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1. Introduction

The top quark, first discovered[1, 2] by the CDF[3] and D0[4] experiments in 1995, has been
observed at CERN by the ATLAS[5] and CMS experiments[6] and now is being studied with
large data samples. Several million top-quark pairs have been collected thanks to a trigger and
data acquisition overall performance above 90% for both ATLAS and CMS. After data quality
requirements, about 20 fb−1 in 2012 and 3 fb−1 in 2015 were made available for the physics
analyses for each experiment.

It is of great interest to study the differential cross-sections of top-quark pairs to constrain
Monte Carlo models [7, 8, 10, 11], parton distribution functions [9] and other theoretical assump-
tions. The measurements performed by ATLAS and CMS at

√
s = 7 TeV,

√
s = 8 TeV and

√
s = 13

TeV are in good agreement with several Monte Carlo models for the tt̄ invariant mass, transverse
momentum and rapidity distributions. Discrepancies have been observed in particular in the top-
quark transverse momentum distribution. To further constrain the perturbative QCD models, the
tt̄+jets production has been studied by ATLAS and CMS.

2. Kinematic reconstruction

Ideally, the kinematics of the top-quarks pair produced in the hard-scattering process is ul-
timately what experimentalist would like to measure to compare with the theoretical predictions.
In order to do so, unfolded cross-section distributions are compared to next-to-next-to-leading or-
der calculations, which to this date are not yet matched to parton shower algorithms. Differential
cross-sections are often strongly dependent on the details of the calculation. Moreover, Monte
Carlo generators have to be used to evaluate the efficiency, acceptance and matching corrections
where applicable. Usually, this procedure results in large systematic uncertainties.

On the other hand, what is actually observed experimentally are the kinematics of the final-
state objects such as leptons, jets and neutrinos, which arise from the decay of the top-quark pair,
as well as additional jets arising from QCD radiation. The so-called "fiducial phase-space" mea-
surements are based on final-state objects only, in order to minimize the extrapolations between
measurement and predictions. Usually, these measurements present smaller systematic uncertain-
ties. Depending on the decay channel, different reconstruction techniques are deployed:

Single lepton (resolved kinematics) The decay chain is reconstructed by identifying all of the
final-state objects separately and applying kinematic constraints such as the invariant mass
of the W boson and of the top quark. The so-called "PseudoTop" algorithm has been agreed
upon between theorists and experimentalists, and has been implemented, for example, in
Rivet [13] routines. Measurements performed in this channel [14, 17, 16, 18, 19, 21] fully
reconstruct the top-quarks’ four momenta with good resolution at low-pT, but are limited by
uncertainties in jet energy scale and resolution, flavour-tagging efficiency and signal mod-
elling.

Single lepton (boosted kinematics) The decay chain of the top quark decaying leptonically is re-
constructed by applying kinematic constraints. The invariant mass of the W boson is used to
find the most probable value of the longitudinal component of the neutrino four-momentum.
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If the top quark decaying hadronically has a transverse momentum pT ≥ 250 GeV, it can
be reconstructed using a large-radius jet. Subsequently, substructure variables are used to
determine whether the jet is a top-quark candidate. Measurements performed in this channel
[14, 15, 20] have the ability to explore the very high-pT region, but are limited by statistics
and uncertainties in jet energy scale, flavour-tagging efficiency and signal modelling.

Di-lepton (resolved kinematics) The four-momenta of the two top quarks are reconstructed by
applying kinematic constraints to stable final-state particles to find the optimal longitudinal
component of the momenta of the two neutrinos in the final state ("neutrino weighting")
[12]. Measurements performed in this channel [22, 25, 26, 19, 23, 24, 28] have a very
low background but have worse resolution due to the presence of two neutrinos. These
measurements are limited by statistics and uncertainties in flavour-tagging efficiency and
signal modelling.

All-hadronic (boosted kinematics) In this case the kinematic reconstruction is straightforward,
as the hadronic decay of a both high-pT top quarks are contained in large-radius jets. Top-
tagging algorithms based on jet substructure variables are deployed to separate the tt̄ signal
from the multi-jet background. Measurements performed in this channel [29, 30, 31] have the
ability to explore a pT region much higher than the other channels, but are limited by statistics
and uncertainties in jet energy and mass scale and resolution, flavour-tagging efficiency and
signal modelling.

After the kinematic reconstruction, an unfolding procedure is applied to correct for distortions
due to the detector response and event selection. Fiducial and full phase-space unfolded differential
cross-sections are usually stored in the HEPData database1. This allows theorists to compare ex-
perimental data against predictions made with Monte Carlo generators, and ensure the accessibility
of measurements.

3. Full and Fiducial phase-space cross-sections

The top-quark transverse momentum distribution is probably the most important observable.
In fact, it is sensitive to final state radiation, which tests the QCD calculations that model this
effect. Moreover, in order to perform this measurement up to about 1 TeV, different reconstruction
methods have to be deployed to cope with the different kinematic regimes. Not surprisingly, many
sources indicate a disagreement between data and LO and NLO predictions, which is especially
evident for pT ≥ 300 GeV [22, 26]. However, the comparison of full phase-space differential
cross-sections to NNLO calculations (Figure 1) shows better agreement, indicating that higher-
order corrections have a large impact.

The invariant mass of the tt̄ system is often regarded as one of the more intriguing observables.
In fact, any appearance of "bumps" or "dips" in its spectrum can signal the presence of resonant
states or interference not accounted for in the Standard Model. The agreement between data and
NNLO calculations seems satisfactory [16, 18] despite the increasing statistical and systematic

1https://hepdata.net
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Figure 1: Full phase-space normalised differential ttbar cross-section as a function of the transverse mo-
mentum of the top quark in the single-lepton channel. The CMS and ATLAS results are compared to the
NLO and NNLO calculations. The values for the top-quark mass (mtop), the renormalisation (µR) and fac-
torisation (muF ) scales, and the choice of the PDF set used in each calculation are provided. The variable
mT is defined as the square root of the sum of the squares of top-quark mass and the transverse momentum
of the top quark. The shaded bands show the total uncertainty on the data measurements in each bin. The
lower panel shows the ratio of the data measurements and the NLO calculation to the NNLO calculation.

uncertainties at invariant masses larger than about 1 TeV (Figure 2). However, the current resolution
limits bump hunting. In this case, the all-hadronic boosted channel may be promising thanks to the
kinematic resolution [29, 30].

The transverse momentum of the tt̄ system is sensitive to additional radiation (e.g. initial-state
radiation). The comparison against Monte Carlo generators with NLO accuracy shows that the
recoil of the tt̄ system is overestimated for ptt̄

T ≥ 100 GeV (Figure 3) .

The rapidity of the tt̄ system is sensitive to different choices of parton distribution functions.
This appears clearly in double-differential cross-sections, where the rapidity of the tt̄ system is
measured as a function of the invariant mass [27]. A tendency to overestimate the production at
high |η | is observed [16, 19], but it can be also interpreted in terms of an inadequate extrapolation
of the parton distribution functions in the more forward region.

Finally, additional radiation (I/FSR) produced along with the top-quark pair is a critical test of
NLO corrections, parton shower models and matrix-element-to-parton-shower matching schemes.
The extra jet activity [24, 28] is used to constrain tt̄ production models as implemented in Monte
Carlo generators.
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Figure 2: Full phase-space normalised differential tt̄ cross-section as a function of the invariant mass of
the top-quark pair in the single-lepton channel. The CMS and ATLAS results are compared to NNLO
and NLO+NNLL calculations. The values for the top-quark mass (mtop), the renormalisation (µR) and
factorisation (µF ) scales, and the choice of the PDF set used in each calculation are provided. The shaded
bands show the total uncertainty on the data measurements in each bin. The lower panel shows the ratio of
the data measurements and the NLO+NNLL calculation to the NNLO calculation.

4. Conclusions

Top-quark pair differential cross-sections are instrumental to constrain NLO generators (par-
ticle level) and NNLO calculations (parton level), and search for beyond-Standard-Model physics.
In particular, it is observed that NNLO corrections improve data/theory agreement in differential
cross-section as a function of the top-quark transverse momentum. The field is now entering the
era of boosted top-quarks and double-differential cross-sections measurements.
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Figure 3: Full phase-space normalised differential ttbar cross-section as a function of the transverse
momentum of the top-quark pair. The CMS and ATLAS results are compared to predictions from the
Powheg+Herwig6 and Powheg+Pythia8 MC generators. The shaded bands show the total uncertainty on
the data measurements in each bin. The lower panel shows the ratio of the data measurements and the
Powheg+Pythia8 prediction to the Powheg +Herwig6 prediction.
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