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An SO(5) X U(1) 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 10! (10'7). The
Wilson line phase turns out % 7 and the Higgs couplings to W 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

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
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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 SU(3) and SO(5) X U(1) [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 than myy,, 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
SU(3) model 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 M* X (T?/Z,). 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 6y [21]. Despite the fact that wave functions of W
and Z get rotated in the group space at finite 65, 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 6y
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 cosfy
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 SO(5) X U(1) model in the
RS space with fermions in 5 and 10 representations of
SO(5) [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 Zbb
coupling. Each generation follows from two 5 multiplets
and one 10 multiplet 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 Z, 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 O(10) 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
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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 p (T)
parameter and Zbb 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 m;/m,. Furthermore, it is found that
the effective potential for the Wilson line phase 6 is
minimized at i%w as a consequence of gauge dynamics
of heavy top quarks. At 0y = = % 7 the EW symmetry is
dynamically broken to U(1)gy and the WWH and ZZH
couplings vanish at the tree level. With my, and m, 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 mgx. It is found that the top mass
m, 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
Veir(6y) 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 0, = * 17
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.

I SO(5) X U(1) MODEL

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

ds* = GyydxMdxN = e 27Vy , dxtdx” + dy?, (2.1)

where 7,, = diag(—1,1,1,1), o(y) = o(y +2L), and
o(y) = k|y| for |y| = L. The fundamental region in the
fiftth dimension is given by 0 =y =< L, which is sand-
wiched by the Planck brane at y = 0 and the TeV brane
at y = L, respectively. The bulk region 0 <y <L is a
sliced anti-de Sitter (AdS) spacetime with a negative cos-
mological constant A = —6k>. 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 myy(k, kL, 65) where 0y is the Wilson line
phase of gauge fields determined dynamically once the
matter content is given. With my, 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
k

mgg = ﬁ ~ grke kL. (22)
We shall find that for e = 10 (10'7), k= 4.72 X
107 GeV  (5.03 X 10" GeV) and mgg = 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 SO(5) X U(1)y gauge theory in the
Randall-Sundrum warped spacetime. The SO(5) X U(1)x
symmetry is reduced to SO(4) X U(1)x by orbifold bound-
ary conditions. The symmetry is further reduced to
SU(2), X U(1)y 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 SU(2); X U(1)y on the Planck brane. We
imagine these happen at a high energy scale of O(Mgyr) to
O(Mpynex) as described below.

The Lagrangian density consists of four parts:

— [gauge scalar fermion fermion
L= Lbulk + £Pl. brane + Lbulk + £Pl. brane*

(2.3)

The bulk parts respect SO(5) X U(1)y gauge symmetry.
There are SO(5) gauge fields Ay, and U(1)y gauge field
By. The former are decomposed as Ay =

1 AT+ 30 AN T + X3 AL T? where
T%wa% (a;, ag = 1,2,3)and T¢ (4 = 1, 2, 3, 4) are the
generators of S04) ~SU2), X SUQ2)x and
S0O(5)/SO(4), respectively. L5 is given by

LR = —ulFOE, <O ED 04
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with the associated gauge fixing and ghost terms, where
aNBM .

The orbifold boundary conditions at y; = 0 and y; = L
for gauge fields are given by

(A” )(x yi—y) = P-( A )(x y; ty)P;!
Ay J J _Ay J

B B
(5 Yo = (2 Yoo o

P, =diag(-1,—1,— 1, =1, +1)  (j=0,1),

which reduce the SO(5) X U(1)y symmetry to SO(4) X
U(1)y. We introduce a scalar field ®(x) on the Planck
brane which belongs to (0,1) representation of SO(4) =
SU(2), X SU(2) and has a charge of U(1)y. With

Line = SOH—(D,P)TDH® — 2g(PTD — w?)?},

(2.5)

3
D,®=09,0— i(gA D AET + %BBM>¢ (2.6)

ag=1

the SU(2)g X U(1)y symmetry breaks down to U(1)y, the
massless modes of A}f, Aff, and ASR acquiring large
masses. Here

A ) = (% —qu) A

B}, S¢ ¢y )\ Bu/)
84 54 __ 8
Vit gk Vit &k

We suppose that w is much bigger than the Kaluza-Klein
mass scale, being of O(Mgyrt) to O(Mpjanek)- The net effect
for low-lying modes of the Kaluza-Klein towers of A}f,
Ai", and Aﬁ’* 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 A, components as seen from
(2.6). This also conforms with the invariance under large
gauge transformations which shift the Wilson line phase by
a multiple of 277. 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 A, 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 A,
of SO(5) X U(1)y become diagonal.

On the Planck brane at y = 0 one further adds a gauge-
fixing condition ( « &(y)) suitable for the gauge symmetry
breaking SU(2)z X U(1)x — U(1)y induced by the scalar
field ®(x). The most convenient choice is the standard R,
gauge, in which the ghost fields in the bulk have the same

2.7

Co
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boundary conditions and spectrum as the corresponding
A, components for w > M.

In our scheme the A, components of SU(2)g X U(1)y
are odd under parity around y = 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 A, at y = 0 by enlarging the configura-
tion space for A,. In this case one may include disconti-
nuities in A, 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 A, at y = 0 and the
resulting spectrum depend on the gauge parameters intro-
duced. In one limit (the ¢ parameter in the bulk approach-
ing 0) A, obeys the Dirichlet boundary conditions at y = 0,
whereas in another limit (¢ — o) corresponding to the
unitary gauge A, obeys the Neumann boundary conditions
which were adopted in Ref. [32]. In this paper all A,
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 SU(2); doublet Higgs boson
¢ from the A, component. The Higgs boson, which is
nothing but a fluctuation mode of the Wilson line phase
6y, 1s massless at the tree level, but becomes massive at the
quantum level. We shall see below that the effective po-
tential Vg(6) is minimized at §;; = * 37 due to a con-
tribution from the top quark multiplet so that the
electroweak symmetry breaks down to U(1)gy. 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 SO(5). In
the bulk one has

2
ﬁ}g?.lr]lir(non = Z ‘qfa@(ca)\lfay

a=1

1
D(c,) = FAeAM<9M - gwMBC[FB, Fc]

~igay ~ 10,5 By ) ~ ) 29

Here e,M’s are tetrads and I'A’s are Dirac matrices in the

orthonormal frame. We take in the present paper

FM:(&M "”) (w=0123),
s (1
r ( )

The ¢, term in (2.8) gives a bulk kink mass [45], where
o'(y) = ke(y) is a periodic step function with a magnitude
k. The dimensionless parameter c, plays an important role
in the Randall-Sundrum warped spacetime. The U(1)y

ot =(1,0), ot = (—1,0).

(2.9)
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charges are q; =2 and g, = —1. The notation ¥ =
iWiT0 has been adopted. The orbifold boundary condi-
tions are given by

W, (x,y; = y) = =PI, (x, y; + ). (2.10)

With P; in (2.5) the first four components of W, are even
under parity for the 4D left-handed (I° = —1)
components.

To facilitate discussions below, it is useful to express the
SU(2); X SU(2)g content of an SO(5) vector V. The first
four components ¢, (k=1,---,4) belong to (},1),
whereas the fifth component 5 to (0, 0). We define (p by

&:<l:ﬂn @12)EL(¢4+1'¢7/-F)1'72

¢21 ¢22 \/Z
_ =iy =y i3t Py
ﬁ( e ) @D

which transforms, under an SU(2); X SU(2)x transforma-
tion Q; ® Qp, as ' = Q, J Q. (P11, Pay)" and
(12, ¥2p)" form SU(2), doublets. In the following we
express components of v as V=
(@11, $a1, Y12 W, s)'. With this notation, the two fer-
mion multiplets contain

5 2
T\ AN
U= |%, v,=|x|-1 (2.12)
1 4
v v )i

The numbers written on the side are values of the electric
charge Qp = T3t + T3* + Qy. (T, B), (¢, b), (U, D), and
(X, Y) form SU(2); doublets. i, which couples to i
through the Wilson line phase 60y, is given by (fpu -
Do1)/2.

If there were no additional interactions on the branes,
there would appear, before the EW symmetry breaking,
massless modes in 4D in SU(2); multiplets

T t
Oir :(Bi) qr :<bi)’ the

X

After the EW symmetry breaking by the Hosotani mecha-
nism the top quark and extra b’ 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 = 0) cures these
problems naturally. We introduce three right-handed mul-

(2.13)
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tiplets belonging to (3,0) representation of SU(2), X
SU(2)R

(), rem (), o ()
1R=\ 5 » Xr=| A , =\ .
Br /76 Dr /s Yr) 56
(2.14)

Here the subscripts 7/6, etc. represent the U(1)y charges of
the corresponding multiplets. We write down a general
SU(2); X U(1)y invariant brane action:

3 3
L ione = i5<y>{2 KR DyXar = Y. Ral¥irQar
a=1

a=1
— ot 3 )_~(A’r S ) 2.15
OurXar) = B(X2rqr — q1X2r)p  (2.15)

where D, in the kinetic term has the same form as in (2.6)
with AJX T4 replaced by A}f T% . There are four brane mass
parameters, u, and [, which have dimensions of
(mass)'/2. In the subsequent discussions we suppose that
w2 and % are much larger than the Kaluza-Klein scale
mgg ~ 1.5 TeV, possibly being of order Mgyt or Mpjanck-
It will be shown below that the only relevant parameter for
the spectrum at low energies is the ratio &/u, so long as
Mo 2> mg.

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 SO(4) symmetry at the TeV brane.

III. SPECTRUM IN THE GAUGE-HIGGS SECTOR

The spectrum in the gauge-Higgs sector described by
L5+ Lymar  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 8.

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 = ¢ is use-
ful, with which the metric becomes

1 dz?
ds* = Z—z{nﬂ,,dx“dx” + 7} 3.1
The fundamental region 0 = y = Lismappedto 1 =z =
z;, = ekt z; is called a warp factor, which we will find to
be around 10" to 10'7. In the bulk region 0 < y < L, one
has dy = kzd,, Ay = kzA_, etc.

PHYSICAL REVIEW D 78, 096002 (2008)

The fifth dimensional component of gauge potentials A,
or A, has zero modes in the SO(5)/SO(4) part with gen-
erators T4 (4 =1, -, 4),

2

Al(x,2) = @)z o,
2k(z% —1 1) (3.2)
1 .
o = 55 i)

@ corresponds to the SU(2); doublet Higgs field in the
standard model. Without loss of generality one can assume
that (¢“) = v6“* when the EW symmetry is spontane-
ously broken. The Wilson line phase 0y is given by

expl} 0, (2N2T4} = expligy [+ dz(A,)} so that [21]

1 22 —1 g4 m/kL

3.3
2 mgx ( )

Here g, = g4/+/L is the four-dimensional SU(2); gauge
coupling constant. We remark that 8 is a phase variable so
that physics is periodic in 6 with a period 2.

The spectrum is determined with 8y # 0. Various com-
ponents in SO(5) 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

& 1d C(z; M)
EL NN g -,
(dz2 z dz S(z; A) (23 0) =z,
C'(zp;A) =0, S(zz;A) =0, S'(zpsA) = A
3.4

Here C' = dC/dz and a relation CS' — SC' = Az holds.
The Neumann and Dirichlet boundary conditions for A,
correspond to solutions C(z;; A) and S(z; A), respectively.
The dimensionless eigenvalue A is related to a 4D mass by
m = kA. As the scalar interactions on the Planck brane at
z = 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 = z; as in (3.4).
They generalize trigonometric functions in flat space, and
are given in terms of Bessel functions by

T
C(z;A) = EAZZLFI,O(/\Z! AzZp),

T
C'(z;A) = 5/\222LF0,0(/\Z’ Azp),

- 3.5)
S(z;A) = — Ez\zFLl()\z, Azp),
Sz A) = — g N22Fy (Az Azp).
Here F, g(u, v) is defined as
Foplu,v) = Jow)Yp(v) = Yo (u)p(v), (3.6)

096002-5
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which is the same as in Ref. [28].
F o a—1(u, u) = 2/7u has been used in (3.5).

The relation

A. KK towers of 4D gauge fields

(i) (1, 1z, 1), (21, 2z, 2) components (W tower)

With 6, # 0, three components A/, Aj*, and A% (a =
1, 2) mix among each other. The mass spectrum m,, = kA,
is determined by

C(1;1,) =0, (3.7)

25(1; A,)C'(1; A,) + A,sin?6, = 0 (W tower). (3.8)

The spectrum (3.7) contains only massive modes. The
spectrum (3.8), which depends on 6y, contains a W boson
as the lowest mode Ay. When the warp factor z; = e*& >
1, one finds that Ayz; << 1 for any value of 6. Employing
approximate formulas for Bessel functions, one finds that
the W boson mass is given by

k
my, ~ \/;ekLl sinf | ~ :\}(;_Ll sinf .

Later it will be found that the effective potential is mini-
mized at 0, = 1. Hence, we find that for e = 10'3
(10", k=4.72 X 10" GeV (5.03 X 10" GeV), and
mgx = 1.48 TeV (1.58 TeV).

(i) (3;,3x, 3, B) or (3, 3% 3,Y) components (y and Z
towers)

(3.9)

3. A% A3 -
Four components A}f, Ay, Ay, and B, mix among each

other. The spectrum is given by

C'(I;A,) =0 (photon tower), (3.10)
C(1;1,) =0, (3.11)

25(1;A,)C'(1; A,) + A,(1 + si)sinzﬁH =0 (Ztower).
(3.12)

Here s is defined in (2.7). The spectrum (3.10) contains a
zero mode Ay = 0, corresponding to a photon. The spec-
trum (3.12) contains a Z boson, whose mass is given by

My 1

) cosly = ———.
cosfy, [+ S%/r

The approximate equality is valid to the O(0.1%) accuracy
for mgx = O(TeV) [28]. Notice that the Weinberg angle
0y is almost independent of €, which is not the case in the
corresponding model in flat spacetime M* X (S'/Z,).

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 6 dependence in
the weight of the SO(5) group components. It has been

my ~ (3.13)
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known that the approximate flatness in the fifth dimension
assures the universality in the WWZ, WWWW, and
WWZZ couplings, whereas the nontrivial 65 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 65 becomes O(1), which leads to the deviation of
WWZ coupling from that in the standard model [28].

(iii) (4) component

The spectrum of A}, is given by C(1; A,,) = 0. It contains
only massive modes.

B. KK towers of 4D scalar fields

Mode functions of the extra-dimensional component A,
satisfy, in place of (3.4),

& 1d 1 C'(z; ))
ot i) o
<d22 zdz 2 §'(z; A)

The Neumann and Dirichlet boundary conditions for A,
correspond to solutions S’(z;;A) and C'(z;; A), respec-
tively. In classifying the spectra for A, it is convenient to

introduce

A7V 1 (AT + AR
(A?A ) - E(A?L - A)
(i) (1y, 2y, 3y, B) components
The spectrum is determined by C(1;A,) = 0, which
contains no zero mode.
(ii) (ay, @) (a = 1, 2, 3) components
The spectrum is given by

S(1;A,)C'(1; A,) + A,sin20, = 0.

(3.14)

(@=1,2,3). (3.15

(3.16)

We note that this spectrum is obtained for A, 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) (21) component (Higgs tower)

The spectrum is given by A, S(1; A,,) = 0. There is a zero
mode Ay = 0, corresponding to the physical neutral Higgs
field ¢* 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 SU(2)g X U(1)x/U(1)y are obviously the
same as for the A,. Even for the group components in
SUQ2)g X U(1)x/U(1)y, 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 W, and brane fermions ¥ g
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 6, 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, ¥ = ¢ 27W¥ = ;2 satisfies a
simple equation. If there were no brane interactions, it
would obey

{(&a Ua)_k(D_(c) D+(c))}(%)=o, @.1)

d

D.(c) = :d—z+§. (4.2)

Here c is the bulk mass parameter and W (W, ) represents
the right-handed component with I = +1 (left-handed
component with I’ = —1). The parity of W at the brane
is opposite to that of W,;. Without brane interactions the
component with even (odd) parity satisfies a Neumann
(Dlrlchlet) condition there. Neumann conditions for \PR
and ¥, are given by D_ ()W, =0 and D, (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

{02 = K*D,(c)D_(c)}¥g = 0,

“4.3)
{0> = kD _(c)D_(c)}¥, = 0.

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

PHYSICAL REVIEW D 78, 096002 (2008)

(DL (OD_(c) - AZ}( ;’:g i’ ;)) ~o,
DD () - Az}(CL(Zf " C)) —o,
Si(z: M\ ¢) 44)
Co=C, =1,
D _(c)Cr=D(c)C, =0,
Se=25, =0,
D_(c)Sg =D, (c)S, = A atz=7z.

Explicit forms of these functions are given by

a
CrzzA )=+ E/\\/ZZLFc+(l/2),C*(1/2)()\Z: AzZp),

a
Se(ziA ) = = S A2z F erqpyera/n(Az Az,
(4.5)
aa
Crzi A ) = = S AWezFeoqaeran)(Az Aze),

T
Sr(z; A ¢) =+ EA\/ZZLFcf(I/Z),cf(l/2)(/\2’ Azp),

where F, 5 is defined in (3.6). These functions are related
to each other by

o)) o e(E) ()

CL (Z;/\)_c):_(CR>(Z;/\,C), CLCR_SLSRZI-
St Sk
(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 6 mixes (B, 1) with ¢ in the Qgy =
Z sector and (D, X) with b’ in the Qpy = —1 sector,
respectively. The brane mass interactions connect B to
Bg, U and 1 to Uy, in the Qgy = % sector, whereas they
connect D and b to Dy, and X to X, in the Qpy = —
sector.

Strategy for solving equations in the presence of 65 # 0
is to first move to a new twisted gauge in which the
background field vanishes, Af, =(, as described in
Refs. [28,29]. This is achieved by

1
3

. 2 _ 2
() = explibV2TY,  6() = L—-0y,
., L (4.7
. - . 0 ~
gAS =627, 6==— ¥=0Q@CW.

dz

Note that 6(1) = 65 and Q(z;) = 1. In the standard vec-
torial representation W = (¢, - - -, 5)", (z) takes the
form
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1
1
_ ¢ = cosb(z),
0() = ! e s ’ { s = sinf(z).
—-s ¢
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 = 1 become more involved. In the basis
(B, 1, t') employed in (2.11) and (2.12)

B (B
il=Qf )
f/ l,/
4.9

W+ M—0 —ks (4.9)
Q=|31-0¢ 31+c) ﬁs

1 1

ﬁs Tzs C

A similar relation applies to (D, X, b’).

(i) Qpm = 3 sector

In the two component basis there are 7, Ty, and T in
this sector. As there is no coupling to 8y, T = T. The
parity assignments of the bulk fields are 7,(+, +),
Tgr(—, —). With (2.8) and (2.15) equations of motion are
given by

odT, — kD _(c))Tg — p18()Tx =0,

&aTR_kD+(C1)TL =0, &afR_MlTL = 0.

(4.10)
Recall that Do = (e “/k)(*d/dy + cdo/dy) in the y
coordinate. Integrating the first equation from y = —e€ to

y = +e€ and making use of Ty(x, —y) = —Tx(x, y), one
finds

Tilye = ~Tilyoe =Sl 1o, @11
that is, parity-odd T 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
(kD (c;) — p})T, = Oaty = €. The boundary conditions
for the bulk field 7, are thus given by

2
(Ue . DO 1
By - V2
aol 4, |k pY —1g
\t’L Lo Lo Do
L _\/—50 —-=0 DY
/D
UR + D(l) _Lg UL
59 Br | _ k + V2 By | _
o (1) iy =
IR D+ 756 tL
'k i —ko DY J\%

PHYSICAL REVIEW D 78, 096002 (2008)
2
{(D+(c1) 0T, =0 atz=1, @.12)
D, (c)T;, =0 at z = z;.
Boundary conditions for 7, are given by (4.11) and
Tkl .=z, = 0, which follow from (4.10) and (4.12).

In the bulk region 1 <z <z;, T; and T} satisfy free
equations. Mode functions are obtained with an ansatz
Tpr = €P up p(p)fLr(z) for each mass eigenstate.
frr(z) satisfy D, f; = Afg and D_fr = Af; so that T;
and T satisfy (4.3). The boundary condition (4.12) at z =
z;, implies that f;(z) « C;(z; A, ¢;). The boundary condi-
tion at z = 1 is then satisfied if

K

7 (4.13)

Asy =Sl =0,

where SE{) = Sg(1; A, ¢;), etc. If there were no boundary
interaction (u; = 0), then the spectrum contains a zero
mode (Ag = 0). For u?/2k > A the second term domi-
nates over the first term. The lowest mass my = kA, de-
termined by C;(1; Ay, ¢) = 0 is at the Kaluza-Klein mass
scale for ¢ > 0. In other words, as long as u? > mgg, the
mass of the lowest mode is O(mgy) for ¢; > 0.

Here we have been observing an effective change of
boundary conditions. The Neumann condition correspond-
ing to ASg(1; A, ¢) = 0 changes to the Dirichlet condition
corresponding to C;(1; A, ¢) = 0 for low-lying modes in
the Kaluza-Klein tower. We note that for ¢ < — 1 the low-
est mass value determined by C;(1;A¢) =
—Cgr(1; A, |c]) = 0 becomes nonvanishing but remains
small.

>i1) Opm = % sector

In this sector six fields U, B, t, ¢, U r»> and B r Mix with
each other. In the basis (B, ¢, ') the Wilson line phase 6y
gives a background field

: -1
0
—igAt = — 1 1.
8A; \/5(1 _1 )

We note that —igAS = (dQ)' /dz)Q). With (4.14) equations
of motion in the original gauge are given by

(4.14)

Ur M2l:]R
BR M B
) lAR — 0’
o ) fYip
th 0

(4.15)
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Here D(é) = D.(c;). Recall that Uy, By, t;, and tj have
parity (+, +) whereas Uy, Bpg, tg, and t; have parity
(=, —). Integrating the first equation above from y = —¢€
toy = + € and making use of the odd nature of Uy, By, and
tg under parity, one finds

Mo A~
UR|y=E = TZUR’
M oA
BR|y=e :TIBR’ (416)
i~
tgly—e = EUR-
Another parity-odd field 7} satisfies #;|,— = 0 as it fol-

lows from the second equation in (4.15). Ug, Bg, and fg
develop discontinuities at the Planck brane, but 7, does not.
Now to find boundary conditions for U, , B;, t; aty = 0

PHYSICAL REVIEW D 78, 096002 (2008)

% 3

pPu, - —2(/-L2UL + @) =0
M) 4.17)

D\’B B; =0,

L~ 2k TMbL
a _
bV, — z—k(MzUL + i) =0, 1, =0,
at z =1, and

p?u, =pVB, =DV, =1 =0 (4.18)

at z = 3L

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 7, =7, =0 atz =
71, we find that

(z=1)we in§ert (4.1§) iqto the seconq equation in (4.15) D(E)UL = DQ)BL = D(+1)ZL =7 =0 (4.19)
and use the third equation in (4.15). Noting that 7; vanishes
there, one obtains at z = z;. Making use of (4.9) and (4.17), we find
J
2
SH(EL_ITL)_\/ECH;L= A (D(_E)_g—]z)UL MMZ(BL+ZL)+—(BL_IL)—O
_Bbag <“) ““’12)(3 TS S B (4.20)
2k - 4k Lok deyk T F O E ’ '
R el S W _ KA 5 0
% UL_ 4k (BL+IL)+<CHD+ _TH]()(BL ZL)+\/_SHD =

at z = 1 where ¢y = cosfy and sy = sinfy. All the fields
satisfy free equations. With the boundary conditions (4.19)
at z = z;, mode functions can be expressed as

U, = ayCr(z; A c),
iy = asSi(z A ¢y).

EL * fL = ClBizCL(Z; A, Cl),
“4.21)

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

A (X) + AB(A)sin’6, = 0,

AN = ()\Sﬁg) ‘2’“]; c“))
v (AS?S? 2 CmS(z) /;]5 S<1>C<z>)
B,(A) — W()tszS(z) AQ_ES%)C?)
_ AM% + @l s 4 KK C(l)C(z)), 4.22)
4k 8k

where SE{) = Sg(1; A, ¢;), etc.

When boundary masses u ; and i vanish, (4.22) reduces
to

. 20
ASY) - A(sgg) 2 ”) ASP =0, (4.23)

s

The first and third factors correspond to the KK towers of
t+ B and U, respectively. The second factor, yielding
SS)SEQ) + sin’y = 0 for 6, # 0, gives a spectrum of
the KK towers of + — B and . The zero mode of t — B
acquires a mass by 8y # 0, but the zero modes of t + B
and U remain massless. With nonvanishing boundary
masses these unwanted light modes acquire masses of
O(mKK) for Ci, Cp > 0.
(iil) Qpm = — % sector

This sector has a similar structure to that in the Qg = %

sector. Six fields b, D, X, b/, ﬁR, and }A(R mix with each
other. b;, D;, X;, and b}, have parity (+, +) whereas by,
Dy, Xg, and b have parity (—, —). Equations of motion
are given by
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b DY
L .
) 1
oo D, -k b 20
X, D®  —0
b —1ly g ©
L 750 750 DY
pWw
b e g |
so| Pr |-k A | 2
X p? 50 || X
/ !
bl | b}

This time by, D, and Xi develop discontinuities at the
Planck brane:

[ M2 A M3 5
bR|y=E:§DR’ DR|y=E:72DR) XR|y=E:73XR'
(4.25)
With (4.25) boundary conditions for the left-handed bulk
fields are found to be
DVb;, — %(ﬂbL + u2Dp) =0,

p?p, - %(ﬂbL + uaDp) =0, (4.26)

@ M3 —
DX, ——=- us3X; =0,
+AL T S M3AL
at z=1, and DVb, = DPD, = DPX, = b}, =0 at
z =2z;. In the twisted gauge, mode functions are ex-
pressed, as in (4.21), as

by = a,Cr(z; A, ¢)),
Dy £ X, = ap:-xCr(z: A, c2),

by = aySi(z: A, c2).

b, =0,

4.27)

The boundary conditions at z = 1, (4.26), are satisfied if
/\A2(/\) + )le()()SinzeH =0,

@ _ K30
Ay(A) = (ASR — Z—;CL )

W@ A @ B )2
% (ASR s¢ = Loals —Lispcy )
M3+ u3

1) ~(2
WS CE

1
B,(A) = W()\2553)553) Y
SL

~2 ~2 2
M )o@ L METHE (1) ~(2)
AL CUSe +gE ClCr )

There is a subtle difference between the Qgy = % and
—% sectors. The expression (4.28) can be obtained from
(4.22) by formally interchanging (cy, ¢p), (w1, i3), and
(wa, ). Xor» Which was introduced to lift the lowest
mode of Q,; = (U;, D;) of ¥, to the KK scale with the

mass term u,, also couples to g; = (¢, b;) of ¥, with the

(4.28)

PHYSICAL REVIEW D 78, 096002 (2008)

br ADg
DR /,L D
-3 2 “R — O,
X, ) X
bk 0

(4.24)

mass term ji. It is, therefore, natural to suppose that i> <<
,uf We will see below that this leads to m;, << m, as
desired.

(iv) QEM = — % sector

Y and Y} belong to this sector. Equations of motion are
obtained from (4.10) by replacing (T, Tg) by (Y, Y) and
(cy, m1) by (ca, m3). The spectrum is determined by

2
AsP — B —

T (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
w3 and @* are at that high scale, namely, of O(Mgyr) or
O(Mpyuner)- What we need and assume in the present paper
is much more modest. We only suppose that w3, @* >
myy.- It will be seen below that the only relevant parameter
for low energy physics is i/ u, in this case.

For low-lying modes in the Kaluza-Klein towers m =

Mk << g2 so that (4.13) and (4.29) in the Qpy =3, —4

sectors are approximated by C(Ll) = (0 and C(Lz) = 0, respec-
tively. The lowest mode in each sector has a mass of
O(myy) for ¢; > 0.

In a similar manner the relation (4.22) in the Qgy =
sector is approximated by

2
3

sin20H

1
P =o, Iyl
L

pacPlsy + ks sy = o

(4.30)

The first one gives a KK tower of (B, Bg). The second one
contains towers of (¢, #') and (U, Uyg). It is found below that
m, and m, can be reproduced if ¢; ~ ¢,. In the limiting
case ¢; = ¢, the second one splits into C(Ll) =0 for
(U, Ug) and
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2(1+ )S“)S“)Jrsma =0 4.31)
M2

for (z,¢'). 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 Az, <1 and 0 <c¢ <3,
Cr(l;hc0)~z5 and S (1;A,¢) ~ —=Azl*e/(1 + 2¢).
Making use of these relations, one finds the top quark
mass, m, = Ak, to be given, for 0 < ¢, ¢, < %, by

Mk W/l — 4¢3 sinfy|

\/—77. (1+,u 1-2¢; 2(01 Cz))1/2

2
2IZC

~2
mgx 20 s M
~ \/1 — 4¢?|sinfy| for —
\/577 : " M%

m; ~

e « .

(4.32)

With 6, = +é7T we find ¢; ~ ()43 for m, = 172 GeV.
The spectrum in the Qgy = 3 sector is obtained in a
similar manner. Equation (4.29) is approximated by

o = ,aZC(L”{ s 4

sin?6
@H} p2c?sh — g
25}

(4.33)

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

Myx »"1 - 4C%| SinHHl

2 1-2¢, 2(c—
\/577 (1+ % 1_22 ZL(Cz Cl))l/Z

my ~

1+2€2
1+2C1

cp—C

my, (4.34)

which justifies the approximation employed in (4.32).
|c; — ¢,| must be small to get a reasonable value for
fi/m,. In the most attractive scenario ¢, = c¢,, which
results if all 7, ¢, b, and b’ belong to one single multiplet
in a larger unified theory, one finds that

a

M2

m
=t «1.
ny

(4.35)

We stress that only the ratio &/ w, among the brane masses
is relevant for m,. Individual values of the brane mass
parameters ,LL?, f? are irrelevant so long as they are
much bigger than mgg. To have nonvanishing m, we
need both 6y # O0and @ # 0. b; in W| must be connected
with b in W,.

One may wonder if there are other values for ¢; and ¢, to
reproduce m, and my,,. In the cases 0 <c¢; < % < ¢, and
— % <o <0< < %, one obtains the same relation for
m,/m, as the second relation in (4.34), which demands
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unnaturally large fi/u, as z; ~10. In the current
scheme, the observed m;, and m,, are realized only for 0 <
Ci, Cp < %

It is straightforward to incorporate light quarks in the
first and second generations. For each generation two S
multiplets and associated brane fermions are introduced.
The bulk mass parameter ¢; = ¢, = ¢ and brane masses
M1, Mo, M3, and g take values depending on the genera-
tion. As their masses are much smaller than my,, it will be
found that ¢>J. The spectrum is determined by
Egs. (4.30) and (4.33). For up- and down-type quarks we
find, for ¢ > 1, that

mgx V4c? — 1] sinfy| i
ap \/577 (1 + Z«_z)l/Zsz(l/z)’ Mdown E NMyp.
2
(4.36)

With 0y = =47 and z; = 105, we find ¢ ~ 0.653 and
0.853 for m,. = 1.4 GeV and m, = 4 MeV, respectively.
A similar construction is done for leptons by putting
(e% V%, €5) and »§ in ¥ and W,, 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 6y is determined by the location of the
global minimum of the effective potential Vi (6y), which
becomes nontrivial at the quantum level [3]. When 6y
takes a nontrivial value, the standard model symmetry
SU(2); X U(1)y dynamically breaks down to U(1)gy. 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 Vi (6y) 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 Vi (6y) at the one-loop level is
determined by the dependence of the mass spectrum on 6.
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 A(A) + B(A)f(6y) = 0. For gauge
fields and fermions in the vector representation, we have
seen f(6y) = sin’0,(= f,(0y)). For matter fields in the
spinor representation one finds f(6) = sin’ % Oy. (See, for
example, Refs. [27,28].)

We rewrite the equation in the form 1 + Q(A)f(8y) = 0
(O = B/A), which yields a spectrum {A,(8)}. Then one-
loop contribution to V,(6y) coming from particles with
masses m,(0y) = kA, is given by
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1
+

Ver(0py) = (2 )4 D In(p? + m,(64)%)

= *1[0(q); f(0)]
(kzpD)* feo 3

110(q); f(0)] = am? ) dgq
X In{l + Q(q)f(0r)},
0(q) = O(igz; ") (6.1
Here = corresponds to bosons or fermions, and

0y-independent constant terms have been ignored. It will
be seen below that the integral is dominated by the inte-
grand in a range 0 < g < 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 V(0y). Let us define
|
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0.6+

[ &auee 0.5¢
04¢

03¢}

0.2t

0.1}

0.5 1.0 15 20 O/

FIG. 1 (color online). The effective potential V. (6)8" ¢ in
pure gauge theory without fermions. The plot is for
U (0, /m) = (4m)>(kz 1) 4 VELE at z; = 10,

Foplu, v) = L, ()Kg(v) = e "PA7K ()l 5(v),

2 . N
F, gliu, iv) = — —e’(“_'g)”mFa,B(u, v), (5.2)
T

where 1, and K, are modified Bessel functions and F, g is
defined in (3.6). The effective potential is given by

Veff(ey)ga“ge=2-2-l[ 045 )10 |+ 2 1[50+ 200005 ) 100 | + 3 1 0045 ) 110

1

0(61» C)

f1(0y) = sin®6.

The behavior of Vg (0)8%e is depicted in Fig. 1. It has
global minima at 8 = 0 and 7. SU(2); X U(1)y symme-
try remains unbroken in pure gauge theory.

The flat spacetime limit k — 0 of V (0)8*¢ is ob-
tained by replacing kz; ' ~ mgx /7 by 1/L, and Qy(q, %)
by Qp(g) = 1/sinh’q. The shape of V™ in the RS
space is similar to that in flat space. The magnitude of
Ugvee = (477)%(kz; ) ~*VE" 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 = and -
sectors, (4.22) and (4.28), yield nontrivial contrlbutlons to
Voi(8y). O is given by B;/A; or B,/A, in each sector.
When there were no boundary masses, u;, & = 0, then 0

would take the form 1/5Y8% (j = 1, 2). It immediately
follows that

Vet‘t‘(aH)fermion|Mj,,1:0 = —HI[Qo(q, c1); f1(04)]
+ 1[Q0(g, ¢2); f1(0p)]}-

Here the factor 4 accounts for the number of degrees of
freedom. We have seen that c¢; ~ 0.43 for the top quark
multiplet. With this value the magnitude of the contribu-
tion from the top quark multiplet ( — 41[Qy; f1]) is three
times larger than that of V x(0)8"¢ in (5.3). The global

5.4)

flz Fo_tme—a/0@z0 @F cvaymeraplazr’ @)

(5.3)

minima are found at 8, = *1 5 7, which implies the EW
symmetry breaking, although w1th vanishing u;, @ there
appear unwanted massless particles. We remark that a
contribution I[Q(q, ¢); f1(0)] becomes negligible for
¢ > 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 Q;(¢) for u;, i # 0 from Qj(/\)
sufficient to make the replacement

A— gzl

S, . 2a -
(SR ) — Xiqz; Fci(l/z),ci(l/2)(qZL g a) (5.5)

¢ —1/2 7 -
(CzLe ) A / Feeqpezaplazs’s q)-

The resultant expressions for Q;(g)’s are not illuminating.
When w3, fi* > mgy, they tremendously simplify. In
particular for ¢; = ¢, = ¢ they become
2
a2

0,(q) = Qo(q, ¢),

(5.6)

0,(q) = Qo(q, ¢).

The approximation is valid for ¢ << u?/mgy, @*/mgg. As
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Q(g) becomes negligibly small for ¢ > 10, the expression
(5.6) can be safely used in the integral I[Q;(g), f(0y)] for
numerical evaluation. One finds

VarOnemion = ~afif - outa. x|

1] 5 Qe 110w |

-5-@
r——2— — .
) n,

As r < 1, the first term in (5.7) coming from ¥; domi-
nates. The factor % in the argument of [ is due to the fact

that ¢ couples through 6 to ¢, = (t — B)/+/2, and the B
component becomes heavy. As for the W, contribution,
both D and X, the partners of b’, 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).

(5.7)

C. Symmetry breaking

The total effective potential Vi(6y) is the sum of
Veie(05)8 in (5.3) and Veg(0y)® ™ in (5.7). It is dis-
played in Fig. 2. With ¢ ~ 0.43 the top contribution domi-
nates over others. V.4(6y) has global minima at
Oy = 2 7, where the EW symmetry dynamically breaks
down to U(1)gy. The contributions from other quarks and
leptons are negligible, as the corresponding bulk mass
parameters ¢ 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 V.(0y) depends on the parame-
ter z;. There are two critical values for z;. As z; is
decreased, the value of the bulk mass parameter ¢ also
decreases to reproduce the observed m,. At z; = 9.4 X
103 = 25!, which corresponds to k = 2.3 X 10° GeV, ¢
becomes 0. For z; < z¢! there exists no solution with the
observed m,. One can set ¢ to be 0 and examine the
behavior of Vg(0y) for z; < z§'. It is found that for z; <

752 = 905, the global minima of V.;(6y) shift to 8y = 0

0.5 g 15

0
-0.05} 0, /m

total
v =0.10F
=-0.15

=0.20

=0.25¢

FIG. 2 (color online). The effective potential Vg(6y) in the
model with top and bottom quarks. The plot is for
U9, /m) = (4m)?(kz ') *Vey at z; = 10", Contributions
from light quarks and leptons are negligible. The global minima
are located at 6y =3 and 3, where the EW symmetry
dynamically breaks down to U(1)gy.
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and 7 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 ¢ — o0 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 SO(5), then there
would be no EW symmetry breaking. In the effective
potential fermions would give f(6y) = sin*16y in the
expression (5.1) so that the global minimum would appear
either at 8y = 0 or 7.

VI. HIGGS MASS

The four-dimensional Higgs field (3.2) acquires a finite
mass at the one-loop level. The physical neutral Higgs field
¢* = ¢y is related to the Wilson line phase 6 by (3.3).
The effective potential V(6) evaluated in the previous
section translates to the effective potential for the Higgs
field ¢y. By expanding V.4 around the minimum one
obtains

1
Vet = const + Em%,(dm —v)?+-,

(6.1)
2 T géztkL d2 eff
my = ) > -
mKK d0z | min
We recall that
261.[ mgx o 2 0[.] (62)

= m
84 |sinfyl

v=<¢H>=7T_g4\/k_L_

The relation between v and my, deviates from that in the
standard model by a factor %77 at the global minimum
Oy = =1m.

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

2 2
zzw{_ [1 ( l)]
M == 1 029\

ol o)) o)
+ 4G-ﬁ Qo(q, c)]
+4G-2(1 5 Qo(q, )]}

alown = [ dqq312+Q—(Q"()q). 6.3)

The contribution from the bottom quark (the last term in
the parenthesis) to m? is negligible. With numerical values
my, m;, ay(my) = gi/4m = 0.0338, and z; = 10%°
(kL = 34.5) given, one finds that k = 4.7 X 10'7 GeV,
mgx = 1.48 TeV, ¢ = 0.429, and my = 49.9 GeV. The
numbers are tabulated for various values of z; in Table. I.
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TABLE I. The Higgs mass my, with the value of z; given, &,
mgg, ¢, and my are determined. Input parameters are my =
80.4 GeV, ay = 0.0338, and m, = 172 GeV. For z; <9.4 X
103 there is no value for ¢ which reproduces m,. For z; < 905,
Veg(0y) with ¢ = 0 is minimized at 5 = 0, 77 so that the
electroweak symmetry remains unbroken.

7, = ek k (GeV) myg (TeV) c my
10" 5.0 X 10" 1.58 0.438 53.5
105 4.7 x 10" 1.48 0.429 49.9
1013 4.4 x 101 1.38 0.417 46.1
1010 3.9 X 1012 1.21 0.388 39.9
10° 2.7 X 107 0.86 0.226 26.9
9.4 x 10° 2.3 X 10° 0.76 0 23.5

With my, m,, my,, ay, and z; = €= given, all other
relevant parameters at low energies are determined. The
effective potential is minimized at 8y = * % 7 where EW
symmetry spontaneously breaks down. We stress that the
Higgs mass my is mostly determined by my,, ay, and m,.

It is seen that the Higgs mass is predicted around 50 GeV
for k = 10 ~ 10'° GeV. One might wonder if this is in
conflict with the LEP2 bound for my which states that
my <114 GeV is excluded. We contend that mpy ~
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 0y = 57 as shown in Refs. [27,28]. The WWH
and ZZH couplings in the SO(5) X U(1)y model are sup-
pressed, compared with those in the standard model, by a
factor cosfly. The process et e™ — Z — ZH cannot take
place at 6y = = % 7 so that the LEP2 bound is not appli-
cable. The ZZHH coupling, on the other hand, is multi-
plied by a factor cos26y to the coupling in the standard
model [31] so that ete” — 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]" 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 8y-dependent part of
the effective potential Vg is finite as shown originally in

"Note 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 mgg is
related to my, by Eq. (3.9) so that one cannot arbitrarily take
mgg — o limit for decoupling.
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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
Veg(0g), 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 my ~
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 6y = %7T
whereas 6y = (0.2 ~ 0.3)7 was supposed in Ref. [21].
In the current model my o my /| sinfy| so that smaller
0y would give larger my. Third, the ¢ dependence of
Veg(0y) was not well appreciated in Ref. [21]. We have
seen that for ¢ ~ 0.43 there is partial cancellation between
contributions from the top quark and gauge fields. If ¢ ~
0.4 (m; ~ 200 GeV), then my would be increased by 40%
to 73 GeV. The LEP2 bound my ~ 114 GeV would be
achieved if one takes an unrealistic value m, ~ 262 GeV
(c ~0.31).2 The appearance of the enhancement factor
kL /2 in various physical quantities remains valid.

VII. SUMMARY AND DISCUSSIONS

In the present paper we constructed an SO(5) X U(1)x
gauge-Higgs unification model in the RS space with top
and bottom quarks realized in two multiplets in the vector
representation (5) of SO(5). 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 0y = * % 7. The Higgs mass my is predicted,
once my, aw, n,, and z; are given. It is found that my ~
50 GeV for z; = 10 ~ 10'7. The WWH and ZZH cou-
plings vanish at 05 = i%ﬂ so that the LEP2 bound is
evaded. We stress that the prediction is robust. It does not

Recall that our model does not need to give my > 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 mgy. 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 of W
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 WW™H and ZZ™ H couplings.

Phenomenology of the Higgs particle is of great interest.
From the study of the SU(3) 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 ¢ ~ 0.4
than that for lighter quarks with ¢ > 0.6. The suppressed
Yukawa coupling to the bottom quark implies that the
Higgs particle has a rather narrow decay width.

When 6 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 p (T) parameter and Zbb coupling

PHYSICAL REVIEW D 78, 096002 (2008)

thanks to the custodial symmetry in the bulk and on the
TeV brane and the extended SO(5) X Z, = O(5) symme-
try. In Ref. [32] it has been pointed out that sizable loop
corrections to 7 may result when #; and #} 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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