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The Hierarchy Problem 

1/16/13 2 

In the Standard Model, the Higgs mass is naturally at the 
Planck scale: 

Radiative corrections cancel with the bare mass to bring 
it down to the electroweak scale. 

h h

t

For mh = 126 GeV, requires cancellation to 1 part in 1034! 

Bart Butler (Harvard/SLAC) 
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Supersymmetry in 15 Seconds 

• Standard Model fermions 
get bosonic partners, bosons 
get fermionic partners 

• With R-parity conservation, 
good dark matter candidates 

• Gauge couplings unify at or 
before the Planck Scale 

• Solves the hierarchy problem 
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What is the Higgs Connection? 

1/16/13 4 Bart Butler (Harvard/SLAC) 



Supersymmetry and the Higgs 
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In supersymmetry, the hierarchy problem is solved via 
contributions from superpartners: 

The lightest Higgs mass is therefore allowed to naturally 
be at the electroweak scale, no fine tuning required. 

h h

t̃

Bart Butler (Harvard/SLAC) 



Naturalness 
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SUSY is broken, so instead of canceling to all orders, 
the correction to the Higgs becomes: 

Not problematic as long as top and stop masses not too 
different  stop needs to be light. These residual 
corrections play a key role in pushing mh above mZ. 

Left-handed stop/sbottom form a weak isospin doublet 
• Light sbottom should not be much heavier than stop 
• May have a cleaner path to discovery. 

Bart Butler (Harvard/SLAC) 
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Naturalness is Serious Business 
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~1/3 the ATLAS SUSY 
analyses are direct targeted 

at natural signatures 

The inclusive searches are 
also sensitive to natural 

signatures 

Bart Butler (Harvard/SLAC) 



Problem: Which Model? 
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H. Murayama 

In minimal SUSY alone, 100+ free parameters from soft SUSY breaking! 

Bart Butler (Harvard/SLAC) 



Simplified Models 
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Remove all 
components of 
model not 
involved in decay 

Individual decay chains and final state  
signatures, only a few parameters (masses) 

Full Model 

Simplified Models 

Many parameters, often 
unclear how final states 

influenced 

 
• By construction, branching ratio 100% 
• Typically simple, 1/2-step decays 

proceeding via phase space 
• Not a full SUSY model 
• Generic sensitivity to models with the 

same final state and similar decay chains 

 
 

Sometimes cannot reach 
all final state phase space 

arXiv:1202.2662 

Bart Butler (Harvard/SLAC) 

http://arxiv.org/abs/1202.2662
http://arxiv.org/abs/1202.2662


Targeted Models/Final States 
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q̃other

g̃

q̃

χ0
1

+ q

χ0
1

q

q̄

χ0
1

q̃

˜̄q

• Direct squark 
pair production 

• Decay to quark 
+ neutralino 

Why look for gluino signatures in addition to direct? 
• Dramatic (many jets+MET!) low SM background 
• Higher cross section (50x) at LHC for same mass 

Gluino pair production 
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Bart Butler (Harvard/SLAC) 



Approximate Physics  
Object Definitions 
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All analyses do not share these definitions exactly, but they are close 
 

Jets 
• Anti-kT R=0.4 clustering algorithm 
• Seeded by EM topological clusters 
• pT > 20/25 GeV, |η| < 2.5/2.8 

b-jets 
• Multivariate (“MV1”) tagger 
• 60%, 75% efficient 

operating points 
• pT > 25/30 GeV, |η| < 2.5 

Muons 
• “STACO” algorithm 
• pT > 10 GeV, |η| < 2.4 

Signal Muons 
• Isolation 
• pT > 20/25 GeV 

Missing Energy (MET) 
• -Σ calibrated physics 

objects, unclustered 
energy 

• |η| < 4.9 

Electrons 
• ”medium” criteria 
• pT > 20 GeV, |η| < 2.47 
 

Signal Electrons 
• “tight” criteria 
• Isolation 
• pT > 25 GeV 

Leptonic signal and 
control regions 

Some signal regions, 
W/tt separation in 
control regions 

Everywhere 

Bart Butler (Harvard/SLAC) 
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Typical Top/W+jets/Z Background  
Estimation Strategy 

1/16/13 12 

• 1-lepton control regions 
• Constrains top/W yields in the signal region 
• Defined with mT, sometimes upper MET or 

meff cut and/or b-tagged jets 

• 2-lepton control regions 
• Defined by 2-lepton inv. mass mll 
• Z peak constrains the signal region Z yields 
• Sidebands constrain di-leptonic top. 

mT 

mll 

Bart Butler (Harvard/SLAC) 



0-Lepton QCD Rejection 
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Jet 
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1 

MET 

Reject events with MET lying too 
near a jet in Δϕ 

Reject events with low MET/meff 
or MET significance 

Removal of MET/meff and MET signficance cuts and 
reversal of Δϕ defines the QCD multi-jet control region  
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0-Lepton QCD Estimation 

• MET in QCD multi-jet events 
comes from jet mismeasurement 

• Multi-jet events with low MET 
significance selected, assumed 
well-measured 

• Events smeared with MC-derived 
and data-corrected jet resolution 
functions 

• Smeared events used like a Monte 
Carlo sample and normalized to a 
QCD control region 

1/16/13 14 

Jet 
2 

Jet 
1 

MET 

Di-jet balance used to correct 
Monte Carlo resolution width 

“Mercedes” events used to correct 
the resolution function tails 

Bart Butler (Harvard/SLAC) 



The Matrix Method 

Fake lepton estimates in leptonic signal/control regions 

1/16/13 15 

Invert, everything on 
the left is now known 

Can also be used for b-tagging, but more complicated: 

Bart Butler (Harvard/SLAC) 



Phase Space Determines Kinematics 
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Leading b-quark pT 

Parton-level 
MET 

~
b

~
b

~
c 1

0

~
c 1

0b

b

Jet 

Jet 

ME
T 

Black = Phase 
space only  
Red = Full 

Monte Carlo 

Points with the same 
∆m should have 

similar kinematics 

Phase space ~∆m 

Bart Butler (Harvard/SLAC) 



Radiation Can Be Important 
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Parton-level 
MET 

Intuitively makes sense: 
• ISR jet will align the neutralinos as well as boost them 

In particular when: 
• ∆m is small (soft jets, MET) 
• Q2 is large (heavy sbottoms) 

Hard ISR jet + long MET tails = experimental strategy for otherwise soft physics! 

Bart Butler (Harvard/SLAC) 



0-Lepton Sbottom Analysis in 2011 
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• The first direct 
sbottom search 
from the LHC 
(Dec. 2011) 

• 2.05 fb-1 of 7 TeV 
ATLAS data 

• Focused primarily 
on high ∆m (hard) 
signatures 

• Limit plot shows 
entire parameter 
space 

It was clear what needed improvement 

PRL 108 (2012) 181802 

Bart Butler (Harvard/SLAC) 

http://prl.aps.org/abstract/PRL/v108/i18/e181802
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Signal Region 1 
(SR1) 

• 2 hard leading 
jets b-tagged 

• High mCT cut to 
reject  

    Re-optimized      Signal Regions 

1/16/13 

Large ∆m 

Signal Region 3  
(SR3a) 

• No mCT cut  
• Hard lead jet, soft 

2nd and 3rd tagged 
• j1, MET  back-to-

back 
• Lead jet anti-tag 
• HT,3 (    ) 

 SR3b 
• More MET 
• Harder lead jet 
 

ISR & 
Small ∆m 

Signal Region 2 
(SR2) 

• Low mCT cut  
• 2 lead b-tags 
• High MET 
• Lower leading 

jet pT cut 
• HT,2 for      

rejection 

 Small ∆m 

Bart Butler (Harvard/SLAC) 



Most Sensitive Signal Region vs. Mass 
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Truth-level 

Phase space/ISR expectations confirmed 

SR1, close to 
previous analysis 

SR2 
30-50% more 
sensitive here 

1000-4000% more 
sensitive here than SR2 

SR3a 

SR3b 

30-50% more 
sensitive here 

Bart Butler (Harvard/SLAC) 



Sbottom Signal Region Distributions 
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Direct Sbottom Limits 
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• >100 GeV limit 
improvement in 
sbottom mass 

• >50 GeV limit 
improvement in 
neutralino mass 

ATLAS-CONF-2012-165  

Bart Butler (Harvard/SLAC) 
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Direct Stop Searches 

• 0,1,2-lepton channels 

• 0, 1 or 2 b-tagged jets 

• Discriminants 

– Hadronic mt (mjjj) 

– √smin 

– mT2 

– mll/mT 

– MET/MET significance 

1/16/13 23 

arXiv:hep-ph/9906349  
arXiv:hep-ph/0304226 

 [GeV]
miss
TE

100 200 300 400 500 600

E
v
e

n
ts

 /
 5

0
 G

e
V

2

4

6

8

10

ATLAS  

=7 TeVs, 
-1

 L dt = 4.7 fbò

tt 

Single Top

V (V) + jets

 + Vtt 

Bkg Syst Error

) = (500,1) GeV
1

0
c
~

,m
t
~(m

) = (300,1) GeV
1

0
c
~

,m
t
~(m

Data 2011

E
nt

rie
s 

/ 5
0 

G
eV

-110

1

10

210

310

410

510

610
 = 8 TeV)sData 2012 (

Standard model
Multijets (data estimate)

tt
V+jets, VV

+V, single toptt
=150 GeV ±

  
1

c~ =200 GeV, m 
1t

~
 m

=300 GeV ±
  
1

c~ =350 GeV, m 
1t

~
 m

 channelsme+

-1
L dt = 13.0 fbò

SRbC

ATLAS Preliminary

 [GeV]T
miss

E

100 200 300 400 500 600

D
at

a/
S

M
 

0.5

1

1.5

0-lepton 
2 b-tag 

1-lepton 
2 b-tag 

Bart Butler (Harvard/SLAC) 

http://arxiv.org/abs/hep-ph/9906349
http://arxiv.org/abs/hep-ph/9906349
http://arxiv.org/abs/hep-ph/9906349
http://arxiv.org/abs/hep-ph/9906349
http://arxiv.org/abs/hep-ph/0304226
http://arxiv.org/abs/hep-ph/0304226
http://arxiv.org/abs/hep-ph/0304226
http://arxiv.org/abs/hep-ph/0304226
http://arxiv.org/abs/hep-ph/0304226


 [GeV]
1
t
~m

200 300 400 500 600

1

0
c~

+m
t

 <
 m

1t~
m

200 300 400 500 600

)
1

0

c~ m´
 = 2 

1

±

c~ ( m

1

±

c~+m
b

 < m
1t

~
m

 < 106 GeV 
1

±
c
~ m

+5
 G

eV
)

1

0
c~

 =
 m

1

±
c~

 (
 m

1
±

c~

+m
b

 <
 m

1t~
m

 < 103.5 GeV
1

±
c
~m

 [
G

e
V

]
10

c~
m

0

100

200

300

400

500

1

0
c
~ m´ = 2 ±

1
c

m

-1 = 13 fbintL

 - 10 GeV
1
t
~ = m±

1
c

m
-1

 = 13 fbintL

 = 150 GeV±

1
c

m
-1

 = 13 fbintL

 = 106 GeV±

1
c

m

-1
 = 4.7 fbintL

 + 5 GeV
1

0
c~

 =  m±

1
cm

-1
 = 12.8 fbintL

-1
 = 4.7 fbintL

-1
 = 13 fbintL

ATLAS Preliminary

 production
1

t
~
1
t
~

Status: December 2012

=8 TeVs 
-1

 = 13 fbintL =7 TeVs 
-1

 = 4.7 fbintL

1L ATLAS-CONF-2012-166

0L ATLAS-CONF-2013-001

-

1L ATLAS-CONF-2012-166

2L ATLAS-CONF-2012-167

1L ATLAS-CONF-2012-166

0L [1208.1447], 1L [1208.2590], 2L [1209.4186]

-

2L [1208.4305], 1-2L [1209.2102]

-

-

1-2L [1209.2102]

1

0
c~+

(*)
 W®

1

±
c~, 

1

±
c~ b+® 

1
t
~

1

0
c~ t ®

1
t
~

1

0
c~ t ®

1
t
~

 + 5 GeV
1

0
c~

 = m±

1
c

m

 = 106 GeV
±

1
c

, m
1

±
c~ b+® 

1
t
~

 = 150 GeV
±

1
c

, m
1

±
c~ b+® 

1
t
~

 - 10 GeV
1

t
~ = m

±

1
c

, m
1

±
c~ b+® 

1
t
~

1

0
c~

 m´ = 2 
±

1
c

, m
1

±
c~ b+® 

1
t
~

Observed limits
)theosObserved limits (-1

Expected limits

Direct Stop Limits 

1/16/13 24 Bart Butler (Harvard/SLAC) 



3 b-tag Gluino-mediated Signal Regions 

1/16/13 25 

• 6 jets > 50 GeV, 3 tags (30 GeV) 
• Loose: meff(incl) >  1100 GeV 
• Medium: meff(incl) >  1300 GeV 
• Tight: meff(incl) >  1500 GeV 

• 4 jets > 50 GeV, 3 tags (50 GeV) 
• Loose: meff(4) >  900 GeV 
• Medium: meff(4) >  1100 GeV 
• Tight: meff(4) > 1300 GeV 

200-600% 
sensitivity 

improvement, 
23 tag 

Common 

• MET trigger 
• Leading jet pT > 90 GeV 
• MET > 200 GeV 
• MET/meff(4) > 0.2 
• ∆φ(j,MET) > 0.4 for leading 4 jets 
• b-tagging operating point at 75% 

efficiency (tt) 

Bart Butler (Harvard/SLAC) 
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Gluino-mediated Sbottom and  
Stop Loose Signal Regions 
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meff 

MET 

All regions show 
good agreement 

with Standard 
Model 

expectation 

Overlaid signal 
points different for 

sbottom vs. stop 

Bart Butler (Harvard/SLAC) 
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ATLAS-CONF-2012-145 

Bart Butler (Harvard/SLAC) 
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ATLAS-CONF-2012-145 
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Putting It All Together:  
Is Natural SUSY in Trouble? 
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Yes, But Not So Fast 
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arXiv:1206.5800 

Can be many lighter 
neutralinos and charginos—
lots of possible decay modes! 

Gluinos heavy  
and decoupled 

Light stop, sbottom 

Bart Butler (Harvard/SLAC) 



Branching Ratios Matter 

1/16/13 31 

arXiv:1206.5800 

19% x 19% = 3.6%  
Factor of 25 suppression 

Potential control  
region contamination 

Bart Butler (Harvard/SLAC) 



 [GeV]
1

b
~m

100 200 300 400 500 600 700

 [
G

e
V

]
0 1

c~
m

0

100

200

300

400

500

600

700

 fo
rb

idden

1

0
c~

 b
®
1b

~

1

0
c
~

 b®
1

b
~

 production, 
1

b
~

-
1

b
~

ATLAS Preliminary

=8 TeVs, 
-1

 L dt = 12.8 fbò -1CDF 2.65 fb
-1D0 5.2 fb

=7 TeVs, -1ATLAS 2.05 fb

=7 TeVs, -1ATLAS 4.7 fb

)
theory

SUSY
s1 ±Observed limit (

)exps1 ±Expected limit (

All limits at 95% CL

Rough Limit Translation 
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Nominal location of model 
• excluded 

Effective location of model 
• not excluded 

25x effective cross 
section reduction 

Bart Butler (Harvard/SLAC) 



Outlook and Plans 
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• Updates for full 2012 dataset, 
including re-optimization 

• 1-lepton channel, b-tagged search 
for  

• Boosted                                 analysis 
using jet substructure 

• Other sbottom/stop decay modes, 
cascades 

• New searches with b-jets aiming 
at SUSY decay chains with Higgs 

We hope SUSY is not as sneaky as Waldo 

Bart Butler (Harvard/SLAC) 



In Conclusion 

1/16/13 34 

 [GeV]
g~

m

200 400 600 800 1000 1200 1400

 [
G

e
V

]
0 1

c~
m

0

200

400

600

800

1000

1200

1400

 fo
rbidden

0

1c~+b b
® g~

)g~) >> m(q~, m(
0

1
c~+b b® g~  production, g~g~ =8 TeVs, 

-1
 = 12.8 fb

int
L

3 b-jets channel 

All limits at 95% CL

ATLAS exps1 ±Expected limit 

Theory

SUSY
s 1 ±Observed limit 

 at 7 TeV-13 b-jets, 4.7 fb

Preliminary

 [GeV]
g~

m
500 600 700 800 900 1000 1100 1200 1300

 [
G

e
V

]
10

c~
m

100

200

300

400

500

600

700

800
 fo

rb
id

den

1

0
c~t

 t
®

g~

 not included.
theory
SUSYs 95% C.L. limits. 

S
CL

1

0
c~t t®g

~
 production, g

~
-g

~

 PreliminaryATLAS

Expected

Observed

Expected

Observed

Expected

Observed

Expected

Observed

 3 b-jets³0-lepton, 

 4 jets³3-leptons, 

 6-9 jets³0-lepton, 

 4 jets³2-SS-leptons, 

ATLAS-CONF-2012-145

ATLAS-CONF-2012-151

ATLAS-CONF-2012-103

ATLAS-CONF-2012-105

, 8 TeV]-1 = 12.8 fb
int

[L

, 8 TeV]-1 = 13.0 fb
int

[L

, 8 TeV]-1 = 5.8 fb
int

[L

, 8 TeV]-1 = 5.8 fb
int

[L

 [GeV]
1

b
~m

100 200 300 400 500 600 700

 [
G

e
V

]
0 1

c~
m

0

100

200

300

400

500

600

700

 fo
rb

id
den

1

0
c~

 b
®
1b

~

1

0
c
~

 b®
1

b
~

 production, 
1

b
~

-
1

b
~

ATLAS Preliminary

=8 TeVs, 
-1

 L dt = 12.8 fbò -1CDF 2.65 fb
-1D0 5.2 fb

=7 TeVs, -1ATLAS 2.05 fb

=7 TeVs, -1ATLAS 4.7 fb

)
theory

SUSY
s1 ±Observed limit (

)exps1 ±Expected limit (

All limits at 95% CL

• The ATLAS SUSY group has conducted 
systematic searches for gluino-
mediated and direct decays of 3rd 
generation squarks, placing strong 
limits on natural SUSY. 

• A large effort has been made to ensure 
broad sensitivity, though this remains 
an ongoing challenge. 
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Waldo: the only 
discovery in this talk. 
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Backup 
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3 b-tag Top Control Region? 
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The Price:  
• Residual b-tagging systematic 
• Take care with composition (    

+ light jets vs.                     )  

Monte Carlo Ratio 

Use 2-tag, 0-lepton 
(~old signal regions) 

4-jet Loose 
Signal Region 

4-jet Loose 
Control Region 

3 b-tag, 1-lepton not 
viable (statistics) 

- signal contamination for 

mef

f 

mef

f 

10x drop in 
background 

Bart Butler (Harvard/SLAC) 


