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Abstract

In 2012, a new boson was discovered with the mass 126 GeV at the Large Hadron Collider
(LHC). After that, the spin of this boson turned out to be zero. It was also confirmed that this
boson couples to many of the standard model (SM) particles. Consequently, the new particle
was identified to be a Higgs boson, which plays a role of triggering spontaneous breaking of
the electroweak gauge symmetry and generating masses of elementary particles. Furthermore,
its coupling strength to the other particles seems to be consistent with the prediction in the
SM within the error of the current data. Therefore, the SM was found to be a very successful
model even with including the Higgs sector.

However, none of the researchers believes that the SM is a fundamental theory of particle
physics. In the SM, only Electromagnetic Force and Weak Force are unified to Electroweak
Force at the energy scale above 100 GeV, which is written as a quantum gauge field theory
with the gauge symmetry SU(2); x U(1)y. On the other hand, Strong Force is described as
an independent gauge theory with SU(3)¢, the quantum chromodynamics. Consequently, the
gauge structure of the SM is given by SU(3)c x SU(2), x U(1)y. From the viewpoint of the
history of unification of law in physics, the SM is nothing but a low energy effective theory of a
more fundamental theory such as the grand unified theory (GUT), in which the gauge structure
in the SM is derived from a more simple structure such as SU(5), SO(10), and so on.

Another reason why the SM is not a fundamental theory arises from its Higgs sector. As
the Higgs field is the order parameter of electroweak gauge symmetry breaking, it must be a
scalar field. It has been known that the introduction of such a scalar field into a gauge field
theory is problematic, yielding quadratic ultraviolet divergences in the radiative correction to
the mass of the Higgs boson. Renormalization of these quadratic divergences bring a serious
problem of huge fine-tuning, so-called the hierarchy problem. Clearly, a new physics model
beyond the SM is necessary at the TeV scale, in which the quadratic divergences are canceled
and the hierarchy problem disappears.

Introduction of supersymmetry (SUSY) at the TeV scale is a charming idea. SUSY is
the symmetry between bosons and fermions. The quadratic divergences from a bosonic loop
contribution and from a fermionic loop contribution are canceled with each other in SUSY
theories. Supersymmetric extensions of the SM have been extensively investigated for previous
three decades. The minimal supersymmetric standard model (MSSM) predicts a set of new
particles at the TeV scale, SUSY partner particles of the SM ones. In addition, the Higgs
sector is predicted to be composed of two Higgs doublets in the MSSM, in which the mass of
the SM-like Higgs boson is preferred to be less than about 120 GeV without large fine-tuning.
The recent LHC results that the mass of the Higgs boson is 126 GeV and that no other new
particles has not been found yet seem to indicate the tension between the MSSM and the
hierarchy problem. Some extended models from the MSSM are also investigated to relax this
tension. In the next-to-minimal supersymmetric standard model (NMSSM), the mass of the
Higgs boson can be greater than that in the MSSM, and the experiment value of the Higgs
boson mass may be explained easier.

SUSY-GUTs are attractive, because the hierarchy problem disappears and the gauge cou-
plings are unified with better accuracy as compared to the GUT without SUSY. The unification
scale is typically 106 GeV. However, SUSY-GUTs also have a new fine-tuning problem. In
these models, there is the mass splitting between the color triplet and the SU(2), doublet Higgs



fields, which arises from common multiplet. This is so-called the doublet-triplet splitting prob-
lems. On the other hand, in general, it is very difficult to test models of GUTs at the collider
experiments. The GUT scale is typically O(10'6) GeV that is inferred from gauge coupling
unification scale. Due to the decoupling theorem, it is difficult to test GUTs at the high energy
collider experiments. Currently, tests of GUTSs rely on checking relations among parameters of
new particles by flavor experiments indirectly.

In this thesis, we discuss a new type of GUTSs, the supersymmetric grand unified theory
with the Hosotani mechanism (SGGHU). This model was proposed to solve the doublet-triplet
problem. This model predicts the existence of adjoint chiral superfields whose quantum numbers
are equal to the gauge bosons in the SM, and masses are at the supersymmetric breaking scale,
namely at the TeV scale. The Higgs sector is extended with additional SU(2), triplet and
singlet chiral multiplets. Therefore, properties of particles in the Higgs sector are different from
the SM, the MSSM and other models. In this thesis, phenomenological analyses of the SGGHU,
especially the mass spectrum of the particles in the model and the coupling constants of the
Higgs sector are investigated. We calculate deviations in coupling constants of the standard
model-like Higgs boson and the mass spectrum of the additional Higgs bosons. We find that
our model is distinguishable from the others by precision measurements of these couplings and
masses of the additional Higgs bosons. We show the testability of our model at the collider
experiments such as the luminosity up-graded Large Hadron Collider and the International
Linear Collider.
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Chapter 1

Introduction

The standard model (SM) for particle physics has been successful in describing high-energy
phenomena at collider experiments. Particles in the SM cannot have masses under the gauge
symmetry SU(3)c x SU(2), x U(1)y. In order to give masses to the SM particles, the elec-
troweak symmetry (SU(2), x U(1)y) is broken into the electromagnetic symmetry (U(1)gar)
by introducing an SU(2);, doublet which obtains the vacuum expectation value (VEV) by the
spontaneous symmetry breaking. Consequently, quarks, charged leptons and weak gauge bosons
obtain their mass. In July 2012 at the Large Hadron Collider (LHC) a new boson with the
mass of 126 GeV was found [1]. Since spin-2 was excluded with 99% C.L. by ATLAS [2] and
CMS [3], it was confirmed that the spin of this boson is 0. Its coupling to many of the SM par-
ticles was also confirmed. From these facts, a new particle was identified to be a Higgs boson.
In addition, its coupling strength to the SM particles is almost correspond to the prediction in
the SM within the error of the current data. The SM is likely to be correct at the moment.

However, there are good reasons to consider new physics beyond the SM. We already know
phenomenological problems such as the existence of dark matter [4], baryon asymmetry of the
universe and neutrino oscillation, all of which cannot be explained in the SM. The SM also has
a theoretical problem, so-called the hierarchy problem. Since quadratic ultraviolet divergences
appear in the radiative correction to the mass of the Higgs boson, a huge cancelation between
its bare mass and loop contribution is required for the renormalization of the Higgs boson mass.
It is a serious fine-tuning. We need a new physics model which can solve this problem.

The Higgs sector in the SM has the minimal form with only one SU(2), doublet scalar
field, which is just a hypothesis. Actually, some of new physics models have extended Higgs
sectors. For instance, the Higgs sector in the minimal supersymmetric standard model (MSSM)
is composed of two doublet scalar fields. The Higgs sector in some models which can explain
the mass of the neutrino contains an additional SU(2),, triplet scalar field. If the form of the
Higgs sector is experimentally determined, we can decide a new paradigm for physics beyond
the SM. Even though no other new particles is found directly at the collider experiments, we can
obtain properties of the Higgs sector by an indirect way. Measuring the Higgs boson couplings
with high accuracy, we could obtain deviations in Higgs couplings from the SM predictions.
Using these deviations and finding the pattern of deviations at future collider experiments, the
Higgs sector could be determined by fingerprinting with the data. With this guide, we focus
on physics of the Higgs sector.

It has been known that the supersymmetry (SUSY) can solve the hierarchy problem. SUSY
is the symmetry between bosons and fermions. Since the loop effect of scalar bosons is opposite
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from that of fermions, the quadratic divergences from a bosonic loop contribution and from
a fermioic loop are canceled in SUSY models. In the MSSM, the Higgs boson is lighter than
the Z-boson at the tree-level. For this reason, the 126 GeV Higgs boson needs large loop
corrections with heavy superparticles. On the other hand, since an extended Higgs sector with
a singlet scalar field from the MSSM Higgs sector, so-called the next-to-MSSM (NMSSM [5]),
has an additional quartic coupling via the F-term, the Higgs boson can become relatively heavy
without requiring heavy superparticles as compared with the one of the MSSM [6, 7].

From the viewpoint of the history of unification of law in physics, it is natural to consider
that the SM is a low energy effective theory of a more fundamental theory such as grand unified
theory (GUT [8]). Since the GUTSs unify the gauge groups in the SM and quantize the electric
charge, the GUTs are very attractive models.

Since the SUSY solves the hierarchy problem, SUSY-GUTs [9] are well-motivated models
of physics beyond-the-SM. However, in the SUSY-GUTs, the GUT breaking scale is typically
O(10'%) GeV inferred from the gauge coupling unification. Due to the decoupling theorem [10],
it is difficult to test the SUSY-GUTs at collider experiments, because effects of such a extremely
heavy particles on the low energy effective theory are negligible. At the same time, there is
another difficulty. In the SU(5) SUSY-GUT, the SU(2)., doublet fields necessarily accompany
color triplets Higgs fields. The color triplet Higgs fields are supposed to be as heavy as the GUT
scale for the proton lifetime, but SU(2);, doublet Higgs fields should be around O(10%) GeV
for the electroweak symmetry breaking. That is, the SU(5) SUSY-GUT also has a fine-tuning
problem of the mass splitting between the color triplet and SU(2);, doublet Higgs fields, which
are generated from common multiplet, so-called doublet-triplet (DT) splitting problem [11-16].

In this thesis, we consider the supersymmetric grand unified theory with the Hosotani
mechanism, so-called the supersymmetric grand Gauge-Higgs unification (SGGHU). In this
model, the unified symmetry is broken by the Hosotani mechanism [17]. The extra-dimensional
component of the gauge field causes the symmetry breaking. It is known that the SGGHU
realizes naturally the DT splitting [18]. Furthermore this model predicts the existence of chiral
adjoint superfields, color octet, SU(2), triplet and singlet at the SUSY breaking scale, whose
gauge quantum numbers are the same as the SM gauge bosons. We investigate the Higgs
sector of this model which is extended from that of the MSSM by the SU(2), triplet and
the singlet chiral multiplets. Due to couplings between the MSSM Higgs doublet and new
Higgs triplet and singlet, the SM-like Higgs boson mass can become large as compared with
the prediction of the MSSM. We derive values of parameters in the low energy effective theory
using the Renormalization Group Equations (RGEs), and evaluate the masses and couplings
of the SGGHU Higgs sector particles. We show the testability of our model at future collider
experiments such as the International Linear Collider (ILC).

This thesis is organized as follows. In Chapter. 2, we review the SM. After the spontaneous
symmetry breaking, quarks, charged leptons, weak gauge bosons, and the Higgs boson obtain
their mass. The parameter in the Higgs sector is restricted by theoretical bounds. In Chapter. 3,
we review the THDM. There are two SU(2), doublet scalar fields in this Higgs sector. We
analyze theoretical bounds and experimental constraints for parameters in the Higgs sector.
In Chapter. 4, we discuss the SGGHU. In particular, we focus on the Higgs sector which is
extended by the triplet and singlet. We show the testability of our model at collider experiments.
Conclusions are given in Chapter 5. In Appendix, we specify the Higgs sector in the NMSSM
and the SGGHU. Mass matrices of Higgs bosons, neutralinos and charginos, and coupling



constants among Higgs bosons and other particles are summarized.






Chapter 2

Standard Model

We here review the Higgs sector in the SM. In the SM, the Higgs sector includes only an
SU(2)1, doublet scalar field which is the minimal form. After the spontaneous gauge symmetry
breaking, quarks, charged leptons, weak gauge bosons and Higgs boson obtain their masses.
Then we consider the bounds for the Higgs boson mass.

2.1 Masses of SM particles

2.1.1 Higgs boson mass and gauge boson masses

The Higgs sector of the SM is the minimal form with the one Higgs doublet as

LM = |D O —V(®), V(®)=—p2®] + D", (2.1)

q):(i(vjf);Jriz))’ (2.2)

V2

where w' and z are NG bosons and these are eaten by the longitudinal mode of gauge bosons
after the spontancous symmetry breaking. v is the VEV of the doublet Higgs. D, is covariant
derivative

, JT9 1
Dy® = (9, — ZQQW#? - ZgYBM§)(P' (2.3)
From the vacuum condition as the following
ov
| =0 2.4
o | = (2.4)

we obtain x? = Av?. The mass of the Higgs boson is
m; = 2 % (2.5)

We obtain the masses of gauge bosons from the kinematic term after the spontaneous
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[ [SUB). SU@), UMy |

Q' 3 2 +1/6
ul 3 1 +2/3
d, 3 1 —1/3
Lt 1 2 —-1/2
el 1 1 —1

P 1 2 +1/2

Table 2.1: Quantum number of fermions

symmetry breaking. The Z boson, the W boson and the photon are the following:
1

W, ﬁ(W,} TiWy), (2.6)
1 3
Ly = E(QWV# —9vB,), (2.7)
1
Ay = —=(gyW3i + g2B,). (2.8)

V2
92

\/ 93+9% .
The mass of W boson and Z boson are my, = Zv and m, = 5—-v, respectively. However

the photon remain massless. Using the mixing angle 6,,, Z and A is written by
7 cosf, —sinb, w3
( A ) N ( sinf,, cosf, ) ( B ) ’ (2.9)

cos b, =

where

sinf, =

9o 9y
NL NE

2.1.2 Fermion masses

The masses of fermions also are obtained by the spontaneous symmetry breaking. In the SM,
quantum number of fermions is Tab.(2.1). The Yukawa sector is written as

LY = —[QLY P dd), + QLY u), + LL Y, ®el, + h.cl, (2.11)

where ¢ = i, ®*, Y..a: is a 3 X 3 complex matrix. These Yukawa terms are diagonalized by a
bi-unitary transformation as

QL —UYQI, Lt —U’Q, uly—Viul, dy—Vyidy, ey— Ve (2.12)
L — —[Q, Y 0d), + Q1 Y yd, + L1 Y, del, 4 h.c], (2.13)
These diagonalized Yukawa matrices are given by
. Yy 0 0 _ ya 0 0 . v 0 O
vdee— 0 gy 0 |, Y= 0 gy, 0|, V™ =( 0 y, 0 |. (214

0 0 w 0 0 w 0 0 yr
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Therefore, the mass of fermion is the following

m; = Y, (2.15)

V2

2.2 Bound from theory

Bound of the Higgs mass can be obtained from theoretical consideration. We here mention the
unitarity bound and the triviality bound.

2.2.1 Tree-level Unitarity bound

From the unitarity of S-matrix, we can restrict the parameter of the Higgs sector [19], namely,
the coupling A (or the mass of the Higgs boson m; = 2Av) in the SM. Due to the optical
theorem, The total cross section o can be written by the imaginary part of the scattering
amplitude with the scattering angle # = 0 as

- %Im[/\/l(@ —0)), (2.16)

where s is the squired center of mass energy. Since the main contribution of the oy, comes
from 2 body — 2 body process, ot is also written by

1 M|
ot = — [ dcosf—. 2.1
Tiot = S/ cos oo (2.17)
On the other hand, the amplitude M can be expanded in terms of the Jth partial wave
amplitude a; as

M = 1672 Z(ZJ + 1)Pj(cosf)ay. (2.18)

J=0
By combining the Egs. (2.16), (2.17) and (2.18), we obtain

1 1
Re(ay)? + {Im(ay) — 5}2 < (5)2 (2.19)
This equation suggests that a; has to be on the circle with the radius 1/2 and the center
coordinate (0,1/2) in the complex plane. Therefore, |[Re(a;)| < 1/2 at the tree level. We apply
this constraint to the elastic scattering process of longitudinal component of the W boson,
W W, — W/ W, . In the high energy limit, Oth partial wave amplitude can be calculated as

GFm%L
ag ~ — . 2.20
From Eq. (2.19), we obtain the upper bound of the Higgs boson mass
21/ 2
my < w2 (873 GeV)?2. (2.21)

F
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By considering the partial wave unitarity on the four-channel system, W,/ W, , 1/ NeYAYAR
1/v2HH and HZ;, we can obtain the stronger constraint. In the high energy limit, the scatter-
ing process for longitudinal component of the weak gauge bosons can be replaced by the NG bo-
son modes which is known as the equivalence theorem [20] . In the basis of {wtw™, zz, hh, hz},
this 4 x 4 s-wave amplitude matrix ¢ is given as

1

L F
T B T T 2.22
= U T (2.22)

A2 V8 4 1
0 0 o0 1
Since this matrix ¢ has eigenvalues {3/2,, 1/2,, 1/2,, 1/2} x Gpm3 /47\/2, we obtain

m; < (712 GeV)2. (2.23)

2.2.2 Triviality bound

Quartic coupling constant is important in the Higgs sector. Because if quartic coupling constant
is less than zero, then there is possibility that the vacuum is unstable. Using RGEs, we estimate
the quartic coupling constant at the arbitrary scale. In other words, we can know the breaking
scale of this model. In the SM, the running of the quartic coupling constant is written as [21]

i
dlog@ 1672

[24)\% + 12y2\ — 6], (2.24)

where A is quartic coupling constant and () is an arbitrary scale. As shown in above the
equation, running of A is sensitive for ;. Therefore the top mass m; is an important parameter.
In Ref. [22], when m; = 171.0 GeV, the SM is unbroken at the GUTs scale. On the other hand,
when m; = 175.3 GeV, the vacuum is meta-stable above O(10%) GeV.



Chapter 3

Two Higgs Doublet Model

We review the Higgs sector in the Two Higgs doublet model (THDM). The THDM has two
SU(2), doublet scalar fields. It is one of the simple extended Higgs model. There are many
motivations for THDM such as SUSY [23], radiative seesaw models [24-26] and electroweak
baryogenesis [27,28]. In the Higgs sector, there are many parameters as compared with that of
the SM. On the other words, additional Higgs bosons other than SM-like Higgs boson appear.
Next, we consider bounds of parameters in Higgs sector from the experimental and theoretical
constraints. Finally, we show the allowed region of parameters.

3.1 Higgs sector

THDM contains two SU(2);, doublet scalar fields. The most general Higgs potential is written
as

V (D, Dy) =m2® &y + midid, — m2(d1d, + h.c)
M Ao

+ 5 (R101)* + TH(@402)” + Ag(R[P1) (D)) + Aa(@] Do) (9] 1)

n [%(cp{%)(cpgqb) + A6(D1D1) (B Do) + Mg (BF Do) (D] ®5) + hoc], (3.1)

where ®; and ®, are SU(2) doublet fields with Y = 1/2, m; 5 and A\;_4 are real, and m3 and
As_7 are complex. Yukawa sector is given by

LY ion = —QL Y (D1 4 ®y)dl, + QLY (DS + 0 Yud, + LY, (B + y)ed, + hc].  (3.2)

As we can see from Eq.(3.2), Yukawa sector cannot be diagonalized simultaneously. In other
words, general THDM contain flavor changing neutral current(FCNC) at tree-level. In order
to avoid the tree-level FCNC, we consider the THDM with discrete Z5 symmetry under which
two Higgs fields behave as ®; — ®; and &3 — —Py but we allow soft breaking term [29].
There are four kinds of Yukawa interactions under the discrete Zy symmetry which are listed
in Tab. 3.1 [30,31]. Then the Higgs potential is given by

V(D1 By) =m20I Dy + m20id, — m2(dI Dy 4 huc)

A A
51(@1@1)2 + 32(‘13;@2)2 + A3 (D) (BI Do) + Ny (B Do) (D)D)

+ [%(@1%)(@1%) +hel. (3.3)

_|_



10 CHAPTER 3. TWO HIGGS DOUBLET MODEL

@1 q)Q Ugr dR ZR QL’ LL
Typel | + | - | - | - | - +
Typell || + | - | - | + | + +
Type X || + | - | - | - | + +
TypeY || + | - | - | + | - +

Table 3.1: The charge assignments of the discrete Z, symmetry

A¢,7 terms are forbidden by the discrete Z; symmetry. This Higgs sector has real six parameters
and two complex parameters. We take two complex parameters A5 and m3 to be real assuming
that CP is conserved in the Higgs sector. The Higgs doublet fields are parametrized as

o, = v 3.4

where the VEVs v; and vy satisfy /v +v3 = v =~ 246 GeV and tan 3 = vy/v;. The mass
eigenstates are obtained by rotating the component fields as

(ZQ)ZR(O”(ZI)’ <2)=R<5><Z)7 (Z;t):R(ﬁ)(}‘}i), (3.5)

where w* and z are Nambu-Goldstone bosons, h, H, A and H* are respectively two CP-even,
one CP-odd and charged Higgs bosons, and

cosf —sinf
R(9) = ( sinf cos# > ’ (3.6)
From the vacuum conditions:
A 1-
mf = mg tan 3 — —lvg - —)\vg,
2 2
m3 = m3cot 3 — EUQ — 15\02 (3.7)
9 = M3 5 U1 T 5 .

where A = A3 + \; + \s. Using Eq.(3.5) and Eq.(3.7), we obtain physical scalar masses as

1
m%[i - M2 — 5(/\4 + )\5)7)2,
m% = M? — \sv?,

1
m%(,h = 2 |:M121 + M222 + \/(M121 + ]\/[222)2 + 4M122 . (3.8)

Matrix elements M;; are

M7, = Mv® cos® B4 Av? sin’ B + 2Xv” sin® 3 cos” 3,
M3, = M? + (A + Ag — 2X) sin® B cos® 3,

1 _
M3y = =(=A1 cos? B+ Ay sin® B+ X cos 23)v? sin 3 cos 3, (3.9)

5
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where soft breaking parameter M? = m3/(sin Bcos3) [32]. The eight parameters \;_5 and
m?_, are replaced by mixing angles « and 3, physical masses ma, my,, my and mp+, the VEV
v and soft breaking parameter M2. In particular, the quartic coupling constants are expressed
in terms of physical Higgs boson masses, mixing angles and the soft breaking parameter as

A = m(—M2 sin? 3 + m?; cos® a + m3 sin” a), (3.10)
Ay = m(—]\/f2 cos” B 4+ m7 sin® a + h; cos® a), (3.11)
Ay = 0—12[—]\/[2 +(m% — mi)zi gg +2m2], (3.12)
Ay = é(M2+m2A—2qui), (3.13)
A5 = U—Z(M2 —m3). (3.14)

The coupling constants of the CP-even Higgs boson with the weak gauge boson hWW and
HWW are proportional to sin(f — «) and cos( — «), respectively. When sin(f — a) = 1,
only h couples the weak gauge bosons. Then h behaves as the SM Higgs boson. Therefore,
in this case h is called the SM-like Higgs boson. It is interesting that THDM has different
couplings of the Higgs boson for each types of Yukawa interactions. In this thesis, we do not
mention difference for types of Yukawa interactions, although we refer to constraints which are
independent of that.

3.2 Bounds of parameters

We here consider the constraints of the parameters of the Higgs sector from experimental and
theoretical bounds, namely, the oblique corrections, the tree-level unitarity and the vacuum
stability which restrict the parameters without depending on the type of Yukawa interactions
in THDM.

3.2.1 Oblique corrections

New physics effects on the electroweak oblique parameters are parameterized by the S, T" and
U parameters [33]. In the THDM, the contributions to the electroweak parameters from the
scalar boson loops are given by

1

Sp = — E[F/A(mHi,mHi) —sin®(8 — a)F'a(mpg, ma) — cos®(8 — a)F'a(mp,ma)], (3.15)
V2GE
qu = — m{—FA(mA,mH:{:)

+sin?(8 — a)[Fa(mpy, ma) — Fa(mpyg, mpg=)]
+ cos”(3 — @) [Fa(mp, ma) — Fa(my, mps)]}, (3.16)



12 CHAPTER 3. TWO HIGGS DOUBLET MODEL

where
m2 4+ m? mém? m?
F. =0 L o1 0 3.17
A(mOaml) 2 mg_m% nm%a ( )
1.4 m2lnm2 —m?Ilnm? m2 4+ m?
F'a(mg,my) = — [z — —2 0 . e ' Fa(mg, my)]. (3.18)
33 mg —mi (m§ —mji)?
For the case with mg ~ mq, we have
Fa( ) 2mo —m)® (o — )t (3.19)
A\, My ) ~ - : ) .
3 30m3
1 mo —m
F’A(mo,m1)~+§lnm%+()6Tll+~' . (3.20)

When all the additional heavy scalar bosons are degenerate my = my = mpg+, we obtain
Se = Te = 0. In the SM-like limit sin(f — o) = 1 with the further assumption m4 = my, we
have

1 m2,.
Sp = — —— log —2~ (3.21)
127 m3
V2@
Ty = 1%2&;4 (ma — mps)>. (3.22)

The quadratic dependence on the mass difference between heavy scalar bosons can be early
understood by the approximate formula for m ~ mpy+ in Eq. (3.22). Therefore, the deviation
of the T" parameter is insensitive to M.

3.2.2 Tree-level unitarity and vacuum stability

In the SM, the mass of the Higgs boson is constrained by the tree level unitarity. It has been
studied by considering 6 x 6 scattering matrix of two body scalar states (hh, hz, zz,wtw™, hw™, zw™)
where each eigenvalues of scattering matrices are restricted to be less than an criteria & as
ag < & [19]. For £ = 1/2, the Higgs boson mass is bounded to be less than about 710 GeV. In
the THDM, there are 14 neutral [34], 8 singly charged and a doubly charged two body states [35].
In our numerical analysis, absolute values of all eigenvalues for the s-wave amplitude matrix
are required to be less than 1/2 as for a criteria to keep perturbativity [36].

For the constraint from vacuum stability, the Higgs potential is required to be positive for
a large value of the order parameter. In the SM, this condition is expressed by A > 0 at the
tree level. In the THDM, the condition for vacuum stability is given by [37-39]

\/ /\1)\2 + )\3 + min [0, /\4 — |)\5|] > 0. (323)

3.3 Combination of Constraints

Combining above constraints, we can show that the results in the case with sin(g — ) = 1,
m? = m?% = M? and my, = 117, 140, 240, 500 GeV (on the m, — Am plane) in Fig. 3.1 as in
Ref. [40], where Am = m, — mpg+. The masses of neutral scalars and the soft-breaking mass
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parameter are taken to be degenerate m% = m?% = M?. This choice of the parameters would
be rather special in the sense that there is no tan § dependence in this case. In Egs.(3.10)
and (3.11) with sin(3 — ) = 1, terms dependent on tan 3 are proportional to m?, — M?, and
then one of A\; and Ay tends to large when tan 3 # 1. Therefore, the parameter space is more
restricted by the unitarity constraints in the case without degeneracy. Also when sin(f—a«a) =1
is slightly relaxed, the bound from tree level unitarity becomes sensitive to tan 3. For larger
values of tan (3, the bound becomes more restrictive. Consequently, the tree level unitarity
bound shown in Fig. 3.1 can be regarded as the most conservative which is independent of the
values of tan 3.

In conclusion, we can restrict parameters of the Higgs sector from theoretical bounds and
experimental constraints in the THDM. The magnitude of the mass difference between addi-
tional heavy scalar bosons can be determined to satisfy the electroweak precision data. Since
large coupling constant in the Higgs sector violate the tree-level unitarity, the large mass dif-
ference is also restricted. For the my ~ 126 GeV, as shown in the upper two panels of Fig. 3.1,
the only mass difference is restricted.
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Figure 3.1: Theoretical and experimental constraints in the parameter space of the THDM.
Uncolored regions are allowed by all the constraints we here considered, i.e., tree level unitar-
ity /stability and electroweak precision data, and direct search bound of charged Higgs boson,
my+ < 79.3 GeV. The mass and mixing parameters are chosen as M? = m?% = m?%, with the
SM-like limit sin(# — «) = 1. In this limit, constraints are independent from tan f3.
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Chapter 4

Supersymmetric Grand Gauge-Higgs Uni-
fication

In this chapter, first we review briefly SU(5) GUT model which is the simplest GUT model,
and the DT splitting is the fine-tuning problem of mass difference between the colored triplet
Higgs field and the doublet Higgs field in SUSY-GUTs. Then, we discuss the Higgs sector in
the supersymmetric grand gauge-Higgs unification. In our model, the DT splitting is absent
and the Higgs sector is extended from the MSSM one by adding the triplet and the singlet
superfield. Finally, we show deviations in the Higgs couplings with the SM particles from the
SM predictions for some benchmark points, and in masses of additional Higgs bosons from the
MSSM predictions.

Grand Unified Theory [8]

The GUT unifies the SM gauge symmetry, SU(3)c x SU(2), x U(1)y. Here, we show the SU(5)
GUT which is the minimal GUT model.

The quarks and leptons of the SM are embedded in representation 5 and 10 of SU(5). The
representation 5 and 10 of SU(5) are given by

5= {(§7 1)1/3a (1, 2)71/2},
10 = {(3,2)1/6, (3, 1) 23, (1, 1)1}, (4.1)
where (X,Y)z indicates the representation X of the SU(3)¢, the representation Y of the

SU(2);, and the hypercharge Z. The adjoint representation 24 of SU(5) include the gauge
bosons of the SM. The adjoint representation 24 of SU(5) is written as

24 = {(87 1)07 (1’ 3)07 (17 1)0a (37 2)75/6a (3, 2)5/6} (4'2)

where (3,2)_5/6 and (3, 2)5/6 are new gauge bosons, so-called X boson. In the GUT, the baryon
number and lepton number are not conserved because quarks and leptons are included in the
same multiplet. GUT models predict the proton decay because the X boson causes transitions
from the quark to the lepton. The amplitudes for the proton decay are inversely proportional
to the mass of the X boson. Since the proton decay has not been detected, the X boson is
supposed to be heavy . Its mass is specifically the GUT scale at the least. The Higgs doublet
which causes the electroweak symmetry breaking is embedded in the representation 5 of the
SU(5). This representation 5 is given by

5= {(3a1)—l/37(172)1/2}- (4.3)
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Doublet triplet splitting

Here, I mention the doublet triplet splitting which is a fine-tuning problem in the SUSY-GUT
models. As a simple example, we focus on the SUSY SU(5) GUT. This model has two Higgs
superfields H(5) = (H¢, Hy)" and H(5) = (He, H,)". The superpotential include the following
Yukawa terms

W 2 (QQH:), (QLH:), (UrErHe), (UrDgHe). (4.4)
Using these Yukawa terms, we can construct the dimension five operators that have the form
(QQQL), (URERURDR). (4.5)

The couplings of these effective interactions are expected to be of order
9 ~ VP /M, (4.6)

where y is typical coupling constants, and M is a typical masses of superfields. Since these
interactions Eq. (4.5) are violating the conservation of the baryon and lepton number at the
one loop level, this model predicts the proton decay. The rate of the proton decay relates to
the effective coupling Eq. (4.6). To avoid the proton decay, M should be large, so H¢ is of
order the GUT scale [11-16].

The unified symmetry is broken, when the representation 24 Higgs field A obtains the VEV

as the following
2V 0

where V' is of order the GUT scale because this V' proves the mass of X boson. The superpo-
tential which include Higgs fields is written as

Wpr = H(5)[m + \sA(24) H(5). (4.8)

After the unified symmetry breaking, the SU(3)¢ triplet Higgs fields and the SU(2), doublet
fields obtain their mass as following

me =m + 2X\5V,

As is known [41], the doublet Higgs fields are the electroweak scale while V' is the GUT scale.
It is difficult to make this mass difference between the colored triplet and doublet Higgs fields
in the same multiplet. It is just a fine-tuning.
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4.1 Model
4.1.1 Review of Supersymmetric Grand GHU

In this subsection, we review briefly the grand GHU scenario proposed in Ref. [18]. This scenario
is a kind of the grand unification where the SU(5) unified gauge symmetry is broken by the
Hosotani mechanism [17]. The simplest setup that can accommodate the chiral fermions is a
five-dimensional (5D) SU(5) model compactified on an S'/Z, orbifold with its radius being
of the GUT scale. We first discuss the non-SUSY version of the simplest setup discussed in
Ref. [42] for illustration purpose, and then supersymmetrize it [18].

The Hosotani mechanism works on higher-dimensional gauge theories for gauge symme-
try breaking. To be more concrete, the zero modes of extra-dimensional components of the
gauge fields, which behave as scalar fields after the compactification, develop VEVs to break
the gauge symmetry. In order to apply this mechanism to the SU(5) unified gauge symme-
try breaking, massless adjoint scalar fields, with respect to the SU(5) symmetry that remains
unbroken against the boundary conditions (BCs), should appear. It is known that such com-
ponents tend to be projected out in models that realize the chiral fermions due to the orbifold
boundary conditions. In Ref. [42], this difficulty is dodged via the so-called diagonal embed-
ding method [43] which is proposed in the context of the string theory. In our field theoretical
setup on the S'/Z, orbifold, we impose two copies of the gauge symmetry with an additional
discrete symmetry that exchanges the two gauge symmetries. In other words, the symmetry is
SU(5) x SU(5) x Zg in our SU(5) model. Here, we name the gauge fields for the two SU(5)
groups Ag\? and AS\?, respectively, where M = u(= 0-3),5 is a 5D Lorentzian index, and define
the eigenstates of the Zy action as X&) = (XM 4+ X®))/{/2. We set the BCs around the two
endpoints of the S'/Z,, yo = 0 and y, = TR, as

AV —y) = AP +y), A —y) = AP Wi + ), (4.10)

for « = 0,7, where y denotes the 5th dimensional coordinate. With these BCs, we see that
AE:F) and Aé_) obey the Neumann BC at each endpoint to have the zero-modes, and thus that
the gauge symmetry remaining unbroken in the 4D effective theory is the diagonal part of the
SU(5) x SU(5) (or our GUT symmetry is embedded into the diagonal part) and an adjoint
scalar field is actually realized.

An interesting point is that the Aéf) is not a simple adjoint scalar field but composes a
Wilson loop since it is a part of the gauge field. The Wilson loop is given by

2R
W= PeXp (7// %AE—)_) (Tla - T;)dy) — €XpP (Zdla’g (017 927 937 947 05)) ’ (411)
0

where P denotes the path-ordered integral, g is the common gauge coupling constant, 7} and
T, are the generators of the two SU(5) symmetries, and a is an SU(5) adjoint index. In the last
expression, we show the expression on the fundamental representation for concreteness, and we
have used the (remaining) SU(5) rotation to diagonalize Aéf). This expression shows that the
VEV (and actually the system itself) is invariant under the shift 6; — 0; + 2.

The form of the VEV which is discussed in Ref. [42]. We are interested in is given by
0y =0y =03 =21 and 0, = 05 = =37, i.e. (W) = diag(1,1,1,—1,—1) = Py. This VEV does
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not affect the triplet component of the 5 representation but does affect the doublet to split
them. This “missing VEV”, which is forbidden for a simple adjoint scalar field by the traceless
condition, is allowed since the Wilson loop is valued on a group instead of an algebra and thus
is free from the condition. This fact plays an essential role to solve the DT splitting problem.

In this chapter, for simplicity, we do not consider matter fields that are non-singlet under
the both gauge groups. We introduce for instance a fermion ¥(R, 1)) with R being a rep-
resentation of the SU(5) group and its Zy partner ¥(1,R)®. Here, we call the above pair a
"bulk R multiplet”. Their BCs are given by ¥ (y, —y) = =175V @ (y, + y) where n; = +1
is a parameter associated with each fermion. As one of 7; can be reabsorbed by changing Vs,
i.e. by the charge conjugation, we set 9 = +1 and 71, = n hereafter. Then, \IJ(L+) and \IIR_) have
the zero-modes when n = 41 while none have when n = —1, when the VEV of Aj is vanishing.

We note that it is always possible to gauge away the VEV of A (o ). In this basis, called
the Scherk-Schwartz basis, the SU(5) breaking effect appears only on the BCs as

U (g, —y) = =0 WY (yr +y), (4.12)

where Wg is the Wilson line phase acting on R. In concrete, for R = 5 with 7 = —1 when the
above VEV (W) = Py is realized, the doublet component has the zero-mode while the triplet
does not.

The same story discussed above can be applied also in SUSY models if we replace all the
fields by the corresponding superfields. Thus, once the desired VEV Py, is obtained, the DT
splitting is easily realized by introducing a bulk 5 hypermultiplet with n = —1 for the MSSM
Higgs fields. In a similar way, if we introduce bulk 10 hypermultiplets with n = +1, light
vector-like pairs (U¢,U°¢) and (E¢, E°) appear. This is utilized to recover the gauge coupling
unification later.

Notice that the zero-modes appear always in vector-like pairs from the bulk fields. The
chiral fermions can be put simply on each boundary. Interestingly, when the VEV (W) = Py,
is realized, bulk fields serve vector-like pairs in SU(5) incomplete multiplets while the boundary
fields which do not couple to As and thus neither to the SU(5) breaking do chiral fermions in
SU(5) full multiplets.

The remaining task to show that the DT splitting problem is actually solved is to examine
when the VEV is realized. Here, we do not request that the vacuum resides on the global
minimum but just require only that it is stable so that the lifetime is long enough. For this
purpose, we have to check if there is no huge tadpole term for the fluctuation of 6; around
the desired vacuum, 06;, and if it is not tachyonic around the desired vacuum. Since there are
two largely different scales, the compactification scale and the SUSY breaking scale, the RG
analysis should be performed.

Before going on the low energy effective theory, we note that the exchanging Z, symmetry,
under which 6; is odd, remains unbroken on the relevant vacuum even though 6; is non-trivial.
This is understood by the transformation of the Wilson line which is the order parameter.
Under the Zs action W transforms as W — W* and the VEV (W) is invariant since it is real.
This Zs invariance prohibit the tadpole terms. In the following, we introduce soft Zs breaking
as small as the SUSY breaking scale, and thus a small tadpole term will be generated.
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4.1.2 Low Energy Effective Theory

The supersymmetric grand gauge-Higgs unification predicts the existence of chiral adjoint su-
perfields whose quantum number is the same as the standard model gauge fields. These new
chiral adjoint fields are originally embedded in the five-dimensional vector multiplets. In the
SUSY limit, these masses of new chiral adjoint superfields vanish because they are included
in the five-dimensional vector fields. These chiral adjoint fields obtain mass after the SUSY
breaking. Therefore masses of them are not compactification scale, but the SUSY breaking
scale.

We ignore the contribution of the SU(3)c octet to physics at the TeV scale although our
model predicts the existence of SU(3)¢ octet, SU(2)y triplet and singlet because this chiral
adjoint octet superfield is O(10) TeV due to the radiative correction. Therefore we focus on the
Higgs sector with the triplet and singlet chiral superfield in addition to the MSSM doublets.

The Higgs sector is constructed by the displayed fields in Tab. 4.1. Here H,, (H,) gives up-
type quark (down-type quark and charged lepton) masses. The superpotential in the effective
theory is given by

W = uH, - Hy + patr(A%) + %52 Y AH, - AHy + NsSH, - Hy, (4.13)

where A = A%*®/2 with the Pauli matrices 0%(a = 1,2, 3). Notice that trilinear self-couplings
are absent among A and S although these couplings are not forbidden by the gauge symmetries
because A and S originate from the gauge supermultiplet. Furthermore, the new two Higgs
couplings A\, and Ag are unified with the gauge couplings gqyr at the GUT scale as Ay =
24/5/3\g = goyr- Masses of fermionic components of A and S are written as ma and msg,
respectively, and their magnitudes are of order of the TeV scale because they are generated
by the SUSY breaking [44]. Similarly, the parameter of the supersymmetric tadpole of S is
of order of the SUSY breaking scale. This tadpole term is removed by field redefinition with
generality. The soft SUSY breaking terms are written as

Vit = M| Hy|* + m2| H,)? + 2mAtr(ATA) + m3|S|?
1
+ | BuH, - Hy + 1S + Bapatr(A?) + §Bsu552 + AMANH, - AHy+ AsAsSH, - Hy+ h.c.|.

(4.14)

The values of these parameters are obtained by solving the RGEs at the low energy scale.
Notice that the VEV of the neutral component v, of the triplet field has to be smaller than
~ 10 GeV in order to satisfy the electroweak rho parameter.

4.2 RGE Analysis

In this section, we discuss the mass parameters and RGE of coupling constants in our model.
First, we focus on the unification of the three gauge coupling constants. The light adjoint chiral
multiplets , triplet and singlet, destroy unification of gauge couplings, which is achieved in the
minimal SUSY SU(5) GUT. Therefore the gauge couplings unification need additional extra
matter in the our model. Then, solving the RGEs, we derive the values of parameters at the
TeV scale. Finally, we show the some benchmark points consistent with the observed value of
the mass of the Higgs boson.
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SUB)c SU@); Uy
H, 1 2 1/2
H, 1 2 —1/2
S 1 1 0
A 1 3 0

Table 4.1: Superfields in the Higgs sector.

4.2.1 Coupling Unification
The coefficients of the beta functions of the gauge couplings in the MSSM are given by

bussm = (33/5,1,-3), (4.15)
while contributions from the adjoint chiral multiplets are
daaib = (0,2,3). (4.16)

One way to recover the gauge coupling unification is to introduce incomplete SU (5) multiplets
whose contributions are

Jaaab=(3+n,1+n,n), (4.17)

with n being a natural number. However, too large n may cause violation of perturbativity
around the GUT scale. We here take n = 1, and the unified gauge coupling is in a perturbative
region: ag ~ 0.3. This case is realized by adding two vector-like pairs of (1,2)_1/2, one of
(3,1)_2/3 and one of (1,1);, where the values denote SU(3)c, SU(2), and U(1)y quantum
numbers. Fig. 4.1 shows evolution of the gauge coupling constants in the MSSM (black lines),
the MSSM with the adjoint multiplets (red), and the MSSM with the adjoint and additional
chiral multiplets (blue).

In this model, the strong interaction is not asymptotically free irrelevantly to the choice of
the additional fields to recover the gauge coupling unification. Thus, the QCD corrections are
large, and the masses of the colored particles tend to be large at the TeV scale, as compared to
those in the MSSM. It is interesting to examine the extraordinary pattern of the mass spectrum
of the colored particles for the hadron colliders. We, however, focus on the colorless fields; the
SU(2) triplet and singlet Higgs multiplets. These additional fields couple to the two MSSM
Higgs doublets. Their coupling constants push up the SM-like Higgs boson mass due to the
tree level F-term contribution, and thus the correct value of the Higgs boson mass (around
126 GeV) can be easily realized.

Furthermore, they cause mixing between the MSSM doublet Higgs fields and the additional
Higgs fields, which results in modification of the coupling constants of the SM-like Higgs field.
When such corrections are large enough to be detected at collider experiments, we can dis-
criminate our model by precisely measuring the pattern of the deviations in the Higgs coupling
constants. In the next section, we will discuss these issues in more detail.

One of the characteristic features of this model is that the trilinear coupling constants
between the MSSM Higgs doublets and the additional triplet and singlet are unified with the
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Figure 4.1: Evolution of the gauge coupling constants in the MSSM (black lines), the MSSM with the adjoint
multiplets (red), and the MSSM with the adjoint and additional chiral multiplets (blue) [45].

SM gauge coupling constants at the GU'T scale. Thus, the low-energy values of these coupling
constants in the Higgs sector are apparently determined by the RG running once the extra
matters are specified.

For instance, taking the above example of the additional chiral matter multiplets to recover
the gauge coupling unification, the Higgs sector coupling constants A, (red line) and Ag (blue),
and the gauge coupling constants (green) evolve as shown in Fig. 4.2. Here, we normalize the
singlet and U(1) gauge couplings as Ny = (24/5/3)\g and g1 = (1/5/3)gy, respectively, and
one-loop renormalization group equations are used. Since the SU(2) gauge coupling is strong
around the GUT scale, A, grows as the energy decreases. After the SU(2) gauge coupling
becomes weak, A\, decreases as the energy decreases due to large trilinear couplings in the
superpotential. We note that the triplet coupling A, remains in a perturbative region down to
the TeV scale. At the TeV scale, we obtain

Aa=11, Ag=025. (4.18)

Similarly, the p-parameters of the adjoint chiral multiplets are unified at the GUT scale, and
their ratio at the TeV scale is determined as pg : pa : po =1 : 2.9 : 230, where ppo stands for the
octet p-parameter. The mass scale of the octet is far beyond the reach of collider experiments,
as discussed qualitatively above.

Let us turn to the running of the soft SUSY breaking parameters. Since the unified gauge
coupling is strong, the gaugino masses around the GUT scale must be large in order to avoid the
experimental gluino mass limit [46]. For instance, for the unified gaugino mass of M/, = 3600
GeV, the gluino mass is pushed down to myz = 1400 GeV. As a result, soft mass parameters at
the TeV scale are typically as large as 4-7 TeV for colored particles and 1-2 TeV for colorless
particles. Asin the MSSM, the soft mass squared of the up-type Higgs boson, ]ﬁz,%u] is enhanced
due to the large top Yukawa interaction. Therefore, some tuning is needed to realize electroweak
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Figure 4.2: An example of running of the Higgs triplet and singlet coupling constants A, (red line) and g
(blue) as well as the gauge coupling constants gs, g2 and g; (green) from the top to the bottom. The horizontal
axis is the common logarithm of the energy scale in units of GeV. Here, we normalize the singlet and U(1)y
gauge couplings as Ny = (21/5/3)A\g and g1 = (1/5/3)gy, respectively, and one loop RGEs are used [45].

symmetry breaking. The higgsino mass parameter p and the CP-odd Higgs boson mass m 4
also tend to be 1-4 TeV. In order to realize scenarios where some of the extra Higgs boson
masses are of the order of @(100) GeV, further tuning is required among the input parameters.

4.2.2 Benchmark Points and the Mass of the SM-like Higgs boson

After the electroweak symmetry breaking, four CP-even, three CP-odd and three charged Higgs
bosons appear as physical states in the Higgs sector, as well as six neutralinos and three
charginos. Since the Higgs sector is extended by new additional particles as compared with
the MSSM, the predictions of our model is different from the MSSM. We here focus on the
mass of the SM-like Higgs boson, which is determined by low energy soft SUSY breaking pa-
rameters obtained by solving the RGEs discussed above.

First, we exemplify rough predictions of our low energy effective theory without solving the
RGEs. For relatively large triplet and singlet scalar masses, the SM-like Higgs boson mass is
approximately written as [47]

3ms m? X} X? 1 . 1 ,
mj ~ m3 cos® 3 + - ; (ln Eé + —tg (1 — 12;&)) + g)‘Qsz sin? 203 + 5)\%1)2 sin? 243,

(4.19)

where my is the Z-boson mass, m; is the top quark mass, m; is the average of the two stop
masses, and X; = A; — p cot 3 parametrizes mixing between the two stop quarks. The first two
terms correspond to the MSSM prediction. The last two terms originate from the existence of
the trilinear couplings between the MSSM Higgs doublets and the additional triplet and singlet.
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Within the MSSM, at the tree level the SM-like Higgs boson mass is smaller than the Z-
boson mass. In order to reach 126 GeV using the effect of the stop loop correction, the mass
scale of the stops or the mixing parameter X; should be large. For X; = 0, the stop mass
should be of the order of O(10) TeV. Even in the maximum mixing case where X, = +v/6m;,
the stop mass is required to be as large as O(1) TeV [7]. We also note that preferable range for
tan 3 is larger than 10.

In our model, on the contrary, the predicted Higgs boson mass tends to be larger than that
in the MSSM thanks to the tree level F-term contributions, in particular, for small tan 3 region.
Such a result is reminiscent of the NMSSM [5], where the SM-like Higgs boson mass is raised
also by the coupling with a singlet superfield.

For calculation of the masses of the Higgs scalars and superparticles, we have used the
public numerical code SuSpect [48], which takes the DR renormalization scheme, instead of
the approximate formula Eq.(4.19). We have appropriately modified SuSpect to add the new
contributions from the Higgs trilinear couplings. Here, for the simplicity, we have taken the
limit v, — 0. The computation of the SM-like Higgs boson mass including these triplet and
singlet contributions is described in Appendix B.1. Notice that the formula given in Eq. (4.19)
is valid when the neutral components of the triplet and singlet are heavier than the MSSM-like
CP-even Higgs bosons. In general, the CP-even Higgs bosons mix with each other and the
formulas for their mass eigenvalues are rather complicated.

Then let us consider the mass of the SM-like Higgs boson including the radiative effects.
As we mentioned, in order to have a successful electroweak symmetry breaking, fine-tuning for
input parameters at the GUT scale is required. Therefore, we will show some benchmark points
that reproduce the mass of the SM-like Higgs boson, instead of scanning the parameter space.
We focus on the following three different cases:

(A) All the Higgs bosons other than the SM-like Higgs boson are heavy.
(B) The new Higgs bosons other than the MSSM-like Higgs bosons are heavy.
(C) The new Higgs bosons affect the SM-like Higgs boson couplings.

Bearing the fact that there are a few GeV uncertainties in the numerical computation of the
SM-like Higgs boson mass, we take the range of 122 GeV < m;, < 129 GeV as its allowed
region. Examples of successful benchmark points of input parameters at the GUT scale are
listed in Tab. 4.2. Here, u and B parameters for the extra matters have insignificant effects on
Higgs sector parameters, and are omitted from the list. Values of parameters of the TeV-scale
effective theory are obtained after RG running and shown in Tab. 4.3.

4.3 Impact on Higgs Properties

In this section, we discuss properties of the particles in the Higgs sector. We will show that our
model can be discriminative from others by measuring the coupling constants and the masses
of the Higgs sector particles at the LHC and future electron-positron collider [49-52]. Even in
the cases where the additional Higgs bosons are beyond the reach of direct discovery at these
colliders, the existence of these new particles can be indirectly probed by precise measurements
of the coupling constants of the discovered SM-like Higgs boson.
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’ Case H tan 3 \ My /o \ 115> ‘
[ (A)B)(C) [ 3 [3600GeV | =300 GeV |
[ Case H A [ omg [ omy, | W,
(A) || 5500 GeV | (1000 GeV)? | (10375 GeV)? (8570 GeV)?
(B) || 1000 GeV | (1800 GeV)? | (12604 GeV)? | (10381.5 GeV)?
(C) |l 8000 GeV | (3000 GeV)? | (10605.1 GeV)? | (8751.4 GeV)?
’ Case H m2 \ miy ‘ ms, ‘
(A) || —(6300 GeV)? | —(2000 GeV)? | —(570 GeV)?
(B) || (7700 GeV)2 | —(1960 GeV)? | —(670 GeV)?
(C) || —(6418 GeV)? | —(1638.5 GeV)? | —(400 GeV)?
Table 4.2: Benchmark points of input parameters at the GUT scale [45].
| Case || My [ My, | Mz | [N ‘ Hs |
] (A)(B)(C) H 194 GeV \ 388 GeV \ 1360 GeV \ —252 GeV \ —85.8 GeV \
[Case | w [  Bp | iy | Mg | A ]
(A) ][ 205 GeV | 41400 GeV? | 3290 GeV | 4830 GeV | 4030 GeV
(B) | 177 GeV | 40800 GeV? | 1730 GeV | 4480 GeV | 6050 GeV
(C) || 174 GeV | 42000 GeV? | 4220 GeV | 5550 GeV | 2910 GeV
[Case | ma [ ms | MAy | NeAg | LEINDIN ‘ Bsps [ ]
(A) ][ 607 GeV | 805 GeV | 662 GeV | 683 GeV | 92000 GeV? | —78700 GeV? [ 123 GeV
(B) || 784 GeV | 612 GeV | 1340 GeV | 1110 GeV | 30700 GeV* | —110000 GeV? || 123 GeV
(C) || 521 GeV | 216 GeV | 284 GeV | 446 GeV | 207000 GeV? | —33600 GeV? || 122 GeV

Table 4.3: Parameters of the TeV-scale effective theory obtained after RG running [45].

4.3.1 Vertices of the SM-like Higgs boson

First, we investigate the couplings between the SM-like Higgs boson and SM particles, which
have been already measured to some extent at the LHC. So far, the SM predictions has been
consistent. In the future, precision of these observables will be significantly improved by the
high-luminosity LHC and the ILC, and therefore this method serves as a powerful tool in
discriminating beyond-the-SM models.

In our discussion, we treat the vacuum expectation value of the triplet field such as zero due
to the electroweak rho parameter with p ~ 1. At the leading order, the Higgs coupling with
the W- or Z-boson is given by

gnvv = gymy (RY) cos B+ Riysin B) , (V. =W, Z) (4.20)
and those with the up-type quarks, down-type quarks and charged leptons by
g _ \/Emu Rigz g \/_md 11 Grp = \/—mé 11 (4 21)
ruu v sing’ hdd = T Cos 3’ RET T cos 3’ '

where R® is mixing of CP-even Higgs boson matrix as shown Appendix B.1. The Higgs self-
coupling is

RS RS RS\ (4.22)

Ihhh = SaSpSc
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ILC(250) ILC(500)  ILC(1000) ILC(LumUp)
\/5 (GeV) 250 2504500 250450041000  250+500-+1000
L (fb”) 250 2504500 250450041000 11504+1600+2500
vy 18 % 8.4 % 4.0 % 2.4 %
99 6.4 % 2.3 % 1.6 % 0.9 %
WW 4.8 % 1.1 % 1.1 % 0.6 %
YA 1.3 % 1.0 % 1.0 % 0.5 %
tt — 14 % 3.1 % 1.9 %
bb 5.3 % 1. % 1.3 % 0.7 %
Tt 5.7 % 2.3 % 1.6 % 0.9 %
cc 6.8 % 2.8 % 1.8 % 1.0 %
whus 91 % 91 % 16 % 10 %
Ty (h) 12 % 4.9 % 4.5 % 2.3 %
hhh - 83 % 21 % 13 %
BR(invis.) <09% <0.9% <09 % <04 %

Table 4.4: This table was reported in Ref. [52]. Summary of expected accuracies Ag;/g; for model independent
determinations of the Higgs boson couplings. The theory errors are AF;/F; = 0.1%. For the invisible branching
ratio, the numbers quoted are 95% confidence upper limits.

where A, _ . are tree-level couplings among CP-even Higgs bosons in the gauge basis. The
effective vertex of hyy is given by [53]
Gpoﬂmi
I'h— =— "
(h=77) 128/273
2 h M A h
X |ZNCQfghffA1/2<Tf) + g Al () + 902 5 A (7,+)
7 Wity Z
2my, h 1 2 Ah 2
+> 3 A Ara(nE) + > 5 I ; Ne@rAs (5%, (4.23)

where A? are amplitudes at lowest-order for spin-0, spin-1/2 and spin-1 particle contributions,
the number of color is N = 3, @y denote the electric charges of fermions f and 7y = m3 /4m5
with loop mass m . For the definitions of the amplitudes A”, see, for example, Ref. [53]. The
Higgs boson couplings with the charged Higgs bosons are given by

Mt = RS RGRON . ¢ . (4.24)

Jjecsqwy We

The corresponding in the SM are

V2m, V2my V2my m%
9hvv|SM = gyMy, Ihuulsm = , Gnadlsm = , Gneelsm = , Gnhnlsm = —.
v v v v
(4.25)

It is useful to define deviation parameters that

— _Inxx (4.26)

K fr—
X )
ghXX|SM
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Figure 4.3: The deviations in the Higgs boson coupling with the tau lepton #_ and that with the bottom
quark x, from the SM predictions are plotted. The predictions of the three benchmark points (A), (B) and (C)
in the SGGHU are shown with green blobs. The MSSM and NMSSM predictions are shown with red and blue
lines, respectively. For the purpose of illustration, the NMSSM line is slightly displaced from s, = &, [45].

where X denotes SM particles. Such deviations are extracted from measurements of the decay
widths of the Higgs boson.

In Fig. 4.3, the deviations in the Higgs boson coupling with the tau lepton x,. and that
with the bottom quark s, from the SM predictions are plotted. The predictions of the three
benchmark points (A), (B) and (C) in the SGGHU are shown with green blobs. The MSSM and
NMSSM predictions are shown with red and blue lines, respectively. Here, we simply adjust the
stop masses and mixing so that the observed Higgs boson mass is reproduced. In our model,
the Higgs boson couplings to the down-type quarks and charged leptons are common and fall
in the type-II Yukawa interactions of the THDM. Therefore, the predicted SGGHU deviations
lie on the MSSM and NMSSM lines, as is evident from Eq.(4.21). The present LHC data has
already constrained the parameter space from the measurement of the Higgs boson coupling
with the tau lepton as k. < 1.3 [54]. At the ILC with /s = 500 GeV, expected accuracies for
the deviations x_ and &, are 2.3% and 1.6%, respectively [52] (in Tab. 4.4).

In Fig. 4.4, the deviations in the Higgs boson coupling with the weak gauge bosons . and
that with the bottom quark s, from the SM predictions are plotted. The predictions of the
three benchmark points (A), (B) and (C) in the SGGHU are shown with green blobs. The
MSSM predictions are shown with red lines for tan § = 10 (thick line) and tan § = 3 (dashed).
The NMSSM predictions are shown with blue grid lines, which indicate mixings between the
SM-like and singlet like Higgs bosons of 10%, 20% and 30% from the right to the left. As is
reported in Ref. [52] (in Tab. 4.4), the ILC with /s = 500 GeV can reach accuracy of 1.0%
(1.1%) for the Higgs boson coupling with the Z-boson (the W-boson). Therefore, signatures
different from the MSSM and its variants are expected to be observed using x, at the ILC.
Notice that the VEV of the neutral component of the triplet Higgs boson v, is small compared
to those of the doublet Higgs bosons. Therefore, the mixing between the SM-like Higgs boson
and the CP-even component of the Higgs singlet dominates over that between the SM-like Higgs
boson and the triplet component. In this sense, our model is similar to the NMSSM. It will be
difficult to distinguish our model only from these observables.
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Figure 4.4: The deviations in the Higgs boson coupling with the weak gauge bosons x and that with the
bottom quark x, from the SM predictions are plotted. The predictions of the three benchmark points (A),
(B) and (C) in the SGGHU are shown with green blobs. The MSSM predictions are shown with red lines for
tan 8 = 10 (thick line) and tan 8 = 3 (dashed). The NMSSM predictions are shown with blue grid lines, which
indicate mixings between the SM-like and singlet like Higgs bosons of 10%, 20% and 30% from the right to the
left [45].

In Fig. 4.5, the deviations in the Higgs boson coupling with the charm quark x, and that
with the bottom quark x, from the SM predictions are plotted. As in Fig. 4.4, the predictions
of the three benchmark points (A), (B) and (C) in the SGGHU are shown with green blobs,
and the MSSM and NMSSM predictions are shown with red and blue lines, respectively. In
sharp contrast to the ky-k, relation, correlations between x, and x, strongly depend on the
value of tan 3. For example, the benchmark point (C) with tan /3 = 3 is not covered by the
NMSSM predictions with tan = 10, and the deviation can be measured at the ILC with
Vs = 500 GeV, which aims to measure x, with accuracy of 2.8% (in Tab. 4.4). Independent
tan § measurement using decay of the Higgs boson at the ILC [55,56] will also play an important
role in discriminating models. Although it will be difficult to completely distinguish our model
from the NMSSM from the precision measurements of Higgs boson couplings, if the deviation
pattern of the Higgs couplings is found to be close to our benchmark points, there is a fair
possibility that the SGGHU is realized. The ILC is absolutely necessary for investigating the
Higgs properties and distinguishing particle physics models.

As for other Higgs boson couplings, the deviations of the Higgs boson coupling with the
photon are 0.94 < k., < 1.0, and those of the Higgs self-coupling 0.82 < r;, < 0.93 for the
benchmark points we show. To observe deviations in these observables from the SM predictions
one needs more precise measurements at the ILC with /s = 1 TeV [52] (in Tab. 4.4).

4.3.2 Additional Higgs bosons

Finally, we mention the additional MSSM-like Higgs bosons. Since four-point couplings in the
Higgs sector are expressed in terms of gauge couplings and F-term couplings in SUSY models,
differences of the masses of the additional MSSM-like Higgs bosons is useful measures in probing
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Figure 4.5: The deviations in the Higgs boson coupling with the charm quark k, and that with the bottom
quark x, from the SM predictions are plotted. See the caption of Fig. 4.4 for details [45].

more fundamental physics. The charged Higgs boson mass m . is given by

mie = mis|yssm(l + 0+ )’

1 1
~m? +miy + §A2AU2 - 5)\%1}2 : (4.27)

where 0+ is the deviation in m . from the MSSM and m , is the CP-odd Higgs boson mass.
The sign of the singlet contribution is opposite to the triplet one due to the group theory. From
Eq. (4.18), my. becomes large as compared to the MSSM. We emphasize that these A\g and
Ax couplings are determined by the RGEs and predicted m,, is always large as compared
with the MSSM that in this model. Since mpy=+|ygqy is the sum of m, and my,, we can
obtain 0g+ by measuring m, and m . precisely. Fig. 4.6 shows the deviation in m . from the
MSSM as a function of m, in the large soft mass scenario. The green, blue and red lines show
the NMSSM, the triplet-extended MSSM and our model, respectively. The mass deviation is
O(1) % — O(10) %. On the other hand, the deviation in the heavy CP-even Higgs boson mass
my from the MSSM prediction is less than O(1) %. Since the charged Higgs mass can be
determined with an accuracy of a few percent at the LHC [51], we can test our model.

When the masses of the triplet-like and singlet-like scalar bosons are below 500 GeV, the
ILC and CLIC [50] have capability to directly produce these new particles. For example, the
benchmark point (C) gives mass spectrum of the Higgs sector particles shown in Tab. 4.5. In
this case, the mass of the lighter triplet-like Higgs boson A¥ is less than 500 GeV, and we can
probe A* using the channel ete™ — ATA~™ — tbth, which proceeds via the mixing between
the MSSM-like and triplet-like charged Higgs bosons.
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Figure 4.6: The deviation in m . from the MSSM as a function of the CP-odd Higgs boson mass m, in the
large soft mass scenario. The green, blue and red line correspond to the NMSSM, the MSSM with triplet and
our model case, respectively [45].

’ CP-even \ CP-odd \ Charged ‘
122 GeV — —
139 GeV | 171 GeV | 204 GeV
370 GeV | 304 GeV | 496 GeV
745 GeV | 497 GeV | 745 GeV

Table 4.5: Mass spectrum of the Higgs scalars for the benchmark point (C) [45].
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Chapter 5

Conclusion

We have discussed the phenomenology of the Higgs sector. In particular, we have focused
on the low energy effective theory of the supersymmetric grand Gauge-Higgs unification and
investigated the testability of this model at collider experiments.

The Higgs boson couples to many standard model particles and plays a role of triggering
spontaneous breaking of the electroweak gauge symmetry. The discovered new boson at the
Large Hadron Collider whose coupling strength to the other particles seems to be consistent
with the prediction in the SM within the error of the current data. Therefore, the SM is very
successful model. However, no one believes that the SM is a fundamental theory of particle
physics. The first reason is that the gauge symmetry of the SM is not unified. From viewpoint
of the history of unification of law in physics, the SM is nothing but low energy effective theory
of a more fundamental theory such as the grand unified theory. Another reason is that, the
SM has phenomenological and theoretical problems which cannot be explained in this model.
The hierarchy problem is the fine-tuning problem. Since quadratic divergences appear in the
radiative correction to the mass of the Higgs boson, a huge cancelation between its bare mass
and loop contribution is required for renormalization of the Higgs boson mass in the SM. These
quadratic divergences could be canceled and the hierarchy problem could disappear in a new
physics model beyond the SM.

In these situations, SUSY-GUTs are attractive, because in these models, the SM gauge
groups are unified and the hierarchy problem disappears. Furthermore, the gauge couplings are
unified at the GUT scale. However, SUSY-GUTSs also have a fine-tuning problem of the mass
difference between the colored triplet Higgs field and the SU(2);, doublet Higgs field, which are
originated from common multiplet, so-called doublet-triplet splitting. We need a new physics
model which can solve this problem.

In the chapter 3, we have reviewed the two Higgs doublet model as a one of the simplest
extended Higgs model. The THDM contains two SU(2), doublet scalar fields. It is interesting
that different physics depending on the assignment of the Z; charge appear in this model. We
can restrict parameters of the Higgs sector which are independent of assignment of Z, charge
from the vacuum stability, the tree-level unitarity and the precision measurement. We have
shown the allowed region of parameters of the Higgs sector.

In the chapter 4, we have discussed the SGGHU. In this model, the SU(5) grand unified
gauge symmetry is broken by the Hosotani mechanism. This model can provide a natural solu-
tion to the DT-splitting thanks to the phase nature of the Hosotani mechanism and predicts the
existence of the new adjoint chiral superfields whose quantum numbers are equal to the gauge
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bosons in the SM and masses are at the SUSY breaking scale. The Higgs sector is extended
from the MSSM one by the SU(2), triplet and singlet chiral superfields. We have evaluated
the masses and couplings of the Higgs sector in the our model. These are different from the
SM, the MSSM and other models. For some benchmark points, we have calculated deviations
of couplings between the SM-like Higgs boson and SM particles from the SM predictions. The
deviations of the couplings form the SM values prove to be O(1)% when the triplet-like and
singlet-like Higgs boson masses are below ~ 1 TeV. In the case of light Higgs bosons, for in-
stance, benchmark point (C), Higgs bosons will be directly produced by the ILC and the CLIC.
The deviation of the charged Higgs boson mass from that of the MSSM is O(1)% — O(10)%
when their masses are below ~ 500 GeV. Such a deviation is within the scope of the LHC. The
extended Higgs sector in the SUSY models means that the neutralino and chargino sectors are
also extended. In our model, there are six neutralinos and three charginos. We have specified
these mass matrices and couplings to the Higgs bosons in Appendix B.3.2.

We emphasize that our supersymmetric grad gauge-Higgs unification model is a good ex-
ample of the grand unified theory that is verifiable at collider experiments.



Appendix A

NMSSM

In this appendix, we specify the Higgs sector in the NMSSM as the simplest extended of the
MSSM with Z3 symmetry.

A.1 Higgs potential

The Higgs sector of superpotential W and soft-SUSY terms V. are written as
W = +\gSH, Hy + §53, (A1)

Vit = m%, HUHy + m%, HHy + m2S1S + (—~AsAsSHy Hy + gASs3 +he). (A.2)

The SU(2)-doublet superfields are contracted by the antisymmetric tensor €y, with €15 = 1.
The neutral component of Higgs fields can be decomposed into their vevs, CP-even and CP-odd
fluctuations as,

1 1
o = E(Ui + 5 +ih), S= E@S + 55 +il%). (A.3)

The CP-even and the CP-odd mass matrices are diagonalized by an orthogonal matrices R®
and RP, respectively

hi — RZ'S;S],
a; = R P;. (A.4)

A.2 Definitions of the couplings
A.2.1 Higgs self-couplings

Here, we use for s; stands for {hg, h,, so}, h; stands for {h, H, so}, p; stands for {z4, z,, 25}, a;
stands for {G°, A, z,} and hi stands for {G*, H*}. Also, v; stands for {vg,v,} with tan 3 =
vo/vy and (vi+v3)? = (246GeV)?. The terms of neutral Higgs sector in the NMSSM Lagrangian
can be written as

LD-— /\SiSjSkSZSiSjSkSl - /\PinPkPlPinPkPl - ASiSjpkpzSiSijPl
- >\sis]~skSiSjSk - )\sipjkainPka (A’5>
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where )\51515232 = )\82818182 =
Higgs self couplings are written as

>\s1325152 - >\51525251 - )\82518281

1 1
)\515151 = )\511711’1 - g(gg + g%/)”lu )\523232 = )\52p2p2 - g(gg + g}%)vw

1
)\81p2p2 = 3)\515252 = _g(gg + g%/ - 4)\%)1}17 )\Sgplpl

8
A%
)\83p1p1 = Asypopy T 3)\513153 = 3)\513133 - 7057
ALk ) Ak )
RN RS, sy = V2 T RUs,
3Ag 3\g
Noysyog = "5 (R0, T A1), Asyugs, = 50 (—R0y + Asvp),
s S
)\511’3?3 = T(KU2 + )\SU1)7 >\52p3p3 = 7(/-{1}1 -+ )\51)2),
As  As
)\s3p1p3 - _K)\SUQ’ >\s3p2p3 = _K“)‘SUD )\515233 - _F(T + KUS)>
AS AS

)\51p2p3 = )‘52171133 = AS(E - liUS>, )‘53171132 = )\S(\/§ + /{'US),

The quartic neutral-Higgs self couplings are written as

_ _ _ (2 2 _ _
)\31513131 o )\52325252 o )\plplplpl o )\p2p2p2p2 o 32 (92 + gY)’ >\33533353 o )\pspspsps o

1 KA
_ _ 2 2 2 _ _ S
>\31513232 o )‘p1p1p2p2 o _%(92 + Iy — 4)\5)’ /\51523353 o Ap1p2p3p3 - 24’
A A A /\‘29
51818353 789898383 T T'P1P1P3P3 — 'PaPaP3P3 T ﬂ’
A = = @B R) ) = — (g4 gh — AN
S191P1P1 T T825PaP2 T g 92 T 9y ) S151P2P2 T T$25:PiPL T 16 92 T 9y S/
)\2
— — — 25
)\51511731’3 - >\5252P3p3 - /\53531’1?1 o >‘3353P2p2 - 4
/i)\s
)\51521’31’3 - )\53531711’2 - _)\51531921’3 - _/\52831’11’3 - T
A "
S353P3P3 E

These couplings can be rewritten as

S pS
Asisjhkhl - 6RkaRlb/\SistaSb’

S pS
)\Sihk hy — SRka Rlb)\sisasb )

_ P pP
)\Sisj hxhy — RkaRlb )\Sisjpapb )

_ pP pP
)‘Sillkaz - RkaRlb)‘SiPan'

= Asyspsys,- Lhe trilinear neutral-

1
- 3)\525151 = ——(95 + 932/ - 4)\%)’027

(A.6)

li2

Za

(A.8)
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The terms of the charged and neutral Higgs sector in the NMSSM Lagrangian can be written
as

LD - Z )\sith;thSithzhl_ B Z )\p,pjh;rhfplljjhli_h’l_

i’j’k7l i7j7k7l
+ — . + —
- E :)‘sih'k"hl_Sihk hy — E :ZApih:hl_Pihk hy s (A.9)
ikl ikl

where hi is the mass eigenstates and stands for (G*, H*). The trilinear neutral-charged cou-
pling are written as

1 .
Asihthr = =1 ((g5 + g5 cos2B)v1 + (208 — g3)v2sin203)
1 .
Aihihy = 1 ((g5 — g3 cos2B)vy — (205 — g3)v2sin23)
1
)‘slhjh; — U (9 sin 23v; + ( 92)?)2 cos 2ﬁ)
1 .
Asohthr = 1 ((g5 — g3 cos2B)va + (208 — g3)v2sin203)
1 .
Aoshifhy = =1 (93 + g3 cos 2B)vy — (205 — g3)vasin 203) ,
1
Asshthy = =1 (g5 sin 2030, + (2)\5 93)v2 cos 23)
A
Asshi by 75 <2/\SU5 - As + nvs))
As
/\53h2+h’ 9 2505 + ( Ag + Kvg)
)\53h1+h \/_%(AS + KUS) cos Qﬁa
1 1
Moniny = 72X = @)vns Ay = (206 = g)va,

As

/\pghfh \/—(AS - \/—m}s) (A.10)

1
Asisihihy = Asgsahhy = Apipihihr = Apopahifhy §(92 + gy cos 203),
1
= — _ _diio 9
Asisihihy = Msysshthy = Mpipihihy = Mpapohthe = 8(g2 gy cos 2(3),
Mveanire = Aot = ~Moveattie = Apupin = = (2A% — g2) sin 20
s1s2h] h] p1p2hs hy s1s2hy h, p1p2hi h] 8 S 2 ’
2
_ _ _ 9y .
/\5131h1+h27 o )\plmhfh; - )‘szszhfhg - /\pgthfhg - 3 S 267
1 KA
— _ - 2 2 _ . S
>‘5132h1+h; o )\p1p2hfh; - 8(2)‘5 92) cos 23, >‘5333h1+h; - )\p3p3h1+h; ~ 9 cos 203,
Ag Ag
>‘53s3h1+h; = —)\p3p3h2+h; 5 —(As — Kksin2(3), /\5383h2+h2, = —)\p3p3h1+h; ()\S + Kksin 2(3).

(A.11)
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A.2.2 Higgs-neutralino couplings
In the NMSSM, the Lagrangian contain Higgs-neutralino couplings as

L= Nyoup Sl — i) A yop Pbfey + hoe., (A.12)

ikl ikl

where 1)) = {BO, wo, il(l), fzg, §Y}. The couplings in Eq. (A.12) are symmetric for exchanging
the neutralino indices k and [. The non-zero Higgs-neutralino couplings are following [57]

9y 92
Asug = “Apuug = T Asiugug = ~Apugug = T
Ag 9y
Auogug = Mugeg = T5o50 Auutey = “Amaugug = T4
92 Ag
Assygel) = oot = T Aeanliud = Amitug = 755
Ag K
Assufu = Aoy = ~5 5 3 AsaQu = Apsylyd = Ne3 (A.13)
A.2.3 Higgs-chargino couplings
The Lagrangian also contain the Higgs-chargino couplings as
LD = Nytor ST =1 Y Ny PO +hec, (A.14)

ikl ikl

where ¢ = {W*, ht} and ¢; = {W~,h;}. The non-zero Higgs-chargino couplings are
following [57]

_ 9 o 9
Aavvivy = "Apgtuy = +E= Aoy = " Apagfur = +E=
A A As A
s vy = Mpaydey — +E' (A.15)

A.3 One-loop self energies and tadpole

A.3.1 Scalar self energies
The Higgs contributions to the scalar self energies

3 3
167°11, () = Z 25,5, mh Ay, ) + Z 2N sy sy Bo (075 M i)
K ol

3 3
+ Z QASiSjakakA(mak) + Z 2/\siakal/\3jakal BO(]?Q; May,, mal)
k k,l

2 3
+ Z 2)‘sisjh;h,;A(mhki) + Z )‘sih;h; )‘sjh;h; By(p*; Mk, mhli)- (A.16)
k k.l
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Here, A and By are the Passarino-Veltman functions [58].
The neutralino and chargino contributions to the scalar self energies

5
167°ITy,, = 24)‘8i><2><?)‘:jx2x? [(p2 = Mo = miye) Bo(myg,myg) — A(myg) — A(myp)
k,l

_meg M0 By (mxg 3 Ty 0 )}

2
+ Z ”‘smixf )‘;xﬁxl‘ [(pz —m, mzi)BO(mxf’mxli) - A(kai) a A(mxf)

L —
Xk X1
k.l

_QmeleiBo(me,mxli)] . (A.17)

A.3.2 Tadpole

The contributions to the tadpoles from neutralinos and charginos

5 2
167T2Tix =—4 Z Asixixs Mo A(my,) — 4 Z /\sixgxngiA(mxi)- (A.18)
k k

The contributions to the tadpoles from Higgs bosons

h,a,h*

16777 = > Y Ao Almy,). (A.19)
6k






Appendix B

SGGHU

In this Appendix, we specify the Higgs sector in the SGGHU.

B.1 Higgs potential

F-term
In the Gauge-Higgs unification model, there are two Higgs doublet H, = (H}, HO)T ~ (2,1)
and Hq = (H}, H;)" ~ (2, —1), a Higgs singlet S ~ (1,0) and a Higgs triplet

A = A°T® :% ( ﬁi V_iAA; ) ~ (3,0), (SU(2) x U(1)),

where At = (A' —iA?)/v/2 and A~ = (A! +iA?)/\/2. The low-energy superpotential is
written as following:

a

1 1
W :/’L(Huz (iTg)indj) + i/ﬁAAaAa + 5,&552 + )\AHui(iTg%)ijAade + ASSHM (iTg)indj
1
=p{H, Hy — HiHg} + pa{(A%) +2A7A7)
+ %A{H;ASH; + HINPH? — V2HIA™HF +V2H; A*HOY

1
+ Ns{HH;S — HH}S} + 5#552. (B.1)
The F-term contributions are given by

Ve = |F,|* + [Fu, | + [Fs|* + [Faol” + | Fpgg [ + | Fpp [P + [Fae | + [ Fa- (B.2)

39
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where
ow A ,
ow A
Fyo = — 200 = +puH° + 22 (APHS — V2A~HY) + AgHOS,
a OH) 2
FS = — aa—v;/ = —,LLSS — )\sHJHJ + )\SHSHS,
oW A ,
Fas == 55 = —puaA+ 2 (Hy H + HH),
ow D) B ~ _
f%J:_an:—M%+~§GQA3—¢ﬁﬁA)—Aﬂ%&
F-=— 8W_ = —pH} + )\—A(A?’Hj +V2ATHY) — \gH S,
a OH, 2
ow A
Fav = — 20 = —paA™ + = H  HY
oW A
Frn = — = AT - Aot B.3
D-term

The Higgs singlet ”S” has {1,0}, that is, the D-term of this model is equivalent the D-term of
MSSM + triplet model.

D" = —gp Y (dl,thon)

7

a a

o g k = _aoc (&
= —ggHZZ(?)UHu] — gQH;Z(?)ZdeJ — ggAb 1€ b A (B4)
Dy = —gv Z(Cbzi)y(i)@b(i))
= PuwH, +2H; A, (B.5)

2 2
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The D-term is written as

1 1
—2(D")? + =(Dy)?
Vb 2( )+2( Y)

2
gy _ _
Z?[(IHJP +HP)? =2 H P+ [HP) (1 Hal? + [ Hy |*) + (| Hg? + | Hy [*)?]
2

2 [ H [ 20 B HY P [HO 4 [+ 20y P + | Hy |
+ {-8ATAT(A®)? +8(ATA™ + ATAT)|A*]> —8ATA™(A¥)?}
— 4V2(HY HN) (AP A~ — AA3) — aV2(H " HY) (APAT — A3 AT)
= 2(|H; | = [H,*)(ATAT — ATA7)
— 4V2(H; HO) (A A~ — A™A®) — 4V2(HY H ) (APAT — APAT)
= 2(|H,|* — [Hy |*)(A7AT — ATA7)
+AH, Hy HHy +4H HQH Hy™ + 2| H P Hg|* — ||| Hy | + 2| Hy*| Hy ]

(B.6)

Soft-term

The Soft-term is written as

V =i Hal? + i | Hul? + mA (|A + [A72 + [AT) + mE| S|
+ [BuH, - Hy + 1S + Bapatr(A?) + %BSuSSQ
+ MANH, - AHy+ M\sAsH, - HyS + h.c.]
=mg(|Hy |* + [Hg|*) + g (|Hy |* + [Hy?) + ma (AP + AT + [AT ) + mg| S|
FBu{H{ Hy — HOHY 405 + 3 Bana (A% +207A} + 2 BpsS”
- %AAA{H;A?’H; + H)ANPHS — V2HIA H +V2H; AYHO}
+ \sAs{H H;S — H'H}S} + h.c.] (B.7)

B.2 Tadpole

The fields component is written as

H, — \/Lﬁ(hd + Vd + ZZd) H — w;
= w; e \/Li(hu+vu+zzu) ’
75(Ao +vp +iza) V2AT (B.8)
V2A~ —5(8g + v +iza) '

S

1
S =——=(so +vs +izg), A= 3 <
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We obtain Vi from Vg, Vp, V. The minimisation equations are given by

)\2 1
>=vg{p® + 22 (v + v2) + V2Aspvs + = (g2 + gv?) (V2 — v2)
3Hd 2 8

N, A A
+—8(UA+U)+—\/§,MA+ 5
Ag N Ap

As
+ v, {———=pugvg — By — Agv Axv
{ﬂﬂss 2 2\@55 2\/—MAA 2\/—AA}

————UAUg +md

Y 1
< Il >=v, {pu* + 75(1)?; +02) + V2Agpvs + 8(92 +gv?) (v —vi)
A2 A AaAs -
+ g WA+ ud) + Tops + v i)

Ag Ag Aa
+vg{ ——=pusvg — B — —=Agvg — —==UaAV Axv
d{ ﬁﬂss 2 2\/555 2\/§VJAA 2\/—AA}
(9V PY: N
<55 >= vs{ps + 751)2 + Bsps + Mm%}
1 1 A
+ )\S{EMUQ - ﬁugvdvu — EAgvdvu + IAUQUA} — \/§ﬁ =0,

2

aVv A -
< 9A >=va{a + Baka + ?sz +mat

1
+ A V74 == — =AUy — —=
A{Q\/—M 4 Vs 2\/§MA d 2\/5
Eq.(B.9) and Eq.(B.10) lead to m2 and p2g:

Apvgu,} =0

. Ag Aa
m§ = Bu+ \/E(MS + Ag)vs + 2\/5(/% + Aa)va,
s )\A

ll’eﬂl \/— \/—UA'
Tadpole is written as Eq.(B.13) and Eq.(B.14):

A§ o

A2 92 + gy2 N .
8Hd >= vd{ueﬂ 5 v + ?Avﬁ + QT(U?l — vg) + mfl} — vum§ =0,
)\2 A2 g2 + gy2 - N
om. 25 3—1—? + 2275 3 (vg—v§)+mi}—vdm§:O,
oV .
<35 °" vs(u§ + 1§ + Bspus)
\/—{Meﬁv (AS + HS)UQSBC/B + 2(:“5 + 77>} =0,
oV -
<A >=vx (1A + M4 + Bapia)

)\A 2 2
+ —— 1+ e V" — A + HA )V SzC =0.
2\/5{ ff ( A A) Jé] ﬁ}

(B.9)

(B.10)

(B.11)

(B.12)

(B.13)

(B.14)

(B.15)

(B.16)

(B.17)

(B.18)
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We obtain A, and vg from tadpole conditions:

A(mA + 1A) Pt
Ap = VA + —— — lin, B.19
A ﬂvdvu A 555 Ha ( )
\/i(ms + 1)
B.3 Mass matrices
In this thesis, we ignore va because of the electroweak rho parameter.
B.3.1 Higgs mass matrices
CP-odd
In the CP-odd basis {z4, 24, 2s, 2a }, the mass matrix M2, is written as
mitg 3 25 (As — ps)vsg 755 (e — pasap)vey’
) 3ty (AS - Ms)vcﬁ 735 (it — p1a525)v55"
Maa = - 2 Aeda 2 , (B.21)
M+ pd —mis + 5 v

~9 2 2 A4, 2
AT HA =M+ PV

where m3¢ = Bsps, mjn = Bapa, sg = sinf3, ¢g = cosf, t3 = tan /3, and subscript —1
describes inverse number. We obtain the CP-odd Higgs boson mass:

-9
2 m3
my ~ ——— B.22
A ginBeos B ( )
CP-even
In the basis {hg, by, S0, Ao}, the mass matrix M2 is written by
M -
92+9Y U2C% + m3 B MZS/gCB 75(2/18306 — (AS + ,ug)sﬁ)v ;\TAiMeHC?ﬁCEl
+ A -
95 4gY Vst + ity + e TS(Q,uegsB — (As + M5>Cg) —#5}161{625551
M+ + mis + 5 Aspa? ,
WA+ A+ i+ B
(B.23)
where
2o +(gy+g—2—A2 )\2)2) (B.24)
sin 3 cos [3 4 47 '

The mass of light CP-even Higgs boson my, and the heavy CP-even Higgs boson my are written
as following

A2 \%
m; ~ m%cos® 203 + (?5 - ?) v?sin? 23, (B.25)

52 )\2
2 m3 +m2ZSin2 25_ (_s

my ~ —————
H " sin B cos 8

)\2
5 +?A) sin® 23. (B.26)
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Charged
In the basis {w,, w,, A*, A*}, the mass matrix M3, .4 is written by
Mczharged
MZ sin* 3 MZsin 3 cos 3 22 (percg — Ansg)v ’\?A(,uech — [ASS)V
Mc cos® ) N (Ueffsﬁ — pacg)v 22 (ptersg — Ancg)v
%sﬂv + 9826251} + pA + mA 0 ’
2 2
- ’\Tﬁcézﬂ — Zeogv® + pa +mi
(B.27)
where
59 2 2 2
2 ms 92 A5 | AA, o
_ 9o _As | Any o B.28
€ sinfBcosf3 ( 2 + 8>U ( )
We obtain the charged Higgs mass
2 2 2 A2 )‘2

B.3.2 Neutralinos and charginos
Neutralinos

In the basis ¢° = (B, W°, HY, HY, 5,, Ay), the neutralino mass part of the Lagrangian is

1
*Cneutralino mass — _§(¢O)TMN¢O + h.C., (B?)O)
where
My 0 —Zwveg Tusg 0 0
M, 9—21}05 —9—2@36 0 0
cee e 0 — 1L —Asy YN
Mg = A A (B.31)
0 __UCB mvcﬁ
s 0
... MA

where the M; and M; come from soft Lagrangian. If
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then the neutralino masses are given by

mZ sy (M + fleS23)

myg, = M + Vi a— (B.33)
my, = My + m%%fggfw, (B.34)
s = G <f)— Tha) e VLY
s~ G S G et st ) B
sy s (B30
g, = o+ e persa) (B.38)

(MA - ,ueff)(:uA + ,ueff) '
Charginos

In the basis ¥ = (W* H} A*) and v~ = (W, H;,A™), the chargino mass part of the
Lagrangian is

1 1,
£chargino mass — _§<¢+)TMg1/) - 5(1/} )TMC‘¢+7 <B39)
where
M, %035 0
Mpq = \%vcﬁ Loff )‘TAUSQ : (B.40)
0 —%vcﬁ 1A

The chargino masses correspond to the positive square roots of the eigenvalues of M(TjM@. In
the limit of Eq.(B.32) and va — 0 with real My, peg and pa, the chargino masses are given by

o My + e Sop

~ ~ M. B.41
me, 2 My MQQ — ,usz ) ( )
feft + MaSag A 5 et + Masag
mp, ~ +mE, =2 a2t e B.42
T AT W =My S e — A B4
A2 + [letS

8 IU2A - Neff2

B.4 Definitions of the couplings

B.4.1 Higgs self-couplings

As A2.1, we use for s; stands for {hqg, hu, S0, Ao}, hi stands for {h, H,so, Ao}, p; stands for
{24, 2u, 25, 22}, @; stands for {G°, A, z,, z2a}, wi stands for {w wF A* A%} and h¥ stands for
{G*, H=, A%, A%}, Also, v; stands for {vg, v, } with tan 8 = vy /vy and (v} +v3)? = (246GeV)?.
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The trilinear neutral-Higgs self couplings are written as

1 2 2
)\315151 = )\311”11”1 = g(g2 + gY)Ula

1
)\525252 = )\521721’2 - _(gg + g%/)“?u

8
Asipypy = BAsysnsy = —%(95 + gy —4NE = A4 ),
Xoypin, = 3Asjs,s, = —%(93 + gy — 405 — A})va,
Meere, = Ao, = 3%%&, VS GA—%MGH,
2 2
Mpats = Pepre = 200 Mgy = Phaggsy = 200
Mpape = Peprns = 220 A = By, = 520
2 2
Mt = Phugnsy = 201, sy = Bhgeys, = 20y
s AA

)\831”11”1 = )‘S3p2p2 = Eﬂeﬂ% )\54171171 = )‘54172172 = mﬂeﬂa

)\S /\S
)\s So8, — . — A + s )\s =—(A + ,
15253 6\/5( S /’LS) 3P1Ps 2\/5( S MS)
)\S /\A
)‘slp2p3 - )\52171173 - m(AS - :U’S)v )\815284 = _12\/§(AA + MA),
>\A )\A
)\541’1?2 = 4\/§(AA + MA)a )‘slp2p4 = /\52p1p4 = M(AA — IU,A),

where unspecified quartic couplings are zero.

SGGHU

(B.44)
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The quartic neutral-Higgs self couplings are written as

_ _ _ 2 2
)\31513151 o )\plplplpl o )\32323252 o Ap2p2p2p2 o 32 <g2 + gY)’

1
_ _dLie 9
)\51511’11’1 - >\5282p2p2 - 16 (.92 + gY)7
1
_ IS B IR B
)\81518282 - )‘plplp2p2 - 96 (92 + 9y 4AS )\A)J
_ Lo o y2 42
)\8252p1p1 - )\5181p2p2 - 16 (92 + gY 4)\3 AA)?
)\2
- _ _ _As
)\31515353 - Aplplp3p3 - )\32525353 - Ap2p2p3p3 - 24’
)\2
- _ _ _As
)\3151133193 - )\52321”31”3 - >\5353P1p1 - )\53531”21”2 - 4’
A A A A AsAa
51818354 — 7'P1P1P3Py T 789595354 T T'PaPoP3Py T T’
AsAa
5151P3P4 = )\3232103104 - 4 )
)\2
— — _ _ A
)\31515454 - )\plplp4p4 - )\52525454 - )‘p2p2p4p4 - 96’
)\2
— — _ _ A
)\3151174?4 - )‘5282104;04 - >\84s4p1p1 - )\5484p2p2 = _16,

(B.45)

where unspecified quartic couplings are zero.
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The trilinear neutral-charged coupling are written as

1 1
)\slwf'wl_ = Z(gg + g%/)vch )\slw;'wz_ = Z(gg - g)2/ + 2)\2A)Ud7

9; L, 2
Mpwtuy = 50 Asjufuy = —5(9 = Xa)va

1 1
)\szwfwf - Z(gg - 912/ + QAZA)UU’ )\SQw;w; = Z(gg + g%’)UU7

)\ +*:_1(2_>\2)’U )\ +,:g_§v
SqWs3 Wy 2 92 A)Yus Sqwy wy 9 ws
SSM?_wl_ - Sgwg—w; = _)\S()\AUA - \/§,ueff),
sswg'wg_ = SSwIwZ = 07

A
)\s4w1~'wl— = )\s4w;w2_ = TA(/\AUA — ﬂﬂeff),
s4w§'w3_ = )\s4w2'w4_ = g%”A?
1
)\slwfw; = g(Qgg - 4)\25* + )\Z)’Uu,
1

Mywiuy = 7(-V20305 + 2Xaften),

1 AA

)\slwfwg - 2\/5(9% - )\QA)UA + 7ueff,

Aa AA
S1Wq Wy - 7,“A7 slw;w4 7AA7
sjwiw; Oa
1W3 Wy
1
sy = (203 = AN+ AR)vn,
Aa N
Mywiug =~ A5 Auter =~ 5 a

1 A
)‘SQw;'wg = _m<g§ - >‘2A>UA - TA/JJeffv

1
- = —Z(—ﬁQSUA + 2>‘A,Ueff)a

Sowdw
oWy Wy
sowdw; T O’
oWz Wy
A
S3Wy Wy = 7%<AS + uS)?
Aohs
sqwwy = Asgwf'wz = 2—\/§Ud
A
Aot = A4, - = — S Av’u
S3wy Wy Sqwy Wy 2\/§
sawdw] — O’
373 4
)\A
Sywi wy = _ﬁ( A + MA)?
1
54w1"w3_ = _>\s4wf'w4_ = _m(zgg - /\2A)Ud7
1 2 2
)\s4w;'w3_ - _)\s4w;w4_ - _M(2g2 - )‘A)UU7

_ 2
)\s4w;'w4_ = —93Un,

SGGHU

(B.46)
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The quartic neutral-charged coupling are written as

1 1
)\Slslwikwli = _(gg + g}2/)’ Aslslw;w; = _(g; - g}z/ + 2)\2)’

82 8
ssywiur = %27 ssywiur = —%(93 —4),
spsyutur = %(293 — 45+ AA),
5185w wy )‘slsgw;rw; = /\25)‘\/;7 s 50wy _)‘slswfw; = _5(293 - )‘2A)7

1 1
)\SQSwa'wl_ = g(gg - 932/ + 2>\2A)7 )\stz’u);—w; = _(gg + 952/),

8
1 92
_ 2 2 _ 9
>\52$2w§'w3_ - _1(92 - AA)? )\32521112'11)4_ - 4
A 4, - = A +—:—)\S)\A 4 — = —A +—:—L(2g§—)\i)
SgS3Wy Wy SgS3Wg Wy 2\/5 ’ S9S4 Wy Wy S9S3Wg Wy 4\/§ !
2
A = _A = _ _dsha
sysgwiwy — Msgsgwiwy T 27 sgsgwiwy . Msgsawiwy T 2 7
/\2 2
— _Z2A — _ _9%
s4s4wf'w1_ - )\s4s4w;w2_ - 8 ) )\543410;'103_ - _)\s4s4w§'w4_ - )\s4s4wzw4_ - 2 . <B47)

B.4.2 Higgs-neutralino couplings

In Gauge-Higgs Unification model, the Lagrangian contain Higgs-neutralino couplings as

L= N0 Sabpul =i A yop Py + he., (B.48)

ikl ikl

where ¢ = {BO, wo, iL?, izg, 39, AO}. The couplings in Eq. (B.48) are symmetric for exchanging
the neutralino indices k and [. The non-zero Higgs-neutralino couplings are following;:

>‘31w?w§ = —)\plwgng = _%Tyv /\81¢8¢§ = _)‘legd’g - +%’
Aoyt = Apryoyo = +%, As1ogul = Aprogug = ﬂ?ﬁ’
Mg = ~Appuud = +%Y7 Asauud = ~Apauup = _%’
Asog0ud = Apdy0 = —2/\—\557 AsoyQud = Apyigug = +4)\_\?§’
Assy) = Apyygug = —;—\%7 Asiugud = Apaugug = +4A_¢A§' (B.49)

The couplings of the Higgs bosons to the neutralino mass eigenstates x? are related to the
neutralino interaction eigenstates as

/\¢iX2X? = N;aleA¢i¢8wg’ (B.50)

where ¢; represent s; or p;, N is the diagonalization matrix for neutralino mass matrix.
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B.4.3 Higgs-chargino couplings

The Lagrangian also contain the Higgs-chargino couplings as

LD = Ay SOFUT =i > Ay PO +hee, (B.51)
ikl ikl

where ¢;F = {W*, ht, A*} and ;7 = {W~, h;, A~}. The non-zero Higgs-chargino couplings
are following

— 9 B B A
A51¢1+1/’; - _)\Plil)hb; - +\/§’ )\811/1;1/’37 - )‘m@w; - 7)
—)\A 92
Asutur = Amvfur = T Asufer T Theiur T 5
—AS 92
Assyivy = Mesfyy = F NG Aswivy = " pavitey = +
Mtz = dnster = 4505 Auster = Aot = (B.52)
sapg vy Cpady T 2\/§a 541/’;1/); = p4w§r¢; = 1 )

The mass matrix Mg for the charginos is diagonalized by a bi-unitary transformation
diag(m,+) = U*MgVT, (B.53)

where the unitary matrices U and V rotate the negative and positive chargino interaction
eigenstates, respectively, into the corresponding mass eigenstates

Xi = Uiy, X = Vi) (B.54)

B.5 Omne-loop self energies and tadpole

B.5.1 Scalar self energies

The Higgs contributions to the scalar self energies

1 1
167°11,. (p*) = Z 25,5, mh A, ) + Z 2N sy sy Bo (075 My i)
K ol

4 4
+ Z QASiSjakakA(mak) + Z 2/\siakal/\s]-akal BO(]?Q; May,, mal)
k k,l

4

4
+ Z 2)‘sisjh;h,;A(mhki) + Z )‘sih;h; )‘sjh;h; By(p*; Mk, mhli)- (B.55)
k k.l
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The neutralino and chargino contributions to the scalar self energies

6
167°TTY,, = 24)‘Si><2><?)‘:jx2x? [(p2 =M = mye) Bo(myg,myg) = A(myg) — A(myp)
k,l

_2mxng? By (mxg, mX?)}
3
* 2 2 2
Y A [(p —me —m2a) Bo(mys,m ) — Almys) — A(m, )
k,l

—~2m,em s Bo(memys)| (B.56)

B.5.2 Tadpole

The contributions to the tadpoles from neutralinos and charginos

6 3
167T2Tix =—4 Z Asixixs Mo A(my,) — 4 Z /\sixzxngiA(mxi)- (B.57)
k k

The contributions to the tadpoles from Higgs bosons

h,a,ht
16777 = > Y Ao Almy,). (B.58)
6k
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