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Supersymmetry Overview
•  Supersymmetry (SUSY) is one of the theories of beyond the standard model 

(SM) physics which provides solutions to unanswered questions, such as the 
hierarchy problem and offers a candidate for dark matter. 





•  Introduces a super-partner for each of the standard model particles, with spin 

differing by ½
•  Naturalness considerations suggest that the third generation sparticles $

(top/bottom squark) should have masses < 1 TeV.
•  Focus on searches for direct top/bottom squark production.

–  Additionally focused on R-parity conserving models, with the lightest SUSY particle (LSP) is 
stable and a dark matter candidate, in the scenarios considered, this is the neutralino     .

Third Generation SUSY

23/3/2016 IOP 2016 2

!χ1
0



Search for Sbottom Pair Production
•  A search was performed by ATLAS investigating $

bottom squark pair production during $
Run 1 of the LHC.
–   
–  No significant excesses found, and exclusion$

limits were placed in the sbottom neutralino phase space 

ATLAS Run 1 Analysis & Motivation for an early Run 2 result.
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1. Introduction51

Results from Run-1 of the LHC have put a considerable strain on supersymmetry (SUSY) as a solution to52

the hierarchy problem of the Standard Model. Supersymmetry predicts, among other things, the existence53

of a scalar supersymmetric partner for every chiral component of the standard model fermion. For a54

generic fermion f , with chiral components f

L

and f

R

, two scalar fields exist (named respectively f̃

L

and55

f̃

R

). Naturalness arguments favour light states for the supersymmetric partners of the top quark, the t̃L56

and t̃R. The two stop states mix to yield mass eigenstates t̃1 and t̃2, the former being (by convention) the57

lightest. If t̃1 ⇠ t̃L, then a light t̃1 is accompanied by a light sbottom mass eigenstate b̃1 (because of the58

common m

q̃L3 parameter driving the mass scale). Run-1 searches for the the stop and the sbottom have set59

stringent limits on these particles. In particular, a search with the ATLAS detector for the bottom squark60

(b̃1) decaying exclusively as b̃1 ! b�̃0
1 (as illustrated in Figure 1a) was presented in Ref. [SUSY-2013-05],61

with internal documentation available in Ref. [ATL-COM-PHYS-2013-072]. The search was performed62

in final states with two b-tagged jets and missing transverse momentum using all the 2012 LHC data at63 p
s = 8 TeV, and the 95% CL limit shown in Figure 1b was obtained.64
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Figure 1: (a) Diagram and (b) 95% CL limit obtained with the Run-1 pp collision data for direct sbottom pair
production.

The increase of the centre of mass energy of pp collisions in Run-2 of the LHC from 8 and 13 TeV65

provides a large increase in sensitivity for searches targeting heavy stops and sbottoms. For a stop/sbottom66

with a mass of 800 GeV, the production cross section1 increases from 2.9 fb to 28 fb from
p

s = 8 TeV67

to
p

s = 13 TeV - almost a factor of 10. The cross section at
p

s = 13 TeV is shown as a function of the68

sbottom mass in Figure 2.69

This note describes the update version of the analysis, which aims at a release of public results using the70

1 Calculated at next-to-leading order in the strong coupling constant and including the resummation of soft gluon emission at
next-to-leading-logarithmic accuracy (NLO+NLL).
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•  Limits were also placed in the stop 
neutralino mass plane (as the analysis is 
sensitive to compressed scenarios)

•  The increase in ECMS to 13 TeV for Run 2, 
increases the production cross section for 
bottom squark pair production
–  σsbottom(800 GeV) increases $

by a factor of ~10 (2.9 to 28 fb-1)
–  In comparison, σZ+Jets, the main SM $

background from the Run 1 analysis, $
only increases by a factor ~2arXiv:1308.2631



•  Define Signal Regions (SRs) targeting a specific model & SUSY mass parameter set
–  Optimise by attempting to maximise the discovery or exclusion significance for a model

•  Define multiple Control Regions (CRs) to constrain the main SM background processes 
in the SR
–  Kinematically close to the SRs, however designed such that they are orthogonal to the SR
–  Designed to contain events with only the specific background process considered (where possible)
–  Number of events in CRs are used to rescale the SM predictions for the process of interest from MC 

simulation and extrapolated to the SRs  as normalization parameters (μ)

•  The validity of the extrapolation is checked in $
Validation Regions (VRs)
–  Kinematically close to the SR, however orthogonal to $

both the SR and the CR

•  After validation the observed yields$
in the SRs are compared to the prediction
–  If no significant excesses are seen, limits are placed on $

the signal models under consideration
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General Search Strategy



Search for Sbottom Pair Production
•  Scenarios with large                 (the “bulk region”) are expected to contain: $

0 leptons, 2 high pT b-tagged jets, and missing transverse momentum (ET
miss) $

from the     . 
•  Three overlapping SRs (SRA) are defined for the “bulk region”, defined with 

increasingly tighter selections on the mCT variable $
(contransverse mass), which is used to reduce    , and is the main 
discriminating variable.
–  For the decays of two of identical heavy massive particles into two visible (v1, v2)$

and two invisible particles.  

–  For      the kinematic end point is at $

mCT = 135 GeV
•  CRs are defined for the main $

backgrounds:$
Z-Jets, W-Jets, single top, 
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Bulk Region Signal Topology (SRA-like)
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DRAFT

• A lepton veto is applied on baseline electrons and muons.281

• The two b-tagged jets are required to be the two leading-pT jets.282

• The pT requirement on the leading jet is tightened to 130 GeV.283

• The requirement on Emiss
T is tightened to 250 GeV to make sure the trigger is fully e�cient.284

• A selection on the invariant mass of the two b-jets is introduced: mbb > 200 GeV. This cut helps285

reducing the contamination from tt̄ events and it is useful to distinguish between these and single286

top events in the two control regions defined to constrain their normalization (see Section 4.5).287

• mCT > 400 GeV, where the contransverse mass ([36] and [35]) is a kinematic variable that is used288

to measure the masses of pair-produced semi-invisibly decaying heavy particles. For two identical289

decays of heavy particles (the sbottoms for the signal, in this analysis) into two visible particles v1290

and v2 (the b-quarks), and two invisible particles X1 and X2 (the �̃0
1 for the signal), mCT is defined291

as292

m2
CT(v1, v2) = [ET(v1) + ET(v2)]2 � [pT(v1) � pT(v2)]2, (3)

with ET =
q

p2
T + m2, and it has a kinematical endpoint at293

mmax
CT =

m2
v � m2

X

m2
v

(4)

This variable is extremely e↵ective in suppressing the top production background (v = t, X = W),294

for which the endpoint is at about 135 GeV.295

The baseline SR definition is summarised in Table 4 and was assumed as a reference for the development296

of a background estimation strategy. Further optimization studies were performed to define a larger set of297

SRs (see Section 4.4) in order to be sensitive to a large range of signals models in the (mb̃1
,m�̃0

1
) parameter298

space.299

Table 4: Benchmark SR used as reference during the development of the analysis strategy.

Variable SR selection

Lepton selection No baseline electron or muon
b-tagged jets two leading-pT jets
Leading jet pT > 130 GeV
mbb > 200 GeV
Emiss

T > 250 GeV
mCT > 400 GeV

The dominant background process in the SR of Table 4 turns out to be the production of a Z boson in300

association with jets coming from the fragmentation of heavy flavour (HF) quarks (mostly b, but also c),301

followed by the decay of the Z boson into neutrinos. Other relevant backgrounds are single top production302

(dominated by the Wt production channel), W+HF jets and tt̄ production. For these three processes, the303

dominant contribution arises from 1-lepton events, where the lepton is either lost or out of acceptance, or304

it is a ⌧ that decayed into hadrons. Table 5 summarises the expected events yields in the signal region,305
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Figure 7: Best significance for 3 di↵erent optimization scans targeting 3 di↵erent signal models. For each model
the plot compares the significance obtained with the di↵erent SR definitions, corresponding to di↵erent colors, as
described in the text (Section 4.4).

Figure 8 shows the significance of 6 di↵erent signal models for several mCT thresholds, ranging from357

150 to 500 GeV in steps of 50 GeV, as obtained using a fixed cut b-tagging. The low mCT thresholds are358

performing well for light b̃1 signals as well as in compressed scenarios, while a higher threshold is needed359

to target the heavy b̃1 signals models such as the (mb̃1
,m�̃0

1
) = (800, 1) GeV. Intermediate thresholds are360

optimal for (mb̃1
,m�̃0

1
) = (600, 1) GeV. Based on this plot, it was decided to define three SRAs with361

all the selections in Table 4 but mCT > 250, 350, 450 GeV respectively. The final SRA definitions are362

summarized in Table 6. Expected yields for these SRs from Monte Carlo, normalised to 3.34 fb�1 are363

shown in Table 7.364

Table 6: Summary of SRA definitions.

SRA250 SRA350 SRA450

No baseline electron or muon
Leading (in pT) two jets b-tagged
pT > 130 GeV for the leading jet

mbb > 200 GeV
Emiss

T > 250 GeV
Veto on 4th jet with pT > 50 GeV

mCT > 250 GeV mCT > 350 GeV mCT > 450 GeV

SRB365

An additional scan has been performed to target signal models in which the mass splitting between sbot-366

tom and neutralino is of the order of 100 GeV. For example, Figure 8 shows that SRA is not sensitive to367
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Search for Sbottom Pair Production
•  Scenarios with small                 (the “diagonal region”) lead to softer sbottom 

decay products resulting in a different topology to the bulk region.
•  Initial State Radiation (ISR) is exploited to select sbottom pairs which recoil 

against a high pT ISR jet.
•  SR is defined with one high pT non b-tagged jet, large ET

miss a sub-leading b-
tagged jet, and an additional b-tagged jet.

•  CRs are defined for the two main backgrounds in this region$
   , Z-Jets 
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Diagonal Region Signal Topology (SRB)
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Figure 8: Best mCT threshold in SRA for 6 di↵erent signal models.

a signal with (mb̃1
,m�̃0

1
) = (400, 300) GeV. Following the same strategy that was developed in Run1, we368

optimized an additional signal region of type B (SRB) with modified preselections with respect to SRA.369

SRB does require two b-tagged jets, however the leading jet is now required to be a light jet that recoils370

against Emiss
T . The optimisation scan used as benchmark the signal sample with (mb̃1

,m�̃0
1
) = (400, 300)371

GeV, testing di↵erent cut hypotheses for mCT, Emiss
T , mbb, pT of the leading jet and jet veto. The impact372

of requiring the subleading and 3rd leading jets to be b-tagged was studied as well. The result of this scan373

is included in Table 8, that shows a possible SRB definition with no mCT cut and with tight cuts on Emiss
T374

and on the leading jet pT.375

Table 8: SRB definition.

Variable SR selection

Lepton selection No baseline electron or muon
Leading-pT jet not b-tagged, pT > 300 GeV
SubLeading-pT jet b-tagged
��(1st jet, Emiss

T ) > 2.5
JetVeto pT(4th jet) < 50 GeV
Emiss

T > 400 GeV

4.5. Control and Validation Regions376

The main SM background processes are normalised in dedicated control regions (CR) and then extra-377

polated to the SR using MC simulation. The control regions, detailed in Tables 9 and 11, are defined378
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Search for Sbottom Pair Production
•  W-Jets (1 Lepton (e/μ) & 1 b-tagged jet region)
•  Z-Jets (2 Lepton same flavour (SF) opposite sign (OS) region in the Z-mass 

window, 2 b-tagged jets)
•  Single top (1 Lepton (e/μ) region, 2 b-tagged jets with mbb > 200 GeV)
•       (1 Lepton (e/μ) region, 2 b-tagged jets with mbb < 200 GeV)
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CRA Regions

tt
mCT in the CRZA region

Validation of the fit is performed in two VRs:$
VRmCTA: Data = 42, Bkg fit = 52.71 ± 8.36 
VRmbbA: Data = 69, Bkg fit = 88.55 ± 14.50	  	  
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Search for Sbottom Pair Production
•  Z-Jets (2 Lepton same flavour (SF) opposite sign (OS) region in the Z-mass 

window, 2 b-tagged jets)
•       (1 Lepton (e/μ) region)
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CRB Regions

tt

pT(j1)  in the CRTB region

Validation of the fit is performed in  a single VR:$
VRB: Data = 71, Bkg fit = 67.77 ± 8.95 
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Search for Sbottom Pair Production
•  The observed and expected yields in the CRs are used to in a combined profile 

likelihood fit, to determine the expected number of events in each of the SRs.
•  The main experimental uncertainties are related to the b-tagging procedure 

and the jet energy scale
•  The main theory uncertainties are from the residual modelling uncertainty on 

the Z+Heavy Flavour background.

•  No significant excesses in any of the SRs
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Fit Results

(Alt. method for Z+Jets covered in Calum MacDonald’s talk) 
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Search for Sbottom Pair Production
•  Exclusion limits are placed (95% CL) on the masses of the bottom squark and 

the neutralino. 
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Exclusion Limits

•  For a light neutralino, this 
extends the previous ATLAS 
exclusion limits on the bottom 
squark to 840 GeV. 

mCT in SRA-Regions

ET
miss in SRB region

ATLAS-CONF-2015-066



Search for Sbottom Pair Production

•  A search for direct bottom squark pair production using 3.2fb-1 
collected by ATLAS during LHC Run 2 pp collisions at √s = 13TeV 
was presented. 

•  No excess above the SM background prediction is found
–  Exclusion limits at 95% CL are placed on the mass of the bottom squark 

and neutralino. 
–  Bottom squark masses are excluded up to 840 GeV for light neutralinos, 

increasing the exclusion from the corresponding Run 1 ATLAS search by 
150 GeV.

•  With the additional data to be provided by the LHC during 2016, 
the search will become more sensitive to larger bottom squark 
masses, increasing the possible discovery/exclusion potential. 
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Conclusions
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Motivation for a search using early Run 2 Data



•  The analysis strategy closely $
follows the Run 1 analysis, with $
a few changes for Run 2. 

•  Preliminary sensitivity investigations:$
https://cds.cern.ch/record/2002608/
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Figure 2: Sbottom pair production cross section in pp collisions at
p

s = 8 TeV and
p

s = 13 TeV.

This note describes the update version of the analysis, which aims at a release of public results using the77

full dataset of pp collisions collected by the ATLAS collaboration in 2015. The analysis does not sub-78

stantially di↵er from the one approved on Run-1 data. However, given the increase in parton luminosity,79

a significant gain in sensitivity is expected with respect to the Run-1. This is particularly the case for80

large sbottom masses, which is the primary goal of this round of the analysis. The largest sbottom mass81

excluded with Run-1 data was about 620 GeV for a massless neutralino. Hence, our benchmark model82

has a sbottom mass of 800 GeV and a neutralino mass of 1 GeV. This has introduced some di↵erences83

with respect to the Run-1 analysis, which are outlined below:84

• Our benchmark signal is characterised by high-pT b-jets. The Collaboration has recently developed85

a variable working point of the b-tagging algorithm that allows to maintain a constant b-tagging86

e�ciency over a wide range of pT. It has been found (see Section 3) that the use of such variable87

working point increases the sensitivity of the analysis to the benchmark signal2.88

• The signal region selection has been re-optimised to profit from the di↵erent centre-of-mass energy89

and increased cross section. The luminosity projections for 2015 mention a total integrated lumin-90

osity of 3.34 fb�1 available by the end of the year. Among other smaller adjustments, the jet veto91

has been modified, and the selection on the mCT variable tightened to increase sensitivity to larger92

sbottom masses.93

• The single top production background is relatively more important at
p

s = 13 TeV than at
p

s = 894

TeV. A dedicated control region has been designed to determine the normalisation of this back-95

ground.96

2 The calibration of this variable working point is not available at the moment. The temporary strategy adopted by the group is
spelled out in section 3.
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1. Introduction51

Results from Run-1 of the LHC have put a considerable strain on supersymmetry (SUSY) as a solution to52

the hierarchy problem of the Standard Model. Supersymmetry predicts, among other things, the existence53

of a scalar supersymmetric partner for every chiral component of the standard model fermion. For a54

generic fermion f , with chiral components f

L

and f

R

, two scalar fields exist (named respectively f̃

L

and55

f̃

R

). Naturalness arguments favour light states for the supersymmetric partners of the top quark, the t̃L56

and t̃R. The two stop states mix to yield mass eigenstates t̃1 and t̃2, the former being (by convention) the57

lightest. If t̃1 ⇠ t̃L, then a light t̃1 is accompanied by a light sbottom mass eigenstate b̃1 (because of the58

common m

q̃L3 parameter driving the mass scale). Run-1 searches for the the stop and the sbottom have set59

stringent limits on these particles. In particular, a search with the ATLAS detector for the bottom squark60

(b̃1) decaying exclusively as b̃1 ! b�̃0
1 (as illustrated in Figure 1a) was presented in Ref. [SUSY-2013-05],61

with internal documentation available in Ref. [ATL-COM-PHYS-2013-072]. The search was performed62

in final states with two b-tagged jets and missing transverse momentum using all the 2012 LHC data at63 p
s = 8 TeV, and the 95% CL limit shown in Figure 1b was obtained.64
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Figure 1: (a) Diagram and (b) 95% CL limit obtained with the Run-1 pp collision data for direct sbottom pair
production.

The increase of the centre of mass energy of pp collisions in Run-2 of the LHC from 8 and 13 TeV65

provides a large increase in sensitivity for searches targeting heavy stops and sbottoms. For a stop/sbottom66

with a mass of 800 GeV, the production cross section1 increases from 2.9 fb to 28 fb from
p

s = 8 TeV67

to
p

s = 13 TeV - almost a factor of 10. The cross section at
p

s = 13 TeV is shown as a function of the68

sbottom mass in Figure 2.69

This note describes the update version of the analysis, which aims at a release of public results using the70

1 Calculated at next-to-leading order in the strong coupling constant and including the resummation of soft gluon emission at
next-to-leading-logarithmic accuracy (NLO+NLL).
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Full SR Selections
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Full CR Selections
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Model Independent Limits
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