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We report on a search for new particles in the diphoton channel using a data sample of p �p collisions atffiffiffi
s

p ¼ 1:96 TeV collected by the CDF II detector at the Fermilab Tevatron, with an integrated luminosity

of 5:4 fb�1. The diphoton invariant mass spectrum of the data agrees well with the standard model

expectation. We set upper limits on the production cross section times branching ratio for the Randall-

Sundrum graviton, as a function of diphoton mass. We subsequently derive lower limits on the graviton

mass of 459 GeV=c2 and 963 GeV=c2, at the 95% confidence level, for coupling parameters (k= �MPl) of

0.01 and 0.1, respectively.

DOI: 10.1103/PhysRevD.83.011102 PACS numbers: 12.38.Qk, 13.85.Qk, 13.85.Rm

The large disparity between the electroweak scale and the
gravity scale (the Planck scale) is known as the hierarchy
problem. In the Randall-Sundrum (RS) model [1], the hier-
archy is generated by introducing one extra spatial dimen-
sion. The five-dimensional space-time is bounded by two
four-dimensional subspaces (or branes, short for mem-
branes). The standard model (SM) particles are confined
to the ‘‘TeV’’ brane, located at � ¼ �, while the Planck
brane is located at� ¼ 0, where� is the angular coordinate
parametrizing the extra dimension (0 � j�j � �). Gravity
is localized on the Planck brane but can propagate in the
bulk. The apparent weakness of gravity arises from the small
overlap of the gravitational wave function with the TeV
brane. The scale of physical phenomena on the TeV brane
is generated from the Planck scale through a warp factor:

�� ¼ �MPle
�krc�, where �� � TeV, �MPl ¼ MPl=

ffiffiffiffiffiffiffi
8�

p
is

the reduced Planck scale, k is the curvature scale of the
extra dimension, and rc is the compactification radius of the
extra dimension. The hierarchy is reproduced if krc ’ 12.

The compactification of the extra dimension gives rise to
a Kaluza-Klein (KK) tower of graviton states, the mass
spectrum being mn ¼ xnðk= �MPlÞ��, where xn is the nth
root of the first-order Bessel function, and the states couple
with strength 1=��. Two parameters determine graviton
couplings and widths: the constant k= �MPl and the mass of
the first KK graviton excitation m1. We examine values in
the range 0:01 � k= �MPl � 0:1 since the values of k must
be large enough to be consistent with the apparent weak-
ness of gravity, but small enough to prevent the theory from
becoming nonperturbative [2]. The graviton decay modes
are expected to produce distinctive final states: the dipho-
ton state from s wave decays and the dilepton state from p
wave decays. The spin-2 nature of the graviton favors a
search in the diphoton channel, where the branching ratio
(4%) is twice that of any single dilepton channel (2%) [3].

In this paper, we report on a search for the first KK
graviton excitation of the RS model in the diphoton decay
channel. We use 5:4 fb�1 of integrated luminosity col-
lected by the CDF II detector at the Fermilab Tevatron
using p �p collisions at

ffiffiffi
s

p ¼ 1:96 TeV between February

2002 and June 2009. Existing lower mass limits on RS
gravitons from the previous CDF analysis using data cor-
responding to 1:2 fb�1 of integrated luminosity in the
diphoton channel are 230 GeV=c2 and 850 GeV=c2 for
k= �MPl ¼ 0:01 and 0.1, respectively, at the 95% confidence
level (C.L.) [4]. The most recent limits from the D0
Collaboration are from a combined diphoton and dielec-
tron search using data corresponding to 5:4 fb�1 of inte-
grated luminosity, with limits of 560 GeV=c2 and
1050 GeV=c2 for k= �MPl ¼ 0:01 and 0.1, respectively [5].
The CDF II detector has a cylindrical geometry with

forward-backward and azimuthal symmetry. It consists of
a tracking system in a 1.4 T magnetic field, coaxial with the
beam, surrounded by calorimeters and muon detection
chambers [6]. The tracking system consists of a silicon
tracker (SVX-II) [7] and an open cell drift chamber (COT)
[8]. COT covers the pseudorapidity range j�j< 1:0 [6], and
the silicon detector extends the tracking coverage to
j�j< 2:0. The central and plug calorimeters [9] are sam-
pling calorimeters that surround the COT and cover the
ranges j�j< 1:1 and 1:2< j�j< 3:6, respectively. The
calorimeters, consisting of electromagnetic (EM) and had-
ronic layers arranged in a projective geometry, allow mea-
surement of the ‘‘transverse energy’’ ET ¼ E sinð�Þ [6]. At
the approximate electromagnetic shower maximum, the EM
calorimeters contain fine-grained detectors [10] that measure
the shower shape and centroid position in the two dimen-
sions transverse to the shower development. Surrounding
these detectors is a system of muon detectors [11]. A three-
level real-time event-selection system (trigger) filters events.
The events used in this analysis are selected by at least

one of four triggers. Two of them require two clusters of
electromagnetic energy: one requires both clusters to have
transverse energy ET > 12 GeV and be isolated in the
calorimeter; the other requires the two clusters to have
ET > 18 GeV but makes no isolation requirement. To en-
sure very high trigger efficiency for largeET photons, events
are also accepted from two single photon triggers with no
isolation requirements. One requires ET > 50 GeV, while
the other requires ET > 70 GeV with relaxed requirements
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on the hadronic energy associated with clusters. The combi-
nation of these triggers is effectively 100% efficient for the
kinematic region used in this search for diphoton events with
an invariant mass above 100 GeV=c2.

In the selected sample, each event is required to have at
least two photon candidates. If there are more than two
photon candidates, only the two photons with the highest
ET are used. Both photons are required to be in the fiducial
region of the central calorimeter (approximately in the
region j�j< 1:04). Each of the two photons is required
to have an energy cluster predominantly in the electromag-
netic calorimeter portion with ET > 15 GeV, and the pho-
ton pair is required to have a reconstructed diphoton
invariant mass greater than 30 GeV=c2. Both clusters are
required to be in the fiducial region of the shower
maximum detectors and to pass the following photon
identification criteria: transverse shower profiles must be
consistent with a single photon, additional transverse en-

ergy in the calorimeter in a cone of angular radius R ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið��Þ2 þ ð��Þ2p ¼ 0:4 [6] around the photon candidate

must be less than 2 GeV, and the scalar sum of the trans-
verse momentum pT of the tracks in the same cone must be
less than 2 GeV=c. Photons are required to have isolated
energy clusters in the shower maximum detector.

The selected data consist of 47 920 events. The diphoton
invariant mass distribution for these events, histogrammed
in bins equivalent to the mass resolution (approximated by
0:13

ffiffiffiffi
m

p � 0:02m GeV=c2 [9], where m is the diphoton
mass in GeV=c2) is shown in Fig. 1. The highest mass
pair occurs at 603 GeV=c2.

The expected number of RS graviton events, as a func-
tion of graviton mass, is estimated using the PYTHIA6.226

event generator [12], with CTEQ5L parton distribution
functions (PDFs) [13], and processed by the GEANT3-based
CDF II detector simulation [14]. The photon selection

efficiency determined from the simulation is multiplied
by a correction factor which is derived as the ratio of the
measured and simulated detector response to electrons
from Z boson decays, since a pure sample of reconstructed
photons is not available, and the characteristics of energy
deposited in the calorimeter by electrons are almost iden-
tical to those of photons. The Z0 ! eþe� sample is also
used to calibrate the electromagnetic energy scale. The
diphoton energy scale in data and Monte Carlo samples
is corrected by tuning the Z0 ! eþe� mass peak to the
world average value [15]. We also correct for effects
introduced by multiple interactions in the same beam
crossing. The combined acceptance and selection effi-
ciency for RS diphoton events increases from 0:12�
0:01ðstatÞ � 0:01ðsystÞ for gravitons of mass 200 GeV=c2

to 0:33� 0:01ðstatÞ � 0:03ðsystÞ for gravitons of mass
1100 GeV=c2. The largest systematic uncertainties on the
expected number of graviton events arise from the lumi-
nosity measurement (6%) and the uncertainty associated
with the initial and final state radiation (ISR/FSR). The
uncertainty on the efficiency resulting from ISR/FSR is
estimated to decrease from 8% for gravitons of mass
200 GeV=c2 to 4% for gravitons of mass 1100 GeV=c2

by varying the parton shower parameters in PYTHIA.
There are two significant background components in the

diphoton data sample. The first is SM diphoton production.
We estimate the shape of this background with the DIPHOX

next-to-leading-order (NLO)Monte Carlo [16] calculation.
This program calculates the cross section for diphoton
production in the hadronic collisions as a function of
mass. Previous studies show that DIPHOX describes the
shape of the SM diphoton invariant mass spectrum well
in the range used for this analysis (diphoton invariant mass
above 100 GeV=c2) [17]. The mass distribution of the
DIPHOX calculation is fitted to a product of a polynomial

and the sum of five exponential distributions in the range
30 GeV=c2 to 1:3 TeV=c2. The fitted invariant mass spec-
trum is then multiplied by an efficiency function derived
from a SM diphoton sample generated by PYTHIA and
processed through the full detector simulation. The second
background component, negligible except at the lowest
masses, arises from the misidentification of one or two
jets as photons. The invariant mass shape of this back-
ground is parametrized with a product of a polynomial and
the sum of two exponentials. This functional form is
justified, but not fixed, by a study using a sample of
photonlike jets obtained by loosening the photon selection
criteria (transverse shower profile and isolation require-
ments) for both photon candidates, then removing the
events which pass all the signal selection requirements.
To find the most accurate description of the background

invariant mass for setting limits, we fit a functional form
which is a sum of the DIPHOX shape and the photonlike jet
shape to the invariant mass spectrum of the data. All the
parameters in the functional form for the photonlike jets

)2) (GeV/cγγm(
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FIG. 1. The diphoton invariant mass distribution of events,
histogrammed in bins of approximately one unit of calorimeter
mass resolution. The width of the horizontal bar represents the
bin size. The bin size is 2:4ð10:4Þ GeV=c2 at mð��Þ ¼
100ð500Þ GeV=c2.
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and the normalization of the SM diphoton background are
allowed to vary in the fit. We fit the invariant mass spec-
trum in the range m�� > 100 GeV=c2 since RS gravitons

have been excluded at the 95% C.L. in the lower mass
region by previous searches.

Figure 2 shows the observed mass spectrum with the
fitted total background overlaid. The best fit SM back-
ground normalization is consistent with the DIPHOX calcu-
lation. The contribution of jets faking photons is highly
suppressed at high diphoton masses since we restrict the
amount of energy allowed in the isolation cone of each
photon candidate. Also shown in the figure is the systematic
uncertainty on the total background, which is approximately
20%. The systematic uncertainty arises predominantly from
the choice of the Q2 scales used in the DIPHOX calculation
for low mass diphoton events and from the choice of the
PDFs for high mass diphoton events. The systematic
uncertainties are taken to be completely correlated across
all mass bins. Correlations in the systematic uncertainties
between signal and background are taken into account.

A model-independent search for an excess over SM
predictions is performed, following the procedure outlined
in [18]. The search is optimized for a narrow resonance, but
still retains sensitivity to other signals which would pro-
duce an excess over SM predictions. We scan a mass
window over the mass region 100–700 GeV=c2. The
mass window is approximately the width a narrow reso-
nance would have if observed in the CDF detector.
The probability that the background could give rise to the
observed number of events in the mass window, referred to
as the p value, is calculated using Poisson statistics.

The uncertainty on the background estimate is treated
as a nuisance parameter with a Gaussian distribution.
The lowest p value observed is 0.016 at 198 GeV=c2.
The method is repeated for 200 000 simulated experiments
produced using the background prediction. Approximately
60% of the simulated experiments give a minimum p value
equal to or less than 0.016. Therefore we conclude that the
observed diphoton invariant mass spectrum is consistent
with the background prediction.
We use the CLs limit-setting technique [19] to set the

upper limits for the production cross section of RS grav-
itons times the branching fraction into the �� final state
using the diphoton mass spectrum. In this method, the data
are compared against two models at a time. One is the null
hypothesis H0, which asserts that the SM diphoton pro-
duction and misidentified jets describe the data, while the
other is the signal at a fixed mass plus background
hypothesis H1. The probability ratio

CLs ¼
PH1

ð��2 � ��2
obsÞ

PH0
ð��2 � ��2

obsÞ
(1)

is used to set the limits. The numerator and denominator
are calculated by generating simulated experiments assum-
ing hypothesis H1 and hypothesis H0, respectively, and
taking into account systematic uncertainties on signal and
background predictions. ��2

ðobsÞ is the difference in the

logarithm likelihood values calculated by comparing the
data in the simulated (real) experiment against the predic-
tion of H0 or H1. The 95% C.L. upper limit corresponds to
the cross section which gives CLs ¼ 0:05.
The result is shown in Fig. 3, as a function of graviton

mass, along with the theoretical cross section times
branching ratio for RS gravitons with k= �MPl set to 0.1,
0.07, 0.05, 0.025, and 0.01. The leading-order graviton
production cross section calculated by PYTHIA [12] is
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FIG. 2 (color online). The diphoton invariant mass spectrum
with the fitted total background overlaid. The points are the data.
The width of the horizontal bar represents the bin size which is
fixed at 5 GeV=c2. The dotted line shows the contribution from
events where at least one selected photon is from a misidentified
jet, and the solid line shows this background plus the DIPHOX SM
diphoton distribution. For clarity, the SM background is not
shown in the figure since it is almost indistinguishable from
the total background. The gray band shows the uncertainty on the
total background.
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FIG. 3 (color online). The 95% C.L. upper limit on the pro-
duction cross section times branching fraction of an RS model
graviton decaying to diphotons [�� BrðG ! ��Þ] as a function
of graviton mass. Also shown are the predicted (�� Br) curves
for k= �MPl ¼ 0:01, 0.07, 0.05, and 0.1 [20].
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multiplied by a K factor [20], decreasing from 1.54 at
200 GeV=c2 to 0.95 at 1100 GeV=c2, to correct for dia-
grams at higher order in �s. The previous analysis [4] used
a mass-independent K factor of 1.3, which leads to con-
servative limits at low masses and optimistic limits at high
masses. From the limit on �� BrðG ! ��Þ, lower mass
bounds are derived for the first excited state of the RS
graviton as a function of the parameter k= �MPl. The 95%
C.L. excluded region in the k= �MPl and graviton mass plane
is displayed in Fig. 4, with the mass limits summarized in
Table I.

In conclusion, we have searched for evidence of an
anomalous peak in the diphoton mass spectrum using
data corresponding to an integrated luminosity of
5:4 fb�1 collected by the CDF II detector at the Fermilab
Tevatron. We find no evidence of new physics. We evaluate
one model of hypothetical new diphoton production
and exclude RS gravitons below masses ranging from
459 to 963 GeV=c2, for a coupling parameter k= �MPl of

0.01 to 0.1, at the 95% C.L. This results in a significant
improvement, at high mass, over the previous best avail-
able limit in the diphoton state from CDF. The limits are
less stringent than those from D0 using the same integrated
luminosity [5]. Some contributing factors include the omis-
sion of the dielectron data and the use of mass-dependentK
factors in this CDF analysis.
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