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Abstract

Within the last decade after the discovery of neutrino oscillations, there has been an ongoing
search to reveal the mysteries associated with massive neutrinos. Physicists have sought to
explore this undiscovered area to find the physical masses and the mechanisms responsible for
these.

Model building is a way to approach this, and especially group theory has been used to
describe neutrino mixing. The Frobenius group 773 has turned out to be very compatible for
this task. To achieve a more original approach, this group will be applied when investigating
some interesting areas of neutrino physics.

Two popular mechanisms used to naturally describe the small neutrino masses consist of
the see-saw mechanism and radiative loop corrections. These take into account that neutrinos
don’t have charge, can be their own antiparticles and therefore have Majorana abilities. These
two mechanisms will be investigated and applied with the Frobenius group Ti3.

The Frobenius group 713 forms an excellent fit with tribimaximal neutrino mixing. Imple-
menting the see-saw mechanism with this group generates further constraints and leads to a
predictive model, where neutrino mass eigenvalues and allowed regions for neutrinoless double
beta decay are suggested. Since it has recently been insinuated that the (e3) element of the
neutrino mixing can not be exactly zero, it must deviate from tribimaximal mixing. The Zee
model is introduced to create radiative loop corrections, thus proposing a way to achieve these
small deviations. However, tribimaximal is a highly suitable first order mixing matrix that
can be used to describe neutrino mixing. This has been exploited in this thesis.
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Preface

In 2009 I started a year of exchange at the University of California in Santa Barbara. At the
time I did not know the challenges I was going to face or the exciting experiences I was about
to have during that year. Moreover, I did not know that the year would turn into almost two,
as I would be starting my Master’s Thesis working with a world-famous Professor at the Kavli
Institute for Theoretical Physics.

I had only heard of the KITP and the Nobel laureates wondering around in the halls of the
building unraveling the mysteries of the universe. I could only hope to learn and be inspired
from such brilliant people, when I started the first school day at UCSB. The exchange year
turned out to be tough, but I received a knowledge and experience I could not have found in
my own country. Not only in academia, where I was taught by excellent professors, but also
from the experience of being abroad, meeting physicist from a different part of the world and
being surrounded by people, some of which, valued physics above all.

I found an excellent advisor, co-worker and friend in Tony Zee. He introduced me to the
exciting area of neutrino physics and brought me to the level of research. Taking his job as
my advisor seriously, I got the amazing opportunity to go to Taiwan for a couple of weeks,
where I gave my first talk on the subject of neutrinos and got the chance to speak with other
neutrino physics enthusiasts. I was stunned by the hospitality of the Academia Sinica and the
friendly Taiwanese people. During the visit I was honored to attend the 1 month celebration
of Max, Tony and Janice Zee’s son.

I returned to Copenhagen in April 2011 to finish my Master’s Thesis under the guidance of
Poul Henrik Damgaard. I had speculations on wether he would be able to advise me on this
subject outside his own fields. Without knowing the field, it seems, he somehow managed to
ask the right questions, so that my own confidence within the field has grown and I have had
the feeling of being led in the right direction. I have greatly appreciated his guidance during
my application to CERN, which resulted in a 6 months grant carrying out research at CERN
during my Ph.D.
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Introduction

According to the Standard Model, describing all known particles and how they interact, neu-
trinos do not have a mass. However, experiments have shown that these neutral particles
oscillate, meaning they transform into each other. In order to do so, there must be a differ-
ence in their masses, so that at least two of them are massive. That neutrinos have masses,
and more importantly, very small masses compared to the other fermions, is the first and only
evidence of physics beyond the Standard Model. It is therefore a very exciting area to explore
and many opportunities associated with extending the Standard Model have arisen. Since the
discovery of neutrino masses, many physicists have plunged into this exciting area and sought
to reveal the mysteries behind. This thesis is a step towards achieving this.

W. Pauli was the first to postulate the existence of the electron neutrino in 1930. Energy-
momentum conservation could not be stored in -decay, unless some new unknown and barely
interacting particle was present. He saw this as a bad sign as can be analyzed from one of his
famous quotes:

I have done a terrible thing. I have postulated a particle that can not be detected.

Fermi understood in 1933-34 that in the (-decay of the nuclei, an electron-proton pair is
produced with an antineutrino,

n—p+e +u. (1)

He even proposed how to measure this neutrino. It could be done, he stated, by measuring
the end-point part of the electron spectrum, where the neutrino energy is comparable with the
neutrino mass. This experiment was already carried out in 1949, where Hanna, Pontecorvo
and Curran found the neutrino mass to be smaller than 500 eV [1, 2].

In 1957 parity violation was discovered in weak interactions. This lead Landau, Lee and Young
to assume that the neutrino was massless, which became widely accepted [3-5].

Pontecorvo thought again about massive neutrinos in 1957-58, where he looked for an analogy
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to the charge-parity (CP) violating K oscillations in the lepton sector. He proposed neutrino
oscillations [6]:

If the two-component neutrino theory turns out to be incorrect (which at present
seems to be rather improbable) and if the conservation law of neutrino charge would
not apply, then in principle neutrino < antineutrino transitions could take place
in vacuum.

He turned out to be right.

Evidence that neutrinos undergo oscillations and thereby have masses was first insinuated in
the 1960’s by Raymond Davies in Brookhaven.

Neutrinos are created in the sun from the nuclear reaction

p+p— *H+eh +u, (2)
and the (-decay

4p — ‘He 4 2e™ + 2. (3)

R. Davies measured the neutrinos in Brookhaven using 390.000 L of perchloroethylene,

STCl+ v — 3TAr+ e, (4)
whereafter the argon was collected and counted.

At this time, Pontecorvo had stated [7]:

due to neutrino oscillations the observed flux of solar neutrinos could be two
times smaller than the expected fluz.

The experiment by R. Davies was the first to show a lack in the number of observed solar
electron neutrinos compared to the expected amount. The observed amount was 2-3 times
smaller than expected. The validity of the results were doubted by many stating that the
counting of the few argon atoms in the vast amount of detergent was highly inprecise.

Several experiments have since then used solar and atmospheric experiments measuring neu-
trino events from cosmic ray showers created in the sun and the atmosphere. Artificial reactor
and accelerator experiments have been set up to confirm data from natural sources using
medium and long baselines to begin with and even short baseline experiments came into the
picture. In 1998, the existence of neutrino masses were understood [8].

In 2002 R. Davies was awarded the Nobel prize.
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Figure 1: Dr. Ray Davis by the detector in the 1960’s at Brookhaven Solar neutrino experiment [9]
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CHAPTER 1

Neutrino overview

1.1 Why neutrinos have mass

Neutrinos must have masses in order to undergo oscillations. This can be explained using a
quantum field theory approach. If one neutrino is converted into the other, neither of the flavor
eigenstates can be eigenstates of the Hamiltonian [10]. The flavor eigenstates must therefore
be orthogonal linear combinations of the stationary eigenstates, that is the mass eigenstates.
The neutrino flavor eigenstates are the partners of the charged lepton flavor eigenstates in
the lefthanded weak SU(2) isospin group [11]. The idea can be illustrated in the case of two
neutrinos, say the muon and electron neutrinos. The flavor eigenstates can then be expressed
in terms of the mass eigenstates

Ve = cos Bvy + sin O,

v, = —sin vy + cos Ovs. (1.2)

The mixing matrix is therefore given by

U, = ( cosf sinf )7 (1.3)

—sinf@ cos6

( ZZ > = Uiz < Z; ) . (14)

In order to find the probability of an electron neutrino transforming into a muon neutrino,
that is

where

ve(0) =1, 1v,(0) =0, v1(0)=cosf, v,(0)=sind, (1.5)

the time evolution of the mass eigenstates can be used [10],

() = ()
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1.1. Why neutrinos have mass Neutrino overview

Vo (t) = a(0)e E2H/ (1.7)

so the mass eigenstates can be found at a later time,

vi(t) = cos Qe TR 1y (1) = sin fe T F2/R, (1.8)

The flavor eigenstate v, at time ¢ is therefore given by

vu(t) = —sin v (t) + cos Oup(t) = ésin(%)(—e_wlt/h + " Pt/ (1.9)

The probability to have a muon neutrino at time t after having an electron neutrino at time
0, is the squared norm of this result:

PZIEHI/‘L _ |I/#(t)|2 _ isin2(29)(e—iE2t/ﬁ o e—iElt/h)(eiEgt/h - eiElt/h)

= isin2(29)(2 — 2cos <(E2_hE1)t)) = sin?(26) sin® <(E2;hE1)t) . (1.11)

The energy of the relativistic neutrino is given by

2.2
E? = [p*c® + m*c* = [p|*c? (1 + 20 ) &

|p[?
1 m2c? m2c?
"( 2|p\2> et 205 149

The difference in energy is then

(m3 —mi)c®  mi—mi ,
Ey —FEy ~ o~ 1.14
T BETT e .
giving the probability
Am3 Am3, L
P, = sin’(26) sin? (47;}2_;0%) = sin%(26) sin” <Zg;_lc3> , (1.15)

where L is the distance the neutrinos travel. In order for this probability to be nonzero, it
is therefore necessary that Am?2, is nonzero. That is, in the case of having two neutrinos, at
least one of these must be massive. In the following we will set A = ¢ = 1.

The reality is that there exists three flavor neutrinos. In this case, the mixing matrix trans-
forms the mass eigenstates into flavor eigenstates as follows:

Ve 141
vy | =V e |. (1.16)
Ve 123
This mixing matrix is given by
et 0 0 et 0 0
V= 0 e 0 |U|l 0 €% 0|, (1.17)
0 0 e*s 0 0 1
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Neutrino overview 1.1. Why neutrinos have mass

where
C12€13 $12€13 813646
U= | —s1ac23 — C12523513€  ciaco3 — S12893513€"  sazciz | - (1.18)
S$12823 — C1aC23513€"  —C12823 — s12023513€  Cco3c13

which is called the Pontecorvo-Maki-Nakagawa-Sakata mixing matrix, Uppsnyg, can be found
from combining three rotation matrices mixing the neutrinos pairwise. The three k phases
can be absorbed by rephasing the neutrino fields [12]. Therefore, the first matrix can be set
equal to 1. Majorana neutrinos are their own antiparticles. This means, that they do not
have invariant mass terms under rephasing of the neutrino fields, thus creating three Majorana
phases whereof one can be rephased. Therefore, besides the Dirac phase J, there exists two
extra Majorana phases, ®; and ®5 that can not be eliminated. These are relative phases
among the Majorana masses,

mia = |my e’ (1.19)

The Majorana phases are only associated with the Majorana nature of neutrinos and can
therefore only be observed in lepton-number violating processes. They are not observable
in neutrino oscillations, so to carry out model building, only the mixing matrix U is to be
considered.

The idea is the same when finding the probabilities for the transformations between the
three neutrinos. The flavor eigenstates are again given by a linear combination of the mass
eigenstates,

‘Voc> = ZUai|Vi>7 (1.20)

vi) =Y Usilva), (1.21)

where « is the flavor index and 4 the mass index. A neutrino v, at t = 0, becomes after a
time evolution,

va(®) = >_ Uailvi)e . (1.22)

The probability to have v, after a time ¢ is given by [13]

|[(Valva ()] = | Z UaiUlie "Fit 2, (1.23)
i
The probability to have any neutrino v at time ¢, rewriting the energy difference, is given by

‘A7n12.L 'A"L?-L
Py =D Upie 2 UL =S UlUajUsiUlye ™ 728, (1.24)
( 2%

where the approximation |p| ~ E has been made. This can be written as

i Am2.L
Proevy =005 —4 Y Re[U3;Ua;UsiU%] sin? ( 4E] )
j<i=1
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1.2. Experiments

o S TU U U sin | 27T 1.26
jgil m[Us;Ua;UsiUq;] sin 5E ; (1.26)

where the £ corresponds to neutrinos and antineutrinos respectively [14]. Charge and parity

(CP) conservation is obtained when v = v, so that

P(v, — ve) = P(v, — ve). (1.27)

In the case where the mixing matrix is real, the probability must then be given by

AmZ L

R@ﬁ%::%ﬁ-aQE:l@ﬂgﬂ@&@ﬁm?< 45 ). (1.28)
J<i=1

This means that the term responsible for CP violation is given by Im|[U, 5iUaiUsiU, »:]. This is

known as the Jarlskog factor. The Dirac phase § is the phase that induces CP violation.

In order for the probability to be nonzero for all § # «, at least two of the three neutrinos
must have nonzero masses.

Explicitly, neutrino observations are observed if

Es — Byt > 1,0 # j). (1.29)

This inequality is called the Mandelstam-Tamm time-energy uncertainty relation. It states,
that the propagation time interval required for a change of the flavor neutrino state is given
by

N 1

|Ei — Ej|
In the ultrarelativistic case, we have ¢t ~ L, where L is the propagation length. The length
a neutrino needs to travel in order to oscillate is therefore inverse proportional to the mass
difference squared, see (1.28), or the energy difference between this neutrino and the neutrino
it oscillates into. We know from experiments that these are very small, and thus experiments
are performed with oscillation over large distances, more precisely,

t (1.30)

E[GeV]

Losclkm] = 2m o s ev ey

(1.31)

1.2 Experiments

Since the experiments carried out by R. Davies, many have been set up around the world
to establish the nature and values of neutrino masses. In the following I will mention a few
important events.

The Kamiokande detector at the Kamioka-Cho experiment in Japan was situated 1000 m
underground and consisted of 3000 tons of pure water. It detected neutrinos in 1985. The
direction and energy of the neutrinos was measured for the first time [14].

The Super-Kamiokande and the Sudbury Neutrino Oscillation experiments followed up in
1998 and 2001, confirming the solar neutrino deficit. They showed that neutrinos came from
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1.3. Experimental results

the sun as expected, by measuring the number of events as a function of the zenith angle.
They also showed that the amount of muon and tauon neutrinos coming from the sun was
twice the amount of electron neutrinos [11, 14]. The Super-Kamiokande proceeded in 2003 to
measure the solar neutrino day/night and seasonal variations. In 2004 it turned to atmospheric
oscillations v, — v,. This was also done by the MINOS (Main Injector Neutrino Oscillation
Search) experiment in 2005.

In 2002, the KamLAND disappearance experiment showed that the v, coming from the reac-
tors oscillated over a distance of mean value 175 km [14].

The solar neutrino measurements lead to a global fit for Am?, and sin? 612, which can be seen
in the left figure in 1.1. The atmospheric global data from Super-Kamiokande and MINOS
plotting Am?, and sin? fo3 can be seen in the right figure in 1.1.

_I | T T T | T | T | T T T | |— 5_I T T T | T T | L | LI I_
- solar ' _ i global .
15~ ~ — 4 -
~ 1 S [ ]
> . ° MINOS i
="} L E e
— L ] ~ [ ‘ ]
~— - — ,_2_ ]
' 1 g [ ]
3 °r - < L B
i ] C atmospheric
O_I | | | | | | I | | | | 1 | I— 0_I 11 1 | I | | L 11 1 | 11 1 I_
02 0.4 0.6 0.8 0 0.25 0.5 0.75 1
. 2e . 2e
Sin 12 Sin 23

Figure 1.1: Global fit from solar neutrino oscillation experiments [15].

1.3 Experimental results

Even though many experiments have been carried out since the first experiments by R. Davies,
only few experimental results are established. They include the differences between the mass
values of the neutrinos squared and the mixing angles. A summary of the best fit values
from combined data from solar, atmospheric, reactor and accelerator experiments described
in section 1.2 can be seen in table 1.1, together with the 20 and 3¢ intervals [15].

From the table can be seen that |[Am?,| << |m3s|. Since the sign of the difference between
m3 and m3 is unknown, there exists two possible mass hierarchies. The normal hierarchy,
where |mg| > |ma| =~ |m1| and the inverted hierarchy, where |mg| < |mg| ~ |m1|. These can
be seen in figure 1.2, where an illustration of the mixture of the flavor states with respect to
the mass eigenstates can also be seen. The solar mixing angle 615 is the angle with the lowest
uncertainty and deviations should therefore not be bigger than 0.05.

From the values in the table, the norm of the neutrino mixing matrix, see (1.18), is found with
a global fit at 90 % Confidence Level (C.L.) [17]:
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1.3. Experimental results

Parameter Best fit 20 30

Am3y[107%eV?] | 759702 7.22.8.03 7.03-8.27

|Am3,[[1073eV?] | 2407012 2.18-2.64 2.07-2.75

sin? 09 0.318%5:012  0.29-0.36  0.27-0.38
sin? 03 0.507057  0.39-0.63 0.36-0.67
sin? 03 0.013%5003  <0.039  <0.053

Table 1.1: Experimental values for neutrino oscillations.

I E— v, v, I -
. +
v, <
E
N ®©
E
<
_ I v
£ 1 2
< ——— YV, eeeeee—

Figure 1.2: The hierarchies possible for the masses of the mass eigenstates [16].

0.79 -0.86 0.50 —0.61 < 0.16
|Ueap| = | 0.24-0.52 0.44—-0.69 0.63—-0.79 |. (1.32)
0.26 —0.52 0.47—-0.71 0.60—0.77

The ratio between two masses squared is given by [15, 18, 19]

2
_ Am12
- 2
Amjs

1
R = 003210909 ~ 30 (1.33)

This means that a hierarchical spectrum has % ~ V'R ~ 0.2, comparable to the Cabibbo
angle Ao ~ 0.22 and to % ~ 0.24. From cosmology (the large scale structure and the

cosmic microwave background), the sum of the mass eigenstates has been given an upper limit
[20]:

> m; < 0.6 — 0.75¢V (90%C.L.). (1.34)
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1.3. Experimental results

From the endpoints of tritium single 8 decay, the following upper limit on the neutrino mass
associated with the 3 decay has been obtained [21, 22]:

mg = (|Uei*mf)'/? < 2V (1.35)

1.3.1 Neutrinoless double J decay

Since Majorana neutrinos are their own antiparticles, which will be justified later this requires
total lepton number violation. Therefore, in order to test wether neutrinos are Dirac or
Majorana fermions, a process is needed where the total lepton number is violated. This is
the purpose of neutrinoless double § decay, Ov33. It consists of two subsequent 3-decays. A
neutrino is created in the first §-decay, which acts as an antineutrino and participates in a
new [-decay, as seen in figure 1.3, given by

€L €L

(A, 2) (A, Z +2)

Figure 1.3: The double -decay. A neutrino is introduced in the first 5 decay, which acts as an
antineutrino in the second 3 decay.

(A4,2) = (A, Z+2)+e +e . (1.36)

Since the neutrino mass eigenstates are mixtures of the flavor eigenstates, the neutrino prop-
agator can be shown to be [23]

L—7%\ ~- i (1—7° 1 (1-7°
Eﬁ@( 27>7ﬁf@<:27>c:m%2< 2”)@ (1.37)

pT—ny p

with |mee|, the effective neutrino mass:

|Mee| = |Z Ufiml-eiq)(i)] = mlUfl + szfgeiQ‘bl + m3U33ei2<D2. (1.38)
i

The allowed regions for |me.| from double 3 decay as a function of the lightest neutrino mass
can be seen in figure 1.4 [17]. The upper limit on the effective neutrino mass from neutrinoless
double 3 decay is given by [20, 24]

|Mee| < 0.38¢V (1.39)
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1.4. Mysteries of neutrino physics

90% CL (1 dof)

1074 & s : ‘
107* 1073 102 107! 1
lightest neutrino mass in eV

Figure 1.4: The allowed regions for double 3 decay in terms of the lightest neutrino [17].

1.3.2 Tritium [-decay

The tritium § decay is described by the process

H?® — 3He + e + 7. (1.40)

The effect of the neutrino mass can be seen at the endpoint of the tritium single 3 decay
energy spectrum, as seen in figure 1.5. The functional form of the curve is given by

K (E.) ~\/(Eo — E)((Eo — E.)? — m,)V/2. (1.41)

The following upper limit has been obtained for the mass of the neutrino associated with the
single -decay event [21, 22, 25]:

mp = (|Uui?m2)Y? < 2.2eV. (1.42)

1.4 Mysteries of neutrino physics

Neutrinos are very mysterious fermions. The Standard Model can not explain the existence of
neutrino masses, which have now been widely acknowledged and the experimental data differ
a lot from the other fermions.

This can be seen as the mixing angles in the quark sector are all small, where neutrinos show
two large and one small mixing angle. The masses of neutrinos can not be larger than of the
order eV. For comparison can be seen the approximate values of the other fermions:
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1.4. Mysteries of neutrino physics

K(E.)

EO — my, E() Ee

Figure 1.5: The endpoint from tritium 5 decay [14].

my ~ mpw ~ 250GeV, my, me, my ~ 2GeV, (1.43)
ms,my, ~ 0.1GeV, my, mg ~ 0.005GeV, m. ~ 0.0005GeV. (1.44)

Neutrino masses are therefore at a much lower scale than the rest of the fermions in the
Standard Model. This fact is pretty remarkable and great challenges are associated with it,
when exploring the areas of neutrino physics.

To conserve charge, parity and time conservation (CPT), every charged lefthanded particle
must have a right-handed antiparticle with opposite charge. If the fermions are neutral and
the right-handed particle states do not exist, they could be Majorana particles [14]. This is
the case for neutrinos. These can possibly be both left handed particles and right handed
antiparticles:

vr — (vp)¢ = Cvl = Cyov}, (1.45)

where C' is the operator of charge conjugation in spinor space. Thus, according to Lorentz
invariance, half of the degrees of freedom in the massive Dirac spinor disappear, when neutrinos
are considered to be Majorana. This is only compatible with charge conservation of neutrinos
[14]. Neutrinos can therefore be of Majorana type.

In order to explain the abnormal angles and masses, new mechanisms have been introduced
to generate these. Some have introduced right-handed neutrinos, so neutrinos acquire masses
in the same way as quarks and charged leptons, through Yukawa type couplings to vacuum
expectation values of the scalar fields. These types of neutrinos are called Dirac neutrinos.
Others have exploited the possibility of neutrinos being Majorana, and therefore obtain Ma-
jorana mass terms that break lepton number conservation. Both Majorana and Dirac type
couplings to Higgs bosons can be introduced at the same time. This mechanism is called the
see-saw mechanism.

However, it has not yet been determined wether neutrinos are in fact Majorana or Dirac
particles. Furthermore, the value of the 613 angle as well as the Dirac and Majorana phases
are far from known.
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In addition, the number of neutrinos has not yet been understood. The question is, if the
number of neutrinos with definite masses in fact is equal to the number of flavor neutrinos,
that is three, or larger. The LSND experiment, as will be described later, has questioned the
limit of three neutrinos.

Many mysteries are yet to be revealed. This only contributes in making the area of neutrino
physics more exciting.

1.5 Experimental anomalies

From 1993 to 1998 the Liquid Scintillator Neutrino Detector (LSND) showed controversial
results, indicating a third distinct oscillation frequency. It was the first short baseline experi-
ment established. It was built to carry out the search for neutrino oscillations looking for v,
appearance. Since Am? is inverse proportional to the length, the short length of this baseline
meant that this experiment was looking for evidence of oscillations leading to Am? of order
~ 1eV?2. These events were discovered, which greatly contradicted other experiments. This
can be the proof of either more than 3 neutrinos or CPT violation. [11]

The KARMEN experiment, which collected data in 1997-2001, was very similar to LSND,
also searching for v, — v, oscillations. It was also looking for v, — v, oscillations. This
experiment showed absence of these, and therefore increased the speculations around the
LSND experiment.

In order to confirm or disprove the LSND experiment, the MiniBooNE (MB) experiment

carried out measurements in 2007 studying v, — v, oscillations. The location of the detector

satisfied Eﬁ\[xﬁv] ~ 1, which was similar to LSND, and gave maximum oscillation at Am? ~

leV2. This experiment showed no evidence of excess of v, above 475 MeV, but it gave a
3.0 o excess of electron like events below 475 MeV, see figure 1.6. Thereby the MiniBooNE
experiment seemed to disprove the LSND evidence from these first data [26]. The low excess
energy was to begin with discarded as being due to a higher background noise in this area.
However, in 2008, the MiniBooNE had improved its background analysis and still showed a
3 0 excess. So it seemed like the LSND anomaly had just been traded for a MiniBooNE
anomaly.

In 2009 the MiniBooNE experiment changed strategy to test the LSND more directly. A
search in antineutrino mode v, — ., was carried out. It created a 2.8 o excess of . events at
high energies, which was suddenly consistent with the LSND results. But it did not show an
excess at low energies [27].

The search for v, — v, oscillations continued in 2010 with 1.7 times more protons on target
(POT), that is 5.66 - 102 protons of 8 GeV. This created an excess of 20.9 + 14 events in
the range of 475 < FE, < 1250 Mev, see figure 1.7. This was consistent with oscillations
giving a Am? in the range 0.1 — 1.0eV? which is compatible with LSND [27]. The fit with the
experiments KARMEN and BUGEY can be seen in figure 1.8.

The results of the LSND experiments have been questioned by "many". So far, it has not
been possible to explain them and experiments are being carried out to seek answers to the
anomalies arisen both from the LSND experiment and the MiniBooNE experiment. Since so
much confusion is associated with the mass squared difference from these experiments, these
results are mostly left out in the literature when analyzing neutrino data. This thesis will not
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Figure 1.6: Top plot shows MiniBooNE excess events with background. The bottom plot shows
excess events with the backgrounds subtracted. It also shows the two LSND solutions at
high and low Am? [26].

take these results into consideration, when carrying out the model building.

1.6 Setup of a short baseline experiment

As an example of an experimental setup measuring neutrino oscillations, the MiniBooNE
experiment will in the following be used to describe this.

At 8 GeV kinetic energy, protons from Fermilab Booster are incident on a Beryllium target,
where the protons interact with Beryllium and create the charged mesons, that is pions and
kaons. This target lies inside a magnetic focusing horn, which produces a toroidal magnetic
field, that focuses positive pions and kaons and defocuses negative to create pure antineutrino
beams or opposite to create pure neutrino beams. These pass through a collimator and then
a 50 m long tunnel, where the mesons decay. After having reached the beam stop/absorber,
where the neutrinos are created, these pass through a 450 m dirt channel that stops the charged
particles, in which they are allowed to oscillate. The center of the detector lies a total of 541m
from the front of the Beryllium target, see figure 1.9. The detector consists of a 610 cm radius
sphere. It is filled with 800 tons mineral oil. The neutrino interactions in the detector then
creates final state electrons and muons, which are detected by the 1520 photomultiplier tubes
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Figure 1.7:

27].
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sin(20) above 475 MeV are also shown. This avoids the region of unexplained low-energy
excess at neutrino mode [27].
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Figure 1.8: 68%, 90% and 99% CL closed contour for v, — v, oscillations for both LSND and
MiniBooNE experiment. Agreement is showed in the allowed region of 0.1-1.0 eV2 Am?
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Figure 1.9: The MiniBooNE experiment [28].
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CHAPTER 2

Theory

2.1 Symmetries

Ever since Einstein identified the invariance group of space and time in 1905 [29], the under-
standing of the world has relied on symmetries and how these are broken to describe fields
and their interactions. Particles have been found and their behavior explained on account of
the use of symmetries. Symmetries will therefore be used extensively in this thesis. In order
to understand physics beyond the Standard Model, it is of course necessary to understand
the Standard Model and the particles that make up this theory. In order to do so, one must
understand the way fields transform under a certain symmetry.

2.1.1 Nonabelian symmetries

A Lie group is represented by the unitary operators U = €¥“7T" [30]. For infinitesimal trans-
formations, these unitary operators are given by!

U =1+i0°T" + O(6%), (2.1)

where 0% are arbitrary parameters and T are the generators of the group.

The rotation group in N dimensions, SO(N), consists of orthogonal transformations of N-
dimensional vectors, that preserve 7,£,, the inner product. Under an infinitesimal transfor-
mation the orthogonal matrix is given by

Ry = 05 + 05 + O(67), (2.2)

where 0;; is some real and antisymmetric matrix. R;; can therefore be expressed in terms
of a linear combination of the hermitian matrices (7'%);;, so that 6;; = —i6*(T?);;. Since
R;; is orthogonal, 6;; is real. As 0 are real parameters, this means that (7%);; are complex
hermitian matrices of which there are 1 N(N —1). These are the generator matrices of SO(N).

!Einstein’s sum convention is here understood.
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The normalization condition requires

Tr(T°T?) = 26°°. (2.3)

Since the product of two transformations in a group must generate another transformation in
the same group, the commutation relation between two generators must be given by a linear
combination of the generator matrices

(7%, T = i febere. (2.4)

This is the Lie algebra commutation relation, where f¢ is the structure coefficient. The
structure coefficient is found to be completely antisymmetric and real as can be seen by
multiplying this relation with 7%, taking the trace and using the relation (2.3)

Tre([T%, T TY) = Tr(ifTeT?) = 2i f*4 =

1
f“Mi:-—éiquzﬂ,zﬁyrdy (2.6)
That the structure coefficient is real can be seen from taking the complex conjugate and using

that the generators are hermitian.

The group U(N) contains the unitary transformation of N-dimensional vectors, meaning trans-
formations that preserve n’¢,. This group has U(1) as a subgroup, that commutes with all
the other unitary transformations. If this is removed, the group becomes SU(N), that is the
group of NxN unitary matrices with detU = 1. Under SU(N), an infinitesimal transformation
is given by

Uij = (Sij — ’i(ga(Ta)ij + 0(02) (2.7)

Since the group does not contain U(1), there are N?—1 traceless hermitian, but not necessarily
antisymmetric generators. These consist of the %N (N —1) SO(N) generators and the %N (N —
1) off-diagonal symmetric matrices. These satisfy the Lie algebra:

Tmzwzw)zzéaw, (2.8)

[T, T = i faber, (2.9)

2.1.2 Group properties

When a group is used to describe a system of fields, it is necessary to be familiar with its
properties. The following properties also apply to discrete symmetry groups and will be of
importance when investigating the Frobenius group 713 with neutrino mixing later.

A representation of a group R is reducible, if a unitary transformation of a representation
T — U_ITI%U can put all nonzero entries of the representation into the same diagonal block
for each a. Otherwise, the representation is irreducible.

A representation can be decomposed if it is reducible
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Theory 2.1. Symmetries

R=R, & Ry. (2.10)

which was also seen above for SU(N)® U(1) = U(N). The number of irreducible representa-
tions is equal to the number of different conjugacy classes. In a conjugacy class, the elements
g; can under a group transformation only transform into other elements of the same class. For
m,, n-dimensional complex irreducible representations,

z My = Z Irreducible representations = Z 1, (2.11)
n Ci

with C; being the conjugacy class of the elements ¢g;, and 7 the number of elements in the
class. The sum of the dimensions of the complex irreducible representations squared is given
by the number of elements N of the group:

N=> d. (2.12)

This relation will become important when the irreducible representations of discrete family
symmetries are found later.

2.1.3 Lorentz representation of fields

The Lorentz group makes up one of these Lie groups. It is an interesting group, as the fields
within quantum field theory can be assigned to the four simplest representations of this group.
It furthermore describes how a vector field can be decomposed into two Weyl spinors, a left-
handed and a right-handed field. In this thesis, we are especially interested in these Weyl
fields, as the properties of a Majorana field can be explained through the properties of these
fields. The familiarity with Weyl fields will therefore give a better understanding of the nature
of neutrinos.

Under a Lorentz transformation, a field transforms accordingly:

UA) " o(2)U(A) = (A "a), (2.13)

where Lambda is the transformation matrix. The transformation of the derivative is then
given by

U(N) 0 ¢(2)U(A) = ALOPH(A '), (2.14)

where 0 = d% = ﬁ. A vector field would then transform in the same way:

UN)T'A*(z)U(A) = AL AP(A ). (2.15)

In order to find out which representations of the Lagrangian the fields in the Standard Model
are assigned to, it is necessary to find the irreducible representations of the group. To all fields
in the Lagrangian can be assigned a Lorentz index ¢4(x). Under a Lorentz tranformation,
the fields transform into fields which also have a Lorentz index, that might or might not be
the same:
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2.1. Symmetries Theory

U(N) Loa(x)UA) = LE(MNop(A1z), (2.16)

where all L P(A)’s form a representation of the Lorentz group. Under an infinitesimal trans-
formation, A¥, = 6% + dw¥, the representations are then

1@5(14—5w)::5j3+-%5u¢y(5ﬂvxf. (2.17)

The unitary operator is given by

U(1+6w):]l+%5wmﬂ4wﬂ (2.18)

where M*” are the hermitian generators of the Lorentz group, that obey the Lie algebra:

(M, M) = i(g" M — (1= 1)) = (p = o). (2.19)

The various sets of matrices M, that obey (2.19) will give all the inequivalent irreducible
representations. From the above commutation relation, the Lie algebra of the well-known
angular momentum can be extracted: The angular momentum is given by

1

LﬂziqﬂMﬂ, (2.20)
and the boost becomes
Ki= M"Y, (2.21)
so that
(i, Jj] = i€iji T, (2.22)
[Ji, K] = i€, Ky, (2.23)
[Ki, K] = —iéijp . (2.24)

In SO(3), three hermitian matrices of dimension (25 + 1) x (2j + 1), obeying (2.22) can be
found with eigenvalues —j, —j + 1,..., +j, where j is a positive half-integer and integer. For
j = 1, the irreducible representations of the rotation group in 3 dimensions are given by the
three elements of rotation:

1 0 0 costly 0 sinbs
Ji=1 0 cos#y —sinb; |, Jo= 0 1 0 , (2.25)
0 sinf; cosb; —ginfy 0 cosfy

cosfls —sinfs 0
J3=| sinfl3 cosf3 0
0 0 1

When j is a half-integer, a 27 rotation leads to an overall minus sign, so these can not be
representations of the group SO(3). The half-integer j’s are only representations of SU(2),
which is the double cover group of SO(3). Representations of SO(3) are therefore specified by
integers where representations of SU(2) are specified by both integers and half-integers.
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Since the Lie algebra of the Lorentz group is in 4 dimensions, it is given by the SU(2)xSU(2)
= SO(3,1) group. This group must be specified by two integers or half-integers, n and n’, so
that the number of components in SU(2)xSU(2) are (2n+1,2n" + 1). In order for this group
to encompass all of the relations (2.22)-(2.24), an operator and its hermitian conjugate can be
created that are linear combinations of the angular momentum and boost operators, so that

N;

N = N

(Ji —iK;), (2.27)

NI =

(2

(Ji +iK;). (2.28)

From this, the commutation relations become

[Ni, Nj] = i€;jx Ni, (2.29)
[N;,N]T] = ie;ji V], (2.30)
[N;, Nf] = 0. (2.31)

Within quantum field theory, the fields can now be assigned to the four simplest of the Lorentz
representations (2n + 1)(2n’ + 1):

(1,1) = scalar/singlet, j = 0, (2.32)
1
(2,1) = left-handed spinor, j = 2 (2.33)
1
(1,2) = right-handed spinor, j = 5 (2.34)
(2,2) = vector, j =0, 1. (2.35)

The (2,2) is the vector, since it has the right number of components and angular momentum
values, namely 0 and 1 - a scalar component for time and a 3-vector for space. The Lorentz
vector (2,2) can be split into the left-handed and right-handed spinor in the (2,1) and (1,2)
representations, respectively. These are the so-called Weyl spinors.

2.1.4 Spinor equations

Now that we have seen the Lorentz vector decomposition into Weyl spinors, a suitable La-
grangian for these spinors can be found. This will determine which representations the fields
can be assigned to in order to get invariant terms in the Lagrangian under a symmetry trans-
formation. We can therefore also investigate what describes a Dirac and a Majorana field,
which is highly relevant in neutrino physics.

The Lagrangian is required to be Lorentz invariant and hermitian. To get a linear equation
of motion, and thereby a plane wave solution to describe free particles, another requirement
is, that the Lagrangian is quadratic in both the left-handed and right-handed Weyl spinors.

In a theory with two left-handed spinors satisfying am SO(2) symmetry, the Lagrangian is
given by

£ = iglat s — gt — Zmylyl, (2.36)
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for i = 1,2. Two complex conjugate fields can be written in terms of these two left-handed
spinor fields:

xz=:\}2(w1—+ing (2.37)
§= ! (Y1 — itpa), (2.38)

S

2

[\

so that x' = ¢ and the Lagrangian becomes

L= iXTW”a#X + i§T6“8u§ — mx& —my '€l (2.39)

This Lagrangian is invariant under the U(1) transformation:

X — e_mx, (2.40)
£ — etiag, (2.41)

The Dirac equation can now be given in terms of the two complex fields:

m —iot0 X\ _
(2 )(3)-

where the Dirac field is given by

W:(éﬁ) (2.43)

This Dirac field combining the left-handed and right-handed Weyl fields obeys the Dirac
equation:

(iv" 0 +m)¥ = 0. (2.44)
The conjugated Dirac field is given by

ut = (x1,¢). (2.45)

In order to get an invariant term in the Lagrangian, this field needs to be multiplied by the
Y0 matrix. Defining

the invariants of the Lagrangian are then given by

VU =&y + ¢, (2.47)

and
UAHo, ¥ = 50“(9#5 + XT(}“@#X (2.48)

2In the following, a spinor notation is understood, so that £y = £%xq and x ¢t = inﬁm, where a and b are
Lorentz spinor indices.
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= X8, x + €161 0,& + 8, (EoteD), (2.49)

where the last term is an irrelevant total divergence. This means, that the Lagrangian for the
Dirac field becomes

L =V(iy"d, —m)V. (2.50)

Equation (2.36) is invariant under a discrete symmetry:

(G-

which is the charge conjugation symmetry associated with this U(1) symmetry. It therefore
exchanges y and &, so that

The charge conjugation of V¥ is then given by

<erm:w%m:<§>, (2.54)

which is the same as ¥ with y and £ interchanged. A Majorana field satisfies the condition
W = W where the left-handed and right-handed spinors are equal. It therefore contains a left-
handed Weyl spinor, 9, and the hermitian conjugated right-handed Weyl spinor, (1/,)" = 1.
We can express the Lagrangian in terms of the left-handed spinors:

£ = il a0 — by — Syt (2.55)

where the mass is taken to be real and positive. The equation of motion can be used

5L .,
0= i —ig" 9,1 + myt. (2.56)

The same can be done in the hermitian conjugated case. Both of these contribute to the

overall equation of motion:
m —iot0, Yo\
[ ) (5= o

The Dirac equation of a Majorana field is then given by

(iv"8, + m)¥ = 0. (2.58)

A Majorana particle has the property of being its own antiparticle. Speculations are circulating
as to wether neutrinos are Majorana as outlined in the overview. The experiments carrying
out neutrinoless double beta decay, as was seen in section 1.3.1 will hopefully reveal the truth
about this in the near future.
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2.2. Yang-Mills theory

2.2 Yang-Mills theory

Yang-Mills theory is an important part of the Standard Model. It describes the consequences
of a global symmetry becoming local and how to account for this. This is certainly relevant
when addressing particles, since their interactions can only be described locally.

Under a local SU(N) symmetry transformation,

¢(z) — U(z)o(x), (2.59)

the unitary matrix depends on position. In order to maintain the invariance of the Lagrangain
upon local transformations, a gauge theory has to be introduced.

This can be illustrated for a U(1) symmetry, where the Lagrangian should be invariant under
a phase rotation of the Dirac field W,

U(z) — @ (), (2.60)

where « is now position dependent because we have made the global symmetry local. The
mass term in the Lagrangian is the same as in the previous section, mWW. The derivative of
the field, however, changes accordingly:

8,0 () — 9,(e@W(z)) = @ (9, U 4 (e7@) 9, @) W) = @), + ia(z)D,a(x))P.
(2.61)
Therefore, a gauge vector field, A, is introduced, to compensate for the differences in the
transformation at different locations. The derivative d, is therefore promoted to a covariant
derivative D, = 0, — ieA,, so that

T(in" D), (2.62)

is the invariant kinetic term. The gauge transformation of this covariant derivative is given
by

D, — U(z)D,U'(z) = U(x)9,U' () — ieU (x) A, (x)UT (z) (2.63)
= eio‘(x)ﬁﬂe_io‘(z) - ieeia(x)A“(w)e_io‘(z) = —i0,o(x) — ieeio‘(fc)Au(x)e_ia(x). (2.64)

In order for this covariant derivative to remain invariant under the gauge transformation, the
gauge field A, has to transform according to

Ay(x) — Au(w) — éaﬂa(x) N (2.65)
A () = U() A (2)U () + gU(m)BMUT(x),

so the covariant derivative transforms as

1 ‘
D, Y (x) — [0, +ie(A, — gaua)]em(‘”)\ﬂ(a:)
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= D[, 0 + 8, +ieA, — i0,a]¥(x)

=@ p,w, (2.69)
which transforms the same way as ¥ as it should.

Under a local symmetry, the Lagrangian can thus be constructed just by replacing the deriva-
tives with covariant derivatives. Regarding the new field, A, it is necessary to find a cor-
responding kinetic term that is locally invariant and depends on this gauge field and its
derivatives, but not on the Dirac field. Since D,¥(z) transforms the same way as ¥(x), so
does D,,D,¥(x), so that

[Dyus D] ¥ () — @ [Dy,, D, ¥(x)

= [0 0 U(2) + ie([8) A] — [0, Au) ¥ (@) — P[A, AW () (2.71)

=ie(0,A, — 0,A,)V(x) = ieF,, V(x), (2.72)

where F),, is the electromagnetic field tensor. The most general local invariant Lagrangian

under U(1) up to mass dimension 4, which is also parity and time invariant is then given by

_ 1 _

L=UipV — Z(FW)2 —mU0, (2.73)

It is possible to generalize this local invariance to any continuous symmetry. In the case of a
SU(2) symmetry, the infinitesimal transformation is given by
. o? 2

Ul)=1- zg@“(x)? + O(6%), (2.74)

where the generators are the Pauli spin matrices satisfying the Lie commutation rules:

o’ Ub . achC

[272 =€ (2.75)
arb 1 ab

To(T°T") = 55" (2.76)

The covariant derivative can now be defined in terms of three gauge fields corresponding to
the three generators:

a

a0t .
D, =0,— ng#? =0, —igA,. (2.77)
The Dirac field transforms as
W@H@+w§ﬁw@+awx (2.78)
and the vector field
00 L0 1 P bab 9
A#?—uél“2 +g(8u9)2 +116 2,Au2]+(’)(<9) (2.79)
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The covariant derivative transforms as a consequence like the Dirac field,

a

a a b c
D, U(z) — (au - igAZ% - i(@,ﬂ“)% +g 9“"2,AZC’QD (1 + wé) U(z)  (2.80)

O.(Z

= (1+i6"Z)D, V. (2.81)

However, the analog of the electromagnetic field tensor turns out to be different, as the gauge
fields are now non-commuting matrices:

F(x) [D,,,D,] = 0,A, —0,A, —ig[A,, A]. (2.82)

1
g
Under a gauge transformation, the field strength transforms as

a

EW@Q—»U@ﬁEW@ﬂUWx):lLV+HW%?J1A, (2.83)

to first order in 6. To get rid of these crossterms, the gauge invariant term we are looking for
as a kinetic candidate is the following:

1
—5 Tr(F* Fy). (2.84)

The kinetic term of the gauge field becomes

1 1 1 1
Liin = —iTr(F‘“’FW) = —§Tr(F““”T“F3VTb) = —§F““”FﬁyTr(T“Tb) = —EFCWF;V,

(2.85)
where F, = 0,A] — 0,A}, +g fabcAZA’;. The Yang-Mills Lagrangian can now be written up:

_ 1 _
L=VGED)V — EFc“”FIjV —mUU, (2.86)

which can be generalized to any continuous group that satisfies the Lie algebra. In general,
the unitary matrix can be written in terms of the generators T7%:

Uz) = I +ia®(z)T* + O(a?). (2.87)

These generators satisfy the Lie algebra as previously stated:

[T, T = ifebere, (2.88)

The covariant derivative is given in terms of the gauge fields and the generators

D, — 8, —igA°T®, (2.89)

and the gauge field transforms as

a a 1 a aoc (&
Af — AT+ ;@La (z) 4 f° AZa (x). (2.90)
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The commutation of the covariant derivatives defines the field tensor:

[D,,, D] = —igE,, = —ig(d,A, — 8,A,) —ig> f"A,A,, (2.91)

where the field tensor transforms as

Ff, — Fi, — fabcabFﬁl,, (2.92)

again to first order in a.

2.3 Renormalization

Funny things can happen in physics, when loop corrections are taken into consideration.
Therefore, it is necessary to account for these loops, when studying the amplitude of an
interaction. The loops might diverge, and more importantly, they might not be renormalizable.
In a renormalizable quantum field theory, however, an amplitude involving divergent diagrams
can get a finite result through renormalization. The renormalization is done using regulators
to obtain the physical masses and coupling constants, that will not depend on these regulators.
The resulting expression for the amplitude is then finite for the cut-off A — oco. As we will
see in the following, the Lagrangian of the Standard Model is renormalizable.

In a ¢* theory, the Lagrangian is defined as

A
L= 3(0u0) — m?e? = 30" (299)

The divergent amplitudes come from the three 4-point loops, that can be seen in figure 2.1.
The amplitude of the first diagram is given by

M= 1(—2')\)2/ 'l ! ! (2.94)
2 (2m)2 12 —m? +ie (k1 + ko + 1) — m? + ie ’

which diverges logarithmically. We can solve this integral using Feynman parameters:

M= ;(—M)ZZQ/ (524 /01 dx% (2.95)
where
D = x(ky+ko+1)2+(1—2)2 —m2+ie = (I+2(ky+ ko)) +x(1—2) (k1 +ko)* —m? +ie (2.96)
Making a shift of variable | — | — z(k1 + k2), we have
D=101+z(1—x)(k +ko)*> — m? + ie (2.97)

The integral over | can now be solved using the Pauli-Villar Regularization, introducing the
cut-off A. At the same time, we can go to Euclidian space and polar coordinates

d*l 1 1 o1 I3 I3
/(27T)4/0 dxﬁ = zw/dﬁ/dlE ((l% T2 _ x(lli 2) (k1 + k2)2)2 (12 +EA2)2>
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I+ k1 + ke

k1 ks

L+ ki + ks l I+ ki + ks

ko k4

N

Figure 2.1: 4-point vertex corrections.

i A
~ 1672 n <m2 —z(1—z)(k + k;2)2> (2.99)

Since three loops are contributing with this logarithmically divergent term, the incoming and
outgoing particles can conveniently be expressed in terms of the Mandelstam variables:

s=—(k1 +ko)? t=—(ki+k3)? w=—(ky+ks)? (2.100)

so that the contribution to the amplitude including the tree-level amplitude is given by

2 2

2
M:—M+wvbﬂx+mﬁ+mA+mﬁ) (2.101)
S

u

with C some constant. For A — oo, we want this term to be regularized. In order to do this,
we define some physically measured amplitude:

A? A? A?
—iAg = —i\ +iC)\? lln + lnt— +In—
0

3 2.102
5 ” +O(\°) (2.102)

where sg, tp and ug are now associated with the physically measured amplitude. The amplitude
can now be expressed in terms of these physical parameters:

2 2 2
AAzz—%A—+iCA2[h1f;—+h1ﬁ:—%hlﬁtl%—O(A% (2.103)
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2 2 2
= —idg —iC\? lnA— —I—lnA— —i—lnA—
S0 to Uug

A2 A2 A2
+iC\? In— 4= 4 + 0\ (2.104)

t
= —iAp — iC\2 [m Ssﬁ +ln = +1In ﬂ (2.105)

which no longer depends on A. It has been regularized [31]. This means that a Lagrangian with
up to dimension 4 operators is renormalizable. However, only a few quantum field theories
are renormalizable. When operators of mass dimensions higher than four are introduced,
the divergences blow up as A, A2, etc and we can no longer regularize as we just did. This
has presented a constraint to the Standard Model, which does not allow non-renormalizable
interactions [29]. However, when expanding the Standard Model, thus often being forced to
introduce these non-renormalizable interactions, a new approach has to be used, namely an
effective field theory approach, that will be described in the next chapter.

2.4 Effective field theory

An effective field theory approach is adopted when the field theory is non-renormalizable.
When the Standard model is extended to describe new physics, higher dimensional operators
are occasionally introduced and thus bring with them non-renormalizability. To generate neu-
trino masses, a dimension 5 operator is commonly used. However, the effective field theory
approach takes care of this. It is a realistic theory used to describe physics at accessible ener-
gies, being a low energy approximation that includes an infinite number of non-renormalizable
interactions.

In the following the Wilsonian approach will be used to illustrate how a theory becomes
effective.

In this functional integral approach, the degrees of freedom of the quantum fields are variables
of the integration. In a ¢* theory, the generating functional, that is the partition function, is
given by

2(J) = / Doet 1476 Z T / do(k)e JIE+79] (2.106)
k

A sharp ultraviolet cut-off A can then be imposed again by justifying m? < A. The number
of integration variables k are then restricted to an integration over ¢(k) with |k| < A and
¢(k) = 0 for those outside. This means that quantum fluctuations at very short distances are
neglected. The cut-off is imposed in Euclidian space to avoid the light-like very large momenta
with very small |k|2. After the cut-off has been applied, and J = 0, the partition function is
given by

200 =0) = [Dolane |- [ die [0, + gm2e* + 101 (2.107)

where now (9,¢)? = (g—f)Q + (Ag)? and no counterterms have been introduced to renormalize.
In order to carry out this integration, ¢(k) can be divided into two groups, where a new scalar
can be introduced:

o(k) if bA < |k| < A;
0

otherwise. (2.108)

3() = {
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2.4. Effective field theory

0 otherwise.

o(k) = { o(k) i |k < bA; (2.109)

This means that the Lagrangian consists of two fields, ¢(k) and gg(k), so that

2= [1Dd) [Dé)exp |- [ s | 500+ 8,02 + w6+ 37 + o+ 8| | 2a10)

- [l I [Dijexs [ [ e [50,67 + g A (5% + j0d+ god + 6]
(2.111)

where the (b(% terms vanish from the orthogonality of Fourier components with different wave-
length. After the integration over ¢ is performed, we have

Z = /[D¢]\k\<b/\ exp <—/ddx£eff> . (2.112)

This new effective Lagrangian, which contains only momenta below bA, can be found carrying
out the integrals over ng This is done perturbatively. Since we address m? << A, the qu
terms can also be considered as perturbations. The leading order term is then given by the
derivative in Fourier space:

1 d%k -
/@: 6" (k) K2 (k). (2.113)

2 Joa<jk|<a (2m)7

The propagator for the gg(k)qg(p) term is given by

[ Doe f50¢( k)d(p) %(QW)d(S(d)(k +p)O(k), (2.114)

(B30 = = A

where ©(k) = 1 for bA < |k| < A and 0 otherwise. This propagator can be written in Feynman
diagram manner as a double line. A ¢?¢? term can be found from

- [atag 63 (d ’“;A 20(ky)$(— k1), (2.115)

where

d?k 1
2.116
"2 /A<|k|<A )4 k2 ( )
The integral from this term therefore has the form:
a1 2,2
exp (—/d wiAm o° + ) . (2.117)

The Am? gives a positive correction to the m? term of the Lagrangian. Writing a ¢ as a single
line in Feynman diagrams, the amplitudes can thus be worked out. The %gb%?)qg contributes
with the first Feynman diagram in figure 2.2. At order A2, the contributions are then given by
the other two diagrams in the figure, where the first of these is part of the A% term in the ...
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Figure 2.2: Order A contribution to the effective Lagrangian [32].

of the exponential in (2.117). The last contribution is a direct correction to the ¢* interaction
of the Lagrangian (5.3):

—%R/J%AAdh (2.118)

2 /2?2 A%k /1\2
— A = _
AN 42!(4) A;<k<A(2wyi<k2) (2.119)

d—4 3)\2 ].
KN A Py 92.12
1672 8 (2.120)

The effective Lagrangian is then eventually given by

where

1 1 A
Leg = 5(8,@)2 + §m2¢2 + E& + (sum of connected terms). (2.121)

Higher order contributions can be done similarly. Starting out with a partition function for
all k£ lower than a very large cut-off A:

Z= [Doluaren |- [t [5@.07 + jme* + 56 |. (2122)

a rescaling can be made, so that

K =k/b, 2/ = b (2.123)
The integration of
1 1 1
/@%{ﬂl+AZﬂ@@2+2%3+Am%&+%KA+AM¢LHMX@@4+AD&+“},
(2.124)

can then be done for |k'| > A, which is the same as |k| > bA, leaving the integration over
|K'| < A, that is, the function

33/121



2.5. Spontaneous symmetry breaking

/ﬂﬂﬁz/ﬂfB@ﬁV+QPW+:w+d@ﬁf+UW+m, (2.125)
where

m?=m?+Am?)(1+AZ)71072 N=M\+AN1+A2)" 24, (2.126)

C'=(C+AC)1+AZ) %%, D' = (D+ AD)(1+ AZ) 3?16, (2.127)

If the perturbation condition is justified these corrections are very small and finite. This
transformation can then be continued over another shell of momentum space, which transforms
the Lagrangian once again, and so forth. This leads to an iteration of transformations, so that
if b — 1, the transformations become continuous. This is the Renormalization group.

The Wilsonian approach to effective field theory is therefore to define a quantum field theory
through an action with a momentum cutoff. This cutoff can then be lowered by integrating out
the higher momenta degrees of freedom and from this change the coefficients in the effective
action. At an energy much lower than the initial cutoff, the results can then be approximated to
the same as those for a renormalized perturbation theory up to a small correction proportional
to the energy over the initial cutoff.

As aresult, every Lagrangian, as long as the couplings are significantly weak, can be described
at the energies of experiments by an effective Lagrangian. This is the effective field theory
approach. It is used when higher mass-dimensional operators are introduced to describe
physics beyond the Standard Model.

2.5 Spontaneous symmetry breaking

A renormalizable Lagrangian involving a complex field

L= 06100 — m*616 — [N66)% (2125)

is invariant under the U(1) transformation ¢(x) — e ®¢(z). When m? is negative, the field
can be written as

@) = 50+ pla)) X, (2.129)
This means that there is a flat direction in the field space along which you can move without
changing energy. The previous single global minimum of the potential has now been replaced
by two minima, where ¢ = v and ¢ = —v. Since we are dealing with fields, we are forced
to choose one of these ground states, and this clearly breaks the Zo symmetry spontaneously.
The Lagrangian becomes

1 1 P2 2 Li1y2 3 1.y
=——0" ——(14=)0" — - = — —A\p". 2.1
L 23 pPOup 2( U) 0"x0ux — |m*|p 2)\ |m|p 16)\p (2.130)

After the spontaneous symmetry breaking the x remains massless. In the following section,
we will see how this massless Goldstone boson disappears when introducing a gauge field, in
the Higgs mechanism.
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2.6. Higgs mechanism

With N real fields ¢;(z), the renormalizable Lagrangian is given by [33]

1 1 1
— _ 29" 242 232
L 28 gﬁz({)ucbz 2m ®; 16)\(@) . (2.131)

This Lagrangian is invariant under a SO(N) transformation, that is ¢;(z) — R;;¢;(z), where
R;; is orthogonal, as described in section 2.1.1. This symmetry is global since the orthogonal
matrices do not depend on the position . Under a spontaneous symmetry breaking, the
potential becomes

1 1 1 1 1
V= §m2¢i¢i + EA(@‘@F = —§|m2|¢i¢z’ + EA(¢i¢i)2 = T6M(¢i¢i —v%)? =], (2.132)

where v? = 4‘%%. In an SO(N) theory, v; has N components. It is however possible to choose
a basis, so that v; only has a nonzero value in the last component, vy, that is v; = vd;n.
The Goldstone modes can be rotated away by a group transformation, in this case a SO(N)
transformation, that leaves the Lagrangian invariant [30].

The SO(N) infinitesimal transformation of the vacuum expectation value components now
becomes

V; — UV — i@a(T“)ijv]— == U(;iN - iG“(T“)Z-Nv. (2133)

All the fields transformed by the T%’s that have zeroes in the last column do not change under
this transformation - they are orthogonal to the Goldstone direction. N — 1 T%s do not have
zeroes in the last column. These generators are the ones that get spontaneously broken - a
vacuum expectation value has been chosen for them. The condition (7'%);yv # 0 then applies
and corresponds to a flat direction in field space. Each of the fields associated with a broken
generator acquires a mass [33]. Symmetry is then only maintained by the unbroken generators.
These will form a new group with 3 N(N—1)—(N—1) = (N —1)(N —2) unbroken generators.
The group SO(N) has been spontaneously broken down to the subgroup SO(N-1). The fields
corresponding to the unbroken generators are massless Goldstone bosons.

2.6 Higgs mechanism

The Higgs mechanism has the purpose of describing how gauge fields acquire their masses.
In order to give masses to the fields, spontaneous symmetry breaking is implemented. In a
U(1) gauge theory, the Lagrangian contains a complex scalar field coupled to itself and an
electromagnetic field as we have seen earlier:

L= —i(FW)2 +|Duo> — V(9), (2.134)

where D, = 0,, —ieA,. This is invariant under the local transformation:

6(w) = (), Aulx) = Au(x) = Z0,0(0). (2.135)

The invariance can be restated in polar coordinates, where the field is defined as

35/121



2.6. Higgs mechanism

o(x) = p(z)eX®), (2.136)

where p and y are real. The covariant derivative is then given by

Dyu¢ = [Bup + ip(Dux — eAy)]e™, (2.137)
and the Lagrangian by

1
L= FuF" + p*(0ux = eAy)® + (9p)" + 17p" = Ap". (2.138)

Under a gauge transformation:

¢ — ) = (2.139)
1
X—x+oalx), A,— A, — - o). (2.140)
If a redefinition is made so that .
B,=A,+ gaux, (2.141)

this field is gauge invariant and the Lagrangian can be written as

1
L= _ZFNVF#V + pzezBi + (aP)Q + ,U«2p2 - )\P47 (2142)

where now F),, F* = 0,B, — 0,B,. Under a spontaneous symmetry breaking, the field p
acquires the vacuum expectation value:

1
p= ﬁ(v+9), (2.143)

where again v = 4/ “—/\2 The Lagrangian becomes

4
L= —i w4 %MQBi +e*iB)+ 362923,3 + %(89)2 — 1?0 =V Apb® — 294 + % (2.144)
where the mass of the newly defined gauge field B, is given by M = ev and the new scalar
field § acquires the mass v/2u. The scalar field y has completely disappeared. It no longer
appears as the massless Goldstone boson. Instead the gauge boson has acquired a mass and
is said to have eaten the Goldstone boson [31]. Furthermore there has been a shift of degrees
of freedom. The massless gauge boson had only two degrees of freedom and the massless
Goldstone scalar had a single longitudinal degree of freedom. These have now gathered to
form three degrees of freedom for the massive gauge boson. This is the Higgs mechanism.

2.6.1 Higgs mechanism and non-abelian symmetries

An SU(3) gauge theory has the covariant derivative:

Du¢a = ,u¢a + gfabcAngo (2145)
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Making the definition:

® = ¢t°, (2.146)

where the generators t¢ are the 8 3x3 traceless Hermitian Gell-Mann matrices, ® must there-
fore be traceless and Hermitian. Using [t?, ¢pt?] = if*°¢.t°, the gauge field mass is in this
case:

AL = fue Ao = —gTol [, B, 2] A AV (2:147)

When & acquires a vacuum expectation value, it can have three eigenvalues, whose sum is
zero (traceless). The vacuum expectation value can therefore have the orientation:

10 0
do=|ol| 01 0 |. (2.148)
00 -2

The only SU(3) generators that commute with this matrix are given by

10 0
1<aa0> g 1
1= 2 5 =——1]01 0 |. (2.149)
2\ 0 0 243 00 —2

These are the unbroken generators, so the four gauge fields corresponding to these generators
will not acquire masses. The symmetry is broken down to SU(2)xU(1). The remaining four
gauge fields acquire masses m? = (3g|¢|)?.

2.7 Standard Model

The Standard Model is the quantum field theory that has been describing our world in a
unified way. In the Standard Model, the Lagrangian has mass dimension 4 and is invariant
under the gauge symmetries SU(3)xSU(2)xU(1) and Lorentz transformations. This gauge
group is spontaneously broken down to the subgroup SU(3)coior X U(1)em, when the Higgs
doublet acquires a vacuum expectation value as described in the previous section. The result
is massive gauge bosons.

2.7.1 Electroweak theory

The electroweak theory consists of the group SU(2)xU(1). In order to study the interaction
of the fields, they are assigned to representations within these two groups. Lepton numbers
are separately conserved as a consequence of the SU(2)xU(1) gauge theory. This only leaves
a few choices for the representations.

The most general gauge invariant and renormalizable Lagrangian involving the SU(2) gauge
fields A7, and the U(1) gauge field By, is

1

4F,uyij - lzmlb)U(l) (2150)

L= (~ g FL P — S P)sue +
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1 1 _
= 1 (OuAL — 0LA, + gAY, x AY)* — 2 (0,B, — 0,B,)° — DI, (2.151)

where

Dy = 8, — i[g2AST" + 1 B,Y], (2.152)

and T% = —%J“ and Y = %I are the generators of the gauge groups SU(2) and U(1) respec-
tively. The term in brackets in (2.152) can be written as

1 ([ g2A3 — 1B, g2(A), —iA2)
AT 4 oy < L n 915 " p . 2.153
g2 A, 91Dy 2 ( gQ(AL + zAZ) —9214,?1 — 1By ( )
The Higgs potential
Lo 4 Lyoine
512 (016) + TA66), (2.154)

with 2 > 0 is broken spontaneously, so the Higgs scalar ¢ gets a nonzero vacuum expectation
value:

=4/ = 2.155
v=y/E (2.15)

and the scalar field is parameterized through a gauge transformation, so that

¢=<v+§@)>. (2.156)

In a unitary gauge, the potential term of the Lagrangian thus becomes

1

1, _r
4\

Zu(w+M@f—iA@+h@D4 ,BM@Q—mm@ﬁ—%AM@{ (2.157)

where we can identify the mass of the Higgs boson as mj, = v2u = v/2\v
The kinetic term of the Higgs field becomes

—(D"¢)' Dy = — (9" 1 + i6; 92457 + 91 BuY1Y ) (9ui — ilg2ALT" + 91 BY) ;)
(2.158)

N2 .
= —(0"6:0u01 + & ([pALT" + uBYY) 65 + il AST" + i BY 0460 (2159)

—i0" i [g2ALT + g1 BY ] 6;), (2.160)

where the second term is the mass term. If we let ¢ acquire the mentioned vacuum expectation
value, we get the following mass term in the Lagrangian:

1 2 a 2 1
—5v ( 10 ) [92A%T* + g1B,Y] ( 0 ) (2.161)
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2
N 92 A} — 1B, ga(A), — A7) 0
=g (0 1><92(A}L+z‘AZ) TS — B, L (2.162)

In order to find the masses of the gauge fields, we want to diagonalize this mass matrix. We
introduce the weak mixing angle and redefine the fields:

tan 6, = ﬂ, (2.163)

92
Wi = 12(,4; FiAY), (2.164)
Zy = cwA — suBy, (2.165)
Ay = suAD + ey By, (2.166)

with s,, = sinf,, and ¢, = cosf,,. Now the mass term becomes

2
sy ) (V) e
= —%UQL(]%( L0 ) ( ZMZH +§%tw ZWZW;/ +2s, B )2< ! ) (2-168)
oV3E W gyt 4 Zut 2B 0
_ _20295(222“+2W“+W;) (g;v) WM+W“— 2(32:) zrz, (2.169)
= —MZWHrW, — éM%Z“Z”, (2.170)

where the masses of the gauge fields obtained from this Higgs mechanism have been extracted.
These have been measured together with cos 6, = 0.882:

M
My = % — 80.4GeV My = W

= 91.2GeV. (2.171)

Cw

The A, gauge field corresponding to the unbroken generators T' 3 and Y and does not acquire
a mass. A, is the electromagnetic vector potential. The broken generators are T and T2,
leading to massive W and Z gauge fields.

The kinetic energy term for these massive gauge fields is given by, in terms of A and B,

_lFaqua _ EB””B

1 w s (2.172)
where
1
E(F;},, —iF.,)=D,W, —D,W}, (2.173)
1
E(Fl}y +iF2,) = DIW, — Diw, (2.174)

In terms of Ai, the covariant derivative is given by
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D, =0, —ig2(swAu + cwZy). (2.175)

Setting the charge of the W™ to +1, the electromagnetic coupling constant is given by

€ = g25uw, (2.176)

and the covariant derivative then becomes

D, =0, —ie(A, +cotb,72,). (2.177)
Using the following definitions:

-2 (2.178)

Cyw = s
\V9i+ 93

S (2.179)

Sw = s
V9t + 93

1 . 0192
7 (¢2T3 — ?Y)) —i—L22 A (TP +Y). 2.1

L 2@ -y - i LAt y). (1)
\ 91 T+ 93 91 + 93

From this we can easily extract the unbroken gauge generator that A, couples to. Associated
with this unbroken symmetry, the charge Q is given by

we have
D,=0,—1

Q=T3+Y. (2.181)

2.7.2 Lepton sector

As we have seen, the covariant derivative determines the coupling between the gauge fields
and the fermions. Experiments have shown that the W bosons only couple to left handed
helicity states of quarks and leptons forming weak interactions. In order to ensure this, the
left handed and right handed leptons are assigned to different representations of the gauge
group. Left-handed fermion fields are assigned to a doublet representation of SU(2) and right
handed to a singlet representation. This means that 72 = 0 and Y = @ for right-handed fields
and T3 = :t% and Y =QF % for left-handed fields.

In the lepton sector we have the lepton doublet containing the neutrino:

W = ( ’7 ) , (2.182)
L

with [ = e, pu,7 where T3(1;) = 3 and T3(l) = —1, so that Y = —3. The right-handed
singlet [p has Y = @@ = —1. Since the left-handed and right-handed fermions are in different
representations of the fundamental gauge group SU(2)xU(1), they can be treated as different

particles. This will create two different covariant derivatives:

1

(Dyth)s = Byutbi — igo AL(T™) vy — igy (—2> B, (2.183)
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D,lgr = Oulr —ig1(+1)B,lR, (2.184)

with the kinetic terms for these Weyl spinors:

Liin = i1 5"(D,); + ilha" Dl . (2.185)

The construction of the mass terms, that couple left-handed with right-handed leptons through
a chiral symmetry, is forbidden by global gauge invariance;

Emass = _ml(l_LlR + Z_RZL), (2186)

since the components have different gauge quantum numbers as outlined above. We need to
invoke the mechanism of spontaneous symmetry breaking once again.

If we couple the leptons to a Higgs boson thus forming a Yukawa coupling, the leptons can
acquire masses through the term

Lyue = =Nt - ¢l + h.c, (2.187)

which requires the Higgs boson ¢ to be in a doublet SU(2) representation and have Y = —%
as the lepton doublet. The SU(2) and U(1) indices are contracted in the following way:

(2,-1/2)®(2,-1/2) ® (1,+1) = (1,0) & (3,0). (2.188)

When the Higgs boson acquires a vacuum expectation value, (¢°) = %v, this will give mass
to the leptons:

= 1
Avlplgp + h.c = my = v, (2.189)

Lyur = ———= —
Yuk NG NG

No other invariant Yukawa coupling exists with mass dimension 4 or less, so in order to
preserve renormalizability, no more terms can be added to the Lagrangian, thus constraining
it.

If we have more than one lepton generation and the fields ¥,; and [g; have the generation
index ¢ = 1,2, 3, the Yukawa term in the Lagrangian becomes

Lyuk = —¢itiyijlrj + h.c. (2.190)

The fields can undergo a unitary transformation with independent unitary matrices in gen-
eration space in order to have a diagonal mass matrix, which is required for the charged
leptons

Vi = (Ur)ij¥rs,  lri — (Ur)ijlrj, (2.191)

where the kinetic terms are unchanged. The Yukawa matrix is then transformed into
yij — (UL) yUk, (2.192)

where the two unitary independent matrices are chosen, so that this term is diagonal with
positive real entries, and the masses of the leptons become m;, = yrv/ V2. The crucial
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thing to notice, is that neutrinos do not have right-handed partners in the Standard Model.
This means that they can not acquire masses through dimension 4 or less operators. This is
the main concern regarding neutrinos. Alternative mechanisms need to be introduced when
dealing with neutrino masses.

2.8 Anomalies

When decomposing the vector field, we have seen that left-handed and right-handed Weyl
spinors show up, which can be expressed as follows

1

Yr= 50 =), dr= (1 +%)V. (2:193)

A new symmetry arises corresponding to the chiral transformation ¥ — ¢’y This brings
with it an axial vector current

GH° = W (2)y 70U (z), (2.194)

which is not conserved for m # 0, since
0" = 2imU~> . (2.195)

The currents associated with the left-handed and right-handed fields are then a combination
of this axial vector current as well as the ordinary vector current

- 1—45
P <27> v, (2.196)

_ 1 5
= oyt ( Z’Y > . (2.197)

It is a general statement that the vector current should be conserved in order to conserve
charge and thereby the number of fermions. The axial vector current, on the other hand is
not necessarily a conserved quantity in quantum field theory. For a massless fermion, the
axial vector is classically conserved. However classical symmetries might not be quantum
symmetries. These require not only the Lagrangian, but the complete path integral including
the Lagrangian to be invariant:

/ Dge¥(@), (2.198)

In other words, the quantum fluctuations might result in the breaking of classical symmetries.
This is called an anomaly [31]. These chiral symmetry anomalies do not impose any problems
under global symmetries. It does not lead to severe damage, if the axial charge is not conserved.
However, if the theory is gauged, the radiative corrections will involve gauge operators and
since the axial current is gauge invariant, the anomaly must also be gauge invariant. Therefore,
these radiative corrections could lead to violation of gauge invariance and are therefore required
to cancel. The amplitude for the radiative corrections associated with the axial vector current
can be found from the diagrams in figure 2.3. To get a conserved vector current, the Ward
identity tells us that
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k1AM = ko, AMY = 0, (2.199)

In order to get a conserved axial vector, the same identity applies

AN =0, (2.200)

Figure 2.3: 3-vertex diagrams contributing to the U(1) anomalies [31].

The amplitude can be found for these diagrams. We have

4
A/\#V(k]_,kQ) _ (_1)23/(;}:)) Tr (fy ’y ﬂ’y }b 1]?/7 ; A 5}big’}/”p_lk/2’)/y;)a
(2.201)

where g = k1 + ko and the amplitude for the second diagram is the same as for the first with
p < v and ki < kg. Letting kq, and ky, act on the first and second term respectively, we
have,

(—1ﬁ3/p6#pgfr<7Av5¢j_gv” i -%7A75}ﬁ7”1>- (2.202)

(2m) (p—#)(p) P—Dp—Hk) p
Using = p— (p— ) and o = (p— ) — (p — ) we get
Y d*p 1 1 vs 11
(=1) /(%) o (”p T R p)’ (2:203)

In order to have the axial vector current conserved, this should disappear. It can be seen,
that if we can make the shift p — p — k1, this can be achieved. However, when shifting the
integration variable of [*°_dpf(p) to (70 dpf(p+ a), the difference is actually equal to

/_O:O dp (aCij(p) + > , (2.204)

so that the two triangles do not cancel if this is nonzero. Moving to 4-dimensional Euclidian
space, this term becomes
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4
/ (;l:;zlauaiu F(p) = dlimy_sea” / (‘21*:‘;4 (»), (2.205)

where the divergence theorem has been used and dS, = prMdQ is the surface-area element.
Defining

1 1\ Tr(°(p =)V prY)  4i€ P kyrpo
fp) =Tr (¥4 V=] = = . 2.206
=R R R P (2:200)
Equation (2.205) reveals the real difference between the two terms in the trace
d*p 0 dQ) 4ip, €™V Narp
k AMV:/ e ) =qli Hoo/i Y o A
1p (27_[_)4( 1) 8p/‘f(p) tlmy, (271')4( 1) (p — k‘2)2
e Ko, (2.208)

8 Q2
where we have used that for the scalar function f(p?), the integrals [d*pf(p )p uPeand

Ik %d‘lp f (p2)g#g are both convergent and it is allowed to replace one with the other in this
case. An equivalent term can be found from

Koy AMY (2.209)

interchanging p and v as well as k1 and ky. The vector current is therefore not conserved
choosing this shift of the integration variable. Since the original integral was linearly divergent,
it is possible to retrieve conservation using a different shift. For an arbitrary a,

AMY (a, ky, ko) =

e PrA=g L prib g
(—1)13/(270 T <7Afy5(p+a 27 pra-k?) Gt

The difference between this integral and the integral involving ko needs to be zero. Using

2) + {M,k’l — v, k‘Q} (2211)

AN (4, by, ko) = (1) Tapy (a)Tr (VY979 9y 7) + {p, ky © v, ka}, (2.212)
so that
d'p (p+a—qla(p+a—Fk)s(p+a)
I, :/ 2 7. 2.213
p(a) 2m)t (p+a—q)? (p+a—Fk)? (p+a)? ( )
Subtracting the term with @ = 0 and again using that the integrals [d*pf(p )p uPo and
Ik id4pf(p2)gw are equal,
d'p 0 (p—qla(p—Fk)sp
Iog(a) — Iog (0 —a5/ — = = 2.214
@) = L0 = | i 005 (= a? (= k) 77 (2214)
. dQ p*ps(p — q)a(p — k1)sp
=1 lim a‘s/ i’ 2.215
P00 27Y)  (p—q)%(p — Fk1)*p? ( )
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s 11
ia°——
82 24
Using gaﬁvo‘fy“yg = 29" and 4ie" A7 = yFyY 745 the difference is given by

(950987 + 9589va + 95v908)- (2.216)

1
AN (a, kb, k) — A (ky, ko) = — (oYY A" Y° + agy" VP + ayy vy )

9672
| (2.217)
— #GUEAWU ko v ko). (2.218)

Since the Levi-Cevita symbol is antisymmetric in ¢ and v, a, must also be antisymmetric in
ki1 and ko. Thereby, it can be written as a, = 3(k1 — k2),. Substituting we have

AN (q, ky, ko) — AMY (ky, ko) = ﬁﬁ(kjl — ko). (2.219)
T
From equation (2.208) we know that
Ay _ i TV
kiluA (k‘l, k’g) = 726 /6‘1‘,-]{320. (2.220)
8
This means that in order for (2.219) to vanish, we need 3 = —1.

It can now be seen wether the axial vector current is also constant using this condition. We
have similarly, interchanging A and p and remembering that only one vertex contributes to
this term,

1
AN (a, k1, k) = AN (K1, ko) + 2 kirkao. (2.221)

Since we have from previously,

AN (1 k) = %ﬁe“l’”khk%, (2.222)

we get

i

AN (a, by, k) =
Y (a, k1, ko) 5.2

T ko kg, (2.223)

which is not conserved. So far, this does not seem to be a problem. However, when the chiral
symmetries are gauged, the non-vanishing derivative of the axial vector current can no longer
be ignored, as argued previously.

When coupled to a gauge field, the derivative in the Dirac equation changes to a covariant
derivative. In the case of non-abelian gauge theory, a left-handed Weyl spinor in a represen-
tation R of a gauge group has a chiral gauge current,

jOH = @T}%V“%(l — 7). (2.224)
This leads to a covariant derivative of this axial current, which according to Noether should
be zero in order to keep gauge invariance. However, this is not the case and the anomalies
created are illustrated in the diagrams of figure 2.4, which are the same as in 2.3, with external
lines representing nonabelian gauge bosons. The incoming gauge bosons are each associated
with a gauge symmetry. In the case of adding the vector fields to the theory, we need to

45/121



2.8. Anomalies

Figure 2.4: 3-vertex diagrams contributing to the gauge anomalies [31]

attach $Tr(TATHTS) to one of the diagrams and 377 (TETETY) to the other. The anomaly
term becomes

{
Tﬁe#mkhk%ﬁ“, (2.225)
where A% = $Tr({T8, TA}TE) is the anomalous term that must cancel in order to maintain
gauge invariance.

This is the fundamental consistency condition for chiral gauge theories. The three generators
in A can be different or the same. The combinations of generators from the gauge groups in
the Standard Model turn out to cancel perfectly.

For example, in SU(2), we have that 7% = %-, so that {0, 0%} = 26%°. Since Tr(c°) = 0,

A¢ = (. Combining one U(1) boson with two SU(2) bosons leads to the anomalous term,

LTrlR{o,0%)] = LTril™ (2:226)

The anomaly is thus the sum over the fermion electric charges. This means that there need
to be equal numbers of quarks and lepton, since

ra=3(2- Y +0- -0 o

The Standard Model is anomaly free. It is possible to introduce chiral fermions, as long as
they are gauge invariant, as well as global symmetries. This will not result in anomalies. The
right-handed neutrinos used to give masses to the neutrinos and the global discrete groups
that constrain the interactions of the fields will therefore not involve any complications in this
area.
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CHAPTER 3

Neutrino physics

3.1 Physics beyond the Standard Model

It is now widely accepted that neutrinos oscillate and therefore must be massive. What has
not yet been understood is why neutrinos have such small masses compared to charged leptons
and quarks. As a result, it has been suggested that neutrinos acquire masses in a different way
than their cousins. The challenge then becomes to explain the mechanisms that can generate
these small masses.

Neutrino masses can be understood in several ways. One way is to introduce right-handed
neutrinos creating Dirac masses from Yukawa type coupling with the Higgs doublet thus
extending the theory in a renormalizable way. Since these are gauge singlets, they must
necessarily be anomaly free and can be added without breaking gauge invariance. However,
including right-handed neutrinos alone will not explain the lightness of the neutrinos.

Another way is to generate neutrino masses through a non-renormalizable operator. It is inter-
esting to note that all renormalizable interactions that conserve SU(2)xU(1) gauge symmetries
also conserve baryon and lepton number. Introducing the non-renormalizable dimension 5 op-
erator, however, breaks lepton number conservation, since it does not distinguish between
neutrinos and antineutrinos. This should be possible, since no fundamental principle so far
requires the conservation of lepton number. Baryon number is assumed to be violated, so it is
even argued that there must exist some mechanism, whereby lepton number is also violated.

Neutrinos are in this case assumed to be Majorana. This is only possible for neutral particles,
as postulated by Majorana, where the right-handed state is identified with the antiparticle of
the left-handed state,

vr — (vp)¢ = Ot = Cyov;. (3.1)

The lepton number violation through non-renormalizable physics is assumed at low energy.
This means that these violations can be described by an effective field theory. Beyond the
Standard Model, the dimension 5 operator is the lowest dimension operator which can give
masses to the neutrinos. The renormalizable theory of the Standard Model has been favored
to get physics at low energy, not affected by physics at a much higher energy scale [34]. To
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describe neutrino mixing, the opposite seems to be needed. At higher dimensions, more factors
of the cut-off scale are introduced in the denominator, leading to naturally small masses.

A third option, is to have both right-handed neutrinos and lepton number violation. This
happens in the see-saw mechanism, where the low masses arise from a relation between the
Majorana and Dirac masses [11]. We will come back to this in chapter 5.

In the Majorana case, the mass terms for the leptons, with [ being the charged leptons, are
given by

- 1
‘CWLass = —lLa(Ml)a,BlR,B — §Vga(Mu)aﬁCVLﬁ + h.C, (3.2)
where «, 3 denote the flavour indices e,u,7.! The Fermi-Dirac statistics of the neutrino
requires
Via(My)apCris = —vio (M) 55C v = v]0(M,)55Crigs, (3.3)
since
ct =—c. (3.4)

This means that M, must be symmetric. The masses are then obtained by finding the eigen-
values of M; and M, through diagonalization:

me O 0
UiMiUp=D;=| 0 m, 0 (3.5)
0 0 m,
mq 0 0
U'M,U,=D,=| 0 my 0 |. (3.6)
0 0 ms

If the neutrino mass matrix is real, the diagonalizing matrix must be orthogonal and CP
conserved.?

The left handed charged lepton mass basis is given by

lra = (UL)ailLi, (3.7)

and the neutrino mass basis by

Via = (Uy)aiVLis (3.8)

with ¢ = 1,2,3 as in (1.16). As opposed to the Standard Model, the neutrinos and the charged
leptons in the SU(2) doublet no longer transform in the same way. A lepton mixing matrix
has come into the picture:

1'We have here used the two component spinor notation, so that each lepton and scalar carries the Lorentz
spinor indices a = 1, 2. For example, 1) = ¥, = b [35].

2The neutrinos, being CP eigenstates, (CP)vro(CP)™! = v%,, can have CP eigenvalues 7, = %1 with
opposite signs. This is corrected for by redefining the Majorana fields xn = Xa(UnaVia + MmUnaVi,), Where
Une is the orthogonal matrix. Therefore, U M, UT = MnMmy, and the masses m,, are positive [36]. However,
when interactions are added the phase factors become physical, as in neutrinoless double beta decay.
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via \ _ ( Uwvri | _ U Ui
( lLa ) N ( Urlri ) =Ur ( I > ’ (39)

from which the lepton mixing matrix can be found to be U = UzU,,. It mixes the leptons in
the charged current interaction with the W boson:

Lo = —%ZLVMUVLW/I. (3.10)

Neutrino oscillations open up for new possibilities in the form of new interactions at tree level
through the dimension 5 operator.

3.2 Symmetries of the neutrino mixing matrix

A matrix can be found that fits data, is orthogonal and can be used for further model building.

U3, being very small, can be set to zero, so that c13 >~ 1 and Ug =~ sinfiy ~ 1/\/§ At-
mospheric neutrino data have found that U,z ~ 1/ V2, so the mixing matrix can be found
starting with three known values [38]:

1
X & 0
V=| X X % : (3.11)
X X X

The values of the rest of the components, based on the columns being orthogonal and or-
thonormal vectors are then found. The result is the following;:

-2 1 0
V6 V3
Us=| % % 7 | (3.12)
which reveals an interesting rotational symmetry:
2 1 2 1
Y + %(uu +vr) = A + Weike
1 1 2

Vg = %(Ve +v, ) = %Ve + ngv

vy = L(VM —Vr) =1y, (3.15)

V2

as the basis {v1, 1} is rotated from{v,, v, } through arcsin \/I ~ 35° [39]. The third neutrino
is given by an even mixture of the two flavor neutrinos v, and v;. The second neutrino can
be seen to mix equally in all three flavor neutrinos. These properties has given this mixing
matrix the name "tribimaximal".

The symmetry of this matrix can also be seen when factorizing it so that Upg = UasUia [39]
where

49/121



3.2. Symmetries of the neutrino mixing matrix

1 0 0
Us=|0 %5 7 |, (3.16)
and
Up=| &5 & 0 (3.17)
0 0 1

That Urp can be factorized like this is reminiscent of the Cabibbo-Kobayashi-Maskawa matrix
for quarks.

When working in the weak basis, where the charged leptons are diagonalized, the neutrino
mass matrix is in the tribimaximal case given by

a B B
MV:/B7(57
B o v

where o = %ml + %mg,ﬁ = %(mg —mq),y = %ml + %mg + %mg and 0 = o+ 3 — 7y is required.
It is therefore common to look for a mass matrix of this form to agree with the tribimaximal
mixing matrix and therefore experiments. In this thesis, the tribimaximal mixing will be used
as a guideline carrying out the model building.

Speculations about wether the tribimaximal mixing matrix is exact are widespread. There
are several motivations to question how precise this mixing matrix is. One of these considers
the fact that Ues = 0 leads to CP invariance. CP violation in the lepton sector is otherwise a
very supported idea. It has contributed to explain why the universe is dominated by matter.
New results from the T2K experiments have shown evidence that the U.g value might indeed
not be zero. At 90 % C.L., the T2K has defined a region for this element:

Normal hierarchy: 5° < 013 < 16°, Inverted hierarchy: 5.8° < 613 < 17.8° (3.19)

Normal hierarchy: 0.03 < sin? 63 < 0.28, Inverted hierarchy: 0.04 < sin® ;5 < 0.34
(3.20)
with the best fit value at 013 = 9.7°(11°) for normal (inverted) hierarchy. A nonzero 6;3 leads
to narrower allowed regions for global solar and atmospheric data. In figure 3.1 can be seen
the allowed regions for Am?, as a function of tan #;5 from low energy and high energy solar
neutrino data for different values of #13. The allowed regions clearly decrease, as this value
deviates from zero.

Furthermore, the best fit values from solar data and KamLAND analysis agree better with a
nonzero 613 as can be seen in figure 3.2.

This requires looking beyond tribimaximal mixing and ways to perturb or deviate from it. A
way to do this will be shown in section 6.2, where the Frobenius group is applied with the Zee
model to neutrino mixing.
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i sin2 013 =0 1t SiIl2 013 =0 1
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Figure 3.1: Allowed regions from solar neutrino data for different values of 613. Left column includes
data before latest results from SAGE, Borexino and SNO. These are included in the
central and right [40].
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Figure 3.2: The allowed regions at 90 %, 95 %, 99 % and 99.73 % from KamLAND for two values of
613 and two solar models [40].
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CHAPTER 4

Group theory and neutrino mixing

To find the mass and mixing matrices of neutrinos, group theory has been used as a common
approach. The existence of a family symmetry was proposed long ago [41]. Under a family
symmetry group F', the 3 quark and lepton generations transform into each other. A finite
group is needed to avoid the appearance of Goldstone particles. The fields are placed in
particular irreducible representations, whereafter the mass and mixing matrices for the charged
leptons and neutrinos are found. The Higgs bosons, where there might be more than one, break
the symmetry spontaneously. To match the triplication of chiral families in nature, it seems
appropriate to choose groups with 2 or 3 dimensional irreducible representations. These are
only found amongst subgroups of SU(2), SU(3) or SO(3).

When a family symmetry group is added to the gauge groups of the Standard Model, this
symmetry is assumed to be realized at a very high scale, A, the so-called cut-off scale. The
symmetry breaking then occurs at a much lower scale than this cut-off and an effective field
theory can therefore be assumed. In the following, a minimalist framework, assuming only
SU(2) x U(1) as in [42] will be applied to carry out model building.

The tetrahedral group has been popular in the literature as an appropriate symmetry to
describe neutrino mixing [11, 42-46]. So far, this group seems to present the best fit to
describe neutrino oscillations. The group 713 has not been addressed much, but we will show
here, that it produces very interesting results. The results obtained in [47] will be the main
focus of this thesis. The group will then be applied with other models to carry out the search
for neutrino masses.

The charged lepton masses are generated by the dimension 4 operator,

Oy = lrg), (4.1)

with ¢ the Higgs doublet, 1 the left-handed lepton doublet and [y the right-handed lepton. In
the following, the neutrino masses will be assumed to be generated by the mentioned dimension
5 operator, whose source to begin with, will be left unknown [48],

Os = (&1129)C(&2m00)). (4.2)
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The Higgs doublets & and & may or may not be identical and there can be as many as
needed to carry out the model building [49]. The 75 matrix is of course, up to a factor of i,
the invariant antisymmetric tensor €4, in SU(2).

4.1 The Frobenius group 113 = Z13 X Z3

4.1.1 The family group
The Frobenius group Ti3 is a subgroup of SU(3) generated by two elements a and b, such
that a'® = I, b> = I and ba = a®b. All elements g of T3 can be written as g = a™b" with

0<m<12and 0 <n < 2. Thus, the group has 13 - 3 = 39 elements and 7 conjugacy classes
given by

Cr < {e},
cY . {b,ba,ba?, ... ba",ba'2},
C\D (2 62a, %2, ... b2at, b2a'?},
Cs, : {a, a3,a9},
Cgl . {(14’(110’a12}7
Cs, : {a?%,a’,a%},

Cs, {a”, a8 a"}. (4.9)

From Eid? = 39, where d; are the dimensions of the 7 irreducible representations and from
Y;m; = 7, where m; is the number of IR with dimension d;, we see that the group consists of
three 1 dimensional irreducible representations 1,1’ and 1’ and four 3 dimensional irreducible
representations, 31,31, 32 and 3, since

m1 + 4mg + 9ms + ... = 39, (4.10)
mi+mo+mzg+..=71, (4.11)
= (m1, ma,m3) = (3,0,4). (4.12)

2mi

Explicitly, for 1’ and 1/, b is represented respectively by w and w? and a by 1, where w = €3
is the cube root of the identity.

Another way of defining the group 713 = Z13 X Z3 is to demand that for any element b of Z3
on any element a of Z3 [50], we have

bab~! =a", (4.13)

Letting the element b of Z3 act on the element a of Z13 three times, we find that

Bab P =a” =a= (4.14)
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P =1413n=1r =3, (4.15)

so that
bab~! = a?, (4.16)

(r # 1 is indeed what the symbol x means). The Frobenius group 713 therefore has the
presentation

(a,b]a'® =0 =1,bab™! = a3). (4.17)
Also
bab ' =a®* = a=0b"1d’b =
a® = a®btab = b"'a*b = b~ tab, (4.19)
ab® = b3ab® = b3ab~! = b?bab™t = b%a3. (4.20)
The representation of the Z3 generator in 3 dimensions is given by

b= (4.21)

= O O

1
0
0

O = O

We can construct the representations of the Zj3 generators by inducing them from the 1
dimensional representations of the subgroups Z;3 and Z3 [50]. In 1 dimension, the generator
of Z13 has the representation a = pk = 2mik/13
Hilbert space spanned by the complex numbers z. So, for every element of Z;3, these numbers
transform as

where p'? = 1, which acts on the 1 dimensional

a: z—az=pkz (4.22)

We can then define a set of elements (g, z) with g € T13 and z € Hilbert space of Z;3. The
coset is made from the elements of 713, which are not in Z;3, namely the elements of Z3,

(e, 2), (b, 2), (b2, 2).

Letting the generators of 713 act on this coset, the 3 dimensional representations of these
generators can be found. Using the relations in (4.19) and (4.20), the representations of a
follow from

ale, z) = p*(e, 2), (4.23)
a(b, z) = (ab, z) = (ba®, z) = p”%(b, 2), (4.24)
a(b?, z) = (ab?, 2) = (b?a?, 2) = p*b?, 2, (4.25)

giving the 3 dimensional representations

oF 0 0
a=| 0 p% ok : (4.26)
0o 0 p°

The group 113 has two such generators with £ = 1,2 corresponding to 3; and 33,
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p 0 O
ai=|0 p* 0 |, (4.27)
0o o p°
and
P2 0 0
a=| 0 p° 0 |, (4.28)
0 0 p°
with corresponding complex conjugates,
p12 0 0
aj = 0 p% o0 |, (4.29)
0 0 p*
and
,011 0 0
aa=1 0 p° 0 (4.30)
0 0 p8

To find the Kronecker products and the Clebsch-Gordan decompositions of the irreducible
representations, it is convenient to use the fact, that the Frobenius group is a subgroup of
SU(3), and exploit the well-known properties of SU(3). Denote the 3-component vector of the
defining representation 3 by ¢*, with 4 = 1,2, 3, and the vector of the conjugate representation
3 by ¢, = (¥*)*. In SU(3), we have

3®3=3d6, (4.31)

as indicated by
B o B s e Y = ] g gl (4.32)

Under the action of a generator ¢, ¥*¥ transforms as follows:

Y = e’ P, (4.33)

To find the decomposition of 31 ® 31, we use the generators a; and b to determine how w{’w}
decomposes.

Consider the diagonal elements {11} {22} {33} Under b, they transform as

P {228 (383 g 1) (4.34)
while under a1, they transform as
SO 200 0220 L 60228 {33} 5,033} (4.35)
Thus they form a 32 representation according to (4.28):

1L

122} . (4.36)
133}

32

56,/121



4.1. The Frobenius group T3 = Z13 X Z3

Next, consider the off-diagonal elements of the symmetric representation 1} Under b they
transform as

1120 {28} {81y (12} (4.37)

Under a1, they transform as

w{lQ} N p4w{12}7 w{QS} N p12¢{23}’ w{gl} N 1010,w{31}7 (438)

thus forming the 3; representation according to (4.29):

{23}

131} : (4.39)
12} 3,
Under a; and b, the off-diagonal elements of 1! and ¢{#} transform the same way. The
Kronecker product becomes

31231 =31 331D 3s. (4.40)

The decompositions of 32 ® 32 and 31 ® 32 are found in the same way, using a; and as
appropriately. The result is displayed in Table 4.1.
In SU(3) we have the product between a 3 and a 3 representation:

33=198, (4.41)

where ¢H1p, ~ 9l is decomposed into a trace ¢}, that forms the singlet and a traceless ¢}
that forms the adjoint 8 representation.

For 3; ® 31, the diagonal elements of ¥# transform under b as 1){ — 13 — 13 — 1{. We have
the three possibilities

1= + ¥ + 93, (4.42)
¢ = Y1 + wih + w3, (4.43)
¢ =i + w3 + wi. (4.44)
Under b, these transform as
¢ — V3 + w3 + Wi = W, (4.45)
¢ — V3 + w3 + Wil = we. (4.46)

Thus, we choose ¢ to transform as a 1’ and ¢ to transform as a 1.

The off-diagonal terms split into two sets. They transform under b in the same obvious way
as described in (4.37). Under a; and a} they transform as

vy — pty, Y3 — p Y3, U — pSl, (4.47)

and
W — p*T, s — p%s, Yy — i, (4.48)
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giving a 32 and a 35 representation:

3

wg , (4.49)
1 35

¢2
q,zé” . (4.50)
V3 )

The rest of the decompositions can be found in the same way using the appropriate representa-
tions of the generators. The products between the 1 dimensional irreducible representations are
found from seeing that under b, ¢ — w¢ and ¢ — w?@, so that for example ¢pp — wPw?p = ¢
transforms as a 1. The Kronecker products are listed in table 4.1 and the Clebsch-Gordan
decompositions in table 4.2, where we have dropped the {..} on ).

11 =1
1721 =1
1701 =1

3131 =31931 D32
3,32 =333, D32
3131 =191 31" ®3,® 32
3,23, =111 33,934
31®32=32331 D32
31232 =3,®31 33
32231 =32531931

Table 4.1: Zi3 x Z3 Kronecker products

4.1.2 Model building

We are now ready to build a model for neutrino mixing based on the family symmetry group
F = Z13xZ3. As in the standard procedure, we assign the lepton doublet fields ¢, (a = 1,2, 3),
the right handed lepton singlet fields lr,, and the Higgs fields to various representations of
T13, and write down the various allowed forms of the operators O4 and Os. After the Higgs
fields are allowed to acquire their vacuum expectation value, the resulting charged lepton
mass matrix M; and neutrino mass matrix M, are diagonalized, whereby the mixing matrix
is obtained as outlined earlier.

In the charged lepton sector, since the fields can be placed either in one of the four 3 di-
mensional irreducible representations or in the three 1 dimensional irreducible representation,
creating five possibilities, the operator Oy = ¢lrt) gives a priori 5° = 125 ways of placing
the three fields in different representations, but some of these are not allowed by the group
theory. Also, two cases, where the representations are the conjugate of each other, will give
the same result, so the number of different forms Q4 can acquire, is down to 27, see Table 4.3.
For each of these cases, we then consider the various possibilities for O5 assigning &1 and &5 to
various representations of /. We then use tribimaximal mixing as a constraint when choosing
the vacuum alignments of the Higgs fields. It turns out that the cases 1, 11, 22 and 25 will
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¢11 ¢23 ¢32
31 ® 31 _ w22 , ,¢31 , 1/}13
1/]33 3 ¢12 3, ¢21 3
¢22 1/}23 ¢32
32 ® 32 _ w33 ’ w31 ’ wl?;
wll ;§1 1/}12 32 1/}21 32
> i
3,93 — /@ : % (0 + 3 + i),
Ut ) s, b3 /s,

(V1 +wid + w1, (Y 4+ w?Yd + wihd)g,

3 2
~ ps Y3
32 ® 3y — wé : § ;o (0 + 93 + 93,
1 31 /(JZ}Q 31

(V1 + wid + W), (Y] + w?¥d + wihd)g,

¢33 1/}31 ¢32
31 & 32 - wll ) w12 ) ¢13
22 23 21
/(/} 31 1/} 52 ¢ 32
1 2 2
~ Tb% Y3 i
31®32 — [ 3 ; P 5 5
3 1 1
3 31 ¢2 35 3 31
1 1 3
S e :
32 ® 31 - ¢2 ) ¢3 ) 3
3 3 2
3 31 ¢1 31 1 32

Table 4.2: Z;3 x Z3 Clebsch-Gordan decompositions.

lead to the same neutrino mass matrix. Another mass matrix can be found from the cases
23 and 24. Furthermore, the rest of the cases turn out to create degenerate charged lepton
mass matrices, which are therefore not of phenomenological importance. Therefore, we can
cover all possible results obtained from this group, by considering only four of the mentioned
cases, where the lepton doublet is in two different representations. This leads to only two
possible neutrino mass matrices. These cases will now be studied. In the following, we will
not distinguish between upper and lower indices.
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Case P ¢ I
1 3. 3 3
2 32 -‘.;)1 51
3 31 3; 32
4 31 3, 31
5 32 3 3
6 31 3 35
7 35 3 3
8 31 51 52
9 3 35 3
10 3 32 3
11 3, 3, 3,
12 3. 32 32
13 32 3, 3
14 3, 3 32
15 31 32 32
16 32 32 3
17 32 3 3,
18 35 3 3,
19 32 3, 3
20 3 35 35
21 1,11 3, 3,
22 3 3 1,11

23 3 1,11/ 3,
24 3, 1,11 3,
25 32 3, 1,11/
26 1,11 32 3,
27 1,11 1,11 1,11

Table 4.3: Possible representations for the 3 fields.

4.1.2.1 Case 1:

The right-handed lepton, g, and the lepton doublet, %, both in 37 can be combined in two
ways,

31 {lp2vs, lrst1, Imtbe},

311 {lrs¥o, Ipits, Lpatin ). (4.52)

With ¢ in 31, we get the invariant terms in the dimension 4 operator of the Lagrangian:

hi(d1lratbs + d2lratbn + dalr1tba) + ha(P1lrsthe + Golr1ths + ¢slpath) (4.53)
0  higs haoo (0

= (lr1,lR2,lr3) | ha¢s O  higy (o5
higa hapr O 3
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Upon spontaneous symmetry breaking, we let the Higgs field acquire a vacuum expectation
value in the (1,1,1) direction, and the mass matrix becomes

0 hi he
Ml =0 h2 0 h1 . (455)
hi ha O

To diagonalize M;, we multiply by its hermitian conjugate,

| hi |2+ | ho |2 hihso hihs
MM = MM, = hihs [l P+ ho P hihs . (456)
hihy hih} | hi |2+ | ho |?

This is a circulant matrix, that can be diagonalized by the following unitary matrix:

1 1 1
1

Ul=— | w 1 & |. 4.57

L\/?:w21w ()

We now look at the dimension 5 operator and ask what Higgs field vacuum expectation values
will lead to tribimaximal mixing,

Os5 = (&1120)C(Eamo1)). (4.58)

The Higgs fields & and & can each be any of the following five different Higgs in the repre-
sentations:

XN17 77““317 pN327 K;Ngl) <N§2 (459)

We have a priori 5+4+ 3+ 2+ 1 = 15 combinations of these in the dimension 5 operator. In
Case 1, we have the 1 in the 3; representation. From Table 4.1, we can already exclude the
combinations (xv)2, (m)?, (x¥)(kv) and (xv)(py). The possible invariants from combining
two lepton doublets with two Higgs in the above mentioned representations and contracting
the indices properly, can now be cataloged.’

a) (p)*:
J1(p3t2p1tba + p1y3pati3 + path1p3ife). (4.60)
b) (ke)*:
fa(k1v1K1Y1 4 Kothakothy + K313k31)3),
+f3(K1Y1k2ve + K3Y3k191 + Kotak3is),
+ fa(k1ekrat)1 + Katbskathe + K31 R11)3). (4.63)
c) (C)*:
[5(C11Cibe + Qvbaloths + (313(3¢1). (4.64)

'In order to find the different invariant terms that enter the Lagrangian through this operator, it is necessary
to keep in mind, that since the neutrinos are Majorana, we have here used the 2 component spinor notation,
so that each lepton and scalar carries the Lorentz spinor indices a = 1, 2. For example, 1) = )%t = €qpth®)®
[35]. We also have to take into account that the leptons are Grassman numbers, and thereby anticommute.
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d) (x¥)(mp):
Jex (1m21h3 + Yansipr + h3mape),
+ frx (V1mztha + oz + Y3neir). (4.66)

e) (x¥)(CY):
Jex(W1Cir + ¥alatha + 3(373). (4.67)

£) (mb)(p):
Jo(n2b3p3ths + m311p191 + mtbap2iha),
Jr0(n3v2p3tP3 + Mab3p11 + nav1p2iha),

+f11(m303p3the + M1 p11Ps + N2tbapat)y). (4.70)

g) () (k)
Fr2(m1kan + matparsihe + n3idgkiths). (4.71)

h) (ny)(Ce):
J13(n3v2C192 + m3Caths + mah1(3e),
J1a(m23C1v2 + n391Cat03 + Mpalae),

+fi5(m1G3tP2 + m2tpa1v3 4+ n33(at)1 ). (4.74)

i) (o) (K9):
fi6(p2tbskothn + pat1ksiha + pripakits),

+f17(p13k1ve + patb1kaths + patharaihy). (4.76)

i) (pY)(CY):
J18(p2v3(3v2 + p3t1 193 + p12lat)n),

+f1o(p3v3Cibr + p1iv1Catha + parpal3ys). (4.78)

k) (k) (CY):
Jao(k192(32 + K21P3C1v3 + K311(at1). (4.79)

Of course, in building a specific model, we are free to omit one or more of these Higgs fields,
narrowing down the possibilities further. There should to begin with be five different terms
in b), since 3; ®3; =19 1’ ®© 1’ ® 32 @ 32 multiplied by itself creates invariants from 1 ® 1,
1’ ® 1/, 33 ® 32 and two charge conjugates. However, when multiplying out the terms and
seeing that w 4+ w? = —1, we get the three listed terms.

In Case 1, we first consider including only the Higgs fields 1 and &, to which we assign the
vacuum expectation values

i)
0 1
m=wnl| 1], (K=u| 0|, (4.80)
0 1
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so that we get contributions from invariants in b) and g). We could also add x so we have the
vacuum expectation values

ii)

0 1
)=z, M=v| 1|, (K=u]| 0 [, (4.81)
0 1

(with » and k having the same vacuum expectation values as in (4.80)). This would give
another contribution from d).

Upon spontaneous symmetry breaking, the neutral components of the SU(2) Higgs doublets
can acquire these vacuum expectation values and so will connect with the neutrinos giving
masses to these. The charge conjugation operator, together with the neutrinos being Grass-
man, will then allow us to combine some of the coupling constants in b), d), f), h), i) and
j), contributing to the off diagonal elements of the neutrino mass matrix, thus making this
symmetric as it should be. In the following equations, we will, in some cases, combine f, and
fa+1 into a new coupling constant, which we call f. The terms contributing to the neutrino
mass matrix in i) are then given by

foud (nivy + vavs) + frufvivs + fraviuavavs, (4.82)

and for (x) getting a vacuum expectation value in ii), we also get the contribution:

fervivvs. (4.83)
This leads to the possible mass matrices:
i)
fout 0 fiud
MV = 0 f12v1u1 0 N (4.84)
fyui 0 foul
and
ii)
foui 0 faui + faor
MV = 0 flg’l)lul 0 s (485)
fiul + flzvr 0 foul

with and without the Higgs x respectively, both having the form:

a 0 O
M,=1 0 v 0 [, (4.86)
6 0 «
which is diagonalized by the unitary matrix:
1 1 0 -1
U=—]| 0 v2 0 . 4.87
V2 1 \Of 1 ( )
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We can now find the lepton mixing matrix:

) 1 1 1 (10—
U=UU, = w 1w |—=]0+v2 0
V3 w2l w V2 1 0 1
2 1
I
| % v |o-Um (4.89)
V6 V3 V2
where
~1.0 0
= 0 1 0 |, (4.90)
0 0 i

is a phase factor that does not affect neutrino mixing. This is an interesting result. The
neutrino mass matrix in (6.66), which leads to tribimaximal mixing in case 1, is exactly
achieved, by choosing the right vacuum expectation values in the neutrino sector. This was
not possible in [42] for the tetrahedral group. In this paper, when choosing vacuum expectation
values for the Higgs fields in the neutrino sector, the exact form of the mass matrix in (6.66)
could not be achieved. The mass matrix had to be perturbed in the following way:

at+e 0 pO
M,= o ~ o |, (4.91)
I} 0 a—ce

which did not allow for exact tribimaximal mixing. It was instead assumed, that € being
small, could be seen as a perturbation, and therefore only lead to a small deviation from
tribimaximal. If tribimaximal mixing is the best fit for lepton mixing, we already here have
evidence, that the Frobenius group can be used to describe neutrino mixing. In order to
determine which of the two groups, the tetrahedral or the Frobenius, is the best candidate to
describe neutrino mixing, it will be necessary to test the Frobenius group further, using more
constraints.

4.1.2.2 Case 23:

The lepton doublets are in the 31 representation, the charged lepton singlets in the 3. rep-
resentation, and the Higgs bosons ¢ in the 1, 1’ and 1’ representations. 3; and 37 can be
combined to form the three 1 dimensional representations:

1 ~ ¢1lp1 + Yolre + ¥3lps,
1 ~ 1lg1 + wibalre + wih3lrs,

1 ~ ¢1lp1 + w?¢nlro + wibslps. (4.94)

Combined with the ¢, we get the following contributions:
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- hip1 + hawes + haw?¢3 0 0
(Ir1,lR2,R3) 0 hi¢1 + haga + h3os 0
0 0 hio1 + h2w2¢2 + hawaos
U1
| s | (4.96)
V3

When the Higgs field ¢ again acquires a vacuum expectation value in the (1,1,1) direction,
the charged lepton mass matrix is already diagonal. To get tribimaximal lepton mixing, we
then need the neutrino mixing matrix to be tribimaximal. We use the invariants as listed for
case 1 above for the ¢ in the 3; representation to achieve this by letting the Higgs bosons
acquire the following vacuum expectation values:

0 1
m=v| 1|, (p=r2| 0
1 0
1
(k)=w | 1 |. (4.98)
1

This will give contributions from b), f), g) and i). Letting x acquire a vacuum expectation
value in addition to these could also be a possibility:

ii)

0 1
(X)=z, (M=ovi| 1|, (pp=wv2| 0
1 0
1
(k)=u1 | 1 |, (4.100)
1

thereby gaining a contribution from d). Writing up these terms in the neutrino mass matrix,
we find:

fout + fovivo fiui fiu?
M, = faui foud + frigviur  fud + flgvaur |, (4.101)
faud fiu? + flgvour  foud + fraviw

and

ii)
foud + fovive  fiud + fizor  fiud + fiaun
M, = | fiui+ fgzor  foui + froviun fiuf + flgvour |, (4.102)
flud + fhxvr  fiul + flgvour  foud + fraviwn

leading to a matrix with u — 7 symmetry:
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vy B B
My=| 8 a 0 |, (4.103)
6 § «

which is diagonalized by the tribimaximal mixing matrix, if we impose without justification,
d=7+0—a.

4.1.2.3 Case 25:
We now have the [r in the three 1D representations, the lepton doublet in the 34 representation

and the ¢ in the 39 representation. The lepton doublet and the Higgs then join to form the
three 1 dimensional representations:

1~ G191 + Patho + P33,
1"~ ¢191 + woathy + wWdzi)s,

1 ~ ¢1h1 + wPporhs + wesihs, (4.106)

which results in invariants when connected with 1 ~ Ip;,1’ ~ lps and 1’ ~ Iy respectively.
The mass terms of the charged leptons in the Lagrangian are then (using the freedom to
incorporate phases into the coupling constants h;):

halri(¢1901 + ¢oths + d313) + haw?lR3 (1301 + whaths + wP31hs)
+howlpa(d191 + W darhs + whshs) = halri (P11 + datbs + P3ib3)

+halpa(wdrth1 + Paths + w?d31b3) + hslrs (W’ P11 + datbe + wdzihs)

hi 0 0 1 1 1
:<l_R1 Z_RQ Z_Rg) 0 hg 0 w 1 w2
0 0 hs w2l o w
o1 0 0 U1
x| 0 ¢2 O Py | (4.111)
0 0 o3 )3

Upon spontaneous symmetry breaking, again with the Higgs vacuum expectation value in the
(1,1, 1)T direction, the mass matrix is diagonalized by the same unitary matrix as in case 1:

1
w? . (4.112)
w

g =

Ul = —

1
1
\/g 2 1

S

Proceeding to the neutrino sector, we now have 1 in the 32 representation, leading to different
invariants in the dimension 5 operator than for case 1 and 3. The Higgs fields & and & in
(4.58) can each still be any of the following five Higgs with the assigned representations:

x~1, n~31, p~32, r~31, (~3s (4.113)
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Using table 4.1 once again, we can omit the combinations (x)?, (p)2, (x)(¢1p) and (xv)(k1)).
This leaves the possibilities:

a) (mp)*:
b) (k1))*:

c) (C¥)*:

d) (x¥)(m):

e) (x¥)(p):

£) () (pt):

g) (mp)(ky):

h) () (Ce):

i) (o) (K1h):

3) () (CY):

k) (m1h) (Ceh):

Ji(m31nztba + mpanmiabs + nathznaihr ).

Ja(K11K2v1 + Kathaksa + K3h3k11)3).

f3(C1v1Cin + Capalotha + (31P3(31)3)
+ fa(Crp1Gavba + (31031001 + Carhal3es)
+f5(Crepalotht + (30113 + (21P3(31)2).

Jox(11m31 + Yaniha + Y3nais).

Fix(W1p2v03 4 apsipr + Pap11h2)
+ fax (V1p3th2 + hap1v3 + Y3parhr).

Jo(n32p3tha + mp3p1v3 + n2tb1pathe)

Jro(n3b2patps + mibzpathr + na1p1¢2)

+f11 (33 p2tb2 + Mmvb1p3v3 + nathapribr).

J12(n3¥1 k2103 + Mi2k31 + N2vb3k112)

+ f13(3v3k2101 + Mm1k3Y2 + Natbak1Y3).

J1a(n3v3Cavs + m1G3Pr + n2tbaliv2).

J15(p3tbakaths + p1v3rspr + payp1k1va)

+ f16(p2tb2r191 + p3tP3kaths + p1y1k31)3)

+ fi7(p2h3kaths + p3hiksfr + priparitds).

J18(p2102C3v2 + p3tp3C1v3 + p1p1Gathn).

J19(F1910203 + Kota(311 + K3th3(11P2)

+ fa0(k2t01 (32 + K323 + K13(a11).

(4.114)

(4.115)

(4.118)

(4.119)

(4.121)

(4.124)

(4.126)

(4.127)

(4.130)

(4.131)

(4.133)
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Evidently, the coefficients here are not the same as for ¢ in the 31 representation. In this
case, the possible Higgs field vacuum expectation values needed to eventually get tribimaximal
mixing are numerous. We list them all in the following;:

0 1
(p=va| 1L [, (()=u2| 0|, (4.134)
0 1
leading to contributions from c) and j).
ii)
0 1
X)=z, (p=v2| 1|, ()=u2| O [, (4.135)
0 1

which gives the same contributions as in i) with one extra from e).

iii)

1 0
(R)=ur | 1], (=u| 1|, (4.136)
1 0

with b), ¢) and k) contributing to the mass matrix.

iv)
1 0
)=z, (K)=u | 1|, (()=u| 1 |, (4.137)
1 0

leading to the same result as in iii) with no extra contribution.

v)

1 1
(p)=wv2| O |, (W) =ws | 1 |, (4.138)
0 1
giving terms to the mass matrix from b) and i).
vi)
0 1
m=vi | 1, (Q=u2f 0 [, (4.139)
0 1

contributing with terms from a), ¢) and h).

When the neutral component of the Higgs bosons acquire these vacuum expectation values
we can then combine the coupling constants as we did for the invariants with ¢ ~ 31. The
possible mass matrices from these couplings and vacuum expectation values will then become:

foui 0 fiuj
MV = 0 flg’UQUQ 0 5 (4140)
fiu3 0 fzu3
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ii)

fau3 0 fiu3 + fravy
Ml, = 0 f18U2U2 0 y (4.141)
3+ flavy 0 fau?
iii), iv)
fou? 0 flourusg
M, = 0 foud + fau3 0 , (4.142)
flguiuz 0 fou?
V)
fou? 0 flsvaur
M, = 0 fgu% + f17112u1 0 , (4.143)
f{5v2ul 0 fgu%
vi)
fau3 0 Jivi + fiu3
MV = 0 f14U1U2 0 y (4.144)
Jivi + fiu3 0 fau3

all with the same form as in case 1:

(4.145)

R O™

a 0
M,=1 0 «
8 0

and as in case 1, tribimaximal mixing is possible from this mass matrix.

4.1.2.4 Case 24:

This case gives the same result as case 23 in the charged lepton sector. We therefore have the
following contributions to the charged lepton mass matrix:

- hi¢1 + hawds + haw? s 0 0
(Ir1,lR2,R3) 0 hi¢r + haga + h3os 0
0 0 hid1 + how? o + hawos
(O3
| e |, (4.147)
Y3

where the charged lepton mass matrix is already diagonal upon alignment of the ¢ vacuum
expectation value in the (1,1,1) direction, as in case 23. We therefore want a tribimaximal
neutrino mixing matrix once again, now with the v in the 32 representation. The invariants
in the dimension 5 operator are as in case 25. We can get a tribimaximal neutrino mixing
matrix by choosing the following different options for the vacuum expectation values:
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i)
0
(R)=w | 1|, (()=uz| 1 |,
1
where b), ¢) and k) will contribute.
ii)
1
<X> =, <’i> =u 1 ) <<> = U2 1 )
1
leading to the same result as in i).
iii)
1 1 0
m=v| 0|, kK=w| 1|, ((=u| 1 |, (4.150)
0 0 1
with contributions as in i) plus extra terms from a) and h).
iv)
0 1
(py=va| O |, (K)=ur | 1 |, (()=wu2| 1 |, (4.151)
1 1 1
with contributions from b), ¢), i) and k).
v)
1 1 1
(p)=wvo | 1 |, (W)=w | 1 |, (()=wu2]| O |, (4.152)
0 1 0
with terms contributing from b), ¢), i) and k).
The following corresponding neutrino mass matrices will be possible:
i), ii)
foui  flowuz  flguius
M, = | flowiuz  f3u3 fiu3 , (4.153)
flouiuz fiu% f3U%
iii)
foud + fuaviue  flguiug flouruz
M, = flourus fauj frof + frus |, (4.154)
flouruz frof + fiuj fzus
iv)
fauf + frrvauy flouiuz flouua
M, = flouiuz foui + fauz  fius + fisvaur |, (4.155)
flowuz  flud + flsvour - foud + faul
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foud + fau3 fisvaus fisvour
M, = fisv2u1 fou? + firvous flourusa , (4.156)
fisvaun flouruz fouf + frrvaug

all with the same form as in case 23:

vy B B
M,=| 06 a § |, (4.157)
8 0 «
This will again give tribimaximal mixing, if § = v + 8 — « is fulfilled.

We have covered all the cases of the group, by just studying these two forms of the neutrino
mass matrix, with the 1 in either a 37 or a 35 representation. This group can then be
applied with other models to place further constraints on neutrino mixing and achieve a more
predictive model.

4.2 General Frobenius groups

The Frobenius group 713 is one of many Frobenius groups. It is interesting to see that it
is not the only available group within these semidirect products of cyclic groups, that can
describe neutrino mixing, leading to tribimaximal mixing. It turns out that a whole series of
Frobenius groups, T,, = Z, X Z3 contain three 1 dimensional representations and a number
of 3 dimensional representations with their corresponding charge conjugated representations.
These are all subgroups of SU(3) and the group theory of all these can therefore be generalized.
The Frobenius groups that constitute the possible candidates for neutrino mixing are

Ty = Zp X Zs, (4.158)
The dimensions of the irreducible representations can be found from
di=3n=1+1+1+3(n—1). (4.159)
The number of 3 dimensional irreducible representations within these groups is then given by
n—1

3 )

including the charge conjugated representations. n must therefore fulfil the requirement

(4.160)

n—1
6
All of these groups have three 1 dimensional irreducible representation. They are all subgroups
of SU(3). We can again denote the generators by a € Z, and b € Z3. The generator of b
in 1 dimension is given by w, where w® = 1. The generator of a in 1 dimension is given by
p = e2™/" The generator b in 3 dimensions is the same for all these Frobenius groups:

= integer. (4.161)
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010
b=10 0 1 |, (4.162)
100
where again b® = 1.
The meaning of a semidirect product is given by
bab~! = a", (4.163)
where
r3 =1+ nk, (4.164)
and r and k are integers. The Frobenius group 7,, thereby has the presentation
(a,b]a” =% =1Ibab~' =a"). (4.165)
Also
2
bab~! =a" = bvab? =a" =b"lab, (4.166)
and
ab® = bab™! = b?bab™t = b%a’. (4.167)

Using that o™ = I, the entries of the 3 dimensional representations have to be powers of p as
before. We call the first entry p’, and the other two are then fixed by bab~! as previously,

pb 0 0
a; = 0 pm" QQ s (4168)
0 0 pzr
pir+i7‘2 0 0
aj = 0o ptroo0 |, (4.169)
0 0 piJrir
with pl’”””’2 = 1. There are as many of these generators as there are 3 dimensional represen-

tations. In order to find the applications of the group on neutrino mixing, it is necessary to
know the Kronecker products and Clebsch-Gordon coefficients of the representations. These
can be worked out in the same way as before. In SU(3), we have

33=396. (4.170)

To find the decomposition of 3; ® 3;, we use the generators a; and b to determine how ¢ {#¥}
decomposes.

Consider the diagonal elements {11} {22} {33} Under b, they transform as

W11 {22y (88} {11} (4.171)

while under a;, they transform as

QUL 2ig{1L) 22y 2in 022} (33} 2ir® (53} (4.172)
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Thus they form a 39; representation:

¢{11}

w2 | (4.173)
,¢{33} 4.

Next, consider the off-diagonal elements of the symmetric representation 1/{#*}. Under b these
transform as

w{lQ} N w{23} N w{f}l} N w{lQ}' (4174)

Under a;, they transform as

. . 2 (2
2Y i) 12} (28) ) ilrr) y28) (81} i) 31} (4.175)
thus forming the 3; representation:

¢{23}

131} . (4.176)
112}

We thus obtain, seeing that the antisymmetric entries again transform the same way as the
symmetric under a; and b,

3i ®3; =3;®3; D 3a;. (4.177)

The Kronecker product between two different 3 dimensional representations 3; ® 3; with ¢ # j,
is then obtained from seeing that under a; and a;, the diagonal elements transform as

I pi+j¢{11}7 122 plta)ry {22t 183) p(i+j)7"2¢{33}’ (4.178)
forming the 3;,; representation:

¢{11}

iz} , (4.179)
133}

3itj

and the off-diagonal elements transform as
¢{12} N pz‘+jrw{12}7 ¢{23} N pir+jr21/}{23}’ 1/){31} N pir2+jw{31}’ (4.180)
¢{21} N ijrirq/}{Ql}, 1/]{32} _ pjr+ir21/]{32}7 1/){13} N pjT2+i1/){13}. (4181)

Thus forming the 3;; and 3;,; representations:

¢{12}

123} : (4.182)
131}

3itjr
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{21}
132} . (4.183)
{13}
w Bir+j
In summary, we have the Kronecker product:
3i ® 35 = Bir+j D 3i+j O Bitjr (4.184)

In SU(3) we have the product between a 3 and a 3 representation:

33=108, (4.185)

For 3; ® §j with i = j the diagonal elements of 1# transform under b as 1} — ¥3 — 3 — 1.
We have the two possibilities

¢ =¥l +wyd +wyi, (4.186)
¢ =¥l + w3 + wyi. (4.187)
Under b, these transform as
¢ — U3 +wii + PP =W, (4.188)
¢ — Y3 + w3 + Wi = we. (4.189)

Thus, we choose ¢ to transform as 1’ and ¢ to transform as 1’.

The off-diagonal terms split into two sets. They transform under b in the same obvious way
as described in (4.174). These transform under a; and a; as

Py — pCTIYL g2 o i@ g2 3 i) g8 (4.190)

and
i(2r—4r2 r2 7 r
U7 — pPCTIIgE g — e, gy — p g, (4.191)

Seeing that 2 + 72 4 2r + r2 = 2n, these give a 3;1_,) and a 3;(;_,y representation:
(1-r) (1-r)

77[)1
wé : (4.192)
@Z)il)’ 3i(1-r)

wQ

¢é . (4.193)
3

gi(l—r)

For i # j, the diagonal terms transform under a; and a; as

¢{11}_>pz‘+j(r+r2)w{11}, w{22}_)pi7“+j(1+r2)¢{22}’ ¢{33}_>pir2+j(l+r)¢{33}‘ (4.194)
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The off-diagonal terms transform as

Yy — Il g2 s pir Iy oy ity 8, (4.195)

and
w% N pz‘r—&-j(r—i—ﬂ)w%7 wg R pir2+j(1+r2)¢:2’,, 7’/}?1) R pi+j(1+r)w?1)_ (4.196)

which leads to the 3 dimensional decompositions:

¢{11}

{22 : (4.197)
1/,{33}

3i7j

»
)2 : (4.198)
3

3i—jr
i

V3 : (4.199)
3

Bir—j

The Kronecker products are listed in table 4.4 and the Clebsch-Gordan decompositions in
table 4.5.

11 =1
11 =1
1’1 =1

3,23; =3; D 3; D 39

3i©3i =101 a1 @351 & 3i1_y)
3i ® 35 = Bir+j D iy D Biyr

3 ® 3j = 3ifj D 3i7jr D 3irfj

Table 4.4: Z,, x Z3 Kronecker products

It can be seen that only the product between a 3 dimensional representation and it’s own
charge conjugated representation will create an invariant. This is an important aspect of the
Frobenius groups.

We can now assign the fields of the dimension 4 operator in the charged lepton sector to various
representations within these general Frobenius groups, as done previously. The fields can be
placed in the three 1 dimensional representations and in the "T_l 3 dimensional representations.
The possible assignments can be seen in Table 4.6.

These three cases will cover all the possibilities for neutrino mixing using Frobenius groups.
For a group with "T_l 3 dimensional representations, all possibilities can be described by
"T_l cases. Furthermore, it turns out that all Frobenius groups will only generate the two

mentioned neutrino mass matrices.
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w{ll} ,¢{23} ¢32
3i ® 3i - ¢{22} ) 1/}{31} ) ¢13
33 12 21
q/){ } 3, ¢{ } 3, ) 3,
1 2
B 2 i
3,3 — | 3 | v , (] + 93+ v,
3 1
1 3i(1-r) 3 Bi(1-r)

(V1 + wid + w1, (V] + w3 + wid)y,

w{ll} ¢{12} ¢{21}
3i@3;— | ¢® 7 {23} , {32}
{33} {31} {13}
» Bitj ¥ Bitir ¥ Bir+j
ity V3 7
3; ® éj - w{Qz} 5 ﬂ)g 5 1/)%
33 3 1
w{ J 3ij 1 3i_jr 3 3ir_j

Table 4.5: Z,, x Z3 Clebsch-Gordan decompositions.

Case of ¢
1 3; 3; 3;
2 3 3; 1,11/
3 3 1,171 3;

-

Table 4.6: Possible representations for the 3 fields.

The first two cases will upon the Higgs acquiring a vacuum expectation value in the (1,1,1)
direction, lead to the charged lepton mixing matrix

1 1 1
1
UT:— w 1 2 1. 4.200
- \/g w2l w ( :

Case 3 will lead to a diagonal charged lepton mass matrix. In order to get tribimaximal
neutrino mixing, it is therefore necessary in case 1 and 2 to find a dimension 5 operator with
a neutrino mass matrix with the form

M, = (4.201)

QX O 9
o2 O
O o™

and in case 3 to find a mass matrix of the form
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v B

M,=1 0 «

g 6

The study of the group can then be continued by looking at the various possibilities for Os,

assigning &1 and & to various representations of F' once again. The doublet 1 is in the 3;

representations and the aim is then to align the Higgs fields to get the shapes of two mass

matrices above. The Higgs fields &; and & in (4.58) can each be any of the following different
Higgs in the representations:

B
5. (4.202)
(6]

X~1, o~ 35, K~ 3 (4.203)

The 1 is in the 3; representation. From Table 4.1, we can already exclude the combinations
(x¥)? and (n;¢)2. The possible invariants from combining two lepton doublets with two
Higgs in the above mentioned representations and contracting the indices properly, can now
be cataloged. The list of invariants can be seen in Appendix D.

An example of finding these invariants will be worked out in the following, where i # j applies.

(njwi)Q: From 3i4j ® 3j4ir = 3145 ® g_j_ir, we can have an invariant if i + j = —j — ir, that
isif j = %1'7'2. However, we can also have invariants if the representations are permuted, that
is for 3;1; ® §_jr_ir2 and 3i4; ® .§_J~rz_i, leading to invariants if i = —jr and ¢ = %jr. The
invariants are then given by

.1
J= 5”’2 po~ (mimabe + neematbs + n3snsin), (4.204)
i=—jr: ~ (mimeYs + nevenstr + n3smie), (4.205)
1

i=girs o~ (m1mah1 + mabampe + n3vanis). (4.206)

From 3;1; ® 3i4jr = 3i4j ® g_i_jr, the invariants above have interchanged ¢ and j and the two
last indices,

o1

i = 5]7“2 oo~ (mpinen + mavansibe + n3amabs), (4.207)
Jj=—ir: ~ (m1n3a + narbanihs + n3snei), (4.208)
.1

j=gir: o~ (mb1mabs + narbanaip1 + 1n3103n31h2). (4.209)

Finally, from 3i,;, ® g_j_ir, we have

i=—j: ~ (mamahr + n2thsnzbe + n3imys), (4.210)
J=2i: ~ (manzhs + nabzmrps + n3p1m2)1), (4.211)
Jj= %ir oo~ (mpamiabs + matbsnahr + n3inzie). (4.212)

The vacuum alignments can then be found from the listed invariants aiming at getting one
of the possible structures for the neutrino mass matrix. The case of T3 has been worked out
in 4.1. With even more possibilities for n > 3, the Frobenius groups constitute an infinite
number of possibilities to describe neutrino mixing, as n gets bigger.
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CHAPTER 5

The see-saw mechanism

The see-saw mechanism assumes that there is some unknown physics beyond the cutoff scale
A generating higher dimensional operators at scales much below A. The operator needed in
the see-saw mechanism, and the lowest dimensional operator beyond the Standard Model, is
the dimension 5 operator,

1
05 = 4 (6720)" C(9m2), (5.1)
where M is the cutoff scale of the effective field theory.

In the minimal standard electroweak model there exists three types of see-saw models, leading
to this effective operator at tree-level, using only renormalizable interactions. The standard
model lepton doublet v = (vz,11)" and the Higgs doublet ¢ = (¢+, ¢°)7 are used in all three
models, and interact in the following ways:

The type I see-saw mechanism, also known as the canonical see-saw mechanism, introduces
two or more right-handed neutrinos, Ng,. In this type, the lepton doublet and the Higgs
doublet couple to form a fermion singlet as can be seen in figure 5.1[51].

v, *

Figure 5.1: Type I see-saw mechanism [51].

In the type II see-saw mechanism, a heavy Higgs triplet is introduced, & = (¢7F,¢+,£0). Two
lepton doublets form in this case the scalar triplet as can be seen in figure 5.2.

Finally, in the type III see-saw mechanism, a heavy Majorana fermion triplet ¥ is introduced.
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Figure 5.2: Type II see-saw mechanism [51].

This is formed by coupling the lepton doublet and the Higgs doublet, where the figure is the
same as figure 5.1 with N replaced by X°.

These three models all explain the smallness of neutrinos in a natural way. However, the
heavy fields introduced are of the order of the cutoff scale. This means that it will be difficult
to detect them in future experiments. In the following, the models will be investigated in
greater detail. The type I model will furthermore be used in the study of neutrino mixing,
implementing the Frobenius group Ti3.

5.1 Type I see-saw model

The canonical see-saw mechanism is currently the most investigated mechanism for under-
standing neutrino masses [52-56]. The effective dimension 5 operator is, as mentioned, intro-
duced to give masses to the neutrinos,

05 = 1+ (6m) Clom), 52)

with M the cutoff scale. This operator is produced, for example, when integrating out the very
heavy right-handed neutrinos, Ng,, which are singlets under SU(2)xU(1). The Lagrangian
from which this operator is extracted consists of a coupling between these, the left-handed
neutrinos and the Standard Model Higgs doublet, as well as a Majorana mass term for the
right-handed neutrinos,

- 1
L”::¢A¢¢NR%—§A%(UWRA%—%hc. (5.3)

When the Higgs doublet ¢ acquires a vacuum expectation value, v, under spontaneous sym-
metry breaking, this leads to a Dirac neutrino mass, Mp = Ayv. The mass matrix Mp could
therefore be expected to be at the same order of magnitude as M, and M;, the masses of
quarks and charged leptons.

A Yukawa coupling term is allowed between right-handed neutrinos and a singlet scalar field,
X- The mass matrix of the right-handed neutrinos, Mpg, therefore consists of a bare mass
term M and a mass term from the Yukawa coupling, A, (x) when the scalar singlet acquires
a vacuum expectation value. The Majorana term is more explicitly given by
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5.1. Type I see-saw model

1 1 1
?@CMM%:§N%MMW+§MNﬂmmX (5.4)

One way of understanding the type I see-saw mechanism is to use the fact that the masses
of the right-handed neutrinos are assumed to be very large. These Majorana masses are not
related to the electroweak symmetry breaking and there is no symmetry protecting them, so
they are naturally of the order of the cut-off scale [11]. Therefore, it is appropriate to integrate
the massive right-handed neutrinos out at zero momentum,

oL
ONR

The Lagrangian becomes

= Xo(#) + MRNR = 0 <> Ng = — Mg A (60)). (5.5)

£ = (Mg At Aol00) + 5 (Mg Ago) MMz Ao (90)

= 5 () AT M A (90), (57)

and using % = —)\Z;Mgl)\qg,

£ = (00)" 3 (60) = 05, (5.9

Thus, the result is a dimension 5 operator, leading to Majorana masses for neutrinos. The
M in the denominator of the dimension 5 operator is now the mass matrix of the very heavy
right-handed neutrinos, Ng,. At least two of these are needed to explain the mass squared
differences found experimentally.

We see that the neutrino mass matrix is given by

My ==’ ANEME Ny = —MEME Mp. (5.9)
This is the type I see-saw result for the light neutrino masses.

A different way of understanding the see-saw mechanism is by diagonalizing the mass matrix.
The Lagrangian (5.3) can be written in the form,

1
L — S(FCAoNR + NECA vv + NECMpNg) (5.10)
_1 T T 0 /\qﬂ) 129
_§(VL NR)C<)\£’U MR><NR ' (511)

Diagonalizing the mass matrix

o 0 )\¢U o 0 MD
My = ( AJv Mg ) "( ML Mg ) ’ (5.12)

the eigenvalues can be found

Mp + /M3 + 4M3, (513)

2

As =
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When Mp >> v, these are to second order in v given by

A~ Mp, A ~——+ (5.14)

corresponding to the masses of the heavy and light neutrinos respecitvely. If one of these
eigenvalues increases, the other decreases and vice versa. This is what is understood by the
name "see-saw".

Therefore, the term of the Lagrangian giving mass to the light neutrinos is given by

g C%\Zﬁ o (5.15)

Comparing this with the dimension 5 operator, we have that these are the same if

1 1
s Ay \T 1
M T (5.16)

as before.

5.2 Type II see-saw model

In the type II see-saw model, a triplet scalar field, &, is introduced,
+ ++
€= ( & v ) , (5.17)

Ve

which is (1,3,2) under SU(3)xSU(2)xU(1). The light neutrinos gain masses when the neutral
component of this triplet acquires a vacuum expectation value, (¢°) = u.

The Yukawa coupling between the leptons and the Higgs triplet looks like

e (5.18)

This means that for u very small, there exists a very small neutrino mass term, ~ (u) from

uv} Cuy,. (5.19)

5.3 Type III see-saw model

The heavy neutrinos are in this model contained in the leptonic triplet representation. A
heavy triplet fermion, ¥ = (X1, %% %), (1,3,0) participates in a Yukawa coupling with the
left-handed neutrino ¥ and the Higgs doublet ¢. Majorana masses for the leptonic triplets are
now possible. The heavy mass is in this model given by the mass of the heavy fermion triplet.
The neutrino mass terms in the Lagrangian becomes

_ _ 1
DolR + A Er20 — S M + b, (5.20)
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where the lepton triplet is given by

0
5 = ( EE/_\/§ _EE/*\@‘ ) (5.21)

The neutrino mass matrix therefore has the same form as in type I

(0 Mp
M, = < MT M ) (5.22)

in the (v7,Ygr)" basis. Diagonalizing this matrix, the eigenvalues can be found in a similar
way as in type I, so that the neutrino mass matrix becomes

M, = —MhMS'Mp. (5.23)

The charged lepton matrix also gets extended in this model from the newly added lepton
triplets, so that

(M, Mp
= (), (5.21)

in the (e, ¥x)7T basis.

Some other see-saw mechanisms have been addressed in the literature. The linear and inverse
see-saw mechanisms have been introduced to lower the scale of the heavy fields. This is done
by further extending the model with gauge singlets, leading to contributions in the numerator
of the neutrino mass matrix. If these are small enough, the scale of the heavy fields can be
lowered as well.

5.4 The mixing matrix

The neutrino mass matrix results from integrating out the heavy right-handed neutrinos as
mentioned. The Lagrangian containing the Majorana mass term for the right-handed neutrinos
and the Dirac mass term coupling the left- and right-handed neutrinos can be diagonalized in
the same way as for charged leptons and left-handed neutrinos,

ma 0 0
UL, MpUpr=Dp=| 0 my 0 : (5.25)
0 0 ms3 D
mq 0 0
U]%:MRUR = DR = 0 mo 0 . (5.26)
0 0 ms3 R

This means that the neutrino mass matrix can be written up in terms of these unitary matrices
and the diagonal Dirac and right-handed mass matrices

M, = —MhMz"Mp = —UprDpUpb UrD5 UL Upr. DpU} 1, (5.27)

which is then diagonalized as previously, to obtain the physical neutrino masses.
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5.5 The see-saw mechanism and the Frobenius group 73

The canonical see-saw mechanism has previously been applied with a non-abelian symmetry
group to neutrino mixing [57, 58].

The compatibility between the Frobenius group 713 and the canonical see-saw mechanism
with neutrino mixing will be examined in the following. The Standard Model is therefore
extended minimally, by introducing a family symmetry and three right-handed neutrinos.
To fit experiments and place constraints on the possibilities, tribimaximal mixing is used
as a guideline. The application of both a family symmetry group and the canonical see-
saw mechanism naturally generates small neutrino masses and produces enough constraints to
narrow down the parameters of the neutrino mass matrix to two. This is therefore a predictive
model where the physical neutrino masses are found. Values are suggested for the modulus
of the m.. parameter of the neutrino mass matrix which is proportional to the neutrinoless
double ( decay rate. The validity of this model can therefore be tested in the near future.

The lepton doublet fields 1, (a = 1,2, 3), the right-handed lepton singlet fields lg,, the right-
handed neutrino singlet fields N, and the scalar fields are assigned to various representations
of T3 in the same way as we did previously. The invariants in the Lagrangian are found.
After the scalar fields are allowed to acquire their vacuum expectation values, the resulting
right-handed neutrino mass matrix Mg, the charged lepton mass matrix M;, the Dirac mass
matrix Mp and the neutrino mass matrix M, are diagonalized, whereby the mixing matrix is
obtained as we did in section 4.1.

The Lagrangian terms of importance are

1 1 1 - -
L£" = SMNRCNR + S AMNRCNRX + SANRCNRE + Ao dNR + Vlr, (5.28)

where an extra singlet, &, has been introduced.! The right-handed neutrinos are assigned
to 3 dimensional representations.? Looking at the Clebsch-Gordon decompositions, group
theory excludes the plain mass term M N;‘gC’N g for this choice. In table 5.1 the possible
representations of the right-handed neutrinos and the scalar singlets x and £ in the terms
)\XNECNRX and )ng}p:CNRf are listed.

Case | Np | x | &

1 31 | 31 | 32
2 32 | 32 | 31

Table 5.1: Possible representations for the three fields in the right-handed neutrino mass term.

When the family symmetry is broken, the scalar singlets acquire the vacuum expectation
values (x) and (£). The right-handed neutrino mass matrices are then given by

Casel: Mp=| y(xs) z(&2) yixa) |, (5.29)
y(x2) yx1) (&)

LA single scalar singlet, ¥, is not sufficient to give solutions to this coupling between the Frobenius group
and the canonical see-saw mechanism.

2An analysis has been carried out showing no solutions when placing the Ng’s in the 1 dimensional repre-
sentations, when fitting with tribimaximal mixing.
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z(&3)  y{xs) yixe)
Case2: Mpr=1 y{xs) z&) ylxa) |, (5.30)
y{x2) ylxa) (&)
where x and y are coupling constants. The inverse right-handed neutrino mass matrices are
then given by

Case 1:
. —y? (1) + 246 (Es)  vP0x) () —2y(xs)(€s) v2(x)(xs) — 2y(x2)(€2)
Mp' = Dot (A7) v (xa) (xe) —zy(xs)(€s)  —y*(x2)® +22(&) (&) v*(xa)(x3) — zy(xa) (&)
B\ 2 0a) (xs) — ay(x2) (&) v2 () (xs) — ay(xa)(&)  —v*(x3)* + x2(<£1><)§2>
5.31
Case 2:
1 —y2(x1)? + 22 (&) (&) yAx)(xe) —ay(xa) (&) v*(xa)(xs) — zy(x2) (&)
Mg = Dot (M) yAxa)(xe) —zy(xs)(€a)  —y*(x2)® +22(&) (&) v*(xa)(x3) — zy(x1)(&s)
B\ 2 0a) () — 2y(ee) ) v ) (xs) — zy(a) (&) —v2(xs)? + 22(E&) (&)

As seen from (5.29) and (5.30) the only difference lies in the vacuum alignment of the &.

In the dimension 4 operator, the assignments of the fields to the irreducible representations of
T13 have already been investigated in section 4.1. A summary of the representations in the six
cases that led to useful solutions and the charged lepton mixing matrices, Uz, corresponding
to these six cases can be seen in table 5.2.

Case | 9 ¢ IR UZ
3 31 3 L1
A 32 :2'2 32— 4 w 1 w?
3, 3 1,11 | V3 21w
32 32 1,11
B 3; 1,11 3; 10 0
3, 1,11 32 010
0 0 1

Table 5.2: Possible representations for the three fields in the dimension 4 operator, and the corre-
sponding charged lepton mixing matrix.

When using tribimaximal mixing as a guideline, the neutrino mixing matrix U, can be found
from the charged lepton mixing matrix U}i through the relation

Urp = UlU,. (5.33)

The neutrino mixing matrices must therefore in cases A and B of table 5.2 be given by

0 -1
V2 0 |, (5.34)
1

1
Uas=—10
1 0

V2
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5.5. The see-saw mechanism and the Frobenius group 713

and
2 1 0
e
Up=UrB=| % B & |- (5.35)
1 1
V6 V3 V2

respectively, corresponding to the two possible charged lepton mixing matrices, in order to
get tribimaximal mixing. The corresponding mass matrices have the shapes

a 0
Mya~| 0 ~ 0 [, (5.36)
6 0
and
vy B8 B
My~ 8 a 6 |. (5.37)
6 § «

The last matrix needs to satisfy the condition § = v+ 3 — « to result in tribimaximal mixing.

The Dirac mass matrix can acquire three forms when aiming at tribimaximal mixing, namely

0 X 0 0 0 X
Mp~I Mp~| 0 0 X |, Mp~| X 0 0 |. (5.38)
X 0 0 0 X 0

The Higgs doublet ¢ is aligned in the (1,1,1) direction, when placed in a 3 dimensional rep-
resentation, to acquire non-degenerate masses for the charged leptons in the dimension 4
operator. The Dirac mass matrices will lead to the same neutrino mass matrices, since the
last two will only perturb the vacuum alignments in the case where the Dirac mass matrix is
diagonal. The shapes can be obtained by choosing representations for ¢ and ¢ in the term
)\¢1ZN r¢ in various ways. The six possibilities from the dimension 4 operator need to be taken
into consideration when making these choices. It turns out that only cases where the Higgs
doublet is placed in a 3 dimensional representation are possible. Therefore, case B of table 5.2
can be excluded. All the possible ways of placing the various fields in different representations
are assembled in table 5.3.

Mp Ne x & ¥ ¢
32 32 31 31 3
31

Diagonal 3, 3, 3, 3
31 31 32 32 32
. 31 31 32 32 32
Off-diagonal 3, 3, 3, 3, 3,

32 32 31 31 3

Table 5.3: Possible representations for the five fields and the corresponding form of the Dirac mass
matrix.

In the two possibilities where Mp is diagonal, the neutrino mass matrix will have the same
structure as My ! In the four possibilities where Mp is off-diagonal, the neutrino mass matrix
is from (5.9) given by

86/121
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01 0
M,~(@®*[ 0 0 1 | My
100

o = O
= o O

1
0. (5.39)
0

The form of M, can be obtained by choosing the following vacuum expectation values for
the neutral component of the two scalar singlets and the Higgs doublet in the diagonal case,

1 0 1
py=v| 1|, ()=w | 1|, =u| 1 |, (5.40)
1 0 1
and in the off-diagonal case,
1 0 1
(p)=v| 1 |, (xX)=u1| O |, () =u| 1 (5.41)
1 1 1

After symmetry breaking with these vacuum alignments, the neutrino mass matrix will in
both cases be given by

1 mQu% 0 —TYUL U
M, = —-MAhMz'Mp = P T B 0 —y2u? + 2%ud 0 ., (5.42)
2 yruzuy —TYU U 0 r2u3

which has the desired shape of (5.36). Note, however, the constraint v = o — %2, so that the
form of the mass matrix is now more constrained:

« 0 I}
Mya~| 0 a=2 o |. (5.43)
1] 0 «

The possible choices for assigning representations to the various fields have now been exhausted
leading to only a single possible neutrino mass matrix. The result can now be explored.

5.5.1 Predictions

The result of this paper is that the neutrino mass matrix can have a single shape that is highly
constrained, and depends on only two parameters:

« 0 I}
Mya~|0 a=2Z o |. (5.44)
8 0 Q@

Taking into account the experimental knowledge about neutrino masses, the model allows
some predictions. The eigenvalues of the mass matrix are given by

2
m; =a+ 0, mQZOf—%, ms=a—[. (5.45)
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The mass squared differences can be found in terms of a and 3:

Al = fmaf? — fm? = Jo— £~ a4 B2, (5.40)
2
Am3y = [m3|* — [maf* = a — B* — [a - ;\2- (5.47)
At best fit, the experimental values are
Am2, =T7.59+0.23-10%eV?, (5.48)
|AmZ,| = 2.40 4+ 0.12 - 10 3eV2. (5.49)

The two equations (5.46) and (5.47) can be solved for a and . In the normal hierarchy,
ms3 >> m1 =~ meo. In the inverted hierarchy, ms << my ~ ma.

Since this paper assumes no CP violation, using tribimaximal mixing as a first order approxi-
mation, o and § must also be real to first order. The solution for these as well as the neutrino
mass eigenvalues can be seen in table 5.4.3

Hierarchy Normal Inverted
a[1072eV] | -2.80 £0.07 -2.28 £0.06 | 1.70 £0.05
B[1072eV] | 2.21 £0.06  2.72 £0.07 | 3.4240.08
mq [1072eV] | -0.59 £0.01  0.45 £0.01 | 5.12 4-0.13
ma [1072eV] | -1.05 £0.02  0.98 £0.01 | -5.19 40.13
m3 [1072eV] | -5.01 £0.13  -5.0040.13 | -1.72 4+0.05

Table 5.4: Predictions for neutrino mass eigenvalues

From these values, the possible regime for neutrinoless double 3 decay can be explored. The
rate of this decay is proportional to the modulus of the first entry of the effective neutrino
mass matrix, given by

|Mee| = ]m1U121 + m2U122 + m3U123]. (5.50)

The (ee) entry of the neutrino mass matrix with tribimaximal mixing and CP conservation is
then given by

1
|Mee| = §|2m1 + ma]. (5.51)

The absolute value corresponding to the 3 possible values of the neutrino masses can be seen in
table 5.5. The upper limit for this entry is today given by 0.38¢V. These predictions are well
below this limit. Furthermore, this model can be tested in the near future, since upcoming
neutrinoless double 3 decay experiments will have sensitivities down to the order of 10~2eV
[59, 60]. Therefore, this model could soon be confronted with experiment.

3In order to acquire positive masses for these Majorana neutrinos, it is possible to redefine the Majorana
fields xn = Xa(UnaVra + MmUnaVi,), where n, = £1 are CP eigenvalues, Un, is the orthogonal matrix that
diagonalizes the real neutrino mass matrix and we have (OP)VLQ(CP)71 = Vkqo- Therefore, UM, UT = N M,
and the masses m,, are positive [36]. The solutions that differ only by a sign can therefore be omitted.
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Hierarchy | |mee|[102eV]
0.74 +£0.01
Normal 1 65 1 0.01
Inverted 1.68 £0.05

Table 5.5: Predictions for the modulus of the (ee) entry of the neutrino mass matrix.

If these results survive future experiments, e.g. neutrinoless double 3 decay, the model of
combining the Frobenius group 713 with the canonical see-saw mechanism can be seen as a

good candidate to predict neutrino masses.
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CHAPTER 6

Radiative loop corrections

6.1 The Zee Model

The dimension 5 operator can also originate from radiative loop corrections. In the Zee model,
the electroweak sector of the Standard Model is extended with an extra charged scalar field,
which transforms as a singlet under SU(2) and couples to the lepton and Higgs doublets [61].
To preserve gauge invariance, h™ can not acquire a vacuum expectation value, only Higgs
doublets ¢ break symmetry spontaneously. The Majorana neutrinos can thus couple to this
newly introduced scalar field and generate the dimension 5 operator. The new charged scalar
field has lepton number 2. Lepton number is therefore broken in the coupling with the Higgs
doublets.

A radiative contribution as seen in figure 6.1, generates the neutrino mass matrix.

s N,

/ \
[ < ®
o (g0)

Figure 6.1: Zee model

- |
lp v

A

The coupling between two left handed doublets and the charged Higgs singlet gives the fol-
lowing contribution to the Lagrangian:

£ C¥l ) eijh + hue, (6.1)
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6.1. The Zee Model Radiative loop corrections

where f% is antisymmetric due to fermi statistics. The coupling between the right handed
charged lepton and the left handed doublet leads to the term

f(fdbl_dR(ﬁ%IbZLQj + h.c. (6.2)

This contributes to a mass term for the charged leptons:

£ lardYer + hc. (6.3)

When the Higgs doublet acquires a vacuum expectation value, the charged leptons acquire
the masses

Med = Eﬂffedvﬁ;, (6.4)

with <gb%> = vg.

The same term contributes to a Yukawa coupling between the right handed lepton and the
neutrino,

13 lardvr, + hec. (6.5)

The lepton number violating term is located in the scalar potential, where h* with lepton
number 2 couples to two Higgs doublets,

M gagysh. (6.6)

Since M°P is antisymmetic, more than one Higgs doublet is needed. We can find the amplitude
of the diagram in the rest frame of the incoming neutrino. All the propagators around the loop
will then have the same momentum. We can also assume that the lepton mass is negligible,
compared to the rest of the parameters.

The contribution to the neutrino mass from this loop is calculated in Appendix A. The result
is given by

1
1672

1 M2
Map Fmeaf )" vaMap [hllﬁlll. (6.7)

2
my

Since the terms are off-diagonal, the neutrino mass matrix looks like

0 Mey  Mer
Mep 0 myr |, (6.8)
Mer  Myr 0

which is traceless. This requires

mip = —msg — ms3, (6.9)

and therefore one of the neutrino masses must have opposite CP parity from the others. This
also means, that no neutrinoless double beta decay will be observed, if this model holds, since
the (ee) entry of the mass matrix is zero.
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6.1.1 The General Zee Model (GZM)

In the general Zee model, both Higgs doublets couple to the charged leptons. The charged
gauge singlet mixes with the charged components of the Higgs doublets ¢1, ¢2, creating the
Higgs eigenstates, Hii,i = 1,2. Since both of the Higgs doublets can couple to leptons, both
will acquire a vacuum expectation value, so that (¢;) = %vi. The total magnitude of the two

vacuum expectation values must then be v = |/v? + v5 ~ 246GeV, the known weak scale, if
the coupling constant proportional to the Higgs mass is approximately one. The ratio of these
two vacuum expectation values can then be parametrized as

tan § = L, (6.10)
V2

since he Higgs potential is invariant under a global SO(2) transformation of the Higgs doublets,

&\ _ [ cosB sing o1
(4)-(2 22)(5) o

and the Yukawa couplings, so

i B cosf3 sinf fi
()= (b 20) (%) (612

where the couplings here are matrices [62]. We are now in a position to redefine the doublet
scalars by making this arbitrary SO(2) transformation. We choose the transformation that
makes only one of the Higgs doublets acquire a vacuum expectation value, so that tan 5 =

YL — (. This is known as the Higgs basis [62],

)

1 v? + v3
/0 /0 1 2
=0, = v = . 6.13
o) =0, (@9 =7 ; (6.13)
From this, the ¢/2i is found to be the Nambu-Goldstone boson. The physically charged fields
are therefore h* and (b'li. From the chosen vacuum expectation value, the lepton violating

term becomes, omitting the primes,

M2 $lhes; — M2 pF b 6.14

¢1¢2 ) \/§¢1 ( )
Together with the mass term for the two fields respectively in the scalar potential, this con-
structs a mass matrix for these physically charged fields, which can be diagonalized to find
their masses,

+ ot mj M\/lgv —
Laiggs = ( 1+ ¢ ) LAY (n or) (6.15)

) _
= ( Hf Hj)(j\gl A%)(Z;) (6.16)

where H; are the mass eigenstates of the physical fields and M; are the physical masses. The
mass eigenstates can be written as a linear combination of the physical states [63],
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Radiative loop corrections

H \ [ cosa —sina
Hy )\ sina cosa
With
UT cosa —sina
oh 7\ sina  cosa ’
where
2M12
tan(20() = —%,
(M7)? —my,
and

+(ME) £ /[m]

2
Mi, =

_l’_

-
o ) (6.17)
(6.18)

(6.19)

2L (6.20)

When the Higgs doublets acquire the mentloned vacuum expectation values, the terms where

these couple to other leptons become

- - _ = v
LG = Yafydralr + bafid2alr + hc. — vpfio IR + szgﬁzR +h.c,

where a denotes the SU(2) index.
absorbed by the gauge bosons W and Z°. We now have

L=m2"

Cbth b Tl 1 2
\/5¢1 vLfp®1 IR Lf¢\/§R

(6.21)

The unphysical Nambu-Goldstone Boson qb; has been

(6.22)

These can now be written in terms of the physical mass eigenstates. Since

h—"\ _ cosa  sina H
< o ) N ( —sina  cosa ) ( Hy )’ (6.23)
we have
12 Y dp— 5 flat 7 2 v
—= +v lr+1lofs—F=Ilr + Cyrh
\/§¢1 Llp®1 IR Lf¢ﬂ r+ fYLCYL
= MH%(—sinaHfr + cos aHy ) (cos aHy +sinaH, ) + 17Lf(215(—sinod‘]fr + cos aH )R
+ZLf£%lR +2vr, fClp(cosaH; +sinaH, ) + h.c. (6.26)
The term
lLf (6.27)
f
will give masses to the charged leptons, obtained from diagonalizing the mass matrix
me O 0
Ul 13 \[UR —UiMUr=D;=| 0 m, 0 (6.28)
0 0 m,
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6.1. The Zee Model

In this basis, when the Higgs doublets acquire the vacuum expectation values mentioned
previously, the Majorana neutrino masses are calculated from the two one-loop diagrams seen
in figure 6.2. We can now find the neutrino mass matrix in terms of these physical fields which
will give us the physical masses of the neutrinos. In order to do this, we again need to solve
an integral over the internal propagators of the diagram. This can be seen in Appendix B.

The result is given by

MZ/ = m n|—=|Ssmn 20[lef¢ + h.c.

M¢

VL VL
Hy
/ N
S ., \
> ,l < ® < |
vy, —2i8a f _anqu v

Figure 6.2: Two one-loop diagrams generating the Majorana neutrino masses.

The neutrino masses are then found by diagonalizing this mass matrix.

6.1.2 The Minimal Zee Model (MZM)

(6.29)

We can also assume that only one of the Higgs doublets, ¢, couples to the leptons by imposing
a discrete symmetry [64]. This is called the Minimal Zee Model (MZM). In this case, there is

no need for the parameterization we just did.
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6.2 Applying the Frobenius group 773 with the Zee model

The Frobenius group can be applied with the Zee model in two ways. One way is to let the
dimension 5 operator be generated only from the radiative loop correction. Another way is
to see the radiative loop correction as a perturbation to some already generated dimension 5
operator from a different mechanism, which could be the see-saw mechanism. Tribimaximal
mixing can then be used to first order in the other unknown dimension 5 operator, and the
perturbation from the radiative loop correction can create a deviation from tribimaximal
mixing. Both will be done in the following, using the GZM with the first possibility and the
MZM with the second.

6.2.1 The Frobenius group and the GZM

The general Zee model can create the dimension 5 operator to first order. A nonabelian
symmetry group can be applied to the general Zee model, placing the fields in various rep-
resentations as we have been doing to oblivion. The mass matrices are then diagonalized to
obtain a basis where all the fields are diagonal. The neutrino mixing and mass matrix can
then be found.

Introducing only one Higgs doublet ¢, placed in a 3 dimensional representation, we can test
wether results are possible to obtain TB mixing. We have the fields ¢, [g, ¢ and h, that enter
the terms Ylgo, Yiyh~ and ¢Y¢Th~. For 1ph~ to be antisymmetric, we can only place v in a
3 dimensional representation. Due to group theory, the fields ¢ and A~ have to be in the same
representation. Also, the Higgs doublet and the h~ have to be in the same representations in
order for the term ¢°¢+h~ to be antisymmetric. Therefore, the only cases that will work for
the GZM with only one Higgs doublet are cases 22 and 25 in section 4.1. In case 25, we have
¥~ 8a, ¢ ~ 3a, lg ~ 1,11’ and therefore hT ~ 33 and h~ ~ 35. In this case, the unitary
matrix that diagonalizes the charged lepton mass matrix is given by

11 1
1

Ul=—| w1 w |, (6.30)
V3 w 1 w?

where the vacuum expectation value for ¢ has been chosen to be

1 1
0
=—uv]| 1 6.31
(%) | (6.31)
so that the masses of the charged leptons are given by

mi 0 0 v y¢1 0 0

0 mg O = — 0 yg2 O (6.32)

0 0 mg V6 0 0 yg3

Moving on to the term Mh~¢°¢T, the invariant in the Lagrangian will be
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0 ¢ -8\ [ of
(hr by by )| =68 0 & 5] (6.33)
¢ —4) 0 ¢3

This will lead to the mass matrix

My=—1-1 0 1 |, (6.34)

\/61—10

which can be diagonalized by the two unitary matrices Uy and Uy, so that [65]

Ul MyyUg = Dy, (6.35)
with
L[
Ul =U=—2| w1 w |. (6.36)
V3 w 1 w?

In the basis where this mass matrix is diagonal, we can look at the term Yd)ﬂ/_Jl R¢®; where the
neutrino couples to the right handed charged lepton. We can find the couplings in the basis
where the charged lepton mass matrix is diagonal [65],

S Ys10T  Yspwd]  ygzw?e] lr1
(01 G2 @ )| veod  weadd  vesed IR (6.37)
Y103 Yppw Py Ysswos IR3
- 1 111 y¢1¢£: y¢>2w¢£r y¢3w2ff lr1
= ( VL1 Vr2 VL3 )% w1 w Yp103  Yg2s Y392 lr2
w 1 W Y103 Yp2w d3  Yszwoy lRr3
(6.38)
In the basis where the Higgs mass matrix is diagonal, we have
Py o7
Us| B |=| o5 |. (6.39)
Py 2

where Pf are the mass eigenstates. The equation can then be written in terms of these,

Yo Pl yse Py yes Py lr1
( U1 Vra VL3 ) Yo Py ysaPyT yes Py lRo (6.40)
Y1 Py yse Py yes Py lr3
= ( VL1 VL2 VL3 ) X (6.41)
Yop1 0 0 0 0 Y3 0 Yp2 0
Prl 0 ypo O | +Pf| wsr O 0 |+P | 0 0 ygs (6.42)
0 0 y¢,3 0 y¢2 0 y¢1 0 0
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lRr1
X lR2 y (6.43)
IR3
so that
0 0 0 0 m
9 me 2 T
Y¢1 = £ 0 my, 0 s Y¢2 = £ Me 0 0 5
Vo 0 m, Lo m, o0
0 m 0
2 123
Y3 = VN T (6.45)
“\me 0 0
From the term F,yCvyh_, we get
0 hy  —hy (1
Flws ws ws)| —hs 0 Ay || (6.46)
hy —hy 0 3
0 hy —hy I
=of (i) vy vis JUL| —hy 0 by |Un| lus | (6.47)
hy, —hy O ILs

In the basis where the Higgs mass matrix is diagonal, we have

Hy hy

Up| Hy | =1\ hy |, (6.48)
Hy hy
so that the term becomes
0 0 O 0 01 0 -1 0 lr1
2f (viy vie vig )| Hi [0 0 <1 |+H;| 0 00 |+H; |1 0 0 I
01 0 -1 0 0 0 0 0 lrs
(6.49)
and we have
00 0 0 01
F=2f 00 1|, m=2f| 0 0 0],
01 0 -1 0 0
0 -1 0
B=2f1 0 o0 (6.51)
0 0 O
We are now in a position to find the neutrino mass matrix [65],
1 1 mp, 2 t x T
M, = Z 1672 m?2 In m2 ml”(D¢h)ai{(Fa)ll”(Y(M)l”l’ + (Y¢i)ll”(Fa )l”l’}- (6.52)
He He

il

The loops generating this mass can be seen in figure 6.3.

Since there is no constraint on the masses of the Higgs doublets or the coupling constants,
this mass matrix contains too many parameters to be predictive at this point.
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Figure 6.3: The loops in the basis of the mass eigenstates of the Higgs bosons [65].

6.2.2 The Frobenius group 713 and the MZM used as a perturbation

As we have seen in section 3.2, there are indications of deviations from tribimaximal mixing.
It seems plausible to use tribimaximal to first order and perturb it, or look at minimal modi-
fications to it. A dimension 5 operator generated from loop corrections could be a possibility
to achieve such deviations.

The Zee model can be used for this purpose with the constraints from the Frobenius group. Ex-
plicitly, we will look at case 1 in section 4.1, leave the charged lepton mass matrix unchanged,
and see what changes the Zee model will bring to the mixing matrix. We will furthermore
assume, to begin with a minimalist approach, that the neutrino mass matrix is real in the
following.

In case 1, we have the fields in the following representations:

Y ~31, ¢~31, lp~31. (6.53)

We have the neutrino mass matrix,

M, = (6.54)

o R
o o
L o™

which is diagonalized by the unitary matrix,
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L (1 0 -1
U =-—=]|0+v2 0 |. (6.55)
A

This mass matrix was seen to be obtained through two different combinations of vacuum
alignments of the Higgs fields:

i)

0 1
m=u| 1|, K=w| 0|, (6.56)
0 1
and
ii)
0 1
)=z, M=v| 1|, (K=uw]| 0 [, (6.57)
0 1
with
x~1, n~31, K~31 (6.58)

Comparing the fields in this Frobenius group with those in the Zee model, we see that ¢g,
which gives mass to the charged leptons in the Zee model, corresponds to ¢ in the Frobenius
group model. ¢, which acquires a vacuum expectation value in the coupling with the other
Higgs doublet and the Higgs singlet, must then be either 7, x or both, using in this case

QZ)a 7& ¢,6’~

In the coupling between two lepton doublets and the singlet scalar in equation (6.1), we can
choose to place the singlet scalar A~ in a 37 representation of Ti3. The coupling constant is
antisymmetric, so we need a antisymmetric coupling between the fields

f(v1lrahs + valrshy + valriha) — fa(vilpsha — valpihs — v3lgahi). (6.59)

This contributes to all the off diagonal elements of the neutrino mass matrix. We can assume
that the coupling constants are roughly equal [66], and seeing that m, >> me,, we can
neglect the terms proportional to m. and m, [67]. Since the righthanded lepton couples to
the antineutrino of the same flavor, the mass matrix has then obtained a contribution to the
(23) and (12) entries,

« 0 B—ce¢
M, = 0 v € , (6.60)
B—¢€ € «
where
1 m¢2
= rfovM—1 . 6.61
€= fm;fov m,% og [m%] ( )

Looking at the vertex with the coupling between the three Higgs, we have two possible con-
tributions in 1):
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Myeijn'¢’h, (6.62)

and o
Mseijk'¢’ h. (6.63)

With the singlet scalar in a 3; representation, the second coupling will not lead to any invari-
ants, leaving only the first term, where again an antisymmetric combination is needed,

Mla(’l’]?iTg(ﬁ;hg + ngiTQQ{)ghl + ng’[;TQ(ZS.Il-hZ) — Mlb(’l’]?iqub;ghQ + UgiT2¢J{h3 +n§l7’2¢;h1) (664)

From (6.59), we see that only h; and hsy enter the loop for m,; >> m.,. Furthermore, the
vacuum expectation value of n points in the 2-direction. These two conditions remove most
of the terms, leaving only the following contribution:

Mo iTadlhy. (6.65)

This coupling changes the mass matrix slightly

a 0
M,=| 0 ~
0 €

Since € in this case is just a radiative correction, we can treat the addition to the mass matrix

(6.66)

0
0
0

0 0
eM' = ¢ 01|, (6.67)
1 0

as a perturbation and then find the new neutrino mixing matrix. The perturbation calculations
can be seen in Appendix C. The modified mixing matrix becomes

V23
1 (1) (y—a)*—p* (1)
Unnod = Uy + ﬁ6 a+pB—y 0 a—B—y (6.68)
0 \/5(7—04) 0
(y—a)?—p*
The overall lepton mixing matrix is given by
(11 10 -1 0 = 0
Lf::U{L;md::;7§ w 1 W? 0 vZ 0 |+el| a5 0 =
w? 1 w 1 0 1 0 V2(y—a) 0
(y—a)?—p3°
1 y—a+8 1
1 a+pB—y \/i( a)? 526 a—p—y
+
= Urs + ¢ o vfwwvai e (6.70)
1 \/’w y— a)+w2,8 1
at+f—y a—pB—y

These terms will diverge for a + 8 =7, | vy —a |=| ] and a — 8 = v which corresponds to
me = mq or mg = mg. Luckily we know from experiments that Amis # 0 and Amagz # 0,
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so this will not create any problems. We have here a very small contribution to the mixing
matrix. Therefore, we can neglect all elements except the contribution to the otherwise zero
Ues, which now has the value of aiéi,y. This model can then be extended to include complex
results. Therefore, CP violation is possible when using the Zee model with the Frobenius
group. At this point, however, we do not have enough constraints to predict any values.
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CHAPTER 7

Grand Unification

A big goal in particle physics is to find some great symmetry that can describe the interactions
of all fields in nature. A Grand Unified Theory contains such a symmetry. This is a gauge
group that contains all gauge symmetries of the Standard Model [50]. With the extension of
the Standard Model to include neutrino masses, it must be possible to implement some grand
unified theory with a family symmetry that describes neutrino mixing and/or find a grand
unified theory that can contain right-handed neutrinos. To do this, it seems appropriate to
consider the grand unified theories that have already been applied for the Standard Model.

The gauge extensions must meet the criteria, that when broken at a very large energy scale,
the Standard Model gauge groups are recovered. The representation of the ferimions in the
left-handed representations are given by

u 1 c Q 1 c
( p )’”(3’2’6)’ @~ (31,3, u~B1,-3) (7.1)

< 17 ) ~ (1,2,—%), I°~ (1,1, 1). (7.2)

The representations for the gauge fields are given by

Gluons ~ (8,1,0), W ~ (1,3,0), B~ (1,1,0). (7.3)

The Higgs doublet is then assigned to the reprentation,

1
¢~ (1,2, —5), (7.4)
in order to allow Yukawa couplings of fermions.

The SU(5) Grand Unified Theory, the Georgi-Glashow model, is the simplest grand unified
model that can be broken in one step to the Standard Model. However, the SU(5) GUT has
turned out to not agree with experimental data [68]. Unless we want to extend the theory to a
supersymmetric version, a different candidate for a grand unified model has to be implemented.
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The group SO(10) turns out to be that candidate. To illustrate the idea of a grand unified
theory, let’s start out with a look at the SU(5) group.

The SU(5) group has 52 — 1 = 24 generators. The generators can be represented by traceless
hermitian matrices acting on five objects ¥*, u = 1,2,3,4,5. The 24 matrices contain eight of

the form
A0
(40) -

0 O
(52) o

from SU(3). Three of the form

from SU(2), and one

-+ 0 0 00

) 0 -2 0 0 0

V=10 0 -1 0 0 |, (7.7)
0 0 0 3 0
0 0 0 0 3

from U(1). With p = {a,i}, @« = 1,2,3 and ¢ = 4,5, this means that SU(3) acts on «
and SU(2) acts on i. We have ¥ ~ (3,1,—1%) and ¢* ~ (1,2,3). When a field ® in a 24
representation of the group acquires a vacuum expectation value

-+ 0 0 00
0 —3 0 0 0
@®=1 0 0 -1 0 0 |V (7.8)
0 0 0 3 0
0o 0 0 0 3
the group is broken down to the subgroup SU(3)x SU(2) xU(1) [33]. This means that the

number of broken generators is given by 24 —8 —3 — 1 = 12.

Writings up the embeddings of these groups within SU(5) as (SU(3), SU(2),U(1)), we have

5::(1,2,%)-%(3,1,-%), (7.9)
5=(1,2, —%) + (3,1, %). (7.10)

The representation containing the rest of the fermions can be found by looking at the Kronecker
product

1 1 1 1
5 ® 5= 10A + 155 = ((1’ 2’ 5) + <3’ 17 _g))((]‘?zv 5) + (37 ]-7 _g))a
1 - 2 2
- (17 17 1)A + (17 37 1)S + (37 27 6)5’ + (37 17 _g)A + (67 17 _§)57 (712)
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where 1 5
10 = (3’2’6) + (3,1,—5) +(1,1,1). (7.13)

The left-handed up and down type quarks, the right-handed up type quarks and the right-
handed leptons therefore fit into the 10 representation [31]. The fields

a JO!
Y = < ﬁ ) =1 v |, (7.14)
e

are in the 5 representation and the antisymmetric tensor fields, x*¥, can be written as

0 u —-u d u
—-u 0 u d u

=P = a —u 0 d u |, (7.15)
—-d —d —d 0 e

—u —u —u —e 0
with % the right-handed up type quark, u and d the left-handed up and down type quarks

respectively and e the right-handed lepton [31]. The vector fields can be found from the
Kronecker product

5@5=24+1=(1,3,0)+(8,1,0) + (1,1,0) + (3,2, —%) + (3,2, %) +(1,1,0). (7.16)

In the adjoint representation 24, we have, in order, the weak bosons, the 8 gluons, the hyper-
charge and the gauge fields corresponding to 12 unbroken generators.

We now proceed to look at the SO(10) gauge group.

The two representations 5 and 10 can instead be fitted into a single representation of a bigger
group, which contains SU(5). SO(10) turns out to be a suitable candidate for this. The
decomposition of the 16 representation is compatible:

16 - 15100 5. (7.17)

This means that the SO(10) gauge group contains all the fermions in its 16 representation.
In fact, it is the smallest simple Lie group that can contain all the Standard Model fermions
in a single anomaly free irreducible representation. This means that there would be a perfect
fit, if yet another field in a 1 representation could be found. This representation has so far
been the problem in this grand unifications. However, with the revelation of neutrino masses,
a very plausible candidate is now the right handed neutrino! If this is a singlet under SU(5),
it would be able to get the large Majorana mass without breaking SU(5).

The adjoint representation is given by

45 =24+ 1+ 10 + 10. (7.18)
This means that there are more gauge bosons in SO(10) than in SU(5).

It would be very interesting to apply the family group T3 with this SO(10) group or some
other large gauge group, that contains the gauge symmetries of the Standard Model. A way to
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Grand Unification

do this could be to place the Higgs fields in different representations of this large gauge group
and have the fermions and Higgs fields in specific representations of the 173 group. Model
building could then be carried out to see if this unification is compatible with experiments.
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CHAPTER 8

Discussions and conclusion

In order to constrain the systematic search, some assumptions have been used during the
model building. These can be summarized as follows:

i) The vacuum expectation value of the Higgs doublet in the dimension 4 operator and the
Dirac mass term was aligned in the (1,1,1) direction.

ii) No coupling was assumed between the scalar fields in the charged lepton sector and the
neutrino sector, that is, the sequestering problem has not been addressed.

iii) Since tribimaximal mixing gives a fairly good description of the experimental mixing
matrix, at least as a first approximation, it was used as a phenomenological guideline.

iv) It was assumed that the region of the parameter space of the scalar potential where the
heavy scalar singlets in the see-saw mechanism develop vacuum expectation values lies in a dif-
ferent region than at the scale where the Higgs doublet acquires its vacuum expectation values.

v) CP conservation has been assumed to leading order.

Since the first postulation of their existence in 1930 by Pauli, the field of neutrino physics
has opened up many questions. However, experiments are extremely difficult to carry out,
dealing with almost non-interacting particles. If neutrinos acquire their masses through some
very high scale, as in the see-saw mechanism, this also imposes big challenges for neutrino
experiments. Theory relies on very few experimental data and not many constraints are
imposed when carrying out model building. However, the many unknown territories and the
lack of data allow for greater liberty and creativity when working in this field.

In this thesis I have addressed the areas I find most fascinating in neutrino physics today. My
approach has been to find a group that describes neutrino mixing well and then use this group
throughout the thesis, implementing the interesting models.

The Frobenius group 733, with its two 3 dimensional irreducible representations, seems to
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Discussions and conclusion

be a suitable group to use, in order to study the family symmetry of neutrinos and charged
leptons as was shown in chapter 4. It can even be generalized, as it turns out that a series of
Frobenius groups could be applied to neutrino mixing.

There is a very good compatibility between the Frobenius group 713 and the canonical see-saw
mechanism when applied to neutrino mixing, using tribimaximal mixing as a guideline. In
chapter 5 it was also interesting to see that the Frobenius group does not allow a bare mass term
for the right-handed neutrinos, but only a Yukawa coupling of these with two scalar singlets.
Furthermore, only one Higgs doublet is needed. The assumptions allow only six possibilities
for the representations of the fields. The constraints from applying both the family symmetry
group 113 and the canonical see-saw mechanism narrow down the parameters in the neutrino
mass matrix enough to make predictions. Using experimental data, I have predicted the
physical neutrino masses. Moreover, I have predicted values for the |me.| parameter which
can be tested in future neutrinoless double beta decay experiments. In the inverted hierarchy
case, the |m.e| parameter is almost a magnitude higher than in the normal case. If this is the
case, the next neutrinoless double beta decay experiments may be able to reveal information
about the mass hierarchy as well.

In chapter 6 it was shown that the Frobenius group could be implemented with the Zee model
as well. However, in both approaches, it was not possible to constrain the model enough to
make predicitons. New implementations are needed, and it would be interesting to seek these
in a further study.

In this thesis, the sequestering problem has not been addressed. When the Higgs of the
dimension 4 operator acquires a vacuum expectation value in the (1,1,1) direction, the Ti3
symmetry is broken down to Z3. As the various scalar fields of the dimension 5 operators
acquire vacuum expectation values, the symmetry is also broken down to Zs. The Zs subgroup
does not commute with the Z3 subgroup, and the vacuum alignments cannot be sequestered
from each other unless the interaction terms in the Higgs potential which connect these fields
vanishes [69]. Tribimaximal mixing is therefore a lowest order approach and we need to
study allowed deviations within the Tj3 structure. Certain articles have already described
modifications to tribimaximal mixing [70, 71]. These could be used with this theory. CP
violation could also be considered.
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APPENDIX A

Radiative one-loop calculation

In the Zee model, the integral to be solved in order to find the neutrino mass contribution

from the loop is given by:

/ k1 1 1
(2m) k2 + ie k? — m3 4 ie k? — mj, +ie’

We can write the integrand up in terms of Feynman parameters:

1 1 1
k2+iek2—mi+iek2—m%+ie

2
/ dedydzé(x +y + 2z — 1)D3,

with
D = ak? +y(k* —m3) + 2(k* —m3) + (x +y + 2)ie

Integrating over x with x =1 — y — z, we have

Dyey_y—z = K — ymi — zm% +ie=k—A=D.

We can now make a Wick rotation to solve the integral over k. Setting k* = ik%, k =

having k = k% — k, we get:

d*k 1 i 1
/@ﬂ(k—A):(1)2w(/&@k2+M

i1
et | 4 | ey = mas

for A > 0, which it clearly is. We can now solve the integrals over x and y:

1 2 mh+ym
95 Q/dydz 2 2 = z/d ¢)
7= Jo ymy, + zmy, 167 ym¢
i 1 m?
- 1672 m2 (mg +1)(In (mig—i—l)'
h @ é

(A1)

(A.4)
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Radiative one-loop calculation

We now make the assumption that mj >> mg. This leads to the approximation:

1 m? m2 1 m? m2 1 m?2
— S+ DL +1) > ——Rn(- G = — In( 3. (A.9)
L ¢ L L L L)

The resulting contribution to the neutrino mass matrix is then given by:

1 1 M g2
facmcdfgdbvaMaﬁig[log[ z

My, = —
“ 1672 mj m,%

1. (A.10)
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APPENDIX B

Radiative two one-loop calculation

The integral of the H; diagram is given by:

4
/ d*k 1 ‘ 12 . (B.1)
(2m)4 k2 +ie k2 — M} + ie

Again we parametrize the fractions into Feynman parameters:

1 1
k2 +ie k2 — M? + ic

1 1
:/0 dxdyd(a:%—y—l)ﬁ, (B.2)

where D = xk? + y(k* — M?) + (z + y)ie. Carrying out the integral over the delta function,

Dycy_y =k*> —yM;? +ie=D. (B.3)

The integral can then be performed over k:

d*k 1 K /d4k: 1 K /dQ /Oodk: k3,
@m)t (k2 —yM7)2 — 2mt) P yMD2 T 2ot T TP + g MY
(B.4)
This integral diverges! So we need to regulate it using the Pauli-Villars procedure, introducing
the cut-off A,

1 1 1

— . B.
K2— M?+ie  k2— M?+ie K2—A2+ie (B-5)
Thereby the integral becomes:
7 00 k3 i 00 k3 00 k3
| ak B t/ dk 4———42———7— / dkp5—LE—s
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Radiative two one-loop calculation

Since we have two loops with opposite signs, the cutoff parameter will disappear when adding
these contributions together, and we get the propagator contribution from the two loops:

i M?

111(—22

4472 M7

). (B.8)
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APPENDIX C

Perturbation calculation
Using mgo) =a+ 0, méo) =, mgo) =a— (3 and
1
129) = (0,1,0), (C.2)
OIS
[ 3%) \/i( 1,0,1), (C.3)
corresponding to the columns of the mixing matrix
1 1 0 -1
U=-—x|0+v2 0 (C.4)
V2 1 0 1
Using the equation
S (RO | A | n0)
|y = B E 1vo), (c5)
n k
we then find
0 1 0 0 0 1 0
1) = 0,1,0) ] 0 0 1 0 1
T e Y o10)\1/\o
1 0 00 1 -1 1 1
+ ~1,0,1)| 0 0 1 0 0 |=——"> , C.7
2/229)' ) 010/\1 1 V2a+ -y (©1)
0 1 0 0 0 0 1
| 2Dy = (1,0,1)| 0 0 1 1 0
20y—a-p) o10/\o/\1
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Perturbation calculation

. 000 0 -1 . 3
(-,01)[ 00 1 |]|1 0 | = —— | 0 |, (C9
2(7_a+6) 01 0 0 1 (7_04 _ﬁ e
1 0 00 -1 1
| 3Dy = (1,0,1)| 0 0 1 0 0 |+
2v2(~20) 010 1 1
1 000 -1 0 1 1 0
— (0,1,0)] 0 0 1 0 1| =— 1|, (ca
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and we get the new mixing matrix
V243
1 (1) (y—a)*—p* (1)
Umod = Uy + \ﬁé FB— 0 apB— |- (C.12)
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APPENDIX D

Dimension b operator invariants for
the general Frobenius groups

In the following can be seen the invariants possible. It is quite a long list. However, there
are certain requirements for the invariants to exist. Therefore, the possibilities are narrowed
down when a group is chosen. In building a specific model, we are also free to omit one or
more of the Higgs fields, narrowing down the possibilities further. The following tables can
therefore be seen as a look-up when finding the invariants of a certain Frobenius group.

(njv)*
= gir?  (mimva + natbanats + n3ibsnsidy)
i=—jr  (myineys + nevenzbr + n3bzmi)
i=3jr  (minzvr + navambe + n3ibnaes)
i=33r?  (mbimen + nabansibe + n3sms)
j=—ir  (m1nse + n2bamPs + n3psnaihe)
1

Jj=gir Ji(mimabs + nabanatp1 + n313n3ha)

i=—j (mWanet1 + n2th3nzths + n3P1m1eb3)
Jj=2i (mhanztbe + m2tb3mps + n311m2¢1)
i=2j (mamy3 + nah3netht + n3P1m3iba)
Table D.1
(kih;)?

all (k11191 + Kotakaths + K3Y3kat3)
all  (k1¥1kove + K3Y3K1Y1 + Kathak313)
all  (k1varath1 + Kov3kathe + K3Y1K1Y3)

Table D.2
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Dimension 5 operator invariants for the general Frobenius groups

(rj1bi)°

(K1Y1K1Y1 + Kotakot)e + Kathgkats)
(K1¥1kK2v2 + Koak3Y3 + K3th3k11)
(K1¥1k3Y3 + Kotek191 + K3tgrat)a)
(K1¥1K3Y1 + Kook + K313K213)
(KoW1k1Y2 + K3ako3 + K1tP3KR311)
(oW1t + K32k3Ye + K11P3K113)
(koW1 k3e + K3ek1Y3 + K13kt )
(ko1 K13 + K3akath1 + K1Y3K3Y2)
(K1¥1k2v3 + Kowak31 + K3th3k12)
(Ko1 k31 + K3ak1P + K1P3K2Y3)
(K1¥2k1Y2 + Ko3ka3 + K3t K311 )
(K1akatp3 + Katb3kat + Kath1kr12)
(K1¥2k3v1 + K3k + K31 Ka13)
(K1W1K32 + Katbar13 + K3tb3kat)
(K1¥1k2V1 + Koak3e + K3tP3K113)
(K1¥1K1Y2 + Kotako)s + K3thgkaty)
(Kot ka3 + K3aka + K1Y3k1Y2)

Table D.3

(o) (nivi)

all
all

X (P1m2t3 + hanzthr + h3niia)
X (Y1302 + hamiths 4 Y3mathr)

Table D.4

Oxoi) (ny¢i)

X(Y1mp1 + anetpe + ¥3nzis)
X(Y1m2v1 + hanzibe + 3niys)
X(1ns1 + ampe + 3neds)
X(W3mp1 + h1natbe + anzis)
X (Vanz1 + Y3mpa + 1moh3)
X (V3m2th1 + Y1nztha + Yamips)
X (Y2matb1 + 3nzte + P1mys)
X(Y1m3v3 + hampr + 3nei)a)
X(WV1mivpe + anetps + 3nzid)

Table D.5

Oxbi) (ki)

r=2
r? =2

X (1£201 + Yakathe + P3K1103)
X (16311 + hak1tha + h3karh3)
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Dimension 5 operator invariants for the general Frobenius groups

(X@Z}z)("‘fﬂl}z)

X (V161901 + Yokothe + Y3k313)
X(P3k2th1 + 1Kzt + Yar11)3)
X (Yak3th1 + VY3k192 + P1K2v3)
X(V3k101 + V1kots + VYak31)3)
X (V2k2v1 + Y3k3te + Y1K193)
X (V16301 + Yak1t2 + V3ko13)
X (V16291 + Yok3tbe + Y3k113)
X (Var11P1 4 Y3kot)e + P1K3Y3)
X (V3k301 + Y1K102 + Yako1h3)

Table D.7

(i) (nji)

j=—3ir
i=j(r?—1)
i=j(1—1?)

i=—3jr
j=i(r—1)

j=i(l—r)

(mab1mbr + mapanatbs + n313n31P3)
(n3¥3my1 + mp1netha + nathanzibs)
(myanet1 + matb3nztha + n31mbs)
(m2h1m2tb1 + n3tbanze + msnivs)
(n2vham1 + n3th3naths + nup1n3ibs)
(mhamiaba + m2ab3natps + n311m3¢1)
(n21m1vb2 + n3tbaneys + msnzibr)
(my1ma + nabaneths + n3P3nzibr)
(mamib1 + m2vbanetbe + n3111313)
(me1m1 + n3hanetba + mbsnzibs)
(n3th3miaba + mab1mat)s + m2)enzi)
(m31math1 + mapanziha + navp3niabs)
(mp3maabr + maab1m3de + n31eniv3)
(nepam 2 + n3h3netbs + m1n3ibr)
(my1m2v1 + navbanztha + n3P3niabs)
(n3h3math1 + mpinzie + natamniah3)
(m2tham2tbr + m3ab3n3e + m1niv3)
(n3v1mapr + mipanaiba + n2vsnzis)
(mysmy1 + mebineba + n3banzibs)
(m2th3miaba + n3b1m2t)3 + mensi)
(n3vam 2 + mb3netbs + maP1m3ibr)

Table D.8

(i) (Kithy)

<

ﬁ
[\
oy 1l

<

r2 =2

mr ko + natbakathe + N3tb3k11h3)
Mm1k3Y1L + NatPakia + N3tP3krat)3)
No3k12 + N31k2tP3 + Mihaksir)
)
)

P

N3Y2aK1Y2 + MP3K3 + N21P1K3Y1
(ma3k11Pg + N3p1kor + Nirpaksgiho

(M3thak1%23 4+ MrPskatht + NatP1K3)2)

Table D.9
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(mivi) (k)

(m1K1Y1 + N2thakaths + N31h3K31)3)
(n2v2k1t)2 + N3v3k2t)3 + Nith1K3YL)
(Mm1k2v1 + N2thakzths 4+ N3th3K11)3)
(n33k12 + Nith1 K23 + Nathakai)
(31 k201 + Nitbakzths + N2th3k11)3)
(m3kathr + nath1K32 + N3thak113)
(33101 + M1KoPa + Notbakzthz)
(Mm2k2tP1 + n2v3k3he + N3h1K193)
(m2tp1K21 4 N3tPakzhe + NitP3r1)3)
(m2th2k1vp1 + N3th3kaths 4+ Niip1K3YP3)
(m2k12 + N2b3kaths + N3th1K3Y1)
(m2t01 K12 + N3thakaths 4+ NiiP3kziy)
(n33kathr + Mb1K3a + Nathak11h3)
(m23k1%2 + N3th1kath3 + Niihakzif)
(n3v2k102 + Ni3kat)s + Nath1k3Y1)
(m2th2koth1 + N3th3k3tha + Nrip1K1Y3)
(n31K11 + Nihakaths 4+ Nath3kzes3)
(msk11 + me1koa + N3bakaths)
(m1K12 4+ N2thakaths + N31P3kzt)
(m2k11 + N2tb3koths + N3th1K3Y3)
(m2th1 K191 4 N3thakathy 4+ NitP3kaes)

Table D.10

(mj30i) (Katbi)

(mab1k2tbr + mavpaksthe + n3b3k1t3)
(m2thak1vh2 + N3tP3kaths + Nrap1kzt)
(M1 k21 + N3thakaths + MaP3ki1P3)
(31 k21 + Nrapakaths + N2tP3k11)3)
(mbak1th2 + natp3karhs + n3th1Kr3t)
(3212 + Mb3ko)s + Math1K3Y1)
(m2tbakath1 + n3v3kzthe + mib1k193)
(M3p1K1Y2 + Mapakathz 4+ N2tP3k3)r)
(mp1R12 4+ Nathakaths + N3th3kzi)
(M1 K13 + N3thakathr + Map3karho)
(m2tp1K1%2 + N3thakaths + NreP3kzi)
(M tp2katr + Mskaia + n31k11b3)
(n3th3rkath1 + Nrap1K3tPs + Narhakit3)
(no3k1tbe + M3vh1k2tbs + Miibaksir)
(n3tp3k1tP2 + Nrap1kats + Nathakzir)
(mp3kathr + natp1 k3P + N3thaki13)
(m2W3kat1 + N3k + Mbak13)
(m3r1v2 + mevb1katbs + n3tbarsihn)

124/121

Table D.11



Dimension 5 operator invariants for the general Frobenius groups

(n3i) (k5103)
2i =j(r—1) (myik2atP1 + nevbakshe + N31h3k193)
2 =j(1—72)  (nsrr1t1 + muibaraths + maskaibs)
2i = j(1—=7r) (ny1r1P1 + n3vakathe + Nith3k3ys)
2 =j(r* — 1) (mw2r1v2 + n3tbskaths + M1k
2i=j(r —r?) (mabsk1v3 + n3tbikoty + mitbarsiba)
2i=j(r* —r)  (n3vor12 + miskaths + nath1ksih)
i=j(r—r?  (m3skivr + mikas + nabaksihs)
(mt2katr + matskaba + N3 k113)
i=j(r?—r)  (mvaritr + n3vskoths + M k3ts)
(m2p1K1Y2 4 N3tPakat)z 4+ NiiP3kr3i)r)
i=j(r?—1) (m3sk1va + mepikahs + natharsibr)
(mab3kat1 4 natP1K32 4+ N3tPak19)3)
i =71 —7r%)  (n3aratr + mibsksthy + mai1r1tb3)
(me3k1t1 + N3th1katb + Niipakars)
i=g(1—7r) (mster1t1 + miskate + naP1K3Y3)
(n3v1k12 + Nitbakat)s + Nath3k3yr)
i=j(r—1)  (m3b1k2v3 + mbakabr + n2y3k11b2)
(n3th3k2th1 4+ Nitp1 K32 + Nathari1h3)

Table D.12

(ki) (Kj9)
J=1i(2—7r) (koY1k1¥1 + K32k + K11P3K313)
J=1(2r* = 1) (Kekayr + K3thokata + K13k1Y3)
=i(2r — 1) (k1¥2r1%2 + Ko3kats + K31K311)
J=1i(2—1%)  (k1akots + Kotskatbs + K31 k1t1)
J=i(2r —r?)  (k3ar1tby + K1skats + Ko1ksir)
j=1i(2r* —r) (ksth1kotn + K1harsths + Koth3kits)
j==2ir*  (ks1r1h2 + K12ko3 4 Ka3kay)
(k32191 + K13k + Kot K313)
J=—ir (k3thako + K13k3a + Kath1K113)
(KoW3k1¥1 + K31k + K1tPak313)
J=—2 (k3¥1k3t2 + K1thak13 + Katbskathr)
(k32k31 + K1Y3K1Y2 + Kot K21)3)
Jj=ir (K1¥3kot1 + Ko1k3Ye + K3tbak11)3)
j=ir? (k2t3k1ta + K31 KRaYs + K1tbakaYr)
(K1¥3k11 + K1k + K3tbakats)
Jj=1 (K3Y2kot3 + K193K3Y1 + KatP1K112)

Table D.13
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(n5i) (i)

J=—2i—k
j=ir? —kr
g =ir— kr?
j=—k—2ir
j=—kr+i

j=ir? —kr?

j=—k— 2ir?
j=—kr+ir
j = —2ir?> —kr
j=ir*—k
j=ir—k
j=—kr?—2i
j=—kr—2i
j=—ir—=k
j=—kr*—2ir
j=i—k

2

(m1mapr + n2banaiba + n3vanzis
(n33m1 + mp1natha + nahenzibs
(m3t1mps + mbanaib1 + navsnzie
(n2vam 1 + n3h3neths + m1n3is
(mbamitbe + n2vb3na)s + n31n3i
(man2tPs + narb3nzhr + n3h1me
(n2v3mbe + n3h1netbs + nuibanziby
(39321 + mb1natha + nathamibs
(21201 + M3thanztha + mpsnis
(mabsnaeb1 + nabinzie + n3vamiabs
(me1miabs + n3hamatpr + Mapsnzide
(m1mbe + nebana)s + n3h3nzih
(n33mitba + mab1matps + n2benzih
(m2bamitbe + n3hana)s + m1n3i
(mY1m291 + m2vbanztha + n3v3nis
(m2bamatb1 + n3hanzie + mrmiabs
(mvanztha + nah1n3he + N3 e
(3911302 + Mitpaniths + math3naihy

e e e e e e e e e e e e e N e N

Table D.14
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(j30i) (Kithi)

j=kr—2i
j=k—2i
j=(k—2i)r
j = (k—2i)r?
j=k—2ir?
j=kr*—2i
j = kr* = 2ir
j=k—2ir
j = kr — 2ir?
j=ir? 4+ kr
§ = ir + kr?
j=0{+k)r
j=i+k
j=i+kr?
J=1+kr
j=(i+Fk)r?
j=k+ir
j=k+ir?

(mab1k2tb1 + mavpakathe + n3b3k1t3)
(mp1R1Y1 4+ natparaths + N31P3Kz1)3)
(N1 k11 + mabakaths + matP3kars)
(meth1R1%1 + N3thakathy + NieP3kzrs)
(M1 Kot + N3thakathy + MiP3ki13)
(m2th2ark1vha + N3th3kaths + Nrep1kzi)
(m2th3k1103 4+ N3th1 kot + Miipakarho)
(m2th3k2th3 + N3th1 K31 + Nrepakieho)
(n3v2k1)2 + N1b3kat)s + Nath1k3Y1)
(n3v¥3k191 + Mmb1kae + Natbaksy)s)
(MmW2k2P1 + N2vb3ksie + N3h1K193)
(m2th2k1v01 + N3v3kaa + Mmip1K31)3)
(nev1k12 + N3th2kat)3 + Mih3k3yr)
(n33k1tb2 + map1 K213 + mathakarhr)
(mabskath1 + meb1k3the + n3tbak11)3)
(mabsk1tb2 + M1 ko3 + n3tbaksihr)
(Mmpak1v3 + Nath3kathr + N3th1K312)
(n3hakathy + mvbzkatha + math1K1)3)
(m2th3k131 + N3th1 k2P + NrePakzr)s)
(n3v2k191 + Nibzka)e + Nath1K3Y3)
(n3th1K1%2 + Niipakaths + NatP3kzir)
(31 k23 + Niapakathr + NarP3kitho)
(n3t3k2tb1 + Niap1K3Pa + Narhar11)3)
(mp1R13 4+ Natpakathr + N31P3Kzto)
(mabsk11 4 Narp1ka2 4 N3thak3)3)
(mep1k1Y + Matbakot)s + N3ih3kathr)
(mW2k191 + Natbzkat)e + N3th1K3Y3)

Table D.15
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(Kji) (Khi)

j=2i—k
j = (2i — k)r?
j=2i—kr
j=2ir—k
§=2ir—k
§ = (2 —k)r
j=2ir? —kr
j = 2ir — kr?
j=2i—kr?
j=—ir? —kr
j = —ir — kr?
Jj=—i—kr
j=—i—kr?
j=—i—k
j=—0G+k)r
j=—(i+k)r?
j=—ir—k
j=—ir’—k

(K11 K191 + Kothakathe + K33kK313)
(Kov1k1v1 + K3Wakothe + K113K313)
(K11R21P1 + Kathakaths 4 K3tP3K113)
(oW1 koW1 + K3Wak3e + K13K1Y3)
(K1vak11P2 + Koth3kaths 4 K3tb1K3Y1)
(K1Y2ktbg + Ko3k33 + K31K1Y1)
(K3wak11b 4 K193K2t3 + Katb1K3Y1)
(K3¥1kot1 + K1Y2k3Ye + Kot3k1Y3)
(K1Y1K3Y1 + Kothak12 + K33k21)3)
(k3¥3k1Y1 + K1Y1K2Y2 + Kotak313)
(K1vakatb1 + Kath3kas + K3th1K1Y3)
(Kovok1v1 + K33k + K11K313)
(K3akaths + K1¥3K3YP1 + Katb1K1Y2)
(k3¥1K1Y2 + K12ko3 + Kotgk3r)
(K3ak1th1 + K1W3K2t2 + Katb1K3Y3)
(K3Wakatb 4 K1W3K32 + Katb1K1Y3)
(hoW3k1v1 + K31 Koo + K12k313)
(K31k3Y2 + K12k1Y3 + Katgkat)r)
(K32k31 + K1Y3k1Y2 + Ko1K213)
(K1Y3kot1 + ko1 K3 + K3ok11)3)
(K1vY1R2v3 + Kooks1 + K33k1Y2)
(KoW3k1v2 + K31 ko3 + K1ak311)
(k11632 + Kathak1t3 + K3W3kathr)
(F1¥3k1Y1 + KoW1kote + K3thak313)
(K11R1103 4 Kathakatht + K3tP3K3t)
(F1Y1K1Y2 + Kookt + K33k311)
(K1vak11P1 4 Koth3kaths 4 K3tP1K3Y3)
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