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Status of theoretical predictions for top pair production cross section

1. Introduction

This proceeding consists of results based on a collection of recent theoretical papers discussing
high precision calculations on the top-quark pair process at the LHC at the production [1–3] and
the decay level [4]. The main motivation for high precision studies in the top pair production is
the fact that the new LHC run at 13 TeV will probe very accurately this process even at differential
level. Already there are many results available for tt̄ production beyond NLO in QCD [5–20] and
including the EW corrections [3, 21–35]. At the decay level the most recent works focus on the
fully-leptonic decay of the top-quark pair at NLO in QCD [36], at NLO in EW [31] and the semi-
leptonic decay at NLO in QCD [4]. In the current proceeding we will discuss the latter. We will
start with stable tops at NNLO QCD + NLO EW accuracy followed by NNLO + NNLL′ and we
will proceed with the semi-leptonic decay of the top-quark pair.

2. Stable tops

The tension between theory and experiment reported for the pT (t) distribution at 8 TeV [37,38]
was an extra motivation for these high accuracy calculations. In [7] the NNLO QCD calculation
shows the reduction of the scale uncertainty w.r.t. the NLO QCD and even at this level of accuracy
the tension between experiment and theory persists with the data to show a softer spectrum than
the theory at the high pT region.

Starting with the NNLO QCD + NLO EW calculation it is interesting to see how this dis-
tribution is affected. For the NNLO QCD part of this calculation the calculational techniques
of [8] are used. The NLO EW part is included via the currently public version of the MAD-
GRAPH5_AMC@NLO framework [39, 40] already validated in [41–43]. The multiplicative ap-
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Figure 6. Results for the absolute (left) and normalized (right) pT,avt distributions at the

LHC with
p

s = 13 TeV. In all cases the ratio is to the NNLO result with µf = mT /2.

Uncertainty bands are obtained in complete analogy to those in figure 4.

Figure 7. Predictions for the total top-pair production cross section at the LHC withp
s = 13 TeV, where the error bars represent perturbative uncertainty estimates through

scale variations. The method for obtaining results and the uncertainty estimates at di↵erent

values of µf is described in the second to last paragraph of section 5.

NLO+NNLL0 to NNLO+NNLL0 is an important e↵ect for the pT distributions, espe-

cially in reducing the scale uncertainties in the high pT region. This is an important

fact to keep in mind when using NLO-based Monte Carlo event generators to model

pT distributions.

Finally, in figure 7 we show results for the total cross section, obtained in several

– 34 –

Figure 1: The QCD×EW (left) and the NNLO QCD + NNLL′ (right) results for the pT,avt distribution at
13 TeV.

proach, which is adopted here, further approximates on top of the additive one the missing higher
order mixed term O(α3

s α) by applying the NLO QCD K-factor on the α2
s α perturbative order. The

calculation setup and the multiplicative combination is described in detail in [1] and particularly
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the scale choices are motivated in [8]. In figure 1 we can see in the left plot the effect of the EW
corrections to the NNLO QCD result at 13 TeV for the pT,avt distribution. This shows that the
EW corrections soften the spectrum at the high pT region. The study of the effects of resumma-
tion on top of the NNLO QCD results is realised in [2]. In this work the resummation of soft7
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Fig. 3: Top-quark transverse momentum distribution (left) and top-antitop invariant mass (right) at parton-level with stable
tops for the LHC with 13 TeV. Compared are MEPS@NLO QCD and MEPS@NLO QCD+EWvirt predictions and the effect of
subleading Born contributions. Error bands are due to QCD scale variations.

O(an
s a2) in the merging is shown explicitly. In order to al-

low for a direct comparison with the corresponding fixed-
order results we chose renormalisation and factorisation sca-
les according to Eq. (2.4). The shown error bands indicate
resulting factor-2 QCD scale variations. In the ratio of the
MEPS@NLO QCD+EWvirt predictions over the MEPS@NLO

QCD predictions we recover EW correction factors consis-
tent with the fixed-order results presented in Section 2. The
same also holds for the effect of the subleading Born contri-
butions.

Finally, in Figure 5 we present full particle-level
MEPS@NLO QCD+EWvirt predictions for multijet-merged
top-pair production including spin-correlated top quark de-
cays [101] in the semileptonic decay channel. Here, also
non-perturbative effects due to multiple interaction simula-
tion [102], hadronisation [103] and hadron decays, as well as
higher-order QED effects included through the soft-photon
resummation of [65] have been included. These predictions
are compared to experimental data taken by the ATLAS ex-
periment [59] at the LHC at 8 TeV measuring the transverse
momentum distribution of reconstructed top-quark candi-
dates. The corresponding analysis is implemented in RIVET

[104] and entails a reconstruction of the transverse momen-
tum of the hadronically decaying top-quark candidates with
pT > 300 GeV. In this measurement, the boosted top-quark
candidate is identified as a single large-radius jet (R = 1.0)
using jet substructure techniques.

We find a significant improvement of the agreement be-
tween MC simulation and data when electroweak correc-
tions are included, although the statistical prowess of the
data sample as well as the high-pT reach are limited in this
measurement.

5 Conclusions

In this paper we have presented the first predictions for top-
pair plus jet production including Born and one-loop EW
corrections. We compared these corrections with the ones
for top-pair production and overall found a universal be-
haviour indicating a factorisation of the EW corrections with
respect to additional jet radiation. Subsequently, based on
the MEPS@NLO multijet merging framework in SHERPA

combined with OPENLOOPS, we derived parton- and particle-
level predictions for inclusive top-pair production includ-
ing NLO QCD and EW corrections. The EW corrections
are incorporated in an approximation, based on exact vir-
tual NLO EW contributions combined with integrated-out
QED bremsstrahlung. We showed that this approximation is
able to reproduce the full NLO EW result for tt̄ and tt̄+jet
production at the percent level. Comparing our predictions
against a recent measurement for the top-quark pT-spectrum
performed by ATLAS in the lepton+jet channel we find very
good agreement between the NLO Monte Carlo predictions
and data when the EW corrections are included.

8

Fig. 4: Leading jet transverse momentum distribution at
the LHC with 13 TeV comparing MEPS@NLO QCD and
MEPS@NLO QCD+EWvirt parton-level predictions. Error
bands are due to QCD scale variations.
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18. S. Höche, P. Maierhöfer, N. Moretti, S. Pozzorini, and F. Siegert
Eur. Phys. J. C77 (2017), no. 3 145, [arXiv:1607.06934].

19. K. Melnikov and M. Schulze JHEP 08 (2009) 049,
[arXiv:0907.3090].

20. J. M. Campbell and R. K. Ellis J. Phys. G42 (2015), no. 1
015005, [arXiv:1204.1513].

21. G. Bevilacqua, M. Czakon, A. van Hameren, C. G.
Papadopoulos, and M. Worek JHEP 02 (2011) 083,
[arXiv:1012.4230].

22. A. Denner, S. Dittmaier, S. Kallweit, and S. Pozzorini Phys.
Rev. Lett. 106 (2011) 052001, [arXiv:1012.3975].

23. A. Denner, S. Dittmaier, S. Kallweit, and S. Pozzorini JHEP 10
(2012) 110, [arXiv:1207.5018].

24. F. Cascioli, S. Kallweit, P. Maierhöfer, and S. Pozzorini Eur.
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Figure 2: The pT (t) distribution in the MEPS@NLO framework at QCD+EWvirt accuracy (left) and the
comparison with ATLAS data (right). Figure taken from [3].

and small-mass logarithms at differential level is matched to NNLO QCD in order to provide the
NNLO+NNLL′ prediction using the same scale choices as in [1]. Looking in figure 1 (right) we
can see that for the pT,avt distribution the resummation also reduces the central value of the NNLO
QCD. In order to go beyond the fixed order calculations another challenge is to include the shower
effects keeping the top-quark pair stable. In [3] the tt̄ and tt̄ j samples are merged up to one jet
in the MEPS@NLO framework of the SHERPA+OPENLOOPS [44–46]. In figure 2 we can see
that the effect of the EW corrections softens the spectrum and brings the theory in agreement with
the data from the boosted top ATLAS analysis [47]. This behaviour is in agreement with what is
observed at the fixed order calculations and shown in figure 1.

3. Off-shell effects at the decay level

On top of the projects described in the previous section, where the tops are kept stable, there
are efforts to include the top-quark decays in the calculation considering also the off-shell effects.
The statistics on the new run of the LHC at 13 TeV will provide experimentally accurate distribu-
tions on the decay products which need to be compared with the theory. Furthermore, decaying
the tops introduces realistic final states where actual cuts, close to the experimental ones, can be
applied. This reduces the need for the experimental analyses to unfold from particle and fiducial
to parton and inclusive levels respectively, which is a Monte Carlo dependent procedure. The in-
clusion of the off-shell effects reveals the contribution of the non-resonant Feynman diagrams for
a specific final state, which can be significant in the tails of the distributions. They are particularly

2
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important in observables which are used in the top-mass measurement analyses. Of course one can
realise that keeping the same accuracy as in the production level is extremely challenging since the
Feynman diagrams become more complicated. Recent works on the top pair production and decay
are presented in [4, 31, 36].

As stated in the introduction we will focus on the semi-leptonic decay of the top-quark pair at
NLO in QCD [4]. In this work the LO O(α2

s α4) perturbative order with the NLO QCD corrections
are considered.. This order includes Feynman diagrams with at least one resonant W boson and
up to two top and W resonant propagators. Focusing on differential distributions of the process

Figure 3: Differential distributions of the reconstructed leptonic top (left) and the decay products (right).
Figure taken from [4].

pp→ tt̄ → µ−ν̄µbb̄ j j we discuss the plots of figure 3, where we can see the invariant mass of
the leptonically decaying top quark (left) and the invariant mass of the µ−b̄ system (right). In the
M(tlep) distribution we see that there is a large K-factor below the peak region. Moving from LO to
NLO QCD we observe a migration of events to the region below the top mass peak. This is due to
hard QCD radiation from the b quark, outside the jet cone radius ∆R. This radiation is not included
in the reconstructed b-jet, therefore not included in the top-quark mass reconstruction. This effect is
mimicked by the shower even at LO once the latter is included. We further show a key distribution
for top-quark mass measurements. In the Mµ−b̄ distribution we can see the distinction of the on -
and off - shell contributions in the steep limit of M2

µ−b̄ = M2
t −M2

W ≈ (154GeV)2. The NLO QCD
K-factor changes before and after this point since for Mµ−b̄ ' 154 GeV the non doubly resonant
diagrams contribute.

4. Conclusions

In this proceeding we present the calculations and discuss the results described in [1–4] con-
cerning top-quark pair production and decay process. At the production level we saw that both
the NNLOQCD+NLOEW as well as the NNLO+NNLL′ calculations soften the spectrum of the
pT of the top quark at high pT values and provide a better agreement with the available data. The
combination of these two calculations is in progress. We further discussed the merging of the
tt̄ + tt̄ j samples at NLO in QCD+EW under the MEPS@NLO framework. The same effects of the
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EW corrections are observed like in the fixed order calculation and the results are in good agree-
ment with the boosted tops ATLAS analysis. A more detailed comparison between the fixed order
NNLOQCD+NLOEW and the MEPS@NLO (QCD+EW) calculations is in progress. Finally we
also discussed the semi-leptonic decay of the top-quark pair at NLO QCD accuracy. We pointed
out the non trivial differential K-factors and the importance of the off - shell contributing Feynman
diagrams.
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