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Introduction

• Search for squarks and gluinos in the 
final state with jets and missing 
transverse energy with isolated 
electron or muon veto.

• 4.7 fb-1 of 7 TeV collision data in 2011 
run is used

• 2-6 jets search:
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C Event display of the highest meff event recorded in this data sample.

Figure 39: A display of the reconstructed event with the highest meff found in the data sample used for
this note. This event possesses four jets with pT > 40 GeV (pT = 974, 276, 146 and 61 GeV respectively),
Emiss

T = 984 GeV and meff = 2441 GeV (calculated using the leading four jets).
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g̃g̃, g̃q̃, q̃q̃

g̃ → qq̄χ̃0
1

q̃ → qχ̃0
1

• Extend to 6-9 jets search to be 
sensitive to non-leptonic many-body 
decays and long decay chains

1 Introduction

Many extensions of the Standard Model of particle physics predict the presence of TeV-scale strongly
interacting particles that decay to lighter, weakly interacting descendants. Any such weakly interact-
ing particles that are massive and stable can contribute to the dark matter content of the universe. The
strongly interacting parents would be produced in the proton-proton interactions at the LHC, and would
be characterized by events containing significant missing transverse momentum Emiss

T from the unob-
served weakly interacting daughters, and jets from emissions of quarks and/or gluons.

In the context of R-parity conserving [1, 2, 3, 4, 5] supersymmetry [5, 6, 7, 8, 9, 10], the strongly
interacting parent particles are the squarks q̃ and gluinos g̃, they are produced in pairs, and the lightest
supersymmetric particles are the stable dark matter candidates [11, 12]. Jets are produced from a variety
of sources: from quark emission in supersymmetric cascade decays, production of heavy Standard Model
particles (W, Z or t) which then decay hadronically, and from QCD radiation. Examples of particular
phenomenological interest include models where squarks are significantly heavier than gluinos. In such
models the gluino pair production and decay process

g̃ + g̃→
�
t + t̄ + χ̃0

1

�
+
�
t + t̄ + χ̃0

1

�

can dominate, producing large jet multiplicities when the resulting top quarks decay hadronically. In the
context of MSUGRA/CMSSM models, a variety of different cascade decays, including the g̃g̃ initiated
process above, can lead to large jet multiplicities.

A previous ATLAS search in high jet multiplicity final states [13] examined data taken during the
first half of 2011, corresponding to an integrated luminosity of 1.34 fb−1. This paper extends the analysis
to the complete ATLAS 2011 pp data set, corresponding to 4.7 fb−1, and includes improvements in the
analysis and event selection that further increase sensitivity to models of interest.

Events are selected with large jet multiplicities ranging from ≥ 6 to ≥ 9, in association with significant
Emiss

T . Events containing high transverse momentum (pT) electrons or muons are vetoed in order to
reduce backgrounds from (semi-leptonically) decaying top quarks or W bosons. Other complementary
searches have been performed by the ATLAS collaboration in final states with Emiss

T and one or more
leptons [14, 15]. Further searches have been performed by ATLAS using events with at least two, three
or four jets [16], or with at least two b-tagged jets [17]. Searches have also been performed by the CMS
collaboration, including a recent search in fully hadronic final states [18].

2 The ATLAS detector and data samples

The ATLAS experiment [19] is a multi-purpose particle physics detector with a forward-backward sym-
metric cylindrical geometry and nearly 4π coverage in solid angle.1 The layout of the detector is
dominated by four superconducting magnet systems, which comprise a thin solenoid surrounding in-
ner tracking detectors and a barrel and two end-cap toroids supporting a large muon spectrometer. The
calorimeters are of particular importance to this analysis. In the pseudorapidity region |η| < 3.2, high-
granularity liquid-argon (LAr) electromagnetic (EM) sampling calorimeters are used. An iron-scintillator
tile calorimeter provides hadronic coverage for |η| < 1.7. The end-cap and forward regions, spanning
1.5 < |η| < 4.9, are instrumented with LAr calorimetry for both EM and hadronic measurements.

The data sample used in this analysis was taken during April – October 2011 with the LHC op-
erating at a proton-proton centre-of-mass energy of

√
s = 7 TeV. Application of beam, detector and

1ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the detector
and the z-axis along the beam pipe. Cylindrical coordinates (r, φ) are used in the transverse plane, φ being the azimuthal angle
around the beam pipe. The pseudorapidity η is defined in terms of the polar angle θ by η = − ln tan(θ/2).

1

‣ 4 leading jets with pT =  
974, 276, 146 and 61 GeV
‣ Large missing transverse 

energy: 984 GeV
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2-6 jets search
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Signal Regions

• Jet+MET triggers

• 6 channels, 11 signal regions for different topologies and mass ranges
4
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Requirement
Channel

A A’ B C D E

Emiss

T
[GeV] > 160

pT( j1) [GeV] > 130

pT( j2) [GeV] > 60

pT( j3) [GeV] > – – 60 60 60 60

pT( j4) [GeV] > – – – 60 60 60

pT( j5) [GeV] > – – – – 40 40

pT( j6) [GeV] > – – – – – 40

∆φ(jet, Emiss

T
)min > 0.4 (i = {1, 2, (3)}) 0.4 (i = {1, 2, 3}), 0.2 (pT > 40 GeV jets)

Emiss

T
/meff(N j) > 0.3 (2j) 0.4 (2j) 0.25 (3j) 0.25 (4j) 0.2 (5j) 0.15 (6j)

meff(incl.) [GeV] > 1900/1400/– –/1200/– 1900/–/– 1500/1200/900 1500/–/– 1400/1200/900

Table 1: Cuts used to define each of the channels in the analysis. The Emiss

T
/meff cut in any N jet channel

uses a value of meff constructed from only the leading N jets (indicated in parentheses). However, the

final meff(incl.) selection, which is used to define the signal regions, includes all jets with pT > 40 GeV.

The three meff(incl.) selections listed in the final row denote the ‘tight’, ‘medium’ and ‘loose’ selections

respectively. Not all channels include all three SRs.

In Table 1, ∆φ(jet, Emiss

T
)min is the smallest of the azimuthal separations between �P miss

T
and the re-

constructed jets. For channels A, A’ and B, the selection requires ∆φ(jet, Emiss

T
)min > 0.4 using up to

three leading jets. For the other channels an additional requirement ∆φ(jet, Emiss

T
)min > 0.2 is placed on

all jets with pT > 40 GeV. Requirements on ∆φ(jet, Emiss

T
)min and Emiss

T
/meff are designed to reduce the

background from multi-jet processes.

Standard Model background processes contribute to the event counts in the signal regions. The

dominant sources are: W+jets, Z+jets, top quark pair, single top quark, and multi-jet production, with

a smaller contribution from diboson production. The majority of the W+jets background is composed

of W → τν events, or W → eν, µν 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 → νν̄
decays generate large Emiss

T
. Top quark pair production followed by semileptonic decays, in particular

tt̄ → bb̄τνqq with the τ-lepton decaying hadronically, as well as single top quark events, can also generate

large Emiss

T
and pass the jet and lepton requirements at a non-negligible rate. The multi-jet background in

the signal regions is caused by misreconstruction of jet energies in the calorimeters leading to apparent

missing transverse momentum, as well as by neutrino production in semileptonic decays of heavy quarks.

Extensive validation of the MC simulation against data has been performed for each of these background

sources and for a wide variety of control regions (CRs).

Each of the six channels is used to construct between one and three signal regions with ‘tight’,

‘medium’ and/or ‘loose’ meff(incl.) selections. In order to estimate the backgrounds in a consistent and

robust fashion, five control regions are defined for each of the eleven signal regions, giving 55 CRs in

total. The orthogonal CR event selections are designed to provide uncorrelated data samples enriched in

particular background sources. Each ensemble of one SR and five CRs constitutes a different ‘stream’ of

the analysis. The CR selections are optimised to maintain adequate statistical weight, while minimising

as far as possible the systematic uncertainties arising from extrapolation to the SR.

The control regions are chosen to be as close kinematically as possible to the corresponding SR in

order to minimise theoretical uncertainties arising from extrapolation between them. The CRs are listed

3
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Compressed 
spectra

Signal region selection

QCD rejection

g̃g̃, g̃q̃, q̃q̃

g̃ → qq̄χ̃0
1

q̃ → qχ̃0
1

{

meff = Emiss
T +

�

SRjets

pT

meff (incl.) = Emiss
T +

�

jetspT>40GeV

pT
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Backgrounds and Control Regions

• Main backgrounds are: multijet, Z+jet, W+jet, ttbar+singlge top

• For each SRs, we define 5 CRs for each background (Z+jet has two CRs 
corresponding to Z leptonic and gamma+jet selections)

• Define transfer factors for each background process:

‣ Control region-signal region transfer factors to estimate contribution to SR

‣ Control region-control region transfer factors to take into account the 
background correlations between control regions

5

N
ot

re
vi

ew
ed

,f
or

in
te

rn
al

ci
rc

ul
at

io
n

on
ly

CR SR Background CR process CR selection

CR1a Z(→ νν)+jets γ+jets Isolated photon

CR1b Z(→ νν)+jets Z(→ ��)+jets |m(�, �) − m(Z)| < 25 GeV

CR2 Multi-jets Multi-jets Reversed ∆φ( ji, Emiss

T
) cut

CR3 W(→ �ν)+jets W(→ �ν)+jets 30 GeV < mT (�, Emiss

T
) < 100 GeV, b-veto

CR4 tt̄ and single-t tt̄ → bbqq��ν 30 GeV < mT (�, Emiss

T
) < 100 GeV, b-tag

Table 2: Control regions used in the analysis: the main targeted background in the SR,, the process used

to model the background, and main CR cut(s) used to select this process are given.

in Table 2. CR1a and CR1b are used to estimate the contribution of Z(→ νν)+jets background events to

the SR by selecting samples of respectively γ+jets and Z(→ ��)+jets events. CR2 uses a reversed and

tightened cut on the minimum angular separation in the transverse plane between up to three selected

leading jets (depending on channel) and �P miss

T
(∆φ( ji, Emiss

T
) in Table 1) to produce a data sample enriched

in multi-jet background events. CR3 and CR4 use respectively a b-jet veto or b-jet requirement together

with a lepton+Emiss

T
transverse mass (mT) requirement to select samples of W(→ �ν)+jets and semi-

leptonic tt̄ background events. All other cuts are similar to those used to select the corresponding signal

region.

The observed numbers of events in the CRs for each SR are used to generate internally consistent

SM background estimates for the SR via a likelihood fit. This procedure enables CR correlations and

contamination by other SM processes and/or SUSY signal events to be taken into account. The same fit

also allows the statistical significance of the observation in the SR to be determined. Key ingredients in

the fit are the ratios of expected event counts (the TFs) from each background process between the SR

and each CR, and between CRs. The TFs enable observations in the CRs to be converted into background

estimates in the SR using:

N(SR, est, proc) = N(CR, obs, proc) ×
�

N(SR, raw, proc)

N(CR, raw, proc)

�
, (1)

where N(SR, est, proc) is the estimated background contribution to the SR by a given process, N(CR,

obs, proc) is the observed number of data events in the CR for the process, and N(SR, initial, proc) and

N(CR, initial, proc) are initial, un-normalised estimates of the contributions from the process to the SR

and CR, respectively. The ratio appearing in the square brackets in Eqn. 1 is defined to be the transfer

factor TF. Similar equations containing inter-CR TFs enable the background estimates to be normalised

coherently across all the CRs.

Background estimation requires determination of the central expected values of the TFs for each SM

process, together with their associated correlated and uncorrelated uncertainties. The multi-jet TFs are

estimated using a data-driven technique, which applies a resolution function to well-measured multi-jet

events in order to estimate the effect on Emiss

T
and other variables. The other TFs estimates use fully

simulated Monte Carlo samples validated with data. Some systematic uncertainties, for instance those

arising from the jet energy scale (JES), or theoretical uncertainties in MC cross-sections, largely cancel

when calculating the event count ratios constituting the TFs.

The result of the likelihood fit for each SR-CR ensemble is a set of background estimates and un-

certainties for the SR together with a p-value giving the probability for the hypothesis that the SR event

count is compatible with background alone. However, an assumption has to be made about the migra-

tion of SUSY signal events between regions. When searching for a SUSY signal in a particular SR,

it is assumed that the signal contributes only to the SR, i.e. the SUSY TFs are all set to zero, giving

no contribution from the signal in the CRs. If no excess is observed, then limits are set within specific

4

ttbar
CR

W+jet CR Multijet CR

Z(l+l)+jetγ+jet

SR

Control region-
signal region 

transfer factors

Control 
region-control 
region transfer 

factors

Profile Likelihood Ratio 
fit with transfer factors 
and number of observed 
events in CRs as inputs 
to constrain background 
estimation in SRs

Transfer functions
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W+jet and Top Control Regions

• W+jet and top CRs contain event with an isolated lepton

‣ Transverse mass in (30, 100) GeV

‣ With b-tagged->top CR

‣ Without b-tagged->W CR

‣ Lepton are treated as jets

• Transfer factor from MC simulation (Alpgen)

• Yellow bands are JES, JER and PileUp uncertainties
6
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Figure 11: Observed CR3 meff(incl.) distribution for channel A. Histograms are as for Figure 9.
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Figure 12: Observed CR4 meff(incl.) distribution for channel A. Histograms are as for Figure 9.
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Figure 11: Observed CR3 meff(incl.) distribution for channel A. Histograms are as for Figure 9.
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Figure 12: Observed CR4 meff(incl.) distribution for channel A. Histograms are as for Figure 9.
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QCD Multijet Control Region

• Control region is defined by reversed ∆Φ cut

7

Cut

Control Region

1a 1b 2 3 4

1 As for SR Cut 1 (modulo appropriate stream for trigger)

2 EF g80 loose

EF e20 medium (period ≤ J)

As for SR cut 2 As for CR1b As for CR1b

/ EF e22 medium (data period K)

/ (EF e22vh medium1 OR EF e45 medium1)

(period ≥ L) OR EF mu18 (period < J)

/ EF mu18 L1J10 (period ≥ J)

3a-5

As for SR cuts 3a-5, with lepton treated as jet with chf = 1, emf = 0 and excluded from |�t�| for CR3/4.

Cut 3g: signal muon(s) used in cut 6a excluded from Emiss

T
for CR1b/3/4. Cut 3h: Emiss

T
’ from cuts ≥7 used in CR1a/1b.

6a

Exactly 2 OS selected

As for SR Cut 6

Exactly 1 selected signal Exactly 1 selected signal

SM Photon selection signal electrons or muons: electron or muon electron or muon

(see Section 9.3) pT(e) >25, 20 GeV with pT(e) >25 GeV with pT(e) >25 GeV

or pT(µ) >20, 20 GeV or pT(µ) >20 GeV or pT(µ) >20 GeV

6b – – –
No pT >40 GeV sel. |η| < 2.5 ≥ 1 pT >40 GeV sel. |η| < 2.5

jet with JetFitterCombNN ≥ 1.8 jet with JetFitterCombNN ≥ 1.8

6c –

66 GeV < m(��)
–

30 GeV < mT (�, Emiss

T
) 30 GeV < mT (�, Emiss

T
)

< 116 GeV < 100 GeV < 100 GeV

Use Emiss

T
’ = pT(γ) + Emiss

T
(Simplified20 Emiss

T
’ =

–

Treat lepton Treat lepton

below: withTightPhotons RefFinal) Emiss

T
+ pT(��) as a jet as a jet

7-13
As for SR cuts 7-13

14 SR cut 14 No cut

∆φ( ji, Emiss

T
) < 0.2 :

No cut No cut
i={1,2,(3)}(A, A’, B) /

pT > 40 GeV jets (C,D,E)

15 SR cut 15 No cut SR Cut 15 No cut No cut

16 SR cut 16 SR Cut 16 SR Cut 16 SR cut 16 SR cut 16 / 1500 GeV (A/B(tight))

Table 13: Control Region selections.

3
3

• Transfer factor is derived by data-
driven jet smearing method

‣ Select low           seed events

‣ Apply a jet respond function to four-
vectors of jets in seed events -> 
generate high meff events

‣ Recalculate the ∆Φ variable using 
smeared jets -> define QCD multijet 
transfer factor from low and high ∆Φ 
regions corresponding to CR and SR 
respectively
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Figure 9: Observed CR1b meff(incl.) distribution for channel A. The histograms show the normalised
SM background expectations. The yellow band shows only the combined JES, JER and MC statistics
uncertainties.
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Figure 10: Observed CR2 meff(incl.) distribution for channel A. Histograms are as for Figure 9.
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QCD control region
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SRjets
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�
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Z+jet Control Regions

• Two control regions dedicated to Z+jet background

‣ Gamma+jet events with photon treated as MET

‣ Z->ll+jets  events with Z treated as MET

• The transfer factors are derived from MC simulation

‣ Gamma+jet

‣ Z->ll+jet CR: ration of Z+jet in SR and Z->ll+jet in CR  

8
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A Supplementary meff plots for control regions used in the analysis

The ALPGENW+jets, Z+jets and tt̄ and single top distributions in all cases are scaled by factors of respec-

tively 0.75, 0.78 and 0.73 with respect to the raw normalisation by NLO cross-section times luminosity,

in order to improve the agreement with the data. These scaling factors are within the expected range of

the systematic uncertainties and are determined by normalisation to all data (i.e. without any meff cut)

in CR3, CR1b and CR4 respectively in channel A (i.e. two-jet events). The CR1a plots use ALPGEN

without any NLO k-factor or other scaling. The multi-jet background is estimated using a data-driven jet

smearing method, while the diboson contribution is normalised to luminosity.
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Figure 8: Observed CR1a meff(incl.) distributions for channel A. The histogram shows the expectation

from ALPGEN MC normalised as described above. The yellow band shows only the combined JES, JER

and MC statistics uncertainties.
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Figure 9: Observed CR1b meff(incl.) distribution for channel A. The histograms show the normalised
SM background expectations. The yellow band shows only the combined JES, JER and MC statistics
uncertainties.
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Figure 10: Observed CR2 meff(incl.) distribution for channel A. Histograms are as for Figure 9.
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CR1a event selection

CR1a is defined by selecting photon events, using the same data sample and detector quality requirements
as described in Section 8. The photon selection criteria are identical to those used in the ATLAS prompt
photon cross section analysis [52], where an isolated photon passing the tight photon identification cuts
is required. The g80 loose trigger is used, and a further offline photon pT ≥ 85 GeV cut is applied in
order to ensure a trigger efficiency close to 100%. The photons are required to lie within the fiducial
region |η| < 1.37 and 1.52 ≤ |η| < 2.37, and to satisfy an isolation critierion, Etcone40 < 5 GeV.
Recommended corrections to the efficiency, energy scale and resolution are applied.

After this first (photon) event selection a total of 2 858 432 photon candidates are obtained from
the complete data-set. Figure 26 (left) shows the leading photon pT distributions for events passing the
photon selection. The purity of the event sample is expected to be ∼ 99%, with a small background
contribution consisting primarily of electrons from W decays faking photons.

In the second selection step, the SR selection cuts from Table 12 are applied to the photon sample.
In order to prevent the reconstructed photon in the event from also counting as a jet, jets within ∆R = 0.2
of the leading photon are removed. It is found that varying the critical ∆R value between 0.4 and 0.1
introduces negligible bias, as is to be expected given the prior application of photon isolation criteria via
the photon identification cuts.

To simulate the presence of an invisible Z → νν decay, the photon is “neutrinofied”: its contribution
to the vector �Emiss

T is removed. Specifically, this is done by recomputing MET Simplified20 RefFinal,
having removed the weighted contribution of any jet or electron matched to the leading photon. The
results of this procedure agree well with an analogous removal of the weighted photon contribution to
the Simplfied20withTightPhotons Emiss

T definition. The former definition is used for consistency
with the Emiss

T definition in the other SRs/CRs. This modified E�miss
T is used for all cuts involving Emiss

T .
For a given photon pT , the efficiency and background related to the inclusive photon selection are

only weakly affected by the SR selections, thus many results (estimates of fake backgrounds, efficiency
etc) from the SM prompt photon analysis [53] are applicable as cross-checks for our selection.

Figure 26 shows the leading photon pT distributions for events after inclusive photon selection and
in CR1a for the SRA selection with meff(incl.) > 1200 GeV. The data events possess leading photon pT
values within a range of 85 GeV to 1410 GeV, with average values per SR ranging from 296 to 889 GeV.

Transfer Function estimate

The number of photon events selected by the CR1a cuts Nγ is used to estimate the expected number of
Zνν events in the corresponding SR NZνν differentially in meff(incl.), according to the formula

NZνν
�
pV

T ,meff(incl.)
�
= Nγ

�
pV

T ,meff(incl.)
�
·



(1 − fbkg)
εγ(pV

T ) · Aγ(pV
T )
· RZ/γ(pV

T ) · Br(Z → νν)

 , (24)

where the various factors are defined as follows:

(1) fbkg – the fraction of CR1a events from sources other than direct photon production. This is
assumed to be negligible on the basis of various studies, explained below.

(2) εγ · Aγ – the reconstruction efficiency and detector acceptance for reconstructed photons. The
reconstruction efficiency εγ accounts for inefficiencies in the photon identification and isolation
cuts, while the acceptance Aγ deals with the limited fiducial region for photon selection.

(3) RZ/γ(pV
T ) · Br(Z → νν) – the cross-section ratio for Z → νν production over γ production from

Eqn. 24, taken from ALPGENMC at truth level.
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9.3 Z+jets background estimation

Updated for Moriond
Z(→ νν)+jets constitutes the dominant irreducible background in this analysis. To estimate this back-
ground two different control regions (CR1a and CR1b – see Section 8) are used for each signal region,
selecting respectively samples of γ+jets events and Z(→ ��)+jets events. MC-derived transfer factors
are then used to relate the observations in these control regions to the populations of Z(→ νν)+jets back-
ground events in the signal regions. The selection of CR1a events and calculation of the associated TFs
is described in detail in Section 9.3.1 while the Z(→ ��)+jets technique is described in Section 9.3.2.

Care should be taken when interpreting the transfer factors for CR1a and CR1b. In the case of
CR1b the TF is calculated between Z(→ ee/µµ/ττ)+jets in the CR and Z(→ νν/ee/µµ/ττ)+jets in the
SR. Thus formally CR1b provides an estimate of the Z+jets background in the SR, rather than just
Z(→ νν)+jets. The difference is small but not negligible : Z(→ ττ)+jets contributes ∼5% of the total
Z+jets background. The equivalent TF for CR1a estimates Z(→ νν)+jets in the SR, and is corrected
inside the likelihood function to give an equivalent estimate of Z+jets in the SR by multiplying by the
ratio of Z+jets events to Z(→ νν)+jets events derived from MC.

9.3.1 Baseline method 1: Z(→ νν)+jets estimate using a γ + jets control region

Updated for Moriond.

Introduction

The magnitude of the irreducible background from Z(→ νν)+jets (Zνν) events in the SRs is estimated
using γ + jets data. Zνν events typically pass the SR selections due to the invisible Z recoiling with
large pT against the hadronic activity to produce substantial Emiss

T . At such large transverse momenta
(pT � mZ), the Z and γ cross sections mainly differ by their coupling constants with respect to quarks.
For this reason, the cross section ratio

RZ/γ =
dσ(Z + jets)/dpT

dσ(γ + jets)/dpT
(23)

is relatively constant wrt event kinematics, and can hence be used to translate the numbers of observed
data photon events into an estimate of the number of Z events in the signal region. The ratio is expected
to be robust with respect to both theoretical uncertainties and experimental effects related to e.g. jet
reconstruction, which should be similar for both processes and therefore cancel in the ratio. As the cross-
section for photon production is considerably larger than that for Z production, the use of photon events
provides substantially better statistics at any given cut on boson pT or meff(incl.) than a corresponding
Z(→ ll) sample.

For each SR, a photon event sample suitable for estimating the Z background is selected in two
steps. The first “inclusive photon” selection, common to all SRs, produces an event sample for which the
efficiency and background contamination are well known. SR selections are then applied to these photon
events, with the photon treated as though it were a Z decaying invisibly, i.e. its contribution to the Emiss

T
removed. The combination of photon and SR selections is denoted CR1a.

Finally, an estimate of Zνν events in the SRs is derived by scaling each CR1a event to RZ/γ(pT),
corrected for experimental acceptance and efficiencies for the photons. Leptonic Z decays are not ex-
plicitly considered in this method, due to the added d.o.f. from the leptons. Instead, a correction factor
from MC is applied, as previously mentioned. Note that in this section, ‘signal’ and ‘background’ refer
respectively to γ+jet and other SM processes in CR1a.
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Meff (incl.)Distribution in Signal Regions (I)

• Multijet background is from jet smearing results

• EWK, ttbar and single top backgrounds are from MC simulation normalized 
with luminosity and cross section

• Good agreement with data
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Figure 1: Observed meff(incl.) distribution for channel A. The histograms show the SM background

expectations from MC. The ALPGEN W+jets, Z+jets and tt̄ and single top distributions are normalised

to data in corresponding control regions for channel A. The multi-jet background is estimated using a

data-driven method, while the diboson contribution is normalised to luminosity. The yellow band shows

only the combined JES, JER and MC statistics uncertainties. Other correlated systematic uncertainties,

such as those due to theoretical modelling, are not shown. Two mSUGRA/CMSSM benchmark model

points with m0=500 GeV, m1/2=570 GeV, A0=0, tan β=10 and µ > 0 and with m0=2500 GeV, m1/2=270

GeV, A0=0, tan β=10 and µ > 0, illustrating different topologies, are also shown. These points lie just

beyond the reach of the previous analysis [17]. The red arrows indicate the locations of the lower edges

of the two signal regions.
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Figure 3: Observed meff(incl.) distribution for channel B. The histograms show the SM background

expectations from MC. The ALPGEN W+jets, Z+jets and tt̄ and single top distributions are normalised

to data in corresponding control regions for channel A. The multi-jet background is estimated using a

data-driven method, while the diboson contribution is normalised to luminosity. The yellow band shows

only the combined JES, JER and MC statistics uncertainties. Other correlated systematic uncertainties,

such as those due to theoretical modelling, are not shown. Two mSUGRA/CMSSM benchmark model

points with m0=500 GeV, m1/2=570 GeV, A0=0, tan β=10 and µ > 0 and with m0=2500 GeV, m1/2=270

GeV, A0=0, tan β=10 and µ > 0, illustrating different topologies, are also shown. These points lie just

beyond the reach of the previous analysis [17]. The red arrow indicates the location of the lower edge of

the signal region.
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Meff (incl.)Distribution in Signal Regions (II)
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Figure 2: Observed meff(incl.) distribution for channel A’. The histograms show the SM background

expectations from MC. The ALPGEN W+jets, Z+jets and tt̄ and single top distributions are normalised

to data in corresponding control regions for channel A. The multi-jet background is estimated using a

data-driven method, while the diboson contribution is normalised to luminosity. The yellow band shows

only the combined JES, JER and MC statistics uncertainties. Other correlated systematic uncertainties,

such as those due to theoretical modelling, are not shown. Two mSUGRA/CMSSM benchmark model

points with m0=500 GeV, m1/2=570 GeV, A0=0, tan β=10 and µ > 0 and with m0=2500 GeV, m1/2=270

GeV, A0=0, tan β=10 and µ > 0, illustrating different topologies, are also shown. These points lie just

beyond the reach of the previous analysis [17]. The red arrow indicates the location of the lower edge of

the signal region.
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Figure 5: Observed meff(incl.) distribution for channel D. The histograms show the SM background

expectations from MC. The ALPGEN W+jets, Z+jets and tt̄ and single top distributions are normalised

to data in corresponding control regions for channel A. The multi-jet background is estimated using a

data-driven method, while the diboson contribution is normalised to luminosity. The yellow band shows

only the combined JES, JER and MC statistics uncertainties. Other correlated systematic uncertainties,

such as those due to theoretical modelling, are not shown. Two mSUGRA/CMSSM benchmark model

points with m0=500 GeV, m1/2=570 GeV, A0=0, tan β=10 and µ > 0 and with m0=2500 GeV, m1/2=270

GeV, A0=0, tan β=10 and µ > 0, illustrating different topologies, are also shown. These points lie just

beyond the reach of the previous analysis [17]. The red arrow indicates the location of the lower edge of

the signal region.
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Figure 4: Observed meff(incl.) distribution for channel C. The histograms show the SM background

expectations from MC. The ALPGEN W+jets, Z+jets and tt̄ and single top distributions are normalised

to data in corresponding control regions for channel A. The multi-jet background is estimated using a

data-driven method, while the diboson contribution is normalised to luminosity. The yellow band shows

only the combined JES, JER and MC statistics uncertainties. Other correlated systematic uncertainties,

such as those due to theoretical modelling, are not shown. Two mSUGRA/CMSSM benchmark model

points with m0=500 GeV, m1/2=570 GeV, A0=0, tan β=10 and µ > 0 and with m0=2500 GeV, m1/2=270

GeV, A0=0, tan β=10 and µ > 0, illustrating different topologies, are also shown. These points lie just

beyond the reach of the previous analysis [17]. The red arrows indicate the locations of the lower edges

of the three signal regions.
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Figure 6: Observed meff(incl.) distribution for channel E. The histograms show the SM background

expectations from MC. The ALPGEN W+jets, Z+jets and tt̄ and single top distributions are normalised

to data in corresponding control regions for channel A. The multi-jet background is estimated using a

data-driven method, while the diboson contribution is normalised to luminosity. The yellow band shows

only the combined JES, JER and MC statistics uncertainties. Other correlated systematic uncertainties,

such as those due to theoretical modelling, are not shown. Two mSUGRA/CMSSM benchmark model

points with m0=500 GeV, m1/2=570 GeV, A0=0, tan β=10 and µ > 0 and with m0=2500 GeV, m1/2=270

GeV, A0=0, tan β=10 and µ > 0, illustrating different topologies, are also shown. These points lie just

beyond the reach of the previous analysis [17]. The red arrows indicate the locations of the lower edges

of the three signal regions.
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Background Estimation Results

11

Not reviewed, for internal circulation only

Process
Signal Region

SRC loose SRE loose SRA medium SRA’ medium SRC medium SRE medium

tt̄+ Single Top 74 ± 13 (75) 66 ± 26 (64) 7 ± 5 (5.1) 11 ± 3.4 (10) 12 ± 4.5 (10) 17 ± 5.8 (13)

Z/γ+jets 70 ± 22 (61) 22 ± 6.4 (13) 31 ± 9.9 (34) 64 ± 20 (69) 17 ± 5.9 (16) 8 ± 2.9 (4.4)

W+jets 62 ± 9.3 (61) 23 ± 11 (23) 19 ± 4.5 (21) 26 ± 4.6 (30) 8.1 ± 2.9 (11) 5.9 ± 3 (4.7)

Multi-jets 0.39 ± 0.4 (0.16) 3.7 ± 1.9 (3.8) 0.14 ± 0.24 (0.13) 0 ± 0.13 (0.38) 0.024 ± 0.034 (0.013) 0.8 ± 0.53 (0.64)

Di-Bosons 7.9 ± 4 (7.9) 4.2 ± 2 (4.2) 7.3 ± 3.7 (7.5) 15 ± 7.4 (16) 1.7 ± 0.87 (1.7) 2.7 ± 1.3 (2.7)

Total 214 ± 24.9 ± 13 119 ± 32.6 ± 11.6 64.8 ± 10.2 ± 6.92 115 ± 19 ± 9.69 38.6 ± 6.68 ± 4.77 34 ± 4.47 ± 5.57

Data 210 148 59 85 36 25

local p-value (Gaus. σ) 0.55(-0.14) 0.21(0.8) 0.65(-0.4) 0.9(-1.3) 0.6(-0.26) 0.85(-1)

UL on NBSM 58(60
44

83
) 84(69

52

93
) 25(28

20

39
) 29(43

32

60
) 18(19

14

27
) 12(16

12

23
)

UL on σBSM /(fb) 12(13
9.3
18

) 18(15
11

20
) 5.3(6

4.3
8.2) 6.2(9.26.7

13
) 3.7(4.13

5.7) 2.5(3.52.5
5

)

Process
Signal Region

SRA tight SRB tight SRC tight SRD tight SRE tight

tt̄+ Single Top 0.22 ± 0.35 (0.046) 0.21 ± 0.33 (0.066) 1.8 ± 1.6 (0.96) 2 ± 1.7 (0.92) 3.9 ± 4 (2.6)

Z/γ+jets 2.9 ± 1.5 (3.1) 2.5 ± 1.4 (1.6) 2.1 ± 1.1 (4.4) 0.95 ± 0.58 (2.7) 3.2 ± 1.4 (1.8)

W+jets 2.1 ± 0.99 (1.9) 0.97 ± 0.6 (0.84) 1.2 ± 1.2 (2.7) 1.7 ± 1.5 (2.5) 2.3 ± 1.7 (1.5)

Multi-jets 0 ± 0.0024 (0.002) 0 ± 0.0034 (0.0032) 0 ± 0.0058 (0.0023) 0 ± 0.0072 (0.021) 0.22 ± 0.25 (0.24)

Di-Bosons 1.7 ± 0.95 (2) 1.7 ± 0.95 (1.9) 0.49 ± 0.26 (0.51) 2.2 ± 1.2 (2.2) 2.5 ± 1.3 (2.5)

Total 7 ± 0.999 ± 2.26 5.39 ± 0.951 ± 2.01 5.68 ± 1.79 ± 1.51 6.84 ± 1.7 ± 2.1 12.1 ± 4.59 ± 3.04

Data 1 1 14 9 13

local p-value (Gaus. σ) 0.98(-2.1) 0.95(-1.7) 0.018(2.1) 0.29(0.55) 0.45(0.13)

UL on NBSM 2.9(6.14.2
9

) 3.1(5.53.8
8.3) 16(11

7.6
15

) 10(8.96.4
13

) 12(12
8.5
17

)

UL on σBSM /(fb) 0.62(1.30.89

1.9 ) 0.65(1.20.8
1.8) 3.5(2.31.6

3.2) 2.2(1.91.4
2.7) 2.6(2.51.8

3.5)

Table 3: Observed numbers of events in data and fitted background components in each SR. For the total background estimates, the quoted errors

give the systematic and statistical (MC and CR combined) uncertainties respectively. For the individual background components, the total uncertainties

are given, with the values in parenthesis indicating the pre-fit predictions for the MC expectations. For W+jets, Z+jets and tt̄+jets, these predictions

are from ALPGEN, and scaled by additional factors of 0.75, 0.78 and 0.73 respectively, determined by normalisation to data in corresponding control

regions in channel A. In the case of the multi-jet background, the pre-fit values are from the data-driven method. The p-values give the probability of the

observation being consistent with the estimated background, and the “Gaus. σ” values the number of standard deviations in a Gaussian approximation,

evaluated for a single observation at a time. The last two lines show the upper limits on the excess number of events, and the excess cross-section, above

that expected from the Standard Model. The observed upper limit is followed in brackets by the expected limit, with the super- and sub-scripts showing

the variation in the expectation from ±1σ changes in the background.

1
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Interpretation

• Left plot: three-sparticle simplified model (two generation squarks with the 
same mass, gluino, LSP, other particles are out of reach, 5 TeV)

• Right plot: CMSSM/mSUGRA
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Figure 7: 95% CLs exclusion limits obtained by using the signal region with the best expected sensitiv-

ity at each point in a simplified MSSM scenario with only strong production of gluinos and first- and

second-generation squarks, and direct decays to jets and neutralinos (left); and in the (m0 ; m1/2) plane of

MSUGRA/CMSSM for tan β = 10, A0 = 0 and µ > 0 (right). The red lines show the observed limits, the

dashed-blue lines the median expected limits, and the dotted blue lines the ±1σ variation on the expected

limits. ATLAS EPS 2011 limits are from [17] and LEP results from [59].

7 Summary

This note reports a search for new physics in final states containing high-pT jets, missing transverse

momentum and no electrons or muons, based on the full dataset (4.7 fb
−1

) recorded by the ATLAS

experiment at the LHC in 2011. Good agreement is seen between the numbers of events observed in the

data and the numbers of events expected from SM processes.

The results are interpreted in both a simplified model containing only squarks of the first two genera-

tions, a gluino octet and a massless neutralino, as well as in MSUGRA/CMSSM models with tan β = 10,

A0 = 0 and µ > 0. In the simplified model, gluino masses below 940 GeV and squark masses be-

low 1380 GeV are excluded at the 95% confidence level. In the MSUGRA/CMSSM models, values of

m1/2 < 300 GeV are excluded for all values of m0, and m1/2 < 680 GeV for low m0. Equal mass squarks

and gluinos are excluded below 1400 GeV in both scenarios.
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Signature

• The analysis is an extension to 2-6 jet analysis

‣ Sensitive to many-body decay and long decay 
chain (high m0 in CMSSM/mSUGRA)

‣ QCD multijet estimation with data-driven method

• Signal regions include 6-9 jets with high MET 
and no isolated lepton

•
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•! Extension of 2-4 jet analysis 
–! Increased sensitivity to many-

body or cascade decays 

–! Example: high m0 region in 
CMSSM/mSUGRA 

•! Signature: >6 to >8 jets  
+ MET + lepton veto 
–! QCD modelling is the issue 

–! We cannot expect a good  
MC prediction => Entirely 
data-driven approach 

30th August 2011 
ATLAS searches with jets and MET                   

Michael Flowerdew (MPP München) - SUSY11 
15 

Signal region 7j55 8j55 9j55 6j80 7j80 8j80

Isolated leptons (e, µ) =0

Jet pT > 55 GeV > 80 GeV

Jet |η| < 2.8

Number of jets ≥ 7 ≥ 8 ≥ 9 ≥ 6 ≥ 7 ≥ 8

E
miss
T /

√
HT > 4 GeV1/2

Table 1: Definitions of the six signal regions.

For events containing no isolated electrons or muons, six non-exclusive signal regions (SRs) are
defined as shown in Table 1. The first three require at least seven, eight or nine jets, respectively, with
pT > 55 GeV; the latter three require at least six, seven or eight jets, respectively, with pT > 80 GeV. The
final selection variable is E

miss
T /

√
HT, the ratio of the magnitude of the missing transverse momentum to

the square root of the scalar sum HT of the transverse momenta of all jets with pT > 40 GeV and |η| < 2.8.
This ratio provides an estimate of the significance of the missing transverse momentum relative to the
resolution due to stochastic variations in the measured jet energies [25]. The value of E

miss
T /

√
HT is

required to be larger than 4 GeV1/2 for all signal regions.
No additional requirement is made on the separation between selected jets. The simple requirement

an off-line jet multiplicity at least one larger than that used in the trigger achieves a high trigger efficiency
(> 98%) without the need to require any minimum jet-jet separation. Compared to Ref. [13], where jets
were required to be separated by ∆R > 0.6, the signal acceptance increases by a factor of two to five in
the relevant region.

The dominant backgrounds are multi-jet production, including purely strong interaction processes
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 produced
(for example Z → νν or hadronic W → τν decays) or when they are produced but are outwith acceptance
or fail reconstruction criteria. Contributions from gauge boson pair and single top quark production are
negligible. The determination of the multi-jet and ‘leptonic’ backgrounds is described in Sections 6 and
7, respectively.

5 Monte Carlo simulations

Monte Carlo simulations are used to develop the analysis, as part of the ‘leptonic’ background determi-
nation process, and to assess sensitivity to specific SUSY signal models. The ‘leptonic’ backgrounds are
generated using Alpgen2.13 [26] with the PDF set CTEQ6L1 [27]. Fully-leptonic tt̄ events are generated
with up to five additional partons in the matrix element, while semi-leptonic tt̄ events are generated with
up to three additional partons in the matrix element. W + jets and Z → νν̄ + jets are generated with up
to six additional partons, and the Z → �+�− + jets (for � ∈ {e, µ, τ}) process is generated with up to five
additional partons in the matrix element. In all cases, additional jets are generated via parton showering,
which, together with fragmentation and hadronization, is performed by HERWIG [28, 29]. JIMMY [30] is
used to simulate the underlying event.

Supersymmetric production processes are generated using Herwig++2.4.2 [31]. Signal cross sec-
tions are calculated to next-to-leading order in the strong coupling constant, including the resummation

3

• Backgrounds: multijet (include ttbar all hadronic), leptonic 
backgrounds (W+jet, Z+jet and semi-,fully-leptonic ttbar)
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Multijet Background Estimation

• Data-drive template method

‣                                significant: invariant to jet multiplicity

‣                   templates from low jet multiplicity (6 jets for 7-8-9 jet pT > 55 GeV 
and 5 jets for 6-7-8 jet pT > 80 GeV)

‣ Low                      is used for template normalization (0-1.5)

‣ Normalized template at high                      (>4) are estimated multijet 
background
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Figure 1: E
miss
T /

√
HT distributions in example multi-jet validation regions. (a) For exactly six jets

with pT > 55 GeV, compared to a prediction based on the E
miss
T /

√
HT distribution for exactly five jets

with pT > 55 GeV. (b) For exactly five jets with pT > 80 GeV, compared to a prediction based on
four jets with pT > 80 GeV. The multi-jet predictions have been normalized to the data in the region
E

miss
T /

√
HT < 1.5 GeV1/2 after subtraction of the predicted ‘leptonic’ backgrounds. The most important

leptonic backgrounds are also shown, based on MC simulations. Variable bin sizes are used with bin
width (in units of GeV1/2) of 0.25 (up to 4), 0.5 (from 4 to 5), 1 (from 5 to 6), and then 2 thereafter.

connect regions with the same p< and njet with different E
miss
T /

√
HT. The multijet prediction for the signal

region is found from the product of the Tp<,njet , with the same p< as the signal region and njet = 6 when
p< = 55 GeV (njet = 5 when p< = 80 GeV) times the number of events (after subtracting the expected
contribution from ‘leptonic’ background sources) satisfying signal region jet multiplicity requirements
but with E

miss
T /

√
HT < 1.5 GeV1/2.

6.1 Systematic uncertainties on multi-jet backgrounds

The method is validated by determining the accuracy of predictions for regions with jet multiplicities
and/or E

miss
T /

√
HT smaller than those chosen for the SRs. Figure 1 shows that the shape of the E

miss
T /

√
HT

distribution for p< = 55 GeV and njet = 6 is predicted to an accuracy of better than 20% from that
measured using a template with the same value of p< and njet = 5. Similarly the distribution for p< =

80 GeV and njet = 5 can be predicted for all E
miss
T /

√
HT using a template with njet = 4. The templates are

normalised for E
miss
T /

√
HT < 1.5 GeV1/2, and continue to provide a good prediction of the distribution

out to values of E
miss
T /

√
HT of 4 GeV1/2 and beyond. Additional validation regions are defined for each

p< and for jet multiplicity requirements equal to those of the signal regions, but for the intermediate
values of (smin, smax) of (1.5, 2), (2, 2.5) and (2.5, 3.5). Residual inaccuracies in the predictions are used
to quantify the systematic uncertainty from the closure of the method. Those uncertainties are in the
range 15%-25%, depending on p< and E

miss
T /

√
HT.

The mean number of proton-proton interactions per bunch crossing �µ� increased during the 2011 run,
reaching �µ� = 16. To evaluate whether additional pp collisions contribute to the number of reconstructed
jets, studies were performed of jet multiplicity as a function of �µ� and of the number of reconstructed
primary vertices. Further studies checked the consistency of the high-pT tracks within selected jets with

5

• Validation: 6 jets pT>55 
GeV data is compared 
with prediction using 5 
jets template and 
normalization from 0-1.5
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Leptonic Background

• Validation regions (VR) and CRs are formed mostly by requiring leptons

• Use transfer factor between CRs and SRs estimated in MC simulation to 
estimate the backgrounds: background = transfer factor * number of 
data in CRs.

• ttbar control region: mostly coming from tau decay, muon is used to 
mimic the jet (njet increase 1 if muon pT > jet pT threshold, muon is 
included in                   calculation)

• W+jet CRs: veto b-jet

16

tt̄ + jets W + jets Z + jets

Muon kinematics pT > 20 GeV, |η| < 2.4
Muon multiplicity = 1 = 2
Electron multiplicity = 0
b-tag jets ≥ 1 = 0 —
mT or mµµ 50 GeV < mT < 100 GeV 80 GeV < mµµ < 100 GeV

VR→ CR transform µ→ jet µ→ ν
Jet pT, |η|, multiplicity (CR)

As in Table 1.
E

miss
T /

√
HT (CR)

Table 2: Definitions of the validation regions and control regions for the ‘leptonic’ backgrounds: tt̄ + jets,
W + jets and Z + jets. The validation regions VR are defined by the first five selection requirements. A
long dash ‘—’ indicates that no requirement is made. The control regions CR differ from the VR in their
treatment of the muons, and by having additional requirements on jets and E

miss
T /

√
HT, as shown in the

final two rows.

and must satisfy 50 GeV < mT < 100 GeV. Figure 2 shows the jet multiplicity in the tt̄ validation
regions, and it is demonstrated that the Monte Carlo provides a good description of the data.

The tt̄ control regions used to calculate the background expectation differ from the validation regions
as follows. Since the dominant source of background is from hadronic τ decays in the control regions, the
muon is used to mimic a jet, as follows. If the muon has sufficient pT to pass the jet selection threshold
p<, the jet multiplicity is incremented by one. If the muon pT is larger than 40 GeV it is added to HT.
The selection variable E

miss
T /

√
HT is then recalculated, and required to be larger than the threshold value

of 4 GeV1/2. Distributions of the jet multiplicity in the tt̄ control regions may also be found in Figure 2.
The W + jets validation regions and control regions are defined in a similar manner to those for

tt̄ + jets, except that a b-jet veto is used rather than a b-jet requirement (see Table 2). Figure 3 shows that
the resulting jet multiplicity distributions are well described by the Monte Carlo simulations.

The Z + jets validation regions are defined (as shown in Table 2) requiring precisely two muons with
invariant mass mµµ consistent with mZ . The dominant backgrounds from Z + jets arise from decays to
neutrinos, so in forming the Z + jets control regions from the validation regions, the vector sum of the
�pT of the muons is added to the measured �p miss

T , to model the E
miss
T expected from Z → νν events. The

selection variable E
miss
T /

√
HT is then recalculated and required to be greater than 4 GeV1/2 for events in

the control region. Figure 4 shows that the resulting jet multiplicity distributions in both validation and
control regions are well described by the Monte Carlo simulations.

For each of the ‘leptonic’ backgrounds further comparisons are made between Monte Carlo and data
using the lower jet pT threshold of 45 GeV, showing agreement within uncertainties for all multiplicities
(up to nine jets for tt̄, see Figure 2 a and b). The ALPGENMonte Carlo predictions for Z + jets and W + jets
were determined with six additional partons in the matrix element calculation, and cross checked with
a calculation in which only five additional partons were produced in the matrix element – in each case
with additional jets being produced in the parton shower. The two predictions are consistent with each
other and with the data, providing further supporting evidence that the parton shower offers a sufficiently
accurate description of the additional jets.
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Top Validation and Control Region

• Standard Model predictions are from MC simulation, normalized to 
luminosity and cross section

• Good agreement with observed data
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Figure 2: Jet multiplicity distributions for the tt̄ + jets validation regions (left) and control regions (right)
before any jet multiplicity requirements, for a jet pT threshold of 45 GeV (top), 55 GeV (middle) and
80 GeV (bottom).
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Background Estimation Results

• No significant excess found

18

Signal region 7j55 8j55 9j55 6j80 7j80 8j80

Multi-jets 91±20 10±3 1.2±0.4 67±12 5.4±1.7 0.42±0.16
tt̄ → q�, �� 55±18 5.7±6.0 0.70±0.72 24±13 2.8±1.8 0.38±0.40
W + jets 18±11 0.81±0.72 0+0.13 13±10 0.34±0.21 0+0.06
Z + jets 2.7±1.6 0.05±0.19 0+0.12 2.7±2.9 0.10±0.17 0+0.13

Total Standard Model 167±34 17±7 1.9±0.8 107±21 8.6±2.5 0.80±0.45

Data 154 22 3 106 15 1

N
95%
BSM,max (exp) 72 16 4.5 46 8.4 3.5

N
95%
BSM,max (obs) 64 20 5.7 46 15 3.8
σ95%

BSM,max · A · � (exp) [fb] 15 3.4 0.96 9.8 1.8 0.74
σ95%

BSM,max · A · � (obs) [fb] 14 4.2 1.2 9.8 3.2 0.81
pSM 0.64 0.27 0.28 0.52 0.07 0.43

Table 3: Results for each of the six signal regions for an integrated luminosity of 4.7 fb−1. The expected
numbers 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 asymmetric bound is
given instead. The numbers of observed events are also shown. The final five rows show the statistical
quantities described in the text. Both the expected (exp) and the observed (obs) values are shown for
N

95%
BSM,max and σ95%

BSM,max × A × �.

7.1 Systematic uncertainties on ‘leptonic’ backgrounds

The ‘leptonic’ background determinations are subject to systematic uncertainties from Monte Carlo mod-
elling of: the jet energy scale (JES, 40%), the jet energy resolution (JER, 4%), the number of multiple
proton-proton interactions (3%), the b-tagging efficiency (5% for tt̄), the muon trigger and reconstruc-
tion efficiency and the muon momentum scale. The numbers in parentheses indicate typical values of the
uncertainties for individual Monte Carlo predictions.

The JES and JER uncertainties are calculated using a combination of data-driven and Monte Carlo
techniques [23], using the complete 2011 ATLAS data set. The calculation accounts for the variation
in the uncertainty with jet pT and η, and that due to nearby jets. The Monte Carlo simulations model
the multiple proton-proton interactions with a varying value of �µ� which is well matched to that in the
data. The residual uncertainty from pileup interactions is determined by reweighting the Monte Carlo
samples so that �µ� is increased or decreased by 10%. The uncertainty in the integrated luminosity is
3.9% [20]. When transfer factors are used to connect control regions to signal regions, the effects of
these uncertainties largely cancel in the ratio. For example the residual jet energy scale uncertainty is
reduced to ≈ 6%.

8 Results, interpretation and limits

Figure 5 shows the E
miss
T /

√
HT distributions after applying the jet selections for the six different signal

regions (see Table 1) prior to the final E
miss
T /

√
HT > 4 GeV1/2 requirement. Figure 6 shows the jet

multiplicity distributions for the two different jet pT thresholds. It should be noted that the signal regions
are not exclusive: for example, in Figure 5 all plots contain the same event at E

miss
T /

√
HT ∼ 11 GeV1/2.

The ‘leptonic’ backgrounds shown in the figures are those calculated from the Monte Carlo simulation,

11

0 2 4 6 8 10 12 14 16

1
/2

N
u
m

b
e
r 

o
f 
e
ve

n
ts

 /
 2

 G
e
V

-110

1

10

210

310

410

510

610
-1

L dt ~ 4.7 fb∫

 

 > 55 GeV
T

 7 jets p≥

ATLAS Preliminary

 = 7 TeV)sData 2011 ( 
Background prediction

 qq)→tMulti-jets (inc. t
 ql,ll→tAlpgen t

ν)τ,µ (e,→Alpgen W
νν →Alpgen Z
ττ →Alpgen Z

=240 1/2m=2960, 0mSUSY 

] 1/2 [GeVTH/ miss
TE

0 2 4 6 8 10 12 14 16

D
A

T
A

 /
 P

re
d

ic
tio

n

0

0.5

1

1.5

2

(a) 7j55

0 2 4 6 8 10 12 14 16

1
/2

N
u
m

b
e
r 

o
f 
e
ve

n
ts

 /
 2

 G
e
V

-110

1

10

210

310

410

510

610
-1

L dt ~ 4.7 fb∫

 

 > 80 GeV
T

 6 jets p≥

ATLAS Preliminary

 = 7 TeV)sData 2011 ( 
Background prediction

 qq)→tMulti-jets (inc. t
 ql,ll→tAlpgen t

ν)τ,µ (e,→Alpgen W
νν →Alpgen Z
ττ →Alpgen Z

=240 1/2m=2960, 0mSUSY 

] 1/2 [GeVTH/ miss
TE

0 2 4 6 8 10 12 14 16

D
A

T
A

 /
 P

re
d

ic
tio

n

0

0.5

1

1.5

2

(b) 6j80

0 2 4 6 8 10 12 14 16

1
/2

N
u
m

b
e
r 

o
f 
e
ve

n
ts

 /
 2

 G
e
V

-210

-110

1

10

210

310

410

510
-1

L dt ~ 4.7 fb∫

 

 > 55 GeV
T

 8 jets p≥

ATLAS Preliminary

 = 7 TeV)sData 2011 ( 
Background prediction

 qq)→tMulti-jets (inc. t
 ql,ll→tAlpgen t

ν)τ,µ (e,→Alpgen W
νν →Alpgen Z
ττ →Alpgen Z

=240 1/2m=2960, 0mSUSY 

] 1/2 [GeVTH/ miss
TE

0 2 4 6 8 10 12 14 16

D
A

T
A

 /
 P

re
d

ic
tio

n

0

0.5

1

1.5

2

(c) 8j55

0 2 4 6 8 10 12 14 16

1
/2

N
u
m

b
e
r 

o
f 
e
ve

n
ts

 /
 2

 G
e
V

-210

-110

1

10

210

310

410

510
-1

L dt ~ 4.7 fb∫

 

 > 80 GeV
T

 7 jets p≥

ATLAS Preliminary

 = 7 TeV)sData 2011 ( 
Background prediction

 qq)→tMulti-jets (inc. t
 ql,ll→tAlpgen t

ν)τ,µ (e,→Alpgen W
νν →Alpgen Z
ττ →Alpgen Z

=240 1/2m=2960, 0mSUSY 

] 1/2 [GeVTH/ miss
TE

0 2 4 6 8 10 12 14 16

D
A

T
A

 /
 P

re
d

ic
tio

n

0

0.5

1

1.5

2

(d) 7j80

0 2 4 6 8 10 12 14 16

1
/2

N
u
m

b
e
r 

o
f 
e
ve

n
ts

 /
 2

 G
e
V

-210

-110

1

10

210

310

410

510
-1

L dt ~ 4.7 fb∫

 

 > 55 GeV
T

 9 jets p≥

ATLAS Preliminary

 = 7 TeV)sData 2011 ( 
Background prediction

 qq)→tMulti-jets (inc. t
 ql,ll→tAlpgen t

ν)τ,µ (e,→Alpgen W
νν →Alpgen Z
ττ →Alpgen Z

=240 1/2m=2960, 0mSUSY 

] 1/2 [GeVTH/ miss
TE

0 2 4 6 8 10 12 14 16

D
A

T
A

 /
 P

re
d

ic
tio

n

0

0.5

1

1.5

2

(e) 9j55

0 2 4 6 8 10 12 14 16

1
/2

N
u
m

b
e
r 

o
f 
e
ve

n
ts

 /
 2

 G
e
V

-210

-110

1

10

210

310

410

510
-1

L dt ~ 4.7 fb∫

 

 > 80 GeV
T

 8 jets p≥

ATLAS Preliminary

 = 7 TeV)sData 2011 ( 
Background prediction

 qq)→tMulti-jets (inc. t
 ql,ll→tAlpgen t

ν)τ,µ (e,→Alpgen W
νν →Alpgen Z
ττ →Alpgen Z

=240 1/2m=2960, 0mSUSY 

] 1/2 [GeVTH/ miss
TE

0 2 4 6 8 10 12 14 16

D
A

T
A

 /
 P

re
d

ic
tio

n

0

0.5

1

1.5

2

(f) 8j80

Figure 5: The distribution of the variable E
miss
T /

√
HT for each of the six different signal regions defined

in Table 1, prior to the final E
miss
T /

√
HT > 4 GeV1/2 requirement.
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T /
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HT for each of the six different signal regions defined

in Table 1, prior to the final E
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HT > 4 GeV1/2 requirement.
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Duong Nguyen

Interpretation

• Left: a slide in MSUGRA/CMSSM parameter space. Combined exclusion 
takes the best exclusions from a SRs at each parameter point. At large m0 
(2TeV), limit is independent with squark mass and the gluino mass limit is 
~850 GeV

• Right: simplified model with only a gluino and a neutralino within kinematic 
reach. Gluino decays all to ttbar+LSP. mg>880 GeV for mLSP up to 100 GeV
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Conclusions

• ATLAS has performed extensive search for strong interaction squark and 
gluino production in jet+MET channel

• No significant excess is observed in 4.7 fb-1 of data at 7 TeV

• 95% C.L. limits on parameters of simplified and CMSSM/mSUGRA model are 
set.

‣ 2-6 jets analysis:
‣ CMSSW/mSUGRA: gluino and squark with equal masses are excluded below 1400 GeV

‣ Simplified model: gluino mass below 940 GeV and squark mass below 1380 GeV is excluded. 

‣ 7-9 jets analysis:
‣ CMSSM/mSUGRA: gluino mass > 850 GeV at large m0

‣ Simplified model (ttbar pairs at final state): gluino mass > 880 GeV for neutralino mass < 100 
GeV 
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Backups
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Multijet Analysis: W and Z VRs and CRs
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Figure 3: Jet multiplicity distributions for the W± + jets validation regions (left) and control regions
(right) before any jet multiplicity requirements, and for a jet pT threshold of 55 GeV (top) and 80 GeV
(bottom).
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Figure 4: As for Figure 3 but for the Z + jets validation regions and control regions.
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Multijet Analysis: Jet Multiplicity
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Figure 6: The distribution of jet multiplicity for jets with pT above 55 GeV (a) and those with pT >
80 GeV (b). Only events with E
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are shown.
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