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1 Introduction

Nowadays, Standard Model is the most successful model that is tested by
many precise experimental measurements. SM coalesces in itself many fun-
damental theories, like: Quantum Field Theory that provided ultimate
view of describing particles and their interactions; Dirac equation that de-
scribes dynamics of spin % particles-fermions and of course gauge principle
that gives us clear description of interaction between gauge and fermion-
boson fields. Ultimately, SM is nothing without the Higgs Mechanism,
that with its brilliant method for breaking the electroweak symmetry gener-
ates masses. However, there are some uncertainties and problems. Standard
Model of particle physics has 26 free parameters, we insert it on our own.
There are twelve masses of fermions, three coupling constants describing
gauge interaction, two parameters for Higgs potential eight mixing angles
and one from CP violation.
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These 26 parameters are chosen in a way to match the observations. It does
not come from a higher theoretical phenomena. In other way, we can say
that - theory cannot fix them by itself. Moreover, it should be said that
SM describes only 3 fundamental forces Strong, Electromagnetic and Weak.
Therefore, Gravity is somewhat "oppressed".

Despite this huge problem SM gives us some hints. If we look on the
pic.1 we can see that masses of fermions are divided by family. It is clear
that in each family fermions have masses of the same order, this is unlikely to
happen by chance. Consequently, we might think that our Standard Model
might be some low-energy manifestation of some, more general theory.

Such hierarchy between the fermion masses is highly intriguing for us.
We do not know why the spectrum is spread from MeVs to GeVs (nearly 10°
order). In SM Lagrangian Yukawa terms are vital to give particles masses
after SSB and Highs mechanism. These Yukawa matrices are proportional
to the mass matrices and they are arbitrary. After some procedures, diago-
nalizing and getting eigenvalues we get small mixing angles between up and
down quarks. So, our problem can be stated in a different way: why up and
down quark matrices are aligned in a way to give us small angles?

To explain this phenomena, it is appealing to consider some scale between
electroweak and Plank. Then we assume that there exists more fundamental
theory that can make some constraint on Yukawa terms.

Nowadays the most promising ideas beyond SM are related to the con-
cepts of GUT and SUSY. At some energy SU(3) x SU(2) x U(1) is unified
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Figure 1: The fermion masses shown by generation. Here, the neutrino
masses are displaye as approximate ranges of values assuming that we have
normal hierarchy. The upper limits on the sum of neutrino masses from
cosmological constraints are being used [7].

into the SU(5). Is SU(5) unification the answer? unfortunately, no. It can
provide vital improvements, however Yukawa terms Y* and Y still remain
arbitrary. So, we are forced to go beyond SU(5) and implement new ideas
that can shed more light on our problem.

Creating a model is like playing a lottery, because you do not know at
the end if you win or not(if you get correct results or not) therefore we tried
different models and schemes and at the end we got the results with high
precession. Firstly, we are working of a GUT scale considering SU(5) sym-
metry, using its’ perks and algebra. However, to explain hierarchy between
masses we say that there exist new symmetry between families that is called
a horizontal symmetry SU(3)y that is chiral and compatible with grand uni-
fication. It is impressive that by writing operators of processes we can make
realization of Fritzsch-like matrices where we have three free parameters ini-
tially, A,B and a. Then comes the fourth one from Clebsch coefficients. Our
task was to fix these parameters from knowing lepton masses and their divi-
sions however, how unfortunate it sounds SU(5) x SU(3)y did not gave us
physically correct model. Consequently, we went a little bit "up" and intro-
duced SO(10) that made problem more symmetric. It was quite impressive
how this change made task more united and clear. We made realization of
Fritzsch-like mass matrices and finally got brilliant results for quarks. We



used constantly iteration method during calculation to make results more
and more accurate. On a table below you can see what was our input and
what we have got:

Free Parameters
A \ B \ « \ x
Input in the Model:
Whole Lepton Part+(23) mixing angle

Output
Y. o L : Vi o L
Y. ™ 500 = Y. ~ 203
m,(2GeV) ~ | m.(M,) ~1.32 GeV my(My) ~ 163.42GeV
2.64 MeV
maq(2GeV) ~ | my(2GeV) ~ | my(My) ~ 4.117 GeV
4.768 MeV 96.8 MeV
12 =~ 0.22 : S13~4-1073

As you can see all values fall into the error range of pdg values [9].



2 Standard Model

2.1 Overview

For the Standard Model we have local symmetry group:

SU3)e x SU2), x U(L)y (1)

Here C stands for the color charge. L and Y, left-handed chirality and
weak hypercharge respectively. We have to have Lorentz invariance, gauge
invariance, therefore mediator of the interactions are bosons of their group,
that have their own coupling constants. About SU(3)c we can say that it
is the non-abelian local symmetry group for QCD. It has N? — 1 generators,
that describe eight massless gluons. Electromagnetic and weak interaction
is unified into electroweak (EW) SU(2) x U(1)y . Mediators are 3 massive
particles, massive bosons (W=, Z%) and the massless photon 7.

Fermions are two types, quarks and leptons. Both are divided into three
families, generations. Up, Charm and top quarks have charge +% and Down,

1

Strange, Bottom quarks have —z. In leptons we have Electron, Muon and

Tauon that have charge —1 and three chargeless neutrinos.

Standard Model
Three Generations of Matter | Interactions/force carriers
1st 2nd | 3rd Bosons
uts | s t+3 g H
d*% 3*% bfé v
o1 T | 70
VY vy 2 W=

We construct theory in a way that left-handed and right-handed chi-
ral components of the fermions "construct" different representations. So for
quarks we can say that their left-handed components are grouped into weak
isospin doublet and color tiplet. Leptons are singlets of SU(3)¢ but dou-
blets of SU(2),. RH components are just weak isospin singlets. This can be
summarized on the diagram below [7]
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Lepton Doublet | I = ] 5 2 -1
L /i 2 -1
Lepton Singlet ‘ IR, 0 0 —1 -1
ur, L 2
Quark Doublet | ¢qr = 4 3 2, 1 3,
L/ T2 3
UR. 2 2
Quark Singlet ' 0 0 3 3
dr 3 3

+ 1

Higgs Doublet | & = < 20 ) % 2 % 1

2.2 SM Problems

In SM there are plenty of incompleteness, which are known as SM problems.
For example, the hierarchy problem: The Higgs mass is my ~ 125GeV
whereas the gravitational scale is Mpjgns ~ VG ~ 10"°GeV Sofirstly, the
"Hierarchy Problem" stands as: why do we have my /Mg ~ 10717 so
small? This question arises because in fundamental theory we expect them
to be the same. The hierarchy is stable with respect to the quantum cor-
rections so this problem is called technical hierarchy problem and it is
the motivation for weak-scale super-symmetry. Secondly, the cosmological
constant problem that with respect to the plank mass is really small. we
have (A/Mpyank)* ~ 10720 < 1 Moreover, there exists some open questions
like which particles constitute into the CDM (cold dark matter). Large scale
structure data favour a cosmological constant-cold dark matter model where
nearly 22% of the universe’s energy lies into the DM, only 4% in ordinary
matter and 74% in the dark energy. Neutrinos are relativistic when they de-
couple from the thermal plasma therefore they constitute a hot component
of our dark matter. It should be said that the SM and Gravity do not get
together. Simply adding a graviton to the SM does not coincide with the ex-



perimental measurements. Also, neutrino mass problem is quite important.
From neutrino oscillation model we know that they have mass however, SM
cannot give it to them without "help"'. We put mass terms for neutrinos by
hand that leads to a new theoretical problem. For example, the mass terms
need to be small and it is not clear if the neutrino masses would arise in
the same way that the masses of other particles. One of the problem which
draws attention is a Strong CP problem. Theoretically SM should contain a
term that breaks CP symmetry which is connected to the matter antimatter
difference. However, it predicts that matter and antimatter should have been
created equal amounts. Ultimately, we can say that SM is not perfect model
and we should look for something more complete and precise. [7]

2.3 Strong Interaction

Group that describes strong interaction is called SU(3). It has eight genera-
tors that correspond to 8 massless gluons. Six quarks and six antiquarks are
represented in three colors Red Blue and Green. Gluons carry color charges
and are mediators of quark interactions via exchanging the color charges.
Lagrangian of the QCD contains of course the gauge field part, kinetic term
of the field interacting part and mass.

13 AN
Lacp =~ 21 Ge Gl + Zl G (i —m;) g (2)
a= j=

Here we have summation of each gluon and on the right side for different
flavors.

D =9, +1i9:G, (3)

gs is the coupling constant for the strong interaction.

G, =Y aae (4)

a

where G, are gluon fields and A\* are the generators.

GY = G% — Oy — gsf i, (5)

The last term arises because we have non-abelian group and commutation
relations are [A;, ;] = 2if;;x Ak

There are many experiments that give us clear evidence about existence

of the quarks. But, free quarks are not observed and this is explained by the

hypothesis of color confinement. Quarks interact by exchanging gluons that

have color, because of that these are attractive interactions. Colour field is

7



squeezed between the quarks and they are somewhat confined to a tube. The
energy stored in the field is proportional to the separation of the quarks
giving a term in the potential. So,total potential for quark and anti-quark
can be proportional:

+~~—i—m”1 (6)

Here ag = ¢2/4.

If we try to separate quark and anti-quark pair it will be energetically
favourable to create additional pair and neutralize color. So, ultimately, we
will have two jets of colorless hadrons. Consequently, we can say that this
hypothesis about confinement gives us strong restrictions on the possible
combinations of quarks and antiquarks. In this way we know that it is
impossible to have (¢q) state [7]

2.4 Electroweak Theory

Force carrying particle in Electromagnetic interaction and in the weak in-
teraction possess charge -1. This is the first implication that they might be
somehow connected. Moreover, there are strong theoretical arguments that
involve violation of quantum mechanical unitarity. For instance, W* can be
produced by electron-positron annihilation, however exchange by neutrino
and photon give a cross section that at high energies goes to infinity unless
there exists additional gauge boson, neutral Z.

Now let us write the form of the SM Lagrangian for Electroweak part
that consists of Yukawa, Higgs and gauge parts. For the last one we have
kinetic terms for fermions and gauge fields:

. r . r 1 a v
‘Cgauge:ZZfoawaaL—{'ZZfaRlDfaR_ZZFMchﬁL (7)
Here covariant derivative is defined as:
T e
D,=09,+ zg;Wu +i9'Qy B, (8)

¢' and g are gauge couplings constants for U(1)y and SU(2). 7® corresponds
to the Pauli matrices for SU(2) group. We cannot just write mass terms in
SM Lagrangian because it violates gauge invariance, therefore we have Higgs
part, that generates masses of the particles after Spontaneous Symmetry
Breaking (SSB). The Goldstone theorem states that if we have continuous
symmetry that is broken we get spin zero,massless particle, the Goldstone
Boson [§].
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Figure 2: you can see the cross section for three cases: only neutrino ex-
change, neutrino and « exchange and all three exchange [7].

7)) = 35 [ e n(a) I8, )

SSB occurs in a gauge theory with massless vector bosons and scalar
fields, the Goldstone bosons transfer their degrees of freedom to the longitu-
dinal mode of the vector fields and make them massive. This is the Higgs
Mechanism. The Lagrangian has the form:

ﬁHz’ggs = (Du(I)>T (DM(D) - ﬂzq)T(I) —A ((I)T(I))Q (10)

To generate masses, so to break the symmetry p? must be negative. So
the middle part of the Higgs Lagrangian is not actually the mass term. Higgs
potential has a set of minimum values that can be determined by:

ML
T = — = 11
2 2\ (11)

Now, if we choose one of the minimums we can write for the Higgs field

) = ( vt ?{(a:) ) o (12)




sin? Oy 0.23126(5)
My 80.379 £ 0.012 GeV
My 91.1876 £ 0.0021 GeV
My 125.10 = 0.14 GeV
v ~ 246 GeV

Table 1: List of EW theory parameters [9].

Here H(x) is the physical Higgs boson and its excitation can change energy.
m(x) is the excitation on the same energy level, it’s the Goldstone boson.

In unitary gauge we neglect oscillations that does not change the energy
SO:

CE T 9)

When we insert this field into the Lagrangian 3 bosons and Higgs field acquire
masses while photon remains massless, so the mass part of the Lagrangian
will have the form:

Lynass = —MpH* + M} Z% + My, WIW* (14)
Explicit calculation that we have ornitted here gives us expressions for
the masses that are: My = Vs \v? , My =4 My, = erw)

Here 6y is the weak mixing angle that is called Wemberg angle. Mixing
happens between the neutral fields of the U(1)y and SU(2), gauge symme-
tries. This angle is connected to the gauge coupling constants in this way:

/

tan Oy = g (15)
g

Electric charge gets this form:

!

e=—29 __ _ gsinfy (16)

Now let us see the Yukawa term in the Lagrangian, specifically the quark

sector. N ' o
Lyur = YZ? 'Hdy + Y5Q" Hyup (17)

10



That explicitly is:
Lyu = Y10 ( 0 )dﬂ +Y“Qz< )@z (18)
Doing further calculations give us the Lagrangian with the following form:
Lyup = dedZ dh + deuLuR (19)
Which can be easily written in the matrix form:
Lyue = v [dpYadp + 0LY,up)| (20)

Now our aim is to diagonalize Yukawa matrices to get mass terms for quarks.
Consequently, let us introduce diagonal matrices, such as: M, and M, and
lets state that Y,Y," = U,M2U}. From here we can write that Y, =
U,M,K;. Now let us put this expression for Yukawa matrices into our
Lagrangian.

Lyur = v [dLUaMaK ] dp + LU, MK g (21)

If we transform our fields in this way:
dr, — Uyd;, dp — Kgdpur — Uyur,  up — Kyug (22)
We would eliminate extra terms in the Lagrangian.
Ly = [JLMddR + ﬂLMduR} (23)
Now let us see the interaction term.
Lyu = ... + Wi " US UL, + W, diy" U UL, (24)

we make denotion of the middle unitary terms U Uy = Vg This is well
known Cabibbo-Kobayashi-Maskawa matrix, that embodies very interesting
physical phenomena-quark mixing. It is a 3 X 3 matrix that in general is
described by nine complex parameters. However, it is also unitary and this
feature leaves us only nine independent parameters. It CKM were real we
would get just orthogonal rotations with 3 parameters(rotations) however
now we have other six additional degrees that can be complex phases of the
form e?. This phases can be rotated in a way that from 6 there will be left
only 1. Therefore, we can say that CKM has 4 parameters, 3 angles and 1
phase [7].

11



Ve Vs V 1 0 0
Vekmvr =\ Vea Ves Vo | = 0 ca3 S23 ) X (25)
Viae Vis Vi 0 —s23 Ca3
C13 0 size” crz2 s12 0
X 0 1 0 X —S812 Ci12 0
—513¢° 0 3 0 0 1

where s;; = sin(¢;;) and ¢;; = cos(¢i;)
So, Vexm equals to:

,‘6
C12€13 512C13 sz "
_ is is
Verm = | —S12C23 — C12523513¢€ C12C23 — 512523513€ S23C13 (26)
) 1)
512823 — C12C23513€" —C12523 — S12C23513€" C23C13
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3 Renormalization Group

3.1 Simple example

We are now going to briefly discuss one of the most vital ideas in theoretical
physics. As you know a change in scale is a scale transformation and our
RG is connected to scale invariance and conformal invariance (symmetries
where system appears same at all scale). Let us indroduce a Block Spin RG
to better understand idea of this mathematical tool. If we consider 2D solid
and we put atoms into a perfect imaginary squares we will get picture below:

o O |0 Q0o O 0 O
o O C Qo o2 O
o Q0 Qo O O
o oo oo o0 O
O O|[0 O||[c o][@ ©
o oo olle olo o
© O||[0 ol|/lo O|[0 ©
o oo olle ol o

Atoms interact among their nearest neighbours and system has temper-
ature 7. Hamiltonian of the system is H(T,J), where J characterizes the
strength of the interaction. Now we divide system into solid blocks as it is
in a picture and we introduce variables that describe not one by one interac-
tion but average behaviour of the blocks. In the first approximation, we can
say that total system hamiltonian will have nearly the same form H (1", .J’).
Consequently, if initially we had a lot of atoms and solving this problem
was too hard now we made everything easier. We can continue this division
into groups until there is only one very big block. This process is equiva-
lent to finding the long range behaviour of the RG. There are two versions
of the renormalization group used in quantum field theory. The wilso-
nian renormalization group tells us that with a UV cutoff A, physics at
energies less than this coefficient is independent of precise value of it. Fur-
thermore, changing the A changes the couplings, however observables are the
same. The continuum renormalization group tells us that observables

13



do not depend on the renormalization conditions ( for instance on a scale
po). This invariance holds when we renormalize theory and remove cutoff
(A = o0, ‘d = 4). We should mention also that in dimensional regulariza-
tion the scales py will be replaced by new undefined scale and our continuum
RG comes from this scale independence. One should mention that these
two are closely related but different. However, in both cases theory is in-
dependent of something. If we denote an observable by © we can say that
%@‘ = ‘O,d%()@‘ = ‘0 or di@‘ = ‘0. When we solve these equations it will
give us a trajectories and RG evolution refers to the flow along them. So
what does the RG solve? well for example it can solve problem of large
logarithms. If we calculate the vacuum polarization diagrams at 1-loop we
end up with this:

62 62 p2
V(ip*) = 21+ Ein= 27
)= (14 1) 7

coefficient that logarithm has is or the order of 1072 however there exists
scales where p? > p2. Okay, now let us solve our problem by RG that is large
logarithms. We know that large logarithms are related to the physical scale
p?. At this scale potential were measured to an arbitrary scale p3 and coupling
was defined. The RGE then requires that our potential is independent of p2.

d

2 V(p?) =0:; 28

When we do all the calculations we get that:

2

e
20?) = —F— (29)
1 - 1272 ln%

This is known as a running coupling. It includes contributions from all orders
in perturbation theory.

P P P » P P

We should specify that RG comes from the simple observation that there
is nothing special about the renormalization point [§].

3.2 Gauge Couplings are Running

Let us now consider general aspects of the gauge coupling unifications. Here
we just will use 1-loop level. The coupling constants g; 23 of the standard

14



gauge factors SU(3) x SU(2) x U(1) at low energies are quite well known.
2
Firstly we will write it as a that equals to a; = %-. We calculate it an Z-peak

4m
and they are the following [5]

a;H(My) = 58.98 £ 0.04;
oy (M) = 29.57 £ 0.03;
az'(My) = 0.119 £ 0.002;

From Renormalization Group Equations there are some vital parts that
we use in our task. For example we will need to know from where this
B; comes from that we are using so many times. Therefore, I will write
everything down.

Yukawa constants are running too and we will see how. Let us just write
1-loop corrections that is suffice in our problem.

d 9 BM.

at9* = 1o

(30)

Here B{) = (ﬁ 1 —3) for U(1)y, SU(2), and SU(3).. respectively. Now the

5
Yukawa coupling constant renormalization has a form:

d 1

7Yu e — M 1
ar e = Toma Moa (1

now let us specify what is beta:

16 13
W = Y,3Tr (YY) +3Y]Y, + VY, - ggg —3g2 — = 7
16 7
5 = YaTr(BY. Y] + VYD) 4+ 8 [Ya 4 Y[V~ Dk~ 363 — 14

W= VT3,V + YY) + 3V, - 3¢3 - igf
(32)

Of course, the f functions are 3 x 3 matrices in family space [15].

15



4 Fritzsch Mass Matrices

Firstly, let us state that UV = (u,c,t), Y2 = (u,c,t) and UF = (u,c,t).
So, mass matrices for these fields are denoted by MY, MP? and M¥. Fritzsch
with his ansatz introduced mass matrices that have the form [13]:

0 Aet ™ 0
M= Ae@ 0 ~ Be? (33)
0 Be Qe

these coefficients have the hierarchy C' > B, B > A, A. The mass ma-
trices of type U,D and E are of this form. It is convenient to write M in
a diverse form M = P,MP,. Here P; is a diagonal matrix with phases
and it will remove all phase from our M mass matrix. If we assume that
P; = diag(ei, e, e"i) (j=1,2), then we can derive connection:

a = /62 + aq,
a = /Bl + Qg,
B =72 + 517 (34)
B =N + 627
Y=t 2
If we make more simplification and assume that « = a, 3 =3, A = A
and P1 = PQ.
So, at the end we get, very simplified matrix M:
) 0 A 0
M=|A 0 B (35)
0 B C

The texture of Fritzsch naturally comes in the context of SU(5) however,
theoretical approach to these types of matrices have some problems when
comparing with the experimental ones. It was nearly impossible to match
all the parameters simultaneously, until now! Because we have succeeded.
Fritzsch tried to use symmetric matrices, with less parameters, however, he
failed and could not fulfil experimental expectations [14],[16]. The reason
was very simple, he was just taking random matrices and using them, there
were no theoretical model from which these textures would be realized. How-
ever, in our case everything comes from the model and it is physical. Okay

16



we stopped on the symmetric matrix that has free parameters that must be
fixed somehow by known masses. It must be also emphasized that these pro-
cedures are used in the future to get way difficult equations, therefore these
subsections are important to understand every detail in the thesis. To fix
free parameters: A, B and we want to make diagonalization of these matri-
ces to get masses. We say initially that the eigenvalues are (M, —Ms, Ms3).
By taking trace of matrix M, its determinant and trace of its square (tr(M),
det(M) and tr(M?)) we can get these relations between coefficients of matrix
M (A,B and C) and eigenvalues [17].

C = M, — My + M,
A2C = M, My My (36)
(A2+B2)—|—C2 M1+M2+M3

From here it is easy to calculate exact values of coefficients:

C = M; — My + Ms,
MMy M,
M, — M2 M
(M3 — My)(Ms + My)(My — M)
My — M + M3

(37)

B =

Now, if we use hierarchy of the masses we can easily say that C' ~ M3,
A~ /MM, and B ~ +/M,Mj5 finding coefficients enable us to get matrices
that make diagonalization of our Fritzsch matrix. Therefore our CKM matrix
will be

VCKM = OiP:PdOd (38)

CKM was already defined in the previous sections therefore we will not re-
define it again.

17



5 Beyond Standard Model

Understanding flavour dynamics and the related origin of quark and lepton
masses and mixings are one of the most important aims in particle physics. In
this context, weak decays of hadrons, and in particular the CP violating and
rare decay processes, play crucial role as they are sensitive to short distance
phenomena. Therefore, determination of the CKM that parametrizes the
weak charged current interactions of quarks is currently a central theme in
particle physics.

5.1 SUSY

Generally, Supersymmetry is a model that proposes connection between
bosons and fermions. In SUSY each particle from one group would have an
associated particle in the other and they are called superpartners. However,
it is not like an antiparticle because superpartners differ by a half-integer
spin. There are many Motivations for SUSY. One of them is Gauge coupling
unification. You will see on a picture below, that Just GUT is not enough
for uniting coupling constants at 10'6 GeV scale. They come very close,
however it is the SUSY that make them to go in one point. Therefore, we
can say that without SUSY GUT is not complete. Superpartners are called
different names like Higgsinos, Gluinos and etc. Now what about model.
Firstly, let us just understand what is this SUSY exactly, what type of sym-
metry it exerts on a system or, what kind of symmetry, it is. To understand
better what is SUSY let us introduce a simple free model that consists of one
massive fermion of mass m, denoted by ¥ (z) and two complex scalars of the
same mass m that will be denoted by ¢ (z) and ¢_(z). Lagrangian for this
simple model will be:

L=0"¢30,0% —m? |94+ 0"620,0" — m® |9 |" + $(17" D — m)$ (39)
This theory has symmetries like: spacetime, translation, rotations and

boosts. We here have spinor that has left and right handed parts. However,
we can write right-handed spinor in terms of a left-handed.

YR = 1097 ; (40)
Now let us introduce two left-handed spinors ¢, and ¥_ and define our old
spinor with them;

VL =vs, g =107, (41)
Now let us put everything into our main lagrangian:
L=0"¢ 0,07 —m? o]+ 0¢79,0" —m*|o-|” + (42)

1/}1@5“8M¢+ + @Diz&“@,ﬂp_ — m(—wfzagw_ + h.c)

18



Now what we do is called "Extension of the Symmetry'. We take two-
component left spinor and make following transformation:

ety = V20" € 0,0, (43)
Oy = \/§§T€¢+
So, it is evident that such symmetry transformation takes fermion into a

boson and vice versa. This is called a SUSY. It must be noted that masses
should be same otherwise theory will not be supersymmetric

Coupling Coupling
A A
.| SuE) L suE)
10 10
su@) : su
(L TTC) 1097 T
BN : o
A\/\ T T T T - T ; /\VI T T T T T ;
10" Energy 10" Energy
SM SM+SUSY

To incorporate SUSY into our SM requires doubling the number of par-
ticles. When we add new particles we have a lot of other interactions. Now
let us consider the most general SUSY-GUT model then lowering energy we
will get Minimal Supersymmetric model consistent with the SM, which is
called Minimal Supersymmetric SM (MSSM). This is a minimal phenomeno-
logically viable extension of the SM, that adds the least number of extra
elements. Consequently, In the MSSM, each of our fundamental particle has
its superpartner with different spin. Now on the table below let us specify
them (superpartners are identified by tilde):

Names Spin ) Spin 1/2 ] I3 Y Q
SLeptons, Leptons L (:?;L. ﬂ) (tip.le) 1/2 (+1/2,-1/2) -1 (0.-1)
] [ Iy 0 0 -2 -1
SQuarks, Quarks Q (:;L_JL) (up.dp) 1/2 (+1/2,-1/2) 1/3 (2/3.-1/3)
i g ug 0 0 1/3 2/3
d dgr dr 0 0 -2/3 -=1/3

Table 2: Fermions content of MS5SM and its quantum numbers with respect
to the EW gauge group. Here, u = w.c.t for up quark and d= d.s.b for down
quark while l = e, u., 7
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Names Spin 1/2 Spin 1 I I3 Y Q
Higgsinos, Higgs  (HJ.H,) (HI. H)) 1/2 (+1/2,-1/2) +1/2 (+1.0)
(A% H7) (HL.H7) 1/2 (+1/2,-1/2) —=1/2 (0,=1)

Gluino, Gluons q q 0 0 0 0
Winos, W Bosons (W= W) (W= WY 1 (+£1,0) 0 (£1.0)

Bino, B Boson B BY 0 0 0 0

Table 3: Bosons content of MSSM and its quantum numbers with respect to
the EW gauge group.

Before starting let me define two important terms one is called F and
another D. For each vector multiplet (A, A7) we have:

D = —gplT"¢, (44)

To this all the charged scalars contribute. For each chiral multiplet (¢;,1;)
we have:

ow
* 90, (45)
The scalar potential is:
1
V = F *; Fl + §DaDa (46)

With this language we can now write everything. Okay, let us start. We are
considering SUSY-GUT based symmetry within a framework of N=1 Super-
symmetry. That means that such a theory must contain vector superfields V
in adjoint representation of our symmetry. We set chiral superfields ® in a
different representations of our symmetry. Let us write a generic renormal-
izable Lagrangian

Lsusy = / d*0d*9DTe"  + [ / PPWW + / d*OW (®) + h.c

Here, first and second term give us canonically normalized kinetic terms and
gauge superfields with their gauge interactions. Third therm describes mass
and intecation terms between the fermionic and scalar components of chiral
superfields @, via the superpotential W(®P).

To break the symmetry and introduce spontaneous symmetry breaking
in the model we add "soft" terms that has nearly the same forms and is
presented in a same way as the first Lagrangian:

Losp = [ d0d*0p0te @ + [ [oww + [ @oyw(@) + he
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So, what we did is just used auxiliary superfields with non-zero F and D-
terms ,where n = Mp6? and p = M36%0? this Mp and Mp can be different.
First one determines the size of gaugino mass terms.

The chiral superfields can be divided into Higgs and fermion superfields
distinguished by matter parity Zs, under which the fermion superfields change
the sign while the Higgs superfields are invariant. In this way we have this
form:

W = WHiggs + WYukawa

This Higgs part is responsible for the VEVs breaking both the gauge sym-
metry that we introduced to MSSM and then to SM.
Now what is the MSSM, it is the low energy limit of SUSY-GUT. In this

low energy mode, superpotential has the form:

Wissu = ViQuSHy, + Y1QudHy + Ve LiHy + pH, Hy (47)

zgz

This part contains chiral superfields corresponding to three families of quarks
and leptons and two Higgses H, and H;. The SSB F-terms repeat the struc-
ture of Whsssy and contain also the soft Majorana masses of gauginos:

Lp=ALQiSH, + ALQidSHy + AGESLiHy + nH, Hy + mgXaAa  (48)
Soft masses of all scalars including the Higgses are given by D-terms:

£D - méUQTQ] + miwujc C + de]chdc
il LICLS + m? eloes + M2H;H, + M2H;H, (49)

eij 1l

Let us comment on their mass matrix:

M2: <M5+M2 ~MBM )
pB,  Mi+p?
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As you can see the mass matrix contains mass terms M2 and M3 that
are D-terms of spontanious symmetry breaking and B, are F-terms. p is a
supersymmetric term.

Okay we have described sufficiently good model, however, there are some
other terms that could be added. For example, some quark to lepton direct
transition that violates baryon-lepton number and etc. Therefore, we must
introduce something that will fix and tell me that NO you cannot add terms
like that. Therefore, we introduce new discrete symmetry that is called R-
parity. Sometimes it is called matter parity. Then we can postulate B and
L conservation. Moreover, Pr = +1 for all SM particles and Pr = —1 for all
sparticles.

PR _ (_1)3(B—L)+25 (50)

Conservation of R-parity states the difference between our particles and
their superpartners. Also, in every interaction vertex we have conservation of
R-parity One subtle remark is that last term in the Lagrangian uH, H,; can
become huge therefore, we might have hierarchy problems here. For this rea-
son we add terms that somehow, diminish this huge part of the Lagrangian.
We have not observed superpartners yet, therefore some realistic phenomeno-
logical model must contain SUSY breaking terms. So, we add soft term to
MSSM to maintain hierarchy berween EW scale and Planck scale.

L= Lyssu + Lsoft (51)

The main difference between SSB here and EW symmetry breaking is
that we have two Higgs bosons that have two VEVs v, and v;. This VEVs
of course have restriction by SM: v2 + v3 = v? & (174GeV)?. From this
equation we can easily parametrize our VEVs:

v, = (H?) = vsin 3 vg = (HY) = vcosf3 tan § = % (52)

d

SSB gives us the process in which three of the eight degrees of freedom
of the Higgs fields become the longitudinal modes of the physical Z° and
W=, From the equations above it is clear that in MSSM, masses and mixing
angles for quarks and leptons depend not only on Yukawa coupling but also
on parameter 3.
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5.2 GUT
5.2.1 SU(5)

A Grand Unified Theory is just a guess that there exist much more sym-
metries in the nature than we have in the SM and this symmetry depends
on the energy. So, SM is low energy limit of GUT. The SM has been tested
countless times and as we already mentioned it is incomplete. However, we
cannot prove experimentally that GUT fixes something but we cannot see
otherwise too. GUT is a model that states that at high energy, our three
gauge interactions of the SM (electromagnetic weak and strong) are merged
into a larger gauge symmetry, one single force with one single parameter. If
we have realization of GUT in our nature, then it is logical to think that
there was a epoch of grand unification in the early universe when fundamen-
tal forces were not distinct. So, currently we are leaving in a broken phase in
which SU(3)¢ x U(1)g is invariant to us and the low-energy phenomena are
governed by the electrodynamics and strong interactions. The first implica-
tion of the GUT is that at some scale My > My, the relevant symmetry
is G and ¢ , go and g3 coupling constants of SU(3)c x SU(2)p x U(1)y
merge into a single gauge coupling gy The most important "hints" in favour
of GUT is the fact that the running within the SM shows an approximate
convergence of the gauge couplings around 10'® GeV. In our problem we
consider Georgi-Glashow Model therefore let us talk a little bit about it.

As you know in SM we have groups of rank four:SU(3) has rank 2, SU(2)
rank 1 and U(1) rank 1. Therefore, If we require that rank of the group
that contains our SM must be the same then the only simple group with
complex representations which can contain our SM is SU(5). This groups’
fundamental representation is a 5-dimensional vector 5; and embedding is
in a way that upper part goes for three components of SU(3) and down for

5=(3,1)@ (1,2) (53)

Second representation of SU(5) is 10. Ten is a little bit complex than 5.

10=(51=061-3)e (3,2,+é) (1,1, 41) (54)

To embed our SM particles in these representations we firstly must specify

them:
1 1
~ 3727 o [~ (1727 _> )
1 ( +6> 2

9 o
u0~<3,1,—3>, d0~(3,1,+3>, e~ (1,1,+1) (55)
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Therefore, our particles will be embedded into 5 @ 10. Also it must be
mentioned that hypercharge is a traceless generator of SU(5) and that is
how the third component (Hypercharge)is taken. Adjoint representation of
SU(5) is 24 dimensional,traceless.

a 0000
0 a 000

S=]00a 00 (56)
000 b0
0000 b

It has this form, When we insert in the process the most important thing
that it does is "telling" to down-quarks and leptons that they are different.
It gives them different coefficients and weights.

Yukawa sector in SU(5) is quite interesting. it consists of 2 parts (and of
course hermition conjugate):

_ _1
Ly =5-Y 1054+ £10-Y 105 + hc (57)

It is better not to write all the indices explicitly because otherwise it is
impossible to see formulas, but we should say that we have family and Lorentz
indices. First part on the left gives us down-quarks and leptons and the right
one just up part. It is a subtle point because as down-quarks and leptons
are written by the same operator they have the same coupling constants,
however their Yukawa mass matrices are Transposed.

5.2.2 SO(10)

The next and the most interesting for us simple Lie group containing our
Standard Model is SO(10):

SO(10) D SU®(B) > SU(B)® SU(2)® U(1)

Here unification of matter is way complete than it was in SU(5), because here
we do not have two representations in which we embed our SM particles-we
have only one spinorial representation that is called 16. The Boson matrix
for it is found by taking 15 x 15 matrix from the 10 + 5 representation and
adding 1 raw and column for right-handed neutrino. Now let us talk about
group itself. This group is orthogonal group of rotations in ten dimensional
vector space. The matrices of our group can be written by 45 imaginary
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generators:

1
O =exp <2eijTij)

SO(10) has two main "channels" to decompose ,just to mention, one of
them is into SU(4) ® SU(2), ® SU(2)g that is called Pati-Salam Model the
other is what we want SU(5) ® U(1)x. In the publication by R.Slansky
there are brilliantly discussed how these decompositions happen [1§]. We
will shortly show diagram: and also must be seen hypercharges of decoupled

SU(10) —*— SUG)®U(

SUG) SUR)®SU®U(

45

SU(3)C® U(l)Q

groups because we will see that hypercharges are connected to the Mass,
consequently, knowing it is important.
16 = 1(—5) + 5(3) + 10(—1)
45 = 1(0) + 10(—4) + 10(4) + 24(0)

Furthermore, tensor products are vital [18]:

10 x 10 = 1, + 45, + 54ds;
16 x 10 = 16 + 144

16 x 16 = 10, + 120, + 126,
16 x 16 = 1 + 45 + 210

Now about processes in SO(10). As we have already mentioned theory
here is better unified, the reason is adjoint spinorial representation 16 that
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contains everything, even Right-handed antineutrino. couplings are written
as:

16 - 16 - 10, (58)

where this 10, is for the Higgs part. Here everything has the same coupling
constant.

Now let us more discuss GUT with a "different angle too". The basic
tool for exploring GUT is the renormalization. Group evolution of the gauge
couplings as a function of energy scale can be given by:

1 1 b; My,
i = a2 () )

where a; = g?/4m and the i=1,2,3 indicate which coupling constant we
are considering they are linked to the SM coupling constant by the relations:
\/3/759129’792=gandg3=gs-

My, is a threshold where a new set of particles enter into the loop di-
agrams. It corresponds to the mass of superpartners to Mgysy. The b;
coefficients also depend on the number of particles in the loops:

2 4 1
by — ( N NH> (60)

Here Np is the number of families running into loops and N_H is the
number of Higgs doublets. When we reach to SUSY our particle content will
be enriched and our coefficients will gain some extra contributions:

2
an=— (2 2w,)

4 2 1
2 1
By = (=5 = 5 )

As we will see in the next section for SUSY GUT Ny = 2. With this
modifications three gauge couplings meet on a single energy scale:

Mg = 2.197032 x 10'° GeV (62)
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Figure 3: Running of the gauge coupling constants in the SU(5) SUSY +
GUT scenario. SUSY and EW breaking scale are underlined.
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6 The Model

Now let us discuss theoretical framework for our model. Here it is considered
the supersymmetric SU(5) model with addition of SU(3)y symmetry among
the three families of quarks and leptons. With this we try to depict processes
that might explain mass Hierarchy between families. As we know, standard
SU(5) fundamental representation is 5. Introducing new symmetry tells us
that three fermion familie are unified in chiral superfields:

5= (d0); ~ (5,3) 10; = (u,q,e); ~ (10,3). (63)

These, i indices come from SU(3). So, now what about Higgs? Higgs super-
fields that are 5 and 5 are singlets of SU(3)y

H~ (51), H~(51) (64)

Of course, we assume that the theory is invariant under R-parity. Let us
talk more about The Higgs sector. For our SU(5) it spans over the reducible
5 @ 24y. These two fields are minimally needed in order to break SU(5).
However,in our model, we have also new symmetry,therefore it forbids stan-
dard coupling with Higgses. The reason is that fermion bilinears transform
as 3 X 3 = 3+ 6 therefore, fermion masses can be introduced by higher order
operators involving "horizontal" Higgs superfields x,3. This field will help us
to break SU(3) g till the SU(5). After that other two Higgs fields will carry
on. The x fields transform under SU(3)y either as sextets or as antitriplets
[6]. Let us specify the general structure of the VEV.

Ay Ao+ Bia A3+ Bis
U=| A — By Ago Agz + Bog (65)
A3 — Byg Agg — Bog Ass

Here A and B come from the horizontal Higgs fields from the sextets and
antitriplets respectively. However, we make a simplification and say that
they both have a third direction. In this way in the sextet we will have only
one (3,3) term and in antitriplet (1,3). In this way we only have (12),(21)
and (33)element in x, that has Fritzsch-like matrix form and we know to to
treat with it from previous sections. Now let us see the form of operators in
our model.

Xij Xij _ _
Ou=371010;H, 0= 7-510,H (66)

I already said previously but it is very important part so let me strain
that down-quarks and leptons are united in one operator, therefore there
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is one coupling constant for them and after breaking SU(3)y particles do
not "Know" about it, therefore we should add something to the theory that
will differentiate between the leptons and down-quarks. So what about M.
M is just some large scale. It is well known that the effective operators
naturally arise from a renormalizable theory after integrating some heavy
degrees of freedom [19]. Therefore, this flavour scale can be connected to
the mass scale. It is convenient to say that this mass scale is set by large
VEV of some Higgs 2, and (Q2) ~ M We will show everything explicitly with
diagrams and etc. It can be said that there are quark-like particles that can
be represented by 57 @® 10z. These heavy particles take place into the several

processes like:
X — X
10 100 10, 10 5 10, 10. 10

As you can see, we have here two Higgs fields, one from 5 representation and
another for SU(3)y breaking. Additionally, we can change process and add
one 24 representation Higgs field in the middle.

z
N\ /y
10 10 10. 10_ 10, 10
z
N\

X=

T X=

F

X=
X=

/

5 10 10. 10. 10 10

X=
X=Z

You might Ask why. Why do we need introduction of new, additional Higgs
field. The reason is very clear. As we already emphasized downs and leptons
are united, therefore these adjoint 24 will introduce Clebsch-Gordan coeffi-
ciets and differentiate between downs and leptons. After introducing new
you can see that instead of old y we have used x’ this is because we say that
during these processes this sextet and triplet can be rotated by some angle
.

00 0 0 0 0 0 0
00 0] — |0 B -—sB 0| — | As (67)
0 0 B 0 —scB B A Ac
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Now, we have to write operators explicitly count all combinatoric terms and
write all Yukawa terms to get Yukawa matrices at the end. Let us now
concentrate on the picture below where we have specified all terms of com-
binations in the process.

X

10 10, 10. 10

uw—Q Q — ¢

q — U U — u
We can now construct a matrix that will have a form:

- ‘ uc Qc Ue
q 0 X gt

Q gH M 0
U X 0 M

To continue, M is big, consequently, it is normal to diagonalize this matrix
like that:

‘ e Qc Ue
q 29]\121 X 0
Q 0 M 0
U 0 0 M

So in this way we have an operator:
20X as s
%w“mmﬁmklﬂm (68)

Consequently, we can use same steps to construct operators for next order
graphs where we have three Higgs fields.

) u’ Q° Ue Qc  US
q 0 X gH X 0
Q gH M 0 0 0
U X 0 M 0 gry
Q5 |0 gs 0 M 0
ue |y 0 0 0 M
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At the end of the day when we sum up all the diagrams for the processes we
get:

201X ziqn 77 . 29X iikim
510, H? + =2 5m 10,105, H,, +
aa X = X
05710, H?
NS VYT

MM’

+3X ]\92 10,5100 H + 220 A’} PRSI 10,5104 H™ (69)

_I_

15710, HY +

Here ¥ is an adjoint representation that has all elements 0 except diagonal
ones. Moreover, trace is also 0.

a 0000
0 a 000

S=|00a 00 (70)
000 b0
0000 b

When we sum up all the indices at the end of the day we will get Yukawa
matrices for up, down and lepton parts, that will depend on A-B parameters
(will be specified soon) on angle (6 and 3* rotation) and a-b.

6.1 Preparation to test the Model

Yukawa coupling constants connect to the physical fermion masses, how-
ever masses are running (their value depend on the energy on which we are
measuring it). Therefore, connection is through the renormalization group
equations (RGE).

tanf = vy /vy [12].

my, = YuRunuB?UQa mqg = Yde/r’dvla me = YVeRevl
= Y. Run.B}vy, my = YsRgnsvy, my, =Y, Ry (71)
thR B V2, Mp = Y;JRdantvla mr = YTReUl

Here the factors R,,R; and R, account for the gauge-coupling induced
running from 10'¢ to the SUSY breaking scale M, ~ M,. n factors encapsu-
late the QCD + QED running from M to my for f = b,c. It is said that
n = 1GeV for the light quarks (f = u,d, s). For a,(Mz) = 0.118 £ 0.005 we
have:

R, =333+007, R;=325+007, R.=149
m=152+0.04, 7 =2.02015 £0.07, nyqs= 23303 (72)

31



The factor By includes the running induced by the large top quark Yukawa
constant (Y; ~ 1):

By = eap [— L Yf(u)d(zw] ; (73)

1672 nMg

B; as a function of the GUT scale value is shown below on a picture: We
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Figure 4: We see that for Y; varyng from a lower limit to its upper limit B;
decreases from 0.9 to 0.7. This is very important physical fact that we will
use upon our calculations. Now let us derive and list fermion mass fractions
with RG coefficients and put it on the table [I].

see that for Y; varyng from a lower limit to its upper limit B; decreases from
0.9 to 0.7. This is very important physical fact that we will use upon our
calculations. Now let us calculate and list fermion mass fractions with RG
coefficients and put it on the table. However, before we do it let us see what
are masses of fermions:

my(p) = 2.167050 MeV,  mg(p) = 4.677038 MeVm,(p) = 9315 MeV;(74)

32



We must say that these masses are at a renormalization scale of = 2GeV .
me(p) = 1.275100% GeV,  my(p) = 4181393 GeV,my(p) = 163.3 + 0.4 GeV;(75)

Above the ¢,b and t-quark masses corresponds to the masses measured on
[ = My Tespectively.

me = 0.51 MeV, m, = 105.65 MeV, m, = 1776.86"'* MeV;  (76)

All masses are taken from the particle data group [9]. We know that masses
are running however, we cannot make division of them if they are measured
on a different scale. What should be done is to convert all masses into one

scale and then divide.
Renormalization Group Parameters

R, =3.33+£0.07 Ry =3.25+0.07 R. =149
m = 1.52 + 0.04 n. = 2.027018 Nuds = 2.33708
from Y; = 0.5 to Y; = 3, the factor B; decreases from 0.9 to 0.7
These are the parameters that ensure that we take all the masses on a
scale of M, [4],[1].
Finally, let us calculate division of Yukawa constants. We use dependence

in equation and given masses in

E:ﬁ: (501N531>

Y, R?ZS B, B,
Yy Ran 418 R,
= = famb ~0.77B; (77)

YT me 1.776 Rdant

R.
Y-C __Mec__ BS
Yo _ 372733 = 0.0078—=% ~ 0.0039B}
Y R, BS e
Y, ’ 1
LT ~ 0.059

Y. m, 16.824

As you can see some fractions of Yukawa couplings depend on our B;. In the
future we will try to create model that will take into account this fact.

Furthermore, let us make a table of mass divisions below, that might be
convenient for the future. One must say that these divisions are independent
of the running.
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My, My
= 0.001976, —* = 0.481007

me mq
™ 5307, ™ — 45284 0.054, 2 =432,
s me My,
Ms _ 902, ™ _ 1072, ¢ — 0.003945,
my mq my
T _ 90676, T = 16.824, T = 3484.03. (78)
Me my, M

6.2 Testing Model (Exchange with 10)

At first we introduce only processes where we have exchange of 10. From the
propagators (eq: 3 x 3 matrices have the form:

00 0 0 €uCSAA,  €sYAA,
Y,=100 0 |+| —ecX?A, Bue,X3s> —Bue,Xisc
0 0 B, —eusEfL‘Au —Bye,Xisc  2Bue, X5
0 Ad 0 0 AdedE;}‘c EdzzlquS
Yd = —Ad 0 0 + —AdEdEZ?C Bd€d2282 —BdEdEZSC (79)
0 0 Bd —AdEdZdAS —BdeZflSC BdEdelcz
0 Al 0 0 AZQZfC Alquls
Yz = —Al 0 0 + —AIEZEiAC 31652?82 —BZGIZISSC
0 0 Bl —AlelEf‘s —BlelEfsc BlElEfCQ

Where ¥ and ¥4 are Clebsch-Gordan coefficients for symmetric and anti-
symmetric part of the matrix, € is the approximation parameter and s-c sine
and cosine for rotational angle of sextet and triplet. %3 = 32t 315 — “T”’,
Npo= 238 = wtnd = absd — 2 (3 and b from eq: [70). As you
can see, down-quark and charged-lepton matrices does not have the sym-
metric "Fritzsch texture" in the first approx. Otherwise, we would have
tanfdy = (%Z) and tanfl, = (%) which both do not satisty CKM-first
is too big second too small [I]. In our problem A < B, consequently, for the
first approximation in Yukawa matrices (eq: we can neglect terms with

parameters A and rewrite 3 x 3 matrix into the form of 2 x 2

€X,82 —eX,sc
Yy = By < —eX,sc 14 €X,c? )
B €Xy5> —€2348¢C
Yo = Ba < —eXgsc 1+ eXyc? ) (80)

2 _
Y, = Bz( €28 €€;5¢C )

—eX.sc 1+ eX.c?
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Now let us calculate determinants and traces of square matrices.
B2s*¢,%, = Y;Y!, BX(1+2¢,5,0%) ~ Y7

Bis’eqXq = Y, Y], Bi(1+2¢,5q¢%) ~ Y. (81)
Bis*e¥ =Y.V, Bi(1+2¢%c%) =Y.

Q

So, determinants on the left side and traces on the right. As you can
see Yukawa couplings have prime on them. This is because (2,2) terms
in 3 X 3 matrices have small corrections and with this denotion
we wanted to emphasize that. This small correction does not have any
meaning in the first approximation-

Yy =Y, — Yy

However we will use it at the end so we must remember that. Now let us
make division of determinants to the traces.

s’e, N, Y]
1+ 26,52 Y,
2 N Y/
ST€q2uqd _ s (82)
1+ 2€d202 Yb
826121 . Kl:
14+26%c2 Y,
for the first and second ones in equation: we can write that
Y)Y, %,
1+ 2(640 — €,5,)¢%);
vy, Ed(Jr(GddG )c”)
Y, Y, %
14 2(eq2g — g2 83
Y‘n 2d(Jr(EaldEIl)) (83)

It is obvious that down quarks and leptons are come from the same diagram,
therefore we can say that B; = B;. Consequently, there is a possibility to
write third equation from eq: (8I):

Y,
?b =1 + (edZd — 612[)02; (84)

Now division of the Yukawa couplings is given in equation , therefore we
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can put them into the equations and .

2
0.2B? = 2—(1 +2(e48g — €, 20)c%);
d
311 % )
= —(14+2(e;2y — X : 85
B, Ed( + 2(eaXa — €)c”); (85)
0.77
Bt — 1 = (edEd — 6521)02;

Now, form the last two equations in we can get:

311 %, 154
— =5 (5H -1
By X4 B
5
Bi=1-31122 (86)
by

Now let us put values of ¥, 4; in the previous equations and see what we
get.

Y4 a-+b
B,=1-311=2=1-311—;
! 3 > ST
0.77 a—>b
1= 2.
B, e~ ¢ (87)

3a+b 3a+b a+b
2B; = 1— — 1
0-25; 2(a+b)< 6( A 2 >C>

where €, = ¢4 = ¢, = €. Reason for that is that inner operator is the same for
all these diagrams.Let us solve this system of 3 equations. From the second
equation in (87) we define cosine and put in the third one that gets a form:

3a+0b a—b2(0.77— By)
0.4B} = — 88
Y (a+0) ( 2 €la—b)B; (88)
Now let us define b=1. We want that matrix: to be traceless, there-
fore, for it, a must be a = —% but we will not use this condition because it

is the theory that fixes > and theory can be modified. Putting just value b
in the equation (87) and then using our formula to put in the last one will
give us the form that will depend only on B;. At the end of the day, we can
put every logical values in the last equation (88)).

3a+1 (0.77 — By)
AB? = -
0451 (a+1) ( By )

1 - B
a =

1555

0.4B*(B, — 1) = (3B, 4+ 0.11)(2B, — 0.77)

(89)
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doing the last step gives us polynomial equation for By
0.4B} — 0.4B} — 6B; + 2.09B; + 0.0847 = 0 (90)
We have four real solutions:
By~ —0.04 By ~038 By~ =358 By ~4.24 (91)

So, that means that in physically correct area this model does not work.
Consequently, we cannot use just 10 exchange and describe model explicitly.
However, just adding exchange of 5-s will not be good for a model because it
will introduce new coupling constant and new unknown parameters, therefore
we should search for mode advanced model and unification. This is SO(10),
it coalesces in itself, everything that we want and coupling constant is same
for everything. To discriminate between ups, downs and leptons we will
introduce new sigma X that will be 45, and this sigma will give us Clebschs
that will give us hierarchy between fermions.

6.3 Introducing Higher Symmetry SO(10)

The main Advantage of SO(10) with respect to SU(5) is that all the known
SM fermions plus three right handed neutrinos fit into three copies of the 16
dimensional spinorial representation of SO(10). Important branching rule
for this 16 is:

16 > 1085d1 (92)

The SO(10) symmetry is spontaneously broken to SU(5) by the Higgs su-
permultiplet and then we have breaking of SU(5) into Standard Model. As
it was in MSSM here we also have two Higgses that make possible to break
the symmetry and they are contained in a superfield 10. Now let us describe
in more details ingredients of the model. For simplicity we assume that all
vertical Higgses are singlets of SU(3) and all horizontal Higgses are singlets
of SO(10). Vertical is just a name for Higgses of SO(10). In particular the
vertical sector of SO(10) includes chiral superfields in the representations 54
45, 16 and 16, needed for the breaking down this to SU(3) x SU(2) x U(1)
and 10-plets for the electroweak symmetry breaking and the mass generation.
Now for the horizontal parts we have triplet, sextet and octet representations.
We, therefore, introduce anti-sextet and triplet combinations as it was in the
previous case and also some adjoint representation. One should emphasize
that besides the matter superfields (16, 3) we introduce a number of vector-
like representations as we did for SU(5) these are needed for the fermion
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generation. Algorithm is nearly the same, these states mediate the see-saw
like diagrams and hence the quark and lepton Yukawa structures emerge
after integrating them out.

Let us talk one of the main things in our talk and emphasize some details.
SU (3)y Higgs part is a little bit sophisticated. We are now taking disoriented
"vectors'. However, we fix the norm of them. By introducing specific type of
superfields counting F terms and fixing parameters will show us how we fix
a norm. Consequently we introduce W, that is:

W(x) =I(xx — %) (93)

This tells us that I (that is some singlet), must be 0. and it fixes the norm
of x. We do the same for the triplet. At the end, int this model we also are
introducing two sextets and 1 triplet, however, initial triplet does not have
just a third direction it has some component on the second direction too,
therefore we have some change. To be precise, let us show the matrices:

00 O 0 0 0 0 0
00 0 AS, 0 s*B —scB As (94)
0 0 B AC, 0 —scB B Ac

so you can see two sextets and 1 triplet! Now we have to depict correct
process for our model and that is all. If you remember we used diagrams for
SU(5) for exchange of 10,in the first approximation it was just 2 diagrams
(+2 if we consider 5 exchange too). However, introducing SO(10) merged
everything and now we will have one simple process, exchanging by 16: It is

10(5+5) X

16(10+5+1) 16(10+5+1) 16(10+5+1) 16(10+5+1)

)

evident now that coupling constant is identical for each process that we had
in SU(5) because they are united in 16. For operators now we can draw the
similar diagram as we did at the beginning of this section:

- ‘ uc QC Ue
¢ |0 X' H
Q H My 0

U X 0 MlO

Yukawa matrix after diagonalization takes the form:
Yo =x"Mg' + Mg'x" = (x +x") My' (95)
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Now let us see for down quarks:

‘ de Qc De

g |0 X'  H
Q H My 0
D X 0 M5

In this matrix you can see that there are two types of masses, one that
comes from 10 exchange and one from exchange of 5. So, Yukawa matrix
after diagonalization becomes:

Yy ="M+ Mgy (96)

For leptons everything is settled because we know that Y; = Y,/. Moreover,
as we already mentioned [I8] 16 = 1(—5) + 5(3) + 10(—1) where numbers in
parenthesis are hypercharges that are connected to the masses heavy parti-
cles. Because of these charges we consider a case where M5 = —3M;4. So,
If we consider all of these statements we can write for a down quarks ( and
leptons):

1 _
Yo = (XT - 3X) ]\4101 (97)

What we have calculated in this section so far was the a simple process,
we now want to add another exchange set which will introduce new sets of
exchange particles with mass Mj, and M!. Furthermore, we have two new
fields one is the ' that has the same direction as the old but rotated chi
(rotation happens with an angle «) and we have field 3. This field interacts
with 16 x 16 that can be decomposed as 1+ 45+ 210 [I8]. For our problem 1
does not change anything, so we use 45. Ultimately, > can be a combination
of 1 and 24, because 45 = 1(0) + 24(0) + 10(4) + 10(—4). We write it as
Y =%, + Xy =X + Yicharge- Here X is unitary matrix.
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D -
16 16¢ |16  16: |16 16
Ex Ex
—10 5 5 5 5 5
(1) 9 & D¢ =~ D—-» DS D, d°

2 €L » L, > 5S> ¢

— 5 10, 10, 10. 10, 10
@) o Q > QP Q> Q¢
(4) ¢ & E¢ & E > ES— E,» €°
—10 10 10, 10. 10, 10
6) UCH» Q - Q% Q,» QS ¢
© g US> U-> USH U - L°

Figure 5: All process with exchange of 5z and 10z

So,%, is between 16 and 16. Each transition has been drawn, now we find
which particle goes into which and from it get hypercharges. So decmposition
of 5 and 10 are [18§]:

5—(31+1)@<12 1)
- ) 3 » < 2

10=(5%5), = <3, 1, —g) ® (3,2, +é> & (1,1,+1) (98)

Consequently, from it we know hypercharges of particles:

1 1
~(3,2,42), £~ (1,2, —=
q (37 7+6)7 ( ) 2)7
_ 2 - 1
UC ~ (3, 1, —g), dc ~ (3, 1, +§), ec ~ (1, 1, —|—1)) (99)

To write everything explicitly we have to create two 5x5 matrices, one for
up quarks and another for down for leptons we can make some implications
easily.
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u Q° Ue Uy ¢

g |0 Xe H 0 Xi

Q H My, O 0 0

U Xu 0 My  Xy-ug 0O

Ur | X, 0 0 M 0

@ |0 Yge—g, 0 0 M,

After integrating:

u’ Q° Ue Uy g
g |0 Xo+AxL H 0 0
Q H My 0 0 0
U X + AXu 0 M10 0 0
Uy |0 0 0 M, 0
@ |0 0 0 0 M,

where Ay, = ZU—UICM{EIX; and AXT = YT My Yge_q,. If we put values of
Sigma we will get:

2 _
x—>x+AX=X+(x+§)M{olx’

1 _
X' X"+ AT =+ (- E)M{OIX/T (100)

Consequently, Yukawa matrix for up quarks will have a form:

Y, = (xT +x +Ha(y + X7 Mg+ @x’ - éx’T) M{EI) My'  (101)
Okay, it is time for down part, however here we have also exchange of
heavy particles with mass M; which might have different charge X with
respect to other heavy particles with mass M]0. I want to convey that if we
have same exchange with 16 then for sure we have M! = —3M]0 but also it
is possible to have heavier particle exchange where M: = M;0. So two cases
that must be considered.

. . . dc QC DC Df QE
g |0 xi H 0 Xid
Q |H My 0 0 0

D Xd 0 M5 ED—D% 0
Dy | X 0 0 M} 0
Q: |0 Yoe_q, 0 0 M,

After integrating:
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... dC QC DC DT i
g |0 XJ+AXE H 0 X
Q H My, 0 0 0

D X + AXd 0 M5 0 0
D, |0 0 0 M} 0
Q: |0 0 0 0 M,

where Ayy = ZD_DfMg_lxél and AxY = xTM;y' Yo, Putting values of
Sigma:

1 _
X = X+ Ax =X+ ((=3)z — 5)M; Y
1 _
X=Xt =+ (- E)M{olx’T (102)

Consequently, Yukawa matrix for down quarks will have a form:

1 _ _ 1 1., -
Yq = <XT - gX +x (M{OIXIT + M; 1X/) + §Mé - 6M{01X,T) M{103)
For the first case, when M} = —3Mj,
Y, = <XT _ EX_’_:E <X/T . 1X/> M=l < 1 X n 1X,T> M= 1) ML (104)
For the second case, when M: = Mj,
1

1 -~ 1 _ _
Y= (XT - gX +x (X,T + X/) M{01 + <9X/ - 6X/T> M{01> Mlol (105)

Form of a x and Y’ is the same as it was in previous model. They are
comprised of sextet and triplet. Let us make such kind of denotion: 42 = B,

Mio
;\‘4112 = A and - , = e. Now let us put explicit form to get mass matrices:
0 0 O
Y,=1 00 0 +
0 0 2B
0 0 ZAC %A
ze | 0 QBS —QBsc Ac 1Bs? %B = (106)
0 —2Bsc 2Bc? s —3Bsc 3Bc?
00 0 5Ac %As
Yo=10 0 0 +e| —24c (22 —I— )Bs —(2z + 1)Bsc
0 0 2B %A —(2z+ 1)Bsc  (2z+ )Bc
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We did not expect much of a change in Up part, inasmuch as there are no 5
exchange in this part. Okay, let us move on an important part-down quark

mass matrix (For the case M} = —3M],).
0 —3AC, —3AS,
Y,=| %AC, 0 0 +
3AS. 0 ;B
0 —3Ac —3A4s 0 —gAc —gAs
T€ %Ac %2332 —2§B§c —€ 5—:4146 é—%lBSQ :%Bgc = (107)
34c —3Bsc  3Bc z2As —5Bsc 5 Bc
0 —3AC, —3AS,
Y,=| %AC., 0 0 +
1AS. 0 :B
0 —(57 = H)Ac (37— 5)As
(37— 55)As —(52 — 53)Bsc (52— z7)Bc

For the case M! = Mj,.

0 —iAc., -i4s,

Y, = %AC’. 0 0 +
3AS, 0 B
0 %Ac %As

€| —3Ac (2z—)Bs* —(2zx — 55)Bsc
—5As —(2z — &5)Bsc  (2z — 5) B

Now, what about lepton part. We knew that without inserting X lepton
part was just a transpose, however, after this > enters in a game we have
different hypercharges and we cannot make a simple transpose for the second
part of the matrix. We must go back to the 5 x 5 matrices and to the
transitions and see what is changing. So,it is evident that the M; and M}
switch places with Mjy and Mj,. Moreover, Ax is changed also in a sense
that ¥ is different.

Axi = Yp-p:Mig'x = (x — 1)M5' Y
1
Axi =XT"MITS e g, = ((—S)x + 2) XML (108)

So for leptons:

1 ) ) 1 . .
Y= (x =X (Mgt M) (GX’TMé Lt X’M{ol)> M, {109)
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For the case M = —3Mj,

0 3AC. 345, 0 (r—iRde  (3r—{D)As
Yi=| —gAC 00 el —(gr—qgAc (Gr—qg)Bs’ (30— g)Bsc (110)
-34S, 0 B ~(3x - as (22 -1)Bse  (2x - 1B
For the case M! = Mj,
0 %AC’. %AS. 0 %Ac %As
Vi=| —34C, 0 0 +e| —24c (22 —-%)Bs* —(2z— {)Bsc (111)
-34S, 0 3B —2As —(2z—5)Bsc (22— I)Bc

For convenience, let us split our problem in two cases. Further calcula-
tions will be held separately.

6.3.1 When M, = M,

Consequently,
0 %Aec %Aes
V,=| —24ecc (2z + })Bes® —(2z + 1)Besc
—2Aes —(2x+ 3)Besc (2+ (2z 4+ 3)ec’) B
0 —(3Cs — Zec)A (35, — Zes)A
Vi=| (5Cs — Zec)A  (2z — i5)Bes? —(2x — 55)Besc (112)

4
3
(35 — x€s)A  —(22 — &5)Besc (3 + (22 — 5)ec®)B

0 (3Ce + 2ec)A (35. + 2es)A
Vi =| —(3C+ 2ec)A  (2z — )Bes? — (22 — £)Besc
—(35¢ + 2es)A —(2z — L)Besc (3 + (22 — L)ec®)B

Now let us estimate everything with the approximation of e. We will ne-
glect terms with €. Let us look on the up-quark matrix. If we make

(23) rotation to diagonalize it (detailed calculation in the Appendix) for
. 20+1)2B2e2522
(22) term2we are getting (2z + 3)Bes® + MCW’ SO as you can see

we have € on the second term and we neglect it. We can do it for these
three matrices and we can get Yukawa constants with e approximation for
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charm,top,strange,bottom,mu and tau particles.
/ 1 2 1 2
Y ~ 2x—|—§ Bes®, Y~ (24 2x—|—§ ec’ | B
1 2 1
Y! ~ <2x — > Bes?, Y~ ( + <2x - ) ec2> B
18 3 18
B

7 2 7
Y~ <2x - 6> Bes®, Y, ~ (3 + (Qx - 6) ec2>

In the previous section [6.1] we have calculated the Yukawa constant divi-
sions(in the first approximation), so let us use them (we put values of B;
from 0.7 to 0.9 respectively):

/!

Y,
7~ (x4 0.25)cs” ~ 0.003957 = [0.00134 = 0.00284];

t

Y! 1 B
REINE:: <x - ) es? ~ =4 =1[0.014 = 0.018] ;

Y, 36 50
(113)
Y! 7
7‘: ~3 (x — 12) es? ~ 0.059;
Now let us look on the first and second pair in equation [113]
|yl
— /= =3—-£ =110.45+6.34 114
Y," Y, | x +0.25 | | (114)
We have to solve in case of moduli and get values for x:
(=) x=[-0.188 =+ —0.16]
(+) z=[-0362 + —0.5] (115)

From equation (113)) let us use third-second pair and see which values of x
satisfies it:

Y Ys —<x_172)—3'15—[45;35]
.Y e-g% B T
x € [—0.1309 + —0.194] (116)

As you can see our solution in equation (135]) fully covers area of valid x
in equation (115). Therefore now we can find the point where these lines
interact and give us the solutions: x and B;.
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Figure 6: Dependence of x on the B;. Red point represents the interaction
point that is (0.826, —0.17).

So, so far we found B; for our model that is B; = 0.826 and x = —0.17.
Let us put these values and find exactly what are Yukawa coupling divisions:

Y 1 Y, 1 Y'Y
o e 5/E 7109
Y, 455" Y, 64 Y'Y,

Now let us estimate what should be the angle a between the y and x'.
First of all we should say that in CKM matrix (Vogar = ViIVy) contribution
of up-quarks is very small so we can neglect it in the first approximation.
Therefore, it can be said that tan?asg; ~ 0.042. From the appendix (8)), we
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can easily write the exact rotational angle for down-quarks.

Y! 1 1
5w — =3(x — —)es?
v, "1 o g
1
tan(fag) ~ 3(x — %)esc = (117)
L
t —=— ~ (.44
an(a) = 0 042 0.449

So a ~ 25.74°. Now that we know the rotational angle we can find also
smallness parameter too. Just for convenience I will give a numerical results
for ¢? and s? that are 0.8116 and 0.1883 respectively. Let us put values in the
second equation of (113). So, in the first approximation we get e ~ —0.1479.
We have found all parameters that are necessary to start process of "iteration'
and make better calculations in the second approximation. It is handy to
start with down quark and lepton part. Considering small term in Yukawa
coupling constants division of 7 and bottom quark will be:

Y, 1+43(1— e
Y,  143(1—£)ec?

~ 11868 = Q (118)

We have now everything to estimate mass of the bottom quark. Must not
be forgotten that we have to use R and 7 factors to take masses from GUT
to their measurement scale.

. YT . Rdnb m.,—Bt 3.31
"™TO T R, QT 11868
So, we can say our value falls into the range of the particle data group given
mass [9]! Now it is vital to "talk to" the asymmetric part of Yukawa matrix
and estimate parameter A. As you can see in the down and lepton matrices
we have e-corrections too that we have to consider. However, it must be
emphasized that in the first approx. determinants of these two matrices are
equal Y3Y, Y, = Y.Y, Y,

4 5 45 1.223
) A Y (E e An VY, = Y, = VY,
(3 18€C> . (3 6“) — #1.3684

Now, introducing higher order correction into the determinant will give us:

1.776 B; ~ 4.961B, ~ 4.117 GeV  (119)

YiYo =YY, 0947-Q (120)

To extract Yd we also use another divisions from equation . Let us
divide second and third one:

}/S — Yd Y'u, - Ye Bt 1
~—-——~0216=R 121
Yy / Y; 51 0.059 (121)
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We have used this equation .Now, let us divide eq:(120) on square of

eq:([121)):
Yy (1_1@)2_% Ly
Y, Y.,) Y, Y, R?

From this equation it is easy to find our wanted division that is

Yy 1

Y. 203

(122)

(123)

This also matches with the experimentally given number in the error range.
Let us move to the up-quark Yukawa matrix and find mass divisions there
too. For ups in asymmetric part we only have e-correction terms, therefore

for A there we have:

ZAEC =4/Y, Y,

We also will need this equation:

now their division equals to:

A 5 c Y,

B 6522z + 0.5) Y,
If we do same for down-quark:

A4 1 Y
B 3es? (2:6 — Tls) Y,
Division of eq:(126)) into eq:(127)) gives us:

Y, 2 20— L) v,
Yo 259 ¢ s’ (2 —15) Yo (000 =

Y, 36 16 s2(2z+05) 4 Y, 500

(124)

(125)

(126)

(127)

(128)

This factor gets also well with experimental value. As you know we have
calculated and estimated B; that is nearly 0.83. B; is a function of Y,
therefore we also know it from the figure: . Y; ~ 0.91 for calculating
tan(f) (that is v;/vy) we take division of top quark to bottom quark that is:

L it (20— gp) ~ 0.3604 = P
Y, 2+ (2r+05)e N
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Then if we use definition of Y}, and put there mass of the bottom quark that
we already took we find that:

0s(8) = By Rny 174
tan(5) = 68.486; (130)

We know the § angle too, therefore it is very easy to find my:
my = Y;R,(B;)® - 174 - sin(B) ~ 0.91 - 3.25 - (0.826)° - 174 - sin(B) ~ 163.421;

Consequently, m; = 163.421GeV is a very good theoretical value and it
matches with the experiment! Now we have estimated vital parameters and
we can clearly and easily get not only division of masses but also their values.
Let us put all needed parameters in this equation Y; = B (2:10 — %) es?. We
already know Y; therefore we can easily get B coefficient from it (B ~ 0.4594).

1
ms = BRyns - 174 - cos(p) <2x — 18) es? ~ 0.0968GeV = 96.8MeV;

Yd mq 1
2= ~ ——-96.8 ~ 4.768MeV; (131
Y T, T Ma gyg - 968~ 4768 eV (131)

Both are very good results if you check with experimental values [9]. Ana-
logical strategy will be used for the upper part and we will get that:

me = BR,n, - 174 - sin(B) B} (22 + 0.5) es® ~ 1.32GeV;
(132)

by the same logic we calculate up quark mass that will be m, ~ 2.64 MeV'.
As you can see all 6 masses that we are getting from theoretical considerations
match with experiment very well. Now, let us calculate also s15 and $,3
The main part in CKM is bottom-quark, inasmuch as up is very "stretched"
and it gives little contribution, therefore one can say that s;s = \/Tm’zj ~ 0.22

that is nearly ~ 12.8°. For the (13) mixing we have that |V, = @ ~

\/g- % ~ 4-1073. However, this good result is possible if C, = S, = g so it
is 45°.
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6.3.2 When M! = —-3M|,

So,
0 %Aec 2 Aes
YVy=| —24ec (22+ )Bes (Zx + )Besc
—2Aes (2x+ 3)Besc (2+(2x+ Hec®)B
4 4 ; 7 —(%CE N (%fl . 514266)14 ~(5. 2+ (52 = s3)es)A
o= | GG Grogaa Gy g Be N T
(§S° + (gl’ — Q)ES)A _<§ - Q)B&SC (g + (g'x - 54)66 )B
4 0 (%C.;r 4:@- %)SC)A (55 T (57 — 13)es)A
e s e i TG e
32 T (3 18 3 18 373 18

Here we do the same procedures as we did in the last subsection-considering
two equations finding all areas where our x is good and then checking if for

these two equations these areas cover each other.

Y/ Y/ (x_ Q)
A ) 11045+ 6.34) = 134
AR | (134)
(+) z€[-031 = —0.35]
(-) z€[-02 + —0175]
v; v/ (¢—%) 315
ylsl o =22 _5+3 1
A i il eh (CEE LI (135)
(+) = €[-0.012 + —0.138]

(=) z€]0.5 + 0.55]

As you can see neither of these areas cover each other, therefore we do not

have a solution for z in this model.
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7 Conclusion

Introducing a new symmetry on a GUT-SUSY scale made possible to some-
how explain hierarchy of masses between families. We created a model where
for input there is used a lepton part, however you get output of quark masses
and mixing angles. This is quite beautiful and thrilling.

Output
Y, . 1 . Yy 1
Y. ™ 500 - Y. ~ 203
my(2GeV) ~ | m.(M,) ~1.32 GeV my(My) ~ 163.42GeV
2.64 MeV
maq(2GeV) ~ | my(2GeV) ~ | my(My) =~ 4.117 GeV
4.768 MeV 96.8 MeV
S12 & 0.22 : S13 =~ 4. 1073

8 Appendix

8.1 Seesaw Mechanism

Neutrinos are special in the Standard Model for three reasons: 1. Neutrinos
have no electric charge. 2. Neutrinos are so much lighter in mass than all the
other particles of the Standard Model. 3. Neutrinos are only left-handed.
By linking these three apparently different facts together Murray Gell-Mann
was able to propose the seesaw mechanism. The seesaw mechanism is a
general phenomenon that occurs with eigenvalues of matrices of a certain

form. Consider a matrix:

which has eigenvalues

(o 3)

b
A =5 +4/(5)—a?
2
b b
- _ _ —\2 _ 42
A 5 (2) a

(136)

(137)

(138)

It is needed to emphasize the fact that light eigenvalue is parametri-
cally smaller than any of the (non-zero) elements of the matrix. The bigger

o1




that the 'larger’ eigenvalue becomes, the smaller the ’lighter’ eigenvalue be-
comes. From this property arouses the name “seesaw”, one goes up, the
other goes down. In reality, if there is a small eigenvalue to explain, the
seesaw formula transforms it into explanation when a different eigenvalue is
so big. Transforming problems this way is an effective method in science.
How the seesaw mechanism is believed to work in the neutrino sector of the
Standard Model is as follows.

Fermions in the Standard Model are Weyl fermions — half of a nor-
mal Dirac fermion. These Weyl fermions have a definite chirality mean-
ing that the spin and the momentum are either perfectly aligned (so-called
right-handed fermions) or perfectly anti-aligned (left-handed fermions) Weyl
fermions are massless. The Standard Model fermions obviously have masses
(otherwise the electron wouldn’t form atoms). Fermions acquire mass in the
Standard Model through electroweak symmetry breaking. When electroweak
symmetry is broken by the Higgs field acquiring a vacuum expectation value,
the left-handed Weyl fermions find right-handed Weyl fermions and “marry”
through a mass term and become a Dirac fermion. In the Standard Model it
looks like this:

Loass = (6 0°) ( 0 m ) ( v ) he (139)

m 0

where 1) is the left-handed part of the fermion species and ¢ is the charge
conjugate of the right-handed part of the fermion species. The diagonal zeros
of the mass matrix are forbidden by electroweak symmetry (and often by
electric charge). The eigenvalues of this matrix are degenerate and equal to
m.

Let’s consider Neutrino masses. One of the ways that neutrinos are special
is because there is only left-handed part of the fermion species and there is
no right-handed part of the neutrino species in the Standard Model. This
results in the mass term for the neutrinos in the Lagrangian to be

Lomass = (v =) ( v ) ( v > +he (140)

where the ’-” means that term does not exist. Hence the neutrino has no
mass in the Standard Model. So neutrinos stay Weyl even after electroweak
symmetry breaking. Of course we have discovered that neutrinos have mass
thanks to neutrino oscillations. It’s time to consider Neutrino Seesaw Masses.
It was realized during the developments of grand unified theories that there
often can be a right-handed neutrino. However, the right-handed neutrino
was special because it has no charges under electroweak symmetry. This
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means that the right-handed neutrino can be different type of fermion known
as a Majorana fermion which is still half of a normal fermion, but does not
have a definite chirality like Weyl fermions. The right-handed neutrino can
only be a Majorana particle because the Standard Model neutrinos have no
electric charge. With the right-handed neutrino as a Majorana fermion, the
mass matrix is different from all the other fermions of the Standard Model
and is of the form

Lonass = (v 1) ( 21 \ ) ( v ) +hec. (141)

where M is some unknown mass scale. Now in most of physics, mass terms
are as large as they are allowed to be. In grand unified theories, this turns out
to be the grand unified scale, which is about a trillion times larger than the
electroweak scale (which itself is about 100 times larger than the rest mass
energy of the proton. What results is that the light eigenvalue is nearly com-
pletely the left-handed neutrino and is very light and the heavy eigenvalue is
very heavy and is nearly purely the right-handed neutrino. The right-handed
neutrino is far too heavy to be produced and thus we only observe a very
light, left-handed neutrino. So this is the link between the neutrino being
only left-handed, uncharged, and being very light. If we examine the lighter
eigenvalue, which is the mass of the Standard Model neutrino, the mass is
m? /M, or about a trillion times smaller than other particles of the Standard
Model, which are m. Most of the other fermions of the Standard Model are
in the 0.1 GeV to 100 GeV range, this gives a neutrino mass in the 1 MeV to
100 MeV ranger, which is the ball park of what is observed (we do not know
the absolute scale of neutrino masses, instead only known the differences of
the mass squares of the neutrino masses)[7].

8.2 Diagonalization
Let us consider a matrix:

0 Acee™  Asee’
—Acee'  Bes? —Besc (142)
—Asee”™ —Besc B(1+ ec?)

Here € is a smallness parameter a and o' are phases. ¢ and s these are angle
sine and cosine. We have the hierarchy B > A. Without loss of generality
we have only first horizontal-vertical line complex, other elements are real.
This matrix can be brought to the diagonal form, however we have to use
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bi-unitary transformation:

-Y; 0 0
UYU=Yp=| 0 Y, 0 (143)
0 0 Y

where we have some hierarchy too, like: Y3 > Y5 > Y;. These are Yukawa
eigenvakues for the physical fermions of three families. Now, firstly what we
have to do is to remove these complex phases and then make diagonalization.
For this we decompose unitary matrices U = CO and U’ = C'O’. Phase
transformations have this form:

ez(27r—o/) 0 0 ez(27r—a) 0 0
o = 0o 10| c= 0o 10 (144)
0 0 1 0 01

At the end of the day we have matrix without any phase and we can make
orthogonal transformations,rotations, to make it diagonal.

0 Aec Aes
Y =| —Aec Bes? —Besc (145)
—Aes —Besc B(1+ ec?)

Consequently, we want-O'7Y O, where O rotating matrix is:

1 0 0 C13 0 —S13 C12 S12 0
O == 023013012 = 0 Co3 S923 0 1 0 S12 C12 0 146)
0 —S8923 (o3 513 0 C13 0 0 1

The same is done for the prime part of orthogonal rotation. To compute
these rotational angles we may use some interesting fact that OTY7TYO =
OTYYTO' = YZ. For the elements in our (145), approximation gives that:

B(1 +ec?) ~ Y3
Be?s?c?
Bes® + 7“ o) ~ Y, (147)
A?ec? A?e?s?
Bs? * B(1 + ec?) ~
We can see that we have second order smallness parameters inside, therefore,
if we neglect it what remains is:

B(1+ec®) ~Ys
Bes®* ~'Y, (148)
A%ec?
Bs?

~ Y
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We start with the 23 rotation to diagonalize the lower 23 block:

0 Acecyy — Asesys  Acesas + Asecas
OLY©0y = | —Acechy + Ases)y, Y2 0 149)
—Aceshy — Asech, 0 Y3

Angle that does this job is:

2esc(l + ¢) B esin(2a)
(€s2)2 — (1 +ec?)?2 1+ ecos(2a)

tan20y3 = = tan20y, (150)

As you can see diagonal terms are small y-s this is because there will be
some corrections, that will be added and at the end of the day, we will get
Yukawa coefficients. Now it is time for a next block (13) that will add small
correction to the 11 and 33 elements, however they are way too small and we
neglect it. However, 12 rotation implements sufficient correction to the 22
element that will be proportional to Y;. Angles can be derived in the same
way as it was in SeeSaw mechanism.

Ae(csas + sca3)

10 o —
Stntis Y:o)
A
sindy ~ 6(632‘;; scz3) (151)
and for the 12 rotation:
cche — S5
tan20o ~ 2Ae—23 723
anzbig € Y,Q — Y,l
CC23 — 8523
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