
TOP2014: 

7th International Workshop on Top-Quark Physics, Sep-Oct 2014, Cannes, France.

Till Eifert (CERN)

on behalf of the ATLAS and CMS Collaborations

Experimental results on SUSY 
searches with top from the LHC

Prepared with the help from Henning Flacher.



Outline

• Supersymmetry searches with a top 
→ setting the stage


• Third generation squark searches


• Constraints from top measurements
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Supersymmetry

3

Supersymmetry (SUSY) adds a new fundamental symmetry relating fermions and 
bosons → more than doubles the particle spectrum w.r.t. the Standard Model.

Fermion and boson loops contribute with different 
signs to the Higgs radiative corrections.

Solves the gauge hierarchy problem

SUSY with R-parity conservation predicts 
a suitable dark matter candidate

Grand unification of forces
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Standard Model 

Supersymmetry 

GUT ? 

Predicts an elementary Higgs scalar …!
• with a beautiful SM-like limit,  
• with a mass below 135 GeV (in the MSSM)

SUSY widely considered to remain the chief amongst beyond-SM proposals.  
However, most simplistic versions under stress. 

quantumdiaries.org

http://www.quantumdiaries.org/2012/07/01/the-hierarchy-problem-why-the-higgs-has-a-snowballs-chance-in-hell/
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Natural SUSY
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Illustration taken from: L. Hall, LBNL workshop, Oct-2011

What are the minimal requirements for `natural’ (low level of fine-tuning) SUSY?

For natural SUSY need: 
‣ light higgsinos 
‣ light top and bottom squarks (stop, sbottom, respectively) 
‣not-too-heavy gluinos

➡ strong physics case for third generation squarks

 t

 t
 H  H

  t
 H  H

Recall: Top loop is the most important 
contribution in Higgs virtual corrections:

While inclusive LHC searches set O(TeV) 
limits mostly on 1st and 2nd generation 
squarks and gluinos, which are less relevant in 
Higgs corrections. 
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3rd generation searches at the LHC
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Third generation squarks. 

Search for stop and sbottom via: 
‣ gluino-mediated production, 
‣ direct pair production.
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3rd generation searches at the LHC
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LHC search program relies on the complementarity of many analyses. 

ATLAS direct stop: 
• 0L, JHEP 09 (2014 ) 015 
• 1L, Submitted to JHEP [1407.0583] 
• 2L, JHEP 06 (2014) 124 
• stop in charm, Accepted by PRD [1407.0608] 
• stop2 in Z/GMSB stop, Eur. Phys. J. C (2014) 74:2883 
• stop in stau, ATLAS-CONF-2014-037 
ATLAS direct sbottom/stop: 
• 0L, JHEP 10 (2013) 189 
ATLAS gluino-mediated stop/sbottom: 
• 0-1L + ≥3 b-jets, Accepted by JHEP [1407.0600] 
• 2SS/3L, JHEP 06 (2014) 035  

(also direct sbottom) 
• 0L + ≥(7-10) jets, JHEP 10 (2013) 130 
ATLAS constraints from tT measurements: 
• 2L cross section, Submitted to EPJC [1406.5375] 
• 2L spin correlation, ATLAS-CONF-2014-056

CMS direct stop: 
• 0L, PAS-SUS-13-015 
• 1L, EPJC 73 (2013) 2677 
• combination 0L razor, 1L, PAS-SUS-14-011 
• stop in charm, PAS-SUS-13-009 
• stop2 in Z/h, PLB 736 371 (2014) 
CMS direct sbottom: 
• 0L, PAS-SUS-13-018 
CMS gluino-mediated stop/sbottom: 
• (0,1,2)L razor, PAS-SUS-14-011 
• 0L, CMS-SUS-13-012 
• 1L, PLB 733 328 (2014) 
• 2OS L, PAS-SUS-13-016 
• 2SS L,JHEP 01 (2014) 163 
• 3L, PAS-SUS-13-008 
• combination of above 5 searches, PAS-

SUS-14-010 (coming out soon) ▶︎
▶︎

▶︎

▶︎

▶︎

▶︎

▶︎

▶︎

▶︎ Results presented in this talk, focus on a light stop  
and processes with a top quark in the decay.

Comprehensive list of all public ATLAS and CMS SUSY search results.

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS
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Overview: direct stop searches
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Most searches target lightest eigenstate (stop1).  
Several decay modes possible.
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Figure 1. Illustration of stop decay modes in the plane spanned by the masses of the stop (t̃
1

)
and the lightest neutralino (�̃

0

1

), where the latter is assumed to be the lightest supersymmetric
particle. Stop decays to supersymmetric particles other than the lightest supersymmetric particle
are not displayed.

than the �̃0

1

are lighter than the stop, then additional decay modes can open up. The stop

decay to a bottom quark and the lightest chargino (t̃
1

! b�̃
±
1

) is an important example,

where the �̃±
1

can decay to the lightest neutralino by emitting an on- or o↵-shell W boson

(�̃
±
1

! W (⇤)�̃0

1

). The t̃
1

! b�̃
±
1

decay is considered for a stop mass above around 100 GeV

according to the LEP limit on the lightest chargino, m�̃±
1

> 103.5 GeV [30]. With the

decay in b�̃
±
1

kinematically available, the t̃
1

decay branching ratio is determined by factors

including the stop mixing matrix and the field content of the neutralino/chargino sector.

This article presents a search for direct t̃
1

pair production in final states with exactly

one isolated charged lepton (electron or muon,3 henceforth referred to simply as ‘leptons’),

several jets, and a significant amount of missing transverse momentum, the magnitude

of which is referred to as Emiss

T

. The lepton arises from the decay of either a real or a

virtual W boson, and the potentially large Emiss

T

is generated by the two undetected LSPs

and neutrino(s). All stop decay scenarios described above except for the FCNC modes

are considered, as illustrated in figure 2. Results are mainly based on simplified models

that have 100% branching ratio to one or a pair of these specific decay chains. In addition,

phenomenological MSSM (pMSSM) [31] models are used to study the sensitivity to realistic

scenarios where more complex decay chains are present alongside the simpler ones.

Searches for direct t̃
1

pair production have previously been reported by the ATLAS [32–

38] and CMS [39–43] collaborations, as well as by the CDF and DØ collaborations (for ex-

ample refs. [44, 45]) and the LEP collaborations [46]. Indirect searches for stops, mediated

by gluino pair production, have been reported by the ATLAS [47–50] and CMS [39, 40, 51–

55] collaborations.

3Electrons and muons from ⌧ decays are included.
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Figure 1. Illustration of top squark decay modes in the mass plane spanned by the top squark
(t̃

1

) and lightest neutralino (�̃
0

1

), where the latter is assumed to be the lightest supersymmetric
particle.

left/right stop mixing and the neutralino/chargino sector. Note that the LEP lower limit1

on the lightest chargino mass (m(�̃
±
1

) > 103.5GeV at 95% confidence level [25]) implies2

that the t̃
1

! b�̃
±
1

decay is kinematically open only if the stop mass is above this limit.3

LHC searches for electroweak production of chargino and neutralino pairs (�̃
±
1

�̃0

2

) can push4

the mass limit up to about 700 GeV (see for example Ref. [26]). However, these stringent5

limits depend upon assumptions which maximise the search sensitivity, such as a decay6

mode via sleptons, a low-mass �̃
0

1

, and nearly mass-degenerate �̃±
1

�̃0

2

states with the field7

content set to yield a high production cross section.8

This article presents a search for direct t̃
1

pair production in final states with one9

isolated lepton (electron or muon1), several jets, and a significant amount of missing trans-10

verse momentum (the magnitude of which is referred to as Emiss

T

). The potentially large11

Emiss

T

is generated by the two undetected LSPs and neutrino(s). All top squark decay12

scenarios described above except for the flavour-changing modes are considered. Heavy13

flavour tagging information is utilised in the event selections, and for constructing kine-14

matic variables. The search for a heavy stop exploits a dedicated technique of large-radius15

(large-R) jets. Furthermore, low-momentum leptons (referred to as soft-leptons) are re-16

constructed and identified to enhance the sensitivity to search for t̃
1

! b�̃
±
1

decays with17

nearly mass-degenerate �̃0

1

and �̃±
1

states.18

Searches for direct t̃
1

pair production have previously been reported by the ATLAS [27–19

32] and CMS [33–36] collaborations, as well as by the CDF and DØ collaborationss as-20

suming di↵erent SUSY mass spectra and decay modes (see for example Refs. [37, 38]).21

Indirect searches for stops, mediated by gluino pair production, have been reported by the22

ATLAS [39–43] and CMS [44] collaborations.23

t̃
1

! t�̃
0

1

1

t̃
1

! b�̃
±
1

2

1
Electrons and muons from tau decays are included.
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other (complex) decays 
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` Usually target lightest eigenstate (t1, b1) 

` Several decay modes possible 

` For stop:  

 

 

 

 

 

 

 

 

` For sbottom:  

` Final states b+neut1, b+neut2 and t+chargino 

` In case of b+neut2: neut2 Æ Z / higgs + neut1  

 

For decay modes involving 

charginos,  phenomenology 

depends on 'M chargino-

neutralino and 'M stop-

chargino  

if 'M(t1,C) large 

pT lepton high if 
'M(C,N) large 
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Figure 1. Illustration of stop decay modes in the plane spanned by the masses of the stop (t̃
1

)
and the lightest neutralino (�̃

0

1

), where the latter is assumed to be the lightest supersymmetric
particle. Stop decays to supersymmetric particles other than the lightest supersymmetric particle
are not displayed.

than the �̃0

1

are lighter than the stop, then additional decay modes can open up. The stop

decay to a bottom quark and the lightest chargino (t̃
1

! b�̃
±
1

) is an important example,

where the �̃±
1

can decay to the lightest neutralino by emitting an on- or o↵-shell W boson

(�̃
±
1

! W (⇤)�̃0

1

). The t̃
1

! b�̃
±
1

decay is considered for a stop mass above around 100 GeV

according to the LEP limit on the lightest chargino, m�̃±
1

> 103.5 GeV [30]. With the

decay in b�̃
±
1

kinematically available, the t̃
1

decay branching ratio is determined by factors

including the stop mixing matrix and the field content of the neutralino/chargino sector.

This article presents a search for direct t̃
1

pair production in final states with exactly

one isolated charged lepton (electron or muon,3 henceforth referred to simply as ‘leptons’),

several jets, and a significant amount of missing transverse momentum, the magnitude

of which is referred to as Emiss

T

. The lepton arises from the decay of either a real or a

virtual W boson, and the potentially large Emiss

T

is generated by the two undetected LSPs

and neutrino(s). All stop decay scenarios described above except for the FCNC modes

are considered, as illustrated in figure 2. Results are mainly based on simplified models

that have 100% branching ratio to one or a pair of these specific decay chains. In addition,

phenomenological MSSM (pMSSM) [31] models are used to study the sensitivity to realistic

scenarios where more complex decay chains are present alongside the simpler ones.

Searches for direct t̃
1

pair production have previously been reported by the ATLAS [32–

38] and CMS [39–43] collaborations, as well as by the CDF and DØ collaborations (for ex-

ample refs. [44, 45]) and the LEP collaborations [46]. Indirect searches for stops, mediated

by gluino pair production, have been reported by the ATLAS [47–50] and CMS [39, 40, 51–

55] collaborations.

3Electrons and muons from ⌧ decays are included.
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Figure 1. Illustration of top squark decay modes in the mass plane spanned by the top squark
(t̃

1

) and lightest neutralino (�̃
0

1

), where the latter is assumed to be the lightest supersymmetric
particle.

left/right stop mixing and the neutralino/chargino sector. Note that the LEP lower limit1

on the lightest chargino mass (m(�̃
±
1

) > 103.5GeV at 95% confidence level [25]) implies2

that the t̃
1

! b�̃
±
1

decay is kinematically open only if the stop mass is above this limit.3

LHC searches for electroweak production of chargino and neutralino pairs (�̃
±
1

�̃0

2

) can push4

the mass limit up to about 700 GeV (see for example Ref. [26]). However, these stringent5

limits depend upon assumptions which maximise the search sensitivity, such as a decay6

mode via sleptons, a low-mass �̃
0

1

, and nearly mass-degenerate �̃±
1

�̃0

2

states with the field7

content set to yield a high production cross section.8

This article presents a search for direct t̃
1

pair production in final states with one9

isolated lepton (electron or muon1), several jets, and a significant amount of missing trans-10

verse momentum (the magnitude of which is referred to as Emiss

T

). The potentially large11

Emiss

T

is generated by the two undetected LSPs and neutrino(s). All top squark decay12

scenarios described above except for the flavour-changing modes are considered. Heavy13

flavour tagging information is utilised in the event selections, and for constructing kine-14

matic variables. The search for a heavy stop exploits a dedicated technique of large-radius15

(large-R) jets. Furthermore, low-momentum leptons (referred to as soft-leptons) are re-16

constructed and identified to enhance the sensitivity to search for t̃
1

! b�̃
±
1

decays with17

nearly mass-degenerate �̃0

1

and �̃±
1

states.18

Searches for direct t̃
1

pair production have previously been reported by the ATLAS [27–19

32] and CMS [33–36] collaborations, as well as by the CDF and DØ collaborationss as-20

suming di↵erent SUSY mass spectra and decay modes (see for example Refs. [37, 38]).21

Indirect searches for stops, mediated by gluino pair production, have been reported by the22

ATLAS [39–43] and CMS [44] collaborations.23

t̃
1

! t�̃
0

1

1

t̃
1

! b�̃
±
1

2

1
Electrons and muons from tau decays are included.
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Search targets light to heavy stops in various decay modes: 4-body, 3-body, tN1, and bC1.

1-leptons, ≥2-4 jets, MET, MT(lep, pTmiss) 
15 signal regions (SRs). 
• soft-lepton: pT > 7(6) GeV for electrons (muons), 

employed for 4-body, and bC1 decays with small mC1-mN1 values. 
• large-R (1.0) jets: collect decay products of boosted top in heavy 

stop search. 
• 1D and 2D shape-fits: enhance search sensitivity in challenging 

scenarios (with difficult S-vs-B separation). 
• b-tagged jets: utilised in event selection (ranging from a veto to ≥2) 

and for constructing kinematic variables. 
‣ MT2-like variables, hadronic top mass, topness

• Dominant background: semi (di)-leptonic ttbar for the stop 0L 
(1L) search, where the (2nd) lepton is 
1. not identified (failed PID) / outside acceptance, 
2. hadronically decaying tau-lepton. 

} missed particle / extra neutrino(s)  
→ more ETmiss, mT > m(W)
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Backgrounds 
• dileptonic tT (with one lep. out of acceptance, not identified, 

or is a had tau) — 1L lower-MT CR 
• W+jets + HF — 1L lower-MT, b-veto CR 
• tT+Z(nunu), and other (small) backgrounds — MC

Validation: compare data with prediction in dedicated samples 
• kinematically close to SR (see plot),  
• 2L, Z-veto — tT additional jets, 
• W+HF validation selection,  
• tT+Z(nunu) validation via tT+gamma (see plot), and more.
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Tools to suppress dominant tT bkg

amT2 mT2tau

“lost” lepton (category 1), 
lega=bjet1+lep, legb=bjet2, 
or vice versa (take min.)

Had-tau (category 2), 
lega=jet3, legb=lep, where 

jet3 is hardest non b-tagged jet

Dedicated variants of MT2: 
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Kinematic variables: MT2

di-leptonic ttbar has kinematic end-points: around top mass 
(amT2), and the W mass (mT2tau); while signal can exceed these. 

ATLAS searches
submitted to JHEP [1407.0583]

1L channel

Similar variables also employed by CMS search.
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ATLAS searches
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4-body: 
• 1 soft-lepton 
• 1 hard non-b-tagged jet (ISR) 
• ≥1 b-tag in sub-leading jets 
• high MET,  MT>mW, 
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Figure 6. Schematic illustration of the tN diag (left) and 3body (right) shape-fit binning. The
m

T

and Emiss

T

(left) or am
T2

(right) variables are used to define a matrix of 4 ⇥ 3 bins (left) or
3 ⇥ 4 (right) in the top part, which is sensitive to stop models, while also being enriched with tt̄

background. The bottom bins invert the b-tag requirement into a veto, and serve to normalise the
W+jets background. The numbers of observed events together with the estimated background,
obtained using the background-only fit described in section 8, are given for each bin. The data and
estimated background are in perfect agreement in the six bottom bins for the left plot because the
fit is configured to use these six bins together with six free parameters; the fit used for the right
plot employs the bottom eight bins and two free parameters. For comparison the expected numbers
of events for one signal model are shown.

tively. Both SRs are based on a cut-and-count approach with relatively tight selections.

The SR labelled tN boost also targets models with a high stop mass and a nearly massless

LSP, but takes advantage of the ‘boosted’ topology. The selection assumes that either

all decay products of the hadronically decaying top quark, or at least the decay products

of the hadronically decaying W boson, collimate into a jet with a radius of . 1.0. Fig-

ure 7 shows some of the relevant large-R jet related distributions. The overlaid heavy stop

benchmark model illustrates the separation power of the variables. The tN boost selection

requires at least one large-R jet with p
T

> 270 GeV and an invariant mass above 75 GeV.

To further discriminate stop decays from the tt̄ background, events with a second (ordered

by p
T

) large-R jet are required to have a minimum azimuthal distance between ~pmiss

T

and

the second large-R jet, ��(jetlarge-R
2

, ~pmiss

T

). The extra-tight ⌧ -veto is applied to discard

events with ⌧
had

candidates well separated from large-R jets, �R(⌧
had

, large-R-jet) > 2.6,

that satisfy the above p
T

and mass requirements.

7.3 Selections for the t̃1 ! b�̃
±
1 decay

Nine SRs target scenarios where both stops decay as t̃
1

! b�̃
±
1

followed by subsequent
�̃±

1

! W (⇤)�̃0

1

decays. The mass of the lightest chargino m(�̃
±
1

) relative to the t̃
1

and �̃0

1

masses largely defines the kinematic properties. Figure 4 schematically illustrates the four
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Figure 1. Illustration of stop decay modes in the plane spanned by the masses of the stop (t̃
1

)
and the lightest neutralino (�̃

0

1

), where the latter is assumed to be the lightest supersymmetric
particle. Stop decays to supersymmetric particles other than the lightest supersymmetric particle
are not displayed.

than the �̃0

1

are lighter than the stop, then additional decay modes can open up. The stop

decay to a bottom quark and the lightest chargino (t̃
1

! b�̃
±
1

) is an important example,

where the �̃±
1

can decay to the lightest neutralino by emitting an on- or o↵-shell W boson

(�̃
±
1

! W (⇤)�̃0

1

). The t̃
1

! b�̃
±
1

decay is considered for a stop mass above around 100 GeV

according to the LEP limit on the lightest chargino, m�̃±
1

> 103.5 GeV [30]. With the

decay in b�̃
±
1

kinematically available, the t̃
1

decay branching ratio is determined by factors

including the stop mixing matrix and the field content of the neutralino/chargino sector.

This article presents a search for direct t̃
1

pair production in final states with exactly

one isolated charged lepton (electron or muon,3 henceforth referred to simply as ‘leptons’),

several jets, and a significant amount of missing transverse momentum, the magnitude

of which is referred to as Emiss

T

. The lepton arises from the decay of either a real or a

virtual W boson, and the potentially large Emiss

T

is generated by the two undetected LSPs

and neutrino(s). All stop decay scenarios described above except for the FCNC modes

are considered, as illustrated in figure 2. Results are mainly based on simplified models

that have 100% branching ratio to one or a pair of these specific decay chains. In addition,

phenomenological MSSM (pMSSM) [31] models are used to study the sensitivity to realistic

scenarios where more complex decay chains are present alongside the simpler ones.

Searches for direct t̃
1

pair production have previously been reported by the ATLAS [32–

38] and CMS [39–43] collaborations, as well as by the CDF and DØ collaborations (for ex-

ample refs. [44, 45]) and the LEP collaborations [46]. Indirect searches for stops, mediated

by gluino pair production, have been reported by the ATLAS [47–50] and CMS [39, 40, 51–

55] collaborations.

3Electrons and muons from ⌧ decays are included.

– 3 –

mStop ≳ mTop+mN1: 
• 2D shape fit but with looser selection, MT-MET

too small Δm,  
but monojet

soft b-jets signal resembles ttbar

boosted top,  
large-R jet

“boosted tops” covered in talk by 
Johannes Erdmann (Wednesday)
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Figure 1. Illustration of stop decay modes in the plane spanned by the masses of the stop (t̃
1

)
and the lightest neutralino (�̃

0

1

), where the latter is assumed to be the lightest supersymmetric
particle. Stop decays to supersymmetric particles other than the lightest supersymmetric particle
are not displayed.

than the �̃0

1

are lighter than the stop, then additional decay modes can open up. The stop

decay to a bottom quark and the lightest chargino (t̃
1

! b�̃
±
1

) is an important example,

where the �̃±
1

can decay to the lightest neutralino by emitting an on- or o↵-shell W boson

(�̃
±
1

! W (⇤)�̃0

1

). The t̃
1

! b�̃
±
1

decay is considered for a stop mass above around 100 GeV

according to the LEP limit on the lightest chargino, m�̃±
1

> 103.5 GeV [30]. With the

decay in b�̃
±
1

kinematically available, the t̃
1

decay branching ratio is determined by factors

including the stop mixing matrix and the field content of the neutralino/chargino sector.

This article presents a search for direct t̃
1

pair production in final states with exactly

one isolated charged lepton (electron or muon,3 henceforth referred to simply as ‘leptons’),

several jets, and a significant amount of missing transverse momentum, the magnitude

of which is referred to as Emiss

T

. The lepton arises from the decay of either a real or a

virtual W boson, and the potentially large Emiss

T

is generated by the two undetected LSPs

and neutrino(s). All stop decay scenarios described above except for the FCNC modes

are considered, as illustrated in figure 2. Results are mainly based on simplified models

that have 100% branching ratio to one or a pair of these specific decay chains. In addition,

phenomenological MSSM (pMSSM) [31] models are used to study the sensitivity to realistic

scenarios where more complex decay chains are present alongside the simpler ones.

Searches for direct t̃
1

pair production have previously been reported by the ATLAS [32–

38] and CMS [39–43] collaborations, as well as by the CDF and DØ collaborations (for ex-

ample refs. [44, 45]) and the LEP collaborations [46]. Indirect searches for stops, mediated

by gluino pair production, have been reported by the ATLAS [47–50] and CMS [39, 40, 51–

55] collaborations.

3Electrons and muons from ⌧ decays are included.
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Figure 1. Illustration of top squark decay modes in the mass plane spanned by the top squark
(t̃

1

) and lightest neutralino (�̃
0

1

), where the latter is assumed to be the lightest supersymmetric
particle.

left/right stop mixing and the neutralino/chargino sector. Note that the LEP lower limit1

on the lightest chargino mass (m(�̃
±
1

) > 103.5GeV at 95% confidence level [25]) implies2

that the t̃
1

! b�̃
±
1

decay is kinematically open only if the stop mass is above this limit.3

LHC searches for electroweak production of chargino and neutralino pairs (�̃
±
1

�̃0

2

) can push4

the mass limit up to about 700 GeV (see for example Ref. [26]). However, these stringent5

limits depend upon assumptions which maximise the search sensitivity, such as a decay6

mode via sleptons, a low-mass �̃
0

1

, and nearly mass-degenerate �̃±
1

�̃0

2

states with the field7

content set to yield a high production cross section.8

This article presents a search for direct t̃
1

pair production in final states with one9

isolated lepton (electron or muon1), several jets, and a significant amount of missing trans-10

verse momentum (the magnitude of which is referred to as Emiss

T

). The potentially large11

Emiss

T

is generated by the two undetected LSPs and neutrino(s). All top squark decay12

scenarios described above except for the flavour-changing modes are considered. Heavy13

flavour tagging information is utilised in the event selections, and for constructing kine-14

matic variables. The search for a heavy stop exploits a dedicated technique of large-radius15

(large-R) jets. Furthermore, low-momentum leptons (referred to as soft-leptons) are re-16

constructed and identified to enhance the sensitivity to search for t̃
1

! b�̃
±
1

decays with17

nearly mass-degenerate �̃0

1

and �̃±
1

states.18

Searches for direct t̃
1

pair production have previously been reported by the ATLAS [27–19

32] and CMS [33–36] collaborations, as well as by the CDF and DØ collaborationss as-20

suming di↵erent SUSY mass spectra and decay modes (see for example Refs. [37, 38]).21

Indirect searches for stops, mediated by gluino pair production, have been reported by the22

ATLAS [39–43] and CMS [44] collaborations.23

t̃
1

! t�̃
0

1

1

t̃
1

! b�̃
±
1

2

1
Electrons and muons from tau decays are included.
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Search targets medium to heavy stops in various decay modes: 3-body, tN1, and bC1.

Baseline selection 
• 1 isolated lepton (e/mu, veto extra e,mu,tau) 
• ≥4 jets, at least one b-tagged 
• MET >100 GeV 
• MT(lep,pTmiss) > 120 GeV

18 BDT analyses 
• trained on different regions of signal models  

(tN1 example shown in plot) 
• MET, MT2W, relative HT btw. event hemispheres, 
• hadronic top compatibility (chi2) 
• lep, b-jet pT 
• distance btw. lep and b-jet 
• cut-based analyses for cross check.



Till Eifert -- Experimental results on SUSY with top TOP201413

CMS searches 1L channel
EPJC 73 (2013) 2677

Backgrounds 
• dileptonic tT (one lepton missed) →ll 
• semi-lepton tT + t →1l top 
• W+jets 
• other (small) backgrounds →rare

Estimation: 
• normalise backgrounds in low MT window 
Validation: compare data with prediction in dedicated samples 
• 2L, 1L+isolated track,  b-veto 
• uncertainties derived from these studies
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10 5 Background estimation methodology

sources of background while maintaining kinematic properties that are similar to those in the
signal regions (see Section 6). In the CRs the kinematic variables used in the cut-based and
BDT selections are examined to verify that they are properly modeled. A key distribution in
each CR is that of MT after the cut-based or BDT selection requirements, since MT > 120 GeV is
the final criterion that defines each signal region. The data/MC comparison of the number of
events with MT > 120 GeV is then a direct test of the ability of the method to correctly predict
the SM background in the signal regions.

The CR studies are designed to extract data/MC scale factors to be applied to the MC predic-
tions for the background in the signal regions. We find that the only scale factor required is
related to an underestimation of the MT tail for single-lepton-top-quark and W + jets events,
as discussed in more detail in Section 6.
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Figure 5: Comparison of the jet multiplicity distributions in data and MC simulation in the
sample dominated by tt ! `` events.

The selection of signal events requires at least four hadronic jets. As mentioned above, the
dominant background consists of tt ! `` events with one unidentified lepton. These events
satisfy the signal region selection only if there are two additional jets from initial- or final-state
radiation (ISR/FSR) or if there is one such jet in conjunction with a second lepton identified
as a jet (e.g., in the case of hadronic t-lepton decays). To validate the modeling of ISR/FSR,
a data control sample of tt ! `` events is defined by requiring the presence of exactly two
opposite-sign leptons (electrons or muons) in events satisfying dilepton triggers. To suppress
the Z+ jets background that is present in this control sample, same-flavor (ee or µµ) events with
an invariant mass in the range 76 < m`` < 106 GeV are rejected, the presence of at least one b-
tagged jet is required, and minimum requirements are imposed on Emiss

T . We then compare the
distribution of the number of jets in data and MC simulation, as displayed in Fig. 5. The fraction
of tt ! `` events with three or more jets is found to be in agreement with the expectation from
the MC simulation within a 3% statistical uncertainty.

To minimize systematic uncertainties associated with the tt production cross section, integrated
luminosity, lepton efficiency, and jet energy scale, the tt MC backgrounds at high MT are al-
ways normalized to the number of events in data in the transverse-mass peak region, defined
as 50 < MT < 80 GeV, after subtracting the contribution from rare backgrounds. We refer
to this normalization factor as the “tail-to-peak ratio”. Background contributions from rare

12 6 Control region studies
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Figure 6: Comparison of data and MC simulation for the distributions of MT and BDT output
for the control regions associated with the BDT trained in region 1 for theet ! tec0

1 scenario. The
MT distributions are shown after the “BDT1 loose” requirement indicated by vertical dashed
lines on the BDT output plots. (a)-(b): CR-2`; (c)-(d): CR-`t; (e)-(f): CR-0b. The vertical dashed
lines in the MT plots correspond to the MT > 120 GeV selection requirement. For CR-0b, the
scale factors are applied to the MC distribution in the MT tail. The last bin in all distributions
contains the overflow.
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Similar variables also employed by ATLAS search.

4.3 Signal region definition 5

In the et ! tec0
1 search, the dilepton tt background is suppressed by requiring that three of the

jets in the event be consistent with the t ! bW ! bqq̄ decay chain. For each triplet of jets in
the event we construct a hadronic top c2 as:

c2 =
(Mj1 j2 j3 � Mtop)2

s2
j1 j2 j3

+
(Mj1 j2 � MW)2

s2
j1 j2

. (1)

Here Mj1 j2 j3 is the mass of the three-jet system, Mj1 j2 is the mass of two of the jets posited
to originate from W boson decay, and sj1 j2 j3 and sj1 j2 are the uncertainties on these masses
calculated from the jet energy resolutions [59]. The three-jet mass Mj1 j2 j3 is computed after
requiring Mj1 j2 = MW using a constrained kinematic fit, while Mj1 j2 in Eqn. 1 is the two-jet
mass before the fit. Finally, Mtop = 173.5 GeV (MW = 80.4 GeV) is the mass of the top quark
(W boson) [60]. The three jets are required to have pT > 30 GeV and |h| < 2.4 and to be among
the six leading selected jets. The jet assignments are made consistently with the b-tagging
information, i.e., j3 must be b-tagged if there are at least two b-tagged jets and j1 and j2 cannot
be b-tagged unless there are at least three b-tagged jets in the event. The minimum hadronic
top c2 amongst all possible jet combinations is used as a discriminant on an event-by-event
basis.

Two topological variables are used in the selection of signal candidates. The first is the mini-
mum Df value between the Emiss

T vector and either of the two highest pT jets, referred to below
as “min Df”. Background tt events tend to have high-pT top quarks, and thus objects in these
events tend to be collinear in the transverse plane, resulting in smaller values of Df than is
typical for signal events. The second variable is Hratio

T , defined as the fraction of the total scalar
sum of the jet transverse energies (HT) with pT > 30 GeV and |h| < 2.4 that lies in the same
hemisphere as the Emiss

T vector. This quantity tends to be smaller for signal than for background
events, because in signal events the visible particles recoil against the LSPs, resulting on aver-
age in events with more energy in the opposite hemisphere to the Emiss

T .

In the et ! bec+ decay mode, the bottom quarks arise from the decay of the top squark, while
in background events they originate from the decay of the top quark. As a result, in most
of the signal parameter space the pT spectrum of the bottom quarks is harder for signal than
for background events. Conversely, in the et ! tec0

1 decay mode, if the top quark is off-shell,
the pT spectrum of the bottom quarks is softer for signal than for the background. The pT
value of the highest-pT b-tagged jet is therefore a useful discriminant. An additional, related,
discriminating variable is the DR separation between this jet and the lepton. Finally, the pT
spectrum of the lepton can be used to discriminate between on-shell and off-shell leptonic W
decays, which occur in the et ! bec+ mode when the mass splitting between the chargino and
the LSP is smaller than the W boson mass.

The distributions after the preselection of Emiss
T , MT, and the kinematic quantities described

above, are shown in Fig. 2. These quantities are seen to be in agreement with the simulation of
the SM background processes that will be discussed in more detail in Section 5.

4.3 Signal region definition

Two approaches are pursued to define the signal regions (SRs): a “cut-based” approach based
on sequential selections on individual variables, and a BDT multivariate approach implemented
via the TMVA package [61]. In both methods, we apply the preselection requirements of Sec-
tion 4.1. The cut-based signal regions are defined by adding requirements on individual kine-
matic variables. In contrast, the BDT combines the kinematic variables into a single discrimi-
nant, and the BDT SRs are defined by requirements on this discriminant. The BDT approach
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Figure 1. Illustration of stop decay modes in the plane spanned by the masses of the stop (t̃
1

)
and the lightest neutralino (�̃

0

1

), where the latter is assumed to be the lightest supersymmetric
particle. Stop decays to supersymmetric particles other than the lightest supersymmetric particle
are not displayed.

than the �̃0

1

are lighter than the stop, then additional decay modes can open up. The stop

decay to a bottom quark and the lightest chargino (t̃
1

! b�̃
±
1

) is an important example,

where the �̃±
1

can decay to the lightest neutralino by emitting an on- or o↵-shell W boson

(�̃
±
1

! W (⇤)�̃0

1

). The t̃
1

! b�̃
±
1

decay is considered for a stop mass above around 100 GeV

according to the LEP limit on the lightest chargino, m�̃±
1

> 103.5 GeV [30]. With the

decay in b�̃
±
1

kinematically available, the t̃
1

decay branching ratio is determined by factors

including the stop mixing matrix and the field content of the neutralino/chargino sector.

This article presents a search for direct t̃
1

pair production in final states with exactly

one isolated charged lepton (electron or muon,3 henceforth referred to simply as ‘leptons’),

several jets, and a significant amount of missing transverse momentum, the magnitude

of which is referred to as Emiss

T

. The lepton arises from the decay of either a real or a

virtual W boson, and the potentially large Emiss

T

is generated by the two undetected LSPs

and neutrino(s). All stop decay scenarios described above except for the FCNC modes

are considered, as illustrated in figure 2. Results are mainly based on simplified models

that have 100% branching ratio to one or a pair of these specific decay chains. In addition,

phenomenological MSSM (pMSSM) [31] models are used to study the sensitivity to realistic

scenarios where more complex decay chains are present alongside the simpler ones.

Searches for direct t̃
1

pair production have previously been reported by the ATLAS [32–

38] and CMS [39–43] collaborations, as well as by the CDF and DØ collaborations (for ex-

ample refs. [44, 45]) and the LEP collaborations [46]. Indirect searches for stops, mediated

by gluino pair production, have been reported by the ATLAS [47–50] and CMS [39, 40, 51–

55] collaborations.

3Electrons and muons from ⌧ decays are included.

– 3 –

CMS searches 1L channel
EPJC 73 (2013) 2677

Exclusion limits 
• BDT analyses 
• cross section limits from BDT improve over cut-based analysis by up to ~40%

largest improvement from BDT approach

Acceptance also depends on the polarization of the the top quarks in the stop decay. Effect from left/right mixing of 
the stops and on the mixing matrices of the neutralino and charginos, impact shown in backup (CMS & ATLAS).
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Figure 1. Illustration of stop decay modes in the plane spanned by the masses of the stop (t̃
1

)
and the lightest neutralino (�̃

0

1

), where the latter is assumed to be the lightest supersymmetric
particle. Stop decays to supersymmetric particles other than the lightest supersymmetric particle
are not displayed.

than the �̃0

1

are lighter than the stop, then additional decay modes can open up. The stop

decay to a bottom quark and the lightest chargino (t̃
1

! b�̃
±
1

) is an important example,

where the �̃±
1

can decay to the lightest neutralino by emitting an on- or o↵-shell W boson

(�̃
±
1

! W (⇤)�̃0

1

). The t̃
1

! b�̃
±
1

decay is considered for a stop mass above around 100 GeV

according to the LEP limit on the lightest chargino, m�̃±
1

> 103.5 GeV [30]. With the

decay in b�̃
±
1

kinematically available, the t̃
1

decay branching ratio is determined by factors

including the stop mixing matrix and the field content of the neutralino/chargino sector.

This article presents a search for direct t̃
1

pair production in final states with exactly

one isolated charged lepton (electron or muon,3 henceforth referred to simply as ‘leptons’),

several jets, and a significant amount of missing transverse momentum, the magnitude

of which is referred to as Emiss

T

. The lepton arises from the decay of either a real or a

virtual W boson, and the potentially large Emiss

T

is generated by the two undetected LSPs

and neutrino(s). All stop decay scenarios described above except for the FCNC modes

are considered, as illustrated in figure 2. Results are mainly based on simplified models

that have 100% branching ratio to one or a pair of these specific decay chains. In addition,

phenomenological MSSM (pMSSM) [31] models are used to study the sensitivity to realistic

scenarios where more complex decay chains are present alongside the simpler ones.

Searches for direct t̃
1

pair production have previously been reported by the ATLAS [32–

38] and CMS [39–43] collaborations, as well as by the CDF and DØ collaborations (for ex-

ample refs. [44, 45]) and the LEP collaborations [46]. Indirect searches for stops, mediated

by gluino pair production, have been reported by the ATLAS [47–50] and CMS [39, 40, 51–

55] collaborations.

3Electrons and muons from ⌧ decays are included.
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Complementarity of searches
Many analyses to cover the various decays and mass regions. 
Furthermore, other decays such as via a chargino are considered & largely 
covered. However, holes remain!
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Figure 1. Illustration of stop decay modes in the plane spanned by the masses of the stop (t̃
1

)
and the lightest neutralino (�̃

0

1

), where the latter is assumed to be the lightest supersymmetric
particle. Stop decays to supersymmetric particles other than the lightest supersymmetric particle
are not displayed.

than the �̃0

1

are lighter than the stop, then additional decay modes can open up. The stop

decay to a bottom quark and the lightest chargino (t̃
1

! b�̃
±
1

) is an important example,

where the �̃±
1

can decay to the lightest neutralino by emitting an on- or o↵-shell W boson

(�̃
±
1

! W (⇤)�̃0

1

). The t̃
1

! b�̃
±
1

decay is considered for a stop mass above around 100 GeV

according to the LEP limit on the lightest chargino, m�̃±
1

> 103.5 GeV [30]. With the

decay in b�̃
±
1

kinematically available, the t̃
1

decay branching ratio is determined by factors

including the stop mixing matrix and the field content of the neutralino/chargino sector.

This article presents a search for direct t̃
1

pair production in final states with exactly

one isolated charged lepton (electron or muon,3 henceforth referred to simply as ‘leptons’),

several jets, and a significant amount of missing transverse momentum, the magnitude

of which is referred to as Emiss

T

. The lepton arises from the decay of either a real or a

virtual W boson, and the potentially large Emiss

T

is generated by the two undetected LSPs

and neutrino(s). All stop decay scenarios described above except for the FCNC modes

are considered, as illustrated in figure 2. Results are mainly based on simplified models

that have 100% branching ratio to one or a pair of these specific decay chains. In addition,

phenomenological MSSM (pMSSM) [31] models are used to study the sensitivity to realistic

scenarios where more complex decay chains are present alongside the simpler ones.

Searches for direct t̃
1

pair production have previously been reported by the ATLAS [32–

38] and CMS [39–43] collaborations, as well as by the CDF and DØ collaborations (for ex-

ample refs. [44, 45]) and the LEP collaborations [46]. Indirect searches for stops, mediated

by gluino pair production, have been reported by the ATLAS [47–50] and CMS [39, 40, 51–

55] collaborations.

3Electrons and muons from ⌧ decays are included.
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`Stealth’ stop

challenge: kinematic variables (ETmiss, MT, etc.) 
resemble those of ttbar background. 
• But smaller signal cross-section, ~15% of 

SM tT for same mass.

1. Direct approaches: 
‣ shape-fit 
‣ Multivariate analysis 
‣ Top measurements (later)

2. Indirect approach: 
‣ search for heavier SUSY production with 

subsequent decay via stop1. 
- gluino to stop1 + t 
- stop2 to stop1 + Z/H

Close the gap where m(stop1) - m(N1) ≈ m(top)
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Searches for gluino-mediated stop production

g̃

g̃

t̃

t̃

p

p

t

�̃0
1

t

t

�̃0
1

t

Gluino pairs decaying via on- or off-shell stop lead to a 
spectacular signature of four top quarks + extra MET.

‣ Up to 4 (el,mu), 4 b-jets, .. 
‣ Various searches in 0L — 3L channels, 

Backgrounds: 
• reducible: for example, fake b-jets (mainly tT) estimated from data (matrix method) 
• irreducible: for example, processes with ≥3 bjets:  

- tT + b bbar, (using 2L control region),  
- tT + Z/h(→bbbar) from MC

SUSY: mGluino < (3-5) x mStop,   
   and gluino pair production cross section much larger (x50) 
Gluino-mediated searches give handle to search for a 
stealthy stop (mass degenerate with top).
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CMS searches
SUS-14-010
0-3L combination

Combination of five orthogonal searches:  
• 0L + multijets (3-8j)  [CMS-SUS-13-012] 
• 1L + ≥6 jets with ≥3 b-tagged [PLB 733 328 (2014)] 
• 2OS L + ≥5 jets with ≥3 b-tagged + MET>180 GeV  [PAS-SUS-13-016] 
• 2SS L + ≥(2-4) jets with (0, 1, ≥2) b-tagged + MET cut [JHEP 01 (2014) 163] 
• 3L + ≥(2-4) jets with (1,2, ≥3) b-tagged  [PAS-SUS-13-008]
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ATLAS searches
Accepted by JHEP [1407.0600] 
0-1L + 3 bjets
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and high MET 

• 1L + ≥6 jets (≥3 b-tagged), with Meff>700—900 GeV 
and high MET and high mT. 
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Figure 1. Illustration of stop decay modes in the plane spanned by the masses of the stop (t̃
1

)
and the lightest neutralino (�̃

0

1

), where the latter is assumed to be the lightest supersymmetric
particle. Stop decays to supersymmetric particles other than the lightest supersymmetric particle
are not displayed.

than the �̃0

1

are lighter than the stop, then additional decay modes can open up. The stop

decay to a bottom quark and the lightest chargino (t̃
1

! b�̃
±
1

) is an important example,

where the �̃±
1

can decay to the lightest neutralino by emitting an on- or o↵-shell W boson

(�̃
±
1

! W (⇤)�̃0

1

). The t̃
1

! b�̃
±
1

decay is considered for a stop mass above around 100 GeV

according to the LEP limit on the lightest chargino, m�̃±
1

> 103.5 GeV [30]. With the

decay in b�̃
±
1

kinematically available, the t̃
1

decay branching ratio is determined by factors

including the stop mixing matrix and the field content of the neutralino/chargino sector.

This article presents a search for direct t̃
1

pair production in final states with exactly

one isolated charged lepton (electron or muon,3 henceforth referred to simply as ‘leptons’),

several jets, and a significant amount of missing transverse momentum, the magnitude

of which is referred to as Emiss

T

. The lepton arises from the decay of either a real or a

virtual W boson, and the potentially large Emiss

T

is generated by the two undetected LSPs

and neutrino(s). All stop decay scenarios described above except for the FCNC modes

are considered, as illustrated in figure 2. Results are mainly based on simplified models

that have 100% branching ratio to one or a pair of these specific decay chains. In addition,

phenomenological MSSM (pMSSM) [31] models are used to study the sensitivity to realistic

scenarios where more complex decay chains are present alongside the simpler ones.

Searches for direct t̃
1

pair production have previously been reported by the ATLAS [32–

38] and CMS [39–43] collaborations, as well as by the CDF and DØ collaborations (for ex-

ample refs. [44, 45]) and the LEP collaborations [46]. Indirect searches for stops, mediated

by gluino pair production, have been reported by the ATLAS [47–50] and CMS [39, 40, 51–

55] collaborations.

3Electrons and muons from ⌧ decays are included.

– 3 –
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Figure 1. Illustration of stop decay modes in the plane spanned by the masses of the stop (t̃
1

)
and the lightest neutralino (�̃

0

1

), where the latter is assumed to be the lightest supersymmetric
particle. Stop decays to supersymmetric particles other than the lightest supersymmetric particle
are not displayed.

than the �̃0

1

are lighter than the stop, then additional decay modes can open up. The stop

decay to a bottom quark and the lightest chargino (t̃
1

! b�̃
±
1

) is an important example,

where the �̃±
1

can decay to the lightest neutralino by emitting an on- or o↵-shell W boson

(�̃
±
1

! W (⇤)�̃0

1

). The t̃
1

! b�̃
±
1

decay is considered for a stop mass above around 100 GeV

according to the LEP limit on the lightest chargino, m�̃±
1

> 103.5 GeV [30]. With the

decay in b�̃
±
1

kinematically available, the t̃
1

decay branching ratio is determined by factors

including the stop mixing matrix and the field content of the neutralino/chargino sector.

This article presents a search for direct t̃
1

pair production in final states with exactly

one isolated charged lepton (electron or muon,3 henceforth referred to simply as ‘leptons’),

several jets, and a significant amount of missing transverse momentum, the magnitude

of which is referred to as Emiss

T

. The lepton arises from the decay of either a real or a

virtual W boson, and the potentially large Emiss

T

is generated by the two undetected LSPs

and neutrino(s). All stop decay scenarios described above except for the FCNC modes

are considered, as illustrated in figure 2. Results are mainly based on simplified models

that have 100% branching ratio to one or a pair of these specific decay chains. In addition,

phenomenological MSSM (pMSSM) [31] models are used to study the sensitivity to realistic

scenarios where more complex decay chains are present alongside the simpler ones.

Searches for direct t̃
1

pair production have previously been reported by the ATLAS [32–

38] and CMS [39–43] collaborations, as well as by the CDF and DØ collaborations (for ex-

ample refs. [44, 45]) and the LEP collaborations [46]. Indirect searches for stops, mediated

by gluino pair production, have been reported by the ATLAS [47–50] and CMS [39, 40, 51–

55] collaborations.

3Electrons and muons from ⌧ decays are included.
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• m(stop1) - m(N1) ≃ m(t)  
• 3L analysis most sensitive

stop2 to stop1 Z/H
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2L + 3L with Z(ll) + jets + b-jet + ETmiss

• Background estimates: 
• Fake leptons using “matrix method” 
• Z+jets using jet smearing method

ATLAS searches
Eur. Phys. J. C (2014) 74:2883 
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Figure 1. Illustration of stop decay modes in the plane spanned by the masses of the stop (t̃
1

)
and the lightest neutralino (�̃

0

1

), where the latter is assumed to be the lightest supersymmetric
particle. Stop decays to supersymmetric particles other than the lightest supersymmetric particle
are not displayed.

than the �̃0

1

are lighter than the stop, then additional decay modes can open up. The stop

decay to a bottom quark and the lightest chargino (t̃
1

! b�̃
±
1

) is an important example,

where the �̃±
1

can decay to the lightest neutralino by emitting an on- or o↵-shell W boson

(�̃
±
1

! W (⇤)�̃0

1

). The t̃
1

! b�̃
±
1

decay is considered for a stop mass above around 100 GeV

according to the LEP limit on the lightest chargino, m�̃±
1

> 103.5 GeV [30]. With the

decay in b�̃
±
1

kinematically available, the t̃
1

decay branching ratio is determined by factors

including the stop mixing matrix and the field content of the neutralino/chargino sector.

This article presents a search for direct t̃
1

pair production in final states with exactly

one isolated charged lepton (electron or muon,3 henceforth referred to simply as ‘leptons’),

several jets, and a significant amount of missing transverse momentum, the magnitude

of which is referred to as Emiss

T

. The lepton arises from the decay of either a real or a

virtual W boson, and the potentially large Emiss

T

is generated by the two undetected LSPs

and neutrino(s). All stop decay scenarios described above except for the FCNC modes

are considered, as illustrated in figure 2. Results are mainly based on simplified models

that have 100% branching ratio to one or a pair of these specific decay chains. In addition,

phenomenological MSSM (pMSSM) [31] models are used to study the sensitivity to realistic

scenarios where more complex decay chains are present alongside the simpler ones.

Searches for direct t̃
1

pair production have previously been reported by the ATLAS [32–

38] and CMS [39–43] collaborations, as well as by the CDF and DØ collaborations (for ex-

ample refs. [44, 45]) and the LEP collaborations [46]. Indirect searches for stops, mediated

by gluino pair production, have been reported by the ATLAS [47–50] and CMS [39, 40, 51–

55] collaborations.

3Electrons and muons from ⌧ decays are included.

– 3 –
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‣ In the context of tT measurements,	



• Stop-pair production with stop→top+neutralino (invisible) could be 
an annoying background	



• or perhaps an interesting signal.	



(1) What is the effect of stop pair production with m(stop)≈m(top) 
on cross-section analysis? 	



➡ Extra contribution to tT production with soft missing energy – 
otherwise similar kinematics.	



(2) What is the effect of stop pair production with m(stop)≈m(top) 
on spin correlation analysis?	



➡ Extra contribution without spin correlation (stop is scalar).	



‣ Could we see or exclude this contribution with stop mass < 
~200 GeV	



• E.g. 180 GeV stop-pair contribution is 32 pb at 8 TeV c.f. QCD tT of 
~250 pb

Constraints from top measurements
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‣ Precise measurement of tT production cross-section at 7 and 8 TeV	



• events with eμ (opp-sign) and exactly 1 or 2 b-tagged jets, ratio reduces systematics.	



• Theory (including Δmtop) 177.3+11.5-12.0 pb (7 TeV), 252.9+15.3-16.3 pb (8 TeV)

Limit from ttbar cross section
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Fig. 5. Measured tt̄ cross-section at
p
s = 8TeV as a function

of the b-tagged jet p
T

cut. The error bars show the uncorrelated
part of the statistical uncertainty with respect to the baseline
measurement with jet p

T

> 25GeV.

prediction of 2.4± 0.1% (see Fig. 1), and well within the
spread of R32 values seen in the alternative simulation
samples.

Kinematic correlations between the two b-jets produced
in the tt̄ decay could also produce a positive tagging cor-
relation, as the e�ciency to reconstruct and tag b-jets is
not uniform as a function of pT and ⌘. For example, tt̄
pairs produced with high invariant mass tend to give rise
to two back-to-back collimated top quark decay systems
where both b-jets have higher than average pT, and lon-
gitudinal boosts of the tt̄ system along the beamline give
rise to ⌘ correlations between the two jets. These e↵ects
were probed by increasing the jet pT cut in steps from the
default of 25GeV up to 75GeV; above about 50GeV, the
simulation predicts strong positive correlations of up to
C

b

⇡ 1.2 for a 75GeV pT cut. As shown for the
p
s = 8TeV

dataset in Fig. 5, the cross-sections fitted in data after tak-
ing these correlations into account remain stable across
the full pT cut range, suggesting that any such kinematic
correlations are well modelled by the simulation. The re-
sults were also found to be stable within the uncorrelated
components of the statistical and systematic uncertain-
ties when tightening the jet and lepton ⌘ cuts, raising the
lepton pT cut up to 55GeV and changing the b-tagging
working point between e�ciencies of 60% and 80%. No
additional uncertainties were assigned as a result of these
studies.

7 Results

Combining the estimates of ✏
eµ

and C
b

from simulation

samples, the estimates of the background Nbkg
1 and Nbkg

2
shown in Table 1 and the data integrated luminosities, the
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Fig. 6. Measurements of the tt̄ cross-section at
p
s = 7TeV

and
p
s = 8TeV from this analysis (eµ b-tag) together with

previous ATLAS results at
p
s = 7TeV using the ee, µµ and

eµ channels [51] and using a fit to jet multiplicities and
missing transverse momentum in the eµ channel [52]. Thep
s = 7TeV measurements are displaced slightly for clarity.

The NNLO+NNLL prediction [2,3] described in Sect. 2 is also
shown as a function of

p
s, for fixed mt = 172.5 GeV and

with the uncertainties from PDFs, ↵
s

and QCD scale choices
indicated by the green band.

tt̄ cross-section was determined by solving Eq. (1) to be:

�
tt̄

= 182.9± 3.1± 4.2± 3.6± 3.3 pb (
p
s = 7TeV) and

�
tt̄

= 242.4± 1.7± 5.5± 7.5± 4.2 pb (
p
s = 8TeV),

where the four uncertainties arise from data statistics, ex-
perimental and theoretical systematic e↵ects related to
the analysis, knowledge of the integrated luminosity and
of the LHC beam energy. The total uncertainties are 7.1 pb
(3.9%) at

p
s = 7TeV and 10.3 pb (4.3%) at

p
s = 8TeV.

A detailed breakdown of the di↵erent components is given
in Table 3. The results are reported for a fixed top quark
mass of m

t

= 172.5GeV, and have a dependence on this
assumed value of d�

tt̄

/dm
t

= �0.28%/GeV. The product
of jet reconstruction and b-tagging e�ciencies ✏

b

was mea-
sured to be 0.557±0.009 at

p
s = 7TeV and 0.540±0.006

at
p
s = 8TeV, in both cases consistent with the values in

simulation.
The results are shown graphically as a function of

p
s

in Fig. 6, together with previous ATLAS measurements of
�
tt̄

at
p
s = 7TeV in the ee, µµ and eµ dilepton channels

using a count of the number of events with two leptons and
at least two jets in an 0.7 fb�1 dataset [51], and using a fit
of jet multiplicities and missing transverse momentum in
the eµ dilepton channel alone with the full 4.6 fb�1 dataset
[52]. The

p
s = 7TeV results are all consistent, but cannot

be combined as they are not based on independent data-
sets. The measurements from this analysis at both centre-
of-mass energies are consistent with the NNLO+NNLL
QCD calculations discussed in Sect. 2. The

p
s = 7TeV

result is 13% higher than a previous measurement by the
CMS collaboration [53], whilst the

p
s = 8TeV result is

consistent with that from CMS [54].
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‣ Exclude a small region between top 
threshold and ~180 GeV	



• Expected limit 179 GeV	



• Observed limit 183 GeV	



• Observed limit -1σ (sig-theo) 177 GeV	



- Signal theoretical uncertainty of 15% (PDFs, scales)	



• Sensitivity driven by stop-pair production 
cross-section	



• Always assuming 100% BR to stop+χ	



‣ Limits shown for m(χ)=1 GeV	



• Only slightly weaker with increasing 
neutralino mass	



- E.g. 3% less for 20 GeV neutralino at 200 GeV stop	



• top quark polarision (stop mixing)	



- full left-handed polarisation 4% weaker than plot 
which is for mostly right-handed case	



Limit from ttbar cross section
Submitted to EPJC (1406.5375)

CMS tT cross section measurement (see previous slide)"
is not yet interpreted in terms of stop limits.
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at 8 TeV	



• events with ee, eμ, μμ (opp-sign)	



• at least 2 jets, of which at least one is b-
tagged	



• in ee, μμ channels: MET, m(ll) cuts 	



• in eμ channel: HT(jets, lep) cut	



‣ Investigate Δɸ(l,l) distribution	



‣ Results

SM+ SUSY (180 GeV mStop)- Christian Schwanenberger -Paper presentation ATLAS Weekly Meeting
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Limit from ttbar spin correlation
ATLAS-CONF-2014-056

‣ Exclude a small region between top 
threshold and ~190 GeV	



• Expected limit 185 GeV	



• Observed limit 197 GeV	



• Observed limit -1σ (sig-theo) 191 GeV	



- Signal theoretical uncertainty of 15% (PDFs, scales)	



• Sensitivity driven by stop-pair production 
cross-section	



• Always assuming 100% BR to stop+χ	



‣ Limits shown for m(χ)=1 GeV	



• Only slightly weaker with increasing 
neutralino mass	



‣ Without the shape-information Δɸ the limit 
would deteriorate by 30-40%.	



• constraint from cross section only
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Long-term prospects

9
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Figure 5: The projected 5s discovery reach for a simplified model describing gluino production,
with each gluino decaying to a tt̄ pair and an LSP, for 300 fb�1 (dashed curves) and 3000 fb�1

(solid curves). The discovery reach is shown for hPUi = 0 (black) and hPUi = 140 (magenda).

those of events with larger b-tag multiplicities. To correct for any residual dependencies, we
assign correction factors (kCS) from simulation. The uncertainty of these factors is of the order
of 30% and mainly caused by the limited statistics of the Delphes samples.

Figure 5 illustrates the 5s discovery potential for a center-of-mass energy
p

s = 14 TeV and
an integrated luminosity of 300 fb�1 and 3000 fb�1. The discovery range of gluinos can be
enhanced by 300 GeV for from 300 fb�1 to 3000 fb�1 up to 2.2 TeV, for a c0

1 with mass of up to
1.2 TeV. The mass reach is mitigated due to pileup by about 100 GeV.

5 EWKino search with final states including three leptons and

missing transverse energy

Searches for the direct electroweak production of SUSY particles are challenging at the LHC
due to its low production cross section and low hadronic activities in the event. The mass reach
for weakly-produced SUSY particles is generally weaker than that for the strongly-produced
SUSY particles; however, the large integrated luminosity expected from HL-LHC would allow
extending our sensitivity to weakly-produced SUSY particles significantly. In this section, fu-
ture sensitivities of the analysis designed to discover the direct production of charginos (c±

1 )
and neutralinos (c0

2), that decay via a W and Z boson, are presented based on a CMS 8 TeV
search [12]. Depending on the actual flavor structure of the c0

2, the concurrent c0
2 decay mode

can also be c0
2 ! Hc0

1. However, as a baseline for this study we assume the simplified model
presented in Fig. 6 with Br(c0

2 ! Zc0
1) = 100%. In order to reduce the background as efficiently

as possible, we concentrate on the decays where both bosons decay leptonically, leading to a
final state with three leptons.

We select muons and electrons with a transverse momentum of at least pT > 10 GeV. The
leading lepton is required to have pT > 20 GeV, corresponding to the trigger thresholds in
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CMS and ATLAS studied long-term prospects for the (HL) LHC. 
• with 300 and 3000 /fb at 14 TeV 
• searches for gluino-mediated stop production reach beyond 2 TeV 
• searches for direct stop production reach well beyond 1 TeV

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2013-011
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Summary

‣ Strong search programs for a top quark partner (stop) at the ATLAS 
and CMS experiments.	



• direct searches for stop covering range from low to heavy masses, 
various decay modes	



• new indirect constraints from SM tT measurements begin to fill gap 
in mStop ~ mTop scenario
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Topness is a variable designed to identify and suppress partially reconstructed 
dileptonic tT events, as proposed in ref. [1212.4495]. The topness variable is based 
on minimising a chi2-type function indicating the similarity of the event to dileptonic tT 
events. One lepton is assumed to be lost. 
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Figure 5. Comparison of data with estimated backgrounds in the Emiss

T

(top left), topness (top
right), am

T2

(bottom left), and m⌧
T2

(bottom right) distributions for the preselection defined in the
text. The uncertainty band includes statistical and all experimental systematic uncertainties. The
last bin includes overflows. Benchmark signal models with cross-sections enhanced by a factor of
100 are overlaid for comparison.

The loosest selection, tN diag, employs a multi-binned shape-fit that targets the chal-

lenging parameter space where the stop and its decay products are nearly mass degenerate

(m
˜t1

& mt + m�̃0
1
), also referred to as the ‘diagonal’. The strategy of exploiting binned

shape information significantly improves the sensitivity. The two-dimensional shape-fit in

the variables m
T

and Emiss

T

is illustrated in figure 6 (left plot). The top 12 bins serve both to

probe a signal and to normalise the tt̄ background; a subset of the 12 bins has a high purity

in tt̄ events. Three additional bins with a b-tag veto, shown in the bottom part, are used

to derive the normalisation of the W+jets background. The bins with Emiss

T

> 150 GeV

– 19 –
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FIG. 2: Left: unit-normalized topness distributions for events passing
preselection cuts as described in the text (signal, red, solid; dileptonic
top, blue, dashed; one `, one ⌧ top, cyan, dotted). Right: topness dis-
tributions for the dileptonic background broken down into samples
with two truth b jets (blue, dashed) and one truth b jet (purple, dot-
ted).
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FIG. 3: Performance comparison of topness (red, solid) to the vari-
ables MCT (blue, dotted) and MW

T2 (purple, dashed) for the asym-
metric signal (left) and the symmetric signal tt̄ + 2�0

1 (right). The
quantity plotted is the gain in signal significance, assuming Gaussian
statistics, as a function of signal efficiency. Results are shown for
mt̃ = 500 GeV and m�0

1
= 200 GeV in both channels.

the background is dominated by dileptonic tops with a missed
lepton, most notably stop searches in other channels. The
right panel of Fig. 3 shows the relative performance of topness
on the traditional stop signal, ˜t˜t⇤ ! t¯t + 2�0

1, followed by
semileptonic top decay, with backgrounds given by missed-
lepton t¯t + 2j events. Events shown here have passed ob-
ject selection cuts analogous to those in [12], including the
requirement that mT (`, E/T ) > 150 GeV. Topness performs
comparably to MW

T2 in the symmetric search channel, realiz-
ing (by a slim margin) the largest gain in significance among
all three variables. The dilution in the efficacy of topness in
the t¯t + 2�0 channel, relative to the tb + E/T channel, is be-
cause the extra jets in the events give more possibilities for
signal to accidentally reconstruct as a top-like event. We do
comment, however, that our implementation of topness was
not optimized for the t¯t+ E/T signal.

HUNTING ASYMMETRIC STOPS

In this section we discuss a search strategy for stop pair
production in the mode ˜t˜t ! tb+ MET. We target semilep-
tonic top decay, so the final state of interest contains one
`, 2 b-jets, and missing energy. We impose the following
cuts at preselection: exactly one lepton satisfying pµ > 20

GeV, pe > 25 GeV, |⌘`| < 2.5; E/T > 200 GeV, with
mT (`, ~p/T ) > 150 GeV; and at least two jets with pT > 20

GeV and |⌘| < 2.5, at least one of which must be b-tagged.
The cut on mT suppresses all backgrounds where the E/T
arises from a single W , in particular semileptonic t¯t and the
enormous W+ jets, which is further suppressed by the b-tag
requirement. The major remaining background is therefore
dileptonic top pair events where one of the leptons is not iden-
tified, either because it falls outside acceptance, or because it
is a non-identified ⌧ . A secondary background is the asso-
ciated production of a top with a W boson, again with dou-
bly dileptonic decays and a missed lepton. All major SM
backgrounds can be reduced by identifying softer leptons in
the event; we thus reject events containing identified hadronic
taus with |⌘| < 2.5 and pT > 20 GeV or additional (isolated)
leptons with |⌘| < 2.5 and pT > 15 GeV. Importantly, the
additional soft decay products of the heavier Higgsinos in sig-
nal events have negligible impact on the ability of signal to
pass the veto. More aggressive vetos, as in [6], would further
reduce the backgrounds at little cost to signal.

In addition to cuts on the hardness of final state particles
and E/T , we add three novel variables which discriminate sig-
nal and background. First and by far the most important is
topness, discussed in the previous section. Another useful
variable can be constructed by exploiting the asymmetric sig-
nal kinematics. The b-jet coming from the decay ˜t ! b�+ is
typically much harder than the daughters of the top. The pT
asymmetry

rpT =

pTb1 � pT `

pTb1 + pT `
(3)

of the lepton and the highest pT b-jet, is thus useful for distin-
guishing signal and background. We also employ a centrality
variable,

C = max

���
�⌘j1,j2+`+~p/T

�� ,
��
�⌘j2,j1+`+~p/T

��� , (4)

formed from the two highest pT jets j1 and j2 in the event as
well as the lepton and missing momentum. Centrality is typ-
ically larger for backgrounds than for signal, reflecting both
the larger signal masses and the different kinematics of top
versus stop pair production [13]. Distributions of rpT and C
are shown in Fig. 4. This particular cut on rapidity separations
is most useful when used in conjunction with topness, because
background events with large topness have often selected an
ISR jet in place of one of the b jets, and this ISR jet is distinct
in rapidity from the other objects in the event.

We normalize signal [14] and background t¯t [15] and
tW [16] processes to inclusive NLO+N(N)LL 8 TeV cross-
sections. Events are generated in Madgraph [17], showered
in Pythia [18], and clustered in FastJet using the anti-kT al-
gorithm with R = 0.4 [19]. In generating tW + 1j events,
we forbid t¯t events from contributing when the momentum
in one of the internal top propagators lies in the window
|p2 � mt| < 15�t [20, 21]. Leptons are declared isolated if
the scalar sum-pT deposited in a cone of radius Riso = 0.2
around a lepton is less than riso = 0.2 times the lepton
pT . The isolation threshold is thus 4 GeV for a lepton with

=1L, >=4j, MET>100 GeV, MT>60 GeV =1L, >=4j, MET>100 GeV, MT>150 GeV

1212.4495

• signal, red, solid	


• dileptonic top, blue, dashed	



• dileptonic top, one (el,mu), one tau, cyan, dotted
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- ⌧ -based m
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- Measured particles: For branch a, this is the ⌧ -jet, identified as the highest-p
T

jet

excluding the selected two b-tagged jets. The measured particle for branch b is the

charged lepton.

- Unmeasured particles: For branch a, this includes the two neutrinos associated

with the ⌧ production and hadronic decay. The unmeasured particle for branch b

is the neutrino associated with the charged lepton.

- Input masses: mqa = 0GeV and mqb = m⌫ = 0GeV.

- Topness

The topness event value is defined as ln(min Ŝ), where Ŝ is the minimum of the �2-type

function S:
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CM
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The first three arguments of S are the components of the non-reconstructed W boson 3-

momentum (pW,x, pW,y, pW,z). This W is assumed to decay leptonically, but the lepton

is not reconstructed and is thus only noticeable in the missing transverse momentum.

The variable p⌫,z is the longitudinal momentum of the neutrino from the other W

boson decay, for which the lepton was successfully reconstructed. These four numbers

are varied to find the minimum of S.

The momenta appearing on the right-hand side of the equation above are either 4-

momenta of the reconstructed objects (one lepton, p`, and two b-jets, pb1 and pb2)

or 4-momenta assigned by the minimisation procedure (pW and p⌫). To find all four

components, the neutrinos and the W boson without reconstructed decay products are

assumed to be on-shell. Both combinations for b
1

and b
2

are evaluated during the

minimisation; if only one b-tagged jet is present, it is used together with the leading or

subleading jet (that means, a total of four possible jet assignments is evaluated in this

case).

The minimisation is constrained such that the observed missing transverse momentum

is attributed to the unobserved W boson (decaying into a not-reconstructed lepton and

a neutrino) and a neutrino from the other top decay branch.

The constants aW , at and a
CM

are set to the values suggested by the authors of S:

aW = 5 GeV, at = 15 GeV, a
CM

= 1 TeV.

- Hadronic top mass, m
had�top

:

This reconstructed top mass is constructed as mj1,j2,bi by minimising
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boson decay, for which the lepton was successfully reconstructed. These four numbers

are varied to find the minimum of S.

The momenta appearing on the right-hand side of the equation above are either 4-

momenta of the reconstructed objects (one lepton, p`, and two b-jets, pb1 and pb2)

or 4-momenta assigned by the minimisation procedure (pW and p⌫). To find all four

components, the neutrinos and the W boson without reconstructed decay products are

assumed to be on-shell. Both combinations for b
1

and b
2

are evaluated during the
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subleading jet (that means, a total of four possible jet assignments is evaluated in this

case).

The minimisation is constrained such that the observed missing transverse momentum

is attributed to the unobserved W boson (decaying into a not-reconstructed lepton and

a neutrino) and a neutrino from the other top decay branch.

The constants aW , at and a
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Summary of CMS SUSY Results* in SMS framework

CMS Preliminary
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ICHEP 2014

lspm⋅+(1-x)motherm⋅ = xintermediatem
For decays with intermediate mass,

Only a selection of available mass limits
*Observed limits, theory uncertainties not included

Probe *up to* the quoted mass limit
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MSUGRA/CMSSM 0 2-6 jets Yes 20.3 m(q̃)=m(g̃) 1405.78751.7 TeVq̃, g̃

MSUGRA/CMSSM 1 e, µ 3-6 jets Yes 20.3 any m(q̃) ATLAS-CONF-2013-0621.2 TeVg̃

MSUGRA/CMSSM 0 7-10 jets Yes 20.3 any m(q̃) 1308.18411.1 TeVg̃

q̃q̃, q̃→qχ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV, m(1st gen. q̃)=m(2nd gen. q̃) 1405.7875850 GeVq̃

g̃g̃, g̃→qq̄χ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV 1405.78751.33 TeVg̃

g̃g̃, g̃→qqχ̃
±
1→qqW±χ̃

0
1

1 e, µ 3-6 jets Yes 20.3 m(χ̃
0
1)<200 GeV, m(χ̃

±
)=0.5(m(χ̃

0
1)+m(g̃)) ATLAS-CONF-2013-0621.18 TeVg̃

g̃g̃, g̃→qq(ℓℓ/ℓν/νν)χ̃
0
1

2 e, µ 0-3 jets - 20.3 m(χ̃
0
1)=0 GeV ATLAS-CONF-2013-0891.12 TeVg̃

GMSB (ℓ̃ NLSP) 2 e, µ 2-4 jets Yes 4.7 tanβ<15 1208.46881.24 TeVg̃

GMSB (ℓ̃ NLSP) 1-2 τ + 0-1 ℓ 0-2 jets Yes 20.3 tanβ >20 1407.06031.6 TeVg̃

GGM (bino NLSP) 2 γ - Yes 20.3 m(χ̃
0
1)>50 GeV ATLAS-CONF-2014-0011.28 TeVg̃

GGM (wino NLSP) 1 e, µ + γ - Yes 4.8 m(χ̃
0
1)>50 GeV ATLAS-CONF-2012-144619 GeVg̃

GGM (higgsino-bino NLSP) γ 1 b Yes 4.8 m(χ̃
0
1)>220 GeV 1211.1167900 GeVg̃

GGM (higgsino NLSP) 2 e, µ (Z) 0-3 jets Yes 5.8 m(NLSP)>200 GeV ATLAS-CONF-2012-152690 GeVg̃

Gravitino LSP 0 mono-jet Yes 10.5 m(G̃)>10−4 eV ATLAS-CONF-2012-147645 GeVF1/2 scale

g̃→bb̄χ̃
0
1 0 3 b Yes 20.1 m(χ̃

0
1)<400 GeV 1407.06001.25 TeVg̃

g̃→tt̄χ̃
0
1 0 7-10 jets Yes 20.3 m(χ̃

0
1) <350 GeV 1308.18411.1 TeVg̃

g̃→tt̄χ̃
0
1

0-1 e, µ 3 b Yes 20.1 m(χ̃
0
1)<400 GeV 1407.06001.34 TeVg̃

g̃→bt̄χ̃
+

1 0-1 e, µ 3 b Yes 20.1 m(χ̃
0
1)<300 GeV 1407.06001.3 TeVg̃

b̃1b̃1, b̃1→bχ̃
0
1 0 2 b Yes 20.1 m(χ̃

0
1)<90 GeV 1308.2631100-620 GeVb̃1

b̃1b̃1, b̃1→tχ̃
±
1 2 e, µ (SS) 0-3 b Yes 20.3 m(χ̃

±
1 )=2 m(χ̃

0
1) 1404.2500275-440 GeVb̃1

t̃1 t̃1(light), t̃1→bχ̃
±
1 1-2 e, µ 1-2 b Yes 4.7 m(χ̃

0
1)=55 GeV 1208.4305, 1209.2102110-167 GeVt̃1

t̃1 t̃1(light), t̃1→Wbχ̃
0
1

2 e, µ 0-2 jets Yes 20.3 m(χ̃
0
1) =m(t̃1)-m(W)-50 GeV, m(t̃1)<<m(χ̃

±
1 ) 1403.4853130-210 GeVt̃1

t̃1 t̃1(medium), t̃1→tχ̃
0
1

2 e, µ 2 jets Yes 20.3 m(χ̃
0
1)=1 GeV 1403.4853215-530 GeVt̃1

t̃1 t̃1(medium), t̃1→bχ̃
±
1 0 2 b Yes 20.1 m(χ̃

0
1)<200 GeV, m(χ̃

±
1 )-m(χ̃

0
1)=5 GeV 1308.2631150-580 GeVt̃1

t̃1 t̃1(heavy), t̃1→tχ̃
0
1

1 e, µ 1 b Yes 20 m(χ̃
0
1)=0 GeV 1407.0583210-640 GeVt̃1

t̃1 t̃1(heavy), t̃1→tχ̃
0
1 0 2 b Yes 20.1 m(χ̃

0
1)=0 GeV 1406.1122260-640 GeVt̃1

t̃1 t̃1, t̃1→cχ̃
0
1 0 mono-jet/c-tag Yes 20.3 m(t̃1)-m(χ̃

0
1 )<85 GeV 1407.060890-240 GeVt̃1

t̃1 t̃1(natural GMSB) 2 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)>150 GeV 1403.5222150-580 GeVt̃1

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)<200 GeV 1403.5222290-600 GeVt̃2

ℓ̃L,R ℓ̃L,R, ℓ̃→ℓχ̃
0
1

2 e, µ 0 Yes 20.3 m(χ̃
0
1)=0 GeV 1403.529490-325 GeVℓ̃

χ̃+
1
χ̃−
1 , χ̃

+

1→ℓ̃ν(ℓν̃) 2 e, µ 0 Yes 20.3 m(χ̃
0
1)=0 GeV, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1403.5294140-465 GeVχ̃±

1

χ̃+
1
χ̃−
1 , χ̃

+

1→τ̃ν(τν̃) 2 τ - Yes 20.3 m(χ̃
0
1)=0 GeV, m(τ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1407.0350100-350 GeVχ̃±

1

χ̃±
1
χ̃0
2→ℓ̃Lνℓ̃Lℓ(ν̃ν), ℓν̃ℓ̃Lℓ(ν̃ν) 3 e, µ 0 Yes 20.3 m(χ̃

±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1402.7029700 GeVχ̃±

1 ,
χ̃0
2

χ̃±
1
χ̃0
2→Wχ̃

0
1Zχ̃

0
1

2-3 e, µ 0 Yes 20.3 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, sleptons decoupled 1403.5294, 1402.7029420 GeVχ̃±

1 , χ̃
0

2

χ̃±
1
χ̃0
2→Wχ̃

0
1h χ̃

0
1

1 e, µ 2 b Yes 20.3 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, sleptons decoupled ATLAS-CONF-2013-093285 GeVχ̃±

1 ,
χ̃0
2

χ̃0
2
χ̃0
3, χ̃

0
2,3 →ℓ̃Rℓ 4 e, µ 0 Yes 20.3 m(χ̃

0
2)=m(χ̃

0
3), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

0
2)+m(χ̃

0
1)) 1405.5086620 GeVχ̃0

2,3

Direct χ̃
+

1
χ̃−
1 prod., long-lived χ̃

±
1 Disapp. trk 1 jet Yes 20.3 m(χ̃

±
1 )-m(χ̃

0
1)=160 MeV, τ(χ̃

±
1 )=0.2 ns ATLAS-CONF-2013-069270 GeVχ̃±

1

Stable, stopped g̃ R-hadron 0 1-5 jets Yes 27.9 m(χ̃
0
1)=100 GeV, 10 µs<τ(g̃)<1000 s 1310.6584832 GeVg̃

GMSB, stable τ̃, χ̃
0
1→τ̃(ẽ, µ̃)+τ(e, µ) 1-2 µ - - 15.9 10<tanβ<50 ATLAS-CONF-2013-058475 GeVχ̃0

1

GMSB, χ̃
0
1→γG̃, long-lived χ̃

0
1

2 γ - Yes 4.7 0.4<τ(χ̃
0
1)<2 ns 1304.6310230 GeVχ̃0

1

q̃q̃, χ̃
0
1→qqµ (RPV) 1 µ, displ. vtx - - 20.3 1.5 <cτ<156 mm, BR(µ)=1, m(χ̃

0
1)=108 GeV ATLAS-CONF-2013-0921.0 TeVq̃

LFV pp→ν̃τ + X, ν̃τ→e + µ 2 e, µ - - 4.6 λ′311=0.10, λ132=0.05 1212.12721.61 TeVν̃τ
LFV pp→ν̃τ + X, ν̃τ→e(µ) + τ 1 e, µ + τ - - 4.6 λ′

311
=0.10, λ1(2)33=0.05 1212.12721.1 TeVν̃τ

Bilinear RPV CMSSM 2 e, µ (SS) 0-3 b Yes 20.3 m(q̃)=m(g̃), cτLS P<1 mm 1404.25001.35 TeVq̃, g̃

χ̃+
1
χ̃−
1 , χ̃

+

1→Wχ̃
0
1, χ̃

0
1→eeν̃µ, eµν̃e 4 e, µ - Yes 20.3 m(χ̃

0
1)>0.2×m(χ̃

±
1 ), λ121!0 1405.5086750 GeVχ̃±

1

χ̃+
1
χ̃−
1 , χ̃

+

1→Wχ̃
0
1, χ̃

0
1→ττν̃e, eτν̃τ 3 e, µ + τ - Yes 20.3 m(χ̃

0
1)>0.2×m(χ̃

±
1 ), λ133!0 1405.5086450 GeVχ̃±

1

g̃→qqq 0 6-7 jets - 20.3 BR(t)=BR(b)=BR(c)=0% ATLAS-CONF-2013-091916 GeVg̃

g̃→t̃1t, t̃1→bs 2 e, µ (SS) 0-3 b Yes 20.3 1404.250850 GeVg̃

Scalar gluon pair, sgluon→qq̄ 0 4 jets - 4.6 incl. limit from 1110.2693 1210.4826100-287 GeVsgluon

Scalar gluon pair, sgluon→tt̄ 2 e, µ (SS) 2 b Yes 14.3 ATLAS-CONF-2013-051350-800 GeVsgluon

WIMP interaction (D5, Dirac χ) 0 mono-jet Yes 10.5 m(χ)<80 GeV, limit of<687 GeV for D8 ATLAS-CONF-2012-147704 GeVM* scale

Mass scale [TeV]10−1 1
√
s = 7 TeV
full data

√
s = 8 TeV

partial data

√
s = 8 TeV
full data

ATLAS SUSY Searches* - 95% CL Lower Limits
Status: ICHEP 2014

ATLAS Preliminary
√
s = 7, 8 TeV

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1σ theoretical signal cross section uncertainty.
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Polarization effects
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1L channels
EPJC 73 (2013) 2677submitted to JHEP [1407.0583]

The acceptance depends on the polarization of the the top quarks in the stop1 to tN1 scenario. These 
polarizations depend on the left/right mixing of the stops and on the mixing matrices of the neutralino and 
charginos.

• Nominal ATLAS stop 1L result obtained using stop1 ~70% stopR. Comparison with fully left-handed 
top quarks: exp. limit reduced by ~50 GeV. 

• Nominal CMS stop 1L result obtained using unpolarized particles. Comparison with right- and left-
handed top quarks: limits vary by ±(10-20) GeV.
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Overview: gluino-mediated stop searches
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ATLAS searches
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Figure 1. Illustration of stop decay modes in the plane spanned by the masses of the stop (t̃
1

)
and the lightest neutralino (�̃

0

1

), where the latter is assumed to be the lightest supersymmetric
particle. Stop decays to supersymmetric particles other than the lightest supersymmetric particle
are not displayed.

than the �̃0

1

are lighter than the stop, then additional decay modes can open up. The stop

decay to a bottom quark and the lightest chargino (t̃
1

! b�̃
±
1

) is an important example,

where the �̃±
1

can decay to the lightest neutralino by emitting an on- or o↵-shell W boson

(�̃
±
1

! W (⇤)�̃0

1

). The t̃
1

! b�̃
±
1

decay is considered for a stop mass above around 100 GeV

according to the LEP limit on the lightest chargino, m�̃±
1

> 103.5 GeV [30]. With the

decay in b�̃
±
1

kinematically available, the t̃
1

decay branching ratio is determined by factors

including the stop mixing matrix and the field content of the neutralino/chargino sector.

This article presents a search for direct t̃
1

pair production in final states with exactly

one isolated charged lepton (electron or muon,3 henceforth referred to simply as ‘leptons’),

several jets, and a significant amount of missing transverse momentum, the magnitude

of which is referred to as Emiss

T

. The lepton arises from the decay of either a real or a

virtual W boson, and the potentially large Emiss

T

is generated by the two undetected LSPs

and neutrino(s). All stop decay scenarios described above except for the FCNC modes

are considered, as illustrated in figure 2. Results are mainly based on simplified models

that have 100% branching ratio to one or a pair of these specific decay chains. In addition,

phenomenological MSSM (pMSSM) [31] models are used to study the sensitivity to realistic

scenarios where more complex decay chains are present alongside the simpler ones.

Searches for direct t̃
1

pair production have previously been reported by the ATLAS [32–

38] and CMS [39–43] collaborations, as well as by the CDF and DØ collaborations (for ex-

ample refs. [44, 45]) and the LEP collaborations [46]. Indirect searches for stops, mediated

by gluino pair production, have been reported by the ATLAS [47–50] and CMS [39, 40, 51–

55] collaborations.

3Electrons and muons from ⌧ decays are included.

– 3 –

submitted to JHEP [1407.0583]
1L channel

Figure 1. Illustration of top squark decay modes in the mass plane spanned by the top squark
(t̃

1

) and lightest neutralino (�̃
0

1

), where the latter is assumed to be the lightest supersymmetric
particle.

left/right stop mixing and the neutralino/chargino sector. Note that the LEP lower limit1

on the lightest chargino mass (m(�̃
±
1

) > 103.5GeV at 95% confidence level [25]) implies2

that the t̃
1

! b�̃
±
1

decay is kinematically open only if the stop mass is above this limit.3

LHC searches for electroweak production of chargino and neutralino pairs (�̃
±
1

�̃0

2

) can push4

the mass limit up to about 700 GeV (see for example Ref. [26]). However, these stringent5

limits depend upon assumptions which maximise the search sensitivity, such as a decay6

mode via sleptons, a low-mass �̃
0

1

, and nearly mass-degenerate �̃±
1

�̃0

2

states with the field7

content set to yield a high production cross section.8

This article presents a search for direct t̃
1

pair production in final states with one9

isolated lepton (electron or muon1), several jets, and a significant amount of missing trans-10

verse momentum (the magnitude of which is referred to as Emiss

T

). The potentially large11

Emiss

T

is generated by the two undetected LSPs and neutrino(s). All top squark decay12

scenarios described above except for the flavour-changing modes are considered. Heavy13

flavour tagging information is utilised in the event selections, and for constructing kine-14

matic variables. The search for a heavy stop exploits a dedicated technique of large-radius15

(large-R) jets. Furthermore, low-momentum leptons (referred to as soft-leptons) are re-16

constructed and identified to enhance the sensitivity to search for t̃
1

! b�̃
±
1

decays with17

nearly mass-degenerate �̃0

1

and �̃±
1

states.18

Searches for direct t̃
1

pair production have previously been reported by the ATLAS [27–19

32] and CMS [33–36] collaborations, as well as by the CDF and DØ collaborationss as-20

suming di↵erent SUSY mass spectra and decay modes (see for example Refs. [37, 38]).21

Indirect searches for stops, mediated by gluino pair production, have been reported by the22

ATLAS [39–43] and CMS [44] collaborations.23

t̃
1

! t�̃
0

1

1

t̃
1

! b�̃
±
1

2

1
Electrons and muons from tau decays are included.
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Search targets light to heavy stops in various decay modes: 4-body, 3-body, tN1, and bC1.

1-leptons, ≥2-4 jets, MET, MT(lep, pTmiss) 
15 signal regions (SRs). 
• soft-lepton: pT > 7(6) GeV for electrons (muons), 

employed for 4-body, and bC1 decays with small mC1-mN1 values. 
• large-R (1.0) jets: collect decay products of boosted top in heavy stop 

search. 
• 1D and 2D shape-fits: enhance search sensitivity in challenging 

scenarios (with difficult S-vs-B separation). 
• b-tagged jets: utilised in event selection (ranging from a veto to ≥2) and 

for constructing kinematic variables. 
‣ MT2-like variables, hadronic top mass, topness

t̃1

t̃1

t
W

t
W

p

p

�̃0
1

b `

⌫

�̃0
1

b

q

q

(a)

t̃1

t̃1

W

Wp

p

�̃0
1

b `

⌫

�̃0
1

b

q

q

(b)

t̃1

t̃1
p

p

�̃0
1

b
`

⌫

�̃0
1

b

q

q

(c)

t̃1

t̃1

�̃±
1

W (⇤)

�̃⌥
1

W (⇤)p

p

b

�̃0
1

`

⌫

b

�̃0
1

q

q

(d)

Figure 2. Diagrams illustrating the considered signal scenarios, which are referred to as (a)
t̃
1

! t�̃
0

1

, (b) t̃
1

! bW �̃0

1

(three-body), (c) t̃
1

! bff 0�̃0

1

(four-body), (d) t̃
1

! b�̃
±
1

. Furthermore,
a non-symmetric decay scenario where each t̃

1

can decay via either t̃
1

! t�̃
0

1

or t̃
1

! b�̃
±
1

is
considered (not shown). In these diagrams, the charge-conjugate symbols are omitted for simplicity;
all scenarios begin with a top squark–antisquark pair. The three-body and four-body decays are
assumed to proceed through an o↵-shell top quark, and an o↵-shell top quark followed by an o↵-shell
W boson, respectively.

2 Analysis strategy

Searching for t̃
1

pair production in the various decay modes and over a wide range of stop

masses requires di↵erent analysis approaches. The t̃
1

pair production cross-section falls

rapidly with increasing stop mass m
˜t1

: for the range targeted by this search, m
˜t1

⇠ 100–

700 GeV, the cross-section at
p

s = 8 TeV proton–proton (pp) collisions decreases from

560 pb to 8 fb. While the various t̃
1

decay modes considered all have identical final state

objects — one electron or muon accompanied by one neutrino (or more for a leptonic ⌧

decay), two jets originating from bottom quarks (b-jets), two light-flavour jets, and two

LSPs – their kinematic properties change significantly for the di↵erent decay modes and

as a function of the masses of the stop, LSP, and lightest chargino (if present). The
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Figure 4. Schematic diagram of the mass hierarchies for the t̃
1

! b�̃
±
1

decay mode, with a
subsequent �̃±

1

! W (⇤)�̃0

1

decay. A list of the corresponding signal regions is given above the
diagram.

7 Signal selections

Signal selections are optimised using simulated samples only. The metric of the optimisa-

tion is to maximise the exclusion sensitivity for the various decay modes, and for di↵erent

regions of SUSY simplified model parameter space. A set of signal benchmark models,

selected to cover the various stop scenarios, was used for the optimisation considering all

studied discriminating variables and including statistical and systematic uncertainties. The

shape-fits employ multiple bins in one or two discriminating variables, which were selected

considering the signal and background separation potential, inter-variable correlations, sys-

tematic uncertainties, and modelling of the data.

Table 2 summarises all 15 SRs with a brief description of the targeted signal scenarios,

the exclusion analysis techniques, and forward references to the tables which list the event

selection details. Four SRs target the t̃
1

! t�̃
0

1

decay. The corresponding SR labels begin

with tN, which is an acronym for ‘top neutralino’; additional text in the label describes

the stop mass region, for example tN diag targets the ‘diagonal’ of the t̃
1

–�̃0

1

mass plane.

Nine SRs target the t̃
1

! b�̃
±
1

decay, where the SR labels follow the same logic: the first

two characters bC stand for ‘bottom chargino’, a third letter (‘a’ to ‘d’) denotes the four

di↵erent mass hierarchies illustrated in figure 4, and the last piece of text describes the

stop mass region. Furthermore, two SRs labelled 3body and tNbC mix are dedicated to

the three-body decay scenario (t̃
1

! bW �̃0

1

), and the mixed scenario where t̃
1

! t�̃
0

1

and

t̃
1

! b�̃
±
1

decays both occur, respectively. The SRs are not mutually exclusive.

All SRs employ selection requirements to suppress the multijet background, and most

SRs use the tools described in section 6.2 to reduce the dileptonic tt̄ background. Shape-fit

techniques are employed to derive model-dependent exclusion limits where useful, while

for all model-independent results a simple cut-and-count approach is used. This procedure

implies that for SRs using shape-fits one bin is probed at a time to extract the model-

independent results. Only a single bin, or the four bins with highest signal-to-background

ratio are included; these are referred to as signal-sensitive bins. The model-dependent
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Figure 1. Illustration of top squark decay modes in the mass plane spanned by the top squark
(t̃

1

) and lightest neutralino (�̃
0

1

), where the latter is assumed to be the lightest supersymmetric
particle.

left/right stop mixing and the neutralino/chargino sector. Note that the LEP lower limit1

on the lightest chargino mass (m(�̃
±
1

) > 103.5GeV at 95% confidence level [25]) implies2

that the t̃
1

! b�̃
±
1

decay is kinematically open only if the stop mass is above this limit.3

LHC searches for electroweak production of chargino and neutralino pairs (�̃
±
1

�̃0

2

) can push4

the mass limit up to about 700 GeV (see for example Ref. [26]). However, these stringent5

limits depend upon assumptions which maximise the search sensitivity, such as a decay6

mode via sleptons, a low-mass �̃
0

1

, and nearly mass-degenerate �̃±
1

�̃0

2

states with the field7

content set to yield a high production cross section.8

This article presents a search for direct t̃
1

pair production in final states with one9

isolated lepton (electron or muon1), several jets, and a significant amount of missing trans-10

verse momentum (the magnitude of which is referred to as Emiss

T

). The potentially large11

Emiss

T

is generated by the two undetected LSPs and neutrino(s). All top squark decay12

scenarios described above except for the flavour-changing modes are considered. Heavy13

flavour tagging information is utilised in the event selections, and for constructing kine-14

matic variables. The search for a heavy stop exploits a dedicated technique of large-radius15

(large-R) jets. Furthermore, low-momentum leptons (referred to as soft-leptons) are re-16

constructed and identified to enhance the sensitivity to search for t̃
1

! b�̃
±
1

decays with17

nearly mass-degenerate �̃0

1

and �̃±
1

states.18

Searches for direct t̃
1

pair production have previously been reported by the ATLAS [27–19

32] and CMS [33–36] collaborations, as well as by the CDF and DØ collaborationss as-20

suming di↵erent SUSY mass spectra and decay modes (see for example Refs. [37, 38]).21

Indirect searches for stops, mediated by gluino pair production, have been reported by the22

ATLAS [39–43] and CMS [44] collaborations.23

t̃
1

! t�̃
0

1

1

t̃
1

! b�̃
±
1

2

1
Electrons and muons from tau decays are included.
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Figure 1. Illustration of stop decay modes in the plane spanned by the masses of the stop (t̃
1

)
and the lightest neutralino (�̃

0

1

), where the latter is assumed to be the lightest supersymmetric
particle. Stop decays to supersymmetric particles other than the lightest supersymmetric particle
are not displayed.

than the �̃0

1

are lighter than the stop, then additional decay modes can open up. The stop

decay to a bottom quark and the lightest chargino (t̃
1

! b�̃
±
1

) is an important example,

where the �̃±
1

can decay to the lightest neutralino by emitting an on- or o↵-shell W boson

(�̃
±
1

! W (⇤)�̃0

1

). The t̃
1

! b�̃
±
1

decay is considered for a stop mass above around 100 GeV

according to the LEP limit on the lightest chargino, m�̃±
1

> 103.5 GeV [30]. With the

decay in b�̃
±
1

kinematically available, the t̃
1

decay branching ratio is determined by factors

including the stop mixing matrix and the field content of the neutralino/chargino sector.

This article presents a search for direct t̃
1

pair production in final states with exactly

one isolated charged lepton (electron or muon,3 henceforth referred to simply as ‘leptons’),

several jets, and a significant amount of missing transverse momentum, the magnitude

of which is referred to as Emiss

T

. The lepton arises from the decay of either a real or a

virtual W boson, and the potentially large Emiss

T

is generated by the two undetected LSPs

and neutrino(s). All stop decay scenarios described above except for the FCNC modes

are considered, as illustrated in figure 2. Results are mainly based on simplified models

that have 100% branching ratio to one or a pair of these specific decay chains. In addition,

phenomenological MSSM (pMSSM) [31] models are used to study the sensitivity to realistic

scenarios where more complex decay chains are present alongside the simpler ones.

Searches for direct t̃
1

pair production have previously been reported by the ATLAS [32–

38] and CMS [39–43] collaborations, as well as by the CDF and DØ collaborations (for ex-

ample refs. [44, 45]) and the LEP collaborations [46]. Indirect searches for stops, mediated

by gluino pair production, have been reported by the ATLAS [47–50] and CMS [39, 40, 51–

55] collaborations.

3Electrons and muons from ⌧ decays are included.
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Figure 1. Illustration of top squark decay modes in the mass plane spanned by the top squark
(t̃

1

) and lightest neutralino (�̃
0

1

), where the latter is assumed to be the lightest supersymmetric
particle.

left/right stop mixing and the neutralino/chargino sector. Note that the LEP lower limit1

on the lightest chargino mass (m(�̃
±
1

) > 103.5GeV at 95% confidence level [25]) implies2

that the t̃
1

! b�̃
±
1

decay is kinematically open only if the stop mass is above this limit.3

LHC searches for electroweak production of chargino and neutralino pairs (�̃
±
1

�̃0

2

) can push4

the mass limit up to about 700 GeV (see for example Ref. [26]). However, these stringent5

limits depend upon assumptions which maximise the search sensitivity, such as a decay6

mode via sleptons, a low-mass �̃
0

1

, and nearly mass-degenerate �̃±
1

�̃0

2

states with the field7

content set to yield a high production cross section.8

This article presents a search for direct t̃
1

pair production in final states with one9

isolated lepton (electron or muon1), several jets, and a significant amount of missing trans-10

verse momentum (the magnitude of which is referred to as Emiss

T

). The potentially large11

Emiss

T

is generated by the two undetected LSPs and neutrino(s). All top squark decay12

scenarios described above except for the flavour-changing modes are considered. Heavy13

flavour tagging information is utilised in the event selections, and for constructing kine-14

matic variables. The search for a heavy stop exploits a dedicated technique of large-radius15

(large-R) jets. Furthermore, low-momentum leptons (referred to as soft-leptons) are re-16

constructed and identified to enhance the sensitivity to search for t̃
1

! b�̃
±
1

decays with17

nearly mass-degenerate �̃0

1

and �̃±
1

states.18

Searches for direct t̃
1

pair production have previously been reported by the ATLAS [27–19

32] and CMS [33–36] collaborations, as well as by the CDF and DØ collaborationss as-20

suming di↵erent SUSY mass spectra and decay modes (see for example Refs. [37, 38]).21

Indirect searches for stops, mediated by gluino pair production, have been reported by the22

ATLAS [39–43] and CMS [44] collaborations.23

t̃
1

! t�̃
0

1

1

t̃
1

! b�̃
±
1

2

1
Electrons and muons from tau decays are included.
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Figure 4. Schematic diagram of the mass hierarchies for the t̃
1

! b�̃
±
1

decay mode, with a
subsequent �̃±

1

! W (⇤)�̃0

1

decay. A list of the corresponding signal regions is given above the
diagram.

7 Signal selections

Signal selections are optimised using simulated samples only. The metric of the optimisa-

tion is to maximise the exclusion sensitivity for the various decay modes, and for di↵erent

regions of SUSY simplified model parameter space. A set of signal benchmark models,

selected to cover the various stop scenarios, was used for the optimisation considering all

studied discriminating variables and including statistical and systematic uncertainties. The

shape-fits employ multiple bins in one or two discriminating variables, which were selected

considering the signal and background separation potential, inter-variable correlations, sys-

tematic uncertainties, and modelling of the data.

Table 2 summarises all 15 SRs with a brief description of the targeted signal scenarios,

the exclusion analysis techniques, and forward references to the tables which list the event

selection details. Four SRs target the t̃
1

! t�̃
0

1

decay. The corresponding SR labels begin

with tN, which is an acronym for ‘top neutralino’; additional text in the label describes

the stop mass region, for example tN diag targets the ‘diagonal’ of the t̃
1

–�̃0

1

mass plane.

Nine SRs target the t̃
1

! b�̃
±
1

decay, where the SR labels follow the same logic: the first

two characters bC stand for ‘bottom chargino’, a third letter (‘a’ to ‘d’) denotes the four

di↵erent mass hierarchies illustrated in figure 4, and the last piece of text describes the

stop mass region. Furthermore, two SRs labelled 3body and tNbC mix are dedicated to

the three-body decay scenario (t̃
1

! bW �̃0

1

), and the mixed scenario where t̃
1

! t�̃
0

1

and

t̃
1

! b�̃
±
1

decays both occur, respectively. The SRs are not mutually exclusive.

All SRs employ selection requirements to suppress the multijet background, and most

SRs use the tools described in section 6.2 to reduce the dileptonic tt̄ background. Shape-fit

techniques are employed to derive model-dependent exclusion limits where useful, while

for all model-independent results a simple cut-and-count approach is used. This procedure

implies that for SRs using shape-fits one bin is probed at a time to extract the model-

independent results. Only a single bin, or the four bins with highest signal-to-background

ratio are included; these are referred to as signal-sensitive bins. The model-dependent

– 16 –

Figure 1. Illustration of top squark decay modes in the mass plane spanned by the top squark
(t̃

1

) and lightest neutralino (�̃
0

1

), where the latter is assumed to be the lightest supersymmetric
particle.

left/right stop mixing and the neutralino/chargino sector. Note that the LEP lower limit1

on the lightest chargino mass (m(�̃
±
1

) > 103.5GeV at 95% confidence level [25]) implies2

that the t̃
1

! b�̃
±
1

decay is kinematically open only if the stop mass is above this limit.3

LHC searches for electroweak production of chargino and neutralino pairs (�̃
±
1

�̃0

2

) can push4

the mass limit up to about 700 GeV (see for example Ref. [26]). However, these stringent5

limits depend upon assumptions which maximise the search sensitivity, such as a decay6

mode via sleptons, a low-mass �̃
0

1

, and nearly mass-degenerate �̃±
1

�̃0

2

states with the field7

content set to yield a high production cross section.8

This article presents a search for direct t̃
1

pair production in final states with one9

isolated lepton (electron or muon1), several jets, and a significant amount of missing trans-10

verse momentum (the magnitude of which is referred to as Emiss

T

). The potentially large11

Emiss

T

is generated by the two undetected LSPs and neutrino(s). All top squark decay12

scenarios described above except for the flavour-changing modes are considered. Heavy13

flavour tagging information is utilised in the event selections, and for constructing kine-14

matic variables. The search for a heavy stop exploits a dedicated technique of large-radius15

(large-R) jets. Furthermore, low-momentum leptons (referred to as soft-leptons) are re-16

constructed and identified to enhance the sensitivity to search for t̃
1

! b�̃
±
1

decays with17

nearly mass-degenerate �̃0

1

and �̃±
1

states.18

Searches for direct t̃
1

pair production have previously been reported by the ATLAS [27–19

32] and CMS [33–36] collaborations, as well as by the CDF and DØ collaborationss as-20

suming di↵erent SUSY mass spectra and decay modes (see for example Refs. [37, 38]).21

Indirect searches for stops, mediated by gluino pair production, have been reported by the22

ATLAS [39–43] and CMS [44] collaborations.23

t̃
1

! t�̃
0

1

1

t̃
1

! b�̃
±
1

2

1
Electrons and muons from tau decays are included.

– 3 –

b-jet

W(*)
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CMS searches
PLB 736 371 (2014)
stop2 to Z/H

1L analysis: 
• targets H to bb signature 
• main background is tT + extra b-jet (for 

instance from mis-tag, or gluon splitting) 
• use low MT to estimate background.

3 ℓ on-Z events                                           CMS  √s = 8 TeV, ∫ ℒdt = 19.5 fb
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3L analysis: 
• sensitive to all scenarios 
• background from WZ+jets is suppressed 

by b-tag requirements,  
• remaining background from rare 

processes or non-prompt leptons 
• WZ/ZZ from MC 
• non-prompt lepton from data
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Figure 1. Illustration of stop decay modes in the plane spanned by the masses of the stop (t̃
1

)
and the lightest neutralino (�̃

0

1

), where the latter is assumed to be the lightest supersymmetric
particle. Stop decays to supersymmetric particles other than the lightest supersymmetric particle
are not displayed.

than the �̃0

1

are lighter than the stop, then additional decay modes can open up. The stop

decay to a bottom quark and the lightest chargino (t̃
1

! b�̃
±
1

) is an important example,

where the �̃±
1

can decay to the lightest neutralino by emitting an on- or o↵-shell W boson

(�̃
±
1

! W (⇤)�̃0

1

). The t̃
1

! b�̃
±
1

decay is considered for a stop mass above around 100 GeV

according to the LEP limit on the lightest chargino, m�̃±
1

> 103.5 GeV [30]. With the

decay in b�̃
±
1

kinematically available, the t̃
1

decay branching ratio is determined by factors

including the stop mixing matrix and the field content of the neutralino/chargino sector.

This article presents a search for direct t̃
1

pair production in final states with exactly

one isolated charged lepton (electron or muon,3 henceforth referred to simply as ‘leptons’),

several jets, and a significant amount of missing transverse momentum, the magnitude

of which is referred to as Emiss

T

. The lepton arises from the decay of either a real or a

virtual W boson, and the potentially large Emiss

T

is generated by the two undetected LSPs

and neutrino(s). All stop decay scenarios described above except for the FCNC modes

are considered, as illustrated in figure 2. Results are mainly based on simplified models

that have 100% branching ratio to one or a pair of these specific decay chains. In addition,

phenomenological MSSM (pMSSM) [31] models are used to study the sensitivity to realistic

scenarios where more complex decay chains are present alongside the simpler ones.

Searches for direct t̃
1

pair production have previously been reported by the ATLAS [32–

38] and CMS [39–43] collaborations, as well as by the CDF and DØ collaborations (for ex-

ample refs. [44, 45]) and the LEP collaborations [46]. Indirect searches for stops, mediated

by gluino pair production, have been reported by the ATLAS [47–50] and CMS [39, 40, 51–

55] collaborations.

3Electrons and muons from ⌧ decays are included.

– 3 –

Two approaches 
(1) small Δm=stop-N1 < 20 GeV: c-jets with too low pT 

➡ monojet analysis:  high-pT leading jet, large MET, jet veto 
(≤3 jets),  

(2) large Δm>20 GeV: c-jets can be reconstructed 
➡ c-tagged analysis:  ≥4 jets, ≥1 c-tag, high-pT untagged 

leading jet (ISR), large MET
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Figure 1. Illustration of stop decay modes in the plane spanned by the masses of the stop (t̃
1

)
and the lightest neutralino (�̃

0

1

), where the latter is assumed to be the lightest supersymmetric
particle. Stop decays to supersymmetric particles other than the lightest supersymmetric particle
are not displayed.

than the �̃0

1

are lighter than the stop, then additional decay modes can open up. The stop

decay to a bottom quark and the lightest chargino (t̃
1

! b�̃
±
1

) is an important example,

where the �̃±
1

can decay to the lightest neutralino by emitting an on- or o↵-shell W boson

(�̃
±
1

! W (⇤)�̃0

1

). The t̃
1

! b�̃
±
1

decay is considered for a stop mass above around 100 GeV

according to the LEP limit on the lightest chargino, m�̃±
1

> 103.5 GeV [30]. With the

decay in b�̃
±
1

kinematically available, the t̃
1

decay branching ratio is determined by factors

including the stop mixing matrix and the field content of the neutralino/chargino sector.

This article presents a search for direct t̃
1

pair production in final states with exactly

one isolated charged lepton (electron or muon,3 henceforth referred to simply as ‘leptons’),

several jets, and a significant amount of missing transverse momentum, the magnitude

of which is referred to as Emiss

T

. The lepton arises from the decay of either a real or a

virtual W boson, and the potentially large Emiss

T

is generated by the two undetected LSPs

and neutrino(s). All stop decay scenarios described above except for the FCNC modes

are considered, as illustrated in figure 2. Results are mainly based on simplified models

that have 100% branching ratio to one or a pair of these specific decay chains. In addition,

phenomenological MSSM (pMSSM) [31] models are used to study the sensitivity to realistic

scenarios where more complex decay chains are present alongside the simpler ones.

Searches for direct t̃
1

pair production have previously been reported by the ATLAS [32–

38] and CMS [39–43] collaborations, as well as by the CDF and DØ collaborations (for ex-

ample refs. [44, 45]) and the LEP collaborations [46]. Indirect searches for stops, mediated

by gluino pair production, have been reported by the ATLAS [47–50] and CMS [39, 40, 51–

55] collaborations.

3Electrons and muons from ⌧ decays are included.
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Figure 1. Illustration of stop decay modes in the plane spanned by the masses of the stop (t̃
1

)
and the lightest neutralino (�̃

0

1

), where the latter is assumed to be the lightest supersymmetric
particle. Stop decays to supersymmetric particles other than the lightest supersymmetric particle
are not displayed.

than the �̃0

1

are lighter than the stop, then additional decay modes can open up. The stop

decay to a bottom quark and the lightest chargino (t̃
1

! b�̃
±
1

) is an important example,

where the �̃±
1

can decay to the lightest neutralino by emitting an on- or o↵-shell W boson

(�̃
±
1

! W (⇤)�̃0

1

). The t̃
1

! b�̃
±
1

decay is considered for a stop mass above around 100 GeV

according to the LEP limit on the lightest chargino, m�̃±
1

> 103.5 GeV [30]. With the

decay in b�̃
±
1

kinematically available, the t̃
1

decay branching ratio is determined by factors

including the stop mixing matrix and the field content of the neutralino/chargino sector.

This article presents a search for direct t̃
1

pair production in final states with exactly

one isolated charged lepton (electron or muon,3 henceforth referred to simply as ‘leptons’),

several jets, and a significant amount of missing transverse momentum, the magnitude

of which is referred to as Emiss

T

. The lepton arises from the decay of either a real or a

virtual W boson, and the potentially large Emiss

T

is generated by the two undetected LSPs

and neutrino(s). All stop decay scenarios described above except for the FCNC modes

are considered, as illustrated in figure 2. Results are mainly based on simplified models

that have 100% branching ratio to one or a pair of these specific decay chains. In addition,

phenomenological MSSM (pMSSM) [31] models are used to study the sensitivity to realistic

scenarios where more complex decay chains are present alongside the simpler ones.

Searches for direct t̃
1

pair production have previously been reported by the ATLAS [32–

38] and CMS [39–43] collaborations, as well as by the CDF and DØ collaborations (for ex-

ample refs. [44, 45]) and the LEP collaborations [46]. Indirect searches for stops, mediated

by gluino pair production, have been reported by the ATLAS [47–50] and CMS [39, 40, 51–

55] collaborations.

3Electrons and muons from ⌧ decays are included.
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Figure 9: Illustration of the various top squark decay possibilities for one example MSSM model. Each arrow
indicates a possible decay path to a lighter supersymmetric particle, where the label shows the corresponding
branching ratio and the SM particle emitted during the given decay step.

2.3.9 Complex decay patterns

In addition to the small number of so-called simplified models19 used by our LHC searches so far, there are good
reasons to consider more complex, and also additional decay possibilities. The top squark might be hiding in our
data if it decays in a more complex way than assumed in our simplified models. It is thus mandatory to extend the
sensitivity of our current searches to cover all relevant decay patterns.

For example, Figure 9 illustrates the various top squark decay channels for one MSSM model. The decay can
proceed through long decay chains, involving for example heavy neutralinos and charginos (�̃±

2 , �̃0
2, �̃0

3), and/or the
SM Higgs boson or Z/W boson. Top squark pairs in this model can decay in various ways, also asymmetrically.
The three most probable final states, excluding soft fermions from �̃±

1 , �̃0
2 decays, are tb�̃

0
1�̃

0
1 (45%), tt̄�̃

0
1�̃

0
1

(26%), and bb�̃
0
1�̃

0
1 (19%). Note that we have neither a tailored search nor a public interpretation for the most

common final state tb�̃
0
1�̃

0
1 (from an asymmetric decay).

Furthermore, there are several other important decay scenarios which are not yet covered by our searches, see
list in Section 2.1.6. My team will engage in the following projects to advance our search sensitivity for complex
decay patterns:

• pMSSM studies:
Phenomenological MSSM (pMSSM) scans [44] represent a powerful tool to study relevant top squark decay
patterns within the rich pMSSM phenomenology. It can be used to (a) perform case-studies and understand
the limitations of our simplified models, and (b) construct (low dimensional) signal grids capturing some
new top squark phenomenology.

Within the 1-lepton top squark team, we have already prepared initial pMSSM studies, see Section 2.2.2.
This activity needs to be extended, to systematically identify all relevant decay patterns, and generate simu-
lated event samples for these models. New signal selections will have to be designed, if the existing searches
are performing sub-optimal.

• Soft-lepton tagging:
A common feature of many models is a decay step with a small mass-splitting, typically resulting in an
off-shell W or Z boson, which in turn decays to low-momentum leptons or quarks. Low-momentum quarks
are typically lost in the analysis (jet reconstruction in the LHC high pile-up environment cannot be used
for pT . 20 GeV). Electrons and muons, on the other hand, can be robustly reconstructed down to low
momenta.20 The corresponding dataset can be recorded using for example an Emiss

T trigger.

The technique is already established, and we have started to apply it for example to search for t̃1 ! b + �̃±
1

with a small mass-splitting (20 GeV) between chargino (�̃±
1 ) and neutralino (�̃0

1). The next step is to employ
soft-lepton tagging systematically to improve search sensitivity for a wide set of complex decay patters. For

19A simplified model typically assumes each supersymmetric particle decays in exactly one way with 100% branching ratio.
20Muons (electrons) down to a pT of 6GeV (7GeV) have been used in ATLAS analyses.
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Figure 2: Illustration of the main top squark decay channels in the mass plane spanned by the top squark (t̃1) and
lightest neutralino (�̃0

1). The latter is assumed to be the lightest supersymmetric particle.

in the proton.5 For a mass equal to that of the SM top quark (m(t̃1) = m(t)), the pair production cross section for
top squarks is about 15% with respect to that of tt̄ [15].

Depending on the top squark mass, different decay modes are allowed. Figure 2 illustrates some of the possible
decay modes as a function of the top squark and neutralino masses. In the right most wedge, the top squark is
heavier than the combined neutralino and SM top quark, hence the decay t̃1 ! t + �̃0

1 is kinematically open. A
lighter top squark can undergo a 3-body decay t̃1 ! b+W + �̃0

1 (shown in the second wedge from the right) if the
top squark mass is still above the combined b + W + �̃0

1 mass. For even lighter top squarks, the two open modes
are a 4-body decay t̃1 ! b + W ⇤ + �̃0

1 with an off-shell W boson, and a flavour-changing t̃1 ! c + �̃0
1 decay

mediated by an internal loop.
If other supersymmetric particles are lighter than the top squark, then they can also directly occur (i.e. on-

shell) in the decay process. For example, the top squark might decay to a bottom quark and the lightest chargino
(t̃1 ! b + �̃±

1 ). The lightest chargino (�̃±
1 ) is the mass eigenstate formed from a linear superposition of the

SUSY partners of the Higgs and electroweak gauge bosons, and it decays to the lightest neutralino for example by
emitting an on- or off-shell W boson (�̃±

1 ! W (⇤) + �̃0
1). Obviously, for decays involving further supersymmetric

particles the corresponding exclusion limits on these additional supersymmetric particles must be considered.6 For
example the LEP lower limit on the lightest chargino mass (m(�̃

±
1 ) > 103.5 GeV at 95% confidence level [17])

implies that the t̃1 ! b+ �̃±
1 decay is only possible if the top squark mass is above the chargino limit. More recent

LHC searches for the chargino push the limit to some hundred GeV, depending on the chargino decay and only if
the lightest neutralino is not too heavy.

In addition to the lightest neutralino, two other candidates for the lightest supersymmetric particle are the
sneutrino (⌫̃) and gravitino (G̃), which are the SUSY partners of the neutrino and the (hypothetical) graviton,
respectively. The former is ruled out because of direct detection experiments since it couples directly to the Z

boson.7 The latter is a viable candidate. For example, a top squark might decay via t̃1 ! b + �̃±
1 ! bff 0�̃0

1 !
bff 0ZG̃, where f and f 0 are two different SM fermions.

2.1.3 Top squark searches before the LHC

Searches for the top squark were conducted at the LEP, Tevatron, and HERA particle colliders. The beam energy
of these accelerators was low compared to the LHC. As a consequence, top squark searches before the LHC era

5 This assumes that the gluino mass is not too heavy, since a large contribution to the production of first and second generation squarks at
the LHC is a t-channel diagram with a gluino exchange.

6 A nearly massless lightest neutralino (�̃0
1) is not in conflict with any collider and astrophysical data, see for example Ref. [16].

7A ‘sterile’ sneutrino might be possible, but still faces issues with cosmological arguments.
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Figure 2: Illustration of the main top squark decay channels in the mass plane spanned by the top squark (t̃1) and
lightest neutralino (�̃0

1). The latter is assumed to be the lightest supersymmetric particle.

in the proton.5 For a mass equal to that of the SM top quark (m(t̃1) = m(t)), the pair production cross section for
top squarks is about 15% with respect to that of tt̄ [15].

Depending on the top squark mass, different decay modes are allowed. Figure 2 illustrates some of the possible
decay modes as a function of the top squark and neutralino masses. In the right most wedge, the top squark is
heavier than the combined neutralino and SM top quark, hence the decay t̃1 ! t + �̃0

1 is kinematically open. A
lighter top squark can undergo a 3-body decay t̃1 ! b+W + �̃0

1 (shown in the second wedge from the right) if the
top squark mass is still above the combined b + W + �̃0

1 mass. For even lighter top squarks, the two open modes
are a 4-body decay t̃1 ! b + W ⇤ + �̃0

1 with an off-shell W boson, and a flavour-changing t̃1 ! c + �̃0
1 decay

mediated by an internal loop.
If other supersymmetric particles are lighter than the top squark, then they can also directly occur (i.e. on-

shell) in the decay process. For example, the top squark might decay to a bottom quark and the lightest chargino
(t̃1 ! b + �̃±

1 ). The lightest chargino (�̃±
1 ) is the mass eigenstate formed from a linear superposition of the

SUSY partners of the Higgs and electroweak gauge bosons, and it decays to the lightest neutralino for example by
emitting an on- or off-shell W boson (�̃±

1 ! W (⇤) + �̃0
1). Obviously, for decays involving further supersymmetric

particles the corresponding exclusion limits on these additional supersymmetric particles must be considered.6 For
example the LEP lower limit on the lightest chargino mass (m(�̃

±
1 ) > 103.5 GeV at 95% confidence level [17])

implies that the t̃1 ! b+ �̃±
1 decay is only possible if the top squark mass is above the chargino limit. More recent

LHC searches for the chargino push the limit to some hundred GeV, depending on the chargino decay and only if
the lightest neutralino is not too heavy.

In addition to the lightest neutralino, two other candidates for the lightest supersymmetric particle are the
sneutrino (⌫̃) and gravitino (G̃), which are the SUSY partners of the neutrino and the (hypothetical) graviton,
respectively. The former is ruled out because of direct detection experiments since it couples directly to the Z

boson.7 The latter is a viable candidate. For example, a top squark might decay via t̃1 ! b + �̃±
1 ! bff 0�̃0

1 !
bff 0ZG̃, where f and f 0 are two different SM fermions.

2.1.3 Top squark searches before the LHC

Searches for the top squark were conducted at the LEP, Tevatron, and HERA particle colliders. The beam energy
of these accelerators was low compared to the LHC. As a consequence, top squark searches before the LHC era

5 This assumes that the gluino mass is not too heavy, since a large contribution to the production of first and second generation squarks at
the LHC is a t-channel diagram with a gluino exchange.

6 A nearly massless lightest neutralino (�̃0
1) is not in conflict with any collider and astrophysical data, see for example Ref. [16].

7A ‘sterile’ sneutrino might be possible, but still faces issues with cosmological arguments.
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Figure 2: Illustration of the main top squark decay channels in the mass plane spanned by the top squark (t̃1) and
lightest neutralino (�̃0

1). The latter is assumed to be the lightest supersymmetric particle.

in the proton.5 For a mass equal to that of the SM top quark (m(t̃1) = m(t)), the pair production cross section for
top squarks is about 15% with respect to that of tt̄ [15].

Depending on the top squark mass, different decay modes are allowed. Figure 2 illustrates some of the possible
decay modes as a function of the top squark and neutralino masses. In the right most wedge, the top squark is
heavier than the combined neutralino and SM top quark, hence the decay t̃1 ! t + �̃0

1 is kinematically open. A
lighter top squark can undergo a 3-body decay t̃1 ! b+W + �̃0

1 (shown in the second wedge from the right) if the
top squark mass is still above the combined b + W + �̃0

1 mass. For even lighter top squarks, the two open modes
are a 4-body decay t̃1 ! b + W ⇤ + �̃0

1 with an off-shell W boson, and a flavour-changing t̃1 ! c + �̃0
1 decay

mediated by an internal loop.
If other supersymmetric particles are lighter than the top squark, then they can also directly occur (i.e. on-

shell) in the decay process. For example, the top squark might decay to a bottom quark and the lightest chargino
(t̃1 ! b + �̃±

1 ). The lightest chargino (�̃±
1 ) is the mass eigenstate formed from a linear superposition of the

SUSY partners of the Higgs and electroweak gauge bosons, and it decays to the lightest neutralino for example by
emitting an on- or off-shell W boson (�̃±

1 ! W (⇤) + �̃0
1). Obviously, for decays involving further supersymmetric

particles the corresponding exclusion limits on these additional supersymmetric particles must be considered.6 For
example the LEP lower limit on the lightest chargino mass (m(�̃

±
1 ) > 103.5 GeV at 95% confidence level [17])

implies that the t̃1 ! b+ �̃±
1 decay is only possible if the top squark mass is above the chargino limit. More recent

LHC searches for the chargino push the limit to some hundred GeV, depending on the chargino decay and only if
the lightest neutralino is not too heavy.

In addition to the lightest neutralino, two other candidates for the lightest supersymmetric particle are the
sneutrino (⌫̃) and gravitino (G̃), which are the SUSY partners of the neutrino and the (hypothetical) graviton,
respectively. The former is ruled out because of direct detection experiments since it couples directly to the Z

boson.7 The latter is a viable candidate. For example, a top squark might decay via t̃1 ! b + �̃±
1 ! bff 0�̃0

1 !
bff 0ZG̃, where f and f 0 are two different SM fermions.

2.1.3 Top squark searches before the LHC

Searches for the top squark were conducted at the LEP, Tevatron, and HERA particle colliders. The beam energy
of these accelerators was low compared to the LHC. As a consequence, top squark searches before the LHC era

5 This assumes that the gluino mass is not too heavy, since a large contribution to the production of first and second generation squarks at
the LHC is a t-channel diagram with a gluino exchange.

6 A nearly massless lightest neutralino (�̃0
1) is not in conflict with any collider and astrophysical data, see for example Ref. [16].

7A ‘sterile’ sneutrino might be possible, but still faces issues with cosmological arguments.
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• stop to t N1, 
• stop to b C1 (to b W N1) 

Heavy stop search
1 Introduction

t̃1 ! t + �̃0
1

t̃1 ! b + �̃±1

t̃1 ! b +W + �̃0
1

t̃1 ! b +W⇤ + �̃0
1

t̃1 ! c + �̃0
1

1

challenge: tiny cross section 
• ~8 fb for m(stop) at 700 GeV 
• compared to ~250 pb for ttbar production 

• and ~0.2 pb for ttbar+ Z

• Dominant background: semi (di)-leptonic ttbar for the stop 0L 
(1L) search, where the (2nd) lepton is 
1. not identified (failed PID) / outside acceptance, 
2. hadronically decaying tau-lepton. } missed particle / extra neutrino(s)  

→ more ETmiss, mT > m(W)

• Remove background (while retaining high signal acceptance) using: 
• lepton veto, tau-veto, hadronic top reconstruction, kinematic variables (next slide).
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Figure 1. Illustration of top squark decay modes in the mass plane spanned by the top squark
(t̃

1

) and lightest neutralino (�̃
0

1

), where the latter is assumed to be the lightest supersymmetric
particle.

left/right stop mixing and the neutralino/chargino sector. Note that the LEP lower limit1

on the lightest chargino mass (m(�̃
±
1

) > 103.5GeV at 95% confidence level [25]) implies2

that the t̃
1

! b�̃
±
1

decay is kinematically open only if the stop mass is above this limit.3

LHC searches for electroweak production of chargino and neutralino pairs (�̃
±
1

�̃0

2

) can push4

the mass limit up to about 700 GeV (see for example Ref. [26]). However, these stringent5

limits depend upon assumptions which maximise the search sensitivity, such as a decay6

mode via sleptons, a low-mass �̃
0

1

, and nearly mass-degenerate �̃±
1

�̃0

2

states with the field7

content set to yield a high production cross section.8

This article presents a search for direct t̃
1

pair production in final states with one9

isolated lepton (electron or muon1), several jets, and a significant amount of missing trans-10

verse momentum (the magnitude of which is referred to as Emiss

T

). The potentially large11

Emiss

T

is generated by the two undetected LSPs and neutrino(s). All top squark decay12

scenarios described above except for the flavour-changing modes are considered. Heavy13

flavour tagging information is utilised in the event selections, and for constructing kine-14

matic variables. The search for a heavy stop exploits a dedicated technique of large-radius15

(large-R) jets. Furthermore, low-momentum leptons (referred to as soft-leptons) are re-16

constructed and identified to enhance the sensitivity to search for t̃
1

! b�̃
±
1

decays with17

nearly mass-degenerate �̃0

1

and �̃±
1

states.18

Searches for direct t̃
1

pair production have previously been reported by the ATLAS [27–19

32] and CMS [33–36] collaborations, as well as by the CDF and DØ collaborationss as-20

suming di↵erent SUSY mass spectra and decay modes (see for example Refs. [37, 38]).21

Indirect searches for stops, mediated by gluino pair production, have been reported by the22

ATLAS [39–43] and CMS [44] collaborations.23
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B-tagged jets: 
For chargino decays, b-jet 
pT can be significantly 
larger than in SM ttbar. 
• require high pT b-jet(s), 
• require two b-tagged 

jets.

Hadronic top mass: 
While for decay via top 
quark, three jets stem 
from a hadronic top 
decay, this is not true for 
di-lep ttbar. 
• reconstruct hadronic top 

mass from three jets 
m(jjj), 

• require loose 
compatibility with m(t)

Tools to suppress dominant bkg

Top pair background suppression

2χHadronic top 
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Tight 2nd lepton veto: 
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hence dominated by 
single lepton. 
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• veto on isolated tracks 
• veto on had-taus
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ATLAS searches
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Figure 1. Illustration of stop decay modes in the plane spanned by the masses of the stop (t̃
1

)
and the lightest neutralino (�̃

0

1

), where the latter is assumed to be the lightest supersymmetric
particle. Stop decays to supersymmetric particles other than the lightest supersymmetric particle
are not displayed.

than the �̃0

1

are lighter than the stop, then additional decay modes can open up. The stop

decay to a bottom quark and the lightest chargino (t̃
1

! b�̃
±
1

) is an important example,

where the �̃±
1

can decay to the lightest neutralino by emitting an on- or o↵-shell W boson

(�̃
±
1

! W (⇤)�̃0

1

). The t̃
1

! b�̃
±
1

decay is considered for a stop mass above around 100 GeV

according to the LEP limit on the lightest chargino, m�̃±
1

> 103.5 GeV [30]. With the

decay in b�̃
±
1

kinematically available, the t̃
1

decay branching ratio is determined by factors

including the stop mixing matrix and the field content of the neutralino/chargino sector.

This article presents a search for direct t̃
1

pair production in final states with exactly

one isolated charged lepton (electron or muon,3 henceforth referred to simply as ‘leptons’),

several jets, and a significant amount of missing transverse momentum, the magnitude

of which is referred to as Emiss

T

. The lepton arises from the decay of either a real or a

virtual W boson, and the potentially large Emiss

T

is generated by the two undetected LSPs

and neutrino(s). All stop decay scenarios described above except for the FCNC modes

are considered, as illustrated in figure 2. Results are mainly based on simplified models

that have 100% branching ratio to one or a pair of these specific decay chains. In addition,

phenomenological MSSM (pMSSM) [31] models are used to study the sensitivity to realistic

scenarios where more complex decay chains are present alongside the simpler ones.

Searches for direct t̃
1

pair production have previously been reported by the ATLAS [32–

38] and CMS [39–43] collaborations, as well as by the CDF and DØ collaborations (for ex-

ample refs. [44, 45]) and the LEP collaborations [46]. Indirect searches for stops, mediated

by gluino pair production, have been reported by the ATLAS [47–50] and CMS [39, 40, 51–

55] collaborations.

3Electrons and muons from ⌧ decays are included.
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0L channel

Target stop1 pair production with 2 possible decays (BR=100%, or mixed)

Analysis idea: reconstruct two hadronic top quarks, 
investigate ETmiss distribution. 
Backgrounds:  

• semi-leptonic ttbar (with had tau) — 1L CR, treat 
lepton as jet, 

• Znunu +HF — 2L CR,  add lepton pT to MET 
• residual multijet — jet smearing method. 

Discriminating variables: 
• min Δɸ(pTmiss, jet): reject fake MET 
• mT(pTmiss, b-jet closest in ɸ to pTmiss): reject tT 
• MET, and more.

mode A mode B

0-leptons, ≥2 b-tagged jets, MET 
Three sets of signal regions (SRs): 
• SR-A `fully resolved’: 6 distinct jets (akt0.4) [A or B]. 
• SR-B `partially resolved’: 4 or 5 jets (akt0.4) and 2 re-clustered 

akt1.2 jets compatible with mTop [boosted tops in A]. 
• SR-C: 5 jets (akt0.4) for scenarios with at least one B decay, 

and small mC1-mN1 values.

Figure 1. Illustration of top squark decay modes in the mass plane spanned by the top squark
(t̃

1

) and lightest neutralino (�̃
0

1

), where the latter is assumed to be the lightest supersymmetric
particle.

left/right stop mixing and the neutralino/chargino sector. Note that the LEP lower limit1

on the lightest chargino mass (m(�̃
±
1

) > 103.5GeV at 95% confidence level [25]) implies2

that the t̃
1

! b�̃
±
1

decay is kinematically open only if the stop mass is above this limit.3

LHC searches for electroweak production of chargino and neutralino pairs (�̃
±
1

�̃0

2

) can push4

the mass limit up to about 700 GeV (see for example Ref. [26]). However, these stringent5

limits depend upon assumptions which maximise the search sensitivity, such as a decay6

mode via sleptons, a low-mass �̃
0

1

, and nearly mass-degenerate �̃±
1

�̃0

2

states with the field7

content set to yield a high production cross section.8

This article presents a search for direct t̃
1

pair production in final states with one9

isolated lepton (electron or muon1), several jets, and a significant amount of missing trans-10

verse momentum (the magnitude of which is referred to as Emiss

T

). The potentially large11

Emiss

T

is generated by the two undetected LSPs and neutrino(s). All top squark decay12

scenarios described above except for the flavour-changing modes are considered. Heavy13

flavour tagging information is utilised in the event selections, and for constructing kine-14

matic variables. The search for a heavy stop exploits a dedicated technique of large-radius15

(large-R) jets. Furthermore, low-momentum leptons (referred to as soft-leptons) are re-16

constructed and identified to enhance the sensitivity to search for t̃
1

! b�̃
±
1

decays with17

nearly mass-degenerate �̃0

1

and �̃±
1

states.18

Searches for direct t̃
1

pair production have previously been reported by the ATLAS [27–19

32] and CMS [33–36] collaborations, as well as by the CDF and DØ collaborationss as-20

suming di↵erent SUSY mass spectra and decay modes (see for example Refs. [37, 38]).21

Indirect searches for stops, mediated by gluino pair production, have been reported by the22

ATLAS [39–43] and CMS [44] collaborations.23

t̃
1

! t�̃
0

1

1

t̃
1

! b�̃
±
1

2

1
Electrons and muons from tau decays are included.
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Figure 1. Illustration of stop decay modes in the plane spanned by the masses of the stop (t̃
1

)
and the lightest neutralino (�̃

0

1

), where the latter is assumed to be the lightest supersymmetric
particle. Stop decays to supersymmetric particles other than the lightest supersymmetric particle
are not displayed.

than the �̃0

1

are lighter than the stop, then additional decay modes can open up. The stop

decay to a bottom quark and the lightest chargino (t̃
1

! b�̃
±
1

) is an important example,

where the �̃±
1

can decay to the lightest neutralino by emitting an on- or o↵-shell W boson

(�̃
±
1

! W (⇤)�̃0

1

). The t̃
1

! b�̃
±
1

decay is considered for a stop mass above around 100 GeV

according to the LEP limit on the lightest chargino, m�̃±
1

> 103.5 GeV [30]. With the

decay in b�̃
±
1

kinematically available, the t̃
1

decay branching ratio is determined by factors

including the stop mixing matrix and the field content of the neutralino/chargino sector.

This article presents a search for direct t̃
1

pair production in final states with exactly

one isolated charged lepton (electron or muon,3 henceforth referred to simply as ‘leptons’),

several jets, and a significant amount of missing transverse momentum, the magnitude

of which is referred to as Emiss

T

. The lepton arises from the decay of either a real or a

virtual W boson, and the potentially large Emiss

T

is generated by the two undetected LSPs

and neutrino(s). All stop decay scenarios described above except for the FCNC modes

are considered, as illustrated in figure 2. Results are mainly based on simplified models

that have 100% branching ratio to one or a pair of these specific decay chains. In addition,

phenomenological MSSM (pMSSM) [31] models are used to study the sensitivity to realistic

scenarios where more complex decay chains are present alongside the simpler ones.

Searches for direct t̃
1

pair production have previously been reported by the ATLAS [32–

38] and CMS [39–43] collaborations, as well as by the CDF and DØ collaborations (for ex-

ample refs. [44, 45]) and the LEP collaborations [46]. Indirect searches for stops, mediated

by gluino pair production, have been reported by the ATLAS [47–50] and CMS [39, 40, 51–

55] collaborations.

3Electrons and muons from ⌧ decays are included.
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0L channel

Figure 1. Illustration of top squark decay modes in the mass plane spanned by the top squark
(t̃

1

) and lightest neutralino (�̃
0

1

), where the latter is assumed to be the lightest supersymmetric
particle.

left/right stop mixing and the neutralino/chargino sector. Note that the LEP lower limit1

on the lightest chargino mass (m(�̃
±
1

) > 103.5GeV at 95% confidence level [25]) implies2

that the t̃
1

! b�̃
±
1

decay is kinematically open only if the stop mass is above this limit.3

LHC searches for electroweak production of chargino and neutralino pairs (�̃
±
1

�̃0

2

) can push4

the mass limit up to about 700 GeV (see for example Ref. [26]). However, these stringent5

limits depend upon assumptions which maximise the search sensitivity, such as a decay6

mode via sleptons, a low-mass �̃
0

1

, and nearly mass-degenerate �̃±
1

�̃0

2

states with the field7

content set to yield a high production cross section.8

This article presents a search for direct t̃
1

pair production in final states with one9

isolated lepton (electron or muon1), several jets, and a significant amount of missing trans-10

verse momentum (the magnitude of which is referred to as Emiss

T

). The potentially large11

Emiss

T

is generated by the two undetected LSPs and neutrino(s). All top squark decay12

scenarios described above except for the flavour-changing modes are considered. Heavy13

flavour tagging information is utilised in the event selections, and for constructing kine-14

matic variables. The search for a heavy stop exploits a dedicated technique of large-radius15

(large-R) jets. Furthermore, low-momentum leptons (referred to as soft-leptons) are re-16

constructed and identified to enhance the sensitivity to search for t̃
1

! b�̃
±
1

decays with17

nearly mass-degenerate �̃0

1

and �̃±
1

states.18

Searches for direct t̃
1

pair production have previously been reported by the ATLAS [27–19

32] and CMS [33–36] collaborations, as well as by the CDF and DØ collaborationss as-20

suming di↵erent SUSY mass spectra and decay modes (see for example Refs. [37, 38]).21

Indirect searches for stops, mediated by gluino pair production, have been reported by the22

ATLAS [39–43] and CMS [44] collaborations.23

t̃
1

! t�̃
0

1

1

t̃
1

! b�̃
±
1

2

1
Electrons and muons from tau decays are included.

– 3 –

200 300 400 500 600 700 8000

50

100

150

200

250

300

350

400

450

500

1
0
χ∼+m

t<m
1t~m

)=100%0
1
χ∼ t→ 1t

~(B production, 1t
~

1t
~

 [GeV]
1t

~m

 [G
eV

]
0 1
χ∼

m

ATLAS  

 = 8 TeVs, -1 Ldt = 20.1 fb∫
All-hadronic

All limits at 95 % CL

)theory
SUSYσ1 ±Observed limit (

)expσ1 ±Expected limit (
 = 7 TeV)sObserved limit (2011, 

 [GeV]
1t

~m
200 300 400 500 600 700 800

 [G
eV

]
0 1
χ∼

m

0

50

100

150

200

250

300

350

400

450

500
=100% (obs.)B

               (exp.)
=75% (obs.)B

             (exp.)
=50% (obs.)B

             (exp.)
=25% (obs.)B

             (exp.)
=0%  (obs.)B

            (exp.)

1
0
χ∼+mt<m

1t~m

)
1

0
χ∼ m×

 = 2 
1
±
χ∼ (m

1
±
χ∼+m

b < m
1t~m

)
1

0
χ∼

 m× = 2 
1
±
χ∼

 (m±

1
χ∼ b→ 1t

~ or 0
1
χ∼ t→ 1t

~ production, 1t
~

1t
~

=8 TeVs, -1 Ldt = 20.1 fb∫

Excluded Limit at 95% CL

ATLAS  

All-hadronic

<103.5 GeV
1
±χ∼m

Mixed decay A, B with varying BRs

Decay A with BR=100%, 
combination of SR A+B most sensitive for  
models with large Δm(stop,N1).

http://arxiv.org/abs/1406.1122


Till Eifert -- Experimental results on SUSY with top TOP2014

CMS searches

51

 [GeV]

[GeV]

0
100 200 300

100

m(t)

Δm
 > m

(t)

m(W)+m(b)

Δm
 > m

(W
)+m(b)

1 Introduction

�m = m(t̃1) � m(�̃0
1)

m(�̃0
1)

m(t̃1)

t̃1 � t + �̃0
1

t̃1 � b + �̃±1

t̃1 � b +W + �̃0
1

t̃1 � b +W� + �̃0
1

t̃1 � c + �̃0
1

1

1 Introduction

�m = m(t̃1) � m(�̃0
1)

m(�̃0
1)

m(t̃1)

t̃1 � t + �̃0
1

t̃1 � b + �̃±1

t̃1 � b +W + �̃0
1

t̃1 � b +W� + �̃0
1

t̃1 � c + �̃0
1

1

1 Introduction

�m = m(t̃1) � m(�̃0
1)

m(�̃0
1)

m(t̃1)

t̃1 � t + �̃0
1

t̃1 � b + �̃±1

t̃1 � b +W + �̃0
1

t̃1 � b +W� + �̃0
1

t̃1 � c + �̃0
1

1

1 Introduction

m(t̃1) < m(�̃0
1)

�m = m(t̃1) � m(�̃0
1)

m(�̃0
1)

m(t̃1)

t̃1 � t + �̃0
1

t̃1 � b + �̃±1

t̃1 � b +W + �̃0
1

t̃1 � b +W� + �̃0
1

t̃1 � c + �̃0
1

1

0

F
ig
ur

e
1.

Ill
us

tr
at
io
n
of

to
p
sq
ua

rk
de

ca
y
m
od

es
in

th
e
m
as
s
pl
an

e
sp

an
ne

d
by

th
e
to
p
sq
ua

rk

(̃t 1

)
an

d
lig

ht
es
t
ne

ut
ra
lin

o
(�̃
0

1

),
whe

re
th

e
la
tt
er

is
as
su

m
ed

to
be

th
e
lig

ht
es
t
su

pe
rs
ym

m
et
ric

pa
rt
icl

e.

lef
t/
rig

ht
st
op

m
ix
in
g
an

d
th

e
ne

ut
ra
lin

o/
ch

ar
gi
no

se
ct
or
.
Not

e
th

at
th

e
LE

P
low

er
lim

it

1 on
th

e
lig

ht
es
t
ch

ar
gi
no

m
as
s
(m

(�̃
±
1

)
>

10
3.
5G

eV
at

95
%

co
nfi

de
nc

e
lev

el
[2
5]
)
im

pl
ies

2 th
at

th
e
t̃ 1

!
b�̃
±
1

de
ca
y
is

ki
ne

m
at
ica

lly
op

en
on

ly
if

th
e
st
op

m
as
s
is

ab
ov

e
th

is
lim

it.

3 LH
C

se
ar
ch

es
fo
r e

lec
tr
ow

ea
k
pr

od
uc

tio
n
of

ch
ar
gi
no

an
d
ne

ut
ra
lin

o
pa

irs
(�̃
±
1

�̃
0

2

) c
an

pu
sh

4 th
e
m
as
s lim

it
up

to
ab

ou
t 70

0
G
eV

(s
ee

fo
r ex

am
pl
e
Ref.

[2
6]
).

How
ev

er
, t

he
se

st
rin

ge
nt

5 lim
its

de
pe

nd
up

on
as
su

m
pt

io
ns

whi
ch

m
ax

im
ise

th
e
se
ar
ch

se
ns

iti
vi
ty
, su

ch
as

a
de

ca
y

6 m
od

e
vi
a
sle

pt
on

s,
a
low

-m
as
s
�̃
0

1

, a
nd

ne
ar
ly

m
as
s-d

eg
en

er
at
e
�̃
±
1

�̃
0

2

st
at
es

with
th

e
fie

ld

7 co
nt
en

t se
t to

yi
eld

a
hi
gh

pr
od

uc
tio

n
cr
os
s se

ct
io
n.

8

Thi
s
ar
tic

le
pr

es
en

ts
a

se
ar
ch

fo
r
di
re
ct

t̃ 1

pa
ir

pr
od

uc
tio

n
in

fin
al

st
at
es

with
on

e

9 iso
la
te
d
lep

to
n
(e
lec

tr
on

or
m
uo

n
1

),
se
ve

ra
l j
et
s,

an
d
a
sig

ni
fic

an
t a

m
ou

nt
of

m
iss

in
g
tr
an

s-

10 ve
rs
e
m
om

en
tu

m
(t
he

m
ag

ni
tu

de
of

whi
ch

is
re
fer

re
d
to

as
E
m

i

s

s

T

).
The

po
te
nt
ia
lly

la
rg
e

11 E
m

i

s

s

T

is
ge

ne
ra
te
d

by
th

e
tw

o
un

de
te
ct
ed

LS
Ps

an
d

ne
ut

rin
o(
s)
.

All
to
p

sq
ua

rk
de

ca
y

12 sc
en

ar
io
s
de

sc
rib

ed
ab

ov
e
ex

ce
pt

fo
r
th

e
fla

vo
ur

-ch
an

gi
ng

m
od

es
ar
e
co

ns
id
er
ed

.
Hea

vy

13 fla
vo

ur
ta
gg

in
g
in
fo
rm

at
io
n

is
ut

ili
se
d

in
th

e
ev

en
t
se
lec

tio
ns

, a
nd

fo
r
co

ns
tr
uc

tin
g
ki
ne

-

14 m
at
ic

va
ria

bl
es
. The

se
ar
ch

fo
r a

he
av

y
st
op

ex
pl
oi
ts

a
de

di
ca

te
d
te
ch

ni
qu

e
of

la
rg
e-
ra
di
us

15 (la
rg
e-
R
)
jet

s.
Fu

rt
he

rm
or
e,

low
-m

om
en

tu
m

lep
to
ns

(r
efe

rr
ed

to
as

so
ft-

lep
to
ns

)
ar
e
re
-

16 co
ns

tr
uc

te
d
an

d
id
en

tifi
ed

to
en

ha
nc

e
th

e
se
ns

iti
vi
ty

to
se
ar
ch

fo
r
t̃ 1

!
b�̃
±
1

de
ca
ys

with

17 ne
ar
ly

m
as
s-d

eg
en

er
at
e
�̃
0

1

an
d
�̃
±
1

st
at
es
.

18

Se
ar
ch

es
fo
r d

ire
ct

t̃ 1

pa
ir
pr

od
uc

tio
n
ha

ve
pr

ev
io
us

ly
be

en
re
po

rt
ed

by
th

e A
TLA

S
[2
7–

19 32
] a

nd
CM

S
[3
3–

36
] c

ol
la
bo

ra
tio

ns
, as

we
ll

as
by

th
e
CD

F
an

d
D
Ø

co
lla

bo
ra
tio

ns
s
as
-

20 su
m
in
g

di
↵e

re
nt

SU
SY

m
as
s
sp

ec
tr
a

an
d

de
ca
y

m
od

es
(s
ee

fo
r
ex

am
pl
e
Refs

. [3
7,

38
]).

21 In
di
re
ct

se
ar
ch

es
fo
r s

to
ps

, m
ed

ia
te
d
by

gl
ui
no

pa
ir

pr
od

uc
tio

n,
ha

ve
be

en
re
po

rt
ed

by
th

e

22 AT
LA

S
[3
9–

43
] a

nd
CM

S
[4
4]

co
lla

bo
ra
tio

ns
.

23

t̃ 1

!
t�̃
0

1

1

t̃ 1

!
b�̃
±
1

2
1 El

ec
tr
on

s
an

d
m
uo

ns
fr
om

ta
u
de

ca
ys

ar
e
in
cl
ud

ed
.

–
3
–

t̃ 1

!
bW

�̃
0

1

3

t̃ 1

!
bf

f
0 �̃
0

1

4

t̃ 1

!
c�̃
0

1

5

2

T

h

e

A

T

L

A

S

d

e

t

e

c

t

o

r

a

n

d

d

a

t

a

s

a

m

p

l

e

s

6

The
AT

LA
S

ex
pe

rim
en

t
[4
5]

is
a
m
ul
ti-

pu
rp

os
e
pa

rt
icl

e
ph

ys
ics

de
te
ct
or

with
ne

ar
ly

4⇡

7 co
ve

ra
ge

in
so
lid

an
gl
e.

It
co

ns
ist

s
of

in
ne

r
tr
ac
ki
ng

de
vi
ce
s
(ID

),
ele

ct
ro
m
ag

ne
tic

an
d

8 ha
dr

on
ic

ca
lo
rim

et
rie

s an
d
a
m
uo

n
sp

ec
tr
om

et
er

(M
S)

with
fo
ur

su
pe

rc
on

du
ct
in
g
m
ag

ne
t

9 sy
st
em

s,
whi

ch
co

m
pr

ise
a
th

in
so
len

oi
d
su

rr
ou

nd
in
g
th

e ID
, a

nd
a
ba

rr
el

an
d
tw

o
en

d-
ca

p

10 to
ro
id
s p

ro
vi
di
ng

th
e m

ag
ne

tic
fie

ld
fo
r t

he
m
uo

n
sp

ec
tr
om

et
er
. T

he
ID

co
ns

ist
s o

f a
sil

ico
n

11 pi
xe

l d
et
ec
to
r,

a
sil

ico
n
m
icr

os
tr
ip

de
te
ct
or

an
d
a
st
ra
w

tu
be

tr
ac
ke

r (
fo
r a

ps
eu

do
ra
pi
di
ty

2

12 of
|⌘|

<
1.
9)
.

It
pr

ov
id
es

pr
ec
isi

on
tr
ac
ki
ng

an
d

m
om

en
tu

m
m
ea

su
re
m
en

t
of

ch
ar
ge

d

13 pa
rt
icl

es
fo
r |⌘

| <
2.
5
an

d
al
low

s e
�
cie

nt
b-
jet

id
en

tifi
ca

tio
n.

Hig
h-
gr
an

ul
ar
ity

liq
ui
d-
ar
go

n

14 (L
Ar)

sa
m
pl
in
g
ele

ct
ro
m
ag

ne
tic

ca
lo
rim

et
er
s
co
ve

r
in

th
e
ps

eu
do

ra
pi
di
ty

ra
ng

e
|⌘|

<
3.
2.

15 The
ha

dr
on

ic
ca

lo
rim

et
er

sy
st
em

is
ba

se
d

on
tw

o
di
↵e

re
nt

te
ch

no
lo
gi
es
, sc

in
til

la
tin

g-
til

e

16 sa
m
pl
in
g
ca

lo
rim

et
er

(|⌘
| <

1.
7)

an
d

LA
r
sa
m
pl
in
g
ca

lo
rim

et
er

(1
.5

<
|⌘|

<
4.
9)
.

The

17 m
uo

n
sp

ec
tr
om

et
er

ha
s
se
pa

ra
te

tr
ig
ge

r
an

d
hi
gh

-p
re
cis

io
n
tr
ac
ki
ng

ch
am

be
rs
, t

he
la
tt
er

18 pr
ov

id
in
g
m
uo

n
id
en

tifi
ca

tio
n
an

d
m
om

en
tu

m
m
ea

su
re
m
en

t fo
r |⌘|

<
2.
7.

19

The
da

ta
sa
m
pl
e
us

ed
in

th
is

an
al
ys
is

wa
s
ta
ke

n
du

rin
g

th
e
pe

rio
d

fro
m

M
ar
ch

to

20 D
ec
em

be
r
20

12
with

th
e
LH

C
op

er
at
in
g
at

a
pp

ce
nt
re
-o
f-m

as
s
en

er
gy

of
p s

=
8

Te
V
.

21 Afte
r
ap

pl
ica

tio
n

of
be

am
, de

te
ct
or

an
d

da
ta
-q
ua

lit
y

re
qu

ire
m
en

ts
, th

e
to
ta
l in

te
gr
at
ed

22 lu
m
in
os
ity

is
20

.3
fb
�1

with
an

un
ce
rt
ai
nt
y
of

±2.
8%

. The
un

ce
rt
ai
nt
y
is

de
riv

ed
fo
llo

win
g

23 th
e
sa
m
e
m
et
ho

do
lo
gy

as
th

at
de

ta
ile

d
in

Ref.
[4
6]
, f

ro
m

a
pr

eli
m
in
ar
y
ca

lib
ra
tio

n
of

th
e

24 lu
m
in
os
ity

sc
al
e
de

riv
ed

fro
m

be
am

-se
pa

ra
tio

n
sc
an

s pe
rfo

rm
ed

in
Nov

em
be

r 20
12

.

25

The
da

ta
se
t
us

ed
fo
r
th

is
an

al
ys
is

wa
s
re
co

rd
ed

us
in
g
th

ee
di
↵e

re
nt

ty
pe

s
of

tr
ig
ge

rs

26 ba
se
d
on

re
qu

iri
ng

a
sin

gl
e-
ele

ct
ro
n,

a
sin

gl
e-
m
uo

n,
or

la
rg
e E

m

i

s

s

T

. C
an

di
da

te
ev

en
ts

in
th

e

27 ele
ct
ro
n
(m

uo
n)

ch
an

ne
l a

re
co

lle
ct
ed

us
in
g
a
lo
gi
ca

l-O
R

co
m
bi
na

tio
n
of

th
e sin

gl
e-
ele

ct
ro
n

28 (s
in
gl
e-
m
uo

n)
an

d
E
m

i

s

s

T

tr
ig
ge

rs
. The

sin
gl
e-
lep

to
n
tr
ig
ge

rs
ha

ve
a
tr
an

sv
er
se

m
om

en
tu

m

29 (pT

)
th

re
sh

ol
d

of
24

G
eV

. A
se
co

nd
se
t
of

co
m
pl
em

en
ta
ry

sin
gl
e-
lep

to
n

tr
ig
ge

rs
with

pT

30 th
re
sh

ol
ds

at
60

G
eV

(3
6G

eV
)
fo
r
th

e
ele

ct
ro
n

(m
uo

n)
ca

se
re
co
ve

rs
sm

al
l in

e�
cie

nc
ies

31 as
so
cia

te
d
with

th
e
low

er
th

re
sh

ol
d
sin

gl
e-
lep

to
n
tr
ig
ge

rs
du

e
to

lep
to
n
iso

la
tio

n
cr
ite

ria
.

32 The
E
m

i

s

s

T

tr
ig
ge

r
ha

s
a

th
re
sh

ol
d

of
80

G
eV

an
d

re
ac
he

s
fu
ll

e�
cie

nc
y

fo
r
ev

en
ts

with

33 o✏
in
e
E
m

i

s

s

T

ab
ov

e
15

0G
eV

. D
ur

in
g
th

e
be

gi
nn

in
g
of

20
12

da
ta

ta
ki
ng

, t
he

E
m

i

s

s

T

tr
ig
ge

r

34 wa
s
pa

rt
ly

ke
pt

di
sa
bl
ed

,
ca

us
in
g

a
lo
ss

of
ab

ou
t
2 p

b
�1

in
in
te
gr
at
ed

lu
m
in
os
ity

.
The

35 co
m
bi
ne

d
tr
ig
ge

r
e�

cie
nc

y
is

>
98

%
fo
r
th

e
lep

to
n

an
d

E
m

i

s

s

T

se
lec

tio
n

cr
ite

ria
ap

pl
ied

1 in
th

e
an

al
ys
is.

Fo
r th

e
so
ft-

lep
to
n
se
lec

tio
ns

, t
he

sin
gl
e-
lep

to
n
tr
ig
ge

r th
re
sh

ol
ds

ar
e
to
o

2 la
rg
e
re
nd

er
in
g
th

es
e
tr
ig
ge

rs
us

ele
ss
.

All
ca

nd
id
at
e
ev

en
ts

ar
e
th

er
efo

re
re
co

rd
ed

us
in
g

3
2 AT

LA
S
us

es
a
rig

ht
-h
an

de
d
co

or
di
na

te
sy
st
em

w
ith

its
or
ig
in

at
th

e
no

m
in
al

in
te
ra
ct
io
n
po

in
t
in

th
e

ce
nt
re

of
th

e
de

te
ct
or

an
d

th
e
z-
ax

is
al
on

g
th

e
be

am
pi
pe

.
C
yl
in
dr

ic
al

co
or
di
na

te
s
(r
,�

)
ar
e
us

ed
in

th
e

tr
an

sv
er
se

pl
an

e,
�

be
in
g
th

e
az

im
ut

ha
l a

ng
le

ar
ou

nd
th

e
be

am
pi
pe

.
T
he

ps
eu

do
ra
pi
di
ty

⌘
is

de
fin

ed
in

te
rm

s
of

th
e
po

la
r
an

gl
e
✓
by

⌘
=

� ln
ta
n(

✓/
2)
, a

nd
�
R

=

p (�
⌘)
2 +

(�
�)
2

–
4
–

t̃ 1

!
bW

�̃
0

1

3

t̃ 1

!
bf

f
0 �̃
0

1

4

t̃ 1

!
c�̃
0

1

5

2

T

h

e

A

T

L

A

S

d

e

t

e

c

t

o

r

a

n

d

d

a

t

a

s

a

m

p

l

e

s

6

The
AT

LA
S

ex
pe

rim
en

t
[4
5]

is
a
m
ul
ti-

pu
rp

os
e
pa

rt
icl

e
ph

ys
ics

de
te
ct
or

with
ne

ar
ly

4⇡

7 co
ve

ra
ge

in
so
lid

an
gl
e.

It
co

ns
ist

s
of

in
ne

r
tr
ac
ki
ng

de
vi
ce
s
(ID

),
ele

ct
ro
m
ag

ne
tic

an
d

8 ha
dr

on
ic

ca
lo
rim

et
rie

s an
d
a
m
uo

n
sp

ec
tr
om

et
er

(M
S)

with
fo
ur

su
pe

rc
on

du
ct
in
g
m
ag

ne
t

9 sy
st
em

s,
whi

ch
co

m
pr

ise
a
th

in
so
len

oi
d
su

rr
ou

nd
in
g
th

e ID
, a

nd
a
ba

rr
el

an
d
tw

o
en

d-
ca

p

10 to
ro
id
s p

ro
vi
di
ng

th
e m

ag
ne

tic
fie

ld
fo
r t

he
m
uo

n
sp

ec
tr
om

et
er
. T

he
ID

co
ns

ist
s o

f a
sil

ico
n

11 pi
xe

l d
et
ec
to
r,

a
sil

ico
n
m
icr

os
tr
ip

de
te
ct
or

an
d
a
st
ra
w

tu
be

tr
ac
ke

r (
fo
r a

ps
eu

do
ra
pi
di
ty

2

12 of
|⌘|

<
1.
9)
.

It
pr

ov
id
es

pr
ec
isi

on
tr
ac
ki
ng

an
d

m
om

en
tu

m
m
ea

su
re
m
en

t
of

ch
ar
ge

d

13 pa
rt
icl

es
fo
r |⌘

| <
2.
5
an

d
al
low

s e
�
cie

nt
b-
jet

id
en

tifi
ca

tio
n.

Hig
h-
gr
an

ul
ar
ity

liq
ui
d-
ar
go

n

14 (L
Ar)

sa
m
pl
in
g
ele

ct
ro
m
ag

ne
tic

ca
lo
rim

et
er
s
co
ve

r
in

th
e
ps

eu
do

ra
pi
di
ty

ra
ng

e
|⌘|

<
3.
2.

15 The
ha

dr
on

ic
ca

lo
rim

et
er

sy
st
em

is
ba

se
d

on
tw

o
di
↵e

re
nt

te
ch

no
lo
gi
es
, sc

in
til

la
tin

g-
til

e

16 sa
m
pl
in
g
ca

lo
rim

et
er

(|⌘
| <

1.
7)

an
d

LA
r
sa
m
pl
in
g
ca

lo
rim

et
er

(1
.5

<
|⌘|

<
4.
9)
.

The

17 m
uo

n
sp

ec
tr
om

et
er

ha
s
se
pa

ra
te

tr
ig
ge

r
an

d
hi
gh

-p
re
cis

io
n
tr
ac
ki
ng

ch
am

be
rs
, t

he
la
tt
er

18 pr
ov

id
in
g
m
uo

n
id
en

tifi
ca

tio
n
an

d
m
om

en
tu

m
m
ea

su
re
m
en

t fo
r |⌘|

<
2.
7.

19

The
da

ta
sa
m
pl
e
us

ed
in

th
is

an
al
ys
is

wa
s
ta
ke

n
du

rin
g

th
e
pe

rio
d

fro
m

M
ar
ch

to

20 D
ec
em

be
r
20

12
with

th
e
LH

C
op

er
at
in
g
at

a
pp

ce
nt
re
-o
f-m

as
s
en

er
gy

of
p s

=
8

Te
V
.

21 Afte
r
ap

pl
ica

tio
n

of
be

am
, de

te
ct
or

an
d

da
ta
-q
ua

lit
y

re
qu

ire
m
en

ts
, th

e
to
ta
l in

te
gr
at
ed

22 lu
m
in
os
ity

is
20

.3
fb
�1

with
an

un
ce
rt
ai
nt
y
of

±2.
8%

. The
un

ce
rt
ai
nt
y
is

de
riv

ed
fo
llo

win
g

23 th
e
sa
m
e
m
et
ho

do
lo
gy

as
th

at
de

ta
ile

d
in

Ref.
[4
6]
, f

ro
m

a
pr

eli
m
in
ar
y
ca

lib
ra
tio

n
of

th
e

24 lu
m
in
os
ity

sc
al
e
de

riv
ed

fro
m

be
am

-se
pa

ra
tio

n
sc
an

s pe
rfo

rm
ed

in
Nov

em
be

r 20
12

.

25

The
da

ta
se
t
us

ed
fo
r
th

is
an

al
ys
is

wa
s
re
co

rd
ed

us
in
g
th

ee
di
↵e

re
nt

ty
pe

s
of

tr
ig
ge

rs

26 ba
se
d
on

re
qu

iri
ng

a
sin

gl
e-
ele

ct
ro
n,

a
sin

gl
e-
m
uo

n,
or

la
rg
e E

m

i

s

s

T

. C
an

di
da

te
ev

en
ts

in
th

e

27 ele
ct
ro
n
(m

uo
n)

ch
an

ne
l a

re
co

lle
ct
ed

us
in
g
a
lo
gi
ca

l-O
R

co
m
bi
na

tio
n
of

th
e sin

gl
e-
ele

ct
ro
n

28 (s
in
gl
e-
m
uo

n)
an

d
E
m

i

s

s

T

tr
ig
ge

rs
. The

sin
gl
e-
lep

to
n
tr
ig
ge

rs
ha

ve
a
tr
an

sv
er
se

m
om

en
tu

m

29 (pT

)
th

re
sh

ol
d

of
24

G
eV

. A
se
co

nd
se
t
of

co
m
pl
em

en
ta
ry

sin
gl
e-
lep

to
n

tr
ig
ge

rs
with

pT

30 th
re
sh

ol
ds

at
60

G
eV

(3
6G

eV
)
fo
r
th

e
ele

ct
ro
n

(m
uo

n)
ca

se
re
co
ve

rs
sm

al
l in

e�
cie

nc
ies

31 as
so
cia

te
d
with

th
e
low

er
th

re
sh

ol
d
sin

gl
e-
lep

to
n
tr
ig
ge

rs
du

e
to

lep
to
n
iso

la
tio

n
cr
ite

ria
.

32 The
E
m

i

s

s

T

tr
ig
ge

r
ha

s
a

th
re
sh

ol
d

of
80

G
eV

an
d

re
ac
he

s
fu
ll

e�
cie

nc
y

fo
r
ev

en
ts

with

33 o✏
in
e
E
m

i

s

s

T

ab
ov

e
15

0G
eV

. D
ur

in
g
th

e
be

gi
nn

in
g
of

20
12

da
ta

ta
ki
ng

, t
he

E
m

i

s

s

T

tr
ig
ge

r

34 wa
s
pa

rt
ly

ke
pt

di
sa
bl
ed

,
ca

us
in
g

a
lo
ss

of
ab

ou
t
2 p

b
�1

in
in
te
gr
at
ed

lu
m
in
os
ity

.
The

35 co
m
bi
ne

d
tr
ig
ge

r
e�

cie
nc

y
is

>
98

%
fo
r
th

e
lep

to
n

an
d

E
m

i

s

s

T

se
lec

tio
n

cr
ite

ria
ap

pl
ied

1 in
th

e
an

al
ys
is.

Fo
r th

e
so
ft-

lep
to
n
se
lec

tio
ns

, t
he

sin
gl
e-
lep

to
n
tr
ig
ge

r th
re
sh

ol
ds

ar
e
to
o

2 la
rg
e
re
nd

er
in
g
th

es
e
tr
ig
ge

rs
us

ele
ss
.

All
ca

nd
id
at
e
ev

en
ts

ar
e
th

er
efo

re
re
co

rd
ed

us
in
g

3
2 AT

LA
S
us

es
a
rig

ht
-h
an

de
d
co

or
di
na

te
sy
st
em

w
ith

its
or
ig
in

at
th

e
no

m
in
al

in
te
ra
ct
io
n
po

in
t
in

th
e

ce
nt
re

of
th

e
de

te
ct
or

an
d

th
e
z-
ax

is
al
on

g
th

e
be

am
pi
pe

.
C
yl
in
dr

ic
al

co
or
di
na

te
s
(r
,�

)
ar
e
us

ed
in

th
e

tr
an

sv
er
se

pl
an

e,
�

be
in
g
th

e
az

im
ut

ha
l a

ng
le

ar
ou

nd
th

e
be

am
pi
pe

.
T
he

ps
eu

do
ra
pi
di
ty

⌘
is

de
fin

ed
in

te
rm

s
of

th
e
po

la
r
an

gl
e
✓
by

⌘
=

� ln
ta
n(

✓/
2)
, a

nd
�
R

=

p (�
⌘)
2 +

(�
�)
2

–
4
–

t̃ 1

!
bW

�̃
0

1

3

t̃ 1

!
bf

f
0 �̃
0

1

4

t̃ 1

!
c�̃
0

1

5

2

T

h

e

A

T

L

A

S

d

e

t

e

c

t

o

r

a

n

d

d

a

t

a

s

a

m

p

l

e

s

6

The
AT

LA
S

ex
pe

rim
en

t
[4
5]

is
a
m
ul
ti-

pu
rp

os
e
pa

rt
icl

e
ph

ys
ics

de
te
ct
or

with
ne

ar
ly

4⇡

7 co
ve

ra
ge

in
so
lid

an
gl
e.

It
co

ns
ist

s
of

in
ne

r
tr
ac
ki
ng

de
vi
ce
s
(ID

),
ele

ct
ro
m
ag

ne
tic

an
d

8 ha
dr

on
ic

ca
lo
rim

et
rie

s an
d
a
m
uo

n
sp

ec
tr
om

et
er

(M
S)

with
fo
ur

su
pe

rc
on

du
ct
in
g
m
ag

ne
t

9 sy
st
em

s,
whi

ch
co

m
pr

ise
a
th

in
so
len

oi
d
su

rr
ou

nd
in
g
th

e ID
, a

nd
a
ba

rr
el

an
d
tw

o
en

d-
ca

p

10 to
ro
id
s p

ro
vi
di
ng

th
e m

ag
ne

tic
fie

ld
fo
r t

he
m
uo

n
sp

ec
tr
om

et
er
. T

he
ID

co
ns

ist
s o

f a
sil

ico
n

11 pi
xe

l d
et
ec
to
r,

a
sil

ico
n
m
icr

os
tr
ip

de
te
ct
or

an
d
a
st
ra
w

tu
be

tr
ac
ke

r (
fo
r a

ps
eu

do
ra
pi
di
ty

2

12 of
|⌘|

<
1.
9)
.

It
pr

ov
id
es

pr
ec
isi

on
tr
ac
ki
ng

an
d

m
om

en
tu

m
m
ea

su
re
m
en

t
of

ch
ar
ge

d

13 pa
rt
icl

es
fo
r |⌘

| <
2.
5
an

d
al
low

s e
�
cie

nt
b-
jet

id
en

tifi
ca

tio
n.

Hig
h-
gr
an

ul
ar
ity

liq
ui
d-
ar
go

n

14 (L
Ar)

sa
m
pl
in
g
ele

ct
ro
m
ag

ne
tic

ca
lo
rim

et
er
s
co
ve

r
in

th
e
ps

eu
do

ra
pi
di
ty

ra
ng

e
|⌘|

<
3.
2.

15 The
ha

dr
on

ic
ca

lo
rim

et
er

sy
st
em

is
ba

se
d

on
tw

o
di
↵e

re
nt

te
ch

no
lo
gi
es
, sc

in
til

la
tin

g-
til

e

16 sa
m
pl
in
g
ca

lo
rim

et
er

(|⌘
| <

1.
7)

an
d

LA
r
sa
m
pl
in
g
ca

lo
rim

et
er

(1
.5

<
|⌘|

<
4.
9)
.

The

17 m
uo

n
sp

ec
tr
om

et
er

ha
s
se
pa

ra
te

tr
ig
ge

r
an

d
hi
gh

-p
re
cis

io
n
tr
ac
ki
ng

ch
am

be
rs
, t

he
la
tt
er

18 pr
ov

id
in
g
m
uo

n
id
en

tifi
ca

tio
n
an

d
m
om

en
tu

m
m
ea

su
re
m
en

t fo
r |⌘|

<
2.
7.

19

The
da

ta
sa
m
pl
e
us

ed
in

th
is

an
al
ys
is

wa
s
ta
ke

n
du

rin
g

th
e
pe

rio
d

fro
m

M
ar
ch

to

20 D
ec
em

be
r
20

12
with

th
e
LH

C
op

er
at
in
g
at

a
pp

ce
nt
re
-o
f-m

as
s
en

er
gy

of
p s

=
8

Te
V
.

21 Afte
r
ap

pl
ica

tio
n

of
be

am
, de

te
ct
or

an
d

da
ta
-q
ua

lit
y

re
qu

ire
m
en

ts
, th

e
to
ta
l in

te
gr
at
ed

22 lu
m
in
os
ity

is
20

.3
fb
�1

with
an

un
ce
rt
ai
nt
y
of

±2.
8%

. The
un

ce
rt
ai
nt
y
is

de
riv

ed
fo
llo

win
g

23 th
e
sa
m
e
m
et
ho

do
lo
gy

as
th

at
de

ta
ile

d
in

Ref.
[4
6]
, f

ro
m

a
pr

eli
m
in
ar
y
ca

lib
ra
tio

n
of

th
e

24 lu
m
in
os
ity

sc
al
e
de

riv
ed

fro
m

be
am

-se
pa

ra
tio

n
sc
an

s pe
rfo

rm
ed

in
Nov

em
be

r 20
12

.

25

The
da

ta
se
t
us

ed
fo
r
th

is
an

al
ys
is

wa
s
re
co

rd
ed

us
in
g
th

ee
di
↵e

re
nt

ty
pe

s
of

tr
ig
ge

rs

26 ba
se
d
on

re
qu

iri
ng

a
sin

gl
e-
ele

ct
ro
n,

a
sin

gl
e-
m
uo

n,
or

la
rg
e E

m

i

s

s

T

. C
an

di
da

te
ev

en
ts

in
th

e

27 ele
ct
ro
n
(m

uo
n)

ch
an

ne
l a

re
co

lle
ct
ed

us
in
g
a
lo
gi
ca

l-O
R

co
m
bi
na

tio
n
of

th
e sin

gl
e-
ele

ct
ro
n

28 (s
in
gl
e-
m
uo

n)
an

d
E
m

i

s

s

T

tr
ig
ge

rs
. The

sin
gl
e-
lep

to
n
tr
ig
ge

rs
ha

ve
a
tr
an

sv
er
se

m
om

en
tu

m

29 (pT

)
th

re
sh

ol
d

of
24

G
eV

. A
se
co

nd
se
t
of

co
m
pl
em

en
ta
ry

sin
gl
e-
lep

to
n

tr
ig
ge

rs
with

pT

30 th
re
sh

ol
ds

at
60

G
eV

(3
6G

eV
)
fo
r
th

e
ele

ct
ro
n

(m
uo

n)
ca

se
re
co
ve

rs
sm

al
l in

e�
cie

nc
ies

31 as
so
cia

te
d
with

th
e
low

er
th

re
sh

ol
d
sin

gl
e-
lep

to
n
tr
ig
ge

rs
du

e
to

lep
to
n
iso

la
tio

n
cr
ite

ria
.

32 The
E
m

i

s

s

T

tr
ig
ge

r
ha

s
a

th
re
sh

ol
d

of
80

G
eV

an
d

re
ac
he

s
fu
ll

e�
cie

nc
y

fo
r
ev

en
ts

with

33 o✏
in
e
E
m

i

s

s

T

ab
ov

e
15

0G
eV

. D
ur

in
g
th

e
be

gi
nn

in
g
of

20
12

da
ta

ta
ki
ng

, t
he

E
m

i

s

s

T

tr
ig
ge

r

34 wa
s
pa

rt
ly

ke
pt

di
sa
bl
ed

,
ca

us
in
g

a
lo
ss

of
ab

ou
t
2 p

b
�1

in
in
te
gr
at
ed

lu
m
in
os
ity

.
The

35 co
m
bi
ne

d
tr
ig
ge

r
e�

cie
nc

y
is

>
98

%
fo
r
th

e
lep

to
n

an
d

E
m

i

s

s

T

se
lec

tio
n

cr
ite

ria
ap

pl
ied

1 in
th

e
an

al
ys
is.

Fo
r th

e
so
ft-

lep
to
n
se
lec

tio
ns

, t
he

sin
gl
e-
lep

to
n
tr
ig
ge

r th
re
sh

ol
ds

ar
e
to
o

2 la
rg
e
re
nd

er
in
g
th

es
e
tr
ig
ge

rs
us

ele
ss
.

All
ca

nd
id
at
e
ev

en
ts

ar
e
th

er
efo

re
re
co

rd
ed

us
in
g

3
2 AT

LA
S
us

es
a
rig

ht
-h
an

de
d
co

or
di
na

te
sy
st
em

w
ith

its
or
ig
in

at
th

e
no

m
in
al

in
te
ra
ct
io
n
po

in
t
in

th
e

ce
nt
re

of
th

e
de

te
ct
or

an
d

th
e
z-
ax

is
al
on

g
th

e
be

am
pi
pe

.
C
yl
in
dr

ic
al

co
or
di
na

te
s
(r
,�

)
ar
e
us

ed
in

th
e

tr
an

sv
er
se

pl
an

e,
�

be
in
g
th

e
az

im
ut

ha
l a

ng
le

ar
ou

nd
th

e
be

am
pi
pe

.
T
he

ps
eu

do
ra
pi
di
ty

⌘
is

de
fin

ed
in

te
rm

s
of

th
e
po

la
r
an

gl
e
✓
by

⌘
=

� ln
ta
n(

✓/
2)
, a

nd
�
R

=

p (�
⌘)
2 +

(�
�)
2

–
4
–

Figure 1. Illustration of stop decay modes in the plane spanned by the masses of the stop (t̃
1

)
and the lightest neutralino (�̃

0

1

), where the latter is assumed to be the lightest supersymmetric
particle. Stop decays to supersymmetric particles other than the lightest supersymmetric particle
are not displayed.

than the �̃0

1

are lighter than the stop, then additional decay modes can open up. The stop

decay to a bottom quark and the lightest chargino (t̃
1

! b�̃
±
1

) is an important example,

where the �̃±
1

can decay to the lightest neutralino by emitting an on- or o↵-shell W boson

(�̃
±
1

! W (⇤)�̃0

1

). The t̃
1

! b�̃
±
1

decay is considered for a stop mass above around 100 GeV

according to the LEP limit on the lightest chargino, m�̃±
1

> 103.5 GeV [30]. With the

decay in b�̃
±
1

kinematically available, the t̃
1

decay branching ratio is determined by factors

including the stop mixing matrix and the field content of the neutralino/chargino sector.

This article presents a search for direct t̃
1

pair production in final states with exactly

one isolated charged lepton (electron or muon,3 henceforth referred to simply as ‘leptons’),

several jets, and a significant amount of missing transverse momentum, the magnitude

of which is referred to as Emiss

T

. The lepton arises from the decay of either a real or a

virtual W boson, and the potentially large Emiss

T

is generated by the two undetected LSPs

and neutrino(s). All stop decay scenarios described above except for the FCNC modes

are considered, as illustrated in figure 2. Results are mainly based on simplified models

that have 100% branching ratio to one or a pair of these specific decay chains. In addition,

phenomenological MSSM (pMSSM) [31] models are used to study the sensitivity to realistic

scenarios where more complex decay chains are present alongside the simpler ones.

Searches for direct t̃
1

pair production have previously been reported by the ATLAS [32–

38] and CMS [39–43] collaborations, as well as by the CDF and DØ collaborations (for ex-

ample refs. [44, 45]) and the LEP collaborations [46]. Indirect searches for stops, mediated

by gluino pair production, have been reported by the ATLAS [47–50] and CMS [39, 40, 51–

55] collaborations.

3Electrons and muons from ⌧ decays are included.

– 3 –
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Dependence on other parameters
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The change in sensitivity when varying parameters other than the stop and N1 masses 
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"

• strongest impact on the CLs significance 
from the sum of the branching ratios for 
stop1 → tN1 and stop1 → bC1. 
- signal selections being optimised using 

only simplified models. 
• sensitivity also depends on the kinematic 

properties of the events, which are affected, 
e.g., by the stop mixing matrix and by the 
masses and field content of other SUSY 
particles.  
- explains the large spread in CLs 

significance

1L channels
submitted to JHEP [1407.0583]

http://arxiv.org/abs/1407.0583


Overview stop searches

• ALEPH, DELPHI, L3, and OPAL at LEP performed searches for the top squark considering the 
decays stop1→c N1 and stop1→b l sneu. 


• In the latter, the sneutrino is assumed to be the LSP. (The sneutrino LSP is mostly considered to be ruled out 
because of direct detection experiments since it couples directly to the Z boson.) 

• 2 different squark mixing angles: theta = 0 (squark_Left), and in case of "max mixing" where the 
mixing angle is choosen such that the cross section is minimal.


• Furthermore, ALEPH published limits on the four-body decay, stop1→b f f’ N1 [Phys. Lett. B537 
(2002) 5–20]
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Overview stop searches

• The CDF and DØ detectors (at the Tevatron collider) performed searches for the top squark in 
several analyses considering the decays: stop1→c N1 (Ref.[19,20]), stop1→b l sneutr (Ref.[21]), 
and stop1→b C1 (Ref.[22]).


• Plot shows summary of Tevatron (and LEP) exclusion limits for the stop1→c N1 decay scenario. 
Limits for the stop1→b l sneutr decay are comparable, while the sensitivity for the stop1→b C1 
decay is considerably weaker: only a small window in top squark mass (125 GeV < m(stop1 ) < 138 
GeV) is excluded under the assumption that the decay proceeds via a W boson (C1→W+N1).
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Figure 3: Top squark exclusion limits obtained at LEP and Tevatron [19] for the t̃1 ! c + �̃0
1 decay channel.

were limited in sensitivity to relatively light top squarks, up to about the mass of the SM top quark.
The four experiments ALEPH, DELPHI, L3, and OPAL at the electron–positron collider LEP at CERN (op-

erational from 1989 to 2000) performed searches for the top squark considering the decays t̃1 ! c + �̃0
1 and

t̃1 ! b + ` + ⌫̃. In the latter, the sneutrino (⌫̃) is assumed to be the lightest supersymmetric particle. The searches
excluded a top squark below a mass of 96 GeV (for the t̃1 ! c + �̃0

1 decay) and 93 GeV (for the t̃1 ! b + ` + ⌫̃
decay) at 95% confidence level [18]. All following limits are implicitly at 95% confidence level.

The Tevatron collider at Fermilab (near Chicago, USA) was operational from 1983 to 2012 and hosted two
detectors: CDF and DØ. Searches for the top squark were carried out in several analyses considering the decays
t̃1 ! c + �̃0

1 (see Ref. [19, 20]), t̃1 ! b + ` + ⌫̃ (see Ref. [21]), and t̃1 ! b + �̃±
1 (see Ref. [22]).

Figure 3 shows a summary of the top squark exclusion limits obtained at LEP and Tevatron for the t̃1 ! c+ �̃0
1

decay. The exclusion limit extends up to a top squark mass of 180 GeV for certain neutralino masses. Limits for
the t̃1 ! b + ` + ⌫̃ decay are comparable, while the sensitivity for the t̃1 ! b + �̃±

1 decay is considerably weaker.
For the latter decay, only a small window in top squark mass (125 GeV . m(t̃1) . 138 GeV) is excluded under
the assumption that the decay proceeds via a SM W boson.

A search for R-parity violating production of top squarks was performed by the ZEUS experiment at HERA
(electron–proton collider at DESY, Hamburg, Germany; operational between 1992 and 2007). The top squark
production depends on the strength of R-parity violation (�0), and the decay was assumed to be either to b�̃

±
1 or

R-parity violating to a lepton and a jet. A top squark lighter than 260 GeV was excluded for �0 = 0.3 and under
specific model assumptions [23].

2.1.4 Top squark searches at the LHC

With its unprecedented high collision energy, the LHC at CERN quickly surpassed previous experimental limits.
ATLAS and CMS are the two large, general purpose detectors at the LHC. Both have strong and diversified search
programs for supersymmetric particles.

Searches for the top squark have been performed in several analyses to cover a variety of decay scenarios.
Figure 4 summarises the current state of the ATLAS top squark search program. It shows exclusion limits in the
mass plane spanned by the top squark and lightest neutralino. Four decay modes are considered separately, each
with 100% branching ratio:

1. t̃1 ! t + �̃0
1 (see Ref. [3, 24, 25]),

2. t̃1 ! c + �̃0
1 (see Ref. [26]),

5

stop1→c + N1



Overview stop searches

• A search for R-parity violating production of top 
squarks was performed by the ZEUS experiment 
at HERA (electron–proton collider at DESY). 


• The top squark production depends on the 
strength of R-parity violation (λ′), and the decay 
was assumed to be either to b+C1 or R-parity 
violating to a lepton and a jet. A top squark lighter 
than 260 GeV was excluded for λ′ = 0.3 and under 
specific model assumptions [1].
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and b show reconstructed mass distributions of data and
SM MC for the e-J and e-MJ preselection and final sam-
ples. The data distributions are well described by the SM
simulation.

5.4 Final selection for ν final state

In order to enhance stop sensitivity and reduce further the
contribution of CC DIS, the final selection required:

– yJB > 0.6 ;
– Pt,antipar/Pt,par > 0.1 .

For the MSSM scenario, the efficiencies were in the
range 15%–35% for stop masses between 180 and 280 GeV,
depending mainly on the masses of the stop and χ̃0

1; the ef-
ficiency decreased towards lower and higher stop masses.
For the mSUGRA scenario, the efficiencies were in the
range 5%–20% in most of the considered parameter space.
Table 1 shows good agreement between the number of se-
lected events and the SM expectation.

Figure 5c shows reconstructed mass distributions of
data and SM MC for the ν-MJ preselection and final sam-
ples. The MC simulation also in this case describes the data
reasonably well.

6 Results

Since no evidence for stop production was found, lim-
its at 95% CL were set using a Bayesian approach. The
limits were set for two different SUSY scenarios: the
unconstrained MSSM model and the mSUGRA model
(see Sect. 2).

6.1 Systematic uncertainties

In the calculation of the upper limit on λ′131, several
sources of systematic uncertainties were considered. The
following systematic uncertainties on the SM background
expectation were evaluated:

– the uncertainty from the proton PDFs, evaluated using
the procedure suggested by the CTEQ group [54], was
±4% for ν-MJ and ±2% for e-MJ and e-J;

– the uncertainty on the calorimeter energy scale of ±1%
(±2%) for the electromagnetic (hadronic) section led to
an uncertainty on the SM event rate of ±5% for ν-MJ
and +1%

−3% for e-MJ and e-J;
– the use of MEPS instead of Ariadne to simulate the

QCD cascade led to an uncertainty of −3% for ν-MJ
and −6% for e-MJ and e-J;

– the uncertainty in the integrated luminosity measure-
ment was ±2.25%.

In addition, the following uncertainties related to the sig-
nal simulation were considered:

– the uncertainties in the signal efficiency due to interpo-
lation between different SUSY scenarios was ±15%;

– the theoretical uncertainty on the signal cross section
due to the uncertainty in the d-quark parton dens-
ity [54] in the proton varied from ±3% to ±80% for
masses between 100 and 280 GeV.

6.2 Limits for the MSSM model

Assuming the MSSM model, the upper limits on λ′131 were
evaluated as a function of the stop mass. A scan of the
mass spectrum in 1 GeV steps was performed using a slid-
ing window of ±2σMt̃

for MℓX < 250 GeV (ℓ = e or ν),
where σM

t̃
is the stop mass resolution. For masses larger

than 250 GeV, where the SM background is smaller and the
expected signal width larger, the condition MℓX >Mt̃−
2σMt̃

was applied.
At each stop mass, the 95% CL limit on λ′131 was eval-

uated using, for each channel, the data events, the SM
predictions and the signal expectation for the correspond-
ing mass window. The signal cross section was calculated
in the NWA (2), including initial-state radiation for the
incoming positron [12, 13] and the next-to-leading-order
QCD [14] corrections, using the CTEQ6 [54] set of par-
ton densities, while the branching ratios for the different
channels and MSSM scenarios were taken from the Susygen
simulation. The total likelihood was evaluated as the prod-
uct of the Poissonian likelihoods of each channel. The sys-
tematic uncertainties described in Sect. 6.1 were included
in the likelihood function assuming Gaussian probability

Fig. 6. Exclusion limits on λ′131 as a function of the stop mass
for the MSSM model. The light (dark) region is excluded in
all (part of) the considered SUSY parameter space. The region
above the dashed line is excluded by low-energy atomic parity-
violation (APV) measurements
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Till Eifert -- Experimental results on SUSY with top TOP201456

‣ Exclusion set in terms of measured vs. theory cross-section difference Δ.	



‣ The two datasets were fitted simultaneously, including the uncertainty due 
to a ±1 GeV variation in the top quark mass.	



‣ The limits were determined using a profile likelihood ratio, using nuisance 
parameters to account for correlated theoretical and experimental 
uncertainties.	



‣ observed and expected limits on μSIG (signal strength) at the 95 % CL 
were extracted using the CLs prescription.	



"

‣ Checking 8 / 7TeV exclusions separately:	



• 8 TeV limits better than ‘expected’, 7 TeV slightly worse. 	



• Not much difference in sensitivity, not much gained in combining (large 
correlations in theor. and exp. uncertainties).	



Limit from ttbar cross section
Submitted to EPJC (1406.5375)



Till Eifert -- Experimental results on SUSY with top TOP2014

‣ Precise measurement of tT production cross-section at 7 and 8 TeV	



• events with eμ (opp-sign) and exactly 1 or 2 b-tagged jets.	



• Use ratio of 1 to 2 b-jet events to estimate probability of reconstructing and tagging a b-jet from the 
data – reduce JES, b-tagging, ISR/FSR, b-jet modelling uncertainties	



‣ Results	


"

• Uncertainties from data statistics, systematics, luminosity, beam energy	



• Theory (including Δmtop) 177.3+11.5-12.0 pb (7 TeV), 252.9+15.3-16.3 pb (8 TeV)

Limit from ttbar cross section
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Fig. 5. Measured tt̄ cross-section at
p
s = 8TeV as a function

of the b-tagged jet p
T

cut. The error bars show the uncorrelated
part of the statistical uncertainty with respect to the baseline
measurement with jet p

T

> 25GeV.

prediction of 2.4± 0.1% (see Fig. 1), and well within the
spread of R32 values seen in the alternative simulation
samples.

Kinematic correlations between the two b-jets produced
in the tt̄ decay could also produce a positive tagging cor-
relation, as the e�ciency to reconstruct and tag b-jets is
not uniform as a function of pT and ⌘. For example, tt̄
pairs produced with high invariant mass tend to give rise
to two back-to-back collimated top quark decay systems
where both b-jets have higher than average pT, and lon-
gitudinal boosts of the tt̄ system along the beamline give
rise to ⌘ correlations between the two jets. These e↵ects
were probed by increasing the jet pT cut in steps from the
default of 25GeV up to 75GeV; above about 50GeV, the
simulation predicts strong positive correlations of up to
C

b

⇡ 1.2 for a 75GeV pT cut. As shown for the
p
s = 8TeV

dataset in Fig. 5, the cross-sections fitted in data after tak-
ing these correlations into account remain stable across
the full pT cut range, suggesting that any such kinematic
correlations are well modelled by the simulation. The re-
sults were also found to be stable within the uncorrelated
components of the statistical and systematic uncertain-
ties when tightening the jet and lepton ⌘ cuts, raising the
lepton pT cut up to 55GeV and changing the b-tagging
working point between e�ciencies of 60% and 80%. No
additional uncertainties were assigned as a result of these
studies.

7 Results

Combining the estimates of ✏
eµ

and C
b

from simulation

samples, the estimates of the background Nbkg
1 and Nbkg

2
shown in Table 1 and the data integrated luminosities, the
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Fig. 6. Measurements of the tt̄ cross-section at
p
s = 7TeV

and
p
s = 8TeV from this analysis (eµ b-tag) together with

previous ATLAS results at
p
s = 7TeV using the ee, µµ and

eµ channels [51] and using a fit to jet multiplicities and
missing transverse momentum in the eµ channel [52]. Thep
s = 7TeV measurements are displaced slightly for clarity.

The NNLO+NNLL prediction [2,3] described in Sect. 2 is also
shown as a function of

p
s, for fixed mt = 172.5 GeV and

with the uncertainties from PDFs, ↵
s

and QCD scale choices
indicated by the green band.

tt̄ cross-section was determined by solving Eq. (1) to be:

�
tt̄

= 182.9± 3.1± 4.2± 3.6± 3.3 pb (
p
s = 7TeV) and

�
tt̄

= 242.4± 1.7± 5.5± 7.5± 4.2 pb (
p
s = 8TeV),

where the four uncertainties arise from data statistics, ex-
perimental and theoretical systematic e↵ects related to
the analysis, knowledge of the integrated luminosity and
of the LHC beam energy. The total uncertainties are 7.1 pb
(3.9%) at

p
s = 7TeV and 10.3 pb (4.3%) at

p
s = 8TeV.

A detailed breakdown of the di↵erent components is given
in Table 3. The results are reported for a fixed top quark
mass of m

t

= 172.5GeV, and have a dependence on this
assumed value of d�

tt̄

/dm
t

= �0.28%/GeV. The product
of jet reconstruction and b-tagging e�ciencies ✏

b

was mea-
sured to be 0.557±0.009 at

p
s = 7TeV and 0.540±0.006

at
p
s = 8TeV, in both cases consistent with the values in

simulation.
The results are shown graphically as a function of

p
s

in Fig. 6, together with previous ATLAS measurements of
�
tt̄

at
p
s = 7TeV in the ee, µµ and eµ dilepton channels

using a count of the number of events with two leptons and
at least two jets in an 0.7 fb�1 dataset [51], and using a fit
of jet multiplicities and missing transverse momentum in
the eµ dilepton channel alone with the full 4.6 fb�1 dataset
[52]. The

p
s = 7TeV results are all consistent, but cannot

be combined as they are not based on independent data-
sets. The measurements from this analysis at both centre-
of-mass energies are consistent with the NNLO+NNLL
QCD calculations discussed in Sect. 2. The

p
s = 7TeV

result is 13% higher than a previous measurement by the
CMS collaboration [53], whilst the

p
s = 8TeV result is

consistent with that from CMS [54].
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