arXiv:hep-ph/0412158 v1 13 Dec 2004

HEAVY QUARKONIUM PHYSICS

Authors: QWG & Topic conveners: N. Brambilla^{42}, M. Krämer^{16}, R. Mussa^{26}, A. Vairo^{42,36}; Topic Conveners: G. Bali^{19}, G. T. Bodwin^1, E. Braaten^{45}, E. Eichten^{17}, S. Eidelman^6, S. Godfrey^7, A. Hoang^{43}, M. Jamin^{44}, D. Kharzeev^5, M. P. Lombardo^{24}, C. Lourenço^{11}, A. B. Meyer^{20}, V. Papadimitriou^{17,59}, C. Patrignani^{25}, M. Rosati^{28}, M. A. Sanchis-Lozano^{64}, H. Satz^4, J. Soto^2;

Contributors: D. Z. Besson^{30}, D. Bettoni^{23}, A. Böhrer^{55}, S. Boogert^{37}, C.-H. Chang^{9,29}, P. Cooper^{17}, P. Crochet^{13}, S. Datta^4, C. Davies^{19}, A. Deandrea^{39}, R. Faustov^{53}, T. Ferguson^8, R. Galik^{14}, F. Harris^{21}, O. Iouchtchenko^{11}, O. Kaczmarek^4, F. Karsch^4, M. Kienzle^{18}, V. V. Kiselev^{54}, S. R. Klein^{33}, P. Kroll^{66}, A. Kronfeld^{17}, Y.-P. Kuang^{63}, V. Laporta^3, J. Lee^{32}, A. Leibovich^{49}, J. P. Ma^{29}, P. Mackenzie^{17}, L. Maiani^{50}, M. L. Mangano^{11}, A. Meyer^{17}, X. H. Mo^{22}, C. Morningstar^8, A. Nairz^{11}, J. Napolitano^{51}, S. Olsen^{21}, A. Penin^{31}, P. Petreczky^{52}, F. Piccinini^{47}, A. Pineda^2, A. D. Polosa^{3,10}, L. Ramello^{48}, R. Rapp^{58}, J. -M. Richard^{12}, V. Riquer^{11}, S. Ricciardi^{38}, E. Robutti^{25}, O. Schneider^{34}, E. Scomparin^{62}, J. Simone^{17}, T. Skwarnicki^{57} G. Stancari^{17,23}, I. W. Stewart^{41}, Yu. Sumino^{60}, T. Teubner^{35}, J. Tseng^{46}, R. Vogt^{15,33}, P. Wang^{22}, B. Yabsley^{65}, C. Z. Yuan^{22}, F. Zantow^4, Z. G. Zhao^{40}, A. Zieminski^{27}

1 HEP Division, Argonne National Laboratory, Argonne, Illinois, USA 2 Universitat de Barcelona, Barcelona, Catalonia, Spain 3 Università di Bari and INFN Bari, Italy 4 Facultät für Physik, Universität Bielefeld, Germany 5 Brookhaven National Laboratory, Upton, New York, USA 6 Budker Institute, Novosibirsk, Russia 7 Carleton University, Ottawa, Canada 8 Carnegie Mellon University, Pittsburgh, Pennsylvania, USA 9 CCAST (World Laboratory), Beijing, China 10 Centro Studi e Ricerche “E. Fermi”, Roma, Italy 11 CERN, Geneva, Switzerland 12 CNRS-IN2P3-Universite Joseph Fourier, Grenoble, France 13 CNRS-IN2P3, France 14 Cornell University, Ithaca, New York, USA 15 University of California, Davis, California, USA 16 School of Physics, The University of Edinburgh, Edinburgh, United Kingdom;

now at Institut für Theoretische Physik E, RWTH Aachen, Aachen, Germany 17 Fermi National Accelerator Laboratory, Batavia, Illinois, USA 18 Geneva University, Geneva, Switzerland 19 Glasgow University, Glasgow, United Kingdom 20 Institut für Experimentalphysik, Universität Hamburg, Hamburg, Germany

21 Hawaii University, Honolulu, USA 22 Institute of High Energy Physics, Chinese Academy of Sciences, Beijing, China 23 INFN, Ferrara, Italy 24 INFN, Frascati, Italy 25 INFN, Genova, Italy 26 INFN, Torino, Italy 27 Indiana University, Bloomington, Indiana, USA 28 Iowa State University, Ames, Iowa, USA 29 Institute of Theoretical Physics, Chinese Academy of Sciences, Beijing, China 30 University of Kansas, Lawrence, USA 31 Institut für Theoretische Teilchenphysik, Universität Karlsruhe, Karlsruhe, Germany 32 Department of Physics, Korea University, Seoul, Korea 33 Laurence Berkeley National Laboratory, Berkeley, California, USA 34 Ecole Polytechnique Fédérale de Lausanne, Lausanne, Switzerland 35 University of Liverpool, United Kingdom 36 CFIF, Instituto Superior Tecnico, Lisbon, Portugal 37 University College London, London, United Kingdom 38 Univ. of London, Royal Holloway, United Kingdom 39 Université de Lyon 1, Villeurbanne, France 40 Univ. of Michigan, Ann Arbor, Michigan, USA 41 Massachusetts Institute of Technology, Cambridge, USA 42 Università di Milano & INFN Milano, Italy 43 Max-Planck-Institut für Physik, Munich, Germany 44 Physik-Department, TU München, Garching, Germany 45 Ohio State University, Columbus, Ohio, USA 46 Oxford University, Oxford, United Kingdom 47 Università di Pavia & INFN Pavia, Italy 48 Università del Piemonte Orientale, Alessandria, Italy 49 University of Pittsburgh, Pittsburgh, Pennsylvania, USA 50 Università di Roma “La Sapienza” & INFN Roma, Italy 51 RPI, Troy, New York, USA 52 RIKEN Brookhaven National Laboratory, Upton, New York, USA 53 Russian Academy of Science, Scientific Council for Cybernetics, Moscow, Russia 54 Russian State Research Center “Institute for High Energy Physics”, Protvino, Moscow Region, Russia 55 Siegen University, Siegen, Germany 56 Stanford Linear Accelerator Center, Stanford, California, USA 57 Syracuse University, Syracuse, New York, USA 58 Texas A& M University, Texas, USA 59 Texas Tech University, Lubbock, Texas, USA 60 Tohoku University, Tohoku, Japan 61 University of Tokyo, Tokyo, Japan 62 Università di Torino & INFN, Torino, Italy 63 Tsinghua University, Beijing, People’s Republic of China 64 Instituto de Física Corpuscular (IFIC) and Departamento de Física Teórica, Centro Mixto Universidad de Valencia-CSIC, Valencia, Spain 65 Virginia Tech University, Virginia, USA 66 Universität Wuppertal, Wuppertal, Germany

Abstract

This report is the result of the collaboration and research effort of the Quarkonium Working Group over the last three years. It provides a comprehensive overview of the state of the art in heavy-quarkonium theory and experiment, covering quarkonium spectroscopy, decay, and production, the determination of QCD parameters from quarkonium observables, quarkonia in media, and the effects on quarkonia of physics beyond the Standard Model. An introduction to common theoretical and experimental tools is included. Future opportunities for research in quarkonium physics are also discussed.

Foreword

As the community of high energy physicists impatiently awaits for the startup of the LHC and the opening of the new energy fronteer, it is very welcome news that so much challenging and exciting data are constantly being produced in the field of quarkonium physics. The proliferation of puzzling measurements has led over the past several years to new challenges for the theorists, requiring the introduction of new ideas, and providing new probes for the understanding of QCD at its deeper levels.

Ten years ago, reports by the CDF collaboration signaled the end of an era in quarkonium physics, but at the same time opened new windows on this field, which so much contributed to the development of QCD. The observation of the top quark with a mass of about 175 GeV closed all hopes to include toponium in the family of clean and useful quarkonium states. In parallel, the observation of an excess in charmonium production by orders of magnitude over what predicted in the then available theoretical models gave birth to the modern theoretical understanding of charmonium production. Since then, in addition to successful explanations, a large sets of puzzles kept being generated by data obtained at the Tevatron, at HERA, and in low-energy e^+e^− colliders: the apparent violation of universality emerging when comparing data from the hadron and the ep colliders, the poor agreement (at the limit of inconsistency!) between the predictions for the polarization of the J/ψ produced in hadronic collisions and the actual data, the excess of double charmonium production first observed by Belle. The solution to these puzzles still awaits to be settled, as new data keep pouring in.

But the surprises and advances have not been limited to the complex issue of the production mechanisms. The spectroscopy of quarkonium has also received challenging inputs from the observation of new narrow states, whose understanding requires an added dose of sophistication in the theory, together perhaps with the need for inclusion of more exotic patterns of bound states (hybrids, molecules, tetraquarks). Progress in lattice calculations and effective field theories has turned quarkonium physics into a powerful tool to measure the mass of the heavy quarks and the strength of the QCD coupling, providing accuracies comparable to or better than those allowed by any other technique. The properties of production and absorption of quarkonium in a nuclear medium are beginning to provide quantitative inputs for the study of QCD at high density and temperature, giving a unique experimental test bed for analytical and lattice studies.

The interplay of solid theoretical work and of accurate and versatile experimental techniques has brought quarkonium physics to a renaissance, with a flourishing of activity second only to the golden age which followed the charmonium discovery almost 30 years ago. The appearance of this Yellow Report, which documents the state of the art through the contributions of the leaders in the field, represents therefore a timely and much needed publication. The inclusion of both the theoretical and the experimental perspectives leads to a precious resource for the active researcher, as well as for the young newcomers to the field.

I am happy to praise the organizers of the Quarkonium Working Group, the conveners and all the participants, who have worked so hard over the past couple of years to produce this Report, which will provide an essential guide to this ever-exciting area of research for years to come.

Michelangelo Mangano CERN TH Division

Preface

At the eve of the LHC and the search of new physics beyond the Standard Model at energy scales of several TeV, there is still a sector of the Standard Model which evades our control, the sector of strongly interacting particles, i.e. quarks and gluons. We believe to have the field theory that describes strong interaction, QCD, but we are not yet able to extract from it in a controlled way a great part of the hadron properties. These same hadron properties obviously play a relevant role in many searches for new physics and new phenomena, CP violation being a strong case in hand. At LHC again hadron processes will take the stage. It is, therefore, relevant to get hold of the strong sector of the Standard Model. For several reasons heavy quarkonium offers a unique opportunity in this direction. Quarkonium systems may be crucially important to improve our understanding of QCD. They probe all the energy regimes of QCD, from the hard region, where an expansion in the coupling constant is possible, to the low-energy region, where nonperturbative effects dominate. Heavy quark-antiquark bound states are thus an ideal and to some extent unique laboratory where our understanding of nonperturbative QCD and its interplay with perturbative QCD may be tested in a controlled framework.

Moreover, in the last few years a wealth of new experimental results has become available. The diversity, quantity and accuracy of the data currently being collected is impressive and includes – data on quarkonium formation from BES at BEPC, E835 at Fermilab, KEDR (upgraded) at VEPP- 4M, and CLEO-III at CESR;

– clean samples of charmonia produced in B-decays, in photon-photon fusion and in initial state radiation from the B-meson factory experiments BaBar at SLAC and Belle at KEK, including the unexpected observation of associated (cc)(cc) production;

– heavy quarkonia production from gluon-gluon fusion in pp̄ annihilations at 2 TeV from the CDF and D0 experiments at Fermilab, including the first observation of B_c candidates;

– charmonia production in photon-gluon fusion from the ZEUS and H1 experiments at DESY; – charmonia production in heavy-ion collisions from the PHENIX and STAR experiments at RHIC, and the NA60 experiment at CERN.

These experiments may operate as heavy quarkonium factories, producing quarkonium states in large amounts. If properly analyzed and interpreted, the data can lead to surprising results and major progress in our understanding of QCD. This is exemplified by the very recent discovery of a new unexpected narrow charmonium state, temporarily labelled X(3872), which was announced by the Belle collaboration at the Lepton-Photon conference 2003 and confirmed within a month by the CDF collaboration at Fermilab, during the 2nd QWG workshop.

In the near future, even larger data samples are expected from the CLEO-c and BES-III upgraded experiments, while the B factories, the Fermilab Tevatron and the DESY experiments will continue to supply valuable data for several years. New facilities will become operational (LHC at CERN, Panda at GSI, much higher luminosity B factories at KEK and SLAC, a Linear Collider, etc.) offering fantastic challenges and opportunities, which we must start facing today. Considerable efforts are also being made to study deconfined quark matter, at SPS, RHIC and LHC energies, for which heavy quarkonium is among the most crucial probes. The complexity of these studies requires a close communication and the exchange of ideas between experts in quarkonium physics and heavy-ion collisions.

Effective field theories, such as Nonrelativistic QCD (NRQCD), provide new tools and definite predictions concerning, for instance, heavy quarkonium production and decays. New effective field theories for heavy quarkonium, as potential NRQCD (pNRQCD) and velocity NRQCD (vNRQCD), have been recently developed and are producing a wealth of new results. The lattice implementation of such effective theories has been partially carried out and many more results with drastically reduced systematic uncertainties are expected in the near future. The progress in the understanding of nonrelativistic effective field theories makes it possible to go beyond phenomenological models and, for the first time, face the possibility to provide a unified description of all aspects of heavy-quarkonium physics. This allows to use quarkonium as a benchmark for our understanding of QCD, for the precise determination of relevant Standard Model parameters (e.g. heavy quark masses, α_s) and for new physics searches.

It is crucial, now, to ensure an efficient communication between experimentalists and theorists, within the broad quarkonium physics community. This has been the main motivation for the creation of an international research collaboration, the Quarkonium Working Group (http://www.qwg.to.infn.it), which constitutes the support platform of this CERN Yellow Report.

The aim of the QWG is essentially twofold. First, to guarantee an intense and efficient exchange of results and ideas between experimentalists and theorists, now that many new measurements are becoming available. Second, to overcome the dispersion of the research in this field and jointly study the different approaches and techniques, by establishing new collaborations and improving existing ones. The concrete goals are:

– to achieve a better understanding of the dynamics of the strong interaction and of strongly coupled theories, using quarkonium systems;

– to gain detailed knowledge of the physics of confinement/deconfinement; – to improve the determination of the fundamental parameters of the Standard Model and constrain the allowed parameter space for new physics;

– to identify missing experimental information required to improve our understanding of QCD, and to identify theoretical calculations needed for the interpretation of current and future experiments;

– to make these information available to people working in related fields.

This Yellow Report presents the state of the art in heavy quarkonium physics at the end of 2004 and is a first step to achieve the goals of the QWG. The YR includes experimental and theoretical results by different approaches and different communities (high energy, perturbative, lattice, nuclear, . . . ) in a common language. The progress in the field and the impact of such progress to other areas are presented, open problems and outstanding puzzles are discussed, and the future opportunities of this field are outlined.

Given the richness of the physics involved in the project, the research goals have been pursued by specifying seven main topics organized by theoretical and experimental topic conveners:

– Quarkonium spectroscopy [Conveners: G. Bali, N. Brambilla, J. Soto (TH); R. Mussa (EXP)]; – Quarkonium decays [Conveners: E. Eichten, A. Vairo (TH); C. Patrignani (EXP)]; – Quarkonium production [Conveners: G. Bodwin, E. Braaten, M. Krämer (TH); A. B. Meyer, V. Papadimitriou (EXP)];

– Precision determination of Standard Model parameters [Conveners: A. Hoang, M. Jamin (TH);

S. Eidelman (EXP)];

– Quarkonium in media [Conveners: D. Kharzeev, M. P. Lombardo, H. Satz (TH); C. Lourenço, M. Rosati (EXP)];

– Beyond the Standard Model [Convener: M. A. Sanchis-Lozano (TH)]; – Future opportunities [Conveners: S. Godfrey, M. A. Sanchis-Lozano (TH)].

The Quarkonium Working Group was initiated in 2002 by Nora Brambilla, Roberto Mussa and Antonio Vairo, who were, shortly after, joined by Armin Böhrer and Michael Krämer as QWG conveners team. Most of the topic conveners listed above belong to the initial group of people that supported the QWG and contributed to its research programme. The CERN TH Division and CERN, and especially Michelangelo Mangano, have played an important role in the history of the QWG, by hosting the first QWG meeting and by supporting the enterprise of compiling the CERN Yellow Report.

The QWG has organized three international meetings, which were held at CERN (2002), Fermilab (2003) and IHEP Beijing (2004). Approximately 250 theoretical and experimental physicists participated at the meetings. The organizers, participants and supporting institutions are listed below. The third meeting was preceded by the first QWG graduate school organized at the ITP Beijing with about 100 participating graduate students.

We would like to express here our sincerest thanks to all the people that have contributed to this enterprise and made this document possible, in particular the topic conveners and the organizers and participants of the three QWG meetings. We also gratefully acknowledge the support from the institutions that hosted the QWG meetings. Finally we would like to express our deepest thanks to Armin Böhrer who has been of key relevance at the starting of the QWG by realizing and hosting in Siegen the first QWG web page, designing the QWG logo, participating in the organization of the first two QWG workshops and supporting in all the ways the development of the QWG. We also thank E. Berger, D. Kharzeev and A. Zieminski for having been topical conveners of a topical section later absorbed by other ones. As of September 2004, Vaia Papadimitriou has joined the QWG conveners team. As of December 2004, Aldo Deandrea and Xiaoyan Shen have agreed to join the topical conveners team.

The Quarkonium Working Group has very quickly coalesced into an active, international community of physicists working and collaborating on quarkonium physics, QCD and the related impact on the Standard Model and physics beyond the Standard Model. Given the continuous flux of data and the order of magnitude(s) improvement in the statistical analysis coming and expected to come from present and future accelerator experiments, this promises to remain a very rich research area for several years to come. To fully benefit from it, we believe it is important that the community of physicists working in the field maintains a common area of discussion, transcending individual experimental and theoretical collaborations. It is our hope that the Yellow Report will provide a basis for such future developments.

the QWG Conveners Nora Brambilla, Michael Krämer, Roberto Mussa, Antonio Vairo

1st International Workshop on Heavy Quarkonium CERN, November 8-10, 2002 http://www.qwg.to.infn.it/WS-nov02/index.html Organizing Committee: A. Böhrer, N. Brambilla, O. Iouchtchenko, M. Kienzle, M. Krämer, C. Lourenço, M. L. Mangano, R. Mussa, T. Teubner, A. Vairo Speakers: G. Bali, E. L. Berger, G. Bodwin, A. Böhrer, E. Braaten, N. Brambilla, H. Castilia-Valdez, C. Davies, A. Deandrea, E. Eichten, S. Eidelman, R. Faustov, T. Ferguson, M. Graham, S. Godfrey, F. Harris, A. Hoang, O. Iouchtchenko, F. Karsch, V. V. Kiselev, B. Kniehl, M. Krämer, M.-P. Lombardo, C. Lourenço, J. P. Ma, M. L. Mangano, A. Meyer, R. Mussa, S. Necco, V. Papadimitriou, A. Penin, K. Peters, P. Petreczky, A. Pich, A. Pineda, A. Polleri, M. Rosati, M. A. Sanchis-Lozano, H. Satz, J. Simone, G. Stancari, I. W. Stewart, Y. Sumino, T. Teubner, J. Tseng, A. Vairo, R. Waldi, B. Yabsley Supported by the CERN TH Division Agenda and slides available at http://www.qwg.to.infn.it/WS-nov02/WSagenda.html List of participants available on website.

2nd International Workshop on Heavy Quarkonium Fermilab, September 20-22, 2003 http://www.qwg.to.infn.it/WS-sep03/index.html Organizing Committee: G. Bodwin, A. Böhrer, N. Brambilla, E. Eichten, V. Jain, M. Krämer, R. Mussa, V. Papadimitriou, S. Pordes, A. Vairo Speakers: J. Appel, G. Bali, G. Bauer, D. Bettoni, E. Braaten, N. Brambilla, K. T. Chao, P. Cooper, A. Deandrea, E. Eichten, A. El-Khadra, J. Erler, R. Faustov, T. Ferguson, S. Fleming, R. Galik, S. Godfrey, Y. Gotra, Z. J. Guo, F. Harris, T. Hatsuda, A. Hoang, J. Huang, U. Husemann, V. Jain, M. Jamin, S. Kelly, D. Kharzeev, S. R. Klein, J. Lee, A. Leibovich, P. Mackenzie, A. B. Meyer, C. Morningstar, H. Muramatsu, R. Mussa, A. Nairz, J. Napolitano, V. Papadimitriou, C. Patrignani, J. C. Peng, P. Petreczky, S. Pordes, J. W. Qiu, R. Rapp, S. Ricciardi, J-M. Richard, E. Robutti, M. Rosati, M. A. Sanchis- Lozano, H. Sato, X. Shen, J. Simone, R. Spighi, L. Stanco, R. Thews, T. Umeda, A. Vairo, R. Vogt, M. Voloshin, C. Y. Wong, W. Xie, B. Yabsley, C. Z. Yuan, G. Zanderighi, Z.G. Zhao Supported by Fermilab Agenda and slides available at http://www.qwg.to.infn.it/WS-sep03/WSagenda.html List of participants available on website.

3rd International Workshop on Heavy Quarkonium IHEP Beijing, October 12-15, 2004 http://www.qwg.to.infn.it/WS-oct04/index.html Organizing Committee: N. Brambilla, K. T. Chao, A. Deandrea, M. Krämer, Y. P. Kuang, W. G. Li, J. P. Ma, R. Mussa, V. Papadimitriou, C. F. Qiao, X. Y. Shen, A. Vairo, C. Z. Yuan Speakers: G. Bali, S. Baranov, D. Bernard, G. Bodwin, E. Braaten, N. Brambilla, R. Brugnera, C.- H. Chang, K.-T. Chao, H.-S. Chen, Y.-Q. Chen, C.-H. Ching, A. Deandrea, E. Eichten, G. Feild, C. Gao, M. Garcia-Perez, Z. Guo, L. Han, B. Heltsley, P. Ko, J. Lee, T. Lee, Z. Liu, J.-P. Ma, T. Mehen, R. Mussa, S. L. Olsen, C. Patrignani, K. Peters, P. Petreczky, O. Philipsen, A. Pineda, C.-F. Qiao, M. Rosati,

G. Rong, M. A. Sanchis-Lozano, X. Y. Shen, J. Soto, Y. Sumino, A. Tomaradze, A. Vairo, J. X. Wang, P. Wang, Y. L. Wang, Z. Wang, C. Y. Wong, J. L. Wu, B. Zhang, D. Zhang, S.-L. Zhu, N. Zhou Supported by the Chinese Center for Advanced Science and Technology (CCAST), the Institute of Theoretical Physics (ITP), Beijing, the Institute of High Energy Physics (IHEP), Beijing, the Nature Science Foundation of China (NSFC), Peking University, and Tshinghua University Agenda and slides available at http://www.qwg.to.infn.it/WS-oct04/WSagenda.html List of participants available on the website.

1st International School of the QWG Topical Seminar School on: Heavy Quarkonia at Accelerators: New Theoretical Tools and Experimental Techniques ITP, Beijing, October 8-11, 2004 http://www.qwg.to.infn.it/TS-oct04/index.html Organizing Committee: N. Brambilla, K. T. Chao, M. Krämer, Y. P. Kuang, W. G. Li, J. P. Ma, M. L. Mangano, R. Mussa, V. Papadimitriou, C. F. Qiao, X. Y. Shen, A. Vairo, C. Z. Yuan Lecturers: G. Bodwin: Introduction to NRQCD and quarkonium production; G. Bali: Quarkonium and Exotics; N. Brambilla: Introduction to pNRQCD, quarkonium spectroscopy and decays; B. Heltsley: Crystal Calorimetry in modern particle physics detectors; M. Laine: Introduction to quarkonium at high temperatures; R. Mussa: Angular Distributions in Helicity Formalism; S. Nikitin: Resonant depolarization technique for high precision mass measurement at e^+e^− storage rings; C. Patrignani: How an experimental measure (quarkonium) enters the data particle; M. Rosati: Quarkonium and Heavy Ion Experiments; J. Soto: Introduction to EFTs. Renormalization Group in NRQCD and pNRQCD; SCET and heavy quarkonium.

Supported by the Chinese Center for Advanced Science and Technology (CCAST), the Institute of Theoretical Physics (ITP), Beijing, the Institute of High Energy Physics (IHEP), Beijing, the Nature Science Foundation of China (NSFC), Peking University, and Tshinghua University Sponsored by CERN and Fermilab Agenda and slides available at http://www.qwg.to.infn.it/TS-oct04/TSAgenda.html

10

Contents

1 COMMON THEORETICAL TOOLS 21 1. QCD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21 2. Effective field theories . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22 2.1 Nonrelativistic QCD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24 2.2 Lower energy EFTs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25 3. Lattice introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26 3.1 General aspects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26 3.2 Actions and finite a effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28 3.21 Gauge actions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29 3.22 Light quark actions . . . . . . . . . . . . . . . . . . . . . . . . . . . 30 3.23 Heavy quark actions . . . . . . . . . . . . . . . . . . . . . . . . . . . 32 3.3 Extrapolations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34 Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

2 COMMON EXPERIMENTAL TOOLS 41 1. Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41 2. τ-charm factories . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43 2.1 BES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43 2.2 The CLEO detector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44 2.21 The CLEO III and CLEO-c detectors . . . . . . . . . . . . . . . . . . 44 2.22 CLEO III . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45 2.23 CLEO-c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46 2.3 KEDR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47 3. B-factories . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48 3.1 BaBar . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48 3.2 Belle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51 4. p̄p charm factories . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54 4.1 E835 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54 5. Experiments at LEP . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55 5.1 ALEPH detector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56 5.2 DELPHI detector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59 5.3 L3 detector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

5.4 OPAL detector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60 6. Experiments at hadron colliders . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62 6.1 CDF in Run II . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62 6.2 DO detector in Run II . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63 7. Experiments at HERA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64 7.1 H1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65 7.2 ZEUS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66 7.3 HERA-B . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67 8. Appendices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68 8.1 Resonant depolarization for absolute mass measurements . . . . . . . . . . . . . 68 8.2 e+e- scanning, radiative corrections . . . . . . . . . . . . . . . . . . . . . . . . 69 8.21 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69 8.22 Analytical expression . . . . . . . . . . . . . . . . . . . . . . . . . . 70 8.23 Narrow resonances . . . . . . . . . . . . . . . . . . . . . . . . . . . 71 8.24 μ^+μ^− final state . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71 8.25 Very narrow resonances . . . . . . . . . . . . . . . . . . . . . . . . . 73 8.26 Resonance near threshold . . . . . . . . . . . . . . . . . . . . . . . . 73 8.27 The energy dependent width . . . . . . . . . . . . . . . . . . . . . . . 74 8.28 The shift and scale down of the maximum height . . . . . . . . . . . . 74 8.3 p̄p scanning techniques and limits . . . . . . . . . . . . . . . . . . . . . . . . 75 8.31 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75 8.32 Signal extraction in hadronic annihilations . . . . . . . . . . . . . . . 75 8.33 Limits on energy and width resolution . . . . . . . . . . . . . . . . . 76 8.4 Luminosity of photon photon scattering . . . . . . . . . . . . . . . . . . . . . 77 8.5 Interference with continuum in e+e- experiments . . . . . . . . . . . . . . . . 77 8.51 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77 8.52 Experimentally observed cross section . . . . . . . . . . . . . . . . . 78 8.53 Dependence on experimental conditions . . . . . . . . . . . . . . . . 80 8.54 Implications to charmonium physics . . . . . . . . . . . . . . . . . . 81 8.55 Summary and perspective . . . . . . . . . . . . . . . . . . . . . . . . 83 Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

3 SPECTROSCOPY 89 1. Theory introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89 2. Theoretical approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91 2.1 Direct lattice QCD calculation . . . . . . . . . . . . . . . . . . . . . . . . . . . 91 2.11 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91 2.12 Results with relativistic heavy quarks . . . . . . . . . . . . . . . . . . 91 2.2 NRQCD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94 2.21 Lattice NRQCD calculations with light sea quarks: Lattice NRQCD;

Υ results with NRQCD; ψ results with the Fermilab method; The B_c ground state . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

2.22 Heavy hybrids on the lattice . . . . . . . . . . . . . . . . . . . . . . . 99 2.23 QQq baryons on the lattice . . . . . . . . . . . . . . . . . . . . . . . 101 2.3 pNRQCD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102 2.31 Weak coupling regime: the pNRQCD Lagrangian; the static QCD potential; the heavy quarkonium energy levels; renormalization group improvement; nonperturbative effects. . . . . . . . . . . . . . . . . . 102 2.32 Strong coupling regime . . . . . . . . . . . . . . . . . . . . . . . . . 108 2.33 The QCD static-quark-antiquark spectrum and the mechanism of confinement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110 2.34 pNRQCD for QQQ and QQq baryons . . . . . . . . . . . . . . . . . . 115 2.4 Threshold effects (EFT) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115 3. Phenomenological approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116 3.1 Potential models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116 3.11 The potential . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116 3.12 Spin-dependent potentials . . . . . . . . . . . . . . . . . . . . . . . . 117 3.13 Relativistic corrections . . . . . . . . . . . . . . . . . . . . . . . . . 119 3.14 Charm mass corrections to the bottomonium mass spectrum . . . . . . 120 3.15 Coupled-channel effects . . . . . . . . . . . . . . . . . . . . . . . . . 121 3.2 Comparison of models with experiment . . . . . . . . . . . . . . . . . . . . . . 121 3.21 Bottomonium . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121 3.22 Charmonium . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122 3.23 B_c mesons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123 3.3 Coupling to open-charm channels . . . . . . . . . . . . . . . . . . . . . . . . . 124 3.31 Theoretical models . . . . . . . . . . . . . . . . . . . . . . . . . . . 124 3.32 Mass shifts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127 3.33 Mixing and physical state properties . . . . . . . . . . . . . . . . . . 127 3.34 Zweig-allowed strong decays . . . . . . . . . . . . . . . . . . . . . . 128 3.4 QQq states and molecules . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130 3.41 Doubly charmed baryons . . . . . . . . . . . . . . . . . . . . . . . . 130 3.42 Exotic mesons with double charm . . . . . . . . . . . . . . . . . . . . 131 3.5 Quarkonium hybrids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133 3.51 Spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133 3.52 Decays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133 3.53 Hybrid production . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134 3.54 Experimental signatures . . . . . . . . . . . . . . . . . . . . . . . . . 135 3.55 Summary and future opportunities . . . . . . . . . . . . . . . . . . . 136 4. Introduction to experimental spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . 136 5. High precision measurements of vector state masses and widths . . . . . . . . . . . . . 137 5.1 Charmonia . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137 5.2 Bottomonia . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139 6. Spin averaged and fine splittings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140 6.1 Charmonium P states : COG and fine splittings . . . . . . . . . . . . . . . . . 140

6.2 Bottomonium P states: COG and Fine splittings . . . . . . . . . . . . . . . . . 142 6.3 Bottomonium D states . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146 7. Hyperfine splittings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148 7.1 η_c(1,2S): comparison of all measurements . . . . . . . . . . . . . . . . . . . . 148 7.11 η_c(1S) in J/ψ and ψ^′ decays . . . . . . . . . . . . . . . . . . . . . . 148 7.12 η_c(1S) in pp̄ annihilations . . . . . . . . . . . . . . . . . . . . . . . . 149 7.13 η_c(1S,2S) in B decays . . . . . . . . . . . . . . . . . . . . . . . . . . 150 7.14 η_c(1S,2S) in γγ fusion . . . . . . . . . . . . . . . . . . . . . . . . . . 151 7.15 Overview on all results . . . . . . . . . . . . . . . . . . . . . . . . . 153 7.2 η_b(nS) and h_b(nP): searches . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154 7.3 h_c : searches . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158 8. States close to open flavor thresholds . . . . . . . . . . . . . . . . . . . . . . . . . . . 161 8.1 R values between 3.7 and 5 GeV . . . . . . . . . . . . . . . . . . . . . . . . . 161 8.11 PLUTO measurement between 3.1 and 4.8 GeV . . . . . . . . . . . . 161 8.12 DASP measurement between 3.6 and 5.2 GeV . . . . . . . . . . . . . 162 8.13 SLAC-LBL measurement between 2.6 and 7.8 GeV . . . . . . . . . . 162 8.14 BES measurement between 2 to 5 GeV . . . . . . . . . . . . . . . . . 163 8.15 Remarks and prospects . . . . . . . . . . . . . . . . . . . . . . . . . 163 8.2 X(3872) : discovery and interpretations . . . . . . . . . . . . . . . . . . . . . . 166 8.21 Discovery, confirmation, and properties . . . . . . . . . . . . . . . . . 166 8.22 Decay modes and interpretation of the X(3872) . . . . . . . . . . . . 167 8.23 Searches for radiative decays . . . . . . . . . . . . . . . . . . . . . . 167 8.24 Studies of angular distributions . . . . . . . . . . . . . . . . . . . . . 169 8.25 Other searches . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170 8.26 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170 9. The observation of the B_c meson at CDF and D0 . . . . . . . . . . . . . . . . . . . . . 171 10. Evidence for doubly charmed baryons at SELEX . . . . . . . . . . . . . . . . . . . . . 173 10.1 The SELEX experiment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173 10.2 Search strategy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173 10.3 Ξ^+_{cc} → Λ^+_c K^−π^+ Search results and significance . . . . . . . . . . . . . . . . . 173 10.4 Ξ^+_{cc} → pD^+K^− search . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174 10.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174 11. Summary and outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175 Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 178

4 DECAY 199 1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 199 2. Branching ratio measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 200 2.1 Branching ratios measured in e^+e^− formation experiments . . . . . . . . . . . . 201 2.2 Branching ratios and partial widths measured in pp̄ formation experiments . . . . 202 2.3 Branching ratios and partial widths measured in two-photon reactions . . . . . . 202

2.4 Branching ratios and partial widths measured by radiative return (ISR) . . . . . . 203 2.5 Branching ratios measured in B decays . . . . . . . . . . . . . . . . . . . . . . 203 2.6 Indirect determinations as a tool to investigate systematic effects . . . . . . . . . 203 3. Electromagnetic and inclusive decays into light particles . . . . . . . . . . . . . . . . . 204 3.1 Theoretical framework . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 204 3.11 The perturbative expansion . . . . . . . . . . . . . . . . . . . . . . . 207 3.12 The relativistic expansion . . . . . . . . . . . . . . . . . . . . . . . . 207 3.13 pNRQCD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 208 3.2 Experimental status . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 210 3.21 Υ widths . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 210 3.22 J/ψ and ψ(2S) widths . . . . . . . . . . . . . . . . . . . . . . . . . 211 3.23 Two-photon partial width measurements . . . . . . . . . . . . . . . . 211 3.24 χ_b widths . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213 3.25 χ_c widths . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 214 3.26 Υ(1S) → γ + X and Υ(1S) → X . . . . . . . . . . . . . . . . . . . . 216 4. Inclusive radiative decays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 216 4.1 Photon fragmentation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 216 4.2 Resumming the large z contribution . . . . . . . . . . . . . . . . . . . . . . . . 217 5. Exclusive decays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 220 5.1 Decays of J/ψ and ψ^′ into two meson . . . . . . . . . . . . . . . . . . . . . . 224 5.2 Decays of J/ψ and ψ^′ into baryon-antibaryon . . . . . . . . . . . . . . . . . . 228 5.3 Hadronic two-body decays of the η_c . . . . . . . . . . . . . . . . . . . . . . . . 231 5.4 The decays of the χ_{cJ} and the role of the color-octet contribution . . . . . . . . 233 5.5 Radiative decays of charmonia into light hadrons . . . . . . . . . . . . . . . . . 236 6. Electromagnetic transitions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 239 6.1 Theoretical framework . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 239 6.11 Effective Lagrangian . . . . . . . . . . . . . . . . . . . . . . . . . . 239 6.12 Transition amplitudes . . . . . . . . . . . . . . . . . . . . . . . . . . 240 6.13 Electric transitions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 240 6.14 Magnetic transitions . . . . . . . . . . . . . . . . . . . . . . . . . . . 241 6.15 Relativistic corrections . . . . . . . . . . . . . . . . . . . . . . . . . 242 6.2 E1 transitions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 243 6.21 Model predictions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 243 6.22 Comparison with experiment: S and P states . . . . . . . . . . . . . . 246 6.23 D states . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 251 6.3 M1 transitions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 252 6.31 Model predictions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 253 6.32 Comparison with experiment . . . . . . . . . . . . . . . . . . . . . . 253 6.4 Higher order corrections . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 254 6.41 Higher multipole contributions . . . . . . . . . . . . . . . . . . . . . 254 6.5 Coupling to virtual decay channels . . . . . . . . . . . . . . . . . . . . . . . . . 255

6.6 B_c states . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 257 7. Hadronic transitions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 257 7.1 Theoretical approaches . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 257 7.2 Predictions for hadronic transitions in the single-channel approach . . . . . . . . 262 7.3 Nonrelativistic coupled-channel approach to hadronic transitions . . . . . . . . . 267 7.4 Application of the QCD multipole expansion to radiative decays of the J/ψ . . . 269 7.5 Hadronic transition experiments in the bb̄ system . . . . . . . . . . . . . . . . . 270 7.6 Hadronic transition experiments in the cc̄ system . . . . . . . . . . . . . . . . . 275 8. Decays of the B_c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 282 8.1 B_c lifetime and inclusive decay rates . . . . . . . . . . . . . . . . . . . . . . . 283 8.2 Exclusive decays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 285 8.21 Semileptonic decays . . . . . . . . . . . . . . . . . . . . . . . . . . . 286 8.22 Leptonic decays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 288 8.23 Non-leptonic modes . . . . . . . . . . . . . . . . . . . . . . . . . . . 289 Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 292

5 PRODUCTION 309 1. Formalism for inclusive quarkonium production . . . . . . . . . . . . . . . . . . . . . . 309 1.1 NRQCD factorization method . . . . . . . . . . . . . . . . . . . . . . . . . . . 309 1.2 Color-singlet model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 313 1.3 Color-evaporation model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 313 1.4 Multiple gluon emission . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 315 1.5 Production in nuclear matter . . . . . . . . . . . . . . . . . . . . . . . . . . . . 316 2. Quarkonium production at the Tevatron . . . . . . . . . . . . . . . . . . . . . . . . . . 317 2.1 Charmonium cross sections . . . . . . . . . . . . . . . . . . . . . . . . . . . . 317 2.2 Bottomonium cross sections . . . . . . . . . . . . . . . . . . . . . . . . . . . . 323 2.3 Polarization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 325 2.4 Prospects for the Tevatron Run II . . . . . . . . . . . . . . . . . . . . . . . . . 328 3. Quarkonium production in fixed-target experiments . . . . . . . . . . . . . . . . . . . . 329 3.1 Cross sections . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 329 3.2 Polarization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 332 3.3 Color-evaporation model parameters . . . . . . . . . . . . . . . . . . . . . . . . 333 4. Quarkonium production at HERA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 335 4.1 Inelastic photoproduction of charmonium . . . . . . . . . . . . . . . . . . . . . 335 4.2 Inelastic electroproduction of charmonium . . . . . . . . . . . . . . . . . . . . 342 4.3 Diffractive vector meson production . . . . . . . . . . . . . . . . . . . . . . . . 345 4.4 Prospects for the upgraded HERA collider . . . . . . . . . . . . . . . . . . . . . 347 5. Quarkonium production at LEP . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 348 5.1 J/ψ production . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 348 5.2 Υ(1S) production . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 351 6. Charmonium production in e^+e^− annihilations at 10.6 GeV . . . . . . . . . . . . . . . . 351

6.1 J/ψ production . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 351 6.2 Prospects at BaBar and Belle . . . . . . . . . . . . . . . . . . . . . . . . . . . . 354 7. Charmonium production in B-meson decays . . . . . . . . . . . . . . . . . . . . . . . . 355 8. B_c production . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 357 9. Summary and outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 362 Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 364

6 PRECISION DETERMINATIONS OF QCD PARAMETERS FROM QUARKONIA 377 1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 377 2. R-Measurements in Heavy Quarkonium Regions . . . . . . . . . . . . . . . . . . . . . 378 3. Bottom and charm quark mass determinations . . . . . . . . . . . . . . . . . . . . . . . 384 3.1 Quark mass definitions in perturbation theory . . . . . . . . . . . . . . . . . . . 385 3.2 Bottom quark mass from Upsilon sum rules . . . . . . . . . . . . . . . . . . . . 387 3.3 Charm quark mass from Charmonium sum rules . . . . . . . . . . . . . . . . . 392 3.4 Bottom and charm quark mass from the 1S resonances . . . . . . . . . . . . . . 392 3.5 Bottom and charm quark masses from lattice gauge theory . . . . . . . . . . . . 396 3.6 Final averages for m_b and m_c . . . . . . . . . . . . . . . . . . . . . . . . . . . 398 3.7 Future Opportunities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 398 4. Strong coupling constant from Quarkonia . . . . . . . . . . . . . . . . . . . . . . . . . 399 4.1 Strong coupling from Upsilon decays and sum rules . . . . . . . . . . . . . . . 399 4.2 Strong coupling constant from lattice QCD . . . . . . . . . . . . . . . . . . . . 400 5. NRQCD and the Velocity Renormalisation Group . . . . . . . . . . . . . . . . . . . . . 401 6. Top pair production at threshold in e^+e^− collisions . . . . . . . . . . . . . . . . . . . . 404 6.1 Physics of the top threshold . . . . . . . . . . . . . . . . . . . . . . . . . . . . 404 6.2 Experimental simulations for e^+e^− collisions . . . . . . . . . . . . . . . . . . . 406 6.3 Theoretical status for e^+e^− collisions . . . . . . . . . . . . . . . . . . . . . . . 408 6.31 Fixed order approach . . . . . . . . . . . . . . . . . . . . . . . . . . 408 6.32 Renormalisation group improved approach . . . . . . . . . . . . . . . 410 6.33 Treatment of unstable particles . . . . . . . . . . . . . . . . . . . . . 411 6.34 Non-perturbative effects . . . . . . . . . . . . . . . . . . . . . . . . . 413 6.4 Studies of distributions and polarised beams . . . . . . . . . . . . . . . . . . . . 413 6.41 Momentum distribution of top quarks . . . . . . . . . . . . . . . . . . 413 6.42 The forward-backward asymmetry A_{FB} . . . . . . . . . . . . . . . . 413 6.43 Polarisation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 414 6.44 Rescattering corrections . . . . . . . . . . . . . . . . . . . . . . . . . 414 6.5 Future Opportunities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 415 Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 415

7 CHARM AND BEAUTY IN MEDIA 425 1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 425 2. QCD in media, and the lattice approach . . . . . . . . . . . . . . . . . . . . . . . . . . 426 3. QCD at finite temperature: color screening and quarkonium suppression . . . . . . . . . 428

3.1 Color screening and running coupling . . . . . . . . . . . . . . . . . . . . . . . 429 3.2 Real time properties of finite temperature QCD, spectral functions . . . . . . . . 431 3.3 Charmonium at finite temperature: recent results on correlators and spectral functions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 433 3.4 Theory perspectives: NRQCD at T > 0 . . . . . . . . . . . . . . . . . . . . . . 437 4. J/ψ absorption in heavy-ion collisions . . . . . . . . . . . . . . . . . . . . . . . . . . . 438 4.1 Cross section calculations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 438 4.2 Comparison with data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 443 5. Shadowing and absorption effects on J/ψ production in d+Au collisions . . . . . . . . . 444 6. Quarkonium dissociation in hot QCD matter . . . . . . . . . . . . . . . . . . . . . . . . 448 7. Secondary charmonium production and charm-quark coalescence . . . . . . . . . . . . . 451 8. Quarkonium production in nuclear collisions . . . . . . . . . . . . . . . . . . . . . . . . 453 8.1 Charmonium suppression at the CERN SPS . . . . . . . . . . . . . . . . . . . . 453 8.2 Recent studies of charmonium production in heavy-ion collisions at the SPS . . . 456 8.3 Charmonium production in proton-nucleus collisions at 158 GeV . . . . . . . . 457 8.4 Charmonium production at RHIC . . . . . . . . . . . . . . . . . . . . . . . . . 461 9. Quarkonium photoproduction at hadron colliders . . . . . . . . . . . . . . . . . . . . . 463 9.1 Cross section calculation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 464 9.2 Experimental prospects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 466 9.3 Interference and the p_T spectrum . . . . . . . . . . . . . . . . . . . . . . . . . 468 10. Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 469 Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 470

8 BEYOND THE STANDARD MODEL 475 1. General overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 475 2. Prospects to detect new physics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 475 3. Precision tests using J/ψ decays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 476 3.1 CP test with J/ψ decays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 476 3.2 Lepton flavour violation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 477 4. Searches for light pseudoscalars in Υ decays . . . . . . . . . . . . . . . . . . . . . . . . 478 4.1 Υ(J/ψ)→γ + X^0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 479 4.2 Non-standard Higgs-mediated leptonic decays of Υ resonances . . . . . . . . . 479 4.21 Spectroscopic consequences for bottomonium states . . . . . . . . . . 481 5. Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 482 Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 482

9 FUTURE EXPERIMENTAL FACILITIES 485 1. Tevatron . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 485 2. CLEO-c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 486 2.1 Charmonium physics with the ψ(2S) . . . . . . . . . . . . . . . . . . . . . . . 487 2.2 Physics at the ψ(3770) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 488 2.3 Decays of the J/ψ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 488

2.4 Summary: the CLEO-c schedule . . . . . . . . . . . . . . . . . . . . . . . . . . 488 3. The BEPCII/BESIII project . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 489 4. B-factories . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 491 5. GSI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 492 5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 492 5.2 Experimental apparatus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 492 5.3 Physics program . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 493 6. J-Lab 12 GeV upgrade . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 495 7. LHC (ATLAS/CMS) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 495 7.1 Heavy quarkonia production at the LHC . . . . . . . . . . . . . . . . . . . . . . 496 7.2 Heavy quarkonia studies with ATLAS: selected topics . . . . . . . . . . . . . . 497 7.3 Conclusions and outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 501 8. LHCb . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 501 8.1 The LHCb detector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 501 8.2 Recent LHCb studies on B_c . . . . . . . . . . . . . . . . . . . . . . . . . . . . 502 9. Charmonia production in proton-nucleus collisions at 158 GeV . . . . . . . . . . . . . . 503 10. ALICE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 506 10.1 ALICE detector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 506 10.2 Muons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 507 10.3 Electrons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 507 10.4 Hadrons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 508 Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 508

10 OUTLOOK 513 1. The renaissance of heavy quarkonium physics . . . . . . . . . . . . . . . . . . . . . . . 513 2. Opportunities in theory and experiment . . . . . . . . . . . . . . . . . . . . . . . . . . 513 2.1 Quarkonium ground and lower states . . . . . . . . . . . . . . . . . . . . . . . 514 2.2 Higher quarkonium states . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 515 2.3 Production . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 516 2.4 In media . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 517 2.5 Top-antitop production . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 518 3. The Superlab . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 519