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1. Introduction

The top quark is the heaviest elementary particle in the standard model and was discovered in
1995 by the CDF and D@ experiments at Tevatron [1, 2]. The top quark mass of 173 GeV indicates
strong Higgs-Yukawa coupling, y; ~ 1. It decays within 1072 seconds as “bare-quark” before
hadronization. Therefore, the top quark plays a special role in electroweak symmetry breaking.

The study of the production of the top quark is important to understand the standard model
QCD and EW processes and the top quark production is sensitive to physics beyond the standard
model. In hadron colliders, the top quarks are produced as top quark and anti-top quark pair via
QCD interaction, or singly via EW interaction. At Tevatron 85% of the top quark pairs are produced
by ¢q annihilation processes, while at the LHC 90% of them are produced by gg fusion processes.
The single top produced by three different types of productions called ¢-channel, s-channel and
Wt-channel.

The top quark decays to a W boson and a bottom quark with almost 100% branching ratio. The
signature of top quark events is characterized by high pr isolated leptons or jets from the W boson
decay, b-jets originating from the decay of bottom quark, and large missing transverse momentum
due to the presence of neutrinos.

2. Top quark pair production cross-section

The CDF and D@ experiments measured the top quark pair production cross-section at /s =
1.96 TeV in various final states and with different methods. The combined cross section is G;; =
7.60 £0.41 pb for a top-quark mass of m; = 172.5GeV [3]. Figure 1 shows the results of o;
measurements from the CDF and D@ experiments and their combination.
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Figure 1: The results of o;; measurement from the CDF and D@ experiments and their combination [3].
The inner and outer error bars show statistical and total uncertainties, respectively.

D@ recently measured the top quark pair cross-section in the lepton+jets and dilepton final
states with the full data-set corresponding to 9.7 fb~! taken during the Tevatron Run II period. Their
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own combined inclusive cross-section is measured to be 6,7 = 7.73 £ 0.13(stat) +0.55(syst) pb [4],
where the relative total uncertainty is 7.3%. These results are consistent with the standard model
prediction. They also extracted a pole mass of the top quark to be m; = 169.51’;:2 GeV, which is
the most precise top quark pole mass measurement at Tevatron.

The CMS [5] and ATLAS [6] experiments have measured the top quark pair production cross-
section at /s = 13 TeV using the very clean signature with the dilepton eyt final state. CMS ob-
tained an inclusive cross-section of o;; = 793 + 8(stat) + 38(syst) & 21 (lumi) pb, using the dataset
corresponding to an integrated luminosity of 2.2 fb~! [7]. ATLAS also measured the inclusive
cross-section to be o = 818 £ 8(stat) +27(syst) + 19(lumi) + 12(beam) pb, using the data-set
corresponding to an integrated luminosity of 3.2 fb~! [8].

Figure 2 shows the summary of the top quark pair production cross-section measurements by
the LHC and Tevatron experiments as a function of the centre-of-mass energy [9]. The experimental
results are consistent with the next-to-next leading order (NNLO) QCD calculation complemented
with next-to-next leading logarithm resummation (NNLL).
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Figure 2: Summary of the top quark pair production cross-section measurements by LHC and Tevatron ex-
periments as a function of the centre-of-mass energy compared to the NNLO QCD calculation complemented
with NNLL resummation [9]. The error bands for theory show the uncertainties due to renormalization and
factorization scale, PDFs and the strong coupling constant.

ATLAS measured the ratio of the 77 and Z-boson production cross-sections (R;/z) as shown
in Figure 3, based on the measurement of the #7 cross-section in the dilepton el final state and the
measurement of the Z-boson cross-section in the ee and pp final states [11]. This ratio benefits
from significant cancellations in several systematic uncertainties from integrated luminosity and the
lepton reconstruction. The ratio is sensitive to ratios of the gluon and sea-quark Parton distribution
Function (PDF).

3. Top quark pair differential cross-section

Differential distribution as a function of the top quark kinematic variables and the activity
of additional jets provides a more precise test of the standard model. The transverse momentum,
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Figure 3: The cross-section ratio R;/z with NNLO predictions at /5 =13 TeV based on the ABM12LHC,
CT10, NNPDF3.0 and MMHT14 PDF sets [11].

the rapidity, and the invariant mass of the top quark pair system are sensitive to the level of the
initial and final state radiations, PDFs, and the contributions from physics beyond the standard
model, respectively. The activity of additional jets is a good probe for higher order QCD effects,
in particular matching between the matrix-element generator and the shower model. Thus, it is a
quite interesting program at the hadron colliders to check various distributions in top quark events
thoroughly.

D@ measured the differential cross-section as a function of the invariant mass, the transverse
momentum and the absolute value of the rapidity of the top quark pair system in pp collisions at
Vs = 1.96 TeV [12]. Figure 4 shows the measured differential cross section as a function of the
invariant mass of the top quark pair system together with several QCD predictions. There is no
evidence for new physics and the results are consistent with the standard model predictions within
the uncertainties.
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Figure 4: The left panel shows the measured differential cross section as a function of the invariant mass of
the top quark pair system together with several QCD predictions [12]. The inner error bars correspond to the
statistical uncertainties and the outer error bars correspond to the total uncertainties. The right panel shows
the ratio of data to the Monte Carlo (MC) predictions and the QCD prediction at approximate NNLO.

CDF reported a measurement of the differential top-quark pair production cross-section as a
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function of the top-quark production angle 6; in pp collisions at /s = 1.96 TeV [13]. Figure 5
show fraction of cross-section accruing in 10 bins of cos 6;, obtained by integrating the series of
Legendre polynomials over the width of each bin. The observed linear-term coefficient of the
cos 6, of a; = 0.39+0.11 is in excess of the NLO SM prediction of a; = 0.157))7, but the NLO
SM prediction agree with cos 6, distribution within the uncertainties.
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Figure 5: Fraction of cross-section accruing in 10 bins of cos 6;, obtained by integrating the series of Leg-
endre polynomials over the width of each bin [13].

Measurements of the normalized differential top quark pair production cross-section as a func-
tion of the multiplicity of additional jets were performed using 3.2 fb~! of pp collision data at /s =
13 TeV by ATLAS [14]. The measured data were unfolded to particle-level in the fiducial phase
space. The multiplicity of additional jets was obtained for various jet pr thresholds of 25, 40, 60
and 80 GeV. Figure 6 shows the unfolded distribution of the multiplicity of additional jets with pr
> 25GeV in the ey final state. The results were compared to several NLO MC predictions and
found to be in good agreement with the predictions.
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Figure 6: Unfolded distribution of the multiplicity of additional jets with pr > 25GeV in the eu final
state [14]. The results are compared with different MC generator predictions (left) and the Powheg+Pythia6
predictions with various QCD radiation scale (right). The bottom panels show the ratio of predictions to the
data.
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CMS measured the normalized differential 7 production cross-section in pp collisions at /s =
13 TeV in the /+jets [15] and dilepton final states [16]. Figure 7 shows the normalized differen-
tial cross-section as a function of the top quark py compared to the various MC predictions in the
l+jets final state. The left and right panels in Figure 7 correspond to the hadronic and leptonic
decaying top quarks, respectively. The results are consistent with the MC predictions within un-
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Figure 7: Normalized differential cross-sections as a function of the top quark pr compared to the
predictions of POWHEG+PYTHIA8, POWHEG+HERWIG++, MG5-aMC@NLO+PYTHIA8, and MAD-
GRAPH+PYTHIAS [15]. The left and right panels correspond to the hadronic and leptonic decaying top
quark, respectively. The bottom panels show the ratio of predictions to the data.

certainties, while data show a slightly softer spectrum than MC in the higher top quark p7 region.
Figure 8 shows the normalized differential cross-section as a function of the top quark pr and of
the additional jet multiplicity measured in the dilepton final state. The measured top quark pr
spectrum is found to be softer than MC predictions as in the /+jets final state. The higher order
QCD calculations describe data better.

Figure 9 shows the measured full phase-space normalized differential 7 cross-section as a
function of the transverse momentum of the top quark measured by ATLAS [17] and CMS [18] at
/s = 8TeV together with NNLO and approximate next-to-next-to-next leading order (NNNLO)
calculations. The higher order QCD calculations show better agreement with the data.

4. Observation of the top quark production in the forward region

The LHCb [19] experiment published a measurement of the top quark production in the
forward region of pp collision for /s = 7 and 8 TeV, where the t7 production via ¢g annihila-
tion is enriched. The forward top quark production is also sensitive to the high-x gluon PDF.
In the forward region, 75% of the top quarks are produced in #f pair production, while 25% of
the top quarks are produced in single top production, including mainly #-channel process and a
few percent of s-channel and W¢-channel. In this measurement, a forward muon with a trans-
verse momentum pr larger than 25 GeV in the pseudo-rapidity range 2.0 < 1 < 4.5 and a b-
jet with 50GeV< pr < 100GeV and 2.2 < n < 4.2 are required. The measured cross-sections
are Oy,p = 239 £ 53(stat) £ 33(syst) & 24(theory) fb at \/s = 7TeV, and 6;,, = 289 & 43(stat) +
40(syst) £ 29(theory) fb at /s = 8 TeV [20]. These results are in agreement with NLO standard
model predictions.
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Figure 8: Normalized differential ¢7 cross-sections as a function of the jet multiplicity (left) and the top
quark pr (right) [16]. The data are compared to various MC predictions and several beyond-NLO QCD
calculations. The bottom panels show the ratio of predictions to the data.
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Figure 9: Measured full phase-space normalized differential 77 cross-section as a function of the transverse
momentum of the top quark together with NNLO and approximate NNLO calculations [17, 18] [9]. The
lower panel shows the ratio of the data the approximate NNLO calculations to the full NNLO calculation.
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5. Single top production cross-section

The single top quark production cross-section is expected to be proportional to |V;;|?, where
Vip is the element of the Cabibbo-Kobayashi-Maskawa matrix. It is sensitive to contributions from
fourth generation quarks, as well as flavour-changing neutral current processes, heavy W' bosons,
and H* bosons. Understanding of the single top quark production is also important to estimate the
number of SM backgrounds more precisely for the BSM searches.

5.1 s-channel single top production

The first observation of single top production in the s-channel is reported through the com-
bination of the CDF and D@ measurements for pp collisions at /s = 1.96TeV [21]. The data
correspond to a total integrated luminosity of up to 9.7 fb~! for each experiment. The s-channel
single top events were selected by requiring a high py lepton, large missing transverse momentum,
and one or two b-jets. The combined cross-section is measured to be oy, = 1.291’8:%2 pb with a
significance of 6.3 ©.

ATLAS reported evidence for single top-quark production in the s-channel using pp collisions
at /s = 8 TeV [22]. The signal is extracted using a maximum-likelihood fit to a discriminant which
is based on the matrix element method for the separation from the backgrounds of ## production
and W-boson production in association with heavy-flavour jets. The cross-section is measured to
be Oy.cn = 4.8 +0.8(stat) T 1§ (syst) pb with a significance of 3.2 o, and is consistent with the SM
prediction. CMS searched for s-channel single top production using data of in pp collisions at
/s = 7 and 8 TeV [23]. The signal is extracted using a maximum-likelihood fit to a multivari-
ate discriminant obtained using a Boosted Decision Tree (BDT). The measured cross-sections are
Os.ch = 7.1+ 8.1pb for 7TeV and o, = 13.4£7.3 pb for 8 TeV.

5.2 t-channel single top production

ATLAS and CMS performed the measurement of z-channel single top production cross-section
in pp collisions at /s = 13 TeV [24, 25]. Both measurements used a binned maximum-likelihood
fit to the distribution of the output of a neural network. The cross-sections are determined to
be o(tg) = 133 +6(stat.) 4= 24(syst.) £ 7(lumi.) pb for single top-quark production and o (7fg) =
96 + 5(stat.) £ 23(syst.) £ 5(lumi.) pb for single anti-top quark production by ATLAS. CMS mea-
sured the cross-section to be o(rq) = 141.546.7(stat.) +9.4(exp.) "1g:2 (theo.) = 3.8 (lumi.) pb and
o(iq) = 81.0+6.2(stat.) 8.1 (exp.) {09 (theo.) 2.2 (lumi.) pb.

CMS also measured the differential #-channel single top cross-section as a function of py and
the rapidity of the top quark [26]. The differential measurement is particularly well suited to the
test of the modeling of single top production. Figure 10 shows the differential cross-sections at
parton level in full phase-space. There is no significant deviation from the MC predictions within
the experimental uncertainties.

5.3 Wt-channel single top production

The cross-section for the single top quark production in association with a W boson in pp
collisions at /s = 8 TeV was measured by ATLAS [27] selecting events containing two leptons and
one central b-jet. The Wt signal is separated from the backgrounds using a multivariate analysis
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Figure 10: Measured differential 7-channel single top quark production cross-section as a function of the
top quark pr (left) and top quark rapidity (right) [26].

method based on BDT. The inclusive Wt production cross-section is measured to be Oy;.cn =
23.0+ 1.3(stat) 32 (syst) & 1.1(lumi.) pb with a significance of 7.7c. The measured cross-section
is used to extract |V;p| of 1.0140.10.

5.4 Summary of the single top cross-section and |V;,| measurements

Figure 11 shows a summary of ATLAS and CMS measurements of the single top produc-
tion cross-sections and |Vj;| in various channels and at various center of mass energies [9]. Fig-
ure 12 shows combinations of CDF and D@ measurements of the single top quark production
cross-sections and posterior probability density distribution for the s + ¢-channels single top quark
production with the yellow region indicating the allowed values of |V;;| in pp collisions at /s =
1.96 TeV [10].

6. Summary

Many top quark production measurements have been provided at Tevatron and at the LHC
with several center-of-mass energies (/s = 1.96, 7, 8, 13 TeV) and initial states (pp and pp). The
latest top production results show good agreement with the SM predictions. The pQCD calcula-
tions describe the top quark pair production cross-section very well in the various energies and the
regions. Since precise inclusive 0,7 measurements have been achieved, the shape of the kinemat-
ical distributions, jet multiplicity, and so on becomes more important. Differential top quark pair
production cross-sections have been also measured at various energies. The available MC models
reproduce most shape well while indicate potential need of further tuning in certain phase-space
region. The single top production cross-section measurements also show good agreements with the
theoretical predictions.
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Figure 11: Summary of ATLAS and CMS measurements of the single top production cross-sections (left)
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