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Abstract

Recent results and state-of-the-art on top-quark pair production cross sections in both inclusive and
differential measurements are presented, obtained using data collected with the ATLAS, CMS and
LHCb experiments during the LHC Run1 and Run2 periods up to the year 2016 at centre-of-mass
energies ranging from 5.02 to 13TeV. Results are confronted against Standard Model (SM) next-
to-leading order (NLO) and next-to-next-to-leading order (NNLO) predictions, several Monte Carlo
(MC) generators and tunes, and parton density function variations, with a special focus on the latest
Run2 results.
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1. Introduction 1 

The enormous datasets provided and the high production rate of top quark pairs (tt)̅ at the 2 

LHC allow not only accurate inclusive cross section determinations but also precise 3 

measurements of differential and double-differential cross sections as a function of kinematic 4 

variables of the top quark and the tt ̅system. As the higher order corrections to tt ̅production are 5 

large, these measurements test the predictive power of perturbative QCD calculations and electro-6 

weak corrections. Similarly, tt ̅observables at particle level can constrain the parton shower and 7 

hadronisation modelling. Due to the large mass of the top quark, tt	̅cross sections are sensitive to 8 

the parton distribution function (PDF) of the gluon. Hence, these measurements have the potential 9 

to reduce the PDF uncertainties. Moreover, the generation of tt ̅ events requires a realistic 10 

modeling of parton showers. Measurements of kinematic properties and multiplicities of jets 11 

associated with tt ̅production allow a detailed comparison of different parton shower models with 12 

the data and provide insight into their tuning. 13 

 14 

Extensive measurements were performed by the ATLAS[1] and CMS[2] experiments at 15 

different proton-proton center-of-mass energies ranging from 5.02 to 13TeV and even in proton-16 

nucleus (Pb) collisions for various tt ̅decay channels. Recently, the LHCb[3] experiment has also 17 

provided a fully inclusive measurement of the tt ̅process in the forward region, complementary to 18 

those by ATLAS and CMS. Results shown in this document correspond to data taken during the 19 

Run1 and Run2 periods up to the year 2016. 20 

2. Inclusive cross section measurements 21 

With full next-to-next-to-leading order plus next-to-next-leading logarithmic order 22 

(NNLO+NNLL)[4] predictions available for tt ̅production, precise measurements of the inclusive 23 

cross section are important tests for the underlying theory. The tt	̅pair allow an event selection 24 

based on the topology of the particular decay of the W bosons as shown in Figure 1. There has 25 

been an excellent progress both on the theory and experiment side as shown in Figure 2, with an 26 

impressive agreement up to now where the experimental uncertainty is comparable to the 27 

theoretical one. A special remark must be made to the latest inclusive additions: the ATLAS 28 

inclusive and fiducial lepton+jets measurements at 8TeV [5] with precisions of ~6% and 4.5% 29 

respectively; and the CMS inclusive measurement at 5.02TeV using the dilepton and lepton+jets 30 

channels [6], with a precision of 12% given the low luminosity (27.4pb-1) cumulated in the year 31 

2015 at that centre-of-mass energy. This latter study at 5.02TeV represents complementary data 32 

which serve as reference for future Pb-Pb and p-Pb measurements, like the CMS observation of 33 

 production in proton-nucleus (Pb) collisions[7], which constitutes a novel and theoretically 34 ̅ݐݐ

precise probe of the nuclear gluon density at high virtualities. 35 

 36 

Moreover, the LHCb experiment extended its fiducial cross section measurement at 8TeV 37 

performed in the lepton+b-jets channel in the forward 2.2<|<4.2 region [8] to the dilepton eb 38 

channel at 13TeV to the 2.0<||<4.5 region using 1.93fb-1 of data collected in 2015 and 2016 [9]. 39 

The overall precision is 20% and it is statistically limited, but data from the years 2017 and 2018 40 

are expected to improve the sensitivity in further studies. These LHCb measurements represent a 41 

unique and complementary study to the forward regions not accessible by ATLAS and CMS. 42 
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 43 

 44 
Figure 1. Summary of the ATLAS+CMS tt ̅inclusive cross section 8TeV (left) and 13TeV (right) 45 
measurements. 46 
 47 
 48 

 49 
Figure 2. Evolution of the LHC tt	̅inclusive cross section measurements with √ݏ. Theory band 50 
represents uncertainties due to renormalization and factorization scale, parton density functions 51 
and the strong coupling. 52 
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3. Differential cross section measurements. 53 

Since Run1 there has been an ongoing discrepancy in full NLO modelling of the top and tt ̅54 

system, most famously in the top quark transverse momentum pT(t). It has been observed in many 55 

channels, analyses, fiducial and full phase-space data, where only NNLO predictions are able to 56 

reproduce data, but those predictions are available at parton level only (see Figure 3). New results 57 

confirm this discrepancy and provide more precision including even electroweak corrections. The 58 

bottom line is that, so far, different full NLO MC setups can describe some, but not all of the 59 

“standard” top and tt	̅kinematics simultaneously. 60 

 61 
Figure 3. Full phase-space normalised differential tt	̅cross-section as a function of the 62 

transverse momentum of the top quark. The CMS and ATLAS results are compared to NNLO and 63 

approximate NNLO calculations.  Both the CMS and ATLAS measurements are performed 64 

assuming a top-quark mass value of 172.5 GeV. The shaded bands show the total uncertainty on 65 

the data measurements in each bin. The lower panel shows the ratio of the data measurements and 66 

the approximate NNLO calculations to the full NNLO calculation. 67 

 68 

At present the latest differential result from Run2 comes from CMS [8] using year 2016 data 69 

and the clean e channel, providing differential measurements both at parton level in the full 70 

phase space and at particle level within a phase space close to the experimental acceptance, the 71 

so called fiducial phase-space. Both ATLAS and CMS have chosen as default Monte Carlo (MC) 72 

generator Powheg V2 [9] interfaced with Pythia8.2 [10] for the parton shower part for the Run2. 73 

This MC provides a reasonable agreement except in the top quark direct observables like pT(t) 74 

(see Figure 4), pT(tt)̅ and m(tt)̅. Herwig++[11] seems to improve the agreement but only at particle 75 

level. Beyond NLO predictions at parton level show a slightly better agreement but not within 76 

uncertainties in the normalized distributions (see Figure 5). A previous equivalent e Run2 result 77 

from ATLAS[12] shows the same trend. 78 
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 79 
Figure 4. Normalized differential tt ̅production cross sections at parton level in full phase 80 

space (left) and particle level in fiducial phase space (right) as a function of pT(t) as seen in [8]. 81 

Several full NLO MC setups interfaced with Pythia8 or Herwig++ for PS are shown. The lower 82 

panel in each plot shows the ratio of the theoretical prediction to the data. 83 

 84 
Figure 5. Normalized (left) and non-normalized (right) differential tt ̅ production cross 85 

sections at parton level in full phase space as a function of pT(t) as seen in [8]. Several beyond 86 

NLO predictions are also shown. The lower panel in each plot shows the ratio of the theoretical 87 

prediction to the data. 88 

 89 

Other previous Run2 differential results include: the boosted pT(t)>500GeV/c top 90 

regime[13] which shows similar discrepancies with standard NLO MC setups for tt ̅ system 91 

observables while pT(t) is mostly acceptable but with large statistical uncertainties; and 92 

studies[14,15] of kinematic event variables (i.e. those that do not need a reconstruction of the top 93 

quarks using stable particles within experimental acceptance to avoid theory extrapolations) 94 

which justify the use of Powheg V2 + Pythia8 as default generator for tt ̅processes in the Run2. 95 

However, tuned MC setups using Run1 data are needed to reach a reasonable level of agreement 96 

in the distributions of observables, which are detector dependent. A strong effort is invested by 97 

the LHC experiments trying to use and integrate Herwig 7[16] as an alternative to Pythia in order 98 

to properly quantify the systematics in the parton shower interface. 99 
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4. Double differential cross sections. 100 

The so called 2D or double differential studies provide more details in corners of the phase 101 

space while looking at two observables at the same time. The two latest results from Run2 provide 102 

consistent results in the lepton+jets channel: one from CMS[17] using 2016 data and one from 103 

ATLAS[18] using 2015 data with results in three independent jet bins but with no 2D unfolding. 104 

Both studies show very few discrepancies at parton level but the measurement is dominated by 105 

the uncertainty in the parton shower and hadronization modelling. Figure 6 shows the result from 106 

CMS where the overprediction of the pT(t) is clearly seen specially for the 0 additional jets case 107 

which is most sensitive to NLO generator effects; the 1 additional jet bin is really probing the 108 

NLO part of the calculation with a smaller effect, while 2 or 3 extra jets have increased systematic 109 

uncertainties and are most sensitive to parton shower. Among the different MC setups tested, only 110 

Herwig++ seems to have a different trend but it has been superseded by Herwig7. However, no 111 

setup predicts all the measured distributions and although the pT(t) is in general softer than 112 

predicted in all the regions of the phase space, there is a better agreement in the forward regions. 113 

 114 

 115 
Figure 6. Differential cross sections at the particle level as a function of pT(th) in bins of the 116 

number of additional jets[17]. The data are shown as points with light (dark) bands indicating the 117 

statistical (statistical and systematic) uncertainties. The cross sections are compared to the 118 

predictions of POWHEG combined with PYTHIA8 (P8) or HERWIG++ (H++) and the 119 

multiparton simulations MG5_aMC@NLO (MG5)+PYTHIA8 FxFx and SHERPA. The ratios of 120 

the various predictions to the measured cross sections are shown at the bottom of each panel. 121 
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5. Other differential studies 122 

Recent LHC Run2 results exploit the sensitivity of the measured cross section to different 123 

parameters employed in state-of-the-art MC simulation programs by comparing the results with 124 

different simulations. For example, the Underlying Event (UE) study from CMS [19] (Figure 7 125 

left), characterizes, for the first time, the properties of the UE at a factorization scale which is 126 

typically above twice the top quark mass. On the other hand, the CMS jet substructure study [20] 127 

explores ~15 physics observables sensitive to the modelling of the system confronting inclusive 128 

and flavour-specified jets with a wide array of models (Figure 7 right). Both results provide a 129 

compatible scan of the strong coupling constant in final state radiations, αS
FSR(MZ), in UE and jet 130 

shapes: <pT> 0.120 ± 0.006 and  λ1
1(width) 0.123 ± 0.001 respectively. Moreover, an ATLAS 131 

study on colour-flow in tt ̅events[21] provides normalized fiducial cross-sections as a function of 132 

pull angle for the hadronically decaying W boson daughters using a wide variety of full MC setups 133 

and colour model predictions; while good agreement can be found for some combinations of 134 

predictions and observables, none of the predictions describes the data well across all observables. 135 

 136 
Figure 7. Left: The normalized differential cross section as function of the number of 137 

charged particles per event (Nch) in the study on underlying event tunes in tt ̅ [19]. Right: 138 

Distributions of the charged multiplicity per jet 0
0(N) unfolded to the particle level, for jets of 139 

different flavors measured in tt ̅events for the study on jet substructure observables[20]. Different 140 

panels display the ratio between each model tested and the data. In both cases the colored (shaded) 141 

band represents the total (statistical) uncertainty of the data, while the error bars represent either 142 

the total uncertainty of the Pw+Py8 setup, or the statistical uncertainty of the other MC setups. 143 

6. Summary and conclusions 144 

LHC inclusive tt ̅cross section results are in good agreement with predictions up to now, 145 

including also first results in proton-nucleus (Pb) collisions and from LHCb in the forward region. 146 

However, discrepancies have arisen since Run1 when looking at differential distributions, in 147 

particular in the full NLO modelling of observables coming from the top and tt ̅systems. Huge 148 

efforts by the ATLAS, CMS and LHCb collaborations are underway to find out what could be 149 

missing from our understanding of the tt ̅ process. A key tool for answering this puzzle are 150 

differential 1D/2D cross-section measurements. Nevertheless, at present none of the predictions 151 

describes the data well across all observables, so observations highlight the need for even more 152 

accurate theoretical calculations (perhaps a NNLO+PS prediction or a full NLO ME+PS 153 

treatment), a better understanding of the sources of uncertainty and more data. 154 
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