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Abstract We highlight the progress, current status, and
open challenges of QCD-driven physics, in theory and in
experiment. We discuss how the strong interaction is inti-
mately connected to a broad sweep of physical problems, in
settings ranging from astrophysics and cosmology to strongly
coupled, complex systems in particle and condensed-matter
physics, as well as to searches for physics beyond the Stan-
dard Model. We also discuss how success in describing the
strong interaction impacts other fields, and, in turn, how
such subjects can impact studies of the strong interaction.
In the course of the work we offer a perspective on the many
research streams which flow into and out of QCD, as well as
a vision for future developments.
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1 Overview

'This document highlights the status and challenges of
strong-interaction physics at the beginning of a new era ini-
tiated by the discovery of the Higgs particle at the Large
Hadron Collider at CERN. It has been a concerted undertak-
ing by many contributing authors, with a smaller group of
conveners and editors to coordinate the effort. Together, we
have sought to address a common set of questions: What are
the latest achievements and highlights related to the strong
interaction? What important open problems remain? What
are the most promising avenues for further investigation?
What do experiments need from theory? What does the-
ory need from experiments? In addressing these questions,
we aim to cast the challenges in quantum chromodynamics
(QCD) and other strongly coupled physics in a way that spurs
future developments.

A core portion of the scientific work discussed in this
document was nurtured in the framework of the conference
series on “Quark Confinement and the Hadron Spectrum,”
which has served over the years as a discussion forum for
people working in the field. The starting point of the cur-
rent enterprise can be traced to its Xth edition (http://www.
confx.de), held in Munich in October, 2012. Nearly 400 par-
ticipants engaged in lively discussions spurred by its seven
topical sessions. These discussions inspired the chapters that
follow, and their organization is loosely connected to the
topical sessions of the conference: Light Quarks; Heavy
Quarks; QCD and New Physics; Deconfinement; Nuclear
and Astroparticle Physics; Vacuum Structure and Confine-
ment; and Strongly Coupled Theories. This document is an
original, focused work that summarizes the current status of
QCD, broadly interpreted, and provides a vision for future
developments and further research. The document’s wide-
angle, high-resolution picture of the field is current through
March 15, 2014.

1 Contributing authors: N. Brambilla, S. Eidelman, P. Foka, S. Gardner,
A.S. Kronfeld.
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1.1 Readers’ guide

We expect that this work will attract a broad readership, rang-
ing from practitioners in one or more subfields of QCD, to
particle or nuclear physicists working in fields other than
QCD and the Standard Model (SM), to students starting
research in QCD or elsewhere. We should note that the scope
of QCD is so vast that it is impossible to cover absolutely
everything. Any omissions stem from the need to create
something useful despite the numerous, and sometimes rapid,
advances in QCD research. To help the reader navigate the
rest of the document, let us begin with a brief guide to the
contents of and rationale for each chapter.

Section 2 is aimed at all readers and explains the aims
of this undertaking in more detail by focusing on properties
and characteristics that render QCD a unique part of the SM.
We also highlight the broad array of problems for which the
study of QCD is pertinent before turning to a description of
the experiments and theoretical tools that appear throughout
the remaining chapters. Section 2 concludes with a status
report on the determination of the fundamental parameters
of QCD, namely, the gauge coupling o5 and the quark masses.

The wish to understand the properties of the lightest
hadrons with the quark model, concomitant with the observa-
tion of partons in deep-inelastic electron scattering, sparked
the emergence of QCD. We thus begin in Sect.3 with this
physics, discussing not only the current status of the parton
distribution functions, but also delving into many aspects
of the structure and dynamics of light-quark hadrons at low
energies. Section 3 also reviews the hadron spectrum, includ-
ing exotic states beyond the quark model, such as glueballs, as
well as chiral dynamics, probed through low-energy observ-
ables. Certain new-physics searches for which control over
light-quark dynamics is essential are also described.

Heavy-quark systems have played a crucial role in the
development of the SM, QCD especially. Their large mass,
compared to the QCD scale, leads to clean experimental sig-
natures and opens up a new theoretical toolkit. Section 4 sur-
veys these theoretical tools in systems such as quarkonium,
i.e., bound states of a heavy quark and a heavy antiquark, and
hadrons consisting of a heavy quark bound to light degrees
of freedom. Highlights of the chapter include an up-to-date
presentation of the exotic states X, Y, Z that have been dis-
covered in the charmonium and bottomonium regions, the
state of the art of lattice-QCD calculations, and an extended
discussion of the status of our theoretical understanding of
quarkonium production at hadron and electron colliders. The
latest results for B- and D-meson semileptonic decays, which
are used to determine some SM parameters and to look for
signs of new physics, are also discussed.

Control of QCD for both heavy and light quarks, and for
gluons as well, is the key to many searches for physics beyond
the SM. Section 5 reviews the possibilities and challenges of
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the searches realized through precision measurements, both
athigh energy through collider experiments and at low energy
through accelerator, reactor, and table-top experiments. In
many searches, a comparably precise theoretical calculation
is required to separate SM from non-SM effects, and these are
reviewed as well. This chapter has an extremely broad scope,
ranging from experiments with multi-TeV pp collisions to
those with ultracold neutrons and atoms; ranging from top-
quark physics to the determinations of the weak-mixing angle
at low energies; ranging from searches for new phenomena
in quark-flavor violation to searches for permanent electric
dipole moments.

In Sect.5, QCD is a tool to aid the discovery of exotic
phenomena external to QCD. The next three chapters treat a
rich array of as-yet unexplored phenomena that emerge from
QCD in complex, many-hadron systems. Section 6 begins
this theme with a discussion of deconfinement in the context
of the quark—gluon plasma and heavy-ion collisions. We first
give a description of this novel kind of matter and of our
present knowledge of the QCD phase diagram, based on the
most recent measurements. We then turn to describing near-
equilibrium properties of the quark—gluon plasma and its
approach to equilibrium. We explain theorists’ present under-
standing, focusing on ideas and techniques that are directly
connected to QCD. Hard probes such as jet quenching and
quarkonium suppression as methods to scrutinize the quark—
gluon plasma properties are also discussed. The chapter ends
with a parallel between thermal field theory calculations in
QCD and cosmology and with a note on the chiral magnetic
effect.

Section 7 covers cold, dense hadronic systems, including
nuclear and hypernuclear physics and also the ultra-dense
hadronic matter found in neutron stars, noting also the new
phases that are expected to appear at even higher densities.
These topics are informed not only by theory and terrestrial
experiments but also by astrophysical observations.

At this point the reader finds Sect.8, which focuses on
the biggest question in QCD: the nature of confinement. No
experiment has detected a colored object in isolation, sug-
gesting that colored objects are trapped inside color-singlet
hadrons. Section 8 focuses on theoretical aspects of confine-
ment and the related phenomenon of chiral-symmetry break-
ing, and how they arise in non-Abelian gauge theories.

QCD provides a loose prototype of strongly coupled the-
ories, which are reviewed in Sect. 9. Supersymmetry, string
theory, and the AdS/CFT correspondence all play a role
in this chapter. These ideas modify the dynamics of gauge
theories profoundly. Non-supersymmetric theories are also
described here, though they are most interesting when the
fermion content is such that the dynamics differ markedly
from those of QCD, because they then are candidate mod-
els of electroweak symmetry breaking. Conformal symme-
try is also presented here, both to help understand the phase

diagram of non-Abelian gauge theories and to develop addi-
tional models of new physics. New exact results in field theo-
ries, sometimes inspired by string theory, are put forward, and
their connection to computations of scattering amplitudes in
QCD, with many legs or at many loops, is discussed. Section
9 further discusses techniques devised for strongly coupled
particle physics and their interplay with condensed-matter
physics.

Sections 3-9 all contain a section on future directions dis-
cussing the most important open problems and challenges, as
well as the most interesting avenues for further research. The
Appendix provides a list of acronyms explaining the meaning
of abbreviations used throughout the review for laboratories,
accelerators, and scientific collaborations. Where available,
we provide links to web sites with more information.

2 The nature of QCD

2QCD is the sector of the Standard Model (SM) of particle
physics that describes the strong interactions of quarks and
gluons. From a modern perspective, both the SM and general
relativity are thought to be effective field theories, describ-
ing the low-energy limit of a more fundamental framework
emergent at high energies. To begin, we would like to focus
on one specific theoretical aspect, because it shows how QCD
plays a special role in the SM.

In quantum field theory, couplings are best understood as
depending on an energy scale; roughly speaking, this is the
scale at which the quantum field theory—understood to be
an effective field theory—is defined. In some cases, such as
that of the hypercharge coupling or the Higgs self-coupling
in the SM, this energy dependence is such that the coupling
increases with increasing energy. This behavior predicts the
failure of the theory at the shortest distance scales. QCD, on
the other hand, is asymptotically free, which means the fol-
lowing. The QCD Lagrangian in the zero-quark-mass limit
is scale invariant, and the interactions of the quarks are deter-
mined by the dimensionless parameter . The theory at
the quantum (loop) level generates a fundamental, dimen-
sionful scale Agcp which controls the variation of the cou-
pling constant o with energy scale. In QCD (unlike QED),
the coupling decreases with increasing energy—as spectac-
ularly confirmed in the kinematic variation of cross-section
measurements from high-precision, deep-inelastic scattering
data. The decrease is just fast enough that QCD retains its
self-consistency in all extreme energy regimes: high center-
of-mass scattering energies, of course, but also high temper-
atures and large baryon chemical potentials, etc. In this way,
QCD is the paradigm of a complete physical theory.

2 Contributing authors: N. Brambilla, S. Eidelman, P. Foka, S. Gardner,
X. Garcia i Tormo, A.S. Kronfeld, R. Vogt.

@ Springer



2981 Page 6 of 241

Eur. Phys. J. C (2014) 74:2981

Asymptotic freedom allows accurate calculations at high
energy with perturbation theory. The success of the tech-
nique does not remove the challenge of understanding the
non-perturbative aspects of the theory. The two aspects are
deeply intertwined. The Lagrangian of QCD is written in
terms of quark and gluon degrees of freedom which become
apparent at large energy but remain hidden inside hadrons in
the low-energy regime. This confinement property is related
to the increase of o at low energy, but it has never been
demonstrated analytically. We have clear indications of the
confinement of quarks into hadrons from both experiments
and lattice QCD. Computations of the heavy quark—antiquark
potential, for example, display a linear behavior in the quark—
antiquark distance, which cannot be obtained in pure pertur-
bation theory. Indeed the two main characteristics of QCD:
confinement and the appearance of nearly massless pseu-
doscalar mesons, emergent from the spontaneous breaking
of chiral symmetry, are non-perturbative phenomena whose
precise understanding continues to be a target of research.
Even in the simpler case of gluodynamics in the absence of
quarks, we do not have a precise understanding of how a gap
in the spectrum is formed and the glueball spectrum is gener-
ated. Glueball states are predictions of QCD, and their mass
spectrum can be obtained with lattice-QCD calculations.
They have not, however, been unambiguously observed; their
predicted mass and width can be significantly modified by
gq mixing effects.

The vacuum of QCD is also difficult to characterize. One
possibility is to characterize the vacuum in terms of sev-
eral non-perturbative objects. Such a parameterization has
been introduced first in the sum rules approach, yielding a
separation of short- and long-distance physics based on tech-
niques derived from the existence of asymptotic freedom in
QCD. These ideas have proven to be of profound importance,
though the specifics have been supplanted, broadly speaking,
by effective field theories in QCD, which, as discussed further
in Sect. 2.3, systematically separate the high- and low-energy
contributions.

Once a low-energy (non-perturbative), gauge-invariant
quantity has been defined, one could use it to investigate the
low-energy degrees of freedom which could characterize it
and their relation to the confinement mechanism. Even in the
absence of quarks, there is a fascinating and complex land-
scape of different possible topological objects: monopoles,
vortices, calorons, or dyons, which are investigated using
different methods; either lattice-QCD calculations or QCD
vacuum models can be used to this end. Some of the recent
research in this sector is addressed in Sect. 8.

2.1 Broader themes in QCD

Many of the most influential ideas in field theory have
emerged while trying to understand QCD. The renormali-
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zation-group methods of Kenneth Wilson, where short-
distance degrees of freedom are systematically removed, or
“integrated out,” began with attempts to understand the scale
invariance of the strong interaction. These ideas flourished in
critical phenomena and statistical mechanics, before return-
ing to particle physics after the asymptotic freedom of gauge
theories was discovered. Itis this view of renormalization that
provides QCD the high-energy self-consistency we have dis-
cussed, and has also led to one of the two key facets of modern
effective field theory. The other key lies in the work of Steven
Weinberg, who argued on the grounds of unitarity and ana-
lyticity that the correct effective Lagrangian would consist
of all the operators with the desired fields and symmetries.
This idea is crucial to the analysis of QCD, because it allows
the introduction of an effective theory whose fields differ
from the original ones. For example, the chiral Lagrangian
contains pions and, depending on the context, other hadron
fields, but not quarks and gluons. Certainly, QCD has been
at the heart of the development of most of our tools and ideas
in the construction of the Standard Model.

QCD also has a distinguished pedigree as a description
of experimental observations. It is a merger of two insight-
ful ideas, the quark model and the parton model, which
were introduced to explain, respectively, the discovery of
the hadron “zoo” in the 1960s and then the deep-inelastic
scattering events seen in the early 1970s. The acceptance of
QCD was forced on us by several discoveries, such as the
J /Y and other charmonium states in 1974, the analogous Y
and bottomonium states in 1977, and the first observation of
three-jet events, evoking the gluon, in 1979.

Some themes in QCD recur often enough that they appear
in many of the chapters to follow, so we list them here:

QCD gives rise to the visible mass of the Universe, includ-
ing everyday objects—the confinement scale, Aqcp, sets the
mass of the proton and the neutron. Similar dynamics could,
conceivably, play arole in generating the mass of other forms
of matter. Thus, the confinement mechanism pertains to the
origin of mass.

QCD controls many parameters of the SM—QCD is
needed to determine oy, the six masses of the quarks, and
the strong CP-violating parameter, as well as the Cabibbo-
Kobayashi-Maskawa (CKM) mixing matrix. These tally to
12 parameters, out of the 19 of the SM (or 26-28 with
neutrino masses and mixing). The quark masses and CKM
parameters stem from, and the strong-CP parameter is con-
nected to, the poorly understood Yukawa couplings of quarks
to the Higgs boson; furthermore, oy may unify with the other
gauge couplings. Thus, quark couplings play a direct role in
the search for a more fundamental theory.

QCD describes the SM background to non-SM physics—
in the high-energy regime, where the coupling constant is
small and perturbation theory is applicable, QCD predicts
the calculable background to new phenomena precisely. For
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example, QCD calculations of the background were instru-
mental to the Higgs discovery, and, indeed, QCD is ubiqui-
tous at hadron colliders where direct contributions of new
physics are most actively sought. Thus, QCD plays a funda-
mental role in our investigations at the high-energy frontier.

In the low-energy regime, QCD is often the limiting fac-
tor in the indirect search for non-SM physics—this is true
in all searches for new physics in hadronic systems, be it in
the study of CP violation in B decays, or in permanent elec-
tric dipole moment searches in hadrons and nuclei. In addi-
tion, QCD calculations of hadronic effects are also needed to
understand the anomalous magnetic moment of the muon, as
well as aspects of neutrino physics. Thus, QCD also plays a
fundamental role in searches for new physics at the intensity
frontier.

Nuclear matter has a fascinating phase diagram—at non-
zero temperature and non-zero chemical potential, QCD
exhibits a rich phase diagram, which we continue to explore.
The QCD equation of state, the possibility of phase transi-
tions and/or crossovers, and the experimental search for the
existence of a critical point are all current topics of research.
In lattice QCD one can also alter the number of fermions and
the number of colors in order to study different scenarios. In
addition to the hadronic phase, different states of QCD matter
are predicted, such as the quark—gluon plasma, quarkyonic
matter, and a color superconductor state with diquark matter.
Experiments studying heavy-ion collisions have shown the
quark—gluon plasma to be a surprising substance. For exam-
ple, it seems to be a strongly coupled, nearly perfect liquid
with a minimal ratio of shear viscosity to entropy density.
Thus, QCD matter in extreme conditions exhibits rich and
sometimes unexpected behavior.

QCD impacts cosmology—probing the region of the QCD
phase diagrams at large temperature allows us to probe con-
ditions which have not existed since the beginning of the uni-
verse. The new state of matter formed in heavy-ion collisions
existed microseconds after the Big Bang, before hadrons
emerged as the universe cooled. Thus, characterizing the
quark—gluon plasma provides information about the early
universe.

QCD is needed for astrophysics—the region of the QCD
phase diagram at large chemical potential provides informa-
tion on the system under conditions of high pressure and large
density, as is the case for astrophysical objects such as com-
pact stars. These stars could be neutron stars, quark stars, or
hybrids somewhere in between these pure limits. Moreover,
one can use astrometric observational data on such objects to
help characterize the QCD equation of state. Thus, terrestrial
accelerator experiments and astrophysical observations are
deeply connected.

QCDis aprototype of strongly coupled theories—strongly
coupled gauge theories have been proposed as alternatives
to the SM Higgs mechanism. Strongly coupled mechanisms

may also underlie new sectors of particle physics that could
explain the origin of dark matter. Furthermore, the relation
between gauge theories and string theories could shed light
on the unification of forces. Thus, QCD provides a launching
pad for new models of particle physics.

QCD inspires new computational techniques for strongly
interacting systems—as the prototype of an extremely rich,
strongly coupled system, the study of QCD requires a vari-
ety of analytical tools and computational techniques, with-
out which progress would halt. These developments fertilize
new work in allied fields; for example, QCD methods have
helped elucidate the universal properties of ultracold atoms.
Conversely, developments in other fields may shed light on
QCD itself. For example, the possibility of designing arrays
of cold atoms in optical lattices with the gauge symmetry and
fermion content of QCD is under development. If success-
ful, this work could yield a kind of quantum computer with
QCD as its specific application. Thus, the challenge of QCD
cross-fertilizes other fields of science.

2.2 Experiments addressing QCD

In this section, we offer a brief overview of the experimen-
tal tools of QCD. We discuss ete™ colliders, fixed-target
machines, hadron colliders, and relativistic heavy-ion collid-
ers from a QCD perspective.

From the 1960s to 1990s, e T e~ colliders evolved from low
center-of-mass energies /s ~ 1 GeV with modest lumi-
nosity to the Large Electron Positron (LEP) collider with
/s up to 209 GeV and a vastly greater luminosity. Along
the way, the eTe™ colliders PETRA (at DESY) and PEP (at
SLAC) saw the first three-jet events. A further breakthrough
happened at the end of 1990s with the advent of the two
B-factories at KEK and SLAC and the operation of lower-
energy, high-intensity colliders in Beijing, Cornell, Frascati,
and Novosibirsk. Experiments at these machines are partic-
ularly good for studies of quarkonium physics and decays of
open charm and bottom mesons, in a way that spurred theo-
retical developments. The copious production of 7 leptons at
e*e™ colliders led to a way to measure o via their hadronic
decays. Measurements of the hadronic cross section at var-
ious energy ranges play a useful role in understanding the
interplay of QCD and QED.

Experiments with electron, muon, neutrino, photon, or
hadron beams impinging on a fixed target have been a cor-
nerstone of QCD. Early studies of deep inelastic scattering at
SLAC led to the parton model. This technique and the com-
plementary production of charged lepton pairs (the so-called
Drell-Yan production) have remained an important tool for
understanding proton structure. Later, the Hadron—Elektron
Ring Anlage (HERA) continued this theme with e~ p and
etp colliding beams. In addition to nucleon structure, fixed-
target experiments have made significant contributions to
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strangeness and charm physics, as well as to the spectroscopy
of light mesons, and HERA searched for non-SM particles
such as leptoquarks. This line of research continues to this
day at Jefferson Lab, J-PARC, Mainz, Fermilab, and CERN;
future, post-HERA ep colliders are under discussion.

The history of hadron colliders started in 1971 with pp
collisions at CERN’s Intersecting Storage Rings (ISR), at
a center-of-mass energy of 30 GeV. The ISR ran for more
than 10years with pp and pp collisions, as well as with ion
beams: pd, dd, pa, and aa. During this time, its luminosity
increased by three orders of magnitude. This machine paved
the way for the successful operation of proton—antiproton col-
liders: the S p pS at CERN with /s = 630 GeV in the 1980s,
and the p p Tevatron at Fermilab with /s = 1.96 TeV, which
ran until 2011. Currently, the Large Hadron Collider (LHC)
collides pp beams at the highest energies in history, with a
design energy of 14 TeV and luminosity four orders of mag-
nitude higher than the ISR. Physics at these machines started
from studies of jets at the ISR and moved to diverse investi-
gations including proton structure, precise measurements of
the W mass, searches for heavy fundamental particles lead-
ing to discoveries of the top quark and Higgs, production of
quarkonia, and flavor physics.

At the same time, pioneering experiments with light ions
(atomic number, A, around 14) at relativistic energies started
in the 1970s at LBNL in the United States and at JINR in
Russia. The program continued in the 1980s with fixed-target
programs at the CERN SPS and BNL AGS. These first exper-
iments employed light-ion beams (A ~ 30) on heavy targets
(A ~ 200). In the 1990s, the search for the quark—gluon
plasma continued with truly heavy-ion beams (A ~ 200).
In this era, the maximum center of mass energy per nucleon
was /syn ~ 20 GeV. With the new millennium the heavy-
ion field entered the collider era, first with the Relativistic
Heavy-Ion Collider (RHIC) at BNL at ,/syny = 200 GeV
and, in 2010, the LHC at CERN, reaching the highest cur-
rently available energy, \/syy = 2.76 TeV.

The goal of heavy-ion physics is to map out the nuclear-
matter phase diagram, analogous to studies of phase tran-
sitions in other fields. Proton-proton collisions occur at
zero temperature and baryon density, while heavy-ion col-
lisions can quantify the state of matter of bulk macroscopic
systems. The early fixed-target experiments probed mod-
erate values of temperature and baryon density. The cur-
rent collider experiments reach the zero baryon density,
high-temperature regime, where the quark—gluon plasma
can be studied under conditions that arose in the early
universe.

While the phase structure observed in collider experiments
suggests a smooth crossover from hadronic matter to the
quark—gluon plasma, theoretical arguments, augmented by
lattice QCD computations, suggest a first-order phase transi-
tion at non-zero baryon density. The critical point where the
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line of first-order transitions ends and the crossover regime
begins is of great interest. To reach the needed temperature
and baryon density, two new facilities—FAIR at GSI and
NICA at JINR—are being built.

Work at all these facilities, from e™e™ machines to heavy-
ion colliders, require the development of novel trigger sys-
tems and detector technologies. The sophisticated detectors
used in these experiments, coupled to farms of computers for
on-line data analysis, permit the study of unprecedentedly
enormous data samples, thus enabling greater sensitivity in
searches for rare processes.

+

2.3 Theoretical tools for QCD

The theory toolkit to study QCD matter is quite diverse, as
befits the rich set of phenomena it describes. It includes QCD
perturbation theory in the vacuum, semiclassical gauge the-
ory, and techniques derived from string theory. Here we pro-
vide a brief outline of some of the wider ranging techniques.

a. Effective Field Theories (EFTs): Effective field theories
are important tools in modern quantum field theory. They
grew out of the operator-product expansion (OPE) and the
formalism of phenomenological Lagrangians and, thus, pro-
vide a standard way to analyze physical systems with many
different energy scales. Such systems are very common from
the high-energy domain of particle physics beyond the Stan-
dard Model to the low-energy domain of nuclear physics.

Crucial to the construction of an EFT is the notion of fac-
torization, whereby the effects in a physical system are sepa-
rated into a high-energy factor and a low-energy factor, with
each factor susceptible to calculation by different techniques.
The high-energy factor is typically calculated by making use
of powerful analytic techniques, such as weak-coupling per-
turbation theory and the renormalization group, while the
low-energy part may be amenable to lattice gauge theory
or phenomenological methods. A key concept in factoriza-
tion is the principle of universality, on the basis of which a
low-energy factor can be determined from one theoretical or
phenomenological calculation and can then be applied in a
model-independent way to a number of different processes.
Factorization appeared first in applications of the OPE to
QCD, where a classification of operators revealed a leading
(set of) operator(s), whose short-distance coefficients could
be calculated in a power series in .

Apart from their theoretical appeal, EFTs are an extremely
practical tool. In many cases they allow one to obtain formally
consistent and numerically reliable predictions for physical
processes that are of direct relevance for experiments. The
essential role of factorization was realized early on in the
analysis of deep inelastic scattering data in QCD and is codi-
fied in the determination of parton distribution functions from
experiment, allowing SM predictions in new energy regimes.
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Several properties of EFTs are important: they have a
power counting in a small parameter which permits rudi-
mentary error assessment for each prediction; they can be
more predictive if they have more symmetry; they admit
an appropriate definition of physical quantities and supply
a systematic calculational framework; finally, they permit
the resummation of large logarithms in the ratio of physical
scales. For example, an object of great interest, investigated
since the inception of QCD, is the heavy quark—antiquark
static energy, which can be properly defined only in an EFT
and subsequently calculated with lattice gauge theory.

The oldest example is chiral EFT for light-quark systems,
with roots stemming from the development of current alge-
bra in the 1960s. Chiral EFT has supplied us with an increas-
ingly accurate description of mesons and baryons, and it is
an essential ingredient in flavor-physics studies. The EFT
description of pion—pion scattering, together with the data on
pionium formation, has given us a precise way to confirm the
standard mechanism of spontaneous breaking of chiral sym-
metry in QCD. Chiral effective theory has also allowed lattice
QCD to make contact with the physical region of light-quark
masses from simulations with computationally less demand-
ing quark masses. For more details, see Sects. 3 and 5.

In the case of the heavy quark—antiquark bound states
known as quarkonium, the EFT known as Non-relativistic
QCD (NRQCD) separates physics at the scale of the heavy-
quark mass from those related to the dynamics of quarkonium
binding. This separation has solved the problem of uncon-
trolled infrared divergences in theoretical calculations and
has opened the door to a systematic improvement of theo-
retical predictions. It has given us the tools to understand
the data on the quarkonium production cross section at high-
energy colliders, such as the Tevatron, the B factories, and
the LHC. It has also made it clear that a complete understand-
ing of quarkonium production and decay involves processes
in which the quark—antiquark pairs are in a color-octet state,
as well as processes in which the pairs are in a color-singlet
state. New, lower-energy EFTs, such as potential NRQCD
(pPNRQCD) have given greater control over some techni-
cal aspects of theoretical calculations and have provided a
detailed description of the spectrum, decays, and transitions
of heavy quarkonia. These EFTs allow the precise extrac-
tion of the Standard Model parameters, which are relevant
for new-physics searches, from the data of current and future
experiments. See Sects. 3 and 4 for applications of NRQCD
and pNRQCD.

In the case of strong-interaction processes that involve
large momentum transfers and energetic, nearly massless
particles, Soft Collinear Effective Field Theory (SCET) has
been developed. It has clarified issues of factorization for
high-energy processes and has proved to be a powerful
tool for resumming large logarithms. SCET has produced
applications over a wide range of topics, including heavy-

meson decays, deep-inelastic scattering, exclusive reactions,
quarkonium-production processes, jet event shapes, and jet
quenching. Recent developments regarding these applica-
tions can be found in Sects. 3, 4, and 5.

In finite-temperature and finite-density physics, EFTs
such as Hard Thermal Loop (HTL), Electric QCD, Magnetic
QCD, NRQCDyry,, or pPNRQCDyy, have allowed progress
on problems that are not accessible to standard lattice QCD,
such as the evolution of heavy quarkonia in a hot medium,
thermodynamical properties of QCD at the very high tem-
peratures, the thermalization rate of non-equilibrium config-
urations generated in heavy-ion collision experiments, and
the regime of asymptotic density. These developments are
discussed in Sect. 6.

In nuclear physics, chiral perturbation theory has been
generalized to provide a QCD foundation to nuclear struc-
ture and reactions. EFTs have allowed, among other things, a
model-independent description of hadronic and nuclear inter-
actions in terms of parameters that will eventually be deter-
mined in lattice calculations, new solutions of few-nucleon
systems that show universality and striking similarities to
atomic systems near Feshbach resonances, derivation of con-
sistent currents for nuclear reactions, and new approaches
to understanding heavier nuclei (such as halo systems) and
nuclear matter. Some recent developments are discussed in
Sect. 7.

b. Lattice gauge theory: In the past decade, numerical
lattice QCD has made enormous strides. Computing power,
combined with new algorithms, has allowed a systematic
simulation of sea quarks for the first time. The most recently
generated ensembles of lattice gauge fields now have 2+1+1
flavors of sea quark, corresponding to the up and down,
strange, and charm quarks. Most of this work uses chiral EFT
to guide an extrapolation of the lightest two quark masses to
the physical values. In some ensembles, however, the (aver-
aged) up and down mass is now as light as in nature, obviating
this step. Many quantities now have sub-percent uncertain-
ties, so that the next step will require electromagnetism and
isospin breaking (in the sea).

Some of the highlights include baryon masses with errors
of 2—4 %; pion, kaon, and D-meson matrix elements with
total uncertainty of 1-2 %; B-meson matrix elements to
within 5-8 %. The light quark masses are now known
directly from QCD (with the chiral extrapolation), with
few per cent errors. Several of the best determinations of
o combine perturbation theory (lattice or continuum) with
non-perturbatively computed quantities; these are so precise
because the key input from experiment is just the scale, upon
which o depends logarithmically. A similar set of analy-
ses yield the charm- and bottom-quark masses with accuracy
comparable to perturbative QCD plus experiment. Lattice
QCD has also yielded a wealth of thermodynamic proper-
ties, not least showing that the deconfinement transition (at
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small chemical potential) is a crossover, and the crossover
temperature has now been found reproducibly.

Vigorous research, both theoretical and computational,
is extending the reach of this tool into more demanding
areas. The computer calculations take place in a finite spatial
box (because computers’ memories are finite), and two-body
states require special care. In the elastic case of K — mw
transitions, the required extra computing is now manageable,
and long-sought calculations of direct CP violation among
neutral kaons, and related decay rates, now appear on the
horizon. This success has spurred theoretical work on inelas-
tic, multi-body kinematics, which will be required before
long-distance contributions to, say, D-meson mixing can be
computed. Nonleptonic B and D decays will also need these
advances, and possibly more. In the realm of QCD thermo-
dynamics, the phase diagram at non-zero chemical poten-
tial suffers from a fermion sign problem, exactly as in many
condensed-matter problems. This problem is difficult, and
several new ideas for workarounds and algorithms are being
investigated.

c¢. Other non-perturbative approaches: The theoretical
evaluation of a non-perturbative contribution arising in QCD
requires non-perturbative techniques. In addition to lattice
QCD, many models and techniques have been developed
to this end. Among the most used techniques are: the limit
of the large number of colors, generalizations of the origi-
nal Shifman—Vainshtein—Zakharov sum rules, QCD vacuum
models and effective string models, the AdS/CFT conjec-
ture, and Schwinger—Dyson equations. Every chapter reports
many results obtained with these alternative techniques.

2.4 Fundamental parameters of QCD

Precise determinations of the quark masses and of oy are
crucial for many of the problems discussed in the chapters
to come. As fundamental parameters of a physical theory,
they require both experimental and theoretical input. Because
experiments detect hadrons, inside which quarks and gluons
are confined, the parameters cannot be directly measured.
Instead, they must be determined from a set of relations of
the form

[Muap(Aqep, mg)I™ = [Muap]®*F.

One such relation is needed to determine Aqcp, the param-
eter which fixes the value of as((Q?), the running coupling
constant, at a squared energy scale Q2; another six are needed
for the (known) quarks—and yet another for the CP-violating
angle 6. The quark masses and o depend on the renormal-
ization scheme and scale, so that care is needed to ensure that
a consistent set of definitions is used. Some technical aspects
of these definitions (such as the one known as the renormalon
ambiguity) are continuing objects of theoretical research and
can set practical limitations on our ability to determine the

2.1
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fundamental parameters of the theory. In what follows, we
have the running coupling and running masses in mind.

Measurements of oy at different energy scales provide
a direct quantitative verification of asymptotic freedom in
QCD. From the high-energy measurement of the hadronic
width of the Z boson, one obtains as(Mz) = 0.1197 +
0.0028 [1]. From the lower-energy measurement of the
hadronic branching fraction of the t lepton, one obtains, after
running to the Z mass, as(M%) = 0.1197 £ 0.0016 [1]. At
intermediate energies, several analyses of quarkonium yield
values of «g in agreement with these two; see Sect. 4.4. The
scale of the T mass is low enough that the error assigned to
the latter value remains under discussion; see Sect. 3.5.3 for
details. Whatever one makes of these issues, the agreement
between these two determinations provides an undeniable
experimental verification of the asymptotic freedom prop-
erty of QCD.

One can combine «g extractions from different systems
to try to obtain a precise and reliable “world-average” value.
At present most (but not all) individual oy measurements
are dominated by systematic uncertainties of theoretical ori-
gin, and, therefore, any such averaging is somewhat sub-
jective. Several other physical systems, beyond those men-
tioned above, are suitable to determine o . Those involv-
ing heavy quarks are discussed in Sect. 4.4. Lattice QCD
provides several different o determinations. Recent ones
include [2-5], in addition to those mentioned in Sect. 4.4.
Some of these determinations quote small errors, because
the non-perturbative part is handled cleanly. They there-
fore may have quite an impact in world-averages, depending
on how those are done. For example, lattice determinations
dominate the error of the current PDG world average [1].
Fits of parton-distribution functions (PDFs) to collider data
also provide a good way to determine «. Current analyses
involve sets of PDFs determined in next-to-next-to-leading
order (NNLO) [6-9]. Effects from unknown higher-order
perturbative corrections in those fits are difficult to assess,
however, and have not been addressed in detail so far. They
are typically estimated to be slightly larger than the assigned
uncertainties of the NNLO extractions. Jet rates and event-
shape observables in e*e™ collisions can also provide good
sensitivity to «g. Current state-of-the-art analyses involve
NNLO fixed-order predictions [10—17], combined with the
resummation of logarithmically enhanced terms. Resumma-
tion for the event-shape cross sections has been performed
both in the traditional diagrammatic approach [18] and within
the SCET framework [19-21]. One complication with those
extractions is the precise treatment of hadronization effects.
Itis by now clear [22] that analyses that use Monte Carlo gen-
erators to estimate them [19,20,22-24] tend to obtain larger
values of oy than those that incorporate power corrections
analytically [25-29]. Moreover, it may not be appropriate to
use Monte Carlo hadronization with higher-order resummed
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predictions [25-27]. We also mention that analyses employ-
ing jet rates may be less sensitive to hadronization correc-
tions [30-33]. The SCET-based results of Refs. [26,28] quote
remarkably small errors; one might wonder if the systemat-
ics of the procedure have been properly assessed, since the
extractions are based only on thrust. In that sense, we men-
tion analogous analyses that employ heavy-jet mass, the C-
parameter, and broadening are within reach and may appear
in the near future. Note that if one were to exclude the event-
shape o extractions that employ Monte Carlo hadroniza-
tion, the impact on the PDG average could be quite signif-
icant. Related analyses employing deep-inelastic scattering
data can also be performed [34].

Light-quark masses are small enough that they do not have
a significant impact on typical hadronic quantities. Neverthe-
less, the observed masses of the light, pseudoscalar mesons,
which would vanish in the zero-quark-mass limit, are sensi-
tive to them. Moreover, various technical methods are avail-
able in which to relate the quark and hadron masses in this
case. We refer to Sects. 3.4.2 and 3.4.3 for discussions of the
determination of the light-quark masses from lattice QCD
and from chiral perturbation theory. To determine light-quark
masses, one can take advantage of chiral perturbation the-
ory, lattice-QCD computations, and QCD sum rule methods.
Current progress in the light-quark mass determinations is
largely driven by improvements in lattice QCD.

Earlier lattice simulations use Ny = 2 flavors of sea
quark (recent results include Refs. [35,36]), while present
ones use Ny = 2 + 1 (recent results include Refs. [37—
40]). The influence of charmed sea quarks will soon be stud-
ied [41,42]. In addition, some ensembles no longer require
chiral extrapolations to reach the physical mass values. The
simulations are almost always performed in the isospin limit,
my = mg=:myq, myq = (my, + mg)/2, therefore what one
can directly obtain from the lattice is mg, the average m, 4,
and their ratio. We mention that there is a new strategy to
determine the light-quark masses which consists in comput-
ing the ratio m/mg, combined with a separate calculation for
mc, to obtain mg [2,43]. The advantage of this method is that
the issue of lattice renormalization is traded for a continuum
renormalization in the determination of m.. With additional
input regarding isospin-breaking effects, from the lattice
results in the isospin limit one can obtain separate values for
m, and mg; see Sect. 3.4.2 for additional discussion. With the
presentresults, one obtains that m,, # 0, so that the strong-CP
problemis not solved by having a massless u quark [1,44,45];
see Sect. 5.7 for further discussion of this issue.

In contrast, heavy-quark masses also affect several pro-
cesses of interest; for instance, the b-quark mass enters in
the Higgs decay rate for H — bb. Many studies of Higgs
physics do not, however, use the latest, more precise deter-
minations of mj. The value of the top-quark mass is also nec-
essary for precision electroweak fits. To study heavy-quark

masses, mg, one can exploit the hierarchy mg > Aqcp
to construct heavy-quark effective theories that simplify the
dynamics; and additionally take advantage of high-order, per-
turbative calculations that are available for these systems; and
of progress in lattice-QCD computations. One of the best
ways to determine the b and ¢ masses is through sum-rule
analyses, that compare theoretical predictions for moments
of the cross section for heavy-quark production in e™e™ col-
lisions with experimental data (some analyses that appeared
in recent years include [46—49]) or lattice QCD (e.g., [2]). In
those analyses, for the case of m., the approach with lattice
QCD gives the most precise determination, and the errors
are mainly driven by perturbative uncertainties. For m,,, the
approach with e™e™ data still gives a better determination,
but expected lattice-QCD progress in the next few years may
bring the lattice determination to a similar level of preci-
sion. A complementary way to obtain the c-quark mass is to
exploit DIS charm production measurements in PDF fits [50].
The best measurement of the top-quark mass could be per-
formed at a future e™e™ collider, but improvements on the
mass determination, with respect to the present precision,
from LHC measurements are possible.

3 Light quarks
3.1 Introduction

3The study of light-quark physics is central to the under-
standing of QCD. Light quarks represent a particularly sen-
sitive probe of the strong interactions, especially of non-
perturbative effects.

In the two extreme regimes of QCD, namely, in the low-
energy regime where the energies are (much) smaller than
a typical strong interaction scale ~m,, and in the high-
energy regime where the energies are much higher than
that scale, there are well-established theoretical methods,
namely, Chiral Perturbation Theory (ChPT) and perturba-
tive QCD, respectively, that allow for a discussion of the
physics in a manner consistent with the fundamental the-
ory, and thus permit in this way to define and quantify
effects in a more or less rigorous way. The intermediate-
energy regime is less developed as there are no analytic
methods that need allow for a complete discussion of the
physics, thus requiring the introduction of methods which
that need require some degree of modeling. However, as
discussed in this chapter, methods based fundamentally on
QCD, such as those based on the framework of Schwinger—

3 Contributing authors: R. Alkofer, J. L. Goity'}', B. Ketzer',
H. SazdjianT, H. WittigT, S. Eidelman, S. Gardner, A. S. Kronfeld,
Felipe J. Llanes-Estrada, A. Pich, J.-W. Qiu, C. Salgado, N. G. Stefa-
nis.
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Dyson equations, have made great advances, and a promis-
ing future lies ahead. Advances in lattice QCD, in which
the excited hadron spectrum can be analyzed, are opening
new perspectives for understanding the intermediate-energy
regime of QCD; and one should expect that this will result
in new strategies, methods, and ideas. Progress on all of
the mentioned fronts continues, and in this chapter a rep-
resentative number of the most exciting developments are
discussed.

Never before has the study of the strong interactions had
as many sources of experimental results as today. Laborato-
ries and experiments around the world, ranging from low-
to high-energy accelerators, as well as in precision nonac-
celerator physics, give unprecedented access to the different
aspects of QCD, and to light-quark physics in particular. In
this chapter a broad sample of experiments and results from
these venues will be given.

The objective of this chapter is to present a selection of top-
ics in light-quark physics: partonic structure of light hadrons,
low-energy properties and structure, excited hadrons, the
role of light-quark physics in extracting fundamental QCD
parameters, such as oy at the GeV scale, and also of theoreti-
cal methods, namely, ChPT, perturbative QCD, Schwinger—
Dyson equations, and lattice QCD.

This chapter is organized as follows: Sect. 3.2 is devoted
to hadron structure and contains the following topics: par-
ton distributions (also including their transverse momentum
dependence), hadron form factors, and generalized parton
distributions (GPDs), lattice QCD calculations of form fac-
tors and moments of the parton distributions, along with
a discussion of the proton radius puzzle; finally, the light
pseudoscalar meson form factors, the neutral pion lifetime,
and the charged pion polarizabilities complete the section.
Section 3.3 deals with hadron spectroscopy and summa-
rizes lattice QCD and continuum methods and results, along
with a detailed presentation of experimental results and per-
spectives. Section 3.4 addresses chiral dynamics, including
studies based on ChPT and/or on lattice QCD. In Sect. 3.5
the role of light quarks in precision tests of the Standard
Model is discussed, with the hadronic contributions to the
muon’s anomalous magnetic moment as a particular focus.
The running of the electroweak mixing angle, as studied
through the weak charge of the proton, and the determi-
nation of the strong coupling «s from t decay are also
addressed. Finally, Sect. 3.6 presents some thoughts on future
directions.

3.2 Hadron structure
3.2.1 Parton distribution functions in QCD

The description of hadrons within QCD faces severe difficul-
ties because the strength of the color forces becomes large
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at low energies and the confinement properties of quarks
and gluons cannot be ignored. The main concepts and tech-
niques for treating this non-perturbative QCD regime are dis-
cussed in Sect. 8, which is devoted to infrared QCD. Here,
we focus on those quantities that enter the description of
hadronic processes in which a large momentum scale is
involved, thus enabling the application of factorization theo-
rems. Factorization theorems provide the possibility (under
certain assumptions) to compute the cross section for high-
energy hadron scattering by separating short-distance from
long-distance effects in a systematic way. The hard-scattering
partonic processes are described within perturbative QCD,
while the distribution of partons in a particular hadron—or
of hadrons arising from a particular parton in the case of
final-state hadrons—is encoded in universal parton distri-
bution functions (PDFs) or parton fragmentation functions
(PFFs), respectively. These quantities contain the dynamics
of long-distance scales related to non-perturbative physics
and thus are taken from experiment.

To see how factorization works, consider the measured
cross section in deep-inelastic scattering (DIS) for the generic
process lepton + hadron A — lepton” + anything else X:

K Y

=—— Lk, )W (p.q),
A N wk, )W (p, q)

3.
where k and k' are the incoming and outgoing lepton
momenta, p is the momentum of the incoming nucleon (or
other hadron), s = (p + k)2, and ¢ is the momentum of the
exchanged photon. The leptonic tensor L, (k, g) is known
from the electroweak Lagrangian, whereas the hadronic ten-
sor W (p, g) may be expressed in terms of matrix elements
of the electroweak currents to which the vector bosons cou-
ple, viz., [51]

v 1 iq-y . Y
wH == d4yeq> ZX:(AUH@)'X)(XU (O)|A)_

(3.2)

For 02 = —¢? large and Bjorken xz = Q?/2p - ¢q fixed,
WHY can be written in the form of a factorization theorem to
read

1 Ldx
W (p. q) = Z/ ~ Jaralx )
a YXB

xH!""(q, xp, i, as(u)) + remainder, (3.3)

where f,/4(x, ) is the PDF for a parton a (gluon, u, i, .. .)
in a hadron A carrying a fraction x of its momentum and
probed at a factorization scale u, H/'" is the short-distance
contribution of partonic scattering on the parton a, and the
sum runs over all possible types of parton a. In (3.3), the
(process-dependent) remainder is suppressed by a power of

0.
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In DIS experiments, [A — [’X, we learn about the
longitudinal distribution of partons inside hadron A, e.g.,
the nucleon. The PDF for a quark ¢ in a hadron A can
be defined in a gauge-invariant way (see [51] and ref-
erences cited therein) in terms of the following matrix
element:

1 e B
faratx, p) = E/"y e PP (plg (0T, v, 0r)

xy WO, y )y (0,07, 01)p),

where the light-cone notation, v= = (v° + v3)/+/2 for any
vector v, was used. Here, W is the Wilson line operator in
the fundamental representation of SU(3).,

(3.4)

-
W™, y7) = Pexp [ig/ dz A", z7, 0T)ta:|
0

3.5)

along a lightlike contour from 0~ to y~ with a gluon field
AL and the generators #, fora = 1,2,...,8. Here, g is
the gauge coupling, such that oy = g2/47. Analogous def-
initions hold for the antiquark and the gluon—the latter in
the adjoint representation. These collinear PDFs (and also
the fragmentation functions) represent light-cone correla-
tors of leading twist in which gauge invariance is ensured
by lightlike Wilson lines (gauge links). The factorization
scale p dependence of PDFs is controlled by the DGLAP
(Dokshitzer—Gribov-Lipatov—Altarelli—Parisi) [52-54] evo-
lution equation [55,56]. The PDFs represent the universal
part in the factorized cross section of a collinear process
such as (3.3). They are independent of any specific process
in which they are measured. It is just this universality of
the PDFs that ensures the predictive power of the factoriza-
tion theorem. For example, the PDFs for the Drell-Yan (DY)
process [57] are the same as in DIS, so that one can measure
them in a DIS experiment and then use them to predict the
DY cross section [51,58].

The predictive power of the QCD factorization theorem
also relies on our ability to calculate the short-distance,
process-specific partonic scattering part, such as H/'"" in
(3.3), in addition to the universality of the PDFs. Since the
short-distance partonic scattering part is insensitive to the
long-distance hadron properties, the factorization formalism
for scattering off a hadron in (3.3) should also be valid for
scattering off a partonic state. Applying the factorization for-
malism to various partonic states a, instead of the hadron A,
the short-distance partonic part, H,'" in (3.3), can be system-
atically extracted by calculating the partonic scattering cross
section on the left and the PDFs of a parton on the right of
(3.3), order-by-order in powers of oy in perturbative QCD.
The validity of the collinear factorization formalism ensures
that any perturbative collinear divergence of the partonic
scattering cross section on the left is completely absorbed

into the PDFs of partons on the right. The Feynman rules
for calculating PDFs and fragmentation functions have been
derived in [55,56] having recourse to the concept of eikonal
lines and vertices. Proofs of factorization of DIS and the DY
process can be found in [51] and the original works cited
therein.

One of the most intriguing aspects of QCD is the rela-
tion between its fundamental degrees of freedom, quarks
and gluons, and the observable hadrons, such as the proton.
The PDFs are the most prominent non-perturbative quanti-
ties describing the relation between a hadron and the quarks
and gluons within it. The collinear PDFs, f(x, n), give the
number density of partons with longitudinal momentum frac-
tion x in a fast-moving hadron, probed at the factorization
scale . Although they are not direct physical observables, as
the cross sections of leptons and hadrons are, they are well
defined in QCD and can be systematically extracted from
data of cross sections, if the factorization formulas of the
cross sections with perturbatively calculated short-distance
partonic parts are used. Our knowledge of PDFs has been
much improved throughout the years by many surprises and
discoveries from measurements at low-energy, fixed-target
experiments to those at the LHC—the highest energy hadron
collider in the world. The excellent agreement between the
theory and data on the factorization scale u-dependence of
the PDFs has provided one of the most stringent tests for
QCD as the theory of strong interaction. Many sets of PDFs
have been extracted from the QCD global analysis of existing
data, and a detailed discussion of the extraction of PDFs will
be given in the next subsection.

Understanding the characteristics and physics content of
the extracted PDFs, such as the shape and the flavor depen-
dence of the distributions, is a necessary step in searching
for answers to the ultimate question in QCD: of how quarks
and gluons are confined into hadrons. However, the extrac-
tion of PDFs depends on how well we can control the accu-
racy of the perturbatively calculated short-distance partonic
parts. As an example, consider the pion PDF. Quite recently,
Aicher, Schifer, and Vogelsang [59] addressed the impact
of threshold resummation effects on the pion’s valence dis-
tribution v* = u” =d7 =dT =" using a fit to
the pion—nucleon E615 DY data [60]. They found a fall-off
much softer than linear, which is compatible with a valence
distribution behaving as xv™ = (1 — x)23* (see Fig. 1).
This softer behavior of the pion’s valence PDF is due to the
resummation of large logarithmic higher-order corrections—
“threshold logarithms”—that become particularly important
in the kinematic regime accessed by the fixed-target DY data
for which the ratio Q2/s is large. Here Q and /s denote
the invariant mass of the lepton pair and the overall hadronic
center-of-mass energy, respectively. Because threshold log-
arithms enhance the cross section near threshold, the fall-off
of v™ becomes softer relative to previous NLO analyses of
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Fig. 1 Valence distribution of the pion obtained in [59] from a fit to
the E615 Drell-Yan data [60] at Q0 = 4 GeV, compared to the NLO
parameterizations of [61] Sutton—Martin—Roberts—Stirling (SMRS) and
[62] Gliick—Reya—Schienbein (GRS) and to the distribution obtained
from Dyson—Schwinger equations by Hecht et al. [63]. From [59]

the DY data. This finding is in agreement with predictions
from perturbative QCD [61,62] in the low-x regime and from
Dyson—Schwinger equation approaches [63] in the whole x
region. Moreover, it compares well with the CERN NA10
[64] DY data, which were not included in the fit shown in
Fig. 1 (see [59] for details). Resummation effects on the PDFs
in the context of DIS have been studied in [65].

Going beyond a purely longitudinal picture of hadron
structure, one may keep the transverse (spacelike) degrees
of freedom of the partons unintegrated and achieve in this
way a three-dimensional image of the hadronic structure
by means of transverse-momentum-(kT)-dependent (TMD)
distribution and fragmentation functions; see, e.g., [66] for
a recent review. Such x- and kr-dependent quantities pro-
vide a useful tool to study semi-inclusive deep inelastic
scattering (SIDIS) [H" — I’hX (HERMES, COMPASS,
JLab at 12 GeV experiments), the Drell-Yan (DY) process
HVH] — 117X (COMPASS, PAX, GSI, RHIC experi-
ments), or lepton-lepton annihilation to two almost back-to-
back hadrons eTe™ — hih, X (Belle, BaBar experiments),
in which events naturally have two very different momen-
tum scales: Q > gr, where Q is the invariant mass of
the exchanged vector boson, e.g., y* or Z°, and gr is the
transverse momentum of the observed hadron in SIDIS or
the lepton-pair in DY, or the momentum imbalance of the
two observed hadrons in e*e™ collisions. It is the two-scale
nature of these scattering processes and corresponding TMD
factorization formalisms [58,67,68] that enable us to explore
the three-dimensional motion of partons inside a fast mov-
ing hadron. The large scale Q localizes the hard collisions
of partons, while the soft scale gt provides the needed sensi-
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tivity to access the parton k1. Such a two-scale nature makes
these observables most sensitive to both the soft and collinear
regimes of QCD dynamics, and has led to the development
of the soft-collinear effective theory approach in QCD (see
Sect. 7.2.1 for more details and references).

In contrast to collinear PDFs which are related to collinear
leading-twist correlators and involve only spin-spin densi-
ties, TMD PDFs (or simply, TMDs) parameterize spin-spin
and momentum-spin correlations, and also single-spin and
azimuthal asymmetries, such as the Sivers [69] and Collins
[70,71] effects in SIDIS. The first effect originates from
the correlation of the distribution of unpolarized quarks in
a nucleon with the transverse polarization vector St. The
second one stems from the similar correlation between kt
and St in the fragmentation function related to the quark
polarization. The important point is that the Sivers asymme-
try in the DY process flips sign relative to the SIDIS situation
owing to the fact that the corresponding Wilson lines point in
opposite time directions as a consequence of time reversal.
This directional (path) dependence breaks the universality
of the distribution functions in SIDIS, DY production, e*e™
annihilation [72], and other hadronic processes that contain
more complicated Wilson lines [73], and lead to a break-
down of the TMD factorization [74—77]. On the other hand,
the Collins function seems to possess universal properties
in SIDIS and eTe™ processes [78]. Both asymmetries have
been measured experimentally in the SIDIS experiments at
HERMES, COMPASS, and JLab Hall A [79-83]. The exper-
imental test of the breakdown of universality, i.e., a signal of
process dependence, in terms of these asymmetries and their
evolution effects is one of the top-priority tasks in present-day
hadronic physics and is pursued by several collaborations.

Theoretically, the effects described above arise because
the TMD field correlators have a more complicated singu-
larity structure than PDFs, which is related to the lightlike
and transverse gauge links entering their operator definition
[84-86]:

d(y -p)yr _u
‘D?j[cl(x,krzn) =/—(2n)3 Tt

X (pl¥; YW, YIOW )1 p), g (3.6)

where the contour C in the Wilson line W(0, y|C) has to
be taken along the color flow in each particular process.
For instance, in the SIDIS case (see Fig. 2 for an illustra-
tion), the correlator contains a Wilson line at co™ that does
not reduce to the unity operator by imposing the light-cone
gauge A™ = 0. This arises because in order to have a closed
Wilson line, one needs in addition to the two eikonal attach-
ments pointing in the minus direction on either side of the
cut in Fig. 2, an additional detour in the transverse direction.
This detour is related to the boundary terms that are needed as
subtractions to make higher-twist contributions gauge invari-
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Fig. 2 Factorization for SIDIS of extra gluons into gauge links (double
lines). Figure from [66]

ant, see [66] for a discussion and references. Hence, the sign
reversal between the SIDIS situation and the DY process
is due to the change of a future-pointing Wilson line into
a past-pointing Wilson line as a consequence of CP invari-
ance (noting CPT is conserved in QCD) [71]. In terms of
Feynman diagrams this means that the soft gluons from the
Wilson line have “cross-talk” with the quark spectator (or the
target remnant) after (before) the hard scattering took place,
which emphasizes the importance of the color flow through
the network of the eikonal lines and vertices. The contribu-
tion of the twist-three fragmentation function to the single
transverse spin asymmetry in SIDIS within the framework
of the kT factorization is another open problem that deserves
attention.

The imposition of the light-cone gauge A™ = 0 in combi-
nation with different boundary conditions on the gluon prop-
agator makes the proof of the TMD factorization difficult—
already at the one-loop order—and demands the introduc-
tion of a soft renormalization factor to remove unphysical
singularities [8§7-89]. One may classify the emerging diver-
gences into three main categories: (i) ultraviolet (UV) poles
stemming from large loop momenta that can be removed
by dimensional regularization and minimal subtraction, (ii)
rapidity divergences that can be resummed by means of the
Collins—Soper—Sterman (CSS) [90] evolution equation in
impact-parameter space, and (iii) overlapping UV and rapid-
ity divergences that demand a generalized renormalization
procedure to obtain a proper operator definition of the TMD
PDFs. Rapidity divergences correspond to gluons moving
with infinite rapidity in the opposite direction of their par-
ent hadron and can persist even when infrared gluon mass
regulators are included, in contrast to the collinear case in
which rapidity divergences cancel in the sum of graphs. Their
subtraction demands additional regularization parameters,

beyond the usual renormalization scale p of the modified-
minimal-subtraction (MS) scheme.

Different theoretical schemes have been developed to
deal with these problems and derive well-defined expres-
sions for the TMD PDFs. Starting from the factorization
formula for the semi-inclusive hadronic tensor, Collins [58]
recently proposed a definition of the quark TMD PDF which
absorbs all soft renormalization factors into the distribution
and fragmentation functions, expressing them in the impact-
parameter bt space. Taking the limit bt — 0, these semi-
integrated PDFs reduce to the collinear case.

However, this framework has been formulated in the
covariant Feynman gauge in which the transverse gauge links
vanish so that it is not clear how to treat T-odd effects in axial
gauges within this framework. Moreover, the CSS bt-space
approach [90] to the evolution of the TMD PDFs requires
an extrapolation to the non-perturbative large-bT region in
order to complete the Fourier transform in bt and derive the
TMDs in kt-space. Different treatments or approximations
of the non-perturbative extrapolation could lead to uncertain-
ties in the derived TMDs [91]. For example, the TMDs based
on Collins’ definition predicts [92-94] asymmetries for DY
processes that are a bit too small, while a more recent analysis
[95,96], which derives from the earlier work in [67,68,97]
employing a different treatment on the extrapolation to the
large b region, seems to describe the evolution of the TMD
PDF for both the SIDIS and the DY process in the range
2-100 GeV? reasonably well.

An alternative approach [98—100] to eliminate the overlap-
ping UV-rapidity divergences employs the renormalization-
group properties of the TMD PDFs to derive an appropriate
soft renormalization factor composed of Wilson lines ventur-
ing off the light cone in the transverse direction along cusped
contours. The soft factor encodes contributions from soft glu-
ons with nearly zero center-of-mass rapidity. The presence
of the soft factor in the approach of [98—100], entailed by
cusp singularities in the Wilson lines, obscures the deriva-
tion of a correct factorization because it is not clear how to
split and absorb it into the definition of the TMD PDFs to
resemble the collinear factorization theorem. An extension of
this approach, relevant for spin observables beyond leading
twist, was given in [101].

Several different schemes to study TMD PDFs and their
evolution have also been proposed [102—113], which are
based on soft collinear effective theory (SCET). One such
framework [108—110] has been shownin [114] to yield equiv-
alent results to those obtained by Collins in [58]. A detailed
comparison of the Ji-Ma-Yuan scheme [68,97] with that of
Collins [58] was given in [96]. The universality of quark
and gluon TMDs has been studied in a recent work by Mul-
ders and collaborators [115] in which it was pointed out
that the whole process (i.e., the gauge link) dependence can
be isolated in gluonic pole factors that multiply the univer-
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sal TMDs of definite rank in the impact-parameter space.
An analysis of non-perturbative contributions at the next-to-
next-to-leading-logarithmic (NNLL) level to the transverse-
momentum distribution of Z /y* bosons, produced at hadron
colliders, has been presented in [116].

Last but not least, Sudakov resummation within k1 fac-
torization of single and double logarithms is an important
tool not only for Higgs boson production in pA collisions,
but also for heavy-quark pair production in DIS, used in
the theoretical study of saturation phenomena that can be
accessed experimentally at RHIC and the LHC (see, [117]
for arecent comprehensive analysis). All these achievements
notwithstanding, the TMD factorization formalism and the
theoretical framework for calculating the evolution of TMD
PDFs and radiative corrections to short-distance dynamics
beyond one-loop order have not been fully developed. Com-
plementary to these studies, exploratory calculations of TMD
nucleon observables in dynamical lattice QCD have also been
performed, which employ nonlocal operators with “staple-
shaped,” process-dependent Wilson lines—see, for instance,
[118].

3.2.2 PDFs in the DGLAP approach

The PDFs are essential objects in the phenomenology of
hadronic colliders and the study of the hadron structure. In
the collinear factorization framework, the PDFs are extracted
from fits to experimental data for different processes—they
are so-called global fits. The typical problem that a global
fit solves is to find the set of parameters {p;} that determine
the functional form of the PDFs at a given initial scale Q%,
filx, Q%, {pi}) so that they minimize a quality criterion in
comparison with the data, normally defined by the best x 2.
The calculation of the different observables involves 1) the
evolution of the PDFs to larger scales Q% > Q%) by means
of the DGLAP evolution equations and ii) the computation
of this observable by the factorized hard cross section at
a given order in QCD. Several observables are known at
next-to-next-to-leading order (NNLO) at present, and this
order is needed for precision analyses. This conceptually
simple procedure has been tremendously improved during
the last years to cope with the stringent requirements of
more and more precise analyses of the data in the search
of either Standard Model or Beyond the Standard Model
physics. For recent reviews on the topic we refer the readers
to [119-122].

A standard choice of the initial parameterization, moti-
vated by Regge theory, is
fi(x, Q) = x (1 — x)Pi gi (x), 3.7
where g;(x) is a function whose actual form differs from
group to group. Typical modern sets involve of the order of 30
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free parameters and the released results include not only the
best fit (the central value PDFs) but also the set of error PDFs
to be used to compute uncertainty bands. These uncertainties
are based on Hessian error analyses which provide eigen-
vectors of the covariance matrix (ideally) determined by the
one-sigma confidence level criterion or x2 = Xélin + Ax2,
with Ax? = 1. Notice, however, that when applied to a large
set of experimental data from different sources it has long
been realized that a more realistic treatment of the uncer-
tainties requires the inclusion of a folerance factor T so that
Ax? =T?[123,124].

An alternative approach which naturally includes the
study of the uncertainties is based on Monte Carlo [125], usu-
ally by constructing replicas of the experimental data which
encode their covariance matrix. This approach is employed
by the NNPDF Collaboration [125,126], which also makes
use of neural networks for the parameterizations of (3.7). In
this case, the neural networks provide an unbiased set of basis
functions in the functional space of the PDFs. The Monte
Carlo procedure provides a number of PDF replicas Nyep and
any observable is computed by averaging over these Nyep sets
of PDFs. The main advantage of this method is that it does not
require assumptions on the form of the probability distribu-
tion in parameter space (assumed to be a multi-dimensional
Gaussian in the procedure explained in the previous para-
graph). As a bonus, the method also provides a natural way
of including new sets of data or checking the compatibil-
ity of new sets of data, without repeating the tedious and
time-consuming procedure of a whole global fit. Indeed, in
this approach, including a new set of data would change the
relative weights of each of the Ny sets of PDFs, so that a
new observable can be computed by averaging over the Nrep
sets now each one with a different weight [127-129]. This
Bayesian reweighing procedure has also been adapted to the
Hessian errors PDFs, where a Monte Carlo representation is
possible by simply generating the PDF sets through a multi-
Gaussian distribution in the parameter space [130].

Modern sets of unpolarized PDFs for the proton include
MSTWOS8 [131], CT10 [132], NNPDF2.3 [133], HERAPDF
[134], ABM11 [8], and CJ12 [135]. Comparison of some of
these sets can be found in Fig. 3 as well as of their correspond-
ing impact on the computation of the Higgs cross section at
NNLO [136]. Following similar procedures, nuclear PDFs
are also available, that is, nCTEQ [137], DSSZ [138], EPS09
[139], and HKNO7 [140], as are polarized PDFs [141-145].

3.2.3 PDFs and nonlinear evolution equations

Linear evolution equations such as the DGLAP or the
Balitsky—Fadin—Kuraev-Lipatov (BFKL) equations assume
a branching process in which each parton in the hadronic
wave function splits into two lower-energy ones. The diver-
gence of this process in the infrared makes the distributions
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Fig. 3 (Upper figure) Gluon—gluon luminosity to produce a resonance
of mass My for different PDFs normalized to that of NNPDF 2.3.
(Lower figure) The corresponding uncertainties in the Higgs cross 