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ucléaire,

C
N
R
S
/IN

2P
3,

U
n
iversité
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40Theory Group, Physics Department, CERN, 1211, Geneva 23, Switzerland

41Utrecht University, Faculty of Science, Princetonplein 5, 3584 CC Utrecht, The Netherlands

ar
X

iv
:1

40
4.

37
23

v1
  [

he
p-

ph
]  

14
 A

pr
 2

01
4

2

42Moscow Physical Engineering Institute, Moscow 115409, Russia
43Lawrence Berkeley National Laboratory, 1 Cyclotron Rd., Berkeley, CA 94720, USA
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R. Höllwieser,13 M.A. Janik,35 A. Kalweit,36 D. Keane,37 E. Kiritsis,38 A. Mischke,39 R. Mizuk,19, 40

G. Odyniec,41 K. Papadodimas,21 A. Pich,42 R. Pittau,43 J.-W. Qiu,44, 45 G. Ricciardi,46, 47

C.A. Salgado,48 K. Schwenzer,7 N.G. Stefanis,49 G.M. von Hippel,18 and V.I. Zakharov11, 19

1Physik Department, Technische Universität München,
James-Franck-Straße 1, 85748 Garching, Germany

2Budker Institute of Nuclear Physics, SB RAS, Novosibirsk 630090, Russia
3Novosibirsk State University, Novosibirsk 630090, Russia

4GSI Helmholtzzentrum für Schwerionenforschung GmbH, Planckstraße 1, 64291 Darmstadt, Germany
5Department of Physics and Astronomy, University of Kentucky, Lexington, KY 40506-0055, USA

6Theoretical Physics Department, Fermi National Accelerator Laboratory,
P.O. Box 500, Batavia, Illinois 60510-5011, USA

7Department of Physics, Washington University, St Louis, MO, 63130, USA
8University of Graz, 8010 Graz, Austria

9University of Vienna, Faculty of Physics, Boltzmanngasse 5, 1090 Wien, Austria
10Maryland Center for Fundamental Physics and the Department of Physics,

University of Maryland, College Park, MD 20742-4111, USA
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1. OVERVIEW
1

This document highlights the status and challenges
of strong-interaction physics at the beginning of a new
era initiated by the discovery of the Higgs particle at
the Large Hadron Collider at CERN. It has been a con-
certed undertaking 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 high-
lights 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 theory need from exper-
iments? 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 con-
ference series on “Quark Confinement and the Hadron
Spectrum,” which has served over the years as a discus-
sion forum for people working in the field. The starting
point of the current enterprise can be traced to its Xth

edition (http://www.confx.de), held in Munich in Oc-
tober, 2012. Nearly 400 participants 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 Astropar-
ticle Physics; Vacuum Structure and Confinement; and
Strongly Coupled Theories. This document is an origi-
nal, focused work that summarizes the current status of
QCD, broadly interpreted, and provides a vision for fu-
ture developments and further research. The document’s
wide-angle, high-resolution picture of the field is current
through March 15, 2014.

1.1. Readers’ guide

We expect that this work will attract a broad reader-
ship, ranging from practitioners in one or more subfields
of QCD, to particle or nuclear physicists working in fields
other than QCD and the SM, to students starting re-
search in QCD or elsewhere. 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.

Chapter 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 Standard Model (SM). We also highlight the

1Contributing authors: N. Brambilla, S. Eidelman, P. Foka, S. Gard-
ner, A.S. Kronfeld

broad array of problems for which the study of QCD is
pertinent before turning to a description of the experi-
ments and theoretical tools that appear throughout the
remaining chapters. Chapter 2 concludes with a status
report on the determination of the fundamental param-
eters of QCD, namely, the gauge coupling αs and the
quark masses.
The wish to understand the properties of the light-

est hadrons with the quark model, concomitant with the
observation of partons in deep-inelastic electron scatter-
ing, sparked the emergence of QCD. We thus begin in
Chapter 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 dy-
namics of light-quark hadrons at low energies. Chapter 3
also reviews the hadron spectrum, including exotic states
beyond the quark model, such as glueballs, as well as
chiral dynamics, probed through low-energy observables.
Certain new-physics searches for which control over light-
quark dynamics is essential are also described.
The heavy quarks, particularly charm and bottom,

provide complementary probes of the strong interaction,
because their large masses permit theorists to use tools
that would not be effective with light quarks. Chapter 4
surveys not only these techniques but also experimental
results on heavy hadron production, spectroscopy, and
decay. The physical systems treated are both quarko-
nium, i.e., bound states of a heavy quark and a heavy
antiquark, and hadrons consisting of a single heavy quark
bound to a light quark.
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. Chapter 5 reviews the possibilities and
challenges of the searches realized through precision mea-
surements, both at high energy through collider exper-
iments and at low energy through accelerator, reactor,
and table-top experiments. In many searches, a compara-
bly 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 phenom-
ena in quark-flavor violation to searches for permanent
electric dipole moments.
In Chapter 5, QCD is a tool to aid the discovery

of exotic phenomena external to QCD. The next three
chapters treat a rich array of unusual phenomena that
emerge from QCD in complex, many-hadron systems.
Chapter 6 begins this theme with a discussion of decon-
finement in the context of the quark-gluon plasma and
heavy-ion collisions. We first give a full description of
this hadronic matter, focusing on the measurements. We
then turn to the theorists’ understanding of the quark-
gluon-hadron phase diagram, focusing on ideas and tech-
niques that are directly connected to QCD — and as
distinguishable from models of the observed phenomena.

Cern
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1. OVERVIEW
1

This document highlights the status and challenges
of strong-interaction physics at the beginning of a new
era initiated by the discovery of the Higgs particle at
the Large Hadron Collider at CERN. It has been a con-
certed undertaking 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 high-
lights 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 theory need from exper-
iments? 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 con-
ference series on “Quark Confinement and the Hadron
Spectrum,” which has served over the years as a discus-
sion forum for people working in the field. The starting
point of the current enterprise can be traced to its Xth

edition (http://www.confx.de), held in Munich in Oc-
tober, 2012. Nearly 400 participants 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 Astropar-
ticle Physics; Vacuum Structure and Confinement; and
Strongly Coupled Theories. This document is an origi-
nal, focused work that summarizes the current status of
QCD, broadly interpreted, and provides a vision for fu-
ture developments and further research. The document’s
wide-angle, high-resolution picture of the field is current
through March 15, 2014.

1.1. Readers’ guide

We expect that this work will attract a broad reader-
ship, ranging from practitioners in one or more subfields
of QCD, to particle or nuclear physicists working in fields
other than QCD and the SM, to students starting re-
search in QCD or elsewhere. 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.

Chapter 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 Standard Model (SM). We also highlight the

1Contributing authors: N. Brambilla, S. Eidelman, P. Foka, S. Gard-
ner, A.S. Kronfeld

broad array of problems for which the study of QCD is
pertinent before turning to a description of the experi-
ments and theoretical tools that appear throughout the
remaining chapters. Chapter 2 concludes with a status
report on the determination of the fundamental param-
eters of QCD, namely, the gauge coupling αs and the
quark masses.
The wish to understand the properties of the light-

est hadrons with the quark model, concomitant with the
observation of partons in deep-inelastic electron scatter-
ing, sparked the emergence of QCD. We thus begin in
Chapter 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 dy-
namics of light-quark hadrons at low energies. Chapter 3
also reviews the hadron spectrum, including exotic states
beyond the quark model, such as glueballs, as well as
chiral dynamics, probed through low-energy observables.
Certain new-physics searches for which control over light-
quark dynamics is essential are also described.
The heavy quarks, particularly charm and bottom,

provide complementary probes of the strong interaction,
because their large masses permit theorists to use tools
that would not be effective with light quarks. Chapter 4
surveys not only these techniques but also experimental
results on heavy hadron production, spectroscopy, and
decay. The physical systems treated are both quarko-
nium, i.e., bound states of a heavy quark and a heavy
antiquark, and hadrons consisting of a single heavy quark
bound to a light quark.
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. Chapter 5 reviews the possibilities and
challenges of the searches realized through precision mea-
surements, both at high energy through collider exper-
iments and at low energy through accelerator, reactor,
and table-top experiments. In many searches, a compara-
bly 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 phenom-
ena in quark-flavor violation to searches for permanent
electric dipole moments.
In Chapter 5, QCD is a tool to aid the discovery

of exotic phenomena external to QCD. The next three
chapters treat a rich array of unusual phenomena that
emerge from QCD in complex, many-hadron systems.
Chapter 6 begins this theme with a discussion of decon-
finement in the context of the quark-gluon plasma and
heavy-ion collisions. We first give a full description of
this hadronic matter, focusing on the measurements. We
then turn to the theorists’ understanding of the quark-
gluon-hadron phase diagram, focusing on ideas and tech-
niques that are directly connected to QCD — and as
distinguishable from models of the observed phenomena.

Cern
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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 intimately 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 Standard 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
1

This document highlights the status and challenges
of strong-interaction physics at the beginning of a new
era initiated by the discovery of the Higgs particle at
the Large Hadron Collider at CERN. It has been a con-
certed undertaking 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 high-
lights 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 theory need from exper-
iments? 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 con-
ference series on “Quark Confinement and the Hadron
Spectrum,” which has served over the years as a discus-
sion forum for people working in the field. The starting
point of the current enterprise can be traced to its Xth

edition (http://www.confx.de), held in Munich in Oc-
tober, 2012. Nearly 400 participants 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 Astropar-
ticle Physics; Vacuum Structure and Confinement; and
Strongly Coupled Theories. This document is an origi-
nal, focused work that summarizes the current status of
QCD, broadly interpreted, and provides a vision for fu-
ture developments and further research. The document’s
wide-angle, high-resolution picture of the field is current
through March 15, 2014.

1.1. Readers’ guide

We expect that this work will attract a broad reader-
ship, ranging from practitioners in one or more subfields
of QCD, to particle or nuclear physicists working in fields
other than QCD and the SM, to students starting re-
search in QCD or elsewhere. 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.

Chapter 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 Standard Model (SM). We also highlight the

1Contributing authors: N. Brambilla, S. Eidelman, P. Foka, S. Gard-
ner, A.S. Kronfeld

broad array of problems for which the study of QCD is
pertinent before turning to a description of the experi-
ments and theoretical tools that appear throughout the
remaining chapters. Chapter 2 concludes with a status
report on the determination of the fundamental param-
eters of QCD, namely, the gauge coupling αs and the
quark masses.
The wish to understand the properties of the light-

est hadrons with the quark model, concomitant with the
observation of partons in deep-inelastic electron scatter-
ing, sparked the emergence of QCD. We thus begin in
Chapter 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 dy-
namics of light-quark hadrons at low energies. Chapter 3
also reviews the hadron spectrum, including exotic states
beyond the quark model, such as glueballs, as well as
chiral dynamics, probed through low-energy observables.
Certain new-physics searches for which control over light-
quark dynamics is essential are also described.
The heavy quarks, particularly charm and bottom,

provide complementary probes of the strong interaction,
because their large masses permit theorists to use tools
that would not be effective with light quarks. Chapter 4
surveys not only these techniques but also experimental
results on heavy hadron production, spectroscopy, and
decay. The physical systems treated are both quarko-
nium, i.e., bound states of a heavy quark and a heavy
antiquark, and hadrons consisting of a single heavy quark
bound to a light quark.
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. Chapter 5 reviews the possibilities and
challenges of the searches realized through precision mea-
surements, both at high energy through collider exper-
iments and at low energy through accelerator, reactor,
and table-top experiments. In many searches, a compara-
bly 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 phenom-
ena in quark-flavor violation to searches for permanent
electric dipole moments.
In Chapter 5, QCD is a tool to aid the discovery

of exotic phenomena external to QCD. The next three
chapters treat a rich array of unusual phenomena that
emerge from QCD in complex, many-hadron systems.
Chapter 6 begins this theme with a discussion of decon-
finement in the context of the quark-gluon plasma and
heavy-ion collisions. We first give a full description of
this hadronic matter, focusing on the measurements. We
then turn to the theorists’ understanding of the quark-
gluon-hadron phase diagram, focusing on ideas and tech-
niques that are directly connected to QCD — and as
distinguishable from models of the observed phenomena.

 but also for funds agencies,  projects applications ...
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So we hope that you will find useful  and you will use 
this work! 


