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Dynamical symmetry breaking in gauge-Higgs unification on an orbifold
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We study the dynamical symmetry breaking in the gauge-Higgs unification of the five-dimensional theory
compactified on an orbifold,S1/Z2 . This theory identifies Wilson line degrees of freedom as ‘‘Higgs doublets.’’
We considerSU(3)c3SU(3)W andSU(6) models with the compactification scale of order of a few TeV. The
gauge symmetries are reduced toSU(3)c3SU(2)L3U(1)Y and SU(3)c3SU(2)L3U(1)Y3U(1), respec-
tively, through the orbifolding boundary conditions. We estimate the one loop effective potential of ‘‘Higgs
doublets,’’ and find that the electroweak breaking is realized through the radiative corrections when there are
suitable numbers of bulk fields possessing the suitable representations. The masses of ‘‘Higgs doublets’’ are
O~100! GeV in this scenario.
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I. INTRODUCTION

Much attentions have been paid to gauge theories
higher dimensions@1–5#. @See, for examples, grand unifie
theories~GUTs! in higher dimensions on orbifolds.# One of
the strongest motivations of the higher dimensional ga
theory is based on the very attractive idea that the gauge
the Higgs fields can be unified in higher dimensions@6,7#.
Recently, this possibility has been revisited in Re
@8–15,26#. In these scenarios the Higgs doublets are ide
fied with the extra-dimensional components of the gau
fields in higher dimensions. The masses of ‘‘Higgs field
are forbidden by the higher dimensional gauge invarian
This is the reason why the ‘‘Higgs fields’’ have at most on
finite masses of the order of the compactification scale
these scenarios. The gauge group in higher dimensions
be larger than the standard model~SM! gauge group in orde
to obtain the ‘‘Higgs doublets’’ from the gauge fields
higher dimensions. The gauge symmetries are reduced b
orbifolding boundary conditions of extra dimensions. T
identification of ‘‘Higgs fields’’ as a part of gauge supe
multiplet has been considered in five-dimensional~5D! N
51 supersymmetric~SUSY! gauge theory whose fifth coor
dinate is compactified on theS1/Z2 orbifold @9–13#, which
corresponds to the four-dimensional~4D! N52 SUSY gauge
theory. Also it is considered in six-dimensional~6D! N52
SUSY gauge theory, whose fifth and sixth coordinates
compactified on theT2/(Z23Z28) orbifold @10#, which corre-
sponds to the 4DN54 SUSY gauge theory.

In this paper, we consider 5D non-SUSY andN51 SUSY
theories compactified on an orbifold,S1/Z2 , where Wilson
line degrees of freedom are identified as ‘‘Higgs doublet
Quarks and leptons are assumed to be localized on the
wall. We considerSU(3)c3SU(3)W and SU(6) models
with the compactification scale being a few TeV. The gau
symmetries are reduced toSU(3)c3SU(2)L3U(1)Y and
SU(3)c3SU(2)L3U(1)Y3U(1), respectively, through the
orbifolding boundary conditions. We estimate the one lo
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effective potential of ‘‘Higgs doublets,’’ and find that th
electroweak breaking is realized through the radiative corr
tions when there are suitable numbers of bulk fields poss
ing the suitable representations. The masses of ‘‘Higgs d
blets’’ areO~100! GeV in this scenario. The suitable value
sin2 uW and the gauge coupling unification are assumed to
realized by the effects of wall-localized kinetic terms, whi
may not respect the bulk symmetry.1 We should also assum
the baryon number symmetry to avoid rapid proton decay
the TeV scale compactification.

II. GAUGE-HIGGS UNIFICATION ON S1ÕZ2

We will consider 5D SU(N) gauge theory onS1/Z2
^ M4. The gauge fields propagate in the bulk. The fifth
mensional coordinate~y! is assumed to be compactified o
an S1/Z2 orbifold. Under the parity transformation ofZ2
which transformsy→2y, the gauge fieldAM(xm,y) @M
5m(50 – 3),5# in the 5D space–time transforms as

Am~xm,2y!5PAm~xm,y!P†, ~1!

A5~xm,2y!52PA5~xm,y!P†, ~2!

whereP is the operator ofZ2 transformation. Two walls at
y50 andpR are fixed points underZ2 transformation. The
physical space can be taken to 0<y<pR. Considering the
S1 boundary condition,

AM~xm,y12pR!5TAM~xm,y!T†,

the reflection aroundy5pR, Z28 , is given by

P85TP.

The gauge fieldAM(xm,y) transforms

1For other possibilities, the power law unification@16# or the ac-
celerated unification@17# might be useful.
©2004 The American Physical Society10-1
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Am~xm,pR2y!5P8Am~xm,pR1y!P8†, ~3!

A5~xm,pR2y!52P8A5~xm,pR1y!P8†.
~4!

under the parity transformation ofZ28 . It should be noticed
that the signs of parities ofA5 are opposite to those ofAm .
According to eigenvalues,~6, 6!, of parities, (P,P8), the
field Am(xm,y) is divided into four eigenfunctions as

Am~xm,y!~1,1 !5
1

A2dn,0pR
(
n50

`

Am
~n!~xm!~1,1 ! cosS ny

R D , ~5!

Am~xm,y!~1,2 !5
1

ApR
(
n50

`

Am
~n!~xm!~1,2 ! cosS ~n11/2!y

R D ,

~6!

Am~xm,y!~2,1 !5
1

ApR
(
n50

`

Am
~n!~xm!~2,1 ! sinS ~n11/2!y

R D ,

~7!

Am~xm,y!~2,2 !5
1

ApR
(
n50

`

Am
~n!~xm!~2,2 ! sinS ~n11!y

R D .

~8!

The expansion ofA5(xm,y) is done in the same way. Th
parity eigenvalue of the fieldA5(xm,y), is opposite to that of
Am . The massless states surviving in the low energy are z
mode components with parity transformation (P,P8)5(1,
1). This paper will consider the situation that zero modes
A5 are ~1, 2, 1/2! or ~1, 2, 21/2! underSU(3)c3SU(2)L
3U(1)Y . We regard these components as ‘‘Higgs doublet
then we call this theory gauge-Higgs unification. Here
local gauge invariance in the 5D guarantees the massless
of the ‘‘Higgs field,’’ so the Higgs mass should be finite aft
the radiative corrections. We will study two models in t
following sections. In Sec. III, we considerSU(3)c
3SU(3)W gauge theory, where the nontrivial parity oper
tors, P5P85diag(1,1,21) realizes the gauge reduction
SU(3)W→SU(2)L3U(1)Y as well as the ‘‘Higgs doublets’
appear as the zero modes inA5 @9–11#. In Sec. IV, we will
consider the 5DSU(6) theory with theZ2 parity operators,
P5diag(1,1,1,1,21,21) and P85diag(1,21,21,21,21,
21) @10,11#. In both models, we estimate the one loop
fective potential of the ‘‘Higgs doublets’’ including the e
fects of Kaluza-Klein~KK ! @18# modes and bulk matte
fields. And we study the vacuum structure of the models
calculate the mass of the ‘‘Higgs fields.’’ We will also stud
the SUSY version, whereA5 becomes the imaginary part o
an adjoint chiral superfield after dimensional reduction
follows. Since the 5DN51 SUSY theory corresponds to 4
N52 SUSY theory, the 5D gauge multiplet,

V5~AM,l,l8,s!,

is decomposed to a vector superfield and an adjoint ch
superfield as
01501
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V5~Am,l!, S5~s1 iA5,l8!,

respectively. Then, in the SUSY case, the gauge multip
transforms as

S V~xm,2y!

S~xm,2y! D5PS V~xm,y!

2S~xm,y! D P†, ~9!

S V~xm,pR2y!

S~xm,pR2y! D5P8S V~xm,pR1y!

2S~xm,pR1y! D P8†,

~10!

corresponding to Eqs.~1!–~4!.

III. SU„3…cÃSU„3…W MODEL

Let us study the possibility of the dynamical symmet
breaking in theSU(3)c3SU(3)W model, where the Higgs
doublets can be identified as the zero mode component
A5 @9–11#. We take

P5P85diag~1,21,21! ~11!

in the base ofSU(3)W .2 Then, they divideAm andA5 as

Am5S ~1,1 ! ~2,2 ! ~2,2 !

~2,2 ! ~1,1 ! ~1,1 !

~2,2 ! ~1,1 ! ~1,1 !
D , ~12!

A55S ~2,2 ! ~1,1 ! ~1,1 !

~1,1 ! ~2,2 ! ~2,2 !

~1,1 ! ~2,2 ! ~2,2 !
D , ~13!

which suggest SU(3)W is broken down to SU(2)L
3U(1)Y , and there appear one ‘‘Higgs doublet’’ inA5 as the
zero mode.3 We assume that the compactification scale,R21,
as a few TeV.

The VEV of A5 is written as

^A5&5
1

gR(
a

aa

la

2
, ~14!

and we can always take VEV as

2As for SU(3)c , we takeP5P85I .
3In SUSY case, there appear two ‘‘Higgs doublets’’ as the z

modes.
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a15a,

andai50 for iÞ1 by using the residualSU(2)3U(1) glo-
bal symmetry. The effective potential ofA5 is given by@9#

Veff
gauge52

3

2
C(

n51

`
1

n5 @cos~2pna!12 cos~pna!#,

~15!

whereC[3/(64p7R5). This means that the point ata50 is
the minimum inVeff

gauge, which suggestsSU(2)L3U(1)Y is
not broken.

Then, in order to realize the electroweak symmetry bre
ing, let us introduce extra fields in the bulk, which areNs
numbers of complex scalars,f, and Nf (Na) numbers of
Dirac fermions,c (ca), of the fundamental~adjoint! repre-
sentation. They transform

f~x,2y!5hPf~x,y!,

f~x,pR2y!5h8P8f~x,pR1y!, ~16!

c~x,2y!5hPg5c~x,y!,

c~x,pR2y!5h8P8g5c~x,pR1y!, ~17!

ca~x,2y!5hPg5ca~x,y!P†,

ca~x,pR2y!5h8P8g5ca~x,pR1y!P8†,
~18!

under parities, respectively. Hereh, h856, and the effec-
tive potential induced from these bulk fields strongly d
pends on the sign of the product,hh8. Appendix B shows
the bulk fields’ contributions to the effective potential,

Veff
m 5C(

n51

`
1

n5 F2Na
~1 ! cos~2pna!

12Na
~2 ! cosS 2pnS a2

1

2D D
1~4Na

~1 !2Ns
~1 !12Nf

~1 !!cos~pna!

1~4Na
~2 !2Ns

~2 !12Nf
~2 !!cos~pn~a21!!G . ~19!

The index~6! indicates the sign ofhh8 in Eqs.~16!–~18!.
Here we denoteNs5Ns

(1)1Ns
(2) , Nf5Nf

(1)1Nf
(2) , and

Na5Na
(1)1Na

(2) . Seeing the first derivative ofVeff5Veff
gauge

1Veff
m , each term of]Veff /]a has a factor sin(pna), which
01501
-

-

means that the stationary points exist at least ata50 anda
51.4 The difference of the heights between two points
given by

Veff~a50!2Veff~a51!

52@4~Na
~1 !2Na

~2 !!

12~Nf
~1 !2Nf

~2 !!

2~Ns
~1 !2Ns

~2 !!23#C(
n51

`
1

~2n21!5 . ~20!

This means that the symmetric point ofa50 becomes
deeper as the number of bulk scalars withhh851 and bulk
fermions withhh852 increase. On the other hand, the e
fects of scalars withhh852 and fermions with hh8
51 make the height ofa51 decrease. Whena51 point
becomes the vacuum, the Wilson loop becomes

WC5expS igE
0

2pR

dy
1

gR
a

l1

2 D 5expS ig
1

gR

l1

2
2pRD

5S 21

21

1
D , ~21!

which suggestsSU(2)L3U(1)Y is broken down toU(1)em

3U(1). Since the VEV isO(R21), which is a few TeV, this
case cannot reproduce the correct weak scale VEV.

In order to realize the suitable electroweak symme
breaking, we must find another vacuum at (0,)a!1. In this
caseSU(2)L3U(1)Y is broken down toU(1)em. Seeing
Veff5Veff

gauge1Veff
m in Eqs. ~15! and ~19!, we notice thatn

51 ~of the summation ofn! has dominant contributions fo
the form of the effective potential. Thus, we can obtain t
suitable value ofa (a!1), by introducing bulk fields which
induce large coefficients of2cos(pna) and/or cos(pn(a
21)), and small~but nonzero! coefficients of cos(2pna) and
2cos(2pn(a21/2)). We show an example which satisfie
the above condition, that is,Na

(1)52, Nf
(2)58, Ns

(1)54,
Ns

(2)52, andNa
(2)5Nf

(1)50. Figure 1 shows theVeff in the
region of 0<a<1 and 0<a<0.1. The minimum exists a
a50.058, which is around the suitable magnitude of t
weak scale in TeV scale compactification. To be more p
cise, the kinetic term of the ‘‘Higgs field’’ is obtained from
the 5D gauge kinetic term,

4The potential has the symmetryVeff(2a)5Veff(a), so that we
should only check the region of 0<a<1.
0-3
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23E dy
1

4
Fm5

a Fam55E dy
1

2
~]mA5

a1 ig f bc
a Am

b A5
c!2

5US ]m1 ig4Wm
a ta

2
1 i)g4

Bm

2 DHU2

.

WhereH5A2pR((A5
11 iA5

2)/&, (A5
41 iA5

5)/&)T is the 4D
‘‘Higgs doublet,’’ andg4 is the 4D gauge coupling consta
defined asg45g/A2pR. This yields too large sinuW and it
seems hard to reconcile it with the experimental va
through the renormalization group effect. However, as d
cussed in Ref.@11#, 4D gauge couplings can be also affect
by wall-localized gauge kinetic terms, such asd(0)l0Fmn2,
which do not respect the bulk symmetry. When these c
plings dominate bulk gauge couplings,5 we can expect to
have the suitable gauge couplings in the low energy. In
case, the normalization of the low energy gauge fields m
be changed as (Wm ,Bm)→(g2 /g4Wm ,gY /()g4)Bm),
which yields the usual Higgs kinetic term. Thus, we set

A2pR^A5
1&5

a

g4R
;246 GeV.

The mass squared of the ‘‘Higgs field’’ is given by

5For this situation, we need two assumptions. One is that
wall-localized Higgs kinetic term is negligibly small compared
the bulk Higgs kinetic term. The other is that the bulk induc
gauge coupling should be larger than wall-localized ‘‘gauge c
pling’’ as, g4

2.l0
21. Thus, we should takeg4>1, since the wall-

localized ‘‘gauge couplings,’’ such asl0 , can mainly reproduce the
magnitudes of low energy gauge couplings ofSU(2)L3U(1)Y ,
(g2 ,gY), under this situation. And we simply assumeg45O(1) in
the following discussions.

FIG. 1. The effective potential in the case ofNa
(1)52, Nf

(2)

58, Ns
(1)54, Ns

(2)52, and Na
(2)5Nf

(1)50. The unit is C
53/64p7R5. The horizontal line shows 0<a<1 and 0<a<0.1.
01501
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mA5

2 5~gR!2
]2Veff

]a2 U
a50.058

5
3g4

2

32p4R2

]2~Veff /~Cp2!!

]a2 U
a50.058

. ~22!

By using the approximation formula,

(
n51

`
cos~npj!

n3 .z~3!1
~pj!2

2
ln~pj!2

3

4
~pj!2, ~23!

(
n51

`
cos~np~j21!!

n3 .2
3

4
z~3!1

~pj!2

2
ln 2, ~24!

for a smallj, the ‘‘Higgs’’ mass becomes

mA6

2 ;S 0.031g4

R D 2

;~130g4
2 GeV!2, ~25!

whereg45O(1).
Now let us consider the SUSY case. Since the effect

potential is zero when SUSY remains, we adopt Sche
Schwarz~SS! SUSY breaking@19–22#,6 where the mode ex-
pansions are given in Ref.@4#. The effective potential in the
SUSY version is given by

Veff
gauge522C(

n51

`
1

n5 ~12cos~2pnb!!@cos~2pna!

12 cos~pna!#, ~26!

whereb parametrizes SS SUSY breaking. We takeb;0.1,
since the soft mass is given byb/R @4#. Since (1
2cos(2pnb))>0, Eq.~26! means thata50 is the minimum
point in the effective potential. Therefore, theSU(2)L
3U(1)Y is not broken as in the non-SUSY case.

What is going on if the extra fields exist in the bulk? W
take the bulk fields ofNf andNa species of hypermultiplets
of fundamental~C! and adjoint (Ca) representations, re
spectively. The bulk hypermultiplets,C5(f,fc†,f̃,f̃c†)
and Ca5(fa,fac†,f̃a,f̃ac†), which are decomposed int
chiral superfields as,F5(f,f̃), Fa5(fa,f̃a), and Fc

5(fc,f̃c), Fac5(fac,f̃ac), whereF (Fa) andFc (Fac)
have conjugated transformation under the gauge group. T
transform

e

-

6For the effective potential in other SUSY breaking, the calcu
tion has been done in the case of theS1 compactification in Ref.
@23#.
0-4
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S F~xm,2y!

Fc†~xm,2y! D5hPS F~xm,y!

2Fc†~xm,y! D , ~27!

S F~xm,pR2y!

Fc†~xm,pR2y! D5h8P8S F~xm,pR1y!

2Fc†~xm,pR1y! D , ~28!

S Fa~xm,2y!

Fac†~xm,2y! D5hPS Fa~xm,y!

2Fac†~xm,y! D P†, ~29!

S Fa~xm,pR2y!

Fac†~xm,pR2y! D5h8P8S Fa~xm,pR1y!

2Fac†~xm,pR1y! D P8†, ~30!

under the parities, respectively. According to the sign ofhh8
we denoteNf5Nf

(1)1Nf
(2) and Na5Na

(1)1Na
(2) . We al-

ways take even number ofNf
(6) to avoid the gauge anomaly

Appendix B suggests that the extra matter contributions
the effective potential are given by

Veff
m 52C(

n51

`
1

n5 ~12cos~2pnb!!

3FNa
~1 ! cos~2pna!1Na

~2 ! cosS 2pnS a2
1

2D D
12S Na

~1 !1
Nf

~1 !

2 D cos~pna!

12S Na
~2 !1

Nf
~2 !

2 D cos~pn~a21!!G . ~31!

As the non-SUSY case, the first derivative ofVeff5Veff
gauge

1Veff
m has the factor sin(pna), which means the stationar

points exist ata50 anda51. The difference of the height
between two points is given by

Veff~a50!2Veff~a51!

528F12~Na
~1 !2Na

~2 !!2
~Nf

~1 !2Nf
~2 !!

2 G
3C(

n51

`
1

~2n21!5 ~12cos~2p~2n21!b!!.

~32!

This means that the height of the point ata50 becomes high
~low! as increasing the number ofNa

(1) (Na
(2)) and Nf

(1)

(Nf
(2)). Equation~32! is consistent with the results in Re

@5#. As for the case ofNa
(1)51, Nf

(1)5Nf
(2)5Na

(2)50, the
effective potential vanishes asVeff[0, since this case has 5D
N52 SUSY and there is the residual SUSY after the
SUSY breaking@24#.
01501
r
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As the non-SUSY case, in order to obtain the suita
value ofa (a!1), we should introduce bulk hypermultiplet
which induce large coefficients of2cos(pna) and/or
cos(pn(a21)) and small ~but nonzero! coefficients of
cos(2pna) and 2cos(2pn(a21/2)). We show an example
which satisfies the above condition, that is,Na

(1)5Na
(2)52,

Nf
(2)54, Nf

(1)50 ~Fig. 2!. In this case withb50.1, the
minimum exists ata50.047, and the ‘‘Higgs’’ mass square
is given by

mA5

2 ;S 0.025g4

R D 2

;~130g4
2 GeV!2, ~33!

where g45O(1). It should be noticed that the numeric
analysis shows that the value ofa depends on that ofb.

IV. SU„6… MODEL

We study the vacuum structure of theSU(6) GUT, in
which the Higgs doublets can be identified as the zero m
components ofA5 @10,11#. We take

P5diag~1,1,1,1,21,21!, ~34!

P85diag~1,21,21,21,21,21!, ~35!

which divideAm andA5 as

FIG. 2. The effective potential in the case ofNa
(1)5Na

(2)52,
Nf

(2)54, Nf
(1)50 with b50.1. The unit isC53/64p7R5. The

horizontal line shows 0<a<1 and 0<a<0.1.
0-5



Am5S ~1,1 ! ~1,2 ! ~1,2 ! ~1,2 ! ~2,2 ! ~2,2 !

~1,2 ! ~1,1 ! ~1,1 ! ~1,1 ! ~2,1 ! ~2,1 !

~1,2 ! ~1,1 ! ~1,1 ! ~1,1 ! ~2,1 ! ~2,1 !

~1,2 ! ~1,1 ! ~1,1 ! ~1,1 ! ~2,1 ! ~2,1 !D , ~36!

HABA et al. PHYSICAL REVIEW D 70, 015010 ~2004!
~2,2 ! ~2,1 ! ~2,1 ! ~2,1 ! ~1,1 ! ~1,1 !

~2,2 ! ~2,1 ! ~2,1 ! ~2,1 ! ~1,1 ! ~1,1 !

A55S ~2,2 ! ~2,1 ! ~2,1 ! ~2,1 ! ~1,1 ! ~1,1 !

~2,1 ! ~2,2 ! ~2,2 ! ~2,2 ! ~1,2 ! ~1,2 !

~2,1 ! ~2,2 ! ~2,2 ! ~2,2 ! ~1,2 ! ~1,2 !

~2,1 ! ~2,2 ! ~2,2 ! ~2,2 ! ~1,2 ! ~1,2 !

~1,1 ! ~1,2 ! ~1,2 ! ~1,2 ! ~2,2 ! ~2,2 !

~1,1 ! ~1,2 ! ~1,2 ! ~1,2 ! ~2,2 ! ~2,2 !

D . ~37!
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They suggest thatP and P8 make SU(6) broken to
SU(3)c3SU(2)L3U(1)Y3U(1). Also, there appears to b
one ‘‘Higgs doublet’’ in A5 as the zero mode. As in th
preceding section, the compactification scale is assume
be of order a few TeV. The VEV ofA5 is written in the
similar way as Eq.~14! as

^A5&5
1

gR
a

l16

2
~38!

by using the residualSU(2)3U(1) global symmetry. The
calculation in Appendix A suggests the gauge part of
effective potential in theSU(6) model as

Veff
gauge52

3

2
C(

n51

`
1

n5 @6 cos~pn~a21!!

12 cos~pna!1cos~2pna!#. ~39!

From this equation, we can easily show that

Veff
gauge~a50!2Veff

gauge~a51!

512C(
n51

`
1

~2n21!5.0. ~40!
01501
to

e

The numerical calculation of the effective potential shows
that a51 (a50) point is the global~local! minimum. The
vacuum ata51 has the Wilson loop

WC5expS igE
0

2pR

dy
1

gR
a

l16

2 D
5expS ig

1

gR

l16

2
2pRD

5S 21

1

1

1

21

1

D , ~41!

which suggests thatSU(2)L3U(1)Y is broken down to
U(1)em3U(1). This means that the vacuum ata51 is not
suitable, since the weak scale becomes too large. It ca
possible to assume that we exist ata50 in the early uni-
verse, and the lifetime of this false vacuum is longer than
universe history@4#. However, the suitable electroweak sym
metry breaking cannot be realized, anyway.

Then, let us introduce the extra fields in the bulk for t
suitable dynamical symmetry breaking ofSU(2)L3U(1)Y .
We introduce the bulk fields ofNs numbers of complex sca
lars,f, andNf (Na) numbers of Dirac fermions,c (ca), of
the fundamental~adjoint! representation. The transforma
tions under parities are the same as Eqs.~16!–~18!. Appendix
B suggests that the effective potential induced from the b
fields is given by
0-6
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Veff
m 5C(

n51

`
1

n5 F2Na
~1 ! cos~2pna!

12Na
~2 ! cosS 2pnS a2

1

2D D
1~4Na

~1 !112Na
~2 !12Nf

~1 !2Ns
~1 !!cos~pna!

1~12Na
~1 !14Na

~2 !12Nf
~2 !

2Ns
~2 !!cos~pn~a21!!G . ~42!

The index ~6! shows the numbers of bulk fields with th
sign of hh8 in Eqs. ~16!–~18!. We denote asNs5Ns

(1)

1Ns
(2) , Nf5Nf

(1)1Nf
(2) , andNa5Na

(1)1Na
(2) . As in the

preceding section, the first derivative ofVeff5Veff
gauge1Veff

m

suggests that the stationary points exist ata50 anda51.
The difference of the heights between two points
given by

Veff~a50!2Veff~a51!

52@628~Na
~1 !2Na

~2 !!

12~Nf
~1 !2Nf

~2 !!

2~Ns
~1 !2Ns

~2 !!#C(
n51

`
1

~2n21!5 . ~43!

The symmetric point ofa50 becomes deeper~higher! as
Na

(1) , Nf
(2) , Ns

(1) (Na
(2) ,Nf

(1) ,Ns
(2)) increase.

As in the preceding section, in order to obtain the suita
value of a (a!1), we should introduce bulk fields whic
induce large coefficients of2cos(pna) and/or cos(pn(a
21)) and small~but nonzero! coefficients of cos(2pna) and
2cos(2pn(a21/2)). We show an example which satisfi
the above condition, that is,Na

(1)5Nf
(2)52, and others be-

ing zero ~Fig. 3!. In this case, the minimum exists ata
50.072, and the ‘‘Higgs’’ mass squared is given by

mA5

2 ;S 0.038g4

R D 2

;~130g4
2 GeV!2, ~44!

whereg45O(1).
The effective potential in the SUSY case is given by

Veff
gauge522C(

n51

`
1

n5 ~12cos~2pnb!!

3@6 cos~pn~a21!!12 cos~pna!

1cos~2pna!# ~45!

from the calculation of Appendix A. This shows
01501
e

Veff
gauge~a50!2Veff

gauge~a51!

516C(
n51

`
1

~2n21!5

3~12cos~2p~2n21!b!!.0, ~46!

and the numerical calculation really showsa51 is the global
minimum. Then, in order to realize the suitable electrowe
symmetry breaking, we introduce the extra hypermultipl
in the bulk as in the preceding section. We introduceNf (Na)
numbers of fundamental~adjoint! hypermultiplets, which
transform Eqs.~27! and~28! @Eqs.~29! and~30!# under pari-
ties with hh856. Appendix B shows that the bulk field
induce the effective potential,

Veff
m 52C(

n51

`
1

n5 ~12cos~2pnb!!FNa
~1 ! cos~2pna!

1Na
~2 ! cosS 2pnS a2

1

2D D
1~2Na

~1 !16Na
~2 !1Nf

~1 !!cos~pna!

1~6Na
~1 !12Na

~2 !1Nf
~2 !!cos~pn~a21!!G . ~47!

We can show that the effective potential vanishes in the c
of Na

(1)51, Nf
(1)5Nf

(2)5Na
(2)50 due to the residual SUSY

@24#. The first derivative ofVeff5Veff
gauge1Veff

m suggests that
the stationary points exist ata50 anda51. The difference
of the heights between two points is given by

FIG. 3. The effective potential in the case ofNa
(1)5Nf

(2)52,
and others being zero. The unit isC53/64p7R5. The horizontal
line shows 0<a<1 and 0<a<0.1.
0-7
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Veff~0!2Veff~1!52„828~Na
~1 !2Na

~2 !!

12~Nf
~1 !2Nf

~2 !!…C(
n51

`
1

~2n21!5

3„12cos~2p~2n21!b!…, ~48!

which is consistent with the results in Ref.@5#.
As the non-SUSY case, in order to obtain the suita

value ofa (a!1), we should introduce bulk hypermultiple
which induce large coefficients of2cos(pna) and/or
cos(pn(a21)) and small ~but nonzero! coefficients of
cos(2pna) and 2cos(2pn(a21/2)). We show an example
that satisfies the above condition, that is,Na

(1)52, Nf
(2)

510, Na
(2)5Nf

(1)50 with b50.1 ~Fig. 4!. In this case, the
minimum exists ata50.047, and the ‘‘Higgs’’ mass square
is given by

mA5

2 ;S 0.024g4

R D 2

;~130g4
2 GeV!2, ~49!

whereg45O(1).
As for the extraU(1) gauge symmetry that remains u

broken through the orbifolding boundary conditions, we
sume it is broken by an extra elementally Higgs field.

V. SUMMARY AND DISCUSSION

We have studied the possibility of the dynamical symm
try breaking in the gauge-Higgs unification in the 5D theo
compactified on an orbifold,S1/Z2 . This theory identifies
Wilson line degrees of freedom as ‘‘Higgs doublets.’’ W
consideredSU(3)c3SU(3)W and SU(6) models with the
compactification scale of order of a few TeV. The gau
symmetries are reduced toSU(3)c3SU(2)L3U(1)Y and
SU(3)c3SU(2)L3U(1)Y3U(1), respectively, through the
orbifolding boundary conditions. We have estimated the o

FIG. 4. The effective potential in the case ofNa
(1)52, Nf

(2)

510, Na
(2)5Nf

(1)50 with b50.1. The unit isC53/64p7R5. The
horizontal line shows 0<a<1 and 0<a<0.1.
01501
e

-

-

e

e

loop effective potential of ‘‘Higgs doublets,’’ and find tha
the electroweak symmetry breaking is realized through
radiative corrections when there are suitable numbers of b
fields possessing the suitable representations. The mass
‘‘Higgs doublets’’ areO~100! GeV in this scenario.

Although the compactification scale is a few TeV, the co
tributions from the higher dimensional operators to the o
loop effective potential are suppressed enough in this mo
It is becauseg45O(1) suggests that the cutoff scaleM can
be larger than the compactification scale, 1/R, enough to
satisfy (RM)&4p, where gauge interaction is still perturba
tive as a5g4

2/4p&1. Thus, there appears the suppress
factor,O(1/RM), for the higher dimensional operators in th
effective potential. As for the contributions of them to th
tree-level scalar potential, they vanish as long as fields o
than Wilson line phases do not acquire VEVs. We analy
the vacuum on the direction of Wilson line phases,^A5& in
this paper.

Finally we should comment on the Yukawa interaction
We have assumed that quarks and leptons are localize
the 4D wall. In this situation, the ‘‘Higgs doublet’’ canno
make the gauge invariant Yukawa interactions even if
‘‘Higgs doublet’’ appear as the zero mode ofS as is shown in
Ref. @10#. It is because S transforms as S→eL(S
2&]y)e

2L under the gauge transformation. However, if w
consider the nonlocal operator,f5P exp(*S dy), as the new
Higgs doublet, it can have the gauge invariant Yukawa in
actions with the wall-localized quarks and leptons@10#. An-
other possibility is to consider the situation where quarks a
leptons are the bulk fields@11#, where the Yukawa interac
tions is originated in the 5D gauge interactions.

Note added in proof. After this work was completed we
noticed the work of Scrucca, Serone, and Silvestrini@25#,
where a similar idea is considered in non-SUSYSU(3)c
3SU(3)W . They estimated the effects to the effective p
tential induced from bulk and wall-localized fields mixing
and wall-localized kinetic terms. They also consider flav
symmetry breaking through Yukawa interactions with t
nonlocal operator induced by integrating out heavy b
fields @26#. The difference between their scenario and ours
that the electroweak symmetry breaking is realized by
effect of wall-localized fields in the former, while by th
effect of bulk fields possessing degrees of freedom ofh and
h8 in the latter.
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APPENDIX A: THE DERIVATION OF Veff
gauge IN SU„6…

The one loop effective potential of the Wilson line d
grees of freedom ofA5 is given by
0-8
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Veff@A0#52~D22!
i

2
Tr ln DM

0 D0M, ~A1!

where DL(A0)DL(A0)5]m]m1Dy(A
0)Dy(A0), with A0

[^A5&5(1/gR)(aaa(la/2). We can always take the base
^A5&50 by the gauge transformation, V(xm,y)
5ei (aa(la/2)(y/R), as

^A5&→V~y!^A5&V~y!†2
i

g
V~y!]yV~y!†5^A5&

2
1

gR( aa

la

2
50. ~A2!

In this base the parities are given as

P→P5V~2y!PV~y!†, ~A3!

P8→P85V~pR2y!P8V~pR1y!†.
~A4!

ThenP andP8 correspond to the Wilson loopWC .
01501
Introducing a fluctuation fieldB[(aBa(la/2), the effec-
tive potential is given by

Tr ln BDy~A0!Dy~A0!B

52TrS (
c

F ]yBc2
1

R(
a,b

f abcaaBbG lc

2 D 2

. ~A5!

As is shown in the Sec. III, we can always take VEV
a165a, and other ai50, by using the residualSU(2)
3U(1) global symmetry. Thus, only structure constants
lating l16 are needed for the calculation of Eq.~A5!. They
are given by

f 1,16,195 f 2,16,185 f 3,16,175 f 4,16,215 f 5,16,205 f 9,16,235 f 10,16,22

5 f 16,25,345 f 16,33,265
1
2 ,

~A6!

f 8,16,175
1

2)
, f 15,16,175

1

2A6
, f 16,17,245

A10

4
.

Where the generators are numbered as
S ~1,2! ~4,5! ~9,10! ~16,17! ~25,26!

~1,2! ~6,7! ~11,12! ~18,19! ~27,28!

~4,5! ~6,7! ~13,14! ~20,21! ~29,30!

~9,10! ~11,12! ~13,14! ~22,23! ~31,32!

~16,17! ~18,19! ~20,21! ~22,23! ~33,34!

~25,26! ~27,28! ~29,30! ~31,32! ~33,34!

D . ~A7!

For examples,~1, 2! stands for

l15S 1

1 D , l25S 2 i

i D . ~A8!

The diagonal generators are

l35diag~1,21,0,0,0,0!, l85
1

)
diag~1,1,22,0,0,0!,

l155
1

A6
diag~1,1,1,23,0,0!, l245

1

A10
diag~1,1,1,1,24,0!,

l355
1

A15
diag~1,1,1,1,1,25!, ~A9!

Then, Eq.~A5! becomes
0-9
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1

2 F ~]yBi !
21S ]yBj2

1

2R
aBkD 2

1S ]yBk1
1

2R
aBj D 2

1S ]yB32
1

2R
aB17D 2

1S ]yB82
1

2)R
aB17D 2

1S ]yB15

2
1

2A6R
aB17D 2

1S ]yB242
A10

4R
aB17D 2

1S ]yB171
1

2R
aB31

1

2)R
aB81

1

2A6R
aB151

A10

4R
aB24D 2G , ~A10!

wherei 56, 7, 11, 12, 13, 14, 16, 27, 28, 29, 30, 31, 32, 35, and (j ,k)5(1,19), ~2, 18!, ~4, 21!, ~5, 20!, ~9, 23!, ~10, 22!, ~25,
34!, ~26, 33!. In i 56, 7, 11, 12, 13, 14, 35 in Eq.~A10!, eigenvalues aren2/R2 and (n11)2/R2 for ~1, 1! states ofAm and
~2, 2! states ofA5 , respectively. Ini 516 in Eq.~A10!, eigenvalue is (n11)2/R2 andn2/R2 for ~2, 2! state ofAm and~1,
1! state ofA5 , respectively. Ini 527, 28, 29, 30, 31, 32 in Eq.~A10!, eigenvalues are (n11/2)2/R2 and (n11/2)2/R2 for ~2,
1! states ofAm and~1, 2! states ofA5 , respectively. In (j ,k)5(1,19), ~2, 18!, ~4, 21!, ~5, 20!, ~9, 23!, ~10, 22!, eigenvalues
are (n11/21a/2)2/R2, (n11/22a/2)2/R2 and (n11/21a/2)2/R2, (n11/22a/2)2/R2 for ~~1, 2!, ~2, 1!! states ofAm and
~~2, 1!, ~1, 2!! states ofA5 , respectively. In (j ,k)5(25,34), ~26, 33!, eigenvalues are (n1a/2)2/R2, (n2a/2)2/R2 and
(n1a/2)2/R2, (n2a/2)2/R2 for ~~2, 2!, ~1, 1!! states ofAm and ~~1, 1!, ~2, 2!! states ofA5 , respectively. As for
(B3 ,B8 ,B15,B24,B17), the relevant part in Eq.~A10! is simplified as

1

2 H S ]yC12
a

R
B17D 2

1S ]yB171
a

R
C1D 2

1~]yC2!21~]yC3!21~]yC4!2J , ~A11!

in an appropriate basis. Here new fieldsCj ’s are introduced by

C1L11C2L21C3L31C4L45B3l31B8l81B15l151B24l24 ~A12!

by the use of new basesL j ’s with diagonal elements. For instance,C1 andL1 are given by

C15
1

2
B31

1

2)
B81

1

2A6
B151

A10

4
B24 ~A13!

and

L15diag~1,0,0,0,21,0!, ~A14!

respectively. From Eq.~A11!, the eigenvalues are given by (n1a)2/R2, (n2a)2/R2, n2/R2, n2/R2, andn2/R2.
Then, the effective potential for gauge and ghost is given by

Veff
g1gh522

i

2 E d4p

~2p!4

1

2pR F(
i

(
n50

`

lnS 2p21
n2

R2D1(
j

(
n51

`

lnS 2p21
n2

R2D1(
k

(
n50

`

lnS 2p21
~n11/2!2

R2 D
1 (

~ l ,m!
(
n50

`

lnF S 2p21
~n11/21a/2!2

R2 D1S 2p21
~n11/22a/2!2

R2 D G1 (
~p,q!

(
n50

`

lnS 2p21
~n1a/2!2

R2 D
1(

p
(
n51

`

lnS 2p21
~n2a/2!2

R2 D13(
n50

`

lnS 2p21
n2

R2D1 (
n50

`

lnS 2p21
~n1a!2

R2 D1 (
n51

`

lnS 2p21
~n2a!2

R2 D G ,

~A15!

and forA5 part is given by
015010-10
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Veff
A5521

i

2 E d4p

~2p!4

1

2pR F(
i

(
n50

`

lnS 2p21
n2

R2D1(
j

(
n51

`

lnS 2p21
n2

R2D1(
k

(
n50

`

lnS 2p21
~n11/2!2

R2 D
1 (

~ l ,m!
(
n50

`

lnF S 2p21
~n11/21a/2!2

R2 D1S 2p21
~n11/22a/2!2

R2 D G1 (
~p,q!

(
n50

`

lnS 2p21
~n1a/2!2

R2 D
1(

p
(
n51

`

lnS 2p21
~n2a/2!2

R2 D13(
n50

`

lnS 2p21
n2

R2D1 (
n50

`

lnS 2p21
~n1a!2

R2 D1 (
n51

`

lnS 2p21
~n2a!2

R2 D G ,

~A16!

wherei 56, 7, 11, 12, 13, 14, 35,j 516, k527, 28, 29, 30, 31, 32, (l ,m)5(1,19), ~2, 18!, ~4, 21!, ~5, 20!, ~9, 23!, ~10, 22!,
(p,q)5(25,34), ~26, 33!, and the last line terms come from (B3 ,B8 ,B15,B24,B17). We omit terms withouta dependences
since they have nothing to do with the dynamics of determininga. Then, we can obtain the VEV dependent effective poten
as

Veff
g1gh1A5523

i

2 E d4p

~2p!4

1

2pR F6 (
n52`

`

lnS 2p21
~n11/22a/2!2

R2 D12 (
n52`

`

lnS 2p21
~n2a/2!2

R2 D
1 (

n52`

`

lnS 2p21
~n2a!2

R2 D G ~A17!

52
3

2
C(

n51

`
1

n5 @6 cos~pn~a21!!12 cos~pna!1cos~2pna!#, ~A18!
b

(

n

e

n

s

n

n

n

whereC53/64p7R5.
The SUSY version of the effective potential is easily o

tained from this non-SUSY one. As in Ref.@4#, it is obtained
by replacing the coefficient22/3C→22C due to the
change of degrees of freedom, and adding the factor
2cos(2pnb)) to Veff

gauge, where b is the parameter of SS
SUSY breaking.

APPENDIX B: THE DERIVATION OF Veff
m

The effective potential induced from bulk fields is give
by

Veff@A0# fermion5 f ~D !
i

2
Tr ln DL

0D0L, ~B1!

Veff@A0#scalar522
i

2
Tr ln DL

0D0L, ~B2!

wheref (D)52@D/2#. TheVeff
m can be calculated similar to th

Veff
gauge. We introduce a fluctuation fieldB according to the

representation of bulk fields in Eqs.~B1! and ~B2! as Eq.
~A5!, and calculating the eigenvalues. Here, we show o
eigenvalues both inSU(3)c3SU(3)W andSU(6) models.

In SU(3)c3SU(3)W model, adjoint representation field
with hh851 have eigenvalues, 23(n2/R2), @(n
6a)2/R2#, and 23@(n6a/2)2/R2#. Thus,Na

(1) numbers of
Dirac fermion induce 2Na

(1)C((1/n5) @cos(2pna)
12 cos(pna)#. The adjoint representation fields withhh8
01501
-

1

ly

52 have eigenvalues, 23@(n11/2)2/R2#, @(n6a
11/2)2/R2#, and 23@(n6a/211/2)2/R2#. Thus,Na

(2) num-
bers of Dirac fermion induce 2Na

(2)C((1/n5)@cos(2pn(a
21/2))12 cos(pn(a21))#. The fundamental representatio
fields with hh851 have eigenvalues,n2/R2 and (n
6a)2/R2. Then Nf

(1) and Ns
(1) numbers of Dirac fermion

and complex scalar induce (2Nf
(1)

2Ns
(1))C((1/n5)cos(pna). The fundamental representatio

fields with hh852 have eigenvalues, (n11/2)2/R2 and
(n6a11/2)2/R2. Then Nf

(2) and Ns
(2) numbers of Dirac

fermion and complex scalar induce (2Nf
(2)

2Ns
(2))C((1/n5)cos(pn(a21))].

In SU(6) model, adjoint representation fields withhh8
51 have eigenvalues, 113(n2/R2), 63@(n11/2)2/R2#,
@(n6a)2/R2#, 23@(n6a/2)2/R2#, and 63@(n6a/2
11/2)2/R2#. Thus,Na

(1) numbers of Dirac fermion induce
2Na

(1)C((1/n5)@6 cos(pn(a21))12 cos(pna)1cos(2pna)#.
The adjoint representation fields withhh852 have eigen-
values, 113@(n11/2)2/R2#, 63(n2/R2), @(n6a
11/2)2/R2#, 23@(n6a/211/2)2/R2#, and 63@(n
6a/2)2/R2#. Thus,Na

(2) numbers of Dirac fermion induce
2N a

(2)C((1/n5)@6 cos(pna) 1 2 cos(pn(a21))1 cos(2pn(a
21/2))#. The fundamental representation fields withhh8
51 have eigenvalues,n2/R2, 33@(n11/2)2/R2#, @(n
6a)2/R2#. ThenNf

(1) and Ns
(1) numbers of Dirac fermion

and complex scalar induce (2Nf
(1)

2Ns
(1))C((1/n5)cos(pna). The fundamental representatio
0-11
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fields with hh852 have eigenvalues, (n11/2)2/R2, 3
3(n2/R2), @(n6(a21))2/R2#. ThenNf

(2) and Ns
(2) num-

bers of Dirac fermion and complex scalar induce (2Nf
(2)

2Ns
(2))C((1/n5)cos(pn(a21))].
s.

,

.

.

r,

N
ys
.

B

s.

cl

ys

v.
.

01501
The effective potential in the SUSY case with SS brea
ing can also be obtained as in Ref.@4#. We add the factor
(12cos(2pnb)) in the effective potential induced from th
fermion ~ordinary particle! contributions.
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B
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i,
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