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THE TOP QUARK

Updated September 2013 by T.M. Liss (Univ. Illinois), F.
Maltoni (Univ. Catholique de Louvain), and A. Quadt (Univ.
Göttingen).

A. Introduction

The top quark is the Q = 2/3, T3 = +1/2 member of

the weak-isospin doublet containing the bottom quark (see the

review on the “Electroweak Model and Constraints on New

Physics” for more information). Its phenomenology 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, before hadronization can occur. In addition, it is the

only quark whose Yukawa coupling to the Higgs boson is order

of unity. For these reasons the top quark plays a special role

in the Standard Model (SM) and in many extensions thereof.

An accurate knowledge of its properties (mass, couplings, pro-

duction cross section, decay branching ratios, etc.) can bring

key information on fundamental interactions at the electroweak

breaking scale and beyond. This review provides a concise dis-

cussion of the experimental and theoretical issues involved in

the determination the top-quark properties.

B. Top-quark production at the Tevatron and LHC

In hadron collisions, top quarks are produced dominantly

in pairs through the processes qq → tt and gg → tt, at

leading order in QCD. Approximately 85% of the production

cross section at the Tevatron is from qq annihilation, with

the remainder from gluon-gluon fusion, while at LHC energies

about 90% of the production is from the latter process at√
s = 14 TeV (≈ 80% at

√
s = 7 TeV).

Predictions for the total cross sections are now available

at next-to-next-to leading order (NNLO) with next-to-next-to-

leading-log (NNLL) soft gluon resummation [1]. These results

supersede previous approximated ones [2]. Assuming a top-

quark mass of 173.3 GeV/c2, close to the world average [3]( LHC

results not yet included), the resulting theoretical prediction of

the top-quark pair cross-section at NNLO+NNLL accuracy at

the Tevatron at
√

s = 1.96 TeV is σtt̄ = 7.164+0.11
−0.20

+0.17
−0.12 pb

CITATION: K.A. Olive et al. (Particle Data Group), Chin. Phys. C38, 090001 (2014) (URL: http://pdg.lbl.gov)
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where the first uncertainty is from scale dependence and the

second from parton distribution functions, while at the LHC

at
√

s = 7 TeV (8 TeV) is σtt̄ = 172.0+4.4
−5.8

+4.7
−4.8 pb (σtt̄ =

245.8+6.2
−8.4

+6.2
−6.4 pb).

Electroweak single top-quark production mechanisms, namely

from qq′ → tb [4], qb → q′t [5], mediated by virtual

s-channel and t-channel W -bosons, and Wt-associated pro-

duction, through bg → W−t, lead to somewhat smaller cross

sections. For example, t-channel production, while suppressed

by the weak coupling with respect to the strong pair produc-

tion, is kinematically enhanced, resulting in a sizable cross

section both at Tevatron and LHC energies. At the Tevatron,

the t- and s-channel cross sections of top and antitop are

identical, while at the LHC they are not. Approximate NNLO

cross sections for t-channel single top-quark production (t + t̄)

are calculated for mt = 173.3 GeV/c2 to be 2.06+0.13
−0.13 pb in

pp collisions at
√

s = 1.96 TeV (scale and parton distribu-

tion functions uncertainties are combined in quadrature) and

65.7+1.9
−1.9 (87.1+0.24

−0.24) pb in pp collisions at
√

s = 7 (8) TeV,

where 65% and 35% are the relative proportions of t and

t̄ [6]. For the s-channel, these calculations yield 1.03+0.05
−0.05 pb

for the Tevatron, and 4.5+0.2
−0.2(5.5

+0.2
−0.2) pb for

√
s = 7 (8) TeV

at the LHC, with 69% (31%) of top (anti-top) quarks [7].

While negligible at the Tevatron, at LHC energies the Wt-

associated production becomes relevant. At
√

s = 7 (8) TeV,

an approximate NNLO calculation using the MSTW2008 PDF

gives 15.5+1.2
−1.2(22.1+1.5

−1.5) pb (t + t̄), with an equal proportion of

top and anti-top quarks [8].

Assuming |Vtb| ≫ |Vtd|, |Vts| (see the review “The CKM

Quark-Mixing Matrix” for more information), the cross sections

for single top production are proportional to |Vtb|2, and no

extra hypothesis is needed on the number of quark families

or on the unitarity of the CKM matrix in extracting |Vtb|.
Separate measurements of the s- and t-channel processes provide

sensitivity to physics beyond the Standard Model [9].

With a mass above the Wb threshold, and |Vtb| ≫ |Vtd|, |Vts|,
the decay width of the top quark is expected to be dominated

by the two-body channel t → Wb. Neglecting terms of order
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(1)

where mt refers to the top-quark pole mass. The width for a

value of mt = 173.3 GeV/c2 is 1.35 GeV/c2 (we use αs(MZ) =

0.118) and increases with mass. With its correspondingly short

lifetime of ≈ 0.5 × 10−24 s, the top quark is expected to decay

before top-flavored hadrons or tt-quarkonium-bound states can

form [11]. In fact, since the decay time is close to the would-be-

resonance binding time, a peak will be visible in e+e− scattering

at the tt threshold [12] and it is in principle present (yet very

difficult to measure) in hadron collisions, too [13]. The order

α2
s QCD corrections to Γt are also available [14], 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. tt → W+ b W− b → q q′ b q′′ q′′′ b, (45.7%)

B. tt → W+ b W− b → q q′ b ℓ− νℓ b + ℓ+ νℓ b q′′ q′′′ b, (43.8%)

C. tt → W+ b W− b → ℓ νℓ b ℓ′ νℓ′ b. (10.5%)

The quarks in the final state evolve into jets of hadrons. A,

B, and C are referred to as the all-jets, lepton+jets (ℓ+jets),

and dilepton (ℓℓ) channels, respectively. Their relative contribu-

tions, including hadronic corrections, are given in parentheses

assuming lepton universality. While ℓ in the above processes

refers to e, µ, or τ , most of the analyses distinguish the e

and µ from the τ channel, which is more difficult to recon-

struct. Therefore, in what follows, we will use ℓ to refer to e

or µ, unless otherwise noted. Here, typically leptonic decays of

τ 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
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in transverse momentum measured in each event (missing pT ,

which is here also called missing ET ).

The identification of top quarks in the electroweak single

top channel is much more difficult than in the QCD tt chan-

nel, due to a less distinctive signature and significantly larger

backgrounds, mostly due to tt and W+jets production.

Fully exclusive predictions via Monte Carlo generators for

the tt̄ and single top production processes at NLO accuracy in

QCD, including top-quark decays, are available [15,16] through

the MC@NLO [17] and POWHEG [18] methods.

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., tt̄γ, tt̄Z, tt̄W, tt̄H, tt̄+jets, tt̄bb̄, tt̄tt̄)

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).

C. Top-quark measurements

Since the discovery of the top quark, direct measurements

of tt production have been made at four center-of-mass energies,

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 and
√

s = 8 TeV.

Production of single top quarks through electroweak inter-

actions has now been measured with good precision at the Teva-

tron at
√

s = 1.96 TeV, and at the LHC at both
√

s = 7 TeV

and
√

s = 8 TeV. Recent measurements at the Tevatron are

beginning to separate the s- and t-channel production cross

sections, and at the LHC, the Wt mechanism as well, though

the t-channel is measured with best precision to date. The

measurements allow an extraction of the CKM matrix element

Vtb.

The top-quark mass is now measured at the 0.5% level, by

far the most precisely measured quark mass. Together with the
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W -boson mass measurement and the newly discovered Higgs

boson, this provides a stringent test of the Standard Model.

With almost 9 fb−1 of Tevatron data analyzed as of this

writing, and almost 20 fb−1 of LHC data, many properties of

the top quark are now being measured with precision. These

include properties related to the production mechanism, such as

tt spin correlations, forward-backward or charge asymmetries,

and differential production cross sections, as well as properties

related to the t−W − b decay vertex, such as the helicity of the

W -bosons from the top-quark decay. In addition, many searches

for physics beyond the Standard Model 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.

C.1 Top-quark production

C.1.1 tt production: Fig. 1 summarizes the tt production

cross-section measurements from both the Tevatron and LHC.

The most recent measurement from DØ [19], combining the

measurements from the dilepton and lepton plus jets final states

in 5.4 fb−1, is 7.56+0.63
−0.56 pb. From CDF the most precise mea-

surement made recently [20] is in 4.6 fb−1 and is a combination

of dilepton, lepton plus jets, and all-hadronic final-state mea-

surements, yielding 7.50± 0.48 pb. Both of these measurements

assume a top-quark mass of 172.5 GeV/c2. 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. Very recently,

CDF updated some of their measurements with the full Run-II

dataset up to 8.8 fb−1. The resulting combined tt̄ cross-section

is σtt̄ = 7.63 ± 0.50 pb (7.1%) for CDF, σtt̄ = 7.56 ± 0.59 pb

(9.3%) for DØ and σtt̄ = 7.60±0.41 pb (5.4%) for the Tevatron

combination [21] in good agreement with the SM expectation

of 7.16+0.20
−0.23 pb at NNLO+NNLL in perturbative QCD. The

contributions to the 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.
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CDF also performs measurements of the tt̄ production cross

section normalized to the Z production cross section in order

to reduce the impact of the luminosity uncertainty.

The LHC experiments ATLAS and CMS use similar tech-

niques to measure the tt̄ cross-section in pp collisions. At√
s = 7 TeV, ATLAS performs measurements in 0.7 fb−1 in the

lepton+jets channel [22], in the dilepton channel [23], and in

1.02 fb−1 in the all-hadronic channel [24], which together yield

a combined value of σtt̄ = 177± 3(stat.)+8
−7

(syst.)± 7(lumi.) pb

(6.2%) assuming mt = 172.5 GeV/c2 [25]. Further analyses

in the hadronic tau plus jets channel in 1.67 fb−1 [26], the

hadronic tau + lepton channel in 2.05 fb−1 [27], and the

all-hadronic channel in 4.7 fb−1 [28] yield consistent albeit

less precise results. CMS performs tt̄ cross-section measure-

ments with 2.3 fb−1 in the e/µ+jets channel [29] and in the

dilepton channel [30], with 3.5 fb−1 in the all-hadronic chan-

nel [31], with 2.2 fb−1 in the lepton+τ channel [32], and

with 3.9 fb−1 in the τ+jets channel [33]. The most precise

result is obtained in the dilepton channel, where they obtain

σtt̄ = 162±2(stat.)±5(syst.)±4(lumi.) pb, which corresponds

to a 4.2% precision [30].

At
√

s = 8 TeV, ATLAS and CMS perform cross-section

analyses as well, although only a few channels have been

considered so far due to the large number of systematic

uncertainties being dominant. ATLAS measures the tt̄ cross-

section in the lepton+jets channel with 5.8 fb−1 [34], and in

the eµ dilepton channel using 20.3 fb−1 [35]. In the latter,

they select an extremely clean sample and determine the tt̄

cross-section simultaneously with the efficiency to reconstruct

and b-tag jets, yielding σtt̄ = 237.7 ± 1.7(stat.) ± 7.4(syst.) ±
7.4(lumi.)±4.0(beamenergy) pb assuming mt = 172.5 GeV/c2,

which corresponds to a 4.7% precision. CMS performs a tem-

plate fit to the Mlb mass distribution using 2.7 fb−1 in

the lepton+jets channel [36] and a cut-and-count analysis in

2.4 fb−1 in the dilepton channel [37]. In combination, they

achieve σtt̄ = 227 ± 3(stat.) ± 11(syst.) ± 10(lumi.) pb for

mt = 172.5 GeV/c2 [37], which corresponds to a 6.7% preci-

sion.
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These experimental results should be compared to the

theoretical calculations that yield 7.16+0.20
−0.23 pb for top-quark

mass of 173.3 GeV/c2 [1] at
√

s = 1.96 TeV, σtt̄ = 172.0+6.4
−7.5 pb

at
√

s = 7 TeV, and σtt̄ = 245.8+8.8
−10.6 pb at

√
s = 8 TeV, at the

LHC [1]( see Section B).
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Figure 1: Measured and predicted tt 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. [41,42]. Those at
√

s = 1.96 TeV are from Refs. [19–21].
The ATLAS and CMS data points are from Refs. [25,35]
and [30,36,37], respectively. Theory curves are generated us-
ing [1] for mt = 173.3 GeV/c2. Figure adapted from Ref. [40].

In Fig. 1, one sees the importance of pp at Tevatron energies

where the valence antiquarks in the antiprotons contribute to

the dominant qq production mechanism. At LHC energies, the

dominant production mode is gluon-gluon fusion and the pp-pp

difference nearly disappears. The 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 including their respective PDF uncertainties.

Most of these measurements assume a t → Wb branching

ratio of 100%. CDF and DØ have made direct measurements
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of the t → Wb branching ratio [38]. 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)/
∑

q=d,s,b B(t → Wq) can

be extracted. In 5.4 fb−1 of data, DØ measures R = 0.90±0.04,

2.5σ from unity. A similar measurement was made by CMS in

16.7 fb−1 at
√

s = 8 TeV. They find R = 1.023+0.036
−0.034 and

R > 0.945 at 95% C.L. [39]. 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 performed first differential cross-

section measurements in tt̄ production. Such measurements are

crucial, as they allow even more stringent tests of perturbative

QCD as description of the production mechanism, allow the

extraction or the use of PDF fits, and enhance the sensitiv-

ity to possible new physics contributions. Furthermore, such

measurements reduce the uncertainty in the description of tt̄

production as background in Higgs physics and searches for

rare processes or beyond Standard Model physics. Differential

cross-sections are typically 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, other analyses use a more sophisticated technique, taking

into account the known migrations effects and correlations or

employing some regularization.

Using 2.7 fb−1, CDF measured the differential cross-section

with respect to the tt̄ invariant mass, dσ/dMtt̄, in the lep-

ton+jets channel providing sensitivity to a variety of exotic

particles decaying into tt̄ pairs [43]. In 9.7 fb−1 of lepton+jets

data, DØ measured the differential tt̄ production cross-section

with respect to the transverse momentum and absolute rapid-

ity of the top quarks as well as of the invariant mass of the

tt̄ pair [44], which are all found to be in good agreement
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with the SM predictions. Also ATLAS measured the differen-

tial tt̄ production cross-section with respect to the top-quark

transverse momentum, and of the mass, transverse momentum

and rapidity of the tt̄ system in 4.6 fb−1 at
√

s = 7 TeV in

the lepton+jets channel [45]. The measured spectra are fully

corrected for detector efficiency and resolution effects and are

compared to several Monte Carlo simulations as well as se-

lected theoretical calculations. The results show sensitivity to

these predictions and to different sets of parton distribution

functions. It is found that data is softer than all predictions in

the tail of the top-quark pT spectrum beginning at 200 GeV,

particularly in the case of the Alpgen+Herwig generator. The

mtt̄ spectrum is not well described by NLO+NNLL calculations

and there are also disagreements between the measured ytt̄ spec-

trum and the MC@NLO+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−1 of
√

s = 7 TeV data in the lepton+jets

and the dilepton channels, CMS measured normalised differ-

ential tt̄ 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 tt̄ system. The

data are compared with several predictions from perturbative

QCD calculations and found to be consistent [46]. Recently, in

12 fb−1 at
√

s = 8 TeV, CMS repeated those measurements in

the lepton+jets [47] and in the dilepton channels [48]. While

the overall precision is improved, no significant deviations from

the Standard Model are observed. Very recently, they also

performed a normalized differential cross-section measurement

in 20 fb−1 of lepton+jets data with respect to a number of

event-level observables, including missing transverse energy, jet

transverse momentum scalar sum, total event transverse mo-

mentum scalar sum, leptonic W transverse momentum, and

leptonic W transverse mass. The results are consistent with the

Standard Model expectations [49].

Further cross-section measurements are performed for tt̄+

heavy flavour and tt̄+jets production [50,51].

August 21, 2014 13:18



– 10–

C.1.2 Single-top production: Single-top quark production

was first observed in 2009 by DØ [52] and CDF [53,54] at

the Tevatron. The production cross section at the Tevatron is

roughly half that of the tt cross section, but the final state

with a single W -boson and typically two jets is less distinct

than that for tt and much more difficult to distinguish from

the background of W+jets and other sources. A recent review

of the first observation and the techniques used to extract the

signal from the backgrounds can be found in [55].

The dominant production at the Tevatron is through s-

channel and t-channel W -boson exchange. Associated produc-

tion with a W -boson (Wt production) has a cross section that

is too small to observe at the Tevatron. The t-channel process

is qb → q′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 Stan-

dard Model, such as fourth-generation quarks, heavy W and Z

bosons, flavor-changing-neutral-currents [9], or a charged Higgs

boson, would affect the s- and t-channels differently. However,

the separation is difficult and initial observations and measure-

ments at the Tevatron by both experiments were of combined

s + t-channel production. The two experiments combined their

measurements for maximum precision with a resulting s + t

channel production cross section of 2.76+0.58
−0.47 pb [56]. The

measured value assumes a top-quark mass of 170 GeV/c2. The

mass dependence of the result comes both from the acceptance

dependence and from the tt background evaluation. Also the

shape of discriminating topological variables is sensitive to mt.

It 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 mt = 173 GeV/c2 of σs+t = 3.12 pb

(including both top and anti-top production) [6,7].

Recently, CDF has updated the s + t-channel measurement

with 7.5 fb−1 to σs+t = 3.04+0.57
−0.53 pb assuming a Standard

Model ratio of s- to t-channel, resulting in a lower limit of

|Vtb| > 0.78 at 95% C.L. [57]. They also analyzed the full

Run-II data set of 9.1 fb−1 in W+jets events where no electron
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or muon has been identified, and where the tau lepton in

the t → Wb → τνb channel is reconstructed as a jet in the

calorimeters. Multivariate analysis discriminants and a profile

likelihood technique are used to obtain a cross section of

σs+t = 3.0+1.5
−1.4 pb [58]. DØ has measured the combined cross

section to σs+t = 3.43+0.73
−0.74 pb for mt = 172.5/c2 GeV [59].

Both experiments have done separate measurements of the

s- and t-channel cross sections by reoptimizing the analysis

for one or both of the channels separately. In a simultane-

ous measurement of s- and t-channel cross sections, CDF

measures σs = 1.81+0.63
−0.58 pb and σt = 1.49+0.47

−0.42 pb, respec-

tively, in 7.5 fb−1 of data [57]. Using 9.4 fb−1, they per-

formed an analysis in the missing ET plus bb̄ channel yielding

σs = 1.10+0.65
−0.66 pb [58,60] and in the lνbb̄ channel resulting in

σs = 1.43+0.44
−0.42 pb [61]. The latter also corresponds to a 3.7

standard deviations evidence. In this analysis, CDF assumes the

t-channel cross-section to take the SM value. DØ performs a

sophisticated multivariate analysis combining a matrix-element

technique, a Bayesian neural network and boosted decision

tress to form one output variable using another boosted de-

cision tree. In 9.7 fb−1 of integrated luminosity, they measure

σs = 1.10+0.33
−0.31 pb [62], which corresponds to 3.7 standard

deviations and is the first evidence for s-channel single-top pro-

duction at the Tevatron. In this measurement, they also obtain

σt = 3.07+0.53
−0.49 pb, which corresponds to 7.7 standard devia-

tions. In combination, the result is σs+t = 4.11+0.60
−0.55 pb [62]. In

this measurement, they do not make any assumption about the

t-channel. They also set a limit on |Vtb| > 0.92 at 95% C.L. In

a slightly different analysis, using 5.4 fb−1, they measure the t-

channel production cross section in a dedicated analysis [59,63]

with a significance of 5.5 standard deviations using a variety of

advanced analysis techniques similar to those described in [55].

These take advantage of kinematic differences in such things

as the leading b-tagged jet pT , centrality of jets, lepton charge

times η of the jets, and the scalar sum of the energy of the final

state objects. The pp → tq + X cross section is measured to

be 2.90± 0.59 pb, assuming a top-quark mass of 172.5 GeV/c2.

This is in good agreement with the theoretical value at this
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mass of 2.08 ± 0.13 pb [6]. It should be noted that the theory

citations here list cross sections for t or t alone, whereas the

experiments measure the sum. At the Tevatron, these cross sec-

tions are equal. The theory values quoted here already include

this factor of two.

The Tevatron experiments are working on an s-channel

combination, which is expected to come out very soon.

At the LHC, the t-channel cross section is expected to be

more than three times as large as s-channel and Wt production,

combined. Both ATLAS and CMS have measured single top

production cross sections at
√

s = 7 TeV in pp collisions

(assuming mt = 172.5 GeV/c2 unless noted otherwise), where

they recently observed t-channel production [64,65]. ATLAS

analyses 1.04 fb−1 of 7 TeV data 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 σt = 83 ± 4(stat.)+20
−19

(syst) pb (this value refers to the

sum of top and antitop cross-section) as well as |Vtb| = 1.13+0.14
−0.13

and |Vtb| > 0.75 at 95% C.L. [64]. In an update with 4.7 fb−1

using a binned maximum likelihood fit to the output distribution

of neural networks, they find σt = 53.2 ± 10.8 pb and σt̄ =

29.5+7.4
−7.5 pb with a cross-section charge ratio Rt = 1.81+0.23

−0.22 [66]

that is sensitive to the ratio of the up-quark and down-quark

parton distribution functions in the proton. CMS follows two

approaches in 1.6 fb−1 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 σt = 67.2 ± 6.1 pb, and |Vtb| = 1.020 ± 0.046(meas.) ±
0.017(theor.) [65].

At
√

s = 8 TeV, both experiments repeat and refine their

measurements. ATLAS uses 5.8 fb−1 by performing a combined

binned maximum likelihood fit to the neural network output dis-

tribution. The measured t-channel cross-section is σt = 95.1 ±
2.4(stat.)±18.0(syst.) pb with |Vtb| = 1.04+0.1

−0.11 and |Vtb| > 0.80
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at 95% C.L. [67]. CMS uses 5.0 fb−1 in the muon plus jets chan-

nel, exploiting the pseudorapidity distribution of the recoil jet.

They find σt = 80.1±5.7(stat.)±11.0(syst.)±4.0(lumi) pb [68]

assuming mt = 173 GeV/c2. A combination of the two mea-

surements yields σt = 85±4(stat.)±11(syst.)±3(lumi.) pb [69].

Very recently, CMS has updated their measurement with the

complete Run-I dataset of 20 fb−1 and furthermore measured

the top-quark polarization in t-channel single top production to

be Pt = 0.82±0.12(stat.)±0.32(syst.), which is consistent with

the SM expectation [70]. Based on 12.2 fb−1, CMS updated

their results to find σt = 49.9 ± 9.1 pb and σt̄ = 28.3 ± 5.5 pb,

which yields a cross-section charge ratio of Rt = 1.76± 0.27 for

mt = 173 GeV/c2 in agreement with the Standard Model [71].

The s-channel production cross section is expected to be

only 4.6 ± 0.3 pb for mt = 173 GeV/c2 at
√

s = 7 TeV [7],

and has not yet been observed at LHC. The Wt process has

a theoretical cross section of 15.6 ± 1.2 pb [8]. This is of

interest because it probes the W − t − b 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 tt 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 [72]. The cross

section is calculated using the diagram removal technique [73]

to define the signal process. In the diagram removal technique

the interfering diagrams are removed, at the amplitude level,

from the signal definition (an alternate technique, diagram

subtraction removes these diagrams at the cross-section level

and yields similar results). 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 Wt production at
√

s = 7 TeV [74,75]. ATLAS uses

2.05 fb−1 in the dilepton plus missing ET plus jets channel,

where a template fit to the final classifier distributions resulting

from boosted decision trees as signal to background separation
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is performed. The result is incompatible with the background-

only hypothesis at the 3.3σ (3.4σ expected) level, yielding

σWt = 16.8±2.9(stat.)±4.9(syst.) pb and |Vtb| = 1.03+0.16
−0.19 [74].

CMS uses 4.9 fb−1 in the dilepton plus jets channel with at least

one b-tag. A multivariate analysis based on kinematic properties

is utilized to separate the tt̄ background from the signal. The

observed signal has a significance of 4.0σ and corresponds

to a cross section of σWt = 16+5
−4

pb [75]. Both experiments

repeated their analyses at
√

s = 8 TeV. ATLAS uses 20.3 fb−1

to select events with one electron and one oppositely-charged

muon, significant missing transverse momentum and at least one

b-tagged central jet. They perform a template fit to a boosted

decision tree classifier distribution and obtain σWt = 27.2 ±
5.8 pb and |Vtb| = 1.10± 0.12(exp.)± 0.03(theory) [76], which

corresponds to a 4.2σ significance. Assuming |Vtb| ≫ |Vts|, |Vtd|
they derive |Vtb| > 0.72 at 95% C.L. CMS uses 12.2 fb−1

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 Wt

associate production signal is observed at the level of 6.0σ,

yielding σWt = 23.4+5.5
−5.4 pb and |Vtb| = 1.03 ± 0.12(exp.) ±

0.04(theory) [77].

At ATLAS, a search for s-channel single top quark pro-

duction is performed in 0.7 fb−1 using events containing one

lepton, missing transverse energy and two b-jets. Using a cut-

based analysis, an observed (expected) upper limit at 95%

C.L. on the s-channel cross-section of σs < 26.5(20.5) pb is

obtained [78].

Fig. 2 provides a summary of all single top cross-section

measurements at the Tevatron and the LHC as a function

of the center-of-mass energy. All cross-section measurements

are very well described by the theory calculation within their

uncertainty.

C.1.3 Top-Quark Forward-Backward & Charge Asym-

metry: A forward-backward asymmetry in tt production arises

from an interference between the Born and box production dia-

grams and between diagrams with initial- and final-state gluon
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Figure 2: Measured and predicted single top production cross
sections from Tevatron energies in pp collisions to LHC energies
in pp collisions. Tevatron data points at

√
s = 1.96 TeV are

from Refs. [57,60] and [62]. The ATLAS and CMS data points
at

√
s = 7 TeV are from Refs. [64,66,74,78] and [79,65,75],

respectively. The ones at
√

s = 8 TeV are from Refs. [67,69,76]
and [68,69,77]. Theory curves are generated using [6,7,8].

radiation. The asymmetry, AFB, is defined by

AFB =
N(∆y > 0) − N(∆y < 0)

N(∆y > 0) + N(∆y < 0)
(2)

where ∆y = yt − yt̄ is the rapidity difference between the

top- and the anti-top quark. NLO calculations predict a small

AFB at the Tevatron. The most recent calculations at NLO,

including electromagnetic and electroweak corrections, yield a

predicted asymmetry of (≈ 8.8 ± 0.6)% [80,81].

Both, CDF and DØ, have measured asymmetry values in

excess of the SM prediction, fueling speculation about exotic

production mechanisms (see, for example, [82] and references

therein). The first measurement of this asymmetry by DØ in

0.9 fb−1 [83] found an asymmetry at the detector level of

(12 ± 8)%. The first CDF measurement in 1.9 fb−1 [84] yielded

(24 ± 14)% at parton level. Both values were higher, though

statistically consistent with the SM expectation. With the addi-

tion of more data, the uncertainties have been reduced, but the
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measured asymmetries remain in excess of the SM expectation.

The most recent measurement from DØ in 5.4 fb−1 finds an

asymmetry, corrected for detector acceptance and resolution, of

(19.6 ± 6.5)% [85]. From CDF, the most recent measurement

uses 9.4 fb−1, and finds (16.4 ± 4.7)% [86]. With additional

data they report further evidence for an Mtt-dependent asym-

metry first reported in [87], with a larger asymmetry at large

Mtt and an approximately linear dependence with Mtt. DØ

does not see any significant increase at large mass [85]. The

new CDF measurement also includes a differential measurement

of AFB in bins of |∆y| which also shows an approximately linear

dependence with a positive slope. The SM prediction is also for

an approximately linear dependence with a positive slope, but

these studies show that the excess above the SM prediction

occurs primarily at large values of these parameters. A further

study of the dependence of AFB on the pT of the tt system

indicates that the asymmetry is independent of the transverse

momentum of the tt system.

At the LHC, where the dominant tt production mechanism

is the charge-symmetric gluon-gluon fusion, the measurement is

more difficult. For the sub-dominant qq production mechanism,

the symmetric pp collision does not define a forward and

backward direction. Instead, the charge asymmetry, AC , is

defined in terms of a positive versus a negative t − t rapidity

difference

AC =
N(∆|y| > 0) − N(∆|y| < 0)

N(∆|y| > 0) + N(∆|y| < 0)
(3)

Both CMS and ATLAS have measured AC in the LHC

dataset. Using lepton+jets events in 4.7 fb−1 of data at
√

s = 7

TeV, ATLAS measures AC = (0.6 ± 1.0)% [88]. CMS, in

5.0(19.7) fb−1 of
√

s = 7(8) TeV data uses lepton+jets events

to measure AC = (0.4 ± 1.5)% (AC = (0.005 ± 0.007(stat.) ±
0.006(syst.))) [89,90]. Both measurements are consistent with

the SM expectation of AC = 1.23 ± 0.05% [81], although the

uncertainties are still too large for a precision test. In their

7 and 8 TeV analyses, both, ATLAS and CMS, also provide

differential measurements as a function of the tt̄ mass, the

transverse momentum pT and the rapidity y.
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Another avenue for measuring the forward-backward and

charge asymmetries that has recently been exploited by the

experiments is given by the measurement of the pseudorapidity

distributions of the charged leptons resulting from tt decay.

Although the expected asymmetry is smaller, this technique

does not require the reconstruction of the top-quark direction.

Single-lepton asymmetries are defined by q × η, and dilepton

asymmetries by the sign of ∆η, where q and η are the charge

and pseudorapidity of the lepton and ∆η = ηℓ+ − ηℓ−. DØ has

recently measured the single-lepton asymmetry in 9.7 fb−1 of

lepton+jets events, and finds a value of (4.7 ± 2.3+1.1
−1.4)% [91],

consistent with an expectation of (3.8±0.6)% [81]. A measure-

ment by DØ using dilepton events in the same dataset [92] yields

a dilepton asymmetry of (12.3 ± 5.4 ± 1.5), less than two stan-

dard deviations away from the expectation of (4.0± 0.4)% [81].

CDF, in 9.4 fb−1 of Tevatron data measures [93] (9.4+3.2
−2.9)%. As

in the DØ case, this is larger than the SM expectation, but less

than two standard deviations away.

At the LHC, both ATLAS and CMS have now measured

leptonic asymmetries. ATLAS, in 4.7 fb−1 of
√

s = 7 TeV data,

has measured an asymmetry in dilepton events of (2.3 ± 1.2 ±
0.8)% [94]. CMS, in 5.0 fb−1 of

√
s = 7 TeV data, uses dilepton

events to measure an asymmetry of (1.0±1.5±0.6)% [95]. Both

of these are consistent, within their large uncertainties, with the

SM expectation, derived by the experiments from the MC@NLO

and POWHEG generators, respectively, of about 0.4%.

A model-independent comparison of the Tevatron and LHC

results is made difficult by the differing tt production mecha-

nisms at work at the two accelerators and by the symmetric

nature of the pp collisions at the LHC. Given a particular

model of BSM physics, a comparison can be obtained through

the resulting asymmetry predicted by the model at the two

machines, see Fig. 3.
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Figure 3: Measured inclusive FB asymmetries from the Teva-
tron and charge asymmetries from the LHC, compared to
predictions from the SM as well as predictions incorporat-
ing various potential new physics contributions. The horizontal
(vertical) bands and lines correspond to the ATLAS and CMS
(CDF and DØ) measurements [96].

C.2 Top-Quark Properties

C.2.1 Top-Quark Mass Measurements: The most pre-

cisely studied property of the top quark is its mass. The top-

quark mass has been measured in the lepton+jets, the dilepton,

and the all-jets channel by all four Tevatron and LHC experi-

ments. The latest and/or most precise results are summarized

in Table 1. The lepton+jets channel still yields the most precise

single measurements because of good signal to background (in

particular after b-tagging) and the presence of only a single neu-

trino in the final state. The momentum of a single neutrino can

be reconstructed (up to a quadratic ambiguity) via the missing

ET measurement and the constraint that the lepton and neu-

trino momenta reconstruct to the known W boson mass. In the
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large data samples available at the LHC, measurements in the

dilepton channel are only slightly less precise.

A large number of techniques have now been applied to mea-

suring the top-quark mass. The original ‘template method’ [97],

in which Monte Carlo templates of reconstructed mass distri-

butions are fit to data, has evolved into a precision tool in

the lepton+jets channel, where the systematic uncertainty due

to the jet energy scale (JES) uncertainty is controlled by a

simultaneous, in situ, fit to the W → jj hypothesis [98]. All

the latest measurements in the lepton+jets and the all-jets

channels use this technique one way or the other. In 4.7 fb−1

of data in the lepton+jets channel, ATLAS and CMS achieve a

total uncertainty of 0.9% and 0.6%, with a statistical compo-

nent of 0.44% [99] and 0.25% [100], respectively. The ATLAS

measurement is in fact based on a 3-dimensional template fit,

determining the top-quark mass, the global jet energy scale

and a b-to-light jet energy scale factor. The measurement from

CDF with 8.7 fb−1 [101] achieves a precision of 0.6% in the

lepton+jets channel, while DØ achieves 0.9% in 3.6 fb−1 [102].

The template method is complemented by the ‘matrix

element’ method. This method was first applied by the DØ

Collaboration [103], and is similar to a technique originally

suggested by Kondo et al. [104] and Dalitz and Goldstein [105].

In the matrix element method a probability for each event is

calculated as a function of the top-quark mass, using a LO

matrix element for the production and decay of tt̄ pairs. The

in situ calibration of dijet pairs to the W → jj hypothesis is

now also used with the matrix element technique to constrain

the jet energy scale uncertainty. The latest measurement with

this technique is from DØ in the lepton+jets channel with

3.6 fb−1 yielding an uncertainty of about 0.9% [102].

CMS has measured the top-quark mass at LHC using

an ‘ideogram’ method, first used by DØ [106], in which a

constrained fit is performed and an event-by-event likelihood

for signal or background is calculated taking into account all

jet-parton assignments. In the lepton+jets channel at CMS,

with an in situ fit of the JES using W → jj, the measurement
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has a precision of 1.07 GeV (0.6%) in 5 fb−1 [100], which is the

most precise top-quark mass measurement to date.

In the dilepton channel, the signal to background is typi-

cally very good, but reconstruction of the mass is non-trivial

because there are two neutrinos in the final state, yielding

a kinematically unconstrained system. A variety of techniques

has been developed to handle this. An analytic solution to the

problem has been proposed [107], but this has not yet been

used in the mass measurement. One of the two most precise

measurements in the dilepton channel currently comes from

using the invariant mass of the charged lepton and b-quark

system (Mℓb), which is sensitive to the top-quark mass and

avoids the kinematic difficulties of the two-neutrino final state.

In 4.7 fb−1 of data, ATLAS has measured the top-quark mass

in the dilepton channel to a precision of 0.9% using a template

fit to the Mℓb distribution [108]. The other dilepton-channel

measurement of similar precision comes from 5.0 fb−1 of CMS

data [109] using a so-called analytical matrix weighting tech-

nique (AMWT) in which each event is fit many times to a

range of top-quark masses and each fit is assigned a weight,

from the PDFs, given by the inferred kinematics of the initial

state partons, and from the probability of the observed charged

lepton energies for the top-quark mass in question.

Several other techniques can also yield precise measurements

in the dilepton channel. In the neutrino weighting technique,

similar to AMWT above, a weight is assigned by assuming a

top-quark mass value and applying energy-momentum conser-

vation to the top-quark decay, resulting in up to four possible

pairs of solutions for the neutrino and anti-neutrino momenta.

The missing ET calculated in this way is then compared to the

observed missing ET to assign a weight [110]. Another mea-

surement in the dilepton channel uses the Dalitz and Goldstein

technique [111–113].

In the all-jets channel there is no ambiguity due to neutrino

momenta, but the signal to background is significantly poorer

due to the severe QCD multijets background. The emphasis

therefore has been on background modeling, and reduction

through event selection. The most recent measurement in the
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all-jets channel, by CMS in 3.54 fb−1 [114], uses an ideogram

method to extract the top-quark mass and achieves a precision

of 0.8%. Here, the 1-dimensional fit for the top-mass with fixed

jet energy scale is expected to be more precise than the 2-

dimensional simultaneous fit for mt and the jet energy scale.

A recent measurement from ATLAS [115] uses the template

method in the all-hadronic channel, also with an in situ, fit

to the W → jj hypothesis, yielding a measurement with 2%

precision in only 2.0 fb−1 of data. A measurement from CDF

in 5.7 fb−1 uses a neural net to select events with a missing ET

plus jets signature [116]. A modified template method is used

to extract the top-quark mass, including an in situ W → jj

fit. A precision of 1% is achieved.

A dominant systematic uncertainty in these methods is the

understanding of the jet energy scale, and so several techniques

have been developed that have little sensitivity to the jet energy

scale uncertainty. These include the measurement of the top-

quark mass using the following techniques: Fitting of the lepton

pT spectrum of candidate events [117]; fitting of the transverse

decay length of the b-jet (Lxy) [118]; fitting the invariant mass

of a lepton from the W -decay and a muon from the semileptonic

b decay [119].

Several measurements have now been made in which the

top-quark mass is extracted from the measured cross section

using the theoretical relationship between the mass and the

production cross section, which allows the direct extraction of

the MS mass section [120].

Combined measurements from the Tevatron experiments

and from the LHC experiments take into account the correla-

tions between different measurements from a single experiment

and between measurements from different experiments. The

Tevatron average [3], using up to 8.7 fb−1 of data, now has a

precision of 0.5%. The LHC combination, using up to 4.9 fb−1

of data, has a precision of just over 0.5% [121], where more

work on systematic uncertainties is required. A Tevatron-LHC

combination is not yet available.
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The direct measurements of the top-quark mass, such as

those shown in Table 1, are generally assumed to be measure-

ments of the pole mass. Strictly speaking, the mass measured

in these direct measurements is the mass used in the Monte

Carlo generators. The relation between the Monte Carlo gen-

erator mass and the pole mass is uncertain at the level of

1 GeV [123], which is now comparable to the measurement

uncertainty. A review of top-quark mass measurements can be

found in reference [124].

Table 1: Measurements of top-quark mass from
Tevatron and LHC.

∫

Ldt is given in fb−1. The
results shown are mostly preliminary (not yet
submitted for publication as of September 2013);
for a complete set of published results see the
Listings. Statistical uncertainties are listed first,
followed by systematic uncertainties.

mt (GeV/c2) Source
∫

Ldt Ref. Channel

174.94 ± 1.14 ± 0.96 DØ Run II 3.6 [102] ℓ+jets

172.85 ± 0.71 ± 0.85 CDF Run II 8.7 [101] ℓ+jets

173.93 ± 1.64 ± 0.87 CDF Run II 8.7 [116] Missing ET+jets

172.5 ± 1.4 ± 1.5 CDF Run II 5.8 [122] All jets

172.31 ± 0.75 ± 1.35 ATLAS 4.7 [99] ℓ+jets

173.09 ± 0.64 ± 1.50 ATLAS 4.7 [108] ℓℓ

174.9 ± 2.1 ± 3.8 ATLAS 2.04 [115] All jets

173.49 ± 0.43 ± 0.98 CMS 5.0 [100] ℓ+jets

172.5 ± 0.4 ± 1.5 CMS 5.0 [109] ℓℓ

173.49 ± 0.69 ± 1.21 CMS 3.54 [114] All jets

173.20 ± 0.51 ± 0.71 ∗ CDF,DØ (I+II)≤8.7 [3] publ. or prelim. res.

173.29 ± 0.23 ± 0.92 ∗ ATLAS, CMS ≤4.9 [121] publ. or prelim. res.

∗The Tevatron average is a combination of published

Run I and preliminary or pub. Run-II meas., yielding a χ2 of

8.5 for 11 deg. of freedom. The LHC average includes both published

and preliminary results, yielding a χ2 of 1.8 for 4 deg. of freedom.
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With the discovery of a Higgs boson at the LHC with a

mass of about 126 GeV [125,126], the precision measurement

of the top-quark mass takes a central role in the question of the

stability of the electroweak vacuum because top-quark radiative

corrections tend to drive the Higgs quartic coupling, λ, negative,

potentially leading to an unstable vacuum. A recent calculation

at NNLO [127] leads to the conclusion of vacuum stability for

a Higgs mass satisfying MH ≥ 129.4 ± 5.6 GeV [128]. Given

the uncertainty, a Higgs mass of 126 GeV satisfies the limit,

but the central value of the Higgs and top-quark masses put

the electroweak vacuum squarely in the metastable region. The

uncertainty is dominated by the precision of the top-quark mass

measurement and its interpretation as the pole mass. For more

details, see the Higgs boson review in this volume.

As a test of the CPT-symmetry, the mass difference of top-

and antitop-quarks ∆mt = mt − mt̄, which is expected to be

zero, can be measured. CDF measures the mass difference in

8.7 fb−1 of 1.96 TeV data in the lepton+jets channel using

a template methode to find ∆mt = −1.95 ± 1.11(stat.) ±
0.59(syst.) GeV/c2 [129] while DØ uses 3.6 fb−1 of lepton+jets

events and the matrix element method with at least one b-tag.

They find ∆mt = 0.8±1.8(stat.)±0.5(syst.) GeV/c2 [130]. In

4.7 fb−1 of 7 TeV data, ATLAS measures the mass difference

in lepton+jets events with a double b-tag requirement and

hence very low background to find ∆mt = 0.67 ± 0.61(stat.) ±
0.41(syst.) GeV/c2 [131]. CMS measures the top-quark mass

difference in 5 fb−1 of 7 TeV data in the lepton+jets channel

and finds ∆mt = −0.44±0.46(stat.)±0.27(syst.) GeV/c2 [132].

They repeat this measurement with 18.9 fb−1 of 8 TeV data

to find ∆mt = −0.27 ± 0.20(stat.) ± 0.12(syst.) GeV/c2 [133].

All measurements are consistent with the SM expectation.

C.2.2 Top-Quark Spin Correlations and Width: One of

the unique features of the top quark is that it decays before

its spin can be flipped by the strong interaction. Thus the

top-quark polarization is directly observable via the angular

distribution of its decay products. Hence, it is possible to

define and measure observables sensitive to the top-quark spin
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and its production mechanism. Although the top- and antitop-

quarks produced by strong interactions in hadron collisions are

essentially unpolarized, the spins of t and t̄ are correlated. For

QCD production at threshold, the tt̄ system is produced in a
3S1 state with parallel spins for qq̄ annihilation or in a 1S0

state with antiparallel spins for gluon-gluon fusion. Hence, the

situations at the Tevatron and at the LHC are complementary.

The direction of the top-quark spin is 100% correlated to the

angular distributions of the down-type fermion (charged leptons

or d-type quarks) in the decay. The joint angular distribution

[134–136]

1

σ

d2σ

d(cos θ+)d(cos θ−)
=

1 + κ · cos θ+ · cos θ−
4

, (4)

where θ+ and θ− are the angles of the daughters in the top-

quark rest frame with respect to a particular spin quantization

axis, is a very sensitive observable. The maximum value for κ,

0.782 at NLO at the Tevatron [137], is found in the off-diagonal

basis [134], while at the LHC the value at NLO is 0.326 in the

helicity basis [137]. The spin correlation could be modified by

a new tt̄ production mechanism such as through a Z ′ boson,

Kaluza-Klein gluons, or a Higgs boson.

CDF used 5.1 fb−1 in the dilepton channel to measure the

correlation coefficient in the beam axis [138]. The measurement

was made using the expected distributions of (cos θ+, cos θ−)

and (cos θb, cos θb̄) of the charged leptons or the b-quarks in the

tt̄ signal and background templates to calculate a likelihood of

observed reconstructed distributions as a function of assumed κ.

They determined the 68% confidence interval for the correlation

coefficient κ as −0.52 < κ < 0.61 or κ = 0.04 ± 0.56 assuming

mt = 172.5 GeV/c2.

CDF also analyzed lepton+jets events in 5.3 fb−1 [139]

assuming mt = 172.5 GeV/c2. They form three separate tem-

plates - the same-spin template, the opposite-spin template,

and the background template for the 2-dimensional distribu-

tions in cos(θl) cos(θd) vs. cos(θl) cos(θb). The fit to the data in

the helicity basis returns an opposite helicity fraction of FOH =

0.74±0.24(stat)±0.11(syst). Converting this to the spin corre-

lation coefficient yields κhelicity = 0.48±0.48(stat)±0.22(syst).
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In the beamline basis, they find an opposite spin fraction of

FOS = 0.86±0.32(stat)±0.13(syst) which can be converted into

a correlation coefficient of κbeam = 0.72±0.64(stat)±0.26(syst).

DØ performed a measurement of the ratio f of events

with correlated t and t̄ spins to the total number of tt̄ events in

5.3 fb−1 in the lepton+jets channel using a matrix element tech-

nique [140]. From 729 events, they obtain fmeas = 1.15+0.42
−0.43

(stat + syst) and can exclude values of f < 0.420 at the

95% C.L. In the dilepton channel [141], they also use a

matrix element method and can exclude at the 97.7% C.L.

the hypothesis that the spins of the t and t̄ are uncorrelated.

The combination [140] yields fmeas = 0.85 ± 0.29 (stat + syst)

and a tt̄ production cross section which is in good agreement

with the SM prediction and previous measurements. For an

expected fraction of f = 1, they can exclude f < 0.481 at the

95% C.L. For the observed value of fmeas = 0.85, they can

exclude f < 0.344(0.052) at the 95(99.7)% C.L. The observed

fraction fmeas translates to a measured asymmetry value of

Ameas = 0.66 ± 0.23 (stat + syst), where the spin correlation

coefficient, A, is defined as

A=
N(↑↑) + N(↓↓) − N(↑↓) − N(↓↑)
N(↑↑) + N(↓↓) + N(↑↓) + N(↓↑), (5)

where the first arrow represents the direction of the top-

quark spin along a chosen quantization axis, and the second

arrow represents the same for the antitop-quark. They therefore

obtain first evidence of SM spin correlation at 3.1 standard

deviations.

Using 5.4 fb−1 of data, DØ measures the correlation in

the dilepton channel also from the angles of the two leptons

in the t and t̄ rest frames, yielding a correlation strength

C = 0.10 ± 0.45 [142]( C is equivalent to the opposite of κ in

Eq. 4, in agreement with the NLO QCD prediction, but also in

agreement with the no correlation hypothesis).

Spin correlations have now been conclusively measured at

the LHC by both the ATLAS and CMS collaborations. In the

dominant gluon fusion production mode for tt̄ pairs at the LHC,

the angular distribution between the two leptons in tt̄ decays to

dileptons is sensitive to the degree of spin correlation [143].
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The ATLAS collaboration has performed a study of spin

correlations in tt̄ production at
√

s = 7 TeV using 2.1 fb−1 of

data. Candidate events are selected in the dilepton topology

with large missing transverse energy and at least two jets. The

difference in azimuthal angle between the two charged leptons

is compared to the expected distributions in the Standard

Model, and to the case where the top quarks are produced with

uncorrelated spin. Using the helicity basis as the quantization

axis, the strength of the spin correlation between the top-

and antitop-quark is measured to be Ahelicity = 0.40+0.09
−0.08 [144],

which is in agreement with the NLO prediction of about

0.31 [145]. The hypothesis of no spin correlations is excluded

at 5.1 standard deviations. An update of this analysis with

4.6 fb−1 yields results for four different variables, which have

sensitivity to different properties of the production mechanism.

The results can be translated to Ahelicity = 0.37 ± 0.06(stat. +

syst.) [146].

A similar analysis at CMS using dilepton events in 5.0 fb−1

of pp collisions at
√

s = 7 TeV. The angular distribution

between the two leptons is fit to extract Ahelicity = 0.24 ±
0.02 ± 0.08 [147].

Observation of top-quark spin correlations requires a top-

quark lifetime less than the spin decorrelation timescale [148].

The top-quark width, inversely proportional to its lifetime,

is expected to be of order 1 GeV/c2 (Eq. 1). The sensitivity

of current experiments does not approach this level in direct

measurements. Nevertheless, several measurements have been

made.

CDF presents a direct measurement of the top-quark width

in the lepton+jets decay channel of tt̄ events from a data

sample corresponding to 8.7 fb−1 of integrated luminosity. The

top-quark mass and the mass of the hadronically decaying W

boson that comes from the top-quark decay are reconstructed

for each event and compared with templates of different top-

quark widths (Γt) and deviations from nominal jet energy scale

(∆JES) to perform a simultaneous fit for both parameters,

where ∆JES is used for the in situ calibration of the jet energy

scale. By applying a Feldman-Cousins approach, they establish
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an upper limit at 95% C.L. of Γt < 6.38 GeV and a two-sided

68% C.L. interval of 1.10 GeV < Γt < 4.05 GeV, corresponding

to a lifetime interval of 1.6 × 10−15 < τtop < 6.0 × 10−25 [149],

consistent with the SM prediction. For comparison, a typical

hadronization timescale is an order of magnitude larger than

these limits.

DØ extracts the total width of the top-quark from the

partial decay width Γ(t → Wb) and the branching fraction

B(t → Wb). Γ(t → Wb) is obtained from the measured t-

channel cross section for single top-quark production in 5.4 fb−1,

and B(t → Wb) is extracted from a measurement of the ratio

R = B(t → Wb)/B(t → Wq) in tt̄ events in lepton+jets

channels with 0, 1 and 2 b-tags. Assuming B(t → Wq) = 1,

where q includes any kinematically accessible quark, the result

is: Γt = 2.00+0.47
−0.43 GeV which translates to a top-quark lifetime

of τt = (3.29+0.90
−0.63) × 10−25 s. Assuming a high mass fourth

generation b′ quark and unitarity of the four-generation quark-

mixing matrix, they set the first upper limit on |Vtb′| < 0.59 at

95% C.L. [150].

C.2.3 W-Boson Helicity in Top-Quark Decay: The Stan-

dard Model dictates that the top quark has the same vector-

minus-axial-vector (V − A) charged-current weak interactions
(

−i
g√
2
Vtbγ

µ1

2
(1 − γ5)

)

as all the other fermions. In the SM,

the fraction of top-quark decays to longitudinally polarized

W bosons is similar to its Yukawa coupling and hence en-

hanced with respect to the weak coupling. It is expected to

be [151] FSM
0 ≈ x/(1 + x), x = m2

t /2M2
W (FSM

0 ∼ 70% for

mt = 175 GeV/c2). Fractions of left-handed, right-handed, or

longitudinal W bosons are denoted as F−, F+, and F0 respec-

tively. In the SM, F− is expected to be ≈ 30% and F+ ≈ 0%.

Predictions for the W polarization fractions at NNLO in QCD

are available [152].

The Tevatron and the LHC experiments use various tech-

niques to measure the helicity of the W boson in top-quark

decays, in both the lepton+jets and in dilepton channels in tt̄

production.

August 21, 2014 13:18



– 28–

The first method uses a kinematic fit, similar to that used

in the lepton+jets mass analyses, but with the top-quark mass

constrained to a fixed value, to improve the reconstruction of

final-state observables, and render the under-constrained dilep-

ton channel solvable. Alternatively, in the dilepton channel θ∗

can also be obtained through an algebraic solution of the kine-

matics. The distribution of the helicity angle (cos θ∗) between

the lepton and the b quark in the W rest frame provides the

most direct measure of the W helicity. In a simplified ver-

sion of this approach, the cos θ∗ distribution is reduced to a

forward-backward asymmetry.

The second method (pℓ
T ) uses the different lepton pT spec-

tra from longitudinally or transversely polarized W -decays to

determine the relative contributions.

A third method uses the invariant mass of the lepton and

the b-quark in top-quark decays (M2
ℓb) as an observable, which

is directly related to cos θ∗.

At the LHC, top-quark pairs in the dilepton channels

are reconstructed by solving a set of six independent kine-

matic equations on the missing transverse energy in x- and

in y-direction, two W -masses, and the two top/antitop-quark

masses. In addition, the two jets with the largest pT in the

event are interpreted as b-jets. The pairing of the jets to the

charged leptons is based on the minimization of the sum of

invariant masses mmin. Simulations show that this criterion

gives the correct pairing in 68% of the events.

Finally, the Matrix Element method (ME) has also been

used, in which a likelihood is formed from a product of event

probabilities calculated from the ME for a given set of mea-

sured kinematic variables and assumed W -helicity fractions.

The results of recent CDF, DØ, ATLAS, and CMS analyses are

summarized in Table 2.

The datasets are now large enough to allow for a simul-

taneous fit of F0, F− and F+, which we denote by ‘3-param’

or F0 and F+, which we denote by ‘2-param’ in the table.

Results with either F0 or F+ fixed at its SM value are denoted

‘1-param’. For the simultaneous fits, the correlation coefficient
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between the two values is about −0.8. A complete set of pub-

lished results can be found in the Listings. All results are in

agreement with the SM expectation.

CDF and DØ combined their results based on 2.7 −
5.4 fb−1 using the BLUE method [153] for a top-quark mass

of 172.5 GeV/c2. ATLAS presents results from 1.04 fb−1 of√
s = 7 TeV data using a template method for the cos θ∗

distribution and angular asymmetries from the unfolded cos θ∗

distribution in the lepton+jets and the dilepton channel [155].

CMS performs a similar measurement based on template fits

to the cos θ∗ distribution with 5.0 fb−1 of 7 TeV data in the

lepton+jets final state [156]. As the polarization of the W

bosons in top-quark decays is sensitive to the W − t − b vertex

Lorentz structure and anomalous couplings, both experiments

also derive limits on anomalous contributions to the W − t − b

couplings. Recently, both experiments also combined their re-

sults from 7 TeV data to obtain values on the helicity fractions

as well as limits on anomalous couplings [157]. Very recently,

CMS came out with a measurement of the W -helicity fractions

in 19.6 fb−1 of muon+jets events recorded at 8 TeV [158].

Also, a first measurement of the W -boson helicity in top-quark

decays was made in electroweak single top production [159],

yielding consistent results.

C.2.4 Top-Quark Electric Charge: The top quark is the

only quark whose electric charge has not been measured through

production at threshold in e+e− collisions. Furthermore, it is

the only quark whose electromagnetic coupling has not been

observed and studied until recently. Since the CDF and DØ

analyses on top-quark production did not associate the b,

b̄, and W± uniquely to the top or antitop, decays such as

t → W+b̄, t̄ → W−b were not excluded. A charge 4/3 quark of

this kind is consistent with current electroweak precision data.

The Z → ℓ+ℓ− and Z → bb̄ data, in particular the discrepancy

between ALR from SLC at SLAC and A0,b
FB of b-quarks and A0,ℓ

FB

of leptons from LEP at CERN, can be fitted with a top quark of

mass mt = 270 GeV/c2, provided that the right-handed b quark

mixes with the isospin +1/2 component of an exotic doublet of

charge −1/3 and −4/3 quarks, (Q1, Q4)R [160,161].
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Table 2: Measurement and 95% C.L. upper lim-
its of the W helicity in top-quark decays. The
table includes both preliminary, as of September
2013, and published results. A full set of published
results is given in the Listings.

W Helicity Source
∫

Ldt Ref. Method

(fb−1)

F0 = 0.722± 0.081 CDF+DØ Run II 2.7-5.4 [153] cos θ∗ 2-param

F0 = 0.682± 0.057 CDF+DØ Run II 2.7-5.4 [153] cos θ∗ 1-param

F0 = 0.726± 0.094 CDF Run II 8.7 [154] ME 2-param

F0 = 0.67 ± 0.07 ATLAS 1.0 [155] cos θ∗ 3-param

F0 = 0.682± 0.045 CMS 5.0 [156] cos θ∗ 3-param

F0 = 0.626± 0.059 ATLAS+CMS (7 TeV) 2.2 [157] cos θ∗ 3-param

F0 = 0.659± 0.027 CMS (8 TeV) 19.6 [158] cos θ∗ 3-param

F+ = −0.033 ± 0.046 CDF+DØ Run II 2.7-5.4 [153] cos θ∗ 2-param

F+ = −0.015 ± 0.035 CDF+DØ Run II 2.7-5.4 [153] cos θ∗ 1-param

F+ = −0.045 ± 0.073 CDF Run II 8.7 [154] ME 2-param

F+ = 0.01 ± 0.05 ATLAS 1.0 [155] cos θ∗ 3-param

F+ = 0.008 ± 0.018 CMS 5.0 [156] cos θ∗ 3-param

F+ = 0.015 ± 0.034 ATLAS+CMS (7 TeV) 2.2 [157] cos θ∗ 3-param

F+ = 0.009 ± 0.021 CMS (8 TeV) 19.6 [158] cos θ∗ 3-param

DØ studies the top-quark charge in double-tagged lep-

ton+jets events, CDF does it in single tagged lepton+jets and

dilepton events. Assuming the top- and antitop-quarks have

equal but opposite electric charge, then reconstructing the

charge of the b-quark through jet charge discrimination tech-

niques, the |Qtop| = 4/3 and |Qtop| = 2/3 scenarios can be

differentiated. For the exotic model of Chang et al. [161] with

a top-quark charge |Qtop| = 4/3, DØ excludes the exotic model

at 91.2% C.L.% [162] using 370 pb−1, while CDF excludes the

model at 99% C.L. [163] in 5.6 fb−1. Both results indicate that

the observed particle is indeed consistent with being a SM

|Qtop| = 2/3 quark.
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In 2.05 fb−1 at
√

s = 7 TeV, ATLAS performed a similar

analysis, reconstructing the b-quark charge either via a jet-

charge technique or via the lepton charge in soft muon decays

in combination with a kinematic likelihood fit. They measure

the top-quark charge to be 0.64±0.02(stat.)±0.08(syst.)e from

the charges of the top-quark decay products in single lepton tt̄

events, and hence exclude the exotic scenario with charge −4/3

at more than 8σ [164].

In 4.6 fb−1 at
√

s = 7 TeV, CMS discriminates between the

Standard Model and the exotic top-quark charge scenario in

the muon+jets final states in tt̄ events. They exploit the charge

correlation between high-pt muons from W -boson decays and

soft muons from B-hadron decays in b-jets. Using an asymmetry

technique, where A = −1 represent the exotic q = −4/3 scenario

and A = +1 the Standard Model q = +2/3 scenario, they find

Ameas = 0.97 ± 0.12(stat.) ± 0.31(sys.), which agrees with the

Standard Model expectation and excludes the exotics scenario

at 99.9% C.L. [165].

The electromagnetic or the weak coupling of the top quark

can be probed directly by investigating tt̄ events with an

additional gauge boson, like tt̄γ and tt̄Z events.

CDF performs a search for events containing a lepton,

a photon, significant missing transverse momentum, and a

jet identified as containing a b-quark and at least three jets

and large total transverse energy in 6.0 fb−1. They reported

evidence for the observation of tt̄γ production with a cross

section σtt̄γ = 0.18 ± 0.08 pb and a ratio of σtt̄γ/σtt̄ = 0.024 ±
0.009 [166].

ATLAS performed a first measurement of the tt̄γ cross

section in pp collisions at
√

s = 7 TeV using 1.04 fb−1 of data.

Events are selected that contain a large transverse momentum

electron or muon and a large transverse momentum photon,

yielding 52 and 70 events in the electron and muon samples,

respectively. The resulting cross section times branching ratio

into the single lepton and dilepton channels for tt̄γ production

with a photon with transverse momentum above 8 GeV is

σ(tt̄γ) = 2.0±0.5(stat.)±0.7(syst.)±0.1(lumi.) pb [167], which

is consistent with theoretical calculations. A real test, however,
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of the vector and axial vector couplings in tt̄γ events or searches

for possible tensor couplings of top-quarks to photons will only

be feasible with an integrated luminosity of several hundred

fb−1 in the future.

CMS also performed measurements of the tt̄W and tt̄Z pro-

duction cross section at
√

s = 7 TeV with 5 fb−1, yielding re-

sults at about 3 standard deviations significance [168]. ATLAS

performed a similar analysis with 4.7 fb−1 in the three-lepton

channel and set an upper limit of 0.71 pb at 95% C.L. [169].

Also here, more data is expected to yield an observation.

C.3 Searches for Beyond the Standard Model Physics

The top quark plays a special role in the SM. Being the

only quark with a coupling to the Higgs boson of order one,

it provides the most important contributions to the quadratic

radiative corrections to the Higgs mass raising the question of

the naturalness of the SM. It is therefore very common for

models where the naturalness problem is addressed to have new

physics associated with the top quark. In SUSY, for instance,

naturalness predicts the scalar top partners to be the lightest

among the squarks and to be accessible at the LHC energies

(see the review ”Supersymmetry: Theory”). In models where

the Higgs is a pseudo-Goldstone boson, such as Little Higgs

models, naturalness predicts the existence of partners of the

top quarks with the same spin and color, but with different

electroweak couplings, the so-called vectorial t′. Stops and t′’s

are expected to have sizable branching ratios to top quarks.

Another intriguing prediction of SUSY models with universal

couplings at the unification scale is that for a top-quark mass

close to the measured value, the running of the Yukawa coupling

down to 1 TeV naturally leads to the radiative breaking of the

electroweak symmetry [170]. In fact, the top quark plays a

role in the dynamics of electroweak symmetry breaking in many

models. One example is topcolor [171], where a large top-quark

mass can be generated through the formation of a dynamic

tt̄ condensate, X , which is formed by a new strong gauge

force coupling preferentially to the third generation. Another

example is topcolor-assisted technicolor [172], predicting the

existence of a heavy Z ′ boson that couples preferentially to the
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third generation of quarks. If light enough such a state might

be directly accessible at the present hadron collider energies, or

if too heavy, lead to four-top interactions possibly visible in the

production cross section for tt̄tt̄.

Current strategies to search for new physics in top-quark

events at hadron colliders are either tailored to the discovery

of specific models or model independent. They can be broadly

divided in two classes. In the first class new resonant states are

looked for through decay processes involving the top quarks.

Current searches for bosonic resonances in tt̄ final states, or

for direct stop and t′ production, or for a charged Higgs in

H+ → tb̄ fall in the category. On the other hand, if new states

are too heavy to be directly produced, they might still give

rise to deviations from the SM predictions for the strength and

Lorentz form of the top-quark couplings to other SM particles.

Accurate predictions and measurements are therefore needed

and the results be efficiently systematized in the framework

of an effective field theory [173,174]. The on-going efforts to

constrain the W − t − b coupling and to search for flavor-

changing neutral currents involving the top quark fall in this

second category.

C.3.1 New Physics in Top-Quark Production: Theoreti-

cal [175–177] and experimental efforts have been devoted to the

searches for new physics in tt resonances.

At the Tevatron, both the CDF and DØ collaborations have

searched for resonant production of tt̄ pairs in the lepton+jets

channel [182,183]. In both analyses, the data indicate no evi-

dence of resonant production of tt̄ pairs. They place upper limits

on the production cross section times branching fraction to tt̄

in comparison to the prediction for a narrow (ΓZ′ = 0.012MZ′)

leptophobic topcolor Z ′ boson. Within this model, they exclude

Z ′ bosons with masses below 915 (CDF-full data set) and 835

(DØ, 5 fb−1) GeV/c2 at the 95% C.L. These limits turn out to

be independent of couplings of the tt̄ resonance (pure vector,

pure axial-vector, or SM-like Z ′). A similar analysis has been

performed by CDF in the all-jets channel using 2.8 fb−1 of

data [184].
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At the LHC, both the CMS and ATLAS collaborations have

searched for resonant production of tt̄ pairs, employing differ-

ent techniques and final-state signatures (all-jets, lepton+jets,

dilepton) at
√

s = 7 and 8 TeV. In the low mass range, from

the tt̄ threshold to about one TeV, standard techniques based

on the reconstruction of each of the decay objects (lepton, jets

and b-jets, missing ET ) are used to identify the top quarks,

while at higher invariant mass, the top quarks are boosted

and the decay products more collimated and can appear as

large-radius jets with substructure. Dedicated reconstruction

techniques have been developed in recent years for boosted top

quarks [185] that are currently employed at the LHC. Most of

the analyses are model-independent (i.e., no assumption on the

quantum numbers of the resonance is made) yet they assume a

small width and no signal-background interference.

Using dilepton and lepton+jets signatures in a data set

corresponding to an integrated luminosity of 5.0 fb−1, the CMS

collaboration finds no significant deviations from the SM back-

ground. In the dilepton analysis, upper limits are presented

for the production cross section times branching fraction of

top quark-antiquark resonances for masses from 750 to 3000

GeV/c2. In particular, the existence of a leptophobic topcolor

particle Z ′ is excluded at the 95% confidence level for resonance

masses MZ′ < 1.3 (1.9) TeV/c2 for ΓZ′ = 0.012(0.1)MZ′ [186].

Using a lepton+jets sample, results are obtained from the

combination of two dedicated searches optimized for boosted

production and production at threshold. In this case, topcolor

Z ′ bosons with narrow (wide) width are excluded at 95% confi-

dence level for masses below 1.49 (2.04) TeV/c2 and an upper

limit of 0.3 (1.3) pb or lower is set on the production cross

section times branching fraction for resonance masses above

1 TeV/c2. Kaluza-Klein excitations of a gluon with masses

below 1.82 TeV/c2 (at 95% confidence level) in the Randall-

Sundrum model are also excluded, and an upper limit of 0.7

pb or lower is set on the production cross section times branch-

ing fraction for resonance masses above 1 TeV/c2 [187]. In

19.7 fb−1 of 8 TeV data, CMS recently updated their measure-

ment in the lepton+jets and the all-jets channel to obtain an
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exclusion of MZ′ < 2.1(2.7) TeV/c2 for ΓZ′ = 0.013(0.1)MZ′

and gluon masses below 2.5 TeV/c2 in Randall-Sundrum models

at 95% C.L. [188].

The ATLAS collaboration has performed a search for res-

onant tt̄ production in the lepton+jets channel using 4.7 fb−1

(14 fb−1) of proton-proton (pp) collision data collected at a

center-of-mass energy
√

s = 7(8) TeV [189,190]. The tt̄ system

is reconstructed using both small-radius and large-radius jets,

the latter being supplemented by a jet substructure analysis. A

search for local excesses in the number of data events compared

to the Standard Model expectation in the tt̄ invariant mass

spectrum is performed. No evidence for a tt̄ resonance is found

and 95% confidence-level limits on the production rate are de-

termined for massive states predicted in two benchmark models.

The most stringent limits come from the sample collected at 8

TeV. The upper limits on the cross section times branching ratio

of a narrow Z ′ boson decaying to top-quark pairs range from 5.3

pb for a resonance mass of 0.5 TeV/c2 to 0.08 pb for a mass of

3 TeV/c2. A narrow leptophobic topcolor Z ′ boson with a mass

below 1.8 TeV/c2 is excluded. Upper limits are set on the cross

section times branching ratio for a broad color-octet resonance

with Γ/m = 15.3% decaying to tt̄. These range from 9.6 pb for

a mass of 0.5 TeV/c2 to 0.152 pb for a mass of 2.5 TeV/c2.

A Kaluza-Klein excitation of the gluon in a Randall-Sundrum

model (a slightly different model is used compared to CMS) is

excluded for masses below 2.0 TeV/c2.

ATLAS has also conducted a search in the all-jet final

state at 7 TeV corresponding to an integrated luminosity of

4.7 fb−1 [191]. The tt̄ events are reconstructed by selecting

two top quarks in their fully hadronic decay modes which are

reconstructed using the Cambridge/Aachen jet finder algorithm

with a radius parameter of 1.5. The substructure of the jets is

analysed using the HEPTopTagger algorithm [192] to separate

top-quark jets from those originating from gluons and lighter

quark jets. The invariant mass spectrum of the data is compared

to the SM prediction, and no evidence for resonant production

of top-quark pairs is found. The data are used to set upper

limits on the cross section times branching ratio for resonant tt̄
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production in two models at 95% confidence level. Leptophobic

Z ′ bosons with masses between 700 and 1000 GeV/c2 as

well as 1280 − 1320 GeV/c2 and Kaluza-Klein-Gluons with

masses between 700 and 1620 GeV/c2 are excluded at the 95%

confidence level.

Heavy charged bosons, such as W ′ or H+, can also be

searched for in tb̄ final states (for more information see the

review ”W ′-boson searches” and ”Higgs Bosons: theory and

searches”). Other resonances are searched for in final states

such as tZ, tj, tH, tW, bW .

For instance, ATLAS has performed a search for t-jet

resonances in the lepton+jets channel of tt̄+ jets events in 4.7

fb−1 at
√

s = 7 TeV [193]. A heavy new particle, assumed to

be produced singly in association with a t(t̄) quark, decays to

a t(t̄) quark and a light flavor quark, leading to a color singlet

(triplet) resonance in the t(t̄)+jet system. The full 2011 ATLAS

pp collision dataset from the LHC (4.7 fb−1) is used to select

tt̄ events. The data are consistent with the SM expectation

and a new particle with mass below 350 (430) GeV/c2 for W

(color triplet) models is excluded with a 95% confidence level,

assuming unit right-handed coupling. ATLAS has conducted a

search for the pair production of a new charge +2/3 quark (T)

decaying via T → Zt in a dataset corresponding to 14.3 fb−1

luminosity at
√

s = 8 TeV [194]. Selected events contain a high

transverse momentum Z-boson candidate reconstructed from a

pair of oppositely charged electrons or muons. Additionally, the

presence of at least two jets possessing properties consistent

with the decay of a b-hadron is required, as well as large

total transverse momentum of all central jets in the event.

No significant excess of events above the SM expectation is

observed, and upper limits are derived for vector-like quarks

of various masses in a two-dimensional plane of branching

ratios. Under branching ratio assumptions corresponding to a

weak-isospin singlet scenario, a T quark with mass lower than

585 GeV/c2 is excluded at the 95% confidence level. Under

branching ratio assumptions corresponding to a particular weak-

isospin doublet scenario, a T quark with mass lower than

680 GeV/c2 is excluded at the 95% confidence level.
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A complementary search [195] in the lepton+jets final state

of the same dataset, characterized by an isolated electron or

muon with moderately high transverse momentum, significant

missing transverse momentum, and at least six jets is performed

to look for T → Wb, Ht decays. The search exploits the high

total transverse momenta of all final state objects and the high

multiplicity of b-jets characteristic of signal events with at least

one Higgs boson decaying into bb̄, to discriminate against the

dominant background from top-quark pair production. No sig-

nificant excess of events above the SM expectation is observed,

and upper limits are derived for vector-like quarks of various

masses in the two-dimensional plane of B(T → Wb) versus

B(T → Ht), where H is the Standard Model Higgs boson,

assumed to have a mass of 125 GeV/c2. Under the branch-

ing ratio assumptions corresponding to a weak-isospin doublet

(singlet) scenario, a T quark with mass lower than 790 (640)

GeV/c2 is excluded at the 95% C.L.

Finally, a more general search is performed in the same

data set [196], looking for exotic processes that result in

final states containing jets including at least one b-jet, sizable

missing transverse momentum, and a pair of leptons with the

same electric charge. In addition to the new physics signal

discussed above, this study provides limits on four top-quark

production and production of two positively-charged top quarks.

No significant excess of events over the background expectation

is observed. This observation is interpreted as constraining the

signal hypotheses, and it is found at 95% C.L. level that: the

lower bound on the fourth generation B quark mass, assuming

100% branching fraction to Wt, is 0.72 TeV/c2; the mass of

a vector-like B (T ) quark, assuming branching ratios to W, Z,

and H decay modes consistent with the B or T being a singlet,

is larger than 0.59 (0.54) TeV/c2; the four top production cross

section must be less than 85 fb in the SM and less than 59 fb

for production via a contact interaction; the mass of a sgluon

must be greater than 0.80 TeV/c2; in the context of models

with two universal extra dimensions the inverse size of the extra

dimensions must be larger 0.90 TeV/c2; and the cross section
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for production of two positively-charged top quarks must be

smaller than 210 fb.

In many models top-quark partners preferably decay to top

quarks and weakly interacting neutral stable particles that are

not detected. An observable especially sensitive to new physics

effects in tt̄ production is therefore the missing momentum.

CMS has presented a differential cross section measurement

of top-quark pair production with missing transverse energy

using 5.1 fb−1 of data collected at 7 TeV [197]. The analysis

selects events in the lepton+jets final state and the differential

cross section is measured in bins of missing transverse energy.

Recently, CMS has updated their analysis with 20 fb−1 at

8 TeV [49]. The results are consistent with the predictions of

the SM. An analogous search, but more targeted to discover new

physics in tt̄ events with large missing transverse momentum in

proton-proton collisions at a center-of-mass energy of 7 TeV in

1.04 fb−1 of data has been performed by ATLAS [198]. The

search is carried out in the lepton+jets channel. The results are

interpreted in terms of a model where new top-quark partners

are pair-produced and each decay to an on-shell top (or antitop)

quark and a long-lived undetected neutral particle. The data

are found to be consistent with SM expectations. A limit

at 95% C.L. is set excluding a cross-section times branching

ratio of 1.1 pb for a top-partner mass of 420 GeV/c2 and a

neutral particle mass less than 10 GeV/c2. In a model of exotic

fourth generation quarks, top-partner masses are excluded up

to 420 GeV/c2 and neutral particle masses up to 140 GeV/c2.

Flavor-changing-neutral-currents (FCNC) are hugely sup-

pressed in the SM, and non zero only due to the large mass

hierarchy between the top quark and the other quarks. Several

observables are accessible at colliders to test and constrain such

couplings.

CMS has performed a study of top-quark couplings through

the search for a single top quark produced in association with

a Z boson in 5 fb−1 integrated luminosity at 7 TeV [199].

The event selection requires the presence of three isolated

leptons, electrons or muons, and of at least one jet. The

upper limits on effective coupling strength can be translated
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to the 95% upper limits on the corresponding branching ratios

B(t → gu) ≤ 0.56%, B(t → gc) ≤ 7.1%, B(t → Zu) ≤ 0.51%,

B(t → Zc) ≤ 11%.

ATLAS has presented results on the search for single top-

quark production via FCNC’s in strong interactions using data

collected at
√

s=8 TeV and corresponding to an integrated

luminosity of 14.2 fb−1. Flavor-changing-neutral-current events

are searched for in which a light quark (u or c) interacts

with a gluon to produce a single top quark, either with or

without the associated production of another light quark or

gluon. Candidate events of top quarks decaying into leptons

and jets are selected and classified into signal- and background-

like events using a neural network. The observed 95% C.L.

B(t → ug) < 3.1 · 10−5 and B(t → cg) < 1.6 · 10−4 [200].

This result supersedes the corresponding 7 TeV analysis in

2 fb−1 [201].

Constraints on FCNC couplings of the top quark can also

be obtained from searches for anomalous single top-quark pro-

duction in e+e− collisions, via the process e+e− → γ, Z∗ → tq

and its charge-conjugate (q = u, c), or in e±p collisions, via the

process e±u → e±t. For a leptonic W decay, the topology is at

least a high-pT lepton, a high-pT jet and missing ET , while for

a hadronic W -decay, the topology is three high-pT jets. Limits

on the cross section for this reaction have been obtained by the

LEP collaborations [202] in e+e− collisions, and by H1 [203]

and ZEUS [204] in e±p collisions. When interpreted in terms

of branching ratios in top decay [205,206], the LEP limits

lead to typical 95% C.L. upper bounds of B(t → qZ) < 0.137.

Assuming no coupling to the Z boson, the 95% C.L. limits

on the anomalous FCNC coupling κγ < 0.13 and < 0.27 by

ZEUS and H1, respectively, are stronger than the CDF limit of

κγ < 0.42, and improve over LEP sensitivity in that domain.

The H1 limit is slightly weaker than the ZEUS limit due to

an observed excess of five-candidate events over an expected

background of 3.2 ± 0.4. If this excess is attributed to FCNC

top-quark production, this leads to a total cross section of

σ(ep → e + t + X,
√

s = 319 GeV) < 0.25 pb [203,207].
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C.3.2 New Physics in Top-Quark decays: The large

sample of top quarks produced at the Tevatron and the LHC

allows to measure or set stringent limits on the branching

ratios of rare top-quark decays. For example, the existence

of a light H+ can be constrained by looking for t → H+b

decay, in particular with tau-leptons in the final state (for

more information see the review ”Higgs Bosons: theory and

searches”).

A first class of searches for new physics focuses on the

strcuture of the W − t− b vertex. Using up to 2.7 fb−1 of data,

DØ has measured the Wtb coupling form factors by combining

information from the W -boson helicity in top-quark decays in

tt̄ events and single top-quark production, allowing to place

limits on the left-handed and right-handed vector and tensor

couplings [225–227].

More recently, ATLAS has published the results of a search

for CP violation in the decay of single top quarks produced in

the t-channel where the top quarks are predicted to be highly

polarized, using the lepton+jets final state [228]. The data

analyzed are from pp collisions at
√

s = 7 TeV and corre-

spond to an integrated luminosity of 4.7 fb−1. In the Standard

Model, the couplings at the Wtb vertex are left-handed, right-

handed couplings being absent. A forward-backward asymme-

try with respect to the normal to the plane defined by the

W -momentum and the top-quark polarization has been used

to probe the complex phase of a possibly non-zero value of

the right-handed coupling, signaling a source of CP -violation

beyond the SM. The measured value of the asymmetry is

0.031 ± 0.065(stat.)+0.029
−0.031(syst.) in good agreement with the

Standard Model.

A second class of searches focuses on FCNC’s in the top-

quark decays.

Both, CDF and DØ, have provided the first limits for

FCNC’s in Run I and II. The most recent results from CDF

give B(t → qZ) < 3.7% and B(t → qγ) < 3.2% at the 95%

C.L. [229] while DØ [230,231] sets B(t → qZ)(q = u, c quarks

) < 3.2%) at 95% C.L., B(t → gu) < 2.0 · 10−4, and B(t →
gc) < 3.9 · 10−3 at the 95% C.L.
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At the LHC, CMS has used a sample at a center-of-mass

energy of 8 TeV corresponding to 19.7 fb−1 of integrated lumi-

nosity to perform a search for flavor changing neutral current

top-quark decay t → Zq. Events with a topology compatible

with the decay chain tt → Wb + Zq → ℓν b + ℓℓq are searched

for. There is no excess seen in the observed number of events

relative to the SM prediction; thus no evidence for flavor chang-

ing neutral current in top-quark decays is found. A combination

with a previous search at 7 TeV excludes a t → Zq branching

fraction greater than 0.05% at the 95% confidence level [232].

The ATLAS collaboration has also searched for FCNC

processes in 2.1 fb−1 of tt̄ events with one top quark decaying

through FCNC (t → qZ) and the other through the SM

dominant mode (t → bW ). Only the decays of the Z boson to

charged leptons and leptonic W boson decays were considered

as signal, leading to a final state topology characterized by

the presence of three isolated leptons, at least two jets and

missing transverse energy from the undetected neutrino. No

evidence for an FCNC signal was found. An upper limit on the

t → qZ branching ratio of B(t → qZ) <0.73% is set at the

95% confidence level [233]. Another analysis looks for FCNCs

in t → cH with H → γγ in 20 fb−1 of tt̄ events at
√

s = 9 TeV,

yielding a 95% C.L. limit of the tcH coupling of 0.17 (0.14

expected) [234].

D. Outlook

Top-quark physics at hadron colliders has developed into

precision physics. Various properties of the top quark have

been measured with high precision, where the LHC is about

to or has already reached the precision of the Tevatron. Sev-

eral
√

s-dependent physics quantities, such as the production

cross-section, have been measured at several energies at the

Tevatron and the LHC. Up to now, all measurements are

consistent with the SM predictions and allow stringent tests

of the underlying production mechanisms by strong and weak

interactions. Given the very large event samples available at

the LHC, top-quark properties will be further determined in tt̄

as well as in electroweak single top-quark production. At the
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Tevatron, the t− and s−channels for electroweak single top-

quark production have been measured separately. At the LHC,

significant progress has been achieved and all the three relevant

channels are expected to be independently accessible in the near

future. Furthermore, tt̄γ, tt̄Z and tt̄W associated production

will provide further information on the top-quark electroweak

couplings. At the same time various models of physics beyond

the SM involving top-quark production are being constrained.

With the upcoming LHC Run-II with twice the center-of-mass

energy and much higher luminosity, top-quark physics has the

potential to shed light on new aspects of and open questions in

physics at the TeV scale.
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