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Collider signatures of the SOð5Þ �Uð1Þ gauge-Higgs unification model in the Randall-Sundrum

warped space are explored. Gauge couplings of quarks and leptons receive small corrections from the

fifth dimension whose effects are tested by the precision data. It is found that the forward-backward

asymmetries in eþe� collisions on the Z pole are well explained in a wide range of the warp factor zL, but

the model is consistent with the branching fractions of Z decay only for large zL * 1015. Kaluza-Klein

(KK) spectra of gauge bosons, quarks, and leptons as well as gauge and Higgs couplings of low-lying KK

excited states are determined. Right-handed quarks and leptons have larger couplings to the KK gauge

bosons than left-handed ones. Production rates of Higgs bosons and KK states at the Tevatron, LHC, and

International Linear Collider are evaluated. The first KK Z has a mass 1130 GeV with a width 422 GeV

for zL ¼ 1015. The current limit on the Z0 production at the Tevatron and LHC indicates zL > 1015. A

large effect of parity violation appears in the difference between the rapidity distributions of eþ and e� in

the decay of the first KK Z. The first KK gauge bosons decay into light and heavy quarks evenly.
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I. INTRODUCTION

One of the biggest issues in current physics is to find the
Higgs boson and pin down its properties. The mechanism
of electroweak (EW) symmetry breaking is yet to be un-
covered. It is not clear if the EW symmetry is spontane-
ously broken in a way described in the standard
model (SM). The search for the Higgs boson is carried
on at the Tevatron and LHC. The forthcoming result will
tell us whether or not the SM scenario of the Higgs boson
with a mass <200 GeV is correct.

Many alternative models have been proposed with new
physics beyond the standard model. The most popular
scenario in this category is supersymmetry hidden at the
TeV scale. The Higgs boson is absent in the Higgsless
model in which Kaluza-Klein (KK) modes of gauge bosons
in the fifth dimension unitarize the theory [1,2], whereas
the Higgs boson appears as a pseudo-Nambu-Goldstone
boson in the little Higgs model [3–5]. In the gauge-Higgs
unification scenario the Higgs boson is unified with 4D
gauge fields, appearing as a part of the extra-dimensional
component of gauge potentials.

In the present paper we focus on phenomenological
implications and predictions of gauge-Higgs unification
[6–12], particularly of the SOð5Þ �Uð1Þ model in the
Randall-Sundrum (RS) warped space [13–18]. The Higgs
boson is nothing but a four-dimensional (4D) fluctuation
mode of the Wilson line phase �H representing an
Aharonov-Bohm phase in the fifth dimension. It has been
shown in a class of the SOð5Þ �Uð1Þ models that the
energy density is minimized at �H ¼ � 1

2� [17] where

the Higgs boson becomes absolutely stable. There emerges
the H parity invariance. Among low energy particles only
the Higgs boson is H parity odd, whereas all other SM
particles are H parity even [19,20].

One immediate consequence is that Higgs bosons be-
come the dark matter of the Universe. From the WMAP
data the Higgs boson massmH is estimated around 70 GeV
[19]. This value does not contradict with the LEP2 bound
mH > 114 GeV, as the ZZH coupling exactly vanishes. In
collider experiments Higgs bosons can be produced in
pairs. However, they appear as missing energies and
momenta as they do not decay [21,22].
How can we test the model at colliders? We examine this

question by analyzing the precision data of gauge cou-
plings of quarks and leptons, Higgs pair production at
LHC and the International Linear Collider (ILC), KK
spectra of various fields, and production and decay of the
first KK modes of gauge bosons at the Tevatron and LHC.
The model has one free parameter, the warp factor zL of the
RS space. It will be found that the present data from
colliders prefer large zL > 1015 whereas the Higgs mass
�70 GeV accounting for the dark matter is obtained with
zL � 105 in the current model. The production of the first
KKmode of the Z boson with a mass around 1130 GeVand
a width 422 GeV for zL ¼ 1015 at LHC will be one of the
robust signals of the model.
The SOð5Þ �Uð1Þ gauge-Higgs unification model at

�H ¼ � 1
2� has similarity to the Higgsless model in such

processes as WW scattering at the tree level as the Higgs
boson contribution is absent due to the vanishing WWH
coupling [1]. It has been also discussed that the Higgs
boson in the model has correspondence to the holographic
pseudo-Goldstone boson [23,24], resembling the little
Higgs model. The stable Higgs boson serving as dark
matter has similarity to a second Higgs boson in the inert
Higgs doublet model with new parity [25–28]. We would
like to stress that the current model can make many defini-
tive, quantitative predictions by starting from a concrete
action, to be compared with other predictions [29–46].
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The paper is organized as follows. The model is intro-
duced in Sec. II, and KK expansions of various fields are
summarized in Sec. III. In Sec. IV gauge couplings of
quarks and leptons are determined, and are compared
with the precision data for forward-backward asymmetries
in eþe� annihilation on the Z resonance and partial decay
widths of the Z boson. In Sec. V pair production of Higgs
bosons at LHC and ILC is examined. The spectrum of KK
towers of gauge bosons, quarks, and leptons is determined
in Sec. VI. Couplings of quarks and leptons to KK gauge
bosons are evaluated in Sec. VII. In Sec. VIII signals of the
first KK Z boson at the Tevatron and LHC are discussed.
Section IX is devoted to conclusions.

II. MODEL

The SOð5Þ �Uð1Þ gauge-Higgs unification scenario
was proposed by Agashe, Contino, and Pomarol [13]. We
analyze phenomenological consequences of the model
given in Refs. [18,20]. The model without leptons was
introduced in Ref. [17]. It has been shown that the model
has H parity invariance which leads to the stable Higgs
boson [19,20].

The model is defined in the RS warped space with a
metric

ds2 ¼ GMNdx
MdxN ¼ e�2�ðyÞ���dx

�dx� þ dy2; (2.1)

where ��� ¼ diagð�1; 1; 1; 1Þ,�ðyÞ¼�ðyþ2LÞ¼�ð�yÞ,
and �ðyÞ ¼ kjyj for jyj � L. The Planck and TeV branes
are located at y ¼ 0 and y ¼ L, respectively. The bulk
region 0< y< L is anti–de Sitter spacetime with a cos-
mological constant � ¼ �6k2. The warp factor zL �
ekL � 1 is a parameter to be specified. The KK mass scale
is given by mKK ¼ �k=ðzL � 1Þ � �kz�1

L , which turns out
840–1470 GeV for zL ¼ 105–1015.

The model consists of SOð5Þ �Uð1ÞX � SUð3Þc gauge
fields ðAM;BM;GMÞ, bulk fermions �a, brane fermions
�̂�R, and brane scalar �. The bulk part of the action is
given by

Sbulk¼
Z
d5x

ffiffiffiffiffiffiffiffi�G
p �

�tr
1

4
FðAÞMNFðAÞ

MN�
1

4
FðBÞMNFðBÞ

MN

� tr
1

2
FðCÞMNFðCÞ

MNþ
X
a

i ��aDðcaÞ�a

�
;

DðcaÞ¼�AeA
M

�
@Mþ1

8
!MBC½�B;�C�� igAAM

� igBQXaBM� igCQ
colorGM

�
�ca�

0ðyÞ: (2.2)

The gauge fixing and ghost terms associated with the three

gauge groups have been suppressed. FðAÞ
MN ¼ @MAN �

@NAM � igA½AM; AN�, FðBÞ
MN ¼ @MBN � @NBM, and

FðCÞ
MN ¼ @MGN � @NGM � igC½GM;GN�. Qcolor ¼ 1 or 0

for quark or lepton multiplets, respectively. The SOð5Þ

gauge fields AM are decomposed as AM ¼P3
aL¼1 A

aL
M TaL þP3

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. In the fermion part �� ¼ i�y�0 and
Dirac �M matrices are given by

�� ¼ ��

���

 !
; �5 ¼ 1

�1

 !
;

�� ¼ ð1; ~�Þ; ��� ¼ ð�1; ~�Þ:
(2.3)

All of the bulk fermions belong to the vector (5) represen-
tation of SOð5Þ. The ca term in Eq. (2.2) gives a bulk kink
mass, where �0ðyÞ ¼ k	ðyÞ is a periodic step function with
a magnitude k. The dimensionless parameter ca plays an
important role in controlling profiles of fermion wave
functions.
The orbifold boundary conditions at y0 ¼ 0 and y1 ¼ L

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;

�aðx; yj � yÞ ¼ Pj�
5�aðx; yj þ yÞ;

Pj ¼ diagð�1;�1;�1;�1;þ1Þ:

(2.4)

The SOð5Þ �Uð1ÞX symmetry is reduced to SOð4Þ �
Uð1ÞX ’ SUð2ÞL � SUð2ÞR �Uð1ÞX by the orbifold
boundary conditions. It is known that various orbifold
boundary conditions fall into a finite number of equiva-
lence classes of boundary conditions [8,47,48]. The physi-
cal symmetry of the true vacuum in each equivalence class
of boundary conditions is dynamically determined at the
quantum level.
The 4D Higgs field, which is a doublet both in SUð2ÞL

and in SUð2ÞR, appears as a zero mode in the SOð5Þ=SOð4Þ
part of the fifth-dimensional component of the vector
potential Aâ

yðx; yÞ. Without loss of generality one assumes

hAâ
yi / 
a4 when the EW symmetry is spontaneously bro-

ken. The zero modes of Aâ
y (a ¼ 1, 2, 3) are absorbed byW

and Z bosons. The Wilson line phase �H is given by

exp

�
i

2
�H 	 2 ffiffiffi

2
p

T4̂

�
¼ exp

�
igA

Z L

0
dyhAyi

�
: (2.5)

The 4D neutral Higgs field HðxÞ appears as [39]
A4̂
yðx; yÞ ¼ f�HfH þHðxÞguHðyÞ þ 	 	 	 ;

fH ¼ 2

gA

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k

z2L � 1

s
¼ 2

gw

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k

Lðz2L � 1Þ

s
: (2.6)

Here the wave function of the 4D Higgs boson is

given by uHðyÞ ¼ ½2k=ðz2L � 1Þ�1=2e2ky for 0 � y � L
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and uHð�yÞ ¼ uHðyÞ ¼ uHðyþ 2LÞ. gw ¼ gA=
ffiffiffiffi
L

p
is the

dimensionless 4D SUð2ÞL coupling.
For each generation two vector multiplets�1 and�2 for

quarks and two vector multiplets�3 and�4 for leptons are
introduced. Each vector multiplet, �, is decomposed into

one ð12 ; 12Þ, ��, and one (0, 0) of SUð2ÞL � SUð2ÞR. We

denote �a’s, for the third generation, as

�1 ¼ð ��1; t
0Þ2=3; ��1 ¼

T t

B b

 !
�ðQ1;qÞ;

�2 ¼ð ��2;b
0Þ�1=3; ��2 ¼

U X

D Y

 !
�ðQ2;Q3Þ;

�3 ¼ð ��3;�
0Þ�1; ��3 ¼

�� L1X

� L1Y

 !
�ð‘;L1Þ;

�4 ¼ð ��4;�
0
�Þ0; ��4 ¼

L2X L3X

L2Y L3Y

 !
�ðL2;L3Þ:

(2.7)

Subscripts 2=3, etc., representUð1ÞX charges,QX, of�a’s.
q, Qj, ‘, and Lj are SUð2ÞL doublets. The electromagnetic

charge QEM is given by

QEM ¼ T3L þ T3R þQX: (2.8)

Each�a has its bulk mass parameter ca. Consistent results
are obtained by taking c1 ¼ c2 � cq and c3 ¼ c4 � c‘ for

each generation.
The additional brane fields are introduced on the Planck

brane at y ¼ 0. The brane scalar field� belongs to ð0; 12Þ of
SUð2ÞL � SUð2ÞR with QX ¼ � 1

2 , whereas the right-

handed brane fermions �̂q
�R and �̂‘

�R belong to ð12 ; 0Þ.
The brane fermions are

�̂q
1R ¼ T̂R

B̂R

 !

7=6

; �̂q
2R ¼ ÛR

D̂R

 !

1=6

;

�̂q
3R ¼ X̂R

ŶR

 !

�5=6

; �̂‘
1R ¼ L̂1XR

L̂1YR

 !

�3=2

;

�̂‘
2R ¼ L̂2XR

L̂2YR

 !

1=2

; �̂‘
3R ¼ L̂3XR

L̂3YR

 !

�1=2

:

(2.9)

Subscripts 7=6, etc., represent QX charges of �̂R ’s. The
brane part of the action is given by

Sbrane ¼
Z

d5x
ffiffiffiffiffiffiffiffi�G

p

ðyÞ

�
�ðD��ÞyD��� ��ð�y�� w2Þ2 þ X3

�¼1

ð�̂qy
�Ri ��

�D��̂
q
�R þ �̂‘y

�Ri ��
�D��̂

‘
�RÞ

� i½
q
1�̂

qy
1R

��1L
~�þ ~
q�̂qy

2R
��1L�þ 
q

2�̂
qy
2R

��2L
~�þ 
q

3�̂
qy
3R

��2L�� ðH:c:Þ�
� i½~
‘�̂‘y

3R
��3L

~�þ 
‘
1�̂

‘y
1R

��3L�þ 
‘
2�̂

‘y
2R

��4L
~�þ 
‘

3�̂
‘y
3R

��4L�� ðH:c:Þ�
�
;

D�� ¼
�
@� � igA

X3
aR¼1

AaR
� TaR þ i

1

2
gBB�

�
�; ~� ¼ i�2�


;

D��̂ ¼
�
@� � igA

X3
aL¼1

AaL
� TaL � iQXgBB� � igCQ

colorG�

�
�̂:

(2.10)

The action Sbrane is manifestly invariant under SUð2ÞL �
SUð2ÞR �Uð1ÞX. The Yukawa couplings above exhaust all
possible ones preserving the symmetry.

The nonvanishing vacuum expectation value h�ti ¼
ð0; wÞ has two important consequences. It is assumed
only that w � mKK. First the SUð2ÞR �Uð1ÞX symmetry
is spontaneously broken down toUð1ÞY and the zero modes

of four-dimensional gauge fields of SUð2ÞR �Uð1ÞX be-
come massive except for the Uð1ÞY part. They acquire
masses of OðmKKÞ as a result of the effective change of
boundary conditions for low-lying modes in the Kaluza-
Klein towers. Second the nonvanishing vacuum expecta-
tion value w induces mass couplings between brane
fermions and bulk fermions:

Smass
brane ¼

Z
d5x

ffiffiffiffiffiffiffiffi�G
p


ðyÞ
�
� X3

�¼1

i�q
�ð�̂qy

�RQ�L �Qy
�L�̂

q
�RÞ � i ~�qð�̂qy

2RqL � qyL�̂
q
2RÞ

� X3
�¼1

i�‘
�ð�̂‘y

�RL�L � Ly
�L�̂

‘
�RÞ � i ~�‘ð�̂‘y

3R‘L � ‘yL�̂‘
3RÞ
�
;

�q
�


q
�
¼ ~�q

~
q ¼ �‘
�


‘
�

¼ ~�‘

~
‘
¼ w: (2.11)
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Assuming that all �2 � mKK, all of the exotic zero modes
of the bulk fermions acquire large masses ofOðmKKÞ. It has
been shown that all of the 4D anomalies associated with
SUð2ÞL � SUð2ÞR �Uð1ÞX gauge symmetry are canceled
[18]. The SUð2ÞL �Uð1ÞY is further broken down to
Uð1ÞEM by the Hosotani mechanism. The spectrum of the
resultant light particles is the same as in the standard
model. The generation mixing can be explained by con-
sidering matrix couplings of 
j and ~
, particularly of 
q

2 ,
~
q, 
l

3, ~

l.

The parameters of the model relevant for low energy
physics are k, zL ¼ ekL, gA, gB, the bulk mass parameters
ðcq; c‘Þ, and the brane mass ratios ð ~�q=�q

2 ; ~�
‘=�‘

3Þ. All
other parameters are irrelevant at low energies, provided
that w, �2’s are much larger than mKK. The value of �H is
determined dynamically to be � 1

2� where the EW sym-

metry is spontaneously broken [20]. Three of the four
parameters k, zL ¼ ekL, gA, gB are determined from the
Z boson mass mZ, the weak gauge coupling gw, and the
Weinberg angle sin2�W . The one parameter, say, zL re-
mains free.

When the generation mixing is turned off in the fermion
sector, the bulk mass cq and the ratio ~�q=�q

2 in

each generation are determined from the two quark masses,
and c‘ and ~�‘=�‘

3 from the two lepton masses. As

m�e � me, all of the results discussed below do not depend

on the unknown value of m�e
very much. The generation

mixing can be incorporated by considering 3-by-3 matrices
for the brane couplings 
’s, or equivalently for the brane
masses �’s.

Once the value of zL is specified, all the relevant pa-
rameters of the model are determined. The spectra of
particles and their KK towers, their wave functions in the
fifth dimension, and all interaction couplings can be pre-
dicted. The mass of the 4D Higgs boson,mH, is determined
from the effective potential Veffð�HÞ. It was found that
mH is about 70–135 GeV for zL ¼ 105 � 1015 [20].
Conversely the remaining one parameter zL is fixed, once
the Higgs boson mass mH is given.

As typical reference values we take the warp factors
zL ¼ 105, 1010, 1015. The values in Table I are taken as
input parameters. The masses of quarks and charged lep-
tons except for the t quark are quoted from Ref. [49]. The
masses of Z boson and t quark are the central values in the
Particle Data Group review [50]. The couplings � and �s

are also quoted from Ref. [50]. In the present analysis, the
neutrino masses have negligible effects.

The parameter sin2�W is determined from the �2 fit of
forward-backward asymmetries in eþe� annihilation and
branching ratios in the Z decay as explained below.We find
the best fit with sin2�W ¼ 0:2284, 0.2303, 0.2309 for zL ¼
105, 1010, 1015, respectively. Since complete one-loop
analysis is not available in the gauge-Higgs unification
scenario at the moment, there remains ambiguity in the
value of sin2�W .

III. KALUZA-KLEIN EXPANSION

With the orbifold boundary condition (2.4) the effective
potential Veffð�HÞ is minimized at �H ¼ 1

2�. To develop

perturbation theory around �H ¼ 1
2�, it is most con-

venient to move to the twisted gauge ~AM ¼ �AM�
�1 þ

ði=gAÞ�@M�
�1 in which h ~Ayi ¼ 0, or ~�H ¼ 0. We choose

� preserving the boundary condition at the TeV brane:

�ðyÞ ¼ exp

�
i�gAfH

2

Z L

y
dy0uHðy0Þ 	 T 4̂

�
: (3.1)

In the twisted gauge the orbifold boundary condition
fP0; P1g is changed to f ~P0; ~P1g where
~P0¼�ð�yÞP0�ðyÞ�1¼diagð�1;�1;�1;þ1;�1Þ�P0;

~P1¼�ðL�yÞP1�ðLþyÞ�1

¼diagð�1;�1;�1;�1;þ1Þ¼P1: (3.2)

The two sets fP0; P1g and f ~P0; ~P1g are in the same equiva-
lence class of boundary conditions [8,47,48,51]. Although
the boundary conditions are different, physics remains the
same as a result of dynamics of the Wilson line phase. Note
that �ðLÞ ¼ 1, but

�ð0Þ ¼

1

1

1

0 1

�1 0

0
BBBBBBBB@

1
CCCCCCCCA

(3.3)

so that the brane interactions take more complicated form
than in the original gauge.
In the previous paper it was shown that the model has H

parity (PH) invariance, and H parity is assigned to all

TABLE I. Input parameters for the masses and couplings of
the model. The masses are in units of GeV. All masses except for
mt are at the mZ scale.

mZ 91.1876

mu 1:27� 10�3

mc 0.619

mt 171.17

md 2:90� 10�3

ms 0.055

mb 2.89

�sðmZÞ 0.1176

m�e
1� 10�12

m��
9� 10�12

m��
5:0309� 10�11

me 0:486 570 161� 10�3

m� 102:718 135 9� 10�3

m� 1.74624
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4D fields [20]. PH interchanges SUð2ÞL and SUð2ÞR and

flips the sign of T4̂ in the bulk. PH transformation is
generated by T� ! �HT

���1
H where �H ¼

diagð1; 1; 1;�1; 1Þ in the twisted gauge. The PH symmetry
is similar to the PLR symmetry discussed by Agashe,
Contino, Da Rold, and Pomarol [32], which protects the
T parameter and Zb �b coupling from radiative corrections.
The neutral Higgs boson is the lightest particle of odd PH

so that it becomes stable.
In the twisted gauge the four-dimensional components

of gauge fields are expanded as

~A�ðx;zÞ¼ Ŵ�þ Ŵy
�þ Ẑ�þ Â�

�þ Ŵ 0
�þ Ŵ 0y

� þ Ẑ0
�þ Â4̂

�;

Ŵ� ¼X
n

WðnÞ
� fhL

WðnÞT
�L þhR

WðnÞT
�R þh^

WðnÞT
�̂g;

Ẑ� ¼X
n

ZðnÞ
� fhL

ZðnÞT
3L þhR

ZðnÞT
3R þh^

ZðnÞT
3̂g;

Â�
� ¼X

n

A�ðnÞ
� fhL

�ðnÞT
3L þhR

�ðnÞT
3R g;

Ŵ 0
� ¼X

n

W0ðnÞ
� fhL

W 0ðnÞT
�L þhR

W0ðnÞT
�Rg;

Ẑ0
� ¼X

n

Z0ðnÞ
� fhL

Z0ðnÞT
3L þhR

Z0ðnÞT
3Rg;

Â4̂
� ¼X

n

A4̂ðnÞ
� hAðnÞT4̂;

~B�ðx;zÞ¼
X
n

ZðnÞ
� hB

ZðnÞ þ
X
n

A�ðnÞ
� hB

�ðnÞ :

(3.4)

Here T� ¼ ðT1 � iT2Þ= ffiffiffi
2

p
. The W and Z bosons and the

photon � correspond to Wð0Þ
� , Zð0Þ

� , and A�ð0Þ
� , respectively.

Unless confusion arises, we will omit the superscript (0)
for representing the lowest mode. The mixing angle
between SOð5Þ and Uð1ÞX is related to the Weinberg angle

by sin2�W � s2�=ð1þ s2�Þ where s� ¼ gB=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2A þ g2B

q
. All

mode functions hðzÞ are tabulated in the Appendix. They
are expressed in terms of Bessel functions

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;

F�;�ðu; vÞ ¼ J�ðuÞY�ðvÞ � Y�ðuÞJ�ðvÞ:

(3.5)

For the photon (�0 ¼ 0), hL
�ð0Þ ¼ hR

�ð0Þ is constant.

The mass spectrum mn ¼ k�n of each KK tower is
determined by the corresponding eigenvalue equations:

WðnÞ
� : 2Sð1;�nÞC0ð1;�nÞ þ �n ¼ 0;

ZðnÞ
� : 2Sð1;�nÞC0ð1;�nÞ þ �nð1þ s2�Þ ¼ 0;

W 0ðnÞ
� ; Z0ðnÞ

� : Cð1;�nÞ ¼ 0; A�ðnÞ
� : C0ð1;�nÞ ¼ 0;

A4̂ðnÞ
� : Sð1;�nÞ ¼ 0:

(3.6)

The Weinberg angle �W is determined by global fit of
various quantities. In the present paper sin2�W is deter-
mined from the �2 fit of forward-backward asymmetries in
eþe� annihilation and Z boson decay. With mZ and zL as
an input, the anti–de Sitter curvature k and the W boson
mass at the tree level, mtree

W , are determined.
Similarly the fifth-dimensional components Az and Bz

are expanded as

~Azðx;zÞ¼
X3
a¼1

X1
n¼1

SaðnÞhLRS ð�nÞT
aLþTaRffiffiffi

2
p þX1

n¼0

HðnÞhĤð�nÞT 4̂

þX3
a¼1

X1
n¼1

DaðnÞ� hLRD ð�nÞT
aL�TaRffiffiffi

2
p

þX3
a¼1

X1
n¼1

D̂aðnÞhD̂ð�nÞTâ;

~Bzðx;zÞ¼
X1
n¼1

BðnÞhBð�nÞ: (3.7)

HðxÞ ¼ Hð0ÞðxÞ is the 4D neutral Higgs boson. The mass
spectrum of each KK tower is given by

SaðnÞ; BðnÞ: C0ð1;�nÞ ¼ 0; DaðnÞ� : Cð1;�nÞ ¼ 0;

D̂aðnÞ: S0ð1;�nÞ ¼ 0; HðnÞ: Sð1;�nÞ ¼ 0:
(3.8)

For the bulk fieldsH parity is assigned from the behavior

under the transformation fTaL; TaR ; Tâ; T4̂g ! fTaR; TaL ;

Tâ;�T4̂g. It interchanges SUð2ÞL and SUð2ÞR and flips

the direction of T4̂. Accordingly PH-odd fields are

PH odd: W 0ðnÞ
� ; Z0ðnÞ

� ; A4̂ðnÞ
� ;HðnÞ; DaðnÞ� : (3.9)

Other fields are PH-even.
As for the fermions, a consistent model is obtained with

the bulk mass parameters c1 ¼ c2 � cq and c3 ¼ c4 � c‘.

Let us first consider the multiplets containing quarks,
namely, �1 and �2 in (2.7) and �̂q

1R, �̂
q
2R, �̂

q
3R, in (2.9).

They are classified in terms of electric charge QE ¼ 5
3 ,

2
3 ,

� 1
3 , � 4

3 .

We recall that components of �� in (2.7) are related to the
components�k (k ¼ 1� 5) in the vectorial representation
by

�� ¼
��11

��12

��21
��22

 !

¼ � 1ffiffiffi
2

p �2 þ i�1 ��4 � i�3

�4 � i�3 �2 � i�1

 !
: (3.10)
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�4 and �5 couple with A4̂
z or �H. Conversely we have, for

the third generation in the twisted gauge,

~�1
1

~�2
1

~�3
1

~�4
1

~�5
1

0
BBBBBBBBB@

1
CCCCCCCCCA
¼

ið ~T� ~bÞ= ffiffiffi
2

p

�ð ~Tþ ~bÞ= ffiffiffi
2

p

�ið ~Bþ~tÞ= ffiffiffi
2

p

�ð ~B�~tÞ= ffiffiffi
2

p

t0

0
BBBBBBBBB@

1
CCCCCCCCCA
;

~�1
2

~�2
2

~�3
2

~�4
2

~�5
2

0
BBBBBBBBB@

1
CCCCCCCCCA
¼

ið ~U� ~YÞ= ffiffiffi
2

p

�ð ~Uþ ~YÞ= ffiffiffi
2

p

�ið ~Dþ ~XÞ= ffiffiffi
2

p

�ð ~D� ~XÞ= ffiffiffi
2

p

b0

0
BBBBBBBBB@

1
CCCCCCCCCA
:

(3.11)

�H transformation gives ð ~�1; ~�2; ~�3; ~�4; ~�5Þ!ð ~�1; ~�2;
~�3;� ~�4; ~�5Þ. The ~�4 component is PH-odd, whereas
other components are PH-even.

The QE ¼ 5
3 sector consists of T in �1 and T̂R in �̂q

1R.

The QE ¼ � 4
3 sector consists of Y in �2 and ŶR in �̂q

3R.

There are no light modes in these two sectors.

TheQE ¼ 2
3 sector consists of B, t, t

0 in�1, U in�2, B̂R

in �̂q
1R, and ÛR in �̂q

2R. The bulk fermions have the follow-
ing Kaluza-Klein expansion:

~UL

ð ~BL þ ~tLÞ=
ffiffiffi
2

p

~t0L

0
BB@

1
CCAðx; zÞ ¼

ffiffiffi
k

p X1
n¼0

aðnÞU CLðz;�n; ctÞ
aðnÞBþtCLðz;�n; ctÞ
aðnÞ
t0 SLðz;�n; ctÞ

0
BBB@

1
CCCAc ðnÞ

ð2=3ÞðþÞ;LðxÞ;

~UR

ð ~BR þ ~tRÞ=
ffiffiffi
2

p

~t0R

0
BB@

1
CCAðx; zÞ ¼

ffiffiffi
k

p X1
n¼0

aðnÞU SRðz;�n; ctÞ
aðnÞBþtSRðz;�n; ctÞ
aðnÞ
t0 CRðz;�n; ctÞ

0
BBB@

1
CCCAc ðnÞ

ð2=3ÞðþÞ;RðxÞ;

ð ~BL � ~tLÞ=
ffiffiffi
2

p

ð ~BR � ~tRÞ=
ffiffiffi
2

p
 !

ðx; zÞ ¼ ffiffiffi
k

p X1
n¼1

aðnÞB�t

CLðz;�n; ctÞtðnÞð�Þ;LðxÞ
SRðz;�n; ctÞtðnÞð�Þ;RðxÞ

0
@

1
A:

(3.12)

Here ct is the bulk kink mass for the third generation
ð�1;�2Þ, and

CL

SL

 !
ðz;�; cÞ ¼ ��

2
�

ffiffiffiffiffiffiffi
zzL

p
Fcþð1=2Þ;c�ð1=2Þð�z; �zLÞ;

CR

SR

 !
ðz;�; cÞ ¼ ��

2
�

ffiffiffiffiffiffiffi
zzL

p
Fc�ð1=2Þ;c�ð1=2Þð�z; �zLÞ:

(3.13)

c ðnÞ
ð2=3ÞðþÞðxÞ fields are PH-even, while tðnÞð�ÞðxÞ fields are

PH-odd. fc ðnÞ
ð2=3ÞðþÞðxÞg contains three KK towers, including

the KK tower tðnÞðþÞðxÞ of the top quark. The brane fields B̂R

and ÛR can be expressed in terms of the bulk fields.

The spectrum �n and mode coefficients aðnÞ of the
PH-even towers satisfy

detK̂ ¼ 0; K̂

aðnÞU

1
2a

ðnÞ
Bþt

1ffiffi
2

p aðnÞ
t0

0
BBBB@

1
CCCCA ¼ 0; (3.14)

where

K̂¼

�nSR��2
2

2k CL ��2 ~�
2k CL

�2 ~�
2k SL

0 �nSR��2
1

2k CL

�
�nCR��2

1

2k SL

�

��2 ~�
2k CL �nSR� ~�2

2k CL �
�
�nCR� ~�2

2k SL

�

0
BBBBBBB@

1
CCCCCCCA
;

CL;R¼CL;Rð1;�n;ctÞ; SL;R¼SL;Rð1;�n;ctÞ: (3.15)

Here we have suppressed a superscript q in �q
j . There is

one light mode (the top quark) with mt ¼ k�t;0 � mKK.

When�2
j , ~�

2 � mKK, the spectrum of the top quark tower

satisfies

2

�
1þ ~�2

�2
2

�
SRð1;�t;n; ctÞSLð1;�t;n; ctÞ þ 1 ¼ 0 (3.16)

for k�t;n � mKK. A similar relation is obtained for the

bottom quark mb ¼ k�b;0:

2

�
1þ�2

2

~�2

�
SRð1;�b;n; ctÞSLð1;�b;n; ctÞ þ 1 ¼ 0 (3.17)

for k�b;n � mKK. With ðmt;mbÞ given, Eqs. (3.16) and

(3.17) determine the bulk mass ct and the ratio ~�2=�2
2.

We note that ~�2=�2
2 �mb=mt formb � mt. The spectrum

of the KK tower tðnÞð�ÞðxÞ is determined by CLð1;�n; ctÞ ¼ 0.

Parallel arguments apply to the QE ¼ � 1
3 sector, which

consists of b in �1, D, X, b0 in �2, D̂R in �̂q
2R, and X̂R in

�̂q
3R. The bulk fields are expanded as
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~bL

ð ~DL þ ~XLÞ=
ffiffiffi
2

p
~b0L

0
BB@

1
CCAðx; zÞ ¼

ffiffiffi
k

p X1
n¼0

aðnÞb CLðz;�n; ctÞ
aðnÞDþXCLðz;�n; ctÞ
aðnÞ
b0 SLðz;�n; ctÞ

0
BBB@

1
CCCAc ðnÞ

�ð1=3ÞðþÞ;LðxÞ;

~bR

ð ~DR þ ~XRÞ=
ffiffiffi
2

p
~b0R

0
BB@

1
CCAðx; zÞ ¼

ffiffiffi
k

p X1
n¼0

aðnÞb SRðz;�n; ctÞ
aðnÞDþXSRðz;�n; ctÞ
aðnÞb0 CRðz;�n; ctÞ

0
BBB@

1
CCCAc ðnÞ

�ð1=3ÞðþÞ;RðxÞ;

ð ~DL � ~XLÞ=
ffiffiffi
2

p

ð ~DR � ~XRÞ=
ffiffiffi
2

p
 !

ðx; zÞ ¼ ffiffiffi
k

p X1
n¼1

aðnÞD�X

CLðz;�n; ctÞbðnÞð�Þ;LðxÞ
SRðz;�n; ctÞbðnÞð�Þ;RðxÞ

0
@

1
A:

(3.18)

The equations and relations in the QE ¼ � 1
3 sector are obtained from those in the QE ¼ 2

3 sector by replacing ðU;B; t; t0Þ
and ð�1; �2; ~�Þ by ðb;D; X; b0Þ and ð�3; ~�;�2Þ, respectively.

Similar relations are obtained in the lepton sector. The generation mixing is incorporated by considering �2, ~� in
matrices.

IV. 4D GAUGE COUPLINGS

The 4D gauge couplings are obtained by performing overlapping integrals of wave functions. Generalizing the argument
in Ref. [18], one can write, for the t and b quarks and the � and �� leptons in the third generation, the couplings of the
photon, W boson, Z boson, and gluon towers asX

n

A�ðnÞ
�

�
2

3
ðg�ðnÞ

tL
�tL�

�tL þ g�
ðnÞ

tR
�tR�

�tRÞ � 1

3
ðg�ðnÞ

bL
�bL�

�bL þ g�
ðnÞ

bR
�bR�

�bRÞ � ðg�ðnÞ
�L ��L�

��L þ g�
ðnÞ

�R ��R�
��RÞ

�

þX
n

1ffiffiffi
2

p WðnÞ
� fgWðnÞ

tb;L
�bL�

�tL þ gW
ðnÞ

tb;R
�bR�

�tR þ gW
ðnÞ

�;L ��L�
���L þ gW

ðnÞ
�;R ��R�

���Rg þ H:c:

þX
n

1

cos�W
ZðnÞ
� fgZðnÞ

tL
�tL�

�tL þ gZ
ðnÞ

tR
�tR�

�tR þ gZ
ðnÞ

bL
�bL�

�bL þ gZ
ðnÞ

bR
�bR�

�bR þ gZ
ðnÞ

��L
���L�

���L

þ gZ
ðnÞ

��R
���R�

���R þ gZ
ðnÞ

�L ��L�
��L þ gZ

ðnÞ
�R ��R�

��Rg þ
X
n

GðnÞa
�

��
gG

ðnÞ
tL

�tL�
� 1

2
�atL þ gG

ðnÞ
tR

�tR�
� 1

2
�atR

�

þ
�
gG

ðnÞ
bL

�bL�
� 1

2
�abL þ gG

ðnÞ
bR

�bR�
� 1

2
�abR

��
: (4.1)

From the H parity invariance the W 0, Z0, and A4̂ gauge
boson towers do not couple to the quarks and leptons.

The couplings of the photon tower with the t and b
quarks and � lepton are given, with hL

�ðnÞ ¼ hR
�ðnÞ ¼

ðgB=gAÞhB�ðnÞ � h�ðnÞ ðzÞ, by

g�
ðnÞ

tL ¼gA
Z zL

1
dzh�ðnÞ fða2Uþa2BþtÞCLð�tÞ2þa2t0SLð�tÞ2g;

g�
ðnÞ

bL ¼gA
Z zL

1
dzh�ðnÞ fða2bþa2DþXÞCLð�bÞ2þa2b0SLð�bÞ2g;

g�
ðnÞ

�L ¼gA
Z zL

1
dzh�ðnÞ fða2L3Y

þa2�þL1X
ÞCLð��Þ2þa2�0SLð��Þ2g:

(4.2)

Here CLð�tÞ ¼ CLðz;�t; ctÞ etc.. The formulas for right-
handed fermions are obtained from those for the corre-
sponding left-handed fermions by replacing CL and SL by
SR and CR, respectively. The couplings of the W boson
towers are given by

gW
ðnÞ

tb;L ¼gA
Z zL

1
dzf2hWðnÞ ðabaBþtþaUaDþXÞCLð�tÞCLð�bÞ

þ ffiffiffi
2

p
h^
WðnÞ ðaBat0CLð�bÞSLð�tÞ�ab0aUSLð�bÞCLð�tÞÞg;

gW
ðnÞ

�;L ¼gA
Z zL

1
dzf2hWðnÞ ða��

a�þL1X
þaL3Y

aL2YþL3X
Þ

�CLð��ÞCLð���
Þþ ffiffiffi

2
p

h^
WðnÞ ðaL3Y

a�0�CLð��ÞSLð���
Þ

�a�0a��SLð���
ÞCLð��ÞÞg; (4.3)

where hWðnÞ � hL
WðnÞ ¼ hR

WðnÞ . The couplings of the Z boson

towers are parametrized as

gZ
ðnÞ

tL;R¼þ1

2
gZ

ðnÞ;T
tL;R �2

3
gZ

ðnÞ;Q
tL;R sin2�W;

gZ
ðnÞ

bL;R¼�1

2
gZ

ðnÞ;T
bL;R þ1

3
gZ

ðnÞ;Q
bL;R sin2�W; gZ

ðnÞ
��L;R

¼þ1

2
gZ

ðnÞ;T
��L;R

;

gZ
ðnÞ

�L;R¼�1

2
gZ

ðnÞ;T
�L;R þgZ

ðnÞ;Q
�L;R sin2�W: (4.4)
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In the SM gZ;TfL ¼ gZ;QfL ¼ gZ;QfR ¼ gw and gZ;TfR ¼ 0. In the current model, with the aid of (A5), one finds that

gZ
ðnÞ;T

tL ¼
ffiffiffi
2

p
gAffiffiffiffiffiffiffiffi

rZðnÞ
p

Z zL

1
dzfa2UCZðnÞCLð�tÞ2 � 2aBþtat0 ŜZðnÞCLð�tÞSLð�tÞg;

gZ
ðnÞ;T

bL ¼
ffiffiffi
2

p
gAffiffiffiffiffiffiffiffi

rZðnÞ
p

Z zL

1
dzfa2bCZðnÞCLð�bÞ2 þ 2aDþXab0 ŜZðnÞCLð�bÞSLð�bÞg;

gZ
ðnÞ;T

��L
¼

ffiffiffi
2

p
gAffiffiffiffiffiffiffiffi

rZðnÞ
p

Z zL

1
dzfa2��

CZðnÞCLð���
Þ2 � 2aL2YþL3X

a�0� ŜZðnÞCLð���
ÞSLð���

Þg;

gZ
ðnÞ;T

�L ¼
ffiffiffi
2

p
gAffiffiffiffiffiffiffiffi

rZðnÞ
p

Z zL

1
dzfa2L3Y

CZðnÞCLð��Þ2 þ 2a�þL1X
a�0 ŜZðnÞCLð��ÞSLð��Þg;

gZ
ðnÞ;Q

tL ¼
ffiffiffi
2

p
gAffiffiffiffiffiffiffiffi

rZðnÞ
p

Z zL

1
dzCZðnÞ fða2U þ a2BþtÞCLð�tÞ2 þ a2t0SLð�tÞ2g;

gZ
ðnÞ;Q

bL ¼
ffiffiffi
2

p
gAffiffiffiffiffiffiffiffi

rZðnÞ
p

Z zL

1
dzCZðnÞ fða2b þ a2DþXÞCLð�bÞ2 þ a2b0SLð�bÞ2g;

gZ
ðnÞ;Q

�L ¼
ffiffiffi
2

p
gAffiffiffiffiffiffiffiffi

rZðnÞ
p

Z zL

1
dzCZðnÞ fða2L3Y

þ a2�þL1X
ÞCLð��Þ2 þ a2�0SLð��Þ2g;

(4.5)

where CZðnÞ ¼ Cðz;�ZðnÞ Þ, etc.
The couplings of the gluon towers gG

ðnÞ
tI and gG

ðnÞ
bI are

obtained from the photon tower couplings g�
ðnÞ

tI and g�
ðnÞ

bI

with the replacement of the five-dimensional coupling,

gG
ðnÞ

tI ¼ ðgC=gAÞg�
ðnÞ

tI and gG
ðnÞ

bI ¼ ðgC=gAÞg�
ðnÞ

bI . The photon

and gluon couplings are universal, that is, e ¼ g�
ð0Þ

tI ¼
g�

ð0Þ
bI ¼ ðgA=

ffiffiffiffi
L

p Þ sin�W . The other couplings exhibit viola-
tion of the universality as evaluated below.

A. Zero mode couplings

The numerical values for the various gauge couplings
are obtained with the input parameters given in Sec. II. The
couplings of the W boson with quarks and leptons are
tabulated in Table II. The ratios of the couplings to the

4D SUð2Þ coupling, gðWÞ
f

ffiffiffiffi
L

p
=gA, have been tabulated.

Except for tb, the couplings are almost universal. For the
tLbL coupling the deviation amounts to 2%–6% for zL ¼
1015 � 105. The tRbR coupling is about 0.09%–0.3% of the
left-handed coupling for zL ¼ 1015 � 105.

The couplings of the Z boson with quarks are tabulated
in Table III. For reference, the tree-level values in
the standard model, 1=2� ð2=3Þsin2�W and �1=2þ
ð1=3Þsin2�W for left-handed quarks and �ð2=3Þsin2�W

TABLE II. The couplings of W boson with quarks and leptons, gðWÞ
f

ffiffiffiffi
L

p
=gA.

zL uLdL cLsL tLbL �eLeL ��L�L ��L�L

1015 1.0053 1.0053 0.9816 1.0053 1.0053 1.0053

1010 1.0079 1.0079 0.9730 1.0079 1.0079 1.0079

105 1.0154 1.0154 0.9470 1.0154 1.0154 1.0153

zL uRdR cRsR tRbR �eReR ��R�R ��R�R

1015 �5� 10�12 �5� 10�8 �0:0009 �3� 10�22 �4� 10�16 �6� 10�17

1010 �6� 10�12 �7� 10�8 �0:0014 �4� 10�22 �7� 10�16 �2� 10�13

105 �9� 10�12 �1� 10�7 �0:0031 �5� 10�22 �1� 10�18 �2� 10�16

TABLE III. The couplings of Z boson with quarks, gðZÞf

ffiffiffiffi
L

p
=gA.

zL uL cL tL dL sL bL

1015 0.3485 0.3485 0.3219 �0:4260 �0:4260 �0:4265
1010 0.3501 0.3501 0.3086 �0:4276 �0:4276 �0:4288
105 0.3548 0.3548 0.2558 �0:4325 �0:4325 �0:4369
SM 0.3459 �0:4229

zL uR cR tR dR sR bR

1015 �0:1562 �0:1562 �0:1835 0.07811 0.07809 0.07806

1010 �0:1570 �0:1570 �0:2002 0.07852 0.07847 0.07839

105 �0:1595 �0:1593 �0:2656 0.07976 0.07965 0.07928

SM �0:1541 0.07707
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and ð1=3Þsin2�W for right-handed quarks, are also listed.
As we shall see below, the small violation of the universal-
ity gives a better fit to the forward-backward asymmetry
data. As a general character for left-handed and right-
handed quarks, it is found that the coupling of right-handed
quarks for a small warp factor tends to deviate from the
standard model values.

The couplings of Z bosons with leptons are tabulated in
Table IV. They are not very sensitive to the generation. As a
general tendency, the couplings deviate more from those in
the standard model as the warp factor becomes smaller.

In the standard model the couplings of the Z boson with
fermions are described by the weak coupling and their
quantum number, namely, by ðgw= cos�WÞðT3 �
Qsin2�WÞ, at the tree level. In the present model they
have an analogous form given by ð1= cos�WÞ�
ðgT;LT3 � gQ;LQsin2�WÞ for left-handed fermions and by

ð1= cos�WÞðgT;R � gQ;RQsin2�WÞ for right-handed fermi-

ons. Here gT and gQ depend on the flavor of fermions. It is

found that gT;L 
 gQ;L. For right-handed fermions the

absolute value of gT;R
ffiffiffiffi
L

p
=gA is small for the t quark

(& 10�2) and very small for the others (& 10�6), but

gQ;R

ffiffiffiffi
L

p
=gA can be of order Oð1Þ which leads to deviation

from the standard model. The couplings of the Z boson
with right-handed neutrinos are very small as neutral fields
have only the gT component. For a similar reason the
couplings of the KK Z boson with right-handed neutrinos
turn out to be very small.

B. Forward-backward asymmetry

The forward-backward asymmetry on the Z resonance is
given by

Af
FB ¼ 3

4

�ðgZeLÞ2 � ðgZeRÞ2
ðgZeLÞ2 þ ðgZeRÞ2

��ðgZfLÞ2 � ðgZfRÞ2
ðgZfLÞ2 þ ðgZfRÞ2

�
; (4.6)

which is evaluated from the gauge couplings given in the

preceding subsection. Af
FB does not depend on the absolute

common magnitude of gA, but sensitively depends on
sin2�W . The branching fractions of various decay modes
of the Z boson also sensitively depend on sin2�W . We have
determined the value of sin2�W to minimize �2 of those
experimental data as tabulated in Table V. The value of
sin2�W turns out a bit smaller than that in the standard
model.

With given sin2�W the numerical values ofAf
FB are shown

in Table VI.1 The experimental values are quoted from
Ref. [50]. The current model gives a rather good fit for the

forward-backward asymmetries Af
FB, though the fit to the

Z decay fractions becomes poor for smaller values of zL.

TABLE IV. The couplings of Z bosons with leptons, gðZÞf

ffiffiffiffi
L

p
=gA.

zL eL �L �L eR �R �R

1015 �0:2710 �0:2710 �0:2710 0.2344 0.2343 0.2343

1010 �0:2725 �0:2725 �0:2725 0.2356 0.2355 0.2354

105 �0:2771 �0:2771 �0:2771 0.2394 0.2391 0.2389

SM �0:2688 0.2312

zL �eL ��L ��L �eR ��R ��R

1015 0.5035 0.5035 0.5035 �1:4� 10�13 �7:2� 10�9 �2:3� 10�6

1010 0.5052 0.5052 0.5052 �1:8� 10�13 �9:7� 10�9 �3:2� 10�6

105 0.5102 0.5102 0.5101 �2:5� 10�13 �1:5� 10�8 �5:4� 10�6

SM 0.5 0

TABLE V. �2 fit for AFB and Z decay fractions. The values of mKK, mH , and mtree
W (W mass at

the tree level) are also listed.

Number of data zL ¼ 1015 1010 105 SM

sin2�W 0.2309 0.2303 0.2284 0.2312

�2 [AFB] 6 6.3 6.4 7.1 10.8

�2 [Z decay fractions] 8 16.5 37.7 184.5 13.6

Sum of two �2 14 22.8 44.1 191.6 24.5

mKK (GeV) 1466 1193 836

mH (GeV) 135 108 72

mtree
W (GeV) 79.84 79.80 79.71 79.95

1The result for zL ¼ 1015 has been given in Ref. [43]. A slight
difference in the numerical values is due to the different choice
of the values of the input parameters.
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C. Decay width

The partial decay width of the Z boson is given by

�ðZ ! f �fÞ ¼ mZ

12�cos2�W
FðgðZÞfL ; g

ðZÞ
fR ; mf;mZÞ;

FðgfL; gfR; mf;mVÞ ¼
�ðgfLÞ2 þ ðgfRÞ2

2

þ 2gfLgfR
m2

f

m2
V

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 4m2

f

m2
V

vuut : (4.7)

Here the couplings gðZÞfL and gðZÞfR are given in Tables III and

IV. For quarks the formula should be multiplied by a factor
3ð1þ �s=�Þ.

For zL ¼ 1015, 1010, 105, the branching fractions in
Z decay are shown in Table VII. The experimental values
are quoted from Ref. [50]. The tree-level prediction for
branching fractions reproduces the pattern of the experi-
mental values well for zL ¼ 1015.

The total decay width �tot depends on �ðmZÞ. The value
of �ðmZÞ determined to fit the experimental value �tot does
not agree well with the value determined by the renormal-
ization group from the low energy data. For zL ¼ 1015, for
instance, one finds ��1ðmZÞ ¼ 130:5. At the moment one
cannot reliably evaluate one-loop corrections to �tot in the
gauge-Higgs unification scenario and this mismatch is
understood within that error.

V. PRODUCTION OF HIGGS
BOSONS AT COLLIDERS

The mass of the Higgs boson is in the range
70–140 GeV, depending on the warp factor zL. Higgs
bosons can be copiously produced at colliders at high
energies. At �H ¼ 1

2�, however, there emerges the H

parity conservation so that Higgs bosons can be produced
only in pairs, provided no other KK modes of PH-odd
fields are produced. Furthermore, the Higgs boson be-
comes stable at �H ¼ 1

2� so that conventional ways of

detecting the Higgs boson, namely, of finding decay prod-
ucts of the Higgs boson, turn out fruitless. In the current
scheme the produced Higgs boson appears as missing
energy and momentum. At colliders there appear at least
two particles of missing energy and momentum, which
makes detection hard. There is a large background con-
taining neutrinos.
An interesting feature of the present model is that the

stable Higgs boson is much lighter than the KK particles,
that is,mH � mKK as seen in Table V. Hence it is natural to
investigate the Higgs production with the effective
Lagrangian among low energy fields (W, Z, quarks, and
leptons) at �H ¼ 1

2� [19,39],

Leff ��
�
m2

WW
y
�W

� þ 1

2
m2

ZZ�Z
�

�
cos2

H

fH

�X
a

ma
�c ac a cos

H

fH
: (5.1)

Here fH � 246 GeV. The form of (5.1) is valid only when
the relevant energy scale is sufficiently smaller than mKK.
For the pair production of Higgs bosons (5.1) leads to

Leff �
X
a

ma

2f2H
H2 �c ac a þm2

W

f2H
H2Wy

�W
� þ m2

Z

2f2H
H2Z�Z

�:

(5.2)

The sign of theH2WyW andH2ZZ couplings is opposite to
that in the SM [36]. Collider signatures of Higgs bosons in
the current model have been previously investigated with
this effective Lagrangian by Cheung and Song[21] and by
Alves [22].

TABLE VI. The forward-backward asymmetry on the Z resonance, Af
FB.

Experiments zL ¼ 1015 zL ¼ 1010 zL ¼ 105 SM

e 0:0145� 0:0025 0.0156 0.0157 0.0159 0:016 33� 0:000 21
� 0:0169� 0:0013 0.0156 0.0157 0.0160

� 0:0188� 0:0017 0.0156 0.0158 0.0161

s 0:0976� 0:0114 0.1011 0.1014 0.1019 0:1035� 0:0007
c 0:0707� 0:0035 0.0720 0.0721 0.0725 0:0739� 0:0005
b 0:0992� 0:0016 0.1011 0.1014 0.1021 0:1034� 0:0007

TABLE VII. The branching fractions in the Z boson decay.
The invisible decay in the model means the decay into �e þ
�� þ ��.

zL 1015 1010 105 Experiments

eð%Þ 3.374 3.382 3.403 3:363� 0:004
�ð%Þ 3.373 3.380 3.400 3:366� 0:007
�ð%Þ 3.368 3.374 3.392 3:370� 0:008
Invisible (%) 19.99 19.95 19.82 20:00� 0:06
ðuþ cÞ=2ð%Þ 11.93 11.94 11.95 11:6� 0:6
ðdþ sþ bÞ=3ð%Þ 15.34 15.34 15.36 15:6� 0:4
cð%Þ 11.93 11.94 11.95 12:03� 0:21
bð%Þ 15.34 15.37 15.53 15:21� 0:05
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A. Pair production of Higgs bosons at LHC

Pair production processes of Higgs bosons at LHC have
been studied in Refs. [21,22]. Cheung and Song evaluated
the cross section of the Higgs pair production associated
with aW or Z boson and found that the ZHH(WHH) cross
section is 0.2(0.4) fb for the case that mH ¼ 70 GeV and
the missing transverse momentum 6pT is larger than
100 GeV. On the other hand the cross section of the
background process ZZ ! Z� �� (WZ ! W� ��) was esti-
mated as 370(390) fb. Thus positive identification of either
of the signals is virtually impossible assuming an inte-
grated luminosity of 100 fb�1.

Alves studied the Higgs pair production in the weak
boson fusion (WBF), in which the signal is a pair of
forward and backward jets and a missing transverse mo-
mentum. This signal is quite similar to that of the single
production of the Higgs boson decaying invisibly [52]. In
Ref. [22], the signal cross section at 14 TeV LHC is
estimated as 4.05(4.03) fb for mH ¼ 70ð90Þ GeV using
the same set of cuts employed in Ref. [52]. The back-
ground cross section is the same as that in Ref. [52] and
amounts to 167 fb. Alves concluded that 255ð257Þ fb�1 is
required for a 5� discovery.

Here we present a brief estimate of the cross section of
the Higgs pair production by the WBF in the present model
by relating it to the single Higgs production by the WBF in
the SM. Inspecting the relevant Feynman rules in the
present model and the SM, we find that f2HjMðHHÞj2 ¼
jMðhÞj2

m2
h
¼m2

HH

, where h represents the Higgs boson in the

SM,MðHHÞ [MðhÞ] denotes the amplitude of the double
(single) Higgs production by the WBF process in the
present model (SM), mh is the Higgs boson mass in the
SM, and mHH is the invariant mass of the pair of Higgs
bosons in the present model. Taking the two-body phase
space of the Higgs pair and the statistical factor due to the
existence of identical particles into account, we obtain the
following relation,

d�ðHHÞ
dm2

HH

¼ 1

32�2f2H

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 4m2

H

m2
HH

s
�ðhÞjm2

h
¼m2

HH
; (5.3)

where �ðHHÞ [�ðhÞ] represents the cross section of the
double (single) Higgs production by the WBF in the
present model (SM).

The total cross section is evaluated by integrating
Eq. (5.3) over m2

HH in the kinematically allowed interval.
The upper value of the integration region could be as large
as the center-of-mass energy squared of pp collisions in
principle. However, as mentioned above, the effective
Lagrangian in Eq. (5.2) is applicable in a limited energy
scale. We choose 4m2

KK as the upper value for an illustra-
tion. We note that 4m2

KK ’ ð1:7 TeVÞ2 for the case that
zL ¼ 105 is approximately the same as the unitarity
bound of 1.8 TeV obtained in Ref. [22]. We evaluate the

right-hand side of Eq. (5.3) at the parton level with the
CTEQ6L parton distribution function [53] and the cuts
used in Refs. [22,52]. Our numerical calculation is done
by MADGRAPH/MADEVENT [54] without hadronization or
detector simulation.
The signal cross section at 14 TeV LHC is approxi-

mately 1.3 fb for zL ¼ 105–1015. Our result is smaller by
about a factor of 3 than that of Ref. [22]. Thus, an inte-
grated luminosity of a few ab�1 seems to be required to
observe the signal.

B. Pair production of Higgs bosons at ILC

Cheung and Song have studied the Higgs pair produc-
tion process e�eþ ! ZHH at ILC along with the back-
ground process e�eþ ! Z� ��. The Feynman diagram of
the signal process is depicted in Fig. 1. The integrated
luminosity for a 5� discovery seems to be larger than
several ab�1 at 500 GeV ILC according to their result.
The differential cross section of e�R eþL ! ZTHH, where

ZT denotes the transversely polarized Z boson, is given by

d�T
RL

dxd cos�
¼ g2Rm

4
Zs

2ð4�Þ3f4Hðs�m2
ZÞ2

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxmax � xÞðx2 � x2minÞ

1þ x2min=4� x

s
1þ cos2�

2
: (5.4)

Here gR denotes the coupling constant of the right-handed

electron to the Z boson, which is given by gRjSM ¼
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

g2 þ g02
p

sin2�W in the standard model, and � is the
angle between the momentum of the electron and that of
the Z boson in the center-of-mass system. The energy of
the Z boson normalized to the beam energy, x, and its
minimal and maximal values are given by

x¼ EZffiffiffi
s

p
=2

; xmin ¼ mZffiffiffi
s

p
=2

; xmax ¼ 1� 4m2
H

s
þ x2min

4
:

(5.5)

For e�R eþL ! ZLHH, where ZL denotes the longitudinal
Z boson, the differential cross section is given by

FIG. 1. Pair production of Higgs bosons at ILC.
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d�L
RL

dxd cos�
¼ g2Rm

4
Zs

2ð4�Þ3f4Hðs�m2
ZÞ2

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxmax � xÞðx2 � x2minÞ

1þ x2min=4� x

s
x2

x2min

1� cos2�

2
:

(5.6)

For the case of e�L eþR , gR should be replaced by gL in

the above formulas. In the standard model gLjSM ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2 þ g02

p ð1=2� sin2�WÞ.
Figure 2 shows the total cross sections of e�eþ !

ZTHH and e�eþ ! ZLHH and their sum as functions offfiffiffi
s

p
for zL ¼ 105. As

ffiffiffi
s

p
increases, the cross section of the

ZL mode asymptotically becomes constant, violating the
unitarity bound. This is expected because the low energy
effective Lagrangian in Eq. (5.1) does not contain vertices
with an odd number of Higgs fields after integrating out all
heavy KKmodes. With adding diagrams with such vertices
to the one in Fig. 1, the leading terms in the amplitudes
cancel among each other in the standard model so that the
unitarity is maintained. In the present model the KKmodes
appearing as internal lines of the relevant diagrams are
supposed to rescue the unitarity. Put differently, the effec-
tive Lagrangian is applicable only for the case that con-
tributions of the KK modes are negligible, that is, whenffiffiffi
s

p � mKK. Accordingly, unless otherwise stated, we takeffiffiffi
s

p ¼ 500 GeV in the following numerical calculation in
this subsection.

The major background is e�eþ ! Z�� ��� (� ¼ e, �,
�). Their total cross section is about 300 fb for Mmis �
120 GeV, where Mmis is the invariant mass of the neutrino
pair. The background is dominated by the electron neutrino
mode due to the t-channel W boson exchange. In order to
reduce this large background, one may use beam polar-
izations. We consider the limiting case of the purely right-
handed electron and the purely left-handed positron as an
ideal case. As well as the beam polarizations, the missing
mass cut reduces the background. Corresponding to mH ¼
72, 108, 135 GeV for zL ¼ 105, 1010, 1015, respectively,
we takeMmis > 120, 200, 250 GeV. We employ the GRACE

system version 2 [55] in our numerical estimation of the
background.
The statistical signification of the signal is defined by

S ¼ Nsignalffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Nsignal þ NBG

p ; (5.7)

where Nsignal and NBG are the expected numbers of signal

and background events, respectively. They are given as
NsignalðBGÞ ¼ L�signalðBGÞBev, where L is the integrated lu-

minosity and Bev ¼ 1� Binvisible � B� �� ¼ 1� 0:200�
0:037 ¼ 0:763 is the effective visible branching ratio of
the Z boson. The significance of the ZL mode turns out to
be much larger than that of the ZT mode and we concen-
trate on the former in order to evaluate the lower bound of
integrated luminosity to establish the signal. Employing
j cos�j< 0:6, which approximately maximizes the signifi-
cance, we obtain the significance of e�R eþL ! ZLHH as

S=
ffiffiffiffi
L

p ¼ 0:14, 0.073, 0.034 for zL ¼ 105, 1010, 1015, re-
spectively, where L is in the fb�1 unit. Thus, in order for
5�, we need at least 1.3, 4.7, 21 ab�1 for zL ¼ 105, 1010,
1015, respectively. Since the KK mass scale is rather high
as mKK ¼ 1466 GeV in the case of zL ¼ 1015, one can
apply the effective Lagrangian to a higher energy. For

instance, we obtain S=
ffiffiffiffi
L

p ¼ 0:11 for
ffiffiffi
s

p ¼ 750 GeV,
and the required luminosity is L > 2:0 ab�1.

VI. SPECTRUM OF KK STATES

One of the direct ways to see the extra dimension is to
produce KK excited modes of various particles and observe
their decays. In the current model theH parity is conserved
so that PH-odd KK modes can be produced in a pair.
Production of a single KK mode occurs only for PH-even
modes. In this section we determine spectra of various KK
modes.

A. KK gauge bosons

The spectrum of KK gluons GðnÞ is identical to the

spectrum of KK photons A�ðnÞ. They are determined by
the fourth equation in Eq. (3.6). The masses of KKW and Z

bosons, WðnÞ and ZðnÞ, are determined by the first and

second equations in Eq. (3.6), whereas those of W 0ðnÞ,
Z0ðnÞ, and A4̂ðnÞ are determined by the third and fifth equa-
tions. The numerical values of the masses of the first five
KK modes are given in Table VIII.
We observe that among PH-even modes

mZð1Þ <mWð1Þ <mGð1Þ <mWð2Þ <mZð2Þ <mZð3Þ <mWð3Þ

<mGð2Þ <mWð4Þ <mZð4Þ <mZð5Þ <mWð5Þ <mGð3Þ

<mWð6Þ <mZð6Þ < 	 	 	 (6.1)

irrespective of zL. The lighter the n ¼ 0mode is, the n ¼ 1
mode becomes heavier. Masses of PH-odd gauge bosons
obey the patternmW 0ðnÞ ¼ mZ0ðnÞ �mA�ðnÞ andmA4̂ðnÞ �mWð2nÞ .

FIG. 2 (color online). Cross sections of Higgs pair production
at ILC for zL ¼ 105. The dotted (green) line shows the ZT mode,
the dashed (red) line is the ZL mode, and the solid (blue)
represents their sum.
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B. KK quarks and leptons

The mass eigenvalue equations for quarks (3.16) and
(3.17) and similar equations for leptons contain the bulk
mass parameters cq, c‘ and the ratios ~�q=�q

2 , ~�‘=�‘
3,

which are determined such that their running masses are

given in Table I. For the light quarks and leptons with c > 1
2

the bulk mass parameters shift to larger values for smaller
zL, whereas for the heavy quarks with c < 1

2 they become

smaller. cq, c‘, ~�q=�q
2 , and ~�‘=�‘

3 are tabulated in

Table IX. We note that ~�‘=�‘
3 � 1 as neutrino masses

are very small.
The spectra of KK modes of quarks and leptons are

determined by the same mass eigenvalue equations as the
zero modes. They are tabulated in Table X. Except for the

KK tower of ðt; bÞ, uðnÞ and dðnÞ, for instance, have ap-
proximately degenerate masses. Similarly to the case of the
gauge bosons, we find an inequality mtð1Þ <mbð1Þ <mcð1Þ ’
msð1Þ <mdð1Þ ’ muð1Þ .

VII. COUPLINGS OF KK GAUGE BOSONS

The couplings of quarks and leptons to KK gauge bosons
can be calculated in the same manner as given in Sec. IV
for the couplings to the 4D gauge bosons. As a general
feature left-handed quarks and leptons are localized near
the Planck brane, whereas right-handed ones near the TeV
brane. KK gauge bosons are localized near the TeV brane
so that right-handed quarks and leptons have larger cou-
plings than left-handed ones. Because of this asymmetry
the left-right symmetry is broken even in the strong inter-
action sector.
KK gluons do not decay into massless gluons. On the

other hand, KK W and Z can decay into WZ and WW,
respectively.

A. KK photons and gluons

The couplings of the first KK photon and gluon with
quarks or leptons are tabulated in Table XI. The wave
functions of the KK photon and gluon are the same and
their couplings to quarks are the same up to a normaliza-

tion factor. The largest coupling is gG
ð1Þ

uR ’ gG
ð1Þ

dR
. This is

different from the other scenario in which the t quark
dominantly couples to KK gluons.
We note that the couplings of right-handed fermions are

so large that the perturbative treatment is not valid for the

TABLE VIII. Mass spectra of KK gauge bosons in units of
GeV.

A�ðnÞ, GðnÞ
zLnn 1 2 3 4 5

1015 1144 2598 4061 5522 6991

1010 940 2125 3316 4508 5701

105 678 1511 2347 3184 4021

WðnÞ
zLnn 1 2 3 4 5

1015 1133 1800 2587 3285 4050

1010 927 1470 2111 2679 3301

105 659 1041 1490 1889 2325

ZðnÞ
zLnn 1 2 3 4 5

1015 1130 1803 2584 3289 4046

1010 923 1474 2107 2683 3297

105 653 1047 1484 1895 2319

W 0ðnÞ, Z0ðnÞ
zLnn 1 2 3 4 5

1015 1122 2576 4039 5503 6968

1010 914 2097 3287 4479 5672

105 640 1469 2303 3139 3974

A4̂ðnÞ
zLnn 1 2 3 4 5

1015 1788 3274 4748 6218 7687

1010 1456 2665 5061 6257 7451

105 1020 1867 2708 3547 4384

TABLE IX. c and ~�=�2 for quarks and leptons.

cq c‘
zL ðu; dÞ ðc; sÞ ðt; bÞ ð�e; eÞ ð��;�Þ ð��; �Þ
1015 0.843 0.679 0.432 0.900 0.736 0.646

1010 1.018 0.770 0.395 1.104 0.856 0.720

105 1.548 1.049 0.268 1.721 1.222 0.948

~�q=�q
2 �‘

3= ~�
‘

zL ðu; dÞ ðc; sÞ ðt; bÞ ð�e; eÞ ð��;�Þ ð��; �Þ
1015 2.283 0.0889 0.0173 4:87� 108 1:14� 1010 3:47� 1010

1010 2.283 0.0889 0.0175 4:87� 108 1:14� 1010 3:47� 1010

105 2.283 0.0889 0.0181 4:87� 108 1:14� 1010 3:47� 1010
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KK gluons. With this reservation in mind one can evaluate
the decay widths of the first KK gluon by using the
couplings in Table XI. The decay width is given by

�ðGðnÞ ! f �fÞ ¼ C
�smGðnÞ

6
Fð �gGðnÞ

fL ; �gG
ðnÞ

fR ; mf;mGðnÞ Þ;
(7.1)

where F is defined in (4.7) and �gG
ðnÞ

fL ¼ gG
ðnÞ

fL =ðgC=
ffiffiffiffi
L

p Þ. The
color factor C ¼ 3. Numerical values are tabulated in
Table XII. It is found that the decay rate to the light quarks

is large. The total decay width ofGð1Þ turns out much larger
than its mass. Thus the KK gluon cannot be identified as a
resonance.

The decay width of the first KK photon A�ð1Þ is evaluated
similarly. The decay width to a fermion pair is

�ð�ðnÞ ! f �fÞ ¼ C
q2f�m�ðnÞ

3sin2�W
Fð �g�ðnÞ

fL ; �g�
ðnÞ

fR ; mf;m�ðnÞ Þ; (7.2)

where �g�
ðnÞ

fL ¼ g�
ðnÞ

fL =ðgA=
ffiffiffiffi
L

p Þ and qf is a charge 2
3 , � 1

3 ,

�1, 0. C ¼ 1 for leptons.

In addition to decay into q �q and ‘ �‘, the first KK photon
can decay into WþW� through

LWW�ðnÞ
int ¼ igWW�ðnÞ fð@�Wy

� � @�W
y
�ÞW�A�ðnÞ�

� ð@�W� � @�W�ÞWy�A�ðnÞ�

þ ð@�A�ðnÞ
� � @�A

�ðnÞ
� ÞWy�W�g;

gWW�ðnÞ ¼ gA
Z dz

kz

�
hL
�ðnÞ

�
ðhLWÞ2 þ

1

2
ðhŴÞ2

�

þ hR
�ðnÞ

�
ðhRWÞ2 þ

1

2
ðhŴÞ2

��
: (7.3)

Inserting the mode functions in the Appendix, one finds

TABLE X. The masses of KK quarks and leptons in units of
GeV.

zL 1015 1010 105

uð1Þ, dð1Þ 1361 1203 1037

uð2Þ, dð2Þ 2001 1716 1383

uð3Þ, dð3Þ 2823 2397 1886

uð4Þ, dð4Þ 3503 2944 2258

uð5Þ, dð5Þ 4287 3590 2727

zL 1015 1010 105

cð1Þ, sð1Þ 1249 1068 855

cð2Þ, sð2Þ 1900 1593 1213

cð3Þ, sð3Þ 2706 2255 1692

cð4Þ, sð4Þ 3394 2812 2075

cð5Þ, sð5Þ 4169 3447 2529

zL 1015 1010 105

tð1Þ 1121 912 634

tð2Þ 1797 1467 1037

tð3Þ 2576 2097 1467

tð4Þ 3279 2672 1877

tð5Þ 4039 3287 2303

zL 1015 1010 105

bð1Þ 1172 975 734

bð2Þ 1745 1402 936

bð3Þ 2627 2160 1567

bð4Þ 3228 2608 1778

bð5Þ 4090 3351 2402

zL 1015 1010 105

�ð1Þ
e , eð1Þ, �ð1Þ

� , �ð1Þ, �ð1Þ
� , �ð1Þ 1400 1249 1099

�ð2Þ
e , eð2Þ, �ð2Þ

� , �ð2Þ, �ð2Þ
� , �ð2Þ 2036 1758 1441

�ð3Þ
e , eð3Þ, �ð3Þ

� , �ð3Þ, �ð3Þ
� , �ð3Þ 2863 2445 1952

�ð4Þ
e , eð4Þ, �ð4Þ

� , �ð4Þ, �ð4Þ
� , �ð4Þ 3540 2990 2321

�ð5Þ
e , eð5Þ, �ð5Þ

� , �ð5Þ, �ð5Þ
� , �ð5Þ 4328 3640 2794

TABLE XI. The couplings of the first KK photon to leptons

and quarks, g�
ð1Þ

f =ðgA=
ffiffiffiffi
L

p Þ. e ¼ ðgA=
ffiffiffiffi
L

p Þ sin�W . The couplings

of the first KK gluon to quarks, gG
ð1Þ

f =ðgC=
ffiffiffiffi
L

p Þ, are the same as

g�
ð1Þ

f =ðgA=
ffiffiffiffi
L

p Þ.
zL eL �L �L eR �R �R

1015 �0:195 �0:195 �0:195 6.408 6.147 5.981

1010 �0:241 �0:241 �0:241 5.426 5.153 4.968

105 �0:347 �0:347 �0:346 4.123 3.872 3.672

zL uL cL tL uR cR tR

1015 �0:195 �0:195 0.442 6.323 6.044 5.603

1010 �0:241 �0:241 0.554 5.339 5.040 4.497

105 �0:347 �0:347 0.890 4.049 3.753 2.925

zL dL sL bL dR sR bR

1015 �0:195 �0:195 0.661 6.323 6.044 5.500

1010 �0:241 �0:241 0.797 5.339 5.040 4.376

105 �0:347 �0:347 1.111 4.049 3.753 2.786

TABLE XII. First KK gluon decay: The branching fraction
and the total width at the tree level without QCD corrections.

zL 1015 1010 105

u (%) 18.68 19.40 20.88

d (%) 18.68 19.40 20.88

s (%) 17.07 17.29 17.96

c (%) 17.07 17.29 17.96

b (%) 14.33 13.44 11.38

t (%) 14.17 13.19 10.93

�total (GeV) 7205 4070 1576

Mass (GeV) 1144 940 678
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gWW�ðnÞ ¼ e
ffiffiffiffi
L

p
ffiffiffiffiffiffiffiffiffi
r�ðnÞ

p
rW

Z dz

kz
Cðz;��ðnÞ ÞfCðz;�WÞ2þ Ŝðz;�WÞ2g:

(7.4)

Note that the photon coupling is universal; gWW� ¼
gWW�ð0Þ ¼ e. The first KK photon has a coupling

gWW�ð1Þ=e ¼ ð�0:056 03;�0:067 65;�0:091 45Þ for zL ¼
ð1015; 1010; 105Þ. The decay width is given by [56]

�ð�ðnÞ !WþW�Þ

¼
g2
WW�ðnÞm�ðnÞ

192��2
n

ð1þ20�nþ12�2
nÞð1�4�nÞ3=2; (7.5)

where �n ¼ m2
W=m

2
�ðnÞ .

The decay widths of the first KK photon are summarized
in Table XIII. The observed mass mW is used in the phase

space of the final state in the evaluation of �½�ð1Þ !
WþW��. The first KK photon A�ð1Þ has a total decay width
larger than or comparable to its mass. It does not look like a
resonance.

B. KK W and Z

The couplings of quarks and leptons to the first KK W
boson are given in Table XIV. The quarks in the third
generation have larger couplings than the other quarks
and leptons. Couplings of right-handed quarks and leptons
are rather small.

The fermion couplings of the first KK Z boson can be
calculated similarly. They are tabulated in Table XV. The
values of the couplings of left-handed leptons are not very
sensitive to the generation. For a smaller warp factor, the
magnitude of the couplings of left-handed (right-handed)
leptons and quarks becomes larger (smaller). For left-
handed leptons and quarks, the third generation has larger

couplings than the first and second generations. In contrast,
for right-handed leptons and quarks, the third generation
has smaller couplings.
Just like KK photons KK Z bosons can decay into a pair

of W bosons. Their couplings are given by

LWWZðnÞ
int ¼ igWWZðnÞ fð@�Wy

� �@�W
y
�ÞW�ZðnÞ�

�ð@�W��@�W�ÞWy�ZðnÞ�

þð@�ZðnÞ
� �@�Z

ðnÞ
� ÞWy�W�g;

gWWZðnÞ ¼gA
Z dz

kz

�
hL
ZðnÞ

�
ðhLWÞ2þ

1

2
ðhŴÞ2

�

þhR
ZðnÞ

�
ðhRWÞ2þ

1

2
ðhŴÞ2

�
þh^

ZðnÞ

�
hLWþhRW

�
hŴ

�
;

(7.6)

where indices �, � are contracted with ���. With mode

functions inserted,

gWWZðnÞ
gAffiffiffi
L

p cos�W
� IWWZðnÞ

¼
ffiffiffiffi
L

p
ffiffiffiffiffiffiffiffiffiffiffi
2rZðnÞ

p
rW

Z dz

kz

�
1�2sin2�W
cos2�W

Cðz;�ZðnÞ Þ

�fCðz;�WÞ2þ Ŝðz;�WÞ2g
þ 2

cos2�W
Ŝðz;�ZðnÞ ÞCðz;�WÞŜðz;�WÞ

�
: (7.7)

With the couplings gWWZðnÞ the partial decay width

�ðZðnÞ ! WþW�Þ is given by the formula (7.5) where
gWW�ðnÞ and m�ðnÞ are replaced by gWWZðnÞ and mZðnÞ , re-

spectively. The enhancement factor 1=�2
n ¼ ðmZðnÞ=mWÞ4

represents that ZðnÞ decays dominantly to the longitudinal
components of W over the transverse components.

TABLE XIII. Branching fractions and decay widths of the first
KK photon �ð1Þ. � ¼ 1=128 is used.

zL 1015 1010 105

e (%) 13.5 14.0 14.8

� (%) 12.5 12.6 13.1

� (%) 11.8 11.7 11.8

u (%) 18.2 18.8 19.8

c (%) 16.7 16.7 17.0

t (%) 13.8 12.8 10.4

d (%) 4.56 4.69 4.95

s (%) 4.16 4.18 4.26

b (%) 3.49 3.25 2.69

W (%) 1.30 1.28 1.23

� [all f �f] (GeV) 1933 1105 441

�½WþW�� (GeV) 25.5 14.3 5.5

�total (GeV) 1959 1120 446

Mass (GeV) 1144 940 678

TABLE XIV. The couplings of the first KK W boson with

quarks and leptons, gW
ð1Þ

f

ffiffiffiffi
L

p
=gA.

zL uLdL cLsL tLbL

1015 �0:138 �0:138 0.492

1010 �0:170 �0:170 0.609

105 �0:244 �0:244 0.934

zL eL�eL �L��L �L��L

1015 �0:138 �0:138 �0:138
1010 �0:170 �0:170 �0:170
105 �0:244 �0:244 �0:244

zL uRdR cRsR tRbR

1015 1:02� 10�12 1:08� 10�8 0.000 308

1010 1:69� 10�12 1:88� 10�8 0.000 596

105 3:66� 10�12 4:55� 10�8 0.002 04
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The numerical values of the couplings gWWZðnÞ are tabu-

lated in Table XVI. gWWZ � gWWZð0Þ has been evaluated in
[16]. There appears a tiny deviation in gWWZ from that in
the SM. The couplings of KK Z are found to be very small;
jgWWZðnÞ j � gWWZ.

The decay width of the first KK Z boson is tabulated in

Table XVII. The mass and total decay width of Zð1Þ are
1130 GeV and 422 GeV for zL ¼ 1015, respectively. The
branching fraction of the WW mode is about 7%. (The
observed mass mW is used in the phase space of the final

state in the evaluation of �½Zð1Þ ! WþW��.) In contrast to
the decay width of the Z boson given in Table VII, the
decay rates for neutrinos in the first KK Z boson decay are
very small.

VIII. SIGNALS OF KK Z AT
THE TEVATRON AND LHC

The KK Z boson can be produced at the Tevatron and
LHC. We first consider the production process of the first

KK Z boson (Zð1Þ) followed by its decay into an electron

and a positron, q �q ! Zð1Þ ! eþe�, as shown in Fig. 3. To

this process the first KK photon (A�ð1Þ) also contributes,

which has a mass close to that of Zð1Þ. Unlike Zð1Þ, however,
A�ð1Þ has a decay width larger than its mass so that its
contribution is expected to give an additional smooth

background to the Zð1Þ signal. Effects of KK particles

such as A�ðnÞ (n � 2) are ignored in our analysis for
simplicity, though they also give a smooth background.
Our numerical calculation is done by MADGRAPH/

MADEVENT [54] at the parton level with the CTEQ6L

TABLE XV. The couplings of the first KK Z boson to leptons and quarks, gZ
ð1Þ

f

ffiffiffiffi
L

p
=gA.

zL �eL ��L ��L �eR ��R ��R

1015 �0:0577 �0:0577 �0:0576 1:1� 10�31 1:0� 10�29 3:5� 10�28

1010 �0:0712 �0:0712 �0:0711 1:8� 10�31 1:7� 10�29 6:1� 10�28

105 �0:1025 �0:1025 �0:1023 3:8� 10�31 4:0� 10�29 1:5� 10�27

zL eL �L �L eR �R �R

1015 0.0311 0.0310 0.0311 2.516 2.420 2.352

1010 0.0384 0.0383 0.0384 2.126 2.033 1.953

105 0.0557 0.0553 0.0558 1.598 1.531 1.436

zL uL cL tL uR cR tR

1015 �0:0400 �0:0400 �0:2058 �1:656 �1:585 �1:467
1010 �0:0493 �0:0493 �0:2553 �1:396 �1:320 �1:174
105 �0:0713 �0:0713 �0:3814 �1:048 �0:977 �0:743

zL dL sL bL dR sR bR

1015 0.0488 0.0488 �0:5581 0.828 0.792 0.723

1010 0.0602 0.0602 �0:6710 0.698 0.660 0.576

105 0.0869 0.0869 �0:9219 0.524 0.488 0.371

TABLE XVI. The couplings WWZðnÞ. The ratios IWWZðnÞ ¼
gWWZðnÞ=ðgA cos�W=

ffiffiffiffi
L

p Þ are listed. n ¼ 0 corresponds to the

WWZ coupling.

zL 1015 1010 105

WWZ 0.999 85 0.999 66 0.998 62

WWZð1Þ �0:0343 �0:0422 �0:0604
WWZð2Þ 2:07� 10�5 3:35� 10�5 5:42� 10�5

WWZð3Þ �1:25� 10�3 �1:55� 10�3 �2:26� 10�3

WWZð4Þ �1:38� 10�5 �2:59� 10�5 �7:76� 10�5

WWZð5Þ �2:04� 10�4 �2:50� 10�4 �3:56� 10�4

TABLE XVII. First KK Z boson decay: The branching frac-
tions and decay widths. � ¼ 1=128 is used.

zL 1015 1010 105

e (%) 12.4 12.5 11.8

� (%) 11.5 11.4 10.9

� (%) 10.9 10.6 9.56

�e þ �� þ �� (%) 0.02 0.04 0.15

u (%) 16.7 16.8 15.9

c (%) 15.3 15.0 13.8

t (%) 12.9 11.9 9.51

d (%) 4.20 4.23 4.06

s (%) 3.85 3.79 3.55

b (%) 5.09 6.74 14.2

W (%) 7.10 6.96 6.51

�½WþW�� (GeV) 30.0 17.0 6.8

�total (GeV) 422 245 104

Mass (GeV) 1130 923 653
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parton distribution function [53] and without detector
simulation.

The cross sections of p �p ! eþe�X at
ffiffiffi
s

p ¼ 1:96 TeV
are evaluated as 22, 7.1, and 3.8 pb for zL ¼ 105, 1010, and
1015, respectively, where the invariant mass of the charged
leptons is required to be larger than 150 GeV, and other
cuts are the default values of MADGRAPH/MADEVENT: pT >
10 GeV, j�j< 2:5, and �R> 0:4 for the charged leptons.

In the current model the production rate of Zð1Þ decreases
for larger zL as it becomes heavier. The background cross
section, that is, the Drell-Yan cross section in the SM, is
0.73 pb. Including 10% theoretical uncertainty in the signal

estimation, we obtain the statistical significance at the
Tevatron with the integrated luminosity of 5:4ð2:5Þ fb�1,
which corresponds to the analysis by D0 Collaboration
[57] (CDF Collaboration [58]), as 9.7 (9.7), 9.0 (8.9), and
8.1(8.0) for zL ¼ 105, 1010, and 1015, respectively.
The first KK Z corresponds to what is referred to as Z0 in

the analysis of Tevatron data [57,58]. So far no signal of Z0
has been found, which gives a constraint on the present
model. The signals expected at the Tevatron are depicted in
Fig. 4. A peak structure due to the first KK Z boson is seen
in the case of zL ¼ 105, and thus the scenario with zL ¼
105 is excluded. Furthermore, although the KK Z reso-
nance shape is smeared out by the broad contribution of the
first KK photon, the other scenarios with zL ¼ 1010 and
1015 also seem disfavored by the present Tevatron data
based only on the total cross section as stated above. If we
take the detailed invariant mass distribution of the lepton
pair and/or the dimuon channel into account, the limit on
the warp factor will be strengthened.
As for LHC, we obtain the cross sections of pp !

eþe�X at
ffiffiffi
s

p ¼ 7 TeV as 91, 36, and 20 pb for zL ¼
105, 1010, and 1015, respectively, and 1.8 pb for the SM.
The same cuts on the final state as the p �p case are applied.

FIG. 4. Distributions of the eþe� invariant mass in p �p ! eþe�X at
ffiffiffi
s

p ¼ 1:96 TeV. (a) The present model with zL ¼ 105.
(b) zL ¼ 1010. (c) zL ¼ 1015. (d) The SM.

FIG. 3. The first KK Z boson signal.
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The statistical significance at LHC is summarized in
Table XVIII, where 10% theoretical uncertainty is as-
sumed. The signals expected at LHC are shown in Fig. 5.
The resonant structure of the first KK Z boson remains for
all the three values of zL.

Recently, CMS and ATLAS Collaborations have
searched for narrow resonances in dilepton channels and
found no significant deviation from the SM [59,60]. The
integrated luminosity for the electron channel is reported
as 35 pb�1 by CMS and 39 pb�1 by ATLAS. Accordingly,
the cases that zL & 1015 seem unlikely although we need a
detailed analysis to determine the excluded parameter
region. It should be noted that the total decay width of
the first KK Z is very large in the current model, whereas a

narrow width (3% of its mass or less) has been assumed in
the analysis in Refs. [59,60].
We comment that contributions from higher KK photons

A�ðnÞ (n � 2), which have broad decay widths, may have
destructive interference with that from the first KK photon
so that the magnitude of the smooth background is signifi-
cantly decreased. If this is the case, the bound from the
current data at the Tevatron and at LHC is weakened. More
thorough study is necessary on this respect, which is re-
served for the future.

As seen in Tables XI and XV, the couplings of A�ð1Þ and
Zð1Þ to the right-handed fermions except the neutrinos and
the bottom quark are significantly larger than those to the
left-handed fermions. Such a parity violation affects the
distribution of the leptons in the final state. Consider a
favored parton-parton collision, for instance, uR �uR !
e�R eþR . The direction of the final e�R tends to be that of
the initial uR because of the helicity conservation. This
angular distribution in the parton center-of-mass frame
results in a harder electron spectrum (and a softer positron
spectrum) in the pp center-of-mass frame since most of the
initial quark-antiquark pairs are boosted in the direction of

TABLE XVIII. Significance of pp ! eþe�X at
ffiffiffi
s

p ¼ 7 TeV.

zL 105 1010 1015

L ¼ 35 pb�1 9.7 9.1 8.5

L ¼ 100 pb�1 9.7 9.4 8.9

L ¼ 1000 pb�1 9.8 9.5 9.1

FIG. 5. Distributions of the eþe� invariant mass in pp ! eþe�X at
ffiffiffi
s

p ¼ 7 TeV. (a) The present model with zL ¼ 105.
(b) zL ¼ 1010. (c) zL ¼ 1015. (d) The SM.
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the initial quark in the pp collider. Hence, we expect
a wider rapidity distribution for the electron than the
positron. We present, in Fig. 6, the rapidity (y) distributions
of the electron and positron in the present model with zL ¼
1015 and in the SM. Though both the models have the
similar tendency that the electron distribution is wider
than the positron, the difference between the electron and
the positron is more significant in the present model. This
feature in the rapidity distributions is quantified by the
central charge asymmetry [61],

AccðycÞ ¼ �ðjye�j< ycÞ � �ðjyeþj< ycÞ
�ðjye�j< ycÞ þ �ðjyeþj< ycÞ : (8.1)

Our numerical study suggests that the statistical signifi-
cance of AccðycÞ is maximized with yc � 0:6 for the

case of zL ¼ 1015. We find that Accð0:6Þ ¼
�0:32ð�0:17Þ for zL ¼ 1015 (the SM) and the signifi-
cance of 5� is expected with the integrated luminosity
of about 1 fb�1. Another signal of the parity violation
may be seen in the lepton forward-backward asymmetry
with respect to the boost direction of the KK Z boson
[62,63].
We also evaluate the cross section of pp ! jeþe�X atffiffiffi
s

p ¼ 7 TeV, where j denotes a jet, to find 43, 17, and
9.3 pb for zL ¼ 105, 1010, and 1015, respectively. The same
cuts on the final leptons as the pp ! eþe�X case are
applied, and the default cuts for jets in MADGRAPH/

MADEVENT, that is, pT > 20 GeV, j�j< 5, and �R> 0:4
for the jet, are employed. Approximately 80% of the cross

section for zL ¼ 1015 includes a gluon jet (q �q ! gZð1Þ,
gA�ð1Þ) and the rest does a quark jet (qg ! qZð1Þ, qA�ð1Þ).
The SM cross section is estimated to be 0.66 pb. The
statistical significance assuming 10% theoretical uncer-
tainty is shown in Table XIX. The pp ! jeþe�X mode
has a comparable sensitivity of the pp ! eþe�X mode
from the statistical point of view, but the background
should be studied carefully since the signal is more
complicated.

FIG. 6. The rapidity distributions. (a) The electron distribution in the present model with zL ¼ 1015. (b) The positron distribution in
the present model with zL ¼ 1015. (c) The electron distribution in the SM. (d) The positron distribution in the SM.

TABLE XIX. Significance of pp ! jeþe�X at
ffiffiffi
s

p ¼ 7 TeV.

zL 105 1010 1015

L ¼ 35 pb�1 9.5 8.9 8.1

L ¼ 100 pb�1 9.7 9.3 8.8

L ¼ 1000 pb�1 9.8 9.6 9.2
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IX. CONCLUSIONS

In the present paper we have explored collider signatures
of the SOð5Þ �Uð1Þ gauge-Higgs unification model in the
RS space. The model predicts �H ¼ 1

2� and the stable

Higgs boson. The gauge and Higgs couplings of quarks
and leptons deviate from those in the standard model. With
the warp factor zL given, the mass spectra and couplings of
all fields are determined.

There arises small deviation in the gauge couplings of
quarks and leptons. This leads to forward-backward asym-
metry in eþe� annihilation on the Z resonance. It was
found that the gauge-Higgs unification model gives good
fit to the forward-backward asymmetry data in a wide rage
of zL. However, the data of branching fractions of various
modes in the Z boson decay fit well only for zL * 1015.

Pair production of Higgs bosons at ILC, eþe� ! ZHH,
is marginal. There is a large background containing neu-
trinos. With polarized beam and appropriate cut, the sta-
tistical significance S of the signal is estimated to be

S=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Lðfb�1Þp ¼ 0:11 for

ffiffiffi
s

p ¼ 750 GeV for zL ¼ 1015,
which requires the luminosity L > 2:0 ab�1 for 5�
discovery.

Another importantway to test themodel is to produceKK

modes. The production of the first KK Z boson Zð1Þ decay-
ing into eþe� gives a clear signal. At zL ¼ 1015 the mass

and width of Zð1Þ are about 1130 GeV and 422 GeV, re-

spectively. The production ofZð1Þ can be discovered at LHC
through pp ! Zð1ÞX ! eþe�X with 100 pb�1. There ap-
pears a smooth background coming from the production
and decay of KK photons. The mass and width of the first

KK photon A�ð1Þ are 1144 GeVand 1959 GeVat zL ¼ 1015,
respectively. We have evaluated the cross section including

the contribution from A�ð1Þ. The present limit from the Z0
searches at the Tevatron and LHC excludes zL & 1015.
However, a more thorough study taking account of contri-

butions of higher KK photons A�ðnÞ (n � 2) is necessary,
as destructive interference could occur in the smooth
background.

It is a general feature that KK gluons, photons, and Z
couple dominantly to right-handed quarks and leptons. The
large parity violation affects the rapidity distributions of eþ

and e� in the decay of Zð1Þ, which is quantified by mea-
suring the central charge asymmetry.

We conclude that the present precision data of the gauge
couplings and Z0 search indicate a large warp factor zL >

1015. Zð1Þ production at LHC is a promising way to test the
model.

In the present paper we have investigated the SOð5Þ �
Uð1Þ gauge-Higgs model with bulk fermions in the vector

representation of SOð5Þ, in which right-handed quarks and
leptons are localized near the TeV brane and have large

couplings with KK gauge bosons. It would be interesting to

see whether the couplings of the leptons to the KK photons

can be suppressed by introducing bulk lepton multiplets in

another tensorial representation of SOð5Þ.
It has been shown that in order for the stable Higgs

boson to account for the dark matter of the Universe, its
mass must be mH � 70 GeV, which is obtained with a
small warp factor zL � 105 in the current model. Further
improvement of the model is necessary to explain both
collider data and dark matter.
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APPENDIX: NORMALIZED MODE FUNCTIONS

In this appendix, mode functions with their normaliza-
tion factors at �H ¼ 1

2� are collected [18]. Basis functions

are given in (3.5) and (3.13). For convenience we define

Ŝðz;�Þ ¼ Cð1;�Þ
Sð1;�Þ Sðz;�Þ;

ŜLðz;�; cÞ ¼ CLð1;�; cÞ
SLð1;�; cÞ SLðz;�; cÞ: (A1)

1. Gauge bosons

Gauge bosons are expanded as in (3.12). Mode functions
hðzÞ of PH-even fields, for instance, satisfy orthogonality
conditions

Z zL

1

dz

kz
fhL

WðnÞh
L
WðmÞ þhR

WðnÞh
R
WðmÞ þh^

WðnÞh
^
WðmÞ g¼
nm;

Z zL

1

dz

kz
fhL

ZðnÞh
L
ZðmÞ þhR

ZðnÞh
R
ZðmÞ þh^

ZðnÞh
^
ZðmÞ þhB

ZðnÞh
B
ZðmÞ g¼
nm;

Z zL

1

dz

kz
fhL

�ðnÞh
L
�ðmÞ þhR

�ðnÞh
R
�ðmÞ þhB

�ðnÞh
B
�ðmÞ g¼
nm;

Z zL

1

dz

kz
fhL

ZðnÞh
L
�ðmÞ þhR

ZðnÞh
R
�ðmÞ þhB

ZðnÞh
B
�ðmÞ g¼0: (A2)

Similar relations hold for other mode functions.

(i) Photon tower (Â�
�)

hL
�ðnÞ ¼ hR

�ðnÞ ¼
s�ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ s2�

q 1ffiffiffiffiffiffiffiffiffi
r�ðnÞ

p Cðz;��ðnÞ Þ;

hB
�ðnÞ ¼

c�ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ s2�

q 1ffiffiffiffiffiffiffiffiffi
r�ðnÞ

p Cðz;��ðnÞ Þ;

r�ðnÞ ¼
Z zL

1

dz

kz
Cðz;��ðnÞ Þ2:

(A3)
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For a photon Cðz;��ð0Þ ¼ 0Þ ¼ const ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r�ð0Þ=L

q
.

Note that s� ¼ tan�W and 1=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ s2�

q
¼ cos�W .

(ii) W boson tower (Ŵ�)

hL
WðnÞ ¼ hR

WðnÞ ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffi
2rWðnÞ

p Cðz;�WðnÞ Þ;

h^
WðnÞ ¼ � 1ffiffiffiffiffiffiffiffiffiffi

rWðnÞ
p Ŝðz;�WðnÞ Þ;

rWðnÞ ¼
Z zL

1

dz

kz
fCðz;�WðnÞ Þ2 þ Ŝðz;�WðnÞ Þ2g:

(A4)

(iii) Z boson tower (Ẑ�)

hL
ZðnÞ ¼hR

ZðnÞ ¼
c2�ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þs2�

q 1ffiffiffiffiffiffiffiffiffiffiffi
2rZðnÞ

p Cðz;�ZðnÞ Þ

¼1�2sin2�W
cos�W

Cðz;�ZðnÞ Þffiffiffiffiffiffiffiffiffiffiffi
2rZðnÞ

p ;

h^
ZðnÞ ¼�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þs2�

q 1ffiffiffiffiffiffiffiffi
rZðnÞ

p Ŝðz;�ZðnÞ Þ

¼� 1

cos�W

Ŝðz;�ZðnÞ Þffiffiffiffiffiffiffiffi
rZðnÞ

p ;

hB
ZðnÞ ¼�

ffiffiffi
2

p
s�c�ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þs2�

q 1ffiffiffiffiffiffiffiffi
rZðnÞ

p Cðz;�ZðnÞ Þ

¼�gA
gB

sin2�W
cos�W

ffiffiffi
2

p
Cðz;�ZðnÞ Þffiffiffiffiffiffiffiffi
rZðnÞ

p ;

rZðnÞ ¼
Z zL

1

dz

kz
fc2�Cðz;�ZðnÞ Þ2þð1þs2�ÞŜðz;�ZðnÞ Þ2g:

(A5)

(iv) Ŵ 0
� tower

hL
W 0ðnÞ ¼ �hR

W0ðnÞ ¼ 1ffiffiffi
2

p 1ffiffiffiffiffiffiffiffiffiffi
rW 0ðnÞ

p Cðz;�W0ðnÞ Þ;

rW0ðnÞ ¼
Z zL

1

dz

kz
Cðz;�W0ðnÞ Þ2:

(A6)

(v) Ẑ0
� tower

hL
Z0ðnÞ ¼ �hR

Z0ðnÞ ¼ 1ffiffiffi
2

p 1ffiffiffiffiffiffiffiffiffi
rZ0ðnÞ

p Cðz;�Z0ðnÞ Þ;

rZ0ðnÞ ¼
Z zL

1

dz

kz
Cðz;�Z0ðnÞ Þ2:

(A7)

(vi) Â4̂
� tower

hAðnÞ ¼ 1ffiffiffiffiffiffiffiffiffiffi
r
A4̂ðnÞ

p Sðz;�
A4̂ðnÞ Þ;

r
A4̂ðnÞ ¼

Z zL

1

dz

kz
Sðz;�

A4̂ðnÞ Þ2:
(A8)

The mode functions for the fifth-dimensional compo-
nent are given similarly. hLRS , hLRD , hB / C0ðz;�Þ and hĤ,
hD̂ / S0ðz;�Þ. The normalization condition is given byRzL
1 ðkdz=zÞðhsÞ2 ¼ 1 where hs ¼ hLRS , hĤ, h

LR
D , hD̂, hB.

2. Fermions

For PH-even c ðnÞ
ð2=3ÞðþÞ, Eq. (3.14) leads to

½aðnÞU ; aðnÞ
t0 � ’

�
�

ffiffiffi
2

p
~�

�2

;�CLð1;�n; ctÞ
SLð1;�n; ctÞ

�
aðnÞBþt: (A9)

With this ratio, the coefficient is given by

aðnÞBþt ¼
�Z zL

1
dz

��
2

�
~�

�2

�
2 þ 1

�
CLðz;�n; ctÞ2

þ ŜLðz;�n; ctÞ2
���1=2

: (A10)

For PH-odd tðnÞð�Þ, the coefficient is

aðnÞB�t ¼
�Z zL

1
dzCLðz;�tðnÞð�Þ

; ctÞ2
��1=2

: (A11)

For PH-even c ðnÞ
�ð1=3ÞðþÞ, the coefficients satisfy

½aðnÞb ; aðnÞ
b0 � ’

�
�

ffiffiffi
2

p
�2

~�
;�CLð1;�n; ctÞ

SLð1;�n; ctÞ
�
aðnÞDþX; (A12)

which yields

aðnÞDþX ¼
�Z zL

1
dz

��
2

�
�2

~�

�
2 þ 1

�
CLðz;�n; ctÞ2

þ ŜLðz;�n; ctÞ2
���1=2

: (A13)

For PH-odd bðnÞð�Þ, the coefficient is given by

aðnÞD�X ¼
�Z zL

1
dzCLðz;�bðnÞð�Þ

; ctÞ2
��1=2

: (A14)

To obtain overlap integrals for the gauge couplings,
these normalization constants are taken into account.
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