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Outline of presentation
Motivations for searches:
! SUSY and naturalness
! SUSY production classes

ATLAS & CMS SUSY searches:
! Gluinos and squarks: Jets + MET
! 3rd generation squarks: b-jets + MET
! ElectroWeak production
! Generalized searches

Conclusions and outlook
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All these people… Looking for me?

Notes on limited warrenty:
I will assume general knowledge of
LHC running and the ATLAS+CMS 
detectors.
Covering broadly (80+ analysis),
I will necessarily be short/undetailed.
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SUSY introduction

Event as seen by the TRT detector. The occupancy is near 100%, rendering reconstructing void!
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SM vs. SUSY
The Standard Model (SM) faces problems:
• No Dark Matter (DM) candidates.
• No Matter-Antimatter asymmetry.
• Extreme fine tuning of Higgs mass.
Super Symmetry (SUSY) offers a solution: 
29 sparticles, 4 Higgs’ and R-parity: R = (-1)2j+3B+L

If R-parity is conserved (mostly assumed):
• LSP is stable (i.e. DM candidate).
• SUSY particles are pair produced.
• Final states have MET signatures.

Extra Higgs’ may solve asymmetry problem and SUSY 
cancels:
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SM vs. SUSY
The Standard Model (SM) faces problems:
• No Dark Matter (DM) candidates.
• No Matter-Antimatter asymmetry.
• Extreme fine tuning of Higgs mass.
Super Symmetry (SUSY) offers a solution: 
29 sparticles, 4 Higgs’ and R-parity: R = (-1)2j+3B+L

If R-parity is conserved (mostly assumed):
• LSP is stable (i.e. DM candidate).
• SUSY particles are pair produced.
• Final states have MET signatures.

Extra Higgs’ may solve asymmetry problem and
SUSY cancels “dangerous” loop terms.
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From L. Hall
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SM vs. SUSY naturalness
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The Standard Model (SM) faces problems:
• No Dark Matter (DM) candidates.
• No Matter-Antimatter asymmetry.
• Extreme fine tuning of Higgs mass.
Super Symmetry (SUSY) offers a solution: 
29 sparticles, 4 Higgs’ and R-parity: R = (-1)2j+3B+L

If R-parity is conserved (mostly assumed):
• LSP is stable (i.e. DM candidate).
• SUSY particles are pair produced.
• Final states have MET signatures.

Extra Higgs’ may solve asymmetry
problem and SUSY cancels
“dangerous” loop terms.

From J. Feng
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SUSY cross section
At LHC, 1st/2nd gen. squark/
gluino production dominates (if 
kinematically accessible). 

Naturalness favors light 3rd 
generation (e.g. stops).

Electroweak SUSY production is 
suppressed at the LHC, 
but of course still accessible.

Bonus: Non-SUSY New Physics 
often predicts SM partners to 
which SUSY searches are sensitive.

In addition: Large tan" # and b-
jets, compressed spectra, long 
lived particles, etc.

Simplified Models gives sufficient 
info for reinterpretations. LSP
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The LHC accelerator, the data 
and ATLAS & CMS detectors

Event as seen by the TRT detector. The occupancy is near 100%, rendering reconstructing void!
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ATLAS & CMS SUSY searches

Event as seen by the TRT detector. The occupancy is near 100%, rendering reconstructing void!
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Mass scales [GeV]
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Summary of CMS SUSY Results* in SMS framework

CMS Preliminary

m(mother)-m(LSP)=200 GeV m(LSP)=0 GeV
SUSY 2013

 = 7 TeVs

 = 8 TeVs

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

ATLAS & CMS search overview
A total of 51+31 SUSY analysis to review: Impossible!
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Mass scales [GeV]
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Summary of CMS SUSY Results* in SMS framework

CMS Preliminary

m(mother)-m(LSP)=200 GeV m(LSP)=0 GeV
SUSY 2013

 = 7 TeVs

 = 8 TeVs

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

ATLAS & CMS search overview

Three general subjects will be considered:
• Jets + MET searches (squarks and gluinos).
• B-jets + MET searches (stops and sbottoms).
• Leptons + MET searches (EW production of chargino/neutralino/slepton).

Furthermore, I will discuss the general coverage of SUSY phase space and
one additional interesting analysis (general NP search). 
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Mass scales [GeV]
0 200 400 600 800 1000 1200 1400

0
χ∼ l → l

~

 0
χ∼ 0

χ∼ν τττ → ±χ∼ 
2
0
χ∼

 0
χ∼ 0

χ∼ν τ ll→ ±χ∼ 
2
0
χ∼

0
χ∼ 0

χ∼ H W → 
2
0
χ∼ ±χ∼

0
χ∼ 0

χ∼ W Z → 
2
0
χ∼ ±χ∼

0
χ∼

0
χ∼νν

-l+ l→ -χ∼+
χ∼

 0
χ∼ 0

χ∼ν lll → ±χ∼ 
2
0
χ∼

0
χ∼ bZ → b

~
0
χ∼ tW → b

~
0
χ∼ b → b

~

 H G)→ 0
χ∼(0

χ∼ t b → t~
)0

χ∼ W → ±χ∼ b (→ t~
)0

χ∼ W→ +
χ∼ b(→ t~

0
χ∼ t → t~

0
χ∼ t → t~

0
χ∼ q → q~

0
χ∼ q → q~

))0
χ∼ W→ ±χ∼ t(→ b

~
 b(→ g~

)0
χ∼γ →

2
0
χ∼ qq(→ g~

)0
χ∼ W→

±
χ∼|0

χ∼γ→
2
0
χ∼ qq(→ g~

)0
χ∼ W→±χ∼ qq(→ g~

)0
χ∼ Z →

2
0
χ∼ qq (→ g~

)0
χ∼ ν± l→ ±χ∼ qq(→ g~

)0
χ∼ t→ t~ t(→ g~

)0
χ∼ |0

χ∼ W→±χ∼ qq(→ g~
)0

χ∼ |0
χ∼ τ τ →

2
0
χ∼ qq(→ g~

)0
χ∼

-l+ l→
2
0
χ∼ qq (→ g~

0
χ∼ tt → g~

0
χ∼ bb → g~

0
χ∼ qq → g~

0
χ∼ qq → g~

 

SUS-13-006 L=19.5 /fb

SUS-13-008 SUS-13-013 L=19.5 /fb

SUS-13-011 L=19.5 /fb x = 0.25
x = 0.50

x = 0.75

SUS-13-008 L=19.5 /fb

SUS-12-001 L=4.93 /fb

SUS-11-010 L=4.98 /fb

SUS-13-006 L=19.5 /fb x = 0.05
x = 0.50

x = 0.95

SUS-13-006 L=19.5 /fb

SUS-13-012 SUS-12-028 L=19.5 11.7 /fb

SUS-12-005 SUS-11-024 L=4.7 /fb

SUS-12-028 L=11.7 /fb

SUS-13-008 SUS-13-013 L=19.5 /fb

SUS-13-014 L=19.5 /fb

SUS-13-004 SUS-13-007 SUS-13-008 SUS-13-013 L=19.4 19.5 /fb

SUS-13-013 L=19.5 /fb x = 0.20
x = 0.50

SUS-13-004 SUS-12-024 SUS-12-028 L=19.3 19.4 /fb

SUS-12-001 L=4.93 /fb

SUS-13-012 SUS-12-028 L=19.5 11.7 /fb

SUS-12-010 L=4.98 /fb x = 0.25x = 0.50
x = 0.75

SUS-12-005 SUS-11-024 L=4.7 /fb

SUS-13-008 SUS-13-013 L=19.5 /fb

SUS-13-017 L=19.5 /fb

SUS-12-004 L=4.98 /fb

SUS-13-006 L=19.5 /fb

SUS-11-011 L=4.98 /fb

SUS-13-011 SUS-13-004 L=19.5 19.3 /fb left-handed top
unpolarized top

right-handed top

SUS-11-024 SUS-12-005 L=4.7 /fb

SUS-11-021 SUS-12-002 L=4.98 4.73 /fb x = 0.25
x = 0.50

x = 0.75

SUS-13-006 L=19.5 /fb x = 0.05
x = 0.50

x = 0.95

SUS-13-006 L=19.5 /fb

SUS-11-030 L=4.98 /fb

gl
ui

no
 p

ro
du

ct
io

n
sq

ua
rk

st
op

sb
ot

to
m

EW
K 

ga
ug

in
os

sle
pt

on

Summary of CMS SUSY Results* in SMS framework

CMS Preliminary

m(mother)-m(LSP)=200 GeV m(LSP)=0 GeV
SUSY 2013

 = 7 TeVs

 = 8 TeVs

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

ATLAS & CMS search overview

Not covered:
Mono- and diphoton searches (see Toyoko Orimoto, this afternoon).
Long-lived particle searches (see Tristan Arnoldus du Pree, this afternoon).
Mono jet searches (see Valerio Rossetti, Thursday afternoon).
Mono W/Z searches (see Andy Nelson, Thursday afternoon).

...and of course much more!
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Gluinos and squarks:
Inclusive jets + MET

Event as seen by the TRT detector. The occupancy is near 100%, rendering reconstructing void!
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Inclusive jets + MET

1405.7875 20.3 fb-1 2-6 jets + MET
1404.2500 20.3 fb-1 2 SS leptons/3 leptons + MET + b-tag
1308.1841 20.3 fb-1 7-10 jets + MET
ATLAS-CONF-2013-89 20.3 fb-1 2 leptons + jets + MET
ATLAS-CONF-2013-62 20.3 fb-1 1-2 leptons + 3-6 jets + MET
ATLAS-CONF-2013-61 20.1 fb-1 3 b-jets + MET
ATLAS-CONF-2013-26 21.0 fb-1 1 tau + jets + MET
1402.4770 19.5 fb-1 3-8 jets + MET
1311.6736 19.3 fb-1 Lepton + jets + b-tag
PAS-SUS-12-015 19.3 fb-1 Lepton + jets + b-tag
PLB 725 243, 1305.2390 19.4 fb-1 3+ jets + MET + b-tag
PAS-SUS-13-019 19.5 fb-1 Jets + b-tag, MT2 variable

The 8 TeV analyses in ATLAS & CMS searching for squarks and gluinos are:
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Inclusive jets + MET

1405.7875 20.3 fb-1 2-6 jets + MET
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The 8 TeV analyses in ATLAS & CMS searching for squarks and gluinos are:
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I will consider the “classic” SUSY signature in slight detail and expand from there.
These assume the R-parity is conserved and neutralino is the LSP!
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ATLAS inclusive jets + MET

Emiss
T
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Search uses 15 inclusive signal regions (SR) along with 60 control regions 
(CR, 4 CR per SR [$,Q,W,T]) and 135 validation regions (VR, 9 VR per SR).

Events are selected on the basis of            and
Lepton veto is applied to all SR.

Background estimates in SR obtained
from data by transfer factors:

To assure accuracy, validity is tested
in VRs. Largest discrepancy is 2.4%
(13 events compared 6.1±1.3 exp.)
in the Z-VR of the 5j SR.

me↵ =
X

jets

pT (jet) + Emiss
T

Validation Region results

Validity categories
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ATLAS inclusive jets + MET
Two example (2j-loose and 6j-very tight) distributions of effective mass:

The other 13 Signal Regions also see no excesses...
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ATLAS inclusive jets + MET
Two example (2j-loose and 6j-very tight) distributions of effective mass:

As can be seen, the data matches the expected SM background, and we proceed 
to set limits.
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ATLAS inclusive jets + MET
Two example limit plots (out of 14), using best exp. SR for each hypothesis:
Left: Exclusion limits for mSUGRA/CMSSM models.
Right: Exclusion limits for a simplified phenomenological MSSM scenario.

In simplified models we exclude gluinos with masses up to ~1.3 TeV and squarks 
with masses upto 850 GeV.

Note: It is interesting to note the strong dependence on the Higgs mass in the mSUGRA/CMSSM model.
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CMS inclusive jets + MET
A loose baseline selection is applied:
• Minimum 3 jets with pT > 50 GeV and |&|< 2.5.
• H_T > 500 GeV.
• Missing H_T > 200 GeV.
• 3 highest pT jets do not align with missing H_T.
• Lepton veto.
11753 events are divided into 36 exclusive SR (Njets, H_T and missing H_T).
The background is evaluated in a similar data-driven way to ATLAS. 

HT =
X

jets

pT

6HT = | ~6HT | = |�
X

jets

~pT |

…….
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CMS inclusive jets + MET

…….
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Example

Summary

The resulting distributions are compared to estimated background:

No excesses are seen, and so limits 
are set.
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ATLAS & CMS inclusive jets + MET
The ATLAS & CMS searches covered are just one of 
a whole array with increasing number of leptons 
and b-tags.
The SUSY scenarios covered in this way are many!
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Stops: b-jets + MET

Event as seen by the TRT detector. The occupancy is near 100%, rendering reconstructing void!
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Stops in b-jets + MET
Exclusion plots for direct stop searches are shown (3 ATLAS + 3 CMS analysis).

There is quite some structure to them...
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Stops in b-jets + MET
Exclusion plots for direct stop searches are shown (3 ATLAS + 3 CMS analysis).

There is quite some structure to them, which comes from the kinematically 
allowed decays of the stops and the (large) SM backgrounds near the boundaries.

Troels C. Petersen (NBI)                      AstroParticle 2014                                        Page 16/25

Monday, June 23, 14



Stops in b-jets + MET
Exclusion plots for direct stop searches are shown (3 ATLAS + 3 CMS analysis).

There is quite some structure to them, which comes from the kinematically 
allowed decays of the stops and the (large) SM backgrounds near the boundaries.

The stop search program relies on the complementarity 
of many analyses, and ideas to cover loop holes.
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Stops in b-jets + MET
The razor variables MR and R are defined studying the dijet topology 
resulting from the production of two squarks, each decaying to a 
quark and a stable neutralino [CMS SUS-13-004].

Defining 9 signal regions, the 
baseline selection is:
• With leptons:
    MR > 300 GeV, R2 > 0.15
• Without leptons:
    MR > 400 GeV, R2 > 0.25

MR and R tends to be a peaking 
function for signal and a smooth 
falling function for background.
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Loopholes in stop searches...
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Loopholes in stop searches...

“Stealth stop”
m(stop) ~ m(top) + m(LSP)
⇒ Kinematics like ttbar bkg!

• Shape fits
• BDT analysis
• Search for heavier SUSY    
particles decaying to stop.
• Other ideas...
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Loopholes in stop searches...

“Stealth stop”
m(stop) ~ m(top) + m(LSP)
⇒ Kinematics like ttbar bkg!

• Shape fits
• BDT analysis
• Search for heavier SUSY    
particles decaying to stop.
• Other ideas...

Very light stop
m(stop) < mb + mW + m(LSP)
⇒ 4-body decay w. c-quarks!

• Monojet + MET
• c-tag + MET
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“Stealth stop”
m(stop) ~ m(top) + m(LSP)
⇒ Kinematics like ttbar bkg!

• Shape fits
• BDT analysis
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particles decaying to stop.
• Other ideas...

Very light stop
m(stop) < mb + mW + m(LSP)
⇒ 4-body decay w. c-quarks!

• Monojet + MET
• c-tag + MET

Very heavy stop
⇒ Cross section tiny!
New variables used to 
preserve signal.
ATLAS: Boosted tech.
CMS: Razor
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Loopholes in stop searches...

“Stealth stop”
m(stop) ~ m(top) + m(LSP)
⇒ Kinematics like ttbar bkg!

• Shape fits
• BDT analysis
• Search for heavier SUSY    
particles decaying to stop.
• Other ideas...

Very light stop
m(stop) < mb + mW + m(LSP)
⇒ 4-body decay w. c-quarks!

• Monojet + MET
• c-tag + MET

Very heavy stop
⇒ Cross section tiny!
New variables used to 
preserve signal.
ATLAS: Boosted tech.
CMS: Razor

(meta-)stable stop
⇒ no decay seen!
Search for stable 
massive particles!
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ElectroWeak production:
Leptons, jets, MET, etc.

Event as seen by the TRT detector. The occupancy is near 100%, rendering reconstructing void!

Monday, June 23, 14



ElectroWeak SUSY production
Searching for charginos, neutralinos, and sleptons

EW SUSY provides “toughest” but perhaps also most interesting SUSY window.
With assumptions, there are 9 parameters: M1,M2, µ, tan�,m

2
ẽL ,m

2
ẽR ,m

2
⌧̃L ,m

2
⌧̃R , ✓⌧̃

Cascade decays to LSP yields many interesting SM particles: Leptons, W/Z, Higgs
Maximal reach so far is ~700 GeV, dominated by multilepton channels.
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Multi-lepton + MET

4 lepton final states. Similar table for 3 lepton final states

3 leptons (e,',#) are required to have
pT > 20, 10, 20 GeV (1st, 2nd, and #h).

Candidates are then classified according to:
Nlepton, Ntau, b-tag, N OSSF, on/off Z, HT, ETmiss

Largest discrepancy is in 4 lepton, OSSF1, 
off-Z, one #h, no b-tag and HT < 200 GeV:
3 (0.60 ± 0.24), 4 (2.1 ± 0.5) and 15 (7.5 ± 2.0) 
events observed (expected).

1 of 5 models tested:
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Multi-lepton + MET

4 lepton final states. Similar table for 3 lepton final states

3 leptons (e,',#) are required to have
pT > 20, 10, 20 GeV (1st, 2nd, and #h).

Candidates are then classified according to:
Nlepton, Ntau, b-tag, N OSSF, on/off Z, HT, ETmiss

Largest discrepancy is in 4 lepton, OSSF1, 
off-Z, one #h, no b-tag and HT < 200 GeV:
3 (0.60 ± 0.24), 4 (2.1 ± 0.5) and 15 (7.5 ± 2.0) 
events observed (expected).

1 of 5 models tested:
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4-lepton + MET
Analysis covers 5 RPV and 3 RPC models (along with 2 GGM models).

9 Signal Regions are defined according the 
N leptons, Z-veto and MET.
Shown is the  4+ lepton + MET > 50 GeV Signal Region

High number of leptons ⇒
very few events selected.
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4-lepton + MET
Analysis covers 5 RPV and 3 RPC models (along with 2 GGM models).

9 Signal Regions are defined according the 
N leptons, Z-veto and MET.
Shown is the  4+ lepton + MET > 50 GeV Signal Region
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Higgsino search
SUSY scenario: (01 lightest higgsino and G is 
LSP (each Higgs boson H decays to b-quarks).

~ ~

Selection:
4-5 jets, 2+ jets pT > 50 GeV and MET significance, SMET > 30
No isolated leptons (e,',#) or tracks with pT > 10 GeV!
)*(jet, MET)min > 0.3 (0.5) for SMET > 50 (50 > SMET > 30)

No significant signal is seen, and 
limits (not unlike our “old” SM 
higgs ones) are set.
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Generalized search

Event as seen by the TRT detector. The occupancy is near 100%, rendering reconstructing void!

Monday, June 23, 14



General new physics search
Idea: “Automate” SM background 
estimate for final states, and 
compare with data.

Objects: e, ', $, jets, b-jets, MET.
            pT > 25, 25, 40, 50, 50, 150.

Observables: Invariant mass, 
effective mass and MET.

Backgrounds: Estimated by 
reweighted MC, except fake 
lepton rate (from data).

Signal Regions (SR): 697 in total!
All regions with SM expectation 
> 0.1 event are considered.
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General new physics search

“This type of search makes me sleep well at 
night!”  [Overheard at conference]

Largest discrepancies:
!2e1j meff: p-value = 0.0013
     Exp = 0.7±0.5, Obs = 6 
3" minv: p-value = 0.0071
     Exp = 16 ± 5, Obs = 35

Interpretation:
p-value distribution is compared 
to pseudo-experiment expectation.
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Conclusions
Many SUSY searches performed - SUSY was NOT “just around the corner”!
Limits have already been pushed very far - the work impresses me much.

LHC Run2 might provide the only real chance of observing SUSY!
With Run1 experience, we’re ready to maximize our reach...

Mass

SquarkLHC SUSY searches
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Conclusions

Mass

Gluino Squark Slepton GravitinoLHC SUSY searches

Maybe we are just chasing ghosts...
                                                               ...but it’s the “maybe” that keeps the chase on.

Many SUSY searches performed - SUSY was NOT “just around the corner”!
Limits have already been pushed very far - the work impresses me much.

LHC Run2 might provide the only real chance of observing SUSY!
With Run1 experience, we’re ready to maximize our reach...
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Bonus slides

Event as seen by the TRT detector. The occupancy is near 100%, rendering reconstructing void!
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Additional Higgses & BaryoGenesis
Assume the addition of one additional Higgs singlet, which mixes with the SM
Higgs (sin+). Does this allow for a first order phase transition?  [PRL or 1305.4362]

Red area:
Missing SM Higgses

Black area:
Not in direct searches

Blue area:
No BaryoGenesis!
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ATLAS inclusive jets + MET

Event selection for the 15 
signal regions...
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Perhaps still the best estimate of what lies beyond...
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