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On behalf of the ATLAS Collaboration

Abstract

The large centre-of-mass energy available at the LHC proton-proton collider allows for copious production of top-
quark pairs in association with other final state particles at high transverse momentum. Results on the top-quark pair
production in association with W and Z bosons at both 8 and 13 TeV are presented as well as the measurement of the
cross section for production with an associated isolated photon at 7 TeV. The ATLAS experiment has measured several
final state observables that are sensitive to additional radiation in top anti-top quark final states. Analyses probing
the top-quark pair production with additional QCD radiation include the multiplicity of jets for various transverse
momentum thresholds in the 13 TeV data. These measurements are compared to some of the most recent Monte Carlo
event generators based on NLO QCD or LO multi-leg matrix element calculations.
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1. Introduction1

This paper presents a collection of recent results rang-2

ing from the tt̄V (V = W or Z) production at
√

s = 133

and 8 TeV, to measurements of jets produced in associ-4

ation with tt̄ pairs at
√

s = 13 and 8 TeV, and of b-jets5

as well as the measurement of the tt̄ production cross6

section associated with an isolated photon at 7 TeV.7

2. Measurements in pp collisions at
√

s = 13 TeV8

The results presented in this section use a data sam-9

ple corresponding to a total integrated luminosity of10

3.2 fb−1 collected by the ATLAS experiment [1] in 201511

at the LHC.12

2.1. Measurement of tt̄+W/Z production cross sections13

The production rate of a top-quark pair with a mas-14

sive vector boson could be altered in the presence of15

physics beyond the Standard Model (SM)[2, 3], and16

therefore the measurements of the associated produc-17

tion of tt̄ with a Z boson (tt̄Z) and a W boson (tt̄W) are18

important checks for the validity of the SM.19

A preliminary measurement of the tt̄Z and tt̄W pro-20

duction cross sections in final states with either two21

same-charge muons, or three or four leptons (electrons22

or muons) [4] is presented. Examples of Feynman di-23

agrams for these processes are shown in Fig. 1. Each

Figure 1: Examples of Feynman diagrams for the production of tt̄ in
association with W and Z bosons [5].

24

channel is divided in multiple analysis regions depend-25

ing on the number of jets, b-jets and Z-boson mass win-26

dows in order to enhance the sensitivity to the signal.27

In order to extract the tt̄Z (tt̄W) cross section, eight28

(two) signal regions and two (two) background con-29

trol regions are fitted simultaneously. The production30
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cross sections are determined using binned maximum-31

likelihood fits to the numbers of events in the signal re-32

gions, assuming the SM cross section and its predicted33

uncertainty at next-to-leading order (NLO) in QCD for34

the other signal process. The fits are based on the profile35

likelihood technique, where systematic uncertainties are36

allowed to vary in the fits as nuisance parameters. None37

of the uncertainties are found to be significantly con-38

strained or pulled from their initial values.39

The measured cross sections are: σtt̄Z = 0.9 ±40

0.3 pb and σtt̄W = 1.4 ± 0.8 pb in agreement with41

the SM predictions at NLO QCD, tt̄ + Z = 0.76 ±42

0.08 pb and tt̄ + W = 0.57 ± 0.06 pb, computed us-43

ing MadGraph5 aMC@NLO [6]. Both results are dom-44

inated by statistical uncertainties. Fig. 2 and 3 show the45

expected yields after the fits compared to data for the46

tt̄Z and tt̄W fit, respectively, in the relevant signal re-47

gions and the two control regions used to constrain the48

WZ and ZZ backgrounds.

Figure 2: Expected yields after the fit compared to data for the tt̄+Z
fit. The lower part of the figure shows the ratio of data to prediction.
The hatched area corresponds to the total uncertainty on the predicted
yields [4].

49

2.2. Measurement of jets produced in top quark events50

This section presents the measurement of jets asso-51

ciated to tt̄ events, using the dilepton final state with52

two b-tagged jets [7]. These measurements represent53

the normalized differential cross sections of top-quark54

pair production as a function of the multiplicity of addi-55

tional jets unfolded at particle level.56

The production of additional jets in tt̄ events arises57

from higher-order perturbative QCD effects. The uncer-58

tainties associated with these processes are significant59

both for precision measurements and for many searches60

for new physics phenomena where tt̄ production with61

Figure 3: Expected yields after the fit compared to data for the tt̄+W
fit. The lower part of the figure shows the ratio of data to prediction.
The hatched area corresponds to the total uncertainty on the predicted
yields [4].

additional jets is a dominant background. The aim of62

this analysis is to test several theoretical approaches that63

model the production of tt̄ events with additional jets,64

including NLO QCD calculations, parton-shower mod-65

els and methods matching fixed-order QCD calculations66

with the parton shower.67

The jet multiplicity for the additional jets is obtained68

for various jet transverse momentum thresholds: 25, 40,69

60 and 80 GeV, and Fig. 4 shows the reconstructed mul-70

tiplicity distribution for the 25 GeV threshold.71

Figure 4: Distributions of the reconstructed multiplicity of jets asso-
ciated to tt̄ pairs with pT >25 GeV. Data are compared to the baseline
tt̄ and background simulations. The lower part of the figure shows the
ratio of data to prediction. Uncertainties are statistical only [7].
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The unfolded results are compared to predictions72

of different NLO Monte Carlo models as shown in73

Fig. 5 and to variations of initial- and final-state ra-74

diation within Powheg+Pythia6. In general, there is75

agreement between the data and the predictions within76

the current experimental uncertainties. However, the77

Powheg+Pythia6 predictions are systematically below78

the data at high multiplicity. In addition, among the dif-79

ferent shower variations the settings leading to more ra-80

diation describe the data best, as described in Ref. [7].81

Figure 5: Unfolded jet multiplicity distribution for additional jets with
pT > 25 GeV and different tt̄ decay channels with statistical uncer-
tainty (dark blue band) and total uncertainty (light blue band). Data
are compared to predictions of different shower generators interfaced
with Powheg and aMC@NLO as an alternative NLO MC model. The
lower part of the figure shows the ratio of simulation to data [7].

3. Measurements in pp collisions at
√

s = 8 TeV82

The analyses described in this section are per-83

formed using a dataset with an integrated luminosity of84

20.3 fb−1 collected by the ATLAS experiment in 201285

at
√

s =8 TeV.86

3.1. Measurement of tt̄+W/Z production cross sections87

A measurement of the tt̄Z and tt̄W production cross88

sections in final states with either two same-sign (2LSS)89

and opposite-sign (2LOS) leptons, three (3L) or four90

leptons (4L) [5] is presented. Control regions are also91

defined to constrain the main backgrounds: tt̄ for 2LOS,92

Z+jets for 2LOS, WZ for 3L and ZZ for the 4L signal93

region.94

The σtt̄+W and σtt̄+Z are simultaneously extracted us-95

ing a maximum likelihood fit over five control regions96

and fifteen signal regions: three signal regions in the97

opposite-sign dilepton channel, three signal regions in98

the same-sign dilepton channel, four signal regions in99

the three-lepton channel and five signal regions in the100

four-lepton channel. Fig. 6 shows the expected yields101

after the fit compared to data in the signal and the con-102

trol regions.103

Figure 6: Expected yields after the fit compared to data in the five
control regions (CR) and the fifteen signal regions [5].

The measured cross sections are:104

σtt̄+W = 369 +86
−79 (stat) ± 44 (syst) fb = 369 +100

−91 fb and105

σtt̄+Z = 176 +52
−48 (stat) ± 24 (syst) fb = 176 +58

−52 fb.106

All measurements are consistent with the NLO QCD107

theoretical calculations for tt̄W and tt̄Z processes,108

σtt̄+W = 232 ± 32 fb and σtt̄+Z = 215 ± 30 fb [6], as109

shown in Fig. 7.110

The tt̄Z and tt̄W processes have been observed by AT-111

LAS using the Run-1 dataset at 8 TeV, with measured112

cross sections compatible with the SM predictions and113

uncertainties of 30%.114

3.2. Fiducial cross sections for tt̄ with additional b-jets115

The measurement of tt̄ in association with one or116

more b-jets is important in providing a more detailed117

understanding of QCD, initial state radiation. This pro-118

cess represents the largest background to the search for119

tt̄H production in H → bb̄.120

The fiducial cross sections for tt̄ with one or two ad-121

ditional b-jets are presented in Ref. [8]. For the tt̄+b,122

the lepton plus jets and dilepton (eµ) channels are used123

and the analysis strategy follows a fit to a multivariate124

b-tagging discriminant defined to identify b-jets125

For tt̄+bb̄, only the dilepton channel is used (ee, µµ,126

eµ) and two strategies are followed: a cut-based analysis127

requiring four b-jets and a fit to a multivariate b-tagging128

discriminant with looser requirements. The b-tagging129

discriminant distribution is shown in Fig. 8 after the fit130

is performed.131
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Figure 7: The result of a simultaneous fit to the tt̄W and tt̄Z cross
sections along with the 68% and 95% CL uncertainty contours. Also
shown are the theory predictions at NLO in QCD where the shaded
bands represent the theoretical uncertainties, which cover the renor-
malization and factorization scale uncertainties as well as PDF uncer-
tainties including αs variations [5].

The measured fiducial cross sections for tt̄+b in the132

lepton-plus-jets and dilepton channels, and for tt̄+bb̄133

in the dilepton channel using the cut-based or the fit-134

based method are shown in Table 1 together with the135

predicted cross-sections from PowhegBox+Pythia6 [9]136

for the QCD component, from Helac [10] for tt̄H and137

from MadGraph5 [11] for tt̄V . The result for the ratio138

measurement of tt̄ production with two additional b-jets139

to tt̄ production with any two additional jets, Rttbb, us-140

ing the fit-based method is also shown. The uncertain-141

ties quoted are from the statistical and total systematic142

uncertainties. The measurements are presented after

Table 1: Measured fiducial cross section for tt̄+b in the lepton-plus-
jets and dilepton channels, and tt̄+bb̄ in the dilepton channel. The
result for the ratio measurement Rttbb is also shown [8].

143

subtracting the EWK contribution, to compare to NLO144

pQCD theory predictions. The main uncertainties are145

due to the impact of the b-tagging scale factor uncer-146

Figure 8: The MV1c distribution of jets with the third and fourth high-
est MV1c weight in the dilepton channel for all signal and background
components. The lower part of the figure shows the ratio of data to
prediction [8].

tainties and the choice of MC generator which is derived147

by comparing tt̄ samples generated with Madgraph in-148

terfaced with Pythia6 to the baseline sample generated149

with Powheg+Pythia6. These results are also shown in150

Fig. 9 compared to theoretical predictions obtained with151

several generators.

Figure 9: Comparison of the measured cross sections in the three fidu-
cial phase-space regions with theoretical predictions obtained from a
variety of different generators [8].

152

3.3. Measurement of jets produced in top-quark events153

The measurements of the jet activity in tt̄ events are154

presented in Ref. [12]. The events were selected in the155

dilepton (eµ) channel with two b-jets.156

The normalized differential cross sections for top-157

quark pair production as a function of the multiplicity158

of additional jets unfolded at particle level are obtained159
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as described in Sec. 2.2. The gap fraction, the fraction160

of events which do not contain an additional jet in the161

central rapidity region (|y| <2.1), was also measured for162

several rapidity and meµbb̄ intervals.163

The measured gap fraction as a function of Q0 in the164

veto-region rapidity interval |y| <0.8 is shown in Fig. 10.165

The data are shown as the points with error bars indi-166

cating the total uncertainty, and compared to the pre-167

dictions from various tt̄ simulation samples shown as168

smooth curves. The lower plots show the ratio of predic-169

tions to data, with the data uncertainty being indicated170

by the shaded band, and the Q0 thresholds correspond-171

ing to the left edges of the histogram bins, except for the172

first bin. All measurements are in good agreement with

Figure 10: The measured gap fraction f(Q0) in tt̄ events, as a function
of Q0 in the veto-region rapidity interval |y| <0.8. The lower part of
the figure shows the ratios of simulation to data [12].

173

NLO and LO predictions. These results can be used to174

optimize the choice of QCD scale and parton shower175

parameters in tt̄ generators.176

4. Measurements in pp collisions at
√

s = 7 TeV177

4.1. Observation of tt̄ in association with a photon178

The measurement of top-quark pair production in179

association with a photon can constrain models of180

new physics, for example those with composite top181

quarks [13] or with excited top-quark production. The182

observation of tt̄γ in proton-proton collisions at a183

centre-of-mass energy of
√

s= 7 TeV with 4.59 fb−1
184

is presented in Ref. [14]. The analysis is performed185

on tt̄ candidate events in the lepton plus jets final state186

with one additional photon of ET > 20 GeV. The cross-187

section measurement is made within a fiducial kine-188

matic region corresponding to the ATLAS acceptance,189

as described in Ref. [14].190

The measurement of the tt̄ + γ production cross sec-191

tion is done using a template profile likelihood fit, where192

the photon track-isolation is the discriminating variable.193

This variable, shown in Fig. 11, is defined as the scalar194

sum of the transverse momenta of selected tracks in a195

cone of ∆R = 0.2 around the photon candidate. The

Figure 11: Results of the combined likelihood fit using the track-
isolation (piso

T ) distributions as the discriminating variable. The con-
tribution from tt̄ events is labeled as ‘Signal’, prompt-photon back-
ground is labeled ’γ backgrounds’, the contribution from hadrons
misidentified as photons (as estimated by the template fit) is labeled
as ‘Hadron fakes’ [14].

196

measured tt̄γ fiducial cross section is:197

σ
f id
tt̄+γ x BR(tt̄ → l j) = 63 ± 8 (stat) +17

−13 (syst) ± 1 (lumi) fb.198

The dominant source of systematic uncertainties is due199

to jet modeling, the largest uncertainty arising from the200

jet energy scale of about 15%. The result is in good201

agreement with the NLO predicted cross section. The202

process is observed with a significance of 5.3σ.203
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5. Summary204

Various measurements related to top-quark pair pro-205

duction have been carried out with the ATLAS exper-206

iment at the LHC at different centre-of-mass energies.207

All measurements are consistent with the SM predic-208

tions at NLO in QCD and the preliminary Run-2 mea-209

surements are currently statistically limited. These re-210

sults are used to optimise the tt̄ MC generator predic-211

tions and their parameters.212
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