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Letter

Probing the 𝐶𝑃 nature of the top–Higgs Yukawa coupling in 𝑡𝑡𝐻 and 𝑡𝐻

events with 𝐻 → 𝑏𝑏̄ decays using the ATLAS detector at the LHC
.The ATLAS Collaboration ⋆

A R T I C L E I N F O A B S T R A C T

Editor: M. Doser The 𝐶𝑃 properties of the coupling between the Higgs boson and the top quark are investigated using 139 fb−1

of proton–proton collision data recorded by the ATLAS experiment at the LHC at a centre-of-mass energy of √
𝑠 = 13 TeV. The 𝐶𝑃 structure of the top quark–Higgs boson Yukawa coupling is probed in events with a 

Higgs boson decaying into a pair of 𝑏-quarks and produced in association with either a pair of top quarks, 𝑡𝑡𝐻 , 
or a single top quark, 𝑡𝐻 . Events containing one or two electrons or muons are used for the measurement. 
Multivariate techniques are used to select regions enriched in 𝑡𝑡𝐻 and 𝑡𝐻 events, where dedicated 𝐶𝑃 -sensitive 
observables are exploited. In an extension of the Standard Model (SM) with a 𝐶𝑃 -odd admixture in the top–Higgs 
Yukawa coupling, the mixing angle between 𝐶𝑃 -even and 𝐶𝑃 -odd couplings is measured to be 𝛼 = 11 ◦+52◦−73◦ , 
compatible with the SM prediction corresponding to 𝛼 = 0.

1. Introduction

Since the observation of the Higgs boson at the LHC [1,2], its 
properties have been studied in great detail. In particular, the obser-
vation of the Higgs boson production in association with a top-quark 
pair, 𝑡𝑡𝐻 [3,4], provides direct experimental access to the top-quark 
Yukawa coupling at the tree-level. The increasing datasets at the LHC 
have recently allowed the ATLAS and CMS Collaborations to probe the 
charge-conjugation and parity (𝐶𝑃 ) properties of this coupling using 
𝑡𝑡𝐻 events in different decay channels [5–7]. This letter reports on a 
study of the 𝐶𝑃 properties of the top-quark Yukawa coupling using 
𝑡𝑡𝐻 and 𝑡𝐻 production, in the 𝐻 → 𝑏𝑏̄ decay channel. The analysis tar-
gets final states where at least one top quark decays semi-leptonically 
to electrons or muons. It uses 

√
𝑠 = 13 TeV 𝑝𝑝 collision data recorded 

by the ATLAS experiment during Run 2, corresponding to an integrated 
luminosity of 139 fb−1.

The Standard Model (SM) predicts the Higgs boson to be a scalar 
particle with quantum numbers 𝐽𝐶𝑃 = 0++. Considering the possibility 
of beyond the Standard Model (BSM) couplings, a 𝐶𝑃 -odd component 
of the vector-boson couplings to the Higgs boson is naturally suppressed 
by the scale at which new physics would become relevant [8,9]. This 
suppression does not happen for Yukawa couplings, where 𝐶𝑃 -odd 
Higgs–fermion couplings may be significant already at tree level [10]. 
One of the first ATLAS and CMS measurements have excluded the pure 
𝐽𝑃 = 0− hypothesis by more than 95% CL using 𝐻 → 𝛾𝛾 , 𝐻 → 𝑍𝑍∗

and 𝐻 →𝑊 𝑊 ∗ decays [11,12]. Dedicated searches for 𝐶𝑃 -mixed cou-
plings between the Higgs boson and vector bosons set stringent limits on 

⋆ E-mail address: atlas .publications @cern .ch.

the 𝐶𝑃 -odd components [13–21]. Analyses of 𝑡𝑡𝐻 events with 𝐻 → 𝛾𝛾

decays [5,6] and in the multilepton final state [7] have also excluded 
pure 𝐶𝑃 -odd top–Higgs couplings at more than a 3 𝜎 significance. But 
mixing of 𝐶𝑃 -odd and 𝐶𝑃 -even states has not been ruled out and is 
worth investigating. The observation of a non-zero 𝐶𝑃 -odd coupling 
component would in fact signal the existence of BSM physics, and open 
up the possibility of 𝐶𝑃 -violation in the Higgs sector [22–25]. Such 
a new source of 𝐶𝑃 violation could play a fundamental role in ex-
plaining the matter–antimatter asymmetry of the universe. This analysis 
targets 𝑡𝑡𝐻 and 𝑡𝐻 events, which are sensitive to the top–Higgs cou-
pling including any potential 𝐶𝑃 -mixing at the tree-level. This avoids 
the need for assumptions about the influence of BSM effects which may 
be present in other, more indirect measurements [26–28]. In particu-
lar, current limits on electron and neutron electrical dipole moments 
place indirect model-dependent constraints on a possible pseudoscalar 
component of the top-quark Yukawa coupling [29–31].

The top–Higgs interaction can be extended beyond the SM as [26]:

𝑡𝑡𝐻 = −𝜅′
𝑡 𝑦𝑡𝜙𝜓̄𝑡(cos𝛼 + 𝑖𝛾5 sin𝛼)𝜓𝑡 , (1)

where 𝑦𝑡 is the SM Yukawa coupling strength, modified by a cou-
pling modifier 𝜅′

𝑡 ; 𝛼 is the 𝐶𝑃 -mixing angle; 𝜙 is the Higgs field; 𝜓𝑡

and 𝜓̄𝑡 are top-quark spinor fields and 𝛾5 is a Dirac matrix. The term 
containing 𝛾5 corresponds to a pseudoscalar component. The above ex-
pression reduces to the SM case for 𝜅′

𝑡 = 1 and 𝛼 = 0. An anomalous 
value of 𝛼 would produce an admixture with a pseudoscalar coupling 
(𝐽𝐶𝑃 = 0+−) and change the differential cross-section relative to the SM 
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expectation, while a variation of 𝜅′
𝑡 would induce a change in the total 

cross-section [22,32–35].
This study measures simultaneously the values of 𝜅′

𝑡 and 𝛼 with a 
binned profile likelihood fit to data, exploiting dedicated 𝐶𝑃 -sensitive 
observables. It closely follows a recent analysis optimised for the mea-
surement of the 𝑡𝑡𝐻(→ 𝑏𝑏) production cross-section [36]. This analysis 
studies an identical phase space using the same physics object defi-
nitions and a similar methodology for event selection and evaluation 
of systematic uncertainties. A notable exception is that this analysis 
considers both the 𝑡𝑡𝐻 and 𝑡𝐻 production modes as signals. No at-
tempt was made to optimise the analysis strategy for the 𝑡𝐻 signal, 
as its small yield makes this channel relevant only in one analysis 
region. Other noteworthy differences with respect to the analysis docu-
mented in Ref. [36] are detailed in the text. These include the definition 
of signal regions, the signal-background discrimination strategy and a 
few details in the definition of systematic uncertainties in signal and 
background modelling. In the case of 𝑡𝐻 production, the destructive in-
terference between the diagrams with 𝑡–𝐻 and 𝑊 –𝐻 couplings leads 
to the negligible 𝑡𝐻 production cross-section in the SM. Any change 
in the relative 𝑡–𝐻 and 𝑊 –𝐻 coupling strengths would result in a 
rapid increase in the cross-section. Considering the Lagrangian density 
in Eqn. 1, the 𝑡𝐻 production cross-section is expected to grow for val-
ues of the mixing angle 𝛼 different from zero [23]. An opposite and 
less pronounced dependence exists for the 𝑡𝑡𝐻 cross-section. The ra-
tio of 𝑡𝐻 to 𝑡𝑡𝐻 cross-sections varies from 0.06 in the SM scenario to 
more than 1.2 in the pure 𝐶𝑃 -odd scenario [23]. For the present mea-
surement, the 𝐻 → 𝑏𝑏̄ branching ratio is assumed to be equal to its SM 
value of 58.2% ± 0.5% [37].

2. The ATLAS experiment

The ATLAS experiment [38–40] at the LHC is a multipurpose parti-
cle detector with a forward–backward symmetric cylindrical geometry 
and a near 4𝜋 coverage in solid angle.1 It consists of an inner track-
ing detector surrounded by a thin superconducting solenoid providing a 
2 T axial magnetic field, electromagnetic and hadron calorimeters and a 
muon spectrometer. A two-level trigger system is used to reduce the to-
tal event rate to 1 kHz on average, depending on the data-taking condi-
tions [41]. An extensive software suite [42] is used in the reconstruction 
and analysis of real and simulated data, in detector operations, and in 
the trigger and data acquisition systems of the experiment. The events 
used in this analysis are selected using single-lepton triggers [43,44], 
with either low thresholds for the lepton transverse momentum (𝑝T) 
and a lepton isolation requirement, or higher thresholds, looser identi-
fication criteria and without any isolation requirement. The lowest 𝑝T
threshold for muons is 20 (26) GeV, while for electrons the threshold is 
24 (26) GeV for the data taken in 2015 (2016–2018).

3. Event preselection

Events are required to have at least one primary vertex, formed by 
two or more associated tracks with transverse momenta greater than 
0.5 GeV. The vertex with the highest sum of 𝑝2T of associated tracks is 
selected as the hard-scattering primary vertex. Events with exactly one 
lepton (electrons or muons, denoted as 𝓁) or two oppositely charged 
leptons are considered in this analysis, referred to as the 𝓁+ jets chan-
nel and dilepton channel, respectively. Electrons are identified using the 

1 ATLAS uses a right-handed coordinate system with its origin at the nominal 
interaction point (IP) in the centre of the detector and the 𝑧-axis along the beam 
pipe. The 𝑥-axis points from the IP to the centre of the LHC ring, and the 𝑦-axis 
points upwards. Cylindrical coordinates (𝑟, 𝜙) are used in the transverse plane, 
𝜙 being the azimuthal angle around the 𝑧-axis. The momentum component 
in the transverse plane is referred to as the transverse momentum (𝑝T). The 
pseudorapidity is defined in terms of the polar angle 𝜃 as 𝜂 = − ln tan(𝜃∕2). 
Angular distance is measured in units of Δ𝑅 ≡

√
(Δ𝜂)2 + (Δ𝜙)2.

‘Tight’ likelihood criterion [45] and are required to have 𝑝T > 10 GeV
and |𝜂| < 2.47, excluding those in the calorimeter barrel–endcap tran-
sition region (1.37 < |𝜂| < 1.52). Muons are selected with the ‘Medium’ 
identification criterion [46] and are required to have 𝑝T > 10 GeV and 
|𝜂| < 2.5. Electrons (muons) are required to pass the ‘Gradient’ (‘Fixed-
Cut-Tight-Track-Only’) isolation requirements [45,46]. All leptons are 
required to originate from the primary vertex. At least one of the lep-
tons must have 𝑝T > 27 GeV and match the corresponding lepton used 
in the trigger decision. In events with an 𝑒𝑒 or 𝜇𝜇 pair, the dilepton in-
variant mass is required to be above 15 GeV and outside the 𝑍 boson 
mass window of 83–99 GeV.

This analysis targets events with high jet multiplicities, including 
𝑏-quark jets expected in the final state of 𝑡𝑡𝐻 and 𝑡𝐻 events with a sub-
sequent 𝐻 → 𝑏𝑏̄ decay. Following the same procedure as Ref. [36], jets 
are reconstructed from topological clusters of energy depositions in the 
calorimeter [47,48] using the anti-𝑘𝑡 algorithm [49,50] with a radius 
parameter of 𝑅 = 0.4. The MV2c10 algorithm [51] is used to identify 
(or ‘𝑏-tag’) jets containing 𝑏-hadrons. By placing different selections on 
the MV2c10 discriminant, four working points are defined with aver-
age 𝑏-jet tagging efficiencies of 60%, 70%, 77% and 85% and different 
𝑐- and light-jet rejection rates. The corresponding efficiencies and rejec-
tion rates are calibrated to data [51–53]. A pseudo-continuous b-tagging 
score is assigned to each jet. A score of two, three, four and five is as-
signed if a jet passes the 85%, 77%, 70% and 60% working point, but 
fails the adjacent tighter one. If a jet fails all working points, a score of 
one is assigned. In the 𝓁+ jets (dilepton) channel, events are required 
to have at least five (three) jets with 𝑝T > 25 GeV and |𝜂| < 2.5, and 
at least four (three) of the jets are required to be 𝑏-tagged at the 70% 
efficiency working point.

The missing transverse momentum is reconstructed as the negative 
vector sum of the 𝑝T of all selected objects in the event, with an ex-
tra ‘soft term’ built from additional tracks associated with the primary 
vertex [54].

The analysis also exploits the collimated decay topology from 
high-𝑝T Higgs bosons. Jets with a radius parameter of 𝑅 = 0.4 are 
reclustered [55] using the anti-𝑘𝑡 algorithm with a radius parameter 
of 𝑅 = 1.0. The resulting jets are referred to as large-𝑅 jets. The large-𝑅
jets are required to have a mass larger than 50 GeV, 𝑝T > 200 GeV and 
at least two constituent jets with 𝑅 = 0.4.

4. Signal and background modelling

After applying the above selection criteria, background events are 
dominated by 𝑡𝑡 production with additional jets (𝑡𝑡+ jets), that contain 
heavy-flavour hadrons (𝑏- and 𝑐-hadrons). Other processes contribute 
less than 10% of the total expected background. All background pro-
cesses are estimated using Monte Carlo (MC) simulations, closely fol-
lowing Ref. [36].

The simulated events were produced using the ATLAS detector sim-
ulation [56] based on GEANT4 [57]. To simulate the effects of multiple 
interactions in the same and neighbouring bunch crossings (pile-up), 
additional interactions were generated using PYTHIA 8.186 [58] with 
a set of tuned parameters called the A3 tune [59] and overlaid on 
the simulated hard-scatter event. Simulated events are reweighted to 
match the pile-up conditions observed in the full Run 2 dataset. All 
simulated event samples are processed through the same reconstruction 
algorithms and analysis chain as the data [42].

Events in the simulated 𝑡𝑡+ jets background sample are categorised 
according to the flavour of the additional jets which do not origi-
nate from the top-quark decay. The simulation of each set of back-
grounds is treated independently as this allows for a more accurate 
modelling of 𝑡𝑡 + jets events. The categorisation is based on ‘MC-truth 
jets’ that are clustered with stable generated particles (with mean life-
time 𝜏 > 3 × 10−11 s) in the final state using the anti-𝑘𝑡 algorithm with 
𝑅 = 0.4. MC-truth jets with 𝑝T > 15 GeV and |𝜂| < 2.5 in the simu-
lated events are used for the categorisation. Their MC-truth flavour is 
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determined by counting the number of 𝑏/𝑐-hadrons contained within 
Δ𝑅 = 0.4 of the jet axis. Events with at least one MC-truth jet con-
taining 𝑏-hadrons not originating from a top-quark decay are labelled 
as 𝑡𝑡 + ≥1𝑏. This can be further separated into subcomponents corre-
sponding to 𝑡𝑡 + 1𝑏 and 𝑡𝑡 + ≥2𝑏. Events failing to satisfy that criterion 
but with at least one MC-truth jet containing 𝑐-hadrons not originating 
from top-quark decay are labelled 𝑡𝑡+≥1𝑐. The rest of the events are la-
belled as 𝑡𝑡+ light. The dominant 𝑡𝑡+≥1𝑏 background is modelled using 
a sample of 𝑡𝑡 + 𝑏𝑏̄ events generated at next-to-leading order (NLO) in 
QCD in the four-flavour scheme, with two additional massive 𝑏-quarks 
produced at the matrix element (ME) level. The ME simulation was per-
formed using the POWHEG BOX RES generator and OPENLOOPS [60–63], 
with the NNPDF3.0NLO nf4 [64] parton distribution function (PDF) 
set and PYTHIA 8.230 [58] with the A14 set of tuned parameters [65]
for the simulation of the parton shower (PS) and hadronisation. Given 
that the production rate of 𝑡𝑡 with additional 𝑏-jets is observed to 
be underestimated by the current predictions [66,67], the normalisa-
tion of the 𝑡𝑡 + ≥1𝑏 background is determined from the analysed data 
without prior constraints. The 𝑡𝑡 + ≥1𝑐 and 𝑡𝑡 + light backgrounds are 
modelled from a subset of an inclusive 𝑡𝑡 + jets sample generated at 
NLO in QCD using POWHEG BOX v2 [68–71] as the ME generator inter-
faced with PYTHIA 8.230 for the PS and hadronisation. This inclusive 
𝑡𝑡 + jets sample is generated with the five-flavour scheme, where 𝑐-
and 𝑏-quarks not originating from a top-quark decay are assumed to 
be massless. Due to limited knowledge regarding 𝑡𝑡 + ≥1𝑐 production, 
an additional 100% uncertainty is included in its normalisation. Addi-
tionally, a prior uncertainty of 6% is assigned to the inclusive 𝑡𝑡 + jets
production cross-sections according to the predicted inclusive 𝑡𝑡 produc-
tion cross-section at NNLO+NNLL [72–78]. Other background processes 
include the production of 𝑊 + jets, 𝑍+ jets, 𝑡𝑡𝑊 , 𝑡𝑡𝑍 , 𝑡𝑍𝑞, 𝑡𝑊 𝑍 , 
𝑡𝑡𝑡𝑡 and 𝑊 𝑊 ∕𝑊 𝑍∕𝑍𝑍 events. These are all subdominant and mod-
elled from simulation as detailed in Ref. [36]. A small fraction of events 
contains misidentified leptons or leptons originating from the decay of 
heavy-flavour hadrons. The contribution from these events is found to 
be negligible in the 𝓁+ jets channel. In the dilepton channel, this small 
contribution is modelled using a simulation.

The signal processes, 𝑡𝑡𝐻 and 𝑡𝐻 , are simulated with different 
values of 𝛼 and 𝜅′

𝑡 . All other parameters were fixed to their SM val-
ues, including the 𝐻 → 𝑏𝑏̄ branching ratio. The alternative scenarios 
were simulated using the NLO Higgs Characterisation [37,79] model 
implemented in MADGRAPH5_AMC@NLO with FeynRules [80,81]. 
With a few exceptions, all signal samples were generated using the
MADGRAPH5_AMC@NLO 2.6.2 [82] generator at NLO in QCD us-
ing the five-flavour scheme with the NNPDF3.0NNLO PDF set, in-
terfaced with PYTHIA 8.230 with the A14 set of tune parameters 
for PS and hadronisation. The SM 𝑡𝑡𝐻 events were simulated using
MADGRAPH5_AMC@NLO 2.6.0. The renormalisation and factorisation 
scales were set to 3

√
𝑚T(𝑡) ⋅𝑚T(𝑡) ⋅𝑚T(𝐻), where 𝑚T =

√
𝑚2 + 𝑝2T is 

the transverse mass of a particle. The cross-section is normalised to 
507 fb from the fixed-order calculation including NLO QCD and elec-
troweak corrections, with an uncertainty of 3.6% from variations in 
PDF and 𝛼s and 9.2% due to variations of the renormalisation and 
factorisation scales [37,83–87]. A 𝐾 -factor of 1.1 is derived by tak-
ing the ratio of the cross-section from the above fixed-order calculation 
to that from MADGRAPH5_AMC@NLO, and is applied to all 𝑡𝑡𝐻 sam-
ples with different values of 𝛼 and 𝜅′

𝑡 . For the 𝑡𝐻 signal, two subpro-
cesses, 𝑡𝐻𝑗𝑏 and 𝑡𝑊 𝐻 , are considered. The 𝑡𝐻𝑗𝑏 (𝑡𝑊 𝐻) events were 
generated in the four(five)-flavour scheme using the NNPDF3.0NNLO

nf4 (NNPDF3.0NNLO) PDF set [64], with the renormalisation and 
factorisation scales set to the generator’s default. The cross-sections 
for the 𝑡𝐻𝑗𝑏 and 𝑡𝑊 𝐻 samples are obtained directly from MAD-
GRAPH5_AMC@NLO. In the SM scenario, the cross-section for 𝑡𝐻𝑗𝑏

and 𝑡𝑊 𝐻 are 60.1 fb and 16.7 fb, respectively. Variations of the renor-
malisation and factorisation scales, including the consideration of the 
flavour scheme choice for the 𝑡𝐻𝑗𝑏 process, contribute 15% and 6.7% 
to the uncertainty of the cross-sections of 𝑡𝐻𝑗𝑏 and 𝑡𝑊 𝐻 respectively. 

Similarly, variations of the PDFs and 𝛼s result in a 3.7% and 6.3% un-
certainty in the 𝑡𝐻𝑗𝑏 and 𝑡𝑊 𝐻 cross-sections, respectively. A diagram 
removal scheme [88] is applied in the simulation of the 𝑡𝑊 𝐻 events in 
order to remove diagrams already included in the 𝑡𝑡𝐻 simulation.

The yields of 𝑡𝑡𝐻 and 𝑡𝐻 signals are parameterised as a func-
tion of the model parameters by smoothly interpolating between gen-
erated MC samples with varying 𝛼 and 𝜅′

𝑡 . The parameterisation is 
performed in each analysis bin. Two 𝑡𝑡𝐻 samples with alternative val-
ues of 𝛼 were generated, corresponding to a pure 𝐶𝑃 -odd interaction 
(𝛼 = 90◦) and maximal 𝐶𝑃 -odd/𝐶𝑃 -even mixing (𝛼 = 45◦). The 𝑡𝑡𝐻
yields, 𝑁𝑡𝑡𝐻 (𝜅′

𝑡 , 𝛼), are parameterised using the SM sample and the pure 
𝐶𝑃 -odd sample as 𝜅′

𝑡
2
𝑐2𝛼𝑁𝐶𝑃 -even + 𝜅′

𝑡
2
𝑠2𝛼𝑁𝐶𝑃 -odd, where 𝑐𝛼 = cos𝛼, 

𝑠𝛼 = sin𝛼, and 𝑁𝐶𝑃 -even and 𝑁𝐶𝑃 -odd are the expected yields predicted 
by the SM and the 𝐶𝑃 -odd 𝑡𝑡𝐻 simulations, respectively. This was 
verified to be a good approximation using the maximal mixing sam-
ple (𝛼 = 45◦), with the difference in any analysis bin smaller than the 
uncertainties due to the limited number of simulated events. In the case 
of 𝑡𝐻 , the interference between diagrams with 𝐶𝑃 -even and 𝐶𝑃 -odd 
𝑡 − 𝐻 and SM 𝑊 − 𝐻 couplings are considered in the parameterisa-
tion, assuming contributions from lowest order diagrams of 𝑡𝐻𝑗𝑏 and 
𝑡𝑊 𝐻 processes. The signal yield in each analysis bin is parameterised 
as 𝑁𝑡𝐻 (𝜅′

𝑡 , 𝛼) =𝐴𝜅′
𝑡
2
𝑐2𝛼 +𝐵𝜅′

𝑡
2
𝑠2𝛼 +𝐶𝜅′

𝑡 𝑐𝛼 +𝐷𝜅′
𝑡 𝑠𝛼 +𝐸𝜅′

𝑡
2
𝑐𝛼𝑠𝛼 + 𝐹 . Co-

efficients 𝐴-𝐹 are derived separately for each analysis bin, by fitting 
to the yields predicted by multiple simulated samples with varying 𝜅′

𝑡
and 𝛼. The terms with 𝑐2𝛼 and 𝑠2𝛼 correspond to the contribution from 
𝐶𝑃 -even and 𝐶𝑃 -odd 𝑡-𝐻 coupling, respectively. The terms at the first 
order of 𝑐𝛼 and 𝑠𝛼 account for potential interference effects between 
𝐶𝑃 -even and 𝐶𝑃 -odd 𝑡-𝐻 coupling and SM 𝑊 -𝐻 coupling contribu-
tions. The term 𝐹 represents the contribution from only the SM 𝑊 -𝐻
coupling. Ten samples generated with different values of 𝛼 and 𝜅′

𝑡 in 
addition to the SM 𝑡𝐻 sample are used for the parameterisation. These 
samples include: samples where 𝜅′

𝑡 = 1 and 𝛼 is set between 15° to 90° 
in steps of 15°, samples with 𝜅′

𝑡 = -1, 0.5, and 2 where 𝛼 = 0° and an 
additional sample with 𝛼 = 45° and 𝜅′

𝑡 = 2. Uncertainties due to limited 
number of MC events in these simulated samples are considered when 
performing the parameterisation fit in each bin. Good closure was ob-
served: the largest 𝜒2 per degree of freedom was 0.19 in any given bin. 
Uncertainties pertaining to the parameterisation of either signal were 
found to have a negligible impact on the measured values of 𝛼 and 𝜅′

𝑡 .

5. Analysis strategy

In order to optimise the analysis sensitivity, events satisfying the 
preselection criteria are categorised into orthogonal regions in two 
steps. In the first step, control regions (CR) and training regions (TR) are 
defined using requirements on jet multiplicity, 𝑏-tagging and large-𝑅
jets. The TRs are defined according to the expected numbers of ob-
jects from the decay of the signal events, whilst the CRs with lower 
object multiplicities are signal depleted. The TRs broadly contain the 
signals and are used to train various multivariate algorithms (MVA). 
Dedicated observables are constructed in the TRs to enhance sensitiv-
ity to the top-Higgs Yukawa 𝐶𝑃 coupling. In the second step, MVAs 
are used to divide the TRs into signal regions (SR) and additional CRs 
with relatively high and low signal purity, respectively. Given the small 
contribution expected from 𝑡𝐻 events, the categorisation, MVAs and 
𝐶𝑃 -sensitive observables are optimised for the 𝑡𝑡𝐻 signal. All regions 
labelled CR and SR are simultaneously fit to the data using either spe-
cific observables or simple yields as specified below. Both steps are 
described in detail below.

The first step of categorisation adopts a strategy similar to that de-
scribed in Ref. [36], devised to separate the SM signal from the various 
backgrounds. A ‘boosted’ region, labelled as TRboosted, is firstly defined 
in the 𝓁+ jets channel by requiring the presence of a high-𝑝T Higgs bo-
son candidate which is identified using a deep neural network (DNN). 
The DNN is trained to identify the boosted Higgs boson candidates from 
among large-𝑅 jets with 𝑝T > 300 GeV [36]. A mixture of constituent 
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Table 1

Definition of the CRs and TRs according to the number of jets and 𝑏-tagged jets using different 𝑏-tagging selection criteria, and 
the number of boosted Higgs boson candidates. For CRs, the bottom row indicates the observables used in the fit to data in the 
corresponding regions. For the TRboostedregion, the 𝑏-tagged jets flagged with † are not constituents of the boosted Higgs boson 
candidate. Events must pass 𝑁𝑏-tag requirements for each 𝑏-tagging selection criteria.

Region Dilepton 𝓁+ jets

TR≥4𝑗,≥4𝑏 CR≥4𝑗,3𝑏
hi CR≥4𝑗,3𝑏

lo CR3𝑗,3𝑏
hi TR≥6𝑗,≥4𝑏 CR5𝑗,≥4𝑏

hi CR5𝑗,≥4𝑏
lo TRboosted

𝑁jets ≥ 4 = 3 ≥ 6 = 5 ≥ 4

𝑁𝑏-tag

@85% – ≥ 4

@77% – – ≥ 2†

@70% ≥ 4 = 3 ≥ 4 –

@60% – = 3 < 3 = 3 – ≥ 4 < 4 –

𝑁boosted cand. – 0 ≥ 1

Fit observable – Yield – Δ𝑅
avg
𝑏𝑏

–

Table 2

Summary of the selections used to define SRs and CRs from the TRs, based on the classifi-
cation BDT score. In the boosted region, the selection requirement is applied and rejected 
events are removed entirely from further analysis. In the dilepton channel, events with 
failed reconstruction due to absence of a real solution from the neutrino weighting are 
categorised into an additional region known as CR≥4𝑗,≥4𝑏

no-reco . The fitted discriminating vari-
able in each region is indicated in the last column.

Channel (TR) Final SRs and CRs Classification BDT selection Fitted observable

Dilepton (TR≥4𝑗,≥4𝑏)

CR≥4𝑗,≥4𝑏
no-reco – Δ𝜂𝓁𝓁

CR≥4𝑗,≥4𝑏 BDT≥4𝑗,≥4𝑏 ∈ [−1,−0.086) 𝑏4
SR≥4𝑗,≥4𝑏

1 BDT≥4𝑗,≥4𝑏 ∈ [−0.086,0.186) 𝑏4
SR≥4𝑗,≥4𝑏

2 BDT≥4𝑗,≥4𝑏 ∈ [0.186,1] 𝑏4

𝓁+ jets (TR≥6𝑗,≥4𝑏)
CR≥6𝑗,≥4𝑏

1 BDT≥6𝑗,≥4𝑏 ∈ [−1,−0.128) 𝑏2
CR≥6𝑗,≥4𝑏

2 BDT≥6𝑗,≥4𝑏 ∈ [−0.128,0.249) 𝑏2
SR≥6𝑗,≥4𝑏 BDT≥6𝑗,≥4𝑏 ∈ [0.249,1] 𝑏2

𝓁+ jets (TRboosted) SRboosted BDTboosted ∈ [−0.05,1] BDTboosted

jet masses, pseudo-continuous 𝑏-tagging scores and jet substructure ob-
servables [89] are used as input features for the training. Events failing 
this DNN selection defining the TRboosted region are categorised into CRs 
and TRs according to the number of jets (𝑗) and various 𝑏-tagging (𝑏) re-
quirements. Events in the TRs are required to have at least the number 
of jets and 𝑏-tagged jets expected from the final state of the 𝑡𝑡𝐻 sig-
nal. This results in four statistically independent regions in the dilepton 
channel, named CR3𝑗,3𝑏

hi , CR≥4𝑗,3𝑏
lo , CR≥4𝑗,3𝑏

hi and TR≥4𝑗,≥4𝑏, and three re-

gions in the 𝓁+ jets channel, named CR5𝑗,≥4𝑏
lo , CR5𝑗,≥4𝑏

hi and TR≥6𝑗,≥4𝑏. 
The yields of these regions enter the fit. The requirements used to define 
all CRs and TRs are summarised in Table 1. Regions labelled with ‘hi’ 
(‘lo’) have relatively higher (lower) fractions of events with true 𝑏-jets 
not from top-quark decays, and are selected with tight (loose) 𝑏-tagging 
requirements. The average Δ𝑅 separation between 𝑏-jets (Δ𝑅

avg
𝑏𝑏

) is 
used as the observable which enters the fit for CR5𝑗,≥4𝑏

lo and CR5𝑗,≥4𝑏
hi

regions as it better constrains the shape of the backgrounds. All men-
tioned CRs have different fractions of 𝑡𝑡 + light, 𝑡𝑡 + ≥1𝑐 and 𝑡𝑡 + ≥1𝑏
events and this helps to constrain the systematic uncertainties in each 
of these components.

In the TRs, two sets of boosted decision trees (BDT) are trained: 
reconstruction BDTs and classification BDTs. The former is trained to 
assign jets as coming from the decay of the Higgs boson or top quarks 
in 𝑡𝑡𝐻 events, while the latter is trained to discriminate the 𝑡𝑡𝐻 sig-
nal against the backgrounds. Both the reconstruction and classification 
BDTs are trained using simulated SM 𝑡𝑡𝐻 events. It was tested that 
their performance is equally good for a pure 𝐶𝑃 -odd signal. For both 
the reconstruction and classification BDTs, the training procedures are 
performed independently for each TR and are identical to those used 
in Ref. [36]. The reconstruction BDTs are trained to classify the correct 
combinations of jet assignments from random ones. The training ex-

plores the relative positional information between pairs of objects, and 
the invariant masses of object pairs and triplets that form 𝑊 -boson and 
top-quark candidates. In order to reconstruct the top-quark and Higgs 
boson candidates, for each event, all possible permutations of jet assign-
ments are evaluated and the permutation with the highest BDT score is 
selected. The reconstruction BDTs provide important information that 
improves the performance of the classification BDTs, whilst allowing for 
the calculation of observables sensitive to the 𝐶𝑃 nature of the Yukawa 
coupling. Classification BDT inputs include reconstruction BDT (DNN 
in the boosted channel) outputs, pseudo-continuous 𝑏-tagging discrimi-
nant scores of jets, and kinematic features, such as angular separations 
and invariant masses of pairs of 𝑏-tagged jets. The classification BDTs 
are used to further refine the TRs to define the final CRs and SRs, 
as detailed later. The classification BDTs used in TR≥4𝑗,≥4𝑏, TR≥6𝑗,≥4𝑏

and TRboosted are henceforth denoted by BDT≥4𝑗,≥4𝑏, BDT≥6𝑗,≥4𝑏 and 
BDTboosted, respectively.

Dedicated 𝐶𝑃 -sensitive observables are computed in TR≥4𝑗,≥4𝑏 and 
TR≥6𝑗,≥4𝑏 and are used in the fit to determine the 𝐶𝑃 properties of 
the top-quark Yukawa coupling. Two 𝐶𝑃 observables, 𝑏2 and 𝑏4 [22,
35], were found to provide the best discrimination in TR≥6𝑗,≥4𝑏 of the 
𝓁+ jets channel and TR≥4𝑗,≥4𝑏 of the dilepton channel, respectively. 
They are defined as:

𝑏2 =
(𝑝1 × 𝑧̂) ⋅ (𝑝2 × 𝑧̂)

|𝑝1||𝑝2| , and 𝑏4 =
(𝑝1 ⋅ 𝑧̂)(𝑝2 ⋅ 𝑧̂)

|𝑝1||𝑝2| ,

where 𝑝𝑖 with 𝑖 = 1, 2 are the momentum three-vectors of the two top 
quarks in the events and 𝑧̂ is a unit vector in the direction of the beam-
line and defines the 𝑧-axis. The 𝑏4 observable exploits the enhanced 
production of top quarks travelling in opposite longitudinal directions 
and closer to the beamline in 𝐶𝑃 -odd 𝑡𝑡𝐻 production. The observ-
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Fig. 1. Yields calculated following a fit with 𝜅′
𝑡

and 𝛼 as free parameters, compared to the observed data in all analysis regions. The different backgrounds and the 
signal are shown in coloured stack. The background component labelled “other” corresponds to the production of 𝑊 + jets, 𝑍+ jets, 𝑡𝑡𝑊 , 𝑡𝑡𝑍 , 𝑡𝑍𝑞, 𝑡𝑊 𝑍 , 𝑡𝑡𝑡𝑡 and 
𝑊 𝑊 ∕𝑊 𝑍∕𝑍𝑍 events, as in Ref. [36]. The dashed and dotted lines show the sum of 𝑡𝑡𝐻 + 𝑡𝐻 signals for pure 𝐶𝑃 -even and 𝐶𝑃 -odd hypotheses normalised to 
the total data yields including all regions. The hashed area around the prediction illustrates the total post-fit uncertainties. In the middle panel, the best-fit model is 
compared with the data by showing ratios of its value to the post-fit background prediction. The histogram represents the total post-fit model including the best-fit 
signals. The hashed band represents the total post-fit uncertainty as a ratio to the background. In the bottom panel, the 𝑆∕𝐵 is shown for pure 𝐶𝑃 -even and 𝐶𝑃 -odd 
signals, separately. The histograms are shown as a stack of 𝑡𝑡𝐻 and 𝑡𝐻 .

able 𝑏2 relies simultaneously on the smaller azimuthal separation of 
top quarks and on their larger longitudinal fraction of momentum in 
𝐶𝑃 -odd 𝑡𝑡𝐻 production. The calculation of 𝑏2 is performed in the 𝑡𝑡𝐻
rest frame [35], which enhances the discrimination power.

Computation of 𝑏2 and 𝑏4 requires the full reconstruction of both 
top quarks and the Higgs boson. However, the reconstruction BDTs 
only resolve the hadronic part of the 𝑡𝑡𝐻 system. In the 𝓁+ jets chan-
nel, the missing transverse momentum is used as a proxy for the 𝑝T of 
the undetected neutrino from the semileptonically decaying top quark. 
The 𝑧 component of the neutrino four-momentum is obtained from a 
quadratic equation constructed from the lepton four-momentum and 
the missing transverse momentum, using as a constraint the leptonic 
𝑊 boson’s mass, assumed to be its on-shell value. Both solutions of the 
quadratic equation are used to reconstruct the top-quark mass, and the 
one yielding a mass closer to 172.5 GeV is chosen. In the case of a neg-
ative determinant, a solution is obtained by setting the determinant to 
zero. In the dilepton channel, the neutrino weighting technique is used 
to determine the four momenta of the two neutrinos [90,91]. Neutrino 
weighting provides a solution for reconstructing the 𝑡𝑡 pair for 68% of 
the events in TR≥4𝑗,≥4𝑏.

In contrast to the TR≥4𝑗,≥4𝑏 and TR≥6𝑗,≥4𝑏 regions, the 𝐶𝑃 -odd sig-
nals are strongly enhanced in comparison with the 𝐶𝑃 -even signals in 
the TRboosted region. The yields of 𝑡𝑡𝐻 with pure 𝐶𝑃 -even and 𝐶𝑃 -odd 
couplings are approximately equal in the TRboosted region. Additionally, 
the yield of the 𝑡𝐻 signal with a pure 𝐶𝑃 -odd coupling is comparable 

to the 𝑡𝑡𝐻 signal yield. The total 𝐶𝑃 -odd signal is therefore expected to 
be 50% larger than a 𝐶𝑃 -even signal in this region. Given the substan-
tial sensitivity provided by the yield in this region, the distribution of 
the classification BDT (BDTboosted) is used instead of a dedicated 𝐶𝑃 -
sensitive observable.

In the second step of the categorisation, TRs are further refined to 
CRs and SRs according to the output of the reconstruction and classi-
fication BDTs. A summary of the selections used to define the regions 
is detailed in Table 2. In TRboosted, events below a classification BDT 
score of –0.05 are discarded to reduce contamination of 𝑡𝑡+ light events. 
TR≥4𝑗,≥4𝑏 and TR≥6𝑗,≥4𝑏 are further categorised, each into three re-
gions, according to the classification BDT score. The resulting regions 
have similar background compositions but different expected signal-
to-background ratios (𝑆∕𝐵). The BDT thresholds are determined by 
optimising the sensitivity to the SM 𝑡𝑡𝐻 signal. The three regions (one 
in 𝓁+ jets and two in dilepton) with an 𝑆∕𝐵 > 7% are referred to as 
SRs. The remaining three regions (two in 𝓁+ jets and one in dilepton) 
are used as additional CRs to constrain the modelling of the 𝐶𝑃 observ-
ables in the backgrounds events. The highest 𝑆∕𝐵 in the resulting SRs 
is 22% (10%) for a pure 𝐶𝑃 -even (𝐶𝑃 -odd) signal. For SR≥4𝑗,≥4𝑏 in the 
dilepton channel, 𝑏4 cannot be calculated for events where the neutrino 
weighting fails to provide a solution. These events are categorised as an 
additional region, CR≥4𝑗,≥4𝑏

no-reco , where the difference in 𝜂 between the two 
leptons, Δ𝜂𝓁𝓁 , is used as a 𝐶𝑃 -sensitive observable instead [26].
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Table 3

The observed data yields and the expected signal and background yields in the 𝓁+ jets
channel. The expected yields of pure 𝐶𝑃 -even and 𝐶𝑃 -odd 𝑡𝑡𝐻 and 𝑡𝐻 signals, with 𝜅′

𝑡
= 1, 

are shown at the top of the table. The uncertainties in the pure 𝐶𝑃 -even and 𝐶𝑃 -odd 𝑡𝑡𝐻
and 𝑡𝐻 signals are the total uncertainties before fitting to data. Below that are shown the 
post-fit 𝑡𝑡𝐻 and 𝑡𝐻 yields, corresponding to 𝜅′

𝑡
= 0.84 and 𝛼 = 11◦ . The following seven 

rows show the yields and uncertainties of individual background sources, where “other” 
corresponds to 𝑊 + jets, 𝑍+ jets, 𝑡𝑡𝑊 , 𝑡𝑡𝑍 , 𝑡𝑍𝑞, 𝑡𝑊 𝑍 , 𝑡𝑡𝑡𝑡 and 𝑊 𝑊 ∕𝑊 𝑍∕𝑍𝑍 events, 
as in Ref. [36]. The row labelled ‘Total’ represents the total signal plus background post-
fit yields. The uncertainties in the post-fit yields are evaluated from the post-fit nuisance 
parameters as well as the post-fit uncertainties in the fitted free parameters (𝛼 and 𝜅′

𝑡
for the 

signals and 𝑘𝑡𝑡+𝑏 for the 𝑡𝑡 + ≥1𝑏 background) that affect the corresponding processes. The 
correlations amongst all fitted parameters are taken into account. Due to these correlations 
the uncertainties on the total yields do not correspond to the quadrature sum of uncertainties 
of individual signals and backgrounds.

CR5𝑗,≥4𝑏
lo CR5𝑗,≥4𝑏

hi CR≥6𝑗,≥4𝑏
1 CR≥6𝑗,≥4𝑏

2 SR≥6𝑗,≥4𝑏 SRboosted

𝑡𝑡𝐻 (1,0◦) 60±9 63±10 78±11 139±18 173±26 46±6
𝑡𝐻(1,0◦) 3.5±0.5 3.8±0.6 3.3±0.6 2.3±0.6 1.3±0.4 1.9±0.4

𝑡𝑡𝐻 (1,90◦) 28±6 28±6 45±11 61±12 68±16 45±6
𝑡𝐻(1,90◦) 19.0±2.8 19.4±3.1 17.4±3.1 13.1±3.5 10±4 29±6

𝑡𝑡𝐻 (0.84,11◦) 40±30 41±31 50±40 90±70 110±80 30±22
𝑡𝐻 (0.84,11◦) 3±4 3.9±1.9 3.1±1.9 1.9±0.8 1.3±1.7 3±5

𝑡𝑡+ ≥ 1𝑏 1530±80 1090±60 4300±120 2220±120 1110±110 335±30
𝑡𝑡+ ≥ 1𝑐 650±50 96±11 950±80 450±40 153±15 196±22
𝑡𝑡+ light 280±40 28±8 230±60 117±26 32±11 76±15
Other 173±30 99±20 320±50 159±21 83±11 60±11

Total 2690±50 1350±40 5870±80 3040±70 1500±50 701±31

Data 2696 1363 5837 3090 1470 699

Table 4

The observed data yields and the expected signal and background yields in the dilepton channel. The expected 
yields of pure 𝐶𝑃 -even and 𝐶𝑃 -odd 𝑡𝑡𝐻 and 𝑡𝐻 signals, with 𝜅′

𝑡
= 1, are shown at the top of the table. The 

uncertainties in the pure 𝐶𝑃 -even and 𝐶𝑃 -odd 𝑡𝑡𝐻 and 𝑡𝐻 signals are the total uncertainties before fitting to 
data. Below that are shown the post-fit 𝑡𝑡𝐻 and 𝑡𝐻 yields, corresponding to 𝜅′

𝑡
= 0.84 and 𝛼 = 11◦. The following 

seven rows show the yields and uncertainties of individual background sources, where “other” corresponds to 
𝑊 + jets, 𝑍+ jets, 𝑡𝑡𝑊 , 𝑡𝑡𝑍 , 𝑡𝑍𝑞, 𝑡𝑊 𝑍 , 𝑡𝑡𝑡𝑡 and 𝑊 𝑊 ∕𝑊 𝑍∕𝑍𝑍 events, as in Ref. [36]. The row labelled ‘Total’ 
represents the total signal plus background post-fit yields. The uncertainties in the post-fit yields are evaluated 
from the post-fit nuisance parameters as well as the post-fit uncertainties in the fitted free parameters (𝛼 and 𝜅′

𝑡

for the signals and 𝑘𝑡𝑡+𝑏 for the 𝑡𝑡 + ≥1𝑏 background) that affect the corresponding processes. The correlations 
amongst all fitted parameters are taken into account. Due to these correlations the uncertainties in the total yields 
do not correspond to the quadrature sum of uncertainties of individual signals and backgrounds.

CR3𝑗,3𝑏
hi CR≥4𝑗,3𝑏

lo CR≥4𝑗,3𝑏
hi CR≥4𝑗,≥4𝑏

no-reco CR≥4𝑗,≥4𝑏 SR≥4𝑗,≥4𝑏
1 SR≥4𝑗,≥4𝑏

2

𝑡𝑡𝐻 (1,0◦) 26±4 79±8 120±12 16.9±2.1 6.9±1.1 12.5±1.5 24.8±2.9
𝑡𝐻(1,0◦) 1.12±0.13 0.90±0.13 1.74±0.20 0.19±0.08 0.087±0.035 0.100±0.033 0.09±0.06

𝑡𝑡𝐻 (1,90◦) 10.6±1.6 35.6±3.5 54±5 7.2±0.9 4.3±0.6 6.1±0.7 10.9±1.3
𝑡𝐻(1,90◦) 5.4±0.6 7.0±1.0 10.7±1.2 1.8±0.8 0.48±0.19 0.48±0.16 0.5±0.4

𝑡𝑡𝐻 (0.84,11◦) 18±14 50±40 80±60 11±9 4.7±3.4 8±6 17±12
𝑡𝐻 (0.84,11◦) 0.9±0.5 1.0±1.9 1.5±1.3 0.17±0.16 0.068±0.016 0.08±0.14 0.07±0.09

𝑡𝑡+ ≥ 1𝑏 1990±80 2520±110 4040±130 288±15 371±16 160±8 122±11
𝑡𝑡+ ≥ 1𝑐 550±50 2510±150 1160±90 23±4 31.1±2.5 13.4±1.6 8.2±1.0
𝑡𝑡+ light 143±27 960±130 230±40 1.7±0.4 2.3±0.8 1.4±0.8 0.57±0.25
Other 140±11 390±19 340±40 33±8 18.6±2.5 10.9±1.3 8.7±1.0

Total 2840±50 6430±80 5850±80 358±12 428±15 194±5 156±6

Data 2827 6429 5865 354 420 190 170

6. Systematic uncertainties

Systematic uncertainties are assessed for three main sources: theo-
retical modelling of the signal processes, background modelling which 
is dominated by the uncertainties in the 𝑡𝑡 + ≥1𝑏 background and ex-
perimental sources involving the (mis)identification rates and energy 
calibration of leptons, jets, 𝑏-jets and missing transverse momentum. 
Uncertainties accounting for the limited number of events in all simu-
lated samples are also considered. Systematic variations can affect the 

overall yields, relative yields between analysis regions and shapes of 
observables.

Uncertainties associated with the modelling of the 𝑡𝑡𝐻 signals in-
clude variations due to initial and final state radiation (ISR and FSR), 
choice of the NLO matching procedure as well as the PS and hadroni-
sation model. These uncertainties are evaluated using events generated 
with POWHEG BOX + PYTHIA 8, which are produced with the same PDF 
set and renormalisation and factorisation scales as the nominal MAD-
GRAPH5_AMC@NLO + PYTHIA 8 sample, unless otherwise specified. 
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Fig. 2. The distributions of the fitted variables in all signal regions. The stacked histograms represent the predictions from a fit of signal and background to data with 
both 𝜅′

𝑡
and 𝛼 as free parameters. This is compared with data shown with black dots. The solid red histogram shows the best-fit signal with 𝛼 = 11◦ and 𝜅′

𝑡
= 0.84. 

The dashed and dotted lines show 𝑡𝑡𝐻 + 𝑡𝐻 signal predictions for pure 𝐶𝑃 -even and 𝐶𝑃 -odd hypotheses, respectively, normalised to the total data yield per region 
in order to illustrate the shapes of the signal distribution. The hashed area around the prediction illustrates the total post-fit uncertainties. The lower panel shows 
the ratio of data to the predicted yields from a fit of signal and background in which 𝜅′

𝑡
and 𝛼 are free parameters.

Variations relative to the SM hypothesis are propagated to scenarios 
with alternative values of 𝛼 and 𝜅′

𝑡 . To estimate the uncertainty related 
to the amount of partonic ISR, the renormalisation and factorisation 
scales in the ME and 𝛼ISR

S in the PS are varied simultaneously [92]. 
The impact of the FSR is evaluated by varying 𝛼FSR

S in the PS. The 
impact of varying the PS and hadronisation models is estimated by 
comparing 𝑡𝑡𝐻 samples generated using POWHEG BOX + PYTHIA 8.230 
with those generated from POWHEG BOX + HERWIG 7.04 [93]. The un-
certainty due to the choice of NLO matching procedure is derived by 
directly comparing the POWHEG BOX + PYTHIA 8 sample with the nom-
inal MADGRAPH5_AMC@NLO+ PYTHIA 8 sample. The uncertainties in 
the modelling of 𝑡𝐻 are estimated using the nominal sample generated 
using MADGRAPH5_AMC@NLO + PYTHIA 8. For each 𝑡𝐻 subprocess 
(𝑡𝐻𝑗𝑏 and 𝑡𝑊 𝐻), two sources of modelling uncertainty are considered: 
that associated with the description of PDFs, and the uncertainty due to 
missing higher-order QCD contributions. The former is estimated from 
the standard deviation of the expected yields using 100 NNPDF3.0NLO

eigenvector PDF sets, in each analysis bin used to build the likelihood 
function. The latter is estimated by coherently varying 𝜇r and 𝜇f by 
factors of 0.5 and 2.

The most important uncertainties in the background estimation 
come from the modelling of the 𝑡𝑡 +≥1𝑏 background. These uncertain-
ties are designed to account for the choice of NLO matching procedure, 
PS and hadronisation model as well as the flavour scheme utilised in 
the 𝑡𝑡 + ≥1𝑏 event generation. An uncertainty in the ME-to-PS match-
ing procedure is assessed by comparing the POWHEG BOX + PYTHIA

8 sample with a sample generated using MADGRAPH5_AMC@NLO +
PYTHIA 8, both in the five-flavour scheme. The variation by comparing 
these two samples is propagated to the nominal 𝑡𝑡 + ≥1𝑏 sample gen-
erated with POWHEG BOX RES + PYTHIA 8 in the four-flavour scheme. 
This uncertainty is separated into three components that are treated in-
dependently: one for the dilepton channel, another for the non-boosted 
regions in the 𝓁+ jets channel, and a third for the 𝓁+ jets boosted re-
gion. This treatment is found to be important because it provides the fit 
with enough flexibility to cover the potential background mismodelling. 
Uncertainties in the choice of the PS model are evaluated by com-
paring the nominal sample with the one produced with POWHEG BOX

+ HERWIG 7. These uncertainties are treated in the same way as the 
uncertainty in the NLO matching procedure. An additional source of 
systematic uncertainty is introduced to address the choice of flavour 
scheme used for the generation of the 𝑡𝑡+≥1𝑏 events. It is evaluated by 
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comparing the nominal sample, generated in the four-flavour scheme 
using POWHEG + PYTHIA 8, with that produced in the five-flavour 
scheme reweighted to remove differences in scale settings. Uncertain-
ties in ISR and FSR are estimated using the same procedure as used for 
the 𝑡𝑡𝐻 signals. An uncertainty due to differences in relative fraction 
of 𝑡𝑡 + 1𝑏 and 𝑡𝑡 + ≥2𝑏 subcomponents from different MC predictions 
is also considered. Other uncertainties in 𝑡𝑡 + ≥1𝑏 and uncertainties in 
other background components are treated identically to the procedure 
described in Ref. [36].

Aside from the modelling uncertainties described above, experimen-
tal uncertainties are also considered. These arise from the modelling 
of trigger, reconstruction, identification and isolation efficiencies, as 
well as the calibration of energy and momentum scales for all physics 
objects, including electrons, muons, jets, 𝑏-tagged jets and 𝐸miss

T . Un-
certainties in the measured integrated luminosity and in the modelling 
of additional 𝑝𝑝 collisions are included.

7. Results

A binned profile likelihood fit is performed including all analysis re-
gions simultaneously in order to determine the 𝛼 and 𝜅′

𝑡 parameters. 
The likelihood function, (𝛼, 𝜅′

𝑡 , 𝜃𝜃𝜃), is constructed as the product of 
Poisson terms, with each term corresponding to an analysis bin. The 
value of the likelihood varies according to the expected signal yields, 
as a function of 𝛼 and 𝜅′

𝑡 , and background yields of the analysis bins, 
as well as 𝜃𝜃𝜃, representing the nuisance parameters encoding the effects 
of the systematic uncertainties and a single parameter controlling the 
normalisation of the 𝑡𝑡+≥1𝑏 background. The nuisance parameters are 
constrained with Gaussian or log-normal functions. The normalisation 
of the 𝑡𝑡 + ≥1𝑏 background is controlled by an unconstrained parame-
ter 𝑘𝑡𝑡+𝑏. A profile likelihood ratio is used as the test statistic, following 
Ref. [94]. By scanning the value of the test statistic in grid points in 
𝜅′
𝑡 and 𝛼, two-dimensional exclusion contours in the (𝜅′

𝑡 , 𝛼) plane are 
obtained.

Fig. 1 compares the observed yield of data in each analysis region 
with that expected after the fit to data (post-fit). The expected yields for 
pure 𝐶𝑃 -even and 𝐶𝑃 -odd signals, normalised to the total data yields, 
are overlaid and shown with dashed lines in the top panels. These illus-
trate the signal-to-background separation provided by the classification 
BDTs. In the middle panel, the best-fit model is compared with the data 
by showing ratios of its value to the post-fit background prediction. The 
post-fit model agrees well with the observed data. In addition, the ex-
pected 𝑆∕𝐵 for pure 𝐶𝑃 -even and 𝐶𝑃 -odd signals are shown for both 
𝑡𝑡𝐻 and 𝑡𝐻 . The post-fit yields for all backgrounds and the signals are 
summarised in Tables 3 and 4 for the 𝓁+ jets and dilepton channels, 
respectively. The expected yields of pure 𝐶𝑃 -even and 𝐶𝑃 -odd signals 
are compared with the post-fit yields. In all fitted regions, the best-
fit signal yields are lower than their SM predictions. The fitted value 
of 𝑘𝑡𝑡+𝑏 is 1.30+0.09−0.08, consistent with the value measured in Ref. [36]. 
Fig. 2 shows the distributions of the fitted observables in the four SRs. 
The post-fit predictions are in agreement with data. Goodness-of-fit was 
evaluated using a likelihood ratio test, comparing the likelihood value 
from the nominal fit with the one obtained from a saturated model built 
with one free-floating normalisation factor for each fitted bin [95]. The 
probability that the post-fit prediction is compatible with the observed 
data is 80%. The pure 𝐶𝑃 -even and 𝐶𝑃 -odd signals are shown overlaid 
and normalised to the data yield to indicate the kinematic discrimina-
tion of the 𝑏2 and 𝑏4 observables.

The best-fit values and the exclusion contours in 𝛼 and 𝜅′
𝑡 are dis-

played in Fig. 3 in the (𝜅′
𝑡 cos𝛼, 𝜅

′
𝑡 sin𝛼) plane. The best-fit value for 

the 𝐶𝑃 mixing angle 𝛼 is 11◦+52◦−73◦ and overall coupling strength 𝜅′
𝑡 is 

0.84+0.30−0.46, which are in agreement with the SM expectations of 𝛼 = 0◦
and 𝜅′

𝑡 = 1. The data disfavour the pure 𝐶𝑃 -odd hypothesis with a 1.2 𝜎

significance. The significance of the observed 𝑡𝑡𝐻 and 𝑡𝐻 signals over 
the background prediction is 1.3 𝜎. The compatibility of this analysis 
with the 𝑡𝑡𝐻 cross-section measurement [36] was tested with the same 

Fig. 3. The observed exclusion contours in the (𝜅′
𝑡
cos𝛼, 𝜅′

𝑡
sin𝛼) plane. Regions 

contained in the dashed, dotted and solid lines are compatible with the best-
fit results at 1, 2 and 3 𝜎 standard deviations. The cross (diamond) represents 
the 𝐶𝑃 -even (𝐶𝑃 -odd) with 𝜅′

𝑡
=1 and the best-fit result is represented with a 

pentagram.

parameter of interest: a single free-floating signal strength, 𝜇𝑡𝑡𝐻 , con-
trolling the normalisation of 𝑡𝑡𝐻 production in the SM scenario. The 
𝑡𝐻 process was fixed to its SM prediction with an identical systematic 
model. The compatibility is tested using the bootstrap technique [96]. 
The difference in the measured 𝜇𝑡𝑡𝐻 is sampled by fitting to toy datasets 
generated by varying the event weights entering the Asimov dataset 
according to the Poisson fluctuations expected in data. The measured 
values of 𝜇𝑡𝑡𝐻 were found to be compatible within one standard devi-
ation, when accounting for the statistical correlations between the two 
measurements.

The impact of a group of systematic uncertainties on 𝛼 (𝜅′
𝑡 ) is as-

sessed by fixing the nuisance parameters to their best fit values and 
subtracting the subsequent 𝛼 (𝜅′

𝑡 ) uncertainty in quadrature from the 
total 𝛼 (𝜅′

𝑡 ) uncertainty. The uncertainty in the measured value of 𝛼 is 
dominated by 𝑡𝑡 + ≥1𝑏 modelling uncertainties which contribute +37◦−51◦
to the overall uncertainty. This is driven by: the NLO matching proce-
dure between the ME and PS; PS and hadronisation; and the choice of 
flavour scheme. These uncertainties contribute +22◦−33◦ , +16◦−24◦ and +23◦−37◦ , re-
spectively. Smaller effects from the 𝑡𝑡 + ≥1𝑏 modelling originate from 
the ISR uncertainty and the relative fractions of 𝑡𝑡+≥2𝑏 and 𝑡𝑡+1𝑏, con-
tributing +14◦−24◦ and +14◦−21◦ . The 𝑡𝑡+≥1𝑐 modelling uncertainties contribute 
only +6.6◦−11◦ to the uncertainty in 𝛼. The 100% 𝑡𝑡 + ≥1𝑐 normalisation 
uncertainty is constrained to 50% with a pull of 0.6 𝜎, and has negli-
gible impact on the fitted 𝛼 and 𝜅′

𝑡 . Through a correlation with 𝛼, the 
measured 𝜅′

𝑡 contributes +17◦−33◦ to the 𝛼 uncertainty. Experimental un-
certainties are smaller than the 𝑡𝑡 + ≥1𝑏 modelling uncertainties. The 
statistical uncertainty is +32◦−49◦ .

8. Summary

In conclusion, the 𝐶𝑃 properties of the top-quark’s Yukawa coupling 
to the Higgs boson are probed in 𝑡𝑡𝐻 and 𝑡𝐻 production with 𝐻 → 𝑏𝑏̄

decays, which had not been studied before. Dedicated 𝐶𝑃 -sensitive 
variables relying on angular separations between reconstructed top 
quarks or lepton candidates were used directly. Assuming the SM 
branching ratio for the Higgs boson decay, the best-fit values of the 
𝐶𝑃 -mixing angle and the overall coupling strength are 𝛼 = 11◦+52◦−73◦
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and 𝜅′
𝑡 = 0.84+0.30−0.46. These values can be compared with the expected 

allowed 1 𝜎 ranges of 𝛼 and 𝜅′
𝑡 , obtained using Asimov datasets con-

structed with either a pure 𝐶𝑃 -even or -odd signal. For a 𝐶𝑃 -even sce-
nario 𝛼 ∈ [−180◦, −173◦] ∪[−50◦, 52◦] ∪[171◦, 180◦] and 𝜅′

𝑡 = 1.00+0.29−0.27, 
whilst for a pure 𝐶𝑃 -odd scenario 𝛼 ∈ [−157◦, −41◦] ∪ [43◦, 157◦] and 
𝜅′
𝑡 = 1.00+0.22−0.33. The sensitivity of this measurement is driven by the sys-

tematic uncertainties.
These results complement previous ATLAS measurements in the 

𝐻 → 𝛾𝛾 decay channel and will allow for a future combined measure-
ment of the 𝐶𝑃 properties of the top-quark Yukawa coupling. Due to 
the tree-level sensitivity and the high 𝐻 → 𝑏𝑏̄ branching ratio, it can 
be expected that future measurements in the 𝑡𝑡𝐻 and 𝑡𝐻 channels will 
become quite sensitive to the 𝐶𝑃 properties of the top-quark Yukawa 
coupling. Additional LHC data and a better theoretical understanding 
of the 𝑡𝑡 +≥1𝑏 process will be essential ingredients in order to achieve 
this sensitivity.
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C. Ferretti 105, , F. Fiedler 99, , A. Filipčič 92, , E.K. Filmer 1, , F. Filthaut 112, , M.C.N. Fiolhais 129a,129c, ,c, 

L. Fiorini 162, , F. Fischer 140, , W.C. Fisher 106, , T. Fitschen 20,66, , I. Fleck 140, , P. Fleischmann 105, , 
T. Flick 170, , L. Flores 127, , M. Flores 33d, ,ad, L.R. Flores Castillo 64a, , F.M. Follega 77a,77b, , N. Fomin 16, , 

J.H. Foo 154, , B.C. Forland 67, A. Formica 134, , A.C. Forti 100, , E. Fortin 101, , A.W. Fortman 61, , 
M.G. Foti 17a, , L. Fountas 9, ,j, D. Fournier 66, , H. Fox 90, , P. Francavilla 73a,73b, , S. Francescato 61, , 
M. Franchini 23b,23a, , S. Franchino 63a, , D. Francis 36, L. Franco 112, , L. Franconi 19, , M. Franklin 61, , 
G. Frattari 26, , A.C. Freegard 93, , P.M. Freeman 20, W.S. Freund 81b, , N. Fritzsche 50, , A. Froch 54, , 

D. Froidevaux 36, , J.A. Frost 125, , Y. Fu 62a, , M. Fujimoto 117, , E. Fullana Torregrosa 162, ,∗, J. Fuster 162, , 

A. Gabrielli 23b,23a, , A. Gabrielli 36, , P. Gadow 48, , G. Gagliardi 57b,57a, , L.G. Gagnon 17a, , 

G.E. Gallardo 125, , E.J. Gallas 125, , B.J. Gallop 133, , R. Gamboa Goni 93, , K.K. Gan 118, , S. Ganguly 152, , 

J. Gao 62a, , Y. Gao 52, , F.M. Garay Walls 136a,136b, , B. Garcia 29, C. García 162, , J.E. García Navarro 162, , 

J.A. García Pascual 14a, , M. Garcia-Sciveres 17a, , R.W. Gardner 39, , D. Garg 79, , R.B. Garg 142, ,q, 

S. Gargiulo 54, , C.A. Garner 154, V. Garonne 29, , S.J. Gasiorowski 137, , P. Gaspar 81b, , G. Gaudio 72a, , 

V. Gautam 13, P. Gauzzi 74a,74b, , I.L. Gavrilenko 37, , A. Gavrilyuk 37, , C. Gay 163, , G. Gaycken 48, , 

E.N. Gazis 10, , A.A. Geanta 27b, , C.M. Gee 135, , J. Geisen 97, , M. Geisen 99, , C. Gemme 57b, , 
M.H. Genest 60, , S. Gentile 74a,74b, , S. George 94, , W.F. George 20, , T. Geralis 46, , L.O. Gerlach 55, 

P. Gessinger-Befurt 36, , M. Ghasemi Bostanabad 164, , M. Ghneimat 140, , A. Ghosal 140, , A. Ghosh 159, , 

A. Ghosh 7, , B. Giacobbe 23b, , S. Giagu 74a,74b, , N. Giangiacomi 154, , P. Giannetti 73a, , A. Giannini 62a, , 

S.M. Gibson 94, , M. Gignac 135, , D.T. Gil 84b, , A.K. Gilbert 84a, , B.J. Gilbert 41, , D. Gillberg 34, , 

G. Gilles 113, , N.E.K. Gillwald 48, , L. Ginabat 126, , D.M. Gingrich 2, ,ag, M.P. Giordani 68a,68c, , 

P.F. Giraud 134, , G. Giugliarelli 68a,68c, , D. Giugni 70a, , F. Giuli 36, , I. Gkialas 9, ,j, L.K. Gladilin 37, , 

C. Glasman 98, , G.R. Gledhill 122, , M. Glisic 122, I. Gnesi 43b, ,f , Y. Go 29, ,aj, M. Goblirsch-Kolb 26, , 
D. Godin 107, S. Goldfarb 104, , T. Golling 56, , M.G.D. Gololo 33g, D. Golubkov 37, , J.P. Gombas 106, , 

A. Gomes 129a,129b, , G. Gomes Da Silva 140, , A.J. Gomez Delegido 162, , R. Goncalves Gama 55, , 

R. Gonçalo 129a,129c, , G. Gonella 122, , L. Gonella 20, , A. Gongadze 38, , F. Gonnella 20, , J.L. Gonski 41, , 

http://orcid.org/0000-0002-3847-0775
http://orcid.org/0000-0002-7276-6342
http://orcid.org/0000-0002-7756-7801
http://orcid.org/0000-0001-5914-0524
http://orcid.org/0000-0002-5916-3467
http://orcid.org/0000-0002-8713-8162
http://orcid.org/0000-0003-2499-1649
http://orcid.org/0000-0002-4871-2176
http://orcid.org/0000-0002-5833-7058
http://orcid.org/0000-0003-4813-8757
http://orcid.org/0000-0003-3310-4642
http://orcid.org/0000-0002-7667-260X
http://orcid.org/0000-0001-9935-6397
http://orcid.org/0000-0003-2626-2247
http://orcid.org/0000-0002-5789-9825
http://orcid.org/0000-0003-3469-6045
http://orcid.org/0000-0002-6066-4744
http://orcid.org/0000-0003-4157-592X
http://orcid.org/0000-0001-5430-4702
http://orcid.org/0000-0003-1464-0335
http://orcid.org/0000-0001-9632-6352
http://orcid.org/0000-0002-7412-9187
http://orcid.org/0000-0002-0805-9184
http://orcid.org/0000-0002-2878-261X
http://orcid.org/0000-0003-0336-3723
http://orcid.org/0000-0001-5370-8377
http://orcid.org/0000-0002-2701-968X
http://orcid.org/0000-0003-3529-5171
http://orcid.org/0000-0002-4391-9100
http://orcid.org/0000-0002-7341-9115
http://orcid.org/0000-0002-7032-2799
http://orcid.org/0000-0001-9172-2946
http://orcid.org/0000-0002-8955-9681
http://orcid.org/0000-0002-9669-5374
http://orcid.org/0000-0001-5997-3569
http://orcid.org/0000-0001-5265-3175
http://orcid.org/0000-0003-3596-5331
http://orcid.org/0000-0003-0921-0314
http://orcid.org/0000-0002-1920-4930
http://orcid.org/0000-0001-8899-051X
http://orcid.org/0000-0002-1213-0545
http://orcid.org/0000-0002-1363-9175
http://orcid.org/0000-0003-4963-1148
http://orcid.org/0000-0002-9916-3349
http://orcid.org/0000-0003-2296-1112
http://orcid.org/0000-0002-4095-4808
http://orcid.org/0000-0002-8073-2740
http://orcid.org/0000-0002-5423-8079
http://orcid.org/0000-0003-4543-6599
http://orcid.org/0000-0003-4656-3936
http://orcid.org/0000-0003-4270-2775
http://orcid.org/0000-0003-4442-4537
http://orcid.org/0000-0001-6871-7794
http://orcid.org/0000-0003-0434-6925
http://orcid.org/0000-0003-2183-3127
http://orcid.org/0000-0002-4259-018X
http://orcid.org/0000-0002-7520-293X
http://orcid.org/0000-0002-7912-2830
http://orcid.org/0000-0001-8474-0978
http://orcid.org/0000-0002-4002-8353
http://orcid.org/0000-0002-4056-4578
http://orcid.org/0000-0003-0154-4328
http://orcid.org/0000-0001-7882-2125
http://orcid.org/0000-0002-7118-341X
http://orcid.org/0000-0002-2298-3605
http://orcid.org/0000-0002-2004-476X
http://orcid.org/0000-0002-0264-1632
http://orcid.org/0000-0003-4278-7182
http://orcid.org/0000-0001-7868-3858
http://orcid.org/0000-0001-8630-6585
http://orcid.org/0000-0001-6689-4957
http://orcid.org/0000-0002-8773-145X
http://orcid.org/0000-0001-9442-7598
http://orcid.org/0000-0003-0000-2439
http://orcid.org/0000-0002-3983-0728
http://orcid.org/0000-0003-1363-9324
http://orcid.org/0000-0001-5350-9271
http://orcid.org/0000-0002-6423-7213
http://orcid.org/0000-0003-1289-2141
http://orcid.org/0000-0003-3731-820X
http://orcid.org/0000-0003-2596-8264
http://orcid.org/0000-0002-2190-9091
http://orcid.org/0000-0002-1733-7158
http://orcid.org/0000-0001-8928-4414
http://orcid.org/0000-0003-4124-7862
http://orcid.org/0000-0002-1403-0951
http://orcid.org/0000-0003-2101-1879
http://orcid.org/0000-0002-0731-9562
http://orcid.org/0000-0001-9138-3200
http://orcid.org/0000-0002-0698-1482
http://orcid.org/0000-0003-1002-6880
http://orcid.org/0000-0001-5489-1759
http://orcid.org/0000-0003-1328-4367
http://orcid.org/0000-0002-1007-7816
http://orcid.org/0000-0003-2887-5311
http://orcid.org/0000-0002-1387-153X
http://orcid.org/0000-0001-5566-1373
http://orcid.org/0000-0002-5687-9240
http://orcid.org/0000-0002-5562-7893
http://orcid.org/0000-0002-4610-5612
http://orcid.org/0000-0001-5671-1555
http://orcid.org/0000-0001-6967-7325
http://orcid.org/0000-0003-3338-2247
http://orcid.org/0000-0001-9035-0335
http://orcid.org/0000-0002-5070-2735
http://orcid.org/0000-0001-9799-5232
http://orcid.org/0000-0003-3043-3045
http://orcid.org/0000-0002-1152-7372
http://orcid.org/0000-0003-1461-8648
http://orcid.org/0000-0001-6968-340X
http://orcid.org/0000-0002-8356-6987
http://orcid.org/0000-0002-2748-758X
http://orcid.org/0000-0002-4462-2851
http://orcid.org/0000-0003-1551-5974
http://orcid.org/0000-0003-2317-9560
http://orcid.org/0000-0001-9457-394X
http://orcid.org/0000-0003-4577-0685
http://orcid.org/0000-0001-8308-2643
http://orcid.org/0000-0002-0532-7921
http://orcid.org/0000-0002-6418-9522
http://orcid.org/0000-0001-9454-9069
http://orcid.org/0000-0002-0976-7246
http://orcid.org/0000-0002-9986-6597
http://orcid.org/0000-0003-4836-0358
http://orcid.org/0000-0003-3089-6090
http://orcid.org/0000-0003-1164-6870
http://orcid.org/0000-0001-5315-9275
http://orcid.org/0000-0002-4554-252X
http://orcid.org/0000-0002-8159-8010
http://orcid.org/0000-0002-1687-4314
http://orcid.org/0000-0002-0647-6072
http://orcid.org/0000-0002-6595-883X
http://orcid.org/0000-0002-7829-6564
http://orcid.org/0000-0003-4482-3001
http://orcid.org/0000-0003-4473-1027
http://orcid.org/0000-0002-9350-1060
http://orcid.org/0000-0002-8259-2622
http://orcid.org/0000-0003-3986-3922
http://orcid.org/0000-0003-3562-9944
http://orcid.org/0000-0002-7370-7395
http://orcid.org/0000-0002-6701-8198
http://orcid.org/0000-0003-3082-621X
http://orcid.org/0000-0002-1290-2031
http://orcid.org/0000-0001-5346-7841
http://orcid.org/0000-0003-0768-9325
http://orcid.org/0000-0003-4475-6734
http://orcid.org/0000-0002-3550-4124
http://orcid.org/0000-0003-3000-8479
http://orcid.org/0000-0001-5832-5746
http://orcid.org/0000-0002-1259-1034
http://orcid.org/0000-0001-7401-5043
http://orcid.org/0000-0003-1026-7633
http://orcid.org/0000-0002-1550-1487
http://orcid.org/0000-0003-1285-9261
http://orcid.org/0000-0002-8420-3803
http://orcid.org/0000-0001-6326-4773
http://orcid.org/0000-0002-6670-1104
http://orcid.org/0000-0003-1625-7452
http://orcid.org/0000-0002-0279-0523
http://orcid.org/0000-0002-7399-7353
http://orcid.org/0000-0002-5800-4210
http://orcid.org/0000-0003-1433-9366
http://orcid.org/0000-0001-8383-9343
http://orcid.org/0000-0002-2691-7963
http://orcid.org/0000-0003-4850-1122
http://orcid.org/0000-0001-7169-9160
http://orcid.org/0000-0002-4067-2472
http://orcid.org/0000-0002-9232-1332
http://orcid.org/0000-0002-6833-0933
http://orcid.org/0000-0003-4841-5822
http://orcid.org/0000-0001-7219-2636
http://orcid.org/0000-0003-3837-6567
http://orcid.org/0000-0002-9354-9507
http://orcid.org/0000-0002-2941-9257
http://orcid.org/0000-0002-9272-4254
http://orcid.org/0000-0003-2781-2933
http://orcid.org/0000-0002-3271-7861
http://orcid.org/0000-0003-4644-2472
http://orcid.org/0000-0003-0932-0230
http://orcid.org/0000-0002-1702-5699
http://orcid.org/0000-0002-4098-2024
http://orcid.org/0000-0003-4550-7174
http://orcid.org/0000-0003-3565-3290
http://orcid.org/0000-0003-3674-7475
http://orcid.org/0000-0001-7188-979X
http://orcid.org/0000-0002-3056-7417
http://orcid.org/0000-0003-3492-4538
http://orcid.org/0000-0002-4931-2764
http://orcid.org/0000-0003-0661-9288
http://orcid.org/0000-0003-0819-1553
http://orcid.org/0000-0002-5716-356X
http://orcid.org/0000-0003-2987-7642
http://orcid.org/0000-0001-9192-3537
http://orcid.org/0000-0001-7314-0168
http://orcid.org/0000-0002-3721-9490
http://orcid.org/0000-0002-5683-814X
http://orcid.org/0000-0002-1236-9249
http://orcid.org/0000-0003-4155-7844
http://orcid.org/0000-0001-9021-8836
http://orcid.org/0000-0002-8813-4446
http://orcid.org/0000-0003-0731-710X
http://orcid.org/0000-0003-0341-0171
http://orcid.org/0000-0001-8451-4604
http://orcid.org/0000-0003-0848-329X
http://orcid.org/0000-0002-7834-8117
http://orcid.org/0000-0002-2552-1449
http://orcid.org/0000-0002-0792-6039
http://orcid.org/0000-0002-8485-9351
http://orcid.org/0000-0001-5765-1750
http://orcid.org/0000-0002-6976-0951
http://orcid.org/0000-0002-8506-274X
http://orcid.org/0000-0002-8402-723X
http://orcid.org/0000-0001-9422-8636
http://orcid.org/0000-0003-2025-3817
http://orcid.org/0000-0001-7701-5030
http://orcid.org/0000-0002-0772-7312
http://orcid.org/0000-0003-1253-1223
http://orcid.org/0000-0002-2785-9654
http://orcid.org/0000-0002-1677-3097
http://orcid.org/0000-0001-8535-6687
http://orcid.org/0000-0002-5521-9793
http://orcid.org/0000-0002-8285-3570
http://orcid.org/0000-0002-5940-9893
http://orcid.org/0000-0002-3552-1266
http://orcid.org/0000-0003-4315-2621
http://orcid.org/0000-0002-8263-4263
http://orcid.org/0000-0002-3826-3442
http://orcid.org/0000-0002-0524-2477
http://orcid.org/0000-0002-4919-0808
http://orcid.org/0000-0001-8183-1612
http://orcid.org/0000-0003-0885-1654
http://orcid.org/0000-0003-2037-6315


Physics Letters B 849 (2024) 138469

15

The ATLAS Collaboration

R.Y. González Andana 52, , S. González de la Hoz 162, , S. Gonzalez Fernandez 13, , R. Gonzalez Lopez 91, , 

C. Gonzalez Renteria 17a, , R. Gonzalez Suarez 160, , S. Gonzalez-Sevilla 56, , G.R. Gonzalvo Rodriguez 162, , 

L. Goossens 36, , N.A. Gorasia 20, , P.A. Gorbounov 37, , B. Gorini 36, , E. Gorini 69a,69b, , A. Gorišek 92, , 
A.T. Goshaw 51, , M.I. Gostkin 38, , C.A. Gottardo 112, , M. Gouighri 35b, , V. Goumarre 48, , 

A.G. Goussiou 137, , N. Govender 33c, , C. Goy 4, , I. Grabowska-Bold 84a, , K. Graham 34, , E. Gramstad 124, , 

S. Grancagnolo 18, , M. Grandi 145, , V. Gratchev 37,∗, P.M. Gravila 27f , , F.G. Gravili 69a,69b, , H.M. Gray 17a, , 

M. Greco 69a,69b, , C. Grefe 24, , I.M. Gregor 48, , P. Grenier 142, , C. Grieco 13, , A.A. Grillo 135, , 

K. Grimm 31, ,n, S. Grinstein 13, ,v, J.-F. Grivaz 66, , E. Gross 168, , J. Grosse-Knetter 55, , C. Grud 105, 
A. Grummer 111, , J.C. Grundy 125, , L. Guan 105, , W. Guan 169, , C. Gubbels 163, , 

J.G.R. Guerrero Rojas 162, , G. Guerrieri 68a,68c, , F. Guescini 109, , R. Gugel 99, , J.A.M. Guhit 105, , 

A. Guida 48, , T. Guillemin 4, , E. Guilloton 166,133, , S. Guindon 36, , F. Guo 14a,14d, , J. Guo 62c, , L. Guo 66, , 
Y. Guo 105, , R. Gupta 48, , S. Gurbuz 24, , S.S. Gurdasani 54, , G. Gustavino 36, , M. Guth 56, , 

P. Gutierrez 119, , L.F. Gutierrez Zagazeta 127, , C. Gutschow 95, , C. Guyot 134, , C. Gwenlan 125, , 

C.B. Gwilliam 91, , E.S. Haaland 124, , A. Haas 116, , M. Habedank 48, , C. Haber 17a, , H.K. Hadavand 8, , 
A. Hadef 99, , S. Hadzic 109, , M. Haleem 165, , J. Haley 120, , J.J. Hall 138, , G.D. Hallewell 101, , 

L. Halser 19, , K. Hamano 164, , H. Hamdaoui 35e, , M. Hamer 24, , G.N. Hamity 52, , J. Han 62b, , 

K. Han 62a, , L. Han 14c, , L. Han 62a, , S. Han 17a, , Y.F. Han 154, , K. Hanagaki 82, , M. Hance 135, , 

D.A. Hangal 41, ,ac, M.D. Hank 39, , R. Hankache 100, , J.B. Hansen 42, , J.D. Hansen 42, , P.H. Hansen 42, , 

K. Hara 156, , D. Harada 56, , T. Harenberg 170, , S. Harkusha 37, , Y.T. Harris 125, , N.M. Harrison 118, , 

P.F. Harrison 166, N.M. Hartman 142, , N.M. Hartmann 108, , Y. Hasegawa 139, , A. Hasib 52, , S. Haug 19, , 

R. Hauser 106, , M. Havranek 131, , C.M. Hawkes 20, , R.J. Hawkings 36, , S. Hayashida 110, , D. Hayden 106, , 

C. Hayes 105, , R.L. Hayes 163, , C.P. Hays 125, , J.M. Hays 93, , H.S. Hayward 91, , F. He 62a, , Y. He 153, , 

Y. He 126, , M.P. Heath 52, , V. Hedberg 97, , A.L. Heggelund 124, , N.D. Hehir 93, ,∗, C. Heidegger 54, , 

K.K. Heidegger 54, , W.D. Heidorn 80, , J. Heilman 34, , S. Heim 48, , T. Heim 17a, , J.G. Heinlein 127, , 

J.J. Heinrich 122, , L. Heinrich 36, , J. Hejbal 130, , L. Helary 48, , A. Held 116, , S. Hellesund 124, , 

C.M. Helling 163, , S. Hellman 47a,47b, , C. Helsens 36, , R.C.W. Henderson 90, L. Henkelmann 32, , 

A.M. Henriques Correia 36, H. Herde 142, , Y. Hernández Jiménez 144, , H. Herr 99, M.G. Herrmann 108, , 

T. Herrmann 50, , G. Herten 54, , R. Hertenberger 108, , L. Hervas 36, , N.P. Hessey 155a, , H. Hibi 83, , 

E. Higón-Rodriguez 162, , S.J. Hillier 20, , I. Hinchliffe 17a, , F. Hinterkeuser 24, , M. Hirose 123, , 

S. Hirose 156, , D. Hirschbuehl 170, , T.G. Hitchings 100, , B. Hiti 92, , J. Hobbs 144, , R. Hobincu 27e, , 

N. Hod 168, , M.C. Hodgkinson 138, , B.H. Hodkinson 32, , A. Hoecker 36, , J. Hofer 48, , D. Hohn 54, , 

T. Holm 24, , M. Holzbock 109, , L.B.A.H. Hommels 32, , B.P. Honan 100, , J. Hong 62c, , T.M. Hong 128, , 

Y. Hong 55, , J.C. Honig 54, , A. Hönle 109, , B.H. Hooberman 161, , W.H. Hopkins 6, , Y. Horii 110, , 

S. Hou 147, , A.S. Howard 92, , J. Howarth 59, , J. Hoya 89, , M. Hrabovsky 121, , A. Hrynevich 37, , 

T. Hryn’ova 4, , P.J. Hsu 65, , S.-C. Hsu 137, , Q. Hu 41, ,ac, Y.F. Hu 14a,14d, ,ai, D.P. Huang 95, , S. Huang 64b, , 

X. Huang 14c, , Y. Huang 62a, , Y. Huang 14a, , Z. Huang 100, , Z. Hubacek 131, , M. Huebner 24, , 

F. Huegging 24, , T.B. Huffman 125, , M. Huhtinen 36, , S.K. Huiberts 16, , R. Hulsken 103, , 

N. Huseynov 12, ,a, J. Huston 106, , J. Huth 61, , R. Hyneman 142, , S. Hyrych 28a, , G. Iacobucci 56, , 

G. Iakovidis 29, , I. Ibragimov 140, , L. Iconomidou-Fayard 66, , P. Iengo 71a,71b, , R. Iguchi 152, , 

T. Iizawa 56, , Y. Ikegami 82, , A. Ilg 19, , N. Ilic 154, , H. Imam 35a, , T. Ingebretsen Carlson 47a,47b, , 

G. Introzzi 72a,72b, , M. Iodice 76a, , V. Ippolito 74a,74b, , M. Ishino 152, , W. Islam 169, , C. Issever 18,48, , 

S. Istin 21a, ,ak, H. Ito 167, , J.M. Iturbe Ponce 64a, , R. Iuppa 77a,77b, , A. Ivina 168, , J.M. Izen 45, , 

http://orcid.org/0000-0002-0700-1757
http://orcid.org/0000-0001-5304-5390
http://orcid.org/0000-0001-8176-0201
http://orcid.org/0000-0003-2302-8754
http://orcid.org/0000-0003-0079-8924
http://orcid.org/0000-0002-6126-7230
http://orcid.org/0000-0003-4458-9403
http://orcid.org/0000-0002-6816-4795
http://orcid.org/0000-0002-2536-4498
http://orcid.org/0000-0002-7152-363X
http://orcid.org/0000-0001-9135-1516
http://orcid.org/0000-0003-4177-9666
http://orcid.org/0000-0002-7688-2797
http://orcid.org/0000-0002-3903-3438
http://orcid.org/0000-0002-5704-0885
http://orcid.org/0000-0002-4311-3756
http://orcid.org/0000-0003-0348-0364
http://orcid.org/0000-0002-9551-0251
http://orcid.org/0000-0002-1294-9091
http://orcid.org/0000-0001-6211-7122
http://orcid.org/0000-0002-5068-5429
http://orcid.org/0000-0002-1297-8925
http://orcid.org/0000-0001-9159-1210
http://orcid.org/0000-0002-5832-8653
http://orcid.org/0000-0001-5792-5352
http://orcid.org/0000-0001-8490-8304
http://orcid.org/0000-0002-5924-2544
http://orcid.org/0000-0002-0154-577X
http://orcid.org/0000-0003-2422-5960
http://orcid.org/0000-0002-5293-4716
http://orcid.org/0000-0001-8687-7273
http://orcid.org/0000-0001-7050-5301
http://orcid.org/0000-0002-5976-7818
http://orcid.org/0000-0002-9926-5417
http://orcid.org/0000-0002-3955-4399
http://orcid.org/0000-0003-2950-1872
http://orcid.org/0000-0001-6587-7397
http://orcid.org/0000-0002-6460-8694
http://orcid.org/0000-0003-4793-7995
http://orcid.org/0000-0003-1244-9350
http://orcid.org/0000-0003-3085-7067
http://orcid.org/0000-0003-2752-1183
http://orcid.org/0000-0001-7136-0597
http://orcid.org/0000-0003-1897-1617
http://orcid.org/0000-0002-5548-5194
http://orcid.org/0000-0003-2329-4219
http://orcid.org/0000-0001-8487-3594
http://orcid.org/0000-0002-3403-1177
http://orcid.org/0000-0001-5351-2673
http://orcid.org/0000-0002-3349-1163
http://orcid.org/0000-0002-9802-0901
http://orcid.org/0000-0001-9021-9038
http://orcid.org/0000-0001-9698-6000
http://orcid.org/0000-0003-4814-6693
http://orcid.org/0000-0001-7595-3859
http://orcid.org/0000-0002-3864-9257
http://orcid.org/0000-0001-8125-9433
http://orcid.org/0000-0002-6785-9202
http://orcid.org/0000-0002-6027-5132
http://orcid.org/0000-0003-1510-3371
http://orcid.org/0000-0002-9152-1455
http://orcid.org/0000-0002-8836-0099
http://orcid.org/0000-0002-5938-4921
http://orcid.org/0000-0002-6647-1433
http://orcid.org/0000-0003-2326-3877
http://orcid.org/0000-0003-0374-1595
http://orcid.org/0000-0003-0857-794X
http://orcid.org/0000-0002-2300-7497
http://orcid.org/0000-0002-3518-0617
http://orcid.org/0000-0002-9401-5304
http://orcid.org/0000-0002-3676-493X
http://orcid.org/0000-0002-4832-0455
http://orcid.org/0000-0002-7412-9355
http://orcid.org/0000-0002-0155-1360
http://orcid.org/0000-0001-5447-3346
http://orcid.org/0000-0003-2508-0628
http://orcid.org/0000-0002-8875-8523
http://orcid.org/0000-0003-3826-6333
http://orcid.org/0000-0002-6938-7405
http://orcid.org/0000-0002-8304-9170
http://orcid.org/0000-0001-6267-8560
http://orcid.org/0000-0002-0759-7247
http://orcid.org/0000-0002-9438-8020
http://orcid.org/0000-0001-5709-2100
http://orcid.org/0000-0003-1550-2030
http://orcid.org/0000-0002-4537-0377
http://orcid.org/0000-0002-1008-0943
http://orcid.org/0000-0002-1627-4810
http://orcid.org/0000-0003-3321-8412
http://orcid.org/0000-0002-6353-9711
http://orcid.org/0000-0001-8383-7348
http://orcid.org/0000-0002-7084-8424
http://orcid.org/0000-0003-0676-0441
http://orcid.org/0000-0001-8392-0934
http://orcid.org/0000-0002-3826-7232
http://orcid.org/0000-0002-4731-6120
http://orcid.org/0000-0003-4519-8949
http://orcid.org/0000-0002-3684-8340
http://orcid.org/0000-0003-3102-0437
http://orcid.org/0000-0002-6764-4789
http://orcid.org/0000-0003-1629-0535
http://orcid.org/0000-0002-0792-0569
http://orcid.org/0000-0001-8682-3734
http://orcid.org/0000-0002-0309-4490
http://orcid.org/0000-0001-5816-2158
http://orcid.org/0000-0002-7461-8351
http://orcid.org/0000-0001-9111-4916
http://orcid.org/0000-0003-0047-2908
http://orcid.org/0000-0003-2683-7389
http://orcid.org/0000-0003-0457-2244
http://orcid.org/0000-0003-0442-3361
http://orcid.org/0000-0001-7682-8857
http://orcid.org/0000-0002-3031-3222
http://orcid.org/0000-0001-9167-0592
http://orcid.org/0000-0001-9719-0290
http://orcid.org/0000-0002-5924-3803
http://orcid.org/0000-0001-5220-2972
http://orcid.org/0000-0002-0298-0351
http://orcid.org/0000-0001-7752-9285
http://orcid.org/0000-0003-2371-9723
http://orcid.org/0000-0003-1554-5401
http://orcid.org/0000-0002-0972-3411
http://orcid.org/0000-0003-3733-4058
http://orcid.org/0000-0002-0619-1579
http://orcid.org/0000-0001-8068-5596
http://orcid.org/0000-0003-2945-8448
http://orcid.org/0000-0002-4596-3965
http://orcid.org/0000-0002-7736-2806
http://orcid.org/0000-0003-0466-4472
http://orcid.org/0000-0001-8821-1205
http://orcid.org/0000-0003-3113-0484
http://orcid.org/0000-0001-9539-6957
http://orcid.org/0000-0001-6792-2294
http://orcid.org/0000-0002-2639-6571
http://orcid.org/0000-0002-7669-5318
http://orcid.org/0000-0001-6878-9405
http://orcid.org/0000-0002-0253-0924
http://orcid.org/0000-0002-4048-7584
http://orcid.org/0000-0002-4600-3659
http://orcid.org/0000-0001-7891-8354
http://orcid.org/0000-0002-8924-5885
http://orcid.org/0000-0002-4424-4643
http://orcid.org/0000-0002-2657-7532
http://orcid.org/0000-0002-5415-1600
http://orcid.org/0000-0002-9243-7554
http://orcid.org/0000-0001-8231-2080
http://orcid.org/0000-0001-8926-6734
http://orcid.org/0000-0001-9844-6200
http://orcid.org/0000-0002-2254-0257
http://orcid.org/0000-0002-1478-3152
http://orcid.org/0000-0001-7661-5122
http://orcid.org/0000-0002-2646-5805
http://orcid.org/0000-0002-0778-2717
http://orcid.org/0000-0002-6698-9937
http://orcid.org/0000-0002-4630-9914
http://orcid.org/0000-0002-3094-2520
http://orcid.org/0000-0002-7599-6469
http://orcid.org/0000-0002-5529-2173
http://orcid.org/0000-0002-0556-189X
http://orcid.org/0000-0003-4988-9149
http://orcid.org/0000-0002-2389-1286
http://orcid.org/0000-0002-7998-8925
http://orcid.org/0000-0001-8978-7118
http://orcid.org/0000-0002-8668-6933
http://orcid.org/0000-0001-5404-7857
http://orcid.org/0000-0001-7602-5771
http://orcid.org/0000-0001-5241-0544
http://orcid.org/0000-0002-1040-1241
http://orcid.org/0000-0002-2244-189X
http://orcid.org/0000-0002-6596-9395
http://orcid.org/0000-0003-2799-5020
http://orcid.org/0000-0002-5317-1247
http://orcid.org/0000-0001-5407-7247
http://orcid.org/0000-0001-8018-4185
http://orcid.org/0000-0003-0684-600X
http://orcid.org/0000-0002-2698-4787
http://orcid.org/0000-0002-7494-5504
http://orcid.org/0000-0001-7834-328X
http://orcid.org/0000-0003-4752-2458
http://orcid.org/0000-0002-3596-6572
http://orcid.org/0000-0001-6063-2884
http://orcid.org/0000-0002-4090-6099
http://orcid.org/0000-0001-7814-8740
http://orcid.org/0000-0003-0457-3052
http://orcid.org/0000-0001-9861-151X
http://orcid.org/0000-0003-0625-8996
http://orcid.org/0000-0002-0560-8985
http://orcid.org/0000-0002-7562-0234
http://orcid.org/0000-0003-4223-7316
http://orcid.org/0000-0002-5411-114X
http://orcid.org/0000-0001-5914-8614
http://orcid.org/0000-0003-3895-8356
http://orcid.org/0000-0001-6214-8500
http://orcid.org/0000-0002-9705-7518
http://orcid.org/0000-0002-0552-3383
http://orcid.org/0000-0002-1753-5621
http://orcid.org/0000-0002-1177-6758
http://orcid.org/0000-0002-6617-3807
http://orcid.org/0000-0003-1826-2749
http://orcid.org/0000-0002-5972-2855
http://orcid.org/0000-0002-9008-1937
http://orcid.org/0000-0003-3250-9066
http://orcid.org/0000-0002-1162-8763
http://orcid.org/0000-0002-7472-3151
http://orcid.org/0000-0002-5332-2738
http://orcid.org/0000-0002-1752-3583
http://orcid.org/0000-0002-3277-7418
http://orcid.org/0000-0002-0095-1290
http://orcid.org/0000-0003-2201-5572
http://orcid.org/0000-0001-9097-3014
http://orcid.org/0000-0002-6867-2538
http://orcid.org/0000-0002-9093-7141
http://orcid.org/0000-0001-9425-4287
http://orcid.org/0000-0001-9965-5442
http://orcid.org/0000-0002-0330-5921
http://orcid.org/0000-0001-8847-7337
http://orcid.org/0000-0001-6334-6648
http://orcid.org/0000-0002-5035-1242
http://orcid.org/0000-0002-0940-244X
http://orcid.org/0000-0001-5312-4865
http://orcid.org/0000-0001-7287-6579
http://orcid.org/0000-0001-9488-8095
http://orcid.org/0000-0003-0105-7634
http://orcid.org/0000-0002-7854-3174
http://orcid.org/0000-0002-3699-8517
http://orcid.org/0000-0002-1314-2580
http://orcid.org/0000-0003-4446-8150
http://orcid.org/0000-0001-5126-1620
http://orcid.org/0000-0002-7185-1334
http://orcid.org/0000-0002-5624-5934
http://orcid.org/0000-0001-8259-1067
http://orcid.org/0000-0001-8504-6291
http://orcid.org/0000-0003-2018-5850
http://orcid.org/0000-0002-2325-3225
http://orcid.org/0000-0001-5038-2762
http://orcid.org/0000-0002-9152-383X
http://orcid.org/0000-0002-9846-5601


Physics Letters B 849 (2024) 138469

16

The ATLAS Collaboration

V. Izzo 71a, , P. Jacka 130,131, , P. Jackson 1, , R.M. Jacobs 48, , B.P. Jaeger 141, , C.S. Jagfeld 108, , 

G. Jäkel 170, , K. Jakobs 54, , T. Jakoubek 168, , J. Jamieson 59, , K.W. Janas 84a, , G. Jarlskog 97, , 
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Abstract This paper reports the measurement of Higgs
boson production in association with a t t̄ pair in the H → bb̄
decay channel. The analysis uses 140 fb−1 of 13 TeV proton–
proton collision data collected with the ATLAS detector at the
Large Hadron Collider. The final states with one or two elec-
trons or muons are employed. An excess of events over the
expected background is found with an observed (expected)
significance of 4.6 (5.4) standard deviations. The t t̄ H cross-
section is σt t̄ H = 411 +101

−92 fb = 411±54(stat.) +85
−75(syst.) fb

for a Higgs boson mass of 125.09 GeV, consistent with the
prediction of the Standard Model of 507+35

−50 fb. The cross-
section is also measured differentially in bins of the Higgs
boson transverse momentum within the simplified template
cross-section framework.
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1 Introduction

After the discovery of the Higgs boson [1–3] in 2012 by
the ATLAS [4] and CMS [5] collaborations, attention has

� e-mail: atlas.publications@cern.ch

turned to detailed measurements of its properties and cou-
plings as a means of testing the predictions of the Standard
Model (SM) [6–8]. The Higgs boson coupling to the top
quark, the heaviest particle in the SM, is of special interest
as it could be very sensitive to effects of physics beyond the
SM (BSM) [9]. It is indirectly constrained assuming no BSM
contributions to loop-induced processes from measurements
of gluon–gluon fusion Higgs boson production and decay
into γ γ [10,11]. The Higgs boson production in association
with a pair of top quarks (t t̄ H ), where the top quark cou-
ples to the Higgs boson at tree level, provides a possibility
for a direct measurement of the top-quark’s Yukawa cou-
pling without assumptions about the potential presence of
BSM physics [12–15]. It was observed by the ATLAS and
CMS collaborations using several Higgs boson decay modes
[16,17].

The decay into twob-quarks is predicted to have the largest
branching fraction of about 58% [18] and has the advan-
tage of allowing for the reconstruction of the Higgs boson
four-momentum from the kinematics of its decay products.
Furthermore, the t t̄ H(bb̄) channel involves only fermionic
Higgs boson couplings in the production and decay, leading
to an enhanced sensitivity for probing them. However, this
final state is affected by a large irreducible background aris-
ing from the t t̄ production in associations with jets (t t̄+jets),
in particular when the jets originate from b- or c-quarks,
which is challenging to predict theoretically.

The ATLAS Collaboration has measured the t t̄ H(bb̄) pro-
duction at

√
s = 13 TeV in the final state with at least

one lepton using the full Run 2 dataset collected in proton–
proton (pp) collisions at the Large Hadron Collider (LHC)
[19] between 2015 and 2018, corresponding to an integrated
luminosity of 139 fb−1 [20]. The measured signal strength,
defined as the ratio of the measured cross-section to that pre-
dicted by the SM, was found to be 0.35+0.36

−0.34, and corresponds
to an observed (expected) significance of 1.0 (2.7) standard
deviations. The signal strength was also measured differen-

0123456789().: V,-vol 123

http://crossmark.crossref.org/dialog/?doi=10.1140/epjc/s10052-025-13740-x&domain=pdf
mailto:atlas.publications@cern.ch


  210 Page 2 of 40 Eur. Phys. J. C           (2025) 85:210 

tially in five intervals of the Higgs boson transverse momen-
tum (pHT ) in the simplified template cross-section framework
(STXS) [18], probing potential pHT -dependent deviations
from the SM expectation.

The CMS Collaboration also recently released a mea-
surement of the t t̄ H(bb̄) production using 138 fb−1 of data
collected at

√
s = 13 TeV in 2016–2018 [21]. The anal-

ysis achieved an observed (expected) significance of 1.3
(4.1) standard deviation and measured a signal strength of
0.33±0.26. Additionally, the t t̄ H production rate was deter-
mined in intervals of pHT .

This paper presents a re-analysis of the full Run 2 dataset
collected at

√
s = 13 TeV with the ATLAS detector in final

states with one or two leptons, referred to in the following as
single-lepton and dilepton channels, and supersedes the result
of Ref. [20]. Compared with the previous result, this analy-
sis has an increased acceptance by selecting events with less
restrictive requirements on the number of jets identified as
originating from b-hadrons (b-jets), resulting in an increased
efficiency to select t t̄ H signal. It utilises a revised treatment
of the different flavour components of the t t̄ + jets back-
ground, and in particular, of the t t̄ production in association
with b-jets, the main background and the dominant source of
the systematic uncertainty in the previous t t̄ H(bb̄) measure-
ment. For the modelling of this background, a new sample
of Monte Carlo (MC) simulated events with improved set-
tings was produced, and a corresponding set of systematic
uncertainties was developed [22,23]. This measurement also
uses improved analysis techniques: an advanced b-jet iden-
tification and an improved event categorisation. In particu-
lar, unlike the previous result, where the event categorisation
into the background-dominated and signal-rich categories
was made based on the number of jets and the number of b-
jets, this analysis uses a multiclass neural network to define
regions enriched in different components of the main back-
ground, the t t̄ + jets production processes, and the signal. A
more powerful multivariate discriminant is also employed to
separate the signal from background and to reconstruct pHT .
These improvements lead to better overall sensitivity and
allow for a measurement of the t t̄ H(bb̄) production cross-
section in six bins of pHT , 0–60 GeV, 60–120 GeV, 120–
200 GeV, 200–300 GeV, 300–450 GeV, and ≥450 GeV, as
obtained from the MC event record before the Higgs boson
decays, in the STXS formalism.

2 ATLAS detector

The ATLAS experiment [24] at the LHC is a multipurpose
particle detector with a forward–backward symmetric cylin-
drical geometry and a near 4π coverage in solid angle.1 It

1 ATLAS uses a right-handed coordinate system with its origin at the
nominal interaction point (IP) in the centre of the detector and the z

consists of an inner tracking detector (ID) surrounded by a
thin superconducting solenoid providing a 2 T axial mag-
netic field, electromagnetic and hadronic calorimeters, and
a muon spectrometer. The inner tracking detector covers the
pseudorapidity range |η| < 2.5. It consists of silicon pixel,
silicon microstrip, and transition radiation tracking detec-
tors. Lead/liquid-argon (LAr) sampling calorimeters provide
electromagnetic (EM) energy measurements with high gran-
ularity within the region |η| < 3.2. A steel/scintillator-tile
hadronic calorimeter covers the central pseudorapidity range
(|η| < 1.7). The endcap and forward regions are instru-
mented with LAr calorimeters for EM and hadronic energy
measurements up to |η| = 4.9. The muon spectrometer (MS)
surrounds the calorimeters and is based on three large super-
conducting air-core toroidal magnets with eight coils each.
The field integral of the toroids ranges between 2.0 and
6.0 Tm across most of the detector. The muon spectrome-
ter includes a system of precision tracking chambers up to
|η| = 2.7 and fast detectors for triggering up to |η| = 2.4.
The luminosity is measured mainly by the LUCID-2 [25]
detector, which is located close to the beampipe. A two-level
trigger system is used to select events [26]. The first-level
trigger is implemented in hardware and uses a subset of the
detector information to accept events at a rate below 100 kHz.
This is followed by a software-based trigger that reduces the
accepted event rate to 1 kHz on average depending on the
data-taking conditions. A software suite [27] is used in data
simulation, in the reconstruction and analysis of real and sim-
ulated data, in detector operations, and in the trigger and data
acquisition systems of the experiment.

3 Data and Monte Carlo simulation samples

This analysis was performed using the pp collision data col-
lected by the ATLAS detector between 2015 and 2018 at√
s = 13 TeV. After the application of data-quality require-

ments [28], the dataset corresponds to an integrated lumi-
nosity of 140 fb−1. Samples of simulated events were pro-
duced to model the different signal and background pro-
cesses. Additional samples were produced to estimate the
modelling uncertainties for each process. The effects of the
additional pp collisions in the same or a nearby bunch
crossing (pile-up) were modelled by overlaying minimum
bias events generated with Pythia8 [29] using the A3 set
of tunable parameters [30] onto the simulated hard-scatter

Footnote 1 continued
-axis along the beam pipe. The x-axis points from the IP to the centre of
the LHC ring, and the y-axis points upwards. Cylindrical coordinates
(r, φ) are used in the transverse plane, φ being the azimuthal angle
around the z-axis. The pseudorapidity is defined in terms of the polar
angle θ as η = − ln tan(θ/2). Angular distance is measured in units of
	R ≡ √

(	η)2 + (	φ)2.
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event. The MC events were weighted to reproduce the dis-
tribution of the average number of interactions per bunch
crossing observed in the data. The MC samples were pro-
cessed using the full ATLAS detector simulation [31] based
on Geant4 [32]. Some alternative samples used to evaluate
the modelling uncertainties were produced using fast sim-
ulation, where the full Geant4 simulation of the calorime-
ter response is replaced by a detailed parameterisation of
the shower shapes. For the observables used in this analy-
sis, both simulations were found to give similar modelling.
All MC samples were reconstructed using the same software
as for collider data. Corrections were applied to the simu-
lated events so that the selection efficiencies, energy scales
and energy resolutions of the physics objects closely match
those determined from data control samples.

All samples generated with PowhegBox [33–36] and
MadGraph5_aMC@NLO [37] were interfaced toPythia8
[38] to simulate the parton shower (PS), fragmentation,
and underlying event with the A14 tune [39] and the
NNPDF2.3lo [40] parton distribution function (PDF) set.
Some alternative samples use the Herwig7 [41,42] PS
model with the H7UE set of tuned parameters [42] and the
MMHT2014LO PDF set [43]. Samples using Pythia8 and
Herwig7 have heavy-flavour hadron decays modelled by
EvtGen [44]. The masses of the top quark, mtop, and of the
Higgs boson,mH, are set to 172.5 GeV and 125 GeV, respec-
tively.

The nominal t t̄ H signal sample was generated at next-to-
leading order (NLO) in the five flavour scheme (5FS) using
the PowhegBox [45] generator with the NNPDF3.0nlo
[40] PDF set. The hdamp parameter2 was set to 3/4 ·
(mt + mt̄ + mH ) = 352.5 GeV, and the functional form
of the renormalisation and factorisation scales was set to
3
√
mT(t) · mT(t̄) · mT(H), where mT =

√
m2 + p2

T is the
transverse mass of a generated particle, m is its mass, and
pT is its transverse momentum. It is normalised to the theo-
retical prediction of Ref. [18] computed at NLO in QCD.3

An alternative t t̄ H sample generated with the same
PowhegBox set-up, but interfaced to Herwig7 is used to
evaluate uncertainties due to the choice of parton shower,
hadronisation and underlying event model. The uncertainty
related to the matching between the matrix element (ME)
generator and the PS is accessed by changing the definition of
the hardness of the Powheg emission calculated by Pythia8
via the parameter phard

T from the value provided by Powheg
to the pT of the Powheg emission following Refs. [47,48].

2 The hdamp parameter controls the transverse momentum pT of the
first additional emission beyond the leading-order Feynman diagram in
the PS and therefore regulates the high-pT emission against which the
t t̄ system recoils.
3 A new theoretical computation of the t t̄ H production at next-to-next-
to-leading order in QCD was published recently in Ref. [46].

Several MC samples with different accuracy in ME gen-
erator and with different PS models are used in this anal-
ysis to model the main t t̄ + jets background. This back-
ground is categorised according to the flavour of the addi-
tional jets in the event, excluding jets from top-quark or
W boson decays, using the same procedure as described in
Ref. [49]. Generator-level particle jets are reconstructed from
stable particles (mean lifetime τ > 3 × 10−11 s, excluding
muons and neutrinos) using the anti-kt algorithm [50] with a
radius parameter R = 0.4, and are required to have transverse
momentum pT > 15 GeV and |η| < 2.5. The flavour of a jet
is determined by counting b- or c-hadrons within 	R < 0.4
of the jet axis. Jets matched to exactly one b-hadron, with pT

above 5 GeV, are labelled single-b-jets, while those matched
to two or more b-hadrons are labelled B-jets (with no pT

requirement on the second b-hadron); single-c- and C-jets
are defined analogously, only considering jets not already
defined as single-b- or B-jets. Events that have a single-b- or
B-jet, are labelled as t t̄ +1b and t t̄ +1B respectively, events
with two or more b-jets are labelled as t t̄+≥ 2b. These three
categories together are collectively referred to as t t̄ + ≥ 1b.
Events with no single-b- or B-jet but at least one single-c- or
C-jet are labelled as t t̄ +≥ 1c. Finally, events not containing
any heavy-flavour jets aside from those from top-quark or W
boson decays are labelled as t t̄ + light.

The t t̄ + light and t t̄ + ≥ 1c contributions are modelled
by a MC sample produced with the HVQ programme [34]
in the PowhegBox generator at NLO in QCD in the five
flavour scheme (5FS) with the NNPDF3.0nlo PDF set. The
hdamp parameter was set to 1.5 mtop [39,51]. An additional
sample was generated with the hdamp parameter increased by
a factor of two to evaluate the uncertainty in the modelling
of t t̄ + light and t t̄ + ≥ 1c stemming from the choice of the
hdamp value.

To predict the t t̄ + ≥ 1b background with the highest
available precision, the t t̄bb̄ MC sample is generated at
NLO, where the additional b-quarks are included in the
ME. The four flavour scheme (4FS) was used for this
sample. It was produced with the PowhegBoxRes [52]
generator and OpenLoops [53–55], using the implemen-
tation of this process in PowhegBoxRes [56], with the
NNPDF3.1nnlonf4 [69] PDF set interfaced to Pythia8.
Based on the studies of Ref. [22], the factorisation scale is
set to 1

2

∑
i=t,t̄,b,b̄, j mT,i , the renormalisation scale is set to

1
2 · 4

√
mT(t) · mT(t̄) · mT(b) · mT(b̄), and the hdamp parame-

ter is set to HT/2. The Powheg internal parameter hbzd that
regulates the damping function together with the parameter
hdamp, was set to 5. The choice of model used for the recoil
in the initial state parton shower was found to impact signifi-
cantly the t t̄ +≥ 1b background predictions [23]. The corre-
sponding uncertainty is evaluated by changing the Pythia8
parameter from a global recoil to a dipole recoil while keep-
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ing the rest of the settings identical to the nominal t t̄bb̄ sam-
ple.

Similar to the t t̄ H signal sample, alternative samples were
generated to assess the PS and matching uncertainties in the
modelling of t t̄ + light, t t̄ +≥ 1c and t t̄ +≥ 1b by replacing
in the corresponding nominal set-ups the Pythia8 shower
model byHerwig and producing samples with a varied phard

T
parameter.

For an independent pseudo-data test, additional samples
of t t̄ events were produced to model t t̄ + light and t t̄ + ≥ 1c
events with the Sherpa [57] generator. The NLO-accurate
matrix elements for up to one additional parton, and LO-
accurate matrix elements for up to four additional par-
tons were calculated with the Comix [58] and OpenLoops
libraries. They were matched with the Sherpa PS [59] with
the default set of tuned parameters using the MEPS@NLO
prescription [60–63] with a matching scale of 30 GeV. Fur-
thermore, t t̄+≥ 1b events were simulated using Sherpa and
OpenLoopswith t t̄bb̄ ME calculated at NLO accuracy using
Comix in the 4FS using the same functional form of the fac-
torisation and renormalisation scales as in the nominal t t̄bb̄
set-up.

Single-top-quark production processes, i.e. tW associated
production, t-channel and s-channel production, were mod-
elled using the PowhegBox [64–66] generator at NLO in
QCD. The t-channel process was generated in the 4FS with
the NNPDF3.0nlonf4 PDF set, while for tW and s-channel
processes the 5FS NNPDF3.0nlo PDF was used. The tW
MC sample was generated using the factorisation and renor-
malisation scales set to HT/2 with HT defined as a sum of
the transverse mass of the W boson, the top quark and the
transverse momentum of an additional parton. The overlap
between tW and t t̄ production [66] was removed using the
diagram-removal scheme [67]. An alternative tW MC sam-
ple implementing the diagram subtraction scheme [66] was
produced to evaluate the systematic uncertainty due to the
tW and t t̄ interference treatment.

The events in the nominal t t̄W sample were simulated
using the Sherpa [68] generator with the NNPDF3.0nnlo
PDF set. The ME was calculated for up to one addi-
tional parton at NLO and up to two partons at LO using
Comix and OPENLOOPS, and merged with the SHERPA
PS using the MEPS@NLO prescription with a merging scale
of 30 GeV. The alternative sample was generated withMad-
Graph5_aMC@NLOwith up to one additional parton in the
final state at NLO accuracy in the strong coupling, using the
NNPDF3.1nnlo [69] PDF set. The different jet multiplicities
were merged using the FxFx NLO ME and PS merging pre-
scription [70] with a merging scale of 30 GeV. Background
events from t t̄ Z/γ ∗ and the rare processes t Zq, tW Z , t H jb,
tW H and t t̄ t t̄ were simulated at NLO in QCD using the
MadGraph5_aMC@NLO generator. The alternative sam-
ple used to evaluate the PS uncertainty in the t t̄ Z background

was generated with the same set-up as the nominal but inter-
faced to Herwig7.

The production of V+jets events (where V = W or
Z ) was simulated with the SHERPA generator using NLO-
accurate matrix elements for up to two partons and LO-
accurate matrix elements for up to four partons. Samples
of diboson final states (VV ) were also simulated with the
Sherpa generator.

All MC samples corresponding to small backgrounds were
normalised to the most precise available theoretical predic-
tions closely following Ref. [20]. The normalisation of the
t t̄W background was updated to the most recent predic-
tion of Ref. [71]. The t t̄ + light and t t̄ + ≥ 1c components
were normalised to the t t̄ cross-section computed at next-to-
next-to-leading order (NNLO) in QCD including the resum-
mation of next-to-next-to-leading-logarithmic (NNLL) soft-
gluon terms [72] while the t t̄ + ≥ 1b normalisation is taken
from the t t̄bb̄ MC simulation.

4 Objects and event selection

Events are selected using single-lepton triggers with variable
electron and muon transverse momentum thresholds, and var-
ious identification and isolation criteria depending on the lep-
ton flavour and the data-taking period [73,74]. The lowest pT

threshold at trigger level used for muons is 20 GeV (26 GeV),
while for electrons the threshold is 24 GeV (26 GeV) in 2015
(2016–2018). Events are required to have at least one vertex
with at least two associated ID tracks with pT > 0.5 GeV.
In each event, the primary vertex is defined as the recon-
structed vertex having the highest scalar sum of squared pT

of associated tracks [75] among the vertices consistent with
the average beam-spot position.

Electron candidates are reconstructed from energy deposits
in the electromagnetic calorimeter matched to tracks recon-
structed in the ID system and are required to satisfy the
MediumLH identification criterion [76]. They are required to
have pT > 10 GeV and |η| < 2.47, excluding the calorime-
ter barrel-endcap transition region (1.37 < |η| < 1.52).
Muon candidates are reconstructed from tracks in the MS
that are associated with tracks from the ID and are required
to satisfy the Loose identification criterion [77] and to have
pT > 10 GeV, |η| < 2.5. Electron (muon) candidates must
be associated with the primary vertex of the event: the trans-
verse impact parameter divided by its estimated uncertainty,
|d0|/σ(d0), is required to be less than five (three) for electron
(muon) candidates. The longitudinal impact parameter must
satisfy |z0 sin(θ)| < 0.5 mm for both lepton flavours.

Jets are reconstructed from particle flow objects [78] using
the anti-kt jet clustering algorithm in the FastJet implemen-
tation [79] with a radius parameter R = 0.4. Jets are required
to satisfy the Tight criterion of the jet vertex tagger (JVT)
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algorithm [80] to mitigate the contribution from pile-up jets,
and to have pT > 25 GeV and |η| < 2.5. The jet energy scale
(JES) and resolution are calibrated using simulations with in
situ corrections obtained from data [81]. Events containing
jets originating from non-collision sources or detector noise
are removed.

Jets containing b-hadrons, referred to as b-jets, are iden-
tified using the DL1r b-tagging algorithm [82] that uses a
neural network based on the distinctive features of b-hadron
decays, primarily the impact parameters of tracks and the
displaced vertices reconstructed in the ID. Additional input
to this network is provided by discriminating variables con-
structed by a recurrent neural network that exploits the spa-
tial and kinematic correlations between tracks originating
from the same b-hadron. A multivariate b-tagging discrim-
inant value is calculated for each jet. The b-tagged jets are
required to satisfy the working point (WP) corresponding to
an efficiency of 70% or 85% for identifying b-quark initiated
jets in t t̄ simulated events for the single-lepton and dilepton
channels, respectively. For the 70% (85%) WP the rejection
factors against light-quark/gluon jets and c-quark jets are 625
and 12 (40 and 3), respectively. To fully exploit the b-tagging
information of an event, each jet is assigned a b-tagging score
that defines if a jet satisfies a given WP but fails to satisfy the
adjacent tighter one. In addition to the standard JES calibra-
tion, b-tagged jets satisfying the 85% WP receive additional
flavour-specific corrections to their four-vectors to improve
their energy measurement (scale and resolution) following
the muon-in-jet procedure described in Ref. [83].

Hadronically decaying τ -leptons (τhad) are distinguished
from jets using their track multiplicity and a multivariate
discriminant based on their shower shapes in calorimeter and
on tracking information [84]. They are required to have pT >

25 GeV and |η| < 2.5, and to pass the Medium τ -lepton
identification working point.

The missing transverse momentum vector, with magni-
tude Emiss

T , is defined as the negative sum of the trans-
verse momenta of the reconstructed and calibrated physical
objects, plus a ‘soft term’ built from all other tracks asso-
ciated with the primary vertex [85] and not matched to a
reconstructed object.

Targeting event topologies with a Higgs boson decay-
ing into collimated hadronic final states, reclustered (RC)
jets [86] are reconstructed from the selected jets, using
the anti-kt jet clustering algorithm with a radius parame-
ter R = 1.0. RC jets are required to have an invariant mass
M > 50 GeV, pT > 200 GeV, |η| < 2.0, have at least
two constituent small-R jets (subjets) and have an angular
distance 	R > 1.0 from all electrons.

An overlap removal procedure is applied to avoid the dou-
ble counting of detector signatures. Electron candidates shar-
ing a track with a muon candidate are first removed. Jets
found within a 	R = 0.2 cone of an electron are removed

and electrons within a 	R = 0.4 cone of a remaining jet
are rejected. Jets with less than three associated tracks and
within 	R = 0.2 of a muon and muons within 	R = 0.4
of a jet with more than two associated tracks are rejected.
A τhad candidate is rejected if it is separated by 	R < 0.2
from any selected electron or muon. No overlap removal is
performed between jets and τhad candidates.

Events are selected if they contain exactly one lepton
candidate in the single-lepton channel and exactly two lep-
ton candidates with opposite electric charges in the dilepton
channel. At least one lepton should have pT > 27 GeV and
be matched to the corresponding object at the trigger level. In
the events with two electrons, the second lepton is required
to have pT > 15 GeV while in the other two dilepton chan-
nels, eμ and μμ, it must have pT > 10 GeV. In events with
two electrons or two muons, the dilepton invariant mass is
required to be above 15 GeV, to suppress contribution from
the decays of heavy-flavour resonances and low-mass Drell–
Yan processes, and be outside a window of ± 8 GeV centred
at the Z boson mass. To maintain orthogonality with other
t t̄ H decay channels, events are vetoed if they contain one or
more (two or more) τhad candidates in the dilepton (single-
lepton) channel.

To reduce the non-prompt and mis-identified lepton back-
ground contribution, additional lepton identification and
isolation requirements are applied. Electrons (muons) are
required to satisfy the TightLH (Medium) identification cri-
teria and the tight isolation criteria based on the calorimeter
and tracking information for electrons [76] and on tracking
information only for muons [77]. Events for which the lep-
tons fail to meet these requirements are removed.

In the single-lepton channel two event categories are
defined, referred in the following as resolved and boosted
categories. The latter is designed to select events in which
the Higgs boson is produced with high transverse momen-
tum as a collimated large-R jet. Events that do not satisfy the
boosted category selection are assigned to the resolved one.
In the single-lepton resolved channel, events are selected if
they contain at least five jets, at least three of which satisfy
the 70% b-tagging WP. In the single-lepton boosted chan-
nel, events are required to have at least one large-R jet and
at least four small-R jets, including those contained within
the large-R jet, at least three of which must satisfy the 85%
b-tagging WP. In the dilepton channel, events are selected if
they contain at least three jets satisfying the 85% b-tagging
WP, and among these at least two jets that satisfy the 70%
b-tagging WP. These requirements are henceforth referred to
as “preselection” and have an acceptance of 6.3% for select-
ing t t̄ H events with H → bb̄ decay, an acceptance that is
more than a factor of three larger than in the previous analy-
sis [20]. The corresponding acceptance in the signal regions
is 2.1%.

123



  210 Page 6 of 40 Eur. Phys. J. C           (2025) 85:210 

5 Background modelling

The largest background from t t̄+jets production is modelled
by MC simulation with the data-driven corrections described
in Sect. 5.1. Small backgrounds include single top produc-
tion, t t̄W , t t̄ Z , t t̄ t t̄ , rare top-quark processes and non-top-
quark processes such as V+jets and diboson production.
All of them are estimated from simulations. The contribu-
tion from the background arising from non-prompt or mis-
identified leptons is determined from data in the single-lepton
channel (see Sect. 5.2), and from MC simulation in the dilep-
ton channel, where this background arises primarily from t t̄
events with one prompt lepton and is very small.

5.1 Modelling of t t̄ + jets background

The t t̄ sample used to model the t t̄ + light and t t̄ +≥ 1c con-
tributions is generated at NLO as described in Sect. 3, with
up to one additional parton from the ME calculation. All
jets not originating from the decay chain of one of the top
quarks, i.e. additional jets, are produced by the parton shower.
The dedicated measurement [87] demonstrated deficiencies
in modelling the number of additional jets in the t t̄ events and
the scalar sum of the transverse momenta of the top quarks.
Moreover, the rate of t t̄ production in association with c-
and b-jets was observed to be underestimated in the previous
analysis [20]. The new t t̄bb̄ MC sample produced for this
analysis with lower value of the renormalisation scale than
the one used in Ref. [20] predicts larger inclusive t t̄ + ≥ 1b
cross-section, which is expected to match data well. Never-
theless, the rate of the components of the t t̄ + ≥ 1b back-
ground defined in Sect. 3, t t̄ + 1B, t t̄ + 1b and t t̄ + ≥ 2b,
could still be mismodelled. Thus, to obtain a reliable estimate
of the t t̄ + jets background, the t t̄ MC events are reweighted
using data. The corrections applied include a rescaling of
the t t̄ + jets flavour components followed by a kinematic
reweighting and are described in the next paragraph. Any
possible residual mismodelling is accounted for by the sys-
tematic uncertainties in the profile-likelihood fit used for
the extraction of the signal strength which is described in
Sect. 6.

Initial scaling factors for the five t t̄ + jets flavour compo-
nents, t t̄ + light, t t̄ + ≥ 1c, t t̄ + 1B, t t̄ + 1b and t t̄ + ≥ 2b,
are obtained separately for the single-lepton and dilepton
channels from the profile-likelihood fit to data. The fit is
performed in background-dominated control regions includ-
ing all systematic uncertainties (see Sect. 7) prior to the sig-
nal extraction fit described in Sect. 6. These scaling factors
have similar values to those shown in Table 5. Following the
flavour components rescaling, a reweighting is used to mit-
igate the kinematic mismodelling of the scalar sum of the
pT’s of the reconstructed leptons and jets, HT, observed for
the t t̄ + light and t t̄ + ≥ 1c components of the inclusive

t t̄ + jets Powheg + Pythia8 sample. The t t̄ +≥ 1b compo-
nent is excluded from the reweighting since it is simulated by
a dedicated t t̄bb̄ MC sample. Thus the reweighting derived
in the regions dominated by t t̄ + light and t t̄ + ≥ 1c might
not be applicable to t t̄ + ≥ 1b. A dedicated reweighting was
investigated for the t t̄ + ≥ 1b component but found to have
a negligible effect and is not used in the analysis.

The reweighting corrects the distributions of HT in exclu-
sive jet multiplicity bins from Njets = 5 to Njets ≥ 8 in
the single-lepton channel and from Njets = 3 to Njets ≥ 6
in the dilepton channel. It is derived in t t̄ enriched regions
selected by using looser b-tagging requirements after sub-
tracting from data all contributions except for t t̄ + light and
t t̄ + ≥ 1c and taking the ratio of data to the sum of t t̄ + light
and t t̄ + ≥ 1c yields predicted by MC in each HT bin. These
regions are orthogonal to the signal and control regions of
the analysis and contain less that 0.2% of signal.

The reweighting factors are also derived in the same way
for each systematic variation affecting the t t̄ + light and t t̄ +
≥ 1c predictions, such that all systematic variations match
the HT distribution in data.

5.2 Non-prompt or mis-identified lepton background

A data-driven method, referred to as “fake factor” method [88],
based on the measurement of lepton selection efficiencies
using different identification and isolation criteria, is used
to estimate the non-prompt or mis-identified (fake) lepton
background in the single-lepton channel.

The fake rate is measured in a fake-dominated region
selected by requiring exactly one lepton with loose identi-
fication and isolation criteria, at least two jets, at least two
b-tagged jets satisfying the 70% WP, and a scalar sum of
missing transverse energy and the leptonically-decaying W
boson mass below 60 GeV. It is parameterised as a function of
the leading jet pT and the lepton |η|. The expected number of
events arising from the fake lepton background is determined
by applying the measured lepton fake rate to data events sat-
isfying the selection requirements of each analysis region
except that the lepton is required to pass loose identification
and isolation criteria and to fail the tighter requirements.

6 Signal extraction

After the preselection, events are classified into non-
overlapping background-dominated or control regions (CR)
and signal-enriched regions (SR) with higher signal-to-
background ratios. The CRs provide stringent constraints
on the normalisation of the backgrounds and the systematic
uncertainties in a combined fit with the signal regions.

To define the regions in the single-lepton and dilepton
channels, a multiclass classification neural network based
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on the permutation-invariant transformer architecture with
attention mechanism [89] is trained to predict the probability
of an event to be from the t t̄ H signal or from one of the five
t t̄+ jets background categories introduced in Sect. 3: t t̄+1b,
t t̄ + 1B, t t̄ +≥ 2b, t t̄ +≥ 1c, t t̄ + light jets. The probability
pi of a network class i is converted into a discriminant di
in order to maximise the separation between the class and
all the other classes (i �= j), to yield a similar number of
events in the t t̄+1b, t t̄+1B, and inclusive t t̄+≥ 2b control
regions, and to maximise sensitivity. They are defined as

di = pi
∑

j �=i p j · N̂i j
. (1)

Here, the denominator of each discriminant is a weighted
average of all the remaining class probabilities p j �=i . The
weights N̂i j = N j/

∑
k �=i Nk are the respective fractions of

event yields N j relative to the total yield of all the remaining
classes k �= i . These yields are determined from MC sim-
ulation after the preselection and incorporate the t t̄ + jets
scaling factors described in Sect. 5.1.

In the single-lepton (dilepton) channel, events fulfilling
dtt̄ H > 4.072 (dtt̄ H > 9.031) are assigned to the signal
region. The thresholds are defined to maximize the ratio of
signal to the square root of the background in the inclusive
signal regions. All other events are assigned to the t t̄ + jets
background category with the highest value of the discrimi-
nant. By far the dominant Higgs boson decay mode in the sig-
nal region is H → bb̄with a fraction of more than 97% (94%)
of the t t̄ H events in the single-lepton (dilepton) channel fol-
lowed by the H → WW decay. This motivates the training
of a second neural network, based on the same architecture,
to identify the two jets most likely originating from the Higgs
boson decay, to reconstruct pHT that is used to further clas-
sify the signal region events into the six reconstructed STXS
regions. The performance of this reconstruction network to
correctly identify both Higgs boson decay products decreases
with increasing jet multiplicity and generally increases with
increasing true pHT . Both Higgs boson decay products are

correctly identified for 51% (58%) of t t̄ H(bb̄) events in the
single-lepton resolved (dilepton) channel. The boundaries of
the regions are optimised to maximise fraction of the events
with the corresponding truth pHT , listed in Fig. 1, separately
per t t̄ decay channel to capture potential differences due to
the final states and separate neural networks. This optimi-
sation leads, in particular, to improved purity in the high-
est truth pHT bins, the region of the phase space where this
analysis provides a particularly valuable contribution to the
global Higgs boson combination. The optimal reconstructed
pHT boundaries are found to be [0, 60, 114, 186, 270, 402,
∞] GeV in the dilepton channel and [0, 60, 114, 192, 282,
408, ∞] GeV in the single-lepton resolved channel. They are
referred to in the following as STXS 1–6 regions.

The inclusive control region dominated by the t t̄ + ≥ 2b
background in the single-lepton channel is further split into
three categories encompassing STXS regions 1–2, 3–4, and
5–6, to ensure a good control of the t t̄ + ≥ 2b background
modelling over the bins of reconstructed Higgs boson pT.
These regions are henceforth referred to as t t̄ + ≥ 2b CR
1, CR 2, and CR 3. The split is not applied in the dilepton
channel due to limited statistics.

Events fulfilling the boosted selection criteria are assigned
to dedicated boosted signal and control regions. RC jets are
used as input to a multiclass deep neural network (DNN),
trained to distinguish high-pT Higgs boson candidates decay-
ing into collimated final states from top quarks and multijet
backgrounds following the same strategy as in the previous
analysis [20]. An event is flagged as containing a boosted
Higgs boson candidate if one of the RC jets has a high prob-
ability of originating from a Higgs boson, as estimated by the
DNN. Boosted Higgs boson candidates are required to have
pT ≥ 300 GeV, a mass consistent with the Higgs boson
mass window of 100–140 GeV, contain at least two subjets,
of which exactly two are required to satisfy the b-tagging
85% WP, and have a DNN score above 0.4. At least two
small-R jets that do not form the Higgs boson candidate are
required to satisfy the b-tagging 77% WP. The flowchart in
Fig. 1 summarises the event classification strategy.

Fig. 1 Flowchart depicting the event classification and Higgs boson pT reconstruction strategy used in the analysis
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The transformer networks are trained using low-level fea-
tures of the reconstructed jets, electrons, muons, and the
missing transverse momentum of the event. For each recon-
structed object, the kinematic features used are the x-, y- and
z-component of the momentum (px , py , pz), the energy, the
pT, the mass, the pseudorapidity, the azimuthal angle and its
sine and cosine. Supplying redundant four-vector informa-
tion is observed to improve network performance. Addition-
ally, the DL1r pseudo-continuous b-tagging score is included
for jets, and the electric charge and a variable indicating if it
is an electron or a muon is included for leptons.

The multiclass event-classification network is trained
using events sampled from the nominal and alternative t t̄ H
and t t̄ + jets background samples to profit from an increased
number of events in training. The classification network
yields an area under the receiver-operator characteristic curve
(AUC) of 0.753 (0.774) for discriminating between t t̄ H and
the t t̄ + ≥ 1b background for events satisfying the prese-
lection in the single-lepton resolved (dilepton) channel. The
Higgs boson pT reconstruction network is trained using only
the t t̄ H samples. Figure 2 shows for each bin of truth pHT the
fraction of t t̄ H events assigned to each of the STXS signal
regions.

In the single-lepton channel, a total of 15 analysis regions
are defined, including six STXS signal regions, two boosted
regions (signal and control) and seven control regions target-
ing the different components of the t t̄ + jets background. In
the dilepton channel, a total of 11 analysis regions are defined,
including the six STXS signal regions and five t t̄+jets control
regions. The expected yields in the single-lepton (dilepton)
signal and control regions are summarised in Tables 1 and
2 (3 and 4) after applying the data-driven corrections to the
t t̄ + jets background discussed in Sect. 5.1.

The t t̄ H inclusive signal strength, μt t̄ H , defined as the
ratio of the measured t t̄ H cross-section including all Higgs
boson decay modes to the corresponding SM prediction, or
the signal strengths in each of the six STXS bins, μi , and
the normalisation factors of the components of the t t̄ + jets
background are determined via a binned likelihood fit to the
distributions in all signal and control regions defined above.
The t t̄ H signal sample is split up according to the true pHT
in each event, and the μi act on the respective component.
In the resolved signal and control regions, the corresponding
discriminant distribution is used in the likelihood fit, while
in the boosted regions, event yields in two bins of the recon-
structed pHT distribution, 300–450 GeV and ≥450 GeV, are
used in the fit.

The t t̄ +1b, t t̄ +≥ 1c and t t̄ + light normalisation factors
are chosen to float independently in the single-lepton and
dilepton channels, while the normalisations of the t t̄ + ≥ 2b
and t t̄ + 1B backgrounds are scaled in a correlated way
between the two channels. This choice is made based on
studies of the different correlation assumptions between the

normalisation factors in the combined fit. The chosen con-
figuration provides enough freedom for the fit model and
minimises pulls and constraints of the nuisance parameters
in the fit to data.

The inclusive measurement of the signal strength and
cross-section is performed in the full phase space. The mea-
surement of these parameters in STXS bins is carried out for
t t̄ H events with a Higgs boson produced centrally within
|y| ≤ 2.5 at truth level, while the remaining forward events
are considered as background.

The statistical model is based on a likelihood function built
with HistFactory [90] as the product over every bin of the
Poisson probability for the observed data, given the SM pre-
diction. The value of each nuisance parameter, describing the
systematic uncertainties for both signal and background pro-
cesses (see Sect. 7), is constrained by a Gaussian penalty term
present in the likelihood function, while all normalisation
factors are unconstrained. The statistical uncertainty arising
from the limited number of simulated events is included in
the likelihood in the form of additional nuisance parameters
with Poisson constraint terms. The maximum-likelihood fit
is performed with the RooFit package [91]. A test statistic
based on the profile-likelihood ratio is used to assess the
compatibility of the observed data with the background-only
hypothesis (μ = 0) [92].

Tests of the statistical model fitted to pseudo-data con-
structed with the Sherpa t t̄+jets samples were performed to
help inform the choice of fit variables and uncertainty model,
with the goal of minimising bias, maximising robustness and
optimising sensitivity.

7 Systematic uncertainties

Multiple sources of systematic uncertainty, arising from
detector effects, theoretical assumptions and the limited num-
ber of events in the MC simulations, are considered in the
analysis. They affect the categorisation of events as well as
the normalisation and shape of the distributions used in the
signal extraction fit.

All the sources of experimental uncertainty, except the
uncertainty in the integrated luminosity, affect both the nor-
malisations and the shapes of the distributions in all simu-
lated samples. The uncertainty in the integrated luminosity
is 0.83% [93], obtained using the LUCID-2 detector [25]
for the primary luminosity measurements, complemented by
measurements using the inner detector and calorimeters. The
uncertainty in the pile-up modelling is obtained by varying
the pile-up reweighting in the simulation within its uncer-
tainties.

The correction factors applied to the simulated samples to
improve the description of the lepton reconstruction, identi-
fication and isolation efficiencies, momentum scale and res-
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Fig. 2 STXS migration matrices for the t t̄ H signal regions in (a) the single-lepton resolved, (b) the single-lepton boosted, and (c) the dilepton
channel. The yield fractions of the predicted STXS bins are normalised per truth STXS sample

Table 1 Expected yields in the single-lepton signal regions before the
fit to data. The data-driven corrections to the t t̄ + jets background
are applied and all uncertainties are included, except the ones asso-
ciated with the t t̄ + jets background normalisation factors, which are

not defined pre-fit. The “Other” category includes the s- and t-channel
single-top, t Zq and tW Z processes. The t t̄ H signal is normalised to
the SM t t̄ H cross-section. For presentation purposes, uncertainties are
symmetrised

STXS 1 SR STXS 2 SR STXS 3 SR STXS 4 SR STXS 5 SR STXS 6 SR Boosted SR

t t̄ H truth pHT 0–60 GeV 77 ± 12 18.7 ± 3.2 11.1 ± 2.3 5.7 ± 1.0 1.66 ± 0.2 0.42 ± 0.09 0.58 ± 0.13

t t̄ H truth pHT 60–120 GeV 49 ± 5 99 ± 13 37 ± 6 15.5 ± 2.2 4.4 ± 0.5 1.25 ± 0.19 1.54 ± 0.25

t t̄ H truth pHT 120–200 GeV 22.7 ± 2.2 37 ± 4 125 ± 16 34 ± 5 8.1 ± 1.3 2.0 ± 0.4 2.31 ± 0.28

t t̄ H truth pHT 200–300 GeV 4.0 ± 0.5 5.5 ± 0.7 22.5 ± 2.9 88 ± 12 19.4 ± 3.0 2.7 ± 0.4 3.3 ± 0.6

t t̄ H truth pHT 300–450 GeV 0.39 ± 0.11 0.64 ± 0.16 1.4 ± 0.4 7.6 ± 1.3 32 ± 5 8.0 ± 1.3 20 ± 3

t t̄ H truth pHT ≥450 GeV <0.1 <0.1 0.14 ± 0.06 0.21 ± 0.09 1.30 ± 0.31 9.8 ± 1.8 6.9 ± 1.3

t t̄ H |y| > 2.5 0.16 ± 0.06 0.10 ± 0.04 <0.1 <0.1 <0.1 <0.1 <0.1

t t̄ + ≥ 2b 870 ± 80 870 ± 90 980 ± 100 640 ± 60 270 ± 40 92 ± 21 103 ± 8

t t̄ + 1b 210 ± 60 210 ± 50 250 ± 80 180 ± 60 78 ± 28 25 ± 9 17 ± 5

t t̄ + 1B 64 ± 19 73 ± 24 100 ± 40 87 ± 30 46 ± 19 22 ± 11 11 ± 4

t t̄ + ≥ 1c 210 ± 50 210 ± 50 250 ± 50 190 ± 50 88 ± 24 27 ± 13 22 ± 8

t t̄ + light 42 ± 16 45 ± 12 68 ± 22 64 ± 19 31 ± 11 12 ± 11 3.2 ± 3

t t̄ Z 36 ± 6 38 ± 6 53 ± 8 43 ± 8 24 ± 5 7.2 ± 1.1 5.8 ± 1.2

tW 20 ± 8 35 ± 12 60 ± 33 55 ± 32 33 ± 25 17 ± 15 5 ± 4

W+jets 10 ± 6 12 ± 8 30 ± 15 29 ± 14 23 ± 12 12 ± 6 3.7 ± 1.9

t t̄W 4.2 ± 0.5 5.9 ± 0.8 9.8 ± 1.6 8.9 ± 1.9 5.6 ± 0.7 3.2 ± 0.5 1.06 ± 0.26

Z+jets 2.5 ± 1.1 5.1 ± 2 6.5 ± 2.6 7.4 ± 2.7 3.1 ± 1.1 1.7 ± 0.6 0.5 ± 0.2

Diboson 1.3 ± 0.8 2.5 ± 1.40 4.4 ± 2.3 4.7 ± 2.7 3.1 ± 1.6 1.4 ± 0.7 0.7 ± 0.4

t t̄ t t̄ 5.1 ± 2.2 6.7 ± 3 11 ± 5 9 ± 4 4.8 ± 2.1 2.5 ± 1.1 1.1 ± 0.5

t H jb 0.77 ± 0.22 1.06 ± 0.21 1.61 ± 0.32 1.58 ± 0.28 1.11 ± 0.30 0.26 ± 0.12 0.72 ± 0.14

tW H 1.68 ± 0.23 2.16 ± 0.27 3.8 ± 0.4 4.1 ± 0.5 2.22 ± 0.25 1.03 ± 0.12 1.01 ± 0.11

Other 11.3 ± 1.2 11 ± 1.5 14.4 ± 2 11.9 ± 1.5 7.3 ± 1.1 2.43 ± 0.35 2.2 ± 0.6

Fakes 29 ± 12 29 ± 15 27 ± 12 31 ± 19 22 ± 13 3.8 ± 2.5 8 ± 5

Total 1670 ± 160 1710 ± 170 2060 ± 210 1520 ± 150 710 ± 80 250 ± 40 221 ± 19

Data 1672 1657 2016 1441 676 241 216
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Table 3 Expected yields in the dilepton signal regions before the fit to
data. The data-driven corrections to the t t̄+ jets background are applied
and all uncertainties are included, except the ones associated with the
t t̄+jets background normalisation factors, which are not defined pre-fit.

The “Other” category includes the t Zq, tW Z and diboson processes.
The t t̄ H signal is normalised to the SM t t̄ H cross-section. For presen-
tation purposes, uncertainties are symmetrised

STXS 1 SR STXS 2 SR STXS 3 SR STXS 4 SR STXS 5 SR STXS 6 SR

t t̄ H truth pHT 0–60 GeV 10.6 ± 1.5 2.03 ± 0.31 1.14 ± 0.17 0.63 ± 0.11 0.19 ± 0.07 0.046 ± 0.023

t t̄ H truth pHT 60–120 GeV 6.5 ± 0.7 13.0 ± 1.8 4.1 ± 0.7 1.9 ± 0.4 0.7 ± 0.11 0.13 ± 0.07

t t̄ H truth pHT 120–200 GeV 3.06 ± 0.34 4.7 ± 0.5 16.3 ± 2.0 5.0 ± 0.7 1.36 ± 0.19 0.24 ± 0.07

t t̄ H truth pHT 200–300 GeV 0.5 ± 0.07 0.72 ± 0.08 2.5 ± 0.29 13.0 ± 1.7 4.4 ± 0.6 0.41 ± 0.06

t t̄ H truth pHT 300–450 GeV <0.1 <0.1 0.197 ± 0.033 0.82 ± 0.18 8.0 ± 1.1 1.98 ± 0.32

t t̄ H truth pHT ≥450 GeV <0.1 <0.1 <0.1 <0.1 0.26 ± 0.08 2.8 ± 0.5

t t̄ H |y| > 2.5 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1

t t̄ + ≥ 2b 81 ± 8 76 ± 7 81 ± 13 59 ± 4 36.2 ± 3.0 11.7 ± 2.1

t t̄ + 1b 14 ± 5 15 ± 6 20 ± 9 17 ± 5 11 ± 6 2.9 ± 1.9

t t̄ + 1B 4.4 ± 2.6 4.8 ± 3.2 5.7 ± 2.3 6.2 ± 1.9 6.6 ± 2.9 3.5 ± 2.3

t t̄ + ≥ 1c 11.3 ± 2.4 11.7 ± 2.6 15.4 ± 3.4 12.5 ± 2.6 7.1 ± 2.6 3.0 ± 1.7

t t̄ + light 1.1 ± 0.7 0.9 ± 0.5 1.4 ± 0.8 1.0 ± 0.5 1.0 ± 0.4 0.37 ± 0.30

t t̄ Z 4.6 ± 0.7 4.6 ± 1.1 7.2 ± 1.1 6.2 ± 1.3 5.3 ± 1.1 2 ± 0.6

tW 1.7 ± 0.8 3± 1.8 6 ± 4 8 ± 5 7 ± 5 3.1 ± 2.9

t t̄W 0.65 ± 0.11 1.18 ± 0.15 2.1 ± 0.23 2.64 ± 0.3 2.7 ± 0.4 1.2 ± 0.5

Z+jets 1.8 ± 0.9 1.9 ± 0.9 3.4 ± 1.3 3.8 ± 1.4 3.3 ± 1.2 1.8 ± 0.7

t t̄ t t̄ 0.9 ± 0.4 1.1 ± 0.5 1.8 ± 0.7 1.7 ± 0.7 1.3 ± 0.6 0.65 ± 0.28

tW H 0.23 ± 0.04 0.31 ± 0.04 0.57 ± 0.07 0.7 ± 0.08 0.66 ± 0.07 0.24 ± 0.03

Other <0.1 <0.1 0.28 ± 0.14 0.42 ± 0.19 0.23 ± 0.08 0.29 ± 0.13

Fakes 1.7 ± 0.9 2.2 ± 1.1 3.2 ± 1.6 2.9 ± 1.5 2.6 ± 1.3 1.1 ± 0.6

Total 144 ± 13 144 ± 13 173 ± 20 143 ± 12 100 ± 11 38 ± 6

Data 150 149 161 149 76 35

olution, and lepton trigger efficiencies are varied within their
uncertainties [76,77] to estimate the corresponding system-
atic uncertainty.

The JES uncertainty [81] accounts for contributions from
jet-flavour composition, η-intercalibration, punch-through,
single-particle response, calorimeter response to different jet
flavours, and pile-up, resulting in 31 uncorrelated JES uncer-
tainty components. The jet energy resolution was measured
separately for data and MC using two in situ techniques [81].
The systematic uncertainty is defined as the quadratic differ-
ence between the jet energy resolutions for data and sim-
ulation and split into 13 uncorrelated uncertainty compo-
nents. The uncertainty associated with the JVT discriminant
is obtained by varying the efficiency correction factors [80].

The uncertainties associated with the b-tagging algorithm
calibration are derived separately for b-jets, c-jets and light-
flavour jets, as a function of the jet pT, and decomposed into
several uncorrelated components for each category, corre-
sponding to the number of pT bins multiplied by the num-
ber of DL1r pseudo-continuous scores [94–96]. This yields
a total of 45 components for b-jets and 20 each for c- and
light jets. For jets with a pT above the pT threshold where

the b-tagging algorithm is calibrated, high-pT extrapolation
uncertainties derived using MC simulation are included.

The uncertainty in Emiss
T results from the propagation of

the uncertainties in the energy scales and resolutions of pho-
tons, leptons and jets, and from the modelling of its soft
term [85].

For the t t̄ H signal, two cross-section uncertainties are
applied accounting for the effect of varying the PDF and
αS and for missing higher order terms in the fixed order
perturbative QCD calculations. They amount to ±3.6% and
±9.2%, respectively [18]. The systematic uncertainty in the
t t̄ H cross-section includes theory uncertainties due to migra-
tions of events between the truth Higgs boson pT bins [97].
An uncertainty of 2.2% is assigned to the H → bb̄ branch-
ing fraction [18]. Two uncertainties due to missing higher
order terms in the MC simulation are estimated by varying
independently the renormalisation and factorisation scales in
the ME of the nominal MC sample by a factor of two up and
down. The uncertainties in the amount of initial- and final-
state QCD radiation (ISR and FSR) predicted by the PS are
estimated by varying the scale in α I SR

S according to the val-
ues given by var3c in the Pythia8 A14 tune and by varying
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Table 4 Expected yields in the dilepton control regions before the fit to
data. The data-driven corrections to the t t̄+ jets background are applied
and all uncertainties are included, except the ones associated with the
t t̄+jets background normalisation factors, which are not defined pre-fit.

The “Other” category includes the t Zq, tW Z and diboson processes.
The t t̄ H signal is normalised to the SM t t̄ H cross-section. For presen-
tation purposes, uncertainties are symmetrised

t t̄ + light CR t t̄ + ≥ 1c CR t t̄ + 1b CR t t̄ + 1B CR t t̄ + ≥ 2b CR

t t̄ H truth pHT 0–60 GeV 11.9 ± 1.4 19.7 ± 2.3 19.8 ± 2.3 9.9 ± 1.4 26.0 ± 3.0

t t̄ H truth pHT 60–120 GeV 17.0 ± 1.3 34.5 ± 2.9 29.5 ± 3.0 20.4 ± 2.5 42.0 ± 4.0

t t̄ H truth pHT 120–200 GeV 10.0 ± 0.9 27.1 ± 2.7 17.0 ± 2.1 19.2 ± 2.4 34.0 ± 3.5

t t̄ H truth pHT 200–300 GeV 3.1 ± 0.35 11.1 ± 1.3 4.6 ± 0.7 9.2 ± 1.2 14.9 ± 1.9

t t̄ H truth pHT 300–450 GeV 0.94 ± 0.15 3.5 ± 0.5 0.94 ± 0.19 3.3 ± 0.5 5.4 ± 0.8

t t̄ H truth pHT ≥450 GeV 0.33 ± 0.07 0.65 ± 0.12 0.116 ± 0.033 0.97 ± 0.15 1.33 ± 0.26

t t̄ H |y| > 2.5 0.31 ± 0.05 0.25 ± 0.04 0.4 ± 0.05 0.127 ± 0.028 0.166 ± 0.018

t t̄ + ≥ 2b 495 ± 35 860 ± 60 1080 ± 200 650 ± 100 2700 ± 200

t t̄ + 1b 1410 ± 130 1790 ± 230 3600 ± 700 1540± 180 1200 ± 400

t t̄ + 1B 310 ± 40 460 ± 40 540± 210 1560 ± 230 310 ± 110

t t̄ + ≥ 1c 5600 ± 500 7700 ± 600 2210 ± 280 1590 ± 330 1070 ± 170

t t̄ + light 9200 ± 1500 2800 ± 400 590 ± 130 410 ± 90 190 ± 70

t t̄ Z 43 ± 6 81 ± 12 35 ± 6 36 ± 5 92 ± 12

tW 300 ± 60 210 ± 50 220 ± 70 150 ± 50 300 ± 140

t t̄W 37 ± 5 72 ± 7 12.1 ± 1.3 14.3 ± 3.3 29.8 ± 3.5

Z+jets 340 ± 130 260 ± 100 250 ± 90 93 ± 34 320 ± 120

t t̄ t t̄ 1.6 ± 0.7 10± 4 1± 0.4 4.8 ± 2 28 ± 12

tW H 0.98 ± 0.11 2.24 ± 0.22 2.69 ± 0.29 1.42 ± 0.14 4.0 ± 0.4

Other 5.6 ± 2.4 8.1 ± 3.1 4.4 ± 2.0 2.1 ± 0.7 12 ± 5

Fakes 110 ± 50 120 ± 60 40 ± 20 40 ± 20 80 ± 40

Total 18000 ± 2000 14400 ± 1100 8700 ± 900 6200 ± 500 6400 ± 700

Data 18557 14361 8624 5830 6448

the scale in αFSR
S by a factor two up and down. To assess

the uncertainties associated with the PS, hadronisation and
underlying event, the nominal t t̄ H sample is compared with
the alternative Powheg+Herwig7 sample, while the uncer-
tainty due to the NLO matching procedure is estimated with
Powheg+Pythia8 with a varied phard

T parameter value.
All the modelling uncertainties in the t t̄+ jets background

have independent nuisance parameters for the t t̄+1b, t t̄+1B,
t t̄+≥ 2b, t t̄+≥ 1c and t t̄+light processes. These systematic
variations are normalised to conserve the total nominal event
count after the preselection for each process. Uncertainties
due to missing higher order terms in the perturbative QCD
calculations, in the amount of ISR and FSR as well as the
uncertainties associated with the PS and hadronisation, and
with the NLO matching procedure are estimated in the same
way as for the t t̄ H signal.

For t t̄ + ≥ 1b, the choice of recoil scheme in the ISR
PS has a sizeable effect in the normalisations and shapes
of the distributions used in the analysis within the detector
acceptance [22]. The uncertainty associated with the choice
of the global recoil scheme is assessed by comparing the
nominal sample with an alternative sample produced with

the dipole recoil scheme. For t t̄ + light and t t̄ + ≥ 1c, the
uncertainty in the choice of the hdamp parameter is estimated
by using the alternative PowhegBox+Pythia8 sample with
hdamp = 3 mtop.

Uncertainties related to the HT reweighting procedure
described in Sect. 5.1 are assigned independently in the
single-lepton and dilepton channels. The t t̄ + light and
t t̄ +≥ 1c normalisation factors are varied within their uncer-
tainties to estimate the corresponding systematic uncertainty.
An additional uncertainty is estimated by comparing the dis-
tributions with and without the weights derived in the HT

reweighting procedure, in bins of jet multiplicity.
A ±5% normalisation uncertainty is considered for

the cross-sections of the t- and s- single-top production
modes [98,99]. The normalisation uncertainty of the tW
background is 3.7% [100]. Modelling uncertainties in the
tW production due to the choice of the PS and hadronisation
model, the NLO matching and the hdamp parameter choice are
evaluated in the same way as for the t t̄ + light and t t̄ + ≥ 1c
backgrounds. The uncertainty associated with the interfer-
ence between tW and t t̄ production at NLO is assessed by
comparing the nominal PowhegBox+Pythia8 sample pro-
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duced using the diagram removal scheme to an alternative
sample produced with the same generator but using the dia-
gram subtraction scheme.

The total uncertainty in the theoretical t t̄W cross-section
computed at NNLO in the QCD and at NLO in the electro-
weak interactions is 7.4% [71]. The modelling uncer-
tainty in the t t̄W background is evaluated by comparing
the nominal Sherpa simulation with the sample produced
using MadGraph5_aMC@NLO. For the t t̄ Z production,
the uncertainty in the predicted cross-section at NLO in
QCD is 12% [18]. The modelling uncertainty in the t t̄ Z
background is evaluated by comparing the nominal Mad-
Graph5_aMC@NLO+Pythia8 sample with the sample
where Pythia8 is replaced by Herwig7 to simulate the PS
and hadronisation.

A normalisation uncertainty of +70%
−15% is assigned for the

t t̄ t t̄ background. The down variation corresponds to the the-
ory uncertainty covering effects from varying the factorisa-
tion and renormalisation scales, the PDFs and αS [101] while
the up variation covers the measured t t̄ t t̄ cross-section [102].
For t Zq, the total normalisation uncertainty is 7.9% [37]. A
normalisation uncertainty of 15.4% (9.2%) calculated using
MadGraph5_aMC@NLO at NLO is applied to the t H jb
(tW H ) background normalisation [103]. For tW Z , an uncer-
tainty of ±50% is used [37].

The treatment of V+jets uncertainties follows the pre-
vious analysis [104]. An uncertainty of 40% is assumed for
the W+jets cross-section, with an additional 30% normalisa-
tion uncertainty used for W boson production in association
with heavy-flavour jets, taken as uncorrelated between events
with two and events with more than two truth-level heavy-
flavour jets. These uncertainties are based on variations of the
factorisation and renormalisation scales and of the match-
ing parameters in the Sherpa samples. An uncertainty of
35% is applied to the Z+jets normalisation to account for
both the variations of the scales and matching parameters in
the Sherpa samples and the uncertainty in the correction
factor for the Z boson production accompanied by two b-
jets extracted from data. A 50% normalisation uncertainty is
used for the diboson background, which includes uncertain-
ties in the inclusive cross-section and additional jet produc-
tion [105–107].

A 50% normalisation uncertainty is assigned to the fake-
lepton background estimate in the single-lepton and dilepton
channels separately. An additional uncertainty obtained by
using an alternative parameterisation of the fake rate (Sect.
5.2) is considered in the single-lepton channel.

8 Results

An excess of events over the expected background is found
with an observed (expected) significance of 4.6 (5.4) standard

deviations, in a combined profile-likelihood fit to data in all
signal and control regions. The measured t t̄ H signal strength
for mH = 125.09 GeV [108] is

μt t̄ H = 0.81+0.22
−0.19 = 0.81 ± 0.11(stat.) +0.20

−0.16(syst.). (2)

The total statistical uncertainty is defined as the uncertainty in
μt t̄ H when all nuisance parameters associated with the sys-
tematic uncertainties are fixed to their best-fit values. The
total systematic uncertainty is then defined as the differ-
ence in quadrature between the total and statistical uncer-
tainties. The systematic uncertainty in the signal strength
μt t̄ H includes the theoretical uncertainties in the SM t t̄ H
cross-section described in Sect. 7. The measured t t̄ H signal
strength in the single-lepton channel is

μt t̄ H = 0.72 ± 0.12(stat.) +0.21
−0.17(syst.) (3)

and in the dilepton channel is

μt t̄ H = 1.03 ± 0.26(stat.) +0.28
−0.22(syst.). (4)

The combined μt t̄ H is converted into an inclusive cross-
section using the SM theoretical cross-section of 507+35

−50 fb
for mH = 125.09 GeV and excluding its uncertainty [18].
The resulting cross-section is

σt t̄ H = 411 +101
−92 fb = 411 ± 54(stat.) +85

−75(syst.) fb, (5)

with a relative uncertainty of +25%
−22%, consistent with the SM

prediction. The sensitivity is driven by the single-lepton
channel, where the systematic component of the uncertainty
dominates. The sensitivity of the dilepton channel is limited
by the size of the dataset.

The measured values of the t t̄ + jets background normal-
isation factors, which are free parameters of the fit, are listed
in Table 5. They are compatible between the single-lepton
and the dilepton channels within two standard deviations.
For t t̄ + 1b, the measured value of the normalisation factor
is slightly larger in the dilepton channel than in the single-
lepton channel.

Compared with the previous analysis using the same
dataset, the current analysis selects 64% (29%) new events in
the single-lepton (dilepton) SR that did not enter the selection
of the previous analysis. This is consistent with the increase
of the overall acceptance by a factor of three. The statisti-
cal correlation between the two analyses is estimated using a
booststrap method to be 19%, assuming that the systematic
uncertainties are independent. This assumption is justified
by the fact that the systematic model of the most important
t t̄ + ≥ 1b background is different between the two analy-
ses and the experimental uncertainties are updated. Based on
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Fig. 3 The t t̄ H cross-sections
measured in bins of truth Higgs
boson pT for a Higgs boson
rapidity |y| ≤ 2.5, and measured
inclusively in the full phase
space, normalised to their SM
predictions, as obtained from a
combined profile-likelihood fit
to data in all signal and control
regions. The uncertainties are
shown separately for the
measurement and the prediction

Table 5 Best-fit values of the t t̄ + jets normalisation factors obtained
from the fit to data with a single inclusive t t̄ H signal strength parameter.
Independent normalisation factors for t t̄ + 1b, t t̄ + ≥ 1c and t t̄ + light
components are used in the dilepton and single-lepton channels. Before

the fit, the t t̄ + light and t t̄ + ≥ 1c components are normalised to the t t̄
cross-section computed at NNLO in QCD including the resummation
of NNLL soft-gluon terms [72] while the t t̄ + ≥ 1b normalisation is
taken from the t t̄bb̄ MC simulation

Normalisation factor t t̄ + light t t̄ + ≥ 1c t t̄ + 1b t t̄ + 1B t t̄ + ≥ 2b

Single-lepton 0.78+0.08
−0.08 1.51+0.19

−0.18 1.06+0.10
−0.10 1.15+0.15

−0.14 0.94+0.08
−0.08

Dilepton 0.88+0.11
−0.10 1.36+0.10

−0.10 1.24+0.09
−0.09

Fig. 4 Post-fit correlations
between the measured values of
the t t̄ H cross-section, σt t̄ H , in
bins of truth pHT
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Fig. 5 Ranking of the 20
modelling and experimental
systematic uncertainties with the
largest post-fit impact on the
inclusive cross-section. The
empty (filled) blue rectangles
correspond to the pre-(post-)fit
impact on σt t̄ H /σ SM and refer
to the upper scale of the plot.
The impact of each nuisance
parameter, 	σt t̄ H /σ SM, is
computed by comparing the
nominal best-fit value of
σt t̄ H /σ SM with the result of the
fit when fixing the considered
nuisance parameter to its best-fit
value, θ̂ , shifted by its pre-fit
(post-fit) uncertainties ±	θ

(±	θ̂ ). The black markers show
the pulls of the nuisance
parameters relative to their
nominal values, θ0 = 0. The red
marker shows the pull of the
t t̄ + ≥ 1c normalisation factor
in the dilepton channel relative
to its nominal value, θ0 = 1. No
pre-fit uncertainty is defined for
the normalisation factor as it is a
free parameter of the fit. The
pulls and their relative post-fit
errors, 	θ̂/	θ , refer to the
lower scale of the plot

Fig. 6 Post-fit summary of the yields in the (a) dilepton and (b) single-lepton signal regions, with all regions aggregated into a single bin each.
The uncertainty band includes all uncertainties and their correlations
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Table 6 A list of the absolute and relative uncertainties in the measured
σt t̄ H grouped in categories. The contributions from different sources of
uncertainty are evaluated after the fit. The quoted values are obtained
by repeating the fit, while fixing the set of nuisance parameters of the
sources corresponding to each category to their best-fit values, and sub-
tracting in quadrature the resulting uncertainty from the total uncertainty
of the nominal fit presented in the last row. The total uncertainty is differ-
ent from the sum in quadrature of the different components due to cor-

relations between nuisance parameters in the fit. The t t̄ H and t t̄ +≥ 1b
radiation uncertainty categories include the renormalisation and fac-
torisation scales, ISR and FSR uncertainties. The “t t̄ H theory” cate-
gory includes STXS-related theoretical uncertainties and uncertainty in
the H → bb̄ branching fraction. The “Minor background modelling”
category includes uncertainties in the fake-lepton background and in
minor backgrounds as defined in the text. The total statistical uncer-
tainty includes uncertainties in the normalisation factors

Uncertainty source 	σt t̄ H (fb) 	σt t̄ H /σt t̄ H (%)

Process modelling

t t̄ H modelling

t t̄ H radiation +35 −21 +9 −5

t t̄ H parton shower +32 −19 +8 −5

t t̄ H matching <0.1 −0.3 <0.1 −0.1

t t̄ H theory +25 −17 +6 −4

t t̄ + ≥ 1b modelling

t t̄ + ≥ 1b radiation ±31 ±8

t t̄ + ≥ 1b parton shower ±29 ±7

t t̄ + ≥ 1b matching ±19 ±5

t t̄ + ≥ 1c modelling ±18 ±4

t t̄ + light modelling ±5 ±1

tW modelling ±16 ±4

Minor background modelling ±19 ±5

Flavour tagging ±36 ±9

Jet modelling ±22 ±5

Monte-Carlo statistics ±17 ±4

Other instrumental ±10 ±2

Total systematic uncertainty +85 −75 +21 −18

Normalisation factors ±21 ±5

Total statistical uncertainty ±54 ±13

Total uncertainty +101 − 92 +25 − 22

Fig. 7 Post-fit summary of the yields in the (a) dilepton and (b) single-lepton control regions, with all regions aggregated into a single bin each.
The uncertainty band includes all uncertainties and their correlations
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Fig. 8 Post-fit data/prediction comparisons of the signal region dis-
tributions entering the fit in the single-lepton channel. The discrimi-
nants are rescaled to lie between zero and one using a logistic func-
tion. The signal and background normalisation parameters and the nui-

sance parameters are set to their best-fit values. The uncertainty band
includes all uncertainties and their correlations. For the reconstructed
Higgs boson pT in the boosted signal region, the first (last) bin includes
the underflow (overflow) contributions
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Fig. 9 Post-fit data/prediction comparisons of the signal region distri-
butions entering the fit in the dilepton channel. The discriminants are
rescaled to lie between zero and one using a logistic function. The signal

and background normalisation parameters and the nuisance parameters
are set to their best-fit values. The uncertainty band includes all uncer-
tainties and their correlations

this, the probability that the current result is compatible with
the result of Ref. [20] is estimated as 21%.

Figure 3 shows the measured values of σt t̄ H/σ SM in bins
of the Higgs boson pT, obtained from a combined profile-
likelihood fit to data with a free t t̄ H signal strength param-
eter for each bin. The result of this measurement is com-
patible with the SM prediction with a p-value of 89%, tak-
ing into account theoretical uncertainties in the SM t t̄ H
cross-section. The measured value of the inclusive signal
strength is also shown. The measurement of σt t̄ H/σ SM in
the [300, 450) GeV and [450, ∞) GeV pHT bins is limited
by statistical uncertainties. In the remaining bins, there is
a similar contribution from statistical and systematic uncer-
tainties. Defining boosted regions improves sensitivity in the

[450, ∞) GeV pHT bin by about 15%, compared with the
scenario where only the resolved event selection is applied
to these events. The correlations between the parameters of
interest are shown in Fig. 4. They do not exceed 30% and
are larger in the lower Higgs boson transverse momentum
region.

The fitted values of t t̄ + jets background normalisation
factors are consistent with those obtained in the fit with a
single μt t̄ H parameter shown in Table 5.

The absolute and relative systematic uncertainties in the
measurement of σt t̄ H , grouped in categories, are shown in
Table 6, and the effect of individual nuisance parameters
ranked according to their impact on the inclusive σt t̄ H/σ SM is
shown in Fig. 5. The largest impact originates from the signal
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Fig. 10 Post-fit data/prediction comparisons of the control region dis-
tributions entering the fit in the single-lepton channel. The discrimi-
nants are rescaled to lie between zero and one using a logistic func-
tion. The signal and background normalisation parameters and the nui-

sance parameters are set to their best-fit values. The uncertainty band
includes all uncertainties and their correlations. For the reconstructed
Higgs boson pT in the boosted control region, the first (last) bin includes
the underflow (overflow) contributions
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Fig. 11 Post-fit data/prediction comparisons of the control region dis-
tributions entering the fit in the dilepton channel. The discriminants are
rescaled to lie between zero and one using a logistic function. The signal

and background normalisation parameters and the nuisance parameters
are set to their best-fit values. The uncertainty band includes all uncer-
tainties and their correlations
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modelling, followed by the t t̄+≥ 2b background modelling.
In both cases, the dominant effects arise from the modelling
of the FSR and the choice of the PS model. Among the exper-
imental uncertainties, the largest effects come from the b-jet
tagging and the jet energy scale.

Among the eight highest ranked nuisance parameters in
Fig. 5, the largest constraints are observed for the t t̄ + ≥ 2b
uncertainties arising from the dipole shower model and the
choice of matching algorithm. These constraints predomi-
nantly originate from the single-lepton channel, and more
specifically the SRs and the t t̄+≥ 2b CR where the t t̄+≥ 2b
background contribution is large. The constraints are more
pronounced when the t t̄ + ≥ 2b CR is split into three in the
single-lepton channel to better control the t t̄ + ≥ 2b back-
ground modelling in bins of the reconstructed Higgs boson
pT.

The observed yields in all signal and control regions are
compared to the post-fit predictions in Figs. 6 and 7. In
each region, all bins are aggregated into a single bin. Fig-
ures 89 and 10 11 show a more detailed comparison in the
single-lepton (dilepton) signal and control regions. The sig-
nal and background predictions in all post-fit distributions
are obtained by setting the free parameters and the nuisance
parameters to their best-fit values. In all post-fit plots, the
uncertainty band includes all uncertainties and their correla-
tions. The discriminant output in the plots is rescaled to be
between zero and one using a logistic function.

The global goodness of fit [109,110] is 87% for the
σt t̄ H/σ SM measurement in pHT bins, highlighting that good
post-fit modelling is achieved.

Figure 12 shows the event yield in data compared with the
post-fit signal (S) and total background (B) predictions. It is
ordered by the signal-to-background ratio of the bins from all
the fitted regions. The predictions are shown for the best-fit
signal strength and for the SM prediction. The observed data
shows an excess over the background compatible with the
best-fit signal strength μt t̄ H = 0.81 in the high log10 (S/B)

region.

9 Conclusion

The associated production of a Higgs boson with a pair of top
quarks was measured in the H → bb̄ decay channel, using
the full Run 2 proton–proton collision dataset collected at√
s = 13 TeV by the ATLAS detector at the LHC, cor-

responding to 140 fb−1. The measurement uses final states
containing one or two leptons. The measured inclusive cross-
section assuming a Higgs boson mass of 125.09 GeV is
411 ± 54(stat.) +85

−75(syst.) fb with a relative uncertainty of

Fig. 12 Observed and expected event yields as a function of
log10 (S/B), where S and B are the post-fit signal and total back-
ground yields, respectively. The bins in all fitted regions are ordered
and grouped in bins of log10 (S/B). The signal is shown for the best-fit
signal strength, μ = 0.81, or the SM prediction, μ = 1.0. The lower
panel shows the ratio of the data to the post-fit background prediction,
compared with the signal-plus-background prediction with the best-
fit signal strength and the SM prediction. The shaded band represents
the total uncertainty in the background prediction. The first (last) bin
includes the underflow (overflow) contributions

24%, consistent with the SM prediction. The measurement
is dominated by the systematic uncertainties arising from the
t t̄ H signal modelling followed by the t t̄ + jets background
modelling. The observed (expected) significance of the t t̄ H
signal relative to the SM background-only hypothesis is 4.6
(5.4) standard deviations. The cross-section measurement is
also performed in six bins of pHT in the STXS framework
with the highest bin probing Higgs bosons with pHT above
450 GeV. The uncertainty in the measurement for pHT above
300 GeV is dominated by the limited number of data events.

With respect to the previous iteration of the analysis, this
measurement profits from looser selection requirements and
improved b-jet identification that increase the t t̄ H signal
acceptance. Control regions enriched in each of the t t̄ + jets
components are defined based on a more powerful multi-
class neural network. Together with data-driven modelling
corrections for the t t̄ + ≥ 1c and t t̄ + light components,
and a dedicated MC simulation and systematic model for the
t t̄ + ≥ 1b component, they provide improved signal sensi-
tivity and better control over the background, such that the
modelling uncertainty in t t̄ +≥ 1b is no longer the dominant
contribution to the total systematic uncertainty.

This analysis is the most precise t t̄ H cross-section mea-
surement in a single decay channel, inclusively and in each
pHT bin.
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1 Introduction

The discovery of a particle with properties consistent with the Higgs boson [1, 2] of the
Standard Model (SM) in 2012 by the ATLAS and CMS experiments [3, 4] opened a new
field of exploration in the realm of particle physics. Studying the Higgs-boson couplings
is essential to test whether the observed particle corresponds to the Higgs boson predicted
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by the SM. In the SM, the strength of these interactions with other elementary particles
is proportional to their masses (or masses squared).

Specifically, the Higgs boson interacts with fermions via Yukawa couplings [5]. Among
these, the Yukawa coupling to the top quark, yt, is of special interest as it is the largest with
a value close to unity. Given its large value, yt plays a crucial role in radiative corrections
to the Higgs potential [6, 7], influencing the shape of the potential and, consequently, the
stability of the electroweak (EW) vacuum [8]. In addition, it significantly affects the running
of SM parameters, impacting the scale at which new physics might appear [7]. For all these
reasons the Yukawa coupling of the Higgs boson to the top quark is considered a good probe
for new physics. In particular, the study of its charge-conjugation and parity (CP) properties
could provide insight into the observed baryon asymmetry of the universe [9–11].

The magnitude of yt can be determined indirectly from Higgs-boson production via a
top-quark loop or directly through cross-section measurements of top-quark pair production
in association with a Higgs boson (ttH ). The ttH production process was observed [12, 13]
in 2018. The production cross-section of the Higgs boson in association with a single top
quark is sensitive to both the magnitude of yt and its sign [14–18]. While the sign of yt is
not defined in an absolute sense, it is instead defined relative to the coupling strength of
the W boson to the Higgs boson. In the following, this relative-sign convention is adopted
throughout, and the sign of yt is referred to accordingly, without explicitly restating its
dependence on the W -boson coupling. Measurements of Higgs-boson processes conducted
by the ATLAS and CMS Collaborations, such as the Higgs-boson decay into photon pairs
(H → γγ) [19, 20], provide insight into the sign of the yt coupling. Similar information comes
from the combination of other Higgs-boson measurements. These include the simplified
template cross-section (STXS) combination for gluon-gluon fusion (ggF), vector-boson fusion
(VBF), and associated production with vector bosons (V H , where V refers to the W and
Z bosons) or ttH in different decay channels [21, 22]. These measurements probe indirect
effects in loop interactions and currently disfavour a negative value of the coupling [23], under
the assumption that only SM particles contribute to the loops.

Higgs-boson production in association with a single top quark occurs via the EW
interaction through three distinct production modes: t-channel (tHq), tW H and s-channel [24,
25]. The main production mode in proton-proton (pp) collisions at the Large Hadron Collider
(LHC) [26] is the tHq process, followed by the associated tW H process and the s-channel.
In this paper, the tHq and tW H processes are collectively referred to as tH production and
are the ones used for the measurements presented, while s-channel production is neglected
due to its extremely low production cross-section (3% of the total tH cross-section).

In the tHq process, an incoming light-flavour quark (i.e. up-type quark or down-type
antiquark) from one of the colliding protons interacts with a b-quark by exchanging a space-
like virtual W boson. The origin of the b-quark depends on the flavour scheme (FS) used in
the calculation: in the five-flavour scheme (5FS), it is treated as a massless parton originating
from the proton sea, while in the four-flavour scheme (4FS), where b-quarks are not included
in the proton parton distribution functions (PDFs), it arises from gluon splitting into a bb
pair [27–29]. In the tW H process, a gluon from one of the protons interacts with a b-quark
from the other proton or from gluon splitting, via the exchange of a time-like virtual top
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Figure 1. Representative dominant Feynman diagrams for (a) tH q and (b) tW H production at LO,
in the 4FS. The tH q event topology (a) is characterised by two heavy objects, the top quark and the
Higgs boson plus an energetic light-flavour quark (dominantly a u-quark), referred to as the spectator
quark, and an extra soft b-quark from gluon splitting. The tW H event topology (b) is characterised
by three heavy objects, the top quark, the Higgs boson and a W boson and an extra soft b-quark
from gluon splitting.

quark t. Two examples of dominant leading-order (LO) Feynman diagrams for the tHq and
tW H processes, both in the 4FS, are shown in figure 1.

Under the SM hypothesis (κt = yt/ySM
t = +1), the interference between diagrams

in which the Higgs boson couples to the top quark and those where it couples to the W
boson is destructive, leading to a strongly suppressed cross-section. In contrast, in scenarios
beyond the SM, such as those involving CP-even and CP-odd admixtures in the top-quark
Yukawa coupling structure, the relative sign between the Higgs-boson couplings to the top
quark and the W boson can be altered, enhancing the tH cross-section up to an order of
magnitude [24, 25]. The maximum enhancement occurs when κt = −1, corresponding to
fully constructive interference between the contributing diagrams.

The tHq event topology is characterised by two heavy objects, a top quark and a Higgs
boson, which is radiated from the latter, plus an energetic light-flavour quark (dominantly a
u- or d̄-quark), known as the spectator quark, and an extra soft b-quark from gluon splitting.
The top-quark and Higgs-boson systems are produced in the central part of the detector
recoiling against each other. The production of tW H is characterised by three heavy objects,
the top quark, a W boson, a Higgs boson that is radiated from one of these two particles
and an extra soft b-quark from gluon splitting. This event topology closely resembles ttH
production and has an identical final state.

The CMS Collaboration searched for tHq + tW H production in pp collisions at a centre-
of-mass energy of

√
s = 13 TeV with an integrated luminosity of 35.9 fb−1 [30]. The observed

cross-section limits are 1.94 pb for the SM and 0.74 pb for the inverted top-quark Yukawa
coupling (ITC) (i.e. sign(yt) = κt = −1) hypothesis. More recently, using the full Run-2
dataset, the CMS Collaboration reported updated ttH and tHq + tW H results in the multi-
lepton and bb final states in ref. [31] and ref. [32], respectively. In the multi-lepton final state,
the measured signal strength is µtHq+tW H = 5.7 ± 2.7 (stat.) ± 3.0 (syst.). In the bb final
state, the observed upper limit relative to the SM prediction is 14.6 at 95% confidence level.
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The analysis presented in this paper uses an integrated luminosity of 140 fb−1of data
collected with the ATLAS detector at

√
s = 13 TeV between 2015 and 2018 at the LHC. The

search targets signatures that are primarily sensitive to H → bb, H → WW ∗, H → ZZ∗

and H → ττ decays. Backgrounds are estimated with a combination of simulation and
data-driven techniques, and a global fit in all final states is used to extract the best estimate
for the tH production rate under both the SM and ITC hypotheses.

2 Analysis strategy

The search described in this paper considers three mutually orthogonal final states, hereafter
referred to as channels, distinguished by the number of light-flavour leptons (ℓ), i.e. electron
(e) or muon (µ):

• one lepton (H → bb̄);

• two same-charge leptons (2ℓ SS);

• three leptons (3ℓ).

Events with τ -leptons decaying into an electron or a muon are part of selection, while events
containing hadronically decaying τ -leptons (τhad) are vetoed in all three channels.

Each channel targets different Higgs-boson decay modes. The H → bb̄ channel is most
sensitive to the H → bb decay, while the 2ℓ SS and 3ℓ channels mostly probe H → W W ∗.
In the 2ℓ SS and 3ℓ channels, subleading contributions arise from H → ττ and from H →
ZZ ∗ decays.

These three channels are characterised by different background compositions, therefore
they are analysed and fitted separately and combined afterwards.Each channel defines multiple
analysis regions: signal regions (SRs), which are enriched in signal events, and control regions
(CRs), which are designed to constrain the dominant background contributions. In the
H → bb̄ channel, two regions are defined: one SR targeting the signal, and a CR dedicated to
top-quark pair (tt ) production in association with b-jets, denoted CR(tt+ ≥ 1b). In both the
2ℓ SS and 3ℓ channels, five regions are defined: one SR, three CRs to constrain backgrounds
from non-prompt and fake leptons, and one CR targeting the associated production of a
W boson with a top-quark pair (ttW ).

To enhance signal-to-background separation, all channels employ multivariate analysis
techniques, specifically Boosted Decision Trees (BDTs). These methods are used both to
discriminate signal from background and to separate different background components to
better constrain them, as well as to define the analysis regions. Details are provided in
section 6.

A profile likelihood fit, implemented using the TRExFitter framework [33], is used to
simultaneously extract the signal strength, µtH , and the normalisations of the dominant
backgrounds in each channel. The signal strength is first fitted separately in each channel,
and then in a combined fit.

The manuscript is structured as follows: section 3 describes the ATLAS detector, while
details of the data and MC simulated event samples used in the analysis are provided in
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section 4. Section 5 outlines the object definitions. The event selection, multivariate analysis
techniques, and analysis region definitions for each channel are presented in section 6, while
section 7 describes the background estimates and its results. All uncertainties considered
in this measurement are discussed in section 8. The resulting constraints on the signal
process in both the SM and ITC scenarios are shown in section 9, for each channel and their
combination. Finally, the conclusions are presented in section 10.

3 ATLAS detector

The ATLAS detector [34] at the LHC covers nearly the entire solid angle around the collision
point.1 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 of |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 the LHC Run 2 [35, 36]. 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.

1ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the
centre of the detector and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the
LHC ring, and the y-axis points upwards. Cylindrical coordinates (r, ϕ) are used in the transverse plane, ϕ

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

√
(∆η)2 + (∆ϕ)2.
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The luminosity is measured mainly by the LUCID-2 [37] 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 [38].
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 [39] 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

4.1 Data event samples

This analysis uses data from pp collisions at
√

s = 13 TeV collected with the ATLAS detector
at the LHC during 2015–2018. Stringent detector and data-quality requirements were
applied [40], resulting in a data sample corresponding to a total integrated luminosity of
140 fb−1. The events were selected by single-lepton triggers with variable electron and
muon transverse momentum (pT) thresholds, and various identification and isolation criteria
depending on the lepton flavour and the data-taking period [41, 42]. The lowest pT threshold
at trigger level used for electrons was 24 GeV (26 GeV), while for muons the threshold was
20 GeV (26 GeV) in 2015 (2016–2018).

4.2 Simulated event samples

Samples of simulated events were produced using different Monte Carlo (MC) event generators
including parton shower (PS) and hadronisation models for both signal and background
processes. The effect of multiple interactions in the same and neighbouring bunch crossings
(pile-up) was modelled by overlaying the hard-scattering event with simulated minimum-bias
events generated with Pythia 8.186 [43, 44] using the NNPDF2.3LO set of PDFs [45] and the
A3 set of tuned parameters (A3 tune) [46]. Events were reweighted such that the distribution
of the average number of interactions per bunch crossing matches that observed in data.

Table 1 presents a summary of all configurations used to generate events for signal (tHq
and tW H ) and background processes, for both nominal and alternative simulated samples. In
all simulated signal and background samples, the top-quark mass was set to mtop = 172.5 GeV
and the Higgs-boson mass to mH = 125.0 GeV. Moreover, the strong coupling constant was
set to αs = 0.118 [47] at the reference scale of the Z -boson mass. These values are also used
in the computation of production cross-sections for processes involving these particles. The
bottom and charm hadron decays were simulated with EvtGen [48] for all event samples,
except those generated with Sherpa.

Systematic uncertainties from different modelling choices are evaluated by comparing
alternative simulated samples to the nominal ones. These alternative samples are generated
either through reweighting or with dedicated event generators. Each variation is applied
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Process Generator ME order Parton shower PDF set Tune
tHq MG5_aMC NLO Pythia 8 NNPDF3.0nlo A14

(MG5_aMC) (NLO) (Herwig 7) (NNPDF3.0nlo) (Herwig 7.1)
tW H MG5_aMC NLO Pythia 8 NNPDF3.0nlo A14

(MG5_aMC) (NLO) (Herwig 7) (NNPDF3.0nlo) (Herwig 7.1)
tt Powheg Box NLO Pythia 8 NNPDF3.0nlo A14

(Powheg Box) (NLO) (Herwig 7) (NNPDF3.0nlo) (Herwig 7.1)
(Powheg Box) (NLO) (Pythia 8) (NNPDF3.0nlo) (A14 p

hard
T )

(MG5_aMC) (NLO) (Pythia 8) (NNPDF3.0nlo) (A14)
tt + bb (Powheg Box Res) (NLO) (Pythia 8) (NNPDF3.0nlo) (A14)
ttH Powheg Box NLO Pythia 8 NNPDF3.0nlo A14

(Powheg Box) (NLO) (Herwig 7) (NNPDF3.0nlo) (Herwig 7.1)
(MG5_aMC) (NLO) (Pythia 8) (NNPDF3.0nlo) (A14)

ttW Sherpa 2.2.10 NLO QCD+EW Sherpa NNPDF3.0nnlo default
(MG5_aMC) (NLO QCD+EW) (Pythia 8) NNPDF3.0nnlo (A14)

ttW (EW) Sherpa 2.2.10 LO Sherpa NNPDF3.0nnlo default
(MG5_aMC) (LO) (Pythia 8) (NNPDF3.0nlo) (A14)

ttZ MG5_aMC NLO Pythia 8 NNPDF3.0nlo A14
(Sherpa 2.2.10) (LO) (Sherpa) (NNPDF3.0nnlo) (default)
(MG5_aMC) (NLO) (Herwig 7) (NNPDF3.0nlo) (Herwig 7.1)

Single top quark Powheg Box NLO Pythia 8 NNPDF3.0nlo A14
(t-ch., tW , s-ch.)

(Powheg Box) (NLO) (Herwig 7) (NNPDF3.0nlo) (Herwig 7.1)
(MG5_aMC) (NLO) (Herwig 7) (NNPDF3.0nlo) (Herwig 7.1)

V + jets Sherpa 2.2.1 MEPS@NLO Sherpa NNPDF3.0nlo default
V V , qqV V Sherpa 2.2.2 MEPS@NLO Sherpa NNPDF3.0nnlo default

(Powheg Box) (NLO) (Pythia 8) (NNPDF3.0nlo) (A14)
V V V Sherpa 2.2.2 MEPS@NLO Sherpa NNPDF3.0nnlo default
tZ MG5_aMC NLO Pythia 8 NNPDF3.1nlo A14
tW Z MG5_aMC NLO DR1 Pythia 8 NNPDF2.3lo A14

(MG5_aMC) (NLO DR2) (Pythia 8) NNPDF2.3lo (A14)
tt̄t, tt̄tt̄ MG5_aMC QCD NLO Pythia 8 NNPDF3.1nlo A14
ggH, qqH Powheg Box QCD NLO Pythia 8 CTEQ6L1 AZNLO
W H, ZH Pythia 8 QCD NLO Pythia 8 NNPDF2.3lo A14

Table 1. The configurations used to generate events for signal (tH q and tW H ) and background
processes. The simulation samples used to estimate the systematic uncertainties are shown in
parentheses and in grey.

independently, unless explicitly stated otherwise, to ensure a consistent evaluation of its
individual impact on the analysis.

4.2.1 Simulated signal event samples

The production of a Higgs boson with a single top quark in the t-channel, tHq, was modelled
using MadGraph5_aMC@NLO 2.6.2 [49] with matrix elements (MEs) at next-to-leading-
order (NLO) accuracy in QCD in the 4FS using the NNPDF3.0nlo nf4 [50] PDF set.
The renormalisation (µr) and factorisation (µf) scales were set to 0.5 ×

∑
i

√
m2

i + p2
T,i,

summing over all ME-generated particles with mass m and transverse momentum pT.
Events were interfaced with Pythia 8.230 using the A14 set of tuned parameters (A14
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tune) [51] and the NNPDF2.3LO PDF set. The simulated tHq signal samples were
normalised to the NLO QCD theory prediction without NLO EW corrections at

√
s = 13 TeV

and in the 5FS of 74.3+6.5%
−14.9% (QCD) ± 3.7% (PDF+αs) fb [52, 53]. The PDF and αs

uncertainties are calculated using the PDF4LHC15_nlo_30_pdfas PDF sets [54] and
added in quadrature. The QCD uncertainty is computed from a combination of QCD
scale variations and the difference of predictions in the 4FS and 5FS schemes, using the
PDF4LHC15_nlo_nf4_100 PDF (central) set.

The associated production of a Higgs boson with a single top quark, tW H , was modelled
using MadGraph5_aMC@NLO 2.8.1 with MEs at NLO accuracy in QCD in the 5FS
using the NNPDF3.0NLO PDF set. The functional forms of the µr and µf scales were set
the same as for the tHq simulation sample. The diagram-removal (DR) scheme (DR1) [55]
was employed to remove the overlap between tW H and ttH simulation samples [56]. The
events were interfaced with Pythia 8.245 using the A14 tune and the NNPDF2.3lo PDF
set. The simulated tW H signal samples were normalised to the NLO QCD theory prediction
in the 5FS [52, 53] and using the DR2 scheme [25] to handle the overlap between the
tW H and ttH processes. At

√
s = 13 TeV the predicted cross-section is σ(tW H )NLO =

15.2+4.9%
−6.7% (QCD scale) ± 6.3% (PDF+αs) fb [52, 53].
To assess the modelling uncertainty due to the choice of the PS and hadronisation model,

alternative event samples were produced for signal processes. Both tHq and tW H processes
were produced using MadGraph5_aMC@NLO with the nominal set-up but interfaced with
Herwig 7.1.6 [57, 58] using the MMHT2014nnlo [59] PDF set, with the Herwig 7.1 default
set of tuned parameters (Herwig 7.1 tune) [58]. Moreover, simulated signal samples for both
tHq and tW H with the ITC hypothesis were produced using similar set-ups as the ones used to
produce SM simulated samples. In this case, the samples were normalised to the cross-section,
for pp collisions at

√
s = 13 TeV, of σ(tHq)κt = −1

NLO = 873 fb and σ(tW H )κt = −1
NLO = 114 fb,

respectively. For both nominal and ITC simulated signal samples, alternative variations of µr
and µf scales and initial-/final-state radiation (ISR/FSR) were produced within the nominal
set-up (i.e. MadGraph5_aMC@NLO +Pythia 8) as reweighted events.

4.2.2 Simulated background event samples

The production of tt events were modelled using Powheg Box v2 [60–63] at NLO QCD
in 5FS with the NNPDF3.0NLO PDF set. In this case, the hdamp parameter2 was set
to 1.5 × mtop [56]. Events were interfaced with Pythia 8.230 using the A14 tune and the
NNPDF2.3LO PDF set. The simulated samples are normalised to the theory prediction at
next-to-next-to-leading-order (NNLO) in QCD including the resummation of next-to-next-to-
leading logarithmic (NNLL) soft-gluon terms calculated using Top++2.0 [64–70], equals to
834+29

−37 pb, where the uncertainty is the sum in quadrature of scale, PDF and αs uncertainties.
A series of alternative tt simulated event samples were produced to evaluate the impact

of modelling uncertainties. The effect of the choice of the PS and hadronisation model is
quantified by comparing the nominal simulation with one produced using the same ME
generator but interfaced with Herwig 7.1.6. To evaluate the impact of the choice of the NLO

2The hdamp parameter controls the pT of the first additional emission beyond the LO Feynman diagram in
the PS and therefore regulates the high-pT emission against which the tt system recoils.
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matching scheme two samples were produced: one where the parameter phard
T , which regulates

the definition of the vetoed region of the Pythia 8 showering [71], was halved, and other
event sample generated by MadGraph5_aMC@NLO and matched to Herwig 7. Moreover,
to assess the choice of the value of the hdamp parameter, alternative simulated samples
generated using the nominal set-up but with hdamp = 3.0 × mtop were considered. A 4FS
tt +bb simulated sample was produced using Powheg Box Res with the OpenLoops [72–74]
library and the NNPDF3.1nnlo nf4 PDF set, interfaced with Pythia 8.244. The simulation
used a b-quark mass of 4.95 GeV and dynamic scales µf set to 0.5×∑

i=t,t̄,b,b̄,j mT,i and µr set
to 0.5 × 4

√
mT,t · mT,t̄ · mT,b · mT,b̄, where mT,i =

√
m2

i + p2
T,i denotes the transverse mass of

particle i. The hdamp parameter was defined as 0.5 ×
∑

i=t,t̄,b,b̄ mT,i, and the parameter hbzd
was set to 5. Here, hbzd controls the suppression of the Born-zero configurations in Powheg.
This sample is considered to evaluate the impact of using the 4FS instead of the 5FS and
also the effect of generating additional b-quarks explicitly at NLO in the ME in the 4FS, as
opposed to their approximate treatment via the PS in the 5FS set-up.

The ttH events were simulated using Powheg Box v2 at NLO accuracy in QCD in 5FS
with the NNPDF3.0NLO PDF set, and with µr and µf scales set to 3

√
mT,t · mT,t̄ · mT,H [75].

Events were interfaced with Pythia 8.230 using the A14 tune and the NNPDF2.3LO
PDF set. The NLO QCD+EW cross-section at

√
s = 13 TeV is 507+35

−50 fb [52], where the
uncertainties were estimated from variations of αs and the µr and µf scales. Additional
variations use event weights for QCD scales and radiation, with an alternative PS simulated
sample using Herwig 7.04.

The ttW events were produced using Sherpa 2.2.10 [76] at NLO (LO) accuracy in
QCD for up to one (two) additional partons. The NNPDF3.0nnlo PDF set was used
along with the dedicated set of tuned PS parameters developed by the Sherpa authors.
In addition, EW corrections were also produced with Sherpa 2.2.10 at LO accuracy for
up to one additional parton. The ttW cross-section is calculated at NLO QCD with up
to two additional partons using an improved MadGraph5_aMC@NLO FxFx merging
procedure [77, 78] and combines it with leading O(α2α2

s) and subleading O(α3αs) NLO EW
corrections. This calculation also includes on-shell LO decays of the ttW including the
tree-level spin correlations within the narrow-width approximation. At

√
s = 13 TeV, this

yields 722+70
−78 (scale)+7

−7 (PDF) fb [78]. The choice of the NLO matching scheme was evaluated
using an alternative simulated sample produced with MadGraph5_aMC@NLO 2.3.3 with
the FxFx [77] merging scheme simulated samples including EW corrections.

The associated production of the Z boson with a top-quark pair (ttZ ) was simulated
using MadGraph5_aMC@NLO 2.3.3 at NLO QCD with the NNPDF3.0nlo PDF set,
interfaced with Pythia 8.210 using the A14 tune and the NNPDF2.3lo PDF set. The
ttZ cross-section, including off-shell effects and Z/γ∗ interference, was calculated at NLO
QCD+EW as 0.88+0.09

−0.10 pb [52, 79], where the uncertainties were estimated from variations
of αs and the µr and µf scales. The choice of the NLO matching scheme was evaluated
using an alternative simulated sample produced with Sherpa 2.2.0 at LO accuracy along
with the NNPDF3.0nnlo PDF set, using the MEPS@LO prescription [80], with up to one
additional parton for the tt̄Z(→ ℓℓ) sample and two additional partons for the tt̄Z(→ qq)
and tt̄Z(→ νν) samples.
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All single top-quark events were generated with Powheg Box v2 at NLO in QCD with
either the NNPDF3.0nlo nf4 or NNPDF3.0nlo PDF sets, with µf and µr scales set to√

m2
b + p2

T,b [81, 82]. The t-channel was produced considering the 4FS, while the s-channel
and associated tW processes used the 5FS. The latter process also employed the DR1 scheme
to remove the overlap between tW and tt [56]. Events were interfaced with Pythia 8.230
using the A14 tune and the NNPDF2.3lo PDF set. Systematic variations include QCD
µr and µf scales and radiation uncertainties, alternative PS using Powheg Box v2 with
Herwig 7.16, and matching scheme uncertainties using MadGraph5_aMC@NLO 2.6.2
with Herwig 7.16 and the MMHT2014nnlo PDF set. For associated tW , an additional
simulated sample using the diagram subtraction (DS) scheme was produced to evaluate
the tt interference uncertainties.

The production of single-boson (V + jets), diboson (V V ), and triboson (V V V ) processes
were simulated using either Sherpa 2.2.1 or Sherpa 2.2.2, with varying levels of QCD
accuracy depending on the process. The NNPDF3.0nnlo PDF set was used along with
a dedicated set of Sherpa-tuned PS parameters. For the V + jets processes, MEs were
generated at NLO (LO) accuracy in QCD for up to two (four) partons, using the Comix
library [83]. Simulated samples were normalised to NNLO predictions [84]. For the V V

processes, MEs accounted for off-shell effects and included Higgs-boson contributions where
relevant. Fully leptonic and semileptonic final states, where one boson decays leptonically
and the other hadronically, were simulated at NLO (LO) accuracy in QCD for up to one
(three) additional partons. Loop-induced processes gg → V V were generated at LO accuracy
in QCD with up to one additional parton, for both fully leptonic and semileptonic final states.
The EW production of a V V pair in association with two jets (V V jj) was simulated at LO
accuracy in QCD. For the V V V processes, MEs were generated with factorised gauge-boson
decays at NLO accuracy in QCD for the inclusive process and at LO accuracy in QCD for
up to two additional parton emissions. In all cases, NLO MEs were matched to PS using
a colour-exact variant of the MC@NLO algorithm [85]. Different jet multiplicities were
merged via the CKKW matching procedure [86, 87], extended to NLO QCD accuracy through
the MEPS@NLO [80] prescription, with a merging threshold set to 20 GeV. Leading-order
MEs were merged using the MEPS@LO prescription. These calculations were performed
in the Gµ scheme, which uses the Fermi constant as input, ensuring an optimal description
of pure EW interactions at the EW scale.

To assess modelling uncertainties, scale uncertainties were evaluated using seven µr and
µf variations (by factors of 0.5 and 2) as event weights. Furthermore, in the particular case of
the V V processes, alternative event simulated samples were produced to evaluate the impact
of different ME, PS, and hadronisation models by comparing the nominal diboson Sherpa
event samples with Powheg Box v2 simulations of WW , WZ, and ZZ [88] processes at
NLO accuracy in QCD. The effects of singly resonant amplitudes and interference due to
Z/γ∗ exchange, as well as same-flavour lepton combinations in the final state, were included
where relevant. However, WW/ZZ interference in same-flavour lepton and neutrino final
states was neglected. Events were interfaced with Pythia 8.186 using the AZNLO set of
tuned parameters (AZNLO tune) [89]. The CT10 PDF set [90] was used for hard-scattering
calculations, while the CTEQ6L1 [91] PDF set was applied for PS. The µf and µr scales
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were set to the boson-pair invariant mass, with a requirement of mℓℓ > 4 GeV at the ME
level for same-flavour lepton pairs.

The tZq event sample was simulated using MadGraph5_aMC@NLO 2.3.3 at NLO
accuracy in QCD in the 4FS with the NNPDF3.0nlo PDF set. The events were interfaced
with Pythia 8.230 using the A14 tune and the NNPDF2.3lo PDF set. Off-resonance events
away from the Z -mass peak were included. The functional form of the µr and µf scales was
set to 4

√
m2

b + p2
T,b, where the b-quark was the one produced by a gluon splitting in the

event. The uncertainty due to initial-state radiation and to higher/lower parton radiation
were estimated following exactly the same prescription as with the t-channel process.

The tW Z event production was modelled using MadGraph5_aMC@NLO 2.3.3 at
NLO QCD with the NNPDF3.0nlo PDF set in the 5FS. Events were interfaced with
Pythia 8.212, using the A14 tune and the NNPDF2.3lo PDF set. The DR1 scheme
was used to remove the overlap between the tW Z and ttZ processes. Parton radiation
uncertainties follow the same prescription as the t-channel process. An alternative DR
scheme [25] was simulated to assess systematic uncertainty.

The production of three top-quark process (tt t) events was modelled using
MadGraph5_aMC@NLO 2.2.2 with NLO accuracy in QCD interfaced with Pythia 8.186,
using the NNPDF2.3lo PDF set and the A14 tune. The production of four top-quark process
(tt tt) events was modelled using MadGraph5_aMC@NLO 2.3.3 with NLO accuracy in
QCD with the NNPDF3.1nlo PDF set. The events were interfaced with Pythia 8.230 for
the PS and hadronisation, using the A14 tune and the NNPDF2.3lo PDF set.

Four SM Higgs-boson processes are considered as minor backgrounds: gluon-gluon fusion
(ggH), VBF (qqH), and associated production with W and Z bosons (WH and ZH). The
ggH and VBF events were modelled with either Powheg Box v2 or v1 (r2856) [92, 93],
providing NLO accuracy in QCD with the CT10 PDF set. The µr and µf scales were
set to

√
m2

H + p2
T,H . These generated events were interfaced with either Pythia 8.210 or

8.186 for PS and hadronisation, using the AZNLO tune and the CTEQ6L1 PDF set. The
WH and ZH production was modelled with Pythia 8.186, using the A14 tune and the
NNPDF2.3lo PDF set.

Most of the MC simulated samples used for the nominal estimates were processed
through a simulation [94] of the ATLAS detector based on Geant4 [95], while those used
for evaluating systematic uncertainties were processed with a fast simulation [94] that relies
on a parameterisation of the calorimeter response [96]. Furthermore, fast-simulated event
samples were used for certain nominal samples, particularly for the tHq and tW H signal
processes and the tt tt background process with no loss of accuracy.

5 Object definitions

Interaction vertices from the pp collisions are reconstructed from at least two tracks in the
ID system with pT larger than 500 MeV that are consistent with originating from the beam
collision region in the x–y plane. If more than one primary vertex candidate is found in
the event, the candidate for which the associated tracks form the largest sum of squared
pT is selected as the hard-scatter primary vertex [97].
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Electron candidates are reconstructed from energy clusters in the electromagnetic
calorimeter matched to a track in the ID [98]. They are required to satisfy pT > 10 GeV
and |η| < 2.47, excluding the transition region between the endcap and barrel calorimeters
(1.37 < |η| < 1.52). Loose and Tight electron identification working points are used, based
on a likelihood discriminant employing calorimeter, tracking and combined variables that
provide separation between electrons and jets.

Muon candidates are reconstructed from tracks measured in the ID matched to tracks
measured in the MS [99, 100]. The resulting muon candidates are re-fitted using the complete
track information from both detector systems. They are required to satisfy pT > 10 GeV and
|η| < 2.5. Loose and Medium muon identification working points are used.

Electron (muon) candidates are matched to the primary vertex by requiring that the
significance of their transverse impact parameter, d0,3 satisfies |d0/σ(d0)| < 5.0 (3.0), where
σ(d0) is the measured uncertainty in d0, and by requiring that their longitudinal impact
parameter, z0 sin θ,4 satisfies |z0 sin θ| < 0.5 mm [98, 99].

To further suppress leptons from heavy-flavour hadron decays, misidentified jets, or
photon conversions (collectively referred to as “non-prompt leptons”), a BDT discriminant,
referred to as the non-prompt-lepton BDT [101], based on isolation and lifetime information
associated with a track jet that matches the selected electron or muon, is employed. The
Tight working point based on the non-prompt-lepton BDT is used, which allows prompt
muons (barrel/endcap electrons) to be selected with an efficiency that is about 60% (60%/70%)
for pT ∼ 20 GeV and reaches a plateau of 95% (95%/90%) for pT ∼ 40 (40/65)GeV, while
the rejection factor against leptons from the decay of b-hadrons is about 20.

For the 2ℓ SS channel, to further suppress electrons with incorrect charge assignment,
a BDT discriminant based on calorimeter and tracking quantities [102] is used, reducing
the signal by 1.9% and the total background by approximately 40%, both at preselection
level (see section 6.2). The electron candidates are separated into three classes: “material
conversion”, “internal conversion”, and “non-conversion” electron candidates. Most electrons
originating from photon conversions, whether from material conversions in the detector or
internal conversions, are rejected by the standard electron identification criteria. To further
suppress remaining conversion electrons in the 2ℓ SS and 3ℓ channels, additional vetoes are
applied, except in control regions specifically targeting conversion electrons (e∗). Material
conversion candidates have a reconstructed displaced vertex with radius r > 20 mm that
includes the track associated with the electron.5 The invariant mass of the associated track
and the closest (in ∆η) opposite-charge track reconstructed in the silicon detector, calculated
at the conversion vertex, is required to be < 100 MeV. Internal conversion candidates must
fail to satisfy the requirements for material conversions, and the di-track invariant mass,
calculated here at the primary vertex, is required to be < 100 MeV.

The various lepton working points used are summarised in table 2. Lepton candidates
are initially selected using relatively “Loose” criteria (labelled as L), and a subset may later

3The transverse impact parameter, d0, is defined in the x–y plane as the distance of closest approach of the
track to the beamline.

4The longitudinal impact parameter, z0, is defined as the distance in z between the primary vertex and the
point on the track used to evaluate d0.

5The beampipe and IBL inner radii are 23.5 mm and 33 mm, respectively.
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Electron Muon
Lepton definition L T L T

Identification Loose Tight Loose Medium
Transverse impact parameter < 5.0 < 3.0
significance |d0|/σd0

Longitudinal impact parameter z0 |z0 sin θ| < 0.5 mm
Isolation No Yes No Yes
(Non-prompt lepton BDT)
Electron charge-misassignment veto No Yes –
Electron conversion candidate veto No Yes (except e∗) –

Table 2. Description of the Loose (L) and Tight (T ) lepton definitions. The electron e∗ is required
to fulfil, in addition to the corresponding lepton definition requirements, those corresponding to an
internal or material conversion candidate.

be required to satisfy stricter “Tight” criteria (labelled as T ) to further optimise the event
selection. The choice of working point depends on the main background processes in each
category. The specific selections adopted for the signal and control regions are described in
section 6. The lepton working points used here (Loose and Tight) are not to be confused
with the identification working points such as Loose, Medium, and Tight.

The constituents for jet reconstruction are identified by combining measurements from
both the ID and the calorimeter using a particle flow (PFlow) algorithm [103]. Jet candidates
are reconstructed from these PFlow objects using the anti-kt algorithm [104, 105] with a
radius parameter of ∆R = 0.4. They are calibrated using simulation with corrections obtained
by using in situ techniques in data [106]. Only jet candidates with pT > 20 GeV and within
|η| < 4.5 are selected. To reduce the effect of pile-up, each jet with pT < 60 GeV and |η| < 2.4
must satisfy the Tight working point of the jet vertex tagger (JVT) [107] criteria used to
identify jets that originate from the primary vertex. Moreover, jets within 2.5 < |η| < 4.5
(hereafter called “forward jets”) and pT < 120 GeV must satisfy the Tight working point of the
forward jet vertex tagger (fJVT) [108] criteria. A set of quality criteria is also applied to reject
events containing at least one jet arising from non-collision sources or detector noise [109].

Jets containing b-hadrons are identified (b-tagged) via the DL1r [110] algorithm that uses
a deep feed-forward neural network based on the distinctive features of b-hadron decays,
primarily the impact parameters of tracks and the displaced vertices reconstructed in the ID.
Additional input to this network is provided by discriminating variables constructed by a
recurrent neutral network (RNN) [111], which exploits the spatial and kinematic correlations
between tracks originating from the same b-hadron. A multivariate b-tagging discriminant
value is calculated for each jet. In this measurement, a jet is considered b-tagged if it passes
the working point corresponding to 85%, 77%, 70%, or 60% average expected efficiency
to tag a b-quark jet, with a light-jet6 rejection factor of about 40 to 2500, and a charm-
jet (c-jet) rejection factor of about 3 to 40, as determined for jets with pT > 20 GeV and

6‘Light jet’ or ‘Light-flavour jet’ refers to a jet originating from the hadronisation of a light-flavour quark
(u, d, s) or a gluon.
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|η| < 2.5 in simulated tt events. This discrete version of the b-tagging discriminant, named
pseudo-continuous b-tagging score (PCBT), is also exploited as jet variable.

The reconstruction of the τhad is seeded by jets reconstructed via the anti-kt algorithm,
using calibrated energy clusters as inputs, with a distance parameter of ∆R = 0.4 [112–115].
Jets seeding τhad candidates are additionally required to have pT > 10 GeV and |η| < 2.5.
To separate the τhad candidates initiated by hadronic τ -lepton decays from jets initiated
by quarks or gluons, a RNN [114] identification method was trained on information from
reconstructed charged-particle tracks and clusters of energy in the calorimeter associated
with τhad candidates as well as high-level discriminating variables. A separate multivariate
discriminant based on a BDT [113, 115] is also used to reject backgrounds arising from
electrons mimicking a τhad. This discriminant (eBDT) is built using information from the
calorimeter and the tracking detector. Transition radiation information from the TRT system
plays a key role in the performance of this discriminant. Baseline τhad are required to have
one or three associated tracks, electric charge of ±1, pT > 20 GeV and |η| < 2.5, excluding
the barrel-endcap transition region. Each τhad must satisfy the Medium RNN identification
selection requirement, with efficiencies of 75% for 1-prong and 60% for 3-prong taus, and
the Loose eBDT requirement, with an efficiency of 95% [113, 115].

Ambiguities between independently reconstructed electrons, muons, jets and τhad can
arise. A sequential “overlap removal” procedure is performed to resolve these ambiguities
and thus avoid double counting of candidates. This procedure is applied to electrons and
muons satisfying the L criteria. If two electrons are separated by ∆R < 0.1, only the one
with the higher pT is kept. If an electron and a muon overlap within ∆R < 0.1, the muon is
removed if it is reconstructed only from an ID track and calorimeter energy deposits consistent
with a minimum-ionising particle (i.e. if it is “calorimeter-tagged”), otherwise the electron is
removed. If an electron and a selected jet are found within ∆R < 0.2, the jet is removed.
Any electron later found within ∆R of 0.4 of a jet is removed. Muons associated with a jet
must satisfy a jet-muon separation of ∆R < 0.4. If the overlapping jet contains less than
three tracks with pT > 500 MeV, the jet is removed, otherwise the muon is rejected. Any
τhad found within a ∆R of 0.2 of an electron is removed. Any τhad found within a ∆R of
0.2 of any type of muon with pT greater than 2 GeV is removed, although if the τhad pT is
greater than 50 GeV, it will only be removed if it is found to overlap with a reconstructed
muon. Finally, if a jet is found within a ∆R of 0.2 of a τhad, the jet is removed.

The missing transverse momentum p⃗T
miss (with magnitude Emiss

T ) is defined as the
negative vector sum of the transverse momenta of all identified and calibrated objects and
remaining unclustered energy, the latter of which is estimated from low-pT tracks associated
with the primary vertex but not assigned to any lepton or jet candidate [116]. The Emiss

T is
taken as a measurement of the undetectable particles, and is affected by energy losses due
to detector inefficiencies and acceptance, and by energy resolution.

6 Event selection and classification

Events must satisfy the single-electron or single-muon trigger requirements described in
section 4.1. Selected events are required to contain one lepton matched to the corresponding
lepton reconstructed by the trigger within ∆R < 0.15 and with pT > 27 GeV. These criteria
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ensure operation on the trigger efficiency plateau, thereby minimising the corrections needed
in simulation to reproduce the per-lepton trigger efficiencies measured in data [41, 42].

Events selected by the trigger are required to have at least one primary vertex with
at least two associated ID tracks with pT > 0.5 GeV. In each event, the primary vertex is
defined as the reconstructed vertex having the highest scalar sum of squared pT of associated
tracks [97] among the vertices consistent with the average beam-spot position. These events
are also required to contain either one lepton and at least three b-tagged jets (70% working
point), two leptons with the same electric charge or three leptons, based on the Loose lepton
definition introduced in section 5. Events containing τhad leptons are explicitly vetoed in
all three channels.

The sensitivity of the analysis relies on the discrimination provided by the multivariate
response that combines different event-based variables. In each channel, BDTs with gradient
boosting (BDTGs) are trained on simulated events in a preselection region using the XGBoost
Python package [117]. The model performance is evaluated using the hold-out method, in
which the considered data sample is randomly divided into an independent training-data
sample and a test-data sample that is used as a proxy to evaluate the performance of the
model on unseen data. In all channels, only the tHq process is considered as a signal in the
BDTG training. This decision is driven by the similarities observed between the tW H and
ttH topologies, so that including the tW H process in the training weakens the separation
between tHq and ttH and other background processes. While the tW H sample is not part
of the BDTG training, its contribution is fully accounted for in the signal yield and in the
limit setting later on. A strong separation of the signal from the ttH process leads to a
reduced interplay between ttH and the tH signal in the results.

Details on the definition of the preselection regions and the background composition are
given in the following while the yields are reported in table 3.

6.1 H → bb̄ channel

The H → bb̄ preselection region is defined by requiring the presence of exactly one Tight
lepton (electron or muon) with pT > 27 GeV. The 70% working point of the DL1r tagger is
used to select at least three b-tagged jets. All events with at least five jets and at least four
b-tagged jets are vetoed. This requirement has a negligible impact on the signal acceptance
and will help any future combination with other ttH analyses. Given the presence of one
neutrino coming from the W -boson decay, the event is expected to have a non-zero Emiss

T .
For this reason an Emiss

T >25 GeV requirement is applied.
As shown in Table 3, the main contribution to the background in the preselection region

comes from tt + jets events, constituting 90% of the expected total yield. The tt + jets events
are further classified depending on the flavour of the additional jets produced. Simulated
events where at least one of the additional jets is matched to a b-hadron are classified as
tt+ ≥ 1b (30% of the expected tt + jets yield); if no matched b-jet is found but at least one
jet is matched to a c-hadron the event is classified as tt+ ≥ 1c (17% of the expected tt + jets
yield) while all the other events are classified as tt+ ≥ 0 light (53% of the expected tt + jets
yield). The latter contribution also includes tt events with no additional jets.
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Process H → bb̄ 2ℓ SS 3ℓ

tHq 91.1± 1.7 12.41± 0.17 3.15± 0.05
tW H 37.21± 0.26 3.97± 0.09 2.36± 0.07
tt – 1430± 14 324± 6
tt+ ≥ 1b 60170± 90 – –
tt+ ≥ 1c 33585± 70 – –
tt+ ≥ 0 light 106290± 120 – –
e/µFakes 8028± 80 – –
ttH 1676.9± 1.5 126.6± 1.2 74.62± 0.25
ttW 362.0± 1.6 798.0± 2.1 205.7± 1.1
ttZ 891.0± 6 165.3± 1.0 567.8± 1.7
tZq 170.5± 1.3 88.9± 0.5 273± 0.9
tW Z 2.22± 0.22 18.73± 0.08 80.47± 0.16
Z/W +jets 4681± 34 518± 30 131± 25
VV, VVV 292± 6 298.6± 3.3 579± 4
Single-top 9331± 31 164± 4 20.1± 1.5
tt t, tt tt 8.9± 0.1 4.81± 0.06 4.88± 0.06
V H , VBFH , ggH 25.0± 0.1 19± 4 7.4± 2.8
Total 225640± 190 3650± 33 2274± 26

Table 3. Preselection region yields as predicted by the MC simulation. The uncertainty is statistical
only and the PDG rounding is applied. The tt background is split into tt+ ≥ 1b, tt+ ≥ 1c and
tt+ ≥ 0 light categories for the H → bb̄ channel only; therefore the tt contribution for this channel is
absent. Moreover, for the H → bb̄ channel only the data-driven estimate of the non-prompt and fake
leptons background is given due to lack of a MC-based estimate.

In the H → bb̄ channel, the preselected events are used to train a five-dimensional BDTG
including the categories tHq, tt+ ≥ 1b, tt+ ≥ 1c, tt+ ≥ 0 light and others. The “others”
category includes all the remaining backgrounds. A Deep Neural Network (DNN) is also
tested to validate the results obtained with the BDTG. Since the BDTG shows slightly better
performance, it is chosen for the final results.

In total, 25 variables were used in the training, such as the number of jets, the lepton
charge and flavour information, invariant mass and angular separation of various reconstructed
jets, the minimum χ2 values from reconstructing the W -bosons and top-quark masses from
their decay products under the tt+ ≥ 0 light or tt+ ≥ 1b hypotheses, as well as the pseudo-
continuous b-tagging discriminant of selected jets (see table 6). These variables are motivated
by the expected kinematic properties of the signal. The tHq topology features a forward
spectator jet from the scattered incoming light-flavour quark, a hadronically decaying top
quark, and a different multiplicity of b-jets compared to the dominant tt background. The most
important variables entering the BDTG reflect these features: the number of jets associated
with the reconstructed hadronic top quark from different tt reconstruction techniques provides
strong separation from the tt background; the lepton charge helps distinguish tHq events, as
the incoming light-flavour quark is dominantly a u-quark from one of the colliding protons,
leading mostly to positively charged top quarks (and hence positive leptons), from charge-
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Channel Region BDT score Conversion cut Jets Leptons flavour (pT ordered) Other

H → bb̄

SR
N

70
not-b < 2

— — N
jet
forward ≥ 1 — —

CR(tt+ ≥ 1b)
N

70
not-b ≥ 2

— — N
jet
forward = 0 —

2ℓ SS

SR
BDT(tHq) > 0.65
BDT(tt ) < 0.5 yes — — —
BDT(ttW ) < 0.6 and BDT(V V ) < 0.8

CR(µHF)
BDT(tHq) < 0.65
BDT(tt ) > 0.3 yes — µ µ —
BDT(ttW ) < 0.6 and BDT(V V ) < 0.9

CR(eHF)
BDT(tHq) < 0.65
BDT(tt ) > 0.3 yes — µ e, e e HT(ℓ) < 225 GeV
BDT(ttW ) < 0.6 and BDT(V V ) < 0.9

CR(econv) BDT(tt ) > 0.3 inverted — µ e, e e m(ℓℓ) < 150 GeV

CR(ttW )
BDT(ttW ) > 0.6
BDT(tt ) < 0.3 yes — — —

3ℓ

SR
BDT(tHq) > 0.7
BDT(tt ) < 0.9 yes — — —
BDT(ttW ) < 0.8

CR(µHF)
BDT(tHq) < 0.7
BDT(tt ) > 0.5 yes — µ µ µ, e µ µ, —
BDT(ttW ) < 0.8 µ e µ, e e µ

CR(eHF)
BDT(tHq) < 0.7
BDT (tt ) > 0.5 yes — µ µ e, e µ e —
BDT (ttW ) < 0.8 µ e e, e e e

CR(econv) — inverted — µ µ e, e µ e, —
µ e e, e e e

CR(ttW ) BDT(ttW ) > 0.8 yes — — —

Table 4. Regions selection requirements for H → bb̄, 2ℓ SS and 3ℓ channels. The regions are defined
using a mixture of requirements on the BDTGs outputs, the flavour of the leptons, the number of jets
and b-tagged jets, the sum of the transverse momentum of the leptons HT (ℓ), the leptons invariant
masses (m(ℓℓ)) and the conversion criteria.

symmetric backgrounds such as tt , ttW , ttZ or ttH ; the pT of the highest-pT forward jet
is characteristic of the spectator jet in tHq production; and the event sphericity encodes
the more isotropic topology of tt events compared to the typically more forward-backward
structure of tHq events [118]. The complete lists of input variables can be found in section A.
Variable importance is evaluated using the “gain” metric provided by the XGBoost algorithm,
which reflects the relative improvement in model accuracy due to each variable.

The preselection phase-space is then split into two regions, defined by rectangular
requirements on the number of forward jets (N jet

forward) and the number of central jets failing
to meet the DL1r tagger 70% working-point requirement (N70

not-b). In the H → bb̄ channel, a
jet is classified as forward if its pseudorapodity is 2.5 < |η| < 4.5 or if its pseudorapodity is
2 < |η| < 2.5 and it fails to meet the 70% b-tagging requirement. The two regions are enhanced
in the tH contribution and tt+ ≥ 1b and they are referred to as SR and CR(tt+ ≥ 1b),
respectively. The SR selection requires at least one forward jet and at most one central jet
failing to meet the 70% b-tagging requirement, while for CR(tt+ ≥ 1b) no forward jet should
be present and at least two central jets must fail to meet the 70% b-tagging requirement.
table 4 summarises the selections applied to define the SR and CR.
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6.2 2ℓ SS channel

The 2ℓ SS preselection region is defined by requiring exactly two Tight light leptons (electrons
or muons) with the same electric charge. For the selected events, the leading lepton must
have pT > 27 GeV and the sub-leading lepton must have pT > 20 GeV.

The number of jets with |η| < 4.5 is required to be between one and six. The 70%
working point of the DL1r tagger is used to select b-jets. The number of b-jets is required
to be between one and three.

As shown in Table 3, the dominant source of background in the preselection region
stems from tt followed by ttW and Z + jets production. Both tt and Z + jets enter the
preselection region if a non-prompt or fake lepton is in the event or if the charge of one of
the electrons is wrongly measured. The rest of the background processes consists of ttW ,
ttZ or diboson production.

Four binary-classifier BDTGs are trained in the 2ℓ SS channel, each targeting the tHq
signal or one of the main background processes (tt , ttW , and diboson) against the sum of
the remaining three classes. These classifiers are used to define mutually exclusive enriched
regions. In total, 52 variables were used in the training: 28, 19, 29 and 27 for the four
BDTGs, respectively. These variables include kinematic and topological quantities that
characterise the signal and its main backgrounds. The most important variables include the
charge of the two leptons, HT,7 the number of b-tagged jets, the invariant masses and angular
separations of pairs of reconstructed jets and leptons (see table 6). The charge of the two
leptons is highly discriminating, since the tHq process favours positively charged top quarks
as explained before, while dominant backgrounds such as tt , ttH , and diboson production
are charge-symmetric. Invariant masses of leptons and jets also provide discriminating power,
as the decay kinematics and spatial correlations in the tHq topology produce characteristic
patterns between leptons from top-quark decays and the forward spectator jet or b-jet. In
contrast, in backgrounds such as tt , ttH , and dibosons, these correlations are absent or
substantially altered due to additional heavy resonances or differing event topologies. The
other variables further exploit differences in global event activity, jet and b-jet multiplicities,
and the more isotropic topology of tt , ttW and ttZ compared to the forward — backward
structure of tHq events. The complete lists of input variables can be found in section A.

Five regions are defined in the 2ℓ SS channel: the SR is designed to maximise the tHq
contribution, while the CRs target the main background processes. The regions are defined
using a mixture of requirements on the BDTGs outputs, selecting a given flavour for the
two leptons in the final state or cutting on event kinematic variables such as HT or leptons
invariant masses. The material- or internal-conversion cuts defined in section 5 are applied to
all the electrons in all regions, except for the conversion control region, CR(econv), where this
requirement is inverted. The regions described here are orthogonal to one another. table 4
summarises the selections applied to define the SR and CRs. Three CRs are defined to
derive mis-identified leptons background: CR(µHF), CR(eHF) and CR(econv). The CR(econv)
is enriched in events with one electron stemming from γ-conversion (econv), while CR(µHF)

7The HT variable is defined performing the scalar sum of the transverse momentum of all the reconstructed
objects in the final state, in this case jets and leptons. The HT(ℓ) variable instead is computed including only
leptons.
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and CR(eHF) are enriched in contributions from non-prompt electrons or muons stemming
from heavy-flavoured (containing a b- or c-quark) hadron decay, eHF and µHF, respectively.
One CR is defined to target the irreducible ttW background.

6.3 3ℓ channel

The 3ℓ preselection region is defined by requiring the presence of exactly three Tight light
leptons (electrons or muons). The sum of the leptons’ charges is required to be ±1. The
light leptons are ordered based on their pT, with the leading lepton having pT > 27 GeV, the
sub-leading lepton required to have pT > 20 GeV and the softest lepton to have pT > 10 GeV.
The number of jets with |η| < 4.5 is required to be between one and six. The 70% working
point of the DL1r tagger is used to select b-jets. The number of b-jets is required to be
between one and three. As shown in Table 3, the dominant background contributions in
the preselection region arise from diboson, ttZ , and tt processes.

Three binary-classifier BDTGs are trained in the 3ℓ channel, each targeting the tHq
signal or one of the main background processes (tt and ttW ) against the sum of the remaining
two classes. These classifiers are used to define regions enriched in tHq and in each of the
background processes included in the training. A total of 50 input variables are used in the
training: 22, 19, and 30 for each of the three classifiers, respectively. These variables include
kinematic and topological quantities that characterise the signal and its main backgrounds.
The most important ones include the invariant masses of leptons, the pT of leptons, the sum
of leptons’ charges, and the multiplicity of central and b-tagged jets. The dilepton invariant
masses are powerful discriminants, since in backgrounds such as ttZ and diboson production
leptons often originate from on-shell Z bosons, producing peaks around the Z -boson mass,
while in tHq events they mainly arise from W -boson decays and do not show such resonant
structures (see table 6). The sum of leptons’ charges is also discriminant similarly to the other
two channels. The lepton transverse momenta provide additional separation, as backgrounds
with extra vector bosons typically yield harder leptons than those expected in tHq events.
Finally, the number of b-tagged jets provides discrimination, as tHq process typically features
fewer central and b-jets than backgrounds such as tt , ttH , ttW , and ttZ . The complete
lists of input variables can be found in section A.

Five orthogonal regions are defined in the 3ℓ channel: one SR to maximise the tHq
contribution, three CRs to estimate in data the mis-identified leptons background and one CR
to estimate the ttW background. The regions are defined using a mixture of requirements
on the BDTGs outputs, the number of jets and invariant masses. The material- and internal-
conversion requirements defined in section 5 are applied to all the electrons in all regions,
except for one region where this requirement is inverted to enhance the contribution of
the process targeted by that region. Table 4 summarises the selection criteria applied to
define the SR and CRs.

7 Background estimation

The background processes satisfying the SR and CR selections are categorised into irreducible
and reducible backgrounds. Irreducible backgrounds arise from processes that have an
identical number of prompt leptons from weak boson or leptonic τ -lepton decays, and a
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Figure 2. The data and estimated signal-plus-background yields in the SR and CRs of the (a) H → bb̄

channel and (b) 3ℓ and 2ℓ SS channels. The term e/µFakes refers to backgrounds from non-prompt or
misidentified leptons, namely contributions from heavy-flavour decays and photon conversions. Both
signal and background events are estimated with a likelihood fit to data (“Post-Fit”), as described in
sections 7 and 9. The uncertainty band includes statistical and systematic contributions.

similar number of b-jets as the targeted signal. Reducible backgrounds arise instead from
particle mis-identification in the detector, mis-assigning of the lepton charge or mis-tagging
a charm or light-flavoured jet as a b-jet. Fake and non-prompt leptons can originate from
different sources like decays of bottom or charm mesons, photon conversions or light jets
creating accidentally a detector signature similar to a light lepton.

The contribution of irreducible backgrounds is generally derived through the respective
simulated samples and constrained in CRs where needed. A data-driven estimate is provided
for most of the reducible backgrounds and for background processes where the MC prediction
is not in good agreement with the data. Figure 2 compares the total data yields in all SRs
and CRs as defined in section 6 for the three analysis channels to the signal plus background
predictions obtained by the likelihood fit to data described in section 7 and section 9.

7.1 Background estimation in the H → bb̄ channel

As already discussed in section 6.1, the main source of background in the H → bb̄ channel
consists of tt +jets events. The production of the tt in association with heavy flavour jets is
known to be not well modelled by the simulation. For this reason, simulated tt +jets events
are split into tt+ ≥ 1b, tt+ ≥ 1c and tt+ ≥ 0 light categories and the CR(tt+ ≥ 1b) is
included in the fit to constrain its contribution from data. The normalisation factor of the
tt+ ≥ 1b background found in the combined fit to data is k(tt+ ≥ 1b) = 1.24+0.17

−0.15. The
tt+ ≥ 1c predicted yield has no dedicated correction factor due to the difficulty in building a
pure CR. Instead, an overall uncertainty on the tt+ ≥ 1c prediction is included in the fit as
described in section 8.2. The remaining irreducible backgrounds are all estimated by using
the MC predictions. The small contribution of reducible background from non-prompt and
fake leptons is estimated using the matrix-method technique described in ref. [119].
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7.2 Background estimation in the 2ℓ SS and 3ℓ channels

In the 2ℓ SS channel, the main irreducible backgrounds originate from ttW production,
having final states and kinematic properties inherently similar to the tHq signal. Smaller
contributions originate from the following rare processes: tZq, ttH and tW Z production.
Backgrounds with prompt leptons are directly estimated from simulation using the samples
described in section 4, except for ttW , for which the normalisation is fitted. In the 3ℓ channel
instead, the main irreducible backgrounds originate from diboson production, ttZ and tZq.
Other minor irreducible backgrounds are triboson, other Higgs-boson production modes such
as ggH, VBF (qqH) and V H , and tt t and tt tt . A CR dedicated to the ttW background,
CR(ttW ), is defined in both the 2ℓ and 3ℓ channel to better constrain its contribution from
data. The normalisation factor associated with the ttW background as estimated from the
combined fit is found to be k(ttW ) = 1.09 ± 0.11.

The most important sources of reducible background in both the 2ℓ SS and 3ℓ channels are
the tt , W/Z+jets and single-top-quark processes. These processes can satisfy the preselection
requirement due to the presence of a fake or non-prompt lepton in the final state. These
backgrounds are estimated from simulation, with the normalisation determined by the
likelihood fit through the use of the dedicated CRs introduced earlier. The non-prompt
leptons in the simulated event samples are labelled according to whether they originate from
heavy-flavour or light-flavour hadron decays, or from a material/internal conversion. The
light-flavour category is negligible. In the 2ℓ SS channel, normalisation factors are extracted to
be k(econv)2ℓ SS = 1.20±0.47, k(eHF)2ℓ SS = 0.55±0.65 and k(µHF)2ℓ SS = 0.80±0.32. In the 3ℓ

channel, the normalisation factors extracted are k(econv)3ℓ = 0.82±0.59, k(eHF)3ℓ = 1.47±0.42
and k(µHF)3ℓ = 0.91 ± 0.24.

Electrons with mis-identified electric charge (“charge-flip”), with one electron either
undergoing hard bremsstrahlung followed by an asymmetric conversion (e± → e±γ∗ →
e±e+e−) or having mismeasured track curvature, represent another source of reducible
background. This contribution is negligible in the 3ℓ channel and sizeable in the 2ℓ SS
channel. The muon charge misassignment rate is negligible in the pT range relevant to this
analysis. The electron charge misassignment rate is measured in data by using samples of
Z → e+e− events reconstructed as either same-charge pairs or opposite-charge pairs, with
the non-Z background subtracted via a sideband method utilising events outside the Z -boson
mass window. The charge misassignment rate is extracted from the ratio of the numbers
of same-charge and opposite-charge events close to the Z -boson mass through a likelihood
approach taking into account the possibility that both electron charges are misassigned. The
rates are parameterised as a function of electron pT and |η|, and vary from about 10−5 for
low-pT electrons (17 ≤ pT ≤ 50 GeV) with |η| ≤ 1.37, to about 4 × 10−3 for high-pT electrons
(pT ≥ 100 GeV) with 2 ≤ |η| ≤ 2.47. To estimate the charge-flip background in each 2ℓ SS
region, the measured charge misassignment rate is applied to data events satisfying the
requirements of the region, except that the two leptons must have opposite charges.
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8 Sources of systematic uncertainty

Different sources of systematic uncertainty are considered for this measurement. They
are grouped into three categories: instrumental uncertainties that affect physics object
reconstruction; modelling uncertainties relevant for MC simulation-based estimations; and
uncertainties affecting the estimate of fake and non-prompt lepton backgrounds. All
uncertainties include both shape and normalisation effect, unless otherwise stated in their
description.

The description of the sources of systematic uncertainties is organised as follows: first,
those common to all three channels are presented, followed by sections addressing uncertainties
specific to the H → bb̄ channel and the 2ℓ SS and 3ℓ channels.

8.1 Common systematic uncertainties

Instrumental systematic uncertainties considered are related to: trigger efficiency; lepton
reconstruction, identification and isolation efficiencies; lepton calibration; jet calibration; JVT
and fJVT efficiencies; b-tagging efficiency; Emiss

T calibration. The experimental systematic
uncertainties are applied either as an event-reweighting correction factor or as a rescaling or
smearing of the object energy and momentum for scale and resolution uncertainties.

Uncertainties associated with the lepton selection arise from the trigger, reconstruction,
identification and isolation efficiencies, and the lepton momentum scale and resolution as
described in refs. [98–100]. Uncertainties on the efficiency of the BDT designed to reject
non-prompt leptons are estimated through a Z → ℓℓ tag-and-probe method and cover
contributions related to the Z(→ ℓℓ)+jets MC modelling, the template cut/shape, the mℓℓ

window, the tag-and-probe lepton selections, the multijet background, the non-prompt lepton
background, the luminosity, the cross-sections of the considered processes, and the limited
number of events in simulation and data.

Uncertainties associated with jet reconstruction and calibration arise from the jet
energy scale (JES), jet energy resolution (JER) and the JVT/fJVT requirements. The
JES uncertainty accounts for contributions from composition of jet flavour, η-intercalibration,
punch-through, single-particle response, calorimeter response and pile-up making up for a
total of 31 independent variations [106]. The JER is measured separately for data and MC
using an in-situ technique and the associated uncertainties are split into 13 components [106].
The JVT efficiency is measured in data and correction factors are applied to simulated events
to correct the simulated performance. The uncertainty associated with the JVT performance
is obtained by varying the correction factors [107].

The uncertainty in Emiss
T results from the propagation of the uncertainties in the energy

scales and resolutions of photons, leptons and jets, and from the modelling of its soft term [120].
The efficiency of the b-tagging algorithm is measured for each jet flavour using control

samples in data and in simulation. From these measurements, correction factors are derived
to correct the tagging rates in the simulation. For b-jets, the correction factors and their
uncertainties are estimated from data using dileptonic tt events [110, 121]. For c-jets, they
are derived from jets arising from W boson decays in tt events [122]. For light-flavour jets,
the correction factors are derived from Z + jets events [123]. Uncertainties from sources
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affecting the b-tagging efficiencies of b-jets, c-jets and light-jets are evaluated as a function
of jet pT, including bin-to-bin correlations.

The uncertainty in the reweighting of the MC pile-up distribution to match the distribution
in data is evaluated by varying the reweighting factors and has a very small impact on either
the combined or individual results. The uncertainty in the combined 2015–2018 integrated
luminosity is 0.83% [124], obtained using the LUCID-2 detector for the primary luminosity
measurements, complemented by measurements using the inner detector and calorimeters.

Systematic uncertainties in the tHq and tW H MC predictions due to missing higher-
order QCD corrections in the modelling are estimated by doubling and halving the µr and
µf scales chosen for the nominal sample. A systematic uncertainty due to the choice of
the PS model is estimated as the relative difference between the Powheg +Pythia 8 and
Powheg +Herwig 7 predictions and applied to the nominal predictions. An uncertainty is
considered on the cross-section summing in quadrature the contributions from QCD scale,
flavour scheme, PDF and αs from a NLO QCD prediction: the values obtained are equal
to 15.4% and 9.2% for tHq and tW H , respectively [52, 53].

The uncertainty in the tt modelling due to the choice of the hdamp parameter, which
controls the resummation of higher-order terms, is estimated by comparing the nominal
prediction with a Powheg +Pythia 8 sample where the parameter is set to 3 × mtop.
Reweighted events are used to assess the impact of ISR simulation within the nominal
Powheg +Pythia 8 simulation: µf and µr scales are varied by 0.5 (high radiation) or 2.0
(low radiation) together with the PS tune Var3c [51]. The µr and µf scales are varied in both
the hard-scatter process and PS and they are modified independently. The hadronisation
model uncertainty and other non-perturbative effects in the PS are evaluated by comparing the
nominal sample with Powheg+Herwig 7.2.1. The PS scale uncertainty is evaluated using the
Var3c eigentune variation of the A14 tune [125]. The impact of FSR is evaluated by varying
the renormalisation scale for PS emissions by factors of 0.5 and 2.0, using reweighted events.

The uncertainty in ttH modelling due to the ISR is estimated by using weights in the ME
calculation and the PS. The µr and µf scales are varied, and ISR αs variations are evaluated
similarly to the tt process. The impact of FSR is evaluated using PS weights that vary the
renormalisation scale for QCD emission in the FSR by a factor of 0.5 and 2.0. Additionally,
uncertainties in the ME (PS, hadronisation and underlying-event modelling) are estimated
by comparing the nominal Powheg +Pythia 8 MC simulation with aMC@NLO +Pythia
8 (Powheg +Herwig 7). The predicted ttH cross-section uncertainty is +5.8%

−9.2%(scale) +
3.6%(PDF+αs) [52] and the two components are considered uncorrelated.

Systematic uncertainties in the ttW MC predictions due to missing higher-order QCD
corrections in the modelling are considered. To estimate the uncertainty due to ambiguities in
the ME and PS algorithm and parameter choices, the nominal Sherpa prediction is compared
with the prediction of the MadGraph5_aMC@NLO +Pythia 8 FxFx sample described in
section 4. In addition, a dedicated PS model uncertainty is estimated as the relative difference
between the Powheg +Pythia 8 and Powheg +Herwig 7 predictions and applied to
the nominal ttW prediction. Modelling uncertainties due to µr and µf scales [126], and the
amounts of ISR/FSR are evaluated similarly to the tt and ttH processes. Uncertainties in
the PDF modelling are included by varying the value of αs and using different PDF sets.
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The predicted ttW cross-section uncertainty is +9.7%
−10.8%(scale) + 7.2%(PDF+αs) [78] and the

two components are considered uncorrelated. The uncertainty on the theoretical prediction
of the ttW cross-section is dropped in the 3ℓ and 2ℓ SS channels as the normalisation of
this background is estimated from data.

Uncertainties due to missing higher orders in QCD are estimated for ttZ production
by varying the nominal µr and µf scales are evaluated similarly to the tt , ttH and ttW
processes. Uncertainties in additional-jet modelling are estimated with ISR αs variations
taken from the A14 tune. To estimate the uncertainty due to ambiguities in the ME and
PS algorithm and parameter choices, the nominal prediction is compared with Sherpa. PS,
hadronisation and underlying-event modelling uncertainties are estimated by comparing
the nominal aMC@NLO +Pythia 8 MC simulation with MadGraph5+Herwig 7. The
predicted ttZ cross-section uncertainty is +9.6%

−11.3%(scale) + 4%(PDF+αs) [52].

Systematic uncertainties due to missing higher-order QCD corrections are also considered
for the three single-top-quark processes: t-channel, tW and s-channel. The uncertainty
due to the choice of the hadronisation model and the other non-perturbative aspects
of the PS is evaluated comparing the nominal prediction with that provided by the
Powheg+Herwig 7.1.6 simulation. An uncertainty is also attributed to the choice of
the Powheg approach to perform the matching between the hard-scatter and the PS. This
uncertainty is estimated comparing the nominal Powheg+Pythia 8 prediction with the
aMC@NLO+Pythia 8 simulation for the tW process, and the Powheg+Herwig 7.1.6 with
the aMC@NLO+Herwig 7.1.6 prediction for the t-channel and s-channel. An additional
uncertainty is quoted for the tW process to estimate the difference between the DS and
DR schemes. Finally, a conservative 5% uncertainty on the theoretical cross-section of
single-top-quark processes (t-channel, tW and s-channel) is considered in the H → bb̄ channel.
In the 3ℓ channel, a 5.4% uncertainty on the tW production cross-section [127] is considered.
For the 2ℓ SS channel, where single-top-quark contributions are negligible, no uncertainty
from these processes is included.

Uncertainties in diboson modelling due to missing higher orders in QCD are estimated by
varying the nominal µr and µf scales by factors of 0.5 and 2.0. In addition, a normalisation
uncertainty of 24.5% is considered, as a result of adding in quadrature the theory uncertainty
(5%) and 24% per additional jet, accordingly to the Berends-Giele scaling [128].

For minor backgrounds such as Z + jets, W + jets, tZq, tW Z , rare top-quark (tt t and
tt tt) and other Higgs-boson production modes (ggH, VBF and V H ) only the theoretical
uncertainty on the predicted cross-section is considered. A normalisation uncertainty of 35%
and 40% is considered for the Z + jets and W + jets processes in the H → bb̄ channel only.
This is the result of adding in quadrature the theory uncertainty (4% for W + jets and 5%
for Z + jets) and 24% per additional jet. In the 2ℓ SS and 3ℓ channels, the normalisation of
these processes is derived from data as part of the fake and non-prompt leptons estimate.
The predicted tZq cross-section uncertainty is +7.7%

−7.9%(scale) + 0.9%(PDF+αs) [49] and the
two components are considered uncorrelated. The contribution of the tW Z , rare top-quark
and other Higgs-boson production processes is small in all the channels, for this reason a
conservative 50% uncertainty on their cross-section is applied.
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8.2 Channel-specific uncertainties: H → bb̄ channel

In the H → bb̄ channel, the effect of every modelling uncertainty associated to the tt
simulation are considered independently for the three categories, tt+ ≥ 1b, tt+ ≥ 1c and
tt+ ≥ 0 light. In the tt+ ≥ 1b case, since its yield is estimated from data, the normalisation
of alternative samples is rescaled to match the nominal prediction in the preselection region.
In addition to the tt modelling uncertainties common to all the channels, one from the
NLO matching scheme in the tt simulated sample is also included comparing the nominal
sample to the phard

T varied one. A modelling uncertainty due to the differences between the
nominal tt+ ≥ 1b simulation in the 5FS and an alternative tt + bb simulation in the 4FS is
considered [129]. The uncertainty is applied independently to three sub-components of the
tt+ ≥ 1b background, defined according to the number of hadrons matched to the additional
jet produced in association with the top-quark pair. The three sub-components are:

• tt +1b, if one additional jet in the event is matched to a single b-hadron,

• tt +1B, if one additional jet in the event is matched to a gluon splitting g → bb̄,

• tt +2b, if two additional jets in the event are matched to a single b-hadron each.

A 50% uncertainty on the normalisation of the tt+ ≥ 1c is also considered in the fit model [130].
Finally, a theoretical uncertainty of 6% is applied on the tt+ ≥ 0 light normalisation as
estimated in a dedicated validation region.

A systematic uncertainty is included to account for the difference between lepton fake rates
originating from heavy-flavour decays versus those from misidentified jets. This uncertainty
is evaluated separately for muons and electrons and its normalisation component contributes
approximately 10% for muons and 30% for electrons.

8.3 Channel-specific uncertainties: 2ℓ SS and 3ℓ channels

For both the 2ℓ SS and 3ℓ channels, all the common tt modelling uncertainties are considered,
as the tt simulation is used to estimate non-prompt lepton backgrounds originating from
heavy-flavour decays and conversions. The modelling uncertainties associated to tt simulation
are considered correlated among the various non-prompt leptons categories and between the
2ℓ SS and 3ℓ channels. Their effect is shape only as the normalisation of these backgrounds is
estimated from data. In addition to the tt modelling uncertainties common to all the channels,
one from the NLO matching scheme in the tt simulated sample is also included comparing
predictions from Powheg+Herwig 7.1.3 and MadGraph5_aMC@NLO+Herwig 7.1.3
simulations. A conservative uncertainty of 50% is assigned to a small fraction of events,
roughly 3% in the preselection region, where the origin of the non-prompt lepton could
not be identified.

In the 2ℓ SS channel a systematic uncertainty of 10%–60% is assigned to the estimation
of background from electrons with misidentified charge as described in section 7.2.

9 Results

A maximum-likelihood fit to all bins in the three SRs and the nine CRs (see table 4) is
performed to simultaneously determine the background and the tH signal yields in the data.
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The discriminant variable used in the SRs is defined as follows: for the H → bb̄ channel,
it is the BDTG response for tHq signal-like events, P(tHq); for the 2ℓ SS and 3ℓ channels,
it is given by the output of the BDTG trained to target tHq events, BDT(tHq). In the
CR(tt+ ≥ 1b), the discriminant is the BDTG response for tt+ ≥ 1b-like events, P(tt+ ≥ 1b).
The HT variable is used in all the CRs of the 2ℓ SS channel and in the 3ℓ channel control
region targeting the ttW process. Finally, the ∆R(ℓC , ℓA + ℓB) variable8 is used in the
CR(µHF) and CR(eHF) of the 3ℓ channel while the BDTG response of the binary classifier
targetting tt is used in the CR(econv).

The likelihood function L(µ, k⃗, θ⃗) is constructed as a product of Poisson probability terms
over all bins considered in the measurement, and depends on the following: the signal-strength
parameter, µ, defined as a multiplicative factor applied to the predicted yield for the tHq
and tW H signal processes; k⃗, the normalisation factors for several backgrounds; and θ⃗, a set
of nuisance parameters (NPs) encoding systematic uncertainties in the signal and background
expectations [131]. Systematic uncertainties can impact the estimated signal and background
rates, the migration of events between categories, and the shape of the fitted distributions;
they are summarised in section 8. Both µ and k⃗ are treated as free parameters in the
likelihood fit. The NPs θ⃗ allow variations of the expectations for signal and background
according to the systematic uncertainties, subject to Gaussian constraints in the likelihood fit.
Their fitted values represent the deviations from the nominal expectations that are needed
to provide the best fit to the data. Statistical uncertainties in each bin due to the limited
size of the simulated event samples are taken into account with dedicated parameters, using
the Beeston-Barlow “lite” technique [132]. All systematic uncertainties are fully correlated
across channels, except for those that are specific to a given channel.

The best-fit value of the tHq and tW H signal strength, µtH , is:

µtH = 8.1 ± 2.6 (stat.) ± 2.0 (syst.) .

This value corresponds to a measured value of the cross-section of σ(tH ) = 720 ± 270 fb.
Figure 3(a) shows the signal strength measured in the different channels together with their
combined value.

The compatibility of the signal strength evaluated from the different channels and the
combined value is assessed by performing a likelihood ratio test and a p-value of 91% is
obtained. The significance of the observed (expected) signal above the background-only
expectation is 2.8 (0.4) standard deviations. The significance of the observed signal compared
with the signal-plus-background hypothesis is instead 2.4. In the absence of a significant
deviation from the background-only hypothesis, a 95% CL upper limit on the signal strength
is set at 13.9 (6.1) times the observed (expected) SM prediction, as shown in figure 3(b).
To quantify how well the fit model describes the data, a goodness-of-fit test is performed.
The test consists of comparing the nominal model to a so-called saturated model [133], one
constructed with enough degrees of freedom to describe the data perfectly. The probability
obtained for the goodness-of-fit test is 98%, confirming excellent fit quality.

8Among the three leptons in the event in the 3ℓ channel, the lepton with the highest pT is called ℓA, the
one with the second highest pT is called ℓB while the lepton with the softest pT is called ℓC . The variable
∆R(ℓC , ℓA + ℓB) is defined computing the ∆R value of the ℓC lepton with the system composed by summing
the four vectors of leptons ℓA and ℓB .
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Figure 3. The (a) fitted values of the µtH and (b) 95% CL upper limits in the individual channels and
in the combined measurement. The values reported for the individual channels are obtained by fitting
µtH separately for each channel, whereas the combined measurement is derived by simultaneously
fitting all channels together. The observed limits are shown (solid black lines), together with the
expected limits under the SM hypothesis (dotted black lines). A grey line is added in correspondence
of the µtH equal to one. In the case of the expected limits, the one- and two-standard-deviation
uncertainty bands are also shown.

The contributions from the different sources of uncertainty affecting the measured µtH are
evaluated using the covariance-matrix decomposition method [134] and are shown, grouped
by category, in table 5. The leading source of uncertainty is the statistical uncertainty.
The largest source of systematic uncertainty is the theoretical uncertainty with the biggest
contribution coming from the uncertainty on the signal prediction and tt . Among the
experimental uncertainties, the leading contribution stems from the JES and JER.

The impact of the top 20 NPs in the fit on µtH is shown in figure 4 for the SM scenario
and it is assessed as follows: if the uncertainty on the parameter is σk, the uncertainty on µtH
is σµ, and the correlation between the parameter and µtH is ρk,µ, the impact is computed as
σkρk,µσµ. The plot shows the measured NPs and their agreement with the expected values.
The most constrained NP corresponds to the PS uncertainty in the tt+ ≥ 0 light category.
All pulls are below one standard deviation with the strongest pull stemming from the PS
uncertainty on the tt+ ≥ 1b category, suggesting a mild mis-modelling of this contribution in
the H → bb̄ channel. Overall, the lack of significant pulls or constraints in the NPs indicates
a good agreement between data and the fit model, supporting the robustness of the fit and
the reliability of the extracted signal strength.

The observed and expected yields in the three SRs and the nine CRs after the combined
likelihood fit under the signal-plus-background hypothesis are compared with data in figures 5
and 6. Detailed tables showing pre-fit and post-fit yields for all regions are reported in section B.
A good agreement between data and prediction is found in all the regions.

Additional measurements are performed using the ITC hypothesis (κt = −1) as signal
model. The best-fit value of the tH signal strength under the ITC hypothesis is:

µtH (κt = −1) = 1.2 ± 0.4 (stat.) ± 0.5 (syst.) .

– 27 –



J
H
E
P
1
0
(
2
0
2
5
)
0
9
3

2− 1.5− 1− 0.5− 0 0.5 1 1.5 2

θ∆)/
0

θ-θ(

JER (3)

W NLO gen. + PS + had.tt

JER (8)

tZq PS + had.

JER (5)

 0 light pThard = 1≥ +tt

 topologyρJES pileup 

 (3L SR bin 4)γ

1b 4v5 FS (1B)≥+tt

 FSR)tfake (t

 NLO gen.)tfake (t

JES flavour composition

 intercalibration modellingηJES 

 (2LSS SR bin 3)γ

 (2LSS SR bin 4)γ

JER (1)

JER (6)

 0 light PS & had.≥ +tt

1b PS & had.≥+tt

tHq XS

1.5− 1− 0.5− 0 0.5 1 1.5

µ∆

 = linear correlation coef.ρw/ 

:µUnc. component on 
up

NP
σρ

up

POI
σ dn

NP
σρdn

POI
σ-

Nuis. Param. Pull

ATLAS

-1 = 13 TeV, 140 fbs

Figure 4. The impact of the top 20 most important systematic uncertainties on the fitted µtH in the
SM scenario. The uncertainties are listed in decreasing order of their impact on µtH . The filled boxes
show the relative impact on µtH , referring to the top x-axis. The points, referring to the bottom
x-axis, show the deviations on the fitted NPs θ0 from their nominal values, expressed in terms of
standard deviations with respect to their nominal uncertainties. The associated black uncertainty
bars show the fitted uncertainties of the NPs, relative to their nominal uncertainties. Filled markers
refer to systematic uncertainties, while empty black markers refer to statistical uncertainties in the
MC simulation in a given bin of an analysis region and they are labelled as γ. The results shown are
extracted from the fit including all channels.
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Source Impact on µtH
Combination H → bb̄ 2ℓ SS 3ℓ

Theory uncertainties (modelling) 1.69 2.97 1.64 2.63
Signal 1.26 0.88 1.33 1.22
tt+ ≥ 1b 0.70 2.57 — —
tt+ ≥ 0 light and tt+ ≥ 1c 0.54 1.04 — —
ttW 0.23 <0.01 0.52 0.18
tt 0.43 — 0.52 1.95
Rest of backgrounds 0.50 0.60 0.63 1.23

Experimental uncertainties 1.07 0.95 1.61 2.61
JES and JER 1.00 0.51 1.57 2.51
Non-prompt lepton bkg. modelling 0.25 0.59 0.22 0.07
Flavour tagging 0.17 0.52 0.13 0.17
Muons 0.12 < 0.01 0.12 0.40
Emiss

T 0.10 0.04 0.20 0.03
Pile-up 0.12 0.04 0.05 0.44
Electrons 0.10 0.07 0.11 0.32
Charge mis-identification 0.07 — 0.06 —
JVT and fJVT 0.04 0.10 0.11 0.06
Luminosity 0.09 0.09 0.10 0.14

Total systematic uncertainty 2.01 3.11 2.30 4.06
Statistical uncertainty 2.56 4.87 3.5 5.60

Normalisation factors 0.50 0.04 0.84 0.73
MC statistics 0.64 < 0.01 1.05 1.67
Total 3.3 5.8 4.3 6.9

Table 5. The absolute contribution of the main sources of uncertainty on the signal strength µtH .
Some NPs with small impacts are grouped into categories, with the impact of the category being the
quadrature sum of individual parameter impacts. Indentation is used to denote subcategories.

The observed and expected yields in the three SRs after the combined likelihood fit
under the signal-plus-background hypothesis are compared with data in figure 7 for the
ITC hypothesis.

The measured inverted-coupling signal strengths in the individual channels and the
combined result are summarised in figure 8(a). The corresponding observed (expected)
95% CL exclusion limit is 2.4 (1.2), which is shown in figure 8(b) for both the individual
channels and the combined measurement. The goodness-of-fit test probability for the κt = −1
scenario fit is 95%. In contrast to the SM case, under the ITC hypothesis the channel
with the highest sensitivity is the H → bb̄ channel, overtaking the multi-lepton channels
despite its modest signal-to-background ratio in the SM case (see section B). This inversion
arises from the strong enhancement of the tHq cross-section together with the discriminating
power of key variables in the H → bb̄ channel, such as the number of jets and number of
jets associated with the reconstructed hadronic top quark from different tt reconstruction
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Figure 5. Comparison between data and the signal-plus-background prediction for the event yields in
the (a) H → bb̄, (b) 2ℓ SS and (c) 3ℓ SRs. The term e/µFakes refers to backgrounds from non-prompt
or misidentified leptons, namely contributions from heavy-flavour decays and photon conversions. The
SM signal and the background contributions after the likelihood fit to data (“Post-Fit”) under the
signal-plus-background hypothesis are shown as filled histograms. A dashed red line is added to the
plot to show the signal contribution normalised to the measured value multiplied by 50 for the H → bb̄

channel and by 3 for the 2ℓ SS and 3ℓ channels. The ratio of the data to the total post-fit prediction
(“Pred.”) is shown in the lower panel. The combined statistical and systematic uncertainty in the
prediction is indicated by the grey hatched band.

techniques. By contrast, variables used in training the BDT(tHq) classifiers in the 2ℓ SS and
3ℓ channels, such as invariant masses or angular distances of leptons, show a similar behaviour
as the background under the κt = −1 hypothesis, leading to a loss of signal-to-background
discrimination power. The uncertainty on the measured signal strength for the ITC hypothesis
is dominated by systematic sources. In particular, the absolute uncertainty on µtH (κt = −1)
from the theoretical uncertainty in the tt+ ≥ 1b category is 0.25, the JES and JER together
contribute 0.20, the uncertainty from the signal theoretical prediction is 0.18, and that from
the modelling of tt in the 2ℓ SS and 3ℓ channels is 0.17.
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Figure 6. Comparison between data and the signal-plus-background prediction for the event yields
in the nine CRs. The term e/µFakes refers to backgrounds from non-prompt or misidentified leptons,
namely contributions from heavy-flavour decays and photon conversions. The signal and background
contributions after the likelihood fit to data (“Post-Fit”) under the signal-plus-background hypothesis
are shown as filled histograms. The ratio of the data to the total prediction (“Pred.”) is shown in the
lower panel. The combined statistical and systematic uncertainty in the prediction is indicated by the
grey hatched band.
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Figure 7. Comparison between data and the signal-plus-background prediction for the event yields
in the (a) H → bb̄, (b) 2ℓ SS and (c) 3ℓ SRs in the ITC hypothesis. The term e/µFakes refers to
backgrounds from non-prompt or misidentified leptons, namely contributions from heavy-flavour
decays and photon conversions. The ITC signal and the background contributions after the likelihood
fit to data (“Post-Fit”) under the signal-plus-background hypothesis are shown as filled histograms. A
dashed red line is added to the plot to show the signal contribution normalised to the measured value
multiplied by 50 for the H → bb̄ channel and by 10 for the 2ℓ SS and 3ℓ channels. The ratio of the
data to the total post-fit prediction (“Pred.”) is shown in the lower panel. The combined statistical
and systematic uncertainty in the prediction is indicated by the grey hatched band.
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10 Conclusion

The search for the production of a Higgs boson in association with a single top quark
(tH ) is presented. The analysis is based on pp collision data at 13 TeV with an integrated
luminosity of 140 fb−1, recorded from 2015 to 2018 with the ATLAS detector at the LHC.
The signal regions are split into final states with one, two same-sign or three isolated leptons
(electrons or muons) probing the H → bb, H → W W ∗, H → ZZ ∗ and H → ττ decays of
the Higgs boson. Additional background-enriched regions are used in the fit to improve the
modelling of several leading backgrounds, such as tt+ ≥ 1b, ttW and three different categories
of the fake and non-prompt leptons background. The tH signal strength is found to be
µtH = 8.1 ± 2.6 (stat.) ± 2.0 (syst.) in the SM hypothesis. The measured value of the SM
cross-section is σ(tH ) = 720± 270 fb. The main source of uncertainty for this measurement is
the one associated with the available experimental data, therefore a better constraint can be
obtained analysing a larger event sample. Despite the analysis being optimised to set the best
tH limit under the SM hypothesis, it is possible to also test the ITC hypothesis. The signal
strength value in this case is found to be µtH (κt = −1) = 1.2 ± 0.4 (stat.) ± 0.5 (syst.). The
excess in data favours the ITC hypothesis, but both hypotheses are compatible with the data.
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A List of input variables used to train the different BDTGs

For the 2ℓ SS and 3ℓ channels, leptons are ordered in three different ways:

• Transverse momentum ordering: the lepton with the highest pT is called ℓA, the one
with the second highest pT is called ℓB while the lepton with the softest pT is called ℓC ;

• Charge and ∆R between leptons ordering: the lepton with the charge opposite to the
sum of the three lepton charges is called ℓ0, the lepton with the smallest ∆R to ℓ0 is
called ℓ1, the remaining lepton is called ℓ2;

• Charge and ∆R with leading b-jet ordering: the lepton with the charge opposite to the
sum of the three lepton charges is called ℓ̂0, the lepton with the smallest ∆R with the
leading b-jet is called ℓ̂1 while the remaining lepton is called ℓ̂2.

The jet satisfying the 70% b-tagging requirement and having the highest pT is called leading
b-jet. The jet that fails the b-tagging requirement and maximises the invariant mass with
the leading b-jet is called spectator jet, js. Every jet having |η| > 2.5 is called forward
jet, jf. A forward jet is defined as leading if it has the highest pT among all the forward
jets. Every jet with |η| < 2.5 is called central jet. Using the aforementioned leptons and
jet definitions, several variables are constructed.
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H → bb̄ channel
Pre-fit Post-fit

Process SR CR(tt+ ≥ 1b) SR CR(tt+ ≥ 1b)
tHq 43± 7 9.1± 2.0 350± 130 72± 29
tW H 3.4± 2.0 14± 8 28± 20 110± 80
tt+ ≥ 1b 6800± 1100 20100± 2600 8100± 1000 25600± 1900
tt+ ≥ 1c 4000± 2400 11000± 6000 3900± 1500 10200± 3300
tt+ ≥ 0 light 19300± 3300 23100± 3500 18500± 1100 23300± 2100
e/µFakes 1700± 500 1600± 500 1700± 500 1600± 500
ttW 20.1± 3.0 134± 19 20.2± 2.9 133± 19
ttH 120± 15 683± 70 120± 15 683± 70
ttZ 68± 9 340± 40 68± 9 340± 40
tZq 69± 7 20.4± 1.9 69± 6 20.4± 1.9
tW Z 0.20± 0.10 0.9± 0.5 0.20± 0.11 0.9± 0.5
W t channel 970± 260 1500± 500 970± 250 1600± 500
t-channel 1070± 180 350± 120 1060± 160 350± 120
s-channel 43± 8 40± 11 42± 7 39± 10
W + jets 740± 310 900± 400 750± 300 890± 350
Z + jets 140± 50 100± 40 140± 50 100± 40
V V 48± 25 70± 40 41± 22 63± 33
other Higgs 6± 5 5.3± 2.9 7± 5 5.2± 2.8
Rare top 0.08± 0.04 3.3± 1.7 0.08± 0.04 3.4± 1.7
Total 35000± 5000 60000± 8000 35870± 210 65000± 340
Data 35869 65002 35869 65002

Table 7. Pre-fit and post-fit event yields in the SR and CR(tt+ ≥ 1b) of the H → bb̄ channel. Post-fit
yields are after the inclusive fit in all channels. All uncertainties are included, taking into account
correlations in the post-fit case.

B Pre-fit and post-fit yields tables

Pre-fit and post-fit yields of the analysis regions are reported in table 7 for the H → bb̄

channel. Tables 8 and 9 show the pre- and post-fit yields for the 2ℓ SS channel, respectively.
Tables 10 and 11 show the pre- and post-fit yields for the 3ℓ channel, respectively.
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Pre-fit 2ℓ SS channel
Process SR CR(µHF) CR(eHF) CR(econv) CR(ttW )
tHq 3.1± 0.5 0.65± 0.11 2.5± 0.4 0.085± 0.024 0.30± 0.06
tW H 0.09± 0.04 0.20± 0.04 0.89± 0.13 0.016± 0.006 0.39± 0.05
µHF 16± 5 59± 11 19± 4 0.24± 0.24 3.0± 2.0
eHF 4.9± 3.1 - 86± 17 1.3± 0.8 0.9± 0.8
econv 3.4± 2.7 - 80± 15 47± 15 2.8± 1.4
other mis-id leptons 4± 4 15± 12 41± 28 3.0± 3.0 3.7± 2.6
eChargeFlip 8.3± 1.9 - 220± 50 37± 11 4.4± 1.0
ttW 14.9± 2.1 35± 4 160± 8 5.0± 0.4 131± 5
ttZ 3.7± 0.6 8.0± 1.4 38± 6 1.12± 0.21 15.3± 2.2
ttH 2.4± 0.4 7.2± 1.0 30± 4 0.77± 0.12 13.5± 2.0
tZq 14.2± 1.9 3.9± 0.5 22.0± 2.0 0.68± 0.09 1.05± 0.18
V V 7.3± 3.3 9± 5 50± 15 1.8± 1.5 7.2± 3.1
others 0.45± 0.13 1.1± 0.4 7.9± 2.1 0.28± 0.10 2.0± 0.5
4-tops 0.042± 0.014 0.050± 0.015 0.54± 0.15 0.016± 0.007 0.83± 0.24
Total 83± 10 138± 16 760± 80 98± 21 187± 8
Data 101 137 756 110 200

Table 8. Pre-fit event yields in the SR and CRs of the 2ℓ SS channel. The ‘others‘ process includes
tW Z , Tri-boson, s-channel, 3-tops and VH processes.

Post-fit 2ℓ SS channel
Process SR CR(µHF) CR(eHF) CR(econv) CR(ttW )
tHq 25± 9 5.3± 2.1 21± 8 0.67± 0.30 2.4± 0.9
tW H 0.7± 0.4 1.6± 0.7 7.3± 3.2 0.13± 0.07 3.2± 1.4
µHF 13± 6 47± 18 15± 7 0.22± 0.17 2.9± 1.9
eHF 2.6± 3.4 - 50± 60 0.7± 0.9 0.5± 0.7
econv 3.8± 3.1 - 98± 35 58± 15 3.4± 1.6
other mis-id leptons 4± 4 15± 11 38± 25 3.3± 2.8 3.2± 2.1
eChargeFlip 8.0± 1.8 - 210± 50 36± 10 4.2± 1.0
ttW 15.0± 2.4 41± 5 178± 17 5.7± 0.6 144± 13
ttZ 3.7± 0.6 7.9± 1.3 37± 6 1.07± 0.20 15.1± 2.1
ttH 2.4± 0.4 7.3± 0.9 30± 4 0.78± 0.11 13.5± 1.9
tZq 14.1± 1.9 3.9± 0.5 22.1± 2.0 0.68± 0.09 1.03± 0.17
V V 6.0± 2.4 7.1± 3.5 45± 13 2.0± 1.6 6.0± 2.4
others 0.44± 0.13 1.1± 0.4 7.9± 2.1 0.28± 0.11 1.9± 0.5
4-tops 0.043± 0.014 0.050± 0.015 0.55± 0.15 0.017± 0.007 0.85± 0.24
Total 99± 8 138± 11 762± 27 109± 10 202± 12
Data 101 137 756 110 200

Table 9. Post-fit event yields in the SR and CRs of the 2ℓ SS channel. Post-fit yields are after the
inclusive fit in all channels. All uncertainties are included, taking into account correlations in the
post-fit case. The ‘others‘ process includes tW Z , Tri-boson, s-channel, 3-tops and VH processes.
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Pre-fit 3ℓ channel
Process SR CR(µHF) CR(eHF) CR(econv) CR(ttW )
tHq 1.45± 0.24 0.24± 0.06 0.159± 0.030 0.025± 0.007 0.26± 0.06
tW H 0.29± 0.04 0.24± 0.04 0.150± 0.023 0.019± 0.004 0.64± 0.07
µHF 9± 4 84± 11 3.2± 1.8 0.08± 0.11 10± 7
eHF 5.3± 2.3 2.7± 2.2 47± 9 0.16± 0.04 6.9± 3.0
econv 4.2± 1.8 3.5± 3.2 14± 6 14± 9 11± 8
other mis-id leptons 4.9± 3.0 14± 10 8± 5 1.0± 1.0 10± 8
ttW 7.9± 0.9 13.6± 0.6 8.1± 0.8 1.97± 0.33 118± 4
tW Z 0.8± 0.5 1.4± 0.7 0.8± 0.5 0.6± 0.4 3.5± 1.9
ttZ 14.3± 2.1 15.6± 2.4 8.2± 1.3 4.9± 1.1 37± 5
ttH 7.7± 1.0 7.6± 1.0 4.7± 0.7 0.51± 0.16 21.0± 2.8
tZq 10.8± 1.2 9.2± 1.1 4.8± 0.6 1.8± 0.4 6.0± 0.7
tW 1.1± 0.7 6± 4 3.6± 2.5 0.9± 0.7 1.6± 1.2
V V 12± 5 22± 7 11.0± 3.5 4.8± 1.7 13± 5
others 0.24± 0.08 0.44± 0.12 0.16± 0.05 0.040± 0.012 1.0± 0.6
4-tops 0.14± 0.04 0.15± 0.05 0.085± 0.026 0.037± 0.013 1.7± 0.5
Total 80± 11 181± 17 113± 15 31± 10 242± 14
Data 90 175 134 26 268

Table 10. Pre-fit event yields in the SR and CRs of the 3ℓ channel. The ‘others‘ process includes
gluon-gluon fusion and vector-boson fusion Higgs boson production, Tri-boson, s-channel and t-channel
single-top, 3-tops and VH processes.

Post-fit 3ℓ channel
Process SR CR(µHF) CR(eHF) CR(econv) CR(ttW )
tHq 12± 4 2.0± 0.9 1.3± 0.5 0.20± 0.09 2.2± 0.9
tW H 2.3± 0.9 2.0± 0.9 1.2± 0.5 0.15± 0.07 5.2± 2.2
µHF 8± 4 77± 18 3.0± 1.5 0.07± 0.09 9± 6
eHF 8± 4 3.8± 2.9 68± 14 0.22± 0.08 10± 6
econv 3.1± 2.1 3± 4 11± 6 11± 5 9± 11
other mis-id leptons 3.8± 2.2 13± 8 7± 4 1.0± 0.9 9± 7
ttW 8.3± 1.3 15.0± 1.6 9.3± 1.2 2.0± 0.4 131± 12
tW Z 0.9± 0.5 1.5± 0.7 0.9± 0.5 0.62± 0.33 3.6± 1.9
ttZ 14.2± 2.0 15.5± 2.3 8.4± 1.3 4.6± 0.9 38± 5
ttH 7.7± 1.0 7.6± 1.0 4.7± 0.7 0.48± 0.14 21.4± 2.8
tZq 10.7± 1.2 9.3± 1.1 4.9± 0.6 1.74± 0.32 6.0± 0.7
tW 1.1± 0.7 5± 4 4.0± 2.7 0.9± 0.7 1.4± 1.1
V V 10± 4 21± 6 10.6± 3.4 4.2± 1.3 11± 4
others 0.23± 0.08 0.43± 0.12 0.15± 0.05 0.037± 0.011 0.9± 0.4
4-tops 0.14± 0.04 0.15± 0.05 0.087± 0.026 0.035± 0.012 1.7± 0.5
Total 90± 7 177± 13 135± 11 27± 5 260± 11
Data 90 175 134 26 268

Table 11. Post-fit event yields in the SR and CRs of the 2ℓ SS channel. Post-fit yields are after the
inclusive fit in all channels. All uncertainties are included, taking into account correlations in the
post-fit case. The ‘others‘ process includes gluon-gluon fusion and vector-boson fusion Higgs boson
production, Tri-boson, s-channel and t-channel single-top, 3-tops and VH processes.

Data Availability Statement. This article has no associated data or the data will not
be deposited.
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Code Availability Statement. This article has no associated code or the code will not
be deposited.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY4.0), which permits any use, distribution and reproduction
in any medium, provided the original author(s) and source are credited.
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Measurement of top-quark pair production in association with charm 

quarks in proton–proton collisions at 
√

𝑠 = 13 TeV with the ATLAS detector
.The ATLAS Collaboration ⋆

A R T I C L E I N F O A B S T R A C T 

Editor: M. Doser Inclusive cross-sections for top-quark pair production in association with charm quarks are measured with proton--
proton collision data at a center-of-mass energy of 13 TeV corresponding to an integrated luminosity of 140 fb−1, 
collected with the ATLAS experiment at the LHC between 2015 and 2018. The measurements are performed by 
requiring one or two charged leptons (electrons and muons), two 𝑏-tagged jets, and at least one additional jet 
in the final state. A custom flavor-tagging algorithm is employed for the simultaneous identfication of 𝑏-jets 
and 𝑐-jets. In a fiducial phase space that replicates the acceptance of the ATLAS detector, the cross-sections for 
𝑡𝑡 + ≥2𝑐 and 𝑡𝑡 + 1𝑐 production are measured to be 1.28+0.27−0.24 pb and 6.4+1.0−0.9 pb, respectively. The measurements 
are primarily limited by uncertainties in the modeling of inclusive 𝑡𝑡 and 𝑡𝑡 + 𝑏𝑏̄ production, in the calibration 
of the flavor-tagging algorithm, and by data statistics. Cross-section predictions from various 𝑡𝑡 simulations are 
largely consistent with the measured cross-section values, though all underpredict the observed values by 0.5 
to 2.0 standard deviations. In a phase-space volume without requirements on the 𝑡𝑡 decay products and the jet 
multiplicity, the cross-section ratios of 𝑡𝑡 + ≥2𝑐 and 𝑡𝑡 + 1𝑐 to total 𝑡𝑡 + jets production are determined to be 
(1.23 ± 0.25)% and (8.8 ± 1.3)%.

1. Introduction

Due to its pivotal role in the Standard Model (SM) of particle physics 
and its potential interactions with new physics in various beyond-SM 
frameworks, the study of the top quark (𝑡) remains a cornerstone of 
contemporary particle physics research. In particular, the ATLAS [1] and 
CMS [2] experiments at the Large Hadron Collider (LHC) have directed 
their attention towards exploring rare final states involving top-quark 
pairs (𝑡𝑡), such as associated production of 𝑡𝑡 with Higgs bosons (𝑡𝑡𝐻) 
or gauge bosons (𝑡𝑡𝑊 , 𝑡𝑡𝑍 , 𝑡𝑡𝛾), and four-top-quark production (𝑡𝑡𝑡𝑡). 
Measurements of 𝑡𝑡𝐻 with 𝐻 → 𝑏𝑏̄ decay and 𝑡𝑡𝑡𝑡 topologies with single
lepton or dilepton final states [3--7] encounter significant challenges due 
to substantial, irreducible background contributions stemming from 𝑡𝑡
production in association with heav-flavor quarks, namely bottom (𝑏) 
and charm (𝑐) quarks. These heav-flavor quarks can be produced via 
radiation of a gluon which then splits into a 𝑏𝑏̄ or 𝑐𝑐 pair. Depending on 
the kinematics, the 𝑏𝑏̄ or 𝑐𝑐 pair can form a jet each (𝑡𝑡+𝑏𝑏̄∕𝑐𝑐) or merge 
into a single jet (𝑡𝑡+1𝐵∕1𝐶). Single 𝑏-quark or 𝑐-quark production (𝑡𝑡+
1𝑏∕𝑐) can also occur via a 𝑏-quark or 𝑐-quark originating from the initial 
state. Illustrative Feynman diagrams for these three production modes 
are shown in Fig. 1.

Measurements of 𝑡𝑡+ 𝑏𝑏̄ and 𝑡𝑡+ 𝑐𝑐 production have been limited by 
the challenging modeling of these processes. While computations of the 

⋆ E-mail address: atlas.publications@cern.ch.

𝑡𝑡 + 𝑏𝑏̄ production cross-section are available at next-to-leading order 
(NLO) in quantum chromodynamics (QCD) [8--13], the uncertainties in 
the choice of the renormalization and factorization scales, denoted by 
𝜇R and 𝜇F, remain sizable, primarily due to the distinct energy scales 
associated with the 𝑡𝑡 pair and the 𝑏𝑏̄ pair. Experimental measurements 
of 𝑡𝑡 + 𝑏𝑏̄ production were conducted in proton–proton (𝑝𝑝) collision 
data at the LHC by the ATLAS and CMS experiments at a center-of
mass energy of 

√
𝑠 = 13 TeV [14--17]. These measurements, along with 

those of 𝑡𝑡𝐻 (𝐻 → 𝑏𝑏̄) and 𝑡𝑡𝑡𝑡 production, frequently involve deter
mining the 𝑡𝑡 + ≥1𝑐 normalization in situ through a free parameter in 
the fit, compensating for the limited knowledge of this process. Recent 
ATLAS measurements of 𝑡𝑡 + 𝑏𝑏̄ and 𝑡𝑡𝐻 (𝐻 → 𝑏𝑏̄) [5,17] reported the 
𝑡𝑡 + ≥1𝑐 normalization factor to be larger than the value predicted by 
Monte Carlo (MC) simulations. CMS performed a dedicated 𝑡𝑡+ 𝑐𝑐 mea
surement in 𝑡𝑡 final states with two charged leptons based on Run 2 
data corresponding to 41.5 fb−1 [18], but did not explicitly measure the 
𝑡𝑡 + 1𝑐∕𝐶 cross-section. The rates of 𝑡𝑡 + 𝑏𝑏̄, 𝑡𝑡 + 𝑐𝑐, and 𝑡𝑡 + light jets 
were found to agree with predictions from MC simulations performed at 
NLO in the matrix element interfaced with a parton shower (PS) algo
rithm (NLO + PS) within one to two standard deviations of measurement 
uncertainties.

Using the complete LHC Run 2 data sample of 𝑝𝑝 collisions corre
sponding to an integrated luminosity of 140 fb−1, this Letter presents 
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Fig. 1. Illustrative Feynman diagrams for 𝑡𝑡+≥2𝑐 and 𝑡𝑡+1𝑐 production: (a) 𝑡𝑡+ 𝑐𝑐 production via initial-state gluon radiation where both 𝑐-quarks form a jet each, 
(b) 𝑡𝑡+ 𝑐𝑐 production via initial-state gluon radiation where the two 𝑐-quarks are in the same jet, (c) 𝑡𝑡+1𝑐 production where the 𝑐-quark originates from the initial 
state.

the first ATLAS measurement of 𝑡𝑡 + ≥1𝑐 production. The production 
rates of 𝑡𝑡 + ≥2𝑐 and 𝑡𝑡 + 1𝑐 are determined separately to facilitate 
more detailed comparisons with theoretical predictions, as these pro
cesses are expected to be sensitive to different production mechanisms 
(cf. Fig. 1). The first comprises all final states with two or more 𝑐-jets, 
e.g., 𝑡𝑡+𝑐𝑐 production where both 𝑐-quarks form separate jets, while the 
second includes both 𝑡𝑡 + 1𝑐 production via a 𝑐-quark from the initial 
state and 𝑡𝑡 + 1𝐶 production. Events with one or two charged leptons 
in the final state are considered, targeting 𝑡𝑡 topologies where one or 
both 𝑊 bosons from the top quarks decay leptonically. While topolo
gies with one charged lepton (single-lepton) offer larger statistics, they 
introduce additional complexity due to the potential production of ex
tra 𝑐-quarks from the hadronically decaying 𝑊 boson. Conversely, final 
states with two charged leptons (dilepton) are rarer but expect less back
ground contamination.

The probabilities for 𝑡𝑡 pairs with additional jets initiated by 
𝑏-quarks, 𝑐-quarks, light quarks, and gluons to enter each analysis re
gion are estimated through NLO + PS simulations of inclusive 𝑡𝑡 and of 
𝑡𝑡 + 𝑏𝑏̄ production. This measurement uses a custom flavor tagging al
gorithm, termed the 𝑏/𝑐-tagger, tailored to simultaneous 𝑐-jet and 𝑏-jet
identfication, to dfine analysis regions sensitive to 𝑡𝑡+≥2𝑐 and 𝑡𝑡+1𝑐
production. The rates of these processes are then measured in a fiducial 
phase space designed to replicate the acceptance of the ATLAS detec
tor and in a more inclusive volume. Furthermore, the ratios of 𝑡𝑡+≥2𝑐, 
𝑡𝑡 + 1𝑐, and 𝑡𝑡 + ≥1𝑏 to overall 𝑡𝑡+ jets production are extracted and 
compared with NLO + PS simulations.

2. ATLAS detector

The ATLAS experiment [1] at the LHC is a multipurpose particle de
tector with a forward–backward symmetric cylindrical geometry and a 
near 4𝜋 coverage in solid angle.1 It consists of an inner tracking detec
tor (ID) surrounded by a thin superconducting solenoid providing a 2 T 
axial magnetic field, electromagnetic and hadronic calorimeters, and a 
muon spectrometer. The ID covers the pseudorapidity range |𝜂| < 2.5. 
It consists of silicon pixel, silicon microstrip, and transition radiation 
tracking detectors. Lead/liquid-argon (LAr) sampling calorimeters pro
vide electromagnetic (EM) energy measurements with high granularity 
within the region |𝜂| < 3.2. A steel/scintillator-tile hadronic calorime
ter covers the central pseudorapidity range (|𝜂| < 1.7). The endcap and 
forward regions are instrumented with LAr calorimeters for EM and 
hadronic energy measurements up to |𝜂| = 4.9. The muon spectrometer 
surrounds the calorimeters and is based on three large superconduct
ing air-core toroidal magnets with eight coils each. The field integral of 

1 ATLAS uses a right-handed coordinate system with its origin at the nominal 
interaction point (IP) in the center of the detector and the 𝑧-axis along the beam 
pipe. The 𝑥-axis points from the IP to the center 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 dfined 
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 Δ𝑅 ≡
√
(Δ𝑦)2 + (Δ𝜙)2.

the toroids ranges between 2.0 and 6.0 T m across most of the detector. 
The muon spectrometer includes a system of precision tracking cham
bers up to |𝜂| = 2.7 and fast detectors for triggering up to |𝜂| = 2.4. The 
luminosity is measured mainly by the LUCID–2 [19] detector which is 
located close to the beampipe. A two-level trigger system is used to se
lect events [20]. The first-level trigger is implemented in hardware and 
uses a subset of the detector information to accept events at a rate below 
100 kHz. This is followed by a software-based trigger that reduces the 
accepted event rate to 1 kHz on average depending on the data-taking 
conditions. A software suite [21] is used in data simulation, in the recon
struction and analysis of real and simulated data, in detector operations, 
and in the trigger and data acquisition systems of the experiment.

3. Simulation of signal and background processes

Samples of simulated events are used to model 𝑡𝑡+ jets production 
and most background processes. These MC simulated samples were gen
erated employing either the full ATLAS detector simulation [22] based 
on Geant4 [23], or a faster simulation where the Geant4 simulation 
of the calorimeter response is replaced by a detailed parameterization 
of the shower shapes [22]. Both simulation methods were found to 
provide similar modeling for the observables used in this Letter. To 
account for the effects of multiple interactions in the same and neigh
boring bunch crossings (pileup), additional interactions were simulated 
using Pythia 8.186 [24] with a set of tuned parameters (tune) referred 
to as A3 [25] and superimposed onto the simulated hard-scatter event. 
Subsequently, simulated events were reweighted to replicate the pileup 
conditions observed in the full Run 2 data sample, with a mean num
ber of 𝑝𝑝 interactions per bunch crossing of 34. All simulated events 
were processed through the same reconstruction algorithms and analy
sis chain as the data.

Unless specfied otherwise, Pythia8 [26] was employed to simulate 
PS, hadronization, and multi-parton interactions (MPIs). For all sam
ples using Pythia8 or Herwig7 [27--29] for the simulation of the PS, 
hadronization and MPIs, the decays of 𝑏- and 𝑐-hadrons were simulated 
using the EvtGen program [30]. Pythia8 setups use the A14 tune [31] 
and the NNPDF2.3lo parton distribution function (PDF) set [32]; Her
wig7 setups use the H7UE tune [28] or the default Herwig tune along
side the MMHT2014lo PDF set [33]. The top-quark mass was set to 
𝑚𝑡 = 172.5 GeV and, unless stated otherwise, the fiv-flavor scheme 
(5FS) with massless 𝑏-quarks in the matrix element was used for all 
simulation setups and the corresponding PDF sets.

Inclusive 𝑡𝑡 events were generated with the Powheg Box2 [34--37] 
generator at NLO in QCD employing the NNPDF3.0nlo PDF set [38]. 
The ℎdamp parameter, which regulates the transverse momentum (𝑝T) 
of the first additional emission beyond the Born cofiguration, was set 
to 1.5 𝑚𝑡 [39]. The hardness scale parameter, which determines the re
gion of phase space vetoed during showering when matched to a PS, was 
fixed at 𝑝hardT = 0 [40,41]. The scales 𝜇R and 𝜇F were set to the trans

verse mass of the top quark, 𝑚T(𝑡) =
√

𝑚2
𝑡
+ 𝑝2T,𝑡. In the following, this 

sample is referred to as 𝑡𝑡 Powheg+Pythia8. To assess uncertainties 
in the modeling, alternative sets of 𝑡𝑡 events were generated with differ
ent cofigurations: with 𝑝hardT = 1; with ℎdamp = 3 𝑚𝑡; and with Powheg 
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Box interfaced to Herwig7 instead of Pythia8. To compare the result 
with another prediction, an additional set was generated with the Mad
Graph5_aMC@NLO 2.6.0 generator [42] at NLO in QCD, which uses the 
NNPDF3.0nlo PDF set, MadSpin [43,44] to simulate top-quark decays, 
and Herwig7 for PS and hadronization [45]. All generated sets of events 
were reweighted to the predicted cross-section of 𝜎(𝑡𝑡) = 832±51 pb, as 
calculated with the Top + + 2.0 program to next-to-next-to-leading order 
(NNLO) in QCD, including soft-gluon resummation to next-to-next-to
leading-log order (see Ref. [46] and references therein). The uncertain
ties include independent variations of 𝜇R and 𝜇F, and variations in the 
PDF and 𝛼𝑆 , following the PDF4LHC prescription with the MSTW2008 
68% CL NNLO, CT10 NNLO and NNPDF2.3 5FS PDF sets (see Ref. [47] 
and references therein, and Refs. [32,48,49]).

The Powheg Box Res [11] generator and OpenLoops [50--52] were 
used to generate 𝑡𝑡 + 𝑏𝑏̄ events in the fou-flavor scheme (4FS) with 
massive 𝑏-quarks, where the generation of the additional 𝑏𝑏̄ pair is in
cluded in the matrix element, employing the NNPDF3.0nlo 4FS PDF 
set [38]. The 𝜇R scale was set to 12

4
√∏

𝑖=𝑡,𝑡,𝑏,𝑏̄ 𝑚T,𝑖 where 𝑚T,𝑖 denotes 
the transverse mass for each parton 𝑖. The 𝜇F scale and the ℎdamp pa
rameter were set to 0.5 ×

∑
𝑖 𝑚T,𝑖 with 𝑖 ∈ {𝑡, 𝑡, 𝑏, 𝑏̄, 𝑗} and 𝑖 ∈ {𝑡, 𝑡, 𝑏, 𝑏̄}, 

respectively, where 𝑗 denotes extra partons. The 𝑝hardT parameter was 
fixed to 0, and the Born-zero-damp parameter (ℎbzd), regulating the di
vision between the finite and singular part of the real emission in the 
NLO calculation, was set to 5. In the following, this sample is referred 
to as 𝑡𝑡 + 𝑏𝑏̄ Powheg+Pythia8. To assess uncertainties in the mod
eling, alternative sets of 𝑡𝑡 + 𝑏𝑏̄ events were generated with different 
cofigurations: with 𝑝hardT = 1; using the dipole recoil scheme instead of 
the nominal global recoil scheme [11,53]; and interfacing Powheg Box 
Res with Herwig7 instead of Pythia8. To compare the result with an
other prediction, alternative sets of 𝑡𝑡 + 𝑏𝑏̄ events were generated with 
ℎbzd = 2. An additional alternative set of events was generated with the
Sherpa 2.2.10 generator [54] in the 4FS, for which the virtual correc
tions for matrix elements at NLO accuracy were provided by Comix [55] 
and OpenLoops. The Sherpa events were matched with the Sherpa
PS algorithm [56] based on Catani–Seymour dipole factorization using 
the MEPS@NLO prescription [57--60] and a set of tuned parameters 
developed by the Sherpa authors. All generated sets of events were 
reweighted to the same prediction cross-section value as computed in
Powheg Box Res at NLO in QCD.

A dedicated simulation of 𝑡𝑡 + 𝑐𝑐 production in the thre-flavor 
scheme (3FS) is not available. Hence, 𝑡𝑡+ 𝑐𝑐 contributions are estimated 
solely using 𝑡𝑡 5FS simulation, where only the gluon radiation process 
is simulated in the NLO matrix element, but its splitting into a 𝑐𝑐 pair 
is done in the PS.

Simulated 𝑡𝑡 and 𝑡𝑡+𝑏𝑏̄ events are sorted into four 𝑡𝑡+ jets categories 
using particle-level information: 𝑡𝑡+≥2𝑐, 𝑡𝑡+1𝑐, 𝑡𝑡+≥1𝑏, and 𝑡𝑡+ light. 
For the categorization, jets are reconstructed from stable particles2 fol
lowing PS and hadronization, using the anti-𝑘𝑡 algorithm [61,62] with 
a radius parameter 𝑅 = 0.4. They are required to have 𝑝T > 15 GeV and 
|𝜂| < 2.5. The flavor of a particle-level jet is determined by counting 𝑏-
and 𝑐-hadrons with 𝑝T > 5 GeV that are ghost-associated [63,64] with the 
jet. Jets with one or more associated 𝑏-hadrons are designated as 𝑏-jets, 
while those with one or more associated 𝑐-hadrons but no 𝑏-hadron are 
labeled as 𝑐-jets. Events are categorized based on the presence of ad
ditional particle-level 𝑏-jets and 𝑐-jets, excluding jets originating from 
decays of top quarks and 𝑊 bosons.3 Events with one or more 𝑏-jets are 
classfied as 𝑡𝑡+≥1𝑏, those with two or more 𝑐-jets but no 𝑏-jet are cat
egorized as 𝑡𝑡 + ≥2𝑐, and events with one 𝑐-jet but no 𝑏-jet are labeled 
as 𝑡𝑡+ 1𝑐. Any remaining events enter the 𝑡𝑡+ light category.

2 Particle-level objects are considered stable if 𝜏 > 3 × 10−11 s.
3 The procedure to exclude these jets is as follows: 𝑏-quarks and 𝑐-quarks

originating directly from the decays of top quarks and 𝑊 bosons are identfied 
in the MC generator record. Then, the 𝑏- and 𝑐-hadrons closest in Δ𝑅 are flagged. 
Any jet ghost-associated with these hadrons is removed from the categorization.

The 𝑡𝑡+ jets categorization at particle level is used to remove the 
overlap between the inclusive 𝑡𝑡 5FS simulation and the 𝑡𝑡+ 𝑏𝑏̄ 4FS sim
ulation. The latter is expected to provide the more accurate modeling of 
𝑡𝑡+𝑏𝑏̄ production and is the preferable setup to simulate 𝑡𝑡+≥1𝑏 contri
butions in this analysis. Thus, events are removed from any of the 𝑡𝑡 5FS 
setups if they fall into the 𝑡𝑡 + ≥1𝑏 category at particle level. All other 
events are retained to estimate contributions in the 𝑡𝑡+≥2𝑐, 𝑡𝑡+1𝑐, and 
𝑡𝑡+ light categories. Likewise, events from the 𝑡𝑡+𝑏𝑏̄ 4FS simulation are 
removed if they fall into the 𝑡𝑡 +≥2𝑐, 𝑡𝑡+ 1𝑐, or 𝑡𝑡+ light categories at 
particle level. The individual cross-sections assigned to the 𝑡𝑡 and 𝑡𝑡+ 𝑏𝑏̄

samples are retained, and no rescaling is performed after removing the 
overlapping events.

Various other processes involving top quarks can mimic 𝑡𝑡+ jets
topologies. Single-top-quark 𝑡-channel, 𝑠-channel, and 𝑡𝑊 production 
were simulated using Powheg Box2 at NLO in QCD. For 𝑡-channel 
production, events were generated in the 4FS with the NNPDF3.0nlo
4FS PDF set. For 𝑠-channel and 𝑡𝑊 production, events were gen
erated in the 5FS using the NNPDF3.0nlo 5FS PDF set. The 𝑡𝑊
simulation employed the diagram-removal scheme [65] to treat in
terference with 𝑡𝑡 production [39]. Additional sets of 𝑡𝑊 events 
were generated in different setups: using the diagram-subtraction 
scheme [39,65]; using Powheg Box2 interfaced with Herwig 7.04; 
and using MadGraph5_aMC@NLO 2.6.2 interfaced with Pythia8.
Powheg Box2 +Herwig7 setups were also generated for 𝑡-channel and 
𝑠-channel production. 𝑡𝑡𝐻 production was simulated with Powheg 
Box2 at NLO in QCD in the 5FS, using the NNPDF3.0nlo PDF set. 
Additionally, 𝑡𝑡𝑊 , 𝑡𝑡𝑍 , 𝑡𝑍𝑞, and 𝑡𝑊 𝑍 events were generated using 
the MadGraph5_aMC@NLO 2.3.3 generator at NLO in QCD with the 
NNPDF3.0nlo PDF set. Secondary sets of 𝑡𝑡𝑊 and 𝑡𝑡𝑍 events were sim
ulated with Sherpa 2.2.0 at leading order (LO) in QCD. In the following, 
these processes are collectively referred to as Other Top.

𝑊 + jets and 𝑍 + jets events were simulated using the Sherpa 2.2.1 
generator employing NLO matrix elements for up to two partons and 
LO matrix elements for up to four partons, calculated with the Comix
and OpenLoops libraries. Diboson events with semileptonic and fully 
leptonic decays were simulated using Sherpa 2.2.1 and Sherpa 2.2.2, 
employing NLO matrix elements for up to one additional parton and LO 
matrix elements for up to three additional partons. 𝑊 + jets, 𝑍 + jets
and diboson events were matched with the Sherpa PS algorithm based 
on Catani–Seymour dipole factorization using the MEPS@NLO prescrip
tion and a set of tuned parameters developed by the Sherpa authors. 
The NNPDF3.0nnlo PDF set [38] was used, and the cross-sections of 
the samples were reweighted to NNLO predictions [66]. In the follow
ing, 𝑊 + jets, 𝑍 + jets and diboson processes are collectively referred 
to as Non-Top.

The cross-section measurements are conducted within a fiducial vol
ume at particle level, closely resembling the detector-level acceptance, 
ensuring robustness against variations in acceptance predictions from 
MC simulations. Events in the single-lepton (dilepton) channel must ex
hibit five (three) or more jets with 𝑝T > 25 GeV and |𝜂| < 2.5, out of 
which at least two must be ghost-associated with 𝑏-hadrons. No specific 
requirements are imposed regarding the presence of additional 𝑏- or 
𝑐-jets in the fiducial phase space, but the 𝑡𝑡 + jets categorization is per
formed as described above. In the single-lepton channel, events must 
feature exactly one charged lepton (𝓁 = 𝑒,𝜇), while in the dilepton 
channel, events must contain exactly two oppositely charged leptons. 
One lepton must have 𝑝T > 27 GeV, any additional lepton must carry 
𝑝T > 10 GeV, and all are required to be within |𝜂|< 2.5. Any event fea
turing a sam-flavor lepton pair with an invariant mass below 15 GeV or 
within the range 83 to 99 GeV is rejected. Leptons are removed if their 
distance to a jet satifies Δ𝑅 < 0.4. The fiducial phase space accepts 
approximately 17% of the total number of simulated 𝑡𝑡 + ≥1𝑐 events. 
The measurements are also performed in a more inclusive phase-space 
volume without requirements on the 𝑡𝑡 decay products and the jet mul
tiplicity.
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4. Event reconstruction and selection

Events are required to have at least one primary vertex with two or 
more tracks with 𝑝T > 0.5 GeV. For events with more than one primary 
vertex, the hard-scattering primary vertex is selected as the one with 
the highest sum of squared track 𝑝T [67]. A suite of single-electron and 
single-muon triggers is used to select events with at least one charged 
lepton [68,69].

Jets are reconstructed using the anti-𝑘𝑡 clustering algorithm with a 
radius parameter of 𝑅 = 0.4 using particle flow jet constituents that com
bine measurements from both the ID and the calorimeter [70]. Jet can
didates undergo calibration using simulations, with corrections derived 
from in situ techniques applied to data [71]. They are required to have 
𝑝T > 25 GeV and |𝜂| < 2.5, with jets within |𝜂| < 2.4 and 𝑝T < 60 GeV
further required to pass the tight working point of the jet vertex tag
ger [72] to reduce contribution from pileup jets.

Electron candidates are reconstructed from clusters of energy in 
the EM calorimeter associated with reconstructed tracks from the ID. 
Their reconstruction, identfication, and calibration are detailed in 
Refs. [73,74]. They must satisfy a set of likelihood-based identfication 
criteria with 𝑝T > 10 GeV and |𝜂cluster | < 2.47. Electrons in the transition 
region between the end-caps and barrel region (1.37 < |𝜂cluster | < 1.52) 
are vetoed. Tracks matched to electrons are required to be associated 
with the primary vertex and satisfy |𝑧0 sin𝜃| < 0.5 mm and |𝑑0|∕𝜎(𝑑0) <
5, where 𝑧0 and 𝑑0 are the longitudinal and transverse impact param
eters of the electron track, respectively. For the analysis regions, the 
identfication criteria are tightened, and electrons are required to sat
isfy a set of variable-radius isolation criteria to reduce contributions 
from misidentfied jets, considering energy depositions in the calorime
ter and tracks in the ID [73].

Muons are reconstructed by combining a track from the muon spec
trometer with an ID track. Details regarding the reconstruction, iden
tfication and calibration of muons are summarized in Refs. [75,76]. 
The ID tracks must be associated with the primary vertex by passing 
|𝑧0 sin𝜃| < 0.5 mm and |𝑑0|∕𝜎(𝑑0) < 3. They must fufill 𝑝T > 10 GeV, 
|𝜂| < 2.5, and satisfy a set of muon quality criteria. For the analysis re
gions, the quality criteria are tightened, and muons are required to pass 
a track-based isolation criterion to reduce contributions from misiden
tfied jets [75].

An overlap removal procedure prevents double counting of energy 
deposits and improves object resolution and identfication efficiencies. 
Electron candidates sharing tracks with a muon candidate are removed. 
The nearest jet within Δ𝑅 < 0.2 of an electron candidate is removed in 
favor of the electron. Electrons within Δ𝑅 < 0.4 of any jets after this 
selection are removed in favor of the jet. Muons are removed if they 
are within Δ𝑅 < 0.4 of a jet to reduce contributions from heav-flavor 
decays. However, if the jet has fewer than three associated tracks, the 
muon is kept in favor of the jet.

Jets containing 𝑏-hadrons are identfied as 𝑏-tagged jets using the 
DL1r algorithm [77], which leverages distinctive 𝑏-hadron features like 
track impact parameters and the presence of displaced vertices in the ID. 
The algorithm also includes discriminating variables from a recurrent 
neural network that exploit spatial and kinematic correlations between 
tracks from the same 𝑏-hadron. The DL1r algorithm provides three out
put scores, 𝑝𝑏, 𝑝𝑐 , and 𝑝light, and in the standard DL1r calibration, jets are 
tagged as 𝑏-jets using a discriminant 𝑏 that is built using the Neyman--
Pearson lemma [78]:

𝑏 = log
𝑝𝑏

𝑓𝑐𝑝𝑐 + (1 − 𝑓𝑐)𝑝light
.

The parameter 𝑓𝑐 controls which background contributes more to the 
decision. To improve the efficiency of selecting jets originating from 
𝑐-quarks without compromising the 𝑏-jet identfication performance, 
the DL1r algorithm was reoptimized as a 2D binned discriminant, the 
𝑏/𝑐-tagger. This reoptimization was necessary because standard DL1r 
cofigurations do not provide calibrated 𝑐-tagging working points, re

Fig. 2. Distribution of light, 𝑐-, and 𝑏-jets for the 2D 𝑏/𝑐-tagger in simulated 
𝑡𝑡 events. Dashed lines correspond to the edges of the working points. For vi
sualization purposes a standard logistic function is applied to both axes of the 
discriminant. The contours for each jet type are smoothed with a kernel density 
method to improve readability, with contours corresponding to lines of constant 
density. The two 𝑏-tagging bins comprise the top left corner of the discriminant, 
with the 𝑐-tagging bins to the right of the vertical dashed line. Untagged jets are 
located in the bottom left corner.

quiring a tailored approach to achieve the desired balance between 𝑏-jet
and 𝑐-jet identfication. The axes of the discriminant, 𝑐 and 𝑏, are cal
culated from the 𝑝𝑏, 𝑝𝑐 , and 𝑝light scores following the above formula, 
with all 𝑏- and 𝑐-subscripts interchanged for the 𝑐 discriminant. It was 
found that 𝑓𝑏 = 0.4 provides good performance for the 𝑏/𝑐-tagger as it 
leads to a balanced contamination of 𝑏-jets and ligh-flavor jets in the 
analysis regions; the value of 𝑓𝑐 = 0.018 was chosen to align the admix
ture with the standard DL1r calibration.

The binning in 𝑐 and 𝑏 includes five working points (WPs), two 
of which are optimized for 𝑐-jet identfication and two for 𝑏-jet iden
tfication. The WPs are designed to achieve an approximately constant 
efficiency for 𝑏-jet and 𝑐-jet identfication across the jet 𝑝T and |𝜂| range, 
with 𝑝T > 20 GeV. The 𝑐-tagging WPs are separated from the others by 
′

𝑐
≥ 0.625, where the prime indicates that a standard logistic function is 

applied to the discriminant: ′
𝑐
= 1∕(1+ exp(−𝑐)). The tight 𝑐-tagging

WP includes a tighter cut on ′
𝑏

to increase the ligh-flavor rejection 
rate and is designed to achieve an exclusive efficiency of 11% (denoted 
𝑐@11%).4 The loose 𝑐-tagging WP, which includes 𝑐@11%, achieves 
an inclusive efficiency of 22% (𝑐@22%). The 𝑐@11% and 𝑐@22% WPs 
yield 𝑏-jet rejection rates of 28.7 and 18.9 and ligh-flavor rejection 
rates of 1051 and 104 in simulated 𝑡𝑡 events, respectively. The 𝑏-tagging
WPs, dfined for ′

𝑐
< 0.625, use the same ′

𝑏
cuts as the two tightest 

𝑏-tagging WPs in the standard DL1r calibration. The tighter 𝑏-tagging
WP is designed to achieve an exclusive efficiency of 60% (𝑏@60%), the 
looser, which includes 𝑏@60%, to achieve an inclusive 𝑏-tagging effi
ciency of 70% (𝑏@70%), with 𝑐-jet rejection rates of 37.1 and 12.2 and 
ligh-flavor rejection rates of 2320 and 573, respectively. Jets not en
tering any of the four WP bins are classfied as untagged. Consequently, 
the 𝑏/𝑐-tagger comprises a total of five orthogonal bins, with the distri
bution of light, 𝑐- and 𝑏-jets illustrated in Fig. 2.

The calibration of the five 𝑏/𝑐-tagger WPs follows standard proce
dures applied to the DL1r algorithm [79--81]. Jets originating from 𝑏-
and 𝑐-quarks are calibrated in data using 𝑡𝑡 events, both selections being 
orthogonal to the events analyzed in this study by limiting the number 

4 Tightening the cut on ′
𝑐

instead of ′
𝑏

would lead to a more balanced in
crease in the 𝑏-jet and ligh-flavor rejection rate, but it was found that a focus 
on higher ligh-flavor rejection rates yields better 𝑡𝑡+≥1𝑐 signal sensitivity.
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Table 1
Jet multiplicity and tagging criteria for the signal regions (SRs) and control regions (CRs) in the 
single-lepton and dilepton channels. All single-lepton regions are dfined in the 5-jet-exclusive and 
6-jet-inclusive jet selections, all dilepton regions in the 3-jet-exclusive and 4-jet-inclusive jet selec
tions. By construction, SR2𝓁

tight only exists for the 4-jet-inclusive selection. Identical requirements on 
inclusive and exclusive working points, e.g., one 𝑐@22% and one 𝑐@11% in the CR1𝓁

1 , indicate a 
veto of additional tags at the inclusive working point.

CR1𝓁
1 CR1𝓁

2 CR1𝓁
3 SR1𝓁

loose SR1𝓁
tight CR2𝓁

1 CR2𝓁
2 CR2𝓁

3 SR2𝓁
loose SR2𝓁

tight

𝑁jets = 5 or ≥ 6 = 3 or ≥ 4 ≥ 4 
𝑏@70% 2 -- -- 2 2 2 -- ≥ 3 2 2 
𝑏@60% -- ≥ 3 3 -- -- -- ≥ 3 ≤ 2 -- -- 
𝑐@22% 1 0 1 ≥ 2 -- 0 -- -- 1 ≥ 2
𝑐@11% 1 -- 1 1 ≥ 2 -- -- -- -- -- 

of jets to four (two) in single-lepton (dilepton) final states. All 𝑏-tagging
calibration scale factors (SFs) are close to unity, with statistical uncer
tainties dominating the high 𝑝T regime. The 𝑐-tagging calibration yields 
more variation in the SF values. For the 𝑏@70% WP, the SFs average 
around 0.9 and some bins in jet 𝑝T are incompatible with unity within 
their uncertainties. Ligh-flavor jet calibration employs the negative-tag

method [82,83] in conjunction with a flip-tagger approach following 
Ref. [81], and all SFs are compatible with unity within uncertainties. 
For the 𝑏@60% working point, the ligh-flavor SFs cannot be determined 
due to the large 𝑏-jet contamination and so, following the procedure in 
Ref. [81], are set to unity with additional uncertainties. The 𝑐@11% WP 
also has large uncertainties due to high contamination of heav-flavor 
jets and low statistics. Simulation-to-simulation SFs are derived in bins 
of jet 𝑝T and |𝜂| to account for differences between tagging efficiencies 
for different PS and hadronization algorithms [84].

A preselection is applied and requires at least one electron or muon 
with 𝑝T > 27 GeV that is matched to the trigger object. The single-lepton 
channel selects events with exactly one lepton, while the dilepton chan
nel selects those with exactly two oppositely charged leptons. Events 
must have at least five (three) jets in the single-lepton (dilepton) chan
nel, with at least three (two) 𝑏-tagged or 𝑐-tagged jets using the 𝑏@70%
or 𝑐@22% working points. For dilepton final states with identical lep
ton flavors, the same invariant-mass criteria as those applied in the 
fiducial selection at particle level are imposed. In the single-lepton chan
nel, events are split into those with exactly five jets (5-jet-exclusive) 
and those with six or more jets (6-jet-inclusive). Similarly, in the dilep
ton channel, events are categorized as either 3-jet-exclusive or 4-jet
inclusive. Based on the number of identfied 𝑏- and 𝑐-tagged jets, events 
are further classfied into signal regions (SRs) enriched in 𝑡𝑡 + ≥2𝑐 and 
𝑡𝑡+ 1𝑐 events, and control regions (CRs), which determine the normal
ization of the 𝑡𝑡 + ≥1𝑏 and 𝑡𝑡 + light background. An overview of the 
seven SRs and 12 CRs is shown in Table 1. Approximately 5.3% of the 
simulated 𝑡𝑡 + ≥1𝑐 events passing the fiducial selection criteria are re
constructed in the analysis regions.

There are four SRs in the single-lepton channel and three SRs in 
the dilepton channel with different degrees of purity in 𝑡𝑡 + ≥2𝑐 and 
𝑡𝑡 + 1𝑐 events. The SR1𝓁

tight and SR2𝓁
tight regions target 𝑡𝑡 + ≥2𝑐 events, 

while SR1𝓁
loose and SR2𝓁

loose are dominated by 𝑡𝑡+1𝑐. All seven regions re
quire exactly two 𝑏-tagged jets at 𝑏@70%. In the single-lepton channel, 
events featuring at least two 𝑐-tagged jets at 𝑐@22% with exactly one 
satisfying the 𝑐@11% working point enter the SR1𝓁

loose regions. Events 
with two or more 𝑐-tagged jets at 𝑐@11% are classfied into SR1𝓁

tight . 
The expected purity in 𝑡𝑡 + ≥2𝑐 events in the single-lepton SRs ranges 
between 10% and 28%, while the predicted 𝑡𝑡+1𝑐 contributions are be
tween 29% and 38%. In the dilepton channel, events with exactly one 
𝑐-tagged jet at 𝑐@22% are sorted into SR2𝓁

loose, while events with at least 
two enter SR2𝓁

tight , which is only dfined in the 4-jet-inclusive selection. 
In the dilepton regions, the expected purity in 𝑡𝑡+≥2𝑐 and 𝑡𝑡+1𝑐 events 
is between 4% and 46%, and between 16% and 38%, respectively.

In the single-lepton channel, three CRs with varying compositions in 
𝑡𝑡 + ≥1𝑏 and 𝑡𝑡 + light are dfined for each of the two jet multiplicity 
selections. The CR1𝓁

1 regions select exactly two 𝑏-tagged jets at 𝑏@70%
and exactly one 𝑐-tagged jet passing 𝑐@22% and 𝑐@11%. They are dom
inated by 𝑡𝑡+ light events. The CR1𝓁

2 regions are characterized by events 
with three or more 𝑏-tagged jets at 𝑏@60%, with a veto on 𝑐-tagged jets, 
leading to a mix of 𝑡𝑡 + ≥1𝑏 and 𝑡𝑡 + light. The CR1𝓁

3 regions are pure 
in 𝑡𝑡+≥1𝑏 and select events with exactly three 𝑏-tagged jets at 𝑏@60%
and exactly one 𝑐-tagged jet satisfying 𝑐@22% and 𝑐@11%.

Similarly, the dilepton channel features three CRs for each of the 
two jet multiplicity selections. The CR2𝓁

1 regions require exactly two 
𝑏-tagged jets at 𝑏@70% and veto 𝑐-tagged jets. They are dominated by 
𝑡𝑡+ light events. The CR2𝓁

2 regions are pure in 𝑡𝑡+≥1𝑏 and select events 
with three or more 𝑏-tagged jets at 𝑏@60%. The CR2𝓁

3 regions show a 
mix of 𝑡𝑡+≥1𝑏 and 𝑡𝑡+ light by requiring at least three 𝑏-tagged jets at 
𝑏@70%, with no more than two satisfying the 𝑏@60% criteria.

Contributions from processes with non-prompt or misidentfied lep
tons to the single-lepton selection, in the following termed fake leptons, 
were estimated by using the data-driven matrix method [85] in ded
icated CRs. Prompt-lepton efficiencies were derived in data using a 
tag-and-probe method in 𝑍-boson decays. Fake-lepton efficiencies were 
estimated in data in bins of lepton 𝑝T and |𝜂| using events with at least 
three jets, at least two 𝑏-tagged jets at the 70% working point of the 
DL1r tagger, and one lepton fufilling the looser identfication and qual
ity criteria. The isolation requirements were completely dropped. To 
enrich the selection in fake leptons, only events where the scalar sum 
of the magnitude of the missing-transverse-momentum vector and the 
leptonically decaying 𝑊 -boson mass is no larger than 60 GeV were con
sidered.5 The fake-lepton contributions to the analysis were then esti
mated by inverting the efficiency matrix and applying it to the observed 
event yields in the analysis regions using the looser and the nominal lep
ton identfication and isolation criteria. Fake-lepton contributions to the 
dilepton selection mainly arise from 𝑊 + jets and single-lepton 𝑡𝑡+ jets
events and were estimated from MC simulation.

5. Systematic uncertainties

The extraction of the 𝑡𝑡 + ≥2𝑐 and 𝑡𝑡 + 1𝑐 cross-sections is subject 
to various sources of uncertainties, impacting either the overall event 
yields in a region, the shape of observable distributions considered in 
the fit, or both.

Experimental sources of uncertainties include uncertainties in the 
value of the integrated luminosity of the Run 2 data, the simulation 

5 The magnitude of the missing-transverse-momentum vector, denoted 𝐸miss
T , 

is dfined as the negative sum of the transverse momenta of the reconstructed 
and calibrated physical objects, plus a soft term built from all other tracks asso
ciated with the primary vertex [86] and not matched to a reconstructed object. 
The mass of the leptonically decaying 𝑊 boson is calculated from the kinemat
ics of the lepton and the missing transverse momentum.
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of pileup events, and effects related to the reconstruction and identfi
cation of physics objects used in the analysis. The uncertainty in the 
combined 2015--2018 integrated luminosity is 0.83% [87], obtained 
using the LUCID-2 detector [19] for the primary luminosity measure
ments, complemented by measurements using the inner detector and 
calorimeters. Uncertainties in the modeling of pileup are evaluated by 
varying the pileup reweighting in MC simulations within its associated 
uncertainties. Furthermore, lepton identfication and isolation efficien
cies, momentum scale and resolution, and lepton trigger efficiencies 
are varied within their uncertainties to evaluate their impact on the 
measurement [73--76]. The uncertainty in the jet energy scale (JES) 
is derived from a combination of simulations, test-beam data, and in 
situ measurements [71]. This uncertainty incorporates contributions 
from various sources such as je-flavor composition, 𝜂-intercalibration, 
punch-through, single-particle response, calorimeter response to differ
ent jet flavors, and pileup. It comprises 30 uncorrelated JES uncertainty 
subcomponents. Additionally, the jet energy resolution in simulation 
is varied by its corresponding uncertainty, which is divided into thir
teen uncorrelated sources. The uncertainty associated with the jet vertex 
tagger is determined by varying its efficiency correction factors [72]. 
Moreover, uncertainties in the calibration of the 𝑏/𝑐-tagger are sepa
rately determined for 𝑏-jets, 𝑐-jets, and ligh-flavor jets, following the 
procedures detailed in Refs. [79--81]. They are derived as a function of 
jet 𝑝T and separately for each WP, yielding a total of 45 components for 
𝑏-jets and 20 each for 𝑐-jets and ligh-flavor jets. For jets with 𝑝T values 
above the range covered by the calibration, extrapolation uncertainties 
derived from MC simulation are applied.

Uncertainties in the modeling of 𝑡𝑡 + ≥2𝑐, 𝑡𝑡 + 1𝑐, and 𝑡𝑡 + light are 
considered through several alternative inclusive 𝑡𝑡 simulation setups. 
The alternative set of events with 𝑝hardT = 1 is used to assess the un
certainty in the NLO matching between the matrix elements and the PS. 
The ℎdamp = 3 𝑚𝑡 sample assesses the uncertainty in the choice of that pa
rameter. The Powheg+Herwig7 setup evaluates the uncertainty in the 
choice of the PS and hadronization algorithm. Additionally, the nominal 
set of events is reweighted to scenarios where 𝜇R and 𝜇F in the matrix 
element are halved and doubled independently to assess the uncertainty 
in the choice of these parameters. To estimate uncertainties in the mod
eling of initial-state radiation (ISR) and final-state radiation (FSR), the 
factorized parameter 𝛼ISR

𝑆
is varied using the var3c variation of the A14 

tune, and the renormalization scale associated with 𝛼FSR
𝑆

is varied to 
0.625 and 2 relative to its nominal setting. The uncertainty in the PDF 
set is estimated by using 30 PDF variations of the PDF4LHC prescription.

Uncertainties in the modeling of the 𝑡𝑡+≥1𝑏 contributions are con
sidered through a similar suite of alternative 𝑡𝑡 + 𝑏𝑏̄ simulation setups. 
The alternative set of events with 𝑝hardT = 1 is used to assess the uncer
tainty in the NLO matching between the matrix elements and the PS. 
The uncertainty in the choice of the recoil scheme is evaluated with the 
set of events generated with the alternative dipole recoil scheme. The
Powheg+Herwig7 setup is used to evaluate the uncertainty in the se
lection of the PS and hadronization algorithm. Event weight variations 
identical to those applied in 𝑡𝑡 simulations, including 𝜇R, 𝜇F, ISR, FSR, 
and the PDF set, are considered for 𝑡𝑡+ 𝑏𝑏̄.

All uncertainties considered in the modeling of 𝑡𝑡 + jets production 
are treated as uncorrelated between the 𝑡𝑡 + ≥1𝑏, 𝑡𝑡 + ≥1𝑐, and 𝑡𝑡 +
light processes. Moreover, the NLO matching and PS uncertainties for 
𝑡𝑡 + ≥1𝑐 (𝑡𝑡 + ≥1𝑏) are parameterized independently for the 𝑡𝑡 + ≥2𝑐
and 𝑡𝑡 + 1𝑐 (𝑡𝑡 + ≥2𝑏 and 𝑡𝑡 + 1𝑏) components as the components are 
sensitive to different effects. Additionally, the 𝑡𝑡 + light PS uncertainty 
is parameterized separately for the 3-jet-exclusive, 4-jet-inclusive, 5-jet
exclusive, and 6-jet-inclusive regions to avoid strong constraints arising 
from region-to-region migration effects.

For 𝑡-channel, 𝑠-channel, and 𝑡𝑊 single-top-quark production, the
Powheg+Herwig7 setups are used to assess the uncertainty in the 
choice of the PS and hadronization algorithm. For 𝑡𝑊 production, the 
set of events with the diagram-subtraction scheme is used to gauge the 
uncertainty in the treatment of the interference with 𝑡𝑡, and the NLO 

matching uncertainty is evaluated using events generated with Mad
Graph5_aMC@NLO+Pythia8. An additional 5% normalization uncer
tainty is assigned to accommodate the uncertainty in the cross-section 
value [88]. For the 𝑡-channel and 𝑠-channel predictions, normalization 
uncertainties of 50% are assigned to cover NLO matching and cross
section uncertainties. The difference between the sets of 𝑡𝑡𝑊 and 𝑡𝑡𝑍
events generated with MadGraph5_aMC@NLO+Pythia8 and Sherpa
is used as an uncertainty in the prediction for these processes. Addi
tionally, uncertainties of approximately 13% and 11% are assigned to 
𝑡𝑡𝑊 and 𝑡𝑡𝑍 , respectively, to accommodate uncertainties in the assigned 
cross-section values [89]. Conservative normalization uncertainties of 
50% are assigned to each of the remaining top-quark processes consid
ered (𝑡𝑡𝐻 , 𝑡𝑊 𝑍 , 𝑡𝑍𝑞) to cover potential mismodeling of the rates of 
these processes in the probed fiducial phase space. For the 𝑊 + jets, 
𝑍 + jets and diboson background, the assigned uncertainties follow 
those used in previous ATLAS measurements [90]. Normalization un
certainties of 40% and 35% are considered for 𝑊 + jets and 𝑍 + jets
processes, based on variations of the 𝜇R and 𝜇F scales and of the match
ing parameters in the Sherpa generator. Additional 40% uncertainties 
are assigned to 𝑊 + jets events with exactly two heav-flavor jets and at 
least three heav-flavor jets based on the same variations. A 50% uncer
tainty is assigned to the diboson background, which includes uncertain
ties in the inclusive cross-section and additional jet production [91--93]. 
None of the modeling uncertainties of the Other Top and Non-Top cat
egories have any significant impact on the 𝑡𝑡 + ≥2𝑐 and 𝑡𝑡 + 1𝑐 cross
section measurements.

The fake-lepton estimate in the single-lepton channel is derived from 
a data sample with finite statistics, leading to bin-by-bin statistical un
certainties for the fake-electron and fake-muon contributions. In addi
tion, conservative 50% normalization uncertainties are assigned to the 
data-driven single-lepton and MC-based dilepton estimates.

6. Results

The data from all 19 analysis regions are simultaneously fit using 
a binned prfile likelihood approach using the HistFactory [94] and 
RooFit [95] toolkits. Systematic uncertainties are incorporated as nui
sance parameters in the fit and are constrained by a Gaussian penalty 
term present in the likelihood function. The statistical uncertainty aris
ing from the limited number of simulated events is included in the like
lihood in the form of additional nuisance parameters with Poisson con
straint terms. To determine the production cross-sections of the 𝑡𝑡+≥2𝑐
and 𝑡𝑡 + 1𝑐 processes, and to control the 𝑡𝑡 + ≥1𝑏 and 𝑡𝑡 + light back
ground processes, normalization factors are dfined for all four 𝑡𝑡 + jets
categories. These factors, 𝜇𝑖, serve as unconstrained normalization fac
tors in the prfile likelihood fit, and they are applied to both fiducial 
and no-fiducial 𝑡𝑡+ jets events. The inclusive 𝑡𝑡+ jets normalization 
factor is computed following

𝜇(𝑡𝑡+ jets) =
∑
𝑖 

𝜇𝑖𝑅
MC
𝑖

for 𝑖 ∈ {𝑡𝑡+≥1𝑏, 𝑡𝑡+≥2𝑐, 𝑡𝑡+ 1𝑐, 𝑡𝑡+ light},

(1)

where 𝑅MC
𝑖

is the predicted cross-section ratio of process 𝑖 to overall 
𝑡𝑡+ jets production in MC simulation.

Each of the 12 CRs is represented as a single bin in the fit. SR1𝓁5j
loose

and SR1𝓁5j
tight use the invariant mass between the two geometrically closest 

𝑐-tagged jets to increase sensitivity to differences between the 𝑡𝑡+≥2𝑐, 
𝑡𝑡+1𝑐, and 𝑡𝑡+ light contributions (only considering 𝑐-tagged jets pass
ing 𝑐@11% in SR1𝓁5j

tight ). Due to 𝑐-jets originating from the decay of the 
𝑊 boson, the contribution from 𝑡𝑡 + light is enhanced around the 𝑊
boson mass. SR2𝓁3j

loose uses the invariant mass between the 𝑐-tagged jet 
and the geometrically closest 𝑏-tagged jet. All three regions use four bins 
with varying width to maximize sensitivity to the 𝑡𝑡 + ≥2𝑐 and 𝑡𝑡 + 1𝑐
contributions. In the 4-jet-inclusive and 6-jet-inclusive SRs, the jet mul
tiplicity is used to enhance the separation between 𝑡𝑡 + ≥1𝑏, 𝑡𝑡 + ≥2𝑐, 
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Fig. 3. Pos-fit agreement between data and MC simulation in the 12 control regions (CRs) and seven signal regions (SRs). The error bars indicate data statistical 
uncertainties. The hatched uncertainty bands include all uncertainties and their correlations. Other Top includes single-top-quark production and associated production 
of 𝑡𝑡 and single top quarks with bosons. Non-Top includes 𝑊 + jets, 𝑍 + jets, and diboson processes.

𝑡𝑡+ 1𝑐, and 𝑡𝑡+ light processes, fitting 6 ≤𝑁jets ≤ 9 and 4 ≤𝑁jets ≤ 7 in 
the single-lepton and dilepton channels, respectively. Oveflow events 
are included in the last bin of each distribution.

Pos-fit comparisons between data and simulation for all regions are 
depicted in Fig. 3. The fitted observable distributions of the SRs are 
shown in Figs. 4 and 5. Good agreement between data and simulation is 
observed in all regions and observables with varying relative contribu
tions of the 𝑡𝑡+ jets categories. The goodness of fit was evaluated using 
a saturated model [96] and the compatibility with data was found to be 
98%.

The 𝑡𝑡+≥2𝑐 and 𝑡𝑡+ 1𝑐 normalization factors obtained from this fit 
are used to extract the observed fiducial cross-sections by scaling them 
with the predicted cross-sections for the fiducial phase space introduced 
in Section 3. Theoretical uncertainties in the predicted cross-sections 
owing to the 𝜇R and 𝜇F scale choice and the used PDF set are not 
propagated to the extracted fiducial cross-section values. The fiducial 
cross-sections for 𝑡𝑡+≥2𝑐 and 𝑡𝑡+ 1𝑐 processes are determined to be

𝜎f id(𝑡𝑡+≥2𝑐) = 1.28 +0.16−0.10 (stat)+0.21−0.22 (syst) pb = 1.28 +0.27−0.24 pb, (2)

𝜎f id(𝑡𝑡+ 1𝑐) = 6.4 +0.5−0.4 (stat) ± 0.8 (syst) pb = 6.4 +1.0−0.9 pb. (3)

The breakdown into statistical and systematic uncertainties is esti
mated from the covariance matrix of the prfile likelihood fit, following 
Ref. [97]. The precision of the measured 𝑡𝑡 + ≥2𝑐 and 𝑡𝑡 + 1𝑐 cross
sections is limited by uncertainties in the modeling of 𝑡𝑡+≥1𝑐, 𝑡𝑡+≥1𝑏, 
and 𝑡𝑡 + light, in particular in the NLO matching and the PS, by un
certainties in the 𝑏/𝑐-tagger calibration, as well as by data statistics. 
Table 2 provides a detailed breakdown of the uncertainties that affect 
the 𝑡𝑡 + ≥2𝑐 and 𝑡𝑡 + 1𝑐 cross-sections in the fiducial phase space. The 
uncertainty in the 𝑡𝑡 + ≥1𝑏 and 𝑡𝑡 + light normalization factors on the 
𝑡𝑡+≥2𝑐 and 𝑡𝑡+1𝑐 cross-sections is included in the data statistics entry. 
The fit constrains several nuisance parameters that strongly impact the 
𝑡𝑡+≥2𝑐 and 𝑡𝑡+1𝑐 cross-sections, with none falling below 50% of their 
prior values. Noteworthy constraints are placed on the 𝑡𝑡+≥1𝑐 FSR and 
𝑡𝑡+1𝑐 PS nuisance parameters, which arise primarily from discrepancies 
between the predicted rates of 𝑡𝑡+ ≥2𝑐 and 𝑡𝑡+ 1𝑐 events in the signal 
regions. No significant pulls of the nuisance parameters are observed in 
the fit. The measured 𝑡𝑡 + ≥1𝑏 normalization factor is compatible with 
those obtained in a dedicated ATLAS 𝑡𝑡+ 𝑏𝑏̄ measurement performed in 

Table 2
Breakdown of the fiducial 𝑡𝑡+ ≥2𝑐 and 𝑡𝑡+ 1𝑐 cross-section uncertainties. Sys
tematic uncertainties are grouped into signal and background modeling, instru
mental, and MC statistics categories. The table lists the fractional uncertainty 
in the measured cross-sections in percent and is estimated from the covariance 
matrix of the prfile likelihood fit, following Ref. [97]. Individual groups of un
certainties can be added in quadrature to obtain the total uncertainty. JES and 
JER denote the jet energy scale and resolution uncertainties, respectively. The 
fractional uncertainties in the fitted 𝑡𝑡+≥1𝑏 and 𝑡𝑡+ light normalization factors 
are included in the data statistics category. For presentation purposes, all un
certainties are symmetrized.

Uncertainty group Fractional uncertainty [%] on 
𝜎f id(𝑡𝑡+≥2𝑐) 𝜎f id(𝑡𝑡+ 1𝑐)

𝑡𝑡+≥1𝑐 modeling 9 8 
Background modeling: 

𝑡𝑡+≥1𝑏 4 4 
𝑡𝑡+ light 6 4 
Others 2.5 1.7 

Instrumental: 
𝑏-tagging 2.2 1.8 
𝑐-tagging 9 4 
light mis-tagging 2.2 3.4 
JES/JER 6 3.5 
Others 1.3 0.9 

MC statistics 3.1 2.5 
Total systematic uncertainty 17 12 
Data statistical uncertainty 11 7 
Total 20 14 

a fiducial phase space targeting 𝑒+𝜇 final states [17], reaching a similar 
level of relative precision.

The measured values for the four processes and the overall 𝑡𝑡+ jets
production are depicted in Fig. 6 and listed in Table 3, along with sev
eral NLO + PS predictions from different MC simulations. The predictions 
for 𝑡𝑡+≥2𝑐 and 𝑡𝑡+1𝑐 are largely consistent with the measurements, but 
underpredict the observed cross-sections by 0.5 to 2.0 standard devia
tions. Considering variations of the 𝜇R and 𝜇F scales and uncertainties in 
the PDF choice of the predictions, the Powheg+Pythia8 setups agree 
with the measured 𝑡𝑡+≥2𝑐 (𝑡𝑡+1𝑐) values within 0.5 to 0.8 (0.9 to 1.1) 
standard deviations of measurement and prediction uncertainties. In 
contrast, Powheg+Herwig7 and MadGraph5_aMC@NLO+Herwig7 
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Fig. 4. Pos-fit agreement between data and MC prediction for the observables used in the 5-jet-exclusive and 3-jet-exclusive signal regions (SRs): (a) SR1𝓁5j
loose and (b) 

SR1𝓁5j
tight , both using the invariant mass of the two geometrically closest 𝑐-tagged jets, 𝑚minΔ𝑅

cc , for the latter only considering 𝑐-tagged jets passing 𝑐@11%; (c) SR2𝓁3j
loose

using the invariant mass of the selected 𝑐-tagged jet and the geometrically closest 𝑏-tagged jet, 𝑚minΔ𝑅
cb . The hatched uncertainty bands include all uncertainties and 

their correlations. The last bins contain oveflow events. Other Top includes single-top-quark production and associated production of 𝑡𝑡 and single top quarks with 
bosons. Non-Top includes 𝑊 + jets, 𝑍 + jets, and diboson processes.

fall short by 25% to 40%, aligning with the measured values at 1.2 to 2.0 
standard deviations. For 𝑡𝑡+≥1𝑏, 𝑡𝑡+ light, and 𝑡𝑡+ jets, most NLO + PS 
predictions agree with the measured cross-sections within measurement 
uncertainties.

To test the compatibility of the two channels, an additional fit was 
performed where the 𝑡𝑡 + ≥2𝑐 and 𝑡𝑡 + 1𝑐 normalization factors were 
parameterized independently in the single-lepton and dilepton regions. 
The single-lepton channel measures 𝜎f id(𝑡𝑡 + ≥2𝑐) = (1.5 ± 0.4) pb and 
𝜎f id(𝑡𝑡 + 1𝑐) = (6.4 ± 1.1) pb, and the dilepton channel 𝜎f id(𝑡𝑡 + ≥2𝑐) =
(1.18 ± 0.25) pb and 𝜎f id(𝑡𝑡 + 1𝑐) = (6.4 ± 1.0) pb. The results in both 
channels are consistent with the nominal results within their uncertain
ties. The compatibility of this fit with the nominal setup was evaluated 
by performing a 𝜒2 test on the log-likelihood difference, yielding a com
patibility of 58%. In a second test, the 𝑡𝑡+≥2𝑐 and 𝑡𝑡+1𝑐 normalization 
factors were parameterized through one joint parameter of interest, and 
the NLO matching and PS uncertainties of the two processes were treated 
as correlated. The resulting cross-section of 𝜎f id(𝑡𝑡+≥1𝑐) = (8.2±0.9) pb
is consistent with the sum of the 𝑡𝑡+≥2𝑐 and 𝑡𝑡+1𝑐 cross-sections in the 

nominal setup within uncertainties, but shows increased relative preci
sion.

A measurement of the cross-sections in the more inclusive phase 
space yields 𝜎inc(𝑡𝑡+≥2𝑐) = (5.4±1.1) pb and 𝜎inc(𝑡𝑡+1𝑐) = (38±6) pb, 
showing moderately increased relative uncertainties compared with the 
fiducial cross-sections.

The normalization factors 𝜇(𝑡𝑡 + ≥1𝑏), 𝜇(𝑡𝑡 + ≥2𝑐), 𝜇(𝑡𝑡 + 1𝑐), and 
𝜇(𝑡𝑡+ light) are used to determine the cross-section ratios of these pro
cesses to total 𝑡𝑡+ jets production. These measurements benfit from the 
cancelation of several systematic uncertainties related to detector instru
mentation and calibrations, potentially reducing the overall systematic 
uncertainties. In the more inclusive phase space, the measurement yields 
ratios of 𝑅inc

𝑡𝑡+≥2𝑐 = (1.23 ± 0.25)% and 𝑅inc
𝑡𝑡+1𝑐 = (8.8 ± 1.3)%. In the fidu

cial phase space, these ratios increase to 𝑅f id
𝑡𝑡+≥2𝑐 = (2.7 ± 0.5)% and 

𝑅f id
𝑡𝑡+1𝑐 = (13.7 ± 1.8)%. In both phase spaces, the Powheg+Pythia8 

simulations underpredict the ratios, but agree with the measured 𝑅inc
𝑡𝑡+≥2𝑐

and 𝑅inc
𝑡𝑡+1𝑐 values within 0.9 and 1.1 standard deviations, and in the fidu
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Fig. 5. Pos-fit agreement between data and MC prediction for the observables used in the (a) loose 6-jet-inclusive, (b) tight 6-jet-inclusive, (c) loose 4-jet-inclusive, 
and (d) tight 4-jet-inclusive signal regions (SRs). All regions use the jet multiplicity, 𝑁jets, as a fit observable. The hatched uncertainty bands include all uncertainties 
and their correlations. The last bins contain oveflow events. Other Top includes single-top-quark production and associated production of 𝑡𝑡 and single top quarks 
with bosons. Non-Top includes 𝑊 + jets, 𝑍 + jets, and diboson processes.

Table 3
Measured fiducial cross-section values in comparison with various NLO + PS predictions. The uncertainties in the 
predictions include independent and simultaneous variations of the 𝜇R and 𝜇F scales and uncertainties in the choice 
of the PDF set, but no uncertainties in the parton shower or hadronization. The uncertainties in the measured values 
include all statistical and systematic uncertainties. For presentation purposes, the quoted measurement and prediction 
uncertainties are symmetrized.

𝑡𝑡+≥2𝑐 [pb] 𝑡𝑡+ 1𝑐 [pb] 𝑡𝑡+≥1𝑏 [pb] 𝑡𝑡+ light [pb] 𝑡𝑡+ jets [pb] 
𝑡𝑡 Powheg+Pythia 8 1.04 ± 0.18 5.1 ± 0.8 3.2 ± 0.5 40 ± 6 50 ± 7
𝑡𝑡 Powheg+Pythia 8, ℎdamp = 3 𝑚𝑡 1.12 ± 0.16 5.4 ± 0.7 3.3 ± 0.5 41 ± 5 51 ± 7
𝑡𝑡 Powheg+Pythia 8, 𝑝hardT = 1 1.05 ± 0.18 5.2 ± 0.8 3.1 ± 0.5 40 ± 6 50 ± 7
𝑡𝑡 Powheg+Herwig 7 0.94 ± 0.16 4.2 ± 0.7 3.3 ± 0.5 43 ± 6 52 ± 8
𝑡𝑡 MadGraph5_aMC@NLO+Herwig 7 0.74 ± 0.19 4.0 ± 0.8 2.7 ± 0.6 46 ± 8 53 ± 10

𝑡𝑡+ 𝑏𝑏̄ Powheg+Pythia 8 �- �- 3.2 ± 1.6 �- �- 
𝑡𝑡+ 𝑏𝑏̄ Powheg+Pythia 8, 𝑝hardT = 1 �- �- 2.8 ± 1.3 �- �- 
𝑡𝑡+ 𝑏𝑏̄ Powheg+Pythia 8, ℎbzd = 2 �- �- 3.1 ± 1.5 �- �- 
𝑡𝑡+ 𝑏𝑏̄ Powheg+Pythia 8, dipole recoil �- �- 3.0 ± 1.4 �- �- 
𝑡𝑡+ 𝑏𝑏̄ Powheg+Herwig 7 �- �- 3.1 ± 1.6 �- �- 
𝑡𝑡+ 𝑏𝑏̄ Sherpa 2.2.10 �- �- 3.5 ± 1.0 �- �- 
Data 1.28 ± 0.25 6.4 ± 0.9 3.46 ± 0.24 36.0 ± 1.8 47.1 ± 2.3
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Fig. 6. Measured fiducial cross-section values in comparison with various NLO + PS predictions from inclusive 𝑡𝑡 and 𝑡𝑡+ 𝑏𝑏̄ simulations. The boxes in the background 
represent the statistical and total uncertainties of the values extracted from data. The uncertainty bars of the predictions include independent and simultaneous 
variations of the 𝜇R and 𝜇F scales and uncertainties in the choice of the PDF set, but no uncertainties in the parton shower or hadronization. The measured and 
computed values for 𝑡𝑡+ jets and 𝑡𝑡+ light are scaled by a factor of 0.1 to facilitate visualization. For presentation purposes, the quoted measurement uncertainties 
are symmetrized.

Table 4
Measured and predicted values for the 𝑡𝑡 + ≥1𝑏, 𝑡𝑡 + ≥2𝑐, and 𝑡𝑡 + 1𝑐 cross
sections and for the cross-section ratios of these processes to total 𝑡𝑡+ jets
production. The quoted uncertainties in the measurements include statistical 
and systematic uncertainties. The predictions are taken from the nominal setup 
using inclusive 𝑡𝑡 Powheg+Pythia8 predictions for the 𝑡𝑡 + ≥2𝑐, 𝑡𝑡 + 1𝑐, and 
𝑡𝑡+ light processes, and 𝑡𝑡+ 𝑏𝑏̄ Powheg+Pythia8 predictions for the 𝑡𝑡+≥1𝑏
process. The first use the fiv-flavor scheme (5FS), the latter the fou-flavor 
scheme (4FS), where the 𝑏-quarks are treated as massive particles and are in
cluded in the matrix element calculation. The uncertainties in the predictions 
include independent and simultaneous variations of the 𝜇R and 𝜇F scales and 
uncertainties in the choice of the PDF set.

Measured
𝑡𝑡 or 𝑡𝑡+ 𝑏𝑏̄

Powheg+Pythia8 
𝜎f id(𝑡𝑡+≥1𝑏) [pb] 3.46 ± 0.24 3.2 ± 1.6
𝜎f id(𝑡𝑡+≥2𝑐) [pb] 1.28 ± 0.25 1.04 ± 0.18
𝜎f id(𝑡𝑡+ 1𝑐) [pb] 6.4 ± 0.9 5.1 ± 0.8

𝜎inc(𝑡𝑡+≥1𝑏) [pb] 13.0 ± 0.9 12 ± 4
𝜎inc(𝑡𝑡+≥2𝑐) [pb] 5.4 ± 1.1 4.4 ± 0.7
𝜎inc(𝑡𝑡+ 1𝑐) [pb] 38 ± 6 31 ± 4

𝑅f id
𝑡𝑡+≥1𝑏 [%] 7.2 ± 0.4 6.5 ± 3.3

𝑅f id
𝑡𝑡+≥2𝑐 [%] 2.7 ± 0.5 2.1 ± 0.4

𝑅f id
𝑡𝑡+1𝑐 [%] 13.7 ± 1.8 10.3 ± 1.6

𝑅inc
𝑡𝑡+≥1𝑏 [%] 3.14 ± 0.23 2.6 ± 0.8

𝑅inc
𝑡𝑡+≥2𝑐 [%] 1.23 ± 0.25 0.97 ± 0.16

𝑅inc
𝑡𝑡+1𝑐 [%] 8.8 ± 1.3 6.9 ± 1.0

cial phase space within 1.0 and 1.4 standard deviations, respectively. 
A summary of all results is given in Table 4.

7. Conclusion

The production of 𝑡𝑡 pairs in association with heav-flavor jets, 𝑡𝑡+𝑏𝑏̄

and 𝑡𝑡+ 𝑐𝑐, is a background in many measurements of rare SM processes 

and searches for new physics, yet a challenging process to model pre
cisely. This Letter presents a measurement of the production of 𝑡𝑡 with 
additional jets initiated by charm quarks with the ATLAS experiment at 
the LHC. The analysis exploits the full ATLAS Run 2 𝑝𝑝 collision data 
sample at a center-of-mass energy of 13 TeV, corresponding to an in
tegrated luminosity of 140 fb−1, and considers events with one or two 
charged leptons in the final state. A custom flavor tagging algorithm, 
termed the 𝑏/𝑐-tagger, tailored to simultaneously tag 𝑐-jets and 𝑏-jets, 
is employed to dfine analysis regions sensitive to both 𝑡𝑡 + ≥2𝑐 and 
𝑡𝑡 + 1𝑐 production which are determined separately for the first time. 
Using a prfile likelihood fit approach, the cross-sections for 𝑡𝑡 pro
duction with two or more additional 𝑐-jets and one additional 𝑐-jet are 
found to be 𝜎f id(𝑡𝑡 + ≥2𝑐) = 1.28+0.27−0.24 pb and 𝜎f id(𝑡𝑡 + 1𝑐) = 6.4+1.0−0.9 pb
in a fiducial volume that mimics the acceptance of the ATLAS detec
tor. NLO + PS predictions for 𝑡𝑡 + ≥2𝑐 and 𝑡𝑡 + 1𝑐 are largely consis
tent with the measurements, though all underpredict the observed val
ues. Powheg+Pythia8 setups agree with the measured values within 
0.5 to 1.1 standard deviations, while Powheg+Herwig7 and Mad
Graph5_aMC@NLO+Herwig7 predict cross-sections up to 40% lower 
than the measurements, with agreement observed at the level of up to 
2.0 standard deviations. The precision of the measured cross-sections 
is limited by uncertainties in the modeling of 𝑡𝑡 + ≥1𝑐, 𝑡𝑡 + ≥1𝑏, and 
𝑡𝑡+ light, and in the 𝑏/𝑐-tagger calibration, as well as by data statistics. 
The cross-section ratios of 𝑡𝑡+≥2𝑐 and 𝑡𝑡+ 1𝑐 to total 𝑡𝑡+ jets produc
tion are found to be 𝑅inc

𝑡𝑡+≥2𝑐 = (1.23 ± 0.25)% and 𝑅inc
𝑡𝑡+1𝑐 = (8.8 ± 1.3)%

in a phase-space volume without requirements on the 𝑡𝑡 decay products 
and the jet multiplicity. These results provide crucial inputs for improv
ing the modeling of 𝑡𝑡 production with additional 𝑐-jets, which would 
benfit from 3FS 𝑡𝑡+ 𝑐𝑐 simulations that incorporate the gluon splitting 
to a 𝑐𝑐 pair into the matrix element calculation. Understanding 𝑡𝑡+≥1𝑐
production is essential for precision measurements of even rarer SM pro
cesses and for searches for physics beyond the SM, where 𝑡𝑡+≥1𝑐 is an 
important background.
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Abstract A search for a pseudoscalar a produced in asso-
ciation with a top-quark pair, or in association with a single
top quark plus a W boson, with the pseudoscalar decaying
into b-quarks (a → bb̄), is performed using the full Run 2
data sample using a dileptonic decay mode signature. The
search covers pseudoscalar boson masses between 12 and
100 GeV and involves both the kinematic regime where the
decay products of the pseudoscalar are reconstructed as two
standard b-tagged small-radius jets, or merged into a large-
radius jet due to its Lorentz boost. No significant excess rela-
tive to expectations is observed. Assuming a branching ratio
BR(a → bb̄) = 100%, the range of pseudoscalar masses
between 50 and 80 GeV is excluded at 95% confidence level
for a coupling of the pseudoscalar to the top quark of 0.5,
while a coupling of 1.0 is excluded at 95% confidence level
for the masses considered, with the coupling defined as the
strength modifier of the Standard Model Yukawa coupling.
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1 Introduction

Since the discovery of the Higgs boson [1,2], there is an
ongoing effort at the Large Hadron Collider (LHC) [3] to
measure its properties and search for new physics. The Higgs
boson was discovered by observing few decay modes [1,2]
consistent with the Standard Model (SM) predictions. Part
of the interest is about the nature of the discovered particle
and whether it is the single boson predicted by the SM or,
alternatively, part of an extended Higgs sector as suggested by
models such as the two-Higgs-doublet model (2HDM) [4,5],
which can be embedded into supersymmetric models [6–11].
It predicts a total of five bosons: a light (h) and a heavy (H )
CP-even Higgs boson, with the light one corresponding to
the observed Higgs boson; two charged Higgs bosons (H+
and H−); and a CP-odd particle (a), also referred to as pseu-
doscalar. The additional scalar/pseudoscalar states of these
models may also provide a portal into dark matter, serving as
a mediator between the SM and dark matter sector [12,13].
A pseudoscalar a is also be predicted in axion models [14].

This analysis performs a search for a light pseudoscalar
with a mass smaller than the SM Higgs boson, produced in
association either with a top-quark pair or a single top quark
and a W boson, where the pseudoscalar decays into a bottom-
antibottom quark pair, as proposed in [15]. It is based on a
simplified model with the following Yukawa lagrangian:

L = −gt yt√
2
at̄(iγ 5)t − gbyb√

2
ab̄(iγ 5)b,
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where y j/
√

2 = m j/v is the SM Yukawa coupling of parti-
cle j to the pseudoscalar a and g j is the coupling modifier,
with j = t or b. Figure 1 shows two example Feynman dia-
grams for this process. This decay channel is favoured by
many models for the range of explored pseudoscalar masses,
ma < mh , although the branching ratios of the pseudoscalar
depend on the specific model parameters. This is the first
search for this process, exploring the couplings of the pseu-
doscalar to bottom quarks. Previously, the ATLAS and CMS
Collaborations performed similar searches of t t̄a associated
production exploiting leptonic decays of the pseudoscalar.
The CMS Collaboration studied the decay of a pseudoscalar
to the three families of leptons [16], while the ATLAS Col-
laboration studied the pseudoscalar coupling to muons [17].
None of these searches found significant excesses, but these
decay channels are typically disfavoured compared with the
bb̄ decays when assuming a Yukawa coupling.

The search is performed in the dileptonic decay channel,
with both top and antitop quarks (or both W bosons) decay-
ing leptonically. Despite the reduced branching ratio of this
decay channel, the reduced jet multiplicity of the final state
and the precisely measured kinematics of the two leptons
allow for a more efficient identification of the b-jets originat-
ing from the top and antitop quark decays than its semilep-
tonic (with only one W boson from either the top or antitop
quarks decaying leptonically) or fully hadronic (with the two
W bosons decaying hadronically) counterparts.

For masses of the pseudoscalar below ∼30 GeV, the bb̄
pair has a large Lorentz-boost and is thus reconstructed as a
single large-radius jet. On the other hand, for higher masses,
the jets are well separated at detector level. The analysis is
designed to exploit both kinematic regimes to have good sig-
nal sensitivity, making use of multiple signal regions, recon-
structed objects, and machine learning techniques.

2 ATLAS detector

The ATLAS detector [18] at the LHC covers nearly the entire
solid angle around the collision point.1 It consists of an
inner tracking detector surrounded by a thin superconducting
solenoid, electromagnetic and hadronic calorimeters, and a
muon spectrometer incorporating three large superconduct-
ing air-core toroidal magnetic systems.

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

)
in

the relativistic limit. Angular distance is measured in units of �R ≡√
(�y)2 + (�φ)2.

The inner-detector system (ID) is immersed in a 2 T axial
magnetic field and provides charged-particle tracking in the
range of |η| < 2.5. The high-granularity silicon pixel detec-
tor covers the vertex region and typically provides four
measurements per track, the first hit generally being in the
insertable B-layer installed before Run 2 [19,20]. It is fol-
lowed by the SemiConductor Tracker, which usually pro-
vides 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 correspond-
ing to transition radiation.

The calorimeter system covers the pseudorapidity range
|η| < 4.9. Within the region |η| < 3.2, electromag-
netic 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 cor-
rect 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 calorime-
ters. The solid angle coverage is completed with forward cop-
per/LAr and tungsten/LAr calorimeter modules optimised for
electromagnetic and hadronic energy measurements respec-
tively.

The muon spectrometer comprises separate trigger and
high-precision tracking chambers measuring the deflection
of muons in a magnetic field generated by the superconduct-
ing air-core toroidal magnets. The field integral of the toroids
ranges between 2.0 and 6.0 Tm across most of the detector.
Three layers of precision chambers, each consisting of layers
of monitored drift tubes, cover the region |η| < 2.7, com-
plemented 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 [21]
detector that records Cherenkov light produced in the quartz
windows of photomultipliers located close to the beampipe.

Events are selected by the first-level trigger system imple-
mented in custom hardware, followed by selections made
by algorithms implemented in software in the high-level
trigger [22]. The first-level trigger accepts events from the
40 MHz bunch crossings at a rate below 100 kHz, which the
high-level trigger further reduces to record complete events
to disk at about 1 kHz.

A software suite [23] 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.
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Fig. 1 Feynman diagrams for (a) t t̄- and (b) tW -associated production of a pseudoscalar particle a that decays into a pair of b-quarks

3 Data and simulated event samples

This search is based on proton–proton (pp) collision data at a
centre-of-mass energy of 13 TeV collected with the ATLAS
detector at the LHC from 2015 to 2018, referred to as the
Run 2 data sample in the following. After applying the data
quality requirements that ensure that all subdetectors were
operational, the integrated luminosity of the data sample is
140.1 ± 1.2 fb−1 [24].

The signal consists in the production of a light pseu-
doscalar a in association with a top-quark pair, t t̄a, or in
association with a single top quark and a W boson, tWa. The
main background in this search is t t̄ production in association
with jets, followed by smaller contributions from single top
quark, t t̄ H , t t̄V , V+jets, diboson and other rare processes
involving the production of a top quark. The analysis only
considers the decay of the pseudoscalar to a bb̄ pair. Decays
of the pseudoscalar to other final states like a τ τ̄ pair or a
cc̄ pair are not considered, as these are suppressed both by
the Yukawa coupling for the masses considered (roughly a
factor 5 and 20, respectively) and by the large b-jet multi-
plicity required in the analysis signal regions.

All signal and background samples are simulated using
various Monte Carlo (MC) matrix-element (ME) generators
interfaced with different algorithms for the parton shower,
hadronisation, and underlying event. The effect from mul-
tiple pp interactions originating from the same or neigh-
bouring bunch crossings, usually referred to as pile-up, is
simulated by overlaying the simulated hard-scattering event
with inelastic pp collisions simulated using Pythia8.1 [25]
and the A3 set of tuned parameters (tune) [26]. A reweight-
ing is applied to the simulated samples such that they match
the pile-up conditions in data. For the detector simulation two
different approaches are used. The full ATLAS detector simu-
lation (FS) is based onGeant4 [27], while the “fast” detector
simulation (AF2) uses a parameterisation of the calorimeter
response [28]. Most background samples are produced with

FS while signal samples are produced with AF2. Both MC
and data are processed using the same reconstruction and
analysis software.

The t t̄a signal samples are simulated with
MadGraph5_aMC@NLO2.3.3 [29] generator at next-to-
leading order (NLO) in the strong coupling constant αs.
A simplified model based on the decoupling limit of the
2HDM+a type II is used. Additionally, the subdominant
tWa signal samples are simulated with the same generator
at leading-order (LO). For notational simplicity, in the fol-
lowing t t̄a refers to the production of the pseudoscalar a in
association with either a top-quark pair or a single top quark
and a W boson. Samples are simulated for the following val-
ues of the pseudoscalar mass ma : 12, 16, 20, 25, 30, 40, 50,
60, 80 and 100 GeV. Additional t t̄a signal samples for 20
and 60 GeV are also simulated with FS to check that no sig-
nificant differences between the two detector simulations are
observed.

The production of top-quark pairs with additional jets rep-
resents the main background source, especially the produc-
tion of t t̄ plus heavy flavour (t t̄ +HF): t t̄ + b-jets and t t̄ + c-
jets. For the modelling of t t̄ + b-jets events, four flavour-
scheme samples (4FS), with massive b-quarks, are simu-
lated using the PowhegBox-Res framework at NLO [30]
and the NNPDF3.1nnlo parton distribution function (PDF)
set is used. For the modelling of t t̄ + c-jets and t t̄+light-
jets events, five flavour-scheme (5FS) samples with mass-
less b-quarks are simulated using PowhegBox-v2 [31–34],
also at NLO. To avoid double-counting of events, neither the
t t̄ + b-jets events from the 5FS samples nor the t t̄ + c-jets
nor the t t̄+light-jets events from the 4FS samples are used.
The simulated t t̄ events are categorised based on the number
of additional jets matched to b- or c-hadrons with transverse
momentum pT larger than 5 GeV within �R < 0.3 of the
jet axis.

To model the production of single-top-quark events, which
mostly contribute through the tW -channel, and the produc-
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tion of t t̄ H , the same PowhegBox-v2 [31–34] settings, as
used in the t t̄+light/c-jets production, are used. The pro-
duction of t t̄ Z and t t̄W events is modelled using the Mad-
Graph5_aMC@NLO2.3.3 [29] generator at NLO. For all
samples listed above, the NNPDF3.0nlo [35] PDF sets are
used and a top-quark mass of mtop = 172.5 GeV is set. The
events are interfaced with Pythia8.230 [36] using the A14
tune [37] and the NNPDF2.3lo set of PDFs [38] for the par-
ton shower and hadronisation modelling.

The production of t Zq and tW Z events is performed using
MadGraph5_aMC@NLO v2.3.3, at LO and NLO in QCD
respectively, in the 4FS with the CTEQ6L1 PDF set [39] and
using Pythia 8.212 for the parton shower.

Finally, the production of V+jets and diboson samples
(VV ) is simulated with different versions of the Sherpa [40]
generator and the simulated events are matched with the
Sherpa parton shower [41] using theMEPS@NLO prescrip-
tion [42–45] with the set of tuned parameters developed by
the Sherpa authors. All samples and their basic generation
parameters are summarised in Table 1.

For all samples, except those generated with Sherpa, the
decays of b- and c-hadrons are simulated using the Evt-
Gen programme [46].

4 Object definition

In this section, the reconstruction and definition of the physics
objects are described, together with the additional corrections
applied to each.

4.1 Physics objects

Electron candidates are reconstructed from energy deposits
(clusters) in the electromagnetic calorimeter associated with
reconstructed tracks in the inner detector. Candidates are
selected with pT > 10 GeV and |η| < 2.47, excluding the
calorimeter transition region 1.37 < |η| < 1.52. Electrons
satisfy theTightLH [58] likelihood-based identification cri-
terion and are required to match the PromptLeptonTagger
working point PLVLoose [59]. They are further required to
have |z0 sin θ | < 0.5 mm and a d0 significance | d0

σ(d0)
| < 5,

where the transverse impact parameter (d0) is calculated rel-
ative to the beamline, and the longitudinal impact parameter
(z0) as the longitudinal distance between the primary vertex
and the point where d0 is measured.

Muon candidates are reconstructed from track segments
in the various layers of the muon spectrometer and matched
with tracks from the inner detector. The final muon candi-
dates are refitted using the complete track information from
both detector systems and must have pT > 10 GeV and
|η| < 2.5. Muons are required to satisfy the Medium quality
requirements and match the PromptLeptonTagger working

point PLVLoose [60]. Further requirements are | d0
σ(d0)

| < 3,
and |z0 sin θ | < 0.5 mm.

Small-R jet candidates are reconstructed by clustering par-
ticle flow objects [61] using the anti-kt algorithm [62,63]
with a radius parameter of R = 0.4 and a four-momentum
recombination scheme. The energy of the jet is corrected
to the particle level by the application of a jet energy scale
calibration derived from

√
s = 13 TeV data and simula-

tion [64]. Baseline jets are required to have pT > 20 GeV and
|η| < 2.5. For pile-up rejection, jets with pT ∈ [20, 60] GeV
and |η| < 2.4 are required to have a jet vertex tagger
weight [65] larger than 0.5.

The b-tagging is the identification of jets that originate
from the decay of b-hadrons using dedicated algorithms. A
deep neural-network, called DL1r [66–69] is used. Small-R
jets with a DL1r score above a certain threshold are defined as
b-tagged jets. The pseudo-continuous (PC) b-tagging work-
ing point is used: each jet is classified with an integer from one
to five depending on how many calibrated b-tagging work-
ing points (WP) the jet fulfils. The four calibrated DL1r WPs
are 85%, 77%, 70% and 60%, each corresponding to the
approximate average b-tagging efficiency in an inclusive t t̄
MC sample. Jets not satisfying any WP are assigned a value
of one, and this value is increased by one for every WP that
they fulfil. The sum of the PC b-tagging over all jets in an
event is defined as sumPCBTag. Jets satisfying the 70% WP
are referred to as b-jets, while jets satisfying the 85% WP,
but not the 70% WP, are classified as loose-b-jets.

Large-R jet candidates are formed by reclustering the
small-R jets and tracks with a larger radius parameter of
R = 0.8 using the anti-kt algorithm [62,63]. The larger
radius for track association allows more tracks from the
targeted double b-hadron decays to be associated with the
reclustered jet. The tracks in and around the small-R jet
associated with the reclustered jet through ghost associa-
tion [70,71] are selected with a loose track selection [72].
In this procedure, the pT of the tracks is set to infinitesimal
values, such that the “ghost” tracks can then be reclustered
with the constituents of the reclustered jets with the appropri-
ate radius parameter. Since the pT of the tracks is infinitesi-
mally small, they do not influence the reconstruction of the
jet, allowing the use of additional tracks that leak outside the
small-R jets.

To resolve the substructure within a large-R jet originat-
ing from a boosted X → bb̄ decay, which the small-R jet
reconstruction fails to completely capture, additional infor-
mation is extracted from the large-R jet by reconstructing
track-subjets inside the large-R jet. The track-subjets are
derived using the tracks that are ghost associated to each
large-R jet as inputs to the exclusive-kT method [73]. The
selected tracks for a given jet are clustered using the kT
algorithm with a radius parameter of R = 0.8. The clus-
tering stops when there are exactly two track clusters left.
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Table 1 Nominal simulated signal and background event samples. The matrix element generator, PDF set, parton-shower (PS) generator and
calculation accuracy of the cross section in QCD and EW used for normalisation are shown. MadGraph is abbreviated to MG

Process Matrix element generator PDF set PS generator Normalisation

t t̄a, a → bb̄ MG_aMC@NLO v2.3.3 NNPDF3.0 NLO Pythia 8.230 –

tWa, a → bb̄

t t̄ + jets PowhegBox-v2 NNPDF3.0 NLO Pythia 8.230 (NLO+NNLL)QCD [47–53]

t t̄ + bb̄ PowhegBox-Res NNPDF3.1 NNLO Pythia 8.244 –

Single-top PowhegBox-v2 NNPDF3.0 NLO Pythia 8.230 (NLO+NNLL)QCD [54,55]

t t̄ H PowhegBox-v2 NNPDF3.0 NLO Pythia 8.230 NLOQCD+EW [56]

t t̄ Z MG5_aMC@NLO v2.3.3 NNPDF3.0 NLO Pythia 8.210 NLOQCD+EW [56]

t t̄W MG5_aMC@NLO v2.3.3 NNPDF3.0 NLO Pythia 8.210 NLOQCD+EW [56]

t Zq, tW Z MG5_aMC@NLO v2.3.3 CTEQ6L1 Pythia 8.212 –

NNPDF3.0 NLO

Z/W + jets Sherpa 2.2.11 NNPDF3.1 NNLO Sherpa NNLOQCD [57]

Diboson Sherpa 2.2.1 NNPDF3.1 NNLO Sherpa –

Sherpa 2.2.2

These clusters are used as the track-subjets associated with
a given jet. For signal events, each track-subjet should origi-
nate from the decay of one b-hadron ideally. The associated
large-R jet is required to satisfy |η| < 2.0 to account for
their extended radius and the acceptance of the ID. Further-
more, each track-subjet is required to satisfy pT > 5 GeV
where the track-subjet pT is estimated from the sum of its
constituent tracks’ four-momenta. The four-momentum of
the large-R jet is defined as the sum of the four-momenta of
its track-subjets.

In addition, secondary vertices (SV) inside the large-R jets
are reconstructed to help the identification of b-hadrons. For
this purpose, an algorithm that combines the track-cluster-
based low-pT vertex tagger (TC-LVT) [74] and the multiple-
secondary-vertex finder algorithms (MSVF) [75] is used. The
TC-LVT algorithm was developed for soft b-hadron tagging
and optimised to reconstruct low-pT b-hadron decays. The
clustering algorithm from TC-LVT is used to identify dis-
placed tracks not originating from the primary vertex. The
MSVF algorithm is used to identify multiple SVs in the track
cluster. The algorithm builds all two-track proto-vertices con-
sistent with displaced tracks that are not compatible with a
hadronic material interaction, a photon conversion, or the
decay of long-lived light-flavoured hadrons. All displaced
tracks reconstructed in the ID are used to build proto-vertices.
Proto-vertices define track-to-track relations, since a single
track can be associated with more than one proto-vertex. Each
set of tracks that are mutually connected to each other forms a
secondary vertex. After secondary vertices are formed, tracks
not compatible with the vertex are removed, and the ambi-
guity caused by distant vertices sharing common tracks is
resolved. Nearby vertices are also merged by the MSVF
algorithm. Finally, reconstructed SVs are required to be �R-

matched to a large-R jet. Further details and studies about the
large-R jets can be found in Ref. [76].

In contrast to b-tagging, the B-tagging is the identification
of pairs of b-jets that are too close to be resolved and identi-
fied individually. For this purpose the DeXTer tagger is used.
It is a double b-tagger based on a deep sets neural network
(NN) architecture designed to do flavour tagging of merged
reconstructed jets [77] and uses information of the SVs and
jet kinematics. This is done in two transverse momentum
ranges: a low pT range between 20 and 200 GeV and a high
pT one, above 200 GeV. Two working points are defined:
the 0–40% tagging interval is referred to as Tight WP, and
the Loose WP is defined by the inclusive 40–60% tagging
interval. A sample of Z+jets and t t̄ events is used to mea-
sure the DeXTer efficiency in data, and to derive B-tagging
and b-mistagging rate correction factors for the simulated
events. Large-R jets satisfying the Tight WP are referred
to as B-jets.

The missing transverse momentum Emiss
T measures the

event momentum imbalance in the transverse plane of the
detector. It is defined as the magnitude of the negative vector
sum of pT for all selected and calibrated physics objects in
the event, with an extra term added to account for soft energy
that is not associated with any of the selected objects. This
soft term is calculated from inner detector tracks matched
to the primary vertex to make it more resilient to pile-up
contamination [78]. The Emiss

T computation is based on the
momenta of the objects defined previously, and after applying
the overlap removal procedure defined in the next section.
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4.2 Corrections to physics objects

The overlap removal is the procedure followed to prevent
double-counting of objects. First, electrons that share a track
with a muon are removed. To prevent double-counting of
electron energy deposits as jets, the closest small-R jet within
�R < 0.2 of a selected electron is removed. If the nearest jet
surviving that selection is within �R = 0.4 of the electron, the
electron is discarded. To reduce the background from muons
from heavy-flavour decays inside jets, muon candidates are
required to be separated by �R > 0.4 from the nearest small-
R jet, removing the muon if the jet has at least three associated
tracks, and removing the jet otherwise. This avoids an ineffi-
ciency for high-energy muons undergoing significant energy
loss in the calorimeter.

To avoid double-counting of jets, the jet overlap removal
is done as follows. First, every small-R jet is tested to see if
it is eligible to be DeXTer-tagged. This requires the small-
R jet to have pT > 20 GeV and be isolated, meaning it is
the only constituent of its reclustered jet [79] with the anti-
kt algorithm and radius parameter R = 0.8. These jets are
then tested by the DeXTer tagger: if a small-R jet passes
the Loose working point selection, it is defined as a B-
tagged large-R jet and removed from the small-R jet list.
Otherwise, it is kept as a small-R jet. Thus, this first step
gives two jet lists: the DeXTer-tagged large-R jets and the
small-R jets, which are either not eligible for DeXTer tagging
or fail the tagger. Finally, the jet overlap removal procedure
with leptons is repeated for large-R jets using �R = 0.8.

The μ-in-jet pT correction is the procedure of adding the
muons reconstructed inside of a b-jet to the four-momentum
of the respective b-jet. Around 20% of all b-hadron decays
produce a low-momentum or soft muon inside of the result-
ing jet, but those soft muons are removed in the overlap
removal as described above. This correction recovers the
original energy of those b-jets and reduces biases from the
invariant masses calculated with them. The soft muons used
are required to have pT > 4 GeV and |η| < 2.5, and fulfil
the Medium soft muon quality requirement.

In the case of the DeXTer-tagged jet, the μ-in-jet pT

correction is carried out as follows. First, the soft muons
are matched to track-subjets within an angular distance of
�R < 0.3. At most the two highest pT soft muons are
taken into account for each track-subjet, and any muon is
only matched once to the closest subjet. At last, the matched
muons are added to the four-momentum of the track-subjet.

5 Event selection

Only events recorded with a single-electron [80] or single-
muon trigger [81] under stable beam conditions and for which
all detector subsystems were operational are considered [82].

Single-lepton triggers with pT thresholds varying from 20 to
140 GeV, depending on the year, lepton flavour, isolation
requirement and luminosity, are combined in a logical OR to
increase the overall efficiency. The triggers with the lower pT

thresholds include isolation requirements on the lepton can-
didate, resulting in inefficiencies at high pT that are recovered
by the triggers with higher pT thresholds.

5.1 Preselection

Events are required to have exactly two leptons (electrons,
muons, or both) with opposite charge, satisfying the criteria
defined in Sect. 4. Since single-lepton triggers are used, at
least one of the two reconstructed leptons is required to have
a pT > 27 GeV and match a lepton with the same flavour
reconstructed by the trigger algorithm within �R of 0.15.
The chosen pT threshold ensures a fully efficient trigger for
the whole Run 2 period. In the ee and μμ channels, the
dilepton invariant mass must be above 15 GeV and outside
the Z boson mass window 83–99 GeV. Further suppression
of the background is achieved by requiring at least three jets
(either large-R or small-R) with at least one of which being
b-tagged using the DL1r 85% WP. The fraction of signal
events in the preselection region is negligible for all masses.

5.2 Signal and control regions

After preselection, the data sample is dominated by back-
ground from t t̄ events. To take advantage of the high jet
and b-object multiplicities of the t t̄a signal process, events
are classified into non-overlapping regions based on the total
number of B-jets and b-jets. Some of the regions also require
the presence of at least one loose (and not tight) b-jet (small-
R jets tagged with the DL1r 85% WP but failing to meet the
70% WP). The name of every signal region (SR) or control
region (CR) includes the number of B-jets followed by “B”
and of b-jets followed by “b”. The names of those regions
requiring at least an extra loose b-jet indicate it in their name
with “+1bL”. Due to the high b-jet multiplicity of the sig-
nal, only regions with at least three b-objects are considered
as signal regions (B-jets count as two b-objects). To max-
imise the signal sensitivity, signal events are classified into
two boosted regions (SR 1B1b+1bL and SR 1B2b) and two
resolved regions (SR 0B3b and SR 0B4b). The looseb-tagged
jet in one of the signal regions is required to suppress t t̄+light
events. The complementarity between boosted and resolved
regions is illustrated in Fig. 2, which shows the invariant mass
of the B-jet in SR 1B2b and the invariant mass of the pair
of b-jets with the largest pT in SR 0B4b for different values
of the pseudoscalar mass. Regions containing one B-jet are
particularly relevant in the boosted regime (ma < 30 GeV).
Regions with no B-jets and a high b-jet multiplicity are more
powerful in the resolved regime (ma > 30 GeV).
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Fig. 2 Invariant mass of the (a) B-jet in SR 1B2b and of the (b) pair of b-jets with the largest pT in SR 0B4b for various values of ma . The
distributions are normalised according to the predicted ma-dependent theoretical cross sections with a Yukawa coupling of the a-boson to the top
quark of 0.5

Table 2 Overview of the jet multiplicities considered per region in the fit

Region Large-R jets Small-R jets B-jets b-jets Loose b-jets

SR 0B4b ≥ 0 ≥ 4 = 0 ≥ 4 –

SR 0B3b ≥ 0 ≥ 3 = 0 = 3 –

SR 1B2b ≥ 1 ≥ 2 = 1 ≥ 2 –

SR 1B1b+1bL ≥ 1 ≥ 2 = 1 = 1 ≥ 1

CR 0B2b+1bL ≥ 0 ≥ 3 = 0 = 2 ≥ 1

In addition to the four signal regions described above, a
control region is included in the fit to improve the t t̄+≥1c
normalisation (Sect. 8). The control region (CR 0B2b+1bL),
orthogonal to all four signal regions, is composed of events
with no B-jets and exactly two b-jets, as well as at least one
additional loose (and non-tight) b-jet. Similarly to the SR, the
loose b-tagged jet is required to suppress t t̄+light events that
would otherwise dominate the control region. Finally, events
entering the CR are required to have a sum of the pseudo-
continuous b-tagging scores between 12 and 15. The number
of b-jets in the 0B3b, 1B1b+1bL and 0B2b+1bL regions is
exclusive, while it is inclusive in the 0B4b and 1B2b regions.
Table 2 summarises the selections for each region, which are
applied in addition to the previously mentioned preselection
requirements.

6 Background estimate

Data-driven corrections are derived for the t t̄ Monte Carlo
simulation, the main background process in this search.
These corrections are derived to improve the description

of the rates of t t̄ plus heavy flavour jets and the transverse
momenta of lepton and jets observed in data, using a method
similar to the one developed for other ATLAS searches [83–
85]. The corrections are derived in very inclusive control
regions where the contamination of signal is predicted to be
below 1% for all considered pseudoscalar mass hypotheses.
The region of choice satisfies the preselection requirements
described in Sect. 5.1, with an extra requirement of at least
two b-jets and no B-jets. Additionally, to suppress the Z+jets
contribution, only the different lepton flavour (eμ) region is
considered.

The first correction targets the production rate of heavy-
flavour jets: c-jets and b-jets. It was observed in previous
ATLAS and CMS analyses [86–88] that the rate of t t̄+HF
events is underestimated in MC simulation. Due to the high
b-object multiplicity of the t t̄a signal, these HF events rep-
resent a large fraction of the t t̄+jets background in the sig-
nal regions, and therefore the MC simulation must be cor-
rected. To have a more accurate flavour composition, an event
reweighting procedure is applied based on the sumPCBTag
distribution. Figure 3a shows how the t t̄+light production is
dominant at low values of sumPCBTag, while the t t̄+HF
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Fig. 3 Comparison of the data versus MC distribution of the sum of the pseudo-continuous b-tagging score of all the jets per event (a) before and
(b) after applying the normalisation factors extracted from the heavy-flavour correction fit

Table 3 Normalisation factors for the three t t̄+jets HF categories result-
ing from the likelihood fit performed using the sumPCBTag distribu-
tion

HF category Norm. factor

t t̄+ light, tW 0.91 ± 0.03

t t̄+ ≥1c 1.58 ± 0.14

t t̄+ ≥1b 1.13 ± 0.07

production populates the tail of the distribution. The cor-
rection procedure consists in deriving three normalisation
factors: one for each component, using a likelihood fit to
the sumPCBTag MC distributions compared with data. In
this fit, DL1r b-tagging systematic uncertainties (detailed in
Sect. 9) are included. Figure 3b shows the improved agree-
ment after the fit. The normalisation factors and their corre-
sponding uncertainties are shown in Table 3.

This procedure also corrects the distribution of the number
of jets (inclusive of all jet types) per event, Njets, which was
also observed to be mismodelled in the simulation. Figure 4
shows the corresponding distribution, before and after apply-
ing the normalisation factors from Table 3. In the following,
in all Figures and Tables, the category “Other” includes the
following minor background processes: Z+jets, t t̄W , tq, t Z ,
tW Z , WW , Z Z , WZ and W+jets.

The second correction targets the transverse momenta
of the jets and leptons originating from the decay of top
quark/antiquark, a quantity that was also observed to be mis-

modelled by current t t̄ 5FS MC generators. The disagreement
between data and MC persists even after applying the t t̄+HF
correction. To improve the agreement between data and MC
for these variables, a kinematic reweighting factor for the
t t̄+ ≥ 1c, t t̄+light, and tW components is derived from the
data/MC ratio, after subtracting other background compo-
nents from the data. These mismodellings are assumed to be
independent of the flavour of the extra radiation, and applied
equally to t t̄+light, t t̄+≥1c, and tW .

The event hardness or HT, which is defined as the scalar
sum of the pT of all the jets and leptons in the event, is largely
correlated with the total number of jets in the event, as every
additional jet in the event shifts HT to larger values. Per-
forming the kinematic reweighting directly with HT would
therefore spoil the data/MC agreement achieved after the HF
correction to the number of jets distribution shown in Fig. 4.
To reduce the Njets dependency, a new variable, H red

T (n), is
defined:

H red
T (n) = HT − (n − 3)�HT(n),

where n is the number of jets (small-R and large-R jets, with
a minimum of three jets) and �HT(n) is the average offset
in HT caused by the addition of each extra jet to the event.
Correction factors are derived over a binned H red

T distribu-
tion, and the results are fitted using a continuous hyperbolic
function which is later used for the MC reweighting. Fig-
ure 5 shows the HT distribution before and after applying the
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Fig. 4 Comparison of the data versus MC Njets distribution (a) before and (b) after applying the t t̄+jets normalisation factors extracted from the
heavy flavour correction fit. Only statistical uncertainties are shown

correction. Similar improvements are observed for individ-
ual leptons and jets. No significant changes in the number of
jets distribution are observed after the kinematic corrections
are applied. Following the same procedure, dedicated kine-
matic reweighting corrections are derived for the alternative
t t̄+light, t t̄+≥1c, and tW samples employed in the evalua-
tion of systematic uncertainties described in Sect. 9. Residual
differences between data and the MC are taken into account
in the analysis fit by including free-floating individual nor-
malisations for the various t t̄+jets background contributions.

7 Analysis strategy

The analysis uses various machine learning (ML) algorithms
to improve the sensitivity to the target signal. First, two differ-
ent boosted decision trees (BDTs) are trained to identify the
jets originating from the decay of the top quark and antiquark
and the jets originating from the pseudoscalar decay. Second,
a mass-parameterised NN is trained for signal/background
discrimination in each of the SRs described in Sect. 5.2. The
final fit uses the NN output score distribution in each of the
four SRs and the sumPCBTag distribution in the CR. In
addition to the signal strength μ, three normalisation factors,
corresponding to the main background contributions, are left
to freely float in the fit. Figure 6 shows a diagram summaris-
ing the ML approach followed in the analysis as well as the
CR and SRs used in the final fit. Further details on each step
are given in the following.

7.1 Event reconstruction BDTs

Two different BDTs are trained to do partial event reconstruc-
tion. One targets the identification of the lepton-jet pairs asso-
ciated with the top quark/antiquark decays, while the other
identifies the pair of jets from the pseudoscalar decay. The
two BDTs use the five leading small-R jets, together with the
two charged leptons in the case of the top quark/antiquark
BDT, and in each case select the pair of jets or the lepton/jet
pair most likely to correspond to the pseudoscalar or the top
quark/antiquark, respectively. Both BDTs were designed to
reconstruct resolved topologies, thus they do not use large-R
track-jets. Also, no attempt to reconstruct the two neutrinos
from the top quark/antiquark decay is made. The two BDTs
are trained using all signal samples inclusively, such that they
are generic and valid for all considered masses. During the
BDT training process, target labels for each jet are assigned
based on a one-to-one matching between reconstructed jets
at the detector level and parton-level b-quarks/leptons. Con-
sequently, a reconstructed jet/lepton is assigned as originat-
ing from a (anti-)top quark, or pseudoscalar decay candidate
based on the aforementioned generator information.

The BDT targeting the top quark/antiquark decay attempts
to pair each lepton with its corresponding b-jet, considering
each lepton in turn. For this, the BDT receives as input sev-
eral kinematic variables that depend on the tag lepton/jet pair
( jl-pair), such as its invariant mass or transverse momentum,
or the separation angle between the lepton and the jet. It also
uses information about the lepton and jet candidates them-
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Fig. 5 Comparison between data and MC of the HT distribution (a) before and (b) after correcting it using H red
T . Only statistical uncertainties are

shown

Fig. 6 Diagram of the analysis strategy, illustrating the data-driven corrections, jet/lepton and dijet pairings by two BDTs and the NN for signal
versus background discrimination. The CR and SRs are used in the final fits to extract the signal strength (μ) as well as normalisation factors for
the main backgrounds

123



Eur. Phys. J. C           (2025) 85:886 Page 11 of 36   886 

selves, such as their pseudorapidity and transverse momenta,
or the jet index indicating in decreasing order the hardness
of the jets. In addition, the BDT uses information from the
auxiliary jl-pair built with the lepton that is not being evalu-
ated, together with information from the top/antitop system
formed by the tag and auxiliary jl-pairs, and variables that
refer to the full event. In a similar way, the BDT targeting
the pseudoscalar decay receives various kinematic variables
connected to the pair of two jets, j j-pair, as its mass or trans-
verse momentum, together with information about the jets
themselves or about the overall event. The full list of vari-
ables used by each BDT is shown in Table 4.

For the training of both BDTs, generator information is
used to define the targets (b-quarks and leptons from the
decays of the top quark, top antiquark and pseudoscalar a)
and to identify the correct permutations at detector level,
which are used as signal (or target) during the training, while
all wrong permutations are used as background. A mix of
signal and t t̄ samples is used during the training of both
BDTs. In both cases, two sets of BDTs are trained using k-
2 fold training to avoid biases. The BDT trained with odd
events is applied to even events and vice versa. The training
is performed with the TMVA package of ROOT [89].

Following the training of both BDTs, they are applied to
data and MC as follows. For the top quark/antiquark BDT, the
lepton/jet permutation with the highest BDT score is identi-
fied for each lepton as the most likely jl-pair and the selected
jet is assigned to the top quark or antitop quark decay depend-
ing on the lepton charge. If both leptons are initially assigned
to the same jet, only the one with the highest BDT score keeps
the assignment, while the other lepton is reassigned to the sec-
ond most likely jet in terms of BDT score. In a similar way,
for the pseudoscalar BDT, the permutation of two jets with
the highest BDT score is selected and the two correspond-
ing jets are assigned to the pseudoscalar decay. The selected
jl- and j j-pairs are used to define related variables, such as
the top-quark or pseudoscalar reconstructed invariant mass
or separation angles, that are later used as input by the signal-
versus-background discrimination neural networks. Figure 7
shows the prefit data/MC comparison of the reconstructed
mass of the lb-pair selected by the top-quark BDT and of the
j j-pair selected by the pseudoscalar BDT in SR 0B3b, the
signal region with the largest statistics.

7.2 Signal-versus-background discriminating neural
networks

As described in Sect. 5.2, events are divided into four signal
regions according to their B- and b-jet multiplicity to better
separate signal from background. The four signal regions
used in the final fit are SR 0B4b, SR 0B3b, SR 1B2b and SR
1B1b+1bL. Independent NNs are trained individually per
region to separate signal from background.

To make better use of the MC samples in the training, five
different trainings are performed independently per region,
where 80% of the events in the region constitute the training
sample and the remaining 20% are used as the validation
sample. An appropriate distribution of events in the various
samples guarantees that no event is used both in the training
and the evaluation of the NNs.

Each NN contains two hidden layers with twice as many
nodes as the input layer, connected by Rectified Linear Unit
(ReLU) activation functions. The final layer is a single node,
normalised by a sigmoid function. The dropout for every
layer is set to 0.3. To avoid overtraining, early stopping
is implemented when the validation loss function does not
improve during the last four epochs. The training is done
using PyTorch 1.13.1 [90], and each of the NNs combines
basic four-momentum information with high-level variables,
such as invariant masses or angular distances, as well as rele-
vant variables from the BDTs described in Sect. 7.1. The full
list of input variables depends slightly on the region, given
the slightly different signal topologies per region. Table 5
shows the overall list of input variables used by the NNs.
Some of the most important variables in the NNs are H jets

T ,
the invariant mass of two small-R jets or the mass and pT of
the large-R jet, among others.

All NNs are mass-parameterised, meaning that they
receive the mass hypothesis as input during the evaluation.
For the training, background MC samples are randomly
assigned a mass from the grid of generated signal samples,
while appropriate mass values are assigned to the signal
events. Once the NNs are trained, the data scores are evalu-
ated for each value of ma considered in the analysis. In each
SR, the resulting NN score is the distribution used in the
profile likelihood fit, as discussed in the next section. Fig-
ure 8 shows the prefit distributions of the four NN scores
corresponding to the 30 GeV mass hypothesis.

8 Statistical treatment

To test for the presence of a t t̄a signal, for each mass hypothe-
sis, a binned maximum-likelihood fit to the data is performed
simultaneously in all SRs and the CR (Sect. 5.2). In each
SR, the input to the fit is the corresponding NN distribu-
tion described in Sect. 7.2, evaluated at the appropriate mass
hypothesis. In the CR, the input to the fit is the sumPCBTag
distribution. The parameter of interest is the signal strength,
μ, a multiplicative factor to the cross section of the signal pro-
cess. In addition to the signal strength μ, the fit includes three
additional free parameters that work as scale factors to the
normalisation for the three main background components:
k(t t̄+light, tW ), k(t t̄+≥1c), and k(t t̄+≥1b). To estimate the
signal strength, a binned likelihood function L(μ, θ) is used,
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Table 4 Input variables used in the (a) top quark/antiquark reconstruction BDT and (b) pseudoscalar reconstruction BDT

Fig. 7 Distribution (a) of the antitop-quark m jl and (b) pseudoscalar
m j j selected by the top quark and pseudoscalar BDTs, respectively in
SR 0B3b before the fit. The dashed line shows the distribution of the

30 GeV signal normalised to the total or half the total number of events
in the region. The band displays the total pre-fit uncertainty

Table 5 List of input variables
of the signal-versus-background
discrimination NN. The
distributions corresponding to
both the pair with the maximum
pT and minimum �R are
included for bb variables.
Angular variables with one b or
one B use the pair with the
minimum �R. The mbbbb and
mbbb variables correspond to the
combination with the maximum
scalar sum of pT

Object Variables

Full event Njets, H
jets
T , Emiss

T

BDT t → jl Score, p jl
T , �R jl , �η jl , �φ jl , jet index

BDT a → j j Score, p j j
T , η j j , m j j , �R j j , �η j j , �φ j j , jet index

Leptons �Rll , �ηll , �φll , �φEmiss
T ,l , �Rll,bb, �Rll,B , �Rll,b

Large-R jets pT, η, m, �RBb, �φEmiss
T ,B

Small-R jets pbbT , mbb, mbbb, mbbbb, �Rbb, �ηbb, �φbb, �φEmiss
T ,b

pT, η, PC b-tag
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Fig. 8 Pre-fit distributions corresponding to the NN output score of
(a) SR 0B4b, (b) SR 0B3b, (c) SR 1B2b and (d) SR 1B1b+1bL for the
30 GeV mass hypothesis fit. The dashed line shows the distribution of

signal normalised to the total number of events in each region. The band
displays the total pre-fit uncertainty. Arrows appearing in the bottom
panels indicate the ratio being outside the displayed range

L(μ, θ) =
N∏
i

(E[ni (μ, θ)])ni
ni ! e−E[ni (μ,θ)] ∏

θ j∈θ

ρ(θ j |θ̃ j ).

The function is constructed as a product of Poisson proba-
bility terms with one Poisson term included for every bin i

of the NN distribution in the analysis regions. The binning
of the NN distributions for each signal is chosen to provide
a good separation of signal and background while maintain-
ing a stable performance of the fit. The expected number
of events, E[ni (μ, θ)], in each bin, ni , is a function of μ,
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and a set of nuisance parameters, θ . The nuisance parame-
ters encode effects from the normalisation of backgrounds,
including the systematic uncertainties and one parameter per
bin to model statistical uncertainties in the simulated sam-
ples. Unlike the free-floating parameters, all nuisance param-
eters are constrained by prior distributions, ρ(θ |θ̃ ), which
follow Gaussian, log-normal, or Poisson distributions cen-
tred around their nominal values, θ̃ . This procedure allows
the reduction of the impact of the uncertainties by taking
advantage of the separated populations of signal and back-
ground. The best-fit value of the signal strength is obtained by
performing a fit to the data under the signal-plus-background
hypothesis, maximising L(μ, θ) over μ and θ . To set upper
limits on μ, the following test statistic is used:

q̃μ =

⎧
⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

−2 ln
L

(
μ,

ˆ̂
θ(μ)

)

L
(

0,
ˆ̂
θ(0)

) μ̂ < 0,

−2 ln
L

(
μ,

ˆ̂
θ(μ)

)

L
(
μ̂,θ̂

) 0 ≤ μ̂ ≤ μ,

0 μ̂ > μ.

The values of the signal strength and nuisance parame-
ters that maximise the likelihood function are represented
by μ̂ and θ̂ , respectively. For a given value of μ, the val-
ues of the nuisance parameters that maximise the likelihood

function are represented by ˆ̂
θ(μ). This test statistic measures

the compatibility of the observed data with the background-
only hypothesis (μ = 0), represented by the p-value, and is
estimated by integrating the distribution of q̃0 based on the
asymptotic formula in Ref. [91]. The test statistic is set to
zero for μ̂ > μ, as this case indicates that the μ hypoth-
esis is compatible with the observed data and cannot be
rejected. Upper limits on μ are derived by using q̃μ in the
CLs method [92,93].

The systematic uncertainties, including those derived
from MC samples, can show fluctuations due to generator
weights or statistical variations. To ensure the quality of the
templates and the stability of the fit, smoothing algorithms
are applied to the histograms before the fit. In addition, sys-
tematic uncertainties are pruned to reduce computing time.
Only uncertainties with an effect greater than 1% are included
in the fit. This is done separately for shape and normalisation
effects.

9 Systematic uncertainties

Various sources of systematic uncertainties are considered.
Each systematic uncertainty is introduced as a nuisance
parameter (NP) in the statistical analysis described in Sect. 8.
Section 9.1 describes all experimental uncertainties, related
to the luminosity and pile-up or the reconstruction and iden-

tification of jets and leptons. They are applied to all MC
samples equally and their effects are treated in a correlated
way across all four SRs and the CR in the final fit. The sig-
nal and background modelling uncertainties are detailed in
Sect. 9.2, and can be different depending on the process. They
are implemented as decorrelated between regions, given their
different coverage of phase spaces, and decorrelated between
signal and background samples in the fit.

9.1 Experimental uncertainties

Luminosity and pile-up modelling. The uncertainty in the
integrated luminosity for the full Run 2 data sample is
0.83% [24], obtained using the LUCID-2 detector [21] for
the primary luminosity measurements. A variation in the pile-
up reweighting of simulated events is included to cover the
uncertainty in the ratio of the simulated and measured distri-
bution of inelastic cross sections.

Leptons. Uncertainties associated with leptons are related
to the trigger, reconstruction, identification and isolation, as
well as the lepton energy or momentum scale and resolution.
The reconstruction, identification, and isolation efficiency of
electrons and muons, as well as the efficiency of the trig-
ger used to record the events, differ slightly between data
and simulation, and is corrected by dedicated scale factors.
Efficiency scale factors are measured using tag-and-probe
techniques on Z → ll data and simulated samples [58,60],
and are applied to the simulation to correct for differences.
Additional sources of uncertainty originate from the correc-
tions applied to adjust the lepton momentum scale and res-
olution in the simulation to match those in data, measured
using Z → ll and J/ψ → ll events [58,60].

Jets. Uncertainties associated with jets arise from the effi-
ciency of pile-up rejection by the jet vertex tagger (JVT),
from the jet energy scale (JES) and resolution (JER), and
from the different flavour-tagging algorithms used, DL1r and
DeXTer. Scale factors are applied to correct for discrepancies
between data and MC for JVT efficiencies, and are estimated
by using Z → μμ with tag-and-probe techniques [65]. The
jet energy scale and its uncertainty are derived by combin-
ing information from test-beam data, LHC collision data and
simulation [64]. The jet energy resolution is measured in Run
2 data and simulation as a function of jet pT and rapidity using
dijet events.

To correct flavour-tagging efficiencies in simulated sam-
ples to match those measured in data, scale factors are
derived. They are calculated as a function of pT for b-jets,
c-jets, and light jets separately in dedicated calibration anal-
yses. For b-jet efficiencies, t t̄ events in the dilepton topology
are used, exploiting the very pure sample of b-jets arising
from the decay of the top quarks [67]. For c-jet mistag rates,
t t̄ events in the single-lepton topology are used, exploit-
ing c-jets from the hadronically decaying W boson [68].
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The negative-tag method is used in Z+jets events [69] for
light-jets mistag rates. The use of DeXTer introduces addi-
tional scale factors to correct for the differences in efficiency
between simulated samples and data. The scale factors for
DeXTer are derived as a function of pT for B- and b-jets.
The calibration measurements with data are performed using
both t t̄ and Z+jets events simultaneously to measure B-jet
tagging and b-jet mistagging efficiency in data. Neverthe-
less, the DeXTer uncertainties are provided with conservative
error bands, leaving the calibration to be performed in situ in
the final fit of the analysis. Further details on the methodol-
ogy can be found in Refs. [77,77].

Missing transverse momentum. All the described uncer-
tainties in energy scales or resolutions of the reconstructed
objects (hard components) are propagated to the missing
transverse momentum. Additional uncertainties in the scale
and resolution of the soft term are considered, to account for
the disagreement between data and MC for the pT balance
between the hard and soft components [78].

Tracks. Systematic uncertainties related to the track selec-
tion efficiency are determined by changing the amount of
tracker material and the physical models in the Geant4 sim-
ulation [94,95]. Dedicated uncertainties are considered for
the track parameters, including the transverse and longitudi-
nal impact parameters and the track sagitta.

Large- R jet mass scale correction. To correct for the mis-
modelling in the large-R jet mass, additional mass scale cor-
rections are estimated. The large-R jet mass scale is varied
by ±5% and compared with the nominal results.

9.2 Modelling uncertainties

Renormalisation (μr) and factorisation (μf ) scales. Varia-
tions in the renormalisation and factorisation scales are used
to estimate the uncertainty due to missing higher order cor-
rections. The uncertainties are combined by taking an enve-
lope of all the variations.

Initial-state radiation and final-state radiation modelling.
For the ISR, the amount of radiation is increased (decreased)
using the Var3cUp (Var3cDown) variation of the A14
tune [37]. For the FSR, the amount of radiation is increased
(decreased) varying the coupling of the QCD emission in the
final state by a factor of 0.5 (2).

PDF uncertainties. The PDF uncertainties follow the
PDF4LHC recommendations [96]. The αs uncertainty is
derived using the same PDF set evaluated with two differ-
ent αs values. The uncertainties from the PDF and αs are
added in quadrature.

Parton shower. The uncertainty associated with hadroni-
sation and parton shower is evaluated by comparing sam-
ples with different parton shower models. The nominal t t̄a
samples simulated using Powheg+Pythia8 are compared
with samples simulated using MadGraph5_aMC@NLO

Fig. 9 Expected and observed 95% CL upper limits of σ(t t̄a) ×
BR(a → bb̄) as a function of the a-boson mass. The lines correspond
to the signal cross sections calculated using different coupling strengths
of the a boson to the top quark assuming a BR(a → bb̄) = 100%

+Herwig7 [97]. The comparison is done after normal-
ising both t t̄a samples. The nominal t t̄ (4FS and 5FS)
Powheg+Pythia8 samples are compared with samples sim-
ulated using Powheg+Herwig7. The tW and t t̄ H Mad-
Graph5_aMC@NLO+Pythia8 samples are compared with
MadGraph5_aMC@NLO+Herwig7 samples.

Matrix element uncertainties. For the 5FS and 4FS t t̄ sam-
ples, the uncertainty associated with the matching between
the Matrix element calculations and the parton shower is
calculated by comparing the nominal Powheg+Pythia8
sample with an alternative set of samples simulated also in
Powheg+Pythia8 but using the pThard=1 setting. For
tW and t t̄ H , the matrix element uncertainty is evaluated
by comparing the nominal Powheg+Pythia8 samples to
those simulated with MadGraph5_aMC@NLO+Pythia8.
For t t̄ Z , the nominal samples are compared with an alterna-
tive sample simulated using Sherpa2.2.0, which accounts
both for the matrix element and parton shower uncertainties.

Powheg damping function. In the t t̄bb̄ (4FS) samples, the
effect of the choice of a damping scale hbzd that controls the
resummation of infrared divergences is evaluated by com-
paring the nominal sample (hbzd = 5) with an alternative
sample in which the scale is set to 2 [30].

Initial-state shower recoil. The uncertainty due to the
recoil choice of ISR emissions is evaluated by comparing
the nominal sample, in which the whole final state recoils
the ISR emission, with an alternative one, in which only one
final-state parton recoils against the ISR emission [30].
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Fig. 10 Post-fit distributions corresponding to the NN output score of
(a) SR 0B4b, (b) SR 0B3b, (c) SR 1B2b and (d) SR 1B1b+1bL and to
the sum of the pseudo-continuous b-tagging score of (e) CR 0B2b+1bL
for the 30 GeV mass hypothesis fit. The dashed lines in the top and ratio

panels show the post-fit distribution of the signal scaled by a factor of
25 and the post-fit ratio of the background over the total prediction,
respectively. The band displays the total post-fit uncertainty
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Table 6 Post-fit background and signal yields in the four signal regions and in the control region for thema = 30 GeV hypothesis. The uncertainties
in each yield are the total uncertainties of each component after the fit

Sample SR 0B4b SR 0B3b SR 1B2b SR 1B1b+1bL CR 0B2b+1bL

Signal 30 GeV 28 ± 14 180 ± 98 71 ± 31 35 ± 16 110 ± 63

t t̄+light 5 ± 2 1400 ± 320 130 ± 24 1100 ± 180 17,000 ± 3000

t t̄+≥1c 58 ± 21 4700 ± 1200 380 ± 140 740 ± 230 12,000 ± 3500

t t̄+≥1b 1093 ± 47 9820 ± 700 1758 ± 97 815 ± 70 5510 ± 650

tW 22 ± 12 360 ± 140 46 ± 20 64 ± 17 830 ± 220

t t̄ H 62 ± 9 222 ± 22 31 ± 4 14 ± 12 136 ± 13

t t̄ Z 27 ± 6 120 ± 22 15 ± 3 11 ± 2 128 ± 25

Other 14 ± 2 394 ± 35 47 ± 4 78 ± 10 1060 ± 120

Total pred. 1300 ± 35 17,000 ± 130 2500 ± 50 2900 ± 53 36,000 ± 190

Data 1301 17,242 2479 2866 36,350

Table 7 Table of the impact of each group of uncertainties in the fit-
ted cross section for the hypothesis masses of 12, 30 and 80 GeV. The
values shown are the average of up and down uncertainties. The fitted

cross section values include the BR(t t̄ → WbWb) × BR(W → lν) ×
BR(W → lν) in addition to the BR(a → bb̄)

Fitted cross section [fb] ma = 12 GeV ma = 30 GeV ma = 80 GeV
σ̂ = 9 σ̂ = 46 σ̂ = −6.1

Uncertainty source �σ̂ �σ̂ �σ̂

Data statistics 6.1 11.0 6.0

MC statistics 2.4 4.2 1.8

Luminosity & pile-up 0.1 0.4 0.1

Jet reconstruction 0.5 4.9 1.2

Lepton reconstruction <0.1 <0.1 <0.1

Emiss
T reconstruction <0.1 0.3 <0.1

Track reconstruction 4.1 1.5 0.1

DL1r 0.4 3.5 1.4

DeXTer 4.2 18 1.1

Modelling signal 1.7 7.5 1.3

Modelling t t̄ + b 2.7 13 5.5

Modelling t t̄ + c 0.9 1.8 1.4

Modelling t t̄+light 0.8 2.0 2.2

Modelling tW 0.3 0.7 0.6

Modelling ttH 0.1 0.3 0.2

Modelling ttZ 0.1 0.2 1.0

Norm factors 0.7 6.7 4.7

Reweighting <0.1 <0.1 <0.1

Total systematic uncertainty 8.0 22 7.8

Total uncertainty 10 24 9.7

Interference between t t̄ and tW. To account for uncertain-
ties in the interference between t t̄+jets and tW , the nominal
tW sample simulated using diagram removal (DR) is com-
pared with another sample simulated using diagram subtrac-
tion (DS).

Reweighting uncertainties. To account for the system-
atic uncertainties associated with the reweighting functions
described in Sect. 6, several uncertainties are determined by

the variations of t t̄+light + tW , t t̄+≥1c and t t̄+ ≥1b nor-
malisation factors and the variations of the parameters of
the H red

T hyperbolic fit. The uncertainties are evaluated after
diagonalising the fit correlation matrix and propagating the
diagonal variations in a correlated way.

123



  886 Page 18 of 36 Eur. Phys. J. C           (2025) 85:886 

10 Results

The expected and observed upper limits on the inclusive
σ(t t̄a)×BR(a → bb̄) are shown in Fig. 9 as a function of the
a-boson mass, which ranges from 12 to 100 GeV. This result
is compared with the predicted cross sections for the signal
corresponding to three different values of the coupling of the
a-boson to the top quark, defined as a strength modifier to the
SM Yukawa coupling. No significant excess is observed: the
largest excess corresponds to the 30 GeV mass hypothesis,
with a local significance of 2.0 standard deviations. Assum-
ing BR(a → bb̄) = 100%, the mass region between 50 and
80 GeV is excluded for a coupling of the pseudoscalar to the
top quark of 0.5, while a coupling of 1.0 is excluded for all
masses. Post-fit distributions of the NN output score corre-
sponding to this mass in each of the four signal regions and of
the sum of the pseudo-continuous b-tagging score of all jets
in the control region are shown in Fig. 10. Table 6 shows the
post-fit event yields per signal and background component
in each of the signal and control regions for the same mass
hypothesis.

Table 7 summarises the impact of the different sources
of uncertainties in the fitted signal strength for three dif-
ferent mass hypotheses: 12, 30 and 80 GeV, which are
representative of the low, medium and high mass ranges,
respectively. Fits to low-mass hypotheses are limited by data
statistics, track reconstruction and DeXTer-related uncer-
tainties. Fits to medium-mass hypotheses are dominated by
DeXTer-related uncertainties, followed by the modelling of
the t t̄+≥1b process and data statistics. Finally, fits to high-
mass hypotheses are limited mainly by data statistics, the
modelling of the t t̄+≥1b process and the normalisation of
t t̄+HF. In all cases, the uncertainties in the modelling of the
signal are subdominant compared with that of t t̄+≥1b. No
large pulls are observed in any of the fits. Including the pre-fit
reweighting corrections detailed in Table 3, the final normali-
sation factors extracted in the fit corresponding to the 30 GeV
mass hypothesis are 1.0 ± 0.3 for t t̄+light and tW , 1.5 ± 0.5
for t t̄+≥1c and 1.2±0.2 for t t̄+≥1b. These results are com-
patible with the latest ATLAS t t̄ H Run 2 analysis [98].

11 Conclusions

A search for a pseudoscalar a produced in association with
either a pair of top quarks or a single top and a W boson
in the dilepton decay channel is performed using the full
Run 2 pp data sample collected by the ATLAS detector at
the LHC. The search targets the dominant decay channel of
the pseudoscalar mass probed in this analysis: a → bb̄. The
search covers the pseudoscalar boson mass between 12 and
100 GeV, involving both the kinematic regime where the
decay products of the pseudoscalar merge into large B-jets

and the regime where the b-tagged jets are resolved. Limits
on the signal production cross section times the branching
ratio of the decay into a pair of bottom quarks are extracted.
Assuming BR(a → bb̄) = 100%, the mass region between
50 and 80 GeV is excluded for a coupling of the pseudoscalar
to the top quark of 0.5, while a coupling of 1.0 is excluded
for all masses. These model independent results are the first
limits of their kind and complement previous searches by
ATLAS [17] and CMS [16] exploring leptonic decays of the
pseudoscalar.
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