
Contents lists available at ScienceDirect

Physics Letters B

journal homepage: www.elsevier.com/locate/physletb

Letter

Measurement of top-quark pair production in association with charm 

quarks in proton–proton collisions at 
√

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

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

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

1. Introduction

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

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

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

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

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

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

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

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

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

2. ATLAS detector

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

1 ATLAS uses a right-handed coordinate system with its origin at the nominal 
interaction point (IP) in the center of the detector and the 𝑧-axis along the beam 
pipe. The 𝑥-axis points from the IP to the center of the LHC ring, and the 𝑦
axis points upwards. Polar coordinates (𝑟,𝜙) are used in the transverse plane, 
𝜙 being the azimuthal angle around the 𝑧-axis. The pseudorapidity is dfined 
in terms of the polar angle 𝜃 as 𝜂 = −ln tan(𝜃∕2) and is equal to the rapidity 
𝑦 = 1

2
ln
(

𝐸+𝑝𝑧

𝐸−𝑝𝑧

)
in the relativistic limit. Angular distance is measured in units 

of Δ𝑅 ≡
√
(Δ𝑦)2 + (Δ𝜙)2.

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

3. Simulation of signal and background processes

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

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

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

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

𝑚2
𝑡
+ 𝑝2T,𝑡. In the following, this 

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

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

4
√∏

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

𝑏 = log
𝑝𝑏

𝑓𝑐𝑝𝑐 + (1 − 𝑓𝑐)𝑝light
.

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

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

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

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

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

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

WP includes a tighter cut on ′
𝑏

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

𝑐
< 0.625, use the same ′

𝑏
cuts as the two tightest 

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

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

4 Tightening the cut on ′
𝑐

instead of ′
𝑏

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

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

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

CR1𝓁
1 CR1𝓁

2 CR1𝓁
3 SR1𝓁

loose SR1𝓁
tight CR2𝓁

1 CR2𝓁
2 CR2𝓁

3 SR2𝓁
loose SR2𝓁

tight

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

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

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

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

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

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

while SR1𝓁
loose and SR2𝓁

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

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

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

loose, while events with at least 
two enter SR2𝓁

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

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

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

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

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

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

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

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

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

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

5. Systematic uncertainties

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

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

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

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

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

𝑆
is varied using the var3c variation of the A14 

tune, and the renormalization scale associated with 𝛼FSR
𝑆

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

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

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

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

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

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

6. Results

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

𝜇(𝑡𝑡+ jets) =
∑
𝑖 

𝜇𝑖𝑅
MC
𝑖

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

(1)

where 𝑅MC
𝑖

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

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

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

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

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

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

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

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

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

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

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

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

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

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

𝑡𝑡+≥1𝑐 modeling 9 8 
Background modeling: 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Measured
𝑡𝑡 or 𝑡𝑡+ 𝑏𝑏̄

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

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

𝑅f id
𝑡𝑡+≥1𝑏 [%] 7.2 ± 0.4 6.5 ± 3.3

𝑅f id
𝑡𝑡+≥2𝑐 [%] 2.7 ± 0.5 2.1 ± 0.4

𝑅f id
𝑡𝑡+1𝑐 [%] 13.7 ± 1.8 10.3 ± 1.6

𝑅inc
𝑡𝑡+≥1𝑏 [%] 3.14 ± 0.23 2.6 ± 0.8

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

𝑅inc
𝑡𝑡+1𝑐 [%] 8.8 ± 1.3 6.9 ± 1.0

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

7. Conclusion

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

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

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

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

in a phase-space volume without requirements on the 𝑡𝑡 decay products 
and the jet multiplicity. These results provide crucial inputs for improv
ing the modeling of 𝑡𝑡 production with additional 𝑐-jets, which would 
benfit from 3FS 𝑡𝑡+ 𝑐𝑐 simulations that incorporate the gluon splitting 
to a 𝑐𝑐 pair into the matrix element calculation. Understanding 𝑡𝑡+≥1𝑐
production is essential for precision measurements of even rarer SM pro
cesses and for searches for physics beyond the SM, where 𝑡𝑡+≥1𝑐 is an 
important background.
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