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Abstract

We study constraints on the Universal Extra Dimension (UED) by taking into
account current results of the Large Hadron Collider (LHC). We focus on three
types of phenomennological issues, namely Higgs production and decay pro-
cesses at the LHC, the electroweak precision measurement, and the vacuum
stability. We studied seven types of six-dimensional UED models as well as
five-dimensional one. We have found that the Higgs signal strength gives typ-
ical lower bounds on compactification scale of extra dimension(s) as 650 GeV
for the five-dimensional model and 800-1400 GeV for the six-dimensional mod-
els, respectively. The electroweak S,T" parameters also give 700 GeV for the
five-dimensional model and 900-1500 GeV for the six-dimensional models, re-
spectively. We have estimated the ultraviolet cutoff scale in higher dimensional
theory by vacuum stability bound by using four-dimensional effective theory
approach.
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Chapter 1

Introduction

The standard model (SM) of elementary particles [1] is one of the masterpieces in theoretical
physics. The SM is based on quantum field theory with three important concepts, gauge
principle, renormalization, and the mechanism of spontaneous symmetry breaking. The
gauge principle is a fundamental idea of interacting field theory. The renormalization
fixes physical values. The mechanism of spontaneous symmetry breaking tells us what is
our vacuum. The SU(2);, x U(1)y gauge symmetry breaking occurs by non-zero vacuum
expectation value of the Higgs doublet [2]. The SM was constructed based on these ideas,
and it turn out to be very successful model today for explaining the results of collider
experiments below ~ 100 GeV scale [3, 4].

The extra dimensional theory is one of a candidate of new physics. It was first suggested
by Kaluza and subsequeutly developed by Klein in early 20th century [20, 21]. In late 20th
century, Antoniadis [22] pointed out a possibility of realizing TeV scale extra dimension.
After that, various types of extra dimensional models have been suggested. The Universal
Extra Dimension (UED) models are a type of extra dimensional models. The UED assumes
that all the SM particles can propagate in the extra dimensional bulk. The virtue of UED
is that the lightest Kaluza-Klein particle (LKP) can be a dark matter. It is based on
a symmetry of extra dimension, Kaluza-Klein (KK) parity [23, 24]. The minimal five-
dimensional UED (mUED) based on orbifold extra dimension S!/Z,, was first suggested by
Ref. [25]. The mUED and phenomenological constraints on it are well studied: electroweak
S, T parameters gives a lower bound on KK scale as about 700 GeV [26], flavor changing
neutral current detection experiment of b — sy gives 600 GeV [27], the prospects of the
mUED at the LHC and future linear collider has also been discussed in Ref. [28-43].

The UED has been extended by introducing more than one extra spacial dimension. We
can construct six-dimensional models with various geometry of extra spacial dimensions.
The models have been proposed based on two-torus, T?/Zy [44], T?/Z, [45, 46|, T?/(Z x
Z4) [47], on two-sphere, S?/Z, [48], on two-sphere with Stueckhelbarg field [49, 50], and
on non-orientable manifold: the real projective plane RP? [51] and the projective sphere
PS [52]. An advantage of six-dimensional models is that the number of generation is
required to be three by the cancellation of six-dimensional gravitational and SU(2), global
anomaly [53]. The collider phenomenology in six-dimensional models has been proposed
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8 CHAPTER 1. INTRODUCTION

for T%/Z, [54-59], and for RP? [60-63]. As another way to extend the mUED, it has been
considered introducing five-dimensional mass terms or brane localized interaction terms on
five-dimensional bulk [64-66].

In this thesis, we study not only the mUED but also all the known six-dimensional
UED models and their phenomenology cyclopaedically [67].

The vacuum stability is one of the most important phenomenology in this LHC era. In
the SM case, Froggatt and Nielsen predicted Higgs and top masses to be 135+ 9 GeV and
173 £5 GeV by assuming the electroweak vacuum must be stable up to Planck scale [68].
Currently it is suggested that the electroweak vacuum can be stable up to Planck scale
with Higgs mass my ~ 125 GeV by using three-loop RGE [69, 70]. Unlike the SM case, the
electroweak vacuum in UED models cannot be a stable up to such a high scale because KK
tower accelerates an RG evolution. The ultraviolet (UV) cutoff scale A is most important
to discuss an extra dimensional model. We need an upper bound on KK summation in loop
processes. We estimate the highest possible UV cutoff A,,,,, of six-dimensional UED models
by discussing electroweak vacuum stability. In the mUED case, Ayar is A S 5Mgx [71].
We have newly analyzed an RGE of Higgs quartic interaction and top Yukawa for five
and six-dimensional UED models without resorting to the approximation employed in the
analysis of gauge coupling running proposed in [50].

By using A,,.. that we estimated from vacuum stability, we study collider phenomenol-
ogy in five and six-dimensional UED models. The Higgs production at the LHC is mostly
by the gluon fusion process through a top loop. In general UED models, the KK top loops
enhance the cross section of the gluon fusion process. Since the Higgs production cross
section is enhanced, the signal strength of Higgs to dibosons H — ZZ, WW and fermionic
decays H — ff are enhanced. Higgs decay to diphoton H — 7+ is a loop induced process,
and thus sum of KK top and KK W loop contributions gives small suppression of H — 7y
decay cross section [72]. Due to this small suppression, the enhancement H — ~+ is smaller
than other channels. Originally six-dimenaional case was proposed in [48], and diphoton
decay rate was studied in [50]. Here we take into account more thorough data of Higgs
production channels for each event category. We can find the details of production channels
and event category from data of ATLAS collaboration [73-75] and CMS [76, 76, 77]. We
also estimate constraints from electroweak S and T' parameters [78, 79]. The contributions
from KK Higgs boson and KK top were discussed [25, 26]. In addition to these, we take
into account the contributions from KK gauge bosons as was first done in [67].

The thesis is organized as follows. First, we review the electroweak sector in the SM.
Spontaneous symmetry breaking, renormalization, and RGE in the SM is core ideas to
discuss electroweak phenomenology. We review these topics in Chapter 2. Next, in Chap-
ter 3, we show basic issues on electroweak phenomenology that we focus on in this thesis.
In Chapter 4, we show the results of our analysis, constraints from Higgs signal strength,
electroweak S,T" parameters, and upper bounds on A by RGE. Finally, we summarize our
work and discuss our future prospects. The details of formula that we use in our analysis
are summarized in Appendices.



Chapter 2

Review on the Standard Model

The SM has three types of gauge symmetry SU(3). x SU(2), x U(1)y, and the Higgs
doublet field breaks SU(2), x U(1)y symmetry into U(1)..,. spontaneously [2, 80]. When
we consider radiative corrections in quantum field theory, we face divergences in loop
integrals. Renormalization is the method that can remove such a divergence from the
original Lagrangian. After the renormalization formulation, we can consider the effective
Lagrangian taking into account radiative corrections. The renormalization technique need
a renormalizaton scale, and thus physical parameters depend on renormalization scale. We
can analyze the scale dependence of physical parameters by renormalization group equation
(REG). In this chapter, we review the spontaneous symmetry breaking mechanism in the
SM, renormalization formula, and the RGE of the coupling constants in the SM. Our
notation is based on Ref [1].

2.1 Higgs mechanism in electroweak symmetry

2.1.1 Higgs potential

In order to consider spontaneous symmetry breaking in the SM, we start with SU(2), x
U(1)y symmetric Lagrangian with gauge kinetic terms and Higgs Lagrangian,
1

L=-3

1
Wi, W = 2B B + (D,®)" = V(®), (2.1)
2
1 A
V(®) = 7|‘I’|2 + Z|‘D|4u (2.2)

where W;jl, = o0,Wg — 8,,W;j + fabCWleW,f, B,, = 90,B, — 0,B,, are field strength of gauge
bosons. SU(2), x U(1)y gauge covariant derivative is

: a a Y
Dy, =0, —ig Iy W, + zgYEB“ (2.3)
1

with Pauli matrix Iy}, = 50, hyper charge Y. 1% is mass parameter of the Higgs doublet

® which can be negative, and A is self interaction of Higgs sector. The electricmagnetic
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10 CHAPTER 2. REVIEW ON THE STANDARD MODEL
charge @) is defined by the Gell-Mann Nishijima relation
Q=1I+ r (2.4)
The Higgs doublet field is defined by
~ +
-5 (31)-(5)
where ¢34 are component field of spin 1/2 representation of the SU(2), ¢*/° are

charged /neutral Higgs field. & has hyper charge Y =1. After the electroweak symme-
try breaking we can write the ground state of Higgs doublet as

@=(1,) 206)

with v =246 GeV is non-zero vacuum expectation value of phsical Higgs field H. We can
write the Higgs doublet by v and quantum fluctuation around v as

ot
(I):(\/ii(v—i-hﬁ%ix))' (2.7)
The vacuum condition
dV(® = ()
=0 2.8
(@) (2.8)
gives the relation,

2 Ly o

woo= —5)\21 ) (2.9)

and then we can write the Higgs potential for physical Higgs field H as

V(H) = JuH + 2 ((6707)* +20H (6" 67) + H*(6707) — x*(67¢7))

A
+ 76 (H*+ 60 H? + 40°H + 4vH*\* — dvHX* — 2H*X?) . (2.10)

We find the physical Higgs mass in the SM as a quadratic term of H, thus

1
m3 = 5)\1)2. (2.11)
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2.1.2 Electroweak symmetry breaking

Now we turn to Higgs-gauge interaction which comes from the kinetic term of the Higgs
doublet,

5 (e )+ (e S )|
2 \ V2w, —W) 2 M\ B+ H+iy)

2_ 2 2
S 922;? Z, — €A, {%WJ o
- 21~ 922, v+ H +ix)

95 — 9% L G2 . 92 s 1
:‘( ZH—eA#>¢ +§Wu(H+U+ZX)+EWM¢ +gZZuE

2
)

(H +v+iy)
(2.12)

where go, gy are gauge coupling constant in SU(2); x U(1)y gauge symmetry, g% = g%+ g+,
e= %, W=, Z, A are defined by the weak mixing

cw Sw W2\ ([ Z, P S
(0 2)(5)- (k). we- e
Cw = 27 Sw = g_Y? (213)

9z 9z

then we can find the masses of W, Z boson as

v v
mwy = 592, my = 5\/952/ + g3. (2.14)

We used 't Hooft-Feynman gauge.

2.1.3 Yukawa sector

Next we turn to Yukawa sector. We write the doublet lepton and quark as

L
i
lj

LJL:PLL]-:( ) Qf:PLQj:<ZJLL), (2.15)

J

and right handed lepton and quarks as

= Pgply, ulf = Pru!, dff = Prdj;, (2.16)

where L;, ()}, l;, u;,d; are Dirac spinor, and P, = 1;75, Pr = Hzi are projection operators.
The index j explain generation of charged leptons [/, neutrinos v, up and down type quarks

u and d. Electroweak charge assignment for these fermions is summarized in Table 2.1.
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fields L [ Q U d
SU(2)r x U(1)ycharge | (2,-1/2) | (1,-1) | (2,1/6) | (1,2/3) | (1,-1/3)

Table 2.1: Charge assignment for SM fermions.

The fermionic Lagrangian in electroweak sector is

—L —L
Lp= Z (Lj VMDuLJL + Qj VHD;LQJL>

J
+ 3 (G Dyl + aly Dyl + &' Dyl
J

TLvR Alvu, RG - AL d R
=3 (L vjile + Q) viul® + Q) viidie) (2.17)
]

where the covariant derivative D, acting on left-handed fermion L*, Q¥ with SU(2); x
U(1)y gauge boson W and B, and the covariant derivative for the right-handed fermion
involving only U(1)y gauge boson B, since I¥, u*, d" are singlet for SU(2). V};, Vjsu, and
Ve are Yukawa coupling matrices, and @ is charge conjugate of Higgs doublet. Yukawa
sector can give fermion masses with non-zero vacuum expectation value of Higgs field v.
The femiron mass matrices are witten as

F_ Yy
=

and it is diagonalized by bilinear transformation for fermion generation.

m

(2.18)

2.2 Renormalization

When we calculate quantum corrections by integrating loop diagrams, we face divergences.
The renormalization is the technique that we remove such a divergence. In order to remove
divergence, we first stand on divergent bare tree level Lagrangian. Any bare parameters
in the bare Lagrangian i.e. bare fields, bare masses and bare couplings, are divergent
by themselves. We can divide the bare Lagrangian into finite with the physical part
and unphysical divergent part, and after that, we calculate loop integral by using such a
physical part of parameters. Finally, we cancel the divergences from loop diagrams by the
bare parameters, and let only physical part survive. It is also important that we choose
a renormalization scheme. There are various regularization schemes to isolate divergences
from loop integrals. In this section, we apply a renormalization technique to two types of
loop diagrams in ¢* theory, and we use dimensional regularization and MS scheme.
Let us start with tree level Lagrangian for a real scalar boson ¢ as follow,

1 A
L= é(au(;s)? —m?p* — zqs‘*. (2.19)
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We can write 1-loop correction for 2-point function of scalar boson with (2.19) as

1 k1
'n\\\ /’; - 5/\/(27)4m, (220)

where the factor % is the symmetric factor, £ is the momenta in the internal leg. WHen
we coose dimensional regularization scheme, we generalize our space-time dimensions as
d-dimensions, and after calculation of the loop integral, we take d — 4 limit. We can

rewrite the 1-loop (2.20) as

1 dek 1
' : = )\t / S— 2.21
/ 2 H (2m)4 k2 — m? ( )

_______________________

: ‘: = M\ A(m?)

_______________________

€ i 2 2 :U’2
=\ 6™ {E+1—’y+log47r+logﬁ+(9(e)]

~ 2
= )\/fﬁmZ [A + log % + (’)(6)] , (2.22)
where € = 4 — d, v = 0.577 is Eular-Madcheroni constant, and A = % +1—~v+logdr. In
¢ — 0 limit(d = 4 limit), the first term in (2.22) is divergent. The form (2.22) means that
the 1-loop correction for scalar 2-point function gives a divergent loop correction for scalar
mass. In order to eliminate this divergence, let us reconsider the original Lagrangian (2.19).
We restart with the idea that the original Lagrangian (2.19) is divergent by itself. We
call this original divergent Lagrangian as “bare” Lagrangian which is associated “bare”
parameters;

Ap

Z(p‘g. (2.23)

1
Lp = 5(0u0p)" —mpdp —
We factorize the divergent part of bare field ¢p, bare mass mp, and bare coupling Ag as

b5 = \/Zs9r,

mp = Z MZdjlm R
)\B - Z,\Z(;2)\R,
where ¢, mpg, and \g are “re-normalized” field, mass, and coupling constant which are not

divergent. The factors Zy, Z,,, and Z, are renormalization factors which cancel the diver-
gence of bare parameters. From this factorization, we can rewrite (2.23) by renormalized
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field, mass, and coupling, and we also can divide the bare Lagrangian into renormalized
Lagrangian with divergent part as follow,

A

Ly = 57Z4(0,0r)* — Zmmudt — ZA4—?¢§
A

(Oudr)® = migdf — 1 ok

1 A
+(Zs = V)5 (0u00) = (Zn = Vmipdh — (Za = ) 0k (2:24)

N~ DN —

The first line is the renormalized Lagrangian which is not divergent and identified the
physical parameters. The second line is counter terms of kinetic, mass, and coupling
constant. When we start from divergent theory, we can formally divide the divergence from
original theory as above, and now, let us cancel this counter terms with 1-loop divergence
we saw above. We can only know the value of the renormalized parameters. We cannot
know the bare theory, and thus we can freely choose the counter terms for easy calculation.
As the simplest cancellation condition, we put a renormalization condition for scalar boson
mass counter term as
i
(Zpm—1) = /\167r2A’ (2.25)

where we have already put € — 0. This renormalization scheme is MS scheme.

Next, let us calculate 1-loop correction for 4-point function using (2.24), that is related
to be By function defined in Appendix (B), as

B [ d% 1
T / (2m)4 (k* —m?) ((k — p)* — m?)

3
= METRBO(PQ,WQ,WQ)

3)\R 1 ! ~ [1,2
= u'— dr | A—1 2.2
"7 16r2 /0 ‘ ( o8 —p2x(l—x)+m?)’ (2.26)

where z is the Feynman parameter. Since A does not depend on z, we can easily find the
divergence in the vertex correction in € — 0 limit, which is

3A\p 1 2
2 167 (‘) - (2.27)

By a similar condition assign (2.25), we can cancel the divergence with counter term in
MS scheme,

A 3\r i 4
(2 - 1) 5 = T 5A (2.28)
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2.3 Renormalization group equation

In this section, we review the idea of renormalization group equation (RGE) and RGE
evolution of the SM. We have seen a renormalizable theory which contains kinetic terms,
mass terms and dimensionless coupling terms of fields. In order to calculate a value of
mass or coupling which contain loop corrections, we must choose an energy scale. This
fact originate from the fact that we must introduce the regularization scale to regularize a
loop divergence. RGE shows a scale dependence of running mass, coupling, and field. After
we review some formula for RGE, we will calculate RGE for the SM coupling constants.
We can find typical behavior of the SM gauge couplings, top Yukawa and Higgs quartic
interaction, see for example [81]. The evolution of top Yukawa and Higgs quartic interaction
is particularly an important information to estimate vacuum stability that we will review
in the next chapter.

2.3.1 Scale invariance and renormalization group

We reviewed renormalization with dimensional regularization technique in section 2.2. We
can write renormalized n-point function I'}, without any divergences. Since we must in-
troduce a scale p in order to regularize bare n-point function I}, renormalized n-point
function I'}, and its renormalization coefficient depend on the scale p. Let us start with
the theory of renormalized n-point coupling. When we write renormalization coefficient

for field as

VZsbr = ¢,

with renormalized field ¢r and bare field ¢p, the renormalized n-point coupling of ¢g

generally written as
Z
¢ -Cr=0Cp

V7

where Cg is renormalized coupling and C'p is bare coupling. We rewrite a renormalization
coefficient of n-point function Z,/\/Z, = Z,. Let us write scale dependence explicitly,

Iy = Zu (W (1), (2.29)

where ' is bare n-point function. The equation (2.29) impose

d

We write renormalized mass and momentum of renormalized field of n-point function as
mpg,p and a coupling as gg explicitly. The scale invariance (2.30) written as

9 — 9 00k O  Omp O .. -
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and here we define

- /’La log \% T’L?
0
Blg) = Ma—ugm
0
MeYm(g) = ua—umR. (2.32)
Then the equation (2.31) is written as
e+ Bl) 5 = 11(0) + m9) 5 ) T 1 g ) = 0 (2.33)

This equation is Renormalization Group Equation (RGE) and the coefficients (2.33) is
p-function of field, coupling and mass. From S-function (2.33), we can find the scale
dependence of field, coupling and mass.

Now, we consider a physical meanings of an RGE by solving them analytically. Let us
start with RGE of an observable

A= Alg(p), 1/ Q), (2.34)

where @ is a typical energy scale, for example, it is center of mass /s when A is total
cross section. In general, when we calculate A by renormalized perturbation theory, we
can write A as

Alg(), 1/ Q) = a0 + ang (i) + g(10)° (aé” log 2 + aé‘”)

Q
+ log? —+a V1o +a(0))+---. 2.35
g(p)’ < g 0 3 108 5 0 3 ( )
We can write scale invariance (2.31) for (2.34) as
9 | dg(p) 0 )
LS9 agg(u, —0. 2.36
(g + 020222 Aot 1/ @) (2.36)

After a change of variable ¢ = log (11/Q), and 2 = u%, equation (2.36) is written as

(8/(‘% - I:I> Alg(p),t) =0, where H=pu—2-~—— (2.37)

like as the form of Shrodinger equation and it can be solved as a linear differential equation.
We can write A(g(u),t)

Alg(),t) = e A(g(),0) = 3 T2 A(g(u), 0)

n!
n=0

D I ) o I R YRR B CE™

!
o n:
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where we used ¢ = 0 case of (2.35) in the second line in (2.38). Since S-function 5(g(u))
can be expanded by order of coupling

B(g(n)) = —Bog(p)* — Brg(p)® — Ba(p)* + -+ - . (2.39)

Taking into account (2.38) (2.39), we can sort A(g(u,t)) by order of logarithms as

Algt) = a0+ (alg [Bog log (11/Q)]" + (g—g + cza;”g?) [Bog log (p/Q)]" + - ) ,

n=0

(2.40)

where ¢; 5 are coefficient of order g* that we can count from n-th order derivative in (2.38),
and we omitted the argument p for coupling g. The first logarithm term of (2.40) is
“Leading Log” (LL), the second one is Next to Leading Log (NLL), and so on. The LL
terms have much larger contribution than NLL terms in low energy limit. The form (2.40)
re-sorts all order of loop corrections (2.35) into order of LL, NLL, - -- by solving RGE. In
other words, by solving RGE, we can calculate contributions of logarithm from quantum
correction order by order.

We can calculate LL contribution just by taking into account 1-loop diagrams. Let
us consider a real scalar ¢* theory as an example. Since ¢? theory does not have field
renormalization at this order, we only have to take into account vertex correction diagram.
Loop integral for vertex correction is

2

3 1 ~ W
= -\? A —log — 2.41
2" 1672 ( o8 M2> ’ (2.41)

where ¢ is coupling of ¢* interaction, and M is mass of the scalar, coefficient 3/2 is
taking into account 9,7,U channels and symmetric factor, A contains divergence and
finite correction, and g*log (1?/M?) is LL in this theory. Two loop diagram in ¢* theory
contains not only LL but also NLL terms, as follow

where C7, Cs are coefficients which contain an information of loop factor, channels, sym-
metric factor and so on. The second term in (2.41) is LL, and the last term is NLL. On
the other hand, we can diagrammatically draw any types of 2-loop diagram by replacing
one of a tree level vertex in a 1-loop diagram by 1-loop diagram itself like Figure 2.1. In
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Vi— el Y . o
. g y S i Seaame” 1

‘/Z—V\‘::!::'/ \\::Ai:/, /—'\‘\4:‘\

Figure 2.1: We can draw 2-loop diagram b) by replacing vertex V; by s-channel of 1-loop
diagram a) itself. ¢) also can drawn by replacing V; by t-channel of a). The replacing
also must apply to vertex V5. By such a way, all order of loop diagrams can be drawn by
replacing tree level vertex by 1-loop diagram.

such a way, we can count LL contributions from all order of diagrams by counting only
LL in 1-loop diagrams. In other words, we can calculate all the LL in higher order loops
by iteration of coupling by 1-loop diagram. This operation corresponds to replacing one
of g in equation (2.41) by glog(u?/M?). Thus, in order to count contributions of LL, we
just have to take into account only 1-loop diagrams. This “re-summation” of LL is called
“I-loop RGE”. The “2-loop RGE” is also known as re-summation of NLL terms. We will
show the SM 1-loop RGE in the following subsections.

2.3.2 RGE for the SM gauge couplings

Now, we show 1-loop RGE running for the SM gauge couplings. In this thesis, we omit
some details of derivation of gauge coupling RGE. The 1-loop gauge coupling S-functions
in the SM are well known

d b;
o = ——aQy, (2.43)
dlog 2m

with

11 . 2 1
bsuv) = 5 Z C5(Adjoint) + 3 Z C(r)+ 3 Z C(r)

vector Weyl Scalar

2 1
by =3 D Yi+ 3 > v, (2.44)

Weyl Scalar
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gauge group b;
SU(3). -7
SU(2)L -19/6
GUT normalization U(1)y | 123/50
U(l)y 41/10

Table 2.2: Value of b; in the SM gauge group with GUT normalization U(1)y and non-GUT
normalization U(1)y.

where «; = g7 /4 is is fine structure constant for arbitrary type of gauge group with index
i, Cy(Adjoint) is quadratic Casimir operator defined by

TETE = Cy(Adjoint) (2.45)

where T¢ is a generator of G. The value of Cy(Adjoint) for SU(N) gauge group is N .
C(r) is Dinkin index defined by

tr [TT7] C(r)5®, (2.46)

for representation r. The value of C(r) for a SU(N) gauge group is 1/2 for the funda-
mental representation. Y, Yy are hypercharge of Weyl fermions and Higgs we reviewed in
subsection 2.1.1, and 2.1.3.

Note that we can freely choose a overall coefficient of quantum numbers in U(1) gauge

group. Thus, when consider grand unified theory, we often choose a normalization for
U(l)y as

5
§9Y.GUT2 = gv”. (2.47)

We summarize [-function coefficient b; in the SM case in Table 2.2. We must choose
an input value of the RGE at the weak scale value of gauge couplings. These values are

well measured [97];
gy(mz) =0.343, gyqur(mz) = 0444, ga(mz) = 0.638, gs(mz) = 1.217.  (2.48)

The 1-loop RGEs of gauge couplings are closed by themselves, thus we can simply solve
them as differential equations. Figure 2.3.2 shows RGE running of SM gauge couplings
from the weak scale to Planck scale as a numerical result. The left figure of Figure 2.3.2
shows the RGE running in non-GUT normalization case of U(1)y coupling. The right
one is GUT normalization of U(1)y case. The vertical axis is gauge coupling constant g;
corresponding to energy scale u, and the horizontal axis is reference energy scale. Green,
red and blue lines show runnings of strong coupling g., g2, and gy. We can see that value of
gauge coupling constants in right figure of 2.3.2 become close in high energy region around
10'" GeV compare with left figure. We are able to see not only high energy region but also a
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Figure 2.2: RGE evolution of the SM gauge couplings. Green line shows g¢; running, red
line is go and blue is gy. Left figure using non-GUT normalized U(1)y coupling gy, and
right figure using GUT normalized gy .

region lower than weak scale. Figure 2.3 shows the running of g, in the SM from MeV scale
to 1 TeV scale in 1-loop RGE. We choose the boundary condition as same as (2.48) We
can see that the strong coupling becomes very large compare with the high energy region
case we can see in Figure . If coupling constants become larger than v/4m (sometime
people takes 3 this value, however we take v/47). we cannot apply a perturbation theory
to effective theory. In the SM, there is a sale that the strong coupling becomes larger than
V47 we can see in Figure 2.3. Such a scale is Agcep and its value is near 220 MeV. It is
known that such a running behavior can be explained by asymputotic freedom [82]. In the
lower region from Agep, we need other effective theory than the SM. It is well known that,
in such energy region, hadoronic theory is required to calculate several physical value.

10,

Os

8
6
)
2

001 01 1 10 100 1000 10
u(GeV)

Figure 2.3: Asymptotic freedom of strong coupling gs in the SM.
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2.3.3 Gauge fixing

RGE running can be found from S-function that we reviewed in (2.33). In order to calculate
1-loop S-function of couplings, we must consider gauge fixing because the number of 1-loop
diagrams are depend on gauge fixing. General 't Hooft gauge fixing term are written as

Lar = _2%, (0"V, + EM¢y), (2.49)
where § is a gauge fixing parameter, V), is arbitrary gauge field, M is mass parameter in
gauge fixing, and ¢; are Goldstone mode comes from non physical component of Higgs
field. We often choose this type of gauge fixing term to cancel quadratic transition term
of gauge boson and Goldstone mode. In the case of the SM, we choose a concrete form of
't Hooft gauge as

1 2
Lor = —5 (W2 +F7 2F+F—> : (2.50)

with gauge fixing functions

1 .

Ft — g—wﬁ*‘VV;IE T imw /W o,
1

FZ = g_Z@'UZ“ — Mz £ZX, (251)
1

F’Y - 58NAN’

where ¢4 are gauge fixing parameter for W, Z, boson and photon. Since photon is
massless and it does not ’eat” Goldstone mode, the photon gauge fixing term does not have
mass term. We use the simplest 't Hooft gauge, £""%7 = 1 gauge, called 't Hooft-Feynman
gauge.

2.3.4 RGE for ) and Yukawa interaction

Next let us turn to RGE running of Higgs quartic interaction and Yukawa couplings in the
SM. A brief review on these RGEs in the SM is summarized in [81] for example. First, let
us focus on the Higgs quartic interaction. Since we are using 't Hooft-Feynman gauge, we
must take into account eight types of 1-loop diagrams that we summarize in Figure 2.4.
The diagram 1 in Figure 2.4 simply comes from Yukawa coupling, diagram 2 generated
by 3-point derivative coupling; Higgs-Goldstone-gauge, diagrams 3 and 4 are simply gen-
erated by 4-point interaction; Higgs quartic point, Higgs-Higgs-Goldstone-Goldstone, and
Higgs-Higgs-gauge-gauge. The triangle diagrams 5 and 6 generated by one 4-point in-
teraction and two 3-point derivative couplings. Diagram 7 is generated by four 3-point
derivative coupling, and diagram 8 simply comes from Yukawa coupling. The other 1-loop
diagrams are not divergent, and thus the diagrams we must take into account are fulfilled
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Figure 2.4: 1-loop diagrams for Higgs quartic interaction in 't Hooft-Feynman gauge.

by Figure 2.4. Self energy diagrams 1 and 2 affect A through a field renormalization factor,
like

Xo = Zx(Z1) " An, (2.52)

where )\ is bare coupling of Higgs quartic interaction, Z, is vertex renormalization factor,
Zy is field renormalization factor, and Ag is renormalized quartic interaction. The (-
function for A is found to be

d
M@A = [
1 3
- s {6/\2 _ (3952/ + 993) + 3 (932/ + 29y ge + 395) + 4>\Z Nm-yf% - 82 Nciy;l”i} )

(2.53)

where the index ¢ runs for of the SM fermions, N,; is the color factor correspond to fermion
fi, and its value is for charged lepton N,=1 and for up type and down type quarks have
N,=3.

Since [-function of A contains Yukawa and gauge interactions, we must solve the RGE
as simultaneous differential equations with gauge and Yukawa interactions to know an
evolution of A\. We already know gauge coupling [-functions in subsection 2.3.2, and
thus let us consider p-function of Yukawa interaction. The type of diagrams for Yukawa
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5__0_-

Figure 2.5: 1-loop diagrams for Yukawa interaction in 't Hooft-Feynman gauge.

interaction in 't Hooft-Feynman gauge is summarized in Figure 2.5. There are also ten
types of diagrams. Fermion self energy 1, 2, 3, and Higgs self energy 4 and 5 affect Yukawa
interactions through field renormalizations;

Yrio = Zyy,(Zpin) " (Zyin) ™" (Zu) " Pypir (2.54)

where Z, . is renormalization coefficient for Yukawa vertex correction, Zy;z/r is field renor-
malization coefficient for left/right handed fermion same as (2.52). Vertex corrections 6,
7 and 8 are simply generated by 3-point gauge and Yukawa couplings. 3-point interaction
in diagrams 9 and 10 are derivative coupling which generates Higgs-Goldstone-gauge in-
teraction. The diagrams 3 and 7 are generated by strong interaction, thus charged lepton
Yukawa [-function does not contain their effects. S-functions for charged lepton, up type,
and down type quarks are found to be

| 5, 9, 3, ,
B = 152 {—Igy =59+ Yt Z Neyti ¢ ik (2.55)
9 3
19 =895+ Sy + D v (VisVii) + 3 Neitijs ¢ o (2:56)
J 7

1 17
B = T2 {_Egy - 2 }

1 15 9 3
By = {—EQ% - 193 —8¢3 + §y§k + Zyij(vljj‘/jk) + Z Neiy;
j i
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where the index k = (1, 2, 3) shows generation of fermions. Since input values of light flavor
Yukawa interactions are much smaller than top Yukawa, RG evolutions of light flavor are
much smaller than top Yukawa. Thus, when we estimate running of A and top Yukawa,
we neglect contributions from light flavor Yukawa RGEs.

The input values of A and top Yukawa y; are defined by Higgs and top mass. In the
SM, the physical Higgs mass is defined at the tree level by

1
2 2
== _A
Mg = 3
as we saw in (2.11). The input value of A is
4m?2(m
)\(mz) = —};(2 Z>,

and the latest data of physical Higgs mass is

+0.5
o { 125.5 £ 0.279% GeV (ATLAS) (2.58)

125.6 & 0.4 + 0.2 GeV (CMS)

as a pole mass [13, 83]. If we neglect mass correction from electroweak interaction, we can
make an approximation my ~ mg(mz).

Input values of top Yukawa are defined by effective top mass in top pole mass scale,
like

v

my (M) = My).
+(My) ﬁyt( ¢)
(2.59)
A top pole mass M; is measured by tevatron and LHC, the current value is
~f 173.20 £ 0.87 GeV (Tevatron)
M. = { 173.29 + 0.95 GeV (LHC combine) ’ (2.60)

we can find in Ref. [84, 85]. In addition, since top has color charge, we must use imput top
mass which contain QCD correction as a input value of RGE. Such a physical top mass is
called MS top mass. The value of MS is well studied in Ref. [69, 70, 86] for example. In
this section, we employ MS top mass and Higgs mass [70]

my(M;) = 163.3 GeV, my = 125.6 GeV.
Let us choose input values of RGE as

2 x (125.6(GeV))?
(246(GeV))?

Figure 2.6 shows the RGE running of top Yukawa and A in the SM. The blue line shows
running of top Yukawa, and the red is running of A\. The vertical axis is the value of

V2 x 163.3(GeV)
246(GeV)

A(my) = ~ 0521, 3 (M) = ~0.937.  (2.61)
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Figure 2.6: RGE running of top Yukawa y; and Higgs quartic interaction A. The blue line
is y¢, and the red line is A. Vertical axis is a value of coupling constant, horizontal axis is
reference scale which has unit GeV.

couplings, and the horizontal axis is energy scale in GeV. We find that A becomes negative
in around the scale ~ 107 GeV. This point is quite important when we estimate a stability
of vacuum in next chapter. Note that Figure 2.6 is a result of 1-loop RGE and that when
we take into account 2-loop RGE, this running raise up from 1-loop RGE case. In 2-loop
case, the scale that A becomes zero appear in higher scale than 1-loop case. A can be
positive up to Planck scale with top pole mass M; ~ 171.5 GeV. In addition, 3-loop RGE
has quite small negative contribution to running. Such a result is estimated by [69, 70].






Chapter 3

Phenomenology in electroweak sector

In this section, we review the phenomenology of the electroweak interaction in the SM. First
we review the effective potential and vacuum stability bound. A shape of Higgs potential
in high energy region is non-trivial even in the SM. We can consider two types of scenario,
stable/unstable vacuum, in high energy limit of Higgs potential. We can give various types
of constraints for model parameters corresponding to these two scenarios. Next we review
Higgs production and decay process at the LHC. We check important value, the signal
strength of Higgs boson at the LHC. Finally we review electroweak precision measurement
and constraint on new physics from the fit of its experimental result [26, 87]. We will
return to these point for point of extra dimensional theory as a candidate beyond the SM
in Chapter 4.

3.1 Vacuum stability bound

We can apply the RGE technique to estimate the stability of our electroweak vacuum. In
order to calculate vacuum stability, let us consider the effective potential and its quantum
correction. Next, we see the effective potential for high field value region in the SM.

3.1.1 Effective potential

We first define the generating functional of generalized Green’s functions,
exp (i/d%Z Jl(a:)gbl(x)>] |0 >
=N / D¢ exp <i5[¢] + / d%ZJZ-(x)@(x)) : (3.1)

Z[J] = exp(iW[J]) =< 0|T

27
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where the square bracket indicates functional nature of Z and W, W|J] is the generating
functional of connected Green’s functions, T[] is the time ordering operator, J;(z) is the
external source field of the corresponding field ¢;(x), and the path integral in the second
row is done over all the fields contained in the theory.

Next, we define the effective action I'[¢] from Legendre transformation of W[.J], that is

Lol = W) = [ e So)ale), 3:2)

where @;(z) is the expectation value, or in other ward classical field, value of the given
field ¢;(z), generated by the source J;. Explicitly, it is

<O|T¢Z(x) exp (z [d*z Y, Jz(x)qﬁz(:p)) |O>

pile) = (O exp (i [ diz S, Ji(z)n(x)) 0)
5
= 57" (3.3)
As the same time, have
0 (e = OilE) 6 o (% 1 ona) — J(x
o P = G e - () ) =
= —Ji(z) (3.4)

which is a duality relation of Legendre transformation.
We can write a concrete form of the effective action. For a boson system for example,
we have

1

iTlpi()] = —50u(@) (AF) () + T[]
. 4 1 2 2 A 4 g
=i | d'z —590(1')((9 +mg)p(r) — Egp(m) + (loop-contribution) |,  (3.5)
where T is the summation of 1 particle irreducible diagrams, (Az')¥ is the propagator

from the boson ¢;(z) to ¢;(z), the legs i, j put ¢; and ¢; for different field.
Next we consider the vacuum expectation value of the field ¢;(z). In the absence J(z),
the definition of the expectation value of the field ¢;(x) becomes

pi(x) = (0[¢:(2)|0) ,

and this imposes
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This condition is vacuum condition. If the field value ¢;(x) does not depend on space-time
coordinates, we can rewrite the equation (3.5) as

1 A
Llpi(z) = @il = [—577131-%0? - ISO?] /d4$

= —V(cpi)/d4x. (3.7)

The function V(¢;) is an effective potential. The fact that the effective action gener-
ates 1PI vertex functions implies that the effective potential V' (y;) generates 1PI vertex
functions with zero momenta in the external lines.

3.1.2 RGE improvement on effective potential

The effective potential generally contains infinite number of loop corrections. Since physical
meaning of RGE is the re-summation of logarithms which arise from loop corrections, we
can apply the RGE technique to calculate quantum corrections in an effective potential.
We write the effective potential in Higgs sector as V,¢r. We can write the effective potential
schematically,

Verr = mygHz + )\BHé + (loops), (3.8)

where myp is the bare Higgs mass, Ag is the bare coupling in Higgs sector, and Hp is the
classical value of bare Higgs field. We can take into account loop corrections (loops) by
RGE technique. After a renormalization, we can write (3.8) as

Vepp(H) = m3(H)H? + Ay (H)H*. (3.9)

We chose the renormalization scale to be a scale of renormalized classical field Higgs field
value H. When we consider a scale much higher than my(H), we can neglect the first
term in (3.9). We can estimate the shapes of Higgs potential value in high field value
region by running of A. By the RG evolution of A, we can consider some futures of
electroweak vacuum. It is discriminated by the scale whether A(H) = 0 appears or not.
First, in the case that A(H) is everywhere positive, the electroweak vacuum is the global
minimum, and is stable like a) in Figure 3.1. In the case that we find the scale where
A(H) = 0, the electroweak vacuum decay into the true vacuum like b) in Figure 3.1. Even
if effective potential will not raise up spontaneously in that case, we can raise it up by
higher dimensional operators. The important things when discussing a stability of vacuum
is that whether vacuum transition rate is smaller than the life time of the universe. In
order to avoid the decay of our universe, we must let the vacuum decay rate smaller than
the life time of the universe. The vacuum transition rate is calculated by height of the
effective potential, and naively the fourth root of height is almost same order with the scale
A = 0. The topical value of such a scale to avoid vacuum decay is ~100 TeV. Therefore,
we must consider whether A = 0 appear below ~100 TeV or not. When we consider a new
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Figure 3.1: The schematic pictures of effective potential. The black point in picture is
electroweak vacuum. a) is stable vacuum and b) is unstable vacuum.

physics model. We bound its model parameters whether A = 0 or not. Such a bound is
vacuum stiability bound.

Note that the Coleman-Weinberg potential [88], which is n-point interaction generated
by infinite sum of 1-loop diagram, is also important in high field value region. However in
this thesis, we omit a review of Coleman-Weinberg potential. In Ref [69, 70], they analyzed
effective potential taking into account the Coleman-Weinberg potential in the SM.

3.2 Higgs production at the LHC

In July 4th 2012, ATLAS and CMS experiments announced that a new particle which has
mass around 125 GeV is discovered [5, 6]. About eight month after, in March 2013, it is
confirmed that the new particle is the SM Higgs boson [13]. That is, it is a scalar boson,
not a pseudo scalar nor other spin particle, it couples with gauge bosons with g, and gz
like values, and couples with top with top Yukawa [89]. Since we discover the Higgs boson
with mass ~125 GeV, we can completely calculate a production and decay cross section of
the Higgs in the SM.

In this section, we show the Higgs production/decay process in the SM Higgs boson
case, and a ratio of cross section in the SM to those in other theories is defined as the signal
strength. When a new physics model changes the cross section of the Higgs production
and decay process, signal strength can give a bound on new physics model by comparing
data with a prediction of new physics model.

3.2.1 Higgs production and decay process at the LHC

The process of Higgs at the LHC can be divided into two parts, Higgs production/decay
process. Higgs production at the LHC mainly comes from the gluon fusion through the top
loop. Other channels are tree level processes shown in Figure 3.2. Gluon fusion process
has about 90 % contribution to Higgs production. Once prodected, Higgs can decay into
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Figure 3.2: Higgs production channel at the LHC. a) is gluon fusion process which has
about 90 % contribution to Higgs production. b) is q¢H process mediated by W, Z boson.
¢) is associated production process, and d) is ttH process.

various channels. The main Higgs decay channel in the SM is H — bb. H — WW,
H — 77, and H — gg have almost same branching ratio, and large next to H — bb.
Higgs to diphoton and digluon decays are also induced through loop processes. H — ZZ
and H — c¢ have smaller branching ratio than above processes. The rarest possible Higgs
decay processes are H — vy and H — Z+ so far. In these decay processes, just H — gg,
H — vy and H — Zv are generated by loop processes shown in Figure 3.3. Other decay
processes are induced by tree level interaction.

However branching ratio of H — ZZ and H — ~ is smaller than other channles,
signals from these channels are more significant other ones. The expected final state of
H — ZZ decay is multi-jet, or two-lepton plus jets, or four-lepton shown in Figure 3.4.
H — ZZ — llll can be detected clearly at the LHC.

3.2.2 Signal strength of Higgs boson decay

The signal strength is important and useful value that we can compare the LHC result
of Higgs with prediction of new physics models. If we consider a new physics model
which contain the SM in low energy limit, an effect of new physics appear through loop
contributions in Higgs production and decay process. We show the signal strength in the
SM case and some type of new physics case. We will calculate Higgs signal strength in
universal extra dimension (UED) case in chapter 4.
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Figure 3.3: Higgs to diphoton and Z+v decay processes, that is a) top loop decay process, b)
and ¢) induced by W boson loop. Other than ¢), since Z and  are orthogonal mode, these
does not interact in tree level vertex. Thus B) does not have Z+ decay mode. H — gg is
just inverse process of diagram a) of Figure 3.2. We also need charged Goldstone mode ¢+
in addition to W= in 't Hooft-Feynman gauge.

First let us consider gluon fusion cross section which has 90% contribution of Higgs
production at the LHC. The gluon fusion Higgs production cross section in the SM is
written by

2
A ™ N

WE?YE § is center of mass energy square, I'z}Y 4o 18 decay width of Higgs to digluon process
which is

o M3
T3 gs = K8W2U—f]JfM|2. (3.11)

K in equation (3.11) is the K-factor which accounts for the higher order QCD corrections,
o, = g2 /47 is fine structure constant for QCD, and JM is the loop-function induced by
top loop which summarized in Appendix D. The experiment report the signal strength
which is defined by the ratio of the cross section,
exrp
ToprHoX (3.12)

SM ’
JppHH%X
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Figure 3.4: H — ZZ — llll decay process.

where X = v, ZZ WW, etc. We compute the signal strength for a new physics (NP) case
with gluon fusion production channel as

TRy W i 519
UA;%H—)X F%AiggF%AiX/F%M 7
where ng/ SM s total decay width of the Higgs in NP/SM case and
GNP = DN (- M), (3.14)
8Mpy
2 MS
P S .19

2,2
8m2 vy

K is K-factor which accounts for the higher order QCD corrections, ay = g2/4r is the
fine structure constant for QCD, vgy ~ 246 GeV is vacuum expectation value of Higgs
in weak scale, J™ is SM top loop function, and J™¥ is loop effects from a new physics
which affect gluon fusion process. We can estimate the prediction of signal strength in a
NP case by calculating loop contribution JVF.

3.3 Electroweak S, 1" parameters

The electroweak precision measurement gives one of the tightest constraints on new physics
models. It is well known that the LEP experiment determined the several electroweak
parameters ; fine structure constant o ~ 1/137.035999679, Fermi constant G ~ 1.16637 X
1075(GeV~?), Z and W boson pole masses mz = 91.1876 4 0.0021 (GeV), my = 80.420 +
0.031(GeV), respectively. These values were given by global fit of precision measurements
of lepton four-Fermi interactions which are mediated by Z boson. We can reconstruct
electroweak parameters in the SM ; gauge couplings ¢», gy and vacuum expectation value of
Higgs boson v from these experimental results [90]. In this section, we show some structure
of Higgs sector which is related to constraints from electroweak precision measurement not
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only in the SM case but also in case with multi Higgses and general representations. Next
we show a custodial symmetry which appear accidentally with accidental appear in the SM
case. Finally, we show usual parameters which give a bound on models in terms of mass
and field renormalization, which are well known S, T parameters proposed by [78, 79].

3.3.1 The p parameter

Since the LEP is a weak scale experiment, not a low energy experiment, we must take into
account the observable values containing quantum corrections. In other words, the results
of the LEP give a upper bound on radiative corrections from a new physics candidate.
Such observable values are sensitive to the weak mixing angle sy, whose global fit is

2
2 =1 — W — 0.22292 4 0.00028, (3.16)
my

We must take into account a radiative correction to fit this value. More generally, we can
generalize (3.16) into the parameter:

2
m

L 3.17

p m2cd, ( )

called “p parameter”. In the SM, p = 1 at the tree level. The value of p parameter strongly
depends on SU(2)y, representation of Higgs doublets. Let us check the value of p parameter
in a case beyond the SM.

Gauge boson mass terms in SU(2), x U(1)y sector are simply written by

(ot (@) + i 2 5, (@) (3.19

where Yg = 1 is the hypercharge of ®. These mass terms are generally written as
2
g 2 2 2
(52 [I(I+1) - I3] (W; + W ) + 13 (g2W) — gy By) ) (D)2, (3.19)

as we checked previously in (2.12). Therefore the mass terms of gauge bosons are generally
written as

miy = g3 (I +1) — I3) (2)°
my =2 (g5 +gv) I3 (@), (3.20)
and in such a case, the p parameter (3.17) is

_@UUIE Y1) (1) - ) ”
P = 92 (g2 2) 1222 272 ' (3.21)
(95 + g7 ) I3cy 3
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where we used ¢y = g2/g7 and g% = g5 + ¢%. In order to keep p = 1, we can only choose
weak isospins of these Higgs doublets as

(I, 1) = (%i%) (3,42),---. (3.22)

Thus, the SM Higgs doublet automatically satisfies p = 1 since the SM Higgs doublet has
% representation for SU(2), gauge symmetry. When we extend the Higgs sector of the
SM, however, the p parameter does not take the SM value p = 1. In such a case, we must
consider exotic Higgs fields which satisfy (3.22). When we introduce the i-th Higgs doublet
H; with the vacuum expectation value v;, weak isospin I; and hyper charge Y;, such a Higgs
must satisfy a relation

p= Zz[lz(lz + 1) B [??z] (323)

>2i(2135)
When we consider a new physics model, it is important that exotic Higgs fields must
satisfy (3.23) at the tree level. On the other hand, when we take into account radiative
corrections of order g2 log (mpg/my ), we write

P .
mQZC%/V (mw)

=1+ Ap, (3.24)

where ¢, (myy) is running parameter at the myy, scale. Essentially Ap is the T' parameter
which we will see a detail in latter subsection.

3.3.2 Custodial symmetry

The SM Higgs potential has mass term and quartic interaction term. The potential is
constructed by (2, 1) representation Higgs doublet for SU(2), x U(1)y symmetry. However,
this potential is accidentally symmetric another hidden global symmetry. This hidden
symmetry is called “custodial symmetry”. When we introduce custodial symmetry as an
exact symmetry into the SM, p parameter is ensured to be p = 1 in all order of loop level.
A brief review of custodial symmetry can be found in Refs. [91, 92] for example. Here let
us check a property of custodial symmetry.
First, let us return to the SM Higgs potential

V(@) = p*|®f* + A"

where we omit factor }1 in quartic term by conversion. It is constructed by requiring gauge
invariance under SU(2),, x U(1)y and renormalizability. We can simply expand this Higgs
potential as

V=20 + N0
=12 (2 + 2+ 92+ 03) + A (¢ + 2+ 2+ 62), (3.25)
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by component fields of the Higgs doublet which are

_ L [ ditigy
o= (ot a2

We see that each term in the potential (3.25) has a form of radius of three-dimensional
sphere. Thus (3.25) has SO(4) global symmetry which conserves the absolute value of four-
component vector ¢ 234. Mathematically, this group is isomorphic to SU(2), x SU(2)g.
In broken phase of SU(2); x U(1)y, since only physical Higgs field ¢, = H gets non-zero
vacuum expectation value v, the radius squared becomes

(07 + 3+ &5 + 07) = (0] + 05+ 3 + (H +v)?). (3.27)

We see that the global SO(4) symmetry is already broken in (3.27). Since H is only field
which has a vacuum expectation value, H cannot be rotated with ¢; 2 3. The global SO(4)
is broken down to SO(3) symmetry which rotates only ¢y 3 and which is isomorphic to
SU(2). This survived SU(2) is called custodial SU(2)y which is diagonal component of

Let us illustrate operation of SU(2), x SU(2)r as follows. SU(2),, rotates two compo-
nents of Higgs doublet as shown in (3.26). On the other hand, SU(2)g global symmetry
rotates two components of SU(2),, Higgs doublets;

¢a ¢b )
b= (P, P,) =
( b) < ¢c ¢d
:L( b4 — i3 ¢1+i¢2>
V2 \ =01 —ids Q4+ i3
1 — +
=— ( O1—ids V20 ) . (3.28)
V2 \ —V207 ¢y +ids
This form is called bi-doublet Higgs. ®,;, are SU(2); doublets which are rotated by an
SU(2), gauge transformation Uy, from left side of bi-doublet, and an SU(2)p transforma-
tion Upg rotates ¢, and ¢p from right side of bi-doublet, like as

SU(2)r

"= f as a ) .
o = U, U SU(Z)L[< zc jﬁz ) (3.29)

Such a representation of the Higgs has gauge invariant form
Tr (®7®) . (3.30)
Actually, a Higgs Lagrangian
L =Tr|D,®* — P *Tr(21®) — ATt [(270)?] (3.31)
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is SO(4) invariant. After spontaneous symmetry breaking, the vacuum expectation value
of bi-doublet Higgs can be written as

1
(@) = — ( ! ) : (3.32)
v
It breaks both SU(2); and SU(2)g symmetry,

Up(®) #(®),  (®)UL# (®). (3.33)

However, we can find that there is an unbroken symmetry which leaves diagonal component
of VEV (3.32). Such a transformation is realized by the case that there is a parity symmetry
Prr which keeps Uy, = Ug, in such a case

UL (®) U} = (®). (3.34)

This survived subgroup from SU(2); x SU(2)r symmetry breaking is the meanings of
custodial SU(2)y. Thus, symmetry breaking pattern is

SU(Q)L X SU(Q)R X Prp — SU(Q)V (335)

The custodial symmetry protects the tree level relation p = 1 from radiative corrections.
We will show some detail of “custodial protection” in next subsection.

3.3.3 S,T parameters

The p parameter well explains the structure of the electroweak sector in focus on the
weak mixing angle. On the other hand, Peskin and Takeuchi [78, 79] proposed a more
convenient form of electroweak parameters, S,T,U. These parameters can be used to
show how the electroweak precision measurement restricts the physics beyond the SM
through its radiative correction to electroweak precision measurement. The variables are
defined by use of the two-point functions of the SM gauge bosons. In an unbroken gauge
theory, the two-point function of the gauge bosons in £ = 1 gauge are written as

Hla“bj(k) - <9/w - kzi{fu) Hab<k72) (3.36)

from Ward-Takahashi identity, but in a broken gauge theory, like the SM gauge theory
SU(2)p x U(1l)y = U(1)em., only a transverse part satisfies the relation (3.36). In such a
case, whole two point function takes the form

v . kK, . k.k,
Hgb (k) = ZHZb(kQ) (guu - #) + Zﬂgb(k2) ;;2 y (337)

where index a, b are types of gauge bosons which are A, Z, W=, k is external momentum
of gauge bosons, the indices T'(L) show transverse (longitudinal) part, and Hfb/ is defined
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by d%gl_[fb(kz). The S, T parameters are defined by the transverse part of the two point
function (3.37), and the definition depends on the sign of the weak mixing angle and gauge
coupling constants. In our definition (2.3), and (2.13), the S, T parameters are defined by

i_HT ’(0)+MHT "(0) —IZ.(0) (3.38)
dstycy, 0 cwsw L '
m2 m2
W z
aU
12 iy (0) — 115,/ (0) + 2swewllz,(0) — si 1L,/ (0). (3.39)
W

The physical meaning of the S parameters is the field renormalization of the neutral current
at the Z pole scale. The U parameter contain not only field renormalization for neutral
current but also charged current. On the other hand, the T" parameter constructed by mass
corrections for W and Z, thus we can understand the T parameter as the magnitude of
weak isospin breaking from radiative corrections. Note that, S and U parameters depend
on definition of each other. If we choose U = 0, we can enforce the ambiguity of U
parameter into S parameter. Hereafter, we assume U = 0.

3.3.4 Analysis of S,T parameters

The general shape of the S and T" parameters are

S = Z SNP + SHiggS + Sthresholda (340)
Mnp<A

T = Z TNP + THiggS + ﬂhresholda (341)
Mnp<A

where the first terms are the contributions from new physics and the last two terms repre-
sent, respectively, the effects from Higgs mass calibration and the threshold correction via
possible higher-dimensional operators around the UV cutoff scale A. The form of first two
terms in (3.40),(3.41) depends on models, and we will show the case of Universal Extra
Dimension models in chapter 4. The last terms, threshold S, T operators are shown in [25].
These forms are

270 m?
o
Sthreshold = C5 g Tihreshold = Cr 1o’ (3.42)

where cg and c¢r are the parameters in UV cutoff operators, and these must be typically
O(1). The global analysis of S,T parameters assumes a reference Higgs mass to be 117
GeV. Thus, when we estimate the value of S,T parameter, we must take into account a
gap of Higgs mass between the discovered Higgs mass ~125 GeV and above value. The
second terms in (3.40) and (3.41) come from this gap. The exact form of Higgs calibration
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terms is

1 m2 3 m?2
SHioos = ] a ThHioos = — ] a 3.43
Higgs = 7o~ 108 (m%]ﬁ)’ g9 127, o8 <m§{7ﬁt>’ (3.43)

with my rw =117 GeV. New physics contributions, the first terms in (3.40) and (3.41)
depend on models. We will show the values of these terms in the case of Universal Extra
Dimension models in chapter 4. The S and T are also described by combinations of some
electroweak variables and their values are calculated in global analysis with experimental
results. One of the latest numbers can be found in Ref. [87],

Sly=0 = 0.054+0.09, Tl|y=o=0.08+0.07, psr = +0.91, (3.44)

with the 126 GeV reference Higgs mass and assuming the U parameter is zero and pgr is
the correlation coefficient.






Chapter 4

Extra dimensions and their
electroweak phenomenology

The extra dimensional theory was first studied by Kaluza in 1921 [20]. The original mo-
tivation is unification of gravity and electromagnetic force. Kaluza tried to assign the
electromagnetic field as a vector-scalar component of the five dimensional metric. Klein
suggested the idea of compactification of fifth direction in 1926 [21]. Now the basic idea of
the theory with compactified extra dimension is called Kaluza-Klein theory.

In late 20th century, Antoniadis first pointed out a possibility which realizes a TeV
scale extra dimension in viewpoint of string theory [22]. After then, various types of extra
dimensional models have been considered. One of a major model, ADD model or “large
extra dimensions” was proposed by Arkani-Hamed, Dimopoulos, and Dvali [93]. They
suggested that the large hierarchy between weak and Planck scales can be explained by
the dilution of coupling constant in extra dimensional theory. The ADD model assumes 2
or more large number of compactified extra spacial dimensions in which only gravity can
propagate. Thus only gravitational coupling constant is diluted by extra spacial volume
factor in four dimensional effective theory. On the other hand, Randall and Sundrum tried
to explain the origin of large hierarchy by a curved spacial dimension [94]. This is RS model
or namely “warped extra dimension”. RS model explains the large hierarchy by order ten
parameter with non-factorized exponential warp factor in extra dimensional space. We can
consider a case where not only gravity but also other fields can propagate extra spacial
dimension(s). In extra dimensional theory, coupling constants in four-dimensional effective
theory is obtained from coupling constants in higher dimensional theory, compactification
scale, and the “overlap” of mode functions of Kaluza-Klein (KK) excited modes. In other
words, this overlap structure can be an origin of a hierarchical structure in four dimensional
effective theory. The other feature of extra dimensional theory is the boundary condition of
extra space coordinate. Extra spacial dimension(s) is compacfitied on orbifold space such as
St/ Zy, T?)Zy, ete- - - to realize four-dimensional chiral structure. The boundary condition
on fixed points in these geometry determines the shape of mode functions. In addition,
there is a possibility that the boundary condition on fixed points breaks a symmetry.

The extra dimensional theory has been developed with various motivations. The Uni-

41
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versal Extra Dimension (UED) models have phenomenological motivations. The virtue of
UED is that the lightest Kaluza-Klein particle (LKP) can be a candidate of dark matter
due to the symmetry of extra dimension, and KK parity. The UED assumes that all the
SM particles can propagate in extra dimensional bulk. Therefore, all the SM particle have
KK excited modes. Such a KK mode changes collider signatures through loop corrections
from the SM prediction.

In this chapter, we study not only five-dimensional but also all the known seven types
of six-dimensional UED models. We cyclopaedically research the predictions and bounds
on UED models in LHC Higgs search and electroweak S,7T parameters analysis whose
basic idea we reviewed in Chapter 3. In addition, we examine the RGE in six-dimensional
models in order to estimate the vacuum stability bound. In general UED models, when
we consider a few TeV KK scale, the scale where Higgs quartic interaction A\ becomes zero
appear in several TeV scale. In such a case, the electroweak vacuum rapidly decays into
the true vacuum as we reviewed in Chapter 3. In order to avoid rapid vacuum decay, we
require the UV cutoff scale A which effective potential becomes negative. Therefore, we
regard the scale of A = 0 as the upper bound on A in our analysis.

4.1 RGE and vacuum stability bound in UEDs

4.1.1 RGE in six-dimensional UED models

Considering the RGE is an effective way of probing scale dependence. Its concrete form is
derived from the invariance, under the change of the renormalization scale u, of the bare
vertex function I'g , which is a function of bare parameters. The scale invariance requires
that

d
M@Fo({co}a {mo},{®0}) =0, (4.1)

where {co}, {mo}, and {®g} represent sets of bare couplings, masses, and fields, respec-
tively. Since bare parameters and fields are divergent by themselves, we can rewrite the
bare ones with finite physical ones (renormalized parameters and fields) and counter terms,
which contain divergences. In this paper, we show all the bare/renormalized variables
with/without the subscript “0.”

In the following, we consider the RGE for the Higgs quartic coupling A in the six-
dimensional models. We obey the convention of Ref. [1] in describing the electroweak
(EW) sector. The potential of the Higgs field H at the tree level is depicted as

My Ao

_THg + THg, (4.2)

where Mpyo and M) are the bare Higgs mass and six-dimensional Higgs couplings. After

the six-dimensional bare Higgs field Hy is KK expanded, we can find the zero mode H(go),

where we use a superscript for a KK index. In considering the one-loop running of A\, we
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need not consider the renormalization of the Higgs mass and hence the physical Higgs mass
my becomes

mpyg = A(G)OU(G)O = w/)\(G)U(G) = \/XU, (4.3)

where the four-dimensional (4D) Higgs vacuum expectation value v = 246 GeV and quartic
coupling A are expressed as vy = v/ VV, A@6) = MV, with V being the volume of the
extra dimensions. Let us write

HY = /ZyHO o= Zy(Z1) 2\, (4.4)

where Z, is the renormalization factor for the Higgs quartic coupling and \/Zp is that for
the wave function renormalization of the Higgs zero mode. We also need the information of
the RGEs for the gauge and Yukawa couplings to compute the running of \. We summarize
the beta functions ,

d

where detailed form of Sg can be found in Appendix A.

Let us review how to compute RGEs in a theory with (a) compactified extra dimen-
sion(s). We adopt the bottom-up approach discussed in Refs. [95, 96], which takes into
account a contribution of a massive particle to the beta functions when the increasing scale
1 passes its mass. In the case of the UED, after KK decomposition, the corresponding 4D
effective theory contains not only the SM fields but also their KK partners. Following this
prescription, we get

o=+ S - M) (N, (4.6)

s:massive states

where B(QS M and ,BS\IQP) are the contributions from the SM particles and from the new
massive ones with mass M, respectively, and N, is the number of degenerated states. At
the tree level, M, is expressed as

M7 =m3 suy + M ki), (4.7)

S

where my sy is the SM mass of the corresponding zero mode and M, k) are KK masses.
In general, the value of M, k) is much greater than that of my gy) and M? can be
approximated as M? ~ MZ(KK).

Let us review the KK expansions in the six-dimensional UED models. In the models
on the orbifolded T? [namely T?%/Z,, T?/(Zy x Z}), and T?/Z,] and the one on RP?, the
KK mass M ., becomes of T? type:

m?  n?

= —+ = 4.8

2 2 .
My kiy = My
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where m (n) is the KK index along the fifth (sixth) direction and N, ) = 1 irrespective
of m and n. We note that the beta functions for gauge, Yukawa , and Higgs self-couplings
take the same forms irrespective of the models based on 7?2 and are independent of the KK
indices. This reason is as follows. Because of the flat profile of the zero modes, the three-
point functions with one SM field and the four-point functions with two SM fields become
universal at their leading order after using the orthonormality of KK mode functions. In
contrast, the value N, and the summation of the KK index > in Eq. (4.6) are affected
by the difference in the patterns of the orbifolding. Hence , the evolution of A\ depends on
the choice of the model. The explicit range of m,n summation is shown in Table 4.1.

Let us turn to the model on RP?. In Fig. 4.1, we show the surviving modes. The
surviving modes of KK fermions become the same as in the 7%/Z, model. On the other
hand, the patterns of the bosonic particles are complicated. The allowed range of m and n is
m > 0, n > 0, and the type of surviving mode is classified into the following four. In region
I, (m,n) = (0,2),(0,4),(0,6),... and (m,n) = (2,0),(4,0),(6,0),... ; a physical scalar
mode coming from the extra component of the six-dimensional gauge boson is projected
out. In region II, (m,n) = (0,1),(0,3),(0,5),... and (m,n) = (1,0),(3,0),(5,0),...; the
only surviving bosonic mode is this scalar that was projected in region I. In region III,
m > 1, n > 1; all the bosonic modes are left as is, just like in other orbifolded models on
T2. In the last region IV, only fermionic degrees of freedom remain.

Next, we go on to the models based on S2. The explicit form of the KK mass Mi(KK)

on S? is

J+1)
R

(4.9)

S

2 2 .
M wy) = MGGy =

with the index j > 1.
For each jth mode in the S?, 5?/Z,, and PS models, respectively, the number of degrees
of freedom reads

nS () = 2+ 1, (4.10)
S22y ( - Jj+1 for j = even
n 2(]) — ] ] , (411)
J for 7 = odd

(4.12)

0

. . 2j 41 _ 0 for 7 = even
Phermion = 25 + 1, Ngwen(J) = { - eall) = {2j +1 for j = odd

In the cases of S? and S?/Z,, the number of the surviving degrees of freedom is the same
for KK bosons and fermions. On the other hand, the PS is similar to RP? ; that is,
surviving KK bosons are divided into two categories, even and odd. The even category
includes all the KK bosons except for the physical scalar from the six-dimensional gauge
boson, while the odd one only contains this one. We note that the number of degenerate
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Type of orbifolding Range of (m,n)
T%/ 7, m+n>1l,orm=-n>1
T%/(Zy x Z) 0<m<oo, 0<n<oo; (mn)#(0,0)
%7, 1<m<oo, 0<n<oo

Table 4.1: The range of the parameters (m,n) except for the zero mode (m,n) = (0,0) in
each case of the orbifolding.

n

n
b ¢ ..... . ..... ®
e e T N %
—O—0—e— M
O]
............ Q.’.

0

Figure 4.1: Left: The patterns of the remaining bosonic modes in the RP? model, where
blue, red, and green points indicate that they belong to the regions I, II, and III, respec-
tively. The definitions of these regions are found in the text. Right: The same as left one
for fermionic modes. At the orange points (region IV), there are no bosonic modes. In
both pictures, the black circles (m = n = 0) correspond to the SM particles.

states is 27 + 1, irrespective of the statistics of the particles and their oddness/evenness.
Finally, we comment on the beta functions of the S%-based models. From the surviving
bosonic particles in each KK level, we can see that the RGEs in S?, §?/Z, are similar to
those in T?/Zy, T?/(Zy x Z3), T?/Z4, while those in the PS are similar to those in RP2.

4.1.2 Running of Higgs quartic interaction and Vacuum Stability

Following the discussion in the previous section, we evaluate the constraints on the highest
possible UV cutoff scale A from vacuum stability of the Higgs potential. In our analysis, we
literally evaluate the KK summation in Eq. (4.6), unlike the previous analysis in Ref. [50]
where we obtained the UV cutoff scale of the UED models from the perturbativity of the
4D gauge couplings via the RGEs with its KK summation replaced by an integration. In
other words, we treat the threshold correction when the reference energy crosses the mass
of a KK particle explicitly in our numerical calculation. As it was discussed in the previous
section, we can ignore the mass coming from the Higgs mechanism with good precision.
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— mUED
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Figure 4.2: Left: Upper bounds on the UV cutoff of the UED models as a function of
My, with the initial conditions in Eq. (4.14). Right: Our color convention for types of
the UED models. The lines in red, blue, and green show the results of T-based, S?-based,
and nonorientable-manifold-based UEDs, respectively.

| Model | mUED | T?%/Z, | T?/(Zy x Z3) | T?/Zs | S* | S?/Z, | RP? [ PS |
| Awax | 50 [ 25 | 2.9 | 34 [23] 32 [ 23][19]

Table 4.2: Upper bounds on cutoff scale A, = AmaxMKK with Migx = 1TeV and the
initial conditions in Eq. (4.14).

Here, we adopt the following criterion for determining A, .:
AMp = Apax) =0, (4.13)

where the Higgs potential is destabilized.

We note that the vacuum stability bound is sensitive to the differences in the initial
condition of the Higgs quartic interaction A and the top Yukawa coupling y; [69, 86]. In
our analysis, we adopt the following values:

2

%)\(,u = my) = 126% GeV?, 2

V2
where my is the Z-boson mass, the 126 GeV is the observed Higgs mass at the LHC, the

173.5GeV and the 160 GeV are the latest values of the pole and the MS masses of the top
quark reported by the particle data group [97], respectively.

yi(p = 173.5GeV) = 160 GeV, (4.14)
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160 162 164 166 168 170 172 174
m; (GeV)

Figure 4.3: Cutoff upper bounds on the six-dimensional UED models and the mUED with
the initial condition of the Higgs in Eq. (4.14) and of the top quark in Eq. (4.15) with
changing in the region of [160 GeV, 175 GeV]| with Mkgx = 1TeV. Conventions of line
colors and shapes are the same as in Fig. 4.2.

The results are summarized in Fig. 4.2, and the values with Mgk = 1TeV are also listed
in Table 4.2. Mk means the first KK mass: Mgk = 1/R for the S'/Zy (mUED) and T
based compactifications (namely, T?/Zy, T?/(Zyx Z5), T?/Z, and RP?) and Mgk = v2/R
for the S%-based ones (namely, S?/Zy, PS and 5?), where we assume Rs; = Rg = R. It is
noted that the mUED case has been studied in Refs. [98-101] in many contexts, and we
find a study in the case of T%/Z; [102].) We mention that our conclusion on the mUED
is consistent with that in a previous analysis in Ref. [101]. The constraints from vacuum
stability, shown in Table 4.2, are tighter than our previous bounds from perturbativity of
the gauge couplings: Apa ~ 5Myk in T?/Zy, T? | Zox Zh, T? | Zy, RP? and Ayax ~ TMxgy in
S? 8%/ Zy, PS. We note that, in the previous analysis, we ignored differences in types of the
compactifications and did not put a bound on the mUED since the KK summations in the
single Higgs production and the Higgs decay, which are important in LHC phenomenology
and which we consider in the next section, are convergent in this case.

Next, we consider the effects when we change the values of top Yukawa coupling in the
initial conditions of the RGEs with Mkkx = 1TeV. We note that, within the SM, various
values of MS top mass ;|55 have been reported between 160 and 175 GeV [69, 86, 97, 105).
Based on this fact, we calculate the bounds on A with varying the initial condition of the

'We can find some related works on the evolutions of higher-dimensional neutrino operator in the
mUED [71, 103] and in the 72/Z; [102] and of the Cabibbo-Kobayashi-Maskawa matrix [104] in the
mUED context.
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top Yukawa as

NG

Our result, depicted in Fig. 4.3, is sensitive to the value of my|yg and is consistent
with the analysis in Ref. [100] (mUED) and in Ref. [102] (T?/Z,). We cannot avoid the
ambiguity originating from the top Yukawa coupling. From Figs. 4.2 and 4.3, we find
that the dependence of A on Mgk and my|yg is greater in the mUED than in the six-
dimensional UED models. In the latter, the KK threshold corrections are larger than
those in the mUED because of their denser KK spectra, and hence the vacuum becomes
unstable at a lower energy scale.

y(p = 173.5GeV) = mylgg,  for 160 GeV < mylyg < 175 GeV. (4.15)

4.2 Higgs signals at Large Hadron Collider in UEDs

Equipped with the knowledge for the cutoff scale of UED models in the previous section,
we estimate the bound on their KK mass scale from the recent results of Higgs search at
the LHC.

4.2.1 Feature of Higgs signals in UED models

The structure of the Higgs signal at the LHC can be divided into the production and
decay. The Higgs production is dominated by the gluon fusion process gg — H , which is
induced by the top loop. One of the most important Higgs decay channels that lead to its
discovery is the diphoton one H — 7~ , which is induced by the top and W boson loops.
The Higgs signal is very sensitive to the contribution of the loop corrections at the LHC.
In UED models, a lot of additional KK loops contribute to both g¢g — H(H — gg) and
H — ~~. The KK top loop contribution to the gluon fusion production cross section takes
the following form:

2
N m ”
s 5 ). 110
FUED - K Oég m% |JSM(m2 ) 4 JKK(TTL2 )|2 (4 17)
H—gg ™ 70 Q12,2 t H t I :
EW

where K ~ 1.5 is the K factor accounting for the higher-order QCD corrections for the
case of the LHC, a, = ¢?/4r is the fine structure constant for QCD, v ~ 246 GeV is the
electroweak scale, and Jts M/KK Qenotes the SM/KK top quark loop function, defined in
Refs. [49, 50]. The KK top quark and KK W-boson loop contributions to the Higgs decay
into diphoton are written as

2

a?Gprm? 4
Thoy = W#”H T (my) + Ty (miy) + g(JtSM(m%r) + I ()| (4.18)
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where a = €?/4r and G are fine structure constants for the QED and Fermi constant,

respectively. The SM/KK W-boson loop functions J;,M/ KK are defined in Ref. [49]. We
have listed them in Appendix D.

4- 1 1:
| bb
7 - —
=2 T cc '
a o 0.01 ZZ
=
1
‘ 0.001 i
0- ] i
600 800 1000 1200 1400 600 800 1000 1200 1400
Mygx (GeV) My (GeV)

Figure 4.4: For the Higgs decay in the T72/Z, UED model, we show the UED/SM ratio
(left) and the branching ratio (right) as a function of Mgk for each final state, which is
indicated by the caption within Figure; especially we distinguish the almost degenerate cc
and ZZ by dashed and solid lines, respectively.

Because of these additional contributions, the loop-induced processes g9 — H (H —
gg) and H — ~7 receive nontrivial effects, which we compute and use to estimate the
branching ratios and the Higgs decay rates into the diphoton and digluon. As an illustra-
tion, we show results for the 7%/Z, model in Fig. 4.4. The UED/SM ratio of H — gg is
always enhanced while that of H — -7 is suppressed as already seen in Ref. [49]. These
behaviors also affect the branching ratios of the Higgs decay as shown in the right panel
of Fig. 4.4. The enhancement in H — gg is straightforwardly understood as the KK
top contributions in the loop diagram. The reason for the suppression in H — v is as
follows. Since the vector-like fermions have twice the degrees of freedom compared with
SM fermions, their negative contributions to the Higgs decay rate become larger than the
positive ones coming from the KK W loop. Thus, the sum of the KK loops becomes neg-
ative, and it overcomes the positive SM contribution. As a consequence, the decay rate of
H — ~7 is suppressed compared with the SM.

4.2.2 Strategy to constrain the KK mass scale

As shown above, the UED models give different production cross sections in the gluon
fusion (GF). On the other hand, the other productions, which are the vector boson fusion
(VBF), the Higgs-Strahlung (VH), and the associated production with a ¢¢ pair (ttH), are
the same as the SM. We express the VH production associated with W and Z by WH and
ZH, respectively. In the recent analysis, the ATLAS and CMS experiments have reported
on ratios of these production channels in H — vy, ZZ, and WW for each category tagging
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their decays [73-77, 106].2 Such ratios are quite important for obtaining the bound on UED
models because of the nontrivial effect of the KK loop corrections on both the production
and the decay of the Higgs boson. In order to take the different ratios of the production
cross section into account, we employ the following quantity [89, 107]:

X _SM
Ix a7” oy
€ = ——— (4.19)
f Y )
ZYaf UBS/M

where X and [ indicate a production channel and a category tagging the decay H — f

, oM is the Higgs production cross section of the channel X in the SM , and afv’X is

introduced as its acceptance. When the set {efc’X} is given in the decay H — f, the signal
strength is written as

I . I,x 0X B f

Ha—p= 2 ¢ M gSM

X Ox PH_.f

(4.20)

where USM) represents the Higgs production cross section of the channel X | and Bgf} =

Fgf)f / Fgl\_gu is the branching ratio of the Higgs decay H — f (in the SM). In the UED

model, ogr = 60y, THonm(ge) = L iayy(ge) 2 i Egs. (4.16)-(4.18) , and the others are

assumed to be the same as the SM in our analysis.

I M X (%)
Event category Signal strength | GF VBF VH(WH) VH(ZH) ttH
Unconventional central low Pr 0.9+0.7 93.7 4.0 1.4 0.8 0.2
Unconventional central high Pr 1.0%5g 79.3 12.6 4.1 2.5 1.4
Unconventional rest low Pr 2.6707 93.2 4.0 1.6 1.0 0.1
Unconventional rest high Pr NGRE: 78.1 13.3 4.7 2.8 1.1
Conventional central low Pp 1.4750 93.6 4.0 1.3 0.9 0.2
Conventional central high Pr 2.0713 789 12.6 4.3 2.7 1.5
Conventional rest low Pr 22717 932 4.1 1.6 1.0 0.1
Conventional rest high Pr 1.3+1.3 777 13.0 5.2 3.0 1.1
Conventional transition 2.8717 90.7 5.5 2.2 1.3 0.2
Loose high mass 2 jet 2.8717 45.0 54.1 0.5 0.3 0.1
Tight high mass 2 jet 1.670% 23.8 76.0 0.1 0.1 0.0

Low mass 2 jet 0.371% 48.1 3.0 29.7 17.2 1.9

Eiss significance 3.0 41 05 35.7 476 121

One lepton 2.77%0 22 06 63.2 154 186

Table 4.3: The ATLAS result of H — v analysis. The ATLAS experiment defines these
event categories and uses these ratios of the production channels as in Ref. [73].

2We use “ZZ” and “WW?” as the meaning of ZZ — 4¢ and WW — 2£2v for simplicity.
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I Hito X (%)

Event category | Signal strength | GF  VBF VH ttH
Missing Er 1.9%38 22.0 2.6 63.7 11.7
Electron tag —0.773% 1.1 04 787 208

muon tag 047173 0 02 790 19.8
2-jet loose 0.8713 470 509 1.7 05
2-jet tight 0.3704 20.7 789 0.3 0.1
Untag-3 —0.370% 925 39 33 0.3
Untag-2 0.3+0.5 91.6 45 3.6 04
Untag-1 0.0+ 0.7 835 84 7.1 1.0
Untag-0 22709 729 11.6 129 26

2-jet (7' TeV) 42733 268 725 0.6 0

Untag-3 (7 TeV) 1.5%% 91.3 44 41 02
Untag-2 (7 TeV) 0.0713 91.3 44 39 0.3
Untag-1 (7 TeV) 027770 876 62 56 05
Untag-0 (7 TeV) 3.8737 614 16.8 18.7 3.1

Table 4.4: The CMS result of H — 7 analysis. The CMS experiment defines these event
categories and uses these ratios of the production channels as in Ref. [106].

I Hiz2 Eé? (%)
Event category | Signal strength | GF  VBF
Untagged 0.857052 95 5
2-jet tag 1.227552 80 20

! M ww G{V)év (%)

SF 1 jet (7TeV) 09735 100
SF 0 jet (7TeV) 0.1+1.0 100
(
(

DF 1 jet (7 TeV) 1.7£10 | 100
DF 0 jet (7TeV) | 06+05 | 100
SF 1 jet (83 TeV) 1509 | 100
SF 0 jet (83 TeV) 1.1£07 | 100
DF 1jet (8TeV) | 03+04 | 100
DF 0 jet (8TeV) | 0.7+0.3 | 100

ololo|oloo ool X

Table 4.5: The CMS result of H — ZZ/WW analysis. The CMS experiment defines these
event categories and uses these ratios of the production channels as in Ref. [76, 77]. SF
and DF denote “same flavor” and “different flavor”, respectively.
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For the analysis in H — ~7, the ATLAS and CMS experiments have shown their results
of g, and the set {e/:*} they used in their analysis [73, 106]. We summarize these values
in Tables 4.3 and 4.4. For the analysis in H — ZZ/WW, the CMS result is summarized
in Table 4.5. The result of H — WW in the CMS experiment is given by assuming that
all Higgs signals are produced by the GF process [77]. The ATLAS experiment only gives
the signal strength for the specific production channels [74, 75], which is written as

ox Buozzww

Mﬁ—)ZZ/WW — " SM BSM . (4'21)
Ox RPHozz/ww
The results are given as pS T = 18708 VBIIVH — 1 o#38 GF w = 0.8240.36 , and

Wy = 1.66 & 0.79. In this article, we assume pS' S~ yGF  for simplicity.

We evaluate a bound on the KK scale in each UED model by performing a y? analysis
of the results as shown above. The y? function is represented as

N%{ £ ﬂff i
2 —
X" = E E (T) ) (4.22)

where we assume the experimental results to be Gaussian distribution ﬂfc + 6§.3 The
number of the observables we use in our analysis is 42 in total , and the degree of freedom
is also the same number in terms of testing a justification of a model.

4.2.3 Bound on KK scale from the current data

Here we show bounds on several UED models from the Higgs searches at the LHC. For
our analysis, we have taken the highest possible UV cutoff scale A, shown in Table 4.2.
The Higgs mass is chosen to be 126 GeV. In Fig. 4.5, we show the exclusion C.L. of each
UED model as a function of the KK scale Mk by use of all the ATLAS and CMS results
of H — vy, WW,ZZ. The black line indicates the result in the five-dimensional mUED
model. The blue solid, dashed, and dotted lines denote those in the T%-based ones, namely
,the T?/Zy, T? ) (Zy x Z4) and T?/Z,, respectively. The red solid and dashed lines represent
those in the S?-based ones, namely S? and S?/Z,, respectively. The green solid and dashed
lines show those in the nonorientable ones, namely , RP? and PS, respectively.

As can be seen in this graph, we find that the region Mk < 600 GeV is excluded
within 95% C.L. in the mUED model. For the six-dimensional models in the T?-based
space, we find the excluded regions Mkk < 1100, 1000 , and 800 GeV within 95% C.L. for
T?/Zy, T?)(Zy x Z3) , and T?/Z,, respectively. For the S?*-based models, we can see that
the regions Mgk < 1300 and 900 GeV are excluded within 95% C.L. in the S? and S%/7,
respectively. For the nonoriented models, the regions Mkkx < 1100 and 1200 GeV are

~

excluded within 95% C.L. in the RP? and PS, respectively. As seen above, the excluded

3Note that , since we neglect the correlation among the categories, which is not made public, this
analysis should rather be taken as an illustration.
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Figure 4.5: Exclusion C.L.s of all the UED models as functions of the KK scale Mgk by
use of all the ATLAS and CMS results of H — vy, WW, ZZ. Colors denote the same as
in Fig. 4.2.

region is different from one model to another in the case for UED. This is because the
difference of the KK spectrum has a large impact on the Higgs decays via loop processes.
We summarize these bounds and possible highest UV cutoff for each models in Table 4.6.

We compare the bounds obtained from the ATLAS experiment with those from the
CMS in Fig. 4.6. We find that the CMS result gives a more stringent bound on the KK
scale compared with the ATLAS one. In other words, for now, the UED models are likely
to explain the recent ATLAS result, while they are disfavored by the recent CMS result.

Throughout this analysis, we ignore the effects from the higher-dimensional operators
around A. See Ref. [108] for such an effect.

We also summarized the suppression of BR(H — ~7) and o(H — 77v) in Table 4.7
assuming possible lowest Mk which is summarized in Table 4.6. The enhancement ratio
of H — v is a little smaller than H — ZZ, WW due to H — 77y receive KK loop effects
not only in Higgs production process but also in Higgs decay process. The suppression ratio
of branching ratio BR(H — 77) and cross section op_,,, are summarized in Table 4.7.

4.2.4 S, T parameters in UEDs

In this section, we formulate the contributions to the S and T parameters in the six-
dimensional UED models and in the mUED model. It is well known that the S and T
parameters are logarithmically divergent in six dimensions [25]. To have a rough idea of
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Figure 4.6: The exclusion C.L.s of all UED models as functions of the KK scale Mgk
obtained from the ATLAS (left) and CMS (right) results of H — v, WW,ZZ. Colors
denote the same as in Fig. 4.2.

A /Mgy for Mgk ~ O(TeV) | Higgs signal strength
mUED 5.0 610 GeV
%7, 25 1060 GeV

T2/ (Zy % 75) 2.9 960 GeV
T°/Z, 3.4 820 GeV
RP? 2.3 1060 GeV

S? 2.3 1330 GeV
5277, 3.2 940 GeV

PS 1.9 1240 GeV

Table 4.6: Highest possible UV cutoff scales and lower bounds on the KK scale Mgk for
each model at the 95% C.L.

UED/SM ratio of BR(H — ~v) | UED/SM ratio of 0.y, n
mUED 0.93 0.94
T%/7, 0.93 0.94
T%/(Zs % Zb) 0.93 0.04
T°/Z, 0.02 0.04
RP? 0.93 0.94
S? 0.85 0.88
5277, 0.02 0.94
PS 0.90 0.92

Table 4.7: Prediction on the UED/SM ratio of BR(H — 77v) and 04,5 with the lowest
possible value of the KK scale.
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what happens, we employ the following prescription. First, we compute the contributions
from each KK mode within four-dimensional field theory employing the dimensional reg-
ularization. They are manifestly finite. Then we sum such contributions up to a mode in
which the KK mass exceeds the UV cutoff A. To estimate the possible effects from the UV
theory above A, we also put the higher-dimensional operators in six dimensions.

As we shoed in (3.40) and (3.41), the general shape of the S and T' parameters are

S = Z <SS§I§S)OH + Ss(?elfr)nion> + SHiggs calibration + Sthresholda (423)
with }9\45 <A

T = Z (Ts(,lg(})?on + T;iﬁzﬁon> + THiggs calibration 1 T'thresholda (424)
with JSMS<A

where the first terms in parentheses are the contributions of KK particles, and last two
terms are the contribution of Higgs calibration and higher dimensional operators.

As we discussed in section 4.1.2; in the configuration of my = 126 GeV, the value of the
maximum UV cutoff scale tends to be low, and the threshold corrections possibly become
important. We will include these effects below. We find that the effect from the state-
s fermion loops takes the following general shapes in every six-dimensional UED model,
which is the same as in the mUED and was already calculated in Ref. [25]. We show them
in our notation:

12 KK) 1 [ m?
S s = oty T o = (e )y, 1.25
fermion,s An 3'1:757 fermion,s a \ 47202 T, ( )

where 5 is defined with the KK mass of the state “s” M as

2
m
Tis = 373 (4.26)
and we ignore their O(z7,) corrections. In the RP? model, we should pay attention to the
fact that the summation range differs between bosonic and fermionic sectors.
The bosonic part is highly model dependent. In this paper, we have newly calculated
the contributions to S and T in every six-dimensional model. The complete forms of the

gauge-boson two-point functions are summarized in Appendix C.
In the cases of T?/Zy, T?/(Zy x Z}), T?/Zy, S?, and S*/Z,, the forms are

wo _1f 5.1 (1
Sboson,s - 7'{‘{ 36'17W,S + 24$H,s + <24 60124/ :L‘Z,s 5 (427)
1 1 15 193 1 1 85 7 1
T(KK) ~— — = =+ = s — oK T TS o5 s
bosons ™ 4 2 4 72 & + 2cy, Tws + 72 18c%, rz,

13 51 1
P2 e b (428
* (36 3%, 2c§V> H, } (4.28)



56CHAPTER 4. EXTRA DIMENSIONS AND THEIR ELECTROWEAK PHENOMENOLOGY

where we define similar variables as in Eq. (4.26): z; s = MQ s with mi,, m%, and m%. Note
that the lighter the KK particles are the greater they contribute to S and 7. In these
models, the result is affected only by the differences in the patterns of the surviving KK
modes.

In the cases of the models based on the nonorientable manifolds RP? and PS, bosonic
contributions are classified into three and two categories, respectively. The details of the
following classifications have already been discussed in Sec. 4 and thus we do not explain
it here. The results in the PS model are shown :

Slggénsodd ~ 0, Téifl)lsodd =~ 42%1_58{ (1 - %) Tw,s + <% - 1> 132,3}7 (4.29)
Shosen sieven ™ %{ — % T, + 2—14:cH,s + <i = @) xz} (4.30)
e (R g g ) o) 0

The shapes in the RP? model are closely related the previous ones in the PS as follows:

{S T}boson ,s:region I 7 = {S T}boson ,s:even’ (432)
(KK

{S T}bosozl s:iregion IT 7 = {S T}boson s:odd? (433)
KK)

{S T}£05on s:region III {S T}boson s? (434>

where we note that we should use the form of the KK mass on S? instead of on 72.
The mixing among KK states in the gauge sector is schematically of the form

2 2 2
2 2 2
My myz + Mgk mwzMgk | - (4.35)
2 2
my,z Mk mw,zMxx — miy 7 + Mixk

In the calculation of S and T" parameters, we adopt the following approximation about the
mass mixings of six-dimensional W and Z boson-related sectors:

e We ignore off-diagonal terms with the magnitude O(myy,zMxkk), which are small
compared with the other terms with the magnitude O(MZ).

e In the diagonal terms, for which the forms are approximately as mg, , + Mg, we do
not ignore the small part coming from m%,w » since this part can contribute to the T’
parameter.
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Because of this approximation, the small mixings being proportional to m%,u , are ignored.
As a result, some divergent terms that are proportional to m%vy » remain in the T' parameter
, and we simply discard them. Note that the contribution to 7" from each KK mode must be
manifestly finite since it is computed in four-dimensional field theory with the dimensional
regularization. The divergence (o m%m ») that we encounter here is an artifact coming from
the ignorance of the small off-diagonal part in the KK mixing of gauge sector. Indeed, we
find that there appears no divergence proportional to m% or m?, as we treat the mixing
of the Higgs and top KK sectors exactly. Although there might be a further possible
finite correction due to this procedure, the KK gauge contribution is generally subleading
compared to the KK top loops, the mixing of which we treat exactly. In the S parameter,
we do not see any divergence even after the above approximation. These features are
consistent with the general property of S and 7.

After we considered radiative corrections, the Weinberg angles of the KK W and Z
bosons get to be very small [109]. We assume in this effect that the KK Weinberg angles
are zero and that we can simply ignore the mass corrections. Each KK-state contribution
should be suppressed by its KK mass, and hence this effect should not affect the leading
order of S and T since their contributions are proportional to KK masses (when we ignore
the electroweak masses in loop calculation) [109].

Finally we comment on the mUED model, which has been studied extensively [25, 26,
44, 110, 111]. In the x? analysis of Refs. [25, 26], the authors simply ignored the terms
being proportional to m%,V’Z, possibly because their effects are not significant compared
with those that are proportional to m?, or m?.

Boson contributions to S and 7" in the mUED are approximately described with the
even part of the PS (or region I of the RP?) as we already showed in Eqs. (4.30) and (4.31)
since the particle content of each KK state is the same. Fermion contributions are the
same as in Eq. (4.25). Here , we adopt the form of the KK mass M,y with a KK number
n

M(2n) - TLQMIQ(IO (fOI‘ n = 1a2737"')~ (436)

4.2.5 Numerical result of S,T parameters analysis

We also execute a x? analysis for putting indirect constraints on the UED models. x? from
S and T is defined as

1 S —Sew)? (T—Tuw) 2p
1_pgT{( 2p)+( 2p)_ ST(S—Sexp.)(T—Texp.)}, (4.37)

og o o507

2
XsT =

where S and T are the theoretical inputs in Eqgs. (4.23) and (4.24) and the others are the
experimental resultants in Eq. (3.44). In this and the next sections, we again adopt the
assumption of R5 = Rg = R.

At first in this section, we consider the possibility without threshold correction to S and
T in Eq. (3.42). We consider the maximal cutoffs with Mkxx = 1 TeV irrespective of Mkxk
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Figure 4.7: The exclusion C.L.s of all the UED models as functions of Mkk obtained from
the S and T parameters. Colors denote the same as in Figure 4.5.

because our interest is in the case that Mgk is about a few TeV, and the values are almost
universal as a function of Mkk in each model around a few TeV as shown in Fig. 4.2. The
result is listed in Fig. 4.7. Each minimum is located around 1700 GeV (T?/Z5), 1500 GeV
(T?%/(Zy x Z3)), 1300 GeV (T?/Z,), 2200 GeV (S?), 1500 GeV (S%/Z,), 1800 GeV (RP?),
2000 GeV (PS), and 1000 GeV (mUED). Interestingly, these values are somewhat greater

than the corresponding 95% C.L. bound from the combined results in the Higgs searches
as shown in Fig. 4.5.

We also estimate the 95% C.L. bounds of the models from Fig. 4.7, and the values

are about 1200 GeV (T?/Z5), 1100 GeV (T?/(Zy x Z4)), 900 GeV (T?/Z4), 1500 GeV (S?),
1100 GeV (S5?/Z5), 1200 GeV (RP?), 1400 GeV (PS), and 700 GeV (mUED). Here, we can
notice that these indirect bounds are compatible with the direct bounds via the LHC
results discussed in the previous section. We note that our 95% C.L. bound (700 GeV) on
the mUED is close to the previous values by the Gfitter group (700 GeV in my = 126 GeV)
in Ref. [26].

We summarize the bounds on Mk for each models in Table 4.8. We have commnets
on higer dimensional operators. If A is much higher than Mgy, the contributions of KK
loops are much larger than higher dimensional operators. However, we found that possible
highest UV cutoff are just a few times larger than Mgy, especially six-dimensional case.
We show the bounds on Mgy taking into account the threshold corrections of S, T param-
eters (3.42) for each models in Figure 4.8. The vertical axis is exclusion confidence level,
and the horizontal axis is Mkg. The blue, black and red lines show the case of cg = +1,0
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A /Mgy for Mgk ~ O(TeV) | S and T parameters
mUED 5.0 680 GeV
%77, 25 1190 GeV

T2/ (Zy x 75 2.9 1080 GeV
T%/7Z, 3.4 920 GeV
RP? 2.3 1220 GeV

S? 2.3 1490 GeV

S/ 7, 3.2 1050 GeV

PS 1.9 1410 GeV

Table 4.8: Highest possible UV cutoff scales and lower boerunds on the KK scale Mgk for
each model at the 95% C.L.

and —1, respectivily. The dashed, solid and dotted lines show the case of ¢y = +1,0 and
—1, respectivily. We can find from Figure 4.8 that the maximal ambiguity of lower bound
on Mgy is about 300-500 GeV, respectively. In our analysis, we omitted the effects of
higher dimensional operators in analysis of Higgs signal strength. It is expected that the
ambiguity from higher dimensioal operator becomes large like a case of S, T analysis.

4.3 Five-dimensional limits

Finally, let us show the results of five-dimensional limits R5 > Rg on six-dimensional UED
models. If we assume LKP as the dark matter candidate in RP? model, the case R5 = R
is disfavored because the R5; = Rg case requires the lower dark matter mass than the case
R5 > Rg. We show the same exclusion confidence level from the LHC Higgs search and
from S, T analysis for five-dimensional limit of RP? and T?/(Z, x Z}) in Figure 4.9. We
can find that the lower bounds on Mgy in five-dimensional limit are almost same as mUED
case. The small differences comes from the existence of scalar modes of gauge field, A5, Ag.
In addition, RP? models does not have specific KK states we had shown in Figure 4.1 in
subsection 4.1.1. Such a differences affect the RGE and S,T parameters. Note that, in
five-dimensional limit loosens the possible higher KK mode as A,,,,x = 5.5 Mgy and 3.9 Mk
for T?/(Zy x Z3) and RP?, respectively.
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Figure 4.8: The exclusion C.L.s via the x? analysis of S and T parameters as a function of
Mxx with the maximal cutoffs in the UED models with threshold corrections in Eq. (3.42).
In each panel corresponding to each model, the left (blue), center (black), and right (red)
bunches of lines are for ¢ = +1, 0, and —1, respectively. In each bunch, the dotted, solid,
and dashed lines correspond to ¢ = —1, 0, and +1, respectively.
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Figure 4.9: The same exclusion C.L.s as above, in the limit R5 > Rg. The solid and dotted
lines correspond to the bounds from Higgs searches and S, T' constraints, respectively. The
former Higgs bounds for T?/Zy(Zy x Z}) and mUED are degenerate with each other.






Chapter 5

Summary and overview

We have studied the effects of Kaluza-Klein (KK) loops to Higgs production and decay
processes at the LHC and electroweak precision measurement not only for the minimal
Universal Extra Dimension (mUED) case but also in all the known six-dimensional UEDs.
The total effect of KK loops depends on the UV cutoff A of higher dimensional field theory.
We estimated the highest A by electroweak vacuum stability by analyzing RG evolution of
the Higgs quartic interaction.

In the UED models, the contributions from KK top and KK gauge bosons change the
Higgs decay rate and production cross section through loop processes. By such KK loop
effects, the signal strength at the LHC is generally enhanced. On the other hand, in UED
case, electroweak S, T parameters are both enhanced by loop contributions of KK excited
mode of heavier SM particles, i.e., top, Higgs, and massive gauge bosons. As a result of
our analysis, we found a lower bound on the KK scale Mkk for each model that we focus
on. The bounds are summarized in Table 4.6 and 4.8 in Chapter 4. The S, T parameters
give slightly tight bounds on Mk compared with the bounds from Higgs signal strength.
In a few years, however, the constraints from the LHC Higgs search will be stronger than
current status. because the LHC will restart in 2015 and new data will be released one
after another.

We have some comments on H — v coupling. In Table 4.7, we used the values
for possible lower bounds on Mkk and possible upper bounds on A that we found from
Higgs signal strength analysis. The KK loop effects on H — v will also be tested in a
future linear collider [112]. We can find from Table 4.7 that the Higgs production cross
section is suppressed about factor 0.9 for each model. This is marginally accessible at the
future linear collider with integrated luminosity 500 fb~! at 500GeV for which the expected
precision for the BR(H — 77) is 23% for M;, = 120 GeV [113]. This precision is refined
to 5.4% with luminosity 1 ab™! at 1 TeV for the same Higgs mass [114]. When we employ
the photon-photon collider option of the linear collider, Hv~v coupling can be measured
more directly from the total production cross section of the Higgs. This is well within the
reach for integrated photon-photon luminosity 410 fb~! at a linear e*e™ collider operated
at a /s = 210 GeV, which can measure I'y_,, x BR(H — 77v) with accuracy of 2.1% for
myg = 120 GeV [115].

63
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Finally, we comment on the future of six-dimensional UED models. We found that the
possible highest value of the UV cutoff A cannot be much larger than the KK scale Mkgk
as the result of RGE and vacuum stability analysis. Therefore, if we consider a small Mxkx,
typically of order of 1 TeV, in order to account for the dark matter, possible highest A
must be of the same order. When we consider the TeV scale A, corrections from higher
dimensional operators in around A may become significant. Actually as we have shown in
Chapter 4, such higher dimensional operators can affct the S, T parameters significantly.
Thus our result implies that in order to be predictive, the UED models need a concrete
UV completion that is consistent with the vacuum stability.

The work of UED models are completed. We found that vacuum stability is a very
powerful tool for constraining the models. The analysis of vacuum stability is important
for phenomenology in this era. Therefore it is interesting to explore other models for
physics beyond the SM in a view point of vacuum stability.
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Appendix A
RGE for SM and UEDs

In this Appendix, we show concrete form of RGEs for gauge, Yukawa, and Higgs quartic
coupling. Here, we rewrite the schematic shape of the beta function for a quantity Q in
six-dimensional UED:

Bo=B3M 4 > o M) (NBI). (A1)

s: KK states
As we have already discussed, the S-functions take different forms depending on the follow-
ing two categories: UEDs on an orientable space and those on an unorientable one. The
former contains T?/Z,, T?/(Zy x Z}), T?/Zy, S* and S?/Z, whereas the latter contains
the remaining RP?, PS. The contribution of the KK particles to the beta function BS(ZK)

is independent of the KK index and we can omit the index s as B(QKK). We note that in all
the RGE analysis in this thesis, we ignore Yukawa couplings except the top quark one.

A.1 UEDs in orientable space

In the following, A is 4D Higgs self-couplings; g1, g2, and g3 show the 4D U(1)y, SU(2)w,
and SU(3)c gauge couplings; Y, , Yu,,Ya, (K = 1,2,3) represent the 4D (diagonalized)
Yukawa couplings of the charged leptons, the up-type quarks, and the down-type quarks,
respectively. Here, we adopt the SM normalization in the U(1)y gauge coupling g;. The
index £ indicates their generations. V;; stand for the Cabibbo-Kobayashi-Maskawa matrix,
and N¢ ., indicates the color factor of the particle f;, namely, 3 for quarks and 1 for leptons.

For Higgs quartic interaction Q@ = A\, we have

1 3
B = {6X2 — (397 +993)A + S (g1 + 20795 +393) +4A > _ Ne,uj —8)  Ney, y}*«}

(4m)? 2
(A.2)
(KK) 1 2 2 2 54 2,2 4 19 4 2 p
BES = 67" — (37 + 993)A + ( 591 + 59795 + =0 +8A)  Neyyf, — 16 Neyyy, o
(A.3)
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For gauge couplings o Q = ¢, (i = 1,2, 3),

1 1
(SM) __ (SM) 3 KK) _ KK) 3
B (47)2% g, BN = Wbéi g3, (A.4)
with b = (4,12 —7) and b5 = (¥, 3, - > for gi = (g1, 92, 9s), respectively.
For Yukawa couplings o Q = vy, , Yu,, Y4, (k = ,3),
1 15 9 3
BN = i { — 01— 9 Yt Zch yfl}yzk, (A.5)

M)

3
- —91 - —92 =895 + SYu, T Zyd (Vi Vih) + ZNof Vi (Y (AD)

yu x

(SM)
ydk

3
- —91 - —92 =895 + ¥a, + Zyu (ViVi) + ) chiyi}ydk, (A7)

32 3, 3
B 2 B 2 Vo~ SOV b

J

(KK
yu,c

(A.9)
32 3 3
95— 393 + §Z/§k +2 Z Ne, yj, — 52(‘@%1@)9@ }ydk-

J

(KK
ydk

[\')ICO

_ L
187!

9 3 3
z(;iK) { — 59 g — 59 g5 + 23Jek + QZch yfl}yﬂka (A.8)

(A.10)

A.2 Projective Sphere case

In the case of PS, the contrlbutlons of the bosonic KK particles to the beta functions is

classified into two categories as ﬁeven o and Bc()?é( o

For Higgs quartic interaction o Q = A\,

KK 1
IR, — W{W —3M\g? — 9Ng2 + 2¢F +4¢g%g2 + 692 + 8 Z ANc, y}, — 16 Z chiy;%i},

(A.11)

1 1 3
Blaan = (47)2{ + 5911 + 9195 + 593 +8) AN, yj, — 16> NCfi?/;l%}‘ (A.12)

For gauge couplings o Q = ¢; (i = 1,2, 3),



A.3. RP? CASE 67

1 1
(KK) _ (KK) 3 (KK) _ (KK) 3
ﬁcvcn 9 (47_‘_)2 even,g; Ji Boddgi - (47.‘_)2 bodd,gigi ’ (A 13)

with biveng: = (£, 2,—2) and blgy) = (2,2 17) for g; = (g1, g2, gs), respectively.

For Yukawa couplings o Q = vy, Yu,, Ya, (kK = 1,2,3),

1 33 15 3
B(E\Ifelri)ygk = 4 { 5 g% ] g2 + §y[gk +2 Z chi?/i}yzm (A14>
101 28 3 3
6(§\I1<e11§)yuk { gi — —92 - ?gs + 2yuk +2 Z chiy]%i - §Z(ij‘/jl>y§j }yuk,
i J
(A.15)
17 1 28 3, 3
s { L RS S ST }y
J
(A.16)
4
B, = { 91+ 92 393 +2)  Ne, v }yuk, (A.18)
Oddydk - (47T> 72 1 8 2 393 : szyfz ydk- .

A.3 RP? case

In the regions having bosonic modes (regions I, II, and III), the following relations are
fulfilled for each type of coupling C"

KK KK KK KK KK KK
5r(egio)n LC — Be(ven,)()a ﬁr(egio)n 1,c — 6édd,)07 ﬂr(egio)n 1L,c — 5(0 )- (A-QO)

We write down the formula for the region without having a bosonic mode (region IV).
Foro Q = A,

wx) 1 2 "
Bregion VA — W{ + SZANCfiyfi - 16ZNCflyfl} (A21>

Foro Q=y¢;(i=1,2,3),
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we) 1w 3
ﬁregion IV,gi — (47’()2 bregion IV,gigi ) (A22)

with bile(gi)n Vg = (%, 8,8) for g; = (g1, 92, g3), respectively.

For o Q = vy, , Yu,» Y, (K =1,2,3),

UK _ 1
region IV,ygk (47’(’)2

+ QZNCfiyi}ygk, (A23)

(KK) _ 1
5region IV,ydk - (47’(’)2

1

(KK) . 2

/Bregion Wy, — (477')2 { + 2 Z chi yfl }yuk7 (A24)
o3 e,

A.4 mUED case

The surviving modes for each KK level in the mUED are totally the same as in region I

of the RP? or in the “even” region of the PS. Hence, we can use those forms for RGEs in
the mUED.



Appendix B

A, B functions

In this Appendix, we give some formula for useful functions in calculating loop corrections.
We use the dimensional regularization scheme here.

B.1 A function

First of all, we introduce “A function” which appears in the one-loop self energy in ¢?

theory. The definition is
d?k 1
2\ _
A(ma)Z/Wm7 (B.1)

where £ is unknown momentum of the internal line in a loop, m,, is mass of a particle a in
the loop, and (27)¢ is the volume factor in d dimensional theory. The value of (B.1) can
be calculated by general formula

/ dk 1 (=1 T(a —d/2) 1 (B.2)

@m)d (k2 —m2)e ' (4m)i2 T(a) (m2)e 2’

where I' is the gamma function. In the case of a = 1, we find

—i D(1—d/2) 1

an ™ T ()

A(m?) =

a

—1 m,
= —(47T>(2_€/2)F<6/2 - 1) (mg)€/2

. €/2
—1 o [ 4m
— " P(e)2 — ym? (W)

1672 2
{ 2 € 4m
- 167r2m2 {E +1—7y+ O(E)} {1 +3 log i (9(62)}
_ ! m? g—|—1—7+10g47r+10gM—Q—1—(’)(6) (B.3)
16m2 “ | € m2
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where € = 4 — d which is divergent in 4-dimensional limit, v is Euler’s constant, and u is
momentum scale. Equation B.3 expresses the fact that the terms which do not contain e
give the finite correction at the scale u, and the terms higher order in e will vanish in 4-
dimensional limit. The first term should be canceled by renormalization; when we employ
MS renormalization scheme, v and log 47 are also renormalized. Thus, we only have to
take into account the term log mig as loop correction from ¢* theory:

. 7
a1 F B.4
672 8 (B4)

2
mg

2
A(ma)ﬁnite correction part —

B.2 B functions

B.2.1 B (scalar integral)

Next, we focus on the loop contribution for two point function induced by 3-point interac-
tion. We define the most basic type of loop integral as “B, function”,

2 9 oy dk 1
Bt = | e Gy ()

where p is the external momentum, and m,, m; are the masses of the particles in internal
lines. The analytical calculation of (B.5) can be given by Feynman parameter integral

ﬁ = /01 ey (11— z)B)?’ oo
We find
By(p®,m2,m;) = / (;?;d /01 dz (@(k2 —m2) + (1 _1:,;) ((k+p)2—m3))*
- / (C;wk;d /0 dx(kfz +pPa(l - ) —1xm3 — (1 —a)m})’
[ |, -

where k' = k+p(1—=x), M? = M?(p?,m2,m?,z) = —p?x(1 —x) +xm?2+(1—2)m?. Appling
(B.7) to (B.2), we find

1 . 2
2 2 oy _ ¢ 2 2
Bo(p®,m;,my) = /0 dx167r2 (E — v+ log4m — log W) : (B.8)
In a similar (B.4),
2 2 2 ! i M2
B nite correction — dr——=1 -—s. B.9
0(p 7ma7mb>ﬁ t t /0 x]_67T2 Og M2 ( )

We will write the B function as “By(p*, m2,m?) = By, By(0,mg, my) = By(0)” and the A
function A(m2) = A,, A(0) = Ay for simplicity.
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B.2.2 B; (vector integral)

Now we turn to more complicated case of loop integral. “B; function” is defined by

d?k %
(2m)® (K = mg) ((k + p)*> —my)

DBy (P, 2, ml) = / (B.10)

The left hand side must be proportional to the external momentum p* because of there
are no other Lorentz vector that we can employ here. We can decompose B; into the
combination of A and By, as we now perform. First, let me multiply 2p, to (B.10), so that

, _ dd/{? 2p -k
2= [ (2 (k2 = m2) ((k + p)? = m3)

:/ d'k_[(k+p)* —mi] = k* —p* +mj

@2m)¢ (K —m3) (k + p)* — mj)

[ d%k 1 [k —m2] + m2 4+ p* — m}
- )

(2m)d \(k —m2) (k2 —m2) ((k +p)* —m})

o dek 1 B d’k p?+m2 —m;
- / @m)? ((k+p)* —mp) / (@2m)? (k2 = m3) ((k + p)? — mg)

dek’ 1 9 2> 2 dk 1
_Aa_/ 2m)e (K)2 — m2) — (p" +m; b)/ (2m)e (k2 —m2) ((k + p)? — m2)
= Ay — Ay — (p* + m2 — mi) By, (B.11)

where momentum shift £’ = K + p is done. We already know the analytical form of A and
By, and thus we can easily calculate B; as

1
Bi(p?, mg, m;) = 57 [A(mg) — A(my) = (p* + mg — mp) Bo(p*, mg,mp)] . (B.12)
The equation (B.12) appears to have a pole in zero momentum limit p* = 0, but this pole
is canceled by that part in A and By. We show this cancellation below. Let us expand

By (p*,m?, m?) around the low momentum limit p? = 0,

1
Bo(p?, m2,mf) = Bol0, m2, m?) + By(0,m2,md)p? + 5 B(0,m2, mi)p' + O°),  (B.13)

where By(p?, m2,m3) = g2 Bo(p*, mg, my). We find

A’k 1
20~ | G

- / éwl; (m2 - my) ((k? —1m2) : - ms)

e (Aa— Ay, (B.14)
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Inserting the equation (B.14) into (B.13), and (B.13) into (B.12), we find
1

B, = o {4, — A — (p* + mZ —m)By}
1 1
1 9 o | Aa — A 5 1 4 6 1
=3 {Aa — Ay — (mg —my) [W + By(0)p° + 533(0)17 +O00°)| ¢ — 5 Do
mZ —m? mz —m? 1
= ) ) - e )2 — LBy + O (B.15)
Equation (B.15) only contains B, and its derivative functions,
. 1 1
By = —— / dz (—z(1 — B.16
0 1672 J, z(—2(l —2)) —p?x(l — ) + am? + (1 — z)m} (B-16)
: 1
l 1
B(0) = — dz (—z(1 —
0(0) 1672 /0 z(-2(l—2)) xm2 + (1 —x)m?
i Mg —my 4 2m2m;i log :i—é
_ 2 ; (B.17)
1672 2(mj —m2)3
., i (m2 —md)(m) +10m2mi + my) — 6m2m; (m2 + m3) log TTZ—%
By (0) = B.18
0(0) 1672 3(m2 —m2)® ( )

Note that we can rewrite B; by the combination of A, and By in the equation (B.11)
by (B.14) and (B.13), we get

m2 —mj
__a 6 A _A
Rz — ) e A

- 3 (G o= )

1
By = —A, — Ay —

2 - mt — md 4 2m2m2 log T4
b9 2 2 v T b C P ot
P e o T Gy 0%
R,
=——F 5 (4da — A
2(mg —mj)
, 4 _ 4 2,2 mg
. (P +m2 —m2) i My —my + 2mgm; log ms + 00 (B.19)
2 1672 2(m} — m2)? Py '

In the equation (B.15) and (B.19), we find that the pole is canceled out, and we have
rewritten By by A or By as the above (B.15) and (B.19). Note that we give another useful
relation between A and By. Since A(0) = 0, the equation (B.14) gives

A, =m2By(0,m2,0)
Ay = miBy(0,0,m3). (B.20)
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B.2.3 By and B, (tensor integral)

We must consider another important integral. The tensor type of integral is determined
as the combination of two types of the functions “By;” and “Byy”:

dk kr kY

(2m)? (k> = mg) ((k + p)* —mg)

pﬂpme(pz, mZ, m?) + 9“”322(192, mi,mi) = / (B-21>

Note that, different from By, B; and Bs;, By has mass dimension 2. We will rewrite By
and By by A and/or By like the case of sec. B.2.2. For this purpose, we will give the two
conditions for (B.21). First, let us multiply (B.21) by 2p,,

ik 2p - k)k
(2m)¢ (k2 —m2) ((k +p)? = mf)’

We can apply the formula (B.11) to (B.22), and get

2p*p” Bo1 (p°, mZ, my) + 2p” Bas(p*, m?2, mj) = / (B.22)

2p°p" By + 2p" Bas

d?k 1 1 s o 1 ,
:i/@ﬂd(W—n@‘<W+p%—nﬁ_“)*m“‘m“@ﬂ—m9«k+m2—m@)k
:_/ dek! (k/_p)u_

(2m)® k2 — m?

=p"Ay — (p° + m’ — mj)p’ By, (B.23)

(p* +mj; —mi)p” By

where k' is shifted momentum k + p = k’. The first term in the second row has already
vanished in the third row because the integrand of this term is odd function of k. Here we
rewrote By and Bgy by A and By. Next, we give the other condition. By multiplying (B.21)
by ¢, we get

?Byy + dBgy = / ak i (B.24)
PR ) @t 0 = m) (k+p)? —mip) |
and we also apply (B.11),
p2BQI(p2a miv ml%) + dB?Q(p27 chw mg)
B / dk (k% —m?2] +m?
) @md (k2= m2) ((k +p)? —mp)
B / dk 1 N / d?k m?2
) @n)d((k+p)?—my) (2m)* (k* —m3) ((k + p)* — mj)
= Ab + mZBo. (B25)
From the subtraction of (B.23) and (B.25),
1
Bay = [—A(m%) - ZWZBO - (p2 + mi - mg)Bl] : (B.26)

2(1 — d)
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From (B.15) and (B.20), we can rewrite (B.26) by A and By for d = 4 limit

By = 2(1;_@{ — Ay — 2m2B,
- (p*+m — mb)2]19 <A — Ay — (m2 —mj)Bo) + %(p2 +mi — mg)Bo> }
-5 L J {4 —2m2B, - %(Aa — Ay) + 5(m2 — m?) By
Mo bz — )+ e s Loz - B}, (B2)
and in d = 4 limit,
By — 112 {(A + Ay + 2(m2 — mj)By) + w (Ae — Ay — (m2 — mp)By) —pZBO}

(B.28)

Note that % -5 in (B.27) is canceled by (B.13).
Similarly, from (B.23) and (B.25),

1
By = m {(d —2) Ay, —d(p* +m? — mg)Bﬂszo}
1 (d—2 d 1 5 5
:2_]92{61_1 b= g 07 e = mi) g (Aa = Ay = (= mi) Bo)
d 1 m?2
+m(p +m; _mb)230_2d 1Bo} (B.29)
and in the limit d = 4,
m2 —m3
By = 3 2{ —Aq + 24, + (m2 — 2mi) By — Tb(A — Ay — (m? —mb)BO)}

(B.30)

Again, # terms in the curly bracket are canceled like (B.28), and overall - 2 18 canceled by
definition of By, (B.21). Now we can rewrite By and Bsy by A, By and its derivative Bj.

B.3 Fermion loop

In this section, we consider boson two-point function by fermion loop for convenience to
calculate S and 71" parameters. First, we assume the Feynman rule for gauge-fermion vertex
as

vertex.1 vertex.2

_______ t\_\_ f{______ { vertex.1 = MM(C’}%PR + CLPp)

vertex.2 = i, (C%Pr + C2PL), (B.31)
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where Pg, P are chiral projections. A two-point function is written as

:(_lX/ d'k Tr [i7,(ChPr + CLPL)i (it p+ 1) 7, (CRPr + CEPL)i[ k + ma]]
(

2m)4 [k2 —m2] ((k + p)* — mj) '
(B.32)
The numerator of (B.32) is
numerator = Tr ['yu(kJr D)V k(CRCEPL + CII,C%,PR):I
T [yt £)1ma(CLCEPr + CLC2P)]
+Tr [y KM(CRCEPR + CLCRPL)]
+Tr [’YMIYVmamb(C}zC%PL + C%C?%PR)] . (B33)

The terms which contain 7,7,75 will vanish and in order to calculate S and 7" we do not
have to calculate 7v,7,7,7,75 terms. By using trace technology

Tr h/u /k’yl/ /k] = Skuku - 4k29uu7
Tr h/u /p'YV /k] = 4(]?“]61, +puku — Gup - k),
Tr [y 0] = 49y, (B.34)

we can write (B.32) as

[ (CACR CIC) Bk Ak e — 02 k) + (CHCE + CLCR g
A

2m)4 (k2 —m2] [(k + p)* — mj]
_ / 'k Co [(8kuky — Ak guy) + 4Pk + kupy — P - kgyw)] + Codguman
B (2m) (k2 = mZ] [(k + p)* — mj]

= _{SCa(p,upV821 + 9w Bos + guBaa) — 4Ca9;u/(172321 + dBss)

+ SCapupuBl + 4Cag/wp2B1 + Cb4guumamb}7
(B.35)
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where C, = (CLC% 4+ C1C3?), andC, = (CRCE + C1C%). We focus on the coefficient of g,,,
to calculate S and T,

(1'100P)‘gw = - {SCaBQQ - 4Ca<p2321 + dBys) + 4C,p° By + 4Cbmamb}

— % {Aa + Ay +2(md + mi)%@(& —A) — (m?‘;—zmgﬁ% - pQBo}
+ 45“ {—Aa + 24, + (m? — 2m?) By — w (Ag — Ay — (m — mi)Bo)}
- 465“ {Aa + Ay + 2(myg +my) By + —m?‘p: b (4, - Ay) - (m§;—2m§)230 - szO}
+28 { a2 B = BB+ 4, (B.36)

Note that & are canceled by the expansion of By. In this way, we get a general form of
fermion loop correction.



Appendix C

Two-point functions of gauge bosons
in six-dimensional UEDs

In this Appendix, we summarize the two-point functions of photon, W, and Z bosons for
calculating Peskin-Takeuchi S and T" parameters.

C.1 Notations

First, we summarize our notations for the Passarino—Veltman B function [116]. In this
section, we use the following descriptions for masses. The mass squared of the “sth” KK
mode of the particle X is represented as

M3 =m% + M? (C.1)

where my is the corresponding zero-mode mass, and Mj is the sth level KK mass. Since
only Z, W, H, and top masses are not negligible compared with the KK scale M, we use
the representations

My, :=mj, + M2, My :=mj + M
MPimm? + M2, M3, =y + M2, (C.2)
and for the other fields,
M3 ~M?. (C.3)

We will use the Passarino—Veltman loop integral to calculate two-point functions of the
gauge bosons with external momentum £ below. the definition is
1 d?p 1
—B k%) = /
e e )= | i B (o + P = M)

- (4;)2 {i — /01 deln [(1 — 2)M% +a M — (1 — 2)k* — ie] } :
(C.4)
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where we use the dimensional regularization in d dimensions and ¢ is an infinitesimal
positive value!. 1/ (:= 1/e — v + In4m) means the usual common divergent part with
e = 2 —d/2 and the Euler-Mascheroni constant 7. The following short-hand description
is also used later for simplicity:

Bx, v, (k?) — Bx, v.(0)

Bx,(K*) := Bx, x.(k*), 0Bx,y,(k*) := 2 (C.5)
Here, we write down some useful formulas for calculations:
1 1m%+m?
B 1o lmyvmy |
XS7YS (O) g 2 M82 Y (C 6)
1
B;(S,Ys (O) — 6M827 (C?)
2 1 m3 +m?
BY 4 (0) ~ = S ¢ C.8
XS7YS< ) 3 (mg( _ m%)2 M52 ) ( )

where we assume the hierarchy m%, m? < M? and values with a prime mean that it is
differentiated with respect to k% once.

C.2 Gauge boson two-point function in six-dimensional
UEDs and mUED : Bosonic contribution

In this subsection, we make a summary of bosonic two-point contributions to two-point
function of gauge bosons in the six-dimensional UEDs and the mUED for evaluating S and
T parameters. For contributions of fermions, we can use the result in Ref. [25].

The general form of a gauge boson two-point function is as follows:

, | bR e
I8y (K*) = 11, (k%) (9” - 7) + @HIJb(k’Q)?a (C.9)

where a and b show the type of gauge bosons, and the superscript T (L) indicates the
transverse (longitudinal), respectively.

For estimating the S and 7" parameters, we calculate only the transverse ones. In each
following subsection, we show the contributions of KK bosonic particles to the two-point
functions from the level-s KK states.

!Be careful that “c” is defined € = 2 — d/2, and “¢” defined as € = 4 — d.



C.2. GAUGE BOSON TWO-POINT FUNCTION IN SIX-DIMENSIONAL UEDS AND MUED : BOS(
C.2.1 UEDs on oriented geometry case

The gauge boson two-point functions in oriented UED models are summarized as :

ITE2(2) = {——k? ( —MW)BWS<k2>—§MWBWs<o>} (C.10)
5206 = oA (< g s (- 3) st oo

(
n K_é _ ;W) o (?W - §) M, - 2mav} Bws<k2>}, (C.11)
(

2 4 1
7L (2 a 2 ZA ) g2
ZZ( ) 47TSI2/VCIQ/V{ 9CW 9CW 18
20 4 1 1 1
I (—30% T3 2, — g) M2, By, (0) — G 7. B, (0) — gMiBzS(O)

20 4 1
(et et =5 ) 00 (el = 3+ 3) M — (2~ 1) k| B4
1

1, 1 2 my 2 1 2 242 2
(g4 gME+ MR — 2 ) B ) = MR, — M6, 02)
(C.12)
a 1 1 17
i () = 7 { 2K M3, B (0) — 3M By, (0) — M3, B, (0)
w
9, 1.9 L. 2 2
+ __k + EMHS + éMWs - mW BH_;,WS(k )
31 5 23 2 )
1 2 2 2 17 - 5 2 \2 2
- E(MHS — My, )*6By, w, (k) — E(M — My, )*6Bz, w, (k%) ¢, (C.13)

C.2.2 RP?, PS, mUED cases

As we have discussed in Sec. 4, the particle contents of the region III of the RP? model is
completely the same as those of the six-dimensional UEDs on oriented geometries just as
above , and we need not discuss them. Based on the knowledge in Sec. 4, the remaining
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boson contributions are written down as follows:
H$§S|region n(k*) = H%s’odd(kz)
_ %{ S (-%1& 4 3V) B ()~ 5VSBWS<0>}, (C.14)
T35 |region 11(K%) = 115 |oaa(k?)
-2 {__vﬂ { -2+ <—%k +3 W) B, () — 5 3VSBWS<0>},

(C.15)

T, |region 11(K%) = I3 oaa (K?)

2
a |Gy 2., 1., 4 5 9 4
= — | — Kk + | —=k+-=-M By, (k) — =My, Bw, (0
47 [32”7} { 9 ( 3 3 s (k) 3 s (0) ¢

(C.16)
T3y fregion 11(K%) = Tty foaa (k)
Q@ 2 2 2
= — Zk* — Z M3, Bw.(0) — =M By (0
47_‘_5%/‘/{ 9 3 W Ws( ) 3 s Zs( )
1 2 1
+ [—§k2 +3 (Mg, + M%S)] Bw, 7z, (k*) — §(M§S — M&VS)25BZS7WS(k2)}.
(C.17)
The remaining part can be easily calculated by use of the following relations:
sz,s’rcgion I<k2> = sz,s(kQ) - HII;S region II(kQ), (018)
Mgy feven (K%)= gy (k%) — 135" |oaa (k) (C.19)
where ab represents the possible four combinations of gauge bosons.
We can also derive the following relations for the mUED :
gy [mven (k) 2 Ty leven(K?) (C.20)

based on the discussions above.



Appendix D

Loop functions in single Higgs
production and decay

In this Appendix, we summarize the loop functions that are needed for estimating the
single Higgs production through the gluon fusion process and the Higgs decay into a pair
of photons. Readers who want more explanations on the above expressions should consult
Ref. [50].

For each model, the loop function Jm°%! describes the contributions of all the zero and
KK modes for the top quark in the triangle loops:

m? my 2 m?( )
JmUED =17 t 2 I n D.2
: (S>{<§+;mt<n> ) 4 (D2
TP 5y = g = L (M) 42 3 me g Mt (D.3)
t t 8 mtn>1 Met(m,n) 5 ’ '
or’:‘:z,:’nf_n21
) 2 2 m2
JE 7 (5) = I(”?t>+2 ( i ) [ ) b (D.4)
5 me1 >0 \'THmn) s
' § m>0,n>0, mt(m n) é 7
(m,n)#(0,0)
T (8) = 1<mg> “Z( m )2”%@)1 i) (D-6)
t S0 g s )
PS/ 2 524 m; me \* . mf(j)
I =07 () =1 L) +2) (2j+ 1)1 — , (D.7)
s j>1 mt(]) $
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where [ is given by

Ld —1
I(N) = =22+ A\(1 — 4>\)/0 % In [% +1— el . (D.8)
The explicit result of the integral is
1 2
_ : 1
/1 dop, |2 =1 ’ [arcsm \/ﬁ} ora =) (D.9)
—_ —_ 6 = .
- ) 1T 1+vIi—ar . 1° )
— N ——— -7 (for X < 3),
2 1—+1—4)

where this form is related with the Passarino—Veltman’s three-point scalar function Cy [116].

nmedel(§) counts the number of degeneracy , and the explicit forms are shown in
Egs. (4.10)—(4.12) and we write the KK top and W masses (X =t, W)

n
My = \/m% + ol (D.10)
m2  n?
MX () = \/m?x TR TR (D.11)
_ jG+1)

The range of the KK summation reflects the structure of each extra-dimensional back-
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ground. The loop functions which are needed for the process H — v are as follows:

1 m?, m?
JMm2) =L =,3,3,6,0, — -V D.13
w (mH) 27 sy m%{ m%[ ) ( )
1 miy M)
JipVED I L|=,4,481 % & D.14
( ) ( ) + Z 27 b 9 ) ) m%{? m% ) ( )
n>1
2 2
T2)Z4, 2 SM 1 My "MW mm)
JW 4(mH) JW (mH) —+ Z L<§,5,4, ]_0, ]_, m—%[, m—%> s (D15)
m>1,n>0
2
TN ) — )+ 3 L 5,400,120 TV (D.16)
w H w H e 2’ 5y ) am%[v m%[ )
(m.n)#(0,0)
T 72 () = TN (m? L L 5.4,10,1; i, M D.17
w (mH)* W(mH)+ Z 5777 >7m%[> m%{ ) ( : )
m+n>1
or m=—n>1

2 A 1 TTL2 m2
JEP () = T m2) + L<§,4,4,8,1;m_g‘/7 W(;”mn))

2 m%V(mn)
+ZL 0,1,0,2,0; ¢ m—% , (D.18)

(m,n)
2 2 2 :
T2 m3y) = T i)+ %)) 5 4, 10,1,—,—W2(” . (D19)
=1 my My
52 1 ml M)
J (m%) = my)+ > (2j+1)L 55410,1,—, gl B (D.20)
7j>1 H
2
T mi) = T mi) + D | nen (2 4,4, 8,1,m—W, nff;”)
7>1 H H
m2 :
+a" ()L 0,1,0,2, 0 PO, (D21
T omy
with
d 1
L(a,b, ¢, d,e; A, Ao) = a + by — [Mi(c — dhg) — eAQ]/ i [% +1— ie] .
o T 2

(D.22)

The A summation for RP? is over the region that satisfies both m > 1 and n > 1 as well as
over the ranges (m,n) = (0,2),(0,4),(0,6),... and (m,n) = (2,0), (4,0), (6,0),.... Simi-
larly, the B summation is over m > 1 and n > 1 as well as over (m, n) = (0, 1), (0, 3), (0,5),. ..
and (m,n) = (1,0),(3,0),(5,0),....
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