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Abstract

A search for extra spatial dimensions in the diphoton final state has been carried out
with the CMS detector at the LHC. Both resonant diphoton production via Randall-
Sundrum graviton decay and non-resonant diphoton production via virtual Kaluza-
Klein graviton exchange are considered. No excess of events above the standard
model expectation is found using a data sample collected in proton-proton collisions
at /s = 7 TeV and corresponding to an integrated luminosity of 1.1 fb~!. New lower
limits on the effective Planck scale in the range of 2.2-3.7 TeV at the 95% confidence
level are set, providing the most restrictive bounds to date on the large extra dimen-
sions model of Arkani-Hamed, Dimopoulos, and Dvali. Similarly, the most restrictive
lower limits to date on the Randall-Sundrum graviton mass are set in the range of
0.76-1.73 TeV, for values of the coupling parameter between 0.01-0.10.
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1 Introduction

The existence of extra spatial dimensions is an intriguing scenario that may solve the hierarchy
problem [1] of the standard model (SM), the puzzling fact that the fundamental scale of gravity
Mp; ~ 10¥ GeV is so much higher than the electroweak symmetry breaking scale ~ 10> GeV.
With such a difference in scales, it is difficult to protect the Higgs boson mass from radiative
corrections without a very high degree of fine-tuning.

The original proposal to use extra dimensions (ED) to solve the hierarchy problem was pre-
sented by Arkani-Hamed, Dimopoulos, and Dvali (ADD) [2, 3]. They posited a scenario where-
in the SM is constrained to the common 3+1 space-time dimensions (brane), while gravity is
free to propagate through the entire multidimensional space (bulk). Thus, the gravitational
flux in 3+1 dimensions is effectively diluted by virtue of the multidimensional Gauss’s Law.
The fundamental Planck scale Mp is therefore related to the apparent scale Mp; according to
the formula )

M]nDEDJrZ — % (1)
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where r and ngp are the size and number of the EDs, respectively.

Another model of EDs that solves the hierarchy problem is due to Randall and Sundrum
(RS) [4]. In this scenario—as in the ADD scenario—the SM is constrained to the brane while
the graviton may propagate throughout the bulk. However, in the RS scenario, the observed
hierarchy is due instead to the warped geometry of the EDs, rather than their physical size. In
this paper, we consider the RS1 model, where only one finite ED exists separating two branes,
one at each end. The geometry of the bulk is based on a slice of AdSs space with a length 77,
where 7. is the compactification radius. The full metric is given by

ds? = e*krcyiyw dxtdx’ — eryZ, 2)

where Greek indices run over 4-dimensional space-time, 17, is the Minkowski metric tensor,
and 0 < y < 7t is the coordinate along the single ED of radius r.. The value of k specifies the
curvature scale (or “warp factor”) and relates the fundamental Planck scale on one brane to the
apparent scale on the other by

Mp = Mplefkrcn. 3)

Therefore, TeV scales naturally solve the hierarchy problem in this model when kr. ~ 10 — 11.

In the RS scenario, gravitons appear as a well-separated tower of Kaluza—Klein (KK) excita-
tions with masses and widths determined by the parameters of the RS1 model. One conve-
nient choice of parameterization is the mass of the first graviton excitation mode M; and the
dimensionless warp factor

k

m/ (4)

which defines the strength of coupling of the graviton to the SM fields. Precision electroweak
data constrains k > 0.01, while perturbativity requirements limit k < 0.1. The excited gravitons
can decay into two photons, but decays to fermions are suppressed relative to photons because
the graviton is spin-2, and so fermions cannot be produced in the s wave.

k

Phenomenologically, the ADD scenario also results in s-channel production of massive KK
graviton states, which can decay into two photons. However, unlike the RS model, the wave-
function of the KK gravitons must satisfy periodic boundary conditions, resulting in discrete
energy levels with modal spacing of the order of the inverse ED size, from 1 meV to 100 MeV.



2 2 The CMS Detector

This results in an apparent continuum spectrum of diphotons, rather than distinct resonances,
at high diphoton invariant mass M., .

Summing over all KK modes in the ADD scenario results in a divergence in the cross section,
so an ultraviolet (UV) cutoff scale M; is imposed. This cutoff scale is related to—but poten-
tially different from—the fundamental Planck scale Mp. The precise relationship depends on
the UV completion of the effective theory. The effects of virtual-graviton production on the
cross section are parameterized by the single variable G = F/M$, where F is an order-unity
dimensionless parameter, for which several conventional assumptions exist:

F = 1 (Giudice, Rattazzi, and Wells, GRW [5]), 5)
M2 .
lo S) ifngp =2
F o= & (2 § ) o (Han, Lykken, and Zhang, HLZ [6]), ©)
(ien—2) if NEp > 2
F = +— (Hewett[7]), 7)

where /3 is the center-of-mass energy of the hard parton-parton collision. We note that the
HLZ convention (uniquely among the three) contains an explicit dependence on the number of
EDs.

Searches for EDs via virtual-graviton effects in the ADD model have been conducted at HERA,
LEP, and the Tevatron (Refs. [8, 9] contain recent reviews of these searches). The most stringent
previously published limits on Ms for ngp > 3 come from the previous measurement in this
channel at the Compact Muon Solenoid (CMS) experiment [10]. For ngp = 2, the DO measure-
ments in the dijet [11] and diphoton plus dielectron [12] channels are more restrictive. The most
restrictive previous search for RS gravitons was also conducted at the D0 experiment [13]. They
present a search in the dielectron and diphoton channel, excluding graviton masses M; < 0.56
(1.05) TeV for k = 0.01 (0.10).

In this paper, we present a search for both non-resonant and resonant diphoton production, in
the ADD and RS models, respectively. We use a data sample corresponding to an integrated
luminosity of 1.1 fb™!, collected in pp collisions at /s = 7 TeV at the CERN Large Hadron
Collider (LHC) with the CMS detector.

2 The CMS Detector

CMS is a general-purpose detector designed to study proton collisions at the LHC and is de-
scribed in detail in Ref. [14]. The detector consists of an all-silicon tracker, an electromagnetic
calorimeter (ECAL), and a hadronic sampling calorimeter (HCAL), all contained inside a large-
bore 3.8 T superconducting solenoid. In the central region, the tracker consists of three layers
of silicon pixel detectors, followed by ten layers of single- and double-sided silicon-strip detec-
tors. The calorimeter towers are projective and finely segmented, with Ay ~ A¢ ~ 0.087 in the
central region. Moreover, each tower consists of a five-by-five transverse grid of ECAL crystals
(An =~ A¢ ~ 0.0174), allowing precise reconstruction of the e/ position and energy. Here, the
pseudorapidity 7 is defined as — In(tan §), where 6 is the polar angle with respect to the direc-
tion of the counterclockwise beam, and ¢ is the azimuthal angle. Beyond the solenoid there are
four layers of muon detectors, which are interspersed throughout the steel return yoke of the
magnet. The instantaneous luminosity is measured with a relative uncertainty of 4.5% using
information from forward hadronic calorimeters [15].



The CMS trigger system consists of two levels. The first level (L1), composed of custom hard-
ware, uses information from the calorimeters and muon detectors to select the most interest-
ing events for more refined selection and analysis at a rate of up to 80 kHz. The software-
based High Level Trigger further decreases the rate to a maximum of ~300 Hz for data storage.
Events for the control samples used in this analysis were collected through a single-photon trig-
ger, where the photon was required to have a transverse energy Er = Esinf of at least 30, 75,
90, or 125 GeV, depending on the data collection period. Events in the signal sample were col-
lected through a double photon trigger, where each photon was required to have Et > 33 GeV,
Etr > 50 GeV, or Et > 60 GeV depending on the instantaneous luminosity.

3 Event Reconstruction and Selection

We require that an event be consistent with a pp collision and have at least one well-recon-
structed primary vertex [16]. We then reconstruct photons with Er > 70 GeV in the ECAL bar-
rel fiducial region (|57| < 1.44) by clustering electromagnetic energy depositions in the ECAL.
The ECAL clusters are five crystals wide in 1 and a variable length in ¢ to capture associated
electromagnetic energy from possible photon conversions in the tracker. If hits are present in
the pixel detector consistent with an electron track whose momentum and location is compat-
ible to the energy and location of the ECAL cluster, then the cluster is rejected as a photon
candidate.

Hadronic jets can be misidentified as photons when their leading hadron is a hard 7° or 7.
We reduce the misidentification rate by placing the following restrictions on the isolation of
the cluster: (i) the hadronic energy within AR < 0.15 of the cluster must be less than 5%
of its electromagnetic energy, where AR = /A¢2 + A2 = /(¢ — ¢,)2 + (1 — 117)%; (ii) the
YEt of HCAL energy surrounding the cluster within 0.15 < AR < 0.40 must be less than
2.2 GeV +0.0025E7; (iii) the scalar sum of the transverse momentum of tracks, & pt, associated
with the primary event vertex surrounding the cluster within a hollow cone of 0.04 < AR <
0.40 must be less than 2.0GeV +0.001E] (a rectangular strip of Ay x A¢ = 0.015 x 0.400 at
the front face of the ECAL is excluded from the track py summation to allow for photons that
convert into ete™ pairs); and (iv) the ZEr of ECAL energy surrounding the cluster within
0.06 < AR < 0.40 (and excluding a strip of Ay x A¢ = 0.04 x 0.400) must be less than
4.2 GeV +0.006E7. Here E{ indicates the reconstructed photon transverse energy.

We also require that the shower shape in 7, 0, be consistent with that of a photon. The 0y,
variable is a modified second moment of the electromagnetic energy cluster about its mean
1 position, defined in Ref. [17]. Topological and timing criteria suppress noise present in the
ECAL [18]. We reconstruct two photons using the selection described above and require that
the invariant mass of the two photons satisfies M,, > 140 GeV.

The photon reconstruction and identification efficiency is measured in Monte Carlo (MC) sim-
ulation and corrected using a data/MC scale factor of 1.005 £ 0.034 derived from studying
Z — eTe” events. The final efficiency is roughly constant as a function of the photon Et and 7.
The efficiency for an Et > 70 GeV photon with || < 1.44 is (87.4 & 5.4)%, where the dominant
systematic uncertainty is chosen to cover the variation as a function of the number of recon-
structed vertices, photon Et, and photon 7. We find that the photon reconstruction efficiency
for this analysis depends on the number of extra collisions present in the event only weakly
at high photon Et. The corresponding diphoton reconstruction and identification efficiency is
(76.4 £9.6)%.
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4 Signal Simulation and Optimization

We simulate EDs in the ADD model using version 1.3.0 of the SHERPA [19] MC generator.
We simulate several different operating points in Mg and ngp, followed by a fast parametric
simulation of the CMS detector [20]. A fast simulation is adequate for describing this multi-
photon final state and has been extensively validated using full simulation of the detector via
GEANT4 [21]. The simulation includes both SM diphoton production and signal diphoton pro-
duction via KK-graviton exchange, in order to account for the interference effects. We use the
CTEQ6L1 [22] parton distribution functions (PDF) in the simulation. The leading order (LO)
SHERPA cross sections are multiplied by a flat next-to-leading order (NLO) K factor of 1.6 £ 0.1.
The systematic uncertainty on the signal K factor is introduced to approximate the variation
of the K factor as a function of the diphoton mass for a variety of different values of Mg and
ngp. It is not intended to account for the theoretical uncertainty. However, a 1.5% relative un-
certainty on the signal acceptance is included to account for uncertainty due to the PDF. This K
factor represents an updated calculation by the authors of Refs. [23, 24] for 7 TeV pp collisions.
The value of the K factor in the previous analysis at CMS [10] was conservatively chosen to be
consistent with the Tevatron value.

We note that the LO signal cross section calculations become non-perturbative when the value
of § in the 2 — 2 process exceeds M3. This effect is not taken into account in the SHERPA cross
section calculations used in this analysis, so we conservatively assume that the signal cross
section is zero for v/3 > Ms. The overall effect on the lower limits set in this paper is small,
because the values of Mg to which this measurement is sensitive is approaching the kinematic
limit of the LHC.

The simulation of the production of RS gravitons is done by the PYTHIA [25] MC program. The
simulated signal samples of RS1 gravitons span from M; = 0.25 to 2.0 TeV in steps of 0.25 TeV,
with k =0.01, 0.05, and 0.10. The simulation is reweighted to reflect accurately the number of
primary vertices found in the data, thus accounting for the effects of pile-up in the detector.
Figure 1 shows the simulated signal shapes for a variety of mass points.

The signal production cross section is scaled by a mass dependent NLO K factor [23, 24], which
ranges from 1.6-1.8 as a function of M,, and for different values of k. The K factor used for
k=0.01, 0.05, and 0.10 as a function of the graviton resonance mass is shown in Fig. 2.

The optimization of the event selection is considered separately for both ADD and RS scenarios.
The signal in both scenarios is predominantly central while the high M., SM background is
dominant in the forward region; therefore, we restrict ourselves to photons located in the ECAL
barrel only.

For the search for EDs in the ADD scenario, the invariant mass selection criterion is optimized
to produce the highest expected significance for a potential signal. The significance is com-
puted by calculating the p-value of the background-only hypothesis to equal or exceed the
observed number of events in a pseudoexperiment where both the ADD signal and the SM
diphoton background are considered. We account for the systematic uncertainty in the back-
ground estimate, following the suggestion of Ref. [26]. Pseudoexperiments are generated to
compute the expected significance for different luminosity scenarios and ADD model parame-
ters. We find that the ngp = 2 case prefers the loosest constraint on M., and so a requirement
of M,, > 0.8 TeV for the ADD analysis is chosen. This defines the signal region. The M,,
intervals [0.14 TeV, 0.2 TeV], [0.2 TeV, 0.5 TeV], and [0.5 TeV, 0.8 TeV] define the control regions
for the ADD analysis.

In the search for RS gravitons, a fixed window is selected about the mass point M; of interest.
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Figure 1: Lineshapes for the RS mass resonances for a variety of mass points with k = 0.1.
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Figure 2: NLO K factors for the RS graviton signal, as a function of resonance mass, for k=0.01-

0.10. The increase in the K factor with k is due to the increased SM coupling with k.

Because the signal shapes deviate from a true Gaussian, we define an effective measure of
the signal width o as the half-width of the narrowest mass interval containing 68% of the
signal. A window is formed about the resonance mean of size 5 .. This window contains
approximately 96-97% of the signal acceptance, for all mass points considered in this analysis.
This choice of the window maximizes the signal acceptance and analysis sensitivity in the case
of small backgrounds.
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5 Background Estimation

Backgrounds due to the mimicking of a photon signal by a jet are small in the signal region
but contribute to the control regions. There are two sources of these backgrounds from isolated
photon misidentification that we consider: multijet production and prompt photon production
(i.e., photons from 7y + jets). In particular, we measure a misidentification rate, defined as the
ratio of the number of isolated photons to non-isolated photons in a sample, where the non-
isolated photons are selected similarly to the isolated photons except that they fail one of the
isolation or shower-shape criteria. The samples corresponding to numerator and denominator
are defined such that they are mutually exclusive. The misidentification rate is measured in a
photon triggered sample, but the objects used in the measurement are required to be far away
from the triggered object, so as to avoid a trigger-induced bias.

Because the control sample in which we measure the misidentification rate may contain some
number of real, isolated photons that “contaminate” the misidentification-rate numerator, we
correct for the numerator purity on a sample-by-sample basis. This is done by releasing the oy,
requirement and fitting the numerator sample for the fraction of prompt photons using one-
dimensional probability density histograms (“templates”) in 0;;,. The signal template is con-
structed from MC simulation, and the background template is constructed from reconstructed
photons that fail one or more of the isolation criteria. The measured misidentification rate falls
from 7% at Er = 70 GeV to 2% at Er = 120 GeV. We apply a conservative 20% systematic
uncertainty derived from the variation of the misidentification rate measured in a jet-triggered
sample. This is the dominant uncertainty on the background estimation for the dijet and -y + jet
backgrounds.

The multijet and -y + jet backgrounds to the reconstructed diphoton spectrum are estimated by
using the misidentification rate to extrapolate from two side-band regions, both selected with
the same diphoton trigger as the primary signal sample. One side-band region includes events
with only one isolated photon, but one or more non-isolated photons. The other side-band
region includes events with no isolated photons, but two or more non-isolated photons. The
diphoton trigger is sufficiently inclusive that the side-bands are unaffected by the trigger selec-
tion. By applying the prompt-photon misidentification rate to these two side-band regions, we
predict the ¢ + jet and multijet backgrounds in the signal region, respectively.

The diphoton background is computed with the PYTHIA MC program and then rescaled by an
invariant-mass-dependent NLO K factor. The K factor for this process is computed with the
DIPHOX+GAMMA2MC [27, 28] generators and cross-checked with an independent calculation
by the authors of Refs. [23, 24]. The DIPHOX generator also takes into account the fragmentation
processes in which the photons can come from the collinear fragmentations of hard partons.
The photon isolation is calculated inside a cone of AR < 0.4, and the hadronic energy inside
this cone is required to be less than 5 GeV, a requirement similar to the one imposed at the
reconstruction level. The photons are also constrained to have || < 1.44 and Et > 70 GeV at
the generator level in the computation of the K factor. The sub-leading-order gluon-fusion Box
diagram is included as a part of the LO calculation due to its large contribution at the LHC.

The K factor varies between 1.7-1.1 from low to high M.,,. The systematic uncertainty on the
K factor is estimated by changing the PDF used in DIPHOX+GAMMA2MC from CTEQ6L1 to
MSTWO08 and by considering the effects of a change in the renormalization, factorization, and
fragmentation scales. We observe a maximum of a 15% variation in K factor at high M,,,,, which
we take as a systematic uncertainty on the diphoton background.

The simulated diphoton events are reweighted to give the same primary-vertex multiplicity



distribution as in the data and are scaled to account for the differences in photon reconstruction
efficiency between data and simulation.

6 Results
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Figure 3: Observed data (points with error bars) and background expectations (filled solid
histograms) as a function of the diphoton invariant mass. Photons are required to be isolated,
with Er > 70GeV and |7| < 1.44. Shaded bands around the background estimation correspond
to systematic uncertainties. The last bin is an overflow, including the sum of all contributions
for My, > 1.2 TeV.

Figure 3 shows the invariant mass distribution of each of the backgrounds as well as a data
distribution. Table 1 presents the data and backgrounds in different reconstructed diphoton in-
variant mass ranges and corresponds directly to the plot in Fig. 3. The last column corresonds
to the signal region. In the control region, we find that the data is consistent with the back-
ground estimate within the systematic uncertainty. We do not see any evidence of an excess of
events, either resonant or non-resonant.

Table 1: Data measurements and background expectations for reconstructed diphoton invari-
ant mass ranges. Full systematic uncertainties have been included.

Diphoton Invariant Mass Range [TeV]

Process [0.14,02] [0.2,05] [0.5,0.8] [0.8, co)
Multijet 7 £3 9 £3 01 £0.1 0.003 =+ 0.001
v +jet 53 +£8 67 £10 15 £02 019 +0.04
Diphoton 185 £33 205 £37 76 £14 11 £02

Total Backgrounds 245 £35 283 +£39 92 +14 1.3 £02
Observed 263 276 6 1
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7 Model Limits

In order to set limits on virtual graviton exchange in the ADD scenario, we perform a counting
experiment in the signal region (M., > 0.8 TeV) and set 95% CL upper limits on the quantity

S= (Utotal - U'SM) X B x A/ (8)

where 01,1 represents the total diphoton production cross section (including both signal, SM,
and interference effects), and oy represents the SM diphoton production cross section. We
indicate the signal branching fraction to diphotons by B and the signal acceptance by A. We
utilize the CLs technique with Gaussian priors for the nuisance parameters (integrated lumi-
nosity, signal efficiency, and background). The likelihood is constructed from the Poisson prob-
ability to observe N events, given S, the signal efficiency of (76.4 £ 9.6)%, the expected number
of background events (1.3 4 0.2), and the integrated luminosity £ = (1.14 4 0.05) fb~! [15].
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Figure 4: Signal cross section parameterization as a function of the strength of the ED effects,
116 (left) and as a function of 1/ M3 for the ngp = 2 case (right).

The observed upper 95% CL limit on S is 4.2 fb. We then translate this limit on the signal into
a limit on the parameters of the ADD model, using the following technique. Since the effects
of virtual graviton exchange interfere with the SM diphoton production, generally, we expect
the overall cross section of the diphoton production from physics sources to have the following
form:

TADD = OsM + ANG Oint + BY& 0D, )

where 77 is the parameter specifying the strength of ED effects. Consequently, we parameterize
the signal cross section within the counting window as a bilinear form in the parameter #¢ and
subtract the ogy term, already accounted for in setting the cross section limit on the signal.
For ngp = 2 case, 7¢ is not a constant, as it depends on the invariant mass of the diphoton
pair. Consequently, in this case we parameterize signal cross section with a smooth function of
1/ M3 and then directly translate the limit on the cross section into the limit on Mg.

The expected 95% CL limit together with the signal cross section parameterization as a function
of 1 are shown on the left in Fig. 4. The intersection of the cross section limit with the signal
cross section curve determines the upper 95% CL limit on the parameter 7. As seen from
the plot, these limits are equal to 77 = 0.0108 TeV~* and 1/M3$ = 0.0064 TeV~*. We further
translate these limits into the lower limits on the fundamental Planck scale for various numbers



Table 2: Table of 95% CL lower limits on Mg (in TeV), as a function of the number of EDs in the
HLZ convention for two different values of the ADD signal K factor. All limits are computed
with a signal cross section truncated to zero when /3 > Ms.

Kfactor | npp=2 ngp=3 ngp=4 ngp=5 ngp=6 ngp=7
1.0 3.2 34 2.8 2.6 2.4 2.2
1.6 3.5 3.7 3.1 2.8 2.6 2.4

of EDs ngp, as shown in Table 2. This is calculated trivially for ngp = 2 and for ngp > 2 by
using Eq. (6).
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Figure 5: Observed and expected limits on the Kaluza—Klein graviton (Gxk) mass M; for k=
0.01 (top left), k = 0.05 (top right), and k = 0.10 (bottom). The theoretical cross section for the
Gkk is given by the dashed blue line.
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Figure 6: The 95% CL lower limits on the RS1 graviton model in the M~k plane. Also shown
are bounds due to electroweak constraints [29] and naturalness (Mp > 10 TeV) are shown. All
points in the plane above and to the left of the red line have been excluded by the measurement
presented in this paper. Perturbativity requirements bound k < 0.10.

For the RS scenario, we perform a similar limit setting procedure, but in a bounded window
in M., as described in Sec. 4. The results are given as a ratio of the excluded cross section to
the RS signal model cross section, including the mass dependent K factor. The corresponding
limit in terms of M; is found when the two quantities are equal. For the values of k and M,
that were not simulated, we have interpolated the theory cross section, signal yield, and signal
width. We then use the interpolated signal width to set the corresponding counting window
for the background yield.
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Table 3: Table of 95% CL lower limits on M; for given values of the coupling parameter, k.

k 0.01 0.02 0.03 0.04 0.05 0.06 0.07 008 0.09 010 0.11
M; [TeV] 077 105 120 131 141 149 157 163 169 174 1.78

Table 4: Expected signal and background yields given model parameters k and M in prede-
fined bounded mass ranges in M,,,. Shown additionally are the observed number of events and
observed and expected 95% CL upper limit on the production cross section times acceptance
times branching fraction in the given mass range.

k M; [GeV] Mass Window [GeV] Signal Efficiency Expected Background Observed

0.01 500 470-530 0.29 4.3 4
0.01 750 707-793 0.34 1.1 0
0.01 1000 945-1055 0.38 0.2 0
0.01 1250 1182-1318 0.43 0.1 0
0.01 1500 1420-1580 0.47 0.03 0
0.01 1750 1657-1843 0.51 0.01 0
0.01 2000 1895-2105 0.53 0.007 0
0.05 500 464-536 0.28 54 5
0.05 750 698-802 0.34 1.3 0
0.05 1000 933-1067 0.38 0.3 0
0.05 1250 1167-1333 0.43 0.2 0
0.05 1500 1402-1598 0.47 0.03 0
0.05 1750 1636-1864 0.51 0.01 0
0.05 2000 1871-2129 0.53 0.007 0
0.010 500 444-556 0.28 9.9 7
0.010 750 669-831 0.33 1.9 1
0.010 1000 894-1106 0.38 0.4 0
0.010 1250 1118-1382 0.42 0.3 0
0.010 1500 1343-1657 0.46 0.05 0
0.010 1750 1568-1932 0.50 0.02 0
0.010 2000 1793-2207 0.52 0.01 0

Figure 6 shows the excluded regions of the M~k plane. Bounds due to precision electroweak
measurements [29] as well as due to naturalness arguments (when the fundamental Planck
scale exceeds 10 TeV) are shown. Table 3 presents the 95% CL lower limits on the graviton mass
M, for different values of k. Table 4 summarizes the expected background, signal efficiency, and
observed number of events for different mass windows, corresponding to particular choices of
RS model parameters. Figure 5 shows the observed and expected limits as a function of the
graviton mass for k =0.01, 0.05, and 0.10, respectively. All mass points for which the solid
black line lies below the blue theory line are excluded.

8 Conclusions

We have performed a search for large extra spatial dimensions leading to enhanced diphoton
production in proton-proton collisions at a center of mass energy 7 TeV at the LHC. Using
1.1 fb~! of integrated luminosity recorded by the CMS experiment, we observe no excess in
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diphoton production above that predicted from SM background sources. We present limits
on both the ADD and RS1 model of extra dimensions in the diphoton final state that extend
those achieved at the Tevatron [12] as well as those set previously by the CMS experiment [10].
Values of the cutoff scale Mg less than 2.2-3.6 TeV are excluded at 95% CL for ADD models with
between 2-7 extra dimenions. We also exclude at 95% CL resonant graviton production in the
RS1 model with values of M; less than 0.76-1.72 TeV depending on the normalized coupling
strength, k. These are the most stringent limits on these models set to date at a particle collider.
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