
N
ot

re
vi

ew
ed

,f
or

in
te

rn
al

ci
rc

ul
at

io
n

on
ly

Introduction

S u p e r s y m m e t r y 
(SUSY) is theoretically 
attractive as it can 
potentially solve the 
Standard Model (SM) 
Hierarchy problem and 
produce a candidate 
for Dark Matter.  

In many SUSY models 
final states are tau rich. If such SUSY events are 
produced at the LHC they will leave signatures in the 
ATLAS detector containing missing transverse energy 
(ETmiss) from the LSP escaping detection, along with 
jets and taus produced in the decay of the initial 
squark/gluino pair. The results are interpreted in three 
such tau rich models. 

GMSB:

•LSP predominantly a light 
gravitino

•Lightest stau NLSP at 
large tanβ → taus

mSUGRA/CMSSM:

•Plane where the lightest 
Higgs boson mass i s 
compatible with the recent 
discovery of a Higgs boson 
at the LHC

nGM:

•Constructed from general 
gauge mediation

•W e a k s c a l e S U S Y 
parameters chosen to 
reduce fine tuning in the 
Higgs sector

Event Selection

Construct orthogonal search channels containing at  
least one hadronically decaying tau aimed at strong 
production of sparticles:

•Channels with exactly one and two or more taus

•Veto events with electrons and muons

•Trigger on events containing jets with high 
transverse momentum and large missing transverse 
momentum 

Main background characteristics:

•Multijet: ETmiss from mis-measured jets and tau(s) 
from mis-identified QCD jets (fakes)

	
 →Discriminating variables:

	
 	
 ΔΦ (jet, ETmiss) and ETmiss/meff

•W+jets, Z+jets and top: Contains ETmiss from 
neutrinos, jets and both true and fake taus 

	
 →Discriminating variables:  mTτ and HT

Event selection criteria for the three final states

Background Estimation

Correct MC background expectations in the signal 
regions (SRs) by process dependent scaling factors 
derived from the data to MC event yields in control 
regions (CRs). Reduces effects of possible mis-
modelling of tau mis-identification probabilitites and 
kinematics in the MC simulation. 

Correlations between backgrounds taken into account 
by solving the matrix equation:

Ndata = Aω,

where Ndata is the observed data events in each CR. 
The matrix A contains MC expectation for each CR 
(row) and each background (column). The vector of 
scaling factors, ω, for each background is obtained by 
inverting A. 

Distributions after all analysis requirements but the HT

 requirement for the one tau (top) and two tau (bottom) GMSB SRs. 

One tau:

•Matrix method for Top, W+jets and Z+jets

•Separated into events with true/fake taus

•ABCD method in space of ΔΦ (jet, ETmiss) and tau 
ID used to estimate multijets

Two tau:

•Matrix method for Top, W+jets and Z+jets (GMSB) 
and single scale factor for Top (nGM)

•True/fake tau composition of CRs as in SRs

•Sideband with low ΔΦ (jet, ETmiss) and ETmiss/meff 
used to estimate multijets

Results

All SR results are consistent with SM expectations. Set 
limits at 95% Confidence Level (CL) using the profile 
likelihood ratio method and the CLS criterion. 
Uncertainties on the background and signal 
expectations are treated as Gaussian-distributed 
nuisance parameters in the likelihood fit. 

Model independent upper limits: 

Model dependent limits: 

Expected and observed 95% CL lower limits on the SUSY model grid parameters. 
GMSB: combined limit one and two tau, mSUGRA/CMSSM: one tau limit only, nGM: 

two tau limit only

Conclusion

A search for SUSY in final states with jets, ETmiss, and 
one or more hadronically decaying tau 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 and limits are set on new physics 
phenomena and in the context of GMSB, mSUGRA/
CMSSM and nGM.  
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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 |⌘| < 4.5 not
associated to such objects [85]. For the purpose of the measurement of Emiss

T , ⌧ 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 e�ciency for b-jets (light flavour or gluon jets)
is chosen. This tagging e�ciency 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” ⌧, no additional “loose” ⌧ candidates and no muons or electrons, referred to in the
following as “1⌧ ”; events with two or more “loose” ⌧ leptons and no muons or electrons, referred to as
“2⌧ ”.

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 1⌧ channel, the ratio Emiss

T /me↵ is required to be greater than 0.3, where the
the e↵ective mass me↵ 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 m⌧T formed by Emiss
T and the pT of the ⌧ lepton in the 1⌧ and 2⌧ channels

m⌧T =
q

2p⌧TEmiss
T (1 � cos(��(⌧, Emiss

T ))) ;

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

P
p⌧T +

P
i=1,2 pjeti

T ;

• the e↵ective mass me↵ = 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 m⌧T is used to remove W+jets events in the 1⌧
analysis, while in the 2⌧ channel a requirement on m⌧1T +m⌧2T is very e↵ective 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

5

   

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 |⌘| < 4.5 not
associated to such objects [85]. For the purpose of the measurement of Emiss

T , ⌧ 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 e�ciency for b-jets (light flavour or gluon jets)
is chosen. This tagging e�ciency 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” ⌧, no additional “loose” ⌧ candidates and no muons or electrons, referred to in the
following as “1⌧ ”; events with two or more “loose” ⌧ leptons and no muons or electrons, referred to as
“2⌧ ”.

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 1⌧ channel, the ratio Emiss

T /me↵ is required to be greater than 0.3, where the
the e↵ective mass me↵ 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 m⌧T formed by Emiss
T and the pT of the ⌧ lepton in the 1⌧ and 2⌧ channels

m⌧T =
q

2p⌧TEmiss
T (1 � cos(��(⌧, Emiss

T ))) ;

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

P
p⌧T +

P
i=1,2 pjeti

T ;

• the e↵ective mass me↵ = 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 m⌧T is used to remove W+jets events in the 1⌧
analysis, while in the 2⌧ channel a requirement on m⌧1T +m⌧2T is very e↵ective 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

5

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 |⌘| < 4.5 not
associated to such objects [85]. For the purpose of the measurement of Emiss

T , ⌧ 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 e�ciency for b-jets (light flavour or gluon jets)
is chosen. This tagging e�ciency 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” ⌧, no additional “loose” ⌧ candidates and no muons or electrons, referred to in the
following as “1⌧ ”; events with two or more “loose” ⌧ leptons and no muons or electrons, referred to as
“2⌧ ”.

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 1⌧ channel, the ratio Emiss

T /me↵ is required to be greater than 0.3, where the
the e↵ective mass me↵ 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 m⌧T formed by Emiss
T and the pT of the ⌧ lepton in the 1⌧ and 2⌧ channels

m⌧T =
q

2p⌧TEmiss
T (1 � cos(��(⌧, Emiss

T ))) ;

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

P
p⌧T +

P
i=1,2 pjeti

T ;

• the e↵ective mass me↵ = 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 m⌧T is used to remove W+jets events in the 1⌧
analysis, while in the 2⌧ channel a requirement on m⌧1T +m⌧2T is very e↵ective 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

5

The tau lepton in ATLAS

•~60% of taus decay 
hadronically into mesons 
and a neutrino

•Reconstructed from 
these well collimated 
mesons

•Detector signature 
similar to QCD jets, 
distinguishable by:
•Width of the jet
•Number of constituent 
particles

•Necessitates 
identification of taus by 
BDT discriminator using 
shower information from 
both the tracker and 
calorimeter

Kinematic variables

•Extrapolation from CRs to SRs

•Jet energy scale and resolution

•Tau energy scale

•Pileup re-weighting

Main systematic uncertainties

Table 2: Event selection criteria for the final states presented in this note.
1⌧ SR 2⌧ GMSB SR 2⌧ nGM SR

Pre-selection pjet1
T > 130 GeV, pjet2

T > 30 GeV
Emiss

T > 150 GeV
Taus Nmedium

⌧ = 1, p⌧T > 30 GeV N loose
⌧ � 2, p⌧T > 20 GeV

Light leptons N` = 0
QCD rejection �(� jet1,2�pTmiss ) > 0.3 rad �(� jet1,2�pTmiss ) > 0.3 rad

Emiss
T /me↵ > 0.3

Signal cuts m⌧T > 140 GeV m⌧1
T + m⌧2

T � 150 GeV m⌧1
T + m⌧2

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 o✏ine selection thresholds were set in order to be in
a region with uniform trigger e�ciency for all data-taking periods, with the trigger e�ciency exceeding
98% with respect to the o✏ine 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 e↵ects [80]. Jets are required to have transverse momenta (pT) greater than 30 GeV and |⌘| < 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 |⌘| <
2.4. Electron candidates are required to satisfy pT > 20 GeV, |⌘| < 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 ⌧ re-
construction is seeded from jets with pT > 10 GeV. An ⌘- and pT-dependent energy calibration to the
hadronic ⌧ 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 ⌧ lepton candidates must satisfy pT > 20 GeV, |⌘| < 2.5, and have
one or three associated tracks of pT > 1 GeV with a charge sum of ±1. A sample of Z ! ⌧⌧ events is
used to measure the e�ciency of the BDT tau identification. The “loose” and “medium” working points
in Ref. [84] are used herein and correspond to e�ciencies of approximately 60% and 40% respectively,
independent of pT, with a rejection factor of 20�50 against ⌧ 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 =

p
(�⌘)2 + (��)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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Table 6: Number of expected background events and data yields in the 1⌧ and 2⌧ 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 di↵erent uncertainties. Also shown are the
number of expected signal MC events for one GMSB point (⇤=50 TeV, tan �=30), an nGM signal point
with m⌧̃ = 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.

– 1⌧ 2⌧ GMSB region 2⌧ 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 8.3 (9.0+2.7

�2.2) 8.7 (9.6+5.2
�2.4) 5.0 (6.3+3.7

�0.6)
Obs limit on
Cross Section (fb) 0.40 0.42 0.24
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