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ABSTRACT: This paper presents a search for top-squark pair production in final states with
a top quark, a charm quark and missing transverse momentum. The data were collected
with the ATLAS detector during LHC Run 2 and correspond to an integrated luminosity of
139 fb~! of proton-proton collisions at a centre-of-mass energy of y/s = 13 TeV. The analysis is
motivated by an extended Minimal Supersymmetric Standard Model featuring a non-minimal
flavour violation in the second- and third-generation squark sector. The top squark in this
model has two possible decay modes, either £ — cx{ or f1 — t¥!, where the {! is undetected.
The analysis is optimised assuming that both of the decay modes are equally probable, leading
to the most likely final state of tc + E{,I}iss. Good agreement is found between the Standard
Model expectation and the data in the search regions. Exclusion limits at 95% CL are
obtained in the m(#;) vs. m(x?) plane and, in addition, limits on the branching ratio of the
t1 — txY decay as a function of m(#;) are also produced. Top-squark masses of up to 800 GeV
are excluded for scenarios with light neutralinos, and top-squark masses up to 600 GeV are
excluded in scenarios where the neutralino and the top squark are almost mass degenerate.
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1 Introduction

The Standard Model (SM) of particle physics is one of the most comprehensively tested theories
of nature, yielding predictions that agree with a wide range of experimental measurements.
However, several aspects of nature remain unexplained by this model despite its success.
Amongst them, the experimental mass of the Higgs boson and the possible existence of a
non-baryonic component of the universe, called dark matter (DM) [1, 2], pose some of the
most important open questions in current particle physics.

Supersymmetry (SUSY) [3-8] is one of the most flexible frameworks extending beyond the
SM that can provide answers to the above questions. By introducing a scalar supersymmetric
partner for every chiral component of the standard model fermions,® it can mitigate large
radiative corrections to the Higgs boson mass. These naturalness arguments favour light
states for the supersymmetric partners of the top quark, the 1, and {g. The two top squark
states mix to yield mass eigenstates ¢; and t2, by convention the former being the lightest.
Moreover, in R-parity-conserving supersymmetric models [9], supersymmetric partners are
produced in pairs, and the lightest supersymmetric particle (LSP) is stable, providing a viable
DM candidate. This LSP is generally assumed to be lightest neutralino (X?).

Searches for the top squark at the LHC experiments have set stringent limits on these
particles [10-17], imposing constraints on the #; mass in the Minimal Supersymmetric
Standard Model (MSSM) at the order of 1 TeV, in scenarios where R-parity and flavour are
conserved. Extensions of the MSSM can propose scenarios where flavour is not conserved,
resulting in looser constraints. In this paper, a non-minimal flavour violation (MFV) extension

'For a generic fermion f, with chiral components fr, and fr, two scalar fields exist (named respectively fr
and fgr).



Figure 1. Signal diagram for ¢; pair production showing the two possible decay modes of the ;.
Decays into pairs of top quarks or charm quarks are also taken into account.

of the MSSM is considered, as described in ref. [18]. In this framework, the second-generation
and third-generation right-handed squark sectors can mix and the mixing is quantified
through the mixing angle (6;.). As a consequence of this mixing, the mass eigenstate #;
is a combination of the gauge eigenstates of the second- and third-generation squarks and
can decay into a charm quark and a neutralino in addition to decaying into a top quark
and a neutralino, as shown in figure 1. This search focuses on signals containing on-shell
top quarks produced in the final state, thus signals with a mass splitting between the top
squark and the neutralino (Am(fy, )2[1))) of at least 175 GeV, and it considers a scan of the
branching ratio for £; — Xt / £X1. Only final states with hadronically decaying top quarks
are considered in the analysis. The advancement of charm-tagging techniques has opened the
exploration of charm particle final states. Those techniques are used in this paper to define a
selection predominantly sensitive to events with a top-quark and a charm-quark, allowing
a first exploration of this signature at the LHC. Final results are derived by performing
model-dependent and model-independent profile likelihood fits, which respectively evaluate
the presence of a SUSY signal or a generic one.

2 ATLAS detector

The ATLAS detector [19] at the LHC covers nearly the entire solid angle around the collision
point.? It consists of an inner tracking detector surrounded by a thin superconducting
solenoid, electromagnetic and hadronic calorimeters, and a muon spectrometer incorporating
three large superconducting air-core toroidal magnets.

The inner-detector system (ID) is immersed in a 2T axial magnetic field and provides
charged-particle tracking in the range |n| < 2.5. The high-granularity silicon pixel detector

2ATLAS 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. Polar 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 6 as

E+pzc

n = —Intan(#/2) and is equal to the rapidity y = % In (Eipzc

measured in units of AR = /(Ay)? + (A¢)2.

) in the relativistic limit. Angular distance is



covers the vertex region and typically provides four measurements per track, the first hit
generally being in the insertable B-layer (IBL) installed before Run 2 [20, 21]. It is followed
by the SemiConductor Tracker (SCT), which usually provides eight measurements per track.
These silicon detectors are complemented by the transition radiation tracker (TRT), which
enables radially extended track reconstruction up to |n| = 2.0. The TRT also provides
electron identification information based on the fraction of hits (typically 30 in total) above a
higher energy-deposit threshold corresponding to transition radiation.

The calorimeter system covers the pseudorapidity range |n| < 4.9. Within the region
In| < 3.2, electromagnetic calorimetry is provided by barrel and endcap high-granularity
lead/liquid-argon (LAr) calorimeters, with an additional thin LAr presampler covering
In] < 1.8 to correct for energy loss in material upstream of the calorimeters. Hadronic
calorimetry is provided by the steel/scintillator-tile calorimeter, segmented into three barrel
structures within |n| < 1.7, and two copper/LAr hadronic endcap calorimeters. The solid
angle coverage is completed with forward copper/LAr and tungsten/LAr calorimeter modules
optimised for electromagnetic and hadronic energy measurements respectively.

The muon spectrometer (MS) comprises separate trigger and high-precision tracking
chambers measuring the deflection of muons in a magnetic field generated by the supercon-
ducting air-core toroidal magnets. The field integral of the toroids ranges between 2.0 and
6.0 T m across most of the detector. Three layers of precision chambers, each consisting of
layers of monitored drift tubes, cover the region |n| < 2.7, complemented by cathode-strip
chambers in the forward region, where the background is highest. The muon trigger system
covers the range |n| < 2.4 with resistive-plate chambers in the barrel, and thin-gap chambers
in the endcap regions.

The luminosity is measured mainly by the LUCID-2 [22] detector that records Cherenkov
light produced in the quartz windows of photomultipliers located close to the beampipe.

Events are selected by the first-level trigger system implemented in custom hardware,
followed by selections made by algorithms implemented in software in the high-level trigger [23].
The first-level trigger accepts events from the 40 MHz bunch crossings at a rate below 100 kHz,
which the high-level trigger further reduces in order to record complete events to disk at
about 1kHz.

A software suite [24] is used in data simulation, in the reconstruction and analysis of
real and simulated data, in detector operations, and in the trigger and data acquisition
systems of the experiment.

3 Data and simulated event samples

The proton-proton collision data analysed in this paper were collected between 2015 and 2018
at a centre-of-mass energy of 13 TeV with a 25 ns proton bunch crossing interval. Multiple
pp interactions occur per bunch crossing (pile-up), with a measured average of approximately
34 interactions. Application of beam, detector, and data-quality criteria [25] result in a total
integrated luminosity of 139fb~!. The uncertainty in the combined 2015-2018 integrated
luminosity is 1.7% [26], obtained using the LUCID-2 detector [22] for the primary luminosity
measurements and cross-checked by a suite of other systems.



This analysis searches for signatures with a significant missing transverse momentum
(77)
“soft-term” composed of all tracks associated with the primary vertex but not matched to any

This pss is calculated as the negative sum of all reconstructed objects and a
reconstructed object. The magnitude of this ﬁ%‘iss is the missing transverse energy, denoted as
ErTniSS. Due to the presence of two X! which don’t interact with the detector in the final state
considered in this analysis, events are required to satisfy a E%liss trigger [23, 27] and to present
an offline reconstructed ER exceeding 250 GeV [27] in order to ensure the full efficiency
of the trigger. To aid with the estimate of some of the SM background processes, events
are also selected using single-lepton triggers [28, 29] with corresponding offline thresholds
above 27 GeV used to ensure the lepton triggers are also fully efficient.

Samples of Monte Carlo (MC) simulated events are used to model the SUSY signal and
background processes in the analysis. The SUSY signal models were generated with MAD-
GrapPH5__AMC@NLO 2.8.1 [30] at leading order (LO) in QCD using the NNPDF3.0NLO [31]
set of parton distribution functions (PDFs) and interfaced with PyTHIA 8.244 [32] using the
A14 set of tuned parameters (‘tune’) [33] with NNPDF2.3L0 for the parton showering and
hadronisation, and with EVTGEN1.7.0 [34] for the modelling of heavy flavour hadron decays.
The samples were normalised using the cross-section calculations at next-to-next-to-leading
order (NNLO) in the strong coupling constant, adding the resummation of soft gluon emission
at next-to-next-to-leading-logarithmic (NNLL) accuracy [35-37]. The signal samples were
generated with both possible decays ; — tX1 and t, — 5% occurring with equal probability.
This allows a branching-ratio (BR) scan to be performed by applying a reweighting procedure
based upon the number of generated signal events of each decay-type.

The SM backgrounds considered in this analysis are: Z+jets production; W +jets produc-
tion; tt production; single-top-quark production; t¢ production in association with electroweak
bosons (tt + V'); multi-top and top rare processes (tW Z, tZ); and multi-boson production
(VV). The events were simulated using different MC generator programs depending on the
process. Details of the generators, PDF set and tune used for each process are listed in table 1.

For all the generated samples, the response of the detector was modelled with the full
ATLAS detector simulation [38] based on GEANT4 [39]. All simulated events were overlaid
with multiple pp collisions simulated with PyTHIA 8.186 using the A3 tune [40] and the
NNPDF2.3LO PDF set [41]. The MC samples were generated with variable levels of pile-up
in three campaigns which were reweighted to match the actual distribution of the mean
number of interactions observed in data in 2015-2018.

4 Event reconstruction

The analysis uses standard ATLAS reconstruction techniques with the object selections used
to define small-R jets, large-R jets, leptons (e, i), top- and b-tagged jets reported in table 2.
A loose set of requirements on the properties of the candidate objects is used to define
“baseline” objects. The baseline requirements for each physics object are shown in the second
column of table 2. The physics objects used to define selections and calculate kinematic
variables are required to satisfy tighter selections, referred to as the “signal” requirements,
and are presented in the third column of table 2. Baseline objects are used to estimate the
Emiss previously mentioned in section 3. A quality criterion for the matching of topological



Process ME event generator and order ME PDF PS and UE tune Cross-section

hadronisation calculation
V+jets (V =W/Z) SHERPA 2.2.1 [42], NLO NNPDF3.0NNLO [31] SHERPA Default ~ NNLO [43]
Multi-boson SHERPA 2.2.1 or 2.2.2 [44], NLO NNPDF3.0NNLO SHERPA Default  NLO
tt PowHEG Box [45], NLO NNPDF3.0NLO PyTHIA8.230 Al4 NNLO-+NNLL [46, 47]
Single-top PowHEG Box, NLO NNPDF3.0NLO PyTHIA8.230 Al4 NNLO-+NNLL [48-50]
tt+V AMCQ@NLO 2.3.3, NLO NNPDF3.0NLO PyTHIA8.210 Al4 NLO
tWZ,tZ AMCQ@NLO 2.3.3, NLO NNPDF3.0NLO PyTHIA8.230 Al4 NLO
ttt, tttt AMCQNLO 2.3.3, NLO NNPDF3.1NLO PyTHIA8.230 Al4 NLO

Table 1. Summary of the simulated background samples. ‘ME’ stands for matrix-element, ‘PS’ for
parton shower and ‘UE’ for underlying event.

cell clusters [51] in the electromagnetic calorimeter to electrons is also imposed in events
containing electrons with |n| € [1.37,1.52] in data recorded during 2015 and 2016.

After the baseline objects are defined, an overlap removal procedure is applied to prevent
double-counting of tracks and energy depositions associated with overlapping jets, electrons
and muons. The procedure applies the following actions to the event. First, baseline electrons
are discarded if they share a track in the inner detector with a baseline muon. Next, any
jet within a distance AR = /(Ay)2 + (A¢)Z = 0.2 of a baseline electron is discarded and
the electron is retained, if the jet is not identified as a b-tagged jet, otherwise the jet is kept
instead. Similarly, any jet satisfying Ny < 3 (where Ny refers to the number of tracks
with pr > 500 MeV that are associated with the jet) within AR < 0.2 of a baseline muon is
discarded and the muon is retained. Finally, baseline electrons or muons within a distance
AR < 0.4 of any remaining jet are discarded.

For charm tagging, a non-standard, analysis-specific c-tagging algorithm, denoted DL1r,,
was optimised. It is based on the DL1r algorithm used for b-tagging [52] that provides three
probabilities of a jet to be coming from the hadronisation of a b-quark (b-jet), a c-quark
(c-jet) or a lighter quark/gluon (I-jet). These three probabilities are combined in a similar
manner as in the b-tagging algorithm, but with tuned parameters optimised to identify jets
containing c-hadrons. To avoid ambiguities in identifying a jet as both a c- or b-jet, priority
is given to b-tagged jets. Namely the two tagging algorithms, DL1r and DL1r., are run
in sequence with the b-tagging algorithm taking precedence, and if a jet is classified as a
b-jet, it is no longer considered as an input to the c-tagging algorithm. This technique is
referred to as c-tagging with b-veto technique and is very helpful to avoid a large rate of
b-jets misidentified as c-jets. The chosen working point for the b-tagging algorithm is the
77% working point, which corresponds to an identification efficiency of 77% for b-jets and a
misidentification rate of 20% for c-jets and 0.9% for light flavour jets. The working point
selected for the c-tagging algorithm (including the effect of the b-veto) corresponds to a
20% c-jet efficiency, with rejection factors of 29 for b-jets and 57 for light-jets, evaluated on
simulated t¢ events. Similarities in the decay chain of hadronically decaying 7-leptons and
c-hadrons lead to a significant misidentification efficiency of 7-leptons as charm jets of the
order of 15%. Due to this, dedicated kinematic variables are defined at event level to reject
events containing hadronic 7-leptons, as described in section 5. The DNN top tagger [53] is
used to identify large-R jets which arise from top quark decays. The 80% efficiency working



Physics object Baseline requirements Additional signal requirements

Electrons Loose likelihood-based selection [54] Tight likelihood-based selection [54]
|z0sin 6| < 0.5 mm
In| < 2.47
pr > 4.5 GeV pr > 10 GeV
Isolation ‘Loose’ (pr > 200 GeV ‘HighPtCaloOnly’) [54]
|do/ody] <5
Muons Medium identification [55]
Inl <2.7
pr > 4GeV pr > 10GeV
Isolation ‘Loose_VarRad’ [55]
|do/ogy| <3
Small-R jets Particle-flow anti-k; R=0.4 [51, 56-58] Jet vertex tagger > 0.5 and |n| < 2.4 [59]
pr > 20GeV or pr > 60 GeV
In|] < 2.8
Large-R jets LCTopo trimmed R=1.0 [60]
pr> 200 GeV
In] <2.0
s Tight WP [61]
Top-tagged jets DNN top tagger [53]
80% efficiency WP
pr € [350,2500] GeV
m € [40,600] GeV
b-tagged jets DL1r tagger [52]
7% efficiency WP
c-tagged jets DL1r, tagger

20% efficiency WP

Table 2. Overview of the baseline and signal physics object definitions. The impact parameter along
the beam direction and the significance of the transverse impact parameter are denoted by zg sin
and |dg/o4,]|, respectively. Similarly, pr, 7, and m are the transverse momentum, pseudorapidity and
mass, respectively, for each physics object. WP is the considered working point for each jet tagger,
corresponding to the listed selection efficiency.

point is used and it is valid for top-tagged jets with masses in the 40-600 GeV range and
pr between 350 and 2500 GeV. Large-R jets outside these validity ranges are not identified
as arising from a top quark.

Scale factors are applied to account for differences between data and simulation for the
trigger, reconstruction, identification, and isolation efficiencies. In the case of the charm
tagging algorithm used in this analysis, dedicated scale factors and uncertainties were derived
using the same techniques as used for b-tagging algorithms [52]. The resulting scale factors
correct for differences between data and simulation in its c-jet efficiency and in its b-jet and
light-jet misidentification rate. In the pt range between 20 and 250 GeV, the c-jet correction
factors are found to be mostly compatible with unity, with systematic uncertainties ranging
from 17% at low pp (< 65GeV) to a few % for higher-pr jets. The b-jet correction and



light-jet factors are also found to be compatible with unity, with uncertainties ranging from
7% to 5% between 20 and 250 GeV for b-jets and around 13% for all light-jets. For jets with
pr > 250 GeV, the correction is assumed constant and an additional systematic uncertainty
due to the extrapolation is derived using MC simulation, with the uncertainty increasing
up to 30% for charm and bottom jets with pt of 3 TeV.

5 Analysis strategy

The kinematic properties of the SUSY signal under consideration are heavily dependent
upon the mass splitting Am/(f, )2[1)) Generally, the parameter space can be split into three
main regions: the “bulk” region, with large Am(t},f(?); the “intermediate” region where
the top squark and neutralino are relatively close in mass; and, finally, the “compressed”
region, where the mass splitting is such that the top quark from the #; decay is produced
just on-shell (Am(fl,f((f) N omy).

The general analysis strategy is to define Signal Regions (SRs) which target different
regions of the SUSY signal phase-space by placing selections on particle multiplicities and
kinematic variables. Control Regions (CRs) are then defined with negligible signal contamina-
tion and enriched in the main backgrounds present in the SRs. These CRs are orthogonal to
the SRs. A likelihood fit is performed where normalisation factors for the main backgrounds
are calculated in the CRs and extrapolated to estimate the contributions of these backgrounds
in the SRs. Finally, Validation Regions (VRs) are defined, again, non-overlapping with
the SRs and the CRs, to investigate the modelling of the backgrounds and confirm the
normalisation factor can be extrapolated to the SRs.

Many kinematic variables are employed in the definition of the SRs to isolate the SUSY
signals and to reject events arising from the SM background. In addition to selections on the
number of b-tagged jets (Npjets), c-tagged jets (Nejets), large-R jets compatible with arising

DNN) miss
)

from a top quark (N, 7%, and selections on the transverse momentum of the jets

tops
(P1(j/b/c)), more complex variables are used, and are described below.

o Ad(j1-4, EF™ ) min, Ad(j1-3, EX™)min.
The minimum difference in azimuthal angle between any of the leading four (ji_4) or
three (ji—3) jets and the ER. In regions with zero lepton this variable removes the
contribution from multi-jet processes which arise from jet mismeasurement leading to
“fake” EMISS in the final state.

o mr(c, E%liss)min, mr(b, E%liss)min.
The minimum value of the transverse mass calculated between any of the c-tagged
(b-tagged) jets and the missing transverse momentum vector. The transverse mass (mr)
is defined as:

mr = \/QpT(c/b)E%ﬂss(l — cos Ag(c/b, ERss)).

In tt events, these variables present kinematic end-points at truth-level around the mass
of the top quark and the W-boson, which is exploited to reduce the ¢t background.

o mr(c, B max, mr(b, EF™)max.
The maximum value of the transverse mass when calculated between any of the c-tagged



(b-tagged) jets and the missing transverse momentum vector. These variables are used
to enhance the signal against the t¢ background, as the ¢t background tends to have
lower values than the signal.

mr (]7 E’%ﬂiss)close-

The transverse mass calculated between the jet closest in azimuthal angle to the missing
transverse momentum vector and the missing transverse momentum vector itself. This
variable is used in conjunction with the A¢ variables to remove the contributions from
multijet processes with “fake” Eﬁ’?iss.

Emiss Sig,
The global Elfniss significance, calculated including the parameterisations of all objects,

defined as:

. ﬁ%‘nissp
ET™Sig = B .
ot (1= pir)

Here o1, is the summed momentum resolution of all the objects entering the E%ﬁss
calculation in the direction parallel to the IS direction (longitudinal direction),
while ppr is the correlation factor between this longitudinal resolution and the total
momentum resolution in the transverse direction to pi. This variable is used to
discriminate between events where the ER arises from invisible particles in the final

state and events where the ER arises from poorly measured particles [62].

m12(jf—1.0: €)-
The stransverse mass variable [63], a generalisation of the transverse mass for the case
in which two semi-invisibly decaying particles are pair-produced, defined as:
mro(Fh PR PS) = min{maxfmr(Fh, @), mr (52, 32}
qr+qp=pp"*°
This generalization assumes that two visible particles, each reconstructed as one of
the objects defined in section 4, and two invisible particles, reconstructed as E%ﬁss, are
produced. A minimization is then performed on the transverse mass of the combinations
between the two visible particles and all the possible transverse momenta configurations
of the two invisible particles, denoted as g1 and ¢#, consistent with the observed EXsS. In
this analysis, the two visible objects in the decay, with transverse momentum denoted as
Pt and p2, are: a large-R jet in the event containing a b-tagged jet (Ag(i%_; o, b) < 1.0);
and a c-tagged small-R jet. If, in a given event, there is more than one large-R jet
containing a b-tagged jet, or more than one c-tagged jet, the large-R jet and c-jet with
the highest pr are used in the calculation. No top-tagging requirement is imposed on
the b-tagged large-R jet. This allows the use of this variable in the definition of all
regions across the analysis, regardless if those regions require events with a top-tagged
jet or not. For the high-mass #; signal this variable is expected to extend to large
values, whereas for the t¢ background this variable should dramatically drop-off at the
top quark mass.



® Meff.
The effective mass, the scalar sum of the transverse momenta of all jets in the event
and the EXss defined as:
Njets

meg = »_ pr(ji) + B
i=0

Generally, for the signal scenarios considered, the meg extends to high values, compared
to the SM backgrounds which generally have lower values of meg.

Four orthogonal sets of SRs were designed to target the different areas of parameter
space, with SRA targeting the bulk region, SRB and SRC targeting the intermediate region,
and SRD targeting the compressed region. Due to general similarities between the kinematics
of the bulk and intermediate regions, SRA, SRB and SRC have generally similar selections
and primarily differ based upon the usage of the my( j%:l.m ¢) variable and the number of
top-tagged jets present in the event. Due to the similarity between the SRA, SRB, and SRC
regions, common CRs are used to predict the main SM backgrounds, and common VRs are
used to validate the background modelling. The kinematic properties of the SRD region
are significantly different, with a selection requiring the presence of initial-state radiation
(ISR) to boost the sparticle system, providing enough EIT]rliss to satisfy the trigger selection.
All SRs require that events contain zero leptons, at least one b-tagged jet, at least one
c-tagged jet, and high Ell?iss.

The full selections used to define the A-, B-, and C-type regions are summarized in table 3.
Commonalities among these regions include specific selections based on large values of EXISS,
EXss significance, and my(c, EX) i, between the c-tagged jet and the EXSS. SRA is kept
orthogonal to the SRB region using the number of top-tagged large-R jets (NBESN(R = 1.0)),
with SRA requiring at least one top-tagged jet whereas SRB requires exactly zero top-tagged
jets. The SRA and SRC regions are orthogonal due to the selection on mmps( j%:m, c¢). The
SRB and SRC regions are also orthogonal due to the selection on Nt]gg]SN (R =1.0), with SRB
requiring zero top-tagged jets whereas SRC requires at least one.

In the parameter space targeted by the SRA region, very large values of mra(j%_; ¢, ¢)
are expected. To enhance sensitivity to these signals when performing the model dependent
interpretation, a multi-bin fit is performed, and two bins of mr2(j%_, o, c) are used: [450,575]
and > 575 GeV. For the intermediate region of parameter space, lower values of mpo( jl}z:wv c)
are expected, so, instead, sensitivity can be enhanced by performing a multi-bin fit in the
mr(j, ER5) 0se variable. The SRB region is split into three orthogonal regions in the
mr(j, ER55) se variable: [100, 150], [150,400] and > 450 GeV. SRC uses a similar strategy,
however, with a finer granularity of mr(j, ES5) s bins: [100,150], [150,300], [300, 500],
and > 500 GeV. When performing the model-independent fit, the same lower bounds are
used for the SRA, SRB, and SRC regions as in the model-dependent fit, however, the upper
bounds on the bins are removed, allowing for more general regions than those used for the
model-dependent interpretation.

The largest background contribution in SRA, SRB, and SRC originates from Z + jets
events, followed by single-top quark (‘single-top’) or W + jets events. Due to the stringent
requirement in ES significance and A@(j1—4, E¥)min, the multijet background is negligible.
Common CRs are used to estimate the main backgrounds for both of the SRA and SRB



Variable SRA | SRB | SRC | VRZABC| CRstAC | CRZB | CRZAC

Trigger ETmiSS Trigger 1L Trigger
Baseline & -0 =1 = 2 SFOS
signal leptons N (pT > 30GeV) (pr > 30GeV)
pE— >250 | 2300 | >250 | >250 > 250 < 150
B2 [Gev] - > 250

(Npojets, Ne-jets) (> 1, > 1) (Leading jet is either b-tagged or c-tagged)
Niets >3 | >5 | >3 | Bg | >3 >5 | >3
pr(j1) [GeV] > 50 > 20
A¢(j1—47 E%liss)min Z 0.4 ‘ -
mye [GeV) — [76,106]
mr(c, B¥) min > S > o
GeV] > 200 > 300 > 150
mr(c, Efﬂiesgs)min o
[GeV] = 150
N _ o _

(R = 1.0) >1 =0 >1 >1 =0 >1
pr(br) [GeV] > 20 > 20 > 100 > 20 > 20 > 20
pr(er) [GeV] >20 | >100 | > 100 <200 > 20 > 20
pr(jz) [GeV] >20 | > 100 > 20 > 20 > 20 > 20
pr(ja) [GeV] — > 50 — — — —

mr (¢, BF) max . . . -
GeV] > 400 < 400 > 400

p (b, B B B . B N B
o 200, 700] > 200 > 200

me(by ETmiss)min o
o > 200 > 300 > 200

mr(§, B close % > o
GeV] > 100 > 100 > 150 > 200

Emiss Sig > 18 > 10 > 17 [15,17] 12, 22] > 10 > 17
mT2(j%=1.ch) * o o

GeV] > 450 > 150 [200, 450] > 200

Table 3. Analysis selections for the A-, B-, and C-type regions associated with the SRs targeting the
bulk and intermediate signal mass scenarios respectively. Selections denoted by an * are split into
multiple bins (for the SR considered) when the model-dependent fit is performed and the selection
shown in the table is the lower-bound on the selection used for the given region. ‘SFOS’ indicates
that the selected leptons are required to have the same flavour and opposite-sign electric charges, such
that they are compatible with the decay of a Z boson. More information about the fit strategy is
provided in the text.

regions, with a single VR used to validate the background estimate strategy. CRs requiring
two leptons (2L) are used to extract a normalisation factor for the Z + jets background. In

these regions the leptons are subtracted from ﬁ%‘iss, and are used as a proxy for neutrinos

miss

mimicking the Z — vv decay. This “lepton-corrected” EX is denoted by T.¢0 and in the
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2L regions is used when calculating all kinematic variables. The CRZAC region is used to
normalise the Z + jets process in both of the SRA and SRC regions (as both of the regions
require one top-tagged large-R jet). The CRZB region is used to estimate the Z + jets
background in the SRB region, where the presence of a top-tagged large-R jet is explicitly
vetoed. A CR requiring exactly one lepton (1L), denoted CRstAC, is used to estimate the
single-top contribution in the SRA and SRC regions by specifically requiring the presence
of one top-tagged large-R jet in the event. Due to the subdominant contribution of other
potential SM backgrounds, no further CRs are defined, and rather the contributions from
these processes are estimated directly from simulation. A single OL VR, denoted VRZABC, is
used to validate the modelling of the Z + jets background in all three SRs. This OL selection
is inclusive relative to the number of top-tagged jets in the event, and hence can be used
to validate the modelling across all SRA, SRB, and SRC regions.

Due to the small mass difference between the 7 and X} targeted, the kinematics in the
SRD region are dramatically different from the other SRs. An ISR-like selection, requiring
additional jet activity, is used to “boost” the sparticle system providing the large ErT]rliSS
to satisfy the trigger selection. The full selections used to define all D-type regions are
summarized in table 4.

Generally, the selections for the SRD region follow a standard ISR-like selection with
a high-pr leading-jet which is not b- or c-tagged. Due to the similarity of the signal with
the main SM backgrounds of t£ and V + jets, a dedicated multi-class neural network (NN)
was developed to isolate the signal against these two main backgrounds.

The NN [64] is defined using the PYTORCH library [65] to identify signal events which
contain the mixed tc + EX decay, tt, and V+ jets. To avoid issues due to the finite size
of the training dataset, this NN is trained using events which satisfy a looser OL ISR-like
selection (which is a baseline for the SRD definition) and uses a total of 44 low-level variables?
to produce three output scores according to the likelihood for a given event to be signal-like,
tt-like or V + jets-like. Binary scores were also considered to separate signal and background
events, but they were found to be suboptimal compared to the considered three output scores.
A dedicated hyperparameter optimisation is performed with a “leaky ReLU” activation
function [66] and the model is optimized by minimising a cross-entropy loss function. The
key variables found to be useful by the NN are EXS_ the b-jet multiplicity, and the pr of
the two leading jets. A “leaky ReLLU” activation function is also applied to the final layer
of the NN leading to an output which is a set of scores per event for the three categories
mentioned above. The signal score (“NN signal score”) is later used to define SRD. The
V +jets (“V +jets score”) score is implemented in the W + jets CR defined below, to enhance
the W + jets contribution. As defining a region enhanced in tt is comparatively simple in
the parameter space targeted, the output corresponding to tt events is unused.

In the parameter space targeted by SRD, large values of m.g are expected. When con-
sidering the model-dependent interpretation, a 2D binning in both meg and mr(j, E¥S)ose
is employed to further enhance sensitivity to the signal. The binning in meg is as follows:
SRD750, [750,1000]; SRD1000, [1000, 1250]; SRD1250, [1250, 1500]; SRD1500, [1500, 1750];
SRD1750, [1750,2000]; and SRD2000, > 2000 GeV. The four lowest meg bins are further sub-

3The pr, n, A¢(j, E2%) and flavour of the 6 jets of the event with the highest-pr; the pr, 7, A¢(j, BR)
of the 2 highest-pr b-tagged and c-tagged jets of the event; the jet, b-jet and c-jet multiplicities; and the FE3ss,
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Variable SRD | CRttD | CRWD CRZD VRD
Trigger EIT]rliSS Trigger 1L Trigger E%liss Trigger
N“H;?ge;a‘ii:;tsjre S - 2*3[1) V) =2 (pr > 30GeV) =0
ERss [GeV] > 250 < 100 > 250
BT [GeV] — > 250 —
Niets > 3 (Leading jet not b- or c-tagged)
Nejets >1
N jets >1 > 2 =1 > 1 > 1
mT(c[,(fj\‘/]SS)mm > 100 > 150 > 100 > 100
pr(j1) [GeV] > 100
pr(ja) [GeV] > 30
ERiss Sig > 6
A¢(j1-3, ER) i > 0.3 — > 0.3
A(j1-3, EXF )min — > 0.3 -
mr [GeV] — > 30 (30, 120] —
NN V + jets score — >0 —
AR(j1, j2) > 1.0
AR(b1,11) — > 1.8 -
my [GeV] — [76,106] —
NN signal score > 0.75 > 0.0 [0,0.5]
Mot [GeV] > 750 * | > 750 * — > 750 *

Table 4. Analysis selections for the D-type regions associated with the SR which targets compressed
signal scenarios. Selections denoted by * are split into multiple bins when the fitting procedure is
performed and the selection shown in the table is the lower-bound on the selection used for the given
region. More information about the fit strategy is provided in the text.

divided using the mr(j, EX%)os variable: SRD750 is split into four bins [0, 100], [100, 200],
[200, 300], and > 300 GeV; SRD1000 is split into three bins [0, 100], [100,200], > 200 GeV;
and both SRD1250 and SRD1500 are split into two bins of [0,100] and > 100GeV. In a
similar manner to the SRA and SRB regions, when performing the model-independent fit, the
lower bound of the meg selections are used, with the upper bounds removed. For the SRD750
and SRD1000 regions the mr(j, ErTmss)dOse selection is increased to > 200 GeV, whereas for
the remaining SRD regions, it is removed.

The multijet background is also negligible in the SRD region, its main backgrounds being
tt, W+ jets, and Z+ jets. Three dedicated CRs are defined to estimate the backgrounds from
these processes. The CRZZ region is a 2L region where (as in the CRZAC and CRZB regions)
the leptons are subtracted from the E%‘iss calculation and mimic neutrinos from the Z boson
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decay, and the lepton-corrected E%“,i&s is used in all calculations. To constrain W + jets and

tt, single-lepton CRs are used (CRWD and CRttD respectively), which are orthogonal due to
the Np.jets selections used. In these 1L regions, the lepton is added to the jet collection to
mimic the scenario where a hadronic-7 in the zero-lepton selection is misreconstructed as a
jet. Additionally, to ensure a region pure in the W + jets process, the output V + jets score of
the NN classifier is used. A common 0L VR, denoted VRD, is defined requiring the NN score
in the range [0.0,0.5]. It is thus orthogonal to the SR, for which the NN score is required to
be > 0.75, and is then used to validate the extrapolation of the three main backgrounds.

As mentioned in section 3, the ¢ background is modelled at NLO using POWHEG Box [45].
A mismodelling of the top quark pr distribution was observed for these simulated samples [67,
68]. The top quark pr is highly correlated with the meg distribution used in the D-regions, thus
CRttD and VRD regions are also binned in mg in order to respectively correct and validate the
tt background prediction in the meg-binned SRD. For CRttD, three bins in meg are considered:
CRttD750, [750,1000] GeV; CRttD1000, [1000, 1250] GeV; and CRttD1250, > 1250 GeV. The
lack of statistical precision at high-meg prevents applying a finer binning at high-meg. This
is compensated by a finer binning in the VRD region: VRD750, [750,1000]; VRD1000,
[1000, 1250]; VRD1250, [1250,1500]; VRD1500, [1500,1750] and VRD1750 > 1750 GeV.
This latter bin also includes a ER < 600 GeV requirement to minimize a possible signal
contamination.

6 Systematic uncertainties

This analysis considers several sources of uncertainty, of both experimental and theoretical
nature, that affect the prediction of the SM background and the SUSY signal in all channels.

The jet energy scale and resolution uncertainties (for both the small-R and large-R jets)
are derived as a function of the jet pr, n, and flavour, using a combination of data and
simulated events, as detailed in refs. [69]. These uncertainties also take into account the
different pile-up conditions during the four years of data-taking.

Uncertainties in the correction factors for the b- and c-tagging identification efficiencies are
applied to the simulated event samples. The corrections are extracted from dedicated flavour-
enriched samples in data [70-72]. An additional term is included to extrapolate the measured
uncertainties to the high-p region of interest. This term is calculated from simulated events
by considering variations on the quantities affecting the b-tagging performance, such as
the impact parameter resolution, percentage of poorly measured tracks, description of the
detector material, and track multiplicity per jet. The dominant effect on the uncertainty
when extrapolating to high-pr is related to the different tagging efficiency when smearing the
track impact parameters based on the resolution measured in data and simulation.

Uncertainties connected with the lepton reconstruction and identification are included
in the fit, and they are found to have a negligible impact. All uncertainties in the final-
state object reconstruction are propagated to the reconstruction of the EI including an
additional term taking into account uncertainties in the scale and resolution of the soft term.

The uncertainties related to the modelling of the SM background processes using MC
simulation are taken into account. The modelling uncertainties are assumed to be correlated
between different SRs but are uncorrelated between the different processes considered. Un-
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certainties related to the modelling of the ¢t and single-top processes arise due to the choice
of hard-scattering generator and the matching scheme, and these uncertainties are evaluated
by comparing the nominal samples with an alternative generator (MadGraph5_aMC@NLO).
The uncertainty due to the choice of PS and hadronisation model is calculated by comparing
the nominal sample with a sample produced with Powheg interfaced to HERWIG 7 [73, 74].
Variations of the renormalisation and factorisation scales, the initial- and final-state radiation
parameters and PDF sets are also considered [75]. Specifically for the single-top process,
a systematic uncertainty corresponding to the interference term between single-top and tt
events (at NLO) is applied by comparing the nominal sample, generated with the diagram
removal (DR) scheme, with a dedicated sample generated with the diagram subtraction (DS)
scheme [76]. The modelling uncertainties related to the Z + jets and W + jets processes are
evaluated using the 7-point renormalisation and factorisation scale variations [77], varying
these scales by factors of 0.5 and 2. The matrix element matching and the resummation
scales are also varied by 0.5 and 2. A conservative 100% uncertainty is applied to Z + jets
events containing both a true b- and c-quark in the final state. For rare backgrounds that are
not normalised in any region (multi-boson, ¢tV and ¢t + X), a conservative 30% uncertainty
is applied, covering the difference between the theory prediction for these subprocesses and
their measured cross-section by ATLAS plus one standard deviation [78-83]. Similarly, an
uncertainty of 5% is applied on ¢t and W + jets processes in regions A, B and C, an uncertainty
of 30% is applied to single-top processes in the D-regions, and an uncertainty of 10% is
applied to tt Z processes in all regions as these backgrounds are not normalized in any region.
For the SUSY signal scenarios, systematic uncertainties are also calculated by varying the
factorisation and renormalisation scales, the ISR parameters, and the choice of PDF. The
maximum uncertainty for any signal mass scenario is found to be 20%.

The breakdown of the systematic uncertainties in the post-fit background prediction is
shown in figure 2. The contributions are split by model-dependent SR. The total uncertainty
shown is not simply the sum in quadrature of the individual uncertainties due to correlations
between the components resulting from the fit. In the A-type regions, the dominant uncertainty
arises from the experimental uncertainties of the large- R jets, driven by the relatively high-pr
large-R jets in this region of parameter space. In the B-type and C-type regions, the main
contribution is from the small-R jet uncertainties due to the tight selections on the leading b-
and leading c-jet pr. In the D-type regions, the main uncertainty is the uncertainty in the
background normalisation parameters, as, in comparison to the other SRs, the CRDs and
SRD are kinematically much closer. This generally results in a reduction of the impact of
the uncertainties in the SRs, absorbed by the normalization parameters of the background,
leaving the uncertainty from the background normalisation in the CRs as the dominant
systematic uncertainty. The statistical uncertainties on the MC also contribute to the total
uncertainty of the background, particularly in SRA, SRB and SRC due to the tight selection
criteria of these regions.

7 Results

The presence of supersymmetric signals is explored by performing multi-bin fits that maximize
a likelihood function, L£(u, @), constructed as a product of Poisson probabilities for all bins
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Figure 2. Summary of the systematic uncertainties affecting the background yields in the SRs
after the likelihood fit to data (‘Post-fit’). The “Detector” category contains all detector-related
systematic uncertainties. The “Background normalisation” represents the uncertainty in the fitted
normalisation factors, including the available data event counts in the CRs. The “Theory and
modelling” represents the theoretical uncertainties of the modelling of the SM background processes.
The individual uncertainties may not sum (in quadrature) to the total uncertainty due to correlations
between the different components. Each superscript stands for the limits of each bin defined for the
corresponding SR as presented in section 5. For instance, SRAM120:575] refers to events in the SRA
region with mr2(j%_; o,¢) € [450,575]GeV.

considered in the search. This likelihood depends on a parameter of interest ji5i = ofit Jotheory

defined as the ratio of the fitted signal cross-section being tested (Uﬁt) and its theoretical

theory) " The effects of many sources of systematic uncertainty in both the signal

prediction (o
and background yields are included when performing the likelihood fit through the introduction
of nuisance parameters that impact the expectation values of the poissonian terms for each CR
and SR bin. The nuisance parameters are described by Gaussian probability density functions,
with the standard deviations on the functions corresponding to a specific experimental
or theoretical modelling uncertainty. The preferred value of each nuisance parameter is
determined as a part of the likelihood fit. Unconstrained normalization parameters (fipig)
are also defined to adjust the background predictions in the kinematic regime probed by this
search. The fits performed do not significantly alter or constrain the nuisance parameter
values relative to the fit input.

Three likelihood fits are performed: the “background-only” fit, which corrects the SM
background prediction in all regions of the analysis by performing a fit only in the CRs and
applying the resulting normalisation parameters to the SM prediction in the VRs and SRs; the
“model-dependent” fit, which uses both of the CRs and SRs to evaluate the confidence-levels
(CLs) for a specific signal hypothesis; and the “model-independent” fit, which is used to
calculate the p-value of the SM-only hypothesis [84], again, using both the CRs and the SRs.

When performing the background-only fit, the CRs are used in the likelihood, and the
fitted background estimate is then compared with the observed yields in the VRs and SRs.
A single fit is performed using the associated CRs for the A, B, C, and D regions. The SM
processes which do not have an associated CR are derived from the MC prediction, but they
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are allowed to vary within their own uncertainties in the fit. Concerning the A, B, and C
regions, there are two unconstrained normalisation parameters, for the Z 4+ jets and single-top
backgrounds. For the D regions, there are five unconstrained normalisation parameters, one
for W + jets, one for Z + jets, and three normalisations (split over the different meg bins
corresponding to the SRs) for the ¢ background. Due to the different phase-space targeted by
the SRD region, the normalisation factors calculated from the ABC regions are applied solely
to the ABC regions, and similarly for the D regions. The top panel of figure 3 presents the
pre-fit agreement between the data and the SM predictions in the CRs, which is subsequently
used to estimate the background normalization parameters shown in the bottom panel. These
normalisations are mostly consistent with unity, aside from the single-top normalisation.
A relatively large uncertainty is also found for the single-top normalisation, driven by the
comparison between the DR and DS calculation schemes. As the single-top background is
sub-dominant and is a relatively small contribution to the SRs in comparison to the Z + jets
background, the single-top normalisation and associated uncertainty is not of great concern.

Generally, good agreement is observed between data and post-fit background in all VRs,
which is shown in figure 4. The statistical significance [85] of the deviations between the
observed data and the post-fit SM is also evaluated in all VRs, showing a maximum deviation
of less than 20, confirming the good modelling of the main background provided by the fit
strategy. Finally, figures 5 and 6 present the post-fit SM yields and observed data in the SRs
using the selections and the bins for the model-dependent fit defined in section 5. The largest
background contribution in the SRA and SRB regions is Z + jets, followed by single-top.
There are deviations from the SM prediction in the fit to the SRs, with a largest deviation of
20, generally corresponding to the SRs which contain the tightest mra( j??:l.O’ ¢) selections.
The dominant background in the SRD regions is ¢, followed by V + jets and then single-top
production. The post-fit SM is in very good agreement with the data with a largest deficit
of 1.8¢ in the SRD1500 high-mr(j, E¥)jese bin.

Figures 7 and 8 present a selection of key kinematic variables in the SRs, where the arrow
shown denotes where the selection on that variable is applied in the relevant region. The
~ 20 discrepancies in the SRA and SRC regions are already present in these distributions.
For the SRB and SRD selections, it is seen that generally there is good agreement between
the post-fit SM prediction and the observed data.

The model-dependent fit takes into account the contribution of the specific signal model
that is being considered in all CRs and SRs to derive 95% CL exclusion limits on the SUSY
signal scenarios. These limits are obtained by performing a combined fit to all SRs, i.e. SRA,
SRB, SRC and SRD, increasing the sensitivity to the SUSY signal models considered by using
the orthogonal bins as described in section 5. The result of this combined fit is presented in
figure 9, where the BR(#; — t+>~<(1)): 0.5 is chosen, as this scenario gives the maximal number
of tc + EMsS events. The effect of the 1.80 over-fluctuation of data in the A and C regions is
clearly observed. Despite this, an exclusion up to 800 GeV on top-squark masses is observed
for a massless neutralino. In the compressed region, top-squark masses up to 600 GeV are
excluded. Figure 10 presents an alternative interpretation, where the neutralino mass is fixed
to 1 GeV and the BR of the t; — t + X1 decay is allowed to vary between zero and one. As
expected, the maximal sensitivity in this interpretation is obtained for BR(#; — t + 32(1)): 0.5.
A relatively high sensitivity is still found as the BR moves to 1 for the £; — t + X1 decay,
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Figure 3. Control region data and SM prediction yields before performing the background-only fit
(top-panel) and the obtained normalisations after performing the background-only fit (bottom panel).
Generally, the normalisation parameters are found to be consistent with unity. Both systematic
and statistical uncertainties are considered in the uncertainty band. The pupig label represents the
normalisation parameter for the SM background calculated from the relevant CR, for example in
CRZB, ppig represents the normalisation for the Z + jets background.
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Figure 4. Validation region yields and statistical significance [85], derived from the background-only
fit. The post-fit VR yields are found to be consistent within 2o of the observed data. Both systematic
and statistical uncertainties are considered in the uncertainty band.
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Figure 5. Background-only post-fit SM yields and statistical significance in the model-dependent SRA,
SRB, and SRC selections. The largest deviation between the post-fit expectation and the observed
data is close to 20 in three regions. Both systematic and statistical uncertainties are considered in the
uncertainty band. The pre-fit contribution for representative signal scenarios in each analysis region is
shown for illustrative purposes.
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Figure 6. Background-only post-fit SM yields and statistical significance in the model-dependent
SRD selections. The largest deviation between the post-fit expectation and the observed data is a 1.8¢
deficit in the SRD1500 with mr (7, E%‘iss)dosc > 100 GeV. Both systematic and statistical uncertainties

are considered in the uncertainty band. The pre-fit contribution for representative signal scenarios in
each analysis region is shown for illustrative purposes.

,18,



T T T T

12—ATLAS zijets Mtz

T T T

2 3 >
S 60—ATLAS Z+jets [l W+jets — 8
@ Vs=13TeV, 139 fb" Mothers Mtz B o Vs =13 TeV, 139 fb" B Wsiets i
50— SRA, post-fit tt Msingetop ] ©° 10[— SRA, post-it Wothers [l Single-top
4%5SMTotal ¢ Data ! 1] $5SMTotal ¢ Data
40 { m(T“;‘:):moA) ? § 8 m(i“z’f):(sua,w)
30 -== mZ)=(1000,100  —] w 6 2~ == m(i,%)=(1000,100)
B 2
20 = 4 -
E 7
10 3 2 Z
sp v 23 T
s 187 7 7 . 7 8 1EX 7 Z Z / 7 Z 7 %
5 o G 5 o3 KRN0
0 1 2 >3 200 300 400 500 600 700 800
Neps (R=1.0) mea(i?_, ,» ©) [GeV]
(a) (b)
> T T T T T T T T T > 30 T T T T T T T T A
8 14—ATLAS Z+jets [l W+iets | 8 ATLAS Z+jets [ W+jets B
=S Vs =13 TeV, 139 fb" " B Others E o  opff-13TeV 1301 0 Msrgecp |
2 SRB, post-fit | 4 M Single-top 7 2 [, SRB, post-fit Wothers Wtz B
g 10 %4 SM Total ~+nData — g 20¢4 %4 SM Total FénData 4
5] «= =+ m(f,7)=(700,400) B o -= - = m({,3)=(700,400) B
o 8 i, 7)-(500.325) — w 15 mi,7)=(500,325) 3
===+ m(f,7)=(1000,100) .| m(f, %;)=(1000,100) .|
6 3
4 3
5 3
2 3
....... Bt bl
s EOT RN NI VLT A7 = 2 RARRRE Y BB 0 Y~ 72 7 Y
» 15 » 15
) tww)))
Q7 2 L L ! f 4 g/t Q 0 L I I/ Gl
0 100 200 300 400 500 600 700 800 9001000 0 100 200 300 400 500 600 700 800 9001000
. miss:
p,(c) [GeV] (B ) s, [GEV]
(c) (d)

Figure 7. A selection of kinematic distributions in SRA and SRB, presented without the associated
SR selection applied to the variable under consideration: (a) presents NOXN in SRA; (b) mra(j%_; o, )
in SRA; (¢) pr(c1) in SRB; (d) mr(j, ER5%)g0se in SRB. The selection applied on the given variable
is represented by the arrow. The right-most bin in each histogram contains the overflow entries.
The expected distributions for representative signal scenarios in each analysis region are shown for
illustrative purposes.

primarily arising from the identification of c-jets from W boson decays. In this scenario, for
BR(t; — t + )2(1]) > 0.5, top-squark masses are excluded up to 800 GeV, whereas in the case
where BR(t] — t + 32(1)) = 0, the mass exclusion is reduced to 600 GeV.

The model-independent fit is performed by including the signal regions with an inclusive
binning to maximise the general sensitivity to new phenomena, as previously discussed. A
profile-likelihood-ratio statistic is used with a signal strength of ugs assumed to contribute
only to the SR, and is used to assess the p-value of the background-only hypothesis, and
to extract observed and expected 95% confidence level (CL) limits on the number of signal
events (S% and Sggz’p respectively). The 95% CL limit on the observed visible cross-section
(eaggs, where € denotes the efficiency times acceptance) is calculated by dividing Sf)’gs by
the total integrated luminosity. Table 5 presents these results for the inclusive SRs. The
calculated p-values (and thus model-independent limits) generally reflect the 1.80 differences

between the observed and expected yields in the SRs.
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Figure 8. A selection of kinematic distributions in SRC and SRD, presented without the associated
SR selection applied to the variable under consideration (except for the SRD meg distribution at the
bottom right plot): (a) EX Sig in SRC; (b) mr(j, E¥)ese in SRC; (¢) NN signal score in SRD; (d)
meg in SRD. The selection applied on the given variable is represented by the arrow. The right-most
bin in each histogram contains the overflow entries. The expected distributions for representative
signal scenarios in each analysis region are shown for illustrative purposes.

8 Conclusion

This paper presented a first search for £; pair production leading to signatures with mixed final
state containing a top-quark, a charm-quark and missing transverse momentum. Signal regions
are defined based on recent top- and charm-tagging techniques developed by the ATLAS
collaboration. Neural networks are also used to increase the discrimination of backgrounds for
compressed signal scenarios, traditionally difficult to probe. The SM background prediction
is corrected in dedicated control regions and verified in validation regions, both depleted of
signal contributions but representative of the kinematics of the SRs.

A multi-bin profile likelihood fit is performed to assess the agreement of the signal and SM
predictions against data. No significant deviations are observed from the expected background
prediction. The largest deviation reaches a significance of 1.80 in the SRs targeting the
bulk and intermediate region of parameter space. In the optimal scenario for this analysis,
where the branching ratios for the £; — t + X! and 1 = c+ X! are equal, an exclusion
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Figure 9. Exclusion limits at the 95% CL in the m(f;) — m()z(f) plane, assuming BR(#; — t—i—f{?) = 0.5.
The dashed line, yellow band, and grey band present the expected limit, +1¢ uncertainty, and +2¢
uncertainty respectively. The solid red line presents the observed upper limit on the signal cross-section.
The dashed red lines present the observed upper limit if the signal cross-section is varied by +1o of
its predicted theoretical uncertainty.

on the top-squark masses up to 800 GeV is found for light neutralinos. In the compressed
region, considering the same branching ratio scenario, top-squark masses up to 600 GeV
are excluded. These constitute the first results to date at the LHC on a search for BSM
physics in this final-state signature.

Acknowledgments

We thank CERN for the very successful operation of the LHC and its injectors, as well
as the support staff at CERN and at our institutions worldwide without whom ATLAS
could not be operated efficiently.

The crucial computing support from all WLCG partners is acknowledged gratefully, in
particular from CERN, the ATLAS Tier-1 facilities at TRIUMF/SFU (Canada), NDGF
(Denmark, Norway, Sweden), CC-IN2P3 (France), KIT/GridKA (Germany), INFN-CNAF
(Italy), NL-T1 (The Netherlands), PIC (Spain), RAL (U.K.) and BNL (U.S.A.), the Tier-2
facilities worldwide and large non-WLCG resource providers. Major contributors of computing
resources are listed in ref. [86].

— 21 —



14
14

—
—

, t, production, ﬂ - ti?/c%?, m_,=1GeV
X‘
T

OA‘_ 1: T T | T T T | T T ,.‘I T T T |\ T T T T :
= gep ATLAS ‘| =
z-I-“ = (s=13TeV, 139 fb” ‘. .
= 98E Limits at 95% CL : E
M (7E = Observed Limit (+1cyoor) ‘, =
= ==~ Expected Limit (+1,,,) . =
0.6 - --- Expected Limit (+2 o,,,) ! =
0.5 . =
0.4F L =
03F =
0.2F K =
0.1 - =
0 E 1y | T T R R

400 600 800 1000 1200
m. [GeV]

1

Figure 10. Exclusion limits at the 95% CL in the m(¢;), BR(f; — t + >~((1J) plane, assuming
m(f((f) = 1GeV. The dashed line, yellow band, and grey band present the expected limit, +1o
uncertainty, and +2¢ uncertainty respectively. The solid red line presents the observed upper limit on
the signal cross-section. The dashed red lines present the observed upper limit if the signal cross-section
is varied by +1o of its predicted theoretical uncertainty.

We gratefully acknowledge the support of ANPCyT, Argentina; YerPhl, Armenia; ARC,
Australia; BMWFW and FWF, Austria; ANAS, Azerbaijan; CNPq and FAPESP, Brazil;
NSERC, NRC and CFI, Canada; CERN; ANID, Chile; CAS, MOST and NSFC, China; Min-
ciencias, Colombia; MEYS CR, Czech Republic; DNRF and DNSRC, Denmark; IN2P3-CNRS
and CEA-DRF/IRFU, France; SRNSFG, Georgia; BMBF, HGF and MPG, Germany; GSRI,
Greece; RGC and Hong Kong SAR, China; ISF and Benoziyo Center, Israel; INFN, Italy;
MEXT and JSPS, Japan; CNRST, Morocco; NWO, The Netherlands; RCN, Norway; MEiN,
Poland; FCT, Portugal; MNE/IFA, Romania; MESTD, Serbia; MSSR, Slovakia; ARRS and
MIZS, Slovenia; DSI/NRF, South Africa; MICINN, Spain; SRC and Wallenberg Founda-
tion, Sweden; SERI, SNSF and Cantons of Bern and Geneva, Switzerland; MOST, Taipei;
TENMAK, Tirkiye; STFC, United Kingdom; DOE and NSF, United States of America.

Individual groups and members have received support from BCKDF, CANARIE, CRC
and DRAC, Canada; CERN-CZ, PRIMUS 21/SCI/017 and UNCE SCI/013, Czech Republic;
COST, ERC, ERDF, Horizon 2020, ICSC-NextGenerationEU and Marie Sktodowska-Curie
Actions, European Union; Investissements d’Avenir Labex, Investissements d’Avenir Idex
and ANR, France; DFG and AvH Foundation, Germany; Herakleitos, Thales and Aristeia

— 922 —



Signal region (ea)? [fb]  S% 895 CLp po (Z)

obs obs exp
SRA (m12(j%_; ,¢) > 450 GeV) 0.10 144 84735 094 0.02(2.1)
SRA (m72(j%_; ,¢) > 575 GeV) 0.07 9.4 58729 0.89 0.04 (1.7)
SRB (m1(j, ER5) qose > 100 GeV) 0.17 24.1 16.8779 0.85 0.09 (1.3)
SRB (m1(j, ER5) qose > 150 GeV) 0.16 22.8 132752 0.95  0.03 (1.9)
SRB (m(j, ER) ose > 400 GeV) 0.08 1.3 65755 092 0.04 (1.8)
SRC (m1(j, E25%) 1ose > 100 GeV) 0.09 126 9.6757  0.76 0.22 (0.76)
SRC (mr(j, EITmbb)dosc > 150 GeV) 0.09 1.9 87135 081 0.15 (1.0)
SRC (m(j, B2 ose > 300 GeV) 0.08 11.0 7.8"3% 083 0.13 (1.1)
SRC (m (4, E‘Tm”)dose > 500 GeV) 0.02 2.5 4.0"%%  0.13  0.50 (0.00)
SRD (meg > 750 GeV, mr(j, EF™)cose > 200 GeV) 0.15 20.4 185781 0.58 0.50 (0.00)
SRD (1meg > 1000 GeV, mp (4, B255) gose > 200 GeV) 0.10 13.9 13.7735 052 0.50 (0.00)
SRD (meg > 1250 GeV) 0.30 41 37712 0.60 0.50 (0.00)
SRD (meg > 1500 GeV) 0.09 12.9 14.67%3  0.36 0.50 (0.00)
SRD (meg > 1750 GeV) 0.09 121 91735 077 0.20 (0.84)
SRD (meg > 2000 GeV) 0.05 7.3 5.6 0.70  0.26 (0.64)

95

Table 5. 95% CL upper limits on the visible cross-section ({eo)5p,) and on the number of signal
events (S% ). The third column (S22.) shows the 95% CL upper limit on the number of signal events,

obs exp
given the expected number (and +10 shifts of the expectation) of background events. The last two

columns indicate the CLp value, which provides a measure of compatibility of the observed data with
the 95% CL signal strength hypothesis relative to the fluctuations of the background, and the discovery
p-value (pg) together with is corresponding Gaussian significance (Z), which measures compatibility of
the observed data with the background-only (zero signal strength) hypothesis relative to fluctuations
of the background.
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