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Abstract

This note describes a new interpretation of a search for Supersymmetry in final states

with exactly two oppositely charged leptons, jets and missing transverse momentum within

the gauge-mediated Supersymmetry breaking model. The obtained exclusions significantly

extend existing limits.



1 Introduction

Supersymmetry (SUSY) [1], as many other extensions to the Standard Model (SM), predicts the exis-

tence of coloured particles, squarks (q̃) and gluinos (g̃), that could be copiously produced at the LHC.

In gauge-mediated supersymmetry breaking (GMSB) models [2–8], the squarks and gluinos decay di-

rectly or through steps into the next-to-lightest SUSY particle (NLSP), which further decays into its SM

partner and the lightest supersymmetric particle (LSP), a nearly massless gravitino (G̃). Possible NLSP

candidates are the lightest stau (τ̃1), right handed sleptons (ℓ̃R), the lightest neutralino (χ̃0
1
) or sneutrinos

(ν̃). The gravitino escapes detection and gives rise to missing transverse momentum, Emiss
T

. Depending

on the nature of the NLSP, the final states contain Emiss
T

, jets from the q̃ and g̃ decays and either leptons

(e/µ), τ leptons, photons or neutrinos. Previous results on GMSB scenarios have been reported by the

LEP [9–12], Tevatron [13, 14] and LHC experiments [15, 16]. While the LEP limits are provided for

exactly the same model considered in this note, the Tevatron and LHC results are not directly applicable

here.

This note reports on the interpretation within the GMSB scenario of the ATLAS dilepton SUSY

analysis [17] based on 1.04 fb−1 of data collected with the ATLAS detector at a centre-of-mass energy

of
√
s = 7 TeV. The signal selection criteria are taken without modification from the search for SUSY

in dileptonic final states. From the three signal regions for opposite sign (OS) leptons discussed in

Ref. [17], the 3 jets+Emiss
T

signal region1 is used for the GMSB interpretation discussed here, since

it provides the best sensitivity for all signals studied. The background estimation and all background

related uncertainties are also taken from Ref. [17].

In GMSB models, the messenger fields, which exist at a scale Mmes (≪ MPl =

√

~c
G
), transmit the

breaking of SUSY from the hidden to the accessible sector. Assuming a minimal GMSB model, these

messenger fields form a complete representation of SU(5) and thus preserve the unification of the gauge

coupling constants. The minimal GMSB model can be described by six parameters: Λ, Mmes, N5, tan β,

sign(µ) and Cgrav, where Λ is the SUSY breaking scale felt by the low energy sector, Mmes is the mass

scale of the messenger fields, which needs to be greater than Λ to avoid charge and color breaking in the

messenger sector and N5 represents the number of messenger fields. The ratio of the vacuum expectation

values of the two Higgs doublets is given by tan β, while sign(µ) is the sign of the Higgsino mass term.

Finally, Cgrav is the scale of the gravitino coupling.

The sparticle masses at the breaking scale Λ are evolved via the renormalization group equations

to the weak scale and lead to a linear dependence of these masses on Λ. Typical values of Λ are 10–

100 TeV. Gaugino and sfermion masses are proportional to N5 and
√
N5, respectively. The gravitino

coupling determines the lifetime of the next-to-lightest supersymmetric particle.

2 Characteristics of the GMSB scenario

In this note, results are interpreted as function of Λ and tan β for fixed values of Mmes = 250 TeV, N5 = 3,

sign(µ) positive and Cgrav = 1. The calculation of the sparticle masses at the weak scale is done with

ISAJET [18]. Current limits from LEP for this scenario exclude values of Λ up to 26 TeV irrespective of

tan β [12].

The GMSB signal samples are generated with HERWIG++ [19] and the corresponding cross sections

are determined at next-to-leading order (NLO) using PROSPINO [20–24] and CTEQ6.6 parton distribu-

tion functions (PDF) [25]. All simulated events are produced using an ATLAS parameter tune [26] and a

GEANT4 [27] based detector simulation [28]. To take into account differing pileup conditions depending

on the setup of the LHC machine, Monte Carlo (MC) simulated events are reweighted according to the

1The signal region is called OS-SR 2 in Ref. [17].
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mean expected number of interactions per bunch crossing.

Different SUSY particles can take the role of the NLSP depending on the choice of Λ and tan β. At

low values of Λ, the lightest neutralino is the NLSP while for values above 20 TeV either the lightest

stau τ̃1 or right-handed slepton ℓ̃R are the NLSP. The τ̃1 is lighter than the ℓ̃R for large values of tan β,

while the situation is reversed for low tan β. The regions for the various NLSP’s are depicted in Fig. 1.

The branching ratios of χ̃0
1
to τ̃1τ and to ℓ̃Rℓ depicted in Fig. 2 reflect this transition. In the slepton

NLSP region, the sleptons directly decay to a lepton and a gravitino, while in the stau NLSP region, they

decay into τ̃1τℓ as shown in Fig. 3. The staus always decay into a τ lepton and a gravitino, both in the stau

and slepton NLSP region. Therefore, the leptons originate either directly from ẽR/µ̃R or from leptonic τ

decays, depending on tan β, with some smaller contribution from the decays of heavier gauginos. Given

these decay properties, a dileptonic selection is expected to provide good sensitivity for a GMSB signal.

In the slepton NLSP region, the same flavour final states yield higher efficiencies since for each decay

chain involving a slepton two oppositely charged leptons of the same flavour are produced. If the decays

proceed via staus to τ leptons and thus electrons and muons stem from the leptonic τ decays, the eµ final

state gains in sensitivity due to increased branching fraction in opposite sign opposite flavour states.

3 Analysis

The data used in this analysis were collected between March and June 2011 at a centre-of-mass energy

of 7 TeV corresponding to an integrated luminosity of 1.04±0.04 fb−1.
Electrons need to fulfil kinematic requirements on the transverse energy of ET > 20 GeV and |η| <

2.47. If the electron candidate overlaps with a jet within 0.2 < ∆R < 0.4, where ∆R =
√

(∆η)2 + (∆φ)2,

this candidate is removed from the list of electrons. If the distance is smaller, the electron is retained and

the jet is discarded instead. The electron must be isolated and the ET requirement is raised to 25 GeV if

the electron is the leading lepton in the event.
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Figure 1: Overview of the regions with different NLSP’s in the Λ-tan β plane for the gauge-mediated

SUSY breaking model. The CoNLSP region denotes the parameter space where τ̃1 and ℓ̃R are nearly

mass degenerate.
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Figure 2: Branching Ratio of χ̃0
1
to τ̃1τ (left) and to ℓ̃Rℓ (right) as a function of Λ and tan β.
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Figure 3: Branching Ratio of ℓ̃R to G̃ℓ (left) and to τ̃1τℓ (right) as a function of Λ and tan β.

Muons are required to have a transverse momentum of pT > 10 GeV and |η| < 2.4. Only muons

isolated from jets (∆R < 0.4) and isolated in the inner tracking detector are taken into account. In the

case of the muon being the highest pT lepton in the event, the pT requirement is tightened to > 20 GeV.

Jets are reconstructed using an anti-kt jet algorithm [29] with a radius parameter of 0.4. Kinematic

requirements of ET > 20 GeV and |η| < 2.8 are applied to all jets.

The missing transverse momentum is the negative vectorial ET sum of reconstructed objects in the

event, including the jets, the two signal leptons, any additional identified non-isolated muons, and topo-

logical calorimeter clusters up to |η| < 4.5 not belonging to any of the aforementioned object types. A

more detailed description of the object selection is given in Ref. [17].

The event selection starts by requiring a primary vertex with at least five associated tracks. The

kinematic selection requires exactly two leptons of opposite charge. Events with additional leptons are

discarded. In the case of dielectron (ee) and dimuon (µµ) final states, events must satisfy a single electron

and single muon trigger condition, respectively. For mixed lepton flavour (eµ) either a single electron or

single muon trigger is used, depending on the transverse momentum of the leptons.

A lower cut of 12 GeV on the invariant dilepton mass, mℓℓ, is applied to remove low-mass dilepton

resonances. The final signal region is defined by requirements on the missing transverse momentum to

account for the escaping LSP and by a jet selection to reflect the presence of jets in strong production

of SUSY particles: Emiss
T
> 220 GeV and at least three jets, with ET > 80 GeV for the leading jet, and
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Figure 4: Distribution of the missing transverse momentum (left) and the jet multiplicity (right) after

requiring two oppositely charged leptons. The hatched bands reflect the statistical and systematic uncer-

tainties. The expected contribution from a GMSB signal with Λ = 40 TeV and tan β = 25 is also shown

as a black dashed line.

40 GeV for the other jets. Figure 4 shows the Emiss
T

and jet multiplicity distributions before applying the

Emiss
T

and jet requirements. A good description of the data by the MC simulation is observed.

The backgrounds are determined in dedicated control regions and the MC simulation is used to

extrapolate from these control regions to the signal region. The main background components are tt̄

and Z/γ∗+jets production. The tt̄ control region is defined using a kinematic tagger, while Z/γ∗+jets
events are selected at low Emiss

T
in a window around the Z mass. A detailed discussion of the background

determination techniques is provided in Ref. [17].

4 Systematic uncertainties

Different sources of systematic uncertainties impact the prediction of SUSY and background events in

the signal region. The main sources are the jet energy scale (JES) and resolution (JER), cross section and

MC modelling uncertainties. In addition, the limited number of MC events in the signal region and data

events in the control regions gives rise to sizable uncertainties on the final background prediction.

The JES and JER uncertainties are estimated by varying the nominal values within their uncertain-

ties [30], resulting in changes in the background prediction of 6% and 11%, respectively. The MC

modelling and amount of ISR/FSR in tt̄ events is studied using different generators. The related uncer-

tainties are found to be 13% for the generator and 16% for the ISR/FSR variation. The uncertainty due

to limited statistics in the background determination methods is 10% for the tt̄ background, while the

uncertainty due to luminosity is 3.7% [31]. Lepton uncertainties from identification and resolution are

negligible.

The scale and PDF uncertainties of the GMSB signal are studied using PROSPINO2. In addition to

the variations of the eigenvectors of the PDF, also the uncertainty related to the variation of αs is taken

into account. The PDF uncertainties are found to be 10% at low values of Λ rising to 30% at high values

of either Λ or tan β. This increase in the uncertainty is related to a rise in the masses of the gluinos

and squarks with Λ. With higher masses, larger x values of the PDF are probed which results in larger

uncertainties due the larger errors of the PDF at high x.

2It is necessary to rescale the 90% CL uncertainties provided by PROSPINO to 68% CL.
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Table 1: Number of expected background events and events observed in the data for the three different

final states in the signal region using the selection of Ref. [17]. The first errors are statistical and the

second systematic. The negative expected number of µµ fakes is an artefact of the matrix method used

for this background determination.

ee eµ µµ

tt̄ 1.4±0.1±0.3 3.9±0.3±1.0 2.6±0.2±0.6
Z/γ∗+jets 0.45±0.23±0.44 0.84±0.59±0.32 0.27±0.14±0.27
Fakes 0.01±0.14±0.003 2.8±1.6±2.1 -0.13±0.04±0.05
Dibosons - 0.03±0.03±0.03 0.24±0.21±0.02
Single-top 0.05±0.10±0.02 0.39±0.16±0.25 0.09±0.15±0.08
Total 1.9±0.3±0.8 7.9±1.8±2.5 3.2±0.4±0.9
Data 3 9 5

The uncertainties from scale variations depend on the SUSY particles produced in the hard interac-

tion. For strong production, typical uncertainties are around 20% with a small increase with increasing

Λ. For associated production of squarks and gauginos, the uncertainties lie between 20 and 25%, while

they are small (2–5%) for gaugino pair production. The JES and JER uncertainties are found to range

from 10% to 20%. The limited MC statistics leads to uncertainties of 7% at high values ofΛ and increase

up to 40% at low values of Λ as well as close to the border of the theoretically inaccessible area.

5 Results and interpretation

In the following, the results from Ref. [17] are used for the GMSB interpretation. After applying all

selection requirements, the total number of expected background events are compared to the num-

ber of events observed in data. The total background expectation is 1.9±0.3(stat.)±0.8(syst.) events,

7.9±1.8(stat.)±2.5(syst.) events and 3.2±0.4(stat.)±0.9(syst.) events in the ee, eµ and µµ channel, re-

spectively, while three, nine and five events are observed in the data. In all three channels, the dominant

contributions stem from tt̄ events, which make up between 50 and 80% of the total expected SM back-

ground. Also Z/γ∗+jets events yield a sizeable contribution to all channels. In addition, contributions

from processes with misidentified leptons, dominated by semileptonic tt̄ decays, are important in the eµ

channel. A detailed overview of the expected backgrounds is given in Table 1.

The signal selection efficiency depends on the production mechanism. The highest selection efficien-

cies are obtained for the squark-gaugino production channel with values reaching up to 30%. In addition,

squark-gluino and gluino pair production also yield good efficiencies (up to 20%) due the larger number

of expected jets in the final state, while squark-(anti)squark and gaugino gaugino production only yield

small signal efficiencies. The selection efficiencies for g̃g̃, q̃g̃, q̃χ̃ and χ̃χ̃ production are shown in Fig. 5.

To quantify the importance of the different production channels, their relative contributions to the total

expected signal abundance are displayed in Fig. 6. The overall numbers of expected signal events for the

three different final states in the Λ-tan β plane are shown in Fig. 7.

Since there is no evidence for a signal the results are used to set limits on GMSB production. A

profile likelihood technique [32], based on the CLs method [33], is used to extract limits at 95% Confi-

dence Level (CL) in the Λ-tan β plane. The expected and observed exclusion contours for the individual

channels are given in Fig. 8. The shape of the exclusion limits reflects the characteristics of the GMSB

signal discussed in Section 2. At low values of tan β, the ee and µµ final states yield better limits com-

pared to the eµ final state. With increasing values of tan β, the exclusion reach of the eµ selection gets
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Figure 5: Signal selection efficiency × acceptance as function of Λ and tan β for gluino-gluino (top left),

squark-gluino (top right), squark-gaugino (bottom left) and gaugino-gaugino production (bottom right).

better, reflecting the transition from slepton to stau NLSP. It can also be observed that the µµ selection

performs better in this region compared to the ee channel, since the µµ selection with a lower lepton

pT threshold is more efficient in selecting the softer leptons from the leptonic τ decays. This is further

illustrated further in Fig. 9 which shows the pT distribution of the second leading muon for data and the

expected SM backgrounds.

The combination of all three final states is shown in Fig. 10. The analysis excludes GMSB production

with Λ values of 20-35 TeV for tan β values up to 30. For tan β values below 10, the exclusion region

extends toΛ= 40 TeV. In all areas, the observed limit is weaker compared to the expected one, since in all

three selections, the number of events observed in the data slightly exceeds the background predictions.

6 Summary and conclusion

In this note, the dilepton analysis with exactly two OS leptons, at least three jets and Emiss
T

is interpreted

in the minimal GMSB scenario. Using 1.04 fb−1 of ATLAS data recorded at a centre-of-mass energy

of 7 TeV, no excess above the Standard Model prediction is observed. The exclusion limits obtained

improve significantly on already existing limits and probe GMSB production for values up toΛ= 40 TeV.
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Figure 6: Relative contribution to the signal expectation from gluino-gluino (top left), gluino-squark (top

right), squark-gaugino (bottom left) and gaugino-pair production (bottom right) as a function of Λ and

tan β.
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