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Introduction!

¥! Supersymmetry is one of the theories of beyond the standard model physics 
which provides solutions to unanswered questions, such as the hierarchy 
problem and offers a candidate for dark matter. !
Ð! The hierarchy problem may be solved if third generation sparticles are at the TeV 

scale.!

Ð! Third generation squarks may be produced at a high rate at the LHC!

¥! This talk focuses on searches for direct top/bottom/charm squark production.!
Ð! R-parity conserving models (RPC), the lightest SUSY particle (LSP) is stable and a dark matter 

candidate, the main signature of these models is large amount of missing energy ET
Miss in the 

detector!
Ð! R-parity violating models (RPV), where the Þnal products of the sparticle decays are SM 

particles. The main signature of these models is a high object multiplicity!
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Third Generation Overview!
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Figure 2: Diagrams of÷t1 and ÷b1 decays considered in this paper as simpliÞed models. The diagrams do not show
ÒmixedÓ decays, in which the two pair produced third generation squarks decay to di! erent Þnal states.

A signiÞcantly more complex phenomenology has to be considered for the stop, depending on its mass105

and on the ÷�0
1 mass. Figure1b shows the three main regions in them÷t1

� m÷�0
1

plane that are taken into106

account. They are identiÞed by di! erent values of" m
!
÷t1, ÷�

0
1

"
= m÷t1

� m÷�0
1
. In the Þrst region, where107

" m
!
÷t1, ÷�

0
1

"
> mt, the favoured decay is÷t1 ! t ÷�0

1 (Figure2b). The second region, wheremW + mb <108

" m
!
÷t1, ÷�

0
1

"
< mt, is characterised by the 3-body decay (÷t1 ! Wb÷�0

1 through an o! -shell top quark,109

Figure2c). The last region, where the value of" m
!
÷t1, ÷�

0
1

"
drops belowmW + mb, sees the 4-body decay110

÷t1 ! b f f 0 ÷�0
1 (where f and f 0 indicate generic fermions coming from the decay of an o! -shellW boson,111

Figure2d) competing with the ßavour changing decay3 ÷t1 ! c÷�0
1 of Figure2e. The dominant decay112

depends on the details of the supersymmetric model chosen [48].113

If the third generation squark decay involves more SUSY particles (other than the ÷�0
1), then additional114

dependencies on SUSY parameters arise. For example, if the lightest chargino (÷�±1) is the next-to-lightest115

supersymmetric particle (NLSP), then it is likely for the stop to have a signiÞcant branching ratio for116

÷t1 ! b÷�±1 (Figure2f), or, for the sbottom,÷b1 ! t ÷�±1 , if kinematically allowed (Figure2g). The presence117

of additional particles in the decay chain introduces dependencies of the phenomenology on their masses.118

Several possible scenarios have been considered, the most common being the gauge universality inspired119

m÷�±1
= 2m÷�0

1
, favoured, for example, in mSUGRA/CMSSM models [49Ð54]; other interpretations include120

the case of a chargino almost degenerate with the neutralino (favoured, for example, in pMSSM models121

with µ ⌧ M1,M2, whereµ, M1 and M2 are respectively the higgsino, the bino and the wino mass122

parameters), and, for the stop, of a chargino almost degenerate with the squark, or of a chargino of Þxed123

mass. Another possible decay channel considered for the sbottom is÷b1 ! b÷�0
2 ! bh÷�0

1 (Figure2h),124

which occurs in scenarios with a large higgsino component of the two lightest neutralinos.125

Despite the lower production cross section and similar Þnal states to÷t1, the heavier stop state (÷t2) pair126

3 The decay÷t1 ! u÷�0
1, in the assumption of minimal ßavour violation, is further suppressed with respect to÷t1 ! c÷�0

1 by
appropriate factors of the CKM matrix.

23rd April 2015 Ð 19:12 5

N
ot

re
vi

ew
ed

,f
or

in
te

rn
al

ci
rc

ul
at

io
n

on
ly

DRAFT

(a) ÷b1
÷b1 ! b÷�0

1b÷�0
1

÷t

÷t
p

p

÷�0
1

t

÷�0
1

t

(b) ÷t1÷t1 ! t ÷�0
1t ÷�0

1

t̃

t̃

W

Wp

p

!̃ 0
1

b "

#

!̃ 0
1

b "

#

(c) 3-body decay (d) 4-body decay

(e) ÷t1÷t1 ! c÷�0
1c÷�0

1

÷t

÷t

÷�±
1

÷�!
1

p

p

b

÷�0
1

W

b

÷�0
1

W

(f) ÷t1÷t1 ! b÷�±1b÷�±1

÷b

÷b

÷�±
1

÷�!
1

p

p

t

÷�0
1

W

t

÷�0
1

W

(g) ÷b1
÷b1 ! t ÷�±1 t ÷�±1 (h) ÷b1

÷b1 ! b÷�0
2b÷�0

2

Figure 2: Diagrams of÷t1 and ÷b1 decays considered in this paper as simpliÞed models. The diagrams do not show
ÒmixedÓ decays, in which the two pair produced third generation squarks decay to di! erent Þnal states.

A signiÞcantly more complex phenomenology has to be considered for the stop, depending on its mass105

and on the ÷�0
1 mass. Figure1b shows the three main regions in them÷t1

" m÷�0
1

plane that are taken into106

account. They are identiÞed by di! erent values of" m
!
÷t1, ÷�0

1

"
= m÷t1

" m÷�0
1
. In the Þrst region, where107

" m
!
÷t1, ÷�0

1

"
> mt, the favoured decay is÷t1 ! t ÷�0

1 (Figure2b). The second region, wheremW + mb <108

" m
!
÷t1, ÷�0

1

"
< mt, is characterised by the 3-body decay (÷t1 ! Wb÷�0

1 through an o! -shell top quark,109

Figure2c). The last region, where the value of" m
!
÷t1, ÷�0

1

"
drops belowmW + mb, sees the 4-body decay110

÷t1 ! b f f#÷�0
1 (where f and f # indicate generic fermions coming from the decay of an o! -shellW boson,111
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If the third generation squark decay involves more SUSY particles (other than the ÷�0
1), then additional114

dependencies on SUSY parameters arise. For example, if the lightest chargino (÷�±1) is the next-to-lightest115

supersymmetric particle (NLSP), then it is likely for the stop to have a signiÞcant branching ratio for116
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mass. Another possible decay channel considered for the sbottom is÷b1 ! b÷�0
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1 (Figure2h),124

which occurs in scenarios with a large higgsino component of the two lightest neutralinos.125
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Figure 2: Diagrams of÷t1 and ÷b1 decays considered in this paper as simpliÞed models. The diagrams do not show
ÒmixedÓ decays, in which the two pair produced third generation squarks decay to di! erent Þnal states.

A signiÞcantly more complex phenomenology has to be considered for the stop, depending on its mass105

and on the ÷! 0
1 mass. Figure1b shows the three main regions in them÷t1
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drops belowmW +mb, sees the 4-body decay110
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1 (where f and f # indicate generic fermions coming from the decay of an o! -shellW boson,111

Figure2d) competing with the ßavour changing decay3 ÷t1 ! c÷! 0
1 of Figure2e. The dominant decay112

depends on the details of the supersymmetric model chosen [48].113

If the third generation squark decay involves more SUSY particles (other than the ÷! 0
1), then additional114

dependencies on SUSY parameters arise. For example, if the lightest chargino (÷! ±
1) is the next-to-lightest115

supersymmetric particle (NLSP), then it is likely for the stop to have a signiÞcant branching ratio for116
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, favoured, for example, in mSUGRA/CMSSM models [49Ð54]; other interpretations include120

the case of a chargino almost degenerate with the neutralino (favoured, for example, in pMSSM models121
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parameters), and, for the stop, of a chargino almost degenerate with the squark, or of a chargino of Þxed123

mass. Another possible decay channel considered for the sbottom is÷b1 ! b÷! 0
2 ! bh÷! 0

1 (Figure2h),124

which occurs in scenarios with a large higgsino component of the two lightest neutralinos.125

Despite the lower production cross section and similar Þnal states to÷t1, the heavier stop state (÷t2) pair126
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Figure 2: Diagrams of t̃1 and b̃1 decays considered in this paper as simplified models. The diagrams do not show
“mixed” decays, in which the two pair produced third generation squarks decay to di↵erent final states.

A significantly more complex phenomenology has to be considered for the stop, depending on its mass105

and on the �̃0
1 mass. Figure 1b shows the three main regions in the mt̃1

� m�̃0
1

plane that are taken into106

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

t̃1, �̃
0
1

⌘

= mt̃1
� m�̃0

1
. In the first region, where107

�m
⇣

t̃1, �̃
0
1

⌘

> mt, the favoured decay is t̃1 ! t�̃0
1 (Figure 2b). The second region, where mW + mb <108

�m
⇣

t̃1, �̃
0
1

⌘

< mt, is characterised by the 3-body decay (t̃1 ! Wb�̃0
1 through an o↵-shell top quark,109

Figure 2c). The last region, where the value of �m
⇣

t̃1, �̃
0
1

⌘

drops below mW + mb, sees the 4-body decay110

t̃1 ! b f f 0�̃0
1 (where f and f 0 indicate generic fermions coming from the decay of an o↵-shell W boson,111
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supersymmetric particle (NLSP), then it is likely for the stop to have a significant branching ratio for116
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parameters), and, for the stop, of a chargino almost degenerate with the squark, or of a chargino of fixed123

mass. Another possible decay channel considered for the sbottom is b̃1 ! b�̃0
2 ! bh�̃0

1 (Figure 2h),124

which occurs in scenarios with a large higgsino component of the two lightest neutralinos.125

Despite the lower production cross section and similar final states to t̃1, the heavier stop state (t̃2) pair126

3 The decay t̃1 ! u�̃0
1, in the assumption of minimal flavour violation, is further suppressed with respect to t̃1 ! c�̃0

1 by
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General Search Strategy!
¥! DeÞne Signal Regions (SRs) targeting a speciÞc model & SUSY mass parameter set!

Ð! Optimise by attempting to maximise the discovery or exclusion signiÞcance for a model!

¥! DeÞne multiple Control Regions (CRs) to constrain the main SM background processes 
in the SR!

Ð! Kinematically close to the SRs, however designed such that they are orthogonal to the SR!
Ð! Designed to contain events with only the speciÞc background process considered (where possible)!
Ð! The number of events in the CRs is used to produce normalisation parameters for the backgrounds in the 

SRs!

¥! The normalisation parameters are "
validated in Validation Regions (VRs)!

Ð! Kinematically close to the SR, however orthogonal to "
both the SR and the CR!

¥! After validation the observed yields"
in the SRs are compared to the prediction!

Ð! If no signiÞcant excesses are seen, limits are placed on "
the signal models under consideration!

!



Recent Run I Analyses!

 !
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Search for charm squark pair production ! ! ! ! ! ! !    (arXiv:1501.01325) !
Search for top squark pair production via tau slepton decays !
RPV Searches for top squark pair production (2x2 jets)!!
!
!
!
!
Third Generation Public Results page:!
https:// twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults!



Search for charm squark pair production ! ! !  arXiv:1501.01325!

¥! Targeting Þnal states with 2 c-tagged jets.!
¥! Searching for direct scharm production "

(treating scharms as non-degenerate)  !

¥! mCT is the main discriminating variable:!

¥! 3 overlapping SRs with different mCT "
selections!

¥! c-jets are identiÞed with speciÞc charm "
tagging algorithms (efÞciency O(20%))!

!

ICFNP2015 23-30th August! ATLAS 3rd Generation Squark Overview! 6!

Signal Models and Selection!

!! !! → ! !! 1
0! !! 1

0

!
" #
max =

! 2( !$) ! ! 2( !! 1
0)

! (!$)

mCT!



Search for charm squark pair production ! ! !  arXiv:1501.01325!

¥! The three main backgrounds are Z+Jets, W+Jets and    . "
One or two lepton control regions are deÞned "
for each of these three main backgrounds, "
with each region also requiring 2 c-tagged jets.!

¥! Z+jets Ð 2 lepton CR with SF (ee or ##), OS leptons "
in the Z-mass window!

¥! W+jets Ð 1 lepton CR with ETMiss > 100 GeV!
¥!     - 2 lepton CR with DF(e#), OS leptons!

!

ICFNP2015 23-30th August! ATLAS 3rd Generation Squark Overview! 7!

Background Estimation & Limits!

! !

! !

CRZ - mll!

¥! No excesses seen!
¥! Extends the general exclusion for non degenerate 

squarks set by the ATLAS Strong production "
0L + 2-6 jets analysis.!



Search for top squark pair production via tau slepton decays!

ICFNP2015 23-30th August! ATLAS 3rd Generation Squark Overview! 8!

Overview!

¥! Stop pair production investigated assuming gauge-
mediated symmetry breaking (Gravitino LSP)!

¥!                    (via a virtual chargino), subsequently:!
¥! Three channels investigated, "

depending on the tau decay:!
¥! Lep-Lep Channel, Lep-Had Channel, Had-Had Channel!
¥! Dedicated SRs for each channel, targeted "

at difference regions of phase space!
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Figure 6: Estimated background in the signal region (D2). The data is represented by the solid points. The total
background estimate is shown by the solid black curve, and the yellow band represents its uncertainty. The data-
driven multijet background estimate is shown in the dashed blue curve and the contribution from tt̄ is shown in the
dotted red curve. Signal mass spectra are shown without uncertainties.

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

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

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

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

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

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

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

Supersymmetry (SUSY) is an extension of the Standard Model (SM) [1Ð9] that fundamentally relates
fermions and bosons. It is an especially alluring theoretical possibility given its potential to solve the
hierarchy problem [10Ð15] and to provide a dark matter candidate [16, 17]. Most searches for SUSY
focus on scenarios such as the minimal supersymmetric standard model (MSSM) [10,18Ð21] in which R-
parity is conserved (RPC) [22Ð29]. In these models, SUSY particles must be produced in pairs and decay
to the lightest supersymmetric particle (LSP), which is stable, and the risk of proton decay is avoided.
However, this requirement is not necessary, and with strong constraints now placed on standard RPC
SUSY scenarios by the Large Hadron Collider (LHC) experiments, it is important to expand the scope of
the SUSY search program to includeR-parity-violating (RPV) scenarios. It is especially true for searches
involving scalar top (stop) with masses below 1 TeV, as in most natural SUSY scenarios [30,31].

In RPV models, many of the experimental constraints placed on the MSSM in terms of the allowed para-
meter space of gluino ( ÷g) and squark ( ÷q) masses are relaxed. The reduced sensitivity of standard SUSY
searches to RPV scenarios is primarily due to the high missing transverse momentum requirements used
in the event selection common to many of those searches [32]. This choice is motivated by the assumed
presence of undetected LSPs. Consequently, the primary challenge in searches for RPV SUSY Þnal states
is to identify suitable substitutes for the canonical large missing transverse momentum signature of RPC
SUSY. Common signatures used for RPV searches include resonant lepton pair production [33], exotic
decays of long-lived particles and displaced vertices [34Ð37], high lepton multiplicities [38,39], and high
jet multiplicity Þnal states [40]. A recent ATLAS analysis also searched for stop pairs each decaying via
an RPV coupling to a lepton and ab-quark [41].
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Figure 1: (a) Diagram for the benchmark process considered for this analysis. The solid black lines represent
Standard Model particles, the dashed red lines represent the stops, and the blue vertices represent RPV vertices
labelled by the relevant coupling for this diagram.(b) Cross-section for direct÷t pair production at the LHC center-
of-mass energy of

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

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

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

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

2

RPV Scenarios: Searches for top squark pair production (2x2 jets)!

¥! Search for RPV top squark decays !
¥! Limits from LEP and CDF: < 100 GeV !
¥! Search exploits merging of stop decay products with "

a radius ΔR = mstop/pT  (initial stop pT)!

!è Large R jets with mJet ~ mstop!

Overview!

ICFNP2015 23-30th August! ATLAS 3rd Generation Squark Overview! 9!

!! ! " #

¥! mStop excluded from 100 to 310 GeV!



Fully Exploiting Run I Results!

Third Generation Summary Paper !

ICFNP2015 23-30th August! ATLAS 3rd Generation Squark Overview! 10!



Third Generation Summary Paper  ! ! ! ! !  arXiv:1506.08616!

ICFNP2015 23-30th August! ATLAS 3rd Generation Squark Overview! 11!

Introduction!
¥! Many channels covered by analyses in Run I, with 

many signatures (various jet, b-jet and lepton 
multiplicities) place limits on the SUSY parameter 
space.!

¥! The parameter space can be restricted further by:!
Ð! Reinterpreting existing analyses!
Ð! Investigating additional decay modes!
Ð! Combining existing analyses!
Ð! Investigating compressed or ÒsneakyÓ scenarios"

(mtop % mstop)!

!

¥! All approaches are included in the third 
generation summary paper!
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sections 4 and 5. The analyses that have been already published are only briefly reviewed, while those83

presented for the first time in this paper are discussed in detail. Appendix C provides further details on84

a combination between analyses that is performed in this paper for the first time. Finally Appendix D85

provides details on the generation and simulation of the signal Monte Carlo samples used to derive the86

limits presented.87

2. Third generation squark phenomenology88

The cross section for direct stop pair production in proton-proton collisions at
p

s = 8 TeV as a function89

of the stop mass as calculated with PROSPINO [43, 44] is shown in Figure 1a. It is calculated to next-90

to-leading order in the strong coupling constant, adding the resummation of soft gluon emission at next-91

to-leading-logarithmic accuracy (NLO+NLL) [45–47]. In this paper, the nominal cross section and the92

uncertainty are taken from an envelope of cross section predictions using di↵erent parton distribution93

function (PDF) sets and factorisation and renormalisation scales described in Ref. [44]. The di↵erence in94

cross section between the sbottom and stop pair production is known to be small [46], hence the result of95

Figure 1a applies to both sbottom and stop pair production.96
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Figure 1: (a) Direct stop pair production cross section at
p

s = 8 TeV as a function of the stop mass. The band
illustrates the uncertainty on the cross section due to scale and PDF variations. (b) Illustration of stop decay modes
in the plane spanned by the masses of the stop (t̃1) and the lightest neutralino (�̃0

1), where the latter is assumed to be
the lightest supersymmetric particle and the only one present in the decay.

Searches for direct production of stops and sbottoms by the ATLAS collaboration have covered several97

di↵erent possible final state topologies. The experimental signatures used to identify these processes98

depend on the masses of the stop or sbottom, on the masses of the other supersymmetric particles they99

can decay into, and on other parameters of the model, such as the stop and sbottom left-right mixing and100

the mixing between the gaugino and higgsino states in the chargino-neutralino sector.101

Assuming that the lightest supersymmetric particle is a stable neutralino (�̃0
1), and that no other super-102

symmetric particle plays a significant role in the sbottom decay, the decay chain of the sbottom is simply103

b̃1 ! b�̃0
1 (Figure 2a).104
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2b�̃0

2

Figure 2: Diagrams of t̃1 and b̃1 decays considered in this paper as simplified models. The diagrams do not show
“mixed” decays, in which the two pair produced third generation squarks decay to di! erent final states.

A significantly more complex phenomenology has to be considered for the stop, depending on its mass105

and on the �̃0
1 mass. Figure 1b shows the three main regions in the mt̃1

� m�̃0
1

plane that are taken into106

account. They are identified by di! erent values of " m
!
t̃1, �̃0

1

"
= mt̃1

� m�̃0
1
. In the first region, where107

" m
!
t̃1, �̃0

1

"
> mt, the favoured decay is t̃1 ! t�̃0

1 (Figure 2b). The second region, where mW + mb <108

" m
!
t̃1, �̃0

1

"
< mt, is characterised by the 3-body decay (t̃1 ! Wb�̃0

1 through an o! -shell top quark,109

Figure 2c). The last region, where the value of " m
!
t̃1, �̃0

1

"
drops below mW + mb, sees the 4-body decay110

t̃1 ! b f f 0�̃0
1 (where f and f 0 indicate generic fermions coming from the decay of an o! -shell W boson,111

Figure 2d) competing with the flavour changing decay3 t̃1 ! c�̃0
1 of Figure 2e. The dominant decay112

depends on the details of the supersymmetric model chosen [48].113

If the third generation squark decay involves more SUSY particles (other than the �̃0
1), then additional114

dependencies on SUSY parameters arise. For example, if the lightest chargino (�̃±1 ) is the next-to-lightest115

supersymmetric particle (NLSP), then it is likely for the stop to have a significant branching ratio for116

t̃1 ! b�̃±1 (Figure 2f), or, for the sbottom, b̃1 ! t�̃±1 , if kinematically allowed (Figure 2g). The presence117

of additional particles in the decay chain introduces dependencies of the phenomenology on their masses.118

Several possible scenarios have been considered, the most common being the gauge universality inspired119

m�̃±1 = 2m�̃0
1
, favoured, for example, in mSUGRA/CMSSM models [49–54]; other interpretations include120

the case of a chargino almost degenerate with the neutralino (favoured, for example, in pMSSM models121

with µ ⌧ M1, M2, where µ, M1 and M2 are respectively the higgsino, the bino and the wino mass122

parameters), and, for the stop, of a chargino almost degenerate with the squark, or of a chargino of fixed123

mass. Another possible decay channel considered for the sbottom is b̃1 ! b�̃0
2 ! bh�̃0

1 (Figure 2h),124

which occurs in scenarios with a large higgsino component of the two lightest neutralinos.125

Despite the lower production cross section and similar final states to t̃1, the heavier stop state (t̃2) pair126

3 The decay t̃1 ! u�̃0
1, in the assumption of minimal flavour violation, is further suppressed with respect to t̃1 ! c�̃0

1 by
appropriate factors of the CKM matrix.
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Figure 3: Diagrams of÷t2 decays considered in this paper as simpliÞed models. The diagrams do not show ÒmixedÓ
decays, in which the two pair produced third generation squarks decay to di! erent Þnal states.

production has also been studied: its search becomes interesting in scenarios where the detection of÷t1127

pair production becomes di" cult (for example if#m
!
÷t1, ÷! 0

1

"
" mt). The diagrams of the investigated128

processes are shown in Figure3.129

Two types of SUSY models are used to interpret the results in terms of exclusion limits. The simpliÞed130

model approach assumes that either a stop or a sbottom pair is produced and that they decay into well-131

deÞned Þnal states, involving one or two decay channels. SimpliÞed models are used to optimise the132

analyses for a speciÞc Þnal state topology, rather than to the complex (and model dependent) mixture of133

di! erent topologies that would arise from a SUSY model involving many possible allowed production134

and decay channels. The sensitivity to simpliÞed models is discussed in section4.135

More complete phenomenological minimal supersymmetric extensions of the Standard Model [55] (pMSSM136

in the following) are also considered, to assess the performance of the analyses in scenarios where the137

stop and sbottom typically have many allowed decay channels with competing branching ratios. Three138

di! erent sets of pMSSM models are considered, which take into account experimental constraints from139

LHC direct searches, satisfy the Higgs boson mass and dark matter relic density constraints, or additional140

constraints arising from considerations on naturalness. The sensitivity to these models is discussed in141

section5.142

3. General discussion on analysis strategy143

The rich phenomenology of third generation supersymmetric particles requires several di! erent event144

selections to target the wide range of possible topologies. A common analysis strategy and common145

statistical techniques, which are extensively described in Ref. [56], are employed.146

Signal regions (SR) are deÞned, which target one speciÞc model and SUSY mass parameter set. The147

event selection is optimised by relying on the Monte Carlo simulation of both the Standard Model (SM)148

background production processes and the signal itself. The optimisation process aims to maximise the149

expected signiÞcance for discovery or exclusion for each of the models considered.150

For each SR, multiple control regions (CR) are deÞned to constrain the normalisation of the most relevant151

SM production processes. The event selection of the CRs is mutually exclusive with that of the SRs.152

It is however chosen to be as close as possible to that of the signal region while keeping the signal153

contamination small, and such that the event yield is dominated by one speciÞc background process.154
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Figure 3: Diagrams of t̃2 decays considered in this paper as simplified models. The diagrams do not show “mixed”
decays, in which the two pair produced third generation squarks decay to di! erent final states.

production has also been studied: its search becomes interesting in scenarios where the detection of t̃1127

pair production becomes di" cult (for example if #m
!
t̃1, !̃ 0

1

"
⇠ mt). The diagrams of the investigated128

processes are shown in Figure 3.129

Two types of SUSY models are used to interpret the results in terms of exclusion limits. The simplified130

model approach assumes that either a stop or a sbottom pair is produced and that they decay into well-131

defined final states, involving one or two decay channels. Simplified models are used to optimise the132

analyses for a specific final state topology, rather than to the complex (and model dependent) mixture of133

di! erent topologies that would arise from a SUSY model involving many possible allowed production134

and decay channels. The sensitivity to simplified models is discussed in section 4.135

More complete phenomenological minimal supersymmetric extensions of the Standard Model [55] (pMSSM136

in the following) are also considered, to assess the performance of the analyses in scenarios where the137

stop and sbottom typically have many allowed decay channels with competing branching ratios. Three138

di! erent sets of pMSSM models are considered, which take into account experimental constraints from139

LHC direct searches, satisfy the Higgs boson mass and dark matter relic density constraints, or additional140

constraints arising from considerations on naturalness. The sensitivity to these models is discussed in141

section 5.142

3. General discussion on analysis strategy143

The rich phenomenology of third generation supersymmetric particles requires several di! erent event144

selections to target the wide range of possible topologies. A common analysis strategy and common145

statistical techniques, which are extensively described in Ref. [56], are employed.146

Signal regions (SR) are defined, which target one specific model and SUSY mass parameter set. The147

event selection is optimised by relying on the Monte Carlo simulation of both the Standard Model (SM)148

background production processes and the signal itself. The optimisation process aims to maximise the149

expected significance for discovery or exclusion for each of the models considered.150

For each SR, multiple control regions (CR) are defined to constrain the normalisation of the most relevant151

SM production processes. The event selection of the CRs is mutually exclusive with that of the SRs.152

It is however chosen to be as close as possible to that of the signal region while keeping the signal153

contamination small, and such that the event yield is dominated by one specific background process.154
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Figure 3: Diagrams of÷t2 decays considered in this paper as simpliÞed models. The diagrams do not show ÒmixedÓ
decays, in which the two pair produced third generation squarks decay to di! erent Þnal states.
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analyses for a speciÞc Þnal state topology, rather than to the complex (and model dependent) mixture of133

di! erent topologies that would arise from a SUSY model involving many possible allowed production134

and decay channels. The sensitivity to simpliÞed models is discussed in section4.135
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in the following) are also considered, to assess the performance of the analyses in scenarios where the137

stop and sbottom typically have many allowed decay channels with competing branching ratios. Three138

di! erent sets of pMSSM models are considered, which take into account experimental constraints from139

LHC direct searches, satisfy the Higgs boson mass and dark matter relic density constraints, or additional140

constraints arising from considerations on naturalness. The sensitivity to these models is discussed in141

section5.142

3. General discussion on analysis strategy143

The rich phenomenology of third generation supersymmetric particles requires several di! erent event144

selections to target the wide range of possible topologies. A common analysis strategy and common145

statistical techniques, which are extensively described in Ref. [56], are employed.146

Signal regions (SR) are deÞned, which target one speciÞc model and SUSY mass parameter set. The147

event selection is optimised by relying on the Monte Carlo simulation of both the Standard Model (SM)148

background production processes and the signal itself. The optimisation process aims to maximise the149

expected signiÞcance for discovery or exclusion for each of the models considered.150

For each SR, multiple control regions (CR) are deÞned to constrain the normalisation of the most relevant151

SM production processes. The event selection of the CRs is mutually exclusive with that of the SRs.152

It is however chosen to be as close as possible to that of the signal region while keeping the signal153

contamination small, and such that the event yield is dominated by one speciÞc background process.154
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¥! Interpretations of the SM measurements such as spin correlations (&!  (l+,l-) ) or ' tt in 
the hypothesis of a top squark with mass close to the top quark. !

!

Reinterpreting Existing Analyses ! ! ! ! !  arXiv:1506.08616!

ICFNP2015 23-30th August! ATLAS 3rd Generation Squark Overview! 12!

Search for top squark production: Spin Correlations & ' tt Reinterpretation !

¥! mstop excluded between 150 and 191 GeV, for mNeutralino = 1GeV!
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Investigating additional Decay Modes! ! ! !  arXiv:1506.08616!

¥! New analysis targeted at models with mixed stop decay modes!
¥! Both                 and                 decay modes are available!
¥!      and      are nearly degenerate in mass!
¥! Various possible branching ratios for the two decays are investigated!
¥! Optimised for the 1L+2b + ET

Miss Þnal state (soft W* from      decay)!
¥! 4 SRs deÞned for different regions of the parameter space!
¥! Main backgrounds, W+Jets & top!

ICFNP2015 23-30th August! ATLAS 3rd Generation Squark Overview! 13!

Search for top squark production: t+b+ET
Miss Final State!
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Figure 8: Scenarios considered for the÷t1 ! b÷! ±
1 decay. A thicker red line indicates that the particle mass is kept

Þxed in the corresponding model

! m(÷! ±
1 , ÷! 0

1) <20 GeV, the b0L SRs provide the best sensitivity; for larger values of! m(÷! ±
1 , ÷! 0

1), the t1L312

and t2L SRs provide better sensitivity. A region of the parameter space withm÷t1
up to about 260 GeV and313

m÷! 0
1

between 100 GeV andm÷! ±
1

is not yet excluded.314

Inspired by gauge-universality considerations, the third scenario (Figures7cand8c) assumesm÷! ±
1

= 2m÷! 0
1
.315

This scenario is characterised by a relatively large! m(÷! ±
1 , ÷! 0

1). The t2L SRs dominate the sensitivity for316

m÷t1
⇠ m÷! ±

1
. The sensitivity of the dedicated t1L-bC is good all over the plane.317

Finally, the fourth scenario (Figures7d and 8d) assumes a rather compressed÷t1 � ÷! ±
1 spectrum, with318

m÷! ±
1

= m÷t1
� 10 GeV. The region at lowm÷t1

and largem÷! 0
1

is best covered by the t1L-bCc_diag, the t1L319

soft lepton and by the WW signal regions, while the t2L-SR provide the best sensitivity at large values of320

the stop mass.321

A Þnal scenario considered is one where the stop mass is Þxed at 300 GeV, and the exclusion limits are322

expressed in them÷! ±
1
�m÷! 0

1
plane. In the case of the compressed scenario, corresponding to a small mass323

di" erence! m(÷! ±
1 , ÷! 0

1), the fermions from theW(⇤) decay can escape detection and only the twob-jets324

andEmiss
T will be identiÞed in the Þnal state. The Þnal state is againbbEmiss

T , and the b0L signal regions325

are expected to have a large sensitivity in this case. For larger values of! m(÷! ±
1 , ÷! 0

1), the lepton can be326

observed, yielding a Þnal state signature investigated by the t1L soft-lepton signal region. A combination327

of the b0L and t1L SRs is performed by choosing, for each point of the plane, the SR giving the lowest328

CLs for expected exclusion. The result, reported in Figure9b, shows that a large portion of the plane is329

excluded, with the exception of a region where the mass separations between the÷t1, the ÷! ±
1 and the ÷! 0

1330

become small.331

Summarising, in the simpliÞed models with÷t1 ! b÷! ±
1 ! bW(⇤) ÷! 0

1, stop masses up to 450-600 GeV are332

generally excluded. Scenarios where! m(÷t1, ÷! 0
1) is small, are particularly di# cult to exclude and in these333

compressed scenarios, stop masses as low as 200 GeV are still allowed (Figure7b). A small unexcluded334

area is also left for a small region around
#
m÷t1

,m÷! ±
1
,m÷! 0

1

$
= (180,100,50) GeV (Figure7c), where the335

sensitivity of the analyses is poor because the signal kinematics are similar to SM top pair production.336
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Investigating additional Decay Modes! ! ! !  arXiv:1506.08616!

¥! Discrepancy in ' WW from both ATLAS "
and CMS in Run I, could have a SUSY "
explanation?!
¥! Analysis targeted at light stops!

¥! mstop - mLSP < mW !
¥! mW < mstop - mLSP < mtop !

¥! Optimised for 2 DF (e#) OS leptons Þnal state!
¥! 7 SRs with mT2(l,l) the main discriminating variable!
¥! Main background is WW production!

ICFNP2015 23-30th August! ATLAS 3rd Generation Squark Overview! 14!

Search for top squark production: WW-Like decay!

Sensitive to the region where the 
the 3 & 4 body stop decay overlap!
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Figure 2: Diagrams of÷t1 and ÷b1 decays considered in this paper as simpliÞed models. The diagrams do not show
ÒmixedÓ decays, in which the two pair produced third generation squarks decay to di! erent Þnal states.

A signiÞcantly more complex phenomenology has to be considered for the stop, depending on its mass105

and on the ÷! 0
1 mass. Figure1b shows the three main regions in them÷t1

" m÷! 0
1

plane that are taken into106

account. They are identiÞed by di! erent values of" m
!
÷t1, ÷! 0

1

"
= m÷t1

" m÷! 0
1
. In the Þrst region, where107

" m
!
÷t1, ÷! 0

1

"
> mt, the favoured decay is÷t1 ! t ÷! 0

1 (Figure2b). The second region, wheremW + mb <108

" m
!
÷t1, ÷! 0

1

"
< mt, is characterised by the 3-body decay (÷t1 ! Wb÷! 0

1 through an o! -shell top quark,109

Figure2c). The last region, where the value of" m
!
÷t1, ÷! 0

1

"
drops belowmW +mb, sees the 4-body decay110

÷t1 ! b f f#÷! 0
1 (where f and f # indicate generic fermions coming from the decay of an o! -shellW boson,111

Figure2d) competing with the ßavour changing decay3 ÷t1 ! c÷! 0
1 of Figure2e. The dominant decay112

depends on the details of the supersymmetric model chosen [48].113

If the third generation squark decay involves more SUSY particles (other than the ÷! 0
1), then additional114

dependencies on SUSY parameters arise. For example, if the lightest chargino (÷! ±
1) is the next-to-lightest115

supersymmetric particle (NLSP), then it is likely for the stop to have a signiÞcant branching ratio for116

÷t1 ! b÷! ±
1 (Figure2f), or, for the sbottom,÷b1 ! t ÷! ±

1 , if kinematically allowed (Figure2g). The presence117

of additional particles in the decay chain introduces dependencies of the phenomenology on their masses.118

Several possible scenarios have been considered, the most common being the gauge universality inspired119

m÷! ±
1
= 2m÷! 0

1
, favoured, for example, in mSUGRA/CMSSM models [49Ð54]; other interpretations include120

the case of a chargino almost degenerate with the neutralino (favoured, for example, in pMSSM models121

with µ $ M1, M2, whereµ, M1 and M2 are respectively the higgsino, the bino and the wino mass122

parameters), and, for the stop, of a chargino almost degenerate with the squark, or of a chargino of Þxed123

mass. Another possible decay channel considered for the sbottom is÷b1 ! b÷! 0
2 ! bh÷! 0

1 (Figure2h),124

which occurs in scenarios with a large higgsino component of the two lightest neutralinos.125

Despite the lower production cross section and similar Þnal states to÷t1, the heavier stop state (÷t2) pair126

3 The decay÷t1 ! u÷! 0
1, in the assumption of minimal ßavour violation, is further suppressed with respect to÷t1 ! c÷! 0

1 by
appropriate factors of the CKM matrix.
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Figure 2: Diagrams of t̃1 and b̃1 decays considered in this paper as simplified models. The diagrams do not show
“mixed” decays, in which the two pair produced third generation squarks decay to di↵erent final states.

A significantly more complex phenomenology has to be considered for the stop, depending on its mass105

and on the �̃0
1 mass. Figure 1b shows the three main regions in the mt̃1

� m�̃0
1

plane that are taken into106

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

t̃1, �̃
0
1

⌘

= mt̃1
� m�̃0

1
. In the first region, where107

�m
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t̃1, �̃
0
1
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> mt, the favoured decay is t̃1 ! t�̃0
1 (Figure 2b). The second region, where mW + mb <108

�m
⇣

t̃1, �̃
0
1

⌘

< mt, is characterised by the 3-body decay (t̃1 ! Wb�̃0
1 through an o↵-shell top quark,109

Figure 2c). The last region, where the value of �m
⇣

t̃1, �̃
0
1

⌘

drops below mW + mb, sees the 4-body decay110

t̃1 ! b f f 0�̃0
1 (where f and f 0 indicate generic fermions coming from the decay of an o↵-shell W boson,111

Figure 2d) competing with the flavour changing decay3 t̃1 ! c�̃0
1 of Figure 2e. The dominant decay112

depends on the details of the supersymmetric model chosen [48].113

If the third generation squark decay involves more SUSY particles (other than the �̃0
1), then additional114

dependencies on SUSY parameters arise. For example, if the lightest chargino (�̃±1 ) is the next-to-lightest115

supersymmetric particle (NLSP), then it is likely for the stop to have a significant branching ratio for116

t̃1 ! b�̃±1 (Figure 2f), or, for the sbottom, b̃1 ! t�̃±1 , if kinematically allowed (Figure 2g). The presence117

of additional particles in the decay chain introduces dependencies of the phenomenology on their masses.118

Several possible scenarios have been considered, the most common being the gauge universality inspired119

m�̃±1 = 2m�̃0
1
, favoured, for example, in mSUGRA/CMSSM models [49–54]; other interpretations include120

the case of a chargino almost degenerate with the neutralino (favoured, for example, in pMSSM models121

with µ ⌧ M1,M2, where µ, M1 and M2 are respectively the higgsino, the bino and the wino mass122

parameters), and, for the stop, of a chargino almost degenerate with the squark, or of a chargino of fixed123

mass. Another possible decay channel considered for the sbottom is b̃1 ! b�̃0
2 ! bh�̃0

1 (Figure 2h),124

which occurs in scenarios with a large higgsino component of the two lightest neutralinos.125

Despite the lower production cross section and similar final states to t̃1, the heavier stop state (t̃2) pair126

3 The decay t̃1 ! u�̃0
1, in the assumption of minimal flavour violation, is further suppressed with respect to t̃1 ! c�̃0

1 by
appropriate factors of the CKM matrix.

23rd April 2015 – 19:12 5

 [GeV]T2m
20 40 60 80 100 120 140 160

En
tri

es
 / 

5 
G

eV

1

10

210

 
-1 = 8 TeV, 20 fbs

ATLAS
Data
Monte Carlo (stat+syst)
Z+jets
tt
WW
Single top (Wt)
Fake leptons
Others

(100)0
1

!"(150), ±

1
!"(160), 1t

~

 [GeV]T2m
20 40 60 80 100 120 140 160

Da
ta

/S
M

0
0.5

1
1.5

 [GeV]
1

t
~m

50 100 150 200 250 300 350

 [G
eV

]
0 1

!"
m

0

20

40

60

80

100

120

140

160

180

200

220

240

-1 = 8 TeV, 20 fbs

0

1
!" W b # 1t

~
/ 

0

1
!" b f f' # 1t

~
 production, 1t

~
1t

~

)exp$1 ±Expected limit (

)theory
SUSY$1 ±Observed limit (

t2L

t1L

ATLAS



Combining Existing Analyses ! ! ! ! ! !  arXiv:1506.08616!

¥! A combination of the stop 0L & 1L analyses was performed, with a combined Þt to all 
control regions and signal regions!

ATLAS 3rd Generation Squark Overview! 15!

Stop 0L, 1L Combination!
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Figure 2: Diagrams of t̃1 and b̃1 decays considered in this paper as simplified models. The diagrams do not show
“mixed” decays, in which the two pair produced third generation squarks decay to di! erent final states.

A significantly more complex phenomenology has to be considered for the stop, depending on its mass105

and on the �̃0
1 mass. Figure 1b shows the three main regions in the mt̃1

� m�̃0
1

plane that are taken into106

account. They are identified by di! erent values of " m
⇣

t̃1, �̃
0
1

⌘

= mt̃1
� m�̃0

1
. In the first region, where107

" m
⇣

t̃1, �̃
0
1

⌘

> mt, the favoured decay is t̃1 ! t�̃0
1 (Figure 2b). The second region, where mW + mb <108

" m
⇣

t̃1, �̃
0
1

⌘

< mt, is characterised by the 3-body decay (t̃1 ! Wb�̃0
1 through an o! -shell top quark,109

Figure 2c). The last region, where the value of " m
⇣

t̃1, �̃
0
1

⌘

drops below mW + mb, sees the 4-body decay110

t̃1 ! b f f 0�̃0
1 (where f and f 0 indicate generic fermions coming from the decay of an o! -shell W boson,111

Figure 2d) competing with the flavour changing decay3 t̃1 ! c�̃0
1 of Figure 2e. The dominant decay112

depends on the details of the supersymmetric model chosen [48].113

If the third generation squark decay involves more SUSY particles (other than the �̃0
1), then additional114

dependencies on SUSY parameters arise. For example, if the lightest chargino (�̃±
1 ) is the next-to-lightest115

supersymmetric particle (NLSP), then it is likely for the stop to have a significant branching ratio for116

t̃1 ! b�̃±
1 (Figure 2f), or, for the sbottom, b̃1 ! t�̃±

1 , if kinematically allowed (Figure 2g). The presence117

of additional particles in the decay chain introduces dependencies of the phenomenology on their masses.118

Several possible scenarios have been considered, the most common being the gauge universality inspired119

m�̃±
1
= 2m�̃0

1
, favoured, for example, in mSUGRA/CMSSM models [49–54]; other interpretations include120

the case of a chargino almost degenerate with the neutralino (favoured, for example, in pMSSM models121

with µ ⌧ M1,M2, where µ, M1 and M2 are respectively the higgsino, the bino and the wino mass122

parameters), and, for the stop, of a chargino almost degenerate with the squark, or of a chargino of fixed123

mass. Another possible decay channel considered for the sbottom is b̃1 ! b�̃0
2 ! bh�̃0

1 (Figure 2h),124

which occurs in scenarios with a large higgsino component of the two lightest neutralinos.125

Despite the lower production cross section and similar final states to t̃1, the heavier stop state (t̃2) pair126

3 The decay t̃1 ! u�̃0
1, in the assumption of minimal flavour violation, is further suppressed with respect to t̃1 ! c�̃0

1 by
appropriate factors of the CKM matrix.
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Figure 2: Diagrams of t̃1 and b̃1 decays considered in this paper as simplified models. The diagrams do not show
“mixed” decays, in which the two pair produced third generation squarks decay to di↵erent final states.
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1 of Figure 2e. The dominant decay112
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If the third generation squark decay involves more SUSY particles (other than the �̃0
1), then additional114
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supersymmetric particle (NLSP), then it is likely for the stop to have a significant branching ratio for116
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1 (Figure 2f), or, for the sbottom, b̃1 ! t�̃±

1 , if kinematically allowed (Figure 2g). The presence117

of additional particles in the decay chain introduces dependencies of the phenomenology on their masses.118

Several possible scenarios have been considered, the most common being the gauge universality inspired119

m�̃±
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= 2m�̃0
1
, favoured, for example, in mSUGRA/CMSSM models [49–54]; other interpretations include120

the case of a chargino almost degenerate with the neutralino (favoured, for example, in pMSSM models121

with µ ⌧ M1,M2, where µ, M1 and M2 are respectively the higgsino, the bino and the wino mass122

parameters), and, for the stop, of a chargino almost degenerate with the squark, or of a chargino of fixed123

mass. Another possible decay channel considered for the sbottom is b̃1 ! b�̃0
2 ! bh�̃0

1 (Figure 2h),124

which occurs in scenarios with a large higgsino component of the two lightest neutralinos.125

Despite the lower production cross section and similar final states to t̃1, the heavier stop state (t̃2) pair126

3 The decay t̃1 ! u�̃0
1, in the assumption of minimal flavour violation, is further suppressed with respect to t̃1 ! c�̃0

1 by
appropriate factors of the CKM matrix.
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Figure 2: Diagrams of÷t1 and ÷b1 decays considered in this paper as simpliÞed models. The diagrams do not show
ÒmixedÓ decays, in which the two pair produced third generation squarks decay to di! erent Þnal states.

A signiÞcantly more complex phenomenology has to be considered for the stop, depending on its mass105

and on the ÷! 0
1 mass. Figure1b shows the three main regions in them÷t1
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plane that are taken into106
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1 through an o! -shell top quark,109

Figure2c). The last region, where the value of" m
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drops belowmW + mb, sees the 4-body decay110

÷t1 ! b f f#÷! 0
1 (where f and f # indicate generic fermions coming from the decay of an o! -shellW boson,111

Figure2d) competing with the ßavour changing decay3 ÷t1 ! c÷! 0
1 of Figure2e. The dominant decay112

depends on the details of the supersymmetric model chosen [48].113

If the third generation squark decay involves more SUSY particles (other than the ÷! 0
1), then additional114

dependencies on SUSY parameters arise. For example, if the lightest chargino (÷! ±
1) is the next-to-lightest115

supersymmetric particle (NLSP), then it is likely for the stop to have a signiÞcant branching ratio for116

÷t1 ! b÷! ±
1 (Figure2f), or, for the sbottom,÷b1 ! t ÷! ±

1 , if kinematically allowed (Figure2g). The presence117

of additional particles in the decay chain introduces dependencies of the phenomenology on their masses.118

Several possible scenarios have been considered, the most common being the gauge universality inspired119

m÷! ±
1

= 2m÷! 0
1
, favoured, for example, in mSUGRA/CMSSM models [49Ð54]; other interpretations include120

the case of a chargino almost degenerate with the neutralino (favoured, for example, in pMSSM models121

with µ $ M1, M2, whereµ, M1 and M2 are respectively the higgsino, the bino and the wino mass122

parameters), and, for the stop, of a chargino almost degenerate with the squark, or of a chargino of Þxed123

mass. Another possible decay channel considered for the sbottom is÷b1 ! b÷! 0
2 ! bh÷! 0

1 (Figure2h),124

which occurs in scenarios with a large higgsino component of the two lightest neutralinos.125

Despite the lower production cross section and similar Þnal states to÷t1, the heavier stop state (÷t2) pair126

3 The decay÷t1 ! u÷! 0
1, in the assumption of minimal ßavour violation, is further suppressed with respect to÷t1 ! c÷! 0

1 by
appropriate factors of the CKM matrix.
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Figure 2: Diagrams of÷t1 and ÷b1 decays considered in this paper as simpliÞed models. The diagrams do not show
ÒmixedÓ decays, in which the two pair produced third generation squarks decay to di! erent Þnal states.
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drops belowmW + mb, sees the 4-body decay110
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1 (where f and f 0 indicate generic fermions coming from the decay of an o! -shellW boson,111

Figure2d) competing with the ßavour changing decay3 ÷t1 ! c÷�0
1 of Figure2e. The dominant decay112

depends on the details of the supersymmetric model chosen [48].113
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mass. Another possible decay channel considered for the sbottom is÷b1 ! b÷�0
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Spin Correlation 
Reinterpretation!
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¥! While       is by deÞnition larger than      , in difÞcult regions of the phase space it is 
convenient to search for    pair production (as sensitivity to    is limited)!

Limits on pair production of the heavier stop eigenstate!
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Figure 3: Diagrams of÷t2 decays considered in this paper as simpliÞed models. The diagrams do not show ÒmixedÓ
decays, in which the two pair produced third generation squarks decay to di↵erent Þnal states.

production has also been studied: its search becomes interesting in scenarios where the detection of÷t1127

pair production becomes di�cult (for example if�m
⇣

÷t1, ÷�
0
1

⌘

" mt). The diagrams of the investigated128

processes are shown in Figure3.129

Two types of SUSY models are used to interpret the results in terms of exclusion limits. The simpliÞed130

model approach assumes that either a stop or a sbottom pair is produced and that they decay into well-131

deÞned Þnal states, involving one or two decay channels. SimpliÞed models are used to optimise the132

analyses for a speciÞc Þnal state topology, rather than to the complex (and model dependent) mixture of133

di↵erent topologies that would arise from a SUSY model involving many possible allowed production134

and decay channels. The sensitivity to simpliÞed models is discussed in section4.135

More complete phenomenological minimal supersymmetric extensions of the Standard Model [55] (pMSSM136

in the following) are also considered, to assess the performance of the analyses in scenarios where the137

stop and sbottom typically have many allowed decay channels with competing branching ratios. Three138

di↵erent sets of pMSSM models are considered, which take into account experimental constraints from139

LHC direct searches, satisfy the Higgs boson mass and dark matter relic density constraints, or additional140

constraints arising from considerations on naturalness. The sensitivity to these models is discussed in141

section5.142

3. General discussion on analysis strategy143

The rich phenomenology of third generation supersymmetric particles requires several di↵erent event144

selections to target the wide range of possible topologies. A common analysis strategy and common145

statistical techniques, which are extensively described in Ref. [56], are employed.146

Signal regions (SR) are deÞned, which target one speciÞc model and SUSY mass parameter set. The147

event selection is optimised by relying on the Monte Carlo simulation of both the Standard Model (SM)148

background production processes and the signal itself. The optimisation process aims to maximise the149

expected signiÞcance for discovery or exclusion for each of the models considered.150

For each SR, multiple control regions (CR) are deÞned to constrain the normalisation of the most relevant151

SM production processes. The event selection of the CRs is mutually exclusive with that of the SRs.152

It is however chosen to be as close as possible to that of the signal region while keeping the signal153

contamination small, and such that the event yield is dominated by one speciÞc background process.154

23rd April 2015 Ð 19:12 6

N
ot

re
vi

ew
ed

,f
or

in
te

rn
al

ci
rc

ul
at

io
n

on
ly

DRAFT

(a) ÷t2÷t2 ! ÷t1Z÷t1Z

÷t2

÷t2

÷t1

÷t1

p

p

h

÷! 0
1

t

h

÷! 0
1

t

(b) ÷t2÷t2 ! ÷t1h÷t1h

÷t2

÷t2
p

p

÷! 0
1

t

÷! 0
1

t

(c) ÷t2÷t2 ! t ÷�0
1t ÷�0

1

Figure 3: Diagrams of÷t2 decays considered in this paper as simpliÞed models. The diagrams do not show ÒmixedÓ
decays, in which the two pair produced third generation squarks decay to di! erent Þnal states.
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di! erent sets of pMSSM models are considered, which take into account experimental constraints from139

LHC direct searches, satisfy the Higgs boson mass and dark matter relic density constraints, or additional140

constraints arising from considerations on naturalness. The sensitivity to these models is discussed in141

section5.142

3. General discussion on analysis strategy143

The rich phenomenology of third generation supersymmetric particles requires several di! erent event144

selections to target the wide range of possible topologies. A common analysis strategy and common145

statistical techniques, which are extensively described in Ref. [56], are employed.146

Signal regions (SR) are deÞned, which target one speciÞc model and SUSY mass parameter set. The147

event selection is optimised by relying on the Monte Carlo simulation of both the Standard Model (SM)148

background production processes and the signal itself. The optimisation process aims to maximise the149

expected signiÞcance for discovery or exclusion for each of the models considered.150

For each SR, multiple control regions (CR) are deÞned to constrain the normalisation of the most relevant151

SM production processes. The event selection of the CRs is mutually exclusive with that of the SRs.152

It is however chosen to be as close as possible to that of the signal region while keeping the signal153

contamination small, and such that the event yield is dominated by one speciÞc background process.154
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di! erent sets of pMSSM models are considered, which take into account experimental constraints from139

LHC direct searches, satisfy the Higgs boson mass and dark matter relic density constraints, or additional140

constraints arising from considerations on naturalness. The sensitivity to these models is discussed in141

section5.142

3. General discussion on analysis strategy143

The rich phenomenology of third generation supersymmetric particles requires several di! erent event144

selections to target the wide range of possible topologies. A common analysis strategy and common145

statistical techniques, which are extensively described in Ref. [56], are employed.146

Signal regions (SR) are deÞned, which target one speciÞc model and SUSY mass parameter set. The147

event selection is optimised by relying on the Monte Carlo simulation of both the Standard Model (SM)148

background production processes and the signal itself. The optimisation process aims to maximise the149

expected signiÞcance for discovery or exclusion for each of the models considered.150

For each SR, multiple control regions (CR) are deÞned to constrain the normalisation of the most relevant151

SM production processes. The event selection of the CRs is mutually exclusive with that of the SRs.152

It is however chosen to be as close as possible to that of the signal region while keeping the signal153

contamination small, and such that the event yield is dominated by one speciÞc background process.154
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Figure 2: Diagrams of÷t1 and ÷b1 decays considered in this paper as simpliÞed models. The diagrams do not show
ÒmixedÓ decays, in which the two pair produced third generation squarks decay to di! erent Þnal states.

A signiÞcantly more complex phenomenology has to be considered for the stop, depending on its mass105

and on the ÷�0
1 mass. Figure1b shows the three main regions in them÷t1

� m÷�0
1

plane that are taken into106

account. They are identiÞed by di! erent values of" m
!
÷t1, ÷�

0
1

"
= m÷t1

� m÷�0
1
. In the Þrst region, where107

" m
!
÷t1, ÷�

0
1

"
> mt, the favoured decay is÷t1 ! t ÷�0

1 (Figure2b). The second region, wheremW + mb <108

" m
!
÷t1, ÷�

0
1

"
< mt, is characterised by the 3-body decay (÷t1 ! Wb÷�0

1 through an o! -shell top quark,109

Figure2c). The last region, where the value of" m
!
÷t1, ÷�

0
1

"
drops belowmW + mb, sees the 4-body decay110

÷t1 ! b f f 0 ÷�0
1 (where f and f 0 indicate generic fermions coming from the decay of an o! -shellW boson,111

Figure2d) competing with the ßavour changing decay3 ÷t1 ! c÷�0
1 of Figure2e. The dominant decay112

depends on the details of the supersymmetric model chosen [48].113

If the third generation squark decay involves more SUSY particles (other than the ÷�0
1), then additional114

dependencies on SUSY parameters arise. For example, if the lightest chargino (÷�±1) is the next-to-lightest115

supersymmetric particle (NLSP), then it is likely for the stop to have a signiÞcant branching ratio for116

÷t1 ! b÷�±1 (Figure2f), or, for the sbottom,÷b1 ! t ÷�±1 , if kinematically allowed (Figure2g). The presence117

of additional particles in the decay chain introduces dependencies of the phenomenology on their masses.118

Several possible scenarios have been considered, the most common being the gauge universality inspired119

m÷�±1
= 2m÷�0

1
, favoured, for example, in mSUGRA/CMSSM models [49Ð54]; other interpretations include120

the case of a chargino almost degenerate with the neutralino (favoured, for example, in pMSSM models121

with µ ⌧ M1,M2, whereµ, M1 and M2 are respectively the higgsino, the bino and the wino mass122

parameters), and, for the stop, of a chargino almost degenerate with the squark, or of a chargino of Þxed123

mass. Another possible decay channel considered for the sbottom is÷b1 ! b÷�0
2 ! bh÷�0

1 (Figure2h),124

which occurs in scenarios with a large higgsino component of the two lightest neutralinos.125

Despite the lower production cross section and similar Þnal states to÷t1, the heavier stop state (÷t2) pair126

3 The decay÷t1 ! u÷�0
1, in the assumption of minimal ßavour violation, is further suppressed with respect to÷t1 ! c÷�0

1 by
appropriate factors of the CKM matrix.
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Figure 2: Diagrams of÷t1 and ÷b1 decays considered in this paper as simpliÞed models. The diagrams do not show
ÒmixedÓ decays, in which the two pair produced third generation squarks decay to di! erent Þnal states.

A signiÞcantly more complex phenomenology has to be considered for the stop, depending on its mass105

and on the ÷�0
1 mass. Figure1b shows the three main regions in them÷t1

� m÷�0
1

plane that are taken into106

account. They are identiÞed by di! erent values of" m
!
÷t1, ÷�0

1

"
= m÷t1

� m÷�0
1
. In the Þrst region, where107
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!
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> mt, the favoured decay is÷t1 ! t ÷�0

1 (Figure2b). The second region, wheremW + mb <108

" m
!
÷t1, ÷�0

1

"
< mt, is characterised by the 3-body decay (÷t1 ! Wb÷�0

1 through an o! -shell top quark,109

Figure2c). The last region, where the value of" m
!
÷t1, ÷�0

1

"
drops belowmW + mb, sees the 4-body decay110

÷t1 ! b f f 0 ÷�0
1 (where f and f 0 indicate generic fermions coming from the decay of an o! -shellW boson,111

Figure2d) competing with the ßavour changing decay3 ÷t1 ! c÷�0
1 of Figure2e. The dominant decay112

depends on the details of the supersymmetric model chosen [48].113

If the third generation squark decay involves more SUSY particles (other than the ÷�0
1), then additional114

dependencies on SUSY parameters arise. For example, if the lightest chargino (÷�±
1) is the next-to-lightest115

supersymmetric particle (NLSP), then it is likely for the stop to have a signiÞcant branching ratio for116

÷t1 ! b÷�±
1 (Figure2f), or, for the sbottom,÷b1 ! t ÷�±

1, if kinematically allowed (Figure2g). The presence117

of additional particles in the decay chain introduces dependencies of the phenomenology on their masses.118

Several possible scenarios have been considered, the most common being the gauge universality inspired119

m÷�±
1

= 2m÷�0
1
, favoured, for example, in mSUGRA/CMSSM models [49Ð54]; other interpretations include120

the case of a chargino almost degenerate with the neutralino (favoured, for example, in pMSSM models121

with µ ⌧ M1, M2, whereµ, M1 and M2 are respectively the higgsino, the bino and the wino mass122

parameters), and, for the stop, of a chargino almost degenerate with the squark, or of a chargino of Þxed123

mass. Another possible decay channel considered for the sbottom is÷b1 ! b÷�0
2 ! bh÷�0

1 (Figure2h),124

which occurs in scenarios with a large higgsino component of the two lightest neutralinos.125

Despite the lower production cross section and similar Þnal states to÷t1, the heavier stop state (÷t2) pair126

3 The decay÷t1 ! u÷�0
1, in the assumption of minimal ßavour violation, is further suppressed with respect to÷t1 ! c÷�0

1 by
appropriate factors of the CKM matrix.
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Figure 2: Diagrams of÷t1 and ÷b1 decays considered in this paper as simpliÞed models. The diagrams do not show
ÒmixedÓ decays, in which the two pair produced third generation squarks decay to di! erent Þnal states.

A signiÞcantly more complex phenomenology has to be considered for the stop, depending on its mass105

and on the ÷! 0
1 mass. Figure1b shows the three main regions in them÷t1
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plane that are taken into106

account. They are identiÞed by di! erent values of" m
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. In the Þrst region, where107

" m
!
÷t1, ÷! 0

1

"
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1 (Figure2b). The second region, wheremW + mb <108
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< mt, is characterised by the 3-body decay (÷t1 ! Wb÷! 0

1 through an o! -shell top quark,109

Figure2c). The last region, where the value of" m
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drops belowmW + mb, sees the 4-body decay110

÷t1 ! b f f#÷! 0
1 (where f and f # indicate generic fermions coming from the decay of an o! -shellW boson,111

Figure2d) competing with the ßavour changing decay3 ÷t1 ! c÷! 0
1 of Figure2e. The dominant decay112

depends on the details of the supersymmetric model chosen [48].113

If the third generation squark decay involves more SUSY particles (other than the ÷! 0
1), then additional114

dependencies on SUSY parameters arise. For example, if the lightest chargino (÷! ±
1) is the next-to-lightest115

supersymmetric particle (NLSP), then it is likely for the stop to have a signiÞcant branching ratio for116

÷t1 ! b÷! ±
1 (Figure2f), or, for the sbottom,÷b1 ! t ÷! ±

1 , if kinematically allowed (Figure2g). The presence117

of additional particles in the decay chain introduces dependencies of the phenomenology on their masses.118

Several possible scenarios have been considered, the most common being the gauge universality inspired119
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= 2m÷! 0
1
, favoured, for example, in mSUGRA/CMSSM models [49Ð54]; other interpretations include120

the case of a chargino almost degenerate with the neutralino (favoured, for example, in pMSSM models121

with µ $ M1, M2, whereµ, M1 and M2 are respectively the higgsino, the bino and the wino mass122

parameters), and, for the stop, of a chargino almost degenerate with the squark, or of a chargino of Þxed123

mass. Another possible decay channel considered for the sbottom is÷b1 ! b÷! 0
2 ! bh÷! 0

1 (Figure2h),124

which occurs in scenarios with a large higgsino component of the two lightest neutralinos.125

Despite the lower production cross section and similar Þnal states to÷t1, the heavier stop state (÷t2) pair126

3 The decay÷t1 ! u÷! 0
1, in the assumption of minimal ßavour violation, is further suppressed with respect to÷t1 ! c÷! 0

1 by
appropriate factors of the CKM matrix.
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¥! Third generation searches targeting early Run II data. "
One example of which is the sbottom analysis              "
with a similar analysis strategy to Run I!

¥! Targeting Þnal states with 2 b-jets and a large amount "
of missing transverse momentum!

¥! As in the Run I analysis the main discriminating variable is mCT!

¥! With a 20% uncertainty and an integrated luminosity of 10fb-1, 3' evidence can be 
obtained for a sbottom with mass % 800 GeV!

!

Preparation for Run II!
Sbottom Analysis!
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Figure 2: Diagrams of÷t1 and ÷b1 decays considered in this paper as simpliÞed models. The diagrams do not show
ÒmixedÓ decays, in which the two pair produced third generation squarks decay to di! erent Þnal states.

A signiÞcantly more complex phenomenology has to be considered for the stop, depending on its mass105
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1 (where f and f 0 indicate generic fermions coming from the decay of an o! -shellW boson,111

Figure2d) competing with the ßavour changing decay3 ÷t1 ! c÷�0
1 of Figure2e. The dominant decay112

depends on the details of the supersymmetric model chosen [48].113

If the third generation squark decay involves more SUSY particles (other than the ÷�0
1), then additional114

dependencies on SUSY parameters arise. For example, if the lightest chargino (÷�±1) is the next-to-lightest115

supersymmetric particle (NLSP), then it is likely for the stop to have a signiÞcant branching ratio for116

÷t1 ! b÷�±1 (Figure2f), or, for the sbottom,÷b1 ! t ÷�±1 , if kinematically allowed (Figure2g). The presence117

of additional particles in the decay chain introduces dependencies of the phenomenology on their masses.118

Several possible scenarios have been considered, the most common being the gauge universality inspired119

m÷�±1
= 2m÷�0

1
, favoured, for example, in mSUGRA/CMSSM models [49Ð54]; other interpretations include120

the case of a chargino almost degenerate with the neutralino (favoured, for example, in pMSSM models121

with µ ⌧ M1,M2, whereµ, M1 and M2 are respectively the higgsino, the bino and the wino mass122

parameters), and, for the stop, of a chargino almost degenerate with the squark, or of a chargino of Þxed123

mass. Another possible decay channel considered for the sbottom is÷b1 ! b÷�0
2 ! bh÷�0

1 (Figure2h),124

which occurs in scenarios with a large higgsino component of the two lightest neutralinos.125

Despite the lower production cross section and similar Þnal states to÷t1, the heavier stop state (÷t2) pair126

3 The decay÷t1 ! u÷�0
1, in the assumption of minimal ßavour violation, is further suppressed with respect to÷t1 ! c÷�0

1 by
appropriate factors of the CKM matrix.
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increased centre of mass energy and instantaneous luminosity in Run-2, similarly to the 0-lepton analysis
(Section4).

Figure8 shows the expectedmCT distribution for the background and a few sbottom pair production signal
models, assuming a total integrated luminosity of 5 fb! 1. The dominant background in the signal region
is found to be the production of aZ boson decaying to neutrinos, in association with heavy ßavour jets
(Z(" ! ø! )+hf), with smaller contributions fromW+hf and single top production.
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The signal region described above is used for the discovery prospects for sbottom pair production with each
sbottom decaying exclusively as÷b1 " b ÷" 0

1, consideringm÷! 0
1

= 1 GeV and sbottom masses ranging from
700 to 1000 GeV. Figure9 shows thep-values as a function of the sbottom mass for di! erent integrated
luminosities. Two scenarios are considered for the total background uncertainty: 20% and 40%. The
former value is an estimation from Run-1 results and the latter a more conservative assumption for early
Run-2. With a 20% background uncertainty and an integrated luminosity of 10 fb! 1, 3# evidence can be
obtained for a sbottom with a mass of# 780 GeV.
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¥! Dedicated program of searches for 3rd generation squarks in Run I.!
¥! Run I program almost complete, remaining analyses are Þnalising results etc.!
¥! Run II preparation well underway for all analysis groups, discovery potential 

with between 5-10fb-1, but Þrst we need to ÒrediscoverÓ the SM!

!

Summary!
 !
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Third Generation Summary Paper ! ! ! ! !  arXiv:1506.08616!

¥! The only SUSY particles produced are the stop and the neutralino (neutralino is the 
LSP)!

Ð! Stop decay modes are deÞned by                  leading to 4"
kinematic regions:!

!

7/5/2015!
Third Generation Summary Paper 

Overview!
2
4!

Stop Decays without Charginos in the Decay Chain!

Δ! "!! #!χ
$
%&

¥!  !
Ð! Two competing decays (                                   ) the dominant of 

which is dependent upon the mass separation and the amount of 
ßavour violation allowed in the model.!

¥!   !
Ð! The                      three body decay is dominant !

¥!  !
Ð! Almost degenerate stop and top, kinematics are similar to that of 

SM top pair production. Limits obtained by performing precision 
SM measurements (    spin correlation analysis)!

¥!  !
Ð!                   is the dominant decay mode. Results are obtained by 

performing a statistical combination of the stop 0 & 1 Lepton 
analyses.!

Ð! Lepton selection makes SR selections mutually exclusive!
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Figure 2: Diagrams of÷t1 and ÷b1 decays considered in this paper as simpliÞed models. The diagrams do not show
ÒmixedÓ decays, in which the two pair produced third generation squarks decay to di! erent Þnal states.

A signiÞcantly more complex phenomenology has to be considered for the stop, depending on its mass105

and on the ÷�0
1 mass. Figure1b shows the three main regions in them÷t1

" m÷�0
1

plane that are taken into106

account. They are identiÞed by di! erent values of" m
!
÷t1, ÷�0

1

"
= m÷t1

" m÷�0
1
. In the Þrst region, where107

" m
!
÷t1, ÷�0

1

"
> mt, the favoured decay is÷t1 ! t ÷�0

1 (Figure2b). The second region, wheremW + mb <108

" m
!
÷t1, ÷�0

1

"
< mt, is characterised by the 3-body decay (÷t1 ! Wb÷�0

1 through an o! -shell top quark,109

Figure2c). The last region, where the value of" m
!
÷t1, ÷�0

1

"
drops belowmW + mb, sees the 4-body decay110

÷t1 ! b f f#÷�0
1 (where f and f # indicate generic fermions coming from the decay of an o! -shellW boson,111

Figure2d) competing with the ßavour changing decay3 ÷t1 ! c÷�0
1 of Figure2e. The dominant decay112

depends on the details of the supersymmetric model chosen [48].113

If the third generation squark decay involves more SUSY particles (other than the ÷�0
1), then additional114

dependencies on SUSY parameters arise. For example, if the lightest chargino (÷�±1) is the next-to-lightest115

supersymmetric particle (NLSP), then it is likely for the stop to have a signiÞcant branching ratio for116

÷t1 ! b÷�±1 (Figure2f), or, for the sbottom,÷b1 ! t ÷�±1 , if kinematically allowed (Figure2g). The presence117

of additional particles in the decay chain introduces dependencies of the phenomenology on their masses.118

Several possible scenarios have been considered, the most common being the gauge universality inspired119

m÷�±1
= 2m÷�0

1
, favoured, for example, in mSUGRA/CMSSM models [49Ð54]; other interpretations include120

the case of a chargino almost degenerate with the neutralino (favoured, for example, in pMSSM models121

with µ $ M1, M2, whereµ, M1 and M2 are respectively the higgsino, the bino and the wino mass122

parameters), and, for the stop, of a chargino almost degenerate with the squark, or of a chargino of Þxed123

mass. Another possible decay channel considered for the sbottom is÷b1 ! b÷�0
2 ! bh÷�0

1 (Figure2h),124

which occurs in scenarios with a large higgsino component of the two lightest neutralinos.125

Despite the lower production cross section and similar Þnal states to÷t1, the heavier stop state (÷t2) pair126

3 The decay÷t1 ! u÷�0
1, in the assumption of minimal ßavour violation, is further suppressed with respect to÷t1 ! c÷�0

1 by
appropriate factors of the CKM matrix.
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Figure 2: Diagrams of÷t1 and ÷b1 decays considered in this paper as simpliÞed models. The diagrams do not show
ÒmixedÓ decays, in which the two pair produced third generation squarks decay to di! erent Þnal states.

A signiÞcantly more complex phenomenology has to be considered for the stop, depending on its mass105

and on the ÷! 0
1 mass. Figure1b shows the three main regions in them÷t1

" m÷! 0
1

plane that are taken into106

account. They are identiÞed by di! erent values of" m
!
÷t1, ÷! 0

1

"
= m÷t1

" m÷! 0
1
. In the Þrst region, where107

" m
!
÷t1, ÷! 0

1

"
> mt, the favoured decay is÷t1 ! t ÷! 0

1 (Figure2b). The second region, wheremW + mb <108

" m
!
÷t1, ÷! 0

1

"
< mt, is characterised by the 3-body decay (÷t1 ! Wb÷! 0

1 through an o! -shell top quark,109

Figure2c). The last region, where the value of" m
!
÷t1, ÷! 0

1

"
drops belowmW +mb, sees the 4-body decay110

÷t1 ! b f f#÷! 0
1 (where f and f # indicate generic fermions coming from the decay of an o! -shellW boson,111

Figure2d) competing with the ßavour changing decay3 ÷t1 ! c÷! 0
1 of Figure2e. The dominant decay112

depends on the details of the supersymmetric model chosen [48].113

If the third generation squark decay involves more SUSY particles (other than the ÷! 0
1), then additional114

dependencies on SUSY parameters arise. For example, if the lightest chargino (÷! ±
1) is the next-to-lightest115

supersymmetric particle (NLSP), then it is likely for the stop to have a signiÞcant branching ratio for116

÷t1 ! b÷! ±
1 (Figure2f), or, for the sbottom,÷b1 ! t ÷! ±

1 , if kinematically allowed (Figure2g). The presence117

of additional particles in the decay chain introduces dependencies of the phenomenology on their masses.118

Several possible scenarios have been considered, the most common being the gauge universality inspired119

m÷! ±
1
= 2m÷! 0

1
, favoured, for example, in mSUGRA/CMSSM models [49Ð54]; other interpretations include120

the case of a chargino almost degenerate with the neutralino (favoured, for example, in pMSSM models121

with µ $ M1, M2, whereµ, M1 and M2 are respectively the higgsino, the bino and the wino mass122

parameters), and, for the stop, of a chargino almost degenerate with the squark, or of a chargino of Þxed123

mass. Another possible decay channel considered for the sbottom is÷b1 ! b÷! 0
2 ! bh÷! 0

1 (Figure2h),124

which occurs in scenarios with a large higgsino component of the two lightest neutralinos.125

Despite the lower production cross section and similar Þnal states to÷t1, the heavier stop state (÷t2) pair126

3 The decay÷t1 ! u÷! 0
1, in the assumption of minimal ßavour violation, is further suppressed with respect to÷t1 ! c÷! 0

1 by
appropriate factors of the CKM matrix.
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Figure 2: Diagrams of t̃1 and b̃1 decays considered in this paper as simplified models. The diagrams do not show
“mixed” decays, in which the two pair produced third generation squarks decay to di↵erent final states.

A significantly more complex phenomenology has to be considered for the stop, depending on its mass105

and on the �̃0
1 mass. Figure 1b shows the three main regions in the mt̃1

� m�̃0
1

plane that are taken into106

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

t̃1, �̃
0
1

⌘

= mt̃1
� m�̃0

1
. In the first region, where107

�m
⇣

t̃1, �̃
0
1

⌘

> mt, the favoured decay is t̃1 ! t�̃0
1 (Figure 2b). The second region, where mW + mb <108

�m
⇣

t̃1, �̃
0
1

⌘

< mt, is characterised by the 3-body decay (t̃1 ! Wb�̃0
1 through an o↵-shell top quark,109

Figure 2c). The last region, where the value of �m
⇣

t̃1, �̃
0
1

⌘

drops below mW + mb, sees the 4-body decay110

t̃1 ! b f f 0�̃0
1 (where f and f 0 indicate generic fermions coming from the decay of an o↵-shell W boson,111

Figure 2d) competing with the flavour changing decay3 t̃1 ! c�̃0
1 of Figure 2e. The dominant decay112

depends on the details of the supersymmetric model chosen [48].113

If the third generation squark decay involves more SUSY particles (other than the �̃0
1), then additional114

dependencies on SUSY parameters arise. For example, if the lightest chargino (�̃±1 ) is the next-to-lightest115

supersymmetric particle (NLSP), then it is likely for the stop to have a significant branching ratio for116

t̃1 ! b�̃±1 (Figure 2f), or, for the sbottom, b̃1 ! t�̃±1 , if kinematically allowed (Figure 2g). The presence117

of additional particles in the decay chain introduces dependencies of the phenomenology on their masses.118

Several possible scenarios have been considered, the most common being the gauge universality inspired119

m�̃±1 = 2m�̃0
1
, favoured, for example, in mSUGRA/CMSSM models [49–54]; other interpretations include120

the case of a chargino almost degenerate with the neutralino (favoured, for example, in pMSSM models121

with µ ⌧ M1,M2, where µ, M1 and M2 are respectively the higgsino, the bino and the wino mass122

parameters), and, for the stop, of a chargino almost degenerate with the squark, or of a chargino of fixed123

mass. Another possible decay channel considered for the sbottom is b̃1 ! b�̃0
2 ! bh�̃0

1 (Figure 2h),124

which occurs in scenarios with a large higgsino component of the two lightest neutralinos.125

Despite the lower production cross section and similar final states to t̃1, the heavier stop state (t̃2) pair126

3 The decay t̃1 ! u�̃0
1, in the assumption of minimal flavour violation, is further suppressed with respect to t̃1 ! c�̃0

1 by
appropriate factors of the CKM matrix.
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Figure 2: Diagrams of÷t1 and ÷b1 decays considered in this paper as simpliÞed models. The diagrams do not show
ÒmixedÓ decays, in which the two pair produced third generation squarks decay to di↵erent Þnal states.

A signiÞcantly more complex phenomenology has to be considered for the stop, depending on its mass105

and on the ÷! 0
1 mass. Figure1b shows the three main regions in them÷t1

" m÷! 0
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plane that are taken into106

account. They are identiÞed by di↵erent values of�m
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drops belowmW +mb, sees the 4-body decay110

÷t1 ! b f f#÷! 0
1 (where f and f # indicate generic fermions coming from the decay of an o↵-shellW boson,111

Figure2d) competing with the ßavour changing decay3 ÷t1 ! c÷! 0
1 of Figure2e. The dominant decay112

depends on the details of the supersymmetric model chosen [48].113

If the third generation squark decay involves more SUSY particles (other than the ÷! 0
1), then additional114

dependencies on SUSY parameters arise. For example, if the lightest chargino (÷! ±
1) is the next-to-lightest115

supersymmetric particle (NLSP), then it is likely for the stop to have a signiÞcant branching ratio for116

÷t1 ! b÷! ±
1 (Figure2f), or, for the sbottom,÷b1 ! t ÷! ±

1 , if kinematically allowed (Figure2g). The presence117

of additional particles in the decay chain introduces dependencies of the phenomenology on their masses.118

Several possible scenarios have been considered, the most common being the gauge universality inspired119

m÷! ±
1
= 2m÷! 0

1
, favoured, for example, in mSUGRA/CMSSM models [49Ð54]; other interpretations include120

the case of a chargino almost degenerate with the neutralino (favoured, for example, in pMSSM models121

with µ $ M1,M2, whereµ, M1 and M2 are respectively the higgsino, the bino and the wino mass122

parameters), and, for the stop, of a chargino almost degenerate with the squark, or of a chargino of Þxed123

mass. Another possible decay channel considered for the sbottom is÷b1 ! b÷! 0
2 ! bh÷! 0

1 (Figure2h),124

which occurs in scenarios with a large higgsino component of the two lightest neutralinos.125

Despite the lower production cross section and similar Þnal states to÷t1, the heavier stop state (÷t2) pair126

3 The decay÷t1 ! u÷! 0
1, in the assumption of minimal ßavour violation, is further suppressed with respect to÷t1 ! c÷! 0

1 by
appropriate factors of the CKM matrix.
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sections 4 and 5. The analyses that have been already published are only briefly reviewed, while those83

presented for the first time in this paper are discussed in detail. Appendix C provides further details on84

a combination between analyses that is performed in this paper for the first time. Finally Appendix D85

provides details on the generation and simulation of the signal Monte Carlo samples used to derive the86

limits presented.87

2. Third generation squark phenomenology88

The cross section for direct stop pair production in proton-proton collisions at
p

s = 8 TeV as a function89

of the stop mass as calculated with PROSPINO [43, 44] is shown in Figure 1a. It is calculated to next-90

to-leading order in the strong coupling constant, adding the resummation of soft gluon emission at next-91

to-leading-logarithmic accuracy (NLO+NLL) [45–47]. In this paper, the nominal cross section and the92

uncertainty are taken from an envelope of cross section predictions using di↵erent parton distribution93

function (PDF) sets and factorisation and renormalisation scales described in Ref. [44]. The di↵erence in94

cross section between the sbottom and stop pair production is known to be small [46], hence the result of95

Figure 1a applies to both sbottom and stop pair production.96
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Figure 1: (a) Direct stop pair production cross section at
p

s = 8 TeV as a function of the stop mass. The band
illustrates the uncertainty on the cross section due to scale and PDF variations. (b) Illustration of stop decay modes
in the plane spanned by the masses of the stop (t̃1) and the lightest neutralino (�̃0

1), where the latter is assumed to be
the lightest supersymmetric particle and the only one present in the decay.

Searches for direct production of stops and sbottoms by the ATLAS collaboration have covered several97

di↵erent possible final state topologies. The experimental signatures used to identify these processes98

depend on the masses of the stop or sbottom, on the masses of the other supersymmetric particles they99

can decay into, and on other parameters of the model, such as the stop and sbottom left-right mixing and100

the mixing between the gaugino and higgsino states in the chargino-neutralino sector.101

Assuming that the lightest supersymmetric particle is a stable neutralino (�̃0
1), and that no other super-102

symmetric particle plays a significant role in the sbottom decay, the decay chain of the sbottom is simply103

b̃1 ! b�̃0
1 (Figure 2a).104
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2

Figure 2: Diagrams of t̃1 and b̃1 decays considered in this paper as simplified models. The diagrams do not show
“mixed” decays, in which the two pair produced third generation squarks decay to di! erent final states.

A significantly more complex phenomenology has to be considered for the stop, depending on its mass105

and on the �̃0
1 mass. Figure 1b shows the three main regions in the mt̃1

� m�̃0
1

plane that are taken into106

account. They are identified by di! erent values of " m
!
t̃1, �̃0

1

"
= mt̃1

� m�̃0
1
. In the first region, where107

" m
!
t̃1, �̃0

1

"
> mt, the favoured decay is t̃1 ! t�̃0

1 (Figure 2b). The second region, where mW + mb <108

" m
!
t̃1, �̃0

1

"
< mt, is characterised by the 3-body decay (t̃1 ! Wb�̃0

1 through an o! -shell top quark,109

Figure 2c). The last region, where the value of " m
!
t̃1, �̃0

1

"
drops below mW + mb, sees the 4-body decay110

t̃1 ! b f f 0�̃0
1 (where f and f 0 indicate generic fermions coming from the decay of an o! -shell W boson,111

Figure 2d) competing with the flavour changing decay3 t̃1 ! c�̃0
1 of Figure 2e. The dominant decay112

depends on the details of the supersymmetric model chosen [48].113

If the third generation squark decay involves more SUSY particles (other than the �̃0
1), then additional114

dependencies on SUSY parameters arise. For example, if the lightest chargino (�̃±
1 ) is the next-to-lightest115

supersymmetric particle (NLSP), then it is likely for the stop to have a significant branching ratio for116

t̃1 ! b�̃±
1 (Figure 2f), or, for the sbottom, b̃1 ! t�̃±

1 , if kinematically allowed (Figure 2g). The presence117

of additional particles in the decay chain introduces dependencies of the phenomenology on their masses.118

Several possible scenarios have been considered, the most common being the gauge universality inspired119

m�̃±
1

= 2m�̃0
1
, favoured, for example, in mSUGRA/CMSSM models [49–54]; other interpretations include120

the case of a chargino almost degenerate with the neutralino (favoured, for example, in pMSSM models121

with µ ⌧ M1, M2, where µ, M1 and M2 are respectively the higgsino, the bino and the wino mass122

parameters), and, for the stop, of a chargino almost degenerate with the squark, or of a chargino of fixed123

mass. Another possible decay channel considered for the sbottom is b̃1 ! b�̃0
2 ! bh�̃0

1 (Figure 2h),124

which occurs in scenarios with a large higgsino component of the two lightest neutralinos.125

Despite the lower production cross section and similar final states to t̃1, the heavier stop state (t̃2) pair126

3 The decay t̃1 ! u�̃0
1, in the assumption of minimal flavour violation, is further suppressed with respect to t̃1 ! c�̃0

1 by
appropriate factors of the CKM matrix.
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Figure 7: Summary of the dedicated ATLAS searches for stop pair production based on 20 fb! 1 of proton-proton
collision data taken at

"
s = 8 TeV. The decay mode÷t1 # b÷! ±

1 with ÷! ±
1 # W$ ÷! 0

1 is assumed with a branching ratio
of 100%. Various hypotheses on the÷t1, ÷! ±

1 , and ÷! 0
1 mass hierarchy are used. Exclusion limits at 95% CL are shown

in the÷t1 ! ÷! 0
1 mass plane. The dashed and solid lines show the expected and observed limits, respectively, including

all uncertainties except the theoretical signal cross section uncertainty (PDF and scale). Wherever not superseded
by any

"
s = 8 TeV analysis, results obtained by analyses using 4.7 fb! 1 of proton-proton collision data taken at"

s = 7 TeV are also shown, with the corresponding reference.
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Figure 7: Summary of the dedicated ATLAS searches for stop pair production based on 20 fb! 1 of proton-proton
collision data taken at

"
s = 8 TeV. The decay mode÷t1 # b÷! ±

1 with ÷! ±
1 # W$ ÷! 0

1 is assumed with a branching ratio
of 100%. Various hypotheses on the÷t1, ÷! ±

1 , and ÷! 0
1 mass hierarchy are used. Exclusion limits at 95% CL are shown

in the÷t1 ! ÷! 0
1 mass plane. The dashed and solid lines show the expected and observed limits, respectively, including

all uncertainties except the theoretical signal cross section uncertainty (PDF and scale). Wherever not superseded
by any
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s = 8 TeV analysis, results obtained by analyses using 4.7 fb! 1 of proton-proton collision data taken at"

s = 7 TeV are also shown, with the corresponding reference.
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Figure 7: Summary of the dedicated ATLAS searches for stop pair production based on 20 fb�1 of proton-proton
collision data taken at

p
s = 8 TeV. The decay mode÷t1 ! b÷! ±

1 with ÷! ±
1 ! W⇤ ÷! 0

1 is assumed with a branching ratio
of 100%. Various hypotheses on the÷t1, ÷! ±

1 , and ÷! 0
1 mass hierarchy are used. Exclusion limits at 95% CL are shown

in the÷t1� ÷! 0
1 mass plane. The dashed and solid lines show the expected and observed limits, respectively, including

all uncertainties except the theoretical signal cross section uncertainty (PDF and scale). Wherever not superseded
by any

p
s = 8 TeV analysis, results obtained by analyses using 4.7 fb�1 of proton-proton collision data taken atp

s = 7 TeV are also shown, with the corresponding reference.
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Third Generation Summary Paper!

¥! The 3rd generation analyses are also used to place limits on three, more realistic, 
pMSSM scenarios. !

¥! Naturalness-inspired pMSSM!
Ð! Requires higgsino mass parameter (#) in the range of a few hundred GeV!
Ð! Favours stop masses below 1 TeV (also weak constraints on gluino masses)!
Ð! Maximal stop mixing!
Ð! Generated by varying # and        , the left handed squark mass parameter: "

100 < # < 750 GeV, 350 <         < 900 GeV !
¥! Well-tempered neutralino pMSSM!

Ð! Designed to explicitly satisfy dark matter thermal relic density constraints, while keeping Þne tuning lower 
than 1%!

Ð! Higgs mass constraints are satisÞed in the same way as the Naturalness-inspired pMSSM!
Ð! Generated by varying M1 (gaugino mass parameter) and        , with # = -M1 !

¥! h/Z Enriched pMSSM!
Ð! Designed such that Higgs and Z bosons are produced abundantly in the SUSY particle decay chains!
Ð! Two sets of models, generated by varying # and        (right-handed sbottom mass parameter); and varying 

# and     !

¥! A combination of all of the SRs used in the paper is used on a point by point basis on 
the pMSSM grids, and the SR with the smallest expected CLs value is chosen.!

Interpretation in terms of pMSSM Models!

! !! " "! !! " "

! !! " "

! !bR
! !! " "

ICFNP2015 23-30th August! ATLAS 3rd Generation Squark Overview! 26!



Third Generation Summary Paper!

Natural pMSSM!

Interpretation in terms of pMSSM Models!
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Figure 14: Expected and observed 95% CL exclusion limits for the naturalness-inspired set of pMSSM models
from the combination t0L, t1L and tb analyses using the signal region yielding the smallest CLsvalue of the signal
plus background hypothesis. The dashed black line indicates the expected limit, and the yellow band indicates
the ±1! uncertainties, which include all uncertainties except the theoretical uncertainties in the signal. The red
solid line indicates the observed limit, and the red dotted lines indicate the sensitivity to ±1! variations of the
signal theoretical uncertainties. The dashed and dotted grey lines indicate a constant value of the stop and sbottom
masses, while the dashed green line indicates a constant value of the neutralino mass.

Figures 15a and 15b show the exclusion limit obtained on the set of pMSSM models with well-tempered498

neutralinos as a function of mq̃L3 and mt̃R respectively. In both cases, the exclusion is dominated by the499

t0L analysis. The apparent di! erence in sensitivity between these two scenarios is due to the presence of500

both a stop and a sbottom for small mq̃L3, while only a stop is present for low values of mt̃R. The signal501

regions that dominate the exclusion are t0L-SRC1, t0L-SRA1, t0L-SRA2 for the scan as a function of502

mq̃L3, and t0L-SRC1 and t0L-SRC2 for the scan as a function of mt̃R.503

Finally, Figures 16a and 16b show the exclusion limit obtained on the set of h/Z enriched pMSSM models.504

These models tend to yield large b-jet multiplicities to the final state through direct sbottom decays, top505

quark decays and "̃ 0
2 ! h"̃ 0

1. The exclusion is dominated by the t0L and g3b analyses for Figure 16a and506

by and the t0L analysis for Figure 16b.507

6. Conclusions508

The search programme of the ATLAS collaboration for the direct pair production of stops and sbottoms509

has been summarised and extended with new analyses targeting scenarios not optimally covered by pre-510

viously published searches. Interpretations of the searches results in terms of 95% CL exclusion limits in511

simplified models have been presented. In general, stop and sbottom masses up to several hundred GeV512

are excluded, although the exclusion limits significantly weaken in the presence of compressed SUSY513

mass spectra or multiple allowed decay chains. Three classes of pMSSM models, based on general ar-514

guments of Higgs boson mass naturalness and consistency with the observed dark matter relic density515
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Figure 15: Expected and observed 95% CL exclusion limits for the pMSSM model with well-tempered neutralinos
as a function ofM1 and (a)m÷qL3 or (b) m÷tR. The limit of (a) is obtained as the combination of the t0L, t1L, tb
and SS3L analyses, while the t0L analysis is used for (b). The signal region yielding the smallest CLsvalue of the
signal plus background hypothesis is used for each point. The dashed black line indicates the expected limit, and
the yellow band indicates the±1! uncertainties, which include all uncertainties except the theoretical uncertainties
in the signal. The red solid line indicates the observed limit, and the red dotted lines indicate the sensitivity to
±1! variations of the signal theoretical. The dashed and dotted grey lines indicate a constant value of the stop and
sbottom masses, while the dashed green line indicates a constant value of the neutralino mass. uncertainties.

have also been used to set exclusion limits. Large regions of the considered parameter space are ex-516

cluded, showing that the analysis strategy developed by the collaboration is e! ective in providing general517

constraints on models of supersymmetry.518
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Figure 15: Expected and observed 95% CL exclusion limits for the pMSSM model with well-tempered neutralinos
as a function ofM1 and (a)m÷qL3 or (b) m÷tR. The limit of (a) is obtained as the combination of the t0L, t1L, tb
and SS3L analyses, while the t0L analysis is used for (b). The signal region yielding the smallest CLsvalue of the
signal plus background hypothesis is used for each point. The dashed black line indicates the expected limit, and
the yellow band indicates the±1! uncertainties, which include all uncertainties except the theoretical uncertainties
in the signal. The red solid line indicates the observed limit, and the red dotted lines indicate the sensitivity to
±1! variations of the signal theoretical. The dashed and dotted grey lines indicate a constant value of the stop and
sbottom masses, while the dashed green line indicates a constant value of the neutralino mass. uncertainties.
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the yellow band indicates the±1! uncertainties, which include all uncertainties except the theoretical uncertainties
in the signal. The red solid line indicates the observed limit, and the red dotted lines indicate the sensitivity to
±1! variations of the signal theoretical. The dashed and dotted grey lines indicate a constant value of the stop and
sbottom masses, while the dashed green line indicates a constant value of the neutralino mass. uncertainties.
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Figure 16: Expected and observed 95% CL exclusion limits for the set ofh/Z enriched pMSSM models as a function
of µ and (a)m÷qL3 and (b)m÷bR

. The limit of (a) is obtained as the combination of the t0L, g3b, t2t1Z and SS3L
analyses, while the t0L, t2t1Z and tbanalysis are used for (b). The signal region yielding the smallest CLsvalue of
the signal plus background hypothesis is used for each point. The dashed black line indicates the expected limit, and
the yellow band indicates the±1! uncertainties, which include all uncertainties except the theoretical uncertainties
in the signal. The red solid line indicates the observed limit, and the red dotted lines indicate the sensitivity to
±1! variations of the signal theoretical. The dashed and dotted grey lines indicate a constant value of the stop and
sbottom masses, while the dashed green line indicates a constant value of the neutralino mass. uncertainties.
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