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1 Introduction

The top quark, as the heaviest particle in the Standard Model (SM), is a key probe in the
search for new particles predicted by several extensions of the SM. Prominent examples
of such extensions are Supersymmetry (SUSY) [1–7] and models with Dark Matter (DM)
particles that interact with top quarks via a spin-0 mediator [8, 9]. In proton-proton (pp)
collisions at the Large Hadron Collider (LHC), both scenarios would produce final states
with a pair of top quarks and missing transverse momentum (Emiss

T ) from undetected new
particles (tt̄ + Emiss

T ), the signature investigated in this paper. The tt̄ pair is selected in final
states with exactly one isolated charged lepton (electron or muon,1 henceforth referred to as
‘lepton’ or ‘ℓ’) from the decay of an on-shell W boson, and jets. Significant missing transverse
momentum (p⃗ miss

T , with magnitude Emiss
T ), is also required.

Since the discovery of the Higgs boson at the LHC [10, 11], SUSY has been searched for
with particular interest as it may offer a solution to the hierarchy problem [12–15]. SUSY
extends the SM by introducing a supersymmetric partner (sparticle) for each SM particle.
The particle and sparticle quantum numbers are identical apart from a half-unit difference in

1Electrons and muons from τ -lepton decays are included.
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spin. The underlying supersymmetry is broken, so particle and sparticle masses differ. In
this theory, the hierarchy problem may be solved by the presence of a light supersymmetric
partner of the top quark, referred to as the top squark or ‘stop’, which largely cancels the
divergent loop corrections to the Higgs boson mass [16–23]. The superpartners of the left-
and right-handed top quarks mix to form the mass eigenstates t̃1 and t̃2, where t̃1 is defined
as the lighter of the two. A generic R-parity-conserving2 minimal SUSY extension of the
SM (MSSM) [7, 16, 24–26] predicts pair production of SUSY particles and the existence of a
stable lightest SUSY particle (LSP). In the MSSM models considered in this search the LSP
is assumed to be the lightest mass eigenstate of the superpartners of the Higgs boson and
neutral electroweak gauge bosons. This LSP, also referred to as the lightest neutralino or χ̃0

1,
may be a DM candidate as it is stable and only interacts weakly with SM particles [27, 28].
This paper presents a search for direct pair production of t̃1 particles (t̃1t̃1)3 in events with
significant Emiss

T from the two weakly interacting LSPs that escape detection and the decay
products of two on- or off-shell top quarks. The search for a spin-0 mediator produced in
association with top quarks that decays into a pair of DM particles (tt̄+DM) is motivated
by SM extensions that respect the principle of minimal flavour violation, which results in
the interaction strength between the spin-0 mediator and the SM quarks being proportional
to the quark masses via Yukawa-like couplings [29].

Previous searches for direct t̃1 pair production and for spin-0 mediators produced in
association with top quarks and decaying into DM particles were reported by the ATLAS [30–
33] and CMS [34–37] Collaborations using the full LHC Run 2 pp recorded data sample. This
paper presents a new search in final states with exactly one lepton, which were already analysed
by the ATLAS Collaboration [31] using the same data sample. Compared with ref. [31], this
analysis employs improved object reconstruction and identification algorithms, improved
background simulations, and new neural-network-based classifiers for the reconstruction of
the hadronically decaying top quark and for event discrimination. In the t̃1t̃1 search, this
analysis focuses on improving the sensitivity in the challenging scenario where the mass
difference between the stop and the lightest neutralino is close to the top quark mass. The
results are statistically combined with those from an independent analysis of the tt̄ + Emiss

T
final state with no leptons [30] to provide improved sensitivity for scenarios with a heavy stop
and a very light neutralino. In the tt̄+DM search, this analysis is designed to improve the
sensitivity across the full range of mediator masses considered and is statistically combined
with independent analyses in tt̄ + Emiss

T final states with zero and two leptons. The data
analysed in this search are also used to test for the presence of new interactions between
top quarks and neutrinos that can be described by a four-fermion contact interaction (CI)
in an Effective Field Theory (EFT) approach.

2 Signal models and search strategy

Leading-order diagrams of the signal processes targeted in this search are shown in figure 1.
2A multiplicative quantum number, referred to as R-parity, is introduced to conserve baryon and lepton

numbers, where R-parity is 1(−1) for all SM (SUSY) particles.
3When denoting pair production of a stop and an anti-stop, the charge-conjugation notation is omitted for

notational simplicity.
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Figure 1. Diagrams illustrating direct t̃1 pair production with (a) two-body (t̃1 → tχ̃
0
1) or (b)

three-body (t̃1 → bWχ̃0
1) decays, (c) the production of DM fermions (χ) in association with a pair

of top quarks via a [pseudo] scalar mediator ϕ [a] and (d) the production of a tt̄νν̄ final state via an
effective four-fermion contact interaction. In the SUSY diagrams, the charge-conjugate symbols are
omitted for simplicity.

The t̃1t̃1 production is considered in a simplified SUSY model [38, 39] where the only
light sparticles are t̃1 and χ̃0

1. Each stop can decay promptly either via the two-body process
t̃1 → tχ̃

0
1, which produces an on-shell top quark, or via a three-body decay t̃1 → bWχ̃0

1 with an
intermediate off-shell top quark. These are assumed to be the only possible stop decays. The
t̃1 is modelled to decay only in the two-body mode when ∆m(t̃1, χ̃0

1) = m(t̃1)−m(χ̃0
1) > m(t),

and only in the three-body mode when m(W ) < ∆m(t̃1, χ̃0
1) < m(t). Decays at smaller

∆m(t̃1, χ̃0
1) values, where both the top quark and the W boson are off-shell were explored

in ref. [31]. In this search, the t̃1t̃1 production is tested with a two-dimensional scan of
the parameter space (m(t̃1), m(χ̃0

1)).
The simplified benchmark model for the tt̄+DM production [29, 40] assumes the existence

of a (pseudo) scalar mediator ϕ (a), which can be produced in association with two top quarks
and decay into a pair of SM-singlet DM particles (χ). The interactions of the mediator with
SM particles are Yukawa-like. This model has four parameters: the mass of the mediator
m(ϕ/a), the mass of the DM particle m(χ), the strength of the DM-mediator interaction
gχ, and a universal scaling factor of the interactions of the mediator with SM fermions gq.
To reduce the number of free parameters, gχ and gq are assumed to have the same value,
g = gχ = gq. The results are presented as one dimensional scans of either m(ϕ/a) or m(χ).
The tt̄ + Emiss

T final state is mainly sensitive to the mediator mass range m(ϕ/a) < 2m(t),
where the ϕ/a → tt̄ decay is kinematically forbidden.

Going beyond simplified models, the search for new phenomena in tt̄+Emiss
T final states is

generalised by searching for an effective tt̄νν̄ four-fermion CI. Following the model developed
in refs. [41–44], the CI is implemented via four-fermion operators acting on SM fields within
the SMEFT theoretical framework [45–49]. When considering SM left-handed neutrinos, out
of the possible scalar, vector and tensor operators, only vector operators can be implemented
at dimension six. The resulting effective Lagrangian is composed of two terms:

Ltt̄νν̄ = 1
Λ2

[
VLL(ν̄γµPLν)(t̄γµPLt) + VLR(ν̄γµPLν)(t̄γµPRt)

]
,

where Λ is the energy scale of new physics, PL,R = (1 ∓ γ5)/2 and VLL and VLR are the
dimensionless Wilson coefficients of the vector four-fermion interactions with left-handed
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and right-handed top quarks, respectively. Operators of higher dimension, including tensor
or scalar operators, are neglected.4 Results are presented by considering either the LL or
LR operators separately. The interference between the CI and the SM tt̄Z(→ νν̄) process is
tested by considering the impact of both constructive and destructive interference hypotheses.

The search strategy is designed to retain sensitivity to a wide region of the signal
parameter space by partitioning the tt̄ + Emiss

T final state into orthogonal event categories and
by using neutral networks (NNs) to classify events. Event categories are designed to target a
specific final state, rather than a signal parameter region. They differ in the multiplicity of
jets with b-hadrons and in the presence or absence of jets produced by hadronic decays of
high-pT top quarks. Events from signals in different regions of the parameter space populate
these categories at different rates. For instance, events with a pair of top squarks with
high mass are predominantly accepted in categories with high-pT top quarks. Moreover,
events accepted in the same category from different signal models feature similar kinematic
properties. Background processes also populate event categories at different rates, leading
to a varying background composition across categories. These features are exploited by
employing several NNs to discriminate between signal and background events.

A key strategy implemented in this analysis is to avoid training different discriminators
for different regions of the signal parameter space. This simplifies the fit, the validation of
the background modelling and future reinterpretations of these data using new signal models
while retaining good sensitivity for the parameter regions studied. In each event category,
one dedicated NN is trained with t̃1t̃1 or tt̄+DM signal events from the full parameter space
accepted in that category. The corresponding NN output distributions in each category are
used as input to template fits across the full model parameter space.

The most important background processes for this search are top-quark pair production
(tt̄), the associated production of a top quark and a W boson (tW ), W+jets production
and the production of a Z boson in association with a pair of top quarks and decaying
into neutrinos (tt̄Z(→ νν̄)). Except for the irreducible tt̄Z background, which has a small
production cross-section and cannot be easily discriminated from signal, all other major
backgrounds are determined in situ in each event category using events classified at low NN
output values. The resulting background model is then validated with events classified using
an intermediate range in NN output values where no significant potential signal contribution
is expected. Each event category is therefore split into three regions via orthogonal selections
on the NN output value: a Control Region (CR) at low values, a Validation Region (VR)
at intermediate values, and a Signal Region (SR) at high values. A combined binned fit to
the data in all CRs and SRs is then used to assess the presence of signal events. In this fit,
the distributions of the observed data and of the expected backgrounds remain the same,
while the signal templates change according to the point of the parameter space under test.
Separate NNs are used in the search for top squarks and in the search for DM particles.

4In this EFT approach with only SM fields, the couplings of the operators to left-handed neutrinos and to
left-handed charged leptons are the same, so results of this search can combined with results from searches
for tt̄ℓℓ̄ CIs. If right-handed neutrinos were to be included, scalar and tensor operators could have been
implemented at dimension six. These additional operators could be sensitive to new physics not coupled to
SM fields.
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3 ATLAS detector and data collection

The ATLAS experiment [50] at the LHC uses a multipurpose particle detector with a forward-
backward-symmetric cylindrical geometry and a near 4π coverage in solid angle.5 The detector
consists of an inner tracking detector (ID) surrounded by a thin superconducting solenoid
that provides a 2 T axial magnetic field, electromagnetic (EM) and hadron calorimeters,
and a muon spectrometer (MS). The ID covers the pseudorapidity range |η| < 2.5. The
high-granularity silicon pixel detector covers the vertex region and typically provides four
measurements (hits) per track, the first hit normally being in the insertable B-layer (IBL)
that was installed before Run 2 [51, 52]. It is surrounded by a silicon microstrip detector
and a straw tube transition-radiation tracking detector. Lead/liquid-argon (LAr) sampling
calorimeters provide EM energy measurements with high granularity. A steel/scintillator-tile
hadron calorimeter covers the central pseudorapidity range (|η| < 1.7). The endcap and
forward regions are instrumented with LAr calorimeters for both EM and hadronic energy
measurements up to |η| = 4.9. The MS 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 MS includes a
system of precision tracking chambers and fast detectors for triggering. A two-level trigger
system is used to select events [53]. The first-level trigger is implemented in hardware and
uses a subset of the detector information to accept events at a rate up to 100 kHz. 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 [54] 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.

The analysis uses the full Run 2 pp data sample delivered by the LHC at
√

s = 13 TeV in
the period between 2015 and 2018. After the application of data-quality requirements [55], the
total integrated luminosity is 140.1(12) fb−1. The luminosity is measured with an accuracy
of 0.83% [56] using the LUCID-2 detector [57], complemented by measurements using the
inner detector and calorimeters. All analysed events were recorded by triggers that accepted
events with large Emiss

T [58] or with an electron [59] or muon [60]. The primary vertex in
these events, defined as the reconstructed vertex with the highest

∑
tracks p2

T, must have at
least two associated tracks with pT > 500 MeV.

4 Simulated events

Samples of Monte Carlo (MC) simulated events are used for the description of SM processes
and for the hypothesized signals. Details of the simulation samples used, including the matrix
element (ME) event generator, its accuracy in the strong coupling constant (QCD accuracy),

5ATLAS 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, ϕ) are used in the transverse plane, ϕ

being the azimuthal angle around the z-axis. The pseudorapidity is defined in terms of the polar angle θ as
η = − ln tan(θ/2). Angular distance is measured in units of ∆R ≡

√
(∆η)2 + (∆ϕ)2.
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Process ME event generator ME QCD accuracy ME PDF Parton shower Cross-section
and hadronisation calculation

SUSY signals MadGraph 2.8.1, 2.9.9 [61] 0,1,2j@LO NNPDF2.3lo Pythia 8.240, 8.307 NNLO+NNLL [62–66]
DM signals MadGraph 2.7.3 0,1j@LO NNPDF2.3lo Pythia 8.244 NLO [67, 68]
CI signals MadGraph 2.9.9 0,1j@LO NNPDF2.3lo Pythia 8.307
tt̄ Sherpa 2.2.12 [69] 0,1j@NLO NNPDF3.0nnlo [70] Sherpa [71–75] NNLO+NNLL [76–82]

+2,3,4j@LO [83–86]
Single-top

tW Powheg Box v2 [87–90] NLO NNPDF3.0nlo Pythia 8.307 [91] NLO+NNLL [92, 93]
s- and t-channel Powheg Box v2 NLO NNPDF3.0nlo Pythia 8.230 NLO [94, 95]

V +jets (V = Z, W ) Sherpa 2.2.11 0,1,2j@NLO NNPDF3.0nnlo Sherpa NNLO [96]
+3,4,5j@LO

tt̄V MadGraph5_aMC@NLO NLO NNPDF3.0nlo Pythia 8.210 NLO QCD+EW [97]
2.3.3 [61]

V V ′ Sherpa 2.2.1, 2.2.2 0,1j@NLO+2,3j@LO NNPDF3.0nnlo Sherpa

Table 1. Overview of the configurations used to simulate signal and background processes.

the parton distribution function (PDF) set used, the parton shower (PS) and hadronisation
model, and the accuracy of the cross-section calculation, are summarised in table 1.

The samples produced with the MadGraph5_aMC@NLO [61] and Powheg Box [87–
90] generators used the EvtGen [98] software to model b-hadron decays. In these samples, the
Pythia [91] library was used for the parton shower and hadronisation with the A14 tune [99]
and the NNPDF2.3lo set of PDFs [100]. In all samples, the effect of multiple interactions in
the same and neighbouring bunch crossings (pileup) was modelled by overlaying the simulated
hard-scattering event with inelastic pp collisions generated with Pythia 8.186 [101] using
the NNPDF2.3lo set of PDFs and the A3 set of tuned parameters [102]. All samples were
processed using the full simulation of the ATLAS detector [103] based on the Geant4 [104]
software.

The t̃1t̃1 production was simulated with the MadGraph [61] package at leading order
(LO) with up to two additional partons. The simplified SUSY model used was the same as
in ref. [31]. Stop decays were simulated with the MadSpin [105] software, which emulates
kinematic distributions without calculating the full ME. The t̃1t̃1 production cross-sections
were calculated to approximate next-to-next-to-leading order in QCD, adding the resum-
mation of soft gluon emission at next-to-next-to-leading-logarithm accuracy (approximate
NNLO+NNLL) [62–66]. The nominal cross-section and its uncertainty were derived using
the PDF4LHC15_mc PDF set, following the recommendations of ref. [106].

The tt̄+DM production was simulated with g = gχ = gq = 1 using MadGraph at
LO with up to one additional parton and with MadSpin for the decay of top quarks.
The kinematics of the mediator decay were found to not depend strongly on the values of
the couplings; however, the particle kinematic distributions are sensitive to the scalar or
pseudoscalar nature of the mediator and to the mediator and DM particle masses. The
cross-sections were computed at next-to-leading order (NLO) in QCD [67, 68].

The tt̄νν̄ CIs with either LL and LR operators were simulated with two samples, one
for the pure contribution from new physics (‘NP’) and one for the interference with the SM
(‘Int’), so that the total contribution is estimated as

σtt̄νν̄ = Vij

Λ2 σInt +
V 2

ij

Λ4 σNP,

– 6 –
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where the sign of Vij determines whether the interference is constructive or destructive. These
samples were simulated with MadGraph at LO with up to one additional parton using the
model provided by the authors of ref. [41]. In simulation the model parameters were set to
Λ = 1 TeV and Vij = 1. These values scale the predicted cross-section, but not the kinematics
of the simulated events. The LL and LR operators were simulated separately. Assuming
Λ = 1 TeV, Vij = ±4π and considering all three generations of neutrinos, the cross-sections
of the NP and interference contributions for the LL (LR) operator were computed to be
384 fb (365 fb) and ±17 fb (∓6.4 fb), respectively.

The tt̄ and W+jets processes were simulated with the Sherpa 2.2.12 and
Sherpa 2.2.11 [69] generators, respectively. The simulation of tt̄ production used NLO
MEs with up to one additional parton, and LO MEs with up to four additional partons
calculated using the Comix [83] and OpenLoops [84–86] libraries. Similarly, the W+jets
production used NLO MEs with up to two additional partons, and LO MEs with up to five
additional partons. Approximate NLO EW corrections were included through event weights
using the electroweak virtual approximation and the additive prescription. These simulations
were interfaced to the Sherpa parton shower [71] using the MEPS@NLO prescription [72–75]
with the set of tuned parameters developed by the Sherpa authors. The tW production was
modelled by the Powheg Box v2 [87–90] generator at NLO in QCD using the five-flavour
scheme. The diagram removal scheme [107] was used to remove interference and overlap
with tt̄ production. The uncertainty related to this scheme was estimated by comparison
with an alternative sample generated using the diagram subtraction scheme [107, 108]. The
production of a gauge boson with a top quark pair (tt̄W and tt̄Z) was modelled using the
MadGraph5_aMC@NLO 2.3.3 [61] generator at NLO. Other sources of background events
that are considered in this search are diboson production (V V ′, where V = W, Z), Higgs
boson production in association with a top quark pair, tZ and tWZ production, and the
production of three and four top quarks.

Further details of the simulation are provided in table 1. A major difference from the
simulations used in ref. [31] is the use of Sherpa instead of Powheg Box v2 for tt̄ production,
which provides improved modelling of events in the high transverse momentum region relevant
for this search. Another difference is the use of dynamic rather than fixed scales in the MEs
used for the simulation of the tW production.

5 Event reconstruction

The event categorisation and discrimination is based on reconstructed objects: leptons, jets
(including those containing b-hadrons) and Emiss

T . Depending on object quality and kinematic
requirements, reconstructed electrons and muons are labelled as either baseline or signal,
where the latter is a subset of the former that passes tighter selection criteria. Baseline leptons
are used to classifying overlapping objects, to compute the missing transverse momentum, and
for background rejection. Signal leptons are used to select events and construct discriminating
variables. Hadronically decaying top quarks are reconstructed using dedicated algorithms.

Electron candidates are reconstructed from an isolated electromagnetic calorimeter energy
deposit matched to a track in the ID [109]. The pseudorapidity of the calorimeter energy
cluster must satisfy |ηcluster| < 2.47. Baseline electrons are required to have pT > 4.5 GeV

– 7 –
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and to satisfy loose likelihood identification criteria. Furthermore, their longitudinal impact
parameter (z0), defined as the distance along the beam direction between the primary vertex
and the point of closest approach of the track to the beam axis, must satisfy |z0 sin θ| < 0.5 mm,
where θ is the polar angle of the track. Signal electrons must satisfy, in addition to the
baseline requirements, pT > 20 GeV and |d0|/σd0 < 5, where d0 is the transverse impact
parameter with uncertainty σd0 . Signal electrons are also required to be isolated and satisfy
tighter identification criteria. The isolation is defined as the sum of the transverse energy
or momentum reconstructed in a cone of size ∆R =

√
(∆η)2 + (∆ϕ)2 around the electron,

excluding the energy of the electron itself. The isolation criteria depend on the electron pT.
Muon candidates are reconstructed either by combining tracks in the ID with tracks in

the MS or as stand-alone MS tracks [110, 111], and are required to have |η| < 2.7. Baseline
muons are required to have pT > 4 GeV, |z0 sin θ| < 0.5 mm, and to satisfy the ‘Medium’
identification criterion. In addition to all baseline requirements, signal muons must have
pT > 20 GeV and |d0|/σd0 < 3. Signal muons must also be isolated, based on criteria similar
to those used for electrons.

Particle-flow (PFlow) jets in the region |η| < 4.5 are reconstructed using the anti-kt

algorithm [112] with a radius parameter R = 0.4 [113], using neutral PFlow constituents and
charged constituents associated with the primary vertex as input [114]. They are referred
to hereafter as ‘small-R jets’. These jets are calibrated to the particle level by applying
a jet energy scale derived from simulation with in situ corrections based on data [115].
Jets with pT > 20 GeV are selected. A cleaning procedure is used to identify and remove
jets arising from calorimeter noise or non-collision backgrounds. To suppress pile-up jets
with |η| < 2.4, a discriminant called the ‘jet vertex tagger’ (JVT) is constructed using a
likelihood method [116]. A similar discriminant, the ‘forward JVT’ (fJVT), is used for jets
with |η| > 2.5 [117]. PFlow jets with |η| < 2.5 identified as containing b-hadrons are referred
to as b-tagged jets. This identification is based on the DL1r b-tagging algorithm [118, 119]
with a working point that corresponds to a b-tagging efficiency of 77% as measured in a
sample of simulated tt̄ events. The corresponding rejection factors are approximately 200
and 6 for light-quark or gluon jets and c-jets, respectively.

To reconstruct high-pT hadronic top quark decays, ‘large-R jets’ are used [120]. These
jets are reconstructed using the anti-kt algorithm with R = 1.0, taking as input topological
clusters of calorimeter cells calibrated to the hadronic scale [121]. These jets are trimmed [122]
to remove energy deposits from pile-up and the underlying event. The energy and mass of
the large-R jets are calibrated using data [123, 124]. Large-R jets with |η| < 2 are selected
if they have a transverse momentum in the range [600, 2500] GeV and a mass in the range
[40, 600] GeV. Large-R jets with pT < 600 GeV are not considered, since low-pT hadronic top
quark decays are reconstructed from small-R jets, as described in section 5.1. A multivariate
classifier is used to identify the large-R jets from hadronic top decays using a working point
with a top-tagging efficiency of 80% [125, 126]. This classifier uses jet substructure observables
as input. To improve the identification of hadronic top decays, jets containing b-hadrons are
reconstructed inside the large-R jet using a track-based jet reconstruction with a variable
cone size [127] and are tagged with the DL1r b-tagging algorithm.

Hadronically decaying τ -leptons are reconstructed and used to veto background. The
reconstruction of jets from these τ decays (τhad−vis) [128, 129] is seeded from jets reconstructed

– 8 –
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from topological clusters using the anti-kt algorithm with R = 0.4. Tracks that originate from
the primary vertex and satisfy requirements on the impact parameter and on a multivariate
discriminant are associated with the τhad−vis if they lie within a cone of angle ∆R < 0.2
around the jet axis. Reconstructed τhad−vis candidates must have one or three associated
tracks with a total charge equal to ±1. They must satisfy pT > 20 GeV and be reconstructed
in the pseudorapidity ranges |η| < 1.37 or 1.52 < |η| < 2.5. Furthermore, reconstructed
τhad−vis need to satisfy loose identification criteria aimed at rejecting jets that originate
from quarks, gluons or electrons.

The missing transverse momentum p⃗ miss
T [130] is reconstructed as the negative vector

sum of the p⃗ T of all selected electrons, muons and small-R jets. An extra track-based ‘soft
term’ is built using additional tracks associated with the primary vertex, but not with any
reconstructed object, to improve the performance of the p⃗ miss

T reconstruction at high pile-up.
An object-based missing transverse momentum significance [131] is used to identify events in
which the reconstructed p⃗ miss

T comes from undetected or weakly interacting particles rather
than from detected particles with mis-measured energies.

Correction factors are applied to reconstructed objects to take account of differences
in energy scale and resolution and in trigger, reconstruction, identification and isolation
efficiencies between data and simulation. Ambiguities among selected objects are resolved
via an overlap removal procedure similar to the one used in ref. [31]. Given a set of baseline
objects, the procedure checks for overlaps based on shared tracks, ghost-matching [132], or a
minimum distance ∆Ry between pairs of objects.6 Small-R jets with ∆R < 1.1 from a large-R
jet are discarded and no overlap removal is performed between leptons and large-R jets.

5.1 Resolved hadronic top decays

Jets in signal events can arise from top quark decays, additional radiation, pile-up and the
underlying event. A NN-based algorithm, hereafter referred to as the ‘top-NN’, is used to
identify sets of small-R jets associated with the hadronic decay of a top quark. This algorithm
targets resolved decays, in which the jets from the top-quark decay are spatially separated
and can be reconstructed as individual small-R jets. The target pT range is below the 600 GeV
threshold used for the large-R-jet reconstruction of hadronically decaying top candidates.
The momentum reconstructed using the top-NN algorithm is used in the event classification.

The top-NN evaluates all two- and three-jet combinations in an event. While a fully
reconstructed resolved decay would result in three jets, jet pairs are also considered to allow
for cases in which one jet is outside acceptance or where the two jets from a high-pT W

boson are reconstructed as a single small-R jet. The two- and three-jet combinations are
formed from a set of jets that includes up to two b-tagged jets and up to four not-b-tagged
jets (referred to as ‘light jets’ hereafter) in the event. Each candidate jet combination must
contain exactly one b-tagged jet. To facilitate the use of jet four-momentum components in
the top-NN and remove spurious degrees of freedom a set of transformations is used. These
transformations include a Lorentz boost into the rest frame of the jet combination and a
rotation such that the b-tagged jet is aligned along the z-axis and the leading-pT light jet lies
in the xz-plane with a positive px component. After these transformations, six non-trivial

6Rapidity y ≡ 1
2 ln E+pz

E−pz
is used instead of pseudorapidity (η) when computing the distance ∆Ry.
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jet momentum components together with the pT of the original jet combination are used as
NN inputs. The top-NN is a binary feed-forward NN trained with Keras [133] with the
Tensorflow backend. It is trained using SUSY signal events drawn from all simulated points
of the parameter space in order to include a large range of top quark pT. Jet combinations
that are kinematically matched to the partons from the top-quark decay are labelled signal
and all other combinatorics of jets are labelled background. In the training, weights are
assigned so that both signal and background candidates are uniformly distributed in pT. In
each event the top-NN assigns an output value to all combinations of selected jets.

The combination with the highest top-NN output value in each event is chosen as the
hadronic top quark candidate. According to simulation, the top-NN reaches the highest
efficiency in finding the correct jet combination for top quark pT between 200 and 600 GeV.
In this pT range, the top-NN identifies the right daughter jets in about 70% of the events in
which a correctly tagged b-tagged jet and at least one light jet are kinematically matched to
the hadronically decaying top quark. Above this range the performance worsens, as the decay
products are less likely to be reconstructed as individual small-R jets. These high pT decays
are better reconstructed using large-R jets. Therefore the top-NN is used to reconstruct the
hadronic top candidate only in events that have no large-R jet with pT > 600 GeV. Events
selected by the top-NN are further required to have an output value above a minimum
threshold to ensure the presence of a good hadronic top quark candidate.

6 Event classification

Events are collected using both Emiss
T and single lepton triggers, and different thresholds on the

reconstructed Emiss
T and signal lepton pT are applied to select events in the kinematic range

where these triggers reach high efficiency. Reconstructed events with Emiss
T > 230 GeV are

required to have satisfied the Emiss
T trigger. Events with Emiss

T in the range [70, 230] GeV are
instead required to have satisfied a single lepton trigger. For these events, the signal electron
(muon) associated with the lepton selected at trigger level must have pT > 27 (27.5) GeV and
|η| < 2.47 (2.4). All events are required to have exactly one or three signal leptons and no
additional baseline lepton or τhad−vis candidate. Events with three signal leptons are only
used for the validation of the tt̄Z background.

Events that satisfy the selection are classified into mutually exclusive categories: high-
Emiss

T events with Emiss
T > 230 GeV, and ‘boosted’ events with a large-R jet. If an event

satisfies the criteria for both categories, it is assigned to the boosted category. These categories
target events with top-quark decays at different transverse momenta. Events are further
categorised according to the number of b-tagged jets and the presence of a top-tagged large-R
jet. The requirements for these categories are summarised in table 2. Events not accepted
in any of these categories are not further considered.

High-Emiss
T events are placed in ‘1b’ or ‘2b’ categories according to the number of b-tagged

jets. A minimum number of light jets is required so that a top-NN-tagged jet combination can
be defined by at least two jets and an additional jet can be used for the reconstruction of the
leptonically decaying top quark. In the 2b (1b) categories, the hadronic top quark candidate
is formed by the combination of jets that give the highest top-NN output value, while the
leptonic top quark candidate comprises the lepton and the b-tagged (light) leading-pT jet that
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Analysis Category High-Emiss
T Boosted

1b 2b 1b-lep-0t 1b-had-0t 2b-0t 1b-lep-1t 1b-had-1t 2b-1t

N(lR jet, pT > 600 GeV) 0 ≥ 1
N(top-tagged lR jet) - 0 ≥ 1
Nb−jet with ∆R(b, lR jet) < 1.1 - 0 ≥ 1 ≥ 1 0 ≥ 1 ≥ 1
Nb−jet with ∆R(b, lR jet) > 1.1 - ≥ 1 0 ≥ 1 ≥ 1 0 ≥ 1

top-NN-tagged multiplet ✓ -
Nb−jet 1 ≥ 2 -
Nlight−jet ≥ 2 ≥ 1 -

tophad candidate top-NN multiplet lR jet
toplep candidate ℓ + j ℓ + b ℓ + b ℓ(+j) ℓ + b ℓ + b ℓ(+j) ℓ + b

Event NN selection See table 3

Table 2. Summary of the selections for each event category together with the definitions of the
hadronic and leptonic top quark candidates. Trigger, lepton and Emiss

T selections are described in the
text. Large-R jets are referred to as ‘lR’ for brevity.

is not associated with the hadronic top quark candidate. In the 1b category, the leading-pT jet
is used to build the leptonic top quark candidate to retain a good kinematic description of the
events in which the jet from the b-quark in the leptonic top-quark decay is not correctly tagged.

Boosted events must have at least one large-R jet. In events with more than one, only
the leading-pT large-R jet is considered for event selection and classification. These boosted
events are first categorised according to whether the large-R jet is top-tagged (‘1t’) or not
(‘0t’), and then according to the numbers of b-tagged jets inside and outside the large-R jet.
The ‘2b’ events have at least one b-tagged jet inside the large-R jet (∆R(b, large-R jet) < 1.1)
and at least one b-tagged jet outside. The ‘1b-had’ events have at least one b-tagged jet inside
the large-R jet and none outside. Finally, the ‘1b-lep’ events have at least one b-tagged jet
outside the large-R jet and none inside. This classification defines six orthogonal boosted
categories. In these events, the hadronic top quark candidate is defined by the large-R jet
momentum, while the leptonic top quark momentum is the vectorial sum of the momenta
of the lepton and the leading-pT b-tagged jet outside the large-R jet. In cases where this
b-tagged jet is not present, the leading-pT light jet, if present, is used.

Overall, eight orthogonal categories (two high-Emiss
T and six boosted) in different kinematic

regimes and with different reconstructed objects are used to maximise the signal acceptance.
In each high-Emiss

T category, two NN-based event classifiers, one for the t̃1t̃1 search (‘stop-
NN’) and one for the tt̄+DM search (‘DM-NN’), are employed to discriminate signal from
background events. In each boosted category, only a dedicated stop-NN is employed. This is
because tt̄+DM signals in the mediator mass range targeted in this search are not expected
to yield sizeable fractions of events in the boosted regions. Each NN is trained with all
simulated events accepted in a given category, including background processes and signals
from across the parameter space. For the stop-NNs, only signal events from two-body decays
are used in the training. For the DM-NNs, signal events with both scalar and pseudoscalar
mediators are used together. Each event is weighted by the predicted cross-section of the
parent process. The distribution of the output value of either the stop-NN or the DM-NN in
each category is used in a fit to the observed data to assess the presence of signal events across

– 11 –



J
H
E
P
0
3
(
2
0
2
4
)
1
3
9

the parameter space. Events generated from different signal model parameters populate
different event categories at different rates, but events accepted into a particular category have
similar kinematic properties. For instance, t̃1t̃1 events with large ∆m(t̃1, χ̃0

1) are accepted at
similar rates in the boosted and high-Emiss

T categories, while events with small ∆m(t̃1, χ̃0
1)

are accepted almost exclusively in the high-Emiss
T categories. When compared with more

complex approaches, in which NNs are trained for specific signal model parameters, this
approach retains high classification power across the parameter space with the simplicity
of having only one distribution per event category to fit.

The stop- and DM-NNs are binary feed-forward NNs. In each event category the sets
of inputs are the same for the stop- and DM-NNs, but these sets differ across categories.
A set of ‘low-level’ inputs is used by all NNs in all categories. It includes the momentum
components of the hadronic and leptonic top quark candidates, the momentum components
of p⃗ miss

T , and the momentum components of the lepton and of the b-tagged jets associated
with the two top quark candidates.7 Transformations in the plane transverse to the beam
direction are used to remove rotational symmetries and reduce the input dimensionality.
Additional ‘high-level’ variables include the Emiss

T significance, the top-NN output value
(only for the high-Emiss

T categories), and kinematic variables such as the transverse mass
mT (p⃗ ℓ

T , p⃗ miss
T ) =

√
2|p⃗ ℓ

T ||p⃗ miss
T |(1 − cos ∆ϕ(p⃗ ℓ

T , p⃗ miss
T )) and the stransverse mass [134]:

mT 2(p⃗ 1
T , p⃗ 2

T , p⃗ miss
T ) = min

q⃗ 1
T +q⃗ 2

T =p⃗ miss
T

{
max

[
mT (p⃗ 1

T , q⃗ 1
T ), mT (p⃗ 2

T , q⃗ 2
T )

]}
,

where p⃗ i
T is the transverse momentum of a visible particle and q⃗ i

T is the transverse mo-
mentum of an undetected particle, assumed to be massless, which contributes to Emiss

T .
The variants of mT 2 used in this search are mT 2(b, b, Emiss

T ) and mT 2,min(b + ℓ, b, Emiss
T ) =

min
[
mT 2(b1 + ℓ, b2, Emiss

T ), mT 2(b1, b2 + ℓ, Emiss
T )

]
, where b indicates the b-tagged (or light)

jet associated with one of the two top quark candidates. The distributions of these variables
are expected to have endpoints around m(W ) or m(t) in tt̄ events, while reaching higher
values in signal events with more undetected particles. The mT 2 variables are not used as
NN inputs in the boosted categories. In total, depending on the event category, the number
of NN inputs varies from 19 to 26.

The classification power in each event category depends on the signal source. SUSY
signals at large stop masses have the largest classification power, with output values close
to unity, while signals with small ∆m(t̃1, χ̃0

1) or from the three-body regime have lower
classification power. Among DM signals, events with a pseudoscalar mediator have higher
classification power than events with a scalar mediator for the same mediator mass. Moreover,
when considering mediators with the same parity, signals with small m(ϕ/a) have a lower
classification power than signals with large m(ϕ/a). To illustrate these features, figure 2
shows the expected distributions of events as a function of the NN output value in the
high-Emiss

T 2b category for SM background processes and for classes of signal models. The
analysis retains sensitivity to all classes of signal events by performing a binned fit to the
data distribution of the NN output value, as described in section 7.

7In the high-Emiss
T 1b category, the momentum components of the light jet associated with the leptonic top

candidate are used. In the boosted 1b-lep categories, the b-tagged jet associated with the hadronic top quark
candidate is omitted.
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Figure 2. Expected distributions of events as a function of the output value of the stop-NN (left)
and of the DM-NN (right) in the high-Emiss

T 2b category. The distribution of the SM background
processes is compared with classes of signal models. In the left plot, t̃1t̃1 models are grouped
according to ∆m(t̃1, χ̃0

1) and the t̃1 decay mode. In the right plot, tt̄+DM models with a scalar
ϕ or pseudoscalar a mediator are shown for mediator masses larger or smaller than 100 GeV and
m(χ) = 1 GeV. Distributions are normalised to the same integral.

The stop-NN and DM-NN output values are used to split each event category into an
SR, a CR and a VR. The SR contains events at high output values with the highest purity
of signal events. The CR contains events at low output values with negligible contributions
from potential signals. These CR events are used to improve the modelling of the background
normalisations and templates in situ in each event category. The VR contains events in the
intermediate range which are used to check the validity of the background model, derived
at low output values, when applied to background events at higher values. For each SR,
the lower threshold on the NN output value is set based on its binned distribution and on
the maximum of the signal-to-background ratio (s/bmax

bin ) expected in each bin for all signals
not excluded by ref. [31].8 As the s/bmax

bin increases monotonically, the minimum threshold
for the SR is chosen as the maximum output value below which all bins have s/bmax

bin < 0.1.
The lower threshold for the VR is chosen in the same way with s/bmax

bin < 0.05. In case the
resulting expected number of events in the VR is less than 40, this threshold is lowered in
order to reach a number of events suitable to validate the background model. Events with
NN output values below the VR lower threshold are accepted into the CR. In some categories,
a lower threshold is set for the CR, and events below that threshold are rejected and not
used for further analysis. These rejected events have background compositions that are not
representative of the background events in the SR and may contain multijet events, which
are not simulated. With this approach, all CRs, VRs and SRs are orthogonal and span the
full range of the NN output value above a minimum threshold. Table 3 reports a summary
of these selections, together with the signal acceptance efficiencies in the SRs.

8For the DM signals, given the previously excluded cross-sections, the expected s/bmax
bin in each bin is

evaluated assuming g = 0.5.
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stop-NN DM-NN
Category CR VR SR CR VR SR

Range Range Range Eff. Range Range Range Eff.

High-Emiss
T 1b [0.2, 0.64) [0.64, 0.79) [0.79, 1.0] 0.4-0.9 [0.3, 0.69) [0.69, 0.87) [0.87, 1.0] 0.3-0.4

High-Emiss
T 2b [0.1, 0.56) [0.56, 0.70) [0.70, 1.0] 0.5-0.9 [0.3, 0.60) [0.60, 0.76) [0.76, 1.0] 0.6-0.8

Boosted 1b-lep-1t [0.0, 0.65) [0.65, 0.80) [0.80, 1.0] 0.5-0.9
Boosted 1b-had-1t [0.0, 0.65) [0.65, 0.85) [0.85, 1.0] 0.6-0.9
Boosted 2b-1t [0.0, 0.75) [0.75, 0.95) [0.95, 1.0] 0.6-0.8
Boosted 1b-lep-0t [0.0, 0.70) [0.70, 0.85) [0.85, 1.0] 0.6-0.8
Boosted 1b-had-0t [0.0, 0.75) [0.75, 0.95) [0.95, 1.0] 0.4-0.8
Boosted 2b-0t [0.0, 0.65) [0.65, 0.80) [0.80, 1.0] 0.6-0.9

Table 3. Summary of the selections on the stop-NN and DM-NN output values that define CRs,
VRs and SRs. Signal efficiencies, computed as the fraction of signal events in a given category with a
NN output value in the range accepted in the SR, are also reported. The quoted range encompasses
efficiencies estimated for all signals across the simulated parameter space. In boosted categories, only
efficiencies for t̃1t̃1 signals with ∆m(t̃1, χ̃0

1) > 500 GeV are quoted.

7 Background estimation and statistical model

The dominant sources of background events are processes that produce tt̄, single-top (including
tW ) and W +jets. Despite its small cross-section, tt̄Z(→ νν̄) production constitutes another
important background as it yields events with signal-like kinematic properties. All these
backgrounds, along with other minor contributions, are estimated from simulation and
corrected based on a fit to CRs in data. According to simulation, the fraction of background
events in which the selected signal lepton is not a real prompt lepton from a W boson or τ

lepton decay is small. This contribution is estimated from simulation with a conservative
systematic uncertainty. Multijet events are expected to yield negligible contributions in all
categories after the selection on the minimum NN output value and are therefore neglected
in the background estimate.

Events from tt̄ production are modelled via two classes: the semileptonic tt̄ events with
up to one prompt lepton (‘tt̄-1L’) and the fully leptonic tt̄ events with at least two prompt
leptons (‘tt̄-2L’). The tt̄-1L events have the same final state as the signal events, but a lower
Emiss

T due to the presence of only one neutrino from W -boson decays. The tt̄-2L events, in
which only one lepton is selected, have a similar level of Emiss

T to signal events, but differ
in the properties of the hadronic top quark candidate, which is built from the additional
jet activity in the event. Given the different kinematics and the higher sensitivity of the
tt̄-2L events to the modelling of additional radiation, the tt̄-1L and the tt̄-2L backgrounds
are estimated separately. Their prediction is based on the same simulation, but their in
situ estimates are independent.

The predicted event yields from tt̄, single-top and W+jets are corrected in situ by
fitting the observed events in CRs. This correction is determined jointly with the fit to
the observed events in SRs to test the presence of signal events. This fit uses a binned
maximum-likelihood approach implemented in the statistical analysis packages RooFit [135],
RooStats [136] and HistFitter [137]. The statistical model is composed of observed and
expected binned distributions in CRs and SRs. In SRs, events are binned by the output
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Category Fitted observable Normalisation Factors
CR SR NFHigh−met

top−1L NFBoosted
top−1L NFHigh−met

top−2L NFBoosted
top−2L NFHigh−met

W NFBoosted
W NFsingletop

High-Emiss
T 1b mT × q(ℓ) NN ✓ ✓ ✓ ✓

High-Emiss
T 2b mT × q(ℓ) NN ✓ ✓ ✓ ✓

Boosted 1b-lep-1t mT × q(ℓ) NN ✓ ✓ ✓ ✓
Boosted 1b-had-1t mT × q(ℓ) NN ✓ ✓ ✓ ✓

Boosted 2b-1t mT × q(ℓ) (low-mT 2) NN ✓ ✓ ✓ ✓Yield (high-mT 2)
Boosted 1b-lep-0t mT × q(ℓ) NN ✓ ✓ ✓ ✓
Boosted 1b-had-0t mT × q(ℓ) NN ✓ ✓ ✓ ✓

Boosted 2b-0t mT × q(ℓ) (low-mT 2) NN ✓ ✓ ✓ ✓Yield (high-mT 2)

Table 4. Summary of the statistical model in terms of event categories, category subdivisions, observ-
ables used in the template fit and normalisation factors (‘NFs’) applied to background contributions
in each region. ‘NN’ stands for the NN output value. The background process to which a NF applies
is indicated by the name of the NF. All ten CRs and eight SRs are used in the fit for the t̃1t̃1 search.
The SRs in the boosted categories are not used in the statistical model for the tt̄+DM search.

values of either the stop-NNs or the DM-NNs, depending on the type of signal being tested.
In CRs, events are binned by mT multiplied by the lepton electric charge (mT × q(ℓ)) as this
variable allows the individual contributions of the tt̄-1L, tt̄-2L, and W+jets backgrounds to
be determined simultaneously. The mT variable is used because events with one leptonically
decaying W boson (eg, tt̄-1L and W +jets events) are distributed differently from events with
more (eg, tt̄-2L) as the former feature an endpoint around mW , while the latter extend to
higher values. The lepton charge is used to discriminate between tt̄-1L and W+jets events
by exploiting the difference in the production cross-section for W + and W− bosons. The
contribution from single-top events is determined mainly in dedicated CRs. The boosted-2b-1t
and boosted-2b-0t CRs are split with a selection on mT 2,min(b + ℓ, b, Emiss

T ) at 300 GeV into
‘low-mT 2’ and ‘high-mT 2’ regions, with the high-mT 2 region being enhanced in single-top
events. Given the small number of events in the high-mT 2 regions, only their total event
yields are considered in the fit.

Overall, the statistical model used for the t̃1t̃1 search includes ten CRs and eight SRs, as
summarised in table 4. In the tt̄+DM search, only the high-Emiss

T SRs are considered since
no sizeable signal yield is expected in the boosted SRs. However, the boosted categories
are still used to improve the determination of the single-top background. Therefore the
statistical model for the tt̄+DM includes the two high-Emiss

T SRs with their associated CRs
and the eight boosted CRs used in the t̃1t̃1 search. In these fits, the normalisations of the
tt̄-1L, tt̄-2L, single-top and W+jets contributions are scaled by independent unconstrained
fit parameters (normalisation factors or ‘NFs’), as reported in table 4. Via these NFs and the
experimental and theoretical systematic uncertainties described in section 8, the background
predictions based on simulation are corrected in situ with the data in CRs and then used
to estimate the background contributions in VRs and SRs. The samples of events in VRs
are useful to validate the background predictions since they have background compositions
similar to those in SRs and only small potential signal contributions. The observed and
predicted distributions in CRs, VRs and SRs are shown in section 9.

The validation of the predictions for the irreducible tt̄Z(→ νν̄) background is done using
events enhanced in tt̄Z(→ ℓℓ). These events are subject to the selection described in section 6,
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Figure 3. Observed and expected distributions of the stop-NN output values in the high-Emiss
T

three-lepton events with one (left) and two or more (right) b-tagged jets. Only statistical uncertainties
are shown and no data-driven correction is applied to background predictions.

except that exactly three signal leptons and no additional baseline lepton are required. From
these three leptons, two are required to be of the same flavour and have opposite electric
charges. The invariant mass of these two leptons is required to be compatible with the
leptonic decay of a Z boson, mℓℓ ∈ [81, 101] GeV. To select tt̄Z(→ ℓℓ) events with kinematic
properties similar to those of the tt̄Z(→ νν̄) events accepted in the SRs, the three-lepton
events are categorised and classified as one-lepton events using a modified missing transverse
momentum which incorporates the vectorial sum of the two leptons from the Z-boson decay.9

As shown in figure 3, the observed distributions of events as a function of the stop-NN output
value in the high-Emiss

T three-lepton regions are in good agreement with predictions. These
theoretical predictions do not include data-driven corrections. Similar agreement is observed
for the DM-NN output values. The three-lepton selection in the boosted regions is not used
as it does not yield enough events to provide a useful validation.

The distributions of NN output values in the three-lepton categories are also useful to
validate the NN modelling of signal-like events in the simulation.

8 Systematic uncertainties

The main experimental systematic uncertainties on the signal and background predictions
include uncertainties on the determination of the energy scale and resolution of jets and of
the Emiss

T soft-term, and on the modelling of the efficiencies of b-tagging, top-tagging and
the (f)JVT selection. Other systematic uncertainties include uncertainties on the modelling
of lepton energy scale and reconstruction, trigger, identification and isolation efficiencies.
Uncertainties in the integrated luminosity and on the reweighting of the simulation as a
function of the number of interactions per bunch crossing in data are also considered. The
predicted yield of background events with a non-prompt lepton is assigned a 50% uncertainty,
which has minimal impact on the results of the searches.

9The Emiss
T significance used to classify three-lepton events is not computed with the modified missing

transverse momentum, but rather with the original p⃗ miss
T .
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Theoretical uncertainties on the differential cross-sections of the main sources of back-
ground are also considered. For tt̄ and W +jets events, these include uncertainties related to
factorisation and renormalisation scales, PDF uncertainties, uncertainties on the matching
of partons between ME and PS, uncertainties on the resummation scale, and uncertainties
related to electroweak NLO corrections. For tt̄, uncertainties on the fragmentation model are
also considered. For W+jets, a relative uncertainty of 30% between the W+jets predictions
in event categories with one and two or more b-tagged jets is assigned to cover uncertainties
on the production of a W boson in association with heavy-flavour quarks [138]. To match
the NF scheme used in the statistical model, these theoretical uncertainties are considered
uncorrelated between tt̄-1L and tt̄-2L events, as well as between the predictions in the high-
Emiss

T and boosted categories. Theoretical uncertainties on single-top production include
uncertainties on the amount of initial-state radiation, on PDFs, and on factorisation and
renormalisation scales. An uncertainty on the removal of the on-shell contributions in the
tW process is estimated as the difference in predicted yields when using the diagram removal
or the diagram subtraction prescriptions. For tt̄Z, uncertainties related to PDFs and to
factorisation and normalisation scales are considered. Other minor background contributions,
mostly V V and ttV (apart from tt̄Z(→ νν̄, ℓℓ̄)), are predicted with a conservative uncertainty
of 30% on the total cross-section [139, 140]. Theoretical uncertainties on signal predictions
from factorisation and renormalisation scales and PDF uncertainties are also accounted for.

In the statistical model, systematic uncertainties are associated with nuisance parameters
(NPs) whose values are constrained with Gaussian probability density functions. Statistical
uncertainties on simulated events are also accounted for. The impact of these uncertainties
on the sensitivity of the searches is discussed in section 10.

9 Results

Multiple types of fits, either for the t̃1t̃1 or the tt̄+DM search, are performed to analyse
the observed data. First a ‘background-only’ fit that uses only data in CRs is done to
predict the background in the VRs. The data in the VRs is then used to validate the
background modelling. A background-only fit using data from CRs and SRs is done to check
the compatibility of the data in SRs with background-only contributions. Finally, ‘full’ fits,
in which data in CRs and SRs are fitted with contributions from background processes and
from a signal model, is done. These fits are performed separately for the t̃1t̃1 and tt̄+DM
searches, with all associated regions fit simultaneously.

In the first background-only fit, background predictions were fitted to data in all CRs
and then applied via the fit model to VRs, where predictions were found to agree with data.
After this validation of the background modelling, the background-only fit including data
from SRs was performed. Observed and expected distributions of mT × q(ℓ) and total yields
in CRs and of the NN output values in VRs and SRs after this fit are shown in figures 4–9.10

The expected distributions in SRs from benchmark signal models are also shown. In the
t̃1t̃1 search, the NFs of the tt̄, W+jets and single-top contributions are generally compatible

10Distributions in the boosted CRs as determined in the fit for the tt̄+DM search are not shown as they are
similar to those obtained in the fit for the stop search.
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with unity within uncertainties. The NFs for the tt̄-1L (-2L) background are 1.02 ± 0.06
(1.09± 0.05) and 1.07± 0.06 (1.29± 0.13) in the high-Emiss

T and boosted regions, respectively.
The NFs for the W+jets backgrounds are 1.30 ± 0.15 and 1.33 ± 0.11 in the same regions.
The single-top NF is 1.4 ± 0.4, with the large uncertainty due in part to the correlation with
the uncertainty related to the removal of the on-shell tW contributions. Similar values are
obtained in the fit for the tt̄+DM search. Compared with ref. [31], the overall agreement
between data and predictions is better due to improved background modelling, namely the
simulation of the tt̄ production with Sherpa and the simulation of the tW production with
dynamic scales. The results of the background-only fits with and without data in SRs are
statistically compatible with each other.

Good agreement between data and background predictions is seen in all CRs, VRs and
SRs, although small excesses of events in data compared with predictions are seen in SRs with
two b-tagged jets in bins at high NN output values. To quantify the level of agreement between
data and predictions and the combined significance of any excesses, a profile-likelihood-ratio
test [141] is performed on the result of the full fit, in which the statistical model includes
signal predictions. In the t̃1t̃1 search, no point in the considered parameter space leads to a
potential non-zero signal contribution by more than 2.1 standard deviations. The points with
highest significance are those at high m(t̃1) and low m(χ̃0

1) whose distributions are expected
to be strongly peaked at high NN output values and to predominantly populate the boosted
2b-1t category (figure 6). For the tt̄+DM search, no potential non-zero signal contribution
is observed with a significance of more than 1.8 standard deviations. The significance for
different models does not show a clear dependence on the mass or parity of the mediator.

The results of the t̃1t̃1 and tt̄+DM searches presented in this paper are statistically
combined with those from previous searches in tt̄ + Emiss

T final states performed by ATLAS.
For the t̃1t̃1 search, results from this paper are combined with those from the search in the
final state with no leptons [30], which has better sensitivity at high m(t̃1) and low m(χ̃0

1).
Of the SRs used in ref. [30], only SRA and SRB, which target signals at high m(t̃1), are
included in the combined fit, together with their associated CRs. For the tt̄+DM search, the
combined fit performed in ref. [33] with the zero-, one- and two-lepton final states is updated
by replacing the results from the previous one-lepton analysis [31] with the results presented
here. For both combined fits, it was checked that there is no overlap among the analysed
sets of data events. Fit parameters associated with experimental systematic uncertainties
are correlated across all the input analyses, while NFs and NPs associated with background
modelling uncertainties are left uncorrelated. An alternative fit for the t̃1t̃1 search in which all
fit parameters across the two analyses besides the parameter of interest were left uncorrelated
was found to yield compatible results.

10 Interpretations

As no significant excess is observed, exclusion limits are calculated using the CLs prescrip-
tion [142] at 95% confidence level (CL). Figure 10 shows the expected and observed exclusion
contours as a function of m(t̃1) and m(χ̃0

1) for the t̃ → tχ̃
0
1 or t̃ → bWχ̃0

1 scenarios. The
±1σexp uncertainty band indicates how much the expected limit is affected by systematic and
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Figure 4. Observed and expected events as a function of mT × q(ℓ) in the CR (top) and of the
stop-NN output value in the VR (middle row) and the SR (bottom) in the high-Emiss

T 1b (left) and
2b (right) stop regions. The expected distributions are as determined in the background-only fit
with data in CRs and SRs for the t̃1t̃1 search. The hatched area around the total SM prediction
includes statistical and systematic uncertainties. Uncertainties on predictions in VRs are dominated
by statistical uncertainties on simulated samples. The lower panels show the ratio of the observed
data to the expected SM events and the ratio of the sum of the SM and expected signal events to the
SM events. In CRs, the last (first) bin contains overflows (underflows).
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Figure 5. Observed and expected event yields in the high-mT 2 CR in the boosted 2b-1t (left) and
2b-0t (right) stop regions. The expected distributions are as determined in the background-only fit
with data in CRs and SRs for the t̃1t̃1 search. The hatched area around the total SM prediction
includes statistical and systematic uncertainties. The lower panels show the ratio of the observed data
to the expected SM events.

statistical uncertainties. Compared with ref. [31], this search significantly improves the sensi-
tivity for high neutralino masses covering the parameter region at ∆m(t̃1, χ̃0

1) ∼ m(t) which
was not probed by the previous search. At high stop masses where the sensitivity is driven
by the statistical power of the recorded data sample, this analysis reaches a sensitivity close
to the one from ref. [31]. For signals with three-body decays (m(W ) < ∆m(t̃1, χ̃0

1) < m(t)),
this analysis has a sensitivity similar to the one from ref. [31] even though the stop-NNs have
not been trained for these signal events and in ref. [31] an optimised event selection and an
NN-based discriminant were used. Overall, the unified approach developed in this search
without event categories targetting specific signal models achieves its design target. It provides
more stringent constraints in the challenging signal parameter region at ∆m(t̃1, χ̃0

1) ∼ m(t)
and is almost as sensitive as the approach with dedicated event categories used in the previous
search in the other parameter regions. Table 5 shows the main sources of uncertainty on the
determination of a potential signal contribution. Statistical uncertainties are the dominant
source, followed by the theoretical uncertainties on the background predictions. The exclusion
limits determined from the combination of the analysis presented in this paper with ref. [30]
are shown in figure 11. This combination improves the sensitivity at high m(t̃1) and in the
region around m(t̃1, χ̃0

1) ∼ (1100, 500) GeV.
The exclusion limits for the tt̄+DM search are shown in figure 12. These limits are

computed as upper limits at 95% CL on the ratio of the observed tt̄+DM production cross-
section for the spin-0 mediator model to the theoretical cross-section. Limits are shown
either as a function of m(ϕ/a) assuming m(χ) = 1 GeV, or as a function of m(χ) assuming
m(ϕ/a) = 10 GeV. All limits are computed under the hypothesis that g = gχ = gq = 1. All
signal uncertainties are included in the fit. The ±1σ and ±2σ uncertainty bands around the
expected upper limits account for all statistical and systematic uncertainties. The upper limits
plotted as a function of m(χ) show a sharp weakening at m(χ) = 5 GeV as this corresponds
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Figure 6. Observed and expected events distributed as a function of mT × q(ℓ) in the low-mT 2
CR (top) and of the stop-NN output value in the VR (middle row) and SR (bottom) in the boosted
2b-1t (left) and 2b-0t (right) stop regions. The expected distributions are as determined in the
background-only fit with data in CRs and SRs for the t̃1t̃1 search. The hatched area around the total
SM prediction includes statistical and systematic uncertainties. Uncertainties on predictions in VRs
are dominated by statistical uncertainties on simulated samples. The lower panels show the ratio of
the observed data to the expected SM events and the ratio of the sum of the SM and expected signal
events to the SM events. In CRs, the last (first) bin contains overflows (underflows).
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Figure 7. Observed and expected events as a function of mT × q(ℓ) in the CR (top) and of the
stop-NN output value in the VR (middle row) and the SR (bottom) in the boosted 1b-had-1t (left) and
1b-lep-1t (right) stop regions. The expected distributions are as determined in the background-only
fit with data in CRs and SRs for the t̃1t̃1 search. The hatched area around the total SM prediction
includes statistical and systematic uncertainties. Uncertainties on predictions in VRs are dominated
by statistical uncertainties on simulated samples. The lower panels show the ratio of the observed
data to the expected SM events and the ratio of the sum of the SM and expected signal events to the
SM events. In CRs, the last (first) bin contains overflows (underflows).
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Figure 8. Observed and expected events as a function of mT × q(ℓ) in the CR (top) and of the
stop-NN output value in the VR (middle row) and the SR (bottom) in the boosted 1b-had-0t (left) and
1b-lep-0t (right) stop regions. The expected distributions are as determined in the background-only
fit with data in CRs and SRs for the t̃1t̃1 search. The hatched area around the total SM prediction
includes statistical and systematic uncertainties. Uncertainties on predictions in VRs are dominated
by statistical uncertainties on simulated samples. The lower panels show the ratio of the observed
data to the expected SM events and the ratio of the sum of the SM and expected signal events to the
SM events. In CRs, the last (first) bin contains overflows (underflows).
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Figure 9. Observed and expected events as a function of mT × q(ℓ) in the CR (top) and of the
DM-NN output value in the VR (middle row) and the SR (bottom) in the high-Emiss

T 1b (left) and
2b (right) DM regions. The expected distributions are as determined in the background-only fit
with data in CRs and SRs for the tt̄+DM search. The hatched area around the total SM prediction
includes statistical and systematic uncertainties. Uncertainties on predictions in VRs are dominated
by statistical uncertainties on simulated samples. The lower panels show the ratio of the observed
data to the expected SM events, and the ratio of the sum of the SM and expected signal events to the
SM events. In CRs, the last (first) bin contains overflows (underflows).
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t̃1t̃1, m(t̃1, χ̃0
1) GeV tt̄+DM, m(a, χ) GeV

(1000, 600) (1200, 200) (50, 1) (150, 1)

µ ± σ(µ) (total uncertainty) 0.25+0.42
−0.25 0.8+0.7

−0.5 0.08+0.10
−0.08 0.12+0.13

−0.12

Data statistical uncertainty 82 % 74 % 67 % 69 %
Background modelling 45 % 62 % 51 % 48 %
MC statistical uncertainty 25 % 20 % 34 % 33 %
Jet energy scale and resolution 20 % 13 % 29 % 28 %
Flavour tagging efficiency 18 % 10 % 21 % 21 %

Table 5. Ratios of the signal cross-sections as determined in the fit to the expected signal cross-
sections µ = σsig

fit /σsig
Th for different signal models in the t̃1t̃1 and tt̄+DM searches. Components

of the total uncertainty σ(µ) from statistical and major systematic uncertainties are also shown.
The component from statistical uncertainties in data is estimated as the uncertainty on µ when all
nuisance parameters in the fit are fixed. Components from systematic uncertainties are estimated as
σsys(µ) =

√
σ2(µ) − σ2

fix(µ), where σfix(µ) is the uncertainty when the nuisance parameters associated
with the systematic uncertainties are fixed. The components are reported as percentages relative to
the total uncertainty σ(µ) only for positive variations of µ because uncertainties on negative variations
may be biased by the requirement for µ to be positive. Correlations across components are not
accounted for.
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Figure 10. Expected and observed 95% CL excluded regions in the plane of m(χ̃0
1) and m(t̃1) for t̃1t̃1

production assuming either a t̃ → tχ̃
0
1 or t̃ → bWχ̃0

1 decay with a branching ratio of 100%. Models
that lie within the contours are excluded. The red band indicates the ±1σ variation of the expected
limit. The diagonal dashed lines indicate the kinematic threshold of the stop decay modes. Also shown
is the region excluded by ref. [31], which targets a similar final state and uses the same data sample.
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1) and m(t̃1) for

t̃1t̃1 production assuming either a t̃ → tχ̃
0
1 or t̃ → bWχ̃0

1 decay with a branching ratio of 100% from
the statistical combination of the analysis presented in this paper and ref. [30]. Models that lie within
the contours are excluded. Uncertainty bands corresponding to the ±1σ variation of the combined
expected limit (yellow band) are also indicated. The diagonal dashed lines indicate the kinematic
threshold of the stop decay modes.

to the transition from on-shell to off-shell pair production of DM from a mediator with
m(ϕ/a) = 10 GeV. The expected upper limits set by this search supersede those from the
previous search in the one-lepton final state [31] and improve on the combined limits from
ref. [33], in which the sensitivity is largely dominated by the search in the two-lepton final
state. As shown in table 5, the impact of statistical and systematic uncertainties on the
sensitivity of the tt̄+DM search is similar to that of the t̃1t̃1 search. Figure 13 shows the
combined limits obtained by updating the previous combination [33] and by replacing the
previous analysis of the one-lepton final state with the analysis presented in this paper.

Results from the t̃1t̃1 fit are used to set constraints on effective tt̄νν̄ contact interactions.
Assuming the magnitude of the Wilson coefficients to be |Vij | = 4π, lower limits on Λ
are set at 95% confidence level depending on the chirality of the top quarks involved in
the interaction and the sign of the Wilson coefficient, as reported in table 6. To test the
validity of the EFT approach, limits are also computed considering only subsets of the
signal contributions selected by applying upper thresholds on the invariant mass of the two
neutrinos involved in the CI (mνν̄).
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Figure 12. Upper limit at 95% CL on the ratio of the tt̄+DM production cross-section to the
theoretical cross-section under the hypothesis of (left) a scalar or (right) a pseudoscalar mediator.
Limits are shown as a function of m(ϕ/a) assuming m(χ) = 1 GeV (top), or as a function of m(χ)
assuming m(ϕ/a) = 10 GeV (bottom). All limits are computed assuming g = 1. Limits from ref. [31]
are also shown.
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Wilson coefficient Observed (Expected)
upper limit on

√
|Vij |/Λ

[TeV−1]

Observed (Expected)
lower limit on Λ for
|Vij | = 4π [TeV]

VLL > 0 1.59 (1.441.58
1.31) 2.23 (2.472.71

2.25)
mνν̄ < 1 TeV 1.84 (1.661.82

1.51) 1.93 (2.142.35
1.95)

mνν̄ < 2 TeV 1.62 (1.461.61
1.36) 2.18 (2.422.66

2.21)

VLL < 0 1.66 (1.521.66
1.40) 2.13 (2.332.53

2.14)
mνν̄ < 1 TeV 1.96 (1.801.95

1.66) 1.81 (1.972.13
1.82)

mνν̄ < 2 TeV 1.70 (1.561.69
1.44) 2.08 (2.282.47

2.10)

VLR > 0 1.67 (1.531.66
1.40) 2.12 (2.322.53

2.13)
mνν̄ < 1 TeV 1.92 (1.781.94

1.64) 1.84 (1.992.16
1.82)

mνν̄ < 2 TeV 1.70 (1.561.70
1.44) 2.08 (2.272.47

2.08)

VLR < 0 1.63 (1.491.63
1.36) 2.17 (2.382.60

2.18)
mνν̄ < 1 TeV 1.86 (1.721.89

1.58) 1.91 (2.062.25
1.88)

mνν̄ < 2 TeV 1.66 (1.521.67
1.40) 2.13 (2.332.54

2.13)

Table 6. Constraints on effective tt̄νν̄ contact interactions involving all three generations of left-
handed neutrinos based on the results of the t̃1t̃1 search. Constraints are set independently for different
effective vector operators and for different hypotheses about the sign of the Wilson coefficient which
leads to a constructive or destructive interference with tt̄Z(→ νν̄). Observed (expected) limits at 95%
CL are reported for

√
|Vij |/Λ and for Λ, for the full phase space and for specified regions of the true

invariant mass of the neutrino pair, assuming |Vij | = 4π. Limits corresponding to ±1σ variations of
the expected limits are also reported.

11 Discussion and conclusions

This paper presents searches for the direct production of a pair of top squarks, for the
production of a spin-0 mediator that decays into DM particles in association with a pair of
top quarks, and for effective tt̄νν̄ contact interactions, using the full Run 2 pp data sample
recorded by ATLAS at

√
s = 13 TeV. The searches are conducted with events compatible

with the presence of one semileptonic and one hadronic top-quark decay and with large
Emiss

T . The results are combined with previous searches in similar final states but with
different lepton multiplicities.

The new searches employ an analysis approach based on neural networks and event
categories designed to target final states rather than specific signal model parameter regions.
Event categories are defined using the multiplicities and kinematic properties of jets, b-tagged
jets and Emiss

T . In each category, neural networks are trained by considering potential signals
across the parameter space under study, so that the resulting signal regions are sensitive to
wide ranges of the parameter space. A novel approach using neural networks is also developed
to reconstruct hadronic top-quark decays.

In the t̃1t̃1 search, the sensitivity to stop pair production for a mass splitting between
the stop and the neutralino masses near the top quark mass is significantly improved
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compared with ref. [31], which uses the same data sample. For models with heavy stops
and light neutralinos, the sensitivity of the new search, which is not as high as in ref. [31],
is instead aided by the combination with ref. [30], which is performed in final states with
no leptons and is the most sensitive study by ATLAS in that parameter region to date. As
a result, the combined sensitivity for models with two-body decays is improved across the
full parameter region and supersedes the sensitivities of refs. [30, 31]. The sensitivity of the
new search to spin-0 mediators is also improved across the full parameter space. In addition
to enhanced sensitivity, this analysis approach offers the benefit that no dedicated signal
region needs to be optimised for specific regions of the parameter space. Moreover, with only
one discriminant per category for all signal models under test, the analysis is simpler, since
the data and background distributions remain the same while different signal predictions
are tested. This makes the validation of the background modelling more straightforward,
and the interpretability of results for new signals is likely to be simpler and more effective.
Another important development included in this paper is the improved modelling of top
quark production in both tt̄ and single-top processes.

No statistically significant deviations from the SM expectation are observed and exclusion
limits at 95% confidence level are set by combining the new searches with previous analyses
performed in similar final states with different lepton multiplicities requirements. In the
simplified models considered in this paper, stops are excluded for masses up to 1230 GeV,
while neutralinos are excluded for masses up to 570 GeV. These limits are slightly weaker
than expected due to the presence of small excesses of data over the predicted background.
In the tt̄+DM search, when assuming g = gq = gχ = 1 for the strengths of the couplings of
the mediator to DM and SM particles, models with scalar (pseudoscalar) mediators with
masses up to 350 (370) GeV are excluded. At lower mediator masses, models with production
cross-sections as small as 0.15 (0.16) times the nominal predictions are excluded. Results from
the analysis presented in this paper are also interpreted in the context of a search for effective
vector contact interactions between top quarks and all three generations of left-handed
neutrinos. Assuming the Wilson coefficient to satisfy |Vij | = 4π, lower limits on the energy
scale of new physics Λ at 95% confidence level are between 2.12 TeV and 2.23 TeV, depending
on the chirality of the top quarks involved in the CI and the sign of the Wilson coefficient.
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