände den Zuständen mit wohlde�nierter Masse. Für Neutri-nooszillationen ist hier notwendig, dass mindestend zwei Neutrinomassen von null ver-shieden und niht entartet sind. Da die Neutrinooszillationswahrsheinlihkeit indiesem Fall von der Di�erenz der Massenquadrate abhängt, nennt man diese Art der Os-zillationenMassendi�erenz-Neutrinooszillationen. Die daraus resultierenden Ergebnissefür die Neutrinooszillationswahrsheinlihkeiten stimmen sehr gut mit den Messungenbisheriger Neutrinooszillationsexperimente überein. Deswegen wird dieses Modell alsdie Standardbeshreibung für Neutrinooszillationen betrahtet.Neben den durh rein Massendi�erenzen induzierten Neutrinooszillationen gibt esvershiedene Modelle, die dieses Konzept erweitern. Die in dieser Arbeit betrahteteForm der Erweiterung basiert auf dem Konzept der sogenannten Fermipunkt-Aufspal-tung. Man nimmt an, dass Neutrinos in Analogie zu den fermionishen Quasiteilhen,die in gewissen Quantengasen bei ultraniedrigen Temperaturen auftreten, Fermipunkt-Aufspaltungen haben. Dies führt zu einem zusätzlihen Term (neben dem Term, derdie Massendi�erenzen beinhaltet) im Hamilton-Operator, der Neutrinooszillationen be-shreibt. Je nah Gröÿenordnung der Fermipunkt-Aufspaltung im Vergleih zu denMassendi�erenzen können zusätzlihe E�ekte in Neutrinooszillationen auftreten.Es ist von Interesse, wie man experimentell möglihe E�ekte von Fermipunkt-Aufspaltung messen kann. Dazu geht man vorzugsweise zu hohen kinetishen Energiender Neutrinos, da Massendi�erenz induzierte Neutrinooszillationen mit zunehmenderNeutrinoenergie unterdrükt werden. E�ekte, die aus Fermipunkt-Aufspaltung resul-tieren, sind jedoh von der Neutrinonergie unabhängig.55



56 ZusammenfassungDie höhsten Neutrinoenergien, die uns bekannt sind, tri�t man bei Neutrinos kos-mishen Ursprungs an. Bei ihrer Erzeugung spielen extrem hohenergetishe kosmisheStrahlen die tragende Rolle. Kosmishe Strahlen extrem hoher Energie können anPhotonen der kosmishen Mikrowellen-Hintergrundstrahlung streuen. Dieser Prozesswird Greisen�Zatsepin�Kuzmin-Mehanismus genannt. Darüber hinaus �nden ähn-lihe Streuprozesse statt, die kosmishe Hintergrundstrahlung anderer Wellenlängeneinbeziehen. Dies betri�t insbesondere die kosmishe ultraviolett-optishe und Infrarot-Hintergrundstrahlung.In den Streuprozessen, die an Photonen vershiedener kosmisher Hintergrund-strahlungen statt�nden, werden ∆+-Resonanzen erzeugt, die unter anderem in soge-nannte Photopionen zerfallen. Diese Photopionen zerfallen weiter und erzeugen dabeiNeutrinos und Antineutrinos. Elektronnneutrinos, Myonneutrinos und Tauneutrinoswerden zusammen mit den entsprehenden Antineutrinos im Verhältnis eins zu zweizu null gebildet. Dies gilt in sehr guter Näherung. Die angesprohenen Prozesse sinddie primäre Quelle für alle Neutrinos und Antineutrinos kosmishen Ursprungs mitEnergien gröÿer als 1014 eV.Das Fehlen von Tauneutrinos und -antineutrinos als Produkt dieser Streuprozesseist von besonderer Relevanz. Massendi�erenz-Neutrinooszillationen verändern das an-fänglihe Verhältnis der vershiedenen Neutrinoarten hin zu gleihen Anteilen allerFlavors. Dies bedeutet einen Übershuss an Tauneutrinos und -antineutrinos kos-mishen Ursprungs mit Energien gröÿer als 1014 eV, der auf der Erde messbar seinsollte. Ein Nahweis dieses Übershusses würde als weiterer Beleg für die Existenz vonMassendi�erenz-Neutrinooszillationen gesehen werden.Das IeCube-Neutrinoobservatorium ist ein derzeitiges Neutrinoexperiment, das siham Südpol be�ndet. Es benutzt das antarktishe Eis als Detektormaterial und wird infertig ausgebautem Zustand ein Detektorvolumen in der Gröÿenordung eines Quadrat-kilometers haben. In das polare Eis sind Photovervielfaherröhren an Strängen vertikaläquidistant eingelassen. Dabei bilden die Stränge mit Photovervielfaherröhren, insge-samt sollen es 80 an der Zahl werden, von oben betrahtet ein groÿes sehsekiges Gitter.Bis Anfang 2007 waren 22 Stränge installiert, die Fertigstellung des Experimentes istfür jenseits des Jahres 2010 geplant.Das IeCube-Experiment wird den Erwartungen zufolge in der Lage sein, den Über-shuss an Tauneutrinos und -antineutrinos kosmishen Ursprungs mit Energien gröÿerals 1014 eV nahweisen zu können. Dies ist mit Hilfe vershiedener eindeutiger Sig-naturen möglih, die für Energien gröÿer 1015 eV sensitiv sind. Die Gröÿenordnungdieser Neutrinoenergien maht das IeCube-Experiment zu einem viel versprehendenWerkzeug, um Neutrinooszillationen auf möglihe E�ekte eines erweiterten Neutri-nooszillationsmodelles zu überprüfen.In dieser Arbeit werden wie oben erwähnt Neutrinooszillationen basierend auf einemerweiterten Modell, das Fermipunkt-Aufspaltung beinhaltet, betrahtet. Dabei wirdanalysiert, inwieweit möglihe E�ekte dieser Fermipunkt-Aufspaltung durh das IeCube-



Zusammenfassung 57Experiment messbar sind. Hierzu wurde eine Formel hergeleitet, die die Neutrinooszil-lationswahrsheinlihkeit mit einbezogener Fermipunkt-Aufspaltung beshreibt. DieseFormel ist für eine minimale durh die Neutrinos zurükgelegte Wegstreke von einemMegaparse gültig, was eine kleine Distanz im Hinblik auf kosmologishe Gröÿenord-nungen ist.Resultierend wurde gezeigt, dass Fermipunkt-Aufspaltung die Oszillationswahr-sheinlihkeit von Tauneutrinos und -antineutrinos kosmishen Ursprungs dahingehendabändern kann, dass keine Tauneutrinos oder -antineutrinos mit Energien gröÿer als
1015 eV auf der Erde angelangen. In diesem Fall würde das IeCube-Experiment keinesder Ereignisse, die von diesen Tauneutrinos und -antineutrinos herrühren, beobahten.Dies würde dann darauf hindeuten, dass Fermipunkt-Aufspaltung einen Beitrag zu Neu-trinooszillationen liefert. Das IeCube-Experiment ist dabei emp�ndlih für Werte derFermipunkt-Aufspaltung, die mindestens drei Gröÿenordnungen unterhalb bisherigerShranken liegen.Die Emp�ndlihkeit des IeCube-Experiments gegenüber Fermipunkt-Aufspaltungist jedoh beshränkt auf gewisse Kombinationenen der Mishungswinkel und der Phaseim Bereih der Fermipunkt-Aufspaltung. Diese Problematik könnte zum Beispiel durhein Nahfolgeexperiment von IeCube gelöst werden, das über bessere Statistik verfügenwürde. Dies würde die Emp�ndlihkeit auf einen gröÿeren Teil des Parameterraumes derMishwinkel und der Phase im Sektor der Fermipunkt-Aufspaltung erweitern und hätteeine höhere Wahrsheinlihkeit zur Folge, dass E�ekte der Fermipunkt-Aufspaltungbeobahtbar wären.E�ekte mögliher CP-Verletzung im Bereih der Fermipunkt-Aufspaltung sind unterUmständen vom IeCube-Experiment beobahtbar. Ein eindeutiges Ergebnis darüber,ob CP-Verletzung im Sektor der Fermipunkt-Aufspaltung vorliegt, kann vom IeCube-Experiment jedoh niht erwartet werden. Hierzu sind komplementäre experimentelleResultate erforderlih, zum Beispiel von anderen Neutrinooszillatonsexperimenten mitsehr hohen Neutrinoenergien aber im Gegensatz zum IeCube-Experiment eindeutigde�nierter Propagationsstreke der Neutrinos.


