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60.1 Introduction

In the Standard Model (SM), the left-handed top quark is the @ = 2/3, T3 = +1/2 member
of the weak-isospin doublet containing the bottom quark, while the right-handed top is an SU(2)p,
singlet (see, e.g., the review “Electroweak Model and Constraints on New Physics” ). Its phe-
nomenology is driven by its large mass. Being heavier than a W boson, it is the only quark that
decays semi-weakly, i.e., into a real W boson and a b quark. Therefore, it has a very short lifetime
and decays before hadronization can occur. In addition, it is the only quark whose Yukawa coupling
to the Higgs boson is of order unity. For these reasons, the top quark plays a special role in the
Standard Model and in many extensions thereof. Top quark physics provides a unique laboratory
where our understanding of the strong interactions, both in the perturbative and non-perturbative
regimes, can be tested. An accurate knowledge of its properties (mass, couplings, production cross
sections, decay branching ratios, etc.) can bring key information on fundamental interactions at
the electroweak symmetry-breaking scale and beyond. This review provides a concise discussion of
the experimental and theoretical issues involved in the determination of the top-quark properties.

60.2 Top-quark production at the Tevatron and LHC

In hadron collisions, top quarks are produced dominantly in pairs through the processes qg — tt
and gg — tt, at leading order in QCD. Approximately 85% of the production cross section at the
Tevatron (pp at 1.96 TeV) is from ¢g annihilation, with the remainder from gluon-gluon fusion,
while at LHC (pp) energies about 90% of the production is from the latter process at /s = 14 TeV
(= 80% at /s =7 TeV).

Predictions for the top-quark production total cross sections are available at next-to-next-to
leading order (NNLO) [1,2], also including next-to-next-to-leading-log (NNLL) soft gluon resum-
mation. Assuming a top-quark mass of 173.3 GeV/c?, close to the Tevatron + LHC average [3], the
resulting theoretical prediction of the top-quark pair cross-section at NNLO+NNLL accuracy at the
Tevatron at /s = 1.96 TeV is 0,7 = 7.1675:30 7017 pb where the first uncertainty is from scale depen-
dence and the second from parton distribution functions. At the LHC, assuming a top-quark mass of
172.5 GeV /c? the cross sections are: o7 = 177.3780700 pb at /s = 7 TeV, 037 = 252.97557 112 pb
at /s = 8 TeV, o7 = 831.8T108431 v at /s = 13 TeV, and 0,7 = 984.5723212 pp at
Vs =14 TeV [1].

Electroweak single top-quark production mechanisms, namely from ¢’ — tb [4], ¢b — ¢t [5],
mediated by virtual s-channel and t-channel W-bosons, and Wit-associated production, through
bg — W™t, lead to somewhat smaller cross sections. For example, t-channel production, while sup-
pressed by the weak coupling with respect to the strong pair production, is kinematically enhanced,
resulting in a sizeable cross section both at Tevatron and LHC energies. At the Tevatron, the ¢- and
s-channel cross sections for top quarks are identical to those for antitop quarks , while at the LHC
they are not, due to the charge-asymmetric initial state. Approximate NNLO cross sections for
t-channel single top-quark production (¢ + %) are calculated for m; = 173.3 GeV/c? to be 2.06f8&§
pb in pp collisions at /s = 1.96 TeV (scale and parton distribution functions uncertainties are com-
bined in quadrature) [6]. Recently, calculations at NNLO accuracy for the t-channel cross section at
the LHC have appeared [7,8], predicting (m; = 172.5 GeV /c?): 0,7 = 64.0f8:§g pb at /s =7 TeV,
opp = 84.6750 pb at /s = 8 TeV, 0,,; = 215731 pb at /s = 13 TeV, and 0,7 = 245737 pb
at /s = 14 TeV, where the quoted uncertainties are from scale variation only. For the s-channel,
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2 60. Top Quark

NNLO approximated calculations yield 1.03%5:02 pb for the Tevatron, and 4.5703(5.570-3) pb for
Vs =17 (8) TeV at the LHC, with 69% (31%) of top (anti-top) quarks [9]. While negligible at the
Tevatron, at LHC energies the Wit-associated production becomes relevant. At /s = 7 (8) TeV,
an approximate NNLO calculation gives 15.5ﬂ:§(22.1ﬂ:g) pb (t +t), with an equal proportion of
top and anti-top quarks [10].

Assuming |Vip| > [Vigl, |Vis| (see the review “The CKM Quark-Mixing Matrix” for more in-
formation), the cross sections for single top production are proportional to |V;|?, and no extra
hypothesis is needed on the number of quark families or on the unitarity of the CKM matrix in
extracting |Vjp|. Separate measurements of the s- and ¢-channel processes provide sensitivity to
physics beyond the Standard Model [11].

With a mass above the Wb threshold, and |Viy| > [Viql, |Vis|, the decay width of the top quark
is expected to be dominated by the two-body channel ¢ — Wb. Neglecting terms of order mg/mg,
a2, and (as/m) M3, /m?, the width predicted in the SM at NLO is [12]:

2
Grpmj M3, M3, 2a5 (272 5
I,= 1— =W (1422 |1- = - 60.1
" 8nyv2 m?2 T 3t \ 3 2|’ (60-1)

where m; refers to the top-quark pole mass. The width for a value of m; = 173.3 GeV/c? is
1.35 GeV/c? (we use as(Myz) = 0.118) and increases with mass. With its correspondingly short
lifetime of ~ 0.5 x 107?* s, the top quark is expected to decay before top-flavored hadrons or
tt-quarkonium-bound states can form [13]. In fact, since the decay time is close to the would-be-
resonance binding time, a peak will be visible in ete™ scattering at the t¢ threshold [14] and it
is in principle present (yet very difficult to measure) in hadron collisions, too [15]. The order a?
QCD corrections to I} are also available [16], thereby improving the overall theoretical accuracy to
better than 1%.
The final states for the leading pair-production process can be divided into three classes:

A S WHbW—b— q7 bg" 7", (45.7%)
B. tt=WTbW=b— q7Z bl"vb + (Trbd"qd"b,  (43.8%)
C. H—=>WTbW=b—ltubl"vpb. (10.5%)

The quarks in the final state evolve into jets of hadrons. A, B, and C are referred to as the
all-hadronic, lepton+jets (¢+jets), and dilepton (¢£¢) channels, respectively. Their relative contribu-
tions, including hadronic corrections, are given in parentheses assuming lepton universality. While
¢ in the above processes refers to e, p, or 7, most of the analyses distinguish the e and p from the
7 channel, which is more difficult to reconstruct. Therefore, in what follows, we will use £ to refer
to e or p, unless otherwise noted. Here, typically leptonic decays of 7 are included. In addition
to the quarks resulting from the top-quark decays, extra QCD radiation (quarks and gluons) from
the colored particles in the event can lead to extra jets.

The number of jets reconstructed in the detectors depends on the decay kinematics, as well
as on the algorithm for reconstructing jets used by the analysis. Information on the transverse
momenta of neutrinos is obtained from the imbalance in transverse momentum measured in each
event (missing pr, which is here also called missing Er).

The identification of top quarks in the electroweak single top channel is much more difficult
than in the QCD ¢t channel, due to a less distinctive signature and significantly larger backgrounds,
mostly due to t¢ and W-+jets production.

Fully exclusive predictions via Monte Carlo generators for the t¢ and single top production
processes at NLO accuracy in QCD, including top-quark decays and possibly off-shell effects are
available [17, 18] through the MC@QNLO [19] and POWHEG [20] methods.
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Besides fully inclusive QCD or EW top-quark production, more exclusive final states can be
accessed at hadron colliders, whose cross sections are typically much smaller, yet can provide key
information on the properties of the top quark. For all relevant final states (e.g., ttV, ttVV with
V =, W, Z, ttH, tt-+jets, ttbb, tttt) automatic or semi-automatic predictions at NLO accuracy in
QCD also in the form of event generators, i.e., interfaced to parton-shower programs, are available
(see the review “Monte Carlo event generators” for more information).

60.3 Top-quark measurements

Since the discovery of the top quark, direct measurements of ¢t production have been made at
six center-of-mass energies in pp or pp and one in pPb collisions, providing stringent tests of QCD.
The first measurements were made in Run I at the Tevatron at /s = 1.8 TeV. In Run II at the
Tevatron relatively precise measurements were made at /s = 1.96 TeV. Finally, beginning in 2010,
measurements have been made at the LHC at /s = 7 TeV, /s = 8 TeV, and /s = 13 TeV, and
recently also in a dedicated low energy run at /s = 5.02 TeV and at 8.16 TeV in pPb collisions.

Production of single top quarks through electroweak interactions has now been measured with
good precision at the Tevatron at /s = 1.96 TeV, and at the LHC at /s = 7 TeV, /s = 8 TeV,
and also at /s = 13 TeV. Measurements at the Tevatron have managed to separate the s- and
t-channel production cross sections, and at the LHC, the tW mechanism as well, though the ¢-
channel is measured with best precision to date. The measurements allow an extraction of the
CKM matrix element V. Also more exclusive production modes and top-quark properties have
been measured in single-top production.

With approximately 10 fb~! of Tevatron data, and almost 5 fb~! at 7 TeV, 20 fb~! at 8 TeV
and 139 fb~! at 13 TeV at the LHC, many properties of the top quark have been measured with
high precision. These include properties related to the production mechanism, such as ¢ spin
correlations, forward-backward or charge asymmetries, and differential production cross sections,
as well as properties related to the tWb decay vertex, such as the helicity of the W-bosons from the
top-quark decay. Also studies of the ttry, t£Z vertices as well as contact ttbb, and titt interactions
have been made. In addition, many searches for physics beyond the Standard Model or tth or th
production are being performed with increasing reach in both production and decay channels.

In the following sections we review the current status of measurements of the characteristics of
the top quark.

60.3.1 Top-quark production
60.3.1.1 ¢t production

Fig. 60.1 summarizes the tf production cross-section measurements from both the Tevatron
and LHC. Please note that some cross section measurements at the LHC have luminosity-related
uncertainties which have improved in the meantime [21]. The most recent measurement from
DO [22] (pp at /s = 1.96 TeV), combining the measurements from the dilepton and lepton plus
jets final states in 9.7 fb~1, is 7.26 + 0.1315:27 pb.

From CDF the most precise measurement made recently [23] is in 8.8 fb~! in the dilepton
channel requiring at least one b-tag, yielding 7.09 & 0.84 pb. Both of these measurements assume
a top-quark mass of 172.5 GeV/c?. The dependence of the cross-section measurements on the
value chosen for the mass is less than that of the theory calculations because it only affects the
determination of the acceptance. In some analyses also the shape of topological variables might be
modified.

Combining the recent cross section measurements with older ones in other channels yields

o4 = 7.63 £ 0.50 pb (6.6%) for CDF, o,; = 7.56 £ 0.59 pb (7.8%) for DO and o,; = 7.60 & 0.41 pb
(5.4%) for the Tevatron combination [24] in good agreement with the SM expectation of 7.3570-35 pb

at NNLO+NNLL in perturbative QCD [1] for a top mass of 172.5 GeV. The contributions to the
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uncertainty are 0.20 pb from statistical sources, 0.29 pb from systematic sources, and 0.21 pb from
the uncertainty on the integrated luminosity.

CDF has measured the tt production cross section in the dilepton channel with one hadronically
decaying tau in 9.0 fb~!, yielding o,; = 8.1 & 2.1 pb. By separately identifying the single-tau and
the ditau components, they measure the branching fraction of the top quark into the tau lepton,
tau neutrino, and bottom quark to be (9.6 +2.8)% [25]. CDF also performs measurements of the
tt production cross section normalized to the Z production cross section in order to reduce the
impact of the luminosity uncertainty [26].

D@ has performed a measurement of differential ¢f cross sections in 9.7 fb~! of lepton+jets data
as a function of the transverse momentum and absolute value of the rapidity of the top quarks as
well as of the invariant mass of the ¢f pair [27]. Observed differential cross sections are consistent
with SM predictions.

The LHC experiments ATLAS and CMS use similar techniques to measure the ¢t cross section
in pp collisions. The most precise measurements come from the dilepton channel, and in particular
the ey channel. At /s = 7 TeV, ATLAS uses 4.6 fb~! of ey events in which they select an
extremely clean sample and determine the ¢t cross section simultaneously with the efficiency to
reconstruct and tag b-jets, yielding o,; = 182.9+7.1 pb, corresponding to 3.9% precision [28]. Other
measurements by ATLAS at /s = 7 TeV, include a measurement in 0.7 fb~! in the lepton+jets
channel [29], in the dilepton channel [30], and in 1.02 fb~! in the all-hadronic channel [31], which
together yield a combined value of o7 = 177 & 3(stat.) S (syst.) & 7(lumi.) pb (6.2%) assuming
my = 172.5 GeV/c? [32]. In 4.7 tb~! of all-hadronic events, they obtain o,; = 168 £ 62 pb [33].
Further analyses in the hadronic 7 plus jets channel in 1.67 fb=! [34] and the hadronic 7 + lepton
channel in 2.05 fb=! [35], and the all-hadronic channel in 4.7 fb~! [33] yield consistent albeit
less precise results. Another simultaneous measurement of the tt, W W~ and Z/v* — 77 cross
section using the full 7 TeV dataset with 4.6 fb~! yields o,; = 181 £ 11 pb, corresponding to a 6%
precision [36]. The most precise measurement from CMS at /s = 7 TeV is also obtained in the
dilepton channel, where they measure o,; = 16242 (stat.)+5(syst.) £4(lumi.) pb, corresponding to
a 4.2% precision [37]. Other measurements at /s = 7 TeV from CMS include measurements with
2.3 fb~! in the e/pu+jets channel [38], with 3.5 fb~1 in the all-hadronic channel [39], with 2.2 fb~1
in the lepton+7 channel [40], and with 3.9 fb~! in the 7+jets channel [41]. ATLAS and CMS also
provide a combined cross section at /s = 7 TeV of 173.3 + 2.3(stat.) &+ 7.6(syst.) £ 6.3(lumi.) pb
using slightly older results based on 0.7 — 1.1 fb=! [42].

At /s = 8 TeV, ATLAS measures the tf cross section with 20.3 fb~! using eu dilepton
events, with a simultaneous measurement of the b—tagging efficiency, yielding o, = 242.4 £
1.7(stat.) + 5.5(syst.) 4+ 7.5(lumi.) £ 4.2(beam energy) pb [43] assuming m; = 172.5 GeV/c?,
which corresponds to a 4.7% precision. In the lepton-+jets channel, they measure o,; = 260 +
1(stat.) "33 (syst.) + 8(lumi.) + 4(beam energy) pb [29] in 20.3 fb~! using a likelihood discrimi-
nant fit and b-jet identification. Subsequently, ATLAS performed a new analysis in 20.2 fb~!
lepton-+jets events. They model the W+jets background using Z+jets data and employ neural
networks in three jet-multiplicity and b-jet multiplicity regions for the signal and background sep-
aration, yielding o,; = 248.3 £ 0.7(stat.) £ 13.4(syst.) £ 4.7(lumsi.) pb [44]. ATLAS also performed
a cross section measurement in the hadronic 7+jets channel yielding consistent, albeit less precise
results [45]. CMS performs a template fit to the M, mass distribution using 19.6 fb~! in the
lepton+jets channel yielding o,; = 228.5 + 3.8(stat.) £+ 13.7(syst.) + 6(lumi.) pb [46,47]. These
8 TeV measurements are in agreement with QCD predictions up to NLO accuracy. In the eu
channel, initially using 5.3 fb~! [47] and then using 19.7 fb=!, the cross sections are extracted
using a binned likelihood fit to multi-differential final state distributions related to identified b
quark and other jets in the event, yielding o,; = 244.9 + 1.4(stat.) "33 (sys.) + 6.4(lumi.) pb [48].
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The cross section and its ratio between 7 TeV and 8 TeV measurements are found to be consis-
tent with pQCD calculations. The cross section is also measured in the hadronic 7+jets chan-
nel, yielding o,; = 257 + 3(stat.) + 24(syst.) £ 7(lumi.) pb [49] and in the all-hadronic final
state giving o, = 275.6 &+ 6.1(stat.) + 37.8(syst.) = 7.2(lumi.) pb [50]. In combination of the
most precise ey measurements in 5.3 — 20.3 fb~!, ATLAS and CMS together yield at 8 TeV
o = 241.5 £ 1.4(stat.) £ 5.7(syst.) £ 6.2(lumi.) pb [51], which corresponds to a 3.5% precision,
challenging the precision of the corresponding theoretical predictions. The LHCb collaboration
presented the first observation of top-quark production in the forward region in pp-collisions. The
W + b final state with W — pv is reconstructed using muons with a transverse momentum, pp,
larger than 25 GeV in the pseudorapidity range 2.0 < n < 4.5. The b-jets are required to have
50 GeV < pr < 100 GeV and 2.2 < n < 4.2, while the transverse component of the sum of
the muon and b-jet momenta must satisfy pr > 20 GeV. The results are based on data corre-
sponding to integrated luminosities of 1.0 and 2.0 fb~! collected at center-of-mass energies of 7
and 8 TeV by LHCb. The inclusive top quark production cross sections in the fiducial region are
o = 239+ 53(stat.) +38(syst.) pb at 7 TeV, and o,; = 289 +43(stat.) £46(syst.) pb at 8 TeV [52].

ATLAS and CMS have also measured the ¢t production cross section with Run-II data at
/s = 13 TeV. In the ey events with at least one b-tag, ATLAS uses 78 pb~! and obtains o,; =
8254114 pb [53]. This measurement is updated with lepton identification and trigger efficiencies to
give o,; = 829 +50(stat) +56(syst) &= 83(lumi) pb [54]. In this note, ATLAS also presents a tt cross
section measurement in the ee and pu dilepton channel with one and two b-tags using a counting
approach, yielding o,; = 749 4 57(stat) £+ 79(syst) £ 74(lumi) pb. In the lepton-plus-jets channel,
using 85 pb~!, the cross-section is extracted by counting the number of events with exactly one
electron or muon and at least four jets, at least one of which is identified as originating from a b-
quark, yielding o,; = 817+ 13(stat) +103(syst) £ 88(lumi) pb, both assuming m; = 172.5 GeV [54].
The cross section measurement in the ey channel counting events with one or with two b-tags is
also repeated using 3.2 pb~! and yields o,; = 818 4 8(stat) + 27(syst) & 19(lumi) + 12(beam) pb
[55], consistent with theoretical QCD calculations at NNLO. Very recently, ATLAS measures the
inclusive t¢ cross section in 139 fb~! in the lepton-plus-jets channel through a profile-likelihood
fit to be o7 = 830.4 + 0.4(stat)"332(syst) pb, with a relative uncertainty of 4.6% [56]. The
result is consistent with the theoretical calculations at NLO order in QCD perturbation theory.
In 36.1 fb~! of ey data with one or two b-tags, ATLAS measures the tf cross section to o, =
826.4+3.6(stat) £11.5(syst) £15.7(lumi)£1.9(beam) pb, giving a total of 2.4%. This measurement
is also used to determine the top quark pole mass and to derive ratios and double ratios of tt
and Z cross-sections at different energies as well as absolute and normalised differential cross-
sections as functions of single lepton and dilepton kinematic variables [57]. CMS uses 43 pb~!
in the ep channel to measure o,; = 746 + 58(stat) £ 53(syst) £ 36(lumi) pb, in agreement with
the expectation from the standard model [58]. Using 2.2 fb~! in the ey channel with at least
one b-jet, CMS measures o, = 815 + 9(stat) £ 38(syst) £ 19(lumi) pb, in agreement with the
expectation from the Standard Model [59]. A first measurement of the total inclusive and the
normalized differential cross section in the lepton-plus-jets channel is made in 42 pb~! yielding
o = 836 & 27(stat) + 88(syst) & 100(lumi) pb [60]. In 2.2 fb~1 lepton-plus-jets events are
categorized according to the accompanying jet multiplicity. From a likelihood fit to the invariant
mass distribution of the isolated lepton and a b-jet, the cross section is measured to be o5 =
888 + 2(stat) T35 (syst) & 20(lumi) pb, in agreement with the SM prediction [61]. This result is also
used to extract the top-quark mass. Using 35.9 fb~! of dilepton data, CMS measures the tf cross
section using a likelihood fit o,; = 803 + 2(stat) £ 25(syst) £ 20(lumi) pb, in agreement with the
expectation from the SM calculation at NLO order. This result is also used to extract the top quark
mass and the strong coupling constant [62]. Very recently, using the same dataset in the dilepton
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channel with a hadronically decaying 7, they measure o,; = 781 & 7(stat) £ 62(syst) = 20(lumi) pb
[63]. In the all-hadronic channel, CMS uses 2.53 fb=! of data, yielding a cross section of o7 =
834 £ 25(stat.) + 23(lumi.) pb [64]. Also differential cross sections as a function of the leading top
quark transverse momentum are measured. As general feature found across channels, it is found
that measured top quark pr spectrum is significantly softer than the theory predictions.

In addition, CMS has also measured the top-quark pair production cross section in a special LHC
run with /s = 5.02 TeV, accumulating 27.4 pb~!. The measurement is performed by analyzing
events with at least one charged lepton. The measured cross section is o,; = 69.5 + 8.4 pb [65],
in agreement with the expectation from the Standard Model. In order to test consistency of the
cross-section measurements with some systematic uncertainties cancelling out while testing pQCD
and PDFs, cross-section ratios between mesurements at 7 TeV and at 8 TeV are performed and
cited in several cases. In other cases, the cross-section ratio between tt- and Z-production is
determined as that is independent of luminosity uncertainties, but keeps its sensitivity to the ratio
of gluon versus quark PDFs. These experimental results should be compared to the theoretical
calculations at NNLO-+NNLL that yield 7.16f8:§g pb for top-quark mass of 173.3 GeV/c? [1] at
V5 = 1.96 TeV, and for top-quark mass of 173.2 GeV/c? o, = 173.6725759 pb at /s = 7 TeV,
o = 247.77531 12 pb at /s = 8 TeV, and o7 = 816.017505 7577 pb at /s = 13 TeV, at the
LHC [1]. CMS also performed a measurement of top-quark pair production in pPb heavy ion
collisions at /s = 8.16 TeV in 174 nb~! of lepton+jets events. They measure a cross section of
o = 45 + 8 pb, which is consistent with pQCD calculations and with the scaled pp data [66].
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Figure 60.1: Measured and predicted ¢t production cross sections from Tevatron energies in pp
collisions to LHC energies in pp collisions. Tevatron data points at /s = 1.8 TeV are from Refs.
[67,68]. Those at /s = 1.96 TeV are from Refs. [22-24]. The ATLAS, CMS, and LHCb data points
are from Refs. [28,37,42,47,51,52,55,62], and [65], respectively. Theory curves and uncertainties are
generated using [1] for m; = 172.5 GeV/c?, the m; value assumed in the cross-section measurements.
Figure adapted from Ref. [69].

In Fig. 60.1, one sees the importance of pp at Tevatron energies where the valence antiquarks
in the antiprotons contribute to the dominant ¢g production mechanism. At LHC energies, the

dominant production mode is gluon-gluon fusion and the pp-pp difference nearly disappears. The
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excellent agreement of these measurements with the theory calculations is a strong validation of
QCD and the soft-gluon resummation techniques employed in the calculations. The measurements
reach high precision and provide stringent tests of pQCD calculations at NNLO+NNLL level in-
cluding their respective PDF uncertainties.

Most of these measurements assume a t — Wb branching ratio of 100%. CDF and D@ have made
direct measurements of the ¢t — Wb branching ratio [70]. Comparing the number of events with 0,
1 and 2 tagged b jets in the lepton-+jets channel, and also in the dilepton channel, using the known
b-tagging efficiency, the ratio R = B(t — Wb)/ >4, B(t = Wq) can be extracted. In 5.4 fb™!
of data, DO measures R = 0.90 + 0.04, 2.50 from unity. The currently most precise measurement
was made by CMS in 19.7 fb~! at \/s = 8 TeV. They find R = 1.014 4 0.003(stat.) & 0.032(syst.)
and R > 0.955 at 95% C.L. [71]. A significant deviation of R from unity would imply either non-SM
top-quark decay (for example a flavor-changing neutral-current decay), or a fourth generation of
quarks.

Thanks to the large available event samples, the Tevatron and the LHC experiments also per-
formed differential cross-section measurements in ¢t production. Such measurements are crucial, as
they allow even more stringent tests of perturbative QCD as description of the production mech-
anism, allow the extraction or the use of PDF fits, and enhance the sensitivity to possible new
physics contributions, especially now that NNLO predictions for the main differential observables
in ¢t prediction have become available [72] and recently confirmed [2]. Furthermore, such measure-
ments reduce the uncertainty in the description of ¢t production as background in Higgs physics and
searches for rare processes or beyond Standard Model physics. Differential cross sections are typ-
ically measured by a selection of candidate events, their kinematic reconstruction and subsequent
unfolding of the obtained event counts in bins of kinematic distributions in order to correct for
detector resolution effects, acceptance and migration effects. In some cases a bin-by-bin unfolding
is used, while other analyses use more sophisticated techniques.

Experiments at Tevatron and LHC measure the differential cross section with respect to the tt
invariant mass, do/dM,;. The spectra are fully corrected for detector efficiency and resolution effects
and are compared to several Monte Carlo simulations as well as selected theoretical calculations.

Using 9.45 fb~!, CDF measured do/dM,, in the lepton-+jets channel providing sensitivity to a
variety of exotic particles decaying into tf pairs [73]. In 9.7 fb~! of lepton-+jets data, D measured
the differential ¢t production cross section with respect to the transverse momentum and absolute
rapidity of the top quarks as well as of the invariant mass of the ¢t pair [27], which are all found to
be in good agreement with the SM predictions.

ATLAS measured the differential #¢ production cross section with respect to the top-quark
transverse momentum, and of the mass, transverse momentum and rapidity of the top quark, the
antitop quark as well as the tf system in 4.6 fb~! at \/s = 7 TeV in the lepton-+jets channel [74-76].
It is found that data is softer than all predictions for higher values of the mass of the tt system
as well as in the tail of the top-quark pr spectrum beginning at 200 GeV, particularly in the
case of the Alpgen+Herwig generator. The M,z spectrum is not well described by NLO+NNLL
calculations and there are also disagreements between the measured rapidity of the ¢t system
spectrum and the MCONLO+Herwig and POWHEG+Herwig generators, both evaluated with the CT10
PDF set. All distributions show a preference for HERAPDF1.5 when used for the NLO QCD
predictions. In 5.0 fb=! of \/s = 7 TeV data in the lepton+jets and the dilepton channels, CMS
measured normalised differential ¢¢ cross sections with respect to kinematic properties of the final-
state charged leptons and jets associated to b-quarks, as well as those of the top quarks and the ¢t
system. The data are compared with several predictions from perturbative QCD calculations and
found to be consistent [77]. ATLAS uses 4.6 fb~! of data at 7 TeV and 20.2 fb~! at 8 TeV to measure
the differential ¢¢ cross section in the dilepton final state as a function of the mass, the transverse
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momentum and the rapidity of the ¢¢ system [78]. The results are compared with different Monte
Carlo generators and theoretical calculations of ¢¢ production and found to be consistent with the
majority of predictions in a wide kinematic range. Using 20.3 fb~! of ¢f events in the lepton+jets
channel, ATLAS measures the normalized differential cross sections of ¢t production as a function
of the top-quark, ¢¢ system and event-level kinematic observables [79]. The observables have been
chosen to emphasize the ¢¢ production process and to be sensitive to effects of initial- and final-state
radiation, to the different parton distribution functions, and to non-resonant processes and higher-
order corrections. The results are in fair agreement with the predictions over a wide kinematic
range. Nevertheless, most generators predict a harder top-quark transverse momentum distribution
at high values than what is observed in the data. Predictions beyond NLO accuracy improve the
agreement with data at high top-quark transverse momenta. Using the current settings in the
Monte Carlo programs and parton distribution functions, the rapidity distributions are not well
modelled by any generator under consideration. However, the level of agreement is improved when
more recent sets of parton distribution functions are used. Using 20.3 fb~! of 8 TeV data, ATLAS
performed a dedicated differential #¢ cross-section measurement of highly boosted top quarks in
the lepton+jets channel, where the hadronically decaying top quark has a transverse momentum
above 300 GeV [80]. Jet substructure techniques are employed to identify top quarks, which are
reconstructed with an anti-k; jet with a radius parameters R = 1.0. The predictions of NLO and
LO matrix element plus parton shower Monte Carlo generators are found to generally overestimate
the measured cross sections.

Using 5.0 fb~! of data at 7 TeV and 19.7 fb~! at 8 TeV in the lepton-+jets channel, CMS
reports measurements of normalized differential cross sections for ¢¢ production with respect to
four kinematic event variables: the missing transverse energy; the scalar sum of the jet transverse
momentum (pr); the scalar sum of the pp of all objects in the event; and the pp of leptonically
decaying W bosons from top quark decays [81]. No significant deviations from the predictions of
several SM event generators are observed. Using the full 19.7 fb~! data in the ep channel, CMS
measures normalized double-differential cross sections for ¢ production as a function of various
pairs of observables characterizing the kinematics of the top quark and ¢t system [82]. The data
are compared to calculations using perturbative QCD at NLO and approximate NNLO orders.
They are also compared to predictions of Monte Carlo event generators that complement fixed-
order computations with parton showers, hadronization, and multiple-parton interactions. Overall
agreement is observed with the predictions, which is improved when the latest global sets (as
determined here by CMS) of proton parton distribution functions are used. The inclusion of
the measured ¢t cross sections in a fit of parametrized parton distribution functions is shown
to have significant impact on the gluon distribution [82]. Another analysis at high transverse
momentum regime for the top quarks, is performed by the CMS collaboration in 19.7 fb~! at
Vs = 8 TeV [83]. The measurement is performed for events in electron/muon plus jets final states
where the hadronically decaying top quark is reconstructed as a single large-radius jet and identified
as a top candidate using jet substructure techniques. The integrated cross section is measured at
particle-level within a fiducial region resembling the detector-level selection as well as at parton-
level. At particle-level, the fiducial cross section is measured to be o,; = 1.28 £+ 0.09(stat. +
syst.) £0.10(pdf) + 0.09(scales) £ 0.03(lumi.) pb for pp > 400 GeV. At parton-level, it translates
to 0,7 = 1.44 £ 0.10(stat. + syst.) £ 0.13(pdf ) £ 0.15(scales) £ 0.04(lumi.) pb.

At parton-level, interactions between incoming partons (quarks or gluons) are considered via
a gauge interaction yielding final state partons. While such interactions can be well described
theoretically, partons are not visible in the detector. At the particle-level, visible and measurable
hadrons, i.e. bound states of quarks and anti-quarks, are considered to form jets. The hadronisation
process takes us from one level to the other.
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In 19.7 fb~! at /s = 8 TeV, CMS repeated those measurements in the lepton+jets and in
the dilepton channels [84]. While the overall precision is improved, no significant deviations from
the Standard Model are found, yet a softer spectrum for the top quark at high pr with respect
to theoretical available predictions has been observed. This behaviour has been also observed
in the all-hadronic final state [85], where also a total cross measurement is performed, yielding
o5 = 275.6 £6.1(stat) £37.8(syst) & 7.2(lumi) pb is obtained. In 3.2 fb~! at /s = 13 TeV, ATLAS
measured the differential ¢f cross section as a function of the transverse momentum and absolute
rapidity of the top quark, and of the transverse momentum, absolute rapidity and invariant mass of
the tt system [86,87]. The measured differential cross sections are compared to predictions of NLO
generators matched to parton showers and the measurements are found to be consistent with all
models within the experimental uncertainties with the exception of the Powheg-Box+ Herwig++
predictions, which differ significantly from the data in both the transverse momentum of the top
quark and the mass of the tf system. Using 3.2 fb~! of data in the lepton+jets channel, ATLAS
measured the differential cross sections of ¢¢ production in fiducial phase-spaces as a function of
top-quark and ¢¢ system kinematic observables [88]. Two separate selections are applied that each
focus on different top-quark momentum regions, referred to as resolved and boosted topologies
of the ¢t final state. The measured spectra are corrected for detector effects and are compared
to several Monte Carlo simulations by means of calculated x? and p-values. At a center-of-mass
energy of 13 TeV, ATLAS presents a measurement of the boosted top quark differential cross
section in the all-hadronic decay mode [89]. They require two top-quark candidates, one with
pr > 500 GeV and a second with pp > 350 GeV, with each candidate reconstructed as an anti-kp
jet with radius parameter R = 1.0. The top-quark candidates are separated from the multijet
background using the jet substructure and the presence of a b-quark tag in each jet. The observed
kinematic distributions are unfolded to recover the differential cross sections in a limited phase-
space region and compared with SM predictions, showing agreement. In addition, ATLAS measures
the differential ¢ cross section of highly boosted top-quarks decaying to all-hadronic final states
in 36.1 fb~! using jet substructure information [90]. In 36 fb=! ATLAS measures the single- and
double-differential ¢ cross-section in the lepton -+ jets channel at particle and parton level. Two
topologies, resolved and boosted, are considered and the results are presented as a function of several
kinematic variables characterising the top and tt system and jet multiplicities. Overall, there is
good agreement between the theoretical predictions and the data [91]. In 2.1 fb=! at /s = 13 TeV,
CMS measures the normalized differential cross sections for ¢t production in the dilepton channels
as a function of the kinematic properties of the leptons, jets from bottom quark hadronization,
top quarks, and top quark pairs at the particle and parton levels [92]. The results are compared
to several Monte Carlo generators that implement calculations up to NLO in perturbative QCD
interfaced with parton showering, and also to fixed-order theoretical calculations of top quark pair
production up to NNLO, showing agreement. In 2.3 fb~! of events in the lepton+jets channel,
CMS measures the differential and double-differential cross sections for the ¢t production as a
function of jet multiplicity and of kinematic variables of the top quarks and the ¢t system [93].
The differential cross sections are presented at particle level, within a phase space close to the
experimental acceptance, and at parton level in the full phase space. The results are compared
to several SM predictions. Using 35.9 fb~!, CMS measures the differential t¢ cross section in the
single-lepton decay channel, as a function of a number of kinematic event variables. The data are
compared to a variety of state-of-the-art LO and NLO simulations [94]. In 35.8 fb~1, CMS measures
the differential and double-differential ¢ cross sections in the lepton-plus-jets channel as a function
of kinematic variables of the top quarks and the top quark-antiquark (¢f) system. In addition,
kinematic variables and multiplicities of jets associated with the ¢t production are measured. The
kinematic variables of the top quarks and the ¢ system are reasonably described in general, though
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none predict all the measured distributions. In particular, the transverse momentum distribution of
the top quarks is more steeply falling than predicted. The kinematic distributions and multiplicities
of jets are adequately modeled by certain combinations of NLO calculations and parton shower
models [95]. In the dilepton channel, CMS measures differential ¢ cross sections in 35.9 fb~!
as functions of kinematic observables of the top quarks and their decay products, the ¢t system,
and the total number of jets in the event. All results are compared with SM predictions from
Monte Carlo simulations with NLO accuracy in QCD at matrix-element level interfaced to parton-
shower simulations. Where possible, parton-level results are compared to calculations with beyond-
NLO precision in QCD. Significant disagreement is observed between data and all predictions for
several observables. The measurements are used to constrain the top quark chromomagnetic dipole
moment in an effective field theory framework at NLO in QCD and to extract ¢t and leptonic charge
asymmetries [96]. In 35.9 fb~! of dilepton events, CMS measures normalised multi-differential ¢
cross sections as a function of the kinematic properties of the top quark and of the tt system at
parton level in the full phase space. A triple-differential measurement is performed as a function of
the invariant mass and rapidity of the t# system and the multiplicity of additional jets at particle
level. The data are compared to predictions of Monte Carlo event generators that complement NLO
QCD calculations with parton showers. The measurement is used to extract the strong coupling
constant and the top-quark pole mass and parton distribution functions [97]. Further cross-section
measurements are performed by ATLAS for t{+heavy flavour [98] and ¢t+jets production as well
as the differential measurement of the jet multiplicity in ¢ events [99,100]. Here, MCONLO+Herwig
MC is found to predict too few events at higher jet multiplicities. In addition, CMS measured the
cross-section ratio o,5;/07;; using 19.6 fb~1 of 8 TeV data [101]. This is of high relevance for top
quark production as background to searches, for example for measurements of ¢th production and
ongoing searches for 4-top quark production. Later, ATLAS also measured the ¢t production cross
section along with as the branching ratios into channels with leptons and quarks using 4.6 fb~! of
7 TeV data [102]. They find agreement with the standard model at the level of a few percent. In
36.1 fb~!, ATLAS measures the t£bb cross section in the dilepton and the lepton-plus-jet channels.
Results are presented at particle level in the form of inclusive cross-sections of tt final states with
three and four b-jets as well as differential cross-sections as a function of global event properties
and properties of b-jet pairs. The measured inclusive fiducial cross-sections generally exceed the
ttbb predictions from various NLO matrix element calculations matched to a parton shower, but are
compatible within the total uncertainties [103]. In 2.3 fb~!, CMS measures the ttbb cross section
in the dilepton channel [104]. They also determine the cross section ratio og;/04;;- In 35.9 fb™1,
CMS recently measured the cross section ttbb as well as the cross section ratio oyip/ O1zj; in the
dilepton and the lepton+jets channel [105]. They fit the distribution of the b tagging discriminant
variable of the two jets that do not belong to the ¢t decay. In the same dataset, CMS measures
the ttbb cross section in the all-jet channel by selecting events containing at least eight jets, of
which at least two are identified as b-jets. A combination of multivariate analysis techniques is
used to reduce the large background from multijet events not containing a top quark pair, and to
help discriminate between jets originating from top quark decays and other additional jets. The
measured cross sections are found to be larger than theoretical predictions by a factor of 1.5-2.4,
corresponding to 1-2 standard deviations [106].

60.3.1.2 Single-top production

Single-top quark production was first observed in 2009 by D@ [107] and CDF [108, 109] at
the Tevatron. The production cross section at the Tevatron is roughly half that of the ¢ cross
section, but the final state with a single W-boson and typically two jets is less distinct than that
for ¢t and much more difficult to distinguish from the background of W+jets and other sources. A
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comprehensive review of the first observation and the techniques used to extract the signal from
the backgrounds can be found in [110].

The dominant production at the Tevatron is through s-channel and ¢-channel W-boson ex-
change. Associated production with a W-boson (tW production) has a cross section that is too
small to observe at the Tevatron. The t-channel process is gb — ¢'t, while the s-channel process is
qq’ — tb. The s- and t-channel productions can be separated kinematically. This is of particular
interest because potential physics beyond the Standard Model, such as fourth-generation quarks,
heavy W and Z bosons, flavor-changing-neutral-currents [11], or a charged Higgs boson, would
affect the s- and t-channels differently. However, the separation is difficult and initial observations
and measurements at the Tevatron by both experiments were of combined s + ¢-channel produc-
tion. The two experiments combined their measurements for maximum precision with a resulting
s + t-channel production cross section of 2.76f8:i§ pb [111]. The measured value assumes a top-
quark mass of 170 GeV/c?. The mass dependence of the result comes both from the acceptance
dependence and from the tf background evaluation. Also the shape of discriminating topological
variables is sensitive to m;. The dependence on my is therefore not necessarily a simple linear
dependence but amounts to only a few tenths of picobarns over the range 170 — 175 GeV/c2. The
measured value agrees well with the theoretical calculation at m; = 173 GeV/ c? of Os+t = 3.12 pb
(including both top and anti-top production) [6,9].

Using the full Run-II data set of up to 9.7 fb~!, CDF and D@ have measured the ¢-channel
single-top quark production to be o,,; = 2.25f8:§51) pb [112,113]. In the same publication, they
also present the simultaneously measured s— and t—channel cross sections and the s 4t combined
cross section measurement resulting in sy = 3.307052 pb, without assuming the SM ratio of
0s/0¢. The modulus of the CKM matrix element obtained from the s + ¢t-channel measurement is
[Vip| = 1.0270:58 and its value is used to set a lower limit of [Vi| > 0.92 at 95% C.L. Those results
are in good agreement with the theoretical value at the mass 172.5 GeV /c? of o, = 2.08+0.13 pb [6].
It should be noted that the theory citations here list cross sections for ¢ or ¢ alone, whereas the
experiments measure the sum. At the Tevatron, these cross sections are equal. The theory values

quoted here already include this factor of two.

Using datasets of 9.7 fb~! each, CDF and D@ combine their analyses and report the first
observation of single-top-quark production in the s-channel, yielding o, = 1.29f8:%2 pb [114]. The
probability of observing a statistical fluctuation of the background of the given size is 1.8 x 10710,
corresponding to a significance of 6.3 standard deviations.

At the LHC, the t¢-channel cross section is expected to be more than three times as large
as s-channel and tW production, combined. Both ATLAS and CMS have measured single top
production cross sections at /s = 7 TeV in pp collisions (assuming m; = 172.5 GeV/c? unless
noted otherwise).

Using 4.59 fb~! of data at /s = 7 TeV, ATLAS measures the t-channel single-top quark
cross section in the lepton plus 2 or 3 jets channel with one b-tag by fitting the distribution of a
multivariate discriminant constructed with a neural network, yielding o = 46+6 pb, o7 = 23£4 pb
with a ratio Ry = o4/o7 = 2.04 £0.18 and 0,7 = 68 & 8 pb, consistent with SM expectations
[115,116]. CMS follows two approaches in 1.6 fb~! of lepton plus jets events. The first approach
exploits the distributions of the pseudorapidity of the recoil jet and reconstructed top-quark mass
using background estimates determined from control samples in data. The second approach is based
on multivariate analysis techniques that probe the compatibility of the candidate events with the

signal. They find o &**"" = 67.2 + 6.1 pb, and |Vj| = 1.020 = 0.046(exp.) + 0.017(th.) [117].

At /s = 8 TeV, both experiments repeat and refine their measurements. ATLAS uses 20.2 fb~!
of data. Total, fiducial and differential cross-sections are measured for both top-quark and top-
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antiquark production [118]. An artificial neural network is employed to separate signal from back-
ground. The fiducial cross-section is measured with a precision of 5.8% (top quark) and 7.8% (top
antiquark), respectively. The total cross-sections are measured to be afcmmel(tq) = 56.7f§:§ pb
for top-quark production and J?Ch‘m"el(fq) = 32.93:(7) pb for top-antiquark production, in agree-
ment with the SM prediction. In addition, the ratio of top-quark to top-antiquark production
cross-sections is determined to be R; = 1.72 4 0.09. The total cross-section is used to extract the
Wtb coupling: fry - |Vip| = 1.029 4 0.048, which corresponds to |Vj| > 0.92 at the 95% confidence
level, when assuming fry = 1 and restricting the range of |Vy| to the interval [0, 1]. The differential
cross-sections as a function of the transverse momentum and rapidity of both the top quark and the
top antiquark are measured at both the parton and particle levels. The transverse momentum and
rapidity differential cross-sections of the accompanying jet from the ¢-channel scattering are mea-
sured at particle level. All measurements are compared to various Monte Carlo predictions as well
as to fixed-order QCD calculations where available. The SM predictions provide good descriptions
of the data. Using the same dataset, ATLAS probes the Witb vertex structure from polarisation
observables in t-channel single-top quark events. The polarisation observables are extracted from
asymmetries in angular distributions measured with respect to spin quantisation axes appropri-
ately chosen for the top quark and the W-boson. The asymmetry measurements are performed at
parton level by correcting the observed angular distributions for detector effects and hadronisation
after subtracting the background contributions. The measured top-quark and W-boson polari-
sation values are in agreement with the Standard Model predictions [119]. CMS uses 19.7 fb~!
in the electron or muon plus jets channel, exploiting the pseudorapidity distribution of the recoil
jet. They find o, = 53.8 £ 1.5(stat.) + 4.4(syst.) pb and o7 = 27.6 £ 1.3(stat.) + 3.7(syst.) pb,
resulting in an inclusive ¢-channel cross section of 0,7 = 83.6 &= 2.3(stat.) = 7.4(syst.) [120]. They
measure a cross section ratio of Ry = oy/o; = 1.95 £ 0.10(stat.) £+ 0.19(syst.), in agreement with
the SM. The CKM matrix element V};, is extracted to be |Vip| = 0.998 £ 0.038(exp.) £ 0.016(th.).
Later, CMS has also provided a fiducial cross section measurement for t-channel single top at
Vs = 8 TeV with 19.7 fb~! of data in signal events with exactly one muon or electron and
two jets, one of which is associated with a b-hadron [121]. The definition of the fiducial phase
space follows closely the constraints imposed by event-selection criteria and detector acceptance.
The total fiducial cross section is measured using different generators at next-to-leading order
plus parton-shower accuracy. Using as reference the aMC@NLO MC predictions in the four-flavour
scheme a ofd = 3.38 4 0.25(exp.) + 0.20(th.) pb is obtained, in good agreement with the the-
ory predictions. At 13 TeV, ATLAS uses 3.2 fb~! to measurement the ¢-channel cross sec-
tion. Using a binned maximum-likelihood fit to the discriminant distribution of a neural network,
the cross-sections are determined to be ou(tq) = 156 + 5(stat.) + 27(syst.) £ 3(lumi.) pb and
o(tq) = 91 & 4(stat.) &+ 18(syst.) & 2(lumi.) pb [122]. The cross-section ratio is measured to be
R, = o1/o; = 1.72 £ 0.09(stat.) + 0.18(syst.). All results are in agreement with SM predictions.
A measurement of the t-channel single top-quark cross section is also available at 13 TeV with
the CMS detector, corresponding to an integrated luminosity of 2.2 fb~1. Fits to the transverse
W-mass and the output of an artificial neural network allow the determination of the background
and the signal contribution. The measured cross-section is o3 = 238 £ 13 £ 29 pb [123]. The CKM
matrix is determined to | V| = 1.0540.07(exp.) £0.02(¢h.). Using 35.9 fb=! of data, CMS performs
measurements of the t-channel cross sections of single top quarks and antiquarks in the t channel,
and their ratio. Events with one muon or electron are selected, and different categories of jet and
b-jet multiplicity and multivariate discriminators are applied to separate the signal from the back-
ground, resulting in oy(tq) = 136 & 1(stat) & 22(syst) pb and o4(tq) = 82 + 1(stat) + 14(syst) pb,
respectively, and their ratio is 1.66 & 0.02(stat) +0.05(syst). The results are in agreement with the
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predictions from the Standard Model [124].

The predicted cross section for tW process at the LHC /s = 7 TeV is 15.6 £+ 1.2 pb [10]. This
is of interest because it probes the Witb vertex in a different kinematic region than s- and t-channel
production, and because of its similarity to the associated production of a charged-Higgs boson and a
top quark. The signal is difficult to extract because of its similarity to the ¢t signature. Furthermore,
it is difficult to uniquely define because at NLO a subset of diagrams have the same final state as tt
and the two interfere [125]. The cross section is calculated using the diagram removal technique [126]
to define the signal process. In the diagram removal technique the interfering diagrams are removed,
at the amplitude level, from the signal definition (an alternative technique, diagram subtraction
removes these diagrams at the cross-section level and yields similar results [126]). These techniques
work provided the selection cuts are defined such that the interference effects are small, which is
usually the case.

Both, ATLAS and CMS, also provide evidence for the associate tW production at /s = 7 TeV
[127,128]. ATLAS uses 2.05 fb~! in the dilepton plus missing E7 plus jets channel, where a template
fit to the final classifier distributions resulting from boosted decision trees as signal to background
separation is performed. The result is incompatible with the background-only hypothesis at the
3.30 (3.40 expected) level, yielding oy = 16.842.9(stat.)+4.9(syst.) pb and |Vy| = 1.037015 [127].
CMS uses 4.9 fb~! in the dilepton plus jets channel with at least one b-tag. A multivariate analysis
based on kinematic properties is utilized to separate the ¢t background from the signal. The
observed signal has a significance of 4.0 and corresponds to a cross section of oy = 16J_ri pb [128].

Both experiments repeated their tW-analyses at /s = 8 TeV. ATLAS uses 20.3 fb~! to select
events with two leptons and one central b-jet. The tW signal is separated from the backgrounds
using boosted decision trees, each of which combines a number of discriminating variables into one
classifier. Production of tW events is observed with a significance of 7.70. The cross section is
extracted in a profile likelihood fit to the classifier output distributions. The tW cross section,
inclusive of decay modes, is measured to be oy = 23.0 + 1.3(stat.) 3 2(syst.) + 1.1(lumi.) pb,
yielding a value for the CKM matrix element |Vj;| = 1.01£0.10 and a lower limit of 0.80 at the 95%
C.L. [129]. A fiducial cross section is also measured. CMS uses 12.2 fb~! in events with two leptons
and a jet originated from a b quark. A multivariate analysis based on kinematic properties is utilized
to separate the signal and background. The tW associate production signal is observed at the level
of 6.10, yielding oy = 23.44+5.4 pb and |Vy| = 1.03+0.12(exp.)£0.04(th.) [130]. ATLAS and CMS
also combine their measurements and obtain oy = 25.0 & 1.4(stat.) £ 4.4(syst.) £0.7(lumi.) pb =
25.0 £ 4.7 pb [131], in agreement with the NLO+NNLL expectation. They extract a 95% C.L.
lower limit on the CKM matrix element of |V > 0.79.

At 13 TeV in the tW-channel, ATLAS uses 3.2 fb~! of events with two opposite sign isolated
leptons and at least one jet; they are separated into signal and control regions based on their
jet multiplicity and the number of jets with b-tags. Signal is separated from background in two
regions using boosted decision trees. The cross section is extracted by fitting templates to the
data distributions, and is measured to be ogy = 94 & 10(stat.) 25 (syst.) £ 2(lumi.) pb [132].
The measurement is in agreement with the SM prediction. CMS uses 36 fb~! of events with two
opposite sign isolated leptons, one tight and one loose jet and one b-tag. Signal and background
is separated in categories depending on the number of jets and the subset of b-tagged jets using a
boosted decision tree. A maximum likelihood fits yields oy = 63.1 £ 6.6 pb [133].

The s-channel production cross section is expected to be 4.6 £ 0.3 pb for m; = 173 GeV/c?
at /s = 7 TeV [9]. At ATLAS, a search for s-channel single top quark productio