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1. Introduction

The main topic at this conference being the study of heavy flavouredhadcays, one may
to first approximation only care that heavy flavours are produced ficgrft numbers - as indeed
happens at B-factories, the Tevatron and the LHC - and leave the deiaiiedstanding of pro-
duction dynamics to other conferences. Nevertheless, becausedari@nof studies one cannot
fully decouple production from decay, and for general backgrckmumivledge, a brief review of
our present understanding of heavy flavour hadroproduction magéfeil.

Heavy quarks have a number of distinguishing properties as far asshemt®n of their pro-
duction goes. First, because their masses well extegd, a perturbative description is natural as
the mass sets a hard scale. It also creates a threshold, and thereblypotsesting dynamics.
Second, heavy quark taggability, through semi-leptonic decay for irstatiows a calculation per
individual flavour, which in turn can yield information about certain partigstribution functions
(PDFs). These properties enable quite detailed and precise undargtahbdeavy flavour produc-
tion in hadron colliders. In what follows | discuss these and other issugsnirewhat more detail.
However, due to limited space and broad scope the list of referencesscitedrom complete.

2. Heavy flavour production at NLO and beyond

By and large, the state of the art in exact calculations for heavy flavmatugtion is next-
to-leading order (NLO) accuracy, possibly matched to parton shower sionga The benefits of
going beyond leading order (LO) are well-known: production ratesvasee accurately predicted
due to reduced scale dependence, and distributions are more realisticdijleddecause of the
extra parton. Moreover, by their size, the corrections self-diagnasedhturbative approach as
such for the observable at hand. A general review of the benefitsrafrpation theory at colliders
can be found in Ref. [1].

To facilitate later discussions, let us briefly review the essential aspeatblbO calculation.
A LO calculation consists of those diagrams that contain the desired finalgthta mininum of
extra particles. The NLO approximation consists virtual corrections to trassevell as diagrams
having one extra radiated parton, over whose phase space one tietegvar, either wholly or
partially. These loop momentum and phase space integrations produckssbigsite terms, reg-
ularized infinities of UV or IR nature. The former are straightforwardiydiled using standard
renormalization methods. The latter cancel between virtual and real graphjust for the in-
clusive cross section, but also when the momentum of the extra emitted pakiept iavailable,
i.e. for fully differential cross sections. How to do this is not entirely strmfwvard, nor unique,
and can be done by phase space slicing, or using “subtraction scheuntsas antenna, dipole,
and FKS subtractions. In recent years, innovative methods have leadetdtable revolution in
the amount and complexity of NLO calculations, many with heavy flavours aamdapidly ap-
proaching full automatization, including parton showers. Beyond NLOUHAd\NINLO calculation
exists as yet for heavy flavour hadroproduction, though much psedgsemade, see [2] for a recent
presentation of the status. A large set of approximate calculations basketshold resummation
exists, primarily for fully or single-particle inclusive cross sections.
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3. Heavy flavour PDF’s

Itis a subtle issue to choose a description for heavy flavour productiowilisions with initial
hadrons, such as deep-inelastic scattering or hadroproduction. Giieletide whether one wants
to employ a fixed number of light flavours in the evolution of the parton densithesas and
treat the heavy flavour as an external quantum field: the “fixed flanoorber scheme” (FFNS);
or whether one changes the number of dynamical flavours dependitige@tale present in the
parton subprocess, and then introduce heavy quark PDFs: theblafiavour-number scheme”
(VFNS). The latter comes in two general varieties: (i) the Zero Mass VEM&re the mass
dependence only comes in through the matching poiatm, where the number of active flavors
in the evolution of the PDF’s changes by one, effectively summiri@/m) to all orders, and
(ii) the General Mass VFNS, where the mass is also kept in the partonificoemtf functions and
gives a better approximation in the near-threshold region. In so doingnayecontrol IHQ/m)
logarithms to all orders, without relinquishing control over the redpty m. The past few years
have seen much progress in the development of such schemes, whichibdg], to NLO and
NNLO. This renewed attention is spurred in particular by the realization iffateht realizations
of VFNS schemes led to variations of up to 10% in key LHC cross sectionsa Eoncise review
of which PDF group uses which method to deal with heavy flavors, se@f#] references therein.
Similar issues occur in the final state in heavy flavor production at lpighwhere one might
wish to control powers of Ifpr /m) to all orders. A variant of GM-VFENS, called FONLL [5] was
developed, and its importance demonstrated in the correct explanationTéuaeonb-quark pr
distribution [6].

4. Charm and bottom

There are many aspects in common between charm and bottom productienTavéiron or
LHC. One, just discussed, is that their masses, though consideraldy themAqcp, are mostly
sufficiently small compared to the typical hard scale to consider them in a ssrgartons. Differ-
ences can matter thougi/+ charm production is directly sensitive to the strange quark PDF, but
W+ bottom is less directly connected to a particular PDF. Indeed, their produati@ssociation
with jets is a major component of the signal and background to new physiocshes, and an im-
pressive array of NLO calculations for them are now available, sefof4 recent presentation of
the status.

4.1 Onia

Thus far we have only discussed open heavy flavour productiorthbytroduction of their
bound states is a very interesting area in its own right, involving new dynamatslifferent de-
scriptions in terms of effective field theory.

Non-relativistic QCD (NRQCD) [8] is the effective field theory for lightayks, gluons and
heavy quark-antiquark bound states (onia). This effective theorwsllbesides an expansion in
as, a systematic expansion i the heavy quark velocity inside the onium bound state. NRQCD
factorizes the physics of production, involving the heavy flavour nmasand a hard scale such
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aspr, from the physics of binding, associated with the inverse oniumraizand binding energy
mv2, wherev? ~ 0.3,0.1 for J/y andY, resp.

Measurements at the Tevatron and at HERA left a puzzle in pigbrium production. HERA
measurements are in reasonable agreement with the straightforwardgicgjlat model, in which
one computes th@@in a color singlet state at zero relative momentum, and subsequently projects
onto the appropiate spin- and angular momentum quantum numbers. Hpow&eeatron measure-
ment [9] of the production rates of tg (, ' states revealed a large excess over the prediction of
the colour-singlet model [10]. In the NRQCD framework [11] onium togtoduction is described

by

do(p+p— wPA)+X) =Y fiefjoy dali+j—QQn+X)(Of"), @1
1) n

where the sum is over all allowed states, labeled by the spectroscopic nétafib;, possibly in a
non-singlet color state, as indicated by the colour lghet 1,8,...). The operator@n"’()‘) encode
the binding physics, and are ordered in the expansion paranmetarglv. The fact that coloured
channels are open to scatter into, especially the gluon fragmentation mechbads to a large
increase in the cross section [11], providing an explanation for thetffevdata.

A test of the importance of these colour-octet states is possibly the polanizdttbe vector
onium octet-state produced/y and ¢/ [12, 13, 14]. A heuristic argument says that at large
pr /m, this state results in essence from the fragmentation of a nearly on-sti¢thasverse gluon,
leading to a transversely polarized onium state, as soft-gluon bindingt®fie not flip the spin.
Especially theY polarization, having smaller, should conform to this expectation, but the most
recent CDF and DO measurements [15, 16] leave the situation somewhedniimdicating at least
an important contribution of longitudinally polarized onia. There has be@siderable recent
progress at the theoretical level (see [17] for a recent overvisugh as the NLO corrections to
33, color singlet production of onia [18, 19], the available of automatic computatidree-level
quarkonium processes [20], and a promising factorized formalisnraElgading power [21]. With
this progress in hand, one may look forward to LHC experiments soon wgiglith high-statistics
polarization measurements at high.

5. Heavy flavour mass

Since heavy flavours cannot propagate over macroscopic distanosmsntrast to electrons
e.g., there is an intrinsic difficulty in defining the heavy quark mass througlpdtesof the full
propagator. Though a natural definition, and a requirement for theitilefi of a particle mass in
scattering amplitudes - such a pole only exists in perturbation theory, and e its location
is intrinsically ambiguous by’ (Aqcp) [22, 23, 24]. A theoretically more precise definition is the
MSmassm(u) whose relation to the pole mass is known to sufficiently high orderyurame often
takes the implicit value found when intersecting th@t) curve with them(u) = u axis, yielding
m(m).

For the top quark, this value is about 10 GeV smaller than the pole mass, atti¢tguestion
often arises what mass the Tevatron and LHC experiments measure iigrifaentally, the top
quark mass is reconstructed by collecting jets and leptons. Soft partidesgdrom both within
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and outside these jets may affect the reconstructed mass. Moreoveusvaxperimental methods
used (e.g. track quality cuts), and Monte Carlo based corrections dwxeta clean perturbation
theory description. The question is difficult to answer, but the pole masasselose to the true
answer.

6. Top

The top quark is an especially interesting heavy quark, because its lgrgaass implies
that it couples strongly to whatever breaks the electroweak symmetry, ahdsthesulting large
width minimizes obscuring hadronization effects and allows preservatigpiirsformation. Top
is one the hand a troublemaker for the Standard Model, contributing sigmtlfica the quadratic
divergences of the Higgs self energy, but is at the same time an life rdfefond the Standard
Model (BSM) theories such as the MSSM, raising the upper limit on the light$Higthat theory.
An extensive review of top physics is beyond our scope, so let usfocwa few salient features.

An important top quark property is of course its mass. The Tevatron impets have set the
standard to a level that will be hard to pass by the LHC by measuring it tot &ladfua percent
accuracy (172+ 0.9 GeV). Together with an accurately measwédboson mass it severely con-
strains the mass range of a possible Higgs boson both in the Standard Mioftelthat matter
in the MSSM. Note, however, to constrain the Standard Model paramejg@ndmy one does
not need much more accuracy than that, though a careful mass definitia@xtaction would be
welcome. To constrain new physics, once discovered, a much moreglyesétermined top mass,
only achieveable at a linear colliders, would be required.

Another key measurement involves the pair production cross section. latdést theoreti-
cal predictions differ in their particular implementations of threshold resummatidimen the
top quark pair is produced near threshold, logarithms whose argumeméeseat the distance to
threshold in the perturbative series become numerically large. It is impddambte here that
the definition of the threshold can depend on the observable. Thus,&dndhusive cross sec-
tion threshold is given by, : s—4m? = 0. For the transverse momentum distribution we have
To: s—4(m? + p2) = 0, and for the doubly differential distribution ipr and rapidity we have
T3 : s—4(m?+ p2) coshy = 0. The perturbative series for any of these (differential) cross sectio
can be expressed as

do(Ta) =Y i adel In(Tq), (6.1)

plus non-logarithmic terms. Note that it is allowed to use &dor the inclusive cross section, by
first analyzingdo /d pr and then integrating oveyr. For any complete fixed order calculation this
will give the same answer, but if one only knows the logarithmic terms be¢haseact answer is
unknown, numerical differences will occur which constitute a theoretinaértainty [26].

The charge asymmetry is the difference in production rate for top and gnéitfixed angle or
rapidity. While electroweak production viazboson could produce a (very small) asymmetry at
LO, QCD itself does produce it @ (aZ) through a term proportional to the SU@),c symbol [27,
28, 29, 30, 31]. Recent CDF [32] and [33] measurements are caabigdarger than the Standard
Model predictions. Recently it was shown that when including even higyiger corrections, which
at this stage can only be assessed from approximate, resummation blasétioas [26, 34], and
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was studied in Ref. [35, 36]. At the LHC, where thg channel dominates, the asymmetry is
naturally small, but may be enhanced at large invariant mass, whegq th@nnel regains strength.
The charge asymmetry is present at leading ordérinjet production. However, NLO corrections
[30] appear to wash out the asymmetry for this reaction.

7. Conclusions

This brief overview is intended to recall the key notions associated wthytfeEasmur produc-
tion at hadron colliders, and their importance. The overall picture emeigittwat for nearly all
ways of producing heavy flavours, major theoretical progress, dfedpfully encoded in public
codes, is met by impressive new data of Tevatron and especially LHGn¢emdmuch enhanced
understanding of the precise mechanisms of production. This shouldith@oelucers and con-
sumers of heavy flavours alike.
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