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1. Introduction

The large extra dimension model (ADD) [1] is an important new physicsas@eat the TeV
scale that addresses the hierarchy problem and is being extensivigdsttithe LHC. ATLAS [2]
and CMS [3] for the 7 Te\pp collision, have looked for evidence of extra spatial dimensions in the
diphoton production and put bounds on the fundamental Planck igidle (4 + d)-dimensions.

As a result of the graviton propagating in the extra dimensions, its 4-dimexis@aiisation in
the ADD model corresponds to a tower of KK modes. Interaction of the neaspin-2, KK modes
hﬁ,ﬁa with the standard model (SM) particles localised on a 3-bran@aithe energy momentum
tensorT#¥ of the SM

= —g ) TH ()hif) (), (1.1)
wherek = \/WT/MP and Mp is the Planck mass in 4-dimensions. In process involving virtual
exchange of KK modes between the SM particles, the sum of the KK modegaop&/(s) is
given by

K(s) = K s—m,%1+|£ _ ;’g (I\ﬁ) o {—im— 2| (\’}S)] : (1.2)

whered is the compactified extra spatial dimensiosgs the partonic center of mass enerfyis

the UV cutoff of the KK mode sum which is usually identified\ds [4, 5] and the integral(/A/Q)

is given in [4]. We have included the? suppression as a result of gravity coupling in Eq. 1.2,
which on summation over the high multiplicity of KK modes compensates the sujprésghe
ADD model.

Next to leading order (NLO) QCD corrections in some of the pair produgiimcesses are
substantial in the ADD model and their inclusion leads to reduction in the thealreticertainties,
making it possible for the experiments to put more stringent bounds on tleedextension model
parameters. Improved theoretical predictions to higher orders in QC®lwsan performed for pair
production processesz. di-lepton [6], di-gauge bosoryy [7], ZZ andW W~ [8]), which in extra
dimension models could result from the exchange of a virtual KK mode in additieghe usual
SM contribution. The real emission of KK modes leads to large misBingignalviz. mono-jet
[9], mono-photon [10], mono-Z boson, and mownbs- boson [11].

Quantitative impact of NLO QCD corrections to the diphoton final state fomeditnension
searches has been studied in [7], where various infrared safevabkes were studied using phase
space slicing method. The factorisation scale dependence gets recsmed (@s) corrections are
included. Fixed order calculation truncated to NLO, at best yields resulsufficiently inclusive
observable. For the ADD model, matching fixed order NLO diphoton resultsparton shower
Monte Carlo (PS), according to the MC@NLO method [12], has been dofiE3]Jnwhere the
coverage of the kinematical region has been extended to consistently imekidamation in the
collinear limit and also provide a more exclusive description of the final statak® it as realistic
as possible to the experimental situation. The diphoton final state is an impsigaat for extra
dimension searches, as the branching ratio of a KK mode decay to diphdiznaghan that of a
decay to individual charged lepton pair.
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ATLAS [2] and CMS [3] have analysed the diphoton invariant mass sp@ctusing a constant
K-factor for the full range of the invariant mass distribution to put lowarrixts on extra dimension
scale to NLO accuracy. However, this choice is not sensitive to poss#tatibns of distributions
that can arise at NLO. In this analysis, we have considered variougbdtiins for the ADD
model parameterg = 2 to 6 with appropriatéd/ls value as bounded by the experiments [2, 3], to
NLO+PS accuracy. Factorisation, renormalisation scale uncertaintieB@Rdincertainties are
also estimated in an automated way [14].

2. NLO + PS

Since the KK modes couple universally to the SM particles through the emeogyentum
tensor, both thggandgg channel would contribute to the diphoton final state at leading order (LO).
In the SM, thegg channel starts only at next to next to leading order (NNM@)the finite box
contribution through quark loop and the large gluon-gluon flux at the LHKeméhis contribution
potentially comparable to the LO results. In the invariant mass region of ihterestra dimension
searches, the box diagram contribution is not significant enough [7].

For the ADD model, all the partonic contributions to NLO in QCD have been ki for
the diphoton final state [7]. QCD radiative corrections through virtua lmop gluon and real
emission of gluons to thge g — y y subprocess, would contribute to both SM and extra dimension
models. They(q) g — q(q) y y begins to contribute for both SM and extra dimension models at
NLO. The LOg g — y y extra dimension process will also get one loop virtual gluon and real
gluon emission radiative corrections. There will also be interferencedegiihe SM and extra
dimension model to give contributions up &(as). In this analysis, we have not included the
O'(as) corrections as a result of the interference between the SM box diagnatnibcition and LO
extra dimension contribution to tlgeg — y y subprocess, as it is quite suppressed in the region of
interest to extra dimension models [7]. The term we have neglected consriimiteabout QL% to
the gg subprocess. All other interference terms between the SM and ADD modeti¢oZ'(as)
have been included.

Theq(q) g — q(q) y y NLO contribution has an additional QED collinear singularity when
the photon gets collinear to the emitting quark and can be absorbed into theefregion function
which gives the probability of a parton fragmenting into a photon. Part@mfeatation functions
are additional non perturbative inputs which are not very well knovirth& LHC, secondary pho-
tons as a result of hadron decaying into collinear photons and jets fakiplgaton are taken care
of by photon isolation criteria [2, 3] which also substantially reduces tlgnfemtation contribu-
tion. Since the fragmentation is essentially a collinear effect, the fragmentatatidn can be
avoided by the smooth cone isolation [15], which ensures that in no refitie phase space the
soft radiation is eliminated. The smooth cone isolation is able to eliminate the notldaaen
fragmentation contribution and at the same time, ensures infrared safgb@B)vable.

For the implementation of the smooth cone isolation, a cone is defined centereddin the
rection of the photon in the pseudo rapidity) and azimuthal anglép) plane, with radiug =
V/(n—ny)?+ (¢— @,)?. The hadronic activitH (r) is defined as the sum of hadronic transverse
energy in a circle of radius < ro. For all cones withr < rg the isolation criteriorH (r) < H(r)max
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has to be satisfied, whek(r)max is defined as

1— cosr )” 2.1)

H(r)max= & Ef (Hwo

whereE¥ is the transverse energy of the photon and the nature of the furit{iomax depends on

the parameters @ g, < 1 andn a positive integer. Consequently, closer to the photon the hadronic
activity diminishes and for the collinear configuration there is no hadronivtgclt is hence able

to get rid of the fragmentation contribution and at the same time the observdibleddis infrared
safe.

We have chosen to work in the aMC@NLO framework [16], which automattieelsIC@NLO
formalism [12] to match NLO computations with parton showers. In this papgresent results
matched to HERWIGG6 [17]. For the NLO computation, isolation of IR poles ftloereal part and
phase space integrations are carried out by MadFKS [18], which atisesghe FKS subtraction
method [19] using the MadGraph [20] matrix-element generator, whésease-loop amplitudes
the results of Ref. [7] are used. The automation within the MadGraph frarkawquires a new
HELAS [21] subroutine to calculate helicity amplitudes with massive spin-2 pesti@2, 23].
In addition, for our present analysis, we have implemented the sum ovéikiheodes to take
care of the virtual KK mode sum (Eqg. 1.2) that contributes to process in B2 model [23].
We use this framework to generate the events for 8 TeV run at the LHCthEdnvariant mass
distributions, we have reproduced the fixed order results of [7] usiadixbd order results from
MadFKS. Also numerical cancellation of the singularities from the real &tk terms have been
explicitly checked.

3. Numerical results

The following input parameters are usedg = 132507, G = 1.16639x 107> GeV 2,
my = 91.188 GeV. Our calculation is LO in the electroweak coupling and therefaeel¢pendence
on the scale in this coupling constant is beyond the precision of our re$nltsur electroweak
schememy andsin?8y are computed frommy, aem andGe (this value for thexem gives a W-boson
mass fy = 80.419 GeV) that is close to the experimental value). We use MSTW20088u)l &
(N)LO parton distribution functions (PDF) [24]. The MSTW PDF also se¢svi#due of the strong
couplingas(mz) at LO and NLO in QCD. The renormalisation and factorisation scales aseoho
aspr = Ur = My, the invariant mass of the photon pair. The events that have to be shibarere
generated using the following generation cuitg; ,| < 2.6, p¥1’2 > 20 GeV, diphoton invariant mass
100 GeV< My, < Ms and the photon isolation is done using the Frixione isolation vgith 0.38,
gy=1andn=2 (see Eq. (2.1)). More specific analysis cuts can be applied sulvgbooegenerate
the events.

The dependence of the prediction of an observable on the factorisaiibreaormalisation
scales is a result of the uncalculated higher order contributions, whichecastimated by varying
Hr and ur independently around the central value = pr = My,. The variation is done by the
following assignmenpir = & My, and g = ér My, where the values dir, ér) used are (1,1),
(1/2,1/2), (1/2,1), (1,1/2), (1,2), (2,1), (2,2). The various ratiogiof ur andM,, that appear as
arguments of logarithms in the perturbative expansion to NLO are within tlgeridi2,2]. The
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Figure 1. Transverse momentum distributicpﬁﬁy of the diphoton for the fixed order NLO and NLO+PS.
The ADD model parameters used are- 2 andMg = 3.7 TeV. The lower inset displays the scale and PDF,
fractional uncertainties for the NLO+PS results.

variation of bothur and g are taken as the envelope of the above individual variations. Variation
of only ur would involve the choicér = 1 and varyingée and vice-versa for variation of only
Ur. The PDF uncertainties are estimated using the prescription given by M4WHractional
uncertainty, defined as the ratio of the variation about the central valitkediby the central value,
is a good indicator of the scale and PDF uncertainties and is plotted in the |@eés to the various
figures.

To begin with, we compare the fixed order NLO result with NLO+PS for thestrarse mo-
mentum of the diphoton (Iqg p¥") using generic cutsvl,, > 140 GeV,|n,| < 2.5, p#* > 40 GeV,
p¥ > 25 GeV ando = 0.4. In Fig. 1, log, pY’ distribution is plotted fod = 2 with appropriatéMs
value. Itis clear that at loy}” values, NLO+PS correctly resums the Sudakov logarithms, leading
to a suppression of the cross section, while the fixed order NLO resuigyéis forp¥y — 0. At
high p¥y the NLO fixed order and NLO+PS results are in agreement. In the lowet afighe
Fig. 1, we have scale and PDF variation to NLO+PS, which increasep)pitﬁl'hep’{y distribution
is in reality a LO result, while in the Iovp¥y region the parton shower effects include higher order
effects, thereby reducing the scale dependence in that region (Fig. 1)

We now present the results for the various kinematical distributions to NISCad®uracy,
for analysis specific cuts. CMS have looked for diphoton invariant matseimegion 140 GeV
< My, < Ms. For CMS, the corresponding cuts are [B];| < 1.44, p} > 70 GeV, photon isolation:
(i) sum of the energy of hadrorsE(H) < 0.05EY with Ar < 0.15, (ii) sum of transverse energy
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Figure2: Invariant mass distribution fat = 3 (left panel) andl = 4 (right panel) is plotted for ADD and
SM contributions to NLO+PS accuracy. The lower insets gitiescorresponding scale and PDF, fractional
uncertainties for NLO+PS (ADD).
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Figure 3: For the invariant mass distribution, with= 2 andMs = 3.7 TeV, the fractional uncertainties as
a result ofur variation (left panel)ugr variation (central panel) angk-, L variation (right panel).

of hadronsy Et(H) < 2.2 GeV+ 0.0025EY with 0.15 < Ar < 0.4. In addition to the CMS photon
isolation, if we also include the Frixione isolation criteria, there is no apprkcigiange in the
results.

In Fig. 2, the corresponding invariant mass distributionsdfet 3,4 are plotted using CMS
cuts. The choice dfis used for the plots corresponds to the lower bounds obtained by [2irg] us
the diphoton process. By including higher order corrections, the seplendlence goes down from
about 25% at LO, to about 10% at NLO. The PDF uncertainty does rastgehsignificantly and
remains about 8%.

We now consider the fractional scale uncertainties on the invariant maskudisn as a result
of the variation of the scalegr and ur (both independently and simultaneously) in going from
LO+PS to NLO+PS. Note that the LO cross sections depend only-dhrough the PDF sets, but
at NLO level the scaleir enters throughws(ur) and lod Ug /Ur) coming from the partonic cross
sections after mass factorisation. As expected the inclusion of NLO QQieatimn reduces the
factorisation scale dependence resulting from the LO observable whatéaisfrom Fig. 3 (left
panel). In the higM,, region, the uncertainty of about 25% at LO+PS gets reduced to 5% when
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Figure4: The transverse momentum distributipﬁ’ of the diphoton fod = 3 (left panel) andl = 4 (right
panel).

NLO+PS corrections are included. On the other handutheéependence enters only at NLO level
(see middle panel of Fig. 3) which will get reduced only if NNLO correctiarsincluded. Hence,
we see our NLO corrections are sensitive to the choicgrabut the variation is only 5% and is
fairly constant for the range of invariant mass considered. If welvatlyur andpr simultaneously

as shown in Fig. 3 (right panel), we find that the reduction inithacale dependence at NLO level

is mildly affected by theug variation in the large invariant mass region. In the small invariant mass
region, the LO and NLO results exhibit smallgg dependence compared to the large invariant
mass region. Bupir dependence coming from the NLO results does not change much with the
invariant massMl,,. Hence variation due tpr at smallMy, is larger compared to that resulting
from ug. This explains the behavior at small invariant mass regions where the RE@ariation

is in excess of the LO+PS (see right panel of Fig. 3).

Finally, we plot the transverse momentum distribution in Fig. 4ffer3 (left panel) andl = 4
(right panel), for the SM and ADD model to NLO+PS accuracy, Wity > 600 GeV. The ADD
results are also plotted for LO+PS. The scale and PDF uncertainties playdid as insets at the
bottom of the plots for NLO+PS (ADD). Additional results can be found i8][1

4. Conclusion

In this analysis, we have presented the diphoton final state productionlargleesxtra dimen-
sion model to NLO in QCD and matching to parton shower is implemented using thé&aWLO
framework. All the subprocesses that contribute to the diphoton finalfsteteboth the SM and
ADD model are considered to NLO in QCD. Using a set of generic cuts wsed@&monstrated
the importance of NLO+PS over the fixed order NLO computations, by ceriﬂgjthep¥y distri-
bution. We have presented our results for various observatdesnvariant mass and transverse
momentum of the diphoton, to NLO+PS accuracy. It is important to note that ihaubstantial
enhancement of the various distributions due to the inclusion of NLO d@mnscand both the the-
oretical and PDF uncertainties have been estimated. There is a signicaaase in theoretical
uncertainties from over 20% at LO to about 10% when NLO correctiom$natuded. The codes
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needed to generate the events for the diphoton final states to NLO+Pi&@ceave available on
the website http://amcatnlo.cern.ch.
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