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Naturalness

•  Typical natural spectrum contains light third generation 
squarks
•  Typical natural spectrum contains light charginos and 
neutralinos
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Third Generation Squarks
• Dominant radiative corrections to Higgs mass arise from 

top quark in SM - relatively light stop can balance these 
corrections

• Can search for gluino mediated stop (Gtt) and sbottom 
production (Gbb), and direct production of sbottom or 
stop quarks

• Search for Gtt and Gbb - 3 B-Jets + MET

• Search for Gtt and direct sbottom, with decay to top and 
charginos - 3-Leptons + Jets + MET

• Search for direct sbottom production - 2 B-Jets + MET

• Search for direct stop production - 0-lepton, 1-lepton 
and 2-lepton analyses
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Search for Gauginos

• Z Boson mass and gaugino masses related to μ 
in SUSY - expect gaugino masses around 
electroweak scale

• Search for production of chargino and 
neutralino - 3-lepton searches

• Search for pair production of charginos - 2-
lepton final states
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Search for Gluino Mediated Stop or Sbottom 
Production with 3 B-Jets and MET in 8 TeV Data

• Two main SR used - 4 Jet SR and 6 Jet SR

• DeltaPhi(Jet,MET) > 0.4 and MET/MEff > 0.2

• Further subdivided each into loose, medium and tight in 
MEff cuts

• SR4Jet - MET > 200, 3 B-Jets with PT > 50 GeV

• SR6Jet - MET > 200, 3 B-Jets with PT > 30 GeV

• Top pair CR - exactly 2 B-Jets with relaxed MET and 
MEff cuts

ATLAS-CONF-2012-145
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• No excess in data observed

Search for Gluino Mediated Stop or Sbottom 
Production with 3 B-Jets and MET in 8 TeV Data

7



• 6 SR, sensitive to top and W production, based on possible 
electron/muon combinations - at least 4 jets, MET > 50 GeV and 
SFOS m_ll not inside 81 -> 101 GeV

• 3 CR used to adjust the four MC fake rates for light or heavy jets 
to fake electrons or muons in SM backgrounds 

• Z CR - SFOS m_ll in range 81 to 101 GeV

• Top CR - less than 4-jets

• MET CR - MET < 50 GeV

Search for Gluino Mediated Stop Production, and 
Direct Sbottom Production with 3 Leptons + Jets + 

MET in 8 TeV Data
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• No excess in data observed

ATLAS-CONF-2012-151

Search for Gluino Mediated Stop Production, and 
Direct Sbottom Production with 3 Leptons + Jets + 

MET in 8 TeV Data
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Search for Gluino Mediated Stop Production, and 
Direct Sbottom Production with 3 Leptons + Jets + 

MET in 8 TeV Data
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•  3 SR for large, medium, small mass difference - 

• Large mass difference - two hard b-jets, use 
contransverse mass variable

• Small mass difference - use ISR recoiling against 
the two b-jets

• 1-lepton CR for top pair production and W 
+HF jets

• 2-lepton CR for Z decaying to two neutrinos + 
HF jets and top pair production

∆m = mb̃1
−mχ0

1

m2
CT (ν1, ν2) = [ET (ν1) + ET (ν2]

2 − [PT (ν1)− PT (ν2)]
2

b̃ → bχ̃0
1

Search for Direct Sbottom Production with 2 B-
Jets + MET in 7 TeV Data

ATLAS-CONF-2012-106
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• No excess in data observed

Search for Direct Sbottom Production with 2 B-
Jets + MET in 7 TeV Data
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Search for Direct Stop Production in 7 TeV Data
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Heavier Stop - 
Search for 0-2 

leptons, multiple jets 
and MET

Lighter Stop 
• Search for 1-2 leptons, 
B-Jets and MET - 
• Search for 2 soft 
leptons, Jets and MET - 
very light stop

mt̃ ∼ mt
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• Require at least 5 jets and no leptons or tau-like jets

• Invariant mass of hadronic top between 80 and 270 GeV 
and MT(b,MET) > 175 GeV

• Two SR with MET > 150, 260 GeV

• CR for top pair production where a tau fakes a jet - 
isolated non-tau lepton with MT(l,MET) between 40 and 
120 GeV

Search for Direct Stop Production in 7 TeV Data, 
with Stop Decaying to Top + LSP
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Search for Direct Stop Production in 7 TeV Data, 
with Stop Decaying to Top + LSP

• 1-Lepton + Jets + MET

• 5 SR based on MET , MET/
sqrt(HT) and MT

• 3 CR for top and W 
backgrounds

• 2-Lepton + Jets + MET

• Use MT2 to separate signal and 
background

• Same-Flavour and Different-Flavour SR 

+ top/Z CR

mT2(P
l1
T , P l2

T , Pmiss
T ) = min[max[mT (P

l1
T , qT ),mT (P

l2
T , rT )]]

qT + rT = Pmiss
T
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Search for Direct Stop Production in 7 TeV Data, 
with Stop Decaying to Bottom + Chargino

• 2 soft leptons + Jets + MET

• Define SR using MET 
significance and upper cut 
on lepton PT of 30 GeV

• Top pair and Z from CR

• 1-2 leptons + b-jets + MET

• Use           as discriminating variable

• 1LSR and 2LSR + 3 CR (top, W,Z)

√
Ssub
min

√
Ssub
min =

√
(
√
m2

sub + P 2
T,sub +

√
m2

miss +MET 2)2 − (P̄T,sub + P̄Miss
T )2
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Search for Direct Stop Production in 7 TeV Data

• No excess in data observed

http://arxiv.org/abs/1208.4305

http://arxiv.org/abs/1209.2102

http://arxiv.org/abs/1208.1447

http://arxiv.org/abs/1208.2590

http://arxiv.org/abs/1209.4186

17

http://arxiv.org/abs/1208.4305
http://arxiv.org/abs/1208.4305
http://arxiv.org/abs/1209.2102
http://arxiv.org/abs/1209.2102
http://arxiv.org/abs/1208.1447
http://arxiv.org/abs/1208.1447
http://arxiv.org/abs/1208.2590
http://arxiv.org/abs/1208.2590
http://arxiv.org/abs/1209.4186
http://arxiv.org/abs/1209.4186


L. Hall 
LBL Workshop Oct 2011

Naturalness

•  Typical natural spectrum contains light third generation 
squarks
•  Typical natural spectrum contains light charginos and 
neutralinos
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Search for Direct Slepton and Gaugino Pair Production 
in 7 and 8 TeV Data

Light sleptons:
Decays via sleptons

Slepton Pair Production
Heavy sleptons: 

Decays via W and Z 
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• Pair of leptons, Z mass veto 
and MET cut
•  CR for top (SR1-3),  WW 
(SR2) and Z + jets (SR3)

Search for Direct Slepton and Gaugino Pair Production 
in 7 TeV Data with 2 Leptons + MET
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Search for Direct Slepton and Gaugino Pair Production 
in 7 TeV Data with 2 Leptons + MET

• No excess in data observed

http://arxiv.org/abs/1208.2884
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• SR have 3 isolated leptons

• WZ CR - MET between 50 and 75 GeV,  MT between 50 
and 110 GeV

• No Excess observed

Search for Gaugino Pair Production in 8 TeV Data with 
3 Leptons + MET
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• No excess in data observed

ATLAS-CONF-2012-154

Search for Gaugino Pair Production in 8 TeV Data with 
3 Leptons + MET
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• Interpret in terms of PMSSM parameters - μ 
and M2

Search for Gaugino Pair Production in 8 TeV Data with 
3 Leptons + MET
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Stop the Press!
• Direct Stop 8 TeV AND Sbottom 2 B-JETS 

+ MET results should be public by the end 
of today…

• See ATLAS public results page or…

• ATLAS-CONF-2012-165

• ATLAS-CONF-2012-166

• ATLAS-CONF-2012-167
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Direct Sbottom
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Direct Stop

New 2-lepton analysis designed for near 
degenerate stop-chargino scenario (left)

+ other scenarios in CONF notes
New summary plot of all Direct Stop should 

also be out soon!
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Conclusions
• ATLAS has performed careful searches for production 

of third generation squarks and gauginos

• Extensive range of scenarios covered using leptons, 
jets and MET - no excess seen

• 8 TeV searches already have extended 7 TeV limits on 
SUSY models, other searches are in process of being 
updated to 8 TeV
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Extras
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Hermetic calorimeter coverage important for reconstructing Missing ET :
•  Coverage out to |η| < 4.9  

Detectors for Analyses

• Calorimeters and Inner Detector systems used for electron reconstruction
• Muon systems and Inner Detector systems used for muon reconstruction 

• Topological clusters formed from 
energy deposits in calorimeters
•  AntiKt jet algorithm, size = 0.4,  runs
 on topological clusters

30

30



Electron Reconstruction

Muon Reconstruction

•  Search for matched track in muon and inner detectors.
•  PT cut is analysis dependent, |η| < 2.4

• Selected based on calorimeter shower shape variables and track information.
• PT cut is analysis dependent, |η| < 2.47

Jet Reconstruction
• Jet reconstruction uses topological clusters at hadronic scale as input to Anti-Kt 
0.4 algorithm
• Jet energy scale corrections derived from MC and validated on data are applied
• Pileup corrections derived from data are applied
• Additional jet cleaning cuts are applied to remove jets due to bursts of coherent 
noise in the calorimeter, cosmic rays and dead (hot) cells
• PT and |η| cuts are analysis dependent

Missing ET (MET) Reconstruction
• Calculated from all Jets, electrons, muons and calorimeter topological clusters 

not associated to these objects

31
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Third Generation Squarks
• Direct production of sbottom pairs

2 B-Jets + MET

3-leptons + 4 jets + MET

• Direct production of stop pairs

0, 1 or 2 leptons + jets + MET

1-2 leptons + B-Jets + METt̃1t̃∗1 → bχ̃+
1 b̄χ̃

−
1 → bW+χ̃0

1b̄W
−χ̃0

1

t̃1t̃∗1 → tχ̃0
1t̄χ̃

0
1

b̃1b̃∗1 → bχ̃0
1b̄χ̃

0
1

b̃1b̃∗1 → tχ̃−
1 t̄χ̃

+
1 → χ̃0

1νl
+t̄χ̃0

1ν̄l
−t

• Direct production of gluino pairs

g̃g̃ → t̄tt̄tχ0
1χ

0
1 3-leptons + 4-jets + MET

2 Same-Sign Leptons
0-Leptons + 6-9 Jets + MET

3 B-Jets + MET

g̃g̃ → b̄bb̄bχ0
1χ

0
1
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Gauginos

χ̃+
1 χ̃

−
1 → l+ν̄χ̃0

1l
−νχ̃0

1

χ̃±
1 χ̃

0
2 → l±νχ̃0

1l
−l+χ̃0

1

Chargino Pair Production

Chargino-Neutralino Production

3 Leptons + MET
2 Leptons + MET

2 Leptons + MET
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2 B-Jets + MET
ATLAS-CONF-2012-106
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m2
CT (ν1, ν2) = [ET (ν1) + ET (ν2]

2 − [PT (ν1)− PT (ν2)]
2

MCT has endpoint:

mmax
CT =

m2(b̃)−m2(χ̃0
1)

m(b̃)

b̃ → bχ̃0
1

The analysis uses a boost corrected version of 
MCT, which accounts for any boost in the 

transverse plane due to ISR

35



SR1,2 use 2 B-Jets to tag the sbottom decays
SR3 tags the ISR as a high pt jet, and the sbottom decays 

via 2 lower pt b-jets

∆φmin
Minimum azimuthal angle between jet and MET

Suppresses multijets
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Backgrounds

CR2L: Use Z->ll to mimic Z->νν

Similar agreement 
found in cases of 

SR2,3
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Multijets Background

• Used jet smearing technique

• Constrained jet response shape from data 
control analyses

• Use this response to smear jets in “seed 
events” with well measured jets

• Produces multi-jet pseudo-data
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Systematic Uncertainties
• Dominant detector uncertainty from b-jet tag 

efficiency and mistag rates for light jets - 10-20% per 
jet

• Jet Energy Scale (JES) uncertainty of 10-20% per SR

• Jet Energy Resolution (JER) uncertainty is smaller per 
SR

• Lepton ID efficiency and energy scale negligible

• Object uncertainties propagated to MET - typically 
less than 5% per SR

• Theoretical uncertainty of 10-15% per SR (e.g. choice 
of top pair generator, cross-section etc)
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Systematic Uncertainties

• Multijet background has an uncertainty of 
50-100% per SR - comes from shape of jet 
response

• Luminosity uncertainty of 3.9%
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3 Leptons + 4 Jets + MET
ATLAS-CONF-2012-151
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Fakes
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Fakes
• Likelihood in terms of the four Scale 

Factors and Poisson probabilities on the 
observed and expected numbers of events

• 16 distributions chosen (not also used for 
validation of MC)
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• Scale factors calculated using 14 of the 16 
distributions - 1e2OSμ and 3e in Z CR not 
included

• Systematic uncertainty by comparing usage 
of all 16 distributions and 14 - not including 
1e2OSμ and 3e in low MET CR

• Many fake electrons are photon 
conversions - above procedure evaluates 
uncertainty of QED radiation.

Fakes
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Systematic Uncertainties
• Scale factors have uncertainties between 7 

S(LF/HF to fake μ) and 60% S(HF to fake e) 
- large due to QED radiation

• Gives up to 15% uncertainty on 
background predictions

• Uncertainty on MC by using different 
generators, MC statistics, cross-sections etc  
- 10%

• JES,JER and MET result in 20% uncertainty 
on background in SR
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Systematic Uncertainties

• Luminosity uncertainty of 3.6%

• Lepton energy scale < 4%

• Lepton efficiencies - 2%

• Pileup - vary by 10% in simulations - gives 
1% uncertainty on background predictions
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3 B-Jets + MET
ATLAS-CONF-2012-105
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mincl
eff = MET +

n∑

i=1

PT,Jet i,PT>30GeV

m4j
eff = MET +

4∑

i=1

PT,Jet i

Correlated with mass 
scale, suppresses

SM

Suppresses multijet,  targets
g̃g̃ → b̄bb̄bχ0

1χ
0
1
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Backgrounds

Targets top pairs + jets, with leptonic W 
(not seen, tau or fakes a jet)

• Multijets estimated from jet smearing method 
(negligible) 
• Other SM estimated using MC
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Systematic uncertainties

• Detector uncertainties dominated by JES, 
JER and b-tagging efficiency + mistag rates

• Propagate into MET calculation

• Theoretical uncertainties from generator 
choice, cross-section and MC statistics - 
between 50 and 100%
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Direct Stop
0 Lepton + Jets + MET

http://arxiv.org/abs/
1208.1447
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Tau Veto

• Build transverse mass from jet with 1-4 
tracks if jet is closer than pi/5 to MET

• Veto event if MT < 100 GeV - gets rid off 
top pair production with a tau decay
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Direct Stop
1 Lepton + Jets + MET

http://arxiv.org/abs/
1208.2590
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• Choice of cuts reflects increasing stop mass 
and increasing mass difference between 
stop and LSP (neutralino1)

• Exactly one isolated lepton
• At least 4 Jets with PT > 80,60,40,25 
• At least one b-tagged jet
• DeltaPhiMin < 0.8 - defined as azimuth angle between two 
highest PT jets and MET
• Top Mass: Build W from jet-jet pair with smallest separation 
in eta,phi and with mass > 60 GeV, then add closest jet to W 
that makes a top mass between 130 and 205 GeV
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Backgrounds
• 1-Lep T-CR - transverse mass in range 60 

to 90 GeV - single-leptonic top events

• 1-Lep W-CR - transverse mass in range 60 
to 90 GeV + B-Veto - W events

• 2-Lep T-CR - exactly 2 leptons, no cut on 
transverse mass or MET/sqrt(HT) and MET 
> 125 GeV - di-leptonic top

• Multijets estimated with matrix method

• Other backgrounds from SM MC
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Systematic Uncertainties

• Detector uncertainties dominated by JES, JER and 
b-tagging efficiency and mistag rate

• Lepton reconstruction and ID gives small 
uncertainty

• Pileup, luminosity, statistics give small 
uncertainties

• Top pair theoretical uncertainty give 10-30% 
uncertainty on background estimation

• Diboson and multijets have 100% theory 
uncertainty
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Direct Stop
2 Lepton + Jets + MET

http://arxiv.org/abs/
1209.4186
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MT2
mT2(P

l1
T , P l2

T , Pmiss
T ) = min[max[mT (P

l1
T , qT ),mT (P

l2
T , rT )]]

Sharp endpoint at W mass for top pairs, 
SUSY decreases slowly towards higher MT2
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• Two OS leptons with invariant mass > 20 
GeV

• Third lepton veto

• At least two jets with PT > 50,25 GeV - 
suppresses di-boson and Z+Jets

• SF SR:  mll outside range 71 to 101 GeV + 
at least one B-Jet - Z +Jets , WZ and ZZ 
can have high MT2

• MT2 > 120 GeV
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• Top pair CR - MT2 in range 85 to 100 GeV

r and f known from control samples of Z->ll and 
multijets

Allows to calculate fake lepton rate in SR

Fake Leptons
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Backgrounds

• Z CR - reverse di-lepton mass cut

• Other backgrounds that give 2 isolated 
leptons + MET estimated directly with MC
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Systematic Uncertainties

• Fake lepton from comparison of CR’s - 63 (55) %

• Theory includes cross-section and generator 
uncertainties

• Theory uncertainty much smaller for Z+jets and 
hence SF
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Direct Stop
2 Soft Lepton +1 Jet + 

MET
http://arxiv.org/abs/

1208.4305
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Multijets BG estimated with matrix method

• Reverse lepton isolation
• Remove MET Significance cut
• Compare MET Significance shape with and without 
lepton isolation - verifies shape unaffected
• Normalise MET Significance without lepton isolation
to post-lepton isolation
•  This template then shows multijet background will 
be 2% in SR
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Systematic Uncertainties
• JES, JER, theory, b-tagging and statistics also 

contribute

• JER gives largest uncertainty in Z+Jets

• JES gives largest uncertainty in top pair

• Lepton ID and reconstruction give very 
small uncertainties

• Luminosity uncertainty of 3.9%

• Multijet uncertainty from varying template 
fit range
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Direct Stop
1-2 Leptons +B Jets+ MET

http://arxiv.org/abs/
1209.2102
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Single Lepton Channel
• Try to reconstruct semi-leptonic top-pair system

• One electron (muon) with PT > 25 (20) GeV

• Veto second lepton with PT > 20 (10) GeV

• At least 4 jets, including at least 2 b-tagged jets and 
2 b-vetoed jets

• MET > 140 GeV

• MT > 30 GeV - rejects multijets with fake lepton

• Reconstruct hadronic top with algorithm on next 
slide
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Single Lepton Channel
• Construct hadronic and leptonic W, 

hadronic and leptonic tops

• Find combination which maximises Ptot

Ptot = P (mhad
W )P (mlep

W )P (mhad
t )P (mlep

t )

•  P is Gaussian probability to reconstruct particle of mass 
m, assuming experimentally measured mean and width

•  Once chosen require
mhad

t < µ̂− 0.5σ̂

Mean and width from fit to 40 GeV window 
around hadronic top mass
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Two Lepton Channel
• Try to reconstruct di-leptonic top pair system

• 2 OS leptons

• If SF require PT > 25 (20) for electrons (muons)

• If DF require either electron PT > 25 GeV or 
muon PT > 20 GeV

• Require at least 2 jets, and at least one of the two 
hardest jets is b-tagged

• MET > 40 and dilepton mass in range 30 to 81 
GeV
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Mass Scale Subsytem Variable

• Derived from Mandelstam S variable - only consider “visible 
subsystem” of event

• Peaks at twice top mass for top pair production

• If mass difference between stop and neutralino is less than top mass 
then peak is shifted to lower values

• 1-Lepton SR - require is less than 250 GeV

• 2-Lepton SR - require is less than 225 (235) GeV for 2SR1 (2SR2)

• Furthermore require in 2SR2 mlljj < 140 GeV

√
Ssub
min =

√
(
√
m2

sub + P 2
T,sub +

√
m2

miss +MET 2)2 − (P̄T,sub + P̄Miss
T )2
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Backgrounds
• 1 Lepton Top CR requires

µ̂− 0.5σ̂ < mhad
t < µ̂+ 0.5σ̂

√
ssubmin < 320GeV

• 1 Lepton W + b-jets CR requires hadronic 
top mass > 250 GeV and mbb < 50 GeV

• W CR has 60% top pair contamination

• Both CR used simultaneously to constrain 
these BG
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Backgrounds

• 2 Lepton Top CR requires mll > 101 GeV 
and

• 2 Lepton Z CR requires mllSF between 81 
and 101 GeV and 

√
ssubmin < 325GeV

√
ssubmin < 225GeV

Both 1 and 2-Leptons use matrix method for 
multijets (1L) and top pair, W (2L) with 1 or 2 

fake lepton - 2 fake leptons negligible BG

All remaining small BG directly from MC
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Systematic Uncertainties
• JES - 6-10% per SR

• JER - 1-10% per SR

• Lepton ID - 1%

• MET (pileup, out of cluster) - 9%

• B-tagging - 1%

• Theory top pair - 10-15%

• Theory W (1L) - 15%

• Theory Z + Jets - 9 (2) % for 2LSR1 (2LSR2)

• Uncertainty of 45-84% on fake contributions
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3-Leptons + MET
ATLAS-CONF-2012-154
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Fake lepton background for leptons 2 and 3 uses 
matrix method described on previous slides
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Systematic Uncertainty
Irreducible backgrounds

• SR1a - 12% - dominated by JES and cross-
sections (6%), followed by electron 
efficiency and b-tagging (5%)

• SR1b - 40% - dominated by 100% 
uncertainty on triboson cross-section and 
generator choice

• SR2 - 18% - WZ generator uncertainty and 
MC statistics
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Systematic Uncertainty
Reducible backgrounds

• SR1a - 60% - dominated by dependence of 
mis-id on MET

• SR1b - 40% - dominated by statistics of 
number of data events with three tagged 
leptons

• SR2 - 0.01 (+1.6, -0.012) due to bias of 
method on closure tests - limited MC 
statistics for this test in SR2 
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Systematic Uncertainty

• Luminosity - 3.6%

• Trigger efficiency data/MC difference - 5%
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2-Leptons + MET
http://arxiv.org/abs/1208.2884
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If MET aligned with a jet or lepton only consider 
MET orthogonal to that jet/lepton - reduces 

fake MET
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Background
• Fake leptons from matrix method 

previously described

• Top, WW (only OSJVeto) and Z+X CR 
used

• Other backgrounds from MC directly

• SR-SSJVeto has “charge-flip” background - 
electron with hard bremsstrahlung and 
photon conversion - shown to be very 
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Systematic Uncertainties
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Anatomy of a Search
• Pick a signal region (SR)

• Define N Control Regions (CR) 
for large or poorly modelled 
backgrounds

• CR can be used to constrain and/
or validate MC estimate

• Transfer factor (TF) can be used to 
take N_CR to N_SR

• Background in SR can also be 
measured directly in Monte Carlo

SRCRA

CRB

y

x

NBGA
SR,data = TF ×NBGA

CRA,data
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