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muon, several energetic jets, and missing transverse momentum are reported. The analysis
also targets spin-0 mediator models, where the mediator decays into a pair of dark-matter
particles and is produced in association with a pair of top quarks. The search uses data
from proton-proton collisions delivered by the Large Hadron Collider in 2015 and 2016 at a
centre-of-mass energy of /s = 13 TeV and recorded by the ATLAS detector, corresponding
to an integrated luminosity of 36fb~!. A wide range of signal scenarios with different
mass-splittings between the top squark, the lightest neutralino and possible intermediate
supersymmetric particles are considered, including cases where the W bosons or the top
quarks produced in the decay chain are off-shell. No significant excess over the Standard
Model prediction is observed. The null results are used to set exclusion limits at 95%
confidence level in several supersymmetry benchmark models. For pair-produced top-
squarks decaying into top quarks, top-squark masses up to 940 GeV are excluded. Stringent
exclusion limits are also derived for all other considered top-squark decay scenarios. For
the spin-0 mediator models, upper limits are set on the visible cross-section.

KEYwoRrDS: Hadron-Hadron scattering (experiments)

ARX1v EPRINT: 1711.11520

OPEN Access, Copyright CERN, https://doi.org/10.1007/JHEP06(2018)108
for the benefit of the ATLAS Collaboration.
Article funded by SCOAP3.


mailto:atlas.publications@cern.ch
https://arxiv.org/abs/1711.11520
https://doi.org/10.1007/JHEP06(2018)108

Contents

1 Introduction
2 Search strategy
2.1 Signal models
2.2 Analysis strategy
3 ATLAS detector and data collection
4 Simulated event samples
4.1 Background samples
4.2 Signal samples
5 Event reconstruction
6 Discriminating variables
6.1 Common discriminating variables
6.2 Discriminating variables for boosted decision trees
7 Signal selections
7.1 Pure bino LSP scenario
711t — X1 decay
7.1.2  Compressed ; — £X1 decay
7.1.3 1, = bWX! and §; — bf f/'X} decays
7.2 Wino NLSP scenario
7.3 Higgsino LSP scenario
7.4  Bino/higgsino mix scenario
7.5 Spin-0 mediator scenario
8 Background estimates
8.1 Hadronic top-tagging approach
8.2 BDT analyses
83 t, — bW XY analysis
8.4 Hadronic W-tagging approach
8.5 Soft-lepton analyses
8.6 Control regions for tt + V
9 Systematic uncertainties
10 Results

10.1 Observed data and predicted backgrounds
10.2 Exclusion limits

11 Summary and conclusions

The ATLAS collaboration

© o W N oSN o=

Y
w

o=
T o O

N NN NN DN NN =
O © O O e W

N U U SO SV
S = 0 o WO

I
(=]

TU o B
N oo Qo

N O
@ o




1 Introduction

The hierarchy problem [1-4] has gained additional attention with the observation of a
particle consistent with the Standard Model (SM) Higgs boson [5, 6] at the Large Hadron
Collider (LHC) [7]. Supersymmetry (SUSY) [8-16], which extends the SM by introducing
supersymmetric partners for every SM particle, can provide an elegant solution to the
hierarchy problem. The partner particles have identical quantum numbers except for a
half-unit difference in spin. The superpartners of the left- and right-handed top quarks, t~L
and fR, mix to form the two mass eigenstates 51 and t~2 (top squark or stop), where 7?1 is the
lighter of the two.! If the supersymmetric partners of the top quarks have masses < 1TeV,
loop diagrams involving top quarks, which are the dominant divergent contribution to the
Higgs-boson mass, can largely cancel out [17-24].

Significant mass-splitting between the t~1 and t~2 is possible due to the large top-quark
Yukawa coupling. Furthermore, effects of the renormalisation group equations are strong
for the third-generation squarks, usually driving their masses to values significantly lower
than those of the other generations. These considerations suggest a light stop? [25, 26]
which, together with the stringent LHC limits excluding other coloured supersymmetric
particles with masses below the TeV level, motivates dedicated stop searches.

The conservation of baryon number and lepton number can be violated in SUSY mod-
els, resulting in a proton lifetime shorter than current experimental limits [27]. This is
commonly resolved by introducing a multiplicative quantum number called R-parity, which
is 1 and —1 for all SM and SUSY particles (sparticles), respectively. A generic R-parity-
conserving minimal supersymmetric extension of the SM (MSSM) [17, 28-31] predicts pair
production of SUSY particles and the existence of a stable lightest supersymmetric parti-
cle (LSP).

The charginos )Zfz and neutralinos >~((1)7273,4 are the mass eigenstates formed from the
linear superposition of the charged and neutral SUSY partners of the Higgs and elec-
troweak gauge bosons (higgsinos, winos and binos). They are referred to in the following
as electroweakinos. In a large variety of SUSY models, the lightest neutralino ()2(1)) is the
LSP, which is also the assumption throughout this paper. The LSP provides a particle
dark-matter (DM) candidate, as it is stable and interacts only weakly [32, 33].

This paper presents a search for direct ¢, pair production in final states with exactly one
isolated charged lepton (electron or muon,® henceforth referred to simply as ‘lepton’) from
the decay of either a real or a virtual W boson. In addition the search requires several
jets and a significant amount of missing transverse momentum P, the magnitude of
which is referred to as Er}mss, from the two weakly interacting LSPs that escape detection.

1Similarly the b, and by (bottom squark or sbottom) are formed by the superpartners of the bottom
quarks, I;L and BR.

2The soft mass term of the superpartner of the left-handed bottom quark can be as light as that of the
superpartner of the left-handed top quark in certain scenarios as they are both governed mostly by a single
mass parameter in SUSY models at tree level. The mass of the superpartner of the right-handed bottom
quark is governed by a separate mass parameter from the stop mass parameters, and it is assumed to be
larger than 3 TeV having no impact on the signal models considered in this paper.

3Electrons and muons from 7 decays are included.
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Figure 1. Diagrams illustrating the stop decay modes, which are referred to as (left) £, — X7 and
(right) £, — b)%f. Sparticles are shown as red lines. In these diagrams, the charge-conjugate symbols
are omitted for simplicity. The direct stop production begins with a top squark-antisquark pair.

Results are also interpreted in an alternative model where a spin-0 mediator is produced
in association with top quarks and subsequently decays into a pair of DM particles.

Searches for direct #; pair production were previously reported by the ATLAS [34-38]
and CMS [39-54] collaborations, as well as by the CDF and D@ collaborations (for exam-
ple [55, 56]) and the LEP collaborations [57]. The exclusion limits obtained by previous
ATLAS searches for stop models with massless neutralinos reach ~ 950 GeV for direct two-
body decays t; — t)N((l), ~ 560 GeV for the three-body process t; — bW?Z(f, and ~ 400 GeV
for four-body decays t; — bf f >~<(1), all at the 95% confidence level. Searches for spin-0 me-
diators decaying into a pair of DM particles and produced in association with heavy-flavour
quarks have also been reported with zero or two leptons in the final state by the ATLAS
collaboration [58], and by the CMS collaboration [41, 59].

2 Search strategy

2.1 Signal models

The experimental signatures of stop pair production can vary dramatically, depending on
the spectrum of low-mass SUSY particles. Figure 1 illustrates two typical stop signatures:
t, — tX1 and t, — bXi. Other decay and production modes such as #; — £X9 and t, — £X3,
and sbottom direct pair production are also considered. The analysis attempts to probe a
broad range of possible scenarios, taking the approach of defining dedicated search regions
to target specific but representative SUSY models. The phenomenology of each model
is largely driven by the composition of its lightest sparticles, which are considered to be
some combination of the electroweakinos. In practice, this means that the most important
parameters of the SUSY models considered are the masses of the electroweakinos and of
the colour-charged third-generation sparticles.

In this search, the targeted signal scenarios are either simplified models [60—62], in
which the masses of all sparticles are set to high values except for the few sparticles in-
volved in the decay chain of interest, or models based on the phenomenological MSSM



(pMSSM) [63, 64], in which all of the 19 pMSSM parameters are set to fixed values, except
for two which are scanned. The set of models used are chosen to give a broad coverage of
the possible stop decay patterns and phenomenology that can be realised in the MSSM,
in order to best demonstrate the sensitivity of the search for direct stop production. The
simplified models used are designed with a goal of covering distinct phenomenologically
different regions of pMSSM parameter space.

The pMSSM parameters m;g and my3z, specify the fR and fL soft mass terms, with the
smaller of the two controlling the fl mass. In models where the fl is primarily composed of
t;, the production of light sbottoms (51) with a similar mass is also considered. The mass
spectrum of electroweakinos and the gluino is given by the running mass parameters M,
Ms, Mg, and u, which set the masses of the bino, wino, gluino, and higgsino, respectively.
If the mass parameters, M7, M, and i, are comparably small, the physical LSP is a mixed
state, composed of multiple electroweakinos. Other relevant pMSSM parameters include
B, which gives the ratio of vacuum expectation values of the up- and down-type Higgs
bosons influencing the preferred decays of the stop, the SUSY breaking scale (Mg) defined
as Mg = \/TW , and the top-quark trilinear coupling (A;). In addition, a maximal
t, -t mixing condition, X;/Mg ~ V6 (where X; = A; — p/ tan B), is assumed to obtain a
low-mass stop (f;) while the models remain consistent with the observed Higgs boson mass
of 125 GeV [5, 6].

In this search, four scenarios® are considered, where each signal scenario is defined
by the nature of the LSP and the next-to-lightest supersymmetric particle (NLSP): (a)
pure bino LSP, (b) bino LSP with a light wino NLSP, (c) higgsino LSP, and (d) mixed
bino/higgsino LSP, which are detailed below with the corresponding sparticle mass spectra

4

illustrated in figure 2. Complementary searches target scenarios where the LSP is a pure
wino (yielding a disappearing track signature [65, 66] common in anomaly-mediated mod-
els [67, 68] of SUSY breaking) as well as other LSP hypotheses (such as gauge-mediated
models [69-71]), which are not discussed further.

(a) Pure bino LSP model:

A simplified model is considered for the scenario where the only light sparticles are
the stop (composed mainly of t~R) and the lightest neutralino. When the stop mass is
greater than the sum of the top quark and LSP masses, the dominant decay channel
is via f; — X7, If this decay is kinematically disallowed, the stop can undergo a
three-body decay, t; — bW)Z?, when the stop mass is above the sum of masses of
the bottom quark, W boson, and X!. Otherwise the decay proceeds via a four-body
process, t; — bf f’ )2?, where f and f’ are two distinct fermions, or via a flavour-
changing neutral current (FCNC) process, such as the loop-suppressed #; — Xy
Given the very different final state, the FCNC decay is not considered further in this
search, and therefore a 100% branching ratio (BR) to #; — bf f’ X7 is assumed. For
very small splittings between the stop and neutralino masses the stop lifetime can
become significant [72]. In the simplified model considered in this paper the stop is

4For the higgsino LSP scenarios, three sets of model assumptions are considered, each giving rise to
different stop BRs for #; — b>~<1i, t — t)~((1), and #; — X5.
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Figure 2. Ilustration of the sparticle mass spectrum for various LSP scenarios: a) pure bino LSP,
b) wino NLSP, c¢) higgsino LSP, and d) bino/higgsino mixed LSP. The ¢, and 51, shown as black
lines, decay into 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
(131) is considered only for pMSSM models with mg3r, < myg.

always assumed to decay promptly, regardless of the mass splitting. The various #;
decay modes in this scenario are illustrated in figure 3. The region of phase space
along the line of mi = Mgo + Miop is especially challenging to target because of the
similarity of the stop signature to the ¢t process, and is referred to in the following
as the ‘diagonal region’.

Wino NLSP model:

A pMSSM model is designed such that a wino-like chargino (f(li) and neutralino (28)
are mass-degenerate, with the bino as the LSP. This scenario is motivated by models
with gauge unification at the GUT scale such as the cMSSM or mSugra [73-75],
where M is assumed to be twice as large as M, leading to the >~<1i and X5 having
masses nearly twice as large as that of the bino-like LSP.

In this scenario, additional decay modes for the stop (composed mainly of fL) be-
come relevant, such as the decay into a bottom quark and the lightest chargino
(t; — bﬁ[) or the decay into a top quark and the second neutralino (#; — t>”<8). The
Xi and X9 subsequently decay into X! via emission of a (potentially off-shell) W
boson or Z/Higgs (h) boson, respectively. The #; — bf(li decay is considered for a
chargino mass above about 100 GeV since the LEP limit on the lightest chargino is
Mg+ > 103.5 GeV [76].

An additional #; — b)ﬁE decay signal model (simplified model) is designed, motivated
by a scenario with nearly equal masses of the ¢;and ﬁ[ The model considered as-
sumes the mass-splitting between the t~1 and >~(1i, Am(fl, ﬁ[) = 10 GeV and that the
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Figure 3. Illustration of the preferred stop decay modes in the plane spanned by the masses of the

stop (t;) and the lightest neutralino ()2(1)), where the latter is assumed to be the lightest supersym-
metric particle. Stop decays into supersymmetric particles other than the lightest supersymmetric
particle are not displayed.

top squark decays via the process #; — bﬁc with a BR of 100%. In this scenario,
the jets originating from the bottom quarks are too low in energy (soft) to be recon-
structed and hence the signature is characterised by large E%‘iss and no jets initiated
by bottom quarks (referred to as b-jets).

(c) Higgsino LSP model:

‘Natural’ models of SUSY [23, 24, 77] suggest low-mass stops and a higgsino-like LSP.
In such scenarios, a typical Am(f(li, )2(1)) varies between a few hundred MeV to several
tens of GeV depending mainly on the mass relations amongst the electroweakinos.
For this analysis, a simplified model is designed for various Am(ﬁc,ﬁ)) of up to
30 GeV satisfying the mass relation as follows:

Am()hi,ig) = 0.5 X Am(fég,ig).

The stop decays into either b)ﬁc, t>~((1), or tig, followed by the )ﬁc and X5 decay through
the emission of a highly off-shell W/Z boson. Hence the signature is characterised by
low-momentum leptons or jets from off-shell W/Z bosons, and the analysis benefits
from reconstructing low-momentum leptons (referred to as soft leptons). The stop
decay BR strongly depends on the fR and fL composition of the stop. Stops composed
mainly of fR have a large B(fl — bf(f), whereas stops composed mainly of tNL have
a large B(t; — tf(?) or B(t; — t>23). In this search, the three cases are considered
separately: 51 ~ fR, t~1 ~ t~L, and a case in which the stop decays democratically into
the three decay modes.
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Figure 4. A representative Feynman diagram for spin-0 mediator production. The ¢/a is the
scalar /pseudoscalar mediator, which decays into a pair of dark-matter () particles.

(d) Bino/higgsino mix model:

The ‘well-tempered neutralino’ [78] scenario seeks to provide a viable dark-matter
candidate while simultaneously addressing the problem of naturalness by targeting
an LSP that is an admixture of bino and higgsino. The mass spectrum of the elec-
troweakinos (higgsinos and bino) is expected to be slightly compressed, with a typical
mass-splitting between the bino and higgsino states of 20-50 GeV. A pMSSM signal
model is designed such that only a low level of fine-tuning [23, 79] of the pMSSM
parameters is needed and the annihilation rate of neutralinos is consistent with the
observed dark-matter relic density® (0.10 < QHZ < 0.12) [80].

The final state produced by many of the models described above is consistent with a tt+
ErTniss final state. Exploiting the similarity, signal models with a spin-0 mediator decaying
into dark-matter particles produced in association with ¢¢ are also studied assuming either
a scalar (¢) or a pseudoscalar (a) mediator [58, 81]. An example diagram for this process
is shown in figure 4.

2.2 Analysis strategy

The search presented is based on 16 dedicated analyses that target the various scenarios
mentioned above. Each of these analyses corresponds to a set of event selection criteria,
referred to as a signal region (SR), and is optimised to target one or more signal scenarios.
Two different analysis techniques are employed in the definition of the SRs, which are
referred to as ‘cut-and-count’ and ‘shape-fit’. The former is based on counting events in a
single region of phase space, and is employed in the 16 analyses. The latter is used in some
SRs in addition to the ‘cut-and-count‘ technique and employs SRs split into multiple bins
in a specific discriminating kinematic variable, that can cover a range that is larger than the
‘cut-and-count’ SR. By utilising different signal-to-background ratios in the various bins,

5The quantities Q and Ho are the density parameter and Hubble constant, respectively.



the search sensitivity is enhanced in challenging scenarios where it is particularly difficult
to separate signal from background.

The main background processes after the signal selections include tt, single-top Wt,
tt+Z(— vv), and W+jets. Each of those SM processes are estimated by building dedicated
control regions (CRs) enhanced in each of the processes, making the analysis more robust
against potential mis-modelling effects in simulated events and reducing the uncertainties
in the background estimates. The backgrounds are then simultaneously normalised in data
using a likelihood fit for each SR with its associated CRs. The background modelling as
predicted by the fits is tested in a series of validation regions (VRs).

3 ATLAS detector and data collection

The ATLAS detector [82] is a multipurpose particle physics detector with nearly 47 cover-
age in solid angle around the collision point.® It consists of an inner tracking detector (ID),
surrounded by a superconducting solenoid providing a 2T axial magnetic field, a system
of calorimeters, and a muon spectrometer (MS) incorporating three large superconducting
toroid magnets.

The ID provides charged-particle tracking in the range || < 2.5. During the LHC
shutdown between Run 1 (2010-2012) and Run 2 (2015-2018), a new innermost layer of
silicon pixels was added [83], which improves the track impact parameter resolution, vertex
position resolution and b-tagging performance [84].

High-granularity electromagnetic and hadronic calorimeters cover the region |n| < 4.9.
The central hadronic calorimeter is a sampling calorimeter with scintillator tiles as the
active medium and steel absorbers. All the electromagnetic calorimeters, as well as the
endcap and forward hadronic calorimeters, are sampling calorimeters with liquid argon as
the active medium and lead, copper, or tungsten absorbers. The MS consists of three layers
of high-precision tracking chambers with coverage up to |n| = 2.7 and dedicated chambers
for triggering in the region |n| < 2.4. Events are selected by a two-level trigger system [85]:
the first level is a hardware-based system and the second is a software-based system.

This analysis is based on a dataset collected in 2015 and 2016 at a collision energy of
Vs = 13TeV. The data contain an average number of simultaneous pp interactions per
bunch crossing, or “pile-up”, of approximately 23.7 across the two years. After the ap-
plication of beam, detector and data-quality requirements, the total integrated luminosity
is 36.1fb ! with an associated uncertainty of 3.2%. The uncertainty is derived following
a methodology similar to that detailed in ref. [86] from a preliminary calibration of the
luminosity scale using a pair of z—y beam separation scans performed in August 2015 and
June 2016.

SATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in
the centre of the detector and the z-axis along the beam pipe. The z-axis points from the IP to the centre
of the LHC ring, and the y-axis points upwards. Cylindrical coordinates (r, ¢) are used in the transverse
plane, ¢ being the azimuthal angle around the z-axis. The pseudorapidity is defined in terms of the polar
angle § as n = —Intan(6/2). Angular distance is measured in units of AR = /(An)? 4+ (A¢)2. The
transverse momentum, pr, is defined with respect to the beam axis (z—y plane).



Process ME event generator ME PDF PS and UE tune Cross-section
hadronisation calculation
tt Powheg-Box v2 [87] CT10 [88] PyTHIA 6 [89] P2012 [90] NNLO+NNLL [91-96]
Single-top
t-channel Powheg-Box v1 CT104f PyTHIA 6 P2012 NNLO+NNLL [97]
s- and Wt-channel| Powheg-Box v2 CT10 PYTHIA 6 P2012 NNLO+NNLL [98, 99]
V+jets (V. =W/Z) |SHERPA 2.2.0 [100] NNPDF3.0 [101] SHERPA Default ~ NNLO [102]
Diboson SHERPA 2.1.1-2.2.1 CT10/NNPDF3.0 SHERPA Default  NLO
H+V MG5_aMC@NLO 2.2.2 [103] NNPDF3.0 PyTHIA 8 [104] A14 [105] NLO [103]
SUSY signal MG5.aMC@NLO 2.2-24  NNPDF2.3 [106] PYTHIA 8 Al4 NLO+NLL [107]
DM signal MG5_aMC@NLO 2.3.3 NNPDF2.3 PyTHIA 8 Al4 NLO

Table 1. Overview of the nominal simulated samples.

The events were primarily recorded with a trigger logic that accepts events with
Emiss ahove a given threshold. The trigger is fully efficient for events passing an offline-
reconstructed Effmss > 230 GeV requirement, which is the minimum requirement deployed
in the signal regions and control regions relying on the E%liss triggers. To recover acceptance
for signals with moderate EEFiSS, events having a well-identified lepton with a minimum pp
at trigger level are also accepted for several selections. Events in which the offline re-
constructed E%liss is measured to be less than 230 GeV are collected using single-lepton
triggers, where the thresholds are set to obtain a constant efficiency as a function of the
lepton pr of ~90% (~80%) for electrons (muons).

4 Simulated event samples

Samples of Monte Carlo (MC) simulated events are used for the description of the SM
background processes and to model the signals. Details of the simulation samples used,
including the matrix element (ME) event generator and parton distribution function (PDF)
set, the parton shower (PS) and hadronisation model, the set of tuned parameters (tune) for
the underlying event (UE) and the order of the cross-section calculation, are summarised
in table 1.

The samples produced with MG5_aMC@NLO [103] and POwWHEG-Box [87, 108-111]
used EVTGEN v1.2.0 [112] for the modelling of b-hadron decays. The signal samples were
all processed with a fast simulation [113], whereas all background samples were processed
with the full simulation of the ATLAS detector [113] based on GEANT4 [114]. All samples
were produced with varying numbers of minimum-bias interactions overlaid on the hard-
scattering event to simulate the effect of multiple pp interactions in the same or nearby
bunch crossings. The number of interactions per bunch crossing was reweighted to match
the distribution in data.

4.1 Background samples

The nominal ¢t sample and single-top sample cross-sections were calculated to next-to-
next-to-leading order (NNLO) with the resummation of soft gluon emission at next-
to-next-to-leading-logarithm (NNLL) accuracy and were generated with POWHEG-BOX



(NLO) interfaced to PYTHIAG for parton showering and hadronisation. Additional ¢ sam-
ples were generated with MG5_aMCQ@QNLO (NLO)+PyYTHIA8, SHERPA, and POWHEG-
Box+HERwWIGH+ [115, 116] for modelling comparisons and evaluation of systematic
uncertainties.

Additional samples for WWbb, Wt + b, and tt were generated with MG5_aMC@NLO
leading order (LO) interfaced to PYTHIAS, in order to assess the effect of interference
between the singly and doubly resonant processes as a part of the Wt theoretical modelling
systematic uncertainty.

Samples for W+ jets, Z + jets and diboson production were generated with SHERPA
2.2.0 [100] (and SHERPA 2.1.1-2.2.1 for the latter) using Comix [117] and OpenLoops [118],
and merged with the SHERPA parton shower [119] using the ME+PS@NLO prescrip-
tion [120]. The NNPDF30 PDF set [101] was used in conjunction with a dedicated parton
shower tuning developed by the SHERPA authors. The W/Z + jets events were further
normalised with the NNLO cross-sections.

The tt+V samples were generated with MG5_aMC@QNLO (NLO) interfaced to PYTHIA8
for parton showering and hadronisation. SHERPA (NLO) samples were used to evaluate
the systematic uncertainties related to the modelling of ¢ + V production.

More details of the tt, W+ jets, Z + jets, diboson and ¢t + V samples can be found in
refs. [121-124].

4.2 Signal samples

Signal SUSY samples were generated at leading order (LO) with MG5_aMC@NLO in-
cluding up to two extra partons, and interfaced to PYTHIA8 for parton showering and
hadronisation. For the pMSSM models, the sparticle mass spectra were calculated
using Softsusy 3.7.3 [125, 126]. The output mass spectrum was then interfaced to
HDECAY 3.4 [127] and SDECAY 1.5/1.5a [128] to generate decay tables for each of the
sparticles. The decays of the X5 and >~<1i via highly off-shell W/Z bosons were computed
by taking into account the mass of 7 leptons and charm quarks in the low Am(f(li / )28, )2(1))
regime. For all models considered the decays of SUSY particles are prompt. The details
of the various simulated samples in the four LSP scenarios targeted are given below. The
input parameters for the pMSSM models are summarised in table 2.

(a) Pure bino LSP:

For the 51 — t)N((f samples, the stop was decayed in PYTHIAS using only phase space
considerations and not the full matrix element. Since the decay products of the
samples generated did not preserve spin information, a polarisation reweighting was
applied” following refs. [129, 130]. For the #; — bWX] and t — bff’f(? samples, the
stop was decayed with MadSpin [131], interfaced to PYTHIA8. MadSpin emulates
kinematic distributions such as the mass of the bW system to a good approximation
without calculating the full ME. For the MadSpin samples, the stop was assumed to
be composed mainly of ¢z (~70%), consistent with the #; — tX? samples.

"A value of cosf; = 0.553 is assumed, corresponding to a £; composed mainly of tg (~70%)



(b) Wino NLSP:

In the wino NLSP model, the 51 was assumed to be composed mainly of fL (i.e.
mg3r, < mur). The stop was decayed according to B(t; — bf(%) ~ 66%, or
B(t; — t>~<g) ~ 33%, followed by Xi and X5 decays into the LSP, in a large frac-
tion of the phase space. Since the coupling of fL to the wino states is larger than the
one to the bino state, the stop decay into the bino state (£, — t>~((1)) is suppressed.
The branching ratio (BR) can be significantly different in the regions of phase space
where one of the decays is kinematically inaccessible. In the case that a mass-splitting
between the £, and X9 is smaller than the top-quark mass (Am(t,, 928) < Myep), for
instance, the #; — X5 decay is suppressed, while the #; — bfﬁ decay is enhanced.

Similarly, the £, — bﬁc decay is suppressed near the boundary of mi = mp + M+

while the £, — tX1 decay is enhanced.

The signal model was constructed by performing a two-dimensional scan of the
pMSSM parameters M; and mgy3r. For the models considered, M3z = 2.2TeV and
Mg = 1.2 TeV were assumed in order for the produced models to evade the current
gluino and stop mass limits [39-46, 132-137].

The X3 decay modes are very sensitive to the sign of u. The X5 decays into the
lightest Higgs boson and the LSP (with B(f(g — h>~((1]) ~ 95%) if ;> 0 and decays
into a Z boson and the LSP (with B(f(g — Zf(?) ~ 75%) if p < 0. Hence, the two u
scenarios were considered separately.®

Both the stop and sbottom pair production modes were included. The stop and
sbottom masses are roughly the same since they are both closely related to mgsy.
The sbottom decays largely via b; — t)ﬁc and b; — bX5 with a similar BR as for
- —+ - <0 )

t; — bX1 and t; — tX2, respectively.

(c) Higgsino LSP:

For the higgsino LSP case, a simplified model was built. Similar input parameters
to those of the wino NLSP pMSSM model were assumed when evaluating the stop
decay branching ratios, except for the electroweakino mass parameters, My, Ms, and
1. These mass parameters were changed to satisfy pu < My, M.

The stop decay BR in scenarios with mr < mgsr were found to be ~ 50% for
B(t; — bﬁc) and ~ 25% for both B(t; — tX1) and B(t;, — t>~<(2)), independent
of tan 8. On the other hand, in scenarios with mg3r, < myg and tan 3 = 20, the
B(t; — bﬁ[) was suppressed to ~ 10% while B(t; — tf(?) and B(t; — tf(g) were
each increased to ~ 45%. A third scenario with tan 8 = 60 and mg3r, <mur was
also studied. In this scenario, the stop BR was found to be ~ 33% for each of the
three decay modes. The >~<1i and X9 subsequently decayed into the X! via a highly

$When the X5 decay into the LSP via Z/Higgs boson is kinematically suppressed, the decay is instead
determined by the LSP coupling to squarks. In the low-mg3r, scenario considered, the decay via a virtual
sbottom becomes dominant due to the large sbottom-bottom-LSP coupling, resulting in a X2 — bbX1 decay
with a branching ratio up to 95%.
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off-shell W/Z boson. The exact decay BR of Xli and X9 depend on the size of
the mass-splitting amongst the triplet of higgsino states. For the baseline model,
Am()ﬁc,ﬁ)) = 5GeV and Am(f(g,ﬁ(f) = 10 GeV were assumed, which roughly cor-
responds to My = My ~ 1.2-1.5TeV. An additional signal model with Am(ﬁc, 92(1))
varying between 0 and 30 GeV was also considered.

In the signal generation, the stop decay BR was set to 33% for each of the three
decay modes (¢; — bf(li, t, — £X9, t, — tf(?). The polarisation and stop BR
were reweighted to match the BR described above for each scenario. Samples were
simulated down to Am(ﬁ,ﬁ) = 2GeV for the Am scan. The ; — X1 samples
generated for the pure bino scenario were used in the region below 2 GeV, scaling the
cross section by [B(t; — tf((l)) +B(t; — tig)] ? under the assumption that the decay

products from ﬁc and X3 are too soft to be reconstructed.

(d) Bino/higgsino mix:
For the well-tempered neutralino, the signal model was built in a similar manner to
the wino NLSP model. Signals were generated by scanning in M; and mg37, parameter
space, with tan 8 = 20, My = 2.0 TeV and M3 = 1.8 TeV (corresponding to a gluino
mass of ~ 2.0TeV).” The value of Mg was varied in the range of 700-1300 GeV in
the large fofR mixing regime in order for the lightest Higgs boson to have a mass
consistent with the observed mass. Since the dark-matter relic density is very sensitive
to the mass-splitting Am(u, Mi), i was chosen to satisfy 0.10 < QHZ < 0.12 given
the value of Mj considered (—p ~ My), which resulted in Am(u, M) = 20-50 GeV.

The dark-matter relic density was computed using MICROMEGASs 4.3.1f [138, 139].
Softsusy-3.3.3 was used to evaluate the level of fine-tuning (A) [23] of the pMSSM
parameters. The signal models were required to have a low level of fine-tuning cor-
responding to A < 100 (at most 1% fine-tuning).

For scenarios with myr <mg3r,, only stop pair production was considered while both
stop and sbottom pair production were considered in scenarios with m;r >mg3r. The
sbottom mass was found to be close to the stop mass as they were both determined
mainly by mg3r. The stop and sbottom decay largely into a higgsino state, )Zli, >28,
and >28 with BR similar to those of the higgsino models. The stop and sbottom decay
BR to the bino state were found to be small.

Signal cross-sections for stop/sbottom pair production were calculated to next-to-
leading order in the strong coupling constant, adding the resummation of soft gluon emis-
sion at next-to-leading-logarithm accuracy (NLO+NLL) [140-142]. The nominal cross-
section and the uncertainty were taken from an envelope of cross-section predictions using
different PDF sets and factorisation and renormalisation scales, as described in ref. [107].

Signal events for the spin-0 mediator model were generated with MG5_aMCQNLO
(LO) with up to one additional parton, interfaced to PYTHIA8. The couplings of the

°The light sbottom and/or stop become tachyonic when their radiative corrections are large in the low-
mg3r, regime, as the correction to squark masses is proportional to (Mg/mqg,L)Q7 which can change the sign
of the physical mass. This was an important consideration when choosing the value of Ms.
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Scenario Wino NLSP Higgsino LSP Bino/higgsino mix
Models pMSSM simplified pMSSM
Mixing parameters X;/Mg ~ /6
tan 3 20 20 or 60 20
Mg [TeV] 0.9-1.2 1.2 0.7-1.3
M; [TeV] 2.2 2.2 1.8
Scanned mass parameters (M1, mgar) (i, mgar/muR) (M1, mgar/muR)
Electroweakino masses [TeV] = =+3.0 My =M =15 My = 2.0

My =2M, < |p| p< M =My My ~—p, My <M

Additional requirements

0.10 < QHZ < 0.12

- - A <100
Sbottom pair production considered - considered
t, decay modes and their BR [%] t, ~ 1, (a) / (b) / (¢) (a) / (b)
=ty <5 ~ 25/~ 45/~ 33 <10/< 10
i, — b7 ~ 65 ~ 50/~ 10/~ 33 ~ 50/~ 10
£, — X5 ~ 30 ~ 25/~ 45/~ 33 ~ 20/~ 40
£, — tX3 - - ~ 20/~ 40
b,decay modes and their BR. [%] by ~ 1 - by ~ by,
b, — bXY <5 - <5
b, — X7 ~ 65 - ~ 85
b, — bX3 ~ 30 - <5
b, — bX3 - - <5

Table 2. Overview of the input parameters and typical stop decay branching ratios (BR) for the
signal models. Lists of mass parameters scanned are provided in between parentheses. The pMSSM
mass parameters that are not shown below were set to values above 3 TeV. The table represents
seven different models that are used in the interpretation of the results (two for the wino NLSP, three
for the higgsino LSP, and two for the bino/higgsino admixture). For the higgsino LSP scenarios,
a simplified model is used instead of a pMSSM model, although the stop decay BR are based on
pMSSM scans with the parameters shown in the table. For the higgsino and bino/higgsino mix
scenarios, the stop decay BR change depending on the fofR composition of the £, hence the BR
for various scenarios corresponding to (a) t; ~ tg and (b) ¢, ~ #; (and (c) #; ~ #;, with tan 8 = 60
in the higgsino model) are shown separately. For the wino NLSP model, only the #; ~ t~L scenario
is considered. Sbottom pair production is also considered where 51 ~ I;L for the wino NLSP and
bino/higgsino mix scenarios.

mediator to the DM and SM particles (g, and g,) were assumed to be equal and a common
coupling with value g = g, = g, = 1 is used. The kinematics of the decay was found not
to depend strongly on the values of these couplings. The cross-section was computed at
NLO [143, 144] and decreased significantly when the mediator was produced off-shell.
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5 Event reconstruction

Events used in the analysis must satisfy a series of beam, detector and data-quality criteria.
The primary vertex, defined as the reconstructed vertex with the highest >, . .. p%, must
have at least two associated tracks with pp > 400 MeV.

Depending on the quality and kinematic requirements imposed, reconstructed physics
objects are labelled either as baseline or signal, where the latter describes a subset of
the former. Baseline objects are used when classifying overlapping physics objects and to
compute the missing transverse momentum. Baseline leptons (electrons and muons) are
also used to impose a veto on events with more than one lepton, which suppresses back-
ground contibutions from tf and Wt production where both W-bosons decay leptonically,
referred to as dileptonic ¢t or Wt events. Signal objects are used to construct kinematic
and multiplicity discriminating variables needed for the event selection.

Electron candidates are reconstructed from electromagnetic calorimeter cell clusters
that are matched to ID tracks. Baseline electrons are required to have pp > 5GeV,
In| < 2.47, and to satisfy ‘VeryLoose’ likelihood identification criteria that are defined
following the methodology described in ref. [145]. Signal electrons must pass all baseline
requirements and in addition satisfy the ‘LooseAndBLayer’ or ‘Tight’ likelihood identi-
fication criteria depending on the signal region selection, and are classified as ‘loose’ or
‘tight’ signal electrons, respectively. They must also have a transverse impact parameter
evaluated at the point of closest approach between the track and the beam axis in the
transverse plane (dp) that satisfies |do|/04, < 5, where o4, is the uncertainty in dy, and the
distance from this point to the primary vertex along the beam direction (zp) must satisfy
|20 sin @] < 0.5 mm. Furthermore, lepton isolation, defined as the sum of the transverse en-
ergy deposited in a cone with a certain size AR excluding the energy of the lepton itself, is
required. The isolation criteria for ‘loose’ electrons use only track-based information, while
the ‘tight’ electron isolation criteria rely on both track- and calorimeter-based information
with a fixed requirement on the isolation energy divided by the electron’s pr.

Muon candidates are reconstructed from combined tracks that are formed from ID and
MS tracks, ID tracks matched to MS track segments, stand-alone MS tracks, or ID tracks
matched to an energy deposit in the calorimeter compatible with a minimum-ionising par-
ticle (referred to as calo-tagged muon) [146]. Baseline muons up to || = 2.7 are used
and they are required to have pr > 4 GeV and to satisfy the ‘Loose’ identification criteria.
Signal muons must pass all baseline requirements and in addition have impact parame-
ters |zpsinf| < 0.5mm and |dg|/o4, < 3, and satisfy the ‘Medium’ identification criteria.
Furthermore, signal muons must be isolated according to criteria similar to those used for
signal electrons, but with a fixed requirement on track-based isolation energy divided by
the muon’s pr. No separation into ‘loose’ and ‘tight’ classes is performed for signal muons.

Dedicated scale factors for the requirements of identification, impact parameters, and
isolation are derived from Z — ¢¢ and J/¥ — ¢¢ data samples for electrons and muons to
correct for minor mis-modelling in the MC samples [146, 147]. The pr thresholds of signal
leptons are raised to 25 GeV for electrons and muons in all signal regions except those that
target higgsino LSP scenarios.
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Jet candidates are built from topological clusters [148, 149] in the calorimeters using
the anti-k; algorithm [150] with a jet radius parameter R = 0.4 implemented in the Fast-
Jet package [151]. Jets are corrected for contamination from pile-up using the jet area
method [152-154] and are then calibrated to account for the detector response [155, 156].
Jets in data are further calibrated according to in situ measurements of the jet energy
scale [156]. Baseline jets are required to have pp > 20GeV. Signal jets must have
pr > 25GeV and |n| < 2.5. Furthermore, signal jets with pr < 60GeV and |n| < 2.4
are required to satisfy track-based criteria designed to reject jets originating from pile-
up [154]. Events containing a jet that does not pass specific jet quality requirements (“jet
cleaning”) are vetoed from the analysis in order to suppress detector noise and non-collision
backgrounds [157, 158].

Jets containing b-hadrons are identified using the MV2c10 b-tagging algorithm (and
those identified are referred to as b-tagged jets), which incorporates quantities such as the
impact parameters of associated tracks and reconstructed secondary vertices [84, 159]. The
algorithm is used at a working point that provides a 77% b-tagging efficiency in simulated
tt events, and corresponds to a rejection factor of about 130 for jets originating from
gluons and light-flavour quarks (light jets) and about 6 for jets induced by charm quarks.
Corrections derived from data control samples are applied to account for differences between
data and simulation for the efficiency and mis-tag rate of the b-tagging algorithm [159].

Jets and associated tracks are also used to identify hadronically decaying 7 leptons
using the ‘Loose’ identification criteria described in refs. [156, 160], which have a 60% (50%)
efficiency for reconstructing 7 leptons decaying into one (three) charged pions. These T
candidates are required to have one or three associated tracks, with total electric charge
opposite to that of the selected electron or muon, pr > 20GeV, and |n| < 2.5. The 7
candidate pr requirement is applied after a dedicated energy calibration [156, 160].

To avoid labelling the same detector signature as more than one object, an overlap
removal procedure is applied. Table 3 summarises the procedure. Given a set of baseline ob-
jects, the procedure checks for overlap based on either a shared track, ghost-matching [153],
or a minimum distance'® AR between pairs of objects. For example, if a baseline electron
and a baseline jet are separated by AR < 0.2, then the electron is retained (as stated in
the ‘Precedence’ row) and the jet is discarded, unless the jet is b-tagged (as stated in the
‘Condition’ row) in which case the electron is assumed to originate from a heavy-flavour
decay and is hence discarded while the jet is retained. If the matching requirement in
table 3 is not met, then both objects under consideration are kept. The order of the steps
in the procedure is given by the columns in table 3, which are executed from left to right.
The second (ej) and the third (uj) steps of the procedure ensure that leptons and jets have
a minimum AR separation of 0.2. Jets overlapping with muons that satisfy one or more
of the following conditions are not considered in the third step: the jet is b-tagged, the jet

J

contains more than three tracks (n > 3), or the ratio of muon pr to jet pr satisfies

! track
ph/p < 0.7. Therefore, the fourth step (¢j) is applied only to the jets that satisfy the

Rapidity (y = 1/2In(E + p./E — p.)) is used instead of pseudorapidity (n) when computing AR in
the overlap removal procedure.

14



Object 1 e e I e
Object 2 s J j T
Matching . 10

PG | shared track AR < 0.2 ghost-matched AR < min (0.4, 0.04 + /7) AR <0.1
criteria p/GeV
j not b-tagged and
Condition | calo-tagged p j not b-tagged (n{raCk <3or % - 07 - -
Pr

Precedence e e I ki e

Table 3. Overlap removal procedure for physics objects.

The first two rows list the types of

overlapping objects: electron (e), muon (), electron or muon (£), jet (j), and hadronically decaying
7 lepton (7). All objects refer to the baseline definitions, except for 7 where no distinction between
baseline and signal definition is made. The third row specifies when an object pair is considered to
be overlapping. The fourth row describes an optional condition which must also be met for the pair
of objects to be considered overlapping. The last row lists the object given precedence. Object 1 is
retained and Object 2 is discarded if the condition is not met, and vice versa. More information is
given in the text.

above criteria or that are well separated from leptons with AR > 0.2. For the remain-
der of the paper, all baseline and signal objects are those that have passed the overlap
removal procedure.

The missing transverse momentum is reconstructed from the negative vector sum of
the transverse momenta of baseline electrons, muons, jets, and a soft term built from high-
quality tracks that are associated with the primary vertex but not with the baseline physics
objects [161, 162]. Photons and hadronically decaying 7 leptons are not explicitly included
but enter either as jets, electrons, or via the soft term.

6 Discriminating variables

The background processes contributing to a final state with one isolated lepton, jets and
E%liss are primarily semileptonic ¢ events with one of the W bosons from two top quarks
decaying leptonically, and W +jets events with a leptonic decay of the W boson. Both back-
grounds can be effectively reduced by requiring the transverse mass of the event, mr,'!
to be larger than the W-boson mass. In most signal regions, the dominant background
after this requirement arises from dileptonic ¢t events, in which one lepton is not identi-
fied, is outside the detector acceptance, or is a hadronically decaying 7 lepton. On the
other hand, the mt selection is not applied in the signal regions targeting the higgsino
LSP scenarios, hence the background is dominated by semileptonic ¢t events. A series of
additional variables described below are used to discriminate between the tf background

and the signal processes.

"The transverse mass mr is defined as m2 = 2p5- ER5[1 — cos(A¢)], where A¢ is the azimuthal an-
gle between the lepton and missing transverse momentum directions. The quantity p4% is the transverse
momentum of the charged lepton.
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Figure 5. Distributions of discriminating variables: (left) amrs and (right) H%”lsslsg after the high-
E}'%° preselection shown in table 4 and mt > 120 GeV. In addition to the SM background predic-
tion, a bino LSP signal model is shown for a stop mass of 1 TeV, with a neutralino mass of 1 GeV,
in the upper panel this component is scaled up by a factor of 160 (left) or 30 (right) for visibility.
The tt 2L and tt 1L in the legend refer to dileptonic and semileptonic t, respectively. The lower
panels show the ratio of data to total SM background and the ratio of expected signal to total SM
background. The category labelled ‘Others’ stands for minor SM backgrounds that contribute less
than 5% of the total SM background. The hatched area around the total SM prediction and the
hatched band in the Data/SM ratio include statistical and experimental uncertainties. The last bin
contains overflows.

6.1 Common discriminating variables

The asymmetric mrg (amT2) [163-166] and m7,, are both variants of the variable myq [167],
a generalisation of the transverse mass applied to signatures where two particles are not
directly detected. The amry variable targets dileptonic ¢t events where one lepton is not
reconstructed, while the m7., variable targets ¢t events where one of the two W bosons

miss
T,sig

some signal regions to reject background processes without invisible particles in the final
state. It is defined as:

decays via a hadronically decaying 7 lepton. In addition, the variable is used in

r7miss
Hmiss _ ’HT | -M
T,sig — )
U'ﬁ%ﬂssl

where ﬁ%niss is the negative vectorial sum of the momenta of the signal jets and signal
lepton. The denominator is computed from the per-event jet energy uncertainties, while the
lepton is assumed to be well measured. The offset parameter M, which is a characteristic
scale of the background processes, is fixed at 100 GeV in this analysis. These variables are
detailed in ref. [168]. Figure 5 shows distributions of the amro and %lsslsg variables.
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Reconstructing the hadronic top-quark decay (top-tagging) can provide additional dis-
crimination against dileptonic ¢t events, which do not contain a hadronically decaying top
quark. In events where the top quark is produced with moderate pr, a x? technique is
used to reconstruct candidate hadronic top-quark decays. For every selected event with
four jets of which at least one is b-tagged, the mi‘op variable is defined as the invariant mass
of the three jets in the event most compatible with the hadronic decay products of a top
quark. The three jets are selected by a x? minimisation using the jet momenta and energy
resolutions, and they have to contain exactly one b-tagged jet.

After reconstructing the hadronic top-quark decay through the x? minimisation, the

remaining b-tagged jet!?

is paired with the lepton to reconstruct the semileptonically de-
caying top quark candidate (leptonic top quark). Based on these objects, the azimuthal
separation between the pr of hadronic and of leptonic top-quark candidates, A(ﬁ(tﬁa 4 tfg p)
and between the missing transverse momentum vector and the pr of hadronic top-quark
candidate, Ag(p'ss, ¢ ), are defined.

An alternative top-tagging method is used to target events where the top quark is
produced with a significant boost. The top-quark candidates are reconstructed by con-
sidering all small-radius jets in the event and clustering them into large-radius jets using
the anti-k; algorithm with a radius parameter Ry = 3.0. The radius of each jet is then
iteratively reduced to an optimal radius, R(pt) = 2 X mtop/pT, that matches their pp. If
a candidate loses a large fraction of its pr in the shrinking process, it is discarded.!® In
events where two or more top-quark candidates are found, the one with the mass closest to
the top-quark mass is taken. The same algorithm is also used to define boosted hadronic
W-boson candidates, where only non-b-tagged jets are considered, and the mass of the W

boson is used to define the optimal radius. The masses of the reclustered top-quark and

reclustered

reclustered
top w

W-boson candidates are referred to as m and m , respectively.

The ﬁ‘TmSS in semileptonic ¢ events is expected to be closely aligned with the direction
of the leptonic top quark. After boosting the leptonic top-quark candidate and the pRiss
into the ¢t rest frame, computed from ¢}, and tlxeP, the magnitude of the perpendicular
component of the pip'** with respect to the leptonic top quark is computed. This Ep'T is
expected to be small for the background, as the dominant contribution to the total E%“iss

is due to the neutrino emitted in the leptonic top-quark decay.

6.2 Discriminating variables for boosted decision trees

n € dlagonal region wnere m; < Mo meco, € momentum transier 1Irom € t. (0] €
In the diagonal region where m;, p+ Mg, th tum transfer from the £, to th

X7 is small, and the stop signal is kinematically very similar to the ¢t process. In order to
achieve good separation between ¢t and signal, a boosted decision tree (BDT) implemented
in the TMVA framework [169] is used. Additional discriminating variables are developed
to use as inputs to the BDT, or as a part of the preselection in the BDT analyses.

12If the event has exactly one b-tagged jet, the highest-pr jet is used instead of the second highest-pr
b-tagged jet.

13The algorithm procedure is as follows: (1) if R; > R;—1 + 0.3, then discard the candidate (2) if
R; < R;—1 — 0.5, then continue iterating (3) else stop iterating and keep the candidate, where R; is the
radius of the candidate in step i, and Ry = 3.0.
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Some of the selections targeting the diagonal region in the pure bino LSP scenarios
rely on the presence of high-pr initial-state radiation (ISR) jets, which serves to boost
the di-stop system. A powerful technique to discriminate these signal models from the
tt background is to attempt to reconstruct the ratio of the transverse momenta of the
di-neutralino and di-stop systems. This ratio a can be directly related to the ratio of the
masses of the #; and the X1 [170, 171]:

m

~0.=0
8 pr(X1X1)
mg pr(tyty)

Q
Il

The observed Efrniss would also include a contribution from the neutrino produced in the
leptonic W-boson decay, in addition to that due to the LSPs. A light X! and a t, mass close
to the mass of the top quark would result in the neutralinos having low momenta, making
the reconstruction of the neutrino momentum and its subtraction from the ﬁ%ﬁss vital. In
the signal region targeting this scenario, a modified y? minimisation using jet momenta
only is applied to define the hadronic top-quark candidate tﬁ%. One or two light jets and
one b-tagged jet are selected in such a way that they are most compatible with originating
from hadronic W-boson and top-quark decays. The leading-pr light jet is excluded, as it
is assumed to originate from ISR.

Out of the two jets with the highest probabilities of being a b-jet according to the
b-tagging algorithm, the one not assigned to t{g% is assigned to the leptonic top-quark
candidate, together with the lepton. For the determination of the neutrino momentum,
two hypotheses are considered: that of a tt event and that of a signal event. For the tt
hypothesis, the entire ﬁ’{}iss is attributed to the neutrino. Under the signal hypothesis,
collinearity of each #; with both of its decay products is assumed. This results in the
transverse-momentum vector of the neutrino from the leptonic W-boson decay being cal-
culable by subtracting the momenta of the LSPs from ﬁ’TniSS, when assuming a specific mass
ratio a:

pE(v*) = (1 = )™ — apt(tiad + blep + £),

where v represents the neutrino four-vector for a given value of a, bjep, is the b-jet candidate
assigned to the semileptonic top-quark candidate and £ is the charged lepton. The resulting
momentum of v* is then used to calculate further variables under the signal hypothesis,
such as the leptonically decaying W boson’s transverse mass mg or the mass of the top-
quark candidate including the leptonic W-boson decay, m( fép). The lepton pseudorapidity
is used as a proxy for the neutrino pseudorapidity in the calculation. Further variables are
the difference in mT between the calculation under the hypothesis of a ¢t event and under
the signal hypothesis, Am$ = mt — m7, where m$ is calculated using the lepton and
v®, and the pr of the reconstructed ¢t system under the SM hypothesis, pr(tt). The mass
ratio a = 0.135 is used throughout the paper, as is calculated from mi = 200 GeV and
mgo = 27 GeV. This signal point was chosen since it is close to the exclusion limit from
previous analyses.

Larger stop-mass values in compressed bino LSP scenarios boost the )2(1) such that
neglecting the neutrino momentum in the determination of « is a good approximation. A
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Figure 6. Distributions of discriminating variables: (left) Am$ and (right) m(tf,). They are used
in the tN_diag low signal region, which is defined in section 7.1.2. Preselection refers to the signal
region selection but without any requirements on the BDT output score. In addition to the SM
background prediction, signal models are shown, denoted by m(fl,fc(f), and scaled by a factor of
four for visibility. The lower panels show the ratio of data to total SM background and the ratio
of expected signal to total SM background. The hatched area around the total SM prediction and
the hatched band in the Data/SM ratio include statistical and experimental uncertainties. The last
bin contains overflows.

recursive jigsaw reconstruction (RJR) technique [172] is used to divide each event into an
ISR hemisphere and a sparticle (S) hemisphere, where the latter contains both the invisible
(I) and visible (V) decay products of the stops. Objects are grouped together according
to their proximity in the lab frame’s transverse plane by maximising the pr of the S and
ISR hemispheres over all choices of object assignment. In events with high-pt ISR jets,
the axis of maximum back-to-back pr, also known as the thrust axis, should approximate
the direction of the ISR and the di-stop system’s back-to-back recoil.

The RJR variables used in the corresponding signal regions are the transverse mass of
the S system, M%, the ratio of the momenta of the I and ISR systems, Rigr (an approx-
imation of «), the azimuthal separation between the momenta of the ISR and I systems,
A¢(ISR, I), and the number of jets assigned to the V system, NJV.

Figures 6 and 7 show example kinematic distributions of the variables used for the
BDT trainings.

7 Signal selections

SR selections are optimised using simulated MC event samples. The metric of the opti-
misation is the discovery sensitivity for the various decay modes and for different regions
of SUSY parameter space and masses in the spin-0 mediator models. A set of benchmark
signal models, selected to cover the various stop and spin-0 mediator scenarios, is used
for the optimisation. The optimisations of signal-region selections are performed using

19



> 5000 T T T T T T > [ T T T T T T T |
() r ATLAS —e-Data Q - ATLAS -e-Data 45 Total SM o
O] [ (s=13TeV,36.1 1! 4 Total SM S F fs=13Tev,36.1 10" Eltsl,ZLl \;Vﬂ- |
= 4000;Presel~e<~::|on (low ET***) Ctial 2 500: Preselection (high ET*) Ed{ﬁ;wp CIW+jets e
E [ — M(X,)=(25062) GeV ox5 Mt a r M 7)=(450277) GeV oxo |
c I [IW+jets T 400 2 —
) F o = Z B
o 3000~ []Others 3 E 7 E
C 300— —
2000 F ]
£ 200— -
1000~ 100 .
= s E
” //// L = E|
S 284 S 7.5 /
T 5 =
[a) o 3
N I S S S NS S IS S S SN S S M= PR BTN I RIS S EIN RS AR R AR
s T T T T 3 s f f f f f T f
@ 0.15¢ - 7 2 ot T o T
= 1; JJ Bt r—_|-LJ-'"_—|_lrlf = == 1
5 0050 " i 5 " -
[0 0 I Y B N @ EEE T A
100 150 200 250 300 350 100 200 300 400 500 600 700 800
x>-based m,, ., [GeV] M [GeV]
< T T T T T © E T T T T \‘ |
S ATLAS -e-Data 4% Total SM ~ 800ATLAS Vs=13TeV,36.1f0" —
IS] Is=13TeV,36.1 fo" Egﬁ;lemp st 1jLets g -o-Daztf ,,4To|a| SM Preselection (high ET*) 3
ion (high E™ K Foit 3
E 250[—Preselection (high ET"**) Clothers < 700*|:|S|ngletop DWﬂets E
< — —m(, z°)=(450,277) GeV ox5 2 E [ Others =
£ 200 & 6005 450,277) GeV ox7 7
it 2 S | mmesoamn cevor 7
Z Z 1] 500: 7
4005
300
200F
100F
ok
= s 2
® @« 1'5 ,,,,,,,,,,,,,,,,,,,,
PN -l i oy = 7 7
8 05% 28 o5 E
S RS AU R R R £ i P TR N NI B
s E T T T T T E s F 1 1 1 1 7
» 0.15F 51 3 » AE - =T
~ E - E| ~ E - ]
s 0.1t I— Lo E| = F —_ r—=—1_l e 3
g 0= s I Eo0s ! -

5 0.055 == - R [ ]
« Evvv b Lo Lo Lo EE LS @ Qs T o e e e Ly i1
0.4 . 06 0.7 1 2 2.2 2.4 2.6 2.8 3

Risr [AG(ISR, )|

Figure 7. Distributions of discriminating variables: (top left) reconstructed mass of the hadronic
top-quark candidates with y?-based minimisation method (my,,), (top right) MZE, (bottom left)
Risr, and (bottom right) [A¢(ISR, I)|. The my,, variable is used in the tN_diag med signal region
and the others are 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(fl,fé(f),
and scaled by a certain factor for visibility. The lower panels show the ratio of data to total SM
background and the ratio of expected signal to total SM background. The category labelled ‘Others’
stands for minor SM backgrounds that contribute less than 5% of the total SM background. The
hatched area around the total SM prediction and the hatched band in the Data/SM ratio include
statistical and experimental uncertainties. The last bin contains overflows.
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Selection

high- Fmiss

miss
low-EX¥

soft-lepton

Trigger
Data quality
Second-lepton veto

Emiss triggers only

Emiss and lepton triggers
jet cleaning, primary vertex

no additional baseline leptons

Emiss triggers only

Number of leptons, tightness

=1 ‘loose’ lepton

=1 ‘tight’ lepton

=1 ‘tight’ lepton

Lepton pr [GeV] > 25 > 27 > 4 for p

>5fore
Number of (jets, b-tags) (>2,>0) (>4,>1) (>2,>1)
Jet pp [GeV] > (25, 25) > (50, 25, 25, 25) > (25, 25)
Emiss [GeV] > 230 > 100 > 230
mr [GeV] > 30 > 90 -

Table 4. Preselection criteria used for the high- X signal regions (left), the low- EX signal
regions (middle) and the soft-lepton signal regions (right). For the soft-lepton selection, py > 5 GeV
is required for electrons. List values are provided in between parentheses.

an iterative algorithm and considering all studied discriminating variables, accounting for
statistical and systematic uncertainties.

All regions are required to have exactly one signal lepton (except for the ttZ(— ¢¢)
control regions, where three signal leptons are required), no additional baseline leptons,
and at least four (or in some regions two or three) signal jets. In most cases, at least
one b-tagged jet is also required. A set of preselection criteria (high—E%iSS, low—E%‘iss, and
soft-lepton) is defined for monitoring the MC modelling of the kinematic variables. The
preselection criteria are also used as the starting point for the SR optimisation.

In the SRs relying only on the E%“iss trigger, all events are required to have
E%ﬁss > 230 GeV to ensure that the trigger is fully efficient. In SRs that use a combination
of E%ﬁss and lepton triggers, this requirement is relaxed to E%‘iss > 100 GeV. In order to
reject multijet events, requirements are imposed on the transverse mass (mr) and the az-
imuthal angles between the leading and sub-leading jets (in pr) and EX5 (|Ad(jet,, piis)))
in most of SRs. For events with hadronic 7 candidates, the requirement mmp, > 80 GeV is
applied in most SRs.

The exact preselection criteria can be found in table 4. The preselections do not

include requirements on the |Ag(jet,, priss

)| and m7., variables, but these are often used to
define SRs. Figure 8 shows various relevant kinematic distributions at preselection level.
The backgrounds are normalised with the theoretical cross-sections, except for the Efrniss
distribution where the ¢t events are scaled with normalisation factors obtained from a
simultaneous likelihood fit of the CRs, described in section 10.

Table 5 summarises all SRs with a brief description of the targeted signal scenarios.
For the pure bino LSP scenario, seven SRs are considered in total. Five SRs target the
t, — X4 decay. The corresponding SR labels begin with tN, which is an acronym for
‘top neutralino’. Additional text in the label describes the stop mass region. For example,
tN_diag targets the diagonal region where mg ~ Mgo + Miop. The third part of the labels

low, med, and high denote the targeted stop mass range, relative to other regions of the
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Figure 8. Kinematic distributions after the preselection: (top left) mass of the hadronic top-quark
candidate with the recursive reclustering method (m rgdumred) after the high- EX1° preselection, (top
right) mr after the high- EX preselection, (bottom left) ERsS after the low-EMisS preselection,
and (bottom right) lepton pr after the soft-lepton preselection with an additional requirement of
at least two b-tagged jets. The SM background predictions are normalised with the theoretical
cross-sections (pre-fit), except for in the EIT“iSS distribution, where the tt events are scaled by the
normalisation factors obtained from a simultaneous likelihood fit of the CRs. The category labelled
‘Others’ in the top left panel stands for the sum of minor SM backgrounds that contribute less
than 5% of the total SM background. The hatched area around the total SM prediction and the
hatched band in the Data/SM ratio include statistical and experimental uncertainties. The last bin
contains overflows, except for the lepton prt distribution.

same type (for example, tN_diag low targets a stop mass of 190 GeV, while tN_diag high
is optimised for mi = 450 GeV). Furthermore, two additional SRs labelled bWN and bffN

are dedicated to the three-body (£, — bW X1) and four-body (£, — bf f'X1) decay searches,
respectively.

Six SRs target various ; — bﬁc scenarios, and the SR labels follow the same logic:
the first two characters bC stand for ‘bottom chargino’. The consecutive labels, 2x, bv, or
soft, denote the targeted electroweakino spectrum. For the wino NLSP scenario, three

SRs are designed with the label bC2x denoting the mass relation Mgt ~ 2><m>~<(1) in the
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SR Signal scenario Benchmark Exclusion technique | Table

tN_med Pure bino LSP (£, — tX}) m(Z;, X9)=(600,300) shape-fit (Ems) 6
tN_high Pure bino LSP (¢, — tX9) m(;, X X9)=(1000,1) cut-and-count 6
tN_diag_low Pure bino LSP (f; — 1‘5((1)) m(t,, ?) (190,17) BDT cut-and-count 7
tN_diag med Pure bino LSP (¢, — £X9) m(?,, X9)=(250,62) BDT shape-fit 7
tN_diag high Pure bino LSP (£, — tX}) m(f,, X1)=(450,277) BDT shape-fit 7
bUN Pure bino LSP (£, — bIWX?) m(7;, X1)=(350,230) shape-fit (amrs) 8
bEEN Pure bino LSP (£, — bf#'%}) m(Z,, X7)=(400,350) shape-fit (ph/ERiss) | 8
bC2x_med Wino NLSP (f; — bXT, i, = tX9) m(f, Xr, X9)=(750,300,150) cut-and-count 9
bC2x_diag Wino NLSP (£, — b)ﬁt, t — f)z(z)) m(?,, )21 )—(650,500,250) cut-and-count 9
bCbv Wino NLSP (f; — b)hi, t, — tX9) m(t,, i, )=(700,690,1) cut-and-count 9

—_

X
bCsoft_diag | Higgsino LSP (£, — tX1, #, — X3, {, — bX1) | m(f,, Xi, X1)=(400,355,350) | shape-fit (p5.) Exs)
X4
-0
X1

bCsoftmed | Higgsino LSP (£, — X7, 1, — X3, , — bX1) | m(f,, X7, X1)=(600,205,200) | shape-fit (p&/E2) | 10
bCsoft_high | Higgsino LSP (i, — X0, i, — tX3, , — bX1) | m(i,, Xi, X¥)=(800,155,150) | shape-fit (p§/E2) | 10
DM_low_loose spin-0 mediator m(®/a, x)=(20,1) cut-and-count 11
DM_low spin-0 mediator m(®/a, x)=(20,1) cut-and-count 11
DM_high spin-0 mediator m(®/a, x)=(300,1) cut-and-count 11

Table 5. Overview of all signal regions together with the targeted signal scenario, benchmarks
used for the optimisation (with particle masses given in units of GeV), the analysis technique used
for model-dependent exclusions, and a reference to the table with the event selection details. For
the wino NLSP scenario, sbottom pair production (not shown) is also considered.

signal model. The label bCbv is used for the no b-tagged jets (b-veto) SR. For the higgsino
LSP scenario, three SRs are labelled as bCsoft because their selections explicitly target
soft-lepton signatures.

Finally, three SRs labelled as DM target the spin-0 mediator scenario, with the consecu-
tive labels, low and low_loose for low mediator masses and high for high mediator masses.

With the exception of the tN and bCsoft regions, the above SRs are not designed to be
mutually exclusive. A dedicated combined fit is performed using tN_med and bCsoft_med
(or bCsoft_high) in the higgsino LSP and well-tempered neutralino scenarios in order
to improve exclusion sensitivity. The SRs with the requirement of lepton pr > 25 GeV
(pr > 4GeV) are referred to as hard-lepton SRs (soft-lepton SRs) in the following sections.

7.1 Pure bino LSP scenario

The signature of stop pair production with subsequent #; decays is determined by the
masses of the two sparticles, #; and X1. It often leads to a final state similar to that of
tt production, except for the additional E%iss due to the two additional neutralinos in the
event. A set of event selections is defined targeting various signals.

Two signal regions are designed to target the majority of signal models with
Am(fl,f((f) > Miop, tNmed and tN_high, which are optimised for medium and high #,
mass, respectively. For the compressed region with mg R Miop + Mo, three BDT selec-
tions (tN_diag low, tN_diag med, and tN_diag high) target d1ﬂ"erent t, masses. For the
t, — ALIS%! region, a signal selection (bWN) is defined by utilising the distinctive shape
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Signal region tN_med tN_high
Preselection high—E‘%1iss preselection

Number of (jets, b-tags) (>4,>1) (>4,>1)
Jet pr [GeV] > (60, 50, 40, 40) > (100, 80, 50, 30)
Emiss [GeV] > 250 > 550
ERSS [GeV] > 230 -
HPS > 14 > 27

mr [GeV] > 160

amry [GeV] > 175

migetustered [GeV] > 150 > 130
AR(b,0) < 2.0

|A¢ (1.2, ™) > 04

mi, based T-veto [GeV] > 80

Exclusion technique shape-fit in Efrmss cut-and-count
Bin boundaries in B [GeV] [250, 350, 450, 600, inf]

Table 6. Overview of the event selections for the tN.med and tN_high SRs. List values are provided
in between parentheses and square brackets denote intervals.

of the invariant mass of the bW system. For the t; — bf f’ XY region, the signal region
(b££N) is defined by making use of the soft-lepton selection designed for the higgsino LSP
scenarios. The event selection for each signal region is detailed in the following subsections.

7.1.1 fl — t)~((1) decay

Table 6 details the event selections for the tN.med and tN_high SRs. In addition to the
high-ErT]rliSS preselection described in table 4, at least one reconstructed hadronic top-quark
candidate based on the recursive reclustered jet algorithm is required in both SRs. Stringent
requirements are also imposed on Effmss, mT and H%“:lsg Furthermore, a requirement is
placed on amry to reduce the dileptonic tt background. The main background processes
after all selection requirements are ttZ(vv), dileptonic ¢t and W+heavy-flavour processes.

For the tN_med SR, a shape-fit technique is employed, with the SR subdivided in bins
of E%‘iss, which allows the model-dependent exclusion fits to be more sensitive than the

cut-and-count analysis.

7.1.2 Compressed 7?1 — X} decay

The three BDT selections (tN_diag low, tN_diag med, and tN_diag high) are summarised
in table 7 and detailed in the following.

Low fl mass. For fl masses close to the top-quark mass a BDT is trained for the
tN_diag low signal region. The preselection is based on the low—Effliss selection in table 4.
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Variable tN_diag low tN_diag med tN_diag high
Preselection low- Emiss low- Fmiss high- Episs
Number of (jets, b-tags) (>4,>1) (>4,>1) (=5,>1)

Jet pr [GeV] > (120, 25, 25, 25) > (100, 50, 25, 25) > (25, 25, 25, 25, 25)
ERmiss [GeV] > 100 > 120 > 230

mr [GeV] > 90 > 120 > 120

Risr - - ;0.4

pr(tt) [GeV] > 400 - -
|Ap(L,tt)] > 1.0 - -

|AB(j1,2, PRISS)| > 0.4 > 0.4 -

mi based T-veto [GeV] - > 80 -

BDT score BDT low > 0.55 BDT _med > 0.75 BDT high> 0.8
Exclusion technique cut-and-count shape-fitin BDT score  shape-fitin BDT score
BDT score bin boundaries - [0.4,0.5,0.6,0.7,0.8,1.0] [0.6,0.7,0.8,1.0]

Table 7. Overview of the signal selections using BDTs to target compressed #; — X! scenarios.
List values are provided in between parentheses and square brackets denote intervals.

The variables input to the BDT are, in decreasing order of their importance for BDT
performance: the difference Amf in mt between the SM and signal hypothesis, E%liss, the
top-quark mass m(tfép) of the leptonic top candidate under the signal hypothesis, mt, the
azimuthal angles between the lepton and the ¢t system, as well as between the lepton and
pr(v®) and the mass m(#55) of the hadronic top candidate.

The BDT output, from here on referred to as BDT low, is used to define a single-
bin cut-and-count signal region, using the optimal point of BDT low > 0.55, determined
by maximising the expected discovery significance. To avoid a significant extrapola-
tion between control and signal regions an additional selection of pr(tf) > 400 GeV and

|Ap(¢,tt)| > 1.0 is applied for all selected regions in the tN_diag low.

Medium t~1 mass. Stop masses from about 200 to 400 GeV in the compressed scenario

miss

are targeted by a BDT using the low- E1"*° preselection given in table 4. The input variables

of the BDT, listed by decreasing order of importance are: Ag(pfss, ¢ ), Miops Emiss mip,
the number of jets, the angular variables AR(b, £), Ad(t),q, tf‘ep), as well as the fourth and
third jet pr, and H%“SS%

The BDT output score, referred to in the following as BDT _med, is used to define
a signal region called tN_diag med, based on the expected significance for a #; mass of
250 GeV. The known signal shape is exploited for the exclusion of signal models, using five

bins in the BDT score, including also BDT bins lower than the SR.

High fl mass. For compressed bino LSP scenarios with high #; mass, a BDT is trained
using the following variables, listed by decreasing order of importance: Rigr, the angular
variables Ag(tX 1, 4% ), AR(b,¢), and A¢(ISR, I), masses mr, M3, as well as the fourth

lep

25



jet pr, mi‘op third jet p, and the number of jets in the di-stop decay system, derived using
the RJR techniques as described in section 5. In addition to the high- EF"*® preselection,
a tightened selection of mt > 120GeV is imposed to control the multijet background.
An additional selection of Rigsg > 0.4 is applied to further reduce the background while
retaining high efficiency for the considered signal events.

The resulting BDT output score, hereafter called BDT _high, is used to define the
tN_diag high signal region. In addition, three BDT bins are employed in a shape-fit to
improve the exclusion sensitivity.

713 t, — bW X} and t, — bff'X] decays

When the mass difference between the fl and the )2[1) is smaller than the top-quark mass but
greater than the sum of the WW-boson and bottom-quark masses, the ¢ decays dominantly
through the three-body channel into a bottom quark, a W boson, and a neutralino. The
bWN SR is optimised to search for these events. Compared to the scenario with on-shell
top quarks, the three-body decay yields the same final-state leptons and jets but with
significantly lower momenta, although typically still above the reconstruction thresholds.

The amTo variable is a powerful discriminant for separating dileptonic ¢t background
from signal models in this region of phase space. Because mi —mgo is below the top-quark
mass for signal, amrs peaks at low values, while dileptonic ¢t events typically saturate at
values nearer to the top-quark mass. A shape-fit technique is employed, using five bins of
amTe, similar to the shape-fit employed in the tN_med SR.

When the ¢; mass is much closer to the X4 mass, the stop undergoes a four-body
decay with an off-shell W boson, characterised by events having even lower momentum
leptons and jets than in the three-body decay. A soft-lepton SR, bCsoft_diag, designed
for the higgsino LSP scenario with a relaxed mT requirement, provides good sensitivity to
this scenario. A shape-fit is performed in the peT / E%liss variable, using three bins for the
model-dependent exclusion fit.

The event selections for bWN and bffN are summarised in table 8.

7.2 Wino NLSP scenario

If the wino mass parameter Ms is small enough, the stop may decay directly into ﬁt and X5
(in addition to the 92?, as the bino is still assumed to be the LSP). In this case, the decays
t~1 — bﬁc and fl — t)N((z) become relevant, leading to a more complex phenomenology than
that probed in the pure bino LSP scenario. The SRs targeting this scenario are referred
to as bC2x.

Two SRs target the £, — bﬁc decay: the bC2x_med and bC2x_diag SRs. The kinematics
of the decay products are governed by the different mass-splittings, with high-pt b-jets
produced from large Am(fl,ff) and high-pr W bosons from large Am(ﬁc,f(?). In addition
to the high—EfllrliSS preselection, two b-tagged jets and a hadronic W-boson candidate with a
mass satisfying m{,?,dusmmd > 50 GeV are required. Tight requirements on mt and amrg are
placed to reduce the t¢ background. The main backgrounds after the full signal selection
are the ttZ(vv), dileptonic tt, and single-top Wt processes.
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Signal region bWN bffN
Preselection high—E%‘iss soft-lepton
Number of (jets, b-tags) (>4,>1) (>2,>1)

Jet pr [GeV] > (50, 25, 25, 25) > (400, 25)
b-tagged jet pr [GeV] > 25 > 25

Emiss [GeV] > 300 > 300

mr [GeV] > 130 < 160

amry [GeV] < 110 -
migetustered [GeV] - top veto

ph ) Episs - < 0.02

A (L, pR) <25 -
min(A@(pRss, b-jet,)) - <15
8612, )| > 0.4

miy based 7-veto [GeV] > 80 -
Exclusion technique shape-fit in amrs shape-fit in peT J Emiss
Bin boundaries in amre [GeV] or pk/EXS | [0,91,97,106,118,130]  [0,0.01,0.015,0.02]

Table 8. Overview of the event selections for the bWN and bffN SRs. List values are provided in
between parentheses and square brackets denote intervals. The veto on the reclustered hadronic
top-quark candidate is satisfied for events where no reclustered jet candidate is found, or where the
mass of the hadronic top-quark candidate (mgggustered) is below 150 GeV. For the bffN SR, the
leading jet is required to not be b-tagged.

An additional SR, bCbv, is designed for the simplified model #; — b>~<1i scenario
with Am(fl,f(li) = 10GeV, leading to a signature where the b-jets are too soft to be
reconstructed.

The event selections for bC2x_diag, bC2x_med and bCbv are summarised in table 9.

7.3 Higgsino LSP scenario

The SRs optimised for the pure bino LSP scenarios such as tN_med have sensitivity to the
higgsino model in events where a lepton is produced by a top quark from the stop decay.
However, three additional SRs, bCsoft_diag, bCsoft_med, and bCsoft_high, are designed
to target the case when the lepton is soft, originating instead from a >~<1i decay via a highly
off-shell W boson ()Ncli = X5+ W*(¢v)). This is particularly important in scenarios with
mir < mgsr, where the B(t; — bﬁt) is large. These soft-lepton SRs are defined to be
orthogonal to the tN.med SR so that they can be statistically combined to profit from
covering both decay chains.

The bCsoft_diag SR targets a region where the mass difference between the stop and
higgsinos is less than the mass of the top quark, so the stop must decay via the t~1 — bﬁ[
mode. Since none of the decay products receive a large momentum transfer, a high-pr
ISR jet is required, resulting in a boost of the #;#; system in order to achieve better

27



Signal region bC2x_diag bC2x_med bCbv

Preselection high—EI{Jiss preselection

Number of (jets, b-tags) (>4,>2) (>4, >2) (>2,=0)
Jet pp [GeV] > (75, 75, 75, 30) > (200, 140, 25, 25) > (120, 80)
b-tagged jet pr [GeV] > (30, 30) > (140, 140) -
Emiss [GeV] > 230 > 230 > 360
HPSS > 13 > 10 > 16
mr [GeV] > 180 > 120 > 200
amra [GeV] > 175 > 300 -

| AB(jr, prEiss)| > 0.7 > 0.9 > 2.0

| AB(ja, PHEISS)| > 0.7 > 0.9 > 0.8
mieclustered [Gey] > 50 > 50 [70,100]
Ap(l, priss) - — > 1.2
|A¢(jr,2, P > 0.4

mi., based T-veto [GeV] > 80 > 80 -
Lepton pr [GeV] - - > 60
Exclusion technique cut-and-count cut-and-count cut-and-count

Table 9. Overview of the event selections for the bC2x_med, bC2x_diag, and bCbv SRs. List values
are provided in between parentheses and square brackets denote intervals.

separation between the signal and background. As a result, the signature is characterised
by a high-pr jet, large E%liss, and a soft lepton. The main background after all selection
requirements is semileptonic ¢t and W+jets processes. The bCsoft_diag SR with relaxed
mr requirement is found to be sensitive to the #; — bf f’f((l) signature and is described
further in section 7.1.3.

The second SR, bCsoft_med, targets generic higgsino models where each of the decays
t, — b>~<1i, t, — t)z(f, and t; — tX9 are allowed. In particular, it is designed to select the
large fraction of events that produce “mixed” decays, where one ;decays via a chargino
and the other via a neutralino. In such cases, the fl — b)ﬁc decay produces a high-pt b-jet,
while the b-jet from the other branch, ¢, — X1 or t, — tig, can be much softer. The third
SR, bCsoft_high, targets the higher stop masses, focusing on the #; — bﬁc signature.
The b-jet is boosted due to the large mass difference between the stop and higgsino states,
and therefore the signature is characterised by two high-p b-jets, large E%‘iss, and a soft
lepton. The remaining background after all signal selection requirements is dominated by

semileptonic tt, single-top Wt, and W-+heavy-flavour jets events.

In all three SRs, p%/E%liss is a powerful discriminant as the higgsino signature is
characterised by low-pr leptons and large E%‘iss, while the SM backgrounds are dominated
by events where the E%liss arises from a leptonic W-boson decay, producing lepton pt and
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Signal region bCsoft_diag bCsoft_med bCsoft_high
Preselection soft-lepton preselection

Number of (jets, b-tags) (>2,>1) (>3,>2) (>2,>2)
Jet pr [GeV] > (400, 25) > (120, 60, 40) > (100, 100)
b-tagged jet pr [GeV] > 25 > (120, 60) > (100, 100)
Emiss [GeV] > 300 > 230 > 230

mr [GeV] <50 < 160 <160

P [GeV] - > 400 > 500

ply ) Eiss < 0.02 < 0.03 < 0.03
amrty [GeV] - > 200 > 300
migtustered [Gev] top veto - -
min(Ag(pRiss, b-jet;)) <15 > 0.8 > 0.4
AR(b1,b2) - - > 0.8
|AG(12, )| > 0.4

Exclusion technique shape-fit in pf} JESisS shape-fit in pgr JEXisS  shape-fit in pfr / Emiss
Bin boundaries in pf./ERiss [0,0.01,0.015, 0.02] [0,0.015,0.03,0.1] [0,0.015,0.03,0.1]

Table 10. Overview of the event selections for the bCsoft_diag, bCsoft med, and bCsoft_high
SRs. List values are provided in between parentheses and square brackets denote intervals. The
veto on the reclustered hadronic top-quark candidate is satisfied for events where no reclustered jet
candidate is found, or where the mass of the hadronic top-quark candidate (mgggustered) is below
150 GeV. For the bCsoft_diag SR, the leading jet is required not to be b-tagged.

E%ﬁss of a similar magnitude. A shape-fit in pff / E%iss is performed, similar to the shape-fits
implemented for the tN_med and bWN SRs.

The event selections for bCsoft_diag, bCsoft med, and bCsoft_high are detailed
in table 10.

7.4 Bino/higgsino mix scenario

For the bino/higgsino mix scenario, the SRs designed for other scenarios are found to have
good sensitivity for this scenario, and are therefore used.

7.5 Spin-0 mediator scenario

Two SRs, DM_1ow and DM _high, are designed to search for dark matter particles that are
pair-produced via a spin-0 mediator (either scalar or pseudoscalar) produced in association
with ¢t. The DM_low SR is optimised for mediator masses around mg = 20 GeV, while the
DM_high SR targets mediator masses around mg = 300 GeV.

In addition, a predecessor to the DM_low signal region, originally designed for a search
using a smaller data set (13.2fb~!), has been retained, as in that search the number
of observed events exceeded the background prediction. This signal region, which was
previously called DM_low, is referred to here as DM_low_loose.

Table 11 details the event selections for each of the three SRs. At least one re-
constructed hadronic top-quark candidate is required with mgggustered >130 GeV in the
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Signal region DM_low_loose DM_low DM high
Preselection high—E’ITniss preselection

Number of (jets, b-tags) (>4,>1) (>4,>1) (>4,>1)
Jet pr [GeV] > (60, 60, 40, 25) > (120, 85, 65, 25) > (125, 75, 65, 25)
b-tagged jet pr [GeV] > 25 > 60 > 25
Emiss [GeV] > 300 > 320 > 380
mr [GeV] > 120 > 170 > 225
Hpss > 14 > 14 -
amry [GeV] > 140 > 160 > 190
migetustered [GeV] - > 130 > 130
Ap(l, priss) > 0.8 > 1.2 > 1.2
|Ag(jet,, priss)| > 1.4 > 1.0 > 1.0
mi, based T-veto [GeV] > 80

Exclusion technique cut-and-count cut-and-count cut-and-count

Table 11. Overview of the event selections for the DM_low_loose, DM_low, and DM_high SRs. List
values are provided in between parentheses.

newly defined SRs. A high amo requirement and an angular selection requirement of
|Ag(jet;, piiss)| are further imposed to reduce the tf background. The main backgrounds
after all signal selection requirements are the t¢Z(vv), dileptonic tt, and W-+heavy-flavour
processes.

The event selections for DM_low_loose, DM low, and DM high are summarised in

table 11.

8 Background estimates

The dominant background processes in this analysis originate from tt, single-top Wt, tt +
Z(— vi), and W+jets production. Most of the ¢t and Wt events in the hard-lepton signal
regions have both W bosons decaying leptonically, where one lepton is ‘lost’ (meaning it is
either not reconstructed, not identified, or removed by the overlap removal procedure) or
one W boson decaying leptonically and the other via a hadronically decaying 7 lepton. This
is in contrast to the soft-lepton signal regions, where most of the ¢t and Wt contribution
arises from semileptonic decays.

These tt background decay components are treated separately, referred to as 1L and 2L,
which also includes the dileptonic ¢t process where a W boson decays into a 7 lepton that
subsequently decays hadronically. The tf+ Z background combined with the subdominant
tt + W contribution is referred to as tt + V. Other background contributions arise from
dibosons, Z+jets, and multijet production. The multijet background is estimated from
data using a fake-factor method [173], and it is found to be negligible in all regions.
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The main background processes are estimated via a dedicated CR, used to normalise
the simulation to the data with a simultaneous fit, discussed in section 10. The CRs are
defined with event selections that are kinematically close to the SRs but with a few key
variable requirements inverted to significantly reduce the potential signal contribution and
enhance the yield and purity of a particular background. Each SR has dedicated CRs
for the background processes that have the largest contributions. The following back-
ground processes are normalised in dedicated CRs: semileptonic t¢ (T1LCR), dileptonic ¢
(T2LCR), W+jets (WCR), single-top (STCR), and ¢t + V (TZCR) processes. All other
backgrounds are normalised with the most accurate theoretical cross-sections available.

Several signal regions (bWN, tN_diag-low, and tN_diag high) that are dominated ex-
clusively by either semileptonic or dileptonic ¢t events have only one associated CR, denoted
generically TCR. Signal regions can have fewer associated CRs when the fractional contri-
bution of the corresponding background is small. For the shape-fit analyses, the CRs of
each background are not binned and only one normalisation factor is extracted for each
background process, which is applied in all SR bins.!*

The background estimates are tested using VRs, which are disjoint from both the CRs
and SRs. Background normalisations determined in the CRs are extrapolated to the VRs
and compared with the observed data. Each SR has associated VRs for the ¢t (T1LVR and
T2LVR) and W+jets (WVR) processes, which are constructed by inverting or relaxing the
selection requirements to be orthogonal to the corresponding SR and CRs. A single-top
Wt VR (STVR) is defined for the bCsoft med and bCsoft_high SRs, where Wt is one of
the dominant background processes.

The VRs are not used to constrain parameters in the fit, but provide a statistically
independent test of the background estimates made using the CRs. The potential signal
contamination in the VRs is studied for all considered signal models and mass ranges, and
is found to be less than a few percent in most of the VRs, and less than 15% in VRs for
the tN_diag SRs.

The background estimation techniques are categorised using several different ap-
proaches. The requirement of the presence of hadronic top-quark candidates (top-tagging)
is used for the background estimate in the SRs targeting signals with high-pt top quarks.
Compared to previous analyses this background estimation technique has the advantage
that the ¢t background composition does not change in the extrapolation from CR to SR.
Similarly hadronic W-boson reconstruction (W-tagging) is employed for the background
estimate in the SRs targeting signals with high-pr W bosons decaying hadronically. In the
following subsections the two approaches are described in detail together with the back-
ground estimates for the remaining SRs. Table 12 summarises the approaches for each SR
with a brief description of the targeted signal scenarios, and each of those approaches are
detailed in sections 8.1-8.5.

14The binned CR approach has been tested by comparing the results to a one-bin CR. The normalisation
factors were found to be consistent with each other within the statistical uncertainties.
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SR Signal scenario Background strategy Sections
tN_med Pure bino LSP top-tagging + ttZ CR 8.1
tN_high Pure bino LSP top-tagging + ttZ CR 8.1
tN_diag low | Pure bino LSP BDT 8.2
tN_diag med | Pure bino LSP BDT 8.2
tN_diag high | Pure bino LSP BDT 8.2
bWN Pure bino LSP three-body 8.3
bffN Pure bino LSP soft-lepton 8.5
bC2x med Wino NLSP W-tagging + ttZ CR 8.4
bC2x diag Wino NLSP W-tagging + ttZ CR 8.4
bCbv Wino NLSP W-tagging 8.4
bCsoft_diag | Higgsino LSP soft-lepton 8.5
bCsoft_med Higgsino LSP soft-lepton 8.5
bCsoft high | Higgsino LSP soft-lepton 8.5
DM_low_loose DM-+tt mr extrapolation + ttZ CR 8.1
DM_low DM+t top-tagging + ttZ CR 8.1
DM_high DM+t top-tagging + ttZ CR 8.1

Table 12. Overview of various approaches for the background estimates in all signal regions
together with the targeted signal scenario. The tt+Z(£¢) control region (CR) described in section 8.6
is also defined in the top-tagging and W-tagging approaches, except for the bCbv SR where the
contribution of the tf + V background is negligible.

8.1 Hadronic top-tagging approach

In SRs targeting signals with high-p top quarks (tN_med, tN_high, DM_low, and DM_high), a

requirement is made that events contain a recursively reclustered jet with a mass consistent

reclustered

with the top-quark mass. While the requirement on mig;

is powerful for identify-
ing signals, it is also useful in defining CRs that are enriched in background processes
with hadronically decaying top quarks (“top-tagged”) or depleted in such backgrounds
(“top-vetoed”).

The CR for dileptonic ¢t (T2LCR) requires mt above the W-boson endpoint. The SR
requirement on amrs is inverted (to select events with values below the top-quark mass)
and a hadronic top-quark veto is required to reduce the potential signal contamination and
improve the purity. The semileptonic ¢t CR (T1LCR) requires a tagged hadronic top-quark
candidate and that the mr be within a window around the W-boson mass. The background
from semileptonic ¢t events is negligible in the SR but can be sizeable in the other CRs.

The CRs for W+jets (WCR) and single-top (STCR) require mt to be below the W-
boson mass. Both CRs also require large amro and a hadronic top-quark veto, which is
necessary to suppress the large semileptonic ¢f background. The STCR also requires two
b-tagged jets to reduce the W+jets contribution, and a minimum separation between the b-
tagged jets, AR(b1,b2) > 1.2. This latter requirement is useful to suppress the semileptonic
tt contribution, which can evade the amTs endpoint when a charm quark from the hadronic
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W-boson decay is misidentified as a b-tagged jet, often leading to a small separation between
the two identified b-tagged jets. Events with exactly one b-tagged jet or AR(b1,bs) < 1.2 are
assigned to the WCR. In order to increase the W+jets purity, only events with a positively
charged lepton are selected. This requirement exploits the asymmetry in the production of
W over W~ events in LHC proton-proton collisions. The asymmetry is further enhanced
by the requirement of large E%liss, as neutrinos from decays of the mostly left-handed W+
boson are preferentially emitted in the momentum direction of the W boson.

In addition, the background contribution from tf + V is large and a dedicated control
region is designed, and is described in section 8.6.

Figure 9 shows various kinematic distributions in the CRs associated with the tN_med
SR. The backgrounds are scaled with normalisation factors obtained from a simultaneous
likelihood fit of the CRs, described in section 10.

A set of VRs associated with the corresponding CRs is defined by modifying the
requirements on the mr, amrse, and hadronic top-tagging variables. The semileptonic tt
validation region (T1LVR) and W+jets validation region (WVR) slide the mt window
from 30-90 GeV to 90-120 GeV. The dileptonic ¢t VR (T2LVR) inverts the requirement
of the hadronic top-quark veto (so that a hadronic top-quark tag is required) and relaxes
the requirement on amrs. Since the ¢t events are mostly dileptonic after the large mT
requirement, the purity of dileptonic ¢f events remains high, despite the hadronic top-
quark tag requirement. The relaxed amry requirement significantly reduces the potential
signal contamination. There is no single-top Wt VR (STVR) for these CRs. The mr
window for the STCR extends to 120 GeV in order to increase the number of data events
entering the CR.

In figure 9, various kinematic distributions in the VRs associated with tN_med are
compared to the observed data. The backgrounds are scaled with normalisation factors
obtained from a simultaneous likelihood fit of the CRs, described in section 10.

Tables 13 and 14 detail the definitions of the CRs and VRs associated with the SRs
tN_med, tN_high, DM_low, and DM _high.

The CRs and VRs associated with DM_low_loose are retained unchanged from the
previous analysis, and are described in table 15. The tt and W+jets backgrounds are
estimated from a low my region, my € [30,90] GeV, with and without a b-tag requirement,
respectively. The corresponding VRs are defined with mt € [90,120] GeV. The single-top
Wt, and ttZ backgrounds are estimated using the same strategy as the rest of the regions
described in this section.

8.2 BDT analyses

For the signal regions tN_diag low, tN_diag med and tN_diag high, control regions use
the signal selections but change the requirements on the BDT output scores. Due to its
large fractional contribution, only the tf background is constrained using data, with all
other backgrounds using predictions from samples of simulated events.

Although the main background is always the ¢t process in all three SRs, the fraction
of dileptonic tt events varies. Therefore, a different strategy is employed for each SR.
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Figure 9. Various kinematic distributions in the tN_med control and validation regions: (top left)
reclustered jet mass (mrgg““ere‘i) in the semileptonic ¢t control region, (top right) mT in the dilep-
tonic ¢t control region, (middle left) amrs in the W+jets control region, (middle right) AR(by,bs)
in the single-top control region, (bottom left) reclustered jet mass (mfeds*d) in the semileptonic
t¢ validation region, and (bottom right) mr in the dileptonic ¢¢ validation region. Each of the back-
grounds is scaled by a normalisation factor obtained from a simultaneous likelihood fit of the CRs.
The category labelled ‘Others’ stands for minor SM backgrounds that contribute less than 5% of the
total SM background. The hatched area around the total SM prediction and the hatched band in the
Data/SM ratio include statistical and experimental uncertainties. The last bin contains overflows.
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tN_med T1LCR/VR T2LCR/VR WCR/VR STCR
Preselection high—EﬁPiSS preselection
Number of (jets, b-tags) | (>4, > 1) (>4,>1) (>4,>1) >4,>1) (>4,>2)
Jet pr [GeV] > (60, 50, 40, 40)
b-tagged jet pr [GeV] > 25 ‘ > (25, 25)
B [GeV] > 250
B [GeV] > 230
mr [GeV] >160  [30,90] / [90,120] > 120 [30,90] / [90,120]  [30,120]
Hys > 14 > 10 > 10 > 10 > 10
migustered [GeV] > 150 > 150 top veto / > 150 top veto top veto
amrs [GeV] > 175 < 200 <200 / <130 > 200 > 200
AR(b, () <20 - - - -
AR(by,by) - - - <1.2 >1.2
Lepton charge - - - +1 -
|AG(j1,2, )| > 04
mT, based T-veto [GeV] > 80

tN_high TILCR/VR T2LCR/VR WCR/VR STCR
Preselection high- B35S preselection
Number of (jets, b-tags) | (>4, > 1) (>4,>1) (>4,>1) (>4,>1) (>4,>2)
Jet pr [GeV] > (100, 80, 50, 30)
b-tagged jet pr [GeV] > 25 \ > (25, 25)
Emiss [GeV] > 550 > 350 > 350 > 350 > 350
mr [GeV] > 160 [30,90] / [90,120] > 120 30,90] / [90,120] (30, 120]
Hys > 27 > 10 > 10 > 10 > 10
migstered [GeV] > 130 > 130 top veto / > 130 top veto top veto
amry [GeV] > 175 < 200 <200/ <130 > 200 > 200
AR(b,0) <20 - - - -
AR(by,b2) - - - <1.2 > 1.2
Lepton charge - - - +1 -
|A¢(j1,2, )| > 0.4
mT, based 7-veto [GeV] > 80

Table 13. Overview of the selections for the tN_med and tN_high signal regions as well as the
associated control and validation regions. The control regions include the semileptonic ¢ control
region (T1LCR), the dileptonic t¢ control region (T2LCR), the W+jets control region (WCR),
and the single-top Wt control region (STCR). The validation regions include the semileptonic ¢t
validation region (T1LVR), the dileptonic ¢t validation region (T2LVR), and the W +jets validation
region (WVR). List values are provided in between parentheses and square brackets denote intervals.
The veto on the reclustered hadronic top-quark candidate is satisfied for events where no reclustered
jet candidate is found, or where the mass of the hadronic top-quark candidate (migg“Stered) is below
the specified tag threshold. For the WCR, AR(b1,b2) < 1.2 is not required when the event has only
one b-tagged jet. The selection of the ¢t + V control region (TZCR) is detailed in section 8.6.
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DM low T1LCR/VR T2LCR/VR WCR/VR STCR
Preselection high—EEr“iss preselection
Number of (jets, b-tags) | (>4, > 1) (>4,>1) (>4,>1) >4,>1) (>4,>2)
Jet pr [GeV] > (120, 85, 65, 60)
b-tagged jet pr [GeV] > 25 ‘ > (25, 25)
Emiss [GeV] > 320 > 250 > 230 > 250 > 250
mr [GeV] > 170 [30,90] / [90,120] > 120 30,90] / [90,120]  [30,120]

s > 14 > 10 > 10 > 10 > 10

miustered [GeV] > 130 > 130 top veto / > 130 top veto top veto
amry [GeV] > 160 < 200 < 160 > 160 > 200
Agp(€, priss) > 1.2 - >1.2 - -
A (et P)| > 1.0 - - - -
AR(by,b2) - - - <1.2 > 1.2
Lepton charge - - - +1 -
|A¢(j1,2, D)) > 0.4
ml, based 7-veto [GeV] > 80

DM high T1LCR/VR T2LCR/VR WCR/VR STCR
Preselection high—EﬁPiSS preselection
Number of (jets, b-tags) | (>4, > 1) (>4,>1) (>4,>1) >4,>1) (>4,>2)
Jet pr [GeV] > (125, 75, 65, 25)
b-tagged jet pr [GeV] > 25 ‘ > (25, 25)
Emiss [GeV] > 380 > 280 > 280 > 280 > 280
mr [GeV] >9225  [30,90] / [90.120] > 120 30,90] / [90,120]  [30,120]
miccustered [GeV] > 130 > 130 top veto / > 130 top veto top veto
amry [GeV] > 190 < 200 <200 / <190 > 190 > 200
Agp(L, praiss) >1.2 - >1.2 - -
|Ap(jet;, priss)| > 1.0 > 1.0 - > 1.0 -
AR(b1,b2) - - - <12 >1.2
Lepton charge - - - +1 /- -
|AG(j1,2, PRIS)| > 04 >04 / >04
m., based 7-veto [GeV] > 80

Table 14. Overview of the selections for the DM_low and DM high signal regions as well as the
associated control and validation regions. The control regions include the semileptonic ¢ control
region (T1LCR), the dileptonic tf control region (T2LCR), the W+jets control region (WCR),
and the single-top Wt control region (STCR). The validation regions include the semileptonic ¢t
validation region (T1LVR), the dileptonic ¢t validation region (T2LVR), and the W+jets validation
region (WVR). List values are provided in between parentheses and square brackets denote intervals.
The veto on the reclustered hadronic top-quark candidate is satisfied for events where no reclustered
jet candidate is found, or where the mass of the hadronic top-quark (mjegustered) is below a certain
threshold. For the WCR, AR(b1,b2) < 1.2 is not required when the event has only one b-tagged
jet. The selection of the t¢ + V control region (TZCR) is detailed in section 8.6.
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DM_low_loose TCR/VR WCR/VR STCR
Preselection high—E%liSS preselection
Number of (jets, b-tags) (>4,>1) (>4,>1) (>4,=0) (>4, >2)
Jet pr [GeV] > (60, 60, 40, 25)
b-tagged jet pr [GeV] > 25 | > (25, 25)
E%iss [GeV] > 300 > 230 > 230 > 230
HESS > 14 > 8 > 8 >8
mr [GeV] > 120 30,90] / [90,120] [30,90] / [90,120]  [30,120]
amrs [GeV] > 140 [100, 200] > 100 > 200
|Ad(jet,, priss)| > 1.4 > 1.4 > 1.4 > 1.4
Ag(l, priiss) > 0.8 > 0.8 > 0.8 -
AR(by,b2) - - - > 1.8
ml based T-veto [GeV] > 80

Table 15. Overview of the selections for the DM_low_loose signal region as well as the associated
control and validation regions. The control regions include the ¢ control region (TCR), the W+jets
control region (WCR), and the single-top Wt control region (STCR). The validation regions include
the ¢t validation region (TVR) and the W+jets validation region (WVR). List values are provided
in between parentheses and square brackets denote intervals. The selection of the ¢t + V' control
region (TZCR) is detailed in section 8.6.

Signal Region tN_diag low tN_diag med tN_diag high

BDT score > 0.55 > 0.4 > 0.6

Associated CRs TCR TCR1 TCR2 TCR1 TCR2 TCR3
BDT score [—1, 0.1] [-1, —04] [-04, 0.4] | [-1, —0.5] [-0.5, 0] [0, 0.4]

Table 16. Overview of signal region and control region definitions for the BDT analyses targeting
the compressed bino LSP scenarios. The selections described in table 7 are applied, except for the
BDT score. Square brackets denote intervals.

For the signal regions tN_diag low and tN_diag high, the ¢t background is treated
as a single component, with a single normalisation factor being derived. One tt control
region (TCR) is used for tN_diag_low, while three control-region bins (TCR1, TCR2, and
TCR3) are used for tN_diag high in order to improve the stability of the simultaneous fit
by reducing the correlation between the signal and ¢t background.

For tN_diag med, the tf background is split into semileptonic and dileptonic ¢t contribu-
tions. Two control-region bins (TCR1 and TCR2, enriched in dileptonic and semileptonic
tt events respectively) are defined to constrain the t¢ background and determine two sepa-
rate normalisation factors for its two components in all fits to the data. Selected kinematic
distributions in the tN_diag low and tN_diag med CRs are shown in figure 10.

An overview of the CR selections for the BDT analyses can be found in table 16.

37



1800 T T T T T

> AL = o F ps!

8 400F-ATLAS o Data B Y F ATLAS , - Data B

\ 3 o 1600~Vs=13TeV, 36.1 fo’ -

S 350F-tN_diag_low CR (TCR) NfoaisM 3~ F tN_diag_med CR2 (TCR2) EEEI M ]

= gz 4 2 q400F fiL

2 300 [ [aln = I C It ]

c i ] > il Wijets |

g I W+iets E o 1200F CIW+ 3

o 250 [Single top — C |

[l Diboson 3 1000 —

200 (B[ E = 3

150 = E E

100 E 2 3

502 3 - E

= 0 S = 3 ¢
» 1.5p% %)
s E
8 05 a

: Lty
0 05 115 2 25 3 35 4 45 5
Am{ [GeV] AR(b1, lepton)

Figure 10. Kinematic distributions in the tN_diag low and tN_diag med control regions: (left)
Amg in the tN_diag_low top control region (TCR) and (right) AR(b1,¥¢) in the tN_diag med top
control region (TCR2). Values of m; = 200 GeV and mgo = 27 GeV are used, resulting in a = 0.135.
The tt background is scaled by a normalisation factor obtained from the control region. The
category labelled ‘Others’ stands for minor SM backgrounds that contribute less than 5% of the
total SM background. The hatched area around the total SM prediction and the hatched band in the
Data/SM ratio include statistical and experimental uncertainties. The last bin contains overflows.

8.3 51 — be((lJ analysis

Almost all of the background in the bWN SR consists of dileptonic ¢t events (where one of
the leptons is lost or a hadronically decaying 7 lepton). Therefore, a single high-purity
TCR is defined by relaxing the selection requirements on Effniss and amTo. In addition,
the requirement on Aqﬁ(ﬂ,ﬁ{‘igs) is inverted to reduce the potential signal contamination.
The TVR is defined by sliding the amrs window to 110-130 GeV in order to validate the
background normalisation obtained from the TCR.

Figure 11 shows kinematic distributions in the CRs associated with the bWN SR.
Table 17 details the corresponding CR and VR selections together with the SR selection.

8.4 Hadronic W-tagging approach

Control regions for the bC2x_diag and bC2x_med SRs exploit hadronic W-boson tagging (/-
tagging) with the m]{ff,d“Stered variable, closely following the strategy described in section 8.1.
The CRs invert two out of three requirements on m, amre, and the hadronic W-boson
candidate mass.

For the bCbv SR, since the veto on b-tagged jets is required in the signal-region selec-
tion, a different CR strategy is used. The WCR, and TCR remove the selection requirement
on Ag(¢, i) and select a mt window of 30-90 GeV to increase the number of events in the
region while suppressing potential signal contamination. A b-tagged jet is further required
in the TCR to improve the purity of t¢ events.

Figure 12 shows selected kinematic distributions in associated CRs for bC2x_med.
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Figure 11. Kinematic distributions in the bWN top control region (TCR): (left) amrs and (right)
A¢(L, 1), The tt process is scaled by a normalisation factor obtained in the corresponding
control region. The category labelled ‘Others’ stands for minor SM backgrounds that contribute
less than 5% of the total SM background. The hatched area around the total SM prediction and
the hatched band in the Data/SM ratio include statistical and experimental uncertainties. The
last bin contains overflows.

bWN TCR/VR

Preselection high—ES}“iSS preselection
Number of (jets, b-tags) | (>4, > 1) (>4,>1)
Jet pp [GeV] > (50, 25, 25, 25)
b-tagged jet pr [GeV] > 25
Emiss [GeV] > 300 > 230

[GeV] > 130 > 130
amry [GeV] < 110 [130,170] / [110,130]
Ag(l, praiss) <25 > 2.5
|AG( 2. 7| > 0.4
miy based T-veto [GeV] > 80

Table 17. Overview of the selections for the bWN signal region and associated control and validation
regions. List values are provided in between parentheses and square brackets denote intervals.

A set of VRs associated with the CRs is defined following the approach taken for the
top-tagging VRs in section 8.1, i.e. by modifying the requirements on the mr, amrs, and
hadronic W-tagging variables. Tables 18 and 19 detail the CR and VR selections for the
corresponding SRs.

39



bC2x diag T1LCR/VR T2LCR/VR WCR/VR STCR

Preselection high- Es preselection
Number of (jets, b-tags) | (>4, >2) (>4,>2) (>4,>2) (>4,>1) (>4,>2)
Jet pr [GeV] > (75, 75, 75, 30)
b-tagged jet pr [GeV] > (30, 30) > (30, 30) > (30, 30) > (30, —) > (30, 30)
ERiss [GeV] > 230

%“s*fg > 13 > 13 > 10 > 13 > 10
mr [GeV] > 180 [30,90] / [90, 120] > 120 [30,90] / [90, 120] [30,120]
amry [GeV] > 175 < 200 <200/ <130 > 200 > 200
|A(ets, 7 (i = 1,2) > 0.7
migstustered [Gev] > 50 > 50 W veto / > 50 W veto W veto
AR(by,b2) - - - <12 > 1.2
Lepton charge - - - =+1 -
|A(j1,2, P >04
m?, based T-veto [GeV] > 80

bC2x_med T1LCR/VR T2LCR/VR WCR/VR STCR

Preselection high—E%iSS preselection
Number of (jets, b-tags) (>4,>2) (>4, >2) (>4,>1) (>4,>1) (>4,>2)
Jet pr [GeV] > (200, 140, 25, 25)
b-tagged jet pr [GeV] > (140, 140) > (140, 140) > (140, —) > (140, —) > (140, 140)
Emiss [GeV] > 230

s > 10 > 10 > 10 > 10 >6
mr [GeV] > 120 [30,90] / [90, 120] > 120 (30,90] / [90, 120] (30, 120]
amry [GeV] > 300 < 200 <200/ <130 > 200 > 200
A (ets, P21 = 1,2) > 0.9
migstustered [GeV] > 50 > 50 W veto / > 50 W veto W veto
AR(b1,b2) - - - <12 >1.2
Lepton charge - - - =+1 -
|AG(j1,2, D) > 0.4
mi, based T-veto [GeV] > 80

Table 18. Overview of the selections for the bC2x_diag and bC2x_med signal regions as well as the
associated control and validation regions. The control regions include the semileptonic ¢ control
region (T1LCR), the dileptonic tf control region (T2LCR), the W+jets control region (WCR),
and the single-top Wt control region (STCR). The validation regions include the semileptonic ¢t
validation region (T1LVR), the dileptonic ¢t validation region (T2LVR), and the W+jets validation
region (WVR). List values are provided in between parentheses and square brackets denote intervals.
The veto on the reclustered hadronic W-boson candidate is satisfied for events where no reclustered
jet candidate is found, or where the mass of the hadronic top-quark candidate (mgg‘g““ered) is below
the specified tag threshold. For the WCR, AR(b1,b2) < 1.2 is not required when the event has only
one b-tagged jet. The selection of the ¢ + V control region (TZCR) is detailed in section 8.6.
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Figure 12. Kinematic distribution of the bC2x_med control regions: (top left) reclustered jet mass
(migetustered) in the semileptonic ¢ control region, (top right) mr in the dileptonic ¢ control region,
(bottom left) amry in the W4jets control region, and (bottom right) AR(by,b2) in the single-top
control region. Each of these backgrounds is scaled by normalisation factors obtained from the
corresponding control region. The category labelled ‘Others’ stands for minor SM backgrounds
that contribute less than 5% of the total SM background. The hatched area around the total
SM prediction and the hatched band in the Data/SM ratio include statistical and experimental
uncertainties. The last bin contains overflows.

8.5 Soft-lepton analyses

For the soft-lepton SRs (bCsoft_diag, bCsoft_med, bCsoft_high, and bffN), a single TCR,
dominated by semileptonic ¢t events, is defined for the ¢t background since the fraction
of dileptonic ¢t background is small compared to the other SRs because there is no mr
requirement.

For bCsoft med and bCsoft_high SRs, three CRs (TCR, WCR, and STCR) are defined
by inverting the requirements on amrs, pf} / E%ﬂss, and the number of b-tagged jets, while
requiring the same pl}v threshold as the corresponding SR to ensure similar kinematics in the
SR and CRs for the pr of the top quark and the W boson, which might be poorly modelled
by the simulation. The TCR is designed by inverting the selection requirement on ammrs

and relaxing the pfr / EEFiSS requirement to minimise potential signal contamination while
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bCbv TCR/VR WCR/VR
Preselection high- EXs$ preselection
Lepton pr [GeV] > 60
Number of (jets, b-tags) | (> 2, =0) (>2,>1) (>2,=0)
Jet pr [GeV] > (120, 80)
b-tagged jet pr [GeV] - > 25 -
Emiss [GeV] > 360
H%l;isg > 16
mr [GeV] > 200 [30,90] / [90,120] [30,90] / [90,120]
A (et;, pF)|(i = 1) >2.0
[Ad(jet;, p=)1(F = 2) >0.8
AP, PRiss) > 1.2 - -
migehustered [GeV] [70,100]
|Ad(j1,2, D) > 0.4

Table 19. Overview of the selections for the bCbv signal region, as well as the associated control
regions for ¢t (TCR) and W+jets (WCR), and the validation regions targeting ¢t (TVR) and
W+jets (WVR) backgrounds. List values are provided in between parentheses and square brackets
denote intervals.

improving the purity. Similarly, the WCR and STCR are defined by relaxing pgT / E%liss,
and requiring exactly one or at least two b-tagged jets respectively.

For the bCsoft_diag SR, the CR strategy using top-tagging is employed, based on

the mrcclustorcd

top variable as described in section 8.1. The TCR is defined by requiring a

tagged hadronic top-quark candidate and relaxing the requirement on mr to increase the
number of tf events, while the WCR is defined by requiring a hadronic top-quark veto. For
the WCR, an additional requirement is imposed on min(Ag(pHsS, b-jet,)) to increase the
purity of W+jets events. A STCR is not defined for this SR, as the Wt contribution is
small compared to other backgrounds. The CRs for the bffN SR are identical to those for
bCsoft_diag because of the similarity in the SR selections.

Figure 13 shows selected kinematic distributions in the CRs associated with
bCsoft_med. The backgrounds are scaled with normalisation factors obtained from the
simultaneous likelihood fit of the CRs as described in section 10.

A set of VRs associated with corresponding CRs is also defined by inverting the re-
quirement on pgf JERs For the soft-lepton SRs, an STVR is defined together with the
TVR and WVR. In figure 13, selected kinematic distributions in the VRs associated with
bCsoft_high are compared to the observed data. The backgrounds are scaled with nor-
malisation factors. Tables 20 and 21 detail the soft-lepton CR and VR selections.
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Figure 13. Kinematic distributions in the control regions associated with bCsoft_med and the
validation regions associated with bCsoft_high: (top left) p¥' in the top control region, (top right)
mr in the Wjets control region, (bottom left) pr of the leptonically decaying W boson (p¥') in
the W+jets validation region, and (bottom right) EXsS in the top validation region. Each of the
backgrounds is scaled by a normalisation factor obtained from the corresponding control region.
The hatched area around the total SM prediction and the hatched band in the Data/SM ratio
include statistical and experimental uncertainties. The last bin contains overflows.
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bCsoft diag/bffN TCR/VR WCR/VR
Preselection soft-lepton preselection
Number of (jets, b-tags) (>2,>1) (>2,>1) (>2,=1)
Jet pr [GeV] > (120, 25)
b-tagged jet pr [GeV] > 25
Emiss [GeV] > 300
mr [GeV] <50 / <160 < 160 < 160
ply/ Exmiss < 0.02 [0.03,0.10] / < 0.03 [0.03,0.10] / < 0.03
migustered [GeV] top veto > 150 top veto
min(A¢ (RS, b-jet,)) <15 <15 > 1.5
|A¢(j1.2, PF)| > 0.4

Table 20. Overview of the selections for the bCsoft_diag and bffN signal regions, as well as the
associated control regions for ¢t (TCR) and W+jets (WCR), and the validation regions targeting
tt (TVR) and W+jets (WVR) backgrounds. List values are provided in between parentheses and
square brackets denote intervals. The veto on the reclustered hadronic top-quark candidate is
satisfied for events where no reclustered jet candidate is found, or where the mass of the hadronic
top-quark candidate (m{fg“tered) is below a certain threshold. The leading jet is required not to
be b-tagged in all regions.
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bCsoft med TCR/VR WCR/VR STCR/VR
Preselection soft-lepton preselection
Number of (jets, b-tags) | (>3, > 2) (>3,>2) (>3,=1) (>3,>2)
Jet pr [GeV] > (120, 60, 40, 25)
b-tagged jet pr [GeV] > (120, 60) > (120, 60) > 120 > (120, 60)
Emiss [GeV] > 230
mr [GeV] < 160
P [GeV] > 400
pk/ Emiss < 0.03 >0.03 /<003 >0.20/][0.1,0.2) >0.20/0.1,0.2]
amrs [GeV] > 200 < 200 > 200 > 200
min(A@(pRss, b-jet;)) > 0.8 - [0.8,2.5] > 0.8
AR(by,b2) - - - >1.2
|AG(jr0, 7)) > 04

bCsoft_high TCR/VR WCR/VR STCR/VR
Preselection soft-lepton preselection
Number of (jets, b-tags) (>2,>2) (>2,>2) (>2,=1) (>2,>2)
Jet pr [GeV] > (100, 100)
b-tagged jet pr [GeV] > (100, 100)
Emiss [GeV] > 230
mr [GeV] < 160
P [GeV] > 500
Pl ERiss < 0.03 >0.10 / <0.10 [0.1,0.4] / <0.10 > 0.30 / [0.1,0.3]
amrs [GeV] > 300 < 300 > 300 > 300
min(A@(pESS, b-jet;)) > 04
AR(by, b2) > 0.8 > 0.8 - > 0.8
AR(b, 1) - — > 0.8 -
|AG(j1,2, Priss)| > 04

Table 21. Overview of the selections for the bCsoft_med and bCsoft_high signal regions, as well
as the associated control regions for ¢t (TCR), W+jets (WCR), and single-top Wt (STCR), and the
validation regions targeting ¢t (TVR), W+jets (WVR), and single-top Wt (STVR) backgrounds.
List values are provided in between parentheses and square brackets denote intervals.
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8.6 Control regions for tt + V

Top-quark pair production in association with a Z boson that decays into neutrinos is
an irreducible background to the ¢t +E%iss signature. In order to estimate the tt + Z
contribution in the SRs, Z-boson decays into charged leptons are exploited to define high-
purity CRs (TZCR). The tt + V CRs require exactly three loose signal leptons, at least
one of which must also satisfy the tight criteria. Two leptons are required to have same
flavour and opposite charge, and the mass of the dilepton system (myy) is required to be
in the range 81 GeV < my < 101 GeV. If more than one same-flavour and opposite-
charge pairing is possible, the pair with a mass closest to my is chosen. In addition, at
least four jets, one of which is b-tagged, are required. The minimum jet pt of the four
leading jets is required to match the thresholds used in the corresponding SR. The diboson
process (WZ — (vel) is a dominant background in the TZCR, and is normalised to data
in a region identical to the TZCR, except for the requirement that no jet is b-tagged. A
constant diboson normalisation factor of 0.8, derived in this region, is applied to all TZCRs.

The tt + Z control region is defined for SRs where the ¢t + Z contribution is sizeable:
tN_med, tN_high, bC2x med, bC2x_diag, DM_low_loose, DM_low, and DM_high. The purity
of the TZCR is =~ 75%, with remaining events due to diboson and ¢Z single-top production.
Figure 14 shows the pfrg distribution in the TZCR associated with tN_med, as well as myy
prior to requiring 81 GeV < myy < 101 GeV. The pgré distribution serves as a proxy for the
Emiss distribution in ¢ + Z(vv) events. The tf + Z(¢¢) method is cross-checked with an
alternative method using the ¢t + ~ process. The normalisation factors obtained from the
tt 4+« events are found to be consistent with those from the ¢t + Z(¢¢) method.

9 Systematic uncertainties

The systematic uncertainties in the signal and background estimates arise both from ex-
perimental sources and from the uncertainty in the theoretical predictions and modelling.
Since the yields from the dominant background sources, tt, single-top Wt, tt + V', and
W +jets, are normalised to data in dedicated CRs, the uncertainties for these processes
affect only the extrapolation from the CRs into the SRs (and amongst the various CRs),
but not the overall normalisation. The systematic uncertainties are included as nuisance
parameters with Gaussian constraints and profiled in the likelihood fits. The uncertainties
are not reduced as a result of the profiling.

The dominant experimental uncertainties arise from imperfect knowledge of the jet
energy scale (JES) and jet energy resolution (JER) [156, 174], as well as the modelling of
the b-tagging efficiencies and mis-tag rates [175, 176]. From these sources, the resulting
uncertainties expressed as relative uncertainties in the total predicted background yield
in the SRs are in the range 1.4-7% for JES, 1.5-7% for JER, and 1.6-13% for b-tagging.
Other sources of experimental uncertainty include the modelling of the lepton energy scales,
energy resolutions, reconstruction and identification efficiencies, trigger efficiencies, and the
modelling of pile-up and the integrated luminosity. These uncertainties have a small impact
on the final results.
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Figure 14. Distribution of (left) the dilepton mass and (right) p4 corresponding to the pr of the
reconstructed Z boson in the tt+ Z control region (TZCR) associated with the tN_med signal region.
The ¢ + Z/W processes are normalised in the TZCR. The diboson background is normalised to
data events with zero b-tagged jets. The hatched area around the total SM prediction and the
hatched band in the Data/SM ratio include statistical and experimental uncertainties. The last bin
contains overflows.

The uncertainty in the modelling of the single-top and ¢t backgrounds include ef-
fects related to the MC event generator, the hadronisation modelling, and the amount
of initial- and final-state radiation [121]. The MC generator uncertainty is esti-
mated by comparing events produced with Powheg-Box+Herwig++ v2.7.1 with either
MG5_.aMCQ@NLO v2.2.34+Herwig++ v2.7.1 (NLO) or SHERPA v2.2.1. Events generated
with Powheg-Box are showered and subsequently hadronized with either PYTHIAG or Her-
wig++ to estimate the effect from the modelling of the hadronisation. The impact of
altering the amount of initial- and final-state radiation is estimated from comparisons of
Powheg-Box+PYTHIAG samples with different parton-shower radiation, NLO radiation,
and modified factorisation and renormalisation scales. An additional uncertainty stems
from the modelling of the interference between the ¢t and Wt processes. The uncertainty
is estimated using inclusive WWWbb events, generated using MG5_aMC@QNLO v2.2.3 (LO),
which are compared with the sum of the resonant ¢t and Wt processes [121]. The resulting
uncertainties from all the aforementioned sources in the extrapolation factors from the tt
and Wt CRs to the SRs are 10-45% for tt, and 10-47% for Wt events, where the latter is
dominated by the interference term.

The uncertainty in the modelling of the tf + Z background is estimated from in-
dependent variations of the renormalisation and factorisation scales, and PDF varia-
tions. A MC generator uncertainty is estimated by comparing events produced with
MG5_.aMC@NLO v2.2.3+PyTHIA8 (NLO) and SHERPA v2.2.1. The resulting modelling-
induced uncertainties in the extrapolation factor are 10-37%, dominated by the MC gen-
erator comparison.

The uncertainty in the W+jets background from the choice of MC generator is esti-
mated by comparing SHERPA with MG5_.aMCQ@QNLO v2.2.3+PyTHIA8 (NLO). In addition,
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the effects of varying the scales for the matching scheme related to the merging of matrix el-
ements and parton showers, renormalisation, factorisation, and resummation are estimated.
The total uncertainty is found to be 4-44%.

The sources of uncertainty considered for the diboson background are the effects of
varying the renormalisation, factorisation, and resummation scales. Since the diboson
background is not normalised in a CR, the analysis is also sensitive to the uncertainty in
the total cross-section. The resulting theoretical uncertainty ranges from 13 to 32%.

For the BDT analyses, a systematic-smoothing procedure in BDT score is applied
to evaluate the uncertainties in the modelling of ¢t and single-top Wt processes. The
procedure gives a reliable estimate of the uncertainties despite statistical fluctuations in
the background samples, based on merging statistically insignificant bins and smoothing
the result with a Gaussian kernel.

The SUSY signal cross-section uncertainty is taken from an envelope of cross-section
predictions using different PDF sets and factorisation and renormalisation scales, as de-
scribed in ref. [107], and the resulting uncertainties range from 13% to 23%. Dedicated
uncertainties in the signal acceptance due to the modelling of additional radiation are con-
sidered for SRs relying on ISR. These are estimated from the variation of factorisation and
renormalisation scales, and range from 10% to 20%. The uncertainty in the DM production
cross-section is estimated from the effect of varying the renormalisation, factorisation, and
matching scales, as well as the PDF choice. The uncertainty is found to be between 12%
and 20%. Experimental uncertainties in the signal acceptance have negligible impact on
the final results.

Table 22 summarises the dominant systematic uncertainties in selected signal regions.
The dominant sources of uncertainty are background modelling and JES/JER uncertainties
in most of SRs. The uncertainty related to the description of the b-tagging mis-tag rates
in the simulation becomes large in the bCsoft med. This is because the single-top Wt
or semileptonic tf background events above the amTs kinematic endpoint often have an
associated charm-quark misidentified as a b-jet, and thus the background yield is sensitive
to the mis-tag modelling.

10 Results

10.1 Observed data and predicted backgrounds

In order to determine the SM background yields in the SRs, a likelihood fit is performed
for each SR. The fit is configured to use only the CRs to constrain the fit parameters
corresponding to the normalisations of tt, single-top, W+jets, and tt + V processes in the
dedicated CRs. This fit configuration is referred to as the background-only fit.

The number of observed events and the predicted number of SM background events
from the background-only fits in all SRs and VRs are shown in figures 15 and 16. The SRs
are not mutually exclusive and are therefore not statistically independent. In all SRs, the
distributions indicate good agreement between the data and the SM background estimate.
The largest excesses over the background-only hypothesis are 1.6 0 and 1.4 0, observed
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Signal Region Uncertainty (%) | tN.med  bWN bC2x_med bCsoft med
tt + Z normalisation 11 - 6.8 -
tt (2L) normalisation 4.7 7.5 3.3 2.6
Wt normalisation 3.0 - 17 3.4
W +jets normalisation 2.5 - 2.1 8.1
tt + Z modelling 11 2.3 1.2 < 1.0
tt radiation 43 13 1.9 4.6
tt generator 3.6 7.8 1.7 4.6
tt hadronisation 25 12 5.8 3.9
Wttt interference <10 <1.0 13 < 1.0
Single-top generator <10 <1.0 4.9 < 1.0
Single-top hadronisation <10 <1.0 11 < 1.0
JER 2.8 1.5 6.8 2.4
JES 2.8 6.6 1.4 2.1
Mis-b-tag (c-quark) 2.3 1.6 4.9 13

Mis-b-tag (light quark) 2.0 <1.0 2.0 4.6
Pile-up 2.5 1.2 3.8 2.0
Total systematic uncertainty 18 22 28 15

Table 22. Summary of the dominant systematic uncertainties in the total predicted background
yields, obtained by the background-only fits as described in section 10.1, in several representative
signal regions: tN_med, bWN, bC2x_med, and bCsoft_med. Numbers are given as percentages of the
total background estimate.

in tN_high and tN_med, respectively. The previously observed excess in DM_low_loose is
reduced with the inclusion of more data to the level of 1.5 o.

The number of observed events together with the predicted number of SM background
events in all 16 SRs are summarised in tables 23 and 24, showing the breakdown of the
various backgrounds that contribute to the SRs. The tables also list the results for the four
fit parameters that control the normalisation of the four main backgrounds (normalisation
factors, NF's), together with the associated fit uncertainties including the theoretical mod-
elling uncertainties. In order to quantify the level of agreement of the SM background-only
hypothesis with the observations in the SRs, a profile-likelihood-ratio test is performed.
The resulting p-values (pg) are also presented in the tables, and are capped at 0.5. Model-
independent upper limits on beyond-SM contributions are derived for each SR. A generic
signal model is assumed that contributes only to the SR and for which neither experi-
mental nor theoretical systematic uncertainties except for the luminosity uncertainty are
considered. All limits are calculated using the CLg prescription [177]. Table 25 details the
number of observed events and the predicted number of SM background events for each
bin of the shape-fit SRs. The NFs are compatible with unity in most cases, except for the
single-top NFs in bCsoft_med and bCsoft_high. The single-top NF's are significantly below
unity, possibly due to the effect of interference between the Wt and tt processes at NLO.
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Figure 15. Comparison of the observed data (nebs) with the predicted SM background (nexp) in
(top) the bffN, bWN, tN_med and tN_high signal regions, and (bottom) the DM_low_loose, DM_low,
and DM_high signal regions, and associated VRs. The background predictions are obtained using
the background-only fit configuration, and the hatched area around the SM prediction includes
all uncertainties. The bottom panels show the difference between data and the predicted SM
background divided by the total uncertainty (otot)-
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Figure 16. Comparison of the observed data (nebs) with the predicted SM background (nexp) in
(top) the bCbv, bC2x_diag, and bC2x med signal regions, (bottom) the bCsoft_high, bCsoft med,
and bCsoft_diag signal regions, together with associated VRs. The background predictions are ob-
tained using the background-only fit configuration, and the hatched area around the SM prediction
includes all uncertainties. The bottom panels show the difference between data and the predicted
SM background divided by the total uncertainty (oot ).
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Signal region tN_high tNmed |tN_diag high|tN_diag med|tN_diag low bWN bffN
Observed 8 50 19 115 34 68 70
Total background| 3.8+£1.0 [36.3+£6.6 | 183+22 | 1154£31 |30.3+59 | 71+£16 [60.5+6.1
tt 20 0514018 |12.14£2.9 | 152+24 |651+94 | 85+23 | 65+16 -

tt 14 0.020 + 0.001{0.19 + 0.05 - 350489 | 17.5+4.1 - 25.545.5
tt+V 1.86£0.90 [14.2+55 | 0.68+0.37 | 25+1.6 | 0.34+£0.20 | 1.7£1.7 [0.35£0.06
Single top 0.134£0.10 | 3.5+£1.2 | 1.5+1.2 81+11 | 23+1.2 | 1.9 |103+44
W+jets 0.8840.24 | 43+£1.1 | 0.70£0.56 | 3.8+1.9 L7239 1141 +0.88(19.6 £ 4.9
Diboson 0.42£0.16 [2.08£0.70| 0.21+0.11 | 0.69%0%3 | 0.071037 10.89 +0.28|2.72 £0.99
Z+jets - - - - - - 1.9+1.8
tt 2¢ NF 1.01£0.15 [0.96 +0.13| 1.05+0.06 | 1.16+0.16 - 1.04 £ 0.07 -

tt 14 NF 0.97 4+ 0.08 |1.05+0.09 - 1.16 £0.28 | 0.85+ 0.10 - 0.7340.11
tt+V NF 1.11+£0.35 |1.13 £0.32 - - - - -
Single top NF 0.64 £0.37 |1.19+£0.37 - - - - -
W+jets NF 0.8240.17 |0.85+0.18 - - - - 1.19+0.26
po (o) 0.05 (1.6) | 0.07 (1.4) | 0.44 (0.14) 0.5 (0) | 0.33(0.46) | 0.5(0) |0.17 (0.95)
Nlimit - exp. 5.8 19 11 58 19 33 21
Nlimit, = obs. 10 31 11 58 17 31 28

Table 23. The numbers of observed events in the pure bino LSP SRs together with the expected
numbers of background events and their uncertainties as predicted by the background-only fits,
the normalisation factors (NF) for the background predictions obtained in the fit, the probabilities
(represented by po values, and capped at 0.5) that the observed numbers of events are compatible
with the background-only hypothesis, and the expected (NIt exp.) and observed (NImit, obs.)

non-S

95% CL upper limits on the number of beyond-SM events. Some of the SRs where tf background
events are predominantly semileptonic or dileptonic have only one NF which is also applied to
the subdominant tf contribution. Backgrounds with no associated NF are normalised with the
theoretical cross-sections.

Figures 17, 18, and 19 show comparisons between the observed data and the SM back-
ground prediction with all SR selections applied except the requirement on the plotted vari-
able. Good agreement is found between the observed data and the SM background predic-
tion. The expected distributions from representative signal benchmark models are overlaid.

10.2 Exclusion limits

No significant excess is observed, and exclusion limits are set based on profile-likelihood
fits for the stop pair production models and the simplified model for top quarks produced
in association with dark-matter particles.

The signal uncertainties and potential signal contributions to all regions are taken into
account. All uncertainties except those in the theoretical signal cross-section are included
in the fit. Exclusion limits at 95% confidence level (CL) are obtained by selecting a priori
the signal region with the lowest expected CLg value for each signal model and the exclusion
contours are derived by interpolating in the CLg value.
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Signal region DM_high | DM_low |DM_low_loose|bC2x_diag| bC2x med bCbv  |bCsoft_diag|bCsoft_med|bCsoft_high
Observed 5 13 65 22 4 25 33 19 2
Total background| 7.4£2.1 |13.8+3.6 | 48.3£8.2 |21.3£5.0 | 5.8£1.6 |25.1£3.8 | 24.7£3.1 | 13.74£2.1 1.8£0.3
tt 20 0.8240.27|2.21+0.58| 16.0£5.7 6.442.4 |1.3640.49|1.2540.65 - - -
Y 0.0£0.0 |0.070.03 - 0.28£0.18 | 0.047033 - 10324 | 4.9£15 | 0.36£0.15
tH+V 4.0£2.0 | 6.7£3.2 | 14.3+5.9 7.8+3.3 |0.714+0.38/0.58+0.16| 0.14+0.06 | 0.440.10 | 0.0520.02
Single top 0.33£0.16|0.65£0.57| 3.4%1.3 55424 | 3.0£1.5 |0.60£0.54| 3.5£1.5 1.6£0.5 | 0.23+0.11
W+jets 1.644£0.53| 3.2£1.3 | 11.0£2.8 |1.22£0.35|0.54£0.14|16.5+£3.1 | 8.0£2.0 6.4+2.0 | 1.06%0.24
Diboson 0.66£0.21|0.98+£0.33|  3.6=1.3 |0.234£0.08 |0.07£0.04| 6.1£2.0 | 2.21£0.93 | 0.310.16 | 0.04=0.01
Z+jets - - - - - - 0.60£0.55 | 0.174£0.16 | 0.04=£0.04
tt 2¢ NF 1.1940.13|1.06+£0.12| 1.13+£0.21 |1.28+0.17 |1.58+0.22|0.78+0.28 - - -

tt 1¢ NF 1.08:£0.14(0.95+0.04 - 0.96+0.08 |0.75+0.15 - 0.73+0.11 | 0.92£0.07 | 0.93+0.16
tt+V NF 0.98+0.38|1.06+0.38| 1.10+£0.32 | 1.18=£0.39 [0.95:£0.52 - - - -
Single top NF  |0.94+0.37|1.05£0.35| 1.22+£0.27 |1.5940.45|1.1740.37 - - 0.474£0.14 | 0.37£0.15
Wtjets NF 1.0840.21|1.0420.18| 0.93+0.10 |0.80:£0.24 {1.110.25|1.07+0.09| 1.1940.26 | 1.35£0.24 | 1.1140.19
po (o) 05() | 05() | 0.07(15) [045(0.11)| 05(-) | 0.5(-) | 0.09 (1.34) | 0.12 (1.17) | 0.44 (0.16)
Nlimit, - exp. 7.2 11 23 14 6.4 13 13 9.6 4.1
Nlimit, | obs. 5.7 10 37 14 5.2 13 20 14 4.3

Table 24. The numbers of observed events in DM++#¢, wino NLSP, bCbv, and higgsino LSP SRs
together with the expected numbers of background events and their uncertainties as predicted by
the background-only fits, the normalisation factors (NF) for the background predictions obtained
in the fit, the probabilities (represented by po values, and capped at 0.5) that the observed numbers
of events are compatible with the background-only hypothesis, and the expected (erlig‘li_tSM exp.)

and observed (Nimito obs.) 95% CL upper limits on the number of beyond-SM events. Some of
the SRs where tf background events are predominantly semileptonic or dileptonic have only one NF
which is also applied to the subdominant ¢f contribution. Backgrounds with no associated NF are

normalised with the theoretical cross-sections.

Signal region  Fitted variable binl bin2 bin3 bin4 binb
tN_med Emiss Observed 21 17 8 4 -
Total background | 14.6 £2.8 | 11.2+£2.2 73+£1.7 | 3.16+£0.74 -
tN_diag high BDT high Observed 40 41 19 - -
Total background | 47.3+3.6 | 37.5+3.5 | 18.3+2.2 - -
tN_diag.med BDT_med Observed 970 678 366 211 40
Total background | 886 4 83 618 £ 86 440 £ 71 210 £ 30 514+10
bWN ammra Observed 13 19 22 30 36
Total background | 16.5+4.5 | 16.0+6.0 | 25.6 £5.3 | 40.1£8.1 | 38.5£8.3
bffN ply ) ERiss Observed 9 27 34 - -
Total background | 4.6 £1.1 229+3.1 | 325£4.1
bCsoft diag  ph/ERiss Observed 4 16 13
Total background | 1.69 £0.47 | 9.3 £2.1 13.6 £2.8 - -
bCsoft med  ph/ERiss Observed 4 15 57 - -
Total background | 4.92+0.90 | 89+1.3 52.9£6.2 - -
bCsoft high  pk/ERiss Observed 1 1 15 - -
Total background | 0.67 £0.13 | 1.11 £0.22 | 6.98 £ 0.81 - -

Table 25. The numbers of observed events in each bin of the shape-fit SRs together with the ex-
pected numbers of total background events and their uncertainties as predicted by the background-
only fits. The bin ¢ (i = 1-5) corresponds to the i-th bin (from left to right) of the variable used in
the shape-fit. The bin boundaries of the shape-fits are detailed in table 6, 7, 8, and 10.
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Figure 17. Kinematic distributions in the signal regions: (top left) m red“S‘tered in tN_high, (top
right) amrsy in bC2x_med, (middle left) mr in bC2x_diag, (middle right) Emlss in bCbv, (bottom left)
mr in DM_low, and (bottom right) EXisS in DM high. The full event selection in the corresponding
signal region is applied, except for the requirement (indicated by an arrow) that is imposed on the
variable being plotted. The predicted SM backgrounds are scaled with the normalisation factors
obtained from the corresponding control regions in tables 23 and 24. In addition to the background
prediction, a signal model is shown on each plot. In the DM+t signal model, a coupling of g = 1
is assumed. The category labelled ‘Others’ stands for minor SM backgrounds that contribute less
than 5% of the total SM background. The hatched area around the total SM prediction includes
statistical and experimental uncertainties. The last bin contains overflows.
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Figure 18. Distributions of BDT score for the tN_diag low (top left), tN_diag med (top right),
and tN_diag high (bottom) regions. The SM background predictions are obtained using the
background-only fit configuration, and the hatched area around the total SM background predic-
tion includes all uncertainties. In addition to the background prediction, signal models are shown,
denoted by m(t;, )2?) The bottom panels show the difference between data and the predicted SM
background divided by the total uncertainty (oot )-

Figure 20 shows the expected and observed exclusion contours as a function of stop and
neutralino mass for the pure bino LSP scenario. The +1 0y uncertainty band indicates
how much the expected limit is affected by the systematic and statistical uncertainties
included in the fit. The +1 ats}}égg, uncertainty lines around the observed limit illustrate
the change in the observed limit as the nominal signal cross-section is scaled up and down
by the theoretical cross-section uncertainty. The exclusion limits are obtained under the
hypothesis of mostly right-handed stops in the pure bino LSP scenario. Figure 21 shows the
expected and observed exclusion contours as a function of stop mass and the mass splitting
Am(ty, >~<(1)), providing a greater level of detail for the transitions between the two-, three-
and four-body decay regions. Stop masses above 195 GeV are excluded for any value of the
neutralino mass within the two-body decay region. The exclusion range extends to stop

masses up to 480 GeV or higher depending on the neutralino mass.
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Figure 19. Kinematic distributions for the shape-fit analyses: (top left) EX in tN_med, (top right)
ammo in BWN, (middle left) p%./EX in bf£N, (middle right) p4 /ERiss in bCsoft_diag, (bottom left)
p%/EX in bCsoft med, and (bottom right) p4/EMsS in bCsoft high. The full event selection
in the corresponding signal region is applied, except for the requirement that is imposed on the
variable being plotted. The predicted SM backgrounds are scaled with the normalisation factors
obtained from the corresponding control regions in tables 23 and 24. The hatched area around
the total SM prediction includes statistical and experimental uncertainties. The last bin contains
overflows. Benchmark signal models are overlaid for comparison. The bottom panels show the
difference between data and the predicted SM background divided by the total uncertainty (oot ).
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Figure 20. Expected (black dashed) and observed (red solid) 95% excluded regions in the plane
of mge versus m; for direct stop pair production assuming either ¢; — X1, &, — bWXY, or

, — bff'X} decay with a branching ratio of 100%. The excluded regions from previous publica-
tions [37, 168] are shown with the grey and blue shaded areas.

The results improve upon previous exclusion limits by excluding the stop mass region
up to 940 GeV for a massless lightest neutralino and assuming B(t; — t)%?) = 100%. In
the three-body scenario, stop masses are excluded up to 500 GeV for a LSP mass of about
300 GeV. In the four-body scenario, stop masses are excluded up to 370 GeV for a mass-
splitting between the stop and the LSP as low as 20 GeV.

The non-excluded area between the three- and four-body decay regions is due to a
reduction in search sensitivity as the kinematic properties of the signal change significantly
when transitioning from a four-body to a three-body decay. In particular, approaching this
boundary from the three-body side, the momenta of the two b-jets decrease to zero and

hence the acceptance of the pr requirement on the b-tagged jet in the bWN signal region
decreases rapidly.

The kinematic properties change again at the kinematic boundary between the three-
body and on-shell top-quark decay modes. When approaching this diagonal from the
on-shell top-quark side, the search sensitivity usually worsens due to the difficulty in dis-
entangling signal from the t¢ background. However, the dedicated BDT analysis (here in
particular tN_diag high) recovers partly the sensitivity.
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Figure 21. Expected (black dashed) and observed (red solid) 95% excluded regions in the plane
of Am(f,,X?) versus m;, for direct stop pair production assuming either i, = X1, &, = bWXY, or
t, = bff XY decay with a branching ratio of 100%. The excluded regions from previous publica-
tions [37, 168] are shown with the grey shaded area.

Limits are also set on the masses of the ; and X! in the wino NLSP scenario. Figure 22
shows the exclusion contours based on the combination of all SRs targeting this sce-
nario for positive and negative values of the u parameter. The stop mass region up to
885 GeV (940 GeV) is excluded in scenarios with u < 0 (1 > 0) and a 200 GeV neu-
tralino. Figure 23 shows the exclusion limit for the simplified model #; — b)ﬁc scenario
with mg = Mmgx = 10 GeV. The stop mass region is excluded up to 840 GeV for a massless
neutralino.

Assuming the higgsino LSP scenario, limits are also set on the masses of the #; and X
Figures 24 and 25 show the exclusion contours for the three signal scenarios, m:r < mg3r,
mg3r, < Mg, and mgar, < myr with large tan 3, as described in section 4. The results are
based on the combination of two orthogonal hard- and soft-lepton SRs. The stop decay
branching ratios to ti?, b>~(1i and X3 vary in these three scenarios. In the scenario with
mir < Mg3r, the sensitivity is mostly driven by the bCsoft_med and bCsoft_high SRs,
as the branching ratio of the #; — b)ﬁE decay (with soft leptons) is large, whereas the
sensitivity is driven by the tN_med SR for the scenario with my3;, < m;g, as the branching
ratios of the £, — X! and t, — X5 decays (with high-pr leptons from the leptonically
decaying top quark) are dominant. The third scenario, mg3;, < m:r with large tanj,
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Wino NLSP model: t{, bb, production, my: = mys = 2x mg> (M, = 2 x M;)
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Figure 22. Expected (dashed) and observed (solid) 95% excluded regions in the plane of mgo
Vversus mg, for direct stop/sbottom pair production in the wino NLSP model under the hypothesis
of mg3r, < Mg, where various decay modes (f; — bfﬁi, t, — X1, t, — X3, b, — t>~<1i, b, — bXY,
and l~)1 — big) are considered with different branching ratios for each signal point. The X5 decays
into X| predominantly via either a Z boson or a Higgs boson depending on the sign of the u
parameter. Contours for the g > 0 and g < 0 hypotheses are shown as blue and red lines,
respectively. In this model, the >21i and X3 masses are assumed to be nearly twice as large as the
LSP ()2?) mass. The grey vertical dash-dotted lines show the corresponding sbottom mass. The
dashed line m; = my +mgz+ is a physical boundary of the f, — bXi decay.

benefits from both the soft- and hard-lepton SRs, with equal branching ratios to all three
decay modes.
Figure 26 shows the region my + Myx < My < Miop + mgo. Since the mass-splitting

Am(ty, >~<(1)) is smaller than the top mass a 100% branching ratio to £, — b)ﬁc is assumed,
and the exclusion limit is set by a single soft-lepton SR, bCsoft_diag. In the gaps be-
tween the exclusion contour and diagonal dashed lines indicating the kinematic boundaries
(mg, = mp+ mgx and mg = miop + myo), the assumption of a 100% branching ratio may
not be accurate due to phase-space effects, hence these gap regions are not considered in
the interpretation.

In figures 25 and 26, Am(ﬁc, 32(1)) is fixed to 5 GeV and Am(f(g, >~((1]) is fixed to 10 GeV.
In figure 24, the mass relations Am(f((z),f(?) = 2 X Am()ﬁt,ﬁ)) and Mg = 150 GeV

are assumed, while Am()ﬁc,f(?) is varied in the range 0-30GeV. For the region
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tt, production t.— b¥,, Am(t,7;)=10 GeV
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Figure 23. Expected (black dashed) and observed (red solid) 95% excluded regions in the plane
of Mg Versus mg for direct stop pair production assuming the bX1 decay with a branching ratio
of 100%. The Chargmo mass is assumed to be close to the stop mass, Mg =mg — 10 GeV.

Am(ﬁc,f(?) < 2GeV, only the t; — X1 process is simulated, with the branching ratio
set to account for both the #; — X} and t, — X5 decays. In figure 25, the stop mass
region up to 890 GeV (800 GeV) is excluded in scenarios with mg3r, < mgr (mr < mg3r).

Limits are also set on the masses of the #; and X1 in the well-tempered neutralino
scenario as shown in figure 27. In the scenario with mg37, < myg, the expected sensitivity
is better than in the scenario with m;r < mg3r as sbottom pair production can also
contribute to the former, roughly doubling the signal acceptance. No observed limit is set
in the myr < my3r, scenario, as a mild excess of data events is seen above the predicted SM
background yield in the bCsoft_high SR (shape-fit, as shown in figure 19), which is the
most sensitive SR in this scenario. On the other hand, the stop mass region up to 810 GeV
is excluded in scenarios with mgsr, < myg.

Figure 28 shows the upper limit on the ratio of the DM+t production cross-section
to the theoretical cross-section. Limits are shown under the hypothesis of a scalar or
pseudoscalar mediator, and for a fixed DM candidate mass or for a fixed mediator mass. A
scalar (pseudoscalar) mediator mass of around 100 GeV (20 GeV) is excluded at 95% CL,
assuming a 1 GeV dark-matter particle mass and a common coupling of g = 1 to SM and
dark-matter particles.
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Higgsino LSP model: ftﬂ1 production, my: = 150 GeV
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Figure 24. Expected (dashed) and observed (solid) 95% excluded regions in the plane of Am
(fﬁi, 5((1)) versus m; for direct stop pair production in the fixed Myt = 150 GeV higgsino LSP

model where various decay modes (£, — b)ai, t, — t>~((1), t, — tf(g) are considered with different
branching ratios, depending on the hypothesis being considered, and overlaid. In this model, the
mass relation of Am(X3,X%) = 2 x Am(XF,X?) is assumed, varying Am(Xi,X3) from 0GeV to
30GeV. For the region Am()hi,f((l)) < 2GeV, only the £, — X3 decay is considered while the
branching ratio is set to account for both the #; — X1 and t, — X5 decays.
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Higgsino LSP model: Eﬂ production, mg = mz+5 GeV, Mg = my*+10 GeV
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Figure 25. Expected (dashed) and observed (solid) 95% excluded regions in the plane of Mg Versus
mg for direct stop pair production in the higgsino LSP model where various decay modes (£, — b)hi,

t, — tX1 t, — tXQ) are considered Wlth different branching ratios dependlng on the hypothesis
being considered. In this model, Am(X1 X1) = 5GeV and Am(X3,X1) = 10 GeV are assumed.
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Higgsino LSP model: t, production, B( t— b 7, ) = 100%
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Figure 26. Expected (black dashed) and observed (red solid) 95% excluded regions in the plane
of Mgo Versus mg for direct stop pair production in the higgsino LSP model where only the

t, — b)hi decay mode is kinematically allowed due to the phase space constraint. In this model,
Am(ﬁ[7 X?) = 5GeV is assumed.
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Bino/Higgsino mix model: t{, + b, production, Am(¥, %) = 20-50 GeV
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Figure 27. Expected (dashed) and observed (solid) 95% excluded regions in the plane of myo versus
mi, for direct stop/sbottom pair production in the well-tempered neutralino model where various

decay modes (f; — b)Zli, t, — X1, t, — £X9, b, — tf(i b, — bXY, and b, — big) are considered
with different branching ratios for each signal point. Contours for the mg3;, <m:r and mgzr, >msr
hypotheses are shown separately as red and blue lines, respectively. For the mg3;, <mr hypothesis,
both stop and sbottom pair production is considered while for the mg3;, >m:r hypothesis, only

stop pair production is considered.
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11 Summary and conclusions

This paper presents searches for direct top-squark pair production covering various SUSY
scenarios and for a spin-0 mediator decaying into pair-produced dark-matter particles pro-
duced in association with ¢t using the final state with one isolated lepton, jets, and E%ﬁss.
Thirteen signal-region selections are optimised for the discovery of a top-squark signature.
The analysis also defines three signal-region selections for spin-0 mediator models.

The search uses 36.1fb~! of pp collision data collected by the ATLAS experiment at
the LHC at a centre-of-mass energy of /s = 13 TeV. No significant excess is observed over
the estimated Standard Model backgrounds. Exclusion limits at 95% confidence level are
derived for the considered models.

These results improve upon previous exclusion limits by excluding the top-squark mass
region up to 940 GeV for a massless lightest neutralino and assuming a 100% branching
ratio for £, — #X}. Exclusion limits are also improved in pMSSM models targeting var-
ious sparticle mass spectra. For the wino NLSP model, the top-squark mass region up
to 885 GeV (940 GeV) is excluded in scenarios with p < 0 (u > 0) and a 200 GeV neu-
tralino. For the higgsino LSP model, the top-squark mass region up to 860 GeV (800 GeV)
is excluded in scenarios with mgsr, < mygr (mir < mgar). Furthermore, in a model with
well-tempered neutralinos, the top-squark mass region up to 810 GeV is excluded in sce-
narios with mg3r, < m;r while no limit is set in scenarios with m;r < mg3r.

For the spin-0 mediator models, a scalar (pseudoscalar) mediator mass of around
100 GeV (20 GeV) is excluded at 95% confidence level, assuming a 1 GeV dark-matter par-
ticle mass and a common coupling to SM and dark-matter particles of g = 1.
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