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Abstract

The Standard Model (SM) is almost consistent with the current experimental
data and completed by the discovery of a Higgs boson at the Large Hadron Collider
(LHC). It is constructed by the gauge theory with SU(3)c x SU(2)r, x U(1)y gauge
symmetries. However, there are still open questions which cannot solve in the SM.
This means that it is needed to consider a model beyond the SM.

One of the interesting and promising extensions is a supersymmetric (SUSY)
grand unified theory (GUT). In this framework, there are two types of unification.
First one is a unification of interactions which means that three SM gauge couplings
are unified into a single one. Second one is a unification of matters, which is occurred
by embedding the SM particles in a few multiplets. For these types of unification,
there are quantitative and qualitative supports from experimental results. Moreover,
some of the problems or questions in the SM can be solved, e.g. the hierarchy
problem, charge quantization and explanation of the fermion mass hierarchies.

On the other hand, SUSY GUT models cause new problems which are not
induced in the SM. One of these is an undesired Yukawa relation. Because of the
matter unification, it predicts that Yukawa couplings are also unified at the GUT
scale. Although this is one of the attractive predictions of GUT, observed SM
fermion masses and the Cabibbo-Kobayashi-Maskawa (CKM) matrix are hard to
obtain. Another problems are flavor-changing neutral current (FCNC) and CP-
violating processes induced by SUSY particles. Since parameters in a SUSY model
can be arbitrary numbers or structures, there are sizable contributions from SUSY
particles to these processes in general. Such contributions, however, are strongly
constrained by the experimental observables.

In this thesis, we focus on SO(10) and Eg SUSY GUT models which can realize
the SM fermion mass spectrum and CKM matrix. In our SO(10) model, there are
flavor-violating couplings with new gauge boson only for the 5 fields because of a
mixing with additional matter fields. As a result, we obtain predictions specific to
our model. In addition, we consider Eg model with a flavor SU(2)r and anomalous
U(1)4 gauge symmetries, in which almost all problems caused in a SUSY GUT
model are solved in a natural assumption. In this model, there are non-vanishing
D-term contributions which destroy the degeneracy of the sfermion mass spectrum,
and these contributions are constrained by FCNC processes. We investigate the
upper bound of these contributions and find that D-terms are allowed to be sizable.

The sfermion mass spectrum predicted in the Eg x SU(2)p x U(1)4 SUSY GUT
model is natural SUSY-type sfermion spectrum. This type of spectrum suffers from
bounds of chromo-electric dipole moment (CEDM). Therefore, we also search lower
bounds of sfermion masses in different types of Yukawa structure. We find that if
up-type Yukawa couplings are real at the GUT scale, CEDM bounds are satisfied
even when the stop mass is O(1) TeV.
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1 Introduction

The Standard Model (SM) of particle physics is completed by the discovery of a Higgs
boson at the Large Hadron Collider (LHC), whose mass is 125 GeV [1,2]. It is well-
known that the predictions of the SM for various observables are almost consistent with
the experimental data. However, there are still open questions which should be solved.
Some of these questions cannot solve in the framework of the SM. For example, there are
the questions about the reason why the masses of the SM fermions have rich hierarchical
structures, massless neutrinos which conflict with the neutrino oscillation experiments
[3-16], charge quantization which is why the electron charge (). and proton charge @,
have the relation Q). = —@Q, [L7], the hierarchy problem which is the fine-tuning between
a bare parameter and the observed value of the Higgs mass [18] and no dark matter
candidates in the SM. These questions mean that a model beyond the SM is needed.

One of the interesting and promising extensions of the SM is supersymmetric (SUSY)
grand unified theory (GUT). GUTs [19] predict two types of unification: unification of
interactions and unification of matters. The unification of interactions means that three
gauge couplings in the SM are unified into a single one. For this unification, there is
a quantitative support from the observed gauge couplings. The unification of matters
is realized by embedding quarks and leptons into a few multiplets, e.g. 10 and 5 of
SU(5). For this unification, we have qualitative support from the observed masses of
quarks and leptons, which means that the fermion mass hierarchies can be explained by
assuming that 10 fields have stronger hierarchies than 5 fields in the Yukawa couplings.
Moreover, the charge quantization is also explained by the symmetry breaking SU(5) —
SU(3)exSU(2)L xU(1)y. In addition, SUSY particles introduced in a SUSY model solve
the hierarchy problem and provide dark matter candidates in the models with R-parity.

However, SUSY GUT models suffer from the another problems which are not caused
in the SM. In the point of the view of a GUT model, new particles which are new gauge
bosons and a color-triplet Higgs induce proton decays, e.g. p — em and p — Kv. We
expect that their mass scales are much higher than the weak scale from the constraints of
the proton lifetime. In SU(5) GUT, the color-triplet Higgs and the doublet Higgs which
is regarded as the SM Higgs doublet are belonging to a single multiplet, 55. Therefore,
a huge fine-tuning is needed to realize both of the masses. In addition, because of the
matter unification, the Yukawa couplings are also unified at the GUT scale as Y; = Y.! in
SU(5) GUT and Y, =Y; =Y =Y, in SO(10) GUT, where Y, , is a Yukawa interaction
for Dirac neutrinos. Although these relations which are called Yukawa relations in this
thesis are one of the attractive hypotheses, they are inconsistent with the observed fermion
masses.

In a SUSY model, a lot of parameters are introduced in order to break SUSY softly.



Some of these parameters, especially scalar cubic couplings and mass matrices for scalar
fermions (sfermions), induce flavor-violating and CP-violating processes and are strongly
constrained from the experimental observables. Another problem is known as the -
problem [20] which is a question about the size of the Higgsino mass parameter p in
the Higgs sector for a minimal SUSY SM (MSSM). Therefore, we should consider these
problems when one constructs a realistic model in the framework of SUSY GUT.

In this thesis, we mainly focus on the Yukawa relations and flavor and CP processes
in SO(10) and Eg SUSY GUT models. As mentioned above, the Yukawa relations in
the SO(10) GUT are very strong since the SM fermions of one generation are unified
into a single spinor multiplet, 16 [21,22]. Therefore, it is hard to obtain the realistic

fermion mass spectrum without some extension. There are mainly 3 types of solutions:

to add higher-dimensional operators [23], to introduce additional Higgs fields [21,25] and
to introduce additional matter fields [26]. We proposed one of the solutions, introducing
the additional matter fields, 10 of SO(10) [27,25]. In such a case, the SM modes for 5

fields are given by linear combinations of the fields coming from 16 and 10 of SO(10).
Therefore, the Yukawa couplings for 5 fields are modified from the unified one. In addition,
by considering higher-dimensional operators, realistic Yukawa structures can be obtained.
Note that in this thesis, a model in which realistic Yukawa structures are realized is called
realistic model.

The elements of the mixing matrix for the 5 fields affect the couplings of gauge bosons
and 5 fields. Because of the rank of SO(10), there is additional gauge boson in the model
and this gauge boson induces flavor-violating processes at the tree-level. This is because
5 fields from 16 and 10 have different charges under the additional U(1)" symmetry. We
investigate predictions of this model and discuss the bounds from flavor-changing neutral
current (FCNC) processes [25]'. Note that since these flavor-violating couplings are only
for 5 fields, we expect that some predictions specific to this model can be obtained.

In a Fg SUSY GUT model [22,33-39], on the other hand, its fundamental multiplet
27 has not only 16 spinor multiplet but also 10 vector multiplet of SO(10) as we will
show in Sec. 3.3.2. This 10 field plays the same role as an extra matter field in the SO(10)
GUT model. Therefore, the observed fermion masses and Cabibbo-Kobayashi-Maskawa
(CKM) matrix can be obtained in a natural way.

Moreover, if one consider Fg GUT with SU(2)r flavor symmetry [10—-19] and anoma-
lous U(1)a gauge symmetry [50-59], more attractive model can be obtained, in which
almost all the problems caused in SUSY GUT models are solved in a natural assumption:

all the interactions which are allowed by symmetries are introduced with O(1) coefficients.

1Once additional matter fields are introduced at the low energy, proton decay mediated by X boson is
enhanced since the gauge couplings at the GUT scale become larger [29-32]. If proton decay is discovered
in future experiments, it is the clear evidence of a GUT.



In such a model, a sfermion mass spectrum in which all the sfermion masses except for a
scalar top (stop) mass are universal is obtained. We call this spectrum modified universal
sfermion masses (MUSM). If one consider the MUSM, suppressing the SUSY contributions
to FCNC processes and stabilizing the weak scale can be realized at the same time. This
type of sfermion mass spectrum is nothing but the natural SUSY-type one [11,60-62].

However, in the Egx SU(2)p xU(1) 4 SUSY GUT model, the degeneracy of the MUSM
is destroyed because of non-vanishing D-term contributions which are dependent on the
flavor [63-66]. Therefore, these contributions are constrained by FCNC processes [67]. We
investigate the upper bound of its size from the most strongest constraint in the FCNC
processes, which is the CP-violating parameter ex in K°-K° mixing [68]. In this model,
there is a novel relation about the differences of the squared sfermion masses as we will
mention in Sec. 5.3, which is specific to this model. We will discuss the testability of this
model by using not only the allowed size of D-terms but also this novel relation [68].

In fact, the natural SUSY-type sfermion spectrum is severely constrained by chromo-
electric dipole moments (CEDMs) because of the smallness of the stop mass [69-71].
Especially, the constraint from up quark CEDM is severe even if all SUSY-breaking pa-
rameters are taken to be real. This is because in such a case, this process depends on
the imaginary part of diagonalizing matrices for up-type Yukawa couplings. Therefore, in
order to avoid the constraints, one can consider a scenario with spontaneously CP viola-
tion [72-75], in which the up-type Yukawa couplings are real at the GUT scale. In this
scenario, the down-type Yukawa couplings are complex at the GUT scale, that induces
non-vanishing Kobayashi-Maskawa (KM) phase. Since the bound of mercury electric
dipole moment (EDM) is recently improved [76,77], we investigate the lower bounds of
the sfermion masses from the EDM bounds in different structures of Yukawa couplings
for comparison [78]. We also discuss the effects of the structure of Yukawa couplings to
the CEDM.

This thesis is organized as follow. In Secs. 2 and 3, we provide a brief review of the SM
and the models beyond the SM, especially SUSY and GUT. Then we will discuss specific
predictions of the SO(10) GUT model in Sec. 4. Next, we will discuss the size of D-term
in the Eg model and the CEDM constraints to the MUSM in Secs. 5 and 6. Finally, we

will conclude this thesis in Sec. 7.



2 The Standard Model

In this section, we will briefly review the properties of the Standard Model (SM). The
SM which has Gsy = SU(3)e x SU(2), x U(1)y gauge symmetry contains three types
of particle: fermions, vectors and scalar. In Table 1, we summarize the particle contents

and their quantum numbers. In this table, ¢ denotes the generation, i = 1,2,3. Q;, ugr;,

spin | SUB3)e SU(2), U(1l)y

Ur, i 1

i = 3 2 z

o= (i) 6

URi 3 1 2

dp; 1/2 1 -3

L= (”“) 1 2 -1
€L

eRi 1 1 -1

g 8 1 0

w 1 1 3 0

B 1 1 0
H+

H = (HU) 0 1 2 z

Table 1: Particle contents of the SM. ¢ = 1, 2,3 denotes the generation.

ugi, L; and eg; are quark doublet, right-handed up-type quarks, right-handed down-type
quarks, lepton doublet and right-handed charged leptons, respectively. These are the
fermion as a matter. g, W and B are the gauge bosons corresponding to SU(3)¢, SU(2),
and U(1)y, respectively, and H is Higgs doublet.

The Lagrangian for the SM can be written as

'CSM = 'Cfermion + /Cgauge + ‘CHiggs + ‘CYukawzr (21)
In Leermion, the terms of covariant derivatives for the fermions are included:

Ltermion = QL(17"D,) Q) + Wp,(iv* Dy )ulg; + dpi (i7" D,)dg,
+ E(i’Y“Du)L; + 6’_m(i7“Du)€'Rp (2-2)

where v’ shows the flavor eigenstate and D, is the covariant derivative which is defined



for each field as

= (0, —igsGOTE —igoWiTH — ig' B, Ty) QL
(Ou —igsGRTE — ig' BuTy ) up;,
Dy dy; = (0, — igsGSTE — ig' BTy ) .,
Dyl = (0 — ig2Wi T} — ig' BJTy ) L,

D uRZ

Dyer; = (0, — ig'ByTy) €.

Here, g3, g2 and ¢’ are gauge couplings and 7§ = \*/2, T# = 0%/2, Ty are generators of

SU(3)c, SU(2), and U(1)y, respectively. Gf,, W¢ and B, are gauge bosons corresponding
to SU(3)¢, SU(2)r and U(1)y, respectively. Note that A\* is the Gell-Mann matrices

(=1,---,8) and ¢” is the Pauli matrices (a = 1,2, 3).

Lgange are the kinetic terms for the gauge bosons:

« auv 1 a apv 1 v
Egauge = _ZGNVG b Z_LW‘“/W Hy ZBIU’BM y

where

G, = 9,GS — 0,G% + g5 fE GGy,

We, = 0,We — 9,We + gs flewbve
B%, = 8,B, — 0,B,.

febe and f&77 are the structure constant of SU(2);, and SU(3)¢, respectively.

The Lagrangian of Higgs Liges can be written as
Liiggs = | D H|? = V(H), D,H = (9, —igoWiT} —ig' B, Ty)H,
where V(H) is Higgs potential and written as

V(H) = y*H'H + % (HH)?,

(2.8)

(2.11)

(2.12)

(2.13)

where A > 0. If x4 > 0, this potential has minimum at |H| = 0, and the VEV of H is

zero. However, if y? < 0, there is local minimum at |H| # 0. This value can be easily

computed as

oV (H)
OH

0= = (—|| +AHTH)HT = \HP:'”

(2.14)



Note that HT = 0 which is another solution of the stationary condition Eq. (2.14) is at

local maximum of V(H). By using suitable SU(2);, x U(1)y gauge transformations, we
can take the VEV of H as

_ 1 (0 _ A
<H>_ﬁ<v>’ v=Al (2.15)

where v = 246.22 GeV [79]. This VEV breaks all SU(2), x U(1)y transformation other
than one transformation which is corresponding to phase transformation for upper com-
ponent of SU(2);, doublet:

(T8 + Ty ) (H) = (é g) % (0) - (8) , (2.16)

where T} + Ty is regarded as the generator of U(1)e, as seen below. As a result, the VEV
of Eq. (2.15) can cause the symmetry breaking, SU(2)r x U(1)y — U(1)em-

Before this symmetry breaking, four gauge bosons corresponding to SU(2),, and U(1)y
are all massless because of the gauge symmetries. After symmetry breaking, some of the
gauge bosons get masses. Substituting Eq. (2.15) into the covariant derivative of the

Higgs, gauge boson masses are obtained as

2
D(H) = 1 —ig2W5 —ig'B, —igg(Wl} — zWﬁ) 1 0
! 2 \—igo (W +iW?2) +igsW?2 —ig'B, | V2 \v
2,2 2
_ 9V 1 212 Y 3 2
D ‘Wu o ZWul + ) ‘gQWu o g/Bﬂl
2,2 2 12y,2
- 22 Wi g 2 I +§’ Ly (2.17)
where Wj = Wﬁjgw‘% and Z, = ”V@ﬂ are the W bosons and the Z boson. Therefore,
g2+g/2

the three of four gauge bosons in the SM get masses as [79)]

1

My = 3950 = 80.385 % 0.015 GeV. (2.18)
1

My = 54/3 + g'*v = 911876 % 0.0021 GeV. (2.19)

g/W3+QZBu
is known for the Higgs mechanism. Note that Z, and A, can be written by using the

and the remaining one mode, A, = which is the photon is massless. This



Weinberg angle, sin fy = —Z

—L__ as
Va3+g'?’

Zy\ _ [cosby —sinby Wj’ (2.20)
A, B sinfy  cos Oy B, ' '

In terms of the mass eigenstates of gauge bosons, W;t, Z, and A,, the covariant

derivative for the fermions can be rewritten as

B, — igsWTE — ig B, Ty
. g2 4+t — = . 92
=0, —i2% T T — 2
. l\/§ (Wu + W, ) @COS o
where T* = T} +iT?, Q. = T} + Ty is the generator of U(1)e, and e = gy sin Oy, is the

positron electric charge. Therefore, we can obtain the fermion-gauge boson couplings as

Z(T} — Qesin®Oy) —ieA,Q., (2.21)

Luiawa D g2 (WIS + W dh™ + Z,0%) + eAuJhw, (2.22)
where

M+ | wo! 1 N

Jw' = 7 (Trivter:) + NG (upi"dy;) (2.23)
I Ep— 1
Jy = E (e’Lﬂ”VLi) ﬂLE (d’Lﬂ“u'Li) (2.24)
1 __ _
Ty = — > [ oL+ Va gk (2.25)
¥
_ _ 2 - 1

Jhw = e (=1)ef + uiy” (+§) ub + diy* (—§> d,. (2.26)

Note that g/ = T2/ — Qfsin? Oy, (I = L, R). T2/ is +1/2, =1/2 and 0 for f = u ,, vL;,
for f =d},, €}, and for the right-handed particles, respectively. Q7 is the electric charge
for the fermion f.

After symmetry breaking SU(2),, X U(1)y — U(1)em, moreover, the fermions also get
masses through Yukawa couplings. In the SM, the Yukawa couplings are

Lvuawa = (Ya)isQiu§y  H + (Yd)ijQ;d;ngT + (Ye)ijL;egngT + h.c., (2.27)

where 9§ = (¢°)r = (¢r)°. Therefore, the SM matters get masses as M, = \%wi (Y =
u,d,e) where M, is a mass matrix. By diagonalizing these mass matrices, the mass

eigenvalues and eigenstates are obtained. In this thesis, the mass eigenstates of the SM



fermion are defined by

Y = LIy, v = Rhug. (2.28)

In this definition, diagonalization of the Yukawa matrix is realized as Ylf g LYy Ry.
In this definition, the CKM matrix is obtained from Eq. (2.23) as

Vud Vus Vub
Vexm = LiLa= | Vg Ve Vi |- (2.29)
Vie Vis Vi

Vg 18 unitary matrix, VCTKMVCKM =1= VCKMVgKM. In general, 3 x 3 unitary matrix
has three rotational angles and six phases. For Vkw, since five phases can be absorbed by
the redefinition of the quark phases, the physical degrees of freedom are three rotational
angles and one phase. Therefore, Vexm can be parameterized by s;; = sin6;;, ¢;; = cos 0;;
and KM phase d as [30-82]

—id

C12C13 S$12C13 S13€
Vekm = | —S12C23 — C12823S136w C12C23 — 8125238136“S 523C13 | » (2-30)
512523 — C120235136hS —C12823 — 812023313€i6 C23C13
or
1—2A° A AX3(p —in)
Vexku = - 1— 21X AN? +O(\h. (2.31)
AN (1 —p—in) —AN 1
The latter one is known as the Wolfenstein parametrization [33]. Two parametrizations
are related as
Vs Ve
S12 = A= ’ | s S93 — 14)\2 = —b s (232)
V| Vaal? + | Vs |? Vs
: AN (p+in)V1 — A2\
513" = V5 = AN} (p +1in) = (p+ i) (2.33)

V1= N2[1 — A204(p + i7)]

From these relations, one can obtain p +i7 = —(VuaVy5)/(VeaVey). Note that p and 77 are
defined as = p(1 — &) + O(\*) and 7 = n(1 — ) + O(\Y).
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Figure 1: An example of one-loop correction for the Higgs mass.

Although the SM can explain almost all of the experimental data, there are some
problems which should be solved in both of theoretical and experimental points of view.

We will list some of these problems below:

e Hierarchy problem [18]
As the gauge bosons get the masses by the Higgs mechanism, the Higgs boson also
gets the mass of order of its VEV, v. This scale is experimentally known as O(100)
GeV. In the SM, there are some quantum corrections which contribute to the Higgs
mass. These corrections are dominated by the top quark contributions because of
the largeness of the Yukawa coupling. Its size can be calculated by the loop diagram
in Fig. 1 as

3yt2 2
——A e 2.34
TN (2.34)

Am3, =
where y; is the Yukawa coupling of the top quark and A is the cutoff scale of
the theory. By considering these contributions, the Higgs mass is obtained by the
sum of its bare parameter m?,. . and Am?,. If one assume that the new physics
appears at higher scale, e.g. the GUT scale, than the weak scale, it needs huge

cancellation between m3, ... and Am7 in order to obtain the proper size of m#; ~

(O(100) GeV)?.

e Neutrino masses

In the SM, three left-handed neutrinos are all massless because there are no right-
handed neutrinos. However, it has been shown that neutrinos have a small but non-
zero masses in many neutrino oscillation experiments [3—16]. This is a clear evidence
for the physics beyond the SM. One of the famous solutions is to introduce the SM
singlet fermions as right-handed neutrinos. In this case, Majorana mass terms M;; in
addition to Yukawa couplings with the left-handed neutrinos can be introduced. If
M;; are much heavier than the weak scale, neutrino masses are suppressed by Migl,
and thus tiny masses for neutrinos can be obtained. This is known as the seesaw



m, =228 x 107 m,=1.2840.03 m; = 160.0113
mg = 4705 x 1073 m, =9.670% x 1072 my = 4.187503
me = 5.109989 x 10~ m,, = 0.10566 m, = 1.77686 4 0.00012

Table 2: The SM quarks and charged leptons masses in GeV [79]. We show the MS mass
for the quark masses and pole mass for the lepton masses. We omit the uncertainties of
me and m,,.

mechanism [84,85]. If one consider a GUT model, the right-handed neutrinos can

be naturally introduced in the model.

e Charge quantization

From Table 1, U(1)y charges of the SM particles are quantized. Accidentally, these
charges can cancel the gauge anomalies for U(1)y and U(1)3.. It is natural to
consider that there is some mechanism behind the theory. However, this charge

quantization cannot be explained in the SM. This quantization can be explained in

the GUT.

e The origin of Yukawa hierarchy

The current experimental values of the quark and lepton masses are quite hierar-
chical. For example, the masses of top, charm and up quark are O(100) GeV, O(1)
GeV and O(1) MeV, respectively. In addition, the down-type quarks and charged
leptons have different hierarchies and the neutrinos are almost degenerated. We
summarized the masses of the quarks and charged leptons in Table 2. However, the
Yukawa couplings of the SM Eq. (2.27) are just parameters and cannot be deter-
mined their values theoretically. Therefore, we must consider how we obtain this
variety of hierarchies. Many models which can solve Yukawa hierarchy problem are
proposed. Especially, in some SUSY GUT models, these hierarchies can be obtained

in the natural assumption.

e No dark matter candidates

There are no dark matter (DM) candidates in the SM particle contents. However,
many experiments show that the DM is needed in order to explain the observable.
Therefore, we should construct the models in which there are the DMs. In the SUSY
models, the lightest SUSY particles can be the DM if R-parity is conserved.

10
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Figure 2: An example of one-loop correction for the Higgs mass in the SUSY model.

3 Models beyond the SM

In the previous section, we showed some of the problems in the SM. These problems can
be solved by extending the SM. One of the most interesting and promising candidates for
the model beyond the SM is a SUSY GUT. In this section, we will introduce its features

and how we solve the SM problems.

3.1 Supersymmetry

The SUSY is the symmetry between bosons and fermions. There is a bosonic partner
for a fermion and vice versa. These new particles are called SUSY particles. One of the
important features in a SUSY model is cancellation of the quadratic divergence of quantum
corrections in the Higgs mass. Because of the contributions of the SUSY particles, one-
loop correction for the Higgs mass in the SUSY model can be obtained by calculating the

sum of the loop diagrams in Fig. 2 as

2

2 2 A 2 A
Am?3, ~ —?)ﬁ/\2 + 3&/\2 — %mtg In (—)] = —Bﬁmg In (—) ) (3.1)

8?2 82 472 m; 472 my

where mj; is the mass of the bosonic partners for the top quark, which is called stop. Note
that a stop-Higgs four point coupling is y? because of the SUSY. Therefore, A? correction
is canceled at one-loop level. This cancellation is caused by the difference of statistic
property between the fermion and scalar fermion (sfermion).

The quantum number of SUSY particle is the same as that of corresponding SM
particle. Moreover, SUSY particle and its partner have equal mass. Therefore, SUSY
should be broken at the low energy since there are no signals of the SUSY particles in
the experiments. This means that the Lagrangian for a SUSY model can be divided
into two parts: SUSY-conserving part and SUSY-breaking part. However, if one breaks
SUSY completely, the cancellation shown in Eq. (3.1) cannot occur. In order to maintain
this cancellation, SUSY should be broken softly. We will explain this breaking in the

framework of the minimal SUSY model.

11



3.1.1 Minimal Supersymmetric Standard Model

We will summarized the particle content for minimal SUSY SM (MSSM) in Table 3 (and
notation is defined here). In SUSY models, two Higgs doublets are needed because of

superfiled | scalar or vector fermion quantum number

Q Qi = (gﬁ) Qi = (Zi) (3,2,1)
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Table 3: Particle contents for the MSSM. The particles with tilde show the SUSY particles.
The quantum number is (SU(3)¢, SU(2), U(1)y).

two reasons: to write the Yukawa couplings and to cancel the gauge anomaly. Since
we consider the model by holomorphic function of superfield rather than Lagrangian,
which is called as superpotential, we cannot use the hermitian conjugation of the Higgs
superfield, #!. In addition, there are additional contributions to the gauge anomaly from
the superpartners of the Higgs bosons, called Higgsinos. Therefore, the additional Higgs
doublet whose U(1)y charge is opposite sign to the other one must be introduced.

In the MSSM, three gauge couplings of the SM are accidentally unified around 10%¢
GeV. This is because the beta-functions of the gauge couplings are modified because of the
SUSY particles. More explicitly, the coefficients of the beta-functions b; are modified from
(41/10,—19/6, —7) (the SM one) to (33/5,1, —3) (the MSSM one), which b; is defined as

dgi _ bz 93
dt 16727
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Figure 3: The SM gauge coupling running in both case of the MSSM (solid lines) and
the SM (dashed line). The input parameters are the gauge couplings at My scale [79]:

a1 (Mz)™! =59.04, ap(Mz)~! = 29.60 and az(Mz)~! = 8.47, where a; = %. We assume
that the SUSY contributions appear at 1 TeV.

where ¢t = In(u/Myz). We show the running of the SM gauge couplings in Fig. 3. Here,
solid and dashed lines are the running of the MSSM and SM, respectively. In this case,
the GUT scale at which three gauge couplings meet is about 10'® GeV. In this sense, the
SUSY model is compatible with GUTs.

Next, we will show the Lagrangian in SUSY models. Note that a Lagrangian is divided
by two parts as we mentioned above. The first part, SUSY conserving terms, is written

Lsusy = [K(®;, 7)), + (E Fan(D)WONP 4 W(cbi)} ot h.c.) : (3.3)

where K (®;, *) is Kahler potential, W (®;) is superpotential, f.;(®;) is a gauge kinetic
function and We is field-strength superfield.

From the first term in Eq. (3.3), we obtain the kinetic terms for matter fields and
D-terms defined as

1 *a
ﬁSUSY D) _5 ZDaDm Da = —3a ;((b T ¢) (34)

For the summation, a runs all gauge symmetry imposed in the model and ¢ runs all
scalar components lived in the model. g, and T are gauge coupling and generators of

each gauge symmetry, respectively. Importantly, this D-term contributes to the sfermion
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masses. These contributions are generated as
2
iy = 2 g, (o (3:5)

after some Higgs fields get VEV, (¢g). Note that q;é and ¢§,, are the charges of U(1) factor
for a scalar f and Higgs ¢y in the gauge symmetry, and therefore different U (1) charges
cause different contributions. In particular, if one considers the GUT model whose rank
of the gauge symmetry is larger than that of Ggy, for example SO(10) and Ejg, there
are non-vanishing D-term contributions which are usually flavor-independent and we can
obtain some signature of the GUT scenario from these contributions through scalar mass
relations [03-00]. However, these contributions become flavor-dependent ones when we
consider a model in which there are mixings of fields, like the mixing of 5 of SU(5) in the
Es GUT model. Their sizes are constrained by the FCNC processes [07,08] as we will
discuss in Sec. 5.

The Yukawa interactions are obtained from the superpotential. For the MSSM, the
superpotential is

Wiissm = €ab [(YU)U QiH Uy — (Ya)i; Qi HaDs — (Yo)is LiHaEs + HyHg |, (3.6)

where €15 = 4+1. Note that p is the Higgsino mass parameter.
The second part of the Lagrangian is written by softly SUSY-breaking terms:

Lok = —% (M3g§ + MyWW + MBB + h.c.)
(( )i Qi Hy — (A)yQidy ;Hy — (A)isLiSh  Hy + h-C->
= (m ) QIQ; - (m )  URURj — (m?z)w dpidr;
—(mf),, LIL; — (m?),, &hien;
—m%, H2H, —m%, H;Hy — (bH,Hy +h.c.), (3.7)

where M; (i = 1,2,3) is the gaugino mass, (Af);; (f = u,d,e) is the 3 x 3 scalar cubic
matrix and (mj);; is the 3 x 3 sfermion mass squared matrix. m3;,, my, and b are
the squared mass terms which contribute to the Higgs potential. Therefore, the Higgs
potential in the MSSM becomes

Vir = (lul? +mi, )(H, P+ 1H ) + (ul? +mi,) ((Hg” + [Hy )
+ [b(H}H; — HJHY) + h.c.] (3.8)

1 1 * %
g0+ ) (HOP o+ [HP = [HP = |Hy )"+ sl B HY + HUHG P,
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together with the terms from Eq. (3.6). Similar to the SM, the VEVs of the Higgs doublets

can be
0 Vd

by the SU(2), symmetry. Note that the relation between these VEVs and the SM Higgs

VEV v is v2 + v% = v?, and the ratio of v, and vy can be defined as
tan 8 = Yu (3.10)

The stationary conditions from Eq. (3.8), which are 0V /OHY = 0 = 0Vy /OHJ?, lead to

2b
sin(20) = , 3.11
) AP )
[miy, — mi,|
Mz = d —my, —my, — 2|pl (3.12)

1 —sin?(208)

In the MSSM, there are two complex Higgs doublets as we explained above. Therefore,
after breaking SU(2), x U(1l)y — U(1)em, five physical modes exist: 2 CP-even neutral
scalars (h and H), 1 CP-odd neutral scalar (A°) and charged scalars (H*). The masses

for these modes are

m%o :2|u|2+m%[u —|—m§{d, (3.13)

1 .
Mo o = 3 (mio + Mz F \/ (m% — M2)% + 4M2Zm?, sm2(25)) , (3.14)
mye =m0 + miy. (3.15)

Note that the lighter mode h° is regarded as the SM Higgs boson. Therefore, these masses

cause the following undesired relation at tree-level:
mpo < Mz|cos(20)]. (3.16)

Therefore, large contributions to the Higgs mass from the quantum corrections are needed

to achieve the observed Higgs mass.

2Because of the SU(2)1, gauge transformations, we can take H; = 0 at the minimum of the potential,
without loss of generality. This means that Vg /OH, = 0 leads to the result H; = 0. Equations (3.11)
and (3.12) are obtained by using Hf = 0= H; .
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3.1.2 Problems in the MSSM

Although some problems in the SM are solved by extending a model with SUSY, new

problems are caused by this extension. We will summarize main problems below:

e s-problem [20)]
In the Higgs sector of the Lagrangian for MSSM, four dimension-full parameters
exist. One of them is Higgsino mass parameter, y. Since this is a SUSY-conserving
parameter, the size is thought to be order of cutoff scale, A > Agw. On the other
hand, since the VEV of the SM Higgs boson is O(100) GeV, the size of ;1 must be
the same order unless there is no miracle cancellation between parameters. This

problem about the size of pu is called the u-problem.

e SUSY FCNC problem

In the MSSM, there are a lot of new parameters which are not in the SM in order to
break SUSY softly. However, these parameters can cause flavor-changing processes.
This is because the scalar cubic couplings and soft sfermions masses are 3 x 3
matrix and the off-diagonal element is not suppressed in general. Even if the off-
diagonal elements are absent, non-zero off-diagonal elements are obtained when one
takes a basis, called as super-CKM basis, in which the quarks and leptons are mass
eigenstates. These off-diagonal elements are constrained by the FCNC processes
and should be small to satisfy the experimental bounds. However, this smallness of
the off-diagonal elements cannot be explained in the MSSM. This problem is called
the SUSY FCNC problem.

e SUSY CP problem

As same as the SUSY FCNC problem, there are a lot of new phases in the Lagrangian
for MSSM since the new parameters of MSSM are generally complex. Therefore,
there are CP-violating phases which are constrained by the CP-violating observables.
Examples of such a observable are electric dipole moments (EDMs) and CEDMs.
These observables show that some of the phases of new parameters are needed to be
small for satisfying the experimental bounds. Similar to the SUSY FCNC problem,
these smallness of the phases cannot be explained in the MSSM. This problem is
called the SUSY CP problem.

3.2 Grand Unified Theory

Another interesting candidate for the model beyond the SM is a GUT. This predicts two
types of unification. One is the unification of gauge interactions, and another one is the

unification of matter fields.
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In GUT models, we consider the gauge group whose rank is larger than or equal to
the rank of Ggy. In addition, we choose the group which has complex representations.
In this thesis, we focus on SU(5), SO(10) and FEg as examples of such a group. In this
subsection, we review the general properties of the SU(5) GUT. We will introduce SO(10)
and Fg GUT in the next subsection as a context of the SUSY GUT model.

3.2.1 Properties of SU(5) GUT

SU(5) is the smallest group for GUT models and it is useful to know its features in
discussing other GUT theories. First of all, we introduce basic properties of SU(5) algebra.
The rank of SU(5) is 4 which is the same as that of the SM gauge group. Therefore, one
has to keep the rank when the SU(5) symmetry is broken. This can be realized by a
VEV of the adjoint Higgs, 244. If (244) is proportional to diag(2,2,2,—3,—3)v, a
proper symmetry breaking SU(5) — SU(3) x SU(2) x U(1) is realized. This fact can be
understood by considering the generators of SU(5). In SU(5), there are 24 generators
denoted as T4. Some of these generators are remaining unbroken after symmetry breaking.

By checking whether a commutator [T, (24 4)] is zero, the remaining generators are®

1y
T = <2A 03“) , (a=1,---,8) (3.17)

02x3 02x2

Osx3 0
TS = < 53 f’“) : (a=1,2,3) (3.18)

Ogx3 50

—1x1 0
T, :\/g 3 X 13x3 1 3x2 _ \/gTy, (3.19)
i) O2x3 5 X laxo o

Therefore, T§ and Ty are corresponding to the generators of the SU(3)c and SU(2),
respectively. Ty can be regarded as the generator of U(1)y.

By using Egs. (3.17), (3.18) and (3.19), decompositions of some representations of
SU(5) can be obtained as follows:

5 - (31,—2)+ (1,22 (3.20)
) ) 3 ) ’2 ) *

_ _ 1 1

5 — (3,1,§)+(1,2,—§), (3.21)

3T$ and Ty are obtained by linear combination of two of Cartan matrices, H;. These are Hz =
;%diag(l, 1,1,-3,0) and Hy = ﬁdiag(l, 1,1,1,—4). By using these Cartan matrices, one can obtain

the following generators: Ty = —i(\/éH?) —+V10H,) and Ty = —%(\/ 10H3 + 6 Hy).
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1 _ 2
10 — (3,2, 6) + (3,1, —§> +(1,1,1), (3.22)

24 — (1,1,0)+(1,3,0) + (8,1,0) + (3,2,—%) + (3,2,§) , (3.23)
where the number in each parenthesis shows the quantum number as (SU(3), SU(2), U(1)).
Therefore, 5 and 10 can be used as the matter fields, and the SM matter fields are par-
tially unified as d%, L — 5 and Q,u%,e% — 10. Interestingly, the proper hypercharges
of the SM fields are automatically obtained (see Table 1). Therefore, the charge quanti-
zation can be explained in the SU(5) GUT. From here, we denote 5; and 10; as matter
fields. ¢ = 1,2,3 is a index of the generation. The remaining SM fields are the gauge
and Higgs bosons. We can unify the SM gauge bosons into 24 with new bosons whose
charges are (3, 2, —%) and (3, 2, %) which are known as X and Y bosons. These new
fields are one of the predictions of the SU(5) GUT scenario. The Higgs doublet lives in 5
with new color-triplet scalar field, denoted as Hy whose quantum number is (3, 1, —%)
In this thesis, we denote 24¢ and 5y as gauge boson field and Higgs field in SU(5) GUT,
respectively.
As we mentioned above, we should introduce another new field 24 as an additional
Higgs to break SU(5) to Gsu. Its VEV is

(24,) = 2 V4, (3.24)
—3
—3

where vy is SU(5) breaking scale. This VEV can be obtained by computing the minima

of a scalar potential for 244, which is written as
Vi = —|m?tr [243] + Ay (br [243])7 + Agtr [244] . (3.25)

Here, we assume Z, parity for the 24,4. Since 24 is an hermitian matrix in special

unitary group, (24,4) can be diagonalized by proper SU(5) transformation. Because of
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the condition of the traceless, (24 4) can be

a1
ag

5
(24,) = as .Y a;=0. (3.26)
ay =1

as

For the VEV calculation, one should compute the local minimum of Vy,

5 5 2 5 5
Valvev = —]mZAIZa?%—M (Z af) +)\22a? —/sZai, (3.27)
i=1 i=1 i=1 i=1

where x is a Lagrange multiplier. Therefore, one obtain the following conditions:

OValvev
8ai

OValvey °
CHANEY _ g, =0,
Ok ; “

5
= —2|m3|a; + 4\1a; Za? + 400} — K =0,
7=l (3.28)

Equation 3.28 leads to the solution in which the potential is minimized when a; = ay =
a3 = 2 and a4 = a5 = —3. As a result, the solution for SU(5) — Ggy can be obtained

When
2 ) 1 30 2 .

and v4 in Eq. (3.25) is

2|m3|

- 3.30
30A1 + TAs (3:30)

vh =

In order to write down Yukawa interactions for the SU(5) GUT, one must know

irreducible decompositions of the multiple for 10 x 10 and 10 x 5:

10 x 10 =5 + 45 + 50, (3.31)
10 x 5 =5+ 45. (3.32)

Therefore, Yukawa interactions for the SU(5) GUT is obtained by

£Y - (YU)U]_OZ]_OJSH + (Y’d@)i]’loigjgj{. (333)
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From this, the hierarchies of Yukawa interactions are explained by an assumption that 10
fields have stronger hierarchy than 5 fields. Moreover, if one introduces SU(5) singlet fields

1; as right-handed neutrinos, extra Yukawa couplings for the neutrinos can be written as

where (M,,);; is the Majorana mass matrix. When (M,,);; > My, right-handed neutri-

nos 1; are integrated out and the neutrino Yukawa couplings are obtained as
~ (Y, M,)Y,) . 55,5150 (3.35)

From the above assumption, it is understood that the hierarchy of neutrino masses is the
weakest. Therefore, not only tiny but also almost degenerated masses for neutrinos can
be explained. Note that extra singlets considered here is naturally introduced in SO(10)
GUTs.

In SU(5) GUT, gauge coupling unification is predicted: three gauge couplings in the

SM are unified into one gauge coupling, gs, as like

5
\/;g’ = g2 = g3 = gs. (3.36)

Note that the relation between ¢’ and g5 is determined by Eq. (3.19):

3 5
9511 = 95\/;TY =4dTy = g5= \/;9/ (3.37)

after SU(5) breaking. Since SU(2), SU(3) and SU(5) are the same normalization, rela-
tions between the gauge couplings are go = g3 = g5. In fact, the gauge coupling unification

is not realized in a non-SUSY minimal model as shown in Fig. 3 (dashed lines).

3.2.2 Problems in SU(5) GUT

Although the SU(5) GUT is the interesting extension of the SM, there are some problems

which should be solved. We will list some of these below:

e Unification of the Yukawa couplings for down-type quarks and charged leptons
From Eq. (3.33), an interesting relation at the GUT scale, Y; = Y.I| is obtained.
This is one of predictions of the SU(5) GUT. This relation leads to the following

relations at the low energy because of the renormalization group equation (RGE)
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effects:
3me ~ mg, 3m, ~mg, 3m; > my. (3.38)

However, current experimental observables show the different relations, 9m, ~ mg.
m, ~ Mg 3m; ~ my. There are some methods to avoid undesired relation
Eq. (3.38). The examples are to introduce the extra Higgs fields and extra matter
fields.

Proton decay [19,30]

In the SU(5) GUT, there are new particles which couple both of the quarks and
leptons. These are X, Y bosons and the color-triplet Higgs Hp. These particles
cause the proton decay at the tree-level. On the other hand, the current bound of
the proton lifetime 7, is very long (for p — er mode, 7, > 8.2 10** years [79]). This
bound implies that the masses of new gauge bosons are needed to be larger than
the GUT scale, Agur. However, the mass of X (Y') boson is generated by the VEV
of 24, in a similar way to the Higgs mechanism in the SM, so that mxy) ~ Agur
and the bound of the proton lifetime is not satisfied. The lower bound for mass of
Hy is weaker than that for masses of X and Y bosons since the decay width of the
proton decay induced by Hr is evaluated by the Yukawa couplings rather than the
gauge coupling. However, its bound is much higher than the weak scale. Therefore,
the bound from the proton lifetime is one of the strong constraints for SU(5) GUT

models.

Doublet-triplet splitting (DTS) problem (see [37] for a review)
The Higgs potential related to 55 can be written as

Vs = m2, [5ul” + [Xs, [(1541%)° + al5ul’tr [24%] + 85},24%5,, (3.39)

where o and 8 are the couplings between 55 and 24 4. By substituting (244) in
Eq. (3.24), the masses of Hy and the SM Higgs doublet are

my, =mz, + (30a + 453) v}, (3.40)
mi; =mz, + (30a + 9p) v3. (3.41)

For the proton lifetime, my, must be much larger than the weak scale, while my
should be O(100) GeV because of the observed Higgs mass, 125 GeV. Therefore,
there is a fine-tuning between m3,_ and m# to realize both of the values. This

fine-tuning is known as the doublet-triplet splitting (DTS) problem.
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3.3 SUSY GUT models

The supersymmetric extension of the GUT models can be straightforwardly done. One of
the interesting features is the realization of gauge coupling unification as shown in Fig. 3.
In this subsection, we will introduce the SO(10) and Es SUSY GUT and focus on the

method for obtaining the realistic Yukawa couplings.

3.3.1 SO(10) SUSY GUT

In SO(10) GUTs, one can construct models with less number of fields since the rep-
resentations of SU(5) are unified. Low-dimensional representations of SO(10) are 10
(vector), 16 (spinor) and 45 (adjoint), and the decompositions of these fields under
SO(10) — SU(5) x U(1)y are

10 - 5_9 + 52,
16 — 10, + 5_5 + 1s, (3.42)
45 — 244+ 10_4 —|—]__04 + 1.

Interestingly, the matter fields of SU(5), 10; and 5;, can be unified into one spinor field,
16; in SO(10) GUT models. In addition, since 16; has a singlet of SU(5) which is the
SM singlet, right-handed neutrinos are naturally introduced. These are the features of
the SO(10) GUT. In SUSY GUT models, two Higgs doublets H, and H,; belong to 5y
and 55 of SU(5). Therefore, from Eq. (3.42), these two Higgs doublets can be unified
in one 10y of SO(10). Clearly, the gauge boson field 24 in SU(5) GUT are in 454 of
SO(10). The other Higgs field in SU(5) GUT 244 can be embedded in 45 4.

Since the rank of SO(10) is 5, an extra Higgs fields are needed. For this reason,
165 and 16y are introduced to break SO(10) to SU(5). Therefore, a minimal model in
SO(10) GUT has three 16; as the matter fields, 45 as the gauge field and 10y, 164,
164 and 45,4 as Higgs fields.

In the minimal model, Yukawa interactions can be written as
Wrukawa = Yi;16;16,104, (3.43)

where 7,7 = 1,2, 3 are the indices for the generations. Because of the matter unification,
the Yukawa couplings are also unified, and in the SO(10) GUT case, the following relation
are obtained at the GUT scale:

Y,=Y; =Yl =Y,

vp:*

(3.44)
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Here, Y, is a Yukawa interaction for Dirac neutrinos. This relation is an attractive
hypothesis, although this cannot realize the observed fermion masses.

The Yukawa relation Eq. (3.44) can be avoided by introducing extra fields as a matter.
In the SO(10) GUT, one can use 10 fields as the extra matter field. In this case, the

extra Yukawa couplings and mass term for 10 are
We = Y/16;1016 + M1010 10. (3.45)

After the symmetry breaking SO(10) — SU(5) by the VEV of the SM singlet in 16,
matter fields in 16; and 10 mix with each other. Since 10 is decomposed to 5 + 5 in
SU(5), only 5 fields mix. To see this explicitly, we will write down the mass matrix for
the down-type quarks as an example. After breaking the symmetry, the mass matrix for
the down-type quarks becomes 4 x 4 matrix:

—— =\ (Vg Yi(1g)\ [d'?
[ — ( (16) (10)) ij i Li | 3.46
d dr; dg 0 My d(Llo) (3.46)

where d(;(«s};)i and d(Ll((}__)i) are the down-type quarks from 16, and 10, respectively. 1g in

Eq. (3.46) is coming from 16y and its VEV breaks SO(10) to SU(5). It is clear that
d(Ll(%i and d(Ll(% mix with each other when SO(10) is broken. Therefore, the mass of one
linear combination of d(Ll(%i and d(Ll(% is order of Mo (or (1)) which is expected to be
superheavy, and the other three linear combinations have small masses (O(vq)). These
modes are defined by the mixing matrices which diagonalize the 4 x 4 mass matrix in
Eq. (3.46). Important point is that the down-type Yukawa couplings Yy are obtained by
multiplying these mixing matrix to Yj;. There is similar mixing in the charged lepton
sector, while up-type quark does not mix, Y, ~ Y;;. In addition, if one consider the
effects of higher-dimensional operators to Yukawa couplings, unrealistic Yukawa relation
Eq. (3.44) can be avoided and it is able to obtain the realistic Yukawa couplings which

can realize the observed fermion masses. More detailed discussion is applied in Sec. 4.

3.3.2 Es SUSY GUT

E¢ GUT models have interesting features. Its fundamental representation, 27, is decom-

posed as
27 =(10,1,1) + (5,1, -3) + (1,1,5) + (5, -2, —2) + (5', —2,2) + (1',4,0) (3.47)

in B D SU(5) x U(1)ys x U(1)y notation. (5,—2,2) from 10 of SO(10) plays an

important role in obtaining realistic mass hierarchy and mixings of the SM, as we explained
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in Sec. 3.3.1. From the Fjy algebra, Ejg singlet can be constructed by the product of three
27s. Therefore, Higgs field is introduced as 274 in Eg GUT models and the Yukawa

interactions are

However, another Higgs field 27+ is needed to break Fg — Ggy because the rank of Fg

is 6. Thus, the Yukawa interactions become the sum of the two Yukawa terms:
Wy =Y, 127,27,274 + VS 27,27,27. (3.49)

Note that we assume that 274 and 27 breaks Eg — SO(10) and SO(10) — SU(5)
respectively. Therefore, 1¢ € 274 and 16 € 27+ get non-zero VEVs. More interestingly,
in the g GUT, the assumption that 10 field has stronger hierarchy than 5 of SU(5) is
obtained by the mixing of 5 fields and by assuming the hierarchy of Y;;P’C. From Eq. (3.47),
three generations of 27 have six 5s of SU(5), and the SM modes are obtained as the light
modes of the mixing of these 5 fields. On the other hand, there are three 10s of SU(5) in
three generations of 27. Therefore, all 10 fields are regarded as the SM modes, and we
expect that Y;?’C have the hierarchical structures which realize the up-type quark mass

hierarchy. For this reason, we assume

PUND U
VI~YS~ [N A A2 (3.50)
A2

where A = 0.22. Because of the VEVs of 274 and 27, Yukawa matrix for 5-5 sector

becomes
5 5, 5, 5 5y B3
51 )\6 /\5 )\3 )\6—0—7" )\5+r )\3+r
52 )\5 )\4 )\2 )\5+r )\4—1—7“ )\2+r 7 (351)
53 /\3 /\2 1 )\3+r >\2+r "

where A" = (16¢)/(1lg) and 0 < r < 1 because of (16¢) < (lg). From this matrix,
roughly speaking, 55, 55 and 53 become superheavy with 5; fields. If r = 0.5, the realistic

down-type Yukawa hierarchy is obtained as

/\6 )\5.5 )\5
1 ZEN DLEDCLEDCH I (3.52)
/\3 )\2.5 )\2
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and the SM modes denoted as 59 become
(57,55,55) ~ (51,51, 5,). (3.53)

Therefore, in Eg GUTs, the assumption Eq. (3.51) and the ratio of VEVs, A\%?) lead to
realistic mass hierarchy for the SM fermions. If one considers Eg GUT with anomalous
U(1) 4 gauge symmetry which is considered in Sec. 5, the hierarchy in Eq. (3.51) is obtained
by the charge assignment of U(1) 4.
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4 Flavor physics induced by 7' from SO(10) SUSY
GUT model

In this section, we will show predictions of a realistic SO(10) SUSY GUT model. As we
mentioned above, some methods to avoid the unrealistic relation Eq. (3.44) are needed
in SO(10) GUT models. In this thesis, we adopt the method that extra matter fields are
introduced and some of the SM modes are obtained by linear combinations of the matter
fields [27,28].

We assume that SO(10) is broken to Ggy x U(1)" at the GUT scale by SO(10)-adjoint
chiral superfields, 45 and 45’, and U(1)" symmetry is broken around 100 TeV by an extra
Higgs fields, 16 and 16. In this model, the SUSY-breaking scale is also O(100) TeV
to achieve the 125 GeV Higgs mass [38-90], if the SUSY spectrum is not unique [97-100].
On the other hand, the gaugino masses (and Higgsino masses) are small to be around 1
TeV because of the gauge coupling unification. Therefore, there are three scales in this

model, the U(1)" breaking scale, gaugino mass scale and weak scale.

4.1 Setup
4.1.1 Requirements for the realistic Yukawa couplings

As we explained in Sec. 3.3.1, the matter superfields belong to the 16 representation, and
the Yukawa couplings in the minimal SO(10) SUSY GUT are described by one 3 x 3

matrix, h;:
Winin = h;;16,16;104, (4.1)

where 10y is the chiral superfield for the Higgs. In addition to 16,, three 10-representational
chiral superfields, 10;, are introduced as matter fields [27, 28]. Therefore, additional

Yukawa couplings and mass terms for 10; can be written as
Wex = 6i;16;10,16 5 + 11104;10;10;. (4.2)

Note that 16 is an extra Higgs field to break the remaining U(1)" symmetry, and p-term
is just omitted. In order to sketch the idea, let me focus on the down-type quark sector.
Because of the decompotisions in Eq. (3.42), there are two kinds of down-type quarks in
this setup. We denote these as d(Llf;% ; and d%g_%i which are originated from the 16; and

10;, respectively. As a result, we find the 6 x 6 mass matrix for the down-type quarks as

26



follow:

—5 —on\ [(Piva gis(La) [dVY
Lo=— (a7 dgg>)( o b ] (43)

H10ij Lj

where vy denotes the nonzero VEV of the down-type Higgs doublet and 14 is the scalar
component of the SM singlet in 16. As seen in Eq. (4.3), d§16) and dﬁ“’) mix with each
other once 14 gets VEV. Therefore, the lightest modes for linear combinations of d£16)
and dl(lo) can be interpreted as the SM down-type quarks. Note that at the same time,
U(1)" is broken spontaneously.

We define the mixing of the right-handed down-type quarks as

dri) _ oy dy?\ Uk (AU [dy?) 44
H _( d)w (10) | — AU ~rd (10) | » ( : )
dRi de ( Ud)ij (Ulo)ij de
where dr and df are the right-handed SM quarks and extra heavy quarks, respectively.

Ug is a 6 x 6 unitary matrix, and Ufl&w and AUC(/) are 3 X 3 matrices. Because of the

unitarity of Uy, these 3 x 3 matrices satisfy the following conditions:

(U (Uis)3 + (AU2)ir (AU, = 645, (4.5)
(U) i (AUY G + (AU (Ufh) 3 = 0, (4.6)
(AU (AU 5 + (U) i (Uh) 5 = 655 (4.7)

Uy is fixed by the parameters in the Wiy, following Eqs. (4.3) and (4.4). In this section,
we simply focus on the mixing in the limit that h;;v; are much smaller than g;;(1s) and
ft10i;- In this case, the left-handed SM quarks dr; are given by d(Ll?). Thus, in order
to diagonalize the mass matrix for down-type quarks in Eq. (4.3), there are additional

conditions for the elements of mixing matrix:

A

(Uis)irgri(Le) + (AUs)irtnor; = 0. (4.8)

As a result, the Yukawa couplings for the SM down-type quarks, h¢

i, 1s obtained by

using the Uf% parameters as
hes = (Uf)inha;. (4.9)

hi; is the Yukawa couplings in the minimal case (Eq. (4.1)) and it is expected to explain
the up-type SM quark mass matrix because the up-type quarks are belonging to 10 of

SU(5) and there are no mixing with the additional matter fields. Therefore, one can use
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Uldﬁ to realize the mass hierarchy between the up-type and down-type quarks. However,
since the relation in Eq. (4.5) means that the elements of lA]1d6 cannot be larger than 1,
it is difficult to obtain the realistic hierarchy. In order to achieve it in this setup, one
can introduce higher-dimensional operators involving 455 and 45'; fields, as discussed in
Ref. [27]. Thus, Eq. (4.9) can be modified as

hiy = (Uie)u(hiyy + € cily), (4.10)

where h}; are the Yukawa couplings for the up-type SM quarks and slightly deviated from
hi; by the higher-dimensional operators. e is the suppression factor from the ratio between
the VEVs of 455 and 45, and the unknown cutoff scale at which the higher-dimensional
operators are appeared. c;-ij are the free parameters in our model and assumed to be O(1).

Since the lepton doublets also belong to 5 of SU(5), the similar relation of the Yukawa
couplings are obtained in the same manner. The Yukawa couplings for the charged lepton

are
hfj - (Ulz(s)ik(hz]‘ + Ecij% (4.11)

where UY; is the 3 x 3 matrix which is defined as

i) _ GO\ Oy (AU (6 112
Li Lj ( Uﬁ)ij (Ulo)ij Lj
Therefore, the realistic Yukawa couplings are achieved by Uldéé and c?f.

The up-type quark Yukawa couplings ;j; can be diagonalized without loss of generality

and therefore we can write it as

u

u m;
hijy = E(Sija (4.13)

where v, is the VEV of the up-type Higgs doublet and m} are the up-type quark masses.
In this case, the Yukawa couplings Egs. (4.10) and (4.11) can be described as

mf * - my

iy =~ Vaans = (Uie)in (U—’“ Orj +ec§jj) , (4.14)
mf * 2 my

hij = v (Vi)ji = (Ut )in (U—k Orj + 66@) ; (4.15)

where mlf (f =d,{) are the SM fermion masses and Voky is the CKM matrix. Vg is the

unitary matrix and identical to Voky in the SU(5) limit.
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Me 0.5110 MeV [17] A 0.225437000032 [101]

m, 105.7 MeV [17] A 0.822770:0958 [101]

m, 1.777 GeV [17] D 0.1504100025 [101]
mq(2 GeV) 4.8%05 MeV [17] 7 0.3540%0:00% [101]
ms(2 GeV) 95+5 MeV [17] My 91.1876(21) GeV [17]
my(my) 4.1840.03 GeV [17] My, 80.385(15) GeV [17]

(2 GeV) 27.541.0 [17] sin? Oy 0.23126(5) [17]
me(me) 1.27540.025 GeV [17] Gp | 1.1663787(6)x 107> GeV~2 [17]

my 173.2140.51 £ 0.71 GeV [17] a 1/137.036 [17]

oy (My) 0.1193(16) [17]

Table 4: The input parameters used in our analysis. The CKM matrix, Vokw, is written
in terms of A\, A, p and 77 [17].

Note that hff in Egs. (4.10) and (4.11) are generated after integrating out the heavy
modes around the U(1)’ breaking scale. Therefore, we must consider the RGE corrections
from the U(1)" breaking scale (O(100) TeV) to the low energy scale (M) in order to
compare the predictions with the quark and lepton masses and mixing observed at low
energy scale.

We obtain the realistic Yukawa couplings at the U(1)’ breaking scale as follow. First,
we calculate the Yukawa couplings at the My scale from the central values of the ex-
perimental measurements summarized in Table 4. In this stage, Mathematica package
RunDec [102] are used to evaluate the running quark masses. Lepton pole masses are
translated to MS running masses at the My scale, following Ref. [103]. Next, we evolve
the Yukawa couplings at the My scale into the ones at 1 TeV by using the SM RGE run-
ning at the two-loop level [103]. Here, we assume that all gaugino masses reside around
1 TeV. Then, we convert the MS scheme into the DR scheme at 1 TeV according to
Ref. [104]. Finally, we obtain the Yukawa couplings at 100 TeV from the ones at 1 TeV
by the RGE running including the gaugino contributions. As a result, we obtain the SM

fermion masses and CKM matrix at 100 TeV as

(m¥) = (8.4 x 107*GeV, 0.43GeV, 1.2 x 10> GeV),
(m?) = (1.9 x 1073 GeV, 3.8 x 1072 GeV, 1.9GeV), (4.16)
(mf) = (5.0 x 107*GeV, 0.11 GeV, 1.8 GeV),
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and

9.7 x 1071 2.3x 107! 1.5 x 1072 — 3.6 x 1072
Verm = | =23 x 1071 — 1.6 x 107% 9.7 x 1071 4.4 % 1072
85x 1073 —-35x107% —43x1072—-82x 1074 1.0
(4.17)

Note that the fermion masses at 100 TeV in Eq. (4.16) are obtained by just multiplying
the running Yukawa couplings by the Higgs VEV v = 174 GeV and we use tan 8 = 3 for
Egs. (4.16) and (4.17). h{j at 100 TeV are given by Eqgs. (4.13), (4.14) and (4.15), taking
tan 3 into account.

Before discussing the Z’ couplings, we would like to mention about the neutrino masses.
In the SO(10) GUT, because of the matter unification including right-handed neutrinos
which are regarded as 1 of SU(5), Yukawa couplings for the neutrinos can be also written
by h;; in Eq. (4.1). Unfortunately, tiny neutrino masses and large mixing cannot be
realized from this Yukawa couplings. In order to obtain these tiny masses, we usually
consider a seesaw mechanism [841,85]. However, in this model, U(1)" remains up to the
SUSY-breaking scale (O(100) TeV), so that the Majorana mass terms which is M;;1,1;
are forbidden by the U(1)" symmetry and thus, we could not use the conventional seesaw
mechanism.

Here, we can use another mechanism for the neutrino masses, according to the inverted
hierarchy [105-107]. We introduce three SO(10) singlet fields denoted as S;. Therefore,

we can write Yukawa couplings in addition to Eqgs. (4.1) and (4.2) as
Waqa = fij16i1_6HSj + N1616HEH + NHlOHloH + ,uSijSiSj. (4.18)

Here, we assume that u4 and pugy are around the SUSY-breaking scale and pg is much
smaller than 116 and pug*. In one generation of matter fields of this model, there is four

neutral particles which belongs to following multiplets:

SU®G)  SO(10)
W9 c10, e,

vi9 en, €16, (4.19)
v es el
W9 e B € 10,

in addition to S;. After the EW symmetry breaking, the mass matrix for these neutral

4The hierarchy between g and the other mass parameters can be explained by assigning the global
U(1)pq symmetry [108,109] and introducing the other SO(10) singlet fields.
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particles is given from Egs. (4.1), (4.2) and (4.18) as

0 hijvu 0 gij<1q>> 0
1

hijvy, 0 0 0 fii(1a)
M, = 0 0 0 1045 0 , (4.20)
9ij{1a) 0 104 0 0
0 fz'j<ifl>> 0 0 KS,ij

where this matrix is in the basis of (ng ), Vg?), Vgio ),V&O ),Si), and (1) is the VEV of
the scalar component of the SM singlet in 165. Therefore, the neutrino mass matrix is

obtained as

2
-1 -1 Yu

L (Y 421

(mu)z] (hf ,LLSf h)” (<1(D>) ) ( )

following Refs. [105-107]. By assuming that h and f are O(1), (1) = O(100) TeV,

v, = O(100) GeV and ps = O(1) MeV, the neutrino masses becomes O(1) eV and
the masses of other neutral particles are around the SUSY-breaking scale. Therefore,
the realistic mass spectrum for the neutrinos can be obtained in this model. We expect
that the other observables in neutrino sector can be obtained since there are enough
parameters to fit it. We do not consider the neutrino masses and mixing further because

our arguments are independent of the neutrino sector.

4.1.2 Flavor-violating Z' couplings

As shown in Egs. (4.4) and (4.12), the SM right-handed down-type quarks and left-handed
leptons are given by the linear combinations of the parts of 16, and 10; in this setup.
Important point is that 5 fields from 10 and 16 have different U(1)" charges, as like in
Eq. (3.42):

10 — 59 + 5_2, (422)
16 —» 10_; + 53 + 1,5, (423)

where subscripts show the U(1)" charges. Therefore, after the U(1)" symmetry breaking

and mixing of the 5 fields, Z’ interactions become flavor-violating as follows. Before the
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U(1) symmetry breaking, the Z’ interactions are”

Lo = g2, (30409 — 26000 — 3a 0l 42 a0l

—QIN" Qi+ Uy s + i elpi) (4.24)
where ()}, v}, and €}, are the flavor eigenstates of the left-handed quarks, right-handed
up-type quarks and right-handed charged leptons, respectively. Once 14 gets VEV, the
field mixings Eqs. (4.4) and (4.12) are induced. Thus, the Z’ interactions with the SM
modes become

Ly =g2Z, (Al il — Adry"dr; — Q" Qi + Triv"up: + egiver:) ,  (4.25)

where );, ur; and eg; are the mass eigenstates of the left-handed quarks, right-handed
up-type quarks and right-handed charged leptons, respectively. Note that ZZL is not the
mass eigenstate. We will mention the mixing of Z’ below. Afj?l are the flavor-violating

couplings and defined as
Azc'lj = 5(Ufl6)ik(UIdG>;k - 25@']’7 Afj = 5<[7f6):k(01£6)jk - 25ij- (4-26)

Note that the unitary condition Eq. (4.5) is used. Figures 4 and 5 show our predictions
for the flavor-violating couplings, A%,, A% A, and A¢. For these predictions, we use
tan § = 3 and the SM fermion masses and CKM matrix at 100 TeV in Egs. (4.16) and
(4.17). The red (blue) points correspond to arbitrary complex values of ecglj satisfying
lec,| <1072 (Jecs] <1073).

Note that we found that the SM mode for the down quark dg; are mainly coming
from 10;s of SO(10) since the prediction that A%, ~ —2 obtained from the left panel
of Fig. 4 leads to |(U%)y|> < 1. This is because (1, 1)-element of the contributions
of higher-dimensional operators v,ecd, is larger than the up quark mass. Therefore,
(Ufﬁ)n should be small in order to obtain the down quark mass because of the relation in
Eq. (4.14). Roughly speaking, (U%)12 and (Ug),s are also suppressed by ma(Viica)21/me
and mq(Vixa)s1/me, respectively. From Figs. 4 and 5, on the other hand, the strange
and bottom quarks seem to consist of both of 16, and 10;, depending on the size of the
coefficients of higher-dimensional operators.

Equation 4.14 says that (U{iée))ij is proportional to the down-type quark (charged
lepton) mass of i-th generation. This leads to A?f x mf’em?’e (1 # j) from Eq. (4.26), so

that flavor-violating couplings involving 3rd generation, especially (2, 3)-element, tend to

5Since the right-handed fields are embedded in the GUT multiplets as the charge conjugation fields,
there is additional minus sign for their U(1)" charges.
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Figure 4: Our predictions for A4, (left) and A%, (right) [28]. The coefficients of higher-
dimensional operators satisfy |ecf;| < 107 (red) and |ecf;] < 1073 (blue).
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Figure 5:  Our predictions for A%, (left) and A% (right) [23]. The coefficients of higher-
dimensional operators satisfy |ecf;| < 107% (red) and |ecf;] <107 (blue).

be large in this model. This is one of our predictions. By using the expressions of Uldée
from Eqgs. (4.14) and (4.15), A;if are obtained by the observables and model parameters,

€ cff. When ¢ is small, the approximate expressions for the flavor-violating couplings are

d,d d o d i

Re(Afd) ~ 5tan25md—mSQ A, Im(Afd) N 5tan25md—m$2 T (Uu6012) 7
d d u
|’Uu€ Cul |’Uue Cll‘ myg

d pnd dx
mgm Uy€C
Al ~ 5tan?f—21-0 < - 12) AN

2 u
vy ey | me

dd dd dx
Re(Af) ~ 5tabr12ﬁM M2, Im(AL) ~ 5tan’B KL (vue 012> AN} (4.27)

(my)? |v,e 0‘111‘2 me
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where A and A are the parameters for the CKM matrix in the Wolfenstein parametrization
. . . . [ . .
[83]. In the SU(5) limit, the approximate expressions for Aj; are obtained by replacing d
with /2.
Note that Z ., in Eq. (4.25) is not the mass eigenstate, and mixes with Z boson denoted

by ZAPL. The mass mixing is generated by the U(1)-charged Higgs doublets [27]:

ZA” B cosf@ —sinf Z, (4.28)
ZL ~ \sin® cos® Z;L ’ '

where sin 6 is approximately estimated as

! 2
tan 20 ~ 4 i%. (4.29)
gz Mz,

We have to include this effect, when we discuss the phenomenology in our model.

4.2 Flavor physics

In this subsection, we investigate the predictions of the SO(10) GUT model discussed
above from flavor physics. One of the important features of this model is that some of the
FCNC processes involving Z;L and Z,, are induced at the tree-level. Moreover, all elements
of the flavor-violating couplings could be O(1), corresponding to the higher-dimensional
operators. Therefore, we have to check the consistency with the flavor-violating processes,
especially concerned with the first and second generations, e.g. K- K09 mixing and p — 3e.
These processes are the most sensitive to the new physics contributions. Furthermore,
since the flavor-violating coupling A¢, tends to be larger than the other flavor-violating
couplings, we investigate not only K physics but also B physics and search the specific

prediction of this model.

4.2.1 AF =2 processes

First, we start to investigate the constraints from the AF = 2 processes in K and B
systems. In the SM, the source of the CP violation is only come from the CP phase in the
CKM matrix. The SM predictions for CP and flavor-violating processes are usually tiny
because of the suppression caused by the Glashow-Iliopoulos-Maiani mechanism. In fact,
the SM prediction of K% K0 mixing is quite small but consistent with the experimental
observations, although theoretical uncertainties in the SM predictions are still sizable.
That is, the size of new physics contributions to the K physics is strongly constrained
in order to satisfy the experimental results. Similar to K°-K° mixing, we can obtain

the constraints to new physics contributions from B meson mixings, B%-B° and BS—B_S
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mixings.
In this model, the AF = 2 processes, like the meson mixing, are caused by Z’ and Z

interactions at tree-level. The induced operators are

1 ~ ~
HA =2 ) Ol (4.30)

q=K,B,Bs

where the each operator and Wilson coefficient are given by

~ . Ad 2
Qf = (Fndn) e, OF = Gl
Z/
B _ (1 T ~5_ (A})?
1 = (bey,U»dR>(bR’y dR>7 C’1 = A2 ) (431)
Z/
. o o . Ad 2
Qy* = (brYusr)(brY"sR), CcPe = (Ab;) ;
Z/
where A, is defined as ,
1 g?cos?  g”sin* 0
s = ( Ve + e . (4.32)
A z' A

Note that the operators which consist of left-handed quarks, such as (5z7v,d.) (57" dL),
contribute the meson mixing in the SM. As we mentioned above, the CP phase appears in
the (¢, d)-element of the CKM matrix in the SM. On the other hand, the flavor-violating
couplings Afj are generally complex in this model. Therefore, Z’ interactions are strongly
constrained by the CP-violating processes.

Hereafter, we set Ay = 1.4 x 10° TeV (500 TeV), which corresponds to Mz = 100
TeV (36 TeV) and ¢’ ~ 0.073 [27]. In order to achieve the 125 GeV Higgs mass, we take
tan § = 3 [33-90].

e AS = 2 processes

Based on Ref. [110], we investigate the upper bound on the Z’ interaction from the K% K0
mixing. The physical observables on the mixing are the CP-violating parameter ex and

mass difference AMp. These observables can be expressed as

Ke elpe

=— Im(ME), AMg = 2Re(ME), 4.33
€K ﬁ(AMK)exp m(M;) K e(Miy) ( )

where k. and ¢, are given by the observations: k. = 0.94 4+ 0.02 and ¢, = 0.2417 x 7.

ME can be decomposed as follows in this model:

My = (M5) gy + AMS. (4.34)
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mi 497.611(13) MeV [17] | mp, | 5.3663(6) GeV [17]
Fx 156.1(11) MeV [114] mp | 5.2795(3) GeV [17]
Bk 0.764(10) [114] Fp, | 227.7 + 6.2 MeV [114]
(AMg ) exp 3.484(6)x10712 MeV [17] || Fp | 190.6 + 4.6 MeV [114]
lex| (2.228(11)) x 10® [17] | Bp, 1.33(6) [114]
BR(K+ — 7t v) 5.07(4) % [17] Bp 1.26(11) [114]
T(K™) (1.238(2))x107®* s [17] | nm 0.55 [112]
T(Kp) (5.116(21))x1078 s [17] || 0y 1.012 [115]
m 1.87(76) [111] It | 2.1969811(22) x 1078 s
7 0.5765(65) [112]
s 0.496(47) [113]

Table 5: The input parameters relevant to our analyses in flavor physics.

AM is the Z' contribution. It is given by the matrix element (QX) as

AM{5 = 2 Cf (n)(QF)- (4.35)

DN | —

Note that (@{( ) can be extracted from the SM prediction, because the only difference
is the chirality. CX () is the Wilson coefficient derived from Eq. (4.31) and the RGE
correction. The running correction is shown in Appendix B.
The SM prediction is described as
G

(M{5)sm = 19,2 F%Bgmy Mz, {NISo(ae) + AimaSo(xe) + 2A NS (e, 20) } . (4.36)

z; and \; denote m? /M3, and (Vo )i (Vora)ia, respectively. 1193 correspond to the
Next-Leading-Order and Next-to-Next-Leading-Order QCD corrections | ]. The

values we adopt are summarized in Table 5. The functions, Sy(z;) and S(z., ), are

shown in Appendix C.

The physical observables in K% K9 mixing are experimentally measured well, while
there is the large uncertainty from the matrix element and the CKM matrix in the SM
predictions. We use the central values in Tables 4 and 5 and calculate the predictions of
this model as the deviations from the SM predictions, which are defined as
AMy

—1 and 6(AMg) = NP L. (4.37)

€K

Ve =
K (EK)SM

Due to the large uncertainties of the SM predictions, it is difficult to obtain the explicit
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Figure 6: Our predictions for dex and §(AMg) with Az = 1400 TeV (left panel) and
Az =500 TeV (right panel) [28]. The coefficients of higher-dimensional operators satisfy
lect;| <1072 (red) and |ec;| < 107? (blue). Black dashed, solid and dotted line show the
deviation from SM by 10%, 20% and 30%, respectively.

exclusion limits of |dex| and [0(AMg)|. In Ref. [116], the CKM fitter group shows that
the experimental upper bounds on |dex| and |0(AM)| are at most O(30) %. It will be
developed up to O(20) % at the Belle II experiment [110].

In Fig. 6, the predictions of dex and 6(AM) are shown in the cases with Az = 1400
TeV (left panel) and Az = 500 TeV (right panel). The black dashed, solid and dotted
line show the deviation from SM by 10%, 20% and 30%, respectively. Clearly, ex largely
deviates from the SM prediction, even if Ay is O(10%) TeV. Therefore, the consistency
with ex should be considered whenever we discuss the other observables. Note that one
can find that 6(AMf) tends to be positive from Fig. 6. This is because the real part of
the flavor-violating coupling A%, tends to be positive from Fig. 4. This tendency is one of
the predictions of this model, although its deviation is very small and almost dominated
by the SM prediction.

e AB = 2 processes

Next, we derive predictions of B°-B9 and B%-BY mixings in a similar way of K%-K°
mixing. In the case of the B meson mixings, relevant observables are mass differences,
AMp and AMjp,. These are written by C1*° as follow:

1~ .
AMp, =2 [(Mi2")sm + EqumBqFBq Bg,| (g=4d, s), (4.38)
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Figure 7: Our predictions for 6(AMp,) and §(AMpg) with Az = 1400 TeV (left) and
Az = 500 TeV (right) [28]. The coefficients of higher-dimensional operators satisfy
lect;| < 1072 (red) and |ecf;] < 107 (blue). In these figures, we only show the points
that |dex| < 0.3 is satisfied.

where (ML)gy is given by the top-loop contribution:

G2 .
(Mg = 1271:2 F2 Bp,mp, M, % npSo(:). (4.39)

The input parameters are listed in Table 5 and Ag, = (Vorwm)j,(Vora)tg- As the K 0_K0
mixing, there are still large uncertainties in the SM predictions, coming mainly from the
errors of hadronic mixing matrix elements and the CKM matrix elements, and therefore,
the new physics constraints would be not so easy to obtain. Recently, the Fermilab
and MILC Collaborations have shown their results on the SM predictions of AMp and
AMp, [117] and about 10 % errors are still inevitable. The LHCb and Belle II experiments
will improve the measurement, as discussed in Ref. [110].

As shown in Fig. 5, A¢, tends to be large compared to the other flavor-violating
couplings. Therefore, we may obtain the important predictions of this model from AMp_,
although the deviation is relatively smaller than the K°-K° mixing because of the size
of the SM prediction. Figure 7 shows our predictions for the deviations of AMp and
AMp, in the cases with Az = 1400 TeV (left panel) and Az = 500 TeV (right panel).
0(AMp,,) are defined as the same manner in Eq. (4.37). In these figures, all points
satisfy |dex| < 0.3. If my is around O(10) TeV, 6(AMp) could reach 10 %, which maybe
cause the tension with the current measurement [116]. Note that the distribution of the

predictions in Fig. 7 can be understood from Fig. 5. We would like to emphasize that the
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features of the flavor-violating couplings are specific to this model, so that not only the

K°-K° mixing but also B°-B° mixing is important to test this model.

4.2.2 AF =1 processes

In addition to AF = 2 processes, the Z’ interactions of this model contribute to AF =1
processes, including the rare decays of K and B mesons. We study the semi-leptonic and
leptonic decays of K and the leptonic decays of B and By. In this thesis, we focus on
the processes such as K} — mvw, K} — (f(; and By, — p*pu~. For these decays, some
experiments, for example the KOTO, Belle IT and LHCb, will develop their measurements.

Therefore, we can expect that some hints to new physics will be given in the near future.

e AS =1 processes

To begin with, let us study the AS = 1 processes which play a crucial role in testing this
model. For the rare K meson decays which is caused at the tree-level in this model, the
effective Hamiltonian is given by the Z’ exchanging and Z boson exchanging through the
Z-Z' mixing caused by Eq. (4.29):

HAS = (Of)yy Smd) (T ), (4.40)

where f denotes f = v, ¢, u, d and I = L, R is the chirality of the fermions. (C’}c )9 at
it = My is obtained as

1. _ g @D | Oij (3 ~f 2
(CI )Z] - sd A2 + A2 TI Qe S Uy ) (441)
7z z
where A% is defined as
o, 11
— =g gzsinfcos b (— — —) , (4.42)
A2 MZ M2,

and can be approximately evaluated as A% ~ A%, /2 according to Eq. (4.29) in the limit
Mz > Myz. From Eq. (4.25), we obtain each (QF);; as

(@, (@) = (A, +03), (4.43)
((@1iss (@i (@) = (=0, +035, —AL). (4.44)

Tlf and @/ are defined in Sec. 2.
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K 5 r%vvand Kt —» 7t vw

The rare decay of neutral K meson, e.g. K> — 7°

v v, is one of the important mea-
surements of the CP-violating processes. For this mode, the SM predicts very small
branching ratio which the current experimental bound does not reach yet: BR(K? —
mour) < 2.6 x 1078 [118]. The KOTO experiment at the J-PARC will cover the region in
the near future. On the other hand, the decay of the charged K meson, Kt — 7t v 7,
has been already measured as BR(K* — 7tvw) = 1.737732 x 10710 [119]. The NA62
experiment at the CERN will update this result.

In the SM, the branching ratio for the both modes are given by the following operators:
Ha™" = Com(STdr) (T v}). (4.45)

Csym is given by the Z penguin diagram and the box diagram involving W boson, and
described as®

GF 2a
Com = —=——5— (AXe + X . 4.46
SM /5 7sin Oy ( + M X () (4.46)
X /A = (0.42 4+ 0.03) is proposed in Ref. [110]. X (z;) is the short-distance contribution

given by the Z-penguin diagrams and box diagrams involving top quark respectively. In
Appendix C, we summarize the LO description. In this model, there are the Z’ con-
tribution to this process, as we shown in Egs. (4.40) and (4.41). By using the isospin
symmetry and taking the ratio to K™ — 7%e™ v, one can estimate the branching ratio of
K? - 1vv as

Aij A 7(K?

0 0,7) = L) + 0+
BR(K] » 7 vD) = S Vorear ) w PG X (K Xrgo x BRIKT = eTv), (4.47)

where A;; is defined as

Ay = % {6:;(Csm — Cép) + (CL)i; — (C1)5 ) (4.48)
7(K7) and 7(K*) are the lifetime of K7 and K* and rgo is the isospin breaking effect
which is estimated as rro =~ 0.955 according to Ref. [121]. Note that the SM prediction
is BR(KY — 7%7) = 2.43(39)(6) x 10~ [122].

Since K — 7°v v is the CP-violating process, the decay depends on the imaginary
part of the tree-level FCNCs. It is expected that the Z’ contribution to K+ — 7%eT v is
small in this model. Therefore, we use the well measured experimental value for BR(K+ —
et v) as the input parameter. Note that the contribution from penguin diagram in
Csn is also modified by cos? 6 defined in Eq. (4.28) (or Eq. (4.29)), but we ignore such

50One can see the current status of the calculations in Ref. [120].
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Figure 8: Our predictions for BR(KY — 7% v 7) and BR(KT — 7" v7) with Az = 1400
TeV (left) and Az = 500 TeV (right) [28]. The coefficients of higher-dimensional operators
satisfy [ecf;| < 1072 (red) and |ecf;| < 107* (blue). Black solid lines show each SM
prediction. The all points satisfy |dex| < 0.3.

a contribution because this modification is for the contribution of the one loop diagram
and cos? 0 ~ 1 in the limit M, > M.
Similar to BR(KY — 7°v7), the branching ratio of K — 7" 1,7 can be estimated

as

+ At

BR(KT > nTvw) =
( ) 8|(Vorn)us|?GF

X rg+ X BR(KY — 7%t v), (4.49)

where A;Lj is given by

AL = V2{0;;Csm + (CF)i} - (4.50)

The isospin breaking effect, ry+, is estimated as rg+ ~ 0.978 [121]. Note that the SM
prediction is BR(KT — 7t vv) = 7.81(75)(29) x 107! [122].

Figure 8 shows our predictions of BR(KY — 7°v7) and BR(K* — 7t v 7). We show
the points which satisfy |dex| < 0.3. Black solid lines show the SM predictions, calculating
from the central values in Table 5. One can see that BR(K' — 7 v 7) tends to be larger
than the SM prediction, while BR(K? — 7% v 7) becomes both larger and smaller than
the SM prediction. These tendencies are caused by the property of the flavor-violating
coupling A%,. The deviations of BR(K™ — 7" v7) and BR(K? — 7° v 7) are roughly pro-
portional to Re(CsprA%)) ~ Re(Cspr)Re(A%)) and Tm(Cispr)Im(A%), respectively. From
Fig. 4, therefore, the deviations in Fig. 8 can be understood. In any case, the predictions
do not largely depart from the SM prediction, as far as Az = 1400 TeV. Even if Ay is
around 500 TeV, the deviation is at most 10 %, compared to the SM prediction.
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Kg — Elfj and Kg — Wogiéj

The leptonic decays of KY are also induced by the Z’ contribution and may be important in
this model. There is a large long-distance contribution in the decay width of K — pu*u~.
By extracting the short-distance part, the new physics constraint from K9 — putp~ is
proposed in Ref. [123]: BR(KY — pTp~) < 2.5 x 107%. In this model, it is predicted
that there is extra contribution in the branching ratio of K? — u*pu~, which is described
by (CL g)uu defined in Eq. (4.40). We can estimate the deviation of this decay mode
by following Refs. [110, 124, 125], although the prediction of this model cannot be largely
depart from that of the SM as far as Az = O(10%). As a result, the ratio of BR(KY —
pt i) between predictions of this model and the SM is estimated as

BR(K} — pp”)
BR(K} — p i )su

— 1] <0.019, (4.51)

when Az = 1400 TeV. We conclude that in the high-scale SUSY scenario, this model is
safe from the bound of this decay mode.

The flavor-violating decay of K? has been experimentally investigated as well: K? —
pte™ < 4.7 x 10712 [126]. This decay causes at the tree-level in this model, but the
prediction cannot be large. By using typical values of A%, and A!_, this branching ratio
is calculated as

4 d 2 Al 2
BR(K] — pte”) = 4.0 x 107 (1400 Tev) (Re(Asd)) (‘ pe ) L (452)

Ay 0.1 0.04

which is much below the experimental bound.
For the semi-leptonic decay of K9, such as K — 7%/; ¢;, the current experimental

upper bounds are [127, 128]

BR(K? — 7% %e™) < 2.8 x 1071, (4.53)
BR(K} — nup™) < 3.8 x 1071, (4.54)
which are about 10 times bigger than the SM predictions [129]. Therefore, large new

physics effects are still allowed in these decay modes and we expect that these may be
relevant to this model. However, similar to the case of K9 — u*u~, BR(KY — 704¢) is
dominated by SM contribution when Az = O(10%) TeV. Therefore, predictions of these

modes are also below the experimental bounds.
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There is also experimental constraint of the LFV decay of K?, e.g. K9 — 70e¥ u*.

The current bound is [130]
BR(K? — 7%Fu*) < 7.6 x 1071, (4.55)

In this mode, BR(K} — ne™p") is estimated by typical values of A%, and Al as

2
1400 TeV\* /Im(A%)\? [ |A!
BR(KY — n% pt) ~2.0 x 107% 2d 2 N
R(K; —»me pu™) 0 x 10 ( 1, > ( 01 004 (4.56)

Thus, we conclude that this model is also safe and cannot be tested in this decay mode
unless Ay is smaller than O(10) TeV.

e B -yt~ and BY — ptu~

As we mentioned in Sec. 4.1.2, the flavor-violating Z’ couplings involving the third gen-
eration, especially A% become large. Therefore, this model would be constrained by the
rare B decay and we expect that we can obtain some specific predictions to this model.
BY — pTu~ and B® — pTu~ have been measured at the LHC, although the errors are
large: BR(B? — putp~) = 2.8707 x 107 and BR(BY — putu~) = 3.971% x 10710 [131].
The SM predictions are almost consistent with the experimental results as BR(B; —
ptp) = (3.66 £ 0.23) x 1072 and BR(B — pTp~) = (1.06 £+ 0.09) x 1071 [132]. In

this model, the deviation of these leptonic decays from the SM predictions are estimated

as [110]
BR(BY = ptps) |, (CL 2 (457
BR(BY — p ™ )sm ggMUYYO(JJt)(VCKM)Z‘b(VCKM)ts ’ '
where g%,; = V2Gra/(rsin? Oy ) and ny = 1.012 [115]. (C}P),, is given by replacing A%,

with A in (C%),,.. BR(B — utp™) is estimated in a similar expression to Eq. (4.57) by
replacing A, and (Vo )is to AL, and (Vox)ia- Note that, as we can see in Eq. (4.41),
(C1P*) . is also dependent on Al .

Figure 9 shows our predictions for the deviation of BR(B? — u*p~) and BR(B® —
ptp~) in the each case with Az = 1400 TeV (left) and Az = 500 TeV (right). Because
of the difference between the size of AJ and A, the deviation of BR(Bs, — ptpu™) is
slightly larger than that of BR(B — u*u~). However, its deviation is at most a few %
even when Az = 500 TeV.
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Figure 9: Our predictions for the deviation of BR(BY — p™u~) and BR(B® — ptu™)
with Az = 1400 TeV (left) and Az = 500 TeV (right) [28]. The coefficients of higher-
dimensional operators satisfy |e cf;] < 1072 (red) and [e ¢{;| < 107 (blue). In these figures,
the constraint, |dex| < 0.3, is assigned.

4.2.3 Flavor-violating processes in i decay

There are also the Z’ interactions which induce the LFV decays. It depends on the
i

K
in addition to AF = 1,2 processes, the LFV processes are important in this model. In

coefficients of higher-dimensional operators ¢, its couplings could be O(1). Therefore,

this thesis, we focus on y — 3e and p-e conversion which are induced at the tree-level.
Note that u — e~y is one of the important processes for the new physics model, but it is

suppressed in this model due to the largeness of the Z’ mass and loop suppression.

w—3e

We will begin with the discussion of y — 3e. This process is induced by the following

four-Fermi interactions:
HI3C = CF () (€rter) + O (€rvupr) @RV er), (4.58)

where the coefficients are given by

Al cos 20y 1
C3e= AL { ce W—}, (4.59)
L # A2 2 A%
C3e = Al {i + sin? ewi} : (4.60)
“ A%, A%
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Figure 10: Our predictions for the deviation of BR(yx — 3e) with Ay = 1400 TeV
(left) and Az = 500 TeV (right) [28]. The coefficients of higher-dimensional operators
satisfy |ec);] < 1072 (red) and |ecf;| < 107® (blue). The green region is excluded by the
SINDRUM experiment [133] and the green dashed line is the future prospected bound
[134].

By using these coefficients, one can evaluate the branching ratio of u — 3 e as

BR( —)36)=m—z 2|C3” + | o3| (4.61)
H 1536 5T, \“ 1T i ‘
4 Al 2
=0 (M) (T (462)
z' .

where m,, and I, are mass and total decay width for i, respectively. We show the typical
value of BR(p — 3¢) in Eq. (4.62). Note that the Z’ contribution to 1 — e v 7 are ignored
here.

i — 3e has been investigated at the SINDRUM experiment: BR(u — 3e) < 1.0 X
1072 [133]. This bound will be improved at the level of O(1071) [134]. We show the
results of this model in Fig. 10, with the correlation with §(ex). In the left (right) panel
of Fig. 10, we take Az = 1400 (500) TeV. The green region is excluded by the SINDRUM
experiment [133], and the green dashed line corresponds to the expected upper bound in
the Mu3e experiment [134]. From these results, we find that BR(u — 3¢) < 107 as far
as Ay > 500 TeV. In the case of Az = 500 TeV which corresponds to Mz ~ 36 TeV,
BR (1 — 3¢) can be typically estimated as 3.5 x 1071¢ from Eq. (4.62) and becomes larger
than the future expected sensitivity. In such a case, |dek]| is also enhanced by 1/A%, as

shown in Fig. 6.
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J4-€ conversion

Next, we focus on the p-e conversions in nuclei. In this thesis, we assume that the coherent
conversion in which the nuclei in the final state is the same as one in the initial state is

dominant and therefore, we concentrate on the contributions derived from the operators,

H' = Cr (@) (€2 1), (4.63)

where the coefficients are given by

1 2 1
cre = Al { (— — Zgin? GW) —} , (4.64)
P1\4 3 A%,
Al 4+ 1 1 1 1
o = Al { dd + (_ — “gin? 9W> _} . (4.65)
d “2A2, 4 3 A%

The conversion rate of muon, denoted as weony, 1S
Weome = 4m3 |(2017 4 C1) V) 4 (O 4 200 V|7 (4.66)

where V® and V(™ are overlap integrals which depend on the nucleus species. The

branching ratio of the p-e conversion is

BR(uN — e N) = —eon

wcapt

2
1400 TeV \ * [ |A!
:4.0><10—17(1.4><10—”)< 0o ev) (‘ “e) : (4.67)

Ay 0.04

where weape is the muon capture rate. V® and V™ and Weapt have been calculated
in Ref. [135] for the each nucleus species. In Eq. (4.67), we show the typical value of
BR(xAu — e Au) (BR(n Al — e Al)).

Figure 11 shows the results of this model and correlations on dex and the u-e conver-
sions. The green region is excluded by the SINDRUM experiment, BR(z Au — e Au) <
7 x 10713 [136]. The green dashed lines are the future prospects of the COMET experi-
ment for BR(p1 Al — e Al): < 7.2x107'° (phase-I) and < 2.6 x 1077 (phase-IT) [137,135].
It is clear that BR(x Au — e Au) is much smaller than the current bound. There is no
constraint for BR(u Al — e Al) which is slightly smaller than BR(y¢ Au — e Au), but there
is possibility to reach the future sensitivity, depending on Az and suppression factor e
introduced in Egs. (4.10) and (4.11).
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| <1073 (blue). In the upper panels, green region shows the experimental

(red) and e cj;
bound [136]. In the lower panels, two green dashed lines show future sensitivity from

|6ex]

1072

10715t

BR(i# Au—e Au}
=]

10721 5

|6€x

10-12 L

10| g

BR(u Al-»e Al}

10721} 5 N

107! J

|6&x

COMET-I (upper one) and COMET-II (lower one) experiment [137, 138].

4.2.4 Contributions to LFV 7 decays

Finally, we discuss LFV 7 decays, especially 7 — £; {; {;, and 7 — £ 7°, £ K2, although the

current constraints for these modes is still weak.
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T — Ez Ej Zk
Similar to u — 3e, 7 = {; {; (), is caused by the following 4-Fermi interactions:
H2 0 = O (Coimun) (Lo o) + OFf (i) (€™ i) (4.68)

where the coefficients are given by

AL cos 20w O
C'L ijk = Af‘r {A;Z/ - 2 ALQZ ) (469)
O3t = AL S ~_ tsin 20w — L1 (4.70)
R ijk T A2Z/ A2Z

There are six modes in LFV 7 decays. The branching ratio for the decay modes 7 —

e ptp” and 7 — p~ et e is described as [139]

m5

1536 73 > ()C ik CL

For the other case, the branching ratio is obtained by changing m, — m,, I', — I';

BR(7 — €;(; [}) =

+ ’Cj’;f

’C

) AT

ijk R jik

and C} — C} Rijk in Eq. (4.61). We summarize the typical values of these branching
ratios in Table 6 with the current experimental bounds [17, [10]. It is obvious that the
predictions of this model are extremely smaller than the current experimental bounds.
Even if one takes Az = 500 TeV, the enhancement is only (1400/500)* ~ 61.5. Therefore,

this model is completely safe in these decay modes.

Tl (LK)

Next, we discuss the decays of 7 — £7% and 7 — ¢ K2. This type of decay is induced by
the following interactions:

W = OO (o) @ " aws) + Ol (Coivume) (TR0 are), (4.72)

where P? = 7% K2 and the coefficients are similar to Eq. (4.41):

Z/

48



7 decay mode | value of BR | exp. bound (x1078) [17, 140]
e"ete” 1.2 x 10718 < 2.7
e putp 4.2 x 1071 < 2.7
et 1.5 x 10718 < 1.7
pete” 3.7 x 1071° <18
ute e 2.8 x 10722 <15
ot 2.7 x 1071° <21

e~ m 2.2 x 10719 < 8.0
170 1.2 x 1071 <11
e~ K© 1.2 x 102 <26
p KO 6.6 x 1018 <23

Table 6: The typical values of each 7 decay mode. In this table, we use Az = 1400 TeV

and typical values of Af; and Al

The branching ratios of 7 — ¢; 7° and 7 — ¢; K¥ can be described by C’ffzz as [139]

BR(T — V. 77_) 0 0 0 0
BR(r — {;7°) = . X (|C1 e — Clos — Cllg + Cilual®) . (474
( ) 16 ‘(VC’KM)udPG%‘ <| Liuu Riuu Lidd ded| > ( )
BR(T = v, K7) 0 0
BR(r — £, K%) = )« (C“; —C“ZSZ). 4.75
( S) 16 |<VCKM)us‘2G%“ ‘ Risd Rid ‘ ( )

For the discussion of the predictions of this model, we use BR(7 — v,7~) = 0.1083 and
BR(r — v, K~) = 0.007 [17].

The results are shown in Table 6 as typical values of the branching ratios. The current
experimental bounds [17] are also summarized in Table 6. As expected from the results
of T — (; {; (), these decay modes are also smaller than the experimental bounds. Note
that BR(7 — ¢; P%) is proportional to |A! |?> because of Eqs. (4.73), (4.74) and (4.75).
Therefore, BR(7 — p P°) becomes larger than BR(7 — e PY) in this model since roughly
speaking, |AL | < |Af

|-

4.3 Summary of the section

In this section, we studied the realistic SO(10) SUSY GUT model in which the realistic
Yukawa couplings are obtained by the mixing of the matter fields caused by introducing
the extra matter fields, 10; of SO(10). In this model, the flavor-violating Z’ couplings
are generated after the U(1)" symmetry breaking. These couplings can be O(1) and cause

the flavor-violating processes at the tree-level. Therefore, the flavor-violating processes
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induced by Z’ are important for this model even if My is around 100 TeV. Moreover,

d,

ij

there are some specific predictions of this model. One of the important features of A?f
dt dl

is A%z oc my m3", so that (b, s) and (y, 7) elements tends to be larger than the other

since only 5 fields of SU(5) have the flavor-violating Z’ couplings Aj;", we can expect that

elements.

As a result, we found that ex is the most sensitive to this model even if Mz = 100
TeV. On the other hand, the mass differences of neutral meson are almost dominated
by the SM prediction. When Mz = O(10) TeV, the deviation of AMp, from the SM
prediction can reach 10 %, while those of AM and AMpg are O(1) %. In addition, AM
and AMp, tend to depart from the SM prediction in the positive direction. These features
are due to the predictions of Afj.

The other important predictions are obtained from the LFV p decays, although these
predictions are much smaller than the current bounds. Since it is expected that these
bounds are improved near future, this model could be tested in some experiments, e.g.
the COMET and Mu2e experiments. As shown in Figs. 10 and 11, this model predicts
that BR(u¢ — 3e) and BR(uAl — e Al) can reach the future experimental prospects
without conflict with ey, when My is O(10 - 100) TeV. Now, other future experiments
for y-e conversion are planned [141-143]. If their sensitivities reach O(1071%) level, we
can test our model.

In this section, we consider that the Z’ scale is O(100) TeV to realize the 125 GeV
Higgs mass in the high-scale SUSY scenario by assuming that the U(1)" symmetry is
broken around the SUSY scale. Important point is that although such a high scale cannot
reach even at the LHC, this model can be tested indirectly by using the observables in
the flavor physics.
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5 D-term contributions in Fg x SU(2)r x U(1)4 SUSY
GUT

In this section, we introduce an Fg SUSY GUT model with SU(2)p family symmetry and
anomalous U(1)4 gauge symmetry. This GUT model is based on a natural assumption
in which all the interactions allowed by the symmetries are introduced. This model can
solve almost all the problems which are caused in the SUSY GUT models, e.g. SUSY
FCNC, SUSY CP, p-problem and DTS problem.

5.1 SU(2)p family and anomalous U(1)4 gauge symmetries

First of all, we will shortly introduce some features of SU(2)r family and anomalous U(1) 4
gauge symmetries. Under SU(2)r family symmetry, the first two generations are doublet,
while the third generation is SU(2)r singlet. Therefore, soft SUSY-breaking mass terms
for sfermions can be written as m2|¥,|? + m2|V;|?, where ¥, (¥3) is Eg fundamental
and SU(2)r doublet (singlet) field. Therefore, in this model, there are mainly 2 mass
parameters for sfermion masses. Because of Eq. (3.53), the sfermion mass matrix for light

modes becomes
~2 2 ~2 2
miy = mg , Mg = mg . (5.1)

Therefore, the MUSM is naturally obtained in a Fg x SU(2)r GUT. Note that the degen-
eracy of the MUSM is destroyed by the effects of the symmetry breaking. We will discuss
these effects for this model later.

The anomalous U (1) 4 is a gauge symmetry whose anomalies are canceled by the Green-
Schwarz mechanism [144]. In this framework, the Fayet-Iliopoulos term denoted as &2 are
introduced in the theory and its magnitude is assumed as & = AA, where A is cutoff scale.
Hereafter, we set A = 1. Let us consider the theory with gauge symmetry Gopner X U(1) 4.
A system consisting all the interactions which are allowed by Gogner X U(1) 4 has a SUSY
vacuum where all negatively charged fields get VEVs as follow:

(Z

(2

()

(2

+> 0
A5 (2 < 0) 52)

Note that Zl-jE is a singlet under Gogper, while charged under U(1) 4 with charge zf There-
fore, the VEV of Higgs is determined by its U(1) 4 charge in the U(1)4 GUT model. The
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important point is that all interactions allowed by the symmetry are introduced in the
theory, including the non-renormalizable operators.

Note that the VEVs Eq. (5.2) can restrict operators in the superpotential. Usually,
we introduce the superfield whose U(1)4 charge is —1 in U(1)4 GUTs. By using this

superfield denoted as O, superpotential can be written by the following operators
"Vt XY Z, (5.3)

if XY Z is Goner invariant. Note that z,y and z are the U(1)4 charges of the superfields
X,Y and Z, respectively. As we explained in Sec. 3.1.1, since we cannot use O in
the superpotential, the operator with = + y + 2z < 0 is forbidden by U(1)4 symmetry.
Therefore, we can control interactions by choosing U(1)4 charges. This is called the
SUSY-zero mechanism [51-58, 117].

By using these features, the DTS problem can be solved by the Dimopoulos-Wilczek
mechanism [145, 146]. In this mechanism, the VEV of adjoint Higgs of SO(10) becomes
the following form:

(454) ~ ioy x diag(v,v,v,0,0). (5.4)

In SO(10) GUT, the doublet Higgs is belonging to the vector multiplet, 10, with the color-
triplet Higgs. Therefore, mass terms for these Higgs fields are obtained by the following

terms:
Wihass = mygl0g105 + mH/10}{10’H + mHH/10H10}{ + 10H45A10}{. (5.5)

Note that we omit the coupling constant for 10545 410%,. Here, since the 10 couples to the
45 anti-symmetrically, we need another vector multiplet, 10%;. If the mass terms 10510y
and 10410 are forbidden by the SUSY-zero mechanism and/or other symmetries like a

Zy parity, the mass matrix for the Higgs fields are obtained as

Wiass = (5H 5’1{) <<4§A> <:52>> <§§> (5.6)

where 10y — 55+ 55 and 10}, — 5% + 5/, in the SO(10) — SU(5) notation. Therefore,
one pair of the doublets are massless since the VEV of the adjoint Higgs Eq. (5.4) means
that (454) = 0 for the doublet Higgs. On the other hand, the color-triplet Higgs gets
mass from (454) (and mpg), so that heavy color-triplet Higgs and light doublet Higgs can
be realized.

If one consider Egx SU(2)pxU(1)4 SUSY GUT, spontaneous CP violation is realized.
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Let us consider the following superpotential:

nf ~ B
Ws = \°S [Z e AT ()

n=0

: (5.7)

where S is Eg x SU(2)r singlet field with U(1)4 charge s(> 0) and F, and F? are Ejg
singlet and SU(2)r doublet fields with U(1)4 charge f(< —1) and f(< —1). Here, we
assume that ¢, are real O(1) coefficients and the theory is originally CP invariant. Thus,
we obtain the following condition from the F-flatness condition of Eq. (5.7) with respect
to S:

A° [co T+ NTFFY + - 4 cnf)\”f(fJ“f)(FF)"f =0 (5.8)

Therefore, if ny > 2, (F'F) acquires an imaginary part. It leads that CP is spontaneously
broken. By using SU(2)r symmetry and D-flatness condition, each VEV can be written

() ~ (f) )~ (A(’) . (5.9)

5.2 Contents of matters and Higgs

as

Table 7 shows contents of matters and Higgs and their charge assignment in the Eg X
SU(2)pxU(1)4 SUSY GUT model. In this section, we follow the notation in Ref. [118]. ®

v, U3 F, F* & & C C A Zy ©
Es 27 27 1 1 27 27 27 27 78 1 1
1 2 2 1 1 1 1 1 1 1
Uba |4 3 -2 -2 3 1 4 -1 — =2 -1
3 1 0 O O 5 0 0 0 O

Table 7: Contents of chiral superfields for matters and Higgs and their charge assignment
in the Eg x SU(2)r x U(1)4 SUSY GUT model. Note that the discrete Zs symmetry is
imposed in order to prohibit undesired interactions.

and C' are Higgs fields which break Ejs into SO(10) and SO(10) into SU(5), respectively.
Note that ® and C' are introduced to retain the D-flatness conditions. As we explained
in Sec. 3.3.2, three 27 fundamental representations of Fg are introduced as matter fields.
The first two generations of matter fields are a doublet under SU(2)p, while the third
generation is a SU(2)p singlet.
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In this model, the superpotential for the Yukawa couplings is written as

Wy = (aWsWs + bV FOU, + LU, FO0,) D 4 d(V,, &, 0, A, Z5, 0)
+ FF, e FyU,.C + ¢'Vse™F,8,C, (5.10)

where a,b,c, f' and ¢ are O(1) coefficients. d(¥,, ®, ®, A, Z3,0) is a gauge-invariant
function of W,, ®, ®, A, Z3 and O, which contributes to ¥, W,®. After developing VEVs
like (D) ~ A2, (CC) ~ N°, (A) ~ A2 and Eq. (5.9) for (F) and (F), the Yukawa

couplings for up-type quarks, down-type quarks and charged leptons can be obtained as

0  3d\° 0
Vo= | —3d,\> At A7, (5.11)
0 b2 a
((bgC abf2) +g ) BH z(2p 6))\ _i)zgc:[ll)géd 6 et p—&))\5.5 %dq)\E)
Y, = (_%q _ 1;;{: tgb gd5) 25 <f5Hei(p—5 (aicdf)b) agbe—zp> 245 cg;bf)\4 :
af 03 do 1(p— 2d5 2 7@ —a
—bemaf 25t )3 (gBueivd — Ll atemiv) x25 bazal \2
(5.12)
((bgc abJ;) +g ) BH ¢i(2p—0) \6 dl)\5 0
Y. = 0 fﬁHei(p—é))\4.5 gﬁHei(p—é))\Qﬁ , (5.13)
—d;\° cg—bf 4 bg—af \2
g g

at the GUT scale. Note that a,b, ¢, ds,d,, d, f, g and By are real O(1) coetlicients, p and
d are O(1) phases and A ~ 0.22 is taken to be the Cabibbo angle. Therefore, we have 9

real parameters and 2 CP phases in this model.

5.3 Mass spectrum of sfermions

From the charge assignment in Table 7, the SUSY-breaking potential can be written as

Vop =m2|Wa|* + m2|Ws|? +m?2, [PV, Fy|? + m2 |V, F*)?
+ (M2, U0, F* 4+ m2 N0 Le® U, B+ m2,\ (0, F) W, T + h.e.)
+ m?(dT W, @) + (MANC|, 20 + mAN OV, Fodf + he),  (5.14)

where the terms in the last line give the mass terms between 5 and 5’ after developing the
VEVs (®), (®), (C) and (C). One can obtain the sfermion mass matrices mainly from
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this potential. Another contributions are coming from the D-terms as Eq. (3.4):

A, = Qa(t) Dy, (5.15)

where Q,(1)) is the U(1) charge of the field ¢. In this model, there are four types of
D-term contributions: Dg for U(1)y+, Dy for U(1)y, Dp for U(1)r and D4 for U(1) 4.
Here, U(1)p is the Cartan part of SU(2)p. We summarize the U(1) charges in Table 8.
Thus, the sfermion masses for 10, 5 and 5’ of SU(5) including the D-term contributions

¢ |10, 10, 105 |5, B, B3|5, B, 5,

Ul | 1 1 1 ][1 1 1]-2 2 =2
Uly | 1 1 1 |3 3 3|2 2 2
UWe | 5 - 0 |4 -k o h -4 o

3 3 3
Ula | 4 4 3 14 4 3|14 4 3

Table 8: U(1) charges for 10; and 55/) fields. These charges can be understood by the
decomposition of 27 of Eg (Eq. (3.47)) and Table 7.

are given from Egs. (5.14) and (5.15) as [68]

m2 + Nm Nom2, A'm3, (1
my, = Nom2, m2 + Am3, Nm3; | + Ds 1
A'm2, A*m3, m3 1
1 1 4
+ Dy 1 + Dp -1 +Dy ( 4 , (5.16)
1 0 2
m2 + Nm Nm2, A'm3, (1
Th% = Aom3, m2 + Nm3, Nmi, | + Dg 1
A'm2, A2m3, m3 1
-3 1 4
+ Dqg -3 + Dp -1 + Dy 4 , (5.17)
-3 0 3
m2 + N2m? + X'm?, Nom2, A'm?, -2
mg = Aom?, m2 + Nm? + X'm2y, Nm3y | + De —2
A'm?, A2m3, m3 -2
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+ D | 2 + Dy ~1 +D,| 4 : (5.18)
2 0

N

where the contribution from m?®TW* W, to |16y, |? is included in m2 by redefinition of
m3 and we just rewrite %DF — Dp. Because of the mixing of the 5 fields like (59, 59, 53) ~

(51,5, 52), the sfermion mass matrix for 57 becomes

m2 + \m?, A5Pmfd Nom3, 1
my ~ NSmB mE + NP2+ Mm2 \TPml) + Dg -2
Aom3, A5 miZ m2 + \m2, 1
-3 1 4
+ Dy 2 + Dp 1 + Dy 4 : (5.19)
-3 —1 4

The sfermion mass matrices Egs. (5.16) and (5.19) give interesting predictions of Fg x
SU((2)pxU(1)4 GUT. Even though the terms suppressed by the power of A are dependent

on the explicit model, the dominant terms in sfermion mass matrices which are

~ 2

are one of the important signatures of Eg x SU(2)r GUTs. This spectrum is known as a
natural SUSY-type sfermion mass spectrum. Note that in general, the natural SUSY-type
sfermion mass spectrum suffers from the CEDM problem [69-71]. In the Eg x SU(2)r X
U(1)a GUT, however, the CEDM problem can be solved by considering the spontaneous
CP violation [72-71] as mentioned above. We will discuss the CEDM problem in Sec. 6.

Hereafter, we neglect the terms suppressed by the power of A. Therefore, Egs. (5.16)

and (5.19) can be rewritten as [68]

M3y = (m§ + Dg + Dig+ Dp + 4D 4) 1353 + —2Dp

5 2 2
—Dp — 5Dj +m} —m?

= (m3p)11 Laxs + (mg)22 — (Mg , (5.21)

(m%o)33 - (m%o)n
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M2y = (m2 + Dg — 3D1g 4 Dy 4 4D ) 135 + —3Dg + 5D10
—9Dy

= (M) Laws + | (m2)a2 — (M2 , (5.22)

(m§0)33 - (m§0)11

where 13,3 is a 3 X 3 unit matrix. From these rewrites, we find a non-trivial prediction
of this model, (m3)2e — (miy)11 = (MZ)33 — (mZe)11 [08]. If this relation is observed in
future experiments, strong evidence for this model is obtained, and we can know the size
of Dp. Furthermore, the size of Dg and Dy can be determined when (mi,)11 — (m2,)11 and
(m2)22 — (m2,)11 are observed. If these small modifications from Eq. (5.20) are observed
in addition to the relation (mf;)ss — (m3y)i1 = (m2)s3 — (M2 )11, it is thought that the
Eg x SU(2)p x U(1)4 model can be established.

However, these modifications are constrained by the FCNCs. In the next subsection,
we study the constraints to the D-terms from the FCNC processes. As we mentioned in
Sec. 4, the K°-K0 mixing is most sensitive to the new physics and gives the strongest

constraints. Therefore, we focus on the constraint from ez parameter in K°-K° mixing.

5.4 FCNC constraints to D-terms

For the discussion of the size of the D-terms from the FCNC constraints, we focus on the
natural SUSY-type sfermion masses, i.e. mg > mg3. Since the D-terms are expected to
be small for the FCNC constraints, we can fix |(m?,)s3 — (m?y)11] = m2 from Eq. (5.21).
In order to obtain the 125 GeV Higgs mass, m3 must be larger than 1 TeV. Therefore we
take mg ~ O(1) TeV because of the naturalness. The upper bound for the ratio mgy/ms
is known to be roughly 5 in order not to be negative stop mass square through two loop
RGE [61, 149]. Therefore, we expect that mg ~ O(10) TeV. Note that since the upper
bound of mg/mg3 is dependent on the explicit models between the GUT scale and the
SUSY-breaking scale, we do not discuss it explicitly.

If the D-term contributions can be negligible, almost all experimental bounds from
FCNC processes are satisfied because of the sfermion mass spectrum in this model [150—

|. When the D-terms become sizable, the strongest constraints can be given from
the CP-violating parameter e in K% K0 mixing. Since the other FCNC constraints are
basically satisfied if the constraints from K% KO mixing are satisfied, we consider the
constraints on the size of D-terms from the bounds of €.

For the calculation of constraints from the FCNC processes with the basis in which

quarks and leptons are mass eigenstates, diagonalizing matrices for the Yukawa couplings
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are needed. we define it as follow:
U (V)i = (L) (LYY Ry )i (RL5); = vni(Y))ith,, (5.23)

where 1" is a flavor eigenstate, 1 is a mass eigenstate and Y¢D is a diagonalized Yukawa
matrix of ». We show the rough expressions of the diagonalizing matrices for up-type
quarks, down-type quarks and charged leptons without O(1) coefficients, which are ob-
tained from Egs. (5.11), (5.12) and (5.13):

1 X 0 1 Ix 0
Ly~ | 2x 1 N[, R~ | 3ix 1 XN, (5.24)
AP A1 AP A7 1
1 (3 +ig)x 3A® 1 2(1+4)A0® Z\
Lo~ | (34is:)A 1 A2 |, Ra~ | 2(1+9)A%P 1 L+ |,
(2 +i5 )N A 1 21+aA (140N 1
(5.25)
1 (14 )5 0 RPN
Le~ | (14+4)X\% 1 T+ [, Re~ [ XA 1 A2, (5.26)
A (1 + i) 1 PP
1 (1+)A% (1 +9)A
L, ~ | (14+i)A0® 1 (1A | . (5.27)
(1+i)A  (1+)A0° 1

Note that the detailed expressions of these diagonalizing matrices with the explicit O(1)
coefficients are summarized in Appendix D. We have two types for the diagonalizing

matrices for 10 of SU(5) sfermions and for 5 sfermions as

1 Ao\ ags\?
UckM-type = | @21 A 1 axg\? (for L, Lq, R, and R,) (5.28)
as A3 asa\? 1

b1t b12)\0’5 bisA
Uninstype = | 0o1 A% byg  bog A (for L., L, and Ry), (5.29)
biA D3P b3

where a;; and b;; are generically complex O(1) coefficients, respectively. The mass inser-
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tion parameters are defined as
(510)y = (0= [ RY), (5.30)

where m; is the averaged sfermion mass of ) = u, d, e, and is taken mg in many cases

in this thesis. These can be calculated as

(0pr)12 = asy A ((mg)a2 — (Mio)n) + ajyazeA’ ((m3o)ss — (mig)i1) (5.31)
(0fr)1s = [a3yass ((m3g)22 — (mig)11) + a5y ((mFo)ss — (mig)u1)| A® (5.32)
(0pr)2s = [azs ((m3)22 — (mig)11) + asy (M3o)ss — (MIg)11)] A (5.33)

for 10 fields and

(68 )12 = 030222 ((m0)22 — (m20)11) + b31b32A® ()33 — (mo)11) (5.34)
(0fr)1s = [b51b23 (M3e)22 — (Mo)11) + b31bs3 ((M3s)s3 — (M3o)11)] A (5.35)
(07 )23 = [baabas ((M3e)22 — (m3o)11) + biybss ((mdo)ss — (mds)11)] A (5.36)

for 5 fields. In Appendix E, we show each mass insertion parameter in this model with
explicit O(1) coefficients.

Let us calculate the constraints from the ex parameter in K°-K0 mixing. In Refs. [154,
155], the constraints for (64, )15 and (6%5)12 are studied by including the SM contribution
and NLO calculation of QCD. Their bounds are

d \2 -3 mg
A/ Im(6% ;)7 <2.9x 10 <500GeV> , (5.37)
/ d \2 -3 mq

d d —4 mq
VI3 o (8 )zl < 1.1 x 10 (500 M (5.39)
These parameters can roughly be calculated as
(6% 1o ~ gﬂi /\(m?o)m — (migu Y (mig)ss — (mig)n (5.40)
LL/12 3 27 m2 m2 ’ '
d 2 . 05 (MZ0)22 — (MZe)11 L5 (m2)ss — (m2o)n
(0% k)12 ~§(1+1) A — + A > , (5.41)
d d

in this model [05]. By taking |(m{y)ss —(mfy)11| = m§ = m2, we can obtain the allowed re-
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gion in (\/|(m§0)22 — (mZo)ul/mg, /1(mig)2 — (mig)ul/m; = \/|(m§0)33 — (m&)ul/my)
space. we show the results in Fig. 12. Note that (m,)e — (mfy)11 = (m2o)ss — (m2)11 is
one of the predictions in the Eg x SU(2)r x U(1)4 model.
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Figure 12: Allowed region in (\/|(m§0)22— (m2)11l/mg, /|(m3)e2 — (M3g) ] /myg =
\/ [(m2,)33 — (mZ,)11]/mg) space [68].  The allowed region for the condition of

VITm(6¢,)12(0% ) 12| is obtained below the solid lines for various mj = 5 TeV, 10 TeV,

20 TeV and 40 TeV. The allowed region for \/[Im(6%5)%,| is the left side of the dot-
ted line for m; = 40 TeV. The other conditions are satisfied in the allowed region for

vV Im(67 12685 )12

Note that we neglected the contributions to the sfermion masses which are suppressed
by power of A in Egs. (5.16) and (5.19) in the above arguments. Almost all these terms
can be neglected because of the power of \. However, \*m? term in Eq. (5.19) can give

non-vanishing contribution to \/ [(m2y)22 — (mZe)11]|/mg if m ~ mg. In such a case, we
can easily extract the FCNC constraints from Fig. 12.
5.5 Summary of the section

In this section, we introduced the interesting SUSY GUT models based on the Eg X
SU(2)r x U(1)4 SUSY GUT. These models can solve almost all the problems which are

caused in SUSY GUT model under the natural assumption which all the interactions
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allowed by the symmetries are introduced. One of the important signatures of the Fg X
SU(2)r xU(1)4 SUSY GUT is the MUSM. This structure can suppress the contributions
to SUSY FCNC processes and stabilize the weak scale at the same time [54-58, 156-158].

However, the universality of the MUSM is destroyed by non-vanishing D-term contri-
butions predicted in the Eg x SU(2)p x U(1) 4 SUSY GUT. Therefore, these contributions
are strongly constrained by the FCNC processes, especially the CP-violating parameter
ex in K°%-KO mixing. We searched the size of D-term contributions from the constraint
of ex and found that sizable contributions are allowed as shown in Fig. 12, which is O(1)
TeV. Moreover, we obtained the novel relation, (miy)e — (mig)in = (m2)ss — (M)
which is specific to this model. Therefore, if this relation can be observed in the future
experiments in addition to the small modifications from the MUSM, we may establish the
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6 CEDM constraints in natural SUSY-type sfermion

spectrum

In the previous section, we introduced the SUSY GUT model with the natural SUSY-
type sfermion mass spectrum. This type of spectrum suffers from the CEDM constraints
because of the light stop mass. In this section, we focus on the sfermion mass spectrum
obtained in Eq. (5.20) [150,151,159],

mi, = m2 M = mé , (6.1)

and investigate the lower bound of the sfermion masses from the EDM bounds.

6.1 CEDM and rough estimation
The effective Lagrangian for the quark CEDM can be calculated by the diagram shown

in Fig. 13, and described as

19s o
Lcepm = —%de(G F0)754, (6.2)
- - _ A PA_w A A
where g; is the QCD coupling, G - o = G}, 70" E G, is field strength of gluon, T'
(A=1,2,---,8) are SU(3) generators and o = £[y*,+*]. d denotes a quark CEDM

g

Figure 13: An one-loop diagram for the quark CEDM. y denotes fermionic superpartners,
such as gluinos, charginos and neutralinos.

and particularly, it is dominated by gluino contributions. Therefore, we focus on the

gluino contributions to the quark CEDMs in this thesis.
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If one consider the natural SUSY-type sfermion spectrum, such as Eq. (6.1), the
diagram shown in Fig. 14 becomes dominant contribution to up-quark CEDM, dS [69,

|. This contribution is enhanced when the stop mass is light to be around 1

) Y

g

(Afpa (ARp)as (Dkeli
— = —X— — % —
urp t; tp UR

Uy, Up

Figure 14: A diagram which dominantly contributes to d5. (AY%p)ij (A, B = Lor R, i,j =
1,2,3) is the element of 6 x 6 sfermion mass matrix (see Eq. (6.3)).

TeV and in general, its size is severely constrained by the CEDM constraints even if all
SUSY-breaking parameters and the Higgsino mass parameter p are taken to be real. In
order to explain the enhancement and constraints, let us estimate this diagram by using
mass insertion approximation (MIA) [162].

We define the 6 x 6 mass matrix for up-type sfermions as follow:

M? =

u

Ry, (vuAy = pwaY, )L Ry (mi + iV, YR, (Ahy) (Akg))

where A, is a 3x 3 matrix for scalar three point vertex and mg, and m;, are 3x 3 soft SUSY-
breaking mass matrices. Hereafter, we assume that Y, has the hierarchical structure for

the observed masses as follow:
A6\ N3
Y, ~ | A 2 )2 (A =0.22). (6.4)
A2 1

Here, we omit the O(1) coefficients for each element. In this case, the diagonalizing

matrices, L, and R,, can be the CKM-type matrix:

1 A N
Ly, Ry~Voxm~ | A 1 M. (6.5)
A1
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The diagonalized Yukawa coupling is obtained as LTY, R, = Y, as in Eq. (5.23). By

using these equations, we can estimate the contribution of Fig. 14 to dS as

o Mz (A% )33 (AY )51 (A%g)is
d = Pl )l |
t t U U
O M~Au33vu u u
~ EF(T@ Tf)—g A Im [( LL)31(5RR)13] ) (6.6)

t

where Mj is the gluino mass, r; = MZ /mZ, r; = m?/mZ and Fyna(z, y) is a loop function.

Note that in notation of Eq. (6.3), the mass insertion parameters (0Y%5);; are

(0%5)i; = ( /“g)” (A,B=LorR,i,j=1,23). (6.7)

u

In Eq. (6.6), we assume that Mj; and (A%, )33 ~ Au330, are real. Therefore, d is pro-
portional to the imaginary part of the (0%;)31(0%z)13 which includes the diagonalizing
matrices, L, and R,. Since these diagonalizing matrices are complex to obtain the KM
phase, the contribution of Eq. (6.6) are induced even if all SUSY-breaking parameters
and p are real.

To obtain the CEDM constraints, one should use the relations between the EDM and
CEDM. In this thesis, we use the following relations: dyg ~ 2.2 x 1073 e(dS — dg) [163]

for the mercury EDM and dx ~ —0.3 e(dS — d$) [164] for the neutron EDM. The current
upper bound for these EDMs [70,77] are
dy < 3.0 x 107 e cm, (6.8)
dirg < 7.4 x 107 ¢ cm. (6.9)

By taking m; ~ Auzz ~ 2 TeV, mz ~ 1.om; ~ 3 TeV and my ~ 10 TeV and using
these relations and constraints, we obtain the following bounds for the mass insertion

parameters’ :

. , 5.3 x 107 (Hg) m; \2
I [(67,)s1 (9)1s) <{ ) }( ) (6.10)

1.6 x 10~* (neutron 2 TeV

Note that the loop integral in this case is Fya(0.09,0.04) ~ 0.079. We summarize the
value of Fyia (g, 1) with different r; and 77 in Appendix F. The left-hand side of Eq. (6.10)

"For the bound of d, we consider the situation that mg > ms. In such a case, the down quark
CEDM ddc is decoupled and can be ignored. In this thesis, we just use the bound for d5 — dg obtained

from the relations between the EDM and CEDM as that for d$ and dS.
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can be calculated by Egs. (6.1) and (6.5) as

2 2\ 2
i {98, O] = (5 ) 0 (6.11)
Clearly, this does not decouple when mg; — oo which correspond to my — oo, and its size
is about A® ~ 10~*. Therefore, the stop mass is needed to be larger than roughly 10 TeV
in order to avoid the Hg EDM bound obtained in this approximation.

Note that the down quark CEDM d§ decouples in the limit of mg — oo because
the mass of the right-handed sbottom becomes heavy in the natural SUSY-type sfermion
spectrum Eq. (6.1). Therefore, by calculating the approximate expression for d§ in a
similar way, we expected that m; > 10 TeV is needed to satisfy the CEDM bounds if the
decoupling feature of d§ for my is similar to that of d$ for ma.

In the point of view of the naturalness, it is preferable that the stop mass is O(1) TeV.
In order to satisfy the CEDM bounds in such a light stop case, an interesting solution
is to assume that Y, and A, are real at the GUT scale, while Y, is complex to obtain
the KM phase. In this solution, diagonalizing matrices for Y, are also real, and d¢ is
strongly suppressed as understood from Eq. (6.6). In fact, Y, becomes complex at the
low energy scale through the RGE running. However, since there is a loop suppression in

the imaginary part of Y,,, the current CEDM bounds are satisfied in this case.

6.2 Calculational method

In order to discuss the CEDM constraints for the model with the natural SUSY-type
sfermion spectrum and compare the lower bound of the sfermion masses in different
Yukawa structure, we calculate the CEDMs numerically. Before showing the results,
let us explain the detail of the calculation.

For the calculation, the input parameters are given at the GUT scale, Aqur = 2 x 10'¢
GeV. For simplicity, we assume that the model is the MSSM with the natural SUSY-
type sfermion spectrum. Therefore, the input parameters are gauge couplings g;, gaugino
masses M;, Yukawa couplings Y}, scalar cubic couplings Ay which are called A-parameters
in this thesis, sfermion mass matrices and doublet Higgs masses. These values or struc-

tures are®

g1(Acur) = g2(Agur) = g3(Acur) = ggur = 0.7, (6.12)
M;(Agur) = My(Agur) = Ms(Acur) = My e, (6.13)

8We consider that hierarchies of A-parameters are the similar to those of corresponding Yukawa
couplings. This situation can be realized if one consider the model in which the Froggatt-Nielsen mech-
anism [165,166] is considered.
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6 5 3 6 5 3
Yu1 A’ Yu12A° YuizA Ay11A°  Gu12A° GyisA

Y, = yu21)\5 yu22/\4 yu23>\2 ) A, = Ay Clu21/\5 au22/\4 au23>\2 ) (6‘14)
yu31)\3 yu32/\2 Yu33 au31/\3 @u32/\2 ay33
ydll)\G yd12)\5'5 yd13>\5 adll)\G ad12)\5'5 ad13)\5
Yo= | va21 A’ a2 A yamsA? | Ag=Ao | agm N’ ag)® agsAt |, (6.15)
Yast A’ Yaz2 A Yazz\? g\ agzeN*® aggz\?
yell>\6 yel2/\5 yels)\g aeu)\ﬁ ael2/\5 ael3>\3
Y. = ?/e21)\5'5 .%22)\4'5 ye23)\2'5 ) A = Ay %21)\5'5 %22)\4'5 ae23)\2'5 > (6-16)
Ye31 A° ye32)\4 ?1633)\2 ae31)\5 Clesz)\4 ae33)\2
my my
i, = m2 , mE, = m2 : (6.17)
mj mg
m, (Acur) = mi, (Acur) = (500 GeV)?, (6.18)

where yy;; and ap; (f = u,d,e) are the O(1) coeflicients and Ay is the typical scale of
A-parameters. The other parameter of the MSSM is the Higgsino mass parameter, pu.
In this calculation, it is fixed by the Z boson mass M. Note that we do not mind the
largeness of the value of i because it does not contribute much to d¢, although y becomes
O(1) TeV and it may lead to destabilization of the weak scale.

In the calculation, we assume that Yukawa couplings and A-parameters have the
hierarchies composed of A = 0.22, but have three different types of O(1) coefficients at

the GUT scale for the comparison:

(i) complex 'Y, type
All yyi; and agj (f = u,d, e) are complex O(1) coefficients (7, j = 1,2, 3).

(ii) real Y, type
Yui; and a,;; are real O(1) coefficients, while yg;;, d4ij, Yeij and a.;; are complex O(1)
coefficients (7,7 = 1,2, 3).

(iii) Eg model (with family symmetry and spontaneous CP violation)
Yuij, Yai; and ye;; have the special structures obtained in Eqgs. (5.11), (5.12) and
(5-13) [ - ]1 Yull = Yu13 = Yu3dl = Ye13 = Ye21 = 0, Yu12 = —Yu21 = Ya13 = %dqa
Yu23 = Yu32, Yd23 = Ye32, Ya33 = Ye33 and Ye12 = —Ye31- Ydi1, Y12, Ya22, Ya32, Yell, Ye22
and yeo3 are complex O(1) coefficients, and dg, Yu22, Yu23, Yuss, Ya21, Ya2s, Yds1, Yass
and y.1o are real O(1) coefficients. A-parameters have same structures.

Note that the real or complex O(1) coefficient in this thesis is defined as follow. The O(1)
coefficient C' can be written by its radius and phase as C' = |Clexp(i0(©)). We fix the
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range of the radius as 0.5 < |C| < 1.5. If C is the real O(1) coefficient, the phase §(©) is
randomly chosen by 0 or 7. If C'is the complex O(1) coefficient, the phase §(©) is random
number in the range of 0 < #(©) < 27,

For all three types, we assume that M9, p, Auss = Ag and y,33 = 0.8 are real at the
GUT scale, in which most of the usual contributions to EDMs are strongly suppressed

when my — oo. In addition, we consider that the SUSY-breaking scale is 1 TeV and

tan g =T7.
We obtain the low energy parameters from above inputs by using two-loop RGEs of
the MSSM? [167]. The CEDMs for light quarks (u, d, s) can be calculated by the one-loop

formulas for the gluino contributions as

6

e . {(-360 -3m0 ) mEhy©}. 619
9§ = e {(5RE) —sme) ) miwhuwaa} @
£ = i {(-3R60 - 3n6h ) miwhu@al . ©2)

where ¢ ~ 0.9 is QCD correction. qu (¢ = u,d) are diagonalized squark mass matrices

which is defined as M2 = U;M2U}. M2 is 6 x 6 sfermion mass matrices and U; are their

diagonalizing matrices. Fi(z) = (2* — 4o + 3 + 2Inz)/2(1 — 2)? and Fy(z) = (2* — 1 —
2

2¢Inz)/2(1 — x)* are coming from loop integrals and xf = ( AZ")” The current bounds for
each quark CEDM [69, 76,77, 160] are
dS| <34%x 10 em (¢ =u,d), (fromHgEDM) (6.22)
\dqc| <1.0x107*cem (¢ =u,d), (fromneutron EDM) (6.23)
|dY| < 1.1 x 107% cm. (6.24)

In the next subsection, we will show the results by calculating CEDMs above method.
We generate O(100) model points with different O(1) coefficients and obtain the mean
value and standard deviation of log1o|dS|. Note that we do not fit the observed fermion
masses and the CKM matrix strictly. However, these are roughly realized by the Yukawa
hierarchies in Eqgs. (6.14), (6.15) and (6.16).

9We do not consider one-loop threshold corrections in this calculation since their effects to CEDMs
are much smaller than that of O(1) coefficients, although one-loop threshold corrections should be taken
into account when one calculate RGEs at two-loop level.
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Lm0 [ My | [Auss| |
5 TeV | 2.7 TeV | 2.0 TeV
10 TeV || 2.8 TeV | 2.1 TeV
20 TeV || 4.3 TeV | 3.1 TeV
30 TeV || 6.2 TeV | 4.4 TeV
40 TeV || 8.4 TeV | 5.8 TeV

Table 9: Mj and |A,33| at the SUSY scale (1 TeV) in each mg value for calculation in
Fig. 15.

6.3 Numerical results

The first result is shown in Fig. 15. The vertical axis is log 19|d| (left panel) and log 14|dS |

c

logoldy|

_.—%—|

-

——
.
C
log1oldg|
—
—

20 25 30 20 25
mg (TeV) mg (TeV)

Figure 15: m, ; dependence of dS (left panel) and dJ (right panel) [7%]. Blue, red and
green plots are complex Y, type, real Y, type and Eg model, respectively. Each error
bar shows the standard deviation for the value of log1o|dS| (¢ = u,d). Black solid line
is current bound from Hg EDM and allowed region is lower area. Dashed line shows the
current bound from neutron EDM, and the dotted line is the bound expected in future
experiments of neutron EDM. We choose mg3 and M ; to become light stop at the SUSY
scale (1 TeV), and in these figures, we set m; = (2000 £ 250) GeV. We also set A9 = —1
TeV.

(right panel) and the horizontal axis is heavy sfermion mass at low energy denoted as mg g
Blue, red and green plots are corresponding to complex Y, type, real Y, type and Eg model,
respectively. For these plots, we set Ag = —1 TeV at the GUT scale and the stop mass at
low energy is about 2 TeV by choosing the values of M, and mg3. The current bounds
are shown as black solid line (Hg EDM, Eq. (6.22)) and dashed line (neutron EDM,
Eq. (6.23)). We also plotted the future expected bound in the experiments of neutron
EDM [168-172] as dotted line. The values of Mj; and |A,33| at the low energy are listed in

Table 9. From Fig. 15, one can see that d© does not depend on the m; (and hence my),
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while dS is decoupled when mg become large. Roughly speaking, the Hg EDM bound
leads to mg; > 7 TeV from d§ plots, which corresponds to mo > 7 TeV at the GUT scale.
Note that hereafter, we discuss the sfermion mass bound by using the center value in
each distribution. From d¢ plots, when m; ~ 2 TeV, complex Y, type cannot satisfy the
current dyg, bound, while real Y, type and Eg model can satisfy it. This means that
the assumption which Y, and A, at the GUT scale are real is a good solution for the
CEDM problem. Note that Eg model predicts smaller values of d¢ than the results of
real Y, type. This is caused by the special structure in Y, at the GUT scale, especially
Yull = Yu13 = Yuz1 = 0 and the factor of 1/3 in y,12 = —Yu21-

Next, we show how large stop mass is needed in Fig. 16. The horizontal axis is m;.
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Figure 16: m; dependence of dS (left panel) and d§ (right panel) [78]. Blue, red and
green plots are complex Y, type, real Y, type and FEg model, respectively. Each vertical
error bar shows the standard deviation for the value of log|dS| (¢ = u,d). Horizontal
error bar shows the distribution of stop masses by variation of O(1) coefficients of Yukawa
couplings and A parameters. Black solid line is current bound from Hg EDM and allowed
region is lower area. Dashed line shows the current bound from neutron EDM, and the
dotted line is the bound expected in future experiments of neutron EDM. In these figures,
we set mg = 10 TeV and Ag = —1 TeV.

The vertical axis, colors of plots and shapes of lines are the same meaning as in Fig. 15.
For these plots, we set mg = 20 TeV and Ay = —1 TeV at the GUT scale. At the low
energy, Mz = 3 TeV and stop mass is given by the eigenvalues of the matrix of the stop
mass square as my = ,/mz mg,. It is obvious that d¢ is strongly dependent on m; and
roughly, m; > 7 TeV is needed to satisfy the current bounds in complex Y, type, which is
not so far from the lower bound obtained by the MIA. However, it may not be permissible
to be such a large stop mass from the point of view of naturalness. On the other hand,
real Y, type and Eg model can satisfy the d© bound even if m; < 1 TeV. Therefore, to
satisfy the d¢ bound with O(1) TeV stop mass, real Y, at GUT scale can be an important

condition. Note that the flat regions appeared in the large stop mass area are caused by
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the contributions from the first two generation squarks. This is because we fix my = 20
TeV. These regions are expected to disappear if mg > 20 TeV.

Note that we have also calculated the strange quark CEDM and investigated its m,;;
dependences. The results are very similar to d§ results and the current bound is al-
most satisfied. Therefore, we do not discuss the constraints of d¢. The weakness of the
constraint of d¢ can be understood from Fig. 17.

In the last of this subsection, we will mention about the 125 GeV Higgs mass. We have
checked whether the Higgs mass is really obtained in this setup by using FeynHiggs-2.10
[173-177]. Table 10 shows the values of GUT scale parameters we used. These values are
chosen to obtain positive squared masses for all sfermions at the SUSY-breaking scale.
We show the values of m; and |A,33| at the SUSY-breaking scale for each my case in
Table 11. We found that the 125 GeV Higgs mass is realized by these parameters in all

Lm0 | oms | My | Ao
5TeV | 1.2 TeV | 1.5 TeV | —5 TeV
10 TeV || 1.5 TeV | 1.8 TeV | —4.5 TeV
20 TeV | 2TeV | 2.4 TeV | —2.5 TeV
40 TeV || 3.5 TeV | 4.5 TeV | —3.5 TeV

Table 10: GUT scale parameters which we use for obtaining the 125 GeV Higgs mass in
each mg value.

L omo | my | [Auss| |
5 TeV | 1.9 TeV | 3.4 TeV
10 TeV || 2.3 TeV | 3.7 TeV
20 TeV || 2.6 TeV | 4.1 TeV
40 TeV || 4.3 TeV | 7.4 TeV

Table 11: m; and |A,33| at SUSY scale in each mq value.

three types. The CEDM values in these cases are shown in Fig. 17.
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Figure 17: Up, down and strange quark CEDM in three type of boundary condition of
Y, [78]. Left panel is up and down quark CEDM and right panel is up and strange quark
CEDM. Square, diamond and circle plots are complex Y, type, real Y, type and Eg model,,
respectively. Red, blue, green and orange mean that mg is 5 TeV, 10 TeV, 20 TeV and 40
TeV. Each error bar shows the standard deviation for the value of log1o|dS | (¢ = u,d, s).
Black solid line is the current bound from Hg EDM and allowed region is lower left area.
Dashed line shows the current bound from neutron EDM, and the dotted line is the bound

expected in future experiments of neutron EDM.

The left (right) panel shows dS versus d§ (dS versus d<). In these figures, square,
diamond and circle plots are corresponding to complex Y, type, real Y, type and Eg model,
respectively. Red, blue, green and orange means that mg is 5 TeV, 10 TeV, 20 TeV and
40 TeV. The current bounds are shown as black solid line (Hg EDM, Eq. (6.22)) and
dashed line (neutron EDM, Eq. (6.23)). We also plotted the future expected bound in
the experiments of neutron EDM [168-172] as dotted line. The lower left area of each line
is allowed region. From Fig. 17, d© bound for compler Y, type is still severe even these
cases. Interestingly, for real Y, type and Eg model, we can expect some signals from the
down quark CEDM dY in future experiments of neutron EDM when my = O(10) TeV.

6.4 Comment on electron EDM

The electron EDM bound is recently improved at the ACME EDM Experiment [178]. It
may be important for the discussion of the lower bounds of the sfermion masses. There-
fore, we also calculate the electron EDM denoted as d, and search its constraints in the
same situations discussed above. We will show the results for the sum of four neutralino
contributions by using the expressions in Ref. [71]. Note that although there are another
contributions, the chargino contributions, to d., we just ignore such contributions since

these are much smaller than the neutralino contributions because of the largeness of the
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chargino masses. We checked that in the setup discussed here, the results are not changed

if the chargino contributions are included.
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Figure 18: m; dependence of d, in three type of boundary condition of Y,, [78]. Blue, red

and green plots are complex Y, type, real Y, type and Eg model, respectively. Each error
bar show standard deviation for the value of log 1g|d.|. Black solid line is current bound

and allowed region is lower area. Other input parameters are same as for the Fig. 15. The
dashed (dotted) line shows the future bound expected by ACME II (III) [179, 180].

The vertical and horizontal axes in Fig. 18 are log 19|d.| and the heavy slepton masses,
respectively. The colors of plots show the same meaning as in Fig. 15. Black solid line
shows the current bound, |d.| < 8.7 x 1072 ¢ cm, and lower area is allowed. Dashed (Dot-
ted) line is the future expected bound at ACME II (IIT) [179,180]. The input parameters
used for this result are the same are for Fig. 15. In Table 12, we show the neutralino

masses in each mg case.

Lm0 | oma [ oy [ g, |
5TeV | 0.5 TeV | 0.9 TeV | 2.1 TeV
10 TeV || 0.6 TeV | 1.0 TeV | 2.4 TeV
20 TeV || 0.8 TeV | 1.5 TeV | 3.3 TeV
30 TeV || 1.2 TeV | 2.2 TeV | 4.2 TeV
40 TeV || 1.6 TeV | 3.0 TeV | 5.2 TeV

Table 12: Neutralino masses at SUSY scale in each mg case. In this calculation, the
masses of two of heavy neutralinos, my, and my,, are almost degenerated.

From Figs. 15 and 18, we found that the current constraint of d, is slightly weaker

than that of df. The lower bounds of the slepton mass for real Y, type and complezr Y,
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type are roughly 6 TeV, while that of Fg model is 5 TeV. This difference is caused by the
structure of Y, in Eg model (see Eq. (5.13)). Note that since electron EDM experiments
will be improved in a few years [180], some signals are expected in d, when mo = O(10)

TeV. If there is no signal, the lower bound of my becomes 20 TeV.

6.5 Summary of the section

In this section, we focused on the natural SUSY-type sfermion mass spectrum, Eq. (6.1).
This type of spectrum is strongly constrained by the CEDM constraints because of the
light stop contributions. In general, sfermion masses, including the stop mass, are needed
to be larger than 10 TeV to satisfy these constraints. It causes the destabilization of the
weak scale.

An interesting solution shown in this section is the up-type Yukawa couplings are set
to be real at the GUT scale. For comparison, we calculated the CEDMs and discussed
the lower bounds of sfermion masses in three different types of Yukawa structure, complex
Y, type, real Y, type and Eg model. As a result, we found that real Y, at the GUT scale
is one of the good solutions for the CEDM constraints with light (O(1) TeV) stop mass.
We summarized the lower bound of sfermion masses from Hg EDM bound in each type
in Table 13. From this table, we can conclude that if the stop mass is observed in future
experiments and its size is O(1) TeV, it may be able to constrain the structure of Y, at
GUT scale by using the CEDM constraints.

‘ complex Y, type real Y, type FEs model
mo | 7 TeV (20 TeV) 7 TeV (20 TeV) 5 TeV (15 TeV)

mi | 7 TeV (20 TeV) No constraint (1 TeV) No constraint (No constraint)

Table 13: The lower bounds from Hg EDM bound. In this table, we also show the bounds
from the future expected sensitivity of neutron EDM in parentheses. “No constraint”
means that the bound is smaller than 1 TeV.

Actually, there are large uncertainties in the theoretical calculation of the relation
between dy, and dqo [163, 181]. Therefore, the other EDM bounds, such as neutron and
electron EDM bounds, are also important to discuss the lower bounds of sfermion masses
conservatively. However, there are almost no constraints from the current d,, bound even
in complex Y, type. The current d. bound constrains the heavy sfermion mass as mgy > 5-6
TeV. In a near future, the electron EDM experiments are improved and we expect that
strong constraint to my is given or some signals are observed in future experiments. On the
other hand, m; is not constrained by d.. Therefore, an improvement of the neutron EDM
is needed to constrain the stop mass. Of course, not only the experimental improvement

but also the theoretical improvement in the calculation of Hg EDM are important.
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7 Conclusion

The scale of GUTs (1051 GeV) is much higher than the weak scale. Therefore, direct
searches for the GUT are difficult in the current (and maybe future) experiments, and to
search for predictions of GUT models, which can be observed at low energy, is important
for testing such a model. In this thesis, we have obtained such predictions in the realistic
SUSY GUT models which can realize the observed fermion mass hierarchies and CKM
matrix.

We especially focused on the method in which the SM matter fields are given by linear
combinations of matter fields considered in the model. Because of this field mixing, unde-
sired relations predicted in some GUT models are modified and realistic mass spectrum
can be obtained. In some of models, flavor-violating couplings are obtained by this mixing
and induce FCNC in specific processes.

One of such models is our SO(10) SUSY GUT model discussed in Sec. 4. In this
model, we introduced three additional fields, 10, as matters in addition to 16; matter
fields. Therefore, we have six 5 matter fields and these fields mix with each other after
extra U(1) gauge symmetry is broken. We considered that this symmetry breaking is
caused around the SUSY breaking scale which is O(100) TeV in this model. Therefore,
a scale of extra gauge boson Z' is also O(100) TeV. Since there are flavor-violating 7’
couplings induced by the field mixing, FCNC processes mediated by Z’ are induced at
tree-level and important for this model even when mz =~ 100 TeV. Moreover, since this
flavor-violating couplings are only for matter fields belonging to 5 field, some prediction
specific to this model would be obtained. Therefore, we have investigated our predictions
from the current FCNC bounds.

As a result, our model is most sensitive to the CP-violating parameter ex in K°-K°
mixing. We found that its deviation can be larger than 10 %. Another predictions are
obtained from LFV p decays, © — 3e and p-e conversion. We can conclude that our
model is still safe for the bounds of these processes. Moreover, if myz is O(10) TeV,
our predictions can reach future expected bounds. One of the important features of our
flavor-violating couplings is that its (b, s)-element tends to be large because Af, oc mdmy.
Therefore, some predictions are expected in B physics. However, the deviation from the
SM predictions for B?S)—% are smaller than 10 % unless my is around O(10) TeV.
The important point is that our model can be tested indirectly, even though the SUSY
breaking scale and hence Z’ scale are O(100) TeV which is too high scale to reach at the
LHC.

We have also discussed the Eg model with SU(2)p family and anomalous U(1) 4 gauge
symmetries in Sec. 5. In such a model, almost all the problems caused in a SUSY GUT

model are solved in the natural assumption. One of the interesting features of this model
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is the sfermion mass spectrum. Since all the sfermion masses other than stop mass are
degenerated in this spectrum called MUSM in this thesis, SUSY contributions to FCNC
processes are suppressed without destabilizing the weak scale.

In this model, however, there are non-vanishing D-term contributions to the MUSM.
Since these contributions are dependent on the flavor, the degeneracy of the MUSM is
destroyed, and D-terms are constrained by FCNC processes. Therefore, we have discussed
the size of D-term contributions. If the stop mass is around 1 TeV and the other sfermion
masses are O(10) TeV, we found that these contributions can be sizable even when the
most strongest constraint in FCNC processes are considered. Therefore, small but sizable
contributions to the MUSM may become the evidence of this model if all the sfermion
masses are observed in future experiments and almost degenerated except for the stop
mass. In addition, we found the novel relation (m3)ae — (miy)i1 = (m2)ss — (M)
which is specific to this model, so that to verify this relation is also important to test this
model.

In fact, the natural SUSY-type sfermion mass spectrum like the MUSM is severely
constrained by CEDMs. This is caused by the smallness of the stop mass. A simple
solution is that one takes stop mass to be heavy, though it leads to destabilization of the
weak scale. Moreover, the constraint of up quark CEDM is still severe even if all the
SUSY-breaking parameters are set to be real. To satisfy the CEDM constraints with light
stop mass, real Y, at the GUT scale is a good solution. Therefore, we have searched the
lower bounds of sfermion masses and discussed the difference of the lower bounds in three
types of structures of Yukawa couplings in Sec. 6.

We found that when we assume that Y, is real at the GUT scale, the CEDM bounds
are satisfied even when the stop mass is 1 TeV. On the other hand, roughly speaking,
the stop mass should be larger than 7 TeV when Y, is complex at the GUT scale. We
obtained these bounds from the current mercury EDM bound, although there are still
large uncertainties in the theoretical calculation of dpg. Therefore, we also investigated
the lower bounds from the neutron EDM bound. However in such case, we did not obtain
any constraints even when Y, is complex at the GUT scale. If the neutron EDM bound is
improved in future, heavy sfermion masses are constrained as mg > 20 TeV. To satisfy the
future expected d, bound, the stop mass should be much larger than 10 TeV in the case of
complex Y, at the GUT scale, while the light stop mass (~ O(1) TeV) is still allowed if Y,,
is real at the GUT scale. Note that at present, the bound from electron EDM may be also
important to discuss the lower bounds of sfermion masses. However, we cannot obtain the
stop mass bound from d, bound, so that theoretical and/or experimental improvement is

needed to constrain the stop mass.
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A Notation

In this section, we list a notation for this thesis.

ot = (1,0i)

(1=1,2,3),

where 1 is a 2 X 2 unit matrix. The Pauli matrices are

A (01
10

The gamma matrices are

01 0
0_ 1_
(1) - (S

0
:<
1

where 0 is a 2 x 2 zero matrix. 7° matrix is defined as

7’ =

Projection operators are written

Charge conjugation is defined as

7:70717273

by 7° as

g

-1 0

0

)

YO =CYC = —iy*yP* = —iy*y YT = CYT,

where C' = —iy?y? = 17942
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B RGEs for the AF' =2 processes

The one-loop RGE for @‘{ is given by

d ~, as (3 ~

Using the one-loop description of the RGE running of oy, we can estimate the one-loop
Wilson coefficients in the each process: for the K% K9 mixing,

6 6 2

) — (as<mc> ) (%(mb))% (m) (aswzo)?@{((MZ,)’ (52)

as(mg) as(me) as(my) as(my)

and for the B?S)—B?S) mixing,

G () — <a5<mt>> * (a5<MZ/>> 5 (A1), 5.3

as(my) as(my)
C Functions
The functions which appear in the K°-K° and B?S)—% mixing are given by

dr — 112 +2°  32°loga

So(x) = 4(1 — x)? 2(1 _ x)?” (C.l)
B —3vy  ay(d—S8y+y?)logy
S(z,y) = Aly—D(z—1) 4(y —1)2(x —y)
zy(4 — 8z + x2) log x (C.2)

Az —1)(z —y)

The function for the short-distance contribution to K; — nvv is defined as

r [z+2 3x—6
X(x) = g{x—l—i_(:c—l)?logx}' (C.3)

The function for By — ptp~ is defined as

Yolo) = %{ij o 3_9”1)2 m}. (C.4)
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D The coefficients of diagonalizing matrices

In Appendix A in Ref. [118], we show how to diagonalize the 3 x 3 matrix Y;;. Here
we show the diagonalizing matrices for up-type quarks, down-type quarks and charged
leptons in the leading order. The diagonalizing matrices L, and R, come from mixing
angles sw M = sin QwL/ R " and c¢ M = cos 91/1 M Tn our calculation we use the

approximation that the mixing angles are small, i.e. |s ZL/ Bl IQwL/ "l (S;@L/ L

YL/R
0¢L/ Reixi ) and ch/ B~ 1. In this approximation the diagonalizing matrices are
1 Lx 1 Lx
1 S12 513
L Lx
WL YL WL
—sts +shy sty —shy 1
YR YR
1 S12 S13
Rx R
Ry =~ —sy 1 syt (D.2)
PR+ PR+ 1 Rx P Rx*
—S13 Tt 823 S12 —Sa3 1

From Eq. (5.11), the mixing angles for up-type quarks are calculated as

%adq =

ac — b?

RN (D.3)

W

b
ul uRx* uwl \ 2 uRx* ul uRx*
Sog = Sg3 = a)\ = Ry, 513 s13 =0, 8757 = —s15

From Eq. (5.12), the mixing angles for down-type quarks are calculated as

bf 1 dyug 1
g TN S R i e 5N = SRIN, (D.4)
$IL ~ _2 (bg — @f)2d5 A\
. 3(ac = b2){f(bg —af)—g(cg —bf)}
+i adgd3 o—i(20-0) \
27 (ac = b*){f(bg — af) — g(cg — bf)}Bu
2 4o
= (3rts+ ot e0 )
2 2 2
dR* ﬂ i(p—0) 05 _ é dsa —~ip 0.5 D5
T by —af" 9 (ac—1?)(bg — af)" 09
= JiRei(P=0)\05 _ g[é%Rei’))\O"E’, (D.6)
2 ad 2
dRx 5 dR
18T T8ac— 02 §R13 A
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2 ds(bg — af) (o 2 i
sdltx ~ = > e HP=0) \05 = Z fdR —i(p=0) \0.5
2T 3{f(bg — af) — glcg — bf)}u 3"

From Eq. (5.13), the mixing angles for charged lepton are calculated as

2
82§ >~ W@ (p 5))\05 = Ig;i@ (p 5)>\05, Slilil ~ 0, (D?)
di(bg — af) (o Ci(p—
el l i(p 5)/\0.5 — IeL i(p 5)/\0.5
S ~ e = e
T {f(bg — af) = gleg = 0f)}Bn 2
eRx eRx dg e
sl ~ 53l = RILNZ sl —m)\g = RYEN?, (D.8)
d 2
S & A= R

2= T (bg — af) — glcg — bf)}

The diagonalizing matrices for up-type quarks, down-type quarks and charged leptons are
calculated as

1 SR 0
Ly~ | —3R{X 1 RYEN? |, (D.9)
SREREN RN 1
1 —IRYX 0
R, ~ s RN 1 RYEN? |, (D.10)
SSREREN SREN 1
1 (3R{E + FI{Le =)\ LRILN
Lg= —(2R + £ I e rm0))\ 1 RN |,
(5B + FRERY + S RE T Cr o) ~ RN 1
1 2I{Jtei = \05 2RIEA
Rd — _%[iié%e—i(p—d))\O.S 1 Igé%e—i(p—é)AO.B
(“3RI + I — e N —pge s
1 gL eiP=2) \05 0
Le ~ | —Igkemi(r=0) \05 1 I§Fe=ilp=0)\05 | (D.11)
A EE D) — IgfteiP=0) X0 1
1 REEXN RSENS
R ~ — RSB 1 RIEN2 | . (D.12)

(~Rf -+ REREIN ~REX 1

In this model the Majorana neutrino mass matrix has a lot of other real parameters and
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CP phases, and therefore, we cannot constrain the diagonalizing matrix for neutrino. The

diagonalizing matrix for neutrino is written as

1 A5 )
Ly~ | A% 1 05|, (D.13)
AN

where we have omitted the complex O(1) coefficients. In this model we can obtain realistic
CKM and MNS matrices as

Vexum = Li Ly
1
- (SFif — 3R — A rife-ir-9)

2pul pdlL 1 pdL | 27dL7dlL _ 4 ( pul dL\ 7dL —i(2p—6)\ \3
_5323 Riy — §R13 +5123 Iy — 5(323 — R9y)Iiye ( )})\

(SR BRI O0)
1 (—RY + RIHN2 |, (D.14)
(Rgy — R35)N? 1
U
Vamns| = [LILe| ~ [ X051 A05 ], (D.15)
A0S
As discussed in Ref. [72-75], the leading contribution to the component (Vexm)is is can-

celled and the sub-leading contribution O(A*) dominates (Vo )13-

E Mass insertion parameters

In this appendix, we just show all mass insertion parameters in the Eg x SU(2)p x U(1)a
SUSY GUT model.

(Bt)is = ~Oh)an = {~J RN, — LRSI By, | i (©1)
(s = ~(Otn = { - REEREE A+ REERE A 30 (£2)
(053)rz = (033)RR =~ R%{Am%m - Am%,g})ﬁ/m% (E.3)
e L = ) PYVE (E4)
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1 9 4 .
-t (R4 SRERE + LRI ) ot b
2 4 o
)un = { s (S + e 0) A (E5)
1 2 4 ‘
(gt + SRERI & R0 ) ity L
(533)LL = Rg:%{Am%o,z - Am%o,s}/\Q/m?z (E.6)
2 A 2 2 .
() = { 300 AmE, - 1 (<2l ) e Am, |
(E.7)
d 2 arar | S ar iR i(2p—06) 2
(613)RR =~ —3123 I+ 2_7]12 Ir3"e Am5’2 (E.8)
+ _ngR + EIdR[dR _ é]ldR]dRei(prcS) Amg )\/m%
3t T gl iz T 5odes i 5.3 d
(533)1%1% = Ig??eii(pié){Amg,z - Am%,?,})‘o'g)/mfi (E.9)
(652)pr = =I5 e NP AmE , + (I55)? A2 Am3 4} /m? (E.10)
(6%) e = =I5 iy {AmZ 5 — AmZ } N /m? (E.11)
(053)rL =~ Igge_i(p_é){Amg,z - Am%,g}AO'S/mé (E.12)
(0%2)rR {_R%%)‘Amfog - RSé(—Riff + R§§R§§)A5Am?o,3}/m§ (E.13)
(5f3)RR = {_RgéRigAm%O,Q + (_RT?)R + Rg?fRig)Amfog})‘S/mg (E.14)
(033)rR =~ Rgg{Am%o,z - Am%o,s}/\Q/mg (E.15)

F Loop integral for the dominant diagram to d*

The expression of up quark CEDM d¢ in mass insertion approximation is

QS M~ U U U
dg = Em_glm [(5LL)31(5RL)33(5RR)13] X FMIA(T@TE) <F1>
i

1 1 1 1
Raa(rg,rg) = 6717 (—310(7“@77”{) + gfsl(rgﬂ‘f) + gfsz(rgarf) + 5153(7”@77”5) + 5154(7"577“5))
(F.2)
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2 mg
where 75 = ﬂg’ r; = —& and I;(rg, 7;) are loop integrals. Each integral are
Io(rs, ) / - d 5(Sia; — 1) 201504 (F.3)
TG, T7) = Ty ax iy — ; '
A 0 ! 4 [Tg(:tl + .1'2) + 3+ T{$4]4
1
(233'3 + 2374 — 1)1’333'4
Is, (rz,17) = dxy---drygd(X;x; — 1 , F.4
Sl( g t) /0 ! 4 ( )[Tgl’l + 22 + 23+ 7"{1’4]4 ( )
1
(2%’3 -+ 2335 — 1)1’5
Is, (rz,1m7) = dry---drsd(Xx; — 1 , F.5
52( g t> /0 ! b ( ) [Tgim + X9 + 23+ Tf($4 + [E5)]4 ( )
1
(2£L'3 + 21’5 — ]_).I‘4
Is, (rz,1m5) = drq---drso(Xx; — 1 , F.6
srgr) = [ i dea (S - )R (1
1
(2%3 — 1)$2$4
Ig,(rz,17) = dxy - - drgd(Xx; — 1 . F.7
S4< g t> /0 ! 4 ( )[T’gxl + 29 + T3 + 7’{]}4]4 ( )
We show the values of Fya(rg,77) with several values of mass ratio, ry and r;.
rg\rg | 022 | 037 0.5? 12 22 5
0.1° 41x1072 [ 1.1x102]18%x102[12x1074[69x107°|1.6x 107"
0.22 24x1071 [ 79x1072 [ 16x1072 | 1.2x10%[69x107° | 1.5x 107
0.32 53x 1071 [ 2.0x 107! |46 x 1072 | 4.0x 1073 |24 x107* | 5.1 x 107°
0.42 85x 1071 [3.6x1071][91x1072|88x10%|56x107*]1.2x107°
0.52 1.2 52x 107 [ 1.4x 1071 [15x 1072 1.0 x 1072 | 2.1 x 107°
0.62 1.4 6.8x 1071 [ 20x1071 [23x1072 1.6 x 1073 | 3.4 x107°
0.7° 1.7 82x 1071 [26x 1071 [ 32x1072|23x 1073 | 5.0x 107°
0.82 1.9 96x 1071 [ 32x107' [41x107%2[32x%x1072|6.8x107°
0.9 2.1 1.1 3.7x 1071 [ 5.1 x1072 [ 41x107° | 89x107°
12 2.3 1.2 42x1071 6.1 x102[50x107° | 1.1x10°*
22 3.2 1.8 76x1071 [ 14x107t [ 1.5 x 1072 | 4.0 x 107*
52 3.7 2.3 1.0 24x1071 [ 33x107?|1.2x 1073

Table 14: The values of Fya(rg, rz) with several values of r; and 7.
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