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Direct stop and sbottom searches

¥ Stop/sbottom searches: a key ingredient to solve hierarchy problem 

¥ Searches benefit from large production cross-section 

¥ Searches consider both R-parity conserving and violating scenarios

¥ Several new results:

¥ Stop 1-lepton: ATLAS-CONF-2017-037

¥ Stop 2-lepton: ATLAS-CONF-2017-034

¥ Stop b-l:  ATLAS-CONF-2017-036

¥ RPV Stop 1-lepton: arXiv1704.08493

¥ Stop via Z/h: ATLAS-CONF-2017-019

https://arxiv.org/pdf/1704.08493.pdf
https://cds.cern.ch/record/2258141/files/ATLAS-CONF-2017-019.pdf
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Search strategy: Bino LSP scenario s
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Figure 2: Illustration of the sparticle mass spectrum for various LSP scenarios: a) Pure Bino LSP, b) Wino NLSP,
c) Higgsino LSP, and d) Bino/Higgsino mix. The÷t1 (and÷b1) shown as black lines decays to various electroweakino
states: the bino state (red lines), wino state (blue lines), or higgsino state (green lines), possibly with the subsequent
decay into the LSP. The light sbottom (÷b1) is considered only for pMSSM models withmq3L < mtR.

b, W, and ÷! 0
1. Otherwise the decay proceeds via a four-body process,÷t1 ! b f f " ÷! 0

1, where f and120

f " are two distinct fermions, or via a ßavor-changing neutral current (FCNC) process, such as the121

loop-suppressed÷t1 ! c ÷! 0
1. Given the very di! erent Þnal state the FCNC decay is not considered122

further in this paper. The various÷t1 decay modes in this scenario are illustrated in Figure3. The123

region of phase space along the line ofm÷t1
# m÷! 0

1
+ mt is especially challenging to target, and is124

referred to in the following as the Ôdiagonal regionÕ.125

(b) Wino NLSP:126

A pMSSM model is designed such that a wino-like chargino (÷! ±
1) and neutralino (÷! 0

2) are mass127

degenerate to each other, having the lighter bino as the LSP. This scenario is motivated by models128

with gauge uniÞcation at the GUT scale such as the cMSSM or mSugra [56Ð58], where the mass of129

the wino (M2) is assumed to be twice as large as the mass of bino (M1), leading to the÷! ±
1 and ÷! 0

2130

having masses nearly twice as large as that of the bino-like LSP.131

In this scenario additional decay modes for the stop (composed mainly of÷tL) become available, such132

as the decay to a bottom quark and the lightest chargino (÷t1 ! b ÷! ±
1) with a branching ratio (BR)133

of about 2/3, or the decay to a top quark and the second neutralino (÷t1 ! t ÷! 0
2) with a BR of about134

1/3. The BRs can be signiÞcantly di! erent in the regions of phase-space where one of the decays is135

kinematically inaccessible. The÷! ±
1 and ÷! 0

2 subsequently decay to÷! 0
1 via emission of a (potentially136

o! -shell)W boson orZ/ h boson, respectively. The÷t1 ! b ÷! ±
1 decay is considered for a chargino137

mass above around100GeV since the LEP limit on the lightest chargino ism÷! ±
1

> 103.5GeV [59].138

An additional÷t1 ! b ÷! ±
1 decay signal model (simpliÞed model) is designed, motivated by a scenario139

with close-by masses of the÷t1and ÷! ±
1 . The model considered assumes! M(÷t1, ÷! ±

1 ) = 10 GeV and140

that the top decays via the process÷t1 ! b ÷! ±
1with a 100% BR. In this scenario the jets originating141
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Figure 2: Illustration of the sparticle mass spectrum for various LSP scenarios: a) Pure Bino LSP, b) Wino NLSP,
c) Higgsino LSP, and d) Bino/Higgsino mix. The÷t1 (and÷b1) shown as black lines decays to various electroweakino
states: the bino state (red lines), wino state (blue lines), or higgsino state (green lines), possibly with the subsequent
decay into the LSP. The light sbottom (÷b1) is considered only for pMSSM models withmq3L < mtR.
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1 decay signal model (simpliÞed model) is designed, motivated by a scenario139
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Figure 1: Diagram of the top squark pair production processes considered in this analysis: (a)÷t1 ! t ÷! 0
2 and

÷! 0
2 ! h/ Z ÷! 0

1 decays, and (b)÷t2 ! h/ Z÷t1 and÷t1 ! t ÷! 0
1 decays.

2 ATLAS detector

The ATLAS experiment [20] is a multi-purpose particle detector with a forward-backward symmetric
cylindrical geometry and nearly 4" coverage in solid angle.1 The interaction point is surrounded by an
inner detector (ID), a calorimeter system, and a muon spectrometer.

The ID provides precision tracking of charged particles for pseudorapidities|#| < 2.5 and is surrounded
by a superconducting solenoid providing a 2 T axial magnetic Þeld. It consists of pixel and silicon-
microstrip detectors inside a transition radiation tracker. One signiÞcant upgrade for the running period
at

"
s = 13 TeV is the presence of the Insertable B-Layer [31], an additional pixel layer close to the inter-

action point, which provides high-resolution hits at small radius to improve the tracking performance.

In the pseudorapidity region|#| < 3.2, high-granularity lead/liquid-argon (LAr) electromagnetic (EM)
sampling calorimeters are used. A steel/scintillator tile calorimeter measures hadron energies for|#| <
1.7. The endcap and forward regions, spanning 1.5 < |#| < 4.9, are instrumented with LAr calorimeters
for both the EM and hadronic energy measurements.

The muon spectrometer consists of three large superconducting toroids with eight coils each, a system of
trigger and precision-tracking chambers, which provide triggering and tracking capabilities in the ranges
|#| < 2.4 and|#| < 2.7, respectively.

A two-level trigger system is used to select events [32]. The Þrst-level trigger is implemented in hardware
and uses a subset of the detector information. This is followed by the software-based High-Level Trigger
stage, which runs o! ine reconstruction and calibration software, reducing the event rate to about 1 kHz.

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and thez-axis along the beam pipe. Thex-axis points from the IP to the centre of the LHC ring, and they-axis points upward.
Cylindrical coordinates (r , $) are used in the transverse plane,$ being the azimuthal angle around the beam pipe. The pseu-
dorapidity is deÞned in terms of the polar angle%as# = # ln tan(%/ 2). Rapidity is deÞned asy = 0.5 ln

!
(E + pz)/ (E # pz)

"

whereE denotes the energy andpz is the component of the momentum along the beam direction.
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Figure 2: Illustration of the sparticle mass spectrum for various LSP scenarios: a) Pure Bino LSP, b) Wino NLSP,
c) Higgsino LSP, and d) Bino/Higgsino mix. The÷t1 (and÷b1) shown as black lines decays to various electroweakino
states: the bino state (red lines), wino state (blue lines), or higgsino state (green lines), possibly with the subsequent
decay into the LSP. The light sbottom (÷b1) is considered only for pMSSM models withmq3L < mtR.

b, W , and ÷! 0
1. Otherwise the decay proceeds via a four-body process,÷t1 ! b f f 0 ÷! 0

1, where f and120

f 0 are two distinct fermions, or via a ßavor-changing neutral current (FCNC) process, such as the121

loop-suppressed÷t1 ! c ÷! 0
1. Given the very di�erent Þnal state the FCNC decay is not considered122

further in this paper. The various÷t1 decay modes in this scenario are illustrated in Figure3. The123

region of phase space along the line ofm÷t1
⇡ m ÷! 0

1
+ mt is especially challenging to target, and is124

referred to in the following as the Ôdiagonal regionÕ.125

(b) Wino NLSP:126

A pMSSM model is designed such that a wino-like chargino (÷! ±
1) and neutralino (÷! 0

2) are mass127

degenerate to each other, having the lighter bino as the LSP. This scenario is motivated by models128

with gauge uniÞcation at the GUT scale such as the cMSSM or mSugra [56Ð58], where the mass of129

the wino (M2) is assumed to be twice as large as the mass of bino (M1), leading to the÷! ±
1 and ÷! 0

2130

having masses nearly twice as large as that of the bino-like LSP.131

In this scenario additional decay modes for the stop (composed mainly of÷tL) become available, such132

as the decay to a bottom quark and the lightest chargino (÷t1 ! b ÷! ±
1) with a branching ratio (BR)133

of about 2/3, or the decay to a top quark and the second neutralino (÷t1 ! t ÷! 0
2) with a BR of about134

1/3. The BRs can be signiÞcantly di�erent in the regions of phase-space where one of the decays is135

kinematically inaccessible. The÷! ±
1 and ÷! 0

2 subsequently decay to÷! 0
1 via emission of a (potentially136

o�-shell)W boson orZ/h boson, respectively. The÷t1 ! b ÷! ±
1 decay is considered for a chargino137

mass above around100GeV since the LEP limit on the lightest chargino ism ÷! ±
1
> 103.5GeV [59].138

An additional÷t1! b ÷! ±
1 decay signal model (simpliÞed model) is designed, motivated by a scenario139

with close-by masses of the÷t1and ÷! ±
1 . The model considered assumes! M (÷t1,

÷! ±
1 ) = 10 GeV and140

that the top decays via the process÷t1 ! b ÷! ±
1with a 100% BR. In this scenario the jets originating141
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of deÞning dedicated search regions meant to target speciÞc SUSY models. The phenomenology of each94

model is largely driven by the composition of its lightest supersymmetric particles, which are considered95

to be some combination of the electroweak gauginos and higgsinos. In practice, this means that the most96

important parameters of the SUSY models considered are the masses of the gauginos (and higgsinos) and97

of the colored third generation sparticles.98

Figure 1: Diagrams illustrating the stop decay modes, which are referred to as÷t1 ! t ÷! 0
1 (left) and÷t1 ! b ÷! ±

1 (right).

Other decay and production modes such as the÷t1 ! t ÷! 0
2 and÷t1 ! t ÷! 0

3, and sbottom direct pair production (not
shown here) are also considered. Sparticles are shown as red lines. In these diagrams, the charge-conjugate symbols
are omitted for simplicity. The above scenarios begin with a top squarkÐantisquark pair.

The phenomenological MSSM (pMSSM) [45, 46] parametersmtR andmq3L specify the÷tR and÷tL masses,99

with the smaller of the two controlling the÷t1 mass. In the models where the÷t1 is primarily composed100

of ÷tL, the presence of a light sbottom (÷b1) with a similar mass is also considered. The electroweakino101

(gauginos and higgsinos) spectrum is given by the running mass parametersM1, M2, M3, andµ, which102

set the masses of the bino, wino, gluino, and higgsino, respectively. If several of these parameters are103

comparably light, the physical LSP will be a mixed state, composed of the multiple electroweakinos. The104

MSSM parameter" gives the ratio of vacuum expectation values (VEVs) of the up- and down-type Higgs105

bosons, which can inßuence the preferred decays of the stop.106

In this paper, a range of LSP scenarios are considered: (a) pure bino LSP, (b) bino LSP with a wino NLSP,107

(c) Higgsino LSP, and (d) mixed bino/higgsino LSP, which are detailed below with the corresponding108

sparticle mass spectra illustrated in Figure2. Complementary searches target scenarios where the LSP is109

a pure wino (yielding a disappearing track signature [47] represented by anomaly-mediated models [48,110

49] of SUSY breaking) as well as other LSP hypotheses (such as gauge-mediated models [50Ð52]), which111

are not discussed further in this paper.112

(a) Pure Bino LSP:113

A simpliÞed model [53Ð55] is designed for the scenario where the only light sparticles are the stop114

(composed mainly of÷tR) and the lightest neutralino (÷! 0
1). The remaining sparticles are assumed115

to be heavy (compared to the mass of the stop) and completely decoupled from the stop and its116

decays. When the stop mass is greater than the sum of the top quark and the LSP masses, the117

dominant stop decay channel is via÷t1 ! t ÷! 0
1. If this decay is kinematically disallowed, the stop118

can undergo a three-body decay,÷t1 ! bW ÷! 0
1 when the stop mass is above the sum of masses of the119

April 25, 2017 Ð 23:20 7

t + ! 10 

t̃ 1
!

bf
f
0 �̃

0
1

÷t 1
!

bW
÷!
0

1

t̃ 1
!

t !̃
0

1

�
m

>
0

�
m

>
m

÷t 1

�
m

>
m

W
+

m b

�
m

>
0

�
m

>
m

÷t 1

�
m

>
m

W
+

m b

! m > 0

! m > m t̃1

! m > m W + mb

! m = mt̃1 � m!̃ 0
1

0 100 200 3000 100 200 300 0 100 200 3000 100 200 300

0
10

0
20

0
30

0
0

10
0

20
0

30
0

÷t 1
!

c÷�
0
1

�
m
>
m t

mt̃1 < m �̃0
1

m�̃1
0
[GeV] mt̃1 [GeV]

m
t̃ 1

[G
eV

]
m

�̃
0 1
[G

eV
]

Decay phenomenology 

governed by !m(t 1," 10).

b+" 1± signature:#
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Search strategy : Higgsino (N)LSP scenarios
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Figure 2: Illustration of the sparticle mass spectrum for various LSP scenarios: a) Pure Bino LSP, b) Wino NLSP,
c) Higgsino LSP, and d) Bino/Higgsino mix. The÷t1 (and÷b1) shown as black lines decays to various electroweakino
states: the bino state (red lines), wino state (blue lines), or higgsino state (green lines), possibly with the subsequent
decay into the LSP. The light sbottom (÷b1) is considered only for pMSSM models withmq3L < mtR.

b, W, and ÷! 0
1. Otherwise the decay proceeds via a four-body process,÷t1 ! b f f " ÷! 0

1, where f and120

f " are two distinct fermions, or via a ßavor-changing neutral current (FCNC) process, such as the121

loop-suppressed÷t1 ! c ÷! 0
1. Given the very di! erent Þnal state the FCNC decay is not considered122

further in this paper. The various÷t1 decay modes in this scenario are illustrated in Figure3. The123

region of phase space along the line ofm÷t1
# m÷! 0

1
+ mt is especially challenging to target, and is124

referred to in the following as the Ôdiagonal regionÕ.125

(b) Wino NLSP:126

A pMSSM model is designed such that a wino-like chargino (÷! ±
1) and neutralino (÷! 0

2) are mass127

degenerate to each other, having the lighter bino as the LSP. This scenario is motivated by models128

with gauge uniÞcation at the GUT scale such as the cMSSM or mSugra [56Ð58], where the mass of129

the wino (M2) is assumed to be twice as large as the mass of bino (M1), leading to the÷! ±
1 and ÷! 0

2130

having masses nearly twice as large as that of the bino-like LSP.131

In this scenario additional decay modes for the stop (composed mainly of÷tL) become available, such132

as the decay to a bottom quark and the lightest chargino (÷t1 ! b ÷! ±
1) with a branching ratio (BR)133

of about 2/3, or the decay to a top quark and the second neutralino (÷t1 ! t ÷! 0
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Figure 2: Illustration of the sparticle mass spectrum for various LSP scenarios: a) Pure Bino LSP, b) Wino NLSP,
c) Higgsino LSP, and d) Bino/Higgsino mix. The÷t1 (and÷b1) shown as black lines decays to various electroweakino
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decay into the LSP. The light sbottom (÷b1) is considered only for pMSSM models withmq3L < mtR.
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Figure 8: Various kinematic distributions after the preselection: (top left) mass of the hadronic top-quark candidate
with the recursive reclustering method (mreclustered

top ) after the high-Emiss
T preselection, (top right)mT after the high-

Emiss
T preselection, (bottom left)Emiss

T after the low-Emiss
T preselection, and (bottom right) leptonpT after the

soft-lepton preselection. The SM background predictions are normalised to the theoretical cross-sections (pre-Þt),
except for theEmiss

T , where thett̄ events are scaled by the normalisation factors obtained from a simultaneous
likelihood Þt of the CRs.Others stands for minor SM backgrounds that contribute less than 5% of the total SM
background. The hashed area around the total SM prediction and the hashed band in the Data/SM ratio include
statistical and experimental uncertainties. The last bin contains overßow, except for the leptonpT distribution.
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Figure 8: Various kinematic distributions after the preselection: (top left) mass of the hadronic top-quark candidate
with the recursive reclustering method (mreclustered

top ) after the high-Emiss
T preselection, (top right) mT after the high-
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T , where the tøt events are scaled by the normalisation factors obtained from a simultaneous
likelihood fit of the CRs. Others stands for minor SM backgrounds that contribute less than 5% of the total SM
background. The hashed area around the total SM prediction and the hashed band in the Data/SM ratio include
statistical and experimental uncertainties. The last bin contains overflow, except for the lepton pT distribution.
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from data, the other backgrounds are estimated from MC simulation with a background Þt as described in Section6.
The rightmost bin of each plot includes overßow events.
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Super-razor variable (R pT)
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invisible particle. This quantity is defined as171

mT2(pT,1, pT,2, qT) = min
qT,1+qT,2=qT

�
max[ mT(pT,1, qT,1),mT(pT,2, qT,2) ]

 
, (6)

where mT indicates the transverse mass,2 pT,1 and pT,2 are the transverse momentum vectors of two172

particles, and qT,1 and qT,2 are vectors with qT = qT,1 + qT,2. The minimisation is performed over173

all the possible decompositions of qT. For tt̄ or WW decays, when the transverse momenta of the174

two leptons in each event are taken as pT,1 and pT,2, and pmiss
T as qT, mT2(pT(`1), pT(`2), pmiss

T ) is175

bounded sharply from above by the mass of the W boson [56, 57]. In the t̃1 ! b �̃±1 decay mode the176

upper bound is strongly correlated with the mass di�erence between the chargino and the lightest177

neutralino. In this paper, mT2(pT(`1), pT(`2), pmiss
T ) is referred to simply as m!!

T2 .178

The three-body selection uses a number of “super-razor” variables that are defined in Ref. [58]. They179

are designed to identify events with two massive parent particles (i.e. top squarks) that each decay into a180

set of visible (only leptons are considered in this case, all other particles including jets are ignored) and181

invisible particles (i.e. neutrinos and neutralinos). These variables are:182

- RpT: The quantity RpT is defined as:183

RpT =
| !JT |

| !JT | +
p

ŝR/4
, (7)

where !JT is the vector sum of the transverse momenta of the visible particles and the missing184

transverse momentum, and
p

ŝR is a measure of the system’s energy in the razor frame R as defined185

in Ref. [58] as the frame in which the two visible leptons have equal and opposite pz. In the case186

where all possible visible particles are considered, the razor frame R becomes an approximation187

of the pair production centre-of-mass frame with the centre-of-mass energy
p

ŝR. In this analysis188

only leptons are considered in the visible system. Therefore, RpT will tend towards zero in events189

that do not contain additional activity (i.e. dibosons) due to vanishing | !JT |, whereas in events that190

contain additional activity (i.e. tt̄) this variable will tend towards unity, thus providing separation191

power between the two cases.192

- �R+1: The Lorentz factor associated with the boosts from the razor frame R to the approximations193

of the two decay frames of the parent particles. It is a measure of how the two visible systems are194

distributed, tending towards unity when the visible particles are back-to-back or having di�erent195

momenta, while preferring lower values when they are equal in momenta and collinear.196

- MR
! : The quantity MR

! is defined as:197

MR
! =

p
ŝR
�R+1

. (8)

2 The transverse mass is defined by the equation mT(pT, qT) =
p

2|pT | |qT |(1 � cos(! �)), where ! � is the angle between the
particles of negligible mass with transverse momenta pT and qT.
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Discriminating variables for BDTs

¥ Additional discriminating variables (e.g. RJ Rec: [arXiv:1607.08307] ) for 

the BDTs targeting the compressed t+" 10 region.
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Figure 7: Distributions of discriminating variables: (top left) reconstructed mass of the hadronic top-quark with
�2-based minimisation method (m�

top), (top right) MS
T , (bottom left) RISR, and (bottom right) ��(ISR, I). The

m�
topis used in the tN_diag_med and the others used in the tN_diag_high signal region, which are defined in

Section 7.1.2. In addition to the SM background prediction, signal models are shown, denoted by m(t̃1,
�̃0

1), and
scaled by a certain factor for visibility. The lower panels show the ratio of data over total SM background and the
signal expectation over total SM background. Others stands for minor SM backgrounds that contribute less than 5%
of the total SM background. The hashed area around the total SM prediction and the hashed band in the Data/SM
ratio include statistical and experimental uncertainties. The last bin contains overflow.
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Background estimate

¥ Several control regions (CRs) are defined. The background normalizations are 

determined in a simultaneous fit:

¥ Stop1-lepton: ttbar (1L/ 2L), ttbar+V, single-top Wt, W+jets

¥ Stop2-lepton: ttbar, ttbar+V, VV, and VZ

¥ Predicted backgrounds are validated in dedicated validation regions (VRs).

dileptonic ttbar CR ttbar+Z CR 
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Figure 8: Various kinematic distributions in thetN_medcontrol regions: (top left) reclustered jet mass (mreclustered
top )

in the semi-leptonictøt control region, (top right)mT in the dileptonictøt control region, (bottom left)amT2 in the
W+jets control region, (bottom right) and! R(b1,b2) in the single-top control region. Each of those backgrounds is
scaled by normalisation factors obtained from a simultaneous likelihood Þt of the CRs. The hashed area around the
total SM prediction and the grey band in the Data/SM ratio include statistical and experimental uncertainties. The
last bin contains overßow.

9.2 BDT analyses747

For the signal regionstN_diag_low , tN_diag_medandtN_diag_high , control regions use the signal748

selections but change the requirements on the BDT output scores. Due to the large fractional contribution,749

only the tøt background is constrained using data, with all other backgrounds using predictions from750

samples of simulated events.751

Although the main background is always thetøt process in all three SRs, the fraction of dileptonictøt events752

varies. Therefore, a di! erent strategy is employed for each SR.753

For the signal regionstN_diag_low andtN_diag_high , thetøt background is treated as a single com-754

ponent, with a single normalisation factor being derived. Onetøt control region (TCR) is used for755

tN_diag_low , while three control-region bins (TCR1, TCR2, and TCR3) are used fortN_diag_high in756

order to improve the stability of the simultaneous Þt against the background estimation.757
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Figure 2: Two-body selectiondistribution of (a)nb! jets in CR2! body
t øt , (b) R1 in CR2! body

VV ! SF and (c,d)Emiss
T,corr in CR2! body

t øt Z

and CR2! body
V Z after the background Þts. The contributions from all SM backgrounds are shown as a histogram stack;

the bands represent the total statistical and systematic uncertainty. The fake and non-prompt lepton backgrounds are
estimated from data, the other backgrounds are estimated from MC simulation with a background Þt as described
in Section6. The rightmost bin of each plot includes overßow events.
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Results: Pure Bino LSP

¥ Data/SM agreement is good in VRs.

¥ No significant excess observed in SRs.
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Figure 2: Illustration of the sparticle mass spectrum for various LSP scenarios: a) Pure Bino LSP, b) Wino NLSP,
c) Higgsino LSP, and d) Bino/Higgsino mix. The÷t1 (and÷b1) shown as black lines decays to various electroweakino
states: the bino state (red lines), wino state (blue lines), or higgsino state (green lines), possibly with the subsequent
decay into the LSP. The light sbottom (÷b1) is considered only for pMSSM models withmq3L < mtR.

b, W , and ÷! 0
1. Otherwise the decay proceeds via a four-body process,÷t1 ! b f f 0 ÷! 0

1, where f and120

f 0 are two distinct fermions, or via a ßavor-changing neutral current (FCNC) process, such as the121

loop-suppressed÷t1 ! c ÷! 0
1. Given the very di�erent Þnal state the FCNC decay is not considered122

further in this paper. The various÷t1 decay modes in this scenario are illustrated in Figure3. The123

region of phase space along the line ofm÷t1
⇡ m ÷! 0

1
+ mt is especially challenging to target, and is124

referred to in the following as the Ôdiagonal regionÕ.125

(b) Wino NLSP:126

A pMSSM model is designed such that a wino-like chargino (÷! ±
1) and neutralino (÷! 0

2) are mass127

degenerate to each other, having the lighter bino as the LSP. This scenario is motivated by models128

with gauge uniÞcation at the GUT scale such as the cMSSM or mSugra [56Ð58], where the mass of129

the wino (M2) is assumed to be twice as large as the mass of bino (M1), leading to the÷! ±
1 and ÷! 0

2130

having masses nearly twice as large as that of the bino-like LSP.131

In this scenario additional decay modes for the stop (composed mainly of÷tL) become available, such132

as the decay to a bottom quark and the lightest chargino (÷t1 ! b ÷! ±
1) with a branching ratio (BR)133

of about 2/3, or the decay to a top quark and the second neutralino (÷t1 ! t ÷! 0
2) with a BR of about134

1/3. The BRs can be signiÞcantly di�erent in the regions of phase-space where one of the decays is135

kinematically inaccessible. The÷! ±
1 and ÷! 0

2 subsequently decay to÷! 0
1 via emission of a (potentially136

o�-shell)W boson orZ/h boson, respectively. The÷t1 ! b ÷! ±
1 decay is considered for a chargino137

mass above around100GeV since the LEP limit on the lightest chargino ism ÷! ±
1
> 103.5GeV [59].138

An additional÷t1! b ÷! ±
1 decay signal model (simpliÞed model) is designed, motivated by a scenario139

with close-by masses of the÷t1and ÷! ±
1 . The model considered assumes! M (÷t1,

÷! ±
1 ) = 10 GeV and140

that the top decays via the process÷t1 ! b ÷! ±
1with a 100% BR. In this scenario the jets originating141
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Figure 15: Comparison of the observed data (nobs) with the predicted SM background (nexp) in (top) tN_med,
tN_high , bWNandbffN signal regions, and (bottom)DM_low_loose, DM_low, andDM_highsignal regions, and
associated VRs. The background predictions are obtained using the background-only Þt conÞguration, and the
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(! tot).

May 15, 2017 Ð 20:04 48

stop 1-lepton

ljR

E
ve

nt
s 

/ 0
.0

5

5

10

15

20

25

30
ATLAS Preliminary

-1 = 13 TeV, 36.1 fbs

4-body
SR

4-body selection

Data

tt
Wt

*+jets!Z/
)""VV (ll

Standard Model

,llll)"VZ (lll
FNP

+Ztt
Others

)=(300,220) GeV
1

0
#$,1t

~
,m(1t

~
1t

~

)=(320,270) GeV
1

0
#$,1t

~
,m(1t

~
1t

~

ljR
0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7

D
at

a 
/ S

M

0

1

2

E
ve

nt
s 

/ 0
.1

0

10

20

30

40

50
Data Standard Model
tt FNP

VV Wt

ATLAS Preliminary
-1 = 13 TeV, 36.1 fbs

3-body selection

 Different Flavor
3-body

WSR ) = (250, 160) GeV
 0

1
!", 1t

~
, m(1t

~
1t

~

) = (300, 180) GeV
 0

1
!", 1t

~
, m(1t

~
1t

~

) = (300, 150) GeV
 0

1
!", 1t

~
, m(1t

~
1t

~

pTR
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

D
at

a 
/ S

M
0

0.5
1

1.5
2

stop 2-lepton

stop 2-lepton

N
ot

re
vi

ew
ed

,f
or

in
te

rn
al

ci
rc

ul
at

io
n

on
ly

DRAFT

4.1 Discriminators and kinematic variables146

For the di! erent decay modes considered, dedicated sets of discriminating variables are used to separate147

the signal from the SM backgrounds.148

The missing transverse momentum and thepT of the leading leptons and jets are used to deÞne three149

useful ratio variables :150

R1 = Emiss
T / (Emiss

T + pT(! 1) + pT(! 2) + pT( j1) + pT( j2)), (1)

151

R!! = Emiss
T / (pT(! 1) + pT(! 2)), (2)

and152

R! j = Emiss
T / (Emiss

T + pT(! 1) + pT(! 2) +
!

i =1, ..., N ! 4

pT( j i )), (3)

where pT(! 1) and pT(! 2) are the leading and subleading lepton transverse momenta respectively and153

pT( j i =1, ..., N ! 4) are the transverse momenta in decreasing order of up to the four leading jets.R1 andR!!154

are used to reject backgrounds, e.g.Z/ " " + jets, which peak at lower values than the signal. Similarly,155

R! j is a powerful discriminant against multi-jet events.156

Other variables employed are :157

- p!!
T,boost: deÞned as the vector158

p!!
T,boost = pmiss

T + pT(! 1) + pT(! 2). (4)

Thep!!
T,boostvariable, with magnitudep!!

T,boost, can be interpreted as the opposite of the vector sum159

of all the transverse hadronic activity in the event.160

- ! #boost: the azimuthal angle between thepmiss
T vector and thep!!

T,boostvector.161

- ! x: deÞned as162

! x =
2 á(pz(! 1) + pz(! 2))

ECM
(5)

whereECM = 13 TeV is used andpz(! 1),pz(! 2) are respectively the leading and subleading lepton163

longitudinal momenta. This variable helps to discriminate between gluon and quark-initiated164

processes. The former tend to peak towards zero, while the latter tend to peak at higher values.165

- cos$b: the cosine of the angle between the direction of motion of either of the two leptons and the166

beam axis in the centre-of-mass frame of the two leptons [53]. This variable is sensitive to the spin167

of the pair-produced particle, providing additional rejection against diboson backgrounds.168

- m!!
T2 : lepton-based stransverse mass. The stransverse mass deÞned in [54, 55] is a kinematic169

variable used to bound the masses of a pair of particles which have each decayed to a visible and an170

15th May 2017 Ð 14:06 7
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Results: Pure Bino LSP

¥ 2-body: mt1 < 900 GeV is excluded for a massless " 10, 

¥ 2-body diagonal: excluded down to mt1 ~190 GeV

¥ 3-/4-body: mt1 < 450 GeV / mt1 < 400 GeV is excluded, 
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Figure 2: Illustration of the sparticle mass spectrum for various LSP scenarios: a) Pure Bino LSP, b) Wino NLSP,
c) Higgsino LSP, and d) Bino/Higgsino mix. The÷t1 (and÷b1) shown as black lines decays to various electroweakino
states: the bino state (red lines), wino state (blue lines), or higgsino state (green lines), possibly with the subsequent
decay into the LSP. The light sbottom (÷b1) is considered only for pMSSM models withmq3L < mtR.

b, W , and ÷! 0
1. Otherwise the decay proceeds via a four-body process,÷t1 ! b f f 0 ÷! 0

1, where f and120

f 0 are two distinct fermions, or via a ßavor-changing neutral current (FCNC) process, such as the121

loop-suppressed÷t1 ! c ÷! 0
1. Given the very di�erent Þnal state the FCNC decay is not considered122

further in this paper. The various÷t1 decay modes in this scenario are illustrated in Figure3. The123

region of phase space along the line ofm÷t1
⇡ m ÷! 0

1
+ mt is especially challenging to target, and is124

referred to in the following as the Ôdiagonal regionÕ.125

(b) Wino NLSP:126

A pMSSM model is designed such that a wino-like chargino (÷! ±
1) and neutralino (÷! 0

2) are mass127

degenerate to each other, having the lighter bino as the LSP. This scenario is motivated by models128

with gauge uniÞcation at the GUT scale such as the cMSSM or mSugra [56Ð58], where the mass of129

the wino (M2) is assumed to be twice as large as the mass of bino (M1), leading to the÷! ±
1 and ÷! 0

2130

having masses nearly twice as large as that of the bino-like LSP.131

In this scenario additional decay modes for the stop (composed mainly of÷tL) become available, such132

as the decay to a bottom quark and the lightest chargino (÷t1 ! b ÷! ±
1) with a branching ratio (BR)133

of about 2/3, or the decay to a top quark and the second neutralino (÷t1 ! t ÷! 0
2) with a BR of about134

1/3. The BRs can be signiÞcantly di�erent in the regions of phase-space where one of the decays is135

kinematically inaccessible. The÷! ±
1 and ÷! 0

2 subsequently decay to÷! 0
1 via emission of a (potentially136

o�-shell)W boson orZ/h boson, respectively. The÷t1 ! b ÷! ±
1 decay is considered for a chargino137

mass above around100GeV since the LEP limit on the lightest chargino ism ÷! ±
1
> 103.5GeV [59].138

An additional÷t1! b ÷! ±
1 decay signal model (simpliÞed model) is designed, motivated by a scenario139

with close-by masses of the÷t1and ÷! ±
1 . The model considered assumes! M (÷t1,

÷! ±
1 ) = 10 GeV and140

that the top decays via the process÷t1 ! b ÷! ±
1with a 100% BR. In this scenario the jets originating141
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Results: Wino NLSP (and Bino LSP)

¥ Wino NLSP pMSSM model with the parameters: M2 = 2M1 , M3 = 2.2 

TeV, MS = 1.2 TeV, Xt /MS ~ %6, and tan& = 20. All other parameters 

are decoupled. mt1 up to 920 GeV is excluded for $ > 0 (and $ < 0) .
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Figure 2: Illustration of the sparticle mass spectrum for various LSP scenarios: a) Pure Bino LSP, b) Wino NLSP,
c) Higgsino LSP, and d) Bino/Higgsino mix. The÷t1 (and÷b1) shown as black lines decays to various electroweakino
states: the bino state (red lines), wino state (blue lines), or higgsino state (green lines), possibly with the subsequent
decay into the LSP. The light sbottom (÷b1) is considered only for pMSSM models withmq3L < mtR.

b, W, and ÷! 0
1. Otherwise the decay proceeds via a four-body process,÷t1 ! b f f " ÷! 0

1, where f and120

f " are two distinct fermions, or via a ßavor-changing neutral current (FCNC) process, such as the121

loop-suppressed÷t1 ! c ÷! 0
1. Given the very di! erent Þnal state the FCNC decay is not considered122

further in this paper. The various÷t1 decay modes in this scenario are illustrated in Figure3. The123

region of phase space along the line ofm÷t1
# m÷! 0

1
+ mt is especially challenging to target, and is124

referred to in the following as the Ôdiagonal regionÕ.125

(b) Wino NLSP:126

A pMSSM model is designed such that a wino-like chargino (÷! ±
1) and neutralino (÷! 0

2) are mass127

degenerate to each other, having the lighter bino as the LSP. This scenario is motivated by models128

with gauge uniÞcation at the GUT scale such as the cMSSM or mSugra [56Ð58], where the mass of129

the wino (M2) is assumed to be twice as large as the mass of bino (M1), leading to the÷! ±
1 and ÷! 0

2130

having masses nearly twice as large as that of the bino-like LSP.131

In this scenario additional decay modes for the stop (composed mainly of÷tL) become available, such132

as the decay to a bottom quark and the lightest chargino (÷t1 ! b ÷! ±
1) with a branching ratio (BR)133

of about 2/3, or the decay to a top quark and the second neutralino (÷t1 ! t ÷! 0
2) with a BR of about134

1/3. The BRs can be signiÞcantly di! erent in the regions of phase-space where one of the decays is135

kinematically inaccessible. The÷! ±
1 and ÷! 0

2 subsequently decay to÷! 0
1 via emission of a (potentially136

o! -shell)W boson orZ/ h boson, respectively. The÷t1 ! b ÷! ±
1 decay is considered for a chargino137

mass above around100GeV since the LEP limit on the lightest chargino ism÷! ±
1

> 103.5GeV [59].138

An additional÷t1 ! b ÷! ±
1 decay signal model (simpliÞed model) is designed, motivated by a scenario139

with close-by masses of the÷t1and ÷! ±
1 . The model considered assumes! M(÷t1, ÷! ±

1 ) = 10 GeV and140

that the top decays via the process÷t1 ! b ÷! ±
1with a 100% BR. In this scenario the jets originating141
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Figure 2: Illustration of the sparticle mass spectrum for various LSP scenarios: a) Pure Bino LSP, b) Wino NLSP,
c) Higgsino LSP, and d) Bino/Higgsino mix. The÷t1 (and÷b1) shown as black lines decays to various electroweakino
states: the bino state (red lines), wino state (blue lines), or higgsino state (green lines), possibly with the subsequent
decay into the LSP. The light sbottom (÷b1) is considered only for pMSSM models withmq3L < mtR.
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1. Otherwise the decay proceeds via a four-body process,÷t1 ! b f f " ÷! 0

1, where f and120

f " are two distinct fermions, or via a ßavor-changing neutral current (FCNC) process, such as the121

loop-suppressed÷t1 ! c ÷! 0
1. Given the very di! erent Þnal state the FCNC decay is not considered122

further in this paper. The various÷t1 decay modes in this scenario are illustrated in Figure3. The123

region of phase space along the line ofm÷t1
# m÷! 0

1
+ mt is especially challenging to target, and is124

referred to in the following as the Ôdiagonal regionÕ.125

(b) Wino NLSP:126

A pMSSM model is designed such that a wino-like chargino (÷! ±
1) and neutralino (÷! 0

2) are mass127

degenerate to each other, having the lighter bino as the LSP. This scenario is motivated by models128

with gauge uniÞcation at the GUT scale such as the cMSSM or mSugra [56Ð58], where the mass of129

the wino (M2) is assumed to be twice as large as the mass of bino (M1), leading to the÷! ±
1 and ÷! 0

2130

having masses nearly twice as large as that of the bino-like LSP.131

In this scenario additional decay modes for the stop (composed mainly of÷tL) become available, such132

as the decay to a bottom quark and the lightest chargino (÷t1 ! b ÷! ±
1) with a branching ratio (BR)133

of about 2/3, or the decay to a top quark and the second neutralino (÷t1 ! t ÷! 0
2) with a BR of about134

1/3. The BRs can be signiÞcantly di! erent in the regions of phase-space where one of the decays is135

kinematically inaccessible. The÷! ±
1 and ÷! 0

2 subsequently decay to÷! 0
1 via emission of a (potentially136

o! -shell)W boson orZ/ h boson, respectively. The÷t1 ! b ÷! ±
1 decay is considered for a chargino137

mass above around100GeV since the LEP limit on the lightest chargino ism÷! ±
1

> 103.5GeV [59].138

An additional÷t1 ! b ÷! ±
1 decay signal model (simpliÞed model) is designed, motivated by a scenario139

with close-by masses of the÷t1and ÷! ±
1 . The model considered assumes! M (÷t1, ÷! ±

1 ) = 10 GeV and140

that the top decays via the process÷t1 ! b ÷! ±
1with a 100% BR. In this scenario the jets originating141
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branching ratios for each signal point.÷! 0
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Figure 2: Illustration of the sparticle mass spectrum for various LSP scenarios: a) Pure Bino LSP, b) Wino NLSP,
c) Higgsino LSP, and d) Bino/Higgsino mix. The÷t1 (and÷b1) shown as black lines decays to various electroweakino
states: the bino state (red lines), wino state (blue lines), or higgsino state (green lines), possibly with the subsequent
decay into the LSP. The light sbottom (÷b1) is considered only for pMSSM models withmq3L < mtR.
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1, where f and120

f " are two distinct fermions, or via a ßavor-changing neutral current (FCNC) process, such as the121

loop-suppressed÷t1 ! c ÷! 0
1. Given the very di! erent Þnal state the FCNC decay is not considered122

further in this paper. The various÷t1 decay modes in this scenario are illustrated in Figure3. The123
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the wino (M2) is assumed to be twice as large as the mass of bino (M1), leading to the÷! ±
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having masses nearly twice as large as that of the bino-like LSP.131

In this scenario additional decay modes for the stop (composed mainly of÷tL) become available, such132
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1) with a branching ratio (BR)133
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2 subsequently decay to÷! 0
1 via emission of a (potentially136

o! -shell)W boson orZ/ h boson, respectively. The÷t1 ! b ÷! ±
1 decay is considered for a chargino137

mass above around100GeV since the LEP limit on the lightest chargino ism÷! ±
1

> 103.5GeV [59].138

An additional÷t1 ! b ÷! ±
1 decay signal model (simpliÞed model) is designed, motivated by a scenario139

with close-by masses of the÷t1and ÷! ±
1 . The model considered assumes�M (÷t1, ÷! ±

1 ) = 10 GeV and140

that the top decays via the process÷t1 ! b ÷! ±
1with a 100% BR. In this scenario the jets originating141
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Figure 2: Illustration of the sparticle mass spectrum for various LSP scenarios: a) Pure Bino LSP, b) Wino NLSP,
c) Higgsino LSP, and d) Bino/Higgsino mix. The÷t1 (and÷b1) shown as black lines decays to various electroweakino
states: the bino state (red lines), wino state (blue lines), or higgsino state (green lines), possibly with the subsequent
decay into the LSP. The light sbottom (÷b1) is considered only for pMSSM models withmq3L < mtR.
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loop-suppressed÷t1 ! c ÷! 0
1. Given the very di! erent Þnal state the FCNC decay is not considered122

further in this paper. The various÷t1 decay modes in this scenario are illustrated in Figure3. The123
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+ mt is especially challenging to target, and is124
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1) and neutralino (÷! 0

2) are mass127

degenerate to each other, having the lighter bino as the LSP. This scenario is motivated by models128

with gauge uniÞcation at the GUT scale such as the cMSSM or mSugra [56Ð58], where the mass of129

the wino (M2) is assumed to be twice as large as the mass of bino (M1), leading to the÷! ±
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2130

having masses nearly twice as large as that of the bino-like LSP.131

In this scenario additional decay modes for the stop (composed mainly of÷tL) become available, such132
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1) with a branching ratio (BR)133
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2) with a BR of about134
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2 subsequently decay to÷! 0
1 via emission of a (potentially136
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mass above around100GeV since the LEP limit on the lightest chargino ism÷! ±
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An additional÷t1 ! b ÷! ±
1 decay signal model (simpliÞed model) is designed, motivated by a scenario139

with close-by masses of the÷t1and ÷! ±
1 . The model considered assumes! M (÷t1, ÷! ±

1 ) = 10 GeV and140

that the top decays via the process÷t1 ! b ÷! ±
1with a 100% BR. In this scenario the jets originating141
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Results: Higgsino LSP

¥ pMSSM-inspired Higgsino models: 1) t1 ~ tL, 2) t1 ~ tR, 3) t1 ~ tL with 

large tan&. mt1 up to 800 - 880 GeV is excluded for those scenarios.
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and overlaid. In this model, the mass relation of! m( ÷! 0
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1) = 2 " ! m( ÷! ±
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1) is assumed, varying! m( ÷! ±
1, ÷! 0

1)
from 0 GeV to 30 GeV. For the region below! m( ÷! ±

1, ÷! 0
1) = 2GeV, only the÷t1 ! t ÷! 0

1 decay is considered while

the branching ratio is set, accounting for both÷t1 ! t ÷! 0
1 and÷t1 ! t ÷! 0

2 decays.
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Results: Well-tempered Neutralino

¥ Exclusion limits are set for the pMSSM model with the MSSM  

parameters similar to the wino NLSP model, except for M1 ~ -|$| while 

satisfying dark matter relic density 0.10 < 'h 2 < 0.12. 
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Figure 2: Illustration of the sparticle mass spectrum for various LSP scenarios: a) Pure Bino LSP, b) Wino NLSP,
c) Higgsino LSP, and d) Bino/Higgsino mix. The t̃1 (and b̃1) shown as black lines decays to various electroweakino
states: the bino state (red lines), wino state (blue lines), or higgsino state (green lines), possibly with the subsequent
decay into the LSP. The light sbottom (b̃1) is considered only for pMSSM models with mq3L < mtR .
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1. Otherwise the decay proceeds via a four-body process, t̃1 ! b f f 0 !̃ 0

1, where f and120

f 0 are two distinct fermions, or via a flavor-changing neutral current (FCNC) process, such as the121

loop-suppressed t̃1 ! c !̃ 0
1. Given the very di! erent final state the FCNC decay is not considered122

further in this paper. The various t̃1 decay modes in this scenario are illustrated in Figure 3. The123

region of phase space along the line of mt̃1
⇡ m!̃ 0

1
+ mt is especially challenging to target, and is124

referred to in the following as the ‘diagonal region’.125

(b) Wino NLSP:126

A pMSSM model is designed such that a wino-like chargino ( !̃ ±
1 ) and neutralino ( !̃ 0

2) are mass127

degenerate to each other, having the lighter bino as the LSP. This scenario is motivated by models128

with gauge unification at the GUT scale such as the cMSSM or mSugra [56–58], where the mass of129

the wino (M2) is assumed to be twice as large as the mass of bino (M1), leading to the !̃ ±
1 and !̃ 0

2130

having masses nearly twice as large as that of the bino-like LSP.131

In this scenario additional decay modes for the stop (composed mainly of t̃L) become available, such132

as the decay to a bottom quark and the lightest chargino (t̃1 ! b!̃ ±
1 ) with a branching ratio (BR)133

of about 2/3, or the decay to a top quark and the second neutralino (t̃1 ! t !̃ 0
2) with a BR of about134

1/3. The BRs can be significantly di! erent in the regions of phase-space where one of the decays is135

kinematically inaccessible. The !̃ ±
1 and !̃ 0

2 subsequently decay to !̃ 0
1 via emission of a (potentially136

o! -shell) W boson or Z/h boson, respectively. The t̃1 ! b!̃ ±
1 decay is considered for a chargino137

mass above around 100 GeV since the LEP limit on the lightest chargino is m!̃ ±
1
> 103.5 GeV [59].138

An additional t̃1 ! b!̃ ±
1 decay signal model (simplified model) is designed, motivated by a scenario139

with close-by masses of the t̃1and !̃ ±
1 . The model considered assumes ! M(t̃1,

!̃ ±
1 ) = 10 GeV and140

that the top decays via the process t̃1 ! b!̃ ±
1 with a 100% BR. In this scenario the jets originating141
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Figure 2: Illustration of the sparticle mass spectrum for various LSP scenarios: a) Pure Bino LSP, b) Wino NLSP,
c) Higgsino LSP, and d) Bino/Higgsino mix. The÷t1 (and÷b1) shown as black lines decays to various electroweakino
states: the bino state (red lines), wino state (blue lines), or higgsino state (green lines), possibly with the subsequent
decay into the LSP. The light sbottom (÷b1) is considered only for pMSSM models withmq3L < mtR.
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loop-suppressed÷t1 ! c ÷! 0
1. Given the very di! erent Þnal state the FCNC decay is not considered122

further in this paper. The various÷t1 decay modes in this scenario are illustrated in Figure3. The123

region of phase space along the line ofm÷t1
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1
+ mt is especially challenging to target, and is124

referred to in the following as the Ôdiagonal regionÕ.125

(b) Wino NLSP:126

A pMSSM model is designed such that a wino-like chargino (÷! ±
1) and neutralino (÷! 0

2) are mass127

degenerate to each other, having the lighter bino as the LSP. This scenario is motivated by models128

with gauge uniÞcation at the GUT scale such as the cMSSM or mSugra [56Ð58], where the mass of129

the wino (M2) is assumed to be twice as large as the mass of bino (M1), leading to the÷! ±
1 and ÷! 0

2130

having masses nearly twice as large as that of the bino-like LSP.131

In this scenario additional decay modes for the stop (composed mainly of÷tL) become available, such132

as the decay to a bottom quark and the lightest chargino (÷t1 ! b ÷! ±
1) with a branching ratio (BR)133

of about 2/3, or the decay to a top quark and the second neutralino (÷t1 ! t ÷! 0
2) with a BR of about134

1/3. The BRs can be signiÞcantly di! erent in the regions of phase-space where one of the decays is135

kinematically inaccessible. The÷! ±
1 and ÷! 0

2 subsequently decay to÷! 0
1 via emission of a (potentially136

o! -shell)W boson orZ/ h boson, respectively. The÷t1 ! b ÷! ±
1 decay is considered for a chargino137

mass above around100GeV since the LEP limit on the lightest chargino ism÷! ±
1

> 103.5GeV [59].138

An additional÷t1 ! b ÷! ±
1 decay signal model (simpliÞed model) is designed, motivated by a scenario139

with close-by masses of the÷t1and ÷! ±
1 . The model considered assumes! M (÷t1, ÷! ±

1 ) = 10 GeV and140

that the top decays via the process÷t1 ! b ÷! ±
1with a 100% BR. In this scenario the jets originating141
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¥ Two scenarios are considered in 

this model: 1) t1 ~ tL, 2) t1 ~ tR.

¥ In t1 ~ tL, sbottom pair production 

is also considered doubling the 

signal acceptance!

¥ mt1 up to 820 GeV is excluded 

for t1 ~ tL scenario, while no point 

is excluded for t1 ~ tR scenario. 
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Figure 27: Expected (dashed) and observed (solid) 95% excluded regions in the plane ofm÷t1 versusm÷! 0
1

for the

direct stop/sbottom pair production in the well-tempered neutralino model where various decay modes (÷t1 ! b ÷! ±
1 ,

÷t1 ! t ÷! 0
1, ÷t1 ! t ÷! 0

2, ÷b1 ! t ÷! ±
1 , ÷b1 ! b ÷! 0

1, and ÷b1 ! b ÷! 0
2) are considered with di! erent branching ratio for each

signal point. Contours for themq3L <mtR andmq3L >mtR hypotheses are shown separately as red and blue lines,
respectively. Formq3L <mtR hypothesis, both stop/sbottom pair productions are considered while formq3L >mtR

hypothesis, only stop pair production is considered.
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Results: Spin-0 mediator model (DM+ttbar)

¥ Spin-0 mediator model  is studied, exploiting the 

similarity of the final state: ttbar+MET (1-lepton).

¥ There *was*  mild excess in DM_low(_loose) in 13.2 fb-1

¥ No longer significant with full 2015+2016 data (1.5( ).
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Figure 6: Comparison of the observed data (nobs) with the predicted background (nexp) in the VR and SRs. The
background predictions are obtained using the background-only Þt conÞguration. The bottom panel shows the
signiÞcance of the di! erence between data and predicted background, where the signiÞcance is based on the total
uncertainty (! tot).

8 Results

The number of observed events together with the predicted number of background events in all the SRs
is shown in Table7 and Fig.6 together with the VRs. The VRs are not mutually exclusive among
themselves; the same applies to the SRs. The prediction is obtained using the background-only Þt
conÞguration described in Section6. Table 7 also lists the results for the four Þt parameters that
control the normalization of the four main backgrounds (normalization factors, NFs), together with the
associated Þt uncertainties. To quantify the compatibility of the SM background-only hypothesis with the
observations in the SRs, a proÞle likelihood ratio test is performed. All limits are calculated using theCLs

prescription [117]. Table7 reports the resultingp-values (p0). The largest deviation from the background
prediction is found inDM_lowwith a local signiÞcance of 3.3! . Mild excesses corresponding to 2.2! and
2.6! are also observed inSR1andbC2x_diag, respectively. A partial overlap exists between the observed
data events in the three SRs. It is found that the data excess inSR1is reduced when considering only the
subset of events that are unique toSR1whereas this is not the case forDM_lowandbC2x_diag. Further
cross checks were performed to ensure the accuracy of the background estimates and no indications of
mismodelings were found.

Figures7 Ð10show theEmiss
T andmT distributions in four representative SRs.

Exclusion limits are derived in the context of stop pair production models and simpliÞed models for dark
matter associated production with top quarks. The signal uncertainties and potential signal contributions
to all regions are taken into account. All uncertainties except those on the theoretical signal cross-section
are included in the Þt. Exclusion limits at 95% CL are obtained by selecting a priori the signal region
with the lowest expected CLs value for each signal model and the exclusion contours are derived by
interpolating in the CLs value.

20

(ATL-CONF-2016-050)
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Figure 4: A representative Feynman diagram fors-channel spin-0 mediator production. The! /a is the
scalar/pseudoscalar mediator, which decays into a pair of dark matter (" ) particles.

sections are preceded by descriptions of the ATLAS detector and the dataset upon which this analysis is200

performed in Section3, and the corresponding set of simulated samples in Section4.201

The main background processes after the signal selections such astøt, single-topWt, tøt + Z(! #ø#), and202

W+jets, are estimated by enhancing each of them in a dedicated control region (CR), making the analysis203

more robust against potential mis-modelling e! ects in simulated events and reducing the uncertainties on204

the background estimates. The backgrounds are then normalised in data by a simultaneous Þt to each205

SR with its associated CRs. The background modelling as predicted by the Þts is tested in a series of206

validation regions (VRs). The background estimation, including the deÞnition of all CRs, is detailed in207

Section8.208

Systematic uncertainties due to theoretical and experimental e! ects are considered for all background and209

signal processes and are described in Section9. The Þnal results and interpretations, both in terms of210

model-dependent exclusion limits on the masses of relevant SUSY particles and model-independent upper211

limits on the number of beyond-SM events, are presented in Section10.212

3 The ATLAS detector and data collection213

The ATLAS detector [75] is a multipurpose particle physics detector with nearly4$ coverage in solid angle214

around the collision point.5 It consists of an inner tracking detector (ID), surrounded by a superconducting215

solenoid providing a 2 T axial magnetic Þeld, a system of calorimeters, and a muon spectrometer (MS)216

incorporating three large superconducting toroid magnets. The ID provides charged-particle tracking in217

the range|%| < 2.5. During the LHC shutdown between Run 1 (2010Ð2012) and Run 2 (2015Ð2018), a218

5 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and thez-axis along the beam pipe. Thex-axis points from the IP to the centre of the LHC ring, and they-axis points
upwards. Cylindrical coordinates(r, ! ) are used in the transverse plane,! being the azimuthal angle around thez-axis.
The pseudorapidity is deÞned in terms of the polar angle& as%= " ln tan(&/ 2). Angular distance is measured in units of

! R #
!

(! %)2 + (! ! )2.The transverse-momentum,pT, is deÞned with respect to the beam axis (x " y plane).
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Figure 15: Comparison of the observed data (nobs) with the predicted SM background (nexp) in (top) tN_med,
tN_high , bWNandbffN signal regions, and (bottom)DM_low_loose, DM_low, andDM_highsignal regions, and
associated VRs. The background predictions are obtained using the background-only Þt conÞguration, and the
hashed area around the SM prediction includes all uncertainties. The bottom panels show the di�erence between
data and the predicted SM background divided by the total uncertainty (! tot).

The number of observed events together with the predicted number of SM background events in all 16 SRs906

May 16, 2017 Ð 17:09 47

3.3#

stop 1-lepton

https://cds.cern.ch/record/2206132/files/ATLAS-CONF-2016-050.pdf
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Stop searches with higgs and Z boson

¥ Signal model (simplified model) targeting 

intermediate " 20 decaying via either Higgs 

or Z boson:#

1) t1 -> t + " 20  or 2) t2 -> t1 + h/Z.
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Figure 5: Exclusion limits at 95% CL from the analysis of 36.1 fb! 1 of 13 TeV collision data on the masses of the
÷t1 and ÷! 0

2, for a Þxedm( ÷! 0
1) = 0 GeV, assuming BR( ÷! 0

2 ! Z ÷! 0
1) = 0.5 and BR( ÷! 0

2 ! h ÷! 0
1) = 0.5. The dashed

line and the shaded band are the expected limit and its±1" uncertainty, respectively. The thick solid line is the
observed limit for the central value of the signal cross-section. The expected and observed limits do not include the
e↵ect of the theoretical uncertainties on the signal cross-section. The dotted lines show the e↵ect on the observed
limit when varying the signal cross-section by±1" of the theoretical uncertainty.

19

÷t1

÷t1

÷! 0
2

÷! 0
2

p

p

t

÷! 0
1

h

t

÷! 0
1

Z

(a)

÷t2

÷t2

÷t1

÷t1

p

p

h

÷! 0
1

t

Z

÷! 0
1

t

(b)

Figure 1: Diagram of the top squark pair production processes considered in this analysis: (a)÷t1 ! t ÷! 0
2 and

÷! 0
2 ! h/ Z ÷! 0

1 decays, and (b)÷t2 ! h/ Z÷t1 and÷t1 ! t ÷! 0
1 decays.

2 ATLAS detector

The ATLAS experiment [20] is a multi-purpose particle detector with a forward-backward symmetric
cylindrical geometry and nearly 4" coverage in solid angle.1 The interaction point is surrounded by an
inner detector (ID), a calorimeter system, and a muon spectrometer.

The ID provides precision tracking of charged particles for pseudorapidities|#| < 2.5 and is surrounded
by a superconducting solenoid providing a 2 T axial magnetic Þeld. It consists of pixel and silicon-
microstrip detectors inside a transition radiation tracker. One signiÞcant upgrade for the running period
at

"
s = 13 TeV is the presence of the Insertable B-Layer [31], an additional pixel layer close to the inter-

action point, which provides high-resolution hits at small radius to improve the tracking performance.

In the pseudorapidity region|#| < 3.2, high-granularity lead/liquid-argon (LAr) electromagnetic (EM)
sampling calorimeters are used. A steel/scintillator tile calorimeter measures hadron energies for|#| <
1.7. The endcap and forward regions, spanning 1.5 < |#| < 4.9, are instrumented with LAr calorimeters
for both the EM and hadronic energy measurements.

The muon spectrometer consists of three large superconducting toroids with eight coils each, a system of
trigger and precision-tracking chambers, which provide triggering and tracking capabilities in the ranges
|#| < 2.4 and|#| < 2.7, respectively.

A two-level trigger system is used to select events [32]. The Þrst-level trigger is implemented in hardware
and uses a subset of the detector information. This is followed by the software-based High-Level Trigger
stage, which runs o! ine reconstruction and calibration software, reducing the event rate to about 1 kHz.

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and thez-axis along the beam pipe. Thex-axis points from the IP to the centre of the LHC ring, and they-axis points upward.
Cylindrical coordinates (r, $) are used in the transverse plane,$ being the azimuthal angle around the beam pipe. The pseu-
dorapidity is deÞned in terms of the polar angle%as# = # ln tan(%/ 2). Rapidity is deÞned asy = 0.5 ln

!
(E + pz)/ (E # pz)

"

whereE denotes the energy andpz is the component of the momentum along the beam direction.

3

¥ Final state:"

 - 3L+1b (via Z boson)

    - 1L+4b (via Higgs boson)

¥ Dominant background:"

 - ttZ in 3L+1b

    - ttbar in 1L+ 4b

BR(! "0
2 ! Z! "0

1)=0.5!

BR(! "0
2 ! h! "0

1)=0.5 
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Stop search in RPV scenario

¥ Final state: 2L+2b

¥ Key discriminant: mbl and mCT 

¥ Main backgrounds:#

Wt, Z+jets, and ttbar events

¥ Limits are set on various possible 

BRs (no t1 -> b)  search)
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Figure 1:Feynman diagram forscalar toppair production, with÷t decay to a charged lepton andb-quark.

This paper presents the Þrst search performed by ATLAS for directscalar toppair production, with the52

RPV decay of each÷t to a charged lepton and ab quark, as shown in Figure1. In contrast toR-parity53

conserving searches for÷t, there is no signiÞcant missing transverse momentum. The÷t decay branching54

fractions toeb, µb, and! b may be di! erent in a manner related to the neutrino mass hierarchy [16, 17].55

Therefore, the experimental signature is two oppositely charged leptons of any ßavor and, in principle,56

two b-jets. For this analysis, only events with electron or muon signatures are selected, and Þnal states are57

split by ßavor intoee, eµ, andµµ selections. To improve the e" ciency of the selection of signal events58

for high values of the÷t mass, only one jet is required to be identiÞed as initiated by ab quark. Events are59

chosen that reconstruct twob" resonances of roughly equal mass.60

Previous searches with similar Þnal states have targeted the pair production of Þrst, second, and third61

generation leptoquarks at ATLAS [18, 19] and at CMS [20]. However, they consider Þnal states within62

the same generation (ee j j, µµj j , !! bb where j indicates light ßavor) and do not focus on Þnal states63

with b-jets and electrons and muons (eebb, µµbb) nor consider Þnal states with both electrons and muons64

(eµbb). The results of the Run 1 leptoquark searches were interpreted for the÷t mass and its decay65

branching fractions in theB ! L model [16, 17], setting weaker limits than expected from a dedicated66

search by up to 300 GeV.67

The ATLAS detector and the dataset collected during Run 2 of the LHC are described in Sec.2, with the68

corresponding Monte Carlo simulation samples presented in Sec.3. The identiÞcation and reconstruction69

of jets and leptons is presented in Sec.4, and the descriminating variables used to construct the signal70

regions are described in Sec.5. The method of background estimation is described in Sec.6, and the71

systematic uncertainties are detailed in Sec.7. The results are presented in Sec.8, and the conclusion72

given in Sec.9.73

May 2, 2017 Ð 22:41 5

¥ RPV stop decay, while conserving 

the baryon number (B) to avoid a 

prompt proton decay. 



) [GeV]t~m(

600 800 1000 1200 1400

) 
[G

eV
]

10 !"
m

(

500

1000

1500 -1 = 13 TeV, 36.1 fbs

 LSPH
~

), 
theory

SUSY
# 1 ±Obs. limit (

 LSPH
~

), exp# 1 ±Exp. limit (

 LSPB
~

), 
theory

SUSY
# 1 ±Obs. limit (

 LSPB
~

), exp# 1 ±Exp. limit (

1

+
!" / b

1,2

0
!" t$ t

~

sbb $ 
1

+
!" tbs, $ 

1,2

0
!"

)
1

0
!"

 m(t) 
+ m( 

%) t~
m(

All limits at 95% CL

ATLAS

Figure 10: Observed and expected exclusion contours on the t̃ and !̃ 0
1 masses in the context of top-squark production

model with RPV decays of the LSP. Limits are shown in the case of pure bino (B̃) or pure higgsino (H̃) LSPs. The
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More RPV stop
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Figure 1: Diagrams of the four simpliÞed signal benchmark models considered. The Þrst three models involve pair
production of gluinos with each gluino decaying as (a) ÷g ! tøt ÷! 0

1 ! tøtuds, (b) ÷g ! øt÷t ! øtøbøs, (c) ÷g ! qøq÷! 0
1 !

qøqqøq"/ #. The fourth model (d) involves pair production of top squarks with the decay÷t ! t ÷! 0
1/ 2 or ÷t ! b÷! +

1 and

with the LSP decays ÷! 0
1/ 2 ! tbsor ÷! +

1 ! øbøbøs; the speciÞc decay depends on the nature of the LSP. In all signal
scenarios, anti-squarks decay into the charge-conjugate Þnal states of those indicated for the corresponding squarks,
and each gluino decays with equal probabilities into the given Þnal state or its charge conjugate.

4 Event reconstruction

For a given event, primary vertex candidates are required to be consistent with the luminous region and to
have at least two associated tracks withpT > 400 MeV. The vertex with the largest

!
p2

T of the associated
tracks is chosen as the primary vertex of the event.

Jet candidates are reconstructed using the anti-kt jet clustering algorithm [58, 59] with a radius parameter
of 0.4 starting from energy deposits in clusters of calorimeter cells [60]. The jets are corrected for energy
deposits from pile-up collisions using the method suggested in Ref. [61] and calibrated with ATLAS
data in Ref. [62]: a contribution equal to the product of the jet area and the median energy density of

5

¥ In RPV models, LSP decays further into 

quarks, leading to multijets (up to >= 12 jets!) 

and a lepton (from semi-leptonic top-quark 

decay) final state.

¥ mt1 up to 1250 GeV (1100 GeV) is 

excluded for the bino LSP (higgsino 

LSP) scenario.

¥ More in T. SaitoÕs talk

¥ Higgsino LSP (with t1 ~ tR) and Bino 

LSP scenarios considered.

https://indico.cern.ch/event/517784/contributions/2492781/attachments/1460108/2254984/tomoyuki.saito_SUSY-Strong-Leptonic_20170516_ver4.pdf
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Conclusion

¥ Many new results from ATLAS for 3rd generation squark searches are 

presented based on full 2015+2016 data (36 fb-1).
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=13 TeVs

 [CONF-2017-020]-10L 36.1 fb

 [CONF-2017-037]-11L 36.1 fb

 [CONF-2017-034]-12L 36.1 fb

  [1604.07773]-1Monojet 3.2 fb

Run 1 [1506.08616] ¥ No significant excesses this 

time aroundÉ 

¥ Stringent constraints obtained 

on various pMSSM and 

simplified models.

Stay tuned!
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pMSSM models

Scenario Wino NLSP Higgsino LSP Bino/higgsino mix
Models pMSSM simpliÞed pMSSM
Mixing parameters X t /M S !

"
6

tan ! 20 20 or 60 20
M S [TeV] 0.9-1.2 1.2 0.7-1.3
M 3 [TeV] 2.2 2.2 1.8
Scanned mass parameters (M 1,mq3L ) (µ,mq3L / mtR ) (M 1,mq3L / mtR )
Electroweakino masses [TeV] µ = ± 3.0 M 2 = M 1 = 1 .5 M 2 = 2 .0

M 2 = 2M 1 # | µ| µ # M 1 = M 2 M 1 ! $ µ, M 1 < M 2

Additional requirements Ð Ð 0.10 < ! h2 < 0.12
÷t1 decay modes and their BR [%] ÷t1 ! ÷tL (a) / (b) / (c) (a) / (b)
÷t1 % t ÷" 0

1 < 5 ! 25/ ! 45/ ! 33 < 10/< 10
÷t1 % b÷" ±

1 ! 65 ! 50/ ! 10/ ! 33 ! 50/ ! 10
÷t1 % t ÷" 0

2 ! 30 ! 25/ ! 45/ ! 33 ! 20/ ! 40
÷t1 % t ÷" 0

3 Ð Ð ! 20/ ! 40



LHCP2017, May17 2017, Keisuke Yoshihara (University of Pennsylvania)
20

Results: Pure Bino LSP scenario (Low mass zoom)

DRAFT
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Figure 21: Expected (black dashed) and observed (red solid) 95% excluded regions in the plane ofm÷t1
versus

! m(÷t1, ÷! 0
1) for the direct stop pair production assuming either÷t1 ! t ÷! 0

1, ÷t1 ! bW ÷! 0
1, or ÷t1 ! b f f " ÷! 0

1 decay with a
branching ratio of 100%. The excluded regions from previous publications [44, 46] are shown with the grey shaded
area. In the region of phase-space above the line, only the÷t1 ! t ÷! 0

1 decay is allowed.

May 16, 2017 Ð 17:09 59
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Results: Pure Bino LSP scenario (SR map)

DRAFT
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Figure 29: Selected (best-expected) signal regions for each grid point in the pure bino LSP scenario.
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Results: Pure Bino LSP scenario (BDT output)DRAFT
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Figure 18: Distributions of BDT score for thetN_diag_low (top left),tN_diag_med(top right), andtN_diag_high
(bottom) regions. The SM background predictions are obtained using the background-only Þt conÞguration, and
the hashed area around the total SM background prediction includes all uncertainties. In addition to the background
prediction, signal models are shown, denoted bym(÷t1, ÷! 0

1). The bottom panels show the di�erence between data
and the predicted SM background divided by the total uncertainty (" tot).

10.2 Exclusion limits920

As no signiÞcant excess is observed, exclusion limits are set based on proÞle-likelihood Þts for the stop921

pair production models and the simpliÞed model for top-quarks in association with dark matter.922

The signal uncertainties and potential signal contributions to all regions are taken into account. All923

uncertainties except those on the theoretical signal cross-section are included in the Þt. Exclusion limits924

at 95% CL are obtained by selectinga priori the signal region with the lowest expected CLs value for each925

signal model and the exclusion contours are derived by interpolating in the CLs value.926

Figures20and21show the expected and observed exclusion contours as a function of stop and neutralino927

mass for the pure bino LSP scenario. The±1" exp uncertainty band indicates the impact on the expected928

limit of the systematic and statistical uncertainties included in the Þt. The±1" SUSY
theory uncertainty lines929

around the observed limit illustrate the change in the observed limit as the nominal signal cross-section is930

May 16, 2017 Ð 17:09 54
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Results: Higgsino LSP: fixed !m(" 1±," 10)=5GeV

DRAFT
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Figure 24: Expected (dashed) and observed (solid) 95% excluded regions in the plane ofm÷t1 versusm÷! 0
1

for direct

stop pair production in the higgsino LSP model where various decay modes (÷t1 ! b ÷! ±
1 , ÷t1 ! t ÷! 0

1, ÷t1 ! t ÷! 0
2)

are considered with di! erent branching ratios depending on the hypothesis being considered. In this model,
! m( ÷! ±

1, ÷! 0
1) = 5GeV and! m( ÷! 0

2, ÷! 0
1) = 10GeV are assumed.

May 15, 2017 Ð 06:40 63
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Results: Higgsino LSP (Diagonal region)

DRAFT
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Results: Compressed b+chargino
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Results: spin-0 mediator model
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Figure 28: Upper limit on the ratio of the DM production cross-section to the simpliÞed model expectation under
the hypothesis of (left) a scalar or (right) a pseudoscalar mediator. The limit is shown as a function of: (top) the
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Stop b-l Results:
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Stop search with higgs and Z boson
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Figure 6: Exclusion limits at 95% CL from the analysis of 36.1 fb�1 of 13 TeV collision data on the masses of the
÷t2 and ÷�0

1, for a Þxedm(÷t1) ! m( ÷�0
1) = 180 GeV and assuming (a) BR(÷t2 " Z÷t1) = 1 or (b) BR(÷t2 " h÷t1) = 1.

The dashed line and the shaded band are the expected limit and its±1� uncertainty, respectively. The thick solid
line is the observed limit for the central value of the signal cross-section. The expected and observed limits do not
include the e! ect of the theoretical uncertainties on the signal cross-section. The dotted lines show the e! ect on the
observed limit when varying the signal cross-section by±1� of the theoretical uncertainty. The shaded green area
shows the observed exclusion from the ATLAS

#
s = 8 TeV analysis [19, 29].
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Figure 1: Diagram of the top squark pair production processes considered in this analysis: (a)÷t1 ! t ÷! 0
2 and

÷! 0
2 ! h/ Z ÷! 0

1 decays, and (b)÷t2 ! h/ Z÷t1 and÷t1 ! t ÷! 0
1 decays.

2 ATLAS detector

The ATLAS experiment [20] is a multi-purpose particle detector with a forward-backward symmetric
cylindrical geometry and nearly 4" coverage in solid angle.1 The interaction point is surrounded by an
inner detector (ID), a calorimeter system, and a muon spectrometer.

The ID provides precision tracking of charged particles for pseudorapidities|#| < 2.5 and is surrounded
by a superconducting solenoid providing a 2 T axial magnetic Þeld. It consists of pixel and silicon-
microstrip detectors inside a transition radiation tracker. One signiÞcant upgrade for the running period
at

"
s = 13 TeV is the presence of the Insertable B-Layer [31], an additional pixel layer close to the inter-

action point, which provides high-resolution hits at small radius to improve the tracking performance.

In the pseudorapidity region|#| < 3.2, high-granularity lead/liquid-argon (LAr) electromagnetic (EM)
sampling calorimeters are used. A steel/scintillator tile calorimeter measures hadron energies for|#| <
1.7. The endcap and forward regions, spanning 1.5 < |#| < 4.9, are instrumented with LAr calorimeters
for both the EM and hadronic energy measurements.

The muon spectrometer consists of three large superconducting toroids with eight coils each, a system of
trigger and precision-tracking chambers, which provide triggering and tracking capabilities in the ranges
|#| < 2.4 and|#| < 2.7, respectively.

A two-level trigger system is used to select events [32]. The Þrst-level trigger is implemented in hardware
and uses a subset of the detector information. This is followed by the software-based High-Level Trigger
stage, which runs o✏ine reconstruction and calibration software, reducing the event rate to about 1 kHz.

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and thez-axis along the beam pipe. Thex-axis points from the IP to the centre of the LHC ring, and they-axis points upward.
Cylindrical coordinates (r , $) are used in the transverse plane,$ being the azimuthal angle around the beam pipe. The pseu-
dorapidity is deÞned in terms of the polar angle%as# = # ln tan(%/ 2). Rapidity is deÞned asy = 0.5 ln

!
(E + pz)/ (E # pz)

"

whereE denotes the energy andpz is the component of the momentum along the beam direction.

3

¥ Higgs or Z boson can be a key ingredient in 

various stop searches: #

1) t1 -> t + " 20  or 2) t2 -> t1 + h/Z.

¥ 3L+1b (via Z boson) and 1L+4b 

(via Higgs boson) final states 

are targeted for the analysis.


