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Abstract

A search for supersymmetry in events with large missing transverse momentum, jets, at
least one hadronically decaying τ lepton and zero additional light leptons (e/µ), has been
performed using 20.7 fb−1 of proton-proton collision data at

√
s = 8 TeV recorded with the

ATLAS detector at the Large Hadron Collider. No excess above the Standard Model back-
ground expectation is observed and a 95% confidence level visible cross section upper limit
for new phenomena is set. In the framework of minimal gauge-mediated SUSY breaking
models, exclusion limits on the breaking scale Λ are set at 54 TeV, independently of tan β.
Exclusion limits are derived also for an mSUGRA/CMSSM model, for which the parame-
ters are chosen in such a way that the Higgs mass is compatible with the recent discovery of
a Higgs boson-like particle at the LHC. A further interpretation is presented in a framework
of natural gauge mediation in which the gluino is assumed to be the only light coloured
sparticle and decays in τ-enriched final states. Gluino masses below 1.14 TeV are excluded
in this hypothesis.
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1 Introduction

This note reports on the search for supersymmetry (SUSY) [1–9] in events with large missing trans-
verse momentum, jets and at least one hadronically decaying τ lepton. Two distinct decay topologies
with either one τ lepton or at least two τ leptons in the final state have been studied. The analy-
sis has been performed using 20.7 fb−1 of proton-proton (pp) collision data at

√
s = 8 TeV recorded

with the ATLAS detector at the Large Hadron Collider (LHC) in the 2012 run. The results are inter-
preted in the context of a minimal gauge-mediated supersymmetry breaking (GMSB) model [10–15], an
mSUGRA/CMSSM [16–21] model and in a natural gauge mediation framework (nGM) [22].

SUSY introduces a symmetry between fermions and bosons, resulting in a SUSY partner particle
(sparticle) for each Standard Model (SM) particle, with identical mass and quantum numbers except a
difference by half a unit of spin. As none of these sparticles have been observed with the same masses as
their SM partners, SUSY must be a broken symmetry if realised in nature. Assuming R-parity conserva-
tion [23–27], 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.

Minimal GMSB models can be described by six parameters: the SUSY-breaking mass scale in the
low-energy sector (Λ), the messenger mass (Mmess), the number of SU(5) messenger fields (N5), the ratio
of the vacuum expectation values of the two Higgs doublets (tan β), the Higgs sector mass parameter (µ)
and the scale factor for the gravitino mass (Cgrav). For the analysis presented in this note, Λ and tan β
are treated as free parameters, and the other parameters are fixed to the values already used in Ref. [28]:
Mmess = 250 TeV, N5 = 3, µ > 0 and Cgrav = 1. With this choice of parameters, the production of
squark and/or gluino pairs is expected to dominate at the LHC. These sparticles will decay into the next-
to-lightest SUSY particle (NLSP), which subsequently decays to the LSP. In gauge mediated models, the
LSP is often a very light gravitino (G̃). Due to the very small LSP mass of O(keV), the NLSP is the only
sparticle decaying to the LSP and this leads to experimental signatures which are largely determined by
the nature of the NLSP. This can be either the lightest stau (τ̃), a right handed slepton ( ˜̀), the lightest
neutralino (χ̃0

1), or a sneutrino (ν̃), dominantly leading to final states containing τ leptons, light leptons
(` = e, µ), photons, or neutrinos, respectively. In the GMSB parameter space considered here, the τ̃ is
the NLSP for most of the parameter space at large values of tan β, which leads to final states containing
between two and four τ leptons. In the CoNLSP region, where the mass difference between the τ̃ and
the ˜̀ is smaller than the sum of the τ and light lepton masses, both the τ̃ and the ˜̀ decay directly into the
LSP and are therefore both NLSP.

In addition to the GMSB model, results are interpreted in an mSUGRA/CMSSM plane defined by
five model parameters: the universal trilinear coupling (A0 = −2 × m0), the universal scaler mass (m0),
the universal gaugino mass (m1/2), the ratio of the vacuum expectation values of the two Higgs doublets
(tan β) and the sign of the Higgs sector mass parameter (µ). These were chosen such that across a
large area of the plane the mSUGRA/CMSSM lightest Higgs boson mass is compatible with the recent
discovery of a Higgs boson-like particle at the LHC [29, 30].

A richer phenomenology is obtained in the framework of general gauge mediation (GGM) [31].
Starting from GGM, it is possible to construct a natural gauge mediation (nGM) model by choosing
values of the weak scale SUSY parameters that reduce the fine tuning in the Higgs sector. In the min-
imal supersymmetric model, this mostly depends on the µ-term and on sparticles with large couplings
to the Higgs boson, namely the third generation sfermions, gluinos and electroweak gauginos. In the
model considered here, it is assumed that the gluino is the only light coloured sparticle in order to set a
conservative limit on the gluino mass. It is further assumed that µ << M1,M2. Taking the weak scale
supersymmetric parameters, all squark and slepton mass parameters are set to 2.5 TeV, except the lightest
stau mass. mτ̃, which is assumed to be smaller in order to have a stau NLSP (this has no effect on the fine
tuning). The bino (M1) and wino (M2) masses are also set to 2.5 TeV, while all trilinear coupling terms
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Table 1: Dominant branching ratios for gluino decays in the nGM model, for models with mg̃ >≈ 1 TeV.

Process Branching ratio (µ = 400 GeV) Branching ratio (µ = 200 GeV)
g̃→ tt̄ χ̃0

1 ≈ 20% ≈ 21%
g̃→ tt̄ χ̃0

2 ≈ 15% ≈ 18%
g̃→χ̃+

1 bt̄ ≈ 28% ≈ 27%
g̃→χ̃−1 b̄t ≈ 28% ≈ 27%

are set to zero. This leaves the gluino mass M3 and the stau mass mτ̃ as the only free parameters if µ is
also fixed.

The value of µ is fixed to µ = 400 GeV to ensure that strong production is the dominant process at the
LHC. The exclusion reach of the analysis is only weakly dependent on µ over the range 200-400 GeV
(provided the τ̃ remains lighter), which is partly a consequence of the fact that two hard τ leptons are
generated in every SUSY event from the decay τ̃→ τG̃. The branching ratios for each dominant gluino
decay mode are shown for µ = 200 GeV and µ = 400 GeV in Table 1, and show only a weak dependence
on the value of µ.

Several decay modes are possible for the gluino:

1. g̃→ gχ̃0
i → gτ τ̃→ gττG̃, with i = 1, 2

2. g̃→ qq̄χ̃0
i → qq̄τ τ̃→ qq̄ττG̃, with i = 1, 2

3. g̃→ qq′χ̃±1 → qq′ν̃τ τ̃→ qq′ν̃ττG̃

where q and q̄ are almost exclusively quarks of heavy flavour (either top or bottom quarks). The first
process proceeds through a squark-quark loop, and equal quantities of χ̃0

1 and χ̃0
2 production are expected.

The second and third processes proceed via an off-shell squark, and the relative proportion of the first
process to the other two depends on the precise relationship between M3 and the squark masses. At the
lowest values of M3, the first process dominates entirely. The effect of the last two processes increases
with rising gluino mass (with M3 approaching the squark masses). For M3 >≈ 1 TeV, the proportion
of decays through the first process is at the level of a few percent, and one observes a relatively fixed
proportion of the other two processes. The approximate branching ratios are relatively flat functions of
M3 for signal scenarios considered.

In gauge mediated SUSY scenarios a variety of mechanisms exist [32–36] to generate a Higgs boson
mass as high as the observed value of mh = 125 GeV, without changing the phenomenology of the
models considered in this search. In the model used in this anlaysis, the lightest Higgs boson mass is
specifically set to 125 GeV.

Previous searches for τ̃ pair production, with the subsequent decay τ̃ → τG̃ in the minimal GMSB
model, have been reported by the LEP Collaborations ALEPH [37], DELPHI [38] and OPAL [39]. The
analysis reported in this note extends the searches presented in Ref. [28] and comprises the full ATLAS
dataset collected during the 2012 run, corresponding to an integrated luminosity of (20.7± 0.8) fb−1 [40]
after applying beam, detector and data-quality requirements. The CMS Collaboration [41] recently pre-
sented the results of a supersymmetry search in events with τ leptons, jets and missing transverse mo-
mentum in 4.98 fb−1 of 7 TeV data in Ref. [42]. The results include interpretations in CMSSM and
GMSB scenarios.
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2 ATLAS detector

The ATLAS experiment is described in detail in Ref. [43]. It is a multi-purpose detector with a forward-
backward symmetric cylindrical geometry and nearly 4π solid angle coverage. The inner tracking de-
tector (ID) consists of a silicon pixel detector, a silicon strip detector and a transition radiation tracker.
The ID is surrounded by a thin superconducting solenoid providing a 2 T magnetic field and by fine-
granularity lead/liquid-argon (LAr) electromagnetic calorimeters. An iron/scintillating-tile calorimeter
provides hadronic coverage in the central pseudorapidity1 range. The endcap and forward regions are
instrumented with liquid-argon calorimeters, with either steel, copper or tungsten as absorber material,
for both electromagnetic and hadronic measurements. An extensive muon spectrometer system that in-
corporates large superconducting toroidal magnets surrounds the calorimeters.

3 Simulated samples

The Monte Carlo (MC) simulations used to evaluate the expected backgrounds and selection efficiencies
for the SUSY models considered are similar to the ones used in Ref. [28]. The ALPGEN generator [44] is
used to simulate samples of W and Z/γ∗ events with up to five accompanying jets, where CTEQ6L1 [45]
is used for the parton density functions (PDFs). Z/γ∗ events with mll < 60 GeV will be referred to
in this note as “Drell-Yan”. Top quark pair and di-boson (WW and WZ) pair production is simulated
with Sherpa [46], while single top production is simulated with MC@NLO [47–49] and AcerMC [50]
(for the t-channel), with the next-to-leading order (NLO) PDF set CT10 [51]. The tt̄ samples gener-
ated using the ALPGEN generator are also used to estimate systematic uncertainties. For the MC@NLO and
ALPGEN samples, fragmentation and hadronisation are performed with HERWIG [52], using JIMMY [53]
for the underlying event simulation. The decay of τ leptons and radiation of photons are simulated us-
ing TAUOLA [54, 55] and PHOTOS [56], respectively. The production of multijet events is simulated with
PYTHIA 8 [57] using the AUET2B tune [58] and MRST2007 LO∗ [59] PDFs. For the comparison with
data, all SM background cross sections are normalized to the results of higher-order calculations when
available. The theoretical cross sections for W+jets and Z+jets are calculated with DYNNLO [60] with
the MSTW 2008NNLO [61] PDF set. The inclusive tt̄ cross section is calculated with HATHOR 1.2 [62]
using MSTW 2008NNLO PDFs. Single-top cross sections are taken from MC@NLO. For the diboson cross
sections, MCFM [63] with the MSTW 2008NLO PDFs is used. For the minimal GMSB model considered
in this analysis, the SUSY mass spectra are calculated using SPHENO v3.1.12 [64, 65]. For the nGM
model, the SUSY mass and decay spectra are calculated using SDECAY 1.3b [66] and HDECAY 3.4 [67],
run as part of the SUSYHIT package [68]. For the mSUGRA/CMSSM model the signal points have been
produced with SOFTSUSY v3.6.1 [69]. The MC signal samples are produced using HERWIG++ 2.5.1 [70]
with CTEQ6L1 PDFs. Signal cross sections are calculated to next-to-leading order in the strong cou-
pling constant, adding the resummation of soft gluon emission at next-to-leading-logarithmic accuracy
(NLO+NLL) [71–75]. The nominal cross section and the uncertainty are taken from an envelope of cross
section predictions using different PDF sets and factorisation and renormalisation scales, as described in
Ref. [76].

GMSB signal samples are generated on a parameter plane ranging from Λ = 40 TeV to Λ = 120 TeV
and from tan β = 2 to tan β = 60. The mSUGRA/CMSSM signal samples are generated in the m0 −m1/2
plane, with a spacing of 200 to 500 GeV in m0 and 50 GeV in m1/2. The nGM samples are generated in
the mτ̃−mg̃ plane for fixed µ = 400 GeV, with parameters ranging from mτ̃ = 117 GeV to mτ̃ = 337 GeV,

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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Table 2: Event selection criteria for the final states presented in this note.

1τ SR 2τ GMSB SR 2τ nGM SR
Pre-selection pjet1

T > 130 GeV, pjet2
T > 30 GeV

Emiss
T > 150 GeV

Taus Nmedium
τ = 1, pτT > 30 GeV N loose

τ ≥ 2, pτT > 20 GeV
Light leptons N` = 0
QCD rejection ∆(φ jet1,2−pT

miss ) > 0.3 rad ∆(φ jet1,2−pT
miss ) > 0.3 rad

Emiss
T /meff > 0.3

Signal cuts mτ
T > 140 GeV mτ1

T + mτ2
T ≥ 150 GeV mτ1

T + mτ2
T ≥ 250 GeV

HT > 800 GeV HT > 900 GeV HT > 600 GeV
Njet ≥ 4

and from mg̃ = 400 GeV to mg̃ = 1260 GeV.
All samples are processed through the Geant4-based simulation of the ATLAS detector [77,78]. The

full simulation includes also a realistic treatment of the variation of the number of pp interactions per
bunch crossing (pile-up) in the data, with an average of around 20 interactions per crossing.

4 Object reconstruction

The analyses presented use a hadronic trigger selecting events with at least one jet above 80 GeV and
missing transverse momentum above 100 GeV. The offline selection thresholds were set in order to be in
a region with uniform trigger efficiency for all data-taking periods, with the trigger efficiency exceeding
98% with respect to the offline selection for all final states considered.

Jets are reconstructed using the anti-kt jet clustering algorithm [79] with distance parameter R = 0.4.
Jet energies are calibrated to correct for upstream material, calorimeter non-compensation, pile-up, and
other effects [80]. Jets are required to have transverse momenta (pT) greater than 30 GeV and |η| < 4.5.

Muon candidates are identified by matching an extrapolated inner detector track and one or more
track segments in the muon spectrometer [81, 82]. They are required to have pT > 10 GeV and |η| <
2.4. Electron candidates are required to satisfy pT > 20 GeV, |η| < 2.47 and to pass the “Medium++”
identification criteria described in Ref. [83], re-optimized for 2012 conditions.

Tau leptons considered in this search are reconstructed through their hadronic decays. The τ re-
construction is seeded from jets with pT > 10 GeV. An η- and pT-dependent energy calibration to the
hadronic τ energy scale is applied. Discriminating variables based on tracking and observables sensitive
to the transverse and longitudinal shape of the energy deposits of tau candidates in the calorimeter are
used. These quantities are combined in a boosted decision tree (BDT) discriminator [84] to optimize
their impact. Measurements of transition radiation and calorimeter information are used to veto elec-
trons mis-identified as taus. Suitable τ lepton candidates must satisfy pT > 20 GeV, |η| < 2.5, and have
one or three associated tracks of pT > 1 GeV with a charge sum of ±1. A sample of Z → ττ events is
used to measure the efficiency of the BDT tau identification. The “loose” and “medium” working points
in Ref. [84] are used herein and correspond to efficiencies of approximately 60% and 40% respectively,
independent of pT, with a rejection factor of 20−50 against τ candidates built from hadronic jets (“fake”
taus).

Following object reconstruction, overlaps between candidate jets, taus and light leptons are resolved.
First, any tau candidate reconstructed within a distance ∆R =

√
(∆η)2 + (∆φ)2 = 0.2 of an electron or

muon is discarded. Jet candidates are then removed if they are reconstructed within a distance ∆R = 0.2
of a tau or an electron. Next, muon candidates are rejected if they lie within ∆R = 0.2 of a jet. Finally,
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remaining electron and muon candidates are rejected if they are found within 0.2 < ∆R < 0.4 of a jet.
The missing transverse momentum vector pT

miss (and its magnitude Emiss
T ) is measured from the

transverse momenta of identified jets, electrons, muons and all calorimeter clusters with |η| < 4.5 not
associated to such objects [85]. For the purpose of the measurement of Emiss

T , τ leptons are not distin-
guished from jets.

After overlap removal, muon candidates are subject to an additional isolation requirement, i.e. the
scalar sum of the transverse momenta of tracks within a cone ∆R < 0.2 around the muon candidate,
excluding the muon candidate track itself, must be less than 1.8 GeV for muons. Tracks selected for
the muon isolation requirement have pT > 1 GeV and are associated to the primary vertex of the event.
Isolated muons are used in the definition of a specific control region defined to cross check the Z+jets
background estimation, as explained in Section 6.

Jets originating from decays of b-quarks are identified and used for separating the W and tt̄ back-
ground contributions. They are identified by a neural network based algorithm, which combines the in-
formation from the track impact parameters with the search for decay vertices along the jet axis [86,87].
A working point corresponding to 60% (< 0.5%) tagging efficiency for b-jets (light flavour or gluon jets)
is chosen. This tagging efficiency has been obtained using simulated tt̄ events.

5 Event Selection

Two mutually exclusive final states are considered for this search: events with only one hadronically
decaying “medium” τ, no additional “loose” τ candidates and no muons or electrons, referred to in the
following as “1τ ”; events with two or more “loose” τ leptons and no muons or electrons, referred to as
“2τ ”.

The events have to fulfill a minimum set of requirements, in the following referred to as “pre-
selection”. Pre-selected events are required to have a reconstructed primary vertex [88] with at least
five tracks (with pT > 0.4 GeV), at least one jet with pT > 130 GeV and large Emiss

T (Emiss
T > 150 GeV).

In addition, events are required to have at least a second jet with pT > 30 GeV.
Events are then passed through a further selection for each search channel. Remaining multijet

events, where highly energetic jets are mis-measured, are rejected by requiring the azimuthal angle be-
tween the missing transverse momentum vector and either of the two leading jets to be greater than
0.3 rad. In addition, in the 1τ channel, the ratio Emiss

T /meff is required to be greater than 0.3, where the
the effective mass meff is defined below. Three quantities characterising the kinematic properties of the
event are used to further suppress the main background processes (W+jets, Z+jets and top, including tt̄
and single-top events) in each final state:

• the transverse mass mτ
T formed by Emiss

T and the pT of the τ lepton in the 1τ and 2τ channels

mτ
T =

√
2pτTEmiss

T (1 − cos(∆φ(τ, Emiss
T ))) ;

• the scalar sum HT of the transverse momenta of τ lepton candidates and the two jets with the
largest transverse momentum in the events: HT =

∑
pτT +

∑
i=1,2 pjeti

T ;

• the effective mass meff = HT + Emiss
T .

For each of the final states, specific criteria are applied to the above quantities in order to define a signal
region (SR), as summarized in Table 2. A requirement on mτ

T is used to remove W+jets events in the 1τ
analysis, while in the 2τ channel a requirement on mτ1

T + mτ2
T is very effective in removing Z+jets events.

A further requirement on HT is applied in order to reduce the contribution of all remaining backgrounds.
In the nGM signal region, a requirement on the number of jets in the event is also used, taking into
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account that in the signal events high jet multiplicity is expected due to the three body decay of the
gluino.

Figure 1 shows the mτ
T distribution after all the requirements of the analysis except the ones on mτ

T
and HT, as well as the HT distribution after the requirement on mτ

T for the 1τ channel in the GMSB signal
region. Figure 2 shows the mτ1

T + mτ2
T distribution after all the requirements of the analysis except the one

on HT, as well as the HT distribution after the mτ1
T + mτ2

T requirement for the 2τ channel in the GMSB
signal region.
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Figure 1: Distribution of mτ
T after all analysis requirements but the the requirement on mτ

T and the fi-
nal requirement on HT (a) and of HT after the mτ

T requirement (b) for the 1τ signal region. Data are
represented by the points. The SM prediction includes the data driven corrections discussed in the text.
The shaded band centered around the total SM background indicates the statistical and systematic uncer-
tainty on the background expectation. Monte Carlo events are normalized to data in the control region
corresponding to mτ

T below 130 GeV, resulting in a narrowing of the systematic uncertainty for low mτ
T

values. Also shown is the expected signal from typical GMSB samples. No events in data surviving all
the analysis requirements end up in the overflow bin of the data distribution.

Figure 3 shows the HT distribution after all the requirements of the analysis except the final require-
ments on HT and the number of jets, as well as the NJet distribution after the HT requirement for the 2τ
channel in the nGM signal region.

6 Background estimation

For each final state, the SM background expectations predicted by MC simulation in the signal regions
(SRs) are corrected, after all selection criteria are applied, by means of control regions (CRs) which are
chosen such that a specific background process is enriched while any overlap with each SR is avoided.
This is done to reduce possible mis-modelling of τ mis-identification probabilities and kinematics in the
MC simulations. MC studies show that the τ mis-identification probability is, to a good approximation,
independent of the kinematic variables used to separate the SR from the CRs, so that the measured
ratio of the data to MC event yields in the CR can be used to compute scaling factors (SFs) to correct
the MC background prediction in the SR. Correlations between different samples in the various CRs
are taken into account by considering the matrix equation ~Ndata = A ~ω where ~Ndata is the observed
number of data events in each CR, after subtracting the expected number of multijet events and any
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Figure 2: Distribution of mτ1
T + mτ2

T after all analysis requirements but the final requirement on HT (a)
and of HT after the mτ1

T + mτ2
T requirement (b) for the 2τ final state in the GMSB signal region. Data

are represented by the points. The SM prediction includes the data driven corrections discussed in the
text. The shaded band centered around the total SM background indicates the statistical and systematic
uncertainty on the background expectation. Also shown is the expected signal from typical GMSB
samples. No events in data surviving all the analysis requirements end up in the overflow bin of the data
distribution.
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Figure 3: Distribution of HT in the nGM signal region after all analysis requirements but the final ones
on HT and the number of jets (a) and of NJet after the HT requirement (b) for the 2τ final state. Data are
represented by the points. The SM prediction includes the data driven corrections discussed in the text.
The shaded band centered around the total SM background indicates the statistical and systematic uncer-
tainty on the background expectation. Also shown is the expected signal from typical nGM samples. No
events in data surviving all the analysis requirements end up in the overflow bin of the data distribution.

remaining sub-dominant background contribution obtained from MC. The matrix A is obtained from the
MC expectation for the number of events originating from each of the backgrounds (top, W and Z). The
vector ~ω of scaling factors is then computed by inverting the matrix A.
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The dominant backgrounds to the 1τ SR arise from Z and W boson production in association with
jets, and from top production. Events can be divided into those in which a true tau exists and those in
which a jet is mis-identified as a tau. Since the composition of true and fake (mis-identified) taus in the
control region and signal region may differ, it is necessary to measure separate scaling factors for the two
cases. To this end, a two-dimensional control region is defined, where in one dimension mτ

T is used to
separate true and fake taus, and in the other the b-tagging is used to provide a top enriched or depleted
sample. Due to the complex nature of the τ lepton decays, the Jacobian peak in the mτ

T distribution is
very broad and therefore not clearly visible. The true/fake composition in the background samples as
well as its relationship to mτ

T has been extensively studied using MC events. The full list of selection
requirements for these control regions, after the pre-selection, tau and light lepton veto requirements are
applied, is provided in Table 3. The matrix A is a 4×4 matrix from which the SFs for W events with a true
τ candidate, W/Z events with a fake τ candidate, and top events with either a true or a fake τ candidate
are obtained. In Z+jets events, the background is completely dominated by Z decays to neutrinos, and
therefore the τ candidate is always a mis-identified jet. For this reason, the scaling factor is obtained from
the same fake CR defined for W+jets events. Typical scaling factors obtained for the various MC samples
in the fake CR are ∼ 0.7 for W+jets and Z+jets and ∼0.6 for tt̄. In the true CR, these factors are ∼ 0.9 for
W+jets and ∼ 1.0 for tt̄. To obtain the uncertainties on the scaling factors, all contributing parameters are
varied according to their uncertainties, the procedure is repeated and new scaling factors are obtained.
The width of the distribution of the resulting scaling factors is then used as their uncertainty. Typical
uncertainties are of order 20–70%, depending on the control region. As a cross check to validate the
estimate of the scaling factors for the Z+jets background, the data/MC ratio from Z → `+`− decays is
measured in the Z+jets CR defined in Table 3. The scaling factors obtained for the Z+jets events with
the two methods are in good agreement.

The contribution arising from multijet background processes due to fake taus is estimated using a
data-driven “ABCD” method. The four regions are indicated in Table 4. Region D is similar to the SR,
except for the fact that the requirement on Emiss

T /meff is reverted and there is no requirement on HT. In
order to estimate the total yield from multijet events in the SR, the number of events obtained in region D,
calculated by multipling the number of events in data in region C by the ratio of events in data in region
A and B, is then multiplied by the fraction of events passing the final cuts on HT and Emiss

T /meff . This
fraction is derived in region A, after checking that it has little dependence on the requirements used to
define the different multijet regions. In each region, the non-multijet contribution is estimated using MC
simulation and is subtracted from the data. Extra-loose taus are defined by taking the nominal (medium)
tau selection and relaxing the BDT discriminant, charge and number of associated tracks criteria.

In the 2τ analysis, the W and top backgrounds are dominated by events in which one τ candidate
is a true τ and the others are mis-reconstructed from hadronic activity in the final state. The additional
contribution from Z+jets events is dominated by final states with Z → ττ decays. The CRs defined for
the estimation of these backgrounds have a negligible contamination from multijet events thanks to the
requirement on ∆(φ jet1,2−pTmiss) and the requirement of two or more τ lepton candidates. The definitions
of the 2τ control regions are given in Table 3. In the GMSB analysis, three CRs are defined (for W+jets,
Z+jets and tt̄ events). Given that the true and fake τ candidates composition in the CR and SR is the same
(as checked in truth level MC studies), there is no need to separate the CRs between true dominated and
fake dominated. The matrix A in this case is a 3 × 3 matrix from which the SFs for W, Z and top events
are obtained. Typical scaling factors obtained for the various MC samples are ∼ 0.8 for the W+jets, ∼
1.1 for the Z+jets and ∼ 0.6 for tt̄. The uncertainties on the SFs are obtained in the same way as for the
1τ channel. Typical uncertainties are of order 40 %.

In the nGM signal region top events are the overall dominant background and therefore only one CR
is defined. In this case, the CR to estimate the scale factor is defined to mimic at best the SR selection,
with tight requirement on mτ1

T + mτ2
T and on the jet multiplicity. The scale factor obtained in this case is
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Table 3: Definition of the background control regions (CRs) used to estimate the yield of background
candidates in the 1τ and 2τ final states.

Background 1τ 2τ GMSB 2τ nGM
top ∆(φ jet1,2−pTmiss) > 0.3 rad ∆(φ jet1,2−pTmiss) > 0.3 rad ∆(φ jet1,2−pTmiss) > 0.3 rad

mτ
T < 80 GeV (true τ) or mτ1

T + mτ2
T ≥ 150 GeV mτ1

T + mτ2
T ≥ 250 GeV

80 GeV < mτ
T < 130 GeV (fake τ) NJet ≥ 4

Emiss
T /meff > 0.3 HT < 550 GeV HT < 550 GeV
Nb−tag ≥ 1 Nb−tag ≥ 1 Nb−tag ≥ 1

W+jets ∆(φ jet1,2−pTmiss) > 0.3 rad
mτ1

T + mτ2
T ≥ 150 GeV

HT < 550 GeV
Nb−tag = 0

W+jets ∆(φ jet1,2−pTmiss) > 0.3 rad
(true) mτ

T < 80 GeV
Emiss

T /meff > 0.3
∆φ(τ, Emiss

T ) > 0.2
Nb−tag = 0

W/Z+jets ∆(φ jet1,2−pTmiss) > 0.3 rad
(fake) 80 GeV < mτ

T < 130 GeV
Emiss

T /meff > 0.3
Nb−tag = 0

Z+jets 2 opposite sign µ ∆(φ jet1,2−pTmiss) > 0.3 rad
(pT > 15 GeV, |η| < 2.4)
≥2 jets (130 GeV, 30 GeV) mτ1

T + mτ2
T < 80 GeV

a tau with pT > 20 GeV HT < 550 GeV
82 GeV< mµ+µ− < 100 GeV

Multi-jet ABCD method ∆(φ jet1,2−pTmiss) < 0.3 rad
Emiss

T /meff < 0.4
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Table 4: Definitions of QCD regions used in ABCD method for the 1τ analysis. The requitement on HT
is not applied in the definition of these control regions.

Extra Loose τ Nominal τ
∆

(
φ jet1,2−pTmiss

)
< 0.3

no cut on Emiss
T /meff

Control region A Control region B

∆
(
φ jet1,2−pTmiss

)
> 0.3

Emiss
T /meff < 0.3

Control region C Region D

of the order of 0.4 , with an uncertainty of 30 %.
The multijet background expectation for the 2τ final states is computed by using MC to model the

shape of the background, but with a normalisation taken from a multijet dominated CR defined by in-
verting the ∆(φ jet1,2−pTmiss) requirement and not applying the mτ1

T + mτ2
T and HT selection. In addition, the

ratio Emiss
T /meff is required to be smaller than 0.4 to increase the purity of this CR. To increase the size of

the event sample, an extra loose tau selection is defined by relaxing the tau BDT selection criterion. The
MC events passing this selection are then reweighted by applying, to each tau in an event, a measured
probability that an extra loose tau will pass the loose tau identification. This gives a sample of MC events
with loose taus that can be passed through the rest of the analysis in order to obtain the multijet yield in
the signal region.

In both the 1τ and 2τ channels, the sub-dominant di-boson and Drell-Yan background contributions
are estimated using MC simulations. In both analyses the contribution from Drell-Yan is found to be
negligible.

7 Systematic uncertainties on the background

Various systematic uncertainties have been studied and the effect on the number of expected background
events in each one of the channels presented here has been taken into account, following the approach
of Ref. [28]. The dominant systematic uncertainties in the different channels are summarised in Table 5,
with the exception of the luminosity uncertainty which is discussed below.

The theoretical uncertainty on the MC-based extrapolation of the W+jets and tt̄ backgrounds from
the CR into the SR is estimated using alternative MC samples. These MC samples have been obtained by
varying the renormalisation and factorisation scales, the functional form of the factorisation scale and the
matching threshold in the parton shower process in the generators used for the simulation of the events
described in Section 3. Moreover, in case of tt̄ processes, the difference in the background estimation
obtained using the SHERPA and ALPGENMC generators is taken as the uncertainty on the MC generator.

Systematic uncertainties on the jet energy scale (JES) and jet energy resolution (JER) [80] are applied
in MC to the jet candidates and propagated through the analysis. The difference in the number of expected
background events obtained with the nominal MC simulation after applying the JES and JER uncertainty
variations is taken as the systematic uncertainty.

The effect of the τ energy scale (TES) uncertainty on the expected background is estimated in a
similar way. The uncertainties from the jet and τ energy scale are treated as fully correlated.

The uncertainties on the background estimation due to the τ identification efficiency depend on the
τ identification algorithm (“loose” or “medium”), the kinematics of the τ sample and the number of
associated tracks. In both 1τ and 2τ channel they are less than 0.5%.

To account for mis-modelling of pile-up in the MC, a re-weighting procedure of all MC samples
according to the measured number of mean interactions per bunch crossing in data is done. A systematic
uncertainty associated with this procedure is taken into account by changing the nominal value for the
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Table 5: Overview of the major systematic uncertainties on the total expected background in each signal
region for the background estimates in the channels presented in this note.

Source of Uncertainty 1τ 2τ GMSB 2τ nGM
CR to SR Extrapolation 15% 18% 50%
Jet Energy Resolution 4.5% 7.1% 11%
Jet Energy Scale 16% 5.1% 4.9%
Tau Energy Scale 18% 1.5% 7.5%
Pileup re-weighting 5.3% 7.0% 7.7%

average interactions per bunch crossing in data by 10%, repeating the analysis and determining the
relative deviations from the nominal yields.

The preliminary uncertainty on the luminosity of the 2012 data is 3.6% based on the calibration
procedure described in Ref. [40]. The effect of this uncertainty on the normalization of the Z+jets, Drell-
Yan and di-boson samples, for which scale factors derived from control regions were not applied, is also
considered.

The limited size of the MC samples used for background estimation gives rise to statistical uncer-
tainties which are also taken into account.

The total systematic uncertainties obtained in the 1τ, 2τ GMSB and 2τ nGM regions are 29%, 23%
and 54% respectively.

8 Signal efficiencies and systematic uncertainties

The GMSB and nGM signal samples have been described in Section 3. The cross section for strong
production, for which this analysis has the largest sensitivity, decreases faster than the cross section for
slepton- and gaugino production, such that for large values of Λ the selection efficiency with respect to
the total SUSY production decreases.

In the GMSB signal scenarios, in the high tan β region the acceptance times efficiency is of the order
of 1% for the 1τ channel. For low tan β values, it drops to 0.1%. For large Λ it rises to values of 10%.
For the 2τ channel in the high tan β region the acceptance times efficiency is of the order of 6% and drops
to 1% for low tan β values.

The total systematic uncertainty on the signal selection from the various sources discussed in Sec-
tion 7 is between 1–10% for the 1τ channel for most of the signal samples studied. For low tan β and
high Λ it rises up to 60%. For the 2τ channel it amounts to 10–15% for most of the parameter space with
an increase to up to 35% for the highest Λ region studied and low tan β.

In the nGM scenarios, the sensitivity to chargino/neutralino production is negligible because of the
stringent Emiss

T and jet pT requirements. It is therefore the gluino pair production that is the dominant
process. The gluino pair production cross section is primarily a function of mg̃, dropping from 17.2 pb
for mg̃ = 400 GeV to 7 fb for mg̃ = 1100 GeV. The acceptance for the 2τ analysis is of the order
of 15% for high mg̃, independent of mτ̃, and it drops to ∼2% for low mg̃. The efficiency ranges from
around 30% to 80–90%, with the higher values being observed in the low mg̃ region. The 1τ analysis
has negligible sensitivity to the scenarios, so no interpretation of the 1τ result in nGM is presented. The
total experimental systematic uncertainty on the signal selection from the various sources discussed in
Section 7 is between 10–30%.

In the mSUGRA signal plane the acceptance times efficiency ranges from below the percent level
to around 7% for the 1τ channel, with the higher values being observed in the low m1/2 region. The 2τ
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channel has vanishing acceptance due to the lack of a second high-pT τ, which is why the 2τ analysis is
not interpreted in this context. The total systematic uncertainty on the signal selection from the various
sources discussed in Section 7 is between 2% to 20% across the plane. It rises up to 50% at the lowest
m1/2 region studied and up to 80% for individual signal points at the highest m1/2 values.

The nominal cross sections and uncertainties in the different models discussed in this note are taken
from an envelope of cross section predictions using different PDF sets and factorisation and renormali-
sation scales, as described in Ref. [76]. This procedure is the same as detailed in Ref. [28] The uncer-
tainties are calculated for individual SUSY production processes and for each model point in the GMSB,
mSUGRA and nGM plane. The overall theoretical cross section uncertainties are between 15–30% in
GMSB, 10–30% in mSUGRA and 15–40% in nGM.

9 Results

Table 6 summarizes the number of observed events in the two channels in data and the number of ex-
pected background events. No significant excess is observed in any of the signal regions. From the num-
ber of data events observed and the expected number of background events, an upper limit at 95% Confi-
dence Level (CL) on the observed event yield from any scenario of physics beyond the SM is calculated
in the 1τ and 2τ channel, respectively. These upper limits translate into a 95% CL observed (expected)
upper limit on the visible cross section for new phenomena for each of the final states, defined by the
product of cross section, branching fraction, acceptance and efficiency for the selections defined in Sec-
tion 5. The results are summarized in Table 6 for all channels. The limits are computed using the profile
likelihood ratio method [89] and the CLs criterion [90]. Uncertainties on the background and signal
expectations are treated as Gaussian-distributed nuisance parameters in the likelihood fit.

In order to produce the strongest possible 95% CL limit on the GMSB model parameters Λ and
tan β, a statistical combination of the 1τ and 2τ channels is performed, in which the full likelihood
function that represents the outcome of the combination is used. The combination profits from the fact
that the two final states are statistically independent. The limit is calculated including all experimental
uncertainties on the background and signal expectations and theoretical uncertainties on the background.
The resulting observed and expected limits for the combination of final states are shown in Fig. 4. The
yellow band around the expected exclusion limit represents the 1σ statistical and systematic uncertainty
on the expected background. The influence of the theoretical uncertainties on the signal cross section on
the limit is indicated by the dashed red lines around the observed limit. From this, a limit on the SUSY
breaking scale Λ of 54 TeV is determined, independent of tan β. The limit on Λ increases to 70 TeV for
high tan β (tan β > 50 ).

Figure 5 shows the expected and observed exclusion limit obtained when interpreting the 1τ analysis
result using the mSUGRA/CMSSM model plane. Values of m0 up to 860 GeV for low m1/2, and values
of m1/2 up to 650 GeV for low m0 are excluded by this analysis.

Figure 6 shows the expected and observed exclusion limit in the nGM scenarios using the dedicated
high jet multiplicity signal region of the 2τ analysis. Signal contaminations in the dedicated top CR
are of the order of 10% for gluino mass of the order of 1 TeV and are taken into account in the limit
computation. Exclusion limits on the mass of the gluino are set to 1140 GeV, independent of the τ̃ mass.

10 Conclusions

A search for SUSY in final states with jets, Emiss
T and one or more hadronically decaying τ leptons is

performed using 20.7 fb−1 of
√

s = 8 TeV pp collision data recorded with the ATLAS detector at the
LHC. No excess above the expected SM backgrounds is observed. The results are used to set model-
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Table 6: Number of expected background events and data yields in the 1τ and 2τ final states. Where
possible, the uncertainties are separated in statistical (first) and systematic (second). The SM prediction
is computed taking into account correlations between the different uncertainties. Also shown are the
number of expected signal MC events for one GMSB point (Λ=50 TeV, tan β=30), an nGM signal point
with mτ̃ = 210 GeV and mg̃ = 1020 GeV and an mSUGRA point with m0 = 400 GeV and m1/2 =

650 GeV.
The resulting 95% Confidence Level (CL) limit on the number of observed (expected) signal events and
on the visible cross sections from any new physics scenario for each of the final states is shown, taking
into account the observed events in data and the background expectations.

– 1τ 2τ GMSB region 2τ nGM region
Multi-jet 0.03±0.01 0.14 ± 0.04 0.04 ± 0.02
W + jets 1.9 ± 0.5 ± 0.7 3.8 ± 1.1 ± 0.9 0.3 ± 0.2 ± 0.4
Z + jets 2.1 ± 1.2 ± 1.7 0.3 ± 0.3 ± 0.5 0.02 ± 0.02 ± 0.01
top 0.7 ± 0.6 ± 0.3 2.4 ± 0.7 ± 1.4 3.1 ± 1.0 ± 1.7
di-boson 0.1±0.1 ± 0.1 0.6 ± 0.2 ± 0.2 0.02 ± 0.02 ± 0.02
Total background 4.9±1.5 ±1.3 7.2 ± 1.3 ± 1.6 3.5 ± 1.1 ± 1.9
Data 3 5 1
Signal MC Events
GMSB5030 9 ± 2 36 ± 2 –
nGM 210-1020 – – 10 ± 1
mSUGRA 400-650 6 ± 1 – –
Obs (exp) limit
on signal events 8.2 (8.3+3.1

−2.2) 8.4 (9.9+4.8
−3.3) 5.4 (7.6+3.1

−2.2)
Obs limit on
Cross Section (fb) 0.40 0.41 0.26
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Figure 4: Expected and observed 95% CL lower limits on the minimal GMSB model parameters Λ and
tan β using a combination of the 1τ and 2τ analysis. The result is obtained using 20.7 fb−1 of

√
s = 8 TeV

ATLAS data. The dark grey area indicates the region which is theoretically excluded due to unphysical
sparticle mass values. Additional model parameters are Mmess = 250 TeV, N5 = 3, µ > 0 and Cgrav = 1.
The OPAL limits on the τ̃ mass [39] and the previous ATLAS [28] limits are shown. For the latter, a
different mass spectrum generator had been employed.
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independent 95% CL upper limits on the number of signal events from new phenomena and correspond-
ing upper limits on the visible cross section. Limits on model parameters are set for a minimal GMSB
and natural Gauge Mediation models. A limit on the SUSY breaking scale Λ of 54 TeV is determined,
independent of tan β, for the minimal GMSB model. The limit on Λ increases to 70 TeV for high tan β
(tan β > 50 ). Additionally, the 1τ result is interpreted using a mSUGRA/CMSSM model, and limits in
the m0 − m1/2 plane are obtained. In a natural Gauge Mediation model the result of the 2τ analysis in an
optimised signal region can be translated into a limit on the gluino mass of 1140 GeV, independent of
the τ̃ mass, provided the τ̃ is the NLSP.
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FIG. 1. Expected and observed 95 % CL lower limits on the minimal GMSB model parameters Λ and tanβ for the 1τ and the
2τ analysis individually. The result is obtained using (20.7± 0.8) fb−1 of proton-proton collision data at

√
s = 8 TeV recorded

with the ATLAS detector at the Large Hadron Collider. The dark grey area indicates the region which is theoretically excluded
due to unphysical sparticle mass values. Additional model parameters are Mmess = 250 TeV, N5 = 3, µ > 0 and Cgrav = 1.


