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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 cogiglirdysizeN satisfy
9°N=16x2. Such theories allow one to calculate electroweak radiative corrections, including the oblique
parameters, T andU, as long ag?N/1672 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 valBelutfained 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 bebWeV, except for a possible light scalar
associated with the radius of the extra dimension=A& 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.
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[. INTRODUCTION pose the gauge interaction, which is responsible for elec-
troweak symmetry breaking and nonperturbative at the
One of the greatest mysteries in particle physics is theslectroweak scale, stays very strong at higher energies—
origin of electroweak symmetry breaking. In the standardstronger than that above which the conventional perturbation
model the electroweak symmetry is broken by a vacuuntheory breaks down. Apparently, this does not provide any
expectation valuéVEV) of a Higgs field, which is driven by viable description of physics at energies higher than the elec-
a nontrivial potential introduced to break the symmetry.troweak scale. However, the presence of dualities between
However, once the theory is extrapolated to higher energiethe 4D gauge theories and higher dimensional gravitational
in a perturbative way, one finds that the Higgs-boson mastheories suggests that such a theory is described, in fact, by a
squared parameter receives large radiative corrections of theégher dimensional theory where the electroweak symmetry
order of the cutoff scale, destabilizing the electroweak scaleis broken by the presence of a spacetime boundary. This
Therefore, it is quite natural to suspect that some nontriviatelation becomes particularly concrete when the theory on
strong dynamics is responsible for electroweak symmetryhe gravitational side is on an anti—-de SittédS) back-
breaking in a direct or indirect way. Such a considerationground[3], and it has been used to build models of a com-
leads to theories where the electroweak symmetry is brokeposite Higgs bosof¥] and dynamical electroweak symmetry
by a condensation caused by strong gauge dynafticsr  breaking[5,6]. However, the background geometry of the
theories where the Higgs boson arises as a composite stategfavitational theory may not necessarily be AdS, as in the
some strong interactiof2]. In these theories the strength of models considered in Refgz,8].
the relevant gauge interaction is weaker at higher energies, In this paper we consider theories of the kind described
and becomes nonperturbative only at lower energies by thabove, in which the holographic description of the theory
renormalization group evolution. This triggers electroweakrelates a higher dimensional theory to some 4D “gauge
symmetry breaking at exponentially lower energies comtheory.” In particular, we study theories where the elec-
pared with the cutoff scale, thus evading the problem of théroweak symmetry is broken “dynamically” without the
stability. presence of the physical Higgs boson—in the higher dimen-
In this paper we explore alternative possibilities for “dy- sional picture this corresponds to the theories where the elec-
namical"theories of electroweak symmetry breaking. Sup-troweak symmetry is broken by boundary conditions im-
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posed at a boundary of the spacetime. We mainly consideections in these theories have some similarities. In Sec. 1lI
theories formulated in the AdS space, in which the elecwe present the model we study, constructed in the truncated
troweak symmetry is broken by boundary conditions im-SD AdS space. Electroweak corrections are studied in Sec.
posed at the infraredR) brane[5,6], but some of our analy- |V» Where we calculate the electroweak oblique parameters
sis applies to more general theories such as the ones in fidf'd compare with experiment. We discuss o possible sce-
space[7.,8]. In the actual analysis we adopt the Speciﬁcnanos which can be phenomenologically viable. In Sec. V

: g we study the top quark sector and its related phenomenology.
theory constructed in Ref6], which reprodgces many SUC” riavor violation is also studied there. Conclusions and dis-
cessful features of the standard model including fermion. scion are given in Sec. VI.

mass generation and suppression of flavor changing neutral

currents(FCNC'’s). This theory also allows us to control the ||, HOLOGRAPHY AND ELECTROWEAK SYMMETRY
scale of new physics, which corresponds in the 4D picture to BREAKING

the size(the number of “colors) of the gauge interaction,

and thus represents a class of generic theories in 5D Ads !N this paper we mostly study theories formulated in the
space. We study electroweak radiative corrections and finuncated 5D AdS space. This type of theory can provide an

- o understanding of a large hierarchy between the Planck and
that the constraints from precision electroweak measure e electroweak scales through the AdS warp faidi,

ments prefer gauge groups of smaller size, unless some a@

. OO . - Before presenting an explicit model and going into the de-
ditional contribution to the electroweak oblique parameters is_ .
) I ; . ailed calculation, however, we here start by some general
introduced. This situation is similar to that in technicolor

theories[9]. We elucidate how such a similarity arises in discussion on theories of “dynamical” electroweak symme-

eneral theories with the electroweak symmetry broken btry breaking. These include conventional technicdtbyL1)
9 > y y %ind walking technicolof12] theories, as well as theories
boundary conditions.

) . . .based on extra dimensions such as the ones on7@l or
Although regarding electroweak corrections the S'tuat'or\/varped[S 6] geometries. We will see that these theories are

in our thepry is similar to th{:\t in technicolor, other aspectsrelated in a certain way in the space of the gauge coupling
can be quite different. In particular, we expect that the theory :
and the size of the gauge group.

does not have problems in _general to obtain realls_tlc fermion In order to break the electroweak symmetry dynamically
masses, correct vacuum alignment, and suppression of flavg . .
e e o in the IR, we need some gauge interacti®rthat becomes
violation. This implies that even the minimal theory may . : .
have a viable parameter region in which the size of the aau nonperturbative at low energies. We denote the coupling and
P 9 gaugg o size(the number of “colors’) of this gauge interaction as

group responsible for electroweak symmetry breaking is ) ) ~
small, because the corrections to the electroweak observabl@<&ndN, respectively. In general 4D theories, the coupling

become small there. We give an estimate for these corre€UNS With energy. Suppose now thatis a usual asymptoti-
tions and find that in fact they could be phenomenologicallyc@lly free gauge interaction. In this case the theory is weakly
acceptable if the size of the gauge group is sufficiently smallcoupled at the UV: the paramete=g>N/16x2, which is the
Unfortunately, we find that this is the region where theloop expansion parameter of the gauge theory, satigfies
theory loses its weakly coupled description, which prevents<1. In the IR the parameter evolves to larger values, and
us to make a precise comparison with experiment. It als@t some scale becomes=1, where the theory exhibits non-
implies that we have to take into account stringy effects tdrivial dynamical phenomena such as chiral symmetry break-
construct a fully well-defined and ultraviolétVV) completed ing. Then, if some fields of th& sector are charged under
theory. However, given the presence of an effective fieldSU(2), XU(1)y, the electroweak symmetry can be broken
theoretic model and a freedom of taking a certain limit, itat this scale. This is the situation in conventional technicolor
does not seem so implausible to expect that this type ofheorieq1,11]. Alternatively, x could approach to some con-
theory does in fact exist. The experimental signatures of suchtant value close to but somewhat smaller than 1 at the UV,
theories are quite distinct. There is essentially no new statmstead ofk— 0 (or decrease only very slowly near, the
appearing below a few TeV~2-3 TeV) other than the dynamical scale of5). Such is the case in walking techni-
standard model gauge bosons and quarks and leptons; in paolor theoried12].
ticular, there is no Higgs boson. We then see new states, most Now, let us consider very different possibilities. At the
of which are associated with string states, at the scale of alectroweak scale the interactid® induces nontrivial dy-
few TeV. These states arise, in the 4D picture, from the nonnamical phenomena. Is it then possible foto take larger
trivial dynamics of the new strong gauge interaction. Thevalues than 1 at the UV, instead of smaller values? At first
unitarity of the theory is cured by these states and the tail o$ight, this does not make sense, because the loop expansion
that physics, which may also be seen in scattering experiparameter of the theory is larger than unity at the UV—in
ments at somewhat lower energies than their actual massefact, the description based on the 4D gauge theory can com-
The organization of the paper is as follows. In the nextpletely break down. However, in the parameter region
section we give a general discussion on theories where the 1, another(sometimes weakly couplg¢diescription of the
electroweak symmetry is broken “dynamically.” We argue theory could emerge. Suppose we take the IN#t1, keep-
that conventional technicolor-type theories and extra dimening « fixed to some value larger than unity. In this case, the
sional theories with boundary condition electroweak symmetoop diagrams are sorted by the topology of the graphs and
try breaking are related in a certain way in the space of theve find that diagrams with different topologies correspond to
gauge coupling, and we elucidate how the electroweak comnes having different powers df, allowing us to expand the
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theory in powers of N [13]. Since this expansion is remi- &%, . .
niscent to the loop expansion by the topology of the world- | () 5D flat space
sheet in string theory, the gravitational description of the ‘ (b) 5D warped space
theory emerges. This dual gravitational theory possesses N ,
spacetime dimensions larger than 4, as required by string !
theory. The parameter N/plays a role of thgstring cou-

pling constant, while the value af turns out to be a measure

(c) 4D walking technicolor

(d) 4D technicolor

of the importance of string correctioi8]. Therefore, for A T
sufficiently large values o the gravitational description is
weakly coupled. Fo>1 the string corrections are small, FIG. 1. Schematic description for the evolution of the coupling

corresponding to the region where the curvature scale of thearameterx=g?N/16> in various theories of dynamical elec-

gravitational background is much smaller than the stringroweak symmetry breaking. The behaviors(af, (b), (c), and(d)

scale, while fork=1 the string effects are important. represent those of 5D flat space, 5D warped space, walking techni-
We can now consider the following scenario. At the Uy S0l0F, and technicolor theories, respectively.

the theory hasc which is close to but somewhat larger than

1.The gouplingcc is almost Constan(t:onfprma) over a_wide ghysics much above the electroweak scale.
energylntervz_il, but at some IR scale thls_conformall_ty brea_k The schematic behavior of each of these four types of
QOwn, tngggnng nontrivial gauge dynamics. In particular, it ihaqries is depicted in Fig. 1 as a function of the eneEgy
induces chiral symmetry breaking and congequently bregkq;he theorie€a), (b), (c), and(d) correspond, respectively, to
t_he eleptroweak symmetry. In the dual gravitational descripgp f|at space, 5D warped space, walking technicolor, and
tion, this theory will look like a 5D theory on AdS, as sug- technicolor theories. The parametér represents the scale
gested by the isomorphism between the 4D conformal grougshere G exhibits nontrivial IR dynamics, especially chiral
and the isometry of 5D AdS spag8]. The scale of AdS symmetry breaking, which is roughly the mass of the first
curvature is smaller than the string scalecifis larger than  resonance state and not much different from the electroweak
unity. The nontrivial IR dynamics is then represented by thescale. Fork>1, the predictions of the theory depend quite
presence of a boundary in the spacetime, beyond that poitittle on the value ofx, because the theory admits an expan-
the gravitational description disappears, i.e. the gauge theowsion in 1k, with higher order terms corresponding to stringy
“confines.” We can thus conjecture that the theory has a 5Dcorrections, so that physical quantities are almost determined
description, compactified on a warp&i/Z, orbifold with by the first term in the expansion, which is independent.of
the boundary condition on the IR brane breaking the elecThis implies that electroweak oblique corrections, whose
troweak symmetry.This type of theory has been considered contributions come fronE~ A, can have similar structure in
in Refs.[5,6] and will be described in the next section. The the four types of theories, all of which hawe=1 at the scale
simple relation between the 4D and 5D theories holds only af. In particular, the size of the corrections essentially de-
energies lower than the AdS curvature sdalbeyond which ~ pends only on a single parametsr However, there is an
the models of Refs[5,6], for instance, appear intrinsically important difference between the theories of the ty(@gsb)
five dimensional. This scale, however, is much higher thar@nd (c),(d). In theories(a) and (b) the electroweak oblique
the electroweak scal@&lose to the Planck scaleAn inter-  parameters are calculable fde>1, as the higher order terms
esting point is that these theories allow a large energy interin the double expansions inN/and 1k are both negligible,
val above the electroweak scale, in which the gravitationawhile theories(c) and (d) do not have such calculational
description does not break down. This is due to the larggowers because=1 atE=A. This calculability, however,
warp factor of AdS, or the near conformal nature of theis lost in theoriega) and(b) when we makeN or « smaller.
theory. For the physics occurring abovk, such as fermion mass
Models on 5D flat space, such as the ones considered igeneration, the physical pictures could be quite different in
Refs.[7,8], can be obtained from models on AdS by taking different types of theories.
the limit that the AdS curvature scale is sm&h-0. In this In the following sections we focus on theories in the trun-
case, however, the scale where the simple 4D/5D correspogated 5D AdS spacéthe type (b) theories in Fig. 1 In
dence breaks down becomes close to the electroweak scafrticular, we consider electroweak radiative corrections in
In fact, there is no energy interval where the field theoretidhese theories in Sec. IV. As explained, their structure is ex-
correspondence works, and the theory appears five dimefpected to be similar to the one in technicolor. Our analysis
sional right above the scale of dynamical electroweak symbased on the larghl expansion will explicitly demonstrate
metry breaking. Some 4D interpretation of the theory, how-that they are, in fact, very similarWhile we perform the
analysis for the case of warped space theories, our qualitative
results given in Sec. IV also apply to the case of flat space
Istrictly speaking, this will be the case only for certain special 4D
gauge theories. For instance, weakly coupled 5D theories have a
feature that the resonances having spin larger than 2 are much’A numerical coincidence between technicolor and 5D flat theo-
heavier than the others, which is not a property of generic Ibrge ries found in Ref[8] also suggests that this similarity could be a
gauge theories. very precise one.

ever, may be possible for some purposes that do not involve
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theories by replacing the AdS curvatlkdoy the size of the parentheses represent gauge quantum numbers under
flat extra dimensionk— 1/7R. SU(3)cXSU(2)  XSU(2)gxU(1)x. Now, suppose that
these fields have VEV's:
11l. MODEL

0 UH
In this section we review the model constructed in Ref. (2)= , (H)= 0 . (4)
[6], which we will explicitly work on in the rest of the paper. vx UH

This model reproduces many successful features of the StaUVe then find that fobs ,v—, the phenomenology of this
dard model, including fermion mass generation and suppre§_|Iggs _breaking theo%y tH)ecomes identical to that of the
ilec:)r:]coa]:n':dccl\(lngt;r;rsh?o?aeux%?nsTgtc;L:: ;?%[gjogg;ssqggglgeboundary -condition breaking theofyL4]. In particular, the

P P physical Higgs bosons arising frotd and H decouple for

point in the parameter space. largevs andvy, so that there is no scalar particle remainin
The theory is formulated in the 5D warped space with the gevy H P 9
€n the spectrum in this limit.

extra dimension compactified @t/Z,. The metric is given The kinetic terms for the gauge fields are given by

by
3
ds’=Gyndxdx"=e 2Ny, dxtdx’+dy?, (D g f d*x f dy| V=G| — — g "N 2, FunFRo
wherey is the coordinate of the fifth dimension and the 400 :
physical space is taken to be<y<wR. We take the AdS 1 1
curvature scalé to be around the 4D Planck scale, and we ~ — —gMPgNe> FRAFRA— —ngPgNQFfANFéQ]
choose the radiuR to bekR~10. The scale of the IR brane 4gr a=1 49x
k' (denoted byT in Ref.[6]) is then given byk’'=ke™ kR 3
~TeV [10]. The fundamentafcutoff) scale of the theory is +8(y)| — E E FlapLa
denoted byM, , which is taken to beM, =k, and the IR gia=1 MM

cutoff scale is defined b, =M, e” "R,

The bulk gauge group ISU(3)cXSU(2) XSU(2)g
X U(1)x. It is broken by boundary conditions imposed at
they=0 brane(the Planck brane

N (FRo+FY )] (5)

whereFk,laN, Fra, andFy,, are the field-strength tensors for

-0 SU(2),, SU(2)g, andU(1)y, andg, , gr, andgy are the

5D gauge couplings having mass dimensietis2; a are the

indices for the adjoint representation 8fU(2). Here, we
AR_aAX=0Q, 2) have included Planck-brane localized gauge kinetic terms,
. which are radiatively generated and generically have coeffi-

and at they= 7R brane(the TeV brang cients of order K/87?)In(kik)~1. TeV-brane localized
gauge kinetic terms are considered in the next section. We

La  ~Ra X have omitted the gauge kinetic terms f81U(3)c in the
0, AS-ALS=0, 9yA,=0, above expression, since they are irrelevant for our discussion

3) below.

The quarks and leptons are introduced in the bulk with the

with the Ag’s obeying Dirichlet(Neumani boundary condi- épresentations:
tions if the correspondind\,’s obey NeumannDirichlet)

1 1

R3 X

AT AL
R X

La_ R1,2__
aALR=0, ARL2=Q g,

1 1

La Ra| _
SALT A=
L R

dy

boundary conditiong5,7] (these boundary conditions are q(3,2,1,1/6), u= Yu(3*,1,2. = 1/6) |12 _1p2,
slightly modified when brane-localized gauge kinetic terms
are introduced ag=0 andy= 7R). At the Planck brane, the d= Ya(3*,1,2,— 1/6)| 1R 170,

bulk gauge group is broken to the standard-model gauge

group SU(3)cXSU(2) XU(1)y, whereU(1)y is a linear

combination ofU(1)yx and theTjs direction of SU(2)g, 1(1,2,1,—1/2), zw—( 1,2,1/2)|T§:1,2,

while at the TeV braneSU(2), X SU(2)g is broken to the

SU(2) diagonal subgroup. Combining the breaking at the

both branes, the unbroken gauge group at low energies be-

comesSU(3)cXU(1)gm, whereU(1)gy refers to electro-

magnetism. In particular, the electroweak symmetry is browhereq,u, u,d,l,e, andn are Dirac fermions and the numbers

ken by the boundary conditions at the TeV brane. in the parentheses represent gauge quantum numbers under
We can view the above boundary conditions as the limit-SU(3)cXSU(2) X SU(2)g X U(1)x; T§= +1/2 represents

ing case of the following brane Higgs breaking. We intro-the T;= =+ 1/2 component of th&U(2)g doublet. With the

duce a scalar fiel®(1,1,2,1/2) on the Planck brane and extra dimension compactified &/Z,, we can arrange the

H(1,2,2*,0) on the TeV brane, where the numbers in theboundary conditions such that only the left-handed compo-

[N=yn(L1,.2.1/2)[ 13- 1z, ®)
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nents ofq, ¢, 47,1, and 5 possess zero modealso ¢, if  Thus, for given values of the brane couplings,andgy, we
we introduce them to induce small neutrino masses througRave two relations on the three bulk gauge couplimgs,
the see-saw mechanism; see Rg6s15]). Moreover, intro- g andgy, so that we can calculate various quantities in
ducing the Planck-brane localized left-handed fermiongerms of a single free parameter, which we take tayhi?
¥(3,1,1,-1/3), ¢5(3,1,1,2/3), and(1,1,1,0), and the (an introduction of TeV-brane gauge kinetic terms will give a
couplings&(y)[gbj%—z + ¢g¢é—2*+ wglp;—ET], we can make feyv extra paramete}sFor_ instance, the vglue_ &f is de_ter-
the unwanted zero modes from the=1/2 component of;; ~ Mined by the last equation of Eqg), which in turn gives
and theT?z —1/2 components ofig and ¢z heavy to get the masses of the Kaluza-Kle{KK) gauge bosons

masses of ordek.? The low-energy matter content is then
precisely that of the standard-model quarks and leptons,

bt _ T 1
which arise as the zero modesaiu,d,l, ande. The quark m,=—=|n+ = |k’, 9
. . - 2 2
and lepton masses arise from the couplings introduced on the
TeV brane
where n=1,2,3,4... for the W and Z towers andn
S:f d4xf dys(y—7R) \/Timj[qul/fEHerdqlﬂEH =1,3,5... for they and gluon tower$6]. _
What are values of the Planck-brane gauge couplings? In
+yol igH+H.cl, 7) Egs. (8) we have to use values @f, andgy appropriately

normalized at the scale around TeV. Since the running of the

where we have suppressed the generation index. As the upl@nck-brane gauge couplings is determined by the zero
type quark, down-type quark, and charged lepton massd@odes(elementary fields in the dual pictyref the theory

arise from three independent couplings,, vy, andy,, 18], we can write ig7 and 153 as
there are no unwanted relations among them coming from
SU(2)g.
The wave-function profiles for the zero modes of the 1 1 b, k 1 1 by k
quark and lepton fields are controlled by the 5D bulk mass =z~ =2 Fln P ===t 82 n K|’
. . . d. 9o T 9y  Ovpo m
parameters for these fields, which we parametriz&€gsD (10)

—ck¥W¥ whereWV represents generic 5irac) fermions.
For c>1/2 (c<1/2) the wave function for the left-handed
zero-mode fermion is localized to the PlanCleV) brane. where @, ,by)=(—10/3,20/3) in the present theory. The

We take parame_tens to b.e Iarger_than 1/2, at least fOf the Coup”ngsaL’O andaY,O represent the running Coup“ngs of
first-two generation fermions. This makes the nonuniversalthe elementarg U(2), andU(1)y gauge bosons at the scale
ity of the W- andZ-boson couplings to these fields very small k. |n general, these couplings are free parameters of the
so that the theory is phenomenologically viah, and  theory and cannot be calculated in the effective theory.
could also provide a partial understanding of the flavor struc- - One natural possibility is to assume that the elementary
ture of _the .ferm|o.n. mass matrices and suppression of thgector of the theory is strongly coupled at the sdalén
flavor violation arising from the TeV-brane operatdds/]. which case the bare parametéjg,o andav,o, are estimated

The c parameters for the third generation fermions are the ~o ~5 2 . . .
theme of Sec. V, where the nonuniversality of the fermiont© be _1gL’0~ 19y o~ 1(16” through haive dlm_enS|onaI
gauge couplings is also discussed further. analysis(NDA) [19]. This is the case considered in RES]

We can now calculate the masses and couplings of theand i|j Ref[5]), leading to the situation that the freg:- param-
electroweak gauge boson®y, Z and y. Assuming 1@JE etsrsz Igntgiﬂga;ig(easgc-f-zrv?;rg;lz tlr:)ic;rl?;:(;ek%fzic;tl\t/::}/ngnly
~1/g3~1/g%~1/mR and g, ~gy~1, we find that these 9RO *

masses and couplings take exactly the same form as that Note, however, that, contrary to the flat space case, in
. . . arped space theories the strong-coupling requirement for
the standard model, at the leading order inrkR and in P b g ping req

, . the Planck-brane operators is independent from the strong-
k'/k. Denoting the standard-mod8lJ(2), andU(1)y cou- 4 pjing requirement for the bulk and TeV-brane operators.
plings as g and g’ and the Higgs-field VEV asv  pqrinstance, it is completely natural to assume that all the

=175 GeV, the correspondence between the two theories |§,x and Tev-brane operators scale according to NDA while

given by[6] couplings at the Planck brane are weék the dual 4D
picture, this is equivalent to requiring that tliesector does
1 @R N 1 1 @R N 7R N 1 ) 4k'? not contain any small or large dimensionless parameter other
— = 5 ~q — = 5 5 ~q V =% 5 . i i
2 2 2" 12 2 2 2" 2., 42 than the size of the gauge group, while the elementary sector
g 9. 9. 9 Ogr  Ox Oy (gL +gr)k

®) is weakly coupled.In this case the observed 4D gauge cou-
plings can almost entirely be given by the Planck-brane cou-

plings, 14%2=1/g? and 14'?=1/g%, and the bulk gauge

3This also makes the theory anomaly free together with the introcouplings take the values determined by NDAGH 1/gg
duction of appropriate Chern-Simons terfi$]. ~1/g>2<~M*/16773 (a similar scenario has been considered
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in flat space in Ref[8]).* In either case the largest value of
k' is determined by the parametddl, /(7k) as k'|max
~(1-1.5 TeV)@k/M, )Y which is translated into the
maximum value for the lowest KK gauge boson mass
M| max= (2.5-3.5 TeV)frk/M, )¥2. If we require that the
theory admits a weakly coupled description, eld,, /( k)

=3, this gives k’|max~(600—900) GeV  and ml|max Similar diagrams exist with one or two externaV,’'s re-
~(1.5-2) TeV. _ _ . placed byB,, .
In the next section we consider corrections to the elec-

troweak observables in the present theory. Our analysis ap- . _

. ~ ~ correspondencg3,20]. In this 4D dual picture, the theory
plies regardless of the values of o andgy o, and thus to belowk . . ; ith the ara@
either of the two cases described above. elowk~My, contains a gauge interaction with the gra@p

whose coupling evolves very slowly over a wide energy in-
terval below k. This G gauge sector possesses a global
IV. ELECTROWEAK CORRECTIONS FROM THE GAUGE SU(3)c X SU(2) X SU(2)rXU(1)x symmetry whose
SECTOR SU(3)cXSU(2), XU(1)y subgroup is gauged, where
. ) . _U(1)yis alinear combination df) (1)x and theT; direction
In this section we discuss the structure of the correctiongs 5iy(2), . Therefore, the theory in this energy interval ap-
to electroweak observables in the theory presented in thSears asSU(3)cx SU(2), X U(1)yX G gauge theory with
previous section. We concentrate here on the correctiong,q quarks and leptons transforming und&U(3)c

from the pure gauge S(_actor and Ieaye those from the matt%ESU(Z)Lx U(1),. At the TeV scale the gauge interaction
sector to the next section. We consider the electroweak oqu G exhibits nontrivial IR phenomena, producing reso-

lique parameter§, T andU [9] and give estimates for them. ances of masses of order TeV. These resonances have a
We elucidate how the 4D dual picture provides a qualitativeyg,yer structure. In particular, there are towers of spin-1 fields
understanding of the structure of these corrections. We theRnich have the quantum numbers ¥, Z, and y. These
calculate the leading corrections in the 5D picture and COMzyvers then mix with the elementary’ga,uge bosons of the
pare them with the results of 4D considerations, which quangeakly gaugedsU(2), and U(1)y groups. The resulting
titatively demonstrates the duality between the two theorie%pectrum consists of Ifowers of g;uge bosons with the quan-
We find that, if we stick to the presence of a weakly coupledy, 1 \ymbers ofw and z, whose lowest states are massive
gravitational description of the theory, the model gives somez 4 identified as the standard-motféland Z bosons. and a
what larger(positive) values ofSthan those allowed by pre- e ofy(1) gauge bosons, whose lowest mode is massless
cision electroweak measurements. There are essentially tWQ, § ijentified with the photon. These towers of mass eigen-
ways out of this unpleasant situation. One is to extend th%tates are dual to the/ Z ar;d y KK towers in the 5D
model such that it has a sector giving a negative valug of picture. The electroweak gauge gro@i(2), X U(1)y is

canceling the positive contribution. The other is to give udenamicaIIy broken and the masses of ilveand Z bosons
the weakly coupled description of the theory. In particular,and the quarks and leptons are generated

we argue tr?att?nce we (deepart_(;rom the _Wea}dy co;]JpIed d.E" How do the corrections to electroweak gauge boson
scription, the theory could avoid constraints from the pr":'C"propagators arise in the 4D picture? We concentrate here on

smg meas:cjiﬁmg_nts. . i thi . | it th the effect from spin-1 resonances and leave the consideration
ome Of the dISCUSSIONS In thiS Section overlap wi OS&f the other effects to the next section. At leading order, the

in Ref. [8], whic_h explicitly_ consi_ders these issues in_a ﬂatcorrections arise from the diagrams such as the one given in
space model with some discussions on general gravitation ig. 2, where the gray disk at the center of the diagram

backgrour;ﬁihOur eXplt'Ct'.t resqlt for. ths warped space mOquepresents contributions from the strongly interactihgec-
agrees wi e expectation given in RES]. tor. We have drawn only the diagram giving corrections to
the SU(2), gauge bosonW?, but similar diagrams also
A. Structure of electroweak corrections exist with one or two external,’'s replaced by theJ(1)y
We start with the 4D dual picture of the theory. As dis- gauge bosorB, . These diagrams give a contribution to the

cussed in Sec. Il, we can relate the theory described in tqg/parameter(specifically, it arises from the diagram having

- . for one external line an®, for the othe). To evaluate
® M
previous section to a purely 4D theory through the AdS/CF the contribution, we must know what this gray disk actually

means. For a sufficiently large value Nf this leading order
contribution comes from the sum of a series of diagrams
pgiven in Fig. 3(the planar diagramgL3]). In the figure we

FIG. 2. The diagram contributing to th& boson propagators.

“Here we do not bother with the difference between the 4D loo

factor 1672 and the 5D loop factor 24° too much, and adopt a : i A .
. R . L have given the size of contributions from each diagram.
somewhat “conservative” estimate using4& This gives a strong

coupling value for the 4D gauge couplingsp~4, when the IR Writing the~contr|but|on from all the diagrams in the form
cutoff M, is lowered to the mass of the first KK resonani; (N/167°)f(g*N/167%) wheref(x) is some function, we ex-
=k’ (see the last paper in Ref19]). We also do not include Pect that the gray disk gives a contribution of ortie 672
group theoretical factors for NDA because the bulk gauge group# Fig. 2 and thus changes the coefficients of the gauge ki-
[i.e., SU(2),, SU(2)g, andU(1)x, not G] are small. netic terms from I to 1/g2+ cN/1672, whereg represents
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e ANAE, T~Ve excited gauge bosom,;=(37/4)k’. Then, rewritingf . and
Q = Q 4 + T o m, in Eg. (12) asv andm; and using Eq(8), we obtain the
5 2% number of “colors,”N, for G:’

o N G°>N? GgiN3 2 16 2
= Gt Qe T Qlemp tC N:16772U—2: ﬁ (13
m; (9L +0r
s _JV_f(§2_N) ' . . . .
T6m2J \1672 1672 Combined with Eq(11), this equation tells us that the cor-

rection to theS parameter becomes smaller if we make the
andAS represent matter and gauge fields of the strongly cou@led f|r§t KK states. heayler, 2|.em1/12) larger, which can be gt-
sector. The size of each diagram is also shown. The (:ontributior'n"’“ned by maklng eitheg k or ng Iargezr. As was foqnd n
from this set of diagrams will be of ordt/16m2. Ref.[6], this can be done by makirgk/g{ larger even in the
case of 1g7 =1/g% ,=1/16m2. An alternative possibility is
generic electroweak gauge couplings anés a numerical to take all the bulk gauge couplings large,g+ 1/g3
factor ofO(1).° This gives a contribution to th& parameter :1/g)2<zM*/16773, and to assume that the 4D gauge cou-
N plings almost entirely come from the Planck-brane cou-
S=—, (11) plings. . N
™ Here we comment on the range Wfwe are imagining.
Because the 4D gauge couplingsp receive contributions
sinceSis given byS=16m(I13;—I135,), wherelly, are the  from the bulk gauge couplinggsp, we naturally expect that
corrections to the gauge kinetic terms defined By 1/g3,= mRIgZ, [see Eq(8), for examplé. This relation can
—(1/4) (1?11}, )F F ., (see Appendix A for detail  be written as 1g2p= wkR/gZpk=(N/1672)In(k/k'), using
To derive the value o in the present theory, we consider Eq.(13). Since the observed 4D gauge couplings are of order
the G sector as an analogue of the QCD. The standard analyt, this gives constraints oN: N<16#%/In(k/k’). This rela-
sis in largeN QCD [21] gives the relation between the pion tion is understood in the 4D picture as the condition that the
decay constant,,., and the mass of the lowest spin-1 reso-asymptotically nonfree running of the 4D gauge couplings

FIG. 3. The diagrams represented by the gray disk. Hege,

nance p meson, m,, as caused by thé& sector, (N/1672)In(k/k’), must not make the
low-energy values of the gauge couplingsp, too small. In

\/N any case, with Iffk’)=30, we obtainN=<5 so that we are

fr= Emp ' (12) not considering very large values fin the present context.

At leading order in I, represented by the diagram in
Fig. 2, theT and U parameters are not generated. This is
because th&s sector respects the global custod&U(2)
symmetry so that just inserting tt&dynamics, i.e. the gray
disk, does not giva or U parameter$22]. Therefore, at this
order, the electroweak oblique parameters receive contribu-

In the present context, the pion decay constépt,in the G
sector corresponds to the electroweak seatel 75 GeV and
the mass of the mesonm,, to the mass of the lowest KK

tions
167
~ S= Cs 2 2 ’ (14)
For k=g°N/167%<1, f(«x) has an expansiof(x)=Z3gc,k", (9L +gr)k
where c,=0O(1). This is the domain where the perturbative 4D
gauge theory description is appropriate. ker 1, f(«) again has T=U=0, (15

an expansion but of the forf(x)==gc,x ", wherec;=0(1). wherecs is a coefficient of order unity.

This is the region where the theory is well described by a semiclas- What does this leading order contribution correspond to in
sical gravitational theory, with higher order terms in the expansionthe 5D picture? To see this, it is instructive to write Fig. 2 in
corresponding to corrections from string theory. In the region liahtly def ’ d - Fiq. 4. This di ) b
=1, neither description is good and in the absence of the explicifjl sightly detorme WaY as 'F 9. . IS. lagram can be
understood as the one in which tiiéboson is transformed

string realization of the theory, we can only say th@ék)=0(1). .
In particular, fork=N=1, the theory does not admit any weakly to some states made up of the constituents ofGheector,

coupled description and can only be described by strongly couple@Nd then goes back /. Making a cut at the center of the
(gs=1) string theory. figure (the dashed line denoted @&sin the figure we find

®Here we have taken matter in ti@ sector, 4, to be in the that these states are the bound stateG ahd have the same

fundamental representation with th@(1) number of “flavors.”

This may not be the case in our actual theory because the near

conformality of the theory would require a large matter sector. ‘Equivalently, the value o can be determined by the following
However, for simplicity we will keep presenting our analysis for argument. The diagram of Fig. 2 gives the squared massed/ for
this simple matter sector, as it will give the correct relations be-andZ of order (Nll(:‘mz)mi, in the normalization where the gauge
tween the physical quantities. We will come back to this point at thecouplings appear in front of the gauge kinetic terms. Since these
end of this subsection. masses are?, we obtainN=16m2v2/m3.
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A (e] 12e
|

FIG. 4. The diagram representing the mixing between the el- s g'N? g°N3
. .. - 1672)3 + (16 2)4 +
ementaryW boson and the composi states arising from the (1672) T

dynamics ofG. Cutting the diagrams aA gives the states which
have the same quantum numbers and spiVaSimilar diagrams
also exist forw,, replaced by the gauge bosond{1)y, B

1 §*N ~ 1
w2t (fr2) Tom2

FIG. 6. The diagrams represented by the gray annukdsand
are matter and gauge fields of t&sector. The contribution
from this set of diagrams is of order 1/#6.

we

quantum numbers and spin & It is then clear that this ,c
represents mixings between the elementafiposon and the
excitedW bosons, the spin-1 bound statesGfSince these
excited states correspond to KK states in the 5D picture, weustodial breaking encoded in the absence of elementary
learn that the contribution at leading order inN1torre-  chargedSU(2)g gauge bosons in the spectrum.
sponds to the tree-level contribution in the 5D picture. In The second diagrarfFig. 5b)] represents a correction
fact, by solving the masses and wave functions for the eleccoming entirely from theG sector. Thus, as in the tree-level
troweak gauge bosons at tree level in 5D, we find that thease, it does not give contributions Toor U parameter. Let
contribution toStakes the form of Eq(14). In the absence of us now focus on the contribution to tgparameter from this
TeV-brane kinetic terms, the coefficient is given bycg diagram. In a perturbative expansion, the disk with a hole is
= 3/4 (more detailed discussions including the TeV-brane opthe sum of certain graphs as shown in Fig. 6. A similar rea-
erators are given in the next subsection and in Appendix A soning as before implies that the contribution from this an-
An interesting point here is that we can calculate thenulus is of order 1/162, so that it gives a contribution to the
coefficient in Eq. (14), i.e. sum up the planar dia- Sparameter of orde®=1/7. It is then clear that, as long as
grams, and it gives the dominant contribution for sufficientlyN=1, the contribution from Fig. ) is at most comparable
large N, i.e. for sufficiently small 5D gauge couplinggf( to the leading contribution of Eq11). Note that the condi-
+g§)k<16772. tion N=1 is equivalent to the condition that the 5D gauge
Before comparing with experiment, we discuss what hapcouplings are smaller than the value determined by NDA,
pens at the next order. The next order contributions come dg?+ga)<167°/M, , and the AdS curvature scale is
one loop in 5D, which corresponds to four different types ofsmaller than the cutoff scale of the theomk<M, [see Eq.
diagrams as shown in Fig.(@nd diagrams with more inser- (13)], which we abide by throughout the paper. The precise
tions of the gray disk The first ondFig. 5a)] is the loop of  value ofScoming from the diagram of Fig.(b) depends on
the elementary gauge bosons, the second Bite 5(b)] rep-  how we define thé& parameter. In particular, if we define our
resents the diagram at the next-to-leading order k, Hhd S parameter to be the deviation from the standard model
the third and fourth onefFigs. Hc),(d)] represent the ones value, this contribution depends on the reference value for
with an additional loop of elementary fields to that of Fig. 2.the physical Higgs-boson massy,, arbitrarily chosen to
The first diagram does not pick up effects of electroweakcalculate the standard model contribution. However, this de-
symmetry breaking so that it does not give contribution§,to  pendence omy, is not very important for later arguments in
T or U. The third diagran{Fig. 5c)] is also unimportant, the paper. This is because, unless some calculable negative
since it gives onlyS=(N/w)(g?/1672), which is always contribution toScancels the leading contribution of E44),
much smaller than the leading contribution of Efjl) (itis  the contribution from Fig. &) becomes important only in
simply a higher order effect with the propagator of an inter-the regionN=1, where all higher order corrections also be-
nal elementary gauge boson corrected by the dynamics @ome non-negligible and we are only able to say that the
G). This diagram does not give contributions to ther U contribution toSis of order 14r.
parameters because generating them requires at least one ad-The dominant contributions to th& and U parameters
ditional insertion of the gray disk, to pick up the effect of come from the diagram of Fig.(é), whose size is estimated

W, .
W%/mw g W@ b W o
Wy

(a) (b) (d)

FIG. 5. The diagrams with an elementary lo@p, with the G effect at the next-to-leading order inNL{b), and with an additional loop
of elementary fields on top of the leadi®@effect(c), (d). For (a) and(c), similar diagrams using gauge 4-point vertices exist. (Bpand
(d), there are also similar diagrams wi#t), on some of external lines.
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as (N/167%)(g°/167°), whereg=1 represents generic elec- give contributions of ordeN2/1672, and consequentlyl in
troweak gauge couplings. Since the natural scale ofGhe Egs.(11), (12), (13) must be replaced bi2. Similarly, the
sector ism,, this gives contributions to the quantities gray annuli in Figs. B) and 6 are replaced by gray tori.
Ixx(0) defined by £=—(1/2)[v%/2+IIxx(0)JALAY as  However, these replacements do not change any of the rela-
Ix(0)=(N/167?)(g%/167%)m’. Then, according to the tions between the physical quantities—it simply says that the

definition of T, we have quantity calledN before must actually be identified &&.
[Note thatnot all of the N’s must be replaced bi?. For

T 16771_[ 0) = 1 (16) example, the expansion in Figs. 3 and 6 are given by
92?2 xx(0)= 2, (N?/1672)f(g°N/167%) and (1/16r%)f'(g°N/1672), re-

A ] § 602 with { Acain. th ~ spectively, and not N?16mx2)f(g?N%/167%) and
where we have use with f _=v. Again, the precise 21§71 (2N 2 2 ; ; ;
value ofT, defined as the deviation from tghe standgrd modefll1677 JT(g°N'/16m). Basically, N appearing in «
prediction, depends on the reference value rfgy used to
compute the standard model contribution. For thearam-
eter, we note that the diagram of Figdbgives a contribu-
tion to ITy, of order (N/1672)(g?/167). Then, from the
definition of U, we obtain

=0°N/1672 is not replaced byN?.] One consequence of
considering adjoint matter is that the corresponding gravita-
tional theory now seems to be closed string theory, because
the sphere and torus do not have any edge identified as the
end point of stringgfor another implication, on an under-
standing of the Fermionic KK towers, see footnoje Bhe

2 2 situation is similar in the case d(N) number of ¥g's
U=16r11},= g_vz_l_. (17)  transforming as the_ fund_a}mental representation: '_[he quantity
mj calledN should be identified abl?, although the disks and

annuli in this case are not replaced by other objects and the
This shows that as long agi/m;)?<1, as in our case, the corresponding gravitational theory is still an open string
contribution to theU parameter is negligible. theory. In the rest of the paper, we keep usha@s it ap-

By deforming the diagrams of Fig. 5 as in the way we peared in the heuristic presentation in this subsection, as it
deformed Fig. 2 to Fig. 4, we can easily see that these diawill not change any of the physical results. The reader who
grams actually correspond in the 5D picture to the one-loogvants a more precise picture, however, should understand it
diagrams in which the KK gauge bosons circulate in theappropriately as the square of the number of “colors” of the
loop. The reason why these diagrams can give only subdomgauge groupG.
nant contributions t@& is then clear because the size of the
loop diagrams is always smaller than that of the tree-level
effects, unless the quantity is first generated at the loop level ~ B. Comparison with experimental data: S parameter

as in the case of th& and U parameters(Remember that Current experimental data already give strong constraints
N=1 corresponds to the condition that the 5D gauge coupn possible new physics at the TeV scale. For example, the
plings, gsp, are smaller than the value given by ND&¢,  absence of FCNC’s other than those arising from the stan-
<167°/M, .) From the above 4D analysis, we know that dard model strongly constrains the flavor structure for the
the 5D loop contributions t& and T, given byS=T=1/m,  TeV physics. Here we concentrate on the constraints arising
do not depend o, i.e., the mass scale of the KK excita- from the precision electroweak data, especially thoseSon
tions. In fact, in the 5D theory we find that the 3-point cou-andT oblique parameters. The issue of flavor changing pro-
plings involving a lowest-modéur W andZ) and two KK cesses will be discussed in the next section.
gauge bosons scale asyNxm,/v. Thus they cancel the We first note that ouS and T parameters are defined as
mass suppression arising from the KK gauge-boson propag#ie deviations from the standard model values. The standard
tors when we calculat& and T, making these contributions model contributions to the vacuum polarizations are calcu-
nondecoupling. lated once the mass of the physical Higgs bosop, is

We close this subsection with a final important remark. Inspecified. On the other hand, in our theory there is no Higgs
the above discussion, we have presented our analysis assubsson in the spectrum so that the contributions to the
ing that matter fields in th& sector,#¢, transform as the vacuum polarizations do not depend on such parameter. This
fundamental representation underWe have also implicity means thaS and T, defined as the differences between the
assumed that the number of these fields ar®@f) and not vacuum polarizations in our theory and those in the standard
of O(N). These assumptions, however, will most likely be model, depend omy, which is arbitrary chosen to calculate
violated in the present theory because it must be nearly corthe standard model contribution. SpecificayandT arising
formal above the scald ~k’, which requires large repre- from the diagrams of Figs.(B) and (d) depend on the pa-
sentations or a large number of matter fields to make the betameter my. Of course, this dependence any is not
function nearly vanishing. Nevertheless, this will not changephysical—the experimental constraints Srand T also de-
any of our physical conclusions described here and belowend onm,, and the physical constraints dthe G sector
Let us, for example, consider the case where the matter seof) our model do not depend on the arbitrary parameigr
tor consists ofO(1) number ofig's that transform as the Treating this issue correctly would become important when
adjoint representation und&. In this case the gray disks in we aim to make a precise comparison between the predic-
Figs. 2—4, %c) and 3d) are replaced by gray spheres, which tions of the theory and experiments. However, we do not
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need such a precision for the purpose here, as we do nabntribution toS becomes sufficiently small only when the
attempt to make the comparison between the theory and e%D cutoff scale is lowered down to the scale of AdS curva-
periment at the level of 5D one-loop contributions. Ratherture (i.e., the IR cutoff scaleM, , is lowered to the scale
we discuss general implications of the results in the previouglose to the mass of the first KK resonanog~=7k’).
subsection, focusing on the large leading-order contribution. At first sight, the above conclusion seems to change if we
We therefore regard that the theory is successful if it givesntroduce the TeV-brane gauge kinetic terng,,Zr,Zy
sufficiently small values of5 and T. Specifically, we here 0, because of the second term in the equatiorc{dn Eq.
take a somewhat conservative criteri§T=<1/7, and con-  (20). A careful study, however, shows that the conclusion
sider whether the contribution from the gauge sector derivedctually persists even in the presence of the TeV-brane terms.
in the previous subsection satisfies it. Below, we will explic-To see this, we first rewriteZ, , Zg, and Z,, as Z,
itly see that the minimal theory with a perturbative 5D en-= §, /1672, Zg= 8x/1672, andZy,= 6),/1672, respectively.
ergy region fails to pass this test, which implies that eitherthe NDA values for these coefficients are then represented
the extension of the model or the deviation from the perturas s, , 55, 8,,=O(1). An important point here is that these
bative 5D picture is necessary for the theory to be viable. Aparameters cannot take large negative values, because it
we will see in the next section, our conclusion is not changegyould lead to a ghost below the IR cutoff scaM,, . We
by including contributions from the matter sector. thus have constraintg, ,8g,5,=—1 from the consistency
With our weak criterionS, T<1/m, only the dangerous of the theory, which gives a strong restriction on the possi-
contribution is the leading-order contribution to tB@aram- bility that the second term in the expressiorcgfcancels the
eter given in Egs(11) or (14). These equations imply that, if first term and gives smaller values of (and thus allows
the coefficientcs is order 1, we need to go to the parameter|gyger values oN). The second term ofs in Eq. (20) be-

regionN=1, which requires that the 5D theory is_ strongly comes most negative when at least ong,0br gg takes the
coupled already at the scale of the lowest excitation. To segygest value, in which case

the situation more quantitatively, however, we have to calcu-
late the coefficients. This can be done in 5D by solving the 3
. . . K
equations of motion for the gauge fields at tree level. Cs=—+ —— (8. + Sr+ S). (22)
In order to analyze the most general situation, we add the 4 M,
following gauge kinetic terms localized on the TeV brane
3 . We thus find thaitg can be much smaller tha@(1) only
L when the two scaleM, andwk are close. In fact, Eq21)
S=f d“xf dyV=Ginad(y = 7R) agl [_ZFﬁFIﬁ suggests that the effect encoded in the TeV-brane kinetic
terms should be regarded as “stringy corrections,” i.e., the
higher order effect in the &/expansion.
' (18) The argument described above explicitly shows that the
minimal theory with a large perturbative 5D energy interval,

in addition to the bulk and Planck-brane localized gauge kiM«> 7K, fails to comply with precision electroweak data,
netic terms, Eq(5). We can now compute the coefficiery ~ Pecause then we hawa=1 andN>1. There are then two
as a function of the parameters of the theorg?1/1/g2, possibilities to _make the the_ory viable. The first one is to
Ui e 162 7. 7o 7. andZ.. The detailed cal- extend t_he mlnlmal r_nodel to include a new sector that gives
9x. YOL, YOy, L. LRy Lms X a negative contribution t& and cancels the leading gauge
cula_tlon is given in Appendix A, and the result can be SUMcontribution of Eq.(19). Such a contribution mayeffec-
marized as tively) arise from additional matter fielddocalized to the
N TeV brane [23], additional gauge bosorj24] or, perhaps,
S=cgs—, (190  even from the physics associated with the radion fi2&] in
™ which case the extension of the model may not actually be
needed. In this case, the 5D theory can be perturbative up to
the cutoff scaleM, which is parametrically higher than the
) o AdS curvature scalerk. This means that the strongly
N= 16m c :E gik-grK (Z,+Zr+Zuy) coupled G sector that breaks electroweak symmetry has a
(gf+g§)k’ ST (gf+g§)k Lo ERT AN weak coupling description over a certain energy interval
(20 above the mass of the lowest excitatiark’, up to some
higher energy scaley . This type of theory would then
In the absence of the TeV-brane operatafs=Zg=Zy  allow precise computations of electroweak corrections, for
=0, we find thatcg=3/4 andN must actually be smallN  exampleS, T and U parameters generated at the 5D loop
=1, for the theory to be viable. The smallest valueNofs  |evel (although forS there are intrinsic uncertainties of the
obtained at the largest values for the bulk gauge couplingsame order arising at tree level from operators on the TeV
Suppose that one @ or gr becomes strongly coupled at brane. The unitarity of the longitudina¥vW scattering am-
the cutoff scale of the 5D theor\, . This implies that at  plitudes is recovered by the presence of the electroweak KK
least one ofg, or gr is as large a@E]Rz 1673/M, , and  gauge bosons, instead of the Higgs bo$@i26]. The re-
thus we obtailN=M, /(wk). Therefore, we find that the quired cancellation to attain these is of orderN1/

Zg Ra-Ra Zy Lar-Ra ZXX X
—TFWFM—TFWFW _ZFWFW

where

115013-10



HOLOGRAPHIC THEORIES OF ELECTROWEAK . .. PHYSICAL REVIEW B9, 115013 (2004

=ak/M, . Thus, in order to have a reasonable energy inter- uc
val where the theory has a weak coupling description, say qc(2*,1,—1/6)=(dc>,
M, /(wk)=5, we only have to invoke the cancellation of
order 20%.

The second possibility is to give up a weak coupling de- Cra omw _ Crn ok _
scription of the theory; specifically, we také, = k. In this ¥i(1,2°,1/6) = ( J:) - Y§(L.27,1/6)= ( Uc) - (22
case the mass of the first excited moehg= 7k’, is close to

the scale where the theory becomes truly strongly coupleqd1ereq s b oS U andzﬂ%represen(left-handedWeyl
1 1 1 1 ui

! . - .
M, . There_ls no energy interval where the the_or)_/ admits 6l‘ermions;q andq® form a single 50(Dirac) fermion, and the
weak coupling description, and electroweak radiative correc-

tions cannot be reliably computed. Nevertheless, NDA sugS@me is true for, and ¥ and ford;;and%—. The numbers
gests that in this parameter region the correctiorSandT N parentheses on the left-hand side of the equations repre-
are both of order . Therefore, it does not seem so unnatu-Se€nt the quantum numbers unde®U(2), X SU(2)r

ral that these corrections in fact do satisfy the constraints< U(1)x.

from precision electroweak measurements. The worry, of Under the orbifold boundary conditions the zero modes
course, is that because the cutoff scale is close to the first KEr the conjugate fields are projected out, so that the
mass, the 5D field theoretic description of the theory may no€l®, #4 g fields in Eq.(22) do not have zero modes. The
make much sense. For instance, if the 5D Planck ddalés  zero modes fotJ andD also get masses by marrying with
taken close to the 5D cutoff scale, as in the usual case, thge pjanck-brane fieldg - andy [see discussions below Eq.
background AdS solution itself will receive large quantum(6)]‘ Therefore, before turning on the effect of electroweak

gravitational corrections and our entire treatment will be- i s
come unreliable. However, the 5D Planck scalle, may be ~ SYMmetry breaking, the three Weyl-fermion fietglas andd
are massless. These fields have the quantum numbers

parametrically larger than the cutoff scaM,, . The argu-

ment based on the locality in 5D may also persist even fof21/6), (1,—2/3), and (,1/3) underSU(2), xU(1)y and
M, =k, as the proper distance for the fifth dimensiatR are identified as the quarks in the standard model. The fer-
* ] ]

is still larger than the cutoff length, W, . Here we do not mion KK towers consist of all the fields listed in E@Z).. .

try to make further arguments on the viability of this param- ((j)nce dtr;]e effeacthof electrowe_ak symhmetry b(;eaglng ljs Im-

eter region. A more solid treatment of this region will prob- tro ukce t roug the operart]prrs] '(;' E@'é € St?]n gr”;mo N

ably require a string theoretic construction of the theory. quarks recfelve mfssef’ w 'C" eﬁ)]en onbt € bu n|1_ass pa-
Having the above two possibilities in mind, we will dis- rametersc for q, ¥, 4 as well as the TeV-brane couplings,

cuss further phenomenological issues of the theory in thdu @1dYqd. These masses, together with the KK tower mass

next section. These include flavor violation, top quark pheSPectrum, are worked out in Appendix B. They are deter-

nomenology, and contributions of the matter sector to thénined by the condition
electroweak oblique parameters.

b° &

m

m Jc,_—1/2 ? m

V. FERMION SECTOR AND ITS PHENOMENOLOGY \]ch1/2 P T Tmy Ycl_—1/2 P
. . . . Ye —1
In this section we discuss the fermion sector of the model “ 1’2( k)

described in Sec. Ill. We focus most of our discussions on
the third generation quarks since they are most severely con-

m
strained by experiments. However, some of our analyses, for m Jog-112 k) m
instance those for mass eigenvalues and flavor violation, are X| Jeg-122 kK| —mYCR*UZ K
also applicable to the first two generation quarks and leptons. Yoo 1/2(E)
A related study on the issue of fermion masses can be found
in Ref.[27]. m
m Jc,_—llz( ?) m
| T L R P
A. Basic structure L k' L k’

Let us start by summarizing the structure of the fermion
sector of the model given in Sec. lll. A single generation of
the quark sector consists of the following fermion content:

u cptl12l T, T cpt1/2| ) )
_ k m k
q(2,1,1/6)—<d>, YCR—UZ(E)
(23
D d . _
p(1,2,-16)=| _|, ygl2-16)=|_], wherem represents the mass e|g_envalues. the masses for our
u U quarks and the KK towers are given as the solutions to this
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P P P erator which consists of fields in th® sector and has the
quantum numbers af conjugate. The dimension of this op-
W,,B, erator is related to the bulk massof the 5D field corre-
sponding tay. Forc=—1/2 itis given by{ O,]=c+2 [28].
Therefore, in terms of the canonically normalized field
the coupling ofys and theG sector can be written as

(a) (b) E4D:k641/2¢0¢1 (24)

FIG. 7. Diagrams giving flavor nonuniversal gauge interactions
(@) and four-fermion operatoréb). The gray disks represent the where 7 is a dimensionless coupling constant. Feor 1/2
dynamics of theG sector. this is an irrelevant operator and the couplings of order 1.
For c<1/2, the interaction in Eq(24) is relevant, and the
equation. Herd ,(x) andY ,(x) are Bessel functions, and  coupling » runs with energy asy(u)~ (k/ )¢~ Y2, which
cg are the bulk masses for the left-handed and right-handeinplies that 7/k®~ 2 provides an order-1 insertion at any
fermions, and\ represents the size of the TeV-brane operagiven energy{4]. For c=1/2 the operator is marginal ang
tors. For example, if we want to know the mass eigenvaluess given by n~ 1 In(k/k")]¥? at the electroweak scale. For
of the up-type quark KK tower, we substitug=c,, cg  larger than but close to 1/2, p={(2c—-1)/[1
=c,, and\=y,vy, in Eq.(23) and solve. In the case of the —(k'/k)2e 132 _ _ S
down-type quark, we use_ =cq, Cr=Cy, and\=yqvy. We can now estimate the nonuniversality arising from the
d diagram of Fig. 7a). Forc>1/2 the fermion field is attached
to the gray disk with the facton/k®~ 2. The gray disk con-
tributes asN/16m2~ 1/(gZ + g2) k.2 Multiplying these factors
and supplying the dimension /' then leads to the nonuni-
0 rsality of the gauge couplingg:

For the leptons¢, =¢, CrR=Cyp; and\=yy.

For the first two generation quark&nd leptons we
choosec, andcg sufficiently larger than 1/2. In this case the
lightest mass eigenvalues, i.e., the masses of our quarks a
leptons, are suppressed by a large factom

~k'(k'/k)ccr1 explaining the hierarchy among quark 59 72k 261
and lepton massedl7]. Because we do not want to have —=a—————, (25)
such a suppression for the third generation quarks, especially g (gL +grIk™

for the top quark, we choosg, andc . for the third genera- i i ,
tion to be smaller than 1/2. The thir(; eneration is taken wherea is anO(1) constant. In fact, this parametric depen-
' 9 ¥ dence can be recovered in the 5D calculation. Defining the

to be larger than but close to 1/2 so that the bottom quarkonuniversalitysg as the deviation of the gauge coupling
mass is not too suppressed. More detailed discussions gpym the case of Planck-brane localized fermions, we obtain
phenomenology of the third generation sector, including thg; py convolving the wave functions of the matter zero mode

mass spectrum of the top-quark KK tower, appear in theynq the electroweak gauge boson. We find thatl —10 that

following subsections. depends quite weakly on (the a here contains the possible
effect from brane coupling$see Eq.(26) below], which
B. Constraints from flavor violation arises from the fact that oM andZ bosons are mixtures of

Since the electroweak gauge symmetry is broken b)glementary e_lnd composite state$his constiutes a _smgll
boundary conditions or a large VEV of the brane—localizednonun'versal'ty' an_d the constramts from flavor violating
field H, the wave functions of th&/ and Z bosons in our P'OCESSES for the first two generation quads well as lep-
theory are not flat in the extra dimension. This generically
introduces nonuniversality of the electroweak gauge cou- . _ o _
plings depending on the bulk fermion mass parameters, be- This estimate may be just!fled by the foIIow!ng ‘argument. The
cause the 4D gauge couplings are obtained by convolving thfélct that the 4p gauge _coupllngs receive contributions fromGhe
wave functions of the corresponding fermion with the gauge®®ctor Proportional tN implies that theG matter charged under
boson, which are not universal for fermions having differents.U(Z)L.Xu(l.)Y IS in fundamental rep.resemat'onS@f Then, the
values of the bulk masses. To estimate the size of this noﬁc'-eIOIS C'r.CUIat'ng on the edge of the disk must be fundam?ma! rep-
universality, we first consider the theory in the 4D picture. In_resentanons oG (the edge between t_he t.WO external fermion lines

L ! . . is a scalay, and the standard counting in lardefor the group-
g(])lzprl)ilr(]:;ir?s tggugg(gUQ;Vter:Zagitggthaes eslﬁg\s\r/(r)]\'\{ﬁalé(g%a;jge(heoretical factor givedN/1672. An alternative possibility is that

matter in theG sector,y¢, is in the adjoint representation under

Here, the solid external lines are fermion fields and the Waviésee the last paragraph of Sec. IV.An this case, the gray disk

external line is the electroweak gauge boson. The gray diskecomes a gray sphere and contributions fromGheector to the

at the center represents the dynamics ofGhsector. 4D gauge couplings are proportional 3. The N power counting
What is the coupling of the external fermion linésl-  perfectly works just by replacinty by N2. The adjoint matter also

ementary fermion fieldsto the G sector? In the 4D picture, provides an understanding of the KK towers of the fermion fields as

an elementary fermion fields couples to theG sector  bound states ofi andA? (the gauge bosons @). A fundamental

through the interaction lik&€,,~ O, whereO,, is an op-  scalar field is not necessary in this case.
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culated in the 5D picture. ThE—bb decay constrains the
quantityégf/gf to be less than a percent level. In our theory,
(g2+ga)k=167%/N, and in the case that the brane cou-
plings are given by Eqg10) with 1/g7 ;= 1/g% o=1/16m2,

we find from Eq.(26) and Fig. 8 thatc, must satisfyc,
=0.3,0.44 and 0.47 foN=1,3 and 5, respectively. There-
fore, to avoid having to fine tune the parametgito be very
close to 1/2, smaller values bdfare preferred. This points in
the same direction as the leading-ord&mparameter con-

straint, although the constraint from—bb is weaker and
allows a reasonable energy interval for the weakly coupled
i 5D description, e.gN=3. In the case of strong bulk gauge
Oy '_g.s' S Ofo R Ofs +———1 " couplings, Eq.(26) gives about one percent deviation for
o c.=0.49 for 147 g =M, /167°. Smaller values ofc,
however, are possible @, takes somewhat smaller values,
FIG. 8. The functiorf defined in Eq(26), which determines the e.g. g?<8%°/M, , or there is some cancellation from un-

deviation ofg? from its standard model value. known strong coupling dynamics.

f(cL)

tong are evaded relatively easil¥], especially whemyy is
large, i.e., the mass of the first KK gauge boson becomes
large. Similarly, nonuniversal four-fermion operators gener- Obtaining a large enough mass for the top quark is a
ated by the exchange of the KK gauge bosons, representewntrivial issue in any theory with dynamical electroweak
by the diagram of Fig. (b), are also quite small for the first symmetry breaking. In this subsection we discuss the spec-
two generations. They are given by 6Gg  trum of the top quark and its KK tower. We also address the
= (k' IK)*°~ /[ (g? + g&)KKk'?], where SGg represents the resulting top-quark phenomenology.
coefficients of the flavor violating four-fermion operators ob- ~ The relevant parameters for the top-quark sectorcare
tained after integrating out the KK gauge bosons. =Cq, Cr=Cy-and\=y,H for the third generation. As seen
For the third generation quarks, and ¢, must be in the previous subsection, the parametemust be close to

smaller than 1/2 in order to give a large enough mass to th&/2 to avoid the conflict with the observ&d-bb decay rate.
top quark. The value of, is then constrained by the flavor The parametercy is less constrained and can take much
violating coupling of the left-handekl quark to theZ boson.  smaller values. For fixed values of andcg, the spectrum
Performing a full 5D calculation, we find that the relevant of the top KK tower shows the following behavior as a func-

C. Top quark phenomenology

flavor violation is parametrized by tion of A. ForA=0, the spectrum consists of two decoupled
b ) towers for the 5D fieldsy and u. Each tower has a zero
&2 f ( gL (26) mode, which is a Weyl fermion, and a tower of Dirac fermi-
o (g’+gd)k\ 7RG/’ ons; the towers fou and u have identical masses fay

=cg, but in general have slightly different masses &r
whereg; is the coupling of the left-handed bottom quark to #Cgr. Therefore, the overall spectrum far=0 can be de-
the Z boson, andf=f(c_,cg,\) is a function ofc, =cq, scribed as follows: there is a Dirac fermion at the massless
Cr=Cy; andN=yqH. The last factor captures the depen-level, which consists of two Weyl-fermion zero modestof

dence ofagE/gE on the brane couplings, becoming 1 in their and u, and the KK tower has two Dirac fermions at each

absencésee Eq(8)]. Forcg>1/2 and\ =1, the coefficient |evel, arising fromu andu, whose masses are degenerate for
f effectively depends only og,_ . The dependence is roughly ¢, =cy but not in general. When we turn on by a small

given by amount ((<1), the Dirac fermion that is massless for
=0 receives a mass proportional Xo Meanwhile, the two
f(c)~—a’ 2= —a’ 1-2¢, @7 Dirac fermions at each level become increasingly split: the
L n 1— (k' fk)L-2eL’ lightest of the two becomes lighter and the heaviest becomes
heavier. For very largen (A>1), the masses for all the
where the dependence af on ¢, is rather weak(for in- states become constant. In particular, the mass of the for-

stance, 6sa’ <7 in the parameter region we are interested,merly massless state approaches to a constant value of order
0.3=c,=<0.5). In Fig. 8 we ploff as a function ot , cal-  K'. The lightest of the first excited states becomes close to

this state in mass. They become degenerate-ato for ¢,
=cCg, but not forc, #cg.
9Diagrams similar to Figs.(@ and (b) but with ¢'s replaced by The behavior of the mass eigenvalues described above is
gauge fields give corrections to the gauge three-point and four-poirlotted in Fig. 9 forc, =0.4 with three different values of
interactions,ZWW WWWWand ZZWW These corrections are of Cr: 0.4, 0.1,—0.2. In the figure, we have plotted the mass
order 5g/g=(N/167?)g?=g?v?/ms. eigenvalues of the top KK tower in units &f, obtained by
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FIG. 9. The spectra for the top KK tower. The horizontal axisis  FIG. 10. The same as Fig. 9 but fosO.<2 and O=m/k’
A=y H, and the vertical axis is the masses in unitsko6f The <0.5.

solid, dashed and dot-dashed lines are for,Eg)=(0.4,0.4), . L
(0.4,0.1) and (0.4:0.2), respectively. In Fig. 10, we present a magnification of the lower-left

corner of Fig. 9. From this figure we can obtairfor a given

. ) value of N. Let us, for example, consider the two cases of
solving Eq.(23) for given values ot andcg, as afunction N=1 and 3. In these cases, the valueskbfare given by
of A. The solid, dashed and dot-dashed lines represent the ~1100 and 630 GeV, respectively, requiringk’ =0.15
spectra forcg=0.4, 0.1 and-0.2, respectively. We can see and 0.26 to reproduce the observed top-quark mass. These
from the figure that the masses approach to constant valugglues are easily obtained fog={—0.2,0.1,0.4 by choos-
for \—o0. For the lowest mass eigenstate, which we identifying A={0.3,0.4,0.8 and{0.5,0.7,1.5, respectively. It is in-
as the standard-model top quark, the mass approaches teresting that these values mfare what one would naively
m/k’=0.65 for \—oo regardless of the value afr, al- expect from dimensional groundg;,~1/M, andH~M, .
though the value ofn/k’ obtained forA=0(1) depends on This is also true for larger values of and for the case of
Cr. This is because fox — o the mass eigenvalues are de- strong bulk gauge couplings. For example, fgr=0.49
termined by the condition that the second term in the leftand N=1 one only needs A={0.7,0.9,1.9 for
hand side of Eq(23) is vanishing; namely, the sum of the cg={-0.2,0.1,0.4 to obtain the observed top-quark mass.
solutions  of  Jgy1(M/IK") = [Je_1o(M/K)/Y o 1(MIk) ] We finally discuss phenomenological issues in the top
X Yer12(mM/k’)=0 for c=c, andcg. This in turn implies  sector. As th&V andZ wave functions are not flat in the extra
that the maximum value of the top-quark mass, i.e., the masdimension, the couplings of these gauge bosons to the top
at\—co, is determined by the value of the largestopfand  quark deviate from their standard model values. For the left-
cgr (c_ in the case of Fig. B since the value ofn/k’ ob-  handed top quark, the deviation of the coupling Zois
tained as the lowest mass solution of the above equatioroughly given by Eq(26) and at a level of a few percent.
decreases for increasing value ofSpecifically, the maxi- The deviation of thet b, W coupling from the standard
mum value of the top-quark mass is given tyk’=0.25, model is also at this level. Therefore, these effects are not
0.45, 0.65, 0.80, and 0.95 for max ,cg}=0.5, 0.45, 0.4, constrained by the present experimental data. The effects on
0.35, and 0.3, respectively. Therefore, there is a tension béhe right-handed top quark can be much larger because it has
tween the top-quark mass and the constraint fidmbb  Smaller values ot. For example, smaller values ofinduce

, . . — the interaction of the right-handed top quatk to the W
discussed at the end of the previous subsectiorZ-abb L . .
provides the lower limit for the value af, [22]. Since the boson. HowevEr, th'? interaction COUptegsand_V_\/ only with
value ofk’ in our theory isk’ =2v/\N [from Egs.(8) and the_h_ea\_/y fieldB and its KK tower, denoted d3 in Eq. (22),
(20)], we find thatN must satisfyN<4 to obtain a large so it is irrelevant at low energies. A particularly interesting
enough top-quark mass),~165 GeV forMS without QCD effect appears in' the righ't-handed top quark coupling ththe
radiative correction&’ We also find from Fig. 9 that for suf- boson,tgtrZ. This coupling can have an order-1 deviation

o . from the standard model value. The deviation arises mainly
ficiently large values forcg the mass of the first top-quark . L.
ylarg R P-4 from the fact that thez wave function insideA™® has a

KK tower is significantly lighter than that of the first gauge- o . X X > roE2
boson KK tower,m;=2.4k’, in the region\>1. This fea- nontngnal mef;'e' and is approximately given b‘%nglgR
ture, however, is lost fox<1 or smaller values ofg. =f"gr/(9L+gr), where f"~(1—-2cg)/[1—(k'/k)" “F]

with cg representing the bulk mass fig. This is in contrast

to the case of theb b, Z coupling, which arises from

9ntroducing Planck-brane localized kinetic terms for the left- the variation t?f EheZ V\éavez funZCtion inA'}f’ and thus is
and right-handed top quarks does not significantly modify the argugiven by 4&g//g/=f'g;/(gf+9r) with f'~(1—2c.)/

ment, unless there are unnatural cancellations. [1—(k'/k)1~ 2] [see Eqs(26), (27)]. Sincegg can generi-
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cally be larger thery, (andcg smaller tharc, ), dgk/gk can  andtg with the Z, since these must be localized not too far

be large. It will be interesting to explore this coupling in a from this brane. We define the effectizés coupling by

futuree*e™ linear collider[29].

9 g

a2 m(zbsHLV’LSLJFZBsERWSR)ZW

D. Corrections to oblique parameters Lzbs=
From the analysis in Sec. IV of the electroweak oblique (28)
corrections generated by the gauge sector, we have found

that there are two possibilities for making the theory viable. ,
One is to have=1_ ie. (gf+g§)k216772 and the other is whereZ,s andZ|, encode both the one-loop standard model

to extend the theory to give an additional negative contribu@® well as new physics contributions. Up to a factor of order

tion to S. In the former case the contributions$@ndT from L thelzl trez-'level F%NCgertec glduceltz by the flavor violating
the top sector cannot be reliably calculated, as the IR cutméfOLIp Ing discussed in sec. results in
of the theory is close to the scale of the first resonance so that
there is no energy region where the theory has a weak cou- 2 b
. e g 1 1. 8w | 89,
pling description. However, an argument similar to the gaugegzbs:< N _S|n20W) Dlﬁs_(_)
case suggests that these contributions are of oftel 2 3 g? gE L
~1/7. The relevant diagrams are similar to those in Fig. 5 (29)
but with appropriate modificationgnternal lines should be
the top quark or itsSU(2)r partner, there must be more brob . i
insertions of theG dynamics with the chirality flipping ef- Wheresgi/g; is given in Eq.(26) and takes a value of order
fects, and so oh Because the diagrams have insertions of thé®N€ percentor somet\)/zhat smallgrin a generic parameter
fermion masses, the contributions from the other fermiond@9ion. In Eq.(29), D, corresponds to the-s element of
are much smaller. Therefore, although we do not know thdhe left-handed down-quark rotation diagonalizing the quark
precise contribution from the matter sector, we can expedfasses. Thus, with the natural assumpfiii=V;,Vis, the
that the theory may still be viable in the sense that the concorrection is of the same order as the standard model contri-
tributions to the oblique parameters are of or8F<1/7.  bution to this vertex, which if30] Z5y'=—0.04 '3
In the case with additional negati\&contributions, we =0). This leads to potentially observable effects fn
can have a moderate energy interval where the theory is>s¢ "¢~ decays, although the current experimental data,
weakly coupled. In this case, the top contributiontdoes  |Z,J=0.08[30], are not greatly constraining.The effects
not give any additional constraint, because we have alreadyre larger in the case that the boundz# bb is saturated,
invoked the cancellation between the gauge and the addje,, 5QE/QE:1%- for example in the case of strong bulk
tional negative contributions—we simply have to make thegauge couplings. The effect of E(R9) also contributes to
sum of the gauge, top and additional contributions to beyadronic modes, such B— ¢K,, although there it must
smaller than the eXperimental constraint. As for the tOp Concompete W|th the parametrica”y |arger Contributions from
tribution toT, it is a calculable quantity dominated by the IR glyonic penguins.
region~k’, due to the custodigbU(2) symmetry of theG The second type of tree-level FCNC effects occur in the
sector [22]. The contribution is roughly given byT interactions of third generation quarks with thie KK gauge
~a,(m,/k')?, wherea, is a constant; the value af, de-  hosons, including those that belong to an unbroken symme-
pends orc, andcg, and may have an enhancement comingtry, such as the KK gluons. This is due to the fact that the
from the fact that theG sector(KK towers) feels stronger Jightest KK gauge bosons are localized toward the IR brane,
chiral symmetry breaking than the elementary sector. Th@nd are therefore strongly coupled tio, b,, andtg. The
acceptable values dffrom the top sector depend on the size FCNC interactions of KK gluons withy, also lead to con-
of the contributions from the gauge sector and an additionafibutions to hadroni® decays, and they are potentially of
sector needed to mak&sufficiently small. However, based the same order or even larger than the standard model glu-
on the naive estimate, it does not seem implausible to expeghic penguins. These could result in sizeable deviations in
that the top contribution, together with all the other contri- Cp asymmetries irB decays such aB— ¢K, B— 'K,
butionS, aCtua”y fit to the data in some eXpliCit models. andB— '7TOKS, among Other$32]’ even after the constrains

o ) from Z—bb are taken into account.
E. Implications for flavor physics Finally, the large flavor violating coupling of the top

As mentioned in Sec. V B, flavor violation in this model quark, particularlyty, may lead to a large contribution to
arises as a consequence of the need to have different bulk®-D° mixing. This has the contributions both from KK
masses for the third generation quarks in order to obtain gluon andZ exchanges and has the form
large top quark mass. This nonuniversality leads to tree-level
FCNC’s. These have two main manifestations. First, since———
the wave function of the is pushed away from the IR brane 'This possibility has also been mentioned in Rgf1] in the
by the boundary condition®r a large VEV, there will be  context of the model of Ref22]. We thank K. Agashe for pointing
non-negligible tree-level FCNC couplings of =(t.b,)T  out this reference to us.

~—-8m?DP*—-,
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y(cp) (UL*ULG)2 imposed at a spacetime bounddtiye IR brang As long as

the theory is weakly coupled and the AdS curvature sk#de
sufficiently small—which correspond in the 4D picture to
o= RO have sufficiently largec andN—we can reliably comput&
X (D7 (cry,UR) (CRY"UR)|D®), (80 andT. Quark and lepton masses are also obtained relatively

. . . easily by putting these fields in the 5D bulk and giving them
for the KK gluon exchange. Herély, is the rotation matrix asses at the IR brane.

for right-handed up quarks, ang(cg) is a function ofcg Because the theory is calculable, it is possible to make a
which gives the enhancement due to the strong coupling dfgjigple comparison between its predictions and experimental
the KK gluons tag. For instance, focg=0 and small brane  gata. We have explicitly computed the gauge contribution to
couplings,y=16. To estimate the contribution tbmy, we  the S parameter in the simplest potentially realistic theory of
need the quark rotation matrix elements. If we takethe kind discussed above—a 5D warped space theory with
UR™Ug=sim¢c, with sinf.=0.2 the Cabibbo angle, then the electroweak symmetry broken by the boundary condi-
the current experimental lim{t33] on Amp translates into  tions at the IR brane, and with the custod®l(2) symme-
my=2 TeV." In the strong bulk coupling casg(cg) can  try imposed on th& sector encoded in the physics of the 5D
be enhanced and somewhat larggy or smaller mixing  pulk and the IR boundary. The result can be written in the
angles may be required. The contribution frahis generi-  form S=cN/# (or S=cgN?/ ), wherecs is a positive con-
cally the same order but somewhat smaller. We thus find thajtant of order 1 antil (or N?) is given by 16:%/(g?+g2)k

the effect can be consistent with but naturally close to theyih g, andgg representing the 5D gauge couplings of the
currgnt expt_arimental limit. Similar contributions come from 1k gauge groupSU(2), andSU(2)g, respectively. This
the interactions of, , but they are typically smaller than gyt has a striking similarity to the estimateSin techni-

Amp=4mag
m? 2mp

those fromtg because of larger values of color theories. This is because the size of the prediction of
the theory for a physical quantity is in general rather in-
VI. DISCUSSION AND CONCLUSIONS sensitive to the value of—expandingP in powers of 1N as

. . P=3f N~", the d d f the functi
We have studied theories of electroweak symmetry break- " () @ dependence of the functiofis(«) on

: : . "k is rath ild:f =0(1) forth ti . Thi
ing without a Higgs boson. The electroweak symmetry o S rather mild:fy(x) (1) for the entire range of. This

broken b trivial d . h ) ion in turn implies that if we want to have a large valueMyfor
foken by nontrivial dynamics of a gauge:‘ mtera},cu ' equivalently a large energy interval where the theory has a
whose gauge coupling and the number of “colors” are de-

< weakly coupled 5D gravitational description, the gauge con-
noted asg and N, respectively. In conventional 4D techni- tripution to Smust be canceled by some other negative con-
color, the theory is assumed to be weakly coupled at thgribution, which does not arise from the gauge or matter sec-
UV—the loop expansion parametee=g>N/1672 is smaller  tor of the model. While such a contribution may arise,
than unity—and electroweak symmetry breaking is triggeregerhaps, from the intrinsic structure of the theory, for ex-
at the IR where the perturbative expansion breaks down, ample from the sector needed to stabilize the radius of the
=1. This makes the theory intractable because we must suextra dimension, it will most likely require an extension of
up all contributions of the formx" (ne Z) arising at thenth ~ the model. The amount of cancellation required is typically
order in perturbation theory, to compute quantities such asf order 10%, but if it is attained, we can have a weakly
the electroweak oblique paramet&andT. Moreover, such coupled, calculable theory of “dynamical” electroweak sym-
a theory generically has the problem of generating realistienetry breaking.
fermion masses without conflicting with the experimental Another interesting possibility is to have a value Mf
constraints on flavor violation. close to unity, which is attained by making one or both of the
In this paper we have studied an alternative possibility of5D gauge couplingg, andgg large. In this case we lose the
“dynamical” electroweak symmetry breaking, in which the calculability of the theory, but we expect that the corrections
parametelx is larger than unity at the UV. In particular, we to the electroweak oblique parameters are of ordet He-
have concentrated on the case whergtays almost constant alistic quark and lepton masses will also be obtained without
over a wide energy range above the electroweak scale, asntradicting with bounds from flavor changing processes, as
indicated by the curvéb) in Fig. 1. In such a theory quan- this property is expected to persist even as we make the 5D
tities such assandT can in principle be calculable because theory strongly coupled. We therefore arrive at a potentially
they are given as expansions in powers af ahd 1N. With  consistent picture of a dynamical theory of electroweak sym-
sufficiently largex and N, therefore, we expect to have a metry breaking—our theory is obtained by taking the limit of
calculable theory of electroweak symmetry breaking. This isstrong 5D gauge couplings in a warped 5D theory, in which
actually the case for a certain theory of this type, where theréghe electroweak symmetry is broken by boundary conditions
is a dual description in terms of a 5D theory compactified onmposed at the IR brane.
the truncated AdS space. In this dual description, the elec- A particularly interesting version of this theory is obtained
troweak symmetry is simply broken by boundary conditionsby taking all the 5D gauge couplings to be strong:

1673
2Unlike for U, and D, , there is in principle no reason whyg M, = k= CEE

must have such scaling with the Cabibbo angle. Osp

(31)
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whereM , is the cutoff scale of the theory andp represents E,

all the 5D bulk gauge couplinggc, 9., gr and gy for . R

SU(3)e, SU(2)., SU(2)r and U(1)x. The observed Y3 NN T g — unification?

gauge couplings then come almost entirely from the Planck-

brane couplings. The oblique parameters are expected to

have a size SU3)c x SU(2)L
xU(l)y x G

ST ! 32
T~ (32
(912351, g=dn)
which is reasonably small, given the uncertainty of the esti- ’
mate. Becaus#, = 7k implies that the IR cutoff scal#

is close to the mass of the first KK resonanog= 7k’ ~ 2 TeV “string” resonances |
whereM =M, e” "™ R andk’=ke ™R we do not have a
weakly coupled KK picture around the TeV scale. Rather, we
have strongly coupled “string states” at the scale of

standard model
without a Higgs boson

M, =4mv=2 TeV, (33 FIG. 11. The overall picture of the theory. Hege, 3 represents
] . . the gauge couplings BU(3)cXSU(2) X U(1)y, while g repre-
below which the theory is essentially the standard modegents that ofs.
without a Higgs bosorithe radion field may also be lighter

than M, ). A difference from the conventional 4D techni- |iable. For example, large quantum gravitational corrections
color picture is that above this scale these states becomfay destabilize the structure of the background geometry.
associated with the 4D gauge interacti®rbut whose gauge However, we only need essentially the AdS-like structure to
couplingg stays almost constant and has a value of order 4 be preserved in the 5D bulk so that there remains a large
or slightly larger, i.e.x=1 or slightly larger{ « in 4D cor-  energy interval above the electroweak scale where the theory
responds toM, /(7k) in 5D]. Just aboveM_ , there are is near conformal. This may be the case, for example, when
resonances, which then become increasingly broader and fhe 5D Planck scaléMs is parametrically larger than the
nally merge into a continuum consistent with conformalcutoff scaleM, . The full treatment of the theory will prob-
symmetry. This makes it possible to consider the theory as ably require string theoretic constructions, which may also
strong coupling limit of a 5D warped theory. We can thengive additional constraints: for example, the valueNofay
expect that realistic fermion masses are obtained withouge quantized through the Dirac quantization condition for
phenomenological disasters, although some flavor violatindpigher-form gauge fields. Nevertheless, given the presence of
signals could be close to the experimental bounds. This pican effective field theoretic model with a certain strong cou-
ture is also different from that of Ref34], because the pling limit, it does not seem so implausible to expect that the
theory as formulated in 4D is well defined up to the scaletheory as described here does in fact exist in some UV-
close to the 4D Planck scalb|p. The theory in the energy completed schemes.

interval betweerM . and Mp, is simply SU(3)cX SU(2), _The experimental signatures of such a theory \{vill be quite
X U(1)yXG gauge theory with the coupling o nearly “_S|mple.” Below the scale o_sz TeV,_ the theory is essen-
constant and of order#. For example, the running of the tially the standard model without a Higgs boson. New states
SU(3)c, SU(2), andU(1)y gauge couplings is still loga- appear aM, =2 TeV, which are composite states of e

rithmic with the beta-function coefficients given by sector and will effectively be described as “string” states.
Since some of these states will be unstable, the tail of this
bi=b>M+¢, (34)  physics may show up even at lower energies in collider ex-

periments. This situation is similar to the minimal techni-
wherei=3,2,1 representSU(3)c, SU(2),, and U(1)y, color theory, but here the observed fermion masses are cor-

and bis'\’I are the standard-model beta functions without arectly reproduced through physics at higher energies. In this
Higgs boson, 10;,b,,b3)=(4,—10/3,—-7) [in the “SU(5) respect, it may not be easy to discriminate the present theory
normalization” for theU(1)y gauge coupliny ¢ are the from certain technicolor mode[85] (they may even be re-
corrections arising from th& sector ande;=1. This may lated to each other in the spacef. An interesting state is
even suggest some sort of gauge unification at a high scale dfe radion field which is expected to be lighter thist] ,
order the Planck scale, sinegdo not have an enhancement especially wherMs=M, , and which arises in the 4D pic-
from the group theoretical factor so that the gross feature ofure by spontaneous breaking of conformal invariance. The
the standard-model gauge coupling evolutitthe three properties of this field are similar to the standard model
gauge couplings approach at high energissexpected to Higgs boson in some parameter region, but in general can be
persist. The entire physical picture of our theory is depictedlifferent[36]. Because the theory can tell quite little about
in Fig. 11. physics at the 2-TeV scale, it will be very important to ex-
The strong coupling feature of the theory raises the issuplore this energy region experimentally. Through such explo-
that the 5D gravitational description may not be entirely re-rations, we will be able to learn about the physics of elec-
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troweak symmetry breaking caused by strong dynamics thathese parameters do not depend on the valuegsarfd g’

does not contain any small parameter. we choose to extradiis andll’s from Eq.(Al), as long as
Note addedAfter the completion of this work, Ref37] Tl g5<v? and 1}, 33 5 o< 1/0% 1/g" 2.

appeared which addresses related issues. The effective Lagrangianfes, in our theory is obtained

in 5D by integrating out the physics gf>0 keeping the
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APPENDIX A The action for the gauge fields are given by E&s, (18),

. _ . i.e., the sum of the bulk, Planck-brane, and TeV-brane gauge
In this appendix we calculate the oblique paramegers kinetic terms. In terms of the conformal coordinatre

and U at the leading order for the theory described in Sec_ _ky : - :
[ll. These parameters can be calculated by integrating out tf\%r?tt;rlf';:e bulk equations of motion for the gauge fields are

new physics, i.e. th& sector, and deriving the low-energy

effective theory for the electroweak gauge bosons. The ef- 1
fects of theG sector then appear in the vacuum polarizations Z&z(zﬁzAf} - pZAﬁ= 0, (A7)
for these gauge fields, which we parametrize Iby, and
My (X,Y=1,3Q) as where we have kept only the transverse modes,@mdns
) for L1,R1,L3,R3, andX, which represent the first two com-
1 a v? o[ 1 , a ponents ofSU(2), , those ofSU(2)r, the third component
ﬁeﬂ——zgl Wyl |5 +Hn|+p ;‘Hn W, of SU(2)., that of SU(2)g, and U(1)y, respectively.
These equations have solutions of the form
Loel [ o/ L] s AS(p,2)=2{aS(p)l1(p2)+bS(p)K1(pD)},  (AB)
— 5 W} | 5 + 1| +p §—H33 w3 L(P.2)=2a,(p)l1(p2)+b;(p)Ki(p2)},
, wherel,(x) and K,(x) are the modified Bessel functions,
1 1 G G ;
_lg v_+H33 T p?| = M1y 2ty anda(p) andb;(p) are functions of the 4D momentum
2 H\ 2 g'2 Q The boundary conditions at the Planck brane=Q) are
given by
2
v
~ge| B +WS 7+H33) —p?(Il—1150) [B,,, [ALH(P.2)]7= 1= Wy (D), (A9)
(A1) [AL(P.2)];=1x=0, (A10)
where L is the low-energy effective Lagrangian in the 4D [A';Ls(p,z)]zzl,ﬁWi(p). (Al11)
momentum space. The normalizations for the gauge fields
are taken such that they couple to the matter fields through [AE3(p,z)]Z:1,k=BM(p), (A12)
the covariant derivatives
[A%(P,2)],-1x=BL(P), (A13)
i (We+2YB,  WL-iw? e "
D,y =0, + > W;1L+iW;2L —Wf;+2Y B, U, which identify the 5D fields at the Planck brane to the low-

energy 4D degrees of freedom. The boundary conditions at

(A2) the TeV brane y=mR) are given by
Dpthr=0udrt 1Y Buir, (A3) [ALY(p,2)—AR(p,2)];- 10 =0, (AL4)

where ¢ and g represen{q,l} and{u,d,e}, respectively.
The parameter§, T, andU are defined by9]

1 1
g—zazA,%(p,z) + g—zazAfil(p,n

L R
S=16m (1155~ HgQ) , (Ad)
k - ~

8m(g>+g"?) 72N P ZAT (D] =0,

—77- ’
T=—7(— 5 (g, (A5) 1k

g9y (A15)

U=16m(IT3,~ I5y). (A6) [AL(P.2) = AL(P.2) ;-1 =0, (A16)
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o= —(Z +Zr+Zy). (A23)

1 1 k
;aZA;:‘(p,z) + g—zazAff"*(p,z) + pZP[zLA}f(p,z)
L R

Several features of this result can be understood from the
symmetry reason. For example, the reason for Why
=133 andIl;,=I13; comes from the fact that the dynamics
of the G sector, encoded in the bulk and TeV-brane physics,
respects the custodi&U(2) symmetry. The coefficients for
(%&ZAﬁ(p,Z)erzh,ZxAﬁ(p,Z)) =0, (A18) TeV-b-ran-e opergtor%, Zg and Z,, always appear in the
X k 1 combination ofZ, +Zgr=27, +Zg+22Z,, because the TeV
brane respects the diagonal subgroup %¥(2), and
which are essentially those of E@3) but appropriately SU(2)g. Finally, in the case of vanishing TeV-brane opera-
modified by the presence of the TeV-brane gauge kinetitors, Z| =Zg=Zy=2Zx=0, we getll;o=1I15o=0. This is
terms. HereZ, =7, +Zy andZg=Zr+Zy, . because the fuBU(2), X SU(2)g symmetry is respected by
The boundary conditions Eq6A9)—(A18) determine the the operators in the 5D bulk.
coefficientsa$(p) and b$(p) in Eq. (A8). Plugging these Equations(A20)—(A23) give the oblique parameters
solutions into the original action, Eq&) and (18), and in-

+2RA53(p,z)]) =0, (A7)
z=1k'

tegrating over, we obtain the low-energy effective Lagrang- 164 3 g’k-g3
ian. Expanding this Lagrangian in powers pfup to the S=————i57+ i(zLJrzR) (A24)
quadratic order, we find (GF+gR)k (4 (gf+gRk
k/2 2
Le=— —5—5—| > WAWA+W3We —2W3B T=U=0. (A25)
eff (gf+g§)k(a§=:l A" w il

R As expected, thd andU parameters are zero at this order
+ BMBM) - p ( ( E WA W2 +W3W3) because of the custodi8lU(2) symmetry imposed on the
2 h g,_ poR e sector. The value o8 has a size of ordeN/m, whereN is
given by Eq.(13), as discussed in Sec. IV A.
7R 7R 1
+|—Z+—5+t=|B.B,
gR Ox Oy APPENDIX B

p? 4g‘.§k ~ o~ In this appendix we derive the formula determining the
N 2., 2 3+ 5 (Z+Zg) mass eigenvalues for the quark and lepton KK towers. We
8(gL+gr)k 9Lt 0R .
here use the notation of E(R2) for the up-type quark sector.
However, the computation is completely identical for the
x| > WZWZJrWiWi down-type quark and lepton sectors, so that the results are
a=1 also applicable to these cases.

We define the rescaled fields=e 2%y, ut=e"2vy°,

4

L = = 2 2 - . - J—

+( —3+ o+ g2 (ZL+ZR)+4(9L+9R)|‘ZX) B.B. u=e 2y, andu®=e 24U, In terms of these fields, the
LR action is written as

8 2 2k _ _
+(6+ ngRZ (ZL+Z¢) WiBM]. (A19) o o
9L+ 0r S=J d4xJ dy[e(u'io*d,u+ucioctd, uct+uiotd,u’
This reproduces the matching relations of E(. at the h e A ~ | ay .
leading order in kR [assumingZ, g u.x=O(1/167°) as +utlio#d,u®) +u(dy+c kyut+u'(—dy+ckju
suggested by NDA We then obtain the vacuum polarization ~ el o
parameters +U(dy+crk)u+u’(—dy+crkiu
T y,=T153=0, (A20) — 8(y— mR)(NOu+A*0Tuh, (B
(O 3 IR (Z\+%0) where the bulk terms come from the 5D kinetic terms and the
117 +4337 - L R/» A H .
4(gf+g§)k (gf+g§)2 TeV-brane terms from the operator in E@); ¢, andcg are

(A21) the bulk mass parameters for tlgeand ¢ fields, i.e.c_
=Cq anch=cW andA\ is given byA=y vy .
92R o The above action, EqB1), provides both bulk equations
H§Q= - 5 (ZLtZR), (A22) of motion and boundary conditions. Expanding the 5D fields
gLt 0r as
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Uxy) =ufy(y), (82) (_ P P, 89)
o z 7 u u '

ue(x,y)=u(x)f(y), (B3)

u(x,y)=u(x)fu(y), (B4) o+ C_ZR fobmi=0, 89)

uwx,y) =u(0t(y), (B5)

we obtain the bulk equations of motion

where m represents the 4D mass eigenvaluég,"a o}
Cc M
(—az+7L fi+mf,=0, (B6) =mq'. Here we have used the conformal coordinate
=ek, and fu(2)=Ff[Inkd/K], fi=F[Inka/k], fy
c = fi[In(ka/k] and f=F<[In(k2)/k]. The boundary conditions
o+ —= |, +mie=0, (B7) sLintkzk] and =T, In(kz)k] y
z are given by
|
fﬁ|2:1/k+620, f|.CJ|Z:l/k’7E_)\fdzzl/k’fezor
(ﬂz+kc|_)fu|z:1,k+€=0, (a2+k’CL)fu|Z=l/k’*E+mfﬁ|2=1/k’fe:01
B10
f%'ZZl/k-%—e:O! fa2=l/k’fe_)\fulz=1/k’fezoi ( )
(9, ker) fulz=1nt =0, (92K CR)Ful = g — e+ M= 140 =0,

wheree—0. In Egs.(B6)—(B10), we have rotated the phases of the fields such that the coupliagd thus the 4D masses
m, becomes real.

Equations(B6)—(B9) have the solutions of the form

fu=vz{ade + 12(M2)+byYe s 1AM}, (B11)
fo=vz{alde _1Am2)+biY, 1 m2)}, (B12)
fu=Vz{awde  12(M2) +byYe . 1AM}, (B13)
fi=Vz{ade, - 12M2) +bCYc 1 m2)}, (B14)

wherea,, by, a;, b;, ay, by, aﬁ, and b% are constants. These constants are determined by the boundary conditions, Eq.
(B10). Nontrivial solutions are then obtained only when the following relation is satisfied:

m
m ‘Jchllz F m
‘]cR—1/2 o m YcR—1/2 T,
k v k
cr—1/2 F

k' m v
Yc,_ - 1/2( ?)

k/

m
m ‘Jcl_f 1/2 K m
c —1/2 c —1/2

m m
) m Jcl_—1/2 ? m m ‘]CR—l/Z ? m
N Je v W T Ty Yo o NV o T Tmy YR+ 12 o =0. (B1Y
Yc,_ - 1/2( ?) Ych 1/2( E)

This is the equation cited in the text as EB3). The mass eigenvalues), are determined as solutions of this equation.
For the down-type quarks, we have to wse- ¢, CR=Cy and\ =yquy, instead ot =c,, CR=Cys and\=yvy . For
the leptonsg, =c,, cg= Cy and\=yy.
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