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Motivation

‣ Third generation particles play special role in electroweak 
symmetry breaking 

‣ Higgs boson has been discovered with mass mH=126 GeV 

‣ Top quark loop gives largest divergent contribution to mH  

‣ A top partner can cancel divergence
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FIG. 1: Natural electroweak symmetry breaking constrains the superpartners on the left to be

light. Meanwhile, the superpartners on the right can be heavy, M � 1 TeV, without spoiling

naturalness. In this paper, we focus on determining how the LHC data constrains the masses of

the superpartners on the left.

the main points, necessary for the discussions of the following sections. In doing so, we will

try to keep the discussion as general as possible, without committing to the specific Higgs

potential of the MSSM. We do specialize the discussion to 4D theories because some aspects

of fine tuning can be modified in higher dimensional setups.

In a natural theory of EWSB the various contributions to the quadratic terms of the Higgs

potential should be comparable in size and of the order of the electroweak scale v ⇠ 246 GeV.

The relevant terms are actually those determining the curvature of the potential in the

direction of the Higgs vacuum expectation value. Therefore the discussion of naturalness
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example spectrum
!

‣ In SUSY, natural EWSB 
constrains part of the 
spectrum to be relatively 
light (~mt) 

‣ 3rd generation squarks may 
be accessible at LHC
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Production mechanisms

‣ Direct squark pair production by gg fusion or qq annihilation 

!

!

!

!

!

!

!

!

‣ Cross-section rapidly falls with mass 

‣ ~100 events expected in 8 TeV dataset for 700 GeV squarks 

‣ Cross-section ~1/6 of quark pairs with same mass (e.g. tt)
3
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Decay signatures
‣ When R-parity is conserved, the number of SUSY particles 

must be preserved in the decay (assumed in this talk) 

‣ Lightest supersymmetric particle (LSP) cannot decay 

‣ Provides nice dark matter candidate 

‣ In this talk, the LSP is always the lightest neutralino (   ) 

‣ Simplest squark decay signature: direct decay of squark to 
quark + LSP
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‣ W decay 
subcategories: 

‣ all hadronic (more 
bkg, large BR) 

‣ lepton+jets (clean, 
moderate BR) 

‣ dilepton (cleanest, low 
BR)P1
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Background and discriminating variables

‣ Use kinematics to distinguish between signal and background 

‣ Look for increased MET from the LSPs 

‣ also use the direction of the MET
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‣ Use variables with end-point at 
mt in top backgrounds 

‣ MT2-like variables 

‣ Use W-mass end-point for 
single-lepton W backgrounds 

‣ signal can have MT(ℓ,ν)>mW 

‣ Sensitivity to SUSY reliant on good modelling of SM 
background: predict based on control regions (CR) in data
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Backgrounds:  

tt � �+jets, W+jets     
� MT(�,�) < mW 

Signal: 2 LSPs  
� MT > mW 



Blois 2014 - Third generation SUSY searches at the LHC - Jacob Linacre20/05/14

Parameter space (mstop, mLSP)

‣ Relevant SUSY parameter space defined by stop and 
LSP masses      s
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‣ A given mass splitting (∆m) 
is represented by a line
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Parameter space (mstop, mLSP)

‣ Relevant SUSY parameter space defined by stop and 
LSP masses      s
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‣ ∆m lines important dividers of phase space 

‣ regions of different kinematically allowed decays 

‣ defines amount of energy for decay products

Increasing E
T

m
χ 0

�m < mW mW < �m < mt �m > mt 

mt mW 

mt <m χ 0
(forbidden)!

t → t χ1
0t → bW χ1

0

(off-shell top) (on-shell top) off-shell W 
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Example t → t LSP search (CMS, 1 lepton)
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‣ General strategy: multiple signal regions (SRs) sensitive to different 
regions of mstop,mLSP parameter space 

‣ 1 lepton channel: MT an excellent discriminator between signal and ttbar 

‣ require MT>120 GeV for all SRs, with MT<120 GeV used for normalisation 

‣ SRs then defined using BDTs optimised for different ∆m regions 

‣ SR with best expected xsec limit chosen for each point of parameter space
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‣ General strategy: multiple signal regions (SRs) sensitive to different 
regions of mstop,mLSP parameter space 

‣ 1 lepton channel: MT an excellent discriminator between signal and ttbar 

‣ require MT>120 GeV for all SRs, with MT<120 GeV used for normalisation 

‣ SRs then defined using BDTs optimised for different ∆m regions 

‣ SR with best expected xsec limit chosen for each point of parameter space

SUS-13-011, arXiv:1308.1586, EPJC 73 (2013) 2677
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LHC t → t LSP summary
‣ Combining channels: mstop < 700 GeV exclusion for light LSP 

‣ Note gap in exclusion for ∆m = mt (stop “on top” of top) 

‣ No exclusion for ∆m < mW from these non-targeted searches
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Monojet search
‣ For ∆m<mW,                      not possible 

‣ Instead, search for  

‣ allowed when ∆m>mc 

‣ Charm jets very soft and LSPs     
~back-to-back, so require hard ISR jet 
recoiling against MET from the LSPs 

‣ also use charm tagging to target ∆m 
closer to mW (ATLAS)
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2 NLSP Stop and LHC

2.1 Production and decay modes of NLSP stop

In the framework of MSSM with gravity mediated supersymmetry breaking, the NLSP

stop t̃
1

, with LSP neutralino, has the following decay channels

t̃
1

! c�̃0

1

, f f̄ 0b�̃0

1

, bW+�̃0

1

, t�̃0

1

. (2.1)

Here f and f 0 stand for SM leptons or quarks. These decays are all generated at tree

level except for the first channel, which is loop-induced and proceeds through o↵-diagonal

elements of the CKM matrix. The three tree level channels gradually come into play from

left to right, corresponding to increasing �M ⌘ M
˜

t1
�M

�̃

0
1
. They proceed through both

o↵-shell top quark andW boson exchange (or sbottom, sleptons, sneutrino, charginos), only

o↵-shell top quark (or sbottom, charginos), and via on-shell top quark respectively. In the

region of nearly degenerate NLSP stop and LSP neutralino masses that we are interested in,

the last two tree level channels are both kinematically forbidden, so that the loop-induced

NLSP stop two-body decay into a charm quark and a neutralino is generally considered

to be the dominant decay mode [16–19, 22]. Experimentally, at a hadron collider, for a

given �M , the NLSP stop decay products from the 4-body channel (including leptons) are

much softer and thus harder to detect compared to the 2-body channel, and have not been

searched so far. Therefore, we focus on the parameter region of M
˜

t1
and M

�̃

0
1
with the

2-body decay being the unique NLSP stop decay channel BR(t̃
1

! c�̃0

1

) ⇡ 100%. Also, we

assume the total widths of the stops we study are sizable enough to guarantee the stops

promptly decay in the detector. The decay length is too short to observe the displaced

vertex.

For suitably low M
˜

t1
values, the stop pair production cross section is dominant, as

shown in Fig. 1. However, the small mass di↵erence between the NLSP stop and LSP

neutralino means that the charm jets from the NLSP stop decay are very soft, i.e. the

missing energy of these jets is very low. This scenario very likely evades the current LHC

search bounds or, at best, only a tiny range of very light NLSP stop could be constrained.

It is therefore important to include the hard QCD radiation at the matrix element level

in order to provide a hard jet and large missing energy. Also, in this scenario the heavier

gluino essentially decays into an on-shell NLSP stop plus a top quark, g̃ ! tt̃⇤
1

+ t̄t̃
1

.

The three-body gluino decay channels, namely g̃ ! tt̄�̃0, tb̄�̃�(t̄b�̃+), are all suppressed

if the above two-body channel is open. The energetic objects from the top decay could

compensate the possibility of losing events arising from the relatively low gluino production

cross section, and NLSP stop decay leading to the soft jet. More importantly, the b-jet from

the top quark decay and same-sign top quarks arising from the Majorana fermion nature of

the gluino provide identifiable signatures in terms of b-jet tagging and isolated same-sign

dileptons in the detector. Based on these arguments, without loss of generality, we generate

hard scattering processes of gluino and NLSP stop pair production, together with the same

processes with one extra jet at the matrix element level, using Madgraph/Madevent [39]

pp ! g̃g̃, t̃
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, jt̃
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. (2.2)
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processes with one extra jet at the matrix element level, using Madgraph/Madevent [39]
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1

t̃⇤
1

, jt̃
1

t̃⇤
1

. (2.2)
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2 NLSP Stop and LHC
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1
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1
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1

, f f̄ 0b�̃0

1
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1

, t�̃0

1

. (2.1)

Here f and f 0 stand for SM leptons or quarks. These decays are all generated at tree
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elements of the CKM matrix. The three tree level channels gradually come into play from
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˜

t1
�M

�̃

0
1
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dileptons in the detector. Based on these arguments, without loss of generality, we generate

hard scattering processes of gluino and NLSP stop pair production, together with the same

processes with one extra jet at the matrix element level, using Madgraph/Madevent [39]
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b → b LSP 
‣ Simplest signature for sbottoms: direct decay of squark to 

quark + LSP

13
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b → b LSP search (CMS)

‣ SRs in bins of increasing 
MCT, targeting regions of 
increasing ∆m
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– meff is defined as the scalar sum of the pT of the k leading jets and the Emiss
T

meff(k) =
k

∑

i=1

(pjetT )i + Emiss
T ,

where the index refers to the pT-ordered list of jets;

– HT,3 is defined as the scalar sum of the pT of the n jets, without including the

three leading jets

HT,3 =
n

∑

i=4

(pjetT )i,

where the index refers to the pT-ordered list of jets;

– mbb is defined as the invariant mass of the two b-tagged jets in the event;

– mCT is the contransverse mass [65] and is a kinematic variable that can be used

to measure the masses of pair-produced semi-invisibly decaying heavy particles.
For two identical decays of heavy particles into two visible particles (or particle
aggregates) v1 and v2, and two invisible particles, mCT is defined as:

m2
CT(v1, v2) = [ET(v1) + ET(v2)]

2 − [pT(v1)− pT(v2)]
2 ,

where ET =
√

p2T +m2. In this analysis, v1 and v2 are the two b-jets from the
squark decays and the invisible particles are the two χ̃0

1 particles or chargino

decay products, depending on the assumption considered. The contransverse
mass is an invariant under equal and opposite boosts of the parent particles

in the transverse plane. For parent particles produced with small transverse
boosts, mCT is bounded from above by an analytical combination of particle

masses. This bound is saturated when the two visible objects are co-linear.
For tt̄ events this kinematic bound is at 135 GeV. For production of sbottom
pairs the bound is given by:

mmax
CT =

m2(b̃)−m2(χ̃0
1)

m(b̃)
.

A similar equation can be written for production of stop pairs in terms of mt̃
1

and mχ̃±
1

. A correction to mCT for the transverse boost due to ISR is also

applied [66].

The definition of the two signal regions is summarised in table 1. Signal region

A (SRA) targets signal events with large mass splitting between the squark and
the neutralino, identifying two b-tagged high-pT leading jets as products of the two
sbottom or stop decays. Events are rejected if any other central (|η| < 2.8) jets

– 6 –

4 4 Event Selection

We characterize events using the boost-corrected contransverse mass (MCT) [55, 56]. For pro-
cesses with two identical decays of heavy particles, b̃ ! Ji ec0

1, the MCT is defined as:

M2
CT(J1, J2) = [ET(J1) + ET(J2)]

2 � [p
T

(J1)� p

T

(J2)]
2 (2)

= 2pT(J1)pT(J2)(1 + cos Df(J1, J2)),

According to the MCT definition for a given jet pT, events saturate the bound on MCT when
two jets point in the same direction in the transverse plane. The MCT(J1, J2) distribution is
characterized by an endpoint defined by mb̃ and mec0

1
which for the topology in question is at

(m(b̃)2 � m(ec0
1)

2)/m(b̃).

To obtain sensitivity in multiple regions across the (mb̃, mec0
1
) plane, a total of eight exclusive

search regions are defined using MCT and the number of b jets (Nb�jets), as summarized in
Table 1.

Table 1: Definition of eight exclusive search regions.
No. of b-jets MCT MCT MCT MCT
Nb�jets = 1 < 250 GeV 250 - 350 GeV 350 - 450 GeV > 450 GeV
Nb�jets = 2 < 250 GeV 250 - 350 GeV 350 - 450 GeV > 450 GeV

In addition, a set of detector and beam-related cleaning algorithms is applied to remove events
with detector noise, which would fake signal-like events with high energy and large transverse
imbalance [57, 58].

Comparisons of simulation and data for the key variables, Emiss
T and MCT, in the baseline search

regions are shown in Figure 2 for events with Nb-jets=1 and Nb-jets=2, respectively. The number
of events for various SM processes in the signal regions predicted by the simulation are given
in Tables 2 and 3. The event yields from simulation are normalized to the integrated luminosity
of the data used for this analysis. According to the MC simulation, the contribution from QCD
multijet production in the signal region with two b-jets is negligible, so only upper limits on
the QCD process are quoted in Table 3. Simulations of the background processes are given in
Tables 2 and 3 for illustration only; the background estimates for the search result are obtained
from data control regions as described in the next section.

Table 2: Event yields, normalized to the integrated luminosity, from MC simulation after ap-
plying all preselection and baseline cuts in the signal region with one b-jet.

MCT < 250 GeV 250 < MCT < 350 GeV 350 < MCT < 450 GeV MCT > 450 GeV
Z(nn̄)+jets 818±12 367±7.8 59±2.8 16±1.5
W(`n)+jets 398±8.4 149±4.9 17±1.5 6.0±0.9
tt̄ 221±2.5 176±2.2 17± 0.7 2.2±0.2
Single top 33±3.7 13±2.3 0.3±0.3 <0.5
VV 18±0.7 17± 0.6 0.9±0.1 0.3±0.1
ttZ 0.8±0.1 0.5± 0.1 0.2±0.1 <0.04
QCD 12±8.2 6.0± 6.0 < 0.5 <0.5
Total MC 1500±17 729±11 94±3.2 25±1.6
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b → b LSP search (ATLAS)

15

arXiv:1308.2631, JHEP 10 (2013) 189

 [GeV]
1b~m

100 200 300 400 500 600 700 800

 [G
eV

]
0 1
χ∼

m

0

100

200

300

400

500

600

 fo
rbi

dd
en

0
1χ∼

 b 
→ 1b~

-1CDF 2.65 fb
-1D0 5.2 fb

=7 TeVs, -1ATLAS 2.05 fb

0
1
χ∼ b → 1b~Sbottom pair production, 

=8 TeVs,  -1 Ldt = 20.1 fb∫
ATLAS  )theory

SUSYσ1 ±Observed limit (

)expσ1 ±Expected limit (

All limits at 95% CL

Ev
en

ts
 / 

25
 G

eV

0

20

40

60

80

100

120
ATLAS  
SRA

-1 = 8 TeV, 20.1 fbsData 
SM total

top-quark production

W production

Z production

Others

)=1 GeV0
1
χ∼)=500 GeV, m(1b~m(

)=100 GeV0
1
χ∼)=500 GeV , m(1t

~m(
    )=105 GeV±

1
χ∼m(

 [GeV]CTm
0 50 100 150 200 250 300 350 400 450 500

D
at

a 
/ S

M

0

1

2

‣ Similar analysis using 
MCT at ATLAS 

‣ Separate selection with 
ISR jet to target low ∆m 
region

~

b      

b

 χ1
0



Blois 2014 - Third generation SUSY searches at the LHC - Jacob Linacre20/05/14

Cascade signatures
‣ Light      ,     ,       all well motivated in natural SUSY 

‣ Allows intermediate states, resulting in “cascade” decays 

‣ signatures with additional W, Z, or H bosons in addition to simple tt/bb + MET  

‣ Signal regions typically defined by number of leptons (from W/Z) and bs (from t/H)

16

tt 

bb 

+ ET
miss WW + ET

miss ZZ + ET
miss 

t      

 t

 χ1
0

 t

 χ1
0

 χ1
±

W 

b 

b      

b

 χ1
0

b

 χ1
0

 χ1
±

W 

t 

b

 χ1
0

χ2
0

Z 

b 

HH + ET
miss 

 χ1
0

t 

Z 

!t 2

!t 1

b

 χ1
0

χ2
0

H 

b 

 χ1
0

t 

H 

!t 2

!t 1

 χ1
± !χ2

0 !t 2

_ _



Blois 2014 - Third generation SUSY searches at the LHC - Jacob Linacre20/05/14

t2 → t1 Z/H LSP
‣ What if we can’t see t1 because ∆m ~ mt ? 

‣ Look for relatively light t2 that decays to t1 

‣ same final state as t → t LSP, but with multiple 
additional leptons (from Z) and/or bs (from H)
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t2 → t1 Z/H LSP
‣ Probe gap in t1 → t LSP coverage by looking for 

cascade decay of heavier t2, with ∆m(t1,LSP)=mt
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Summary

‣ Presented results of LHC searches for direct production of 3rd 
generation squarks 

!

‣ Searches cover a comprehensive spectrum of final states and 
exclude large regions of squark and LSP masses 

‣ recent progress in exploring increasingly difficult regions of 
parameter space 

‣ lots of progress understanding SM background 

!

‣ Now need 13 TeV data to probe higher squark mass regions 

!

‣ Exciting prospects for discovery at 13 TeV!
19
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Backup
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Public results

‣ ATLAS: 

‣ https://twiki.cern.ch/twiki/bin/view/AtlasPublic/
SupersymmetryPublicResults 

!

‣ CMS: 

‣  https://twiki.cern.ch/twiki/bin/view/CMSPublic/
PhysicsResultsSUS

21
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t → bW LSP
‣ Light     opens up t → b 

‣ same final state as t → t LSP

22
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t → bW LSP

23
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‣ Limits strongly dependent on chargino mass 

‣ CMS: fractional position between stop and LSP 

‣ ATLAS: various parameterisations
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b → tW LSP
‣ Light     opens up b → t 

‣ Same final state as t → t LSP, but 2 
additional W bosons in the final 
state
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b → tW LSP
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‣ 4 W bosons in the final state 

‣ Target same-sign leptons  

‣ Also require 1-2 b-tags, and 
large MET and HT

CMS-SUS-13-013
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new results both part of much broader analyses
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b → b Z/H LSP
‣ Same final state as b → b LSP, 

but with multiple additional 
leptons (from Z) or bs (from H) in 
the final state
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b → b Z/H LSP
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ATLAS-CONF-2013-061
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‣ Signal: MET and 6 b-
jets (H → bbar) 
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Backgrounds

‣ ttbar often main background 

‣ produces the bs and Ws associated with signal 

!

!

!

!

‣ multijet, single top, V, VV, VVV, can also be significant
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Systematics & Combined fit
Detector systematics:
• Jet Energy Scale (JES)
• Jet Energy Resolution (JER)
• b-tagging uncertainties
• Lepton ID, energy scale & resolution
• Missing Transverse Energy soft 

component
• Trigger: scale factor uncertainties
• Luminosity uncertainty
• Pileup

BG MC modeling uncertainties:
generator choice, PDF, renormalisation 
and factorization scales, parton shower, 
ISR/FSR.

Signal systematics: 
• ISR/FSR, parton shower, PDF, 
renormalisation and factorization scales 
and strong coupling (α_s) uncertainty. 
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multiple SRs per 
analysis

1. if SRs overlap 
use one with best 
expected sensitivity, 
2. if SRs are orthogonal 
do statistical combination.

‣ Sensitivity to SUSY reliant on good 
understanding of SM background 

‣ Dominant background predictions 
based on control regions in data
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b → b LSP search (ATLAS)

‣ Other SRs with increasing MCT: 

‣ SRA150	



‣ SRA200	



‣ SRA250	



‣ SRA300	



‣ SRA350	



‣ SR with best expected xsec 
limit chosen for each point 

‣ chosen SRs roughly follow 
∆m lines
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‣ Similar analysis using 
MCT at ATLAS 

‣ Separate selection 
“SRB” with ISR jet to 
target low ∆m region
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