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A search for supersymmetry in the context of general gauge-mediated breaking with the lightest
neutralino as the next-to-lightest supersymmetric particle and the gravitino as the lightest is presented. The
data sample corresponds to an integrated luminosity of 36 pb~! recorded by the CMS experiment at the
LHC. The search is performed by using events containing two or more isolated photons, at least one
hadronic jet, and significant missing transverse energy. No excess of events at high missing transverse
energy is observed. Upper limits on the signal cross section for general gauge-mediated supersymmetry
between 0.3 and 1.1 pb at the 95% confidence level are determined for a range of squark, gluino, and
neutralino masses, excluding supersymmetry parameter space that was inaccessible to previous

experiments.
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Supersymmetry (SUSY), in particular the version based
on gauge-mediated breaking [1-7], is of particular theo-
retical interest for physics beyond the standard model
(SM). Supersymmetry stabilizes the mass of the SM
Higgs boson, drives the grand unification of forces, and
incorporates dark matter candidates within its framework.
Previous searches for SUSY with gauge-mediated break-
ing [8—14] were performed by using a minimal model [15]
as a benchmark. In that model, in order to reduce the
number of free parameters, several assumptions, including
gaugino mass unification, are made. These assumptions
lead to a mass hierarchy in which strongly interacting
SUSY partners are much heavier than the lightest chargino
and neutralino. For example, the current best lower limit on
the neutralino mass [9] of 175 GeV corresponds to gluino
and squark mass limits of well above 1 TeV. In the more
general case, the masses of strongly interacting SUSY
partners can be much lighter, leading to large production
cross sections at the LHC and allowing, even at low
integrated luminosity, for the exploration of parameter
space inaccessible at previous colliders.

In this Letter, we consider a general gauge-mediation
(GGM) SUSY scenario [16,17], with the gravitino as the
lightest SUSY particle and the lightest neutralino as the
next-to-lightest (NLSP). In the following, it is assumed that
the neutralino decays promptly to a gravitino and a photon.
Cases with either a large neutralino lifetime or a large
branching fraction into a Z and a gravitino are not consid-
ered in this Letter. The gravitino escapes detection, leading
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to missing transverse energy (EWS). If R parity [18] is
conserved, strongly interacting SUSY particles are pair-
produced. Their decay chain includes one or several quarks
or gluons and a neutralino, which in turn decays to a photon
and a gravitino. The topology of interest for this search is,
therefore, two or more isolated photons with large trans-
verse energy (E7), at least one hadronic jet, and large
missing transverse energy ETSS.

A detailed description of the CMS detector can be found
elsewhere [19]. The detector’s central feature is a super-
conducting solenoid providing a 3.8 T axial magnetic field
along the beam direction. Charged particle trajectories are
measured by a silicon pixel and strip tracker system, cover-
ing 0 = ¢ =27 in azimuth and |n| <2.5, where the
pseudorapidity n = — In tan#/2, and 6 is the polar angle
with respect to the counterclockwise beam direction. A
lead-tungstate crystal electromagnetic calorimeter (ECAL)
and a brass/scintillator hadron calorimeter (HCAL)
surround the tracker volume. For the barrel calorimeter
(Iml < 1.479), the modules are arranged in projective
towers. Muons are measured in gas detectors embedded
in the steel return yoke of the magnet. The detector is
nearly hermetic, allowing for reliable measurement of
EXss In the 2010 collision data, photons with energy
greater than 20 GeV are measured within the barrel
ECAL with a resolution of better than 1%, which is domi-
nated by intercalibration precision.

The data used in this analysis, corresponding to an
integrated luminosity of 36 pb~!, were recorded during
the 2010 run at a center-of-mass energy (1/s) of 7 TeV at
the Large Hadron Collider (LHC) at CERN. A two-level
trigger system was used, based on the presence of at
least one photon with a minimum transverse energy of
30 GeV. This data sample is used for the selection of
both signal candidates and control samples used for
background estimation. The efficiency for off-line
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selected events to pass the trigger is estimated to be
above 99%.

The photon candidates are reconstructed from clusters of
energy in the ECAL. Candidates are required to have E; =
30 GeV and |n| = 1.4. The ECAL cluster shape is re-
quired to be consistent with that expected from a photon,
and the energy detected in the HCAL behind the photon
shower is required not to exceed 5% of the ECAL energy.
To suppress photons originating from quark or gluon ha-
dronization, the photons are required to be isolated from
other activity in the tracker, ECAL, and HCAL. The scalar
sums of transverse energies of tracks and calorimeter

deposits within AR = 4/(An)? + (A¢$)? = 0.4 of the can-
didate’s direction are determined, after excluding the con-
tribution from the candidate itself. These isolation sums are
required to be = 0.001 X E; + 2.0 GeV, 0.006 X E; +
4.2 GeV, and 0.0025 X E; + 2.2 GeV, with E; in GeV,
for the tracker, ECAL, and HCAL, respectively.

Photons that fail either the shower shape or track iso-
lation requirement are referred to as fake photons. Most of
these fake photons are quarks or gluons that have hadron-
ized predominantly to 7°’s decaying into photons. They
are used for the background estimation derived from
the data.

The criteria above are efficient for selection of both
electrons and photons. To separate them reliably, we search
for hit patterns in the pixel detector consistent with a track
from an electron (pixel match). The candidates with (with-
out) pixel match are considered to be electrons (photons)
[20]. Events in the signal sample (referred to below as the
vy sample) are required to have at least two photon
candidates.

Jets are reconstructed from energy deposits in the calo-
rimeters by using the anti-k; clustering algorithm [21] with
a size parameter of 0.5. The jet energy is corrected by using
reconstructed tracks [22]. Selected jets must have E; =
30 GeV and |n| = 2.6. In addition, to separate real jets
from anomalous HCAL signals, the fraction of energy
contributed to the jet shower by the highest energy
HCAL channels must be = 98%, the jet must have no
single HCAL channel containing more than 90% of its
total energy, and finally the ECAL energy fraction of the
jet must be = 1%. To be retained in the signal sample,
events must contain at least one such jet isolated from both
of the two highest-E; photon candidates by AR = 0.9.

The EP is determined by using calorimeter energy
deposits. Corrections are applied by replacing calorimeter
tower energies matched to charged hadrons and muons
with their corresponding charged-track momenta [23].

Events are generated in the benchmark SUSY model
[24] using PYTHIA 6.4 [25] in a three-dimensional grid of
the NLSP, gluino, and squark masses. The soft masses of
the squarks are taken to be degenerate. Sleptons and
all other gauginos except the NLSP are assigned a mass
of 1.5 TeV. The QCD production cross section at

next-to-leading order is calculated for these points by using
PROSPINO 2.1 [26] and is dominated by gluino-gluino,
gluino-squark, and squark-squark production. The gener-
ated events are passed through the CMS detector simu-
lation program, which is based on the GEANT4 [27]
package, and reconstructed by using the same program as
for the collision data to ensure that all features of the data,
such as trigger and reconstruction, are applied to the
Monte Carlo (MC) simulated SUSY signal sample.

The SUSY signal can be mimicked in several ways.
Irreducible backgrounds from SM processes such as
Z(— vv)yy and W(— €v)yy are negligible. The main
backgrounds arise from SM processes with misidentified
photons and/or mismeasured ET'*. The dominant contri-
bution comes from mismeasurement of ET* in QCD
processes such as direct diphoton, photon plus jets, and
multijet production, with jets mimicking photons in the
latter two cases. This background is referred to as the QCD
background. The strategy for determining this background
is to use control samples that are kinematically similar to
the candidate sample and that can be reasonably assumed
to have no significant genuine EFS. Two such samples are
used. The first is a sample containing two fake photons,
referred to as the ff sample below, comprising QCD
multijet events. The second (ee) sample contains events
with two electrons [28] with invariant mass between 70 and
110 GeV and is dominated by Z — ee decays.

The E; resolution for electrons and fake photons is
similar to the resolution for photons and is much better
than the resolution for hadronic energy, so the ET' reso-
lution is dominated by the latter. The events in both control
samples are reweighted to reproduce the diphoton trans-
verse energy distribution in the candidate yy sample and,
therefore, the transverse energy of the hadronic recoil
against the diphoton system; the reweighting factors range
from 0.3 to 1.7. The shapes of the Es* distributions
obtained from both control samples are identical within
the statistical and systematic uncertainties and are used to
predict the EF** background by normalizing to the number
of events with EF$ < 20 GeV in the candidate sample.

The second background comes from events with real
EPss, It is dominated by events with a genuine or fake
photon and a W that decays into a neutrino and an electron,
with the latter misidentified as a photon. This background
is referred to as the electroweak background. An electron is
misidentified as a photon if it satisfies all the photon
selection criteria but has no matching hit pattern in the
pixel detector. To model this background, an ey candidate
sample is defined, selected the same way as the yy sample
but requiring at least one electron and at least one photon
instead of at least two photons. This sample is thus en-
riched with Wy and W plus jets events (with real EJiss)
similar to those in the candidate -y sample. The probabil-
ity f.—., to misidentify an electron as a photon is measured
with Z — ee events to be (1.4 = 0.4)%. The ey sample is
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FIG. 1 (color online). E} distribution for y7y data, including
the jet requirement, compared with backgrounds and a possible
GGM SUSY signal. The solid circles with error bars represent
the data. The double-hatched blue band represents the contribu-
tion of the electroweak background. The single-hatched red band
shows the sum of the electroweak background with the QCD
Ess prediction obtained from the Z — ee sample. The widths of
the bands correspond to the sum of the statistical and systematic
uncertainties on the backgrounds. The prediction of the GGM
SUSY sample point described in the text is shown in the plot as
the solid line histogram.

then weighted by f,_., /(1 — f,_.,) in order to estimate the
contribution of this background to the signal sample.

Finally, high-energy muons from cosmic rays or beam
halo can deposit a large amount of energy in the ECAL,
leading to events with two photon candidates and ET'S,
These events are suppressed to a negligible level by the jet
requirement described above.

The ET distribution in the yy sample is shown in
Fig. 1, together with the estimates of the electroweak
background and the total background using the QCD pre-
diction from Z — ee and their uncertainties. Events with
EMss < 20 GeV have negligible SUSY signal contribution
(0.022 = 0.009 event for the GGM SUSY sample point
described below). The E* distributions for the ff and ee

samples are then scaled so that their integrals below
20 GeV match that of the yy sample minus the estimated
electroweak contribution. Their integrals above 50 GeV
give predictions of the QCD background.

Table I summarizes the number of yy events observed
and the numbers of background events expected with
EMss = 50 GeV. The statistical and systematic uncertain-
ties on the background predictions due to reweighting and
normalization are shown separately. One event is observed,
while the total background is expected to be 0.53 = 0.37
(1.71 £ 0.64) events by using the ff (ee) samples and
including the electroweak background. These two consis-
tent estimates are averaged, by using log-normal distribu-
tions as probability density functions while taking into
account the common component from the electroweak
background and the correlated uncertainty due to the nor-
malization, to obtain a prediction of 1.2 * 0.4 background
events. An additional conservative systematic uncertainty
of 0.7 events is assigned by taking the largest difference
between the average and the individual measurements,
resulting in a total background uncertainty of 0.8 events.

The efficiency for SUSY events to satisfy the selection
criteria is determined by applying correction factors de-
rived from the data to the MC simulation of the signal.
Since there exists no large clean sample of isolated photons
in the data, we rely on similarities between the detector
response to electrons and photons to extract the photon
efficiency. The difference between the efficiencies for
electrons and photons according to the MC simulation is
0.5%. The ratio of the electron efficiency from Z — ee
events that pass all photon identification criteria (except for
the pixel match) to the corresponding electron MC effi-
ciencies gives an MC efficiency scale factor of 0.967 =
0.015. This scale factor is applied to the efficiency to
identify a photon from NLSP decay obtained with the
MC simulation. The error on the scale factor also includes
possible systematic effects from multiple interactions per
bunch crossing (pileup), estimated to be less than 1%. The
additional uncertainty on the efficiency of the requirement
for no pixel match for a photon is estimated by varying the

TABLE 1. The number of events with s = 50 GeV from the yy event sample as well as the
predicted number of background events with E7"* = 50 GeV using either the fake-fake events

or the Z — ee data.

Type Number Stat error ~ Reweight ~ Normalization
of events error error

Y7y events 1

Electroweak background estimate 0.04 = 0.03 *0.02 *0.0 *0.01

QCD background estimate (ff) 0.49 = 0.37 *0.36 +0.06 +0.07

QCD background estimate (ee) 1.67 = 0.64 +0.46 +0.38 +0.23

Total background (using ff) 0.53 +0.37

Total background (using ee) 1.71 £ 0.64

Combined total background 1.2 0.8

Expected from GGM sample point 8.0+ 1.7
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amount of tracker material in the detector simulation and is
found to be equal to 0.5%. Other sources of systematic
uncertainties in signal yield include the uncertainty on the
integrated luminosity (11%) [29], parton distribution func-
tion uncertainty (10%—40%), and renormalization scale
uncertainty (10%-20%), depending on the SUSY masses.

As a cross-check of the analysis method, in particular
the determination of the QCD background contribution, the
procedure is applied to a data sample selected in the same
way as the ey sample described above, except that there is
no requirement on the number of jets. The check consists
of estimating the QCD background, events with no true
EXss_in a sample populated with both QCD and events
from the two dominant SM processes, W7y and W plus jets,
which have true EF*. An excess in the observed number of
events with large EP over the estimated QCD back-
ground should be consistent with the yield from the W
processes. The ETsS spectrum of the ey events is shown in
Fig. 2 and exhibits a clear deviation from the predicted
QCD background alone but agrees well with the sum of the
QCD and W backgrounds.

This measurement and the estimated acceptance times
efficiency are used to set upper limits on the gluino and
squark production cross sections, employing a Bayesian
method described in Ref. [30]. Both the log-normal and
gamma priors are used to integrate over nuisance parame-
ters in order to incorporate uncertainties on the total back-
ground rate, integrated luminosity, and total acceptance
times efficiency. The observed 95% confidence level
(C.L.) cross section limits, shown in Fig. 3, vary between
0.3 and 1.1 pb for a neutralino mass of 150 GeV as a

T T T T T T T T
gGMSb‘1 . Data - ey (No Jet Requirement)
2 L \s= 5 Tev Wy Total SM Expectation i
S : Predicted BG (QCD shape from Z) }
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FIG. 2 (color online). The E} distribution of the ey candi-
dates (solid circles with error bars) is compared to the QCD
expectation for this spectrum from Z — ee events (solid histo-
gram). The Wy and W plus jet (with the jet misidentified as a
photon) contributions are shown as dashed and dash-dotted
histograms, respectively. The hatched red band represents the
sum of all expected background components, and its width
corresponds to the sum of the statistical and systematic uncer-
tainties on the backgrounds.

function of squark and gluino masses. The variation in
the limits is due to the dependence of the photon isolation
efficiency on the number of jets in the event.

To illustrate the limit-setting procedure, a particular
signal point, with a squark mass of 720 GeV, gluino mass
of 720 GeV, and neutralino mass of 150 GeV, is considered.
The next-to-leading order signal cross section for this point
is 1.04 pb, the efficiency times acceptance is 0.203 =
0.004(stat) = 0.008(syst), and the parton distribution func-
tion and scale uncertainties are each 13%. The upper limit
obtained from this measurement is 0.585 pb, while the
expected cross section upper limit at the 95% C.L. is
0.628 pb. The expected number of events for this SUSY
sample point for an integrated luminosity of 36 pb~! is
8.0 = 1.7 events. For comparison, the total next-to-leading
order SUSY production cross section at the Tevatron for
the same model point is 0.3 fb, leading to an expectation of
less than half of an event for analysis [9].

The benchmark GGM model used in this Letter can be
used to interpret these cross section limits as lower limits
on squark and gluino masses. For each mass point we
compare the predicted cross section with the measured
upper limit and claim exclusion if the former is greater
than the latter. The exclusion contours for three different
choices of neutralino mass are shown in Fig. 4, together
with the expected exclusion limit for a 150 GeV neutralino
mass. The predicted cross section has uncertainties due to
the choice of parton distribution function and scale. We
varied the predicted cross section by 1 standard deviation
of its uncertainty to ascertain the impact on the exclusion
region. The results for 150 GeV neutralino mass are pre-
sented as a shaded band around the central value of the
exclusion contour.

In summary, a search for evidence of GGM SUSY
production in events that contain two or more high trans-
verse energy isolated photons, one or more jets, and large

2000 T T !
L CMs
36 pb™’

\s=7TeV _’g
< 1500 c
2 S
¢ ;
P (7]
= &
= 1000 g
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FIG. 3. 95% C.L. upper limits for GGM production cross
section as a function of squark (§) and gluino (g) masses for a
neutralino mass of 150 GeV.
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FIG. 4 (color online). Lower 95% C.L. exclusion limits on the
squark (g) and gluino (g) masses in the GGM benchmark model
for 50, 150, and 500 GeV neutralino ( )?(l’) masses. The areas
below and to the left of the lines are excluded. The expected
exclusion limit for 150 GeV neutralino mass is shown by the
dashed line. The shaded band represents =1 standard deviation
of theoretical uncertainty on the GGM cross section.

EMiss is presented. No such evidence is observed, leading to
upper limits on the GGM SUSY cross section between 0.3
and 1.1 pb at the 95% C.L. across the parameter space of a
benchmark model, setting the world’s best direct lower
limits on squark and gluino masses.
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20Carnegie Mellon University, Pittsburgh, Pennsylvania, USA
121University of Colorado at Boulder, Boulder, Colorado, USA
122Cormell University, Ithaca, New York, USA
23 Fairfield University, Fairfield, Connecticut, USA
124 Fermi National Accelerator Laboratory, Batavia, Illinois, USA
2 University of Florida, Gainesville, Florida, USA
2Florida International University, Miami, Florida, USA
2 Florida State University, Tallahassee, Florida, USA
8 Florida Institute of Technology, Melbourne, Florida, USA
"2University of Illinois at Chicago (UIC), Chicago, Illinois, USA
1397 pe University of lowa, lowa City, lowa, USA
31 Johns Hopkins University, Baltimore, Maryland, USA
2The University of Kansas, Lawrence, Kansas, USA
33Kansas State University, Manhattan, Kansas, USA
34 awrence Livermore National Laboratory, Livermore, California, USA
35University of Maryland, College Park, Maryland, USA
3Massachusetts Institute of Technology, Cambridge, Massachusetts, USA
137Um'versity of Minnesota, Minneapolis, Minnesota, USA
138University of Mississippi, University, Mississippi, USA
13()University of Nebraska—Lincoln, Lincoln, Nebraska, USA
108tate University of New York at Buffalo, Buffalo, New York, USA
Y“INortheastern University, Boston, Massachusetts, USA
"2 Northwestern University, Evanston, Illinois, USA
S University of Notre Dame, Notre Dame, Indiana, USA
“The Ohio State University, Columbus, Ohio, USA
4SPrinceton University, Princeton, New Jersey, USA
146University of Puerto Rico, Mayaguez, Puerto Rico, USA
Y Purdue University, West Lafayette, Indiana, USA
8 pyrdue University Calumet, Hammond, Indiana, USA
19Rice University, Houston, Texas, USA
150University of Rochester, Rochester, New York, USA
“IThe Rockefeller University, New York, New York, USA
152Rm‘gers, the State University of New Jersey, Piscataway, New Jersey, USA
]53University of Tennessee, Knoxville, Tennessee, USA
P4 exas A&M University, College Station, Texas, USA
155Texas Tech University, Lubbock, Texas, USA
SoVunderbilt University, Nashville, Tennessee, USA
l57University of Virginia, Charlottesville, Virginia, USA
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158Wayne State University, Detroit, Michigan, USA
159University of Wisconsin, Madison, Wisconsin, USA

“Deceased.
®Also at CERN, European Organization for Nuclear Research, Geneva, Switzerland.
“Also at Universidade Federal do ABC, Santo Andre, Brazil.
dAls0 at Laboratoire Leprince-Ringuet, Ecole Polytechnique, IN2P3-CNRS, Palaiseau, France.
°Also at Suez Canal University, Suez, Egypt.
'Also at British University, Cairo, Egypt.
€Also at Fayoum University, El-Fayoum, Egypt.
"Also at Soltan Institute for Nuclear Studies, Warsaw, Poland.
{Also at Massachusetts Institute of Technology, Cambridge, MA, USA.
JAls0 at Université de Haute-Alsace, Mulhouse, France.
kAlso at Brandenburg University of Technology, Cottbus, Germany.
'Also at Moscow State University, Moscow, Russia.
MAlso at Institute of Nuclear Research ATOMKI, Debrecen, Hungary.
"Also at Eotvos Lorand University, Budapest, Hungary.
°Also at Tata Institute of Fundamental Research - HECR, Mumbai, India.
PAlso at University of Visva-Bharati, Santiniketan, India.
9Also at Sharif University of Technology, Tehran, Iran.
"Also at Shiraz University, Shiraz, Iran.
*Also at Isfahan University of Technology, Isfahan, Iran.
'Also at Facolta Ingegneria Universitd di Roma “La Sapienza,” Roma, Italy.
"Also at Universita della Basilicata, Potenza, Italy.
VAlso at Universita degli studi di Siena, Siena, Italy.
“Also at California Institute of Technology, Pasadena, CA, USA.
*Also at Faculty of Physics of University of Belgrade, Belgrade, Serbia.
YAlso at University of California, Los Angeles, Los Angeles, CA, USA.
“Also at University of Florida, Gainesville, FL, USA.
*Also at Université de Genéve, Geneva, Switzerland.
®®Also at Scuola Normale e Sezione dell’ INFN, Pisa, Ttaly.
““Also at INFN Sezione di Roma, Universita di Roma “La Sapienza,” Roma, Italy.
ddATso at University of Athens, Athens, Greece.
““Also at The University of Kansas, Lawrence, KS, USA.
TAlso at Institute for Theoretical and Experimental Physics, Moscow, Russia.
€8 Also at Paul Scherrer Institut, Villigen, Switzerland.
"MAlso at University of Belgrade, Faculty of Physics and Vinca Institute of Nuclear Sciences, Belgrade, Serbia.
iiAlso at Gaziosmanpasa University, Tokat, Turkey.
JiAlso at Adiyaman University, Adiyaman, Turkey.
Kk Also at Mersin University, Mersin, Turkey.
"Also at Izmir Institute of Technology, Izmir, Turkey.
MMAlso at Kafkas University, Kars, Turkey.
"MAlso at Suleyman Demirel University, Isparta, Turkey.
%°Also at Ege University, Izmir, Turkey.
PPAlso at Rutherford Appleton Laboratory, Didcot, United Kingdom.
99Also at School of Physics and Astronomy, University of Southampton, Southampton, United Kingdom.
"Also at INFN Sezione di Perugia, Universita di Perugia, Perugia, Italy.
**Also at Utah Valley University, Orem, UT, USA.
"“Also at Institute for Nuclear Research, Moscow, Russia.
““Also at Erzincan University, Erzincan, Turkey.
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