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1 Introduction

New heavy particles coupling strongly to the top quark are predicted in numerous extensions
of the Standard Model (SM) of particle physics. Such models are proposed to address open
questions of the SM, such as the large difference between the scales of electroweak interactions
at O(100) GeV and gravity at O(1019) GeV, known as the Planck scale [1, 2]. Models
include, for example, topcolor-assisted-technicolor (TC2) [3–6] and Randall-Sundrum (RS)
models of warped extra dimensions [7, 8], predicting one or several additional heavy bosons,
such as a spin-1 Z ′ particle, a spin-2 Kaluza-Klein (KK) graviton (GKK), or a spin-1 KK
gluon (gKK). The new states can have strong or preferential couplings to the top quark, the
heaviest elementary particle of the SM. Resonant production of a top-antitop-quark pair
(tt̄), if observed, would thus provide a smoking-gun signature of phenomena beyond the SM.
Searches for this process are therefore an integral part of the experimental programme at
the Large Hadron Collider (LHC) [9], which now provides unique access to heavy resonances
with masses in the multi-TeV range.

Searches for heavy resonances decaying into a tt̄ pair have previously been conducted with
the ATLAS and CMS experiments using proton-proton (pp) collisions at

√
s = 7 TeV [10–15],

8 TeV [16–19], and 13 TeV [20–24]. Both experiments have performed the searches in the
fully-hadronic and single-lepton final states, while the CMS Collaboration has also included
the dileptonic final states. ATLAS and CMS have also recently performed dedicated searches
for (pseudo-)scalar resonances [25, 26], focusing on signals with masses below 2 TeV and
where interference between the signal and the SM tt̄ background is known to be significant.
These signals are hence not considered in this paper. In the search performed by CMS,
a significant deviation from the SM expected limits for a tt̄ mass less than approximately
400 GeV was observed. This was later shown by CMS [27] to be consistent with a colour-
singlet, quasi-bound state of top quarks, predicted in the SM. The mild tension observed by
ATLAS [28] and CMS [29] between the data and simulation in the quantum entanglement
studies is also partially relieved by the inclusion of the pseudo-scalar state. In this paper,
the focus is on searches for resonant signals with masses above 400 GeV; the inclusion of the
quasi-bound state as a background was tested and has no impact on the results of this paper.

This paper presents a search for tt̄ resonances across the tt̄ invariant mass spectrum,
mtt̄, from 0.4 TeV to 5.0 TeV. The search is performed using 140 fb−1 of pp collision data
recorded in 2015–2018 at

√
s = 13 TeV with the ATLAS detector at the LHC, and uses the

single-lepton and dilepton final states, complementing the fully-hadronic ATLAS search. The
results in this paper consider spin-1 and spin-2 signal models and are valid for the case when
interference is negligible. It is the first time in Run 2 that the dilepton channel has been
included in an ATLAS search for these types of resonances, and both the single-lepton and
dilepton channels use the full Run-2 data for the first time. Additionally, the single-lepton
channel improves on the previous 36 fb−1 analysis through improved tt̄ reconstruction and
the addition of validation regions to better evaluate the background modelling.

The search presented in this paper targets events in which one top quark decays semi-
leptonically and the other hadronically (1-lepton channel), as well as events in which both
top quarks decay leptonically (2-lepton channel). Here, leptonic top-quark decays are defined
as the top-quark decays resulting in a prompt electron (e) or muon (µ), either directly from
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(a) (b) (c)

Figure 1. Representative leading-order Feynman diagrams for the s-channel production and
subsequent decay to tt̄ of the (a) Z ′

TC2 , (b) GKK, and (c) gKK signals.

the W boson decay or via secondary decays of leptonically-decaying τ -leptons. Hadronic
top-quark decays in the 1-lepton channel are targeted using separate analysis strategies for
resolved and merged topologies that are combined to maximise the sensitivity for the mtt̄

range from 400 GeV up to values of several TeV. In the range mtt̄ > 2 TeV, the top quarks are
highly Lorentz boosted, resulting in the decay products merging into a single jet. Therefore,
an advanced multivariate classifier based on a deep neural network is used to identify the
hadronic top-quark decays with these highly collimated decay products [30]. The dominant
background in both channels arises from SM tt̄ production.

This paper is structured as follows. In section 2, the benchmark models used for
the interpretation of the results of this search are introduced. In sections 3 and 4, the
ATLAS detector as well as the data and simulated event samples are described. The object
reconstruction, event selection, categorisation and reconstruction of observables, and the
estimate of background processes are described in sections 5 to 8. The description of the
statistical analysis is provided in section 9 and the systematic uncertainties are detailed in
section 10. Finally, results are presented and discussed in section 11, where, in the absence of
any significant excess, exclusion limits on the production cross-section times branching ratio
for the hypothetical new particles are presented at the 95% confidence level.

2 Theoretical framework

The search presented in this paper is designed to be sensitive to the production of different
types of spin-1 and spin-2, s-channel resonances decaying to tt̄. The selection efficiency and
acceptance can differ depending on the properties of the new resonance, such as its spin,
width, or production mode. Therefore, the sensitivity to three types of new particle was
evaluated to quantify the performance of the search. The benchmark models adopted in this
search are colour-singlet and colour-octet bosons with spin-1 or spin-2 and masses ranging
from 400 GeV to 5 TeV. Two benchmark models with a narrow relative resonance width,
Γ/m, below the experimental resolution of Γ/m ≈ O(10%) are used, in addition to a model
predicting wide resonances with a relative width of Γ/m = 30%. Figure 1 shows example
Feynman diagrams for the three benchmark models considered, and the following section
details the theoretical motivation for such models.

– 3 –
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2.1 Spin-1 colour singlet

Spin-1, electrically neutral, colour-singlet vector bosons, referred to as Z ′ bosons, are predicted
in various extensions of the SM, such as topcolor-assisted-technicolor models [3, 4]. The
benchmark model used in this paper is the same as in previous searches for tt̄ resonances [11,
12, 17, 19–21, 24] and is referred to as Model IV in ref. [5], with production cross-section
calculations for the LHC provided by ref. [6]. The model predicts a leptophobic Z ′ boson,
referred to as Z ′

TC2 , which is mainly produced via qq̄ annihilation and decays into first- and
third-generation quarks. The properties of the boson are controlled by three parameters:
the top-color tilting parameter, cot θH , which controls the width and the production cross-
section, and f1 and f2, which are related to the coupling to up-type and down-type quarks,
respectively. In the benchmark considered in this and previous papers, f1 is set to 1 and
f2 to 0 to maximise the branching fraction of the Z ′

TC2 → tt̄ decay, which reaches 33%.
The parameter cot θH is tuned for each mass point such that the resonance has a width
of 3% of its mass [6]. Given that this width is smaller than the experimental resolution,
the Z ′

TC2 signal considered in this paper can also be used to set limits on the production
cross-section times branching ratio for a Z ′

TC2 signal with other widths that are also below
the experimental resolution by rescaling the theory production cross-section. The predicted
next-to-leading-order (NLO) Z ′

TC2 → tt̄ production cross-section for a Z ′
TC2 mass of 4 TeV is

about 7.6 fb for a width of Γ/m = 3% and about 2.0 fb for a width of Γ/m = 1%.
The strongest mass constraints on this model have been derived by the ATLAS

Collaboration using the search in fully-hadronic final states on 139 fb−1 of
√

s = 13 TeV
data [24]. This search excluded Z ′

TC2 bosons with 1% and 3% relative widths with masses up
to 3.9 TeV and 4.7 TeV, respectively. The CMS Collaboration excluded Z ′

TC2 bosons with
masses up to 3.80 TeV for a decay width of 1% using the combination of all three decay
channels on 35.9 fb−1 of

√
s = 13 TeV data [23]. In the 1-lepton decay channel, the ATLAS

Collaboration excluded Z ′
TC2 signals of width 1% with masses up to 3.0 TeV, using 36 fb−1 of

data [20] and no previous search in the 2-lepton decay channel has been performed by the
ATLAS Collaboration. Dijet searches performed by ATLAS [31–33] and CMS [34] also place
constraints on leptophobic Z ′ bosons. ATLAS has provided direct sensitivity comparisons in
the context of a simplified model with a dark matter Z ′ mediator that has flavour-universal
couplings to all quarks, and this shows similar sensitivities between flavour-inclusive dijet
searches and tt̄ searches at high masses [35]. Given that the Z ′

TC2 model considered in this
paper couples preferentially to top quarks, leading to approximately twice the branching
ratio as that to bottom quarks, tt̄ searches will be more sensitive than dijet searches for
models with preferential couplings to tt̄.

2.2 Spin-2 colour singlet

Spin-2, colour-singlet bosons are predicted in models that postulate extra dimensions of
space leading to Kaluza-Klein (KK) excitations of the graviton. This search considers a
Randall-Sundrum (RS) model with a single warped extra dimension, where the SM fields are
in the bulk and the fermions are localised appropriately to explain the flavour structure of
the SM [7, 36, 37]. The type of KK graviton predicted in this RS model is referred to as a
“bulk” RS graviton, or GKK, and it is characterised by its mass, mGKK , and the dimensionless
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coupling of the KK gravitons to the SM fields, k/MPl, where MPl = MPl/8π is the reduced
Planck mass and k is the curvature of the warped extra dimension. Larger values of k/MPl
yield a larger production cross-section and a larger resonance width. In RS models with SM
fields in the bulk, values of k/MPl ∼ 1 ensure that higher-order corrections to this model can
be neglected [36]. For these KK gravitons, decays into light fermions are suppressed and the
branching ratio to photons is negligible. In this and previous ATLAS papers, k/MPl = 1.0, a
choice that maximises the production cross-section while keeping the resonance width below
the experimental resolution. In the mass range 0.4–3 TeV considered for the KK graviton
in this paper, the width varies between 3% and 6% of the mass. The primary production
mode is gg fusion, while the primary decay modes are those to tt̄, WW , ZZ, and hh. The
branching ratio of the GKK decay into a tt̄ pair increases rapidly from 18% to 50% for masses
between 0.4 and 0.6 TeV, reaching a plateau at 68% for masses larger than 1 TeV.

A previous search in the 1-lepton channel using 36 fb−1 of ATLAS data [20] excluded bulk
RS gravitons with masses in the range of 0.45–0.65 TeV. A complementary search on the
same ATLAS data sample targeting the decays GKK → WW, ZZ [38] excluded masses up to
2.3 TeV. A dijet search [31] considered the GKK benchmark with k/MPl = 0.2 decaying into
a bottom quark-anti-quark pair, and excluded these signals with masses up to 2.8 TeV. A
CMS search on 35.6 fb−1 of

√
s = 13 TeV data targeting the decay GKK → ZZ [39] excluded

the GKK signal with k/MPl = 0.5 up to 0.8 TeV.1 The model used in this paper and the
papers mentioned above is itself ruled out by precision electroweak tests; nevertheless, it
provides a useful generic benchmark that allows interpretations assuming some custodial
symmetry to circumvent the electroweak constraints.

2.3 Spin-1 colour octet

Spin-1 colour-octet bosons are predicted in models with extra dimensions of space leading to
KK excitations of the gluon [8, 40]. The benchmark model chosen in this paper, which is
consistent with the benchmark choices in previous ATLAS publications, is an RS model with
a single warped extra dimension, where the SM fields propagate in the bulk. The parameters
of the model are also consistent with that of the GKK model described above. The primary
production mode of these KK gluons, referred to as gKK, is via qq̄ annihilation. The strong
coupling of the gKK to light quarks is set to gq = 0.2gs, where gs is the SM gluon coupling
to quarks and the couplings correspond to the configuration given in eq. (3) of ref. [8]. The
left-handed coupling to the top quark is fixed at gt,L = gs, and the right-handed coupling
to the top quark, gt,R, is chosen to obtain a width of 30% to obtain benchmark predictions
for a broad resonance. For the configuration described here, this sets gt,L = gt,R. This is
fully consistent with the previous ATLAS searches for a gKK signal [20, 21]. The branching
fraction to tt̄ in this case amounts to 92.5%.

A previous search in the 1-lepton channel using 36 fb−1 of ATLAS data [20] excluded
KK gluon masses lower than 3.7 TeV in this benchmark model. The CMS Collaboration
searched for similar resonances in 35.9 fb−1 of

√
s = 13 TeV data [23] using a combination

of the three tt̄ decay channels, excluding gKK signals with masses up to 4.55 TeV. This is a

1The GKK benchmark was not considered by the CMS Collaboration in their latest tt̄ resonance searches [23].
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slightly different benchmark model than that used in this paper, which leads to a natural
width of 15–20% and a smaller production cross-section times branching fraction [41].

3 ATLAS detector

The ATLAS detector [42] at the LHC covers nearly the entire solid angle around the collision
point.2 It consists of an inner tracking detector surrounded by a thin superconducting
solenoid, electromagnetic and hadronic calorimeters, and a muon spectrometer incorporating
three large superconducting air-core toroidal magnets.

The inner-detector system (ID) is immersed in a 2 T axial magnetic field and provides
charged-particle tracking in the range |η| < 2.5. The high-granularity silicon pixel detector
covers the vertex region and typically provides four measurements per track, the first hit
generally being in the insertable B-layer (IBL) installed before Run 2 [43, 44]. It is followed
by the SemiConductor Tracker (SCT), which usually provides eight measurements per track.
These silicon detectors are complemented by the transition radiation tracker (TRT), which
enables radially extended track reconstruction up to |η| = 2.0. The TRT also provides
electron identification information based on the fraction of hits (typically 30 in total) above a
higher energy-deposit threshold corresponding to transition radiation.

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

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

The luminosity is measured mainly by the LUCID-2 [45] detector that records Cherenkov
light produced in the quartz windows of photomultipliers located close to the beampipe.

Events were selected by the first-level trigger system implemented in custom hardware,
followed by selections made by algorithms implemented in software in the high-level trigger [46].

2ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the
centre of the detector and the z-axis along the beam pipe. The x-axis points from the IP to the centre of
the LHC ring, and the y-axis points upwards. Polar 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) and is equal to the rapidity y = 1

2 ln
(

E+pz
E−pz

)
in the relativistic limit. Angular distance is

measured in units of ∆R ≡
√

(∆y)2 + (∆ϕ)2.
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The first-level trigger accepted events from the 40 MHz bunch crossings at a rate close to
100 kHz, which the high-level trigger further reduced in order to record complete events
to disk at about 1.25 kHz.

A software suite [47] 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.

4 Data and simulated event samples

Data from pp collisions at
√

s = 13 TeV corresponding to an integrated luminosity of 140 fb−1,
collected in the years 2015 to 2018 with the ATLAS detector, are analysed in the context of
this search. The uncertainty in the combined 2015–2018 integrated luminosity is 0.83% [48],
obtained primarily using the LUCID-2 detector [45], and complemented by measurements
provided by the inner detector and the calorimeters. The average number of interactions
per bunch crossing (pile-up) in this data sample is ⟨µ⟩ = 33.7. All detector subsystems were
required to be operational during data taking [49].

Candidate events for both the 1- and 2-lepton channels are selected using single-muon [50]
and single-electron [51] triggers. These triggers require a muon or an electron with momentum
transverse to the beamlime, pT, or energy transverse to the beamline, ET, respectively, above
a certain threshold and satisfying certain quality and, for some triggers, lepton isolation
requirements. The triggers with the lowest pT (ET) threshold require pT(ET) > 26 GeV for
muons (electrons) in 2016–2018 and pT(ET) > 20(24) GeV in 2015, and include a lepton
isolation requirement that is not applied for triggers with higher thresholds. The trigger
efficiency is mostly constant in the transverse momentum for leptons with pT > 28 GeV,
but can vary with η.

Monte Carlo (MC) simulated event samples are used to model the signal and background
processes. Unless otherwise stated, the top-quark mass was always set to mtop = 172.5 GeV;
samples that used Pythia [52] for the generation used the A14 set of tuned parameters
(tune) [53] with the NNPDF2.3lo [54] set of parton distribution functions (PDFs); and all
samples that did not use Sherpa [55] used EvtGen [56] to model the decays of bottom and
charm hadrons. The ATLAS simulation infrastructure [47] was used to simulate the detector
and its response. Signal and nominal background samples as well as several alternative
background samples used to assess systematic uncertainties were produced with a detailed
Geant4 [57] detector simulation. A faster simulation based on a parameterisation of the
calorimeter response and Geant4 for the other detector systems [47] was used for the
remaining alternative background samples. Pile-up effects were modelled by overlaying
minimum-bias events simulated using the soft QCD processes of Pythia 8.186 with the
NNPDF2.3lo set of PDFs and the A3 tune [58]. The pile-up profiles match the ones of
each data sample between 2015 and 2018. The same offline reconstruction methods used
for data were applied to the simulated event samples. Corrections were applied to the
simulated events to match the selection efficiencies, energy and mass scales and resolutions of
reconstructed simulated particles to those measured in data control samples. An overview
of the generator choices for the signal and background processes can be found in table 1,
with further details given in the following.
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Process ME generator ME order PDF set (ME) PS and hadronisation UE tune
Signal Z ′

TC2 MadGraph 2.9.3 LO NNPDF2.3lo Pythia 8.245 A14
Signal gKK MadGraph 2.9.3 LO NNPDF2.3lo Pythia 8.245 A14
Signal GKK MadGraph 2.2.3 LO NNPDF2.3lo Pythia 8.210 A14
tt̄ Powheg Box v2 NLO NNPDF3.0nlo Pythia 8.230 A14
Single top (Wt) Powheg Box v2 NLO NNPDF3.0nlo Pythia 8.307 A14
Single top (s-channel) Powheg Box v2 NLO NNPDF3.0nlo Pythia 8.230 A14
Single top (t-channel) Powheg Box v2 NLO NNPDF3.0nlo Pythia 8.230 A14
Diboson Sherpa 2.2.1/2.2.2 MEPS@NLO NNPDF3.0nnlo Sherpa author tune
W + jets Sherpa 2.2.11 MEPS@NLO NNPDF3.0nnlo Sherpa author tune
Z + jets Sherpa 2.2.1/2.2.11 MEPS@NLO NNPDF3.0nnlo Sherpa author tune
tt̄ + V MadGraph5_aMC@NLO 2.3.3 NLO NNPDF3.0nlo Pythia 8.210 A14
tt̄ + H Powheg Box v2 NLO NNPDF3.0nlo Pythia 8.230 A14

Table 1. List of matrix element (ME) generators and the order of the strong coupling constant
in the perturbative calculation, parton distribution function (PDF) sets, parton shower (PS) and
hadronisation generator, and underlying event (UE) tune for the different signal and background
processes.

The dominant background process is SM tt̄ production. Smaller background components
arise from single vector-boson (W, Z ) production in association with hadronic jets, referred
to as W/Z + jets, and single top-quark production (single top). There are also background
processes in both channels that lead to at least one mis-identified or non-prompt lepton
that satisfies the lepton identification and isolation criteria applied in this search, referred
to as fakes in this paper. These mostly originate from strong multijet production in the
1-lepton channel and from single-lepton tt̄ events in the 2-lepton channel. Single top and
W + jets production can also lead to these mis-identified or non-prompt leptons. Minor
backgrounds from tt̄+V , tt̄+H and diboson (WW , ZZ, WZ) production are also considered.
All background components, except the fakes in the 1-lepton channel (see section 8.2),
are modelled using MC simulation. Data-driven corrections are applied to the MC-based
estimates of the W +jets background in the 1-lepton channel (see section 8.1) and the Z +jets
background in the 2-lepton channel (see section 8.3) to correct the W + jets normalisation
and Z + jets shape, respectively.

SM tt̄ production was generated at NLO accuracy in QCD using Powheg Box v2 [59–63]
with the NNPDF3.0nlo [64] PDF set and the hdamp parameter set to 1.5 mtop [65].3 The
functional form of the renormalisation and factorisation scales was set to the default scale√

m2
top + p2

T. The top quarks were decayed in Powheg Box, thus preserving their spin
correlations. The matrix element (ME) generator is interfaced with Pythia 8.230 [66] to
model the parton shower (PS), hadronisation, and the underlying event (UE).

Alternative SM tt̄ samples obtained with different generator choices and settings are
used to estimate systematic uncertainties related to the modelling of this main background
component. The details can be found in section 10.1.

The top-quark kinematics in the nominal and all alternative SM tt̄ samples were
corrected to more accurate differential predictions calculated at next-to-next-to-leading-

3The hdamp parameter controls the pT of the first additional emission beyond the leading-order Feynman
diagram in the parton shower and therefore regulates the high-pT emission against which the tt̄ system recoils.
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order (NNLO) QCD and NLO electroweak (EW) accuracy for a top-quark mass value of
mtop =173.3 GeV [67]. The difference between the mtop value used in the reweighting and
the value of 172.5 GeV used in the NLO MC generation was found to have no impact on
the analysis sensitivity. The corrections were applied as event-by-event weights that were
obtained via an iterative recursive reweighting procedure in the differential distributions of the
(anti)top-quark pT and mtt̄, referred to as NNLO reweighting, following the same procedure
as described in ref. [25]. The systematic uncertainties related to the NNLO reweighting
procedure are listed in section 10.1.

All reweighted tt̄ samples were additionally normalised to the cross-section prediction at
NNLO in QCD, including the resummation of next-to-next-to-leading logarithmic (NNLL)
soft-gluon terms calculated using Top++ 2.0 [68–74], corresponding to 832± 51 pb.

Single top production in the Wt-channel [75], which constitutes the main single top
contribution, was generated with Powheg Box v2 using the NNPDF3.0nlo PDF set. The
overlap between tt̄ and Wt production, arising due to NLO EW corrections to Wt, was treated
within the diagram removal (DR) scheme [76] and the renormalisation and factorisation
scales were set to HT/2, where HT denotes the scalar sum of the transverse momenta of all
final-state particles in the event. The ME generator was interfaced with Pythia 8.307 [77]
for the PS, hadronisation, and the UE modelling. The sample was normalised to the theory
cross-sections for inclusive Wt, calculated at NLO accuracy in QCD with NNLL soft-gluon
corrections and corresponding to 71.7 ± 3.8 pb [78].

Single top production in the s-channel [79] was generated with Powheg Box v2 at NLO in
QCD using the five-flavour scheme and the NNPDF3.0nlo PDF set. Single top production in
the t-channel was generated with Powheg Box v2 [80], using the four-flavour scheme for the
NLO ME calculations together with the corresponding PDF NNPDF3.0 set. For this process,
the top-quark decays were simulated using MadSpin [81], preserving all spin correlations. For
both processes, the ME generator was also interfaced with Pythia 8.230. The inclusive cross-
sections were corrected to the theory predictions at NLO in QCD with Hathor 2.1 [82, 83].
For the s-channel process, this cross-section corresponds to 6.35+0.23

−0.20 pb (3.97+0.19
−0.17 pb) for

single top (single anti-top) production [84], and for the t-channel process, this cross-section
corresponds to 136.0+5.4

−4.6 pb (81.0+4.1
−3.6 pb) [85] for single top (single anti-top) production.

The background from tt̄ + V (V = W, Z) production was generated at NLO accuracy in
QCD with MadGraph5_aMC@NLO 2.3.3 [86] with the NNPDF3.0nlo PDF set, interfaced
with Pythia 8.210 for the PS, hadronisation, and UE. The samples were normalised to the
theory cross-section calculated at NLO in QCD [87]. The background from tt̄+H production
was generated at NLO accuracy in QCD with Powheg Box v2 with the NNPDF3.0nlo
PDF set, interfaced with Pythia 8.230 for the PS, hadronisation, and UE. The samples were
normalised to the theory cross-section calculated at NLO QCD and NLO EW accuracies [87].

The production of a single W boson in association with hadronic jets (W + jets) was
simulated with Sherpa 2.2.11. The background from Z + jets production was simulated with
Sherpa 2.2.11 in the 1-lepton channel and with Sherpa 2.2.1 in the 2-lepton channel. NLO
ME calculations were used for up to two partons for all samples, and leading-order (LO)
ME calculations for up to five (four) partons for the Sherpa 2.2.11 (Sherpa 2.2.1) samples.
The MEs were calculated with the Comix [88] and OpenLoops [89–91] libraries. They were
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matched with the Sherpa PS [92] using the MEPS@NLO prescription [93–96] and the set
of tuned parameters developed by the Sherpa authors. The NNPDF3.0nnlo set of PDFs
was used for all V + jets samples. The W + jets and Z + jets samples were normalised to the
theory cross-sections calculated at NLO accuracy in QCD [97]. An additional data-driven
normalisation correction was derived for the W + jets background in the 1-lepton channel.
Details can be found in section 8.1.

Diboson events with fully leptonic and semileptonic decays were simulated using
Sherpa 2.2.1 and Sherpa 2.2.2 [98], respectively. The simulation includes off-shell effects and
Higgs boson contributions, where appropriate. Events were simulated using ME calculations
at NLO accuracy in QCD for up to one additional parton and at LO accuracy for up to
three additional parton emissions. Samples for the loop-induced processes gg → V V were
simulated using LO-accurate ME calculations for up to one additional parton emission. The
ME calculations were matched and merged with the Sherpa PS based on the Catani-Seymour
dipole factorisation [88, 92] using the MEPS@NLO prescription. The virtual QCD corrections
were provided by the OpenLoops library. The NNPDF3.0nnlo set of PDFs was used,
along with the dedicated set of tuned PS parameters developed by the Sherpa authors. The
cross-sections from the generator were used for sample normalisation.

The fakes background in the 2-lepton channel is estimated using the single-lepton tt̄ MC
sample, the single top MC samples and the W + jets MC sample that contains two leptons.
After requiring two reconstructed leptons, if at least one of the leptons is not matched to a
prompt lepton at generator level, the event is considered to be part of the fakes background.

The production of each of the three signals decaying into tt̄ was modelled at LO in
QCD with the NNPDF2.3lo PDF set using MadGraph 2.9.3 for the Z ′

TC2 and gKK signals,
and MadGraph 2.2.3 for the GKK signal. Pythia 8.245 was used to model the PS and
hadronisation of the Z ′

TC2 and gKK signals, and Pythia 8.210 was used for the GKK signal.
For the Z ′

TC2 signals, the generated values of the cross-section were scaled to the cross-section
predictions obtained at NLO in QCD for the 1.2% width [99], whilst the cross-sections
obtained with MadGraph were used directly for the gKK and GKK samples.

5 Object reconstruction

Common event-quality criteria and object definitions are applied for both analysis channels,
including standard data-quality requirements to select data events with the detector in good
operating condition [49]. In addition, in each analysis channel, dedicated event selection
criteria, which are specific to the objects and kinematics of interest in those final states,
are applied as described in section 6.

Events are required to have at least one reconstructed pp interaction vertex with a
minimum of two associated tracks with pT > 0.5 GeV. The primary vertex matched to
the hard-scatter of the interaction is defined as the vertex with the highest sum of squared
transverse momenta of associated tracks [100]. A set of baseline quality criteria are applied
to reject events with non-collision backgrounds or detector noise [101].

Two levels of object identification requirements are defined for charged leptons and jets:
baseline and signal. Baseline leptons and jets are selected with looser identification criteria,
and are used in computing the missing transverse momentum and in resolving possible
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reconstruction ambiguities. Signal leptons and jets are a subset of the baseline objects with
tighter quality requirements, which are used to define the search regions. Isolation criteria
are used to discriminate between prompt leptons and leptons arising from semileptonic
heavy-flavour decays or jets mis-identified as leptons.

Jets are reconstructed from particle-flow objects [102] using the anti-kt algorithm [103, 104]
with a radius parameter R = 0.4. The particle-flow algorithm combines information about ID
tracks and energy deposits in the calorimeters to form the input for jet reconstruction. A pile-
up subtraction procedure [105] is applied along with a global sequential calibration to account
for flavour dependencies. To suppress jets arising from pile-up, a jet-vertex-tagging (JVT)
technique using a multivariate likelihood [106] is applied to jets with pT < 60 GeV and
|η| < 2.4 to reject jets that do not orginate from the hard-scatter primary vertex. Baseline
jets are selected by requiring pT > 20 GeV and |η| < 4.5. Signal jets are selected via the
tighter requirements pT > 30 GeV and |η| < 2.5.

Jets with a larger radius parameter, R = 1.0, referred to as large-R jets in the following,
are used as proxies for hadronically-decaying top quarks with a large Lorentz boost. They are
reconstructed from three-dimensional topological clusters of energy deposits in the calorimeter
using the anti-kt algorithm. The topological clusters are calibrated to the hadronic energy scale
with the local cluster weighting (LCW) [107] procedure to account for the non-compensating
calorimeter response and the energy loss in dead material or due to out-of-cluster leakage of
deposited energy. The large-R jets are trimmed [108] to reduce contributions from pile-up and
soft interactions by reclustering the jet constituents into subjets, using the kt algorithm [109–
111] with a radius parameter R = 0.2, and discarding constituents belonging to subjets with
pT less than 5% of the pT of the parent jet [112]. The four-momenta of large-R jets are
reconstructed from the momentum vectors of the remaining subjets and calibrated using
simulation [113]. The large-R jets used are required to have pT > 350 GeV and |η| < 2.0.

Large-R jets originating from a boosted hadronically-decaying top quark are identified
using a multivariate classification algorithm based on a deep neural network (DNN) [30]
that takes 13 jet moments, including the jet mass and pT, as inputs for training. A DNN
score between zero and one is obtained, with top-quark-initiated jets having values close to
one and light-quark- and gluon-initiated jets having values close to zero. The top-tagging
requirements used are optimised for “inclusive” jets containing some but not necessarily all of
the decay products of the hadronically-decaying top quark. A large-R jet is considered “top-
tagged” using a requirement on the DNN output score that corresponds to an identification
efficiency of 80% for inclusive top-jets, evaluated in simulated SM tt̄ events. The rejection
factor for light-flavour quark and gluon jets varies as a function of the large-R jet pT, from
approximately 60 at 350 GeV to approximately 10 at 3000 GeV, where the rejection factor is
defined as the reciprocal of the probability of mistakenly identifying a light-quark-initiated
jet or a gluon-initiated jet as a top-quark-initiated jet. Scale factors are applied to all jets
satisfying the top-tagging requirement in simulated events to correct for possible efficiency
differences between simulated event samples and data [30].

Small-R jets in the range |η| < 2.5 are identified as likely to contain a b-hadron, henceforth
called b-tagged, using the DL1r algorithm [114]. This algorithm is based on a multivariate
classification technique with a DNN combining information from the impact parameters of
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tracks and topological properties of secondary and tertiary decay vertices reconstructed from
the tracks associated with the jet. The b-tagged jets are selected using an operating point
corresponding to an efficiency of 77% for identifying true b-jets in simulated SM tt̄ events.
This operating point corresponds to a rejection factor of 6 for c-jets and of 134 for light-
flavour jets. Correction factors are applied to the simulated event samples to compensate for
differences between data and simulation in the b-tagging efficiency for b-, c-, and light-flavour
jets [115–117]. The correction for b-jets is derived from tt̄ events with final states containing
two leptons, and the corrections are consistent with unity within uncertainties at the level of
a few percent over most of the jet pT range. The corrections for c-jets and light-flavour jets
are derived in semileptonic tt̄ events and Z + jets events, respectively.

Muon candidates are reconstructed from matching tracks in the ID and MS, refined
through a global fit that uses the hits from both subdetectors [118]. Baseline muons must have
pT > 10 GeV and |η| < 2.5, and satisfy a set of medium identification criteria. Additionally,
the longitudinal impact parameter is required to satisfy |z0 sin θ| < 0.5 mm. Signal muons
are required to have pT > 25 GeV and additionally satisfy the following requirement on the
transverse impact parameter d0 and its uncertainty σd0 : |d0/σd0 | < 3. They are also required
to be isolated using the requirement that the sum of the transverse momenta of the tracks
within a variable-radius cone around the muon direction, excluding the muon track, be less
than 6% of the transverse momentum of the muon [118]. The track isolation cone size is
given by the minimum of R = 10 GeV/pµ

T and R = 0.3, where pµ
T is the muon pT [17].

Electron candidates are reconstructed from energy deposits in the electromagnetic
calorimeter matched to a charged-particle track in the ID [119]. The track is required to be
matched to the primary vertex by imposing the requirement |z0 sin θ| < 0.5 mm. Electron
candidates are required to be within |η| < 2.47, excluding the transition region between the
barrel and endcap calorimeters (1.37 < |η| < 1.52). Baseline electrons are required to satisfy
pT > 10 GeV and fulfil loose identification criteria, using a likelihood-based discriminant
that combines information about tracks in the ID and energy deposits in the calorimeter
system [119]. The number of hits in the innermost pixel layer is used to discriminate between
electrons and converted photons. Signal electrons are required to also satisfy pT > 25 GeV
and the tight likelihood identification criteria [119]. Additionally, signal electrons must fulfil
|d0/σ(d0)| < 5. The same variable-cone isolation requirement as with muons is imposed on
signal electrons, with the exception that the maximum cone radius is set to 0.2.

An overlap removal procedure is applied to resolve the reconstruction ambiguities between
electrons, muons, and small-R jets. First, if an electron shares the same ID track with
another electron, the electron with the lower transverse momentum is discarded. Electron
candidates sharing the same inner-detector track as a muon are rejected, as they are likely
mis-identified energy deposits from bremsstrahlung photons emitted by the muon. Next, the
closest jet to an electron is rejected if it lies within ∆R = 0.2 of the electron. Similarly, jets
are rejected if they are within ∆R = 0.2 of a muon if the jet has fewer than three associated
tracks or the muon is matched to the jet through ghost association [120]. Next, to reduce
the background contributions due to muons from heavy-flavour decays inside jets, muons
are discarded if they are separated from the nearest jet by ∆R < 0.04 + 10 GeV/pµ

T. For
electrons, an electron-in-jet subtraction method based on that employed in ref. [17] is used
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to suppress backgrounds from leptonic heavy-flavour decays inside jets, while maintaining a
high reconstruction efficiency for electrons from highly collimated leptonic decays of boosted
top quarks, which typically result in an electron close to a b-jet. If an electron is found
within ∆R = 0.4 of a jet, the four-momentum of the electron is subtracted from that of the
jet, and the pT of the electron-subtracted jet is calculated. A pT threshold is defined using
simulated Z → ee events and if the electron-subtracted jet has a pT below this threshold,
the jet is discarded and the electron is retained. If the electron-subtracted jet has a pT
above this threshold, the electron is discarded and the original jet is retained if the ∆R

between the electron and the electron-subtracted jet is less than 0.2. Both the electron and
the electron-subtracted jet are retained if the ∆R between them is greater than 0.2.

The missing transverse momentum p⃗miss
T , with magnitude Emiss

T , is calculated as the
negative vectorial sum of the transverse momenta of all baseline reconstructed objects
(electrons, muons, small-R jets and photons [119]) and a soft term. The soft term includes all
tracks associated with the primary vertex but not matched to any reconstructed physics object.
Tracks not associated with the primary vertex are not considered in the Emiss

T calculation,
improving the Emiss

T resolution by suppressing the effect of pile-up [121].

6 Event selection and categorisation

Events satisfying the single-electron and single-muon trigger requirements outlined in section 4,
and the data-quality requirements described in section 5, are classified as belonging to the 1-
or 2-lepton channels based on the number of signal electrons or muons they contain. The
lepton requirements applied in this context are designed to ensure orthogonality between
the two channels. Events in the 1-lepton channel are further classified into orthogonal event
categories based on whether their detector signature is compatible with the presence of either
a merged or resolved hadronic top-quark decay, and based on the number of associated
b-jets. Angular requirements are used to define orthogonal signal and validation regions in
both the 1- and 2-lepton channels. The latter have a similar background composition to the
corresponding signal regions but are depleted in the expected signal processes. They serve to
validate the modelling of the dominant background from SM tt̄ production.

6.1 Event selection and categorisation in the 1-lepton channel

Events are required to contain exactly one signal electron or muon with a minimum pℓ
T >

28 GeV. This threshold is chosen to ensure that events are selected from the trigger efficiency
plateau. The electron or muon is also required to be matched, within ∆R < 0.15, to the
respective trigger object. Events with a second signal electron or muon (with pT > 25 GeV,
see section 5) are vetoed. Regions are not split according to the flavour of the selected lepton
because it was found that such a splitting would not increase the sensitivity of the analysis.

The detector signature of a tt̄ decay in the 1-lepton channel involves the presence of a
substantial amount of missing transverse momentum from the leptonically-decaying W boson.
To suppress background from the fakes that can cause small amounts of Emiss

T via leptonic
decays in heavy-flavour jets or mis-measured jet energies, the requirement Emiss

T > 20 GeV
is imposed. Additionally, events are required to fulfil Emiss

T + mW
T > 60 GeV, where the
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transverse mass of the selected lepton and the p⃗miss
T , referred to as the W transverse mass,

or mW
T , is defined as:

mW
T =

√
2pℓ

TEmiss
T (1− cos∆ϕ(pℓ

T, p⃗miss
T )) .

All events must contain at least one b-tagged small-R jet.
Events are further categorised based on their detector signature as containing either

a merged hadronic top-quark decay (“merged category”), reconstructed as a single large-
R jet, or a resolved hadronic top-quark decay (“resolved category”), resulting in three
individual (small-R) jets. To obtain orthogonal signal regions, only events that do not meet
the requirements for the merged-topology selection are considered for the resolved-topology
selection. The preference for the merged- over the resolved-topology selection is based on
its superior mtt̄ resolution (see section 7.1).

Events in the merged category must contain at least one small-R jet with a distance
∆R < 2.0 to the selected lepton. If only one jet is found, it is identified as the b-jet candidate
from the leptonic top-quark decay. If more than one jet is found within ∆R < 2.0 from
the selected lepton, the b-jet candidate is chosen as the jet with the highest pT among all
b-tagged candidate jets. If none of the candidate jets is b-tagged, the jet with the highest
pT is chosen instead. In addition, exactly one top-tagged large-R jet must be present in
the event with a distance ∆R > 1.5 to the lepton and to the selected b-jet candidate from
the leptonic top-quark decay.

Only events failing the merged selection are considered for the resolved-topology selection.
A fully resolved hadronic top-quark decay is expected to result in three small-R jets, one
of which is a b-jet, in addition to a b-jet from the leptonic top-quark decay. Hence, events
with a resolved decay topology are required to contain at least four selected small-R jets.
The tt̄ system is then reconstructed using a χ2 algorithm, defined in section 7.1.1. Only
well-reconstructed events, defined via the requirement log10(χ2) < 0.9, are kept for further
analysis. This requirement has an efficiency of around 60% for SM tt̄ events. All selection
criteria are summarised in table 2.

In figure 2, the selection efficiency times acceptance for the ℓ+ jets final state is shown for
the resolved, merged, and the combined resolved+merged categories, separately for the three
benchmark scenarios described in section 2. It is given as a function of mbeforeFSR

tt̄
, which

is defined using the invariant mass of the top and anti-top quarks at parton level, before
final-state radiation (FSR), and allows access to the invariant mass of the partonic system
immediately from the resonance decay. The product of the acceptance times efficiency is
defined as the ratio of events satisfying the signal region requirements to the total number of
generated events. For reference, the branching ratio for tt̄ to e+ jets or µ+ jets final states is
about 17% for each lepton flavour, taking into account leptonic τ -lepton decays [122]. The
efficiency times acceptance is dominated by the merged topology selection for tt̄ invariant
mass values mtt̄ > 1000 GeV, while the resolved topology selection covers the region down to
the kinematic threshold of the analysis at 400 GeV. The selection efficiency times acceptance
has a comparable mtt̄ dependence for all three benchmark models with small differences
arising due to differences between the spin of the intermediate resonance, which leads to
differences in the angular distributions of the tt̄ decay products. The values vary from around
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Selection Criteria
Common selection

Event cleaning All detector components with acceptable conditions
Single-lepton trigger Single-electron or single-muon trigger

Exactly one lepton
Exactly one e or µ with pT > 28 GeV
Veto second e or µ with pT > 25 GeV

Emiss
T Emiss

T > 20 GeV
Emiss

T + mW
T Emiss

T + mW
T > 60 GeV

b-tagging ≥ 1 b-tagged small-R jet
Merged topology selection

Large-R jet ≥ 1 large-R jet with pT > 350 GeV
Candidate top-jet (hadronic decay) = 1 large-R jet passing top-tagging requirements
Candidate b-jet (leptonic decay) ≥ 1 small-R jet with ∆R(ℓ, jet) < 2.0

No overlap between objects
∆R(candidate b-jet, ℓ) < 2.0
∆R(candidate top-jet, candidate b-jet) > 1.5
∆R(candidate top-jet, ℓ) > 1.5

Resolved topology selection
Veto events passing merged selection
Small-R jets ≥ 4 small-R jets with pT > 25 GeV
Well-reconstructed tt̄ system log10(χ2) < 0.9

Table 2. Summary of the event selection criteria for the merged and resolved categories in the
1-lepton channel.

3% for the lowest mass signals up to around 12% for signals with masses between about 1
and 1.5 TeV. They are consistent within a few % between the different signal hypotheses.

To further increase the search sensitivity, events passing the resolved topology selection
are divided into separate sub-categories based on whether one or both of the reconstructed
top quarks have an associated b-tagged jet. The matching of b-tagged jets to the leptonic
or hadronic top quark is performed by checking whether the small-R jet assigned as the
b-candidate jet to the leptonic side or one of the small-R jets used for the reconstruction of
the hadronic decay (based on the result of the χ2 minimisation) is b-tagged. The Resolved 2b

category contains events in which both top-quark candidates have associated b-tagged jets,
while the Resolved 1b category contains events in which only the leptonically- or hadronically-
decaying top-quark candidate has an associated b-tagged jet. No b-tagging categorisation is
used for the merged topology as it provides minimal improvement in sensitivity.

The three 1-lepton categories (Merged, Resolved 2b, and Resolved 1b) are further sub-
divided into orthogonal signal and validation regions based on the absolute value of the
pseudorapidity difference between the selected lepton and the hadronic top quark,

∣∣∣∆ηℓ,thad

∣∣∣.
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Figure 2. Selection efficiency times acceptance (Eff x Acc) for the ℓ + jets final state as a function
of the tt̄ invariant mass at the parton level before the emission of FSR, for the (a) Z ′

TC2 , (b) GKK,
and (c) gKK signals. The selections in the resolved topology only (short-dashed magenta), the merged
topology only (dashed blue) and the combined resolved+merged topology (solid black) are shown.
The error bars correspond to the statistical uncertainty. All tt̄ decay modes are considered.

The pseudorapidity difference (between top-quark pairs or between particular decay products
of each of them) is mostly sensitive to the different production mechanisms for SM tt̄ with
respect to a tt̄-resonance production process. Indeed, in SM tt̄ production, which proceed
predominantly via gluon-initiated t-channel diagrams, top quarks are preferentially produced
along the incoming parton directions. On the other hand, for tt̄ resonances the primary
diagrams are s-channel ones (quark- or gluon-initiated, depending on the type of resonance),
with a consequently more isotropic distribution. Spin-parity properties of the resonance
can modify such pseudorapidity distributions, especially if the difference is taken between
top-quark decay products such as charged leptons, but the separation power versus SM
tt̄ stays mostly the same for all the considered signals. This makes

∣∣∣∆ηℓ,thad

∣∣∣ particularly
useful to split between signal and validation regions, with validation regions having similar
background composition as their corresponding signal regions, but being depleted in any
of the signal processes considered. The separation power of these pseudorapidity variables
grows with mtt̄, with less and less partonic energy left for boosting the tt̄ system along the
z-direction and consequently narrowing the pseudorapidity distribution of the tt̄ system.
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mtt̄ range Resolved signal region
[GeV] requirement on

∣∣∣∆ηℓ,thad

∣∣∣
mtt̄ < 640 < 1.5

640 ≤ mtt̄ < 800 < 2.0
800 ≤ mtt̄ < 1280 < 2.5
1280 ≤ mtt̄ < 1700 < 3.0

mtt̄ ≥ 1700 < 3.5

mtt̄ Merged signal region
[GeV ] requirement on

∣∣∣∆ηℓ,thad

∣∣∣
mtt̄ < 1040 < 1.0

1040 ≤ mtt̄ < 1850 < 1.5
1850 ≤ mtt̄ < 2500 < 2.0
2500 ≤ mtt̄ < 3500 < 2.5

mtt̄ ≥ 3500 < 3.0

Table 3. Requirement on
∣∣∆ηℓ,thad

∣∣ used to define the signal regions for the resolved and merged
decay topologies of the 1-lepton channel as a function of mtt̄. Values larger than those listed in the
table correspond instead to the validation regions.

These validation regions serve to validate the modelling of the dominant background
from SM tt̄ production before the hypothesis testing in data. The

∣∣∣∆ηℓ,thad

∣∣∣ values chosen
to define the signal and validation regions depend on the mtt̄ range. This mtt̄-dependent∣∣∣∆ηℓ,thad

∣∣∣ requirement is motivated by both statistical and kinematic considerations: it is
relaxed at high mtt̄ to retain sufficient expected event yields in the signal regions, while
accounting for the increasing correlation between

∣∣∣∆ηℓ,thad

∣∣∣ and mtt̄, particularly for the SM tt̄

background, as discussed above. The values are summarised in table 3 and figure 3(a) shows
the distribution of

∣∣∣∆ηℓ,thad

∣∣∣, inclusive in mtt̄. Very good agreement is observed between the
data and the simulated backgounds already pre-fit.

The highest SM tt̄ contribution (94.9%) is found in the Resolved 2b region due to the
requirement of two b-tagged jets. In the Resolved 1b and Merged signal regions, the SM tt̄

production contributes to 79.2% and 88.9%, respectively, of the total SM background.
Additional control and validation regions enriched in hadronic jets falsely identified as

leptons are defined for the data-driven estimate of the fakes background via the matrix
method [123]. These are obtained by inverting the Emiss

T and/or mW
T requirements of the

signal regions and additionally loosening the lepton identification and isolation requirements.
Details are given in section 8.2.

6.2 Event selection and categorisation in the 2-lepton channel

Candidate events for the 2-lepton channel are required to have exactly two signal leptons and
at least two reconstructed jets. At least one of these leptons is required to have pT > 28 GeV
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Figure 3. Distribution of (a) the reconstructed
∣∣∆ηℓ,thad

∣∣ in the 1-lepton channel and (b) the
reconstructed |∆ηℓℓ| in the 2-lepton channel. The distributions and the uncertainty band are obtained
before the final fit to the data (pre-fit). “V + jets” refers to the Z + jets and W + jets backgrounds,
whilst “Other Bkg.” combines the tt̄ + V , tt̄ + H , diboson and fakes backgrounds together. A 0.5 TeV
Z ′

TC2 signal (blue dashed and dotted line), a 1 TeV GKK signal (red dotted line) and a 2 TeV gKK
signal (green short-dashed and dotted line) are overlaid for illustration purposes, normalised to the
total background. The lower panels show the ratio of the data to the total SM background prediction.
The error bands include both the statistical and systematic uncertainties.

and to match, within ∆R < 0.15, the lepton of the same flavour reconstructed by the trigger
algorithm. Additionally, at least one of the jets is required to be b-tagged. Depending on the
flavour of the charged leptons, three channels are defined: ee, µµ and eµ. Events satisfying
these requirements are then further classified into signal and validation regions.

Events are required to contain two leptons with opposite-sign electric charge (OS). In the
ee and µµ channels, to further suppress the background from Z/γ∗ + jets production, the
dilepton invariant mass, mℓℓ, is required to be greater than 15 GeV and not within the range
81–101 GeV (excluding the Z -boson pole). The missing transverse momentum is also required
to be larger than 45 GeV. Additionally, events must meet the requirement that the invariant
masses of the lepton–b-jet pairs, mℓb, be smaller than 150 GeV for at least one of the two
possible b-jet to lepton assignments. In this context, the two b-jets are either taken as the
two b-tagged jets with the largest pT or, if only one jet in the event is b-tagged, the b-tagged
jet and the jet with the highest pT among the jets that are not b-tagged. This requirement is
meant to veto events where at least one of the lepton–b-jet pairs does not originate from a
top-quark decay. It effectively suppresses events from Wt production and tt̄ events in which
at least one of the selected b-jets does not originate from a top-quark decay but, for example,
from initial-state radiation (ISR). It has a 64% efficiency for SM tt̄ events with both top
quarks decaying leptonically, and a 68% efficiency for signal events with a resonance mass
of 1000 GeV. The event selection requirements are summarised in table 4 and the relative
contribution of SM tt̄ production to the total SM background amounts to 94.7%.

Five orthogonal regions based on the absolute value of the azimuthal angle between the
two leptons, |∆ϕℓℓ|, divided by π are defined: [0, 0.50], (0.50, 0.80], (0.80, 0.90], (0.90, 0.95],
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Selection Criteria
Event cleaning All detector components with acceptable conditions
Single-lepton trigger Single-electron or single-muon trigger

Exactly two leptons
Exactly two (ee, µµ, or eµ) with pT > 25 GeV
Leading lepton with pT > 28 GeV

Small-R jets ≥ 2 jets with pT > 25 GeV
b-tagging ≥ 1 b-tagged jet
Opposite-sign leptons e+e−, µ+µ−, e+µ−, or e−µ+

Emiss
T Emiss

T > 45 GeV (ee and µµ channels only)
Dilepton invariant mass 15 < mℓℓ < 81 GeV or mℓℓ > 101 GeV (ee and µµ channels only)
Lepton-plus-b-jet invariant mass min(mℓb) < 150 GeV

Table 4. Summary of the event selection criteria for the signal regions in the 2-lepton channel.

mℓℓbb range Signal region
[GeV ] requirement on |∆ηℓℓ|
< 450 < 1.0

450–1000 < 1.5
1000–1500 < 2.0
1500–2500 < 2.5

> 2500 none

Table 5. Requirement on |∆ηℓℓ| used to define the signal regions as a function of mℓℓbb. Values larger
than those listed in the table correspond instead to the validation regions.

and (0.95, 1.00]. The |∆ϕℓℓ| distribution is shaped by both the kinematics of the tt̄ system and
the spin correlations of the top-quark pair. Increasing mtt̄ leads to more boosted top quarks
and hence larger values of |∆ϕℓℓ|. On the other hand, at fixed mtt̄, spin-correlation effects in
SM tt̄ production, together with the fact that charged leptons are emitted mostly along the
spin directions of their parent top or antitop quark in the respective rest frame, tend to favour
configurations where charged leptons have smaller opening angles in the laboratory frame.
Instead, heavy spin-1 or spin-2 resonances, due to the different possible spin configurations,
produce on average charged-lepton pairs with larger opening angles. The exact |∆ϕℓℓ|

π values
used to define the five regions have been chosen to optimise the sensitivity of the 2-lepton
channel to spin-1 resonances, while ensuring that each region contains enough data.

In analogy to the 1-lepton channel, events in these five regions are further divided into
orthogonal signal and validation regions based on the absolute pseudorapidity difference
between the two selected leptons, |∆ηℓℓ|. The |∆ηℓℓ| values chosen to define the signal and
validation regions depend on the mℓℓbb range and are summarised in table 5. Figure 3(b)
shows the distribution of |∆ηℓℓ|, inclusive in mℓℓbb. Very good agreement is observed between
the data and the simulated backgrounds already pre-fit.

The pre-fit distribution of |∆ϕℓℓ|
π in the 2-lepton channel is shown in figure 4, separately

for the signal and validation regions. Each |∆ϕℓℓ|
π bin corresponds to a signal or validation
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Figure 4. Distribution of the reconstructed |∆ϕℓℓ|
π in (a) the signal regions and (b) the validation

regions of the 2-lepton channel. Each bin corresponds to one of the signal or validation regions.
The distributions and the uncertainty band are obtained before the final fit to the data (pre-fit).
“Other Bkg.” combines the tt̄ + V , tt̄ + H, diboson and fakes backgrounds together. In (a), a 3 TeV
Z ′

TC2 signal (blue dashed and dotted line), a 1 TeV GKK signal (red dotted line) and a 2 TeV gKK
signal (green short-dashed and dotted line) are overlaid for illustration purposes, normalised to the
total background. The lower panels show the ratio of the data to the total SM background prediction.
The error bands include both the statistical and systematic uncertainties.

region, respectively. Excellent agreement is observed between the data and the SM yields
already pre-fit, in both regions.

In addition to the signal and validation regions defined above, an orthogonal region is used
to correct the MC-based modelling of the Z + jets background component. A control region
enriched in Z+jets events, CRZ , is defined by requiring events to satisfy the common selection
requirements and additionally contain two same-flavour leptons with opposite charge and with
an invariant mass consistent with leptons arising from a Z boson decay, 81 < mℓℓ < 101 GeV.

7 Observables

The primary observable used to separate signal from background is the invariant mass of the
tt̄ system, mtt̄. Additionally, angular variables sensitive to the tt̄ spin correlations are used
in both the 1- and 2-lepton channels to define validation regions for the SM tt̄ background
and, in the case of the 2-lepton channel, to increase the sensitivity of the signal regions.
The angular variables provide additional discrimination power between the signal process, in
which the tt̄ system is produced via the s-channel diagram, and the background from SM tt̄

production, which mostly proceeds via the t-channel diagram.

7.1 Observables in the 1-lepton channel

The calculation of mtt̄ requires the correct identification and reconstruction of all tt̄ decay
products, including the four-momentum of the neutrino from the leptonic decay of one of
the two top quarks. In both the resolved and the merged event topologies, the transverse
momentum of the neutrino is taken to be the transverse missing momentum in the event, p⃗miss

T .
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The four-momentum component longitudinal to the beam axis, pν
z , is calculated from the

kinematic constraint that the squared sum of the neutrino and charged lepton four-momenta
must yield the squared mass of the W boson [17]. If the resulting equation has exactly one
real solution, it is taken as the neutrino longitudinal momentum. If it has no real solutions,
the p⃗miss

T vector is rescaled and rotated in the transverse plane by the minimal amount
required to obtain exactly one real solution [20]. This procedure is based on the assumption
that the lack of a real solution is caused by a mis-measurement of the transverse missing
momentum. If two real solutions are found, in the resolved topology selection, the choice
is made with a χ2 algorithm, while in the merged topology selection the solution with the
smallest absolute value of pν

z is chosen [20].

7.1.1 Resolved topology

A χ2 minimisation approach is used to select the four jets from the tt̄ decay from all selected
small-R jets and assign them to the leptonically- and hadronically-decaying top quarks,
identically to what is done in ref. [25]. All possible jet permutations are tested, and the one
with the lowest χ2 is used; if there are two solutions for the neutrino longitudinal momentum,
the one that yields the lowest χ2 is kept. Any b-tagged jet can only be assigned to either of
the b-quarks produced by the decay of a top quark, reducing the number of permutations
to test. The experimental resolution of mtt̄ in the resolved signal region is around 12% for
mafterFSR

tt̄
= 400 GeV and 10% for mafterFSR

tt̄
= 1000 GeV.

7.1.2 Merged topology

For the merged topology, the hadronically-decaying top quark can be straightforwardly
identified with the top-tagged large-R jet that passes the requirements in section 5. The
leptonically-decaying top quark is reconstructed from the selected jet identified with the
b-jet from the leptonic top-quark decay, the selected lepton, and the reconstructed neutrino
(section 6.1). The mtt̄ resolution for events in the merged signal region is around 10% for
mtt̄ > 600 GeV.

In figure 5, the distributions of the reconstructed tt̄ invariant mass are shown for various
representative resonance masses in the three benchmark models described in section 2. At
low resonance masses, the mtt̄ distributions show a clear peak at the resonance mass. At
larger resonance masses, a tail towards masses lower than the generated mass is visible, which
arises from off-shell production of the signal and the growth of low-x partons in the proton
PDF (where x stands for the Bjorken-x of the proton) [17].

7.2 Observables in the 2-lepton channel

The invariant mass of the tt̄ system cannot be unambiguously reconstructed in the 2-lepton
channel due to the presence of the two neutrinos from the two leptonically-decaying top
quarks. Therefore, instead of the tt̄ invariant mass, the invariant mass of the two selected
b-jets and the two charged leptons, mℓℓbb, is used as the discriminating variable.

Figure 6 shows the distributions of the reconstructed mℓℓbb discriminant for the same
representative signal masses as shown in the 1-lepton channel. The same trend of low-mass
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Figure 5. Signal distributions in mtt̄ after the signal region selection of the 1-lepton channel for
the (a) Z ′

TC2 , (b) GKK, and (c) gKK signals for various representative values of the resonance mass.
Events from the Resolved 1b, Resolved 2b, and Merged signal regions are included.

tails for the high-mass signals that were seen in the mtt̄ distributions are also visible in
the mℓℓbb distributions.

8 Data-driven estimation of background contributions

8.1 W + jets background in the 1-lepton channel

Scale factors derived from data are applied before the final analysis to correct the normalisation
of the W + jets background in the Sherpa MC simulation samples, to account for possible
mis-modelling of the cross-section times acceptance. The scale factors are determined by
comparing the measured W boson charge asymmetry in data with that predicted by the
simulation. Given that pp collisions at the LHC result in a charge-asymmetric initial state, the
total number of W +jets events in data in a given signal region, NW ++NW − , can be written as

NW + + NW − =
NMC

W + + NMC
W −

NMC
W + − NMC

W −
(Dcorr+ − Dcorr−) , (8.1)

where NMC
W ± denotes the number of W + jets events with a positively- or negatively-charged

lepton obtained from the Sherpa MC simulation. Dcorr+(−) is the number of observed data
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Figure 6. Signal distributions in mℓℓbb after the signal region selection of the 2-lepton channel for
the (a) Z ′

TC2 , (b) GKK, and (c) gKK signals for various representative values of the resonance mass.
Events from the five signal regions are combined.

events with a positively-charged (negatively-charged) lepton. This method relies on the fact
that the charge asymmetry obtained in MC simulation is in excellent agreement with the
value measured in data [124]. Contributions to Dcorr+(−) from charge-asymmetric processes
such as single-top, WZ, and tt̄ + W production are estimated from MC simulation and are
subtracted from the data samples. Contributions from charge-symmetric processes such as
tt̄ production and the signal process itself cancel out in the difference on the right-hand
side of eq. (8.1). The final scale factor, CA = 1.125± 0.031, is then calculated as the ratio
of NW + + NW − evaluated from data to that predicted from the Sherpa MC simulation.
The scale factor is evaluated for the combined e + jets and µ + jets events channels in the
merged and resolved regions combined; it was verified that the scale factors evaluated from
the e + jets and µ + jets channels separately are consistent.

The scale factors obtained in the method described above are applied to the single,
combined template for the W + jets background. A 50% uncertainty is assigned to the
normalisation after the CA correction to account for additional theory uncertainties related
to the W + jets sample, discussed further in section 10.1.3. Furthermore, the fraction of
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W +HF in the W + jets nominal template is varied by ±50%, with this variation applied
as an additional systematic uncertainty to cover any residual mis-modelling arising from
the relative flavour contributions [20].

8.2 Fakes background in the 1-lepton channel

The fakes background in the 1-lepton channel consists of events with a non-prompt lepton or
a jet mis-reconstructed as a lepton that satisfies the lepton identification and isolation criteria
applied in this search (referred to as tight lepton requirements in the following). In the µ+jets
channel, muons arising from semileptonic decays of hadrons constitute the main source of this
background. In the e + jets channel, additional fakes arise from events containing jets with a
large electromagnetic component, for example from π0 → γγ decays, or photons mis-identified
as isolated electrons. The normalisation, tt̄ invariant mass shape, statistical and systematic
uncertainties associated with the fakes background are estimated from data using the matrix
method. The matrix method used in this search is based on the one used in previous ATLAS
tt̄ resonance searches and measurements [17, 20] and is the same as that employed in ref. [25].

The number of events with leptons satisfying loose lepton identification and isolation
criteria [119], NL, is defined as

NL = Nprompt + Nfakes , (8.2)

where Nprompt denotes the number of events with prompt leptons, and Nfakes denotes the
number of events with non-prompt leptons and other sources mis-identified as leptons. The
number of events with leptons satisfying the tight lepton identification criteria applied in
the signal regions, NT , can be written as

NT = ϵ × Nprompt + f × Nfakes , (8.3)

where the real rate, ϵ, is an estimator for the probability of a prompt lepton passing the loose
lepton identification criteria to also pass the tight critieria, and the fake rate, f , is an estimator
for the probability that a lepton from other sources passing the loose criteria also passes the
tight criteria. The fake rate is estimated from a control region, defined by applying the same
selection criteria as the resolved signal region, but with the missing transverse momentum
and transverse mass requirements inverted. The veto on events passing the merged topology
selection criteria is also not imposed to define this control region, to increase the available
data. Contributions from processes leading to prompt leptons are subtracted from the data
in this fakes-enriched control region using their predictions from MC simulation. The real
rate is determined using SM tt̄ MC samples. Solving eqs. (8.2) and (8.3) simultaneously
for Nprompt and Nfakes yields the fakes contribution in the given signal region. The fakes
estimate is performed separately for the e + jets and µ + jets events.

A smoothing procedure is applied to the fakes background templates in both the resolved
and the merged signal regions to mitigate large statistical fluctuations due to the limited
data. In the resolved region, a parabolic smoothing algorithm is applied, whereby the input
distribution histogram is rebinned to achieve a smooth behaviour. The limited amount of
data has a larger effect in the high-mtt̄ tails, and the parabolic smoothing used in the resolved
regions was observed to be too agressive for the merged topology, removing all entries in
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the tail of the distribution. Therefore, a custom smoothing procedure, applied separately
for the e + jets and µ + jets channels, and separately in the signal and validation regions,
was designed and implemented for the fakes background in the 1-lepton merged regions. The
algorithm uses an analytic function fit to the unbinned templates to smooth the binned
template, with care taken to ensure there is continuity in the function when considering
the mtt̄-dependent

∣∣∣∆η
(
ℓ, thad

)∣∣∣ requirement. The systematic uncertainty assigned to this
smoothing procedure is described in section 10.1.3.

The fakes modelling before applying the smoothing is validated in separate dedicated
validation regions, where only one of the Emiss

T or Emiss
T +mW

T requirements is inverted. These
validation regions contain a background composition that is more similar to that in the signal
region, while still having an enhanced fakes contribution. Based on the modelling performance
observed in these validation regions, a conservative 50% normalisation uncertainty that is
decorrelated across signal regions is assigned to the fakes background, in addition to the
uncertainties related to the estimate and smoothing procedures.

8.3 Z + jets background in the 2-lepton channel

Data-driven corrections are applied to the Sherpa MC simulation samples for the Z + jets
background in the 2-lepton channel before the final fit to correct the overall normalisation
of this background component and the modelling of relevant kinematic variables. The
corrections are derived in the Z + jets enriched CRZ , where disagreement in the modelling
of the background prediction obtained with the Sherpa MC simulated samples is observed
compared with data for two kinematic variables in particular: the transverse momentum
of the dilepton system, pℓℓ

T , and the invariant mass mℓℓbb. In both cases, the mis-modelling
exhibits a linear trend, with good agreement observed for small values of these variables and
a linear increase in the difference between data and MC prediction towards higher values. As
a result, a reweighting procedure in mℓℓbb is used to correct the Sherpa MC samples for the
Z + jets background to the data in CRZ . Each simulated event is assigned a multiplicative
correction weight based on its value of mℓℓbb:

w = a · (1− b · mℓℓbb) . (8.4)

The correction factors a and b are derived from a maximum-likelihood fit to the mℓℓbb

distributions, taking into account only the statistical uncertainty in the MC predictions. The
following values are obtained for the correction factors:

a = 1.190± 0.003 , b = (−1.7± 0.1) · 10−4 GeV−1 .

Good agreement between the data and the SM expectation is observed for all relevant
kinematic variables after applying the reweighting correction. To cover the residual non-
closure seen in the Z + jets control region after requiring 2 b-jets, two uncertainties are
introduced. The first is a flat 30% normalisation uncertainty, and the second is estimated
by varying the slope of eq. (8.4) by 30% of its best-fit value and obtaining the reweighted
mℓℓbb distribution in this case. The difference between the nominal and the varied reweighted
mℓℓbb distributions is taken as the systematic uncertainty.

– 25 –



J
H
E
P
1
0
(
2
0
2
6
)
2
1
9

9 Statistical analysis

The compatibility of the data with the SM prediction is quantified by a binned profile-
likelihood fit [125, 126] of the expected mtt̄ (1-lepton channel) and mℓℓbb (2-lepton channel)
distributions to the observed distributions. The fit is performed simultaneously in the three
signal regions of the 1-lepton channel and the five signal regions of the 2-lepton channel. The
shape of the binned mtt̄ or mℓℓbb distributions is parameterised in terms of the signal strength,
µ, interpreted as the ratio of the observed and predicted number of signal events. The SM tt̄

normalisation is a free parameter in the fit, while the other simulated background processes
are normalised to their theory predictions, with uncertainties as described in section 10.

Systematic uncertainties, described in section 10, are taken into account as nuisance
parameters (NPs) constrained by Gaussian distributions. The Beeston-Barlow “lite”
technique [127] is used to incorporate uncertainties due to the limited data available for the
MC samples used in the analysis, referred to as MC statistics, where one additional NP with
a Poissonian constraint is added per bin of the discriminant distribution to the likelihood
function. The statistical uncertainty originating from the fakes background estimate is also
accounted for in these same bin-by-bin NPs, see section 10.1.3 below. The combination of the
MC statistical uncertainty and the fakes background uncertainty is referred to as background
statistical uncertainties in the remainder of this paper.

10 Systematic uncertainties

The modelling of signal and background events is affected by various experimental uncertainties
related to the reconstruction, identification, and calibration of object and event properties.
In addition, uncertainties related to the theory modelling of the simulated backgrounds, most
importantly SM tt̄ production, are taken into account. The largest sources of systematic
uncertainties in the analysis vary depending on the mass and width of the signal hypothesis
being tested, but overall are related to the modelling of the SM tt̄ and the 1-lepton fakes
background processes, followed by uncertainties in the jet energy scale and resolution. Table 6
in section 11 summarises the main sources of uncertainty for three signal hypotheses and
their impact on the observed signal strengths.

10.1 Modelling uncertainties

10.1.1 Uncertainties in the modelling of the SM tt̄ background

Modelling uncertainties are considered relating to the background from SM tt̄ production,
which is estimated by using MC simulation at NLO+PS precision, and corrected to NNLO-
QCD+NLO-EW calculations (see section 4). The background prediction for this process
is hence subject to uncertainties in the higher-order calculations and uncertainties related
to the reweighting procedure, collectively grouped together as tt̄ NNLO uncertainties in
table 6, and uncertainties due to modelling choices made in the NLO+PS simulation. As
mentioned earlier, the impact of including a potential quasi-bound state consistent with
that observed by CMS was found to be negligible.

The uncertainties in the higher-order calculations are assessed by variations of the
renormalisation and factorisation scales, the PDF set, and the EW contribution, which is not
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present in the NLO+PS prediction. The scale uncertainties are estimated separately for the
(anti)top-quark pT and mtt̄ distributions by varying the renormalisation and factorisation
scales independently up and down by a factor of two, yielding four independent scale
uncertainty components. The uncertainty in the PDF set is taken as the envelope of
the intra-PDF uncertainties of the LUXQED PDF set [128], which is used to obtain the
NNLO-QCD+NLO-EW predictions. The uncertainty in the EW contribution is estimated
by comparing the nominal spectra with those obtained with the NNPDF3.0QED PDF
set [64, 129], which has been found to yield a significantly different prediction for the EW
contributions due to a different treatment of the photon PDF compared to the nominal
LUXQED PDF set [67].

Two uncertainties are assigned to the iterative reweighting method. Possible biases due to
the order in which the reweighting is applied on the mtt̄ and (anti)top-quark pT distributions
is estimated by comparing the nominal reweighted sample with an alternative sample in which
the reweighting is applied in a different order. The second uncertainty is derived to account
for differences between the definitions of the parton-level top-quark: in the higher-order
calculations, it includes at most two real emissions, whereas for the NLO MC generator, any
number of real emissions can be included. To account for this, an alternative MC sample is
created with the same generators and settings as the nominal NLO MC sample, but without
decaying the top quarks and forbidding PS emissions after the first one. The nominal NLO
sample is then reweighted to match the parton-level distributions of this modified sample,
with the exact same procedure as the reweighting to the higher-order predictions. The
difference between this reweighted sample and the un-reweighted sample is taken as the
uncertainty in the observables at detector level.

Uncertainties due to the modelling choices made for the NLO+PS MC simulation are
estimated by comparing the nominal SM tt̄ prediction to alternative predictions, obtained by
either varying parameters within the nominal generators or with alternative MC generators.
The alternative MC samples are reweighted to the respective higher-order predictions if the
uncertainties they represent do not affect the parton-level variables used for the reweighting,
namely mtt̄ and the (anti)top-quark pT. The following uncertainties in this group are:

• the uncertainty related to the ME-PS matching, estimated by comparing the predictions
obtained with the nominal sample with those obtained from an alternative sample
generated with the same generator settings as the nominal sample but setting the phard

T
parameter4 in Pythia to 1 instead of 0 [130];

• the uncertainty related to the choice of the hdamp parameter, estimated by comparing
the predictions of the nominal sample with those obtained with an alternative sample
with the hdamp parameter increased by a factor of 1.5mtop compared with its nominal
value;

• variations in the ISR ME calculation, which are estimated by varying the factorisation
and renormalisation scales independently up and down by a factor of two; and,

4The phard
T parameter regulates the definition of the vetoed region of the showering to avoid holes or

overlaps in the phase space filled by Powheg and Pythia.
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• variations in the FSR, assessed by varying the renormalisation scale for final-state PS
emissions up and down by a factor of two.

For the cases of the ME-PS matching and the hdamp uncertainties, the resulting one-sided
uncertainties are symmetrised to obtain effective up and down variations.

The uncertainty associated with variations of the renormalisation scale in the ISR PS is
obtained via the corresponding systematic variation in the A14 tune. This variation does not
have an explicit higher-order prediction so the nominal reweighting is applied instead, since
the uncertainty also does not affect the parton-level variables used for the reweighting.

Finally, several modelling uncertainties are not reweighted at all and compared with the
unreweighted nominal sample. These include:

• the uncertainty related to the choice of the PS and hadronisation model, which is
estimated by comparing the nominal predictions with those obtained from a sample
generated at NLO in QCD with Powheg Box v2 with the same PDF set and hdamp
value as in the nominal sample but interfaced with Herwig 7.13 [131–133], using the
Herwig 7.1 default set of tuned parameters [132, 133];

• the uncertainty related to the tt̄ lineshape, estimated by comparing the predictions
obtained with the nominal sample to those obtained with an alternative sample generated
with the same setup as the nominal sample but using MadSpin to decay the top quarks;
and,

• the uncertainty related to the choice of mtop, estimated by comparing the nominal
sample with mtop = 172.5 GeV to two alternative samples with mtop values of 171.0 GeV
and 174.0 GeV, respectively, and multiplying the difference by 0.2. This yields an
uncertainty of ±0.3 GeV, corresponding ot the current world-average uncertainty in
the top-quark mass [134].

Again, for both the PS uncertainty and the lineshape uncertainty, the resulting one-sided
uncertainties are symmetrised to obtain effective up and down variations.

10.1.2 Uncertainties in the modelling of the signal

Theory uncertainties relating to the scale and PDF+αs variations are taken into account
for the Z ′

TC2 signal processes. The impact of uncertainties related to the modelling of the
signals on the acceptance times efficiency was assessed and found to be negligible compared
with the uncertainties from instrumental sources.

10.1.3 Uncertainties in the modelling of the non-tt̄ backgrounds

The largest background contributions from processes other than SM tt̄ production arise from
single-top quark production and, in the 1-lepton channel, from both W + jets and fakes.

The main uncertainty in the modelling of single-top quark production is determined
from a comparison of the diagram removal scheme and the alternative diagram subtraction
scheme [65, 76] for the treatment of interference effects and overlap between SM tt̄ and
Wt production. It is estimated by comparing the nominal Wt samples, generated with the
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diagram removal scheme, to a set of alternative samples obtained with the diagram subtraction
scheme, using the same generator settings as in the nominal single-top samples. As in the case
of the SM tt̄ background, an uncertainty related to the choice of the PS and hadronisation
model is estimated for the Wt background component by comparing the nominal prediction
to that obtained with the same ME generator settings but interfaced with Herwig 7.16,
using the Herwig 7.1 default set of tuned parameters [132, 133] and the MMHT2014lo
PDF set [135]. The uncertainty related to the ME-PS matching is estimated by comparing
the predictions obtained with the nominal sample to those obtained from an alternative
sample generated with the same generator settings as the nominal sample but setting the
phard

T parameter in Pythia to 1 instead of 0. Modelling uncertainties related to the choice of
the renormalisation and factorisation scales, the levels of ISR and FSR, and the choice of
PDF set have also been evaluated but are found to be negligible. The theory uncertainties in
the cross-sections for Wt-, t-, and s-channel production are applied as pure normalisation
uncertainties in the respective components. They are estimated by summing in quadrature the
scale and the PDF+αs uncertainties in the nominal cross-sections, and amount to ±5.4% for
Wt production [78], +4.3%

−3.7% for t-channel production [85], and +4.4%
−4.1% for s-channel production.

For the W +jets production in the 1-lepton channel, a ±50% normalisation uncertainty is
assigned, and uncertainties related to the choice of scales and PDF set are taken into account
as shape-only uncertainties for the MC modelling. To account for any residual mis-modelling of
the flavour fractions in the W +jets background after applying the correction (see section 8.1),
the heavy-flavour fraction of the template is varied up and down by 50%, consistent with
the corrections to the W + jets template in ref. [20]. In the 2-lepton channel, no separate
uncertainty is assigned to the background from W + jets production as it is included in the
fakes background component, which has a 30% uncertainty applied to cover the disagreement
observed between data and the MC simulation in a fake-enriched control region.5

The systematic uncertainty applied to the Z + jets background in the 2-lepton channel
is related to the data-driven reweighting described in section 8.3. It consists of two
components, one affecting the shape and the other affecting the normalisation of this
background component. In the 1-lepton channel, where Z + jets production constitutes
an even smaller background component, a 30% normalisation uncertainty is applied, which
covers both the ±5% uncertainty in the Z + jets production cross-section and acceptance
uncertainties related to possible mis-modellings of higher jet multiplicities.

The uncertainty assigned to the data-driven estimate of the fakes background in the
1-lepton channel consists of three components:

• a 50% normalisation uncertainty that is applied separately to the e + jets and µ + jets
contributions of the fakes estimate;

• an uncertainty related to the statistical uncertainty in the original Matrix Method
estimate, before smoothing; and,

• an additional systematic uncertainty regulating the shape of the tail of the distribution
in the merged regions, obtained from the smoothing procedure.

5The fake-enriched control region is defined by requiring two signal leptons with the same-sign electric
charge and either eµ or µµ events, and that mW

T < 100 GeV for at least one of the W bosons in the event.
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The dominant uncertainty in the fakes estimate is due to the limited data available for
the data-driven estimate.

In the case of the remaining small backgrounds, only normalisation uncertainties are
applied. For the backgrounds originating from tt̄ + Z, tt̄ + W , and tt̄ + H production, the
uncertainties in the respective higher-order cross-sections are taken into account. They
amount to +10%

−12%, +13%
−12%, and +6.8%

−9.8%, respectively. A 50% normalisation uncertainty is applied
to the diboson background to take into account any possible mis-modelling in the production
of additional jets [136] and heavy-flavour jets [137].

10.2 Experimental uncertainties

The dominant experimental uncertainties affecting the mtt̄ and mℓℓbb spectra are the
uncertainties in the jet energy scale (JES) and resolution (JER) of the small-R jets, for which
there are 30 and 13 uncorrelated NPs included in the fit, respectively. Jet mass scale (JMS)
uncertainties are also included for small-R jets but do not have a large impact. The small-R
jet uncertainties are evaluated from a combination of simulations, test-beam data, and in situ
measurements [105]. Additional contributions from jet flavour composition, punch-through,
single-particle response, calorimeter response to different jet flavours and pile-up are also
taken into account. Additionally, an uncertainty is assigned to the efficiency of the JVT
requirement on jets [106]. For large-R jets, uncertainties in the JES, JER and JMS are
derived in similar ways to small-R jets, using a combination of simulation, test-beam data,
and in situ measurements [113]. Uncertainties related to jet mass resolution (JMR) are
also included for large-R jets [113].

Further experimental uncertainties in the correction factors for the b-tagging
efficiencies [115], as well as the rates of mis-tagging c–[116] and light-flavour jets [117], derived
from looking at dedicated flavour-enriched samples in data, are applied to the simulated
event samples. An additional b-tagging efficiency uncertainty is applied for high-momentum
jets (pT > 400 GeV) to account for uncertainties in the modelling of the track reconstruction
in high-pT environments [138]. Uncertainties are applied to large-R jets that satisfy the
top-tagging requirements described in section 5. They are derived from a combination of
measurements and account for background efficiency, signal efficiency, high-pT extrapolation
and inefficiency uncertainties. Correlations with the JES and b-tagging uncertainties are
taken into account [139].

Smaller experimental uncertainties are related to the efficiencies of the lepton identification,
isolation, and reconstruction, as well as the lepton energy scale and resolution [118, 119] and to
the scale and resolution of the track soft-term in the Emiss

T calculation [121]. Variations in the
reweighting applied to simulated samples to match the expected mean number of interactions
observed in each bunch crossing in data are included. They cover the uncertainty in the ratio
between the predicted and measured inelastic cross-section. A constant 0.83% normalisation
uncertainty is applied to all signal and background samples, except for fakes and W + jets
that are estimated from data, accounting for the uncertainty in the integrated luminosity.
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10.3 Uncertainty correlation scheme

All experimental uncertainties are treated as fully correlated across samples and the signal
regions of the 1- and 2-lepton channels in the final profile-likelihood fit (section 9). The
modelling uncertainties are treated as uncorrelated between all background samples, but in
general correlated across signal regions. However, the uncertainties in the SM tt̄ background
related to the modelling of the PS and hadronisation, the PS-ME matching, the lineshape,
the FSR and the choice of the hdamp parameter are treated as uncorrelated between all 3+5
signal regions of the 1- and 2-lepton channels, and separated into their shape and acceptance
components. These uncertainties are obtained by comparing the nominal sample to an
alternative SM tt̄ sample in each case (two-point systematic uncertainties), an approach
that typically yields large pre-fit uncertainties that are often highly constrained in a profile-
likelihood fit. Keeping these uncertainties uncorrelated between all signal regions is chosen
to prevent constraints propagating across regions, thus minimising the overall constraints
on these NPs. Additionally, the uncertainties in the SM tt̄ background related to the choice
of renormalisation and factorisation scales cannot be assumed to be fully correlated across
different kinematic regimes, and are therefore treated as uncorrelated between the resolved
and merged signal regions of the 1-lepton channel and between the 1- and 2-lepton channels,
although they are treated as correlated across the different b-tagging bins of the 1-lepton
channel and the different angular bins of the 2-lepton channel.

The uncertainty in the nomalisation factor assigned to the fakes background in the
1-lepton channel is uncorrelated across all three signal regions, and between the e + jets
and µ + jets channels. The normalisation factor and W + HF shape factor assigned to the
W + jets background in the 1-lepton channel are also treated as uncorrelated across the three
signal regions. All other modelling NPs are treated as correlated across all signal regions.

11 Results

The data are confirmed to be consistent with the background-only hypothesis through a fit
of the observed data to the SM prediction with µ = 0 in the eight signal regions, where only
the NPs are allowed to vary. The mtt̄ distributions in the three signal regions of the 1-lepton
channel and the mℓℓbb distributions in the five signal regions of the 2-lepton channel after the fit
to the full 140 fb−1 data sample are shown in figures 7 and 8, respectively. Good compatibility
of the observed mtt̄ and mℓℓbb spectra with the post-fit expected spectra is seen in all signal
regions, with a goodness-of-fit probability of 95% obtained from a saturated model test [140].

Good modelling of the SM background as a function of mtt̄ or mℓℓbb was validated
by applying the post-fit model parameters and constraints from the signal regions in the
corresponding validation regions. The results are shown in figures 9 and 10 for the 1-lepton
and 2-lepton channels, respectively. The correlations of the systematic uncertainties described
in section 10.3 are maintained, and systematic uncertainties are also correlated between the
corresponding signal and validation regions.

11.1 Uncertainty impact

The relative importance of the different categories of systematic uncertainties is quantified via
their post-fit impact on the observed signal strength for three representative signal hypotheses.
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Figure 7. Post-fit distributions of the reconstructed mtt̄ for the three signal regions of the 1-lepton
channel, after performing the profile-likelihood fit under the background-only hypothesis in the 3+5
signal regions of the 1-lepton and 2-lepton channels, respectively. The overflow is added to the final
bins. The lower panel shows the pulls from the fit (red line), where the pull in each bin is defined
as (nobs − npred)/

√
nobs, and nobs and npred refer to the number of observed events in data and the

number of predicted events, respectively. “V + jets” refers to the Z + jets and W + jets backgrounds,
whilst “Other Bkg.” combines the tt̄ + V , tt̄ + H, diboson, and fakes backgrounds together.

2.5−

1.25−

0
1.25

 

P
u
ll

500 1000  500 1000 1500 500 1000 1500 2000  1000 2000  1000 2000 3000

 [GeV]
llbb

m

1−10

1

10

210

310

410

510

610

710

810

910

1010

E
v
e
n
ts

 /
 1

5
0
 G

e
V

ATLAS
-1 = 13 TeV, 140 fbs

Data tt Single top

+jetsZ Other Bkg. Uncertainty

1
  SR

2
  SR

3
  SR

4
  SR

5
  SR

2-lepton channel

Post-fit

Figure 8. Post-fit distributions of the reconstructed mℓℓbb for the five signal regions of the 2-lepton
channel, after performing the profile-likelihood fit under the background-only hypothesis in the 3+5
signal regions of the 1-lepton and 2-lepton channels, respectively. The overflow is added to the final
bins. The lower panel shows the pulls from the fit (red line), where the pull in each bin is defined
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√
nobs, and nobs and npred refer to the number of observed events in data and the

number of predicted events, respectively. “Other Bkg.” combines the tt̄ + V , tt̄ + H, diboson, and
fakes backgrounds together.
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Figure 9. Distributions of the reconstructed mtt̄ in the three validation regions of the 1-lepton
channel, projected from the results of the profile-likelihood fit under the background-only hypothesis in
the 3+5 signal regions of the 1-lepton and 2-lepton channels, respectively. The overflow is added to the
final bins. In the lower panel, the ratio of the data and the post-fit background in the validation region
is shown (data points), as well as the total uncertainty (shaded band). The arrow indicates when
the ratio is outside of the range shown. “V + jets” refers to the Z + jets and W + jets backgrounds,
whilst “Other Bkg.” combines the tt̄ + V , tt̄ + H, diboson, and fakes backgrounds together.
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Figure 10. Distributions of the reconstructed mℓℓbb in the five validation regions of the 2-lepton
channel, projected from the results of the profile-likelihood fit under the background-only hypothesis
in the 3+5 signal regions of the 1-lepton and 2-lepton channels, respectively. The overflow is added to
the final bins. In the lower panel, the ratio of the data and the post-fit background in the validation
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The results are shown for one narrow, low-mass Z ′
TC2 signal and one wide, low-mass gKK signal,

both of which are fully contained in the resolved signal regions, and one narrow, high-mass
Z ′

TC2 signal, which is contained mostly in the merged signal region. The GKK signals show
the same trends as the Z ′

TC2 , due to the similar widths and similar reconstructed mtt̄ shapes;
therefore, the discussion below on the Z ′

TC2 uncertainties also applies to the GKK signals.
The impact of each NP on the signal strength is evaluated from the covariance matrix

of the fit, and the impact of a group of NPs is obtained by summing in quadrature the
impacts of all NPs in the respective category. Similarly, the total systematic uncertainty is
obtained by summing in quadrature the impacts of all relevant NP groups. The statistical
uncertainty is calculated by subtracting in quadrature the total systematic uncertainty
from the total uncertainty in the signal strength. Table 6 summarises the impacts, where
the fractional contribution to the total uncertainty in the observed signal strength of each
category is given. The observed signal strength and the corresponding absolute uncertainty
are shown in the top row.

Of the systematic uncertainties, the dominant impact on the post-fit result depends
on the signal hypothesis being tested; however, the tt̄ background modelling uncertainties
usually have relatively large impacts for all mass points. The largest experimental systematic
uncertainties are those related to the jet energy scale and jet energy resolution of the small-R
jets for the low-mass signals and to top-tagging for the high-mass signals, followed by flavour-
tagging related systematic uncertainties. Besides the systematic uncertainties, the NPs related
to the statistical uncertainty from the fakes background, included in “Modelling: statistical
uncertainty” in table 6, are also important, and for some mass points, these are among the
parameters with the highest impact. For the highest mass regions, this is directly due to
limited data. On the other hand, for the low-mass, narrow signals, the NPs related to the
statistical uncertainty in the fakes are highly-correlated with the parameter of interest. This is
because these NPs are completely uncorrelated across bins, and the width of the narrow signals
is similar to the bin-width used. The total uncertainty in this analysis is still predominantly
statistically dominated for the narrow resonances; however, for the wide resonances, the
systematic uncertainties are comparable or even larger than the statistical uncertainties.

11.2 Constraints on selected benchmark models

No significant excesses are observed across the entire mtt̄ or mℓℓbb spectra; therefore, upper
limits at the 95% confidence level (CL) are derived on the production cross-section times
branching ratio to tt̄ for the resonances predicted in the benchmark scenarios described in
section 2. The upper limits are calculated using the CLs frequentist formalism [141] and
the approximate limits for intermediate masses are interpolated between the tested mass
hypotheses. For the GKK signal, the detector resolution is finer than the grid spacing, so
the interpolation is only for display purposes.

The observed and expected exclusion limits are shown in figure 11 for the Z ′
TC2 , gKK and

GKK signal hypotheses. The observed limits are in good agreement with the expected limits.
Upper limits on the cross-section are extracted to be 3.6 pb, 1.8 pb, and 6.4 pb for a 500 GeV
Z ′

TC2 , GKK, and gKK signal, respectively. The results in this paper are the best limits on the
cross-section times branching fraction to tt̄ for the Z ′

TC2 signal for mtt̄ < 1.5 TeV, and the best
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mZ′
TC2

= 500 GeV mZ′
TC2

= 3 TeV mgKK = 1 TeV
µ = 0.019 ± 0.027 µ = 0.06 ± 0.31 µ = 0.002 ± 0.018

Uncertainty component Fractional contribution [%]
Experimental 27 21 37
Small-R jets 25 12 31
Large-R jets 1.6 3.8 5.8
Flavour tagging 10 6.2 8.9
Top-tagging 2.8 15 13
Leptons 4.1 4.8 11
Other 3.9 2.6 6.9
Modelling: SM tt̄ 26 48 46
tt̄ NNLO 11 7.9 13
tt̄ lineshape 14 19 15
tt̄ ME-PS (phard

T ) 11 6.8 17
tt̄ ME-PS (hdamp) 9.5 10 14
tt̄ ISR& FSR 9.7 13 29
tt̄ PS 8.2 40 20
Modelling: signal 1.0 0.78 –
Modelling: other 21 20 31
Fakes 17 5.1 10
W + jets 9.0 18 6.8
Z + jets 1.9 0.31 3.1
Other 9.2 3.0 28
Modelling: statistical uncertainty 48 49 33
Total systematic uncertainty 65 74 74
Total statistical uncertainty 76 67 67

Table 6. Post-fit fractional contributions of different uncertainty categories to the total uncertainty in
the observed signal strength, µ, as determined in the combined fit to the 1- and 2-lepton channels for
three representative signal hypotheses: a 500 GeV Z ′

TC2 signal, a 3 TeV Z ′
TC2 signal, and a 500 GeV

gKK signal. The observed value of µ and the corresponding absolute uncertainty are also shown. The
details of how the impact of each NP on the signal strength is evaluated, as well as how the total
systematic and statistical uncertainties are calculated, are given in the text. “Modelling: statistical
uncertainty” refers to the contribution from the statistical uncertainties of the MC simulated samples
and the data-driven background estimate for the 1-lepton fakes background. “Modelling: signal” refers
to the theory uncertainties on the Z ′

TC2 signal; these uncertainties are not considered for the GKK and
gKK signals. The individual components do not necessarily add up in quadrature to the total due to
rounding.
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Figure 11. Observed (pink data points) and expected (black dashed line) upper limits on the signal
cross-section times branching ratio to tt̄ for the (a) Z ′

TC2 , (b) GKK, and (c) gKK signals at 95% CL.
Approximate limits for intermediate masses are interpolated between the tested mass hypotheses. For
the GKK signal in (b), the detector resolution is finer than the grid spacing, so the interpolation is
only for display purposes. The theory predictions for the production cross-section times branching
ratio at the corresponding masses are also shown in (a) for a Z ′

TC2 with a width of 3% (blue line) and a
Z ′

TC2 with a width of 1.2% (dark red line), in (b) a GKK with a width ranging from 3%–6%, and in (c) a
gKK with a width of 30%. Also shown is the relative contribution of the 1-lepton (red dashed and dotted
line) and 2-lepton (purple long-dashed and dotted line) channels to the expected combination limits.

across the full mtt̄ range considered for the GKK and gKK signals to date. Z ′
TC2 signals with

a width of 3% (1.2%) and gKK signals are excluded up to masses of 4.2 TeV (3.65 TeV) and
4.1 TeV, respectively, while the GKK is excluded up to 1.3 TeV. The gKK mass exclusions set
the strongest limits on this benchmark model to date. The Z ′

TC2 mass exclusions significantly
increase the previously excluded ATLAS limits in the 1-lepton channel on 36 fb−1 of data;
however, the ATLAS search in fully hadronic final states still provide the most stringent
mass limits on these models [24]. The mass limit on the GKK signal is the most stringent
limit to date in the tt̄ decay channel, although complementary searches in diboson final
states do provide stronger mass exclusions.
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12 Conclusion

The search presented in this paper targets heavy resonances decaying into top-antitop-quark
pairs using final states with exactly one or two leptons. The analysis is performed using
140 fb−1 of proton-proton collision data recorded by the ATLAS detector at the LHC at a
centre-of-mass energy of

√
s = 13 TeV. The search covers resonance masses in the range

of 0.4 TeV to 5.0 TeV and considers both narrow and broad resonances, relative to the
detector resolution.

No significant deviation from the Standard Model background expectation is observed
across the probed invariant mass spectrum. As a result, upper limits are set on the production
cross-section times branching fraction for three benchmark scenarios. For mtt̄ < 1.5 TeV,
the search sets the most stringent constraints to date on narrow tt̄ resonances, excluding,
for instance, values of the production cross-section times branching fraction greater than
3.6 pb for a Z ′

TC2 with a mass of 500 GeV.
The Z ′

TC2 signal with a relative width of 3% (1.2%) is excluded for masses below 4.2 TeV
(3.65 TeV). These limits are slightly weaker than those obtained in the ATLAS analysis
targeting fully-hadronic final states, which excluded masses up to 4.7 TeV using the same
data, yet the present results offer complementary sensitivity in alternative tt̄ decay channels.

Furthermore, the analysis yields the strongest exclusions to date for the gKK signal with
a relative width of 30%, excluding those with a mass below 4.1 TeV. The constraints on GKK
signals are the strongest to date in the studied decay channels, ruling out masses below 1.3 TeV
and significantly extending the reach of previously published results in the tt̄ decay channel.

Overall, the results reported in this study enhance existing exclusion limits across a broad
range of models predicting heavy resonances decaying into top-quark pairs.
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