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1. Introduction

The Randall-Sundrum (RS) model [1] is a 5-dimensional medeth provides a new way of ad-
dressing the hierarchy problem. In its simplest versioa thodel is five-dimensional model and
the fifth dimensionstrong curvature, is compactified @t 4z, orbifold. The radius of compacti-
ficationR; is small and of the order of the Planck length. At the orbifiiXéd pointsg = 0, m, are
located two branes, the Planck brane and the TeV brane,ctesde The Standard Model fields
are localised on the TeV brane while the gravitons existéfditl five-dimensional spacetime. The
model uses a warped metric:

ds? = e ¥Re?n,, dxHdx” + REdg?; (1.1)

k is a mass scale related to the curvature;(eXiR.@) is the warp factor which rescales masses
of fields localised on the TeV-brane. The electroweak huh;aq\ﬂl\"?sv ~ 10 can be generated by
an exponent of order 30 and thus the model provides a soltdgitre hierarchy problem provided
the radiusR; is stabilised against quantum fluctuations. This is aclkidwea stabilising potential
generated by introducing a bulk scalar field [2]. KaluzaiKI&K) excitations of the graviton
constitute the signature for this model and several callidplications of these graviton resonances
have been studied in the literature [3].

The AdS/CFT correspondence [4] relates the RS model (wkiehgravity theory in AdS) to
a dual theory — a strongly-coupled gauge theory in four dsims [5]. In the dual description,
the fields localised on the TeV brane are TeV-scale commosit¢he strongly interacting theory
making the RS model dual to a composite extension of the Skh gomposite theory is unviable
and leads one inexorably to consider modifying the orig@lmodel. The simplest possibility is
to modify the model so that only the Higgs field is localisediioe TeV brane while the rest of the
SM fields are in the bulk [6, 7] so that the Higgs in such a moslebmposite while the other SM
fields inherit a degree of compositeness via their intesaatiith the Higgs.

In constructing such variants of the RS model, one has tdubravoid the constraints com-
ing from flavour hierarchy, electroweak precision testsféasbur-changing neutral currents [8]. In
particular, in order to avoid an unacceptably large coutidn to the electroweak parameter an
enhanced symmetry in the bulk like §). x SU(2)r x U(1)_L) may be required. Moreover, to
acquire a large Yukawa coupling through a larger overlap tié Higgs wavefunction, the profiles
of the heavier fermions, like the top, need to be peaked chosthe TeV-brane. But this cannot
be done naively: the left-handed doublétb),, cannot be close to the TeV brane because that
induces non-universal couplings of the to theZ strongly constrained bR,. The solution is to
have the doublet as far away from the TeV brane as requird®, oyhile thetg is localised close
to the TeV brane to account for the large Yukawa of the top.nBwith this choice of profiles the
bounds on the masses of the KK gauge bosons, cominngeanare found to be in the region
of 5 TeV. A custodial symmetry can be invoked to relax thisstmaint and it also allows other
choices of profiles for thg and(t,b),. With this custodial symmetry and for appropriate choices
of the profiles for the for théz and(t,b), it is found that gauge boson masses as low as 2-3 TeV
can be consistent with the constraint fr@m- bb. [8] A review of the literature on this subject can
be found in reference [9].
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Thetg localised close to the TeV brane has an enhanced couplirtgetrst KK excitation
of the gluon in the bulk and as a result we expect that — tt (wheregkk represents the first
KK excitation of the gluon) will be a significant decay moderfr a discovery perspective. The
decay also lends itself to identification via spin deterrtiomg since the enhanced couplingtto
overt, means the top quarks from KK gluon decays will be polaris@j. [There will be additional
challenges for identification of the pairs because they will be highly boosted in the lab frame, bu
this channel remains a promising search channel.

From a hadron collider perspective, we are interested iprib@uction procespp — gkk. The
subprocess|q — gkk has already been investigated in some detail for the LHCI1]),as well
as for the Tevatron [12], but because in many models the djghtks have a relatively suppressed
coupling to thegkk, it is worth also considering the procegs — gkk, even though this process
is one-loop at leading order. This has been studied in [18]tha details of this calculation is
reported heré.

2. TheNLO calculation

The theoretical strategy that we adopt in computing the Idiagrams needed to study the
processgg — gkk closely follows what is detailed in Refs. [16, 17]. We worktlwthe reduced
amplitudeF,,,(p, q) related to the the matrix element (p,q) via:

A (p,q) = €5 (1)eH (p)e” (A)Fuvp(p,9) - (2.1)

where e¥(p) and £"(q) are the polarisations of the incoming gluons afg, (r) is that of the
outgoing KK-gluon. We may simplify the calculation by deng a general form that must be
taken by the reduced amplitude using QCD current conservathich implies the following:

Expanding aboup = 0 andq = 0, and after some calculation using the above relationsnitbea
shown that

Fuvp = A(NuvP- A= Aupv) Pp + Beuyysp P po+
+C <5/vaypyp‘ 0 &upysP'a’ pv) +D <5/vayqyp‘ a— Evpys qu5qu) , (2.4)

whereA, B, C andD are constants. The problem of calculating the amplitudeaesito the problem
of calculatingA, B, C andD.

10ther, tree-level, processes, involvigg fusion togkk in association with additional top quark production, have
also been considered previously [14, 15].
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Figure 1: Feynman diagrams for the process that involve ekquahe loop.

Figure 1 contains diagrams for the process that have a gudhleiloop. We may write the contri-
butions to the amplitude from the individual diagrams as

: 1.
Fﬁ?}g) = _§|929(1q> fadb5deTr(tcte) [nua(p+ Ny +Nav(—r —Q)p+Npv(d— p)a] X

apl [ A4 Tr[yp(f —me)yp(1£ V) (f +f —my)]
r2J (2m* 12— mg][(1 +r)2 —mg] ’

xn (2.5)

) ap
SR —%igzg(lmTr(tbtd)chefaecqziiM}%K [Nup(P— Ao+ Npp(A+T1)p + Mpu(=T = P)g] x
CdY Tr [VV(J/_ My) Vo (1£ VS)(J/-FQ— mq)]
S e 9
Fﬁﬂzg) = —%gzg(lq)Tr(tatCtb) X

X/ d Tr{yu(f — p—mg) Vo (L V) (f +d—mg) v (f — my)] 2.7)

(2m)* (1 = p)? — mg][(I + )% — mg][12 — mg] ’ '
(2.8)

denoting the contribution from quark loop diagranty Fﬁ?jg), etc. and wher@ﬁ?jg) is obtained
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from F\3% by p < qas isF\T9 from F\%9.

There are no diagrams with a gluon in the loop, since ther® igemtex containing gluons
and a single KK gluon. However, there are diagrams with Kkoghi(and KK ghosts) in the loop
which have all been calculated in Ref. [13] but which we do prasent here in the interests of
brevity. However, we go through the quark loops discussiosoime detail.

We observe that there are four counterterm diagrams andhbdtorentz structure of the
counterterms is derived from consideration of the undeg\tiagrangian term. In particular, each
term in the three-point counterterm vertex has one momefdator carrying a Lorentz index (the
other two being carried by a metric factor), and the two-paiounterterm vertex has the sum
of a term where the metric carries both external Lorentzcesliand a term where there are two
momentum terms each carrying an external Lorentz index. e that this latter term always
contains a momentum factor that contracts with an exterolarisation vector to give zero. ltis
therefore the case that none of the counterterm diagramainsra term where there is more than
one momentum factor carrying an external Lorentz indexe(&lis also no term with a Levi-Civita
tensor carrying an external Lorentz index.)

We can simplify our calculation significantly by using thengeal form derived in equa-
tion (2.4) to justify disregarding many diagrams and westitate how this is done to handle the
guark-loop diagrams.

Firstly, we note that the only diagrams capable of produe@rigevi-Civita tensor are those
containing a trace of @, i.e. the diagrams with quark loops. Of the diagrams withrkji@ops, we
note that the loop integrals for diagrams (a), (b) and (cy eohtain the loop momentum and one
other momentum, and have as a maximum two factors of the momesn the numerator (both of
which contract with a trace of gamma matrices). This meaais #ven taking reparametrisation of
the integrand into account, the only possible terms in thmerator contain either

e Two identical momenta contracted with a Levi-Civita tensehich gives zero since the
Levi-Civita tensor is antisymmetric, or

e One loop momentum and one other momentum contracted witlvieQieta tensor, which
gives zero since such a term is odd in the loop momentum andapemomentum integral
is over all of space-time, or

e No loop momenta, but such a term does not yield a Levi-Cieitesor, since the trace involv-
ing ay® term contains only two other gamma matrices, and this is. zero

So the only contributions to amplitude coefficieB<C andD come fromF,¥5) andF49.

Secondly, we note that in evaluating the contribution to loge coefficientA, we may sum
the coefficients of either the term),, p-qp, or the term—q, py pp. We choose the latter term.

We have already noted that no counterterm diagram contadme than one loop momentum
carrying an external Lorentz index, so no counterterm diggprovides a contribution we need to
evaluate.

In the quark loop sector, it initially appears that we canaobt contribution we need to
evaluate from each diagram, it being possible to obtaindewith three external momenta carrying
external Lorentz indices in each case. However, we noteciasidering the loop momentum
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integral, in the case of diagram (a) such a term would haveritam a factor of ,, which contracts
with the external polarisation vector to give zero, and kirhyi such a term in diagram (b) would
have to contain a factor af, and such a term in diagram (c) would have to contain a factq,of
both of which contract with external polarisation vectargjiive zero. So the only contributions to

amplitude coefficienA from the quark loop sector that we need to evaluate come ﬁfﬁ}"ﬂ) and

FL39.

Having identified the diagrams, one can proceed with sumthiagliagrams and using stan-
dard trace manipulations, Feynman parametrisation ofrttegiials, integral redefinitions etc. one
. . 2(19) fabc
obtains the result that each quark loop contributes a tdtal (gi;))zf [ (mg,Mkk) to the coef-

dabc

ficient A in equation (2.4), a total ofp%K(mq,MKK) to the coefficientC and a total of

i%mmq, Mkk ) to the coefficienD, where the sign of the contribution varies as the quark

is right- or left-handed. where

-1 1-x 1—x—
(g M) = [ o [ dyw (2.9)
KK
and
1 1-x
K(mq,MKK):/de/O dym. (2.10)

When the contributions from the KK gluon and KK ghost loopgileans are added to that of
the quark-loop diagrams, we get

Fuvo =A(NuwP-d—auPy) Po+
+C (Suvpypyp -0~ Euvpyd’P- A~ Eupys P’ Py + Evpys qu5qu) , (2.11)

where
17 929(111) b . ah 2929(1Q) fabc
== (% —id®) (M, Mkk) — Y ———=5—1(mg, Mkk), (2.12)
8 (4m)? q;m (4m)?
gzg(lq)dabc gzg(lq)dabc
C=y="—=—_K M -y ——K M 2.13
% (47_[)2 (rn('b KK) qZL (47_[)2 (rn(b KK)7 ( )

At this stage, we note that the amplitude as calculated smfaains an anomaly in the current
associated with the outgoing KK gluon (that is, the on-sWérd identityr?F,,, = 0 is not satis-
fied). This is because we have taken the gafige 0, which we do not have the freedom to do in
a five-dimensional non-Abelian theory with chiral delosad quarks if we desire anomaly cancel-
lation [18]. We must therefore now apply a gauge transfoionahat leaves the four-dimensional
theory anomaly-free. We note that from the perspective ofcowent calculation, this is a tech-
nical requirement that does not affect the final result ofdheshell calculation. However, it does
have the potential to affect the result f§,,. In Ref. [13] we have calculated the anomaly con-
ntribution and find that the change of gauge required for atpcancellation does not alter any of
the diagrams already considered, and produces only one arayeam (containing a scalar line).
This additional diagram does not alter the square of thehefi-matrix element.
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Figure 2: The ratio of the gluon-initiated NLO and thq -initiated LO cross-sections for the
production of a KK gluon at the LHC with 14TeV centre of massrgy.

3. The production cross-section
The squared matrix element works out to be

MRk g
(4m)4

4046
16384°

2
| = D71 (M, Mk )]? —

51
_ Y 411 (19)
5569 ngRg [ (Mkk, Mkk )l (Mg, Mkk )]+

2

z g1 (mg, Mkk) | |, (3.1)

qL,0r

where the expressions resulting from the real and imagiparigs of the matrix element have been
combined to obtain this last expression.
Writing |7 |2 = (M2, g%/ (4m)*)|.# |?, we can write an expression for the cross-section as

_ Mggag
e [ ayeagala, M XG0 M) |7, (32

wherex » = /Te"Y, with \/T = Mkk /+/S, Yy being the rapidity of the KK gluon ang/s being the
total centre of mass energy of th@ system.

We have used this expression to calculate the cross-sefctidhe KK gluon from thegg-
initial state and compared it with the leading ordgmresult (using the LO cross-section presented
in Ref. [12]) at the Large Hadron Collider (LHC), assumingeaite-of-mass energy of 14 TeV.
The ratio is plotted for some typical values of the KK gluonssi@n Fig. 2. The cross-section from
thegg NLO subprocesses turns out to be less than a thousandth loDtlbeoss section. This is, in
turn, due to appearance of the large KK gluon mass squarée idenominators of the integral

In principle, to complete the full calculation of the KK glu@ross-section at NLO one needs
to calculate theg-initiated diagrams at NLO. But given that thg-initiated contribution is tiny, it
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is expected that theg-initiated contribution will be even smaller due to the stggsed couplings
of valence quarks and the calculation is, therefore, notwthmnterest.
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