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1. Introduction

The Large Hadron Collider (LHC) has performed extraordinarily well throughout 2011 and
2012 providing both the ATLAS [1] and the CMS [2] experiments with over ten million top quarks
each. The top quark is one of its kind - it is the heaviest elementary particle ever observed, with
a mass of the order of an entire atom of gold-. With a charge of +2/3|e| (e is the electron charge)
and spin 1/2, it completes the third family structure of the Standard Model (SM). Top quarks show
remarkable distinctive features when compared to the other quarks. Due to its large mass, it has
such a large decay width (l = γβch̄

Γt
≈ 0.2 fm) that it decays before traversing any significant distance

to disturb the colour field giving rise to non-perturbative effects such as its fragmentation and
hadronization. Therefore all properties of the “naked” quark are preserved in the decay chain of a
top quark and propagated to its decay products. In the SM, top quarks are expected to decay mostly
through t → Wb, being the branching ratios Br(t → Ws) ∼ 0.18% and Br(t → Wd) ∼ 0.02%
negligible compared to the dominant decay channel [3]. Furthermore, its mass is close to the
electroweak symmetry breaking mechanism scale, so it is likely that the top quark plays a special
role in this mechanism. The Tevatron and LHC experiments have eagerly analysed the data they
have collected seeking to understand better the top quark production and its basic properties. In
these proceedings a selection of such rich top quark programme is presented highlighting the most
recent results obtained by the ATLAS collaboration.

2. Top quark production

Within the SM, top quarks are produced either in pairs via the strong interaction (tt̄ production)
or as single top quarks via the electroweak interaction. Each top quark decays almost 100% of
the time to a W boson and a b quark. The W bosons can decay leptonically into an electron,
muon or tau and the corresponding neutrino, or hadronically into quark-antiquark pairs. Thus, the
final states of tt̄ events are subdivided into the dilepton channels with both W bosons decaying
leptonically, the lepton+jets channels in which one of the W bosons decays leptonically and the
other one hadronically, and the all hadronic channel with both W bosons decay hadronically.

2.1 Top quark pairs (strong interaction)

In hadron colliders, the top quarks are predominantly produced in pairs via the strong interac-
tion, through gluon-gluon fusion or quark-antiquark annihilation. At the LHC (unlike the Tevatron)
the former mechanism dominates, contributing by a factor ∼80% to the total top quark pair pro-
duction cross section.

The calculation of the top quark pair cross section has recently been completed, after long
standing theoretical efforts, to exact next-to-next-to leading order (NNLO) in QCD including re-
summation of next-to-next-to-leading logarithmic (NNLL) soft gluon terms. The NNLO+NNLL tt̄
cross section for pp collisions is σtt̄ = 177+10

−11 pb at
√

s =7 TeV and σtt̄ = 253+13
−15 pb at

√
s =8 TeV

for a top quark mass of 172.5 GeV [4]. The systematic uncertainty (∼5%) includes the PDF4LHC
prescription [5] for the proton parton density function (PDF) and the strong coupling αS uncertain-
ties using the MSTW2008 68% CL NNLO [6, 7], CT10 NNLO [8, 9] and NNPDF2.3 5f FFN [10]
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PDF sets, added in quadrature to the renormalisation and factorisation scale uncertainties. Any
deviation of the measured cross section value from the SM prediction could signal the presence of
new physics in the top quark production or decay.

2.1.1 Inclusive tt̄ cross section measurements

The measurement of the tt̄ cross section has been carried out in all the different final states.
ATLAS has recently published a measurement of the inclusive tt̄ cross section in the dilepton
channel using the full data set at

√
s = 7 TeV and

√
s = 8 TeV [11]. The novel feature of this

analysis is that the tt̄ selection is only based on leptons. By only requiring one electron and one
muon with pT > 25 GeV and |η |< 2.5, a pure sample of tt̄ events can be selected. The cross section
is measured from the b-jet multiplicity distribution by fitting simultaneously σtt̄ and a factor that
parametrises the b-jet tagging efficiency and acceptance. For more than one b-jet, the sample is
largely dominated by tt̄ events as can be seen in the top left plot of Figure 1. The total number of tt̄
events is above 33000 with a background fraction of about 10%. The total inclusive tt̄ cross section
is measured to be:

σtt̄ = 182.9 ± 3.1 (stat.) ± 4.2 (syst.) ± 3.6 (lumi.) pb at
√

s = 7 TeV

σtt̄ = 242.4 ± 1.7 (stat.) ± 5.5 (syst.) ± 3.6 (lumi.) pb at
√

s = 8 TeV

The precision of this measurement is 3-4%, as shown in the breakdown of uncertainties summarised
in the table of Figure 1. The main systematic uncertainty is due to the knowledge of the luminosity
of the data set. For comparisons of this measurement with the theory prediction, an additional un-
certainty due to the LHC beam energy (0.6%) needs to be considered which induces an uncertainty
on the tt̄ cross section of 3-4 pb (1.8%).
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Figure 1: Top left: Multiplicity of b-jets in the selected tt̄ dilepton sample at
√

s = 8 TeV. Bottom left: Main
uncertainties in the ATLAS tt̄ cross section measurements. Right: Summary of tt̄ cross section measure-
ments at Tevatron and LHC as a function of the centre-of-mass energy.
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The right plot of Figure 1 shows a summary of recent tt̄ cross section measurements at Teva-
tron and LHC compared to NNLO+NNLL QCD. All measurements so far are consistent with the
prediction. Overall an impressive experimental precision is accomplished by both Tevatron (6-7%)
and LHC (4-6%) measurements, the luminosity uncertainty being the largest at both colliders. The
experimental precision matches well the precision reached by the NNLO+NNLL QCD calculation.
At
√

s = 8 TeV, the ATLAS and CMS measurements are in good agreement with each other and
with the theory prediction, while there is a tension of about two standard deviations at

√
s = 7 TeV.

2.1.2 Differential tt̄ cross section measurements

Beyond the inclusive cross section measurements, first measurements of fiducial and differ-
ential cross sections have been carried out in the lepton+jets channel at

√
s =7 TeV. Several ob-

servables have been studied: the transverse momentum of the top quark (pt
T ), and the invariant

mass (mtt), rapidity (ytt) and transverse momentum (ptt
T ) of the tt̄ system. The large data sets avail-

able at the LHC allow for precise differential measurements reaching high transverse momenta and
masses.
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Figure 2: Top pair production cross section as a function of the top quark transverse momentum [12]. In the
right plot, data are compared to different fixed order next-to-leading order (NLO) QCD predictions.

The measured kinematic spectra corresponding to individual top quarks as well as to the re-
constructed tt̄ system show a reasonable (within uncertainties) good agreement with the prediction,
with the exception of the high pt

T tails of the top quark (see left plot of Figure 2) and tt̄ system mass
where data fall below the prediction [12]. To facilitate the comparison to theoretical predictions,
the cross section measurements are defined with respect to the top quarks before the decay (parton
level) and after QCD radiation. For that, the measured spectra are corrected for detector efficiency
and resolution effects using a regularized unfolding technique. The results are in fair agreement
with the predictions of different Monte Carlo (MC) generators in a wide kinematic range. Nev-
ertheless, data distributions are softer than predicted for higher values of the top quark transverse
momentum (see right plot of Figure 2) and the mass of the tt̄ system. These measurements have
also been performed with the CMS detector and a similar behaviour is observed. Possible expla-
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nations for these differences are presently being investigated. These include studies with different
PDF sets that can soften the gluon distribution, electroweak corrections that can lower the QCD
predictions by a few percent, higher order QCD corrections, or effects related to parton shower or
hadronisation. In this context it is interesting to point out that PowHeg [13]-[16] interfaced with
Herwig [17] for the parton shower is able to describe the data.

2.1.3 Fiducial tt̄ cross section measurements

Measurements of final state observables are indispensable to assess and improve the modelling
of tt̄ events. They need to be defined in a fiducial phase space region close to the detector acceptance
and corrected to the level of stable particles, jets and other physics objects entering the detectors.
The first fiducial tt̄ measurement was published by ATLAS in 2012 [18] and was used to constrain
the MC parameters controlling the additional parton radiation in tt̄ dilepton events. Events were
required to have two b-jets and the additional jets were used to measure the gap fraction which
is the probability to emit no jet above a certain pT cut in a given η region. More radiation will
lead to smaller value of this observable. The left distribution of Figure 3 shows this gap fraction
observable compared to different MC simulations.
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Figure 3: Left: Gap fraction observable as a function of Qsum (scalar sum of the transverse momentum of
the additional jets in the rapidity interval) cut applied. Right: The tt̄ cross section as a function of the pT

of the leading jet. The data are shown in comparison to different MC predictions. The data points and their
corresponding total statistical and systematic uncertainties added in quadrature are shown as a shaded band.
The MC predictions are shown with their statistical uncertainty.

In addition, the jet multiplicity and the pT spectra of the jets have been measured in the lep-
ton+jets channel [19]. Events are required to have at least three jets. The fiducial tt̄ production
cross section in pp collisions at

√
s =7 TeV is presented as a function of the jet multiplicity and

of the jet pT separately for each jet up to the fifth jet. The leading jet pT (right plot of Figure 3)
is closely related to the pt

T , while the fifth jet pT is related to the pT of the tt̄ system. Thus,
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these observables have discriminating power for MC generator models. For the number of jets,
the precision is between 10% and 30% with the largest uncertainty at highest jet multiplicity. The
measured jet pT spectra precision varies between 10% and 16%. As already observed for pt

T , the
predictions of PowHeg MC interfaced with Pythia [20] as well as Alpgen [21] are above data at
large pT . However, the leading jet pT is well described by the MC@NLO [22, 23] MC interfaced
with Herwig. This is consistent with the observation that the use of Herwig also leads to a good
description of pt

T as already discussed. However, MC@NLO is softer than data for the fifth jet pT .
Recent investigations show that PowHeg MC with a changed parameter (“hdamp”) which controls
the additional radiation can describe the data better and also gives a good description of the jet
multiplicities.

In conclusion, well defined tt̄ final state measurements can be used to understand and reduce
the systematic uncertainties associated to the tt̄ modelling. This will increase the sensitivity to
processes with top quark pairs produced in association with bosons and for many searches of new
particles beyond the SM exploiting high jet multiplicities or high pT regions.

2.2 Single top quarks (electroweak interaction)

Top quarks can also be singly produced via electroweak interactions through the t-channel
(gq→ q′tb̄), associated production with a W boson (bg→ Wt) and s-channel (qq̄′→ tb̄). After
many years of intensive search, the Tevatron experiments reported in 2009 the observation of singly
produced top quarks for the first time [24, 25]. At the LHC, the production cross section is signifi-
cantly higher. The t-channel process dominates and constitutes ∼80% of the total single top quark
production cross section, while at Tevatron it was 65%. The predicted production rates for this
channel is roughly 30 times more abundant than at the Tevatron. Moreover, background rates rise
by a far lower factor with increasing collision energy, leading to an improved signal-to-background
ratio. The Wt production is ∼15% at LHC, while it is negligible at the Tevatron. Evidence for
the associated Wt production was reported by ATLAS at

√
s = 7 TeV [26] and the observation has

been recently reported by CMS using the full 2012 data set at
√

s = 8 TeV [27]. For the s-channel
production, so far only upper limits are given by the LHC experiments [28], while the Tevatron
experiments recently reported the observation of this channel [29].

2.2.1 t-channel cross section

For the t-channel, the signal can be well separated from the background allowing to separate
events with top or antitop quarks and to perform the first fiducial and differential measurements. A
new measurement of the inclusive t-channel cross section by the ATLAS experiment [30] measured
separately the top and antitop cross section at

√
s = 7 TeV and also the ratio Rt = σt/σt̄ :

σt = 46 ± 1 (stat.) ± 6 (syst.) pb and σt̄ = 23 ± 1 (stat.) ± 3 (syst.) pb

Rt = 2.04 ± 0.13 (stat.) ± 0.12 (syst.)

The cross section measurements have a precision of about 12% and the dominant systematic un-
certainty is the jet energy uncertainty in the forward detector region (7-8%). This measurement
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assumes a top mass mt = 172.5 GeV and the dependence of the cross section on mt is also pro-
vided. The measurement is in good agreement with NLO QCD [31, 32]. After a basic event
selection, the sample is divided in two channels: one with exactly two jets with pT > 30 GeV and
|η |< 4.5 where exactly one jet is b-tagged, and another with three jets being one or two b-tagged.
For each channel, kinematic variables of the reconstructed physics objects are combined in a neural
network to discriminate signal from background (see left plot of Figure 4). Applying a cut on the
neural network output, a high purity region is defined to measure the differential cross sections
as a function of the top and antitop transverse momentum and rapidity. The right distribution of
Figure 4 shows the single top t-channel cross section as a function of pt

T . NLO QCD calculation
gives a good description of the measurement.
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Figure 4: Left: Neural network output for the t-channel single top quark cross section measurement. Right:
Single top production cross section in the t-channel as a function of the top quark transverse momentum
compared to a NLO QCD prediction [30].

A first preliminary fiducial cross section measurement for single top production defined using
stable particles within the detector acceptance has been presented by ATLAS for

√
s = 8 TeV [33].

The benefit of measuring a production cross section within a fiducial volume is that uncertainties
connected with event generation can be reduced to differences within the fiducial volume. Differ-
ences between generators, hadronisation models or PDFs can be separated into components visible
in the measured phase space and in the non-visible phase space. The fiducial phase space is defined
by the reconstructed physics objects in the detector. The fraction of t-channel signal events in this
phase space is obtained from a likelihood fit to a neural network discriminant based on kinematic
variables. The precision of the fiducial cross section measurement is 14%, being the choice of the
t-channel generator (8%) and the jet energy measurement in the forward region of the detector (8%)
the largest uncertainties. Using various MC generator models, the fiducial cross section can be ex-
trapolated to the full phase space and can be compared to the NLO+NNLL calculation. There is
an additional uncertainty on the extrapolation due to the choice of the PDF set (3.8%). A summary
of these inclusive cross sections is presented on the left side of Figure 5. The values deduced with
the acceptances obtained with the NLO generators PowHeg and aMC@NLO [34] are in excellent
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agreement with the NLO+NNLL prediction and have only a difference of 1.7% to each other.
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Figure 5: Left: Inclusive t-channel single top quark production cross section obtained from extrapolating the
fiducial cross section to the full phase space using the acceptance of different MC generators. The vertical
line indicates the NLO+NNLL theoretical cross section, including the uncertainty displayed as a grey band.
Right: Summary of the single top quark production cross section measurements in ATLAS. For the s-channel
only an upper limit is given.

The right plot of Figure 5 summarises the present status of the electroweak production of top
quarks in ATLAS. With the observation of the s-channel process at Tevatron, all single top pro-
cesses are now established. The focus now is on measuring the production cross section precisely
with the least possible model dependence. A first step in this direction has been made by measur-
ing fiducial cross section to factorize experimental uncertainty from theory uncertainty connected
to the extrapolation of the detector acceptance to the full phase space.

3. Top quark properties

3.1 Top mass measurements

The standard way to measure the top mass is to reconstruct the top quark decay products
(W boson and b quark) and to form the invariant mass. The measurement is calibrated using MC
simulations and therefore the result refers to the mass as implemented in the simulations. The se-
lection of top quarks is done by identifying the final state objects from the decay of the top quark
using simple combinations of the physics objects in the event or more sophisticated techniques us-
ing kinematic fits based on likelihoods or χ2 metric, and exploiting the known value of the W boson
mass to constrain physics and detector effects. There are different techniques such as the template,
the ideogram and the matrix element methods. In ATLAS, the template method is commonly used.
The simplest version only fits mt and the reconstructed top mass is obtained fitting the distribution
of mt in data to reference MC templates for various top masses. However, the most precise measure-
ment in ATLAS is obtained with a three-dimensional fit [35]. In addition to mt , a global jet energy
scale factor (JSF) and a relative b-jet to light-jet energy scale factor (bJSF) are constraint. The top
quark mass is measured to be mt = 172.31 ± 0.23 (stat.) ± 0.72 (JSF + bJSF) ± 1.35 (syst.) GeV,
where the uncertainties labelled JSF and bJSF refer to the statistical uncertainties on mt induced by
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the in-situ determination of these scale factors.

Over the past years, several top mass measurements have been carried out by the Tevatron and
LHC experiments. Improving the detector performance, the signal MC modelling and the measure-
ment techniques, the mt measurements became increasingly precise. In March 2014, the first world
combination of mt was carried out by the ATLAS, CMS, D0 and CDF collaborations [36] and the
world average obtained is mt = 173.34 ± 0.27 (stat.) ± 0.24 (JSF + bJSF) ± 0.67 (syst.) GeV,
with a relative precision of 0.44%. Figure 6 shows a summary of the mt measurements entering
in the world combination. Since the world average mt combination, several new measurements
with higher precision were published. The highest precision is reached for the lepton+jets channel
(0.43%), but also the dilepton channel (0.67%) and the fully hadronic channel (0.80%) give a good
precision.
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Figure 6: Comparison of the world mt combination result with the individual mt determinations per tt̄ decay
channel, experiment and collider. The grey band reflects the total uncertainty on the combined mt value.

Top mass measurements methods reconstructing the top decay products might suffer from
uncertainties of the order of ΛQCD. There are also ongoing discussions on how to interpret the
MC-based results in terms of the mt parameter in the SM Lagrangian. It is thus also important to
measure mt using alternative techniques like the comparison of NNLO+NNLL QCD calculations
to the inclusive tt̄ production cross section measurements [11] or to observables based on tt̄+jets
events [37, 38]. Since this QCD calculation uses the pole mass scheme, the mpole

t can be deter-
mined. In this case, the precision obtained is of 1.5% being the largest experimental uncertainty
due to the luminosity of the data set.

3.2 Spin correlations

Although the top and antitop quarks produced via the strong interaction at the hadron colliders
are unpolarized, their spins are correlated. New physics models beyond the SM can change the spin
correlation of the top and the antitop quark by either changing the spin of the their decay products,
or by changing the production mechanism of the tt̄ pair. The strength of the correlation can be
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expressed as the asymmetry A =
N⇑⇑+N⇓⇓−N⇑⇓−N⇓⇑
N⇑⇑+N⇓⇓+N⇑⇓+N⇓⇑

between the number of events with parallel
spins, N⇑⇑ and N⇓⇓, and the number of events with antiparallel spins, N⇑⇓ and N⇓⇑, which depend
on the choice of the quantization axis, referred to as “spin basis”.

The extremely short lifetime of the top quark allows to study the spin at its production through
the angular distributions of its decay products. The differential distribution of the decay width,
dΓ/d|cosθ±|, is proportional to the cosine of the angle θ± between the positively (negatively)
down-type fermion from the W boson, which in the case of a leptonic decay allows for very clean
measurements, from the top (antitop) quark decay and the top (antitop) quark spin quantization axis
in the top (antitop) quark rest frame. The spin correlation is expressed by the double differential
cross section:

1
σ

d2σ

d[cos θ+ cos θ−]
=

1
4
(1 + α+P+cos θ+ + α−P−cos θ− + Aα+α−cos θ+cos θ−) (3.1)

where α represents the spin analysing power and P± is the polarisation of the top (antitop) quark.
Since α ≈1 at leading order (LO) for charged leptons, these final state particles are commonly used
for these measurements. As spin quantization axis, the helicity basis1 of the top quark is used since
it is well defined and there are theoretical predictions.

The full 2011 data set recorded by the ATLAS detector at
√

s = 7 TeV has been analysed
to check the compatibility with the SM spin correlation strength prediction [39]. Four different
observables are investigated, which are different linear combinations of components in the spin
density matrix of tt̄ production: the azimuthal difference ∆φ of the charged lepton momentum
directions in the laboratory frame, the ratio of the squares of matrix elements for top quark pair
production and decay from the fusion of like-helicity gluons with and without spin correlation at
LO (S-ratio), and the product of cosθ+ ˙cosθ− in both the helicity basis and the so called maximal
basis2, which maximizes the value of the spin correlation strength. A template fit is performed for
all four observables to extract the spin correlation strength. The fit includes a linear superposition
of the distribution from the SM tt̄ MC simulation with coefficient fSM, and from the uncorrelated
tt̄ MC with coefficient (1 - fSM). The left plot of Figure 7 shows the measured fSM for the four
different observables. To get the measured spin correlation strength, the fSM obtained from the fit
has to be multiplied by the SM prediction. The dominant systematic uncertainties affecting these
measurements come from tt̄ modelling.

3.3 Charge asymmetry

The tt̄ production is predicted to be symmetric under charge conjugation at LO in the SM.
At NLO, however, for the qq̄ and qg production modes, there is a small preference to produce
top (antitop) quarks in the direction of the incoming quark (antiquark) in the partonic rest frame.
At the Tevatron, this asymmetry is equivalent to a forward-backward asymmetry, with top (anti-
top) quarks more abundant in the direction of the incoming proton (antiproton). At the LHC, this

1The SM prediction for the helicity basis is Ahel = 0.31 at 7 TeV.
2No prediction from the SM exists for the asymmetry A in the maximal basis, so the prediction from the MC@NLO

MC generator Amax = 0.44 was used.
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Figure 7: Left: Summary of the measurements of the fraction of tt̄ events corresponding to the SM spin
correlation hypothesis, fSM, using four spin correlation observables sensitive to different properties of the
production mechanism. The dashed vertical line at fSM = 1 indicates the SM prediction. The inner red error
bars indicate statistical uncertainties, the outer blue error bars indicate the contribution of the systematic
uncertainties to the total uncertainties. Right: Summary of the single measurements and the LHC combina-
tion of the tt̄ charge asymmetry compared to the theory prediction (calculated at NLO including electroweak
corrections). The grey band illustrates the total uncertainty of the combined result.

forward-backward asymmetry vanishes trivially because the pp initial state (dominated by gluon-
gluon fusion) is symmetric. Nevertheless, QCD predicts a slight preference for centrally produced
antitop quarks at the LHC, while top quarks are more abundant at large positive and negative ra-
pidities. This is due to the proton composition in terms of quarks and antiquarks: quarks carry
a large momentum fraction while antiquarks carry a small momentum fraction. Thus, the boost
into the laboratory frame “squeezes” top quarks mainly in the forward and backward directions,
while antitop quarks are left in the central region. It is therefore useful to define the following
charge asymmetry AC = ∆|y|>0−∆|y|<0

∆|y|>0+∆|y|<0 with ∆|y| = |yt | − |yt̄ |, making use of the difference of
absolute rapidities |yt | and |yt̄ | of top and antitop quarks. At NLO in the SM, this asymmetry
is expected to be 0.0115±0.0006 for pp collisions at

√
s = 7 TeV [40]. ATLAS measured this

charge asymmetry in tt̄ lepton+jets events using the full 2011 data set [41]. The reconstructed ∆|y|
distribution was unfolded to parton level and the measured value for the asymmetry is found to
be of 0.006±0.010(stat.)±0.005(syst.). Furthermore, a combination with the results of the CMS
experiment has been performed and is presented in the right plot of Figure 7 [42].

3.4 Couplings

The top quark couples to other SM fields through its gauge and Yukawa interactions. The
coupling of the top quark to the W boson can be examined either by looking at the decay of the
top quark or from single top quark production. With the advent of large data samples with top
quarks at the LHC, the processes where bosons (γ , Z or H) are produced in association with top
quarks become accessible. The first evidence on the couplings of the top quark to these particles
(will) come from the production rate of these processes. In this direction, several dedicated and
sophisticated analyses are being performed in ATLAS.
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3.4.1 Top + W

In the SM the top quark decays through an electroweak interaction almost exclusively to a
W boson and a b quark. The magnitude of the Wtb coupling is proportional to the Cabibbo-
Kobayashi-Maskawa (CKM) matrix element Vtb and is therefore almost equal to one, reflecting the
vector (ψ̄γµψ) minus axial (ψ̄γµγ5ψ) structure of the Wtb vertex. One way of probing the struc-
ture of this vertex is to study the W bosons produced in the decay of top quarks which can have
longitudinal, left-handed or right-handed polarizations with fractions F0, FL and FR respectively.
At NNLO in the SM, they are predicted to be 0.687±0.005, 0.311±0.005 and 0.0017±0.0001 [43]
and they have been measured in the Tevatron and LHC experiments. The W boson helicity frac-
tions can be extracted from a direct fit to the angular distribution of top quark decay products,
cosθ , using templates from MC simulations. Alternatively, angular asymmetries (A+, A− and
AFB), built from cosθ , were also used by ATLAS [44]. The angle θ is defined between the mo-
mentum of the charged lepton in the W boson rest frame and the W boson momentum in the top
quark rest frame. ATLAS measured the helicity fractions to be F0 = 0.67±0.03(stat.)±0.06(syst.),
FL = 0.32±0.02(stat.)±0.03(syst.) and FR = 0.01±0.01(stat.)±0.04(syst.). All these measurements
are consistent with the SM expectations and were used to probe the existence of anomalous Wtb
couplings. Exclusion limits on the real components of the anomalous couplings gL and gR (left- and
right-handed tensor couplings) were set at 68% and 95% confidence level, as shown in the left plot
of Figure 8. The region of gR around 0.8 is disfavoured by the current experimental measurements
on the single top quark production cross sections at the Tevatron and the LHC.
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Figure 8: ATLAS allowed 68% and 95% confidence level regions on the real part of the anomalous cou-
plings gL and gR derived from the W boson helicity fractions measured in tt̄ events (left) and on the top quark
polarisation-Im(gR) plane obtained from the AN

FB measurement in single top quark events (right).

In the presence of polarised top quarks, such as those produced via the electroweak interaction,
one can also exploit the spin direction and define further references normal and transverse to the
plane formed by the W boson momentum and the top quark spin direction. In a similar way that the
angle θ is defined between the lepton in the W boson rest frame and the momentum of the W boson,
the angles θN and θT can be defined between the lepton from the W boson and these new directions.
The most interesting remark is that the normal set of polarisation fractions (FN

0 , FN
L and FN

R ) depend
on the imaginary part of the anomalous coupling gR, so observables depending on these deserve
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special attention. If CP symmetry is conserved in the Wtb vertex, i.e. if all anomalous couplings
are real, then FN

L = FN
R , and a net normal W polarisation (FN

L 6= FN
R ) can only be produced if CP

is violated in the top quark decay. This property is unique of the normal direction and it has been
explored in ATLAS using t-channel single top quark events collected in 2011 [45]. The observable
chosen was the forward-backward asymmetry AN

FB built from the angular distribution cosθN and
has allowed to set the first experimental limit on the imaginary part of gR as shown in the right plot
of Figure 8. This measurement is limited by the statistical uncertainty and systematic uncertainties
related to the modelling of the t-channel signal process.

3.4.2 Top +γ

At hadron colliders, a measurement of the tt̄γ coupling via qq̄→ γ → tt̄ is unrealistic due to
the overwhelming contribution from QCD processes. Therefore, a more feasible approach to probe
the tt̄γ coupling (and therefore the top quark electric charge) is via the measurement of associated
production of a photon with a top quark pair. At the time of writing, the ATLAS collaboration
reported the observation of this process [46]. The tt̄γ production cross section times the branching
ratio of the lepton+jets tt̄ decay channel is measured in a fiducial kinematic region within the AT-
LAS acceptance: σ

f id
tt̄γ = 63±8 (stat.) +17−13 (syst.) ± (lumi.) fb per lepton flavour, in agreement

with the NLO prediction. The main background contribution originates from hadron fakes, and the
dominant systematic uncertainty is due to the photon identification efficiency.

3.4.3 Top + V (Z or W)

The primary source of information on the tt̄Z coupling at hadron colliders is the observation
of the associated production of a Z boson and top quark pair. This process can include the Z boson
as initial state radiation (ISR), i.e. radiated from the incoming quarks, or as final state radiation
(FSR), i.e. radiated from the top or antitop quarks. Only the latter processes are sensitive to the
weak neutral current top coupling (and the weak isospin of the top quark). In contrast to tt̄Z, the
associated W boson in tt̄W does not couple to the top quark, but is radiated from the incoming
quarks (ISR process). The ISR processes are similar for tt̄Z and tt̄W , thus the understanding of
the tt̄W production could be useful to disentangle the ISR from the FSR contribution in the tt̄Z
processes.

Depending on the decay of the bosons and the number of leptons and jets in the final state,
several experimental signatures can be explored. The early ATLAS results at

√
s = 7 TeV used

the three leptons channel and only reported an upper limit on the cross section σtt̄Z < 0.71 pb at
95% confidence level [47]. Evidence for both tt̄Z and tt̄W production at

√
s = 8 TeV has been

recently announced by both the ATLAS and CMS collaborations by combining different final state
channels and measuring σtt̄Z , σtt̄W and σtt̄V from a profile likelihood fit [48]. The ATLAS search
includes final states with three and two leptons and measures these cross sections relative to the
NLO prediction: µtt̄Z = σtt̄Z/σSM

tt̄Z = 1.25+0.57
−0.48 for tt̄Z, µtt̄W = σtt̄W/σSM

tt̄W = 0.73+0.29
−0.26 for

tt̄W and µtt̄V = σtt̄V/σSM
tt̄V = 0.89+0.23

−0.22 for tt̄V (see left plot of Figure 9). These measurements
correspond to an observed 3.2, 3.1 and 4.9 standard deviations excess over the background-only
hypothesis respectively.
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Figure 9: Left: Result of the combined simultaneous measurement of tt̄Z and tt̄W signal strengths. The
dashed area corresponds to the 22% uncertainty on the NLO QCD predictions. Right: Observed and ex-
pected 95% confidence level upper limits on the tt̄H production cross section for the individual final states
and the combination. The lines denoted “SM signal injected” show the expected 95% confidence level upper
limit for a data set corresponding to the background-plus-SM tt̄H production.

3.4.4 Top + H

Indirect evidence of the top quark Yukawa coupling comes from the Higgs boson production
via gluon-gluon fusion which is predicted to proceed predominantly through a loop with top quarks.
The decay of the Higgs to photons provides complementary information. The observation of tt̄H
production will allow for direct access to this coupling. Searches are being performed for the pro-
duction of the Higgs boson in association with pairs of top quarks exploiting multiple Higgs decay
modes, including decays into pairs of b quarks, vector bosons, taus and photons. No significant
excess is found and the limit and µ values are compatible with the SM prediction, as can be seen
in the right plot of Figure 9 [49, 50, 51].

4. Conclusions

The LHC Run 1 data have allowed to perform very precise measurements involving top quarks
and triggered tremendous activities on both the experimental and theoretical side. The experimen-
tal precision achieved in the top quark pair cross section measurements (3-4%) is at the same level
of the precision of the latest NNLO+NNLL QCD calculations. First differential and fiducial cross
section measurements have become available for tt̄ and single top quark production. The differ-
ential measurement of the top quark transverse momentum and the mass of the top pair system in
tt̄ events show that the data fall significantly below the QCD predictions. At present, this effect is
being investigated. The t-channel process of the electroweak production is measured with a pre-
cision of about 12%. Processes where top quarks are produced in association with bosons (γ , Z
or H) are becoming accessible. The first observation of tt̄γ process and first evidence of tt̄Z and
tt̄W have been recently reported. Many more detailed studies of top quark properties have been
published. Most measurements are already dominated by systematic uncertainties. No deviations
from the SM predictions have been observed so far.
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