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Collider implications of Kaluza-Klein excitations of the gluons
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We consider an asymmetric string compactification scenario in which the standard model~SM! gauge
bosons can propagate into one TeV21-sized extra compact dimension. These gauge bosons have associated
Kaluza-Klein ~KK ! excitations that present additional contributions to the SM processes. We calculate the
effects that the KK excitations of the gluons,g.’s, have on multijet final-state production in proton-proton
collisions at the CERN Large Hadron Collider energy. In the case of dijet final states with very highpT , the
KK signal due to the exchanges of theg.’s is several factors greater than the SM background for compacti-
fication scales as high as about 7 TeV. The high-pT effect is not as dramatic for the direct production of a single
on-shellg., which subsequently decays intoq-q̄ pairs, where the KK signal significantly exceeds the SM
three-jet background for compactification scales up to about 3 TeV. We also present our results for the four-jet
final-state signal from the direct production of two on-shellg.’s.
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I. INTRODUCTION

Recent developments in superstring theory have spa
much interest in scenarios where the string scale is m
smaller than the four-dimensional Planck scale@1#. The size
of the six extra compact dimensions may be much larger t
the inverse Planck scale, giving rise to many new pheno
enological possibilities. Forn large extra dimensions com
pactified at the same scaleR21, the sizeR is related to the
four-dimensional Planck scaleM P via the relation

M P
2 5M !

n12Rn, ~1!

whereM ! is the (41n)-dimensional Planck scale, which
of the order of the string scale. Recently, it was shown t
this relation~1! is phenomenologically viable@2# for n>2, R
can be in the submillimeter regime, and the string scale co
be fairly close to the electroweak scale, namely, a few ten
a TeV. The gauge hierarchy problem is eliminated since
four-dimensional Planck scaleM P is not a fundamenta
quantity in this scheme. If all six extra dimensions from t
superstring theory are compactified at the same scale,
1/R is about 10 MeV. Thus, if the standard model~SM! par-
ticles are allowed to propagate into these extra dimens
~the bulk!, they will have Kaluza-Klein~KK ! excitations
with masses at the 10 MeV scale. The nonobservation
such KK states up to about a TeV at present high-ene
colliders therefore implies, in such scenarios, that all S
particles are confined to a three-dimensional bra
(D3-brane! of the usual three spatial dimensions. These
the key features of the class of models based on the s
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metrical compactification proposal of Arkani-Hamed, D
mopoulos, and Dvali~ADD! @2# for solving the hierarchy
problem.

It is also possible, however, to devise a model with asy
metrical compactification where SM particles live in a bra
which extends into one or more TeV21-sized extra dimen-
sions. The lowest-lying KK excitations then have masses
the TeV scale, at the edge of the grasp of present high-en
colliders. Such a scheme has many interesting conseque
For example, it alters the evolution of the gauge couplin
from the usual logarithmic to power-law behavior@3#. The
unification scale can be several orders of magnitude sma
@3#, even as low as a few TeV. Recently, an asymmetri
compactification scenario was proposed with two disti
compactification scales@4#: n dimensions of sizeR ; mm
and m of size r;TeV21. In particular, we consider then
51, m55 case. The scaling relation for this model is@4#

M P
2 5M !

3R5M8Rr5. ~2!

It was shown in Ref.@4# that this model satisfies all of th
current astrophysical and cosmological constraints@5#. With
1/R;1023 eV and 1/r;1 TeV, we getM;100 TeV and
M !;105 TeV. In this scenario, the SM gauge bosons~and
perhaps the Higgs boson! can propagate into one of th
TeV21-sized extra dimensions, while the SM fermions a
confined to the usualD3-brane.M;100 TeV is then consis-
tent with the unification scale~assuming about a factor of 1
uncertainty due to threshold and other effects!. The smoking
gun signatures of this scenario are deviations from Newto
law of gravity in the submillimeter regime as well as ne
high-pT jet physics in high-energy hadron colliders.

Most of the work on the collider phenomenology of ext
dimensions@6# has been on the ADD scenario in which on
the graviton propagates in the bulk. Hence, the only ad
tional contribution to collider processes stems from the K
excitations of the graviton. The contributions of individu
©2002 The American Physical Society07-1
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KK modes, with 4D gravitational strength, to collider pr
cesses is extremely small. However, the compactifica
scalem is so small (m;mm21;1023 eV) that a very large
number of such modes contributes in a TeV-scale colli
process, yielding a significant total deviation from the S
results. Studies of various collider processes typically giv
bound on the string scale~taken approximately to be th
cutoff scale! of about a TeV@6#.

The asymmetric scenario, in which SM fields, in additi
to gravity, may propagate in one or more extra dimension
TeV21 size, will have a more direct effect in high-energ
collider processes. Beginning with the original suggestion
Antoniadis @7#, some work has also been done for the c
lider phenomenology of this scenario@8#, including the ef-
fects on electroweak~EW! precision measurements@9#,
Drell-Yan processes in hadronic colliders@10#, and m1m2

pair production in electron-positron colliders@10#. The typi-
cal bound is 1–2 TeV for the compactification scale.

In this work, we study the scenario proposed in Ref.@4#,
in which only the SM gauge bosons~and perhaps the Higg
boson! propagate into one of the TeV21-sized extra
dimensions.1 More specifically, we study the effects that th
KK excitations of the gluons have on multijet production
high-energy hadronic colliders such as the CERN La
Hadron Collider~LHC!. We calculate the modifications t
the SM cross sections for multijet final states which ar
from the direct production and exchanges of KK excitatio
of the gluons. At the LHC energy, we find substantial dev
tions from the SM predictions for dijet final states up to
compactification scale of about 7 TeV, whereas for the
milab Tevatron, the KK contribution only exceeds the S
background for small compactification scales~& 2.0 TeV!.
For the direct production of ag! on-shell at the LHC, which
subsequently decays intoq-q̄ pairs, the effect is not as pro
nounced as the dijet case, but is still significant. We a
present the contribution of the production of two on-sh
g!’s. Our paper is organized as follows. We briefly discu
our formalism in Sec. II, and supplement this with addition
details in the Appendix. In Sec. III, we calculate the effe
that the exchanges ofg!’s have on dijet production and dis
cuss our results and the significance of the SM backgrou
Our analytic expressions for the cross sections for the p
cesses leading to the direct production of one or two on-s
g!’s are presented in Sec. IV and V, respectively; also
cluded are a discussion of our numerical results and, for
singleg! case, comparison to the SM three-jet backgrou
Section VI contains our conclusions.

II. FORMALISM

We are interested in tree-level parton subprocesses inv
ing the exchanges or direct production~or both! of KK ex-
citations of gluons. The starting point is the generalization
the 4D SM Lagrangian density to the 5D Lagrangian dens
Integration over the fifth dimension then yields the effect

1However, our results apply to any compactified string mode
which the gluons propagate into one such extra dimension.
07600
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4D Lagrangian density, which includes the usual 4D S
Lagrangian density plus terms involving the KK excitatio
of the SM gauge fields. These KK terms dictate the poss
couplings that the KK excitations can have both with ea
other and with the SM fields, and provide the Feynman ru
for these vertices as well as the KK propagators.

In the model under consideration, the SM gauge bos
can propagate into one large extra compact dimension.
terms in the 5D Lagrangian density relevant to us are~i! the
terms involving the contraction of the 5D gluon field streng
tensorsFMN

a 5]MAN
a 2]NAM

a 2g5f abcAM
b AN

c with 5D indices
M ,NP$0,1,...,4%, whereg5 is the 5D strong coupling and
a,b,c are the usual gluon color indices; and~ii ! the terms
involving the quark fields, which contain ad function to
constrain the SM fermions to theD3-brane:

L52 1
4 FMN

a FMNa1 i q̄gmDmqd~y!. ~3!

Here, Dm is the usual 4D covariant derivative,m,n are the
usual 4D space-time indices, and the compactified extra
mension coordinatey is related to the radius of the extr
dimensionr by y5rf. We consider compactification on a
S1/Z2 orbifold with the orbifold symmetry,y→2y, such
that Am

a (x,2y)5Am
a (x,y), and impose the gauge choic

A4
a(x,y)50. This is the unitary gauge. The 5D gluon fie

Am
a (x,y) can then be Fourier-expanded in terms of the co

pactified dimensiony as

Am
a ~x,y!5

1

Apr
FAm0

a ~x!1 (
n51

`

Amn
a ~x!cos~nf!G , ~4!

where the normalization ofA0
a(x) is one-half that ofAn

a(x).
When the 5D Lagrangian density is integrated over the e
dimensiony, this sum represents a tower of KK excitation
Amn

a (x) of the gluon field. Then50 mode gluon is identified
with the observed massless gluon of the SM, denoted bg,
while then.0 KK modes, denoted bygn

!, have massesmn

5nm, wherem is the compactification scale (1/r ). It will
prove convenient to refer to then50 andn.0 modes sepa-
rately by letting ‘‘gluon’’ or g represent just then50 mode,
and letting ‘‘KK excitation of the gluon’’ org! or gn

! strictly
imply n.0.

The detailed procedure for integrating over the fifth d
mensiony to obtain, in the effective 4D theory, the facto
for the allowed vertices involving KK excitations of the glu
ons may be found in the Appendix, and lead to the coupl
strengths displayed in Fig. 1. Notice that a singleg! can
couple to quarks, but not to gluons. Furthermore, quarkl
vertices with N g!’s only have nonvanishing coupling
strengths if the modesn1 ,n2 ,...,nN of the g!’s satisfy the
relation

un16n26¯6nN21u5nN . ~5!

Although this relation, Eq.~5!, governs the possible vertice
it is not a law expressing 5D momentum conservation
N→M processes: For example, ag! cannot decay into glu-
ons at the tree level, although this process is permitted w
a quark loop is introduced. Also worth noting are the facto
7-2
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FIG. 1. Relative coupling
strengths of vertices involving
g!’s. Only the overall factors are
shown. Theq-q̄-g! vertex also in-
volves the SU~3! matrix element
and the Diracgm matrix; triple
vertices ofg’s and g!’s also in-
clude the usual SU~3! structure
functions and the momenta fac
tors, and quadruple vertices ofg’s
and g!’s also contain the usua
structure function factors as we
as the metric tensorsgmn . Here,n,
m, and l are distinct positive inte-
gers (nÞmÞ l ).
or
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of &, which originate from the different rescaling of then
50 andn.0 modes, necessary to obtain canonically n
malized kinetic-energy terms in the effective 4D Lagrang
density@11#.

Another difference between the Feynman rules for thg
and theg! lies in the propagator. Theg! propagator is that of
a usual massive gauge boson, shown here in the un
gauge:

2 iDmnn
ab ~p2!52 idab

gmn2
pmpn

mn
2

p22mn
21 imnGn

. ~6!

At the tree level, thegn
! decays intoqq̄ pairs with ~total!

width2 Gn52as(Q)mn . The decay width cannot be ne
glected because the subprocess energyAŝ runs up to 14 TeV
at the LHC, while we are interested in TeV-scale compa
fication. For diagrams where a virtualg or g! exchanges
between two quark pairs~e.g., inqq̄→qq̄!, there is the usua

2We neglect the top-quark mass relative to the very heavyg!.
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diagram with theg propagator in addition to a tower of dia
grams with gn

! propagators, or, equivalently, an effectiv
propagator given by the sum

Deff~p2!5c0D0~p2!1 (
n51

`

cnDn~p2!. ~7!

Notice thatcn incorporates the differentq-q̄-g andq-q̄-gn
!

vertex factors~i.e.,c051cn.052!. This effective propagator
can be generalized to the case of arbitrary vertices with
propriate choices of thecn factors~including settingcn equal
to zero when either vertex is forbidden!.

The mass of theg! also enters into the expression for th
cross section via summations over polarization states w
externalg!’s are present. For the direct production ofg!’s,
the summation of polarization states is given by

(
s

emn
a* ~k,s!enn

b ~k,s!5S 2gmn1
kmkn

mn
2 D dab. ~8!

Compare this to the case of externalg’s, in which case a
projection such as
7-3
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FIG. 2. Dijet diagrams involv-
ing KK excitations of the gluons.
The indicesi and j represent dis-
tinct (iÞ j ) quark flavors.
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a* ~k,s!en

b~k,s!

5F2gmn1
~hmkn1hnkm!

~h•k!
2

h2kmkn

~h•k!2 Gdab ~9!

can be made to eliminate unphysical longitudinal polari
tion states~and thereby satisfy gauge invariance!, for arbi-
trary four-vectorhm .

III. DIJET PRODUCTION

For dijet production, all tree-level diagrams are includ
which do not contain anyg!’s in the final state, since the
g!’s would quickly decay intoqq̄ pairs, thereby producing
additional jets.3 Thus, the KK excitations only appear in two
jet diagrams via virtualg! propagators. The net tree-lev
effect of theg!’s on dijet production is the replacement
the SM gluon propagator by an effective KK propagat
wherever five-momentum is conserved. Employing gauge
variance, we drop the second term in Eq.~6! in our analysis

3We neglect the contributions from cases where multiple jets
produced, but only two of them pass the various cuts.
07600
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of dijet production. It is then convenient to defineDn(p2)
andDeff(p

2) as

Dn~p2!5
cn

p22mn
21 imnGn

,

~10!

Deff~p2!5
c0

p2 1 (
n51

`

cnDn~p2!.

Here,cn represents the fact that theq-q̄-g and theq-q̄-gn
!

vertex factors differ by a& ~i.e., c051, cn.052!. In the
amplitude squared, it is therefore necessary to evaluate te
of the form

1
2 @Deff

! ~ v̂ !Deff~ŵ!1Deff~ v̂ !Deff
! ~ŵ!#

5 (
m,n50

`

cmcn

v̂m8 ŵn81mmGmmnGn

~ v̂m8
21mm

2 Gm
2 !~ŵn8

21mn
2Gn

2!
, ~11!

wherev̂ andŵ are any of the three usual~subprocess! Man-
delstam variables~i.e., v̂,ŵP$ŝ, t̂ ,û%!, andyn8 represents the
subtraction ofmn

2 from v̂ ~i.e., v̂n8[ v̂2mn
2!. @In Eq. ~11!, we

make an exception and include then50 and n.0 modes
together for conciseness.# This sum converges somewh

re
7-4
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FIG. 3. The contributions of the virtual ex
changes ofg!’s to the LHC dijet production
cross section,sKK5s2sSM ~top! and the ratio
of the KK contribution to the SM background
R5sKK /sSM ~bottom! are illustrated as a func
tion of the minimum transverse momentumpT

min

for fixed values of the compactification scalem.
The solid horizontal line represents;200
events/yr at the projected integrated luminosi
Discernible bumps in regions for whichpT

min

5km/2 are indicated by the corresponding valu
of kP$1,2,...%.
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rapidly:4 SinceAŝ runs up to 14 TeV for the LHC, the sum
can be truncated after a couple dozen terms~i.e., whenn
becomes at least a couple of times greater than 14 TeVm,
where m is the compactification scale!. We choosenmax
550. From five-momentum conservation, there are no in
nal g!’s for any tree-level dijet diagrams involving extern
gluons ~e.g., the KK excitations do not affect the proce
qq̄→gg!. The diagrams to which the KK excitations do co
tribute are illustrated in Fig. 2.

The total dijet cross sections(pp→2 jets) is obtained
from the individual subprocess cross sectionsŝ(ab→cd)
and the parton distributionsf a/A(xA ,Q) and f b/B(xB ,Q) by
integrating over the momentum fractionsxA andxB and sum-

4When generalizing to the case where the gluons may propa
into more than one large extra dimension, the sum in the effec
propagator is formally divergent. However, this problem has b
widely addressed in the literature@12#, where various solutions hav
been proposed.
07600
r-

ming over all possible subprocessesab→cd:

s~pp→2 jets!5 (
ab→cd

E
4pT

2/s

1

dt
dL
dt

ŝ~ab→cd!. ~12!

Here,pT is the transverse momentum anddL/dt is the par-
ton luminosity:

dL
dt

5E
t

1 dxA

xA
f a/A~xA ,Q! f b/B~xB ,Q!. ~13!

We evaluate the CTEQ distribution functions@13# for the
parton luminosity atQ5pT and impose the following cuts
The transverse momentumpT is constrained to lie above
some minimumpT

min , while the rapidity is restricted to sat
isfy uyu<2.5. The total cross section can also be separa
into the SM cross section and theg! cross section, which is
due to the contributions of Fig. 2:s5sSM1sKK . Al-
thoughsKK includes the interference terms betweeng’s and

te
e
n

7-5
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FIG. 4. Same as Fig. 3, but as a function
the compactification scalem for fixed values of
the minimum transverse momentumpT

min . The
horizontal dashed lines represent the SM ba
ground.
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g!’s, it usefully represents the amount by which the to
cross section exceeds the SM background. The KK contr
tions, along with the SM background, are shown in Figs
and 4 for compactification scales in the range 1<m
<10 TeV and for transverse momentum as high aspT

min

<4 TeV.
The KK effect is actually quite large: For sufficiently hig

pT
min ~;2 TeV!, the effect of the virtual exchanges of theg!’s

actually exceeds the SM background for compactificat
scales below 7 TeV. The effect becomes even more p
nounced for yet higherpT

min , where the KK contribution be-
comes several factors larger than the SM cross section.
trend continues beyond the 4 TeV shown, but the cross
tion is too small beyond this point to observe more tha
couple of events per year at the anticipated integrated lu
nosity of the LHC (23105 pb21). Final quark states due t
the decay of a very massiveg! have very highpT , thereby
enhancing the ratioR[sKK /sSM for high pT

min , which is
where theg! contribution actually exceeds the SM contrib
07600
l
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tion. WhenpT
min5km/2 for kP$1,2,...%, there is a slight dis-

turbance in the cross-section plots, which is expected s
this corresponds to an on-shellg! contribution. Naturally, the
disturbance is only discernible for small values ofk. These
discernible regions are indicated on the plots by the co
sponding values ofk.

The partial contributions of the various subprocesses
the full dijet KK ~for a representative value ofm53.5 TeV!
and SM cross sections are illustrated in Fig. 5. At lowpT ,
the virtual g! effect is greatest for subprocesses with tw
different initial quarks, while at highpT , it is largest for
subprocesses with identical initial quarks.

Figure 6 shows the dijet differential cross sectionds/dm
as a function of the invariant massm of the final-stateq-q̄
pair: The peaks are subtle, and positioned well below the
background. The signal in the two-jet invariant mass dis
bution is well below the SM background unless the invaria
mass is very large (m.5 TeV). However, at the LHC, the
cross sections are not large enough for the signal to be
7-6
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FIG. 5. The partial contribu-
tions to the total dijet cross sectio
are shown as a function ofpT

min ,
for m53.5 TeV.
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servable in this range ofm. There are two reasons why th
dijet invariant mass distribution does not give a good sign
First, the widths of theg!’s are large such that the peak
corresponding tom5m are not sharp nor tall enough. Se
ond, most of the cross section for a given invariant m
comes from pairs which have relatively lowpT , for which
the SM background is very large. The decay of the reson
KK gluon, g!, gives rise to highpT for each of the jet pairs
It is only when we consider the final states where each of
jets have highpT that the KK contributions exceed the SM
background. In the invariant mass distribution, such highpT
contributions constitute only a very small part of the cro
sections observable at the LHC energy.

Depicted in Fig. 7 are the effects produced by variation
the somewhat arbitrary choice ofQ5pT

min for the SM back-
ground. The relative uncertainty in the SM background c
be quite high, say 40%, due to the ambiguity in the choice
Q, and other factors such as the choice of parton distri
tions. However, since the signal and the background are e
calculated at tree level, the uncertainties should somew
cancel in the ratio,R. Thus,R provides a good measure o
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the relative KK effect. We point out that due to these unc
tainties and the fact that one cannot directly measureR, when
working at tree level it is necessary to look for signals th
disagree with the SM by much more than 50%, probably
much as 100%, to be sure that we are indeed observin
signal for new physics. Therefore, the detection of KK ex
tations of the gluons is most favorable for regions
(pT

min ,m) space, where the KK contribution is at least com
parable to the SM background, and above the horizontal
~in Figs. 3 and 4! that marks an anticipated couple of hu
dred events per year.

For comparison, in Figs. 8 and 9 we also give theg! cross
section and its relation to the SM background for the Fer
lab Tevatronpp̄ collider running atAs52 TeV. The KK
effect is much smaller than for the LHC because of the c
siderably more restrictive constraints on the transverse
mentum. Theg! cross section is only comparable to the S
for compactification scalesm as high as about 2 TeV, and th
relative uncertainty in the total dijet cross section must
quite precise in order to see a sizeable discrepancy fom
;3 TeV.
c-

ll
FIG. 6. The differential cross sectionds/dm
is shown as a function of the invariant massm of
the q-q̄ pair. The peaks that are predicted to o
cur when the invariant massm matches the com-
pactification scalem are subtle and located we
below the SM signal.
7-7
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FIG. 7. The effect that varia-
tion of the choice ofQ has on the
SM dijet background is shown a
a function of the minimum trans-
verse momentum, pT

min . Here

Qŝt̂ û5Aŝt̂ û/( ŝ21 t̂21û2), and
values in TeV~e.g., 3.5 TeV! cor-
respond to the choice of~constant!
Q equal to a compactification
scale at that particular scale.

FIG. 8. The contributions of the virtual ex
changes ofg!’s to the Tevatron dijet production
cross section,sKK5s2sSM ~top! and the ratio
of the KK contribution to the SM background
R5sKK /sSM ~bottom! are illustrated as a func
tion of the minimum transverse momentumpT

min

for fixed values of the compactification scalem.
The solid horizontal line represents;2 ~25!
events/yr at the projected initial~final! Run 2 in-
tegrated luminosity. Discernible bumps in region
for which pT

min5km/2 are indicated by the corre
sponding value ofkP$1,2,...%.
076007-8
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FIG. 9. Same as Fig. 8, but as a function
the compactification scalem for fixed values of
the minimum transverse momentumpT

min . The
horizontal dashed lines represent the SM ba
ground.
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IV. SINGLE ON-SHELL g! PRODUCTION

Three-jet KK final states predominantly5 arise from sub-
processes where ag! is produced on shell and subsequen
decays intoqq̄, e.g., viaqq̄→gn

!→gn
!g→qq̄g. We concen-

trate on the production of theg!, postponing the consider

5The contributions of virtualg! exchanges for which no externa
on-shellg!’s are produced to the three-jet KK cross section cont
an extra factor ofaS(Q) relative to the contribution of single on
shell g! production. However, since virtualg! exchange is signifi-
cant for dijet production, the many virtualg! exchange diagrams
leading to three jets in the final state—for which no externalg!’s
are produced on shell—may also have a significant effect. Altho
we do not calculate these purely virtual exchange contributi
here, we do note that they would likely enhance our results.
07600
ation of its subsequent decay for now. The subprocesses
isfying five-momentum conservation for which ag! is
produced on shell are

qq̄→gn
!g,

qg→qgn
!, ~14!

q̄g→q̄gn
!,

where the moden of the externalg! is necessarily identica
to that of any virtualg!’s. Therefore, there is no summatio
over modes in these propagators; instead, the three-jet c
section involves a summation over the possible modesn

n

h
s

7-9
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FIG. 10. Diagrams involving
the production of a single on-she
g!. The diagrams forq̄g→q̄gn

!

are obtained by replacingq with q̄
in the diagrams forqg→qgn

!.
e
p

tia

-

s

e
h

>1) of the externalg!’s. The Feynman diagrams for thes
three KK subprocesses are illustrated in Fig. 10. The am
tude forqq̄→gn

!g is

M~qq̄→gn
!g!

52 i4pas~Q!v̄ j~p1!

3FTki
e Tjk

f S Vrs
t

t̂
1

Vrs
s

ŝn8
D 1Tki

f Tjk
e S Vrs

u

û
2

Vrs
s

ŝn8
D G

3ui~p2!ee*
r~k1!e f*

s~k2!, ~15!

where the scaleQ is identified with the mass of theg!, v̂n8
represents~as before! subtraction ofmn

2 from the Mandel-

stam variablev̂P$ŝ, t̂ ,û% ~i.e., v̂n85 v̂2mn
2!, and theVrs

v ten-
sors are given by

Vrs
s 5&gm@~k212k1!sgmr1~2k11k2!mgrs

2~2k21k1!rgsm#, ~16!

Vrs
t 5&gr~p” 12k” 1!gs , ~17!

Vrs
u 5&gs~k” 12p” 2!gr . ~18!

After summing over final states and averaging over ini
states, the resulting amplitude squared is6

6We employFORM @14#, a symbolic manipulation program, in th
evaluation of the amplitudes squared for single and double on-s
g! production.
07600
li-

l

S̄uM~qq̄→gn
!g!u2

5 8
27 p2aS

2~Q!F S mn
4

ŝn
2

1
mn

2

ŝn8
D S 8

ŝn
2

t̂ û
218D

21714
ŝn8

2

t̂ û
118

t̂ û

ŝn8
2G , ~19!

which is related to the amplitude squared forqg→qgn
! via

crossing symmetry:

S̄uM~qg→qgn
!!u2

5 1
9 p2aS

2~Q!F S mn
4

ûn8
2

1
mn

2

ûn8
D S 1828

ûn8
2

ŝt̂
D

11724
ûn8

2

ŝt̂
118

ŝt̂

ûn8
2G . ~20!

The amplitude squared forq̄g→q̄gn
! is in turn identical to

that of qg→qgn
! by time-reversal invariance. Upon integra

tion over t̂ , the singleg! on-shell production cross section
assume the form

sKK~pp→g!1get!

5
1

2p
(

j
(
gn

!
E

mn
2/s

1

dxAE
mn

2/sxA

1

dxBf a/A~xA ,Q!

3 f b/B~xB ,Q!E
21

1

dzS̄uM jnu2
ŝn8

ŝ2
, ~21!ell
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FIG. 11. The contributions of the single-o
shell production ofg!’s to the three-jet cross sec
tion at the LHC,sKK5s2sSM ~top! and the ra-
tio of the KK contribution to the SM background
R5sKK /sSM ~bottom! are illustrated as a func
tion of the minimum transverse momentumpT

min

for fixed values of the compactification scalem.
The solid horizontal line represents;200
events/yr at the projected integrated luminosi
Discernible bumps in regions for whichpT

min

5km/2 are indicated by the corresponding valu
of kP$1,2,...%.
ro
-

s

e

o
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m
In
e-

r
d by

d

nd,

d

-

th
where the first summation runs over all possible subp
cessesj producing a singleg! on shell, and the second sum
mation is over allgn

!’s that can be produced for subprocesj
in light of the givenpp collider energy7 As. Observe that
M jn(mn)5M j 1(nm1) so that(n51

nmaxMjn(mn)5(n51
nmaxMj1(nm1).

We are now prepared to account for the decay of thegn
! into

qq̄ pairs. Working in the narrow width approximation, w
integrate over the dimensionless solid angledV4/4p to ob-
tain the total single on-shellg! cross section~prior to cuts!:

7Note that the scaleQ5mn for then.1 modes exceeds the com
pactification scalem. When Q.m, the running ofas(Q) trans-
forms from a logarithmic to a power-law behavior@3#. This has the
effect of reducing the contributions of the higher-order modes to
total multijet cross sections@15#, but only slightly at LHC energies
since only a few KK modes can be produced on shell.
07600
- sKK~pp→ jet1g!→3 jets!

5E dV4

4p
sKK~pp→g!1 jet!. ~22!

The various cuts are performed by defining the tw
4-momenta of the decaying particles in their center-of-m
frame in terms ofV4 ~each decaying particle has momentu
mn/2! and boosting the two 4-momenta to the lab frame.
addition to theg! cross section, we calculate the SM thre
jet background following the outline of Ref.@16#.

In addition to the cuts applied for dijet production, fo
three or four jets, we constrain final states to be separate
a cone of radiusR5A(Df)1(Dh)50.4, wheref is the
azimuthal angle andh is the pseudorapidity, which is relate
to the polar angleu via h52 ln tan(u/2). The single on-shell
g! production cross sections, along with the SM backgrou
are plotted in Figs. 11 and 12 for 1<m<5 TeV andpT

min

<2 TeV. HighpT cuts have a similar effect to that describe

e
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FIG. 12. Same as Fig. 11, but as a function
the compactification scalem for fixed values of
the minimum transverse momentumpT

min . The
horizontal dashed lines represent the SM ba
ground.

FIG. 13. The partial contribu-
tions to the total three-jet cros
section are shown as a function o
pT

min for m53.5 TeV. Here, c.s.
represents all subprocesses th
are related by crossing symmetry
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FIG. 14. The effect that varia-
tion of the choice ofQ has on the
SM three-jet background is show
as a function of the minimum
transverse momentum, pT

min .
Here, p3T is the transverse mo-
mentum of one of the jets,Qŝt̂ û

5Aŝt̂ û/( ŝ21 t̂21û2), and values
in TeV ~e.g., 3.5 TeV! correspond
to the choice of~constant! Q equal
to a compactification scale at tha
particular scale.

FIG. 15. Diagrams involving
the production of two on-shel
g!’s. The modesn andm are dis-
tinct (nÞm).
076007-13
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for dijet production except that thepT
min5km/2 disturbances

are much larger than the dijet case, which should be expe
since theg! is produced on shell in the three-jet case co
sidered here. Such discernible disturbances are indicate
the corresponding values ofkP$1,2,...%. Again we terminate
the pT cuts when the number of anticipated events is qu
scarce~;1/yr!. Although it is not as extreme as in the dij
case, the single on-shellg! results also exceed the SM bac
ground for very highpT

min . The partial contributions of the
various subprocesses to theg! ~for a representative value o
m53.5 TeV! and SM cross sections are shown in Fig. 1
The qg→qg! subprocess dominates over the range of in
est, andqq̄→gg! only contributes to the KK dijet cros
section significantly for lowpT . The effect of varyingQ in
the SM for three jets resembles the effect for two jets t
large degree~Fig. 14!.

We point out that our calculation of the background f
these three-jet final states is somewhat of an overestimat
our signal, two of the jets come from the decay of an on-sh
g!. If we impose the condition that two of the jets clust
around theg! mass for the SM background, the backgrou
to the signal ratio will be less. We did not impose that sin
we are not certain whether that will be possible to implem
experimentally in the actual detection of the jets. If that
experimentally feasible, the background to our signal ra
will be less.

V. DOUBLE ON-SHELL g! PRODUCTION

Double on-shellg! production is analogous to single on
shell g! production, except that in this case the predomin
07600
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-
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e
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KK subprocesses involve the production of two on-shellg!’s
which subsequently decay intoqq̄ pairs, e.g., qq̄→g
→gn

!gn
!→qq̄qq̄. Also, the single on-shellg! case did not

involve thegn
!-gm

! -gl
! nor theg-g-gn

!-gn
! vertices, which are

now part of the picture. Focusing on the production of t
g!’s for the present and applying five-momentum conser
tion, the subprocesses for which twog!’s are produced on
shell are

qq̄→gn
!gn

!,

qq̄→gn
!gm

! , ~23!

gg→gn
!gn

!,

where the two externalg!’s are necessarily in the sam
mode n for initial gluons, but not for initial quarks. The
Feynman diagrams for these three KK subprocesses ar
lustrated in Fig. 15. The diagrams forqq̄→gn

!gn
! are the

same as forqq̄→gn
!g except that theŝ-channel diagram can

have either a virtualg or a virtualg2n
! propagator. Thus, the

amplitude for this process is the same as that given by
~15! with the gn

! propagator replaced byg andg2n
! propaga-

tors, where the coefficient of theŝ-channel amplitude is re
duced by 1/& for the g case. Likewise, the subprocessqq̄
→gn

!gm
! is simply qq̄→gn

!gn
! with the s channel altered for

the possible propagators and the mass of either external
altered by a factor ofm/n. The amplitude forgg→gn

!gn
! is
ained to be
M~gg→gn
!gn

!!52 i4pas~Q!S f abcf ce f
Vabrs

s

ŝ
1 f becf ac f

Vabrs
t

t̂ n8
1 f b f cf ace

Vabrs
u

ûn8
1Vabrs

4abe fD
3ea

a~p1!eb
b~p2!ee*

r~k1!e f*
s~k2!, ~24!

where

Vabrs
s 5@~2p11p2!mgab1~2p11p2!agbm2~p112p2!bgma#@~2k11k2!sgnr1~2k11k2!ngrs2~k112k2!rgsn#gmn,

~25!

Vabrs
t 5@~p11k1!mgbr1~p122k1!bgrm1~22p11k1!rgmb#@~2p22k2!sgan1~2p212k2!agns2~p21k2!ngas#gmn,

~26!

Vabrs
u 5@~p11k2!mgbs1~p122k2!bgsm1~22p11k2!sgmb#@~2p22k1!rgan1~2p212k1!agnr2~p21k1!ngar#gmn,

~27!

Vabrs
4abe f5 f abcf e f c~gargbs2gasgbr!1 f aecf f bc~gasgbr2gabgsr!1 f a f cf bec~gabgsr2gargbs!. ~28!

The amplitudes-squared for these subprocesses, summed over final states and averaged over initial states, are obt
7-14
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S̄uM~qq̄→gn
!gn

!!u25 8
27 p2aS

2~Q!F 648mn
6 1

s̃nt̂ û
2738mn

4S 1

s̃nŝ
227

1

ŝ2
1164

1

t̂ û
216

1

t̂2
216

1

û2
227

1

s̃n
2D

19mn
2S 32

ŝ

t̂ û
2144

1

ŝD 268116
ŝ2

t̂ û
118

t̂ û

ŝs̃n

127
t̂ û

ŝ2
127

t̂ û

s̃n
2G , ~29!

S̄uM~qq̄→gn
!gm

! !u25 8
27 p2aS

2~Q!F214
ŝt̂2

û
12

t̂3

û
220t̂ û1S 28

t̂2

û2
mm

2 mn
2130t̂mm

2 114
t̂

û
mm

4 225
t̂

û
mm

2 mn
2

244mm
4 224mm

2 mn
2216

mm
4 mn

2

û
132

mm
4 mn

4

û2
18

mm
6 mn

2

t̂ û
18

mm
4 mn

4

t̂ û
1m↔nD 1t↔uG

3
1

ŝ2~mm1mn!2

1

ŝ2~mm2mn!2
, ~30!

S̄uM~gg→gn
!gn

!!u25 9
4 p2aS

2~Q!S s2

t̂ n8ûn8
21D S 6

mn
4

t̂ n8ûn8
26

mn
2

ŝ
12

ŝ2

t̂ n8ûn8
1

t̂ n8ûn8

ŝ2
24D , ~31!
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6
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.

of
ge
ion.
wheres̃n[ ŝ24mn
2. ~In our notation, the replacements ind

cated byt↔u do not affect the two terms that involve eith
t or u.!

We point out that in our results for the matrix eleme
squares, as given in Eqs.~29!–~31!, there are no terms tha
grow with energy, and the matrix elements for these subp
cesses are tree-unitary. This is not true for the individ
diagrams for the subprocesses. There are delicate canc
tions between the diagrams for each subprocess. These
cellations occur only because of the relations among the c
plings as dictated by the compactification of the fiv
dimensional KK theory to four dimensions, and also due
the special relations for the masses of the various KK sta
For example, in the processqq̄→gn

!gn
!, the presence of the

g2n
! exchange is crucial with its mass 2nm and its coupling

as dictated by the KK Yang-Mills theory. This is a new e
ample of tree-unitarity for a class of massive vector bos
theories other than the known spontaneously broken ga
theories@17#.

These subprocessj amplitudes squared combine to giv
the total KK cross section forgn

!’s produced on shell as

sKK~pp→g!g!!

5
1

4p
(

j
(

g!pairs
E

rmn

1

dxAE
rmn /xA

1

dxBf a/A

3~xA ,Q! f b/B~xB ,Q!E
21

1

dzS̄uM j u2

3
1

ŝ
A12

~mm1mn!2

ŝ
, ~32!
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where rmn5(mm1mn)2/s and the second summation run
over all gn

!,gm
! pairs that can be produced for energyAs.

Again, we apply the narrow width approximation to accou
for the decay of theg!’s into qq̄ pairs:

sKK~pp→g!g!→4 jets!

5E dV5

4p E dV7

4p
sKK~pp→g!g!!. ~33!

We employ the same cuts utilized for the singleg! case.
Illustrated in Fig. 16 are the four-jet KK cross sections f
1.0<m<3.5 TeV andpT

min<1.5 TeV. High pT cuts have a
similar effect to that described for singleg! production. The
KK cross section is considerably smaller for doubleg! pro-
duction as compared to the singleg! case, which itself is
much smaller than the dijet case. For doubleg! production,
the KK cross section is too small to expect more than
couple of events per year for a compactification scale in
cess of 3.5 TeV, regardless of the SM four-jet backgrou
The subprocess with initial quarks is about a factor of
larger than the contribution from initial gluons, which can
explained by the fact that it is partially magnified by th
factors of& in the q-q̄-g! vertices. Also, the production o
two g!’s with different modes is negligible compared to th
case in which they have identical modes because there
not be a gluon propagator in thes channel in the former case

VI. CONCLUSIONS

In this work, we have investigated the phenomenology
a class of string-inspired models in which the SM gau
bosons can propagate into one TeV-scale extra dimens
7-15
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FIG. 16. The contributions of the double on
shell production ofg!’s to the four-jet cross sec
tion at the LHC,sKK5s2sSM , are illustrated as
a function of the minimum transverse momentu
pT

min for fixed values of the compactification sca
m ~top! and as a function ofm for fixed pT

min ~bot-
tom!.
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Specifically, we calculate the effects that the KK excitatio
of the gluons have on multijet final states at very-hig
energy hadronic colliders such as the LHC or upgraded Te
tron Run 2.

At the LHC (As514 TeV), we found a large enhance
ment, relative to the SM, of the dijet cross sections at h
pT , while at the upgraded Tevatron we found an effect tha
considerably smaller. The effect is observable at the LHC
a compactification scalem&7 TeV, for a wide range of very
high pT . For example, with a minimumpT for each of the
jets of 2 TeV, the dijet cross section is about three tim
larger than that of the SM form55 TeV. Thus, the measure
ments of the dijet cross sections at the LHC will either d
cover the indirect effects of the KK modes of the gluons
set a bound onm of about 7 TeV, which is significantly
higher than the current bound of about 2 TeV. The effec
much less discernible at the upgraded Tevatron, and will
be observed form*2 TeV. For three jets in the final state,
which two of the jets are the decay products of an on-s
g!, at highpT at the LHC, the KK enhancement over the S
cross sections is much smaller than for the dijet case.
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example, with a minimumpT of each of the jets of 1.5 TeV
the cross section is enhanced only by about 100% fom
53 TeV. Although the dijet effect is much greater, three-
final-state measurements can offer additional confirming
formation if a large effect is seen in dijet final-state measu
ments. For four jets in the final state from double on-shellg!

production, again the cross sections are rather small un
m&2.5 TeV.

In the case of single or double on-shellg! production
leading to three or four jets, respectively, in the final sta
the on-shellg!’s subsequently decay primarily~the excep-
tions involve loop corrections! to quark and antiquark pairs
These quark and antiquark decay products will have v
high pT because the mass of theg! is quite high ~some
multiple of the compactification scale, which is at least
TeV!. If the invariant mass of the parent particle can
reconstructed using the measured highpT of the jets, then
that will be the clear signal of the first KK excitation of th
gluons. In the three-jet case, such reconstruction mus
done for each pairwise configuration. Thus, for three jets
the final state, although the total cross section is not m
7-16
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larger than the SM background, such an invariant mass p
could potentially stand well above the SM background.

Now, we discuss some of the uncertainties in our calcu
tions and results. First, in the parton distribution functi
f a/A(xA ,Q) and the strong couplingas(Q), our results are
somewhat sensitive to the choice of the scaleQ. We chose
Q5pT for the SM background as well as for the KK contr
bution to the dijet signal, andQ5mn ~i.e., the mass of the
g!! for single and doubleg! production. We variedQ from
pT/2 to 2pT for two or three jets in the final state for the S
background, and found an enhancement of about 40%
pT/2 and a reduction of about 30% for 2pT compared toQ
5pT . Thus, if the KK effect does not exceed the SM bac
ground significantly, it may be difficult to discern in light o
the uncertainty arising from the choice ofQ. However, for
two jets only, we employ the same value forQ in the KK and
SM cases, such that this uncertainty has a less relative e
on the ratioR. Therefore,R can be somewhat smaller for tw
jets than three or more jets and still provide indirect evide
of KK excitations of the gluons. Secondly, in the calculatio
of three- and four-jet cross sections, we have only conside
the production ofg!’s on shell and their subsequent deca
We have not included those diagrams involving virtualg!’s.
Such virtualg! contributions will naturally be small becaus
they are higher order in the strong-coupling constantas(Q).
However, there are many virtualg! diagrams~especially for
four-jet diagrams! which may lead to a sizeable total contr
bution. Inclusion of these virtualg! diagrams would enhanc
our three- and four-jet signals, thereby producing a som
what greater effect. Finally, we have evaluated the running
the strong-coupling constantas(Q) with the usual logarith-
mic behavior of the SM. This is fine forQ<m, but when
Q.m, the decrease is a power-law behavior, in which c
as(Q) would be somewhat smaller. However, since in m
of our calculations the scaleQ ~which is equal topT in the
dijet case andmn otherwise! is less thanm or does not ex-
ceedm by much, the net effect would be only a relative
small reduction of our calculated cross sections~in our sce-
nario with only one extra dimension!.

Finally, we address the issue of how to distinguish
signal due to KK excitations from other new physics th
might produce a similar collider signal. For example, t
colorons@18# in the top color model produce effects simil
to those of the KK excitations of the gluons. The eight c
orons are like eight heavy gluons with the same ma
whereas, in the KK case, there is an infinite tower of incre
ing masses,mn5nm (n51,2,...). One important distinguish
ing feature between the two cases is the difference in
details of the decay modes of the colorons and the KK e
tations of the gluons. While the branching ratios of the K
g!’s to the various quark flavors are identical, the branch
ratios of the coloron to various flavors of quarks~qi q̄i , i
P$u,d,c,s,t,b%! depend on the mixing angle between t
two SU~3!’s, SU(3)I , and SU(3)II . In the limit of zero mix-
ing angle, the colorons couple only tot t̄ andbb̄. Thus, while
the KK g!’s decay equally to various quark flavors, the co
oron decay is flavor-dependent. In the small mixing case,
dominant decays will be tot t̄ andbb̄. For thet t̄ decay, the
07600
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pT of the jets coming from the subsequent decay of the
quark will be reduced. Thus, the dijet signal at very highpT
would be much stronger in the KK case than in the color
case.
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APPENDIX

The generalization of the 4D SM Lagrangian density
the 5D Lagrangian density leads to 5D gluon field stren
tensorsFMN

a 5]MAN
a 2]NAM

a 2g5f abcAM
b AN

c described by

L552 1
4 FMN

a FMNa1 i q̄gmDmqd~y!

52 1
4 ~Fmn

a Fmna12Fm4
a Fm4a!

1 i q̄gmDmqd~y!, ~A1!

whereg5 is the 5D strong coupling,AM
a is the 5D gluon field,

a,b,c are the usual gluon color indices,Dm is the usual 4D
covariant derivative,m, n are the usual 4D space-time ind
ces,M ,NP$0,1,...,4% are 5D space-time indices, andd(y)
represents that the SM fermions are localized in theD3 brane
with y50. The terms representing the kinetic energy a
interactions between theg andg! fields arise from the con-
traction of theFmn

a ’s:

Fmn
a Fmna5]mAn

a]mAna2]nAm
a ]mAna2]mAn

a]nAma

1]nAm
a ]nAma22g5f abcAm

b An
c~]mAna2]nAma!

2g5
2f abcf adeAm

b An
cAmdAne. ~A2!

Similarly, the mass terms for thegn
!’s stem from the contrac-

tion of theFm4
a ’s:

Fm4
a Fm4a5]4Am

a ]4Ama, ~A3!

where the gauge choiceA4
a50 has been imposed. The re

maining interaction of theg!’s involves the quark fields and
is governed by the term in Eq.~A1! involving the covariant
derivative. We consider compactification on anS1/Z2 orbi-
fold and make the identificationy→2y such thatAm

a (x,
2y)5Am

a (x,y). The fields Am
a (x,y) can then be Fourier-

expanded in terms of the compactified dimensiony5rf as

Am
a ~x,y!5

1

Apr
FAm0

a ~x!1 (
n51

`

Amn
a ~x!cos~nf!G ,

~A4!

where the normalization ofA0
a(x) for the gluon field is one-

half that ofAn
a(x) for the KK excitations.
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Integration over the compactified dimensiony then gives
the effective 4D theory. The terms from the integration
2 1

4 Fmn
a Fmna over y that are quadratic in the fieldsAm

a (x,y)
give rise to kinetic-energy terms in the effective 4D Lagran
ian density of the form

2 1
4 E

0

pr

]mAn
a~x,y!]mAna~x,y!dy

52 1
4 F ]mAn0

a ~x!]mA0
na~x!1 1

2 (
n51

`

]mAnn
a ~x!]mAn

na~x!G .

~A5!

It is then necessary to rescale the fields as

Am0
a ~x!→Am08a ~x!,Amn

a ~x!→Amn8a ~x![
Amn

a ~x!

&
~A6!

in order to canonically normalize the kinetic-energy term
Therefore, the mass and interaction terms must be expre
in terms of the rescaled fields,Am08a (x) and Amn8a (x). The
masses of the KK excitations of the gluons arise from
integration ofFm4

a Fm4a over y:
r
ke

le

07600
f

-

.
ed

e

2 1
4 E

0

pr

]4Am
a ~x,y!]4Ama~x,y!dy

52
1

2

n2

r 2 (
n51

`

Amn8a ~x!An8
ma~x!. ~A7!

The mass of thegn
! is then identified asmn5nm, wherem is

the compactification scale (m51/r ).
The Feynman rules for vertices involvingg!’s follow

from the interaction terms. The interactions of theg!’s with
the quark fields originate from the term in the 5D Lagrang
density involving the covariant derivative. Thed function,
which constrains the quark fields to the wall, takes care
the integration. Thus, theq-q̄-g! vertex receives a factor o
&, compared to the SMq-q̄-g vertex, from the rescaling o
the Amn

a field:

2 iLq-q̄-g!52 i&Lq-q̄-g , ~A8!

where the 4D strong-coupling constantg is related tog5 by
g[g5 /Apr . Interactions betweeng’s and g!’s are some-
what more involved. The cubic interaction terms in the
fective 4D Lagrangian density are
2 i 1
2 g5f abcE

0

pr

Am
b ~x,y!An

c~x,y!@]mAna~x,y!2]nAma~x,y!#dy

52 1
2 g fabcH Am08b ~x!An08

c~x!@]mA08
na~x!2]nA08

ma~x!#13Am08b ~x! (
n51

`

Ann8
c~x!@]mAn8

na~x!2]nAn8
ma~x!#

1
1

&
(

n,m,l 51

`

Amn8b ~x!Anm8
c @]mAl8

na~x!2]nAl8
ma~x!#d l ,6m6nJ , ~A9!
f-
where we introduce the following notation: The Kronecked
with 6’s represents the summation over all of the Kronec
d’s that can be constructed by permuting the1 and2 signs
~e.g., d l ,6m6n5d l ,m1n1d l ,m2n1d l ,n2m1d l ,2m2n!. These
cubic interaction terms lead to the following Feynman ru
for triple vertices involvingg’s andg!’s:

2 iLg-n
n
!2g

n
!52 iLg-g-g , ~A10!
r

s

2 iLg
n
!2g

n
!2g

2n
! 52 i

1

&
Lg-g-g ,

2 iLg
n
!2g

m
! 2g

m6n
! 52 i

1

&
Lg-g-g

for nÞm. Similarly, the quartic interaction terms in the e
fective 4D Lagrangian density are
2 1
4 g5

2f abcf adeE
0

pr

Am
b ~x,y!An

c~x,y!Amd~x,y!Ane~x,y!dy

52 1
4 g2f abcf adeFAm08b ~x!An08

c~x!A08
md~x!A08

ne~x!16Am08b ~x!An08
c~x! (

n51

`

An8
md~x!An8

ne~x!

1
4

&
Am08b ~x! (

n,m,l 51

`

Ann8
c~x!Am8

md~x!Al8
ne~x!d l ,6m6n1 1

2 (
n,m,l ,k51

`

Amn8b ~x!Anm8
c ~x!Al8

md~x!Ak8
ne~x!dk,6m6n6 l G .

~A11!
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The Feynman rules for quadruple vertices involving KK e
citations are then

2 iLg-g-g
n
!-g

n
!52 iLg-g-g-g ,

2 iLg-g
n
!2g

n
!2g

2n
! 52 i

1

&
Lg-g-g-g ,

2 iLg-g
n
!2g

m
! 2g

m6n
! 52 i

1

&
Lg-g-g-g ,

2 iLg
n
!-g

n
!-g

n
!-g

n
!52 i

3

2
Lg-g-g-g ,

~A12!
B

s

.
.
.
.
.

D
g,
,
.

rs
L

E.

t.

07600
-
2 iLg

n
!-g

n
!-g

n
!-g

3n
! 52 i

1

2
Lg-g-g-g ,

2 iLg
n
!-g

n
!-g

m
! -g

m
! 52 iLg-g-g-g ,

2 iLg
n
!-g

n
!-g

m
! -gu2n6mu

! 52 i
1

2
Lg-g-g-g ,

2 iLg
n
!-g

m
! -g

l
!-gu l 6m6nu

! 52 i
1

2
Lg-g-g-g

for nÞmÞ l . The relative coupling strengths are summariz
in Fig. 1.
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