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Measurements of the inclusive and the differential top quark pair production cross sections in
proton-proton collisions at the center of mass energy of 8 and 13 TeV with the ATLAS detector
at the Large Hadron Collider are presented. The inclusive measurements reach high precision
and are compared to the best available theoretical calculations. Differential measurements of
the kinematic properties of the top quark production are also discussed. These measurements,
including results using boosted top quarks, probe our understanding of top quark pair production
in the TeV regime. The results, unfolded to particle and parton level, are compared to Monte
Carlo generators implementing LO and NLO matrix elements matched with parton showers and
NNLO QCD calculations.
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1. Introduction

The Large Hadron Collider [1] is a top quark factory and allows for the precise measurement
of the inclusive, as well as, the differential top quark pair (tt̄) production cross section. All proper-
ties of the top quark, with the exception of its mass, are predicted by the Standard Model (SM). The
inclusive cross section, σtt̄ , measured in different final states, provides a check of consistency with
each other and with the prediction of the SM. Any inconsistency or deviation from the prediction
of the SM would be an evidence of new physics. The differential cross section provides additional
constraint on the fundamental parameters of the SM and can be used to tune Monte Carlo event
generators. At the LHC energy regime, the dominant production mechanism (∼ 87%) of top quark
pairs is gluon-gluon fusion and quark anti-quark interactions are responsible for the rest of the
production. According to the SM, the top quark decays over 99% of the time to a W boson and a
b-quark. The different final states of the W boson determines the different tt̄ final states. Measure-
ments of the cross section in different final states really are measurements of σtt̄ ·BR1 ·BR2, where,
BR1 and BR2 are the branching ratios of the top and the anti-top quark, respectively. To determine
the inclusive cross section, the measurements assume the branching ratios to different final states
are determined by the W boson branching ratios. The inclusive cross section measured using the
data collected by the ATLAS [2] detector at

√
s = 13 TeV is presented here for the following final

states:

• eµ +b-jet: exactly one isolated electron (pe
T > 25 GeV) and one isolated muon (pµ

T > 25 GeV)
with opposite electric charge. The electrons (muons) are required to be isolated in the calorimeter
using the energy deposition, ET , inside a cone of ∆R < 0.2, where, the distance in the η−φ space
is defined as ∆R =

√
(∆η)2 +(∆φ)2. A track isolation requirement is also applied requiring the

electron (muon) tracks to be isolated in a cone which increases in size, ∆R = 10GeV/pe/µ

T , for
decreasing pT up to a maximum of ∆R = 0.2. The electron (muon) identification efficiency is
90% for pT of 25 GeV, which increases to 99% at 60 GeV and is measured in Z→ ee (Z→ µµ)
events. In addition, a requirement of at least one b-tagged jet with efficiency about 70% is
applied to select events in this final state.

• ee/µµ+b-jet: exactly two isolated electrons or two isolated muons with opposite electric charge,
at least one b-jet. The selection criteria of electrons and muons are same as the eµ +b-jet final
state. Additionally, the invariant mass (m``) of the two electrons (muons) are required to be
above 60 GeV with a veto around the Z boson mass, 81 < m`` < 101 GeV.

• e/µ+jets: exactly one isolated electron or muon, at least four jets (anti-kt algorithm, R = 0.4,
p j

T > 25 GeV), at least one of which is a b-jet. Additional requirements on the missing trans-

verse momentum, Emiss
T , and the W boson transverse mass, mW

T =
√

2p`T Emiss
T (1− cos∆φ) are

applied to reduce the fake (misidentified) lepton background. In electron channel a requirement
of Emiss

T > 40 GeV or mW
T > 50 GeV is applied, whereas, in the muon channel a requirement of

Emiss
T +mW

T > 60 GeV is applied.

The differential cross sections are measured using the e/µ+jets final state at
√

s = 8 TeV. All the
measurements assume the top quark mass to be 172.5 GeV.
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2. Inclusive cross section measurements

The inclusive cross section in eµ +b-jet final state is calculated at
√

s = 13 TeV using the full
2015 dataset corresponding to

∫
L dt = 3.2 fb−1 [3]. The analysis extracts the σtt̄ by counting the

number of events with exactly one (N1) and exactly two (N2) b-tagged events expressed as,

N1 = Lσtt̄εeµ2εb (1−Cbεb)+Nbkg
1 and N2 = Lσtt̄Cbεeµε

2
b +Nbkg

2 ,

where, εeµ is the eµ efficiency, εb is the b-tagging efficiency and Cb is the tagging correlation
coefficient close to unity. A likelihood fit is then used to simultaneously determine the cross section
and the b-tag efficiency. The purity of the signal events in the 1 b-tag (2 b-tag) region is 89% (96%).
The largest contribution in the background processes comes from the single top Wt channel and
is normalized to the approximate NNLO cross section of 71.7±3.8 pb, determined as in Ref. [5].
The Z + jets background is determined by measuring the rates of Z→ ee and Z→ µµ events with
one and two b-tagged jets in both data and simulation, and using the resultant ratio to scale the
simulation estimate of background from Z → ττ + jets→ eµ + jets. The background originating
from a misidentified electron or muon is estimated in data events using eµ events having the electric
charge. In addition to the inclusive σtt̄ , the cross section is also measured in a fiducial volume. The
measured cross sections are,

σ
inclusive
tt̄ = 803±7(stat.)±27(syst.)±45(lumi.)±12(beam) pb,

σ
fiducial
tt̄ = 11.12±0.10(stat.)±0.28(syst.)±0.62(lumi.)±0.17(beam) pb.

The uncertainty on the luminosity (5.5%) and the beam energy (1.5%) significantly limits the pre-
cision of this measurement. The systematic uncertainty from experimental sources is small (1.5%)
compared to the theoretical sources (3%). The cross section is thus measured also in the fiducial
volume which reduces the theoretical sources of uncertainty to 2%. The results of this measurement
have since been updated, see Ref. [4].

The ee/µµ +b-tag final state uses the same method as the eµ +b-tag final state to extract the
cross section. The analysis uses dataset corresponding to

∫
L dt = 85 pb−1 at

√
s = 13 TeV [6].

The backgrounds are estimated using the same method as that of the eµ + b-tag analysis. The
measured inclusive cross section is,

σ
inclusive
tt̄ = 749±57(stat.)±79(syst.)±74(lumi.) .

The cross section in the e/µ+jets final state is also measured at
√

s= 13 TeV with an integrated
luminosity of

∫
L dt = 85 pb−1 [6]. The dominant background in this final state comes from

W + jets processes which is measured in data using the charge asymmetric production of the W
boson in pp collisions [7]. The misidentified lepton background is also measured in data that relies
on a relaxed lepton identification criteria. The cross section is measured by counting the number
of signal events in data. The measured cross section is,

σ
inclusive
tt̄ = 817±13(stat.)±103(syst.)±88(lumi.) .

The precision of the cross section measurements presented above suffers from large uncer-
tainty on the integrated luminosity. This uncertainty largely cancels in the measurement of the
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ratio of the inclusive tt̄ to Z boson cross sections, Rtt̄/Z [6]. This measurement provides significant
constraint on the ratio of gluon to sea-quark content in the proton parton distribution functions
(PDF) [8]. The σtt̄ is measured in the eµ final state described in Ref. [9] and uses an integrated
luminosity of 78pb−1. The Z boson cross section measurement is described in Ref. [10] and uses
85pb−1 of data. The updated results for both these measurements are in Refs. [4, 11]. The ratio of
the two cross sections is measured to be,

Rtt̄/Z = 0.445±0.027(stat.)±0.028(syst.)

The measured ratio is compared to the theoretical predictions calculated at NNLO in QCD
using CT10nnlo [12], ABM12LHC [15], NNPDF3.0 [14] and MMHT14nnlo68CL [13] PDF sets.
Figure 1 shows the comparison of the theoretical predictions calculated with these PDF sets to the
measured ratio. The experimental result is consistent with the theoretical predictions calculated
using CT10, NNPDF3.0 and MMHT14nnlo68CL PDF sets. The ABM12LHC PDF is, however,
only marginally consistent as it predicts 12% smaller cross section for tt̄ compared to CT10 PDF.

Z
totσ / 

tt
totσ

0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

ATLAS Preliminary
-113 TeV, 78 - 85 pb

 total uncertainty±data 
 stat. uncertainty±data 

ABM12LHC

CT10nnlo

NNPDF3.0

MMHT14nnlo68CL

(NNLO QCD, inner uncert.: PDF only)

Figure 1: Measured cross section ratio Rtt̄/Z compared to NNLO predictions at
√

s = 13 TeV based on the
ABM12LHC, CT10, NNPDF3.0 and MMHT14 PDF sets [6].

3. Differential cross section measurements

The differential cross section measurements can be used to study the characteristics of tt̄ pro-
duction with respect to different observables that are sensitive to the PDF, initial and final state
radiation, non-resonant processes and higher order corrections. In addition, it can be sensitive to
beyond SM processes that manifest as modifications of tt̄ differential distributions with respect to
the SM predictions. The differential cross sections presented here, are measured in the e/µ+jets
final state in the resolved and the boosted topology at

√
s = 8 TeV using dataset corresponding to∫

L dt = 20.3 fb−1 [16, 17]. In the resolved topology, the top quark is produced almost at rest and
is characterized by isolated leptons and jets with small ∆R (= 0.2) . In the boosted topology, the
high pT (> 300 GeV) jets will tend to be collimated and merged with the W boson resulting into
large ∆R (= 1.0) jets.
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The differential cross sections are measured as a function of the top quark transverse momen-
tum (pt

T ) and transverse momentum (ptt̄
T ), rapidity (ytt̄), invariant mass (mtt̄) of the tt̄ system. The

observables are corrected for detector effects to the parton level with extrapolation to full phase
space and compared to those predicted using three different generators: POWHEG, MC@NLO
and MadGraph. Figure 2 shows these comparisons in the resolved topology. POWHEG+PYTHIA
with CT10 PDF and the hdamp parameter that regulates the high-pT radiation, set to the top quark
mass (mtop) provides the best description of dσ tt̄/d ptt̄

T and dσ tt̄/dmtt̄ . None of the generators
provide a good description of the |ytt̄ |, especially in the forward region. For low pt

T , most of the
generators provide a good description, however for pT > 250 GeV, the prediction in simulation is
harder compared to that observed in the data events. In the boosted topology, a similar trend in
simulated pt

T spectrum is observed for different generators and PDF sets as shown in Fig. 3. The
HERAPDF [18] along with POWHEG+PYTHIA (hdamp = mtop) provides the closest description
in the boosted topology. In the resolved topology, the predictions are also calculated at approx-
imate next-to-next-to-next-to-leading order (aN3LO), aNNLO and full NNLO orders in QCD. A
full NNLO calculation is found to provide a better description compared to the higher order ap-
proximate calculations. The observables are also corrected to the particle level in a fiducial volume,
which shows similar trends as observed at the parton level in the full phase space. The uncertainties
at the fiducial level is smaller compared to the full phase space but results in the reduction of the
agreement between data and simulation.

4. Conclusion

The inclusive cross section measurements in pp collisions at
√

s = 13 TeV using the AT-
LAS detector is presented. The measurements are in excellent agreement with the SM prediction
of 832± 42 pb calculated at next-to-next-to-leading order (NNLO) plus next-to-next-to-leading-
logarithm (NNL) [19]. All the measurements suffer from large luminosity uncertainty. The eµ +b-
jet final state provides the most precise measurement with a total uncertainty of 6.7% where the
experimental accuracy is better than the theoretical precision. The differential cross section is
measured at

√
s = 8 TeV in the e/µ+jets final state for both resolved and boosted topology. All

generators predict harder dσtt̄/d pt
T than observed with the full NNLO calculation describing the

data better than approximate higher order QCD calculations.
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Figure 2: Normalized differential cross section as a function of pt
T , ptt̄

T , |ytt̄ | and mtt̄ in the resolved topology
[16].
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Figure 3: Differential cross section as a function of pt
T in the boosted topology compared to different

generators (left) and different PDF sets (right) [17].
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