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3rd Generation SUSY Searches
An important motivation for 
SUSY: “naturalness” 
=> stabilize the Higgs mass 
without massive fine tuning

3rd generation squarks (t, b) 
could be light

2

~~
direct production

through g 
cascade decays

~

2 ways to search for them:

gluino cascade decays

direct pair production
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General Features of 
ATLAS SUSY Analyses

Electrons & muons are well-reconstructed and 
isolated wrt surrounding tracks (within ΔR ≤ 0.2) 

Electrons within 0.2 ≤ ΔR ≤ 0.4 of jets and muons 
within ΔR ≤ 0.4 of jets are considered jets

ETmiss: negative vector sum of all objects (jets, 
electrons, muons, and “soft” energy deposits)

A few more details about jet reconstruction...
➡ important systematic uncertainties
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Constituents: Topological Clusters

Seeded from cells with 
|Ecell| > 4σnoise in the calorimeters

3-dimensional;
excellent noise suppression

Jet definition:

anti-kT sequential combination 
algorithm (IR, collinear safe)

corrected for “pileup” 
(multiple interactions / beam crossing)

Jet Building: Constituents!

3!Kerstin Perez (Columbia U./CalTech)! Jet Software: From a User's Point of View!

These are the inputs to jet finding:  !

•! Truth:!
      generator!
        particles!

    that aren’t 
muons or 
neutrinos, 
within " 
acceptance !

•! Towers: 
0.1x0.1 
calorimeter 

towers !

•! Tracks: !
from Inner 
Detector!

•! TopoClusters: !
3D noise-
suppressed 

clusters of cells !

•! TopoTowers: !
noise-suppressed 
towers built from 

topoclusters!

Can use 
JetConstituentIterator!
to access 
constituents, !
all the way back to 
CaloCells !

Jet Reconstruction

5

Figure 1: A sample parton-level event (generated with Herwig [8]), together with many random soft
“ghosts”, clustered with four different jets algorithms, illustrating the “active” catchment areas of
the resulting hard jets. For kt and Cam/Aachen the detailed shapes are in part determined by the
specific set of ghosts used, and change when the ghosts are modified.

the jets roughly midway between them. Anti-kt instead generates a circular hard jet, which clips a
lens-shaped region out of the soft one, leaving behind a crescent.

The above properties of the anti-kt algorithm translate into concrete results for various quanti-
tative properties of jets, as we outline below.

2.2 Area-related properties

The most concrete context in which to quantitatively discuss the properties of jet boundaries for
different algorithms is in the calculation of jet areas.

Two definitions were given for jet areas in [4]: the passive area (a) which measures a jet’s
susceptibility to point-like radiation, and the active area (A) which measures its susceptibility to
diffuse radiation. The simplest place to observe the impact of soft resilience is in the passive area for
a jet consisting of a hard particle p1 and a soft one p2, separated by a y − φ distance ∆12. In usual
IRC safe jet algorithms (JA), the passive area aJA,R(∆12) is πR2 when ∆12 = 0, but changes when
∆12 is increased. In contrast, since the boundaries of anti-kt jets are unaffected by soft radiation,

4
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30 ATLAS collaboration: Jet measurement with the ATLAS detector
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(c) 3.6≤ |"|< 4.5

Fig. 23: Fractional jet energy scale systematic uncertainty as
a function of pjetT for jets in the pseudorapidity region 0.3 ≤
|" | < 0.8 in the calorimeter barrel (a), 2.1 ≤ |" | < 2.8 in the
calorimeter endcap (b), and in the forward pseudorapidity re-
gion 3.6≤ |" |< 4.5. The total uncertainty is shown as the solid
light shaded area. The individual sources are also shown to-
gether with uncertainties from the fitting procedure if applica-
ble.

" region Maximum fractional JES Uncertainty
pjetT =20 GeV 200 GeV 1.5 TeV

0≤ |"|< 0.3 4.6% 2.3% 3.1%
0.3≤ |"|< 0.8 4.5% 2.2% 3.3%
0.8≤ |"|< 1.2 4.4% 2.3% 3.3%
1.2≤ |"|< 2.1 5.4% 2.4% 3.4%
2.1≤ |"|< 2.8 6.5% 2.5%
2.8≤ |"|< 3.2 7.9% 3.0%
3.2≤ |"|< 3.6 8.1% 3.0%
3.6≤ |"|< 4.5 10.9% 2.9%

Table 5: Summary of the maximum EM+JES jet energy scale
systematic uncertainties for different pjetT and " regions from
Monte Carlo simulation based study for anti-kt jets with R =
0.6.

" region Maximum fractional JES Uncertainty
pjetT = 20 GeV 200 GeV 1.5 TeV

0≤ |"|< 0.3 4.1% 2.3% 3.1%
0.3≤ |"|< 0.8 4.3% 2.4% 3.3%
0.8≤ |"|< 1.2 4.4% 2.5% 3.4%
1.2≤ |"|< 2.1 5.3% 2.6% 3.5%
2.1≤ |"|< 2.8 7.4% 2.7%
2.8≤ |"|< 3.2 9.0% 3.3%
3.2≤ |"|< 3.6 9.3% 3.5%
3.6≤ |"|< 4.5 13.4% 4.9%

Table 6: Summary of the maximum EM+JES jet energy scale
systematic uncertainties for different pjetT and " regions from
Monte Carlo simulation based study for anti-kt jets with R =
0.4.

rise to a topology and flavour dependence of the energy scale.
Since the event topology and flavour composition (quark and
gluon fractions) may be different in final states other than the
considered inclusive jet sample, the dependence of the jet en-
ergy response on jet flavour and topology has to be accounted
for in physics analyses. The flavour dependence is discussed in
more detail in Section 18 and an additional uncertainty specific
to jets with heavy quark components is discussed in Section 20.

The JES systematic uncertainty is derived for isolated jets19.
The response of jets as a function of the distance to the clos-
est reconstructed jet needs to be studied and corrected for sepa-
rately if the measurement relies on the absolute jet energy scale.
The contribution to the JES uncertainty from close-by jets also
needs to be estimated separately, since the jet response depends
on the angular distance to the closest jet. This additional un-
certainty can be estimated from the Monte Carlo simulation to
data comparison of the pT-ratio between calorimeter jets and
matched track jets in inclusive jet events as a function of the
isolation radius. This is discussed in more detail in Section 17.

19 This choice is motivated by the minor differences observed in the
average kinematic jet response of isolated and non-isolated jets in the
nominal inclusive jet Monte Carlo sample and by the need to factorise
the topology dependence of the close-by jet energy scale uncertainty
for final states other than the inclusive jets considered.

[CERN-PH-EP-2011-191],
submitted to EPJC
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Fig. 9: Average jet energy scale correction as a function of the
calibrated jet transverse momentum for three representative "-
intervals obtained from the nominal Monte Carlo simulation
sample. The correction is only shown over the accessible kine-
matic range.

The calibration is derived using all isolated calorimeter jets
that have a matching isolated truth jet within $R = 0.3. Here,
an isolated jet is defined as a jet having no other jet with pjetT >
7 GeV within $R= 2.5R, where R is the distance parameter of
the jet algorithm. A jet is defined to be isolated, if it is isolated
with respect to the same jet type, i.e. either a calorimeter or a
truth jet.

The final jet energy scale calibration is first parametrised as
a function of uncalibrated jet energy and " . Here the detector
pseudorapidity is used rather than the origin-corrected " (used
by default in physics analyses), since it more directly corre-
spond to a region of the calorimeter. Energy is used rather than
pT, since the calorimeter responds to energy, and the response
curves can be directly compared to expectation and between "
bins. The method to derive this calibration is detailed below.

The EM-scale jet energy response

R
jet
EM = E jetEM/E

jet
truth (8)

for each pair of calorimeter and truth jets is measured in bins of
the truth jet energy E jettruth and the calorimeter jet detector pseu-
dorapidity "det11. For each (E jettruth,"det)-bin, the averaged jet
response

〈

R
jet
EM

〉

is defined as the peak position of a Gaussian

fit to the E jetEM/E
jet
truth distribution. In the same (E

jet
truth,"det)-bin,

in addition, the average jet energy response (
〈

E jetEM
〉

) is derived

from the mean of the E jetEM distribution. For a given "det-bin k,
the jet response calibration function Fcalib,k(E jetEM) is obtained
using a fit of the (

〈

E jetEM
〉

j
,
〈

R
jet
EM

〉

j
) values for each E jettruth-bin

j.

11 Here, pseudorapidity refers to the original reconstructed jet before
the origin correction.
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Fig. 10: Average simulated jet response (RjetEM) at the electro-
magnetic scale in bins of EM+JES calibrated jet energy and as
a function of the detector pseudorapidity "det. Also shown are
the "-intervals used to evaluate the JES uncertainty (see Ta-
ble 2). The inverse of the response shown in each bin is equal
to the average jet energy scale correction.
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Fig. 11: Difference between the jet pseudorapidity calculated
using an origin correction and the true jet pseudorapidity in
bins of the calorimeter jet energy calibrated with the EM+JES
scheme as a function of the detector pseudorapidity |"det|.

The fitting function is parameterised as:

Fcalib,k(E
jet
EM) =

Nmax
%
i=0

ai
(

lnE jetEM
)i
, (9)

where ai are free parameters, andNmax is chosen between 1 and
6 depending on the goodness of the fit.

The final jet energy scale correction that relates the mea-
sured calorimeter jet energy to the true energy is then defined
as 1/Fcalib(EcaloEM ) in the following:

E jetEM+JES =
E jetEM

Fcalib(E jetEM)|"det
, (10)

Jet pT corrected on average from 
electromagnetic to hadronic scale 
in (pT, η)

Overall correction to jet pT is ~50% 
for central jets with pT ~ 100 GeV

Systematic uncertainties due to 
jet energy scale < 2.5% for central
jets with 60 < pT < 800 GeV

➡ small uncertainty extremely 
important for SUSY searches 
with many jets in the final state

Jet Calibration

http://arxiv.org/abs/1009.5908v2
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Jet Flavor Tagging

7

well-measured tracks w/ 
pT > 1 GeV considered
[400 MeV for secondary 
vertices]

uses 3-D tracking impact 
parameters and vertices 
of c- and b-hadrons 
inside jet

60% efficiency in ttbar, 
< 1% mistag rate for light 
flavor / gluon jets

ATLAS-CONF-2011-102

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-102/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-102/
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Triggers

8

Trigger
• The ATLAS trigger system has three levels reducing the event rate for

permanent storage to ∼300 Hz

• Each level refines the decisions at the previous level and applies additional

selection criteria

• Main triggers used in SUSY analyses:
◦ One high-pT jet and Emiss

T
→ constant efficiency for pT(jet1) > 130 GeV and

Emiss

T
> 130 GeV

◦ Single lepton → constant efficiency for pT(e, µ) > 25, 20 GeV

◦ Dilepton triggers (ee, eµ) → constant efficiency for pT(e, µ) > 15, 8 GeV

12

1 high pT jet + ETmiss: 
fully efficient at jet pT > 130 GeV,
ETmiss > 130 GeV

multijet triggers: allow lower jet pT 
thresholds for analyses with many 
jets, e.g. 6 jets > 55 GeV

single lepton triggers: constant efficiency for electrons w/ 
pT > 25 GeV, muons /w pT > 20 GeV
[during higher pileup conditions, a muon+jet trigger is 
used, where the muon > 20 GeV and one jet > 60 GeV]

di-lepton triggers (ee, eμ): e pT > 15 GeV, μ pT > 8 GeV
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Event-level Variables

jet

jet

ETmiss
Δϕ

Δϕ(jet,ETmiss) > 0.4
rejects QCD bkg

Signal Regions:

• ETmiss

• meff ≡ Σ|pTjet|+ (Σ|pTel/mu|) + ETmiss

(“effective mass”)

• ETmiss / meff

•  mT =
�

2plTE
miss
T · (1− cos∆φ[l, Emiss

T ])
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Gluino Mediated Sbottom
Analysis signature:
b-tagged jets + ETmiss

Trigger:
1 high pT jet + ETmiss

Selection:
first jet > 130 GeV; at least 2 more > 50 GeV
ETmiss > 130 GeV
1-2 jets must be b-tagged
veto electrons & muons
ETmiss / meff > 0.25

g~

χ0~1

b

bb1
~

ATLAS-CONF-2012-003

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-003/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-003/
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Gluino Mediated Sbottom

2 b-tags 2 b-tags

top background estimation:
1 lepton, meff > 600 GeV
40 < mT < 100 GeV

uncertainties: 15-35%, 
dominated by theory

ATLAS-CONF-2012-003

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-003/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-003/
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Gluino Mediated Sbottom
g~

χ0~1

b

bb1
~

2 b-tags

Signal Region Expected 
Bkg Data

meff > 500 GeV 316 ± 72 299

meff > 700 GeV 54 ± 11 43

meff > 900 GeV 9.8 ± 3.2 8

ATLAS-CONF-2012-003

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-003/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-003/
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MSSM scenario where mg̃ > mb̃1
> mχ̃0

1

B(g̃ → b̃1b) = 100%

B(b̃1 → bχ̃0
1) = 100%

 (other squarks heavy)
ATLAS-CONF-2012-003

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-003/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-003/
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MSSM scenario where mg̃ > mb̃1
> mχ̃0

1

B(g̃ → b̃1b) = 100%

B(b̃1 → bχ̃0
1) = 100%

 (other squarks heavy)

1 b-tag 

2 b-tags

ATLAS-CONF-2012-003

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-003/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-003/
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Simplified scenario where
 (other squarks heavy)
mg̃ < mb̃1

B(g̃ → bb̄χ̃0
1) = 100%

(off-shell sbottom) ATLAS-CONF-2012-003

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-003/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-003/


S. Majewski SEARCH Workshop 2012

g~

χ0~1

b

bb1
~

17

g~

χ0~1

t

tt1
~

(χ±)~
1

(b)

b

b
~

χ0~1

t
~

t (b)

χ0~1 (χ±)
~
1

direct production

through gluino decays



S. Majewski SEARCH Workshop 2012 18

Gluino Mediated Stop
Analysis signature:
1 lepton + jets + ETmiss

Trigger:
electron / muon + jet

Selection:
electron (muon) > 25 (20) GeV
first jet > 60 GeV, at least 3 more > 50 GeV
≥ 1 jets must be b-tagged 
ETmiss > 80 GeV
mT > 100 GeV

g~

χ0~1

t

tt1
~

(χ±)~
1

(b)

ATLAS-CONF-2012-003

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-003/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-003/


S. Majewski SEARCH Workshop 2012 19

Gluino Mediated Stop

meff > 700 GeV meff > 700 GeV

Signal Region Expected 
Bkg Data

ETmiss > 80 GeV 39 ± 12 43

ETmiss > 80 GeV 38 ± 14 38

ETmiss > 200 GeV 8.1 ± 3.4 11

ETmiss > 200 GeV 6.3 ± 4.2 6

electron

muon

electron

muon

ATLAS-CONF-2012-003

1 lepton + jets + ETmiss

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-003/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-003/


S. Majewski SEARCH Workshop 2012 20

MSSM scenario where mg̃ > mt̃1 +mt

B(t̃1 → bχ̃0
1) = 100%

B(g̃ → t̃1t) = 100%
B(χ̃±

1 → χ̃0
1l

±ν) = 11%

ATLAS-CONF-2012-003

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-003/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-003/
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Simplified scenario where
 (other squarks heavy)

(off-shell stop)

mg̃ < mt̃1
B(g̃ → tt̄χ̃0

1) = 100%

ATLAS-CONF-2012-003

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-003/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-003/
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Gluino Mediated Stop
Analysis signature:
2 same-sign leptons + jets + ETmiss

Trigger:
single / di-lepton

Selection:
electron (muon) > 20 (20) GeV
at least 4 jets > 50 GeV
ETmiss > 150 GeV
(mT > 100 GeV)

g~

χ0~1

t

tt1
~

(χ±)~
1

(b)

ATLAS-CONF-2012-004

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-004/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-004/
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Gluino Mediated Stop
7 Results and Interpretation

Table 1: Number of expected SM background events together with the number of observed events in data.

Limits at 95% C.L. on σvis = σ× ε × A are also shown. The errors are a combination of the uncertainties

due to MC statistics, statistical uncertainties in control regions and systematic uncertainties.

SR1 SR2

tt̄ +X 0.37 ± 0.26 0.21 ± 0.16

Diboson 0.05 ± 0.02 0.02 ± 0.01

Fake-lepton 0.34 ± 0.20 < 0.17

Charge mis-ID 0.08 ± 0.01 0.039 ± 0.007

Total SM 0.84 ± 0.33 0.27 ± 0.24

Observed 0 0

σvis <1.6 fb <1.5 fb

Figure 1 shows the distribution for the number of jets with pT > 50 GeV for events with 2 SS

leptons and the Emiss
T

distribution for events with 2 SS leptons and at least four jets with pT > 50 GeV.

The contributions from all the SM backgrounds are shown together with their statistical and systematic

uncertainties. For illustration, the distribution for a signal obtained with the decay g̃ → tt̄χ̃0
1

in g̃g̃ pair-

produced events with mg̃ = 650 GeV and mχ̃0
1
= 150 GeV is also shown. The data are in agreement with

the SM background expectation and once four jets of pT > 50 GeVare required no event is observed with

Emiss
T > 150 GeV.

Table 1 shows the number of expected events in the signal regions for each background source to-

gether with the observed number of events. In SR1 the dominant backgrounds are tt̄+X and fake leptons

while in SR2 tt̄ + X is the main background. The contribution from the SM is estimated to be less than

one event for each signal region with no events observed in data. Therefore, limits at 95% confidence

level (C.L.) are derived on σvis = σ × ε × A where σ is the total production cross sections for any new

signal producing SS dileptons, A is the acceptance defined by fraction of events passing geometric and

kinematic cuts at particle level and ε is the detector reconstruction, identification and trigger efficiency.

Limits are set using the CLs prescription, as described in Ref. [58]. The results are given in Table 1 for

each signal region.

The results obtained in SR2 are interpreted in a simplified model where only gluinos are produced

in pairs, the stop (mt̃ = 1.2 TeV) is heavier than the gluino, and only the gluino three-body decay via

an off-shell stop (g̃ → tt̄χ̃0
1) is allowed. Figure 2 shows the limit in the gluino-neutralino mass plane.

Gluino masses below 650 (720) GeV for neutralino masses below 215 (100) GeV are excluded at 95%

confidence level. The results can be generalised in terms of 95% C.L. upper cross section limits for g̃g̃

pair production processes with the produced particles decaying into tt̄χ̃0
1

final states, as also shown in

Figure 2.

The results in SR2 are also interpreted in the MSSM 24-parameter framework as defined in [59]

considering gluino pair production followed by the g̃ → t̃1t decay. Only stop decays via t̃1 → bχ̃±1 are

considered. All other squark as well as slepton masses are larger than 1 TeV and mχ̃±
1
= 2mχ̃0

1
with a

neutralino mass of 60 GeV. Figure 3 shows the exclusion limit as a function of gluino and stop masses,

where gluino masses below 670 GeV are excluded for stop masses below 460 GeV.

The results in SR1 are interpreted within the MSUGRA-CMSSM framework in terms of limits on the

universal scalar and gaugino mass parameters m0 and m1/2, as shown in Figure 4. These are presented

for fixed values of the universal trilinear coupling parameter A0 = 0, ratio of the vacuum expectation

values of the two Higgs doublets tan β = 10, and Higgs mixing parameter µ > 0. In this model, values of

4

signal: mg = 650 GeV, mχ  = 150 GeV~ ~0

ATLAS-CONF-2012-004

2 same-sign leptons + jets + ETmiss

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-004/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-004/
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Gluino Mediated Stop

MSSM scenario where mg̃ > mt̃1 +mt

B(t̃1 → bχ̃0
1) = 100%

B(g̃ → t̃1t) = 100%
B(χ̃±

1 → χ̃0
1l

±ν) = 11%

Simplified scenario where

(off-shell stop; other squarks heavy)

mg̃ < mt̃1
B(g̃ → tt̄χ̃0

1) = 100%

ATLAS-CONF-2012-004

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-004/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-004/
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Gluino Mediated Stop
Analysis signature:
multijets + ETmiss

Trigger:
various multijet triggers

Selection:
electron/muon veto
at least N jets > 55 (80) GeV
ETmiss / √HT > 4 GeV½

g~

χ0~1

t

tt1
~

(χ±)~
1

(b)

ATLAS-CONF-2012-037

new result! based on 4.7 fb-1

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-037/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-037/
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Gluino Mediated Stop

Simplified scenario where

(off-shell stop; other squarks heavy)

mg̃ < mt̃1
B(g̃ → tt̄χ̃0

1) = 100%

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

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,
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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

miss

T
/
√

HT > 4 GeV
1/2

are shown.
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Direct Sbottom
Analysis signature:
2 b-tagged jets + ETmiss

Trigger:
1 high pT jet + ETmiss

Selection:
first jet > 130 GeV; second jet > 50 GeV
ETmiss > 130 GeV
2 jets must be b-tagged
veto electrons & muons
ETmiss / meff > 0.25

b

b
~

χ0~1

arXiv 1112.3832, submitted to PRL

http://arxiv.org/abs/1112.3832
http://arxiv.org/abs/1112.3832
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Direct Sbottom
b

b
~

χ0~1

mCT =
�
[ET (b1) + ET (b2)]

2 − [pT (b1)− pT (b2)]
2

“contransverse mass”:

endpoint:

JHEP 03, 030 (2010)

m2
b̃
−m2

χ̃0
1

mb̃

useful for pair production 

depends on energy, momentum of visible particles

boost-corrected variable robust against initial state radiation

135 GeV (ttbar), (b)
~

http://dx.doi.org/10.1007/JHEP03(2010)030
http://dx.doi.org/10.1007/JHEP03(2010)030
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Direct Sbottom
top bkg:
1 lepton, 2 b-jets
40 < mT < 100 GeV

Z + heavy flavor bkg:
2 leptons, 2 b-jets
81 < mll < 101 GeV

Z → e e / μ μ 
events;

leptons added 
to ETmiss

arXiv 1112.3832, submitted to PRL

~10-15% uncertainties < 5% uncertainty

http://arxiv.org/abs/1112.3832
http://arxiv.org/abs/1112.3832
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Direct Sbottom

(b)
~for (300,100):

endpoint 
~ 266 GeV 

contransverse mass

b

b
~

χ0~1

arXiv 1112.3832, submitted to PRL

http://arxiv.org/abs/1112.3832
http://arxiv.org/abs/1112.3832
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arXiv 1112.3832, submitted to PRL

Signal Region Expected 
Bkg Data

mCT > 0 GeV 94 ± 16 96

mCT > 100 GeV 62 ± 13 56

mCT > 150 GeV 27 ± 8 28

mCT > 200 GeV 8.1 ± 3.5 10

b

b
~

χ0~1

Direct Sbottom

http://arxiv.org/abs/1112.3832
http://arxiv.org/abs/1112.3832
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ETmiss

b-jet

b-jet

ETmiss: 205 GeV
b-jet pTs: 152 GeV, 96 GeV
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t̃1 χ+
1 χ0

1 G̃

t̃∗1 χ−

1 χ0
1 G̃

b

b̄

Z

Z

soft jets

soft jets

Figure 2: The typical decay chain of the lighter stop.

1/10, 1/6, and 1/3, respectively, compared to those with
√
s = 14 TeV, i.e., approximately

10 events for 2 expected background event. Therefore, by looking for this channel, the lighter

stop can be discovered at an early stage of the LHC experiments.

The same final states provide signatures with four leptons. Looking for this channel will

be a non-trivial test of the scenario. The sensitivities at the LHC is similar to bZ + p/T . At

the Tevatron, the cross section of the stop pair production is of the order of 100 fb−1 for

mt̃1 = 230 GeV. Considering the leptonic branching ratio of the Z boson, the four-lepton

signature will be quite challenging to be observed at the Tevatron experiments.

3.3 Higgsino mass measurement

Now we turn to the analysis of mass measurements after the discovery. Although there

are two missing gravitinos in each process, the theoretical input that the gravitino being

massless and also the technique of MT2 [42] help to measure the Higgsino and stop masses.

See Appendix A for the definition of MT2.

We first discuss determination of the Higgsino mass. The lightest Higgsino χ0
1 is mainly

produced from the cascade decay of the stops which are produced in pair. Therefore, in each

event, there are a pair of χ0
1. Because of the Higgsino nature, χ0

1 subsequently decays into

ZG̃ or hG̃.

The MT2 variable is suited for this situation as was studied in the Bino case in Ref. [43].

We apply the MT2 variable for the subsystem χ0
1χ

0
1 → (ZG̃)(ZG̃) → (l+l−G̃)(l′+l′−G̃) in the

cascade decays. The maximal value of the MT2 distribution gives the Higgsino mass if the

9

35

GMSB scenario with gravitino LSP (mG < 1 keV),  
neutralino NLSP [Higgsino-like χ0 considered here]

Analysis signature:
2 same-flavor leptons + jets + ETmiss

Trigger:
electron / muon + jet

Selection:
86 < mll < 96 GeV
first jet > 60 GeV, one more > 50 GeV
1 b-tagged jet
ETmiss > 50 (80) GeV

Direct Stop
~

1
~

M. Asano, et al., JHEP 1012:019,2010

ATLAS-CONF-2012-036

http://arxiv.org/ct?url=http%253A%252F%252Fdx.doi.org%252F10%25252E1007%252FJHEP12%2525282010%252529019&v=2e53bb55
http://arxiv.org/ct?url=http%253A%252F%252Fdx.doi.org%252F10%25252E1007%252FJHEP12%2525282010%252529019&v=2e53bb55
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-036/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-036/
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Direct Stop

top bkg:
ee + μμ, Z veto

Z + heavy flavor bkg:
ee + μμ, ETmiss < 50 GeV

~11-13% uncertainties (55% uncertainty on xsec)

ATLAS-CONF-2012-036

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-036/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-036/
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Figure 2: The typical decay chain of the lighter stop.

1/10, 1/6, and 1/3, respectively, compared to those with
√
s = 14 TeV, i.e., approximately

10 events for 2 expected background event. Therefore, by looking for this channel, the lighter

stop can be discovered at an early stage of the LHC experiments.

The same final states provide signatures with four leptons. Looking for this channel will

be a non-trivial test of the scenario. The sensitivities at the LHC is similar to bZ + p/T . At

the Tevatron, the cross section of the stop pair production is of the order of 100 fb−1 for

mt̃1 = 230 GeV. Considering the leptonic branching ratio of the Z boson, the four-lepton

signature will be quite challenging to be observed at the Tevatron experiments.

3.3 Higgsino mass measurement

Now we turn to the analysis of mass measurements after the discovery. Although there

are two missing gravitinos in each process, the theoretical input that the gravitino being

massless and also the technique of MT2 [42] help to measure the Higgsino and stop masses.

See Appendix A for the definition of MT2.

We first discuss determination of the Higgsino mass. The lightest Higgsino χ0
1 is mainly

produced from the cascade decay of the stops which are produced in pair. Therefore, in each

event, there are a pair of χ0
1. Because of the Higgsino nature, χ0

1 subsequently decays into

ZG̃ or hG̃.

The MT2 variable is suited for this situation as was studied in the Bino case in Ref. [43].

We apply the MT2 variable for the subsystem χ0
1χ

0
1 → (ZG̃)(ZG̃) → (l+l−G̃)(l′+l′−G̃) in the

cascade decays. The maximal value of the MT2 distribution gives the Higgsino mass if the

9
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Direct Stop

SR1 SR2
ee channel

Data (2.05 fb−1) 39 20
SM 36.2±8.5 14.1±3.0
top 23.8±4.8 11.9±2.8
Z+hf 9.4±7.0 0.9±0.8

fake lepton 2.4±0.9 1.1±0.6
Others 0.5±0.5 0.2±0.2

µµ channel
Data (2.05 fb−1) 47 23

SM 55±12 26.6±5.1
top 40.4±6.2 22.9±4.3
Z+hf 14.2±9.9 3.3±2.6

fake lepton 0.00±0.08 0.00±0.07
Others 0.7±0.7 0.3±0.3

ee+µµ
Data (2.05 fb−1) 86 43

SM 92±19 40.7±6.0
top 64.3±7.7 34.8±5.0
Z+hf 24±16 4.2±3.2

fake lepton 2.4±0.9 1.1±0.6
Others 1.2±1.2 0.6±0.6

95% C.L. upper limits: observed (expected)
events (2.05 fb−1) 37.2 (40.6) 19.8 (17.8)
visible σ [fb] 18.2 (19.8) 9.7 (8.7)

Table 1: Expected and measured number of events in SR1 and SR2 for ee and µµ channels (sep-
arately and summed) for an integrated luminosity of 2.05 fb−1. The rows labelled as ‘Others’
report the sub-dominant SM backgrounds estimated from MC. The total systematic uncertain-
ties are also displayed. Statistical uncertainties on the MC samples employed are negligible.
In the bottom, model-independent observed and expected limits at 95% C.L on the number of
events and visible cross sections are shown summing the ee and µµ channels.

9 Conclusions

In summary, results of a search for direct scalar top quark (stop) pair production in pp collisions
at

√
s = 7 TeV, based on 2.05 fb−1 of ATLAS data are reported. Stops are searched for in events

with two same flavour opposite-sign leptons (e,µ) with invariant mass consistent with the Z
boson mass, large missing transverse momentum and jets in the final state, where at least one
of the jets is identified as originating from a b-quark. The results are in agreement with the SM
prediction and are interpreted in the framework of R-parity conserving gauge-mediated-like
‘natural’ SUSY scenarios. Stopmasses up to 310 GeV are excluded for 115 GeV<mχ̃01

< 230 GeV
at 95% C.L., reaching an exclusion of mt̃1 < 330 GeV for mχ̃01

= 190 GeV.

8

ETmiss > 50 GeV > 80 GeV
ee + μμ

ATLAS-CONF-2012-036
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Summary
Broad program of 3rd generation squark searches 
underway on ATLAS

Gluino-mediated sbottom: b-jets + ETmiss

Gluino-mediated stop: 1 lepton + 4 jets + ETmiss, 
same-sign dilepton + ETmiss, multijets + ETmiss

Direct sbottom: 2 b-jets + ETmiss (mCT)
Direct stop (GMSB): 2 leptons + jets + ETmiss

No significant excesses; limits set on stop and sbottom 
masses (mb > 800 GeV for mg < 920 GeV [MSSM], 
mt > 450 GeV for mg < 650 GeV [MSSM])

Still analyzing 5 fb-1 @ 7 TeV and looking forward to 
8 TeV data in 2012!

~ ~

~ ~
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Gluino Mediated Stop

MSSM scenario where mg̃ > mt̃1 +mt

B(t̃1 → bχ̃0
1) = 100%

B(g̃ → t̃1t) = 100%
B(χ̃±

1 → χ̃0
1l

±ν) = 11%
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Gluino Mediated Stop

Simplified scenario where

(off-shell stop, other squarks heavy)

mg̃ < mt̃1
B(g̃ → tt̄χ̃0

1) = 100%
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Systematic Uncertainties
Top production uncertainties: 

comparisons of MC@NLO, Alpgen, PowHeg

different showering (PowHeg+Pythia/Herwig)

ISR/FSR variations (AcerMC)

W/Z production uncertainties:

Alpgen, vary relative cross-sections of #parton 
sub-samples

W/Z+bb cross-section ~70%
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Gluino Mediated Sbottom

42

b-tagged jets + ETmiss

Additional details:
applied on the effective mass and the missing transverse momentum.

6 Background Estimation

Pre-selection Control region name Selection

one lepton, three jets
pT( j1) > 130 GeV, pT( j2, j3) > 50 GeV, CR0-1 one b-tag

EmissT > 130 GeV, 40 GeV < mT < 100 GeV, CR0-2 two b-tag
meff > 600 GeV

one lepton, four jets
pT( j1) > 60 GeV, pT( j2, j3, j4) > 50 GeV, CR1 one b-tag

EmissT > 80 GeV, 40 GeV < mT < 100 GeV, meff > 500 GeV

Table 3: Control regions definition for the 0-lepton and 1-lepton channels. The first column
summarises the common pre-selection applied, while the last column specifies the selection
defining the control regions.

Standard Model processes contributing to the total background in the signal regions are top
quark production (single and in pairs), the production of aW or a Z boson in association with
heavy-flavour quarks (mostly b, but also c), and multi-jet production. The latter enters in the
signal regions if missing transverse momentum is produced in the final state, either because
of the mis-measurement of one or more of the jets in the event, or because of the semileptonic
decay of a heavy-flavour hadron.

Control top W/Z QCD/ SM data
Region di-boson (2.05 fb−1)

CR0-1 (1 ele) 187 48 1 235±45 217
CR0-1 (1 muon) 146 22 1 169±45 177

CR0-2 (1 ele) 53 2 0.1 55±20 64
CR0-2 (1 muon) 42 3 0.1 45±17 62

CR1 (1 ele) 414 40 3.6 460±100 465
CR1 (1 muon) 377 25 5.2 410±110 420

Table 4: Expected background composition and comparison of the predicted total SM event
yield to the measured event yield for 2.05 fb−1 for each of the control regions defined in the text.
The column “Top” includes contributions from the single top, tt̄, tt̄bb̄ and tt̄+W/Z production
processes. The quoted uncertainty on the SM prediction includes only detector-level systematic
uncertainties (among which jet energy scale and b-tagging uncertainties are dominant).

Top and W/Z background estimation: The dominant SM background contributions to the
signal regions are evaluated using control regions with low expected yields from the targeted
SUSY signals. They are defined by selecting events containing exactly one lepton, large meff
and low mT. The background estimation in each signal region is obtained by multiplying the
number of events observed in the corresponding control region by a transfer factor, defined as
the ratio of the MC predicted yield in the signal region to that in the control region:
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NSR =
NMCSR
NMCCR

NobsCR = TfNobsCR (4)

where NobsCR denotes the observed yield in the control region for single and pair produced top
quarks (for SR0) or for the full SM background (for SR1). The advantage of this approach is that
systematic uncertainties that are correlated between the numerator and the denominator of Tf
largely cancel out, provided that the event kinematics in the corresponding signal and control
region are similar.

Two control regions, differing only by the number of minimum b-tags required, are used
to determine the top background in the six signal regions of the 0-lepton channel. They are
obtained by applying the same thresholds on the three jets and EmissT as for the SR0, but requir-
ing exactly one signal electron or muon. The definition of the CR0-1 and CR0-2 is completed
by additional selections on the transverse mass, 40 GeV< mT < 100 GeV, on the effective mass
meff > 600 GeV and by the requirement of at least one b-tag or two b-tags respectively. The
definition of the control regions for the 0-lepton channel is summarised in the upper part of
Table 3. Figures 1 and 2 shows the EmissT and meff distributions obtained in CR0-1 and CR0-2
respectively, for the 1-electron and 1-muon case.

The formula used to obtain the top background prediction in each of the six signal regions
is:

NSR0-! j = T! j
f (NCR0- j−Mnon-top

CR0- j ) (5)

T! j
f =

MSR0-! j

MCR0- j
(6)

where ! = A,B,C, j = 1,2 denote the six signal regions, the symbol N (M) is used for observed
(MC predicted quantities) and CR0- j is the sum of the corresponding electron and muon chan-
nel yields.

The rest of the SM production contributions to the SR0 is mainly due to W and Z produc-
tion in association with heavy-flavour quarks. It corresponds to about 30% (10%) of the total
background in the signal regions defined with one b-tag (two b-tags), and it is estimated using
the MC simulation.

For the 1-lepton channel signal regions, the total SM background (largely dominated by top
quark production) is determined using a similar technique, but using one single transfer factor
for top,W/Z and di-boson production processes. In this case, only one control region (CR1) is
defined by requiring the same kinematical cuts applied in SR1-D, with the exception of those
on mT (which is inverted) and on meff (whose threshold is lowered to 500 GeV). The last row of
Table 3 summarises the event selection for the 1-lepton control region. Figure 3 shows the EmissT
and meff distributions in CR1.

The number of expected events for 2.05 fb−1 of integrated luminosity as predicted by the
MC for all control regions is compared to that obtained in data in Table 4. The uncertainty
quoted on the Standard Model prediction includes experimental systematic uncertainties (jet
energy scale and resolution, b-tagging efficiency, lepton identification and energy scale, and
luminosity determination).

Further selection regions are used to validate the MC prediction in different kinematic
regimes (in particular for small and large values of mT at low value of meff, for both the 0-lepton
and 1-lepton channels). In all cases, a good agreement between the data and MC predictions is
found.
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SR Top W/Z QCD/ Total Data
di-boson

SR0-A1 705±110 248±150 53±21 1000±180 1112
(725)

SR0-B1 119±26 67±42 7.3±4.7 190±50 197
(122)

SR0-C1 22±9 16±11 1.5±1 39±14 34
(22)

SR0-A2 272±70 22.5±15 21±12 316±72 299
(212)

SR0-B2 47±11 4.5±3 2.8±1.7 54±11 43
(37)

SR0-C2 8.5±3 0.8±1 0.5±0.4 9.8±3.2 8
(6.6)

Table 6: Summary of the expected and observed event yields corresponding to 2.05 fb−1 in the
six 0-lepton channel signal regions. The errors on the top contribution correspond to the total
errors of Table 5. The errors quoted for all background processes include all the systematic
uncertainties discussed in the text. The numbers in parentheses in the “Top” column are the
yields predicted by the MC simulation.

SR SM background Data
SR1-D (e) 39±12 (39) 43
SR1-D (µ) 38±14 (37) 38
SR1-E (e) 8.1±3.4 (7.9) 11
SR1-E (µ) 6.3±4.2 (6.1) 6

Table 7: Summary of the expected and observed event yields corresponding to 2.05 fb−1 in
the two 1-lepton channel signal regions. The Standard Model estimation is derived with the
data-driven method discussed in the text. The numbers in parenthesis in the “SM background”
column are the yield predicted by the MC.
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all systematics included

n represents the number of observed events in data, s is the SUSY signal under consideration, b
is the background, and ! represents the systematic uncertainties. The Ps function is a Poisson-
probability distribution for event counts in the defined signal region and CSyst represents the
constraints on systematic uncertainties, which are treated as nuisance parameters with a Gaus-
sian probability density function and correlated when appropriate.

Upper limits at 95% C.L. on the number of signal events in the signal regions are obtained
independently of new physics models for the 0-lepton and 1-lepton final states. Results for
observed and expected upper limits on the number of non-Standard Model events in the signal
regions are shown in Table 8, as well as upper limits on the visible cross section, "vis, including
the effects of experimental acceptance and efficiency.

SR 95% C.L. upper limit

N events "vis(fb)

obs. (exp.) obs. (exp.)

SR0-A1 578 (516) 282 (251)

SR0-B1 133 (133) 65 (65)

SR0-C1 31.6 (34.6) 15.4 (16.9)

SR0-A2 124 (134) 61 (66)

SR0-B2 29.6 (31.0) 14.4 (15.0)

SR0-C2 8.9 (10.3) 4.3 (5.0)

SR1-D 45.5 (42.1) 22.2 (20.5)

SR1-E 17.5 (15.3) 8.5 (7.5)

Table 8: Observed and expected 95% C.L. upper limits on the non-SM contributions to all signal
regions. Limits are given on the number of signal events and in terms of visible cross sections.
The systematic uncertainties on the SM background estimation are included.

9 Interpretation in Simplified SUSY Models

The interpretation of the results in terms of 95% C.L. exclusion limits are given for several SUSY
scenarios.

Simplified models are characterised by well-defined SUSY particle production and decay
modes yielding the final states under study. In the scenarios considered here scalar bottoms
and tops are the only squarks to appear in the gluino decay cascade, leading to final states
with large b-jet multiplicity. The models listed below are addressed (in parenthesis the channel
which is used for the interpretation of the result is given):

Gluino-sbottom models (0-lepton): MSSM scenarios where the b̃1 is the lightest squark, all
other squarks are heavier than the gluino, and mg̃ > mb̃1

> m#̃01
, such that the branching ratio

for g̃→ b̃1b decays is 100%. Sbottoms are produced via g̃g̃ and b̃1b̃1 and are assumed to decay
exclusively via b̃1 → b#̃01 , where m#̃01

is set to 60 GeV. Exclusion limits are presented in the

(mg̃,mb̃1
) plane.
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1 lepton + jets + ETmiss

Additional details:
applied on the effective mass and the missing transverse momentum.

6 Background Estimation

Pre-selection Control region name Selection

one lepton, three jets
pT( j1) > 130 GeV, pT( j2, j3) > 50 GeV, CR0-1 one b-tag

EmissT > 130 GeV, 40 GeV < mT < 100 GeV, CR0-2 two b-tag
meff > 600 GeV

one lepton, four jets
pT( j1) > 60 GeV, pT( j2, j3, j4) > 50 GeV, CR1 one b-tag

EmissT > 80 GeV, 40 GeV < mT < 100 GeV, meff > 500 GeV

Table 3: Control regions definition for the 0-lepton and 1-lepton channels. The first column
summarises the common pre-selection applied, while the last column specifies the selection
defining the control regions.

Standard Model processes contributing to the total background in the signal regions are top
quark production (single and in pairs), the production of aW or a Z boson in association with
heavy-flavour quarks (mostly b, but also c), and multi-jet production. The latter enters in the
signal regions if missing transverse momentum is produced in the final state, either because
of the mis-measurement of one or more of the jets in the event, or because of the semileptonic
decay of a heavy-flavour hadron.

Control top W/Z QCD/ SM data
Region di-boson (2.05 fb−1)

CR0-1 (1 ele) 187 48 1 235±45 217
CR0-1 (1 muon) 146 22 1 169±45 177

CR0-2 (1 ele) 53 2 0.1 55±20 64
CR0-2 (1 muon) 42 3 0.1 45±17 62

CR1 (1 ele) 414 40 3.6 460±100 465
CR1 (1 muon) 377 25 5.2 410±110 420

Table 4: Expected background composition and comparison of the predicted total SM event
yield to the measured event yield for 2.05 fb−1 for each of the control regions defined in the text.
The column “Top” includes contributions from the single top, tt̄, tt̄bb̄ and tt̄+W/Z production
processes. The quoted uncertainty on the SM prediction includes only detector-level systematic
uncertainties (among which jet energy scale and b-tagging uncertainties are dominant).

Top and W/Z background estimation: The dominant SM background contributions to the
signal regions are evaluated using control regions with low expected yields from the targeted
SUSY signals. They are defined by selecting events containing exactly one lepton, large meff
and low mT. The background estimation in each signal region is obtained by multiplying the
number of events observed in the corresponding control region by a transfer factor, defined as
the ratio of the MC predicted yield in the signal region to that in the control region:
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yield to the measured event yield for 2.05 fb−1 for each of the control regions defined in the text.
The column “Top” includes contributions from the single top, tt̄, tt̄bb̄ and tt̄+W/Z production
processes. The quoted uncertainty on the SM prediction includes only detector-level systematic
uncertainties (among which jet energy scale and b-tagging uncertainties are dominant).

Top and W/Z background estimation: The dominant SM background contributions to the
signal regions are evaluated using control regions with low expected yields from the targeted
SUSY signals. They are defined by selecting events containing exactly one lepton, large meff
and low mT. The background estimation in each signal region is obtained by multiplying the
number of events observed in the corresponding control region by a transfer factor, defined as
the ratio of the MC predicted yield in the signal region to that in the control region:
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Figure 5: Distribution of (a) the effective mass and (b) EmissT for the 1-electron (left) and 1-
muon (right) channel in SR1-D. The color labelled “Others” includes contributions from Z, di-
boson and multi-jet production processes. The yellow band shows the systematic uncertainty,
which includes both detector uncertainties (among which JES and b-tagging uncertainties are
dominant) and theory uncertainties on the background normalisation and shape. The small
inset shows the ratio between the observed distribution and that predicted for the Standard
Model background.
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n represents the number of observed events in data, s is the SUSY signal under consideration, b
is the background, and ! represents the systematic uncertainties. The Ps function is a Poisson-
probability distribution for event counts in the defined signal region and CSyst represents the
constraints on systematic uncertainties, which are treated as nuisance parameters with a Gaus-
sian probability density function and correlated when appropriate.

Upper limits at 95% C.L. on the number of signal events in the signal regions are obtained
independently of new physics models for the 0-lepton and 1-lepton final states. Results for
observed and expected upper limits on the number of non-Standard Model events in the signal
regions are shown in Table 8, as well as upper limits on the visible cross section, "vis, including
the effects of experimental acceptance and efficiency.

SR 95% C.L. upper limit

N events "vis(fb)

obs. (exp.) obs. (exp.)

SR0-A1 578 (516) 282 (251)

SR0-B1 133 (133) 65 (65)

SR0-C1 31.6 (34.6) 15.4 (16.9)

SR0-A2 124 (134) 61 (66)

SR0-B2 29.6 (31.0) 14.4 (15.0)

SR0-C2 8.9 (10.3) 4.3 (5.0)

SR1-D 45.5 (42.1) 22.2 (20.5)

SR1-E 17.5 (15.3) 8.5 (7.5)

Table 8: Observed and expected 95% C.L. upper limits on the non-SM contributions to all signal
regions. Limits are given on the number of signal events and in terms of visible cross sections.
The systematic uncertainties on the SM background estimation are included.

9 Interpretation in Simplified SUSY Models

The interpretation of the results in terms of 95% C.L. exclusion limits are given for several SUSY
scenarios.

Simplified models are characterised by well-defined SUSY particle production and decay
modes yielding the final states under study. In the scenarios considered here scalar bottoms
and tops are the only squarks to appear in the gluino decay cascade, leading to final states
with large b-jet multiplicity. The models listed below are addressed (in parenthesis the channel
which is used for the interpretation of the result is given):

Gluino-sbottom models (0-lepton): MSSM scenarios where the b̃1 is the lightest squark, all
other squarks are heavier than the gluino, and mg̃ > mb̃1

> m#̃01
, such that the branching ratio

for g̃→ b̃1b decays is 100%. Sbottoms are produced via g̃g̃ and b̃1b̃1 and are assumed to decay
exclusively via b̃1 → b#̃01 , where m#̃01

is set to 60 GeV. Exclusion limits are presented in the

(mg̃,mb̃1
) plane.
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2 same-sign leptons + jets + ETmiss

Additional details:

ATLAS-CONF-2012-004

Background Estimation techniques (1)

“fake lepton”: (10-80% uncertainty [lepton pT])
P(loose-real to pass tight selection): Z → l l sample
P(loose-fake to pass tight selection): multijet CR (2 SS leptons, low ETmiss)

Stop with 2 SS Leptons: “Fake-lepton” Background

• Define a loose lepton selection relaxing some of the identification cuts

• The probability of loose leptons to pass the tight selection is obtained for:

◦ Real leptons (r): measured with Z → �+�− events

◦ “Fake” leptons (f ): measured in multijet enhanced control regions (2 leptons SS,

low Emiss
T )

• Relate the number of observed events with combination of tight (T ) and loose
(L) leptons with the number of events with combinations of real (R) and fake
(F ) leptons

2

664

NTT

NTL

NLT

NLL

3

775 =

2

664

rr rf fr ff
r(1− r) r(1− f ) f (1− r) f (1− f )
(1− r)r (1− r)f (1− f )r (1− f )f

(1− r)(1− r) (1− r)(1− f ) (1− f )(1− r) (1− f )(1− f )

3

775

2

664

NRR

NRF

NFR

NFF

3

775

• The number of events with fake lepton is estimated by solving the system of
equations above

• Uncertainties: ∼60% (systematic error on f and statistical uncertainty on the
number of T and L events)
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2 same-sign leptons + jets + ETmiss

Additional details:

ATLAS-CONF-2012-004

Background Estimation techniques (2)

theory uncertainty on tt + X: (~75% uncertainty)
bkg estimate taken from MC
55% from fact./renorm. scale variations, 25% from PDF, 50% on k-factor

charge mis-ID: (5-13% uncertainty)
bkg estimate using semi data-driven technique (in di-lepton ttbar)
source: hard brems 
[e.g., e− (hard) → γ (hard) e− (soft) → e+ (hard) e− (soft) e− (soft)]

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-004/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-004/
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multijets + ETmiss

Additional details:

ATLAS-CONF-2012-037

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,
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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

Multijet Background 
Estimate:

ETmiss / √HT ~invariant 
with respect to jet 
multiplicity

extrapolation from 
lower to higher jet 
multiplicity bins

template 
from 4-jet 

bin
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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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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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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.

8

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-037/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-037/


S. Majewski SEARCH Workshop 2012

Direct Sbottom

49

mCT

Additional details:

3

The estimation of the main background processes is
carried out by defining data control regions where each
background component is dominant. The background
estimate in each SR is derived through ‘transfer factors’
equivalent to the ratio of expected event yields in the sig-
nal and control regions estimated using the MC. The con-
tributions from top and W+hf production are estimated
using a transfer factor from a control region where events
have exactly one electron or muon, Emiss

T > 80 GeV, and
at least two b-jets with pT > 130 GeV and 50 GeV. The
transverse mass of the (!, Emiss

T ) system is required to be
between 40 GeV and 100 GeV to select events containing
W → !ν. The contribution to this control region from
other SM processes accounts for less than 10% of the total
and is estimated from simulation. The Z+hf contribu-
tion is estimated using a transfer factor from a control
region where events have two opposite-sign same-flavor
leptons (!+!−), Emiss

T > 50 GeV, at least two b-jets with
pT > 80 GeV and 50 GeV, and invariant mass of the
two leptons m!! between 81 GeV and 101 GeV (Z-mass
interval). The momenta of the leptons are added to the
Emiss

T to mimic the Z → νν decay. The contribution from
top quark production in this control region accounts for
about 50% of the total and is subtracted using a side-
band estimate in two 40 GeV mass windows above and
below the Z-mass interval.
The sub-dominant background contribution from di-

bosons, Ztt̄, Wtt̄ and tt̄bb̄ is estimated using MC sim-
ulation and increases from 1% to 10% of the total SM
prediction as the selection cut on mCT increases from
100 GeV to 200 GeV. Finally, the residual multijet back-
ground is estimated using a data-driven technique based
upon the smearing of jets in a low Emiss

T data sample with
jet response functions [38]. This prediction is tuned in a
multijet dominated control region where the requirement
on ∆φmin is inverted. The contribution is found to be
less than 5% across the SRs.
The total systematic uncertainty on the background

expectations varies from 21% to 44%, increasing with the
mCT selection applied, and is dominated by the uncer-
tainty due to finite data statistics in the control regions.
The next dominant uncertainty on the SM estimates de-
rives from the residual uncertainties on the theoretical
modeling of the top background and varies between 10%
and 15% depending on the SR. It is evaluated using addi-
tional MC samples generated with ACERMC [39] where ini-
tial and final state radiation parameters were varied [40],
an alternative fragmentation model (PYTHIA) and an al-
ternative generator (POWHEG [41]). The residual uncer-
tainties on the W+hf and Z+hf theoretical modeling ac-
count for less than 5% of the total uncertainty. Finally,
the experimental uncertainties on the b-tagging efficiency
and jet energy scale and resolution are also considered;
across the SRs they vary between 5% and 8% and be-
tween 6% and 9%, respectively.
For the SUSY signal processes, uncertainties on renor-

malization and factorization scales and on the PDF affect
the theoretical cross section. PDF uncertainties are es-
timated using the CTEQ6.6M PDF error eigenvector set
and are between 7% and 16% depending on the sbottom
mass. The variation of renormalization and factorization
scales by a factor of two changes the nominal signal cross
section, σnom, by±15%, independently ofm

b̃
1

. In the fol-

lowing, the cross sections calculated with scale settings
2×µ and µ/2 are referred to as σmin and σmax, respec-
tively. The impact of detector-related uncertainties, such
as the jet energy scale and b-tagging, on the signal event
yields varies between 35% and 45% and is dominated by
the uncertainties on the b-tagging efficiency.
Table I reports the observed number of events and the

SM predictions before the mCT selection and for each
SR. Both transfer factor and MC estimates are given.
The data are in good agreement with the SM background
expectations within uncertainties in all cases. Figure 1
shows the measured mCT and Emiss

T distributions before
mCT selection compared to the SM predictions. MC esti-
mates are used, rescaled to match the total integral and
systematic uncertainties predicted by the transfer fac-
tor estimates for Z+hf and the sum of top and W+hf,
respectively. For illustrative purposes, the distributions
expected for the MSSM scenario with sbottom and neu-
tralino masses of 300 GeV and 100 GeV, respectively,
are added to the SM predictions. The results are trans-

mCT top, W+hf Z+hf Others Total SM Data

GeV TF TF MC+DD

(MC) (MC)

0 67 ± 10 23 ± 8
3.6 ± 1.5

94 ± 16 96

(60 ± 25) (16 ± 9) (80 ± 35)

100 36 ± 10 23 ± 9
3.1 ± 1.6

62 ± 13 56

(34 ± 16) (12 ± 7) (49 ± 25)

150 12 ± 5 12 ± 6
2.7 ± 0.9

27 ± 8 28

(13 ± 8) (8.3 ± 4.7) (24 ± 13)

200 3.2 ± 1.6 3.9 ± 3.2
1.0 ± 0.9

8.1 ± 3.5 10

(4.1 ± 3.4) (2.8 ± 1.5) (8.0 ± 4.9)

TABLE I: Expected and measured number of events for an
integrated luminosity of 2.05 fb−1. Z+hf and the sum of
top and W+hf are estimated using a transfer factor esti-
mate (TF). The column labelled as ‘Others’ reports multijet
background predictions as estimated with a data-driven (DD)
method, and sub-dominant SM backgrounds estimated from
MC. For comparison the numbers obtained using MC samples
are shown in parenthesis. The total systematic uncertainties
are also reported.

lated into 95% confidence-level (C.L.) upper limits on
contributions from new physics using the CLs prescrip-
tion [42]. The SR with the best expected sensitivity at
each point in parameter space is adopted as the nominal
result. Figure 2 shows the observed and expected exclu-
sion limits at 95% C.L. on the b̃1 − χ̃0

1 mass plane, as-

arXiv 1112.3832, submitted to PRL

Signal Efficiencies: 1−6% (200−500 GeV b), 
6→2% as Δm decreases

~
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1 Introduction

Supersymmetry (SUSY) [1–9] provides an extension to the Standard Model (SM) which can
naturally resolve the hierarchy problem. For each known boson or fermion, SUSY introduces
a particle (sparticle) with identical quantum numbers except for a difference of half a unit of
spin. The non-observation of the sparticles implies that SUSY is broken and the superpartners
are generally heavier than the SM partners. In the framework of a generic R-parity conserving
minimal supersymmetric extension of the SM (MSSM) [10–14], SUSY particles are produced in
pairs and the lightest supersymmetric particle (LSP) is stable.
The scalar partners of right-handed and left-handed quarks, q̃R and q̃L, can mix to form two

mass eigenstates. In the case of the scalar top quark (t̃, stop), large mixing effects due to the
Yukawa coupling, yt , and the trilinear coupling, At , can lead to one stop mass eigenstate, t̃1, that
is significantly lighter than other squarks. Consequently, t̃1 could be produced with large cross
sections at the LHC via direct pair production.
Light stop masses are favoured by arguments of ‘naturalness’ of the electroweak symmetry

breaking [15], because of the possibly large coupling between the t̃ and the Higgs boson, h. In
particular, radiative corrections to the Higgs boson mass mainly arise from the stop-top loop
diagrams including top Yukawa and three-point stop-stop-Higgs interactions.
The conditions for naturalness depend on the SUSY breakingmechanism. In gauge-mediated

SUSY breaking (GMSB) models [16,17], gauge interactions (messengers) are responsible for the
appearance of soft supersymmetry breaking terms. If the characteristic scale of the masses of
the messenger fields is about 10 TeV, an upper bound on mt̃1 of about 400 GeV is found when
imposing the absence of significant (∼ 10%) fine tuning [15].
In GMSB, the gravitino G̃ is the LSP (in general mG̃ < 1 keV). The experimental signatures

are largely determined by the nature of the next-to-lightest SUSY particle (NLSP). For several
GMSBmodels the NLSP is the lightest neutralino, χ̃01 , promptly decaying to its lighter SM part-
ner through gravitino emission. Neutralinos are mixtures of gaugino (B̃, W̃ 0) and higgsino (H̃0u ,
H̃0d ) gauge-eigenstates, and therefore the lightest neutralino decays to either a γ , Z or Higgs
boson. If the χ̃01 is higgsino-like, it decays either via χ̃01 → hG̃ or χ̃01 → ZG̃. Light higgsinos,
also required by naturalness arguments, lead to a large higgsino component in χ̃01 and a small
mass difference between χ̃01 and χ̃±

1 . In particular, if the higgsino mass |µ| is much smaller than
the gaugino masses (pure higgsino case), χ̃01 and χ̃±

1 are almost degenerate such that the ( f f
′)

system resulting from the chargino decay χ̃±
1 → χ̃01 f f

′ is very soft.

In this letter, a search for direct stop pair production is presented, assuming aGMSBmodel [18]
where the χ̃01 is purely higgsino-like and is lighter than the t̃1. The model parameters, fixed to
follow naturalness arguments, are

mq̃3 = mũ3 = −At/2; tanβ = 10, (1)

where mq̃3 and mũ3 are the soft SUSY breaking masses for the left- and right-handed third-
generation squarks, respectively, and tanβ is the ratio of the vacuum expectation values of
up-type and down-type Higgs field. The t̃ mass eigenstates are such that mt̃2 % mt̃1 and only
t̃1t̃1 pair production is considered in the following. Stops decay either via t̃1→ bχ̃

+
1 or, if kine-

matically allowed, via t̃1→ t χ̃01(2). For the scenarios considered, the subsequent decay χ̃01 → ZG̃
has a branching ratio (BR) between 1 and 0.65 for mχ̃01

between 100 and 350 GeV. Thus, the
expected signal is characterised by the presence of two jets originating from the hadronisation
of the b-quarks (b-jets), decay products of Z (or h) bosons and large missing transverse momen-
tum — its magnitude is referred to as EmissT in the following — resulting from the undetected

1

B
�
χ̃0
1 → ZG̃

�
= 1− 0.65 [mχ̃0

1
: 100− 350GeV]

SR1 SR2
ee channel

Data (2.05 fb−1) 39 20
SM 36.2±8.5 14.1±3.0
top 23.8±4.8 11.9±2.8
Z+hf 9.4±7.0 0.9±0.8

fake lepton 2.4±0.9 1.1±0.6
Others 0.5±0.5 0.2±0.2

µµ channel
Data (2.05 fb−1) 47 23

SM 55±12 26.6±5.1
top 40.4±6.2 22.9±4.3
Z+hf 14.2±9.9 3.3±2.6

fake lepton 0.00±0.08 0.00±0.07
Others 0.7±0.7 0.3±0.3

ee+µµ
Data (2.05 fb−1) 86 43

SM 92±19 40.7±6.0
top 64.3±7.7 34.8±5.0
Z+hf 24±16 4.2±3.2

fake lepton 2.4±0.9 1.1±0.6
Others 1.2±1.2 0.6±0.6

95% C.L. upper limits: observed (expected)
events (2.05 fb−1) 37.2 (40.6) 19.8 (17.8)
visible σ [fb] 18.2 (19.8) 9.7 (8.7)

Table 1: Expected and measured number of events in SR1 and SR2 for ee and µµ channels (sep-
arately and summed) for an integrated luminosity of 2.05 fb−1. The rows labelled as ‘Others’
report the sub-dominant SM backgrounds estimated from MC. The total systematic uncertain-
ties are also displayed. Statistical uncertainties on the MC samples employed are negligible.
In the bottom, model-independent observed and expected limits at 95% C.L on the number of
events and visible cross sections are shown summing the ee and µµ channels.

9 Conclusions

In summary, results of a search for direct scalar top quark (stop) pair production in pp collisions
at

√
s = 7 TeV, based on 2.05 fb−1 of ATLAS data are reported. Stops are searched for in events

with two same flavour opposite-sign leptons (e,µ) with invariant mass consistent with the Z
boson mass, large missing transverse momentum and jets in the final state, where at least one
of the jets is identified as originating from a b-quark. The results are in agreement with the SM
prediction and are interpreted in the framework of R-parity conserving gauge-mediated-like
‘natural’ SUSY scenarios. Stopmasses up to 310 GeV are excluded for 115 GeV<mχ̃01

< 230 GeV
at 95% C.L., reaching an exclusion of mt̃1 < 330 GeV for mχ̃01

= 190 GeV.
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