
PHYSICAL REVIEW D 66, 064021 ~2002!
Effective Lagrangian in the Randall-Sundrum model and electroweak physics
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We consider the two-brane Randall-Sundrum~RS! model with bulk gauge fields. We carefully match the
bulk theory to a 4D low-energy effective Lagrangian. In addition to the four-fermion operators induced by KK
exchange we find that large negativeSandT parameters are induced in the effective theory. This is a tree-level
effect and is a consequence of the shapes of theW andZ wave functions in the bulk. Such effects are generic
in extra dimensional theories where the standard model~SM! gauge bosons have nonuniform wave functions
along the extra dimension. The corrections to precision electroweak observables in the RS model are mostly
dominated byS. We fit the parameters of the RS model to the experimental data and find somewhat stronger
bounds than previously obtained; however, the standard model bound on the Higgs boson mass from precision
measurements can only be slightly relaxed in this theory.
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I. INTRODUCTION

Theories with extra dimensions might explain some of
outstanding problems of particle physics@1–3#. In particular,
some of these models could shed light on why gravity is
much weaker than the other three forces. One of the pro
nent proposals of this sort is the Randall-Sundrum~RS!
model @2,3#, where the strong warping of the extra dime
sions introduces an exponential hierarchy between
Planck and the weak scales. There are several variants o
model, depending on whether the extra dimension is fin
~RS1! or infinite ~RS2!, and whether or not the gauge field
are in the bulk. Each of these models can be interesting
slightly different motivations. Here we will concentrate o
the case where the extra dimension is finite~so that it solves
the hierarchy problem!, and where the gauge fields are in t
bulk. This model could possibly yield unification of gaug
couplings@4#, and also may have a simple physical orig
@5,6# via the AdS/CFT~conformal field theory! correspon-
dence@7#. The holographic dual of this theory should be
broken conformal field theory, which becomes strongly int
acting at low energies and spontaneously breaks the we
gaugedSU(2)3U(1) electroweak symmetries. Thus th
holographic dual of the RS model with the gauge boson
the bulk is in essence a technicolor-like theory, where
broken CFT replaces the technicolor group@5#, and the
Kaluza-Klein ~KK ! modes of the gauge fields and gravito
would be interpreted as bound states of the CFT resultin
the technimesons, analogously to the glueball states app
ing in the case of ordinary AdS/CFT@8#. In QCD-like tech-
nicolor theories the new strong interactions introduced
solve the hierarchy problem always generate large contr
tions to the electroweak precision observables@9#; in particu-
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lar, there are large contributions to theSparameter. However
the phenomenological importance of~non-QCD-like! ap-
proximate conformal symmetry has long been emphasize
the technicolor literature@10#, where the slowly running
gauge coupling is referred to as walking. The difficulty
estimating the value ofS in these walking theories is als
well known @11# since it involves non-perturbative, non
supersymmetric gauge dynamics near a non-trivial fix
point. Therefore it is interesting to find out whether there i
non-vanishingSparameter in the RS model since it provid
us with the first approximately conformal ‘‘walking’’ mode
of electroweak symmetry breaking where such a calcula
can be performed. However, in the 5D gravity theory~that is
the RS model! the S parameter should not be the effect
quantum loops, but rather a purely tree-level effect. The p
pose of this paper is to carefully match the RS model to
effective 4D description and find the value ofS in the effec-
tive Lagrangian describing electroweak physics in t
model. Indeed we find that the wave functions of theW and
Z bosons are distorted due to the Higgs expectation value
the TeV brane, resulting in different wave function and ma
renormalizations of theW andZ. The physical consequenc
of this effect is non-vanishingSandT parameters, which we
calculate. Our method of finding the low-energy effective 4
theory is general, and we expect that similar effects w
appear in any extra dimensional theory where the SM ga
bosons have non-uniform wave functions. In addition
these parameters the well-known effect of the four-ferm
operators generated by the exchange of Kaluza-Klein ga
bosons has to be included. The coefficient of these fo
fermion operators has been calledV in @12,13#. We use a
global fit to the most recent precision electroweak data
place a bound on the size of the extra dimension in the
model, and find bounds that are somewhat stronger t
those previously obtained.

The paper is organized as follows: in Sec. II we revie
the results on gauge propagators and wave functions in
RS model that will be necessary to calculate the effect
©2002 The American Physical Society21-1
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Lagrangian. In Sec. III we match the higher dimensio
theory to an effective 4D Lagrangian, and evaluate theSand
T parameters. In Sec. IV we first calculate theV parameter
and then use these results for constraining the paramete
the RS model via a global fit to the electroweak precis
measurements. We conclude in Sec. V, while the Appen
contains the detailed expressions of the electroweak obs
ables in terms ofS, T andV and the SM input and experi
mental values used for our fit.

II. THE GAUGE PROPAGATOR AND WAVE FUNCTIONS
IN THE RS MODEL

In this section we review the results on gauge propaga
and wave functions in the RS model@4,12–17# that will be
necessary for us to calculate the effective low-energy the
The 5D metric of the RS model can be written in the form

ds25S R

z D 2

~2dz21hmndxmdxn! ~1!

for R,z,R8. HereR represents the radius of curvature
the AdS space. There is a Planck brane atz5R and a TeV
brane atz5R8 which cutoff the space withZ2 orbifold
boundary conditions.

The 5D action for the bulkSU(2)3U(1) gauge bosons is
given by

S5D5E d4xE
R

R8
dzA2GF2

1

4g5
2

GM PGNQWMN
a WPQ

a

2
1

4g58
2

GM PGNQBMNBPQ

1
v2

8

d~z2R8!

AG55

GM P@WM
1 WP

1 1WM
2 WP

2 1~WM
3 2BM !

3~WP
3 2BP!#G , ~2!

where thed-function mass terms arise from a localize
Higgs expectation valuêH&5v/2. Since d functions on
boundaries require special care, we will take the definition
this term to be the limit of having the Higgs field localized
a point which approaches the brane. This amounts to a fa
of two difference in the definition ofv2 from taking the
Higgs field directly on the brane, but has the advantage
making comparison with the calculation via the AdS/CF
correspondence simpler@18#.

We define the weak mixing angle throughs, which repre-
sents the bare value of the sinuW:

s5
g58

Ag5
21g58

2
, c5

g5

Ag5
21g58

2
. ~3!

We can diagonalize the action by performing a field red
nition:
06402
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Wm
3 5c2Zm1Am , Bm52s2Zm1Am . ~4!

The reason behind this unusual form for the field redefi
tions is that none of the fieldsW3, B, Z or A are canonically
normalized, but it is equivalent to the standard redefinition
the canonical basis. In our new basis we obtain the Lagra
ian:

S5D5E d4xE
R

R8
dz

R

z F2
1

2g5
2

WMN
1 W2MN

2
1

4 S 1

g5
2

1
1

g58
2D FMNFMN2

1

4~g5
21g58

2!
ZMNZMN

1
v2

4
d~z2R8!

R

z
WM

1W2M

1
v2

8
d~z2R8!

R

z
ZMZMG . ~5!

In the Rj gauge whereW55Z55A550, the propagator for
the bulkW gauge boson is given by@4#

DW
mn5~hmn2qmqn/q2!DW~q,z,z8!1DW,jq

mqn/q2, ~6!

where

DW,j5DW~q/Aj,z,z8!, ~7!

andDW satisfies

g5
2 z

R
d~z2z8!5S ]z

22
1

z
]z1q22

1

4
v2g5

2d~z2R8!
R

R8
D

3DW~q,z,z8! ~8!

with boundary conditions

]zDWuz5R50, ]zDWuz5R852
1

4
g5

2v2
R

R8
DW . ~9!

W5 also propagates in a genericRj gauge, but the cou-
pling to fermions is pseudoscalar, and vanishes at zero
mion mass. In addition, becauseW5 is fixed to be odd under
theZ2 ~consider theZ2 behavior ofW5m), it vanishes on the
TeV brane and hence does not couple to matter on the
brane. For our purposes we will therefore be able to neg
W5.

For R<(z,z8)<R8 the Green’s function can be con
structed by patching together the solutions of the correspo
ing homogeneous equation withz,z8 andz.z8, which we
refer to asDW, andDW. respectively,

DW5u~z2z8!DW.1u~z82z!DW, . ~10!

Plugging the patched solution into Eq.~8! for z8ÞR, z8
ÞR8 yields

DW,uz5z85DW.uz5z8 ,
1-2
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]z~DW.2DW,!uz5z85g5
2z8

R
. ~11!

Settingz85R8 in Eq. ~11! and combining with Eq.~9! yields
the IR (z5R8) boundary condition for the propagator with
source on the TeV brane:

]zDW,uz5z85R852
R8

R
g5

22
1

4
g5

2v2
R

R8
DW,uz5z85R8 .

~12!

The solution has the form

DW~q,R8,z!5DW,uz85R8

5
z

R
@aWJ1~qz!1bWY1~qz!#, ~13!

where the coefficients are given by

aW5
4g5

2R8Y0~qR!

D~q!
, bW5

24g5
2R8J0~qR!

D~q!
~14!

and the denominator is

D~q!5J0~qR!@4qR8Y0~qR8!1g5
2v2RY1~qR8!#

2Y0~qR!@4qR8J0~qR8!1g5
2v2RJ1~qR8!#.

~15!
d
b

v

ve

06402
Settingz5R8 gives the propagator on the TeV brane. T
coefficientsaW andbW have the same denominators, and t
roots of these denominators determine the 4D poles of
propagator~when the numerators do not vanish concu
rently!. The nth pole corresponds to thenth W eigenmode,
W(n), with massMW

(n) . We will label the lowest mode byn
50. It is this lowest mode that we would like to identif
with the observedW gauge boson, so we will writeMW

(0)

5MW . For vR!1 this is an ‘‘almost zero mode’’ and we
can find the pole analytically by expanding the Bessel fu
tions in qR,qR8!1. To leading order in the coupling th
pole is at

MW
2 '

g5
2

R log~R8/R!

R2v2

4R82
. ~16!

The bulk Z propagator is obtained fromDW by taking g5
2

→g5
21g58

2, which gives

MZ
2'

g5
21g58

2

R log~R8/R!

R2v2

4R82
. ~17!

Similarly we can find the wave function,cW
(n) , of thenth

eigenmode. The wave functions are given by
cW
(n)~z!5

z

R8

J1~MW
(n)z!Y0~MW

(n)R!2Y1~MW
(n)z!J0~MW

(n)R!

J1~MW
(n)R8!Y0~MW

(n)R!2Y1~MW
(n)R8!J0~MW

(n)R!
, ~18!
e-
for
where we have normalized the wave function byc (n)(R8)
51.

For vR!1 then50 mode is an ‘‘almost zero mode’’ an
we can find a simple expression for the wave function
expanding the Bessel functions inMWR!1, MWR8!1. To
orderMW

2 we obtain

cW
(0)~z!'11

MW
2

4
@z22R8222z2log~z/R!

12R82 log~R8/R!#. ~19!

The wave function for theZ can be obtained byMW
→MZ , while the photon remains massless and its wa
function is simplycg

(0)(z)51.

III. THE 4D EFFECTIVE LAGRANGIAN OF THE RS
MODEL

Given the wave functions we can find the 4D effecti
action by integrating the 5D action overz. We want to match
y

e

the RS calculation onto an effective 4D theory. After int
grating out the Higgs boson, the most general Lagrangian
the electroweak gauge bosons~with operators of dimension 4
or less! can be written as@9,19,20#:

L52
1

2g2
ZWWmn

1 W2mn2
1

4~g21g82 !
ZZZmnZmn

2
1

4e2
ZgFmnFmn1

sc

2e2
PgZ8 FmnZmn

1S f 2

4
1

1

g2
PWW~0!D Wm

1W2m

1
1

2 S f 2

4
1

1

~g21g82!
PZZ~0!D ZmZm ~20!
1-3
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where Zg[12Pgg8 , ZW[12PWW8 , ZZ[12PZZ8 , PgZ8 ,
PWW(0), and PZZ(0) incorporate the effects of new~ob-
lique! physics beyond the standard model. Although we
only doing a tree-level matching calculation we ha
adopted the standard notation for vacuum polarizations
a

za

-
r-

m

r
n

06402
e

to

represent the wave function renormalizations that arise fr
classical 5D physics. With our conventionsf '246 GeV.

Using the 5D wave functions~to second order in masses!
we can easily calculate the coefficients of the kinetic a
mass terms:
1

e2
Zg[S 1

g5
2

1
1

g58
2D ER

R8
ucg

(0)~z!u2
Rdz

z
5S 1

g5
2

1
1

g58
2D R log~R8/R!,

1

g2
ZW[

1

g5
2ER

R8
ucW

(0)~z!u2
Rdz

z
5

1

g5
2

R log~R8/R!2P118 ,

1

g21g82
ZZ[

1

g5
21g58

2ER

R8
ucZ

(0)~z!u2
Rdz

z
5

1

g5
21g58

2
R log~R8/R!2P338 ,

PgZ8 50,

f 2

4
1

1

g2
PWW~0![

R2

4R82
v21

1

g5
2ER

R8
u]zcW

(0)~z!u2
Rdz

z
5

R2

4R82
v21P11~0!,

f 2

4
1

1

~g21g82 !
PZZ~0![

R2

4R82
v2 1

1

g5
21g58

2ER

R8
u]zcZ

(0)~z!u2
Rdz

z
5

R2

4R82
v21P33~0!, ~21!

where

P118 5P338 52
R2v2

8R82
S 2R82log~R8/R!22R821

R822R2

log~R8/R!
D ,

P11~0!5
g5

2R3v4

64R84
S 2R822

2R82

log~R8/R!
1

R82 2R2

log~R8/R!2D 52
MW

2

2
P118 ,

P33~0!5
~g5

21g58
2!R3v4

64R84
S 2R822

2R82

log~R8/R!
1

R82 2R2

log~R8/R!2D 52
MZ

2

2
P118 . ~22!
g
en-

ton
ysi-
our
Here we have used the leading order results forMW andMZ ,
Eqs.~16!. The corrections to the wave function renormaliz
tion P118 and P338 arise from integrating theW and Z wave
functions, while the contributions to the mass renormali
tions P11 and P33 appear from the 5D kinetic terms ofW
andZ, where az derivative acts on the wave functions.

Even though there are no 1/(16p2) loop suppression fac
tors, forvR!1, P11 andP33 can be treated as small pertu
bations of the leading terms. Thus a simple convention is
identify the 4D bare gauge couplings with the leading ter
and theZi21 with the subleadingP8 terms. This is a con-
venient choice because we want to separate out the new
physics from radiative corrections by loops of standa
model particles. It also ensures that there are no additio
-

-

to
s

5D
d
al

corrections to the couplings of theW and Z to quarks and
leptons. In other words, with this convention the mixin
angles determined by diagonalizing the 5D action are id
tical to the bare 4D mixing angles:

s5
g8

Ag21g82
, c5

g

Ag21g82
. ~23!

It is these mixing angles that appear in the quark and lep
gauge couplings. Other conventions are possible, but ph
cal observables are independent of convention. Thus in
convention
1-4
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1

e2
[S 1

g5
2

1
1

g58
2D R log~R8/R!

1

g2
[

1

g5
2

R log~R8/R!, ~24!

1

g21g82
[

1

g5
21g58

2
R log~R8/R!.

Using this identification of the 4D couplings we then obta
for the other parameters of the effective Lagrangian:

Zg51, ZW512g2P118 ,

ZZ512~g21g82 !P338 ,

f 25
R2

R82
v2, ~25!

PWW~0!5g2P11~0!,

PZZ~0!5~g21g82 !P33~0!.

Note that since the photon is massless it receives no
renormalization, soPgg5e2PQQ50. Furthermore, since
this is a tree-level calculation no newZ-g mixing can be
induced soP3Q50. We can now use the standard definitio
@9,21# for the oblique parameters:

S[16p~P338 2P3Q8 !

T[
4p

s2c2MZ
2 @P11~0!2P33~0!# ~26!

U[16p~P118 2P338 !.

Plugging in our results yields

S'24p f 2R82 log~R8/R!

T'2
p

2c2
f 2R82 log~R8/R!, ~27!

U50,

where we have dropped terms which are suppressed by p
ers of log(R8/R). Note that bothS and T are negative and
large ~i.e. logarithmically enhanced relative to a naive d
mensional analysis estimate!.

We can check these results by examining the poles of
propagators directly by expanding the denominators forqR
!1. At leading order theW pole is determined by

052
1

4

R2

R82
v21q2

R log~R8/R!

g5
2

. ~28!
06402
D
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e

At next to leading order we must keep terms that are s
pressed byq2R82 relative to the leading terms. The pole
then determined by

052
1

4

R2

R82
v21q2

R log~R8/R!

g5
2

1Aq21Bq4 ~29!

where

A5
R2v2

16R82
@2R82 log~R8/R!1R22R82#,

B52
R

4g5
2 @~R82 1R2!log~R8/R!1R22R82#. ~30!

Thus to sub-leading order the pole is at

MW
2 .

g5
2

R log~R8/R!

R2v2

4R82
2

g5
4R2v4

64R84 log~R8/R!3

3@2R82 log~R8/R!222R82 log~R8/R!1R82#

.
g2f 2

4
2

g4f 4

64
@2R82 log~R8/R!2

22R82 log~R8/R!1R82#, ~31!

which agrees at this order with the effective Lagrangian c
culation

MW
2 .g2S f 2

4
1P11~0! D ~11g2P118 !

.g2
f 2

4 S 11
g2

2
P118 D . ~32!

IV. THE COMPARISON OF RS TO DATA

In addition to the oblique corrections we have describ
once quarks and leptons are included in the theory with c
plings to the bulk gauge bosons they will have addition
four-fermion interactions beyond those in the standard mo
due to the exchange of the gauge boson resonances.
effect of these corrections has been parametrized in R
@12,13# by a correction toGF denoted byV. Recall that the
contribution toGF from W exchange is@21#

4A2GF,W5
1

f 2

4
1P11~0!

. ~33!

To include the effect of resonances we can write the bulkW
propagator as a sum over poles:

DW~q,R8,R8!5g5
2(

n50

` cW
(n)~R8!2

Nn~q22MW
(n)2!

~34!

whereNn is determined by
1-5
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Nn5E
R

R8
dzucW

(n)~z!u2, ~35!

and hence

N05ZWR log~R8/R!. ~36!

Since we chosecW
(n)(R8)51, we then have

DW~q,R8,R8!5
1

ZW

g2

q22MW
2

1g2(
n51

` N0cW
(n)~R8!2

ZWNn~q22MW
(n)2!

. ~37!

At zero momentum the first term on the right-hand side
just 24A2GF,W , and the remaining terms are the addition
corrections not coming from theW pole. If we write the
correction toGF asGF5GF,W(11V) then we have

V52S DW~q50,R8,R8!1
1

f 2

4
1P11~0!D

3S f 2

4
1P11~0! D

.
g5

2Rv2

16R82 S 2R822
2R82

log~R8/R!
1

R822R2

log~R8/R!2D
.

g2

8
f 2R82 log~R8/R!, ~38!

where in the last line we have again dropped terms s
pressed by powers of log(R8/R).

Thus we see that there are three types of correction
precision electroweak observables in RS models:S, T, andV.
Note that some of these corrections have also been con
ered in Refs.@15,17#. To relate our parameters to observab
we use the standard definition of sinu0 from theZ pole,

sin2u0cos2u05
pa~MZ

2!

A2GFMZ
2

, ~39!

sin2u050.2310560.00008 ~40!

where@22# a(MZ
2)215128.9260.03 is the running SM fine-

structure constant atMZ . We can relate this measured valu
with the bare value in this class of models,

sin2u05s21
s2c2

c22s2 S 2
a

4s2c2
S1aT2VD , ~41!

which is obtained by considering all corrections to Eq.~39!
in the usual way~see@21#!. Also, in the RS model we hav
the simple result that with only the tree-level 5D renorm
izations the running couplings defined by Kennedy and Ly
@23# which appear inZ-pole asymmetries are the same as
bare couplings:
06402
s
l

p-
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id-
s

-
n
e

s
*
2 ~q2!5s2, e

*
2 ~q2!5e2. ~42!

In addition to the contribution fromT, there are further
corrections to the low-energy ratio of charged- to neutr
current interactions coming from resonance exchange.
will absorb this effect into the parameterr* :

r* 5

f 2

4
1P11~0!

f 2

4
1P33~0!

S 11V/c2

11V D'11aT1
s2

c2
V. ~43!

Curiously in the RS model we find that the contributio
from T andV cancel, andr* 51. We will, however, presen
the general results for precision observables in the Appen
without assuming a relation betweenT and V, so that our
results can be used for more general models. With Eqs.~41!
and~43! it is straightforward to calculate the corrections in
general model to precision electroweak observables in te
of S, T, andV. The expressions for the various observab
together with the standard model~SM! predictions and ex-
perimental results are given in the Appendix.

The result of a global fit to the 23 observables listed
Table I is that, forMHiggs5115 GeV,

R8@ log~R8/R!#1/2,0.50 TeV21 ~44!

at the 95% confidence level. Taking log(R8/R)532 ~as is of-
ten done to naturally explain the hierarchy between
Planck and weak scales@2–4#! we have

1/R8.11 TeV. ~45!

For a value ofR8 which saturates this bound we have

S520.19

T520.03 ~46!

V50.00082.

Since theT and V contributions tor* cancel and for these
values the contribution ofS to (s22sin2u0) is about 8.6 times
larger than that ofT and 2.6 times larger than that ofV, it is
the S parameter constraint that dominantly determines
bound onR8.

It is interesting to note that for theZ-pole observables
which do not depend onr* , one can absorb the contributio
from V into an effectiveT:

Teff5T2
V

a
. ~47!

Thus in the RS model,Teff is even more negative thanT. One
can then use the bounds onSandT to estimate the bounds o
R8, which yields results similar to Eq.~45!.

In the RS model there is also a light radion that contr
utes to precision electroweak observables at the loop le
@together with loops of the Kalvza-Klein~KK ! gravitons and
gauge bosons#. These contributions have been calculat
1-6
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TABLE I. The experimental results@22,28# and the SM predictions for the various electroweak precision observables used for the fi
SM predictions are forMHiggs5115,300,600 GeV andas50.120 and calculated@30# using GAPP~Global Analysis of Particle Physics!
@31#.

Quantity Experiment SM~115 GeV! SM ~300 GeV! SM ~600 GeV!

GZ 2.495260.0023 2.4965 2.4963 2.4954
Re 20.804060.0500 20.7425 20.7403 20.7332
Rm 20.785060.0330 20.7426 20.7405 20.7334
Rt 20.764060.0450 20.7879 20.7857 20.7786
sh 41.541060.0370 41.4800 41.4774 41.4814
Rb 0.216560.00065 0.2157 0.2154 0.2151
Rc 0.171960.0031 0.1723 0.1724 0.1725
AFB

e 0.014560.0025 0.0163 0.0159 0.0157
AFB

m 0.016960.0013 0.0163 0.0159 0.0157
AFB

t 0.018860.0017 0.0163 0.0159 0.0157
At(Pt) 0.143960.0041 0.1475 0.1457 0.1446
Ae(Pt) 0.1513860.0022 0.1475 0.1457 0.1446
AFB

b 0.099060.0017 0.1034 0.1021 0.1013
AFB

c 0.068560.0034 0.0739 0.0729 0.0723
ALR 0.151360.0021 0.1475 0.1457 0.1446
MW 80.45060.039 80.3890 80.3775 80.3672
MW /MZ 0.882260.0006 0.8816 0.8815 0.8813
gL

2(nN→nX) 0.302060.0019 0.3039 0.3038 0.3017
gR

2(nN→nX) 0.031560.0016 0.0301 0.0301 0.0302
geA(ne→ne) 20.507060.014 20.5065 20.5065 20.5065
geV(ne→ne) 20.04060.015 20.0397 20.0393 20.0390
QW(Cs) 272.6560.44 273.11 273.17 273.20
mtop 174.365.1 176.3 185 192
on
,

h
ig

a
b
e

w

b

w
ce

fit,

on
s
a

o

separately@24# and are small unless an extra Higgs-radi
coupling @25# is introduced. With this additional coupling
the radion corrections tend to makeS more negative and
hence only tighten the bound onR8.

In the SM, the fit to data gets significantly worse when t
Higgs boson mass is raised. The reason is that the H
boson contributes positively toS, while the data prefer a
small or negativeS. However, in our caseS is negative, so
one might think that a larger Higgs boson mass can be
commodated. Unfortunately at the same time the Higgs
son also contributes negatively toT, as can be seen from th
approximate expressions@21#

SHiggs'
1

12p
logS mH

2

mH,re f
2 D ,

THiggs'2
3

12pc2
logS mH

2

mH,re f
2 D . ~48!

Therefore, even though the agreement withS can be im-
proved by raising the Higgs boson mass,T will start to de-
viate even more. In order to see if the fit can be improved
have repeated it for the SM results evaluated atMH
5300 GeV and 600 GeV. In the case of the SM,x2 for the
23 observables listed in Table I in the Appendix increases
06402
e
gs

c-
o-

e

y

about 11 asMH increases from 115 to 300 GeV. If we no
turn on the corrections from the RS model, the differen
between the minimalx2’s for the 300 GeV and 115 GeV
Higgs boson reduces to about 7.6, slightly improving the
but still outside the 95% confidence region (Dx256.2) of a
two parameter fit@our parameters being the Higgs bos
mass andX5 f 2R82log(R8/R)#. Hence, the Higgs boson mas
bound is slightly relaxed but not significantly. Assuming
300 GeV Higgs boson in turn would relax the limit forR8 to
1/R8>9.0 TeV ~again assuming logR8/R532). For the case
of the 600 GeV Higgs boson the increase in minimumx2 is
19, and is clearly excluded by a wide margin in the tw

FIG. 1. The change inx2 in the RS model as a function ofR8
andR, for three different values ofMH5115, 300, and 600 GeV.
1-7
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parameter fit. Assuming a 600 GeV Higgs the bound onR8
becomes 8.2 TeV,1/R8,22 TeV. These results are illus
trated in Fig. 1.

If one were intent on having a heavy Higgs boson o
could add additional new physics to the model that give po
tive contributions toT @26#, but this seems completelyad hoc
in the present context.

The bound~45! on R8 pushes theW gauge boson reso
nance masses up to around 27 TeV. The graviton KK ma
are always heavier than the gauge boson modes@13#; for
example, here the lowest possible value is around 46 T
Thus in the RS model with bulk gauge bosons there will
no possible signatures from resonances inWW scattering to
observe at the CERN Large Hadron Collidor~LHC!. The
focus would have to be on the Higgs-radion sector@27#.

To the extent that the RS model corresponds to a tec
colorlike model we find these models can be consistent w
experiment as long as the resonance masses are diale
Unfortunately for technicolor models there was no parame
which changed the resonance mass independently of
electroweak breaking scalef.

V. CONCLUSIONS

We have matched the 5D RS model onto a 4D low-ene
effective theory and found large~logarithmically enhanced!
negative contributions toSandT. It is interesting to note tha
this is the first model to naturally produce a large negat
value for S @26#; however, this is mitigated by the fact tha
the resulting bound onR8 from precision electroweak mea
surements forces a seemingly unnatural hierarchy of abo
factor of 50 between the Higgs vacuum expectation va
~VEV! and the nominal electroweak scale of the RS mo
1/R8'11 TeV. This pushes the gauge boson resonan
~and the graviton KK modes! far beyond the reach of th
LHC.
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APPENDIX: PREDICTIONS FOR ELECTROWEAK
OBSERVABLES

In this appendix we give the predictions of a gene
model with contributions toS, T, andV for the electroweak
precision observables. We also give in Table I the experim
tal data@28,22# and the SM predictions used for our fit i
Sec. IV. Using the results given in@21,29# as well as the
low-energyne couplings
06402
e
i-

es

V.
e

i-
h
up.
r

he

y

e

t a
e
l

es

.
as
h
s
I
T.
n-

l

n-

geV~ne→ne!52r* S s22
1

4D , geA~ne→ne!52
r*
2
~A1!

we find the following results:

GZ5~GZ!SM~123.831023S10.011T21.4V!

Re5~Re!SM~122.931023S12.031023T

20.26V!

Rm5~Rm!SM~122.931023S12.031023T

20.26V!

Rt5~Rt!SM~122.931023S12.031023T

20.26V!

sh5~sh!SM~112.231024S21.631024T

10.021V!

Rb5~Rb!SM~116.631024S24.031024T

10.052V!

Rc5~Rc!SM~121.331023S11.031023T

20.13V!

AFB
e 5~AFB

e !SM26.831023S14.831023T

20.62V

AFB
m 5~AFB

m !SM26.831023S14.831023T

20.62V

AFB
t 5~AFB

t !SM26.831023S14.831023T

20.62V

At~Pt!5~At~Pt!!SM20.028S10.020T22.6V

Ae~Pt!5~Ae~Pt!!SM20.028S10.020T22.6V

AFB
b 5~AFB

b !SM20.020S10.014T21.8V

AFB
c 5~AFB

c !SM20.016S10.011T21.4V

ALR5~ALR!SM20.028S10.020T22.6V

MW5~MW!SM~123.631023S15.531023T

20.71V!
1-8
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MW /MZ5~MW /MZ!SM~123.631023S

15.531023T20.71V!

gL
2~nN→nX!5@gL

2~nN→nX!#SM22.731023S

16.531023T20.066V

gR
2~nN→nX!5~gR

2~nN→nX!!SM19.331024S

22.031024T10.10V
tt

gy

, H

D

s.

na
94
3

M

06402
geV~ne→ne!5~geV~ne→ne!!SM17.231023S

25.431023T10.65V

geA~ne→ne!5~geA~ne→ne!!SM23.931023T

20.15V

QW~Cs!5~QW~Cs!!SM20.793S20.0090T295V.

~A2!
m,
:

ta,

U.
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