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Measurements of fiducial cross-sections for t\bart production
with one or two additional b-jets in pp collisions at s =8
TeVusing the ATLAS detector
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1 Introduction

The measurement of top quark pair)(production in asso-
ciation with one or more jets containirfighadrons (hence-
forth referred to ab-jets) is important in providing a detailed
understanding of quantum chromodynamics (QCD). The
most accurate theoretical predictions for these processes
are pxed-order calculations at next-to-leading order (NLO)
accuracy 1£8] in perturbative QCD (pQCD), which have
been matched to a parton showeBq]. These calcula-
tions have signibcant uncertainties from missing higher-
order terms7, 8], making direct experimental measurements
of this process desirable. The measurement of such cross-
sections in Pducial phase-spaces, debPned to correspond as
closely as possible to the acceptance of the ATLAS detector,
can be compared to theoretical predictions using the same
Pducial requirements. This minimises theoretical extrapo-
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lations to phase-space regions that are not experimentaligcluding a requirement of four-tagged jets. This analysis
measurable. results in a high signal-to-background ratio and relies on the
Moreover, following the discovery of the Higgs bos® [ Monte Carlo (MC) estimates of the background, including
10], the Standard Model prediction for the top quark Yukawathe tt background with additional jets containimgguarks
coupling can be tested via a measurement ofthieassoci-  (c-jets) or only light quarks and gluons (light jets). The sec-
ated production cross-section. Due to the large Higgs branciond applies a looser selection and extracts the signal cross-
ing ratio tob-quarks, thetH  ttbb channel is promising, section from a bt to the distribution of a multivaridiget
but suffers from a large and poorly constrained backgrounéientibcation discriminant. This second method, referred to
of events with top pairs and additiortajets from QCD pro- as the bt-based analysis, conbrms the validity of the back-

cesses]1b13]. ground predictions used in the cut-based approach, and offers
Measurements oft production with additional heavy- a measurement of the ratio of cross-sections for events with

Ravour jets have been performed by ATLAS ak = two additionalb-jets and all events with two additional jets.

7 TeV [14] and CMS at s=8 TeV [15,16]. The ATLAS The Pducial measurements are made considering both

measurement reported a ratio of heavy Bavour to all jetelectroweak (e.g. frord boson decays) and QCD produc-

produced in association withta pair where heavy Bavour tion of the additionab-quarks as signal. In order to compare

includes both bottom jets as well as charm jets. The CM30 NLO pQCD theory predictions, the measurements are also

measurement is a Pducial measurement of events with twaresented after subtracting the electroweak procetdegy

leptons and four or more jets, of which at least two are ideneorresponding to % or Z boson) andtH.

tiPed as containing le-hadron. The paper is organised as follows. First, the dePnitions of
This paper presents measurements of Pducial crosghe bPducial regions are given in Se2t.The ATLAS detec-

sections fott production in association with one or two addi- tor is brieRy described in Sec®, followed in Sect4 by a

tionalb-jets. Because the top quark decays almost exclusivelgiescription of the data and simulated samples used. Séction

to ab-quark and &/boson, these processes have three or foudescribes the reconstruction of physics objects in the detector

b-jets in the Pnal state. The particle-level objects are requirednd presents the event selection used. The sources of system-

to be within the detector acceptanceg df< 2.5, where is  atic uncertainties affecting the measurements are described

the pseudorapidity.The jets are required to have transversein Sect.6. Section7 describes the analysis techniques used

momenta above 20 GeV and the electrons and muons to extract the cross-sections and their uncertainties. The bnal

have transverse momenta above 25 GeV. The lepton-plusfoss-sections are presented in Séahd compared to recent

jets and dileptondu) channeld are used to perform two theoretical predictions. Finally, Sed.gives brief conclu-

measurements of the cross-section for the productian of sions.

events with at least one additionajet. In both cases, the

signal cross-section is extracted from a bt to a multivariate

discriminant used to identifi-tagged jets17]. The lepton- 2 Measurement debnition

plus-jets channel has a higher acceptance times branching

ratio, but suffers from a signibcant background of events irThis section details the particle-level bPducial phase-space

which theW boson decays to@ and a light quark. debnitions. Particle-level object debnitions that are common
Two analysis techniques are used in the dilepton channeb all measurements are described in S2dt. The particle-

(ee pp andeyt) to measure a cross-section for the productiorievel event selection is then discussed in S&@.describing

of tt events with two additionab-jets. The brst, referred to prst the bducial selection used to debne the cross-section,

as the cut-based analysis, applies very tight selection criteriand then, where relevant, the selection used to debne the

templates that are bt to the data.
1 ATLAS uses a right-handed coordinate system with its origin at the
nominal interaction point (IP) in the centre of the detector andzthe 2.1 Particle-level object depPnitions

axis along the beam pipe. Theaxis points from the IP to the centre of

the LHC ring, and the-axis points upwards. Cylindrical coordinates . . . . .
(r, ) are used in the transverse planebeing the azimuthal angle 1€ particle-level debnition of objects is based on particles

around thez-axis. The pseudorapidity is dePned in terms of the polarwith a proper lifetime particie > 3% 10°1s. The dePnitions
angle as =S Intan(/ 2). Angular distance is measured in units of ysed here follow very closely previous ATLAS$ bducial

R () 2+() = ) ] debnitions 18]. Fiducial requirements are placed only on
2 Unless otherwise specibed, OleptonsO refers exclusively to electrqags and charged leptons.
and muons. The top quark pair production channels are labelled accord-

ing to the decay of the twd/bosons. The lepton-plus-jets channel refers Electrons and muons: Prompt electrons and muons, i.e.
to events where oné/ boson from a top quark decays to hadrons, the .
other to an electron or muon (either directly or vialepton). Dilepton ~ those that are not hadron decay products, are considered

events are those in which boitibosons decay to an electron or muon. for the bducial lepton debnition. Electrons and muons are
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dressed by adding to the lepton the four-vector momenta ait least one or at least two extra jets. The classibcation is
photons within a cone of size R = 0.1 around it. Leptons based on the number of leptons and the number and RBavour
are required to havpr > 25 GeVand | < 2.5. of the jets passing the Pducial object selection. Cross-section

Jets: Jets are obtained by clustering all stable pamclesmeasurements are reported in the following three Pducial
hase-spaces:

except the leptons, dressed with their associated photons,
and neutrinos that are not hadron decay products, using th
antik; algorithm [L9ER1] with a radius parameteR = 0.4.
Particles from the underlying event are included in this def-
inition, whereas particles from additional inelastic protonb
proton collisions (pile-up) are not included. The products
of hadronically decaying leptons are thus included within
jets. Photons that were used in the debnition of the dresse
leptons are excluded from the jet clustering. Particle jets are

i > < 25. . . " .
required to havepr 20 GeV and | 2.5. The pr For the ttbb bducial region, additional requirements are

threshold for particle-level jets is optimised to reduce the . . ;
) L Rlaced onthe invariant mass of the lepton pair. For all Bavours
uncertainty of the measurement; it is chosen to be lower tha

the 25 GeV threshold used for reconstructed jets (seeSect. of lepton pairs, the invariant mass (.)f the two leptoms
. . . . must be above 15 GeV. In events with same-3avour leptons,
as jets with a truepr just below the reconstruction thresh-

. . . i S >
old may satisfy the event selection requirement due to the must also satisiym S mz| > 10 GeV, wheremz

. . . . IS the mass of th& boson. Tablel summarises the pducial
jet energy resolution. This effect is enhanced by the Steeplgebnition of all three phase-spaces
falling pr spectra for the additional jets. A similar choice '

is not necessary for electrons and muons due to their bettsr
energy resolution. ’

% ttb lepton-plus-jetsrefers tott events with exactly one
lepton and at least bve jets, of which at least three are
b-jets;

€ ttb eu refers tott events with one electron, one muon,
and at least threle-jets;

§ ttbb dilepton refers tott events with two leptons and

least fourb-jets.

2.2 Template debnitions

Jet Bavour identibcation: A jet is dePned as bjet by its  The measurements based on bts determine the signal and
association with one or mokehadrons withpt > 5 GeV.To  background contributions using templates of taagging
perform the matching betwednhadrons and jets, the mag- discriminant for the various categories of events. Bechtise
nitudes of the four-momenta bfhadrons are brst scaled to jets, c-jets and light jets give different distributions for the

a negligible value (in order to not alter normal jet recon-discriminant, the non-signat events are split according to
struction), and then the modibdshadron four-momenta the Ravour of the additional jet(s) in the event.

are included in the list of stable particle four-momenta upon In particular, thettb analyses debne the signal template
which the jet clustering algorithm is run, a procedure known(ttb) using the same requirements on the jets as used for the
asghost-matching22). If a jet contains d-hadron after this  cross-section debnition, and similar templates are debned for
re-clustering, it is identiPed asbgjet; similarly, if a jet con-  c-jets ¢tc) and light jets {tl). With two additional jets, the
tains nob-hadron but is ghost-matched tocéhadron with  ttbb bt-based measurement has a larger number of possible
pr > 5 GeV, itis identiPed as ejet. All other jets are  Ravour combinations. The templates of different combina-
considered light-RBavour jets. tions are merged if they have similar shapes and if they are

Overlap between objects:In order to ensure isolation of produced through similar processes. This results in four tem-

all objects considered, events are rejected if any of the jetglates:ttb_k_), ttb X, ttcX andtt| X. . . o
satisfying the bducial requirements lie withinR = 0.4 of In addition, because the lepton kinematics do not signif-
a dressed, prompt lepton icantly affect the distributions of thie-jet discriminant, the

dilepton bt measurements do not include the lepton require-
2.2 Fiducial event selection ments in the template debnitions. For these analyses, a cor-
rection for the bPducial acceptance of the leptons thus needs

The bducial object dePnitions given above are used to cla&0 be applied {q). Thettb lepton-plus-jets analysis uses the
sify events as signal or background. This is described i§@me lepton requirements in debning the templates as are
Sect.2.2.1 Section2.2.2dePnes the templates used in theused for the signal debnition.

bt-based measurements. Table 2 shows the complete set of criteria used in the
Pducial debnitions of the various templates. For the lepton-
2.2.1 Signal event selection plus-jets analysis, contributions frodv cq(q = s,d)

decays where the-hadron is matched to one of the bducial
The signal debnitions are related to the Pducial debnition géts are included in thigc template; this contribution is found
either a lepton-plus-jets or a dilepttindecay topology with  to dominate over that frortt with additional heavy Ravour.
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Table 1 Summary of the three — - - -
sets of bducial selection criteria  Fiducial requirement ttb lepton-plus-jets ttb e ttbb dilepton

employed for thetb andttbb

cross-section measurements.  Neptons(PT > 25 GeV | | < 2.5) 1 2 2
The jetblepton isolation (R, j) Lepton RBavours eandp ey only ee uu andep
requires R> 0.4 betweenany m > 15 GeV 5} 5} Yes
of the jets and the leptons IMegy: S 91GeV| > 10 GeV D D Yes
Niets (Pt > 20 GeV,| | < 2.5) 5 3 4
Nb$jets 3 3 4
R ;>04 Yes Yes Yes

Table2 Particle-level debnitions used to classify seletteentsinto  tices used to identify jets containing heavy-Ravour hadrons.
templates for the likelihood bts. The categories depend on the numbgy s followed by a silicon microstrip tracker, which has four
of jets and number df- andc-jets within the Pducial region layers in the barrel region. These silicon detectors are com-

Shorthand notation Particle-level event requirements plemented by a transition radiation tracker, which enables
for the templates radially extended track reconstruction up|ty = 2.0. The
ttb lepton-plus-jets transition radiation tracker also provides electron identib-
tth Meptons= 1. Mets 5 andnpsjers 3 cation information based on the fraction of hits (typically
tte Meptons= L, Njets 5 andnpgjeis = 2 and 30 in total) above a higher energy-deposit threshold corre-
Nesjets 1 sponding to transition radiation. The ID reconstructs ver-
ttl Other events tices with spatial resolution better than 0.1 mm in the direc-
ttb e tion longitudinal to the beam for vertices with more than ten
ttb Nets 3 andnpgjets 3 tracks. _ o
ttc Nets  3andnpsjes 2 andnegjers 1 The calorimeter system covers the pseudorapidity range
- Other events | | < 4.9. Within the region| | < 3.2, electromagnetic
ttbb dilepton bt-based calorimetryis provided by barrel and endcap high-granularity
ttbb Nets 4 andnpsjes 4 lead/liquid-argon (LAr) electromagnetic calorimeters, with
ets . . .
e an additional thin LAr presampler coveri < 18, to
ttbX Mogjers = 3 P b 9
Jets correct for energy loss in material upstream of the calorime-
ttcX No&jets = 2 andncgjets 1 . . . . S
lx Other events ters. Hadronic calorimetry is provided by a steel/scintillating-

tile calorimeter, segmented into three barrel structures within
| | < 1.7, and two copper/LAr hadronic endcap calorime-

ters. The solid angle coverage is completed with for-
The ttbb cut-based measurement does not make Use Qfarg copper/LAr and tungsten/LAr calorimeter modules

templates for btting. Events are considered as signal if theyptimised for electromagnetic and hadronic measurements
meet the dePnition dibbin Sect.2.2.1 all othertt events respectively.

are considered background. The muon spectrometer (MS) comprises separate trigger
and high-precision tracking chambers measuring the del3ec-
tion of muons in a magnetic beld generated by supercon-
3 ATLAS detector ducting air-core toroids. The precision chamber system cov-
ers the region | < 2.7 with three layers of monitored drift
The ATLAS detector 23] at the LHC covers nearly the types, complemented by cathode strip chambers in the for-
entire solid angle around the collision point. It consists ofy,5rq region, where the background is highest. The muon
an inner tracking detector surrounded by a thin superconyigger system covers the rangé < 2.4 with resistive-plate
ducting solenoid, electromagnetic and hadronic calorimeterghampers in the barrel, and thin-gap chambers in the endcap
and a muon spectrometer incorporating three large supercopsgions.
ducting toroid magnets. The inner-detector system (ID) is A three-level trigger system is used to select interesting
immersed in a 2T axial magnetic beld and provides chargedsyents p4]. The Level-1 trigger is implemented in hardware
particle tracking in the range| < 2.5. and uses a subset of detector information to reduce the event
A high-granularity silicon pixel detector covers the verteXrate to a design value of at most 75 kHz. This is followed by

region and typically provides three measurements per trackyo software-based trigger levels which together reduce the
the Prst hit being normally in the innermost layer. This pixeleyent rate to about 400 Hz.

detector is important for the reconstruction of displaced ver-
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4 Data samples and MC simulations (v1.3.33) B8] with the CTEQ6L1PDF set.Pythia 6.426
with the AUET2B tune 9] was used for showering. The top
4.1 Data samples quark production and decay was performedviadGraph

andtt + Z/  interference was included. TheV samples
The results are based on protonbproton collision data codre normalised to the NLO cross-section predictidi®s41].
lected with the ATLAS experiment at the LHC at a centre—tt—H : ThettH process was simulated using NLO matrix ele-

ectod under stable beam conditons ith allrelovantdetectdfST1S ©O7PP TH provided by theHELAC: Oneloop
ackage 42], interfaced toPythia 8.175 B3] through

subsystems operational are used. Events are selected us &NhegBox [27], also known as the>owhel approach
single-lepton triggers witfpr thresholds of 24 or 60 GeV for 44]. The matrix-element calculation was performed using

electrons and 24 or 36 Gey for muons. The triggers with th%heCTlO PDF set and the parton shower usedahi#2CT10
lower pt threshold include isolation requirements on the can-

didate lepton in order to reduce the trigger rate to an accepEune B9]. The sample is normalised to the NLO cross-section

able level. The total integrated luminosity available for the
analyses is 28 fbS1.

prediction and uses the SM values for the Higgs boson
branching ratios46.

W/ Z+jets: Samples ofV+jets andZ/  +jets were gener-
4.2 Signal and background modelling ated using thélpgen v2.14 [47]leading-order (LO) gener-

ator and th€ TEQ6L1PDF setf8]. Parton shower and frag-
The sample composition for all analyses is dominated bynentation were modelled witRythia 6.426 p9]. To avoid
tt events. Contributions from other processes arise frondouble-counting of partonic conbgurations generated by both
WHjets, Z+jets, single top ttchannel,Wt and s-channel), the matrix-element calculation and the parton-shower evolu-
dibosons WW,WZ Z2) and events with one or more non- tion, a partonbjet matching scheme (OMLM matchirg) [
prompt or fake leptons from decays of hadrons. In thesavas employed. Th&//Z+jets samples were generated with
measurementstV (whereV corresponds to W or Zboson)  up to bve additional partons, separately for production in
andttH events that pass the bducial selection are considerexssociation withb-quarks,c-quarks and light quarks. The
as part of the signal. Results with those processes removederlap between events with heavy-Ravour quarks obtained
are also provided to allow direct comparison to theory prefrom the matrix element and the parton showers was removed
dictions at NLO in pQCD matched to parton showers (seeaising a scheme based on angular separation between the
Sect.4.4). All backgrounds are modelled using MC simula- heavy quarks. Th&V/Z+jets backgrounds are normalised
tion except for the non-prompt or fake lepton backgroundto the inclusive NNLO theoretical cross-secti@d]. In the
which is obtained from data for théb lepton-plus-jets and dilepton channel, a data-driven method is used to validate the
ttb eu analyses, as described below. Z+jets normalisation. A region enriched X+jets events is
dePned by inverting the requireménteg,y S 91GeM >
10 GeV. The data are found to agree with the prediction in
all lepton channels.

tt: The nominal sample used to modelevents was gener-
ated using th@owhegBox (version 1, r2330) NLO genera-
tor [25E27], with the NLOCT10parton distribution function
(PDF) [28] assuming a top quark mass of 172.5 GeV. It wasDibosons: Samples ofWW/WZ/ZZ+jets were generated
interfaced td’ythia 6.427 P9 withthe CTEQ6L1[30] PDF  usingAlpgen v2.14 [47]. Parton shower and fragmentation
and the Perugia2011@7]] settings for the tunable parame- were modelled witiHerwig 6.520[51]. Sherpa 1.4.3[52D
ters (hereafter referred to as tune). Th@amp parameter 55] samples including massive and c-quarks with up to
of PowhegBox, which controls thepr of the brst addi- three additional partons were used to cover\Wi&channel
tional emission beyond the Born conbguration, was set twith the Z decaying to hadrons, which was not taken into
Mp = 1725 GeV. The main effect of this is to regulate account in theAlpgen samples. All diboson samples are
the highpr emission against which thig system recoils. normalised to their NLO theoretical cross-sectid®;57] as

In Figs.1 and 2, tables of event yields, and comparison tocalculated with MCFM $8]; the NLO PDF seMSTW2008
predictions, thét sample is normalised to the theoretical cal-was used for all decay channels.

culation of 25% 13 pb performed at next-to-next-to leading
order (NNLO) in QCD that includes resummation of next-
to-next-to-leading logarithmic (NNLL) soft gluon terms with
Top++2.0 [32B87]. The quoted uncertainty includes the scale
uncertainty and the uncertainties from PDF ardhoices.

Single top: Background samples of single top quarks cor-
responding to the-channel,s-channel andNt production
mechanisms were generated wlRbwhegBox (version 1,
r2330) R5ER7] using theCT10 PDF set 28]. All samples
were interfaced t®ythia 6.426 R9] with the CTEQ6L 1set
ttV: The samples oftV with up to one additional par- of parton distribution functions and the Perugia2011C tune.
ton were generated with thMadGraph v5 generator In the dilepton channels, only th&t process is considered.
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Fig. 1 Jet multiplicity, b-tagged jet multiplicity, and transverse inal predictions from Monte Carlo simulation; thashed areahows
momentunpr of the jet with the third highest MV1c value inthe lepton- the total uncertainty on the prediction. Thettom sub-ploshows the
plus-jets channel. Events are required to have at least bve jets, at leaatio of the data to the prediction. The non-prompt and fake lepton back-
two b-tagged jets and one lepton. The data are showlak points  grounds are referred to as ONP & fakesO. The last bin of the distribution
with their statistical uncertainty. The stacked distributions are the nomincludes the overfZow

Overlaps between thié and Wt bnal states were removed taking into account the effects of multipfg interactions

according to the inclusive Diagram Removal sche39.[ based on the pile-up conditions in the 2012 data. The pile-
The single-top-quark samples are normalised to the approxip interactions are modelled by overlaying simulated hits
imate NNLO theoretical cross-section80p62] using the  from events with exactly one inelastic (signal) collision per

MSTW2008NNLO PDF set.

bunch crossing with hits from minimum-bias events that are

All event generators usingerwig 6.520 [51] were also  produced withPythia 8.160 using the A2M tune4f] and
interfaced toJimmyv4.31 [63] to simulate the underlying the MSTW2008LO PDF [66]. Finally the samples were
event. The samples that usbérwig or Pythia for show-  processed through a simulatio®7] of the detector geom-
ering and hadronisation were interfacedPfootos [64] for  etry and response usi@eant4 [68]. All simulated samples
modelling of the QED bnal-state radiation ahaliola [65]  were processed through the same reconstruction software as
for modelling the decays of leptons. ThettH sample the data. Simulated events are corrected so that the object
was interfaced td®hotos++. All samples were simulated identibcation efpciencies, energy scales and energy resolu-
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momentumpry of the jets with the third and fourth highest MV1c val-
ues, in the dilepton channel using ttibb bt-based selection; events
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uncertainty. The stacked distributions are the nominal predictions from
Monte Carlo simulation; theashed areahows the total uncertainty on

the prediction. Théottom sub-ploshows the ratio of the data to the
prediction. The non-prompt and fake lepton backgrounds are referred
to as ONP & fakesO. The last bin of the distribution includes the overRow

tions match those determined in data control samples. T3 Backgrounds with fake or non-prompt leptons

alternativett samples described in Seét3, used for evaluat-

ing systematic uncertainties, were instead processed with tlevents with fewer prompt leptons than required may satisfy
ATLFAST- Il [67] simulation. This employs a parameteri- the selection criteria if one or more jets are mis-identibed
sation of the response of the electromagnetic and hadronas isolated leptons, or if the jets include leptonic decays of
calorimeters, an@eant4 for the other detector components. hadrons which then satisfy lepton identibcation and isolation
The nominaltt sample is processed with baBeant4 and  requirements. Such cases are referred to as fake leptons.
ATLFAST- II; the latter is used when calculating the gener- In the lepton-plus-jets channel, this background is esti-
ator uncertainties. mated from data using the so-callethtrix method69]. A
Table3 provides a summary of basic settings of the MCsample enhanced in fake leptons is selected by removing the
samples used in the analysis. The alternatigamples used lepton isolation requirements and, for electrons, loosening
to evaluate thdt generator uncertainties are described inthe identibcation criteria (these requirements are detailed in
Sect.6.3 Sect.5.1). Next, the efbciency for these OlooseO leptons to
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Table 3 Summary of the Monte Carlo event generators used in the analyses. Generators used only for evaluating systematic uncertainties are not

included

Sample Generator PDF Shower Normalisation
tt PowhegBox (version 1, r2330) CT10 Pythia 6.427 NNLO +NNLL
W+ jets Alpgen v2.14 CTEQ6L1 Pythia 6.426 NNLO

Z+jets Alpgen v2.14 CTEQ6L1 Pythia 6.426 NNLO

Single topt-channel PowhegBox (version 1, r2330) CT10 Pythia 6.426 Approx. NNLO
Single tops-channel PowhegBox (version 1, r2330) CT10 Pythia 6.426 Approx. NNLO
Single topWtchannel PowhegBox (version 1, r2330) CT10 Pythia 6.426 Approx. NNLO
WZ(excludingZ  qq) Alpgen v2.14 CTEQ6L1 Herwig 6.520 NLO

WZ(Z qq) Sherpa 1.4.3 CT10 Sherpa 1.4.3 NLO

WW, 2z Alpgen v2.14 CTEQ6L1 Herwig 6.520 NLO

ttv MadGraph v5 (v1.3.33) CTEQ6L1 Pythia 6.426 NLO

ttH Powhel CT10 Pythia 8.175 NLO

Table 4 Details of the theoretical cross-section calculations Nraal- Pythia_calculations were done with three different options for the
Graph5_aMC@NLO, two different functional forms are used for the g  bb splitting, as described in the text. TRewhegBox sample is
renormalisation and factorisation scales. Additionally, the leading-ordethe one used for the nomingl prediction in the analyses

Sample Generator Shower PDF b mass [GeV] Tune

ttbb MadGraph5_aMC@NLO Pythia 8.205 CT10f4 4.8 Monash

ttbb Powhel Pythia 8.205 CT10nlo 0 Monash

tt + 3 partons MadGraph5 Pythia 6.427 CT10 4.8 Perugia2011C
tt Pythia 8.205 Pythia 8.205 CTEQL1 4.8 ATTBAR

tt PowhegBox Pythia 6.427 CT10 0 Perugia2011C

satisfy the tight criteria is measured in data, separately fofable4. In each case the Pducial phase-space cuts are applied
prompt and for fake leptons. For prompt leptons it is takerusingRivet 2.2.1 [70]. _
from a sample o boson decays, while for fake leptonsitis ~ Two generators are used which employ Nti®b matrix
estimated from events with low missing transverse momenelements with the top quarks being produced on-shell. A
tum or high lepton impact parameter. With this informationMadGraph5_aMC@NLO sample was generated in the
the number of fake leptons satisfying the tight criteria can benassive 4-Bavour scheme (4FS), using two different func-
calculated. tional forms for the renormalisation and factorisation scales:
In thettb eu analysis, this background is estimated fromp = mtlés pr(b) pr(b) va (the BDDP p] form), andp =
data using events where_ the two leptons _have ele_ctrlcaél Hr=1 . m2+ p2 ., where the sum runs over all Pnal-
charges with the same sign. Processes which contain twd 41 : ! )
prompt leptons with the same sign, sucht@&, and cases state particles. Rowhel sample was generated as described

of lepton charge mis-identibcation, are subtracted from th@ Ref. [, with the top quark mass set to 173.2 GeV. The

same-sign data using MC simulation. In thieb measure- rlenormgllsanon anq fac_tonsatlon sc_ales were sqt te
Ht, with the sum in this case running over all Pnal-state

ments, the background is less important, as the higher jét' "' les in th derlving B b i |
multiplicity requirement means fewer additional jets avajl-Particles in the underlying Born conbguration. In contrast

able to be mis-identibed as leptons. In this case the back? MadGraph5_aMC@NLO, this sample employed the 5-

ground is estimated from the simulation samples describe%"’wm,Jr scheme (5FS), Wh'Ch_ unlike the 4FS_ tréamjarkg i
above. as being massless and contains a resummation of logarithmi-

cally enhanced terms from collinegr  bb splittings [71].

In order to regularise the divergence associated with gluon
splitting into a pair of massledsb quarks, the transverse
momentum of each-quark, and the invariant mass of thie

pair, were all required to be greater than 2 GeV. This implies
The measured bducial cross-sections are compared to a #eat the 5FS calculation does not cover the entire phase-space
of theory predictions obtained with the generators shown irmeasured by thib analyses. However, the missing events,

4.4 Predictions fott with additional heavy Ravour
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in which a second-quark is produced withpt below 2  2.47. Candidates in the electromagnetic calorimeter bar-
GeV, or twob-quarks have invariant mass below 2 GeV,rel/lendcap transition region.37 < | custel < 1.52 are
are expected to contribute only a small amount to the Pduexcluded. The longitudinal impact parameter of the track
cial cross-section. The prediction for ttibb Pducial cross- with respect to the primary vertexzo|, is required to be
section is unaffected by the generator cuts. BothMiagl- less than 2 mm. Electrons must satisfy tight quality require-
Graph5_aMC@NLO and Powhel samples use®ythia ments based on the shape of the energy deposit and the match
8.205 [72] with the Monash tune73] for the parton shower. to the track to distinguish them from hadrons. Additionally,
The cross-sections are also compared to predictions iisolation requirements are imposed based on nearby tracks or
which the additionab-quarks are not present in the matrix- calorimeter energy deposits. These requirements depend on
element calculation and are only created in the parton showehe electron kinematics and are derived to give an efpciency
ThePowhegBox sample is the same one used for the nomthat is constant with respect to the electfén and . The
inal tt prediction, described in Sect.2 A merged sam- cell-based isolation uses the sum of all calorimeter cell ener-
ple containing at bnal state with up to three additional gies within a cone of R = 0.2 around the electron direc-
partons b, c, or light) was generated witMadGraph5 tion while the track-based isolation sums all track momenta
interfaced toPythia 6.427 with the Perugia2011C3]]  within a cone of R = 0.3;in both cases the track momen-
tune. Finally, in order to assess the effect of the differentum itself is excluded from the calculation. A set of isolation
descriptions of they bb splitting in the parton shower, selection criteria with an efbciency of 90 % for prompt elec-
a sample consisting of L@t matrix elements was gen- trons inZ eeevents is used in thigh analyses. Due to
erated withPythia 8.205 [/2] using the ATTBAR tune the reduced fake lepton background in ttieb analyses, a
[74]. The inclusive cross-section of the sample was norlooser 98 % efpcient set of selection criteria is used.
malised to the NNLO+NNLL result32B87]. Pythia 8
offers several options for modelling bb splittings in  Muons: Muon candidates are reconstructed by matching
the Pnal-state parton showers, which may be accessed bycks formed in the muon spectrometer and inner detec-
varying theTimeshower:weightGluonToQuark (wgtq) tor. The Pnal candidates are rebt using the complete track
parameter 75]. Differences between the models arise byinformation from both detector systems, and are required to
neglecting (wgtg5) or retaining (wgtq3, wgtg6) the mass-have pr > 25GeV,| | < 2.5, and|z| < 2mm. Muons
dependent terms in the bb splitting kernels. Differ- must be isolated from nearby tracks, using a cone-based
ences also arise with respect to the treatment of the higlalgorithm with cone size Risp = 10 GeV p# All tracks
my; region, with speciPc models giving an enhanced omwith momenta above 1 GeV, excluding the muonOs track, are
suppressedy bb rate. The model corresponding to considered in the sum. The ratio of the summed track trans-
wgtq3 was chosen to maximise this rate. Finally, some oferse momenta to the mugs is required to be smaller than
the models (wgtg5, wgtq6) offer the possibility to choose5 %, corresponding to a 97 % selection efbciency for prompt
sgtam,; instead of the transverse momentum as the argunuons fromZ  pu decays. If a muon and an electron are
ment of g in theg bb vertices. Here sgtq refers to formed from the same track, the event is rejected.
theTimeShower:scaleGluonToQuark parameter, and is
allowed to vary in the range.B®5  sgtq 1, with larger  Jets: Jets are reconstructed with the atialgorithm [L9D
values giving a smalley  bb rate and vice versa. For the 21] with a radius parameteR = 0.4, using calibrated
model wgtg5, sgtq was set to 1, a combination that minimisetpological clustersZ3] built from energy deposits in the
theg  bb rate, while for wgtq6, sgtq was set to 0.25. calorimeters. Prior to jet bPnding, a local cluster calibration
scheme is applied to correct the topological cluster ener-
gies for the non-compensating response of the calorimeter,

5 Object and event selection dead material, and out-of-cluster leaka@e|[ The correc-
tions are obtained from simulations of charged and neu-
5.1 Object reconstruction tral particles. After energy calibration, jets are required to

havepr > 25 GeV and | < 2.5. To avoid selecting jets

A description of the main reconstruction and identipcatiorfrom secondary interactions, a jet vertex fraction (JVF) cutis

criteria applied for electrons, muons, jets dnjits is given ~ applied [/8]. The variable is dePned as the ratio of two sums
below. of the pr of tracks associated with a given jet and that satisfy

pr > 1GeV. Inthe numerator, the sum is restricted to tracks
Electrons: Electron candidates/p] are reconstructed from compatible with the primary vertex, while in the denominator
energy clusters in the electromagnetic calorimeter that arhe sum includes all such tracks. A requirement that its value
matched to reconstructed tracks in the inner detector. Thiee above 0.5 is applied to jets with < 50GeV,| | < 2.4,
electrons are required to hatlg > 25GeV and ¢jystel < and at least one associated track.
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During jet reconstruction, no distinction is made between The lepton-plus-jetttb analysis requires at least bve jets,
identibed electrons and other energy deposits. Therefore, @t least two of which must bietagged. For this analysis;
any of the jets lie within R = 0.2 of a selected electron, jetrejection is important so the MVIstagging algorithm is
the single closest jet is discarded in order to avoid doubleused, at a working point with 80 % efpciency fojets from
counting electrons as jets. After this, electrons or muongop quark decays. This working point is optimised to give
within R = 0.4 of a remaining jet are removed. the lowest total expected uncertainty on the measurement.
The ttb e andttbb bt-based dilepton analyses require at

b-tagged jets:Jets are identiPed as likely to originate from least three jets, two of which have to beéagged. The same
the fragmentation of b-quark p-tagged) using multivariate 0-tagging algorithm and working point as in the lepton-plus-
techniques that combine information from the impact parami€ts analysis is used to improve the separation betvbeen
eters of associated tracks and topological properties of se@ndc-jets. Thettbb cut-based analysis requires exactly four
ondary and tertiary decay vertices reconstructed within thé-tagged jets; for this analysis the MV1 algorithm is used
jet [17]. The multivariate algorithms are trained either using@t & working point with 70% efbciency fdrjets from top
only light-Ravour jets as background (the OMV10 algorithmflecays. For this analysis, the tighter working point is chosen
or additionally including charm jets in the background toto reducethe background as much as possible, while the MV1
improve the charm jet rejection (the OMV1cO algorithm). Thalgorithm is chosen since the impact of thget background
efbciency of identibcation in simulation is corrected to thaon the analysis is less important. Tatlesummarises the
measured in data, separately for each Ravour ofijg7p].  Selection criteria applied to the analyses.

For the analyses using a binned bt of thagging discrim- After these selection criteria are applied, the number of

inant, the probability for a simulated jet to lie in a particular observed and expected events are shown in Talite the
bin is corrected using data. ttb analyses and Tabl@ for the ttbb analyses. For all but

thettbb cut-based analysis, the samples are dominatedl by
events with an additional light or charm jet. In all cases the
data agree with the expectation within the systematic uncer-
tainties described in Sed. The kinematics in all channels
To ensure that events originate from proton collisions, eventsre also found to be well-modelled. As an example, Eig.
are required to have at least one reconstructed vertex with ghows the jet multiplicityb-tagged jet multiplicity, andot
least pve associated tracks. distribution of the jet with the third highest MV1c weight in
Events are required to have exactly one or exactly twahe lepton-plus-jets selection. Figishows thé-tagged jet
selected leptons in the lepton-plus-jets and dilepton meamultiplicity along with thepr distribution of the jets with the
surements, respectively. At least one of the leptons must biird and fourth highest MV1c values in the dilepton selec-
matched to the trigger object which triggered the event. Fotion. The jetpr distributions in Figs1 and 2 correspond
thettb g1 measurement, only events with one electron ando the jets that are used in the bt to the distributions of the
one muon are considered. To increase the number of evertisagging discriminant MV1c (see Se@t2).
in the ttbb measurements, all three lepton Ravour combi-
nations ée uu andep) are considered. Additional lepton
requirements are applied in thtbb analyses to remove the 6 Systematic uncertainties
backgrounds fronz/ , andJ/ decays. The invariant
mass of the two leptons must satisfy > 15 GeV and,
for events with same-Ravour leptoree©r yu ), must also
satisfylm S 91Ge\f > 10 GeV.

5.2 Event selection

Several sources of systematic uncertainty are considered that
can affect the normalisation of signal and background and/or
the shape of their corresponding Pnal discriminant distribu-

Table 5 Summary of the main

event selection criteria applied ~ Requirement ttb _ ttb ttbb ttbb
in the various channels. Other Lepton-plus-jets  ep Cut-based Fit-based
requirements which are
common to all channels, Nieptons 1 2 2 2
including muon isolation, are Electron isolation efbciency 90% 90% 98% 98%
described in the text m > 15 GeV D ) Yes Yes

[Megpu S 91 Ge > 10 GeV D b Yes Yes

Nijets 5 3 4 4

Nb$jets 2 2 4 2

b-tagging algorithm MV1c @ 80% MVic@ 80% MV1I@ 70% MVlic @ 80%
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Table 6 The number of observed and expected events ittittiepton-  in these analyses. The uncertainties quoted are illustrative
plus-jets andeu analysis signal regions. Indented sub-categories indi-on|y and the effect of that uncertainty depends on the channel

cate that they are subsets of the preceding category. The uncertainé\hd analysis method used. All analyses use relative normal-
represents the total uncertainty (pre-bt) on the Monte Carlo samples, Or )

on data events in the case of the fake and non-prompt leptons. b the ISation uncertainties. Sectidhdetails the method by which

ey channel, only thez contribution is included irz+jets; the  the uncertainties are included in each analysis and discusses
rest is accounted for in the fake lepton component, asigets. The  their impact on the measurements.

breakdown of thét sample into the Pducial sub-samples is given, using

the template dePnitions. For illustration, the contributiontttidrom

ttV andttH are also shown 6.1 Luminosity uncertainty
Component Lepton-plus-jets  ttb en
= Using beam-separation scans performed in November 2012,
tt 108,60 7500 662 710 3 juminosity uncertainty of 2.8% for S = 8TeV analy-
th 5230% 330 286 27 ses was derived applying the methodology of R&f] [This
ttV signal 67 67 3.6t 3.6 uncertainty directly affects the cross-section calculation, as
ttH signal 14G- 140 10+ 10 well as all background processes determined from MC sim-
ttc 43,300+ 3000 629 57 ulation.
ttl 60,100+ 6800 570G 630
Wjets 670G 3500 b 6.2 Physics objects
Single top 549@ 760 216+ 58
Z+jets 164@ 860 20 11 In this section, uncertainties relevant to the reconstruction of
Diboson 51G 140 8.8t 3.3 leptons, jets, anb-tagging are described.
Fake and non-prompt leptons 17@90 50t 25
Total prediction 124,808 8400 691@ 720  Lepton reconstruction, identibcation and trigger: The
Data 129,743 7198 reconstruction and identibcation efpciency of electrons and

muons, their isolation, as well as the efbciency of the trig-
gers used to record the events, differ slightly between data

Table 7 The number of observed and expected events in thathiio 54 simulation. Correction factors are derived using tag-and-
analysis signal regions. Indented sub-categories indicate that they are &

. + _ :
subsets of the preceding category. The uncertainty represents the toQIIObe techniques o# ° .( - (.9' W) data and .S'mu'
uncertainty (pre-bt) on the Monte Carlo samples, or on data events i@ated samples to correct the simulation for these discrepan-
the case of the fake and non-prompt leptons. The breakdown of theies B1,82]. These have 1% uncertainty on all simulated

tt sample into the bducial sub-samples is given, using the t_emplatgammes_
dePnitions. For illustration, the contributionsttob from ttV andttH

are also shown

Lepton momentum scale and resolutiornThe accuracy of

Component Cutbased Fithased  ihe lepton momentum scale and resolution in simulation is
tt 23.8+ 7.2 575a: 850  checked using reconstructed distributions of zhe + S
ttbb 17.1+ 4.8 110+ 35 andJ/ * S masses§2,83). In the case of electrons,
tiV signal 0.5% 0.59 2% 2.7 E/pstudies usingV e events are also used. Small dis-
tfH signal 1.6 1.6 777 crepancies between data and simulation are observed and
tthX 41+ 2.7 280+ 93 corrected for. In the case of muons, momentum scale and res-
ttex 24+ 1.0 730+ 350 olution corrections are only applied to the simulation, while
tIx 0.30% 0.39 163¢ 670  forelectronsthese corrections are applied to data and simula-
Single top 04% 051 150 57 :!on. L_Jntchertamtles on btoth thte morg(tarr:tutm sli:_ale anc: resolu-
Z+iets 0.82 0.96 240k 46 ions in the muon spectrometer and the tracking systems are
) considered, and varied separately. These uncertainties have
Diboson <0.1 10.9+ 3.9
an effect of less than 0.5% on most samples, but up to 1%
Fake and non-prompt leptons <0.1 18.1+ 9.1
o on a few of the smaller backgrounds.
Total prediction 25+ 7.2 6180t 890
Data 37 6579

Jet reconstruction efpciency:The jet reconstruction efp-
ciency is found to be about 0.2 % lower in the simulation than
in data for jets withpr below 30 GeV, and consistent with
tions, where relevant. Individual sources of systematic uncedata for higher jepy. To evaluate the systematic uncertainty
tainty are considered as correlated between physics processhke to this small inefbciency, 0.2 % of the jets withbelow

and uncorrelated with all other sources. The following sec30 GeV are removed randomly and all jet-related kinematic
tions describe each of the systematic uncertainties considersdriables are recomputed. The event selection is repeated
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using the modibed selected jet list. These uncertainties haggounds. The uncertainties associated wijts are less than
less than a 0.5 % effect on the acceptance of all samples. 0.5% for all samples.

Jet vertex fraction efbciency:The efbciency for each jet g 3 yncertainties otf modelling
to satisfy the jet vertex fraction requirement is measured

inZ( * S)+1-et events in data and simulation, select-a number of systematic uncertainties affecting the modelling
ing separately events enriched in hard-scatter jets and evenyf t{ production are considered. In particular, systematic
enriched in jets from other proton interactions in the samencertainties due to the choice of parton shower and hadroni-
bunch crossing (pile-up). The corresponding uncertainty igation models, the choice of generator, the choice of scale, the
evaluated in the analysis by changing the nominal JVF cUarton distribution function (PDF), and the inclusionto¥
value. This uncertainty has less than a 1% effect on the signghyqt{H events are considered. These systematic uncertain-
sample, and up to 5% effect on the other sampI&s3H]. ties are treated as fully correlated between the various com-
ponents oft (e.g. betweentb X, ttcX andttl X). The effect

of assuming these uncertainties to be uncorrelated among the

. . . tt components is found to yield slightly smaller uncertainties
test-beam data, LHC collision data and simulati@, 85]. P y gnty

. o . n the measured cross-sections. As many of these uncertain-
The jet energy scale uncertainty is split into 22 uncorrelate - S .
. . . Ies originate from similar physics processes, they are taken
sources, each of which can have differenigeand depen-

dencies. The largest of these components is the uncertaintt?/ be correlated.

specibcally related tb-jets, which yields an uncertainty of Parton shower: An uncertainty due to the choice of parton

1.2D2.5% on the Pducial cross-section measurements. shower and hadronisation model is derived by comparing
events produced byowheg interfaced withPythia 6.427

Jet energy resolution:The jet energy resolution (JER) has tg powheg interfaced withHerwig 6.520. The Powheg-

been measured separately for data and simulation using twgh,y parametehdampwas set to inbnity for this compari-

in situtechniquesg6]. The expected fractiongdr resolution  gon for both samples. The difference between the samples is

foragiven jetis measured as a function ofpgsand pseudo-  symmetrised to give the total uncertainty.
rapidity. A systematic uncertainty is debned as the difference

in quadrature between the JER for data and simulation ang€nerator: An uncertainty due to the choice of generator
is applied as an additional smearing to the simulation. ThiS derived by comparing & sample generated witkad-
uncertainty is then symmetrised. This uncertainty has a 26raph interfaced toPythia 6 to a sample generated by

4% effect on the acceptance of most samples. PowhegBox+Pythia 6. The MadGraph sample consid-
ered was produced with up to three additional partons. It

Flavour tagging uncertainty: The efpciencies fob, cand  used the CT10 PDF and was showered Witfthia 6.427.

light jets to satisfy theb-tagging criteria have been evalu- The difference between the samples is symmetrised to give
ated in data, and corresponding correction factors have bedie total uncertainty.

derlved.for Jets ”.1 glmulatlonlvj79]. These .scale factgrs Initial- and Pnal-state radiation: An uncertainty on the
and their uncertainties are applied to each jet depending on . o ) .
. : : amount of additional radiation is determined using sam-
its Bavour andp. In the case of light-RBavour jets, the correc- . . .

. . . ples generated withladGraph interfaced tdPythia 6 but
tions also depend on jet The scale factors forjets are setto

. - . .. where the renormalisation and factorisation scales are dou-
those forc jets and an additional extrapolation uncertainty ISy 1ed or halved in the matrix element and parton shower simul-
considered. For the bt-based analyses, the effect on the sh P

€ . o
of the MV1c templates is considered. A covariance matrix iz heously, wh|ch_covers the var.la'uons allowed b_y_the ATLAS
- S measurement dt production with a veto on additional cen-
formed describing how each source of uncertainty inthe scale . - S
: . T tral jet activity [87]. The uncertainty is taken as half of the
factor measurement affects egghbin. This matrix is diago- . .
. . i . . difference between the samples with higher and lower scales,
nalised, leading to a set of statistically independent eigenvec- , . -
. . .. relative to the centrdladGraph prediction.
tors for each jet. The result is 24 uncorrelated uncertainties
affecting theb-jet efpciency, 16 uncorrelated sources eactParton distribution function: The PDF and s uncer-
for thec-jets and -jets, and 48 uncorrelated sources affect-tainties are calculated using the PDF4LHC recommenda-
ing the light jets. The effect of these uncertainties dependsons [88] considering the full envelope of the variations of
on the analysis and the sample in question. BHagging theMSTW200868% CL NLO [89,90], CT10 NLOJ[28,9]]
uncertainties are typically largest for tttbb channels, hav- andNNPDF2.3 5f FFN[92] PDF sets. Due to limitations
ing an effect of up to 10%. The uncertainty on the measurein the information available in th®owheg event record,
ment from varying the-jet and light jet mis-tagging rates is this systematic uncertainty is evaluated ott #1C sample

usually less than 1%, but may be larger for individual back-generated wittC@NLO [93E95] usingHerwig 6.520 for

Jet energy scaleThe jet energy scale (JES) and its uncer-
tainty have been derived by combining information from
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Table 8 Summary of the Monte
Carlo event generator

parameters for thet samples
used to evaluate the modelling
uncertainties. For all
PowhegBox samples version 1,
r2330 is used. FAMSTW2008
the 68% CL at NLO is used

Uncertainty Generator PDF Shower
Nominal PowhegBox CT10 Pythia 6.427
PDF variations MC@NLO CT10, Herwig 6.520
MSTW2008 and
NNPDF2.3
Parton shower PowhegBox CT10 Herwig 6.520
Generator MadGraph CT10 Pythia 6.427
Additional radiation(x 2, x 1/ 2) MadGraph CT10 Pythia 6.427

the parton showeAUET2 for the underlying-event tune and
CT10as the nominal PDF.

Variation of ttV and ttH contributions: The signal in
these analyses includes contributions frtf andttH in
addition to QCDttbb production. The relative proportion of
these processes affects the fractioittbb events within the
ttb templates, and the fractionstéc within thettc andttcX
templates. It additionally affects the calculation of the Pdu
cial efbciency, due to the different kinematics of thgts.
In order to avoid making assumptions on the processes bei
measured, the effect of doubling or removirty andttH
is considered as an uncertainty.

Table8 summarises the MC samples used to evaluate th
systematic uncertainties on thtemodelling.

6.4 Uncertainties on the ndhbackgrounds

tributions are presented in Se@t2 The proble likelihood
bts applied in the measurements of the cross-sectiottbfor
production in the lepton-plus-jets aed channels are pre-
sented in Sect7.3 The extraction of the cross-section for
ttbbin the cut-based approach is presented in SedtThis

is followed in Sect7.5by the description of the measurement
of the same process using a template bt.

7.1 Cross-section extraction

"he cross-sections for bducisth anditbb production ( P%

are obtained from the best estimate of the number of sig-
réal events Ksig), the bducial efbciency §g), and, where
relevant, the correction for the absence of leptons in the bdu-
cial region used in the templatefsg). The method to deter-
mine Ngjg is analysis specibc and described in detail in each
respective analysis section below. The bducial efpciency is

the probability for an event in the bducial region of the tem-

An uncertainty of 6.8% is assumed for the theoretical cross|ates to meet all reconstruction and selection criteria. The

section of single top productioB(,61]. For theWtchannel,

correction factorfpq is debned as the fraction of selected

the diagram-removal scheme is applied in the default samsents satisfying the template debnition that also meet the

ple, in which all doubly-resonant NLO diagrams that over-
lap with thett debnition are removed®§]. The difference

Pducial signal depbnition. It is only needed for ttieey and
ttbb dilepton bt analyses, which do not include the lepton

between this and an alternative scheme, inclusive diagra@quirements in the template debnitions as documented in

subtraction, where the cross-section contribution from Feynrypie2: thettb lepton-plus

-jets analysis uses the same bdu-

man diagrams containing two quarks is subtracted, is CONsjg) criteria for dePning the signal and building the templates,

sidered as a systematic uncertainty.
Normalisation uncertainties fol+jets andZ+jets back-
grounds are set conservatively to 50%. The uncertainty o

the diboson background rate is taken to be 25 %. Inthe lepton-pd _  Nsig - fed

plus-jets andtb eu analyses, a conservative uncertainty of

50% is used on the number of fake and non-prompt leptoy,

events. Because the data samples are dominatictbgnts,

while thettbb cut-based does not make use of templates. The

cross-section is given by
n

1)

L -

hereL is the integrated luminosity.
The values for pg and fpg are given in Tabl®. While the

bd

the effect of all of these uncertainties on the pnal result i%ut-basedtbbanalysis has the highest signal-to-background

small.

7 Analysis methods

ratio, due to the high requirement on the numbédr-tdgged
jets (at least four instead of at least two), the bPducial accep-
tance is much smaller than in the other channels.

The common components of the cross-section extraction fof.2 Multivariate discriminant fob-jet identibcation

all analyses are presented in S&ct. Three of the four mea-

surements presented make use of the distribution of the mu-he event selection for the three template Pt analyses requires

tivariate discriminant used fdirjet identibcation. These dis-

the presence of two or motetagged jets. Relatively loose
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Table 9 The bducial efbciency §g) and leptonic Pducial acceptanci) for all analyses. The uncertainties quoted include only the uncertainty
due to the limited number of MC events

Parameters tth tth ttbb ttbb
lepton-plus-jets el cut-based bt-based
bd 0.360+ 0.002 0.35& 0.006 0.068%* 0.0036 0.399 0.008
fbd 1 0.969 0.003 b 0.906 0.007
o \ \ \ o \ \ \
§ 1k ATLAS Simulation _ § 1 ATLAS Simulation =
2 SRR (s=8TeV,203fb"{ 2 - s=8TeV, 20.3 fb™
o . - o - . E
< L 11, 5j, 2b i c i 21, 3j, 2b i
[ R R pepepep——
= L b =] 31 _
§ & T H _ g 10 g R E
w 107°F R Rl \ E L C ! 1
[ D i 1052 e E
. —ttb 5 S - —ttb ]
s2 L : = C ]
10 g --ttc Berrnnnenes : E I --ttc ]
: ---nl : 1033 — -"ttl """""""" H —
| | | L g | | | FE
1 0.8 0.7 0.6 0.5 0 1 0.8 0.7 0.6 0.5 0
MV1c efficiency MVic efficiency

Fig. 3 Distribution of the MV1c discriminant for the jet with the third with only additional light jetsftl). The bin edges correspond to the
highest MV1c weight in the lepton-plus-jeteft) andttb eu (right) tagging efbciency of the MV1c weight. The plots are normalised such
channels. Thetb signal distribution is compared to the distributions that the sum over the bins is equal to unity. The statistical uncertainty
for backgrounds with an additional charm jétd) and backgrounds of these distributions is negligible

working points are chosen with-tagging efbciencies of 15 possible bins of the discriminant. The distribution of the
80 %, using the MV1c multivariate algorithm, because thisemplates used in the bt is shown in Hg.
allows for high efpciency and good signal-to-background
separation. 7.3 Proble likelihood Pt to extract thi cross-sections
The distribution of the MV1c discriminant for jets with
the third highest, or third and fourth highest, MV1c weights|p, the |epton-plus-jets antib et channels, the numbers of
is found to have signiPcant shape differences betweetti the events in thetb, ttc andttl categories are obtained by btting
components. Thi-tagging probability distribution for these g data the templates of the third highest MV1c weight. The
jets has, on average, high valuesttrandttbbevents, inter- - pt is performed combining the events from bettiets and

mediate values for events with additiongets, and low val- | +jets into a single set of templates for the lepton-plus-jets
ues fortt events with only additional light jets. analysis.

The MV1c distribution is calibrated to data in Pve exclu- A pinned likelihood function is constructed as the prod-

sive bins. These bin edges correspond to the equivalent cufigt of Poisson probability terms over all bins considered in
on theb-jet identibcation with efbciencies of approximately the analysis. This likelihood depends on the signal-strength
80, 70, 60, and 50 % fds-jets from top quark decays. parameters, which are independent multiplicative factors of
The discriminant used in thigb analyses consists of the the MC predictions forttb, ttc andttl production cross-
distribution of the MV1c of the jet with the third highest sections, henceforth referred to [agp, e andpy. The
MV1c weight, in the bve calibrated bins. The templates use@dgminal prediction| = 1) for each analysis is obtained
for the lepton-plus-jets anith ey analyses are shown inthe from thePowhegBox tt sample. No constraints are applied
left and right plots of Fig3, respectively. to the values of these parameters. Nuisance parameters
For the dileptorttob bt analysis, the MV1c distributions (denoted ) are used to encode the effect of the various
for the jets with third and fourth highest MV1c weights are soyrces of systematic uncertainty on the signal and back-
used. Since these are ordered, the weight of the fourth jefround expectations; these are implemented in the likelihood
is by construction smaller than that of the third, resulting infynction with multiplicative Gaussian or log-normal priors.
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tion is done. The relative difference between the btted cross-
section and the one obtained from the nomM&I@NLO is
considered as the PDF uncertainty of that eigenvector. The
envelope of all eigenvectors is then considered as the PDF
uncertainty and added in quadrature to the total uncertainty
obtained from the full proble likelihood bt.

Figure5 shows the MV1c distribution used to bt ttido
signal strength in the lepton-plus-jets analysis (top) tind
ey analysis (bottom). The left bgure shows the predictions
from simulation and the uncertainty band from the sum in
quadrature of the impact of each source of uncertainty. The
right plot shows the btted results and the Pnal uncertainty on

Fraction of events

]

T T T
-
[

L1 ' LT | ‘ | 5 L the total prediction, which is largely driven by the size of the

4th jet: 1.0 1.0 0.8 1.0 08 07 1.0 0.8 0.7 0.6 1.0 0.8 0.7 06 05 available MC samples. Tabl® shows the btted values of the

3rd jet: 1.0 0.8 0.8 0.7 0.7 0.7 0.6 0.6 0.6 0.6 0.5 0.5 0.5 0.5 0.5

MV1c efficiency bin parameters of interest. The Asimov dataset is used to provide

expected results. The total uncertainty on the measurement
Fig. 4 Distributions of the third and fourth highest MV1c weight is found to be similar to the expected one in both analyses
among jets fottbbsignal,ttb X, ttcX andtt| X background. The bins  and the bttedtb signal strength in both analyses is higher

are labelled with the upper edge of the efbciency point of the thir : : . . ey L
highest and fourth highest MV1c scores in the event. The order of tr?ghan one, butstill compat|ble with unity within uncertainties.

bins does not affect the cross-section measurement, for this bgure tHde Impact of thetc andttl backgrounds on the measure-
bins have been ordered by decreasing MV1c efbciency point of thenent may be assessed by considering the correlatipgpef

fourth and third MV1c score. The plots are normalised such that thgyith 1. or Wy within the likelinood function. In thétb ey
zym_ove_r thg bins is _equal to unity. The statistical uncertainty of thes%nalysis, the correlation B0.5 betweerp andpitc, and
istributions is negligible . . .
+ 0.5 betweenutp andpyy ; in the lepton-plus-jets analysis,
the correlation is- 0.1 in both cases.
The likelihood is then maximised with respect to the full set  The effect of the dominant uncertainties on the btted sig-
of p and parameters. The values of these parameters afteral strength is illustrated in Fig. The post-bt effect opip
maximisation are referred to asand . The cross-section is calculated by bxing the corresponding nuisance parameter
from Eqg. (1) can be re-written as: at £ ,where isthe btted value of the nuisance param-
Neig(lt, ) - f eter and s its post-bt uncertainty, and performing the bt
Pd — M, again. The difference between the default and the modibed
L pd) Hib,  Hitb, represents the effect qmyp, of this particu-
The effects from the systematic uncertainties on both thé&r uncertainty. The dominant uncertainties on both of these
shape and normalisation of the templates are considered, agasurements are froth modelling andb-tagging uncer-
well as the effect on the bducial efbciency. In theeu  tainties affecting the-jets. In the lepton-plus-jets analysis,
analysis, the uncertainty ofpq is also taken into account. due to the large fraction oft events where th&\-boson
The impact of each systematic uncertainty on these differerdecays to a-quark and a light quark, the effect of tie
guantities are considered as correlated. tagging uncertainties on thegjets is large. Other signibcant
Due to the large number of nuisance parameters consigontributions come from the effect bftagging orb-jets and
ered, the likelihood bt only includes uncertainties with atlight jets, and the jet energy scale and resolution. The gen-
least a 0.5 % effect on the event yield, or shape uncertaintiesrator comparison shows a large effect on both the template
that cause a relative variation of more than 0.5% betweeshapes and normalisations; it is the dominant uncertainty for
two bins. This simpliPcation changes the Pnal result or uncethettb ey analysis, while for the lepton-plus-jets analysis it
tainty by less than 1 % and signibcantly reduces the executide smaller due to a cancellation in these effects.
time. Table11 shows a summary of the uncertainties grouped
The shape variations for the PDF uncertaintiestonthe  into categories. The effect of each uncertainty is obtained
lepton-plus-jets analysis are found to be negligible, thereforas above and all sources of uncertainty within a category
only the largest variation in acceptance is considered. In thare added in quadrature to obtain the category uncertainty.
ttb eu analysis, the PDF uncertainty is evaluated outside of he total uncertainty in the table is the uncertainty obtained
the proble likelihood bt. For each eigenvector of each PDFrom the full bt, and is therefore not identical to the sum
set, new nominal templates are obtained for each of the conih quadrature of each component, due to the correlations
ponents and a statistics-only bt to the Asimov data@glt [ induced between the uncertainties by the bt. Nonetheless,
obtained using the central value of tMIC@NLO predic- these correlations are small enough that the difference is less
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Fig. 5 The MVl1c distribution of jets with the third highest MV1c (Post-bt) fight). The pointsinclude the statistical uncertainty on the

weight in the lepton-plus-jets analysi®) andttb ey

analysis ot-

data. Thehashed areashows the uncertainty on the total prediction.

tom) for all signal and background components. The data are comparebhe non-prompt and fake lepton backgrounds are referred to as ONP &

to the nominal predictions (Pre-pieft), and to the output of the bt

fakes®

Table 10 Fitted values for the parameters of interest for the signalthan 3% in both analyses. In order to obtain separate esti-

strength forttb, ttc andttl in the lepton-plus-jets anth ey analyses.
Both the results from the Asimov dataset and the values obtained fro
the bts to data are shown. The uncertainties quoted are from the totdl

statistical and systematic uncertainties

Fit parameter ~ Lepton-plus-jets ttb ep
Asimov Data Asimov Data
Mitb 100553, 1325537  1.00§530 130503
+0.23 +0.31 +0.64 +0.70
Hitc 1005057 1085035 1.00307,  1.40557g
+0.19 +0.18 +0.13 +0.14
Httl 1005077 1005075  1.005577  1.005077

123

mates for the statistical and systematic components of the
tal uncertainty in both proble likelihood bt analyses, the
statistical component of the uncertainty is evaluated by bxing
all nuisance parametersto their btted values and re-evaluating
the uncertainty on the bt.

7.4 ttbb cross-section from cut-based analysis

Thisttbbmeasurement uses an event counting method in the
dilepton channel to extract the cross-section. Events with at
least four identibet)-jets are considered.
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the ptted value of the nuisance parameters and their errors and refer

to thebottom axis a mean of zero and a width of 1 would imply no

constraint due to the proble likelihood Bashed linesire shown at 0

andz 1 for reference. Only the ten highest ranked uncertaintigs.gn

are shown. The index on thetagging uncertainties refers to the bxed,

likdsut arbitrary position in the list of eigenvectors associated with each jet
Bavour

The estimate of the number of signal events is obtaineth order to classify background events as non-pducial or non-
from the total number of observed events passing the Pn#bb, an attemptis made to match the four reconstruioieds

selection Ngats) and the estimate of the number of back-to particle-level jets. If two or more of the reconstructes
ground events. A distinction is made between backgrounthgged jets match light-Bavour or charm particle-level jets,
processes which contain two top and two bottom quarkshen the event is classibed as rttb, otherwise it is con-
but do not pass the bducial selection (referred to as norsidered astbb non-pducial.

Pducial background), and backgrounds from all other pro- The prediction for the nottbbbackgrounds is taken from
cesses (referred to as nabb). In order to avoid making simulation. The prediction has been validated by repeating
any assumptions about the cross-sectiorttfdy processes, the calculation with different debnitions of the signal region,
the prediction for the non-bducial background is not takerbased on thd-jets with the fourth-highest value in MV1.
directly from simulation; instead, simulation is used to deter-These alternative signal regions vary in the fraction of non-
mine the fractions oftbb events that are signal and non- ttbb backgrounds from less than 1% to more than 50 %.
Pducial background. In particular, the fraction of particle-Nonetheless, the measured cross-sections among the regions
level ttbb events that pass the Pducial selectidgg, is  agree within their statistical uncertainties, giving conbdence

debned as that the Monte Carlo simulation provides a sufpcient descrip-
N tion of these backgrounds.
fsig = ;‘;gns T For the calculations ofbgand fsig, both electroweak{Z
Nsig + Nitpp and ttH) and QCD production are considered, weighted

The cross-section from Eql)can then be re-written as according to their theoretical cross-sections. The values of

bd _ (Ndataé NnorSttbb) - fsig

tibb ~ L - pg :

3 The matching is carried out by considering the closest particle-level
jetlying R 0.4 from the reconstructed jet.
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Table 11 Effectofthe various sources of uncertainty ontttieandttbb bt analysis are also shown. Asymmetric uncertainties are shown when
cross-section measurements in the lepton-plus-jets and dilepton charelevant. For the bt-based measurements, the individual and total uncer-
nels. The uncertainties on th&pp ratio measurement in the dilepton tainties are evaluated from the bt to the data

t‘;’g ) t't:g trt)gb ft’f)’b Rttb,b

Lepton-plus-jets ttb ept Cut-based Fit-based Fit-based
Source uncertainty uncertainty uncertainty uncertainty uncertainty

(%) (%) (%) (%) (%)
Total detector +17.514.4 +11.658.0 +145 +11.0513.1 +10.9512.5
Jet (combined) +3.82.7 +10.156.1 +55 +6.058.5 +8.7510.7
Lepton +0.7 +1.050.5 +2.0 +2.452.7 +0.851.6
bStagging effect obSjets +4.454.0 +3.653.1 +12.9 +9.459.0 +6.055.8
bStagging effect orcSjets +16.2513.4 +4.053.6 +1.7 + 1.4 +1.251.3
bStagging effect on light jets +3.52.0 +1.952.0 +4.3 +3.352.9 +2.251.9
Total tt modelling +13.1513.7 +23.8516.1 +23.8 +21.7 +16.1
Generator +1.51.4 +23.3515.1 +16.9 +17.4 +12.4
Scale choice £43 +1.152.7 £14.2 £95 £6.0
Showetr/hadronisation +118412.1 +3.053.4 £8.2 £87 £7.1
PDF +4.754.5 +3.3 +3.3 +0.8 t4.1
Removing/doublingtV andttH £0.4 +1.150.9 +15 +3.152.7 +3.0S 2.6
Other backgrounds £0.8 +0.950.8 +1.6 +3.553.3 £25
MC sample size <1 <1 +9.6 +7.4 +7.4
Luminosity +2.8 +2.8 +3.2 +29 +0.1
Total systematic uncertainty +25%19.2 +30.5519.9 £295 +26.4526.9 +21.1521.9
Statistical uncertainty +7.1 +19.2517.9 +18.4 +24.6 +25.2
Total uncertainty +26.520.5 +36.0526.8 £35.2 +36.1536.4 +32.9533.4

Table 12 The number of observed data eveiNga, the predicted 7.5 Maximume-likelihood bt to extract thitbb cross-section
non-tbb backgrounNnhorsthh, the signal fractiorfsig, and the bPducial
efbciency pqin thettbb cut-based measurement. The numbers includ

= L ; ®The looser event selection used in this analyses allows a
ttV andttH as signal

template bt to be performed in the 15 populated bins of the

Parameter Value MV1c distribution for the jets with the third and fourth high-

Neata 37 est MV1c values. A maximum-likelihood bt to the nominal

NnorSttbh 30+ 1.0 (stat ;1S (syst) f[empla.ltes oftbb, ttb X, ttcX, ttIX and nqn’&t backgrognd

feig 0.806¢ 0.060 (stat) 0.061 (syst) is carried out to extr_act the nu_mt_)er of 5|gnal_events in each
15 category. Systematic uncertainties are not included in the

pd (%) 6.8+ 0.4 (stat.)zgg (syst.)

likelihood. The cross-section is then extracted directly from
Eq. ).

This analysis also allows an extraction not only oftttish
the parameterlyar Nnorsttbb, bar and fsig are shown in signal but also of thétb X, ttc X, ttl X contributions and of

Table12, together with their uncertainties. the ratio ofttbb to the totalttjj yield:

Each source of systematic uncertainty is propagated to ttbb
the cross-section measurement in a coherent way by varyttbb = T“
ing simultaneously the effect on the background prediction,
on fsig and on pg, where applicable. A symmetrisation of wherettjj refers tatt production with two additional jets. The
the uncertainties is carried out; for uncertainties for whichcross-section fditjj is obtained by correcting thigbb, ttb X,
the positive and negative variations differ (in absolute valuejtc X andttl X cross-sections, which are calculated for events
by less than 0.5%, the larger of the two is used for bottwith three or four particle-level jets, to the fraction with four
variations. The middle column of Tablel shows the effect jets only. Fotttbbthe Pducial efbciency and fraction as doc-
of the dominant sources of uncertainty on this cross-sectionmented in Tabl® are used; fottb X, ttcX andttl X the
measurement. Pducial efbciencies and fractions are shown in TaBle
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Table 13 The bducial efbciency §4) and leptonic bducial acceptance ted to the nominal MC sample, and the relative difference
(fpa) fOI’ thetth,ttCX_an_dttIX Categories as used intttbbbt-t_)ased between the y|e|ds is taken as the uncertainty on the num-
analysis. The uncertainties quoted include only the uncertainty due tBer of events. For systematic uncertainties that also affect the
the limited number of MC events . ; ) . - )

Pducial efbciencies, the efbciency is varied coherently and

Parameter ttbX ttex tix the effect on the Pnal cross-section is obtained. The effect
bd 0.197+ 0.003  0.177% 0.002  0.035% 0.0001 due to limited number of MC events in the templates is
fod 0.898+ 0.005  0.899% 0.003  0.902 0.001 obtained from the mean of 5000 pseudo-datasets obtained

from simulation, where the variance of each bin depends
on the total MC statistical uncertainty of that bin. The sec-
ond to last column of Tabl&1 shows the effect on the bnal
ttbb cross-section measurement in this analysis whereas the
rightmost column shows the uncertainties on @, mea-

Figure 7 shows the MV1c distribution used to bt the
number ofttbb events; the left bgure shows the predic-
tions from simulation compared to the observed distribu
tion in data; the right plot shows data compared to the resuﬁurement. ) )
of the bt. The btted cross-sections for each of the compo- The total.cross—sectlo_n uncertainty of gach proce_ss_and on
nents are shown in Tablet along with the predictions from the Rytpp ratio are shown in Tablé4along with the statistical

PowhegBox+Pythia 6 ; the uncertainties shown are the sta-a%dXtOtzl sy)s(temauc uncerta}anes. th uncerltlalntlﬁs on the
tistical uncertainty of each component as obtained from th tbXandttc X processes are large and do notallow the cross-

bt. The btted cross-sections are compatible with the predic,s—ectio,nS of these processes to be cpnstrained .signibcantly.

tions within bt uncertainties. The central valuetfibis 1.1 '€ Signal strengtfupp, has a correlation of 0.4 withubx.

times the predictions frorRowhegBox+Pythia 6 , consis- S0.1 with i x, and nearly O withtttcx.

tent with thep values found in the twittb analyses. In par-

ticular the values for thetb X ttcXandttlX may be used 8 Results

to cross-check the assumptions made about the background

contributions to the cut-based analysis. The bducial cross-sections obtained for each analysis in the
For most sources of systematic uncertainty, the templatgsevious section are shown in Taldlg.

for signal and background distributions are obtained from The measurements of th# cross-section in the lepton-

the event sample where4al shift of the uncertainty was plus-jets andtb eu analyses are both higher than the pre-

applied. The new templates and the old templates are bdlicted cross-section from thieowheg+Pythia 6 sample,

ﬂ104||| T T T T T T T 13 v 10er—T—T— T T T T T T T T
c : ATLAS ¢ Data c ATLAS ¢ Data
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Fig. 7 The MV1c distribution of jets with the third and fourth high- (right) to the output of the bt (Post-bt). Theintsinclude the statistical

est MV1c weight in the dilepton channel for all signal and backgrounduncertainty on the data. Theshed areshows the total uncertainties.
components. The bins are labelled with the upper edge of the efbciendhe bottom sub-ploshows the ratio of the data to the prediction. The
point of the third highest and fourth highest MV1c scores in the eventnon-prompt and fake lepton backgrounds are referred to as ONP & fakesO

The data left) are compared to the nominal predictions (Pre-bt), and
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Table 14 Observed and predicted cross-sections for each of the components measuré¢ibbithanalysis and on thgpp, ratio. The statistical,
total systematic, and total uncertainties on each component are also shown. The predicted valuesPanetisgnPythia 6 tt

Process Observed Statistical Systematic Total Predicted
cross-section [fb] uncertainty (%) uncertainty (%) uncertainty (%) cross-section [fb]

ttbb 13.5 +25 +27 + 36 12.3

ttb X 61 +38 +69 +79 63

tteX 270 +25 +81 +85 180

ttIX 5870 +4 +14 +15 5800

Ritbb 1.30% +25 +22 +33 1.27%

Table 15 Measured bducial cross-section fitrin the lepton-plus-jets  common to both measurements, while a small debcit is
andept channels, anttobin the dilepton channel using a cut-based oraseen for events with jets that satisfy the MV1c 80% cri-

bt-based method. Results for tRgpp, ratio measurgm.entfrom thidob terion but fail the MV1 70% criterion that is used in the
bt-based method are also shown. The uncertainties quoted are from

the statistical and total systematic uncertainties. The predicted cros§Ht-based analysis. These two feature_s e)_(plain the differ-
section is fromPowhegBox with Pythia 6 for the QCD component, ence between the observed cross-section in the two analy-
from Helac for ttH and fromMadGraph 5 for ttV ses.

Analysis Measured cross-section [fb] Predicted An alternative set of results is obtained by subtracting the
CfLOSS'Sec“O” predictedtV andttH contribution from the signal; no addi-
[fo] tional uncertainty due to the cross-section of these processes

tbleptorS plusSjets 950 70 (stat)§240  (syst) 720 is considered. This allows a direct comparison of the mea-
e 50+ 10 (stat)jl  (syst) 38 gurements to Q_CD—onIX predlctlons,_although with assump-
bbeuShases  19.3% 3.5 (stat)t 57 (syst) 12.3 tions about thétV andttH cross-sections. These results are

summarised in Tablé6 and Fig.8 and compared to theo-
retical predictions obtained with the generators described in
Sect.4.4and shown in Tabld. The ratio of thettbb andlttjj
cross-sections as measured in tteb Pt-based analysis is
compared to theoretical predictions in F&g.The uncertain-
with a best bt value for the signal strengify, of 1.32  ties on the theoretical predictions are obtained by simultane-
and 1.30, respectively. The total measurement uncertain@usly varying the renormalisation and factorisation scales by
in the lepton-plus-jets channel is fractionally smaller thar@ factor of two.

in the ttb ey analysis, 25% compared to 32%, owing The predictions containing NLO matrix elements for the
to the higher acceptance times branching ratio of this decapP ~ ttbb process, as well as the merged LO+PS pre-
channel. The uncertainty in this channel is dominated byliction from MadGraph+Pythia 6 are in agreement with
uncertainties on the tagging efbciency duectiets from  the measured cross-sections within the measurement uncer-
events in which theV boson decays to & and a light tainties. The cross-sections obtained in the SP&xhel)
quark. are higher than the 4FS onadddGraph5_aMC@NLO)

The two measurements of thtbb cross-section show as expected, however the two predictions agree within the
similar precision despite the different approaches, with théespective scale uncertainties. The models utilizing softer
cut-based and bt-based analyses having a total uncertairftpoices for the renormalisation/factorisation scales show the
of 35% and 36%, respectively. The cut-based analy-Pest agreement with the data. Different  bb splitting
sis is largely insensitive to the modelling of the mitpb ~ Models signibcantly affect thtbb and ttb cross-sections
background frontt events as the selection criteria are veryin the samples where all additionkijets come from the
tight. In contrast, the bt-based analysis uses looser sele@arton shower. The predictions corresponding to wgtq=3
tion criteria in an attempt to obtain a data-driven constrainfnd Wgtq=5, which correspond to the extreme models,
on these processes. While the precision of the bt-baséHffer by more than a factor of two. The cross-sections
analysis does not allow for a measurement of these bacl@dtained with the wgtq=3 model are signibcantly higher
grounds, it does conbrm the validity of the simulation, andhan the measured ones, thus indicating that this model over-
allows for an explicit measurement of thRp ratio. The ~ €stimates theg bb rate. The cross-sections obtained
two ttbb measurements select different events and hence atéth the other models are both in agreement with the
not fully correlated. A small excess of data with respectdata.
to the nominal prediction is seen in the events that are

ttbbbtS based 13.5+ 3.3 (stat.}r 3.6 (syst.) 12.3
Ritbb 1.30+ 0.33 (stat.} 0.28 (syst.)% 1.27 %
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Table 16 Observed and predicted cross-sections for the three bPducialystematic (second) uncertainties. The uncertainties on the theoretical
phase-space regions. The measurements are shown with the contrilpredictions are obtained by simultaneously varying the renormalisation
tions fromttV andttH removed to allow direct comparison to the pre- and factorisation scales by a factor of two up or down. These varia-
dictions containing only the pure QCD matrix elements. Results for theions have not been calculated for the Bgthia 8 samples or for the
Ritpb ratio measurement from thibb bt-based method are also shown. Powheg+Pythia 6 sample

The measurement uncertainties are separated into statistical (Prst) and

ttbb ttb Lepton-plus- ttb en Ritbb
[fb] jets [fb] [fb] (%)
Observed (cut-based) 1823.5+ 5.7 930+ 705239 48 10%13 1.20£0.33+0.28
(pt-based) 12.4 3.3+ 3.6
Madgraph5_aMC@NLO (kgppp) 182581 8705329 49578 5]
Madgraph5_aMC@NLO (1 1,/4) 12.35548 520129 30420 D
4.5 250 15
Powhel 9.1573 430520 275 15)
Madgraph5 +Pythia 6 13.3538 7905279 4333 1.2¢513
Pythia 8 (wgtq=3) 30.1 1600 88 2.50
Pythia 8 (wgtq=5) 12.8 740 42 1.10
Pythia 8 (wgtq=6, sgtq=0.25) 16.1 930 53 1.37
Powheg+Pythia 6 (hdamp=rmyqp) 11.2 690 37 1.16
ttbb dilepton ttb dilepton ttb lepton-plus-jets ATLAS
_ cut-based Vs=8 TeV, 20.3 "
Eacts. | DA | I | EEEEENCLICLE Measurement results
E stat. syst. [ [l stat.
@  aMC@NLO+Pythiag (BDDP)
il HEH B aMC@NLO+Pythias (H J4)
I-A—E'I A— A Powhel+Pythiag (H /2)
: V  MadGraph+Pythia
E * * % Kk Pythias (wgtg3)
.+ + + Pythia8 (wgtg5)
E ’ Pythia8 (wgtg6, sgtq=0.25)
A: A A Powheg+Pythia6 (inclusive t T)
: / [ | ////..I... [T
5 10 15 20 25 30 35 20 40 60 80 500 1000 1500
fid fid fid
tltbb dilepton [fb] t;b dilepton [fb] tltb lepton-plus-jets [fb]

Fig. 8 Comparison of the measured cross-sections in the three bdeoloured bandsndicate the statistical and total uncertainties of the
cial phase-space regions with theoretical predictions obtained from measurements. The errors on the theoretical prediction are obtained by
variety of different generators. The measurements are shown with themultaneously varying the renormalisation and factorisation scales by
contributions fromttV andttH removed to allow direct comparison a factor of two. These variations have not been calculated for the LO
to the predictions containing only the pure QCD matrix elements. Thdythia 8 samples or for th®owheg+Pythia 6 sample

9 Conclusions 50+ 10 (stat.)gig (syst.) fb in theep channel. The cross-
section times branching ratio with at least two additidmal
Measurements in the Pducial phase space of the detector jets is measured to be 19:33.5 (stat.} 5.7 (syst.) fb in the
the cross-sections for the productiortbévents with one or  dilepton channeldu, ppt , ande€ using a method based on
two additionalb-jets are performed in protonbproton colli- tight selection criteria, and 1345 3.3 (stat.} 3.6 (syst.) fb
sions at a centre-of-mass energy of 8 TeV at the LHC. Theising a looser selection which allows extraction of the back-
results are based on a dataset corresponding to an integragr@und normalisation from data. A measurement of the ratio
luminosity of 20.3 ft¥1, collected with the ATLAS detector. of tt production with two additionab-jets tott production
The cross-section times branching ratio for top pair eventsith any two additional jets is also performed; this ratio is
with at least one additiondd-jet is measured to be 950  found to be 1.3G: 0.33 (stat.}t 0.28 (syst.)%. The mea-
70 (stat.)gfgg (syst.) fb in the lepton-plus-jets channel and surements are found to agree within their uncertainties with
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Herakleitos, Thales and Aristeia programmes co-Pnanced by EU-ESF
and the Greek NSRF; BSF, GIF and Minerva, Israel; BRF, Norway;
the Royal Society and Leverhulme Trust, United Kingdom. The crucial
computing support from all WLCG partners is acknowledged gratefully,
in particular from CERN and the ATLAS Tier-1 facilities at TRIUMF
(Canada), NDGF (Denmark, Norway, Sweden), CC-IN2P3 (France),
KIT/GridKA (Germany), INFN-CNAF (ltaly), NL-T1 (Netherlands),
PIC (Spain), ASGC (Taiwan), RAL (UK) and BNL (USA) and in the

ttbb dilepton ATLAS
i s=8 TeV, 20.3 fb*
""" Measurement result
stat.  syst. stat.
EAH Y% MadGraph+Pythia
* * Pythia8 (wgtq3)
+ + Pythia8 (wgtq5)
’ ’ Pythia8 (wgtq6, sgtq=0.25)
4 A Powheg+Pythia6 (inclusive t T)
A AR

1 15 2 25
Bl G0

Fig. 9 Comparison of the measured ratio of ttileb and ttjj cross-
sections in the Pducial phase-space region ofthitebt-based analysis
with theoretical predictions obtained from a variety of different genera- 1.
tors. The measurements are shown with the contributionstitvnand
ttH removed to allow direct comparison to the pure QCD generators.
The coloured bandsndicate the statistical and total uncertainties of 2.
the measurement. The error on MadGraph+Pythia prediction is
obtained by simultaneously varying the renormalisation and factorisa-
tion scales by a factor of two. These variations have not been calculated
for the LOPythia 8 samples or for thBowheg+Pythia 6 sample 3.

NLO+PS calculations of thgp  ttbb process, as well 4
as with merged LO+PS calculations pp tt+ 3

jets, favouring the predictions obtained with soft renormali- 5.
sation/factorisation scales. The measurements are shown to
be sensitive to the description df bb splitting in the
parton shower, with the most extreriagthia 8 model being
disfavoured by the measurements.
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