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Experimental probes of localized gravity: On and off the wall
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The phenomenology of the Randall-Sundrum model of localized gravity is analyzed in detail for the two
scenarios where the standard mo@@&W) 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-KIgK) 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.
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I. INTRODUCTION an additional parameter, given by the 5-dimensional mass of
the fermion fields, which has a dramatic influence on the
A novel approach which exploits the geometry of extraphenomenological consequences and yields a range of ex-
spacetime dimensions has been recently propplked] as a  perimental characteristics. While the general features of
means to resolving the hierarchy problem. In one such scéhese signatures remain indicative of this type of geometry,
nario due to Arkani-Hamed, Dimopoulos, and DvGADD) the various details of the different cases can be taken to
[1], the apparent hierarchy is generated by a large volume fdigPresent a wide class of possible models similar in nature to
the extra dimensions. In this case, the fundamental Planc{® RS scenario. We also present an argument which shows
scale in 4+ n dimensionsM, can be brought down to a TeV that spontaneous electroweak symmetry breaking must be

and is related to the observed 4D Planck scale through th‘éOnfined to the standard model 3-bra_ne. . .
volumeV, of the compactified dimensions)2, =V M2+ The Randall-Sundrum model consists of a 5-dimensional
n PI— Vn .

. . non-factorizable geometry based on a slice of Adpace
I; a?haltet:natlvedshgenancr)] d'ue to FtQa(;u:ti)aII and Sund("?S? with length 7rr, wherer. denotes the compactification ra-
[2], the observed hierarchy is created by an exponentia WalBiys. Two 3-branes, with equal and opposite tensions, rigidly

factor which arises from a 5-dimensional non-factorizablereside atS, /Z,, orbifold fixed points at the boundaries of the

geometry. An exciting feature of these approaches is thaAdSa slice, taken to be/=r.¢=0r.m. The 5-dimensional

they both afford concrete and distinctive phenomenologicatinstein’s equations permit a solution which preserves
tests[4,5]. Furthermore, if these theories truly describe thes_dimensional Poincarmvariance with the metric
source of the observed hierarchy, then their signatures should
appear in experiment at the TeV scale. ds’=e 279y dx*dx’—rid¢?, )

The purpose of this paper is to explore the detailed phe-
nomenology that arises in the non-factorizable geometry oWhere the Greek indices extend over ordinary 4D spacetime
the RS model. We will examine the cases where the standahdo($) =kr¢| ¢|. Herekis the AdS curvature scale which
model (SM) gauge and matter fields can propagate in thds of order the Planck scale and is determined by the bulk
additional spatial dimension, denoted as the bulk, as well asosmological constantA =—24M §k2, where M5 is the
being confined to ordinary-81 dimensional spacetime. The 5-dimensional Planck scale. The 5d curvature scalar is then
broad phenomenological features of the latter case wergiven by Rs=—20k?. Examination of the action in the 4d
spelled out in Ref[5]. Here, we expand on this previous effective theory yields the relation
work by considering the effects in precision electroweak ob-
servables and investigating a wider range of collider signa-
tures, including the case of lighter graviton Kaluza-Klein
(KK) excitations. We also show that the CERN Large Had-
ron Collider(LHC) can probe the full parameter space of thisfor the reduced 4d Planck scale. The scale of physical phe-
model and hence will either discover or exclude it if the scalenomena as realized by the 4d flat metric transverse to the 5th
of electroweak physics on the 3-brane is less than 10 TeWdimensiony=r.¢ is specified by the exponential warp fac-
The experimental signatures of the former scenario, whertor. TeV scales can naturally be attained on the 3-brane at
the SM fields reside in the bulk, are considered here for theb= 7 if gravity is localized on the Planck braneat=0 and
first time. As we will see below, this possibility introduces kr.=11—12. The scale of physical processes on this TeV-

_ M3
M= (1~ e 2%em) @
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brane is thenA = Mple*krcw_ The observed hierarchy is Pomarol[20] have noted the importance of the value of the

thus generated by a geometrical exponential factor and nBulk fermion mass in determining the zero-mode fermion
other additional large hierarchies appear. It has been demofouplings to both bulk gauge and wall Higgs fields and
strated 6] that this value okr can be stabilized without the found interesting implications for the fermion mass hierarchy
fine tuning of parameters by minimizing the potential for theand supersymmetry breaking. _ _
modulus field, or radion, which describes the relative motion In this paper we expand upon these studies and examine
of the 2 branes. In the original construction of the RS modefhe phenomenological implications of placing the SM gauge
utilizing this stabilization mechanism, gravity and the modu-and matter fields in the bulkin all cases to be discussed
lus stabilization field may propagate freely throughout thePelow, the backreaction on the metric due to the new bulk
bulk, while the SM fields are assumed to be confined to thdields will be neglected.We find that this possibility intro-
TeV (or SM) brane at$= 7. The 4d phenomenology of this duce_s an addmonz_il parameter, given by the 5-dimensional
model is governed by only two paramet¢, given by the fermion mass, which governs the phenomenology. In the
curvaturek andA ... The radion, which receives a mass dur- Next section we peel the SM field content off the TeV-brane,
ing the stabilization procedure, is expected to be the lightes?r Wall, and derive the KK spectrum and couplings of gravi-
new state and admits an interesting phenomenolggy NS, bulk gauge fields, and bulk fermions. The 5d fermion
which we will not consider here. mass dependence of the couplings of the KK states to the
This scenario has enjoyed immense popularity in the rezero-mode fermions is explicitly demqnstratgd. In Sgc. 1,
cent literature, with the cosmological/astrophysida], ~ We explore the phenomenology associated with allowing the
string theoretic[9], and phenomenological implications all SM fields to propagate in the additional dimension. We de-
being explored. We note that similar geometrical configuralineate the broad phenomenological features as a function of
tions have previously been found to arise in M or stringthe bulk fermion mass and find that there are four distinct

theory[10]. In addition, extensions of this scenario where theclasses of collider signatures. We investigate these signatures
higher dimensional space is non-compfkt], i.e.,r.—c, andalsocompute the KK gauge contributions to electroweak

as well as the inclusion of additional spacetime dimension§adiative corrections. We find that the stringent precision
and brane$12] have been discussed. electroweak bqunds oN . discussed ab_ove are significantly
Given the success of the RS scenario, it is logical to ask ifélaxed for a sizable range of the fermion bulk mass param-
it can be extended to include other fields in the bulk beside§ter- In Sec. IV, we expand on our previous w8 and
gravity and the modulus stabilization field. It would appear€x@mine the phenomenology in detail for the scenario where
to be more natural for all fields to have the same status an#€ SM fields all reside on the TeV-brane. Section V consists
be allowed to propagate throughout the full 5-dimensionaPf our conclusions. Appendix A contains an independent ar-
spacetime. In addition, Garrigat al. [13] have recently ~gument for confining the Higgs fields to the TeV-brane.
shown that the Casimir force of bulk matter fields themselved-astly, simplified expressions for a number of couplings as a
may be able to stabilize the radion field. In the case of nonfunction of the fermion bulk mass are given in Appendix B
warped, toroidal compactification of extra dimensions, bulkfor the case when the SM field content propagates in the
gauge fields can lead to an exciting phenomenology which i§U/k. _ . ) )
accessible at colliderf14,15. The possibility of placing The phenomenological issues associated with the RS
gauge fields in the bulk of the RS model was first considerednodel of localized gravity are quite distinct from those of
in Ref. [16]. In this case the couplings of the KK gauge fl_at large extra d|me(15|ons. The main d|fferen(;es arise from:
bosons are greatly enhanced in comparison to those of tH& The existence of inverse-TeV coupled graviton KK states
SM by a factor ofy27kr,=8.4. An analysis of their contri- Which may appear as resonances in experiment, while in the
butions to electroweak radiative corrections was found td*PD case, the coupling for each graviton excitation is
constrain the mass of the first KK gauge boson excitation t¢’lanck scale suppressed and hence each individual state has

be in excess of 25 TeV, implying that the physical scale of?© Observable experimental signature on its otin.In the
the = brane,A ., must exceed 100 TeV. By itself, if the ADD model, the standard model fields lie on the brane and

model is to be relevant to the hierarchy problem with only gravitons are allowed to propagate in the bulk, whereas

being near the weak scale, this disfavors the presence of SRET® in the RS scenario, both the standard model gauge fields
gauge fields alone in the RS bulk. and fermions may propagate in the bulki) In the ADD

This endeavor has recently been extended to consider fef@S€; the graviton couplings are universal for all KK tower
mion bulk fields. Grossman and Neub§if7] investigated members, whereas in the RS model when the standard model
this possibility in an effort to understand the neutrino masd€lds propagate in the bulk, the couplings are KK state de-
hierarchy. Using their results, Kitafag] demonstrated that Pe€ndent and also differ for fermions and gauge bosons for
bounds on flavor changing processes suchuasey also arbitrary values of the fermion bulk mass parameter. These

force the KK gauge bosons to be heavy for neutrino vukawdhree features allow for a very rich phenomenology in the RS

couplings of order unity. Subsequently, Chaegal. [19] ~ Sc€nario.

demonstrated that placing fermion fields in the bulk allowed

the zerq-mode fermions, which are identified Wi.th the SM || PEELING THE STANDARD MODEL OFF THE WALL

matter fields, to have somewhat reduced couplings to KK

gauge fields. This allows for a weaker constraint on the value In order to examine the phenomenological implications of
of A, from precision electroweak data. Gherghetta andplacing the field content of the SM in the bulk of the RS
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model, we need to know the properties of various bulk fields.
In this section, we review the KK reduction and interactions
of massless gravitons and bulk gauge fields, as well as bulk
fermions with arbitrary 5d masses, and establish the notatiofind
that will be used in the sections that follow. Throughout our
discussion, we will assume that the Higgs field and hence,
spontaneous electroweak symmetry breaking, resides only on
the TeV-brane. This choice has been advocated for a variety
of different reasons by various auth¢s8—21, and we will ~ wherexS=zS(¢= 1), and we have assumed thaf/k<1
present an independent argument in Appendix A for keepings weII ase’c™>1. With these assumptions, we fimS
the Higgs field on the TeV-brane. We start our review with = x ke Xc™ and

the massless bulk sector, namely the graviton and the gauge

oS~ (x§) e 24ter ®)

Ji(x5)=0, (9)

fields. In what follows, the Greek indices extend over the

. . . Krem
usual 4d spacetime, whereas the upper case Roman indices NG o 3.(x%)-

: . - o= o(x7); n>0. (10
represent all 5 dimensions. The lower case Roman indices Jkr,

correspond to 5d Minkowski space.

A. Gravitons and bulk gauge fields

We parametrize the 5d graviton tensor fluctuatitng
(a,8=0,1,2,3) by
éa,B:e_Z(r( 77(1'B+ Ks haB)l (3)
where ks=2Mg ¥? and the metric tensor is defined gg,
=diag(1,-1,—1,—1). The 5d graviton fieldh,z(x, ) can
be written in terms of a KK expansion of the form

- xD(¢)
haﬁ<x,¢>=n§0 h{A(x) o (4)

where h{}(x) represent the KK modes of the grawton

(which we denote a&™ in what follows with massesn®

in 4d Minkowski space and((”)(qﬁ) are the correspondlng

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

Employing the gauge choicg*?a,h{)=0 and »**h{)
=0, and demanding the orthonormality condition

f depe 27y Iy = smn, ©)

we obtain[2,5]

2

X($)= - G[J2<z )+ag Ya(zy)], (6)

whereJ, andY, denote Bessel functions of ord@[hrough-
out this paperNG give the wave function normal|zat|oaz,n
are constant coefficients, and

0(</>)
Z5(¢)=mi— (7)

The solutionsy{)(¢) are chosen to b&,-even in order to

The corresponding zero-mode is given = kr.. We

find aﬁ<1 for the KK modes of phenomenological impor-
tance, i.e., the lowest lying states, and thus¥théerm in Eq.

(6) can be safely ignored compared dg in our following
analysis. Note that the masses of the graviton KK excitations
are not equally spaced, unlike the case for the factorizable
geometry of the ADD scenario, with their separation here
being dependent on the roots &f. The first few values of

x¢ are 3.83, 7.02, 10.17, and 13.32.

Next, we consider the case of a massless 5d gauge field
An(X,¢). Our notation is similar to that employed for the
case of the graviton field. With the gauge choisg(x, ¢)
=0, and assuming that the KK expansion &f(X,¢) is
given by

S A XA (#)
A (X, )= " 11
W)= 2 A == T (11)
the solutions for)((”)(qb) are[16]
xﬁ\”—m[aazﬁ)mﬁn(zﬁ)], (12)
n
subject to the orthonormality condition
f dep XA x )= o (13

The functlonsX(“) in Eq.(12) are also chosen to k®&,-even.
The continuity ofd)((“)/dqs at =0 yields

Jo(MA/K) + (mh7k) 35 (mh7k)
Y1 (mA7K) + (mAK) Y (mA/k) |

and at¢p=* 7 we obtain

obtain a massless zero-mode graviton. The requirement of

continuity of their first derivative at the orbifold fixed points

¢=0 and¢=* 7 yields

J1(XB) +X0IL(XE) + @Al Y1 (X)) +X5Y 1 (x3)]=0, (15)
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Wheremﬁ is the mass of thath KK mode of the gauge field R o2
with mA=xAke <™. Again, we see that the masses of the  f{"k(¢)= —=[J1/2=(25") + BER Y1125,(257)]
gauge KK excitations are not equally spaced. The normaliza- Ny

tion N4 is given by[19] (20)

ki . = for n#0. The zero-modé(®), corresponding to a massless
A_ A A A Ay 2 %l P=T i is Qi
Nn_(xﬁ \/k_rc) \/{zn [J1(zy) +ay Yi(Z))] }zﬁ(qs:oy 4d SM fermion, is given by
(16 o
fO=—. (21)

The zero-mode gauge field is thei\”=1/\27. The first

: A
few numerical values of;; are 2.45, 5.57, 8.70, and 11.84. Here v is defined bym= vk and is expected to be of order

unity. For simplicity and phenomenological reasons we take
all fermions to have the same value ofthroughout this

_ _ _ paper.

We now discuss the KK solutions for bulk fermiofts’— With our choices for th&,-parity of the wave functions,

20] of arbitrary Dirac 5d mass; the possibility of Majorana tpe Coefﬁcientsgth and the massem,';R of the KK modes
mass terms for neutral fermion fields will not be consideredy e gptained by requiring

here. The actioi®; for a free fermion of massiin the 5d RS

B. Bulk fermion fields

model is[17] ( d )f(n) 0 .
——mr =
. dd’ C L
sf:j d4xf dor G VM('— W "9y +h.c.
¢ "2 and
—sgr(¢)m\?\lf}, (17) fW=0 (23

N ) at ¢=0,=r, for the left- and right-handed solutions, respec-
where h.c. denotes the Hermitian conjugate term, and Wgyely. In the case of the left-handed wave functions, we
have G=[detG"M)]*?=e"*, n=01,...,4, V)  obtain
=e?8), V4=—1, andy"=(y",i 5). As demonstrated pre-

viously [17,19,2Q, the contribution to the action from the L

: - - - : I+ 172)(My/K)

spin connection vanishes when the Hermitian conjugate term BL=— — (24)

is included. The form of the mass term is dictated by the Y _ v+ 172)(My/K)

requirement ofZ,-symmetry[17] since WV is necessarily ) N

odd undeiZ, as can be seen from examining the first term infrom evaluating the above conditions at=0, and

the action. We adopt the notation of R¢L7] for the KK . . .

expansion of thel field and write I+ 120X+ Br Y _(u1 112(X7) =0 (25)
e2o(¢) at ¢= . Similarly, for the right-handed solutions, we have

‘PL,R(x,@:gO P{"R(x) F(p), (19

Vre

whereL and R refer to the chirality of the fields ané{"}
represent 2 distinct complete orthonormal functions. The or-
thonormality relations are then given by and

| dserirrio- |

Iyt 172(mRIK)

BR=————— (26)
" Yu+1/2(m§/k)

w

dgp e TI* M= smn  (19) Jys 12X + B Y i 12(X3) = 0. (27

Note that the left- and right-handed excitation massés?,
Due to the requirement df,-symmetry of the actionf(™  are degenerate for each valuenoibove the zero-mode. The
andf® must have oppositg,-parity; here we choosg™ to  orthonormality off{" yields
be Z,-even an(f(R”) to beZ,-odd. The SM matter fields then
correspond to the zero-modé”. All of the SM fermion NL— \/Z[ekrmlﬂw_l] (29
fields are thus treated as left-handed as is commonly done in 0 kre(1+2v)

the literature. The KK reduction of the acti@ through the
expansion(18) for ¥ g(x,¢) yields the solutions and
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ekrc7T

xy ®kre

2" (6=m)
Ny = \/{zh*RZ[Jl/zmzh*R)+/3h'RYm;xzh*‘)]z}zﬂ,R( e (29

We note here that only the left-handed fermion fields are Schematically, the coupling of ttrath andnth KK modes
relevant to the phenomenological study in this paper, sincef the fieldF to theqgth KK level graviton is given by
their zero-modes correspond to the SM fermions.

Given the above set of equations we can determine the dep € XM xOx | «,
relative values for the masses of the KK states for the gravi- Se= > v = |2
m,n,q \/E Vle

ton, gauge, and fermion tower members by numerically solv-
ing for the appropriate Bessel function roots. Recall that de-

generate right- and left-handed fermion KK towers both exist X f d*x n““nvﬁhgqg(x)TL”,‘;”)] , (30

for the fermion states that lie above the left-handed zero-

modes. These mass spectra are displayed in Fig. 1 in units of ]

ke ¥c™. The fermion KK excitation masses have an ap-Wheret depends on the type of field, x(" represents the
proximate'y |inear dependence on given by mL:anlv nth KK Solution Of the erldF, Xg]) iS theqth KK graViton
+1/2+b,, with a, b, being essentially constant for each wave function,h{f(x) corresponds to thgth KK graviton
tower member. For the values<—1/2, we find that the mode, k,/2=M_!, and TEL”;*“) denotes the 4d energy mo-
fermion masses are simply reflected about the peist  mentum tensor for the fields. The information regarding the
—1/2, withmf(v)=m{(—[»+1]), implying that the light-  spacetime curvature and the shape of the wave functions in
est fermion KK states occur when= —1/2. Note that atv  the 5th dimension is encoded in a coeffici€ngiven by the
=—1/2 (+1/2) fermions and gauge bosofgravitong are integral in brackets above,

predicted to be degenerate in mass. In addition, the fermion

excited KK states are generally expected to be more massive CFFG_ f d_¢> e XXy (31)
than the corresponding gauge boson states. mng Uk —\/E
C. Couplings of the KK modes To compute the coupling of to a KK graviton in the RS

K model, one must multiply the corresponding Feynman rules

Having reviewed the KK reduction of various SM bul derived in 1l X ith di . hich
fields in the RS model, we now tum our attention to the®€"ved In flat spacetime wit exérFaFelmensuirzré, whic

. . . i i (m,n)
couplings of the KK modes in the 4d effective theory. We &€ Written in terms off ™, by Cp,q. We now present
focus on the vertices that are of relevance to the phenonil€se coefficients for the cases of fermion and gauge field
enology discussed in this work. In what follows, we give thelnteractions with the KK graviton states. Note that with the
integrals that yield the couplings of fermions to gravitonsConventions discussed above for the wave functions of vari-
and gauge fields and evaluate their dependence on the f&fus bulk fields, the coupling strength of the zero-mode gravi-
mion bulk mass in the case where the SM matter fielddon is fixed to beMp" in the 4d effective theory.
propagate in the bulk. In addition, we provide the coupling For the case where the SM fields propagate in the bulk,

of gauge fields to gravitons and discuss the interactions bghe CoefficientCH[?q of the coupling of themth and thenth
tween zero-mode fermion and gauge KK states with a Higg$ermion KK states to theth graviton mode can be obtained
field confined to the TeV-brane. In Appendix B, we presentfrom the term
simplified expressions for these integrals as well as for a

number of additional 3-point functions. . e
Sl=|fd5x G VYW y" 9, ¥ (32

. , .
/ A ] in the action, and is given by

15

£
£ 10 /‘ } oF(MF(M)(a)
}‘;i / ] Cf?G: " d_(bM (33
- mn :
Fermion | —— 1  The corresponding coefficienCp3s for the coupling
0 . ' : ' PR e strength of themth and thenth KK excitations of a gauge
v ¢ field to the gth graviton mode, can be deduced from the

FIG. 1. Relative mass spectra in units loé <" of the Kk INteraction

excitations of the fermion fields as a function of their bulk mass 1
parameterw, as well as for the graviton and the gauge boson fields =__J d°x /G GMAGNBE, .F 34
as described in the text. S2 4 ABL MN > (34)
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obtained from the interaction

yielding L i
7 dep XMy (@ sl h

cAre- f dé Xa 'Xa'Xe" (35 ]
=k ]

= i

Next, we consider the interaction between a fermion field{rﬁz ol -

V¥ and a gauge field\,, . The coefficient of this coupling is & :

Ss= f dx G VM gs W y"AL T, (36)

wheregs is the 5d gauge coupling constant. Since the zero- -1 0 ! 2 3
mode wave function for the fielé,(x,¢) is given by x{’
=1/\27, the interaction of zero-mode fermion and gauge FIG. 2. The coupling strength of the zero-mode fermions to the
fields is given by first five KK gauge boson states in units of the corresponding SM
coupling strength as a function of From top to bottom on the

Os o right-hand side of the figure the curves are for the first, third, fifth,
S3= \/Z_J d*x p*v (//(O)yﬂ YOAD+ . (37)  fourth and second gauge KK excitations.
Tl

The corresponding-dependent couplings of the graviton
K tower states to the zero-mode fermions are displayed in
Fig. 3. Here, we have taken the coefficient given by B2)
in the Appendix B and included the factor ©§/2 in Eq.(30)
to obtain the full coupling strength which is in unitsm;l.
Again, asv>1 the magnitude of the coupling strength for
each tower member approaches unity in units;\@fl which
B . is the well-known result for wall fermions. However, for
Cmq: \/ﬂf dd,eo%('_m)f(l_n)xga)_ (38)  Vvalues ofv below v=-0.5, the gravitationgl couplings of

- the zero-mode fermions become exponentially small for all
massive graviton tower members, i.e., the fermions essen-
With these general expressions it is straightforward to comtially decouple from the KK graviton states. This will make
pute the couplings of any KK gauge, fermion, and gravitonit impossible in this region to search, either directly or indi-
fields. In Appendix B we provide a set of useful couplingsrectly, for the graviton KK excitations via their interactions
expressed in simplified form. with fermions.

For the practical applications considered in this paper we The couplings of zero-mode gauge fields to the graviton
need to determine the detailed dependence of the cou- KK tower are, of course, independent pfas can be seen
plings of the zero-mode fermions to the members of thefrom Eq.(B3) in Appendix B. For the first five KK graviton
gauge and graviton KK towers, as well as the couplings of
the zero-mode gauge fields to the graviton tower. Simplified
versions of these specific couplings can be found in Appen-,
dix B in Egs.(B1)—(B3). Figure 2 displays the couplings of '«

. o<
the zero-mode fermions to the gauge KK tower members ing,
units of the corresponding SM coupling strength. This result © 05
reproduces that of Ref20] with their parameterc being E
identified as— v. Note that ag’ becomes large, which means &
that the fermion wave functions are localized closer to the
SM brane, the magnitude of the gauge couplings grow sig-
nificantly. Fory>1 we recover the result for the case where
the SM fermions are confined to the TeV-brane, i.e., that
lg™M/gsml— V27kr.. On the other hand, for ob<—0.5,
the couplings become quite small and are approximately in- [ I U B B
dependent ofr. We then expect to obtain strong direct and =08 0:0 0.5 10 L5 =0
indirect bounds on the gauge KK states fee — 0.3, while v
for smaller values of there will be a serious degradation in  FIG. 3. The coupling strength of the zero-mode fermions to the
the ability of experiment to probe large KK mass scalesfirst five KK graviton states in units oA as a function ofw.
Note that the gauge tower couplings essentially vanish in therom top to bottom on the right-hand side of the figure the curves
region nearv=—0.5. are for the first, third, fifth, fourth and second graviton KK levels.

where we have used the orthonormality of the fermion Wavei<
functions given by Eqg.(19). We thus see thatg,
=gs/\2mr,, Whereg, is the usual 4d SM gauge coupling.
In general, the coefficierﬁ?fnfﬁq of the coupling of themth
and thenth fermion states to thgth gauge field mode, in
units of g4, is given by

1.0

T

0.0

COUPLIN

-0.5
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tower members we find these couplings to be 1.34, 0.268seloped earlier by Rizzo and Wel[45] in the case of the
0.273, 0.114, and 0.127 in units of 7\ _*. Note that the 5-dimensional SM with a factorizable geometry with gauge
strengths of these couplings are all small, implying thatbosons alone being in the bulk. In that work, a global analy-
searches for gravitons via these interactions will also beis was performed of the KK gauge tower tree-level contri-
rather difficult. butions to a large set of electroweak observablésy,
The couplings of the zero-mode fermion and gauge bulkZ-boson partial widths and asymmetries,?giy, atomic par-
fields to the Higgs when the Higgs is constrained to lie onity violation expressed via the weak chai@g [23], and the
the TeV-brane are also important since these are responsibRaschos-Wolfenste[i24] asymmetryR™ as measured by the
for spontaneous symmetry breaking. These are also disNuTeV/CCFR Collaboratiofi25]. In this scenario, the gauge
cussed in Appendix B. We find that in terms of a dimension-KK states above the zero-mode are evenly spaced and all
less Yukawa coupling in 5d\s, the corresponding 4d Couple with the same strength, and the autHds§| con-
Yukawa coupling for zero-mode fermions is given by cluded that the mass of the lightest KK excitation of the SM
gauge fields must be in excess of 3.3 TeV. This result is
similar in magnitude to the corresponding limits obtainable
, (39 from contact interaction analys¢26]. This procedure has
also been employeld 6] in the case where the gauge bosons
are the only SM fields to propagate in the non-factorizable
S bulk. In this case, the couplings of the KK tower mem-
ers to the wall fermions are also independent of the particu-
lar KK state above the zero-mode, but the ratio of the fermi-
onic couplings of thenth excitation to those of the zero-
. . ) mode is large withy,/go= V27kr.=8.4 and the masses of
4d Yukawa coupling falls rapidly, e.g., i=—0.75 then the tower members are no longer equally spaced, being given

_8 . . . .
N4~ /e~10 °. Even if one allowed for fine tuning, this by roots of the appropriate Bessel functions as discussed
implies that it would be difficult to generate the observed SM g}, e There it wabL6] found that the first SM gauge KK
fermion mass spectrum for values £ —0.8 t0 —0.9. We  , nitation must be more massive tha®3 TeV.

thus restrict ourselves to the regior= — 0.8 in our phenom- Here, the situation is more complex since once the fermi-

enological discussions below. Similar arguments also show,« are allowed to reside in the bulk. each member of the

that the vacuum expectation value of the Higgs on the TeV—gauge KK tower couples to the zero-mode fermions with a

brane naturally leads to t.he con\_/entio_nal masses folthe Gittarent strength, which is dependent on the parametas
and Z gauge bosons which we identify as the zero-modejiscyssed above. Following the analyses of Réfs,16, we
members of their respective towers. work in the limit where the KK tower exchanges can be
characterized as a set of contact interactions by integrating
. PHENOMENOLOGY OF BULK FIELDS out the tower fields. The tower exchanges then lead to new
imension-six operators whose coefficients are proportional
0

Xs
2

1+2v

A= 1T+

with e=e~X"¢. This reproduces the result of RE20]. Note
that the function in the square bracket is continuous an
equal to unity wherv=—1/2. If one assumes thai is of
order unity, then we see that, is also of order unity pro-
vided v= —0.5. For smaller values of the magnitude of the

In comparison to the analyses of the RS model where th
SM field content is confined to the TeV-brane, the phenom-

enology for the case where both SM gauge fields and fermi- © 2 2

. . gn(V) My
ons are allowed to propagate in the bulk is more complex V(v)= z > >, (40)
due to thea priori unknown value of the bulk fermion mass n=1 Qgp My

parameterv. In what follows, for simplicity, and to avoid
problems with proton decay and flavor changing neutral cur- . .
rent effects20], we will assume that all SM fermions have WNerédn(v) is the v dependent coupling of theth tower
the same value of. Here we employ a two-pronged attack membgr with masst, , andgy is identified as the corre-
on the model by examining its implications on both precisionSpondlng SM coupling. They(») for the gauge KK fields

electroweak measurements and direct collider searches. V\y}éere.computed n the previous section and are given in Ap-
will see that the two techniques provide complementary inendix B. A global it to the most recent electroweak data as
formation and constraints, as is usually the case, with thgresented at I\/_Ionond 200(27] for the observables listed .
conclusion being that the range of over which the RS above, results in _somewha}t stronger pounds on the quantity
model with SM fields in the bulk provides a solution to the thhan tfhose[gtg)]talnedl earg[n.fr&tlh(ﬂ, ][.T:a'_:_]rl]y due tﬁ'thelnew
hierarchy problem without being overly fine-tuned, i.e., val- Value o Qu employed n the nit._ 1he resulting fower

ues of A =10 TeV. is a rather small fraction of what is bound on the mass of the first gauge KK state as a function
allowed g;naturaln'ess arguments of v is shown in Fig. 4. Using the mass relationships given in

the previous section between the gauge, graviton, and fer-

mion KK excitations, we can translate this bound into con-

straints on the masses of the other first tower members as
As is well-known, precision electroweak data can be usedvell; this is also displayed in the figure. Note that:abe-

to place complementary constraints on new physics scenarie®mes large and positive we reproduce the constraint com-

to those obtainable from direct collider searci2g]. The puted in Ref[16] for the case where the fermions are on the

analysis we employ below is a natural extension to that dewall i.e., m§?'9%25 TeV, which translates into the bound

A. Precision electroweak observables
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FIG. 5. The descriptive phenomenology for each regiom ab
FIG. 4. The bounds on the masses of the lightest graviton, gaugdiscussed in the text.
boson and fermion KK state as a functionioés obtained from the

analysis of radiative corrections discussed in the text and the use (()afmer e. vielding four different classes of phenomenolo
the mass relationships shown in Fig. 1. From top to bottom on th g€, y 9 P 9y

right-hand side the curves correspond to the mass of the Iightej;hiS is described in Fig. 5. Region | corresponds to thg range
fermion, graviton and gauge KK states. —0.9 to —0.8<sv=<—0.6, where the lower boundary is set

by not allowing the fermion Yukawa couplings to be fine-
A ;=100 TeV. However, for smaller values of values of tuned, as discussed in the previous section. Here, the SM
A of order a few TeV or less are clearly consistent with thefermions have decoupled from the graviton KK tower and
data. The generat dependent behavior of these constraintsare only very weakly coupled to the gauge KK stat&ecall
can be easily understood from the valueggfr)/go shown  that the SM gauge fields only interact weakly with the gravi-
in Fig. 2. Recall that for=< — 0.5, the gauge tower couplings ton KK states, with the coupling strength being).01A -1,
are small and approximately independent, while for= " j,4ependently of the value of.) The precision electroweak

—0.5, the tower couplings grow rapidly with increasing val- pq, g give constraints on gauge and graviton KK masses
ues of v. Hence, the precision electroweak bounds on thn .t are less than 1 TeV. In region Il with

first tower states are rather weak andindependent with _ g »<—0.5, the fermionic couplings of the gauge KK
m{**9=620 GeV forv=< —0.5, and disappear completely for qyer grow weaker, yielding an almost non-existent bound
v=—0.5, but grow rapidly with increasing values of  from precision electroweak data. The corresponding graviton
reaching the multi-TeV region. . KK tower-fermion interaction strength increases two orders

While _almost _aII of the observables used in the _elec-of magnitude within this range, but remains small. Note that
troweak fit described above aiedependent since fermion constraints from the precision electroweak parametelis-
couplings are directly involv_ed, one is not, namely the masgppear completely at=—0.5, as the fermions and gauge
of the W. Hence, one might be tempted to obtain aky states completely decouple at that point. In region Il
v-independent bound by using just this quantity alone. Ungefined by—0.5< < — 0.3, the fermionic couplings of both
fortunately, a useful limit cannot be obtained using thisthe gauge and graviton towers grow rapidly and the limits
single observable withowt priori knowledge of the Higgs  from Vv on the masses of the first excitations lie in the few
boson mass. As was shown in the analysis of Rizzo anggy range. Lastly, in region 1V, corresponding t60.3
Wells [15] for Higgs fields on the walll, the existence of KK, he hound fromV is so strong that direct production of
tower states for both the/ andZ gauge fields will lead to @  ne KK excitations of either the gauge bosons or gravitons is
predicted increase i,y for a fixed value of the Higgs mass kjnematically forbidden at any planned collider. Their only
whenM3 is used as input. However, this increaséMi, due nfluence in this region will be through contact interaction
to KK excitations can always be offset by a compensating:ffects.
increase in the Higgs mass which in turn lowdsy due to Before discussing the details of the collider phenomenol-
loop effects. Thus, unless the Higgs mass is otherwise detegyy associated with the graviton and gauge KK states in
mined, one can always have a trade off between the gaugfiese various regions, we note that we will assume for sim-
KK tree level and Higgs boson loop contributions. Once thepjicity that the gauge KK states are sufficiently massive so
Higgs mass is known, however,:aindependent bound can that mixing effects can be neglected. In general, the masses
be obtained. This point has recently been emphasized byf the excitations of each gauge KK tower are given by the
Kane and Well§28]. We note that in performing the global diagonalization of a mixing matrix, whose off-diagonal ele-
fit described above, the only assumption about the Higggnents are proportional to the mass of the zero-mode KK
boson mass was that,; =100 GeV. state. Hence, the excitations for the photon and gluon towers
are automatically diagonalized and the masses of the KK
states of thé/V andZ towers are shifted b,y . This is a

It is clear from the results shown in Figs. 2, 3, and 4 thatsmall effect for heavy KK states and hence we assume that
four distinct regions, corresponding to specific rangew,of the members in th&, W, photon and gluon towers are highly

B. Collider studies
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FIG. 6. Branching fractions for two-body decays of the first KK FroT T L R
graviton excitation with a mass of 1 TeV as a functionwofThe 108 | -
final states are, from top to bottom on the right-hand side of the 3
figure, pairs of light quarks, tops, leptons, higgs, gludnss, Z's 05 L ]
and photons. The Higgs mass is assumed to be 120 GeV. £
’é 104 — _;
degenerate, level by level. This implies that theand y o : E
tower members strongly interfere with one another appearing 103 L .
as a single resonanc&"/y(™, and are hence not separable F 3
at colliders. This scenario is also realized in the historically 102 _ _
more conventional KK gauge analys¢$4,15 with flat E 3
spacetime. IPE T IR L]
. . . . 500 1000 1500
It is instructive to first examine the dependence of the b Vs (GeV)

graviton branching fractions on the fermion bulk mass pa-
rameter. Figure 6 shows these branching fractions for the FIG. 7. Production cross section in region | for the first neutral
first graviton excitation with a mass of 1 TeV. In regions | KK gauge boson excitation witm; =700 GeV in(top) Drell-Yan
and I, we see that the primary decay mode, by approxicollisions at the Tevatron and {bottom) e*e™ — u* ™ at a linear
mately two orders of magnitude, is that of a pair of Higgscollider. In the latter case, the second KK gauge excitation is also
bosons. The decay rates into more conventional channeldisplayed.
such as dijets, are uncharacteristically tiny and hence the
usual signatures for graviton production will be altered. In Before continuing we note that when calculating cross
regions Il and 1V, the fermions are no longer decoupledsections and production rates for the first KK graviton and
allowing for large branching fractions into fermion pairs, andgauge bosons we have assumed that they can decay only into
thus the typical graviton production signals at colliders be-SM, i.e., zero-mode states. We have found this to be a rea-
come available. We now examine the phenomenology ofonable approximation for all the cases of interest to us
each region in turn. though other final states may occur. One example of this
We first consider region I. Since the fermion couplingspossibility is the decay of a first KK graviton excitation into
here are far too weak to allow for graviton production atone zero-mode gauge or fermion state together with a first
colliders, it is natural to ask whether such states could be&xcited mode of a gauge or fermion state. For fermions this
produced via gluon-gluon fusion at the LHC since tpg is kinematically allowed only over a small rangeobut can
luminosity is so large at those energies. This idea runs inteorrespondingly always occur for the asymmetric gauge final
two immediate problems. First, in region | we know from the state. Such partial widths have been calculated and usually
V analysis and the mass relations in Fig. 1 that the first gravilead to rather small effects due to the reduction of the gravi-
ton KK mass is in excess of 900 GeV. This expectationton coupling strength at the vertex and do not result in
drastically reduces the production rate for such a heavy statghanges to the peak cross sections by more thel0
down to the level of at most tens of events for a luminosity—20 %. Thus their neglect provides an adequate approxima-
of 100 fb 1. The second problem is one of signal. As showntion for the result presented here.
in Fig. 6 the primary decay mode in region | is into a pair of  Next, we turn to the gauge KK states; they are expected to
Higgs bosons. For more customary channels, such as dijetsg lighter than the gravitons and the lowest lying states have
we end up paying an additional factor of 100 leaving us withcoupling strengths to fermions approximately 20% as large
no signal. We thus conclude that graviton KK states in re-as do the corresponding SM gauge bosons. However, cou-
gion | are not observable at the LHC or any other planneclings of this strength are sufficiently large as to permit sig-
collider. nificant cross sections at colliders as is shown in Figa) 7
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FIG. 8. Direct and indirect bounds on the mass of the first KK
gauge boson in regions I-Ill. The uppéowermost curve on the
right side is from Drell-Yan searches at the LHRun Il Tevatron
with a luminosity of 100(2) fo~1. The sharply rising curve on the
right arises from the indirect radiative corrections bound.

FIG. 9. Direct and indirect bounds on the mass of the first KK
graviton. The uppeflower) set of three curves correspond to Drell-
Yan searches at the LHC and Fermilab Tevatron for the same lu-
minosities as in the previous figure. Within each set of curves, from
top to bottomk/Mp,=1, 0.1 and 0.01, respectively. The remaining

. i curve arises from the radiative corrections bound on the gauge bo-
and 7b) for the Tevatron and at a linear collider, respec-son mass and employs the mass relationships shown in Fig. 1.
tively. In both cases these figures show the production of a

700 GeVZW/y() state which has an unusually distorted

o . contact-like interactions. These effects are dominated by the
excitation curve due to the strong interference between th

o %) ) Sauge KK tower exchange as the gauge KK states are lighter,
v’ andZ* states and the SM and Z background ex- |eye| by level, and much more strongly coupled than the

changes. This composite excitation_is quite narrow for i_tscorresponding KK gravitons. In addition, the gauge KK
mass due .to the small gauge couplings and is qylte unlikgyver contributes to fermion pair production via a
other pOSS|bIe;-channeI resonances suchasa grawfdrpr dimension-six operator, whereas the graviton contribution is
sneutrino. The observation of the gauge KK states will thugjimension-eight. The effects of the KK graviton exchange
be the only signal for the RS model in this region. Figure 85, ths e essentially neglected in comparison to the KK
compares the search reach for these KK gauge bosons by, ,ge contributions. We modify the results of Refs.
both the Tevatron and LHC in the Dr(_eII—Yan channel for[15,29,3q to include the effects of KK tower exchange and
region | (as well as |l and' Il in comparison to the bP“”d present the resulting 95% C.L. search reach in Fig. 11 for
obtained from the/ analysis. Here we see that there is sub- o5 |epton and hadron colliders with center-of-mass en-
stantial room for discovering such gauge KK states Withg gies and integrated luminosities as indicated. All fermion
these machines in this region. final states were employed in the lepton collider analyses,

In region Il with the shrinking of the gauge couplings \\hile only Drell-Yan data was included in the hadron case.
there is a general degradation of the search reaches for the

KK gauge bosons at both the Tevatron and LHC as shown in 77
Fig. 8. Simultaneously the fermion couplings to the graviton C

are beginning to turn on and, as can be seen from Fig. 9, the 108 |
LHC has some chance of producinrgl TeV gravitons for i

large values ot=k/Mp,=0.1. Oncev exceeds—1/2 and 105 |
we are in region lll we see that the LHC can discover KK ~ K
gauge bosons for all values ofless than about-0.3. The & 0t |
window for graviton discovery, due to their larger masses is © g
somewhat slimmer and is limited to larger valuesofhen C
v>—0.42 gravitons can no longer be observed at the LHC 108 ¢
due to their large masses. It is clear that in region Il the KK :

excitations of both the graviton and gauge bosons can b 02 L \L&_
; i i i E N BN I B S B
simultaneouslyproduced as is depicted in Fig. 10 for an pro s s o e
e“ e linear collider. Vs (GeV)

In region IV the precision electroweak constraints show
that the first excitation of both the gauge and graviton KK  FIG. 10. Production of graviton and neutral gauge KK excita-
towers is above the kinematic threshold for direct productiortions at a linear collider via the processe™— u* ™ when the
at the LHC. However, their contribution to fermion pair pro- fermion bulk mass parameter is larger thag.5 and first graviton
duction may still be felt via virtual exchange, similarly to KK excitation is 500 GeV for various values &fMp, .
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eter's natural range, the lower bounds Ary begin to ap-
proach 100 TeV. One may argue that this is disfavored since
it is so far away from the weak scale and may create addi-
tional hierarchies. Thus unless one can construct a model
wherein the value ofv naturally lies in the above narrow
range it appears that placing the SM in the RS bulk is some-
what undesirable. For this reason, and to complete our earlier
brief analysis[5], we now explore the phenomenology for
the case where the SM field content is entirely confined to
the TeV-brane.
We remind the reader that in the case where only gravity
propagates in the bulk, the graviton KK tower couplings to
. : ' . all wall fields, for all tower membera=1, are simply sup-
v pressed byA .; the zero-mode coupling remains Planck
scale suppressed. In the language developed in Sec. Il, this
SO+ e e corresponds  to values of the coefficients ®= CAAC
r 1 =1/e"¥le™,

(b)

40— —

m,™® (TeV)

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

sl R In addition to both direct and indirect searches for new

r - 1 physics at colliders, precision measurements can also pro-
vide useful constraints on new interactiof22]. We saw
above that a detailed analysis of radiative correction effects
parameterized by the quantity gave powerful bounds on
the mass of the first graviton excitation when the SM gauge
fields (and fermiong were in the bulk. However, in the case
where the SM completely resides on the 3-brane, it is clear
that the masses of the bulk graviton fields are no longer

v correlated tov at tree-level, so that this analysis is no longer
) ) o useful in obtaining constraints.

FIG. 11. Search reach in region IV for the indirect effects of KK A jifferent approach to probing deviations in electroweak
gauge and graviton exchange through contact-like interactiof@ at 4.:2 que to new physics is through shifts in the values of the
lepton colliders andb) hadron coI.Iiders. Thel curves correspond oblique parameters, T, andU [31]. In the case of graviton
from top o bottom(@) the NLC W'Eh ,5 00 fp and ys= 1500, KK towers, it is clear that loops involving such particles will
1000, and 500 GeV, and CERN'e  Colider LEP Il at s contribute to the transverse parts of the SM gauge boson
=195 GeV with 1 fb'%; (b) the LHC with 100 and 10 fb*, and the : ransy P gauge bos
Tevatron at Run Il with 30 and 2 fi3, and the Tevatron at Run I. s_elf-e_nergles, which will then reveal th_emselves in devia-

’ tions inS T, andU. Recently Han, Marfatia, and Zhahg2]

have considered the graviton tower contribution to these pa-

We see that the LHC with 100 i will give comparable rameters within the context of the ADD scenario arising
bounds to those obtained from our precision electroweakrom both seagull and rainbow diagrams. This analysis can
analysis, while the Next Linear ColliddNLC) has a sub-  be modified in a relatively straightforward fashion to the case
stantial search reach. These bounds, as well as those showhlocalized gravity by recallingi) that the coupling strength
in Fig. 4, demonstrate that this is a problem region for the R%f the graviton tower is inversely proportional 4o, and not
model as they naturally lead to values/®f. significantly in Mp,, and (i) the masses of the RS KK states are widely

20 —

m,™® (TeV)

10—

excess of 10 TeV. separated so that the sum over them must be performed ex-
plicitly and cannot be performed via integration. Since grav-
IV. PHENOMENOLOGY OF WALL FIELDS ity becomes strong for momenta greater than the stgle

From the discussion in the previous section it is clear thafV® Must introduce an explicit cut-0fM=XA, with A

if the SM fields propagate in the RS bulk then there is only a~ O(1), torender the integrals and sums finite. For practical

small range ofr for which the RS model can be directly PUrPOSes we perform all of the integrations analytically leav-

tested through the production of graviton resonances. EithdPd Only the KK tower sum to be performed numerically by
such states are constrained to be too massive to be producddaking use of the relationd ,=m{™Mp, /kx? and mJ™

as can be inferred from the analysis of precision electroweak m$™%S/x$ . For example, the seagull diagram yields the
data, or they decouple from the zero-mode fermions and carsimple result

not be produced at all. In addition, the value &f, is al- \2p? 1 y
lowed to be<10 TeV only in regions I-Ill, corresponding to 2y _ -2/ = 2 3 n
the range—0.9 to—O.BSB;/s—g.S. For larger vaIFl)Jes ofgtjhe (%)= 48772 ; Yn 3+4yn+ 105+ 1Oyn|n1+yn '
fermion bulk mass parameter, which is most of this param- (47
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FIG. 13. Excluded regions in the M, —m{™" plane for gravi-
tons coupling to SM fields on the wall. The curveb &nd S as
labeled arise from oblique corrections constraints and the excluded
regions are below and to the left of these curves. The bumpy dashed
and straight dashed curves are bounds from Ruy@ fb™ 1) Teva-
tron from dijet and Drell-Yan searches, respectively and will ex-
clude regions above them and to the left.
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(b) K/ My, we obtain the 95% C.L. constraints in th&Mp—mi™®’

plane shown in Fig. 13. Most of the excluded region arises

- —— — =g from too large of a negative contribution to eith®ror T

L //’ﬁ from graviton loops, while the small nose-like region along

the vertical axis is eliminated by values $fwhich are posi-

tive and too large. Note that, as usual, the paranigtdoes

not provide a meaningful bound since it is quite small in

i magnitude in comparison ®andT. As we can see from the

1 figure, these constraints complement those from direct col-

lider searches, e.g., those at the Run Il Tevatron. In fact, by

combining the two sets of constraints we would find that a

large part of the parameter space would be excluded if noth-

ing was found by the Tevatron during Run (Of course, the

true size of the model parameter space is larger than what is

o0 L ol el P shown in this figurg. This region would be further reduced

© oot 002 005 k;‘h% 020 050 190 in area by about a factor of two if we also required both that

Pl A <10 TeV and that the magnitude of the bulk curvature be

FIG. 12. Shifts in the oblique paramete8sT, andU as func- less than the 5d Planck scale as discussed in our earlier work

tions of k/Mp; when the SM resides on the TeV-brane. From bot-[16], which demands thdt/Mp, be less thar=0.1. As will

tom to top the curves correspondrt§™®= 200, 300, 400, 500, 750, b€ discussed below, by combining all of these requirements,
and 1000 GeV. one can in fact show that the allowed region actualhses

at graviton masses in the range near 4 TeV. This shows the
strong interplay between data from precision measurements,
girect collider searches, and our theoretical prejudices.

|
LR
So
orTTTT
-

wherey,=(m%/M)2. Unlike the ADD case, the resulting
values for the shifts in the oblique parameters are found to b
only proportional toA? instead ofA*; we setA=1 in our
numerical results below. B. Collider phenomenology

Figures 12a)-12c) display the shifts in the oblique pa-  we now examine the direct production of the graviton
rameters as a function &M, for various values om{™®". KK states at high energy colliders in the scenario where the
Using the latest values & and T from a global fit to the SM fields are constrained to the TeV-brane. We expand on
electroweak daté33] given by our previous worK5] by investigating the possibility of rea-
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FIG. 14. Mass dependence of the two-body branching fractions FIG. 15. 95% CL upper bound anas a function of the first KK

for the first graVitOn KK state in the case where the SM fields are Orgraviton mass from thg bound discussed in the text. The allowed
the wall. From top to bottom on the right side of the figure the region lies below the curve.

curves are for dijetsW'’s, Z's, tops, dileptons and Higgs pairs as-

suming a Higgs mass of 120 GeV. can be modified to probe for narrow gravitons and a straight-

forward translation is possible; we find that

sonably light graviton excitations, e.gm{®<200 GeV. 5
These may have previously escaped detection at the Teva- Chound™ )\bount{Blgravxl]illzr
tron by having an extremely narrow width. In addition it is
possible that their contributions to the oblique parametersvherec=k/Mp, x; is the smallest non-zero root of the
discussed above may be cancelled by the effects of othddessel function); and B is the leptonic branching frac-
sources of new physics and hence this window should alstion of the first graviton KK state. The result of this analysis
be probed by direct collider searches. We then turn to thean be seen in Fig. 15 where we observe that the bourtd on
more likely scenario where the mass of the first gravitonas a function of the first KK graviton mass is unfortunately
excitation is at least a few hundred GeV, and explore itgather weak. We expect, however, that these bounds should
resonance production at future colliders in detail. improve significantly by the end of the LEPII run. Note that

To fully explore this phenomenology, we first determine this direct search supplements the constraints obtained from
the branching fractions for the decay of the first graviton KKthe oblique parameter analysis discussed above.
state into two-body channels. These are displayed in Fig. 14 A second possibility is to search for light gravitons by
as a function of the graviton mass. We see from the figur@ssociated production with a photon, egj'e”— y+G®
that dijet final states, i.e., light quark and gluon pairs, domi-In the ADD model[1], a number of authors have considered
nate the graviton decays. The leptonic channel, which yieldsising this process to constrain the higher dimensional Planck
the cleanest signature, has a branching fraction of order scale as a function of the number of extra dimensions
few percent for all values aih?™®. Note that the branching through a somewhat similar search process In the ADD
fractions are independent of the paramekéMp;, as ex- Case, however, a tower sum of KK gravitons up to the kine-
pected. matic limit is also required so that the final state no longer
appears to be resulting from an underlying two-body process.
Unlike the ADD case, in the RS model this process is a true
two-body reaction leading to a mono-energetic photon with a
differential cross section given b]

(43

1. Production of light gravitons

In our earlier consideration of graviton tower phenom-
enology we concentrated on the case where the first tower
member was more massive than abst200 GeV. The rea-
sons for this were two-fold: first, such masses are outside the
range directly accessible to LEPII and, second, the Tevatron
collider searches for new resonances in either the Drell-Yan
or dijet channel are essentially absent bel\200 GeV.

There are two ways to probe this mass range below 200
GeV. The first possibility is to search for a narrewehannel
resonance in the LEPII data above tAepole in, for ex-
ample,e"e"—u " u~. Such an analysis has indeed been
performed by the OPAL Collaboratioi84] in their search

for R-parity violating v, production. The result of their null ., pair that reconstruct to the mass of the graviton. Given
search is a constraint on tfie parity violating Yukawa cou-  the expression above one might imagine that the differential
pling, A, as a function of the, mass. Clearly, this search distribution of photons is highly peaked in both the forward

do ac?x

FET =) X) (1+22)(1+x%

1+x2
+(1-32%+ 4z4)E2+6x2z2 , (44)
wherex=m?/s, z=cos# andm, is the mass of the lightest
KK graviton. The production signature for this process is the
mono-energetic photon and the decay products of the on-
shell massive graviton, e.g., a pair of dijet§] ~ or another

075004-13



H. DAVOUDIASL, J. L. HEWETT, AND T. G. RIZZO PHYSICAL REVIEW D63 075004

566 N B o e o IR e s
1072 | —
1.00 :
2 N e e
N 0.50| S
L :
> r > w0t
° &
b
L 0.20 %
A N
5 08
0.10F o
0.05
e s & 5 5 Epg i ioq o5 o8l e e ey
~10 i ! ) 200 400 600 800 1000 1200
(a) z My (GeV)
50.0 [~ Fer ol ! !
i 1072 |- —
: &
10.0 — : o) —4
3 E $ 10
,3 5.0_— /"—_ a
a, 3 &
& [ -6
) s 10
b F 3
1.05— /’/ — %
E Pd ] _
05 e - 1078
I A I R B o Lo b b L L N
O:to0 20 40 160 160 200 1000 2000 3000 4000 5000 8000
(b) m,; (GeV) M, (GeV)
FIG. 16. Angular distributior{top) and total cross sectiofiot- FIG. 17. Drell-Yan production of &) 700 GeV KK graviton at

tom) for the procesg‘*’e‘_, —yJ,_ G(l) assuming\/§: 200 GeV and the Tevatron W|thk/|\7p|:1, 07, 05, 03, 02, and 01, respec-
k/Mp=0.01. In the top panel, from top to bottom the curves arelively, from top to bottom;(b) 1500 GeV KK graviton and its

for a graviton mass of 130, 150, 170 and 190 GeV respectively.SUbsequem tower states at the LHC. From top to bottom, the curves
The lower curve in the bottom panel is the result after employing zare fork/Mp =1, 0.5, 0.1, 0.05, and 0.01, respectively.

cut of 15° between the photon and initial electron direction.

and backward directions independent of the valuemgf  Plore the phenomenology of this scenario in more detail than
above theZ mass. Figure 1@) explicitly shows the resulting given in our previous work5]. The basic signature for the
normalized angular distribution of the photon fgs=200 RS model with the SM fields being confined to the TeV-
GeV and several distinct values of; with the anticipated brane is the direct resonance production of the graviton KK
strong forward-backward peaking. Unfortunately, the con-excitations. If it is kinematically feasible to produce more
tinuum SM background from single-photon radiation has ahan one KK tower member, the fact that the excitation spac-
very similar angular distribution but is not mono-energetic.ing is proportional to the root of th&, Bessel function pro-

In either case the signal to continuum background ratio canides a smoking gun signal for the non-factorizable geom-
be somewhat enhanced by imposing a hard cut on the photatry of this model. In addition, the two model parameters
production angle relative to the incident electron beam. Figwhich govern the 4d phenomenology, ileandA .., can be
ure 18b) shows the total integrated cross section for thecompletely determinefb] by the measurement of the mass
process of interest as a functionmf both with and without  gnd width of the first excitation.

the photon angular cut, assuming ticat 0.01 and./s= 200 We first examine the cleanest signal for graviton reso-
GeV. Here we see that reasonable signal rates are possiti@nce production, namely an excess in Drell-Yan events
ever} aft_?r eTT?glrg 33”.0;‘9 phoio5rl anﬁquIaEr T;7F705r ®*from qg,9g—G™—1*1". The Drell-Yan line-shape is pre-
ampie, itm; = eVv_with |6,|>15°, thenE,=27. sented in Fig. 17 as a function of the invariant mass of the

GeV ando=0.3 pb at\/s=200 GeV and thus a 200 pb . grav..
sample would yield 60 events which should be observabléeptOn pair form;™=700, 1500 GeV at the Tevatron and

above the continuum background. LHC, respectively, for various values bﬂWM . The produc-
_ _ tion of subsequent tower members are also shown for the
2. Resonance production at future colliders LHC, note the increasing widths of the higher resonances.

It is more likely that the first graviton KK state will be Also note that the value of the peak cross section for the first
several hundreds of GeV or more in mass and we now exresonance is independent of the valud/f 5, . We see that
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FIG. 20. Multiple KK graviton resonances produced at the LHC
with m{™®=1 TeV andk/Mp;=0.1 and form{®=1.5 TeV with
10 k/Mp|:Oz
102 for larger values ofk/Mp,, e.g., k/Mp=0.5, the bump
,’i‘a structure of the resonances is lost due to the large value of its
;’ 100 width (recall that the width is proportional {&/Mp]?) and
5 the interference from the higher excitations. In this case,
102 graviton production appears as a shoulder on the SM pre-
dicted Drell-Yan spectrum, and is similar to the effect of
contact interactions. Nonetheless, we find that the resulting
1074 search reach for the first graviton excitation from a full cal-
culation is essentially equivalent to our earlier res(ii$

2000 4000 6000

m, (GeV) where we employed the narrow ﬂidth approximation. These

results are given as a function kfMp, in our previous work
FIG. 18. Cross sections for Drell-Yan production at tt®  and are not reproduced here with the exception that the re-
Tevatron andb) LHC of the first two graviton KK states coupling sults for Run Il at the Tevatron with 2 T of integrated
to the SM on the wall as a function af;. The upperlower) curve  luminosity are displayed in Fig. 13.
in each case is for the firgsecondl KK state. Here, we have set Since the fundamental signature of a non-factorizable ge-
k/Mp=0.1. ometry is the non-uniform spacing of the graviton KK states,
it is important to examine the probability of observing the
second excitation if the first resonance is discovered. In order
to quantify this we show in Fig. 18 the cross section times
leptonic branching fraction for the Drell-Yan production of
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FIG. 19. Normalized angular distributioz£ cos#) for the de- My (GeV)
cay of a spin-2 graviton into fermion paitthe “w”-shaped curve _ _ _ _
in comparison to similar decays by either spite@sheg or spin-1 FIG. 21. yy—bb showing graviton resonances assumingj™
(dotted particles. The data with errors show the result from a typi- =250 GeV andk/M p;=0.03 or withm{™'=600 GeV andk/Mp,
cal sample of 1000 events. =0.1. The flat curve corresponds to the expected SM background.
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the first two graviton KK states as a function of the first onstrating that if spontaneous symmetry breaking takes place

excitation mass for the sample Va|uéMP|:0_1_ We see in the bulk, either the couplings of the gauge bosons do not
that the second excitation has a sizable cross section at bot@ke their SM values, or the SM mass relationship between
accelerators. We estimate that the-2 graviton KK state the W andZ becomes corrupted, depending on whether the

will be discovered at the TevatraiHC) with 2 fb~! (100  matter fields exist in the bulk or not. We thus conclude that

fb~1) of integrated luminosity if the mass of the first excita- the Higgs field must be confined to the TeV-brane.

tion is less than 725 Ge\B.8 TeV). This is clearly a signifi- In the scenario where the SM gauge and matter fields

cant discovery reach. propagate in the extra dimension, our results can be summa-

Next, we examine the ability of a hadron collider to de- rized as:

termine the spin of a new resonance once one is discovere
It is well-known that the angular distribution of a particle’s

decay products convey information about its spin quantum

number. This is depicted in Fig. 19 for the decay of particles_ *- . )
of various spins into fermion pairs. We see that a spin-o(z) We found that the couplings of the resulting KK states

resonance has a flat angular distribution, of course, spin-1 are highly dependent on the value of the bulk mass pa-
corresponds to a parabolic shape, and spin-2 yields a quartic "ameter. We then identified four regions with distinct
distribution. The ability of a collider to distinguish between ~ Phenomenologies, corresponding to different ranges of
these distributions depends on the amount of available statis- V-

tics. For purposes of demonstration, we have generated tH8) We examined the phenomenological signatures of this
angular distribution, including statistical errors, of a typical ~ model in all four regions. We compared the constraints
data sample of 1000 events; this is displayed in Fig. 19. We placed on the model from precision electroweak data
see that with this level of statistics, the spin-2 nature of a KK with those obtainable from direct collider searches. We
graviton is easily determined. From Fig. 18, we see that the found that the KK states couple too weakly in order to
accumulation of 1000 events or more corresponds to a value vyield observable signatures fer< —0.5. The precision

91) The phenomenology in this case is now governed by
three parameterk, A ., and the bulk mass parameter,

of my"@<4200 TeV withk/Mp=0.1 at the LHC with 100
fb~! of integrated luminosity. Further study, similar to what
has been performed in the case of a r@Wwoson resonance

electroweak constraints resulted in strong bounds for
larger values ofv and indicate that the gauge and gravi-
ton KK states will not be kinematically accessible at the

[35], is required in order to determine the range of parameter LHC for v=—0.3. In this case, the presence of the KK

space for which the spin-2 nature of the graviton can be towers will be probed via contact interaction searches.

resolved. (4) We also presented theoretical arguments for limiting the
Lastly, we present the graviton KK spectrum with varied range ofv. We reasoned that=—0.8 to—0.9 in order

values of the parameters in two sample processes. The in- to ensure that the fermion Yukawa couplings are not

variant mass spectrum of the lepton pair is shown in Fig. 20 overly fine-tuned. In addition, we saw that cannot

for Drell-Yan production of the graviton KK spectrum at the grow too large or else the precision electroweak bounds

LHC, comparingmy™'=1 TeV with k/Mp =0.1 with m"™’ translate into a value of ,, which is far above the weak
=1.5 TeV withk/Mp,=0.2. Figure 21 displays the KK line- scale, rendering the RS model irrelevant to the hierarchy

shape inyy—bb, comparingmy®=600 GeV withk/Mp, problem. _ .
—0.1, m"=250 GeV withk/M p;=0.03, and the SM pre- (5 Combining these theoretical and experimental con-
-1y 1 . 1

diction. These figures demonstrate how the KK spectrum straints yields a harrow range of ._0.'9 to—08<wv
changes in terms of size of the peak cross sections and = 0-3: for which the RS model is viable and can be
widths of the resonances as the model parameters are varied. Probed directly in colliders.
These processes were chosen simply for demonstration and
for ease of identifying the final state. We emphasize that
graviton KK resonance production will occur at all planned ~ This argues for a model that either selegtt be in this
colliders, and that the gravitons will decay into all possiblenarrow viable range or prefers that the SM field content be
2-body final states with the relative branching fractions agconstrained to lie on the TeV-brane.
given in Fig. 14. Observation of the relative rates of all these We thus also investigated the phenomenology of the RS
processes would serve as an additional verification of th&odel in this second case, expanding on our previous work.
model. In this case, gravity is the only field which propagates in the
extra dimension and expands into a KK tower upon compac-
tification. The phenomenology is now governed by only two
parameters, with the fermion bulk mass obviously being ab-
In this paper we have explored the detailed phenomenolsent. We examined the possibility of lighter gravitons, which
ogy of the Randall-Sundrum model of localized gravity for may be produced at LEP Il as a direct resonance or in an
the cases where the SM field content propagates in the bulkmission process. We computed the effects of the graviton
or lies on the TeV-brane. We have derived the wave funcKK states on the precision electroweak oblique parameters
tions and interactions of the KK tower for each field that isand found constraints on the parameter space which are
allowed to exist in the bulk. We presented an argument demeomplementary to those obtainable from direct collider

V. CONCLUSIONS
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0207 modes when there are bulk gauge masses, we would now be

forced to identify the SMW and Z bosons as the lowest
massive KK modes of their respective towers. On the other
hand the photon and gluons, having no corresponding bulk
mass terms, can be identified with the ordinary massless
modes.

To proceed we first consider the SM-like part of the ac-
tion involving only the gauge and Higgs fields takiyg

=rc¢:
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FIG. 22. Summary of experimental and theoretical constraints
on the RS model, for the case where the SM lies on the TeV-brane,
in thek/Mp; andm¢™ plane. The allowed region lies in the center and follow all of the usual steps of SSB associated with the
as indicated. SM. The only difference with the usual result will be the

labelling on the 5d couplings and the Higgs vacuum expec-
searches. In addition, we delineated the signatures for thi&tion value(vev), i.e.,g,9’,e—0s,9s5,e5 andv—uvs etc. In
graviton KK spectrum at future colliders. the usual basis this generates bulk mass terms associated

The combined results of our analysis in the scenariawith the Z and W fields, Mz, but none for the photon and
where the SM fields lie on the TeV-brane are presented igluon fields due to the remaining unbroken gauge invariance.
the parameter plaried M p,— m?"in Fig. 22. The constraints We expect that both of these generated masses are naturally
from present data are summarized by the bounds from Drellof orderk and that they are also related, assuming spontane-
Yan and dijet production at the Tevatron from Run | andOUs symmetry breaking via Higgs doublets in the bulk, by
from the global fit to the oblique parametefsand T, as  the usual SM-like relationshipMg,=M2co 65 with, as
labeled in the figure. In each case, the excluded area lies wsual,gs/gs=tanés, s being the angle diagonalizing the
the left of the curves. The theoretical constraints are given by — y mixing matrix. The 5d coupling of the photon is then
the curvature boundRs|=20k?<M?2, which yieldsk/Mp, identified ases=gssinfs. Now although this all seems
<0.1, and by the prejudice that_=<10 TeV to ensure that trivial and straightforward proplems begin to appear when
the model resolves the hierarchy. We see that this synthesfée try to match these 5d couplings and the generated masses
of experimental and theoretical constraints results in a smalf© those in the usual 4-d SM. _
closedallowed region in the model parameter space. Com- Let us first con5|_der the case where the SM fermions are
paring this allowed region with our previous resUi§ for in the bulk. Then, since the phpton has no bulk mass term, it
the search reach for graviton production via the Drell-YaniS €asy to calculate the relationship betwesysgs sin ds
mechanism at the LHC, we see that the LHC will be able to=9Ss and e=gsinf#=gs by considering the coupling be-
cover this entire region of parameter space with 100+fof ~ tween fermionic zero-modes, which we identify as the SM
integrated luminosity. Hence, in the scenario where the SMields, with the photon tower zero-mode, i.e., the ordinary
fields lie on the TeV-brane, the LHC will be able to defini- Photon which has a constant wave function in the extra di-
tively discover or exclude the RS model of localized gravity, Mension. We obtain the familiar relation
if it is relevant to the hierarchy.

e= ® or 955 =g.s (A2)
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APPENDIX A xw 2=yt By, (A3)
In this Appendix we will supply a robust argument ’
against spontaneous symmetry breakif®5B by Higgs

bosons in the RS Bulk. We assume that SSB takes pla
either in the bulk or on the wall so that if SSB in the bulk is
untenable we are forced to consider the Higgs boson to lie

only on the SM brane. Since there are no massless gauge KK aw,z=[1+My, 1K, (Ad)

C\ghere Ny z is a normalization factorB,, ; are constants,
and
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respectively. Denoting the complete fermion zero-modeThus if fermions are on the wall we may recover the correct

wave functions symbolically by, the relationship between SM couplings but the SM mass relationship betweenwthe

the 5dW coupling and that for the SM is given by andZ becomes corrupted. This implies that the Higgs cannot
generate SSB in the bulk when the fermions are on the SM

Os ) Os g brane. Combining both arguments, we thus conclude from
Ef dy\/aquWEEM:E' (A5)  this discussion that SSB must take place on the SM brane
and that therefore the Higgs fields are to be found there as

wherel,, represents thg integration over the various wave well.

functions. Note that we have assumed taktfermion fla-
vors have the same value of If this were not the case APPENDIX B
universality violation would be rampant. In tHecase, due to
the structure of the coupling, we arrive at two necessar
conditions for the correct matching

In this Appendix we present concise expressions for the
¥nost common couplings discussed in the main text in the
scenario where the fermion fields reside in the bulk. ftre
graviton and gauge boson KK couplings to a pair of zero-

(i) %j dyGf2y,= %|Z: 9' (A6)  mode SM fields are given in terms of simple integrals by
Cs v Cs C
FOTFOAM;
(i) %ng dy\/EfEXzE%Sglzzgszy (n)
Cs Cs c a9 _\/_ 1+2v 1 2r+1
COO”_gSM_ 2akr m EdZ

wherel ; represents the correspondipgntegration over the
Z and fermion wave func_tior_ls. Dividing _E(AGii) by (A6i), 3,(x2) + &Y, (x*2)
we arrive atss=s. Substituting Eq(A5) into Eq. (A2) and = = —,
using thisss;=s result we arrive at the requirement tHgj [9106) + ey Y106) |
=1/{27r., independent of or Myy/k. This is of course in
general impossible so we must conclude that if fermions ar
in the bulk the SSB breaking by bulk Higgs fields does not
allow us to simultaneously recover the correct SM couplings o
for the photonW or Z. oon =
Now if the fermions are on the wall it is easy to see that
ss=s and g=gs/+27r, are automatically consistent with AOAOGM:
all of the required coupling relations since we must evaluate
the W andZ wave functions on the SM brane via delta func- 1 2(1—30(x%))
tions. However now a different problem arises with the Come== 5 g n =
andZ masses since we now requikgy=X;z cosé where the € mKre(Xy)*[J2(Xy)|
X1's are the lowest roots of the appropriate combination of A ] ) ok AG
boundary condition equations that yield the tower mass eiWWhere «, is defined in Eq.(14), e=e ", and thex,’
genvalues. Furthermore we require that this condition mus#énote the appropriate Bessel roots that appear in the gauge
hold without any fine-tuning of the ratid,/k. To show that ~and graviton KK wave functions as given in Sec. Il. Note
this condition does not hold naturally, et us take as an exthat the coupling of two zero-mode gauge bosons tontfie
ample M, /k=1(2) from which we can calculatelfwlez KK graw_ton can be co_mputed ana]yncally. Ina ;lmlla_r man-
=cog 6; we find that co&6=0.9359(0.8781) assuming that N€r We find _the following expressions for couplings involv-
Myy=M cosé with cos¢=0.77 as input. Knowing the input "9 Only a single zero-mode SM field:
values of bottMi2/k? and coss, which takes a common value
in the bulk and on the wall, we can fix the ratitf,/k?. This
then allows us to evaluate the quantitieg 7, as given by w2
Eq. (A4), which are the indices of the Bessel functions for fIA_ o1y +3/2
the Z and W tower member wave functions in EGA3). Cion = V2mKTe L dzz
Applying the usualZ,-even boundary conditions on these
wave functions as discussed above we can determine the Jr(x2) I1(X32) + anY1(X42)
mass eigenvalues for the lightest members of each of these X |Jf(x:-)| |Jl(xﬁ‘)+anYl(Xﬁ)| '
towers that we are now identifying with th& and Z. The
ratio of these eigenvalues should return the input value ofqjz)zn).
cosé since X,y /X1z=co0sé. If we do not obtain the input

(B1)
LOFOGM.

1

€

1+2v
1_621/+l

1o d(%52)
Ldzzz oo B2

(B3)

FUFOAM:

2(1+2v)
1— 62v+1

(B4)

value or we find that the result depends on the input value of 1/2 L G

M /k we can conclude that this approach is internally incon- CIfTG: 1 M fl 7 Zv+5/2‘Jf(X'LZ) M
sistent. Since our input and output values are significantly " €|1— &2t Je 135 (x| [320x)|”
different, we can conclude that this possibility fails as well. (B5)
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ADAOGM)-
AAG_ 2 Jldz J1(x('2)+ af'Y1(x['2) Ix(x52)
o ke e OO+ af Y] [305)]

(B6)

wheref=v—1/2 (- v+1/2) for v> (<)—1/2, andxf cor-

PHYSICAL REVIEW D63 075004

required rescaling of the Higgs field kinetic term, we can
identify the 4d coupling as4=7\5w/2 (with evs=v,4) using
the familiar ratio

1+2v

1— €1+2V’ (Bg)

w=

responds to the Bessel roots for the left-handed fermion KK

tower.
A 4-point coupling, betweeh™ fermion - 0" fermion -
0th gauge -n'" graviton, is also present and is given by

FTFOAO G-
—1l201+20)|Y? 1 Ji(xt2) 3,(x82)
Clao-oo | [dzzoe T A
€| 1— vt € |3:(xP)| [I2(x)]

(B7)

G

which is exactly the same &3, .

which multipliesv, and which has important implications
as discussed in the text. Note thaj is now naturally

of order the TeV scale. One also finds that the off-diagonal
mode Yukawa couplings are induced from the same
action. For example, the coupling of thd" and m" non-
zero tower members to the Higgs boson is found to be
As(—1)™ "+ () while the coupling of a zero-mode and an
n™ mode fermion to the Higgs boson is given by

Ns(—1)" ™ Jw/2. Thus the fermion tower members are
seen to mix with themselves with a strength that is charac-
terized by the induced zero-mode mass, i.e., the mass of the

Let us now turn to the wall Higgs couplings to zero-modecorresponding SM fermion. For all SM fermions, except per-

bulk fields starting from the action

\ —
Sin= | dABT W Oy HO) Sy =1,
(B8)

where a factor ok has been introduced to rendes dimen-

haps for the top quark, these effects are quite small since we
expect that the unmixed tower fermion masses begin in the
range of hundreds of GeV if not larger. A similar analysis of
the W and Z tower shows that the wall Higgs field induces
the correct photonW and Z SM masses. Here we need to
identify the 4d and 5d gauge couplings through the usual
relationg,=gs/+27r, and as before make use of the res-

sionless. When the Higgs boson gets a vev of order thealing v,=evs. Again one finds that mixing between the

Planck scaley s, we must shift the field asl®>—vg+H'0. If

gauge fields within these individual towers with a strength

we substitute the fermion mode expansions and extract owharacterized by the induced mass of the zero-mode as oc-

the zero-mode pieces and l¢t°— e~ *H’ to account for the

curs in non-warped spad¢é4,15.
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