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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!



  Supersymmetry (SUSY) in a nutshell 
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}  Naturally solves the gauge hierarchy problem  
}  Fermion and boson loops contribute with 

different signs to the Higgs radiative 
corrections.  

}  SUSY with R-parity conservation predicts a 
suitable Dark Matter candidate 
}  R-parity = (-1)3(B-L)+2S 

}  Lightest SUSY particle (LSP) is stable   

}  Grand unification of forces  
}  Predicts an elementary Higgs scalar …  

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

 

New	
  spin-­‐based	
  symmetry	
  relating	
  
fermions	
  and	
  bosons	
  

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

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

Fermion loop 

Boson loop 

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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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



SUSY: framework VS model  
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T.Rizzo (copied by many others) 

framework vs. model

24

Search for Supersymmetry at ATLAS - LISHEP 2013 Carsten Hensel, Georg-August-Universität Göttingen

THE SUSY THEORY PHASE SPACE

!"

SUSY

N=1

MSSM NMSSM

pMSSM

(T. Rizzo, SLAC Summer Institute, 2012)

CMSSM

SUSY is not just one theory.
It’s rather a concept with a 
multitude of possible 
manifestations!

LHC searches at 7 and 8 TeV have so far excluded about    
1/3 of the parameter space of the pMSSM; the full parameter 
space of relevant SUSY models is not even defined

Joseph Lykken                                                                                                                            LHCP 2013, Barcelona, May 18, 2013

M. Cahill-Rowley, J. Hewett, A. Ismail, T. Rizzo, arXiv:1211.1981

[borrowed from rizzo SLAC S.I. 2012 via lykken LHCP 2013]



 Phenomenology    

Prompt or Long Lived (LL) particles could be produced in RPV and 
RPC scenarios. Few examples of LL:  

}   In RPV: if lambda couplings are very small  
}   In RPC: If very heavy squarks mediate gluinos decay (strong 

virtuality):  

}  Long-lived gluinos à R-hadrons (eg. Split SUSY) 
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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   
Typical LSP: lightest neutralino (χ1

0), gravitino (G) 
 
If R-parity is violated (RPV) 
à LSP no longer stable, rich and diverse 
phenomenology depending on the involved 
parameters (λ, λ’,λ’’)	



~ ~ 

sparticle decay modes, nature of the 
Lightest SUSY Particle, lifetime… 

SUSY breaking mechanism and R-parity 
determines the phenomenology  

SUSY as theoretical framework 



 Outline  
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}  Recent results and constraints: 

}   ATLAS and CMS experiments (*) 
¨  Mostly reporting examples of searches for R-parity conserving 

scenarios (**).  
¨  Indirect constraints (***) 

¨  Bs àµµ, electron dipole moment, g-2  

}  Prospects for SUSY searches in the next decades: 
}  High Luminosity LHC  
}  Future Colliders potential 

}  Conclusion: The last word about SUSY?  

(*) Other hadron-based collider results (Tevatron, HERA) no longer competitive 
aside for some complementarity studies – example in back-up 
(**) Higgs in SUSY:  vast program of searches at ATLAS, CMS, B-factories - few 
examples, also on prospects, in Kerstin Tackmann’s talk  
(***) Impact of constraints on Dark Matter relic density  not directly discussed 
although taken into account (see dedicated session) 



SUSY@LHC: production and search strategy 
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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&CMS search strategies: 
designed to provide coverage for a 
broad class of SUSY models  

•  For each search, a number of signal 
regions is optimized based on a 
variety of them ..  

√s = 8 TeV  



 highlights on RPC strong production  

28/10/2014 Monica D'Onofrio, ICFA 2014, Bejing 7 

}  1st / 2nd generation squarks and gluinos 
}  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 Wàqq’ 
•  Also merged products  à jet mass (60-100 GeV) 

•  Three jet multiplicity categories (3–5, 6–7, and 8 jets) 
•  Selections in ET

Miss and HT (Sum pT jets) 

CMS: 1402.4770 
 ATLAS: 1405.7875 
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 highlights on RPC strong production (II)  
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}  Exclusions on gluino and squark masses 

Increasing the complexity 
of the decay chain,  
exploiting boosted W 
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Study of di-lepton ‘edges’  
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}  Not only ‘cut-and-count’ searches  
}  Various interesting kinematic variables proposed before beginning 

of Run1 to characterize ‘SUSY’ signal (some used as discriminating 
quantities) 

}  Di-lepton mass:  
}  end-point expected for some  
SUSY processes   
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Figure 1: Left: the distribution of dilepton mass for an example SUSY model with the decay �̃0
2 !

`+`��̃0
1, taken from the ATLAS physics technical design report. Right: an example signal process that

leads to the kinematic endpoint feature observed in the left plot.

2 Executive Summary63

The SUSY decay �̃0
2 ! `+`��̃0

1 leads to a characteristic kinematic “edge” feature in the dilepton mass64

distribution. The observation of such a feature would provide clear evidence of new physics. In this65

note, we target the strong production of squarks or gluinos, which each decay to one or two jets plus66

a �̃0
2 particle, followed by the decay �̃0

2 ! `+`��̃0
1. Events with two opposite-sign, same-flavor ee or67

µµ leptons inconsistent with Z boson decay, at least two energetic jets, and large missing transverse68

energy (Emiss
T ) are selected. The dominant background satisfying this selection is tt̄ production, which69

is estimated using a data control sample of events with an eµ-lepton pair. Backgrounds with fake or70

non-prompt leptons are estimated using the data-driven matrix method. Backgrounds with o↵-shell Z71

bosons are estimated by measuring the Z ! `` lineshape in MC, normalizing to the on-Z region and72

extrapolating to the o↵-Z region. A signal would manifest as an excess of same-flavor dilepton events,73

with a kinematic endpoint in the dilepton mass distribution.74

The analysis focuses on a signal region used in a similar CMS analysis [1], which recently reported75

a 2.6� excess of same-flavor events in the dilepton mass range 20–70 GeV, for events with at least two76

jets and Emiss
T > 150 GeV or at least three jets and Emiss

T > 100 GeV. Additional signal regions, optimized77

for the targeted signal models, are also considered.78

3 Introduction79

The SUSY decay �̃0
2 ! `+`��̃0

1 leads to a characteristic kinematic “edge” feature in the dilepton mass80

distribution, as shown in Figure 1 (left). The observation of such a feature would provide a clear and81

unambiguous signature of new physics, since it would be di�cult to produce with detector misrecon-82

struction or physics mismodelling e↵ects. Using the dilepton mass as the sensitive variable also has the83

advantage that it is calculated using only the lepton momenta, which are measured more precisely than84

e.g. jets and Emiss
T .85

The �̃0
2 particle could be produced with large rates in models with pairs of squarks or gluinos, where86
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ATLAS 
simulation  
(2008) 

CMS search:  
•  Opposite sign leptons (ee,eµ,µµ) 
•  Signal and background estimates: kinematic fit 
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Figure 3: 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 the fit. The vertical lines indicate
the boundaries of the signal and the on-Z regions.

Table 3: Results of the counting experiment for event yields in the signal regions. Statistical and
systematic uncertainties are added in quadrature, except for the flavor symmetric backgrounds.

Central Forward

Observed [SF] 860 163

Flav. Sym. [OF] 722 ± 27 ± 29 155 ± 13 ± 10
Drell–Yan 8.2 ± 2.6 1.7 ± 1.4

Total estimates 730 ± 40 157 ± 16

Observed – Estimated 130+48
�49 6+20

�21

Significance [s] 2.6 0.3

m(l+l-) 

Central lept Forward lept  

Interest raised by discrepancy for central region ..  
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1, taken from the ATLAS physics technical design report. Right: an example signal process that

leads to the kinematic endpoint feature observed in the left plot.
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2 particle could be produced with large rates in models with pairs of squarks or gluinos, where86

PAS-SUS-12-019 



 Third generation squarks  

28/10/2014 Monica D'Onofrio, ICFA 2014, Bejing 10 

}  In ‘Natural’ SUSY, bottom and top squarks most likely O(100-1TeV) 
}  Gluinos enter in the higgs mass calculation at 2-loop level à < 2-3 TeV  

}  Searched for in gluino-mediated and direct pair production. E.g.: Gluino-
mediated stop:  

Various analyses exploiting 
the complexity of the final 
states including up to 4 tops.  
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 Direct top squark pair production  
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}  Several complex decay modes possible 

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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` 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
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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 
lightest chargino

t̃

t̃

�̃±
1

�̃⌥
1

p

p

b

�̃0
1

W

b

�̃0
1

W

Search strategy 
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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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    M(stop) ~ m(top): 
}  Constraints from σ(tt) measurement 

 

 
 

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

ATLAS: 1403.5222 (Z-mode) 
CMS:1405.3886 (Z/H modes) 
 

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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Till Eifert -- Experimental results on SUSY with top TOP201426
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‣ Exclude a small region between top 
threshold and ~180 GeV!

• Expected limit 179 GeV!

• Observed limit 183 GeV!

• Observed limit -1σ (sig-theo) 177 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!

- E.g. 3% less for 20 GeV neutralino at 200 GeV stop!

• top quark polarision (stop mixing)!

- full left-handed polarisation 4% weaker than plot 
which is for mostly right-handed case!

Limit from ttbar cross section
Submitted to EPJC (1406.5375)

CMS tT cross section measurement (see previous slide)"
is not yet interpreted in terms of stop limits.

1406.5375 
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}  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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}  Low mass EWK SUSY particles (charginos, neutralinos, possibly sleptons) 
foreseen by several SUSY models  

}  Again very comprehensive search program covering various possible final 
states: high pT leptons, WW,ZZ,WZ,Wh,Zh,hh + MET final states  

}  Examples: 

}  ATLAS: 3 leptons (e, µ,τ), SFOS pair  + ET
miss 

(a) ℓ̃L-mediated (b) τ̃L-mediated

(c) WZ-mediated (d) Wh-mediated

Figure 1. The Feynman diagrams for the four simplified models of the direct production of χ̃
±
1 χ̃

0
2

studied in this paper. The different decay modes are discussed in the text. The dots in (d) depict
possible additional decay products of the lightest Higgs boson decaying via intermediate ττ , WW
or ZZ states.

the electroweakinos are governed by the ratio of the expectation values of the two Higgs

doublets tan β, the gaugino mass parameters M1 and M2, and the higgsino mass parameter

µ. For the hierarchy M1<M2 <µ (M1 <µ<M2), the χ̃0
1 is bino-like, the χ̃±

1 and χ̃0
2 are

wino-like (higgsino-like) and the dominant electroweakino production process leading to a

final state with three leptons is pp → χ̃±
1 χ̃

0
2 (pp → χ̃±

1 χ̃
0
2, pp → χ̃±

1 χ̃
0
3). If M2 <M1 <µ

(µ<M1 <M2), the χ̃
0
1 (χ̃

0
1, χ̃

0
2) and the χ̃

±
1 are wino-like (higgsino-like) with similar masses

and the dominant process leading to a final state with three high transverse momentum

leptons is the pair-production of the higgsino-like (wino-like) χ̃
±
2 and the bino-like χ̃

0
2 (χ̃

0
3).

Finally, the pMSSM scenarios under study are parametrised in the µ–M2 plane and

are classified based on the masses of the right-handed sleptons into three groups,

pMSSM ℓ̃R: the right-handed sleptons are degenerate in mass, with mass mℓ̃R
=(mχ̃0

1
+

mχ̃0
2
)/2. Setting the parameter tan β = 6 yields comparable χ̃0

2 branching ratios

into each slepton generation. The χ̃±
1 decays predominantly via a W boson when

kinematically allowed and to τ̃ otherwise because the sleptons are right-handed. To

probe the sensitivity for different χ̃
0
1 compositions, three values of M1 are considered:

100 GeV, 140 GeV and 250 GeV,

– 3 –

Table 9. Summary of the dominant systematic uncertainties in the background estimates for each
signal region. Uncertainties are quoted relative to the total expected background. For the 20 bins
of the SR0τa the range of the uncertainties is provided.

SR0τa SR0τb SR1τ SR2τa SR2τb

Cross-section 4–25% 37% 9% 3.1% 3.0%

Generator 3.2–35% 11% 3.1% 6% < 1%

Statistics on irreducible background 0.8–26% 8% 5% 5% 3.1%

Statistics on reducible background 0.4–29% 14% 8% 13% 12%

Electron misidentification probability 0.3–10% 1.3% < 1% – –

Muon misidentification probability 0.1–24% 2.2% < 1% – –

τ misidentification probability – – 8% 4% 5%
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Figure 5. Expected distributions of SM background events and observed data distributions in (a)
the binned signal regions SR0τa. The distributions of (b) Emiss

T , (c) mT and (d) mSFOS are shown
in the summation of all SR0τa regions prior to the requirements on these variables. Also shown are
the respective contributions of the various background processes as described in the legend. Both
the statistical and systematic uncertainties are shown. The last bin in each distribution includes
the overflow. For illustration, the distributions of signal hypotheses are also shown.
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Figure 6. Expected distributions of SM background events and observed data distributions for
(a) ∆φmin

ℓℓ′
, (b) Emiss

T , (c) mmax
T2 and (d) mττ variables in the SR0τb, SR1τ , SR2τa and SR2τb

regions respectively, prior to the requirements on these variables. Arrows indicate the limits on the
values of the variables used to define the signal regions. Also shown are the respective contributions
of the various background processes as described in the legend. Both the statistical and systematic
uncertainties are shown. The last bin in each distribution includes the overflow. The plots also
show the distribution for signal hypotheses, where the parentheses following the simplified model
denote the mass parameters in GeV as (m(χ̃

±
1 , χ̃

0
2), m(χ̃

0
1)).

background. These limits improve those reported by ATLAS in ref. [17] by ∼200 GeV.

In the τ̃L-mediated simplified model, χ̃
±
1 and χ̃0

2 masses are excluded up to 380 GeV for

massless χ̃
0
1 as shown in figure 7(c). The low mSFOS SR0τa bins offer the best sensitivity to

the small mχ̃0
2
−mχ̃0

1
scenarios, and SR2τa to the high-mass χ̃

±
1 , χ̃

0
2 scenarios. The results

in the low mSFOS SR0τa bins lead to a weaker observed exclusion than expected for the

compressed scenarios.

In the Wh-mediated simplified model shown in figure 7(d), χ̃±
1 and χ̃0

2 masses are

excluded up to 148 GeV. The regions SR0τa, SR0τb, SR1τ and SR2τb offer the best sen-

sitivity in this simplified model when statistically combined. The results in some SR0τa

bins and SR1τ are responsible for the observed exclusion being slightly weaker than ex-

– 20 –

Hàττ in 
decay chain 

JHEP 04 (2014)169 

bins in mT, m(ll),ET
miss 
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•  Constraints on chargino/next-to-lightest neutralinos up to 720 GeV (if decays 
are mediated by sleptons);  up to ~ 450 GeV for WZ-decays; little or no 
constraints for compressed scenarios   

•  Great emphasis on decay channels involving the higgs boson        à  
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Higgs discovery opens up new branches of searches: 
}  Lightest neutral CP-even higgs expected to be SM-like, if others are heavy 
}  Charginos and neutralinos can decay to h+LSP  

}  CMS: Comprehensive set of searches for Zh, hh and hW final states 
}  higgs in γγ, bb, ZZ* and WW*  

}  Example for neutralino pair production in Gauge Mediated Models:   
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Figure 2: Distributions of events in the 4b sample of the hh ! bbbb analysis, after all sig-
nal region requirements are applied except for that on the displayed variable, in comparison
with simulations of background and signal events: (top left) |Dmbb|, (top right) DRmax, and
(right) hmbbi. For the signal events, results are shown for higgsino (ec0

1) mass values of 250
and 400 GeV, with an LSP (gravitino) mass of 1 GeV. The background distributions are stacked
while the signal distributions are not. The hatched bands indicate the statistical uncertainty of
the total SM simulated prediction.

• C: number of background events in the 2b-SIG region;
• D: number of background events in the 2b-SB region.

We assume that the ratio of the number of background events in the SIG region to that in the
SB region, denoted as the SIG/SB ratio, is the same for the 2b and 4b samples. This assumption
is supported by (for example) the similarity between the 2b and 4b results shown in the top-
right and bottom-right plots of Fig. 3. We further assume that the 2b-SIG and all SB regions are
dominated by background. The prediction for the number of background events in the 4b-SIG
region is then given by the algebraic expression A=B C/D. The same result applies replacing
the 4b sample by the 3b sample in the above discussion.

In practice, we examine the data in four bins of SMET, which are indicated in Table 1. The back-
ground yields in the four SMET bins of the 2b-SIG, 3b-SIG, and 4b-SIG regions are determined
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Figure 16: Observed and expected 95% confidence level upper limits on the cross section for
higgsino pair production in the hh topology as a function of the higgsino mass for the combined
bbbb, ggbb, gg+leptons, and three-or-more-lepton channels. The dark (green), light (yellow),
and medium-dark (orange) bands indicate the one-, two-, and three-standard-deviation un-
certainty intervals, respectively, for the expected results. The theoretical cross section and the
expected curves for the individual search channels are also shown.

The observed limits in Fig. 16 are seen to deviate from the expected ones by slightly more than
three standard deviations for mec0

1
. 170 GeV. The main contribution to this excess (2.6 stan-

dard deviations, discussed in Section 8) arises from the three-or-more-lepton channel, and was
also reported in Ref. [35]. The electron (but not muon) component of the gg+leptons chan-
nel contributes to the excess at the level of 2.1 standard deviations, as discussed in Section 6.3
[Fig. 11 (right)]. As already mentioned in Sections 6.3 and 8, we consider the excesses in the
gg+electron and three-or-more-lepton channels to be consistent with statistical fluctuations.

10.1.2 The ZZ and hZ topologies

The 95% CL cross section upper limits on higgsino pair production through the ZZ channel are
presented in Fig. 17 (top). For these results, we assume the ec0

1 ! ZeG branching fraction to be
unity. These results are derived using the two search channels that dominate the sensitivity to
the ZZ topology: the three-or-more-lepton and `+`�+2 jets channels (Section 8). In the context
of this scenario, higgsino masses below around 380 GeV are excluded.

To illustrate the sensitivity of our analysis to the hZ topology [Fig. 1 (middle)], we assume the
ec0

1 ! heG and ec0
1 ! ZeG branching fractions each to be 0.5 and ignore contributions from the

hh and ZZ channels. Figure 17 (bottom) shows 95% CL cross section upper limits for the hZ
topology derived from the combined gg+leptons, bb`+`�, and three-or-more-lepton samples
(Sections 6.3, 7, and 8, respectively). The results are dominated by the bb`+`� channel. The
main contribution of the three-or-more-lepton channel arises for higgsino mass values below
around 170 GeV. The sensitivity of the gg+leptons channel is minimal. [The gg+2 jets channel
also contributes minimally and is not included in the combination of Fig. 17 (bottom).]

10.1.3 Exclusion region as a function of the ec0
1 mass and ec0

1 ! heG branching fraction

Figure 18 presents the 95% CL exclusion region for the GMSB higgsino NLSP scenario in
the two-dimensional plane of the ec0

1 ! heG higgsino branching fraction versus the higgsino
mass mec0

1
. The results are based on all relevant studies discussed in this paper including those

hhàbbbb mode   

2 1 Introduction

state and thus for hh and hZ production (Fig. 1 left and center). The production of ZZ combi-
nations is also possible. The final state includes two LSP particles eG, leading to Emiss

T .

For the hh combination, we consider the h(! bb)h(! bb), h(! gg)h(! bb), and h(!
gg)h(! ZZ/WW/tt) decay channels, with bb a bottom quark-antiquark pair and where the
ZZ, WW, and tt states decay to yield at least one electron or muon. For the hZ combination,
we consider the h(! gg)Z(! 2 jets), h(! gg)Z(! ee/µµ/tt), and h(! bb)Z(! ee/µµ)
channels, where the tt pair yields at least one electron or muon. We combine the results of
the current study with those presented for complementary Higgs and Z boson decay modes in
Refs. [35, 36] to derive overall limits on electroweak GMSB hh, hZ, and ZZ production.

As a second specific example of a SUSY scenario with Higgs bosons, we consider the R-parity-
conserving chargino-neutralino ec±

1 ec0
2 electroweak pair production process shown in Fig. 1

(right), in which the ec±
1 chargino is wino-like and the ec0

1 neutralino is a massive, stable, weakly
interacting bino-like LSP, where a bino is the SUSY partner of the B gauge boson. This scenario
represents the SUSY process with the largest electroweak cross section [38]. It leads to the hW
topology, with Emiss

T present because of the two LSP particles. The decay channels considered
are h(! gg)W(! 2 jets) and h(! gg)W(! `n), with ` an electron, muon, or leptonically
decaying t lepton. We combine these results with those based on complementary decay modes
of this same scenario [36] to derive overall limits.

The principal backgrounds arise from the production of a top quark-antiquark (tt) pair, a W
boson, Z boson, or photon in association with jets (W+jets, Z+jets, and g+jets), and multiple
jets through the strong interaction (QCD multijet). Other backgrounds are due to events with
a single-top quark or that include rare processes such as tt V or tth combinations. The QCD
multijet category as defined here excludes events in the other categories. For events with a
top quark or W boson, significant Emiss

T can arise if a W boson decays leptonically, producing a
neutrino, while for events with a Z boson, the decay of the Z boson to two neutrinos can yield
significant Emiss

T . For g+jets events, Z+jets events with Z ! `+`� (` = e, µ), and events with
all-hadronic final states, such as QCD multijet events, significant Emiss

T can arise if the event
contains a charm or bottom quark that undergoes semileptonic decay, but the principal source
of Emiss

T is the mismeasurement of jet pT (“spurious” Emiss
T ).
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Figure 1: Event diagrams for the SUSY scenarios considered in this analysis. (Left and center)
hh and hZ production in a GMSB model [28, 34], where h is the Higgs boson, ec0

1 is the lightest
neutralino NLSP, and eG is the nearly massless gravitino LSP. The ec0

1 ec0
1 state is created through

ec0
1 ec0

2, ec0
1 ec

±
1 , ec0

2 ec
±
1 , and ec±

1 ec⌥
1 production followed by the decay of the ec0

2 and ec±
1 states to the

ec0
1 and undetected SM particles, with ec0

2 and ec±
1 the second-lightest neutralino and the lightest

chargino, respectively. (Right) hW production through chargino-neutralino ec±
1 ec0

2 pair creation,
with ec0

1 a massive neutralino LSP.

This paper is organized as follows. In Sections 2, 3, and 4, we discuss the detector and trigger,
the event reconstruction, and the event simulation. Section 5 presents a search for hh SUSY
events in which both Higgs bosons decay to a bb pair. Section 6 presents searches for hh, hZ,

 arXiv:1409.3168 
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}  Long Lived (LL) particles could be produced in RPV and RPC scenarios. 
}  Several specific searches for displaced vertex, stable massive particles and more 

}  An example: 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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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
s = 1.96 TeV proton-antiproton

collisions. Candidate events are selected if they contain a photon with an arrival time in the
detector larger than expected from a promptly-produced photon. The mean number of events from
standard model sources predicted by the data-driven background model based on the photon timing
distribution is 286± 24. A total of 322 events are observed. A p-value of 12% is obtained, showing
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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

Complementary search for delayed photons in exclusive γ+ET
Miss 

CDF:1307.0474 (see back-up) 
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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 –
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MSUGRA/CMSSM 0 7-10 jets Yes 20.3 any m(q̃) 1308.18411.1 TeVg̃
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0
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0
1)=0 GeV, m(1st gen. q̃)=m(2nd gen. q̃) 1405.7875850 GeVq̃

g̃g̃, g̃→qq̄χ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV 1405.78751.33 TeVg̃

g̃g̃, g̃→qqχ̃
±
1→qqW±χ̃

0
1

1 e, µ 3-6 jets Yes 20.3 m(χ̃
0
1)<200 GeV, m(χ̃

±
)=0.5(m(χ̃

0
1)+m(g̃)) ATLAS-CONF-2013-0621.18 TeVg̃

g̃g̃, g̃→qq(ℓℓ/ℓν/νν)χ̃
0
1

2 e, µ 0-3 jets - 20.3 m(χ̃
0
1)=0 GeV ATLAS-CONF-2013-0891.12 TeVg̃

GMSB (ℓ̃ NLSP) 2 e, µ 2-4 jets Yes 4.7 tanβ<15 1208.46881.24 TeVg̃

GMSB (ℓ̃ NLSP) 1-2 τ + 0-1 ℓ 0-2 jets Yes 20.3 tanβ >20 1407.06031.6 TeVg̃

GGM (bino NLSP) 2 γ - Yes 20.3 m(χ̃
0
1)>50 GeV ATLAS-CONF-2014-0011.28 TeVg̃

GGM (wino NLSP) 1 e, µ + γ - Yes 4.8 m(χ̃
0
1)>50 GeV ATLAS-CONF-2012-144619 GeVg̃

GGM (higgsino-bino NLSP) γ 1 b Yes 4.8 m(χ̃
0
1)>220 GeV 1211.1167900 GeVg̃

GGM (higgsino NLSP) 2 e, µ (Z) 0-3 jets Yes 5.8 m(NLSP)>200 GeV ATLAS-CONF-2012-152690 GeVg̃

Gravitino LSP 0 mono-jet Yes 10.5 m(G̃)>10−4 eV ATLAS-CONF-2012-147645 GeVF1/2 scale

g̃→bb̄χ̃
0
1 0 3 b Yes 20.1 m(χ̃

0
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g̃→tt̄χ̃
0
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0
1) <350 GeV 1308.18411.1 TeVg̃
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0
1

0-1 e, µ 3 b Yes 20.1 m(χ̃
0
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+
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0
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±
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±
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0
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±
1 1-2 e, µ 1-2 b Yes 4.7 m(χ̃

0
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t̃1 t̃1(light), t̃1→Wbχ̃
0
1

2 e, µ 0-2 jets Yes 20.3 m(χ̃
0
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±
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0
1
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0
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1
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0
1)=0 GeV, m(ℓ̃, ν̃)=0.5(m(χ̃

±
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0
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1
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1
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0
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χ̃0
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χ̃0
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Direct χ̃
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1
χ̃−
1 prod., long-lived χ̃

±
1 Disapp. trk 1 jet Yes 20.3 m(χ̃

±
1 )-m(χ̃
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1)=160 MeV, τ(χ̃

±
1 )=0.2 ns ATLAS-CONF-2013-069270 GeVχ̃±

1

Stable, stopped g̃ R-hadron 0 1-5 jets Yes 27.9 m(χ̃
0
1)=100 GeV, 10 µs<τ(g̃)<1000 s 1310.6584832 GeVg̃
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0
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1
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0
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1
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0
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1

q̃q̃, χ̃
0
1→qqµ (RPV) 1 µ, displ. vtx - - 20.3 1.5 <cτ<156 mm, BR(µ)=1, m(χ̃
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1)=108 GeV ATLAS-CONF-2013-0921.0 TeVq̃

LFV pp→ν̃τ + X, ν̃τ→e + µ 2 e, µ - - 4.6 λ′311=0.10, λ132=0.05 1212.12721.61 TeVν̃τ
LFV pp→ν̃τ + X, ν̃τ→e(µ) + τ 1 e, µ + τ - - 4.6 λ′

311
=0.10, λ1(2)33=0.05 1212.12721.1 TeVν̃τ

Bilinear RPV CMSSM 2 e, µ (SS) 0-3 b Yes 20.3 m(q̃)=m(g̃), cτLS P<1 mm 1404.25001.35 TeVq̃, g̃

χ̃+
1
χ̃−
1 , χ̃
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1→Wχ̃
0
1, χ̃

0
1→eeν̃µ, eµν̃e 4 e, µ - Yes 20.3 m(χ̃

0
1)>0.2×m(χ̃

±
1 ), λ121!0 1405.5086750 GeVχ̃±

1

χ̃+
1
χ̃−
1 , χ̃

+

1→Wχ̃
0
1, χ̃

0
1→ττν̃e, eτν̃τ 3 e, µ + τ - Yes 20.3 m(χ̃

0
1)>0.2×m(χ̃

±
1 ), λ133!0 1405.5086450 GeVχ̃±

1

g̃→qqq 0 6-7 jets - 20.3 BR(t)=BR(b)=BR(c)=0% ATLAS-CONF-2013-091916 GeVg̃

g̃→t̃1t, t̃1→bs 2 e, µ (SS) 0-3 b Yes 20.3 1404.250850 GeVg̃

Scalar gluon pair, sgluon→qq̄ 0 4 jets - 4.6 incl. limit from 1110.2693 1210.4826100-287 GeVsgluon

Scalar gluon pair, sgluon→tt̄ 2 e, µ (SS) 2 b Yes 14.3 ATLAS-CONF-2013-051350-800 GeVsgluon

WIMP interaction (D5, Dirac χ) 0 mono-jet Yes 10.5 m(χ)<80 GeV, limit of<687 GeV for D8 ATLAS-CONF-2012-147704 GeVM* scale

Mass scale [TeV]10−1 1
√
s = 7 TeV
full data

√
s = 8 TeV

partial data

√
s = 8 TeV
full data

ATLAS SUSY Searches* - 95% CL Lower Limits
Status: ICHEP 2014

ATLAS Preliminary
√
s = 7, 8 TeV

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1σ theoretical signal cross section uncertainty.
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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 –
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Complementarity of searches
Many analyses to cover the various decays and mass regions. 
Furthermore, other decays such as via a chargino are considered & largely 
covered. However, holes remain!

Stringent constraints 
beyond TeV-scale BUT …. 
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}  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 limits: 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  

Before moving to prospects, see what other (indirect) searches and 
measurements can tell us about SUSY 



 Indirect constraints  	
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}  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(Bsàµµ) 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 ßà 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
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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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hierarchy problem. This unnaturalness indicates that there lies physics beyond the SM.
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precisely, the latest result is
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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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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 



 Prospects for discovering 
SUSY in the next decades 



 The next steps for the LHC   

28/10/2014 Monica D'Onofrio, ICFA 2014, Bejing 25 

}  LHC Runs 2 and 3, up to 300 fb-1 at √s = 13/14 TeV 
}  Huge increase in sensitivity wrt Run 1 in multi-TeV region 

 
}  High Luminosity (HL)-LHC:   

}  up to 3000 fb-1 at √s = 14 TeV à factor of 10 luminosity crucial for new physics 
processes with low cross section (e.g. EWK SUSY, 3rd generation squarks) 

21 Oct 2014                    BSM Experiment Overview 6S. Willocq

Further discoveries ahead? 

!  LHC Runs 2+3 with 300 fb-1 at √s = 14 TeV 
!  Dramatic increase in sensitivity in multi-TeV region relative to Run 1 

at √s = 8 TeV 
 
 
 
 
 
 

!  Discovery reach in multi-TeV region  
benefits the most 
 

!  HL-LHC with 3000 fb-1 at √s = 14 TeV 
!  x10 luminosity increase to benefit searches for new physics with lower 

production cross section 

!  What discoveries are possible only at HL-LHC? 

Cross section 
14 TeV / 8 TeV 

gg Σqq 

MX = 2 TeV    ~20    ~10 

MX = 3 TeV    ~70    ~30 

MX = 4 TeV  ~400  ~160 
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}  Compare the search reach with 300 and 
3000 /fb at 14 TeV 

ATL-PHYS-PUB-2014-010 

Gluinos discovery 
potential at 3 /ab 
up to 2.5 TeV 

Squark discovery 
potential at 3 /ab 
up to 1.5 TeV 

Discovery 
reach up to 
2.5-3 TeV 

Till Eifert -- Experimental results on SUSY with top TOP201429

Long-term prospects

9
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Figure 5: The projected 5s discovery reach for a simplified model describing gluino production,
with each gluino decaying to a tt̄ pair and an LSP, for 300 fb�1 (dashed curves) and 3000 fb�1

(solid curves). The discovery reach is shown for hPUi = 0 (black) and hPUi = 140 (magenda).

those of events with larger b-tag multiplicities. To correct for any residual dependencies, we
assign correction factors (kCS) from simulation. The uncertainty of these factors is of the order
of 30% and mainly caused by the limited statistics of the Delphes samples.

Figure 5 illustrates the 5s discovery potential for a center-of-mass energy
p

s = 14 TeV and
an integrated luminosity of 300 fb�1 and 3000 fb�1. The discovery range of gluinos can be
enhanced by 300 GeV for from 300 fb�1 to 3000 fb�1 up to 2.2 TeV, for a c0

1 with mass of up to
1.2 TeV. The mass reach is mitigated due to pileup by about 100 GeV.

5 EWKino search with final states including three leptons and

missing transverse energy

Searches for the direct electroweak production of SUSY particles are challenging at the LHC
due to its low production cross section and low hadronic activities in the event. The mass reach
for weakly-produced SUSY particles is generally weaker than that for the strongly-produced
SUSY particles; however, the large integrated luminosity expected from HL-LHC would allow
extending our sensitivity to weakly-produced SUSY particles significantly. In this section, fu-
ture sensitivities of the analysis designed to discover the direct production of charginos (c±

1 )
and neutralinos (c0

2), that decay via a W and Z boson, are presented based on a CMS 8 TeV
search [12]. Depending on the actual flavor structure of the c0

2, the concurrent c0
2 decay mode

can also be c0
2 ! Hc0

1. However, as a baseline for this study we assume the simplified model
presented in Fig. 6 with Br(c0

2 ! Zc0
1) = 100%. In order to reduce the background as efficiently

as possible, we concentrate on the decays where both bosons decay leptonically, leading to a
final state with three leptons.

We select muons and electrons with a transverse momentum of at least pT > 10 GeV. The
leading lepton is required to have pT > 20 GeV, corresponding to the trigger thresholds in
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 discoveryσ>=60) 5µ (<-1300 fb
>=60) 95% CL exclusionµ (<-1300 fb
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>=140) 95% CL exclusionµ (<-13000 fb

ATLAS 8 TeV (1-lepton): 95% CL obs. limit
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CMS PAS FTR-13-014

CMS and ATLAS studied long-term prospects for the (HL) LHC. 

• with 300 and 3000 /fb at 14 TeV 

• searches for gluino-mediated stop production reach beyond 2 TeV 

• searches for direct stop production reach well beyond 1 TeV



Third generation squarks  
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}  Top and bottom squarks  
}  Direct production, feasibility studies only for standard cases (b/t+LSP)   
}  Predictions for ‘compressed’ scenarios more difficult à need complex 

analyses, good level of knowledge for systematic uncertainties  

21 Oct 2014                    BSM Experiment Overview 15S. Willocq

SUSY: Strong production of top squarks  

!  Naturalness:  requires stop mass < ~1 TeV 
!  ATLAS: 0/1 lepton + ≥ 4 jets + ≥ 1 b-tag + ET

miss 

!  CMS: 1 lepton + ≥ 6 jets + ≥ 1 b-tag + ET
miss 

5σ discovery 
Simplified model 

Run 3 @ 14 TeV 
(300 fb-1) 

HL-LHC @ 14 TeV 
(3000 fb-1) 

stop mass from direct production  [ATLAS] Up to 1.0 TeV Up to 1.2 TeV 

gluino mass with decay to stop  [CMS] Up to 1.9 TeV Up to 2.2 TeV 

stop 

sbottom 

Discovery reach up to 2.5 TeV (gluino) 
and above 1 TeV (stop/sbottom) 

ATL-PHYS-PUB-2013-011 

ATL-PHYS-PUB-2014-010 



EWK SUSY at the HL-LHC 
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}  Chargino and neutralino  
production  

ATL-PHYS-PUB-2014-010 

Via WZ  

Via WH, with higgs in WW*, ττ   

Very challenging even with 3 /ab 

Charginos/Neutralinos discovery 
potential at 3/ab up to 800(600) 
GeV depending on decays mode 

21 Oct 2014                    BSM Experiment Overview 17S. Willocq

SUSY: Electroweak production of χ1
+ χ2

0  

!  EW prod. lower by 2 orders of magnitude but can dominate 
SUSY production if squarks and gluinos heavy 
!  WZ: 3 leptons + ET

miss 

!  WH: 3 leptons + ET
miss  [ATLAS]  

        1 lepton   + ET
miss + 2 b-tags  [CMS] 

Chargino mass 5σ discovery 
Simplified model 

Run 3 @ 14 TeV 
(300 fb-1) 

HL-LHC @ 14 TeV 
(3000 fb-1) 

WZ (3l analysis)   [ATLAS] Up to 560 GeV Up to 820 GeV 

WZ (3l analysis)   [CMS] Up to 600 GeV Up to 900 GeV 

WH (3l analysis)   [ATLAS] None Up to 650 GeV 

WH (bb analysis)   [CMS] 350-460 GeV Up to 950 GeV 

Assume  
m(χ1

+) = m(χ2
0) 
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}  Large Hadron-electron collider: Operations simultaneous with HL-LHC 
pp physics, 60 GeV ele – 7 TeV p, up to 1 ab-1 luminosity  

}  For SUSY: Searches near HL-LHC kinematic boundary may ultimately be limited 
by knowledge of PDFs (especially gluon at x à 1)  
}  Example: gluino production at HL-LHC 

SUSY 

G. Azuelos - POETIC 2014, Yale, New Haven, CT 23 

R-parity violation " Squark production (similar to leptoquarks, with generation mixing) 

W Hong-Tang et al., 
arXiv:1107.4461 

sensitivity for high stop 
mass with 100 fb-1 

Improvements in precision from HL_LHC 

HL-LHC will probe up to 2-3 TeV 
in mass for gluinos and squarks 
(ATLAS-PHYS-PUB-2014-010) 
 
PDF uncertainties (> 100% at very 
high mass) reduced considerably 
at LHeC 1211.5102 

M. D’Onofrio 

à >100% PDF uncertainty à Dependency on discovery potential and 
exclusion limits at 300 and 3000 /fb for 14 TeV c.o.m.  

Effect could 
be up to 1 TeV 

Clear improvement with LHeC data! (<5% uncertainty) 



 More prospects: the LHeC (II) 
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}  Large Hadron-electron collider: Operations simultaneous with HL-LHC 
pp physics, 60 GeV ele – 7 TeV p, up to 1 ab-1 luminosity  

}  For SUSY: Searches for R-parity violating SUSY – often challenging at the LHC 
}  Examples: top and sbottom squarks RPV   

e−

u

b̃1

e−

u

Figure 1: Feynman diagram for the parton level RPV signal process e−u → b̃1 → e−u.

level has the form as

MRPV = −|λ′

113|2 sin2 θb̃

[

uce(p1)
1− γ5

2
uu(p2)

]

i

ŝ−m2

b̃1
+ imb̃1

Γb̃1

[

uu(p4)
1 + γ5

2
uce(p3)

]

(2.2)

Fierz−→ −
|λ′

113|2

2
sin2 θb̃

[

ue(p3)γ
µ 1− γ5

2
ue(p1)

]

i

ŝ−m2

b̃1
+ imb̃1

Γb̃1

[

uu(p4)γµ
1− γ5

2
uu(p2)

]

,

where
√
ŝ is the center-of-mass (c.m.) colliding energy of the hard scattering and equivalent to the

final state invariant mass, and θb̃ the sbottom mixing angle defined as

(

b̃1
b̃2

)

=

(

cos θb̃ sin θb̃
− sin θb̃ cos θb̃

)(

b̃L
b̃R

)

. (2.3)

Then the differential cross section for the parton level signal process in the c.m. system can be

expressed as

dσ̂

dΩ
=

1

256π2
|λ′

113|4 sin4 θb̃
ŝ

(ŝ−m2

b̃1
)2 +m2

b̃1
Γ2

b̃1

, (2.4)

where the total decay width of the lighter sbottom, Γb̃1
, can be written out as

Γb̃1
=

1

16π
|λ′

113|2 sin2 θb̃mb̃1
. (2.5)

In this paper, we take sin θb̃ = 1 and therefore b̃1 = b̃R, by assuming that mb = 0 and mb̃R
< mb̃L

.

For the parent level signal process e−p → b̃1 → e− + jet + X, the kinematic distributions and

integrated cross section can be obtained by convoluting the parton level process with the parton

distribution function (PDF) [20] of up quark in the proton,

dσ(e−p → b̃1 → e− + jet+X) =

∫

dxGu/P (x, µf )dσ̂(e
−u → b̃1 → e−u,

√
ŝ = 2

√

xEeEp). (2.6)

The RPV signal is dominated by the s-channel resonant production, and thus dramatically en-

hanced and sharply peaked around the sbottom mass in the final state invariant mass spectrum in

5

coupling products can be obtained if those squark resonances are not discovered. In our paper,

we study the sbottom resonance production at the LHeC via a lepton-flavor-conserving process

under the single coupling dominance hypothesis. Although the SM irreducible background is

huge, the signal events can be selected by taking appropriate cuts on final particles. Different

from Refs.[18, 19], an upper bound on single RPV coupling can be obtained if there is no

significant deviation from the SM prediction.

• In this paper, we do not consider the contributions of the t-channel RPV Feynman diagram

and the interference between the RPV and the SM amplitudes, because these contributions are

negligible after the event selection criteria have been applied. As shown in Table 4, the relative

mb̃1
(GeV)

Ee = 50 GeV Ee = 150 GeV
δσS/σS δL/L δσS/σS δL/L

100 6.80 × 10−4 −1.36× 10−3 7.50 × 10−4 −1.50× 10−3

400 1.05 × 10−3 −2.11× 10−3 9.66 × 10−4 −1.93× 10−3

700 3.09 × 10−3 −6.15× 10−3 1.12 × 10−3 −2.24× 10−3

1000 1.36 × 10−2 −2.67× 10−2 1.91 × 10−3 −3.81× 10−3

Table 4: Relative corrections induced by the contributions of the t-channel RPV Feynman diagram
and the interference between the RPV and the SM amplitudes to the RPV signal cross section and
the luminosity required for the S ≥ 5 discovery of the lighter sbottom resonance at the LHeC with
the electron beam energies of Ee = 50 GeV and Ee = 150 GeV.

corrections induced by these contributions to the RPV signal cross section and the luminosity

required for the S ≥ 5 discovery of the lighter sbottom resonance, δσS/σS and δL/L, are almost

less then 1%. Therefore, the numerical results and conclusion of the paper are reasonable.

• The above lighter sbottom resonance searching strategy can be easily translated to probing

the lighter scalar top t̃1 (assuming to be the LSP) and the lepton-number-violating λ′

131-type

Yukawa interaction, via e++d → t̃1 → e++d process in e+p collision at the LHeC. However, due

to the lower luminosity of positron beam and the smaller fraction of energetic valence d-quark

density in proton against electron beam and u-quark density, the potential of the discovery of the

lighter stop resonance or the constraint on the relevant RPV coupling in e+p scattering would

be diminished, compared to the sbottom resonance search in e−p collision mode.

13

Figure 7: The upper bounds on λ
′

233 at given λ
′

131 as functions of stop masses at 70GeV e−p
collider.

Thus, the event selection strategy developed above is practicable and moderate, which

is far from strict enough to optimize the signal significance. The constraints on R-

violating L̂Q̂D̂ couplings derived are conservative and easy to achieve in experiment.

For example, more severe moun b-jet mass window cut or binned likelihood method

on Mµb can be employed while searching signal in high mass region, which would

significantly improve sensitivity for M > 500GeV easily.

• The large signal cross section of positron configuration e+p over electron beam e−p in

direct searching stop t̃1 quark resonance, is simply due to the large density of valance

d-quark in proton. On the other hand, electron beams will take advantage over

much larger luminosity; moreover, the single sbottom quark b̃ resonance production

and decay at the LHeC, i.e. e− + p → b̃ → µ− + uk analogically could be dominant.

Therefore, the electron beam configuration can provide excellent opportunity to probe

λ
′

113 and λ
′

2k3 interactions.

4. Summary

In this paper, the possibility of probing lepton flavor changing RPV L̂Q̂D̂ interactions

via e + p → t̃ → µ + b process at the LHeC collider is investigated. Under the single

dominance hypothesis, the resonance of stop quark can be produced and dominantly decay

into muon and b-quark final states. An event selection strategy is developed to optimize

the sensitivity of signal over SM background. Taking advantage of the enhancement of the

direct resonance production of squark and the distinctive kinematics distributions between

the signal and SM predictions, we come to conclusions that if there is no apparent excess of

SM predictions on µ+b final states, the sensitivity of RPV interactions can be measured at

an unprecedented level compared to all the knowledge derived from indirect measurements.

Acknowledgments: This work was supported in part by the National Natural Sci-

ence Foundation of China (No.11075150, No.11025528, No.11005101) and the Specialized
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Ee=70 GeV 

low energy nucleon experiments, the baryon number violating ÛD̂D̂ couplings are negli-

gibly small, for example λ
′′

11k are less than 10−7 given by nucleon-antinucleon oscillation

measurements, and thus mechanics of RPV squark resonance production at TeV hadron

colliders are highly suppressed. On the other hand, at the proposed Large Hadron electron

Collider (LHeC) [11], which provides complement to the LHC by using the existing 7 TeV

proton beam, single squark can be produced and detected via L̂Q̂D̂ couplings in the next

generation of electron-proton e−p collision experiments. In this paper we investigate the

potential of searching stop quark via e− + p → t̃∗1 → µ− + b̄ resonance process, which

provides a new prospect to probe the RPV lepton flavor violating interactions.

2. Signal and Background at the LHeC

Under the single dominance hypothesis [4] that t̃1, the lighter mass eigenstate of the two

stop quarks, is simply governed by L̂Q̂D̂ couplings λ
′

131 and λ
′

233, the parton-level signal

process can be denoted as e−(p1)+ d̄(p2) → t̃∗1 → µ−(p3)+ b̄(p4), depicted by the Feynman

diagram in FIG. 1.

)
1

(p-e

)
2

(pd

’
113λ ’

233λ
t~

)
3

(p-µ

)
4

(pb
Figure 1: The parton-level Feynman diagram of RPV signal e−d̄ → µ−b̄.

The amplitude of the signal process at parton-level can be written as

M = v̄(p2)

[

λ
′

131
1− γ5

2

]

u(p1) ·
−i

ŝ−M2 + iMΓ
· ū(p3)

[

λ
′

233
1− γ5

2

]

v(p4) (2.1)

where
√
ŝ = Mµb is the center-of-mass energy of the hard scattering and equivalent to the

final state invariant mass. The parameter M and Γ denote the mass and total width of the

lighter stop quark t̃1 respectively, while the lighter stop is assumed only decaying through

ed and µb modes.

Γ =
λ

′

233
2

16π
·
(M2 −m2

b)
2

M(M2 +m2
b)

+
λ

′

131
2

16π
·M (2.2)

The parton-level differential cross section for signal in the rest frame of final muon and

b-quark states can be written as

dσ̂

dΩ
=

(λ
′

131λ
′

233)
2

(16π)2ŝ

(ŝ−m2
b)

2

(ŝ−M2)2 + (ΓM)2
(2.3)

For the particle level signal process e− + p → t̃∗1 → µ− + b̄ at the LHeC, the cross section

and kinematic distributions can be obtained by convoluting the parton-level subprocess

with the parton distribution function (PDF) of the proton.

– 2 –

M σ(e+p) exclusion L(e+p) σ(e−p) exclusion L(e−p)
(GeV ) (pb) (pb−1) (pb) (pb−1)

100 19.15 0.348 16.80 0.40

200 3.45 1.94 2.37 2.81

300 1.21 5.54 0.63 10.69

400 0.56 12.19 0.22 32.31

500 0.28 24.64 7.82 × 10−2 95.79

600 0.14 50.03 2.73 × 10−2 330.43

700 6.94 × 10−2 109.36 8.52 × 10−3 1.69 × 103

800 3.10 × 10−2 282.27 2.22 × 10−3 1.61 × 104

Table 1: The cross sections and the minimal luminosities of 2σ exclusion at the LHeC with
70 GeV e± beam.

Figure 6: The expected luminosity for 2σ exclusion of RPV signals at the LHeC.

beam in probing high mass RPV signal than that of electron beam, is simple raised by the

larger parton density of valance d-quark than that of sea d̄-quark in proton. One can see

that with 1fb−1 at 70 GeV e−p collider, the RPV µ + b resonance of stop quark can be

excluded up to about M ≤ 700 GeV with default RPV couplings.

New direct 2σ upper bounds on λ
′

233 at given λ
′

131 can be calculated as a function

of stop mass, and are depicted at 70GeV electron beam case in FIG.7. More stringent

constraints on RPV couplings could be given at LHeC. For example, at energy scale about

100 GeV , constraints as λ
′

131 = 0.005, λ
′

233 ! 0.85 × 10−3 can be derived from exclusive

µ+ b resonance search, which improve the associated sensitivity on λ
′

131 ×λ
′

233 by nearly 4

orders compared to those given in Eq.(2.4) from low energy processes. Moreover, in high

mass region up to 500GeV, it is likely that either the stop RPV µ + b resonance could be

directly detected, or L̂Q̂D̂ couplings would be constrained much more stringently at the

LHeC than given by indirect low energy experiments.

Some issues should be addressed here:

• The purpose of this study is to demonstrate the potential of the LHeC experiments

in probing RPV single squark resonance with even the most conservative estimations.
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Figure 6: Cross sections for the lighter sbottom resonance production at the LHeC after the event
selection criteria have been applied.

The significance of signal over background S is defined as

S =
NS√
NB

=
σS√
σB

·
√
L, (3.4)

where NS,B and σS,B are the numbers of events and the cross sections for signal and background, and

L denotes the accumulated luminosity. Table 3 gives the cross sections for the RPV signal after the

mb̃1
(GeV)

Ee = 50 GeV Ee = 150 GeV
σS (pb) L (pb−1) σS (pb) L (pb−1)

100 5.34 13.5 7.69 10.8
200 1.32 39.7 1.66 42.0
300 0.566 79.2 0.641 97.6
400 0.293 139 0.337 164
500 0.159 241 0.208 238
600 8.24× 10−2 451 0.139 326
700 3.83× 10−2 956 9.61 × 10−2 438
800 1.49× 10−2 2.46× 103 6.75 × 10−2 591
900 4.31× 10−3 8.64× 103 4.73 × 10−2 810
1000 7.23× 10−4 5.62× 104 3.25 × 10−2 1.14 × 103

Table 3: Cross sections for the RPV signal after the event selection criteria have been applied and
luminosities required for the S ≥ 5 discovery of the lighter sbottom resonance at the LHeC with the
electron beam energies of Ee = 50 GeV and Ee = 150 GeV.

event selection criteria have been applied and the luminosities needed to declare the S ≥ 5 discovery
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S =
NS√
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=
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·
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where NS,B and σS,B are the numbers of events and the cross sections for signal and background, and

L denotes the accumulated luminosity. Table 3 gives the cross sections for the RPV signal after the

mb̃1
(GeV)

Ee = 50 GeV Ee = 150 GeV
σS (pb) L (pb−1) σS (pb) L (pb−1)

100 5.34 13.5 7.69 10.8
200 1.32 39.7 1.66 42.0
300 0.566 79.2 0.641 97.6
400 0.293 139 0.337 164
500 0.159 241 0.208 238
600 8.24× 10−2 451 0.139 326
700 3.83× 10−2 956 9.61 × 10−2 438
800 1.49× 10−2 2.46× 103 6.75 × 10−2 591
900 4.31× 10−3 8.64× 103 4.73 × 10−2 810
1000 7.23× 10−4 5.62× 104 3.25 × 10−2 1.14 × 103

Table 3: Cross sections for the RPV signal after the event selection criteria have been applied and
luminosities required for the S ≥ 5 discovery of the lighter sbottom resonance at the LHeC with the
electron beam energies of Ee = 50 GeV and Ee = 150 GeV.

event selection criteria have been applied and the luminosities needed to declare the S ≥ 5 discovery
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}  Higher Energy hadron colliders of course provide an exciting playground for 
SUSY with possibility of reaching high sparticle masses! 
}  50-70 TeV pp collider (SppC)  
}  100 TeV pp collider (FCC-hh)  
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Figure 1: Results for the gluino-neutralino model with light flavor decays using the jets + Emiss
T analysis

strategy. The left [right] panel shows the 5� discovery reach [95% CL exclusion] for the four Snowmass
collider scenarios. A 20% systematic error is assumed and pileup is not included.
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Figure 2: Results for the compressed region of the gluino-neutralino model with light flavor decays using
the compressed spectrum analysis strategy. The left [right] panel shows the 5� discovery reach [95% CL
exclusion] for the four Snowmass collider scenarios. A 20% systematic error is assumed and pileup is not
included.

4 The Squark-Neutralino Model
In the “squark-neutralino model”, the first and second generation squarks eq = euL, euR, edL, edR,
ecL,ecR, esL, esR are the only kinematically accessible colored states. The gluino is completely decou-
pled from the squark production diagrams — the squark production cross section is significantly
reduced when compared to models where the gluino is just above the kinematic limit (see Sec. 5
below). The squarks decay directly to the LSP and the corresponding quark, eqi ! qi e�0

1. The only
two relevant parameters are the squark mass meq, which is taken to be universal for the first two
generations, and the neutralino mass me�0

1
. The model is summarized as:

6
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Figure 6: Results for the gluino-neutralino model with heavy flavor decays using the same-sign dilepton
analysis strategy. The left [right] panel shows the 5� discovery reach [95% CL exclusion] for the four
Snowmass collider scenarios. A 20% systematic error is assumed and pile-up is included.

7 Lessons Learned
In this note, we have provided the discovery reach and expected limits for five simplified models at
the four Snowmass proton collider scenarios. Our focus was on models whose cross sections result
from colored production. These results provide a quantitative picture of what can be gleaned from
potential luminosity and energy upgrades for the LHC. For example, a 100 TeV proton collider
could discover an 11 TeV gluino. The remainder of this note is devoted to discussions of how
the results depend on the assumptions about systematic errors and pile-up conditions made in this
study.

When determining the reach of a given search, an optimization is performed in order to maximize
significance. All searches presented here assume a 20% systematic error for the background
prediction. We find that the optimization procedure returns signal regions where systematic error
dominates over the statistical uncertainty. In the event of a discovery (or at least a strong hint
of BSM physics), it is plausible that tremendous effort would be devoted to understanding and
accounting for many systematic effects. Given the number of events which would be available
on tape, attempts to model backgrounds with data driven approaches should have minimal issues
with statistics. It is interesting to understand how much more could be learned from the data if
these systematics are brought under control. In the gluino-neutralino model, fixing the luminosity
and decreasing the systematic error from 20% to 5% increases the gluino limit by 300 GeV for a
massless neutralino.

To assess the impact of the HL-LHC, it is especially interesting to understand the effect of a factor
of 10 increase in luminosity at 14 TeV. Note that the 300 fb�1 searches are “systematics” limited;
naively increasing the integrated luminosity will have no impact on the reach. However, the cuts
are re-optimized for the higher luminosity, and we find that the additional data allows harder cuts to
be placed which yields an increase in the limit. For gluino pair production with decoupled squarks,
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}  Various proposals under study (at different stages): 
}  Linear e+e- colliders: ILC, CLIC  
}  Circular e+e- colliders: FCC-ee (was TLEP), CEPC 

arXiv:1308.6176 

For CEPC:  
2.5 ab-1 @ 250 GeV 
 

Lmax = 1.76×1034 cm-2s-1 
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}  Various proposals under study: 
}  Linear e+e- colliders: ILC, CLIC  
}  Circular e+e- colliders: FCC-ee (was TLEP), CEPC 

}  Why are they interesting for SUSY ?   
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Figure 2: Sparticle production cross sections vs.
√
s for unpolarized beams at an e+e− collider

for the ILC1 benchmark point listed in Table 1.

the case of right polarized electron beam, σ(W̃+
1 W̃−

1 ) diminishes by a factor of about 4

and instead σ(Z̃1Z̃2), which is much less sensitive to beam polarization, is dominant. The

comparable rates (within an order of magnitude) for both both chargino and neutralino pair

production (solid curves), together with the relatively mild polarization is characteristic

of the production of higgsino-like charginos and neutralinos. For wino-like gauginos in

the kinematically accessible range, chargino production would occur at a high rate, but

neutralino pair production would be strongly suppressed because SU(2)L × U(1)Y gauge

symmetry forbids couplings of the Z and γ to both binos and (neutral) winos.6 This can

be seen in the dashed curve in Fig. 3 which shows the cross section for W̃1W̃1 production

for the ILC1 NUHM2 model point except that m1/2 and µ are now chosen so that the weak

scale values of M2 and µ are essentially exchanged. In this case, the masses of the wino-like

W̃1 and Z̃2 is about the same as for the higgsinos of the ILC1 point. The neutralino-pair

6This assumes that the selectron is heavy so that neutralino production via t-channel selectron production

is negligible. Neutralino production via t-channel selectron exchange also yields a large rate for Z̃2Z̃2

production, so should be readily distinguishable since there would be events also in the 4ℓ, 2ℓ2j and

4j+Emiss
T channels. The angular distributions of the neutralinos will also be different if t-channel exchange

contributions are significant.
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Model Point: to discuss concretely 
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}  In EWK SUSY sector, some of the LEP limits are still the 
most stringent up to date.  

}  Example:  

}  slepton pair production  

Closing the loopholes

At the ILC, a systematic search for the NLSP is possible without leaving loopholes, covering even the cases
that may be very difficult to test at the LHC.

In the case of a very small mass difference between the LSP and the NLSP - less than a few GeV - the
clean environment at the ILC nevertheless allows for a good detection efficiency. If

√
s is much larger than

the threshold for the NLSP-pair production, the NLSPs themselves will be highly boosted in the detector
frame, and most of the spectrum of the decay products will be easily detected. In this case, the precise
knowledge of the initial state at the ILC is of paramount importance to recognize the signal, by the slight
discrepancy in energy, momentum and acolinearity between signal and background from pair production
of the NLSP’s SM partner. In the case the threshold is not much below

√
s, the background to fight is

γγ → f f̄ where the γ’s are virtual ones radiated off the beam-electrons. The beam-electrons themselves
are deflected so little that they leave the detector undetected through the outgoing beam-pipes. Under the
clean conditions at the ILC, this background can be kept under control by demanding that there is a visible
ISR photon accompanying the soft NLSP decay products. If such an ISR is present in a γγ event, the
beam-remnant will also be detected, and the event can be rejected.

If the LSP is unstable due to R-parity violation, the ILC reach would be better or equal to the R-
conserving case, both for long-lived and short-lived LSP’s and whether the LSP is charged or neutral.

Also in the case of an NLSP which is a mass-state mixed between the hyper-charge states, the procedure
is viable. One will have one more parameter - the mixing angle. However, as the couplings to the Z of both
states are known from the SUSY principle, so is the coupling with any mixed state. There will then be
one mixing-angle that represents a possible “worst case”, which allows to determine the reach whatever the
mixing is - namely the reach in this “worst case”.

Finally, the case of “several” NLSPs– i.e. a group of near-degenerate sparticles– can be disentangled due
to the possibility to precisely choose the beam energy at the ILC. This will make it possible to study the
“real” NLSP below the threshold of its nearby partner.
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Figure 3: Discovery reach for a µ̃R NLSP after collecting 500 fb−1 at
√
s = 500 GeV. Left: full scale, Right:

zoom to last few GeV before the kinematic limit.

The strategy

At an e+e−-collider, the following typical features of NLSP production and decay can be exploited: missing
energy and momentum, high acolinearity, expected particle or jet flavor identification, as well as invariant
di-jet/di-lepton mass conditions, optionally using constrained kinematic fitting. A very powerful feature due

9
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to the known initial state at the ILC is that the kinematic edges of the detected systems can be precisely
calculated at any point in the MNLSP −MLSP plane. In particular, close to kinematic limit where the width
of the decay product spectrum is quite small, this feature allows for an almost background-free signal with
high efficiency.

To estimate the background at each point, correctly normalized samples of events from all SM processes
are generated, passed through detector simulation, and the analysis chain. If the number of observed events
passing the selection criteria for a given NLSP nature exceeds the expected background passing the same
cuts by more than 5σ, one can claim discovery of the NLSP. If, on the other hand, the observed number
does not exceed the expected background by more than 2σ, exclusion can be claimed. As this procedure is
performed for every possible NLSP, it will constitute a complete and model-independent search for SUSY.

In order to estimate what the expected Discovery Reach or Exclusion Reach of the experiment is, it is
enough to simulate the signal for each possible NLSP in a fine grid in the MNLSP − MLSP at the given√
s, calculate the production cross section from the SUSY principle and kinematics, and confront it to the

relevant selection criteria.
In Fig. 2, the cross section at

√
s = 500 GeV as a function of MNLSP is shown for a selection of NLSP

candidates, and in Fig. 3 (Fig. 4), as example, the 5σ discovery and 2σ exclusion reach for a µ̃R NLSP (τ̃1
NLSP) after collecting 500 fb−1 at

√
s = 500 GeV.
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Figure 4: Discovery reach for a τ̃1 NLSP after collecting 500 fb−1 at
√
s = 500 GeV. Left: full scale, Right:

zoom of the region close to the kinematic limit.

4.3 LHC and ILC complementarity: SUSY is complex!

In full SUSY models, the higher states of the spectrum can have many decay modes leading to potentially
long decay chains [34]. This means that the simplified approach in general does not apply beyond the direct
NLSP production case discussed in the previous section, which renders the interpretation of exclusion limits
formulated in the simplified approach non-trivial. Furthermore, also many production channels may be open,
making SUSY the most serious background to itself.

Take as an example the regions in parameter space which gained the highest likelihood in fits to all
pre-LHC experimental data within the constrained MSSM [35, 36]. These fits preferred scenarios with a
small mass difference of about 10 GeV between the τ̃ NLSP and the χ̃0

1 LSP, as illustrated by the likelihood
distribution in the left panel of Fig. 5. Without the restriction of mass unification at the GUT scale, the
part of the spectrum which is of interest to electroweak and flavor precision observables and dark matter,
i.e. which is decisive for the fit outcome, is not at all in conflict with LHC results. The right part of Fig. 5
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Figure 8. 95% CL exclusion regions in the mχ̃0

1
–mℓ̃ plane for (a) right-handed, (b) left-handed, and

(c) both right- and left-handed (mass degenerate) selectron and smuon production. Also illustrated
are the LEP limits [36] on the mass of the right-handed smuon µ̃R.

lightest chargino χ̃±
1 , next-to-lightest neutralino χ̃

0
2 and sleptons for different masses of the

lightest neutralino χ̃0
1 in simplified models. In the scenario of χ̃+

1 χ̃
−
1 pair production with

χ̃±
1 decaying into χ̃0

1 via an intermediate slepton with mass halfway between the χ̃±
1 and

χ̃0
1, χ̃

±
1 masses between 140GeV and 465GeV are excluded at 95% CL for a massless χ̃0

1.

In the scenario of χ̃+
1 χ̃

−
1 pair production with χ̃±

1 decaying into χ̃0
1 and a W boson, χ̃±

1

masses in the ranges 100–105 GeV, 120–135 GeV and 145–160 GeV are excluded at 95%

CL for a massless χ̃0
1. This is the first limit for this scenario obtained at a hadron collider.

Finally, in the scenario of χ̃±
1 χ̃

0
2 production with χ̃±

1 decaying into W χ̃0
1 and χ̃0

2 decaying

into Zχ̃0
1, common χ̃±

1 and χ̃0
2 masses between 180GeV and 355GeV are excluded at 95%

CL for a massless χ̃0
1. Combining this result with those from ref. [82] extends the exclusion

region to between 100GeV and 415GeV. In scenarios where sleptons decay directly into

χ̃0
1 and a charged lepton, common values for left and right-handed slepton masses between

90GeV and 325GeV are excluded at 95% CL for a massless χ̃0
1. Improved exclusion regions

are also obtained in the pMSSM µ–M2 plane for four sets of slepton mass, M1 and tan β
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Figure 9. Upper limit on the signal strength for the associated production of ⌧̃R⌧̃R and ⌧̃L⌧̃L,
for di↵erent lightest neutralino masses and as a function of the ⌧̃R mass. See text for details of
exclusion curves and uncertainty bands.

production is constant, this process dominates in the remaining allowed region at large M2

and µ. Direct stau production accounts for 60% of the events for M2 = µ = 400 GeV, and

85% of the events for M2 = µ = 500 GeV.

Figure 10(b) shows the exclusion limits in the µ-M2 plane for the pMSSM model with

variable stau mass. For both pMSSM models, the excluded �̃±
1 (�̃0

2) mass range is 100–

350 GeV as can be seen from the light grey iso-mass lines of �̃±
1 (�̃0

2). For values of µ

larger than those simulated for this analysis, the pMSSM phenomenology is similar to that

studied here. For larger values of M2, the production cross section of heavier neutralinos

and charginos increases. In general, the shown limits on the lightest chargino mass can

be expected to be similar also at large µ (M2) for values of M2 (µ) in the range 150–350

(100–300) GeV.

In the pMSSM model with fixed stau mass, SR-DS-highMass provides better exclusion

at high µ, M2. For M2, µ < 200 GeV, SR-C1N2 and SR-C1C1 provide the most stringent

limits. In the pMSSM model with variable stau mass, SR-C1N2 and SR-DS-highMass give

the best sensitivity in the whole parameter space.

– 28 –

~ ~ 

τ1 mass  ~ 

Key 1 : Mass 

How can we measure 

¾Mass of 

End-point analysis Æ  
(dominated by stat. unc.) 

[ILC-TDR Vol.2 Sec.7.5.4] 

16 /26 

Difficult to probe 
regions with ΔM(Next 
LSP-LSP)<100 GeV 

Similar studies in progress for circular colliders 

  arXiV:1407.0350 

  arXiV:1403.5294 



06/10/2014 Philipp Roloff Higgs and BSM at CLIC 25

Reconstruction of SUSY particles

Endpoints of energy spectra:

Complex final states:

e+e- → HA → bbbb
e+e- → H+H- → tbbt

≈0.3% precision on 
hevay Higgs masses

Jet reconstruction

Precision on the 
measured gaugino 
masses 
(few hundred GeV):
1 - 1.5%

CDR

CDR

CDR CDR

 electron-positron machines (III) 

28/10/2014 Monica D'Onofrio, ICFA 2014, Bejing 35 

}  Chargino/neutralino pair production  
}  Very challenging at hadron colliders if no intermediate 

sleptons and/or in compressed scenarios 

06/10/2014 Philipp Roloff Higgs and BSM at CLIC 25

Reconstruction of SUSY particles

Endpoints of energy spectra:

Complex final states:

e+e- → HA → bbbb
e+e- → H+H- → tbbt

≈0.3% precision on 
hevay Higgs masses

Jet reconstruction

Precision on the 
measured gaugino 
masses 
(few hundred GeV):
1 - 1.5%
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Figure 6. (a) Observed and expected 95% CL exclusion regions in the mχ̃0

1
–mχ̃±

1
plane for

simplified-model χ̃+
1 χ̃

−
1 production followed byW -mediated decays. Also shown is the LEP limit [36]

on the mass of the chargino. (b) Observed and expected 95% CL upper limits on the cross-section
normalized by the simplified-model prediction as a function of mχ̃±

1
for mχ̃0

1
= 0.

Figure 6(a) shows the 95% CL exclusion regions obtained from SR-WW on the simplified-

model χ̃+
1 χ̃

−
1 production followed by W -mediated decays. Figure 6(b) shows the observed

and expected 95% CL upper limits on the SUSY signal cross-section normalized by the

simplified-model prediction as a function of mχ̃±
1
for a massless χ̃0

1. For mχ̃0
1
= 0, chargino

mass ranges of 100–105 GeV, 120–135 GeV and 145–160 GeV are excluded at 95% CL.

Figure 7(a) shows the 95% CL exclusion region obtained from SR-Zjets in the simplified-

model χ̃±
1 χ̃

0
2 production followed by W and Z decays. For mχ̃0

1
= 0, degenerate χ̃±

1 and

χ̃0
2 masses between 180GeV and 355GeV are excluded. Figure 7(b) shows the exclu-

sion region obtained by combining this result with results from the relevant signal regions

(SR0a/SR1a/SR1SS/SR2a) in the ATLAS search for electroweak SUSY production in the

three-lepton final states [82]. The fit is performed on the combined likelihood function

using all signal regions. The uncertainties are profiled in the likelihood and correlations

between channels and processes are taken into account. The combination significantly im-

proves the sensitivity. As a result, degenerate χ̃±
1 and χ̃0

2 masses between 100GeV and

415GeV are excluded at 95% CL for mχ̃0
1
= 0.

Figure 8 shows the 95% CL exclusion regions obtained from SR-mT2 for the direct

production of (a) right-handed, (b) left-handed, and (c) both right- and left-handed selec-

trons and smuons of equal mass in the mχ̃0
1
–mℓ̃ plane. For mχ̃0

1
= 0, common values for left

and right-handed selectron and smuon mass between 90GeV and 325GeV are excluded.

The sensitivity decreases as the ℓ̃–χ̃0
1 mass splitting decreases because the mT2 end point

of the SUSY signal moves lower towards that of the SM background. For mχ̃0
1
= 100 GeV,

common left and right-handed slepton masses between 160GeV and 310GeV are excluded.

The present result cannot be directly compared with the previous ATLAS slepton lim-

its [34], which used a flavour-blind signal region and searched for a single slepton flavour

with both right-handed and left-handed contributions.
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Figure 1. Electroweak SUSY production processes of the considered simplified models.

In the scenario in which the χ̃±
1 is the next-to-lightest supersymmetric particle (NLSP),

the χ̃±
1 decays as χ̃±

1 → W±χ̃0
1. In direct χ̃+

1 χ̃
−
1 production, if both W bosons decay

leptonically as shown in figure 1(b), the final state contains two opposite-sign leptons,

either SF or DF, and large missing transverse momentum.

Another scenario is considered in which χ̃±
1 and χ̃0

2 are mass degenerate and are co-

NLSPs. The direct χ̃±
1 χ̃

0
2 production is followed by the decays χ̃±

1 → W±χ̃0
1 and χ̃

0
2 → Zχ̃0

1

with a 100% branching fraction. If the Z boson decays leptonically and theW boson decays

hadronically, as shown in figure 1(c), the final state contains two opposite-sign leptons, two

hadronic jets, and missing transverse momentum. The leptons in this case are SF and their

invariant mass is consistent with the Z boson mass. The invariant mass of the two jets

from the W decay gives an additional constraint to characterize this signal.

A scenario in which the slepton is the NLSP is modelled according to ref. [42]. Fig-

ure 1(d) shows direct slepton-pair production pp → ℓ̃+ℓ̃− followed by ℓ̃± → ℓ±χ̃0
1 (ℓ = e or

µ), giving rise to a pair of SF leptons and missing transverse momentum due to the two

neutralinos. The cross-section for direct slepton pair production in this scenario decreases

from 127 fb to 0.5 fb per slepton flavour for left-handed sleptons, and from 49 fb to 0.2 fb

for right-handed sleptons, as the slepton mass increases from 100 to 370 GeV.

Results are also interpreted in dedicated pMSSM [43] scenarios. In the models con-

sidered in this paper, the masses of the coloured sparticles, of the CP-odd Higgs boson,

and of the left-handed sleptons are set to high values to allow only the direct produc-

tion of charginos and neutralinos via W/Z, and their decay via right-handed sleptons,

gauge bosons and the lightest Higgs boson. The lightest Higgs boson mass is set close to

125 GeV [44, 45] by tuning the mixing in the top squark sector. The mass hierarchy, com-

– 3 –

LHC current results  à LEP limits are still the most 
stringent for model- independent 
chargino mass! 

Similar studies in progress for circular colliders 
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}  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 !   

}  and, we learned a lot along the way…   

 

signposts

• lhc data cutting off 
certain possibilities, 
pointing out others.

• theory goal: use 
these signposts to 
find new models 
where desiderata 
are generic.

• new models can 
drive new search 
opportunities @ lhc.
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}  LHC Run2&3, HL-LHC and future hadron/electron 
colliders will offer the possibility to explore various 
SUSY scenarios. Hope in a discovery, otherwise:  

}  Will we ever exclude SUSY? Maybe not, and will just 
loose interest - but before that, we have a long path 
in front of us...   

 
   

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 …  N.Craig 



Back-up 
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‘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. 

Optimization of signal regions based on: 
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}  Step 1:  
}  understand SM background contributions 

SM processes 
measured at  ATLAS 
with extremely high 
precision 
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}  Step 1:  
}  understand SM background contributions (*) 
}  Search kinematic phase space usually different from SM 

measurements (tail of distributions at high pT) 

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

Miss 
•  ‘Matrix Method’ for background from 
misidentified leptons   

(*) For long-lived particle 
searches, need more 
specialized techniques  

Irreducible SM backgrounds 

Reducible SM background 

‘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 and 
handling of uncertainties 

Validation of Background estimates in dedicated samples (VR) 
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}  Step 3: 
}  Define selections based on various  
discriminating quantities  

}  Ex: MET, Meff = ET
Miss + Scalar Sum of jets  

(leptons) pT, transverse mass mT, mT2, amT2 .... 

 

}  Define SRs, which are  usually ‘blind’ 
}  Cut and count analyses or fit on shape of single or multiple 

discriminating variables (especially for searches with low S/B)  

}  After bkg estimates in CR and validation in VR  
à Proceed to unblinding data in SR 

}  If excess is found, champagne! 
}  If not L, set 95% Confidence Level limits 
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}  Tevatron experiments, CDF and D0, are no longer competitive with 
ATLAS or CMS:  
}  Limited data-set (~ 10 fb-1 / experiment)  
}  Limited center of mass energy (1.96 TeV) 

}  Few relatively recent results offer some complementarity   
CDF: 1307.0474 
Signature-based search for delayed photons in exclusive γ+ET

Miss 
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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
s = 1.96 TeV proton-antiproton

collisions. Candidate events are selected if they contain a photon with an arrival time in the
detector larger than expected from a promptly-produced photon. The mean number of events from
standard model sources predicted by the data-driven background model based on the photon timing
distribution is 286± 24. A total of 322 events are observed. A p-value of 12% is obtained, showing
consistency of the data with standard model predictions.

PACS numbers: 14.80.Nb, 12.60.Jv, 13.85.Qk

The unknown nature of possible particles or interac-
tions beyond the standard model (SM) motivates search
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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

∆t: difference between the observed arrival time of 
γ in the detector and the time predicted for photons 
promptly produced in the primary interaction.  
•  Shifted towards positive values for signal  
•  Sensitive to delayed decays: 
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0i. (b): The �t timing distribution for �+E
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T

events with a vertex. The dashed line
separates the region 20 < �t < 80 ns, which is used to estimate the rate of cosmic-ray events. (c): The �t distribution, from
�10 < �t < 10 ns, with the dashed lines indicating the signal region. In all three cases, the shaded regions reflect the best-fit
values determined from the sideband regions. (d): The background-subtracted data distribution with systematic uncertainties.
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}  Other examples of constraints from Bsàµµ 	


Examples of constraints on the MSSM parameter space:

CMSSM mSUGRA
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Figs. 1 and 7 from arXiv:1312.5426 by John Ellis.

green lines – bounds from Bs → µ+µ− (CMS & LHCb 2013, exclusion to the left)

purple lines – ATLAS 95%CL bounds from E̸T+ jets

green shaded – excluded by b → sγ

brown shaded – charged LSP

pink shaded – SUSY helps with g−2

blue strips – favoured by ΩDM
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Current Experimental Bounds

[Griffith et al. 2009 (Hg); Baker et al. 2006 (neutron);
Regan et al. 2002 (Tl); Hudson et al. 2011 (YbF); ACME 2013 (ThO)]

dHg < 3.1× 10−29 ecm

dn < 2.9× 10−26 ecm

bounds on the electron EDM assume the absence of
contributions from CP-odd electron nucleon couplings
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