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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.) .
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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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Figure 8. Fitted values of (a) µtH (κt = −1) and (b) the 95% CL upper limits, shown for the
individual channels and the combined measurement. The values reported for the individual channels
are obtained by fitting µtH (κt = −1) separately for each channel, whereas the combined measurement
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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.
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