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Measurements of inclusive and differential fiducial cross-sections of t t production with additional heavy-flavour jets in proton-proton collisions at √ s = 13 TeV with the ATLAS detector The ATLAS Collaboration

This paper presents measurements of t t production in association with additional b-jets in pp collisions at the LHC at a centre-of-mass energy of 13 TeV. The data were recorded with the ATLAS detector and correspond to an integrated luminosity of 36.1 fb -1 . Fiducial cross-section measurements are performed in the dilepton and lepton-plus-jets t t decay channels. Results are presented at particle level in the form of inclusive cross-sections of t t final states with three and four b-jets as well as differential cross-sections as a function of global event properties and properties of b-jet pairs. The measured inclusive fiducial cross-sections generally exceed the t tb b predictions from various next-to-leading-order matrix element calculations matched to a parton shower but are compatible within the total uncertainties. The experimental uncertainties are smaller than the uncertainties in the predictions. Comparisons of state-of-the-art theoretical predictions with the differential measurements are shown and good agreement with data is found for most of them.

Introduction

Measurements of the production cross-section of top-antitop quark pairs (t t) with additional jets provide important tests of quantum chromodynamics (QCD) predictions. Among these, the process of t t produced in association with jets originating from b-quarks (b-jets) is particularly important to measure, as there are many uncertainties in the calculation of the process. For example, calculating the amplitude for the process shown in Figure 1(a) is a challenge due to the non-negligible mass of the b-quark. It is therefore important to compare the predictions with both inclusive and differential experimental cross-section measurements of t t production with additional b-jets. State-of-the-art QCD calculations give predictions for the t t production cross-section with up to two additional massless partons at next-to-leading order (NLO) in perturbation theory matched to a parton shower [START_REF] Hoeche | Next-to-leading order QCD predictions for top-quark pair production with up to two jets merged with a parton shower[END_REF], and the QCD production of t tb b is calculated at NLO matched to a parton shower [START_REF] Cascioli | NLO matching for t tb b production with massive b-quarks[END_REF][START_REF] Garzelli | Hadroproduction of t tb b final states at LHC: predictions at NLO accuracy matched with Parton Shower[END_REF][START_REF] Bevilacqua | t tb b hadroproduction with massive bottom quarks with PowHel[END_REF][5].

Moreover, since the discovery of the Higgs boson [START_REF]Observation of a new particle in the search for the Standard Model Higgs boson with the ATLAS detector at the LHC[END_REF][START_REF]Observation of a new boson at a mass of 125 GeV with the CMS experiment at the LHC[END_REF], the determination of the Higgs coupling to the heaviest elementary particle, the top quark, is a crucial test of the Standard Model (SM). Direct measurements of the top-quark Yukawa coupling are performed in events where a Higgs boson is produced in association with a top-quark pair (t tH) [START_REF]Observation of Higgs boson production in association with a top quark pair at the LHC with the ATLAS detector[END_REF][START_REF]Observation of t tH Production[END_REF]. The Higgs branching ratios are dominated by the H → b b decay [START_REF]Observation of Higgs boson decay to bottom quarks[END_REF][START_REF]Observation of H → b b decays and V H production with the ATLAS detector[END_REF], and therefore the t tH process can be measured with the best statistical precision using events where the Higgs boson decays in this manner, leading to a t tb b final state as shown in Figure 1(b). However, this channel suffers from a large background from QCD t tb b production indicated in Figure 1(a) [START_REF]Search for the Standard Model Higgs boson produced in association with top quarks and decaying into a b b pair in pp collisions at √ s = 13 TeV with the ATLAS detector[END_REF][START_REF]Search for t tH production in the H → b b decay channel with leptonic t t decays in proton-proton collisions at √ s = 13 TeV[END_REF].

Measurements of t tH(H → b b) would benefit from a better understanding of the QCD production of t tb b as predicted by the SM and, in particular, improved Monte Carlo (MC) modelling. The measurements presented in this paper were chosen in order to provide data needed to improve the QCD MC modelling of the t tb b process. The differential observables are particularly interesting as they are sensitive to the relative contribution of events from t t-associated Higgs production (t tH) with H → b b decays to QCD-produced t tb b events in various phase space regions. Even though the aim is to improve the modelling of QCD production of additional b-jets in t t events, this analysis measures their production without separating the different production channels such as t tH or t t in association with a vector boson (t tV), for example the t t Z process shown in Figure 1(c).

In this paper, measurements of fiducial cross-sections are presented using data recorded by the ATLAS detector during 2015 and 2016 in proton-proton (pp) collisions at a centre-of-mass energy √ s = 13 TeV, corresponding to a total integrated luminosity of 36.1 fb -1 . In addition, differential measurements at this centre-of-mass energy are presented as a function of various observables. Previous measurements of t t production with additional heavy-flavour jets have been reported by ATLAS at √ s = 7 TeV [14] and both CMS and ATLAS at √ s = 8 TeV [START_REF]Measurements of fiducial cross-sections for t t production with one or two additional b-jets in pp collisions at √ s = 8 TeV using the ATLAS detector[END_REF][START_REF]Measurement of t t production with additional jet activity, including b quark jets, in the dilepton decay channel using pp collisions at √ s = 8 TeV[END_REF][START_REF]Measurement of the cross section ratio σ t tb b/σ t t j j in pp collisions at √ s = 8 TeV[END_REF]. CMS has also reported a measurement of the inclusive t tb b cross-section using 2.3 fb -1 at √ s = 13 TeV [START_REF]Measurements of t t cross sections in association with b jets and inclusive jets and their ratio using dilepton final states in pp collisions at √ s = 13[END_REF].

Since the top quark decays into a b-quark and W boson nearly 100% of the time, t t events are typically classified according to how the two W bosons decay. In this analysis, two channels are considered: the eµ channel, in which both W bosons decay leptonically, one into a muon and muon neutrino and the other into an electron and electron neutrino, and the lepton-plus-jets channel (lepton + jets), in which one W boson decays into an isolated charged lepton (an electron or muon) and corresponding neutrino and the other W boson decays into a pair of quarks. Electrons and muons produced either directly in the decay of the W boson or via an intermediate τ-lepton are included in both channels.

The decay of a top-quark pair results in two b-quarks and therefore a final state which includes the production of two additional b-quarks may contain up to four b-jets. The inclusive fiducial cross-sections are presented for events with at least three b-jets and for events with at least four b-jets. The differential cross-sections are presented for events with at least three b-jets in the eµ channel and with at least four b-jets in the lepton + jets channel. The results are obtained as a function of the transverse momentum (p T )1 of each of the b-jets, the scalar sum of the p T of the lepton(s) and jets in the events (H T ) and of only jets in the events (H had T ) and as a function of the b-jet multiplicity (N b-jets ). This analysis does not attempt to identify the origin of the b-jets, i.e. it does not distinguish between additional b-jets and b-jets that come from the top-quark decays. This is to avoid using simulation-based information to attribute b-jets to a particular production process, which would lead to significant modelling uncertainties. Instead, differential cross-sections are measured as a function of kinematic distributions of pairs of b-jets. The reported distributions could be used to distinguish the contribution of specific production mechanisms: the pair made from the two b-jets closest in angular distance is expected to be formed by b-jets from gluon splitting and the pair made from the two highest-p T b-jets is expected to be dominated by top-pair production. For each of these pairs, the distributions are measured for the angular separation between the b-jets (∆R(b, b)), the invariant mass (m bb ) and transverse momentum (p T,bb ). It should be noted that for events with at least three b-jets, it is likely that one of the two closest b-jets originates from the top quark. Hence the simple picture that the two closest b-jets are usually from gluon splitting may not apply. However, ∆R, m bb and p T,bb are used for reconstruction of the final state in analyses with multiple b-jets and therefore probing the modelling of these observables is important.

The cross-sections are obtained by subtracting the estimated number of non-t t background events from the data distributions. At detector level, jets are identified as containing b-hadrons ("b-tagging") by a multivariate algorithm [START_REF]Measurements of b-jet tagging efficiency with the ATLAS detector using t t events at √ s = 13 TeV[END_REF]. The t t background resulting from additional light-flavour and charm-quark jets wrongly identified as b-jets is evaluated using a template fit, in which the templates are constructed from the output discriminant of the b-tagging algorithm. The background-subtracted distributions are corrected for acceptance and detector effects using an unfolding technique that includes corrections for the t t-related backgrounds.

This paper is laid out as follows. The experimental set-up for the collected data is described in Section 2. Details of the simulation used in this analysis are provided in Section 3. The reconstruction and identification of leptons and jets, the b-tagging of jets at detector level, and the definitions of objects at particle level are described in Section 4. The selection of reconstructed events and the definition of the fiducial phase space are given in Section 5. Estimation of the background from non-t t processes is described in Section 6. The method to estimate the t t background with additional jets misidentified as b-jets and the unfolding procedure to correct the data to particle level for fiducial cross-section measurements are explained in Section 7. Sources of systematic uncertainties and their propagation to the measured cross-sections are described in Section 8. The measured inclusive and normalised differential fiducial cross-sections and the comparison with various theoretical predictions are presented in Section 9. Finally, the results are summarised in Section 10.

ATLAS detector

The ATLAS detector [START_REF]The ATLAS Experiment at the CERN Large Hadron Collider[END_REF] at the LHC covers nearly the entire solid angle around the collision point. It consists of an inner-tracking detector surrounded by a thin superconducting solenoid, electromagnetic and hadronic calorimeters, and a muon spectrometer incorporating three large superconducting toroidal magnets.

The inner detector (ID) system is immersed in a 2 T axial magnetic field and provides charged-particle tracking in the pseudorapidity range |η| < 2.5. The ID is composed of silicon detectors and the transition radiation tracker. The high-granularity silicon pixel detector covers the interaction region and is followed by the silicon microstrip tracker. The innermost silicon pixel layer, added to the inner detector before the start of Run-2 data taking [START_REF]ATLAS Insertable B-Layer Technical Design Report Addendum[END_REF]22], improves the identification of b-jets. The tracking capabilities of the silicon detectors are augmented by the transition radiation tracker, which is located at a larger radius and enables track reconstruction up to |η| = 2.0. It also provides signals used to separate electrons from pions.

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

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

A two-level trigger system is used for event selection [23,[START_REF]Performance of the ATLAS trigger system in 2015[END_REF]. The first trigger level is implemented in hardware and uses a subset of detector information to reduce the event rate to a design value of at most 100 kHz. This is followed by a software-based trigger that reduces the event rate to about 1 kHz.

Monte Carlo simulation

Monte Carlo simulations are used in three ways in this analysis: to estimate the signal and background composition of the selected data samples, to determine correction factors for detector and acceptance effects for unfolding, and finally to estimate systematic uncertainties. In addition, theoretical predictions are compared with the unfolded data. The computer codes used to generate the samples and how they were configured are described in the following. The signal MC samples used in the analysis are listed in Table 1.

The nominal t t sample was generated using the P -B generator (version 2, r3026) [START_REF] Nason | A new method for combining NLO QCD with shower Monte Carlo algorithms[END_REF][START_REF] Frixione | Matching NLO QCD computations with parton shower simulations: the POWHEG method[END_REF][START_REF] Alioli | A general framework for implementing NLO calculations in shower Monte Carlo programs: the POWHEG BOX[END_REF][START_REF] Frixione | A positive-weight next-to-leading-order Monte Carlo for heavy flavour hadroproduction[END_REF] at next-to-leading-order (NLO) in α s with the NNPDF3.0NLO set of parton distribution functions (PDF) in the matrix element calculation. The parton shower, fragmentation, and the underlying event were simulated using P 8.210 [START_REF] Sjöstrand | An Introduction to PYTHIA 8.2[END_REF] with the NNPDF2.3LO PDF sets [START_REF] Richard | Parton distributions with LHC data[END_REF][START_REF]Parton distributions for the LHC Run II[END_REF] and the corresponding A14 set of tuned parameters [START_REF]ATLAS Pythia 8 tunes to 7 TeV data[END_REF]. The h damp parameter, which controls the p T of the hardest additional parton emission beyond the Born configuration, was set to 1.5m t [START_REF]Studies on top-quark Monte Carlo modelling for Top2016[END_REF], where m t denotes the top-quark mass. The P hardness criterion used in the matching (POWHEG:pTdef) is set to 2 following a study in Ref. [START_REF]Studies on top-quark Monte Carlo modelling for Top2016[END_REF].

The renormalisation and factorisation scales were set to µ = m 2 t + p 2 T,t , where p T,t is the transverse momentum of the top quark. Additional jets, including b-jets, were generated by the hardest additional parton emission and from parton showering. This sample is called P +P 8 in the following.

Processes involving the production of a W, Z or Higgs boson in addition to a t t pair were simulated using the M G 5_aMC@NLO generator [START_REF] Alwall | The automated computation of tree-level and next-to-leading order differential cross sections, and their matching to parton shower simulations[END_REF][START_REF]Modelling of the t tH and t tV(V = W, Z) processes for √ s = 13[END_REF] at NLO in α s in the matrix element calculation. The parton shower, fragmentation and underlying event were simulated using P 8 with the A14 parton shower tune. A dynamic renormalisation and factorisation scale set to H T /2 was used, where H T is defined as the scalar sum of the transverse mass, m T = m 2 + p 2 T , of all partons in the partonic final state. The NNPDF3.0NLO PDF set was used in the matrix element calculation while the NNPDF2.3LO PDF set was used in the parton shower. In the case of t tH, the Higgs boson mass was set to 125 GeV and all possible Higgs decay modes were allowed, with the branching fractions calculated with HDECAY [START_REF]LHC Higgs cross section working group, Handbook of LHC Higgs cross sections[END_REF][START_REF] Djouadi | HDECAY: A program for Higgs boson decays in the standard model and its supersymmetric extension[END_REF]. The t tW and t t Z samples are normalised to cross-sections calculated to NLO in α s with M G 5_aMC@NLO. The t tH sample is normalised to a cross-section calculated to NLO accuracy in QCD, including NLO electroweak corrections [START_REF]LHC Higgs cross section working group, Handbook of LHC Higgs cross sections[END_REF].

Alternative t t samples were generated to assess the uncertainties due to a particular choice of QCD MC model for the production of the additional b-jets and to compare with unfolded data, as listed in Table 1. In order to investigate the effects of initial-and final-state radiation, two samples were generated using P +P 8 with the renormalisation and factorisation scales varied by a factor of 2 (0.5) and using low-radiation (high-radiation) variations of the A14 tune and an h damp value of 1.5m t (3.0m t ), corresponding to less (more) parton shower radiation [START_REF]Studies on top-quark Monte Carlo modelling for Top2016[END_REF]. These samples are called P +P 8 (RadLo) and P +P 8 (RadHi) in the following. To estimate the effect of the choice of parton shower and hadronisation algorithms, a MC sample was generated by interfacing P with H 7 [START_REF] Bahr | Herwig++ Physics and Manual[END_REF][START_REF] Johannes | Herwig 7.0/Herwig++ 3.0 release note[END_REF] (v7.01) using the H7UE set of tuned parameters [START_REF] Johannes | Herwig 7.0/Herwig++ 3.0 release note[END_REF].

In order to estimate the effects of QCD scales, and matching and merging algorithms used in the NLO t t matrix element calculation and the parton shower to predict additional b-jets, events were generated with the S 2.2.1 generator [START_REF] Gleisberg | Event generation with SHERPA 1.1[END_REF], which models the zero and one additional-parton process at NLO accuracy and up to four additional partons at LO accuracy, using the M P @N prescription [START_REF] Höche | QCD matrix elements + parton showers: The NLO case[END_REF]. Additional b-quarks were treated as massless and the NNPDF3.0NNLO PDF set was used. The calculation uses its own parton shower tune. This sample is referred to as S 2.2 t t.

In addition to the t t samples described above, a t t sample was generated using the M G 5_aMC@NLO [34] (v2.3.3) generator, interfaced to P 8.210 and is referred to as M G 5_aMC@NLO+P 8 hereafter. As with the nominal P +P 8 t t sample, the NNPDF3.0NLO PDF set was used in the matrix element calculation and the NNPDF2.3LO PDF set was used in the parton shower. This sample is used to calculate the fraction of t t +V/H events in t t events and to compare with the data. The A14 set of tuned parameters was used for P .

The t t samples are normalised to a cross-section of σ t t = 832 +46 -51 pb as calculated with the Top++2.0 program to next-to-next-to-leading order (NNLO) in perturbative QCD, including soft-gluon resummation to nextto-next-to-leading-log (NNLL) order (see Ref. [START_REF] Czakon | Top++: A program for the calculation of the top-pair cross-section at hadron colliders[END_REF] and references therein), and assuming m t = 172.5 GeV. The uncertainty in the theoretical cross-section comes from independent variations of the factorisation and renormalisation scales and variations in the PDF and α S , following the PDF4LHC prescription with the MSTW 2008 NNLO, CT10 NNLO and NNPDF2.3 5f FFN PDF sets (see Ref. [START_REF] Botje | The PDF4LHC Working Group Interim Recommendations[END_REF] and references therein, and Refs. [START_REF] Martin | Uncertainties on alpha(S) in global PDF analyses and implications for predicted hadronic cross sections[END_REF][START_REF] Gao | CT10 next-to-next-to-leading order global analysis of QCD[END_REF][START_REF] Ball | Parton distributions with LHC data[END_REF]).

Four more predictions were calculated only for comparisons with data and are all based on t tb b matrix element calculations. These predictions all use the same renormalisation and factorisation scale definitions as the study presented in Ref. [START_REF]LHC Higgs cross section working group, Handbook of LHC Higgs cross sections[END_REF]. The renormalisation scale, µ R , is set to µ R = i=t, t,b, b E 1/4 T i , where E T i refers to the transverse energy of the parton i in the partonic final state, and the factorisation scale, µ F , is set to H T /2 which is defined as

µ F = H T /2 = 1 2 i=t, t,b, b, j E T,i ,
where j refers to the additional QCD-radiated partons at NLO.

Three of the four predictions are based on the P method, and use the P 8 parton shower with the same parton shower tune and the same matching settings as the nominal P +P 8 sample, with the exception of the h damp parameter, which is set to the same value as the factorisation scale, i.e. H T /2. In the t tb b matrix element calculations with massive b-quarks, the b-quark mass is set to m b = 4.75 GeV. The set-up of the four dedicated samples are described below.

A sample of t tb b events was generated using S +O L [START_REF] Cascioli | NLO matching for t tb b production with massive b-quarks[END_REF]. The t tb b matrix elements were calculated with massive b-quarks at NLO, using the C [START_REF] Gleisberg | Comix, a new matrix element generator[END_REF] and O L [START_REF] Cascioli | Scattering Amplitudes with Open Loops[END_REF] matrix element generators, and merged with the S parton shower, tuned by the authors [START_REF] Schumann | A Parton shower algorithm based on Catani-Seymour dipole factorisation[END_REF]. The four-flavour NNLO NNPDF3.0 PDF set was used. The resummation scale, µ Q , was set to the same value as µ F . This sample is referred to as S 2.2 t tb b (4FS). A sample of t tb b events was generated using the P H generator [START_REF] Garzelli | Hadroproduction of t tb b final states at LHC: predictions at NLO accuracy matched with Parton Shower[END_REF], where the matrix elements were calculated at NLO assuming massless b-quarks and using the five-flavour NLO NNPDF3.0 PDF set. Events were required to have the invariant mass, m bb , of the b b system to be larger than 9.5 GeV and the p T of the b-quark larger than 4.75 GeV as described in Ref. [START_REF]LHC Higgs cross section working group, Handbook of LHC Higgs cross sections[END_REF]. These events were matched to the P 8 parton shower using the P method. This sample is referred to as P H +P 8 t tb b (5FS).

A sample of t tb b events using the P H generator where the matrix elements were calculated at NLO with massive b-quarks and using the four-flavour NLO NNPDF3.0 PDF set [START_REF] Bevilacqua | t tb b hadroproduction with massive bottom quarks with PowHel[END_REF]. Events were matched to the P 8 parton shower using the P method. This sample is referred to as P H +P 8 t tb b (4FS).

A sample of t tb b events using the P generator where t tb b matrix elements were calculated at NLO with massive b-quarks and using the four-flavour NLO NNPDF3.0 PDF set [5]. Events were matched to the P 8 parton shower using the P method. This sample is referred to as P +P 8 t tb b (4FS) to distinguish it from the nominal P +P 8 sample mentioned above.

For all samples involving top quarks, m t was set to 172.5 GeV and the E G v1.2.0 program [START_REF] Lange | The EvtGen particle decay simulation package[END_REF] was used for properties of the bottom and charm hadron decays except for the S samples. To preserve the spin correlation information, top quarks were decayed following the method of Ref. [START_REF] Frixione | Angular correlations of lepton pairs from vector boson and top quark decays in Monte Carlo simulations[END_REF] which is implemented in P -B and by M S [52] in the M G 5_aMC@NLO+P 8 samples. S performs its own calculation for spin correlation. Both of the P H +P 8 t tb b samples used P to decay the top quarks, with a top-quark decay width of 1.33 GeV, and hence these predictions do not include t t spin correlations.

The production of single top-quarks in the tWand s-channels was simulated using the P -B (v2, r2819) NLO generator with the CT10 PDF set in the matrix element calculations. Electroweak t-channel single-top-quark events were generated using the P -B (v1, r2556) generator. This generator uses the four-flavour scheme for the NLO matrix elements calculation together with the fixed four-flavour PDF set CT10f4. For all top processes, top-quark spin correlations are preserved (in the case of the t-channel, top quarks were decayed using M S ). The interference between t t and tW production is accounted for using the diagram-removal scheme [START_REF] Frixione | Single-top hadroproduction in association with a W boson[END_REF]. The parton shower, fragmentation, and the underlying event were simulated using P 6.428 [START_REF] Sjöstrand | PYTHIA 6.4 Physics and Manual[END_REF] with the CTEQ6L1 PDF sets and the Perugia 2012 tune (P2012) [START_REF] Pumplin | New generation of parton distributions with uncertainties from global QCD analysis[END_REF][START_REF] Skands | Tuning Monte Carlo Generators: The Perugia Tunes[END_REF]. The single-top MC samples for the tand s-channels are normalised to cross-sections from NLO predictions [START_REF] Aliev | HATHOR: HAdronic Top and Heavy quarks crOss section calculatoR[END_REF]58], while the tW-channel MC sample is normalised to approximate NNLO [START_REF] Kidonakis | Two-loop soft anomalous dimensions for single top quark associated production with a W-or H[END_REF].

Events containing W or Z bosons with associated jets were simulated using the S 2.2.1 generator. Matrix elements were calculated for up to two partons at NLO and up to four partons at leading order (LO) using the C and O L matrix element generators and merged with the S parton shower using the M P @N prescription. The NNPDF3.0NNLO PDF set was used in conjunction with parton shower tuning developed by the S authors. The W/Z+jets events are normalised to NNLO cross-sections, computed using F [START_REF] Anastasiou | High precision QCD at hadron colliders: Electroweak gauge boson rapidity distributions at NNLO[END_REF] with the MSTW 2008 NNLO PDF set.

Diboson processes were simulated using the S 2.1.1 generator. Matrix elements were calculated using the C and O L matrix element generators and merged with the S parton shower using the M P @N prescription. In the case of both bosons decaying leptonically, matrix elements contain all diagrams with four electroweak vertices and were calculated for up to one (four charged leptons or two charged leptons and two neutrinos) or zero partons (three charged leptons and one neutrino) at NLO, and up to three partons at LO. In the cases where one of the bosons decays hadronically and the other leptonically, matrix elements were calculated with up to one (Z Z) or zero (WW, W Z) additional partons at NLO and up to three additional partons at LO. The CT10 PDF set was used in conjunction with parton shower tuning developed by the S authors.

In all MC simulation samples, the effect of multiple pp interactions per bunch crossing (pile-up) was modelled by adding multiple minimum-bias events simulated with P 8.186 [START_REF] Sjöstrand | An Introduction to PYTHIA 8.2[END_REF], the A2 set of tuned parameters [61] and the MSTW2008LO set of PDFs [START_REF] Martin | Parton distributions for the LHC[END_REF]. The MC simulation samples are re-weighted to reproduce the distribution of the mean number of interactions per bunch crossing observed in the data.

Object reconstruction and identification

Detector-level object reconstruction

A description of the main reconstruction and identification criteria applied for electrons, muons, jets and b-jets is given below.

Electrons are reconstructed [START_REF]Electron efficiency measurements with the ATLAS detector using the 2015 LHC proton-proton collision data[END_REF] by matching ID tracks to clusters in the electromagnetic calorimeter. Electrons must satisfy the tight identification criterion, based on a likelihood discriminant combining observables related to the shower shape in the calorimeter and to the track matching the electromagnetic cluster, and are required to be isolated in both the ID and the EM calorimeter using the p T -dependent isolation working point. Electrons are required to have p T > 25 GeV and |η cluster | < 2.47. Electrons that fall in the transition region between the barrel and endcap calorimeters (1.37 < |η cluster | < 1.52) are poorly measured and are therefore not considered in this analysis.

Muon candidates are reconstructed [START_REF]Muon reconstruction performance of the ATLAS detector in proton-proton collision data at √ s = 13 TeV[END_REF] by matching ID tracks to tracks in the muon spectrometer. Track reconstruction is performed independently in the ID and MS before a combined track is formed with a global re-fit to hits in the ID and MS. Muon candidates are required to have p T > 25 GeV and |η| < 2.5, must satisfy the medium identification criteria and are required to be isolated using the p T -dependent isolation working point.

Electron and muon tracks are required to be associated with the primary vertex. This association requires the electron (muon) track to have |d 0 |/σ d 0 < 5 (3) and |∆z 0 sin θ| < 0.5 mm, where d 0 and z 0 are the transverse and longitudinal impact parameters of the electron (muon) track, respectively, σ d 0 is the uncertainty in the measurement of d 0 , and θ is the angle of the track relative to the axis parallel to the beamline.

Reconstruction, identification and isolation efficiencies of electrons (muons) are corrected in simulation to match those observed in data using Z → e + e -(µ + µ -) events, and the position and width of the observed Z boson peak is used to calibrate the electron (muon) energy (momentum) scale and resolution.

The anti-k t algorithm [START_REF] Cacciari | The anti-k t jet clustering algorithm[END_REF] with a radius parameter of R = 0.4 is used to reconstruct jets with a fourmomentum recombination scheme, using energy deposits in topological clusters in the calorimeter as inputs [START_REF]Topological cell clustering in the ATLAS calorimeters and its performance in LHC Run 1[END_REF]. Jets are calibrated using a series of simulation-based corrections and in situ techniques [67]. Calibrated jets are required to have p T > 25 GeV and |η| < 2.5 so that data from the ID is available for determining whether they contain b-hadrons. Jets with p T < 60 GeV and |η| < 2.4 are required to be identified as originating from the primary vertex using a jet-vertex tagger (JVT) algorithm [START_REF]Tagging and suppression of pileup jets with the ATLAS detector[END_REF].

Jets containing b-hadrons are identified exploiting the lifetimes of b-hadrons and their masses. A multivariate algorithm, MV2c10, that combines track and secondary-vertex information is used to distinguish b-jets from other jets [START_REF]Optimisation of the ATLAS b-tagging performance for the 2016 LHC Run[END_REF]. Four working points are defined by different b-tagging discriminant output thresholds corresponding to efficiencies of 85%, 77%, 70% and 60% in simulated t t events for b-jets with p T > 20 GeV and rejection factors ranging from 3-35 for c-jets and 30-1500 for light-flavour jets [START_REF]Measurements of b-jet tagging efficiency with the ATLAS detector using t t events at √ s = 13 TeV[END_REF][START_REF]Optimisation of the ATLAS b-tagging performance for the 2016 LHC Run[END_REF].

After selecting electrons, muons and jets as defined above, several criteria are applied to ensure that objects do not overlap. If a selected electron and muon share a track then the electron is rejected. If an electron is within ∆R = 0.2 of one or more jets then the closest jet to the electron is removed. If there are remaining jets within ∆R = 0.4 of an electron then the electron is removed. When a jet is within ∆R = 0.4 of a muon, it is removed if it has fewer than three tracks, otherwise the muon is removed.

Particle-level object definitions

Particle-level objects are selected in simulated events using definitions that closely match the detector-level objects defined in Section 4.1. Particle-level objects are defined using stable particles having a proper lifetime greater than 30 ps. This analysis considers electrons and muons that do not come from hadron decays for the fiducial definition.2 In order to take into account final-state photon radiation, the four-momentum of each lepton is modified by adding to it the four-momenta of all photons, not originating from a hadron, that are located within a ∆R = 0.1 cone around the lepton. Electrons and muons are required to have p T > 25 GeV and |η| < 2.5.

Jets are clustered using the anti-k t algorithm with a radius parameter of 0.4. All stable particles are included except those identified as electrons and muons, and the photons added to them, using the definition above and neutrinos not from hadron decays. These jets do not include particles from pile-up events but do include those from the underlying event. The decay products of hadronically decaying τ-leptons are therefore included. Jets are required to have p T > 25 GeV and |η| < 2.5.

Jets are identified as b-jets by requiring that at least one b-hadron with p T > 5 GeV is matched to the jet by ghost association [70]. Here, the ghost-association procedure includes b-hadrons in the jet clustering after scaling their p T to a negligible value. A similar procedure is followed to define c-jets, with the b-jet definition taking precedence, i.e. a jet containing one b-hadron and one c-hadron is defined as a b-jet. Jets that do not contain either a b-hadron or a c-hadron are considered to be light-flavour jets.

Electrons and muons that meet the selection criteria defined above are required to be separated from selected jets by ∆R(lepton, jet) > 0.4. This ensures compatibility with the detector-level selection defined in Section 4.1.

Event selection and definition of the fiducial phase space

Data event selection

The data analysed were collected by the ATLAS detector in 2015 and 2016 during stable pp collisions at √ s = 13 TeV while all components of the ATLAS detector were fully operational. The total integrated luminosity recorded in this period is 36.1 fb -1 .

In order to ensure events originate from pp collisions, events are required to have at least one primary vertex with at least two tracks. The primary vertex is defined as the vertex with the highest p2 T of tracks assigned to it.

Single-electron or single-muon triggers are used to select the events. They require a p T of at least 20 [START_REF] Frixione | Matching NLO QCD computations with parton shower simulations: the POWHEG method[END_REF] GeV for muons and 24 [START_REF] Frixione | Matching NLO QCD computations with parton shower simulations: the POWHEG method[END_REF] GeV for electrons for the 2015 (2016) data set and also include requirements on the lepton quality and isolation. These triggers are complemented by others with higher p T requirements but loosened isolation requirements to ensure maximum efficiencies at higher lepton p T .

In the eµ channel, events are required to have exactly one electron and one muon of p T > 27 GeV and with opposite electric charge. At least one of the two leptons must be matched in flavour and angle to a trigger object. In the lepton + jets channel, exactly one selected lepton of p T > 27 GeV is required and must be matched to the trigger object that triggered the event.

In the eµ channel, at least two jets are required and at least two of these must be b-tagged at the 77% efficiency b-tagging working point for the baseline selection. The measurement of the fiducial cross-section with one (two) additional b-jets requires at least three (at least four) jets to be b-tagged. For the measurement of the b-jet multiplicity distribution, at least two jets are required and at least two of them must be b-tagged. All other differential cross-section measurements in the eµ channel require at least three jets and at least three of these must be b-tagged.

In the lepton + jets channel, at least five jets are required and at least two of these must be b-tagged for the baseline selection. For the measurement of the fiducial cross-section with one (two) additional b-jets, five (six) jets are required, of which at least three (at least four) must be b-tagged. For the measurement of the differential cross-sections, at least six jets, at least four of which are b-tagged, are required. In this channel, b-jets are identified using the tighter 60% efficiency b-tagging working point to better suppress c-jets from W -→ cs or W + → c s decays.

Fiducial phase-space definition

The phase space in which the fiducial cross-section is measured is defined using particle-level objects with kinematic requirements similar to those placed on reconstructed objects in the event selection. The definitions of the fiducial phase spaces used for the cross-sections measurements are given below. The data are corrected to particle level using slightly different definitions of the fiducial phase space depending on the top-pair decay channel and on the observable.

In the eµ channel, fiducial cross-sections are determined by requiring exactly one electron and one muon with opposite-sign charge at particle level and at least three (at least four) b-jet(s) for the fiducial cross-section with one (two) additional b-jets. The normalised differential cross-sections are measured in the fiducial volume containing the leptons and at least two b-jets for the distribution differential in number of b-jets and at least three b-jets for all other differential measurements.

In the lepton + jets channel, the fiducial phase space for the measurement of the integrated cross-section with one (two) additional b-jet(s) is defined as containing exactly one particle-level electron or muon and five (six) jets, at least three (four) of which are b-jets. Differential cross-sections are measured in a fiducial volume containing at least six jets and where at least four of them are required to be b-jets.

Background estimation

The baseline selection with at least two b-tagged jets results in a sample with only small backgrounds from processes other than t t production. As mentioned before, events with additional b-jets produced in t tV or t tH production are treated as signal. The estimation of t t production in association with additional light-flavour jets or c-jets is described in Section 7.1 and is performed simultaneously with the extraction of fiducial cross-sections.

The remaining background events are classified into two types: those with prompt leptons from single top, W or Z decays (including those produced via leptonic τ decays), which are discussed in Section 6.1, and those where at least one of the reconstructed lepton candidates is non-prompt or "fake" (NP & fake lep.), i.e. a non-prompt lepton from the decay of a bor c-hadron, an electron from a photon conversion, hadronic jet activity misidentified as an electron, or a muon produced from an in-flight decay of a pion or kaon. This is estimated using a combined data-driven and simulation-based approach in the eµ channel, and a data-driven approach in the lepton + jets channel, both of which are described in Section 6.2.

Background from single-top, Z/γ * + jets and W + jets events

The background from single top-quark production is estimated from the MC simulation predictions in both the eµ and lepton + jets channels. This background contributes 3% of the event yields in both channels, with slightly smaller contributions in the four b-jets selections.

In the eµ channel, a very small number of events from Drell-Yan production and Z/γ * (→ ττ)+jets fulfil the selection criteria. This background is estimated from MC simulation scaled to the data with separate scale factors for the two-b-tagged jets and three-b-tagged jets cases. The scale factors are derived from data events that have a reconstructed mass of the dilepton system corresponding to the Z boson mass and that fulfil the standard selection except that the lepton flavour is ee or µµ. The fraction of background events from Z/γ * (→ ττ)+jets is below two per mill for all b-tagged jet multiplicities. A small number of Z/γ * +jets events, where the Z/γ * is decaying into any lepton flavour pair, can enter in the lepton + jets channel and is estimated from MC simulation.

In the lepton + jets channel, a small background from W+ jets remains after the event selection; however, this contribution is below 2% in events that have at least three b-tagged jets. This background is estimated directly from MC simulation.

Background from non-prompt and fake leptons

In the eµ channel, the normalisation of this background is estimated from data using events in which the electron and muon have the same-sign electric charge. The method is described in Ref. [START_REF]Measurement of the t t production cross-section using eµ events with b-tagged jets in pp collisions at √ s = 13[END_REF]. Known sources of same-sign prompt leptons are subtracted from the data and the non-prompt and fake background is extracted by scaling the remaining data events by a transfer factor determined from MC simulation. This transfer factor is defined as the ratio of predicted opposite-sign to predicted same-sign non-prompt and fake leptons.

In the lepton + jets channel, the background from non-prompt and fake leptons is estimated using the matrix method [72]. A sample enriched in non-prompt and fake leptons is obtained by removing the isolation and impact parameter requirements on the lepton selections defined in Section 4. The efficiency for these leptons, hereafter referred to as loose leptons, to meet the identification criteria defined in Section 4.1 is then measured separately for prompt and fake leptons. 3 For both electrons and muons the efficiency for a prompt loose lepton to pass the identification criteria defined in Section 4.1 is measured using a sample of Z boson decays. The efficiency for fake loose leptons to pass the identification criteria is measured using events that have low missing transverse momentum for electrons and high lepton impact-parameter significance for muons. These efficiencies allow the number of fake leptons selected in the signal region to be estimated. 
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Data and prediction comparison of baseline selection

The overall number of events fulfilling the baseline selection is well described by the prediction in both channels, as seen in Tables 2 and3 and Figure 2, where b and j denote a b-jet and a jet of any flavour, respectively. However, the number of events with more than two b-tagged jets is slightly underestimated, as shown in Figures 2 and3. Therefore, data-driven scale factors are derived to correct the predictions of additional c-jets or light jets in the t t MC simulation, as described in the next section.

Extraction of the fiducial cross-sections

Fiducial cross-sections in the phase spaces defined in Section 5.2 for the different observables are extracted from detector-level distributions obtained after the event selections described in Section 5.1 and subtracting the number of background events produced by the non-t t processes described in Section 6. After the subtraction of non-t t background, the data suffer from backgrounds from t t events with additional lightflavour jets (t tl) or c-jets (t tc) that are misidentified as b-jets by the b-tagging algorithm. The correction factors for these backgrounds are measured in data, as presented in Section 7.1. The data are then unfolded using the corrected MC simulation as described in Section 7.2.

Data-driven correction factors for flavour composition of additional jets in t t events

The measurement of t t + b-jets production is dependent on the determination of the background from other t t processes. For example, according to simulation studies in the eµ channel, only about 50% of the events selected at detector level with at least three b-tagged jets at the 77% efficiency working point and within the fiducial phase space of the analysis, also have at least three b-jets at particle level. The other events contain at least one c-jet or light-flavour jet which is misidentified as a b-jet. The cross-section of t t with additional jet production has been measured with 10% (16%) uncertainty for events with two (three) additional jets [START_REF]Measurement of jet activity produced in top-quark events with an electron, a muon and two b-tagged jets in the final state in pp collisions at √ s = 13 TeV with the ATLAS detector[END_REF]. However, these measurements did not determine the flavours of the additional jets. Due to the lack of precise measurements of these processes, template fits to data are performed to extract the t tb signal yields and estimate the t tc and t tl backgrounds as described in the following. The templates are constructed from t t, t tH and t tV MC simulated samples, as the signal includes the contributions from t tV and t tH.

The events in the eµ channel are selected within an analysis region consisting of at least three b-tagged jets at the 77% b-tagging working point as specified in Section 5.1. This avoids extrapolation of the background shapes determined outside the selected region into the analysis region. The fit in the lepton + jets channel is performed on a sample with at least five jets, at least two of which are b-tagged with a b-tagging efficiency of 60%. While this means that the MC simulation is needed to extrapolate the results of the fit into the signal regions, it allows the t tl background to be extracted in what is effectively a control region. The lepton + jets channel suffers from an additional background due to W + → c s or corresponding W - decays in the inclusive t t process, where the c-jet is misidentified as a b-jet. In order to separate this background from t t+c-jets events, events containing only one particle-level c-jet are attributed to this background and grouped into a t tl class, while those with two particle-level c-jets are placed into a t tc class, as summarised in Table 4. In this sample, 85% of the events with exactly one particle-level c-jet are found to contain W → c s( cs) decays, according to t t MC simulation. Templates are created for events in the different categories described in Table 4 using the b-tagging discriminant value of the jet with the The bins range from 1 to 5, corresponding to efficiencies of 100%-85%, 85%-77%, 77%-70%, 70%-60%, and < 60% respectively. In the eµ channel, one-dimensional templates with three bins are formed corresponding to b-tagging efficiencies between 77% and 0% for the jet with the third highest b-tagging discriminant value. In the lepton + jets channel, two-dimensional templates are created using the b-tagging discriminant values of the two jets with the third-and fourth-highest b-tagging discriminant values, corresponding to b-tagging efficiencies between 100% and 0% for the two jets.

In both channels, one template is created from the sum of all backgrounds described in Section 6 and three templates are created from t t, t tV and t tH MC simulations, to account for t tb, t tc and t tl events, as detailed in Table 4. These templates are then fitted to the data using a binned maximum-likelihood fit, with a Poisson likelihood L(ì α|x 1 , . . . ,

x n ) = n k e -ν k ( ì α) ν k (ì α) x k x k ! ,
where x k is the number of events in bin k of the data template and ν k (ì α) is the expected number of events, and depends upon a number of free parameters, ì α.

In the eµ channel, two free parameters are used, such that the expected number of events in bin k is

ν k (α b , α cl ) = α b N k t tb + α cl N k t tc + N k t tl + N k non-t t ,
where N k t tb , N k t tc , N k t tl and N k non-t t are the numbers of events in bin k of the t tb, t tc, t tl and non-t t background templates, respectively. The scale factors obtained from the fit are α b = 1.37 ± 0.06 and α cl = 1.05 ± 0.04, where the quoted uncertainties are statistical only. Figure 4(a) shows the distributions of the templates before and after scaling the templates by these scale factors.

In the lepton + jets channel, three free parameters, α b , α c and α l , are used in the maximum-likelihood fit, such that the expected number of events in bin k is

ν k (α b , α c , α l ) = α b N k t tb + α c N k t tc + α l N k t tl + N k non-t t . (1) 
The best-fit values of the free parameters are α b = 1.11 ± 0.02, α c = 1.59 ± 0.06 and α l = 0.962 ± 0.003 where the quoted uncertainties are statistical only. Including systematic uncertainties, the values of α b extracted in the eµ and lepton + jets channels are found to be compatible at a level better than 1.5 standard deviations. Some of the dominant common systematic uncertainties have small correlations between the two channels, while the uncertainty in α b due to the modelling of the t tc template in the eµ channel, as discussed in Section 8.3 is uncorrelated between the two channels. Taking only this uncertainty as uncorrelated, the values of α b extracted from the two channels are found be compatible at a level better than 1.7 standard deviations. Figure 4(b) shows the distribution of the b-tagging discriminant before and after the fit. For clarity, the two-dimensional lepton + jets templates are flattened into a single dimension. Figures 5 and6 show the comparison of data and predictions for the b-tagged jet multiplicity and the leading b-tagged jet p T in the eµ and lepton + jets channels after the t tb signal, and the t tc and t tl backgrounds, are scaled by the extracted scale factors. The data are described much better by the prediction after the scaling is applied.

Unfolding

The measured distributions at detector level are unfolded to the particle level. The unfolding procedure corrects for resolution effects and for detector efficiencies and acceptances.

First, the number of non-t t background events in bin j (N j non-t t-bkg ), described in Section 6, is subtracted from the data distribution at the detector level in bin j (N j data ). This retains a mixture of signal and t t-related backgrounds, the latter coming from mis-tagged events as described in Section 7.1. A series of corrections are then applied, with all corrections derived from simulated t t, t tH and t tV events. Following the subtraction of non-t t background, the data are first corrected for mis-tagged events by applying a , where α b is defined in the previous section, N j t tb,reco is the number of detector-level t tb events predicted by MC simulation, and B j is the number of detector-level t tc and t tl events in bin j, after being scaled by the fit parameters, α cl or α c and α l , defined in the previous section. In the eµ channel,

ATLAS

ATLAS

B j = α cl N j t tc,reco + N j t tl,reco ,
and in the lepton + jets channel,

B j = α c N j t tc,reco + α l N j t tl,reco ,
where N j t tc,reco and N j t tl,reco are the numbers of reconstructed t tc and t tl events in bin j, as predicted by MC simulation, respectively. Next, an acceptance correction, f j accept , is applied, which corrects for the fiducial acceptance and is defined as the probability of a t tb event passing the detector-level selection in a given bin j (N j t tb,reco ) to also fall within the fiducial particle-level phase space (N j t tb,reco∧part ). It is estimated as

f j accept = N j t tb,reco∧part N j t tb,reco
.

The detector-level objects are required to be matched within ∆R = 0.4 to the corresponding particle-level objects. This requirement leads to a better correspondence between the particle and detector levels and improves the unfolding performance. The matching factor f j matching is defined as

f j matching = N j t tb,reco∧part∧matched N j t tb,reco∧part
, where N j t tb,reco∧part∧matched is the subset of reconstructed events falling in the particle-level fiducial volume which are matched to the corresponding particle-level objects.

The remaining part of the unfolding procedure consists of effectively inverting the migration matrix M to correct for the resolution effects and subsequently correcting for detector inefficiencies. An iterative Bayesian unfolding technique [START_REF] Agostini | A Multidimensional unfolding method based on Bayes' theorem[END_REF], as implemented in the R U software package [START_REF] Adye | Unfolding algorithms and tests using RooUnfold[END_REF], is used. The matrix, M, represents the probability for a particle-level event in bin i to be reconstructed in bin j. The chosen binning is optimised for each distribution to have a migration matrix with a large fraction of events on the diagonal and a sufficient number of events in each bin. The Bayesian unfolding technique performs the effective matrix inversion, M -1 i j , iteratively. Four iterations are used for all measured distributions.

Finally, the factor f i eff corrects for the reconstruction efficiency and is defined as

f i eff = N i t tb,part∧reco∧matched N i t tb,part
, where N i t tb,part is the number of t tb events passing the particle-level selection in bin i and

N i t tb,part∧reco∧matched
is the number of t tb events at particle level in bin i that also pass the detector-level selection, containing matched objects.

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

dσ fid dX i = N i unfold L ∆X i = 1 L ∆X i f i eff j M -1 i j f j matching f j accept f j t tb (N j data -N j non-t t-bkg ) ,
where ∆X i is the bin width, N i unfold is the number of events in bin i of the unfolded distribution and L is the integrated luminosity. In this paper, the integrated fiducial cross-section σ fid is obtained from

σ fid = ∫ dσ fid dX dX = N i unfold L
and is used as a normalisation factor such that results are presented in terms of a relative differential cross-section as 1/σ fid • dσ fid /dX i .

Systematic uncertainties

In this section, the statistical and systematic uncertainties considered in this analysis are described. Experimental sources of uncertainty are described in Section 8.1, sources of uncertainty due to t t modelling are described in Section 8.2 and uncertainties due to the treatment of the t t (t tc and t tl) and non-t t background processes are described in Sections 8.3 and 8.4, respectively. The method used to propagate the effects of systematics uncertainties to the final results are described in Section 8.5. The impact of these uncertainties on the fiducial and differential cross-section measurements are discussed in Section 9.

Experimental uncertainties

The uncertainty in the combined 2015+2016 integrated luminosity is 2.1%. It is derived, following a methodology similar to that detailed in Ref. [START_REF]Luminosity determination in pp collisions at √ s = 8 TeV using the ATLAS detector at the LHC[END_REF], and using the LUCID-2 detector for the baseline luminosity measurements [START_REF] Avoni | The new LUCID-2 detector for luminosity measurement and monitoring in ATLAS[END_REF], from a calibration of the luminosity scale using x-y beam-separation scans.

The uncertainty in the pile-up reweighting of the reconstructed events in the MC simulation is estimated by comparing the distribution of the number of primary vertices in the MC simulation with the one in 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 MC simulation and the ±1σ uncertainties are assigned to these scaling factors. The pile-up weights are recalculated after varying the scale factors within their uncertainties.

As discussed in Section 4, scale factors to correct differences seen in the lepton reconstruction, identification and trigger efficiency between the data and MC simulation are derived using a tag-and-probe technique in Z → e + e -and Z → µ + µ -events [START_REF]Electron efficiency measurements with the ATLAS detector using the 2015 LHC proton-proton collision data[END_REF][START_REF]Muon reconstruction performance of the ATLAS detector in proton-proton collision data at √ s = 13 TeV[END_REF]78]. 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 -(µ + µ -) events [START_REF]Electron efficiency measurements with the ATLAS detector using the 2015 LHC proton-proton collision data[END_REF][START_REF]Muon reconstruction performance of the ATLAS detector in proton-proton collision data at √ s = 13 TeV[END_REF]78]. The lepton uncertainties considered in this analysis are considerably smaller than the jet and flavour-tagging uncertainties.

The JVT is calibrated using Z (→ µµ) + jet events where the jet balances the p T of the Z boson. Scale factors binned in jet p T are applied to each event in order to correct for small differences in the JVT efficiency between the data and MC simulation. The scale factors are 0.963 ± 0.006 for jets with 20 < p T < 30 GeV, getting closer to one with smaller uncertainties as the jet p T increases. The uncertainty in the efficiency to pass the JVT requirement is evaluated by varying the scale factors within their uncertainties [START_REF]Performance of pile-up mitigation techniques for jets in pp collisions at √ s = 8 TeV using the ATLAS detector[END_REF].

Jets are calibrated using a series of simulation-based corrections and in situ techniques [67]. The uncertainties due to the jet energy scale (JES) are estimated using a combination of simulations, test-beam data and in situ measurements. Contributions from the jet-flavour composition, η-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 21 orthogonal 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. First, the "true" resolution is measured by comparing the particle and reconstructed jet p T in MC simulation as a function of the jet p T and η. Second, an in situ measurement of the JER is made using the bisector method in dijet events [START_REF]Jet energy resolution in proton-proton collisions at √ s = 7 TeV recorded in 2010 with the ATLAS detector[END_REF]. The resolution in data and MC simulation are compared and the energies of jets in the MC simulation are smeared to match the resolution observed in data. The uncertainties in the JER stem from uncertainties in both the modelling and the data-driven method.

Differences in the b-tagging and c-jet mis-tag efficiencies between the data and MC simulation are corrected using scale factors derived from dilepton t t events and lepton + jets t t events, respectively. A negative-tag method is used to calibrate mis-tagged light-flavour (u, d, s) jets [START_REF]Calibration of light-flavour b-jet mistagging rates using ATLAS proton-proton collision data at √ s = 13[END_REF]. The scale factors are measured for different b-tagging working points and as a function of jet kinematics, namely the jet p T for the b-tagging efficiency and c-jet mis-tag scale factors, and the jet p T and η for the light-flavour jet mis-tag scale factors. The c-jet and light-jet mis-tag scale factors are known to a precision of 6-22% [START_REF]Measurement of b-tagging efficiency of c-jets in t t events using a likelihood approach with the ATLAS detector[END_REF] and 15-75% [START_REF]Calibration of light-flavour b-jet mistagging rates using ATLAS proton-proton collision data at √ s = 13[END_REF], respectively. The associated flavour-tagging uncertainties, split into eigenvector components, are computed by varying the scale factors within their uncertainties. In total, there are 30 components related to the b-tagging efficiencies and 15 (80) components related to the mis-tag rates of c-jets (light-flavour jets). Due to the large number of b-tagged jets in each event used in this analysis, the total uncertainty due to b-tagging is one of the dominant uncertainties in this analysis.

Modelling systematic uncertainties

Uncertainties due to the choice of t t MC generator are evaluated by unfolding alternative t t samples, described in Section 3 and presented in Table 1, with the nominal unfolding set-up. Uncertainties related to the choice of matrix element generator (labelled "generator" uncertainty) are evaluated using the S 2.2 t t sample. This generator comes with its own parton shower and hadronisation model; hence these are included in the variation. Uncertainties due to the choice of parton shower and hadronisation model are evaluated using the P +H 7 sample, in which only the parton shower and hadronisation model is varied relative to the nominal P +P 8 sample. Additionally, two MC samples are used to evaluate an uncertainty in the modelling of initial-and final-state radiation, namely the RadHi and RadLo samples described in Section 3.

The uncertainty due to the choice of PDF is evaluated following the PDF4LHC prescription [START_REF] Butterworth | PDF4LHC recommendations for LHC Run II[END_REF] using event weights that are available in the nominal P +P 8 sample. The uncertainty in the t tH cross-section is evaluated by scaling the t tH component of the prediction by factors of zero and two, with the nominal values being taken from theoretical predictions. A factor of two is chosen as this is the current 95% confidence-level upper limit on the t tH → b b signal strength as measured by ATLAS [START_REF]Search for the Standard Model Higgs boson produced in association with top quarks and decaying into a b b pair in pp collisions at √ s = 13 TeV with the ATLAS detector[END_REF].

The uncertainty in the t tV cross-section is evaluated by varying the t tV component of the prediction up and down by 30% to cover the measured uncertainty in this process [START_REF]Measurement of the t t Z and t tW production cross sections in multilepton final states using 3.2 fb -1 of pp collisions at √ s = 13 TeV with the ATLAS detector[END_REF].

Uncertainty in t t c and t t l background

Since the t tc and t tl backgrounds in the eµ channel are determined within a single fit, the uncertainty in this result is determined by changing the sample composition. This is achieved by loosening the b-tagging requirement on the jet with the third-highest b-tagging discriminant value, such that it is tagged at the 85% b-tagging efficiency working point or not required to be b-tagged at all. This results in the templates having more bins and allows the likelihood to be modified such that three free parameters are used in the fit. The number of expected events is then given by Eq. ( 1). With these looser selections the values of α c vary by about 40% and this is used as a systematic uncertainty in the t tc template. The validity of this uncertainty is checked by investigating the variations in the values of the t tc scale factors after fitting to pseudo-data from alternative MC samples and it is found to cover the uncertainties in the t tc template modelling. The values of α l remain consistent within the statistical uncertainty in fits with looser selections. After propagating the uncertainty in the t tc template through the nominal fit set-up, by varying the input t tc template by ±40% before performing the fit, the value of α b is found to change by ±11%, while the value of α cl changes by ±7%. When evaluating systematic uncertainties related to the choice of t t model in the eµ channel, double counting of these uncertainties with uncertainties associated with the difference of t tb, t tc and t tl fractions in the alternative MC samples is avoided by repeating the flavour-composition fits for each systematic model.

In the lepton + jets channel uncertainties in the flavour composition are taken directly from the samples used to evaluate systematic uncertainties in the modelling, as described in Section 8.2.

Uncertainty in non-t t background estimation

The uncertainty in the single-top background is evaluated by comparing the nominal single-top tW sample (with overlap with t t removed via the diagram-removal scheme) with an alternative sample generated using the diagram-subtraction scheme [START_REF] Frixione | Single-top hadroproduction in association with a W boson[END_REF]. Potential effects of QCD radiation on the single-top background are estimated using MC simulation predictions where the renormalisation and factorisation scales were varied by factors of 0.5 and 2. The uncertainty in the inclusive single-top cross-section [START_REF] Kidonakis | Two-loop soft anomalous dimensions for single top quark associated production with a W-or H[END_REF] is taken to be +5% -4% .

The uncertainty attributed to the W+ jets background normalisation is evaluated by varying the renormalisation and factorisation scales in the MC simulation prediction by a factor of two up and down. Furthermore, the uncertainty due to PDFs is estimated by using a set of 100 different PDF eigenvectors recommended in Ref. [START_REF] Butterworth | PDF4LHC recommendations for LHC Run II[END_REF]. An additional uncertainty of 30% is assumed for the normalisation of the W+heavy-flavour jets cross-section, based on MC simulation comparisons performed in the context of Ref. [START_REF]Search for the Standard Model Higgs boson produced in association with top quarks and decaying into a b b pair in pp collisions at √ s = 13 TeV with the ATLAS detector[END_REF].

The uncertainty in the non-prompt or fake lepton background is obtained by varying the estimate of this background by a factor of ±50% (±100%) in the lepton + jets (eµ) channel. No shape uncertainty is applied, as this background is small in both channels.

The uncertainty in the Drell-Yan background normalisation is evaluated by varying the estimate of this background by ±25%. It accounts for the impact of the reconstructed-mass resolution of the Z boson in the Z → ee and Z → µµ events, for the background contribution of the t t events in the Z + jets selection, and for differences in the scale factors obtained from each of the individual Z → ee and Z → µµ decay channels relative to the nominal scale factor obtained from the combined Z → ee and Z → µµ sample.

Propagation of uncertainties

Pseudo-experiments based on 10 000 histogram replicas are performed to evaluate statistical uncertainties for each distribution considered. Each entry for every event is given a random weight drawn from a Poisson distribution with a mean of one. Each of these histograms is then unfolded using the unfolding procedure described in Section 7.2. The standard deviation of each bin across all unfolded histogram replicas is then taken as the statistical uncertainty in that bin. This procedure is similar to simply obtaining pseudo-experiments by directly Poisson-fluctuating the measured data distributions, but has the added advantage that correlations between bins of different distributions are conserved.

This procedure is extended to include all experimental systematic uncertainties. For each systematic uncertainty effect considered, the relative variation due to that uncertainty is obtained at the detector level, using the nominal MC sample. Rather than unfolding each shifted histogram individually, each Poisson-fluctuated data distribution is smeared by all experimental systematic uncertainties simultaneously.

For each pseudo-experiment, and for each uncertainty considered, the size of the shift applied is obtained randomly from a Gaussian distribution with a mean of zero and width equal to the relative shift at detector level in each bin due to that uncertainty, producing a new detector-level distribution. The same procedure that is followed for the statistical uncertainty alone is then followed to get the sum of the statistical and experimental systematic uncertainty. When evaluating the systematic uncertainties in this way, the data-driven correction factors are not extracted for each individual pseudo-experiment and instead the values obtained in Section 7.1 are used.

In the case of t t modelling systematic uncertainties, detector-level distributions from alternative MC samples are unfolded using the unfolding procedure described in Section 7.2, with the unfolding corrections derived from the nominal P +P 8 sample. The unfolded distributions are compared with the particle-level distribution from the alternative sample and the relative difference in each bin is taken as the systematic uncertainty.

Inclusive and differential fiducial cross-section results

The unfolded results are presented in this section as inclusive fiducial cross-sections and as normalised differential fiducial cross-sections as a function of the b-jet multiplicity, global event properties and kinematic variables. Table 5 lists the measured fiducial cross-sections for t t production in association with additional at least one and at least two b-jets and Table 6 lists the contributions to the uncertainty in these cross-sections. The most precise cross-section measurements are for the ≥ 3b phase space in the eµ channel, which has an uncertainty of 13%, and the ≥ 6 j, ≥ 4b phase space in the lepton + jets channel, which has an uncertainty of 17%. The uncertainties are dominated by systematic uncertainties, which are mainly caused by the uncertainties due to t t modelling and the uncertainties related to b-tagging and the jet energy scale. In the eµ channel, the uncertainty due to the t tc fit variations is also significant. This measurement is more precise than the uncertainties in the theoretical predictions of the inclusive cross-section for this process, which are 20%-30% [START_REF]LHC Higgs cross section working group, Handbook of LHC Higgs cross sections[END_REF]. The results are summarised in Figure 7 after subtracting the M G 5_aMC@NLO+P 8 predicted values of t tH and t tV cross-sections from the measured fiducial t tb b cross-section, and compared with t tb b predictions from S 2.2 t tb b, P +P 8

and P H +P 8 t tb b. This procedure of t tH and t tV subtraction is also employed for all following figures showing the normalised differential distributions. Figure 8 shows the normalised fiducial cross-section as a function of the b-jet multiplicity compared with predictions from various MC generator set-ups. A quantitative assessment of the level of agreement between data and the various predictions is performed by calculating a χ 2 for each prediction. The χ 2 is defined as

χ 2 = S T b-1 V -1 S b-1
, where V -1 is the inverse of the covariance matrix V, calculated for each variable including all statistical and systematic uncertainties and S b-1 is a vector of the differences between the measured and predicted cross-sections being tested. The resulting value of the χ 2 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.

As normalised distributions are used, one element of S b-1 is discarded in the calculation along with the corresponding row and column of the covariance matrix. The resulting χ 2 does not depend on the element of S b-1 or the row and column of the covariance matrix that is discarded. The resulting χ 2 values are shown in Table 7, where the second column is for the normalised b-jets multiplicity distribution with N b-jets ≥ 2 and the last column is for the normalised b-jets multiplicity distribution with N b-jets ≥ 3. All MC predictions that calculate the top-quark pair production matrix element at NLO, but rely on the parton shower for high jet multiplicities, predict too few events with three or four b-jets. This suggests that the b-jet production by the parton shower is not optimal in these set-ups. The situation does not improve significantly when the renormalisation and factorisation scales in the matrix element calculation and in the parton shower are changed by factors of 0.5 and 2, as shown in the middle ratio panel of Figure 8. S 2.2 t t, which models one additional-parton process at NLO accuracy and up to four additional partons at LO accuracy, is the only one of the presented generators that describes the b-jet production well over the full phase space.

Predictions that include additional massive b-quarks in the matrix element calculation (S 2.2 t tb b (4FS), P H +P 8 t tb b (4FS), P +P 8 t tb b (4FS)) do not provide top-pair production without additional b-jets and cannot be compared with the region with less than three b-jets. Table 7 therefore also includes χ 2 values where the total additional b-jet production has been adjusted through the normalisation to N b-jets ≥ 3. The relative rate of one, two and more than two additional b-jets is described well by all predictions. It is also interesting to note that parton shower generators predict the relative rate of one and two additional b-jets well once the total additional b-jet production has also been adjusted through the normalisation to N b-jets ≥ 3.

The comparison of the predictions from various MC generators with the data are made after subtracting the simulation-estimated contributions of t tV and t tH production from the data. The third ratio panel of Figure 8 shows the ratio of predictions of normalised differential cross-sections from M -G 5_aMC@NLO+P 8 including (numerator) and not including (denominator) the contributions from the t tV and t tH processes. The impact of including these processes in the prediction increases with b-jet multiplicity, resulting in a change of about 10% relative to the QCD t t prediction alone in the inclusive four-b-jet bin.

Observables sensitive to the details of the QCD modelling of additional b-jet production are studied in events with at least three b-jets in the eµ channel and in events with at least four b-jets in the lepton + jets channel. While the sample with at least four b-jets has high signal purity, leading to smaller dependence on Table 7: Values of χ 2 per degree of freedom and p-values between the unfolded normalised cross-section and the predictions for b-jet multiplicity measurements in the eµ channel. The number of degrees of freedom is equal to the number of bins minus one. Calculations are performed after subtracting estimated contributions from t tH and t tV from the data. In the two right columns, data and predictions are normalised to cross-section for N b-jets ≥ 3 before calculating χ 2 per degree of freedom and p-values. 
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Figure 8: The relative differential cross-section as a function of the b-jet multiplicity in events with at least two b-jets in the eµ channel compared with various MC generators. The t tH and t tV contributions are subtracted from data. Three ratio panels are shown, the first two of which show the ratios of various predictions to data. The third panel shows the ratio of predictions of normalised differential cross-sections from M G 5_aMC@NLO+P 8 including (numerator) and not including (denominator) the contributions from t tV and t tH production. Uncertainty bands represent the statistical and total systematic uncertainties as described in Section 8.

the MC models, the eµ channel benefits from an order of magnitude larger size of the sample containing at least three b-jets.

Distributions for H T and H had T are shown in Figures 9 and10. Assessments of the level of agreement between data and the various MC predictions are presented in Table 8. The data are well described by all MC models in both channels within uncertainties of 10%-30%, except for M G 5_aMC@NLO+P 8, which shows poor agreement in the lepton + jets channel. Major contributions of systematics uncertainties in the measurement from various sources are illustrated in Figure 11. Parton shower modelling is the dominant uncertainty in most regions of H had T . Similar uncertainties are found in the measurement of H T , where the low H T region has relatively larger uncertainties due to QCD radiation scale variations because of softer jets contributing to this region.

The p T distributions of the p T -ordered b-jets are shown in Figure 12 and Figure 13 for events with ≥ 3 b-jets in the eµ channel and ≥ 4 b-jets in the lepton + jets channel, respectively, with quantitative assessments of the level of data-MC agreement shown in Table 9. Most MC predictions describe the data well, except P H +P 8 t tb b (5FS) for the leading and third-highest p T b-jets in events with ≥ 3 b-jets in the eµ channel. As the b-jets from the top-quark decays have a tendency to be harder than the b-jets from additional b-quark production via gluon splitting, the leading and sub-leading b-jet distributions have relatively higher probability to contain the b-jets from the top-quark decays, while the third and the fourth
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Figure 9: Relative differential cross-sections as a function of (a) H T , (b) H had T in events with at least three b-jets in the eµ channel compared with various MC generators. The t tH and t tV contributions are subtracted from data. Four ratio panels are shown, the first three of which show the ratios of various predictions to data. The last panel shows the ratio of predictions of normalised differential cross-sections from M G 5_aMC@NLO+P 8 including (numerator) and not including (denominator) the contributions from t tV and t tH production. Uncertainty bands represent the statistical and total systematic uncertainties as described in Section 8. Events with H T (H had T ) values outside the axis range are not included in the plot.

b-jet distributions contain mainly jets from gluon splitting. The measurement uncertainties are between 10% and 25% depending on the p T of the jet and the top-quark decay channel. Statistical uncertainties are dominant in only the highest p T bins. The uncertainties are dominated by systematic uncertainties in the jet-energy scale and the b-tagging algorithm.

Figures 14 and15 show the distribution of the mass, the angular distance ∆R and p T of the b 1 b 2 system built from the two highest-p T b-jets. The p T of the b 1 b 2 system is measured with a precision of 10%-15% over the full range in the eµ channel and with an uncertainty of 20%-25% in the lepton + jets channel. It is well described by the different MC predictions, which vary significantly less than the experimental uncertainty. The distributions of the ∆R between the two b-jets and the invariant mass of the b 1 b 2 pair are measured with slightly higher uncertainties and also show little variation between the different predictions. Good agreement between the data and the models is confirmed by the p-values listed in Table 10.

Figures 16 and17 show the same observables but reconstructed from the pair of two closest b-jets in the event, i.e. those with the smallest ∆R, denoted by m ∆min bb , p ∆min T,bb , and ∆R ∆min (b, b). The experimental uncertainties are similar to those using the b-jet pair with the highest p T . However, the model variations are larger and P H +P 8 t tb b (5FS) does not describe the data with ≥ 3b-jets in the eµ channel
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Figure 10: Relative differential cross-sections as a function of (a) H T , (b) H had T in events with at least four b-jets in the lepton + jets channel compared with various MC generators. The t tH and t tV contributions are subtracted from data. Four ratio panels are shown, the first three of which show the ratios of various predictions to data. The last panel shows the ratio of predictions of normalised differential cross-sections from M G 5_aMC@NLO+P 8 including (numerator) and not including (denominator) the contributions from t tV and t tH production. Uncertainty bands represent the statistical and total systematic uncertainties as described in Section 8. Events with H T (H had T ) values outside the axis range are not included in the plot.

[GeV] The t tH and t tV contributions are subtracted from data. Four ratio panels are shown, the first three of which show the ratios of various predictions to data. The last panel shows the ratio of predictions of normalised differential cross-sections from M G 5_aMC@NLO+P 8 including (numerator) and not including (denominator) the contributions from t tV and t tH production. Uncertainty bands represent the statistical and total systematic uncertainties as described in Section 8. Events with observable values outside the axis range are not included in the plot. 
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2 - 10 X t t Data- MC 0.6 0.8 1 1.2 1.4 X t t Data- MC 0.5 1 1.5 (4FS) b b t t Powheg+Pythia8 Powheg+Pythia8 (RadHi) Powheg+Pythia8 (RadLo) Powheg+Pythia8 X t t Data- MC 0.5 1 1.5 t t Sherpa 2.2 (4FS) b b t t Sherpa 2.2 (5FS) b b t t PowHel+Pythia8 (4FS) b b t t PowHel+Pythia8 [GeV] 2 b 1 b m 2 10 3 10 QCD b b t t σ d b b t t σ d b b t t σ QCD b b t t σ 0.9 1 1.1 MG5_aMC@NLO+Pythia8 ATLAS lepton+jets channel -1 =13 TeV, 36.1 fb s 4b ≥ 6j, ≥ ) H,V = X ( X t t Data - Powheg+Pythia8 MG5_aMC@NLO+Pythia8 Powheg+Herwig7 Syst. Stat. (a) ] -1 [GeV 2 b 1 b T, p d bb t t σ d bb t t σ 1 4 - 10 3 - 10 2 - 10 X t t Data- MC 0.6 0.8 1 1.2 1.4 X t t Data- MC 0.5 1 1.5 (4FS) b b t t Powheg+Pythia8 Powheg+Pythia8 (RadHi) Powheg+Pythia8 (RadLo) Powheg+Pythia8 X t t Data- MC 0.5 1 1.5 t t Sherpa 2.2 (4FS) b b t t Sherpa 2.2 (5FS) b b t t PowHel+Pythia8 (4FS) b b t t PowHel+Pythia8 [GeV] 2 b 1 b T, p 1 - 10 1 10 2 10 3 10 QCD b b t t σ d b b t t σ d b b t t σ QCD b b t t σ 0.9 1 1.1 MG5_aMC@NLO+Pythia8 ATLAS lepton+jets channel -1 =13 TeV, 36.1 fb s 4b ≥ 6j, ≥ ) H,V = X ( X t t Data - Powheg+Pythia8 MG5_aMC@NLO+Pythia8 Powheg+Herwig7 Syst. Stat. (b) 2 b 1 b R ∆ d bb t t σ d bb t t σ 1 0.2 0.4 0.6 0.8 1 1.2 X t t Data- MC 0.6 0.8 1 1.2 1.4 X t t Data- MC 0.5 1 1.5 (4FS) b b t t Powheg+Pythia8 Powheg+Pythia8 (RadHi) Powheg+Pythia8 (RadLo) Powheg+Pythia8 X t t Data- MC 0.5 1 1.5 t t Sherpa 2.2 (4FS) b b t t Sherpa 2.2 (5FS) b b t t PowHel+Pythia8 (4FS) b b t t PowHel+Pythia8 2 b 1 b R ∆ 1 2 3 4 5 QCD b b t t σ d b b t t σ d b b t t σ QCD b b t t σ 0.9 1 1.1 MG5_aMC@NLO+Pythia8 ATLAS lepton+jets channel -1 =13 TeV, 36.1 fb s 4b ≥ 6j, ≥ ) H,V = X ( X t t Data - Powheg+Pythia8 MG5_aMC@NLO+Pythia8 Powheg+Herwig7 Syst. Stat. (c)

Summary

Measurements of inclusive and normalised differential cross-sections of pairs of top-quarks in association with heavy-flavour jets in 13 TeV pp collisions are presented using a data sample of 36.1 fb -1 collected by the ATLAS detector at the LHC. The results are shown in both the eµ and lepton + jets channels within fiducial phase spaces. The background coming from t t production in association with additional light-flavour and charm-quark jets is evaluated using a fit to a binned b-tagging discriminant. The data after background subtraction are unfolded to particle level to correct for detector and acceptance effects. The fiducial cross-sections are measured for ≥ 3b and ≥ 4b phase spaces in the eµ channel, and for ≥ 5 j, ≥ 3b and ≥ 6 j, ≥ 4b phase spaces in the lepton + jets channel. The two cross-section measurements with the smallest uncertainties, 13% and 17%, are those for ≥ 3b in the eµ channel and ≥ 6 j, ≥ 4b in the lepton + jets channel, respectively. The measured cross-sections, after subtracting estimated contributions from t tH and t tV, are compared with various t tb b predictions and are found to be higher than predicted but compatible within the uncertainties. 5_aMC@NLO+P 8 including (numerator) and not including (denominator) the contributions from t tV and t tH production. Uncertainty bands represent the statistical and total systematic uncertainties as described in Section 8. Events with observable values outside the axis range are not included in the plot. 5_aMC@NLO+P 8 including (numerator) and not including (denominator) the contributions from t tV and t tH production. Uncertainty bands represent the statistical and total systematic uncertainties as described in Section 8. Events with observable values outside the axis range are not included in the plot. The normalised fiducial differential cross-sections are presented as a function of several relevant kinematic variables and global event properties. In general, the different observables are measured with a precision of 10% in most of the phase space, rising to 30% at the edge of the phase space for some of the observables. The observables are well described by most MC predictions in both channels. However, it is worth noting that in all the predictions where additional b-jets are dominantly produced by the parton shower, they predict too few events with more b-jets than those produced in top decays. Only S 2.2 t t describes the full b-jet multiplicity spectrum, and in events with ≥ 3 b-jets it yields the best agreement with data in most of the observables. P H +P 8 t tb b (5FS) shows poor agreement in some of the observables in events with ≥ 3 b-jets in the eµ channel. The differential kinematic distributions are equally well described by predictions that have additional b-jet production that is generated by the parton shower calculation and by predictions with additional b-quarks in the matrix element. 

Figure 1 :

 1 Figure 1: Example Feynman diagrams of processes leading to a t tb b final state, including (a) QCD t tb b production, (b) t tH(H → b b), and (c) t t Z(Z → b b).

Figure 2 :Figure 3 :

 23 Figure 2: Comparison of the data distributions with predictions for the number of b-tagged jets, in events with at least 2 b-tagged jets, in the (a) eµ and (b) lepton + jets channels. The systematic uncertainty band, shown in grey, includes all uncertainties from experimental sources.

Table 4 :

 4 Event categorisation (for the definition of the MC templates) based on the particle-level selections of b-jets, c-jets and light-flavour jets. Category eµ lepton + jets t tb ≥3 b-jets ≥3 b-jets t tc < 3 b-jets and ≥ 1 c-jet < 3 b-jets and ≥ 2 c-jets t tl events that do not meet above criteria events that do not meet above criteria third-highest b-tagging discriminant in the eµ channel, and the two jets with the third-and fourth-highest b-tagging discriminant values in the lepton + jets channel. The discriminant values are divided into five b-tagging discriminant bins such that each bin corresponds to a certain range of b-tagging efficiencies defined by the working points.

Figure 4 :

 4 Figure 4: The b-tagging distribution of the third-highest b-tagging discriminant-ranked jet for the (a) eµ channel, and of the third and fourth b-tagging discriminant-ranked jet for the (b) lepton + jets channel. For clarity, the two-dimensional lepton + jets templates have been flattened into one dimension. The ratios of total predictions before and after the fit to the data are shown in the lower panel. The vertical bar in each ratio represents only the statistical uncertainty, and the grey bands represent the total error including systematic uncertainties from experimental sources. The extracted scale factors α b , α c , α l , α cl are given considering only statistical uncertainties.

Figure 5 :

 5 Figure 5: Comparison of the data distributions with predictions, after applying scale factors, for the number of b-tagged jets, in events with at least 2 b-tagged jets, in the (a) eµ and (b) lepton + jets channels. The systematic uncertainty band, shown in grey, includes all uncertainties from experimental sources.

Figure 6 :

 6 Figure 6: Comparison of the data distributions with predictions for the leading b-tagged jet p T , after applying scale factors, in events with at least 3 b-tagged jets, in the (a) eµ and (b) lepton + jets channels. The systematic uncertainty band, shown in grey, includes all uncertainties from experimental sources. Events that fall outside of the range of the x-axis are not included in the plot.

  (Data -ttX) ATLAS s = 13 TeV, 36.1 fb 1

Figure 7 :

 7 Figure 7: The measured fiducial cross-sections, with t tH and t tV contributions subtracted from data, compared with t tb b predictions obtained using S 2.2 t tb b with uncertainties obtained by varying the renormalisation and factorisation scales by factors of 0.5 and 2.0 and including PDF uncertainties. Comparisons with the central values of the predictions of P +P 8 and P H +P 8 t tb b are also made. No uncertainties are included in the subtraction of the t tH or t tV predictions.

Figure 11 :

 11 Figure 11: Relative systematic uncertainties from various theoretical and experimental sources for H had T variable measured in the (a) eµ and (b) lepton + jets channels.
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Figure 12 :

 12 Figure 12: Relative differential cross-sections as a function of b-jets p T for p T -ordered b-jets in events with at least three b-jets in the eµ channel compared with various MC generators. The t tH and t tV contributions are subtracted from data. (a) leading b-jet p T , (b) sub-leading b-jet p T , (c) third-leading b-jet p T . Four ratio panels are shown, the first three of which show the ratios of various predictions to data. The last panel shows the ratio of predictions of normalised differential cross-sections from M G5_aMC@NLO+P 8 including (numerator) and not including (denominator) the contributions from t tV and t tH production. Uncertainty bands represent the statistical and total systematic uncertainties as described in Section 8. Events with b-jets p T values outside the axis range are not included in the plot.

Figure 13 :

 13 Figure 13: Relative differential cross-sections as a function of b-jets p T for p T -ordered b-jets in events with at least four b-jets in the lepton + jets channel compared with various MC generators. The t tH and t tV contributions are subtracted from data. (a) leading b-jet p T , (b) sub-leading b-jet p T , (c) third-leading b-jet p T , (d) fourth-leading b-jet p T . Four ratio panels are shown, the first three of which show the ratios of various predictions to data. The last panel shows the ratio of predictions of normalised differential cross-sections from M G5_aMC@NLO+P 8 including (numerator) and not including (denominator) the contributions from t tV and t tH production. Uncertainty bands represent the statistical and total systematic uncertainties as described in Section 8. Events with b-jets p T values outside the axis range are not included in the plot.
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Figure 14 :

 14 Figure 14: Relative differential cross-sections as a function of (a) m b 1 b 2 , (b) p T,b 1 b 2 , and (c) ∆R b 1 ,b2 of two highest-p T b-jets in events with at least three b-jets in the eµ channel compared with various MC generators. The t tH and t tV contributions are subtracted from data. Four ratio panels are shown, the first three of which show the ratios of various predictions to data. The last panel shows the ratio of predictions of normalised differential cross-sections from M G 5_aMC@NLO+P 8 including (numerator) and not including (denominator) the contributions from t tV and t tH production. Uncertainty bands represent the statistical and total systematic uncertainties as described in Section 8. Events with observable values outside the axis range are not included in the plot.
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Figure 15 :

 15 Figure 15: Relative differential cross-sections as a function of (a) m b 1 b 2 , (b) p T,b 1 b 2 , and (c) ∆R b 1 ,b 2 of the two highest-p T b-jets in events with at least four b-jets in the lepton + jets channel compared with various MC generators.The t tH and t tV contributions are subtracted from data. Four ratio panels are shown, the first three of which show the ratios of various predictions to data. The last panel shows the ratio of predictions of normalised differential cross-sections from M G 5_aMC@NLO+P 8 including (numerator) and not including (denominator) the contributions from t tV and t tH production. Uncertainty bands represent the statistical and total systematic uncertainties as described in Section 8. Events with observable values outside the axis range are not included in the plot.

  χ 2 per degree of freedom and p-values between the unfolded normalised cross-sections and the various predictions for the three (four) leading b-jet p T measurements in the eµ (lepton + jets) channel. The number of degrees of freedom is equal to the number of bins in the measured distribution minus one.

Figure 16 :

 16 Figure 16: Relative differential cross-sections as a function of (a) m ∆min bb , (b) p ∆min T,bb and (c) ∆R ∆min bb of two closest b-jets in ∆R in events with at least three b-jets in the eµ channel compared with various MC generators. The t tH and t tV contributions are subtracted from data. Four ratio panels are shown, the first three of which show the ratios of various predictions to data. The last panel shows the ratio of predictions of normalised differential cross-sections from M G5_aMC@NLO+P 8 including (numerator) and not including (denominator) the contributions from t tV and t tH production. Uncertainty bands represent the statistical and total systematic uncertainties as described in Section 8. Events with observable values outside the axis range are not included in the plot.

Figure 17 :

 17 Figure 17: Relative differential cross-sections as a function of (a) m ∆min bb , (b) p ∆min T,bb and (c) ∆R ∆min bb of two closest b-jets in ∆R in events with at least four b-jets in the lepton + jets channel compared with various MC generators. The t tH and t tV contributions are subtracted from data. Four ratio panels are shown: the first three show the ratios of various predictions to data. The last panel shows the ratio of predictions of normalised differential cross-sections from M G5_aMC@NLO+P 8 including (numerator) and not including (denominator) the contributions from t tV and t tH production. Uncertainty bands represent the statistical and total systematic uncertainties as described in Section 8. Events with observable values outside the axis range are not included in the plot.

Table 10 :

 10 Values of χ 2 per degree of freedom and p-values between the unfolded normalised cross-sections and the various predictions for the mass, p T and ∆R of the leading two b-jets in the eµ and lepton + jets channels. The number of degrees of freedom is equal to the number of bins in the measured distribution minus one. m b 1 b 2 p T,b 1 b 2 ∆R b 1 b 2 χ 2 / NDF p-value χ 2 / NDF p-value χ 2 / NDF p-value Generator eµ channel, ≥ 3 b

Table 1 :

 1 Summary of the MC sample set-ups used for modelling the signal processes (t t + t tV + t tH) for the data analysis and for comparisons with the measured cross-sections and differential distributions. All samples used the NNPDF3.0NLO PDF set with the exception of the two S samples, which used NNPDF3.0NNLO. The different blocks indicate from top to bottom the samples used as nominal MC (nom.), systematic variations (syst.) and for comparison only (comp.). For details see Section 3.

	Generator sample				Process	Matching	Tune	Use
	P	-B v2 + P	8.210		t t NLO	P	h damp = 1.5m t A14	nom.
	M G	5_aMC@NLO + P	8.210	t t + V/H NLO	MC@NLO	A14	nom.
	P	-B v2 + P	8.210 RadLo	t t NLO	P	h damp = 1.5m t A14Var3cDown syst.
	P	-B v2 + P	8.210 RadHi	t t NLO	P	h damp = 3.0m t A14Var3cUp	syst.
	P	-B v2 + H	7.01		t t NLO	P	h damp = 1.5m t H7UE	syst.
	S	2.2.1 t t				t t +0,1 parton at NLO	M P @N	S	syst.
						+2,3,4 partons at LO	
	M G	5_aMC@NLO + P	8.210	t t NLO	MC@NLO	A14	comp.
	S	2.2.1 t tb b (4FS)			t tb b NLO	MC@NLO	S	comp.
	P H + P	8.210 (5FS)		t tb b NLO	P	h damp = H T /2 A14	comp.
	P H + P	8.210 (4FS)		t tb b NLO	P	h damp = H T /2 A14	comp.
	P	-B v2 + P	8.210 t tb b (4FS) t tb b NLO	P	h damp = H T /2 A14	comp.

Table 2 :

 2 Predicted and observed eµ channel event yields in 2b, ≥ 3b and ≥ 4b selections. The quoted errors are symmetrised and indicate total statistical and systematic uncertainties in predictions due to experimental sources.

	Process	2b		≥ 3b	≥ 4b
	Signal (t t + t tH + t tV) 74 400 ± 2 900	3 200 ± 310	210 ± 29
	t t	74 200 ± 2 900	3 100 ± 310	190 ± 29
	t tH	45.3 ±	6.6	36.5 ± 7.0	9.4 ± 3.3
	t tV	190 ± 16	33.5 ± 6.7	4.4 ± 2.2
	Background	3 150 ± 810	140 ± 53	9.2 ± 5.6
	Single top	2 460 ± 540	96 ± 32	4.1 ± 2.5
	NP and fake lep.	600 ± 600	43 ± 43	5.1 ± 5.1
	Z/γ * +jets	53 ± 13	1.3 ± 0.3	0.07 ± 0.02
	Diboson	38 ± 20	1.0 ± 1.1	< 0.01
	Expected	77 600 ± 3 000	3 320 ± 320	216 ± 30
	Observed	76 425		3 809	267

Table 3 :

 3 

		429 000 ± 42 000	23 700 ± 2 200	22 300 ± 2 100	1 130 ± 110
	t t	426 000 ± 42 000	23 000 ± 2 200	21 700 ± 2 100	1 030 ± 110
	t tH	1 250 ±	58	437 ± 23	351 ± 18	68.3 ± 5.8
	t tV	2 020 ± 110	250 ± 16	215 ± 14	28.3 ± 2.8
	Background	39 500 ± 7 900	2 230 ± 470	2 110 ± 450	87 ± 23
	Single top	16 400 ± 2 000	856 ± 99	803 ± 94	35.7 ± 6.5
	NP and fake lep.	11 000 ± 5 500	740 ± 380	710 ± 360	32 ± 21
	W+jets	8 600 ± 5 300	440 ± 270	410 ± 260	11.0 ± 6.9
	Z/γ * +jets	2 960 ± 480	164 ± 26	155 ± 26	5.9 ± 1.5
	Diboson	529 ±	80	34.0 ±	5.6	32.0 ±	5.5	1.79 ± 0.58
	Expected	469 000 ± 42 000	26 000 ± 2 300	24 400 ± 2 200	1 220 ± 110
	Observed	469 793		28 167		26 389		1 316

Predicted and observed lepton + jets event yields in the ≥ 5 j ≥ 2b, ≥ 5 j ≥ 3b, ≥ 5 j = 3b, and ≥ 6 j ≥ 4b selections. The quoted uncertainties are symmetrised and indicate total statistical and systematic uncertainties in predictions due to experimental sources.

Process ≥ 5 j, ≥ 2b ≥ 5 j, ≥ 3b ≥ 5 j, = 3b ≥ 6 j, ≥

4b

Signal (t t + t tH + t tV)

Table 5 :

 5 Measured and predicted fiducial cross-section results for additional b-jet production in the eµ and the lepton + jets decay channels.

						eµ [fb]	lepton + jets [fb]
					≥ 3b	≥ 4b	≥ 5 j, ≥ 3b	≥ 6 j, ≥ 4b
				181		27	2450	359
	Measured		±	5 (stat) ± 3 (stat)	±	40 (stat)	± 11 (stat)
				± 24 (syst) ± 7 (syst)	± 690 (syst)	± 61 (syst)
	t t X(X = H, V) MC	4		2	80	28
	Measured -t t X		177		25	2370	331
	S	2.2 t tb b (4FS)	103 ± 30	17.3 ± 4.2	1600 ± 530	270 ± 70
	P	+P	8 t tb b (4FS) 104		16.5	1520	260
	P H +P	8 t tb b (5FS) 152		18.7	1360	290
	P H +P	8 t tb b (4FS) 105		18.2	1690	300

Table 6 :

 6 Main systematic uncertainties in percentage for particle-level measurement of inclusive cross-sections in ≥ 3 b and ≥ 4 b phase space.

	Source	Fiducial cross-section phase space
		eµ		lepton + jets
		≥ 3b	≥ 4b	≥ 5 j, ≥ 3b ≥ 6 j, ≥ 4b
		unc. [%] unc. [%] unc. [%]	unc. [%]
	Data statistics	2.7	9.0	1.7	3.0
	Luminosity	2.1	2.1	2.3	2.3
	Jet	2.6	4.3	3.6	7.2
	b-tagging	4.5	5.2	17	8.6
	Lepton	0.9	0.8	0.8	0.9
	Pile-up	2.1	3.5	1.6	1.3
	t tc fit variation	5.9	11	-	-
	Non-t t bkg	0.8	2.0	1.7	1.8
	Detector+background total syst.	8.5	14	18	12
	Parton shower	9.0	6.5	12	6.3
	Generator	0.2	18	16	8.7
	ISR/FSR	4.0	3.9	6.2	2.9
	PDF	0.6	0.4	0.3	0.1
	t tV/t tH	0.7	1.4	2.2	0.3
	MC sample statistics	1.8	5.3	1.2	4.3
	t t modelling total syst.	10	20	21	12
	Total syst.	13	24	28	17
	Total	13	26	28	17

  value χ 2 / NDF p-value

			d t t σ	-jet b d N	10					
			t t σ 1		Data -	t	t	X	X (	=	H	V ,	)
					1	Powheg+Pythia8
						MG5_aMC@NLO+Pythia8
						Powheg+Herwig7
					1 -10	Sherpa 2.2 Syst.	t	t
						Stat.				
				2 -10					
				3 -10					
	eµ channel								
	P	+P	8			18.1 /2			< 0.01 < 0.01 / 1	1.0
	M G	5_aMC@NLO+P	8 14.1 /2			< 0.01	0.05 / 1	0.83
	S	2.2 t t				0.85 /2			0.65	0.06 / 1	0.80
	S	2.2 t tb b (4FS)		-					-	0.37 / 1	0.54
	P H +P	8 t tb b (5FS)	-					-	0.33 / 1	0.56
	P H +P	8 t tb b (4FS)	-					-	0.76 / 1	0.38
	P	+H	7			39.4 /2			< 0.01	0.26 / 1	0.61
	P	+P	8 t tb b (4FS)	-					-	0.28 / 1	0.60
	P	+P	8 (RadHi)	9.2 /2			0.01	0.08 / 1	0.77
	P	+P	8 (RadLo)	27.0 /2			< 0.01	0.01 / 1	0.92

  d

					ATLAS =13 TeV, 36.1 fb s	-1	lepton+jets channel 4b ≥ 6j, ≥	] -1 [GeV		ATLAS =13 TeV, 36.1 fb s	-1	lepton+jets channel 4b ≥ 6j, ≥
	bb t t σ d		2 -10			) MG5_aMC@NLO+Pythia8 H,V = X ( X t t Data -Powheg+Pythia8	bb t t σ d	2 b p T d 10 -2	) MG5_aMC@NLO+Pythia8 H,V = X ( X t t Data -Powheg+Pythia8
	bb t t σ 1	3 -10			Powheg+Herwig7 Syst. Stat.	bb t t σ 1	3 -10	Powheg+Herwig7 Syst. Stat.
	MC	4 -10 X t t Data-0.6 0.8 1 1.2 1.4				MC	4 -10 X t t Data-0.6 0.8 1 1.2 1.4
	MC	X t t Data-	0.5 1 1.5	(4FS) Powheg+Pythia8 (RadHi) b b t t Powheg+Pythia8	Powheg+Pythia8 (RadLo) Powheg+Pythia8	MC	X t t Data-	1 1.5 0.5	Powheg+Pythia8 (RadHi) (4FS) b b t t Powheg+Pythia8	Powheg+Pythia8 (RadLo) Powheg+Pythia8
	X t t Data-QCD b 0.5 1 1.5 b t t σ MC d b b t t σ d b b t t σ QCD b b t t σ 0.9 1 1.1	t PowHel+Pythia8 t Sherpa 2.2 40 2 10 MG5_aMC@NLO+Pythia8 (4FS) b b t t 2 10 × 2	(4FS) (5FS) b b t t [GeV] 1 PowHel+Pythia8 b b t t Sherpa 2.2 b T p 3 10 10 3 × 2	X t t Data-QCD b 1.5 1 0.5 b t t σ MC b d b t t 1.1 σ d b b t t σ b 1 QCD b t t σ 0.9	t PowHel+Pythia8 t Sherpa 2.2 30 40 10 t t 2 b MG5_aMC@NLO+Pythia8 (4FS) b 10 2 Sherpa 2.2 PowHel+Pythia8 b b t t 2 (4FS) (5FS) b b t t [GeV] T p b × 2 10 3
						(a)					(b)
	] -1 [GeV b 3 p T d bb t t σ d 10 -2 1 -10	ATLAS =13 TeV, 36.1 fb s	-1	lepton+jets channel 4b ≥ 6j, ≥ ) H,V = X ( X t t Data -Powheg+Pythia8 MG5_aMC@NLO+Pythia8	] -1 [GeV b 4 bb t t p T 10 -1 d σ d	ATLAS =13 TeV, 36.1 fb s	-1	lepton+jets channel 4b ≥ 6j, ≥ ) H,V = X ( X t t Data -Powheg+Pythia8 MG5_aMC@NLO+Pythia8
	bb t t σ 1	3 -10			Powheg+Herwig7 Syst. Stat.	bb t t σ 1	2 -10	Powheg+Herwig7 Syst. Stat.
											3 -10
	MC	4 -10 X t t Data-0.6 0.8 1 1.2 1.4				MC	X t t Data-	0.6 0.8 1 1.2 1.4
	MC	X t t Data-	0.5 1 1.5	(4FS) Powheg+Pythia8 (RadHi) b b t t Powheg+Pythia8	Powheg+Pythia8 (RadLo) Powheg+Pythia8	MC	X t t Data-	1 1.5 0.5	Powheg+Pythia8 (RadHi) (4FS) b b t t Powheg+Pythia8	Powheg+Pythia8 (RadLo) Powheg+Pythia8
	X t t Data-QCD b 0.5 1 1.5 b t t σ MC d b b t t σ d b b t t σ QCD b b t t σ 0.9 1 1.1	t PowHel+Pythia8 t Sherpa 2.2 30 40 5060 MG5_aMC@NLO+Pythia8 (4FS) b b t t 2 10	(4FS) (5FS) b b t t [GeV] 3 PowHel+Pythia8 b b t t Sherpa 2.2 b T p 2 10 × 2	X t t Data-QCD b 1.5 1 0.5 b t t σ MC b d b t t 1.1 σ d b b t t σ b 1 QCD b t t σ 0.9	t PowHel+Pythia8 t Sherpa 2.2 30 40 5060 MG5_aMC@NLO+Pythia8 (4FS) b b t t 2 10	(4FS) (5FS) b b t t [GeV] 4 PowHel+Pythia8 b b t t Sherpa 2.2 T p b 2 10 × 2 2 10 3 ×
						(c)				

Table 8 :

 8 Values of χ 2 per degree of freedom and p-values between the unfolded normalised cross-sections and the various predictions for the H T and H had T measurements in the eµ and lepton + jets channels. The number of degrees of freedom is equal to the number of bins in the measured distribution minus one.

	H T χ 2 / NDF p-value χ 2 / NDF p-value H had T

Table 9 :

 9 Values of

Table 11 :

 11 Values of χ 2 per degree of freedom and p-values between the unfolded normalised cross-sections and the various predictions for the mass, p T and ∆R of the closest two b-jets in the eµ and lepton + jets channels. The number of degrees of freedom is equal to the number of bins in the measured distribution minus one. NDF p-value χ 2 / NDF p-value χ 2 / NDF p-value Generator

	m ∆min bb	p ∆min T,bb	∆R ∆min bb
	χ 2 /		

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 upward. Cylindrical coordinates (r, φ) are used in the transverse plane, φ being the azimuthal angle around the z-axis. The pseudorapidity is defined in terms of the polar angle θ as η =ln tan(θ/2). The angular separation between two points in η and φ is defined as ∆R = (∆η)

+ (∆φ) 2 .

Electrons and muons from τ decays are thus included.

Here fake leptons also include non-prompt leptons.
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