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* Search for ~all of these, produced either directly or in cascades 
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A “typical” SUSY Spectrum"
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Use the famous SPS1a benchmark point for illustration!
[m0=100, m12=250, tanβ=10, A0=-100, μ>0] !

Higgs 
sector 

sleptons 

charginos/ 
neutralinos 

gluino/ 
squarks 

LSP 

Advantage:!
!   Only four free 

parameters (when 
sign(μ) fixed) !

!   One of the most 
studied incarnations 
of the MSSM!

!
Disadvantage:!
!  Not generally 

representative of 
SUSY (e.g. fixed 
mass relation  
between Mgluion and 
MLSP) !

m0 ,m1/2 , tanβ,A0 , sign(µ)
CMSSM!



The Standard Model 
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}  Matter is made out of  fermions:  
}  3 generations of quarks and leptons 

2 

• Forces are carried by Bosons: 
• Electroweak: γ,W,Z, Strong: gluons  

SM particles have no inherent mass 
Gain mass by passing through a  field à 
the Higgs field  



The origin of masses: the Higgs boson 
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Electroweak Symmetry Breaking ‘Mechanism’ theorized in 1964   
Higgs boson observed at the LHC 50 years later à 125.5 GeV!  
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Higgs and Engler on July 4, 2012 

•  Enormous resonance of this discovery around the world !!  
•  Nobel Prize in 2014 to theorists of the EWSB mechanism  
•  Special Breakthrough prize to ATLAS and CMS spokes for the 

achievement (unfortunately not split among collaborators at that time, but special founding 
created for students at least in ATLAS) 



The origin of masses: the Higgs boson 

11/11/2015 Monica D'Onofrio, HEP Seminar Liverpool 

 
Electroweak Symmetry Breaking ‘Mechanism’ theorized in 1964   
Higgs boson observed at the LHC 50 years later à 125.5 GeV!  
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Higgs and Engler on July 4, 2012 

DOES THE HIGGS DISCOVERY COMPLETE OUR 
UNDERSTANDING OF NATURE ? 

NOPE!	  The	  Standard	  Model	  is	  theoretically	  incomplete	  



Till Eifert -- Experimental results on SUSY with top TOP2014

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

  Supersymmetry 

  

}  Naturally solves the gauge hierarchy problem  
}  Predicts an elementary Higgs scalar …  

}   ‘intriguing’ SM-like limit  
à mass below 135 GeV (in the MSSM)  

}  Allows grand unification of forces  
}  SUSY with R-parity (*) conservation predicts a 

suitable Dark Matter candidate 

 

New	  spin-‐based	  symmetry	  relating	  
fermions	  and	  bosons	  

→ more than doubles the particle 
spectrum w.r.t. the Standard Model.  

Fermion loop 

Boson loop 
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* Search for ~all of these, produced either directly or in cascades 
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A “typical” SUSY Spectrum"
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Use the famous SPS1a benchmark point for illustration!
[m0=100, m12=250, tanβ=10, A0=-100, μ>0] !

Higgs 
sector 

sleptons 

charginos/ 
neutralinos 

gluino/ 
squarks 

LSP 

Advantage:!
!   Only four free 

parameters (when 
sign(μ) fixed) !

!   One of the most 
studied incarnations 
of the MSSM!

!
Disadvantage:!
!  Not generally 

representative of 
SUSY (e.g. fixed 
mass relation  
between Mgluion and 
MLSP) !

m0 ,m1/2 , tanβ,A0 , sign(µ)
CMSSM!

(*) relates B, L, S quantum numbers 
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What is the Dark Matter? 

Standard Model only accounts for  
20% of the matter of the Universe 

 
In SUSY the lightest supersymmetric particles 

(LSP) can explain the rest of the matter.. 

11/11/2015 Monica D'Onofrio, HEP Seminar 
Liverpool 



The LSP and Dark Matter  
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}  The amount of dark matter relic 
density is inversely proportional 
to the annihilation cross section: 

 
 ΩDM ~  <σAv>-1    	
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Remarkable “coincidence”:  
ΩDM ~ 0.1 for m ~ 100 GeV – 1 TeV! 
 

Supersymmetry independently predicts particles with about the  
right density to be dark matter !  

HEPAP LHC/ILC Subpanel (2006) 

HEPAP 2006 LHC/ILC Subpanel 

σA  ~  α2/ m2    



SUSY phase space 

}  Almost impossible to exclude, but can tightly constrain the large variety 
of models and efficiently look for an hint of new physics. But for this, we 
need a solid experimental environment and an even more solid strategy… 

SUSY widely considered to remain the chief amongst BSM proposals - although 
the most simplistic versions tightly constrained by experimental results 

11/11/2015 Monica D'Onofrio, HEP Seminar Liverpool 8 



The ATLAS experiment at the LHC  The (Run-1) ATLAS Detector 

27 km circumference 

ATLAS 

So far:  
7/8/13 TeV proton—proton collisions 

  5 fb-1 /exp. 2011 @ 7 TeV                         
  25 fb-1 /exp 2012  @ 8 TeV  
~4 fb-1 /exp 2015  @ 13 TeV  

2.76 TeV Pb—Pb collisions 
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The (Run-1) ATLAS Detector 

as in RunI.. 



 outline – strategy and results so far  
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}  Theoretical challenges: which model  
}  Experimental challenges: 

}  Trigger  
}  Discriminants and tools  
}  Background strategies 

}  The Run 1 legacy: highlights  
}  Strong production  
}  Third generation  
}  EWK production  
}  Long Lived particles  

}  Towards Run 2: 
}  What we expect  
}  Where we stand  

36 

Top-quark production at 13 TeV !
Display of tt → eµ + 2 b-jets 
candidate event!

Run I Legacy
ATLAS Run 1 searches for direct pair 
production of third-generation squarks 

at the Large Hadron Collider

4
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arXiv:1506.08616v1*

(no exhaustive set of results)

*Submitted to EPJC

arXiv:1503.08037v1*

Searches for third-generation squark 
production in fully hadronic final states 
in proton-proton collisions at √s = 8 TeV

*Submitted to JHEP

no 3G SUSY in plain sight
M.Tripiana, EPS-HEP, Vienna 2015
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THE CHALLENGES 
!  Large phase space to cover. 

! Many production modes and decay 
channels. 

! Multiple final states to explore. 
!  Cross sections tiny with respect to the 

Standard Model processes.  
!  Searches target on a phase-space that 

is experimentally complicated. 
!  Tails of distributions in multi-object 

final states. 
!  Require very selective trigger 

selections; 
!  powerful discriminating variables; and 
!  complex background determination 

techniques. 
� An experimental challenge! 

arXiv:1404.7191 

.. Of course, a 
personal selection J 



 The ‘theory challenges’: which target? 

‘Full’ Physics models 
•  SUSY breaking @ high scale à specific spectrum at EWK scale  
•  mSUGRA, Gauge Mediated Symmetry Breaking, Anomalous MSB, Minimal SUSY (MSSM)  

Generalized models 
•  Parameters @ EWK scale à spectrum at EWK scale 

•  Set considering also indirect constraints   
•  pMSSM, General Gauge Mediated … 

Simplified models 
•  Described by a minimal set of 

parameters (particle masses, 
cross section) 

•  Most models: fixed BR to final 
state of interest (e.g. 100%) 

Useful to calibrate our 
exclusion and compare 
with other results 

m(A) 
m

(B
) A 

A’ 

B = LSP 

or 
Fix one 
of ΔM  

Very helpful to design analyses and 
understand loop-holes. 

Usually ‘signal regions’ are defined considering various models 

11/11/2015 Monica D'Onofrio, HEP Seminar Liverpool 11 



 The ‘theory challenges’: which target 
}  Simplified model definitions must also be inspired by some guiding 

principles. In Run1, naturalness has been a very important one 

•  At least one light (< 135 GeV) neutral Higgs  

•  m (t, b, χ) < 1 TeV to compensate top and W 
contributions to Higgs 

•  LSP often is χ1
0 , large higgsino component  

~ ~ ~ 

~ 

•  To avoid large FCNC: squarks, 
sleptons of 1st and 2nd generations 
heavy and degenerate 

 

Higgsinos almost 
degenerate (very 
difficult to probe) 
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 SUSY search @ LHC  

Charginos, neutralinos, sleptons: 
•  overall small cross section, feasible with current dataset    

Gluinos and 1st, 2nd generation squarks: 
•  high cross section up to ~ 1 TeV mass 

Top and bottom squarks 
•  high cross section up to ~ 0.5 TeV 
 

ATLAS search program is designed to provide coverage for a broad class of 
SUSY models. Searches are split in terms of (1) targeted production (2) 
expected phenomenology    

√s = 8 TeV  

11/11/2015 Monica D'Onofrio, HEP Seminar Liverpool 13 



 SUSY search @ LHC      

Long Lived (LL) particles  
could be produced in RPV and RPC scenarios. E.g.:  

}  in RPV: if lambda couplings are very small  
}  in RPC: If very heavy squarks mediate gluinos decay:  

}  Long-lived gluinos à R-hadrons (eg. Split SUSY)  
à  use distinct signature of particles with lifetime            

e.g displaced vertex (DV)  

If R-parity is conserved  (RPC) 
à sparticles produced in pairs at colliders  
à  Lightest Supersymmetric Particle lead to high  
missing transverse momentum (ET

Miss) final states   
 

 
If R-parity is violated (RPV) 
à  LSP not stable, rich and diverse phenomenology 

depending on the involved parameters (λ, λ’,λ’’) 	

à  search strategy based on large object multiplicity 

ATLAS search program is designed to provide coverage for a broad class of 
SUSY models. Searches are split in terms of (1) targeted production (2) 
expected phenomenology   

11/11/2015 Monica D'Onofrio, HEP Seminar Liverpool 14 



 the experimental challenges  

}  Large phase space to cover. 
}  Many production modes and decay 

channels. 
}  Multiple final states to explore.  

}  Cross sections tiny with respect to 
the Standard Model processes.  

}  Searches target on a phase-space 
that is experimentally 
complicated.  
}  Tails of distributions in multi-object 

final states.  
}  Require  

}  efficient trigger selections;  
}  powerful discriminating variables; 
}  complex background determination 

techniques.  

⇒ A real experimental challenge!  
10 
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! Many production modes and decay 
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 The quest for SUSY – step 1: the trigger  
Typical triggers used for searches: 

C
ro

ss
 s

ec
tio

n 
(n

b)
 

Work on the 
plateau (>95% 
efficient, low 
systematics) 

u A real challenge to select state with soft MET/jets  
u Must make use of all possible tools 

•   e.g. muon spectrometer-only triggers for DV, HT trigger, large R-jet triggers 

Combination of requirements can be considered 

11/11/2015 Monica D'Onofrio, HEP Seminar Liverpool 16 

For 13 TeV
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/
TriggerPublicResults#Public_results_from_signature_gr 



 ISR jets for trigger  
}  SUSY scenarios where “initial” and “final” sparticles present small 

mass difference (compressed spectra) might be difficult to trigger on 
}  Use handles: Initial State Radiation jets  

}  Events selected have large MET (recoil system) and possibly other soft decay 
products (e.g. leptons).Typical examples: 

}  Dark Matter searches in mono-jet topology: 
Eur. Phys. J. C (2015) 75:299 

Main challenge: getting ISR-modeling in MC simulation for signal and background 
11/11/2015 Monica D'Onofrio, HEP Seminar Liverpool 17 

Energetic gluon/photon 
radiation in the initial 
sate 

à Energetic jet in 
initial state 



 Photons to “trigger” compressed scenarios 

}  Radiated photons from initial-
state or final-state quarks or 
from intermediate squarks 
might allow to explore very 
compressed region in SUSY 

}  Photon+Missing ET search: 
}  Reach as low as ΔM ~ 1 GeV  

Phys. Rev. D 91, 012008 (2015) 

11/11/2015 Monica D'Onofrio, HEP Seminar Liverpool 18 



 The hunt for SUSY – Step 2: deal with the SM   

SM processes 
measured at  
ATLA with 
extremely high 
precision 
 

11/11/2015 Monica D'Onofrio, HEP Seminar Liverpool 19 



 The hunt for SUSY – Step 2: deal with the SM  
}  Need to exploit at best the expected features of targeted SUSY 

events: e.g. for prompt production and decays, the kinematic phase 
space of interest is usually different from SM measurements (tail at 
high pT) 

}  Basic tools  
}  Jets, b-jets, leptons (including taus) 

}  ET
Miss (in RPC SUSY, from the LSPs) 

}  Complex tools 
}  Used as discriminating quantities 

}  Meff = ET
Miss + Σ of jets (leptons) pT, HT = Σ pT,  

transverse mass mT, mT2, amT2, mCT, αT, Razor … 

 

often developed specifically for 
SUSY searches  

11/11/2015 Monica D'Onofrio, HEP Seminar Liverpool 20 



 The hunt for SUSY – Step 2: deal with the SM 
}  Various general approaches for ultimate bkg determination and 

estimate of systematics: 
Data-driven methods: E.g.  
•  ‘Jet Smearing’ for multijet or Z+jets background 
due to fake ET

Miss 
•  ‘Matrix Method’ for misidentified leptons   
•  New ideas depending on analysis to reduce 
systematics: e.g. multijet template method for RPC 
and RPV multijet searches.  

For “Irreducible” and large 
SM backgrounds (real MET) 

SM background with large 
cross section and “fakes”  

‘Semi’ data-driven methods 
}  Normalisation done in dedicated Control Regions 

(CR) enriched in specific bkg. E.g.: top pair 
production, W+jets… 

}  Compromise between  
     closeness to SR, statistics,  
     handling of uncertainties 

Validation of Background estimates in dedicated samples 

THE HUNT FOR SUSY 
Background determination; three general approaches:  

!  Background processes with large cross-section and fakes (MET, leptons) use 
data-driven methods. 

!  E.g. jet smearing method is ‘traditionally’ used for QCD background. 
!  New ideas appear continuously in designing robust technics that keep 

uncertainties under control, e.g. multijet template method for RPC and 
RPV multijet searches on ATLAS. 

15 

Signal 
contamination 

Systematic 

Statistical 

Closeness to  
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Background estimates checked with data in validation regions. 

 

!  Backgrounds with large cross-sections such as ttbar, 
W and Z production use semi-data-driven methods. 

!  Extrapolate from (carefully designed) control 
regions to signal regions applying appropriate 
scale factors.  

!  Data-driven methods developed in some cases, 
e.g. Z+jets from γ+jets. 

 
!  Small backgrounds or rare processes use Monte Carlo simulation. 

 

arXiv:1404.7191 

For “Irreducible” and rare 
SM backgrounds Monte Carlo predictions 
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 Example: 0-lepton inclusive 2-6 jets 
}  Searches in inclusive jets + Et

miss events  

Normalizations obtained in all CR and 
extrapolated to signal regions 
simultaneously by combined maximum 
likelihood fit 

Top CR 

Multijet CR 

W+jets CR 

γ+jets used for Z+jets CR 

11/11/2015 Monica D'Onofrio, HEP Seminar Liverpool 22 



 The hunt for SUSY – Step 2: deal with the SM 
}  Need to exploit at best the expected features of targeted SUSY 

events: e.g. for prompt production and decays, the kinematic phase 
space of interest is usually different from SM measurements (tail at 
high pT) 

}  Basic tools  
}  Jets, b-jets, leptons (including taus) 

}  ET
Miss (in RPC SUSY, from the LSPs) 

}  Complex tools 
}  Used as discriminating quantities 

}  Meff = ET
Miss + Σ of jets (leptons) pT, HT = Σ pT,  

transverse mass mT, mT2, amT2, mCT, αT, Razor … 

}  Special tools – examples 
}  Long-Lived: exploit the detector at best   

}  Displaced Vertex (DV) 

}  Non-prompt and delayed photons  

11/11/2015 Monica D'Onofrio, HEP Seminar Liverpool 23 



 Long-Lived particles: Displaced vertex 
}  Particles with average decay lengths of a few cm could decay 

within the tracking detector to give rise to displaced vertices. 
}  DV: 2 opposite sign leptons (ee, eµ, µµ) or multi-track  
}  Various combinations of DV+X: DV+e/µ; DV+jets; DV+MET 
 

Look for high-mass, high-track multiplicity vertices or 
for di-lepton pairs forming a high-mass vertex 

Veto vertices in dense material 
regions. Perform re-tracking à 

arXiV:1504.05162 

11/11/2015 Monica D'Onofrio, HEP Seminar Liverpool 24 

e.g 



 Results for DV analysis 

}  Very powerful type 
of analyses à Low 
background 

}  Mostly ‘accidental’ 
crossing of low-
mass or low-Ntrack 
vertex 

}  No events found  

Results constraint various 
scenarios with non-prompt 
gluino/squark decays 

http://arxiv.org/abs/1504.05162 
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Sensitivity here recovered with 
dE/dx analysis (see back-up) 



 non-prompt and delayed photons  
}  ATLAS: Di-photon + Missing ET final states: 

one prompt, one non-prompt photon    
}  Exploit ATLAS capability to make precise 

measurements of flight direction and time  
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arXiV:1409.5542 
Target:  
Strong and EWK production in 
Gauge Mediated Scenarios (GMSB) 
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We present the first signature-based search for delayed photons using an exclusive photon plus
missing transverse energy final state. Events are reconstructed in a data sample from the CDF II
detector corresponding to 6.3 fb�1 of integrated luminosity from

p
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strategies at particle collider experiments that do not
rely on features of specific phenomenological models,
but rather seek generic deviations from the SM expec-
tations [1]. We report a signature-based search in ex-
clusive photon and missing transverse energy (E/

T

) [2]
events from proton-antiproton (pp) collisions at

p
s =

1.96 GeV where candidate events are selected based on
photons that arrive late in the detector relative to the
time expected from prompt production (delayed pho-
ton). This would be the signature of a heavy, neu-
tral, long-lived particle that traverses part of the detec-
tor and then decays to a photon and a neutral, non-
interacting particle that would appear in the detector as
E

/
T

[3, 4]. Such particles would exist, for example, in
gauge-mediated supersymmetry-breaking scenarios (e.g.,
�̃

0
1 ! �G̃, where �̃

0
1 is the lightest neutralino and G̃

is the gravitino) [5]. Searches that focus on particular
models at collider experiments, where supersymmetric
particles appear at the end of a decay chain, found no
evidence for these particles [6, 7]. We focus on the ex-
clusive � + E

/
T

final state with delayed photons. Since
the sensitivity to such scenarios can vary significantly
as a function of the model parameters (e.g., production
mechanism as well as the mass and lifetime of the heavy,
non-SM particle) [3, 4], we conduct a signature-based
search and present the results without any optimization
or limit interpretation with respect to a particular model.

This paper summarizes the first such search and uses
data from 6.3 fb�1 of integrated luminosity collected with
the CDF II detector at the Fermilab Tevatron [8]. An im-
portant variable in this search is the di↵erence between
the observed arrival time of a photon in the detector and
the time predicted for photons promptly produced in the
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SUSY at the end of Run 1:  
gathering everything together 

•  Strong production searches 
•  Third generation searches 
•  EWK SUSY searches 

à Constraints in case of prompt and Long-Lived particles 



 Highlights on squark/gluino production 
}  Possibly complex final states, great variety of signatures à main target of 

inclusive searches with several jets, possibly leptons and large ET
Miss  

}  Example: Inclusive jets+ET
Miss analyses: 

•  Minimum Jet multiplicity (2 to >=6j)  
•  Use Effective Mass (Meff= ET

Miss 

+Sum pT jets) 
•  Thresholds from 800 GeV to 2.2 TeV  

•  But also: presence of boosted Wàqq’ 
•  Also merged products  à jet mass 

(60-100 GeV) 

ATLAS: 1405.7875 

: 
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 ATLAS Summary paper on strong production 
}  http://arxiv.org/pdf/1507.05525v1.pdf 
}  Several simplified and phenomenological models considered – 

results from 0l, 1l, multi-bjets and tau-based analyses 
reinterpreted and combined, plus new analyses added 

Short analysis name and corresponding reference Acronym Signal region name
Monojet [21] MONOJ M1, M2, M3
0-lepton + 2–6 jets + Emiss

T [20] 0L 2jl, 2jm, 2jt, 2jW, 3j, 4jW, 4jl-, 4jl, 4jm, 4jt,
5j, 6jl, 6jm, 6jt, 6jt+

0-lepton + 4–5 jets + Emiss
T (?) 0L 4jt+, 5jt

0-lepton + 7–10 jets + Emiss
T [22] MULTJ 8j50, 9j50, 10j50 (multi-jet+flavour stream),

7j80, 8j80, (multi-jet+flavour stream),
8j50, 9j50, 10j50 (multi-jet+M⌃J stream)

0-lepton Razor (•) 0LRaz SRloose, SRtight
1-lepton (soft+hard) + jets + Emiss

T [23] 1L(S,H) 3-jet/5-jet/3-jet inclusive (soft lepton),
3-jet/5-jet/6-jet (hard lepton)

1-lepton (hard) + 7 jets + Emiss
T (?) 1L(H) 7-jet

2-leptons (soft) + jets + Emiss
T [23] 2L(S) 2-jet (soft dimuon)

2-leptons (hard) + jets + Emiss
T [23] 2LRaz  2-jet/3-jet

2-leptons o↵-Z [24] 2L-o↵Z SR-2j-bveto, SR-2j-btag,
SR-4j-bveto, SR-4j-btag, SR-loose

Same-sign dileptons or 3-leptons + jets + Emiss
T [25] SS/3L SR3b, SR0b, SR1b, SR3Llow, SR3Lhigh

Taus + jets + Emiss
T [26] TAU 1⌧ (Loose, Tight),

2⌧ (Inclusive, GMSB, nGM, bRPV),
⌧ + l (GMSB, nGM, bRPV, mSUGRA)

0/1-lepton + 3b-jets + Emiss
T [27] 0/1L3B SR-0l-4j-A, SR-0l-4j-B, SR-0l-4j-C,

SR-0l-7j-A , SR-0l-7j-B, SR-0l-7j-C,
SR-1l-6j-A, SR-1l-6j-B, SR-1l-6j-C

Table 5: List of analysis names referring to the experimental signatures addressed, with references to the appro-
priate publications; their acronyms; and all signal region names. The new analysis is denoted with (•), while the
extended signal regions are denoted with (?). The details of the signal region selections for all searches listed in
the table can be found in appendix B.
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 A few results on prompt production…  
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}  Several constraints placed under 
various hypothesis of mass 
hierarchy, relevant to set the stage 
for Run 2 searches  
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Figure 10: Observed and expected exclusion limits for simplified models of gluino-pair production with decays via
the �̃±1 into a W boson and the �̃0

1. The mass of the �̃±1 is chosen to be between the mg̃ and m�̃0
1

and is determined
by x = (m�̃±1 � m�̃0

1
)/(mg̃ � m�̃0

1
) = 1/2. Gluino and neutralino masses in the area below the observed limit are

excluded at 95% CL. The yellow band includes all experimental uncertainties; the red dotted lines indicate the
theory uncertainty on the cross-section. The individual limits from the 0L and the 1L(S,H) analyses are overlaid in
green and magenta, respectively.
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11.2. Limits in Simplified Models

11.2.1. Direct decays of squarks and gluinos

This section summarizes the exclusion limits in simplified models with direct decays of gluinos and
squarks of the first and second generation described in section 2.2.1. Here and in sections 11.2.2 and
11.2.3, unless otherwise stated, the eight light-flavoured squarks are always assumed to be mass-degenerate.

Figure 18 shows the exclusion limits in simplified models with squark-pair production and subsequent
direct squark decays to a quark and the lightest neutralino. The expected limits from the three most sens-
itive searches (0L, MONOJ and 0LRaz) are presented individually along with the combined expected
and observed exclusion limits. The 0L and 0LRaz analyses yield in general higher expected mass limits,
but the MONOJ search provides the best sensitivity close to the diagonal line, in the region of parameter
space where the mass di↵erence between the squark and the lightest neutralino is small. From the ob-
served limits, neutralino masses below about 280 GeV can be excluded for squark masses up to 800 GeV,
and for a neutralino mass of 100 GeV squark masses are excluded below 850 GeV. In a scenario with
only one light-flavour squark produced, which a↵ects only the cross-section but not the kinematics of the
events, a lower limit on the squark mass of 440 GeV is obtained with the 0L search [20].
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Figure 18: Exclusion limits in the mass plane of the lightest neutralino and first- and second-generation squarks
assuming squark-pair production and direct decays q̃ ! q�̃0

1. The solid red line and the dashed red line show
respectively the combined observed and expected 95% CL exclusion limits. Expected limits from the individual
analyses which contribute to the final combined limits are also shown for comparison. A previous result from
ATLAS [156] using 7 TeV proton–proton collisions is represented by the shaded (grey) area. A limit obtained with
the 0L search [20] in a scenario with only one light-flavour squark produced is also presented for completeness.

Another example of a direct decay is shown in figure 19, taken from ref. [20], where gluino-pair pro-
duction with the subsequent decay g̃ ! qq�̃0

1 is considered. Due to the higher production cross-sections
compared to the squark-pair production, higher mass limits can be obtained. For gluino masses up to
about 1000 GeV, neutralino masses can be excluded below about 500 GeV or close to the kinematic limit
near the diagonal. For small neutralino masses the observed limit is as large as 1330 GeV.
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respectively the observed and expected 95% CL exclusion limits. The star symbols indicates two benchmark
models which are investigated in more detail in the publication. A previous result from ATLAS [156] using 7 TeV
proton–proton collisions is represented by the shaded (light blue) area.

A simplified model of q̃g̃ strong production with the direct decays of squarks q̃ ! q�̃0
1 and gluinos

g̃! qq�̃0
1 is considered in figure 20, taken from ref. [20], for the 0L analysis. The squark mass is fixed at

0.96mg̃ in figure 20(a), and gluinos can decay via on-shell squarks as g̃! q̃q! qq�̃0
1. The exclusion limit

for the neutralino mass is very close to the kinematic limit near the diagonal line and reaches 700 GeV for
gluino masses up to 1200 GeV. For a massless neutralino, gluino masses below 1500 GeV are excluded.

Figure 20(b) expresses the mass limits in the (mg̃,mq̃) plane in the model with combined production of
squark pairs, gluino pairs, and of squark–gluino pairs, for di↵erent assumptions on the neutralino mass:
m�̃0

1
= 0 GeV, 395 GeV or 695 GeV. Depending on the mass hierarchy, the g̃ ! q̃q and q̃ ! g̃q one-

step decays are taken into account. The masses of all other supersymmetric particles are set outside the
kinematic reach. A lower limit of 1650 GeV for equal squark and gluino mass is found for the scenario
with a massless �̃0

1.

Figure 21 shows the cross-section times branching ratio limits for gluino-pair production with direct
gluino decays to a gluon and the lightest neutralino based on the 0L search. For a massless neutralino
(figure 21(a)), gluino masses below 1250 GeV can be excluded. The result can also be used to obtain
lower mass limits on �̃0

1, e.g. 550 GeV for a gluino mass of 850 GeV (figure 21(b)). The cross-section
exclusion for the g̃ ! g�̃0

1 model is very similar to that for the q̃ ! q�̃0
1 as would be expected if there is

not much di↵erence between quark- and gluon-initiated jets.
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 … and extending the life range ! 
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 Gluinos and third generation 
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}  One of the most targeted process: gluino in top pair  
}  Natural scenarios: 1st and 2nd generation squarks are very heavy, 

only gluinos and stop accessible … 

}  Consider off-shell decays of top quarks as well!  

}    

Constraints up to 1.4 
TeV gluino mass… 
 
What if gluinos are 
not there?  

production followed by g̃! t̃1t or g̃! b̃1b decays. Gluino–stop models within this class assume that the
t̃1 is the lightest squark while all other squarks are heavier than the gluino, and mg̃ > mt̃1

+ mt such that

the branching ratio for g̃ ! t̃1t decays is 100%. Top squarks are assumed to decay via either t̃1 ! t�̃0
1,

t̃1 ! b�̃±1 , t̃1 ! c�̃0
1, or via t̃1 ! sb with R-parity and baryon number violation, as illustrated in figure

6. For the model with the t̃1 ! b�̃±1 decay, the chargino mass is assumed to be twice the mass of the
neutralino, and the chargino decays into a neutralino and a W boson. In the model with the t̃1 ! c�̃0

1

decay, which proceeds via a loop and is most relevant when the t̃1 ! bW�̃0
1 decay is kinematically

forbidden, the mass gap between the t̃1 and the lightest neutralino is fixed to 20 GeV. Using gluino-pair
production to probe this decay is particularly interesting because it is complementary to the direct pair
production of t̃1, which is more di�cult to extract from the background for this specific decay mode [21].
Gluino–sbottom models within this class assume that the b̃1 is the lightest squark, all other squarks are
heavier than the gluino, and mg̃ > m

b̃1
+ mb such that the branching ratio for g̃ ! b̃1b decays is 100%.

The bottom squarks are assumed to decay exclusively via b̃1 ! b�̃0
1 (figure 7).
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Figure 6: Decay topologies in the gluino–stop simplified models with the top squark decays: (a) t̃1 ! t�̃0
1, (b)

t̃1 ! b�̃±1 , (c) t̃1 ! c�̃0
1 and (d) t̃1 ! sb with R-parity and baryon number violation, with a strength determined by
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 Direct third generation squark pair production  
}  Stop and sbottom have an important role in regularizing the higgs mass 
}  Several complex decay modes possible and final states analyzed!  

For decay modes 
involving charginos: 

if ΔM(t1,C) 
large 

pT lepton high if 
ΔM(C,N) large 

Till Eifert -- Experimental results on SUSY with top TOP2014

Overview: direct stop searches

7

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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` 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 

Till Eifert -- Experimental results on SUSY with top TOP2014

Overview: direct stop searches

7

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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to the lightest neutralino

other (complex) decays 
possible …

stop decays via the 
lightest chargino

t̃

t̃

�̃±
1

�̃⌥
1

p

p

b

�̃0
1

W

b

�̃0
1

W

Search strategy 

July 23, 2014 Monica D'Onofrio, SUSY14, Manchester  18 

` 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 

Till Eifert -- Experimental results on SUSY with top TOP2014

Overview: direct stop searches

7

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.

– 3 –

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 –

stop decays directly  
to the lightest neutralino

other (complex) decays 
possible …

stop decays via the 
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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 

“Compressed” scenarios: 
-  mono-jet   
-  Soft-leptons  

Exploit 0,1,2 leptons final states 
Complex discriminating variables  
Use boosted objects to reject SM top background  
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Top squarks (stop) 



Run I Legacy
ATLAS Run 1 searches for direct pair 
production of third-generation squarks 

at the Large Hadron Collider
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 Top squark summary 
    M(stop) ~ m(top): 
}  Constraints from σ(tt) measurement 

 

 
 

}  Constraints from top-antitop spin 
correlations (exploit that stop is scalar) 

 Also: M(stop) ~ m(top)+m(neut1): Compressed regions indirectly 
accessed via stop2 searches: Stop2 à stop1 + Z/higgs, Stop1 à t + Neut1  

Till Eifert -- Experimental results on SUSY with top TOP201428

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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}  Stop/sbottom in compressed scenarios  
}  Competing BR for  

 
}  WW-like stop (e.g. target: stop ~ 200 GeV, charg-neut ~10 GeV) 

}  Inspired by WW cross section ‘excess’  
}  Consider 2lepton Different-Flavor final states 

}  WW normalization from data in CR  

}  Dedicated variables used  
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μ << M1,M2 small Δm(N1,C1)
soft

combined profile-likelihood fit on dedicated CRs

Similar exclusion achieved for Δm(N1,C1)=20GeV 
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Bkg: dominated by WW production
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covering transition between 3-body and 4-body 
  decays of light stop

No excess over SM observed
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  decays of light stop

No excess over SM observed
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}  Stop/sbottom in compressed scenarios  
}  Competing BR for  

 
}  WW-like stop (e.g. target: stop ~ 200 GeV, charg-neut ~10 GeV) 

}  Inspired by WW cross section ‘excess’  
}  Consider 2lepton Different-Flavor final states 

}  WW normalization from data in CR  

}  Dedicated variables used  
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  decays of light stop

No excess over SM observed
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}  Most stringent constraints from combination of various 
analyses  
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Figure 24: Combined exclusion limits at 95% CL in the scenario where both stops decay exclusively via t̃1 ! t�̃0
1.

The black dashed line indicates the expected limit, and the yellow band indicates the ±1� uncertainties, which
include all uncertainties except the theoretical uncertainties in the signal. The red solid line indicates the observed
limit. For comparison the dotted green and blue lines show the expected limits from the standalone t0L and t1L
analyses.

where one stop decays as t̃1 ! c�̃0
1 and the other decays through the four-body decay to produce a sample

of arbitrary branching ratio into t̃1 ! c�̃0
1 (assuming that t̃1 ! c�̃0

1 and the four-body decay are the only
possible stop decays). Such mixed samples are also generated with MadGraph.

Sbottom pair production samples are also all produced with MadGraph interfaced to PYTHIA, and no
more than one additional parton is added to the matrix element. The PDF set used for all signal samples
is CTEQ6L1 [131].

pMSSM models: In all cases, the particle spectra are generated with SOFTSUSY 3.3.3 [132], while
sparticles decays are calculated with SUSY-HIT [133] (SDECAY 1.3b and HDECAY 3.4). The simulated
signal events are generated using Herwig++ 2.6.3 [128] with the CTEQ6L1 PDF set.
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Figure 11: Observed (solid lines) and expected (dashed lines) 95% CL limits on sbottom pair production where the
sbottom is assumed to decay as b̃1 ! b�̃0

1 with a branching ratio of 100%. The purple lines refer to the limit of the
tc analysis, while the blue lines refer to the b0L analysis.

If other supersymmetric particles enter into the decay chain, then multiple decay channels would be
allowed. Similarly to the stop, the case in which other neutralinos or charginos have a mass below the
sbottom is well motivated. The branching ratios of the sbottom to the di↵erent decay channels depend on
the supersymmetric particle mass hierarchy, on the mixing of the left-right components of the sbottom,
and on the composition of the charginos and neutralinos in terms of bino, wino, and higgsino states.

An exclusion limit is derived under the assumption that the sbottom decays with a branching ratio of 100%
into b̃1 ! t�̃±1 (Figure 2g). The chargino is assumed to decay through �̃±1 ! W (⇤)�̃0

1 with a branching
ratio of 100%. The final state is a complex one, and o↵ers many handles for background rejection: it
potentially contains up to ten jets, two b-jets, and up to four leptons. The limits of Figure 12a, shown in
the mb̃1

� m�̃0
1

plane, were obtained by using the three-lepton signal regions SS3L, either fixing the mass
of the neutralino to m�̃0

1
= 60 GeV or by making the assumption that m�̃±1 = 2m�̃0

1
. In the two scenarios

considered, sbottom masses up to about 440 GeV are excluded, with a mild dependency on the neutralino
mass.

The last case considered is one where the pair-produced sbottoms decay through b̃1 ! b�̃0
2, followed by

the decay of �̃0
2 into a �̃0

1 and a SM-like Higgs boson h (Figure 2h). The final state contains up to six
b-jets, four of which are produced by the two Higgs bosons decays. Since multiple b-jets are present in
the final state, the three-b-jets signal regions (g3b) are used to place limits in this model.

The limit, derived as a function of mb̃1
and m�̃0

2
assuming a fixed neutralino mass of �̃0

1 = 60 GeV, is
shown in Figure 12b. Sbottom masses between about 300 and 650 GeV are excluded for �̃0

2 masses above
250 GeV.
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Figure 2: Diagrams of t̃1 and b̃1 pair production and decays considered as simplified models: (a) b̃1b̃1 ! b�̃0
1b�̃0

1; (b)
t̃1 t̃1 ! t�̃0

1t�̃0
1; (c) three-body decay; (d) four-body decay; (e) t̃1 t̃1 ! c�̃0

1c�̃0
1; (f) t̃1 t̃1 ! b�̃±1 b�̃±1 ; (g) b̃1b̃1 ! t�̃±1 t�̃±1 ;

(h) b̃1b̃1 ! b�̃0
2b�̃0

2. The diagrams do not show “mixed” decays, in which the two pair-produced third-generation
squarks decay to di↵erent final states.

A significantly more complex phenomenology has to be considered for the stop, depending on its mass
and on the �̃0

1 mass. Figure 1b shows the three main regions in the mt̃1
–m�̃0

1
plane that are taken into ac-

count. They are identified by di↵erent values of �m
⇣

t̃1, �̃
0
1

⌘

= mt̃1
-m�̃0

1
. In the region where �m

⇣

t̃1, �̃
0
1

⌘

>

mt, the favoured decay is t̃1 ! t�̃0
1 (Figure 2b). The region where mW + mb < �m

⇣

t̃1, �̃
0
1

⌘

< mt is char-
acterised by the three-body decay3 (t̃1 ! Wb�̃0

1 through an o↵-shell top quark, Figure 2c). The region
where the value of �m

⇣

t̃1, �̃
0
1

⌘

drops below mW + mb, sees the four-body decay t̃1 ! b f f 0�̃0
1, (where f

and f 0 indicate generic fermions coming from the decay of an o↵-shell W boson, Figure 2d) competing
with the flavour-changing decay4 t̃1 ! c�̃0

1 of Figure 2e; the dominant decay depends on the details of
the supersymmetric model chosen [50].

If the third-generation squark decay involves more SUSY particles (other than the �̃0
1), then additional

dependencies on SUSY parameters arise. For example, if the lightest chargino (�̃±1 ) is the next-to-lightest
supersymmetric particle (NLSP), then the stop tends to have a significant branching ratio for t̃1 ! b�̃±1
(Figure 2f), or, for the sbottom, b̃1 ! t�̃±1 if kinematically allowed (Figure 2g). The presence of additional
particles in the decay chain makes the phenomenology depend on their masses. Several possible scen-
arios have been considered, the most common ones being the gauge-universality inspired m�̃±1 = 2m�̃0

1
,

favoured, for example, in mSUGRA/CMSSM models [51–56]; other interpretations include the case of a
chargino almost degenerate with the neutralino, a chargino almost degenerate with the squark, or a char-
gino of fixed mass. Another possible decay channel considered for the sbottom is b̃1 ! b�̃0

2 ! bh�̃0
1

(Figure 2h), which occurs in scenarios with a large higgsino component of the two lightest neutralinos.

3 In scenarios that depart from the minimal flavour violation assumption, flavour-changing decays like t̃1 ! c�̃0
1 or t̃1 ! u�̃0

1

could have a significant branching ratio up to �m
⇣

t̃1, �̃
0
1

⌘

⇠ 100 GeV [48].
4 The decay t̃1 ! u�̃0

1, in the assumption of minimal flavour violation [49], is further suppressed with respect to t̃1 ! c�̃0
1 by

corresponding factors of the CKM matrix.
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2. The diagrams do not show “mixed” decays, in which the two pair-produced third-generation
squarks decay to di↵erent final states.

A significantly more complex phenomenology has to be considered for the stop, depending on its mass
and on the �̃0

1 mass. Figure 1b shows the three main regions in the mt̃1
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⇣

t̃1, �̃
0
1

⌘

>

mt, the favoured decay is t̃1 ! t�̃0
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< mt is char-
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1 through an o↵-shell top quark, Figure 2c). The region
where the value of �m
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drops below mW + mb, sees the four-body decay t̃1 ! b f f 0�̃0
1, (where f

and f 0 indicate generic fermions coming from the decay of an o↵-shell W boson, Figure 2d) competing
with the flavour-changing decay4 t̃1 ! c�̃0

1 of Figure 2e; the dominant decay depends on the details of
the supersymmetric model chosen [50].

If the third-generation squark decay involves more SUSY particles (other than the �̃0
1), then additional

dependencies on SUSY parameters arise. For example, if the lightest chargino (�̃±1 ) is the next-to-lightest
supersymmetric particle (NLSP), then the stop tends to have a significant branching ratio for t̃1 ! b�̃±1
(Figure 2f), or, for the sbottom, b̃1 ! t�̃±1 if kinematically allowed (Figure 2g). The presence of additional
particles in the decay chain makes the phenomenology depend on their masses. Several possible scen-
arios have been considered, the most common ones being the gauge-universality inspired m�̃±1 = 2m�̃0

1
,

favoured, for example, in mSUGRA/CMSSM models [51–56]; other interpretations include the case of a
chargino almost degenerate with the neutralino, a chargino almost degenerate with the squark, or a char-
gino of fixed mass. Another possible decay channel considered for the sbottom is b̃1 ! b�̃0

2 ! bh�̃0
1

(Figure 2h), which occurs in scenarios with a large higgsino component of the two lightest neutralinos.

3 In scenarios that depart from the minimal flavour violation assumption, flavour-changing decays like t̃1 ! c�̃0
1 or t̃1 ! u�̃0

1

could have a significant branching ratio up to �m
⇣

t̃1, �̃
0
1

⌘

⇠ 100 GeV [48].
4 The decay t̃1 ! u�̃0

1, in the assumption of minimal flavour violation [49], is further suppressed with respect to t̃1 ! c�̃0
1 by

corresponding factors of the CKM matrix.
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 EWK chargino-neutralino production  
Mixture of super-partners of W,Z and Higgs (among them, the LSP) and sleptons (in 
particular, super-partners of taus) might be the only accessible SUSY particles: 
EWK SUSY searches are fundamental (and very challenging)!  
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Figure 2: The diagrams for the simplified models of the direct pair production of staus and the direct production
of χ̃+1 χ̃

−
1 , χ̃

±
1 χ̃

0
2 and χ̃

0
2χ̃
0
3, and the VBF production of χ̃

±
1 χ̃
±
1 studied in this article. All three generations are included

in the definition of ℓ̃/ν̃, except for the direct production of χ̃02χ̃
0
3 where only the first two generations are assumed.

The different decay modes are discussed in the text.

2.4. Phenomenological Minimal Supersymmetric Standard Model

The analysis results are interpreted in a pMSSM scenario. The masses of the sfermions, the gluino, and of
the CP-odd Higgs boson are set to high values (2 TeV, 2 TeV and 500 GeV respectively), thus decoupling
the production of these particles and allowing only the direct production of charginos and neutralinos
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Figure 1: The production cross-sections for the simplified models of the direct production of χ̃+1 χ̃
−
1 , χ̃

±
1 χ̃

0
2 (where

m(χ̃±1 )=m(χ̃
0
2)), χ̃

0
2χ̃
0
3 (where m(χ̃

0
2)=m(χ̃

0
3)), and τ̃+τ̃− studied in this article. The left-handed and right-handed

stau-pair production cross-sections are shown separately.

2.1. Direct stau-pair production simplified model

Two simplified models describing the direct production of τ̃+τ̃− are used in this article: one considers
stau partners of the left-handed τ lepton (τ̃L), and a second considers stau partners of the right-handed τ
lepton (τ̃R). In both models, the stau decays with a branching fraction of 100% to the SM tau-lepton and
the LSP. The diagram for this model can be seen in Figure 2(a).

2.2. Direct chargino-pair, chargino–neutralino, and neutralino-pair production simplified
models

In the simplified models describing the direct production of χ̃+1 χ̃
−
1 and χ̃

±
1 χ̃

0
2 , both the χ̃

±
1 and χ̃

0
2 are

assumed to be pure wino and mass-degenerate, while the χ̃01 is assumed to be pure bino. However, it is
possible to reinterpret the results from these simplified models by assuming different compositions of the
χ̃01, χ̃

0
2 and χ̃

±
1 for the same masses of the states. Two different scenarios for the decays of the χ̃

±
1 and χ̃

0
2

are considered, as shown in Figures 2(b) and 2(c):

• χ̃+1 χ̃
−
1 /
χ̃±
1
χ̃0
2 production with ℓ̃L-mediated decays: The χ̃

±
1 and χ̃

0
2 decay with a branching fraction

of 1/6 via ẽL, µ̃L, τ̃L, ν̃e, ν̃µ, or ν̃τ with masses mν̃ℓ = mℓ̃L = x (mχ̃±1 −mχ̃01)+mχ̃01 with x = 0.05, 0.25,
0.5, 0.75 or 0.95,
• χ̃±1 χ̃

0
2 production with τ̃L-mediated decay: The first- and second-generation sleptons and sneut-

rinos are assumed to be very heavy, so that the χ̃±1 and χ̃
0
2 decay with a branching fraction of 1/2 via

τ̃L or ν̃τ with masses mν̃τ = mτ̃L = 0.5(mχ̃±1 + mχ̃01).
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 EWK chargino-neutralino production  

•  Constraints on chargino/next-to-lightest neutralinos up to 740 GeV (if decays 
are mediated by sleptons);  up to ~ 430 GeV for WZ-decays; little or no 
constraints for compressed scenarios  à a challenge for Run II  

•  Great emphasis on decay channels involving the higgs boson          
11/11/2015 Monica D'Onofrio, HEP Seminar Liverpool 39 
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Figure 19: The 95% CL exclusion limits on χ̃+1 χ̃
−
1 , χ̃

±
1 χ̃

0
2 and χ̃

0
2χ̃
0
3 production with (a) SM-boson-mediated decays

and (b) ℓ̃-mediated decays, as a function of the χ̃±1 , χ̃
0
2 and χ̃

0
1 masses. The production cross-section is for pure wino

χ̃+1 χ̃
−
1 and χ̃
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2, and pure higgsino χ̃

0
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Grand summary for exclusion of SUSY  

Stringent constraints beyond TeV-scale …. 
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Exciting hints?  
 

•  2lepton edges  
•  2lepton Z-boson regions 
•  Multi b-jets + Missing ET 

Not unexpectedly, a few of these searches ended up 
showing some anomaly, something to check in Run-2  

A note on its own ..  
- but won’t talk about it J  

Look at ATLAS and CMS together 



 interesting discrepancies: 2 lepton strong  
}  ATLAS searches for strongly produced SUSY particles in final states with 2 

leptons consistent with Z boson, jets, MET and HT 

}  Semi-data driven background for all major background  
}  1.7 sigma excess in µµ, 3.0 sigma in ee  

}  Not confirmed by CMS although search is different  
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 2l ATLAS: ee kinematic distributions 
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 interesting discrepancies: 2-lepton edge 
}  Search for strongly produced SUSY particles in final states with 2 leptons, 

jets and MET  

}  Data-drive methods (fit and from control regions)  
}  Excess in low mll (20-70 GeV): 2.6 sigma 

}  Not confirmed by ATLAS in a similar analysis  
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Figure 4: Fit results for the signal-plus-background hypothesis in comparison with the mea-
sured dilepton mass distributions, in the central (top) and forward (bottom) regions, projected
on the same-flavor (left) and opposite-flavor (right) event samples. The combined fit shape
is shown as a blue, solid line. The individual fit components are indicated by dashed lines.
The flavor-symmetric (FS) background is displayed with a black dashed line. The Drell–Yan
(DY) background is displayed with a red dashed line. The extracted signal component is
displayed with a green dashed line. The lower plots show the pull distributions, defined as
(Ndata � Nfit)/sdata.

12 7 Results

a profile likelihood asymptotic approximation [34]. The local significance of the excess in the
central low-mass region, where the largest deviation is found, is 2.6 standard deviations. Note
that the signal regions were defined before the data sample was examined, and that the low-
mass region (20 < m`` < 70 GeV) does not include events between 70 GeV and the best-fit value
for the location of the edge (m`` = 78.7 GeV). The flavor of the `+`� pair was studied in the
counting experiment. Within the statistical uncertainty and accounting for differences in the
reconstruction efficiencies, the electron and the muon channels are found to contribute evenly
to the excess. Further studies of the excess in the low-mass region do not yield evidence for a
neglected systematic term. The excess is observed predominantly in events with at least one
identified bottom quark jet (b jet) and diminishes if a veto on the presence of a b jet is applied.
To identify b jets, we use the CSV algorithm at the medium working point [35].

Figure 6 presents a comparison of the data and the SM simulation in the central region. Expecta-
tions for the fixed-edge bottom-squark pair-production scenario of Fig. 1 (left), with mass com-
binations (meb,mec0

2
) = (225, 150) GeV, (350, 275) GeV, and (400, 150) GeV for the bottom squark

and ec0
2 , are also shown. The first scenario presents the illustration of a model that can easily

be excluded, while the other two present examples of models that are consistent with our data.

 [GeV]llm
50 100 150 200 250 300

Ev
en

ts
 / 

5 
G

eV

0

20

40

60

80

100

120

140

160

180

200
CMS  (8 TeV)-119.4 fb

Central leptons

Data
Background
DY (from data)

 Stat.⊕Sys. 

 [GeV]llm
50 100 150 200 250 300

D
at

a/
Bg

nd

0

1

2  [GeV]llm
50 100 150 200 250 300

Ev
en

ts
 / 

5 
G

eV

0

20

40

60

80

100

CMS  (8 TeV)-119.4 fb

Forward leptons

Data
Background
DY (from data)

 Stat.⊕Sys. 

 [GeV]llm
50 100 150 200 250 300

D
at

a/
Bg

nd

0

1

2

Figure 5: Comparison between the observed and estimated SM background dilepton mass
distributions in the (left) central and (right) forward regions, where the SM backgrounds are
evaluated from control samples (see text) rather than from a fit. The rightmost bins contain
the overflow. The vertical dashed lines denote the boundaries of the low-mass, on-Z, and high-
mass regions. The lower plots show the ratio of the data to the predicted background. The error
bars for both the main and lower plots include both statistical and systematic uncertainties.

The results from the dedicated on-Z counting experiment mentioned in Section 4 are presented
in Tables 4 and 5 for events with Njets � 2 and Njets � 3, respectively. The corresponding Emiss

T
distributions are shown in Fig. 7. The data are seen to agree with the SM predictions across the
full Emiss

T spectrum.

Background from CR 
rather than from fit 
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  interesting discrepancies: 3-lepton + bjets 

}  Search for SUSY in events 
with 3 or more leptons 
and b-jets 

}  Good agreement between 
data and SM predictions in 
all region except one 
}  4 leptons (1 tau), Z-veto 

and low MET 
}  Obs: 15 events, Pred: 

7.5+/-2.0  
}  Not confirmed by ATLAS 

which uses this as 
validation region 

9

account for the 64 independent channels of the analysis, the probability to observe such a fluc-
tuation increases to about 50%. Alternatively, the joint probability to observe at least as large
an excess for all three channels considered individually is about 5%. We account for systematic
uncertainties and their correlations when evaluating these probabilities.

Table 2: Observed (Obs.) numbers of events with four or more leptons in comparison with
the expected (Exp.) numbers of SM background events. “On-Z” refers to events with at least
one e+e� or µ+µ� (OSSF) pair with dilepton mass between 75 and 105 GeV, while “Off-Z”
refers to events with one or two OSSF pairs, none of which fall in this mass range. The OSSFn
designation refers to the number of e+e� and µ+µ� pairs in the event, as explained in the text.
Search channels binned in Emiss

T have been combined into coarse Emiss
T bins for the purposes of

presentation. All uncertainties include both the statistical and systematic terms. The channel
marked with an asterisk is used for normalization purposes and is excluded from the search.

�4 leptons m`+`� Emiss
T Nth = 0, Nb = 0 Nth = 1, Nb = 0 Nth = 0, Nb � 1 Nth = 1, Nb � 1

HT > 200 GeV (GeV) Obs. Exp. Obs. Exp. Obs. Exp. Obs. Exp.
OSSF0 — (100, •) 0 0.01+0.03

�0.01 0 0.01+0.06
�0.01 0 0.02+0.04

�0.02 0 0.11 ± 0.08
OSSF0 — (50, 100) 0 0.00+0.02

�0.00 0 0.01+0.06
�0.01 0 0.00+0.03

�0.00 0 0.12 ± 0.07
OSSF0 — (0, 50) 0 0.00+0.02

�0.00 0 0.07+0.10
�0.07 0 0.00+0.02

�0.00 0 0.02 ± 0.02
OSSF1 Off-Z (100, •) 0 0.01+0.02

�0.01 1 0.25 ± 0.11 0 0.13 ± 0.08 0 0.12 ± 0.12
OSSF1 On-Z (100, •) 1 0.10 ± 0.06 0 0.50 ± 0.27 0 0.42 ± 0.22 0 0.42 ± 0.19
OSSF1 Off-Z (50, 100) 0 0.07 ± 0.06 1 0.29 ± 0.13 0 0.04 ± 0.04 0 0.23 ± 0.13
OSSF1 On-Z (50, 100) 0 0.23 ± 0.11 1 0.70 ± 0.31 0 0.23 ± 0.13 1 0.34 ± 0.16
OSSF1 Off-Z (0, 50) 0 0.02+0.03

�0.02 0 0.27 ± 0.12 0 0.03+0.04
�0.03 0 0.31 ± 0.15

OSSF1 On-Z (0, 50) 0 0.20 ± 0.08 0 1.3 ± 0.5 0 0.06 ± 0.04 1 0.49 ± 0.19
OSSF2 Off-Z (100, •) 0 0.01+0.02

�0.01 — — 0 0.01+0.06
�0.01 — —

OSSF2 On-Z (100, •) 1 0.15+0.16
�0.15 — — 0 0.34 ± 0.18 — —

OSSF2 Off-Z (50, 100) 0 0.03 ± 0.02 — — 0 0.13 ± 0.09 — —
OSSF2 On-Z (50, 100) 0 0.80 ± 0.40 — — 0 0.36 ± 0.19 — —
OSSF2 Off-Z (0, 50) 1 0.27 ± 0.13 — — 0 0.08 ± 0.05 — —
OSSF2 On-Z (0, 50) 5 7.4 ± 3.5 — — 2 0.80 ± 0.40 — —

�4 leptons m`+`� Emiss
T Nth = 0, Nb = 0 Nth = 1, Nb = 0 Nth = 0, Nb � 1 Nth = 1, Nb � 1

HT < 200 GeV (GeV) Obs. Exp. Obs. Exp. Obs. Exp. Obs. Exp.
OSSF0 — (100, •) 0 0.11 ± 0.08 0 0.17 ± 0.10 0 0.03+0.04

�0.03 0 0.04 ± 0.04
OSSF0 — (50, 100) 0 0.01+0.03

�0.01 2 0.70 ± 0.33 0 0.00+0.02
�0.00 0 0.28 ± 0.16

OSSF0 — (0, 50) 0 0.01+0.02
�0.01 1 0.7 ± 0.3 0 0.00+0.02

�0.00 0 0.13 ± 0.08
OSSF1 Off-Z (100, •) 0 0.06 ± 0.04 3 0.60 ± 0.24 0 0.02+0.04

�0.02 0 0.32 ± 0.20
OSSF1 On-Z (100, •) 1 0.50 ± 0.18 2 2.5 ± 0.5 1 0.38 ± 0.20 0 0.21 ± 0.10
OSSF1 Off-Z (50, 100) 0 0.18 ± 0.06 4 2.1 ± 0.5 0 0.16 ± 0.08 1 0.45 ± 0.24
OSSF1 On-Z (50, 100) 2 1.2 ± 0.3 9 9.6 ± 1.6 2 0.42 ± 0.23 0 0.50 ± 0.16
OSSF1 Off-Z (0, 50) 2 0.46 ± 0.18 15 7.5 ± 2.0 0 0.09 ± 0.06 0 0.70 ± 0.31
OSSF1 On-Z (0, 50) 4 3.0 ± 0.8 41 40 ± 10 1 0.31 ± 0.15 2 1.50 ± 0.47
OSSF2 Off-Z (100, •) 0 0.04 ± 0.03 — — 0 0.05 ± 0.04 — —
OSSF2 On-Z (100, •) 0 0.34 ± 0.15 — — 0 0.46 ± 0.25 — —
OSSF2 Off-Z (50, 100) 2 0.18 ± 0.13 — — 0 0.02+0.03

�0.02 — —
OSSF2 On-Z (50, 100) 4 3.9 ± 2.5 — — 0 0.50 ± 0.21 — —
OSSF2 Off-Z (0, 50) 7 8.9 ± 2.4 — — 1 0.23 ± 0.09 — —
OSSF2 On-Z (0, 50) *156 160 ± 34 — — 4 2.9 ± 0.8 — —

8 Interpretation of results for supersymmetric scenarios
We consider five new-physics scenarios that appear in the framework of the minimal super-
symmetric standard model (MSSM) [4, 5]. They involve sleptons (including staus), bottom and
top squarks, higgsinos, gravitinos, neutralinos, and charginos, where higgsinos are the super-
partners of the Higgs bosons, the gravitino eG is the superpartner of the graviton, while neu-
tralinos (charginos) are mixtures of the superpartners of neutral (charged) electroweak vector

http://arxiv.org/pdf/1404.5801.pdf 
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 SUSY @ the end of Run 1  
}  Most simplistic version of SUSY under stress  

}  Partially true also for ‘Natural’ SUSY, although depends e.g. on level of fine-tuning 

}  Still, lot of open suitable scenarios. A few examples:  
}  Generic SUSY models explaining higgs mass indicate top squarks up the TeV 

range à not yet fully covered  
}  If there are such ‘light’ stops, gluinos might be in the 2-3 TeV range à not yet reached 

}  Decays of sparticle in most of SUSY models are complex: 
}  Limitations on our analyses and constraints: often valid only if a sparticle decays 

100% in one mode  

}  High scalar masses (O(10 TeV)) foreseen in several models (e.g. Split SUSY) 
}  Focus on EWK sector, where boundaries are less stringent  

}  More on the EWK sector: Low higgsino mass scenarios lead to “compressed” 
SUSY spectra (low ΔM Next-LSP – LSP) à difficult to corner because of low 
cross sections + low acceptances  

}  R-parity violation scenarios not fully covered:  
}  Lack of handles such as missing transverse momentum, complex phenomenology, 

possibly long-lived particles  
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Towards Run 2 •  Challenges 
•  Projections  
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13 TeV / 8 TeV inclusive pp cross-section ratio!
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-  8 Hz top pair!
-  0.5 Hz Higgs!
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 Run 2 ATLAS performance so far ..  
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}  .. Excellent!!  
}  During the Long ShutDown, the 

detector went through a set of 
upgrades  
}  Infrastructure (magnet, muon 

chamber shielding …) 
}  Consolidation  
}  Improved L1 trigger and  
new central trigger processor 
}  New Insertable B-layer  

 4th layer of pixel at 3.3 cm 

 from beam  

}  New software, production 
system, analysis model 

Many people from Liverpool gave 
CRUCIAL contributions!!     

Side A Side CZ = 0

3D3D Planar Planar

R29.0/R29.3 - IPT
R23.5 - Inner beam-pipe
R31.0 - IBL inner envelope
R40.0 - IBL outer envelope
R33.5 - Module radius Stave

FE-I4B chip

3D sensor

DŽĚƵůĞ�ŇĞǆ

&ůĞǆ�ƉŝŐƚĂŝů

^ƚĂǀĞ�ŇĞǆ

3D - HV TAB
EXTENSION

a)#

b)# c)#

Sensor#area#[mm2]:####41.3#x#19.2####################20.5#x#18.5#
No.#of#pixels#[z,#φ]:#######160#x#336#########################80#x#336#

Figure 1. (a) Stave layout with the organization of planar and 3D sensor modules. (b) Layout of the IBL
detector with the 14 staves around the IBL positioning tube (IPT) and (c) zoom of one stave side where a 3D
sensor module is visibile.

in the central region and 3D in the forward/backward part, where tracking would benefit of a more
uniform charge collection across the sensor depth after irradiation. The IBL layout is shown in
figure 1. There are 14 staves in a turbine structure; each stave has 12 modules with double-chip
planar sensors in the center and 4 forward single-chip 3D sensors at the two extremities.
As of today the IBL detector is completed, installed in ATLAS under commissioning and ready for
the next year restarting of LHC.

2. Sensor design, production and results

The 3D silicon sensors used in the IBL have been produced by two silicon foundries [6, 7, 8]:
CNM1 and FBK2, on 230 µm thick 4-inch FZ3 p-type wafers having a resistivity of 10�30 kWcm.
A wafer floorplan and sensor geometry for FE-I4 [5] pixel front-end chip was defined in com-
mon with the different sensor producers participating in the prototype program coordinated by the
ATLAS 3D Collaboration. A total of 8 FE-I4 single-chip sensors fits in a wafer layout. In addi-
tion to the two already mentioned foundries also SINTEF4 and SNF5 participated in the prototype
program.

1Centro Nacional de Microelectronica, CNM-IMB (CSIC), Barcelona E-08193, Spain
2Fondazione Bruno Kessler, FBK-CMM, Via Sommarive 18, I-38123 Trento, Italy
3Silicon crystal growth methods: FZ – float zone; CZ – Czochralski
4SINTEF MiNaLab, Blindern, N-0314 Oslo, Norway
5Stanford Nanofabrication Facility, Stanford, CA, United States

– 2 –
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Infrastructure upgrades: magnet & cryogenic systems, additional muon chamber 
shielding, new beam pipes 

Detector consolidation: muon chamber completion (1.0 < |η | < 1.3) & replacements, 
calorimeter electronics repairs, improved inner detector read-out capability to cope 
with 100 kHz L1 trigger rate, new pixel detector services and module repairs!

ATLAS went through important upgrades during LS1 !
In all areas: detector, online, offline, computing!
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yMuon Spectrometer: TGC chambers 

•  Almost 30 chambers needed 
to be replaced because of 
failures 

•  A production of chambers 
was started in 2012 and we 
had a slot for installation at 
the end of 2014 
•  Last interventions before closing 

the detector 

•  Acrobatic operations 

B. Di Girolamo - 13th Pisa Meeting on 
Advanced Detectors - 24-30 May 2015 17 New topological L1 trigger and      

new central trigger processor, 
restructured high-level trigger 

New Insertable B-layer : fourth pixel 
layer at 3.3 cm from beam, consisting of 
planar & 3D (forward) silicon sensors, 
smaller pixels!

New software, new production 
system, new analysis model, … 

Also new beam 
pipe: r = 2.5 cm!

Replacement of TGC chambers !



 new and old challenges ahead.. 
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}  Trigger strategy: 
}  Exploit more approaches as scouting and delayed/parking  

}  Very difficult to cope with the 100 kHz L1 trigger rate, might 
have to make a priori choices   

}  Develop / use more dedicated triggers 
}  displaced vertex, “Fat” jets … 

}  Keep working on ‘new’ discriminants or techniques! 
}  Eg.: boosted tools for heavy particles  
}  Boosted W/top ‘tagging’  

}  Background strategies: 
}  Clearly, developing or use more data-driven  
methods will help 
}  Still, can’t deny the relevance to use  
appropriate and up-to-date Monte Carlo generators  
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Top-antitop production at 13 TeV !
Extraction of top-pair cross section !

Apply robust data-driven method that provided most precise Run-1 measurements (7, 8 TeV)

Following relation allows to simultaneously 
determine σtt and εb from data!

N1(2)   –  number of selected events with 1(2) b-tags !
N1(2)

bkg  –  number of background events with 1(2) b-tags!

L   –  luminosity of data sample !
εeµ    –  (tt →) eµ selection eff & acc (~0.9%) incl. BR !
εb    –  probability to b-tag q from t → Wq!
Cb = εbb / εb is non-factorisation correction   !
                   (1.005 ± 0.006 from MC) !
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Observe: N1 = 319, N2 = 167 !
Expect: N1

bkg = 37.3 ± 5.5, N2
bkg = 8.5 ± 3.5,    

          dominated by Wt (MC, approx. NNLO), then mis-id. e/µ (MC & data)!

MC normalised to SM expectation!

[ ATLAS-CONF-2015-033 ]!

N1 = L ⋅σ tt ⋅εeµ ⋅2εb ⋅ 1−Cbεb( )+N1bkg

N2 = L ⋅σ tt ⋅εeµ ⋅Cbεb
2 +N2

bkg



 Prospects: Sbottom @ 13 TeV  

}  2 b-jets + MEt 

}  Can reach 3 sigma evidence for 
sbottom mass ~ 700 GeV with 5/fb 
if SM background uncertainties ~ 
20-25% 
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 13 TeV Results: 0l,1l+jets, multijets 
}  First 50ns data collected by ATLAS 
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Promising results 



 Summary & conclusions  
}  Many reasons to be interested in SUSY à increasingly the best (or least 

bad?) solution to hierarchy problem, provide good Dark Matter 
candidate etc. 

}  SUSY is a beautiful theoretical framework: 
}  Very diverse phenomenology, experiments must have a wide search strategy 

(while keeping an eye on possible indirect constraints)  

}  LHC Run 1 has set stringent exclusion limits: 
}  Under stress simplest version of SUSY, but with many open points and exciting 

opportunities à just hitting the ‘regimes’ indicated by the higgs mass ! 

}  LHC Run2 will offer the possibility to explore 
various SUSY scenarios.  
}  we learned a lot along the way – so let’s use that! 

}  New projects and experiments might also give 
extra guidance..  

Long time ago, they told us SUSY was just around the corner. 
It might still be true.  We just need to find the right one …  
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Back-up 
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Figure 2: Distributions of the discriminating variables, the signal region is highlighted in gray (with red boundary).
All distributions are normalized to unity. Overflows in the last bin are negligible. (a) Number of b-tags/event,
nb�tag � 2. (b) Large-R jet mass asymmetry, A < 0.1 (c) Stop-pair center-of-mass frame production angle,
| cos ✓⇤ | < 0.3. (d) Subjet pT -ratio, subjet pT2/pT1 > 0.3.

1. The mjet
avg shape, ~vD0, and number of events, ND0, are extracted from the D0 region in the data,

corresponding to region D in Table 1 with nb�tag = 0.

2. A projection factor is derived between events with nb�tag = 0 and events with nb�tag � 2 for the
signal depleted regions A and C. To avoid double counting, the number of tt̄ events is subtracted in
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 RPV searches for stop (2x2 jets) 
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}  Limits from LEP and CDF: < 100 GeV  
}  ATLAS search exploits merging of stop decay 

products with a radius ΔR = mstop/pT  (initial stop pT);  

è Large R jets with mJet ~ mstop 

cumulative trigger selection e�ciency is greater than 99% for these o✏ine requirements. The o✏ine
event pre-selection further requires that at least two large-R anti-kt R = 1.5 jets with pT > 200 GeV,
mass > 20 GeV and |⌘ | < 2.4 be present in each event. These requirements select a range of phase space
for low stop masses in which the transverse momentum of the stops is often significantly greater than
their mass. This results in large-R jets that each contain subjet-pair resonances that are approximately
equal to the stop mass.

The data are required to have met criteria designed to reject events with significant contamination from
detector noise, noncollision beam backgrounds, cosmic rays, and other spurious e↵ects. The selection
related to these quality criteria is based upon individual assessments for each subdetector, usually separ-
ated into barrel, forward and endcap regions, as well as for the trigger and for each type of reconstructed
physics object (e.g. jets).

To reject non-collision beam backgrounds and cosmic rays, events are required to contain a primary
vertex consistent with the LHC beamspot, reconstructed from at least two tracks with transverse momenta
ptrack

T > 400 MeV. In case multiple vertices from minimum bias interactions are present, the primary
vertex with the hard-scattering is defined as the vertex with the highest

P
tracks(p2

T).

Signal regions (SRs) are defined to suppress the large QCD multijet background and to enhance the
fraction of events that contain large-R jets consistent with the decay of t̃ pairs to a light quark and a
b-quark. Simulation studies of the optimal selections for these processes indicate that three kinematic
observables are particularly useful for background discrimination.

The mass asymmetry between the two leading large-R jets in the event (with masses m1 and m2, respect-
ively), defined as

A = |m1 � m2 |
m1 + m2

, (3)

di↵erentiates signal from background since the two stop subjet-pair resonances are expected to be of
equal mass (both should be mjet ⇡ mt̃ ). The cosine of the stop-pair center-of-mass frame production
angle4 with respect to the beam line, | cos ✓⇤ | distinguishes between centrally produced massive particles
and high mass forward scattering events from QCD. This observable provides e�cient discrimination
over the full stop mass range considered (100-400 GeV) and does not exhibit significant variation with
the stop mass. The third kinematic observable used is the pT of each subjet a and b relative to the other,
and is applied to each of the two leading large-R jets. This variable is referred to as the subjet pT-ratio
and is defined by

subjet pT2/pT1 =
min[pT(a),pT(b)]
max[pT(a),pT(b)]

. (4)

The discrimination due to the subjet pT2/pT1 is greatest for the lower stop mass range (mt̃ . 300 GeV)
since the fraction of stops produced with pT > mt̃ is larger. The | cos ✓⇤ | and subjet pT2/pT1 variables
provide good discrimination between signal and background and are motivated by both an early ATLAS
search for scalar gluons [99] and Ref. [50].

In addition to the kinematic observables described above, b-tagging provides a very powerful discrimin-
ant. This provides a useful tool for defining both signal and control regions, and one that is approximately
uncorrelated with the kinematic features discussed above.

4 This scattering angle, ✓⇤, is formed by boosting the two stop large-R jets to the center-of-mass frame and measuring the angle
of either stop large-R jet with respect to the beam line.
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8 Results
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Figure 6: Estimated background in the signal region (D2). The data is represented by the solid points. The total
background estimate is shown by the solid black curve, and the yellow band represents its uncertainty. The data-
driven multijet background estimate is shown in the dashed blue curve and the contribution from tt̄ is shown in the
dotted red curve. Signal mass spectra are shown without uncertainties.

Figure 6 shows the predicted background spectrum for mjet
avg, including both the systematic and statistical

uncertainties. A search is carried out for an excess of events above the background prediction in mjet
avg re-

gions that vary with the mt̃ hypothesis. As Figure 6 demonstrates, the stop signal is expected to be highly
localised on top of the smooth background mjet

avg spectrum. The peak of the mjet
avg distribution is consistent

with mt̃ in each case. The mass resolution at this peak is approximately 5-7% for mt̃ = 100 GeV and is
approximately independent of stop mass. Good sensitivity is therefore obtained by defining contiguous
mass ranges, or windows. Optimal mass windows are defined taking into account the JES and JER meas-
urement uncertainties on the expected signal mjet

avg distribution. The size of each mass window is defined
to be at least twice the full width of the mjet

avg mass spectrum for the mt̃ model that best corresponds to
that range. The definitions of these mass windows are given in Table 4. The signal e�ciency for these
mass range selections varies from 68% at 100 GeV to 20% at 400 GeV. The low e�ciency at high mass
is due to the fact that the decay products are often not fully contained in the large-R jet, thus resulting in
a large low mass tail as can be seen in Figure 7(a). However, if a Gaussian is fitted to the mass peak, then
the mass resolution is approximately constant as a function of the stop mass, as shown in Figure 7(b).
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1 Introduction

Supersymmetry (SUSY) is an extension of the Standard Model (SM) [1–9] that fundamentally relates
fermions and bosons. It is an especially alluring theoretical possibility given its potential to solve the
hierarchy problem [10–15] and to provide a dark matter candidate [16, 17]. Most searches for SUSY
focus on scenarios such as the minimal supersymmetric standard model (MSSM) [10,18–21] in which R-
parity is conserved (RPC) [22–29]. In these models, SUSY particles must be produced in pairs and decay
to the lightest supersymmetric particle (LSP), which is stable, and the risk of proton decay is avoided.
However, this requirement is not necessary, and with strong constraints now placed on standard RPC
SUSY scenarios by the Large Hadron Collider (LHC) experiments, it is important to expand the scope of
the SUSY search program to include R-parity-violating (RPV) scenarios. It is especially true for searches
involving scalar top (stop) with masses below 1 TeV, as in most natural SUSY scenarios [30, 31].

In RPV models, many of the experimental constraints placed on the MSSM in terms of the allowed para-
meter space of gluino (g̃) and squark (q̃) masses are relaxed. The reduced sensitivity of standard SUSY
searches to RPV scenarios is primarily due to the high missing transverse momentum requirements used
in the event selection common to many of those searches [32]. This choice is motivated by the assumed
presence of undetected LSPs. Consequently, the primary challenge in searches for RPV SUSY final states
is to identify suitable substitutes for the canonical large missing transverse momentum signature of RPC
SUSY. Common signatures used for RPV searches include resonant lepton pair production [33], exotic
decays of long-lived particles and displaced vertices [34–37], high lepton multiplicities [38,39], and high
jet multiplicity final states [40]. A recent ATLAS analysis also searched for stop pairs each decaying via
an RPV coupling to a lepton and a b-quark [41].
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Figure 1: (a) Diagram for the benchmark process considered for this analysis. The solid black lines represent
Standard Model particles, the dashed red lines represent the stops, and the blue vertices represent RPV vertices
labelled by the relevant coupling for this diagram. (b) Cross-section for direct t̃ pair production at the LHC center-
of-mass energy of

p
s = 8 TeV. The cross-section error is around 15%. [42]

The RPV component of the generic supersymmetric superpotential has three new Yukawa couplings that
control the decays of MSSM particles to their SM counterparts: �i jk ,� 0i jk ,�

00
i jk where i, j, k 2 1,2,3 are

generation indices. The generation indices will sometimes be omitted in the discussions that follow if the

2



 RPV multijet searches (prompt) 
}  Search for strongly-produced SUSY particles in final 

states with high jet multiplicity and no MET.  
}  Additional requirement on number of b-jet or MJ.  
drawings from T. Cohen 
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Training Sample

AN EXAMPLE – RPV MULTIJETS 
Search for massive SUSY particles decaying to jets. 

!  Search looks for SUSY in final states with high jet multiplicity and without 
requirements in MET. Additional requirement on b-jet multiplicity or MJ are 
applied. 
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!  Challenging phase-space. Template 
methods have been used, validated 
using simulations and control regions. 
E.g. in the case of the MJ selections:  
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Search for massive SUSY particles decaying to jets. 

!  Search looks for SUSY in final states with high jet multiplicity and without 
requirements in MET. Additional requirement on b-jet multiplicity or MJ are 
applied. 
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!  Challenging phase-space. Template 
methods have been used, validated 
using simulations and control regions. 
E.g. in the case of the MJ selections:  
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Exclusion limits up to 1 TeV gluino masses  
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 full exploitation of Run I data: mixed decays 
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}  If we relax the BR = 100% assumption on one mode or the other, sensitivity might 
change quite significantly: 
}  E,g. low ΔM (stop, neut): 4-body VS charm-decay   
}  E.g. top+neutralino VS b+chargino  
}  E.g. stop2 in stop1H/stop1Z/topNeut 



 full exploitation of Run 1 results: new models 
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}  Stop in stau 
}  GMSB inspired, dedicated searches in 2tau+2b+MET 

}  Split by tau decay modes to maximize 
sensitivity (had-had, lep-had, lep-lep) 
}  mT and mT2 discriminants used   
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 Top squark summary: ATLAS (II) 
}  Various assumptions of ΔM(stop-chargino) 

and ΔM(chargino-neutralino) 

Fixed mass stop, function of  
chargino-neutralino mass  

m(stop)=300 GeV 

if ΔM(t1,C) large 

pT lepton high if 
ΔM(C,N) large 
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 Exploit detector at best: dE/dx  
}  Use pixel detector to search for (meta-)stable LLP   
}  LLP are seen as heavy muon-like particles with β<<1 

}  High dE/dx measured in pixel detector 
}  Studied if particles travels at least 45 cm (in r)  

}  Select high momentum, isolated tracks 

}  High ionization: dE/dx > 1.8-   

First life-time dependent mass limits for charged R-hadrons in 1-10 ns range 
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The ATLAS Collaboration: Search for metastable heavy charged particles with large ionisation energy loss 5

calorimetric E

miss
T is significantly larger when the neu-

tralino is light. The E

miss
T also depends on the lifetime

of the parent particle as this defines the fraction that de-
cay before the calorimeter and therefore a↵ects E

miss
T . If

the lifetime is shorter than 1 ns, the decay happens very
close to the primary vertex and the calorimetric E

miss
T

does not depend very much on the lifetime. On the other
hand, if the lifetime is long enough, the decay may happen
beyond the calorimeter region and, therefore, the calori-
metric Emiss

T is close to the stable case. The 10 ns lifetime
is an intermediate case, as decays happen mainly, but not
exclusively, in the tracker region.

5.2 O✏ine selection

This search is based on a sample of well-measured high-
pT isolated tracks in events with large missing transverse
momentum. The data sample considered in this analysis
was collected with tracking detectors, calorimeters, muon
chambers and magnets fully operational and corresponds
to a total integrated luminosity of 18.4 fb�1 with an un-
certainty of ±2.8% measured using beam separation scans
following the technique described in Ref. [56].

The first step in the selection is the confirmation that
the event has su�cient E

miss
T . The E

miss
T variable com-

puted using the o✏ine reconstruction [57,58], which uses
refined calorimetric information and includes the contri-
butions of the energy of the muons, must exceed 100 GeV.
Candidate events are then required to have at least one
primary vertex with a minimum of five tracks with pT >

0.4 GeV. There must be at least one track associated with
this primary vertex,3 with at least three pixel hits, mea-
sured over 45 cm in the radial direction, and with trans-
verse momentum pT > 80 GeV and |⌘|  2.5. The set
of requirements described above, including the trigger re-
quirement, defines the preselection entry in Tables 1 and 2.

The following additional requirements must be satis-
fied by at least one of the preselected candidate tracks in
order to select the event.

The track must be isolated. A track is considered iso-
lated if its distance �R =

p
(�⌘)2 + (��)2 to any other

track associated with the primary vertex and with pT �
1 GeV is greater than 0.25. About 70% of these isolated
tracks are high-pT leptons originating from W boson pro-
duction.

The track must not be identified as an electron [59]
as LLPs can very rarely (<1%) be identified as electrons.
The selected tracks are required not to match any recon-
structed electron within �R  0.01.

The track must have momentum p > 150 GeV and
the relative uncertainty on the momentum �p/p < 50%.
The first requirement improves the signal-to-background
ratio, while the second ensures good mass resolution.

3 A track is associated with the primary vertex if its longitu-
dinal and transverse impact parameters are less than 1.5 mm.
The primary vertex is chosen as that with the highest sum of
p

2
T associated with it.

The track must not be a muon originating from a W

boson decay. Muons cannot be simply identified and re-
jected at this stage, as hypothetical very long-lived par-
ticles would often be mis-identified as muons in the de-
tector. Therefore, to reject muons from a W boson de-
cay, a requirement on transverse mass4 (mT >130 GeV)
is applied. According to simulation, this requirement re-
duces the fraction of W boson events in the data sample
to ⇠ 40%.

The selected track is required to have specific ionisa-
tion measured by the pixel detector larger than 1.800 �
0.034|⌘| + 0.101⌘2 � 0.029|⌘|3 MeV/g cm2. This require-
ment corrects the slight |⌘| dependence [60] of the dE/dx
variable and selects ⇠ 1.3% of the tracks in the data in-
dependently of the pseudorapidity region. The selection
cut chosen is the lowest with mass-discriminating power
(below this, the dE/dx values of all particles are too close
to the MIP value, irrespective of their masses).

The above requirements complete the selection for the
stable particle search. One additional requirement is ap-
plied to improve the sensitivity for the metastable case.
The highly ionising particles can be matched with recon-
structed jets [61] or muons [62]. Out of 85 candidates, 57
are geometrically matched to muons (�R  0.01) and
26 are �R  0.07 from a jet. The other two candidates
have no signals in the calorimeters or muon system in the
vicinity of the LLP. If the LLPs are stable, they are usu-
ally reconstructed as muons. If the heavy particles are not
stable, the matching with muons becomes much more rare,
in particular for particles with a lifetime of O(ns). In the
search for metastable particles a muon veto is applied, and
tracks that are matched with a muon are rejected.

Finally, if more than one track per event passes all
requirements, the highest-pT candidate is chosen, in order
not to bias the distribution of the variables and to allow
for proper normalisation in the background estimate.

Table 1 shows the number of events in data and for an
example gluino R-hadron signal for the di↵erent selection
criteria. In data 85 events are selected before and 28 after
the muon veto. None of the events has more than one
selected track per event.

Table 2 shows the yields for the same event selec-
tion as in Table 1, but applied to simulated signal events
with 1000 GeV gluino R-hadrons that are either stable,
or otherwise decay to g/qq̄ plus a light neutralino of mass
m(�̃0

1) = 100 GeV, and with a 1 ns lifetime.
Figure 3 shows the overall signal e�ciencies for a rep-

resentative set of simulated signal samples to which the
full selection procedure is applied.

When the LLPs decay inside the ATLAS active vol-
ume, Emiss

T increases and trigger and o✏ine Emiss
T selection

becomes more e�cient than for the stable case. However,
as the lifetime decreases, the probability to reconstruct a
track segment in the silicon detectors decreases dramat-
ically. At a mass of 1000 GeV, these two e↵ects give a
total e�ciency of ⇡15% for the 10 ns lifetime samples and
⇡1% for the 1 ns samples, while for stable particles the
e�ciency has intermediate values of ⇡7%.

4
mT =

p
2pTEmiss

T (1� cos(��(Emiss
T , track))



 long-lived particles: summary chargino 
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wino-like chargino 
and neutralino  
(AMSB inspired) 
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Figure 3: Sketch of the LQD̄ coupling plane, showing the limiting cases of “pure” �̃0
1 decays at the corners.

3.1.2. LQD̄ models

In the two LQD̄ models, the neutralino LSP decays into two quarks and a lepton. As with LLĒ couplings,
the precise decay modes depend on which �0

i jk

couplings are active. A specific non-zero coupling �0
i jk

allows the following decays:
�̃0

1 ! `
i

u
j

d
k

and �̃0
1 ! ⌫

i

d
j

d
k

, (6)

where u and d denote up-type and down-type quarks, respectively. Equal branching fractions for the
decay modes in Eq. (6) are assumed throughout.

As for the LLĒ model, no distinction is made in this analysis between fermions of the first and second
generations. A neutralino LSP can decay to third-generation fermions via any or all of the superfields
involved in the LQD̄ superpotential term. Taus can be produced with �03 jk couplings, via left-handed
slepton fields, with a maximum branching ratio of 50% (the other 50% produce tau neutrinos). Similarly,
�
0
i j3 couplings involve third-generation right-handed down-type squarks and allow decays with b quarks

with branching ratios up to unity. Couplings with third-generation left-handed squarks (�0
i3k ) are more

complicated due to the large top-quark mass a↵ecting the relative rates of `tq vs ⌫bq decays, which
will not be discussed further here. Only the first two variations described will be considered. Again, a
two-dimensional coupling plane is constructed, illustrated in Fig. 3, with the branching ratio to taus and
b-quarks as independent free parameters. In the same way as for the LLĒ model, the LSP lifetime and
the branching fractions used here relate to the underlying �0

i jk

couplings in a model-dependent way.

3.1.3. Sparticle masses and kinematics

Each simulated sample is generated with a fixed ratio R between the LSP and NLSP masses, which take
the values

R =
m( �̃0

1)
m(NLSP)

= 0.1, 0.5 or 0.9. (7)

The 4L analysis has already demonstrated sensitivity to a wide range of �̃0
1 masses (10 to mNLSP�10 GeV)

in the case of LLĒ decays. The sensitivity to prompt LQD̄ decays has not previously been explored by

12

 RPV results 
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}  Rich set of dedicated searches investigating RPV signatures as well 
as re-interpretations of RPC searches.  
}  Coverage of ‘generic’ searches is sometimes broader than that of dedicated ones.  

Prompt RPV 
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Figure 2: (a) Sketch of the LLĒ coupling plane, showing the limiting cases of “pure” �̃0
1 decays at the corners.

(b) Mean number of light leptons per event, including those from ⌧ decays (35.2% leptonic branching fraction
assumed).

origin, the LSP decays only to light leptons, �̃0
1 ! ``⌫. Along the x axis, the branching fraction to taus

increases linearly until the LSP decays entirely to `⌧⌫. This corresponds to a transition from a regime
where LLĒ couplings with first- and second-generation right-handed superfields dominate to one where
the third generation dominates. The associated axis is marked BR(⌧R). Along the y axis an analogous
transition is made, this time involving the left-handed superfields, marked BR(⌧L). As noted above, a
maximum branching fraction of 50% to `⌧⌫ is assumed in this case (for BR(⌧R) = 0), corresponding to
a pure �

i3k coupling with i, k , 3. Away from the x and y axes, a mixture of all nine possible LLĒ
couplings exists, with BR(⌧R) and BR(⌧L) assumed to be independent of each other. At every point in
the plane, the sum BR(⌧L) + BR(⌧R) corresponds directly to the mean number of taus produced per LSP
decay, which has a maximum value of 1.5 in the upper-right corner of the plane. Figure 2b shows the
mean number of light leptons per event, assuming two �̃0

1 decays and accounting for fully leptonic tau
decays. By construction this is greatest at the origin, where there must be four light leptons per event, but
even in the most extreme case there are more than two light leptons per event on average, which helps to
provide good signal/background discrimination in this model.

The relative rates of the di↵erent LSP decay modes are related to the squares of the appropriate LLĒ
couplings, however the correct mapping of the RPV coupling values to the axes of Fig. 2 would need
to be evaluated separately for any particular SUSY model. The reason is that the partial widths of each
decay mode depend on the masses of virtual SUSY particles (in this case sleptons) that are not specified
in the simplified model, and on the composition of the LSP. For the same reason, the lifetime of the
LSP depends on the underlying RPV coupling values in a model-dependent way. However, for slepton
and squark masses O(1 TeV), RPV coupling values of

qP
�2
i jk

+
P
�
0
i jk

2 & 10�4 might reasonably be
expected to yield a promptly decaying neutralino.
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 Projections: strong production @ 13 TeV 
}  Few analyses checked for sensitivity at a 

gluino/squark discovery 
}  3 sigma evidence for gluino mass ~ 1.5 TeV 

with 5/fb if background uncertainties ~ 
20-25%  

}  Good at 10/fb already …  

11/11/2015 Monica D'Onofrio, HEP Seminar Liverpool 62 



 Indirect constraints  	


11/11/2015 Monica D'Onofrio, HEP Seminar Liverpool 63 

}  Bs à µµ: constrain MSSM at large tan β	


}  BR Enhancement from many BSM models 

       In SM:                       In BSM:  

The CMS and the LHCb Collaborations have 
obtained a combined preliminary value of the 
Bs→µµ branching fraction of (2.9±0.7)x10-9 

In agreement with SM: 
BR=(3.56±0.30)x10-9 

Figure 9: Variation of the untagged BR(B
s

! µ+µ�) in the plane (C10, CQ1). The dotted
vertical lines delimit the range of C10 in the CMSSM, and dashed lines the range in the pMSSM.

Figure 10: Constraints from BR(B
s

! µ+µ�) in the (M
A

, tan �) and (M
A

,m
t̃1
) parameter

planes. The black points corresponds to all the valid pMSSM points and those in grey to the
points for which 123 < M

h

< 129 GeV. The dark green points in addition are in agreement
with the latest BR(B

s

! µ+µ�) range given in Eq. (3.15), while the light green points are in
agreement with the prospective LHCb BR(B

s

! µ+µ�) range given in Eq. (3.16). The red line
indicates the region excluded at 95% C.L. by the CMS A/H ! ⌧+⌧� searches (from [54]).

The BR(B
s

! µ+µ�) dependence on the C10 and C
Q1 = �C

Q2 Wilson coe�cients in the
minimal flavour violation (MFV) framework [55, 56] is shown in Fig. 9. It is instructive to
observe that the values of BR(B

s

! µ+µ�) can decrease down to 0 for C10 = C
Q1 = 0.

However, in the pMSSM, the variation of C10 is limited to the interval [-5.0,-2.6], even when
applying constraints from B ! K⇤µ+µ� observables, so that the lowest value which can be

13

What can this tell us about 
SUSY?  
 
 
 
 
Large tan β with light pseudoscalar 
Higgs disfavoured BUT  
‘Natural’ (small fine tuning) MSSM 
scenarios barely affected  
•  SUSY-BR(Bsàµµ) is ~ to SM-BR or even 
smaller in some scenarios 

arxiV:1212.4887 
 
In phenomenological 
MSSM, only < 20-30% 
scenarios are excluded 
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}  EDM: As other BSM theories, SUSY predict small – yet measurable 
electron electric dipole moment (de)  
(In SM, de ~ 10-44 e cm)  

eL eRẽL ẽR

�

Hd

⇥

⇥

Ae

B̃, W̃ 0

eL eR

⇥
µ⇥M

2

W̃ 0

H̃0

d

H̃0

u

Hu

ẽL ye

⇥

Figure 1: One-loop EDMs in supersymmetric theories.

To unpack the diagrams a bit more: the electron splits into a virtual pair of its super-
partner (the selectron) and a neutralino (the superpartner of the photon, Z, or Higgs boson).
The diagram at right contains a selectron–electron–Higgsino interaction, which depends on
the electron Yukawa coupling ye = me/v. So it is proportional to me, as we assumed. The
diagram at left, on the other hand, transforms the left-handed selectron to the right-handed
selectron using the A-term trilinear coupling, AeHdẽLẽR. In a general supersymmetric the-
ory, Ae is formally independent of the Yukawa coupling ye, although in many models they
are proportional: Ae ⇡ yemSUSY

, where m
SUSY

is some measure of the SUSY-breaking scale.
Again, attempting to break this proportionality would lead to large corrections to me, so it
is reasonable to assume the proportionality.

In the diagram at left, the invariant phase that would contribute to CP violation is
arg(A⇤

eM1,2). In many particular models of SUSY breaking, like gauge mediation, this CP
phase is zero, and the contribution is absent. In more general models, like gravity mediation,
it is unclear whether we should expect this phase to be small. The diagram at right is sensitive
to the phase arg(µ⇤M

2

). Generation of µ, the Higgsino mass parameter, is typically one of
the thorniest problems in building a supersymmetric model, and it seems very plausible that
it could have a CP phase di↵erent from other SUSY-breaking parameters.

Two-loop new physics

If there are no new particles with lepton quantum numbers contributing a large EDM at one
loop, important e↵ects may arise at two loops. In this case there is an estimate similar to
the above, but with the loop factor squared:

de =

✓
g2

16⇡2

◆
2

eme

M2

2�loop

, (9)

where again g is a typical coupling constant in the loop andM
2�loop

is now some e↵ective mass
scale of particles appearing in the loop. Here the mass scale probed by EDM measurements

3

is smaller than the one-loop scale by an additional factor of g/(4⇡):

M
2�loop

⇡
⇣ g

4⇡

⌘
2

⇤ > 210 GeV (850 GeV). (10)

Notice that now we’ve switched units from TeV to GeV, so these scales are considerably
smaller. Although the LHC directly probes scales of order hundreds of GeV, the bounds it
sets on new particles that don’t interact through the strong nuclear force are quite weak, so
two-loop EDMs are still a powerful probe of territory that the LHC has di�culty covering.

A plausible scenario in supersymmetric theories (now sometimes referred to as “mini-
split” or “semi-split” supersymmetry) is that the new scalar fields are significantly heavier
than the new fermionic fields, often by a loop factor (i.e. roughly two orders of magnitude).
The one-loop contributions we have considered so far involve the electron’s scalar partner.
On the other hand, there are two-loop contributions that involve only the fermions. Roughly,
we expect that these dominate whenever

1

(16⇡2)2
1

⇤2

fermion

>
1

16⇡2

1

⇤2

scalar

, (11)

i.e. when ⇤
scalar

> 4⇡⇤
fermion

. Since the scalars could be a factor of 16⇡2 heavier, this is
easily satisfied. This motivates us to take a look at two-loop processes with loops of fermionic
superpartners, like the one in Figure 2.

eL eR

⇥Hu

�̃+

�

hZ, �

Figure 2: Two-loop EDMs in supersymmetric theories. The one-loop diagram in the dashed box
is a CP-violating analogue of familiar “electroweak precision” corrections.

The interesting feature of the various two-loop diagrams, of which we show only one, is
that the electron is playing an essentially extraneous role. The gray dashed boxed part of
Figure 2 illustrates this. The new physics and the CP violation lives in a one-loop subgraph
with gauge and Higgs bosons as its external states; we turn this into an electron EDM by
stringing an electron line between two of the external legs. Because the electron is added
on at this second stage, no new fields with lepton quantum numbers are needed to generate
these two-loop EDMs. Thus, a completely generic model of new particles with electroweak

4

1-loop 

2-loops 

ACME collaboration (arXiV:1310.7534):  
}  de = -2.1±3.7(stat)±2.5(syst) x 10-29 e cm   
}  |de| < 8.7 × 10−29 e cm  

}  for models where 1- (2-loop) diagrams produce de,  
bound on CP violation at energy scales Λ ∼ 3(1) TeV  

à  Small CP phases ßà decoupling: Might indicate 
preference for Split SUSY and/or 1st generation 
squark/slepton masses at O(10) TeV   

    (preserves EWK sector / naturalness) 

The SUSY CP Problem

(Hisano @ Moriond EW 2014)

EDM bounds push SUSY particles
far above the TeV scale

assumptions:

no cancellations between
various contributions

order 1 CP violating phases

Wolfgang Altmannshofer (PI) Electric Dipole Moments April 1, 2014 36 / 39
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}  Anomalous magnetic moment: Muon g-2  

Lopez, Nanopoulos, Wang [ph/9308336] 
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Muon g-2 Problem 

Hagiwara, Liao, Martin, Nomura, Teubner [1105.3149] 

Muon g-2 (anomalous magnetic moment) 

can be explained with SUSY. 

New Physics? 
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1 Introduction

The ATLAS and the CMS collaborations have reported observations of a new particle

with a mass of about 126GeV, which is considered to be the Standard Model (SM) Higgs

boson [1, 2]. If the particle is indeed the Higgs boson, the SM inevitably involves the

hierarchy problem. This unnaturalness indicates that there lies physics beyond the SM.

There is another indication for physics beyond the SM. The precise measurement of

the muon anomalous magnetic moment (the muon g − 2) [3, 4] has shown discrepancy

from the SM prediction [5–10]. With dedicated efforts to determine hadronic contributions

precisely, the latest result is

∆aµ ≡ aµ(exp)− aµ(SM) = (26.1± 8.0)× 10−10, (1.1)

where the hadronic vacuum polarization is quoted from ref. [5–7], and the hadronic light-

by-light contribution is from ref. [11]. The muon g − 2 anomaly indicates physics beyond

the SM at more than 3σ level. Moreover, the difference is as large as the SM electroweak

contribution, aµ(EW) = (15.4 ± 0.2) × 10−10 [12]. If new physics is responsible for the

discrepancy, its contribution is naively estimated as δaµ ∼ (αNP/4π) × (m2
µ/m

2
NP), where

αNP is a coupling constant of new particles to the muon, and mNP is a typical scale of their

masses. Thus, new physics around the TeV scale is required to involve strong couplings

with the muon in order to solve the muon g − 2 anomaly.

Supersymmetry (SUSY) is a promising candidate for the TeV-scale new physics. The

minimal SUSY Standard Model (MSSM) not only solves the hierarchy problem but also
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contribution, aµ(EW) = (15.4 ± 0.2) × 10−10 [12]. If new physics is responsible for the

discrepancy, its contribution is naively estimated as δaµ ∼ (αNP/4π) × (m2
µ/m

2
NP), where

αNP is a coupling constant of new particles to the muon, and mNP is a typical scale of their

masses. Thus, new physics around the TeV scale is required to involve strong couplings

with the muon in order to solve the muon g − 2 anomaly.

Supersymmetry (SUSY) is a promising candidate for the TeV-scale new physics. The

minimal SUSY Standard Model (MSSM) not only solves the hierarchy problem but also
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(d) µ = 2TeV, mR = 1.5mL

Figure 1. Current LHC bounds on the SUSY g − 2 explanations. The orange (yellow) band
shows the region where the SUSY contributions explain the muon g− 2 discrepancy at the 1σ (2σ)
level. The dark gray regions in (a) and (c) are excluded by LEP searches for the neutralinos and
charginos. The regions left to the blue dotted lines are excluded by the L-search. Assuming the
approximate GUT relation for the gaugino masses, the regions left to the red lines are excluded by
the J-search. These exclusions are at 95% CL, and the theoretical uncertainty of ±30% is included
in the hatched regions. The LSP is the lightest neutralino in the regions above the black thick
lines, while the sneutrino is lightest below them. Sleptons become lighter than neutralinos below
the black dash-dotted or dashed lines (see the text for details).

The LHC constraints are understood as follows. The J-search targets the gluino pair-

production. Among the 12 SRs defined in ref. [16], those with higher multiplicity of jets

are relevant for the exclusion (see table 1). Some of the jets originate in the gluino decay
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•  SUSY explains g-2  
•  LEP searches  
•  Excluded by LHC-

lepton searches 
•  Excluded by LHC Jet 

searches 
 
  

(@1 σ) 

(@2 σ) SUSY contributions to g-2: 
neutralino-smuon and chargino-
sneutrino loop diagrams 

M1,M2=bino,wino masses 
µ  = higgsino mass 
mL = slepton (LH component) mass  

JHEP01(2014)123 
LHC and g-2 constraints 

Here, chargino-sneutrino contribution dominates g-2 

Sneut = LSP 


