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An SOð5Þ �Uð1Þ gauge-Higgs unification model in the Randall-Sundrum warped space with top and

bottom quarks is constructed. Additional fermions on the Planck brane make exotic particles heavy by

effectively changing boundary conditions of bulk fermions from those determined by orbifold conditions.

Gauge couplings of a top quark multiplet trigger electroweak symmetry breaking by the Hosotani

mechanism, simultaneously giving a top quark the observed mass. The bottom quark mass is generated

by the combination of brane interactions and the Hosotani mechanism, where only one ratio of brane

masses is relevant when the scale of brane masses is much larger than the Kaluza-Klein scale

(� 1:5 TeV). The Higgs mass is predicted to be 49.9 (53.5) GeV for the warp factor 1015 (1017). The

Wilson line phase turns out 12� and the Higgs couplings toW and Z vanish so that the LEP2 bound for the

Higgs mass is evaded. In the flat spacetime limit the electroweak symmetry is unbroken.

DOI: 10.1103/PhysRevD.78.096002 PACS numbers: 11.10.Kk, 11.15.Ex, 12.60.�i, 12.60.Cn

I. INTRODUCTION

The Higgs particle is the only particle missing in the
standard model of electroweak interactions. It is necessary
to induce the electroweak symmetry breaking and is ex-
pected to be discovered at the LHC in the near future.
However, it is not obvious if the Higgs particle appears as
described in the standard model. Its mass and couplings to
other particles may deviate from those in the standard
model.

What we are going to learn from LHC experiments is,
among others, the structure and origin of symmetry break-
ing. Both electroweak unified theory and grand unified
theory are constructed with higher gauge symmetry, which,
in turn, must break down at low energies. The mechanism
of gauge symmetry breaking is the backbone of unification.
For the first time in history we are going to directly see the
mechanism of gauge symmetry breaking. In the current
folklore this gauge symmetry breaking is supposed to be
triggered by a Higgs scalar field. Unlike gauge interactions,
however, there seems no guiding principle to regulate
interactions of a Higgs field, including its self-interactions
and Yukawa couplings to fermions. Further there arises the
gauge hierarchy problem when the standard model is im-
plemented in grand unified theory.

There are many scenarios proposed beyond the standard
model. Besides supersymmetry, the Higgsless scenario,
and the little Higgs scenario, there is another intriguing
scenario called gauge-Higgs unification in which the 4D
Higgs field is identified with the extra-dimensional com-
ponent of gauge potentials in higher dimensional gauge
theory (see e.g. [1,2] and references therein). Symmetry
breaking is caused, at the quantum level, by dynamics of
Wilson line phases in extra dimensions through the

Hosotani mechanism [3–5]. Higgs couplings are controlled
by gauge principle with a given spacetime background.
Significant progress has been achieved in the gauge-

Higgs unification scenario in recent years. Chiral fermions
are naturally accommodated on orbifolds [6]. At low en-
ergies the standard model is reproduced in models based on
such groups as SUð3Þ and SOð5Þ �Uð1Þ [7–15]. Besides
the naturalness of the small Higgs mass may follow from
gauge invariance associated with Wilson line phases [16].
In models in flat space the Higgs mass is predicted too

small, typically 1 order of magnitude smaller thanmW , and
the WWZ coupling may significantly deviate from that in
the standard model. One way out is to construct a model
such that the Wilson line phase takes a sufficiently small
value by tuning matter content [12,14]. In Ref. [14] an
SUð3Þmodel has been proposed by incorporating fermions
in 3, 6, and 10 representations of the group. Scrucca et al.
explored a model with localized kinetic terms for gauge
fields to a heavy Higgs field [9]. It has been also discussed
that models in six or more dimensions may help Higgs
fields acquire large masses from self-couplings. Antoniadis
et al. discussed a model on M4 � ðT2=Z2Þ. The very ex-
istence of Wilson line phases, however, implies flat direc-
tions in the Higgs potential at the tree level, resulting in a
light Higgs field [7,13].
The alternative way to resolve the difficulties is to con-

sider the gauge-Higgs unification in the Randall-Sundrum
(RS) space [17–39]. It has been argued that the Higgs mass
picks up an enhancement factor given by the logarithm of
the warp factor in the RS space so that the Higgs mass can
fall in the LHC range for generic values of the Wilson line
phase �H [21]. Despite the fact that wave functions of W
and Z get rotated in the group space at finite �H, their
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profile in the extra dimension remains almost flat in the RS
space, whereas substantial deformation results in flat
space. As a consequence the WWZ coupling remains
universal to high accuracy irrespective of the value of �H
in the RS space unlike the case in flat space [27,28].
However, the WWH and ZZH couplings, where H stands
for the Higgs field, are suppressed by a factor cos�H
compared with those in the standard model [27,28,40].
This is a distinctive prediction and can be tested at the
LHC. There are also predictions for Yukawa couplings
[23], electroweak precision tests [15,33,41], anomalous
magnetic moments [42], etc.

There remains a challenging task to incorporate quarks
and leptons with dynamical electroweak (EW) symmetry
breaking in the scheme. At low energies the quark-lepton
content in the standard model must be reproduced with
correct gauge couplings and mass spectrum. As a generic
feature, fermion multiplets in gauge-Higgs unification tend
to give rise to unwanted exotic light particles, which must
be made heavy by some means such as brane mass terms
[10]. More importantly the presence of fermions is vital to
have EW symmetry breaking. The fermion content must be
such that it triggers EW symmetry breaking by quantum
effects.

To summarize, to include quarks and leptons with dy-
namical EW symmetry breaking with correct gauge cou-
plings and mass spectra is a highly nontrivial task. An
important step has been put forward by Medina, Shar,
and Wagner who proposed an SOð5Þ �Uð1Þ model in the
RS space with fermions in 5 and 10 representations of
SOð5Þ [32]. It has been shown that the presence of a top
quark induces electroweak symmetry breaking. The fer-
mion structure of this model is elaborated in order to pass
the electroweak precision tests, especially to obtain appro-
priate S and T parameters as well as the consistent Zb �b
coupling. Each generation follows from two 5 multiplets
and one 10multiplet in the bulk, where unwanted fields are
made heavy by assigning a specific choice of boundary
conditions. These boundary conditions can be achieved,
even if one starts from the boundary conditions consistent
with orbifolding, by introducing numbers of additional
brane fermions in order to effectively modify the original
orbifold boundary conditions to the desired ones for low-
lying modes in the associated Kaluza-Klein towers. Note
that the orbifolding by Z2 parity plays an important role to
remove the gravitational instability due to having the nega-
tive tension brane on the orbifold fixed point in the
Randall-Sundrum spacetime in addition to solving the
Einstein equations. It can be checked that the boundary
conditions in Ref. [32] can be obtained from the orbifold
ones by introducing Oð10Þ brane fermion multiplets for
each generation. Although the success of the model is
striking, there are many free parameters, which make the
relation between the parameters in the Lagrangian and the
low energy observables obscure. Therefore it is difficult to

transparently see the theoretical structure when one further
seeks simpler models.
In the present paper we propose a model with simpler

fermion content written in the form of a Lagrangian with
natural boundary conditions dictated by the orbifold struc-
ture in the RS space as a prototype to clarify the above-
mentioned relation so that the electroweak symmetry
breaking structure is transparent and the low energy fields
can be explicitly written in terms of the bulk and brane
fields, postponing the full analysis of the S and T parame-
ters. The model is constructed to fit in with the criteria of
Ref. [43] for suppressing radiative corrections to the � (T)
parameter and Zb �b coupling. Everything should follow
from the equations of motion, or the action principle.
Brane fermions introduced on the Planck brane, through
couplings with bulk fermions, effectively change boundary
conditions of some of the fermion components to push all
unwanted exotic particles to the Kaluza-Klein mass scale.
Quite interestingly the low energy physics does not depend
on the values of various parameters introduced on the
Planck brane except for one ratio of mass parameters
which is fixed by mb=mt. Furthermore, it is found that
the effective potential for the Wilson line phase �H is
minimized at � 1

2� as a consequence of gauge dynamics

of heavy top quarks. At �H ¼ � 1
2� the EW symmetry is

dynamically broken to Uð1ÞEM and the WWH and ZZH
couplings vanish at the tree level. With mW and mt given,
the Higgs mass is predicted around 50 GeV. The LEP2
bound for the Higgs mass is evaded due to the vanishing
ZZH coupling. The model predicts a light Higgs particle
with a narrow width.
The paper is organized as follows. The model is speci-

fied in Sec. II. The spectrum in the gauge-Higgs sector,
which is known in the literature, is briefly summarized in
Sec. III in the form suited for subsequent applications. In
Sec. IV the spectrum of fermions is analyzed by solving
coupled equations of bulk and brane fermions. It will be
shown how brane mass terms give rise to discontinuities in
bulk fermions at the Planck brane, effectively changing
boundary conditions there. Equations determining the
spectrum take complicated forms in the presence of brane
mass terms. The expressions are tremendously simplified
when the scale of brane masses is much larger than the
Kaluza-Klein mass scale mKK. It is found that the top mass
mt is generated by the Hosotani mechanism almost inde-
pendent of brane masses, whereas the bottom mass is
generated by the combination of brane masses and the
Hosotani mechanism. With the knowledge of the mass
spectrum the effective potential for the Wilson line phase
Veffð�HÞ is evaluated to examine electroweak symmetry
breaking in Sec. V. It will be found that the contribution
from a top quark dominates over those from the gauge
fields such that the potential is minimized at �H ¼ � 1

2�

and the electroweak symmetry is dynamically broken.
Contributions from light quarks and leptons are negligible.
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In Sec. VI the Higgs mass is evaluated. Section VII is
devoted to summary and discussions.

II. SOð5Þ � Uð1Þ MODEL

The metric in the Randall-Sundrum (RS) warped space-
time [44] is given by

ds2 ¼ GMNdx
MdxN ¼ e�2�ðyÞ���dx

�dx� þ dy2; (2.1)

where ��� ¼ diagð�1; 1; 1; 1Þ, �ðyÞ ¼ �ðyþ 2LÞ, and

�ðyÞ � kjyj for jyj � L. The fundamental region in the
fifth dimension is given by 0 � y � L, which is sand-
wiched by the Planck brane at y ¼ 0 and the TeV brane
at y ¼ L, respectively. The bulk region 0< y < L is a
sliced anti-de Sitter (AdS) spacetime with a negative cos-
mological constant � ¼ �6k2. The metric is specified
with two parameters, k and kL. In the gauge-Higgs uni-
fication scenario discussed below the W boson mass is
predicted as mWðk; kL; �HÞ where �H is the Wilson line
phase of gauge fields determined dynamically once the
matter content is given. With mW given, therefore, there
remains only one parameter specifying the spacetime. In
field theory in the Randall-Sundrum spacetime there ap-
pear Kaluza-Klein (KK) excitations in a tower for each
particle, with the KK mass scale given by

mKK ¼ �k

ekL � 1
� �ke�kL: (2.2)

We shall find that for ekL ¼ 1015 (1017), k ¼ 4:72�
1017 GeV (5:03� 1019 GeV) and mKK ¼ 1:48 TeV
(1.58 TeV). The results in the present paper are insensitive
to the value of k in the above range.

We consider an SOð5Þ �Uð1ÞX gauge theory in the
Randall-Sundrum warped spacetime. The SOð5Þ �Uð1ÞX
symmetry is reduced to SOð4Þ �Uð1ÞX by orbifold bound-
ary conditions. The symmetry is further reduced to
SUð2ÞL �Uð1ÞY on the Planck brane. In the present paper
we address neither a question of how the orbifold structure
of spacetime appears with orbifold conditions, nor a ques-
tion of how the symmetry further reduces to the standard
model symmetry SUð2ÞL �Uð1ÞY on the Planck brane. We
imagine these happen at a high energy scale ofOðMGUTÞ to
OðMPlanckÞ as described below.

The Lagrangian density consists of four parts:

L ¼ Lgauge
bulk þLscalar

Pl: brane þLfermion
bulk þLfermion

Pl: brane: (2.3)

The bulk parts respect SOð5Þ �Uð1ÞX gauge symmetry.
There are SOð5Þ gauge fields AM and Uð1ÞX gauge field
BM. The former are decomposed as AM ¼P

3
aL¼1 A

aL
M TaL þP

3
aR¼1 A

aR
M TaR þP

4
â¼1 A

â
MT

â where

TaL;aR (aL, aR ¼ 1, 2, 3) and Tâ (â ¼ 1, 2, 3, 4) are the
generators of SOð4Þ � SUð2ÞL � SUð2ÞR and
SOð5Þ=SOð4Þ, respectively. Lgauge

bulk is given by

L gauge
bulk ¼ �tr 12F

ðAÞMNFðAÞ
MN � 1

4F
ðBÞMNFðBÞ

MN (2.4)

with the associated gauge fixing and ghost terms, where

FðAÞ
MN ¼@MAN�@NAM� igA½AM;AN� and FðBÞ

MN ¼@MBN�
@NBM.
The orbifold boundary conditions at y0 ¼ 0 and y1 ¼ L

for gauge fields are given by

A�

Ay

 !
ðx; yj � yÞ ¼ Pj

A�

�Ay

 !
ðx; yj þ yÞP�1

j ;

B�

By

 !
ðx; yj � yÞ ¼ B�

�By

 !
ðx; yj þ yÞ;

Pj ¼ diagð�1;�1;� 1;�1;þ1Þ ðj ¼ 0; 1Þ; (2.5)

which reduce the SOð5Þ �Uð1ÞX symmetry to SOð4Þ �
Uð1ÞX. We introduce a scalar field �ðxÞ on the Planck
brane which belongs to ð0; 12Þ representation of SOð4Þ ¼
SUð2ÞL � SUð2ÞR and has a charge of Uð1ÞX. With

Lscalar
Pl: brane ¼ �ðyÞf�ðD��ÞyD��� 	�ð�y�� w2Þ2g;

D�� ¼ @��� i

�
gA

X3
aR¼1

AaR
� TaR þ gB

2
B�

�
� (2.6)

the SUð2ÞR �Uð1ÞX symmetry breaks down to Uð1ÞY , the
massless modes of A1R

� , A2R
� , and A03R

� acquiring large
masses. Here

A03R
M

BY
M

 !
¼ c
 �s


s
 c


� �
A3R
M

BM

 !
;

c
 � gAffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2A þ g2B

q ; s
 � gBffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2A þ g2B

q :
(2.7)

We suppose that w is much bigger than the Kaluza-Klein
mass scale, being ofOðMGUTÞ toOðMPlanckÞ. The net effect
for low-lying modes of the Kaluza-Klein towers of A1R

� ,

A2R
� , and A03R

� is that they effectively obey Dirichlet bound-
ary conditions at the Planck brane. We note that the effec-
tive change of boundary conditions occurs for A�

components, but not for Ay components as seen from

(2.6). This also conforms with the invariance under large
gauge transformations which shift theWilson line phase by
a multiple of 2�. We see in the subsequent sections, in a
concrete manner, that a similar effective change of bound-
ary conditions takes place for fermions as well.
We remark that massive modes in the Kaluza-Klein

towers of the Ay components are unphysical. Their spec-

trum, in general, depends on gauge-fixing conditions im-
posed. In the bulk we adopt the gauge fixing in
Refs. [22,23] so that the kinetic terms of the A� and Ay

of SOð5Þ �Uð1ÞX become diagonal.
On the Planck brane at y ¼ 0 one further adds a gauge-

fixing condition ( / �ðyÞ) suitable for the gauge symmetry
breaking SUð2ÞR �Uð1ÞX ! Uð1ÞY induced by the scalar
field �ðxÞ. The most convenient choice is the standard R�

gauge, in which the ghost fields in the bulk have the same
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boundary conditions and spectrum as the corresponding
A� components for w � MKK.

In our scheme the Ay components of SUð2ÞR �Uð1ÞX
are odd under parity around y ¼ 0 and obey the Dirichlet
condition so that they do not enter into the gauge-fixing
conditions at the Planck brane. It is possible to allow
discontinuities in Ay at y ¼ 0 by enlarging the configura-

tion space for Ay. In this case one may include disconti-

nuities in Ay in the gauge-fixing condition at the Planck

brane. This possibility is examined in Ref. [2]. It is shown
there that the boundary conditions for Ay at y ¼ 0 and the

resulting spectrum depend on the gauge parameters intro-
duced. In one limit (the � parameter in the bulk approach-
ing 0) Ay obeys the Dirichlet boundary conditions at y ¼ 0,

whereas in another limit (� ! 1) corresponding to the
unitary gauge Ay obeys the Neumann boundary conditions

which were adopted in Ref. [32]. In this paper all Ay

components are supposed to be continuous at the Planck
and TeV branes.

The resultant spectrum at low energies in the gauge
sector is that of the standard model as discussed in detail
in Ref. [28]. There appear W, Z bosons and photons as
massless gauge fields, and an SUð2ÞL doublet Higgs boson

 from the Ay component. The Higgs boson, which is

nothing but a fluctuation mode of the Wilson line phase
�H, is massless at the tree level, but becomes massive at the
quantum level. We shall see below that the effective po-
tential Veffð�HÞ is minimized at �H ¼ � 1

2� due to a con-

tribution from the top quark multiplet so that the
electroweak symmetry breaks down to Uð1ÞEM. At the
same time the Higgs field acquires a mass �50 GeV.

To describe top and bottom quarks we introduce two
fermion multiplets in the vector representation of SOð5Þ. In
the bulk one has

Lfermion
bulk ¼ X2

a¼1

��aDðcaÞ�a;

DðcaÞ ¼ �AeA
M

�
@M � 1

8
!MBC½�B;�C�

� igAAM � iqa
gB
2
BM

�
� ca�

0ðyÞ: (2.8)

Here eA
M’s are tetrads and �A’s are Dirac matrices in the

orthonormal frame. We take in the present paper

�� ¼ ��

���

� �
ð� ¼ 0; 1; 2; 3Þ;

�5 ¼ 1
�1

� �
; �� ¼ ð1; ~�Þ; ��� ¼ ð�1; ~�Þ:

(2.9)

The ca term in (2.8) gives a bulk kink mass [45], where
�0ðyÞ ¼ k�ðyÞ is a periodic step function with a magnitude
k. The dimensionless parameter ca plays an important role
in the Randall-Sundrum warped spacetime. The Uð1ÞX

charges are q1 ¼ 2
3 and q2 ¼ � 1

3 . The notation �� ¼
i�y�0 has been adopted. The orbifold boundary condi-
tions are given by

�aðx; yj � yÞ ¼ �Pj�
5�aðx; yj þ yÞ: (2.10)

With Pj in (2.5) the first four components of �a are even

under parity for the 4D left-handed (�5 ¼ �1)
components.
To facilitate discussions below, it is useful to express the

SUð2ÞL � SUð2ÞR content of an SOð5Þ vector �. The first
four components c k (k ¼ 1; 	 	 	 ; 4) belong to ð12 ; 12Þ,
whereas the fifth component c 5 to (0, 0). We define ĉ by

ĉ ¼ ĉ 11 ĉ 12

ĉ 21 ĉ 22

 !
� 1ffiffiffi

2
p ðc 4 þ i ~c 	 ~
Þi
2

¼ 1ffiffiffi
2

p �ic 1 � c 2 ic 3 þ c 4

ic 3 � c 4 ic 1 � c 2

� �
; (2.11)

which transforms, under an SUð2ÞL � SUð2ÞR transforma-

tion �L 
�R, as ĉ 0 ¼ �L ĉ�R
t. ðĉ 11; ĉ 21Þt and

ðĉ 12; ĉ 22Þt form SUð2ÞL doublets. In the following we

express components of � as � ¼
ðĉ 11; ĉ 21; ĉ 12; ĉ 22; c 5Þt. With this notation, the two fer-
mion multiplets contain

�1 ¼

T
B
t
b
t0

0
BBBBB@

1
CCCCCA

5
3
2
3
2
3�1
3

2
3

; �2 ¼

U
D
X
Y
b0

0
BBBBB@

1
CCCCCA

2
3�1
3�1
3�4
3�1
3

: (2.12)

The numbers written on the side are values of the electric
charge QE ¼ T3L þ T3R þQX. ðT; BÞ, ðt; bÞ, ðU;DÞ, and
ðX; YÞ form SUð2ÞL doublets. c 4, which couples to c 5

through the Wilson line phase �H, is given by ðĉ 12 �
ĉ 21Þ=

ffiffiffi
2

p
.

If there were no additional interactions on the branes,
there would appear, before the EW symmetry breaking,
massless modes in 4D in SUð2ÞL multiplets

Q1L ¼ TL

BL

� �
; qL ¼ tL

bL

� �
; t0R;

Q2L ¼ UL

DL

� �
; Q3L ¼ XL

YL

� �
; b0R:

(2.13)

After the EW symmetry breaking by the Hosotani mecha-
nism the top quark and extra b0 would acquire finite
masses, but other left-handed modes would remain mass-
less. We want the top and bottom to acquire the observed
masses, whereas other light modes to gain large masses of
the Kaluza-Klein scale.
We show in the present paper that the presence of brane

fermions [10] on the Planck brane (at y ¼ 0) cures these
problems naturally. We introduce three right-handed mul-
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tiplets belonging to ð12 ; 0Þ representation of SUð2ÞL �
SUð2ÞR:

�̂ 1R ¼ T̂R

B̂R

� �
7=6

; �̂2R ¼ ÛR

D̂R

� �
1=6

; �̂3R ¼ X̂R

ŶR

� �
�5=6

:

(2.14)

Here the subscripts 7=6, etc. represent theUð1ÞX charges of
the corresponding multiplets. We write down a general
SUð2ÞL �Uð1ÞY invariant brane action:

Lfermion
Pl: brane ¼ i�ðyÞ

�X3
�¼1

�̂y
�R ���D���R � X3

�¼1

��ð�̂y
�RQ�L

�Qy
�L�̂�RÞ � ~�ð�̂y

2RqL � qyL�̂2RÞ
�
; (2.15)

where D� in the kinetic term has the same form as in (2.6)

with AaR
� TaR replaced by AaL

� TaL . There are four brane mass
parameters, �� and ~�, which have dimensions of

ðmassÞ1=2. In the subsequent discussions we suppose that
�2

� and ~�2 are much larger than the Kaluza-Klein scale
mKK � 1:5 TeV, possibly being of order MGUT or MPlanck.
It will be shown below that the only relevant parameter for
the spectrum at low energies is the ratio ~�=�2 so long as
�2

�, ~�
2 � mKK.

In Ref. [32] a model with top and bottom quarks residing
in two 5 multiplets and one 10 multiplet has been consid-
ered. It is assumed that the fermions satisfy boundary
conditions differing from those obtained by simple orbi-
folding. It has been stated there that this change of bound-
ary conditions can follow from brane mass interactions at
the TeV brane. We show below by solving equations of
motion that desired change of boundary conditions for low-
lying modes in Kaluza-Klein towers takes place as a result
of brane mass interactions at the Planck brane (2.15),
keeping the custodial SOð4Þ symmetry at the TeV brane.

III. SPECTRUM IN THE GAUGE-HIGGS SECTOR

The spectrum in the gauge-Higgs sector described by
Lgauge

bulk þLscalar
Pl: brane with (2.4) and (2.6) has been well

spelled out in Ref. [28]. In this section we summarize the
results obtained there, which makes it necessary to evalu-
ate the effective potential for the Wilson line phase �H.

The y coordinate in the Randall-Sundrum spacetime in
(2.1) is suited for seeing the orbifold structure. In finding
the spectrum of particles and their wave functions in the

fifth dimension the conformal coordinate z � e�ðyÞ is use-
ful, with which the metric becomes

ds2 ¼ 1

z2

�
���dx

�dx� þ dz2

k2

�
: (3.1)

The fundamental region 0 � y � L is mapped to 1 � z �
zL ¼ ekL. zL is called a warp factor, which we will find to
be around 1015 to 1017. In the bulk region 0< y< L, one
has @y ¼ kz@z, Ay ¼ kzAz, etc.

The fifth dimensional component of gauge potentials Ay

or Az has zero modes in the SOð5Þ=SOð4Þ part with gen-
erators Tâ (â ¼ 1; 	 	 	 ; 4),

Aâ
z ðx; zÞ ¼ 
aðxÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

kðz2L � 1Þ

s
zþ 	 	 	 ;

�HðxÞ ¼ 1ffiffiffi
2

p 
2 þ i
1


4 � i
3

� �
:

(3.2)

�H corresponds to the SUð2ÞL doublet Higgs field in the
standard model. Without loss of generality one can assume
that h
ai ¼ v�a4 when the EW symmetry is spontane-
ously broken. The Wilson line phase �H is given by

expfi2�Hð2
ffiffiffi
2

p
T4̂Þg ¼ expfigA

RzL
1 dzhAzig so that [21]

�H ¼ 1

2
gAv

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
z2L � 1

k

s
� g4v

2

�
ffiffiffiffiffiffi
kL

p
mKK

: (3.3)

Here g4 ¼ gA=
ffiffiffiffi
L

p
is the four-dimensional SUð2ÞL gauge

coupling constant. We remark that �H is a phase variable so
that physics is periodic in �H with a period 2�.
The spectrum is determined with �H � 0. Various com-

ponents in SOð5Þ mix among each other. Following
Falkowski [29], we define basis functions for mass eigen-
modes in the gauge-Higgs sector by solutions of the Bessel
equation�

d2

dz2
� 1

z

d

dz
þ 	2

�
Cðz;	Þ
Sðz;	Þ

� �
¼ 0; CðzL;	Þ ¼ zL;

C0ðzL;	Þ ¼ 0; SðzL;	Þ ¼ 0; S0ðzL;	Þ ¼ 	:

(3.4)

Here C0 ¼ dC=dz and a relation CS0 � SC0 ¼ 	z holds.
The Neumann and Dirichlet boundary conditions for A�

correspond to solutions CðzL;	Þ and SðzL;	Þ, respectively.
The dimensionless eigenvalue 	 is related to a 4D mass by
m ¼ k	. As the scalar interactions on the Planck brane at
z ¼ 1 effectively change the boundary conditions there, it
is most convenient to use the base functions C and S
defined with boundary conditions at z ¼ zL as in (3.4).
They generalize trigonometric functions in flat space, and
are given in terms of Bessel functions by

Cðz;	Þ ¼ �

2
	zzLF1;0ð	z; 	zLÞ;

C0ðz;	Þ ¼ �

2
	2zzLF0;0ð	z; 	zLÞ;

Sðz;	Þ ¼ ��

2
	zF1;1ð	z; 	zLÞ;

S0ðz;	Þ ¼ ��

2
	2zF0;1ð	z; 	zLÞ:

(3.5)

Here F�;�ðu; vÞ is defined as

F�;�ðu; vÞ ¼ J�ðuÞY�ðvÞ � Y�ðuÞJ�ðvÞ; (3.6)
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which is the same as in Ref. [28]. The relation
F�;��1ðu; uÞ ¼ 2=�u has been used in (3.5).

A. KK towers of 4D gauge fields

(i) ð1L; 1R; 1̂Þ, ð2L; 2R; 2̂Þ components (W tower)
With �H � 0, three components AaL

� , AaR
� , and Aâ

� (a ¼
1, 2) mix among each other. The mass spectrum mn ¼ k	n

is determined by

Cð1;	nÞ ¼ 0; (3.7)

2Sð1;	nÞC0ð1;	nÞ þ 	nsin
2�H ¼ 0 ðW towerÞ: (3.8)

The spectrum (3.7) contains only massive modes. The
spectrum (3.8), which depends on �H, contains a W boson
as the lowest mode 	0. When the warp factor zL ¼ ekL �
1, one finds that 	0zL � 1 for any value of �H. Employing
approximate formulas for Bessel functions, one finds that
the W boson mass is given by

mW �
ffiffiffiffi
k

L

s
e�kLj sin�Hj � mKK

�
ffiffiffiffiffiffi
kL

p j sin�Hj: (3.9)

Later it will be found that the effective potential is mini-
mized at �H ¼ 1

2�. Hence, we find that for ekL ¼ 1015

(1017), k ¼ 4:72� 1017 GeV (5:03� 1019 GeV), and
mKK ¼ 1:48 TeV (1.58 TeV).

(ii) ð3L; 3R; 3̂; BÞ or ð3L; 30R; 3̂; YÞ components (� and Z
towers)

Four components A3L
� , A3R

� , A3̂
�, and B� mix among each

other. The spectrum is given by

C0ð1;	nÞ ¼ 0 ðphoton towerÞ; (3.10)

Cð1;	nÞ ¼ 0; (3.11)

2Sð1;	nÞC0ð1;	nÞ þ	nð1þ s2
Þsin2�H ¼ 0 ðZ towerÞ:
(3.12)

Here s
 is defined in (2.7). The spectrum (3.10) contains a

zero mode 	0 ¼ 0, corresponding to a photon. The spec-
trum (3.12) contains a Z boson, whose mass is given by

mZ � mW

cos�W
; cos�W ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ s2


q : (3.13)

The approximate equality is valid to theOð0:1%Þ accuracy
for mKK ¼ OðTeVÞ [28]. Notice that the Weinberg angle
�W is almost independent of �H, which is not the case in the
corresponding model in flat spacetime M4 � ðS1=Z2Þ.

We would like to add a comment on wave functions. The
profile of the photon wave function in the fifth dimension is
exactly constant. The W and Z wave functions are almost
constant in the fifth coordinate except for the vicinity of the
TeV brane, though they have significant �H dependence in
the weight of the SOð5Þ group components. It has been

known that the approximate flatness in the fifth dimension
assures the universality in the WWZ, WWWW, and
WWZZ couplings, whereas the nontrivial �H dependence
in the group space leads to the deviation of WWH and
ZZH couplings from those in the standard model
[27,28,31]. In the flat space the W and Z wave functions
acquire significant dependence on the fifth coordinate
when �H becomes Oð1Þ, which leads to the deviation of
WWZ coupling from that in the standard model [28].

(iii) (4̂) component

The spectrum of A4̂
� is given by Cð1;	nÞ ¼ 0. It contains

only massive modes.

B. KK towers of 4D scalar fields

Mode functions of the extra-dimensional component Az

satisfy, in place of (3.4),�
d2

dz2
� 1

z

d

dz
þ 1

z2
þ 	2

�
C0ðz;	Þ
S0ðz;	Þ

� �
¼ 0: (3.14)

The Neumann and Dirichlet boundary conditions for Az

correspond to solutions S0ðzL;	Þ and C0ðzL;	Þ, respec-
tively. In classifying the spectra for Az it is convenient to
introduce

A
aV
z

AaA
z

� �
¼ 1ffiffiffi

2
p AaL

z þ AaR
z

AaL
z � AaR

z

� �
ða ¼ 1; 2; 3Þ: (3.15)

(i) ð1V; 2V; 3V; BÞ components
The spectrum is determined by Cð1;	nÞ ¼ 0, which

contains no zero mode.
(ii) ðaA; âÞ (a ¼ 1, 2, 3) components
The spectrum is given by

Sð1;	nÞC0ð1;	nÞ þ 	nsin
2�H ¼ 0: (3.16)

We note that this spectrum is obtained for Az satisfying the
orbifold boundary conditions which are not modified by
the additional dynamics on the Planck brane described by
(2.6). As described in Sec. II and Ref. [28], it is related to
the large gauge invariance. The spectrum for this part is
different from that used in Ref. [32].

(iii) (4̂) component (Higgs tower)
The spectrum is given by 	nSð1;	nÞ ¼ 0. There is a zero

mode 	0 ¼ 0, corresponding to the physical neutral Higgs
field 
4 in (3.2). It acquires a finite mass quantum me-
chanically by the Hosotani mechanism.

C. KK towers of ghost fields

The free part of the equations obeyed by the ghost fields
in the bulk are the same as for the A� part. The boundary

conditions obeyed by the ghost fields for the group com-
ponents outside SUð2ÞR �Uð1ÞX=Uð1ÞY are obviously the
same as for the A�. Even for the group components in

SUð2ÞR �Uð1ÞX=Uð1ÞY , as explained in Sec. II, the ghost
fields obey the same boundary conditions at the Planck
brane as A�, once the R� gauge is adopted on the Planck
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brane. Hence in this gauge all components of the ghost
fields have the same spectrum as the corresponding A�.

IV. SPECTRUM OF FERMIONS

The fermion spectrum is found in a similar manner. The
presence of boundary interactions on the Planck brane
(2.15) among bulk fermions �a and brane fermions �̂jR

induces discontinuities in a part of the bulk fermion fields.
It also effectively changes boundary conditions at the
Planck brane, yielding a desired mass spectrum. The role
of brane mass terms for making exotic fermions heavy was
discussed by Burdman and Nomura several years ago [10].
We shall see below how this is achieved by solving equa-
tions of motion for both bulk and brane fermions.

A. Basis functions

Before writing down full equations in the presence of a
nonvanishing Wilson line phase �H, let us recall the basic
structure of Dirac equations in the absence of gauge inter-
actions. In the Randall-Sundrum spacetime the rescaled

spinor field in the bulk, �� ¼ e�2�� ¼ z�2�, satisfies a
simple equation. If there were no brane interactions, it
would obey

�
�@

��@

� �
� k

D�ðcÞ
DþðcÞ

� �� ��R
��L

 !
¼ 0; (4.1)

D�ðcÞ ¼ � d

dz
þ c

z
: (4.2)

Here c is the bulk mass parameter and�R (�L) represents
the right-handed component with �5 ¼ þ1 (left-handed
component with �5 ¼ �1). The parity of �R at the brane
is opposite to that of �L. Without brane interactions the
component with even (odd) parity satisfies a Neumann

(Dirichlet) condition there. Neumann conditions for ��R

and ��L are given by D�ðcÞ ��R ¼ 0 and DþðcÞ ��L ¼ 0,
respectively.

In the rest of the present paper we always discuss

fermions in terms of rescaled fields ��. To simplify ex-
pressions we henceforth drop a symbol check (�). Repeated
use of Eq. (4.1) gives

f@2 � k2DþðcÞD�ðcÞg�R ¼ 0;

f@2 � k2D�ðcÞDþðcÞg�L ¼ 0:
(4.3)

Taking into account the fact that there are brane interac-
tions at the Planck brane at z ¼ 1, we define basis func-
tions for fermions as

fDþðcÞD�ðcÞ�	2g CRðz;	;cÞ
SRðz;	;cÞ

 !
¼ 0;

fD�ðcÞDþðcÞ�	2g CLðz;	;cÞ
SLðz;	;cÞ

 !
¼ 0;

CR ¼CL ¼ 1;

D�ðcÞCR ¼DþðcÞCL ¼ 0;

SR ¼ SL ¼ 0;

D�ðcÞSR ¼DþðcÞSL ¼ 	 at z¼ zL:

(4.4)

Explicit forms of these functions are given by

CLðz;	; cÞ ¼ þ�

2
	

ffiffiffiffiffiffiffi
zzL

p
Fcþð1=2Þ;c�ð1=2Þð	z; 	zLÞ;

SLðz;	; cÞ ¼ ��

2
	

ffiffiffiffiffiffiffi
zzL

p
Fcþð1=2Þ;cþð1=2Þð	z; 	zLÞ;

CRðz;	; cÞ ¼ ��

2
	

ffiffiffiffiffiffiffi
zzL

p
Fc�ð1=2Þ;cþð1=2Þð	z; 	zLÞ;

SRðz;	; cÞ ¼ þ�

2
	

ffiffiffiffiffiffiffi
zzL

p
Fc�ð1=2Þ;c�ð1=2Þð	z; 	zLÞ;

(4.5)

where F�;� is defined in (3.6). These functions are related

to each other by

DþðcÞ CL

SL

� �
¼	

SR
CR

� �
; D�ðcÞ CR

SR

� �
¼	

SL
CL

� �
;

CL

SL

� �
ðz;	;�cÞ¼� CR

SR

� �
ðz;	;cÞ; CLCR�SLSR¼1:

(4.6)

B. Equations and the spectrum

To find the spectrum resulting in the theory with (2.8)
and (2.15), we start with writing full equations. Recall that
the Wilson line phase �H mixes ðB; tÞ with t0 in the QEM ¼
2
3 sector and ðD;XÞ with b0 in the QEM ¼ � 1

3 sector,

respectively. The brane mass interactions connect B to

B̂R, U and t to ÛR, in the QEM ¼ 2
3 sector, whereas they

connect D and b to D̂R, and X to X̂R, in the QEM ¼ � 1
3

sector.
Strategy for solving equations in the presence of �H � 0

is to first move to a new twisted gauge in which the

background field vanishes, ~Ac
z ¼ 0, as described in

Refs. [28,29]. This is achieved by

�ðzÞ ¼ expfi�ðzÞ ffiffiffi
2

p
T 4̂g; �ðzÞ ¼ z2L � z2

z2L � 1
�H;

gAc
z ¼ _�

ffiffiffi
2

p
T4̂; _� ¼ d�

dz
; ~� ¼ �ðzÞ�:

(4.7)

Note that �ð1Þ ¼ �H and �ðzLÞ ¼ 1. In the standard vec-
torial representation � ¼ ðc 1; 	 	 	 ; c 5Þt, �ðzÞ takes the
form
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�ðzÞ ¼

1
1

1
c s
�s c

0
BBBBB@

1
CCCCCA;

�
c ¼ cos�ðzÞ;
s ¼ sin�ðzÞ:

(4.8)

In the twisted gauge the equations in the bulk are the same
as in free theory, whereas the boundary conditions at the
Planck brane at z ¼ 1 become more involved. In the basis
ðB; t; t0Þ employed in (2.11) and (2.12)

~B
~t
~t0

0
B@

1
CA ¼ ~�

B
t
t0

0
@

1
A;

~� ¼
1
2ð1þ cÞ 1

2ð1� cÞ � 1ffiffi
2

p s
1
2ð1� cÞ 1

2ð1þ cÞ 1ffiffi
2

p s
1ffiffi
2

p s � 1ffiffi
2

p s c

0
BB@

1
CCA:

(4.9)

A similar relation applies to ðD;X; b0Þ.
(i) QEM ¼ 5

3 sector

In the two component basis there are TL, TR, and T̂R in
this sector. As there is no coupling to �H, ~T ¼ T. The
parity assignments of the bulk fields are TLðþ;þÞ,
TRð�;�Þ. With (2.8) and (2.15) equations of motion are
given by

�@TL � kD�ðc1ÞTR ��1�ðyÞT̂R ¼ 0;

��@TR � kDþðc1ÞTL ¼ 0; ��@T̂R ��1TL ¼ 0:

(4.10)

Recall that D� ¼ ðe��=kÞð�d=dyþ cd�=dyÞ in the y
coordinate. Integrating the first equation from y ¼ �� to
y ¼ þ� and making use of TRðx;�yÞ ¼ �TRðx; yÞ, one
finds

TRjy¼� ¼ �TRjy¼�� ¼ �1

2
T̂RðxÞ; (4.11)

that is, parity-odd TR develops a discontinuity at the Planck
brane. Inserting (4.11) into the second equation in (4.10)
and making use of the third equation in (4.10), one finds
ðkDþðc1Þ ��2

1ÞTL ¼ 0 at y ¼ �. The boundary conditions
for the bulk field TL are thus given by

� ðDþðc1Þ � �2
1

2kÞTL ¼ 0 at z ¼ 1;

Dþðc1ÞTL ¼ 0 at z ¼ zL:
(4.12)

Boundary conditions for TR are given by (4.11) and
TRjz¼zL ¼ 0, which follow from (4.10) and (4.12).

In the bulk region 1< z < zL, TL and TR satisfy free
equations. Mode functions are obtained with an ansatz
TL;R ¼ eipxuL;RðpÞfL;RðzÞ for each mass eigenstate.

fL;RðzÞ satisfy DþfL ¼ 	fR and D�fR ¼ 	fL so that TL

and TR satisfy (4.3). The boundary condition (4.12) at z ¼
zL implies that fLðzÞ / CLðz;	; c1Þ. The boundary condi-
tion at z ¼ 1 is then satisfied if

	Sð1ÞR ��2
1

2k
Cð1Þ
L ¼ 0; (4.13)

where SðjÞR ¼ SRð1;	; cjÞ, etc. If there were no boundary

interaction (�1 ¼ 0), then the spectrum contains a zero
mode (	0 ¼ 0). For �2

1=2k � 	 the second term domi-
nates over the first term. The lowest mass m0 ¼ k	0 de-
termined by CLð1;	0; cÞ ¼ 0 is at the Kaluza-Klein mass
scale for c > 0. In other words, as long as �2

1 � mKK, the
mass of the lowest mode is OðmKKÞ for c1 > 0.
Here we have been observing an effective change of

boundary conditions. The Neumann condition correspond-
ing to 	SRð1;	; cÞ ¼ 0 changes to the Dirichlet condition
corresponding to CLð1;	; cÞ ¼ 0 for low-lying modes in
the Kaluza-Klein tower. We note that for c <� 1

2 the low-

est mass value determined by CLð1;	; cÞ ¼
�CRð1;	; jcjÞ ¼ 0 becomes nonvanishing but remains
small.
(ii) QEM ¼ 2

3 sector

In this sector six fields U, B, t, t0, ÛR, and B̂R mix with
each other. In the basis ðB; t; t0Þ the Wilson line phase �H
gives a background field

� igAc
z ¼

_�ffiffiffi
2

p
�1
1

1 �1

0
@

1
A: (4.14)

We note that�igAc
z ¼ ðd ~�y=dzÞ ~�. With (4.14) equations

of motion in the original gauge are given by

�@

UL

BL

tL
t0L

0
BBB@

1
CCCA� k

Dð2Þ�
Dð1Þ� 1ffiffi

2
p _�

Dð1Þ� � 1ffiffi
2

p _�

� 1ffiffi
2

p _� 1ffiffi
2

p _� Dð1Þ�

0
BBBBB@

1
CCCCCA

UR

BR

tR
t0R

0
BBB@

1
CCCA� �ðyÞ

�2ÛR

�1B̂R

~�ÛR

0

0
BBB@

1
CCCA ¼ 0;

��@

UR

BR

tR
t0R

0
BBB@

1
CCCA� k

Dð2Þ
þ

Dð1Þ
þ � 1ffiffi

2
p _�

Dð1Þ
þ 1ffiffi

2
p _�

1ffiffi
2

p _� � 1ffiffi
2

p _� Dð1Þ
þ

0
BBBBBB@

1
CCCCCCA

UL

BL

tL
t0L

0
BBB@

1
CCCA ¼ 0; ��@

ÛR

B̂R

 !
� �2 0 ~�

0 �1 0

� � UL

BL

tL

0
@

1
A ¼ 0:

(4.15)
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Here DðjÞ
� ¼ D�ðcjÞ. Recall that UL, BL, tL, and t0R have

parity ðþ;þÞ whereas UR, BR, tR, and t0L have parity
ð�;�Þ. Integrating the first equation above from y ¼ ��
to y ¼ þ� and making use of the odd nature ofUR, BR, and
tR under parity, one finds

URjy¼� ¼�2

2
ÛR;

BRjy¼� ¼�1

2
B̂R;

tRjy¼� ¼ ~�

2
ÛR:

(4.16)

Another parity-odd field t0L satisfies t0Ljy¼� ¼ 0 as it fol-
lows from the second equation in (4.15). UR, BR, and tR
develop discontinuities at the Planck brane, but t0L does not.

Now to find boundary conditions forUL, BL, tL at y ¼ 0
(z ¼ 1) we insert (4.16) into the second equation in (4.15)
and use the third equation in (4.15). Noting that t0L vanishes
there, one obtains

Dð2Þ
þ UL ��2

2k
ð�2UL þ ~�tLÞ ¼ 0;

Dð1Þ
þ BL ��1

2k
	�1BL ¼ 0;

Dð1Þ
þ tL � ~�

2k
ð�2UL þ ~�tLÞ ¼ 0; t0L ¼ 0;

(4.17)

at z ¼ 1, and

Dð2Þ
þ UL ¼ Dð1Þ

þ BL ¼ Dð1Þ
þ tL ¼ t0L ¼ 0 (4.18)

at z ¼ zL.
At this stage we move to the twisted gauge defined in

(4.7) and (4.9) in which the bulk fields satisfy free equa-
tions. Taking into account the fact that ~t0L ¼ t0L ¼ 0 at z ¼
zL, we find that

Dð2Þ
þ ~UL ¼ Dð1Þ

þ ~BL ¼ Dð1Þ
þ ~tL ¼ ~t0L ¼ 0 (4.19)

at z ¼ zL. Making use of (4.9) and (4.17), we find

sHð ~BL � ~tLÞ �
ffiffiffi
2

p
cH~t

0
L ¼ 0;

�
Dð2Þ

þ ��2
2

2k

�
~UL � ~��2

4k
ð ~BL þ ~tLÞ þ ~��2

4cHk
ð ~BL � ~tLÞ ¼ 0;

� ~��2

2k
~UL þ

�
Dð1Þ

þ ��2
1 þ ~�2

4k

�
ð ~BL þ ~tLÞ ��2

1 � ~�2

4cHk
ð ~BL � ~tLÞ ¼ 0;

~��2

2k
~UL ��2

1 � ~�2

4k
ð ~BL þ ~tLÞ þ

�
cHD

ð1Þ
þ ��2

1 þ ~�2

4cHk

�
ð ~BL � ~tLÞ þ

ffiffiffi
2

p
sHD

ð1Þ
þ ~t0L ¼ 0

(4.20)

at z ¼ 1 where cH ¼ cos�H and sH ¼ sin�H. All the fields
satisfy free equations. With the boundary conditions (4.19)
at z ¼ zL, mode functions can be expressed as

~UL ¼ aUCLðz;	; c2Þ; ~BL � ~tL ¼ aB�tCLðz;	; c1Þ;
~t0L ¼ at0SLðz;	; c1Þ: (4.21)

Eigenvalues for 	 are determined by the boundary con-
ditions (4.20) at z ¼ 1. Inserting (4.21) into (4.20), one
finds after lengthy but straightforward manipulation that

	A1ð	Þ þ 	B1ð	Þsin2�H ¼ 0;

A1ð	Þ ¼
�
	Sð1ÞR ��2

1

2k
Cð1Þ
L

�

�
�
	Sð1ÞR Sð2ÞR � ~�2

2k
Cð1Þ
L Sð2ÞR ��2

2

2k
Sð1ÞR Cð2Þ

L

�
;

B1ð	Þ ¼ 1

Sð1ÞL

�
	2Sð1ÞR Sð2ÞR � 	

�2
2

2k
Sð1ÞR Cð2Þ

L

� 	
�2

1 þ ~�2

4k
Cð1Þ
L Sð2ÞR þ�2

1�
2
2

8k2
Cð1Þ
L Cð2Þ

L

�
; (4.22)

where SðjÞR ¼ SRð1;	; cjÞ, etc.

When boundary masses�j and ~� vanish, (4.22) reduces

to

	Sð1ÞR 	 	
�
Sð1ÞR þ sin2�H

Sð1ÞL

�
	 	Sð2ÞR ¼ 0: (4.23)

The first and third factors correspond to the KK towers of
tþ B and U, respectively. The second factor, yielding

Sð1ÞL Sð1ÞR þ sin2�H ¼ 0 for �H � 0, gives a spectrum of
the KK towers of t� B and t0. The zero mode of t� B
acquires a mass by �H � 0, but the zero modes of tþ B
and U remain massless. With nonvanishing boundary
masses these unwanted light modes acquire masses of
OðmKKÞ for c1, c2 > 0.
(iii) QEM ¼ � 1

3 sector

This sector has a similar structure to that in theQEM ¼ 2
3

sector. Six fields b, D, X, b0, D̂R, and X̂R mix with each
other. bL, DL, XL, and b0R have parity ðþ;þÞ whereas bR,
DR, XR, and b0L have parity ð�;�Þ. Equations of motion
are given by
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�@

bL
DL

XL

b0L

0
BBB@

1
CCCA� k

Dð1Þ�
Dð2Þ� 1ffiffi

2
p _�

Dð2Þ� � 1ffiffi
2

p _�

� 1ffiffi
2

p _� 1ffiffi
2

p _� Dð2Þ�

0
BBBBB@

1
CCCCCA

bR
DR

XR

b0R

0
BBB@

1
CCCA� �ðyÞ

~�D̂R

�2D̂R

�3X̂R

0

0
BBB@

1
CCCA ¼ 0;

��@

bR
DR

XR

b0R

0
BBB@

1
CCCA� k

Dð1Þ
þ

Dð2Þ
þ � 1ffiffi

2
p _�

Dð2Þ
þ 1ffiffi

2
p _�

1ffiffi
2

p _� � 1ffiffi
2

p _� Dð2Þ
þ

0
BBBBBB@

1
CCCCCCA

bL
DL

XL

b0L

0
BBB@

1
CCCA ¼ 0; ��@

D̂R

X̂R

 !
� ~� �2 0

0 0 �3

� � bL
DL

XL

0
@

1
A ¼ 0:

(4.24)

This time bR, DR, and XR develop discontinuities at the
Planck brane:

bRjy¼�¼ ~�

2
D̂R; DRjy¼�¼�2

2
D̂R; XRjy¼� ¼�3

2
X̂R:

(4.25)

With (4.25) boundary conditions for the left-handed bulk
fields are found to be

Dð1Þ
þ bL � ~�

2k
ð ~�bL þ�2DLÞ ¼ 0;

Dð2Þ
þ DL ��2

2k
ð ~�bL þ�2DLÞ ¼ 0;

Dð2Þ
þ XL ��3

2k
	�3XL ¼ 0; b0L ¼ 0;

(4.26)

at z ¼ 1, and Dð1Þ
þ bL ¼ Dð2Þ

þ DL ¼ Dð2Þ
þ XL ¼ b0L ¼ 0 at

z ¼ zL. In the twisted gauge, mode functions are ex-
pressed, as in (4.21), as

~bL ¼ abCLðz;	; c1Þ;
~DL � ~XL ¼ aD�XCLðz;	; c2Þ;

~b0L ¼ ab0SLðz;	; c2Þ:
(4.27)

The boundary conditions at z ¼ 1, (4.26), are satisfied if

	A2ð	Þ þ 	B2ð	Þsin2�H ¼ 0;

A2ð	Þ ¼
�
	Sð2ÞR ��2

3

2k
Cð2Þ
L

�

�
�
	Sð1ÞR Sð2ÞR � ~�2

2k
Cð1Þ
L Sð2ÞR ��2

2

2k
Sð1ÞR Cð2Þ

L

�
;

B2ð	Þ ¼ 1

Sð2ÞL

�
	2Sð1ÞR Sð2ÞR � 	

�2
2 þ�2

3

4k
Sð1ÞR Cð2Þ

L

� 	
~�2

2k
Cð1Þ
L Sð2ÞR þ ~�2�2

3

8k2
Cð1Þ
L Cð2Þ

L

�
: (4.28)

There is a subtle difference between the QEM ¼ 2
3 and

� 1
3 sectors. The expression (4.28) can be obtained from

(4.22) by formally interchanging ðc1; c2Þ, ð�1; �3Þ, and
ð�2; ~�Þ. �̂2R, which was introduced to lift the lowest
mode of Q2L ¼ ðUL;DLÞ of �2 to the KK scale with the
mass term�2, also couples to qL ¼ ðtL; bLÞ of�1 with the

mass term ~�. It is, therefore, natural to suppose that ~�2 �
�2

j . We will see below that this leads to mb � mt as

desired.
(iv) QEM ¼ � 4

3 sector

Y and ŶR belong to this sector. Equations of motion are

obtained from (4.10) by replacing ðT; T̂RÞ by ðY; ŶRÞ and
ðc1; �1Þ by ðc2; �3Þ. The spectrum is determined by

	Sð2ÞR ��2
3

2k
Cð2Þ
L ¼ 0: (4.29)

C. Top and bottom masses

The fermion mass spectrum is determined by the rela-
tions (4.13), (4.22), (4.28), and (4.29). The brane mass
terms are expected to emerge when the RS warped space-
time is generated at high energy scale. Even though we do
not know how they emerge, it is natural to imagine that all
�2

j and ~�2 are at that high scale, namely, of OðMGUTÞ or
OðMPlanckÞ. What we need and assume in the present paper
is much more modest. We only suppose that �2

j , ~�2 �
mKK. It will be seen below that the only relevant parameter
for low energy physics is ~�=�2 in this case.
For low-lying modes in the Kaluza-Klein towers m ¼

	k � �2
j so that (4.13) and (4.29) in the QEM ¼ 5

3 , � 4
3

sectors are approximated byCð1Þ
L ¼ 0 andCð2Þ

L ¼ 0, respec-
tively. The lowest mode in each sector has a mass of
OðmKKÞ for cj > 0.

In a similar manner the relation (4.22) in the QEM ¼ 2
3

sector is approximated by

Cð1Þ
L ¼ 0; �2

2C
ð2Þ
L

�
Sð1ÞR þ sin2�H

2Sð1ÞL

�
þ ~�2Cð1Þ

L Sð2ÞR ¼ 0:

(4.30)

The first one gives a KK tower of ðB; B̂RÞ. The second one

contains towers of ðt; t0Þ and ðU; ÛRÞ. It is found below that
mt and mb can be reproduced if c1 � c2. In the limiting

case c1 ¼ c2 the second one splits into Cð1Þ
L ¼ 0 for

ðU; ÛRÞ and
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2

�
1þ ~�2

�2
2

�
Sð1ÞL Sð1ÞR þ sin2�H ¼ 0 (4.31)

for ðt; t0Þ. Notice the appearance of a factor 2 in (4.31)
compared with the similar expression in the middle of
(4.23) due to the brane interactions.

The spectrum determined by (4.30) contains one light
mode, namely, a top quark. For 	zL � 1 and 0< c< 1

2 ,

CLð1;	; cÞ � zcL and SLð1;	; cÞ � �	z1þc
L =ð1þ 2cÞ.

Making use of these relations, one finds the top quark
mass, mt ¼ 	k, to be given, for 0< c1, c2 <

1
2 , by

mt � mKKffiffiffi
2

p
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 4c21

q
j sin�Hj

ð1þ ~�2

�2
2

1�2c1
1�2c2

z2ðc1�c2Þ
L Þ1=2

� mKKffiffiffi
2

p
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 4c21

q
j sin�Hj for

~�2

�2
2

z2ðc1�c2Þ
L � 1:

(4.32)

With �H ¼ � 1
2�, we find c1 � 0:43 for mt ¼ 172 GeV.

The spectrum in the QEM ¼ � 1
3 sector is obtained in a

similar manner. Equation (4.29) is approximated by

Cð2Þ
L ¼ 0; ~�2Cð1Þ

L

�
Sð2ÞR þ sin2�H

2Sð2ÞL

�
þ�2

2C
ð2Þ
L Sð1ÞR ¼ 0:

(4.33)

There exists one light mode, which is identified with the
bottom quark. Its mass is given, for 0< c1, c2 <

1
2 , by

mb � mKKffiffiffi
2

p
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 4c22

q
j sin�Hj

ð1þ �2
2

~�2
1�2c2
1�2c1

z2ðc2�c1Þ
L Þ1=2

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2c2
1þ 2c1

s �������� ~�

�2

��������zc1�c2
L 	mt; (4.34)

which justifies the approximation employed in (4.32).
jc1 � c2j must be small to get a reasonable value for
~�=�2. In the most attractive scenario c1 ¼ c2, which
results if all t, t0, b, and b0 belong to one single multiplet
in a larger unified theory, one finds that�������� ~�

�2

��������¼ mb

mt

� 1: (4.35)

We stress that only the ratio ~�=�2 among the brane masses
is relevant for mb. Individual values of the brane mass
parameters �2

j , ~�2 are irrelevant so long as they are

much bigger than mKK. To have nonvanishing mb we
need both �H � 0 and ~� � 0. bL in�1 must be connected
with b0R in �2.

One may wonder if there are other values for c1 and c2 to
reproduce mt and mb. In the cases 0< c1 <

1
2 < c2 and

� 1
2 < c2 < 0< c1 <

1
2 , one obtains the same relation for

mb=mt as the second relation in (4.34), which demands

unnaturally large ~�=�2 as zL � 1015. In the current
scheme, the observed mt and mb are realized only for 0<
c1, c2 <

1
2 .

It is straightforward to incorporate light quarks in the
first and second generations. For each generation two 5
multiplets and associated brane fermions are introduced.
The bulk mass parameter c1 ¼ c2 � c and brane masses
�1, �2, �3, and ~� take values depending on the genera-
tion. As their masses are much smaller than mW , it will be
found that c > 1

2 . The spectrum is determined by

Eqs. (4.30) and (4.33). For up- and down-type quarks we
find, for c > 1

2 , that

mup � mKKffiffiffi
2

p
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4c2 � 1

p
j sin�Hj

ð1þ ~�2

�2
2

Þ1=2zc�ð1=2Þ
L

; mdown �
�������� ~�

�2

��������mup:

(4.36)

With �H ¼ � 1
2� and zL ¼ 1015, we find c� 0:653 and

0.853 for mc ¼ 1:4 GeV and mu ¼ 4 MeV, respectively.
A similar construction is done for leptons by putting
ðecR; �c

R; e
c
LÞ and �c

L in �1 and �2, respectively. Large
hierarchy in fermion masses can be naturally explained
by modest distribution in the bulk mass parameter c, as was
pointed out in Ref. [46] in general context and in Ref. [23]
in the gauge-Higgs unification scenario.

V. DYNAMICAL EW SYMMETRY BREAKING

The value for �H is determined by the location of the
global minimum of the effective potential Veffð�HÞ, which
becomes nontrivial at the quantum level [3]. When �H
takes a nontrivial value, the standard model symmetry
SUð2ÞL �Uð1ÞY dynamically breaks down to Uð1ÞEM. In
pure gauge theory without fermions the symmetry remains
unbroken. We shall show below that the presence of a top
quark induces the symmetry breaking.
The evaluation of the effective potential Veffð�HÞ in the

RS warped spacetime was initiated by Oda and Weiler
[22]. Since then a powerful method for the evaluation has
been developed by Falkowski [29]. Concrete evaluation in
the gauge-Higgs unification models of electroweak inter-
actions in the RS spacetime has been given in
Refs. [32,36].
The effective potential Veffð�HÞ at the one-loop level is

determined by the dependence of the mass spectrum on �H.
We have seen in the preceding sections that spectra in both
gauge-Higgs and fermion sectors are determined by zeros
of equations of the type Að	Þ þ Bð	Þfð�HÞ ¼ 0. For gauge
fields and fermions in the vector representation, we have
seen fð�HÞ ¼ sin2�Hð� f1ð�HÞÞ. For matter fields in the
spinor representation one finds fð�HÞ ¼ sin2 1

2�H. (See, for

example, Refs. [27,28].)

We rewrite the equation in the form 1þ ~Qð	Þfð�HÞ ¼ 0

( ~Q ¼ B=A), which yields a spectrum f	nð�HÞg. Then one-
loop contribution to Veffð�HÞ coming from particles with
masses mnð�HÞ ¼ k	n is given by
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Veffð�HÞ ¼ � 1

2

Z d4p

ð2�Þ4
X

lnðp2 þmnð�HÞ2Þ

¼ �I½QðqÞ; fð�HÞ�;

I½QðqÞ; fð�HÞ� ¼ ðkz�1
L Þ4

ð4�Þ2
Z 1

0
dq q3

� lnf1þQðqÞfð�HÞg;
QðqÞ ¼ ~Qðiqz�1

L Þ: (5.1)

Here � corresponds to bosons or fermions, and
�H-independent constant terms have been ignored. It will
be seen below that the integral is dominated by the inte-
grand in a range 0< q< 10.

A. Contributions from the gauge field sector

The W tower (3.8), the Z tower (3.12), and the scalar
tower (3.16), with associated ghost contributions, contrib-
ute to Veffð�HÞ. Let us define

F̂�;�ðu; vÞ ¼ I�ðuÞK�ðvÞ � e�ið���Þ�K�ðuÞI�ðvÞ;
F�;�ðiu; ivÞ ¼ � 2

�
eið���Þ�=2F̂�;�ðu; vÞ; (5.2)

where I� and K� are modified Bessel functions and F�;� is

defined in (3.6). The effective potential is given by

Veffð�HÞgauge ¼ 2 	 2 	 I
�
1

2
Q0

�
q;
1

2

�
; f1ð�HÞ

�
þ 2 	 I

�
1

2
ð1þ s2
ÞQ0

�
q;
1

2

�
; f1ð�HÞ

�
þ 3 	 I

�
Q0

�
q;
1

2

�
; f1ð�HÞ

�
;

Q0ðq; cÞ ¼ zL
q2

1

F̂c�ð1=2Þ;c�ð1=2Þðqz�1
L ; qÞF̂cþð1=2Þ;cþð1=2Þðqz�1

L ; qÞ ;

f1ð�HÞ ¼ sin2�H: (5.3)

The behavior of Veffð�HÞgauge is depicted in Fig. 1. It has
global minima at �H ¼ 0 and �. SUð2ÞL �Uð1ÞY symme-
try remains unbroken in pure gauge theory.

The flat spacetime limit k ! 0 of Veffð�HÞgauge is ob-
tained by replacing kz�1

L �mKK=� by 1=L, and Q0ðq; 12Þ
by QflatðqÞ ¼ 1=sinh2q. The shape of Vgauge

eff in the RS

space is similar to that in flat space. The magnitude of
Ugauge ¼ ð4�Þ2ðkz�1

L Þ�4Vgauge
eff in RS is reduced compared

to that in flat space by a factor 2=kL.

B. Contributions from the fermion sector

In the fermion sector the spectra in the Q ¼ 2
3 and � 1

3

sectors, (4.22) and (4.28), yield nontrivial contributions to

Veffð�HÞ. ~Q is given by B1=A1 or B2=A2 in each sector.

When there were no boundary masses, �j, ~� ¼ 0, then ~Q

would take the form 1=SðjÞL SðjÞR (j ¼ 1, 2). It immediately
follows that

Veffð�HÞfermionj�j; ~�¼0 ¼ �4fI½Q0ðq; c1Þ; f1ð�HÞ�
þ I½Q0ðq; c2Þ; f1ð�HÞ�g: (5.4)

Here the factor 4 accounts for the number of degrees of
freedom. We have seen that c1 � 0:43 for the top quark
multiplet. With this value the magnitude of the contribu-
tion from the top quark multiplet (� 4I½Q0; f1�) is three
times larger than that of Veffð�HÞgauge in (5.3). The global

minima are found at �H ¼ � 1
2�, which implies the EW

symmetry breaking, although with vanishing �j, ~� there

appear unwanted massless particles. We remark that a
contribution I½Q0ðq; cÞ; f1ð�HÞ� becomes negligible for
c > 0:6 compared with the gauge field contributions. As
a consequence contributions from light quarks and leptons
become negligibly small in the RS space.

To get QjðqÞ for �j, ~� � 0 from ~Qjð	Þ ¼ Bj=Aj, it is

sufficient to make the replacement

	 ! iqz�1
L ;

SL
SR

� �
! �iqz�1=2

L F̂c�ð1=2Þ;c�ð1=2Þðqz�1
L ; qÞ;

CL

CR

� �
! qz�1=2

L F̂c�ð1=2Þ;c�ð1=2Þðqz�1
L ; qÞ:

(5.5)

The resultant expressions for QjðqÞ’s are not illuminating.

When �2
j , ~�2 � mKK, they tremendously simplify. In

particular for c1 ¼ c2 ¼ c they become

Q1ðqÞ ’ �2
2

2ð�2
2 þ ~�2ÞQ0ðq; cÞ;

Q2ðqÞ ’ ~�2

2ð�2
2 þ ~�2ÞQ0ðq; cÞ:

(5.6)

The approximation is valid for q � �2
j=mKK, ~�

2=mKK. As

0.5 1.0 1.5 2.0

0.1

0.2

0.3

0.4

0.5

0.6

θ   /πH

U

FIG. 1 (color online). The effective potential Veffð�HÞgauge in
pure gauge theory without fermions. The plot is for
Ugaugeð�H=�Þ ¼ ð4�Þ2ðkz�1

L Þ�4V
gauge
eff at zL ¼ 1015.
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QjðqÞ becomes negligibly small for q > 10, the expression

(5.6) can be safely used in the integral I½QjðqÞ; f1ð�HÞ� for
numerical evaluation. One finds

Veffð�HÞfermion ’ �4

�
I

�
1

2ð1þ rÞQ0ðq; cÞ; f1ð�HÞ
�

þ I

�
r

2ð1þ rÞQ0ðq; cÞ; f1ð�HÞ
��
;

r ¼ ~�2

�2
2

¼
�
mb

mt

�
2
: (5.7)

As r � 1, the first term in (5.7) coming from �1 domi-
nates. The factor 1

2 in the argument of I is due to the fact

that t0 couples through �H to c 4 ¼ ðt� BÞ= ffiffiffi
2

p
, and the B

component becomes heavy. As for the �2 contribution,
both D and X, the partners of b0, become heavy so that no
component except for a small mixture of b characterized
by a factor r remains light. This accounts for the difference
between (5.4) and (5.7).

C. Symmetry breaking

The total effective potential Veffð�HÞ is the sum of
Veffð�HÞgauge in (5.3) and Veffð�HÞfermion in (5.7). It is dis-
played in Fig. 2. With c� 0:43 the top contribution domi-
nates over others. Veffð�HÞ has global minima at
�H ¼ � 1

2�, where the EW symmetry dynamically breaks

down to Uð1ÞEM. The contributions from other quarks and
leptons are negligible, as the corresponding bulk mass
parameters c range from 0.6 to 0.9 [23]. We conclude
that the presence of a heavy top quark triggers EW sym-
metry breaking.

The effective potential Veffð�HÞ depends on the parame-
ter zL. There are two critical values for zL. As zL is
decreased, the value of the bulk mass parameter c also
decreases to reproduce the observed mt. At zL ¼ 9:4�
103 � zc1L , which corresponds to k ¼ 2:3� 106 GeV, c
becomes 0. For zL < zc1L there exists no solution with the
observed mt. One can set c to be 0 and examine the
behavior of Veffð�HÞ for zL < zc1L . It is found that for zL <
zc2L ¼ 905, the global minima of Veffð�HÞ shift to �H ¼ 0

and� so that the EW symmetry is unbroken. One may take
the flat space limit (k ! 0) with the bulk mass ck kept
fixed. In this case c ! 1 as k ! 0 so that contributions of
fermions to the effective potential are exponentially sup-
pressed. We conclude that the EW symmetry is unbroken
in flat space in our scheme.
We would also like to remark that if fermions were

introduced in the spinor representation of SOð5Þ, then there
would be no EW symmetry breaking. In the effective
potential fermions would give fð�HÞ ¼ sin2 1

2 �H in the

expression (5.1) so that the global minimum would appear
either at �H ¼ 0 or �.

VI. HIGGS MASS

The four-dimensional Higgs field (3.2) acquires a finite
mass at the one-loop level. The physical neutral Higgs field

4 � 
H is related to the Wilson line phase �H by (3.3).
The effective potential Veffð�HÞ evaluated in the previous
section translates to the effective potential for the Higgs
field 
H. By expanding Veff around the minimum one
obtains

Veff ¼ constþ 1

2
m2

Hð
H � vÞ2 þ 	 	 	 ;

m2
H ¼ �2g24kL

4m2
KK

d2Veff

d�2H

��������min
:

(6.1)

We recall that

v ¼ h
Hi ¼ 2�H
�g4

mKKffiffiffiffiffiffi
kL

p ¼ 2

g4

�H
j sin�HjmW: (6.2)

The relation between v and mW deviates from that in the
standard model by a factor 1

2� at the global minimum

�H ¼ � 1
2�.

Inserting (5.3) and (5.7) into (6.1), we find

m2
H ’ g24kLm

2
KK

64�4

�
�4G

�
1

2
Q0

�
q;
1

2

��

� 2G

�
1

2
ð1þ s2
ÞQ0

�
q;
1

2

��
� 3G

�
Q0

�
q;
1

2

��

þ 4G

�
1

2ð1þ rÞQ0ðq; cÞ
�

þ 4G

�
r

2ð1þ rÞQ0ðq; cÞ
��
;

G½QðqÞ� ¼
Z 1

0
dq q3

2QðqÞ
1þQðqÞ : (6.3)

The contribution from the bottom quark (the last term in
the parenthesis) tom2

H is negligible. With numerical values
mW , mt, �WðmZÞ ¼ g24=4� ¼ 0:0338, and zL ¼ 1015

(kL ¼ 34:5) given, one finds that k ¼ 4:7� 1017 GeV,
mKK ¼ 1:48 TeV, c ¼ 0:429, and mH ¼ 49:9 GeV. The
numbers are tabulated for various values of zL in Table. I.

0.5 1.0 1.5 2.0

0.25

0.20

0.15

0.10

0.05 θ   /πH

U

FIG. 2 (color online). The effective potential Veffð�HÞ in the
model with top and bottom quarks. The plot is for
Utotalð�H=�Þ ¼ ð4�Þ2ðkz�1

L Þ�4Veff at zL ¼ 1015. Contributions
from light quarks and leptons are negligible. The global minima
are located at �H ¼ 1

2� and 3
2�, where the EW symmetry

dynamically breaks down to Uð1ÞEM.
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With mW , mt, mb, �W , and zL ¼ ekL given, all other
relevant parameters at low energies are determined. The
effective potential is minimized at �H ¼ � 1

2� where EW

symmetry spontaneously breaks down. We stress that the
Higgs mass mH is mostly determined by mW , �W , and mt.

It is seen that the Higgs mass is predicted around 50 GeV
for k ¼ 1015 � 1019 GeV. One might wonder if this is in
conflict with the LEP2 bound for mH which states that
mH < 114 GeV is excluded. We contend that mH �
50 GeV is in no conflict with the LEP2 bound in the
current gauge-Higgs unification scenario.

The crucial observation is that the ZZH coupling van-
ishes at �H ¼ 1

2� as shown in Refs. [27,28]. The WWH

and ZZH couplings in the SOð5Þ �Uð1ÞX model are sup-
pressed, compared with those in the standard model, by a
factor cos�H. The process eþe� ! Z ! ZH cannot take
place at �H ¼ � 1

2� so that the LEP2 bound is not appli-

cable. The ZZHH coupling, on the other hand, is multi-
plied by a factor cos2�H to the coupling in the standard
model [31] so that eþe� ! ZHH can proceed. Light
Higgs particles might have been already produced. It is
of great interest that a similar scenario emerges in a version
of the minimal supersymmetric standard model (MSSM)
where the lightest Higgs boson has a different coupling to
Z from that of the Higgs boson in the standard model [47–
50]1 and in the strongly interacting light Higgs scenario
[40]. A distinctive feature in the gauge-Higgs unification
scenario is that the light Higgs particle with vanishing
WWH and ZZH couplings follows from the dynamics in
the theory, but not by tuning parameters.

We would like to mention that the Higgs mass is ex-
pected to remain finite to all orders in perturbation theory.
It is finite at the one-loop level as the �H-dependent part of
the effective potential Veff is finite as shown originally in

Ref. [3], generally in Ref. [51] and also in the present
paper. The finiteness has been shown at the two loop level
in a toy model of five-dimensional QED [52].
A few comments are in order about the estimate of the

Higgs mass given in Ref. [21]. It has been argued there,
without either specifying the detailed fermion content or
performing explicit computation of the effective potential
Veffð�HÞ, that in generic gauge-Higgs unification models in
the RS space the Higgs mass should turn out in the range
140–280 GeV. In the present model we have found mH �
50 GeV. The discrepancy stems from a couple of sources.
First, in the evaluation of the effective potential we ob-
served that the contribution from the top quark is halved
due to the brane mass interactions. Second, we found that
the effective potential takes the minimum at �H ¼ 1

2�

whereas �H ¼ ð0:2� 0:3Þ� was supposed in Ref. [21].
In the current model mH / mW=j sin�Hj so that smaller
�H would give larger mH. Third, the c dependence of
Veffð�HÞ was not well appreciated in Ref. [21]. We have
seen that for c� 0:43 there is partial cancellation between
contributions from the top quark and gauge fields. If c�
0:4 (mt � 200 GeV), then mH would be increased by 40%
to 73 GeV. The LEP2 bound mH � 114 GeV would be
achieved if one takes an unrealistic value mt � 262 GeV
(c� 0:31).2 The appearance of the enhancement factor
kL=2 in various physical quantities remains valid.

VII. SUMMARYAND DISCUSSIONS

In the present paper we constructed an SOð5Þ �Uð1ÞX
gauge-Higgs unification model in the RS space with top
and bottom quarks realized in two multiplets in the vector
representation (5) of SOð5Þ. Additional brane fermions are
introduced on the Planck brane to make all unwanted
exotic particles heavy by brane mass terms, and at the
same time to give a bottom quark a finite mass.
Everything follows from equations of motion derived
from the action principle with the orbifold boundary con-
ditions. The effective change of boundary conditions re-
sults for low-lying modes of the Kaluza-Klein towers of
exotic particles. The effective potential for the Wilson line
phase and the Higgs mass are determined from the other
observed quantities.
It was shown that the presence of a top quark triggers the

electroweak symmetry breaking by the Hosotani mecha-
nism. The effective potential was minimized at the Wilson
line phase �H ¼ � 1

2�. The Higgs mass mH is predicted,

once mW , �W , mt, and zL are given. It is found that mH �
50 GeV for zL ¼ 1015 � 1017. The WWH and ZZH cou-
plings vanish at �H ¼ � 1

2� so that the LEP2 bound is

evaded. We stress that the prediction is robust. It does not

TABLE I. The Higgs mass mH, with the value of zL given, k,
mKK, c, and mH are determined. Input parameters are mW ¼
80:4 GeV, �W ¼ 0:0338, and mt ¼ 172 GeV. For zL < 9:4�
103 there is no value for c which reproduces mt. For zL < 905,
Veffð�HÞ with c ¼ 0 is minimized at �H ¼ 0, � so that the
electroweak symmetry remains unbroken.

zL ¼ ekL k (GeV) mKK (TeV) c mH

1017 5:0� 1019 1.58 0.438 53.5

1015 4:7� 1017 1.48 0.429 49.9

1013 4:4� 1015 1.38 0.417 46.1

1010 3:9� 1012 1.21 0.388 39.9

105 2:7� 107 0.86 0.226 26.9

9:4� 103 2:3� 106 0.76 0 23.5

1Note that, since the lightest Higgs is not standard model-like,
the naive decoupling limit cannot be taken in this light Higgs
MSSM scenario. In our case, the Kaluza-Klein scale mKK is
related to mW by Eq. (3.9) so that one cannot arbitrarily take
mKK ! 1 limit for decoupling.

2Recall that our model does not need to give mH > 114 GeV
because of the vanishing ZZH coupling.
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depend on the values of brane masses so long as the scale
of the brane masses is much larger than mKK. In short, the
top mass determines the Higgs mass.

One may wonder if the vanishing, or suppression, of the
WWH and ZZH couplings leads to the violation of the tree
unitarity in the scattering of longitudinal components ofW
and Z. In Ref. [34] it has been shown that KK excited states
of W and Z contribute to restore the unitarity at high

energies through WWðnÞH and ZZðnÞH couplings.
Phenomenology of the Higgs particle is of great interest.

From the study of the SUð3Þ model [23] it is expected that
Yukawa couplings of the Higgs particle to quarks are sup-
pressed compared with those in the standard model. The
suppression would be milder for the top quark with c� 0:4
than that for lighter quarks with c > 0:6. The suppressed
Yukawa coupling to the bottom quark implies that the
Higgs particle has a rather narrow decay width.

When �H becomes large, generically large corrections
are expected for the electroweak precision measurements,
especially to the S and T parameters [18–20,25,26]. Our
model, unlike the preceding ones, does not need any brane
dynamics for the effective change of the boundary con-
ditions at the TeV brane. It is manifest that our model fits
into the criteria of Ref. [43] for suppressing radiative
corrections to the � (T) parameter and Zb �b coupling

thanks to the custodial symmetry in the bulk and on the
TeV brane and the extended SOð5Þ � Z2 ’ Oð5Þ symme-
try. In Ref. [32] it has been pointed out that sizable loop
corrections to T may result when tL and t0R are placed in
one multiplet. It is important to study such corrections in
more detail in our framework.
The gauge-Higgs unification scenario predicts signifi-

cant departure from the standard model, particularly in the
Higgs sector. The forthcoming experiments at the LHC
will give us clues in understanding the structure of the
symmetry breaking and the origin of the Higgs particle.
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