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1. Introduction

Supersymmetry (SUSY) introduces a symmetry between fermions and bosons, resulting in a
SUSY partner (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 observed, SUSY
must be a broken symmetry if realised in nature. Assuming R-parity conservation, 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, the LSP is the very light (order ∼ keV)
gravitino (G̃). The next-to-lightest SUSY particle (NLSP) is the dominant sparticle decaying to the
LSP and this leads to experimental signatures which are largely determined by the nature of the
NLSP.

In case of a bino-like neutralino NLSP the final decay in the cascade would predominantly be
χ̃0

1 → γG̃, leading to final states with two photons and missing transverse momentum resultsing
from the undetected gravitinos. A stau NLSP on the other hand leads to final states containing
multiple τ leptons from the production and decay of the stau and missing transverse momentum
from the gravitinos.

This article presents searches for physics beyond the SM in τ final states using 2 fb−1 of
data and in diphoton final states using 5 fb−1 of data presented in Ref. [1 – 3] using the ATLAS
experiment [4].

Several classes of gauge-mediated models are considered as benchmarks to evaluate the reach
of these analysis:

• For the τ final states, a minimal GMSB model with full particle spectrum is considered.
The SUSY-breaking mass scale Λ and the ratio of the vacuum expectation values of the
two Higgs doublets tanβ are treated as free parameters. The other model parameters are
fixed to the following values: the messenger mass Mmess = 250TeV, the number of SU(5)
messengers N5 = 3, the Higgs sector mixing parameter µ > 0 and the lifetime-parameter
Cgrav = 1 ensuring prompt NLSP decays (cτNLSP < 0.1mm).

• The photon search evaluates the SPS8 minimal GMSB model with the only free parameter
being the SUSY-breaking mass scale Λ. The other model parameters are fixed to Mmess = 2Λ,
N5 = 1, tanβ = 15, µ > 0 and Cgrav = 1

• In a general gauge mediation (GGM) simplified SUSY model considered in the photon study
the neutralino NLSP, chosen to be the bino, and the gluino masses are treated as free param-
eters. All other sparticle masses are decoupled, leading to a dominant production mode of a
pair of gluinos decaying into the bino-like neutralino NLSP.

2. Object reconstruction

Jets, electrons and muons are reconstructed using the standard ATLAS reconstruction for 2011
data.

The missing transverse momentum vector ~pmiss
T (and its magnitude Emiss

T ) is measured from the
transverse momenta of identified jets, electrons, muons and all calorimeter clusters with |η |< 4.5
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not associated to such objects. For the purpose of the measurement of Emiss
T , τ leptons are not

distinguished from jets.
The τ leptons considered in this search are reconstructed through their hadronic decays. The τ

reconstruction [5] is seeded from anti-kt jets (R = 0.4) with pT > 10GeV. An η- and pT-dependent
energy calibration to the hadronic τ energy scale is applied. Discriminating variables based on
track information and observables sensitive to the transverse and longitudinal shape of the energy
deposits of τ candidates in the calorimeter are used. These quantities are combined in a boosted
decision tree (BDT) discriminator to optimize their impact. For these analyses “loose” and “tight”
working points have been chosen. Calorimeter information and measurements of transition radia-
tion are used to veto electrons mis-identified as τ leptons. Suitable τ lepton candidates must satisfy
pT > 20GeV, |η |< 2.5, and have one or three associated tracks of pT > 1GeV with a charge sum
of ±1.

Photon candidates [6] are 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. They are identified on the
basis of the characteristics of the longitudinal and transverse shower development in the electro-
magnetic (EM) calorimeter. In the case that an EM calorimeter deposition is identified as both a
photon and an electron, the photon candidate is discarded and the electron candidate retained. Con-
verted photons are re-classified as electrons if one or more candidate conversion tracks included at
least one hit from the pixel layers. Giving 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 analysis, while preserving over 70% of the signal efficiency. Finally, an “isolation” re-
quirement is imposed. After correcting for contributions from pile-up and the deposition ascribed
to the photon itself, photon candidates are removed if more than 5GeV of transverse energy is
observed in a cone of

√
(∆η)2 +(∆φ)2 < 0.2 surrounding the energy deposition in the calorimeter

associated with the photon.

3. Search in diphoton final states

The data sample for this analysis is selected by a two-photon-trigger. Events are required to
contain at least two photon candidates with ET > 50GeV.

Three different signal regions (SRs) are defined based on the observed values of Emiss
T , HT

1

and ∆φmin(γ,Emiss
T )2 (See Table 1).

SR A SR B SR C
Emiss

T [GeV]> 200 100 125
HT[GeV]> 600 1100 -
∆φmin(γ,Emiss

T )> 0.5 - 0.5

Table 1: Definition of the three SRs (A, B and C) based on the quantities Emiss
T , HT and ∆φmin(γ,Emiss

T ) [3].

1HT is calculated as the sum of the magnitude of the transverse momenta of the selected photons and any additional
leptons and jets in the event.

2∆φ(γ,Emiss
T ) is defined as the azimuthal angle between the missing transverse momentum vector and either of the

two selected photons, with ∆φmin(γ,Emiss
T ) the minimum value of ∆φ(γ,Emiss

T ) of the two selected photons.
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A total of 117, 9 and 7293 candidate events are observed to pass all but the Emiss
T requirement

of SR A, B and C, respectively. After imposing the final Emiss
T requirement, no events remained for

SR A and B, while two events remained for SR C.
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Figure 1: The HT spectrum of γγ candidate events in
the data together with the spectra from simulated sig-
nal samples after the diphoton requirement. The signal
samples are scaled by a factor of 100 for clarity [3].

Figure 1 shows the HT distribution of se-
lected diphoton events, with those of the sig-
nal models overlaid.

The contribution to the large Emiss
T

diphoton sample from SM sources can be
grouped into three primary components.
Those having a fake Emiss

T due to mis-
measured jet and either true photons or pho-
tons faked by jets are referred to as “QCD
background”. Contributions with true Emiss

T
from neutrinos in the final state and either
jets or electrons mis-reconstructed as pho-
tons are referred to as “EW background”.
The third background component, referred to
as “irreducible”, consists of W and Z bosons
produced in association with two real pho-
tons, with a subsequent decay into one or more neutrinos.

To estimate the QCD background a dedicated control sample has been selected having one
of the two photons likely to be faked by another object. An estimate of the QCD background
contamination in each SR is 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.
An alternative estimate has been applied to SRs A and B by gradually raising the HT cut on

the QCD templates and extrapolating from lower HT cuts into the SR. Differences between the two
approaches are accommodated as systematic uncertainties.

The EW background, is estimated via a control sample composed of events with at least one
photon and one electron, each with ET > 50GeV, and scaled by the probability for an electron to
be mis-reconstructed as a photon, Systematic uncertainties are dominated by uncertainties on the
fake factors and ambiguities between different sources of mis-reconstructed photons.

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(→ `ν)+ γγ < 0.01 < 0.01 0.18±0.13±0.18
Z(→ ν̄ν)+ 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

Table 2: The expected number of γγ events for each of the three signal regions including statistical and
systematic uncertainties [3].
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Figure 2: 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 (left plot) and on the sparticle 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 (right plot) [3].

The contribution of the irreducible background from the Z(→ νν̄)+ γγ and W (→ `ν)+ γγ

processes is estimated using MC samples. All estimates, along with the resulting estimates for the
total background from all sources, are reported in Table 2.

No evidence for physics beyond the SM is 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 2, 95 % Con-
fidence Level (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 prescriptions. Uncertain-
ties on the background expectation are treated as Gaussian-distributed nuisance parameters in the
maximum likelihood fit, resulting in observed upper limits of 3.1, 3.1 and 4.9 events for SRs A, B
and C, respectively.

Limits are also set on the GGM gluino mass as a function of the bino-like neutralino mass,
making use of the SR (A or B) that provides the most stringent expected limit for the given neu-
tralino mass (Figure 2). For comparison the lower limits on the GGM gluino mass from an earlier
analysis based on 1 fb−1 from 2011 are also shown.

Including all sources of uncertainty other than the theoretical uncertainty, 95 % CL upper limits
on the cross section of the SPS8 model are derived from the SR C result and displayed in Fig. 2
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.

4. Search in τ final states

Candidate events are pre-selected by a trigger requiring a hard leading jet and large missing
transverse momentum translating into requirements of a leading jet with pT > 130GeV and Emiss

T >

130GeV.
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Figure 3: meff distribution after the ∆φ(~pmiss
T , jet1,2)

requirement for the 2τ channel [2].

Pre-selected events are then required to
have at least one “tight” or two “loose” τ

candidates respectively, and must not contain
any electron or muon candidates. To sup-
press soft multi-jet events, a second jet with
pT > 30GeV is required.

Remaining multi-jet events are rejected
by requiring the azimuthal angle between the
missing transverse momentum and either of
the two leading jets ∆φ(~pmiss

T , jet1,2) to be
larger than 0.4 rad. For the 1τ channel an
additional suppression is achieved requiring
the ratio of missing transverse momentum to
effective mass3 meff/Emiss

T > 0.25.
To SRs are defined for the one and 2τ search respectively requiring meff > 600/700GeV.

Additionally the transverse mass4 of the τ candidate is required to be larger 110GeV in the 1τ

case while for the 2τ search the sum of the transverse masses of both candidates is required to be
mτ1

T +mτ2
T > 80GeV.

The dominant backgrounds arise from top-pair plus single top events (here generically indi-
cated as tt̄) and W → τντ events. For the 1τ search taus can both be real or come from mis-
measured jets while the 2τ backgrounds comprise final states with one real τ and one mis-reconstructed
τ candidate. Background contribution from tt̄ and W → τντ are determined in dedicated control re-
gions (CRs) constructed to contain minimal contribution of potential signal and other background
sources. The MC overestimates the number of events in the CR compared to data, due to mis-
modeling of τ misidentification probabilities. MC studies show that the τ misidentification proba-
bility is, to a good approximation, independent of meff, so that the measured ratio of the data to MC
event yields in the CR can be used to correct the MC background prediction in the SR.

Background contributions from multijet events are also estimated from data using looser τ

requirements and extrapolating to the ones used in the analysis. All other backgrounds are taken
from Monte Carlo simulations.

tt̄ W + jets Z + jets Multi-jet ∑SM Data
1τ 5.6±1.4 4.7±1.5 2.4±0.7 0.5±0.6 13.2±4.2 11
2τ 1.6±0.9 2.5±1.6 1.1±0.9 < 0.01 5.3±2.6 3

Table 3: Expected number of background events for the signal regions of both the 1τ and the 2τ search.
Uncertainties consist contributions from limited Monte Carlo statistics, limited data statistics in the control
regions and instrumental systematic uncertainties.

3The effective mass meff is calculated as the sum of Emiss
T and the magnitude of the transverse momenta of the two

highest-pT jets and all selected taus.
4The transverse mass mT formed by Emiss

T and the pT of the τ lepton is defined as mT =√
2pτ

TEmiss
T (1− cos(∆φ(τ,~pmiss

T ))).
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Dominant uncertainties on the estimated backgrounds arise from the extrapolation uncertainty
of the data driven methods, the uncertainty on the jet and τ energy scales as well from limited data
and Monte Carlo statistics. Table 3 lists all backgrounds with their uncertainties.
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Figure 4: Expected and observed 95 % CL lower
limits on the minimal GMSB model parameters Λ

and tanβ . The limits from the OPAL experiment are
shown for comparison [7].

Based on the observation of 11 (3)
events in the signal regions an upper limit of
8.5 (7) events is set at 95 % CL on the num-
ber of events from any scenario of physics
beyond the SM for the 1τ (2τ) final state, us-
ing the profile likelihood and CLs method.
Uncertainties on the background and sig-
nal expectations are treated as Gaussian-
distributed nuisance parameters in the like-
lihood fit. The resulting expected and ob-
served 95 % CL limits on the GMSB model
parameters Λ and tanβ are shown in Fig. 4.
These limits are calculated including all ex-
perimental and theoretical uncertainties on
the background and signal expectations. Ex-
cluding the theoretical uncertainties on the
signal cross section from the limit calcula-
tion has a negligible effect on the limits ob-
tained.

Using the correspondence of Λ with the
gluino mass a limit of mg̃ > 920(990)GeV for tanβ > 20 can be set for the 1τ (2τ) channel.
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