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Experimental probes of localized gravity: On and off the wall

H. Davoudiasl, J. L. Hewett, and T. G. Rizzo
Stanford Linear Accelerator Center, Stanford, California 94309

~Received 21 June 2000; published 1 March 2001!

The phenomenology of the Randall-Sundrum model of localized gravity is analyzed in detail for the two
scenarios where the standard model~SM! gauge and matter fields are either confined to a TeV scale 3-brane or
may propagate in a slice of five dimensional anti–de Sitter space. In the latter instance, we derive the inter-
actions of the graviton, gauge, and fermion Kaluza-Klein~KK ! states. The resulting phenomenological signa-
tures are shown to be highly dependent on the value of the 5-dimensional fermion mass and differ substantially
from the case where the SM fields lie on the TeV-brane. In both scenarios, we examine the collider signatures
for direct production of the graviton and gauge KK towers as well as their induced contributions to precision
electroweak observables. These direct and indirect signatures are found to play a complementary role in the
exploration of the model parameter space. In the case where the SM field content resides on the TeV-brane, we
show that the CERN LHC can probe the full parameter space and hence will either discover or exclude this
model if the scale of electroweak physics on the 3-brane is less than 10 TeV. We also show that spontaneous
electroweak symmetry breaking of the SM must take place on the TeV-brane.

DOI: 10.1103/PhysRevD.63.075004 PACS number~s!: 12.60.2i, 04.50.1h, 11.10.Kk
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I. INTRODUCTION

A novel approach which exploits the geometry of ex
spacetime dimensions has been recently proposed@1–3# as a
means to resolving the hierarchy problem. In one such s
nario due to Arkani-Hamed, Dimopoulos, and Dvali~ADD!
@1#, the apparent hierarchy is generated by a large volume
the extra dimensions. In this case, the fundamental Pla
scale in 41n dimensions,M, can be brought down to a TeV
and is related to the observed 4D Planck scale through
volumeVn of the compactified dimensions,M Pl

2 5VnM21n.
In an alternative scenario due to Randall and Sundrum~RS!
@2#, the observed hierarchy is created by an exponential w
factor which arises from a 5-dimensional non-factoriza
geometry. An exciting feature of these approaches is
they both afford concrete and distinctive phenomenolog
tests@4,5#. Furthermore, if these theories truly describe t
source of the observed hierarchy, then their signatures sh
appear in experiment at the TeV scale.

The purpose of this paper is to explore the detailed p
nomenology that arises in the non-factorizable geometry
the RS model. We will examine the cases where the stan
model ~SM! gauge and matter fields can propagate in
additional spatial dimension, denoted as the bulk, as we
being confined to ordinary 311 dimensional spacetime. Th
broad phenomenological features of the latter case w
spelled out in Ref.@5#. Here, we expand on this previou
work by considering the effects in precision electroweak
servables and investigating a wider range of collider sig
tures, including the case of lighter graviton Kaluza-Kle
~KK ! excitations. We also show that the CERN Large Ha
ron Collider~LHC! can probe the full parameter space of th
model and hence will either discover or exclude it if the sc
of electroweak physics on the 3-brane is less than 10 T
The experimental signatures of the former scenario, wh
the SM fields reside in the bulk, are considered here for
first time. As we will see below, this possibility introduce
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an additional parameter, given by the 5-dimensional mas
the fermion fields, which has a dramatic influence on
phenomenological consequences and yields a range of
perimental characteristics. While the general features
these signatures remain indicative of this type of geome
the various details of the different cases can be taken
represent a wide class of possible models similar in natur
the RS scenario. We also present an argument which sh
that spontaneous electroweak symmetry breaking mus
confined to the standard model 3-brane.

The Randall-Sundrum model consists of a 5-dimensio
non-factorizable geometry based on a slice of AdS5 space
with length pr c , wherer c denotes the compactification ra
dius. Two 3-branes, with equal and opposite tensions, rig
reside atS1 /Z2 orbifold fixed points at the boundaries of th
AdS5 slice, taken to bey5r cf50,r cp. The 5-dimensional
Einstein’s equations permit a solution which preserv
4-dimensional Poincare´ invariance with the metric

ds25e22s(f)hmndxmdxn2r c
2df2, ~1!

where the Greek indices extend over ordinary 4D spacet
ands(f)5krcufu. Herek is the AdS5 curvature scale which
is of order the Planck scale and is determined by the b
cosmological constantL5224M5

3k2, where M5 is the
5-dimensional Planck scale. The 5d curvature scalar is t
given by R55220k2. Examination of the action in the 4d
effective theory yields the relation

M̄ Pl
2 5

M5
3

k
~12e22krcp! ~2!

for the reduced 4d Planck scale. The scale of physical p
nomena as realized by the 4d flat metric transverse to the
dimensiony5r cf is specified by the exponential warp fa
tor. TeV scales can naturally be attained on the 3-bran
f5p if gravity is localized on the Planck brane atf50 and
krc.11212. The scale of physical processes on this Te
©2001 The American Physical Society04-1
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brane is thenLp[M̄ Ple
2krcp. The observed hierarchy i

thus generated by a geometrical exponential factor and
other additional large hierarchies appear. It has been dem
strated@6# that this value ofkrc can be stabilized without the
fine tuning of parameters by minimizing the potential for t
modulus field, or radion, which describes the relative mot
of the 2 branes. In the original construction of the RS mo
utilizing this stabilization mechanism, gravity and the mod
lus stabilization field may propagate freely throughout
bulk, while the SM fields are assumed to be confined to
TeV ~or SM! brane atf5p. The 4d phenomenology of thi
model is governed by only two parameters@5#, given by the
curvaturek andLp . The radion, which receives a mass du
ing the stabilization procedure, is expected to be the ligh
new state and admits an interesting phenomenology@7#
which we will not consider here.

This scenario has enjoyed immense popularity in the
cent literature, with the cosmological/astrophysical@8#,
string theoretic@9#, and phenomenological implications a
being explored. We note that similar geometrical configu
tions have previously been found to arise in M or stri
theory@10#. In addition, extensions of this scenario where t
higher dimensional space is non-compact@11#, i.e., r c→`,
as well as the inclusion of additional spacetime dimensi
and branes@12# have been discussed.

Given the success of the RS scenario, it is logical to as
it can be extended to include other fields in the bulk besi
gravity and the modulus stabilization field. It would appe
to be more natural for all fields to have the same status
be allowed to propagate throughout the full 5-dimensio
spacetime. In addition, Garrigaet al. @13# have recently
shown that the Casimir force of bulk matter fields themsel
may be able to stabilize the radion field. In the case of n
warped, toroidal compactification of extra dimensions, b
gauge fields can lead to an exciting phenomenology whic
accessible at colliders@14,15#. The possibility of placing
gauge fields in the bulk of the RS model was first conside
in Ref. @16#. In this case the couplings of the KK gaug
bosons are greatly enhanced in comparison to those o
SM by a factor ofA2pkrc.8.4. An analysis of their contri-
butions to electroweak radiative corrections was found
constrain the mass of the first KK gauge boson excitation
be in excess of 25 TeV, implying that the physical scale
thef5p brane,Lp , must exceed 100 TeV. By itself, if th
model is to be relevant to the hierarchy problem withLp

being near the weak scale, this disfavors the presence of
gauge fields alone in the RS bulk.

This endeavor has recently been extended to consider
mion bulk fields. Grossman and Neubert@17# investigated
this possibility in an effort to understand the neutrino ma
hierarchy. Using their results, Kitano@18# demonstrated tha
bounds on flavor changing processes such asm→eg also
force the KK gauge bosons to be heavy for neutrino Yuka
couplings of order unity. Subsequently, Changet al. @19#
demonstrated that placing fermion fields in the bulk allow
the zero-mode fermions, which are identified with the S
matter fields, to have somewhat reduced couplings to
gauge fields. This allows for a weaker constraint on the va
of Lp from precision electroweak data. Gherghetta a
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Pomarol@20# have noted the importance of the value of t
bulk fermion mass in determining the zero-mode fermi
couplings to both bulk gauge and wall Higgs fields a
found interesting implications for the fermion mass hierarc
and supersymmetry breaking.

In this paper we expand upon these studies and exam
the phenomenological implications of placing the SM gau
and matter fields in the bulk.~In all cases to be discusse
below, the backreaction on the metric due to the new b
fields will be neglected.! We find that this possibility intro-
duces an additional parameter, given by the 5-dimensio
fermion mass, which governs the phenomenology. In
next section we peel the SM field content off the TeV-bra
or wall, and derive the KK spectrum and couplings of gra
tons, bulk gauge fields, and bulk fermions. The 5d ferm
mass dependence of the couplings of the KK states to
zero-mode fermions is explicitly demonstrated. In Sec.
we explore the phenomenology associated with allowing
SM fields to propagate in the additional dimension. We d
lineate the broad phenomenological features as a functio
the bulk fermion mass and find that there are four disti
classes of collider signatures. We investigate these signat
and also compute the KK gauge contributions to electrow
radiative corrections. We find that the stringent precis
electroweak bounds onLp discussed above are significant
relaxed for a sizable range of the fermion bulk mass para
eter. In Sec. IV, we expand on our previous work@5# and
examine the phenomenology in detail for the scenario wh
the SM fields all reside on the TeV-brane. Section V cons
of our conclusions. Appendix A contains an independent
gument for confining the Higgs fields to the TeV-bran
Lastly, simplified expressions for a number of couplings a
function of the fermion bulk mass are given in Appendix
for the case when the SM field content propagates in
bulk.

The phenomenological issues associated with the
model of localized gravity are quite distinct from those
flat large extra dimensions. The main differences arise fro
~i! The existence of inverse-TeV coupled graviton KK sta
which may appear as resonances in experiment, while in
ADD case, the coupling for each graviton excitation
Planck scale suppressed and hence each individual stat
no observable experimental signature on its own.~ii ! In the
ADD model, the standard model fields lie on the brane a
only gravitons are allowed to propagate in the bulk, wher
here in the RS scenario, both the standard model gauge fi
and fermions may propagate in the bulk.~iii ! In the ADD
case, the graviton couplings are universal for all KK tow
members, whereas in the RS model when the standard m
fields propagate in the bulk, the couplings are KK state
pendent and also differ for fermions and gauge bosons
arbitrary values of the fermion bulk mass parameter. Th
three features allow for a very rich phenomenology in the
scenario.

II. PEELING THE STANDARD MODEL OFF THE WALL

In order to examine the phenomenological implications
placing the field content of the SM in the bulk of the R
4-2



ds
n
bu
tio
u
c

ly
rie

in
ith
u

he
di
ic

n

t
ts

r-

ons
ble
re

field
e

EXPERIMENTAL PROBES OF LOCALIZED GRAVITY: . . . PHYSICAL REVIEW D63 075004
model, we need to know the properties of various bulk fiel
In this section, we review the KK reduction and interactio
of massless gravitons and bulk gauge fields, as well as
fermions with arbitrary 5d masses, and establish the nota
that will be used in the sections that follow. Throughout o
discussion, we will assume that the Higgs field and hen
spontaneous electroweak symmetry breaking, resides on
the TeV-brane. This choice has been advocated for a va
of different reasons by various authors@18–21#, and we will
present an independent argument in Appendix A for keep
the Higgs field on the TeV-brane. We start our review w
the massless bulk sector, namely the graviton and the ga
fields. In what follows, the Greek indices extend over t
usual 4d spacetime, whereas the upper case Roman in
represent all 5 dimensions. The lower case Roman ind
correspond to 5d Minkowski space.

A. Gravitons and bulk gauge fields

We parametrize the 5d graviton tensor fluctuationshab
(a,b50,1,2,3) by

Ĝab5e22s~hab1k5 hab!, ~3!

wherek552M5
23/2 and the metric tensor is defined ashmn

5diag(1,21,21,21). The 5d graviton fieldhab(x,f) can
be written in terms of a KK expansion of the form

hab~x,f!5 (
n50

`

hab
(n)~x!

xG
(n)~f!

Ar c

, ~4!

where hab
(n)(x) represent the KK modes of the gravito

~which we denote asG(n) in what follows! with massesmn
G

in 4d Minkowski space andxG
(n)(f) are the corresponding

wave functions that depend only on the coordinatef of the
extra dimension.

Employing the gauge choicehab]ahbg
(n)50 andhabhab

(n)

50, and demanding the orthonormality condition

E
2p

p

df e22sxG
(m)xG

(n)5dmn, ~5!

we obtain@2,5#

xG
(n)~f!5

e2s

Nn
G

@J2~zn
G!1an

G Y2~zn
G!#, ~6!

whereJq andYq denote Bessel functions of orderq through-
out this paper,Nn

G give the wave function normalization,an
G

are constant coefficients, and

zn
G~f!5mn

G es(f)

k
. ~7!

The solutionsxG
(n)(f) are chosen to beZ2-even in order to

obtain a massless zero-mode graviton. The requiremen
continuity of their first derivative at the orbifold fixed poin
f50 andf56p yields
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an
G;~xn

G!2e22krcp ~8!

and

J1~xn
G!50, ~9!

wherexn
G[zn

G(f5p), and we have assumed thatmn
G/k!1

as well asekrcp@1. With these assumptions, we findmn
G

5xn
G k e2krcp and

Nn
G.

ekrcp

Akrc

J2~xn
G!; n.0. ~10!

The corresponding zero-mode is given byxG
(0)5Akrc. We

find an
G!1 for the KK modes of phenomenological impo

tance, i.e., the lowest lying states, and thus theY2 term in Eq.
~6! can be safely ignored compared toJ2 in our following
analysis. Note that the masses of the graviton KK excitati
are not equally spaced, unlike the case for the factoriza
geometry of the ADD scenario, with their separation he
being dependent on the roots ofJ1. The first few values of
xn

G are 3.83, 7.02, 10.17, and 13.32.
Next, we consider the case of a massless 5d gauge

AM(x,f). Our notation is similar to that employed for th
case of the graviton field. With the gauge choiceA4(x,f)
50, and assuming that the KK expansion ofAm(x,f) is
given by

Am~x,f!5 (
n50

`

Am
(n)~x!

xA
(n)~f!

Ar c

, ~11!

the solutions forxA
(n)(f) are @16#

xA
(n)5

es

Nn
A

@J1~zn
A!1an

A Y1~zn
A!#, ~12!

subject to the orthonormality condition

E
2p

p

df xA
(m)xA

(n)5dmn. ~13!

The functionsxA
(n) in Eq. ~12! are also chosen to beZ2-even.

The continuity ofdxA
(n)/df at f50 yields

an
A52

J1~mn
A/k!1~mn

A/k!J18~mn
A/k!

Y1~mn
A/k!1~mn

A/k!Y18~mn
A/k!

, ~14!

and atf56p we obtain

J1~xn
A!1xn

AJ18~xn
A!1an

A@Y1~xn
A!1xn

AY18~xn
A!#50, ~15!
4-3
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wheremn
A is the mass of thenth KK mode of the gauge field

with mn
A5xn

A ke2krcp. Again, we see that the masses of t
gauge KK excitations are not equally spaced. The normal
tion Nn

A is given by@19#

Nn
A5S ekrcp

xn
A Akrc

DA$zn
A2

@J1~zn
A!1an

A Y1~zn
A!#2%

z
n
A(f50)

zn
A(f5p)

.

~16!

The zero-mode gauge field is thenxA
(0)51/A2p. The first

few numerical values ofxn
A are 2.45, 5.57, 8.70, and 11.84

B. Bulk fermion fields

We now discuss the KK solutions for bulk fermions@17–
20# of arbitrary Dirac 5d mass; the possibility of Majoran
mass terms for neutral fermion fields will not be conside
here. The actionSf for a free fermion of massm in the 5d RS
model is@17#

Sf5E d4xE dfr cAGFVn
MS i

2
C̄ gn ]MC1h.c.D

2sgn~f!mC̄CG , ~17!

where h.c. denotes the Hermitian conjugate term, and
have AG5@det(GMN)#1/25e24s, n50,1, . . . ,4, Vm

M

5esdm
M , V4

4521, andgn5(gn,ig5). As demonstrated pre
viously @17,19,20#, the contribution to the action from th
spin connection vanishes when the Hermitian conjugate t
is included. The form of the mass term is dictated by
requirement ofZ2-symmetry@17# since C̄C is necessarily
odd underZ2 as can be seen from examining the first term
the action. We adopt the notation of Ref.@17# for the KK
expansion of theC field and write

CL,R~x,f!5 (
n50

`

cL,R
(n) ~x!

e2s(f)

Ar c

f̂ L,R
(n) ~f!, ~18!

whereL and R refer to the chirality of the fields andf̂ L,R
(n)

represent 2 distinct complete orthonormal functions. The
thonormality relations are then given by

E
2p

p

df es f̂ L
(m)* f̂ L

(n)5E
2p

p

df es f̂ R
(m)* f̂ R

(n)5dmn. ~19!

Due to the requirement ofZ2-symmetry of the action,f̂ L
(n)

and f̂ R
(n) must have oppositeZ2-parity; here we choosef̂ L

(n) to

beZ2-even andf̂ R
(n) to beZ2-odd. The SM matter fields the

correspond to the zero-modesf̂ L
(0) . All of the SM fermion

fields are thus treated as left-handed as is commonly don
the literature. The KK reduction of the actionSf through the
expansion~18! for CL,R(x,f) yields the solutions
07500
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f̂ L,R
(n) ~f!5

es/2

Nn
L,R @J1/2 7n~zn

L,R!1bn
L,R Y1/2 7n~zn

L,R!#

~20!

for nÞ0. The zero-modef̂ L
(0) , corresponding to a massles

4d SM fermion, is given by

f̂ L
(0)5

ens

N0
L

. ~21!

Heren is defined bym[nk and is expected to be of orde
unity. For simplicity and phenomenological reasons we ta
all fermions to have the same value ofn throughout this
paper.

With our choices for theZ2-parity of the wave functions,
the coefficientsbn

L,R and the massesmn
L,R of the KK modes

are obtained by requiring

S d

df
2mrcD f̂ L

(n)50 ~22!

and

f̂ R
(n)50 ~23!

at f50,6p, for the left- and right-handed solutions, respe
tively. In the case of the left-handed wave functions,
obtain

bn
L52

J2(n1 1/2)~mn
L/k!

Y2(n11/2)~mn
L/k!

~24!

from evaluating the above conditions atf50, and

J2(n1 1/2)~xn
L!1bn

L Y2(n1 1/2)~xn
L!50 ~25!

at f5p. Similarly, for the right-handed solutions, we hav

bn
R52

Jn1 1/2~mn
R/k!

Yn11/2~mn
R/k!

~26!

and

Jn11/2~xn
R!1bn

R Yn11/2~xn
R!50. ~27!

Note that the left- and right-handed excitation masses,mn
L,R ,

are degenerate for each value ofn above the zero-mode. Th
orthonormality of f̂ L,R

(n) yields

N0
L5A2@ekrcp(112n)21#

krc~112n!
~28!

and
4-4
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Nn
L,R5S ekrcp

xn
L,R Akrc

DA$zn
L,R2@J1/2 7n~zn

L,R!1bn
L,R Y1/2 7n~zn

L,R!#2%
z
n
L,R(f50)

zn
L,R(f5p)

. ~29!
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We note here that only the left-handed fermion fields
relevant to the phenomenological study in this paper, si
their zero-modes correspond to the SM fermions.

Given the above set of equations we can determine
relative values for the masses of the KK states for the gr
ton, gauge, and fermion tower members by numerically so
ing for the appropriate Bessel function roots. Recall that
generate right- and left-handed fermion KK towers both ex
for the fermion states that lie above the left-handed ze
modes. These mass spectra are displayed in Fig. 1 in uni
ke2krcp. The fermion KK excitation masses have an a
proximately linear dependence onn given by mn

f .anun
11/2u1bn , with an ,bn being essentially constant for eac
tower member. For the valuesn,21/2, we find that the
fermion masses are simply reflected about the pointn5
21/2, with mn

f (n)5mn
f (2@n11#), implying that the light-

est fermion KK states occur whenn521/2. Note that atn
521/2 (11/2) fermions and gauge bosons~gravitons! are
predicted to be degenerate in mass. In addition, the ferm
excited KK states are generally expected to be more mas
than the corresponding gauge boson states.

C. Couplings of the KK modes

Having reviewed the KK reduction of various SM bu
fields in the RS model, we now turn our attention to t
couplings of the KK modes in the 4d effective theory. W
focus on the vertices that are of relevance to the phen
enology discussed in this work. In what follows, we give t
integrals that yield the couplings of fermions to gravito
and gauge fields and evaluate their dependence on the
mion bulk mass in the case where the SM matter fie
propagate in the bulk. In addition, we provide the coupli
of gauge fields to gravitons and discuss the interactions
tween zero-mode fermion and gauge KK states with a Hi
field confined to the TeV-brane. In Appendix B, we prese
simplified expressions for these integrals as well as fo
number of additional 3-point functions.

FIG. 1. Relative mass spectra in units ofke2krcp of the KK
excitations of the fermion fields as a function of their bulk ma
parametern, as well as for the graviton and the gauge boson fie
as described in the text.
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Schematically, the coupling of themth andnth KK modes
of the fieldF to theqth KK level graviton is given by

SG5 (
m,n,q

H F E df

Ak

ets xF
(m)xF

(n)xG
(q)

Ar c
G k4

2

3E d4xhmahnbhab
(q)~x!Tmn

(m,n)J , ~30!

where t depends on the type of fieldF, xF
(n) represents the

nth KK solution of the fieldF, xG
(q) is theqth KK graviton

wave function,hab
(q)(x) corresponds to theqth KK graviton

mode,k4/25M̄ Pl
21 , and Tmn

(m,n) denotes the 4d energy mo
mentum tensor for the fields. The information regarding
spacetime curvature and the shape of the wave function
the 5th dimension is encoded in a coefficientC given by the
integral in brackets above,

Cmnq
FFG5E df

Ak

ets xF
(m)xF

(n)xG
(q)

Ar c

. ~31!

To compute the coupling ofF to a KK graviton in the RS
model, one must multiply the corresponding Feynman ru
derived in flat spacetime with extra dimensions@4#, which
are written in terms ofTmn

(m,n) , by Cmnq
FFG . We now present

these coefficients for the cases of fermion and gauge fi
interactions with the KK graviton states. Note that with t
conventions discussed above for the wave functions of v
ous bulk fields, the coupling strength of the zero-mode gra
ton is fixed to beM̄ Pl

21 in the 4d effective theory.
For the case where the SM fields propagate in the b

the coefficientCmnq
f f̄ G of the coupling of themth and thenth

fermion KK states to theqth graviton mode can be obtaine
from the term

S15 i E d5x AG Vn
M C̄ gn ]MC ~32!

in the action, and is given by

Cmnq
f f̄ G 5E

2p

p df

Ak

es f̂ L
(m) f̂ L

(n)xG
(q)

Ar c

. ~33!

The corresponding coefficientCmnq
AAG for the coupling

strength of themth and thenth KK excitations of a gauge
field to the qth graviton mode, can be deduced from t
interaction

S25
21

4 E d5x AG GMAGNBFABFMN , ~34!

s
s

4-5
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yielding

Cmnq
AAG5E

2p

p df

Ak

xA
(m)xA

(n)xG
(q)

Ar c

. ~35!

Next, we consider the interaction between a fermion fi
C and a gauge fieldAM . The coefficient of this coupling is
obtained from the interaction

S35E d5x AG Vn
M g5C̄gnAMC, ~36!

whereg5 is the 5d gauge coupling constant. Since the ze
mode wave function for the fieldAm(x,f) is given byxA

(0)

51/A2p, the interaction of zero-mode fermion and gau
fields is given by

S35
g5

A2pr c
E d4x hmn c̄ (0)gm c (0)An

(0)1 . . . , ~37!

where we have used the orthonormality of the fermion wa
functions given by Eq. ~19!. We thus see thatg4

5g5 /A2pr c, whereg4 is the usual 4d SM gauge coupling

In general, the coefficientCmnq
f f̄ A of the coupling of themth

and thenth fermion states to theqth gauge field mode, in
units of g4, is given by

Cmnq
f f̄ A 5A2pE

2p

p

df es f̂ L
(m) f̂ L

(n)xA
(q) . ~38!

With these general expressions it is straightforward to co
pute the couplings of any KK gauge, fermion, and gravit
fields. In Appendix B we provide a set of useful couplin
expressed in simplified form.

For the practical applications considered in this paper
need to determine the detailed dependence onn of the cou-
plings of the zero-mode fermions to the members of
gauge and graviton KK towers, as well as the couplings
the zero-mode gauge fields to the graviton tower. Simplifi
versions of these specific couplings can be found in App
dix B in Eqs.~B1!–~B3!. Figure 2 displays the couplings o
the zero-mode fermions to the gauge KK tower member
units of the corresponding SM coupling strength. This res
reproduces that of Ref.@20# with their parameterc being
identified as2n. Note that asn becomes large, which mean
that the fermion wave functions are localized closer to
SM brane, the magnitude of the gauge couplings grow
nificantly. Forn@1 we recover the result for the case whe
the SM fermions are confined to the TeV-brane, i.e., t
ug(n)/gSMu→A2pkrc. On the other hand, for ofn&20.5,
the couplings become quite small and are approximately
dependent ofn. We then expect to obtain strong direct a
indirect bounds on the gauge KK states forn*20.3, while
for smaller values ofn there will be a serious degradation
the ability of experiment to probe large KK mass scal
Note that the gauge tower couplings essentially vanish in
region nearn520.5.
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The correspondingn-dependent couplings of the gravito
KK tower states to the zero-mode fermions are displayed
Fig. 3. Here, we have taken the coefficient given by Eq.~B2!
in the Appendix B and included the factor ofk4/2 in Eq.~30!
to obtain the full coupling strength which is in units ofLp

21 .
Again, asn@1 the magnitude of the coupling strength f
each tower member approaches unity in units ofLp

21 which
is the well-known result for wall fermions. However, fo
values ofn below n.20.5, the gravitational couplings o
the zero-mode fermions become exponentially small for
massive graviton tower members, i.e., the fermions ess
tially decouple from the KK graviton states. This will mak
it impossible in this region to search, either directly or ind
rectly, for the graviton KK excitations via their interaction
with fermions.

The couplings of zero-mode gauge fields to the gravi
KK tower are, of course, independent ofn as can be seen
from Eq. ~B3! in Appendix B. For the first five KK graviton

FIG. 2. The coupling strength of the zero-mode fermions to
first five KK gauge boson states in units of the corresponding
coupling strength as a function ofn. From top to bottom on the
right-hand side of the figure the curves are for the first, third, fif
fourth and second gauge KK excitations.

FIG. 3. The coupling strength of the zero-mode fermions to
first five KK graviton states in units ofLp

21 as a function ofn.
From top to bottom on the right-hand side of the figure the cur
are for the first, third, fifth, fourth and second graviton KK level
4-6
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tower members we find these couplings to be 1.34, 0.2
0.273, 0.114, and 0.127 in units of 1022Lp

21 . Note that the
strengths of these couplings are all small, implying th
searches for gravitons via these interactions will also
rather difficult.

The couplings of the zero-mode fermion and gauge b
fields to the Higgs when the Higgs is constrained to lie
the TeV-brane are also important since these are respon
for spontaneous symmetry breaking. These are also
cussed in Appendix B. We find that in terms of a dimensio
less Yukawa coupling in 5d,l̃5, the corresponding 4d
Yukawa coupling for zero-mode fermions is given by

l45
l̃5

2 F 112n

12e112nG , ~39!

with e[e2krcp. This reproduces the result of Ref.@20#. Note
that the function in the square bracket is continuous
equal to unity whenn521/2. If one assumes thatl̃5 is of
order unity, then we see thatl4 is also of order unity pro-
videdn*20.5. For smaller values ofn the magnitude of the
4d Yukawa coupling falls rapidly, e.g., ifn520.75 then
l4;Ae;1028. Even if one allowed for fine tuning, thi
implies that it would be difficult to generate the observed S
fermion mass spectrum for values ofn&20.8 to20.9. We
thus restrict ourselves to the regionn*20.8 in our phenom-
enological discussions below. Similar arguments also sh
that the vacuum expectation value of the Higgs on the T
brane naturally leads to the conventional masses for thW
and Z gauge bosons which we identify as the zero-mo
members of their respective towers.

III. PHENOMENOLOGY OF BULK FIELDS

In comparison to the analyses of the RS model where
SM field content is confined to the TeV-brane, the pheno
enology for the case where both SM gauge fields and fer
ons are allowed to propagate in the bulk is more comp
due to thea priori unknown value of the bulk fermion mas
parametern. In what follows, for simplicity, and to avoid
problems with proton decay and flavor changing neutral c
rent effects@20#, we will assume that all SM fermions hav
the same value ofn. Here we employ a two-pronged attac
on the model by examining its implications on both precis
electroweak measurements and direct collider searches
will see that the two techniques provide complementary
formation and constraints, as is usually the case, with
conclusion being that the range ofn over which the RS
model with SM fields in the bulk provides a solution to th
hierarchy problem without being overly fine-tuned, i.e., v
ues of Lp&10 TeV, is a rather small fraction of what i
allowed by naturalness arguments.

A. Precision electroweak observables

As is well-known, precision electroweak data can be u
to place complementary constraints on new physics scena
to those obtainable from direct collider searches@22#. The
analysis we employ below is a natural extension to that
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veloped earlier by Rizzo and Wells@15# in the case of the
5-dimensional SM with a factorizable geometry with gau
bosons alone being in the bulk. In that work, a global ana
sis was performed of the KK gauge tower tree-level con
butions to a large set of electroweak observables:MW ,
Z-boson partial widths and asymmetries, sin2 uw , atomic par-
ity violation expressed via the weak chargeQw @23#, and the
Paschos-Wolfenstein@24# asymmetryR2 as measured by the
NuTeV/CCFR Collaboration@25#. In this scenario, the gaug
KK states above the zero-mode are evenly spaced and
couple with the same strength, and the authors@15# con-
cluded that the mass of the lightest KK excitation of the S
gauge fields must be in excess of 3.3 TeV. This resul
similar in magnitude to the corresponding limits obtainab
from contact interaction analyses@26#. This procedure has
also been employed@16# in the case where the gauge boso
are the only SM fields to propagate in the non-factoriza
RS bulk. In this case, the couplings of the KK tower me
bers to the wall fermions are also independent of the part
lar KK state above the zero-mode, but the ratio of the ferm
onic couplings of thenth excitation to those of the zero
mode is large withgn /g05A2pkrc.8.4 and the masses o
the tower members are no longer equally spaced, being g
by roots of the appropriate Bessel functions as discus
above. There it was@16# found that the first SM gauge KK
excitation must be more massive than.23 TeV.

Here, the situation is more complex since once the fer
ons are allowed to reside in the bulk, each member of
gauge KK tower couples to the zero-mode fermions with
different strength, which is dependent on the parametern as
discussed above. Following the analyses of Refs.@15,16#, we
work in the limit where the KK tower exchanges can
characterized as a set of contact interactions by integra
out the tower fields. The tower exchanges then lead to n
dimension-six operators whose coefficients are proportio
to

V~n!5 (
n51

` gn
2~n!

g0
2

MW
2

mn
2 , ~40!

wheregn(n) is the n dependent coupling of thenth tower
member with massmn , and g0 is identified as the corre
sponding SM coupling. Thegn(n) for the gauge KK fields
were computed in the previous section and are given in
pendix B. A global fit to the most recent electroweak data
presented at Moriond 2000@27# for the observables listed
above, results in somewhat stronger bounds on the qua
V than those obtained earlier@15,16#, mainly due to the new
value of Qw @23# employed in the fit. The resulting lowe
bound on the mass of the first gauge KK state as a func
of n is shown in Fig. 4. Using the mass relationships given
the previous section between the gauge, graviton, and
mion KK excitations, we can translate this bound into co
straints on the masses of the other first tower member
well; this is also displayed in the figure. Note that asn be-
comes large and positive we reproduce the constraint c
puted in Ref.@16# for the case where the fermions are on t
wall i.e., m1

gauge*25 TeV, which translates into the boun
4-7
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Lp*100 TeV. However, for smaller values ofn, values of
Lp of order a few TeV or less are clearly consistent with t
data. The generaln dependent behavior of these constrai
can be easily understood from the values ofgn(n)/g0 shown
in Fig. 2. Recall that forn&20.5, the gauge tower coupling
are small and approximatelyn independent, while forn*
20.5, the tower couplings grow rapidly with increasing va
ues of n. Hence, the precision electroweak bounds on
first tower states are rather weak andn independent with
m1

gauge*620 GeV forn&20.5, and disappear completely fo
n520.5, but grow rapidly with increasing values ofn
reaching the multi-TeV region.

While almost all of the observables used in the el
troweak fit described above aren-dependent since fermio
couplings are directly involved, one is not, namely the m
of the W. Hence, one might be tempted to obtain
n-independent bound by using just this quantity alone. U
fortunately, a useful limit cannot be obtained using th
single observable withouta priori knowledge of the Higgs
boson mass. As was shown in the analysis of Rizzo
Wells @15# for Higgs fields on the wall, the existence of K
tower states for both theW andZ gauge fields will lead to a
predicted increase inMW for a fixed value of the Higgs mas
whenMZ is used as input. However, this increase inMW due
to KK excitations can always be offset by a compensat
increase in the Higgs mass which in turn lowersMW due to
loop effects. Thus, unless the Higgs mass is otherwise de
mined, one can always have a trade off between the ga
KK tree level and Higgs boson loop contributions. Once
Higgs mass is known, however, an-independent bound ca
be obtained. This point has recently been emphasized
Kane and Wells@28#. We note that in performing the globa
fit described above, the only assumption about the Hi
boson mass was thatmH>100 GeV.

B. Collider studies

It is clear from the results shown in Figs. 2, 3, and 4 th
four distinct regions, corresponding to specific ranges ofn,

FIG. 4. The bounds on the masses of the lightest graviton, ga
boson and fermion KK state as a function ofn as obtained from the
analysis of radiative corrections discussed in the text and the us
the mass relationships shown in Fig. 1. From top to bottom on
right-hand side the curves correspond to the mass of the ligh
fermion, graviton and gauge KK states.
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emerge, yielding four different classes of phenomenolo
This is described in Fig. 5. Region I corresponds to the ra
20.9 to 20.8&n&20.6, where the lower boundary is s
by not allowing the fermion Yukawa couplings to be fin
tuned, as discussed in the previous section. Here, the
fermions have decoupled from the graviton KK tower a
are only very weakly coupled to the gauge KK states.~Recall
that the SM gauge fields only interact weakly with the gra
ton KK states, with the coupling strength being;0.01Lp

21 ,
independently of the value ofn.! The precision electroweak
bounds give constraints on gauge and graviton KK mas
that are less than 1 TeV. In region II wit
20.6,n,20.5, the fermionic couplings of the gauge K
tower grow weaker, yielding an almost non-existent bou
from precision electroweak data. The corresponding grav
KK tower-fermion interaction strength increases two ord
of magnitude within this range, but remains small. Note t
constraints from the precision electroweak parameterV dis-
appear completely atn520.5, as the fermions and gaug
KK states completely decouple at that point. In region I
defined by20.5,n,20.3, the fermionic couplings of both
the gauge and graviton towers grow rapidly and the lim
from V on the masses of the first excitations lie in the fe
TeV range. Lastly, in region IV, corresponding to20.3
,n, the bound fromV is so strong that direct production o
the KK excitations of either the gauge bosons or graviton
kinematically forbidden at any planned collider. Their on
influence in this region will be through contact interactio
effects.

Before discussing the details of the collider phenomen
ogy associated with the graviton and gauge KK states
these various regions, we note that we will assume for s
plicity that the gauge KK states are sufficiently massive
that mixing effects can be neglected. In general, the ma
of the excitations of each gauge KK tower are given by
diagonalization of a mixing matrix, whose off-diagonal el
ments are proportional to the mass of the zero-mode
state. Hence, the excitations for the photon and gluon tow
are automatically diagonalized and the masses of the
states of theW andZ towers are shifted byMW,Z . This is a
small effect for heavy KK states and hence we assume
the members in theZ, W, photon and gluon towers are highl

ge

of
e
st

FIG. 5. The descriptive phenomenology for each region ofn as
discussed in the text.
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EXPERIMENTAL PROBES OF LOCALIZED GRAVITY: . . . PHYSICAL REVIEW D63 075004
degenerate, level by level. This implies that theZ and g
tower members strongly interfere with one another appea
as a single resonance,Z(n)/g (n), and are hence not separab
at colliders. This scenario is also realized in the historica
more conventional KK gauge analyses@14,15# with flat
spacetime.

It is instructive to first examine the dependence of
graviton branching fractions on the fermion bulk mass
rameter. Figure 6 shows these branching fractions for
first graviton excitation with a mass of 1 TeV. In regions
and II, we see that the primary decay mode, by appro
mately two orders of magnitude, is that of a pair of Hig
bosons. The decay rates into more conventional chann
such as dijets, are uncharacteristically tiny and hence
usual signatures for graviton production will be altered.
regions III and IV, the fermions are no longer decoupl
allowing for large branching fractions into fermion pairs, a
thus the typical graviton production signals at colliders b
come available. We now examine the phenomenology
each region in turn.

We first consider region I. Since the fermion couplin
here are far too weak to allow for graviton production
colliders, it is natural to ask whether such states could
produced via gluon-gluon fusion at the LHC since thegg
luminosity is so large at those energies. This idea runs
two immediate problems. First, in region I we know from t
V analysis and the mass relations in Fig. 1 that the first gr
ton KK mass is in excess of 900 GeV. This expectat
drastically reduces the production rate for such a heavy s
down to the level of at most tens of events for a luminos
of 100 fb21. The second problem is one of signal. As sho
in Fig. 6 the primary decay mode in region I is into a pair
Higgs bosons. For more customary channels, such as d
we end up paying an additional factor of 100 leaving us w
no signal. We thus conclude that graviton KK states in
gion I are not observable at the LHC or any other plann
collider.

FIG. 6. Branching fractions for two-body decays of the first K
graviton excitation with a mass of 1 TeV as a function ofn. The
final states are, from top to bottom on the right-hand side of
figure, pairs of light quarks, tops, leptons, higgs, gluons,W’s, Z’s
and photons. The Higgs mass is assumed to be 120 GeV.
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Before continuing we note that when calculating cro
sections and production rates for the first KK graviton a
gauge bosons we have assumed that they can decay only
SM, i.e., zero-mode states. We have found this to be a
sonable approximation for all the cases of interest to
though other final states may occur. One example of
possibility is the decay of a first KK graviton excitation int
one zero-mode gauge or fermion state together with a
excited mode of a gauge or fermion state. For fermions
is kinematically allowed only over a small range ofn but can
correspondingly always occur for the asymmetric gauge fi
state. Such partial widths have been calculated and usu
lead to rather small effects due to the reduction of the gra
ton coupling strength at the vertex and do not result
changes to the peak cross sections by more than.10
220 %. Thus their neglect provides an adequate approxi
tion for the result presented here.

Next, we turn to the gauge KK states; they are expecte
be lighter than the gravitons and the lowest lying states h
coupling strengths to fermions approximately 20% as la
as do the corresponding SM gauge bosons. However,
plings of this strength are sufficiently large as to permit s
nificant cross sections at colliders as is shown in Figs. 7~a!

e

FIG. 7. Production cross section in region I for the first neut
KK gauge boson excitation withm15700 GeV in~top! Drell-Yan
collisions at the Tevatron and in~bottom! e1e2→m1m2 at a linear
collider. In the latter case, the second KK gauge excitation is a
displayed.
4-9
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and 7~b! for the Tevatron and at a linear collider, respe
tively. In both cases these figures show the production o
700 GeV Z(1)/g (1) state which has an unusually distorte
excitation curve due to the strong interference between
g (1) and Z(1) states and the SMg and Z background ex-
changes. This composite excitation is quite narrow for
mass due to the small gauge couplings and is quite un
other possibles-channel resonances such as a graviton,Z8 or
sneutrino. The observation of the gauge KK states will th
be the only signal for the RS model in this region. Figure
compares the search reach for these KK gauge boson
both the Tevatron and LHC in the Drell-Yan channel f
region I ~as well as II and III! in comparison to the bound
obtained from theV analysis. Here we see that there is su
stantial room for discovering such gauge KK states w
these machines in this region.

In region II with the shrinking of the gauge coupling
there is a general degradation of the search reaches fo
KK gauge bosons at both the Tevatron and LHC as show
Fig. 8. Simultaneously the fermion couplings to the gravit
are beginning to turn on and, as can be seen from Fig. 9
LHC has some chance of producing;1 TeV gravitons for
large values ofc5k/M̄ Pl>0.1. Oncen exceeds21/2 and
we are in region III we see that the LHC can discover K
gauge bosons for all values ofn less than about20.3. The
window for graviton discovery, due to their larger masses
somewhat slimmer and is limited to larger values ofc. When
n.20.42 gravitons can no longer be observed at the L
due to their large masses. It is clear that in region III the K
excitations of both the graviton and gauge bosons can
simultaneouslyproduced as is depicted in Fig. 10 for a
e1e2linear collider.

In region IV the precision electroweak constraints sh
that the first excitation of both the gauge and graviton K
towers is above the kinematic threshold for direct product
at the LHC. However, their contribution to fermion pair pr
duction may still be felt via virtual exchange, similarly t

FIG. 8. Direct and indirect bounds on the mass of the first K
gauge boson in regions I–III. The upper~lower!most curve on the
right side is from Drell-Yan searches at the LHC~Run II Tevatron!
with a luminosity of 100~2! fb21. The sharply rising curve on the
right arises from the indirect radiative corrections bound.
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contact-like interactions. These effects are dominated by
gauge KK tower exchange as the gauge KK states are ligh
level by level, and much more strongly coupled than t
corresponding KK gravitons. In addition, the gauge K
tower contributes to fermion pair production via
dimension-six operator, whereas the graviton contribution
dimension-eight. The effects of the KK graviton exchan
can thus be essentially neglected in comparison to the
gauge contributions. We modify the results of Re
@15,29,30# to include the effects of KK tower exchange an
present the resulting 95% C.L. search reach in Fig. 11
various lepton and hadron colliders with center-of-mass
ergies and integrated luminosities as indicated. All ferm
final states were employed in the lepton collider analys
while only Drell-Yan data was included in the hadron ca

FIG. 9. Direct and indirect bounds on the mass of the first K
graviton. The upper~lower! set of three curves correspond to Dre
Yan searches at the LHC and Fermilab Tevatron for the same
minosities as in the previous figure. Within each set of curves, fr

top to bottom,k/M̄ Pl51, 0.1 and 0.01, respectively. The remainin
curve arises from the radiative corrections bound on the gauge
son mass and employs the mass relationships shown in Fig. 1

FIG. 10. Production of graviton and neutral gauge KK exci
tions at a linear collider via the processe1e2→m1m2 when the
fermion bulk mass parameter is larger than20.5 and first graviton

KK excitation is 500 GeV for various values ofk/M̄ Pl .
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We see that the LHC with 100 fb21 will give comparable
bounds to those obtained from our precision electrow
analysis, while the Next Linear Collider~NLC! has a sub-
stantial search reach. These bounds, as well as those s
in Fig. 4, demonstrate that this is a problem region for the
model as they naturally lead to values ofLp significantly in
excess of 10 TeV.

IV. PHENOMENOLOGY OF WALL FIELDS

From the discussion in the previous section it is clear t
if the SM fields propagate in the RS bulk then there is onl
small range ofn for which the RS model can be directl
tested through the production of graviton resonances. Ei
such states are constrained to be too massive to be prod
as can be inferred from the analysis of precision electrow
data, or they decouple from the zero-mode fermions and c
not be produced at all. In addition, the value ofLp is al-
lowed to be&10 TeV only in regions I–III, corresponding t
the range20.9 to20.8&n&20.3. For larger values of the
fermion bulk mass parameter, which is most of this para

FIG. 11. Search reach in region IV for the indirect effects of K
gauge and graviton exchange through contact-like interactions a~a!
lepton colliders and~b! hadron colliders. The curves correspon
from top to bottom~a! the NLC with 500 fb21 and As5 1500,
1000, and 500 GeV, and CERNe1e2 Collider LEP II at As
5195 GeV with 1 fb21; ~b! the LHC with 100 and 10 fb21, and the
Tevatron at Run II with 30 and 2 fb21, and the Tevatron at Run I
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eter’s natural range, the lower bounds onLp begin to ap-
proach 100 TeV. One may argue that this is disfavored si
it is so far away from the weak scale and may create ad
tional hierarchies. Thus unless one can construct a mo
wherein the value ofn naturally lies in the above narrow
range it appears that placing the SM in the RS bulk is som
what undesirable. For this reason, and to complete our ea
brief analysis@5#, we now explore the phenomenology fo
the case where the SM field content is entirely confined
the TeV-brane.

We remind the reader that in the case where only gra
propagates in the bulk, the graviton KK tower couplings
all wall fields, for all tower membersn>1, are simply sup-
pressed byLp ; the zero-mode coupling remains Plan
scale suppressed. In the language developed in Sec. II,
corresponds to values of the coefficients,Cf f̄ G5CAAG

51/e2krcp.

A. Bounds from the oblique parametersS, T, and U

In addition to both direct and indirect searches for n
physics at colliders, precision measurements can also
vide useful constraints on new interactions@22#. We saw
above that a detailed analysis of radiative correction effe
parameterized by the quantityV gave powerful bounds on
the mass of the first graviton excitation when the SM gau
fields ~and fermions! were in the bulk. However, in the cas
where the SM completely resides on the 3-brane, it is cl
that the masses of the bulk graviton fields are no lon
correlated toV at tree-level, so that this analysis is no long
useful in obtaining constraints.

A different approach to probing deviations in electrowe
data due to new physics is through shifts in the values of
oblique parametersS, T, andU @31#. In the case of graviton
KK towers, it is clear that loops involving such particles w
contribute to the transverse parts of the SM gauge bo
self-energies, which will then reveal themselves in dev
tions inS, T, andU. Recently Han, Marfatia, and Zhang@32#
have considered the graviton tower contribution to these
rameters within the context of the ADD scenario arisi
from both seagull and rainbow diagrams. This analysis
be modified in a relatively straightforward fashion to the ca
of localized gravity by recalling~i! that the coupling strength
of the graviton tower is inversely proportional toLp and not
M̄ Pl , and ~ii ! the masses of the RS KK states are wide
separated so that the sum over them must be performed
plicitly and cannot be performed via integration. Since gra
ity becomes strong for momenta greater than the scaleLp ,
we must introduce an explicit cut-off,Mc5lLp with l
;O(1), to render the integrals and sums finite. For practi
purposes we perform all of the integrations analytically lea
ing only the KK tower sum to be performed numerically b
making use of the relationsLp5m1

gravM̄ Pl /kx1
G and mn

grav

5m1
gravxn

G/x1
G . For example, the seagull diagram yields t

simple result

P~p2!5
l2p2

48p2 (
n

yn
22F1

3
14yn110yn

2110yn
3ln

yn

11yn
G ,
~41!
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whereyn[(mn
grav/Mc)

2. Unlike the ADD case, the resultin
values for the shifts in the oblique parameters are found to
only proportional tol2 instead ofl4; we setl51 in our
numerical results below.

Figures 12~a!–12~c! display the shifts in the oblique pa
rameters as a function ofk/M̄ Pl for various values ofm1

grav.
Using the latest values ofS and T from a global fit to the
electroweak data@33# given by

FIG. 12. Shifts in the oblique parametersS, T, andU as func-

tions of k/M̄ Pl when the SM resides on the TeV-brane. From b
tom to top the curves correspond tom1

grav5200, 300, 400, 500, 750
and 1000 GeV.
07500
e

S520.0460.10,

T520.0660.11, ~42!

we obtain the 95% C.L. constraints in thek/M̄ Pl2m1
grav

plane shown in Fig. 13. Most of the excluded region aris
from too large of a negative contribution to eitherS or T
from graviton loops, while the small nose-like region alo
the vertical axis is eliminated by values ofSwhich are posi-
tive and too large. Note that, as usual, the parameterU does
not provide a meaningful bound since it is quite small
magnitude in comparison toSandT. As we can see from the
figure, these constraints complement those from direct
lider searches, e.g., those at the Run II Tevatron. In fact
combining the two sets of constraints we would find tha
large part of the parameter space would be excluded if n
ing was found by the Tevatron during Run II.~Of course, the
true size of the model parameter space is larger than wh
shown in this figure.! This region would be further reduce
in area by about a factor of two if we also required both th
Lp,10 TeV and that the magnitude of the bulk curvature
less than the 5d Planck scale as discussed in our earlier w
@16#, which demands thatk/M̄ Pl be less than'0.1. As will
be discussed below, by combining all of these requireme
one can in fact show that the allowed region actuallycloses
at graviton masses in the range near 4 TeV. This shows
strong interplay between data from precision measureme
direct collider searches, and our theoretical prejudices.

B. Collider phenomenology

We now examine the direct production of the gravit
KK states at high energy colliders in the scenario where
SM fields are constrained to the TeV-brane. We expand
our previous work@5# by investigating the possibility of rea

-

FIG. 13. Excluded regions in thek/M̄ Pl2m1
grav plane for gravi-

tons coupling to SM fields on the wall. The curves (T and S, as
labeled! arise from oblique corrections constraints and the exclu
regions are below and to the left of these curves. The bumpy da
and straight dashed curves are bounds from Run II~2 fb21) Teva-
tron from dijet and Drell-Yan searches, respectively and will e
clude regions above them and to the left.
4-12
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sonably light graviton excitations, e.g.,m1
grav&200 GeV.

These may have previously escaped detection at the T
tron by having an extremely narrow width. In addition it
possible that their contributions to the oblique parame
discussed above may be cancelled by the effects of o
sources of new physics and hence this window should
be probed by direct collider searches. We then turn to
more likely scenario where the mass of the first gravi
excitation is at least a few hundred GeV, and explore
resonance production at future colliders in detail.

To fully explore this phenomenology, we first determi
the branching fractions for the decay of the first graviton K
state into two-body channels. These are displayed in Fig
as a function of the graviton mass. We see from the fig
that dijet final states, i.e., light quark and gluon pairs, dom
nate the graviton decays. The leptonic channel, which yie
the cleanest signature, has a branching fraction of ord
few percent for all values ofm1

grav. Note that the branching

fractions are independent of the parameterk/M̄ Pl , as ex-
pected.

1. Production of light gravitons

In our earlier consideration of graviton tower pheno
enology we concentrated on the case where the first to
member was more massive than about.200 GeV. The rea-
sons for this were two-fold: first, such masses are outside
range directly accessible to LEPII and, second, the Teva
collider searches for new resonances in either the Drell-Y
or dijet channel are essentially absent below.200 GeV.

There are two ways to probe this mass range below
GeV. The first possibility is to search for a narrows-channel
resonance in the LEPII data above theZ-pole in, for ex-
ample, e1e2→m1m2. Such an analysis has indeed be
performed by the OPAL Collaboration@34# in their search
for R-parity violating ñt production. The result of their nul
search is a constraint on theR-parity violating Yukawa cou-
pling, l, as a function of theñt mass. Clearly, this searc

FIG. 14. Mass dependence of the two-body branching fracti
for the first graviton KK state in the case where the SM fields are
the wall. From top to bottom on the right side of the figure t
curves are for dijets,W’s, Z’s, tops, dileptons and Higgs pairs a
suming a Higgs mass of 120 GeV.
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can be modified to probe for narrow gravitons and a straig
forward translation is possible; we find that

cbound5lbound@Bl
gravx1

2#21/2, ~43!

where c5k/M̄ Pl , x1 is the smallest non-zero root of th
Bessel functionJ1 andBl

grav is the leptonic branching frac
tion of the first graviton KK state. The result of this analys
can be seen in Fig. 15 where we observe that the boundc
as a function of the first KK graviton mass is unfortunate
rather weak. We expect, however, that these bounds sh
improve significantly by the end of the LEPII run. Note th
this direct search supplements the constraints obtained f
the oblique parameter analysis discussed above.

A second possibility is to search for light gravitons b
associated production with a photon, e.g.,e1e2→g1G(1).
In the ADD model@1#, a number of authors have consider
using this process to constrain the higher dimensional Pla
scale as a function of the number of extra dimensio
through a somewhat similar search process@4#. In the ADD
case, however, a tower sum of KK gravitons up to the kin
matic limit is also required so that the final state no long
appears to be resulting from an underlying two-body proce
Unlike the ADD case, in the RS model this process is a t
two-body reaction leading to a mono-energetic photon wit
differential cross section given by@4#

ds

dz
5

ac2x1
2

16~12x! F ~11z2!~11x4!

1~123z214z4!
11x2

12z2 16x2z2G , ~44!

wherex5m1
2/s, z5cosu andm1 is the mass of the lightes

KK graviton. The production signature for this process is t
mono-energetic photon and the decay products of the
shell massive graviton, e.g., a pair of dijets,l 1l 2 or another
gg pair that reconstruct to the mass of the graviton. Giv
the expression above one might imagine that the differen
distribution of photons is highly peaked in both the forwa

s
n

FIG. 15. 95% CL upper bound onc as a function of the first KK

graviton mass from theñ bound discussed in the text. The allowe
region lies below the curve.
4-13
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and backward directions independent of the value ofm1
above theZ mass. Figure 16~a! explicitly shows the resulting
normalized angular distribution of the photon forAs5200
GeV and several distinct values ofm1 with the anticipated
strong forward-backward peaking. Unfortunately, the co
tinuum SM background from single-photon radiation ha
very similar angular distribution but is not mono-energet
In either case the signal to continuum background ratio
be somewhat enhanced by imposing a hard cut on the ph
production angle relative to the incident electron beam. F
ure 16~b! shows the total integrated cross section for
process of interest as a function ofm1 both with and without
the photon angular cut, assuming thatc50.01 andAs5200
GeV. Here we see that reasonable signal rates are pos
even after employing a strong photon angular cut. For
ample, if m15170 GeV with uugu.15°, then Eg527.75
GeV ands50.3 pb atAs5200 GeV and thus a 200 pb21

sample would yield 60 events which should be observa
above the continuum background.

2. Resonance production at future colliders

It is more likely that the first graviton KK state will be
several hundreds of GeV or more in mass and we now

FIG. 16. Angular distribution~top! and total cross section~bot-
tom! for the processe1e2→g1G(1) assumingAs5200 GeV and

k/M̄ Pl50.01. In the top panel, from top to bottom the curves a
for a graviton mass of 130, 150, 170 and 190 GeV, respectiv
The lower curve in the bottom panel is the result after employin
cut of 15° between the photon and initial electron direction.
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plore the phenomenology of this scenario in more detail th
given in our previous work@5#. The basic signature for the
RS model with the SM fields being confined to the Te
brane is the direct resonance production of the graviton
excitations. If it is kinematically feasible to produce mo
than one KK tower member, the fact that the excitation sp
ing is proportional to the root of theJ1 Bessel function pro-
vides a smoking gun signal for the non-factorizable geo
etry of this model. In addition, the two model paramete
which govern the 4d phenomenology, i.e.,k andLp , can be
completely determined@5# by the measurement of the ma
and width of the first excitation.

We first examine the cleanest signal for graviton re
nance production, namely an excess in Drell-Yan eve
from qq̄,gg→G(n)→ l 1l 2. The Drell-Yan line-shape is pre
sented in Fig. 17 as a function of the invariant mass of
lepton pair form1

grav5700, 1500 GeV at the Tevatron an

LHC, respectively, for various values ofk/M̄ Pl . The produc-
tion of subsequent tower members are also shown for
LHC, note the increasing widths of the higher resonanc
Also note that the value of the peak cross section for the
resonance is independent of the value ofk/M̄ Pl . We see that

y.
a

FIG. 17. Drell-Yan production of a~a! 700 GeV KK graviton at

the Tevatron withk/M̄ Pl51, 0.7, 0.5, 0.3, 0.2, and 0.1, respe
tively, from top to bottom;~b! 1500 GeV KK graviton and its
subsequent tower states at the LHC. From top to bottom, the cu

are fork/M̄ Pl51, 0.5, 0.1, 0.05, and 0.01, respectively.
4-14
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FIG. 18. Cross sections for Drell-Yan production at the~a!
Tevatron and~b! LHC of the first two graviton KK states coupling
to the SM on the wall as a function ofm1. The upper~lower! curve
in each case is for the first~second! KK state. Here, we have se

k/M̄ Pl50.1.

FIG. 19. Normalized angular distribution (z5cosu) for the de-
cay of a spin-2 graviton into fermion pairs~the ‘‘w’’-shaped curve!
in comparison to similar decays by either spin-0~dashed! or spin-1
~dotted! particles. The data with errors show the result from a ty
cal sample of 1000 events.
07500
for larger values ofk/M̄ Pl , e.g., k/M̄ Pl*0.5, the bump
structure of the resonances is lost due to the large value o
width ~recall that the width is proportional to@k/M̄ Pl#

2) and
the interference from the higher excitations. In this ca
graviton production appears as a shoulder on the SM
dicted Drell-Yan spectrum, and is similar to the effect
contact interactions. Nonetheless, we find that the resul
search reach for the first graviton excitation from a full c
culation is essentially equivalent to our earlier results@5#
where we employed the narrow width approximation. The
results are given as a function ofk/M̄ Pl in our previous work
and are not reproduced here with the exception that the
sults for Run II at the Tevatron with 2 fb21 of integrated
luminosity are displayed in Fig. 13.

Since the fundamental signature of a non-factorizable
ometry is the non-uniform spacing of the graviton KK state
it is important to examine the probability of observing th
second excitation if the first resonance is discovered. In or
to quantify this we show in Fig. 18 the cross section tim
leptonic branching fraction for the Drell-Yan production

-

FIG. 20. Multiple KK graviton resonances produced at the LH

with m1
grav51 TeV andk/M̄ Pl50.1 and form1

grav51.5 TeV with

k/M̄ Pl50.2.

FIG. 21. gg→bb̄ showing graviton resonances assumingm1
grav

5250 GeV andk/M̄ Pl50.03 or withm1
grav5600 GeV andk/M̄ Pl

50.1. The flat curve corresponds to the expected SM backgro
4-15
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the first two graviton KK states as a function of the fir
excitation mass for the sample valuek/M̄ Pl50.1. We see
that the second excitation has a sizable cross section at
accelerators. We estimate that then52 graviton KK state
will be discovered at the Tevatron~LHC! with 2 fb21 ~100
fb21) of integrated luminosity if the mass of the first excit
tion is less than 725 GeV~3.8 TeV!. This is clearly a signifi-
cant discovery reach.

Next, we examine the ability of a hadron collider to d
termine the spin of a new resonance once one is discove
It is well-known that the angular distribution of a particle
decay products convey information about its spin quant
number. This is depicted in Fig. 19 for the decay of partic
of various spins into fermion pairs. We see that a spi
resonance has a flat angular distribution, of course, sp
corresponds to a parabolic shape, and spin-2 yields a qu
distribution. The ability of a collider to distinguish betwee
these distributions depends on the amount of available st
tics. For purposes of demonstration, we have generated
angular distribution, including statistical errors, of a typic
data sample of 1000 events; this is displayed in Fig. 19.
see that with this level of statistics, the spin-2 nature of a
graviton is easily determined. From Fig. 18, we see that
accumulation of 1000 events or more corresponds to a v
of m1

grav&4200 TeV withk/M̄ Pl50.1 at the LHC with 100
fb21 of integrated luminosity. Further study, similar to wh
has been performed in the case of a newZ boson resonance
@35#, is required in order to determine the range of parame
space for which the spin-2 nature of the graviton can
resolved.

Lastly, we present the graviton KK spectrum with vari
values of the parameters in two sample processes. The
variant mass spectrum of the lepton pair is shown in Fig.
for Drell-Yan production of the graviton KK spectrum at th
LHC, comparingm1

grav51 TeV with k/M̄ Pl50.1 with m1
grav

51.5 TeV withk/M̄ Pl50.2. Figure 21 displays the KK line
shape ingg→bb̄, comparingm1

grav5600 GeV withk/M̄ Pl

50.1, m1
grav5250 GeV withk/M̄ Pl50.03, and the SM pre

diction. These figures demonstrate how the KK spectr
changes in terms of size of the peak cross sections
widths of the resonances as the model parameters are va
These processes were chosen simply for demonstration
for ease of identifying the final state. We emphasize t
graviton KK resonance production will occur at all plann
colliders, and that the gravitons will decay into all possib
2-body final states with the relative branching fractions
given in Fig. 14. Observation of the relative rates of all the
processes would serve as an additional verification of
model.

V. CONCLUSIONS

In this paper we have explored the detailed phenome
ogy of the Randall-Sundrum model of localized gravity f
the cases where the SM field content propagates in the
or lies on the TeV-brane. We have derived the wave fu
tions and interactions of the KK tower for each field that
allowed to exist in the bulk. We presented an argument d
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onstrating that if spontaneous symmetry breaking takes p
in the bulk, either the couplings of the gauge bosons do
take their SM values, or the SM mass relationship betw
the W and Z becomes corrupted, depending on whether
matter fields exist in the bulk or not. We thus conclude th
the Higgs field must be confined to the TeV-brane.

In the scenario where the SM gauge and matter fie
propagate in the extra dimension, our results can be sum
rized as:

~1! The phenomenology in this case is now governed
three parameters,k, Lp , and the bulk mass paramete
n.

~2! We found that the couplings of the resulting KK stat
are highly dependent on the value of the bulk mass
rameter. We then identified four regions with distin
phenomenologies, corresponding to different ranges
n.

~3! We examined the phenomenological signatures of
model in all four regions. We compared the constrai
placed on the model from precision electroweak d
with those obtainable from direct collider searches. W
found that the KK states couple too weakly in order
yield observable signatures forn,20.5. The precision
electroweak constraints resulted in strong bounds
larger values ofn and indicate that the gauge and grav
ton KK states will not be kinematically accessible at t
LHC for n*20.3. In this case, the presence of the K
towers will be probed via contact interaction searche

~4! We also presented theoretical arguments for limiting
range ofn. We reasoned thatn*20.8 to20.9 in order
to ensure that the fermion Yukawa couplings are n
overly fine-tuned. In addition, we saw thatn cannot
grow too large or else the precision electroweak bou
translate into a value ofLp which is far above the weak
scale, rendering the RS model irrelevant to the hierar
problem.

~5! Combining these theoretical and experimental co
straints yields a narrow range ofn, 20.9 to 20.8<n
<20.3, for which the RS model is viable and can
probed directly in colliders.

This argues for a model that either selectsn to be in this
narrow viable range or prefers that the SM field content
constrained to lie on the TeV-brane.

We thus also investigated the phenomenology of the
model in this second case, expanding on our previous w
In this case, gravity is the only field which propagates in t
extra dimension and expands into a KK tower upon comp
tification. The phenomenology is now governed by only tw
parameters, with the fermion bulk mass obviously being
sent. We examined the possibility of lighter gravitons, whi
may be produced at LEP II as a direct resonance or in
emission process. We computed the effects of the grav
KK states on the precision electroweak oblique parame
and found constraints on the parameter space which
complementary to those obtainable from direct collid
4-16



t

ri

re
nd

s
b

t
e
a
m

an
t

SM
i-
ty

n,
th
n

nt

la
is
l
K

w be
t
her
ulk

less

c-

the
e
ec-

iated

ce.
rally
ne-
by

e
n

en
sses

are
, it

-
M
ry
di-

w-

in
an

er
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searches. In addition, we delineated the signatures for
graviton KK spectrum at future colliders.

The combined results of our analysis in the scena
where the SM fields lie on the TeV-brane are presented
the parameter planek/M̄ Pl2m1

grav in Fig. 22. The constraints
from present data are summarized by the bounds from D
Yan and dijet production at the Tevatron from Run I a
from the global fit to the oblique parametersS and T, as
labeled in the figure. In each case, the excluded area lie
the left of the curves. The theoretical constraints are given
the curvature bounduR5u520k2,M5

2, which yieldsk/M̄ Pl

,0.1, and by the prejudice thatLp&10 TeV to ensure tha
the model resolves the hierarchy. We see that this synth
of experimental and theoretical constraints results in a sm
closedallowed region in the model parameter space. Co
paring this allowed region with our previous results@5# for
the search reach for graviton production via the Drell-Y
mechanism at the LHC, we see that the LHC will be able
cover this entire region of parameter space with 100 fb21 of
integrated luminosity. Hence, in the scenario where the
fields lie on the TeV-brane, the LHC will be able to defin
tively discover or exclude the RS model of localized gravi
if it is relevant to the hierarchy.
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APPENDIX A

In this Appendix we will supply a robust argume
against spontaneous symmetry breaking~SSB! by Higgs
bosons in the RS Bulk. We assume that SSB takes p
either in the bulk or on the wall so that if SSB in the bulk
untenable we are forced to consider the Higgs boson to
only on the SM brane. Since there are no massless gauge

FIG. 22. Summary of experimental and theoretical constra
on the RS model, for the case where the SM lies on the TeV-br

in the k/M̄ Pl andm1
grav plane. The allowed region lies in the cent

as indicated.
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modes when there are bulk gauge masses, we would no
forced to identify the SMW and Z bosons as the lowes
massive KK modes of their respective towers. On the ot
hand the photon and gluons, having no corresponding b
mass terms, can be identified with the ordinary mass
modes.

To proceed we first consider the SM-like part of the a
tion involving only the gauge and Higgs fields takingy
5r cf:

SSM5E d4xdyAGF2(
a

1

4
FMN

a Fa
MN

1uDAfu22V~f!1 . . . G , ~A1!

and follow all of the usual steps of SSB associated with
SM. The only difference with the usual result will be th
labelling on the 5d couplings and the Higgs vacuum exp
tation value~vev!, i.e.,g,g8,e→g5 ,g58 ,e5 andv→v5 etc. In
the usual basis this generates bulk mass terms assoc
with the Z and W fields, MZ,W but none for the photon and
gluon fields due to the remaining unbroken gauge invarian
We expect that both of these generated masses are natu
of orderk and that they are also related, assuming sponta
ous symmetry breaking via Higgs doublets in the bulk,
the usual SM-like relationshipMW

2 5MZ
2 cos2 u5 with, as

usual,g58/g55tanu5 , u5 being the angle diagonalizing th
Z2g mixing matrix. The 5d coupling of the photon is the
identified as e55g5 sinu5. Now although this all seems
trivial and straightforward problems begin to appear wh
we try to match these 5d couplings and the generated ma
to those in the usual 4-d SM.

Let us first consider the case where the SM fermions
in the bulk. Then, since the photon has no bulk mass term
is easy to calculate the relationship betweene55g5 sinu5
5g5s5 and e5g sinu5gs by considering the coupling be
tween fermionic zero-modes, which we identify as the S
fields, with the photon tower zero-mode, i.e., the ordina
photon which has a constant wave function in the extra
mension. We obtain the familiar relation

e5
e5

A2pr c

or
g5s5

A2pr c

5g.s. ~A2!

As discussed above, theZ andW of the SM are now identi-
fied with the lightest massive modes of their respective to
ers with wave functions of the form

xW,Z5
es

NW,Z
@JaW,Z

1bW,ZYaW,Z
#, ~A3!

where NW,Z is a normalization factor,bW,Z are constants,
and

aW,Z5@11MW,Z
2/k2#1/2, ~A4!

ts
e,
4-17
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respectively. Denoting the complete fermion zero-mo
wave functions symbolically byf n the relationship between
the 5dW coupling and that for the SM is given by

g5

A2
E dyAG fn

2xW[
g5

A2
I W5

g

A2
, ~A5!

whereI W represents they integration over the various wav
functions. Note that we have assumed thatall fermion fla-
vors have the same value ofn. If this were not the case
universality violation would be rampant. In theZ case, due to
the structure of the coupling, we arrive at two necess
conditions for the correct matching

~ i!
g5

c5
E dyAG fn

2xZ[
g5

c5
I Z5

g

c
, ~A6!

~ ii !
g5

c5
s5

2E dyAG fn
2xZ[

g5

c5
s5

2I Z5
g

c
s2,

whereI Z represents the correspondingy integration over the
Z and fermion wave functions. Dividing Eq.~A6ii ! by ~A6i!,
we arrive ats55s. Substituting Eq.~A5! into Eq. ~A2! and
using thiss55s result we arrive at the requirement thatI W

51/A2pr c, independent ofn or MW /k. This is of course in
general impossible so we must conclude that if fermions
in the bulk the SSB breaking by bulk Higgs fields does n
allow us to simultaneously recover the correct SM couplin
for the photon,W or Z.

Now if the fermions are on the wall it is easy to see th
s55s and g5g5 /A2pr c are automatically consistent wit
all of the required coupling relations since we must evalu
theW andZ wave functions on the SM brane via delta fun
tions. However now a different problem arises with theW
andZ masses since we now requirex1W5x1Z cosu where the
x1’s are the lowest roots of the appropriate combination
boundary condition equations that yield the tower mass
genvalues. Furthermore we require that this condition m
hold without any fine-tuning of the ratioMZ /k. To show that
this condition does not hold naturally, let us take as an
ample MZ /k51(2) from which we can calculatex1W

2 /x1Z
2

5cos2 u; we find that cos2 u50.9359(0.8781) assuming tha
MW5MZ cosu with cosu50.77 as input. Knowing the inpu
values of bothMZ

2/k2 and cosu, which takes a common valu
in the bulk and on the wall, we can fix the ratioMW

2 /k2. This
then allows us to evaluate the quantitiesaW,Z , as given by
Eq. ~A4!, which are the indices of the Bessel functions f
the Z and W tower member wave functions in Eq.~A3!.
Applying the usualZ2-even boundary conditions on thes
wave functions as discussed above we can determine
mass eigenvalues for the lightest members of each of th
towers that we are now identifying with theW and Z. The
ratio of these eigenvalues should return the input value
cosu since x1W /x1Z5cosu. If we do not obtain the input
value or we find that the result depends on the input valu
MZ /k we can conclude that this approach is internally inco
sistent. Since our input and output values are significa
different, we can conclude that this possibility fails as we
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Thus if fermions are on the wall we may recover the corr
SM couplings but the SM mass relationship between theW
andZ becomes corrupted. This implies that the Higgs can
generate SSB in the bulk when the fermions are on the
brane. Combining both arguments, we thus conclude fr
this discussion that SSB must take place on the SM br
and that therefore the Higgs fields are to be found there
well.

APPENDIX B

In this Appendix we present concise expressions for
most common couplings discussed in the main text in
scenario where the fermion fields reside in the bulk. Thenth
graviton and gauge boson KK couplings to a pair of ze
mode SM fields are given in terms of simple integrals by

f(0)f̄ (0)A(n):

C00n
f f̄ A5

g(n)

gSM
5A2pkrcF 112n

12e2n11G Ee

1

dz z2n11

3
J1~xn

Az!1an
AY1~xn

Az!

uJ1~xn
A!1an

AY1~xn
A!u

, ~B1!

f(0)f̄ (0)G(n):

C00n
f f̄ G5

1

e F 112n

12e2n11G Ee

1

dz z2n12
J2~xn

Gz!

uJ2~xn
G!u

, ~B2!

A(0)A(0)G(n):

C00n
AAG5

1

e

2~12J0~xn
G!!

pkrc~xn
G!2uJ2~xn

G!u
, ~B3!

where an
A is defined in Eq.~14!, e[e2krcp, and thexn

A,G

denote the appropriate Bessel roots that appear in the g
and graviton KK wave functions as given in Sec. II. No
that the coupling of two zero-mode gauge bosons to thenth

KK graviton can be computed analytically. In a similar ma
ner we find the following expressions for couplings invol
ing only a single zero-mode SM field:

f(l) f̄ (0)A(n):

Cl0n
f f̄ A5A2pkrcU2~112n!

12e2n11U1/2E
e

1

dz zn13/2

3
Jf~xl

Lz!

uJf~xl
L!u

J1~xn
Az!1anY1~xn

Az!

uJ1~xn
A!1anY1~xn

A!u
, ~B4!

f(l) f̄ (0)G(n):

Cl0n
f f̄ G5

1

e U2~112n!

12e2n11U1/2E
e

1

dz zn15/2
Jf~xl

Lz!

uJf~xl
L!u

J2~xn
Gz!

uJ2~xn
G!u

,

~B5!
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A(l)A(0)G(n):

Cl0n
AAG5

2

eA2pkrc
E

e

1

dz z2
J1~xl

Az!1a l
AY1~xl

Az!

uJ1~xl
A!1a l

AY1~xl
A!u

J2~xn
Gz!

uJ2~xn
G!u

,

~B6!

where f 5n21/2 (2n11/2) for n. (,)21/2, andxl
L cor-

responds to the Bessel roots for the left-handed fermion
tower.

A 4-point coupling, betweenl th fermion - 0th fermion -
0th gauge -nth graviton, is also present and is given by

f(l) f̄ (0)A(0)G(n):

Cl00n
f f̄ AG5

1

eU2~112n!

12e2n11U1/2E
e

1

dz zn15/2
Jf~xl

Lz!

uJf~xl
L!u

J2~xn
Gz!

uJ2~xn
G!u

,

~B7!

which is exactly the same asCl0n
f f̄ G .

Let us now turn to the wall Higgs couplings to zero-mo
bulk fields starting from the action

Sf f H5
l̃5

k E d4xdyAGC̄~x,y!C~x,y!H0~x!d~y2r cp!,

~B8!

where a factor ofk has been introduced to renderl̃5 dimen-
sionless. When the Higgs boson gets a vev of order
Planck scale,v5, we must shift the field asH0→v51H80. If
we substitute the fermion mode expansions and extract
the zero-mode pieces and letH80→e21H8 to account for the
B

s

s.
.

,

tt
hi,

A
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required rescaling of the Higgs field kinetic term, we c
identify the 4d coupling asl45l̃5v/2 ~with ev55v4) using
the familiar ratio

v5
112n

12e112n
, ~B9!

which multiplies v4 and which has important implication
as discussed in the text. Note thatv4 is now naturally
of order the TeV scale. One also finds that the off-diago
mode Yukawa couplings are induced from the sa
action. For example, the coupling of thenth and mth non-
zero tower members to the Higgs boson is found to
l̃5(21)m1n1 f (n) while the coupling of a zero-mode and a
nth mode fermion to the Higgs boson is given b
l̃5(21)n1 f (n)Av/2. Thus the fermion tower members a
seen to mix with themselves with a strength that is char
terized by the induced zero-mode mass, i.e., the mass o
corresponding SM fermion. For all SM fermions, except p
haps for the top quark, these effects are quite small since
expect that the unmixed tower fermion masses begin in
range of hundreds of GeV if not larger. A similar analysis
the W and Z tower shows that the wall Higgs field induce
the correct photon,W and Z SM masses. Here we need
identify the 4d and 5d gauge couplings through the us
relation g45g5 /A2pr c and as before make use of the re
caling v45ev5. Again one finds that mixing between th
gauge fields within these individual towers with a streng
characterized by the induced mass of the zero-mode as
curs in non-warped space@14,15#.
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