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Holographic theories of electroweak symmetry breaking without a Higgs boson
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Recently, realistic theories of electroweak symmetry breaking have been constructed in which the elec-
troweak symmetry is broken by boundary conditions imposed at a boundary of higher dimensional spacetime.
These theories have equivalent 4D dual descriptions, in which the electroweak symmetry is dynamically

broken by nontrivial infrared dynamics of some gauge interaction, whose gauge couplingg̃ and sizeN satisfy

g̃2N*16p2. Such theories allow one to calculate electroweak radiative corrections, including the oblique

parametersS, T andU, as long asg̃2N/16p2 andN are sufficiently larger than unity. We study how the duality
between the 4D and 5D theories manifests itself in the computation of various physical quantities. In particular,
we calculate the electroweak oblique parameters in a warped 5D theory where the electroweak symmetry is
broken by boundary conditions at the infrared brane. We show that the value ofS obtained in the minimal
theory exceeds the experimental bound if the theory is in a weakly coupled regime. This requires either an
extension of the minimal model or departure from weak coupling. A particularly interesting scenario is ob-
tained if the gauge couplings in the 5D theory take the largest possible values—the value suggested by naive
dimensional analysis. We argue that such a theory can provide a potentially consistent picture for dynamical
electroweak symmetry breaking: corrections to the electroweak observables are sufficiently small while real-
istic fermion masses are obtained without conflicting with bounds from flavor violation. The theory contains
only the standard model quarks, leptons and gauge bosons below.2 TeV, except for a possible light scalar
associated with the radius of the extra dimension. At.2 TeV increasingly broad string resonances appear. An
analysis of top-quark phenomenology and flavor violation is also presented, which is applicable to both the
weakly coupled and strongly coupled cases.

DOI: 10.1103/PhysRevD.69.115013 PACS number~s!: 12.60.2i
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I. INTRODUCTION

One of the greatest mysteries in particle physics is
origin of electroweak symmetry breaking. In the standa
model the electroweak symmetry is broken by a vacu
expectation value~VEV! of a Higgs field, which is driven by
a nontrivial potential introduced to break the symmet
However, once the theory is extrapolated to higher ener
in a perturbative way, one finds that the Higgs-boson m
squared parameter receives large radiative corrections o
order of the cutoff scale, destabilizing the electroweak sc
Therefore, it is quite natural to suspect that some nontri
strong dynamics is responsible for electroweak symme
breaking in a direct or indirect way. Such a considerat
leads to theories where the electroweak symmetry is bro
by a condensation caused by strong gauge dynamics@1# or
theories where the Higgs boson arises as a composite sta
some strong interaction@2#. In these theories the strength
the relevant gauge interaction is weaker at higher energ
and becomes nonperturbative only at lower energies by
renormalization group evolution. This triggers electrowe
symmetry breaking at exponentially lower energies co
pared with the cutoff scale, thus evading the problem of
stability.

In this paper we explore alternative possibilities for ‘‘d
namical’’theories of electroweak symmetry breaking. Su
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pose the gauge interaction, which is responsible for e
troweak symmetry breaking and nonperturbative at
electroweak scale, stays very strong at higher energie
stronger than that above which the conventional perturba
theory breaks down. Apparently, this does not provide a
viable description of physics at energies higher than the e
troweak scale. However, the presence of dualities betw
the 4D gauge theories and higher dimensional gravitatio
theories suggests that such a theory is described, in fact,
higher dimensional theory where the electroweak symme
is broken by the presence of a spacetime boundary. T
relation becomes particularly concrete when the theory
the gravitational side is on an anti–de Sitter~AdS! back-
ground@3#, and it has been used to build models of a co
posite Higgs boson@4# and dynamical electroweak symmet
breaking @5,6#. However, the background geometry of th
gravitational theory may not necessarily be AdS, as in
models considered in Refs.@7,8#.

In this paper we consider theories of the kind describ
above, in which the holographic description of the theo
relates a higher dimensional theory to some 4D ‘‘gau
theory.’’ In particular, we study theories where the ele
troweak symmetry is broken ‘‘dynamically’’ without the
presence of the physical Higgs boson—in the higher dim
sional picture this corresponds to the theories where the e
troweak symmetry is broken by boundary conditions i
©2004 The American Physical Society13-1
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posed at a boundary of the spacetime. We mainly cons
theories formulated in the AdS space, in which the el
troweak symmetry is broken by boundary conditions i
posed at the infrared~IR! brane@5,6#, but some of our analy-
sis applies to more general theories such as the ones in
space@7,8#. In the actual analysis we adopt the speci
theory constructed in Ref.@6#, which reproduces many suc
cessful features of the standard model including ferm
mass generation and suppression of flavor changing ne
currents~FCNC’s!. This theory also allows us to control th
scale of new physics, which corresponds in the 4D picture
the size~the number of ‘‘colors’’! of the gauge interaction
and thus represents a class of generic theories in 5D
space. We study electroweak radiative corrections and
that the constraints from precision electroweak meas
ments prefer gauge groups of smaller size, unless some
ditional contribution to the electroweak oblique parameter
introduced. This situation is similar to that in technicol
theories@9#. We elucidate how such a similarity arises
general theories with the electroweak symmetry broken
boundary conditions.

Although regarding electroweak corrections the situat
in our theory is similar to that in technicolor, other aspe
can be quite different. In particular, we expect that the the
does not have problems in general to obtain realistic ferm
masses, correct vacuum alignment, and suppression of fl
violation. This implies that even the minimal theory ma
have a viable parameter region in which the size of the ga
group responsible for electroweak symmetry breaking
small, because the corrections to the electroweak observa
become small there. We give an estimate for these cor
tions and find that in fact they could be phenomenologica
acceptable if the size of the gauge group is sufficiently sm
Unfortunately, we find that this is the region where t
theory loses its weakly coupled description, which preve
us to make a precise comparison with experiment. It a
implies that we have to take into account stringy effects
construct a fully well-defined and ultraviolet~UV! completed
theory. However, given the presence of an effective fi
theoretic model and a freedom of taking a certain limit,
does not seem so implausible to expect that this type
theory does in fact exist. The experimental signatures of s
theories are quite distinct. There is essentially no new s
appearing below a few TeV ('2 –3 TeV) other than the
standard model gauge bosons and quarks and leptons; in
ticular, there is no Higgs boson. We then see new states, m
of which are associated with string states, at the scale
few TeV. These states arise, in the 4D picture, from the n
trivial dynamics of the new strong gauge interaction. T
unitarity of the theory is cured by these states and the ta
that physics, which may also be seen in scattering exp
ments at somewhat lower energies than their actual mas

The organization of the paper is as follows. In the ne
section we give a general discussion on theories where
electroweak symmetry is broken ‘‘dynamically.’’ We argu
that conventional technicolor-type theories and extra dim
sional theories with boundary condition electroweak symm
try breaking are related in a certain way in the space of
gauge coupling, and we elucidate how the electroweak
11501
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rections in these theories have some similarities. In Sec
we present the model we study, constructed in the trunca
5D AdS space. Electroweak corrections are studied in S
IV, where we calculate the electroweak oblique parame
and compare with experiment. We discuss two possible s
narios which can be phenomenologically viable. In Sec
we study the top quark sector and its related phenomenol
Flavor violation is also studied there. Conclusions and d
cussion are given in Sec. VI.

II. HOLOGRAPHY AND ELECTROWEAK SYMMETRY
BREAKING

In this paper we mostly study theories formulated in t
truncated 5D AdS space. This type of theory can provide
understanding of a large hierarchy between the Planck
the electroweak scales through the AdS warp factor@10#.
Before presenting an explicit model and going into the d
tailed calculation, however, we here start by some gen
discussion on theories of ‘‘dynamical’’ electroweak symm
try breaking. These include conventional technicolor@1,11#
and walking technicolor@12# theories, as well as theorie
based on extra dimensions such as the ones on flat@7,8# or
warped@5,6# geometries. We will see that these theories
related in a certain way in the space of the gauge coup
and the size of the gauge group.

In order to break the electroweak symmetry dynamica
in the IR, we need some gauge interactionG that becomes
nonperturbative at low energies. We denote the coupling
the size~the number of ‘‘colors’’! of this gauge interaction a
g̃ andN, respectively. In general 4D theories, the couplingg̃
runs with energy. Suppose now thatG is a usual asymptoti-
cally free gauge interaction. In this case the theory is wea
coupled at the UV: the parameterk[g̃2N/16p2, which is the
loop expansion parameter of the gauge theory, satisfiek
!1. In the IR the parameterk evolves to larger values, an
at some scale becomesk.1, where the theory exhibits non
trivial dynamical phenomena such as chiral symmetry bre
ing. Then, if some fields of theG sector are charged unde
SU(2)L3U(1)Y , the electroweak symmetry can be brok
at this scale. This is the situation in conventional technico
theories@1,11#. Alternatively,k could approach to some con
stant value close to but somewhat smaller than 1 at the
instead ofk→0 ~or decrease only very slowly nearL, the
dynamical scale ofG!. Such is the case in walking techn
color theories@12#.

Now, let us consider very different possibilities. At th
electroweak scale the interactionG induces nontrivial dy-
namical phenomena. Is it then possible fork to take larger
values than 1 at the UV, instead of smaller values? At fi
sight, this does not make sense, because the loop expa
parameter of the theory is larger than unity at the UV—
fact, the description based on the 4D gauge theory can c
pletely break down. However, in the parameter regionk
*1, another~sometimes weakly coupled! description of the
theory could emerge. Suppose we take the limitN@1, keep-
ing k fixed to some value larger than unity. In this case,
loop diagrams are sorted by the topology of the graphs
we find that diagrams with different topologies correspond
ones having different powers ofN, allowing us to expand the
3-2
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theory in powers of 1/N @13#. Since this expansion is rem
niscent to the loop expansion by the topology of the wor
sheet in string theory, the gravitational description of t
theory emerges. This dual gravitational theory posses
spacetime dimensions larger than 4, as required by st
theory. The parameter 1/N plays a role of the~string! cou-
pling constant, while the value ofk turns out to be a measur
of the importance of string corrections@3#. Therefore, for
sufficiently large values ofN the gravitational description is
weakly coupled. Fork@1 the string corrections are sma
corresponding to the region where the curvature scale of
gravitational background is much smaller than the str
scale, while fork.1 the string effects are important.

We can now consider the following scenario. At the U
the theory hask which is close to but somewhat larger tha
1. The couplingk is almost constant~conformal! over a wide
energy interval, but at some IR scale this conformality bre
down, triggering nontrivial gauge dynamics. In particular,
induces chiral symmetry breaking and consequently bre
the electroweak symmetry. In the dual gravitational desc
tion, this theory will look like a 5D theory on AdS, as su
gested by the isomorphism between the 4D conformal gr
and the isometry of 5D AdS space@3#. The scale of AdS
curvature is smaller than the string scale ifk is larger than
unity. The nontrivial IR dynamics is then represented by
presence of a boundary in the spacetime, beyond that p
the gravitational description disappears, i.e. the gauge th
‘‘confines.’’ We can thus conjecture that the theory has a
description, compactified on a warpedS1/Z2 orbifold with
the boundary condition on the IR brane breaking the e
troweak symmetry.1 This type of theory has been consider
in Refs.@5,6# and will be described in the next section. Th
simple relation between the 4D and 5D theories holds onl
energies lower than the AdS curvature scalek, beyond which
the models of Refs.@5,6#, for instance, appear intrinsicall
five dimensional. This scale, however, is much higher th
the electroweak scale~close to the Planck scale!. An inter-
esting point is that these theories allow a large energy in
val above the electroweak scale, in which the gravitatio
description does not break down. This is due to the la
warp factor of AdS, or the near conformal nature of t
theory.

Models on 5D flat space, such as the ones considere
Refs. @7,8#, can be obtained from models on AdS by taki
the limit that the AdS curvature scale is small,k→0. In this
case, however, the scale where the simple 4D/5D corres
dence breaks down becomes close to the electroweak s
In fact, there is no energy interval where the field theore
correspondence works, and the theory appears five dim
sional right above the scale of dynamical electroweak sy
metry breaking. Some 4D interpretation of the theory, ho

1Strictly speaking, this will be the case only for certain special
gauge theories. For instance, weakly coupled 5D theories ha
feature that the resonances having spin larger than 2 are m
heavier than the others, which is not a property of generic largN
gauge theories.
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ever, may be possible for some purposes that do not invo
physics much above the electroweak scale.

The schematic behavior of each of these four types
theories is depicted in Fig. 1 as a function of the energyE.
The theories~a!, ~b!, ~c!, and~d! correspond, respectively, t
5D flat space, 5D warped space, walking technicolor, a
technicolor theories. The parameterL represents the scal
where G exhibits nontrivial IR dynamics, especially chira
symmetry breaking, which is roughly the mass of the fi
resonance state and not much different from the electrow
scale. Fork@1, the predictions of the theory depend qu
little on the value ofk, because the theory admits an expa
sion in 1/k, with higher order terms corresponding to string
corrections, so that physical quantities are almost determ
by the first term in the expansion, which is independent ofk.
This implies that electroweak oblique corrections, who
contributions come fromE'L, can have similar structure in
the four types of theories, all of which havek*1 at the scale
L. In particular, the size of the corrections essentially d
pends only on a single parameterN. However, there is an
important difference between the theories of the types~a!,~b!
and ~c!,~d!. In theories~a! and ~b! the electroweak oblique
parameters are calculable forN@1, as the higher order term
in the double expansions in 1/N and 1/k are both negligible,
while theories~c! and ~d! do not have such calculationa
powers becausek.1 at E.L. This calculability, however,
is lost in theories~a! and~b! when we makeN or k smaller.
For the physics occurring aboveL, such as fermion mas
generation, the physical pictures could be quite differen
different types of theories.

In the following sections we focus on theories in the tru
cated 5D AdS space@the type ~b! theories in Fig. 1#. In
particular, we consider electroweak radiative corrections
these theories in Sec. IV. As explained, their structure is
pected to be similar to the one in technicolor. Our analy
based on the largeN expansion will explicitly demonstrate
that they are, in fact, very similar.2 While we perform the
analysis for the case of warped space theories, our qualita
results given in Sec. IV also apply to the case of flat sp

a
ch2A numerical coincidence between technicolor and 5D flat th
ries found in Ref.@8# also suggests that this similarity could be
very precise one.

FIG. 1. Schematic description for the evolution of the coupli

parameterk[g̃2N/16p2 in various theories of dynamical elec
troweak symmetry breaking. The behaviors of~a!, ~b!, ~c!, and~d!
represent those of 5D flat space, 5D warped space, walking tec
color, and technicolor theories, respectively.
3-3
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theories by replacing the AdS curvaturek by the size of the
flat extra dimension:k→1/pR.

III. MODEL

In this section we review the model constructed in R
@6#, which we will explicitly work on in the rest of the pape
This model reproduces many successful features of the s
dard model, including fermion mass generation and supp
sion of FCNC’s. The gauge sector of the model is quite
neric and contains, for example, that of Ref.@5# as a special
point in the parameter space.

The theory is formulated in the 5D warped space with
extra dimension compactified onS1/Z2. The metric is given
by

ds2[GMNdxMdxN5e22kuyuhmndxmdxn1dy2, ~1!

where y is the coordinate of the fifth dimension and th
physical space is taken to be 0<y<pR. We take the AdS
curvature scalek to be around the 4D Planck scale, and w
choose the radiusR to bekR;10. The scale of the IR bran
k8 ~denoted byT in Ref. @6#! is then given byk8[ke2pkR

;TeV @10#. The fundamental~cutoff! scale of the theory is
denoted byM* , which is taken to beM* *k, and the IR
cutoff scale is defined byM

*
8 [M* e2pkR.

The bulk gauge group isSU(3)C3SU(2)L3SU(2)R
3U(1)X . It is broken by boundary conditions imposed
the y50 brane~the Planck brane!:

]yAm
La50, Am

R1,250, ]yS 1

gR
2

Am
R31

1

gX
2

Am
XD 50,

Am
R32Am

X50, ~2!

and at they5pR brane~the TeV brane!:

]yS 1

gL
2

Am
La1

1

gR
2

Am
RaD 50, Am

La2Am
Ra50, ]yAm

X50,

~3!

with the A5’s obeying Dirichlet~Neumann! boundary condi-
tions if the correspondingAm’s obey Neumann~Dirichlet!
boundary conditions@5,7# ~these boundary conditions ar
slightly modified when brane-localized gauge kinetic ter
are introduced aty50 andy5pR). At the Planck brane, the
bulk gauge group is broken to the standard-model ga
group SU(3)C3SU(2)L3U(1)Y , whereU(1)Y is a linear
combination ofU(1)X and theT3 direction of SU(2)R ,
while at the TeV brane,SU(2)L3SU(2)R is broken to the
SU(2) diagonal subgroup. Combining the breaking at
both branes, the unbroken gauge group at low energies
comesSU(3)C3U(1)EM , whereU(1)EM refers to electro-
magnetism. In particular, the electroweak symmetry is b
ken by the boundary conditions at the TeV brane.

We can view the above boundary conditions as the lim
ing case of the following brane Higgs breaking. We intr
duce a scalar fieldS(1,1,2,1/2) on the Planck brane an
H(1,2,2* ,0) on the TeV brane, where the numbers in t
11501
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parentheses represent gauge quantum numbers u
SU(3)C3SU(2)L3SU(2)R3U(1)X . Now, suppose tha
these fields have VEV’s:

^S&5S 0

vS
D , ^H&5S vH 0

0 vH
D . ~4!

We then find that forvS ,vH→`, the phenomenology of this
Higgs-breaking theory becomes identical to that of t
boundary-condition breaking theory@14#. In particular, the
physical Higgs bosons arising fromS and H decouple for
largevS andvH , so that there is no scalar particle remaini
in the spectrum in this limit.

The kinetic terms for the gauge fields are given by

S5E d4xE dyFA2GH 2
1

4gL
2

gM PgNQ(
a51

3

FMN
La FPQ

La

2
1

4gR
2

gM PgNQ(
a51

3

FMN
Ra FPQ

Ra 2
1

4gX
2

gM PgNQFMN
X FPQ

X J
1d~y!H 2

1

4g̃L
2 (

a51

3

Fmn
LaFmn

La

2
1

16g̃Y
2 ~Fmn

R31Fmn
X !~Fmn

R31Fmn
X !J G , ~5!

whereFMN
La , FMN

Ra , andFMN
X are the field-strength tensors fo

SU(2)L , SU(2)R, andU(1)X , andgL , gR, andgX are the
5D gauge couplings having mass dimensions21/2; a are the
indices for the adjoint representation ofSU(2). Here, we
have included Planck-brane localized gauge kinetic ter
which are radiatively generated and generically have coe
cients of order (b/8p2)ln(k/k8);1. TeV-brane localized
gauge kinetic terms are considered in the next section.
have omitted the gauge kinetic terms forSU(3)C in the
above expression, since they are irrelevant for our discus
below.

The quarks and leptons are introduced in the bulk with
representations:

q~3,2,1,1/6!, ū5c ū~3* ,1,2,21/6!uT
3
R521/2,

d̄5c d̄~3* ,1,2,21/6!uT
3
R51/2,

l ~1,2,1,21/2!, ē5c ē~1,1,2,1/2!uT
3
R51/2,

@ n̄5c n̄~1,1,2,1/2!uT
3
R521/2#, ~6!

whereq,ū,d̄,l ,ē, andn̄ are Dirac fermions and the numbe
in the parentheses represent gauge quantum numbers u
SU(3)C3SU(2)L3SU(2)R3U(1)X ; T3

R561/2 represents
the T3561/2 component of theSU(2)R doublet. With the
extra dimension compactified onS1/Z2, we can arrange the
boundary conditions such that only the left-handed com
3-4
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nents ofq,c ū ,c d̄ ,l , andc ē possess zero modes~alsoc n̄ if
we introduce them to induce small neutrino masses thro
the see-saw mechanism; see Refs.@6,15#!. Moreover, intro-
ducing the Planck-brane localized left-handed fermio
c ū

8(3,1,1,21/3), c d̄
8(3,1,1,2/3), andc ē

8(1,1,1,0), and the

couplingsd(y)@c ūc ū
8S1c d̄c d̄

8S†1c ēc ē
8S†#, we can make

the unwanted zero modes from theT3
R51/2 component ofc ū

and theT3
R521/2 components ofc d̄ and c ē heavy to get

masses of orderk.3 The low-energy matter content is the
precisely that of the standard-model quarks and lepto
which arise as the zero modes ofq,ū,d̄,l , andē. The quark
and lepton masses arise from the couplings introduced on
TeV brane

S5E d4xE dyd~y2pR!A2gind@yuqc ūH1ydqc d̄H

1yelc ēH1H.c.#, ~7!

where we have suppressed the generation index. As the
type quark, down-type quark, and charged lepton mas
arise from three independent couplings,yu , yd, and ye ,
there are no unwanted relations among them coming f
SU(2)R .

The wave-function profiles for the zero modes of t
quark and lepton fields are controlled by the 5D bulk m
parameters for these fields, which we parametrize asL5D.

2ckC̄C whereC represents generic 5D~Dirac! fermions.
For c.1/2 (c,1/2) the wave function for the left-hande
zero-mode fermion is localized to the Planck~TeV! brane.
We take parametersc to be larger than 1/2, at least for th
first-two generation fermions. This makes the nonunivers
ity of theW- andZ-boson couplings to these fields very sm
so that the theory is phenomenologically viable@6#, and
could also provide a partial understanding of the flavor str
ture of the fermion mass matrices and suppression of
flavor violation arising from the TeV-brane operators@17#.
The c parameters for the third generation fermions are
theme of Sec. V, where the nonuniversality of the ferm
gauge couplings is also discussed further.

We can now calculate the masses and couplings of
electroweak gauge bosons,W, Z and g. Assuming 1/gL

2

;1/gR
2;1/gX

2;1/pR and g̃L;g̃Y;1, we find that these
masses and couplings take exactly the same form as th
the standard model, at the leading order in 1/pkR and in
k8/k. Denoting the standard-modelSU(2)L andU(1)Y cou-
plings as g and g8 and the Higgs-field VEV asv
.175 GeV, the correspondence between the two theorie
given by @6#

1

g2
5

pR

gL
2

1
1

g̃L
2

,
1

g82
5

pR

gR
2

1
pR

gX
2

1
1

g̃Y
2

, v25
4k82

~gL
21gR

2 !k
.

~8!

3This also makes the theory anomaly free together with the in
duction of appropriate Chern-Simons terms@16#.
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Thus, for given values of the brane couplings,g̃L andg̃Y , we
have two relations on the three bulk gauge couplings,gL ,
gR, and gX , so that we can calculate various quantities
terms of a single free parameter, which we take to begR

2/gL
2

~an introduction of TeV-brane gauge kinetic terms will give
few extra parameters!. For instance, the value ofk8 is deter-
mined by the last equation of Eqs.~8!, which in turn gives
the masses of the Kaluza-Klein~KK ! gauge bosons

mn.
p

2 S n1
1

2D k8, ~9!

where n51,2,3,4, . . . for the W and Z towers and n
51,3,5, . . . for theg and gluon towers@6#.

What are values of the Planck-brane gauge couplings
Eqs. ~8! we have to use values ofg̃L and g̃Y appropriately
normalized at the scale around TeV. Since the running of
Planck-brane gauge couplings is determined by the z
modes~elementary fields in the dual picture! of the theory
@18#, we can write 1/g̃L

2 and 1/g̃Y
2 as

1

g̃L
2

5
1

g̃L,0
2

1
bL

8p2
lnS k

k8
D ,

1

g̃Y
2

5
1

g̃Y,0
2

1
bY

8p2
lnS k

k8
D ,

~10!

where (bL ,bY).(210/3,20/3) in the present theory. Th
couplings g̃L,0 and g̃Y,0 represent the running couplings o
the elementarySU(2)L andU(1)Y gauge bosons at the sca
k. In general, these couplings are free parameters of
theory and cannot be calculated in the effective theory.

One natural possibility is to assume that the element
sector of the theory is strongly coupled at the scalek, in
which case the bare parameters,g̃L,0 andg̃Y,0 , are estimated
to be 1/g̃L,0

2 ;1/g̃Y,0
2 ;1/16p2 through naive dimensiona

analysis~NDA! @19#. This is the case considered in Ref.@6#
~and in Ref.@5#!, leading to the situation that the free param
eters in the gauge sector of the theory are effectively o
gR

2/gL
2 and M* /k ~and TeV-brane localized kinetic terms!.

Note, however, that, contrary to the flat space case,
warped space theories the strong-coupling requirement
the Planck-brane operators is independent from the stro
coupling requirement for the bulk and TeV-brane operato
For instance, it is completely natural to assume that all
bulk and TeV-brane operators scale according to NDA wh
couplings at the Planck brane are weak.~In the dual 4D
picture, this is equivalent to requiring that theG sector does
not contain any small or large dimensionless parameter o
than the size of the gauge group, while the elementary se
is weakly coupled.! In this case the observed 4D gauge co
plings can almost entirely be given by the Planck-brane c
plings, 1/g2.1/g̃L

2 and 1/g82.1/g̃Y
2 , and the bulk gauge

couplings take the values determined by NDA, 1/gL
2;1/gR

2

;1/gX
2;M* /16p3 ~a similar scenario has been consider

-
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in flat space in Ref.@8#!.4 In either case the largest value
k8 is determined by the parameterM* /(pk) as k8umax
'(1 –1.5 TeV)(pk/M* )1/2, which is translated into the
maximum value for the lowest KK gauge boson ma
m1umax'(2.5–3.5 TeV)(pk/M* )1/2. If we require that the
theory admits a weakly coupled description, e.g.,M* /(pk)
*3, this gives k8umax'(600–900) GeV and m1umax
'(1.5–2) TeV.

In the next section we consider corrections to the el
troweak observables in the present theory. Our analysis
plies regardless of the values ofg̃L,0 and g̃Y,0 , and thus to
either of the two cases described above.

IV. ELECTROWEAK CORRECTIONS FROM THE GAUGE
SECTOR

In this section we discuss the structure of the correcti
to electroweak observables in the theory presented in
previous section. We concentrate here on the correct
from the pure gauge sector and leave those from the m
sector to the next section. We consider the electroweak
lique parametersS, T andU @9# and give estimates for them
We elucidate how the 4D dual picture provides a qualitat
understanding of the structure of these corrections. We t
calculate the leading corrections in the 5D picture and co
pare them with the results of 4D considerations, which qu
titatively demonstrates the duality between the two theor
We find that, if we stick to the presence of a weakly coup
gravitational description of the theory, the model gives som
what larger~positive! values ofS than those allowed by pre
cision electroweak measurements. There are essentially
ways out of this unpleasant situation. One is to extend
model such that it has a sector giving a negative value oS
canceling the positive contribution. The other is to give
the weakly coupled description of the theory. In particul
we argue that once we depart from the weakly coupled
scription, the theory could avoid constraints from the pre
sion measurements.

Some of the discussions in this section overlap with th
in Ref. @8#, which explicitly considers these issues in a fl
space model with some discussions on general gravitati
backgrounds. Our explicit result for the warped space mo
agrees with the expectation given in Ref.@8#.

A. Structure of electroweak corrections

We start with the 4D dual picture of the theory. As di
cussed in Sec. II, we can relate the theory described in
previous section to a purely 4D theory through the AdS/C

4Here we do not bother with the difference between the 4D lo
factor 16p2 and the 5D loop factor 24p3 too much, and adopt a
somewhat ‘‘conservative’’ estimate using 16p3. This gives a strong
coupling value for the 4D gauge coupling,g4D.4p, when the IR
cutoff M

*
8 is lowered to the mass of the first KK resonance,M

*
8

.pk8 ~see the last paper in Ref.@19#!. We also do not include
group theoretical factors for NDA because the bulk gauge gro
@i.e., SU(2)L , SU(2)R, andU(1)X , not G] are small.
11501
s

-
p-

s
e

ns
ter
b-

e
en
-
-

s.
d
-

wo
e

,
e-
i-

e
t
al
el

e
T

correspondence@3,20#. In this 4D dual picture, the theory
belowk;Mpl contains a gauge interaction with the groupG,
whose coupling evolves very slowly over a wide energy
terval below k. This G gauge sector possesses a glo
SU(3)C3SU(2)L3SU(2)R3U(1)X symmetry whose
SU(3)C3SU(2)L3U(1)Y subgroup is gauged, wher
U(1)Y is a linear combination ofU(1)X and theT3 direction
of SU(2)R . Therefore, the theory in this energy interval a
pears asSU(3)C3SU(2)L3U(1)Y3G gauge theory with
the quarks and leptons transforming underSU(3)C
3SU(2)L3U(1)Y . At the TeV scale the gauge interactio
of G exhibits nontrivial IR phenomena, producing res
nances of masses of order TeV. These resonances ha
tower structure. In particular, there are towers of spin-1 fie
which have the quantum numbers ofW, Z, and g. These
towers then mix with the elementary gauge bosons of
weakly gaugedSU(2)L and U(1)Y groups. The resulting
spectrum consists of towers of gauge bosons with the qu
tum numbers ofW and Z, whose lowest states are massi
and identified as the standard-modelW andZ bosons, and a
tower ofU(1) gauge bosons, whose lowest mode is mass
and identified with the photon. These towers of mass eig
states are dual to theW, Z, and g KK towers in the 5D
picture. The electroweak gauge groupSU(2)L3U(1)Y is
dynamically broken and the masses of theW and Z bosons
and the quarks and leptons are generated.

How do the corrections to electroweak gauge bos
propagators arise in the 4D picture? We concentrate her
the effect from spin-1 resonances and leave the considera
of the other effects to the next section. At leading order,
corrections arise from the diagrams such as the one give
Fig. 2, where the gray disk at the center of the diagr
represents contributions from the strongly interactingG sec-
tor. We have drawn only the diagram giving corrections
the SU(2)L gauge boson,Wm

a , but similar diagrams also
exist with one or two externalWm’s replaced by theU(1)Y
gauge boson,Bm . These diagrams give a contribution to th
S parameter~specifically, it arises from the diagram havin
Wm for one external line andBm for the other!. To evaluate
the contribution, we must know what this gray disk actua
means. For a sufficiently large value ofN, this leading order
contribution comes from the sum of a series of diagra
given in Fig. 3~the planar diagrams@13#!. In the figure we
have given the size of contributions from each diagra
Writing the contribution from all the diagrams in the form
(N/16p2) f (g̃2N/16p2) wheref (x) is some function, we ex-
pect that the gray disk gives a contribution of orderN/16p2

in Fig. 2 and thus changes the coefficients of the gauge
netic terms from 1/g2 to 1/g21cN/16p2, whereg represents

p

s

FIG. 2. The diagram contributing to theW boson propagators
Similar diagrams exist with one or two externalWm’s re-
placed byBm .
3-6
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generic electroweak gauge couplings andc is a numerical
factor ofO(1).5 This gives a contribution to theSparameter

S.
N

p
, ~11!

sinceS is given byS[16p(P338 2P3Q8 ), wherePXY8 are the
corrections to the gauge kinetic terms defined byL5
2(1/4)(1/g22PXY8 )Fmn

X Fmn
Y ~see Appendix A for details!.6

To derive the value ofN in the present theory, we conside
theG sector as an analogue of the QCD. The standard an
sis in largeN QCD @21# gives the relation between the pio
decay constant,f p , and the mass of the lowest spin-1 res
nance (r meson!, mr , as

f p.
AN

4p
mr . ~12!

In the present context, the pion decay constant,f p , in theG
sector corresponds to the electroweak scalev.175 GeV and
the mass of ther meson,mr , to the mass of the lowest KK

5For k[g̃2N/16p2!1, f (k) has an expansionf (k)5(0
`cnkn,

where cn5O(1). This is the domain where the perturbative 4
gauge theory description is appropriate. Fork@1, f (k) again has
an expansion but of the formf (k)5(0

`cn8k
2n, wherecn85O(1).

This is the region where the theory is well described by a semic
sical gravitational theory, with higher order terms in the expans
corresponding to corrections from string theory. In the regionk
.1, neither description is good and in the absence of the exp
string realization of the theory, we can only say thatf (k)5O(1).
In particular, fork.N.1, the theory does not admit any weak
coupled description and can only be described by strongly cou
(gs.1) string theory.

6Here we have taken matter in theG sector,cG , to be in the
fundamental representation with theO(1) number of ‘‘flavors.’’
This may not be the case in our actual theory because the
conformality of the theory would require a large matter sec
However, for simplicity we will keep presenting our analysis f
this simple matter sector, as it will give the correct relations
tween the physical quantities. We will come back to this point at
end of this subsection.

FIG. 3. The diagrams represented by the gray disk. Here,cG

andAm
G represent matter and gauge fields of the strongly coupleG

sector. The size of each diagram is also shown. The contribu
from this set of diagrams will be of orderN/16p2.
11501
ly-

-

excited gauge bosonm1.(3p/4)k8. Then, rewritingf p and
mr in Eq. ~12! asv andm1 and using Eq.~8!, we obtain the
number of ‘‘colors,’’N, for G:7

N.16p2
v2

m1
2

.
16p2

~gL
21gR

2 !k
. ~13!

Combined with Eq.~11!, this equation tells us that the co
rection to theS parameter becomes smaller if we make t
first KK states heavier, i.e.,m1 /v larger, which can be at-
tained by making eithergL

2k or gR
2k larger. As was found in

Ref. @6#, this can be done by makinggR
2/gL

2 larger even in the

case of 1/g̃L,0
2 .1/g̃Y,0

2 .1/16p2. An alternative possibility is
to take all the bulk gauge couplings large, 1/gL

2.1/gR
2

.1/gX
2.M* /16p3, and to assume that the 4D gauge co

plings almost entirely come from the Planck-brane co
plings.

Here we comment on the range ofN we are imagining.
Because the 4D gauge couplingsg4D receive contributions
from the bulk gauge couplings,g5D , we naturally expect tha
1/g4D

2 *pR/g5D
2 @see Eq.~8!, for example#. This relation can

be written as 1/g4D
2 *pkR/g5D

2 k.(N/16p2)ln(k/k8), using
Eq. ~13!. Since the observed 4D gauge couplings are of or
1, this gives constraints onN: N&16p2/ln(k/k8). This rela-
tion is understood in the 4D picture as the condition that
asymptotically nonfree running of the 4D gauge couplin
caused by theG sector, (N/16p2)ln(k/k8), must not make the
low-energy values of the gauge couplings,g4D , too small. In
any case, with ln(k/k8).30, we obtainN&5 so that we are
not considering very large values ofN in the present context

At leading order in 1/N, represented by the diagram i
Fig. 2, theT and U parameters are not generated. This
because theG sector respects the global custodialSU(2)
symmetry so that just inserting theG dynamics, i.e. the gray
disk, does not giveT or U parameters@22#. Therefore, at this
order, the electroweak oblique parameters receive contr
tions

S5cS

16p

~gL
21gR

2 !k
, ~14!

T5U50, ~15!

wherecS is a coefficient of order unity.
What does this leading order contribution correspond to

the 5D picture? To see this, it is instructive to write Fig. 2
a slightly deformed way as in Fig. 4. This diagram can
understood as the one in which theW boson is transformed
to some states made up of the constituents of theG sector,
and then goes back toW. Making a cut at the center of th
figure ~the dashed line denoted asA in the figure! we find
that these states are the bound states ofG and have the same

s-
n

it

d

ar
.

-
e

7Equivalently, the value ofN can be determined by the following
argument. The diagram of Fig. 2 gives the squared masses foW
andZ of order (N/16p2)m1

2, in the normalization where the gaug
couplings appear in front of the gauge kinetic terms. Since th
masses arev2, we obtainN.16p2v2/m1

2.

n
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quantum numbers and spin asW. It is then clear that this
represents mixings between the elementaryW boson and the
excitedW bosons, the spin-1 bound states ofG. Since these
excited states correspond to KK states in the 5D picture,
learn that the contribution at leading order in 1/N corre-
sponds to the tree-level contribution in the 5D picture.
fact, by solving the masses and wave functions for the e
troweak gauge bosons at tree level in 5D, we find that
contribution toS takes the form of Eq.~14!. In the absence o
TeV-brane kinetic terms, the coefficientcS is given by cS
53/4 ~more detailed discussions including the TeV-brane
erators are given in the next subsection and in Appendix!.
An interesting point here is that we can calculate
coefficient in Eq. ~14!, i.e. sum up the planar dia
grams, and it gives the dominant contribution for sufficien
large N, i.e. for sufficiently small 5D gauge couplings (gL

2

1gR
2)k!16p2.

Before comparing with experiment, we discuss what h
pens at the next order. The next order contributions com
one loop in 5D, which corresponds to four different types
diagrams as shown in Fig. 5~and diagrams with more inser
tions of the gray disk!. The first one@Fig. 5~a!# is the loop of
the elementary gauge bosons, the second one@Fig. 5~b!# rep-
resents the diagram at the next-to-leading order in 1/N, and
the third and fourth ones@Figs. 5~c!,~d!# represent the one
with an additional loop of elementary fields to that of Fig.
The first diagram does not pick up effects of electrowe
symmetry breaking so that it does not give contributions toS,
T or U. The third diagram@Fig. 5~c!# is also unimportant,
since it gives onlyS.(N/p)(g2/16p2), which is always
much smaller than the leading contribution of Eq.~11! ~it is
simply a higher order effect with the propagator of an int
nal elementary gauge boson corrected by the dynamic
G). This diagram does not give contributions to theT or U
parameters because generating them requires at least on
ditional insertion of the gray disk, to pick up the effect

FIG. 4. The diagram representing the mixing between the
ementaryW boson and the compositeW states arising from the
dynamics ofG. Cutting the diagrams atA gives the states which
have the same quantum numbers and spin asW. Similar diagrams
also exist forWm replaced by the gauge boson ofU(1)Y , Bm .
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custodial breaking encoded in the absence of elemen
chargedSU(2)R gauge bosons in the spectrum.

The second diagram@Fig. 5~b!# represents a correctio
coming entirely from theG sector. Thus, as in the tree-lev
case, it does not give contributions toT or U parameter. Let
us now focus on the contribution to theSparameter from this
diagram. In a perturbative expansion, the disk with a hole
the sum of certain graphs as shown in Fig. 6. A similar r
soning as before implies that the contribution from this a
nulus is of order 1/16p2, so that it gives a contribution to th
S parameter of orderS.1/p. It is then clear that, as long a
N*1, the contribution from Fig. 5~b! is at most comparable
to the leading contribution of Eq.~11!. Note that the condi-
tion N*1 is equivalent to the condition that the 5D gau
couplings are smaller than the value determined by ND
(gL

21gR
2)&16p3/M* , and the AdS curvature scale

smaller than the cutoff scale of the theory,pk&M* @see Eq.
~13!#, which we abide by throughout the paper. The prec
value ofScoming from the diagram of Fig. 5~b! depends on
how we define theSparameter. In particular, if we define ou
S parameter to be the deviation from the standard mo
value, this contribution depends on the reference value
the physical Higgs-boson mass,mH , arbitrarily chosen to
calculate the standard model contribution. However, this
pendence onmH is not very important for later arguments i
the paper. This is because, unless some calculable neg
contribution toScancels the leading contribution of Eq.~14!,
the contribution from Fig. 5~b! becomes important only in
the regionN.1, where all higher order corrections also b
come non-negligible and we are only able to say that
contribution toS is of order 1/p.

The dominant contributions to theT and U parameters
come from the diagram of Fig. 5~d!, whose size is estimate

l-

FIG. 6. The diagrams represented by the gray annulus;cG and
Am

G are matter and gauge fields of theG sector. The contribution
from this set of diagrams is of order 1/16p2.
FIG. 5. The diagrams with an elementary loop~a!, with theG effect at the next-to-leading order in 1/N ~b!, and with an additional loop
of elementary fields on top of the leadingG effect ~c!, ~d!. For ~a! and~c!, similar diagrams using gauge 4-point vertices exist. For~b! and
~d!, there are also similar diagrams withBm on some of external lines.
3-8
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as (N/16p2)(g2/16p2), whereg.1 represents generic elec
troweak gauge couplings. Since the natural scale of thG
sector is mr , this gives contributions to the quantitie
PXX(0) defined by L52(1/2)@v2/21PXX(0)#Am

XAm
X as

PXX(0).(N/16p2)(g2/16p2)mr
2 . Then, according to the

definition of T, we have

T.
16p

g2v2
PXX~0!.

1

p
, ~16!

where we have used Eq.~12! with f p5v. Again, the precise
value ofT, defined as the deviation from the standard mo
prediction, depends on the reference value formH used to
compute the standard model contribution. For theU param-
eter, we note that the diagram of Fig. 5~d! gives a contribu-
tion to PXX8 of order (N/16p2)(g2/16p2). Then, from the
definition of U, we obtain

U.16pPXX8 .
g2v2

m1
2

T. ~17!

This shows that as long as (gv/m1)2!1, as in our case, the
contribution to theU parameter is negligible.

By deforming the diagrams of Fig. 5 as in the way w
deformed Fig. 2 to Fig. 4, we can easily see that these
grams actually correspond in the 5D picture to the one-lo
diagrams in which the KK gauge bosons circulate in
loop. The reason why these diagrams can give only subdo
nant contributions toS is then clear because the size of t
loop diagrams is always smaller than that of the tree-le
effects, unless the quantity is first generated at the loop le
as in the case of theT and U parameters.~Remember that
N*1 corresponds to the condition that the 5D gauge c
plings, g5D , are smaller than the value given by NDA:g5D

2

&16p3/M* .) From the above 4D analysis, we know th
the 5D loop contributions toS andT, given byS.T.1/p,
do not depend onN, i.e., the mass scale of the KK excita
tions. In fact, in the 5D theory we find that the 3-point co
plings involving a lowest-mode~our W andZ) and two KK
gauge bosons scale as 1/AN}m1 /v. Thus they cancel the
mass suppression arising from the KK gauge-boson prop
tors when we calculateS andT, making these contribution
nondecoupling.

We close this subsection with a final important remark.
the above discussion, we have presented our analysis as
ing that matter fields in theG sector,cG , transform as the
fundamental representation underG. We have also implicitly
assumed that the number of these fields are ofO(1) and not
of O(N). These assumptions, however, will most likely
violated in the present theory because it must be nearly c
formal above the scaleL'k8, which requires large repre
sentations or a large number of matter fields to make the
function nearly vanishing. Nevertheless, this will not chan
any of our physical conclusions described here and be
Let us, for example, consider the case where the matter
tor consists ofO(1) number ofcG’s that transform as the
adjoint representation underG. In this case the gray disks i
Figs. 2–4, 5~c! and 5~d! are replaced by gray spheres, whi
11501
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give contributions of orderN2/16p2, and consequentlyN in
Eqs.~11!, ~12!, ~13! must be replaced byN2. Similarly, the
gray annuli in Figs. 5~b! and 6 are replaced by gray tor
However, these replacements do not change any of the
tions between the physical quantities—it simply says that
quantity calledN before must actually be identified asN2.
@Note thatnot all of the N’s must be replaced byN2. For
example, the expansion in Figs. 3 and 6 are given
(N2/16p2) f (g̃2N/16p2) and (1/16p2) f 8(g̃2N/16p2), re-
spectively, and not (N2/16p2) f (g̃2N2/16p2) and
(1/16p2) f 8(g̃2N2/16p2). Basically, N appearing in k

[g̃2N/16p2 is not replaced byN2.# One consequence o
considering adjoint matter is that the corresponding grav
tional theory now seems to be closed string theory, beca
the sphere and torus do not have any edge identified as
end point of strings~for another implication, on an under
standing of the Fermionic KK towers, see footnote 8!. The
situation is similar in the case ofO(N) number of cG’s
transforming as the fundamental representation: the qua
calledN should be identified asN2, although the disks and
annuli in this case are not replaced by other objects and
corresponding gravitational theory is still an open stri
theory. In the rest of the paper, we keep usingN as it ap-
peared in the heuristic presentation in this subsection, a
will not change any of the physical results. The reader w
wants a more precise picture, however, should understan
appropriately as the square of the number of ‘‘colors’’ of t
gauge groupG.

B. Comparison with experimental data: S parameter

Current experimental data already give strong constra
on possible new physics at the TeV scale. For example,
absence of FCNC’s other than those arising from the s
dard model strongly constrains the flavor structure for
TeV physics. Here we concentrate on the constraints aris
from the precision electroweak data, especially those oS
andT oblique parameters. The issue of flavor changing p
cesses will be discussed in the next section.

We first note that ourS and T parameters are defined a
the deviations from the standard model values. The stand
model contributions to the vacuum polarizations are cal
lated once the mass of the physical Higgs boson,mH , is
specified. On the other hand, in our theory there is no Hi
boson in the spectrum so that the contributions to
vacuum polarizations do not depend on such parameter.
means thatS and T, defined as the differences between t
vacuum polarizations in our theory and those in the stand
model, depend onmH , which is arbitrary chosen to calculat
the standard model contribution. Specifically,SandT arising
from the diagrams of Figs. 5~b! and ~d! depend on the pa
rameter mH . Of course, this dependence onmH is not
physical—the experimental constraints onS and T also de-
pend onmH , and the physical constraints on~the G sector
of! our model do not depend on the arbitrary parametermH .
Treating this issue correctly would become important wh
we aim to make a precise comparison between the pre
tions of the theory and experiments. However, we do
3-9
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need such a precision for the purpose here, as we do
attempt to make the comparison between the theory and
periment at the level of 5D one-loop contributions. Rath
we discuss general implications of the results in the previ
subsection, focusing on the large leading-order contribut

We therefore regard that the theory is successful if it gi
sufficiently small values ofS and T. Specifically, we here
take a somewhat conservative criterionS,T&1/p, and con-
sider whether the contribution from the gauge sector deri
in the previous subsection satisfies it. Below, we will expl
itly see that the minimal theory with a perturbative 5D e
ergy region fails to pass this test, which implies that eith
the extension of the model or the deviation from the pert
bative 5D picture is necessary for the theory to be viable.
we will see in the next section, our conclusion is not chang
by including contributions from the matter sector.

With our weak criterionS,T&1/p, only the dangerous
contribution is the leading-order contribution to theSparam-
eter given in Eqs.~11! or ~14!. These equations imply that,
the coefficientcS is order 1, we need to go to the parame
region N.1, which requires that the 5D theory is strong
coupled already at the scale of the lowest excitation. To
the situation more quantitatively, however, we have to cal
late the coefficientcS . This can be done in 5D by solving th
equations of motion for the gauge fields at tree level.

In order to analyze the most general situation, we add
following gauge kinetic terms localized on the TeV brane

S5E d4xE dyA2gindd~y2pR!F (
a51

3 H 2
ZL

4
Fmn

LaFmn
La

2
ZR

4
Fmn

RaFmn
Ra2

ZM

2
Fmn

LaFmn
RaJ 2

ZX

4
Fmn

X Fmn
X G , ~18!

in addition to the bulk and Planck-brane localized gauge
netic terms, Eq.~5!. We can now compute the coefficientcS

as a function of the parameters of the theory, 1/gL
2 , 1/gR

2 ,

1/gX
2 , 1/g̃L

2 , 1/g̃Y
2 , ZL , ZR , ZM , andZX . The detailed cal-

culation is given in Appendix A, and the result can be su
marized as

S5cS

N

p
, ~19!

where

N5
16p2

~gL
21gR

2 !k
, cS5

3

4
1

gL
2k•gR

2k

~gL
21gR

2 !k
~ZL1ZR1ZM !.

~20!

In the absence of the TeV-brane operators,ZL5ZR5ZM
50, we find thatcS53/4 andN must actually be small,N
.1, for the theory to be viable. The smallest value ofN is
obtained at the largest values for the bulk gauge couplin
Suppose that one ofgL or gR becomes strongly coupled a
the cutoff scale of the 5D theory,M* . This implies that at
least one ofgL or gR is as large asgL,R

2 .16p3/M* , and
thus we obtainN.M* /(pk). Therefore, we find that the
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contribution toS becomes sufficiently small only when th
5D cutoff scale is lowered down to the scale of AdS curv
ture ~i.e., the IR cutoff scale,M

*
8 , is lowered to the scale

close to the mass of the first KK resonance,m1.pk8).
At first sight, the above conclusion seems to change if

introduce the TeV-brane gauge kinetic terms,ZL ,ZR ,ZM
Þ0, because of the second term in the equation forcS in Eq.
~20!. A careful study, however, shows that the conclusi
actually persists even in the presence of the TeV-brane te
To see this, we first rewriteZL , ZR, and ZM as ZL
[dL/16p2, ZR[dR/16p2, andZM[dM/16p2, respectively.
The NDA values for these coefficients are then represen
as dL ,dR ,dM5O(1). An important point here is that thes
parameters cannot take large negative values, becau
would lead to a ghost below the IR cutoff scale,M

*
8 . We

thus have constraintsdL ,dR ,dM*21 from the consistency
of the theory, which gives a strong restriction on the pos
bility that the second term in the expression ofcS cancels the
first term and gives smaller values ofcS ~and thus allows
larger values ofN). The second term ofcS in Eq. ~20! be-
comes most negative when at least one ofgL or gR takes the
largest value, in which case

cS.
3

4
1

pk

M*
~dL1dR1dM !. ~21!

We thus find thatcS can be much smaller thanO(1) only
when the two scalesM* andpk are close. In fact, Eq.~21!
suggests that the effect encoded in the TeV-brane kin
terms should be regarded as ‘‘stringy corrections,’’ i.e.,
higher order effect in the 1/k expansion.

The argument described above explicitly shows that
minimal theory with a large perturbative 5D energy interv
M* @pk, fails to comply with precision electroweak dat
because then we havecS*1 andN@1. There are then two
possibilities to make the theory viable. The first one is
extend the minimal model to include a new sector that gi
a negative contribution toS and cancels the leading gaug
contribution of Eq.~19!. Such a contribution may~effec-
tively! arise from additional matter fields~localized to the
TeV brane! @23#, additional gauge bosons@24# or, perhaps,
even from the physics associated with the radion field@25# in
which case the extension of the model may not actually
needed. In this case, the 5D theory can be perturbative u
the cutoff scaleM* which is parametrically higher than th
AdS curvature scalepk. This means that the strongl
coupledG sector that breaks electroweak symmetry ha
weak coupling description over a certain energy inter
above the mass of the lowest excitation,pk8, up to some
higher energy scale,M

*
8 . This type of theory would then

allow precise computations of electroweak corrections,
exampleS, T and U parameters generated at the 5D lo
level ~although forS there are intrinsic uncertainties of th
same order arising at tree level from operators on the T
brane!. The unitarity of the longitudinalWW scattering am-
plitudes is recovered by the presence of the electroweak
gauge bosons, instead of the Higgs boson@7,26#. The re-
quired cancellation to attain these is of order 1N
3-10
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.pk/M* . Thus, in order to have a reasonable energy in
val where the theory has a weak coupling description,
M* /(pk).5, we only have to invoke the cancellation
order 20%.

The second possibility is to give up a weak coupling d
scription of the theory; specifically, we takeM* .pk. In this
case the mass of the first excited mode,m1.pk8, is close to
the scale where the theory becomes truly strongly coup
M

*
8 . There is no energy interval where the theory admit

weak coupling description, and electroweak radiative corr
tions cannot be reliably computed. Nevertheless, NDA s
gests that in this parameter region the corrections toS andT
are both of order 1/p. Therefore, it does not seem so unna
ral that these corrections in fact do satisfy the constra
from precision electroweak measurements. The worry,
course, is that because the cutoff scale is close to the first
mass, the 5D field theoretic description of the theory may
make much sense. For instance, if the 5D Planck scaleM5 is
taken close to the 5D cutoff scale, as in the usual case,
background AdS solution itself will receive large quantu
gravitational corrections and our entire treatment will b
come unreliable. However, the 5D Planck scale,M5, may be
parametrically larger than the cutoff scale,M* . The argu-
ment based on the locality in 5D may also persist even
M* .pk, as the proper distance for the fifth dimension,pR,
is still larger than the cutoff length, 1/M* . Here we do not
try to make further arguments on the viability of this para
eter region. A more solid treatment of this region will pro
ably require a string theoretic construction of the theory.

Having the above two possibilities in mind, we will dis
cuss further phenomenological issues of the theory in
next section. These include flavor violation, top quark p
nomenology, and contributions of the matter sector to
electroweak oblique parameters.

V. FERMION SECTOR AND ITS PHENOMENOLOGY

In this section we discuss the fermion sector of the mo
described in Sec. III. We focus most of our discussions
the third generation quarks since they are most severely
strained by experiments. However, some of our analyses
instance those for mass eigenvalues and flavor violation,
also applicable to the first two generation quarks and lepto
A related study on the issue of fermion masses can be fo
in Ref. @27#.

A. Basic structure

Let us start by summarizing the structure of the ferm
sector of the model given in Sec. III. A single generation
the quark sector consists of the following fermion conten

q~2,1,1/6!5S u

dD ,

c ū~1,2,21/6!5S D̄

ū
D , c d̄~1,2,21/6!5S d̄

Ū
D ,
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qc~2* ,1,21/6!5S uc

dcD ,

c ū
c
~1,2* ,1/6!5S D̄c

ūc D , c d̄
c
~1,2* ,1/6!5S d̄c

ŪcD . ~22!

Hereq, c ū , c d̄ , qc, c ū
c, andc d̄

c represent~left-handed! Weyl
fermions;q andqc form a single 5D~Dirac! fermion, and the
same is true forc ū andc ū

c , and forc d̄ andc d̄
c . The numbers

in parentheses on the left-hand side of the equations re
sent the quantum numbers underSU(2)L3SU(2)R
3U(1)X .

Under the orbifold boundary conditions the zero mod
for the conjugate fields are projected out, so that
qc, c ū

c, c d̄
c fields in Eq.~22! do not have zero modes. Th

zero modes forŪ and D̄ also get masses by marrying wit
the Planck-brane fieldsc ū

8 andc d̄
8 @see discussions below Eq

~6!#. Therefore, before turning on the effect of electrowe
symmetry breaking, the three Weyl-fermion fieldsq, ū andd̄
are massless. These fields have the quantum num
(2,1/6), (1,22/3), and (1,1/3) underSU(2)L3U(1)Y and
are identified as the quarks in the standard model. The
mion KK towers consist of all the fields listed in Eq.~22!.

Once the effect of electroweak symmetry breaking is
troduced through the operators in Eq.~7!, the standard-mode
quarks receive masses, which depend on the bulk mass
rametersc for q, c ū , c d̄ as well as the TeV-brane coupling
yu andyd . These masses, together with the KK tower ma
spectrum, are worked out in Appendix B. They are det
mined by the condition

S JcL21/2S m

k8
D 2

JcL21/2S m

k D
YcL21/2S m

k D YcL21/2S m

k8
D D

3S JcR21/2S m

k8
D 2

JcR21/2S m

k D
YcR21/2S m

k D YcR21/2S m

k8
D D

2ulu2S JcL11/2S m

k8
D 2

JcL21/2S m

k D
YcL21/2S m

k D YcL11/2S m

k8
D D

3S JcR11/2S m

k8
D 2

JcR21/2S m

k D
YcR21/2S m

k D YcR11/2S m

k8
D D 50,

~23!

wherem represents the mass eigenvalues: the masses fo
quarks and the KK towers are given as the solutions to
3-11
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equation. HereJn(x) andYn(x) are Bessel functions,cL and
cR are the bulk masses for the left-handed and right-han
fermions, andl represents the size of the TeV-brane ope
tors. For example, if we want to know the mass eigenval
of the up-type quark KK tower, we substitutecL5cq , cR
5cc ū

, andl5yuvH in Eq. ~23! and solve. In the case of th

down-type quark, we usecL5cq , cR5cc d̄
, and l5ydvH .

For the leptons,cL5cl , cR5cc ē
, andl5yevH .

For the first two generation quarks~and leptons!, we
choosecL andcR sufficiently larger than 1/2. In this case th
lightest mass eigenvalues, i.e., the masses of our quarks
leptons, are suppressed by a large factor,m
;k8(k8/k)cL1cR21, explaining the hierarchy among qua
and lepton masses@17#. Because we do not want to hav
such a suppression for the third generation quarks, espec
for the top quark, we choosecq andcc ū

for the third genera-

tion to be smaller than 1/2. The third generationcc d̄
is taken

to be larger than but close to 1/2 so that the bottom qu
mass is not too suppressed. More detailed discussion
phenomenology of the third generation sector, including
mass spectrum of the top-quark KK tower, appear in
following subsections.

B. Constraints from flavor violation

Since the electroweak gauge symmetry is broken
boundary conditions or a large VEV of the brane-localiz
field H, the wave functions of theW and Z bosons in our
theory are not flat in the extra dimension. This generica
introduces nonuniversality of the electroweak gauge c
plings depending on the bulk fermion mass parameters,
cause the 4D gauge couplings are obtained by convolving
wave functions of the corresponding fermion with the gau
boson, which are not universal for fermions having differe
values of the bulk masses. To estimate the size of this n
universality, we first consider the theory in the 4D picture.
this picture the nonuniversality for the electroweak gau
couplings is caused by the diagram as shown in Fig. 7~a!.
Here, the solid external lines are fermion fields and the w
external line is the electroweak gauge boson. The gray
at the center represents the dynamics of theG sector.

What is the coupling of the external fermion lines~el-
ementary fermion fields! to theG sector? In the 4D picture
an elementary fermion fieldc couples to theG sector
through the interaction likeL4D;cOc , whereOc is an op-

FIG. 7. Diagrams giving flavor nonuniversal gauge interactio
~a! and four-fermion operators~b!. The gray disks represent th
dynamics of theG sector.
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erator which consists of fields in theG sector and has the
quantum numbers ofc conjugate. The dimension of this op
erator is related to the bulk massc of the 5D field corre-
sponding toc. Forc>21/2 it is given by@Oc#5c12 @28#.
Therefore, in terms of the canonically normalized fieldc,
the coupling ofc and theG sector can be written as

L4D5
h

kc21/2
cOc , ~24!

where h is a dimensionless coupling constant. Forc.1/2
this is an irrelevant operator and the couplingh is of order 1.
For c,1/2, the interaction in Eq.~24! is relevant, and the
coupling h runs with energy ash(m);(k/m)c21/2, which
implies thath/kc21/2 provides an order-1 insertion at an
given energy@4#. For c51/2 the operator is marginal andh
is given byh;1/@ ln(k/k8)#1/2 at the electroweak scale. Forc
larger than but close to 1/2, h.$(2c21)/@1
2(k8/k)2c21#%1/2.

We can now estimate the nonuniversality arising from
diagram of Fig. 7~a!. For c.1/2 the fermion field is attached
to the gray disk with the factorh/kc21/2. The gray disk con-
tributes asN/16p2;1/(gL

21gR
2)k.8 Multiplying these factors

and supplying the dimension byk8 then leads to the nonuni
versality of the gauge couplingdg:

dg

g
5a

h2k82c21

~gL
21gR

2 !k2c
, ~25!

wherea is anO(1) constant. In fact, this parametric depe
dence can be recovered in the 5D calculation. Defining
nonuniversalitydg as the deviation of the gauge couplin
from the case of Planck-brane localized fermions, we obt
it by convolving the wave functions of the matter zero mo
and the electroweak gauge boson. We find thata.1 –10 that
depends quite weakly onc „the a here contains the possibl
effect from brane couplings@see Eq.~26! below#, which
arises from the fact that ourW andZ bosons are mixtures o
elementary and composite states…. This constitutes a smal
nonuniversality, and the constraints from flavor violatin
processes for the first two generation quarks~as well as lep-

8This estimate may be justified by the following argument. T
fact that the 4D gauge couplings receive contributions from theG
sector proportional toN implies that theG matter charged unde
SU(2)L3U(1)Y is in fundamental representations ofG. Then, the
fields circulating on the edge of the disk must be fundamental r
resentations ofG ~the edge between the two external fermion lin
is a scalar!, and the standard counting in largeN for the group-
theoretical factor givesN/16p2. An alternative possibility is that
matter in theG sector,cG , is in the adjoint representation underG
~see the last paragraph of Sec. IV A!. In this case, the gray disk
becomes a gray sphere and contributions from theG sector to the
4D gauge couplings are proportional toN2. TheN power counting
perfectly works just by replacingN by N2. The adjoint matter also
provides an understanding of the KK towers of the fermion fields
bound states ofcG andAm

G ~the gauge bosons ofG). A fundamental
scalar field is not necessary in this case.

s

3-12
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tons! are evaded relatively easily@6#, especially whengR is
large, i.e., the mass of the first KK gauge boson becom
large. Similarly, nonuniversal four-fermion operators gen
ated by the exchange of the KK gauge bosons, represe
by the diagram of Fig. 7~b!, are also quite small for the firs
two generations. They are given by dGF

.h4(k8/k)4c22/@(gL
21gR

2)kk82#, wheredGF represents the
coefficients of the flavor violating four-fermion operators o
tained after integrating out the KK gauge bosons.9

For the third generation quarks,cq and cc ū
must be

smaller than 1/2 in order to give a large enough mass to
top quark. The value ofcq is then constrained by the flavo
violating coupling of the left-handedb quark to theZ boson.
Performing a full 5D calculation, we find that the releva
flavor violation is parametrized by

dgL
b

gL
b

5
f

~gL
21gR

2 !k
S gL

2

pRg2D , ~26!

wheregL
b is the coupling of the left-handed bottom quark

the Z boson, andf 5 f (cL ,cR ,l) is a function ofcL5cq ,
cR5cc d̄

, and l5ydH. The last factor captures the depe

dence ofdgL
b/gL

b on the brane couplings, becoming 1 in the
absence@see Eq.~8!#. For cR.1/2 andl&1, the coefficient
f effectively depends only oncL . The dependence is roughl
given by

f ~cL!'2a8h252a8
122cL

12~k8/k!122cL
, ~27!

where the dependence ofa8 on cL is rather weak~for in-
stance, 6&a8&7 in the parameter region we are intereste
0.3&cL&0.5). In Fig. 8 we plotf as a function ofcL , cal-

9Diagrams similar to Figs. 7~a! and ~b! but with c ’s replaced by
gauge fields give corrections to the gauge three-point and four-p
interactions,ZWW, WWWWand ZZWW. These corrections are o
orderdg/g.(N/16p2)g2.g2v2/m1

2.

FIG. 8. The functionf defined in Eq.~26!, which determines the
deviation ofgL

b from its standard model value.
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culated in the 5D picture. TheZ→bb̄ decay constrains the
quantitydgL

b/gL
b to be less than a percent level. In our theo

(gL
21gR

2)k.16p2/N, and in the case that the brane co

plings are given by Eqs.~10! with 1/g̃L,0
2 .1/g̃Y,0

2 .1/16p2,
we find from Eq.~26! and Fig. 8 thatcL must satisfycL
*0.3,0.44 and 0.47 forN.1,3 and 5, respectively. There
fore, to avoid having to fine tune the parametercL to be very
close to 1/2, smaller values ofN are preferred. This points in
the same direction as the leading-orderS parameter con-
straint, although the constraint fromZ→bb̄ is weaker and
allows a reasonable energy interval for the weakly coup
5D description, e.g.N.3. In the case of strong bulk gaug
couplings, Eq.~26! gives about one percent deviation fo
cL.0.49 for 1/gL,R,X

2 .M* /16p3. Smaller values ofcL ,
however, are possible ifgL takes somewhat smaller value
e.g. gL

2&8p3/M* , or there is some cancellation from un
known strong coupling dynamics.

C. Top quark phenomenology

Obtaining a large enough mass for the top quark is
nontrivial issue in any theory with dynamical electrowe
symmetry breaking. In this subsection we discuss the sp
trum of the top quark and its KK tower. We also address
resulting top-quark phenomenology.

The relevant parameters for the top-quark sector arecL
5cq , cR5cc ū

andl5yuH for the third generation. As see

in the previous subsection, the parametercL must be close to
1/2 to avoid the conflict with the observedZ→bb̄ decay rate.
The parametercR is less constrained and can take mu
smaller values. For fixed values ofcL andcR , the spectrum
of the top KK tower shows the following behavior as a fun
tion of l. For l50, the spectrum consists of two decoupl
towers for the 5D fieldsu and ū. Each tower has a zero
mode, which is a Weyl fermion, and a tower of Dirac ferm
ons; the towers foru and ū have identical masses forcL
5cR , but in general have slightly different masses forcL
ÞcR . Therefore, the overall spectrum forl50 can be de-
scribed as follows: there is a Dirac fermion at the massl
level, which consists of two Weyl-fermion zero modes ofu

and ū, and the KK tower has two Dirac fermions at ea
level, arising fromu andū, whose masses are degenerate
cL5cR but not in general. When we turn onl by a small
amount (l!1), the Dirac fermion that is massless forl
50 receives a mass proportional tol. Meanwhile, the two
Dirac fermions at each level become increasingly split:
lightest of the two becomes lighter and the heaviest beco
heavier. For very largel (l@1), the masses for all the
states become constant. In particular, the mass of the
merly massless state approaches to a constant value of
k8. The lightest of the first excited states becomes close
this state in mass. They become degenerate atl→` for cL
5cR , but not forcLÞcR .

The behavior of the mass eigenvalues described abov
plotted in Fig. 9 forcL50.4 with three different values o
cR : 0.4, 0.1,20.2. In the figure, we have plotted the ma
eigenvalues of the top KK tower in units ofk8, obtained by

int
3-13
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solving Eq.~23! for given values ofcL andcR , as a function
of l. The solid, dashed and dot-dashed lines represent
spectra forcR50.4, 0.1 and20.2, respectively. We can se
from the figure that the masses approach to constant va
for l→`. For the lowest mass eigenstate, which we iden
as the standard-model top quark, the mass approache
m/k8.0.65 for l→` regardless of the value ofcR , al-
though the value ofm/k8 obtained forl5O(1) depends on
cR . This is because forl→` the mass eigenvalues are d
termined by the condition that the second term in the le
hand side of Eq.~23! is vanishing; namely, the sum of th
solutions of Jc11/2(m/k8)2@Jc21/2(m/k)/Yc21/2(m/k)#
3Yc11/2(m/k8)50 for c5cL and cR . This in turn implies
that the maximum value of the top-quark mass, i.e., the m
at l→`, is determined by the value of the largest ofcL and
cR (cL in the case of Fig. 9!, since the value ofm/k8 ob-
tained as the lowest mass solution of the above equa
decreases for increasing value ofc. Specifically, the maxi-
mum value of the top-quark mass is given bym/k8.0.25,
0.45, 0.65, 0.80, and 0.95 for max$cL ,cR%50.5, 0.45, 0.4,
0.35, and 0.3, respectively. Therefore, there is a tension
tween the top-quark mass and the constraint fromZ→bb̄

discussed at the end of the previous subsection, asZ→bb̄
provides the lower limit for the value ofcL @22#. Since the
value ofk8 in our theory isk8.2pv/AN @from Eqs.~8! and
~20!#, we find thatN must satisfyN&4 to obtain a large
enough top-quark mass,mt.165 GeV forMS without QCD
radiative corrections.10 We also find from Fig. 9 that for suf
ficiently large values forcR the mass of the first top-quar
KK tower is significantly lighter than that of the first gaug
boson KK tower,m1.2.4k8, in the regionl@1. This fea-
ture, however, is lost forl&1 or smaller values ofcR .

10Introducing Planck-brane localized kinetic terms for the le
and right-handed top quarks does not significantly modify the ar
ment, unless there are unnatural cancellations.

FIG. 9. The spectra for the top KK tower. The horizontal axis
l5yuH, and the vertical axis is the masses in units ofk8. The
solid, dashed and dot-dashed lines are for (cL ,cR)5(0.4,0.4),
(0.4,0.1) and (0.4,20.2), respectively.
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In Fig. 10, we present a magnification of the lower-le
corner of Fig. 9. From this figure we can obtainl for a given
value of N. Let us, for example, consider the two cases
N.1 and 3. In these cases, the values ofk8 are given by
k8.1100 and 630 GeV, respectively, requiringm/k8.0.15
and 0.26 to reproduce the observed top-quark mass. T
values are easily obtained forcR5$20.2,0.1,0.4% by choos-
ing l.$0.3,0.4,0.8% and $0.5,0.7,1.5%, respectively. It is in-
teresting that these values ofl are what one would naively
expect from dimensional grounds:yu'1/M* and H'M* .
This is also true for larger values ofcL and for the case of
strong bulk gauge couplings. For example, forcL50.49
and N.1 one only needs l.$0.7,0.9,1.9% for
cR5$20.2,0.1,0.4% to obtain the observed top-quark mass

We finally discuss phenomenological issues in the
sector. As theW andZ wave functions are not flat in the extr
dimension, the couplings of these gauge bosons to the
quark deviate from their standard model values. For the l
handed top quark, the deviation of the coupling toZ is
roughly given by Eq.~26! and at a level of a few percen
The deviation of thetLbLW coupling from the standard
model is also at this level. Therefore, these effects are
constrained by the present experimental data. The effect
the right-handed top quark can be much larger because it
smaller values ofc. For example, smaller values ofc induce
the interaction of the right-handed top quarktR to the W
boson. However, this interaction couplestR andW only with
the heavy fieldB̄ and its KK tower, denoted asD̄ in Eq. ~22!,
so it is irrelevant at low energies. A particularly interestin
effect appears in the right-handed top quark coupling to thZ
boson,tRtRZ. This coupling can have an order-1 deviatio
from the standard model value. The deviation arises ma
from the fact that theZ wave function insideAm

R3 has a
nontrivial profile, and is approximately given bydgR

t /gR
t

5 f 9gR
2/(gL

21gR
2), where f 9'(122cR)/@12(k8/k)122cR#

with cR representing the bulk mass fortR . This is in contrast
to the case of thebLbLZ coupling, which arises from
the variation of theZ wave function inAm

L3 and thus is
given by dgL

b/gL
b5 f 8gL

2/(gL
21gR

2) with f 8'(122cL)/
@12(k8/k)122cL# @see Eqs.~26!, ~27!#. SincegR can generi-
-

FIG. 10. The same as Fig. 9 but for 0<l<2 and 0<m/k8
<0.5.
3-14
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cally be larger thengL ~andcR smaller thancL), dgR
t /gR

t can
be large. It will be interesting to explore this coupling in
future e1e2 linear collider@29#.

D. Corrections to oblique parameters

From the analysis in Sec. IV of the electroweak obliq
corrections generated by the gauge sector, we have fo
that there are two possibilities for making the theory viab
One is to haveN.1, i.e. (gL

21gR
2)k.16p2, and the other is

to extend the theory to give an additional negative contri
tion to S. In the former case the contributions toSandT from
the top sector cannot be reliably calculated, as the IR cu
of the theory is close to the scale of the first resonance so
there is no energy region where the theory has a weak
pling description. However, an argument similar to the gau
case suggests that these contributions are of orderS;T
;1/p. The relevant diagrams are similar to those in Fig
but with appropriate modifications@internal lines should be
the top quark or itsSU(2)R partner, there must be mor
insertions of theG dynamics with the chirality flipping ef-
fects, and so on#. Because the diagrams have insertions of
fermion masses, the contributions from the other fermio
are much smaller. Therefore, although we do not know
precise contribution from the matter sector, we can exp
that the theory may still be viable in the sense that the c
tributions to the oblique parameters are of orderS,T&1/p.

In the case with additional negativeS contributions, we
can have a moderate energy interval where the theor
weakly coupled. In this case, the top contribution toS does
not give any additional constraint, because we have alre
invoked the cancellation between the gauge and the a
tional negative contributions—we simply have to make
sum of the gauge, top and additional contributions to
smaller than the experimental constraint. As for the top c
tribution toT, it is a calculable quantity dominated by the I
region'k8, due to the custodialSU(2) symmetry of theG
sector @22#. The contribution is roughly given byT
'at(mt /k8)2, whereat is a constant; the value ofat de-
pends oncL andcR , and may have an enhancement com
from the fact that theG sector~KK towers! feels stronger
chiral symmetry breaking than the elementary sector. T
acceptable values ofT from the top sector depend on the si
of the contributions from the gauge sector and an additio
sector needed to makeS sufficiently small. However, base
on the naive estimate, it does not seem implausible to ex
that the top contribution, together with all the other cont
butions, actually fit to the data in some explicit models.

E. Implications for flavor physics

As mentioned in Sec. V B, flavor violation in this mod
arises as a consequence of the need to have different
masses for the third generation quarks in order to obta
large top quark mass. This nonuniversality leads to tree-le
FCNC’s. These have two main manifestations. First, si
the wave function of theZ is pushed away from the IR bran
by the boundary conditions~or a large VEV!, there will be
non-negligible tree-level FCNC couplings ofqT5(tLbL)T
11501
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and tR with the Z, since these must be localized not too f
from this brane. We define the effectiveZbs coupling by

LZbs5
g2

4p2

g

2 cosuW
~Zbsb̄LgmsL1Zbs8 b̄RgmsR!Zm ,

~28!

whereZbs andZbs8 encode both the one-loop standard mod
as well as new physics contributions. Up to a factor of ord
1, the tree-level FCNC vertex induced by the flavor violati
coupling discussed in Sec. V B results in

dZbs.S 2
1

2
1

1

3
sin2uWDDL

bs8p2

g2 S dgL
b

gL
b D .28p2DL

bs
dgL

b

gL
b

,

~29!

wheredgL
b/gL

b is given in Eq.~26! and takes a value of orde
one percent~or somewhat smaller! in a generic paramete
region. In Eq.~29!, DL

bs corresponds to theb-s element of
the left-handed down-quark rotation diagonalizing the qu
masses. Thus, with the natural assumptionDL

bs.Vtb* Vts , the
correction is of the same order as the standard model co
bution to this vertex, which is@30# Zbs

SM.20.04 (Z8bs
SM

.0). This leads to potentially observable effects inb
→s,1,2 decays, although the current experimental da
uZbsu&0.08 @30#, are not greatly constraining.11 The effects
are larger in the case that the bound onZ→bb̄ is saturated,
i.e., dgL

b/gL
b.1%, for example in the case of strong bu

gauge couplings. The effect of Eq.~29! also contributes to
hadronic modes, such asB→fKs , although there it must
compete with the parametrically larger contributions fro
gluonic penguins.

The second type of tree-level FCNC effects occur in
interactions of third generation quarks with theall KK gauge
bosons, including those that belong to an unbroken sym
try, such as the KK gluons. This is due to the fact that
lightest KK gauge bosons are localized toward the IR bra
and are therefore strongly coupled totL , bL, and tR . The
FCNC interactions of KK gluons withbL also lead to con-
tributions to hadronicB decays, and they are potentially o
the same order or even larger than the standard model
onic penguins. These could result in sizeable deviations
CP asymmetries inB decays such asB→fKs , B→h8Ks,
andB→p0Ks , among others@32#, even after the constrain
from Z→bb̄ are taken into account.

Finally, the large flavor violating coupling of the to
quark, particularlytR , may lead to a large contribution t
D0-D̄0 mixing. This has the contributions both from KK
gluon andZ exchanges and has the form

11This possibility has also been mentioned in Ref.@31# in the
context of the model of Ref.@22#. We thank K. Agashe for pointing
out this reference to us.
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DmD.4pas

x~cR!

2m1
2

~UR
tu* UR

tc!2

2mD

3^D0u~ c̄RgmuR!~ c̄RgmuR!uD̄0&, ~30!

for the KK gluon exchange. Here,UR is the rotation matrix
for right-handed up quarks, andx(cR) is a function ofcR
which gives the enhancement due to the strong coupling
the KK gluons totR . For instance, forcR.0 and small brane
couplings,x.16. To estimate the contribution toDmD , we
need the quark rotation matrix elements. If we ta
UR

tu* UR
tc.sin5uC , with sinuC.0.2 the Cabibbo angle, the

the current experimental limit@33# on DmD translates into
m1*2 TeV.12 In the strong bulk coupling case,x(cR) can
be enhanced and somewhat largercR or smaller mixing
angles may be required. The contribution fromZ is generi-
cally the same order but somewhat smaller. We thus find
the effect can be consistent with but naturally close to
current experimental limit. Similar contributions come fro
the interactions oftL , but they are typically smaller tha
those fromtR because of larger values ofc.

VI. DISCUSSION AND CONCLUSIONS

We have studied theories of electroweak symmetry bre
ing without a Higgs boson. The electroweak symmetry
broken by nontrivial dynamics of a gauge interactionG,
whose gauge coupling and the number of ‘‘colors’’ are d
noted asg̃ and N, respectively. In conventional 4D techn
color, the theory is assumed to be weakly coupled at
UV—the loop expansion parameterk[g̃2N/16p2 is smaller
than unity—and electroweak symmetry breaking is trigge
at the IR where the perturbative expansion breaks downk
.1. This makes the theory intractable because we must
up all contributions of the formkn (nPZ) arising at thenth
order in perturbation theory, to compute quantities such
the electroweak oblique parametersSandT. Moreover, such
a theory generically has the problem of generating reali
fermion masses without conflicting with the experimen
constraints on flavor violation.

In this paper we have studied an alternative possibility
‘‘dynamical’’ electroweak symmetry breaking, in which th
parameterk is larger than unity at the UV. In particular, w
have concentrated on the case wherek stays almost constan
over a wide energy range above the electroweak scale
indicated by the curve~b! in Fig. 1. In such a theory quan
tities such asS andT can in principle be calculable becau
they are given as expansions in powers of 1/k and 1/N. With
sufficiently largek and N, therefore, we expect to have
calculable theory of electroweak symmetry breaking. This
actually the case for a certain theory of this type, where th
is a dual description in terms of a 5D theory compactified
the truncated AdS space. In this dual description, the e
troweak symmetry is simply broken by boundary conditio

12Unlike for UL andDL , there is in principle no reason whyUR

must have such scaling with the Cabibbo angle.
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imposed at a spacetime boundary~the IR brane!. As long as
the theory is weakly coupled and the AdS curvature scalek is
sufficiently small—which correspond in the 4D picture
have sufficiently largek andN—we can reliably computeS
andT. Quark and lepton masses are also obtained relativ
easily by putting these fields in the 5D bulk and giving the
masses at the IR brane.

Because the theory is calculable, it is possible to mak
reliable comparison between its predictions and experime
data. We have explicitly computed the gauge contribution
theSparameter in the simplest potentially realistic theory
the kind discussed above—a 5D warped space theory
the electroweak symmetry broken by the boundary con
tions at the IR brane, and with the custodialSU(2) symme-
try imposed on theG sector encoded in the physics of the 5
bulk and the IR boundary. The result can be written in t
form S5cSN/p ~or S5cSN2/p), wherecS is a positive con-
stant of order 1 andN ~or N2) is given by 16p2/(gL

21gR
2)k

with gL andgR representing the 5D gauge couplings of t
bulk gauge groupsSU(2)L andSU(2)R , respectively. This
result has a striking similarity to the estimate ofS in techni-
color theories. This is because the size of the prediction
the theory for a physical quantityP is in general rather in-
sensitive to the value ofk—expandingP in powers of 1/N as
P5(nf n(k)N2n, the dependence of the functionsf n(k) on
k is rather mild:f n(k)5O(1) for the entire range ofk. This
in turn implies that if we want to have a large value ofN, or
equivalently a large energy interval where the theory ha
weakly coupled 5D gravitational description, the gauge c
tribution to S must be canceled by some other negative c
tribution, which does not arise from the gauge or matter s
tor of the model. While such a contribution may aris
perhaps, from the intrinsic structure of the theory, for e
ample from the sector needed to stabilize the radius of
extra dimension, it will most likely require an extension
the model. The amount of cancellation required is typica
of order 10%, but if it is attained, we can have a weak
coupled, calculable theory of ‘‘dynamical’’ electroweak sym
metry breaking.

Another interesting possibility is to have a value ofN
close to unity, which is attained by making one or both of t
5D gauge couplingsgL andgR large. In this case we lose th
calculability of the theory, but we expect that the correctio
to the electroweak oblique parameters are of order 1/p. Re-
alistic quark and lepton masses will also be obtained with
contradicting with bounds from flavor changing processes
this property is expected to persist even as we make the
theory strongly coupled. We therefore arrive at a potentia
consistent picture of a dynamical theory of electroweak sy
metry breaking—our theory is obtained by taking the limit
strong 5D gauge couplings in a warped 5D theory, in wh
the electroweak symmetry is broken by boundary conditio
imposed at the IR brane.

A particularly interesting version of this theory is obtaine
by taking all the 5D gauge couplings to be strong:

M* .pk.
16p3

g5D
2

, ~31!
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whereM* is the cutoff scale of the theory andg5D represents
all the 5D bulk gauge couplingsgC , gL , gR and gX for
SU(3)C , SU(2)L , SU(2)R and U(1)X . The observed
gauge couplings then come almost entirely from the Plan
brane couplings. The oblique parameters are expecte
have a size

S,T;
1

p
, ~32!

which is reasonably small, given the uncertainty of the e
mate. BecauseM* .pk implies that the IR cutoff scaleM

*
8

is close to the mass of the first KK resonancem1.pk8,
whereM

*
8 [M* e2pkR and k8[ke2pkR, we do not have a

weakly coupled KK picture around the TeV scale. Rather,
have strongly coupled ‘‘string states’’ at the scale of

M
*
8 .4pv.2 TeV, ~33!

below which the theory is essentially the standard mo
without a Higgs boson~the radion field may also be lighte
than M

*
8 ). A difference from the conventional 4D techn

color picture is that above this scale these states bec
associated with the 4D gauge interactionG but whose gauge
couplingg̃ stays almost constant and has a value of orderp
or slightly larger, i.e.,k.1 or slightly larger@k in 4D cor-
responds toM* /(pk) in 5D#. Just aboveM

*
8 , there are

resonances, which then become increasingly broader an
nally merge into a continuum consistent with conform
symmetry. This makes it possible to consider the theory a
strong coupling limit of a 5D warped theory. We can th
expect that realistic fermion masses are obtained with
phenomenological disasters, although some flavor viola
signals could be close to the experimental bounds. This
ture is also different from that of Ref.@34#, because the
theory as formulated in 4D is well defined up to the sc
close to the 4D Planck scale,MPl . The theory in the energy
interval betweenM

*
8 and MPl is simply SU(3)C3SU(2)L

3U(1)Y3G gauge theory with the coupling ofG nearly
constant and of order 4p. For example, the running of th
SU(3)C , SU(2)L and U(1)Y gauge couplings is still loga
rithmic with the beta-function coefficients given by

bi5bi
SM1e i , ~34!

where i 53,2,1 representsSU(3)C , SU(2)L, and U(1)Y ,
and bi

SM are the standard-model beta functions withou
Higgs boson, (b1 ,b2 ,b3)5(4,210/3,27) @in the ‘‘SU(5)
normalization’’ for theU(1)Y gauge coupling#; e i are the
corrections arising from theG sector ande i.1. This may
even suggest some sort of gauge unification at a high sca
order the Planck scale, sincee i do not have an enhanceme
from the group theoretical factor so that the gross feature
the standard-model gauge coupling evolution~the three
gauge couplings approach at high energies! is expected to
persist. The entire physical picture of our theory is depic
in Fig. 11.

The strong coupling feature of the theory raises the is
that the 5D gravitational description may not be entirely
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liable. For example, large quantum gravitational correctio
may destabilize the structure of the background geome
However, we only need essentially the AdS-like structure
be preserved in the 5D bulk so that there remains a la
energy interval above the electroweak scale where the th
is near conformal. This may be the case, for example, w
the 5D Planck scaleM5 is parametrically larger than th
cutoff scaleM* . The full treatment of the theory will prob
ably require string theoretic constructions, which may a
give additional constraints: for example, the value ofN may
be quantized through the Dirac quantization condition
higher-form gauge fields. Nevertheless, given the presenc
an effective field theoretic model with a certain strong co
pling limit, it does not seem so implausible to expect that
theory as described here does in fact exist in some U
completed schemes.

The experimental signatures of such a theory will be qu
‘‘simple.’’ Below the scale of.2 TeV, the theory is essen
tially the standard model without a Higgs boson. New sta
appear atM

*
8 .2 TeV, which are composite states of theG

sector and will effectively be described as ‘‘string’’ state
Since some of these states will be unstable, the tail of
physics may show up even at lower energies in collider
periments. This situation is similar to the minimal techn
color theory, but here the observed fermion masses are
rectly reproduced through physics at higher energies. In
respect, it may not be easy to discriminate the present the
from certain technicolor models@35# ~they may even be re
lated to each other in the space ofk). An interesting state is
the radion field which is expected to be lighter thanM

*
8 ,

especially whenM5*M* , and which arises in the 4D pic
ture by spontaneous breaking of conformal invariance. T
properties of this field are similar to the standard mo
Higgs boson in some parameter region, but in general ca
different @36#. Because the theory can tell quite little abo
physics at the 2-TeV scale, it will be very important to e
plore this energy region experimentally. Through such exp
rations, we will be able to learn about the physics of ele

FIG. 11. The overall picture of the theory. Hereg1,2,3 represents

the gauge couplings ofSU(3)C3SU(2)L3U(1)Y , while g̃ repre-
sents that ofG.
3-17



th

o
th
E-

ec
t t
y
e
n

D
ld

ug

-

in
of
der

uge

re

-

,

w-
s at
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troweak symmetry breaking caused by strong dynamics
does not contain any small parameter.

Note added:After the completion of this work, Ref.@37#
appeared which addresses related issues.
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APPENDIX A

In this appendix we calculate the oblique parametersS, T
and U at the leading order for the theory described in S
III. These parameters can be calculated by integrating ou
new physics, i.e. theG sector, and deriving the low-energ
effective theory for the electroweak gauge bosons. The
fects of theG sector then appear in the vacuum polarizatio
for these gauge fields, which we parametrize byPXY and
PXY8 (X,Y51,3,Q) as

Leff52
1

2 (
a51

2

Wm
a F S v2

2
1P11D1p2S 1

g2
2P118 D GWm

a

2
1

2
Wm

3 F S v2

2
1P33D1p2S 1

g2
2P338 D GWm

3

2
1

2
BmF S v2

2
1P33D1p2S 1

g82
2P338 12P3Q8

2PQQ8 D GBm1Wm
3 F S v2

2
1P33D2p2~P338 2P3Q8 !GBm ,

~A1!

whereLeff is the low-energy effective Lagrangian in the 4
momentum space. The normalizations for the gauge fie
are taken such that they couple to the matter fields thro
the covariant derivatives

DmcL5]mcL1
i

2 S Wm
3 12YBm Wm

1 2 iWm
2

Wm
1 1 iWm

2 2Wm
3 12YBm

DcL ,

~A2!

DmcR5]mcR1 iYBmcR , ~A3!

wherecL andcR represent$q,l % and$u,d,e%, respectively.
The parametersS, T, andU are defined by@9#

S[16p~P338 2P3Q8 !, ~A4!

T[
8p~g21g82!

g2g82v2
~P112P33!, ~A5!

U[16p~P118 2P338 !. ~A6!
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These parameters do not depend on the values ofg and g8
we choose to extractPs andP8s from Eq.~A1!, as long as
P11,33!v2 andP11,33,3Q,QQ8 !1/g2,1/g82.

The effective Lagrangian,Leff , in our theory is obtained
in 5D by integrating out the physics ofy.0 keeping the
values of the 5D gauge fields aty50 fixed, which we iden-
tify as the low-energy 4D fields@8#. Since we are here inter
ested in the leading-order contributions toS, T andU, which
are represented in the 4D picture by the diagram shown
Fig. 2 in Sec. IV, it is sufficient to solve the equations
motion for the bulk gauge fields at the classical level un
appropriate boundary conditions.

The action for the gauge fields are given by Eqs.~5!, ~18!,
i.e., the sum of the bulk, Planck-brane, and TeV-brane ga
kinetic terms. In terms of the conformal coordinatez
[eky/k, the bulk equations of motion for the gauge fields a
written as

z]zS 1

z
]zAm

GD2p2Am
G50, ~A7!

where we have kept only the transverse modes, andG runs
for L1,R1,L3,R3, andX, which represent the first two com
ponents ofSU(2)L , those ofSU(2)R , the third component
of SU(2)L , that of SU(2)R , and U(1)X , respectively.
These equations have solutions of the form

Am
G~p,z!5z$am

G~p!I 1~pz!1bm
G~p!K1~pz!%, ~A8!

where I 1(x) and K1(x) are the modified Bessel functions
andam

G(p) andbm
G(p) are functions of the 4D momentump.

The boundary conditions at the Planck brane (y50) are
given by

@Am
L1~p,z!#z51/k5Wm

1 ~p!, ~A9!

@Am
R1~p,z!#z51/k50, ~A10!

@Am
L3~p,z!#z51/k5Wm

3 ~p!, ~A11!

@Am
R3~p,z!#z51/k5Bm~p!, ~A12!

@Am
X~p,z!#z51/k5Bm~p!, ~A13!

which identify the 5D fields at the Planck brane to the lo
energy 4D degrees of freedom. The boundary condition
the TeV brane (y5pR) are given by

@Am
L1~p,z!2Am

R1~p,z!#z51/k850, ~A14!

S 1

gL
2

]zAm
L1~p,z!1

1

gR
2

]zAm
R1~p,z!

1p2
k

k8
@ Z̃LAm

L1~p,z!1Z̃RAm
R1~p,z!# D

z51/k8

50,

~A15!

@Am
L3~p,z!2Am

R3~p,z!#z51/k850, ~A16!
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S 1

gL
2

]zAm
L3~p,z!1

1

gR
2

]zAm
R3~p,z!1p2

k

k8
@ Z̃LAm

L3~p,z!

1Z̃RAm
R3~p,z!# D

z51/k8

50, ~A17!

S 1

gX
2

]zAm
X~p,z!1p2

k

k8
ZXAm

X~p,z!D
z51/k8

50, ~A18!

which are essentially those of Eq.~3! but appropriately
modified by the presence of the TeV-brane gauge kin
terms. Here,Z̃L[ZL1ZM and Z̃R[ZR1ZM .

The boundary conditions Eqs.~A9!–~A18! determine the
coefficientsam

G(p) and bm
G(p) in Eq. ~A8!. Plugging these

solutions into the original action, Eqs.~5! and ~18!, and in-
tegrating overz, we obtain the low-energy effective Lagran
ian. Expanding this Lagrangian in powers ofp up to the
quadratic order, we find

Leff52
k82

~gL
21gR

2 !k
S (

a51

2

Wm
a Wm

a 1Wm
3 Wm

3 22Wm
3 Bm

1BmBmD 2
p2

2 H S pR

gL
2

1
1

g̃L
2D S (

a51

2

Wm
a Wm

a 1Wm
3 Wm

3 D
1S pR

gR
2

1
pR

gX
2

1
1

g̃Y
2 D BmBmJ

2
p2

8~gL
21gR

2 !k
H S 231

4gR
4k

gL
21gR

2 ~ Z̃L1Z̃R!D
3S (

a51

2

Wm
a Wm

a 1Wm
3 Wm

3 D
1S 231

4gL
4k

gL
21gR

2 ~ Z̃L1Z̃R!14~gL
21gR

2 !kZXD BmBm

1S 61
8gL

2gR
2k

gL
21gR

2 ~ Z̃L1Z̃R!D Wm
3 BmJ . ~A19!

This reproduces the matching relations of Eqs.~8! at the
leading order in 1/pkR @assumingZL,R,M ,X5O(1/16p2) as
suggested by NDA#. We then obtain the vacuum polarizatio
parameters

P115P3350, ~A20!

P118 5P338 5
3

4~gL
21gR

2 !k
2

gR
4

~gL
21gR

2 !2
~ Z̃L1Z̃R!,

~A21!

P3Q8 52
gR

2

gL
21gR

2 ~ Z̃L1Z̃R!, ~A22!
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PQQ8 52~ Z̃L1Z̃R1ZX!. ~A23!

Several features of this result can be understood from
symmetry reason. For example, the reason for whyP11

5P33 andP118 5P338 comes from the fact that the dynamic
of the G sector, encoded in the bulk and TeV-brane phys
respects the custodialSU(2) symmetry. The coefficients fo
TeV-brane operatorsZL , ZR and ZM always appear in the
combination of Z̃L1Z̃R5ZL1ZR12ZM because the TeV
brane respects the diagonal subgroup ofSU(2)L and
SU(2)R . Finally, in the case of vanishing TeV-brane oper
tors, ZL5ZR5ZM5ZX50, we getP3Q8 5PQQ8 50. This is
because the fullSU(2)L3SU(2)R symmetry is respected b
the operators in the 5D bulk.

Equations~A20!–~A23! give the oblique parameters

S5
16p

~gL
21gR

2 !k
H 3

4
1

gL
2k•gR

2k

~gL
21gR

2 !k
~ Z̃L1Z̃R!J , ~A24!

T5U50. ~A25!

As expected, theT and U parameters are zero at this ord
because of the custodialSU(2) symmetry imposed on theG
sector. The value ofS has a size of orderN/p, whereN is
given by Eq.~13!, as discussed in Sec. IV A.

APPENDIX B

In this appendix we derive the formula determining t
mass eigenvalues for the quark and lepton KK towers.
here use the notation of Eq.~22! for the up-type quark sector
However, the computation is completely identical for t
down-type quark and lepton sectors, so that the results
also applicable to these cases.

We define the rescaled fieldsû5e22kyu, ûc5e22kyuc,

û̄5e22kyū, and û̄c5e22kyūc. In terms of these fields, the
action is written as

S5E d4xE dy@eky~ û†i s̄m]mû1ûcism]mûc†1 û̄ism]m û̄†

1 û̄c†i s̄m]m û̄c!1ûc~]y1cLk!û1û†~2]y1cLk!ûc†

1 û̄c~]y1cRk! û̄1 û̄†~2]y1cRk! û̄c†

2d~y2pR!~lûû̄1l* û†û̄†!#, ~B1!

where the bulk terms come from the 5D kinetic terms and
TeV-brane terms from the operator in Eq.~7!; cL andcR are
the bulk mass parameters for theq and c ū fields, i.e. cL
5cq andcR5cc ū

, andl is given byl5yuvH .
The above action, Eq.~B1!, provides both bulk equation

of motion and boundary conditions. Expanding the 5D fie
as
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û~x,y!5u~x! f̂ u~y!, ~B2!

ûc~x,y!5ū~x! f̂ u
c~y!, ~B3!

û̄~x,y!5ū~x! f̂ ū~y!, ~B4!

û̄c~x,y!5u~x! f̂ ū
c
~y!, ~B5!

we obtain the bulk equations of motion

S 2]z1
cL

z D f u
c1m fu50, ~B6!

S ]z1
cL

z D f u1m fu
c50, ~B7!
11501
S 2]z1
cR

z D f ū
c
1m fū50, ~B8!

S ]z1
cR

z D f ū1m fū
c
50, ~B9!

where m represents the 4D mass eigenvalues,i s̄m]mq

5mq̄†. Here we have used the conformal coordinatez

[eky/k, and f u(z)5 f̂ u@ ln(kz)/k#, f u
c5 f̂ u

c@ ln(kz)/k#, f ū

5 f̂ ū@ ln(kz)/k# and f ū
c
5 f̂ ū

c
@ ln(kz)/k#. The boundary conditions

are given by
s

s, Eq.
5
f u

cuz51/k1e50,

~]z1kcL! f uuz51/k1e50,

f ū
cuz51/k1e50,

~]z1kcR! f ūuz51/k1e50,
5

f u
cuz51/k82e2l f ūuz51/k82e50,

~]z1k8cL! f uuz51/k82e1m fu
cuz51/k82e50,

f ū
cuz51/k82e2l f uuz51/k82e50,

~]z1k8cR! f ūuz51/k82e1m fū
cuz5 1/k8 2e50,

~B10!

wheree→0. In Eqs.~B6!–~B10!, we have rotated the phases of the fields such that the couplingl, and thus the 4D masse
m, becomes real.

Equations~B6!–~B9! have the solutions of the form

f u5Az$auJcL11/2~mz!1buYcL11/2~mz!%, ~B11!

f u
c5Az$au

cJcL21/2~mz!1bu
cYcL21/2~mz!%, ~B12!

f ū5Az$aūJcR11/2~mz!1būYcR11/2~mz!%, ~B13!

f ū
c
5Az$aū

c
JcR21/2~mz!1bū

c
YcR21/2~mz!%, ~B14!

whereau , bu , au
c , bu

c , aū , bū , aū
c, andbū

c are constants. These constants are determined by the boundary condition
~B10!. Nontrivial solutions are then obtained only when the following relation is satisfied:

S JcL21/2S m

k8
D 2

JcL21/2S m

k D
YcL21/2S m

k D YcL21/2S m

k8
D D S JcR21/2S m

k8
D 2

JcR21/2S m

k D
YcR21/2S m

k D YcR21/2S m

k8
D D

2l2S JcL11/2S m

k8
D 2

JcL21/2S m

k D
YcL21/2S m

k D YcL11/2S m

k8
D D S JcR11/2S m

k8
D 2

JcR21/2S m

k D
YcR21/2S m

k D YcR11/2S m

k8
D D 50. ~B15!

This is the equation cited in the text as Eq.~23!. The mass eigenvalues,m, are determined as solutions of this equation.
For the down-type quarks, we have to usecL5cq , cR5cc d̄

, andl5ydvH , instead ofcL5cq , cR5cc ū
, andl5yuvH . For

the leptons,cL5cl , cR5cc ē
, andl5yevH .
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