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1. Introduction

The top quark is the heaviest elementary particle producethrsat colliders. Due to its
large mass, it is expected to interact strongly with thetedeeak symmetry breaking sector of
the Standard Model (SM). Consequently, the top-quark pdaksy role in the investigation of the
origin of particle masses, both in the SM and in models of “ipéysics” (NP).

At hadron colliders, top quarks are produced via two prddacinechanismsi) in “pairs”,
pp(p) — tt andii) as “single tops”,pp(p) — th, pp(p) — tq(q), or pp(p) — tW. The pair pro-
duction process occurs more than twice as often as the simgleroduction. Moreover, its exper-
imental signature is cleaner. For these reasons, the tok g@e originally discovered itt events
and it took 14 more years to detect single-top productiomtsvat the Tevatron.

The top quark has a very short lifetime: it decays almostusietly in ab quark and av
boson in~ 5-10"2%s. Since the top-quark lifetime is about one order of mageitsmaller than
the hadronization time, the top is the only quark which dashadronize. Consequently, the top-
quark quantum numbers are accessible to the experimentdurenents. Its spin and the exact
nature of its couplings to thé&/ boson can be studied starting from the geometrical digtabu
of the decay products. The top-quark mass, which togethir the W mass plays an important
role in constraining the Higgs mass via radiative correjacan be measured with great accuracy,
provided that a satisfactory theoretical definition of {gameter is used.

The top pair and the single top production processes at hamhitiders can also be regarded
as background for NP processes. In this short review theudagkaevents are considered as signal.

In the following we briefly review the status of the measurete®f top-quark observables at
Tevatron (for references see the CDF and DO web pages [1n@Jxtthe LHC (see the CMS and
ATLAS web pages [3, 4]) and we summarize the correspondiagrdtical predictions.

2. Top-Quark at the Tevatron

From the top-quark discovery in 1995 and until the shutdowrSeptember 30, 2011, the
top-quark production and decay have been extensivelyestuatithe Fermilab Tevatron.

The first top-related observable measured at the Tevatrartiveatotal pair-production cross
section, defined agi = (N — Npkg)/(£L), whereN is the number of measured everitq is the
number of background events, simulated by a MC event gaargeas the pair selection efficiency
(also simulated with a MC), and s the luminosity, measured with data-driven techniquese-A
cent measurement ofr by the CDF collaboration givezs[(t—CDF) =7.5£0.48 pb. The experimental
error corresponds to a relative error of ollgii/ o ~ 6.5%. The measured pair production cross
section is in good agreement with the SM value (See Sectiord) what concerns the single
top production, the current combined Tevatron measureofahe (s+t)-channel cross section is
Osit = 2.767038 pb, which is in good agreement with the SM value. This measar also allows
one to determiné/p|. However, the CDF collaboration registers a tension in #tie of thes- and
t-channel cross sections. The measured ratio is more thiaway from the SM prediction.

The current Tevatron combination of top-quark mass measemes ism = 1732+ 0.9 GeV,
with a relative error of only- 0.5%. However, given the fact that the measurement is cartieldy
comparing data with MC simulations, and since the top-masameter used in the MC is not well
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defined theoretically, it would be desirable to have a mesmant ofm, related to a well defined
Lagrangian parameter. Recently, the DO collaborationuatat! the on-shell andlS top masses
by comparing data to the most up-to-dated theoretical ptieds for the production cross section,
finding a mean value for the on-sheti which is slightly below the value of 173.2 GeV, but still
compatible with it within one standard deviation. The widftthe top quark is also measured at
Tevatron. The limit reported by CDF I§ < 7.6GeV at the 95% CL, and the value measured by
DO is Ty = 1.997322GeV. The difference between the top and the anti-top masassneasured
by the DO collaboration and it is compatible with zefon, = 0.8+ 1.8(stat) - 0.5(syshGeV.

TheW helicity fractions,Fy, Fr andF_, are measured fitting the one-parameter distribution
of the positive charged lepton coming from Médecay. Using CDF and DO measurements that
simultaneously determinig, andFg, one findsFy = 0.732+ 0.081, Fr = —0.039+ 0.045, in full
agreement with the NNLO SM predictions [5]. Also the spinretations are in agreement with
the SM predictions [6]. DO measurestaspin correlation strength, using as spin quantization axis
the direction of the beam, & = 0.17542, while CDF findsC = 0.72+ 0.64(stat) + 0.26(sys}.

Tevatron experiments are also searching for NP in top-gpankand single-top production
processes. However, so far, no evidence of NP was found,henddod agreement with the SM
predictions is used to set constraints on the NP paramstark,as the masses and the couplings of
the conjectured NP patrticles. The only observable whiclibésha sizable { 2— 30) discrepancy
with the corresponding SM prediction is the top-pair forasackward asymmetry, for which we
refer the reader to the dedicated review in these proceg(iifig

3. Top-Quark at the LHC

Since the end of 2010, also CMS and ATLAS collaborationseal tHC are producing accurate
measurements of the top properties. The most recent valeemsed or 1fb~! of data, recorded
between the end of 2010 and Summer 2011.

Thett production cross section was measured by both collabosatihe measured values are
o9 — 158+ 19pb ando X9 = 176+ 5(stat) *13(syst = 7(lum) pb. Therefore, after only
few months of data taking, the relative error on this obdaeves already quite small10—15%);
furthermore the statistical uncertainty is already smdhan the systematic one. The t-channel
single top production cross section is measured with a darjative error of~ 30%: at(CMS) =
83.6 4+ 29.8(stat + sys = 3.3(lum) pb andg, """ = 90 +32pb.

The mass of the top quark was measured by the ATLAS collaborasing a template method
(which suffers of the same problems already pointed outdiptievious section): the value obtained
is mt(ATLAS = 1759+ 0.9(stat) £ 2.7(syst) GeV. The CMS collaboration repeated the analysis
done by DO, using the theoretical cross section and measthaon-shell andMS top masses,
finding comparable results. The difference between the nopaati-top masses was measured by
CMS, finding a value compatible with zerdm = —1.2+ 1.2(stat ) +0.5(syst) GeV.

W-helicity fractions and spin correlations, measured by ABl.are also compatible with their
SM value: Fy = 0.754 0.08, F_ = 0.25+ 0.08 (settingFr = 0), andk = 0.347913 in the helicity
base.

The already remarkable accuracy of the LHC measurementsing ¢o improve in the next

years. For example, in the high-luminosity and high-enguggse, thét production cross section
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is expected to be measured with an accuracy of 5%, while tigdestopt-channel cross section
will be measured with an accuracy of 10%. These very preciperanental measurements must
be matched by equally accurate theoretical predictions.

4. Theoretical Predictions

The production of a top-antitop pairs is dominated by thengjrinteraction. The inclusive
production cross section can be written using the QCD Faettion Theorem as

= Shad R
o (S ) = Y | o OSL1 (88 ) Gij (S0, 7. 1) (4.1)
J]

where the hard scattering of the partérd j (i, ] € {g,q,9}) at a partonic center of mass energy
$is described by the partonic cross sectign, which can be calculated in perturbative QCD. The
process independent partonic luminoslty, describes the probability of finding, in the hadrons
h; andhy (hy,hy = p, p at the Tevatronhy, h, = p, p at the LHC), an initial state involving partons
i and j with the given partonic energy The integration extends up to the collider hadronic c. m.
energys... Ui andy, indicate the renormalization and factorization scales.

At LO in perturbation theory, there are two partonic chasmantributing to thét production
cross section: the quark-antiquark chargeel tt and the gluon fusion channgd) — tt. Because
of the interplay between parton luminosity and partonissrgections, the quark-antiquark channel
dominates at the Tevatron, while at the LHC the inclusivesgrsection is largely dominated by
gluon fusion events.

In single-top production, there are three LO partonic clets) q(q)b — d'()t, in which a
W boson is exchanged in thechannel,i) qq — th, in which thew boson is exchanged in tise
channel, andii) the “associatedwW production”’gb — tW. Thet-channel process dominates the
single top production both at the Tevatron and at the LHC. §tleannel production was detected
at the Tevatron and it plays no role at the LHC. The associpteduction, instead, cannot be
revealed at the Tevatron while is the second most imporiagtestop production mechanism at
the LHC.

4.1 TheNLO Calculations

The LO predictions for thét or single-top production cross sections are affected byge hu
dependence on the renormalization/factorization scaled,they cannot be regarded as reliable
predictions. More accurate predictions can be obtainedhkigg into account the NLO corrections,
which consist of two parts: the virtual corrections, orgfing from the interference of the one-
loop diagrams with the tree-level ones, and the real ramiatiorrections, originating from the
interference of the 2> 3 amplitudes. For totally inclusive quantities, as for amste the total cross
section, one has to integrate the final-state particles thnecomplete phase space. This is the
approach used for instance in [8]. In so doing, the IR divecgs of the virtual part cancel exactly
(analytically) against the divergences that come fromrkegiration of the extra parton in particular
regions of the phase space. For a comparison with the expetélnmeasurements, however, one
needs to impose cuts and to take into account the geometdcaptance of the detectors. For more
exclusive observables, therefore, a subtraction schenemided to “regularize” the IR collinear and
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soft divergences, coming from the integration over the plsgmace. At the NLO, the subtraction
terms are completely known and several subtraction foemeliare available in the literature [9].

Let us first consider theandt in the final state as stable on-shell particles. The NLO QCD
corrections to the totak cross section, summed over the final spins and colors, wécelated
by many groups [10]. They enhance the cross section by algtt at Tevatron and by 50%
at the LHC. The residual renormalization/factorizatioalsaependence, plus parton distribution
functions uncertainties, is about 15-20%. The EW corresti@re also known [11], but their contri-
bution (+1% at Tevatron and -0.5% at the LHC) is negligibledmparison to the QCD theoretical
error.

The NLO QCD corrections to thtechannel single-top production are moderate. They enhance
the cross section by 9% at the Tevatron and by 5% at the LHCI[3]2,The NLO EW corrections
decrease the cross section by 1% both at the Tevatron andttB¢l4]. The NLO QCD corrections
to thes-channel cross section are large, resulting in an enhandeond 7% at the Tevatron and
44% at the LHC [13, 15]. Finally, the NLO QCD corrections te tassociatedW production
enhance the cross section by 10% at the LHC [16].

For what concerns processes with additional particlesarfittal state, the NLO corrections
to tt+ j were calculated in [17] (the calculated cross section affthatron,oi = 1.7953% pb
is in good agreement with the CDF mesurement) and thoget®j in [18]. Moreover, the
ttbb production was considered in [19]. The NLO corrections ® pihoduction of a top pair in
association with a photon were calculated in [20].

The QCD corrections to processes that involve at least tvge lanergy scales (the partonic
energyy/$and the top mass, are both much larger thalkocp) are characterized by a logarithmic
behavior in the vicinity of the boundary of the phase spadee [bgarithmically enhanced terms
spoil the convergence of the fixed-order expansion, andtarsgtic resummation of the logarithms
to all orders in perturbation theory becomes necessary. mpecehensive review of the results
obtained with resummation techniques in top-quark physarsbe found in [21].

In the works mentioned up to this point, the top quarks aekas stable particles. However,
only hadrons and leptons are detected experimentally aiscbit these particles that the experi-
mental cuts are imposed. Therefore, it is highly desirableansider the actual final state in the
theoretical analyses. This is very difficult from the poihtew of the calculation, since one needs
to deal with Feynman diagrams with many external legs. A §itsp towards this goal consists
in working within the “narrow-width approximation”. sindhe top-quark behaves as a narrow
resonancei.e. I'y/m < 1, one can formally take the limit;/m — O of the complete cross sec-
tion. The limitl';/m — O decouples the top-quark production process from the t@pkadecay.
This approach allows to compute realistic distributiond tmkeep trace of the spin of the tops.
Two groups performed detailed studies of the top-quark aiduction within the narrow width
approximation approach [6, 22, 23]. For single-top promuntthe same formalism was used to
study thet-channel cross section at the LHC [24]. Recently, also thalwll effects both fot-
ands-channel cross sections at Tevatron and at the LHC were dewah|p25].

In 2010, two groups calculated the complete set of cormestiopp(p) — W W~ bb, includ-
ing also the non-factorizable corrections [26]. As a byduwt of the calculation, the authors could
prove that for inclusive quantities the non-factorizabterections are indeed a@f (I';/m) ~ 1%.
With these results many exclusive observables, with t&aksperimental cuts, can be evaluated.
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4.2 Outlook: Towardsa Complete NNLO Analysis of the Top-Pair Production in
Perturbative QCD

The foreseen accuracy with which LHC will be able to measoraesof the top-pair produc-
tion observables is such that in several cases the catmulatithe NNLO corrections is required.
Due to the complexity of the calculations, to date the comepdet of NNLO QCD corrections is
not yet available. However, many partial results are knaana the full calculation of the NNLO
correction appears to be within reach. The most accuratgdaheal predictions currently used
for comparison with the experimental measurements indlueléapproximate NNLO” corrections
[27] (NLO plus some or all of the following ingredients: seadlependence at NNLO, Coulomb
terms up to two loops, logarithmic terms obtained by re-aediyag NNLL formulas).

Many parts of the full top-pair NNLO matrix element are knovim [28] the matrix elements
for the qq andgg channels were computed in tees> n limit. In [29], matrix elements in theg
channel were computed numerically and by retaining thedejiendence on the top-quark mass.
In [30], all of the IR two-loop poles, both in thgg andgg channels, were evaluated analytically.
In [31], the virtual one-loop times one-loop matrix elenemtere calculated. Finally, in [32]
the two-loop fermionic and leading color corrections to tjgechannel and the two-loop leading
color corrections to thgg channel were analytically computed by using the Laportaritym
(implemented in the computer code Reduze [33]) and therdifteal equations method (see [35]).
A subtraction scheme for the real corrections at the NNLCrisetbped in [34].
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