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This paper presents a search for top-squark pair production in final states with a top quark,
charm quark and missing transverse momentum. The dataset was collected with the ATLAS
detector during LHC Run 2 and corresponds to an integrated luminosity of 139 fb~! of
proton-proton collisions at a centre-of-mass energy of 4/s = 13 TeV. The analysis is motivated
by an extended MSSM model featuring a non-minimal flavour violation in the 2nd and 3rd
generation squark sector. The top squark in this model has two possible decay modes, either
f1 —>c )Z? orf; -t /\??. The analysis is optimised assuming both decay modes are equally
probable, leading to the most likely final state of zc + ET"*. Good agreement is found between
the post-fit SM expectation and the data in the search regions. Limits are presented in the
m(f}) vs m( )2?) plane and, in addition, limits on the BR(#; — ¢ )2?) as a function of m(7;)
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 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 which agree to an incredible extent 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 an answer 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 71, and 7r. The two top squark states mix to yield mass eigenstates 7; and 7,, 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 [10-13],
imposing constraints on the 7; 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 of the MSSM is considered, as described in [14]. 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 consequence of this mixing, the mass eigenstate 7; is a combination
of the gauge eigenstates of the 2" and 3™ generation squarks and can decay into a charm quark and a
neutralino in addition to decay to the top quark and neutralino, as shown in Figure 1. This search focuses on
signals containing on-shell top-quarks produced in the final state, thus signals with Am(f;, X ?) > 175 GeV,
and it considers a scan of the branching ratio for 7; — cX ? JtX ?. Only final states with hadronically
decaying tops are considered in the analysis. The advancement of charm-tagging techniques has opened
the exploration of charm final states. In particular, those techniques are used in this paper, allowing a first
exploration of a signature with both top- and charm-jets at the LHC.

L' Fora generic fermion f, with chiral components f7 and fg, two scalar fields exist (named respectively f7. and fg).
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Figure 1: Signal diagram for #; pair production showing the two possible decay modes of the 7;. Decays to pairs of
top quarks or charm quarks are also taken into account.

2 ATLAS detector

The ATLAS experiment [15] at the LHC is a multipurpose particle detector with a forward—backward
symmetric cylindrical geometry and a near 47 coverage in solid angle.? It consists of an inner tracking
detector surrounded by a thin superconducting solenoid providing a 2 T axial magnetic field, electromagnetic
and hadron calorimeters, and a muon spectrometer. The inner tracking detector covers the pseudorapidity
range |n7| < 2.5. It consists of silicon pixel, silicon microstrip, and transition radiation tracking detectors.
Lead/liquid-argon (LAr) sampling calorimeters provide electromagnetic (EM) energy measurements
with high granularity. A steel/scintillator-tile hadron calorimeter covers the central pseudorapidity range
(In] < 1.7). The endcap and forward regions are instrumented with LAr calorimeters for both the EM and
hadronic energy measurements up to || = 4.9. The muon spectrometer surrounds the calorimeters and is
based on three large superconducting air-core toroidal magnets with eight coils each. The field integral of
the toroids ranges between 2.0 and 6.0 T m across most of the detector. The muon spectrometer includes
a system of precision tracking chambers and fast detectors for triggering. A two-level trigger system is
used to select events. The first-level trigger is implemented in hardware and uses a subset of the detector
information to accept events at a rate below 100kHz. This is followed by a software-based trigger that
reduces the accepted event rate to 1 kHz on average depending on the data-taking conditions. An extensive
software suite [16] 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

2 ATLAS 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 x-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 7 = — Intan(6/2). Angular distance is measured in units of AR = v/(An7)? + (A¢)2.



per bunch crossing (pile-up), with an average as measured in data of around 34 interactions. Application
of beam, detector and data-quality criteria [17] results in a total integrated luminosity of 139 fb~!. The
uncertainty in the combined 2015-2018 integrated luminosity is 1.7% [18], obtained using the LUCID-2
detector [19] for the primary luminosity measurements and cross-checked by a suite of other systems.

Events are required to pass a missing transverse momentum, E‘Tniss, trigger [20, 21] which is fully efficient
for events passing the selections used in the analysis, which requires the offline reconstructed ET"* to
exceed 250 GeV [21]. To aid with the estimation of some of the SM background processes, events are also
selected using single-lepton triggers 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 MADGrRAPHS_AMC@NLO 2.8.1 [22] at
leading order (LO) in QCD and interfaced with Pytaia 8.230 [23] for the parton showering (PS) and
hadronisation, and with EvTGEN 1.6.0 [24] 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 [25-27]. The signal samples are generated with both possible decays 7; — tX ? and
fi = cX ? open and set with a branching ratio (BR) of 50%. This allows a BR scan to be performed by
performing a reweighting based upon the number of generated signal events of each decay-type.

SM background samples were generated with different MC event generators depending on the process.
Information about the generators and parton showering used for the different processes is shown in
Table 1.

For all samples the response of the detector to particles was modelled with the full ATLAS detector
simulation [28] based on GEanT4 [29]. All simulated events were overlaid with multiple pp collisions
simulated with PyTHiA 8.186 using the A3 tune [30] and the NNPDF2.3L.O PDF set. 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.

Table 1: Overview of the simulated background samples.

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

V+jets (V. =W/Z)  Suerea 2.2.1 [31], NLO NNPDF3.0NNLO  SHERPA Default  NNLO [32]

Multi-boson SHERPA 2.2.1-2.2.2[33], NLO NNPDF3.0NNLO SHERPA Default NLO

tf PowHEG Box [34], NLO NNPDF3.0NNLO  PyTHIA8 Al4 NNLO+NNLL [35, 36]

Single top Pownec Box, NLO NNPDF3.0NNLO  PyTHIA8 Al4 NNLO+NNLL [37-39]

tt+V AMC@NLO 2.3.3, NLO NNPDF3.0NLO PyTHIA8 Al4 NLO [22]

tWZ,tZ AMC@NLO 2.3.3, NLO NNPDF3.0NLO PyTHIAS Al4 NLO

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, are 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 pass 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 missing transverse momentum vector (ﬁrT"iss) and its magnitude E;"iss [40], calculated as the
negative vector sum of the transverse momenta of all baseline reconstructed objects and the ‘soft term’. The
soft term includes all tracks associated with the primary vertex but not matched to any reconstructed lepton
or jet. Tracks not associated with the primary vertex are not considered in the E%niss calculation, improving
its resolution by reducing the effect of pile-up. A quality criterion for the matching of topological cell
clusters [41] in the electromagnetic calorimeter to electrons is also imposed in events containing electrons
with || € [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 any 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)? + (A¢)? = 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. Similarly, any jet satisfying Nyx < 3 (where Ny refers to the number of tracks
with pt > 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 lying within a distance AR < 0.4 of a remaining
jet are discarded. All "signal" objects are required to pass the overlap removal stage.

For charm tagging, a non-standard, analysis-specific c-tagging algorithm, denoted DL 1r., was optimised.
It is based on the DL 1r algorithm used for b-tagging [42], which provides three probabilities of the jet
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 the b-tagger, 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 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 77 events. Similarities in the decay chain of hadronically decaying
tau-leptons and c-hadrons lead to a significant mis-identification efficiency of 7-leptons as charm jets of
the order of 15%. Due to this, dedicated variables are defined at event level to reject events containing
hadronic 7’s, as described in Section 5. The DNN top tagger [43] is used to identify large-R jets which
arise from top-quark decays. The 80% efficiency working point is used and is valid for top-tagged jets with
masses in the 40-600 GeV range and pt 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. Dedicated scale factors and uncertainties were derived for the
specific charm tagging working point used in the analysis to correct for the difference in the simulation to
reproduce the charm-tagged jet efficiency and mis-identification rate as measured in data, with the same
data-driven techniques as used for b-tagging [42]. In the pr range between 20 and 250 GeV, the correction
factors are found to be mostly compatible with unity, with systematic uncertainties ranging from a few %
at low pr to a maximum of 15% at higher pt. For higher pr jets 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 3 TeV charm jets.

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 as zq sin 6 and |dy /o4, |, respectively.
Similarly, pr, n 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.

Physics Object Baseline requirements Additional Signal requirements
Electrons Loose likelihood-based selection [44] Tight likelihood-based selection [44]
Zosin 6 < 0.5 mm
In| <2.47
pt > 4.5 GeV pr > 10 GeV
Isolation ‘Loose’ (pt > 200 GeV ‘HighPtCaloOnly’) [45]
\do/7ay| <5
Muons Medium identification [46, 47]
Inl <27
pt > 4 GeV pr > 10 GeV
Isolation ‘Loose_VarRad’ [47]
\do/7ay <3
Small-R jets Particle-flow anti-kt R=0.4 [41, 48-50] Jet vertex tagger > 0.5 and || < 2.4 [51]
pt > 20 GeV or pt > 60 GeV
|7l <2.8
Large-R jets LCTopo trimmed R=1.0 [52]
pr= 200 GeV
[n] < 2.0
E?lss Tight WP [53]
Top-tagged jets DNN top tagger [43]
80% efficiency WP

pr € [350,2500] GeV
m € [40,600] GeV

b-tagged jets DL1r tagger [42]
77% efficiency WP

c-tagged jets DL1r. tagger
20% efficiency WP

5 Analysis strategy

The kinematics of the SUSY signal under consideration is heavily dependent upon the mass splitting
between the top-squark and the neutralino (Am(f}, X ?)). Generally the phase space can be split into three
main regions: the “bulk” region, with large Am(f;, X ?); 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 7; decay is produced just on-shell (Am(7;, )??) X my).

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 which are enriched in the main backgrounds present in the SRs, however 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 orthogonal to SRs and 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 kinematics of the SUSY
signals and to reject events arising from the SM background. In addition to selections on the number
of b-tagged jets (Np_jets), c-tagged jets (No_jets), large-R jets compatible with arising from a top-quark
(Nt]ggsN), E%‘iss and selections on the transverse momentum of the jets (pr(;/p/c)), more complex variables
are used, and are described below.

° A¢(jl—4, Erlfmss)mina A¢(j]—3’ E?iss)min: '
The minimum difference in azimuthal angle between the leading 4 (3) jets and the E{". In zero
lepton regions this variable removes the contribution from multi-jet processes which arise from jet
mismeasurement leading to "fake" E;“iss in the final state.

* mr(c, E}fmss)mina mr(b, E}Fniss)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 = \/2pT(c/b) - EMiss(1 — cos A(c/b, EMS)).

These variables are used to reduce the contribution from ## which has a kinematic end-point of
200 GeV.

» mr(c, E?iss)max, m(b, E’}niss)max3
The maximum value of the transverse mass when calculated between any of the c-tagged (b-tagged)
jets and the missing transverse momentum vector. Similarly to the above mr, these variables are
used to enhance the signal against the #7 background, as the ¢ background tends to lower values than
the signal.

e mr(J, E’i“niss)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 multi-jet proccesses with “fake”

EF}HISS.
. E;“i“ Sig:
The global E%niss significance, calculated including the parameterisations of all objects, defined as:
miss Qjog — |f)'rrniss‘2
ET™ Sig = 200"

Here o is the momentum resolution after being rotated into the longitudinal (parallel to the E¥1155)
direction, and prr is the correlation factor between the longitudinal and transverse momentum
resolutions. This variable is used to discriminate between events where the E%mss arises from invisible
particles in the final state and events where the ET"™ arises from poorly measured particles [54].

ib .
° mTZ(JR:LO’ C).
The stransverse mass variable [55], a generalisation of the transverse mass when two semi-invisibly
decaying particles are pair-produced, defined as:

| min miss{max[mT(p%, q}), mr(p3, g1}

1 K2 missy —
mTZ(pTa pT5 pTl ) - dlrqi=q
T "HATTHT



In this case the two visible particles in the decay (p}r, p%) are the large-R jet in the event containing a
b-tagged jet and the c-tagged 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 pt are used in
the calculation. For the high-mass 7 signal this variable is expected to extend to large values, whereas
for the ¢f background this variable should dramatically drop-off at the top-mass.

® Mefr:
The effective mass, is the scalar sum of the transverse momenta of all jets in the event and the E%niss,
defined as:
N.e s . .
mewr = 2,2 pr(ji) + Ef.
Generally for the signal scenarios considered, the meg extends to high values, compared to the SM
backgrounds which generally possess lower values of mieg.

Four orthogonal sets of SRs were developed to target the different areas of phase 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 mr( j12=1.0’ c)
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 kinematics of the SRD region is significantly different,
with a selection requiring the presence of initial-state radiation (ISR) applied to boost the sparticle system,
providing enough E}niss to pass 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 E™.

The full selections used to define the A-, B-, and C-type regions are seen in Table 3. Commonalities
between these regions include specific selections based on large values of E%‘iss, E%“i“ significance, and the
transverse mass (mr(c, EJ"**)min) between the c-tagged jet and the ET"™. SRA is kept orthogonal to the
SRB region using the number of top-tagged large-R jets (NgggN(R = 1.0)) with SRA requiring at least 1
top-tagged jet whereas SRB requires exactly O top-tagged jets. The SRA and SRC regions are orthogonal
due to the selection on mr>(j 12:1 > ©)- The SRB and SRC regions are again orthogonal due to the selection
on Ngb™(R = 1.0), with SRB requiring zero top-tagged jets whereas SRC requires at least one. This
orthogonality allows for a statistical combination of the three SRs when performing the model-dependent

fit.

In the phase space targeted by the SRA region, very large values of mr(j 2:1 o ©) are expected. To enhance
sensitivity to these signals when performing the model dependent interpretation a multi-bin fit is performed
and two bins of mr,(j 2:1 o ©) are used: [450 — 575] and > 575 GeV. For the intermediate region of phase
space, lower values of mr( jll;: 1o ©) are expected, so instead sensitivity can be enhanced by performing a
multi-bin fit in the mr(j, E%‘"Ss)doSe variable. The SRB region is split into three orthogonal regions in the
mt(j, EF"* )close Variable: [100 — 150], [150 — 400] and > 450 GeV. SRC uses a similar strategy, however
with a finer granularity of mr(j, Ef"**)ciose 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 comes from Z + jets events followed by
single-top and/or W + jets . Common CRs are used to estimate the main backgrounds for both the SRA
and SRB regions, with a single VR used to validate the background estimation strategy. Two lepton CRs



are used to extract a normalisation factor for the Z + jets background. In these regions the leptons are
subtracted from the true E%“iss, and are used as a proxy for neutrinos mimicking the Z — vv decay, this
“lepton corrected” EI™* is denoted by E%}S; and in the 2L regions is used when calculating all kinematic
variables. The CRZAC region is used to normalise the Z + jets process in both the SRA and SRC regions
(as both 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
single-lepton CRstAC region 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 instead the contributions
from these processes are taken 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 with
respect 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.



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 with 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 is
provided about the fit strategy in the text.

| Variable | SRA [ SRB | SRC |[VRZABC| CRstAC | CRZB | CRZAC |
Trigger ET"® Trigger 1L Trigger
Baseline & -0 =1 =2 SFOS
signal leptons B (pt = 30 GeV) (pT = 30 GeV)
E%niss (GeV) > 250 > 300 > 250 > 250 > 250 <150
EIs (GeV) - 2250
Np—jets & Ne—jets > 1 (Leading jet is either b-tagged or c-tagged)
Niets >3 >5 | =23 ] [B-8] | >3 >5 [ =3
pr(j1) (GeV) >50 >20
A¢(jl—4,Eri~mss)min >04 ‘ _
mee (GeV) - [76 — 106]
mr(c, Eizliss)min —
(GeV) > 200 > 300 > 150
mr(c, E-Fjlgs;)min _ > 150
(GeV)
DNN
Niaps > 1 =0 >1 - > 1 =0 1
(R = 1.0)
p1(by) (GeV) > 20 >20 > 100 >20 > 20 >20
pricy) (GeV) >20 > 100 > 100 < 200 >20 > 20
p1(j2) (GeV) > 20 > 100 >20 > 20 > 20 >20
p1(ja) (GeV) >20 > 50 >20 >20 >20 >20
mr(c, E{-niss)max _ _ _ _
(GeV) > 400 <400 > 400
mr (b, E}rmss>max _
(GeV) - [200 — 700] - > 200 - > 200 -
mr(b, E%niss)min .
(GeV) > 200 > 300 > 200
mr(j, E}fmss)close >
1 > 100 * > 1 > 2 -
(Gev) > 100 > 100 > 150 > 200
EIS Sig > 18 > 10 > 17 [15-17] [12-22] > 10 >17
:b
malpo109 || sas0% | > 150 200 - 450 - > 200 -
(GeV) - - [ | -
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Due to the phase space targeted by the SRD region the kinematics are dramatically different from the other
SRs due to the small mass difference between the 7 and X ?. An ISR-like selection is used to “boost” the
sparticle system providing the large E%‘iss to pass the trigger selection. The full selections used to define all
D-type regions are seen in Table 4.

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

The NN is trained with only signal events which contain the mixed 7c + E%ni“ decay, t7 and V + jets events
which pass a looser OL ISR-like selection (which is a baseline for the SRD definition) and uses a total of 44
low-level variables such as the jet pr, 1, ¢, jet multiplicities and flavours to produce three output scores
according to the likelihood a given event is signal-like, #¢-like or V + jets -like. A dedicated hyperparameter
optimisation is performed with a "leaky ReLU" activation function. The key variables found to be useful by
the NN are E%‘iss, the b-jet multiplicity and the pt of the two leading jets. A soft-max activation function is
applied to the final layer of the NN with cross-entropy loss leading to an output which is a set of scores per
event for the three categories of signal-like, ##-like and V' + jets -like. The signal score ("NN signal score")
is subsequently used to define the SR. The V + jets ("V + jets score") score is implemented in the W + jets
CR, to enhance the W + jets contribution. As defining a region enhanced in ¢ is comparatively simple in
the phase space targeted, the output corresponding to #f is unused.

In the phase space targeted by SRD large values of meg are expected. When considering the model-
dependent interpretation, a 2D binning in both meg and mr(j, E%‘"iss)cloSe 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 subdivided using the mr(J, E%li“)cloSe 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 > 100 GeV.
In a similar manner to the SRA and SRB regions, when performing the model-independent fit, the lower
bound of the m.g selections are used, with the upper bounds removed. For the SRD750 and SRD1000
regions the mr(J, E}“iss)close selection is increased to > 200 GeV, whereas for the remaining SRD regions,
it is removed.

As the main backgrounds in the SRD region are ¢z, W + jets , and Z + jets , three dedicated CRs are defined
to estimate the backgrounds from these processes. The CRDZ region is a 2L region where (as in the
CRZAC and CRZB regions) the leptons and subtracted from the E%“iss calculation and mimic neutrinos
from the Z-boson decay and the lepton-corrected E%‘Z? is used in all calculations. To constrain W + jets
and 7, single-lepton CRs are used (CRDW and CRDtt 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 an hadronic-7 in the zero-lepton selection is mis-reconstructed 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 OL
VR (VRD) is then used to validate the extrapolation of the three main backgrounds, which is orthogonal to

the SR due to an inverted selection on the NN signal score ([0.0 — 0.5]).

As mentioned in Section 3, the ¢f background is modelled using Pownec Box [34]. A mismodelling of the
top pr distribution has been observed for these simulated samples at NLO [56, 57]. The top pr is highly
correlated with the meg distribution used in the D-regions, thus CRDtt and VRD region are also binned in
meg in order to respectively correct and validate the 77 background prediction in the meg-binned SRD. For
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CRDitt, three bins in meg are considered: CRDtt750, [750 — 1000]GeV; CRDtt1000, [1000 — 1250] GeV
and CRDtt1250, > 1250 GeV. The lack of statistics at high-megr prevents applying a finer binning at
high-mcg. 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 E%mss < 600 GeV cut to avoid signal contamination.

Table 4: Analysis selections for the D-type regions associated with the SR which targets compressed signal scenarios.
Selections denoted with * 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 is provided about the fit
strategy performed in the text.

| Variable [ [ SRD [ [ CRDtt [ CRDW [ CRDZ [ VRD ‘
Trigger E7" Trigger 1L Trigger E™ Trigger
Number of baseline & =1
signal leptons =0 (pr = 30 GeV) =2 (pr 230 GeV) =0
EIMSS (GeV) > 250 < 100 > 250
EPSS (GeV) - > 250 -
Njets > 3 (Leading jet not b- or c-tagged)
Nc—jets > 1
Np—iets >1 [ >2 =1 >1 >1
mr(c, E-Irniss)min
> > >
(GeV) > 100 > 150 > 100 > 100
pr(1) (GeV) > 100
pr(js) (GeV) > 30
ET Sig >6
A¢(jl—3’E¥ms)min >03 - >03
Aﬁb(].l—S’E%n;g )min - >0.3 -
m (GeV) - [ =30 ] [30-120] - -
NN V + jets score - >0 - -
AR(b1, 1) - > 1.8 - -
mee (GCV) - [76 - 106] -
NN signal score >0.75 >0.0 [0-0.5]
meg (GeV) > 750% || =750 * - > 750 *

6 Systematic Uncertainties

The effects of many sources of systematic uncertainty on both the signal 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 of the functions corresponding to a
specific experimental or theoretical modelling uncertainty. The preferred value of each nuisance parameter
is determined as part of the likelihood fit. The fits performed do not significantly alter or constrain the
nuisance parameter values relative to the fit input.

The jet energy scale and resolution uncertainties (for both small-R and large-R jets) are derived as a
function of the jet pr, 1, and flavour, using a combination of data and simulated events, as detailed in Refs.
[58, 59]. These uncertainties also take into account the different pile-up conditions during the four years of
data-taking.
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Uncertainties in the correction factors for the b- and c-tagging identification response are applied to the
simulated event samples. The corrections are extracted from dedicated flavour-enriched samples in data
[60]. An additional term is included to extrapolate the measured uncertainties to the high-pr 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 E%niss , including an additional term taking into account uncertainties in the
scale and resolution of the soft term.

The uncertainties related to modelling 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. Uncertainties related to the modelling of the 77
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 [61, 62].
Variations of the renormalisation and factorisation scales, the initial- and final-state radiation parameters
and PDF sets are also considered [63]. Specifically for the single-top process, a systematic uncertainty
corresponding to the interference term between single-top and ¢7 (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. The modelling uncertainties related to the Z + jets and W + jets
processes are evaluated using the 7-point renormalisation and factorisation scale variations [64], 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 the rare backgrounds which are not normalised in any region
(multi-boson, 7V and ¢ + X) the measured ATLAS cross-section uncertainty on the process is applied. 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. In the A-type
regions, the dominant uncertainty arises from the experimental uncertainties of the large-R jets, driven by
the relatively high-pt large-R jets in this region of phase 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 /- and leading
c-jet pr. In the D-type regions the main uncertainty is the uncertainty on the background normalisation
parameters, as, in comparison to the other SRs, the CRDs and SRD are much kinematically closer and
generally the uncertainties are mostly cancelled between the CR and SR, leaving the uncertainty from the
background normalisation in the CRs as the dominant systematic uncertainty.
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Figure 2: Overview of the systematic uncertainties in the background in the SRs. The ‘Detector’ category contains
all detector-related systematic uncertainties. The ‘Background normalization’ represents the uncertainty in the fitted
normalization 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.

7 Results

Three likelihood fits are performed: the "background-only" fit, which assesses the accuracy of the SM
background determination using only the CRs in the fit and extrapolating the normalisation parameters,
used to estimate the SM backgrounds, to the SRs; the "model-dependent"” fit, which uses both the CRs and
SRs to evaluate the confidence-levels (CLs) for a specific BSM hypothesis; and the "model-independent"
fit, which is used to calculate the p-value of the SM-only hypothesis [65] 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, resulting in 7 normalisation parameters. The SM processes
which do not have an associated CR are taken to be the values from the MC prediction, however are
allowed to float within their own uncertainties in the fit. Concerning the A, B and C regions there are two
normalisations, for the Z + jets and single-top backgrounds. For the D regions there are 5 normalisations,
one each for W + jets and Z + jets , and 3 normalisations (split over the different meg bins corresponding
to the SRs) for the 17 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. Figure 3 presents the background-only fit results in the CRs. The 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
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in Figure 4, with a maximum deviation between the observed data and the post-fit SM 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. For the SRA, SRB and SRC regions the
results shown correspond to the selections used for the model-dependent fit, whilst for the SRD regions the
region shown is split into the model-dependent m.g and mr(J, E%“i“)close bins. 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 mr;(j 1}3:1.0, ¢) selections. The dominant background in the SRC regions is 7,
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 1.80 in the SRD1500 high-m(j, E‘Tniss)close bin.

ATLAS Preliminary tf Z+jets

2]
c
(]
Lﬁ 10° Vs =13 TeV, 139 fb! B WH+ets Il single-top
others ttz
Bkg.-only Post-fit . -
444 SM Total ¢ Data

102 s g

10

I‘lbkg
N
MNSINY
Lyl

CRZB CRZAC CRstAC CRDtt750 CRDtt1000 CRDtt1250 CRDW CRDZ

Figure 3: Control region yields and normalisations, derived from the background-only fit. Generally the normalisation
parameters are found to be consistent with unity. Both systematic and statistical uncertainties are considered in
the error band. The uyy, label represents the normalisation parameter for the SM background calculated from the
relevant CR, for example in CRZB, g represents the normalisation for the Z + jets background.

Figure 7 presents 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 nice agreement between the post-fit SM prediction and the observed data.

The model-independent fit is performed by including the signal regions into the likelihood fit as additional
constraining bins. As previously discussed, the inclusive SR binning is used to maximise the general
sensitivity to new phenomena. A profile-likelihood-ratio statistic is used with a signal of intensity ;e
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 (Sggs and ngp respectively). The
limit on the observed visible cross-section (60‘255) is calculated by dividing Sggs 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 4: Validation region yields and statistical significance [66], derived from the background-only fit. The post-fit
VR yields are found to be consistent within 20~ of the observed data. Both systematic and statistical uncertainties are
considered in the error band.
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Figure 5: Signal Region yields and statistical significance for the model-dependent fit 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 error band.
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Figure 6: Signal Region yields and statistical significance for the model-dependent fit SRD selections. The largest
deviation between the post-fit expectation and the observed data is a 1.8¢" deficit in the SRD1500 with m(j, E}“i“ )elose
> 100 GeV. Both systematic and statistical uncertainties are considered in the error band.

The model-dependent fit takes into account the contribution of the specific BSM model that is being
considered in all CRs and SRs, and considers the full binning in all SRs to greatly enhance the sensitivity
to the SUSY signal models considered. The 95% CL exclusion limits on the SUSY signal scenarios
are obtained by performing a combined fit of all SRs (increasing the sensitivity using the orthogonal
bins as described in Section 5). The result of this combined fit is presented in Figure 8, where the
BR(f —»t+ X ?)=O.5 is chosen, as this scenario gives the maximal number of tcE%“iSS 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 9 presents an alternative interpretation, where the
neutralino mass is fixed to 1 GeV and the BR of the fj — t + X ? decay is allowed to vary between 0 and 1.
As expected the maximal sensitivity in this interpretation is where the BR(f; — ¢ + X ?)=0.5. A relatively
high sensitivity is still found as the BR moves to 1 for the fj — ¢ + X ? decay, primarily arising from the
identification of c-jets from W-boson decays. In this scenario, for BR(f; — ¢ + X ?) > 0.5, top-squark
masses are excluded up to 800 GeV, whereas in the case where BR(f; — ¢ + X ?) = 0 sensitivity is reduced
to 600 GeV.
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Figure 7: A selection of kinematic distributions in the SRs, presented without the associated SR selection applied to
the variable under consideration (except for the SRD mg distribution at the bottom right plot). The selection applied
on the given variable is represented by the arrow. Top row: SRA (left) NggN (right) m1(j2 Re1.00 ©)- Second row:
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expected distributions for representative signal scenarios in each analysis region are shown for illustrative purposes.
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Figure 8: Exclusion limits at the 95% CL in the 71, )?? mass plane, assuming BR(7; — ¢ + )??) = 0.5. The dashed
line, yellow band, and grey band present the expected limit, +10 uncertainty, and +20 uncertainty respectively. The
solid red line presents the observed upper limit on the signal cross-section.
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Table 5: Left to right: 95% CL upper limits on the visible cross section ((ec)?

(82> ). The third column (Sg;,,) shows the 95% CL upper limit on the number of signal events, given the expected
number (and + 10 shifts of the expectation) of background events. The last two columns indicate the CLp value, i.e.

the confidence level observed for the background-only hypothesis, and the discovery p-value (p(s = 0)).

obs) and on the number of signal events

Signal channel (ea}?)is[fb] Sggs Sg)?p CLg p(s=0)(2)
SRA (mr2(jg_, o €) = 450 GeV) 0.10 14 84%5 094 0.02(2.1)
SRA (mr2(jb_, o ¢) > 575 GeV) 0.07 9 5879 089 0.04(1.7)
SRB (m1(j, EF™)ciose = 100 GeV) 0.17 24 16.8719 0.85 0.09(1.3)
SRB (m1(j, Ef™)c1ose > 150 GeV) 0.16 23 13.2737 095 0.03(1.9)
SRB (m1(j, EF™)jose > 400 GeV) 0.08 11 6574 092 0.04(1.8)
SRC (mr(j, EX™)cose > 100 GeV) 0.09 13 9.6%7 0.76 0.22(0.76)
SRC (mr(j, EX™)ciose > 150 GeV) 0.09 12 8745 0.81 0.15(1.0)
SRC (m1(j, EF**)close = 300 GeV) 0.08 11 7.873% 083 0.13(L.1)
SRC (mr(j, E™)cose > 500 GeV) 0.02 3 401 0.13 0.50(0.00)
SRD (mer > 750 GeV,mr(j, EF™)cose > 200 GeV) 0.15 20 18.57%1 0.58 0.50(0.00)
SRD (et = 1000 GeV,m1(j, Ef"™ )etose = 200 GeV) — 0.10 14 13.7*33 0.52  0.50(0.00)
SRD (meg > 1250 GeV) 0.30 41 37'12° 0.60 0.50(0.00)
SRD (meg > 1500 GeV) 0.09 13 14.6%$7 0.36  0.50(0.00)
SRD (megr > 1750 GeV) 0.09 12 917395 0.77 0.20(0.84)
SRD (e > 2000 GeV) 0.05 7 5.6'79 070 0.26(0.64)
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8 Conclusion

This paper presented a first search for SUSY signatures leading to a mixed final state containing a top-quark,
charm-quark and missing transverse momentum. These results exploit recent top- and charm-tagging
techniques.

No significant deviations are observed from the expected background prediction. The largest deviation
reaches a significance of 1.8¢ in the SRs targeting the bulk and intermediate region of phase space. In the
optimal scenario for this analysis, where the branching ratios for the f; — ¢ + X ? andf; — c+X ? are equal,
an exclusion 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.
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