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1. Introduction

The diphoton production at the LHC is an important channel to study the physics beyond
the standard model (SM). Extensions of the SM, predict particles of different spin, that could be
produced at the LHC. These resonances would subsequently decay toSM particles and the angular
distribution contains information about the coupling and spinetc., of the resonance. One such
model is the warped extra dimension model (RS) [1] which postulates the existence of massive
Kaluza-Klein (KK) modes. In addition to the SM diphoton, the spin-2 RS resonance could also
decay to two photons. Now it is essential to distinguish the diphoton as a resultof a spin-2 decay
from other resonances, which could only be due to a spin-0 scalar resonance.

The interaction Lagrangian of the spin-2, RS KK modeh(n)µν as a result of the graviton prop-
agating the warped extra dimensions with the SM fields constrained on the TeV brane, isvia the
energy momentum tensorTµν of the SM

LG =− 1
Λπ

Tµν
∞

∑
n=1

h(n)µν , (1.1)

whereΛπ of the order of a TeV is the effective mass scale of the RS model. The characteristic
mass spectrum of the KK mode isMn = xnkexp(−kπRc) (with xn the roots of the Bessel function
J1(xn) = 0,k the 5-d curvature assumed to be of the order of Planck massMPl andRc is the radius of
compactification). The model can therefore conveniently be parameterizedin terms ofMG ≡ M1,
the mass of the lowest graviton excitation, and of the universal dimensionless graviton coupling
c= k/MPl.

For the scalar particleS, we consider the simple model [2], singlet under the SM gauge group
and with massMS, of the TeV order. The couplings ofS with gluons(Ga

µν), electroweak gauge
bosons(Wi

µν) and fermions( f ), are given by:

LS= c3
g2

s

Λ
Ga

µνGa µνS+c2
g2

Λ
Wi

µνWi µνS+c1
g′2

Λ
BµνBµνS+∑

f

cf
mf

Λ
f̄ f S , (1.2)

whereΛ is a high mass scale, of order TeV, andci ’s are dimensionless coefficients that are assumed
to be of order unity, reminiscent of a strong novel interaction.

2. Center-Edge Asymmetry

The total cross section for a heavy resonance discovery in the events at a diphoton invariant
massM = MR can be expressed as

σ(pp→ γγ) =
∫ zcut

−zcut

dz
∫ MR+∆M/2

MR−∆M/2
dM

dσ
dM dz

, (2.1)

where the rapidity of the individual photon|ηγ | < 2.5 andz= cosθ is chosen such that|z| <
0.98. Resonance spin-diagnosis uses the comparison between the characteristic photon differential
distributions for the two hypotheses for the resonance bump,R= G spin-2 KK modes of the RS
graviton andR= Sa massive scalar:

dσ
dz

=
∫ MR+∆M/2

MR−∆M/2
dM

dσ
dM dz

. (2.2)
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Figure 1: K-factorvs cosθ for the 14 TeV LHC.

In Eqs. (2.1) and (2.2), cuts on the phase space accounting for detector acceptance are implicit,
and∆M is an invariant mass bin aroundMR, which should somehow reflect the detector energy
resolution and be sufficiently large as to include the resonance width. Thez-evenly-integrated
center-edge angular asymmetryACE is defined as [3]:

ACE =
σCE

σ
with σCE ≡

[

∫ z∗

−z∗
−
(

∫ −z∗

−zcut

+
∫ zcut

z∗

)]

dσ
dz

dz , (2.3)

where, 0< z∗ < zcut defines the separation between the “center” (|z| < z∗) and the “edge” (z∗ <
|z| < zcut) angular regions and isa priori arbitrary, but from previous experience the “optimal”
numerical value we chose isz∗ ≃ 0.5.

3. Next-to-leading order QCD effects

The diphotons in the SM to LO in QCD are produced in the quark anti-quark annihilation
subprocessqq̄ → γγ. Photon pairs producedvia the gluon fusion subprocess through a quark
box diagramgg→ γγ, though of the orderα2

s , have cross sections comparable to those of the
qq̄→ γγ subprocess for the low diphoton invariant mass. In the light Higgs boson mass region, this
subprocess plays an important role, due to the large gluon flux at small fractional momentumx, and
is treated as a LO contribution though it is in reality a next-to-next-to leading order contribution.
However, it falls off rapidly with increasing diphoton invariant mass and in the mass range of
interest for the TeV scale gravity models it is not included at LO [4]. Both theqq̄ andgg channel
would contribute to the diphoton signal at LO via the s-channel exchange of a spin-2 KK mode (G)
or a scalar (S) resonance as a result of the new physics (NP) models.

The NLO QCD corrections to the diphoton production process would involvereal emission
diagrams corresponding to the following 2→ 3 subprocesses: (a)qq̄ → γγg, (b) gg→ γγg and
(c) gq(q̄) → γγq(q̄). In the virtual part,O(αs) corrections at one loop arise as a result of the in-
terference between the one loop graphs atO(αs) of (SM+NP) and the Born graphs atO(α0

s )

of (SM+NP). The qq̄ channel gets such contributions from both the SM and the graviton ex-
change. In theggchannel the SM contribution begins only atO(αs). The SMgg→ γγ subprocess
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amplitude can interfere with the gluon initiated LO gravity initiated subprocess, giving anO(αs)

contribution. In theqg channel there is no virtual contribution to this order in either the SM or
the NP models of interest. The poles inε arise from loop integrals, corresponding to the soft and
collinear divergences. Configurations where a virtual gluon momentum goes to zero corresponds to
soft singularities while the collinear singularities arise when two massless partons become collinear
to each other. The virtual contribution here does not contain UV singularities.

At higher orders in QCD, there would be final state collinear singularities of QED origin
as a result of the emission of a photon from a quark. These singularities can be factored out
and absorbed into the fragmentation functions. The fragmentation functionsare additional non
perturbative inputs that are not well-understood. An alternate approach to isolate direct photons
is the smooth cone isolation criterion [5], which ensures that the fragmentationcontributions are
suppressed without affecting the cancellation of the conventional QCD singularities.

To deal with the various singularities of soft and collinear origin that appear in the correspond-
ing real diagram to NLO, we use the semi-analytical two-cutoff phase space slicing method [6].
The 3-body phase space of the real emission diagrams has regions whichare soft and collinear
divergent. The phase space can accordingly be separated into soft(s) and hard regions and, fur-
thermore, the hard region can be separated into hard collinear(HC) and hard non-collinear(HC)
parts as follows:

dσ real = dσ real
s (δs)+dσ real

HC (δs,δc)+dσ real
HC (δs,δc) . (3.1)

The small cut-off parametersδs and δc set arbitrary boundaries for the soft (gluon energy 0≤
Eg ≤ δs

√
ŝ/2) and collinear (0≤ t̂i j ≤ δcŝ) regions, respectively. Here, for the 2→ 3 process

with momentap1+ p2 = p3+ p4+ p5, the Mandelstam variables are defined as ˆsi j = (pi + p j)
2,

t̂i j = (pi − p j)
2, with ŝ= ŝ12. In these mutually exclusive soft and hard collinear regions, the 3-

body cross section can be factored into the Born cross section (2→ 2) and the remaining phase
space integral can easily be evaluated in(4+ ε)-dimensions to get the expansion of the soft and
collinear singularities in powers ofε. All positive powers of the small cut-off parametersδs and
δc are set to zero, only logarithms of the cut-off parameters are retained. Adding the virtual and
real contributions, all double and single poles of IR origin are automatically cancelled between the
virtual and the first two terms of Eq. (3.1). The remaining collinear poles areabsorbed into the
redefinition of the parton distribution functions.

The hard non-collinear part in Eq. (3.1) corresponds to the 3-body phase space, which by
construction is finite, and can be evaluated in 4-dimensions (ε = 0). The sum of real and virtual
contributions is now free of singularities and can hence be evaluated numerically using a Monte-
Carlo method. It can be further seen that the explicit logarithmic dependence onδs andδc in the
2-body phase space (dσ real

s (δs)+dσ real
HC (δs,δc)) is cancelled by the implicit dependence of the 3-

body hard non-collinear partdσ real
HC

(δs,δc), after the numerical integration is carried out. The sum
of the 2-body and 3-body parts in Eq. (3.1) would be independent of theslicing parametersδs and
δc, which is explicitly verified before the code is used for the analysis.

In the scalar model, the UV divergences in the virtual corrections to thegg initiated diphoton
production process are removed by renormalization. The remaining finite contribution is given by

dσv

dz
=

g2
s

16π2 8N ζ (2)
dσ
dz

, (3.2)
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Figure 2: NLO ACE asymmetry vsz∗ at the 14 TeV LHC for the RS model with graviton coupling constant
c= 0.01 (0.1), and the scalar resonance model withc3 = 0.3, ci = 0.3 (c3 = 0.3, ci = 1.0) andMR = 4 TeV.

wheredσ/dz is the Born contribution [7]. The remaining soft and collinear finite contributions
coming from the real corrections to the LO scalar model diagram are proportional to the Born cross
section. As they originate from pure QCD, they are independent of the hard scattering process,
hence they will be the same as those for thes-channel diphoton production process in the RS
model and are given in Ref. [4].

At the NLO in QCD, the following three subprocesses contribute to the scalarmodel cross
section: (i)q̄q→ gS(ii) qg→ qSand (iii) gg→ gS, all followed byS→ γγ. The Feynman diagrams
for the q̄q andgg channels are given in [7]. The couplings ofS to the light quarks are proportional
to the masses and hence are negligible, so the main contribution to the ¯qq channel is from theS
coupling to the gluons. Again theqg channel is related to the ¯qq channel by suitable change of
initial and final state.

The K-factor as a function of the cosθ for SM, spin-2 and scalar case has been plotted in Fig.
1 for typical parameters of couplings at the 14 TeV LHC. The K-factor represent the quantitative
magnitude of the NLO QCD corrections and could be large. Including these higher order QCD
corrections to an observable at the hadron collider reduces the dependence on the factorization and
renormalization scales.

For the diphoton resonance with an invariant mass of 4 TeV at the 14 TeV LHC, we have
plotted theACE as a function ofz∗ for both LO and NLO for the spin 2 and scalar resonance in Fig.
2. An important feature of the NLO corrections is that, for the scalar exchange,ACE is practically
unaffected, the K-factor remaining almost flat in cosθ whereas this is not so for the spin-2 case
(Fig. 1). The NLO effects tend to enlarge the difference between theACE relevant to the two cases,
indicating a better possibility of distinguishing the models by the measurement of thisobservable.

Finally, in Fig. 3 we show the RS graviton signature domain for 0.01≤ c ≤ 0.1 at LO (left
panel) and to NLO (right panel) in QCD. The minimum number of events statisticallyneeded for
discovering the first RS KK mode in the diphoton channel at 5-σ level is indicated by the red line
labelled “Discovery”. For different values ofMG the lines marked withc (RS KK mode) andci

(scalar), denote the events for diphoton production as a result of the decay of RS KK mode and
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Figure 3: Number of resonance (signal) eventsNS vs MR (R= G, S) at the LHC with
√

s= 14 TeV and
Lint = 100 f b−1 for the processpp→ G → γγ +X at LO (left panel) and NLO (right panel) QCD. The
yellow area corresponds to the KK graviton signature space for 0.01≤ c≤ 0.1; the signature space for the
scalarSresonance is represented by the two specific cases,c3 = ci = 0.3 andc3 = 0.3, ci = 1.0.

scalar respectively. The line labeled “ID” refers to the minimum number of events needed for a
discovered RS graviton resonance to be identified at 95% CL against the scalar particle exchange
hypothesis.

The NLO QCD computation of theACE angular analysis, modifies the identification limits of
a spin-2 KK mode of the RS resonance in the range 2-3 TeV forc= 0.01−0.1, in comparison to a
spin-0 hypothesis at the 14 TeV LHC with 100f b−1 of luminosity.
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