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Process:              [2] 
!  R-parity, PR=(-1)3(B-L)+2S, conservation is assumed  
!  The lightest supersymmetric particle (LSP) is stable 
!  The lightest neutralino is the  LSP  
!  Final state characterized by: 

"  at least four jets; 
"  large missing transverse energy 

t̃1 ! t(⇤)�̃0
1

Two different analysis strategies targeting respectively: 
"  High top-squark masses ~ 1000 GeV: 

#  the dominant Standard Model process is              in association with jets initiated by 
heavy-flavor quarks; 

#  the reconstruction of the two top candidates is performed by applying the anti-kt 
clustering algorithm to the R=0.4 jets using reclustered distance parameters of R=0.8 
and R=1.2; 

#  Two R=1.2 reclustered jets are required; 
#  the events are divided into three categories based on  the resulting reclustered jet 

masses                 : 
•  events with 2 top candidates, 
•  events with one top and a W candidate, 
•  events with only one top candidate. 

"                         : 
#  signal topology very similar to Standard Model (SM)     production; 
#  the presence of an high-momentum ISR is required to boost the di-top squark system in 

the transverse plane. 
#  signal regions are separated into windows based on ranges of                                   .   

Z ! ⌫⌫̄

m(t̃1) ⇡ m(t) +m(�̃0
1)

tt̄

RISR ⌘ Emiss
T

pISR
T

⇡ m�̃0
1

mt̃

No significant excess has been observed. 

mi=0,1

jet,R=1.2

Top candidate if                        . mi=0,1

jet,R=1.2
> 120 GeV

Processes:                   [3] t̃1 ! t�̃0
2/t̃2 ! h/Zt̃1

!  R-parity conservation is assumed  
!  The lightest supersymmetric particle (LSP) is stable 
!  The lightest neutralino is the  LSP  
!  Signal models: 

"    
 
 
 

"    
 
 

"    
 
 

!  Final state characterized by: 
"  large missing transverse energy 
"  b-jets 

t̃1 ! t�̃0
2

,! Z�̃0
1 (BR=0.5)

,! h�̃0
1 (BR=0.5)

t̃2 ! Zt̃1

,! t�̃0
1

t̃2 ! ht̃1

,! t�̃0
1

�M(t̃2, t̃1) = 180 GeV

Two different analysis strategies targeting the scenarios where: 
 
"  Z boson is produced: 

#   at least three leptons (electrons or muons); 
#   at least one same-flavour opposite-sign lepton pair 

whose invariant mass is compatible with the Z boson 
(                                ); 

#   at least one b-tagged jet. 
 

 

"  Higgs boson is produced:  
#  one or two leptons (electrons or muons); 
#  at least 4 b-tagged jets; 
#  the pair of b-tagged jets with the smallest angular 

distance is required to have an invariant mass 
consistent with the Higgs boson mass 
(                                 ). 

|mll �mZ | < 15 GeV

|mbb �mh| < 15 GeV

No significant excess has been observed. 

Processes:         [4] t̃1 ! q̄j q̄k

!  R-parity is not conserved    
!  The lightest supersymmetric particle (LSP) is unstable 
!  The lightest top squark is the  LSP  
!  Baryon number is not conserved  
!  Final state characterized by: 

"  four jets forming two pairs, originating 
from a pair of equal mass resonance. 

The two jets pairs are identified by minimizing  the following 
quantity: 
 
 
 
where     is the angular distance between the  two jets for 
the ith pair.  

Discriminant variables: 
"  average mass, mavg, of the two resonance 

candidates; 
"  mass asymmetry between the two resonance 

candidates |m1-m2|/(m1+m2);  
"  cosine of the angle formed by the two resonances 

and the beamline in their centre of mass frame  

X

i=1,2

|�Ri � 1|

�Ri

Two different analysis strategies:  
"  inclusive selection:  

#  at least 4 jets 
 
 
 

 
"  b-tagged selection:  

#  at least  4 jets 
#  At least 2 b-tagged jet 

No significant excess has been observed. 

Fermions-Bosons Symmetry [1]: 
"  bosonic SUSY partner for each chiral component of 

the SM fermions (squarks, sleptons); 
"  Fermionic SUSY partner for each SM boson (gauginos); 
"  2 Higgs doublets are introduced, together with their 

SUSY partners (Higgsinos). 

Spontaneous symmetry breaking leads to particles mixing: 
$  4 neutral mass eigenstates, neutralinos, are obtained from neutral Higgsinos and gauginos mixing 

(                                     ); 
$  2 charged eigenstates, charginos, are obtained from charged Higgsinos and gauginos mixing 
    (                             ); 
$  Elements from (        ), (         ) and  (         ) mix to obtain: 

•                          ;        
•                   ; 
•                         . 

�̃0
i=1,2,3,4[m�̃0

1
< m�̃0

2
< m�̃0

3
< m�̃0

4
]

t̃L, t̃R b̃L, b̃R ⌧̃L, ⌧̃R

⌧̃i=1,2[m⌧̃1 < m⌧̃2 ]
b̃i=1,2[mb̃1

< mb̃2
]

t̃i=1,2[mt̃1 < mt̃2 ]

 SUSY particles mass and mixing angles 
are free parameters for the theory 

Arranged with cylindrical  
symmetry and hermetic coverage.  
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Light SUSY partners of  top and bottom 
needed to address SM hierarchy problem

2

Theory

I “Unnatural” fine-tuning of m2

H

) presence of scalar top partner
would cancel quadratic radiative
corrections and protect m2

H

I No gauge coupling unification in
the Standard Model

Theory

I “Unnatural” fine-tuning of m2

H

) presence of scalar top partner
would cancel quadratic radiative
corrections and protect m2

H

I No gauge coupling unification in
the Standard Model

H̃

t̃L
b̃L

t̃R

g̃

natural SUSY decoupled SUSY

W̃

B̃
L̃i, ẽi
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FIG. 1: Natural electroweak symmetry breaking constrains the superpartners on the left to be

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

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

the superpartners on the left.

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

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

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

of fine tuning can be modified in higher dimensional setups.

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

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

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

direction of the Higgs vacuum expectation value. Therefore the discussion of naturalness
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ATLAS 3rd generation squarks results

Covered in this talk :  

Stop search in hadronic final state, ATL-CONF-SUSY-2017-020 

Sbottom search, ATL-CONF-SUSY-2017-038 

Other relevant third generation SUSY results from ATLAS in :  

J. Maurier, compressed SUSY searches (earlier this session) 

P. Pani, third generation squarks in leptonic final state (next talk) 

S. Melhase, R-parity violating searches (tomorrow) 

T. Yamazaki, stop with one lepton, poster session 

M. Reale, stop searches for 4 body and stealth scenarios, poster session  

L. Longo, stop with two leptons, poster session 

S. D. Jones, stop in compressed scenarios, poster session
3



stop search targets

All signatures have 6 jets (2 from b) and missing momentum 
(MET) from neutralinos 

SRA and SRB : t χ01 decay with large ΔM. Large 
MET, boosted top quarks. 

SRC : t χ01 decay with small ΔM. Top squarks 
recoil against ISR, boost enhanced MET  

SRD : decays via chargino, no top quark in final 
state  

SRE : targets gluino decays, large ΔM

4

stop mass

ne
ut

ra
lin

o 
m

as
s

stable stop

3-
bo

dy
 de

ca
y b

W
N1

SRC

SRA

SRB

SRD SRE

~

~



Event categories with large-radius jet masses 

Selections on MET, MT(b,MET), top reconstructed with small-R jets, ΔR(bb)
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stop search selections I
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Figure 3: Illustration of signal-region categories (TT, TW, and T0) based on the R = 1.2 reclustered top-candidate
masses for simulated direct top-squark pair production with (mt̃,m �̃0

1
) = (1000, 1) GeV after the loose preselection

requirement described in the text. The black lines represent the requirements on the reclustered jet masses.

events in which one W decays via a charged lepton plus neutrino. The first requirement is that the
transverse mass (mT) calculated from the Emiss

T and the b-tagged jet with minimum distance in � to the
p

miss
T direction is above 200 GeV:

mb,min
T =

q
2 pbT Emiss

T

f
1 � cos��

⇣
p

b
T, p

miss
T

⌘g
> 200 GeV, (1)

which is bounded to be below the top quark mass, as illustrated in Fig. 2 (b). An additional requirement
is made on the mass of the leading (in pT) R=0.8 reclustered jet to be consistent with a W candidate:
m0

jet,R=0.8 > 60 GeV. Additionally, requirements on the stransverse mass (m�2

T2 ) [64, 65] are made which
are especially powerful in the T0 category where a �2 method is applied to reconstruct top quarks with
lower momenta where reclustering was suboptimal. The m�2

T2 variable is constructed from the direction
and magnitude of the Emiss

T in the transverse plane as well as the direction of two top quark candidates
reconstructed using a �2 method. The minimization of the method is done in terms of �2 = (mcand�mtrue)2

mtrue
,

where mcand is the candidate mass and mtrue is set to 80.4 GeV for W candidates and 173.2 GeV for
top candidates. Initially pairs of R = 0.4 jets form W candidates which are then used to construct top
candidates using additional R = 0.4 jets in the event. The top candidates selected by the �2 method
are only used for the momenta in m�2

T2 while the hypothesis masses for the top quarks and the invisible
particles are set to 173.2 GeV and 0 GeV, respectively. Finally, a “⌧-veto” requirement is applied to
reject hadronic ⌧-lepton candidates likely to have originated from a W ! ⌧⌫ decay. Here, events that
contain a non-b-tagged jet within |⌘ | < 2.5 with fewer than four associated charged-particle tracks with
pT > 500 MeV, and where the �� between the jet and the p

miss
T is less than ⇡/5 radians, are vetoed. In

SRB, additional discrimination is provided by mb,max
T and �R(b, b). The former quantity is analogous

to mb,min
T except that the transverse mass is computed with the b-tagged jet that has the largest �� with

8

respect to the p

miss
T direction. The latter quantity provides additional discrimination against background

where the two b-tagged jets come from a gluon splitting. Table 1 summarizes the selection criteria that
are used in these two signal regions.

Table 1: Selection criteria for SRA and SRB, in addition to the common preselection requirements described in the
text. The signal regions are separated into topological categories based on reconstructed top-candidate masses.

Signal Region TT TW T0

m0
jet,R=1.2 > 120 GeV

m1
jet,R=1.2 > 120 GeV [60, 120] GeV < 60 GeV

mb,min
T > 200 GeV

Nb�jet � 2

⌧-veto yes�����
⇣
jet0,1,2, pmiss

T

⌘ ��� > 0.4

A

m0
jet,R=0.8 > 60 GeV

�R (b, b) > 1 -

m�2

T2 > 400 GeV > 400 GeV > 500 GeV

Emiss
T > 400 GeV > 500 GeV > 550 GeV

B

mb,max
T > 200 GeV

�R (b, b) > 1.2

Signal Regions C

SRC is optimized for direct top-squark pair production where �m(t̃, �̃0
1) ⇡ mt , a regime in which the

signal topology is very similar to SM tt̄ production. In the presence of high-momentum ISR, which
can be reconstructed as multiple jets and form an ISR system, the di-top-squark system is boosted in the
transverse plane. The ratio of the Emiss

T to the pT of the ISR system in the centre-of-mass (CM) frame
(pISR

T ), defined as RISR, is proportional to the ratio of the �̃0
1 and t̃ masses [66, 67]:

RISR ⌘
Emiss

T
pISR

T
⇠

m �̃0
1

mt̃
. (2)

A recursive jigsaw reconstruction technique, as described in Ref. [68], is used to divide each event into an
ISR hemisphere and a sparticle hemisphere, where the latter consists of the pair of candidate top squarks,
each of which decays via a top quark and a �̃0

1. Objects are grouped together based on their proximity
in the lab frame’s transverse plane by minimizing the reconstructed transverse masses of the ISR system
and sparticle system simultaneously over all choices of object assignment. Kinematic variables are then
defined based on this assignment of objects to either the ISR system or the sparticle system. This method

9

Preselection : MET > 250 GeV (trigger), at least four jets, MET aligned with 
track MET and not aligned with any jet



stop search selections II

is equivalent to dividing the event according to the axis of maximum back-to-back pT in the event’s CM
frame where the total pT of all accepted objects sum to zero. In events with strong ISR, the axis of
maximum back-to-back pT, also known as the thrust axis, should approximate the direction of the ISR and
sparticles’ back-to-back recoil.

The selection criteria for this signal region are summarized in Table 2. The events are divided into five
windows defined by non-overlapping ranges of the reconstructed RISR, and target di�erent top squark
and �̃0

1 masses: e.g., SRC2 is optimized for mt̃ = 300 GeV,m �̃0 = 127 GeV and SRC4 is optimized for
mt̃ = 500 GeV,m �̃0 = 327 GeV. Five jets or more are required to be assigned to the sparticle hemisphere
of the event (NS

jet), and at least one of those jets (NS
b�jet) must be b-tagged. Transverse-momentum

requirements on pISR
T , the highest-pT b-jet in the sparticle hemisphere (p0,S

T,b), and the fourth-highest-pT

jet in the sparticle hemisphere (p4,S
T ) are applied. The transverse mass between the entire sparticle system

(include the invisible part) and the Emiss
T , defined as mS, is required to be > 300 GeV. The ISR system

is also required to be separated in azimuth from the Emiss
T in the CM frame; this variable is defined as

��ISR,Emiss
T

.

Table 2: Selection criteria for SRC, in addition to the common preselection requirements described in the text. The
signal regions are separated into windows based on ranges of RISR.

Variable SRC1 SRC2 SRC3 SRC4 SRC5

Nb�jet � 1

NS
b�jet � 1

NS
jet � 5

p0,S
T,b > 40 GeV

mS > 300 GeV

��ISR,Emiss
T

> 3.0

pISR
T > 400 GeV

p4,S
T > 50 GeV

RISR 0.30-0.40 0.40-0.50 0.50-0.60 0.60-0.70 0.70-0.80

Signal Regions D

SRD is optimized for direct top-squark pair production where both top squarks decay via t̃ ! b �̃±1 where
m �̃±1

= 2m �̃0 . In this signal region, at least five jets are required, two of which must be b-tagged. The
sum of the pTs of the two jets with the highest b-tagging weight (p0,b

T +p1,b
T ) as well as the second (p1

T),
fourth (p3

T), and fifth (p4
T) jet pTs are used for additional background rejection. SRD-low and SRD-high

are optimized for mt̃ = 400 GeV,m �̃0 = 50 GeV and mt̃ = 700 GeV,m �̃0 = 100 GeV, respectively. The
models considered for the optimization have m( �̃±1 ) = 2m( �̃0

1). Tighter leading and sub-leading jet pT
requirements are made for SRD-high, as summarized in Table 3.
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Table 3: Selection criteria for SRD, in addition to the common preselection requirements described in the text.

Variable SRD-low SRD-high

�����
⇣
jet0,1,2, pmiss

T

⌘ ��� > 0.4

Nb�jet �2

�R (b, b) > 0.8

p0,b
T +p1,b

T > 300 GeV > 400 GeV

⌧-veto yes

p1
T > 150 GeV

p3
T > 100 GeV > 80 GeV

p4
T > 60 GeV

mb,min
T > 250 GeV > 350 GeV

mb,max
T > 300 GeV > 450 GeV

Signal Region E

SRE is designed for models which have highly-boosted top quarks. Such signatures can arise from direct
pair production of high-mass top partners, or from the gluino-mediated compressed t̃ scenario with large
�m(g̃, t̃). In this regime, reclustered jets with R = 0.8 are utilized to optimize experimental sensitivity to
these highly-boosted top quarks. In this signal region, at least four jets are required, two of which must
be b-tagged. Additional discrimination is provided by a measure of the Emiss

T significance: Emiss
T /
p

HT,
where HT is the scalar sum of the pT of all reconstructed R = 0.4 jets in an event. The selection criteria
for SRE, optimized for mg̃ = 1700 GeV,mt̃ = 400 GeV,m �̃0 = 395 GeV, are summarized in Table 4.

7 Background estimation

The main SM background process in SRA, SRB, SRD, and SRE is Z ! ⌫⌫̄ production in association
with heavy flavor jets. The second most dominant background is tt̄ production where one W decays via a
lepton and neutrino and the lepton (particularly a hadronically decaying ⌧ lepton) is either not identified
or is reconstructed as a jet. This process is the major background contribution in SRC and an important
background in SRB, SRD and SRE as well. Other important background processes are W ! `⌫ plus
heavy flavor jets, single top and the irreducible background from tt̄ + Z , where the Z decays to two
neutrinos.

The main background contributions are estimated primarily from comparisons between data and simulation
outside the signal regions. Control regions (CRs) are designed to enhance a particular background process,
and are orthogonal to the SRs while probing a similar event topology. The CRs are used to normalize
the simulation to data, but extrapolation from the CR to the SR are taken from simulation. Su�cient
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Recursive Jigsaw reconstruction*, event split in 
ISR and stop (S) hemispheres 

RISR peak for signal :

6

Chargino selections on jet 
pT, mT(b,MET), ΔR(bb)  

Optimized for two signal 
benchmarks 

Small ΔM selections Chargino selections

* see the talk of  P.D. Jackson earlier in this session

respect to the p

miss
T direction. The latter quantity provides additional discrimination against background

where the two b-tagged jets come from a gluon splitting. Table 1 summarizes the selection criteria that
are used in these two signal regions.

Table 1: Selection criteria for SRA and SRB, in addition to the common preselection requirements described in the
text. The signal regions are separated into topological categories based on reconstructed top-candidate masses.

Signal Region TT TW T0

m0
jet,R=1.2 > 120 GeV

m1
jet,R=1.2 > 120 GeV [60, 120] GeV < 60 GeV

mb,min
T > 200 GeV

Nb�jet � 2

⌧-veto yes�����
⇣
jet0,1,2, pmiss

T

⌘ ��� > 0.4

A

m0
jet,R=0.8 > 60 GeV

�R (b, b) > 1 -

m�2

T2 > 400 GeV > 400 GeV > 500 GeV

Emiss
T > 400 GeV > 500 GeV > 550 GeV

B

mb,max
T > 200 GeV

�R (b, b) > 1.2

Signal Regions C

SRC is optimized for direct top-squark pair production where �m(t̃, �̃0
1) ⇡ mt , a regime in which the

signal topology is very similar to SM tt̄ production. In the presence of high-momentum ISR, which
can be reconstructed as multiple jets and form an ISR system, the di-top-squark system is boosted in the
transverse plane. The ratio of the Emiss

T to the pT of the ISR system in the centre-of-mass (CM) frame
(pISR

T ), defined as RISR, is proportional to the ratio of the �̃0
1 and t̃ masses [66, 67]:

RISR ⌘
Emiss

T
pISR

T
⇠

m �̃0
1

mt̃
. (2)

A recursive jigsaw reconstruction technique, as described in Ref. [68], is used to divide each event into an
ISR hemisphere and a sparticle hemisphere, where the latter consists of the pair of candidate top squarks,
each of which decays via a top quark and a �̃0

1. Objects are grouped together based on their proximity
in the lab frame’s transverse plane by minimizing the reconstructed transverse masses of the ISR system
and sparticle system simultaneously over all choices of object assignment. Kinematic variables are then
defined based on this assignment of objects to either the ISR system or the sparticle system. This method

9



7

stop search background estimate 

Control regions (CR) used to normalize main 
backgrounds 

Z(νν)+jets normalized in Z(ll)+bb+jets 
selection 
Single top, ttbar, W+jets in single lepton 
selection (1 or 2 b-jets) 
ttV normalized using ttγ selection (one lepton, 
one photon, 2 b-jets)
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Figure 5: Final yields for all validation regions after the likelihood fit. The stacked histograms show the SM
expectation and the hatched uncertainty band around the SM expectation shows total uncertainty which consists of
the MC statistical, detector-related systematic uncertainties, and theoretical uncertainties on the extrapolation from
CR to VR.

applied to the single top background estimate to account for the e�ect of interference between single-top
quark and tt̄ production. The final single top uncertainty relative to the total background estimate is up to
18%. The detector systematics are also applied to the signal samples used for interpretation. Theoretical
uncertainties on the signal cross-section as described in Section 4 are treated separately and the limits are
given for the ±1� values as well as the central cross-section. The e�ect of the ISR/FSR modeling and
the scale variations on the acceptance and e�ciency are also taken into account when interpreting the
results.

9 Results and interpretation

The observed event yields are compared to the total number of expected background events in Tables 9, 10,
11, and Figure 6. The total background estimate is determined from the simultaneous fit based on a
procedure described in Section 7. Figure 7 shows the distribution of the Emiss

T , m�2

T2 , mb,max
T , mT, RISR,

and HT for the various signal regions, with RISR being shown combining SRC1-5. In these distributions,
the background expectations are normalized to the values determined from the simultaneous fit.
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Figure 4: (a) m�2

T2 distribution in CRZAB-T0, (b) Emiss0
T in CRZE , (c) the RISR distribution in CRTC, (d) the mb,max

T
distribution in CRW, (e) the transverse momentum of the second-leading-pT jet in CRST, and (f) the photon pT
distribution in CRTTGamma. The stacked histograms show the SM expectation, normalized using scale factors
derived from the simultaneous fit to all backgrounds. The “Data/SM" plots show the ratio of data events to the
total SM expectation. The hatched uncertainty band around the SM expectation and in the ratio plot illustrates
the combination of MC statistical and detector-related systematic uncertainties. The rightmost bin includes all
overflows.

16 Validation regions (VR) with kinematics 
between those of  CR and SR find good 
agreement between data and estimated 
background
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stop search results

Good agreement between data and SM 
expectation in all signal regions
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Figure 6: Final yields for all signal regions after the likelihood fit. The stacked histograms show the SM expectation
and the hatched uncertainty band around the SM expectation shows total uncertainty which consists of the MC
statistical, detector-related systematic uncertainties, and theoretical uncertainties on the extrapolation from CR to
SR.

zero- and one-lepton channels by 250 GeV. Additional constraints are set in the case when mt̃ ⇡ mt +m �̃0 ,
for which top-squark masses between 235�590 GeV are excluded. The limits in this region of the exclusion
are new compared to the 8 TeV results and come from the inclusion of SRC which takes advantage of an
ISR system to discriminate between signal and the dominant tt̄ background.

The SRE results are interpreted for indirect top-squark production through gluino decays in terms of the
�̃0

1 vs. g̃ mass plane with �m(t̃, �̃0
1) = 5 GeV. Gluino masses up to mg̃ = 1800 GeV with m �̃0 < 800 GeV

are excluded are shown in Fig. 9.
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Figure 7: Distributions of Emiss
T for SRA-TT, m�2

T2 for SRA-T0, mb,max
T for SRB-TW, RISR for SRC1-5, mb,max
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SRD-high and HT for SRE after the likelihood fit. The stacked histograms show the SM expectation and the hatched
uncertainty band around the SM expectation shows the MC statistical and detector-related systematic uncertainties.
A representative signal point is shown for each distribution.
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stop search limits

Statistical combination of  categories within 
SRA, SRB, SRC. 
Best expected of  the three SR taken for each 
point.   

Beware : limits are typically weaker in 
less simplified models 
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Figure 8: Expected (blue solid line) and observed (red solid line) exclusion limits at 95% CL as a function of t̃ and
�̃0

1 masses in the scenario where both top squarks decay via t̃ ! t (⇤) �̃0
1. Uncertainty bands corresponding to the

±1� variation on the expected limit (yellow band) and the sensitivity of the observed limit to ±1� variations of the
signal theoretical uncertainties (red dotted lines) are also indicated. Observed limits from all third-generation Run 1
searches [74] at

p
s = 8 TeV centre-of-mass energy are overlaid for comparison in blue.
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sbottom search targets

sbottom-neutralino (bino) simplified model 

2 b-jets, no lepton, signal regions targeting 
different ΔM 

b1L-SRAx

sbottom mass 
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Figure 1: Diagrams illustrating the signal scenarios considered for the pair production of bottom and top squarks
targetted by the (a) zero-lepton and (b) one-lepton channel selections. In (a) bottom squarks decay to a bottom-quark
and the lightest neutralino. In (b), decays via intermediate charginos compete. If the mass di↵erence �m(�̃±1 , �̃

0
1) is

small, W from chargino decays are o↵-shell.

b̃1 ! b�̃0
1 or where two decay modes for the bottom (top) squark are allowed and direct decays to the

LSP compete with decays via an intermediate chargino (�̃±1 ) state, b̃1 ! b�̃0
1 and b̃1 ! t�̃±1 (t̃1 ! t�̃0

1
and t̃1 ! b�̃±1 ). In this case it is assumed that the �̃±1 is the next-to-lightest supersymmetric particle
(NLSP) and is almost degenerate with �̃0

1, such that other decay products have too low momenta to be
e�ciently reconstructed. The first set of models lead to final state events for bottom-squark pair produc-
tion characterized by the presence of two b-jets, Emiss

T and no charged leptons (` = e, µ), referred to as
zero-lepton channel (Figure 1(a)). For mixed decays (direct or through an intermediate stage), the final
state of bottom- and top-squark pair production depends on the branching ratio of the competing decay
modes. If they are equally probable, a large fraction of signal events is characterised by the presence
of a top quark, a bottom quark, and neutralinos. Hadronic decays of the top-quark are targeted by the
zero-lepton channel, whilst a dedicated selection requiring one charged lepton, two b-jets and Emiss

T is de-
veloped for leptonic decays of the top-quark, referred to as one-lepton channel (Figure 1(b)). A statistical
combination of the two channels is performed when interpreting the results in terms of exclusion limits
on the third generation squark masses.

Previous searches for b̃1 ! b�̃0
1 with the

p
s = 13 TeV LHC Run-2 dataset at ATLAS and CMS have

set exclusion limits at 95% confidence level (CL) on b̃1 masses in such scenarios. For �̃0
1 masses around

100 GeV, limits at 95% to 840 GeV and 960 GeV have been reported by the ATLAS [18] and CMS [19]
collaborations, respectively, using 3.2 fb�1(ATLAS) and 35.9 fb�1(CMS) of data. Searches for the mixed
decay models were performed by ATLAS using the Run-1

p
s = 8 TeV dataset and resulted in exclusion

limits on the third generation squark mass of up to 550 GeV depending on the branching ratio of the
competing decay modes [20].

3

(a) (b)

Figure 1: Diagrams illustrating the signal scenarios considered for the pair production of bottom and top squarks
targetted by the (a) zero-lepton and (b) one-lepton channel selections. In (a) bottom squarks decay to a bottom-quark
and the lightest neutralino. In (b), decays via intermediate charginos compete. If the mass di↵erence �m(�̃±1 , �̃
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1) is
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and t̃1 ! b�̃±1 ). In this case it is assumed that the �̃±1 is the next-to-lightest supersymmetric particle
(NLSP) and is almost degenerate with �̃0

1, such that other decay products have too low momenta to be
e�ciently reconstructed. The first set of models lead to final state events for bottom-squark pair produc-
tion characterized by the presence of two b-jets, Emiss

T and no charged leptons (` = e, µ), referred to as
zero-lepton channel (Figure 1(a)). For mixed decays (direct or through an intermediate stage), the final
state of bottom- and top-squark pair production depends on the branching ratio of the competing decay
modes. If they are equally probable, a large fraction of signal events is characterised by the presence
of a top quark, a bottom quark, and neutralinos. Hadronic decays of the top-quark are targeted by the
zero-lepton channel, whilst a dedicated selection requiring one charged lepton, two b-jets and Emiss

T is de-
veloped for leptonic decays of the top-quark, referred to as one-lepton channel (Figure 1(b)). A statistical
combination of the two channels is performed when interpreting the results in terms of exclusion limits
on the third generation squark masses.

Previous searches for b̃1 ! b�̃0
1 with the
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s = 13 TeV LHC Run-2 dataset at ATLAS and CMS have

set exclusion limits at 95% confidence level (CL) on b̃1 masses in such scenarios. For �̃0
1 masses around

100 GeV, limits at 95% to 840 GeV and 960 GeV have been reported by the ATLAS [18] and CMS [19]
collaborations, respectively, using 3.2 fb�1(ATLAS) and 35.9 fb�1(CMS) of data. Searches for the mixed
decay models were performed by ATLAS using the Run-1
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limits on the third generation squark mass of up to 550 GeV depending on the branching ratio of the
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sbottom selections

The b1L-SRA regions are optimized for models with large �m(b̃1, �̃
0
1): events are required to have large

Emiss
T and Emiss

T /
p

HT, two b-tagged jets and min[��(jet1�4, Emiss
T )] above 0.4 to reduce multijet back-

ground contributions to negligible levels. Requirements on the mT and amT2 variables to be above 140
GeV and 250 GeV, respectively, are set to reject W+jets and tt̄ events whilst the selection on the invari-
ant mass of the two b-jets (mbb > 200 GeV) is applied to further enhance the signal yield over the SM
background contributions. Two incremental thresholds are finally applied on me↵ (600 and 750 GeV) to
define two overlapping signal regions.

The b1L-SRB region is designed to be sensitive to compressed mass spectra, hence low mbb is expected,
and the selections on the mT and amT2 variables must be relaxed to avoid loss of signal events. The
min[mT(bjet, Emiss

T )] is employed to discriminate signal from tt̄ events, the dominant SM background
contribution.

A third region, referred to as b1L-SRA300-2j, is defined as b1L-SRAs but requiring no-extra jets beside
the two b-jets and no threshold on me↵ . Such selection also targets SUSY models characterized by
compressed mass spectra. It is kinematically similar to the signal region in the Run1 analysis [20] with a
veto requirement on the number of jets with pT > 50 GeV.

Table 2: Summary of the event selection in each signal region for the one-lepton channel. The term lepton is used
in the table to refer to signal electrons and muons. Jets ( j1, j2, j3 and j4) are labelled with an index corresponding
to their decreasing order in pT.

b1L-SRAx b1L-SRA300-2j b1L-SRB

Number of leptons (e, µ) 1 1 1
Njets(pT > 35 GeV) � 2 = 2 � 2
b-jets any 2 j1 and j2 any 2
Emiss

T [GeV] > 200 > 200 > 200
Emiss

T /
p

HT [ (GeV
1
2 )] > 8 > 8 > 8

mmin
b` [GeV] < 170 < 170 < 170

min[��(jet1�4, Emiss
T )] > 0.4 – > 0.4

min[��(jet1�2, Emiss
T )] – > 0.4 –

amT2[GeV] > 250 > 250 > 200
mT [GeV] > 140 > 140 > 120
mbb[GeV] > 200 > 200 < 200
me↵[GeV] > 600, 750 > 300 > 300
mmin

T (bjet1�2, Emiss
T ) [GeV] – – > 200

��(b1, Emiss
T ) – – > 2.0

6 Background estimation

Monte Carlo simulation is used to estimate the background yield in the signal regions. The MC prediction
for the major backgrounds is normalized to data in control regions (CR) constructed to enhance a partic-
ular background and to be kinematically similar but mutually exclusive to the signal regions. The control
regions are defined by explicitly requiring the presence of one or two leptons (electrons or muons) in the
final state together with further selection criteria similar to those of the corresponding signal region. To
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Finally, the b0L-SRC region targets events where a bottom squark pair is produced in association with
a jet from initial-state radiation (ISR). This selection provides sensitivity to models with a small mass
di↵erence between the b̃1 and the �̃0

1, �m(b̃1, �̃
0
1) < 50 GeV, such that a boosted bottom squark pair

would satisfy the trigger requirements. To suppress e�ciently tt̄ and W+jets backgrounds, events are
selected with one high pT non-b-tagged jet and Emiss

T > 500 GeV such that ��( j1, Emiss
T ) > 2.5. Stringent

requirements on the minimum azimuthal distance between the jets and Emiss
T are found to be not suited for

these scenarios where b-jets have softer momenta and are possibly aligned to Emiss
T . A large asymmetry

A is required to reduce multijet background while loosening the selection on the minimum azimuthal
distance between the jets and Emiss

T to min[��(jet1�2, Emiss
T )] >0.2, while the pT threshold on signal jets

is relaxed to 20 GeV.

Table 1: Summary of the event selection in each signal region for the zero-lepton channel. The term lepton is
used in the table to refer to baseline electrons and muons. Jets ( j1, j2, j3, j4 and j5) are labelled with an index
corresponding to their decreasing order in pT.

b0L-SRAx b0L-SRB b0L-SRC

Lepton veto No e/µ with pT >10 GeV after overlap removal
Njets(pT > 35 GeV) 2-4 2-4 -
Njets(pT > 20 GeV) - - 2-5
pT ( j1) [GeV] > 130 > 50 > 500
pT ( j2) [GeV] > 50 > 50 > 20
pT ( j4) [GeV] < 50 - -
HT4 [GeV] - - < 70
b-jets j1 and j2 any 2 j2 and ( j3 or j4 or j5)
Emiss

T [GeV] > 250 > 250 > 500
Emiss

T /me↵ > 0.25 - -
min[��(jet1�4, Emiss

T )] > 0.4 > 0.4 -
min[��(jet1�2, Emiss

T )] - - > 0.2
��(b1, Emiss

T ) - < 2.0 -
��(b2, Emiss

T ) - < 2.5 -
��( j1, Emiss

T ) - - > 2.5
mbb[GeV] > 200 - > 200
mCT [GeV] >350, 450, 550 - -
mmin

T (jet1�4, Emiss
T ) [GeV] - > 250 -

me↵[TeV] - - > 1.3
A - - > 0.8

5.3 One-lepton channel selections

The selection criteria for the one-lepton channel SRs are summarized in Table 2. Events are required
to have exactly one signal electron or muon and no additional baseline leptons, two b-tagged jets and a
large Emiss

T . Similarly to the zero-lepton channel, three sets of SRs are defined to maximize the sensitivity
depending on the mass hierarchy between b̃1(t̃1) and �̃±1 ⇡ �̃0

1.

11

Lepton veto, 2b, MET (trigger) 

Large ΔM : large MCT 

Intermediate ΔM : large mTmin(jets,MET) 

Low ΔM : large MET, hard ISR jet, two 
softer b-jets with large m(bb)

11

One lepton, 2b, MET (trigger) 

One bl pair consistent with top decay (mbl < 
mtop)  

Large mT(l,MET) suppresses W+jets, 
semileptonic ttbar 

Large ΔM : large m(bb) and amT2 

Low ΔM : small m(bb), large amT2



sbottom background estimate

Each SR has its own set of  CRs to normalize main backgrounds  

Z(nn) normalized from Z(ll) selections 

ttbar, single top, W+jets normalized in 1-lepton selections. b-jet multiplicity (1 
or 2), mbb, mblmin separate the three processes.  

VRs check modeling of  variables used to extrapolate from CR to SR
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CRB

μtt 0.97 ± 0.05

μW 1.50 ± 0.22

μst 0.71 ± 0.19

CRA

μtt 1.07 ± 0.04

μst 0.64 ± 0.25

CRC 

μZ       1.17 ± 0.19

μtt 0.66 ± 0.18

μW 1.11 ± 0.21

CRB 

μZ 1.52 ± 0.07

μtt 1.33 ± 0.21

μW 1.31 ± 0.12

CRA 

μZ 1.33 ± 0.20

μtt 1.03 ± 0.21

μW 1.26 ± 0.17

μst 0.49 ± 0.23
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Figure 3: Results of the likelihood fit to the CRs associated to each of the b0L and b1L SRs. In the top panel the
normalisation of the backgrounds is obtained from the Monte Carlo and is the input value to the fit. The panels
at the bottom show the value of the normalisation factors (µ) obtained for each of the background fitted. The
vertical dashed lines separate each set of CRs corresponding to each individual SR. The uncertainty band on the
MC prediction includes only the statistical uncertainty on the MC samples.

• b1L-VRamt2B. Same as b1L-SRB except: ��(b1, Emiss
T ) > 2.0, mbb > 200 GeV;

• b1L-VRmbbB. Same as b1L-SRB except: ��(b1, Emiss
T ) > 2.0, 30 < mT < 120 GeV;

The number of events predicted by the background-only fit is compared to the data in the upper panel
of Figure 4. The pull, defined by the di↵erence between the observed number of events (nobs) and the
predicted background yield (npred) divided by the total uncertainty (�tot), is shown for each region in the
lower panel. No evidence of significant background mis-modelling is observed in the VRs.

7 Systematic uncertainties

Several sources of experimental and theoretical systematic uncertainty in the signal and background es-
timates are considered in these analyses. Their impact is reduced through the normalization of the domin-
ant backgrounds in the control regions defined with kinematic selections resembling those of the corres-
ponding signal region (see Section 6). Experimental and theoretical uncertainties are included as nuisance
parameters with Gaussian constraints in the likelihood fits, taking into account correlations. Uncertain-
ties due to the number of events in the CRs are also introduced in the fit for each region. The dominant
contributions are summarised in Table 6.
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Figure 4: Results of the likelihood fit extrapolated to the VRs associated to the b0L and b1L analyses. The nor-
malization of the backgrounds is obtained from the fit to the CRs. The upper panel shows the observed number of
events and the predicted background yield. All uncertainties defined in Section 7 are included in the uncertainty
band. The lower panel shows the pulls in each VR.

The dominant detector-related systematic e↵ects are due to the uncertainties in the jet energy scale
(JES) [58] and resolution (JER) [81], and in the b-tagging e�ciency and mis-tagging rates. The latter
are estimated by varying the ⌘-, pT- and flavour-dependent scale factors applied to each jet in the simula-
tion within a range that reflects the systematic uncertainty on the measured tagging e�ciency and mis-tag
rates using 13 TeV data. The uncertainties associated with lepton and photon reconstruction and energy
measurements are also considered but have a negligible impact on the final results. Lepton, photon and
jet-related uncertainties are propagated to the calculation of the Emiss

T , and additional uncertainties are
included in the energy scale and resolution of the soft term.

Uncertainties in the modelling of the SM background processes from MC simulation and their theoretical
cross-section uncertainties are also taken into account. The dominant uncertainty arises from Z+jets MC
modelling for b0L-SRs and tt̄ and single-top modelling (collectively referred to as “Top production” in
Table 6) for b1L-SRs. The Z+jets (as well as W+jets) modelling uncertainties are evaluated considering
di↵erent merging (CKKW-L) and resummation scales using alternative samples, PDF variations from
the NNPDF30NNLO replicas [44], as well as an envelope formed from 7-point scale variations of the
renormalisation and factorisation scales. The various components are added in quadrature. A 40% uncer-
tainty [82] is assigned to the heavy-flavour jet content in W+jets, estimated from MC simulation in the
one-lepton channel signal regions. For b0L-SRA, the uncertainty accounts for the di↵erent requirements
on b-jets between CRAs and the signal regions.

Theoretical and modelling uncertainties of the top-quark pair and single-top-quark (Wt) backgrounds
are computed as the di↵erence between the prediction from nominal samples and those of additional
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Figure 5: Results of the likelihood fit extrapolated to the SRs associated to the b0L and b1L analyses. The nor-
malization of the backgrounds is obtained from the fit to the CRs. The upper panel shows the observed number of
events and the predicted background yields. All uncertainties defined in Section 7 are included in the uncertainty
band. The lower panel shows the pulls in each SR.

Exclusion limits are obtained assuming two types of SUSY particle mass hierarchy such that the lightest
bottom squark decays either exclusively via b̃1 ! b�̃0

1 or into multiple channels, b̃1 ! b�̃0
1 and b̃1 !

t�̃±1 , assuming a 50% branching ratio and �m(�̃±1 , �̃
0
1) ⇠ 1 GeV. The first set of scenarios is targeted

by the zero-lepton channel SRs only. For models with mixed decays the best expected of b1L-SRAs
is statistically combined either with the best expected of b1L-SRAs or with b1L-SRB. In all cases, the
fit procedure takes into account correlations in the yield predictions between control and signal regions
due to common background normalization parameters and systematic uncertainties. The experimental
systematic uncertainties in the signal are taken into account for this calculation and are assumed to be
fully correlated with those in the SM background.

For the exclusive b̃1 ! b�̃0
1 decay mode, at each point of the parameter space the SR with the best

expected sensitivity is used. Sensitivity to scenarios with the largest mass di↵erence between the b̃1 and
the �̃0

1 is achieved with the most stringent mCT threshold (b0L-SRA550). Sensitivity to scenarios with
intermediate and small mass di↵erences is obtained with the dedicated b0L-SRB and b0L-SRC selections,
respectively. For the mixed-decays scenarios, a statistical combination is computed with the results of
b0L-SRAs and b1L-SRAs or b1L-SRB. A combined fit is performed simultaneously on the control and
signal regions of the two analyses. The best sensitivity to regions of the (b̃1, �̃0

1) mass plane close to the
kinematic boundaries is obtained with the combination of the b0L-SR450 and b1L-SRB regions whilst
stringent constraints on large mass di↵erence models are achieved with the results from the combination
of zero-lepton and one-lepton SRs with the most stringent mCT and me↵ thresholds, respectively.

Figures 8(a) and 8(b) show the observed (solid line) and expected (dashed line) exclusion contours at

23

Agreement between observation and  
background estimate

E
ve

n
ts

 /
 2

5
 G

e
V

1−10

1

10

210

3
10

b0L-SRA350

 Preliminary ATLAS Preliminary ATLAS

-1 = 13 TeV, 36.1 fbs

Data SM total

tt Single top

W + jets Z + jets

Others ttV

 [GeV]CTm
200 300 400 500 600 700 800 900 1000

D
a
ta

 /
 S

M

0

1

2

(a)

E
ve

n
ts

 /
 5

0
 G

e
V

1−10

1

10

210

3
10

410

b0L-SRB

 Preliminary ATLAS Preliminary ATLAS

-1 = 13 TeV, 36.1 fbs

Data SM total

tt Single top

W + jets Z + jets

Others ttV

)] [GeV]miss

T
,E

1-4
(jet

T
min[m

100 150 200 250 300 350 400 450 500 550 600

D
a

ta
 /

 S
M

0

1

2

(b)

  
  

  
  

E
ve

n
ts

 /
 0

.1
 

1−10

1

10

210

3
10

410

b0L-SRC

 Preliminary ATLAS Preliminary ATLAS

-1 = 13 TeV, 36.1 fbs

Data SM total

tt Single top

W + jets Z + jets

Others ttV

Asymmetry
0 0.2 0.4 0.6 0.8 1 1.2

D
a
ta

 /
 S

M

0

1

2

(c)

Figure 6: (a) mCT distribution in b0L-SRA. (b) min[mT(jet1�4, Emiss
T )] distribution in b0L-SRB. (c) A distribution

in b0L-SRC. All selection criteria are applied, except the selection on the variable that is displayed in each of the
plots. The arrows indicate the final selection applied in the signal regions. The shaded-grey band in the top panel
and the yellow band in the bottom panel show statistical and detector-related systematic uncertainties. The SM
backgrounds are normalized to the values determined in the fit. The last bin includes overflows.

95% CL in the b̃1–�̃0
1 mass plane for the two types of SUSY scenarios considered. Bottom-squark masses

up to 950 (860) GeV are excluded for �̃0
1 masses below 420 (250) GeV in models with exclusive (mixed)

decay modes. Multiple-decay bottom-squark models are phenomenologically equivalent to models char-
acterized by the pair production of top squarks decaying as t̃1 ! t�̃0

1 and t̃1 ! b�̃±1 , under the same
assumptions for branching ratio and �m(�̃±1 , �̃

0
1). Hence the results can be interpreted as exclusion limits

on top-squark masses.
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Figure 7: (a) me↵ distribution in b1L-SRA. (b) mT distribution in b1L-SRB. All selection criteria are applied, except
the selection on the variable that is displayed in each of the plots. The arrows indicate the final selection applied in
the signal regions. The shaded-grey band in the top panel and the yellow band in the bottom panel show statistical
and detector-related systematic uncertainties. The SM backgrounds are normalized to the values determined in the
fit. The last bin includes overflows.
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Figure 8: (a) Observed and expected exclusion contours at 95% CL, as well as ±1� variation of the expected limit,
in the b̃1–�̃0

1 mass plane. The SR with the best expected sensitivity is adopted for each point of the parameter space.
The yellow band around the expected limit (dashed line) shows the impact of the experimental and SM background
theoretical uncertainties. The dotted lines show the impact on the observed limit of the variation of the nominal
signal cross-section by ±1� of its theoretical uncertainties. (b) Same, for scenarios where multiple decay modes
are considered for bottom squarks. The statistical combination of b0L-SRs and b1L-SRs is used in this case.
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Figure 7: (a) me↵ distribution in b1L-SRA. (b) mT distribution in b1L-SRB. All selection criteria are applied, except
the selection on the variable that is displayed in each of the plots. The arrows indicate the final selection applied in
the signal regions. The shaded-grey band in the top panel and the yellow band in the bottom panel show statistical
and detector-related systematic uncertainties. The SM backgrounds are normalized to the values determined in the
fit. The last bin includes overflows.
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Figure 8: (a) Observed and expected exclusion contours at 95% CL, as well as ±1� variation of the expected limit,
in the b̃1–�̃0

1 mass plane. The SR with the best expected sensitivity is adopted for each point of the parameter space.
The yellow band around the expected limit (dashed line) shows the impact of the experimental and SM background
theoretical uncertainties. The dotted lines show the impact on the observed limit of the variation of the nominal
signal cross-section by ±1� of its theoretical uncertainties. (b) Same, for scenarios where multiple decay modes
are considered for bottom squarks. The statistical combination of b0L-SRs and b1L-SRs is used in this case.
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conclusions

Searches for sbottom and stop 
in hadronic final states have 
given results consistent with 
SM expectations.  
Limits on the 3rd generation 
squark masses close to 1000 
GeV for light neutralino and 
500 GeV for compressed mass 
spectra  
The search for SUSY 
continues…
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