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Abstract

We suggest a simple one-Higgs-doublet model living in the bulk of five-
dimensional spacetime compactified on S'/Z,, in which the top Yukawa
coupling can be smaller than the naive standard-model expectation, i.e.
the top quark mass divided by the Higgs vacuum expectation value. If
we find only single Higgs particle at the LHC and also observe the top
Yukawa deviation, our scenario becomes a realistic candidate beyond
the standard model. The Yukawa deviation comes from the fact that
the wave function profile of the free physical Higgs field can become
different from that of the vacuum expectation value, due to the presence
of the brane-localized Higgs potentials. In the Brane-Localized Fermion
scenario, we find sizable top Yukawa deviation, which could be checked
at the LHC experiment, with a dominant Higgs production channel being
the WW fusion. We also study the Bulk Fermion scenario with brane-
localized Higgs potential, which resembles the Universal Extra Dimension
model with a stable dark matter candidate. We show that both scenarios
are consistent with the current electroweak precision measurements.
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1 Introduction

The Large Hadron Collider (LHC) experiment is just being started. Omne of the main
missions of the LHC is the discovery of the Higgs particle. In the Standard Model (SM),
the Higgs field is the origin of masses of fermions and plays a crucial role in the electroweak
(EW) symmetry breaking. The SM will be completed as a renormalizable theory when the
Higgs particle is discovered. However, a potential theoretical problem still exists which is
so-called the gauge hierarchy problem about the big energy desert between the EW and
Planck scales. The extra dimension scenario is one of fascinating approaches toward solving
the problem (large extra dimensions [I] and warped extra dimension [2]). Generally, extra
dimensional theories lead to rich phenomenologies, for example, new heavy particles with
compactification-scale masses, called the Kaluza-Klein (KK) particles. In the Universal
Extra Dimensions (UED) model [3], the lightest KK particle (LKP) with an odd parity
is stable, and can be a dark matter. Although the compactification scale is generically
constrained to be larger than a few TeV by the EW precision measurements for Brane-
Localized Fermion (BLF) scenario [4]-[§], the UED can weaken it to few hundred GeV due
to the five-dimensional Lorentz symmetry, that is the KK number conservation [3], @ [10].
The TeV scale KK resonances might be discovered at the LHC as an existence of proof of
the extra-dimension.

In this paper, we suggest a simple one-Higgs-doublet model in which the Yukawa cou-
pling between top and physical Higgs fields deviates from the naive SM expectation, that
is the top quark mass divided by the Higgs vacuum expectation value. Our setup is a
five-dimensional flat spacetime, with one SM Higgs doublet field existing in the bulk. The
wave function profile of the free physical Higgs field becomes different from its Vacuum Ex-
pectation Value (VEV) when brane potentials are introduced We consider two scenarios
depending on the location of matter fermions. One scenario is the BLF scenario and the
other is Bulk Fermion (BF) scenario.

In the BLF scenario, we find that the coupling between top and physical Higgs fields
becomes small because of the brane potentials with large couplings and that it could be
checked at the LHC experiment. In this case dominant Higgs production channel at the
LHC becomes WW fusion. Even in the limit of large brane-localized Higgs coupling, the
four-dimensional effective Higgs self-couplings remain finite, since the wave function of the
Higgs field vanishes at the boundary in the limit. Therefore Higgs can be regarded as a
particle (as long as a compactification scale is not higher than a few TeV). Reminding that

the top Yukawa deviation can occur also in multi-Higgs models, if we find only one Higgs

'In this paper, we concentrate on the case of the vanishing bulk potential and will present the more
general treatment in a separate publication [I1].



particle as well as top Yukawa deviation at LHC, our scenario become a realistic candidate
beyond the SM. H (The top Yukawa deviation can occur in multi-Higgs models such as
supersymmetric SM.) Note that our setup is similar to the UED, but the latter has no top
Yukawa deviation.

In the BF scenario, the top Yukawa deviation is not significant even with the large
boundary potentials. We show that a stable dark matter exists, like in the universal
extra dimension model, due to the existence of an accidental reflection symmetry, the
Kaluza-Klein parity. We also show that these two scenarios are consistent with the present
electroweak precision measurements.

The paper is organized as follows: in Section 2, we present an extra-dimensional setup
with brane localized Higgs potentials, and discuss general phenomenological aspects. In
Sections 3 and 4, we investigate more detailed phenomenological implications of the setup
with the BLF and BF scenarios, respectively. We comment on the dark matter in Section 5.
The last section is devoted to the summary and discussions. In Appendix A, we comment
on the radion stabilization. In Appendix B we spell out the free part of the action of
the Higgs sector. In Appendix C, we present gauge interactions of the Higgs fields. In

Appendix D, we list the Feynman rules in our notation.

2 Bulk Higgs and its profiles

In our setup, the SM Higgs doublet exists in the 5-dimensional flat space-time. The Higgs
has brane-localized potentials, and we investigate their effects on the Higgs wave-function
profiles, masses and couplings in this section. Though we will concentrate on the case
where EW symmetry is broken through the brane-localized Higgs potentials, our analysis

can be applicable in more general cases.

2.1 VEV profile

In this subsection, we show the wave function profiles of classical mode of a bulk scalar
field in a flat extradimensional setup with brane-localized Higgs potentials.
Let us start with the following action of a bulk field, ®, including brane-localized

potentials. We take flat five dimensional spacetime compactified on S*/Zs,

L
s = [t [ dyl-lowal —v - sy~ Vi - )Vl 1)
0
where we write five dimensional coordinates as X = (z#,y), when M, N,... = 0 ~ 4
and p,v,... = 0 ~ 3. We define y = X* The brane localized potentials V; and V;,

2The warped gauge-Higgs unification model is another candidate [12].



are introduced at y = 0 and L branes, respectivelyH For simplicity, we assume that the

potentials solely depend on |®|* so that potentials can be written as V(|®|?). When we

write
d O
b — M’ (2)
V2

we obtain

oV 9V 0*V

—:(D V, —:vl (1)2‘/” :® (I)V” 3

00y X gpz L TEXV 2900, ~ 2r¥V ()

where X stands for R and I, while V stands for V, Vi, and Vj, and we have written
V' = dV/d|®|? etc. The variation of the action is given by

L oV oV,
_ 4 _ _ _ _
58S = /d x/o dy [(M)X (P(I)X 8(I)X) +6(y— L)ody ( 0,®x 8<I>X)

+6(y)0®x (+ay<I>X _ % ) ] (4)

0dx

where P = O+ 02 = -0 + V> + ;. The VEV of the scalar field, ®°, is determined by
action principle, .5 = 0, that is,

. av
7D(I)X - @ =0, (5)
oV, ¢
F0,05 - )| =0, )
( ’ OPx y=n
where
v ¢ ov

(7)

0Py (z,y) = Jbx

P=2¢(x,y)

Here signs above and below in Eq. (@) are for n = L and 0, respectively. The Eq. (@) is the
bulk equation of motion for the scalar field. Equation (@) corresponds to the Boundary
Condition (BC) on each brane. Solving the equation of motion with the BCs determines the
profile of VEV in the bulk. For later convenience, we rewrite Eq. [{@l)—(]) in a z coordinate
defined as z =y — L/2,

+L/2
05 = / d'z / dz [&Px <P<1>X - a_v> +6(2 — L/2)6®x (—achx - aV“/?)
—L/2 0Py 0D «

V.
+6(z+ L/2)§®x <+azq>X - ”2) } (8)
0Dy

3Similar brane localized action has been discussed in [I3], where brane localized kinetic terms and their
effect on the EW symmetry breaking via the five dimensional Higgs mechanism in the UED model have
been considered.



and

. oy
qu)X — @ = O, (9)
A _
(:Fazq)X T 90y ) o 0, (10)

where P, = O + 92, and signs above and below in Eq. (I0) are for z = +L/2 and —L/2,
respectively. If we take the bulk and boundary potential as

Vo= m?ef (11)
A
Ve = J(0° —vf)?, (12)

respectively, the general solution of ([@)) is written as
®°(z) = v(z) = Acosh(mz) + Bsinh(mz). (13)

When we take the same boundary potentials for both the z = +L/2 and —L/2 branes, the
BCs (I0) determine A and B ag

VAvic, — msy,

A = £ , 14
Ci/zﬁ ( )
B = 0, (15)
or
A = 0, (16)
Av2sy, — mey,
B = +y——— 1
)\Sh(Ch — 2) ' ( 7>
where we define
A= A=A, (18)
UV = VUipj2 = V-L)2, (19)
L
s, = sinh (mT) : (20)

Ch

) -

It is easy to see that solutions (I4]) and (I5) make the VEV profiles even under the reflection
between z = +L, that is, ®¢(L/2) = &°(—L/2) = Acp,. On the other hand, (I6) and (I7)

4There are other solutions. Complete discussions for solving the equation of motion and a radion
stabilization are given in Appendix A.
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Figure 1: The VEV profiles for various 7 (a) For ®¢ (). (b) For ®¢ (2). Input parameters
are (L, A\, A) = (207,1,10TeV) in both figures.

correspond to odd solution, ®¢(L/2) = —®¢(—L/2) = Bsy,. This reflection symmetry is
accidental one induced from the assumption of identical potentials at z = 4+L/2 branes.
The parity under this reflection plays important roles in phenomenological discussions and
is equivalent to the KK parity in the UED models. Detailed considerations will be given
in the following sections.

We note that if there is no bulk potential, only the flat VEV profile ®¢ = v is allowed
under the presence of the reflection symmetry for the brane potentials. More generally,
the following VEV profiles are given by the equation of motion with ¥V = m?|®|?, with the

BCs from the reflection symmetric boundary potentials

+ \/ Av2ep, —msy,

cosh(mz) |even parity],
A cosh(mz) - [even paity]

PETY s nhne) - [odd parity) -

v [flat profile (V = 0)],

The numerical calculations of the VEV profile for various 7, L and ) are shown in Figs. I
Bl where m, [:, o and \ are dimensionless parameters corresponding to m, L, v and A,

respectively defined as

A _ L A A3/2 _ A

m:mA, L:K, U:UA/, )\:F, (23)

with the cutoff scale A. We have also defined as

Vvie, — msy,

o (2) = cosh(mz), (24)

* ci/zx/x

Av2s, — mey, | .
d° = - h ) 2

°(2) Non(on = 2) sinh(mz) (25)

b}
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Figure 2: The VEV profiles for various L: (a) For ® (z). (b) For ®¢ (). Input parameters
are (1, A\, A) = (0.01,1,10TeV) in both figures.
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Figure 3: The VEV profiles for various \: (a) For < (2). (b) For @ (z). Input parameters
are (1, L, ) = (0.01,20m,10TeV) in both figures.

Figure [I (a) shows that the VEV profile becomes flat when the bulk mass m is small
comparing with A. For simplicity, we will take m = 0 and hence the flat VEV profile in
phenomenological analyses throughout this paper, since it is the easiest case to reproduce

Z and W masses

5There are generally quantum corrections that induce the bulk potential, whose sum with the tree one
is assumed to be zero here. Note that, due to custodial symmetry, it could be that the resultant Z and
W masses are correct ones even under the presence of bulk Higgs mass. We thank T. Yamashita on this
point.



2.2 Physical Higgs and other fields’ profiles

In the previous subsection, the VEV profiles of the bulk scalar field and their general
properties have been discussed. In this subsection, we investigate wave function profiles of
quantum modes of the scalar field, which correspond to the Higgs, and Nambu-Goldstone

(NG) modes.
First, we expand the scalar field around the VEV as follows

_ " (z, 2)
b, z) = ( de(z) + %[(f)q(x, 2) + ix(z, 2)] ) (26)
Y 1)
= o8 : (27)
v(2) + 55 D _fu(2)d0(x) + i f3 (2)xn(2)]

where we took ®r/v/2 = v(z) and ®; = 0 and the KK expansions are taken for ¢9(z, 2),
X(z, 2), and T (x, z). The ¢%(x), xn(x) and ¢ (x) are the physical Higgs, NG, and charged
Higgs bosons of the n-th KK modes in four dimensional spacetime, respectively. Hereafter
the lowest modes (zero-mode) of each field are represented by ¢?(z), x(z), and ¢ (z), for
simplicity.

2.2.1 Physical Higgs profile

The action for the physical Higgs can be written down byH

+L/2
Stree,pt = / & / ( ¢1(0+ 02 — (V*V" + V")) ¢!

L2
oz —
B o v v
+ ELEED oo, e+ vo'c»asq)

+L)2 2y ¢
B /d%/L/z dz[— <D+a§_§®2 )¢q

+ (2 — L/2>¢ (_az avac) o 5(z + L/2)¢q ((‘L B 82‘/0") qsq],

2 0P, 2 0P%
(28)
where we used
OVe © e PV e | e PVe \°
X ooz, et e dono0;) ~ )

6A detailed derivation is given in Appendix B.



The KK equation and BCs for the Higgs are given by

(- 25 ) 50 = 2o, (30)

and

= 0. (31)
2=t

2 (&
(0.~ g5 ) 12

If we take the bulk and brane potentials as ([[Il) and (I2]) again, the general solution of the
KK equation ([B0) and BCs become

fu(2) = ay cos(knz) + By sin(ky,z), (32)

and

@ Ensn — Aen  —knCn — s o
C n = n<n ’ n n-=n ’ n n — O 33
( B ) ( kpSn — A kncn + Asy ) ( B ) ’ (33)
where k, = /p2 — m?. Furthermore, we defined the following parameters

sin ("";L ) | (34)

Sp =

L
Chp = COS (kz ), (35)
o= Ol (36)

o9%
We look for non-trivial solutions of «,, and (,,, which correspond to det C = 0, leading

to the following conditions

b= ki or —’% (37)
where ¢, = tan(k,L/2). The former condition ¢, = S\/k:n leads to «,, # 0 and 3, = 0,
and the wave function profile of the Higgs becomes even under the reflection between £z,
that is, f,(2) = fu(—2). On the other hand, the latter condition t, = —k, /A leads to odd

profile, f,(z) = —f.(—2). To summarize, we obtain

t = { 5‘/kn = fu(z) = aycos(k,z) [even],

/X S ful2) = Busin(kez)  [odd]. (38)

" A non-vanishing determinant of the coefficient matrix C in Eq. [B3)) corresponds to the trivial solution
(an, Br) = (0,0), which is of course not of physical interest since this solution means that the wave function
of the Higgs is zero everywhere.
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Figure 4: Solutions of the KK equation with BCs.

The appearance of this parity under the reflection between £z is due to the identical
potentials on z = £L/2 branes. This accidental parity corresponds to the KK parity in
the UED model. Hereafter, we also call it the even and odd KK parities:

fn(2) = fu(=2) leven],  fu(2) = —fu(=2) [odd]. (39)

So far, we have written everything in the “downstairs” picture at —L/2 < z < L/2, or
equivalently at 0 <y < L. When we go one step “upstairs” toward —L < y < L, we call
the parity between +z the KK parity, while the one between 4y the Z, parity:

fn(z) = ay, cos(k,z) [KK even]
o fi(=d o [cn cos(kny) + s, sin(ky,|yl)] [Z, even],
LT\ anle(y)en cos(kny) + snsin(kay)] [Ze odd],
fn(z) = B sin(k,z) [KK odd]
_ | Bulensin(knlyl) + sncos(kny)]  [Z2 even,
< ulz) = { Bnlcn sin(kny) + €(y)sn cos(kny)]  [Z2 odd], (41)
where we use z = y — L/2 and define €(y) = £1 for +y > 0.
Typical behaviours of Eq. (87) is shown in Fig.[dl The figure shows functions tan(k, L/2),
A/ky, and —k, /\. Points of intersection Fs, (|n| = 0,1,2,...) are the solution of equation

(40)

A
t, = —, 42
- (12)
and points of Oy, 1 correspond to the solution of
kn
. (43)
We call Ey, Oy, Es, ... modes the zero, first, second, ... modes, respectively. In particular,

note that we always call the Ey mode the zero-mode.

9



In the vanishing limit of A, in which our model leads to the limit of the UED model
without any bulk mass and brane potentials, we get A/k, — 0 in Eq. @2) and —k,/\ —
—00 -+ ky, in Eq. [@3)). In the limit, solutions become

k,L _nm

~ 44
5 5 (44)
for both even and odd n. Therefore, the wave function profiles are
| aycos (%z n :even,
Inlz) = { Bnsin (22z)  n:odd. (45)

In the opposite infinity limit of A, which means A/k, — oo in Eq. @) and —k,/\ — 0 in
Eq. @3),
kol (n+ D

~ 46
for both even and odd n. Then, the wave function profiles become
vy, COS <@z) n : even,
fu(z) = (47)

5, sin <@z) n : odd.

In Table [, we summarize the situation showing dependences of the Higgs profiles on
the magnitude of boundary coupling. The profile of zero mode Higgs in the small limit of

the boundary coupling is obtained from Eq. (43]) as

fO = Qp, (48)

which means that the Higgs has flat profile. It is shown in left upper figure of Table[Il On
the other hand, the zero mode Higgs profile with a large boundary coupling is obtained

from Eq. [3) as
m
Jo = g cos <ZZ> ; (49)

which is given in right upper figure in Table [II

Let us comment on a top Yukawa deviation, which is one of the main points of this
paper. We find that the flat profile of Higgs (8]) continuously changes to a non-flat
one (@) as the boundary coupling becomes larger. This means that the free quantum
part of the Higgs tends to be expelled from the boundary when the boundary coupling is
large. Since the VEV profile is flat in our setup of the vanishing bulk potential (even in
this limit), the profiles of VEV and physical Higgs are generally different. This causes the
top Yukawa deviation. If all the SM fermions are localized on the brane, the magnitude

of fo(£L/2) determines the Yukawa couplings. In this case, the top Yukawa deviation

10



KK parity / mode
Typical Profiles
(A — 0: UED)

KK parity / mode
Typical Profile
(A = 00)

+/n=0

+/n=0

¥ L2

+/n=2 +/n=2

/
/
\
L2

Table 1: Typical behaviours of wave function profile of the Higgs in this setup.

can occur drastically as the boundary coupling becomes large, while the top mass is being
correctly reproduced.
In the vanishing boundary-coupling limit, the coefficients a,, and ,, are determined by

the normalization condition

+L/2 nmw mm
O, dz cos <—z) cos <—z> = Onm 50
/. I I 0
for even n, m and by
+L/2 nmw mm
Bnﬁm/ dz sin (—z) sin <—z> = Onm 51

11



for odd n, m, where 9, ,, is the Kronecker delta. Therefore in this limit,

0= b= (52)

1
Qg = E (53)

for n = 0. In the opposite infinite limit of the boundary coupling, it can be easily checked
that g = o, = B, = \/2/L, which means that n and m are simply replaced with n + 1
and m + 1 in Egs. (B0) and (51I), respectively.

We should comment on a case of finite boundary coupling. It is seen from Fig. [ that

for n # 0 and

solutions of the KK equations k, are not represented by nw/L or (n + 1)r/L with an
integer n generally. The deviation from n or n + 1 affects the normalization. We can
generally parametrize the deviations as n+ A,, by finite A,,. In the case, the normalization
conditions are written as

Ot A, Ot A, /_:Zz dz cos (Wz) Ccos (Wz) = OntApmtAn,,  (54)
for even n and m, and

+L/2

Bria, Bmina,, /_L/: dzsin (Wz) sin (WZ’) = Ont Ay mtAos (55)

for odd n and m. They lead to

2
o in((n 2w |’ (56)
\ L |:1 + (n+An)T ]
2
sin((n+An)m)
\ L [1 T (A ]
To summarize, we show the wave function profile of the Higgs in this extradimensional
setup as
(
( \/% 0 mode
\/%cos (222) n:even [\— 0],
\ \/%sin ("T’Tz) n : odd
( 2 (n+An)T > .
ful2) = \/L[1+%] COs ( 2] n:even ) (58)
5 (n4An) [finite Al
() Sm( = WZ) n:odd
\ \/L[l (n+An)m ]
/2 cos ((2222) nieven
. (A — o]
\ \/%sin (@z) n :odd

12
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Figure 5: The wave function profiles of the zero mode Higgs for various A: Input parameters
are (L,1m,v,A) = (207,0,174GeV/+/L,10TeV) in both figures. (a) The vertical axis is
cos(koz). (b) The vertical axis is fy(z).

We repeat that at the large limit of the boundary coupling, the wave function profile of
the zero mode Higgs is not flat but altered by a cosine function.

Numerical calculations are given in Fig. [l These figures show changes of the wave
function profile of zero mode Higgs when A becomes large, which confirm the change of
flat profile for zero mode at small limit of X in left upper figure of Table [ to non-flat one
in corresponding right figure. The point in this feature is that there is parameter space
where the magnitude of |fo(£L/2)| is tiny. The tiny |fo(£L/2)| means that the coupling
among brane localized fields and a Higgs boson is also tiny. Such a small coupling leads to
rich phenomenologies and would be observed at the LHC experiment. The investigations

of these phenomenological implications are main purpose of this paper.

13



2.2.2 Nambu-Goldstone and other fields’ profiles

Before turning to phenomenological discussions, we show the wave function profiles of NG
mode and other fields in the SM. The action for the NG boson is given b

+L/2 Sz —1L/2
Sfreo,x = /d4 / ( D + 82 Vla)X + %X(_az - V[/,C>X

L/2

+ MX(WZ — VO/C)X>

/2 oRY §(z—LJ2) O*V°
_ 4 v 2 _Y¥ 9 _ L
faf,, dz[ﬂ( o= gy ) o Gt )

0 L/2 02V ©

2 0P?
(59)
where we used
ov ¢ 0PV *© PV \°
— =0 — =V —— ) =0. 60
o0 007 ’ <8<I>Raq>1) (60)
Thus the KK equation for the NG boson and BCs are written as
s OV 2
2T ) X () = X2 X 1
(o8- 50 ) 72 = -mera (1)
and
1 821/5
X _
(70~ 353 ) | =0 (62)
The general solution of (G1) becomes
fX(2z) = afcos(kXz) + BYsin(kXz), (63)

where kX = /11> — m?2 as we take the bulk potential as Eq. (II)). The BCs (B2) are also

written down by
AT
e E) (5 ) - (69)

S = sin <kzL) (65)
).

(66)

where

8A detailed derivation is given in Appendix B.

14



It is seen that non-trivial solutions are kX = nw/L. Therefore, the wave function profile of

NG boson is given as

0 mode,

X(z) = Tcos (%2) n:even, (67)

SNENY

L
7 sin ("—L“z) n : odd,
where the normalization conditions are imposed to determine ¥ and Y. We find that
the profile of NG boson is the same as one in the UED even if the brane potentials are
introduced because the NG is a fluctuation in a flat direction along the potential minimum.

We comment on wave function profiles of other fields in the SM such as the gauge
bosons and fermions. If both the gauge bosons and fermions are bulk field, the Neumann
BCs are simply written as F0, f(2)|.—e = 0 because the brane potentials do not affect
these fields, where x distinguishes any field contents such as gauge bosons and fermions.
Therefore, the BCs are essentially same ones as that for the NG mode (64)).

We conclude discussions in this subsection that the presence of the brane potentials
affects only the wave function profiles of the Higgs field because the Higgs VEV is flat, in
our assumption of the vanishing bulk potential. The profiles of other bulk fields such as

the NG and gauge bosons, and fermions, are given by

\/% 0 mode
15(2) \/%cos (”—L”z) n :even (68)
\/%sin (%z) n : odd

2.3 Physical Higgs mass

We show the Higgs boson mass in this extradimensional setup. The Higgs mass is written
from (28] as follows

, +L/2 ) a2vc )
my = dzfo(z) —82 + &F fo(Z) = Ko, (69)
—-L/2 R

under the presence of a generic finite bulk potential. When the bulk potential is vanishing,

the mass becomes
2 _ +L/2d 82 o 2_k2
mi = / 2fo(2)0; fo(z) = g = ky- (70)
—L/2

The scale of the Higgs mass strongly depends on the boundary coupling A because both
wave function profiles of the VEV and Higgs field are sensitive to the magnitude of this
coupling, shown in Figs. Bland Bl The coupling appears through the BCs.

15
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Figure 6: A dependences of the Higgs masses for the zero, first, and second KK modes:
Input parameters are (12, L, A, v) = (0,207, 10TeV, 174GeV /V/L).

We consider the Higgs mass scale in three typical cases of the boundary coupling
magnitude. First, at the vanishing limit of the coupling, the BCs (BI) is rewritten as
F0. fo(#)]:=¢ = 0. These BCs mean that the wave function profile of the Higgs dose not
oscillate in an extradimensional direction. Therefore, it is seen from (B0) that the Higgs
becomes massless at the vanishing limit of the boundary coupling A. Secondly in the large
limit of A, since the solution of the KK equation for the zero mode Ej, shown in Fig. [l

shifts to the point of kg ~ w/L, the Higgs mass is nearly equal to the KK scale defined as

MK (71>

T
T
Thirdly in the case of small A, we can estimate as k3 ~ 4 \v&ym3 /7% It is seen from
Fig. @ that the Higgs mass continuously shift from vanishing A to large one. This feature is

numerically confirmed in Fig.[6l To summarize, in the case of the vanishing bulk potential,

the zero mode Higgs mass does not depend on the VEV and is given as

0 for vanishing A,
my = 4A\vEwm /72 for small \, (72)
m2 for large .

The masses of higher KK mode is easily obtained by
My = ki, (73)

where we note that k, are points of intersection shown in Fig. dl again.
Here we should comment on mode mixings of Higgs. Since this setup includes the brane
potentials for the Higgs field such as §(z F L/2)A(|]®|? — v?)/2, there are generally mode

mixings in the Higgs sector. Therefore, the mass matrix of the Higgs in the basis of higher
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KK mode, (H®, H® H® .. is not diagonal,

pd 0 0 0 fofo 0 fofa O
0 2 0 0 0 fAifi 0 fifs -
My = 0 0 p3 0 + x| fofe O fofs O e | (74)
0 0 Mg o ..

0 fifs 0  f3fs

where f, = f,(£L/2) = \/1/L. It is found that there are generally mode mixings among
KK modes of Higgs field due to non-vanishing off-diagonal elements in the second term
of Eq. (). Furthermore, there survive only off-diagonal elements conserving the KK
parity, that is, in f,, f,, elements for zero and arbitrary positive integers n and m, (n,m) =
(2n+1,2m + 1) and (2n,2m) are allowed but (2n + 1,2m) and vice versa are forbidden.
Since we take the identical boundary potentials on z = +1L/2 branes, mass terms from
boundary potential which is proportional to fa,11(L/2) fom(L/2) + fons1(—L/2) fom(—1L/2)
is cancelled according to its odd parity fo,+1(L/2) = —fonr1(—L/2). While the UED
conserves both the KK number and parityg our model with the same boundary potential
on z = +£L/2 branes conserves the KK number and parity except for the Higgs sector,
and the Higgs sector conserves only the KK parity. That is just a grace of the presence of
reflection symmetry between the Higgs potentials on z = £1/2 branes.

The magnitudes of mode mixing are roughly estimated as O(v/Avgy) for finite A\, where
we used v = 174GeV/VL = vgw/VL. At the large limit of A, f,(+L/2) goes to zero.
Therefore, mode mixings are suppressed in the case. Is is easy to see from Eq. (74)) that
they are also tiny in the case of vanishing limit of A. Exactly speaking, the masses of each
KK Higgs should be defined in the diagonal basis of each KK state. However, the above
discussion for the Higgs mass of the zero mode gives a good approximation because mode

mixings are generally suppressed.

2.4 Higgs self-couplings

In this subsection, we discuss the self-couplings in the Higgs sector of this setup. The 3
and 4-point couplings, and the Higgs decay to the longitudinal mode of the W boson, Wy,

are studied.

9We should note that, if quantum corrections are taken into account on branes in the UED, the KK
number conservation is broken.
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2.4.1 3 and 4-point couplings of Higgs and NG bosons

Let us consider 3 and 4-point couplings among the Higgs and NG bosons. These couplings

are obtained from the boundary potential
+L/2
/d4 / dz0(z F &)V, (75)
L/2

where the brane potentials Ve and the Higgs field ® are defined in (I2) and (27). The

Lagrangian for these couplings are written down as

Y +L/2
Ly, = 2 / d=5(= F €)

! TR+ @R R E e @ (@)
L2

HUS G et @ (@) + (e @) + 5 (o) (26 (@)x (@)
I G Q0 () (@) + VBl folz)0(2))°
WA R FEXE + 2V (D (e @ >so—<x>¢q<a:>]

(76)

- 2—22 [ (@ + ¢+(I)¢_(I)) + Ao (2)*[cadl(2)* + x(2)* + 2¢T (2) ¢~ (2)]

+2vpwead? () [€Ad?(2)? + x(2)* + 2<P+($)<P_(I)]] : (77)

where

ca = \/ T+ sin(Almr) TAgr (Agﬂ) | (78)

We can read effective self-couplings from (77 as

3\ 2\
Aooxx = 72 Mixgto = Aptopto— = 72 (79)
12\ 2\
ANHHHHE = 7027 AHHyx = AHHp+ o §C2A> (80)

for 4-point couplings, x(x)*, x(2)*¢™ ()¢~ (2), (¢*(¥)¢~(2))? ¢!(x)", ¢?(x)*x(x)*, and
¢?(x)*0T (z)o~(z). Note that symmetric factors 1/N! have been taken into account for
interactions X%, where X is the physical Higgs or NG boson. The 3-point couplings for
¢1(x)3, ¢%(x)x(x)?, and ¢?(x)pT (x)p~(z) can also be obtained by

6UEwA 5 20EwWA
Aernn = EZV A M = Aprp- = EZV ca. (81)

In the large limit of X i.e. Ag — 1, the coefficient co becomes a suppression factor which

is approximately proportional to m/(2Av?L). We find that the Aypmm, Ammm, Ay, and
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Figure 7: Dependences of NG self-couplings on the magnitude of boundary coupling. Input
parameters are (1, L, A, v) = (0,207, 10TeV, 174GeV /V/L).
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Figure 8: Dependences of Higgs self-couplings on the magnitude of boundary coupling.
Input parameters are (1, L, A,v) = (0,207, 10TeV, 174GeV/v/L). For references, the 0
mode Higgs mass is given.

A Hp+o- become small for larger value of A because ca — 0 in the limit and these couplings
include higher power of ca than A. On the other hand the couplings Apy, and Ag,+-
remain finite. In the limit of the large boundary coupling, the total potential energy would
be lower when the Higgs profile is expelled from the boundary than when the Higgs stays
at boundary. Therefore, the 3 and 4-point coupling for the physical Higgs are suppressed
while the 4-point couplings for the NG boson are merely proportional to the boundary
coupling. This difference between the Higgs and NG boson is just caused by the presence
of the brane potentials as we mentioned. The large A modifies only the Higgs profile and
the NG profile is not sensitive to the magnitude of A\. These features are confirmed by
numerical calculations given in Figs. [ and 8l The masses of Oth, 1st, and 2nd KK Higgs

are also presented in Figs. [[l and [§ for references. One should read left graduation for each
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Figure 9: Dependence of I'(H — W Wp) on the boundary coupling and mgg. Input
parameters are (1, A,v) = (0,10TeV,174GeV/v/L). For references, the 0 mode Higgs
masses for each mgyx are shown. The horizontal axis is dimensionless coupling in 5-
dimensions, .

Higgs mass, which is given in GeV unit, and right one for the self-couplings of Higgs and
NG bosons in 4-dimensions. The horizontal axis corresponds to dimensionless coupling in
5-dimensions A. Note that 3-point couplings, which is dimensionful, is normalized to be

dimensionless by dividing by vgw.

2.4.2 Higgs decay

Next, we consider decays of Higgs boson. When kinematically accessible and my >
140GeV, the decay of the Higgs into WW dominates over all other decay modes. The
decay process of H — bb dominates in the region of my < 140GeV [14].

Here, we argue the decay process especially for H — W, W. The decay width is given
by

Mipto UEWG 2m2,\ > am2,\?
F(H — WLWL) _ H<P+<p VEW FmH (1 N m2W) (1 . m2W) ) (82)
22 My My
Since A+, is given in (BI]) and ¢, is proportional to 7/(2AvL) at the large limit of A, the
coupling goes to m% - /Tvgw at this limit, where we used mgx = 7/L and v = vgy/ VL.
The decay width of H — W W at the large limit of the boundary coupling can be roughly

estimated as

2

221

where we used my ~ mgr. We find that a peak in the cross section of this process appears

2
D(H — WiWy) ~ ~ 164 ( MKK ) GeV, (83)

500GeV

even if the boundary coupling is large. However, the width is larger than the Higgs mass,

20



Iuw,w, > mp, when mgg is larger than few TeV. This means that the Higgs decays
rapidly even if it can be produced, and thus, it is difficult to find the peak, equivalently to
capture the Higgs as a particle. These features for the cases of mgx = 500GeV and 2TeV
can be numerically checked in Fig. @ We can conclude that a particle description of the

Higgs tends to get worse for larger boundary coupling and KK scale.

2.5 Gauge boson masses

We discuss the masses of Z and W bosons. They are derived from the Higgs kinetic term,

which is given by
+L/2
Skin = /d4x/ dz| Dy ®|?, (84)
—L/2

where we take the gauge fields as bulk ones and define the covariant derivative as

DM = 8M+ZQ5W17/[TG+ZQ§BMY

- g ( WH Wh—iW4\ g By 0
_0M+22(W1\14+iA§w W S0 By ) )

The g5 and gf are the gauge couplings in five dimensions. We have also taken the hyper

charge as Y® = (1/2)®. The wave functions of gauge bosons are defined by

_ 95sWi — 95Bu _ 9sWi + 9iBu Wi FiW
VG5 + g5° V95 + g5° V2

For estimation of the Z boson mass, we show the profile of Z in the extra dimensional

(86)

direction. We take the KK expansion of Z boson as

Z,= Y A7), (57)
n=0
The KK equation and BCs are given as
v3(z
2= S )| 720 = s (59)
F0.£;/(2) =0, (89)

where we have taken the Neumann type boundary conditions. Since v(z) is defined as
v(z) = ®°(2), we consider the equation of motion for ®(z) with BCs given in (@) and (I0).
We obtain the mass of Z boson from (8g]) as

+L/2 2
wy = [ s | - 22 g (90)
—L)2
= ,U2Z,O’ (91)
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where we normalize the wave-function profile of the extra dimensional direction for Z boson
field as

L/2
| a2 = b 92
~L/2
The gauge coupling constants in five dimensions are related to the ones in four dimensions
and the size of the extra dimension L as
g5 = 94\/37 (93)
% = gL (94)

Therefore, the mass of Z boson is rewritten as

2 e z v4(2) 5 s 2| ¢z
mg = [ i) | SR L -2 g %)
with gauge couplings in four dimensions. Here a flat profile of v(z) and zero mode of
the Z boson, fZ(z), are required in order that the Z boson mass can be reproduced in
four dimensional SM where the mass is given as m% = (g7 + ¢g}")viw/2 with vgw =~
174GeV. When the VEV profile v(z) is enough flat, it is well approximated as v(z) =~
v where we have taken as v = 174GeV/v/L. Furthermore, when the profile fZ(z) is
sufficiently flat, the magnitude of contribution to Z boson mass from fZ(2)0%fZ(z) is
negligibly small. Such situation of flat VEV profile is easily realized by taking a small bulk
mass as discussed above. The reflection symmetry for the boundary potentials is important
for these discussions. If the reflection symmetry is broken, the VEV profile is not generally
flat, and thus, it is difficult to reproduce the gauge boson masses. Actually, the Z boson
mass in Eq. ([@5) cannot reproduce the experimental value my; = 91.1876 £ 0.0021GeV
[15], when m is larger than 2.65 x 1072GeV and (mgg, A, A\, v) = (500GeV,10TeV, 3 x
105,174GeV /L) are taken.

The W boson mass is similarly obtained to the case of Z boson one. The KK equation

for the W boson with the BCs are given as

2= T 1) = it o). (96)
F0:f, (2) = 0. (97)

The similar discussions give the mass of W boson as

2 _ e w v (z) , 2| W
My = dzfy (2) 5 gL — 07| fy (2). (98)
—L/2
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[Conserved Reflection Symmetry] [Broken Reflection Symmetry]

| | BLF | BF | UED | | | BLF | BF | UED |
Gauge |N,P|N,P| N, P Gauge N N | NP
Higgs P P N, P Higgs X x | N, P
Fermion X N,P| N, P Fermion X N | N,P

Table 2: The KK number and parity conservations: N and P means the presence of KK
number and parity conservations, respectively.

As the results, the masses of gauge bosons at the limit of flat VEV profile are obtained

2

n

my. = my+ 2 (99)
2 2 n’

mW(n) = My + ﬁ (100)

The wave function profiles are represented by (GS).

2.6 KK number and parity

We comment on the KK number and parity. It is known that the UED model has con-
servations of KK number and parity, which weaken constraints on the KK scale from EW
precision measurements. In our setup with boundary Higgs potential, discussions for the
conservations are modified. As we have mentioned in the considerations for the Higgs mass,
the boundary potentials cause the mode mixing in the Higgs sector generally, and thus, the
KK number conservation is completely broken in the Higgs sector. However, when we take
the identical boundary potentials for both z = +L/2 branes, there is a reflection symme-
try between the branes. This reflection symmetry guarantees the conservation of the KK
parity in the gauge and Higgs sectors. The reflection symmetry breaking causes the KK
parity violation in both sectors because a difference between the brane potentials generally
gives non-flat VEV profile which does not guarantee the parity in the gauge sector. Since
the gauge fields are bulk ones throughout this paper, the KK number is always conserved
in the gauge sector.

It is important for investigations of phenomenological implications of this setup whether
the KK number and parity are conserved in the fermion sector or not. For these studies,
we consider two kinds of scenario in the following sections. The first one is a case of Brane-
Localized Fermion (BLF) scenario, and the other is Bulk Fermion (BF) one. Both KK
number and parity in the fermion sector are broken in the BLF scenario, while both are
conserved in the BF case. We will show KK number and parity conservations in gauge,

Higgs, and fermion sectors in each model. We show the results in Table
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3 Scenario I: Brane-Localized Fermion (BLF)

We discuss phenomenological implications of the presence of brane potentials in the Brane-
Localized Fermion (BLF) scenario where the gauge bosons are spreaded in the bulk and all
the SM fermions are localized on brane. Especially, the deviation of the coupling between
the top quark and Higgs boson from the naive standard-model expectation, the Higgs

production at the LHC, and EW constraints are considered.

3.1 Top Yukawa deviation

The top Yukawa deviation generally occurs in the minimal supersymmetric standard model
because there are two Higgs doublets. On the other hand, there is no such deviation in the
UED model which contains only one Higgs doublet. We show that the top deviation can
occur though there exists only one Higgs doublet in the BLF scenario.

The brane potentials with large boundary coupling may affect the Higgs couplings as we
discussed in the previous section. Especially, it is expected that the effect on the Yukawa
coupling of top quark with the Higgs is significant and we consider its deviation from the
top Yukawa coupling in the four dimensional standard model.

In the BLF scenario, the Yukawa interaction for the top quark and the Higgs boson are

written as

)
V2

} t(z)t(z) + h.c., (102)

L, - /_ " - L/2us [v(z) + fo(2)

L)2
¢?(z)
V2

where we take an even mode of the VEV proﬁle The mass of the top quark is defined as

} t(x)t(z) + h.c. (101)

—_ {vw/z) T h(L2)

my = yt’5’U(L/2). (103)
If the profile of the VEV is enough flat, v(L/2) ~ v = 174GeV/v/L. Therefore, the
effective top Yukawa coupling in four dimensions y,; is defined by

my Yt,5
~y

MWL VL

On the other hand, the coupling between the top quark and Higgs boson in four dimensions

(104)

is given as follow,

Yo = Yesfo(L/2). (105)

10 Tnstead we can put fermions on both branes with exactly the equal brane-localized Lagrangians to
each other. In that case, it would correspond to further halving the fundamental region to 0 <y < L/2,
with appropriate redefinition of the effective Yukawa coupling by factor 2.
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Figure 10: \ dependences of  and rywpg: Input parameters are (m, mgk) = (0,4TeV).
rwwg 1S defined in the next subsection.

Here we define the following ratio,

YttH
r= 2=, 106
Yt ( )

This ratio corresponds to the deviation of the coupling between the top quark and Higgs bo-

son from the top Yukawa coupling in the four dimensional SM. The ratio can be calculated

from (I04]) and (03] as
r e fo(L/2VE = fo(L/2VIA = fo(L/2)VL. (107)

Numerical calculation of this deviation is shown Fig. [0 In the figure, r = 1 means
that there is no top deviation and r = 0.7 corresponds to 30% of deviation. It is seen
that 50% of deviation can be realized at A ~ 5 x 10° and more larger A leads to almost
vanishing coupling between the top quark and Higgs boson, » < 1. It would be achievable
to find such large deviation at the LHC. We take the KK scale as 4 TeV in the analysis.
The magnitude of the deviation, equivalently the value of |fy(L/2)], is sensitive to only
the size of the boundary coupling A (see the discussions in Sec.2.2.1). The ref.[I6] gives
a summary of extracting Higgs boson coupling from LHC data. Since various electroweak
measurements constraint on the scale to be of order a few TeV [4]-[8], our predictions for
the deviation of the coupling are very interesting ones which should be searched at the
LHC.

We comment on a theoretical constraint from the Naive Dimensional Analysis (NDA)
in higher dimensions [I7, [I8]. According to the discussion of NDA, the coefficients of
brane-localized terms are determined by requiring that all loop expansion parameters are

of order one in four dimensional KK computation. That is applied to the coupling 5\,
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which mainly determines the magnitude of the 4-point coupling of NG boson. The NDA

discussion constraints the four points coupling as

Sr2[2
3 )

A< (108)
where we referred to (7). When we take L = 57/2 and A = 10 TeV, whose values are
based on the numerical analyses given in Fig. and which lead to mgx = 4TeV. By
using these values, the NDA constraint gives A< 1.6 x 103, Therefore, if we respect with
the NDA discussions, the top deviation is tiny. It is easy to understand that as follows.

The BCs for the zero mode Higgs are given by

koL koL
ko sin (OT) + 4% cos (07) = 0. (109)

At the small limit of A, the value of ky is almost determined by the first term of (I09).
It leads to kg ~ 0, which corresponds to a flat profile of Higgs typically shown in left
upper figure of Table [I, and thus, there is no top deviation. On the other hand, a solution
ko ~ m/L is driven only by the second term of (I09]) at the large limit of A. This solution
make the profile as a right upper figure of Table [I, and the top deviation is significant.
Therefore, the condition that there is a sizable top deviation is typically given by

Tt (110)

where we compare the magnitude of coefficient of the first term in (I09) with one of the
second term, and substitute kg ~ w/L after solving the equation at the large limit of \.
We can rewrite the condition (II0) as

1 KK 2 5\
1< — — 111
<13 (va) <55 (111)

where we used mgg = 7/L and v = vgw/V/L. It is easily seen that the condition (II0) for
a top deviation cannot be consistent with the constraint from the NDA discussion (I0S).
In the region of sizable top deviation, the 4-point coupling of the NG boson, which
corresponds to that of the longitudinal gauge boson, becomes large as shown in (7). Since
the large coupling is required for realization of top deviation, it seems that the perturbative
unitarity does not work. However, a unitarity in a non-perturbative dynamics may be
achieved because the EW symmetry breaking is caused by the usual Higgs mechanism.
The BLF scenario shares the feature of strongly interacting model. An analysis of elastic
scattering of the longitudinal mode through the vector-fusion and QQ processes at the

LHC has been discussed in a model of minimal strongly interacting EW symmetry breaking

sector [19].
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Figure 11: Dominant process of Higgs production at the LHC

3.2 Higgs production at LHC

Next, we consider the Higgs production at the LHC experiment. The SM predicts that
the gluon fusion through a one-loop diagram, which is the triangle heavy quark loop in
Fig. [l (a), is the dominant process for the Higgs production when my < 600 GeV, /s =
14 TeV and m; ~ 175 GeV and that the WW fusion is a subdominant process [14]. The

gluon fusion cross section is 10 times larger than the W W fusion one when my < 600 GeV.

Since the coupling between top quark and physical Higgs boson is suppressed for large A
(see Fig.[I0), the processes for the Higgs production must be reconsidered in the case. The
Higgs production cross section through the gluon fusion is determined by the magnitude
of |yzr|?. The SM takes this coupling between the top quark and Higgs as the top Yukawa
coupling ¥, that is, » = 1. However, the BLF scenario induces deviations of r from unity.
This means that the cross section for the Higgs production though the gluon fusion are
suppressed by 72 in the case of large A. On the other hand, the cross section for the
production through the WW fusion also changes because the coupling between the W and

Higgs bosons is modified. The interaction is written by

emy 1 [tL2 N )
~Lwwn = gy [ ERERT O @I @W )  he.

(112)

where 0y is the Weinberg angle. When we write the ratio of the WW H coupling in the
five dimensional model to the one in four dimensional SM as ryw g, the ratio is given by

+L/2

~L/2
where we have approximated that the extra dimensional profile of the Higgs VEV is flat and
that, as a consequence, the zero mode profile of the W boson is also flat fV* (z) = 1/v/L.
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The cross section for the Higgs production through the WW fusion in the BLF scenario
is suppressed by 7%, from the one in the SM. The numerical evaluation of the ratio is
given in Fig. [0l The magnitude of this ratio is ~ 1 at a small 5\, and ~ 0.92 at a large
boundary coupling.

Let us summarize the above discussions for the Higgs production at the LHC. For \ of
order one, the ratios of the production cross section through the gluon and WW fusions

to the corresponding ones in the SM are given by

o 0-579 2
= T _ 20 114
o= Beora, (114
re, o= W g2 (115)
ow

respectively, where o5, and o, (with * = g, W) are the cross sections in five dimensions
and SM, respectively. In this case, the discussions for the Higgs production at the LHC
are the same as in the SM. On the other hand, these ratios in the case of a large boundary

coupling, say A =3 x 109, are estimated as

o -2 T 2
g = 10 (0.1) ’ (16)
TwHH 2
2 = 0. . 11
i = 085 0.92 ) (117)

In the case, magnitudes of cross section for the Higgs production through the gluon and
WW fusion become 1% and 85% of the SM prediction. Furthermore, the dominant process
of the production is not the gluon fusion but the W W one. This is also important prediction

of this setup in addition to the top deviation discussed in the previous subsection.

3.2.1 Higher KK Higgs production

Finally, let us consider higher KK Higgs production. In the above discussions, both the
Higgs boson H® and the top quark ¢, circulating the triangle loop, have been zero mode.
However, it is generally possible to consider a higher KK Higgs boson and heavy KK quarks
in this process. In this case, generically the coupling Q™ Q™ — H® is employed at final
3-point vertex. These processes are KK-number and parity violating ones but they are
possible in the BLF scenario. They would be important processes for future higher KK
Higgs searches. The higher KK Higgs productions through KK quark loops in the BLF
scenario with a large ) is suppressed by the same reason as that for the lowest mode Higgs
production discussed above. In the case of the production through the WW fusion, only

the following processes are possible since the KK parity is always conserved:

W(2n)W(2m) — ]’_[(2(14'1))7 (118)
DN ACEe N S (C AR (119)
WenDp@mtl) o prei+D) (120)
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Figure 12: Associated KK Higgs production in the BLF scenario with KK parity, where
e~ et® 70 and HY are the SM electron, positron, n and [ modes of Z and Higgs
bosons, respectively, with [,m,n =10,1,2,---.

NCHO

Figure 13: Associated KK Higgs production in the BLF scenario without reflection sym-
metry.

These discussions are summarized in Table [

Higher KK Higgs can be also produced through an associated production process at a
linear collider such as the International Linear Collider (ILC). In the BLF scenario with
conserved KK parity, since the KK number is violated in the fermion sector, the internal
Z boson can be higher KK mode, Z™  shown in Fig. I2 On the other hand, the KK
parity is conserved in both gauge and Higgs sectors. Therefore, the following processes are

allowed for the higher KK Higgs productions,

Z0m g ) z@me) i) (121)
Zent) Ly Z@m) eI - Z@emtl) ) (122)

shown in Fig. [[2l If the reflection symmetry is broken in the BLF scenario, only the KK

number of the gauge sector is conserved. All internal and final states are possible,
Zm — zm O (123)

as given in Fig. Since the KK number is conserved in the UED, the internal Z
boson must be the zero mode Z(© and final states (Z™), H®) are limited to be equal

(™) H(™)). This could be checked at a future linear collider experiment.
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3.3 Constraints from electroweak precision measurements

Next, let us consider constraints from EW precision measurements on the BLF scenario.
The various EW measurements constrain the KK scale to be of order a few TeV [4]-[8]. It
is well known that a severe constraint on the scale in extra-dimensional model comes from
the Fermi constant measured in the muon decay

TQ

(ph)2

GSM o
e h)2 m ’
V2 (1 %) (1—Ar)

(124)

where «, Ar, mg}h), and m(th)

are the fine structure constant, the SM radiative corrections,
the measured masses of W and Z bosons, respectively. After compactification, integrating
the W boson and its KK states over extra-dimensional direction in this setup, the effective
Fermi constant is affected as

o0 (ph)

Gr =Gy [ Z QL

=1

(125)

where we identify G with the experimentally measured value of the Fermi constant, Gp =
1.166367(5) x 107°GeV 2 [20]-[23]. The experimental data puts a lower bound on the KK
scale mkk > 1.6 TeV. In addition to the discussion of the experimental bound from Fermi
constant, some constraints from atomic parity violating experiments, leptonic width of the
Z boson, and p parameter have been given in [4]-[8]. To conclude, the KK scale should be
higher than a few TeV.

It is well known that there is an useful parametrization to discuss constraints on a new
physics such as the extra-dimensional model, which are S, T', and U parameters [24] 25].

S and T parameters are defined as

aS = 4e? [I1357'(0) — II5857(0)] (126)
2
€ new new

ol = 7s2c2m2z [I17™(0) — TI35™(0)], (127)

where ¢, s, and e are defined by

g4

c = cosby = ——, (128)
Vi + 9
/
s = sinfy = 974’ (129)
Vi + g5
/
e = (130)
V 91+ 95
Here ITxy (¢?) is the vacuum polarizations defined as
i T () + (@' terms) = [ d'e (2@ K 0), (131)

30



H H
Ve >~ Ve >~
/ > / >
\ J \ J
AN / N /
AVAVAVAVAVAVAVAVAVAY: NNANNNNTNNN
w w A A
(e) (f)
H H
Ve ~ Ve ~
/ > / >
W’\/\/\/ . /V\/\/\/W Z’\/\/\/\\ /V\/\/\/Z
X X

Figure 14: Contributions to the 71" parameter from one-loop diagrams, with the Higgs
propagating in internal lines.

and we define Ty (¢%) to be equal to dllxy /dg? only at ¢* = 0:
xy(¢%) = My (0) + ¢* My (¢°), (132)

where (XY) = (11), (22), (33), (3Q), and (QQ) [24, 25, 26]. The I153(¢*) means the
contribution of the new Higgs sector particles to Ilxy (q2). The II;; and Il33 are represented

by the 1PI self energies of the W, Z, photon and photon-Z mixing as follows

3

S

Hll = EHWWU (133)
83

II33 = ? [02HZZ + 2scllzq + 82HAA} . (134)

Evaluations of these parameter is the most powerful method to consider whether or not
a new physics is allowed by various electroweak precision measurements. Since the Higgs
sector is generalized from the usual UED model in our setup, it should be carefully done
to calculate diagrams including the Higgs loop shown in Fig. [[4l However, there still exist
tree level contributions to four Fermi interaction in the BLF scenario, shown in Fig. [l (a).
In Fig. 5 (a), solid lines correspond to external currents and internal lines to gauge boson.
0 and n stand for the KK number. The KK number of the external currents should be

0 because they are the standard model fermions. Such external currents can couple with
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Figure 15: Characteristic interactions in the BLF scenario: 0 and n stand for the KK
number.

the higher KK mode in the case of the extradimensional model without the KK number
conservation such as our BLF scenario. These tree level couplings among 0 and higher KK
modes give severer constraints on the BLF scenario than the ones from one loop diagrams
including Higgs. They give lower bound on the KK scale of the order of a few TeV [4]-[]].
Therefore, we do not need to give tedious computations for S and T" parameters in the BLF
scenario. However, these constraints are modified in the BF scenario which has the KK
parity conservation. Actual estimations of S and I" parameter in the case will be presented
in the next section.

There are also characteristic interactions in the BLF scenario shown in Fig. I3l (b). An
internal line is the Higgs. Since the conservation of KK number is violated in the fermion
sector, the Higgs can also propagates on internal line. However, there is no such contribu-
tion to the muon decay processes because lepton flavor is conserved in our model and hence
a flavor diagonal basis can always be taken without the loss of generality. Therefore, the
diagram does not modify the constraints from the muon decay constant. Also the Flavor
Changing Neutral Current (FCNC) process of Fig. [[T (b) does not occur, by taking the

flavor diagonal basis.

3.4 Summary of BLF scenario

We have discussed the BLF scenario, where all standard model fermions are localized at a
brane. The top Yukawa deviation have been quantitatively estimated, as the phenomeno-
logical results of the presence of brane potentials. We have pointed out that the deviation
can be drastic in the case of a large boundary coupling. We showed that the 50% of
deviation can be realized with large coupling and more larger one leads to an enormous
deviation. The discussions for the Higgs production at the LHC have also been presented.
A large boundary coupling suppresses cross sections of the production through the gluon
and WW fusions to 1% and 85% of the SM prediction. Therefore, the W fusion becomes
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dominant process for the Higgs productions at the LHC. These predictions are consistent

with the data of EW precision measurements and would be achievable to discover at the
LHC.

4 Scenario II: Bulk Fermion (BF)

In this section, we investigate phenomenological implications of the presence of brane poten-
tials to the BF scenario where all the SM fermions reside in the bulk and give consideration

for the top Yukawa deviation and the Higgs production at the LHC experiment.

4.1 Top Yukawa deviation

As a comparison with the BLF scenario, we also study the top Yukawa deviation in the
BF scenario where all the SM fermions spread over the bulk. The interactions among the

top quark and Higgs boson in the BF scenario are given by

_ Y5 e M t(x. 2)t(x, 2
— L, = i /_m dz [v(z)ﬂLfo(z) 7 }t( )z, 2). (135)

The KK expansion is given by
t(r,2) =Y fi(2)ta(2), (136)
n=0
where f!(z) is normalized as

+L/2
/_ A2 f8(2) f1(2) = B (137)

L/2

We take ff(z) to be real so that complex phases reside in t,(z). Since the VEV v(2) must
be approximately flat in order not to have too large deviation of the p parameter, we take
the bulk Higgs mass to be zero, see Section 2.5 for detailed discussion. Then all the SM
fermions have a flat zero-mode profile in the extra-dimension, that is, fi(z) in (I36) is a
constant. Therefore, the normalization (I37) gives f¢ = 1/v/L, and hence the final four

dimensional coupling becomes

L/2 q
Yi.5 ¢ () y
— L= — d t t . 1
ﬁt my + 7 /;L/2 Zfo(Z) \/5 ] O(SL’) O(SL’) ( 38)
Finally, the ratio r defined in the section 3.1 is calculated in the BF scenario as follows
_ 1 +L/2
p= 2 dy fol2). (139)



We note that this ratio is just the same as that of the WW H coupling in five dimensions
to the one in four dimensions. It is because all the SM fermion in the BF scenario are
similarly spreaded over the bulk as the gauge bosons in the BLF scenario. Therefore, we
can discuss the magnitude of the top deviation in the BF scenario by using a numerical
plot given in Fig. [ quantitatively. According to the numerical analyses, we can predict in
the BF scenario that the top deviation becomes 8% in the large boundary coupling limit
but it is tiny when the boundary coupling is of order one. The deviation is smaller than

the one in the BLF scenario.

4.2 Higgs production at LHC

Let us consider the Higgs production at the LHC in the BF scenario. The dominant process
for the Higgs production at the LHC is the one through the gluon fusion. However, a large
boundary coupling suppresses the cross sections through the gluon and WW fusions to
1% and 85% from the SM prediction in the BLF scenario, respectively. Therefore, the
dominant process become the W W fusion.

As is pointed out above, the coupling between the top quark and Higgs boson can
slightly deviate from the top Yukawa coupling. The magnitudes of the deviation are roughly
estimated as r ~ 0.92 for the large boundary coupling in the BF scenario. The ratio of the
gluon-fusion cross section to the one predicted in the SM is proportional to 72 as discussed
above. The ratio for the WW fusion process is also proportional to r? because the ratio
to the SM prediction in (II3) is just one for the top Yukawa coupling given in (I39). To

summarize,

r? = g, =r?= for A= 0(1), (140)

2 ~
P = % =12 =085 (L> for A=3x107°. (141)

Therefore, the cross sections for the Higgs production with a large boundary coupling
are suppressed to be 85% of the SM prediction in the BF scenario. Furthermore, other
possible processes for the production such as q¢ — HW, gg,qq — Hitt, and q@ — HZ
are also suppressed simultaneously. It is seen that the dominant process is still the one
through the gluon fusion. In the BLF scenario, the decay width also become large, the
Higgs will decay rapidly when mgy is larger than a few TeV.

4.2.1 Conserved KK parity

Let us consider higher KK Higgs productions through the gluon and W fusions. It is
possible to consider higher KK productions through the processes like in the BLF scenario.

Since the KK number conservation is violated only in the Higgs sector while the KK parity
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is conserved in all sectors, a higher KK Higgs can be produced through the gluon fusion as

QEIQE™  _,  pe+D) (142)
QEIQEmHD g+ (143)
QETHOEm) g+ (144)
QEAEHOEmAY 20+, (145)
On the other hand, processes
W(2n)w(2m) — H(2(l+1))7 (146)
W(2n)w(2m+1) SN H(2l+1)’ (147)
W(2n+1)w(2m+1) — H(2(l+1)) (148)

are possible ones through the W fusion. In the UED model, a Higher KK Higgs can be

produced through the gluon fusion processes as

QEMQEm—I-1) . p+1) (149)
QM-I+ R (150)
QT QEn=)  _y  p+) (151)
QR G=D-1)  _y  pr+D) (152)
and W fusion processes as
WeIpyCn=l=1)  _y pea+D) (153)
W ey @ty ey (154)
WDy =ty i) (155)
W et (2-0-1) ) (156)

because the both the KK parity and KK number are conserved in all sectors. We summarize
the above consideration in Table [l
Finally, we comment on higher KK Higgs productions at a linear collider. In the BF

scenario with conserved KK parity, processes of
Z(O) — Z(2m+1)H(2l+l), Z(2m)H(2l), (157)

are allowed because the KK parity is conserved in all sectors and the KK number is violated

only in the Higgs sector shown in Fig.
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Figure 16: Associated KK Higgs production in the BF scenario with conserved KK parity.
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Figure 17: Associated KK Higgs production in the BF scenario without KK parity.

4.2.2 Broken KK parity

The reflection symmetry breaking in the BF scenario leads to the KK parity breaking in

the gauge and Higgs sector. Therefore, the following productions are possible
7O — Zzm g (158)

as given in Fig. [[7 These are the differences of BF scenario with the UED model. These
higher KK Higgs productions could be searched in a future linear collider experiment. The

discussions are summarized in Table @l

4.3 Constraints from electroweak precision measurements

Let us consider constraints on this setup in the BF scenario from electroweak precision
measurements. The radiative corrections to electroweak interaction observables can be
summarized into three parameters S, 7', and U [24] 25]. Since the Higgs sector in this
setup is generalized from the usual UED model, we especially consider contributions to the
S and T parameters from the Higgs sector.

First, we estimate the 7" parameter defined in (I27)) at one-loop level. As commented
in the previous section, the Higgs sector is generalized from the UED model in this setup,
and the calculation of diagrams including the Higgs loop shown in Fig. [I4] should be
reconsidered. The calculation of T parameter in this setup can be divided into two parts

systematically
T ~Tsm + Tgr, (159)

where the first and second terms are contributions from the SM and the BF scenario in this

five dimensional setup. We also have another contribution to the parameter, which comes
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from effects of KK mode mixing. Since these mode mixings must occur at least twice in
internal lines of the Higgs field to conserve the KK parity in this setup, effects of mixings
on physical quantities are tiny enough to be neglected. In this sense, the estimation of T’
parameter (I59) is a good approximation.

The first term in (I59), the SM contribution, is given by

1 [3m? s m? s m3 5
— 2 o (1 2 ) log | - log —2 _ 2 1
167 {m%v i ( 3c2) 2| "o P52 7)) (160

where the first and second terms in (I60) are the dominant top quark contribution and

TSM ~

the one from the Higgs sector, respectively [27, 28]. We should note that the Higgs mass
appearing in the right hand side of ([I60) is determined by k¢ in (70) which is different from

the SM. The characteristic contribution from the BF scenario is given in

1 [/ m? m? $2 5 o~ Mg — nmgk
Top ~ — | —& ¢ ) § el 161
BE = urn <m%,v) (m%(K) ) Amc? 12 ( NMKK ) ’ (161)

n=1

where mgx = 1/R and mym) is the mass of nth mode Higgs given by k,, in this setup.
The first and second terms correspond to contributions from KK top quark and KK Higgs,
respectively. Since the Higgs sector in the BF scenario is modified from the usual UED
model, the contributions from the sector is somewhat different from calculations for the
UED [9, [10].

In the UED model, contribution from the Higgs sector is proportional to (m g uyep/nmxk)?,
where mpy ygp denotes the bulk Higgs mass in the UED. This effect in the UED model is
from the universal shift of all the KK masses by the amount of the bulk mass. On the other
hand, the effects is replaced by (myw — nmkk)? in the BF scenario. These contributions
become smaller for higher KK mode. Furthermore, the second term in ([I&]]) is negligibly
small in a numerical estimation.

In the limit of vanishing boundary coupling, the Higgs and its KK masses become
mpym — nmgg. Lherefore, the contribution from the Higgs sector vanishes. In the
opposite limit of the large boundary coupling, the Higgs KK masses are nearly equal to
(n + 1)mkxk. In this limit, the second term is estimated as —(5s?/487c?)((2) ~ —0.016

which is negligibly small. To summarize, the T" parameter in the BF scenario is given by

1 [3m? s m? s m3 5
SR LT S I PN 3 (log 2
167 [m%}v * ( 302) Bu2 | T 16me P\ % me, T 6

1 [ m? m?

— | — 2). 162
e () () <@ 162

Next, let us consider the S parameter defined in (I26]). The estimation of the parameter

is also given by dividing into two parts,
S =~ Ssm + Spr. (163)
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Figure 18: S and T plot in this scenario: The ellipse is allowed region by all elec-
troweak precision measurements at 90% CL with mi' = 117 GeV [15]. The four dots,
(my[GeV], mgx[GeV]) = (100, 600), (100,10%), (600,600), and (10*,10%), represent typi-
cal predictions in the BF scenario.

The SM contribution is as follows,

3 2 2
Ssm —ilogﬂjts—log 1, (164)
2 my 61 my

The contribution to S parameter from higher KK mode in the BF scenario is given by

s2 [ m? 2 SN (e — nmgk \
Spr~ — [ —L ) ¢(2) — l . 165
P 6 (m%(K) ¢2) 24w ; ( nmMKK ) (165)

To summarize, we obtain the S parameter in this scenario as

2 2 2 2
Sz—gilogﬂjts—log@%—s—(mt )g(2), (166)

where we have neglected the second term in (IGH) because its value becomes |(s%/247)((2)] =~
4.9 x 1073, at maximum. The (S,T) plot is presented in Fig. in range of 500 GeV <
mik (= 1/R) < 10 TeV and 100 GeV < mpy < mgxk.

The above calculations of BF scenario are similar to that of the UED model, where
divergences cancels out in each KK level [9]. Let us see it more in detail. Each diagram

including Higgs loop shown in Fig. [[4] leads to a divergence. However, it can be shown
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Figure 19: The S and T parameters are calculated based on diagram (a). (b) The BF
scenario allow a contribution such a diagram from 2-loop level which is forbidden in the
usual UED model. However contributions are highly suppressed.

that each divergence from Fig. 4] (c) and (d) are cancelled in the calculation of the T
parameter. Furthermore, contributions to the parameter from diagrams in Fig. [[4] (e) and
(f) lead to divergence depending only on the gauge boson masses but independent of the
Higgs mass, which are cancelled between these two diagrams.

There are also divergences depending only on the gauge boson masses from Fig. [[4] (a)
and (b). In the SM and UED, these divergences are cancelled among all diagrams includ-
ing the gauge and NG boson loops, after summing up all of them. However, since the
wave function profile of the Higgs is modified in the BF scenario, the additional factor is

multiplied to three point couplings in Fig. [I4] (a), (b), (d), and (f), which are

2 sin(re) \ /+L/2 . (N . (l+e
1 - 1
En Z < + 77r(l El)) o dz sin ( 7TZ) sin 7 Tz |, (167)

for odd modes of the Higgs, gauge and NG bosons, and

2 sin(me) \ 7' /+L/2 n [+ ¢
— 14+ —-= d — 168
Z 7 ( + w0+ 61)) i 2 Cos (sz) cos | ——mz |, (168)

n,l

for even modes, where 0 < ¢ < 1 determines the deviation of each KK mode of the BF
scenario from that of the UED with vanishing bulk mass. The n stands for the KK number
of gauge and NG boson, circulating in the loops in Fig.[I4] (a), (b), (d), and (f), while [ is
the one for the Higgs.

We note that, in the KK expansion, the eigenfunction for each KK Higgs is different
from the one for the gauge and NG bosons. In other words, the gauge/NG and Higgs
are expanded by different complete set of eigenfunctions. Actually, in the limit of large
boundary coupling, the profile of n-mode KK Higgs is given by £, sin((n+1)7z/L) for odd
n and oy, cos((n + 1)mz/L) for even n. Therefore, a complete KK summation can be done

by summing over n for the gauge/NG boson and [ for the Higgs separately.
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Let us see the ¢, — 0 limit. The magnitude of ¢ is correlated with the boundary
coupling. The A — 0 limit, which is equivalent to the UED with vanishing bulk mass,
leads to ¢ — 0. We find that both the additional couplings in (I67) and (I68) can be

expanded as

2 sin(re) \ 7' /+L/2 . (n . (l+e
E S L d i
I ( 7T(l El)) L Z Sln <L7T,Z> S11 I w4

~ 143 Fy(n,)O(e]) + -+, (169)

2 sin(me) \ 7' /JFL/2 n l+¢
E 2 222 d -
l 7 ( +7T(l—|—€1)) s Z COS (LTFZ) Ccos 7 Tz

~ 14> F(n,)O()+ -+, (170)

where F,(n,l) and F,(n,l) are functions of n and [. Therefore, we find that these additional
couplings become 1 at the leading order. In other words, the divergences cancels at the
sub-leading O(¢;) too. That is, all the divergences from Fig. [[4] (a), (b), (d), and (f) are
cancelled among loop diagrams from the gauge and NG bosons at O(¢;).

We give a brief comment on the KK parity which is related to our calculation of the EW
constraints. In the calculations of S and T parameters, we considered radiative corrections
from 1-loop diagrams, which are conceptually shown in Fig. [[9] where 0 and n denote
the KK numbers of propagating particles. As mentioned above, the gauge bosons that
couple to external currents are zero mode at the 1-loop level, since the KK parity is always
conserved on each vertex in the BF scenario. The situation is illustrated in Fig. 9 (a).

Moreover, effects from longitudinal mode of gauge bosons are negligibly small. The
reason is as follows. When the 1-loop corrected gauge boson propagator couples to the
external fermion current in Fig. [[9, the momentum of the gauge fields is replaced by the
fermion mass of the current, which is typically the electron mass, due to the Dirac equation.
Therefore, contributions from longitudinal mode of gauge bosons to the amplitude of the
diagram in Fig. [T (a) is suppressed by the factor (m./mw)?, where m, is the electron
mass. They are negligibly small.

If we consider corrections up to 2-loop level in the BF scenario, there are extra contri-
butions forbidden in the UED. They are shown in Fig. [ (b). In the figure, the black dot
represents mode mixing of the Higgs. However, it is seen that effects from such a diagram

are highly suppressed.
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5 Dark matter

We comment on a dark matter candidate in the BLF and BF scenarios. In the UED model,
since the KK parity is always conserved, the Lightest KK Particle (LKP) can be candidate
for the dark matter. Especially, discussions for the KK photon as a candidate for the dark
matter have been presented in many literatures, see [30] for an excellent review.

In the BLF scenario, the KK number and parity conservations are always broken in the
fermion sector, and the LKP can decay to zero modes, which are the SM particles, through
KK number and parity violating processes. Therefore, when we explain the dark matter in
this scenario we need additional parity for the fermion sector or prepare other dark matter
candidates.

In the BF scenario with conserving reflection symmetry, the KK parity is conserved
in all sectors, and the LKP whose KK parity is odd (n = 1) is stable, which can be a
candidate for dark matter. At tree level, all of the SM fields appear with towers of KK
states with masses of

2
M) = % +mio, (171)

where X is the n-th KK excitation of the corresponding SM field X(®. Corrections to
KK masses are generated by loop diagrams traversing around the extra dimension and

brane localized kinetic terms. These contributions at 1-loop level are given by [31]

12 2
9 B gy 39((3) n
Mye) = Tgripe (‘7? — g mAR), (172)
2
2 _ ga 5((3) 2
5mW(n) = 162R2 <_§ ) + 15n*InAR |, (173)

for U(1) and SU(2) gauge bosons, respectively. After the KK modes of the W and Z
bosons acquire masses by eating the fifth components of the gauge fields and Higgs KK
modes (in a certain gauge), four scalar states remain at each KK level. The mass of the

neutral Higgs is written as
My = i+ 0, (174)

where the radiative and boundary term corrections are given by

23,2
2m° Mgy

2
2 ., n 5 . 3 9
5mH(n) ~ m (394 + 594 — 2>\H) ll’lAR+
Here Ay is the Higgs quartic coupling and the second term in (I75]) comes from the bound-
ary mass term for the Higgs mode.

We note that there is no correction term like m?; in (I74)), where mpy means the usual

SM Higgs mass. Corresponding effects from m?% are included into p2. In the case of the
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| | BLF | BF | UED |
‘ Dark matter candidate H X ‘ LKP ‘ LKP ‘

Table 3: Dark matter candidate

vanishing bulk mass, y, equals to k,, which is just the n-mode KK Higgs mass (see Fig. ).
Since the mass of KK photon is written by

n2
mi(n) R + 5m?4(n)7 (176)

where

1
[57”23(,1) + 57”%4/@) + 5(92 + 94 )vEw

N —

2 —
5mA(n) =

1 2
“'\/{57”)29(”) - 6m[2/{/(n) + 5(93 - 94,12)1)]%3\7\]} - (29494,12}}23W)2 , (177)

the LKP in the UED is the KK photon naively. The KK photon is also the LKP in this
setup too, because the mass of the first KK Higgs is heavier than 7/L = 1/R as shown in

Fig. @l These discussions are summarized in Table [3]

6 Summary and discussions

We have suggested a simple extra-dimension model which induces a deviation of the cou-
pling between top and free physical Higgs fields from that of the SM top Yukawa, within
one Higgs doublet scenario. Our setup is 5-dimensional flat spacetime, where one SM
Higgs double field exists in the bulk. The wave function profile of the free physical Higgs
becomes different from its VEV when brane potentials are introduced. We can consider
two scenario depending on the location of matter fermions. One scenario is BLF and the
other is BF.

We found that the top-physical-Higgs coupling becomes small because of the brane
potentials with large couplings in the BLF scenario, which could be checked at the LHC
experiment. In this case dominant Higgs production channel at LHC becomes W W fusion.
Four-dimentional effective Higgs self-couplings do not become huge even in the large brane-
coupling limit, since the wave-function profile of the free Higgs vanishes at the boundaries,
and therefore the Higgs can be regarded as a particle (as long as the compactification scale
is not higher than a few TeV). Reminding that the top Yukawa deviation can occur in
multi-Higgs models, if we find only one Higgs particle as well as the top Yukawa deviation
at LHC, our scenario become a realistic candidate beyond the SM. Note that our setup is

similar to the universal extra dimension, but the latter has no top Yukawa deviation.
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In the BF scenario, the top Yukawa deviation is not significant even in a large bound-
ary couplings, however a stable dark matter exists due to the existence of an accidental
reflection symmetry. We also show that these two scenarios are consistent with the present
electroweak precision measurements.

Finally, we comment on the tree level unitarity of WW — WW scattering. It is violated
when the boundary-localized self-coupling of the Higgs A\ becomes large. In particular, the
longitudinal coupling (W} contact coupling) becomes large as shown in Eq. (T9) and in
Fig. [ and then we need calculation technique of strongly interacting Higgs sector (see
e.g. [19, 132, 33]). Notice that even in this limit, the coupling between physical Higgs H
and the longitudinal mode, corresponding to the NG-boson y, are saturated as in Fig. 8
since the four-dimensional Higgs effective couplings remain finite due to the suppression of
Higgs profiles at boundaries, that is, due to the factor ca — 0 in Eq. (80). Furthermore
even when the tree level unitarity is broken, the total unitarity of the model must be
conserved because the EW symmetry breaking is caused by the “Higgs mechanism” on the
boundary. The violation of the tree level unitarity is just a lack of a technique of treating

a strong dynamics.
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Appendix

A Radion stabilization

In this section, we show solutions of the equation of motion (@) with BCs (I0) and give
potential analyses.

The bulk equation of motion (B has a general solution,
®°(y) = Acosh(mz) + Bsinh(mz), (178)

where we take the bulk potential as (II). The BCs (@) with the brane potentials (I2))
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| BLF

| BF

Associated Z@n) _y 7@m) rQI+1) 70) — 70@m) [ 2U+1)
KK Higgs 7(2n) _y 7(2m+1) [y (2l+1) 7(0) _y z(2m+1) y(21+1)
Productions Z@nt1) _y 7 (2m) 2+
Z(2n+1) SN Z(2m+1)H(2(l+1))
Top Yukawa Tiny in small A Tiny in small A
Deviations ~ 90% in large A ~ 8% in large \
H© Production || Same as the SM in small A Same as the SM in small A

by gg fusion

1% of SM in large \

85% of SM in large \

H©O Production
by WW fusion

Same as the SM in small A
85% of SM in large A

Same as the SM in small A
85% of SM in large A

KK Higgs
Production
by gg fusion

QD Qm+D) —y U+ in small \

OEMOEm) _, gRIHD)
QEMQEm+) _y [+
Q(2n+1)@(2m)_>H(2l+l)
QU Q@m+1) _y F(20+1))

KK Higgs W em) . g eIHD) Wy Cm) . g CI+)
Production WEnpy@mtl) _y @i+t Wy Emtl) _y @)
by WW fusion || W&y CGm+l) _y py+1) Wt @m+1) _y pr(2(+1))
| UED |
Associated ZO) 5 Zm+1) gim+1)
KK Higgs
Productions
Top Yukawa X
Deviations
H®O Production || Almost same as SM
by gg fusion
H®O Production || Almost same as SM
by WW fusion
KK Higgs QM QUEIn=I=1) _, g RU+D)
Production Q" )Q(2|" H41) 5 g1
by gg fusion QN QCIn=l) . R+
Q) 20-D-1) _y fr(20+1)

KK Higgs W Rn=T-1) — [ I+1)

Production W e @In=l+1) _y pr(20+1)

by WW fusion || WDy Cn=t) _y pri+1)
W e+ (2(n=0)=1) _y fr(2(+1)

Table 4: Comparisons of phenomenological consequences among the BLF, BF and UED
scenario. Note that it is difficult to find the peak in the cross section of H©® production
through the WW process when mgy is larger than a few TeV with a large boundary
coupling in the BLF and BF scenarios.
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determine (A, B) as
(A, B) =(0,0), (£A41,0), (0,£B8y), (A, £Bs), (£As, FBy), (179)

where
V\v2e, — msy,
A = , (180)
ci/zx/x
A2 —m(2¢? +1
4y = Y0 —mBETT) s1)
2¢;/"\/2Asp,

Av2sy, — mey,

B, SN (182)
_ cn|=Av%sy + m(cn — 2)]
B = \/ : 2)\s:(1 — c%}; ' (183)

We have defined sj, and ¢, as in ([20) and (20I), respectively. Furthermore, (I8) and (I9)
have been taken. We can write the bulk potential energy, the bulk kinetic energy, and

effective potential energy in four dimension as follows,

+L/2

V, = / dzV, (184)
—L)2
+L/2

Vi E/ 2|0, 2, (185)
L2

Vie = Virp+Vorp+V,+ Ve (186)

We obtain the effective potential energy for each solution in (I79),

Viotl(4,8)=00) = 2%, (187)
mit
Viotl(a,By=(x41,00 = Th(2>\v2 —mty), (188)
m m
Vtot\(A,B):(o,iBl) = )\— (2>\02 - —) ) (189)
th th
Viot|(A,B)=(+40,4B5) = Viot|(A,B)=(+42,7By)
AW —m?)sic, + mddPsicp (2¢, — 1) 4+ m) (190)
B 8As2c? ’

where t;, = s, /c;. The typical value for each effective potential is shown Fig. ROl In the
figure, the horizontal axis is L. We can identify L with a VEV of a scalar field, so-called
radion. When we consider the setup with a finite bulk mass, the solution (A, B) = (0,0)
leads to a global minimum of the potential. However, the radion cannot be stabilized within
the setup. The vanishing bulk mass has been taken in phenomenological discussions of this
paper, and the effective potential become Viy|pc—, = 0 which does not depend on L.
Therefore, the radion cannot be stable. The study for the radion stabilization will be a

future work.
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Figure 20: Effective potentials for solutions, (A,B) = (0,0), (£A;,0), (0,£B),
(£A,, £B,). Input values are (7, A\, A, v) = (1073, 3 x 105,10 TeV, 174GeV/V/L).

B Action of Higgs sector

In this section, we give derivations of the action for the Higgs (28) and for the NG boson

).

The free action for the physical Higgs and NG is written down as

+L/2
Steegty = / d*x / [ —(0,®p + 0,09)* — (azcbf +0.x)* -V

L/2
v, Ve 18V°
0, 90, X 2007,

oV
—5(z — L/2){V+L/2 *L/ 2"

10%V°
2 -7 7
¢ 2 99? x

WVipp®
0P,

¢q
10° V+L/2
2 8@[)2

OV_p)°
0P,

182V_L/2”¢q2 1PV,
2 007 2 092 ’

¢ +

1 02V+L/20 2
2 002

ov_ L/2

~3(z - L/2>{v_m F L gy

(191)
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The partial integrals in terms of z for the first and second term in integrand give

+L/2 1
Swwearac = [ s [ de| = S0 + 000205, — S0 + x020

L/2
oV, v 1Y 19°V°

_ 7 q2 _ — 7 7
Iy 90, ¥ 2002 ¢ 2 99?2 X

—(z — L/Q){ + 970, 9% + x0, 9D

8V+L/2 1+ 8V+L/2CX+182V+L/2C¢¢]2 182V+L/2CX2
5 o0, > 997, 2 00

—8(z + L/Q){ — $10,95, + 0.5

8V L2°
0P

8V_L/26 182V_L/20 2 182V_L/20 9
5%, XTaaer ¢ taTaer X (|

(192)

¢q

By using (@) and (), we obtain

+L/2 102V° 10%V°
4 q\2 2 _ -2 7Y aq2_ -2 7 2
SfrCO,¢Q,X /d / [ Z¢ ) (aZX) 2 aq)QR ¢ 2 a@% X

L)2

1
2
PVig" 0?V.ip)°
—5(z—L/2){ + LOVerp ¢ + 10°Vir) Xz}

2 09% 2 092
1PV "y 1OPVopp®
(193)
Finally, partial integral of the first and second term lead to
+L/2 1 6%V 1 02V
4 q92 q 2 q2 _
Sfree,(j)q,x /d /L/2 ¢ a ¢ z 28(1)2 ¢ 2 a(bg X
0(z—L/2 0V 0V
=172 5 / ){ + 70,97 + x0.x + agfﬂ o7 + a;);ﬂ Xz}
5(2 + L/2) q q 8 | & L/2 q2 82V_L/2C 2
—f{ ¢10:0% — x0:x + o5 ¢ + 55z X (]|
(194)

This is just Stee,ps + Stree,y-
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C Gauge interactions of Higgs fields

We show our notation in four dimensional spacetime. The extension to five dimensions is

straightforward, that is, replacements pu(=0 ~ 3) — M(=

0~ 4) and (g4, 9y) —

taken and all fields have dependence on extradimensional space y.

C.1 Gauge and Higgs coupling

We expand the Higgs field as follows,
¥

¢ = (v—l—%[;—l—ix])'

The covariant derivative is defined as

D, = 0, +igiW,T* +igyB,Y.

Therefore,

2 1 _ 112 +
ZW[ZT“:}( oWy ZWM)_L< 0 Wu)
— 2 \ Wi+iW; 0 2\ Wy 0

and

igiWiT? +ig\B,Y =

where 0y is the Weinberg angle and we used

W2\ _ [ cosby sinfy Zy\ _
B, )\ —sinfy cosby A, )~

and
_ 94
¢ =
V91t
/
5= %’
91+ 94°
/
o = 92494 :
91+ 94°
Finally, we have
—sa— L+ Ay
D@ = =0,8+ % < o ><b+ze tan%’w
VoW, 0

B D™ ie ( Wi (v + HJ”X ) (o 2
= B,LH—H@#X + e 1
V2 \/_S WM ()0 " sin 20y,

0

1

@
T sin 20w Z,

Z,+ A

Zu(v

H+aix
TR

(g5, 95) is

(195)

(196)
(197)

(198)

(199)

(200)

(201)
(202)

(203)

%)

(204)



The gauge boson mass and, 3 and 4-point couplings among the gauge and Higgs fields

are obtained from the Higgs kinetic term,
Coim = / d'2 D, ®|?. (205)

According to the (204)),

' H +ix . 1
DB = |90 + Wt S Y
| a | ne +\/§s p\UT V2 e tan 20y, )@
O, H + 10, ie L ie H +ix
— 2
V2 V2s w?¥ sin 26y, vt V2 (206)

The quadratic terms of |D,®|* are

e _ _
|DM®|2}quadratic = 0" " + (E(au@ W +h.c.) + iy W
1
L (O + O + 22,2 —m0,07". (207

The tri-linear terms are

: - |1 . A
D@ | ritinear = {26(%@ —imwW,) {_WW(H +1x) + ( + AM) <P+}

tan 20y
ie (O,H —10,x WHp™ ]
— (22— 4 imyZ, | ——=— +he
S( V2 e ) V2 ‘
o
+s1n2«9 ZM{x0,H + H(—=0,x +mzZ,)}. (208)

The quartic terms become

Zy
tan 20y,

2
‘D#q)|2}quartic = 4—32W+W “(H? + )+€2< +A ) ot~

+ ¢ W, (H —ix) “n + A, et +h
2s M X tan 20y, <
er N e? 2, .2
— WrW et ——— 7 7M(H
* vy +2mﬁww“( +x7)

2
1 {_e_CW‘Z”gp+(H — i)+ h.c.} | (209)

We take the following gauge fixing Lagrangian,

3
L= (Zf“f“+foB>

= ——g(f+f + 217+ A, (210)

49



where

1 _ _
= ﬁ(fl Fif?) = W F ifmwe™,
2= eff—sfP=0,2" — tmyy,
A = sfiteff=0,Am
It is easily seen that
0, H)? + (0,x)?
Ekm|quadratic + Lelemr = — |Oup 0T —i—m%VW:W_“ + (0,H) ;—( uX)

m’2Z © +p —v
+ ZuZ" + OO,

1
5 {0,217 + (0,47 + mi} |

D Feynman rules

D.1 Feynman rules in four dimensions

We give four dimensional Feynman rules in our notation.

Propagators:
k
‘\/\/\/\/\/\ﬁ 3my
V. Vl/ = )
a k? —m3,
Se———— -5 = I
k? —m?

Vector 4-point coupling:

‘/I,u ‘/37P
= —620[2guyggp — Gvp9puo — gpugyo]
‘/271/ V;l,o
WWHW-Ww- . C =4,
W+Ww-22 L O=-9,
WHW-AZ O = -t
WHW-AA C=-1
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(212)
(213)

(214)

(215)

(216)
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Vector 3-point coupling:
‘/271/7 k2

‘/1,,LL7 kl = _eC[g;w<k2 — kl)p + gup(kii - k2),u + gp,u(kl - k3)u]

Vvl,u Sl
. -
= —e2gu,,C
~x
AN
‘/2,1/ S2
WHrW+HH C =55,
W= xx C =32,
WHW =T~ C = ﬁ,
02 _o2)2
ZZ¢* o C =55,
ZAp*p™ C=-—=5,
AAptp™ C =2
ZZHH C = 332,
ZZXx C =335,
W*ZotH C= —i,
W*ApTH C= 2—13,
W=ZpTx C=Fg,
W*ApTy C ==+,
Vector and scalar 3-point coupling:
517 kl
7 - -
v, AVAVAVAVAX o =eO(k — k),
h ~N
~N
527 k2
ZxH O = 2%5,
ApTp= : C=-1
Zptem o C=ip5
)

W*pTH : C=4-
WEpTy : C =L

(219)

(220)

(221)

(222)

(223)

(224)



‘/17“

ST = eguC (225)

Vau

HW*W= . C=-"%,
HZZ . O =-"y
o, Su 20

OEWTA . C = —my.

D.2 Five dimensional Feynman rules in our scenario

We give five dimensional Feynman rules in our two scenarios, the Brane-Localized Fermion
(BLF) and Bulk Fermions (BF) scenarios.

Propagators:
N R AVAVAVAVAVAY Mot B L Ve 227
M N k2 — m%/’ ( )
Gn) @ — —» — _ggn) — _IMN _ 228
e (229)

where n is the KK number. In the BLF and BF scenario, mode mixing can generally occur
in the Higgs sector. Therefore, the Higgs propagator is effectively multiplied by O(v/Avgw)
in the mass insertion method when corresponding amplitude is calculated. The propagator

is given as

H(n) e — —»— — —@ H(m) — ]{;;g% X O(\/X’UEV\/) (229)

Vector 4-point coupling:

l+m+n m
Vig"™ Vi

= _620[29KL9NM — 9JLMIKN — MKILN] (230)
l n
Vo ViN
WIWW-w- : C =4,
WHW-22 L =9,
WHW-AZ . O=-% 23
WHW~-AA C=-1



Vector 3-point coupling:
Vi ko

VI = —eClgrm (ks —

£y

Vii(fjl\; ) k3

AW . C =1,
IWHW= . C=¢

Vector and scalar 4-point coupling

2m 2m)
vt v
-
~
A
~
~ = —¢€ gMNCCeeee
- ~
~
2n 2|m+n—l|) 2n)
e S( mbnt) e
2m+1 2m+1)
Viar sy XéM

ki)n + gun (ks — ko) + gy (ks —

Sf”l)

= —¢€ gMNCCeeoo

S(\2(m+n—l)+1\)

2l+1)

-
-
&
-
? ~ = —¢€ gMNCCooee % = —¢ gMNCCoooo
~
~
~

2n+1 2|m~+n+1-1|) 2n+1
‘/2(7N ) s ) (
v S WHW-HH

P e W+W_XX
s WHW =yt
~ = _e2gMNCCeoeo ZZQPJ’_SO_

N ZAptp~

+ —
[t G([2(m+n=1)+1) AdpTy
2

where Cle (*
profile of the Higgs. We obtain
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_ 1
C A
e
=3z,
C— (82—02)2
- 2522022’
__s’—c
C= sc !
C=2
_ 1
¢ = 23?02’
C
C::%,
C:%,'
— 2
C_:F2c7
_ 4
C=xl.

k3)M]
(232)

(233)

(234)

(235)

(236)

= e, 0) are additional factors, which is caused by changing the wave function
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Q
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Q

0000

(76060

om (2)for (2) 51 (2) S0 (),
om (2) fon (2) fo141 (2 )f\%(m+n—z)+1\(z)>
2m+1( 2) fonia (2 ).fZl(Z)f2e|m+n—l+l\(z)>
2m+1( z) 2n+1( )f;l—i-l(z)f\%(m-i-n—l)-i-l\(Z)a
)

om (2 2n+1( z) fo (Z)f\%(m+n—l)+1\ (2),

for WH*W~-HH and ZZHH coupling, where

\/%cos <n%z) ,
\/%sin (%z) ,

fa(2)

2 (n+A,)m
(A ] 0P L “)
L |:1 + (n+An)T ]

\

2 . [((n+ AT
- S1n zZ,
I |:1 - sm((n—l—An)w)} L

(n+An)m

(245)

and A,, determines a deviation of the Higgs profile. At the limits of A — 0 and oo, A,, can

be parametrized as ¢, and 1 —

and W*ApTH, we have

Q

eeee

Q

€EOO

Q

ooee

Q

0000

Q

€0EO0

€n, Tespectively, where €, < 1. For couplings, W*ZpTH

om (2)fan (2) Jor () f3myn—1y ()
om (2) fon (2) f3a (2 )f\z(m+n—z)+1\(z)
2m+1( 2) fon1 () o (2) Fapmin—141)(2),
2m+1( z) 2n+1( z2)f l+1( )f\2(m+n—l) \(2)7
am(2) {2 fiatman-+1 (2);

2n+1( )

(246)
(247)
(248)
(249)
(250)

Finally, for other four-point couplings among vectors and scalars without Higgs, the fol-

lowing additional factors are written down,

(76666
(76600
(70066
(jOOOO
(76060

o (2
o (2

)22 (2) far' (2) Fafnn—1 (2);
)/

2m+1( ) fani1 (2) f3
(2 2)
)

n(2)fo81 (2) Fistmn—y41)(2),

[(2)f3 |m+n—l+1\(z)
l+1( )f\2(m+n D+ \(Z)a
L () fiatmn—y+1(2)-

%n+l ) 2n+1(

om (2

2n+1( )

o4

(251)
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Scalar 4-point coupling:

S£2m) S§2l) S§2m) S§2l+l)
~ - N
~ - ~
S ~N o g R N 7
/./\ - CCeeee /./\ - CCBGOO
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For xxHH coupling, Cl.x

to (251)— (255)), respectively.

Som (2) f2(2) 51 (2) om0y (),

fom(2) f5,(2) fa114 (2 )f\oz(m+n—l)+1\(z)a
f2m+1(z>f2n+1( )f2l(z)f26|m+n—l+l\(z>7
f2m+1(z)f2n+1( )f;l+1(z)f\o2(m+n—l)+1\(Z)7
fom (2 )f;n (Z>f2el(z)f\o2(m+n—l)+1\(Z)'

(256)
(257)

(258)

(259)
(260)
(261)
(262)
(263)

is given by @370)—@4I), and for xxxX, Cliss correspond
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Vector and scalar 3-point coupling:

VI NNNNNR = eCClee(ky — ko)

“x
~
N

Sé2\m—n\)’ ]{52

/
7
A

M

h ~N
S§I2(m—n)—1\)7 ke
S§2n)’ kl
. e
VETDINNNNNS = eCCl(ky — ko)t
h ~N
~N
Sé2\m—n+1\)’ iy
. e
VETDINNNNNS = eCCe(ky — ko)t
A ~N
~N
Sé2\m—n\)’ ]{52
ApTp~ C=-1
Zotem : C=132,
WEpTH : C ==+,
WEpTy : C= 218,
where C\,, are also additional factors given as
Ceee = (Z) (Z)fg‘m_n‘(Z),
CBOO = (Z) 2n+1( )f20|m—n—1|(z)
Coeo = 2m+1(2) a2 )fz\m n+1\(2)
Cooe = [oms1(2) fonsa(z )f2|m—n|(z>7
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for ZxH and W*¢TH couplings. And for ApTp~, Zpte~, and WEeTy couplings, we

obtain
Ceee = (Z) (Z) \m n\( ) (273)
CYeoo = (Z) 2n+1( )f2|m n— 1|(Z) (274)
Coco = 2m+1(2’) ( ) \m n—l—l\(z) (275)
Cooe = Sams1(2) fons1(2) fofin—n) (2)- (276)
2m 2m
V1(7M) ‘/1(,M)
g@m=nl) ___ _ = egunCCec Sem=—=1) = eguNCCeoo (277)
vy Vi
i
HWHW- @ (= —mw
(2lm—n+1|) > HZZ - O=-7TF,
S . = eguNCCoco WL O SmTWZ’ (278)
PTWFA = —mw

2n
Vo
where Ciee, Cepo, and Coeo for HWYW ™ HZZ are given in (269), (270), and 27T), re-

spectively. For o*WTZ and o*WTA, Ceee, Cevo, and Co, for HWTW = HZZ are given
in [273), 274), and (275), respectively.

Scalar 3-point coupling:

/S§2m) ) S§2m)
S£2|m_n|)_ L _./ A _ CCeee 5:52‘771—”_1‘)_ - _./ - = CC@OO (279)
~ ~_ S R
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where for HHH,
Cece = fgm(z)fgn(z)fim—m(z)’ (281>
OEOO = fgm(z)fgn—l-l(z)f;\m—n—l\(2)7 (282)
COEO = f20m+1(z)f2en(z)f5\m—n+l\(2)7 (283)
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and for Hyy, Ci. is given ([269), (270), and 271]), respectively.
Higgs and fermion coupling in the BLF scenario:

(284)
J
where f;(z) = ff(z) for even n and f; = f?(z) for odd n.
Higgs and fermion coupling in the BF scenario:
f(2m)
HeH)_ L = 6.y fé)Hl(Z)f;;le) 2*12+1(Z) (285)
ﬁ(2m+1)
HgEHH_ = 0iyss f§l+1(z)f2*5~b£1(z) 5 (2) (286)
j
f(2m)
B - — L g B ) s
ﬁ(2m+1)
) 2 A0 N _ ijyﬁszez(Z) §%+1£Z) 2*5+1(Z) (288)
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