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What we are looking for

The theory tells us there is a partner for every SM particle

We don’t know the symmetry breaking mechanism and thus the mass spectrum. Specific models 
with unproven assumptions on symmetry breaking predict mass spectra with few free parameters

Naturalness: stop “light” as it must cancel the top loop to Higgs mass. Constraints on first two 
generations squarks much looser unless flavour universal symmetry breaking

Dark Matter: lightest particle neutral and weakly interacting

LEP: slepton, squarks, charginos heavier than about 100 GeV. Tevatron: first generation squarks 
and gluinos heavier than roughly 400 GeV (unless nearly degenerate with LSP)  

7"

New"spin"based"symmetry"relaDng"fermions"and"bosons.""
!  Mirror"spectrum"of"parDcles"!"

!  Scalar"quarks"(squarks)"and"leptons"(sleptons)"
!  Spin"½"partners"of"gauge"bosons"(winos,"zinos,"gluinos)"

!  Needs"an"enlarged"Higgs"sector"as"well"
!  Three"neutral"(h,"A,"H)"and"two"charged"(H±)"Higgs"bosons"
!  And"the"associated"spin"½"partners"(higgsinos)"
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Supersymmetry: what it is ? 

Mix of  Winos, 
Zinos, Higgsinos
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What we are looking for

For ATLAS, first priority is to discover any signal we are sensitive to 

Look into all final states where there might be something. 

Do not tune cuts on any particular simulated signal, but try to have complementary signal 
selections which are sensitive to the various possibilities (short or long decay chains, small 
or large mass splittings, etc.)  

We are always open to suggestions for promising signatures we are overlooking! (but be 
patient, it might take a while before we come back with results)

In case of  negative results, we place exclusion limits in various forms

On cross section times acceptance times selection efficiency  (       ). Model independent 
but need a detector simulation for comparison with model predictions

On constrained models, like mSUGRA

On particles masses for toy models with the most relevant particles and decays for that 
channel, and on production cross section as a function of  the particle masses 

SUSY particles on their decay chains. In regions of parameter
space with small mass splittings between states, the modelling
of initial state radiation can a!ect the signal significance. This
modelling is taken from HERWIG without modification.
In the limit of light neutralinos, with the assumption that the

coloured sparticles are directly produced and decay directly to
jets and !̃01, the limits on the gluino and squark masses are ap-
proximately 700 GeV and 875 GeV respectively for squark or
gluino masses below 2 TeV, rising to 1075 GeV if the squarks
and gluinos are assumed to be mass-degenerate. These limits
remain essentially unchanged if the !̃01 mass is raised as high
as 200 GeV. In the case of a specific SUSY-breaking scenario,
i.e. CMSSM/MSUGRA with tan " = 10, A0 = 0, µ > 0, the
limit on m1/2 reaches 460 GeV for low values of m0, and equal
mass squarks and gluinos are excluded below 950 GeV. The use
of signal selections sensitive to larger jet multiplicities than in
[5] has improved the ATLAS reach at large m0. The five sig-
nal regions are used to set limits on #new = #A$, for non-SM
cross-sections (#) for which ATLAS has an acceptance A and a
detection e"ciency of $ [44]. The excluded values of #new are
22 fb, 25 fb, 429 fb, 27 fb and 17 fb, respectively, at the 95%
confidence level.

8. Summary

This Letter reports a search for new physics in final states
containing high-pT jets, missing transverse momentum and no
electrons or muons with pT > 20 GeV. Data recorded by the
ATLAS experiment a the LHC, corresponding to an integrated
luminosity of 1.04 fb!1 have been used. Good agreement is
seen between the numbers of events observed in the five signal
regions and the numbers of events expected from SM sources.
The exclusion limits placed on non-SM cross sections impose
new constraints on scenarios with novel physics.
The results are interpreted in both a simplified model con-

taining only squarks of the first two generations, a gluino octet
and a massless neutralino, as well as in MSUGRA/CMSSM
models with tan " = 10, A0 = 0 and µ > 0. In the sim-
plified model, gluino and squark masses below 700 GeV and
875 GeV respectively are excluded at the 95% confidence level
for squark or gluino masses below 2 TeV, with the limit increas-
ing to 1075 GeV for equal mass squarks and gluinos. In the
MSUGRA/CMSSM models, equal mass squarks and gluinos
are excluded below 950 GeV.
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Our data

Results presented here are based on either  the full 2010 dataset (35 pb-1 after data quality 
selections) or up to 1.3 fb-1 of  2011 data.

Analysis of  the full 2011 dataset (~5 fb-1) in progress - stay tuned!
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The first searches have been focused on the strong production 
of  first generation squarks and gluinos: highest cross section 
process at LHC, sensitivity well beyond Tevatron limits 
already with 35 pb-1

If  R-parity conservation, signature is jets+ETMiss+”X”, where 
X depends on the mass spectrum and available decays

Each X defines a search channel What about the rest?
• 1fb-1 is transition luminosity:

• L<1fb-1 forced to look only 
for cascades initiated by 
gluinos/first two generation 
squarks

•  L>1fb-1 direct production of 
stops, sbottoms and EW 
inos starts to be 
progressively accessible

(For “natural SUSY” one can still have the options to wait for higher energy and 
keep pushing gluino limits, but naturalness may be just a theoretical bias…)
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General strategy

Choose sets of  selection cuts (signal regions, SR) optimizing the expected discovery significance 
for different possible signals 

Choose control regions (CR) to control the main backgrounds, derive a solid prediction of  the 
backround rate in the SRs

Look in the SRs, compare observed and expected rates

All the limits I will show are obtained with CLs.  

Strategy - in a nutshell

Signal Regions (SRs)
defined to maximise
sensitivity to di↵. models

larger Emiss
T

lower jet multiplicity

2-4 jet searches

me↵ = Emiss
T + HT

lower Emiss
T

higher jet multiplicity

6-8 jet searches

Emiss
T /

p
H 0

T

HT ,H0
T =

X

jets

pT

Discriminating variables
to maximise significance

Search for non-SM excess in me↵ and Emiss
T /

p
H 0

T tails ! BG
estimation crucial

data-driven methods where possible
otherwise from MC

If no excess, set model-indep.
limits

�SUSY ⇥ "⇥ A

Tanya Sandoval (Cambridge) ATLAS 0-lepton Searches Oct 19, 2011 2 / 18

2-4 jet search details :: Background Estimation

Main backgrounds: 1 Z/W + jets
Z ! ⌫⌫,W ! l⌫

2 TOP
tt̄/t ! jets

3 QCD
multijets,
b ! l⌫

. true & fake Emiss
T from ⌫’s & mismeasured jets

Method:

� 1 Control Region (CR) per background per SR, such that:

TF = N(SR,raw,proc)
N(CR,raw,proc)

4 from MC and/or data

4 ratio reduces uncert’s
4 Data-driven

4 As close as possible to SR
to minimize extrapolation with reasonable stats.

4 High purity (> 50%) w.r.t calibration process

Final result obtained from a combined likelihood fit to all CRs
- handles mutual CR contamination & correlated uncert’s
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Transfer factor (TF)

Kinematically close to SR
Good statistics
Good purity of  targeted background

TF = N(SR,proc)/N(CR,proc)
• Uncertainties partially cancel in the ratio
• Derived from additional measurements in 
data (multijets), or from MC
• If  from MC, theoretical  uncertainties (scale, 
PDF, choice of  generator, etc.) taken into 
account 

Typical background estimate strategy
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ETMiss+ (≥2-4)jets+0 leptons
signal selections 

candidates are reconstructed using the anti-kt jet clustering al-
gorithm [9, 10] with a distance parameter of 0.4. The inputs
to this algorithm are three-dimensional clusters of calorime-
ter cells [11] seeded by those with energy significantly above
the measured noise. Jet momenta are constructed by perform-
ing a four-vector sum over these cell clusters, treating each as
an (E, !p) four-vector with zero mass. These jets are corrected
for the e!ects of calorimeter non-compensation and inhomo-
geneities by using pT and "-dependent calibration factors based
on Monte Carlo (MC) and validated with extensive test-beam
and collision-data studies [12]. Furthermore, the reconstructed
jet is modified such that the jet direction points to the primary
vertex, defined as the vertex with the highest summed track p2

T,
instead of the geometrical centre of the ATLAS detector. Only
jet candidates with corrected transverse momenta pT > 20 GeV
are subsequently retained. For 84% of the data used, a tempo-
rary electronics failure in the LAr barrel calorimeter created a
dead region in the second and third longitudinal layers, approx-
imately 1.4 ! 0.2 in "" ! "#, in which on average 30% of the
incident jet energy is lost. The impact on the reconstruction ef-
ficiency for pT > 20 GeV jets is found to be negligible. If any
of the four leading jets fall into this region the event is rejected,
causing a loss of signal acceptance which is smaller than 15%
for the models considered here.

Electron candidates are required to have pT > 20 GeV, have
|"| < 2.47, and pass the ‘medium’ shower shape and track se-
lection criteria of Ref. [13]. Muon candidates [13] are required
to have pT > 10 GeV and |"| < 2.4. Since no use is made of
tau-lepton candidates in this analysis, in the following the term
lepton will refer only to electrons and muons.

The measurement of the missing transverse momentum two-
dimensional vector !P miss

T (and its magnitude Emiss
T ) is then

based on the transverse momenta of all electron and muon can-
didates, all jets which are not also electron candidates, and all
calorimeter clusters with |"| < 4.5 not associated to such ob-
jects.

Following the steps above, overlaps between candidate jets
with |"| < 2.8 and leptons are resolved using the method of
Ref. [14] as follows. First, any such jet candidate lying within
a distance "R =

!

("")2 + ("#)2 = 0.2 of an electron is dis-
carded: then any electron or muon candidate remaining within
a distance "R = 0.4 of any surviving jet candidate is discarded.
Next, all jet candidates with |"| > 2.8 are discarded. Thereafter,
the electron, muon and jet candidates surviving this procedure
are considered as “reconstructed”, and the term “candidate” is
dropped.

4. Event Selection

Following the object reconstruction described above, events
are discarded if they contain any electrons or muons with pT >
20 GeV, or any jets failing quality selection criteria designed to
suppress detector noise and non-collision backgrounds (see e.g.
Ref. [15]), or if the reconstructed primary vertex is associated
with fewer than five tracks.

In order to achieve maximal reach over the (mg̃,mq̃)-plane,
five signal regions are defined. Squarks typically generate

Signal Region " 2-jet " 3-jet " 4-jet High mass
Emiss

T > 130 > 130 > 130 > 130
Leading jet pT > 130 > 130 > 130 > 130
Second jet pT > 40 > 40 > 40 > 80
Third jet pT – > 40 > 40 > 80
Fourth jet pT – – > 40 > 80
"#(jet, !P miss

T )min > 0.4 > 0.4 > 0.4 > 0.4
Emiss

T /me! > 0.3 > 0.25 > 0.25 > 0.2
me! > 1000 > 1000 > 500/1000 > 1100

Table 1: Criteria for admission to each of the five overlapping signal regions
(me! , Emiss

T and pT in GeV). All variables are defined in Section 4. The me! is
defined with a variable number of jets, appropriate to each signal region. In the
high mass selection, all jets with pT > 40 GeV are used to compute the me!
value used in the final cut. The "# cut is only applied up to the third leading
jet.

at least one jet in their decays, for instance through q̃ #
q$̃0

1, while gluinos typically generate at least two, for instance
through g̃ # q  q$̃0

1. Processes contributing to q̃q̃, q̃g̃ and g̃g̃ fi-
nal states therefore lead to events containing at least two, three
or four jets, respectively. Cascade decays of heavy particles
tend to increase the final state multiplicity. Four signal re-
gions characterized by increasing jet multiplicity requirements
are therefore defined as shown in Table 1, with the leading jet
having pT > 130 GeV, and other jets pT > 40 GeV. The ef-
fective mass, me!, is calculated as the sum of Emiss

T and the
magnitudes of the transverse momenta of the two, three or four
highest pT jets used to define the signal region. Two four-jet
signal regions are defined requiring me! > 500 GeV (opti-
mised for small mass di!erences between SUSY mass states)
and me! > 1000 GeV (optimised for higher mass di!erences).
In addition, a fifth ‘high mass’ signal region is derived from the
four-jet sample, with more stringent requirements on the pT of
the non-leading jets (> 80 GeV) and on me! (> 1100 GeV),
in order to give maximal reach in the SUSY mass spectrum.
For this latter signal region the transverse momenta of all jets
with pT > 40 GeV are used to compute me! . In Table 1,
"#(jet, !P miss

T )min is the smallest of the azimuthal separations be-
tween !P miss

T and jets with pT > 40 GeV (all reconstructed jets
up to a maximum of three, in descending order of pT). Re-
quirements on "#(jet, !P miss

T )min and Emiss
T /me! are designed to

reduce the background from multi-jet processes.

5. Backgrounds, Simulation and Normalisation

Standard Model background processes contribute to the
event counts in the signal regions. The dominant sources are:
W+jets, Z+jets, top pair, single top, and multi-jet produc-
tion. Non-collision backgrounds have been found to be neg-
ligible. The majority of the W+jets background is composed of
W # %& events, or W # e&, µ& events in which no electron or
muon candidate is reconstructed. The largest part of the Z+jets
background comes from the irreducible component in which
Z # & & decays generate large Emiss

T . Hadronic % decays in

2
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JETS+ET
MISS AND NO LEPTONS 

POSSIBLE SIGNAL: SUPERSYMMETRY 

!  Jets+ET
Miss:  Targeting the pair 

production of scalar quarks 
and/or gluinos decaying into 
an undetected particle  
!  In R-parity conserving SUSY 

models the lightest susy particle 
is stable, providing a good dark 
matter candidate   

!  Three signal regions giving 
good sensitivity to dif ferent 
scenarios 
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2010 data analysis: arXiv:1102.5290, accepted by PLB 
Update with 165 pb-1: ATL-CONF-2011-086 

2 jets 4 jets 3 jets 

May 25, 2011 – 15 : 54 DRAFT 3

Signal Region � 2 jets � 3 jets � 4 jets

Emiss
T [GeV] > 130 > 130 > 130

Leading jet pT [GeV] > 130 > 130 > 130
Second jet pT [GeV] > 40 > 40 > 40
Third jet pT [GeV] – > 40 > 40
Fourth jet pT [GeV] – – > 40
�⇥(jeti, Emiss

T )min (i = 1, 2, 3) > 0.4 > 0.4 > 0.4
Emiss

T /me⇥ > 0.3 > 0.25 > 0.25
me⇥ [GeV] > 1000 > 1000 > 1000

Table 1: Criteria for admission to each of the three overlapping signal regions. All variables are defined
in Section 4. Note that me⇥ is defined with a variable number of jets, appropriate to each signal region.

and also by neutrino production in the semileptonic decay of heavy quarks. Extensive validation of MC99

against data has been performed for each of these background sources and for a wide variety of control100

regions.101

In order to estimate the backgrounds in a consistent fashion, five control regions (CRs) are defined for102

each of the three signal regions (SRs), giving fifteen CRs in total. The CR event selections are designed103

to provide data samples enriched in particular background sources. Each ensemble of one SR and five104

CRs constitutes an independent ‘channel’ of the analysis. The CR selections are optimised to maintain105

adequate statistical weight, while minimising as far as possible the systematic uncertainties arising from106

extrapolation from each CR to the SR.107

In each channel the observations in the CRs are used to derive background expectations in the SR108

through the use of ‘Transfer Functions’ (TFs) equivalent to the ratios of expected event counts in the109

CRs and SR. In essence, a TF for each SR and CR pair, derived independently from the CR and SR,110

provides a conversion factor of ‘SR events per CR event’. Multiplication of the conversion factors and111

the observed numbers of events in the CR yields an estimate of the background in a SR. The TFs for112

QCD multi-jet processes are estimated using a data-driven technique based upon the smearing of jets in113

low Emiss
T data events with jet response functions derived from QCD multi-jet dominated data control114

regions. For the Z+jets, W+jets and top quark processes the TFs are derived from data-validated fully115

simulated Monte Carlo (MC) event samples. In each channel a likelihood fit is performed to the observed116

event counts in the SR and five CRs, taking into account correlations in the systematic uncertainties in117

the TFs. Some uncertainties, such as those arising in MC expectations from jet energy scale calibration118

and modelling systematics, are reduced in the TFs. The combined fit across all regions ensures that the119

background estimates are consistent for all processes, taking into account both SM and potential SUSY120

signal contamination in the CRs.121

The irreducible physics background from Z ⇥ ��̄+jets events is estimated using control regions122

enriched in a related process with similar kinematics: events with isolated photons and jets (control123

regions denoted ‘CR1’). The reconstructed momentum of the photon is added to the ⇤P miss
T vector to124

obtain an estimate of the Emiss
T observed in Z ⇥ ��̄+jets events. Control regions enriched in Z ⇥125

ee/µµ+jets events are used to cross check the photon + jets results and are found to be in good agreement,126

however these results are not used in the final fit.127

The background from QCD jet events is estimated using control regions (control regions CR2)128

in which the cut on the minimum jet – Emiss
T ⇥ separation is reversed and tightened so as to require129

�⇥(jet, Emiss
T )min < 0.2. This selects events in which the Emiss

T vector is aligned with one of the three130

leading jets in the transverse plane. Such a topology is characteristic of events containing mis-measured131
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2010 data analysis: arXiv:1102.5290, accepted by PLB 
Update with 165 pb-1: ATL-CONF-2011-086 

2 jets 4 jets 3 jets 

May 25, 2011 – 15 : 54 DRAFT 3

Signal Region � 2 jets � 3 jets � 4 jets

Emiss
T [GeV] > 130 > 130 > 130

Leading jet pT [GeV] > 130 > 130 > 130
Second jet pT [GeV] > 40 > 40 > 40
Third jet pT [GeV] – > 40 > 40
Fourth jet pT [GeV] – – > 40
�⇥(jeti, Emiss

T )min (i = 1, 2, 3) > 0.4 > 0.4 > 0.4
Emiss

T /me⇥ > 0.3 > 0.25 > 0.25
me⇥ [GeV] > 1000 > 1000 > 1000

Table 1: Criteria for admission to each of the three overlapping signal regions. All variables are defined
in Section 4. Note that me⇥ is defined with a variable number of jets, appropriate to each signal region.

and also by neutrino production in the semileptonic decay of heavy quarks. Extensive validation of MC99

against data has been performed for each of these background sources and for a wide variety of control100

regions.101

In order to estimate the backgrounds in a consistent fashion, five control regions (CRs) are defined for102

each of the three signal regions (SRs), giving fifteen CRs in total. The CR event selections are designed103

to provide data samples enriched in particular background sources. Each ensemble of one SR and five104

CRs constitutes an independent ‘channel’ of the analysis. The CR selections are optimised to maintain105

adequate statistical weight, while minimising as far as possible the systematic uncertainties arising from106

extrapolation from each CR to the SR.107

In each channel the observations in the CRs are used to derive background expectations in the SR108

through the use of ‘Transfer Functions’ (TFs) equivalent to the ratios of expected event counts in the109

CRs and SR. In essence, a TF for each SR and CR pair, derived independently from the CR and SR,110

provides a conversion factor of ‘SR events per CR event’. Multiplication of the conversion factors and111

the observed numbers of events in the CR yields an estimate of the background in a SR. The TFs for112

QCD multi-jet processes are estimated using a data-driven technique based upon the smearing of jets in113

low Emiss
T data events with jet response functions derived from QCD multi-jet dominated data control114

regions. For the Z+jets, W+jets and top quark processes the TFs are derived from data-validated fully115

simulated Monte Carlo (MC) event samples. In each channel a likelihood fit is performed to the observed116

event counts in the SR and five CRs, taking into account correlations in the systematic uncertainties in117

the TFs. Some uncertainties, such as those arising in MC expectations from jet energy scale calibration118

and modelling systematics, are reduced in the TFs. The combined fit across all regions ensures that the119

background estimates are consistent for all processes, taking into account both SM and potential SUSY120

signal contamination in the CRs.121

The irreducible physics background from Z ⇥ ��̄+jets events is estimated using control regions122

enriched in a related process with similar kinematics: events with isolated photons and jets (control123

regions denoted ‘CR1’). The reconstructed momentum of the photon is added to the ⇤P miss
T vector to124

obtain an estimate of the Emiss
T observed in Z ⇥ ��̄+jets events. Control regions enriched in Z ⇥125

ee/µµ+jets events are used to cross check the photon + jets results and are found to be in good agreement,126

however these results are not used in the final fit.127

The background from QCD jet events is estimated using control regions (control regions CR2)128

in which the cut on the minimum jet – Emiss
T ⇥ separation is reversed and tightened so as to require129

�⇥(jet, Emiss
T )min < 0.2. This selects events in which the Emiss

T vector is aligned with one of the three130

leading jets in the transverse plane. Such a topology is characteristic of events containing mis-measured131
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2010 data analysis: arXiv:1102.5290, accepted by PLB 
Update with 165 pb-1: ATL-CONF-2011-086 

2 jets 4 jets 3 jets 

May 25, 2011 – 15 : 54 DRAFT 3

Signal Region � 2 jets � 3 jets � 4 jets

Emiss
T [GeV] > 130 > 130 > 130

Leading jet pT [GeV] > 130 > 130 > 130
Second jet pT [GeV] > 40 > 40 > 40
Third jet pT [GeV] – > 40 > 40
Fourth jet pT [GeV] – – > 40
�⇥(jeti, Emiss

T )min (i = 1, 2, 3) > 0.4 > 0.4 > 0.4
Emiss

T /me⇥ > 0.3 > 0.25 > 0.25
me⇥ [GeV] > 1000 > 1000 > 1000

Table 1: Criteria for admission to each of the three overlapping signal regions. All variables are defined
in Section 4. Note that me⇥ is defined with a variable number of jets, appropriate to each signal region.

and also by neutrino production in the semileptonic decay of heavy quarks. Extensive validation of MC99

against data has been performed for each of these background sources and for a wide variety of control100

regions.101

In order to estimate the backgrounds in a consistent fashion, five control regions (CRs) are defined for102

each of the three signal regions (SRs), giving fifteen CRs in total. The CR event selections are designed103

to provide data samples enriched in particular background sources. Each ensemble of one SR and five104

CRs constitutes an independent ‘channel’ of the analysis. The CR selections are optimised to maintain105

adequate statistical weight, while minimising as far as possible the systematic uncertainties arising from106

extrapolation from each CR to the SR.107

In each channel the observations in the CRs are used to derive background expectations in the SR108

through the use of ‘Transfer Functions’ (TFs) equivalent to the ratios of expected event counts in the109

CRs and SR. In essence, a TF for each SR and CR pair, derived independently from the CR and SR,110

provides a conversion factor of ‘SR events per CR event’. Multiplication of the conversion factors and111

the observed numbers of events in the CR yields an estimate of the background in a SR. The TFs for112

QCD multi-jet processes are estimated using a data-driven technique based upon the smearing of jets in113

low Emiss
T data events with jet response functions derived from QCD multi-jet dominated data control114

regions. For the Z+jets, W+jets and top quark processes the TFs are derived from data-validated fully115

simulated Monte Carlo (MC) event samples. In each channel a likelihood fit is performed to the observed116

event counts in the SR and five CRs, taking into account correlations in the systematic uncertainties in117

the TFs. Some uncertainties, such as those arising in MC expectations from jet energy scale calibration118

and modelling systematics, are reduced in the TFs. The combined fit across all regions ensures that the119

background estimates are consistent for all processes, taking into account both SM and potential SUSY120

signal contamination in the CRs.121

The irreducible physics background from Z ⇥ ��̄+jets events is estimated using control regions122

enriched in a related process with similar kinematics: events with isolated photons and jets (control123

regions denoted ‘CR1’). The reconstructed momentum of the photon is added to the ⇤P miss
T vector to124

obtain an estimate of the Emiss
T observed in Z ⇥ ��̄+jets events. Control regions enriched in Z ⇥125

ee/µµ+jets events are used to cross check the photon + jets results and are found to be in good agreement,126

however these results are not used in the final fit.127

The background from QCD jet events is estimated using control regions (control regions CR2)128

in which the cut on the minimum jet – Emiss
T ⇥ separation is reversed and tightened so as to require129

�⇥(jet, Emiss
T )min < 0.2. This selects events in which the Emiss

T vector is aligned with one of the three130

leading jets in the transverse plane. Such a topology is characteristic of events containing mis-measured131

Increasing jet multiplicity
Targeting the strong production 
of  squark and/or gluinos 
decaying into SM particles and a 
neutralino

{Driven by trigger

{Defines the channel

{Instrumental background 
(multi-jet) rejection

S/B enhancement
definition

meff = scalar sum of  ETMiss and the pT of  2/3/4 highest pT jets depending on the SR. For the high 
mass SR, all jets with pT > 40 GeV and     < 2.8 are used.

candidates are reconstructed using the anti-kt jet clustering al-
gorithm [9, 10] with a distance parameter of 0.4. The inputs
to this algorithm are three-dimensional clusters of calorime-
ter cells [11] seeded by those with energy significantly above
the measured noise. Jet momenta are constructed by perform-
ing a four-vector sum over these cell clusters, treating each as
an (E, !p) four-vector with zero mass. These jets are corrected
for the e!ects of calorimeter non-compensation and inhomo-
geneities by using pT and "-dependent calibration factors based
on Monte Carlo (MC) and validated with extensive test-beam
and collision-data studies [12]. Furthermore, the reconstructed
jet is modified such that the jet direction points to the primary
vertex, defined as the vertex with the highest summed track p2

T,
instead of the geometrical centre of the ATLAS detector. Only
jet candidates with corrected transverse momenta pT > 20 GeV
are subsequently retained. For 84% of the data used, a tempo-
rary electronics failure in the LAr barrel calorimeter created a
dead region in the second and third longitudinal layers, approx-
imately 1.4 ! 0.2 in "" ! "#, in which on average 30% of the
incident jet energy is lost. The impact on the reconstruction ef-
ficiency for pT > 20 GeV jets is found to be negligible. If any
of the four leading jets fall into this region the event is rejected,
causing a loss of signal acceptance which is smaller than 15%
for the models considered here.

Electron candidates are required to have pT > 20 GeV, have
|"| < 2.47, and pass the ‘medium’ shower shape and track se-
lection criteria of Ref. [13]. Muon candidates [13] are required
to have pT > 10 GeV and |"| < 2.4. Since no use is made of
tau-lepton candidates in this analysis, in the following the term
lepton will refer only to electrons and muons.

The measurement of the missing transverse momentum two-
dimensional vector !P miss

T (and its magnitude Emiss
T ) is then

based on the transverse momenta of all electron and muon can-
didates, all jets which are not also electron candidates, and all
calorimeter clusters with |"| < 4.5 not associated to such ob-
jects.

Following the steps above, overlaps between candidate jets
with |"| < 2.8 and leptons are resolved using the method of
Ref. [14] as follows. First, any such jet candidate lying within
a distance "R =

!

("")2 + ("#)2 = 0.2 of an electron is dis-
carded: then any electron or muon candidate remaining within
a distance "R = 0.4 of any surviving jet candidate is discarded.
Next, all jet candidates with |"| > 2.8 are discarded. Thereafter,
the electron, muon and jet candidates surviving this procedure
are considered as “reconstructed”, and the term “candidate” is
dropped.

4. Event Selection

Following the object reconstruction described above, events
are discarded if they contain any electrons or muons with pT >
20 GeV, or any jets failing quality selection criteria designed to
suppress detector noise and non-collision backgrounds (see e.g.
Ref. [15]), or if the reconstructed primary vertex is associated
with fewer than five tracks.

In order to achieve maximal reach over the (mg̃,mq̃)-plane,
five signal regions are defined. Squarks typically generate

Signal Region " 2-jet " 3-jet " 4-jet High mass
Emiss

T > 130 > 130 > 130 > 130
Leading jet pT > 130 > 130 > 130 > 130
Second jet pT > 40 > 40 > 40 > 80
Third jet pT – > 40 > 40 > 80
Fourth jet pT – – > 40 > 80
"#(jet, !P miss

T )min > 0.4 > 0.4 > 0.4 > 0.4
Emiss

T /me! > 0.3 > 0.25 > 0.25 > 0.2
me! > 1000 > 1000 > 500/1000 > 1100

Table 1: Criteria for admission to each of the five overlapping signal regions
(me! , Emiss

T and pT in GeV). All variables are defined in Section 4. The me! is
defined with a variable number of jets, appropriate to each signal region. In the
high mass selection, all jets with pT > 40 GeV are used to compute the me!
value used in the final cut. The "# cut is only applied up to the third leading
jet.

at least one jet in their decays, for instance through q̃ #
q$̃0

1, while gluinos typically generate at least two, for instance
through g̃ # q  q$̃0

1. Processes contributing to q̃q̃, q̃g̃ and g̃g̃ fi-
nal states therefore lead to events containing at least two, three
or four jets, respectively. Cascade decays of heavy particles
tend to increase the final state multiplicity. Four signal re-
gions characterized by increasing jet multiplicity requirements
are therefore defined as shown in Table 1, with the leading jet
having pT > 130 GeV, and other jets pT > 40 GeV. The ef-
fective mass, me!, is calculated as the sum of Emiss

T and the
magnitudes of the transverse momenta of the two, three or four
highest pT jets used to define the signal region. Two four-jet
signal regions are defined requiring me! > 500 GeV (opti-
mised for small mass di!erences between SUSY mass states)
and me! > 1000 GeV (optimised for higher mass di!erences).
In addition, a fifth ‘high mass’ signal region is derived from the
four-jet sample, with more stringent requirements on the pT of
the non-leading jets (> 80 GeV) and on me! (> 1100 GeV),
in order to give maximal reach in the SUSY mass spectrum.
For this latter signal region the transverse momenta of all jets
with pT > 40 GeV are used to compute me! . In Table 1,
"#(jet, !P miss

T )min is the smallest of the azimuthal separations be-
tween !P miss

T and jets with pT > 40 GeV (all reconstructed jets
up to a maximum of three, in descending order of pT). Re-
quirements on "#(jet, !P miss

T )min and Emiss
T /me! are designed to

reduce the background from multi-jet processes.

5. Backgrounds, Simulation and Normalisation

Standard Model background processes contribute to the
event counts in the signal regions. The dominant sources are:
W+jets, Z+jets, top pair, single top, and multi-jet produc-
tion. Non-collision backgrounds have been found to be neg-
ligible. The majority of the W+jets background is composed of
W # %& events, or W # e&, µ& events in which no electron or
muon candidate is reconstructed. The largest part of the Z+jets
background comes from the irreducible component in which
Z # & & decays generate large Emiss
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Five control regions (CR) are defined for each SR, each targeting a 
specific background source.

The SR backgrounds are obtained from a likelihood fit to CR data, 
extrapolating to the SR using MonteCarlo for W+jets, Z+jets, and top 
pair production. 

For multijet, the expected ratio between SR and CR is obtained 
entirely from data, smearing a low ETMiss sample with jet response 
functions obtained with measurements on multi-jet data.

For limits, signal contamination in the CR is taken into account
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candidates are reconstructed using the anti-kt jet clustering al-
gorithm [9, 10] with a distance parameter of 0.4. The inputs
to this algorithm are three-dimensional clusters of calorime-
ter cells [11] seeded by those with energy significantly above
the measured noise. Jet momenta are constructed by perform-
ing a four-vector sum over these cell clusters, treating each as
an (E, !p) four-vector with zero mass. These jets are corrected
for the e!ects of calorimeter non-compensation and inhomo-
geneities by using pT and "-dependent calibration factors based
on Monte Carlo (MC) and validated with extensive test-beam
and collision-data studies [12]. Furthermore, the reconstructed
jet is modified such that the jet direction points to the primary
vertex, defined as the vertex with the highest summed track p2

T,
instead of the geometrical centre of the ATLAS detector. Only
jet candidates with corrected transverse momenta pT > 20 GeV
are subsequently retained. For 84% of the data used, a tempo-
rary electronics failure in the LAr barrel calorimeter created a
dead region in the second and third longitudinal layers, approx-
imately 1.4 ! 0.2 in "" ! "#, in which on average 30% of the
incident jet energy is lost. The impact on the reconstruction ef-
ficiency for pT > 20 GeV jets is found to be negligible. If any
of the four leading jets fall into this region the event is rejected,
causing a loss of signal acceptance which is smaller than 15%
for the models considered here.

Electron candidates are required to have pT > 20 GeV, have
|"| < 2.47, and pass the ‘medium’ shower shape and track se-
lection criteria of Ref. [13]. Muon candidates [13] are required
to have pT > 10 GeV and |"| < 2.4. Since no use is made of
tau-lepton candidates in this analysis, in the following the term
lepton will refer only to electrons and muons.

The measurement of the missing transverse momentum two-
dimensional vector !P miss

T (and its magnitude Emiss
T ) is then

based on the transverse momenta of all electron and muon can-
didates, all jets which are not also electron candidates, and all
calorimeter clusters with |"| < 4.5 not associated to such ob-
jects.

Following the steps above, overlaps between candidate jets
with |"| < 2.8 and leptons are resolved using the method of
Ref. [14] as follows. First, any such jet candidate lying within
a distance "R =

!

("")2 + ("#)2 = 0.2 of an electron is dis-
carded: then any electron or muon candidate remaining within
a distance "R = 0.4 of any surviving jet candidate is discarded.
Next, all jet candidates with |"| > 2.8 are discarded. Thereafter,
the electron, muon and jet candidates surviving this procedure
are considered as “reconstructed”, and the term “candidate” is
dropped.

4. Event Selection

Following the object reconstruction described above, events
are discarded if they contain any electrons or muons with pT >
20 GeV, or any jets failing quality selection criteria designed to
suppress detector noise and non-collision backgrounds (see e.g.
Ref. [15]), or if the reconstructed primary vertex is associated
with fewer than five tracks.

In order to achieve maximal reach over the (mg̃,mq̃)-plane,
five signal regions are defined. Squarks typically generate

Signal Region " 2-jet " 3-jet " 4-jet High mass
Emiss

T > 130 > 130 > 130 > 130
Leading jet pT > 130 > 130 > 130 > 130
Second jet pT > 40 > 40 > 40 > 80
Third jet pT – > 40 > 40 > 80
Fourth jet pT – – > 40 > 80
"#(jet, !P miss

T )min > 0.4 > 0.4 > 0.4 > 0.4
Emiss

T /me! > 0.3 > 0.25 > 0.25 > 0.2
me! > 1000 > 1000 > 500/1000 > 1100

Table 1: Criteria for admission to each of the five overlapping signal regions
(me! , Emiss

T and pT in GeV). All variables are defined in Section 4. The me! is
defined with a variable number of jets, appropriate to each signal region. In the
high mass selection, all jets with pT > 40 GeV are used to compute the me!
value used in the final cut. The "# cut is only applied up to the third leading
jet.

at least one jet in their decays, for instance through q̃ #
q$̃0

1, while gluinos typically generate at least two, for instance
through g̃ # q  q$̃0

1. Processes contributing to q̃q̃, q̃g̃ and g̃g̃ fi-
nal states therefore lead to events containing at least two, three
or four jets, respectively. Cascade decays of heavy particles
tend to increase the final state multiplicity. Four signal re-
gions characterized by increasing jet multiplicity requirements
are therefore defined as shown in Table 1, with the leading jet
having pT > 130 GeV, and other jets pT > 40 GeV. The ef-
fective mass, me!, is calculated as the sum of Emiss

T and the
magnitudes of the transverse momenta of the two, three or four
highest pT jets used to define the signal region. Two four-jet
signal regions are defined requiring me! > 500 GeV (opti-
mised for small mass di!erences between SUSY mass states)
and me! > 1000 GeV (optimised for higher mass di!erences).
In addition, a fifth ‘high mass’ signal region is derived from the
four-jet sample, with more stringent requirements on the pT of
the non-leading jets (> 80 GeV) and on me! (> 1100 GeV),
in order to give maximal reach in the SUSY mass spectrum.
For this latter signal region the transverse momenta of all jets
with pT > 40 GeV are used to compute me! . In Table 1,
"#(jet, !P miss

T )min is the smallest of the azimuthal separations be-
tween !P miss

T and jets with pT > 40 GeV (all reconstructed jets
up to a maximum of three, in descending order of pT). Re-
quirements on "#(jet, !P miss

T )min and Emiss
T /me! are designed to

reduce the background from multi-jet processes.

5. Backgrounds, Simulation and Normalisation

Standard Model background processes contribute to the
event counts in the signal regions. The dominant sources are:
W+jets, Z+jets, top pair, single top, and multi-jet produc-
tion. Non-collision backgrounds have been found to be neg-
ligible. The majority of the W+jets background is composed of
W # %& events, or W # e&, µ& events in which no electron or
muon candidate is reconstructed. The largest part of the Z+jets
background comes from the irreducible component in which
Z # & & decays generate large Emiss
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candidates are reconstructed using the anti-kt jet clustering al-
gorithm [9, 10] with a distance parameter of 0.4. The inputs
to this algorithm are three-dimensional clusters of calorime-
ter cells [11] seeded by those with energy significantly above
the measured noise. Jet momenta are constructed by perform-
ing a four-vector sum over these cell clusters, treating each as
an (E, !p) four-vector with zero mass. These jets are corrected
for the e!ects of calorimeter non-compensation and inhomo-
geneities by using pT and "-dependent calibration factors based
on Monte Carlo (MC) and validated with extensive test-beam
and collision-data studies [12]. Furthermore, the reconstructed
jet is modified such that the jet direction points to the primary
vertex, defined as the vertex with the highest summed track p2

T,
instead of the geometrical centre of the ATLAS detector. Only
jet candidates with corrected transverse momenta pT > 20 GeV
are subsequently retained. For 84% of the data used, a tempo-
rary electronics failure in the LAr barrel calorimeter created a
dead region in the second and third longitudinal layers, approx-
imately 1.4 ! 0.2 in "" ! "#, in which on average 30% of the
incident jet energy is lost. The impact on the reconstruction ef-
ficiency for pT > 20 GeV jets is found to be negligible. If any
of the four leading jets fall into this region the event is rejected,
causing a loss of signal acceptance which is smaller than 15%
for the models considered here.

Electron candidates are required to have pT > 20 GeV, have
|"| < 2.47, and pass the ‘medium’ shower shape and track se-
lection criteria of Ref. [13]. Muon candidates [13] are required
to have pT > 10 GeV and |"| < 2.4. Since no use is made of
tau-lepton candidates in this analysis, in the following the term
lepton will refer only to electrons and muons.

The measurement of the missing transverse momentum two-
dimensional vector !P miss

T (and its magnitude Emiss
T ) is then

based on the transverse momenta of all electron and muon can-
didates, all jets which are not also electron candidates, and all
calorimeter clusters with |"| < 4.5 not associated to such ob-
jects.

Following the steps above, overlaps between candidate jets
with |"| < 2.8 and leptons are resolved using the method of
Ref. [14] as follows. First, any such jet candidate lying within
a distance "R =

!

("")2 + ("#)2 = 0.2 of an electron is dis-
carded: then any electron or muon candidate remaining within
a distance "R = 0.4 of any surviving jet candidate is discarded.
Next, all jet candidates with |"| > 2.8 are discarded. Thereafter,
the electron, muon and jet candidates surviving this procedure
are considered as “reconstructed”, and the term “candidate” is
dropped.

4. Event Selection

Following the object reconstruction described above, events
are discarded if they contain any electrons or muons with pT >
20 GeV, or any jets failing quality selection criteria designed to
suppress detector noise and non-collision backgrounds (see e.g.
Ref. [15]), or if the reconstructed primary vertex is associated
with fewer than five tracks.

In order to achieve maximal reach over the (mg̃,mq̃)-plane,
five signal regions are defined. Squarks typically generate

Signal Region " 2-jet " 3-jet " 4-jet High mass
Emiss

T > 130 > 130 > 130 > 130
Leading jet pT > 130 > 130 > 130 > 130
Second jet pT > 40 > 40 > 40 > 80
Third jet pT – > 40 > 40 > 80
Fourth jet pT – – > 40 > 80
"#(jet, !P miss

T )min > 0.4 > 0.4 > 0.4 > 0.4
Emiss

T /me! > 0.3 > 0.25 > 0.25 > 0.2
me! > 1000 > 1000 > 500/1000 > 1100

Table 1: Criteria for admission to each of the five overlapping signal regions
(me! , Emiss

T and pT in GeV). All variables are defined in Section 4. The me! is
defined with a variable number of jets, appropriate to each signal region. In the
high mass selection, all jets with pT > 40 GeV are used to compute the me!
value used in the final cut. The "# cut is only applied up to the third leading
jet.

at least one jet in their decays, for instance through q̃ #
q$̃0

1, while gluinos typically generate at least two, for instance
through g̃ # q  q$̃0

1. Processes contributing to q̃q̃, q̃g̃ and g̃g̃ fi-
nal states therefore lead to events containing at least two, three
or four jets, respectively. Cascade decays of heavy particles
tend to increase the final state multiplicity. Four signal re-
gions characterized by increasing jet multiplicity requirements
are therefore defined as shown in Table 1, with the leading jet
having pT > 130 GeV, and other jets pT > 40 GeV. The ef-
fective mass, me!, is calculated as the sum of Emiss

T and the
magnitudes of the transverse momenta of the two, three or four
highest pT jets used to define the signal region. Two four-jet
signal regions are defined requiring me! > 500 GeV (opti-
mised for small mass di!erences between SUSY mass states)
and me! > 1000 GeV (optimised for higher mass di!erences).
In addition, a fifth ‘high mass’ signal region is derived from the
four-jet sample, with more stringent requirements on the pT of
the non-leading jets (> 80 GeV) and on me! (> 1100 GeV),
in order to give maximal reach in the SUSY mass spectrum.
For this latter signal region the transverse momenta of all jets
with pT > 40 GeV are used to compute me! . In Table 1,
"#(jet, !P miss

T )min is the smallest of the azimuthal separations be-
tween !P miss

T and jets with pT > 40 GeV (all reconstructed jets
up to a maximum of three, in descending order of pT). Re-
quirements on "#(jet, !P miss

T )min and Emiss
T /me! are designed to

reduce the background from multi-jet processes.

5. Backgrounds, Simulation and Normalisation

Standard Model background processes contribute to the
event counts in the signal regions. The dominant sources are:
W+jets, Z+jets, top pair, single top, and multi-jet produc-
tion. Non-collision backgrounds have been found to be neg-
ligible. The majority of the W+jets background is composed of
W # %& events, or W # e&, µ& events in which no electron or
muon candidate is reconstructed. The largest part of the Z+jets
background comes from the irreducible component in which
Z # & & decays generate large Emiss
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candidates are reconstructed using the anti-kt jet clustering al-
gorithm [9, 10] with a distance parameter of 0.4. The inputs
to this algorithm are three-dimensional clusters of calorime-
ter cells [11] seeded by those with energy significantly above
the measured noise. Jet momenta are constructed by perform-
ing a four-vector sum over these cell clusters, treating each as
an (E, !p) four-vector with zero mass. These jets are corrected
for the e!ects of calorimeter non-compensation and inhomo-
geneities by using pT and "-dependent calibration factors based
on Monte Carlo (MC) and validated with extensive test-beam
and collision-data studies [12]. Furthermore, the reconstructed
jet is modified such that the jet direction points to the primary
vertex, defined as the vertex with the highest summed track p2

T,
instead of the geometrical centre of the ATLAS detector. Only
jet candidates with corrected transverse momenta pT > 20 GeV
are subsequently retained. For 84% of the data used, a tempo-
rary electronics failure in the LAr barrel calorimeter created a
dead region in the second and third longitudinal layers, approx-
imately 1.4 ! 0.2 in "" ! "#, in which on average 30% of the
incident jet energy is lost. The impact on the reconstruction ef-
ficiency for pT > 20 GeV jets is found to be negligible. If any
of the four leading jets fall into this region the event is rejected,
causing a loss of signal acceptance which is smaller than 15%
for the models considered here.

Electron candidates are required to have pT > 20 GeV, have
|"| < 2.47, and pass the ‘medium’ shower shape and track se-
lection criteria of Ref. [13]. Muon candidates [13] are required
to have pT > 10 GeV and |"| < 2.4. Since no use is made of
tau-lepton candidates in this analysis, in the following the term
lepton will refer only to electrons and muons.

The measurement of the missing transverse momentum two-
dimensional vector !P miss

T (and its magnitude Emiss
T ) is then

based on the transverse momenta of all electron and muon can-
didates, all jets which are not also electron candidates, and all
calorimeter clusters with |"| < 4.5 not associated to such ob-
jects.

Following the steps above, overlaps between candidate jets
with |"| < 2.8 and leptons are resolved using the method of
Ref. [14] as follows. First, any such jet candidate lying within
a distance "R =

!

("")2 + ("#)2 = 0.2 of an electron is dis-
carded: then any electron or muon candidate remaining within
a distance "R = 0.4 of any surviving jet candidate is discarded.
Next, all jet candidates with |"| > 2.8 are discarded. Thereafter,
the electron, muon and jet candidates surviving this procedure
are considered as “reconstructed”, and the term “candidate” is
dropped.

4. Event Selection

Following the object reconstruction described above, events
are discarded if they contain any electrons or muons with pT >
20 GeV, or any jets failing quality selection criteria designed to
suppress detector noise and non-collision backgrounds (see e.g.
Ref. [15]), or if the reconstructed primary vertex is associated
with fewer than five tracks.

In order to achieve maximal reach over the (mg̃,mq̃)-plane,
five signal regions are defined. Squarks typically generate

Signal Region " 2-jet " 3-jet " 4-jet High mass
Emiss

T > 130 > 130 > 130 > 130
Leading jet pT > 130 > 130 > 130 > 130
Second jet pT > 40 > 40 > 40 > 80
Third jet pT – > 40 > 40 > 80
Fourth jet pT – – > 40 > 80
"#(jet, !P miss

T )min > 0.4 > 0.4 > 0.4 > 0.4
Emiss

T /me! > 0.3 > 0.25 > 0.25 > 0.2
me! > 1000 > 1000 > 500/1000 > 1100

Table 1: Criteria for admission to each of the five overlapping signal regions
(me! , Emiss

T and pT in GeV). All variables are defined in Section 4. The me! is
defined with a variable number of jets, appropriate to each signal region. In the
high mass selection, all jets with pT > 40 GeV are used to compute the me!
value used in the final cut. The "# cut is only applied up to the third leading
jet.

at least one jet in their decays, for instance through q̃ #
q$̃0

1, while gluinos typically generate at least two, for instance
through g̃ # q  q$̃0

1. Processes contributing to q̃q̃, q̃g̃ and g̃g̃ fi-
nal states therefore lead to events containing at least two, three
or four jets, respectively. Cascade decays of heavy particles
tend to increase the final state multiplicity. Four signal re-
gions characterized by increasing jet multiplicity requirements
are therefore defined as shown in Table 1, with the leading jet
having pT > 130 GeV, and other jets pT > 40 GeV. The ef-
fective mass, me!, is calculated as the sum of Emiss

T and the
magnitudes of the transverse momenta of the two, three or four
highest pT jets used to define the signal region. Two four-jet
signal regions are defined requiring me! > 500 GeV (opti-
mised for small mass di!erences between SUSY mass states)
and me! > 1000 GeV (optimised for higher mass di!erences).
In addition, a fifth ‘high mass’ signal region is derived from the
four-jet sample, with more stringent requirements on the pT of
the non-leading jets (> 80 GeV) and on me! (> 1100 GeV),
in order to give maximal reach in the SUSY mass spectrum.
For this latter signal region the transverse momenta of all jets
with pT > 40 GeV are used to compute me! . In Table 1,
"#(jet, !P miss

T )min is the smallest of the azimuthal separations be-
tween !P miss

T and jets with pT > 40 GeV (all reconstructed jets
up to a maximum of three, in descending order of pT). Re-
quirements on "#(jet, !P miss

T )min and Emiss
T /me! are designed to

reduce the background from multi-jet processes.

5. Backgrounds, Simulation and Normalisation

Standard Model background processes contribute to the
event counts in the signal regions. The dominant sources are:
W+jets, Z+jets, top pair, single top, and multi-jet produc-
tion. Non-collision backgrounds have been found to be neg-
ligible. The majority of the W+jets background is composed of
W # %& events, or W # e&, µ& events in which no electron or
muon candidate is reconstructed. The largest part of the Z+jets
background comes from the irreducible component in which
Z # & & decays generate large Emiss
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candidates are reconstructed using the anti-kt jet clustering al-
gorithm [9, 10] with a distance parameter of 0.4. The inputs
to this algorithm are three-dimensional clusters of calorime-
ter cells [11] seeded by those with energy significantly above
the measured noise. Jet momenta are constructed by perform-
ing a four-vector sum over these cell clusters, treating each as
an (E, !p) four-vector with zero mass. These jets are corrected
for the e!ects of calorimeter non-compensation and inhomo-
geneities by using pT and "-dependent calibration factors based
on Monte Carlo (MC) and validated with extensive test-beam
and collision-data studies [12]. Furthermore, the reconstructed
jet is modified such that the jet direction points to the primary
vertex, defined as the vertex with the highest summed track p2

T,
instead of the geometrical centre of the ATLAS detector. Only
jet candidates with corrected transverse momenta pT > 20 GeV
are subsequently retained. For 84% of the data used, a tempo-
rary electronics failure in the LAr barrel calorimeter created a
dead region in the second and third longitudinal layers, approx-
imately 1.4 ! 0.2 in "" ! "#, in which on average 30% of the
incident jet energy is lost. The impact on the reconstruction ef-
ficiency for pT > 20 GeV jets is found to be negligible. If any
of the four leading jets fall into this region the event is rejected,
causing a loss of signal acceptance which is smaller than 15%
for the models considered here.

Electron candidates are required to have pT > 20 GeV, have
|"| < 2.47, and pass the ‘medium’ shower shape and track se-
lection criteria of Ref. [13]. Muon candidates [13] are required
to have pT > 10 GeV and |"| < 2.4. Since no use is made of
tau-lepton candidates in this analysis, in the following the term
lepton will refer only to electrons and muons.

The measurement of the missing transverse momentum two-
dimensional vector !P miss

T (and its magnitude Emiss
T ) is then

based on the transverse momenta of all electron and muon can-
didates, all jets which are not also electron candidates, and all
calorimeter clusters with |"| < 4.5 not associated to such ob-
jects.

Following the steps above, overlaps between candidate jets
with |"| < 2.8 and leptons are resolved using the method of
Ref. [14] as follows. First, any such jet candidate lying within
a distance "R =

!

("")2 + ("#)2 = 0.2 of an electron is dis-
carded: then any electron or muon candidate remaining within
a distance "R = 0.4 of any surviving jet candidate is discarded.
Next, all jet candidates with |"| > 2.8 are discarded. Thereafter,
the electron, muon and jet candidates surviving this procedure
are considered as “reconstructed”, and the term “candidate” is
dropped.

4. Event Selection

Following the object reconstruction described above, events
are discarded if they contain any electrons or muons with pT >
20 GeV, or any jets failing quality selection criteria designed to
suppress detector noise and non-collision backgrounds (see e.g.
Ref. [15]), or if the reconstructed primary vertex is associated
with fewer than five tracks.

In order to achieve maximal reach over the (mg̃,mq̃)-plane,
five signal regions are defined. Squarks typically generate

Signal Region " 2-jet " 3-jet " 4-jet High mass
Emiss

T > 130 > 130 > 130 > 130
Leading jet pT > 130 > 130 > 130 > 130
Second jet pT > 40 > 40 > 40 > 80
Third jet pT – > 40 > 40 > 80
Fourth jet pT – – > 40 > 80
"#(jet, !P miss

T )min > 0.4 > 0.4 > 0.4 > 0.4
Emiss

T /me! > 0.3 > 0.25 > 0.25 > 0.2
me! > 1000 > 1000 > 500/1000 > 1100

Table 1: Criteria for admission to each of the five overlapping signal regions
(me! , Emiss

T and pT in GeV). All variables are defined in Section 4. The me! is
defined with a variable number of jets, appropriate to each signal region. In the
high mass selection, all jets with pT > 40 GeV are used to compute the me!
value used in the final cut. The "# cut is only applied up to the third leading
jet.

at least one jet in their decays, for instance through q̃ #
q$̃0

1, while gluinos typically generate at least two, for instance
through g̃ # q  q$̃0

1. Processes contributing to q̃q̃, q̃g̃ and g̃g̃ fi-
nal states therefore lead to events containing at least two, three
or four jets, respectively. Cascade decays of heavy particles
tend to increase the final state multiplicity. Four signal re-
gions characterized by increasing jet multiplicity requirements
are therefore defined as shown in Table 1, with the leading jet
having pT > 130 GeV, and other jets pT > 40 GeV. The ef-
fective mass, me!, is calculated as the sum of Emiss

T and the
magnitudes of the transverse momenta of the two, three or four
highest pT jets used to define the signal region. Two four-jet
signal regions are defined requiring me! > 500 GeV (opti-
mised for small mass di!erences between SUSY mass states)
and me! > 1000 GeV (optimised for higher mass di!erences).
In addition, a fifth ‘high mass’ signal region is derived from the
four-jet sample, with more stringent requirements on the pT of
the non-leading jets (> 80 GeV) and on me! (> 1100 GeV),
in order to give maximal reach in the SUSY mass spectrum.
For this latter signal region the transverse momenta of all jets
with pT > 40 GeV are used to compute me! . In Table 1,
"#(jet, !P miss

T )min is the smallest of the azimuthal separations be-
tween !P miss

T and jets with pT > 40 GeV (all reconstructed jets
up to a maximum of three, in descending order of pT). Re-
quirements on "#(jet, !P miss

T )min and Emiss
T /me! are designed to

reduce the background from multi-jet processes.

5. Backgrounds, Simulation and Normalisation

Standard Model background processes contribute to the
event counts in the signal regions. The dominant sources are:
W+jets, Z+jets, top pair, single top, and multi-jet produc-
tion. Non-collision backgrounds have been found to be neg-
ligible. The majority of the W+jets background is composed of
W # %& events, or W # e&, µ& events in which no electron or
muon candidate is reconstructed. The largest part of the Z+jets
background comes from the irreducible component in which
Z # & & decays generate large Emiss
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candidates are reconstructed using the anti-kt jet clustering al-
gorithm [9, 10] with a distance parameter of 0.4. The inputs
to this algorithm are three-dimensional clusters of calorime-
ter cells [11] seeded by those with energy significantly above
the measured noise. Jet momenta are constructed by perform-
ing a four-vector sum over these cell clusters, treating each as
an (E, !p) four-vector with zero mass. These jets are corrected
for the e!ects of calorimeter non-compensation and inhomo-
geneities by using pT and "-dependent calibration factors based
on Monte Carlo (MC) and validated with extensive test-beam
and collision-data studies [12]. Furthermore, the reconstructed
jet is modified such that the jet direction points to the primary
vertex, defined as the vertex with the highest summed track p2

T,
instead of the geometrical centre of the ATLAS detector. Only
jet candidates with corrected transverse momenta pT > 20 GeV
are subsequently retained. For 84% of the data used, a tempo-
rary electronics failure in the LAr barrel calorimeter created a
dead region in the second and third longitudinal layers, approx-
imately 1.4 ! 0.2 in "" ! "#, in which on average 30% of the
incident jet energy is lost. The impact on the reconstruction ef-
ficiency for pT > 20 GeV jets is found to be negligible. If any
of the four leading jets fall into this region the event is rejected,
causing a loss of signal acceptance which is smaller than 15%
for the models considered here.

Electron candidates are required to have pT > 20 GeV, have
|"| < 2.47, and pass the ‘medium’ shower shape and track se-
lection criteria of Ref. [13]. Muon candidates [13] are required
to have pT > 10 GeV and |"| < 2.4. Since no use is made of
tau-lepton candidates in this analysis, in the following the term
lepton will refer only to electrons and muons.

The measurement of the missing transverse momentum two-
dimensional vector !P miss

T (and its magnitude Emiss
T ) is then

based on the transverse momenta of all electron and muon can-
didates, all jets which are not also electron candidates, and all
calorimeter clusters with |"| < 4.5 not associated to such ob-
jects.

Following the steps above, overlaps between candidate jets
with |"| < 2.8 and leptons are resolved using the method of
Ref. [14] as follows. First, any such jet candidate lying within
a distance "R =

!

("")2 + ("#)2 = 0.2 of an electron is dis-
carded: then any electron or muon candidate remaining within
a distance "R = 0.4 of any surviving jet candidate is discarded.
Next, all jet candidates with |"| > 2.8 are discarded. Thereafter,
the electron, muon and jet candidates surviving this procedure
are considered as “reconstructed”, and the term “candidate” is
dropped.

4. Event Selection

Following the object reconstruction described above, events
are discarded if they contain any electrons or muons with pT >
20 GeV, or any jets failing quality selection criteria designed to
suppress detector noise and non-collision backgrounds (see e.g.
Ref. [15]), or if the reconstructed primary vertex is associated
with fewer than five tracks.

In order to achieve maximal reach over the (mg̃,mq̃)-plane,
five signal regions are defined. Squarks typically generate

Signal Region " 2-jet " 3-jet " 4-jet High mass
Emiss

T > 130 > 130 > 130 > 130
Leading jet pT > 130 > 130 > 130 > 130
Second jet pT > 40 > 40 > 40 > 80
Third jet pT – > 40 > 40 > 80
Fourth jet pT – – > 40 > 80
"#(jet, !P miss

T )min > 0.4 > 0.4 > 0.4 > 0.4
Emiss

T /me! > 0.3 > 0.25 > 0.25 > 0.2
me! > 1000 > 1000 > 500/1000 > 1100

Table 1: Criteria for admission to each of the five overlapping signal regions
(me! , Emiss

T and pT in GeV). All variables are defined in Section 4. The me! is
defined with a variable number of jets, appropriate to each signal region. In the
high mass selection, all jets with pT > 40 GeV are used to compute the me!
value used in the final cut. The "# cut is only applied up to the third leading
jet.

at least one jet in their decays, for instance through q̃ #
q$̃0

1, while gluinos typically generate at least two, for instance
through g̃ # q  q$̃0

1. Processes contributing to q̃q̃, q̃g̃ and g̃g̃ fi-
nal states therefore lead to events containing at least two, three
or four jets, respectively. Cascade decays of heavy particles
tend to increase the final state multiplicity. Four signal re-
gions characterized by increasing jet multiplicity requirements
are therefore defined as shown in Table 1, with the leading jet
having pT > 130 GeV, and other jets pT > 40 GeV. The ef-
fective mass, me!, is calculated as the sum of Emiss

T and the
magnitudes of the transverse momenta of the two, three or four
highest pT jets used to define the signal region. Two four-jet
signal regions are defined requiring me! > 500 GeV (opti-
mised for small mass di!erences between SUSY mass states)
and me! > 1000 GeV (optimised for higher mass di!erences).
In addition, a fifth ‘high mass’ signal region is derived from the
four-jet sample, with more stringent requirements on the pT of
the non-leading jets (> 80 GeV) and on me! (> 1100 GeV),
in order to give maximal reach in the SUSY mass spectrum.
For this latter signal region the transverse momenta of all jets
with pT > 40 GeV are used to compute me! . In Table 1,
"#(jet, !P miss

T )min is the smallest of the azimuthal separations be-
tween !P miss

T and jets with pT > 40 GeV (all reconstructed jets
up to a maximum of three, in descending order of pT). Re-
quirements on "#(jet, !P miss

T )min and Emiss
T /me! are designed to

reduce the background from multi-jet processes.

5. Backgrounds, Simulation and Normalisation

Standard Model background processes contribute to the
event counts in the signal regions. The dominant sources are:
W+jets, Z+jets, top pair, single top, and multi-jet produc-
tion. Non-collision backgrounds have been found to be neg-
ligible. The majority of the W+jets background is composed of
W # %& events, or W # e&, µ& events in which no electron or
muon candidate is reconstructed. The largest part of the Z+jets
background comes from the irreducible component in which
Z # & & decays generate large Emiss

T . Hadronic % decays in

2
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Effective mass distributions after all other cuts. The arrows indicate the final cuts.

ETMiss+(≥2-4)jets+0 leptons
results

Process
Signal Region

! 2-jet ! 3-jet
! 4-jet, ! 4-jet,

High mass
me! > 500 GeV me! > 1000 GeV

Z/!+jets 32.3 ± 2.6 ± 6.9 25.5 ± 2.6 ± 4.9 209 ± 9 ± 38 16.2 ± 2.2 ± 3.7 3.3 ± 1.0 ± 1.3

W+jets 26.4 ± 4.0 ± 6.7 22.6 ± 3.5 ± 5.6 349 ± 30 ± 122 13.0 ± 2.2 ± 4.7 2.1 ± 0.8 ± 1.1

t  t+ single top 3.4 ± 1.6 ± 1.6 5.9 ± 2.0 ± 2.2 425 ± 39 ± 84 4.0 ± 1.3 ± 2.0 5.7 ± 1.8 ± 1.9

QCD multi-jet 0.22 ± 0.06 ± 0.24 0.92 ± 0.12 ± 0.46 34 ± 2 ± 29 0.73 ± 0.14 ± 0.50 2.10 ± 0.37 ± 0.82

Total 62.4 ± 4.4 ± 9.3 54.9 ± 3.9 ± 7.1 1015 ± 41 ± 144 33.9 ± 2.9 ± 6.2 13.1 ± 1.9 ± 2.5

Data 58 59 1118 40 18

Table 2: Fitted background components in each SR, compared with the number of events observed in data. The Z/!+jets background is constrained with control
regions CR1a and CR1b, the QCD multi-jet, W and top quark backgrounds by control regions CR2, CR3 and CR4, respectively. In each case the first (second)
quoted uncertainty is statistical (systematic). Background components are partially correlated and hence the uncertainties (statistical and systematic) on the total
background estimates do not equal the quadrature sums of the uncertainties on the components.

Signal / Control Region

CR1a CR1b CR2 CR3 CR4 SR

Data 8 7 34 15 12 18

Targeted background Z/!+jets Z/!+jets QCD multi-jet W+jets t  t + single top –

Transfer factor 0.374 0.812 0.063 0.196 0.372 –

Fitted Z/!+jets 8.3 5.8 0.7 0.5 0.0 3.3

Fitted QCD multi-jet – – 29.8 0.8 0.6 2.1

Fitted W+jets – – 0.5 10.0 0.4 2.1

Fitted t  t + single top – 0.0 3.0 3.7 11.0 5.7

Fitted total background 8.3 5.9 34.0 15.0 12.0 13.1

Statistical uncertainty ±2.7 ±1.2 ±5.8 ±3.9 ±3.5 ±1.9

Systematic uncertainty ±0.6 ±1.7 ±0.1 ±0.1 ±0.2 ±2.5

Table 3: Numerical inputs (i.e. the observed numbers of events in data) to and outputs from the likelihood fit to the control regions for the high mass channel. The
transfer factor listed in the fourth row applies to the main targeted background for that CR, as listed in the third row. An entry ‘–’ in rows 5–7 indicates that the
process in that row is assumed not to contribute to the control region (based on Monte Carlo studies) and hence is excluded from the fit. All numerical entries give
event counts, with the exception of the transfer factors in the fourth row.

5

Good agreement between data and SM expectation in all signal 
regions
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ETMiss+(≥2-4)jets+0 leptons
interpretation

For limits, the SR with the best expected sensitivity is used for each signal point

Simplified model with a gluino, first two 
generation squarks, and massless neutralino
m(g) > 700 GeV   m(q) > 875 GeV
m(g) = m(q) > 1075 GeV

mSUGRA/CMSSM with tan   =0,A=0,m>0 
m(g) = m(q) > 950 GeV~ ~

~ ~

6. Systematic Uncertainties

Systematic uncertainties arise from the use of the transfer
factors relating observations in the control regions to back-
ground expectations in the signal regions, and from the mod-
elling of the SUSY signal. For the transfer factors derived from
MC, the primary common sources of systematic uncertainty are
the jet energy scale and resolution, physics modelling and re-
construction performance in the presence of pile-up.

The jet energy scale uncertainty has been measured from
the complete 2010 data set using the procedure described in
Ref. [12]. It depends upon pT, ! and proximity to adjacent jets,
and on average amounts to around 4%. The jet energy resolu-
tion measured with 2010 data [34] is applied to the MC jets,
with the di!erence between the re-calibrated and nominal MC
resolution taken as the systematic uncertainty. Additional con-
tributions are added to both of these uncertainties to take into
account of the impact of pile-up at the relatively high luminosity
delivered by the LHC in the 2011 run. Both in-time pile-up, i.e.
multiple collisions within the same bunch crossing, and out-of-
time pile-up, which arises from the detector response to neigh-
bouring bunch crossings, have e!ects on jet energy measure-
ments. These were studied in detail as a function of the average
number of collisions per bunch crossing and by comparing data
recorded with 75 and 50 ns bunch spacing. A worsening in the
jet energy resolution in the forward region is observed when
moving from 75 to 50 ns operation; a systematic uncertainty
of 0.07 ! pT is therefore applied to jets with |!| > 2.8, used
for the Emiss

T calculation. The combined e!ects of in-time and
out-of-time pile-up on the jet energy scale are accounted for by
an additional conservative systematic uncertainty of up to 7%
depending on |!| and pT. All these uncertainties are propagated
to the Emiss

T measurement. The impact of in-time pile-up on
other aspects of the selection was also investigated and found
to be negligible as expected given the high energies of the jets
entering the signal samples.

The dominant modelling uncertainty in MC predictions for
the signal region and control regions arises from the treatment
of jet radiation,which a!ects the calculation of me! . In order
to assess this uncertainty, the main backgrounds are estimated
using alternative generators (ALPGEN rather than MC@NLO for t  t
production) or reduced jet multiplicity (ALPGEN processes with
0–4 partons instead of 0–5 partons for W/Z+jets production).
The impact of renormalisation and factorisation scale variations
and PDF uncertainties was also studied. Di!erences in the ab-
solute expectations for the numbers of events in the SR and CR
as high as 100% are observed for specific processes; the im-
pact on the ratios used in the transfer factors is, however, much
smaller (di!erences "<40%, channel dependent).

Additional uncertainties considered, for specific processes,
include those arising from photon and lepton trigger e"ciency,
reconstruction e"ciency, energy scale and resolution (CR1a,
CR1b, CR3 and CR4), b-tag/veto e"ciency (CR3 and CR4),
photon acceptance and backgrounds (CR1a) and the limited
size of MC samples (all CRs). Uncertainties on the multi-jet
transfer factors are dominated by the modelling of the non-
Gaussian tails of the response function. Other sources, includ-

ing the limited number of data events, and uncertainties on the
Gaussian part of the response functions, are also considered.

Systematic uncertainties on the expected SUSY signal are es-
timated by varying the factorisation and renormalisation scales
in PROSPINO between half and twice their default values and by
considering the PDF uncertainties provided by CTEQ6. Uncer-
tainties are calculated for individual production processes (q̃q̃,
g̃g̃, and q̃g̃) and are typically "35% in the vicinity of the limits
expected to be set by this analysis. Jet energy scale and resolu-
tion, and pile-up uncertainties on SUSY signal expectations are
typically smaller than 30–40%.

7. Results, Interpretation and Limits

The observed signal region me! distributions for each of the
channels used in this analysis are shown in Figure 1, together
with MC background expectations prior to using the likelihood
fitting procedure. The number of observed data events and the
number of SM events expected to enter each of the signal re-
gions, determined using the likelihood fit, are shown in Table 2.
The data are found to be in good agreement with the back-
ground expectation and no excess is observed. To illustrate the
procedure, the inputs and outputs of the combined likelihood fit
for the high mass channel are shown in Table 3.

Data from the five channels are used to set the limits, taking
the channel with the best expected limit at each point in param-
eter space. The limit for each channel is obtained by comparing
the observed numbers of signal events with those expected from
SM background plus SUSY signal processes, taking into ac-
count uncertainties in the expectation including those which are
correlated between signal and background (for instance jet en-
ergy scale uncertainties). The impact of SUSY signal contam-
ination of the control regions is taken into account by applying
MC-derived model dependent correction factors " 0.97–1.02
to the resulting exclusion significance values. The excluded re-
gions are obtained using the CLs prescription [41].

An interpretation of the results is presented in Figure 2 (left)
as a 95% confidence exclusion region in the (mg̃,mq̃)-plane for
a simplified set of SUSY models with m("̃0

1) = 0. In these
models the gluino mass and the masses of the squarks of the
first two generations are set to the values shown in the fig-
ure. All other supersymmetric particles, including the squarks
of the third generation, are decoupled by being given masses
of 5 TeV. The limits are reduced by decay chain kinematics if
m("̃0

1) is comparable to the squark or gluino mass. ISASUSY

from ISAJET [42] v7.80 is used to calculate the decay tables,
and to guarantee consistent electroweak symmetry breaking.

The results are also interpreted in the tan # = 10, A0 = 0,
µ > 0 slice of MSUGRA/CMSSM2 [43] in Figure 2 (right).
These limits include the e!ects of the mass spectrum of the

2Five parameters are needed to specify a particular MSUGRA/CMSSM
model. They are the universal scalar mass, m0, the universal gaugino mass
m1/2, the universal trilinear scalar coupling, A0, the ratio of the vacuum expec-
tation values of the two Higgs fields, tan #, and the sign of the higgsino mass
parameter, µ > 0 or < 0.

4
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Multi-jet and fully hadronic 
ttbar: ETMiss/√HT shape 
invariant with jet multiplicity, 
measured with 5-6 jets 

W, semileptonic top: CR with 
one lepton, 40 <mT(lep,ETMiss) 
< 100 GeV, b veto or tag. 
Extrapolation to SR from 
MC.  

ETMiss+(≥6-8)jets+0 leptons
selections and backgrounds

3. Object Reconstruction

The definitions of jets, leptons (e and µ) and missing trans-
verse momentum follow closely those of previous ATLAS
searches [5, 12].

Jet candidates are reconstructed using the anti-kt jet cluster-
ing algorithm [16] with distance parameter 0.4. The inputs to
this algorithm are clusters of calorimeter cells [17] seeded by
those with energy significantly above the measured noise. Jet
momenta are constructed by performing a four-vector sum over
these topological clusters of calorimeter cells, treating each
as an (E, ~p) four-vector with zero mass. These jets are cor-
rected for the e↵ects of calorimeter non-compensation and in-
homogeneities by using pT- and ⌘-dependent calibration factors
based on Monte Carlo (MC) simulations validated with exten-
sive test-beam and collision-data studies [18]. Only jet candi-
dates with pT > 20 GeV and |⌘| < 4.9 are retained. During
the data-taking period, a localized electronics failure in the LAr
barrel calorimeter created an electronically dead region in the
second and third calorimeter layers, approximately 1.4 ⇥ 0.2 in
�⌘ ⇥ ��, in which on average 30% of incident jet energy is
lost. The impact on reconstruction e�ciency for pT > 20 GeV
jets is found to be negligible. Since the energy response for
jets in the problematic region is underestimated due to this ex-
tra dead area, a correction factor is applied to the jet transverse
momenta. Events are rejected if the correction applied to any
jet candidate provides a contribution to Emiss

T that is greater than
both 10 GeV and 0.1 Emiss

T . When identification of jets contain-
ing heavy flavour quarks is required, either to make measure-
ments in control regions or for cross checks, a tagging algo-
rithm exploiting both impact parameter and secondary vertex
information is used [19].

Electron candidates are required to have pT > 20 GeV and |⌘|
< 2.47, to pass the ‘medium’ electron shower shape and track
selection criteria of Ref. [20], and to be outside problematic
regions of the calorimeter. Muon candidates are required to
have pT > 10 GeV and |⌘| < 2.4. 2

The measurement of the missing transverse momentum two-
vector ~Pmiss

T (and its magnitude Emiss
T ) is then based on the trans-

verse momenta of all electron and muon candidates, all jets
which are not also electron candidates with |⌘| < 4.5, and all
calorimeter clusters with |⌘| < 4.5 not associated to such ob-
jects.

Following the steps above, overlaps between candidate jets
with |⌘| < 2.8 and leptons are resolved as follows. First, any
such jet candidate lying within a distance �R < 0.2 of an elec-
tron is discarded, where �R =

p
(�⌘)2 + (��)2. Then any lep-

ton candidate remaining within a distance �R = 0.4 of such a
jet candidate is discarded. Thereafter, all jet candidates with
|⌘| > 2.8 are discarded, and the remaining electron, muon and
jet candidates are retained as reconstructed objects.

2When defining control regions that require the presence of one or more lep-
tons, additional requirements are applied. Electrons must pass the ‘tight’ selec-
tion criteria of Ref. [20], and the sum ⌃ of the transverse momentum of tracks
within a cone of �R = 0.2 around the electron must satisfy ⌃/pT(e) < 0.1.
Muons must have longitudinal and transverse impact parameters within 1 mm
and 0.2 mm of the primary vertex, respectively, and must have ⌃ < 1.8 GeV.

Signal region 7j55 8j55 6j80 7j80

Jet pT > 55 GeV > 80 GeV
Jet |⌘| < 2.8
�Rj j > 0.6 for any pair of jets
Number of jets � 7 � 8 � 6 � 7
Emiss

T /
p

HT > 3.5 GeV1/2

Table 1: Definitions of the four signal regions.

4. Event Selection

Following the object reconstruction described in Section 3,
events are discarded if any electrons or muons remain, or if
they contain any jet failing quality selection criteria designed
to suppress detector noise and non-collision backgrounds [21],
or if they lack a reconstructed primary vertex with five or more
associated tracks.

Four di↵erent signal regions (SRs) are defined as shown in
Table 1. The use of multiple signal regions provides sensitivity
in di↵erent areas of the MSUGRA/CMSSM plane. Further-
more, the complementarity of the selections may be enhanced
in new models not explicitly considered here. The combina-
tions of jet multiplicities and pT thresholds are chosen such that
all four SRs have trigger e�ciencies in excess of 95% and ac-
ceptances greater than 2% - 3% for kinematically accessible
MSUGRA/CMSSM models. Di↵erences caused by jet merg-
ing and splitting between the o✏ine and online selections can
lead to trigger ine�ciencies. A separation of �Rj j > 0.6 be-
tween all jets with pT above the threshold for the SR is required
to maintain acceptable trigger e�ciency.

The final selection variable is Emiss
T /
p

HT, the ratio of mag-
nitude of the missing transverse momentum to the square root
of the scalar sum HT of transverse momenta of all jets with
pT > 40 GeV and |⌘| < 2.8. This ratio provides a measure of
the size of the missing transverse momentum relative to the res-
olution due to stochastic variations in the measured jet energies.

5. Backgrounds, Simulation and Normalisation

Standard Model processes contribute to the event counts in
the signal regions. The dominant backgrounds are multi-jet
production, including those from purely strong interaction pro-
cesses and fully hadronic decays of tt̄; semi- and fully-leptonic
decays of tt̄; and leptonically-decaying W or Z bosons produced
in association with jets. Non-fully-hadronic top, and W and Z
are collectively referred to as ‘leptonic’ backgrounds, and can
contribute to the signal regions when no e or µ leptons are pro-
duced (for example Z ! ⌫⌫ or hadronic W ! ⌧⌫ decays) or
when they are produced but out of acceptance or not recon-
structed. Contributions from the hadronic decays of W and Z
bosons are negligible.

The selection cuts were chosen such that the background
from the multi-jet processes can be determined from supporting
measurements. In events dominated by jet activity, the ATLAS

2
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Figure 1: The distribution of the variable Emiss
T /

p
HT for control regions requiring (a) exactly six jets with pT > 55 GeV or (b) exactly five jets with pT > 80 GeV.

Overlaid are templates taken from selections requiring (a) exactly five jets with pT > 55 GeV or (b) exactly four jets with pT > 80 GeV. These templates are
normalised to the data in the region with Emiss

T /
p

HT < 1.5. The background estimation includes the ALPGEN Monte-Carlo prediction for the ‘leptonic’ Standard
Model backgrounds. For illustrative purposes the plots also contain the distribution expected for an example MSUGRA/CMSSM point with m0 = 1220 GeV and
m1/2 = 180 GeV. In all ratio plots (lower), in regions with very low numbers of events, some points may lie o↵ the shown range and for bins with no observed events
no ratio is shown. For tt̄ backgrounds the labels ‘qq’ and ‘ql,ll’ represent fully hadronic and non-fully-hadronic decays respectively.
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Figure 2: Observed and predicted jet multiplicity distributions for jets with pT > 55 GeV (upper) and with pT > 80 GeV (lower) in four example control
regions defined by 1.5 GeV1/2 < Emiss

T /
p

HT < 2 GeV1/2 (left) and 2 GeV1/2 < Emiss
T /

p
HT < 3 GeV1/2 (right). Overlaid are templates taken from selections

requiring Emiss
T /

p
HT < 1.5 GeV1/2 which are normalised to the data in the lowest jet multiplicity bin shown. The background estimation includes the ALPGEN

Monte-Carlo prediction for the ‘leptonic’ Standard Model backgrounds. For illustrative purposes the plots also contain the distribution expected for an example
MSUGRA/CMSSM point with m0 = 1220 GeV and m1/2 = 180 GeV.
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Targeting gluino pair production 
and long decay chains

Based on multi-jet triggers
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definition
HT = scalar sum of  pT of  jets with 

pT > 40 GeV and     < 2.8

3. Object Reconstruction

The definitions of jets, leptons (e and µ) and missing trans-
verse momentum follow closely those of previous ATLAS
searches [5, 12].

Jet candidates are reconstructed using the anti-kt jet cluster-
ing algorithm [16] with distance parameter 0.4. The inputs to
this algorithm are clusters of calorimeter cells [17] seeded by
those with energy significantly above the measured noise. Jet
momenta are constructed by performing a four-vector sum over
these topological clusters of calorimeter cells, treating each
as an (E, ~p) four-vector with zero mass. These jets are cor-
rected for the e↵ects of calorimeter non-compensation and in-
homogeneities by using pT- and ⌘-dependent calibration factors
based on Monte Carlo (MC) simulations validated with exten-
sive test-beam and collision-data studies [18]. Only jet candi-
dates with pT > 20 GeV and |⌘| < 4.9 are retained. During
the data-taking period, a localized electronics failure in the LAr
barrel calorimeter created an electronically dead region in the
second and third calorimeter layers, approximately 1.4 ⇥ 0.2 in
�⌘ ⇥ ��, in which on average 30% of incident jet energy is
lost. The impact on reconstruction e�ciency for pT > 20 GeV
jets is found to be negligible. Since the energy response for
jets in the problematic region is underestimated due to this ex-
tra dead area, a correction factor is applied to the jet transverse
momenta. Events are rejected if the correction applied to any
jet candidate provides a contribution to Emiss

T that is greater than
both 10 GeV and 0.1 Emiss

T . When identification of jets contain-
ing heavy flavour quarks is required, either to make measure-
ments in control regions or for cross checks, a tagging algo-
rithm exploiting both impact parameter and secondary vertex
information is used [19].

Electron candidates are required to have pT > 20 GeV and |⌘|
< 2.47, to pass the ‘medium’ electron shower shape and track
selection criteria of Ref. [20], and to be outside problematic
regions of the calorimeter. Muon candidates are required to
have pT > 10 GeV and |⌘| < 2.4. 2

The measurement of the missing transverse momentum two-
vector ~Pmiss

T (and its magnitude Emiss
T ) is then based on the trans-

verse momenta of all electron and muon candidates, all jets
which are not also electron candidates with |⌘| < 4.5, and all
calorimeter clusters with |⌘| < 4.5 not associated to such ob-
jects.

Following the steps above, overlaps between candidate jets
with |⌘| < 2.8 and leptons are resolved as follows. First, any
such jet candidate lying within a distance �R < 0.2 of an elec-
tron is discarded, where �R =

p
(�⌘)2 + (��)2. Then any lep-

ton candidate remaining within a distance �R = 0.4 of such a
jet candidate is discarded. Thereafter, all jet candidates with
|⌘| > 2.8 are discarded, and the remaining electron, muon and
jet candidates are retained as reconstructed objects.

2When defining control regions that require the presence of one or more lep-
tons, additional requirements are applied. Electrons must pass the ‘tight’ selec-
tion criteria of Ref. [20], and the sum ⌃ of the transverse momentum of tracks
within a cone of �R = 0.2 around the electron must satisfy ⌃/pT(e) < 0.1.
Muons must have longitudinal and transverse impact parameters within 1 mm
and 0.2 mm of the primary vertex, respectively, and must have ⌃ < 1.8 GeV.

Signal region 7j55 8j55 6j80 7j80

Jet pT > 55 GeV > 80 GeV
Jet |⌘| < 2.8
�Rj j > 0.6 for any pair of jets
Number of jets � 7 � 8 � 6 � 7
Emiss

T /
p

HT > 3.5 GeV1/2

Table 1: Definitions of the four signal regions.

4. Event Selection

Following the object reconstruction described in Section 3,
events are discarded if any electrons or muons remain, or if
they contain any jet failing quality selection criteria designed
to suppress detector noise and non-collision backgrounds [21],
or if they lack a reconstructed primary vertex with five or more
associated tracks.

Four di↵erent signal regions (SRs) are defined as shown in
Table 1. The use of multiple signal regions provides sensitivity
in di↵erent areas of the MSUGRA/CMSSM plane. Further-
more, the complementarity of the selections may be enhanced
in new models not explicitly considered here. The combina-
tions of jet multiplicities and pT thresholds are chosen such that
all four SRs have trigger e�ciencies in excess of 95% and ac-
ceptances greater than 2% - 3% for kinematically accessible
MSUGRA/CMSSM models. Di↵erences caused by jet merg-
ing and splitting between the o✏ine and online selections can
lead to trigger ine�ciencies. A separation of �Rj j > 0.6 be-
tween all jets with pT above the threshold for the SR is required
to maintain acceptable trigger e�ciency.

The final selection variable is Emiss
T /
p

HT, the ratio of mag-
nitude of the missing transverse momentum to the square root
of the scalar sum HT of transverse momenta of all jets with
pT > 40 GeV and |⌘| < 2.8. This ratio provides a measure of
the size of the missing transverse momentum relative to the res-
olution due to stochastic variations in the measured jet energies.

5. Backgrounds, Simulation and Normalisation

Standard Model processes contribute to the event counts in
the signal regions. The dominant backgrounds are multi-jet
production, including those from purely strong interaction pro-
cesses and fully hadronic decays of tt̄; semi- and fully-leptonic
decays of tt̄; and leptonically-decaying W or Z bosons produced
in association with jets. Non-fully-hadronic top, and W and Z
are collectively referred to as ‘leptonic’ backgrounds, and can
contribute to the signal regions when no e or µ leptons are pro-
duced (for example Z ! ⌫⌫ or hadronic W ! ⌧⌫ decays) or
when they are produced but out of acceptance or not recon-
structed. Contributions from the hadronic decays of W and Z
bosons are negligible.

The selection cuts were chosen such that the background
from the multi-jet processes can be determined from supporting
measurements. In events dominated by jet activity, the ATLAS

2

3.51.5

1.3 fb-1
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ETMiss+(≥6-8)jets+0 leptons
results

derived transfer factors relating observations in the control re-
gions to ‘leptonic’ background expectations in the signal re-
gions, and from the calculation of the SUSY signal.

For the multi-jet contribution, systematic uncertainties are
determined to account for the residual dependence of the
Emiss

T /
p

HT distribution on Njet (as described in Section 5), the
fraction of jets containing b quarks and the response in prob-
lematic areas of the calorimeter. A special study performed to
quantify the e↵ect of the dead area of the calorimeter found that
after applying the correction-based veto described in Section 3
the uncertainty is less than 5%.

Jets containing heavy flavour (b and c) quarks can include
neutrinos and hence have broader resolution functions. The
size of the systematic uncertainty resulting from heavy flavour
(b-jet) contributions, including those from fully-hadronic tt̄, is
determined as follows. Separate values of T are calculated for
events with at least one b jet and for non-b-tagged sub-samples,
and their individual contributions to the SRs are determined.
The di↵erences with respect to the flavour-blind determination
actually used are 8%� 15% depending on SR, and are included
as a systematic uncertainty.

The transfer factors calculated for the ‘leptonic’ backgrounds
have systematic uncertainties due to the finite number of Monte
Carlo events generated, the jet energy scale, the jet energy res-
olution, the lepton identification e�ciency, the b-tag e�ciency,
and the e↵ect of multiple proton-proton interactions per bunch
crossing.

Theoretical uncertainties on the SUSY signal were estimated
from variation of the factorisation and renormalisation scales
in PROSPINO between half and twice the mean outgoing spar-
ticle mass and by considering the PDF uncertainties provided
by CTEQ6.6 [33]. Uncertainties were calculated for individ-
ual production processes (e.g. q̃q̃, g̃g̃, etc.) and are typically
30% � 40% for models in the vicinity of the limits expected to
be set by this analysis. For the signal samples, the combined ex-
perimental systematic uncertainties from jet energy scale, reso-
lution, and cleaning are typically 15% � 20%. The 3.7% lumi-
nosity uncertainty [34] is included but is negligible.

7. Results, Interpretation and Limits

The measured Emiss
T /
p

HT distributions for two of the signal
regions are shown in Figure 4 prior to the final Emiss

T /
p

HT >

3.5 GeV1/2 requirement. The number of observed events for
each of the signal regions is shown in Table 2. The Stan-
dard Model expectations are also shown, together with their
combined statistical and systematic uncertainties. The data are
found to be in good agreement with the background model and
no excess is observed. Table 2 shows the 95% confidence level
upper bound N95%

BSM,max on the number of events originating from
sources other than the Standard Model, the corresponding upper
limit �95%

BSM,max ⇥ ✏ on the cross section times e�ciency within
acceptance (which equals the limit on the observed number of
signal events divided by the luminosity) and the p-value for the
Standard Model-only hypothesis (pSM).

An interpretation of these results is presented in Figure 5
as a 95% confidence level exclusion region in the tan � = 10,

Signal region 7j55 8j55 6j80 7j80

Multi-jets 26 ± 5.2 2.3 ± 0.7 19 ± 4 1.3 ± 0.4
tt̄ ! q`, `` 10.8 ± 6.7 0+4.3 6.0 ± 4.6 0+0.13

W + jets 0.95 ± 0.45 0+0.13 0.34 ± 0.24 0+0.13

Z + jets 1.5+1.8
�1.5 0+0.75 0+0.75 0+0.75

Total Standard Model 39 ± 9 2.3+4.4
�0.7 26 ± 6 1.3+0.9

�0.4

Data 45 4 26 3

N95%
BSM,max 26.0 11.2 16.3 6.0
�95%

BSM,max ⇥ ✏/fb 19.4 8.4 12.2 4.5
pSM 0.30 0.36 0.49 0.16

Table 2: Results for each of the four signal regions for 1.34 fb�1. The expected
number of Standard Model events are given for each of the following sources:
multi-jet (including fully hadronic tt̄), semi- and fully-leptonic top combined,
and W and Z bosons (separately) in association with jets, as well as the total
Standard Model expectation. Where small event counts in control regions have
not made it possible to determine a central value for the expectation, an asym-
metric bound is given instead. The number of observed events is also shown.
The final three rows show the statistical quantities described in the text.

A0 = 0, µ > 0 slice of MSUGRA/CMSSM5. Data from the four
SRs are used to set the limits, taking the SR with the best ex-
pected limit at each point in parameter space. The limit for each
SR is obtained by comparing the observed event count with that
expected from Standard Model background plus SUSY signal
processes, taking into account uncertainties in the expectation
including those which are correlated between signal and back-
ground (for instance jet energy scale uncertainties). The exclu-
sion regions are obtained using the CLs prescription [35]. Ac-
ceptance times e�ciency values are tabulated for typical points
elsewhere [36].

8. Summary

A search for new phenomena has been performed using
events containing missing transverse momentum and much
larger jet multiplicities than have been previously considered,
up to eight or more jets. The dominant Standard Model back-
ground contributions have been determined from the data them-
selves. The sub-dominant ‘leptonic’ backgrounds are measured
using multiple control regions together with Monte Carlo trans-
fer factors.

No evidence for physics beyond the Standard Model has
been observed in a data sample from early 2011 correspond-
ing to an integrated luminosity of 1.34 fb�1. Limits are set on
MSUGRA/CMSSM models excluding at the 95% confidence
level gluinos with masses below 520 GeV, and gluinos with
masses below 680 GeV under the assumption that msquark =
2 ⇥ mgluino. This result extends those set by previous ATLAS
analyses.

5A particular MSUGRA/CMSSM model point is specified by five parame-
ters: the universal scalar mass m0, the universal gaugino mass m1/2, the univer-
sal trilinear scalar coupling A0, the ratio of the vacuum expectation values of
the two Higgs fields tan �, and the sign of the higgsino mass parameter µ.

6

 [GeV]0m
500 1000 1500 2000 2500 3000 3500

 [G
eV

]
1/

2
m

150

200

250

300

350

400

450

500

550

 (600)g~

 (800)g~

 (1000)g~

 (600)

q~

 (1000)

q~

 (1400)
q ~

1
± χ∼LEP 2 

-1<0, 2.1 fbµ=3, β, tanq~, g~D0 
-1<0, 2 fbµ=5, β, tanq~,g~CDF 

Theoretically excluded

>0µ= 0, 
0

 = 10, AβMSUGRA/CMSSM: tan -1 = 1.34 fbintL

 Combinedmiss
T

Multijets plus E
ATLAS

 Combinedmiss
T

Multijets plus E

 95% C.L. limitsobs. CL
 95% C.L. limit

s
exp. CL

σ1 ±exp. limit 
miss
T

2,3,4 jets plus E≥2011 
 95% C.L. limitsCL

Figure 5: Combined exclusion bounds in the tan � = 10, A0 = 0, µ > 0 slice
of the MSUGRA/CMSSM space. Gluinos with masses below 520 GeV, and
gluinos with masses below 680 GeV under the assumption that msquark = 2 ⇥
mgluino are excluded at the 95% confidence level. Limits from individual SRs
can be found elsewhere [36]. Recent limits from ATLAS [5], as well as previous
limits from D0 and CDF [37] and LEP [38] are also shown.

[18] ATLAS Collaboration, ATLAS-CONF-2010-056, Jul, 2010.
[19] ATLAS Collaboration, ATLAS-CONF-2011-102, Jul, 2011.
[20] ATLAS Collaboration, JHEP 12 (2010) 060, arXiv:1010.2130.
[21] ATLAS Collaboration, ATLAS-CONF-2010-038, Jul, 2010.
[22] ATLAS Collaboration, Submitted to European Physics Journal C (2011)

, arXiv:1107.2092.
[23] GEANT4 Collaboration, S. Agostinelli et al. Nucl. Instrum. Meth. A506

(2003) 250–303.
[24] ATLAS Collaboration Collaboration, Eur.Phys.J. C70 (2010) 823–874,

arXiv:1005.4568.
[25] J. Pumplin et al. JHEP 07 (2002) 012, arXiv:hep-ph/0201195.
[26] G. Corcella et al. JHEP 01 (2001) 010, arXiv:hep-ph/0011363.

G. Corcella et al., 2002. arXiv:hep-ph/0210213.
[27] J. M. Butterworth, J. R. Forshaw, and M. H. Seymour Z. Phys. C72

(1996) 637–646, arXiv:hep-ph/9601371.
[28] S. D. Ellis, R. Kleiss, and W. J. Stirling Phys. Lett. B154 (1985) 435.

F. A. Berends, W. T. Giele, H. Kuijf, R. Kleiss, and W. J. Stirling Phys.
Lett. B224 (1989) 237.
C. F. Berger et al. Nucl. Phys. Proc. Suppl. 205-206 (2010) 92–97,
arXiv:1005.3728.
D0 Collaboration, V. M. Abazov et al. Phys. Rev. D67 (2003) 012004,
arXiv:hep-ex/0205019.
CDF Collaboration, W. Wagner Eur. Phys. J. C33 (2004) s238–s240,
arXiv:hep-ex/0312008.
ATLAS Collaboration, Phys. Lett. B698 (2011) 325–345,
arXiv:1012.5382.

[29] T. Gleisberg and S. Hoeche JHEP 12 (2008) 039, arXiv:0808.3674.
[30] F.E. Paige et al., arXiv:hep-ph/0312045 (2003).
[31] M. Bahr et al. Eur. Phys. J. C58 (2008) 639–707, arXiv:0803.0883.
[32] W. Beenakker, R. Hopker, M. Spira, and P. M. Zerwas Nucl. Phys. B492

(1997) 51–103, arXiv:hep-ph/9610490.
[33] P. M. Nadolsky et al. Phys. Rev. D78 (2008) 013004,

arXiv:0802.0007.
[34] ATLAS Collaboration, ATLAS-CONF-2011-116, Jul, 2011.

ATLAS Collaboration, Eur. Phys. J. C71 (2011) 1630,
arXiv:1101.2185.

[35] A.Read Journal of Physics G: Nucl. Part. Phys. 28 (2002) 2693–2704.
[36] http://hepdata.cedar.ac.uk/view/red4931.
[37] D0 Collaboration, Phys. Rev. Lett. 75 (1995) 618–623.

CDF Collaboration, Phys. Rev. Lett. 88 (2002) 041801,
arXiv:hep-ex/0106001.
CDF Collaboration, Phys. Rev. Lett. 102 (2009) 121801,
arXiv:0811.2512.
D0 Collaboration, Phys. Lett. B660 (2008) 449–457,
arXiv:0712.3805.

[38] LEP SUSY Working Group (ALEPH, DELPHI, L3, OPAL), Notes
LEPSUSYWG/01-03.1 and 04-01.1,
http://lepsusy.web.cern.ch/lepsusy/Welcome.html.

8

2-4 jets limit

6-8 jets limit

Limit on signal event rate in SRs
Limit on signal cross section times efficiency in SRs
SM hypothesis p-value

In mSUGRA gluino dominated regions, results competitive 
with those of  2-4 jet search. m(g) > 520 GeV at 95% C.L. ~
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Looking for gluino and squark decays to LSP, 
but with one lepton in decay chains. 

example:

Signal selection:

Single electron or muon trigger, 1 electron 
(muon), with pT > 25 (20) GeV, MT > 100 
GeV                                                             

ETMiss cut between 125 and 240 GeV 
depending on the signal region.

Four signal regions (3 jet loose, 3 jet tight, 4 
jet loose, 4 jet tight). 3/4-jet cuts more 
sensitive to squark/gluinos. Tight/loose cuts 
more sensitive to light LSP/compressed 
mass spectrum scenarios.

ETMiss+jets+1 lepton
signal selection and backgrounds

Background estimate: 

multi-jet from data, using a control 
sample with looser lepton selection.

W(ttbar) control region: 40 < MT < 80 
GeV, 30 < ETMiss <  80 GeV, b-tag veto 
(one b-tag jet), all other cuts same as SR. 
CR ⇒SR extrapolation with MC. 
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FIG. 2: Distributions after requiring one electron with pT > 25 GeV or one muon with pT > 20 GeV, and at least four jets
with pT > 60, 25, 25, 25 GeV and !!(jeti, "E

miss
T ) > 0.2. The top row shows the missing transverse momentum, the middle row

shows the transverse mass, and the bottom row displays the e"ective mass. The electron channel is shown in the left column,
the muon channel is shown in the right column. The “Data/SM” plots show the ratio between data and the summed standard
model expectation. In these plots, the standard model expectation is derived from Monte Carlo simulations only, normalized to
the theoretical cross sections. The uncertainty band on the standard model expectation combines the MC statistical uncertainty
and systematic uncertainties on the jet energy scale and resolution, the lepton resolution and identification e#ciencies, pile-up
and luminosity. For illustration, the expected signal distributions of the MSUGRA/CMSSM model point m0 = 500 GeV,
m1/2 = 330 GeV are also shown.

after one muon, 
4 jet selection

definitions

4

quarks and gluons of less than 1%.
The missing transverse momentum Emiss

T in this anal-
ysis is the opposite of the vectorial pT sum of recon-
structed objects in the event, comprised of the jets with
pT > 20 GeV, the signal lepton, any additional identified
non-isolated muons, and three-dimensional calorimeter
clusters with |!| < 4.5 not belonging to any of the afore-
mentioned object types.
During a part of the data-taking period, an electron-

ics failure in the LAr barrel EM calorimeter created a
dead region in the second and third layers, correspond-
ing to approximately 1.4! 0.2 in !! !!". Events with
an electron in this region are vetoed, leading to loss of
signal e"ciency of about 1%. The energy measurement
for jets in the data in the problematic region is under-
estimated. A correction to the jet energy is made using
the energy depositions in the cells neighbouring the dead
region, and this is also propagated to Emiss

T . This con-
tribution of jets in the dead region to Emiss

T can be es-
timated and is denoted as Emiss

T (hole). Projecting this
quantity on the direction of Emiss

T gives the quantity

!Emiss
T (hole) = Emiss

T (hole) · cos!"(jet, #Emiss
T ). Events

with !Emiss
T (hole) > 10 GeV and !Emiss

T (hole)/Emiss
T >

0.1 are rejected. This requirement rejects less than 0.5%
of the events in the signal regions, and up to 2% of the
events in the control regions.
In the event selection, a number of variables derived

from the reconstructed objects are used. The transverse
mass mT formed by Emiss

T and the pT of the lepton ($) is
defined as

mT =
!

2 · p!T · Emiss
T · (1" cos(!"(#$, #Emiss

T ))).

The e#ective mass me! is obtained from objects in the
event as the scalar sum

me! = p!T +
3(4)
"

i=1

pjetiT + Emiss
T ,

where pjetiT are the transverse momenta of the three (four)
leading jets.

VI. TRIGGER AND DATA SELECTION

The data were collected between March and July 2011.
The trigger system selects events online by requiring an
electron or muon trigger to fire. The electron trigger
selects electrons that deposit an amount of energy corre-
sponding to ET = E sin % > 20 GeV in the calorimeter.
The muon trigger requirement determines a logical OR
between a trigger that requires a muon with pT > 18 GeV
and a trigger that requires a muon of looser quality with
pT > 40 GeV in the barrel; the OR of these two triggers
increases the trigger acceptance in the barrel. The trig-
ger e"ciency is measured in the data. To assure good
data quality, only runs in which all subdetectors perform
well are used, resulting in a data set corresponding to

an integrated luminosity of 1.04 fb!1, with an estimated
uncertainty of 3.7% [54].

VII. EVENT SELECTION

The kinematic selections start by requiring the pres-
ence of exactly one lepton (electron or muon) with pT >
25 GeV in case of an electron and pT > 20 GeV for
muons. If another lepton is reconstructed with pT >
20 GeV (“medium” electrons) or pT > 10 GeV (prese-
lected muons), the event is rejected in order to minimize
overlap with other analyses aimed at final states with
higher lepton multiplicities.
At least three or four good jets with pseudorapidity

|!| < 2.8 are required, depending on the selection, as
outlined below. Large mismeasurement of the jet trans-
verse momenta are avoided by requiring that Emiss

T is
not aligned with any of the three or four selected jets
(!"(jeti, #E

miss
T ) > 0.2 ). Kinematic distributions after

application of the lepton and jet selection requirements
are shown in Figure 1 for at least three jets and Figure 2
for at least four jets.

A. Signal regions

Four di#erent signal regions are defined to maximize
the sensitivity to di#erent kinematic configurations of su-
persymmetric event topologies.

1. “Loose” 3-jet selection (3JL). The loose 3-jet se-
lection is nearly identical to the selection used in
the analysis of the 2010 data [4]. At least three
jets, with pT > 60 GeV for the leading jet, and
pT > 25 GeV for the other jets, are required. The
transverse mass mT must exceed 100 GeV, and
Emiss

T must be larger than 125 GeV. Two final cuts,
Emiss

T /me! > 0.25 and me! > 500 GeV, define this
signal region.

2. “Tight” 3-jet selection (3JT). In the tight 3-jet se-
lection, the requirement on the leading jet pT is
raised to 80 GeV. In addition to these cuts, the
following criteria are applied: mT > 100 GeV,
Emiss

T > 240 GeV, Emiss
T /me! > 0.15 and me! >

600 GeV.

3. “Loose” 4-jet selection (4JL). Four jets with pT >
25 GeV are required, with at least one of them ex-
ceeding 60 GeV. In addition to the jet cuts, the se-
lection requires: mT > 100 GeV, Emiss

T > 140 GeV,
Emiss

T /me! > 0.30 and me! > 300 GeV.

4. “Tight” 4-jet selection (4JT). A tight selection with
at least four jets is defined. The pT requirement on
the non-leading jets is raised to 40 GeV, whereas
the leading jet is still required to pass pT > 60 GeV.
To define this signal region, three more criteria are
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mostly a!ect the behavior of the third generation of
squarks and sleptons, for which dedicated analyses are
developed. ISAJET [23] is used to calculate the SUSY
particle mass spectrum at the electroweak scale. For
illustration purposes, the expected signal distributions
of the MSUGRA/CMSSM model point m0 = 500 GeV,
m1/2 = 330 GeV, which is close to the expected sensitiv-
ity limit, are shown in the figures of this paper.
Simplified models [24, 25] are characterized by well de-

fined SUSY particle production and decay modes, and a
minimal particle content for the final state under study.
This can be achieved by assuming that all SUSY particles
not of interest to a specific model are very massive and
decouple. In order to achieve a final state with leptons,
the simplified models considered here contain a chargino
decaying to the lightest neutralino (LSP) and an on-shell

or o!-shell W boson: !̃± ! W (!)!̃0. The chargino arises
from the decay of a squark or a gluino, via one of the
following two models considered:

• In the mass hierarchy corresponding to sequential
squark-chargino-neutralino decay, hereafter called
the squark model, the decay chain q̃ ! q"!̃± !
q"W (!)!̃0

is assumed to have a 100% branch-
ing fraction, and only first- and second-generation
squark-squark and squark-antisquark production is
considered. This is achieved by setting all other
SUSY particle masses, including those of third gen-
eration squarks, to multi-TeV values. This model
is characterized by three free parameters: mq̃, m!̃0 ,
and x = (m!̃± "m!̃0)/(mq̃ "m!̃0).

• In the gluino-chargino-neutralino model, hereafter
called gluino model, the decay chain g̃ ! qq̄!̃

± !
qq̄W (!)!̃0

is assumed to have a 100% branching
fraction, and only gluino-gluino production is con-
sidered. This is achieved by setting all other SUSY
particle masses, including those of all squarks, to
multi-TeV values. This model is also character-
ized by three free parameters: mg̃, m!̃0 , and x =
(m!̃± "m!̃0)/(mg̃ "m!̃0).

The assumption of massive third generation squarks in
the squark model is motivated by the fact that the phe-
nomenology of light third generation squarks (production
of top and/or bottom quarks) is covered by a separate
dedicated analysis [7]. For each choice of the three free
parameters in the simplified models, the sparticle mass
spectrum at the weak scale, and the sparticle decays are
fully specified. Simplified models are used to identify the
limits of the e!ectiveness of the search, characterize a
possible excess in data, and derive limits. Constraints on
a wide variety of models can be deduced from limits on
simplified models [25].
The MSUGRA/CMSSM model and the simplified

models assume R-parity conservation. Additionally, re-
sults are interpreted in a model that allows for bilin-
ear R-parity breaking terms in the superpotential [22].
Such terms lead to non-vanishing vacuum expectation

values for the sneutrinos which in turn induce a mixing
between neutrinos and neutralinos, thus providing a phe-
nomenologically viable alternative to the origin of neu-
trino mass and mixing [26, 27]. In the study presented
here, the R-parity violating couplings are embedded in
an MSUGRA/CMSSM SUSY production model. For a
chosen set of MSUGRA parameters, the bRPV parame-
ters are unambiguously determined under the tree-level
dominance scenario [28] by fitting them to the neutrino
oscillations data as described in Ref. [29]. The neutralino
LSP is unstable and decays within the detector through
decay modes that predominantly include neutrinos [30].
Such decays along with the presence of neutrinos in SUSY
decay chains such as !̃± ! "#!̃0 lead to significant miss-
ing transverse momentum. However, this model was not
used to optimize the selection. Only the muon selection
is considered in this analysis since in the leptonic decays
of the LSP, the electron channels are highly suppressed in
favor of the µ- and $ -producing modes. Scenarios lead-
ing to a long lifetime (c$ ># 15 mm) of the LSP are not
considered here.

III. THE ATLAS DETECTOR

ATLAS [31] is a particle physics detector with a
forward-backward symmetric cylindrical geometry and
near 4% coverage in solid angle [32]. The inner detec-
tor (ID) consists of a silicon pixel detector, a silicon
microstrip detector (SCT), and a transition radiation
tracker (TRT). The ID is surrounded by a thin super-
conducting solenoid providing a 2 T magnetic field, and
by high-granularity liquid-argon (LAr) sampling electro-
magnetic calorimeters. Hadron calorimetry is provided
by an iron-scintillator tile calorimeter in the central ra-
pidity range. The end-cap and forward regions are in-
strumented with LAr calorimeters for both electromag-
netic and hadronic measurements. The muon spectrome-
ter (MS) is based on three large superconducting toroids
arranged with an eight-fold azimuthal coil symmetry
around the calorimeters, and a system of three stations
of chambers for the trigger and chambers for precise mea-
surements.

IV. MONTE CARLO SIMULATION

MC simulations are used to develop the analysis,
extrapolate backgrounds from the control to the sig-
nal regions, and to assess sensitivity to specific SUSY
signal models. Samples of W and Z/&! produc-
tion with accompanying jets are simulated with ALP-
GEN [33], using the CTEQ6L1 [34] parton density func-
tions (PDFs). Top quark pair production is simu-
lated with MC@NLO [35] and the next-to-leading or-
der (NLO) PDF set CTEQ6.6 [36], which is used for
all NLO MC. Single top production is simulated with
MC@NLO. Fragmentation and hadronisation for the
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TABLE II: Fit results for the electron (top part) and muon (bottom part) channels in the “loose” 3-jet (3JL) and “tight” 3-jet
(3JT) signal regions. The results are obtained from the control regions using the “discovery fit” (see text for details). Nominal
MC expectations (normalised to MC cross-sections) are given between parentheses for comparison.

Electron channel 3JL Signal region 3JT Signal region Top region W region

Observed events 71 14 162 565

Fitted top events 56± 20 (51) 7.6± 3.0 (6.8) 125± 16 (112) 64± 8 (58)

Fitted W/Z events 35± 20 (34) 10.5± 6.5 (10.1) 30.1± 9.1 (29.3) 425 ± 36 (413)

Fitted multijet events 6.0+2.3
!1.4 0.46+0.37

!0.22 7.2± 2.6 76± 24

Fitted sum of background events 97± 30 18.5± 7.4 162 ± 13 565 ± 24

Muon channel 3JL Signal region 3JT Signal region Top region W region

Observed events 58 11 166 413

Fitted top events 47± 16 (38) 8.9± 3.2 (7.3) 142± 14 (115) 70± 7 (57)

Fitted W/Z events 16.6± 9.4 (20.1) 5.0± 3.2 (6.1) 19.0± 4.8 (23.2) 322 ± 23 (393)

Fitted multijet events 0.0+0.0
!0.0 0.0+0.6

!0.0 5.4± 2.2 21.6± 5.7

Fitted sum of background events 64± 19 13.9± 4.3 166 ± 13 413 ± 20

TABLE III: Fit results for the electron (top part) and muon (bottom part) channels in the “loose” 4-jet (4JL) and “tight”
4-jet (4JT) signal regions. The results are obtained from the control regions using the “discovery fit” (see text for details).
Nominal MC expectations (normalised to MC cross-sections) are given between parentheses for comparison.

Electron channel 4JL Signal region 4JT Signal region Top region W region

Observed events 41 9 1382 1872

Fitted top events 38± 15 (34) 4.5± 2.6 (4.1) 1258 ± 44 (1138) 391 ± 14 (354)

Fitted W/Z events 9.5± 7.5 (9.2) 3.5± 2.2 (3.4) 88± 21 (86) 1242± 89 (1202)

Fitted multijet events 0.90+0.54
!0.37 0.00+0.02

!0.00 35± 13 239 ± 78

Fitted sum of background events 48± 18 8.0± 3.7 1382 ± 37 1872 ± 43

Muon channel 4JL Signal region 4JT Signal region Top region W region

Observed events 50 7 1448 1623

Fitted top events 39± 13 (36) 4.7± 2.2 (4.3) 1319 ± 45 (1231) 382 ± 13 (357)

Fitted W/Z events 14.1± 8.5 (14.2) 1.4± 1.1 (1.4) 91± 19 (92) 1169± 46 (1185)

Fitted multijet events 0.0+0.0
!0.0 0.0+0.6

!0.0 38± 10 71± 16

Fitted sum of background events 53± 16 6.0± 2.7 1448 ± 38 1623 ± 40

with 100% wino content, which is implied by this partic-
ular simplified model. Therefore the PROSPINO squark
pair production cross section is divided by a factor two
to obtain the q̃Lq̃L cross section. Note that reducing the
gluino mass to 1.2 TeV would increase this cross section
by a few percent for mq̃ = 200 GeV, but by a factor two
for mq̃ = 400 GeV. For the calculation of the exclusion
regions, theoretical uncertainties on the cross-sections, as
discussed in Section IX, are taken into account. In the
gluino model at high x, gluino masses up to 650 GeV are

excluded for massless LSPs, but for LSP masses above
280 GeV no exclusion can be made. In this model, LSP
masses below 200 GeV are excluded for gluino masses be-
low 600 GeV and x > 1/2. The best exclusion limits are
obtained for x = 3/4, which gives rise to higher pT lep-
tons than the x = 1/4 case. In the squark model, no
exclusion in the x = 1/4 and x = 1/2 planes can be
made. These results are the first simplified model results
in the one-lepton channel, and complement earlier sim-
plified model results for the zero-lepton channel [16, 17].
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mostly a!ect the behavior of the third generation of
squarks and sleptons, for which dedicated analyses are
developed. ISAJET [23] is used to calculate the SUSY
particle mass spectrum at the electroweak scale. For
illustration purposes, the expected signal distributions
of the MSUGRA/CMSSM model point m0 = 500 GeV,
m1/2 = 330 GeV, which is close to the expected sensitiv-
ity limit, are shown in the figures of this paper.
Simplified models [24, 25] are characterized by well de-

fined SUSY particle production and decay modes, and a
minimal particle content for the final state under study.
This can be achieved by assuming that all SUSY particles
not of interest to a specific model are very massive and
decouple. In order to achieve a final state with leptons,
the simplified models considered here contain a chargino
decaying to the lightest neutralino (LSP) and an on-shell

or o!-shell W boson: !̃± ! W (!)!̃0. The chargino arises
from the decay of a squark or a gluino, via one of the
following two models considered:

• In the mass hierarchy corresponding to sequential
squark-chargino-neutralino decay, hereafter called
the squark model, the decay chain q̃ ! q"!̃± !
q"W (!)!̃0

is assumed to have a 100% branch-
ing fraction, and only first- and second-generation
squark-squark and squark-antisquark production is
considered. This is achieved by setting all other
SUSY particle masses, including those of third gen-
eration squarks, to multi-TeV values. This model
is characterized by three free parameters: mq̃, m!̃0 ,
and x = (m!̃± "m!̃0)/(mq̃ "m!̃0).

• In the gluino-chargino-neutralino model, hereafter
called gluino model, the decay chain g̃ ! qq̄!̃

± !
qq̄W (!)!̃0

is assumed to have a 100% branching
fraction, and only gluino-gluino production is con-
sidered. This is achieved by setting all other SUSY
particle masses, including those of all squarks, to
multi-TeV values. This model is also character-
ized by three free parameters: mg̃, m!̃0 , and x =
(m!̃± "m!̃0)/(mg̃ "m!̃0).

The assumption of massive third generation squarks in
the squark model is motivated by the fact that the phe-
nomenology of light third generation squarks (production
of top and/or bottom quarks) is covered by a separate
dedicated analysis [7]. For each choice of the three free
parameters in the simplified models, the sparticle mass
spectrum at the weak scale, and the sparticle decays are
fully specified. Simplified models are used to identify the
limits of the e!ectiveness of the search, characterize a
possible excess in data, and derive limits. Constraints on
a wide variety of models can be deduced from limits on
simplified models [25].
The MSUGRA/CMSSM model and the simplified

models assume R-parity conservation. Additionally, re-
sults are interpreted in a model that allows for bilin-
ear R-parity breaking terms in the superpotential [22].
Such terms lead to non-vanishing vacuum expectation

values for the sneutrinos which in turn induce a mixing
between neutrinos and neutralinos, thus providing a phe-
nomenologically viable alternative to the origin of neu-
trino mass and mixing [26, 27]. In the study presented
here, the R-parity violating couplings are embedded in
an MSUGRA/CMSSM SUSY production model. For a
chosen set of MSUGRA parameters, the bRPV parame-
ters are unambiguously determined under the tree-level
dominance scenario [28] by fitting them to the neutrino
oscillations data as described in Ref. [29]. The neutralino
LSP is unstable and decays within the detector through
decay modes that predominantly include neutrinos [30].
Such decays along with the presence of neutrinos in SUSY
decay chains such as !̃± ! "#!̃0 lead to significant miss-
ing transverse momentum. However, this model was not
used to optimize the selection. Only the muon selection
is considered in this analysis since in the leptonic decays
of the LSP, the electron channels are highly suppressed in
favor of the µ- and $ -producing modes. Scenarios lead-
ing to a long lifetime (c$ ># 15 mm) of the LSP are not
considered here.

III. THE ATLAS DETECTOR

ATLAS [31] is a particle physics detector with a
forward-backward symmetric cylindrical geometry and
near 4% coverage in solid angle [32]. The inner detec-
tor (ID) consists of a silicon pixel detector, a silicon
microstrip detector (SCT), and a transition radiation
tracker (TRT). The ID is surrounded by a thin super-
conducting solenoid providing a 2 T magnetic field, and
by high-granularity liquid-argon (LAr) sampling electro-
magnetic calorimeters. Hadron calorimetry is provided
by an iron-scintillator tile calorimeter in the central ra-
pidity range. The end-cap and forward regions are in-
strumented with LAr calorimeters for both electromag-
netic and hadronic measurements. The muon spectrome-
ter (MS) is based on three large superconducting toroids
arranged with an eight-fold azimuthal coil symmetry
around the calorimeters, and a system of three stations
of chambers for the trigger and chambers for precise mea-
surements.

IV. MONTE CARLO SIMULATION

MC simulations are used to develop the analysis,
extrapolate backgrounds from the control to the sig-
nal regions, and to assess sensitivity to specific SUSY
signal models. Samples of W and Z/&! produc-
tion with accompanying jets are simulated with ALP-
GEN [33], using the CTEQ6L1 [34] parton density func-
tions (PDFs). Top quark pair production is simu-
lated with MC@NLO [35] and the next-to-leading or-
der (NLO) PDF set CTEQ6.6 [36], which is used for
all NLO MC. Single top production is simulated with
MC@NLO. Fragmentation and hadronisation for the
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Supersymmetric events can have two leptons if  (c) or (d) happen in one decay chain (leptons 
have same flavour and opposite sign) or if  (a) or (b) occur in both chain (leptons might have 
different flavour and/or same sign). 

Analysis 1: Opposite sign inclusive search

Three signal selections (see table)

Main background is dileptonic top pairs.

Analysis 2: Same sign inclusive search

Two signal selection (see table)

SM rate very small, from dibosons or opposite sign events with mismeasured charge

Analysis 3: Flavour subtraction search

Look for an excess of  e±e∓+μ±μ∓ over e±μ∓ . Sensitive to  (c) or (d). Main background (top) 
cancels in the subtraction on average.

ETMiss+jets+2 lepton
selections and backgrounds
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Searches for supersymmetry with the ATLAS detector using final states with two
leptons and missing transverse momentum in

p
s = 7 TeV proton-proton collisions

The ATLAS Collaboration

Abstract

Results of three searches are presented for the production of supersymmetric particles decaying into final states with
missing transverse momentum and exactly two isolated leptons, e or µ. The analysis uses a data sample collected
during the first half of 2011 that corresponds to a total integrated luminosity of 1 fb�1 of

p
s = 7 TeV proton-proton

collisions recorded with the ATLAS detector at the Large Hadron Collider. Opposite-sign and same-sign dilepton events
are separately studied, with no deviations from the Standard Model expectation observed. Additionally, in opposite-
sign events, a search is made for an excess of same-flavour over di↵erent-flavour lepton pairs. E↵ective production
cross sections in excess of 9.9 fb for opposite-sign events containing supersymmetric particles with missing transverse
momentum greater than 250 GeV are excluded at 95% CL. For same-sign events containing supersymmetric particles
with missing transverse momentum greater than 100 GeV e↵ective production cross sections in excess of 14.8 fb are
excluded at 95% CL. The latter limit is interpreted in a simplified weak gaugino production model excluding chargino
masses up to 200 GeV.

1. Introduction1

Many extensions to the Standard Model (SM) predict2

the existence of new states that decay to invisible par-3

ticles. New coloured particles, such as the squarks (q̃)4

and gluinos (g̃) of supersymmetric (SUSY) theories [1], are5

among those predicted. These new particles could be ac-6

cessible at the Large Hadron Collider (LHC). In R-parity7

conserving [2] SUSY models, the lightest supersymmetric8

particle (LSP) is stable and weakly interacting, and SUSY9

particles are pair-produced. The LSP escapes detection,10

giving rise to events with significant missing transverse mo-11

mentum (Emiss
T ). The dominant SUSY production chan-12

nels at the LHC are: squark-(anti)squark, squark-gluino13

and gluino pair production. The squarks and gluinos are14

expected to decay into quarks and the SUSY partners of15

the gauge and Higgs bosons, charginos, �̃±, and neutrali-16

nos, �̃0. Weak gauginos and sleptons may also be pair-17

produced and dilepton searches are potentially very sen-18

sitive to direct weak gaugino production: �̃±
1 �̃

0
2, �̃±

1 �̃
0
1,19

�̃±
1 �̃

⌥
1 and �̃0

2�̃
0
2.20

SUSY events can produce charged leptons with high21

transverse momentum (pT) through the decays of neutrali-22

nos and charginos. The main processes producing leptons23

are: (a) �̃0
i

! l±⌫�̃⌥
j

, (b) �̃±
i

! l±⌫�̃0
j

, (c) �̃0
i

! l±l⌥�̃0
j

24

and (d) �̃±
i

! l±l⌥�̃±
j

(for i > j and i > 0), where l is25

an e, µ or ⌧ lepton (only e and µ are considered in this26

paper).27

In each SUSY event there are two independent cascade28

decays. Two leptons are produced in events in which two29

gauginos decay via cascade a) or b), or events in which one30

gaugino decays via cascade c) or d). In the former case,31

the events may contain same sign leptons and the lepton32

flavour may di↵er. In the latter case, the leptons will have33

opposite sign and same flavour, and searching for an excess34

of same-flavour dilepton events over di↵erent flavour events35

o↵ers one of the best routes to the model-independent mea-36

surement of SUSY particle masses via end-points in the37

dilepton invariant mass distribution [3–5].38

Previous results of SUSY searches at the LHC for fi-39

nal states with two leptons, electrons or muons, can be40
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Many extensions to the Standard Model (SM) predict2

the existence of new states that decay to invisible par-3

ticles. New coloured particles, such as the squarks (q̃)4

and gluinos (g̃) of supersymmetric (SUSY) theories [1], are5

among those predicted. These new particles could be ac-6

cessible at the Large Hadron Collider (LHC). In R-parity7

conserving [2] SUSY models, the lightest supersymmetric8

particle (LSP) is stable and weakly interacting, and SUSY9

particles are pair-produced. The LSP escapes detection,10

giving rise to events with significant missing transverse mo-11

mentum (Emiss
T ). The dominant SUSY production chan-12

nels at the LHC are: squark-(anti)squark, squark-gluino13

and gluino pair production. The squarks and gluinos are14

expected to decay into quarks and the SUSY partners of15

the gauge and Higgs bosons, charginos, �̃±, and neutrali-16

nos, �̃0. Weak gauginos and sleptons may also be pair-17

produced and dilepton searches are potentially very sen-18

sitive to direct weak gaugino production: �̃±
1 �̃

0
2, �̃±

1 �̃
0
1,19

�̃±
1 �̃

⌥
1 and �̃0

2�̃
0
2.20

SUSY events can produce charged leptons with high21

transverse momentum (pT) through the decays of neutrali-22

nos and charginos. The main processes producing leptons23

are: (a) �̃0
i

! l±⌫�̃⌥
j

, (b) �̃±
i

! l±⌫�̃0
j

, (c) �̃0
i

! l±l⌥�̃0
j

24

and (d) �̃±
i

! l±l⌥�̃±
j

(for i > j and i > 0), where l is25

an e, µ or ⌧ lepton (only e and µ are considered in this26

paper).27

In each SUSY event there are two independent cascade28

decays. Two leptons are produced in events in which two29

gauginos decay via cascade a) or b), or events in which one30

gaugino decays via cascade c) or d). In the former case,31

the events may contain same sign leptons and the lepton32

flavour may di↵er. In the latter case, the leptons will have33

opposite sign and same flavour, and searching for an excess34

of same-flavour dilepton events over di↵erent flavour events35

o↵ers one of the best routes to the model-independent mea-36

surement of SUSY particle masses via end-points in the37

dilepton invariant mass distribution [3–5].38

Previous results of SUSY searches at the LHC for fi-39

nal states with two leptons, electrons or muons, can be40
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Signal Region OS-SR1 OS-SR2 OS-SR3 SS-SR1 SS-SR2 FS-SR1 FS-SR2 FS-SR3

Emiss
T [GeV] 250 220 100 100 80 80 80 250

Leading jet pT [GeV] - 80 100 - 50 - - -
Second jet pT [GeV] - 40 70 - 50 - - -
Third jet pT [GeV] - 40 70 - - - - -
Fourth jet pT [GeV] - - 70 - - - - -
Number of jets - � 3 � 4 - � 2 - � 2 -
m

ll

veto [GeV] - - - - - 80-100 - -

Table 1: Criteria defining each of the three signal regions for the opposite-sign (OS-SRx) analysis, each of the two signal regions for the
same-sign analysis (SS-SRx) and each of the three regions for the flavour-subtraction (FS-SRx) analysis. Note that regions OS-SR1 and
FS-SR3 are identical.

muons in dimuon events for which the |z0| and |d0| require-244

ments have been relaxed. The region 1 < |z0| < 100 mm245

is populated with cosmic rays. Due to the fall o↵ of the246

tracking e�ciency at large z0, this region can be well de-247

scribed by a Gaussian fit. This fit can be used to evaluate248

the number of cosmic rays in the region |z0| < 1 mm, given249

the estimated number in the region 1 < |z0| < 100 mm af-250

ter the application of the signal region selection cuts. This251

procedure yields contributions from cosmic rays of < 10�3
252

events in each signal region. The coincidence of a single253

reconstructed collision electron and a single reconstructed254

cosmic ray muon is much less likely than the probability255

of reconstructing a cosmic ray event as two reconstructed256

muons in coincidence with a collision event. This sets a257

conservative estimate of the contribution in the eµ chan-258

nels of < 10�3 events.259

The SM backgrounds to each search are evaluated us-260

ing a combination of MC simulation and data-driven tech-261

niques. Contributions from single top and diboson events262

are evaluated using the MC samples described above,263

scaled to cross sections and the luminosity of the data264

sample. The former must be evaluated only in OS-SRx265

and FS-SRx signal regions, while the latter must be eval-266

uated in all signal regions. Contributions from Z/�⇤+jets267

and tt̄ events (which must be estimated in OS-SRx and268

FS-SRx signal regions, but not SS-SRx regions) are evalu-269

ated using MC samples normalised to data in appropriate270

control regions. SM processes generating events containing271

at least one fake or non-isolated lepton are collectively re-272

ferred to as “fake lepton” background, generally consisting273

of semi-leptonic tt̄, single top, W+jets and QCD light and274

heavy-flavour jet production. The fake lepton background275

is obtained using a purely data-driven technique for all276

signal regions. The background from charge misidentifica-277

tion (from electrons in events which have undergone hard278

bremsstrahlung with subsequent photon conversion) is im-279

portant in the same-sign signal region and is estimated280

using a partially data-driven technique.281

The following paragraphs first describe the evaluation282

of the backgrounds which contribute only to the opposite-283

sign (and flavour-subtraction) signal regions. The evalua-284

tion of the fake lepton background for all signal regions is285

then described. Lastly, details are given of how the back-286

ground from charge misidentification is estimated for each287

same-sign signal region.288

The fully leptonic tt̄ background in the signal regions
is obtained by extrapolating from the number of tt̄ events
in a suitable control region, after correcting for contami-
nation from non-tt̄ events, into the signal regions using a
MC ratio. The numbers of tt̄ events in a given control re-
gion are determined using a “top-tagging” algorithm. The
top-tagging requirement is imposed through the use of the
variable mCT [28]. This observable can be calculated from
the four-vectors of the selected jets and leptons:

m2
CT(v1, v2) = [ET(v1) + ET(v2)]

2

� [pT(v1)� pT(v2)]
2 , (1)

where v
i

can be a lepton (l), a jet (j), or a lepton-289

jet combination, transverse momentum vectors are de-290

fined by pT and transverse energies ET are defined as291

ET =
p

p2T +m2. The quantities mCT(j, j), mCT(l, l) and292

mCT(jl, jl) are bounded from above by analytical func-293

tions of the top quark and W boson masses. Top-tagged294

events are required to possess mCT values calculated from295

combinations of jets and leptons consistent with the ex-296

pected bounds from tt̄ events, as well as lepton-jet invari-297

ant mass values consistent with top quark decays, as de-298

scribed fully in Ref. [29]. The background contributions299

from fully-leptonic tt̄ in each opposite-sign signal region300

are obtained using three separate control regions (one for301

each signal region). All three control regions (for OS-302

SR1/FS-SR3, OS-SR2 and OS-SR3) require, in addition303

to the top-tagged lepton pairs, 60 < Emiss
T < 100 GeV,304

except in the e±e⌥ and µ±µ⌥ channels of OS-SR1, where305

80 < Emiss
T < 100 GeV is required. In the first (a control306

for OS-SR1/FS-SR3), no requirement is placed on the jets,307

while in the second (for OS-SR2) and third (for OS-SR3),308

three jets and four jets with pT > 40 GeV are required309

respectively. In these control regions, data and MC are in310

good agreement. Note that, in the first two signal regions311

for the flavour subtraction analysis (FS-SR1 and FS-SR2),312

the contribution from fully-leptonic tt̄ is taken from MC.313

Similarly, the contribution from Z/�⇤+jets events in the314

signal regions is estimated by extrapolating the number of315

Z/�⇤+jets events in a control region into the signal region316

4

1.04 fb-1
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Data are in good agreement with 
SM expectation for all signal 
regions
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Model independent limits on  

ETMiss+jets+2 lepton
results

The SS selection without jets is also 
sensitive to electroweak production 
of          , if  they decay to slepton:

Plot: cross section limit as a function of 
the mass of      and 

Limits assuming 100% BR in sleptons 
are also shown. 
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mis-reconstruction probabilities themselves. This system-428

atic makes up most of the total systematic uncertainty on429

the background yields in SS-SRx.430

Signal Region OS-SR1/FS-SR3 OS-SR2 OS-SR3
Statistical 7% 10% 21%
JES 11% 6% 6%
JER 1% 11% 15%
Generator 16% 13% 58%
ISR/FSR 20% 16% 26%
Total 27% 25% 68%

Table 2: A summary of the dominant systematic uncertainties on the
estimates of the fully-leptonic tt̄ event yields in each opposite-sign
signal region. The uncertainties are di↵erent in each signal region,
because each has a di↵erent control region.

9. Results and Interpretation431

9.1. Opposite and Same-sign Inclusive432

In Fig. 1 the Emiss
T distributions of selected opposite-sign433

and same-sign events after various jet-multiplicity require-434

ments are illustrated. The expected and observed numbers435

of events in each signal region are compared in Table 3, and436

are in good agreement with each other. Given the lack of437

a significant excess, the results are used to set limits in the438

opposite-sign and same-sign signal regions on �⇥✏⇥A, the439

product of the cross sections (�) for new phenomena, ac-440

ceptance (A, the fraction of events passing geometric and441

kinematic cuts at particle level) and e�ciencies (✏, detector442

reconstruction and identification e�ciency). Limits are set443

using the CL
s

prescription, as described in Ref. [32]. The444

resulting limits in each signal region for the opposite-sign445

and same-sign analyses are given in Table 3.446

Background Obs. 95% CL

OS-SR1 15.5 ± 1.2 ± 3.8 13 9.9 fb
OS-SR2 13.0 ± 1.8 ± 3.6 17 14.4 fb
OS-SR3 5.7 ± 1.1 ± 3.4 2 6.4 fb
SS-SR1 32.6 ± 4.4 ± 6.0 25 14.8 fb
SS-SR2 24.9 ± 4.1 ± 4.2 28 17.7 fb

Table 3: Predicted background events, the observed number of
events and the corresponding 95% CL upper limit on A⇥✏⇥�, calcu-
lated using the CL

s

technique, for each opposite-sign and same-sign
signal region.

The signal region SS-SR1 is particularly sensitive to low447

mass weak gaugino production and the resulting SUSY448

particle cascades into leptons. In Fig. 2 the upper cross449

section limits on �̃±
1 �̃

0
2 pair production, in the simpli-450

fied direct weak gaugino production models detailed in451

Ref. [33], are illustrated as a function of the �̃±
1 and452

LSP (�̃0
1) masses. The results in Fig. 2 are for slep-453

ton masses between the LSP and neutralino masses with454

the mass hierarchy, m
l̃

= m
�̃

0
1
+ 1

2 (m�̃

±
1

� m
�̃

0
1
) with455

m(�̃±
1 ) = m(�̃0

2). The masses for slepton flavours are456

assumed to be degenerate and the branching ratios for457

�̃±
1 ! l̃±⌫, ⌫̃l± and �̃0

2 ! l̃±l⌥ decay are set to one.458

Also shown are the observed and expected limit contours.459

For this production mode, leptons are produced in the460

cascades: �̃±
1 �̃

0
2 ! (⌫ l̃±)(l± l̃⌥) ! (⌫l±�̃0

1)(l
±l⌥�̃0

1) and461

�̃±
1 �̃

0
2 ! (l±⌫̃)(l± l̃⌥) ! (l±⌫�̃0

1)(l
±l⌥�̃0

1) (with equal462

branching ratios). The cross section for the point with463

m(�̃±
1 ) = m(�̃0

2) = 200 GeV is 0.51 pb [20]. Models in464

the low-mass region have acceptances of ⇠5-15% for LSP-465

�±
1 mass di↵erences from 50 to 200 GeV, and e�ciencies466

of ⇠20%. If slepton modes are dominant, charginos with467

masses up to 200 GeV are excluded, under the assumptions468

of these simplified models.
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Figure 2: 95% CL upper cross section limits (CL
s

) in pb and ob-
served and expected limit contours for �̃±

1 �̃0
2 production in direct

gaugino simplified models.

469

9.2. Flavour Subtraction Analysis470

In the flavour-subtraction analysis, limits are set on the
excess number of same-flavour events (multiplied by de-
tector acceptances and e�ciencies) in the appropriate sig-
nal regions. The flavour-subtraction limits are set using
pseudo-experiments. The same-flavour excess is quanti-
fied using the quantity S, defined as

S =
N(e±e⌥)

�(1� (1� ⌧
e

)2)
+

�N(µ±µ⌥)

(1� (1� ⌧
µ

)2)

� N(e±µ⌥)

1� (1� ⌧
e

)(1� ⌧
µ

)
, (2)

which measures the excess of same-flavour events (first two471

terms) over di↵erent-flavour events (third term), taking472

into account the ratio of electron to muon e�ciency times473

acceptance (�), and the electron and muon trigger e�cien-474

cies (⌧
e

and ⌧
µ

), under the assumption that the trigger475

scheme adopted for e±µ⌥ events is equivalent to a logi-476

cal OR of the electron and muon triggers. This quantity,477

S is e↵ectively the excess number of same-flavour events478

multiplied by detector acceptances and e�ciencies. The479
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mis-reconstruction probabilities themselves. This system-428

atic makes up most of the total systematic uncertainty on429

the background yields in SS-SRx.430

Signal Region OS-SR1/FS-SR3 OS-SR2 OS-SR3
Statistical 7% 10% 21%
JES 11% 6% 6%
JER 1% 11% 15%
Generator 16% 13% 58%
ISR/FSR 20% 16% 26%
Total 27% 25% 68%

Table 2: A summary of the dominant systematic uncertainties on the
estimates of the fully-leptonic tt̄ event yields in each opposite-sign
signal region. The uncertainties are di↵erent in each signal region,
because each has a di↵erent control region.

9. Results and Interpretation431

9.1. Opposite and Same-sign Inclusive432

In Fig. 1 the Emiss
T distributions of selected opposite-sign433

and same-sign events after various jet-multiplicity require-434

ments are illustrated. The expected and observed numbers435

of events in each signal region are compared in Table 3, and436

are in good agreement with each other. Given the lack of437

a significant excess, the results are used to set limits in the438

opposite-sign and same-sign signal regions on �⇥✏⇥A, the439

product of the cross sections (�) for new phenomena, ac-440

ceptance (A, the fraction of events passing geometric and441

kinematic cuts at particle level) and e�ciencies (✏, detector442

reconstruction and identification e�ciency). Limits are set443

using the CL
s

prescription, as described in Ref. [32]. The444

resulting limits in each signal region for the opposite-sign445

and same-sign analyses are given in Table 3.446

Background Obs. 95% CL

OS-SR1 15.5 ± 1.2 ± 3.8 13 9.9 fb
OS-SR2 13.0 ± 1.8 ± 3.6 17 14.4 fb
OS-SR3 5.7 ± 1.1 ± 3.4 2 6.4 fb
SS-SR1 32.6 ± 4.4 ± 6.0 25 14.8 fb
SS-SR2 24.9 ± 4.1 ± 4.2 28 17.7 fb

Table 3: Predicted background events, the observed number of
events and the corresponding 95% CL upper limit on A⇥✏⇥�, calcu-
lated using the CL

s

technique, for each opposite-sign and same-sign
signal region.

The signal region SS-SR1 is particularly sensitive to low447

mass weak gaugino production and the resulting SUSY448

particle cascades into leptons. In Fig. 2 the upper cross449

section limits on �̃±
1 �̃

0
2 pair production, in the simpli-450
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2 ! l̃±l⌥ decay are set to one.458
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2) = 200 GeV is 0.51 pb [20]. Models in464
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�±
1 mass di↵erences from 50 to 200 GeV, and e�ciencies466

of ⇠20%. If slepton modes are dominant, charginos with467

masses up to 200 GeV are excluded, under the assumptions468

of these simplified models.
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Figure 2: 95% CL upper cross section limits (CL
s

) in pb and ob-
served and expected limit contours for �̃±

1 �̃0
2 production in direct

gaugino simplified models.
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In the flavour-subtraction analysis, limits are set on the
excess number of same-flavour events (multiplied by de-
tector acceptances and e�ciencies) in the appropriate sig-
nal regions. The flavour-subtraction limits are set using
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mis-reconstruction probabilities themselves. This system-428

atic makes up most of the total systematic uncertainty on429

the background yields in SS-SRx.430

Signal Region OS-SR1/FS-SR3 OS-SR2 OS-SR3
Statistical 7% 10% 21%
JES 11% 6% 6%
JER 1% 11% 15%
Generator 16% 13% 58%
ISR/FSR 20% 16% 26%
Total 27% 25% 68%

Table 2: A summary of the dominant systematic uncertainties on the
estimates of the fully-leptonic tt̄ event yields in each opposite-sign
signal region. The uncertainties are di↵erent in each signal region,
because each has a di↵erent control region.

9. Results and Interpretation431

9.1. Opposite and Same-sign Inclusive432

In Fig. 1 the Emiss
T distributions of selected opposite-sign433

and same-sign events after various jet-multiplicity require-434

ments are illustrated. The expected and observed numbers435

of events in each signal region are compared in Table 3, and436

are in good agreement with each other. Given the lack of437

a significant excess, the results are used to set limits in the438

opposite-sign and same-sign signal regions on �⇥✏⇥A, the439

product of the cross sections (�) for new phenomena, ac-440

ceptance (A, the fraction of events passing geometric and441

kinematic cuts at particle level) and e�ciencies (✏, detector442

reconstruction and identification e�ciency). Limits are set443

using the CL
s

prescription, as described in Ref. [32]. The444

resulting limits in each signal region for the opposite-sign445

and same-sign analyses are given in Table 3.446

Background Obs. 95% CL

OS-SR1 15.5 ± 1.2 ± 3.8 13 9.9 fb
OS-SR2 13.0 ± 1.8 ± 3.6 17 14.4 fb
OS-SR3 5.7 ± 1.1 ± 3.4 2 6.4 fb
SS-SR1 32.6 ± 4.4 ± 6.0 25 14.8 fb
SS-SR2 24.9 ± 4.1 ± 4.2 28 17.7 fb

Table 3: Predicted background events, the observed number of
events and the corresponding 95% CL upper limit on A⇥✏⇥�, calcu-
lated using the CL

s

technique, for each opposite-sign and same-sign
signal region.
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mass weak gaugino production and the resulting SUSY448

particle cascades into leptons. In Fig. 2 the upper cross449

section limits on �̃±
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2 ! l̃±l⌥ decay are set to one.458
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mis-reconstruction probabilities themselves. This system-428

atic makes up most of the total systematic uncertainty on429

the background yields in SS-SRx.430

Signal Region OS-SR1/FS-SR3 OS-SR2 OS-SR3
Statistical 7% 10% 21%
JES 11% 6% 6%
JER 1% 11% 15%
Generator 16% 13% 58%
ISR/FSR 20% 16% 26%
Total 27% 25% 68%

Table 2: A summary of the dominant systematic uncertainties on the
estimates of the fully-leptonic tt̄ event yields in each opposite-sign
signal region. The uncertainties are di↵erent in each signal region,
because each has a di↵erent control region.
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lated using the CL
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SUSY particles on their decay chains. In regions of parameter
space with small mass splittings between states, the modelling
of initial state radiation can a!ect the signal significance. This
modelling is taken from HERWIG without modification.
In the limit of light neutralinos, with the assumption that the

coloured sparticles are directly produced and decay directly to
jets and !̃01, the limits on the gluino and squark masses are ap-
proximately 700 GeV and 875 GeV respectively for squark or
gluino masses below 2 TeV, rising to 1075 GeV if the squarks
and gluinos are assumed to be mass-degenerate. These limits
remain essentially unchanged if the !̃01 mass is raised as high
as 200 GeV. In the case of a specific SUSY-breaking scenario,
i.e. CMSSM/MSUGRA with tan " = 10, A0 = 0, µ > 0, the
limit on m1/2 reaches 460 GeV for low values of m0, and equal
mass squarks and gluinos are excluded below 950 GeV. The use
of signal selections sensitive to larger jet multiplicities than in
[5] has improved the ATLAS reach at large m0. The five sig-
nal regions are used to set limits on #new = #A$, for non-SM
cross-sections (#) for which ATLAS has an acceptance A and a
detection e"ciency of $ [44]. The excluded values of #new are
22 fb, 25 fb, 429 fb, 27 fb and 17 fb, respectively, at the 95%
confidence level.

8. Summary

This Letter reports a search for new physics in final states
containing high-pT jets, missing transverse momentum and no
electrons or muons with pT > 20 GeV. Data recorded by the
ATLAS experiment a the LHC, corresponding to an integrated
luminosity of 1.04 fb!1 have been used. Good agreement is
seen between the numbers of events observed in the five signal
regions and the numbers of events expected from SM sources.
The exclusion limits placed on non-SM cross sections impose
new constraints on scenarios with novel physics.
The results are interpreted in both a simplified model con-

taining only squarks of the first two generations, a gluino octet
and a massless neutralino, as well as in MSUGRA/CMSSM
models with tan " = 10, A0 = 0 and µ > 0. In the sim-
plified model, gluino and squark masses below 700 GeV and
875 GeV respectively are excluded at the 95% confidence level
for squark or gluino masses below 2 TeV, with the limit increas-
ing to 1075 GeV for equal mass squarks and gluinos. In the
MSUGRA/CMSSM models, equal mass squarks and gluinos
are excluded below 950 GeV.
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Targeting gluino pair production followed by either g → bb → bb      or g → bb

In many models, the third squark generation is the lightest and these decay modes 

might have branching ratios close to 100% 
Cuts: ETMiss > 130 GeV, leading jet pT > 130 GeV, >= 3 jets with pT > 50 GeV, no 
lepton, ∆   (ETMiss,jets) > 0.4, ETMiss/Meff > 0.25

Number of  b-jets and meff cut define 4 signal regions 

Dominant background is ttbar for all SR; normalized with data in a CR with one 
lepton and 40 < MT(lep,ETMiss) < 80 GeV; TF from MC

ETMiss+b-jets+0 lepton
selections and backgrounds

Sig. Reg. Data (0.83 fb!1) Top W/Z QCD Total
3JA (1 btag meff >500 GeV) 361 221+82

!68 121±61 15±7 356+103
!92

3JB (1 btag meff >700 GeV) 63 37+15
!12 31±19 1.9±0.9 70+24

!22
3JC (2 btag meff >500 GeV) 76 55+25

!22 20±12 3.6±1.8 79+28
!25

3JD (2 btag meff >700 GeV) 12 7.8+3.5
!2.9 5±4 0.5±0.3 13.0+5.6

!5.2

Table 2: Summary observed and expected event yields in the four signal regions. The QCD
prediction is based on the jet smearing method described in the text. Systematic uncertainties
for the Standard Model predictions are given.

translated into 95% C.L. upper limits on contributions from new physics. Limits are derived
using the CLs [41] method, while the power constrained limit (PCL) [42] method is used for
comparison with previous ATLAS results. Upper limits at 95% C.L. on the number of signal
events are converted into model-independent 95% C.L. upper limits on the effective cross sec-
tions for new processes. The results in Table 3 show that the region 3JD provides the most
stringent effective cross section upper limit of 17 fb.

Sig. Reg. 95% C.L. N events 95% C.L. σe f f (pb)

CLs (PCL) CLs (PCL)
3JA (1 btag meff >500 GeV) 240 (206) 0.288 (0.247)

3JB (1 btag meff >700 GeV) 51 (40) 0.061 (0.048)

3JC (2 btag meff >500 GeV) 65 (53) 0.078 (0.064)

3JD (2 btag meff >700 GeV) 14 (11) 0.017 (0.014)

Table 3: 95% C.L. upper limits on the non-SM contributions to the four signal regions. The
corresponding PCL limits are given in parenthesis. Limits are given on the number of signal
events and in terms of effective cross sections. The systematic uncertainties on the SM back-
ground estimation discussed in Section 5 are included.

The results are also interpreted in terms of 95% C.L. exclusion limits for several SUSY sce-
narios. In Figure 4 the observed and expected exclusion regions are shown in the (mg̃,mb̃1

) plane

for the hypothesis that the lightest squark b̃1 is produced via gluino-mediated or direct pair
production and decays exclusively via b̃1 " bχ̃01 . The NLO cross sections are calculated using
PROSPINO. For each scenario, the signal region resulting in the best expected exclusion limit
is used: the selection 3JD provides the best sensitivity in most cases. If ΔM(g̃! b̃1) < 100 GeV,
signal regions with 1 b-tag are preferred, due to the lower number of expected b-jets above pT
thresholds. The regions 3JA and 3JB provide the best sensitivity when mg̃ # mb̃1

and sbottom

pair production dominates. All systematic uncertainties on the signal and background con-
tributions are taken into account in these limits and include the fully correlated detector-type
uncertainties (JES, b-tagging, trigger, pile-up effects, luminosity) as well as the theoretical un-
certainties on the signal (Renormalization/Factorization scale and PDF). Gluino masses below
720 GeV are excluded for sbottom masses up to 600 GeV. The exclusion is less stringent in the
region with low ΔM(g̃! b̃1), where low EmissT is expected. This search extends the previous AT-
LAS exclusion limit in the same scenario by about 130 GeV (180 GeV if using the same limit
setting procedure).
Results are also interpreted in the context of simplified models. In this case, all the squarks
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SUSY particles on their decay chains. In regions of parameter
space with small mass splittings between states, the modelling
of initial state radiation can a!ect the signal significance. This
modelling is taken from HERWIG without modification.
In the limit of light neutralinos, with the assumption that the

coloured sparticles are directly produced and decay directly to
jets and !̃01, the limits on the gluino and squark masses are ap-
proximately 700 GeV and 875 GeV respectively for squark or
gluino masses below 2 TeV, rising to 1075 GeV if the squarks
and gluinos are assumed to be mass-degenerate. These limits
remain essentially unchanged if the !̃01 mass is raised as high
as 200 GeV. In the case of a specific SUSY-breaking scenario,
i.e. CMSSM/MSUGRA with tan " = 10, A0 = 0, µ > 0, the
limit on m1/2 reaches 460 GeV for low values of m0, and equal
mass squarks and gluinos are excluded below 950 GeV. The use
of signal selections sensitive to larger jet multiplicities than in
[5] has improved the ATLAS reach at large m0. The five sig-
nal regions are used to set limits on #new = #A$, for non-SM
cross-sections (#) for which ATLAS has an acceptance A and a
detection e"ciency of $ [44]. The excluded values of #new are
22 fb, 25 fb, 429 fb, 27 fb and 17 fb, respectively, at the 95%
confidence level.

8. Summary

This Letter reports a search for new physics in final states
containing high-pT jets, missing transverse momentum and no
electrons or muons with pT > 20 GeV. Data recorded by the
ATLAS experiment a the LHC, corresponding to an integrated
luminosity of 1.04 fb!1 have been used. Good agreement is
seen between the numbers of events observed in the five signal
regions and the numbers of events expected from SM sources.
The exclusion limits placed on non-SM cross sections impose
new constraints on scenarios with novel physics.
The results are interpreted in both a simplified model con-

taining only squarks of the first two generations, a gluino octet
and a massless neutralino, as well as in MSUGRA/CMSSM
models with tan " = 10, A0 = 0 and µ > 0. In the sim-
plified model, gluino and squark masses below 700 GeV and
875 GeV respectively are excluded at the 95% confidence level
for squark or gluino masses below 2 TeV, with the limit increas-
ing to 1075 GeV for equal mass squarks and gluinos. In the
MSUGRA/CMSSM models, equal mass squarks and gluinos
are excluded below 950 GeV.
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candidates are reconstructed using the anti-kt jet clustering al-
gorithm [9, 10] with a distance parameter of 0.4. The inputs
to this algorithm are three-dimensional clusters of calorime-
ter cells [11] seeded by those with energy significantly above
the measured noise. Jet momenta are constructed by perform-
ing a four-vector sum over these cell clusters, treating each as
an (E, !p) four-vector with zero mass. These jets are corrected
for the e!ects of calorimeter non-compensation and inhomo-
geneities by using pT and "-dependent calibration factors based
on Monte Carlo (MC) and validated with extensive test-beam
and collision-data studies [12]. Furthermore, the reconstructed
jet is modified such that the jet direction points to the primary
vertex, defined as the vertex with the highest summed track p2

T,
instead of the geometrical centre of the ATLAS detector. Only
jet candidates with corrected transverse momenta pT > 20 GeV
are subsequently retained. For 84% of the data used, a tempo-
rary electronics failure in the LAr barrel calorimeter created a
dead region in the second and third longitudinal layers, approx-
imately 1.4 ! 0.2 in "" ! "#, in which on average 30% of the
incident jet energy is lost. The impact on the reconstruction ef-
ficiency for pT > 20 GeV jets is found to be negligible. If any
of the four leading jets fall into this region the event is rejected,
causing a loss of signal acceptance which is smaller than 15%
for the models considered here.

Electron candidates are required to have pT > 20 GeV, have
|"| < 2.47, and pass the ‘medium’ shower shape and track se-
lection criteria of Ref. [13]. Muon candidates [13] are required
to have pT > 10 GeV and |"| < 2.4. Since no use is made of
tau-lepton candidates in this analysis, in the following the term
lepton will refer only to electrons and muons.

The measurement of the missing transverse momentum two-
dimensional vector !P miss

T (and its magnitude Emiss
T ) is then

based on the transverse momenta of all electron and muon can-
didates, all jets which are not also electron candidates, and all
calorimeter clusters with |"| < 4.5 not associated to such ob-
jects.

Following the steps above, overlaps between candidate jets
with |"| < 2.8 and leptons are resolved using the method of
Ref. [14] as follows. First, any such jet candidate lying within
a distance "R =

!

("")2 + ("#)2 = 0.2 of an electron is dis-
carded: then any electron or muon candidate remaining within
a distance "R = 0.4 of any surviving jet candidate is discarded.
Next, all jet candidates with |"| > 2.8 are discarded. Thereafter,
the electron, muon and jet candidates surviving this procedure
are considered as “reconstructed”, and the term “candidate” is
dropped.

4. Event Selection

Following the object reconstruction described above, events
are discarded if they contain any electrons or muons with pT >
20 GeV, or any jets failing quality selection criteria designed to
suppress detector noise and non-collision backgrounds (see e.g.
Ref. [15]), or if the reconstructed primary vertex is associated
with fewer than five tracks.

In order to achieve maximal reach over the (mg̃,mq̃)-plane,
five signal regions are defined. Squarks typically generate

Signal Region " 2-jet " 3-jet " 4-jet High mass
Emiss

T > 130 > 130 > 130 > 130
Leading jet pT > 130 > 130 > 130 > 130
Second jet pT > 40 > 40 > 40 > 80
Third jet pT – > 40 > 40 > 80
Fourth jet pT – – > 40 > 80
"#(jet, !P miss

T )min > 0.4 > 0.4 > 0.4 > 0.4
Emiss

T /me! > 0.3 > 0.25 > 0.25 > 0.2
me! > 1000 > 1000 > 500/1000 > 1100

Table 1: Criteria for admission to each of the five overlapping signal regions
(me! , Emiss

T and pT in GeV). All variables are defined in Section 4. The me! is
defined with a variable number of jets, appropriate to each signal region. In the
high mass selection, all jets with pT > 40 GeV are used to compute the me!
value used in the final cut. The "# cut is only applied up to the third leading
jet.

at least one jet in their decays, for instance through q̃ #
q$̃0

1, while gluinos typically generate at least two, for instance
through g̃ # q  q$̃0

1. Processes contributing to q̃q̃, q̃g̃ and g̃g̃ fi-
nal states therefore lead to events containing at least two, three
or four jets, respectively. Cascade decays of heavy particles
tend to increase the final state multiplicity. Four signal re-
gions characterized by increasing jet multiplicity requirements
are therefore defined as shown in Table 1, with the leading jet
having pT > 130 GeV, and other jets pT > 40 GeV. The ef-
fective mass, me!, is calculated as the sum of Emiss

T and the
magnitudes of the transverse momenta of the two, three or four
highest pT jets used to define the signal region. Two four-jet
signal regions are defined requiring me! > 500 GeV (opti-
mised for small mass di!erences between SUSY mass states)
and me! > 1000 GeV (optimised for higher mass di!erences).
In addition, a fifth ‘high mass’ signal region is derived from the
four-jet sample, with more stringent requirements on the pT of
the non-leading jets (> 80 GeV) and on me! (> 1100 GeV),
in order to give maximal reach in the SUSY mass spectrum.
For this latter signal region the transverse momenta of all jets
with pT > 40 GeV are used to compute me! . In Table 1,
"#(jet, !P miss

T )min is the smallest of the azimuthal separations be-
tween !P miss

T and jets with pT > 40 GeV (all reconstructed jets
up to a maximum of three, in descending order of pT). Re-
quirements on "#(jet, !P miss

T )min and Emiss
T /me! are designed to

reduce the background from multi-jet processes.

5. Backgrounds, Simulation and Normalisation

Standard Model background processes contribute to the
event counts in the signal regions. The dominant sources are:
W+jets, Z+jets, top pair, single top, and multi-jet produc-
tion. Non-collision backgrounds have been found to be neg-
ligible. The majority of the W+jets background is composed of
W # %& events, or W # e&, µ& events in which no electron or
muon candidate is reconstructed. The largest part of the Z+jets
background comes from the irreducible component in which
Z # & & decays generate large Emiss

T . Hadronic % decays in

2

0.83 fb-1
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Effective mass, 1 bjet selection

Sig. Reg. Data (0.83 fb!1) Top W/Z QCD Total
3JA (1 btag meff >500 GeV) 361 221+82

!68 121±61 15±7 356+103
!92

3JB (1 btag meff >700 GeV) 63 37+15
!12 31±19 1.9±0.9 70+24

!22
3JC (2 btag meff >500 GeV) 76 55+25

!22 20±12 3.6±1.8 79+28
!25

3JD (2 btag meff >700 GeV) 12 7.8+3.5
!2.9 5±4 0.5±0.3 13.0+5.6

!5.2

Table 2: Summary observed and expected event yields in the four signal regions. The QCD
prediction is based on the jet smearing method described in the text. Systematic uncertainties
for the Standard Model predictions are given.

translated into 95% C.L. upper limits on contributions from new physics. Limits are derived
using the CLs [41] method, while the power constrained limit (PCL) [42] method is used for
comparison with previous ATLAS results. Upper limits at 95% C.L. on the number of signal
events are converted into model-independent 95% C.L. upper limits on the effective cross sec-
tions for new processes. The results in Table 3 show that the region 3JD provides the most
stringent effective cross section upper limit of 17 fb.

Sig. Reg. 95% C.L. N events 95% C.L. σe f f (pb)

CLs (PCL) CLs (PCL)
3JA (1 btag meff >500 GeV) 240 (206) 0.288 (0.247)

3JB (1 btag meff >700 GeV) 51 (40) 0.061 (0.048)

3JC (2 btag meff >500 GeV) 65 (53) 0.078 (0.064)

3JD (2 btag meff >700 GeV) 14 (11) 0.017 (0.014)

Table 3: 95% C.L. upper limits on the non-SM contributions to the four signal regions. The
corresponding PCL limits are given in parenthesis. Limits are given on the number of signal
events and in terms of effective cross sections. The systematic uncertainties on the SM back-
ground estimation discussed in Section 5 are included.

The results are also interpreted in terms of 95% C.L. exclusion limits for several SUSY sce-
narios. In Figure 4 the observed and expected exclusion regions are shown in the (mg̃,mb̃1

) plane

for the hypothesis that the lightest squark b̃1 is produced via gluino-mediated or direct pair
production and decays exclusively via b̃1 " bχ̃01 . The NLO cross sections are calculated using
PROSPINO. For each scenario, the signal region resulting in the best expected exclusion limit
is used: the selection 3JD provides the best sensitivity in most cases. If ΔM(g̃! b̃1) < 100 GeV,
signal regions with 1 b-tag are preferred, due to the lower number of expected b-jets above pT
thresholds. The regions 3JA and 3JB provide the best sensitivity when mg̃ # mb̃1

and sbottom

pair production dominates. All systematic uncertainties on the signal and background con-
tributions are taken into account in these limits and include the fully correlated detector-type
uncertainties (JES, b-tagging, trigger, pile-up effects, luminosity) as well as the theoretical un-
certainties on the signal (Renormalization/Factorization scale and PDF). Gluino masses below
720 GeV are excluded for sbottom masses up to 600 GeV. The exclusion is less stringent in the
region with low ΔM(g̃! b̃1), where low EmissT is expected. This search extends the previous AT-
LAS exclusion limit in the same scenario by about 130 GeV (180 GeV if using the same limit
setting procedure).
Results are also interpreted in the context of simplified models. In this case, all the squarks
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SUSY particles on their decay chains. In regions of parameter
space with small mass splittings between states, the modelling
of initial state radiation can a!ect the signal significance. This
modelling is taken from HERWIG without modification.
In the limit of light neutralinos, with the assumption that the

coloured sparticles are directly produced and decay directly to
jets and !̃01, the limits on the gluino and squark masses are ap-
proximately 700 GeV and 875 GeV respectively for squark or
gluino masses below 2 TeV, rising to 1075 GeV if the squarks
and gluinos are assumed to be mass-degenerate. These limits
remain essentially unchanged if the !̃01 mass is raised as high
as 200 GeV. In the case of a specific SUSY-breaking scenario,
i.e. CMSSM/MSUGRA with tan " = 10, A0 = 0, µ > 0, the
limit on m1/2 reaches 460 GeV for low values of m0, and equal
mass squarks and gluinos are excluded below 950 GeV. The use
of signal selections sensitive to larger jet multiplicities than in
[5] has improved the ATLAS reach at large m0. The five sig-
nal regions are used to set limits on #new = #A$, for non-SM
cross-sections (#) for which ATLAS has an acceptance A and a
detection e"ciency of $ [44]. The excluded values of #new are
22 fb, 25 fb, 429 fb, 27 fb and 17 fb, respectively, at the 95%
confidence level.

8. Summary

This Letter reports a search for new physics in final states
containing high-pT jets, missing transverse momentum and no
electrons or muons with pT > 20 GeV. Data recorded by the
ATLAS experiment a the LHC, corresponding to an integrated
luminosity of 1.04 fb!1 have been used. Good agreement is
seen between the numbers of events observed in the five signal
regions and the numbers of events expected from SM sources.
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Targeting gluino pair production followed by either g → tt → t b     or g → tt 

If  allowed, g → tt → tt      has larger acceptance = limits will be conservative.

Cuts: One electron or muon with pT > 25/20 GeV, ETMiss > 80 GeV, >= 4 jets with pT > 50 
GeV, meff > 600 GeV 

CR for dominant top pair background:  same as CR but 40 < MT(lep,ETMiss) < 100 GeV.

ETMiss+b-jets+1 lepton

transverse mass for the signal region events

Results:
54.9 ± 13.6 events expected in signal region

74 events observed 

SUSY particles on their decay chains. In regions of parameter
space with small mass splittings between states, the modelling
of initial state radiation can a!ect the signal significance. This
modelling is taken from HERWIG without modification.
In the limit of light neutralinos, with the assumption that the

coloured sparticles are directly produced and decay directly to
jets and !̃01, the limits on the gluino and squark masses are ap-
proximately 700 GeV and 875 GeV respectively for squark or
gluino masses below 2 TeV, rising to 1075 GeV if the squarks
and gluinos are assumed to be mass-degenerate. These limits
remain essentially unchanged if the !̃01 mass is raised as high
as 200 GeV. In the case of a specific SUSY-breaking scenario,
i.e. CMSSM/MSUGRA with tan " = 10, A0 = 0, µ > 0, the
limit on m1/2 reaches 460 GeV for low values of m0, and equal
mass squarks and gluinos are excluded below 950 GeV. The use
of signal selections sensitive to larger jet multiplicities than in
[5] has improved the ATLAS reach at large m0. The five sig-
nal regions are used to set limits on #new = #A$, for non-SM
cross-sections (#) for which ATLAS has an acceptance A and a
detection e"ciency of $ [44]. The excluded values of #new are
22 fb, 25 fb, 429 fb, 27 fb and 17 fb, respectively, at the 95%
confidence level.

8. Summary

This Letter reports a search for new physics in final states
containing high-pT jets, missing transverse momentum and no
electrons or muons with pT > 20 GeV. Data recorded by the
ATLAS experiment a the LHC, corresponding to an integrated
luminosity of 1.04 fb!1 have been used. Good agreement is
seen between the numbers of events observed in the five signal
regions and the numbers of events expected from SM sources.
The exclusion limits placed on non-SM cross sections impose
new constraints on scenarios with novel physics.
The results are interpreted in both a simplified model con-

taining only squarks of the first two generations, a gluino octet
and a massless neutralino, as well as in MSUGRA/CMSSM
models with tan " = 10, A0 = 0 and µ > 0. In the sim-
plified model, gluino and squark masses below 700 GeV and
875 GeV respectively are excluded at the 95% confidence level
for squark or gluino masses below 2 TeV, with the limit increas-
ing to 1075 GeV for equal mass squarks and gluinos. In the
MSUGRA/CMSSM models, equal mass squarks and gluinos
are excluded below 950 GeV.
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group generators and violation of P invariance,
JETP Lett. 13 (1971) 323-326.
A. Neveu and J.H. Schwartz, Factorizable dual model of pions,
Nucl. Phys. B31 (1971) 86-112.
A. Neveu and J.H. Schwartz, Quark model of dual pions,
Phys. Rev. D4 (1971) 1109-1111.
P. Ramond, Dual theory for free fermions,
Phys. Rev. D3 (1971) 2415-2418.
D.V. Volkov and V.P. Akulov, Di!ractive dissociation of composite
particles, Phys. Lett. B46 (1973) 109-130.
J. Wess and B. Zumino, Light cone approach to positivity bounds on
structure functions for deep inelastic lepton scattering in Weinberg’s
theory, Phys. Lett. B49 (1974) 52-60.
J. Wess and B. Zumino, Supergauge transformations in four dimensions,
Nucl. Phys. B70 (1974) 39-50.

[3] P. Fayet, Spontaneously broken supersymmetric theories of weak,
electromagnetic and strong interactions, Phys. Lett. B69 (1977) 489.
G. R. Farrar and P. Fayet, Phenomenology of the production, decay, and
detection of new hadronic states associated with supersymmetry,
Phys. Lett. B76 (1978) 575.

[4] ATLAS Collaboration, Search for supersymmetry using final states with
one lepton, jets, and missing transverse momentum with the ATLAS
detector in

"
s = 7 TeV pp collisions,

Phys. Rev. Lett. 102 (2011) 131802, arXiv:1102.2357 [hep-ex].
[5] ATLAS Collaboration, Search for squarks and gluinos using final states

with jets and missing transverse momentum with the ATLAS detector in"
s = 7 TeV proton-proton collisions, Phys. Lett. B 701 (2011) 186,

arXiv:1102.5290 [hep-ex].
[6] CMS Collaboration, Search for Supersymmetry in pp Collisions at 7 TeV

in Events with Jets and Missing Transverse Energy,
Phys. Lett. B698 (2011) 196–218, arXiv:1101.1628 [hep-ex].
CMS Collaboration, Search for New Physics with Jets and Missing
Transverse Momentum in pp collisions at

"
s = 7 TeV ,

arXiv:1106.4503 [hep-ex].
CMS Collaboration, Inclusive search for squarks and gluinos in pp

7

SUSY particles on their decay chains. In regions of parameter
space with small mass splittings between states, the modelling
of initial state radiation can a!ect the signal significance. This
modelling is taken from HERWIG without modification.
In the limit of light neutralinos, with the assumption that the

coloured sparticles are directly produced and decay directly to
jets and !̃01, the limits on the gluino and squark masses are ap-
proximately 700 GeV and 875 GeV respectively for squark or
gluino masses below 2 TeV, rising to 1075 GeV if the squarks
and gluinos are assumed to be mass-degenerate. These limits
remain essentially unchanged if the !̃01 mass is raised as high
as 200 GeV. In the case of a specific SUSY-breaking scenario,
i.e. CMSSM/MSUGRA with tan " = 10, A0 = 0, µ > 0, the
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cross-sections (#) for which ATLAS has an acceptance A and a
detection e"ciency of $ [44]. The excluded values of #new are
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ATLAS experiment a the LHC, corresponding to an integrated
luminosity of 1.04 fb!1 have been used. Good agreement is
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regions and the numbers of events expected from SM sources.
The exclusion limits placed on non-SM cross sections impose
new constraints on scenarios with novel physics.
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875 GeV respectively are excluded at the 95% confidence level
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mostly a!ect the behavior of the third generation of
squarks and sleptons, for which dedicated analyses are
developed. ISAJET [23] is used to calculate the SUSY
particle mass spectrum at the electroweak scale. For
illustration purposes, the expected signal distributions
of the MSUGRA/CMSSM model point m0 = 500 GeV,
m1/2 = 330 GeV, which is close to the expected sensitiv-
ity limit, are shown in the figures of this paper.
Simplified models [24, 25] are characterized by well de-

fined SUSY particle production and decay modes, and a
minimal particle content for the final state under study.
This can be achieved by assuming that all SUSY particles
not of interest to a specific model are very massive and
decouple. In order to achieve a final state with leptons,
the simplified models considered here contain a chargino
decaying to the lightest neutralino (LSP) and an on-shell

or o!-shell W boson: !̃± ! W (!)!̃0. The chargino arises
from the decay of a squark or a gluino, via one of the
following two models considered:

• In the mass hierarchy corresponding to sequential
squark-chargino-neutralino decay, hereafter called
the squark model, the decay chain q̃ ! q"!̃± !
q"W (!)!̃0

is assumed to have a 100% branch-
ing fraction, and only first- and second-generation
squark-squark and squark-antisquark production is
considered. This is achieved by setting all other
SUSY particle masses, including those of third gen-
eration squarks, to multi-TeV values. This model
is characterized by three free parameters: mq̃, m!̃0 ,
and x = (m!̃± "m!̃0)/(mq̃ "m!̃0).

• In the gluino-chargino-neutralino model, hereafter
called gluino model, the decay chain g̃ ! qq̄!̃

± !
qq̄W (!)!̃0

is assumed to have a 100% branching
fraction, and only gluino-gluino production is con-
sidered. This is achieved by setting all other SUSY
particle masses, including those of all squarks, to
multi-TeV values. This model is also character-
ized by three free parameters: mg̃, m!̃0 , and x =
(m!̃± "m!̃0)/(mg̃ "m!̃0).

The assumption of massive third generation squarks in
the squark model is motivated by the fact that the phe-
nomenology of light third generation squarks (production
of top and/or bottom quarks) is covered by a separate
dedicated analysis [7]. For each choice of the three free
parameters in the simplified models, the sparticle mass
spectrum at the weak scale, and the sparticle decays are
fully specified. Simplified models are used to identify the
limits of the e!ectiveness of the search, characterize a
possible excess in data, and derive limits. Constraints on
a wide variety of models can be deduced from limits on
simplified models [25].
The MSUGRA/CMSSM model and the simplified

models assume R-parity conservation. Additionally, re-
sults are interpreted in a model that allows for bilin-
ear R-parity breaking terms in the superpotential [22].
Such terms lead to non-vanishing vacuum expectation

values for the sneutrinos which in turn induce a mixing
between neutrinos and neutralinos, thus providing a phe-
nomenologically viable alternative to the origin of neu-
trino mass and mixing [26, 27]. In the study presented
here, the R-parity violating couplings are embedded in
an MSUGRA/CMSSM SUSY production model. For a
chosen set of MSUGRA parameters, the bRPV parame-
ters are unambiguously determined under the tree-level
dominance scenario [28] by fitting them to the neutrino
oscillations data as described in Ref. [29]. The neutralino
LSP is unstable and decays within the detector through
decay modes that predominantly include neutrinos [30].
Such decays along with the presence of neutrinos in SUSY
decay chains such as !̃± ! "#!̃0 lead to significant miss-
ing transverse momentum. However, this model was not
used to optimize the selection. Only the muon selection
is considered in this analysis since in the leptonic decays
of the LSP, the electron channels are highly suppressed in
favor of the µ- and $ -producing modes. Scenarios lead-
ing to a long lifetime (c$ ># 15 mm) of the LSP are not
considered here.

III. THE ATLAS DETECTOR

ATLAS [31] is a particle physics detector with a
forward-backward symmetric cylindrical geometry and
near 4% coverage in solid angle [32]. The inner detec-
tor (ID) consists of a silicon pixel detector, a silicon
microstrip detector (SCT), and a transition radiation
tracker (TRT). The ID is surrounded by a thin super-
conducting solenoid providing a 2 T magnetic field, and
by high-granularity liquid-argon (LAr) sampling electro-
magnetic calorimeters. Hadron calorimetry is provided
by an iron-scintillator tile calorimeter in the central ra-
pidity range. The end-cap and forward regions are in-
strumented with LAr calorimeters for both electromag-
netic and hadronic measurements. The muon spectrome-
ter (MS) is based on three large superconducting toroids
arranged with an eight-fold azimuthal coil symmetry
around the calorimeters, and a system of three stations
of chambers for the trigger and chambers for precise mea-
surements.

IV. MONTE CARLO SIMULATION

MC simulations are used to develop the analysis,
extrapolate backgrounds from the control to the sig-
nal regions, and to assess sensitivity to specific SUSY
signal models. Samples of W and Z/&! produc-
tion with accompanying jets are simulated with ALP-
GEN [33], using the CTEQ6L1 [34] parton density func-
tions (PDFs). Top quark pair production is simu-
lated with MC@NLO [35] and the next-to-leading or-
der (NLO) PDF set CTEQ6.6 [36], which is used for
all NLO MC. Single top production is simulated with
MC@NLO. Fragmentation and hadronisation for the

1.03 fb-1
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ETMiss+b-jets+1 lepton
interpretation

Limits on gluino and stop masses, assuming 
m(    ) = 60 GeV, m(   ) = 2m(    ),           
BR(g → t t) = BR(t → b     ) = 100%, and 
BR(     →       l nu) = 11%

Limits on gluino and neutralino masses, three 
body decay g → t t 

SUSY particles on their decay chains. In regions of parameter
space with small mass splittings between states, the modelling
of initial state radiation can a!ect the signal significance. This
modelling is taken from HERWIG without modification.
In the limit of light neutralinos, with the assumption that the

coloured sparticles are directly produced and decay directly to
jets and !̃01, the limits on the gluino and squark masses are ap-
proximately 700 GeV and 875 GeV respectively for squark or
gluino masses below 2 TeV, rising to 1075 GeV if the squarks
and gluinos are assumed to be mass-degenerate. These limits
remain essentially unchanged if the !̃01 mass is raised as high
as 200 GeV. In the case of a specific SUSY-breaking scenario,
i.e. CMSSM/MSUGRA with tan " = 10, A0 = 0, µ > 0, the
limit on m1/2 reaches 460 GeV for low values of m0, and equal
mass squarks and gluinos are excluded below 950 GeV. The use
of signal selections sensitive to larger jet multiplicities than in
[5] has improved the ATLAS reach at large m0. The five sig-
nal regions are used to set limits on #new = #A$, for non-SM
cross-sections (#) for which ATLAS has an acceptance A and a
detection e"ciency of $ [44]. The excluded values of #new are
22 fb, 25 fb, 429 fb, 27 fb and 17 fb, respectively, at the 95%
confidence level.

8. Summary

This Letter reports a search for new physics in final states
containing high-pT jets, missing transverse momentum and no
electrons or muons with pT > 20 GeV. Data recorded by the
ATLAS experiment a the LHC, corresponding to an integrated
luminosity of 1.04 fb!1 have been used. Good agreement is
seen between the numbers of events observed in the five signal
regions and the numbers of events expected from SM sources.
The exclusion limits placed on non-SM cross sections impose
new constraints on scenarios with novel physics.
The results are interpreted in both a simplified model con-

taining only squarks of the first two generations, a gluino octet
and a massless neutralino, as well as in MSUGRA/CMSSM
models with tan " = 10, A0 = 0 and µ > 0. In the sim-
plified model, gluino and squark masses below 700 GeV and
875 GeV respectively are excluded at the 95% confidence level
for squark or gluino masses below 2 TeV, with the limit increas-
ing to 1075 GeV for equal mass squarks and gluinos. In the
MSUGRA/CMSSM models, equal mass squarks and gluinos
are excluded below 950 GeV.
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nal regions are used to set limits on #new = #A$, for non-SM
cross-sections (#) for which ATLAS has an acceptance A and a
detection e"ciency of $ [44]. The excluded values of #new are
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electrons or muons with pT > 20 GeV. Data recorded by the
ATLAS experiment a the LHC, corresponding to an integrated
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seen between the numbers of events observed in the five signal
regions and the numbers of events expected from SM sources.
The exclusion limits placed on non-SM cross sections impose
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The results are interpreted in both a simplified model con-

taining only squarks of the first two generations, a gluino octet
and a massless neutralino, as well as in MSUGRA/CMSSM
models with tan " = 10, A0 = 0 and µ > 0. In the sim-
plified model, gluino and squark masses below 700 GeV and
875 GeV respectively are excluded at the 95% confidence level
for squark or gluino masses below 2 TeV, with the limit increas-
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2

mostly a!ect the behavior of the third generation of
squarks and sleptons, for which dedicated analyses are
developed. ISAJET [23] is used to calculate the SUSY
particle mass spectrum at the electroweak scale. For
illustration purposes, the expected signal distributions
of the MSUGRA/CMSSM model point m0 = 500 GeV,
m1/2 = 330 GeV, which is close to the expected sensitiv-
ity limit, are shown in the figures of this paper.
Simplified models [24, 25] are characterized by well de-

fined SUSY particle production and decay modes, and a
minimal particle content for the final state under study.
This can be achieved by assuming that all SUSY particles
not of interest to a specific model are very massive and
decouple. In order to achieve a final state with leptons,
the simplified models considered here contain a chargino
decaying to the lightest neutralino (LSP) and an on-shell

or o!-shell W boson: !̃± ! W (!)!̃0. The chargino arises
from the decay of a squark or a gluino, via one of the
following two models considered:

• In the mass hierarchy corresponding to sequential
squark-chargino-neutralino decay, hereafter called
the squark model, the decay chain q̃ ! q"!̃± !
q"W (!)!̃0

is assumed to have a 100% branch-
ing fraction, and only first- and second-generation
squark-squark and squark-antisquark production is
considered. This is achieved by setting all other
SUSY particle masses, including those of third gen-
eration squarks, to multi-TeV values. This model
is characterized by three free parameters: mq̃, m!̃0 ,
and x = (m!̃± "m!̃0)/(mq̃ "m!̃0).

• In the gluino-chargino-neutralino model, hereafter
called gluino model, the decay chain g̃ ! qq̄!̃

± !
qq̄W (!)!̃0

is assumed to have a 100% branching
fraction, and only gluino-gluino production is con-
sidered. This is achieved by setting all other SUSY
particle masses, including those of all squarks, to
multi-TeV values. This model is also character-
ized by three free parameters: mg̃, m!̃0 , and x =
(m!̃± "m!̃0)/(mg̃ "m!̃0).

The assumption of massive third generation squarks in
the squark model is motivated by the fact that the phe-
nomenology of light third generation squarks (production
of top and/or bottom quarks) is covered by a separate
dedicated analysis [7]. For each choice of the three free
parameters in the simplified models, the sparticle mass
spectrum at the weak scale, and the sparticle decays are
fully specified. Simplified models are used to identify the
limits of the e!ectiveness of the search, characterize a
possible excess in data, and derive limits. Constraints on
a wide variety of models can be deduced from limits on
simplified models [25].
The MSUGRA/CMSSM model and the simplified

models assume R-parity conservation. Additionally, re-
sults are interpreted in a model that allows for bilin-
ear R-parity breaking terms in the superpotential [22].
Such terms lead to non-vanishing vacuum expectation

values for the sneutrinos which in turn induce a mixing
between neutrinos and neutralinos, thus providing a phe-
nomenologically viable alternative to the origin of neu-
trino mass and mixing [26, 27]. In the study presented
here, the R-parity violating couplings are embedded in
an MSUGRA/CMSSM SUSY production model. For a
chosen set of MSUGRA parameters, the bRPV parame-
ters are unambiguously determined under the tree-level
dominance scenario [28] by fitting them to the neutrino
oscillations data as described in Ref. [29]. The neutralino
LSP is unstable and decays within the detector through
decay modes that predominantly include neutrinos [30].
Such decays along with the presence of neutrinos in SUSY
decay chains such as !̃± ! "#!̃0 lead to significant miss-
ing transverse momentum. However, this model was not
used to optimize the selection. Only the muon selection
is considered in this analysis since in the leptonic decays
of the LSP, the electron channels are highly suppressed in
favor of the µ- and $ -producing modes. Scenarios lead-
ing to a long lifetime (c$ ># 15 mm) of the LSP are not
considered here.

III. THE ATLAS DETECTOR

ATLAS [31] is a particle physics detector with a
forward-backward symmetric cylindrical geometry and
near 4% coverage in solid angle [32]. The inner detec-
tor (ID) consists of a silicon pixel detector, a silicon
microstrip detector (SCT), and a transition radiation
tracker (TRT). The ID is surrounded by a thin super-
conducting solenoid providing a 2 T magnetic field, and
by high-granularity liquid-argon (LAr) sampling electro-
magnetic calorimeters. Hadron calorimetry is provided
by an iron-scintillator tile calorimeter in the central ra-
pidity range. The end-cap and forward regions are in-
strumented with LAr calorimeters for both electromag-
netic and hadronic measurements. The muon spectrome-
ter (MS) is based on three large superconducting toroids
arranged with an eight-fold azimuthal coil symmetry
around the calorimeters, and a system of three stations
of chambers for the trigger and chambers for precise mea-
surements.

IV. MONTE CARLO SIMULATION

MC simulations are used to develop the analysis,
extrapolate backgrounds from the control to the sig-
nal regions, and to assess sensitivity to specific SUSY
signal models. Samples of W and Z/&! produc-
tion with accompanying jets are simulated with ALP-
GEN [33], using the CTEQ6L1 [34] parton density func-
tions (PDFs). Top quark pair production is simu-
lated with MC@NLO [35] and the next-to-leading or-
der (NLO) PDF set CTEQ6.6 [36], which is used for
all NLO MC. Single top production is simulated with
MC@NLO. Fragmentation and hadronisation for the
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decouple. In order to achieve a final state with leptons,
the simplified models considered here contain a chargino
decaying to the lightest neutralino (LSP) and an on-shell

or o!-shell W boson: !̃± ! W (!)!̃0. The chargino arises
from the decay of a squark or a gluino, via one of the
following two models considered:

• In the mass hierarchy corresponding to sequential
squark-chargino-neutralino decay, hereafter called
the squark model, the decay chain q̃ ! q"!̃± !
q"W (!)!̃0

is assumed to have a 100% branch-
ing fraction, and only first- and second-generation
squark-squark and squark-antisquark production is
considered. This is achieved by setting all other
SUSY particle masses, including those of third gen-
eration squarks, to multi-TeV values. This model
is characterized by three free parameters: mq̃, m!̃0 ,
and x = (m!̃± "m!̃0)/(mq̃ "m!̃0).

• In the gluino-chargino-neutralino model, hereafter
called gluino model, the decay chain g̃ ! qq̄!̃

± !
qq̄W (!)!̃0

is assumed to have a 100% branching
fraction, and only gluino-gluino production is con-
sidered. This is achieved by setting all other SUSY
particle masses, including those of all squarks, to
multi-TeV values. This model is also character-
ized by three free parameters: mg̃, m!̃0 , and x =
(m!̃± "m!̃0)/(mg̃ "m!̃0).

The assumption of massive third generation squarks in
the squark model is motivated by the fact that the phe-
nomenology of light third generation squarks (production
of top and/or bottom quarks) is covered by a separate
dedicated analysis [7]. For each choice of the three free
parameters in the simplified models, the sparticle mass
spectrum at the weak scale, and the sparticle decays are
fully specified. Simplified models are used to identify the
limits of the e!ectiveness of the search, characterize a
possible excess in data, and derive limits. Constraints on
a wide variety of models can be deduced from limits on
simplified models [25].
The MSUGRA/CMSSM model and the simplified

models assume R-parity conservation. Additionally, re-
sults are interpreted in a model that allows for bilin-
ear R-parity breaking terms in the superpotential [22].
Such terms lead to non-vanishing vacuum expectation

values for the sneutrinos which in turn induce a mixing
between neutrinos and neutralinos, thus providing a phe-
nomenologically viable alternative to the origin of neu-
trino mass and mixing [26, 27]. In the study presented
here, the R-parity violating couplings are embedded in
an MSUGRA/CMSSM SUSY production model. For a
chosen set of MSUGRA parameters, the bRPV parame-
ters are unambiguously determined under the tree-level
dominance scenario [28] by fitting them to the neutrino
oscillations data as described in Ref. [29]. The neutralino
LSP is unstable and decays within the detector through
decay modes that predominantly include neutrinos [30].
Such decays along with the presence of neutrinos in SUSY
decay chains such as !̃± ! "#!̃0 lead to significant miss-
ing transverse momentum. However, this model was not
used to optimize the selection. Only the muon selection
is considered in this analysis since in the leptonic decays
of the LSP, the electron channels are highly suppressed in
favor of the µ- and $ -producing modes. Scenarios lead-
ing to a long lifetime (c$ ># 15 mm) of the LSP are not
considered here.

III. THE ATLAS DETECTOR

ATLAS [31] is a particle physics detector with a
forward-backward symmetric cylindrical geometry and
near 4% coverage in solid angle [32]. The inner detec-
tor (ID) consists of a silicon pixel detector, a silicon
microstrip detector (SCT), and a transition radiation
tracker (TRT). The ID is surrounded by a thin super-
conducting solenoid providing a 2 T magnetic field, and
by high-granularity liquid-argon (LAr) sampling electro-
magnetic calorimeters. Hadron calorimetry is provided
by an iron-scintillator tile calorimeter in the central ra-
pidity range. The end-cap and forward regions are in-
strumented with LAr calorimeters for both electromag-
netic and hadronic measurements. The muon spectrome-
ter (MS) is based on three large superconducting toroids
arranged with an eight-fold azimuthal coil symmetry
around the calorimeters, and a system of three stations
of chambers for the trigger and chambers for precise mea-
surements.

IV. MONTE CARLO SIMULATION

MC simulations are used to develop the analysis,
extrapolate backgrounds from the control to the sig-
nal regions, and to assess sensitivity to specific SUSY
signal models. Samples of W and Z/&! produc-
tion with accompanying jets are simulated with ALP-
GEN [33], using the CTEQ6L1 [34] parton density func-
tions (PDFs). Top quark pair production is simu-
lated with MC@NLO [35] and the next-to-leading or-
der (NLO) PDF set CTEQ6.6 [36], which is used for
all NLO MC. Single top production is simulated with
MC@NLO. Fragmentation and hadronisation for the
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mostly a!ect the behavior of the third generation of
squarks and sleptons, for which dedicated analyses are
developed. ISAJET [23] is used to calculate the SUSY
particle mass spectrum at the electroweak scale. For
illustration purposes, the expected signal distributions
of the MSUGRA/CMSSM model point m0 = 500 GeV,
m1/2 = 330 GeV, which is close to the expected sensitiv-
ity limit, are shown in the figures of this paper.
Simplified models [24, 25] are characterized by well de-

fined SUSY particle production and decay modes, and a
minimal particle content for the final state under study.
This can be achieved by assuming that all SUSY particles
not of interest to a specific model are very massive and
decouple. In order to achieve a final state with leptons,
the simplified models considered here contain a chargino
decaying to the lightest neutralino (LSP) and an on-shell

or o!-shell W boson: !̃± ! W (!)!̃0. The chargino arises
from the decay of a squark or a gluino, via one of the
following two models considered:

• In the mass hierarchy corresponding to sequential
squark-chargino-neutralino decay, hereafter called
the squark model, the decay chain q̃ ! q"!̃± !
q"W (!)!̃0

is assumed to have a 100% branch-
ing fraction, and only first- and second-generation
squark-squark and squark-antisquark production is
considered. This is achieved by setting all other
SUSY particle masses, including those of third gen-
eration squarks, to multi-TeV values. This model
is characterized by three free parameters: mq̃, m!̃0 ,
and x = (m!̃± "m!̃0)/(mq̃ "m!̃0).

• In the gluino-chargino-neutralino model, hereafter
called gluino model, the decay chain g̃ ! qq̄!̃

± !
qq̄W (!)!̃0

is assumed to have a 100% branching
fraction, and only gluino-gluino production is con-
sidered. This is achieved by setting all other SUSY
particle masses, including those of all squarks, to
multi-TeV values. This model is also character-
ized by three free parameters: mg̃, m!̃0 , and x =
(m!̃± "m!̃0)/(mg̃ "m!̃0).

The assumption of massive third generation squarks in
the squark model is motivated by the fact that the phe-
nomenology of light third generation squarks (production
of top and/or bottom quarks) is covered by a separate
dedicated analysis [7]. For each choice of the three free
parameters in the simplified models, the sparticle mass
spectrum at the weak scale, and the sparticle decays are
fully specified. Simplified models are used to identify the
limits of the e!ectiveness of the search, characterize a
possible excess in data, and derive limits. Constraints on
a wide variety of models can be deduced from limits on
simplified models [25].
The MSUGRA/CMSSM model and the simplified

models assume R-parity conservation. Additionally, re-
sults are interpreted in a model that allows for bilin-
ear R-parity breaking terms in the superpotential [22].
Such terms lead to non-vanishing vacuum expectation

values for the sneutrinos which in turn induce a mixing
between neutrinos and neutralinos, thus providing a phe-
nomenologically viable alternative to the origin of neu-
trino mass and mixing [26, 27]. In the study presented
here, the R-parity violating couplings are embedded in
an MSUGRA/CMSSM SUSY production model. For a
chosen set of MSUGRA parameters, the bRPV parame-
ters are unambiguously determined under the tree-level
dominance scenario [28] by fitting them to the neutrino
oscillations data as described in Ref. [29]. The neutralino
LSP is unstable and decays within the detector through
decay modes that predominantly include neutrinos [30].
Such decays along with the presence of neutrinos in SUSY
decay chains such as !̃± ! "#!̃0 lead to significant miss-
ing transverse momentum. However, this model was not
used to optimize the selection. Only the muon selection
is considered in this analysis since in the leptonic decays
of the LSP, the electron channels are highly suppressed in
favor of the µ- and $ -producing modes. Scenarios lead-
ing to a long lifetime (c$ ># 15 mm) of the LSP are not
considered here.

III. THE ATLAS DETECTOR

ATLAS [31] is a particle physics detector with a
forward-backward symmetric cylindrical geometry and
near 4% coverage in solid angle [32]. The inner detec-
tor (ID) consists of a silicon pixel detector, a silicon
microstrip detector (SCT), and a transition radiation
tracker (TRT). The ID is surrounded by a thin super-
conducting solenoid providing a 2 T magnetic field, and
by high-granularity liquid-argon (LAr) sampling electro-
magnetic calorimeters. Hadron calorimetry is provided
by an iron-scintillator tile calorimeter in the central ra-
pidity range. The end-cap and forward regions are in-
strumented with LAr calorimeters for both electromag-
netic and hadronic measurements. The muon spectrome-
ter (MS) is based on three large superconducting toroids
arranged with an eight-fold azimuthal coil symmetry
around the calorimeters, and a system of three stations
of chambers for the trigger and chambers for precise mea-
surements.

IV. MONTE CARLO SIMULATION

MC simulations are used to develop the analysis,
extrapolate backgrounds from the control to the sig-
nal regions, and to assess sensitivity to specific SUSY
signal models. Samples of W and Z/&! produc-
tion with accompanying jets are simulated with ALP-
GEN [33], using the CTEQ6L1 [34] parton density func-
tions (PDFs). Top quark pair production is simu-
lated with MC@NLO [35] and the next-to-leading or-
der (NLO) PDF set CTEQ6.6 [36], which is used for
all NLO MC. Single top production is simulated with
MC@NLO. Fragmentation and hadronisation for the
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ETMiss+2 photons
Targeting the direct or gluino mediated production 
of  a pair of  bino-like NLSP decaying into gravitino 
and photon

Selection: two photons of  pT > 25 GeV, ETMiss > 
125 GeV. 

Three categories of  backgrounds:

QCD (di-jet, jet-gamma, gamma gamma) with 
fake ETMiss. Estimated with a loose photon 
selection, normalized to gamma gamma data 
with ETMiss < 20 GeV

e gamma (W or semileptonic top pairs) with 
real ETMiss, with the electron misidentified as 
photon. Estimated from an egamma sample, to 
which the  electron -> gamma misidentification 
probability (measured from a Z ee sample) is 
applied.

Irreducible: Zgg, Wgg. From MonteCarlo.
5 events observed in signal region
expected = 4.1 ±0.6 (stat.) ±1.6 (syst.)

Oct 20, 2011 Daniel Damiani – SUSY Searches with Photons in ATLAS 2

Motivation – Gauge Mediated SUSY
● Gauge-mediated supersymmetry breaking (GMSB)

– SUSY is broken in a hidden sector

– Communicated by messenger fields to the MSSM via the Standard 
Model gauge interactions

– Gravitino is the lightest
superpartner (LSP)

– Variable next-to-lightest
superpartner (NLSP)

– Variable NLSP lifetime
from the gravitino coupling

● Possibility of photons + ET

miss signatures

http://www-cdf.fnal.gov/physics/exotic/r2a/20080729.gammajet/photonjets.html
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ETMiss+2 photons limits
Universal extra 
dimensions
1/R > 1226 GeV for 
⋀R = 20

SPS8 
Minimal GMSB model (*)
with heavy squark and 
gluinos, so that gaugino
EW production dominant.

First limit from LHC:
⋀ > 145 TeV

* Eur. Phys. J. C25 (2002) 113

General Gauge Mediation
m(g) > 806 GeV for bino masses larger 
than 50 GeV
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Long lived particles and R-parity 
violation searches

Long lived particles are predicted in many scenarios: weak R-partity violating (RPV) 
couplings, long-lived NLSP due to small NLSP-LSP mass splitting or weak coupling 
to gravitino LSP, split susy with heavy scalars, ...

If  coloured, they would hadronize with quarks (R-hadrons).   

I will present four searches for long lived particles

For particles decaying in the Inner Detector: a search for secondary decay vertices 
and one for disappearing tracks

Two searches for non relativistic heavy particles (R-hadrons or sleptons)

Also I will show the search for an eμ resonance, which is relevant for some RPV 
scenarios
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Displaced vertices search

Target: heavy particle decaying in charged particles with ct 
between  ~1 mm to tens of  cm, and produced with (or decaying 
into) an high-pT muon 

Ask one muon with pT > 45 GeV and at least one 4-track 
vertex with fit chi square < 5, radius between 40 and 180 mm, 
z coordinate less than 300 mm, distance from primary vertex at 
least 4 mm, veto position matching high density detector 
material (to reject conversions and hadronic interactions), 
vertex mass larger than 10 GeV.

Estimate background as the product of  the probability of  
having an high pT muon and one such vertex, from MC. 
Tracking and vertex description in MC validated on data.

CERN-PH-EP-2011-131

Search for displaced vertices arising from decays of new heavy particles

in 7 TeV pp collisions at ATLAS

The ATLAS Collaboration

Abstract

We present the results of a search for new, heavy particles that decay at a significant distance from their production
point into a final state containing charged hadrons in association with a high-momentum muon. The search is conducted
in a pp-collision data sample with a center-of-mass energy of 7 TeV and an integrated luminosity of 33 pb�1 collected in
2010 by the ATLAS detector operating at the Large Hadron Collider. Production of such particles is expected in various
scenarios of physics beyond the standard model. We observe no signal and place limits on the production cross-section of
supersymmetric particles in an R-parity-violating scenario as a function of the neutralino lifetime. Limits are presented
for di↵erent squark and neutralino masses, enabling extension of the limits to a variety of other models.

1. Introduction

Various scenarios of physics beyond the standard model
predict the production at the Large Hadron Collider
(LHC) of heavy particles with lifetimes that may be of
order picoseconds to about a nanosecond. An exam-
ple of such a scenario is gravity-mediated supersymmetry
(SUGRA) with R-parity violation (RPV), where current
limits on RPV couplings [1] allow for the decay vertex of
the lightest supersymmetric particle to be within the range
accessible to collider-based particle detectors. In gauge-
mediated supersymmetry models, the next-to-lightest su-
persymmetric particle may be long lived due to suppres-
sion of its decay by the large supersymmetry-breaking
scale [2]. Additional scenarios allowing for such a sig-
nature include split-supersymmetry [3], hidden-valley [4],
dark-sector gauge bosons [5], stealth supersymmetry [6],
or a meta-stable supersymmetry-breaking sector [7].

Searches for related signatures have been performed at
the Tevatron with

p
s = 1.96 TeV pp̄ collisions. The D0

collaboration has searched for a long-lived neutral particle
decaying into a final state containing two muons [8] or a bb̄

pair [9]. No signal was observed, and limits were computed
in the context of RPV and hidden-valley model scenarios.

In this letter, we report the results of a search for a
heavy particle decaying into several charged particles at a
distance of order millimeters to tens of centimeters from
the pp interaction point, in events containing a muon with
high transverse momentum (p

T

). In the SUGRA scenario,
this signature corresponds to the decay of the lightest su-
persymmetric particle due to non-zero RPV couplings �0

2ij

,
via a diagram such as the one shown in Fig. 1. However,
it may also be the result of other models with heavy, long-
lived particles that decay into or are produced in associa-
tion with a high-p

T

muon.

µ~0~! "

jq

iq‘

µ

~!
ij2

" iq‘

Figure 1: Example of a diagram of a new massive particle �̃0 (such
as the lightest neutralino) decaying into a muon and two jets via a
virtual smuon, with RPV coupling �0

2ij .

2. The ATLAS detector

The ATLAS detector [10] comprises a tracking inner de-
tector (ID) system, a calorimeter system, and an extensive
muon spectrometer (MS).

The ID operates in a 2 T magnetic field and provides
tracking and vertex information for charged particles in the
pseudorapidity range |⌘| < 2.5, where ⌘ ⌘ � ln tan(✓/2)
and ✓ is the polar angle, defined with respect to the cylin-
drical symmetry axis (the z axis) of the detector. At small
radii, high-resolution pattern recognition capability is ob-
tained using silicon pixel layers and stereo pairs of silicon
microstrip layers. The pixel system comprises three barrel
layers, and three forward disks on each side of the interac-
tion point. Of particular significance to this analysis are
the barrel pixel layers, which are positioned at radii of 50.5,
88.5, and 122.5 mm. The silicon microstrip tracker (SCT)
has four barrel layers, and nine forward disks on each side.
At larger radii, a transition-radiation tracker (TRT) com-
posed of straw-tube elements interleaved with transition-
radiation material contributes to track reconstruction up

Preprint submitted to Physics Letters B September 13, 2011
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An RPV example

Control plots done with all requirements except material veto, and 
number of  tracks, and with vertex mass cut reversed.

33 pb-1

arXiv:1109.2242
submitted to PLB 
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Displaced vertices analysis
results

No events are observed in the signal region, 
with an expected background of  less than 
0.03

Limits derived for various squark and 
neutralino masses.
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Disappearing track search

In anomaly mediated models the lightest 
chargino decays into a soft pion and the 
neutralino, with a lifetime of  order of  ns.

Selection:

ETMiss > 130 GeV, ≥ 1 jet with pT > 130 
GeV, ≥ 2 other jets with pT > 60 GeV (from 
gluino decay), no electron or muon with pT > 
10 GeV

The highest pT track is isolated, well 
reconstructed in Pixel and SCT, points to 
barrel TRT fiducial volume, has no hit in 
outer TRT ring (chargino track)

Background pT spectrum obtained from data:

Hadrons interacting in the TRT: control 
sample of  non-interacting hadrons

Badly reconstructed tracks: low ETMiss, no 
Pixel hit tracks 

 g~

 q q
1
±χ → g~

1
±χ

1
0χ

±π 
1
0χ → 

1
±χ

Number of  hits in 
3rd TRT layer

1.02 fb-1
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Disappearing track search
results

Effective cross section limit as a 
function of  the track pT cut

Limits in chargino mass and 
lifetime plane. 

First limits beyond LEP!

The pT spectrum of  selected track candidates (above) 
is fitted with the background template from control 
samples plus the signal template from MC.
Fit is consistent with no signal.
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Muon spectrometer based
search for slow particles

Signature is speed v/c < 1. Mass reconstructed from momentum and velocity.

Muon-triggered events, time of  flight is measured from muon and hadron 
calorimeters. Search for long lived scalar leptons and R-hadrons (the latter are 
allowed to be neutral before interacting the calorimeters, i.e. an Inner Detector track 
is not required)

Background estimate based on measured velocity resolution function 

Limits:
• slepton, GMSB: 136 GeV
• slepton, electroweak 
production: 110 GeV
• R-hadron gluino: 530-544 
GeV 

37 pb-1

PLB 703,428 
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Muon agnostic
search for slow particles

Using the pixel dE/dx and the tile time of  flight to measure particle velocity

Background is from instrumental resolution tails in these variables. Since they are 
uncorrelated, resolution function can be measured from data. 

Limits derived on the mass of  long-lived scalar bottom (294 GeV), top (309 GeV) and gluino 
(562-584 GeV).

34 pb-1

PLB 701,1 
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eμ resonance search

Possible signals: Z’ with lepton flavour violations, RPV SUSY with scalar tau decay

Two relevant RPV couplings:         for production,          for decay

Selection is exactly one electron and one muon with pT > 25 GeV

Data-driven multi-jet estimate from loose lepton control samples; other processes from 
MonteCarlo.

2 The ATLAS Collaboration: Search for a heavy particle decaying into an electron and a muon

within a cone of radius !R = 0.4 around the muon track.
Only tracks with pT > 1 GeV are used. Furthermore, only
electrons separated from muons by !R > 0.2 are consid-
ered.

The eµ candidate events are required to have exactly
one electron and one muon with opposite charge satisfying
the above selection criteria. Furthermore, events have to
contain at least one primary vertex reconstructed with at
least three associated tracks of pT > 500 MeV.

The SM processes that can produce an eµ signature
can be divided into two categories: processes such as Z/"!

! ## , tt̄, single top, WW , WZ and ZZ, which can pro-
duce electrons and muons in the final state, and processes,
referred to as fake background in this Letter, such as
W/Z+", W/Z+jets and multijet events where the pho-
ton or one or two jets are reconstructed as leptons.

The contributions from processes listed in the first
category as well as photon-related backgrounds are es-
timated using Monte Carlo (MC) samples generated at"
s = 7 TeV. The detector response simulation [12] is

based on the geant4 program [13]. Lepton reconstruc-
tion and identification e!ciencies, energy scales and reso-
lutions in the MC are corrected to the corresponding val-
ues measured in the data in order to improve the mod-
eling of the background. The MC predictions are nor-
malized to the data sample based on the integrated lu-
minosity and cross sections of various physics processes.
Top production is generated with mc@nlo [14] for tt̄
and single top, the Drell-Yan process is generated with
pythia [15], and the diboson processes are generated with
herwig [16]. Higher order corrections have been applied
to the cross sections predicted by these generators [17,18,
19]. The W/Z + " contribution in the fake background
comes from the W (! µ$)" and Z(! µµ)" processes,
where the photon is reconstructed as an electron. This
background is estimated using events generated with mad-

graph [20]. The uncertainties for the tt̄ and single top
cross sections are taken to be 10% [21] and 9% [22], re-
spectively. The cross sections for W/Z + ", Z/"! ! ## ,
WW , WZ and ZZ are assigned uncertainties of 10%, 5%,
7%, 7%, and 5%, respectively; these uncertainties arise
from the choice of PDF, from factorisation and renormal-
isation scale dependence and from %s variations. The inte-
grated luminosity uncertainty and other smaller system-
atic uncertainties from the lepton trigger, reconstruction
and identification e!ciencies, energy (momentum) scale
and resolution have been added in quadrature and are in-
cluded in the total uncertainty.

The remaining fake backgrounds arise from theW/Z+jets
and multijet processes, where leptons are present from
b- or c-hadron decays or at least one jet is misidentified
as a lepton. Such lepton candidates are collectively re-
ferred to as “non-prompt leptons” in this Letter. These
jet fake backgrounds account for #30% of the expected
eµ data yield and are estimated from data using a 4 $
4 matrix background estimation method described be-
low. A looser lepton quality selection (called loose lepton
here) is defined for each lepton type in addition to the
default quality selection (called tight lepton here). For

loose muons, the isolation requirement is dropped. For
loose electrons, the “loose” electron identification criteria
as defined in Ref. [11] are used and the isolation require-
ment is also dropped. The tight and loose lepton selec-
tions are then used to classify events where both leptons
pass the loose requirements into four categories, depend-
ing on whether both leptons subsequently pass the tight
requirement (Npp), only one lepton fails the tight require-
ment and the other lepton passes the tight requirement
(Npf or Nfp), or both leptons fail the tight requirement
(Nff). The sample composition can be estimated by solv-
ing a linear system of equations: (Npp, Npf , Nfp, Nff)T =
&(Neµ, Neµ† , Ne†µ, Ne†µ†)T , where Neµ (or Ne†µ†) is the
number of events with two prompt leptons (or two non-
prompt leptons), while Neµ† and Ne†µ are the numbers of
events with one prompt lepton and one non-prompt lep-
ton. The matrix & contains the probabilities for a loose
quality lepton to pass the tight quality selection for both
prompt and non-prompt leptons. The probability for prompt
leptons (non-prompt leptons) is estimated by applying the
loose and tight selections on Z/"! ! ee/µµ events (a sam-
ple of dijet events). To take into account the lepton pT
dependence of the two probabilities, the matrix equation
is inverted for each event, giving four weights, correspond-
ing to the four combinations of prompt and non-prompt
leptons. These weights are then summed over all events
to yield the total number of events with one or more non-
prompt leptons. The overall jet fake background is found
to be 1175 ± 32 (stat) events. The breakdown of these
contributions is estimated to be Neµ† = 375 ± 30 (stat),
Ne†µ = 89 ± 13 (stat) and Ne†µ† = 711 ± 8 (stat). The
overall systematic uncertainty of 10% comes mainly from
the uncertainty on the probability for a loose quality non-
prompt muon to pass the tight quality selection.

Table 1 shows the number of events selected in data
and the estimated background contributions with their
uncertainties (both statistical and systematic uncertain-
ties are included). A total of 4053 eµ candidates are ob-
served, while the expectation from SM processes is 4150±
250 events. The meµ distribution is presented in Fig. 1 for
data and background contributions. The distribution of
observed events is compared to the expected background
using a Kolmogorov-Smirnov test with statistical uncer-
tainties only [23]. The test probability is 56%, consistent
with the absence of a new physics signal.

Table 2 shows the numbers of observed and predicted
background events in eleven high eµ mass regions. Good
agreement is found for all mass regions and no statisti-
cally significant data excess is observed. Limits are set
on the contributions of new physics processes to the high
mass region from two scenarios: the production of $̃! in
an RPV SUSY model and of an LFV Z " in extra-gauge
boson models.

The process dd̄ ! $̃! ! eµ in a SUSY RPV model is
considered. The RPV sneutrino couplings allowed in the
supersymmetric Lagrangian are 1

2'ijkL̂iL̂jÊk+'
!

ijkL̂iQ̂jD̂k,
where L and Q are the lepton and quark SU(2) dou-
blet superfields, and E and D denote the singlet fields
for charged leptons and down type quarks, respectively.
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Table 1. Estimated backgrounds in the selected sample, to-
gether with the observed event yield. The total integrated lu-
minosity is 1.07 fb!1.

Process Number of events
tt̄ 1580 ± 170

Jet fake 1180 ± 120
Z/!" ! "" 750 ± 60

WW 380 ± 31
Single top 154 ± 16
W/Z + ! 82 ± 13

WZ 22.4 ± 2.3
ZZ 2.48 ± 0.26

Total background 4150 ± 250
Data 4053

Table 2. Estimated total backgrounds in the selected sample,
together with the observed event yields for 11 high eµ mass
regions.

meµ Data SM prediction
> 200 GeV 286 288 ± 22
> 250 GeV 152 136 ± 11
> 300 GeV 70 67 ± 6
> 350 GeV 35 34.0 ± 3.0
> 400 GeV 22 17.7 ± 1.7
> 450 GeV 10 10.5 ± 1.2
> 500 GeV 7 6.8 ± 0.9
> 550 GeV 3 4.3 ± 0.6
> 600 GeV 3 2.4 ± 0.4
> 650 GeV 1 1.49 ± 0.31
> 700 GeV 0 1.07 ± 0.25

The indices i, j, k = 1, 2, 3 refer to the fermion generation
numbers. The coupling constants ! satisfy !ijk = !!jik.
Only the tau sneutrino is considered in this Letter since
stringent limits already exist on the electron sneutrino and
muon sneutrino [1]. By fixing all RPV couplings except
!

!

311 ("̃! to dd̄) and !312 ("̃! to eµ) to zero, and assum-
ing that "̃! is the lightest supersymmetric particle, the
contributions to the eµ final state originate from the "̃!
only. The cross section is 0.154 pb for m"̃! = 650 GeV,
!!
311 = 0.10 and !312 = 0.05 [24]. The total decay width

is #"̃! = (3!!2
311 + 2!2

312)m"̃! /16$. Using couplings that
are consistent with the current limits, the decay width is
less than 1 GeV for m"̃! = 1 TeV, which is well below the
contribution from detector resolution. MC samples with
"̃! masses ranging from 0.1 to 2 TeV are generated with
herwig [16,25].

An eµ resonance also appears in models containing
a heavy neutral gauge boson, Z ! [26], with non-diagonal
lepton flavor couplings. Rare muon decay searches have
placed extremely stringent limits on the combination of
the mass and the coupling to ee and eµ in such models [2].
The eµ searches at hadron colliders are not able to match
the sensitivity of dedicated µ " e conversion experiments.
A limit on the production cross section times branching ra-
tio to eµ is placed on the Z !-like boson model to represent

the production of vector particles that can decay to the
eµ final state. To calculate the e!ciency and acceptance,
the Z ! is assumed to have the same quark and lepton cou-
plings as the SM Z except a non-zero Z ! to eµ coupling,
which is assumed to be the same as the Z ! to ee coupling.
The cross section is 0.61 pb for mZ! = 700 GeV [27]. MC
samples with Z ! masses ranging from 0.7 to 2 TeV are
generated with pythia.

Both "̃! and Z ! samples are processed through the
standard chain of the ATLAS simulation and reconstruc-
tion. The overall product of acceptance and e!ciency is
36% for m"̃! = 100 GeV and increases to 64% for m"̃! =
1 TeV. The corresponding number is # 60% for Z ! with
mass mZ! = 700 GeV to mZ! = 2 TeV. The predicted meµ

distributions for a "̃! with m"̃! = 650 GeV and a Z ! with
mZ! = 700 GeV are also shown in Fig. 1.
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Fig. 1. Observed and predicted eµ invariant mass distribu-
tions. Signal simulations are shown for m!̃! = 650 GeV and
mZ! = 700 GeV. The couplings ##

311 = 0.10 and #312 = 0.05
are used for the RPV $̃" model. The production cross section
is assumed to be the current published limit of 0.178 pb for
the LFV Z# model [8]. The ratio plot at the bottom includes
only statistical uncertainties.

The meµ spectrum is examined for the presence of a
new heavy particle. For each assumed m"̃! value in the
range 100 GeV to 2 TeV, a search region, which de-
pends on the simulated eµ mass resolution, is used2. The
number of observed and predicted background and sig-
nal events in each search range are used to set an up-
per limit on %(pp " "̃! ) $ BR("̃! " eµ). A Bayesian
method [28] is used with a uniform prior for the signal
cross section for a given m"̃! . Fig. 2a shows the expected
and observed 95% confidence level (C.L.) limits, as a func-
tion of m"̃! , together with the limits previously published
by ATLAS [8], which were based on 35 pb"1 of data,

2 The search region is normally defined to be (m!̃! " 3%,
m!̃! + 3%), where % is the expected meµ resolution (e.g., % =
11 GeV for m!̃! = 400 GeV). If m!̃! " 3% < 700 GeV and
m!̃! + 3% > 700 GeV, the region above m!̃! " 3% is used.
If m!̃! " 3% > 700 GeV, the region above 700 GeV is used.
The mass window changes around 700 GeV because the MC
statistics is not su!cient in the meµ > 700 GeV region.
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Table 1. Estimated backgrounds in the selected sample, to-
gether with the observed event yield. The total integrated lu-
minosity is 1.07 fb!1.

Process Number of events
tt̄ 1580 ± 170

Jet fake 1180 ± 120
Z/!" ! "" 750 ± 60

WW 380 ± 31
Single top 154 ± 16
W/Z + ! 82 ± 13

WZ 22.4 ± 2.3
ZZ 2.48 ± 0.26

Total background 4150 ± 250
Data 4053

Table 2. Estimated total backgrounds in the selected sample,
together with the observed event yields for 11 high eµ mass
regions.

meµ Data SM prediction
> 200 GeV 286 288 ± 22
> 250 GeV 152 136 ± 11
> 300 GeV 70 67 ± 6
> 350 GeV 35 34.0 ± 3.0
> 400 GeV 22 17.7 ± 1.7
> 450 GeV 10 10.5 ± 1.2
> 500 GeV 7 6.8 ± 0.9
> 550 GeV 3 4.3 ± 0.6
> 600 GeV 3 2.4 ± 0.4
> 650 GeV 1 1.49 ± 0.31
> 700 GeV 0 1.07 ± 0.25

The indices i, j, k = 1, 2, 3 refer to the fermion generation
numbers. The coupling constants ! satisfy !ijk = !!jik.
Only the tau sneutrino is considered in this Letter since
stringent limits already exist on the electron sneutrino and
muon sneutrino [1]. By fixing all RPV couplings except
!

!

311 ("̃! to dd̄) and !312 ("̃! to eµ) to zero, and assum-
ing that "̃! is the lightest supersymmetric particle, the
contributions to the eµ final state originate from the "̃!
only. The cross section is 0.154 pb for m"̃! = 650 GeV,
!!
311 = 0.10 and !312 = 0.05 [24]. The total decay width

is #"̃! = (3!!2
311 + 2!2

312)m"̃! /16$. Using couplings that
are consistent with the current limits, the decay width is
less than 1 GeV for m"̃! = 1 TeV, which is well below the
contribution from detector resolution. MC samples with
"̃! masses ranging from 0.1 to 2 TeV are generated with
herwig [16,25].

An eµ resonance also appears in models containing
a heavy neutral gauge boson, Z ! [26], with non-diagonal
lepton flavor couplings. Rare muon decay searches have
placed extremely stringent limits on the combination of
the mass and the coupling to ee and eµ in such models [2].
The eµ searches at hadron colliders are not able to match
the sensitivity of dedicated µ " e conversion experiments.
A limit on the production cross section times branching ra-
tio to eµ is placed on the Z !-like boson model to represent

the production of vector particles that can decay to the
eµ final state. To calculate the e!ciency and acceptance,
the Z ! is assumed to have the same quark and lepton cou-
plings as the SM Z except a non-zero Z ! to eµ coupling,
which is assumed to be the same as the Z ! to ee coupling.
The cross section is 0.61 pb for mZ! = 700 GeV [27]. MC
samples with Z ! masses ranging from 0.7 to 2 TeV are
generated with pythia.

Both "̃! and Z ! samples are processed through the
standard chain of the ATLAS simulation and reconstruc-
tion. The overall product of acceptance and e!ciency is
36% for m"̃! = 100 GeV and increases to 64% for m"̃! =
1 TeV. The corresponding number is # 60% for Z ! with
mass mZ! = 700 GeV to mZ! = 2 TeV. The predicted meµ

distributions for a "̃! with m"̃! = 650 GeV and a Z ! with
mZ! = 700 GeV are also shown in Fig. 1.
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Fig. 1. Observed and predicted eµ invariant mass distribu-
tions. Signal simulations are shown for m!̃! = 650 GeV and
mZ! = 700 GeV. The couplings ##

311 = 0.10 and #312 = 0.05
are used for the RPV $̃" model. The production cross section
is assumed to be the current published limit of 0.178 pb for
the LFV Z# model [8]. The ratio plot at the bottom includes
only statistical uncertainties.

The meµ spectrum is examined for the presence of a
new heavy particle. For each assumed m"̃! value in the
range 100 GeV to 2 TeV, a search region, which de-
pends on the simulated eµ mass resolution, is used2. The
number of observed and predicted background and sig-
nal events in each search range are used to set an up-
per limit on %(pp " "̃! ) $ BR("̃! " eµ). A Bayesian
method [28] is used with a uniform prior for the signal
cross section for a given m"̃! . Fig. 2a shows the expected
and observed 95% confidence level (C.L.) limits, as a func-
tion of m"̃! , together with the limits previously published
by ATLAS [8], which were based on 35 pb"1 of data,

2 The search region is normally defined to be (m!̃! " 3%,
m!̃! + 3%), where % is the expected meµ resolution (e.g., % =
11 GeV for m!̃! = 400 GeV). If m!̃! " 3% < 700 GeV and
m!̃! + 3% > 700 GeV, the region above m!̃! " 3% is used.
If m!̃! " 3% > 700 GeV, the region above 700 GeV is used.
The mass window changes around 700 GeV because the MC
statistics is not su!cient in the meµ > 700 GeV region.
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Table 1. Estimated backgrounds in the selected sample, to-
gether with the observed event yield. The total integrated lu-
minosity is 1.07 fb!1.

Process Number of events
tt̄ 1580 ± 170

Jet fake 1180 ± 120
Z/!" ! "" 750 ± 60

WW 380 ± 31
Single top 154 ± 16
W/Z + ! 82 ± 13

WZ 22.4 ± 2.3
ZZ 2.48 ± 0.26

Total background 4150 ± 250
Data 4053

Table 2. Estimated total backgrounds in the selected sample,
together with the observed event yields for 11 high eµ mass
regions.

meµ Data SM prediction
> 200 GeV 286 288 ± 22
> 250 GeV 152 136 ± 11
> 300 GeV 70 67 ± 6
> 350 GeV 35 34.0 ± 3.0
> 400 GeV 22 17.7 ± 1.7
> 450 GeV 10 10.5 ± 1.2
> 500 GeV 7 6.8 ± 0.9
> 550 GeV 3 4.3 ± 0.6
> 600 GeV 3 2.4 ± 0.4
> 650 GeV 1 1.49 ± 0.31
> 700 GeV 0 1.07 ± 0.25

The indices i, j, k = 1, 2, 3 refer to the fermion generation
numbers. The coupling constants ! satisfy !ijk = !!jik.
Only the tau sneutrino is considered in this Letter since
stringent limits already exist on the electron sneutrino and
muon sneutrino [1]. By fixing all RPV couplings except
!

!

311 ("̃! to dd̄) and !312 ("̃! to eµ) to zero, and assum-
ing that "̃! is the lightest supersymmetric particle, the
contributions to the eµ final state originate from the "̃!
only. The cross section is 0.154 pb for m"̃! = 650 GeV,
!!
311 = 0.10 and !312 = 0.05 [24]. The total decay width

is #"̃! = (3!!2
311 + 2!2

312)m"̃! /16$. Using couplings that
are consistent with the current limits, the decay width is
less than 1 GeV for m"̃! = 1 TeV, which is well below the
contribution from detector resolution. MC samples with
"̃! masses ranging from 0.1 to 2 TeV are generated with
herwig [16,25].

An eµ resonance also appears in models containing
a heavy neutral gauge boson, Z ! [26], with non-diagonal
lepton flavor couplings. Rare muon decay searches have
placed extremely stringent limits on the combination of
the mass and the coupling to ee and eµ in such models [2].
The eµ searches at hadron colliders are not able to match
the sensitivity of dedicated µ " e conversion experiments.
A limit on the production cross section times branching ra-
tio to eµ is placed on the Z !-like boson model to represent

the production of vector particles that can decay to the
eµ final state. To calculate the e!ciency and acceptance,
the Z ! is assumed to have the same quark and lepton cou-
plings as the SM Z except a non-zero Z ! to eµ coupling,
which is assumed to be the same as the Z ! to ee coupling.
The cross section is 0.61 pb for mZ! = 700 GeV [27]. MC
samples with Z ! masses ranging from 0.7 to 2 TeV are
generated with pythia.

Both "̃! and Z ! samples are processed through the
standard chain of the ATLAS simulation and reconstruc-
tion. The overall product of acceptance and e!ciency is
36% for m"̃! = 100 GeV and increases to 64% for m"̃! =
1 TeV. The corresponding number is # 60% for Z ! with
mass mZ! = 700 GeV to mZ! = 2 TeV. The predicted meµ

distributions for a "̃! with m"̃! = 650 GeV and a Z ! with
mZ! = 700 GeV are also shown in Fig. 1.
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Fig. 1. Observed and predicted eµ invariant mass distribu-
tions. Signal simulations are shown for m!̃! = 650 GeV and
mZ! = 700 GeV. The couplings ##

311 = 0.10 and #312 = 0.05
are used for the RPV $̃" model. The production cross section
is assumed to be the current published limit of 0.178 pb for
the LFV Z# model [8]. The ratio plot at the bottom includes
only statistical uncertainties.

The meµ spectrum is examined for the presence of a
new heavy particle. For each assumed m"̃! value in the
range 100 GeV to 2 TeV, a search region, which de-
pends on the simulated eµ mass resolution, is used2. The
number of observed and predicted background and sig-
nal events in each search range are used to set an up-
per limit on %(pp " "̃! ) $ BR("̃! " eµ). A Bayesian
method [28] is used with a uniform prior for the signal
cross section for a given m"̃! . Fig. 2a shows the expected
and observed 95% confidence level (C.L.) limits, as a func-
tion of m"̃! , together with the limits previously published
by ATLAS [8], which were based on 35 pb"1 of data,

2 The search region is normally defined to be (m!̃! " 3%,
m!̃! + 3%), where % is the expected meµ resolution (e.g., % =
11 GeV for m!̃! = 400 GeV). If m!̃! " 3% < 700 GeV and
m!̃! + 3% > 700 GeV, the region above m!̃! " 3% is used.
If m!̃! " 3% > 700 GeV, the region above 700 GeV is used.
The mass window changes around 700 GeV because the MC
statistics is not su!cient in the meµ > 700 GeV region.

2 The ATLAS Collaboration: Search for a heavy particle decaying into an electron and a muon

within a cone of radius !R = 0.4 around the muon track.
Only tracks with pT > 1 GeV are used. Furthermore, only
electrons separated from muons by !R > 0.2 are consid-
ered.

The eµ candidate events are required to have exactly
one electron and one muon with opposite charge satisfying
the above selection criteria. Furthermore, events have to
contain at least one primary vertex reconstructed with at
least three associated tracks of pT > 500 MeV.

The SM processes that can produce an eµ signature
can be divided into two categories: processes such as Z/"!

! ## , tt̄, single top, WW , WZ and ZZ, which can pro-
duce electrons and muons in the final state, and processes,
referred to as fake background in this Letter, such as
W/Z+", W/Z+jets and multijet events where the pho-
ton or one or two jets are reconstructed as leptons.

The contributions from processes listed in the first
category as well as photon-related backgrounds are es-
timated using Monte Carlo (MC) samples generated at"
s = 7 TeV. The detector response simulation [12] is

based on the geant4 program [13]. Lepton reconstruc-
tion and identification e!ciencies, energy scales and reso-
lutions in the MC are corrected to the corresponding val-
ues measured in the data in order to improve the mod-
eling of the background. The MC predictions are nor-
malized to the data sample based on the integrated lu-
minosity and cross sections of various physics processes.
Top production is generated with mc@nlo [14] for tt̄
and single top, the Drell-Yan process is generated with
pythia [15], and the diboson processes are generated with
herwig [16]. Higher order corrections have been applied
to the cross sections predicted by these generators [17,18,
19]. The W/Z + " contribution in the fake background
comes from the W (! µ$)" and Z(! µµ)" processes,
where the photon is reconstructed as an electron. This
background is estimated using events generated with mad-

graph [20]. The uncertainties for the tt̄ and single top
cross sections are taken to be 10% [21] and 9% [22], re-
spectively. The cross sections for W/Z + ", Z/"! ! ## ,
WW , WZ and ZZ are assigned uncertainties of 10%, 5%,
7%, 7%, and 5%, respectively; these uncertainties arise
from the choice of PDF, from factorisation and renormal-
isation scale dependence and from %s variations. The inte-
grated luminosity uncertainty and other smaller system-
atic uncertainties from the lepton trigger, reconstruction
and identification e!ciencies, energy (momentum) scale
and resolution have been added in quadrature and are in-
cluded in the total uncertainty.

The remaining fake backgrounds arise from theW/Z+jets
and multijet processes, where leptons are present from
b- or c-hadron decays or at least one jet is misidentified
as a lepton. Such lepton candidates are collectively re-
ferred to as “non-prompt leptons” in this Letter. These
jet fake backgrounds account for #30% of the expected
eµ data yield and are estimated from data using a 4 $
4 matrix background estimation method described be-
low. A looser lepton quality selection (called loose lepton
here) is defined for each lepton type in addition to the
default quality selection (called tight lepton here). For

loose muons, the isolation requirement is dropped. For
loose electrons, the “loose” electron identification criteria
as defined in Ref. [11] are used and the isolation require-
ment is also dropped. The tight and loose lepton selec-
tions are then used to classify events where both leptons
pass the loose requirements into four categories, depend-
ing on whether both leptons subsequently pass the tight
requirement (Npp), only one lepton fails the tight require-
ment and the other lepton passes the tight requirement
(Npf or Nfp), or both leptons fail the tight requirement
(Nff). The sample composition can be estimated by solv-
ing a linear system of equations: (Npp, Npf , Nfp, Nff)T =
&(Neµ, Neµ† , Ne†µ, Ne†µ†)T , where Neµ (or Ne†µ†) is the
number of events with two prompt leptons (or two non-
prompt leptons), while Neµ† and Ne†µ are the numbers of
events with one prompt lepton and one non-prompt lep-
ton. The matrix & contains the probabilities for a loose
quality lepton to pass the tight quality selection for both
prompt and non-prompt leptons. The probability for prompt
leptons (non-prompt leptons) is estimated by applying the
loose and tight selections on Z/"! ! ee/µµ events (a sam-
ple of dijet events). To take into account the lepton pT
dependence of the two probabilities, the matrix equation
is inverted for each event, giving four weights, correspond-
ing to the four combinations of prompt and non-prompt
leptons. These weights are then summed over all events
to yield the total number of events with one or more non-
prompt leptons. The overall jet fake background is found
to be 1175 ± 32 (stat) events. The breakdown of these
contributions is estimated to be Neµ† = 375 ± 30 (stat),
Ne†µ = 89 ± 13 (stat) and Ne†µ† = 711 ± 8 (stat). The
overall systematic uncertainty of 10% comes mainly from
the uncertainty on the probability for a loose quality non-
prompt muon to pass the tight quality selection.

Table 1 shows the number of events selected in data
and the estimated background contributions with their
uncertainties (both statistical and systematic uncertain-
ties are included). A total of 4053 eµ candidates are ob-
served, while the expectation from SM processes is 4150±
250 events. The meµ distribution is presented in Fig. 1 for
data and background contributions. The distribution of
observed events is compared to the expected background
using a Kolmogorov-Smirnov test with statistical uncer-
tainties only [23]. The test probability is 56%, consistent
with the absence of a new physics signal.

Table 2 shows the numbers of observed and predicted
background events in eleven high eµ mass regions. Good
agreement is found for all mass regions and no statisti-
cally significant data excess is observed. Limits are set
on the contributions of new physics processes to the high
mass region from two scenarios: the production of $̃! in
an RPV SUSY model and of an LFV Z " in extra-gauge
boson models.

The process dd̄ ! $̃! ! eµ in a SUSY RPV model is
considered. The RPV sneutrino couplings allowed in the
supersymmetric Lagrangian are 1

2'ijkL̂iL̂jÊk+'
!

ijkL̂iQ̂jD̂k,
where L and Q are the lepton and quark SU(2) dou-
blet superfields, and E and D denote the singlet fields
for charged leptons and down type quarks, respectively.

Production and decay
Relevant RPV Lagrangian

1.07 fb-1
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Table 1. Estimated backgrounds in the selected sample, to-
gether with the observed event yield. The total integrated lu-
minosity is 1.07 fb!1.

Process Number of events
tt̄ 1580 ± 170

Jet fake 1180 ± 120
Z/!" ! "" 750 ± 60

WW 380 ± 31
Single top 154 ± 16
W/Z + ! 82 ± 13

WZ 22.4 ± 2.3
ZZ 2.48 ± 0.26

Total background 4150 ± 250
Data 4053

Table 2. Estimated total backgrounds in the selected sample,
together with the observed event yields for 11 high eµ mass
regions.

meµ Data SM prediction
> 200 GeV 286 288 ± 22
> 250 GeV 152 136 ± 11
> 300 GeV 70 67 ± 6
> 350 GeV 35 34.0 ± 3.0
> 400 GeV 22 17.7 ± 1.7
> 450 GeV 10 10.5 ± 1.2
> 500 GeV 7 6.8 ± 0.9
> 550 GeV 3 4.3 ± 0.6
> 600 GeV 3 2.4 ± 0.4
> 650 GeV 1 1.49 ± 0.31
> 700 GeV 0 1.07 ± 0.25

The indices i, j, k = 1, 2, 3 refer to the fermion generation
numbers. The coupling constants ! satisfy !ijk = !!jik.
Only the tau sneutrino is considered in this Letter since
stringent limits already exist on the electron sneutrino and
muon sneutrino [1]. By fixing all RPV couplings except
!

!

311 ("̃! to dd̄) and !312 ("̃! to eµ) to zero, and assum-
ing that "̃! is the lightest supersymmetric particle, the
contributions to the eµ final state originate from the "̃!
only. The cross section is 0.154 pb for m"̃! = 650 GeV,
!!
311 = 0.10 and !312 = 0.05 [24]. The total decay width

is #"̃! = (3!!2
311 + 2!2

312)m"̃! /16$. Using couplings that
are consistent with the current limits, the decay width is
less than 1 GeV for m"̃! = 1 TeV, which is well below the
contribution from detector resolution. MC samples with
"̃! masses ranging from 0.1 to 2 TeV are generated with
herwig [16,25].

An eµ resonance also appears in models containing
a heavy neutral gauge boson, Z ! [26], with non-diagonal
lepton flavor couplings. Rare muon decay searches have
placed extremely stringent limits on the combination of
the mass and the coupling to ee and eµ in such models [2].
The eµ searches at hadron colliders are not able to match
the sensitivity of dedicated µ " e conversion experiments.
A limit on the production cross section times branching ra-
tio to eµ is placed on the Z !-like boson model to represent

the production of vector particles that can decay to the
eµ final state. To calculate the e!ciency and acceptance,
the Z ! is assumed to have the same quark and lepton cou-
plings as the SM Z except a non-zero Z ! to eµ coupling,
which is assumed to be the same as the Z ! to ee coupling.
The cross section is 0.61 pb for mZ! = 700 GeV [27]. MC
samples with Z ! masses ranging from 0.7 to 2 TeV are
generated with pythia.

Both "̃! and Z ! samples are processed through the
standard chain of the ATLAS simulation and reconstruc-
tion. The overall product of acceptance and e!ciency is
36% for m"̃! = 100 GeV and increases to 64% for m"̃! =
1 TeV. The corresponding number is # 60% for Z ! with
mass mZ! = 700 GeV to mZ! = 2 TeV. The predicted meµ

distributions for a "̃! with m"̃! = 650 GeV and a Z ! with
mZ! = 700 GeV are also shown in Fig. 1.
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Fig. 1. Observed and predicted eµ invariant mass distribu-
tions. Signal simulations are shown for m!̃! = 650 GeV and
mZ! = 700 GeV. The couplings ##

311 = 0.10 and #312 = 0.05
are used for the RPV $̃" model. The production cross section
is assumed to be the current published limit of 0.178 pb for
the LFV Z# model [8]. The ratio plot at the bottom includes
only statistical uncertainties.

The meµ spectrum is examined for the presence of a
new heavy particle. For each assumed m"̃! value in the
range 100 GeV to 2 TeV, a search region, which de-
pends on the simulated eµ mass resolution, is used2. The
number of observed and predicted background and sig-
nal events in each search range are used to set an up-
per limit on %(pp " "̃! ) $ BR("̃! " eµ). A Bayesian
method [28] is used with a uniform prior for the signal
cross section for a given m"̃! . Fig. 2a shows the expected
and observed 95% confidence level (C.L.) limits, as a func-
tion of m"̃! , together with the limits previously published
by ATLAS [8], which were based on 35 pb"1 of data,

2 The search region is normally defined to be (m!̃! " 3%,
m!̃! + 3%), where % is the expected meµ resolution (e.g., % =
11 GeV for m!̃! = 400 GeV). If m!̃! " 3% < 700 GeV and
m!̃! + 3% > 700 GeV, the region above m!̃! " 3% is used.
If m!̃! " 3% > 700 GeV, the region above 700 GeV is used.
The mass window changes around 700 GeV because the MC
statistics is not su!cient in the meµ > 700 GeV region.
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Table 1. Estimated backgrounds in the selected sample, to-
gether with the observed event yield. The total integrated lu-
minosity is 1.07 fb!1.

Process Number of events
tt̄ 1580 ± 170

Jet fake 1180 ± 120
Z/!" ! "" 750 ± 60

WW 380 ± 31
Single top 154 ± 16
W/Z + ! 82 ± 13

WZ 22.4 ± 2.3
ZZ 2.48 ± 0.26

Total background 4150 ± 250
Data 4053

Table 2. Estimated total backgrounds in the selected sample,
together with the observed event yields for 11 high eµ mass
regions.

meµ Data SM prediction
> 200 GeV 286 288 ± 22
> 250 GeV 152 136 ± 11
> 300 GeV 70 67 ± 6
> 350 GeV 35 34.0 ± 3.0
> 400 GeV 22 17.7 ± 1.7
> 450 GeV 10 10.5 ± 1.2
> 500 GeV 7 6.8 ± 0.9
> 550 GeV 3 4.3 ± 0.6
> 600 GeV 3 2.4 ± 0.4
> 650 GeV 1 1.49 ± 0.31
> 700 GeV 0 1.07 ± 0.25

The indices i, j, k = 1, 2, 3 refer to the fermion generation
numbers. The coupling constants ! satisfy !ijk = !!jik.
Only the tau sneutrino is considered in this Letter since
stringent limits already exist on the electron sneutrino and
muon sneutrino [1]. By fixing all RPV couplings except
!

!

311 ("̃! to dd̄) and !312 ("̃! to eµ) to zero, and assum-
ing that "̃! is the lightest supersymmetric particle, the
contributions to the eµ final state originate from the "̃!
only. The cross section is 0.154 pb for m"̃! = 650 GeV,
!!
311 = 0.10 and !312 = 0.05 [24]. The total decay width

is #"̃! = (3!!2
311 + 2!2

312)m"̃! /16$. Using couplings that
are consistent with the current limits, the decay width is
less than 1 GeV for m"̃! = 1 TeV, which is well below the
contribution from detector resolution. MC samples with
"̃! masses ranging from 0.1 to 2 TeV are generated with
herwig [16,25].

An eµ resonance also appears in models containing
a heavy neutral gauge boson, Z ! [26], with non-diagonal
lepton flavor couplings. Rare muon decay searches have
placed extremely stringent limits on the combination of
the mass and the coupling to ee and eµ in such models [2].
The eµ searches at hadron colliders are not able to match
the sensitivity of dedicated µ " e conversion experiments.
A limit on the production cross section times branching ra-
tio to eµ is placed on the Z !-like boson model to represent

the production of vector particles that can decay to the
eµ final state. To calculate the e!ciency and acceptance,
the Z ! is assumed to have the same quark and lepton cou-
plings as the SM Z except a non-zero Z ! to eµ coupling,
which is assumed to be the same as the Z ! to ee coupling.
The cross section is 0.61 pb for mZ! = 700 GeV [27]. MC
samples with Z ! masses ranging from 0.7 to 2 TeV are
generated with pythia.

Both "̃! and Z ! samples are processed through the
standard chain of the ATLAS simulation and reconstruc-
tion. The overall product of acceptance and e!ciency is
36% for m"̃! = 100 GeV and increases to 64% for m"̃! =
1 TeV. The corresponding number is # 60% for Z ! with
mass mZ! = 700 GeV to mZ! = 2 TeV. The predicted meµ

distributions for a "̃! with m"̃! = 650 GeV and a Z ! with
mZ! = 700 GeV are also shown in Fig. 1.
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Fig. 1. Observed and predicted eµ invariant mass distribu-
tions. Signal simulations are shown for m!̃! = 650 GeV and
mZ! = 700 GeV. The couplings ##

311 = 0.10 and #312 = 0.05
are used for the RPV $̃" model. The production cross section
is assumed to be the current published limit of 0.178 pb for
the LFV Z# model [8]. The ratio plot at the bottom includes
only statistical uncertainties.

The meµ spectrum is examined for the presence of a
new heavy particle. For each assumed m"̃! value in the
range 100 GeV to 2 TeV, a search region, which de-
pends on the simulated eµ mass resolution, is used2. The
number of observed and predicted background and sig-
nal events in each search range are used to set an up-
per limit on %(pp " "̃! ) $ BR("̃! " eµ). A Bayesian
method [28] is used with a uniform prior for the signal
cross section for a given m"̃! . Fig. 2a shows the expected
and observed 95% confidence level (C.L.) limits, as a func-
tion of m"̃! , together with the limits previously published
by ATLAS [8], which were based on 35 pb"1 of data,

2 The search region is normally defined to be (m!̃! " 3%,
m!̃! + 3%), where % is the expected meµ resolution (e.g., % =
11 GeV for m!̃! = 400 GeV). If m!̃! " 3% < 700 GeV and
m!̃! + 3% > 700 GeV, the region above m!̃! " 3% is used.
If m!̃! " 3% > 700 GeV, the region above 700 GeV is used.
The mass window changes around 700 GeV because the MC
statistics is not su!cient in the meµ > 700 GeV region.
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Conclusions ?

No evidence of  non-SM 
contributions has been found in  
1 fb-1 of  collision data and a 
large variety of  final states

SUSY limits on squarks and 
gluinos are now approaching 
the TeV scale

2

Abstruse Goose gets it right ?
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Outlook

These results rule out the easy scenario of  sub-TeV squark (first generations) or gluino 
with a light LSP.

With 5 fb-1 now on disk, we are looking at many other possibilities:

Direct production of  scalar bottom, top, slepton, and gaugino

Compressed mass spectrum

Refining consolidate searches, like moving from cut-and-count in one bin to shape 
analysis, work on systematics etc., to further push up sensitivity

We haven’t given up, and we are still optimizing our searches for discovery, not 
exclusion... stay tuned for more results with full 2011 data set!
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Backup slides
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Performance and Standard Model 
measurements

The new pysics searches 
presented here are possible 
because of  the excellent 
performance of  our detector 
and the understanding we 
achieved of  Standard Model 
processes. 

The ATLAS Collaboration: Performance of Missing Transverse Momentum Reconstruction at
!
s = 7 TeV 11
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Fig. 5. Distribution of EmissT (top) and φmiss(bottom) as measured in a data sample of Z " ee (left) and of Z " µµ (right). The expectation
from Monte Carlo simulation is superimposed and normalized to data, after each MC sample is weighted with its corresponding cross-section.
The sum of all backgrounds is shown in the lower plots.
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Fig. 6. Distribution of EmissT computed with calorimeter cells associated to muons (Emiss,calo,µT ) (left) and computed from reconstructed muons
(Emiss,µT ) (right) for Z " µµ data. The expectation from Monte Carlo simulation is superimposed and normalized to data, after each MC
sample is weighted with its corresponding cross-section.

Missing Et in Z(ee) candidates
arXiv:1108.5602

Jet energy scale uncertainty for central jets
ATL-CONF-2011-032

Multi jet cross section
arXiv:1107.2092

W+jet cross section
Phys. Lett. B698, 325

tt+jets, ATL-CONF-2011-142
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AMSB search backup plots
Hadron track control 

sample fit

Bad track control 
sample fit
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