


Supersymmetry

Supersymmetry is a popular
extension to the Standard
Model

Strong motivations for SUSY at the TeV-scale
stabilize light Higgs mass

dark-matter candidate

gauge-coupling unification

There are many possible
SUSY models:

mechanism for breaking SUSY:
gauge-, gravity-, anomaly-mediated

sparticle masses and SUSY parameters

R-parity conservation or violation

there is more to SUSY than the MSSM!
T. Rizzo (SLAC Summer Institute Aug 2012)

Michael Begel FNAL W&C December 7, 2012 2



Supersymmetry

Strong Production

squark & gluino production
dominant at hadron colliders

typically Emiss
T

based search

channels

Third Generation
top squarks
small cross section compared
to generic di-squarks

decays can include tt̄

Weak Production
direct gaugino production

typically multi-lepton &

Emiss
T

search channels
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Mural by Josef Kristofoletti
(painted 2009–10; 1/3 scale)
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ATLAS

Multi-purpose, high resolution, hermetic detector
Magnets: Central Solenoid & 3 Toroids
Tracking: Pixels, Silicon Strips, Transition Radiation Tracker
Calorimeter: LAr & Scintillator
Muon: Drift Chambers & Scintillator

Trigger
Level 1: 75000 Hz
Level 2: 6000 Hz
Event Filter: 600 Hz

Reconstructed
Objects

electrons
photons
muons
hadronic taus
jets
b-jets

Emiss
T
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Data Taking

Day in 2011
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Day in 2012
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Pileup
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Performance with Pileup
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Standard Model

W Z tt t WW WZ Wt ZZ
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Higgs Boson
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SUSY Searches

Mass scale [TeV]

-110 1 10

R
P

V
Lo

ng
-li

ve
d

pa
rt

ic
le

s
E

W
di

re
ct

3r
d 

ge
n.

 s
qu

ar
ks

di
re

ct
 p

ro
du

ct
io

n
3r

d 
ge

n.
 s

q.
gl

ui
no

 m
ed

.
In

cl
us

iv
e 

se
ar

ch
es

,missT
E) : ’monojet’ + χWIMP interaction (D5, Dirac  

Scalar gluon : 2-jet resonance pair
 qqq : 3-jet resonance pair→ g~

,missTE : 4 lep + 
e

νµ,eµνee→0

1
χ∼, 

0

1
χ∼l→Ll

~
, 

-

Ll
~+
Ll

~ ,missTE : 4 lep + 
e

νµ,eµνee→0

1
χ∼, 0

1
χ∼W→+

1
χ∼, -

1
χ∼+

1
χ∼

,missTEBilinear RPV CMSSM : 1 lep + 7 j’s + 
 resonanceτ)+µe(→τν∼+X, τν∼→LFV : pp
 resonanceµe+→τν∼+X, τν∼→LFV : pp

 + heavy displaced vertexµ (RPV) : µ qq→ 0

1
χ∼

τ∼GMSB : stable 
 (full detector)γβ, β R-hadrons : low t~Stable 
 (full detector)γβ, β R-hadrons : low g~Stable 

±

1
χ∼ pair prod. (AMSB) : long-lived ±

1
χ∼Direct 

,missTE : 3 lep + 
0

1
χ∼)*(Z

0

1
χ∼)*( W→ 0

2
χ∼±

1
χ∼

,missT
E) : 3 lep + νν∼l(Ll

~ν∼), lνν∼l(Ll
~νLl

~
 → 0

2
χ∼±

1
χ∼

,missTE : 2 lep + 
0

1
χ∼νl→)ν∼(lνl~→+

1
χ∼, 

-

1
χ∼+

1
χ∼

,missTE : 2 lep + 
0

1
χ∼l→l~, Ll

~
Ll

~ ,missT
Ell) + b-jet + → (natural GMSB) : Z(t~t~

,missTE : 0/1/2 lep (+ b-jets) + 
0

1
χ∼t→t~, t

~
t
~ ,missTE : 1 lep + b-jet + 

0

1
χ∼t→t~, t

~
t
~ ,missTE : 2 lep + ±

1
χ∼b→t~ (medium), t~t~

,missTE : 1 lep + b-jet + ±

1
χ∼b→t~ (medium), t~t~

,missTE : 1/2 lep (+ b-jet) + ±

1
χ∼b→t~ (light), t~t~

,missTE : 3 lep + j’s + ±

1
χ∼t→1b

~
, b

~
b
~ ,missTE : 0 lep + 2-b-jets + 

0

1
χ∼b→1b

~
, b

~
b
~ ,missTE) : 0 lep + 3 b-j’s + t

~
 (virtual 

0

1
χ∼tt→g~

,missTE) : 0 lep + multi-j’s + t
~

 (virtual 
0

1
χ∼tt→g~

,missTE) : 3 lep + j’s + t
~

 (virtual 
0

1
χ∼tt→g~

,missTE) : 2 lep (SS) + j’s + t
~

 (virtual 
0

1
χ∼tt→g~

,missTE) : 0 lep + 3 b-j’s + b
~

 (virtual 
0

1
χ∼bb→g~

,missTEGravitino LSP : ’monojet’ + 
,missTEGGM (higgsino NLSP) : Z + jets + 
,missT

E + b + γGGM (higgsino-bino NLSP) : ,missT
E + lep + γGGM (wino NLSP) : ,missT
E + γγGGM (bino NLSP) : ,missT
E + 0-1 lep + j’s + τ NLSP) : 1-2 τ∼GMSB ( ,missTE NLSP) : 2 lep (OS) + j’s + l

~
GMSB (

,missTE) : 1 lep + j’s + ±χ∼qq→g~ (±χ∼Gluino med. 
,missTEPheno model : 0 lep + j’s + 
,missTEPheno model : 0 lep + j’s + 
,missTEMSUGRA/CMSSM : 1 lep + j’s + 
,missTEMSUGRA/CMSSM : 0 lep + j’s + 

M* scale  < 80 GeV, limit of < 687 GeV for D8)χm(704 GeV , 8 TeV [ATLAS-CONF-2012-147]-1=10.5 fbL

sgluon mass (incl. limit from 1110.2693)100-287 GeV , 7 TeV [1210.4826]-1=4.6 fbL

 massg~666 GeV , 7 TeV [1210.4813]-1=4.6 fbL

 massl
~

 > 0)122λ or 121λ), τl
~
(m)=µl

~
(m)=el

~
(m) > 100 GeV, 

0

1
χ∼(m(430 GeV , 8 TeV [ATLAS-CONF-2012-153]-1=13.0 fbL

 mass
+

1
χ∼
∼

 > 0)122λ or 121λ) > 300 GeV, 
0

1
χ∼(m(700 GeV , 8 TeV [ATLAS-CONF-2012-153]-1=13.0 fbL

 massg~ = q~  < 1 mm)LSPτ(c1.2 TeV , 7 TeV [ATLAS-CONF-2012-140]-1=4.7 fbL

 massτν∼ =0.05)1(2)33λ=0.10, 
,
311λ(1.10 TeV , 7 TeV [Preliminary]-1=4.6 fbL

 massτν∼ =0.05)132λ=0.10, 
,
311λ(1.61 TeV , 7 TeV [Preliminary]-1=4.6 fbL

 massq~  decoupled)g
~

 < 1 m, τ, 1 mm < c
-5

10× < 1.5211
,λ < 

-5
10×(0.3700 GeV , 7 TeV [1210.7451]-1=4.4 fbL

 massτ∼  < 20)β(5 < tan300 GeV , 7 TeV [1211.1597]-1=4.7 fbL

 masst
~

683 GeV , 7 TeV [1211.1597]-1=4.7 fbL

 massg~985 GeV , 7 TeV [1211.1597]-1=4.7 fbL

 mass±

1
χ∼ ) < 10 ns)

±

1
χ∼(τ(1 < 220 GeV , 7 TeV [1210.2852]-1=4.7 fbL

 mass±

1
χ∼ ) = 0, sleptons decoupled)

0

1
χ∼(m), 

0

2
χ∼(m) = 

±

1
χ∼(m(140-295 GeV , 8 TeV [ATLAS-CONF-2012-154]-1=13.0 fbL

 mass±

1
χ∼ ) as above)ν∼,l

~
(m) = 0, 

0

1
χ∼(m), 

0

2
χ∼(m) = 

±

1
χ∼(m(580 GeV , 8 TeV [ATLAS-CONF-2012-154]-1=13.0 fbL

 mass±

1
χ∼ )))

0

1
χ∼(m) + 

±

1
χ∼(m(

2
1) = ν∼,l

~
(m) < 10 GeV, 

0

1
χ∼(m(110-340 GeV , 7 TeV [1208.2884]-1=4.7 fbL

 massl
~

) = 0)
0

1
χ∼(m(85-195 GeV , 7 TeV [1208.2884]-1=4.7 fbL

 masst
~

) < 230 GeV)
0

1
χ∼(m(115 < 310 GeV , 7 TeV [1204.6736]-1=2.1 fbL

 masst
~

) = 0)
0

1
χ∼(m(230-465 GeV , 7 TeV [1208.1447,1208.2590,1209.4186]-1=4.7 fbL

 masst
~

) = 0)
0

1
χ∼(m(230-560 GeV , 8 TeV [ATLAS-CONF-2012-166]-1=13.0 fbL

 masst
~

) = 10 GeV)
±

1
χ∼(m)-t

~
(m) = 0 GeV, 

0

1
χ∼(m(160-440 GeV , 8 TeV [ATLAS-CONF-2012-167]-1=13.0 fbL

 masst
~

) = 150 GeV)
±

1
χ∼(m) = 0 GeV, 

0

1
χ∼(m(160-350 GeV , 8 TeV [ATLAS-CONF-2012-166]-1=13.0 fbL

 masst
~

) = 55 GeV)
0

1
χ∼(m(167 GeV , 7 TeV [1208.4305, 1209.2102]-1=4.7 fbL

 massb
~

))
0

1
χ∼(m) = 2 

±

1
χ∼(m(405 GeV , 8 TeV [ATLAS-CONF-2012-151]-1=13.0 fbL

 massb
~

) < 120 GeV)
0

1
χ∼(m(620 GeV , 8 TeV [ATLAS-CONF-2012-165]-1=12.8 fbL

 massg~ ) < 200 GeV)
0

1
χ∼(m(1.15 TeV , 8 TeV [ATLAS-CONF-2012-145]-1=12.8 fbL

 massg~ ) < 300 GeV)
0

1
χ∼(m(1.00 TeV , 8 TeV [ATLAS-CONF-2012-103]-1=5.8 fbL

 massg~ ) < 300 GeV)
0

1
χ∼(m(860 GeV , 8 TeV [ATLAS-CONF-2012-151]-1=13.0 fbL

 massg~ ) < 300 GeV)
0

1
χ∼(m(850 GeV , 8 TeV [ATLAS-CONF-2012-105]-1=5.8 fbL

 massg~ ) < 200 GeV)
0

1
χ∼(m(1.24 TeV , 8 TeV [ATLAS-CONF-2012-145]-1=12.8 fbL

 scale1/2F  eV)-4) > 10G
~

(m(645 GeV , 8 TeV [ATLAS-CONF-2012-147]-1=10.5 fbL

 massg~ ) > 200 GeV)H
~

(m(690 GeV , 8 TeV [ATLAS-CONF-2012-152]-1=5.8 fbL

 massg~ ) > 220 GeV)
0

1
χ∼(m(900 GeV , 7 TeV [1211.1167]-1=4.8 fbL

 massg~619 GeV , 7 TeV [ATLAS-CONF-2012-144]-1=4.8 fbL

 massg~ ) > 50 GeV)
0

1
χ∼(m(1.07 TeV , 7 TeV [1209.0753]-1=4.8 fbL

 massg~  > 20)β(tan1.20 TeV , 7 TeV [1210.1314]-1=4.7 fbL

 massg~  < 15)β(tan1.24 TeV , 7 TeV [1208.4688]-1=4.7 fbL

 massg~ ))g
~
(m)+

0
χ∼(m(

2
1) = 

±χ∼(m) < 200 GeV, 
0

1
χ∼(m(900 GeV , 7 TeV [1208.4688]-1=4.7 fbL

 massq~ )
0

1
χ∼) < 2 TeV, light g

~
(m(1.38 TeV , 8 TeV [ATLAS-CONF-2012-109]-1=5.8 fbL

 massg~ )
0

1
χ∼) < 2 TeV, light q

~
(m(1.18 TeV , 8 TeV [ATLAS-CONF-2012-109]-1=5.8 fbL

 massg~ = q~1.24 TeV , 8 TeV [ATLAS-CONF-2012-104]-1=5.8 fbL

 massg~ = q~1.50 TeV , 8 TeV [ATLAS-CONF-2012-109]-1=5.8 fbL

Only a selection of the available mass limits on new states or phenomena shown.*
 theoretical signal cross section uncertainty.σAll limits quoted are observed minus 1

-1 = (2.1 - 13.0) fbLdt∫
 = 7, 8 TeVs

ATLAS
Preliminary

7 TeV results

8 TeV results

ATLAS SUSY Searches* - 95% CL Lower Limits (Status:  Dec 2012)
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Desperately Seeking SUSY
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No sign of SUSY!
many limits at ¦ 1 TeV

no light squarks or gluinos

Allowed phase space
strongly squeezed

MSUGRA & CMSSM
under pressure

However, only the stop
and gauginos need to
be light!

Natural SUSY
Higgs boson mass
regularized by stop
For MSSM:
large mixing in stop sector
or heavy squarks

L.Hall,
LBL Workshop
10/2011
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Stop Production and Decay
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Stop pair production
cross section is strong
function of stop mass

little dependence on other
SUSY parameters

Primary stop decay
channel depends on
mt̃1

vs mt (and mχ̃01
& mχ̃±1

)

t̃1 → tχ̃0
1

t̃1 → bχ̃±1

Beenakker et al JHEP 1008 (2010) 098
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Recent Stop Results
Search for a supersymmetric partner to the top quark in final states

with jets and missing transverse momentum at
p
s = 7 TeV with the

ATLAS detector

PRL 109,211802 (2012) Jul 2012 t̃1 → tχ̃01

Search for direct top squark pair production in final states with one

isolated lepton, jets, and missing transverse momentum in
p
s = 7 TeV

pp collisions using 4.7 fb−1 of ATLAS data

PRL 109,211803 (2012) Jul 2012 t̃1 → tχ̃01

Search for a heavy top-quark partner in final states with two leptons
with the ATLAS detector at the LHC

JHEP11(2012)094 Jul 2012 t̃1 → tχ̃01

Search for light scalar top quark pair production in final states with two

leptons with the ATLAS detector in
p
s = 7 TeV proton-proton collisions

EPJC(2012)72:2237 Jul 2012 t̃1 → bχ̃±1

Search for light top squark pair production in final states with leptons

and b-jets with the ATLAS detector in
p
s = 7 TeV proton-proton colli-

sions

hep-ex/1209.2102 Jul 2012 t̃1 → bχ̃±1

Search for new phenomena using large jet multiplicities and missing

transverse momentum with ATLAS in 5.8 fb1 of
p
s = 8 TeV proton-

proton collisions

ATLAS-CONF-2012-103 Aug 2012 g̃→ t̃
(⋆)
1 t

Search for Supersymmetry in final states with two same-sign leptons,
jets and missing transverse momentum with the ATLAS detector in pp

collisions at
p
s = 8 TeV

ATLAS-CONF-2012-105 Aug 2012 g̃→ t̃
(⋆)
1 t

Search for gluino pair production in final states with missing transverse

momentum and at least three b-jets using 12.8 fb1 of pp collisions atp
s = 8 TeV with the ATLAS detector

ATLAS-CONF-2012-145 Nov 2012 g̃→ t̃
(⋆)
1 t

Search for supersymmetry using events with three leptons, multiple

jets, and missing transverse momentum in 13.0 fb1 of pp collisions

with the ATLAS detector at
p
s = 8 TeV

ATLAS-CONF-2012-151 Nov 2012 g̃→ t̃
(⋆)
1 t

Search for direct top squark pair production in final states with one

isolated lepton, jets, and missing transverse momentum in
p
s = 8 TeV

pp collisions using 13 fb−1 of ATLAS data

ATLAS-CONF-2012-166 Dec 2012 t̃1 → tχ̃01
t̃1 → bχ̃±1

Search for the charged current decay of a supersymmetric top-quark

partner in final states with two leptons in
p
s = 8 TeV pp collisions using

13 fb−1 of ATLAS data

ATLAS-CONF-2012-167 Dec 2012 t̃1 → bχ̃±1
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Generic Analysis Strategy
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1
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=7 TeVs, 
-1

 L dt = 4.7 fb∫

)theory
SUSYσ1 ±Observed limit (

)expσ1 ±Expected limit (

All limits at 95% CL

“Cut & Count” methodology

Main background: tt̄ production

reject tt̄ using event kinematics
use b-tagging to suppress other backgrounds

Define Signal & Control regions
control regions to normalize
SM backgrounds to data

Dominant uncertainties:
jet energy scale & resolution
b-tagging
theory and simulation

Interpret results using
Simplified Models

95% CLs limits in mass plane
publish values for external use
(HEPData)
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tχ̃0
1
Final State

Consider mt̃1
>mt +mχ̃01

so that t̃1→ t + χ̃0
1

is an available decay channel
assume other squarks and gluino are much heavier
stop is essentially decoupled from the rest of SUSY

Michael Begel FNAL W&C December 7, 2012 17



tχ̃0
1
Final State

0-lepton
no leptons
≥ 6 jets with pT > 30 GeV
leading jet pT > 130 GeV
≥ 1 b-tagged jets

Emiss
T

> 150 GeV

1-lepton
e or μ with pT > 25 GeV
≥ 4 jets with pT > 80,60,

40,25 GeV
≥ 1 b-tagged jets

Emiss
T

> 150 GeV

Emiss
T

/
p

HT > 8 GeV
1/2

2-lepton
two leptons (e or μ)

with pT > 20− 25 GeV
≥ 2 jets with pT > 25 GeV
leading jet with pT > 50 GeV
≥ 1 b-tagged jets
mT2 > 120 GeV

t

bW

ℓ

ν

t

b W

ℓ

ν

t

W bq̄

q

t

Wb q

q̄

t

bWq̄

q

t

b W ℓ

ν

tt̄ Decay Modes

di
le

pt
on

τe/τμ
τ
e
/τ
μ

lepton + jets

le
p
to
n
+
je
ts

ττ τ + jets
τ
+
je
ts

all hadronic

e+ μ+ τ+ d̄ cs̄

W+

e−

μ−
τ−

̄d

c̄s

W−
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0-Lepton Search
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=7 TeVs, 
-1

 L dt = 4.7 fb∫

tt 
Single Top

V (V) + jets

 + Vtt 
MC Stat Error

) = (400,1) GeV
1

0χ∼
,m
t
~(m

Data 2011

t

W bq̄

q

t

Wb q

q̄

tt̄→ τ+jets background dominant
require two reconstructed top quark mass peaks

use mT between b-tagged jet and Emiss
T

ℓ+jets control region: convert ℓ to tau

PRL 109, 211802
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0-Lepton Search
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2-lepton Search

mT2(p
ℓ1
T ,p
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T ,pmiss

T
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JHEP11,094
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2-lepton Search

JHEP11,094
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tχ̃0
1
Final State (September)
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1-lepton Search
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1-lepton Search
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tχ̃0
1
Final State (December)
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Status: December 2012

ATLAS Preliminary

-1 = 4.7 fbintL -1 = 13 fbintL

Observed limits )theoσObserved limits (-1 Expected limits

=8 TeVs -1 = 13 fbintL =7 TeVs -1 = 4.7 fbintL

-

1L ATLAS-CONF-2012-166

-

0L [1208.1447]

1L [1208.2590]

2L [1209.4186]
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bχ̃±1 Final State

Consider mt ¦mt̃1
>mχ̃±1

so that

t̃1→ bχ̃±
1
→W(⋆)χ̃0

1

Interpreted in terms of
benchmark MSSM scenarios:

mχ̃±1
∼ 2×mχ̃01

(gaugino universality)

mχ̃±1
= 106 GeV

mt̃1
= 180 GeV and a grid of mχ̃±1

vs mχ̃01

electron with pT > 25 GeV or
muon with pT > 20 GeV
≥ 4 jets with pT > 20 GeV
≥ 2 b-tagged jet

Emiss
T

> 40 GeV

exactly two leptons
30 <mℓℓ < 81 GeV
≥ 2 jets with pT > 20 GeV
≥ 1 b-tagged jet

Emiss
T

> 40 GeV

t

bWq̄

q
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b W ℓ

ν

t
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ℓ

ν

t

b W

ℓ

ν

hep-ex/1209.2102
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bχ̃±1 Final State
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bχ̃±1 Final State
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bχ̃±1 Final State
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bχ̃±1 Summary
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Gluino-Mediated Stop

P

P

g̃

g̃

t

t̄

χ̃0

1

χ̃0

1

t

t̄

Same-Sign Dilepton
2 SS leptons with pT > 20 GeV
≥ 4 jets with pT > 50 GeV

Emiss
T

> 150 GeV

Trilepton
3 leptons with pT > 15 GeV
≥ 4 jets with pT > 20 GeV

Emiss
T

> 50 GeV

Multijets
no leptons
≥ 7 jets with pT > 55 GeV or
≥ 6 jets with pT > 80 GeV

Emiss
T

/
p

HT > 4 GeV
1/2

Multi-b-jets
no leptons
≥ 4 jets with pT > 50 GeV
≥ 3 b-tagged jets

Emiss
T

> 200 GeV

If mg̃ ®mt̃1
and the stop is the lightest squark,

then g̃→ tt̃
(⋆)

1 → tt̄χ̃0
1

Michael Begel FNAL W&C December 7, 2012 34



Same-Sign Dilepton
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Trilepton

Jet Multiplicity
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Multijet
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Multi-b-jet
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Gluino Mediated Summary
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Summary
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This has been an amazing year for stop searches
first exclusions in t̃1 → tχ̃0

1

≈ 15 ATLAS results in 2012

Unfortunately, we haven’t discovered stop
increases pressure on naturalness and fine tuning

The search continues. . .
increased luminosity (and

p
s in a few years)

investigating additional decay channels

. . .stay tuned!
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