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Search for Diphoton Events with Large Missing Transverse Momentum in

7TeV Proton–Proton Collision Data with the ATLAS Detector

The ATLAS Collaboration

Abstract

A search for diphoton events with large missing transverse momentum has been performed using proton–proton collision
data at

√
s = 7TeV recorded with the ATLAS detector, corresponding to an integrated luminosity of 4.8 fb−1. No excess

of events was observed above the Standard Model prediction and model-dependent 95% confidence level exclusion limits
are set. In the context of a generalised model of gauge-mediated supersymmetry breaking with a bino-like lightest
neutralino of mass above 50 GeV, gluinos (squarks) below 1.07TeV (0.87TeV) are excluded, while a breaking scale Λ
below 196TeV is excluded for a minimal model of gauge-mediated supersymmetry breaking. For a specific model with
one universal extra dimension, compactification scales 1/R < 1.40TeV are excluded. These limits provide the most
stringent tests of these models to date.

1. Introduction

This Letter reports on a search for diphoton (γγ)
events with large missing transverse momentum (Emiss

T )
in 4.8 fb−1 of proton–proton (pp) collision data at

√
s =

7TeV recorded with the ATLAS detector at the Large
Hadron Collider (LHC) in 2011, extending and supersed-
ing a prior study performed with 1 fb−1 [1]. The results are
interpreted in the context of three models of new physics:
a general model of gauge-mediated supersymmetry break-
ing (GGM) [2–4], a minimal model of gauge-mediated su-
persymmetry breaking (SPS8) [5], and a model with one
universal extra dimension (UED) [6–8].

2. Supersymmetry

Supersymmetry (SUSY) [9–17] introduces a symmetry
between fermions and bosons, resulting in a SUSY part-
ner (sparticle) with identical quantum numbers except a
difference by half a unit of spin for each Standard Model
(SM) particle. As none of these sparticles have been ob-
served, SUSY must be a broken symmetry if realised in na-
ture. Assuming R-parity conservation [18–22], sparticles
are produced in pairs. These would then decay through
cascades involving other sparticles until the lightest SUSY
particle (LSP), which is stable, is produced.
In gauge-mediated SUSY breaking (GMSB) models [23–

28] the LSP is the gravitino G̃. GMSB experimental sig-
natures are largely determined by the nature of the next-
to-lightest SUSY particle (NLSP). In this study the NLSP
is assumed to be the lightest neutralino χ̃0

1. For studies
with the lightest stau as NLSP, the reader is referred to
Refs. [29, 30]. Should the lightest neutralino be a bino
(the SUSY partner of the SM U(1) gauge boson), the final
decay in the cascade would predominantly be χ̃0

1 → γG̃,

with two cascades per event, leading to final states with
γγ+Emiss

T , where Emiss
T results from the undetected grav-

itinos.

Two different classes of gauge-mediated models, de-
scribed in more detail below, are considered as benchmarks
to evaluate the reach of this analysis: the minimal GMSB
model (SPS8) as an example of a complete SUSY model
with a full particle spectrum and two different variants of
the GGM model as examples of phenomenological models
with reduced particle content.

In the SPS8 model, the only free parameter is the SUSY-
breaking mass scale Λ that establishes the nature of the
observable phenomena exhibited by the low-energy sec-
tor. The other model parameters are fixed to the follow-
ing values: the messenger mass Mmess = 2Λ, the number
of SU(5) messengers N5 = 1, the ratio of the vacuum ex-
pectation values of the two Higgs doublets tanβ = 15,
and the Higgs sector mixing parameter µ > 0. The bino
NLSP is assumed to decay promptly (cτNLSP < 0.1mm).
For Λ ≃ 200TeV, the direct production of gaugino pairs
such as χ̃0

2 χ̃±

1 or χ̃+
1 χ̃−

1 pairs is expected to dominate at
a LHC centre-of-mass energy of

√
s = 7TeV. The contri-

bution from gluino and/or squark pairs is below 10% of
the production cross section due to their high masses. The
sparticle pair produced in the collision decays via cascades
into two photons and two gravitinos. Further SM particles
such as gluons, quarks, leptons and gauge bosons may be
produced in the cascade decays. The current best limit on
Λ in this model is 145TeV [1].

Two different configurations of the GGM SUSY model
are considered in this study, for which the neutralino
NLSP, chosen to be the bino, and either the gluino or
the squark masses are treated as free parameters. For the
squark–bino GGM model all squark masses are treated
as degenerate except the right-handed up-type squarks
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whose mass is decoupled (set to inaccessibly large values).
For the gluino–bino model all squark masses are decou-
pled. For both configurations all other sparticle masses are
also decoupled, leading to a dominant production mode at√
s = 7TeV of a pair of squarks in one case and a pair

of gluinos in the other case. These would decay via short
cascades into the bino-like neutralino NLSP. Jets may be
produced in the cascades from the gluino and squark de-
cays. Further model parameters are fixed to tanβ = 2 and
cτNLSP < 0.1mm. The decay into the wino-like neutralino
NLSP is possible and was studied by the CMS Collabora-
tion [31].

3. Extra dimensions

UED models postulate the existence of additional spa-
tial dimensions in which all SM particles can propagate,
leading to the existence of a series of excitations for each
SM particle, known as a Kaluza–Klein (KK) tower. This
analysis considers the case of a single UED, with compact-
ification radius (size of the extra dimension) R ≈ 1TeV−1.
At the LHC, the main UED process would be the produc-
tion via the strong interaction of a pair of first-level KK
quarks and/or gluons [32]. These would decay via cascades
involving other KK particles until reaching the lightest KK
particle (LKP), i.e. the first level KK photon γ∗. SM par-
ticles such as quarks, gluons, leptons and gauge bosons
may be produced in the cascades. If the UED model is
embedded in a larger space with N additional eV−1-sized
dimensions accessible only to gravity [33], with a (4+N)-
dimensional Planck scale (MD) of a few TeV, the LKP
would decay gravitationally via γ∗ → γ+G. G represents
a tower of eV-spaced graviton states, leading to a gravi-
ton mass between 0 and 1/R. With two decay chains per
event, the final state would contain γγ+Emiss

T , whereEmiss
T

results from the escaping gravitons. Up to 1/R ∼ 1TeV,
the branching ratio to the diphoton and Emiss

T final state is
close to 100%. As 1/R increases, the gravitational decay
widths become more important for all KK particles and
the branching ratio into photons decreases, e.g. to 50%
for 1/R = 1.5TeV [7].
The UED model considered here is defined by specifying

R and Λ, the ultraviolet cut-off used in the calculation of
radiative corrections to the KK masses. This analysis sets
Λ such that ΛR = 20 [34]. The γ∗ mass is insensitive to Λ,
while other KK masses typically change by a few per cent
when varying ΛR in the range 10−30. For 1/R = 1.4TeV,
the masses of the first-level KK photon, quark and gluon
are 1.40 TeV, 1.62 TeV and 1.71TeV, respectively [35].

4. Simulated samples

For the GGM model, the SUSY mass spectra were cal-
culated using SUSPECT 2.41 [36] and SDECAY 1.3 [37]; for
the SPS8 model, the SUSY mass spectra were calculated
using ISAJET 7.80 [38]. The Monte Carlo (MC) SUSY sig-
nal samples were produced using Herwig++ 2.5.1 [39] with

MRST2007 LO∗ [40] parton distribution functions (PDFs).
Signal cross sections were calculated to next-to-leading
order (NLO) in the strong coupling constant, including
the resummation of soft gluon emission at next-to-leading-
logarithmic accuracy (NLO+NLL) [41–45]. The nominal
cross sections and the uncertainties were taken from an en-
velope of cross-section predictions using different PDF sets
and factorisation and renormalisation scales, as described
in Ref. [46]. In the case of the UED model, cross sections
were estimated and MC signal samples generated using
the UED model as implemented at leading order (LO) in
PYTHIA 6.423 [47, 35] with MRST2007 LO∗ PDFs.
The “irreducible” background from W (→ ℓν) + γγ and

Z(→ νν̄) + γγ production was simulated at LO using
MadGraph 4 [48] with the CTEQ6L1 [49] PDFs. Parton
showering and fragmentation were simulated with PYTHIA.
NLO cross sections and scale uncertainties were imple-
mented via multiplicative constants (K-factors) that re-
late the NLO and LO cross sections. These have been cal-
culated for several restricted regions of the overall phase
space of the Z(→ νν̄) + γγ and W (→ ℓν) + γγ pro-
cesses [50, 51], and are estimated to be 2.0± 0.3 and 3± 3
for the Z(→ νν̄) + γγ and W (→ ℓν) + γγ contributions
to the signal regions of this analysis, respectively. As de-
scribed below, all other background sources are estimated
through the use of control samples derived from data.
All samples were processed through the GEANT4-based

simulation of the ATLAS detector [52, 53]. The varia-
tion of the number of pp interactions per bunch crossing
(pile-up) as a function of the instantaneous luminosity is
taken into account by overlaying simulated minimum bias
events according to the observed distribution of the num-
ber of pile-up interactions in data, with an average of ∼ 10
interactions.

5. ATLAS detector

The ATLAS detector [54] is a multi-purpose apparatus
with a forward-backward symmetric cylindrical geometry
and nearly 4π solid angle coverage. Closest to the beam-
line are tracking devices comprising layers of silicon-based
pixel and strip detectors covering |η| < 2.51 and straw-
tube detectors covering |η| < 2.0, located inside a thin
superconducting solenoid that provides a 2T magnetic
field. Outside the solenoid, fine-granularity lead/liquid-
argon electromagnetic (EM) calorimeters provide cover-
age for |η| < 3.2 to measure the energy and position of
electrons and photons. A presampler, covering |η| < 1.8,
is used to correct for energy lost upstream of the EM

1ATLAS uses a right-handed coordinate system with its origin
at the nominal interaction point (IP) in the centre of the detector
and the z-axis along the beam pipe. The x-axis points from the
IP to the centre of the LHC ring, and the y-axis points upward.
Cylindrical coordinates (r, φ) are used in the transverse plane, φ
being the azimuthal angle around the beam pipe. The pseudorapidity
is defined in terms of the polar angle θ as η = − ln tan(θ/2).
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calorimeter. An iron/scintillating-tile hadronic calorime-
ter covers the region |η| < 1.7, while a copper/liquid-argon
medium is used for hadronic calorimeters in the end-cap re-
gion 1.5 < |η| < 3.2. In the forward region 3.2 < |η| < 4.9
liquid-argon calorimeters with copper and tungsten ab-
sorbers measure the electromagnetic and hadronic energy.
A muon spectrometer consisting of three superconduct-
ing toroidal magnet systems each comprising eight toroidal
coils, tracking chambers, and detectors for triggering sur-
rounds the calorimeter system.

6. Reconstruction of candidates and observables

The reconstruction of converted and unconverted pho-
tons and of electrons is described in Refs. [55] and [56], re-
spectively. Photon candidates were required to be within
|η| < 1.81, and to be outside the transition region 1.37 <
|η| < 1.52 between the barrel and end-cap calorimeters.
Identified on the basis of the characteristics of the lon-
gitudinal and transverse shower development in the EM
calorimeter, the analysis made use of both “loose” and
“tight” photons [55]. In the case that an EM calorimeter
deposition was identified as both a photon and an electron,
the photon candidate was discarded and the electron can-
didate retained. In addition, converted photons were re-
classified as electrons if one or more candidate conversion
tracks included at least one hit from the pixel layers. Giv-
ing preference to the electron selection in this way reduced
the electron-to-photon fake rate by 50–60% (depending on
the value of η) relative to that of the prior 1 fb−1 analy-
sis [1], while preserving over 70% of the signal efficiency.
Finally, an “isolation” requirement was imposed. After
correcting for contributions from pile-up and the deposi-
tion ascribed to the photon itself, photon candidates were
removed if more than 5GeV of transverse energy was ob-
served in a cone of

√

(∆η)2 + (∆φ)2 < 0.2 surrounding
the energy deposition in the calorimeter associated with
the photon.
The measurement of the two-dimensional transverse

momentum vector pmiss
T (and its magnitude Emiss

T ) was
based on energy deposits in calorimeter cells inside three-
dimensional clusters with |η| < 4.9 and was corrected for
contributions from muons, if any [57]. The cluster en-
ergy was calibrated to correct for the different response
to electromagnetically- and hadronically-induced showers,
energy loss in dead material, and out-of-cluster energy.
The contribution from identified muons was accounted for
by adding in the energy derived from the properties of
reconstructed muon tracks.
Jets were reconstructed using the anti-kt jet algo-

rithm [58] with radius parameter R = 0.4. They were
required to have pT > 20GeV and |η| < 2.8 [59].
Two additional observables of use in discriminating SM

backgrounds from potential GMSB and UED signals were
defined. The total visible transverse energy HT was cal-
culated as the sum of the magnitude of the transverse mo-
menta of the two selected photons and any additional lep-

tons and jets in the event. The photon–Emiss
T separation

∆φ(γ,Emiss
T ) was defined as the azimuthal angle between

the missing transverse momentum vector and either of the
two selected photons, with ∆φmin(γ,E

miss
T ) the minimum

value of ∆φ(γ,Emiss
T ) of the two selected photons.

7. Data analysis

The data sample, corresponding to an integrated lumi-
nosity of (4.8± 0.2) fb−1 [60, 61], was selected by a trigger
requiring two loose photon candidates with ET > 20GeV.
To ensure the event resulted from a beam collision, events
were required to have at least one vertex with five or more
associated tracks. Events were then required to contain
at least two tight photon candidates with ET > 50GeV,
which MC studies suggested would provide the greatest
separation between signal and SM background for a broad
range of the parameter space of the new physics scenar-
ios under consideration in this search. A total of 10455
isolated γγ candidate events passing these selection re-
quirements were observed in the data sample. The ET

distributions2 of the leading and sub-leading photon for
events in this sample are shown in Figs. 1 and 2. Also
shown are the ET spectra obtained from GGM MC sam-
ples for mg̃ = 1000GeV and mχ̃0

1

= 450GeV, from SPS8
MC samples with Λ = 190TeV, and from UED MC sam-
ples for 1/R = 1.3TeV, representing model parameters
near the expected exclusion limit. Figures 3 and 4 show the
HT and ∆φmin(γ,E

miss
T ) distributions of selected diphoton

events, with those of the same signal models overlaid.
To maximise the sensitivity of this analysis over a wide

range of model parameters that may lead to different kine-
matic properties, three different signal regions (SRs) were
defined based on the observed values of Emiss

T , HT and
∆φmin(γ,E

miss
T ). SR A, optimised for gluino/squark pro-

duction with a subsequent decay to a high-mass bino, re-
quires large Emiss

T and moderate HT. SR B, optimised
for gluino/squark production with a subsequent decay
to a low-mass bino, requires moderate Emiss

T and large
HT. SR C, optimised for the electroweak production of
intermediate-mass gaugino pairs that dominates the SPS8
cross section in this regime, requires moderate Emiss

T but
makes no requirement on HT. In addition, a requirement
of ∆φmin(γ,E

miss
T ) > 0.5 was imposed on events in SR A

and C; for the low-mass bino targeted by SR B, the sepa-
ration between the photon and gravitino daughters of the
bino is too slight to allow for the efficient separation of

2 An excess of events relative to a smoothly-falling distribution
of the leading-photon spectrum was observed for ET ∼ 285GeV.
Searching over the range 100GeV < ET < 500GeV, a significance
of 1.9σ was found using BumpHunter [62], while the local signifi-
cance was found to be 3.1σ. No correlation between the excess and
the LHC running period or luminosity was observed. A comparison
of other observables (e.g. diphoton mass, Emiss

T
, leading-photon η,

∆φ(γ1, γ2)) between the excess and sideband regions exhibited no
appreciable differences. It was concluded that the observed excess of
events is compatible with a statistical fluctuation.
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signal from background through the use of this observ-
able. The selection requirements of the three SRs are sum-
marised in Table 1. Of the three SRs, SR A provides the
greatest sensitivity to the UED model, and is thus the SR
used to test this model.

Table 1: Definition of the three SRs (A, B and C) based on the
quantities Emiss

T
, HT and ∆φmin(γ, E

miss
T

).

SR A SR B SR C
Emiss

T > 200GeV 100GeV 125GeV
HT > 600GeV 1100GeV -
∆φmin(γ,E

miss
T ) > 0.5 - 0.5

Table 2 shows the numbers of events remaining after
several stages of the selection. A total of 117, 9 and 7293
candidate events were observed to pass all but the Emiss

T

requirement of SR A, B and C, respectively. After im-
posing the final Emiss

T requirement, no events remained for
SR A and B, while two events remained for SR C.

Table 2: Samples of selected events at progressive stages of the se-
lection. Where no number is shown the cut was not applied.

Triggered events 1166060
Diphoton selection 10455

A B C

∆φmin(γ,E
miss
T ) requirement 7293 – 7293

HT requirement 117 9 –
Emiss

T requirement 0 0 2

Figure 5 shows the Emiss
T distribution for SR C, the

expected contributions from the SPS8 MC sample with
Λ = 190TeV, and estimated background contributions
from various sources (described below).

8. Background estimation

Following the procedure described in Ref. [63], the con-
tribution to the large Emiss

T diphoton sample from SM
sources can be grouped into three primary components.
The first of these, referred to as “QCD background”, arises
from a mixture of processes that include γγ production as
well as γ + jet and multijet events with at least one jet
mis-reconstructed as a photon. The second background
component, referred to as “EW background”, is due to
W + X and tt̄ events (here “X” can be any number of
photons or jets), and where mis-reconstructed photons can
arise from electrons and jets, and for which final-state neu-
trinos produce significant Emiss

T . The QCD and EW back-
grounds were estimated via dedicated control samples of
data events. The third background component, referred
to as “irreducible”, consists of W and Z bosons produced
in association with two real photons, with a subsequent
decay into one or more neutrinos.
To estimate the QCD background from γγ, γ + jet, and

multijet events, a “QCD control sample” was selected from
the diphoton trigger sample by selecting events for which
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Figure 1: The ET spectrum of the leading photon in the γγ candi-
date events in the data (points, statistical uncertainty only) together
with the spectra from simulated GGM (mg̃ = 1000GeV,mχ̃0

1

=

450GeV), SPS8 (Λ = 190TeV), and UED (1/R = 1.3TeV) samples
after the diphoton requirement. The signal samples are scaled by a
factor of 100 for clarity.

at least one of the photon candidates passes the loose but
not the tight photon identification. Events with electrons
were vetoed to remove contamination from W → eν de-
cays. The HT and ∆φ(γ,Emiss

T ) requirements associated
with each of the three SRs were then applied, yielding
three separate QCD samples, or “templates”. An estimate
of the QCD background contamination in each SR was
obtained from imposing the Emiss

T requirement associated
with the given SR upon the corresponding QCD template,
after normalising each template to the diphoton data with
Emiss

T < 20GeV from the given SR. This yielded a QCD
background expectation of 0.85± 0.30(stat) events for SR
C. No events above the corresponding Emiss

T requirement
were observed for the A and B control samples, yielding
an estimate of 0 events with a 90% confidence-level (CL)
upper limit of less than 1.01 and 1.15 background events
for SR A and SR B, respectively.

To improve the constraint on the estimated background
for SRs A and B, a complementary method making use of
HT sidebands of the QCD control sample was employed.
The HT requirement applied to the QCD templates of SR
A and B was relaxed in three steps: to 400GeV, 200GeV
and 0GeV for the SR A control sample, and to 800GeV,
400GeV and 200GeV for the SR B control sample. For
each SR, the Emiss

T distribution of each of these relaxed
control samples was scaled to the diphoton Emiss

T distri-
bution for Emiss

T < 20GeV of the given SR, yielding a
series of three expected values for the QCD background
as a function of the applied HT requirement. The com-
plementary estimate for the background contribution to
the signal region employed a parabolic extrapolation to
the actual HT requirement used for the analysis (600 GeV
and 1100 GeV for SRs A and B, respectively); a linear
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Figure 2: The ET spectrum of the sub-leading photon in the
γγ candidate events in the data (points, statistical uncertainty
only) together with the spectra from simulated GGM (mg̃ =
1000GeV,mχ̃0

1

= 450GeV), SPS8 (Λ = 190TeV), and UED (1/R =

1.3TeV) samples after the diphoton requirement. The signal samples
are scaled by a factor of 100 for clarity.

fit yielded a significantly lower background estimate for
both SRs. The parabolic extrapolation yielded conserva-
tive upper estimates of 0.14 and 0.54 events for SRs A and
B, respectively. The overall QCD background estimates
for SRs A and B were taken to be 0.07 ± 0.07(syst) and
0.27 ± 0.27(syst) events, respectively, half of the value of
this upper estimate, with systematic uncertainty assigned
to cover the entire range between 0 and the upper esti-
mate. The choice of a parabolic function constrained by
three HT points does not permit an estimation of statisti-
cal uncertainty on the extrapolation.

Other sources of systematic uncertainty in the estimated
QCD background were considered. Using the Emiss

T dis-
tribution from a sample of Z → e+e− events instead of
that of the QCD sample yielded estimates of 0, 0 and
0.15 events for the SRs A, B and C, respectively. The
difference between this estimate and that of the QCD
sample was incorporated as a systematic uncertainty of
±0.71 on the SR C QCD background estimate. Making
use of the alternative ranges 5GeV < Emiss

T < 25GeV
and 10GeV < Emiss

T < 30GeV over which the QCD sam-
ple was normalized to the γγ sample resulted in a further
systematic uncertainty of ±0.03 events on the QCD back-
ground estimate for SR C. The resulting QCD background
estimates for the three SRs, along with their uncertainties,
are compiled in Table 3.

The EW background, from W + X and tt̄ events, was
estimated via an “electron–photon” control sample com-
posed of events with at least one tight photon and one
electron, each with ET > 50GeV, and scaled by the
probability for an electron to be mis-reconstructed as a
tight photon, as estimated from a “tag-and-probe” study
of the Z boson in the ee and eγ sample. The scaling
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Figure 3: The HT spectrum of γγ candidate events in the data
(points, statistical uncertainty only) together with the spectra from
simulated GGM (mg̃ = 1000GeV, mχ̃0

1

= 450GeV), SPS8 (Λ =

190TeV), and UED (1/R = 1.3TeV) samples after the diphoton
requirement. The signal samples are scaled by a factor of 100 for
clarity.

factor varies between 2.5% (0 < |η| < 0.6) and 7.0%
(1.52 < |η| < 1.81), since it depends on the amount of
material in front of the calorimeter. Events with two or
more tight photons were vetoed from the control sample
to preserve its orthogonality to the signal sample. In case
of more than one electron, the one with the highest pT was
used.

After applying corresponding selection requirements on
HT, ∆φ(γ,Emiss

T ) and Emiss
T , a total of 1, 3 and 26

electron–photon events were observed for SRs A, B and
C, respectively. After multiplying by the η-dependent
electron-to-photon mis-reconstruction probability, the re-
sulting EW background contamination was estimated to
be 0.03± 0.03, 0.09± 0.05 and 0.80± 0.16 events for SRs
A, B and C, respectively, where the uncertainties are sta-
tistical only.

The systematic uncertainty on the determination of the
electron-to-photon mis-reconstruction probability is as-
sessed by performing an independent tag-and-probe anal-
ysis with looser electron ET and identification require-
ments. Differences with the nominal tag-and-probe anal-
ysis are taken as systematic uncertainty on the EW back-
ground estimate, resulting in relative systematic uncer-
tainties of ±6.9%, ±7.1% and ±10.0% for SRs A, B and
C, respectively. MC studies suggest that approximately
25% of the EW background involves no electron-to-photon
mis-reconstruction, and thus are not accounted for with
the electron–photon control sample. These events, how-
ever, typically involve a jet-to-photon mis-reconstruction
(for example, an event with one radiated photon and
a hadronic τ decay with an energetic leading π0 mis-
reconstructed as a photon), and are thus potentially ac-
counted for in the QCD background estimate. A relative
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Table 3: The expected number of γγ events for each of the three signal regions. The uncertainties are statistical, arising from the limited
numbers of events in the control samples, and systematic, the details of which are given in the text. For the irreducible background, the
statistical uncertainty is due to limited numbers of events in the corresponding MC samples.

SR A SR B SR C
QCD 0.07± 0.00± 0.07 0.27± 0.00± 0.27 0.85± 0.30± 0.71
Electroweak 0.03± 0.03± 0.01 0.09± 0.05± 0.02 0.80± 0.16± 0.22
W (→ ℓν) + γγ < 0.01 < 0.01 0.18± 0.13± 0.18
Z(→ νν̄) + γγ < 0.01 < 0.01 0.27± 0.09± 0.04
Total 0.10± 0.03± 0.07 0.36± 0.05± 0.27 2.11± 0.37± 0.77
Observed events 0 0 2
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Figure 4: The minimum ∆φ(γ,Emiss
T

) spectrum of γγ candidate
events in the data (points, statistical uncertainty only) together
with the spectra from simulated GGM (mg̃ = 1000GeV,mχ̃0

1

=

450GeV), SPS8 (Λ = 190TeV), and UED (1/R = 1.3TeV) samples
after the diphoton requirement. The signal samples are scaled by a
factor of 100 for clarity.

systematic uncertainty of ±25% is conservatively assigned
to the EW background estimates for all three SRs to ac-
count for this ambiguity. The resulting EW background
estimates for the three SRs, along with their uncertainties,
are compiled in Table 3.

The contribution of the irreducible background from the
Z(→ νν̄)+γγ and W (→ ℓν)+γγ processes was estimated
using MC samples. It was found to be negligible for SRs
A and B, and estimated to be 0.46 ± 0.16 ± 0.19 events
for SR C, where the first uncertainty is due to the limited
number of events in the MC sample and the second to
the uncertainty on the applied K-factor. These estimates,
along with the resulting estimates for the total background
from all sources, are reported in Table 3.

The contamination from cosmic-ray muons, estimated
using events triggered in empty LHC bunches, was found
to be negligible.
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Figure 5: Emiss
T

spectra in SR C for the γγ candidate events in data
(points, statistical uncertainty only) and the estimated QCD back-
ground (normalised to the number of γγ candidates with Emiss

T
<

20GeV), the W (→ eν) + jets/γ and tt̄(→ eν) + jets backgrounds
as estimated from the electron–photon control sample, and the ir-
reducible background of Z(→ νν̄) + γγ and W (→ ℓν) + γγ. The
hatched region represents the extent of the uncertainty on the total
background prediction. Also shown is the expected signal from the
SPS8 (Λ = 190TeV) sample.

9. Signal efficiencies and systematic uncertainties

Signal efficiencies were estimated using MC simulation.
GGM signal efficiencies were estimated over an area of
the GGM parameter space that ranges from 800GeV to
1300GeV for the gluino or squark mass, and from 50GeV
to within 10GeV of the gluino or squark mass for the neu-
tralino mass. For SR A the efficiency increases smoothly
from 1.2% to 25% for (mg̃,mχ̃0

1

) = (800, 50)GeV to
(1300, 1280)GeV, but then drops to 20% for the case for
which the gluino and neutralino masses are only separated
by 10GeV. For SR B the efficiency increases smoothly
from 2.8% to 26% for (mg̃,mχ̃0

1

) = (800, 790)GeV to
(1300, 50)GeV. The SPS8 signal efficiency in SR C in-
creases smoothly from 5.9% (Λ = 100TeV) to 21%
(Λ = 250TeV). For SR A the UED signal efficiency
increases smoothly from 28% (1/R = 1.0TeV) to 37%
(1/R = 1.5TeV).
The various relative systematic uncertainties on the
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GGM, SPS8 and UED signal cross sections are summarised
in Table 4 for the chosen reference points: (mg̃,mχ̃0

1

) =
(1000, 450)GeV for GGM, Λ = 190TeV for SPS8, and
1/R = 1.3TeV for UED. The uncertainty on the luminos-
ity is ±3.9% [60, 61]. The efficiency of the required dipho-
ton trigger was estimated using a single photon trigger,
the efficiency of which was determined using a bootstrap
method [64]. The result is 99.8+0.2

−0.8% for events passing
the diphoton selection. To estimate the systematic un-
certainty due to the unknown composition of the data
sample, the trigger efficiency was also evaluated on MC
events using mis-reconstructed photons from filtered mul-
tijet samples and photons from signal (GGM, SPS8 and
UED) samples. A conservative systematic uncertainty of
±0.5% was derived from the difference between the ob-
tained efficiencies. Uncertainties on the photon selection,
the photon energy scale, and the detailed material com-
position of the detector, as described in Ref. [63], result
in an uncertainty of ±4.4% for the GGM, SPS8 and UED
signals. The uncertainty due to the photon isolation re-
quirement was estimated by varying the energy leakage
and the pile-up corrections independently, resulting in an
uncertainty of ±0.9%, ±0.2% and ±0.4% for the GGM,
SPS8 and UED signals, respectively. The influence of pile-
up on the signal efficiency, evaluated by scaling the number
of pile-up events in the MC simulation by a factor of 0.9
(chosen to reflect the range of uncertainty inherent in es-
timating and modeling the effects of pile-up) leads to a
systematic uncertainty of ±0.8% (GGM), ±0.5% (SPS8)
and ±0.5% (UED). Systematic uncertainties due to the
Emiss

T reconstruction, estimated by varying the cluster en-
ergies and the Emiss

T resolution between the measured per-
formance and MC expectations [57], contribute an un-
certainty of ±0.1/0.5% to ±5.3/16.1% (GGM, SR A/B),

Table 4: Relative systematic uncertainties on the expected signal
yield for the GGM model with mg̃ = 1000GeVandmχ̃0

1

= 450GeV,

the SPS8 model with Λ = 190TeV, and the UED model with 1/R =
1.3TeV. For the GGM model, when the uncertainty differs for SRs A
and B, it is presented as SRA/SRB. No PDF and scale uncertainties
are given for the UED case as the cross section is evaluated only to
LO.

Source of uncertainty Uncertainty
GGM SPS8 UED

Integrated luminosity 3.9% 3.9% 3.9%
Trigger 0.5% 0.5% 0.5%
Photon identification 4.4% 4.4% 4.4%
Photon isolation 0.9% 0.2% 0.4%
Pile-up 0.8% 0.5% 0.5%
Emiss

T reconstruction 3.9/1.1% 2.8% 1.5%
HT 0.0/2.1% − 0.4%
Signal MC sample size 3.0% 2.1% 1.4%
Total signal uncertainty 7.6/7.1% 6.8% 6.3%
PDF and scale 31% 5.5% −
Total 32% 8.7% 6.3%
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Figure 6: Expected and observed 95% CL lower limits on the gluino
mass as a function of the neutralino mass in the GGM model with
a bino-like lightest neutralino NLSP (the grey area indicates the
region for which the gluino mass is less than the bino mass, which is
not considered here). The other sparticle masses are assumed to be
decoupled. Further model parameters are tanβ = 2 and cτNLSP <
0.1mm. The previous ATLAS limit [1] is also shown.

±1.6% to ±9.7% (SPS8) and ±0.9% to ±2% (UED). Sys-
tematic uncertainties due to the HT reconstruction, esti-
mated by varying the energy scale and resolution of the
individual objects entering HT, are below ±0.3% (GGM,
SR A), ±0.1% to ±7.3% (GGM, SR B) and ±1.1% to
±0.1% (UED). The systematic uncertainties from Emiss

T

and HT are taken to be fully correlated. Added in
quadrature, the total systematic uncertainty on the sig-
nal yield varies between ±6% and ±20% (GGM), ±6%
and ±15% (SPS8), and ±6% and ±7% (UED).

The PDF and factorisation and renormalisation scale
uncertainties on the GGM (SPS8) cross sections were eval-
uated as described in Section 4, leading to a combined
systematic uncertainty between ±23–39%, ±29–49% and
±4.7–6.4% for the GGM (gluino), GGM (squark) and
SPS8 models, respectively. The different impact of the
PDF and scale uncertainties on the GGM and SPS8 yields
is related to the different production mechanisms in the
two models (see Section 2). In the case of UED, the
PDF uncertainties were evaluated by using the MSTW2008

LO [65] PDF error sets in the LO cross-section calculation
and are about ±4%. The scale of αs in the LO cross sec-
tion calculation was increased and decreased by a factor
of two, leading to a systematic uncertainty of ±4.5% and
±9%, respectively. NLO calculations are not yet available,
so the LO cross sections were used for the limit calcula-
tion without any theoretical uncertainty, and the effect
of PDF and scale uncertainties on the final limit is given
separately.
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Figure 7: Expected and observed 95% CL lower limits on the squark
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region for which the squark mass is less than the bino mass, which is
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0.1mm.

10. Results

No evidence for physics beyond the SM was observed in
any of the SRs. Based on the numbers of observed events
in SR A, B and C and the background expectation shown
in Table 3, 95% CL upper limits are set on the numbers
of events in the different SRs from any scenario of physics
beyond the SM using the profile likelihood and CLs pre-
scriptions [66]. Uncertainties on the background and signal
expectations are treated as Gaussian-distributed nuisance
parameters in the maximum likelihood fit, resulting in ob-
served upper limits of 3.1, 3.1 and 4.9 events for SRs A,
B and C, respectively. These limits translate into 95%
upper limits on the visible cross section for new physics,
defined by the product of cross section, branching ratio,
acceptance and efficiency for the different SR definitions,
of 0.6, 0.6 and 1.0 fb, respectively. Because the observed
numbers of events are close to the expected numbers of
background events for all three SRs, expected limits on
the numbers of events from and visible cross section for
new physics are, to the quoted accuracy, identical to the
observed limits.
Limits are also set on the GGM squark and gluino

masses as a function of the bino-like neutralino mass, mak-
ing use of the SR (A or B) that provides the most stringent
expected limit for the given neutralino mass. Figures 6
and 7 show the expected and observed lower limits on the
GGM gluino and squark masses, respectively, as a function
of the neutralino mass. Three observed-limit contours are
shown, corresponding to the nominal assumption for the
SUSY production cross section as well as those derived
by reducing and increasing the cross section by one stan-
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Figure 8: Expected and observed 95% CL upper limits on the spar-
ticle production cross section in the SPS8 model, and the NLO cross-
section prediction, as a function of Λ and the lightest neutralino and
chargino masses. Further SPS8 model parameters are Mmess = 2Λ,
N5 = 1, tan β = 15 and cτNLSP < 0.1mm. Limits are set based on
SR C.

dard deviation of theoretical uncertainty (the combined
uncertainty due to the PDFs and renormalisation and fac-
torisation scales). For comparison the lower limits on the
GGM gluino mass from ATLAS [1] based on 1 fb−1 from
2011 are also shown.
Including all sources of uncertainty other than the the-

oretical uncertainty, 95% CL upper limits on the cross
section of the SPS8 model are derived from the SR C
result and displayed in Fig. 8 for the range Λ = 100–
250TeV along with the overall production cross section
and its theoretical uncertainty. For illustration the cross-
section dependence as a function of the lightest neutralino
and chargino masses is also shown.
Figure 9 shows the limit on the cross section times

branching ratio for the UED model as a function of the
compactification scale 1/R, derived from the result of SR
A. A 95% CL lower limit of 1/R > 1.40TeV is set. For
illustration the cross-section dependence as a function of
the KK quark and KK gluon masses is also shown. Again,
neither PDF nor scale uncertainties are included when cal-
culating the limits; including PDF and scale uncertainties,
computed at LO, in the limit calculation degrades the limit
on 1/R by a few GeV.

11. Conclusions

A search for events with two photons and substantial
Emiss

T , performed using 4.8 fb−1 of 7TeV pp collision data
recorded with the ATLAS detector at the LHC, is pre-
sented. The sensitivity to different new physics mod-
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els producing this final state was optimised by defining
three different SRs. No significant excess above the ex-
pected background is found in any SR. The results are
used to set model-independent 95% CL upper limits on
possible contributions from new physics. In addition,
under the GGM hypothesis, considering cross sections
one standard deviation of theoretical uncertainty below
the nominal value, a lower limit on the gluino/squark
mass of 1.07TeV/0.87TeV is determined for bino masses
above 50GeV. Under similar assumptions, a lower limit of
196TeV is set on the SUSY-breaking scale scale Λ of the
SPS8 model. Considering nominal values of the leading-
order UED cross section, a lower limit of 1.40TeV is set on
the UED compactification scale 1/R. These results pro-
vide the most stringent tests of these models to date.

12. Acknowledgements

We thank CERN for the very successful operation of
the LHC, as well as the support staff from our institutions
without whom ATLAS could not be operated efficiently.
We acknowledge the support of ANPCyT, Argentina;

YerPhI, Armenia; ARC, Australia; BMWF and FWF,
Austria; ANAS, Azerbaijan; SSTC, Belarus; CNPq and
FAPESP, Brazil; NSERC, NRC and CFI, Canada; CERN;
CONICYT, Chile; CAS, MOST and NSFC, China; COL-
CIENCIAS, Colombia; MSMT CR, MPO CR and VSC

CR, Czech Republic; DNRF, DNSRC and Lundbeck Foun-
dation, Denmark; EPLANET and ERC, European Union;
IN2P3-CNRS, CEA-DSM/IRFU, France; GNSF, Georgia;
BMBF, DFG, HGF, MPG and AvH Foundation, Ger-
many; GSRT, Greece; ISF, MINERVA, GIF, DIP and
Benoziyo Center, Israel; INFN, Italy; MEXT and JSPS,
Japan; CNRST, Morocco; FOM and NWO, Netherlands;
RCN, Norway; MNiSW, Poland; GRICES and FCT, Por-
tugal; MERYS (MECTS), Romania; MES of Russia and
ROSATOM, Russian Federation; JINR; MSTD, Serbia;
MSSR, Slovakia; ARRS and MVZT, Slovenia; DST/NRF,
South Africa; MICINN, Spain; SRC and Wallenberg
Foundation, Sweden; SER, SNSF and Cantons of Bern
and Geneva, Switzerland; NSC, Taiwan; TAEK, Turkey;
STFC, the Royal Society and Leverhulme Trust, United
Kingdom; DOE and NSF, United States of America.
The crucial computing support from all WLCG part-

ners is acknowledged gratefully, in particular from CERN
and the ATLAS Tier-1 facilities at TRIUMF (Canada),
NDGF (Denmark, Norway, Sweden), CC-IN2P3 (France),
KIT/GridKA (Germany), INFN-CNAF (Italy), NL-T1
(Netherlands), PIC (Spain), ASGC (Taiwan), RAL (UK)
and BNL (USA) and in the Tier-2 facilities worldwide.

References

[1] ATLAS Collaboration, Phys. Lett. B710 (2012) 519,
arXiv:1111.4116 [hep-ex].

[2] P. Meade, N. Seiberg, and D. Shih, Prog. Theor. Phys. Suppl.
177 (2009) 143, arXiv:0801.3278 [hep-ph].

[3] M. Buican, P. Meade, N. Seiberg, and D. Shih, JHEP 03
(2009) 016, arXiv:0812.3668 [hep-ph].

[4] J. T. Ruderman and D. Shih, JHEP 1208 (2012) 159,
arXiv:1103.6083 [hep-ph].

[5] B. C. Allanach et al., Eur. Phys. J. C25 (2002) 113,
arXiv:hep-ph/0202233.

[6] T. Appelquist, H.-C. Cheng, and B. A. Dobrescu, Phys. Rev.
D64 (2001) 035002, arXiv:hep-ph/0012100.

[7] C. Macesanu, C. McMullen, and S. Nandi, Phys. Lett. B546
(2002) 253, arXiv:hep-ph/0207269.

[8] C. Macesanu, Int. J. Mod. Phys. A21 (2006) 2259,
arXiv:hep-ph/0510418.

[9] H. Miyazawa, Prog. Theor. Phys. 36 (6) (1966) 1266.
[10] P. Ramond, Phys. Rev. D3 (1971) 2415.
[11] Y. A. Gol’fand and E. P. Likhtman, JETP Lett. 13 (1971)

323. [Pisma Zh.Eksp.Teor.Fiz.13:452-455,1971].
[12] A. Neveu and J. H. Schwarz, Nucl. Phys. B31 (1971) 86.
[13] A. Neveu and J. H. Schwarz, Phys. Rev. D4 (1971) 1109.
[14] J. Gervais and B. Sakita, Nucl. Phys. B34 (1971) 632.
[15] D. V. Volkov and V. P. Akulov, Phys. Lett. B46 (1973) 109.
[16] J. Wess and B. Zumino, Phys. Lett. B49 (1974) 52.
[17] J. Wess and B. Zumino, Nucl. Phys. B70 (1974) 39.
[18] P. Fayet, Phys. Lett. B64 (1976) 159.
[19] P. Fayet, Phys. Lett. B69 (1977) 489.
[20] G. R. Farrar and P. Fayet, Phys. Lett. B76 (1978) 575.
[21] P. Fayet, Phys. Lett. B84 (1979) 416.
[22] S. Dimopoulos and H. Georgi, Nucl. Phys. B193 (1981) 150.
[23] M. Dine and W. Fischler, Phys. Lett. B110 (1982) 227.
[24] L. Alvarez-Gaume, M. Claudson, and M. B. Wise, Nucl. Phys.

B207 (1982) 96.
[25] C. R. Nappi and B. A. Ovrut, Phys. Lett. B113 (1982) 175.
[26] M. Dine and A. E. Nelson, Phys. Rev. D48 (1993) 1277,

arXiv:hep-ph/9303230.
[27] M. Dine, A. E. Nelson, and Y. Shirman, Phys. Rev. D51

(1995) 1362, arXiv:hep-ph/9408384.

9

http://arxiv.org/abs/1111.4116
http://dx.doi.org/10.1143/PTPS.177.143
http://arxiv.org/abs/0801.3278
http://dx.doi.org/10.1088/1126-6708/2009/03/016
http://arxiv.org/abs/0812.3668
http://dx.doi.org/10.1007/JHEP08(2012)159
http://arxiv.org/abs/1103.6083
http://dx.doi.org/10.1007/s10052-002-0949-3
http://arxiv.org/abs/hep-ph/0202233
http://dx.doi.org/10.1103/PhysRevD.64.035002
http://arxiv.org/abs/hep-ph/0012100
http://dx.doi.org/10.1016/S0370-2693(02)02694-1
http://arxiv.org/abs/hep-ph/0207269
http://dx.doi.org/10.1142/S0217751X06030886
http://arxiv.org/abs/hep-ph/0510418
http://dx.doi.org/10.1143/PTP.36.1266
http://dx.doi.org/10.1103/PhysRevD.3.2415
http://dx.doi.org/10.1016/0550-3213(71)90448-2
http://dx.doi.org/10.1103/PhysRevD.4.1109
http://dx.doi.org/10.1016/0550-3213(71)90351-8
http://dx.doi.org/10.1016/0370-2693(73)90490-5
http://dx.doi.org/10.1016/0370-2693(74)90578-4
http://dx.doi.org/10.1016/0550-3213(74)90355-1
http://dx.doi.org/10.1016/0370-2693(76)90319-1
http://dx.doi.org/10.1016/0370-2693(77)90852-8
http://dx.doi.org/10.1016/0370-2693(78)90858-4
http://dx.doi.org/10.1016/0370-2693(79)91229-2
http://dx.doi.org/10.1016/0550-3213(81)90522-8
http://dx.doi.org/10.1016/0370-2693(82)91241-2
http://dx.doi.org/10.1016/0550-3213(82)90138-9
http://dx.doi.org/10.1016/0370-2693(82)90418-X
http://dx.doi.org/10.1103/PhysRevD.48.1277
http://arxiv.org/abs/hep-ph/9303230
http://dx.doi.org/10.1103/PhysRevD.51.1362
http://arxiv.org/abs/hep-ph/9408384


[28] M. Dine, A. E. Nelson, Y. Nir, and Y. Shirman, Phys. Rev.
D53 (1996) 2658, arXiv:hep-ph/9507378.

[29] ATLAS Collaboration, Phys.Lett. B714 (2012) 180,
arXiv:1203.6580 [hep-ex].

[30] ATLAS Collaboration, Phys. Lett. B714 (2012) 197,
arXiv:1204.3852 [hep-ex].

[31] CMS Collaboration, JHEP 1106 (2011) 093, arXiv:1105.3152
[hep-ex].

[32] C. Macesanu, C. McMullen, and S. Nandi, Phys. Rev. D66
(2002) 015009, arXiv:hep-ph/0201300.

[33] A. De Rujula, A. Donini, M. Gavela, and S. Rigolin, Phys.
Lett. B482 (2000) 195, arXiv:hep-ph/0001335.

[34] H.-C. Cheng, K. T. Matchev, and M. Schmaltz, Phys. Rev.
D66 (2002) 036005, arXiv:hep-ph/0204342 [hep-ph].

[35] M. ElKacimi, D. Goujdami, H. Przysiezniak, and P. Z. Skands,
Comput. Phys. Commun. 181 (2010) 122, arXiv:0901.4087
[hep-ph].

[36] A. Djouadi, J.-L. Kneur, and G. Moultaka, Comput. Phys.
Commun. 176 (2007) 426, arXiv:hep-ph/0211331.

[37] M. Muhlleitner, A. Djouadi, and Y. Mambrini, Comput. Phys.
Commun. 168 (2005) 46, arXiv:hep-ph/0311167.

[38] F. E. Paige, S. D. Protopopescu, H. Baer, and X. Tata,
ISAJET 7.69: A Monte Carlo Event Generator for pp, p̄p,
and e+e− Reactions, arXiv:hep-ph/0312045.

[39] M. Bahr et al., Eur. Phys. J. C58 (2008) 639,
arXiv:0803.0883 [hep-ph].

[40] A. Sherstnev and R. S. Thorne, Eur. Phys. J. C55 (2008) 553,
arXiv:0711.2473 [hep-ph].

[41] W. Beenakker, R. Hopker, M. Spira, and P. Zerwas, Nucl.
Phys. B492 (1997) 51, arXiv:hep-ph/9610490.

[42] A. Kulesza and L. Motyka, Phys. Rev. Lett. 102 (2009)
111802, arXiv:0807.2405 [hep-ph].

[43] A. Kulesza and L. Motyka, Phys. Rev. D80 (2009) 095004,
arXiv:0905.4749 [hep-ph].

[44] W. Beenakker, S. Brensing, M. Kramer, A. Kulesza,
E. Laenen, et al., JHEP 0912 (2009) 041, arXiv:0909.4418
[hep-ph].

[45] W. Beenakker, S. Brensing, M. Kramer, A. Kulesza,
E. Laenen, et al., Int. J. Mod. Phys. A26 (2011) 2637–2664,
arXiv:1105.1110 [hep-ph].

[46] M. Kramer, A. Kulesza, R. van der Leeuw, M. Mangano,
S. Padhi, et al., Supersymmetry Production Cross Sections in

pp Collisions at
√
s = 7 TeV , arXiv:1206.2892 [hep-ph].

[47] T. Sjostrand, S. Mrenna, and P. Skands, JHEP 05 (2006) 026,
arXiv:hep-ph/0603175.

[48] J. Alwall et al., JHEP 09 (2007) 028, arXiv:0706.2334
[hep-ph].

[49] D. Stump et al., JHEP 10 (2003) 046, arXiv:hep-ph/0303013.
[50] G. Bozzi, F. Campanario, M. Rauch, and D. Zeppenfeld,

Phys.Rev. D84 (2011) 074028, arXiv:1107.3149 [hep-ph].
[51] G. Bozzi, F. Campanario, M. Rauch, and D. Zeppenfeld, Phys.

Rev. D83 (2011) 114035, arXiv:1103.4613 [hep-ph].
[52] GEANT4 Collaboration, S. Agostinelli et al., Nucl. Instrum.

Meth. A506 (2003) 250.
[53] ATLAS Collaboration, Eur. Phys. J. C70 (2010) 823,

arXiv:1005.4568 [physics.ins-det].
[54] ATLAS Collaboration, JINST 3 (2008) S08003.
[55] ATLAS Collaboration, Phys. Rev. D83 (2011) 052005,

arXiv:1012.4389 [hep-ex].
[56] ATLAS Collaboration, Eur. Phys. J. C72 (2012) 1909,

arXiv:1110.3174 [hep-ex].
[57] ATLAS Collaboration, Eur. Phys. J. C72 (2012) 1844,

arXiv:1108.5602 [hep-ex].
[58] M. Cacciari, G. Salam, and G. Soyez, JHEP 04 (2008) 063,

arXiv:0802.1189.
[59] ATLAS Collaboration, Jet Energy Measurement with the

ATLAS Detector in Proton-Proton Collisions at
√
s = 7 TeV ,

arXiv:1112.6426 [hep-ex]. Submitted to Eur. Phys. J. C.
[60] ATLAS Collaboration, Luminosity Determination in pp

Collisions at
√
s = 7 TeV using the ATLAS Detector in 2011 ,

ATLAS-CONF-2011-116.

http://cdsweb.cern.ch/record/1376384.
[61] ATLAS Collaboration, Eur. Phys. J. C71 (2011) 1630,

arXiv:1101.2185 [hep-ex].
[62] G. Choudalakis, On Hypothesis Testing, Trials Factor,

Hypertests and the BumpHunter , arXiv:1101.0390
[physics.data-an].

[63] ATLAS Collaboration, Eur. Phys. J. C71 (2011) 1744,
arXiv:1107.0561 [hep-ex].

[64] ATLAS Collaboration, Eur. Phys. J. C72 (2012) 1849,
arXiv:1110.1530 [hep-ex].

[65] A. Martin, W. Stirling, R. Thorne, and G. Watt, Eur. Phys. J.
C63 (2008) 189, arXiv:0901.0002 [hep-ph].

[66] A. L. Read, J. Phys. G28 (2002) 2693.

10

http://dx.doi.org/10.1103/PhysRevD.53.2658
http://arxiv.org/abs/hep-ph/9507378
http://dx.doi.org/10.1016/j.physletb.2012.06.055
http://arxiv.org/abs/1203.6580
http://arxiv.org/abs/1204.3852
http://dx.doi.org/10.1007/JHEP06(2011)093
http://arxiv.org/abs/1105.3152
http://dx.doi.org/10.1103/PhysRevD.66.015009
http://arxiv.org/abs/hep-ph/0201300
http://dx.doi.org/10.1016/S0370-2693(00)00479-2
http://arxiv.org/abs/hep-ph/0001335
http://dx.doi.org/10.1103/PhysRevD.66.036005
http://arxiv.org/abs/hep-ph/0204342
http://dx.doi.org/10.1016/j.cpc.2009.08.008
http://arxiv.org/abs/0901.4087
http://dx.doi.org/10.1016/j.cpc.2006.11.009
http://arxiv.org/abs/hep-ph/0211331
http://dx.doi.org/10.1016/j.cpc.2005.01.012
http://arxiv.org/abs/hep-ph/0311167
http://arxiv.org/abs/hep-ph/0312045
http://dx.doi.org/10.1140/epjc/s10052-008-0798-9
http://arxiv.org/abs/0803.0883
http://dx.doi.org/10.1140/epjc/s10052-008-0610-x
http://arxiv.org/abs/0711.2473
http://dx.doi.org/10.1016/S0550-3213(97)00084-9
http://arxiv.org/abs/hep-ph/9610490
http://dx.doi.org/10.1103/PhysRevLett.102.111802
http://arxiv.org/abs/0807.2405
http://dx.doi.org/10.1103/PhysRevD.80.095004
http://arxiv.org/abs/0905.4749
http://dx.doi.org/10.1088/1126-6708/2009/12/041
http://arxiv.org/abs/0909.4418
http://dx.doi.org/10.1142/S0217751X11053560
http://arxiv.org/abs/1105.1110
http://arxiv.org/abs/1206.2892
http://arxiv.org/abs/hep-ph/0603175
http://dx.doi.org/10.1088/1126-6708/2007/09/028
http://arxiv.org/abs/0706.2334
http://arxiv.org/abs/hep-ph/0303013
http://arxiv.org/abs/1107.3149
http://dx.doi.org/10.1103/PhysRevD.83.114035
http://arxiv.org/abs/1103.4613
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://dx.doi.org/10.1140/epjc/s10052-010-1429-9
http://arxiv.org/abs/1005.4568
http://dx.doi.org/10.1088/1748-0221/3/08/S08003
http://dx.doi.org/10.1103/PhysRevD.83.052005
http://arxiv.org/abs/1012.4389
http://arxiv.org/abs/1110.3174
http://arxiv.org/abs/1108.5602
http://arxiv.org/abs/0802.1189
http://arxiv.org/abs/1112.6426
http://cdsweb.cern.ch/record/1376384
http://dx.doi.org/10.1140/epjc/s10052-011-1630-5
http://arxiv.org/abs/1101.2185
http://arxiv.org/abs/1101.0390
http://dx.doi.org/10.1140/epjc/s10052-011-1744-9
http://arxiv.org/abs/1107.0561
http://dx.doi.org/10.1140/epjc/s10052-011-1849-1
http://arxiv.org/abs/1110.1530
http://dx.doi.org/10.1140/epjc/s10052-009-1072-5
http://arxiv.org/abs/0901.0002
http://dx.doi.org/10.1088/0954-3899/28/10/313


The ATLAS Collaboration

G. Aad48, T. Abajyan21, B. Abbott111, J. Abdallah12, S. Abdel Khalek115, A.A. Abdelalim49, O. Abdinov11,
R. Aben105, B. Abi112, M. Abolins88, O.S. AbouZeid158, H. Abramowicz153, H. Abreu136, E. Acerbi89a,89b,
B.S. Acharya164a,164b, L. Adamczyk38, D.L. Adams25, T.N. Addy56, J. Adelman176, S. Adomeit98, P. Adragna75,
T. Adye129, S. Aefsky23, J.A. Aguilar-Saavedra124b,a, M. Agustoni17, M. Aharrouche81, S.P. Ahlen22, F. Ahles48,
A. Ahmad148, M. Ahsan41, G. Aielli133a,133b, T. Akdogan19a, T.P.A. Åkesson79, G. Akimoto155, A.V. Akimov94,
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M. Fiascaris31, F. Fiedler81, A. Filipčič74, F. Filthaut104, M. Fincke-Keeler169, M.C.N. Fiolhais124a,h, L. Fiorini167,
A. Firan40, G. Fischer42, M.J. Fisher109, M. Flechl48, I. Fleck141, J. Fleckner81, P. Fleischmann174, S. Fleischmann175,
T. Flick175, A. Floderus79, L.R. Flores Castillo173, M.J. Flowerdew99, T. Fonseca Martin17, A. Formica136, A. Forti82,
D. Fortin159a, D. Fournier115, A.J. Fowler45, H. Fox71, P. Francavilla12, M. Franchini20a,20b, S. Franchino119a,119b,
D. Francis30, T. Frank172, S. Franz30, M. Fraternali119a,119b, S. Fratina120, S.T. French28, C. Friedrich42, F. Friedrich44,
R. Froeschl30, D. Froidevaux30, J.A. Frost28, C. Fukunaga156, E. Fullana Torregrosa30, B.G. Fulsom143, J. Fuster167,
C. Gabaldon30, O. Gabizon172, T. Gadfort25, S. Gadomski49, G. Gagliardi50a,50b, P. Gagnon60, C. Galea98,
B. Galhardo124a, E.J. Gallas118, V. Gallo17, B.J. Gallop129, P. Gallus125, K.K. Gan109, Y.S. Gao143,e, A. Gaponenko15,
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M. Gosselink105, M.I. Gostkin64, I. Gough Eschrich163, M. Gouighri135a, D. Goujdami135c, M.P. Goulette49,
A.G. Goussiou138, C. Goy5, S. Gozpinar23, I. Grabowska-Bold38, P. Grafström20a,20b, K-J. Grahn42, F. Grancagnolo72a,
S. Grancagnolo16, V. Grassi148, V. Gratchev121, N. Grau35, H.M. Gray30, J.A. Gray148, E. Graziani134a,
O.G. Grebenyuk121, T. Greenshaw73, Z.D. Greenwood25,m, K. Gregersen36, I.M. Gregor42, P. Grenier143, J. Griffiths8,
N. Grigalashvili64, A.A. Grillo137, S. Grinstein12, Ph. Gris34, Y.V. Grishkevich97, J.-F. Grivaz115, E. Gross172,
J. Grosse-Knetter54, J. Groth-Jensen172, K. Grybel141, D. Guest176, C. Guicheney34, S. Guindon54, U. Gul53,
H. Guler85,p, J. Gunther125, B. Guo158, J. Guo35, P. Gutierrez111, N. Guttman153, O. Gutzwiller173, C. Guyot136,
C. Gwenlan118, C.B. Gwilliam73, A. Haas143, S. Haas30, C. Haber15, H.K. Hadavand40, D.R. Hadley18, P. Haefner21,
F. Hahn30, S. Haider30, Z. Hajduk39, H. Hakobyan177, D. Hall118, J. Haller54, K. Hamacher175, P. Hamal113,
K. Hamano86, M. Hamer54, A. Hamilton145b,q, S. Hamilton161, L. Han33b, K. Hanagaki116, K. Hanawa160, M. Hance15,
C. Handel81, P. Hanke58a, J.R. Hansen36, J.B. Hansen36, J.D. Hansen36, P.H. Hansen36, P. Hansson143, K. Hara160,
G.A. Hare137, T. Harenberg175, S. Harkusha90, D. Harper87, R.D. Harrington46, O.M. Harris138, J. Hartert48,
F. Hartjes105, T. Haruyama65, A. Harvey56, S. Hasegawa101, Y. Hasegawa140, S. Hassani136, S. Haug17, M. Hauschild30,
R. Hauser88, M. Havranek21, C.M. Hawkes18, R.J. Hawkings30, A.D. Hawkins79, D. Hawkins163, T. Hayakawa66,
T. Hayashi160, D. Hayden76, C.P. Hays118, H.S. Hayward73, S.J. Haywood129, M. He33d, S.J. Head18, V. Hedberg79,
L. Heelan8, S. Heim88, B. Heinemann15, S. Heisterkamp36, L. Helary22, C. Heller98, M. Heller30, S. Hellman146a,146b,
D. Hellmich21, C. Helsens12, R.C.W. Henderson71, M. Henke58a, A. Henrichs54, A.M. Henriques Correia30,
S. Henrot-Versille115, C. Hensel54, T. Henß175, C.M. Hernandez8, Y. Hernández Jiménez167, R. Herrberg16,
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M. Trottier-McDonald142, M. Trzebinski39, A. Trzupek39, C. Tsarouchas30, J.C-L. Tseng118, M. Tsiakiris105,
P.V. Tsiareshka90, D. Tsionou5,ai, G. Tsipolitis10, S. Tsiskaridze12, V. Tsiskaridze48, E.G. Tskhadadze51a,
I.I. Tsukerman95, V. Tsulaia15, J.-W. Tsung21, S. Tsuno65, D. Tsybychev148, A. Tua139, A. Tudorache26a,
V. Tudorache26a, J.M. Tuggle31, M. Turala39, D. Turecek127, I. Turk Cakir4e, E. Turlay105, R. Turra89a,89b,
P.M. Tuts35, A. Tykhonov74, M. Tylmad146a,146b, M. Tyndel129, G. Tzanakos9, K. Uchida21, I. Ueda155, R. Ueno29,
M. Ugland14, M. Uhlenbrock21, M. Uhrmacher54, F. Ukegawa160, G. Unal30, A. Undrus25, G. Unel163, Y. Unno65,
D. Urbaniec35, G. Usai8, M. Uslenghi119a,119b, L. Vacavant83, V. Vacek127, B. Vachon85, S. Vahsen15, J. Valenta125,
S. Valentinetti20a,20b, A. Valero167, S. Valkar126, E. Valladolid Gallego167, S. Vallecorsa152, J.A. Valls Ferrer167,
R. Van Berg120, P.C. Van Der Deijl105, R. van der Geer105, H. van der Graaf105, R. Van Der Leeuw105,
E. van der Poel105, D. van der Ster30, N. van Eldik30, P. van Gemmeren6, I. van Vulpen105, M. Vanadia99,
W. Vandelli30, A. Vaniachine6, P. Vankov42, F. Vannucci78, R. Vari132a, T. Varol84, D. Varouchas15, A. Vartapetian8,
K.E. Varvell150, V.I. Vassilakopoulos56, F. Vazeille34, T. Vazquez Schroeder54, G. Vegni89a,89b, J.J. Veillet115,
F. Veloso124a, R. Veness30, S. Veneziano132a, A. Ventura72a,72b, D. Ventura84, M. Venturi48, N. Venturi158,
V. Vercesi119a, M. Verducci138, W. Verkerke105, J.C. Vermeulen105, A. Vest44, M.C. Vetterli142,d, I. Vichou165,
T. Vickey145b,aj , O.E. Vickey Boeriu145b, G.H.A. Viehhauser118, S. Viel168, M. Villa20a,20b, M. Villaplana Perez167,
E. Vilucchi47, M.G. Vincter29, E. Vinek30, V.B. Vinogradov64, M. Virchaux136,∗, J. Virzi15, O. Vitells172, M. Viti42,
I. Vivarelli48, F. Vives Vaque3, S. Vlachos10, D. Vladoiu98, M. Vlasak127, A. Vogel21, P. Vokac127, G. Volpi47,
M. Volpi86, G. Volpini89a, H. von der Schmitt99, H. von Radziewski48, E. von Toerne21, V. Vorobel126, V. Vorwerk12,
M. Vos167, R. Voss30, T.T. Voss175, J.H. Vossebeld73, N. Vranjes136, M. Vranjes Milosavljevic105, V. Vrba125,
M. Vreeswijk105, T. Vu Anh48, R. Vuillermet30, I. Vukotic31, W. Wagner175, P. Wagner120, H. Wahlen175,
S. Wahrmund44, J. Wakabayashi101, S. Walch87, J. Walder71, R. Walker98, W. Walkowiak141, R. Wall176, P. Waller73,
B. Walsh176, C. Wang45, H. Wang173, H. Wang33b,ak, J. Wang151, J. Wang55, R. Wang103, S.M. Wang151, T. Wang21,
A. Warburton85, C.P. Ward28, M. Warsinsky48, A. Washbrook46, C. Wasicki42, I. Watanabe66, P.M. Watkins18,
A.T. Watson18, I.J. Watson150, M.F. Watson18, G. Watts138, S. Watts82, A.T. Waugh150, B.M. Waugh77,
M.S. Weber17, P. Weber54, A.R. Weidberg118, P. Weigell99, J. Weingarten54, C. Weiser48, P.S. Wells30, T. Wenaus25,
D. Wendland16, Z. Weng151,w, T. Wengler30, S. Wenig30, N. Wermes21, M. Werner48, P. Werner30, M. Werth163,
M. Wessels58a, J. Wetter161, C. Weydert55, K. Whalen29, S.J. Wheeler-Ellis163, A. White8, M.J. White86,
S. White122a,122b, S.R. Whitehead118, D. Whiteson163, D. Whittington60, F. Wicek115, D. Wicke175, F.J. Wickens129,
W. Wiedenmann173, M. Wielers129, P. Wienemann21, C. Wiglesworth75, L.A.M. Wiik-Fuchs48, P.A. Wijeratne77,
A. Wildauer99, M.A. Wildt42 ,s, I. Wilhelm126, H.G. Wilkens30, J.Z. Will98, E. Williams35, H.H. Williams120,
W. Willis35, S. Willocq84, J.A. Wilson18, M.G. Wilson143, A. Wilson87, I. Wingerter-Seez5, S. Winkelmann48,
F. Winklmeier30, M. Wittgen143, S.J. Wollstadt81, M.W. Wolter39, H. Wolters124a,h, W.C. Wong41, G. Wooden87,
B.K. Wosiek39, J. Wotschack30, M.J. Woudstra82, K.W. Wozniak39, K. Wraight53, M. Wright53, B. Wrona73,
S.L. Wu173, X. Wu49, Y. Wu33b,al, E. Wulf35, B.M. Wynne46, S. Xella36, M. Xiao136, S. Xie48, C. Xu33b,z, D. Xu139,
B. Yabsley150, S. Yacoob145a,am, M. Yamada65, H. Yamaguchi155, A. Yamamoto65, K. Yamamoto63, S. Yamamoto155,

17



T. Yamamura155, T. Yamanaka155, J. Yamaoka45, T. Yamazaki155, Y. Yamazaki66, Z. Yan22, H. Yang87, U.K. Yang82,
Y. Yang60, Z. Yang146a,146b, S. Yanush91, L. Yao33a, Y. Yao15, Y. Yasu65, G.V. Ybeles Smit130, J. Ye40, S. Ye25,
M. Yilmaz4c, R. Yoosoofmiya123, K. Yorita171, R. Yoshida6, C. Young143, C.J. Young118, S. Youssef22, D. Yu25, J. Yu8,
J. Yu112, L. Yuan66, A. Yurkewicz106, M. Byszewski30, B. Zabinski39, R. Zaidan62, A.M. Zaitsev128, Z. Zajacova30,
L. Zanello132a,132b, D. Zanzi99, A. Zaytsev25, C. Zeitnitz175, M. Zeman125, A. Zemla39, C. Zendler21, O. Zenin128,
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