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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 (8dlebauge
bosons can propagate into one Té\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 gluorg¥’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 verp-highe
KK signal due to the exchanges of tg&’s is several factors greater than the SM background for compacti-
fication scales as high as about 7 TeV. The higteffect is not as dramatic for the direct production of a single
on-shellg*, which subsequently decays intpq 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-shgil's.
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[. INTRODUCTION metrical compactification proposal of Arkani-Hamed, Di-
mopoulos, and DvaliADD) [2] for solving the hierarchy
Recent developments in superstring theory have sparkegroblem.

much interest in scenarios where the string scale is much It is also possible, however, to devise a model with asym-
smaller than the four-dimensional Planck sddle The size  metrical compactification where SM particles live in a brane
of the six extra compact dimensions may be much larger thawhich extends into one or more TeWsized extra dimen-
the inverse Planck scale, giving rise to many new phenomsions. The lowest-lying KK excitations then have masses at
enological possibilities. Fon large extra dimensions com- the TeV scale, at the edge of the grasp of present high-energy
pactified at the same scale !, the sizeR is related to the colliders. Such a scheme has many interesting consequences.
four-dimensional Planck scaMp via the relation For example, it alters the evolution of the gauge couplings
from the usual logarithmic to power-law behavi@]. The
unification scale can be several orders of magnitude smaller
[3], even as low as a few TeV. Recently, an asymmetrical
compactification scenario was proposed with two distinct
whereM, is the (4+ n)-dimensional Planck scale, which is compactification scaleft]: n dimensions of siz&kR ~ mm
of the order of the string scale. Recently, it was shown thagnd m of sizer~TeV~*. In particular, we consider the

M3=M""2R", 1)

this relation(1) is phenomenologically viablg] forn=2,R =1, m=5 case. The scaling relation for this mode[4§
can be in the submillimeter regime, and the string scale could
be fairly close to the electroweak scale, namely, a few tens of M3=M3R=M?®RI®. (2

a TeV. The gauge hierarchy problem is eliminated since the
four-dimensional Planck scal®p is not a fundamental It was shown in Ref[4] that this model satisfies all of the
quantity in this scheme. If all six extra dimensions from thecurrent astrophysical and cosmological constrdjifts With
superstring theory are compactified at the same scale, thelR~10 3 eV and 1/~1 TeV, we getM~100 TeV and
1/R is about 10 MeV. Thus, if the standard mod&M) par- M,~10° TeV. In this scenario, the SM gauge bosdasd
ticles are allowed to propagate into these extra dimensionserhaps the Higgs bosprcan propagate into one of the
(the bulk, they will have Kaluza-Klein(KK) excitations TeV -sized extra dimensions, while the SM fermions are
with masses at the 10 MeV scale. The nonobservation ofonfined to the usudd3-braneM ~100 TeV is then consis-
such KK states up to about a TeV at present high-energyent with the unification scaleassuming about a factor of 10
colliders therefore implies, in such scenarios, that all SMuncertainty due to threshold and other eff@gcthie smoking
particles are confined to a three-dimensional brangun signatures of this scenario are deviations from Newton'’s
(D3-brang of the usual three spatial dimensions. These aréaw of gravity in the submillimeter regime as well as new
the key features of the class of models based on the synhighp; jet physics in high-energy hadron colliders.
Most of the work on the collider phenomenology of extra
dimensiong 6] has been on the ADD scenario in which only

*Email address: phbd057 @utxvms.cc.utexas.edu the graviton propagates in the bulk. Hence, the only addi-
"Email address: mcmulle@okstate.edu tional contribution to collider processes stems from the KK
*Email address: shaown@osuunx.ucc.okstate.edu excitations of the graviton. The contributions of individual
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KK modes, with 4D gravitational strength, to collider pro- 4D Lagrangian density, which includes the usual 4D SM
cesses is extremely small. However, the compactificatioagrangian density plus terms involving the KK excitations
scaleu is so small u~mm 1~10"2 eV) that a very large of the SM gauge fields. These KK terms dictate the possible
number of such modes contributes in a TeV-scale collidecouplings that the KK excitations can have both with each
process, yielding a significant total deviation from the SMother and with the SM fields, and provide the Feynman rules
results. Studies of various collider processes typically give dor these vertices as well as the KK propagators.
bound on the string scaléaken approximately to be the In the model under consideration, the SM gauge bosons
cutoff scalg of about a Te\[6]. can propagate into one large extra compact dimension. The
The asymmetric scenario, in which SM fields, in additionterms in the 5D Lagrangian density relevant to us(@r¢he
to gravity, may propagate in one or more extra dimensions oferms involving the contraction of the 5D gluon field strength
TeV ! size, will have a more direct effect in high-energy tensorsF2, = duA2 — aNAZ, — gsf2P°AR AS with 5D indices
collider processes. Beginning with the original suggestion byM,N € {0,1,...,4, wheregs is the 5D strong coupling and
Antoniadis[7], some work has also been done for the col-a,b,c are the usual gluon color indices; afi@) the terms
lider phenomenology of this scenari8], including the ef- involving the quark fields, which contain & function to
fects on electroweakEW) precision measurement®],  constrain the SM fermions to tH23-brane:
Drell-Yan processes in hadronic collidgis0], and u* ™~
pair production in electron-positron collide$0]. The typi- Ls— 3FunFMN+igy*D qa(y). 3
cal bound is 1-2 TeV for the compactification scale. ) ) o
In this work, we study the scenario proposed in Rdf, Here, D, is the u_sual_4D_ covariant derlvat|vgez,,y_are the _
in which only the SM gauge bosortand perhaps the Higgs usual_4D spacg—tlme .mdlces, and the compactlfled extra di-
boson propagate into one of the TéV-sized extra Mension coordinaty is related_to the rad|u_s_ of _the extra
dimensions. More specifically, we study the effects that the dllmen5|oqr by y=r¢. We consider compactification on an
KK excitations of the gluons have on multijet production in S/Z2 orbifold with the orbifold symmetryy— —y, such
high-energy hadronic colliders such as the CERN Largdhat A(x,—y)=Aj(x,y), and impose the gauge choice
Hadron Collider(LHC). We calculate the modifications to A%(x,y)=0. This is the unitary gauge. The 5D gluon field
the SM cross sections for multijet final states which ariseAf‘L(x,y) can then be Fourier-expanded in terms of the com-
from the direct production and exchanges of KK excitationspactified dimensioty as
of the gluons. At the LHC energy, we find substantial devia- .
tions from the SM predictions for dijet final states up to a a 1 a a
compactification scale of about 7 TeV, whereas for the fer-  Au(XY)= ot Auo(x)“LnZl Aun(x)codng) |, (4)
milab Tevatron, the KK contribution only exceeds the SM
background for small compactification scales 2.0 TeV).  \yhere the normalization oA3(x) is one-half that ofA3(x).

For the direct production of " on-shell at the LHC, which  \when the 5D Lagrangian density is integrated over the extra
subsequently decays intpq pairs, the effect is not as pro- gimensiony, this sum represents a tower of KK excitations
nounced as the dijet case, but is still significant. We alsqa\an(x) of the gluon field. Thex=0 mode gluon is identified
present the contribution of the production of two on-shellwﬁh the observed massless gluon of the SM, denoted, by

g*'s. Our paper is organized as follows. We briefly discus'swhiIe then>0 KK modes, denoted by’, have masses
our formalism in Sec. Il, and supplement this with additional _ ’ n’ !

S . =nu, whereu is the compactification scale ¢/ It will
e e cace e S1ecSroue converient o refr o he-0 a0 moces seps
9 S J€L P d’ately by letting “gluon” or g represent just the=0 mode,
cuss our results and the significance of the SM backgroun L d lettina “KK excitation of the gluon” om* or a* stricl
Our analytic expressions for the cross sections for the pro- 9 9 9 n y

. . . ly n>0.
cesses leading to the direct production of one or two on-shel™P . . : ) :
g*'s are presented in Sec. IV and V, respectively: also in- The detailed procedure for integrating over the fifth di-

cluded are a discussion of our numerical results and, for th%enSIony to obtain, in the effective 4D theory, the factors

singleg* case, comparison to the SM three-jet backgroundbnrstr:saa"g\g?g \:%rt.'s?ﬁénxowérr:%.KKa%CI';&:('jO?OS t?\fetgg g“lj.;]
Section VI contains our conclusions. y und| ppendix, upiing

strengths displayed in Fig. 1. Notice that a singfe can
couple to quarks, but not to gluons. Furthermore, quarkless
[l. FORMALISM vertices with N g*’s only have nonvanishing coupling

, , ) strengths if the modes,,n,,...,ny of the g*’s satisfy the
We are interested in tree-level parton subprocesses involyg|4tion

ing the exchanges or direct productitr both of KK ex-
citations of gluons. The starting point is the generalization of [N =n,*- - +ny_q|=ny. (5)
the 4D SM Lagrangian density to the 5D Lagrangian density.
Integration over the fifth dimension then yields the effectiveAlthough this relation, Eq(5), governs the possible vertices,
it is not a law expressing 5D momentum conservation for
N—M processes: For examplega cannot decay into glu-
"However, our results apply to any compactified string model inons at the tree level, although this process is permitted when
which the gluons propagate into one such extra dimension. a quark loop is introduced. Also worth noting are the factors
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FIG. 1. Relative coupling
strengths of vertices involving
g*’s. Only the overall factors are
shown. Theg-g-g* vertex also in-
volves the SWB) matrix element
and the Diracy, matrix; triple
vertices ofg's and g*'s also in-
clude the usual S(@) structure
functions and the momenta fac-
tors, and quadruple vertices gk
and g*’'s also contain the usual
structure function factors as well
as the metric tensog,, . Here,n,
m, and| are distinct positive inte-
gers h=m#l1).

ggn grk:km:l:n|
of v2, which originate from the different rescaling of the  diagram with theg propagator in addition to a tower of dia-

=0 andn>0 modes, necessary to obtain canonically nor-grams with g’ propagators, or, equivalently, an effective
malized kinetic-energy terms in the effective 4D Lagrangianpropagator given by the sum

density[11].
Another difference between the Feynman rules fordhe %
and theg™ lies in the propagator. Thg" propagator is that of Ag(p?) = CoAo(p?) + > chAn(p2). (7)
a usual massive gauge boson, shown here in the unitary n=1
gauge:

Notice thatc, incorporates the differerq-q-g andqg-g-g;,
vertex factorgi.e.,co=1c,~ = 2). This effective propagator
can be generalized to the case of arbitrary vertices with ap-
©6) propriate choices of the, factors(including settingc,, equal
to zero when either vertex is forbidden
The mass of thg* also enters into the expression for the
Cross section via summations over polarization states when
At the tree level, theg;, decays intoqq pairs with (total) externalg*’s are present. For the direct productionggf's,
width? T',=2a¢(Q)m,. The decay width cannot be ne- the summation of polarization states is given by
glected because the subprocess eneffgyuns up to 14 TeV
at the LHC, while we are interested in TeV-scale compacti- Kk,
fication. For dlagram§ Wherg a virtugl or g* gxchanges > eif](k,a)e,'fn(k,o)z( — 0t ;]2 )5‘3". (8
between two quark pair®.g., inqg—qq), there is the usual v n

 PuPy

gMV 2
mn

_-Aab 2 :_-5ab y .
18 n(P) =~ p?—mi+im, T,

Compare this to the case of exterrgd, in which case a
2We neglect the top-quark mass relative to the very heglvy projection such as
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% — 4id; 499 — 4iq;
a4 i % a4
9n é 9 E
a4 g g5 a5
%G — 4G 9T — 9595
% ] i a4 3 qj
. N FIG. 2. Dijet diagrams involv-
9n In ing KK excitations of the gluons.
" The indicesi andj represent dis-
200 In 200 tinct (i#j) quark flavors.
a qi a; 7 7 q]
9iq; — 9iG;
a4 a4
9n E
d; q;
ax b of dijet production. It is then convenient to defillg,(p?)
; €, (k,o)e (ko) andD.«(p?) as
(77,u,kv+ 7]Vk ) 7]2kﬂkp b D ( 2y — Cn
=\ — — p )_ D 2~
S (7-K)2 & (9 n pZ—m2+im,I,

10
can be made to eliminate unphysical longitudinal polariza- Co w— (10
tion states(and thereby satisfy gauge invariahcéor arbi- Dei(p?) = Ez"‘ >, CaDa(p?).
trary four-vectory,, . n=t
Here,c, represents the fact that tleeq-g and theqg-g-g;,
. DIJET PRODUCTION vertex factors differ by a/2 (i.e., co=1, Cp-0=2). In the
For dijet production, all tree-level diagrams are includeg@mplitude squared, it is therefore necessary to evaluate terms
which do not contain ang*’s in the final state, since the ©f the form

g*’s would quickly decay intagq pairs, thereby producing Lrm* (A - Ak A
additional jets’ Thus, the KK excitations only appear in two- 2[ Dei(0)Deff(W) + De(0) De(W) ]

jet diagrams via virtuah* propagators. The net tree-level o 5 W +m.TomT
effect of theg*’s on dijet production is the replacement of = > el (11)
the SM gluon propagator by an effective KK propagator, m,n=0 O+ M) (W "+ mil's)

wherever five-momentum is conserved. Employing gauge in- . .
variance, we drop the second term in E8).in our analysis Whereo andw are any of the three usueubprocessMan-

delstam variable§i.e., ,We {3,1,0}), andv], represents the
subtraction ofm? from ¢ (i.e.,d,=0—m2). [In Eq. (11), we
3We neglect the contributions from cases where multiple jets arénake an exception and include the=0 andn>0 modes
produced, but only two of them pass the various cuts. together for concisenegsThis sum converges somewhat
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10° é—
10’ é—
= B
£ E
g 10 é—
10° &
E u (TeV)
E FIG. 3. The contributions of the virtual ex-
sl —e— 1 changes ofg*’s to the LHC dijet production
10 0 1 5 3 4 —a— 3 cross sectiongyk =0 — ogy (top) and the ratio
— + 5 of the KK contribution to the SM background,
:‘" (TeV) A 7 R= oy /asw (bottom are illustrated as a func-
9 tion of the minimum transverse momentysf"”
o o e o LSS S s for fixed values of the compactification scale
E : 3 T-t--SM The solid horizontal line represents-200
C ] events/yr at the projected integrated luminosity.
- Discernible bumps in regions for whicpf"
102 = =ku/2 are indicated by the corresponding value
£ of ke{1,2,..}.
R0 e T e =
100 T Y E
10-1 11l
0 1 2 3 4

P (TeV)

rapidly# Since /5 runs up to 14 TeV for the LHC, the sum ming over all possible subprocesseis— cd:
can be truncated after a couple dozen tefires, whenn

becomes at least a couple of times greater than 14 deV/ )

where u is the compactification scaleWe choosenay U(Ppﬁzlets):abgcd a2l
=50. From five-momentum conservation, there are no inter- !

nal g*'s for any tree-level dijet diagrams involving external Here, py is the transverse momentum add/dr is the par-
gluons (e.g., the KK excitations do not affect the process;y, luminosity:
gg—gg). The diagrams to which the KK excitations do con-

tribute are illustrated in Fig. 2. dc fl dx,

dc
dr—o(ab—cd). (12
dr

The total dijet cross section(pp— 2 jets) is obtained P X—fa,A(xA,Q)fb,B(xB,Q). (13
from the individual subprocess cross sectiagn@b— cd) T oA
and the parton distribution§, a(Xa,Q) andfyg(xg,Q) by

integrating over the momentum fractioxg andxg and sum- We evaluate the CTEQ distribution functioh%3] for the

parton luminosity aQ=p; and impose the following cuts:
The transverse momentumy is constrained to lie above

P min ; TR ;
“When generalizing to the case where the gluons may propaga®®Me minimump™, while the rapidity is restricted to sat-

into more than one large extra dimension, the sum in the effectivdSfy ly|<2.5. The total cross section can also be separated
propagator is formally divergent. However, this problem has beerinto the SM cross section and tigé cross section, which is
widely addressed in the literatuf&2], where various solutions have due to the contributions of Fig. 2:0=0gyt ok . Al-
been proposed. thoughogk includes the interference terms betwagmand

076007-5



D. A. DICUS, C. D. McMULLEN, AND S. NANDI PHYSICAL REVIEW D65 076007

E T T T T T T T T T T T T T T T E
10'F
g w0'E
s |
e E
10° ;_ ~ 200/yr
I S S S B, 3 Pl (TeV)
E - -v----- R T v 2
10.5 i L1 i L1 | [ | [ | L1 ] — 1,5
0 2 4 6 8 10 | —a—2.0
—e— 25 FIG. 4. Same as Fig. 3, but as a function of
u (TeV) 30 the compactification scalg for fixed values of
. 3'5 the minimum transverse momentupf™". The
L L B B B B : horizontal dashed lines represent the SM back-
C ] ground.
102 E_ ......................................... _E
R L e N N N N AR A E
T R I b
10-1 Il 1 1 i Il Il 1 i 1 Il Il i 1 1 Il i 1 1 1
0 2 4 6 8 10

# (TeV)

g”’'s, it usefully represents the amount by which the totaltion. WhenpT""=ku/2 for ke {1,2,..}, there is a slight dis-
cross section exceeds the SM background. The KK contribuurbance in the cross-section plots, which is expected since
tions, along with the SM background, are shown in Figs. 3this corresponds to an on-shgll contribution. Naturally, the
and 4 for compactification scales in the rangesAd  disturbance is only discernible for small valueskofThese
<10TeV and for transverse momentum as highpds'  discernible regions are indicated on the plots by the corre-
<4 TeV. sponding values of.

The KK effect is actually quite large: For sufficiently high ~ The partial contributions of the various subprocesses to
pr (~2 TeV), the effect of the virtual exchanges of th¥s  the full dijet KK (for a representative value gi=3.5 Te\)
actually exceeds the SM background for compactificatiorand SM cross sections are illustrated in Fig. 5. At Ipw,
scales below 7 TeV. The effect becomes even more proe virtual g* effect is greatest for subprocesses with two
nounced for yet highepT", where the KK contribution be- different initial quarks, while at highpy, it is largest for
comes several factors larger than the SM cross section. Theibprocesses with identical initial quarks.
trend continues beyond the 4 TeV shown, but the cross sec- Figure 6 shows the dijet differential cross sectiw/dm
tion is too small beyond this point to observe more than aas a function of the invariant mass of the final-stateg-q
couple of events per year at the anticipated integrated lumipair: The peaks are subtle, and positioned well below the SM
nosity of the LHC (2<10° pb™%). Final quark states due to background. The signal in the two-jet invariant mass distri-
the decay of a very massig have very highpr, thereby  bution is well below the SM background unless the invariant
enhancing the ratidR=oyy /ogy for high pT™", which is  mass is very largeni>5 TeV). However, at the LHC, the
where theg* contribution actually exceeds the SM contribu- cross sections are not large enough for the signal to be ob-
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10°

E L \I | T T T 3
e - = 3 Subprocess
I N 1| —*—e—g—a,dq
107 B : ] B g—g —qq
g 3| T W ow
E ] | —s— KK Total ) ,
5 C - 3 _ FIG. 5. The partial contribu-
§& = --0--99—9—99,9 ) - :
L, = I T s tions to the total dijet cross section
AN T | . ) S, are shown as a function qff",
07 F : 3 99—9—49,99 599 for u=3.5TeV.
E : —-a--H I
C 3 --V--gd »g—qqd
- : N 1 | - -+ - - 8M Total
: : AN
10.3 11| | | I I 11 1) T\ 1 LR
0 1 2 3 4

Py (TeV)

servable in this range ah. There are two reasons why the the relative KK effect. We point out that due to these uncer-
dijet invariant mass distribution does not give a good signaltainties and the fact that one cannot directly meaf,)sehen
First, the widths of theg*’s are large such that the peaks working at tree level it is necessary to look for signals that
corresponding tan= x are not sharp nor tall enough. Sec- disagree with the SM by much more than 50%, probably as
ond, most of the cross section for a given invariant massnuch as 100%, to be sure that we are indeed observing a
comes from pairs which have relatively lop, for which  signal for new physics. Therefore, the detection of KK exci-
the SM background is very large. The decay of the resonartattions of the gluons is most favorable for regions of
KK gluon, g*, gives rise to highp; for each of the jet pairs. (pT",u) space, where the KK contribution is at least com-
It is only when we consider the final states where each of th@arable to the SM background, and above the horizontal line
jets have highpt that the KK contributions exceed the SM (in Figs. 3 and #that marks an anticipated couple of hun-
background. In the invariant mass distribution, such tpgh dred events per year.
contributions constitute only a very small part of the cross For comparison, in Figs. 8 and 9 we also give ¢fiecross
sections observable at the LHC energy. section and its relation to the SM background for the Fermi-
Depicted in Fig. 7 are the effects produced by variation ofiab Tevatronpp collider running atys=2 TeV. The KK
the somewhat arbitrary choice Qf=pT" for the SM back- effect is much smaller than for the LHC because of the con-
ground. The relative uncertainty in the SM background carsiderably more restrictive constraints on the transverse mo-
be quite high, say 40%, due to the ambiguity in the choice omentum. Theg* cross section is only comparable to the SM
Q, and other factors such as the choice of parton distribufor compactification scaleg as high as about 2 TeV, and the
tions. However, since the signal and the background are eaghklative uncertainty in the total dijet cross section must be
calculated at tree level, the uncertainties should somewhajuite precise in order to see a sizeable discrepancyufor
cancel in the ratioR. Thus,R provides a good measure of ~3 TeV.

103 EC T [ T T 11 T T T 1 UL 19
F ' ! b
[ % §
2 LN -
10°E + : X 3 (1)
E ~ : ' E b (Te
C * : ]
= : . . . .
& 10'F S T 3 —e—2 FIG. 6. The differential cross sectiar/dm
E F o 3 —s—3 is shown asa function of the invariant_ manof
s - -k + . 4 the g-q pair. T_he p_eaks that are predicted to oc-
% 100 B TN N NG —~ cur when the invariant mase matches the com-
3 E E —&+— 5§ e
E 3 pactification scalew are subtle and located well
C ] --t--sM below the SM signal.
10'1 §_ --------------------------------------
10.2 1 [ i | | 1 [ i 1 | | 1 i L1 | 1 i [ 1
2 3 4 5

m (TeV)
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FIG. 7. The effect that varia-
tion of the choice ofQ has on the
SM dijet background is shown as
a function of the minimum trans-

verse momentum, p™. Here

Qgig= Vato/(82+1?+0?), and
values in TeV(e.g., 3.5 TeV cor-
respond to the choice ¢€onstank
Q equal to a compactification
scale at that particular scale.

FIG. 8. The contributions of the virtual ex-
changes ofj*’s to the Tevatron dijet production
cross sectiongyk=0—ogy (top) and the ratio
of the KK contribution to the SM background,
R= ok /oy (bottom are illustrated as a func-
tion of the minimum transverse momentypf™
for fixed values of the compactification scalke
The solid horizontal line represents2 (25)
events/yr at the projected initigfinal) Run 2 in-
tegrated luminosity. Discernible bumps in regions
for which pT"=ku/2 are indicated by the corre-
sponding value oke{1,2,..}.
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—e—0.2

FIG. 9. Same as Fig. 8, but as a function of

IV. SINGLE ON-SHELL g* PRODUCTION

Three-jet KK final states predominartlgrise from sub-
processes whereg! is produced on shell and subsequently

0.6

the compactification scalg for fixed values of

the minimum transverse momentup{"". The
horizontal dashed lines represent the SM back-
ground.

ation of its subsequent decay for now. The subprocesses sat-
isfying five-momentum conservation for which g is
produced on shell are

decays intaqq, e.g., viagg—g,—gng—qqg. We concen-

trate on the production of thg*, postponing the consider-

5The contributions of virtuaty* exchanges for which no external

a9—9gn0.

qg—agn, (14

on-shellg*’s are produced to the three-jet KK cross section contain

an extra factor ofug(Q) relative to the contribution of single on-

qg—qgp,

shellg* production. However, since virtugl exchange is signifi-
cant for dijet production, the many virtugl* exchange diagrams

leading to three jets in the final state—for which no exteigids

where the mode of the externaly* is necessarily identical

are produced on shell—may also have a significant effect. Althougi0 that of any virtualg*’s. Therefore, there is no summation
we do not calculate these purely virtual exchange contribution®ver modes in these propagators; instead, the three-jet cross

here, we do note that they would likely enhance our results.

section involves a summation over the possible modes (
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q9 — qg;,

FIG. 10. Diagrams involving
the production of a single on-shell
g*. The diagrams forqg—0qgr
are obtained by replacingwith g
in the diagrams fogg—qg;,.

=1) of the externa™’'s. The Feynman diagrams for these fIM(qEHg;g)IZ
three KK subprocesses are illustrated in Fig. 10. The ampli-
tude forqg—gg is mi m2\[ &
27’1T OZS(Q) ( S[) Si_ 18
M(GG—g39) AN
- — 82 to
=—i4may(Q)vj(py) ~17+4+18 ,2], (19
VEoovs VoY, o S
e_Tf po L PO +T po__ " po
“ Jk( is ) ¥ ’k< a3 ) which is related to the amplitude squared m—qg;, via

crossing symmetry:
XUuj(p2)es (k1) €f “(ka), (15
3| M(qg—agy)l?
where the scal® is identified with the mass of thg*, 0,
representgas beforg¢ subtraction ofm2 from the Mandel- 122 mﬁ m2 18- 80’2
stam variablé € {8,1,0} (i.e.,5,=0—m2), and thev", ten- “smasQ)
sors are given by

~r2 a2

ap, St

p(r \/_yﬂ[(k2+ 2k1)a'g,u,p+( kl+ kZ),ugp(J' 14 é’f 0’2] ' (20)

- (2k2+ kl)pgo'p,]! (16) o o

The amplitude squared fayg—qg;, is in turn identical to

W —VZy,(P1— K1) Ve 17) that ofquﬂqgn I_ay time-reversal |nvar|ar?ce. Upon mtegra-
tion overt, the singleg™ on-shell production cross sections
assume the form

VEU': ‘/270'( kl_ Ib2) Yo (18)
_ _ _ - okk(pp—g+ged
After summing over final states and averaging over initial
states, the resulting amplitude squaret is 1
**E > dXAf . Oxgfya(Xa,Q)
27 ] g Jm 2/s mi/sxa

5We employForm [14], a symbolic manipulation program, in the 1 3y
evaluation of the amplitudes squared for single and double on-shell X foe(Xg ’Q)f dz§| Mjn|2j, (22)
g* production. -1 &
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where the first summation runs over all possible subpro-
cesseg producing a singlg™ on shell, and the second sum-
mation is over allg;’s that can be produced for subprocg¢ss
in light of the givenpp collider energy \/s. Observe that

n,

Mjn(my) =M ;1(nmy) so thatS M, (m,) = ="M, (nmy).

We are now prepared to account for the decay ofghénto
gq pairs. Working in the narrow width approximation, we
integrate over the dimensionless solid and{e,/4 to ob-
tain the total single on-shel* cross sectioriprior to cuts:

pactification scalew. When Q> u, the running ofag(Q) trans-
forms from a logarithmic to a power-law behavi{&]. This has the

PHYSICAL REVIEW D 65 076007

FIG. 11. The contributions of the single-on
shell production ofy*’s to the three-jet cross sec-
tion at the LHC,o¢x = o — oy (top) and the ra-
tio of the KK contribution to the SM background,
R= oy /asw (bottom are illustrated as a func-
tion of the minimum transverse momentysi"”
for fixed values of the compactification scalke
The solid horizontal line represents-200
events/yr at the projected integrated luminosity.
Discernible bumps in regions for whicpf"
=ku/2 are indicated by the corresponding value
of ke{1,2,..}.

oxk(pp—jet+g*—3 jety

dQ, .
:fﬁUKK(pp_’g +jet). (22

The various cuts are performed by defining the two
4-momenta of the decaying particles in their center-of-mass
frame in terms of}, (each decaying particle has momentum
m,/2) and boosting the two 4-momenta to the lab frame. In
addition to theg* cross section, we calculate the SM three-

jet background following the outline of Ref16].
In addition to the cuts applied for dijet production, for
three or four jets, we constrain final states to be separated by

"Note that the scal®=m, for then>1 modes exceeds the com- & ¢ON€ of radiusR=y(A¢) +(A7)=0.4, where is the

azimuthal angle ang is the pseudorapidity, which is related
to the polar angl® via = —Intan(/2). The single on-shell

effect of reducing the contributions of the higher-order modes to th&” productioh Ccross sections, along with the SM background,
total multijet cross sectiorfd5], but only slightly at LHC energies are plotted in Figs. 11 and 12 for<slu<5 TeV andp"
<2 TeV. Highpt cuts have a similar effect to that described

since only a few KK modes can be produced on shell.
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FIG. 14. The effect that varia-
tion of the choice ofQ has on the
SM three-jet background is shown
as a function of the minimum
transverse  momentum, pT".
Here, ps7 is the transverse mo-
mentum of one of the jetRQsy;
=/5t0/(8%+12+02), and values
in TeV (e.g., 3.5 TeV correspond
to the choice ofconstant Q equal
to a compactification scale at that
particular scale.

FIG. 15. Diagrams involving
the production of two on-shell
g*’s. The modes andm are dis-
tinct (n#m).
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for dijet production except that the"=ku/2 disturbances KK subprocesses involve the production of two on-sbéls
are much larger than the dijet case, which should be expectethich subsequently decay intogq pairs, e.g., qq—g
since theg* is produced on shell in the three-jet case con-—g)g:—qqqq. Also, the single on-shely* case did not
sidered here. Such discernible disturbances are indicated yvolve theg-g-g;" nor theg-g-g:-g;, vertices, which are
the corresponding values k& {1,2,..}. Again we terminate now part of the picture. Focusing on the production of the
the pr cuts when the number of anticipated events is quitey*’s for the present and applying five-momentum conserva-
scarce(~1/yr). Although it is not as extreme as in the dijet tion, the subprocesses for which twd’s are produced on
case, the single on-shgl' results also exceed the SM back- shell are
ground for very highpT". The partial contributions of the
various subprocesses to the (for a representative value of
u=3.5TeV) and SM cross sections are shown in Fig. 13.
Theqg—qg™ subprocess dominates over the range of inter-
est, andqg—gg* only contributes to the KK dijet cross qgq—9grdms (23
section significantly for lowpt. The effect of varyingQ in
the SM for three jets resembles the effect for two jets to a .
large degreéFig. 14). 99—09n0n;

We point out that our calculation of the background for
these three-jet final states is somewhat of an overestimate. {phere the two externafj*’s are necessarily in the same
our signal, two of the jets come from the decay of an on-shellnode n for initial gluons, but not for initial quarks. The
g”. If we impose the condition that two of the jets cluster Feynman diagrams for these three KK subprocesses are il-
around theg” mass for the SM background, the backgroundjystrated in Fig. 15. The diagrams fofg—gg;, are the

to the signal ratio will be less. We did not impose that sincegyme as fogg— g’ g except that thé-channel diagram can
n

we are not certain whether that will be possible to impleme_nhave either a virtual or a virtualg, propagator. Thus, the

exper!mentally n th.e actual detection of the jets. If that '.Samplitude for this process is the same as that given by Eq.
experimentally feasible, the background to our signal ratio . . N
will be less. (15) with theg;, propagator replaced hyand92n_ propaga-
tors, where the coefficient of tiechannel amplitude is re-
duced by W2 for the g case. Likewise, the subprocegg
—gngn, is simply qg—grg, with the s channel altered for
Double on-shelg* production is analogous to single on- the possible propagators and the mass of either external line
shellg* production, except that in this case the predominangltered by a factor ofn/n. The amplitude folgg—g;g;, is

a9q—gngn,

V. DOUBLE ON-SHELL g* PRODUCTION

% % Ve
M(9g—07g7) = —i4may(Q) fabCfcef—“éﬁp” + fbe%acf—;’,ﬁ”" + fbeface—;fp” +Vebpo

n n

X ea(P1)eh(P2) el (Ky) €f “(Ky), (29

where

VZBpUZ [( - pl+ pZ),uguzB—’_ (2p1+ p2)agﬁp,_(pl+ 2p2)ﬁgp,a][(2kl+ k2)a'gvp+ ( - k1+ kZ)Vgpu'_ (kl+ 2k2)pg(rv]gl“}(! )
25

Vtaﬁpo': [(pl+ kl)Mng+(p1_ 2k1)ﬁgpﬂ+ ( - 2p1+ kl)pg,u,B][(sz_ kZ)Ugav+ ( - p2+ 2k2)agV0'_(p2+ kZ)VgCY(T]g/LV(’ )
26

Vi,@poz [(p1+ k2)MgB0'+ (pl_ 2k2)BgU,u,+ ( - 2p1+ kZ)UgMB][(ZpZ_ kl)pgav+ ( - p2+ 2kl)agvp_ (p2+ kl)Vgap]gMV(!Z

Vi%?)%'f: fabcfefc(gapgﬁa_ gaagﬂp) + faecffbc(gcwgﬁp_ gaﬁgap) + fafcfbec(gaﬁgap_ gapgﬂtr) . (28)

The amplitudes-squared for these subprocesses, summed over final states and averaged over initial states, are obtained to b

076007-14



COLLIDER IMPLICATIONS OF KALUZA-KLEIN . .. PHYSICAL REVIEW D 65 076007
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u

3,10 SACEE to 12 Sh

=

& to __to __to
—68+16—+18—+ 273 + 27_‘—2 , (29
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5
- 9m§< 32——144-
tQ SS, S

ta S

t2 . t t
¥ mZm?2+30tm2 + 14a miy— 255 mzm?

stz 8
—14T+27—20tu+
u u

SIM(qG—grgn)|?= 2 7°ad(Q) -8

4.2 4.4 6
mmn mmmn mmm

_ 4 2 2 m
44m? — 24m2mZ— 16 +32 +8 +8 +men | +teu

a a2

X ! ! (30
§_(mm"_ mn)2 §_(mm_ mn)2 ,

— SZ m4 m2 §2 t/ﬁ!
2|M(ggﬂg;g;>|2=%w2a§(q>(——1)(6 L6 +2—+ Tz”—4). (31)

t,0;,

wheres,=5— 4mﬁ. (In our notation, the replacements indi- where p,,,= (my,,+m,)?/s and the second summation runs

cated byt—u do not affect the two terms that involve either over all g,g7, pairs that can be produced for energsy.

toru) Again, we apply the narrow width approximation to account
We point out that in our results for the matrix elementfor the decay of the*’s into qq pairs:

squares, as given in EqR9)—(31), there are no terms that

grow with energy, and the matrix elements for these subpro- okk(PpP—g*g*—4 jety

cesses are tree-unitary. This is not true for the individual

diagrams for the subprocesses. There are delicate cancella- :f dQg &U (Pp—g*g*) (33)
tions between the diagrams for each subprocess. These can- 41 47 TKk(PPO00).

cellations occur only because of the relations among the cou-

plings as dictated by the compactification of the five-We employ the same cuts utilized for the singe case.
dimensional KK theory to four dimensions, and also due tdllustrated in Fig. 16 are the four-jet KK cross sections for
the special relations for the masses of the various KK stated..0< u<3.5 TeV andp'"<1.5 TeV. Highp; cuts have a
For example, in the procesg—g;g., the presence of the similar effect to that described for singg production. The
g5, exchange is crucial with its mass12 and its coupling KK cross section is considerably smaller for doufepro-

as dictated by the KK Yang-Mills theory. This is a new ex- duction as compared to the sing#¢ case, which itself is
ample of tree-unitarity for a class of massive vector bosorimuch smaller than the dijet case. For dougteproduction,
theories other than the known spontaneously broken gaugBe KK cross section is too small to expect more than a

theories[17]. couple of events per year for a compactification scale in ex-
These subprocegsamplitudes squared combine to give cess of 3.5 TeV, regardless of the SM four-jet background.
the total KK cross section fog},'s produced on shell as The subprocess with initial quarks is about a factor of 6
larger than the contribution from initial gluons, which can be

oxk(PP—9g*g*) explained by the fact that it is partially magnified by the

factors ofv2 in the g-q-g* vertices. Also, the production of

1 2 2 1 q 1 dxaf two g*'s with different modes is negligible compared to the
T e P XA prnl¥a Xala/a case in which they have identical modes because there can-
or not be a gluon propagator in tisechannel in the former case.
1 —
X (Xa,0Q)fr/a(Xg, f dz= M |?
( A Q) b/B( B Q) 1 | J| VI. CONCLUSIONS
1 N P In this work, we have investigated the phenomenology of
X 1_M, (32) a class of string-inspired models in which the SM gauge
§ § bosons can propagate into one TeV-scale extra dimension.

076007-15



D. A. DICUS, C. D. McMULLEN, AND S. NANDI PHYSICAL REVIEW D65 076007

10" F E
N ] u (TeV)
z c ] —e—15
S ] | —=—20
N a , : . —e—25
F : : : : E —v—35
10°F WE
_I 1L 111 i | | i | i | T | i 1 1| i
0 0.3 0.6 0.9 1.2 1.5 FIG. 16. The contributions of the double on-
) shell production of*’s to the four-jet cross sec-
o, (TeV) tion at the LHC o« = 0 — ogy, are illustrated as
. a function of the minimum transverse momentum
10 L N L B B pT" for fixed values of the compactification scale
n : ] w (top) and as a function of. for fixed pT"" (bot-
N e = tom).
107 TN 5 p:i" (TeV)
= F 1 | —e—o025
& g 3 —=— 0.50
5 10° = e ——0.75
E 3 —a— 1.00
§_ """""""""""""""""""" _§ —— 1 .25
10 ; /’\ 2y ~ = 3
Lo i IMI L1 i L
1 15 2 25 3 3.5
# (TeV)

Specifically, we calculate the effects that the KK excitationsexample, with a minimunp; of each of the jets of 1.5 TeV,
of the gluons have on multijet final states at very-high-the cross section is enhanced only by about 100%_for
energy hadronic colliders such as the LHC or upgraded Teva= 3 TeV. Although the dijet effect is much greater, three-jet
tron Run 2. final-state measurements can offer additional confirming in-
At the LHC (y/s=14 TeV), we found a large enhance- formation if a large effect is seen in dijet final-state measure-
ment, relative to the SM, of the dijet cross sections at highments. For four jets in the final state from double on-spgll
p7, while at the upgraded Tevatron we found an effect that iproduction, again the cross sections are rather small unless
considerably smaller. The effect is observable at the LHC fou=<2.5 TeV.
a compactification scale<7 TeV, for a wide range of very In the case of single or double on-shell production
high pr. For example, with a minimunp; for each of the leading to three or four jets, respectively, in the final state,
jets of 2 TeV, the dijet cross section is about three timeshe on-shellg*’s subsequently decay primarilghe excep-
larger than that of the SM for=5 TeV. Thus, the measure- tions involve loop correctiongo quark and antiquark pairs.
ments of the dijet cross sections at the LHC will either dis-These quark and antiquark decay products will have very
cover the indirect effects of the KK modes of the gluons orhigh p; because the mass of thg is quite high(some
set a bound onu of about 7 TeV, which is significantly multiple of the compactification scale, which is at least a
higher than the current bound of about 2 TeV. The effect isTeV). If the invariant mass of the parent particle can be
much less discernible at the upgraded Tevatron, and will nateconstructed using the measured hjghof the jets, then
be observed fop=2 TeV. For three jets in the final state, in that will be the clear signal of the first KK excitation of the
which two of the jets are the decay products of an on-shelgluons. In the three-jet case, such reconstruction must be
g*, at highpt at the LHC, the KK enhancement over the SM done for each pairwise configuration. Thus, for three jets in
cross sections is much smaller than for the dijet case. Fdhe final state, although the total cross section is not much
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larger than the SM background, such an invariant mass pegl; of the jets coming from the subsequent decay of the top

could potentially stand well above the SM background. quark will be reduced. Thus, the dijet signal at very hjgh
Now, we discuss some of the uncertainties in our calculawould be much stronger in the KK case than in the coloron

tions and results. First, in the parton distribution functioncase.

faa(Xa,Q) and the strong coupling(Q), our results are

somewhat sensitive to the choice of the sd@leWe chose ACKNOWLEDGMENTS

Q=py for the SM background as well as for the KK contri- We are grateful to K. S. Babu, J. D. Lykken, and J. D.

bE)“?O”r t;)'nthli g':g[ j(')gnballl’ *ans): n;,t]_o(;e.\}v';hearrr?sss f?;;]he Wells for useful discussions. The work of D.D. was sup-
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background, and found an enhancement of about 40% fQf5(3.98ER41076. o o

ps/2 and a reduction of about 30% foip2 compared taQ
=ps. Thus, if the KK effect does not exceed the SM back-
ground significantly, it may be difficult to discern in light of
the uncertainty arising from the choice @ However, for The generalization of the 4D SM Lagrangian density to
two jets only, we employ the same value f@iin the KK and  the 5D Lagrangian density leads to 5D gluon field strength
SM cases, such that this uncertainty has a less relative effemnsorsFg, = duAZ — A% — gsF2P°AL AS described by

on the ratioR. ThereforeR can be somewhat smaller for two

APPENDIX

jets than three or more jets and still provide indirect evidence Ls=—iFynFMN2+igy*D ,qd(y)

of KK excitations of the gluons. Secondly, in the calculations

of three- and four-jet cross sections, we have only considered =_ %(szpweur 2F24F“4a)

the production ofy*’s on shell and their subsequent decays. .

We have not included those diagrams involving virtg&ls. +igy*D,qé(y), (A1)

Such virtualg™* contributions will naturally be small because . . . .

they are higher order in the strong-coupling constagf)). ~ Wheregs is the 5D strong couplingy; is the 5D gluon field,
However, there are many virtugt diagrams(especially for ~ a,b,care the usual gluon color indiceB,, is the usual 4D
four-jet diagramswhich may lead to a sizeable total contri- covariant derivativeu, v are the usual 4D space-time indi-
bution. Inclusion of these virtug* diagrams would enhance ¢€s,M,Ne€{0,1,...4 are 5D space-time indices, a{y)

our three- and four-jet SignajS, thereby producing a Some[epresents that the SM fermions are localized inDBd)rane
what greater effect. Finally, we have evaluated the running ofvith y=0. The terms representing the kinetic energy and
the Strong_coup"ng Constants(Q) with the usual logarith- interactions between tf@and g* fields arise from the con-
mic behavior of the SM. This is fine fo<u, but when traction of theF§ 's:

Q> pu, the decrease is a power-law behavior, in which case

a<(Q) would be somewhat smaller. However, since in most Fp,F*"#=3,A00"A" =39 AL A= g, A9 A2

of our calculations the scal® (which is equal topy in the a -y A ua abcab aC va v aua

dijet case andn, otherwisg is less thanu or does not ex- O IAT 2G5 TALA (GEAT = TATE)

ceedu by much, the net effect would be only a relatively —g2fabefadepb ACpndp e (A2)
small reduction of our calculated cross sectiginsour sce- K
nario with only one extra dimensian Similarly, the mass terms for thg’s stem from the contrac-

Finally, we address the issue of how to distinguish the;qq of theF2 ,’s:
signal due to KK excitations from other new physics that na
might produce a similar collider signal. For example, the |:a4|:ﬂ4a:54Aaa4AMa, (A3)
colorons[18] in the top color model produce effects similar a a
to those of t_he KK excitations of the glgons. The eight col-\yhere the gauge choical=0 has been imposed. The re-
orons are like eight heavy gluons with the same massyaining interaction of thg*'s involves the quark fields and
whereas, in the KK case, there is an infinite tower of increas;q governed by the term in EgAL) involving the covariant

ing massesn,=nu (n=1,2,...). One important distinguish- yerjvative. We consider compactification on 8HZ, orbi-
ing feature between the two cases is the difference in th?old and make the identificatioy— —y such thatA?(x
details of the decay modes of the colorons and the KK exci—_y):Aa(X y). The fieldsA%(x,y) can then be Fguriéar-
tations of the gluons. While the branching ratios of the KK expandgd "’1 térms of the coanp,actified dimensionr ¢ as
g™’s to the various quark flavors are identical, the branching
ratios of the coloron to various flavors of quarlgq;, i 1 ®
e{u,d,c,s,t,b}) depend on the mixing angle between the a —_— | pa a

tw{o SU3)'s, s}um, and SU(3) . In the limit of zero mix- Ay == Ao+ 2, A““(X)Cos(”‘ﬁ)}’

ing angle, the colorons couple onlytbandbb. Thus, while (Ad)
the KK g*’s decay equally to various quark flavors, the col-

oron decay is flavor-dependent. In the small mixing case, thehere the normalization 0&§(x) for the gluon field is one-

dominant decays will be tot andbb. For thett decay, the half that of A%(x) for the KK excitations.
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Integration over the compactified dimensigitthen gives T
the effective 4D theory. The terms from the integration of —%f d4A5(X,y) I*A#3(x,y)dy
—;F%,F#" overy that are quadratic in the fields?(x,y) 0
give rise to kinetic-energy terms in the effective 4D Lagrang- *
ian density of the form =- E —2 2 A )AA(X). (AT)

mr
_1 a N
4 fo TPy AT Y)Y The mass of the;, is then identified asn,=nu, whereu is

the compactification scaleu(=1/r).

The Feynman rules for vertices involving''s follow
from the interaction terms. The interactions of tfés with
the quark fields originate from the term in the 5D Lagrangian
(A5) density involving the covariant derivative. Thfunction,
which constrains the quark fields to the wall, takes care of
the integration. Thus, thg-q-g* vertex receives a factor of
v2, compared to the SM-q-g vertex, from the rescaling of
the A%, field:

[

3 9,A%(x )aMAga(xH%ngl 3, A% (X) IFALE(X) |

It is then necessary to rescale the fields as

ra _Ain(X)
ALo(X)—AL5(X), A n(X)—>A,m(X)=7 (AB)

. _ . o —iAgggr="1V2Aqqq, (A8)
in order to canonically normalize the kinetic-energy terms.

Therefore, the mass and interaction terms must be expressathere the 4D strong-coupling constants related togs by

in terms of the rescaled field#),5(x) and A {(x). The g=gs/\@r. Interactions betweeg’'s and g*’s are some-
masses of the KK excitations of the gluons arise from thevhat more involved. The cubic interaction terms in the ef-
integration ofFj‘L‘,,F*‘4a overy: fective 4D Lagrangian density are

Tl
—i 305 fab°f0 AL (X Y)AS(X,Y)[FAT(X,y) — 3"AR3(x,y) ]dy
= —%gfa“{ ALROALG)[ A" (X) — o?”A”“‘(x)]+3A,’fc’)(x)n§=)l ALROOLIHALTE(X) — 9" AFE(X) ]

+— E AL COALST A (X) = 3"A FA(X)]8) emen | (A9)

where we introduce the following notation: The Kronecker

with *’s represents the summation over all of the Kronecker —iAgrgrogr =~ iﬁAg-g-gv
&8s that can be constructed by permuting theand — signs

(e.g., 5I,tmtn:5I,m+n+5I,mfn+5l,n7m+5l,7mfn)- These A —iiA
cubic interaction terms lead to the following Feynman rules 9 Omen Y2 990

for triple vertices involvingg’s andg*’s o o i i
. . for n#=m. Similarly, the quartic interaction terms in the ef-
- IAg_n;_g;— —iAg.gg> (A10)

fective 4D Lagrangian density are

r
—1 éfabcfadejo ALCYASXY)A#A(X,Y)A™(x,y) dy

= nga“fad{A’o(x)A BOOAGIOAG™(X) + BALBOALG(X) 25 AL (X)AL(X)

)

4
A0 2 2 CAROOATOOA 08 et 3 20 ALOOATLOOAT OO AL (X) e |-

(A11)
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The Feynman rules for quadruple vertices involving KK ex-
citations are then
—iA

* k= —

iA

9-0-9%-9% 9-9-9-9
. o1
—iAggrgrogy = EAg-g-g-g*
] 1
“iAggrogtgr = EAg-g-g-g'
) 3
—iAgrgrgrgr =i EAg-g-g-g ,

(A12)
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1
i Agrgrggr, =715 Mg 900
—iAgrgrgrgr="iAgggg
iA . 1A
—1 * Kk k% =—|—= ,
979501 Gfon 2V g-0-0-9
iA i1 A
—1 * ok kK = —| =
90 9m 9 Yt mn| 279999

for n#m=1. The relative coupling strengths are summarized
in Fig. 1.
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