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This paper presents measurements of top-antitop quark pair (¢f) production in association
with additional b-jets. The analysis utilises 140 fb~! of proton—proton collision data collected
with the ATLAS detector at the Large Hadron Collider at a centre-of-mass energy of 13 TeV.
Fiducial cross-sections are extracted in a final state featuring one electron and one muon, with
at least three or four b-jets. Results are presented at the particle level for both integrated cross-
sections and normalised differential cross-sections, as functions of global event properties, jet
kinematics, and b-jet pair properties. Observable quantities characterising b-jets originating
from the top quark decay and additional b-jets are also measured at the particle level, after
correcting for detector effects. The measured integrated fiducial cross-sections are consistent
with t7bb predictions from various next-to-leading-order matrix element calculations matched
to a parton shower within the uncertainties of the predictions. State-of-the-art theoretical
predictions are compared with the differential measurements; none of them simultaneously
describes all observables. Differences between any two predictions are smaller than the
measurement uncertainties for most observables.
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1 Introduction

Measurements of the production cross-section of a top—antitop quark pair (¢7) with jets emanating from
gluon radiation (additional jets) at the Large Hadron Collider (LHC) provide essential tests of the predictions
of quantum chromodynamics (QCD). Among these, the process of ¢7 events produced in association with
jets originating from b-quarks (b-jets), as shown in Figure 1, is of special interest, as it is difficult to
predict due to the scale hierarchy between ¢ production and bb production from gluon emission and
the non-negligible mass of the b-quark. There can be a single gluon emission in the initial or final state
producing a pair of b-quarks as shown in Figure 1(a) and Figure 1(b), or multiple gluon emissions where at
least one splits into a pair of b-quarks as shown in Figure 1(c), or a b-quark participates in initiating the
process leading to a ¢ in association with a final state b-quark as shown in Figure 1(d).

Since the discovery of the Higgs boson [1, 2], the measurement of the Higgs boson coupling to the
heaviest elementary particle, the top quark, has become an essential test of the Standard Model (SM).
Direct measurements of the top quark Yukawa coupling are only possible in events where a Higgs boson
is produced in association with one or two top quarks, tH or t7H [3, 4]. The production of t7H with a
subsequent decay of H — bb is shown in Figure 2(a). While H — bb has the largest Higgs boson branching
fraction, its detection suffers from a large irreducible background from QCD ¢7+b-jets production [5, 6].
Similarly, the production of t7Z with Z — bb as shown in Figure 2(b) faces significant challenges due to
large backgrounds, making it crucial to enhance our understanding of QCD ¢#+b-jets production. A better
understanding of the QCD production of t7+b-jets as predicted by the SM and improved Monte Carlo (MC)
modelling would greatly benefit the t7H (H — bb) measurements and other analyses with similar final
states.

(b)

(d

Figure 1: Example Feynman diagrams of QCD processes leading to a t7+b-jets final state: (a) with additional
b-quarks produced from initial-state gluon radiation, (b) with additional b-quarks produced from final-state gluon
radiation, (c) the process with more than one gluon emission, where one of them produces a pair of b-quarks, and (d)
the process initiated with a b-quark in the initial state.



(b)

Figure 2: Example Feynman diagrams of electroweak processes leading to a t7+b-jets final state, (a) the 17H (H — bb)
process and (b) the t7Z (Z — bb) process.

MC simulations of the t7+b-jets process differ in the treatment of the b-quark mass, the calculation of
the b-quark production in the matrix element at next-to-leading order (NLO) or parton shower, and the
merging of b-quark production into the inclusive ¢f prediction [7-15]. The predictions vary in the angular
distribution of the produced jets, their transverse momenta (pt), mass and energy, requiring a large number
of observables to comprehensively probe the various aspects of the #7+b-jets process. Comparing the
predictions with both integrated and differential cross-section measurements of ## production with additional
b-jets is crucial for improving the MC modelling. State-of-the-art QCD calculations give predictions for
the ¢7 production cross-section with up to two additional massless partons at NLO in perturbation theory
matched to a parton shower algorithm [16]. QCD predictions of t7bb are also calculated at NLO matched
to a parton shower algorithm [13-15].

The ATLAS Collaboration has measured #f+jets production with 7 TeV [17, 18], 8 TeV [19], and early
13 TeV data [20, 21], as well as t7+b-jets with 7 TeV [22], 8 TeV [23], and partial 13 TeV data [24]. The
data were found to be consistently higher than the MC predictions in the previous ¢7+b-jets fiducial inclusive
measurements, while the sensitivity of fiducial differential measurements to predictions suffered from a
limited amount of data. The CMS Collaboration has also reported measurements of t7+jets, tf+b-jets and
tt+c-jets production using a similar amount of data collected at different centre-of-mass energies [25-29].
A new set of t7bb measurements in the semileptonic ¢7 decay channel was recently reported using the full
13 TeV data sample by the CMS Collaboration [30], where the data exceed the predictions from several
MC configurations.

In this paper, measurements of QCD t7+b-jets fiducial cross-sections are presented using data recorded
with the ATLAS detector during 2015 — 2018 in proton—proton (pp) collisions at a centre-of-mass energy
/s = 13 TeV, corresponding to an integrated luminosity of 140 fb~!. Various fiducial regions are defined
at the stable particle level with the criteria as close as possible to the detector-level event selections to
minimise the MC modelling uncertainties due to extrapolation to the full phase space. Additionally, fiducial
differential measurements are presented as a function of several observables. Since the top quark decays
into a b-quark and W boson nearly 100% of the time, ¢7 events are usually classified according to how the
two W bosons decay. Only the eu channel, in which both the W bosons decay leptonically, is considered.
This includes events where one W boson decays into an electron and electron neutrino and the other into a
muon and muon neutrino, as well as those where one or both W bosons produce a leptonically decaying
7-lepton. The dilepton channel has the advantage of having no contamination from jets coming from the
hadronic decay of the W boson, as compared to the single-lepton or all-hadronic channels. Requiring one
electron and one muon makes the background composition much simpler than other dilepton channels.



The observables measured in #7+b-jets events in the fiducial phase space include: b-jet multiplicity, pt
spectra of the leading four pt-ordered b-jets, pt spectra of the two b-jets originating from the top quark
decay, pt spectra of the two highest-pt additional b-jets, dijet mass and angular distribution of the first
two additional b-jets ordered in pt. A variable characterising the ¢7 invariant mass, i.e. the invariant mass
of the electron, the muon, and the two b-jets presumably from the top quark decay, is also measured. The
fiducial phase space definitions considered in these differential measurements extend those presented in the
previous ATLAS results [24].

This paper is organised as follows. The ATLAS detector is described in Section 2. The simulation of
signal and background processes and the event reconstruction and selection are discussed in Sections 3
and 4, respectively. The definition of the fiducial phase space is presented in Section 5. A summary of all
measured observables in each fiducial phase space region is detailed in Section 6. The estimate of the
background processes is summarised in Section 7. The extraction of fiducial cross-sections is detailed
in Section 8. The sources of systematic uncertainties considered in the measurements are described
in Section 9. The results of the inclusive and differential cross-section measurements are presented in
Section 10. Finally, a summary of the results is given in Section 11.

2 ATLAS detector

The ATLAS detector [31] at the LHC covers nearly the entire solid angle around the collision point U (;
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 |n7| < 2.5. The high-granularity silicon pixel detector covers the vertex region and
typically provides four measurements per track, the first hit generally being in the insertable B-layer (IBL)
installed before Run 2 [32, 33]. 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 || = 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 || < 4.9. Within the region || < 3.2,
electromagnetic calorimetry is provided by barrel and endcap high-granularity lead/liquid-argon (LAr)
calorimeters, with an additional thin LAr presampler covering || < 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 || < 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.

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

Polar coordinates (r, ¢) are used in the transverse plane, ¢ being the azimuthal angle around the z-axis. The pseudorapidity is
E+p.c
E- pZZ c

defined in terms of the polar angle 6 as 7 = —Intan(6/2) and is equal to the rapidity y = % In ( ) in the relativistic limit.

Angular distance is measured in units of AR = v/(Ay)? + (A¢)2.



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 || < 2.7,
complemented by cathode-strip chambers in the forward region, where the background is highest. The
muon trigger system covers the range || < 2.4 with resistive-plate chambers in the barrel, and thin-gap
chambers in the endcap regions.

The luminosity is measured mainly by the LUCID-2 [34] detector that records Cherenkov light produced
in the quartz windows of photomultipliers located close to the beampipe.

Events are selected by the first-level trigger system implemented in custom hardware, followed by selections
made by algorithms implemented in software in the high-level trigger [35]. The first-level trigger accepts
events from the 40 MHz bunch crossings at a rate below 100 kHz, which the high-level trigger further
reduces in order to record complete events to disk at about 1 kHz.

A software suite [36] 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.

3 Signal and background simulations

Simulated events were produced using various MC algorithms to estimate contributions from ¢7bb signal
and background processes, determine detector resolution and acceptance correction factors, and evaluate
systematic uncertainties. Additionally, comparisons between unfolded data and theoretical predictions
were facilitated using MC generators. All samples were normalised based on the best available theory
predictions as indicated in the text below.

The response of the ATLAS detector and trigger were simulated based on the detailed model implemented
in the GEANT4 program [37, 38] or, for the estimation of some of the systematic uncertainties, using
a faster approach employing parameterised showers in the calorimeter [39]. The effect of multiple pp
interactions in each bunch crossing (pile-up) was modelled by overlaying each hard-scattering event with
inelastic pp collisions generated using PyTHia 8.186 [40] with the NNPDF2. 3LO set of parton distribution
functions (PDFs) [41] and the A3 set of tuned parameters [42]. For all samples of simulated events, except
those generated using SHERPA, the EvTGEN program [43] was used to model the decays of bottom and
charm hadrons. The top quark mass mp was set to 172.5 GeV and the Higgs boson mass was set to
125 GeV. Simulated events were reconstructed and analysed using the same software as the data.

3.1 tf samples

The 7 event production was simulated using the PownecBox v2 heavy-quark (hvq) [7-10] event generator,
employing matrix elements calculated at NLO precision in QCD with the NNPDF3.ONLO [44] PDF set in
the five-flavour scheme (5FS). These events were then interfaced to PytHia 8.230 [45] to simulate the
processes for parton showering, hadronisation and the underlying event. Top quark decays, including
spin correlations, were modelled at leading-order (LO) precision in QCD. To regulate the pt of the
first additional emission beyond the Born configuration, the hgamp parameter was set to 1.5mop, [46].
Additionally, the renormalisation and factorisation scales defined for the Born process were set to the
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default scale My, + Pops derived from the top quark mass, myp, and the transverse momentum of

the top quark before radiation, pop. The plTlard parameter [47], which determines the region of phase

space vetoed during showering when matched to a parton shower, was set to zero by default. This
sample used a recoil scheme where partons recoil against a b-quark. This recoil scheme changes the
modelling of second and subsequent gluon emissions from the b-quark produced by the top quark decay,
and therefore affects how the momentum is rearranged between the W boson and the b-quark. This sample
is referred to as PowHEG+PyTHIA 8. All samples using PyTH1A 8 for the modelling of parton showering,
hadronisation and underlying event used the A14 set of tuned parameters [48] and the NNPDF2. 3LO set
of PDFs. All rf samples were normalised to the cross-section 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 [49-55]. In pp collisions at a centre-of-mass energy of v/s = 13 TeV, this
cross-section corresponds to o (¢f)NNLo+NNLL = 832 + 51 pb using a top quark mass of mp = 172.5GeV.
The uncertainties in the cross-section due to the PDF and the strong coupling constant @ were calculated
using the PDF4LHCI15 prescription [56] with the MSTW2008NNLO [57, 58], CT1ONNLO [59, 60] and
NNPDF3.ONNLO PDF sets in the 5FS, and were added in quadrature to the scale uncertainty.

Various alternative 17 samples were generated to assess the uncertainties arising from QCD MC model
choices and to compare with unfolded data. Uncertainties due to initial- and final-state radiation were
assessed by using event weights to vary the QCD renormalisation and factorisation scales in the matrix
element independently by factors of 2.0 and 0.5 from their default values, using the Var3c variation of
the A14 tune, and by changing the renormalisation and factorisation scales used in the parton shower by
factors of 2.0 and 0.625. A higher scaling factor than 0.5 was used for the downward variation to keep the
variations of the kinematic variables in the upward and downward directions symmetrical.

Another sample was generated mirroring the nominal 77 settings, but with the hqaymp parameter set to
3myop, enabling the assessment of the impact of variations in the first QCD emission scale. This sample is
referred to as POWHEG+PYTHIA 8 hgamp. Furthermore, the uncertainty in the matrix element and parton
shower matching is evaluated by utilising an alternative PowHeEG+PyTHIA 8 sample. The pl%ard parameter of
PyTHIA 8 was set to 1 instead of the default value of O, altering the overlap in the phase space filled by

PownEeG and PyTH1A 8. The sample is referred to as PowHEG+PyTH1A 8 p}T"“rd.

Another sample was generated with identical settings to the nominal ## sample, except for a modified
recoil scheme. Here, the default gluon recoil, typically recoiling against the b-quark, was replaced by the
top quark itself serving as the recoil for the second and subsequent gluon emissions from the b-quark.
This sample is referred to as PowHeEG+PyTHIA 8 RecoilToTop. A PowHEG+PyTHIA 8 sample, with the
same settings as the nominal but replacing the recoil scheme of the initial-state emission by an alternative
scheme, was used only for comparison with the measurement. In the alternative scheme, only one final
state parton takes the recoil of an emission in contrast to the global recoil. This sample is referred to as
PowneG+PyTHIA 8 dipole.

Additionally, further 7# samples were generated by replacing PyTHia 8 with HErwiG 7.1.3 [61] to model
the parton showering, hadronisation and underlying event, and are used to evaluate uncertainties. This
alternative approach used the HErwiG 7.1 default set of tuned parameters [61] and the MMHT2014L0 [62]
PDF set.

Further predictions were computed for comparison with data, including alternative NLO samples of 77 events
produced with MADGraPHS_AMC@NLO v2.6.0 [12] interfaced to either PyTH1a 8.230 or HERWIG 7.1.3.
These samples are referred to as MADGRAPHS_AMC @NLO+PyT1HIA 8§ and MADGRAPHS+HERWIG 7.1.3,



respectively. Additionally, samples were generated using the SHERPA 2.2.12 generator [11] and OPEN-
Loors [63, 64] using NLO accurate matrix elements for up to one additional parton and LO accurate
matrix elements for up to four additional partons. The additional parton emissions were matched and
merged with the SHERPA parton shower based on Catani—Seymour dipole factorisation [65, 66] using the
MEePs@NLo prescription [67, 68]. Samples were generated using the NNPDF 3. ONNLO PDF set, along with
a dedicated set of tuned parton shower parameters developed by the SHERPA authors. Additional b-quarks
were treated as massless. The SHERPA samples include approximate NLO EW ;a1 corrections [69-71].
The scale used for the multijet merging was set to 30 GeV. This sample is referred to as SHERPA t7. These
samples are summarised in Table 1.

3.2 ttbb samples

Dedicated samples focusing on t7bb events were produced to capture additional b-quarks calculated by
the matrix element, ensuring NLO QCD accuracy in the four-flavour scheme (4FS), and interfaced to
PytHia 8.230. Using the Pownec Box REs [13] generator alongside OpenLoops, and the four-flavour
NNPDF3.ONLO NF4 [44] PDF set, this set-up incorporated a specialised implementation to take the scale
hierarchy into account [13, 72]. This includes setting the factorisation scale to %Zi:t’;’ b5, jMT,i (Where

J stands for extra partons), and the renormalisation scale to /TT;—, 7 ; mt,i, Where mr; = \[m? + p3..

is the transverse mass of a given parton. The hgamp parameter was set to %Ei:[’,—,b’b-mT,i, and the pr‘ard
parameter was set to zero. The global recoil scheme, as implemented by default in PyTHia 8, was used such
that the recoil of the initial-state emission is taken by the whole final state. The parameter /.4 that controls
the enhancement in the Born cross-section due to soft and collinear NLO radiative contributions from light
jets [13] was set to 5, and the PowneG Box REs hardness criterion (POWHEG: pTdef) used in the matching
was set to 1 following studies reported in Ref. [73]. This sample is referred to as PowHEG+PyTHIA 8 t7hb.
Further variations were explored through three additional ¢7bb samples. One sample had hy,q set to 2,
the second sample had p%ard set to 1, and the third sample used a different scheme for the recoil of the
initial-state emission such that only one final-state parton took the recoil of an emission and had Ay,q set to
2, all other settings were the same as the nominal PowHeG+PyTHIA 8 t7bb sample. These three samples are
referred to as POWHEG+PYTHIA 8 17bb hy,q, POWHEG+PYTHIA 8 17bb p'™, and PowHEG+PYTHIA 8 7bb

T
dipole, respectively.

An additional t7bb (4FS) sample was generated, preserving the PownEG Box REs generator settings while
substituting PyTria 8 with HErwiG 7.1.6. This sample, referred to as Pownec+HERwWIG 7 t7bb, used the
Herwic 7.1 set of tuned parameters and the MMHT2014LO PDF set.

Furthermore, a dedicated sample of t7bb events was generated using SHERPA 2.2.10 in conjunction
with OpeNLoops. Matrix element calculations, performed at NLO accuracy using the Comrx [65] and
OpenLoops generators, were merged with the SHERPA parton shower [66]. The renormalisation scale was
set to m . The factorisation and resummation scales were both set to %Zi:,j’ b,b,;MT,i Where
J refers to extra partons. The NNPDF3.0ONNLO NF4 PDF set was used. This sample is referred to as SHERPA
ttbb. In all t7hb (4FS) samples, the mass of the b-quark was set to 4.75 GeV in the matrix element. The
MC yields of all t7bbh samples were normalised to the cross-sections computed by the corresponding matrix
element generators.

Additionally, the results featuring at least four b-jets were compared to the NLO computation of the
pp — eveuv,bbbb process, encompassing resonant and non-resonant top quark contributions, and
all interference effects among them, along with the non-resonant and off-shell effects of the W boson.



These calculations were performed using the HELAc-NLO framework [74] by the authors of Refs. [75]
and [76]. The renormalisation and factorisation scales were set to ur = ur = po = Ht/3, and employed the
NNPDF3. 1NLO [77] PDF sets. Here, H represents the scalar sum of the pr of all four b-jets, electron, muon,
and the missing transverse momentum from the two neutrinos. The predictions were corrected to account
for the effects of non-perturbative contributions such as multiple parton interactions and hadronisation, and
the leptonic decays of at least one 7-lepton in the dileptonic ¢7 channel yielding the prompt eu final state.
The PowHeG+PyTHIAS t7hb MC samples, as discussed above, were used to derive the corrections. These
predictions are denoted by HELAC-NLO (oft-shell) ey + 4b and are summarised in Table 1.

3.3 Background samples

Single-top-quark production processes, namely tW associated production, f-channel, and s-channel
production, were simulated using the Pownec Box v2 [8-10, 78-80] generator at NLO in QCD interfaced
to PytHia 8 for the parton showering, hadronisation and the underlying event, using the A14 set of tuned
parameters and the NNPDF2. 3LO set of PDFs. The f-channel process was generated in the 4FS with the
NNPDF3.ONLO NF4 [44] PDF set, while the SFS was used for tW and s-channel processes. To handle
the interference between tW and ¢7 production, the diagram removal scheme [81] was employed. An
alternative tW sample was generated with the same settings as the nominal one except that the diagram
subtraction scheme [81] was used to evaluate the uncertainty due to the treatment of the interference
with ¢7 production. Additionally, one sample was simulated for tW using the same set-up as the nominal
one, but replacing PyTHia 8 with HErwiG 7.0.4, and another sample was generated at NLO in QCD with
MabpGraruS_AMC@NLO interfaced to Pyta1a 8. The single-top MC samples for the 7- and s-channels
were normalised to cross-sections from NLO predictions [82, 83], while the tW-channel MC sample was
normalised to NLO+NNLL [84].

The production of t7H events was simulated using the PowHEG Box generator at NLO in QCD with the
hdamp parameter set to 0.75 X (2mop + mpr), and interfaced to PyThia 8. All possible SM decay modes of
the Higgs boson were included and simulated using PyTHiA 8. Alternative 17H samples were generated
using PowHEG Box with the same settings as the nominal ones, but replacing the parton shower model with
HerwiG 7. Another sample was generated with MADGraPHS_aAMC@NLO and interfaced to PyTHia 8.

Events for t1Z, ttW, tWZ, tWH, tHbj, tZ and titt were generated with MADGrRAPHS_aMC@NLO at
NLO in QCD. The tfZ and ttW background processes are collectively labelled as ##V. The MC yields
were normalised to the corresponding cross-sections from the MADGrAPHS_AMC@NLO computation.

All of these nominal background events generated using PowHEG Box or MADGRAPHS_AMC@NLO, as
mentioned above, were interfaced to Pytria 8.230 [45] for the parton showering, hadronisation and the
underlying event, using the A14 set of tuned parameters and the NNPDF2 . 3LO set of PDFs.

For V+jets events (where V = W or Z), simulation was carried out using the SHERPA 2.2.1 generator [85]
with NLO-accurate matrix elements for up to two partons and LO-accurate matrix elements for up to
four partons. The MC yields were normalised to the NNLO cross-sections, computed using FEwz [86]
with the MSTW2008NNLO PDF set. Additionally, samples of diboson final states were simulated using the
SHERPA 2.2.2 generator [85] at NLO in QCD for up to one additional parton and at LO accuracy for up to
three additional partons. The samples were normalised according to the cross-sections computed by the
generator.



Table 1: Summary of the MC sample set-ups for modelling the signal processes for the data analysis and for
comparison with the measured cross-sections and differential distributions. The different blocks indicate, from top to
bottom, the samples used as the nominal MC (nom.), systematic variations (syst.) and for comparison only (comp.).
Dashes (—) imply that the corresponding settings are not applicable for the fixed-ordered calculations. For details see
Section 3.

MC sample Generator Process Parton shower ~ Matching/ Tune Use
Parton shower
settings

PowHEG+PYTHIAS PowHEG Box v2 tt NLO PytHia 8.230  PowHEG Al4 nom.
hdamp =1.5n0p
pq_ardp =0
globalRecoil
recoilToColoured=ON

PoWHEG+PYTHIA8 /1gamp PownEG Box v2 tf NLO PyTH1A8.230  PowHEG Al4 syst.
hdamp =3miop

POWHEG+PYTHIAS pl}a’d PowHEG Box v2 tt NLO PyTtHiA 8.230  PowHEG Al4 syst.
p}_;‘ard =1

PowHEG+PYTHIAS RecoilToTop PowHEG Box v2 tf NLO PyTHiA 8.230  PowHEG Al4 syst.
recoilToTop

PowHEG+HERWIG 7 PowHEG Box v2 tf NLO Herwic7.1.3  PowHEG H7.1-Default  syst.

PowHEG+PYTHIAS dipole PowHEG Box v2 ti NLO PyTHiA 8.230  PowHEG Al4 comp.
dipoleRecoil on

MADGRrAPHS_AMC@NLO+PyTHIA8 ~ MADGRAPHS_ ti NLO PyThia 8.230 MC@NLO Al4 comp.

AMC@NLO v2.6.0
MaDGRrAPHS_AMC@NLO+HERWIG7  MADGRAPHS _ ti NLO Herwic7.1.3  MC@NLO H7.1-Default  comp.
AMC@NLO v2.6.0
SHERPA SHERPA 2.2.12 tf +0,1 parton at NLO  SHERPA MEPs@NLo Author’s tune  comp.
+2,3,4 parton at LO

PowHEG+PYTHIAS t7hh PowHEG Box REs tthb NLO Pyrhia 8.230  PowHEG Box REs Al4 comp.
hza=5
pfln‘ard =0
globalRecoil

PownEeG+PyTHIA8 17bb phard PowHEeG Box REs t7bb NLO PytHia8.230  PowneG Box REes Al4 comp.

) i p}_}ard =1

PowHEG+PYTHIAS 17bb hy,q PowHEG Box REs titbb NLO PytHia 8.230  PowHEG Box REs Al4 comp.
Moza=2

PowHEG+PYTHIAS 17bb dipole PowHEG Box REs ttbb NLO PytHia 8.230  PowHEG Box REs Al4 comp.
Moza=2
dipoleRecoil on

PowHEG+HERWIG 7 tThh PowHEG Box REs ttbb NLO Herwic7.1.6  PowHEG Box REs H7.1-Default  comp.

SHERPA 17hb SHERPA 2.2.10 ttbb NLO SHERPA MEePs@NLo Author’s tune  comp.

HeLac-NLO (off-shell) HeLac-NLO ey +4b NLO - - - comp.
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4 Detector-level event reconstruction and selection

4.1 Detector-level object reconstruction

Interaction vertices resulting from pp collisions are reconstructed based on a minimum of two tracks with
pt > 500 MeV, demonstrating consistency with originating from the beam collision region in the x—y
plane. Of all primary vertex candidates, the one associated with the highest sum of squared pr of its
associated tracks is designated as the hard-scatter primary vertex [87].

Electron candidates are reconstructed by using energy clusters in the EM calorimeter, which are then matched
to a track in the ID [88]. These candidates must satisty pt > 25 GeV and pseudorapidity |7ciuster] < 2.47,
excluding the transition region between the endcap and barrel calorimeters (1.37 < |fcpuster] < 1.52). The
selection criteria use tight electron identification working point, characterised by a likelihood discriminant
utilising calorimeter, tracking, and combined variables to effectively discriminate between electrons and
jets [88].

Muon candidates are reconstructed by combining tracks in the ID with tracks in the MS [89]. The resulting
muon candidates undergo a refitting process using comprehensive track information from both detector
systems. Selection criteria ensure that these candidates have pt > 25 GeV and || < 2.5 and satisfy the
medium muon identification working point (Medium) [89].

The association of electron (muon) candidate tracks with the primary vertex is achieved by requiring
that the significance of their transverse impact parameter, dy, satisfies |do/o (do)| < 5 (3), where o (dp)
denotes the measured uncertainty in dy. Furthermore, the longitudinal impact parameter is required to
satisfy |zo sin 8] < 0.5 mm.

To mitigate the presence of non-prompt leptons and jets misidentified as leptons, stringent isolation criteria
are imposed on lepton candidates in both the tracker and calorimeter. For track-based lepton isolation, the
quantity Ig = ptTrk is computed, summing the transverse momenta of all tracks (excluding the lepton
candidate itself) within a cone of size R, around the lepton’s direction. Here, Ry is set to the minimum
of rmin and 10 GeV/ pf}, with rp, taking the values 0.2 (0.3) for electron (muon) candidates, and pf}
representing the lepton’s transverse momentum. The electron selection uses pt and 17-dependent thresholds

on the Ig/ p‘T) ratio, while all muon candidates must satisty Ig/ p‘T) < 0.15.

Moreover, both electrons and muons must satisfy a calorimeter-based isolation requirement that calculates
the sum of transverse energy within a cone of R, = 0.2 around the lepton, after subtracting contributions
from pile-up and the lepton’s own energy deposition. This sum is required to be below 30% of the muon’s
transverse momentum, while electron candidates are subject to pt and n-dependent thresholds for this
quantity.

Reconstruction, identification and isolation efficiencies of electrons (muons) are corrected to match those
observed in data using Z — e*e” (u*u~) events, while the position and width of the observed Z peak is
used to calibrate the electron (muon) energy (momentum) scale and resolution [§8—90].

Jet reconstruction relies on identifying constituents through a particle flow (PFlow) algorithm that combines
measurements from both the ID and the calorimeter [91]. Subsequently, jet candidates are formed from
these PFlow objects using the anti-k, algorithm with a radius parameter of R = 0.4 [92, 93]. These
candidates undergo calibration using simulation, with corrections derived from in situ techniques applied
to data [94]. Only jet candidates with pr > 25 GeV and || < 2.5 are retained. To mitigate pile-up effects,
jets with pr < 60 GeV and || < 2.4 are required to satisfy the ‘Tight’ working point of the jet vertex
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tagger (JVT) criteria, ensuring an efficiency of 95%—97% depending on the jet pr, which identifies jets
as originating from the selected primary vertex [95]. Additionally, a set of quality criteria is applied to
discard events containing jets originating from non-collision sources or detector noise [96].

Jets likely to contain b-hadrons, i.e. weakly decaying hadrons composed of a b-quark, are identified as
b-jets using the DL1r algorithm [97], which employs a deep neural network. These identified jets are known
as b-tagged jets. The network utilises distinctive features of b-hadrons, such as the impact parameters of
tracks and the displaced vertices reconstructed in the ID. Additionally, discriminating variables constructed
by a recurrent neural network are included as input, exploiting spatial and kinematic correlations between
tracks originating from the same b-hadron. For each jet, a multivariate b-tagging discriminant is computed,
and the jet is considered b-tagged if this value exceeds a predefined threshold.

The baseline working point, chosen to define signal regions, corresponds to an approximate 77% tagging
efficiency for b-jets in simulated ¢f events. However, the b-tagging efficiency varies with pt and n and is
measured using collision data [98] with uncertainties ranging from 1% to 8% depending on the jet pt. The
tagging algorithm achieves a rejection factor of about 170 against light-flavoured jets (u-, d-, s-quark, or
gluon) and approximately 5 against jets originating from c-quarks. The selected working point is optimised
to maximise the signal-to-background ratio, while keeping the number of signal events high.

Ambiguities between selected leptons and jets are resolved using an overlap removal procedure. If a muon
shares a track with an electron, indicating possible bremsstrahlung, the electron is not selected. To avoid
double-counting electron energy deposits as jets, the closest jet within AR = 0.2 of a selected electron
is removed. Subsequently, if the nearest surviving jet is within AR = 0.4 of the electron, the electron is
discarded to reduce non-prompt background contributions. Muons are removed if they are within AR = 0.4
of the nearest jet, which helps mitigate background from heavy-flavour decays inside jets. However, if this
jet is associated with fewer than three tracks, the muon is retained, and the jet is removed instead. This
approach prevents inefficiencies caused by high-energy muons experiencing significant energy loss in the
calorimeter.

The missing transverse energy (denoted by E?iss) is defined as the magnitude of the negative vector sum
of the pt of all selected and calibrated objects in the event. This includes a term to accommodate the
momentum from soft particles in the event that are not associated with any of the selected objects [99].
The soft term is computed from ID tracks matched to the selected primary vertex, enhancing its resilience
to contamination from pile-up interactions.

4.2 Event selection

A data sample of pp collisions at a centre-of-mass energy of /s = 13 TeV, collected with the ATLAS
detector during the period of 2015-2018, is used in this analysis. This data sample corresponds to an
integrated luminosity of 140 fb~! [100]. Events were only recorded under stable beam conditions and
when all components of the ATLAS detector were confirmed to be fully functioning.

The data were collected using a combination of single-electron and single-muon triggers, with requirements
on the identification, isolation, and pt of the leptons to maintain high efficiency across the full momentum
range while controlling the trigger rates [101, 102]. For electrons the trigger thresholds were pt = 26, 60
and 140 GeV, whereas for muons the thresholds were pt = 26 and 50 GeV.2 Isolation requirements were
applied to the triggers with the lowest pt thresholds of 26 GeV for both electrons and muons [103-106].

2 Lower pr thresholds of 24 GeV and 120 GeV for electrons and 20 GeV for muons were applied for 2015 data.
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To ensure events originate from the hard-scattering process, they are required to contain at least one
primary vertex candidate. A sample enriched in 77 events is pre-selected by requiring events to contain
exactly one electron and one muon with a minimum pr of 28 GeV, along with at least two jets tagged
as containing b-hadrons using the DL1r b-tagging algorithm at the 77% efficiency working point. The
selected leptons are required to have opposite charges and to match the corresponding lepton reconstructed
by the single-lepton trigger, with a pt exceeding the trigger pt threshold by up to 2 GeV to ensure they
remain at the trigger efficiency plateau. Additionally, the invariant mass of the electron and muon pair is
required to be larger than 15 GeV to remove contributions from low-mass 77 Drell-Yan processes with
only minimal signal efficiency loss. The t7+b-jets signal events are selected by requiring at least three
b-tagged jets at the 77% efficiency working point.

5 Definitions of fiducial phase space

5.1 Particle-level object selections

Particle-level objects are selected in simulated events using definitions that mirror closely the detector-level
objects outlined in Section 4.1. These particle-level objects are defined based on stable particles with
proper lifetimes greater than 30 ps.

Only prompt electrons and muons that are produced directly from the primary vertex, including those
from 7-lepton decays, are considered. To account for final-state photon radiation, the four-momentum of
each lepton is adjusted by adding the four-momenta of all photons, not emanating from hadrons, within a
AR = 0.1 cone around the lepton. Electrons and muons are required to have pt > 25 GeV and || < 2.5.

Jet clustering is performed using the anti-k, algorithm with a radius parameter of R = 0.4. All stable
particles are considered for jet clustering except for prompt electrons and muons, along with the associated
photons. Neutrinos from W boson decays (prompt neutrinos) are excluded from jet clustering, but neutrinos
from hadron decays are included. These jets exclude particles from pile-up events but incorporate those
from the underlying event. The decay products of hadronically decaying 7-leptons are included in the jet
clustering. Jets are required to have pt > 25 GeV and || < 2.5.

Jets are defined as b-jets, if at least one b-hadron with pt > 5 GeV is associated with the jet via ghost
association [107]. In this ghost-association procedure, b-hadrons are included in the jet clustering while
their pr is scaled to a negligible value. A similar approach is adopted to define c-jets, with the b-jet
definition taking precedence. In other words, a jet containing both a »-hadron and a c-hadron is classified
as a b-jet. Jets lacking both b-hadrons and c-hadrons are categorised as light-flavour jets.

Electrons and muons, satisfying the selection criteria outlined above, must have a separation from selected
jets of AR(lepton, jet) > 0.4. This criterion ensures consistency with the detector-level selection described
in Section 4.1.

5.2 Phase-space definitions
The fiducial phase spaces are defined using particle-level objects with kinematic requirements similar to

those applied to the reconstructed objects in the event selections. Fiducial integrated cross-sections and
fiducial normalised differential cross-sections are determined by requiring the presence of exactly one
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electron and one muon, each with pt > 28 GeV and opposite charges at the particle level, and with two
different criteria for the minimum number of b-jets with pt > 25 GeV. Detailed kinematic requirements
can be found in Section 5.1. One set of measurements are performed in the particle-level phase space with
three or more b-jets accounting for at least one b-jet in addition to the two from the top quark decays, and
another set with the requirement of four or more b-jets accounting for at least two additional b-jets. The
normalised fiducial differential cross-sections as a function of b-jets multiplicity are measured with two
different criteria for the minimum number of b-jets: (i) at least two b-jets, and (ii) at least three b-jets.
A few percent of events may contain at least one b-jet from a different parton interaction than the one
producing the 7 pair (referred to as ‘multiple parton interactions’), with reduced contribution as the b-jet
multiplicity requirement increases. Such b-jets are included in the particle-level event selection.

6 Observables

The normalised differential distributions of various physics quantities are measured in the fiducial phase
space as outlined in Table 2. These distributions fall into two categories of particle-level observables
closely corresponding to their detector-level counterparts. In the first category, b-jets are ordered by
pt, while in the second category, b-jets are designated as originating from the top quark decay or from
additional partons using an algorithm based on the angular distances as described in Section 6.1. For each
category, the observables are defined independently of any specific generator, probing the kinematics of
b-jets produced from the top quark decay, dynamics of additional b-jets and non-b-jets, and overall event
characteristics within each region of phase space.

Observables such as the number Np_jers Of b-jets in the event, the scalar sum H%ad of the pr of each jet,
and the scalar sum Hf}“ of the pr of each lepton, jet and the E%‘iss represent the overall event properties.
These observables are sensitive to matrix elements and parton shower modelling. Additionally, variables
such as the average angular distance ARSV% between any two b-jets and the maximum separation An’/, in
n between any two jets are indicative of additional QCD emissions. Further measurements include the
pt and 1 observables of up to four leading b-jets, as listed in Table 2, where the b-jets are labelled as
b1, by, b3, and by according to their rank in descending order of their pt. These variables encapsulate
contributions from both the top quark decay products and the additional jets, with the leading b-jets
kinematics dominantly reflecting the top quark. The invariant mass m(eubb;) of the system of electron,
muon, and two leading b-jets, as well as the invariant mass m(bb;), transverse momentum pr(b1b3),
and angular distance AR (b1, by) of the system of two leading b-jets have sensitivity to the dynamics of
top quark decay products. Moreover, the additional b-jet activity is explored through distributions of the
angular distance minAR (bb), invariant mass m(bb™"R) and transverse momentum pp(bb™"AR) of the
two closest b-jets. The Np_jers distributions are measured separately in phase spaces with > 25 and > 30,
while all other differential observables are measured in > 3b and > 4b phase spaces, where 2b, 3b and 4b
refer to the number of b-jets.

In the second category, pt and n distributions are obtained after assigning b-jets as originating from
top quarks (btlop and bt2°p ) using the reconstruction algorithm to better probe the kinematics of the top
quark, where the subscripts 1 and 2 indicate the leading- and sub-leading b-jets assigned to the top quarks,
respectively. Similarly, the pt and 5 distributions of the leading additional b-jet (bzl‘dd) assigned using the
reconstruction algorithm are measured. The invariant mass m (eubb'°?) of the system of electron, muon,
and two b-jets from top quarks, and the invariant mass m (bb'"P) and transverse momentum pt(bb'°P) of
the system of two b-jets assigned to top quarks are studied. Another interesting observable is the angular
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distance between the leading additional b-jet and the system of electron, muon, and two b-jets from the
top quarks, which is sensitive to the recoil momentum distribution shared by final-state partons. These
observables are measured in > 3b and > 4b phase spaces. Additionally, the pt and n distributions of the
sub-leading additional b-jet (bgdd), invariant mass m(bb*49), and transverse momentum p1(b5*49) of two
additional b-jets system are measured in the > 4b phase space.

Additional non-b-jets (denoted by //c-jets), defined as those not containing any ghost-matched »-hadron,
can occur in the dileptonic events only via QCD radiation. This is only partially predicted by the matrix
element with limited accuracy in QCD. The production rate of additional //c-jets are sensitive to both
the matrix element and the parton shower models. The activity of those jets is measured in terms of the
multiplicity Njjc.jes Of additional //c-jets in the > 3b and > 4b phase spaces, the pt and 77 variables of
the leading additional //c-jet (I/c-jet,), the scalar difference pr(//c-jet;) — pT(b?dd) in the transverse
momenta of the leading additional //c-jet and the leading additional b-jet, and the angular separation
AR(eubb'P, 1/c-jet,) between the leading //c-jet and the direction of the system of electron, muon and
b-jets assigned to the top quarks in the > 3b > 1//c and > 4b > 11/c phase spaces, as listed in Table 2.

All of these observables are also constructed in a similar way at the detector level, where the b-tagged jets
are considered as a proxy for the b-jets. The b-tagged jets are ordered in pt at the detector-level unless
mentioned otherwise. Similary, the additional //c-jets at the detector-level refer to all those reconstructed
jets that are not b-tagged.

6.1 Classification of b-jets

In events with three or more b-jets, ambiguity arises regarding whether these b-jets originate from top
quark decays or gluon radiation. An empirical algorithm is developed to better identify the origins
of representative b-jets and compare their kinematics with particle-level predictions from various MC
generators. This approach aims to improve the understanding of b-jets sources and enhance the accuracy
of kinematic measurements.

The discriminating kinematic variables are investigated in the simulated events after attaching ‘truth’ labels
to b-jets to indicate their true origin in the MC. The particle-level b-jets originating from top quark decay
are classified based on the origin of hadrons, a method used in this study as described in Ref. [6]. This
approach involves mapping the original heavy hadrons to the b-quarks that are closest in AR. Subsequent
heavy hadrons from decay chains are excluded from this mapping. Those hadrons associated with a b-quark
originating from the top quark decay are denoted by b-hadrons derived from a top quark. Correspondingly,
the selected particle-level b-jet that is ghost-associated with such b-hadrons is designated as a b-jet from
top, while the remaining b-jets are labelled as additional b-jets.

The algorithm uses angular separations, as defined in Section 2, between two physics objects and is applied
to both detector-level and particle-level events. Key metrics such as the minimum distance ARE’;E between
the leading lepton and any b-jet, the minimum distance AR}}; between the sub-leading lepton and any b-jet,
the maximum distance ARE‘Z" between two b-jets, and the minimum distance ARZ}‘)“ between two b-jets,
are essential for discriminating between b-jets from top quark decays and additional b-jets, as illustrated in
Figure 3. In most of the ¢tf+b-jets MC events, leptons are closer to the b-jet originating from top quark
decays, as shown in Figures 3(a) and 3(b). Additionally, two b-jets not originating from top quark decays
often show the smallest angular distance among any b-jet pairs as shown in Figure 3(c). In instances where
one of the b-jets fails the fiducial requirement, the angular separation between a b-jet from a top quark and

an additional b-jet may be larger than that of any other b-jet pair combination, as shown in Figure 3(d).
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Table 2: Summary of all measured observables in each fiducial phase space region. The availability of an observable
is indicated by v in the last five columns. The first half of the table lists the global event variables and the kinematics
of b-jets ordered in pT, whereas the second half lists the quantities specific to the b-jets assigned to top quark decays
or to extra bb system as well as those related to the additional light- or c-jets (I/c-jets).

Observable Description Phase spaces
>2b | 23b | 23b | 24b | >4b
> /e > 1l/c
ofid Fiducial total cross-section v v v v
Npjets Number of b-jets v Vv
Nijesjers Number of light- or c-jets v v
H.}I‘f‘d Scalar sum of pr of all jets v v
H%” Scalar sum of pr of charged leptons, jet and missing Et v v
ARfV% Average angular distance in AR of b-jet pairs v v
Al Maximum absolute difference in 77 between any pair of jets v v
pr(by) pr of the hardest b-jet v Vv
pr(b2) pr of second-hardest b-jet v v
pr(b3) pr of third-hardest b-jet v v
pr(bs) pr of fourth-hardest b-jet v
n(by) n of hardest b-jet v v
n(b2) n of second-hardest b-jet v v
n(bsz) 7 of third-hardest b-jet v v
n(byg) n of fourth-hardest b-jet v
pr(l/c-jet;) pr of the hardest light- or c-jet v v
n(l/c-jet;) n of the hardest light- or c-jet v v
m(b1b3) Invariant mass of two hardest b-jets in pt v v
AR(by, b2) AR between two hardest b-jets v v
pr(b1br) pr of two hardest b-jets v v
m(bb™inAR) Invariant mass of two closest b-jets in AR v
pr(bb™nAR) pr of the closest b-jets pair v
minAR(bb) Closest angular distance in AR among b-jets v
m(eubibr) Invariant mass of electron, muon and two hardest b-jets v v
pT(b:’p) pr of the hardest b-jet assigned to top quark v v
pr(by” pr of the second-hardest b-jet assigned to top quark v v
pr(bi%9) pr of the hardest additional b-jet v v
pT(b"z‘dd) pr of the second-hardest additional b-jet v
n(b\") 7 of the hardest b-jet assigned to top quark v v
n(by") n of the second-hardest b-jet assigned to top quark v v
n(b3d) n of the hardest additional b-jet v v
n(b;‘“) 7 of the second-hardest additional b-jet v
m(bb™P) Invariant mass of a pair of b-jets assigned to top quarks v v
pr(bb'P) pr of a pair of b-jets assigned to top quarks v v
m(bb*4d) Invariant mass of a pair of additional b-jets v
pr(bb*d) pr of a pair of additional b-jets v
m(epubb'P) Invariant mass of ey and the b-jets pair assigned to top quarks v v
AR(eubb™, b?dd) AR between the direction of the system of eu v v
and b-jet pair assigned to top and the direction of the hardest additional b-jet
AR(epubb'®, 1/c-jet;) | AR between the direction of the system of eu
and b-jet pair assigned to top and the direction of the hardest light- or c-jet v v
pr(l/c-jety) — p—r(b"l‘dd) Difference in pt between the hardest //c-jet and the additional b-jet v v
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Figure 3: Distributions of discriminating variables at the particle-level used in the reconstruction algorithm are
compared for the b-jets originating from top quark (b from top) and those originating from the gluon system (b not
from top): (a) AR;}‘;E, (b) AR%Z in the fiducial phase space with one electron, one muon, and exactly three b-jets; (c)
ARZ‘;’“ in the fiducial phase space with one electron, one muon, and at least four b-jets; and (d) ARE‘;‘X in the fiducial

phase space with one electron, one muon, and exactly three b-jets.
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At the particle level, the algorithm is restricted to four input b-jets ordered in pr. If four b-jets are not
available, it uses only three b-jets per event. Events featuring fewer than three b-jets are not classified
relative to the b-jets. The b-jets are arranged into a number of permuted sets depending on the b-jet
multiplicity, with the first two b-jet positions in the set representing the b-jets from top quarks, and the
remaining b-jets representing the additional b-jets. The chosen permutation among these sets is the one
that minimises — In w, defined in terms of the sum of squares of the differences between the AR values of

the lepton-b-jet pairs relative to the global quantities AR;}llig or AR‘ggg, and of the differences between the

AR values of b-jet pairs in a given permutation relative to AR, ™ or ARZ’;’“. The full expression is:

A . 2
(ARz1p1 — ARmm)2 + (ARp2p2 — ARmm)2 + (maX(ARblhs, ARpp3) — ARZ’Z") if Npjers = 3,

—Inw= b 02b
2 2 2 .
(ARflbl - AR?TZ) + (ARmbz - AR?‘ZIZ) + (ARb3b4 - ARZ";)") if Nb-jets >4,

where AR¢1p1 (ARp2p2) represents the angular distance between the leading (sub-leading) lepton in the
event and the first (second) b-jet of a given set, ARp153 ( ARp2p3 ) refers to the angular distance between
first (second) and third b-jet of the set, and ARp3p4 represents the angular distance between the third and
fourth b-jet in a given permutation. Each variable entering in the squared sum in the expression is assigned
the same weight for simplicity. The Np._jes is the number of b-jets in the event. The set that gives the
smallest value of —Inw is finally chosen to classify its first two b-jets as belonging to the top quark, and
the remaining b-jets are assigned as additional b-jets. At the detector level, the same algorithm is applied
to reconstructed leptons and b-tagged jets, after taking only up to four b-tagged jets into account. If there
are more than four b-tagged jets present, then the first four ordered in pr are taken.

The purities of b-jet classifications according to this algorithm are evaluated using ‘truth’ labels to b-jets
in simulated events, as discussed above. This is done solely to assess the performance of the algorithm, it
is not integral to the definitions of the measured observables. According to this definition of ‘truth’ b-jet
origin, the typical fraction of QCD ¢7+b-jets simulated events wherein the two highest-pr particle-level
b-jets originate from top quarks amounts to 42% (27%) in events containing at least three (four) b-jets.
The fractions of particle-level events where two b-jets are correctly assigned to top quarks according to this
technique are found to be 53% (56%) in the selected sample of simulated ¢7+b-jets events containing three
(four) b-jets. Slightly lower (by 1%—2%) purities are obtained with the corresponding reconstructed events
where the b-tagged jets are geometrically matched to the particle-level b-jets. The probabilities of correct
assignment of b-jet (two or more b-jets in case of kinematic observable defined with multiple b-jets)
in a given bin of the measured observable ranges from 50% to 85% (40% to 75%). The reconstruction
algorithm is not optimal for signal events that have at least one of the b-jets from ¢f decay outside the
fiducial volume (< 10% fraction of events with three or more b-jets), and hence the correct assignments of
b-jets cannot be made to both top quarks.

7 Background estimation

The t7+jets candidate events are pre-selected with a prompt electron and a prompt muon of opposite charge
and two or more b-tagged jets (= 2b@77%), as detailed in Section 4. The ¢t7+b-jets signal events consist
of a prompt electron and a prompt muon from W decays, have three or more b-tagged jets ((> 30 @77%)),
and at least three or more particle-level b-jets. The preselection of events with two or more b-tagged jets
yields a sample primarily dominated by #f production with minimal contributions from other processes.
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The background events in this sample can be categorised into two main types. Firstly, there are events
with genuine prompt leptons originating from top, W, and Z decays, including those arising from leptonic
7-lepton decays, which are elaborated upon in Section 7.1. Secondly, there are events where at least
one reconstructed lepton candidate is non-prompt or misidentified as a different object. These can be a
non-prompt lepton from the decay of a b- or c-hadron, an electron from a photon conversion, hadronic jet
activity misidentified as an electron, or a muon from an in-flight decay of a pion or kaon. The estimation
of this second type of background involves a combination of data-driven and simulation-based approach,
detailed in Section 7.2.

The signal event category t7+b-jets (also denoted as t7b) refer to events in the 17 MC sample consisting of
three or more particle-level b-jets. Events that contain less than three b-jets but have at least one c-jet are
categorised as t7+c-jets (tf¢), and all remaining events are defined as r7+light-jets (¢7]). The events with
three or more b-tagged jets contain substantial background from ¢7] or tfc where c-jets or light jets are
mis-identified as b-jets by the b-tagging algorithm. The MC yields of these background processes before
any corrections are given in Table 3. These backgrounds are estimated simultaneously with the extraction
of fiducial cross-sections, as discussed in Section 8.

7.1 Backgrounds with prompt leptons

The estimation of various background processes with the presence of oppositely charged prompt electrons
and muons in the final state is primarily performed using the MC simulation. The ¢7H process constitutes
the primary irreducible background, contributing approximately 1% to 6% of the total expected event
yields in the 36 @77% and > 4b @77% regions, with its contribution increasing as the number of required
b-tagged jets increases. The ¢7V production yields a similar contribution as t#H production in the 35 @77%
region, and nearly half the size of tH in the > 4b@77% region. The tfZ production dominates the 7V
process; the 1#W background is about 30% (1%) of the total ##V yield in 36 @77% (> 4b@77%) regions.
As ttH and 11V events are integrated into the templates used for fitting various additional-jet flavour
components in the ¢f events, as discussed in Section 8, their overall event normalisations are adjusted using
common scaling factors derived from the data.

The single-top-quark production contributes approximately 3% to the expected event yields, decreasing
with the number of selected b-tagged jets. Contributions from Z/y*+jets and diboson processes are found
to be minimal. Other rare SM processes such as t#tf, tZ, tWZ, tWH, and tHbj are also included in the
total background estimate, all of which are estimated from MC simulations.

7.2 Background with non-prompt or misidentified leptons

The contribution of non-prompt or misidentified leptons (referred to as ‘non-prompt lepton background’)
is estimated using a data-driven approach, relying on the data events where the electron and muon have the
same electric charges. This method, detailed in Ref. [108], is based on the assumption that jets misidentified
as electrons or muons yield a comparable number of events with opposite-charge (opposite-sign, OS) and
same-charge (same-sign, SS) eu pairs in the 7 sample, particularly in instances where at least one W boson
decays hadronically. This estimate includes the non-prompt and misidentified leptons produced not only in
the tf events, but also in other processes such as W+jets. Events are pre-selected with the same baseline
criteria for the electron and muon as for the signal except for the requirements on their charges, and that
they contain at least two or more b-tagged jets. Known sources of same-sign prompt leptons contribution
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estimated from the signal and background MC simulation are subtracted from the data distribution of the
same-sign events, and the non-prompt lepton background in each bin is extracted by scaling the remaining
data events by the lepton-p1 dependent and b-tagged jets multiplicity dependent asymmetry factor R.

_p. Data _ A7MC
Ni,non—prompt =R (Ni,SS Ni,SS—prompt)’

where Nl].)gtsa is the number of observed data events with same-sign ey pair in the ith bin of the observable,

and N ?/IS%_pmmpt is the MC simulated yield of the prompt same-sign events in that bin. The factor R, which
scales the non-prompt lepton background from the same-sign region to the opposite-sign signal region,
is determined using PowHEG+PYTHIA 8 #f events where at least one of the leptons originates from the

hadronically decaying W boson and is hence misidentified. It is defined as:

MC
NOS —non—prompt
R=——F—"-—"——,
NMC
SS—non—prompt
where NMC and NMC are the non-prompt lepton background event yields estimated

OS—non—prompt ' SS—non—prompt ~ i ) ; .
from the MC simulation in the opposite-sign and same-sign events, respectively. It is determined as

a function of lepton pt in the 2b@77% events, while it is evaluated inclusively in lepton pr in the
> 3b@77% events due to the very low background and limited MC statistics. The values of R range from
1.98 £0.52 to 2.38 £ 0.74 across the lepton-pr bins in 2b @77% events, while it is 1.65 +0.45 for inclusive
> 3b@77% events, where the quoted error represents the uncertainty due to limited MC statistics and the
MC modelling uncertainty, with the latter being the dominant component. The MC modelling uncertainty
includes the uncertainty in the matrix element and the uncertainty in the modelling of the parton shower,
hadronisation and underlying event. Table 3 presents the total estimated background yields in various bins
of b-tagged jet multiplicity.

8 Extraction of fiducial cross-sections

The particle-level distributions for different observables in the fiducial phase space defined in Section 5.2
are extracted from the data distributions obtained after the event selections described in Section 4.2.
The number of events meeting the baseline selection criteria with two or more b-tagged jets, primarily
comprising tf events, agrees well with the predictions, as detailed in Table 3. However, there is about
a 20% underestimate of the number of events featuring three or more b-tagged jets. This discrepancy,
while noticeable in Figure 4, is not significant given the large systematics uncertainties in the b-tagged
jet multiplicity distribution in Figure 4(a). The data distributions of the scalar sum of the pt of charged
leptons and jets, the pt of the b-tagged jets assigned to the top quark, and the pr of the additional b-tagged
jets show deviations from the predictions. The measurement of ¢7+b-jets production is dependent on the
estimate of background originating from other ¢ processes, such as the mis-tagged jets in ¢7c and ¢7[ events
that give substantial background contributions. To address this discrepancy, data-driven scale factors are
derived to simultaneously adjust the predictions of additional c-jet or light jet backgrounds alongside the
additional b-jets in the rf MC simulation, as outlined in Section 8.1. The number of background events
produced by t7H, 11V, and non-7 processes and the non-prompt lepton background described in Section 7
are subtracted from the data. The data are then unfolded using the corrected MC simulation as described in
Section 8.2.
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Figure 4: Comparison of data and predictions for the distribution of (a) the number of b-tagged jets for events with at
least two b-tagged jets (Np_ags), (b) HY, (¢) pr (btl(’p), and (d) pr (b*4) in reconstructed events with three or more
b-tagged jets before the global scale factors are applied for different event categories as discussed in the text (see
Section 8.1). The entries in each bin are divided by the bin width in (b), (c) and (d). The lower panels show the
ratios of the data to the predictions. The inner band includes the uncertainties due to limited MC statistics and due
to various detector effects such as the jet energy scale and resolution, and the b-tagging, while the outer band also
includes the theoretical uncertainties in the signal and background modelling. The last bin includes the overflow.
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Table 3: Predicted and observed event yields for the events pre-selected with two or more reconstructed jets (> 2) and
further categorised in exactly 2b @77%, exactly 3b@77% and > 4b@77% selections before any flavour composition
scale factors are applied to ¢f events. Predicted events in the 7 sample are split into three categories, with 7 +b-jets
referring to the signal events consisting of at least three particle-level b-jets, and tfc (¢f]) referring to background
events consisting of less than three particle-level b-jets but more than one (no) c-jets. The background with
non-prompt or misidentified leptons is denoted by non-prompt lepton. The quoted errors are symmetrised and
indicate total statistical and systematic uncertainties in the predictions due to experimental and theoretical sources.

Process >27,20@77% >3j,3b@77% >4j,>4b@77%
tt +b-jets 4100 + 790 3550+ 650 474 +99
tic 11600 + 2200 2190 +430 57+15
ttl 263000 + 33000 2080 + 440 25+15
Wt 9100 + 1800 227 +94 14+11
1tV 740 + 230 94 +30 16.3+5.1
ttH 180 £22 108 £ 13 372+53
Non-prompt lepton 340+ 210 37+20 109 +6.1
Z[y*+jets 96 + 38 34+14 0.15+0.09
Diboson 85+43 3015 0.11 +0.07
Others 41 +20 16.4 +8.2 6.4+29
Total predicted 290000 + 35000 8300 + 1300 640 + 120
Observed 281213 10235 798

8.1 Data-driven correction factors for flavour composition of additional jets in ¢f events

The mis-tagged jets in ¢7c and 7/ events contribute as significant background to the ##+b-jets process. For
example, only about 50% of the simulated events selected at detector level with at least three b-tagged
jets at the 77% efficiency working point have at least three b-jets at the particle level in the fiducial phase
space. The other events contain at least one c-jet or light-flavour jet that is misidentified as a b-tagged
jet, with the t7c production cross-sections not having been measured very precisely yet [29]. Due to
these large background contributions, template fits to data are performed to simultaneously extract the
normalisation factors for t7+b-jets, tfc and t7l particle-level event categories and subsequently correct their
compositions in 77 simulated samples. This is done to reduce the impact of systematic uncertainties in tfc
and ¢f] background estimates. Templates are created for each category using the third-highest b-tagging
discriminant score in the event. This variable is a proxy for an additional jet, and it has a tendency to
show discrimination between #f+b-jets, tic and t7l processes. Two fit approaches are considered: (i) fitting
of normalisation factors for ¢7+b-jets, tfc, and tf/ templates in the inclusive region, and (ii) fitting of
normalisation factors in the specific regions depending on the overall jet multiplicity and the pt ranges of
the third-hardest jet in the reconstructed events. The former is known as Global and is chosen as the nominal
approach to correct the normalisation of individual components in 7 events, while the latter is known as
Kinematic-dependent whose results are taken to evaluate a systematic uncertainty due to the shape effects
of the t7c and ¢l background in the measured distributions. The Global approach improves the modelling
of tfc and t7] background while propagating the correlations among the t#+b-jets and tfc and 7l scale
factor estimates and keeping the unfolding distributions representing the signal efficiency and acceptance
corrections obtained from the MC simulation intact. On the other hand, the Kinematic-dependent approach
tends to improve both the normalisation and shape of t7¢ and #7/ background, but it limits the application
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Table 4: Truth categorisations, defined using particle level information, of the reconstructed events in the regions with
selections > 3j > 2b@77%, 3j > 2b@77%, and > 4j > 2b@77% of the 1 MC samples. The 3j > 2b@77% and
> 4j > 2b@77% regions are sub-divided in terms of the pt of the third-leading pr reconstructed jet. Reconstructed
events in each region and sub-region are categorised based on the particle-level selections of the number of b-jets,
c-jets and light-flavour jets. All particle-level categories are listed in the first column and their definitions are given in
the following columns under the respective reconstruction-level region. The dashes (—) imply that the corresponding
event category is not present for that region.

Inclusive region Regions in terms of jet multiplicity and third-highest-pr jet-pr
Global approach Kinematic-dependent approach
(nominal) (systematic)
Category >3] >20@77% 3j = 2b@77% >4j >2b@77%
> 25 GeV 25-35 GeV | 35-50 GeV ‘ > 50 GeV | 25-50 GeV ‘ 50-75 GeV | > 75 GeV
tth >3 b-jets >3 b-jets -
tthex - - exactly 3 b-jets
ttbb - - >4 b-jets
ttc < 3 b-jets and > 1 c-jet < 3 b-jets and > 1 c-jet < 3 b-jets and > 1 c-jet
til events that do not meet events that do not meet events that do not meet
above criteria above criteria above criteria

of tf+b-jets scale factors to the reconstructed signal events and can bias the unfolding corrections if
approximations are made in the extrapolation of scale factors to the residual phase space. Therefore, the
second approach is only considered when assessing the shape uncertainty of t7c and t7l. The fit set-ups in
both approaches are described in the following.

In the case of the Global approach, events are selected with at least three reconstructed jets, at least
two of which are b-tagged with a b-tagging efficiency working point of 77%. This region labelled as
> 3j > 2b@77% and listed in Table 4 is used to derive the nominal scale factors. The templates are
created for MC events in three different particle-level categories, labelled as t7b, tfc, and ¢zl and described
in Table 4 for the > 3j > 2b@77% region, using the b-tagging discriminant value of the jet with the
third-highest b-tagging discriminant. A small fraction (~ 5%) of events in the signal templates contain
at least one additional c-jet and at least one additional b-jet. Likewise, the signal templates contain a
relatively small fraction (~ 8%) of events where at least one of the two b-jets originating from a top quark
is outside of the fiducial volume. The fiducial cross-section measurements remain largely unaffected by the
choice of ‘truth’-heavy-flavour classifications of individual templates considered in the nominal fit, due
to the common fiducial definition used in the scale factor evaluation and the cross-section measurement.
In all regions, one additional template is created from the sum of all non-7 backgrounds described in
Section 7.

A jet selected in the analysis can be sorted into one of five possible bins (labelled 1 to 5 in the following)
that correspond to a certain range of b-tagging efficiencies defined by the working points: 100%—85%,
85%—77%, 77%—70%, 70%—60%, and < 60% respectively. The bin with 100%—-85% efficiency contains
only untagged events mainly coming from the ¢7] category, and is hence not used in the fit. The remaining
bins with substantial contributions from the tfc and tfb categories are considered in the Global fit
approach.

The MC templates are fit to the data distribution using a binned maximum-likelihood fit, with a Poisson
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where xj is the number of events in bin k of the data template in a given region and v, (@) is the expected
number of events, and depends upon a number of free parameters, @. Only the statistical uncertainty in the
data is considered in the fit. Three fit parameters, az, o) and a/f , are used in the maximum-likelihood fit,
such that the expected number of events in bin k of region s is

s ark,s s ark,s k,s
+@.N;" +a;N7 + N, ()

s s s\ _ sark,s
Vk(a/h’ T, Cyl) - abN trl non-¢f °

tth

where Ntkf’g, N fnf’ th_’ls and Nr]fo’i_ .7 are the numbers of events in bin k and in the region s, denoted
> 3j > 2b@77%, of the t1h, ttc, ttl and non-tf background templates, respectively. Figure 5(a) shows the
distribution of the templates in this region before and after scaling the templates by the best fit values of the

scale factors as summarised in the first row of Table 5, where the quoted uncertainties are statistical only.

For the evaluation of Kinematic-dependent scale factors, the selected events are further split into multiple
orthogonal regions depending on the number of reconstructed jets and the pt of the third-highest-pt
jet in the event, as summarised in Table 4. Three pt sub-regions are chosen with sufficient and similar
numbers of events. A total of 21 templates for the multiple binned scenario are created for the region with
exactly three reconstructed jets (3j > 2b@77%) using the third-highest b-tagging discriminant score, and
for the region with four or more reconstructed jets (> 4j > 2b@77%) using the b-tagging discriminant
values of the third- and fourth-highest score in the event. The 3; > 2b@77% detector-level region has
three particle-level categories: t7b, tfc, and rzl, while the > 4 > 2b@77% region has four particle-level
categories: t7hey, tbb, tic, and t7l with the same definitions for the t7c and ¢7 background categories in
all regions, as described in Table 4. The t7bex category contains exactly three particle-level b-jets, while
the t7b (tfbb) category includes three (four) or more particle-level b-jets. One-dimensional templates
with four bins are formed starting from bin 2 for the jet with the third highest b-tagging discriminant
value in 3j > 2b@77% detector-level regions, while in the > 4 > 2b@77% detector-level regions
two-dimensional templates are created using the third- and fourth-highest b-tagging discriminant values in
the full range for the two jets.

In the 3 > 2b@77% detector-level region, three fit parameters, «;, @, and «;, are used in the maximum-
likelihood fit following Eq. (1) and Eq. (2) for each of sub-region s given in Table 4. Inthe > 4 > 2b@77%
regions, four fit parameters azex, @, @, and a; are used, such that the expected number of events in bin k
of a given sub-region s defined in Table 4 is

s K K S\ _ S8 k,s K k,s s ark,s sa7k,s k,s
vk(a/bex, Wpp, ey ) = ab@XNtfbex + a,bbNtbe +aeNZ +a/N7+N

where N zkt; and Ntkl_’s_ are the numbers of events in bin k and each sub-region s of the t7b. and t7bb

templates, respectively. The fit is performed in each sub-region listed in Table 4.

The result of the Kinematic-dependent scale factor fits in some regions are presented in Figure 5, and the fit
values are summarised in Table 5 for each fit set-up, where the quoted uncertainties are statistical only.
The values of @}, a; ., and @y, extracted from various regions suggest 10%-30% level corrections to the
PowneGg+PyTHIA 8 predictions. On the other hand the ¢7¢ background components have scale factors of up
to two extracted from the fit and they tend to decrease with the pt of third-highest-pT jet in the event.

The procedure described above for the Global normalisation factors fit in the > 3j > 20 @77% region
is repeated for each individual uncertainty considered in the analysis. The corresponding scale factors
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Figure 5: Comparison of data and predictions for the b-tagging discriminant score distributions in (a) the inclusive
detector-level > 3j > 2b@77% region considered for the Global fit. The score ranging from 1 to 5, correspond
to a certain range of b-tagging efficiencies defined by the working points: 100%—85%, 85%—77%, 77%—70%,
70%—60%, and < 60%, respectively. (b), (c) and (d) show the distributions of discriminant score in the multiple
binned sub-regions used for Kinematic-dependent fit in the pt ranges of the third highest-pr jet in the event. (b)
25-35 GeV and (c) > 50 GeV for the jet p sub-regions in the 3j > 2b@77% region, and (d) for the jet pr between
50-75 GeV in the region > 4 > 2b@77%. The two dimensional > 4; > 2b@77% templates representing the third
and fourth b-tagging discriminant-ranked jet are flattened into one dimension. The dashed lines in the upper panel
show the pre-fit total predictions, and the stacked histograms show the contributions scaled according to the results of
the fit. The ratio of total predictions before and after the fit to the data are shown in the lower panel. The vertical
bars in each ratio represents only the statistical uncertainty, and the shaded bands represent the total error including
the systematic uncertainties from experimental sources. The extracted scale factors «;, a., ap and ap), are given
considering only statistical uncertainties.
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Table 5: Best-fit values of the t7b, They, tTbb, tic, and til scale factors determined from dedicated fit regions. The
quoted uncertainties are statistical only.

Fitted values of scale factors Type
Regions ay @y ay, a; a;
>3j >2b; > 25 GeV 1.20 = 0.03 - - 1.62 £0.09 0.92 +0.04 Global
3j > 2b; (25-35) GeV 1.40 £ 0.15 - - 1.99 £ 042 0.98 +£0.08
3j = 2b; (35-50) GeV 1.30 £ 0.11 - - 1.74 £+ 0.27 0.77 £0.11
3j = 2b; > 50 GeV 1.26 £ 0.12 - - 1.05 £0.27 1.09 £ 0.15 | Kinematic-
>4j > 2b; (25-50) GeV - 1.31+£0.10 1.15+0.14 193 +£0.11 092 +0.01 | dependent
> 4j > 2b; (50-75) GeV - 1.10+£0.09 1.20+0.10 1.64+0.09 0.86=+0.01
>4j > 2b; > 75 GeV - 1.10+£0.10 1.09+0.10 1.25+0.10 0.83 +£0.02

for each uncertainty are then propagated to the unfolding step as discussed in Section 8.2. The ¢ +tt/
background estimation using the Kinematic-dependent fit gives up to 5% shape variations relative to that
obtained from the Global estimation method, and this is accounted for as the shape uncertainty of this
background.

Figure 6 shows the comparison of data and predictions for the distribution of b-tagged jet multiplicity in
events with at least two b-tagged jets and for the H%“, PT (bt1°p), and pr (bfl‘dd) spectra in events with three
or more b-tagged jets after the Global scale factors determined from > 3j > 2b@77% are applied to the
reconstructed events for the corresponding t7c, t7l and t7b event categories depending on the observables.
The uncertainty band includes the uncertainties from various experimental sources and the theoretical
modelling uncertainties. As compared to the pre-fit distributions as presented in Figure 4, the data are
described much better by the prediction after the individual components are corrected.

8.2 Unfolding

The measured distributions at the detector level are unfolded to the stable particle level. The unfolding
procedure corrects for resolution effects and for detector efficiencies and acceptances. An iterative Bayesian
unfolding technique [109], as implemented in the RooUNFoLD software package [110], is used.

First, for each of the observable distributions, the number of non-t7, ¢7V, tfH and other rare background
events in bin & (Ng‘kg), as described in Section 7, are subtracted from the data distribution at the detector

level (N C’l‘ata). This retains a mixture of signal and mis-tagged ¢7c and ¢/ background events. A series of
corrections are then applied, with all corrections derived from nominal simulated 77 events after the t7c,
ttl and ttb event categories are scaled using the Global scale factors as described in Section 8.1. These
correction factors are determined separately for the t7b and t7bb categories of the fiducial definitions. The
background-subtracted data are first corrected for the mis-tagged tf¢ and ¢f] background events by applying
the correction ( ftlgb) for the mis-tagged t7c and 7/ background events defined as

k
fk _ Stfb,reco
ttb — ok k 4
Stfb,reco + Btfb,reco
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Figure 6: Comparison of data and predictions for the distribution of (a) the number of b-tagged jets for events with
at least two b-tagged jets (Np_ags), (b) H. al (¢) pr (b;OP), and (d) pr (b?dd) in reconstructed events with three or
more b-tagged jets after the Global scale factors are applied for different event categories as discussed in text (see
Section 8.1). The entries in each bin are divided by the bin width in the (b), (c) and (d) distributions. The lower
panels show the ratios of the data to the predictions. The inner band includes the uncertainties due to limited MC
statistics and due to various detector effects such as the jet energy scale and resolution, the b-tagging, and the fit
method, while the outer band also includes the theoretical uncertainties in the signal and background modelling. The
last bin includes the overflow.
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where S lk;b is the number of detector-level events belonging to the t7b category, and 8% is the
,Ieco _ ~ ) . ¢ ) . ttb,reco
number of detector-level t7c and ¢¢/ events in bin k as predicted by the MC simulation after the global
scale factors are applied. Next, an acceptance correction, faﬁcept, is applied, which corrects for the fiducial
acceptance and is defined as the probability of a t7b event satisfying the detector-level selection in a given
bin k (S t"t_b’reco) to also fall within the fiducial particle-level phase space (S tkfb,rec o Apart). It is estimated as

k
k _ Ssz,reco/\part
f accept — k
ttb,reco

with values ranging from 0.97 to 1.

The remaining part of the unfolding procedure consists of inverting the migration matrix M to correct for
the resolution effects and subsequently correcting for detector inefficiencies. The matrix, M, represents the
probability for a particle-level event in bin i to be reconstructed in bin k. The chosen binning is optimised
for each distribution to have a migration matrix with a large fraction (~ 60%) of events on the diagonal and
a sufficient number of events in each bin. The Bayesian unfolding technique performs the effective matrix
inversion, /\/(l._k1 , iteratively. Four iterations are used for all measured distributions.

Finally, the factor fzﬂ» corrects for the reconstruction efficiency and is defined as

l
i Stfb,part/\reco
eff i ’
ttb,part
i

ttb,part
b partareco is the number of events from ¢7b category in bin i that also satisfy the detector-level selection.
This efficiency factor ranges from 20% to 25% (10% to 20%) for the observables defined in phase space

with at least three (four) b-jets.

where S is the number of events from ¢7b category passing the particle-level selection in bin i and

The unfolding procedure for an observable X at particle level can be summarised by the following
expression

i 1 -1 sk k k k
Nunfold = i Z Mik faccept fn‘b (Ndata - kag)’ (3)
eff k

where N]infol d is the number of events in bin i of the unfolded distribution, and the summation runs over
the bin k of the reconstructed distribution. The total fiducial cross-sections (o) are obtained from the
expression for N]infol 4 With the bin / taken as the entire fiducial region and dividing this by intergrated
luminosity L. Results from the unfolded distributions are presented in terms of a normalised differential

cross-section given by

fid i
1 do N, unfold

_ﬁd . i = K X ’
7 dX AX! Z Nllmfold
i

where AX' is the bin width.
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The terms fei , Mi_kl, fa’écept, fl’;b and N{)‘kg are different for the different systematic variations discussed
in Section 9. The nominal distributions of unfolding corrections, namely [ Mi‘kl, a’icept and ftlgb,
are obtained using the nominal 17 MC samples after the Global scale factors as given in Table 5 are
applied, which do not bias the efficiency and acceptance corrections or the migration matrix. The
Kinematic-dependent scale factors given in Table 5 are applied only as a systematic variation on the ¢# and
ttc background estimates due to the fit method. The Global method is used to re-derive the scale factors
for each systematic uncertainty component considered, and the uncertainties in the unfolded results are

evaluated as discussed in Section 9.

Various tests are performed to check for any biases due to the choice of the nominal unfolding matrix. The
pseudo-data distributions are generated after reweighting the distributions from the nominal ¢ sample to
the alternative distributions. Three different reweighting scenarios are considered, and the pseudo-data
distributions obtained after the reweighting are unfolded using the nominal response matrix. In the first case,
the weight functions are derived from the ratio of the detector-level distributions in the data to the nominal
tt sample, and the weights are applied to the nominal 77 events depending on the particle-level variables. In
the second case, the weights are obtained after taking the ratio of SHERPA ¢ to the POWHEG+PyYTHI1A 8 17
predictions as a function of the observable in question and applied to the nominal ¢f events as a function of
particle-level variable. In the third case, an alternative kinematic variable, unrelated to the distribution
being unfolded, is selected, and the weights are derived from the ratio of data and MC simulated distribution
of this variable. The events in the nominal sample are then reweighted using these weights to produce
reweighted distributions. The differences in each bin of the resulting unfolded distribution are found to be
compatible with the corresponding expectations within systematic uncertainties, hence validating that the
unfolding model does not introduce any biases in the measurements.

9 Statistical and systematic uncertainties

Various sources of uncertainties affecting the measurements are described in this section. The effects of
finite numbers of data and MC events are evaluated after generating pseudo-experiments as described in
Section 9.1. Experimental sources of uncertainties are described in Section 9.2, sources of uncertainties in
tf modelling are described in Section 9.3, and the uncertainties in the background estimates are described
in Section 9.4.

9.1 Statistical uncertainties

The impact of the statistical uncertainty in the data is evaluated after generating 1000 pseudo-experiments
by fluctuating the data in each bin i of the reconstructed distribution based on a Poisson distribution P(N(‘;bs)
with a mean value of N, , which represents the observed number of events in bin i. The reconstructed
distribution obtained from each pseudo-experiment is unfolded using the nominal unfolding matrix, and
the standard deviation in each bin of the resulting particle level distributions is taken as the statistical
uncertainty in that bin. A similar procedure is used to estimate the effect of the statistical uncertainties in
the MC simulation-based quantities in Eq. (3), where the predictions in each bin are fluctuated according
to a Gaussian distribution to generate the pseudo-experiments.
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9.2 Experimental uncertainties

As discussed in Section 4.1, the efficiencies of physics object reconstruction and identification may differ
between data and the MC simulation. The uncertainties in the scale factors to correct for the efficiency
differences between data and simulation in lepton trigger [101, 102], reconstruction, identification and
isolation [88, 90] are taken into account by varying the scale factors within their uncertainties. These
efficiencies are estimated in data using a tag-and-probe technique in Z — e*e™ and Z — p* ™ events. The
electron (muon) momentum scale and resolution are determined using the measurement of the position and
width of the Z boson peak in Z — e*e™ (u*u™) events. The lepton-related uncertainties are considerably
smaller than the jet energy scale and flavour-tagging efficiency uncertainties discussed below.

Jets are calibrated using a series of simulation-based corrections and in situ techniques [94]. The
uncertainties due to the jet energy scale (JES) are estimated by using a combination of simulation, test-beam
data and in situ measurements. Contributions from the jet-flavour composition, n-intercalibration, leakage
of the hadron showers beyond the extent of the hadronic calorimeters (punch-through), single-particle
response, calorimeter response to different jet flavours, and pile-up are taken into account, resulting in
30 independent uncertainty components. The total uncertainty due to the JES is one of the dominant
uncertainties in this analysis.

The jet energy resolution (JER) is measured using both data and simulation [94]. First, the resolution in
the simulation is determined by comparing the particle-level and reconstructed jet pt in simulation as a
function of the jet pt and n. Second, an in situ measurement of the JER is made using the dijet balance
method in dijet data events. The resolution in data and simulation are compared and the energies of jets in
the simulation are smeared to match the resolution observed in data. In total eight independent uncertainty
components are used. The uncertainties in the JER stem from uncertainties in both the MC modelling of
the JER and the data-driven method.

The JVT is calibrated using Z(— uu)+jet events where the jet balances the pt of the Z boson. Scale
factors binned in jet pt are applied to each event to correct for small differences in the JVT efficiency
between the data and simulation. The uncertainty in the efficiency to satisfy the JVT requirement is
evaluated by varying the scale factors within their uncertainties [95].

Differences in the b-tagging efficiencies between the data and simulation are corrected using scale factors
derived from events containing two leading jets in the dilepton ¢ enriched sample [98] as a function of jet
pr. The c-jet mistagging efficiency calibration is derived from lepton+jets ¢z [111] as a function of jet
pt with uncertainties in the range of 12%—-19%. A negative tag method is used to calibrate mis-tagged
light-flavour jets with a precision of 18%—31% [112]. The scale factors are measured for different efficiency
working points. The associated flavour-tagging uncertainties, including the high-pt extrapolations, are
computed by varying the scale factors within their uncertainties. In total, there are 49 components related
to the b-tagging efficiencies and 22 (24) components related to the mis-tag rates of c-jets (light-flavour
jets).

The uncertainty in the pile-up reweighting of the reconstructed events in the simulation is estimated by
comparing the distribution of the number of primary vertices in the simulation with the one in the data as a
function of the instantaneous luminosity. Differences between these distributions are adjusted by scaling
the mean number of pp interactions per bunch crossing in the simulation and the +1 standard deviation
(s.d.) uncertainties are assigned to these scaling factors. The pile-up weights are recalculated after varying
the scale factors within their uncertainties.
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The uncertainty in the combined 2015-2018 integrated luminosity is 0.83% [113], obtained using the
LUCID-2 detector [34] for the primary luminosity measurements, complemented by measurements using
the inner detector and calorimeters.

All experimental uncertainties affecting the backgrounds (lekg), the corresponding fitted values of tb, ttc

and #7] scale factors, and the unfolding correction factors ( fei , /V[l.‘k1 , fa’zcept, ftlgb) are propagated to the
unfolded results after repeating the fitting and reweighting procedure for each systematic variation. Various
methods are explored for the evaluation of the impact of dominant uncertainty components, such as the JES,
to the unfolded results, and the outcomes are compared with the well established approach, where the data
distribution is unfolded using Eq. (3) with varied simulation-based quantities and where the uncertainty is
taken as the difference between the result and the nominal unfolded distribution. In the end, a technically
convenient approach is taken for each experimental uncertainty component without affecting the estimated
size of its impact on the unfolded results. The detector-level pseudo-data distribution constructed from
the predicted signal and estimated background with a varied uncertainty component is unfolded using the
nominal unfolding distributions, and the result is compared to the corresponding particle-level distribution

(Stit_ b’part) of the reweighted signal sample, and the relative difference is taken as an uncertainty.

The statistical uncertainties in the b, tfc and t7l global scale factors fits are taken into account as 1
s.d. variations in those scale factors as given in Table 5. Individual components of reconstruction- and
particle-level distributions of the nominal MC sample are reweighted with varied scale factors. The
detector-level distribution from that reweighted sample is unfolded with the nominal unfolding corrections
as described in Section 8.2, and the result is compared with the particle-level distribution from the
corresponding reweighted sample. The relative difference in each bin is taken as the systematic uncertainty.
Additional uncertainties are attributed to the shape differences of the t7c¢ and ¢7] background estimates
where the alternative fit set-up depending on the jet pr and multiplicity, as presented in Table 5, is used.
These are evaluated as the relative difference between the nominal unfolded data distribution and the
unfolded distribution obtained when the ¢7c and 77/ background estimates are taken from the alternative fit
set-up.

9.3 Signal modelling uncertainties

Uncertainties due to the choice of the 17 MC generator settings affecting the tfc and t7/ background
predictions and the signal modelling are evaluated as follows. Individual components in each alternative ¢7
sample are first fit to data using the procedure described in Section 8.1, the corresponding samples are then
reweighted according to their corresponding fitted scale factors following the same procedure as applied
to the nominal PowHEG+PyTHIA 8 sample. Unless stated otherwise, the uncertainties in the results are
evaluated after unfolding the detector-level pseudo-data distributions from alternative ¢7 samples, described
in Section 3, using the nominal unfolding set-up as described in Section 8.2. The unfolded distributions are
then compared with the particle-level distributions from the alternative sample and the relative difference
in each bin is taken as the systematic uncertainty.

Uncertainties related to the QCD scale variations in the matrix element predictions are evaluated by varying
the renomalisation (ur) and factorisation (up) scale settings in the PowHEG+PyTHIA 8 sample by a factor of
0.5 or 2 independently. The momentum scale, MER, for the initial-state radiation produced by parton shower
is varied using the var3cUp / var3cDown parameter settings in the A14 PyTHia 8 tune. The uncertainties
in the tuning of final-state radiation in the parton shower are obtained by changing the momentum scale

settings of ,uESR associated with this radiation in PytHia 8 by a factor of 0.625 or 2 relative to the nominal
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scale. A higher scaling factor than 0.5 is used for the downward variation to avoid spurious generator
weights and to keep the upward and downward variations symmetrical. All of these variations are obtained
using internal MC generator weights available in the nominal PowHEG+PyTHIA 8 sample, leading to eight
alternative models of PowHEG+PyTHIA 8 with independently varied hard-scatter QCD scales in the matrix
element and the parton shower scales of the initial- and final-state radiation. The maximum uncertainty of
the up or down variations is taken for each model and then added in quadrature.

The uncertainty in the modelling of first hard emission at the matrix element is evaluated using the
PowHEG+PyTHIA 8 sample with the /gayp, parameter set to twice its nominal value. Uncertainties
due to the choice of parton shower, hadronisation and underlying-event model are evaluated using the
Pownec+HErwIG 7 sample. The uncertainty in the choice of matching between matrix element and parton
shower is evaluated using the alternative POWHEG+PYTHIA8 p}%ard sample. The uncertainty in the modelling
of second and subsequent gluon radiation from b-quarks in t — bW decay is evaluated by using the
PowneGc+PyTHIA8 recoilToTop sample that predicts slightly different energy clustering around the b-jets.

The uncertainty due to the choice of PDF is evaluated following the PDF4LHC prescription [56].

An additional uncertainty is assigned due to discrepancies in the simulated top and anti-top quark pt and
m,; spectra of POWHEG+PyYTHIAS relative to the predictions from the NNLO QCD + NLO EW theory
calculations [114]. The PowHEG+PyYTHIAS events are first reweighted iteratively to match the parton-level
distributions of the pt of top and anti-top quark and the m,; distribution, and then the flavour composition
scale factors are extracted using the nominal fit set-up as discussed in Section 8.1. The data distributions are
unfolded using these reweighted and corrected distributions, the results are then compared to the nominal
unfolded data distributions and the relative difference is taken as the uncertainty.

9.4 Background modelling uncertainties

The uncertainties associated with the background estimations are propagated to the unfolded distributions.
These are evaluated by independently varying the estimates upward or downward by their uncertainties before
subtracting them from the data distributions. The unfolded distribution obtained from the varied background-
subtracted detector-level data distribution is compared with the nominal unfolded data distribution and the
relative difference in each bin of the distribution is taken as the systematic uncertainty.

The uncertainty in the number of single-top-quark events due to the interference between 7 and tW
amplitudes is evaluated by comparing the nominal tW background prediction (diagram-removal scheme)
with an alternative sample generated with the diagram-subtraction scheme [81]. The uncertainties due to
QCD scales ur and ur dependence in the matrix elements and due to the scale dependence of the initial-
and final-state radiation predicted by the parton shower model is taken into account. The uncertainties
in parton shower and hadronisation models are evaluated by comparing the nominal estimate to that
obtained using the Pownec+HERWIG 7 sample. The matching uncertainty in the matrix element prediction
is evaluated by comparing the nominal estimate to that obtained from MG5_aMC@NLO+PyTHIAS.

The uncertainties in t7H predictions are evaluated by independently varying the ur and up scales in the
matrix element by factors of 0.5 and 2. The yER scale for the initial-state radiation produced by the parton
shower is varied using the Var3c variations. The ,uESR scale uncertainty for the final-state radiation in
the parton shower is evaluated by varying this scale by 0.625 or 2. The parton shower, hadronisation and
underlying-event uncertainties are taken from comparisons with the PowneGc+HERwWIG 7 sample and the
NLO matrix element matching uncertainty is evaluated using MG5_aAMC@NLO+PyTHIA8. Additionally,

the 10% theoretical uncertainty in the inclusive cross-section [115], is taken into account.
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A normalisation uncertainty of 12% due to theoretical uncertainty in the inclusive cross-section calculations
of ¢#V processes is considered similar to that reported in Ref. [116—118]. The ugr and ur QCD scales in
matrix element are varied by factors of 0.5 and 2 to evaluate the shape uncertainty in kinematic distributions.
An additional conservative uncertainty of 30% is applied due to the modelling of the matrix element
matching with the parton shower algorithm based on the comparisons of different MC generator predictions
in various kinematics distributions as given in Ref. [116, 117, 119].

The uncertainty in the non-prompt lepton background is obtained by varying the transfer factor, as
discussed in Section 7.2, by 25%-30% depending on the leading lepton pt and the multiplicity of b-jets to
account for the effects of showering, hadronisation model and matrix-element matching. Furthermore,
the modelling uncertainty in the same-sign prompt event yields are evaluated by comparing the nominal
MC prediction with those from the alternative MC samples. An additional 6% uncertainty is attributed to
the same-sign prompt lepton estimate from the simulation, which is significantly affected by the electron
charge misidentification. This uncertainty is estimated from the overall discrepancy in the data distribution
of the same-sign events as compared to the MC estimate.

A 35% uncertainty is attributed to the very small background contribution from Z+jets. This uncertainty
is based on the estimates of the normalisation factor of this background in various phase space regions
involving heavy-flavour jets. The normalisation factors differ by 15% to 35% from unity, and a conservative
estimate of 35% is taken as an uncertainty in the MC prediction of Z+jets background with negligible
impact on the measurements [120, 121]. The uncertainty due to the backgrounds from diboson and other
rare processes is evaluated by independently varying their estimates by conservative uncertainties of 50%.
These uncertainties have no impact on the results.

10 Results

The unfolded results in this section are presented as fiducial cross-sections and as normalised fiducial
differential cross-sections at the particle level as a function of the b-jet multiplicity, additional //c-jet
multiplicity, global event properties, and kinematic variables. Table 6 lists the measured fiducial cross-
sections for ¢7+b-jets production in the phase space with three b-jets (> 3b), at least three b-jets and
one or more [/c-jet (= 3b > 1l/c), at least four b-jets (= 4b) and least four b-jets with one or more
l/c-jet (= 4b > 11/c). Table 7 lists the contributions to the uncertainty in fiducial cross-sections, among
which the most precise measurement in the > 3b fiducial phase space has an uncertainty of 8.5%. The
uncertainties are predominantly systematic, stemming mainly from b-tagging, JES, and ¢ modelling.
The precision of the results presented here surpasses that of previous fiducial measurements of t7+b-jets
production using partial 13 TeV ATLAS data [24]. This improvement is due to increased number of data
events and a significant reduction in uncertainties related to parton shower, hadronisation, and underlying
event models as implemented in PyTHia 8 and HErwiG 7. Additionally, the updated matrix element
uncertainty recommendations, as detailed in Refs. [122—124], and improved luminosity calibrations [100]
have contributed to this enhancement. The largest gain in precision results from the upgrade in the MC
modelling leading to a reduction in the parton shower, hadronisation and underlying event modelling
uncertainty by a factor of two. The relative size of the uncertainties due to experimental sources such as
the JES and b-tagging are comparable to those in the previous ATLAS results. The measured values of
fiducial cross-sections are not fully comparable due to slight differences between the particle-level lepton
prt thresholds.
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Table 6: Measured and predicted fiducial cross-section results for additional b-jet production in four phase-space
regions. The dashes (-) indicate that the predictions are not available. The differences between the various MC
generator predictions are smaller than the size of theoretical uncertainties (20%—-50%, not presented here) in the
predictions.

Fiducial cross-sections [fb]

Fiducial phase space >3b >3b>1l/c >4b >4b > 1l/c
143 87 22 14

Measured +1 (stat) +1 (stat) =1 (stat) +1 (stat)
+12 (syst) +8 (syst) +3 (syst) +2 (syst)

PowHEG+PYTHIA 8 t7bD (4FS) 132 78 23 14
PowHEG+PYTHIA 8 t7hb hyp.q (4FS) 129 74 21 13
PowHEG+PyTHIA 8 t7bb dipole (4FS) 128 71 22 13
PowHEG+PYTHIA 8 17bb ph™ (4FS) 129 68 21 12
Pownec+HErRwIG 7 t1bb (4FS) 130 77 22 14
SHERPA 17bb (4FS) 135 90 21 15
HerLac-NLO (off-shell) eu + 4b - - 20 -
PowHEG+PyTHIA 8 17 (5FS) 120 74 18 11
Pownec+HErRwIG 7 tf (5FS) 128 75 18 11
MG5_AMC@NLO+PyTHIAS tf (SFS) 122 72 18 11
MaDGrAPHS_AMC@NLO+HErwWIG 7 tf (SFS) 110 66 13 8
SHERPA 2.2.12 tf (5FS) 124 73 16 10

The achieved precision in the fiducial measurements is better than the current uncertainties in the the-
oretical predictions of fiducial cross-sections, which typically range from 20% to 50%. The results
are summarised in Figure 7, and compared with t7bb NLO MC predictions from PowHEG+PyTHIA 8
ttbb, PownEG+HERWIG 7 tThb, SHERPA tibb, and the HELAC-NLO ey + 4b calculations including the
offshell effects, as well as with the 17 NLO MC predictions from PowHEG+PyTHIA 8, POWHEG+HERWIG 7,
MADGRAPHS_AMC@NLO+PyTHIA 8, MADGRAPHS_AMC @NLO+HERWIG 7, and SHERPA. Predictions
that calculate the tf production matrix element at NLO, but rely on the parton shower for the high
jet multiplicities (PowHEG+PYTHIA 8, POWHEG+HERWIG 7, MADGRAPHS_AMC@NLO+PyTHIA §, MAD-
Grara5_aAMC@NLO+HErRWIG 7) show slightly lower rates of events with three or four b-jets as compared
to those where the additional massive b-quarks are included in the matrix element calculations and all the
additional radiations are produced at LO accuracy in the parton shower model (POowWHEG+PyYTHIA 8 t7bb,
PowneG+HERWIG 7 t7hb, SHERPA t7hb). The SHERPA (SFS), which models the #7 pair with one parton
at NLO accuracy and up to four additional partons at LO accuracy, also gives a relatively low rate of
events with three or four b-jets. The differences between the MC generator predictions are smaller than the
theoretical uncertainties in the predictions.

The tibb (4FS) predictions (PowHEG+PyYTHIA 8 7hb, POWHEG+HERWIG 7 t7bb, SHERPA t7bb) describe the
data very well in the > 4b phase spaces. Slightly smaller cross-sections are predicted by POWHEG+PyTHIA 8
ttbb and PowHEG+HERWIG 7 t7hb models in the > 3b fiducial phase spaces as shown in Figure 7, however,
they are still consistent within the measurement uncertainties. The HeLac-NLO ey + 4b fixed order
parton-level cross-section calculations that includes off-shell effects are compared after correcting for the
non-perturbative effects such as multiple parton interactions, beam remnants and hadronisation. These
corrections are evaluated by comparing the generator level distribution obtained from the POWHEG+PYTHIA §
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Table 7: Main systematic uncertainties in percentage for particle-level measurement of fiducial cross-sections in the
>3b,>3b > 1l/c, > 4b, and > 4b > 11/c phase space.

Source Fiducial cross-section phase space

>3b >3b2>1l/c > 4b >4b > 1l/c
Unc. [%] Unc. [%] Unc. [%] Unc. [%]

Data statistical uncertainty 1.0 1.2 3.9 4.8
Luminosity 0.8 0.8 0.8 0.8
Jet 34 5.2 6.6 8.5
b-tagging 5.1 4.9 6.5 6.4
Lepton and trigger 1.4 1.4 1.2 1.2
Pile-up 0.9 0.7 0.6 0.3
tfc/ttl fit variation 1.7 1.7 0.8 0.8
ttc/ttl shape variation 0.2 0.5 0.3 1.6
ttH /ttV and non-tf background 1.1 1.1 2.2 24
Detector+background total syst. 6.7 7.6 9.7 11.2
Parton shower and hadronisation 2.9 3.5 1.5 3.6
ur and up scale variations 0.7 0.6 0.2 0.3
Matrix element matching ( pl%ard) 1.3 1.1 4.8 7.0
hdamp 1.8 1.5 29 32
ISR 0.1 0.4 0.2 0.3
FSR 3.1 3.6 3.3 3.1
RecoilToTop 1.8 1.9 2.4 34
PDF 0.2 0.2 0.1 0.1
NNLO reweighting 0.6 0.5 0.5 0.5
MC statistical uncertainty 0.2 0.2 0.5 0.6
tf modelling total syst. 5.2 5.7 7.2 9.7
Total syst. 8.5 9.6 12.1 14.8
Total 8.5 9.6 12.7 15.5

tthb MC between set-ups with or without turning off the non-perturbative effects. The size of these
corrections reach the level of 10% depending on the observable values.

The central values of the measured fiducial cross-sections remain unaffected if the > 3b particle-level
events in the PowHEG+PyTHIA 8 (SFS) 7 sample are replaced by those in the PowHEG+PyTHIA 8 t7bb
(4FS) sample for the unfolding corrections. The precision of the measurements depends significantly on
the modelling of misidentified background from #7+jets events. With the improvement in the background
MC modelling, various uncertainties arising from the relative flavour composition corrections in the MC
samples are reduced. Theoretical developments in the modelling of #7+jets for all additional-jet flavours at
the higher orders in QCD will benefit future measurements.

Figure 8 shows the measured fiducial normalised distribution of the b-jet multiplicity in the phase space
with at least two b-jets and the comparisons with various ¢7 (SFS) predictions. This observable indicates
the relative fractions of the t7+b-jets rate with zero, one, two or three additional b-jets relative to the total
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Figure 7: Measured fiducial cross-sections for eu+ > 3b, eu+ > 3b > 1l/c, eu+ > 4b, and eu+ > 4b > 11/c com-
pared with the central values of ttbb NLO predictions from PowHEG+PyTHIA 8 ttbb, PowHeG+HERWIG 7 t7bb, SHERPA
tfbb, and the HELAC-NLO (off-shell) calculations. Comparisons with 17 NLO MC predictions from PowHEG+PyTHIA 8,
PowHEG+HERWIG 7, MADGRAPHS_AMC@NLO+PyTHIA 8§, MADGRAPHS_AMC@NLO+HERWIG 7, and SHERPA are
also made. The right hand panel shows the ratios of the MC predictions to the data. The inner uncertainty band (dark)
is the statistical uncertainty in the data and the outer band (light) includes all uncertainties due to the instrumental
and theoretical sources. The differences between the various MC generator predictions are smaller than the size of
theoretical uncertainties (20%—50%, not shown) in the predictions.

tt+jets rate in the fiducial phase space. All models are consistent with the data for events with exactly
two b-jets, but they face challenges in accurately describing the additional b-jets production in events
with three or more b-jets. Figure 9 shows the measured normalised cross-sections as a function of the
b-jet and [/ c-jet multiplicities, H%ad, and ARSVZ variables, the distributions are normalised to the fiducial
cross-section in the phase space with at least three b-jets. The distributions are compared with various MC
predictions obtained at the particle level, and their ratios relative to the measurements are displayed in
the lower panels. The large uncertainties due to scale variations in the matrix elements are expected to
largely cancel in the normalised predictions in fiducial phase space with three or more b-jets. The t7bb
predictions from PowneG+HERWIG 7 t7bb describes the H%ad and jet multiplicities reasonably well. The
SHERPA t7bb yields a slightly higher number of events with additional //c-jets.

Figures 1011 show the kinematics of three leading-prt b-jets and of the b-jets either assigned to the
top quarks or to the additional gluon, which are well predicted by MADGrRAPHS_AMC@NLO+PyTHIA 8§,
SHERPA and PowHEG+HERWIG 7 t7bb. Other predictions give varying degrees of consistency with the
data distributions within the measurement uncertainties. Figure 12 shows the invariant mass and pt
of the system of two leading-pt b-jets or of the b-jet pair assigned to top quark, where the predictions
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Figure 8: Measured normalised differential cross-section in the phase space with at least two b-jets as a function of
the number of b-jets compared with predictions. The lower panels show the ratios of various predictions to the data.
The shaded regions show the statistical (dark) and total uncertainties (light) in the measurement. The vertical line on
the MC predictions represents the statistical uncertainty. The last bin contains the overflow.

from PowHEG+HERWIG 7 ¢t7bb matrix element and MADGRAPHS_AMC @NLO+PyTHIA 8 and SHERPA 17
predictions are closer to the data. Figures 13(a) and 13(b) show the distributions of angular distance in
AR of the additional b-jet and additional //c-jet, respectively, relative to the momentum direction of the
eubb system. Most predictions agree reasonably with the data in the AR (eubb™P, bel‘dd) distribution. The
AR(eubb'™P, 1/c-jet,) variable probing the dynamics of additional partons in the parton shower, is not so
well described by the various MC set-ups. Further compatibility of parton shower models predicting the
additional //c-jets pt and n distributions can be seen in Figures 13(c) and 13(d), where various parton
shower models have either slightly softer or harder pt spectra than the data. The best agreement is found
with the SHERPA 7 model. A comparison of the relative pt of the leading additional b-jet and the leading
additional //c-jet is made between data and predictions, as shown in Figure 13(d), indicating that the
additional /c-jets are typically softer than the leading-p additional b-jet in the PowHEG t7bb predictions.
On the other hand the MADGRrRAPHS_AMC @NLO+PyTHIA 8 17, SHERPA 7, and SHERPA (Tbb give good
descriptions of the data for this variable.

The measurements of normalised distributions of the invariant mass and the pr of the two closest b-jets
system in the phase space with at least four b-jets are compatible with various predictions as shown in
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Figures 14(a)and 14(b), respectively. The invariant mass and the pt distributions of the two additional
b-jets pair as presented in Figures 14(c) and 14(d) give similar pictures as expected, because the b-jets
with smallest angular separation make significant contributions to the b-jet assignment scheme.

A quantitative assessment of the level of agreement between data and the various predictions is performed
by calculating a y? value for each prediction. The y? value is defined as

=S, vilsy,

where V! is the inverse of the covariance matrix V, calculated for each variable including all statistical
and systematic uncertainties that affect the measurements and S, is a vector of the differences between the
measured and predicted cross-sections being tested. The resulting value of the y? calculation is converted
into a p-value using the number of degrees of freedom for each variable, which is the number of bins minus
one in the case of the normalised differential cross-sections to reflect the normalisation constraint. The
uncertainties associated with the MC predictions being tested are not taken into account while computing
the p-values.

In the case of normalised distributions, one element of S, is discarded in the calculation along with the
corresponding row and column of the covariance matrix. The resulting y? does not depend on the element
of S, or the row and column of the covariance matrix that is discarded. The p-values summarised in
Figure 15 (Figure 16) for the observables measured in phase space with at least three (four) b-jets give a
comprehensive overview of the compatibility of a wide range of measured observables to various predictions.
As discussed above, the quantities measured in the phase space with four or more b-jets generally show
good agreement with various predictions, but the measurements suffer from the limited amount of data.
On the other hand, the difference between any two predictions is relatively larger in the phase space
with three or more b-jets; however, the comparisons with data are consistent within the measurement
uncertainties for most observables. To facilitate the comparisons with any future MC generator predictions,
all measurements together with the correlation matrices will be published in HEPData [125].
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Figure 12: Measured normalised differential cross-section in the phase space with at least three b-jets as a function
of (a) m(b1by), (b) pr(b1b2), (¢) m(bb*P), and (d) pr(bb'P) compared with predictions. The lower panels show
the ratios of various predictions to the data. The shaded regions show the statistical (dark) and total uncertainties
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contains the overflow.
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Figure 13: Measured normalised differential cross-section in the phase space with at least three b-jets as a function of
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Figure 14: Measured normalised differential cross-section in the phase space with at least four b-jets as a function of
(@) m(bb™"AR) (b) pr(bb™MAR) (¢) m(bb*Y), and (d) pr(bb*?) compared with predictions. The lower panels
show the ratios of various predictions to the data. The hashed band around the HELac-NLO eu + 4b prediction
represents the uncertainties obtained from the envelope of seven sets of ug, ur QCD scale variations. The shaded
regions show the statistical (dark) and total uncertainties (light) in the measurement. The vertical line on the MC
predictions represents the statistical uncertainty. The last bin contains the overflow, except in the case of HELaAc-NLO

(off-shell) ey + 4b prediction. 44
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11 Conclusion

The fiducial and normalised differential cross-sections of ¢z production in association with b-jets are
measured in pp collisions at 4/s = 13 TeV using a data sample corresponding to an integrated luminosity
of 140 fb~! collected by the ATLAS detector at the LHC. The results are presented in the eu channel
within fiducial phase spaces at the stable particle-level. The fiducial inclusive cross-sections are measured
in four phase spaces depending on the number of b-jets and //c-jets. The measurement precision reaches
8.5% for the > 3b phase space, 13% for the > 4b phase space, 10% for the > 3b > 1//c phase space and
16% for the > 4b > 1!/c phase space, which are the best to date in the ey channel and also better than
the theoretical precision of the ¢7bb predictions at NLO. Dominant sources of uncertainties are b-tagging,
jet energy scale and #f modelling uncertainties. The measured fiducial cross-sections are compared with
various theoretical predictions, and are found to have good compatibility with 17bb matrix element (4FS)
predictions particularly in the regions with at least four b-jets.

The large variety of variables helps in probing the MC simulations in a comprehensive way. The normalised
fiducial differential cross-sections presented as a function of several kinematic variables and global event
properties are measured with precisions of 4%—10% (10%—20%) in the > 3b (> 4b) phase space. The b-jets
have been assigned to the top decay or gluon radiation, with probabilities of correct assignment varying
between 40% and 85%. Most observables are generally well described by the majority of MC predictions.
While all models show good agreement with the data for events containing exactly two b-jets, they fail
to accurately represent the additional b-jets production in events with three or more. The SHERPA t7bb
simulation shows good consistency in the full spectrum of the b-jet multiplicity, while PowHeG+HERWIG 7
tthb describes the distributions of b-jet pt and H%ad very well and performs better than PowHEG+PyTHIA 8
ttbb in modelling b-jets and additional [/c-jets multiplicity spectra. Various predictions where the
additional b-jets are generated mainly by the parton shower describe several differential measurements
well, however, MADGrRAPHS_AMC@NLO-+HERWIG 7 7 has poor agreement in observables constructed
from b-jet pairs originating from gluon emission. The kinematic distributions of b-jets assigned to top
quark or gluons show similar level of compatibility to the data within uncertainties as those of the b-jets
that are simply ordered in pr.

Despite these overall agreements, differences between any two nominal predictions are often smaller
than the QCD scale variations of the theory predictions and the uncertainty of the measurement. This
highlights the need for further refinement in theoretical calculations and measurement techniques to better
discriminate between models and improve our understanding of ¢7 production in association with b-jets.
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