CONTENTS

1 COMMON THEORETICAL TOOLS 1
1 QCD . . . . e e e 1
2 Effective field theories . . . . . ... ... ... .. ... . . 2
2.1 Nonrelativistic QCD . . . . . . . . . . . e e e e e 3
2.2 Lowerenergy EFTs . . . . . . . . . . . .. . e 5
3 Latticeintroduction . . . . . . . . . .. ... e 6
3.1 General @spects . . . . . . . . ... e e e e e e e e e 6
32 Actions and finiteaeffects . . . .. . ... ... . L o oo 8
33 Extrapolations . . . . . . . . . ... e e 14
References . . . . . . . . . o o L e e e e e e e e e e 15
2 COMMON EXPERIMENTAL TOOLS 21
1 OVEIVIEW . . . . o o e i e e e e e e e e e e e e e e e 21
2 T-charm factories . . . . . . . . . ... .. e e 23
2.1 BES . . e e 23
22 The CLEOdetector . . . . . . . . . o v it it e e e e e e 23
23 KEDR . . . . . e e 27
3 B-factories . . . . . . ... e e e e e e e 28
3.1 BaBar . . . . . . e e e e e e e 28
3.2 Belle . . . . o o e e 31
4 ppcharm factories . . . . . . . .. L L. e e e e e e e 34
4.1 EB35 . . .. e e 34
5 ExperimentsatLEP . . . . .. .. ... ... 35
5.1 ALEPH detector . . . . . . . . . . . . e e e e e e 36
5.2 DELPHIdetector . . . . . . . . .. . e e e e e e e 38
5.3 L3detector . . . . . . . . . e e e e e e e e e e e 40
54 OPAL detector . . . . . . . . . o i e e e e e e 4]
6  Experiments at hadroncolliders . . . . ... ... ... ... .. ... ... . 0. 42
6.1 CDFinRunIl . . .. . .. . . .. e 42
6.2 DOdetectorinRunll. . . . .. .. .. .. .. . .. . 43
7  Experiments at HERA . . . . .. .. ... ... ... ... e 44
7.1 Hl . . e 45
7.2 ZEUS . . e e e e 46
7.3 HERA-B . . . e e e 47
8 Appendices . . . .. ... e e 48
8.1 Resonant depolarization for absolute mass measurements . . . . . . .. ... .. ... .. 48
8.2 ete” scanning, radiative COITECHIONS . . . . . . . « o v v v v i e e e e e 49
8.3 pp scanning techniques and limits . . . . . .. .. ... .. oL oL 55
8.4 Luminosity of photon photon scattering . . . . . . . .. ... ... .. ... .. .. ... 57
85 Interference with continuum ine¥e™ experiments . . . . . . . .. ... ... ... ... 58
xiti

Heavy quarkonium physics

2005

digitalisiert durch
IDS Basel/Bern, im Auftrag der
Schweizerischen Nationalbibliothek



References . . . . . . e e e e e e e e e e e e e e e e e e e e e e e e e 63

3 SPECTROSCOPY 69
! Theory introduction . . . . . . . . . . . ... . e e e 69
2  Theoretical approach . . . . . . . . . ... e e 71
2.1 Direct lattice QCD calculation . . . . . . . . . . . . . ... . e 71
2.2 NRQCD . . . . e e e e e e e e e e e e e 74
2.3 PNRQCD . . . e e e e e e 82
24 Threshold effects (EFT) . . . . . . . . . . . e e e e e e e e e 95
3 Phenomenological approach . . . . . . . .. ... .. . L e 96
3.1 Potentialmodels . . . . . . . .. L e e e e 96
3.2 Comparison of models withexperiment . . . . . . .. .. .. ... ... ......... 101
33 Coupling to open-charmchannels . . . . . . .. ... ... ... ............. 104
34 QQgstatesandmolecules . . . . . ... L L Lo 109
35 Quarkonium hybrids . . . . . . . . . .. e e 113
4 Introduction to experimental SPeCtroSCOPY . . . . . . .« . . L Lt e i e e e e 116
5 High precision measurements of vector state masses and widths . . . . . . . .. ... ... 117
5.1 Charmonia . . . . . . . . . . i e e e e e 117
5.2 Bottomonia . . . . . . .. . e e e e e e e e e e e e e 119
6 Spin averaged and fine splittings . . . . . .. . ... L L o e 120
6.1 Charmonium P states: COG and fine splittings . . . . .. ... .. ............ 120
6.2 Bottomonium P states: COG and Fine splittings . . . . . . . .. .. ... ... ...... 122
6.3 Bottomonium D states . . . . . . . ... L e e 127
7 Hyperfine splittings . . . . . . . . . . . . . L 129
7.1 1¢(1,28): comparison of all measurements . . . . . . ... ... ..o .. 129
7.2 m(nS)and hp(nP):searches . . . . . . . . ... e 136
7.3 hersearches . . . . . . . . L e e e e e e e e e e e e e e 139
8 States close to open flavour thresholds . . . . .. .. ... .. .. .. ... ... . ... 141
8.1 Rvaluesbetween3.7and5GeV . . . .. . .. .. Lo 141
8.2 X(3872): discovery and interpretations . . . . . . . .. .. L. ..o e 147
9 The observation of the B, meson at CDOFand DO . . . . ... ... ... .......... 152
10  Evidence for doubly charmed baryons at SELEX . . . . .. ... .. ... ... ...... 153
10.1 The SELEX experiment . . . . . . . . . v it v v it e bt e e e e e e e e e 153
10.2  Searchstrategy . . . . . . . . . . o i e e e e e e e 154
10.3 =} — AFK~n" Search results and significance . . . . . .. ... ... oL 154
104 Zf -5 pDtK ™ search . ... ... . ... .. . ... 155
105 Conclusions . . . . . . . . . . oL e e 156
11 Summaryandoutlook . . . . . . . .. ... e 156
References . . . . . . . . . . . L e e e e e 160
4 DECAY 175
1 Introduction . . . . . . . . . . L e e e e e 175

Xiv



2  Branching ratio Measurements . . . . . . . . . . . o v vt bt 176
2.1 Branching ratios measured in e*e™ formation experiments . . . . . . ... ... ... .. 177
22 Branching ratios and partial widths measured in pjp formation experiments . . . . . . . . . 178
2.3 Branching ratios and partial widths measured in two-photon reactions . . . . . . . .. .. 178
24 Branching ratios and partial widths measured by radiative return (ISR) . . . . . . . .. .. 178
25 Branching ratios measured in Bdecays . . .. . ... .. ... ... ... .. 179
26 Indirect determinations as a tool to investigate systematic effects . . . . . . ... ... .. 179
3 Electromagnetic and inclusive decays into light particles . . ... ... ... ... ... .. 180
3.1 Theoretical framework . . . . . . .. . . . ... ... e 180
32 Experimental status . . . . . . . . . . . . ... e e 186
4 Inclusiveradiativedecays . . . . . . .. . .. ... e 191
4.1 Photon fragmentation . . . . . . . .. . ... L. e e e 193
4.2 Resumming the large z contribution . . . . .. . . ... ... Lo oo oo 193
5 Exclusivedecays . . . . . . . . . .. e e 196
5.1 Decays of J/¢pand® "intotwomeson . . .. . . ... ... ... L. 200
52 Decays of J/+ and 9 ’ into baryon-antibaryon . . . .. ... ... ... ... . ..., 204
53 Hadronic two-body decaysofthen, . . . . .. . ... . .. .. ... oL 207
5.4 The decays of the x.; and the role of the colour-octet contribution . . . . . ... ... .. 210
55 Radiative decays of charmonia into lighthadrons . . . . . .. ... ... . ... ..... 212
6  Electromagnetic transitions . . . . . . . . . . ... e 215
6.1 Theoretical framework . . . . . . ... . . ... L e 215
6.2 Eltransitions . . . . . . . . . . . . .. e e e 219
6.3 MItransitions . . . . . . . . . . . e e e e e e 229
6.4 Higher order corrections . . . . . . . . . . . . . i o i vt i e 229
6.5 Coupling to virtual decay channels . . . . . ... ... ... ... ... . ... .. ... 232
6.6 Bestates . . . . . e e e e e e e e e e e e e 232
7 Hadronic transitions . . . . . . . . . . . . . L. e e 234
7.1 Theoretical approaches . . . . . . . . . . . .. . .. ... e 234
7.2 Predictions for hadronic transitions in the single-channel approach . . . . . . .. ... .. 238
7.3 Nonrelativistic coupled-channel approach to hadronic transitions . . . .. . ... ... .. 244
7.4 Application of the QCD multipole expansion to radiative decays of the J/4 . . . . . . . . 246
7.5 Hadronic transition experiments in the bbsystem . . . . . ... ... ... ........ 247
7.6 Hadronic transition experiments inthe ccsystem . . . . . . . . . . ... ... ... ... 252
8 Decays of the B, . . . . . . . . . . e e e e e 259
8.1 B¢ lifetime and inclusive decay rates . . . ... .. ... ... ... L. 260
8.2 Exclusivedecays . . . . . . . . . . . e 263
References . . . . . . . . . e 269
5 PRODUCTION 283
1 Formalism for inclusive quarkonium production . . . . . . ... ... ... . ... ..... 283
1.1 NRQCD factorization method . . . . . . . . . . . . i i i e e e e 283
1.2 Colour-singletmodel . . . . . . ... . . . ... . ... .. e 287

Xv



1.3 Colour-evaporationmodel . . . . . . . . .. e 287
14 Multiple gluonemission . . . . . . . . . . e 289
1.5 Productioninnuclearmatter . . . . . . . . . . . ... ... 290
2 Quarkonium production atthe Tevatron . . . . . ... ... ... .. ... ... ..., 291
2.1 Charmonium cross-sections . . . . . . . . . . v ot v it e e e e e e 291
22 Bottomonium Cross-sections . . . . . . . . . . v h .ttt e e 297
23 Polarization . . . . . . . . . . . . e e e e 299
24 Prospects forthe TevaronRunII. . . . . .. . .. .. ... .. ... .. ........ 302
3 Quarkonium production in fixed-target experiments . . . . . . .. .. .. ... ... 303
3.1 Cross-seCtions . . . . . . . . . L. e e e e e e e e e e e e 303
32 Polarization . . . . . . . . . . . e e e e e 306
33 Colour-evaporation-model parameters . . . . . . .. ... ... ......... .. ... 308
4 Quarkonium production at HERA . . . . . ... .. ... ... .. ... ... . .. ... . 310
4.1 Inelastic photoproduction of charmonium . . . . . . ... ... ... ... ..., ... 310
4.2 Inelastic electroproduction of charmonium . . . ... ... ... ............. 315
4.3 Diffractive vector meson production . . . . . . .. ... ... L 0 . 320
4.4 Prospects for the upgraded HERA collider . . . . ... ... ... ............. 322
5 Quarkonium production at LEP . . . . . . . .. .. .. .. 323
5.1 J/production . . . ... e 323
5.2 T(1S) production . . . . . . . . . . e e e 325
6 Charmonium production in e*e™ annihilations at 10.6 GeV . . . . . ... ... ... .. .. 325
6.1 J/pproduction . . . .. L e e e e e e e 325
6.2 Prospects at BaBarandBelle . . . . . . . .. .. ... ... ... ... 0. 329
7 Charmonium production in B-mesondecays . . . . . . . . . .. .. vt 330
8 Beproduction . . . . . L L e e e e e e e e e e e e 332
9 Summary andoutlook . . . . . . ... L e 336
References . . . . . . . . . o e e 338
6 PRECISION DETERMINATIONS OF QCD PARAMETERS FROM QUARKONIA 349
1 Introduction . . . . . . . .. L e e e e 349
2 R-Measurements in Heavy Quarkonium Regions . . . . .. ... ... .. ......... 350
3 Bottom and charm quark mass determinations . . . . . ... ... ... o 0oL 354
3.1 Quark mass definitions in perturbation theory . . . . . . ... ... L. oL 354
3.2 Bottom quark mass from Upsilonsumrules . . . . . ... ... .. ... ........ 357
3.3 Charm quark mass from Charmonium summles . . .. ... ... .. .. ... ... .. 361
34 Bottom and charm quark mass from the 1Sresonances . . . . ... ... ... ... ... 362
3.5 Bottom and charm quark masses from lattice gauge theory . . . . .. ... ... ... .. 366
3.6 Final averages formpand m, . . . . . . . . . . .. L 368
3.7 Future Opportunities . . . . . . . . . . . . . . i e e 368
4 Strong coupling constant from Quarkonia . . . . ... .. ... ... o0 oL 369
4.1 Strong coupling from Upsilon decays and sumrules . . . .. . ... ... ... ..... 369
4.2 Strong coupling constant from lattice QCD . . . . . . .. ... ... ... .. ... 370

xvi



5 NRQCD and the Velocity Renormalisation Group . . . . . ... . ... ... ... ..... 371

6  Top pair production at threshold in eTe™ collisions . . . . ... ... ... ......... 374
6.1 Physicsof thetop threshold . . . . . . .. ... .. ... . .. ... . . ... ... 374
6.2 Experimental simulations forete™ collisions . . . . ... .. ... ... ........ 376
6.3 Theoretical status foreTe~ collisions . . . . . . . . ... ... ... . ... 378
64 Studies of distributions and polarisedbeams . . . . . . ... ... ... ..o 0 383
6.5 Future Opportunities . . . . . . . . . . ... .. . e 385
References . . . . . . . . . . o e e e e e 386
7 CHARM AND BEAUTY IN MEDIA 393
1 Introduction . . . . . . . . .. .. e e 393
2 QCD in media, and the latticeapproach . . . . . .. ... ... ... . ..... ... ... 394
3 QCD at finite temperature: colour screening and quarkonium suppression . . . .. ... .. 396
3.1 Colour screening and running coupling . . . . . . . ... ... o oL 397
32 Real time properties of finite temperature QCD, spectral functions . . . . . ... ... .. 399
33 Charmonium at finite temperature: recent results on correlators and spectral functions . . . 401
34 Theory perspectives: NRQCDatT >0 ... ... ... ... .. ... ... ..... 405
4  J/+ absorption inheavy-ioncollisions . . . . ... ... ... ... . oL 406
4.1 Cross-section calculations . . . . . . . .. ... .. e 406
42 Comparison withdata . . . . . . ... ... .. ... e 411
5 Shadowing and absorption effects on J/4 production in d+Au collisions . . . . . . .. ... 413
6 Quarkonium dissociation inhot QCDmatter . . . . . . . . ... ... ... ... .. ..., 417
7 Secondary charmonium production and charm—quark coalescence . . . ... ... ... .. 419
8 Quarkonium production in nuclearcollisions . . . . . . . ... ... ... ... ... ... 421
8.1 Charmonium suppression atthe CERNSPS . . . . .. ... .. .. ... ... ..., 421]
8.2 Recent studies of charmonium production in heavy-ion collisions atthe SPS . . . . . . .. 424
8.3 Charmonium production in proton—nucleus collisions at 158 GeV . . . . .. .. ... .. 425
8.4 Charmonium production at RHIC . . . . . ... .. ... ... ... .. ... ..... 430
9 Quarkonium photoproduction at hadroncolliders . . . . . . ... ... ... ... ..... 432
9.1 Cross-section calculation . . . . . . .. ... .. ... 434
9.2 Experimental prospects . . . . . . . . . . . ..o e e e e e e e 436
9.3 Interference and the prspectrum . . . . . . . . . ... o o 437
10 Outlook . . . . . . e e 439
References . . . . . . . . . e e 440
8 BEYOND THE STANDARD MODEL 45
1 General overview . . . . . . .. . L L e e e e 445
2 Prospectstodetectnew physics . . . . . . . . ... Lo 445
3  Precisiontestsusing J/decays . . . .. ... .o 446
3.1 CPtestwith J/epdecays . . . .. ... ... .. ... 446
32 Lepton flavour violation . . . . . . .. ... .. .. ... ... 447
4 Searches for light pseudoscalars in T decays . . . . . . .. .. ... ... ... ....... 448

Xvil



4.1 T(T/ )=+ X0 448

4.2 Non-standard Higgs-mediated leptonic decays of T resonances . . . . . .. ... ... .. 449
5 Summary . . . .. e e e e e e e e e e e e 452
References . . . . . . . . . 0 0 e e e e e 452
9 FUTURE EXPERIMENTAL FACILITIES 455
1 Tevatron . . . . . . . e e e e 455
2 CLEO-C . . it e e e e e e e e e e 457
2.1 Charmonium physics with the 1/(2S) . . . . .. . .. .. ... .. ... ... ... 457
22 Physics atthe 9(3770) . . . . . . . . e e e 458
23 Decaysofthe J/1¥ . . . . . . . . e 458
24 Summary: the CLEO-cschedule . . . . .. ... ... . ... ... . ... ....... 458
3  The BEPCI/BESIIIproject . . . . . . . . o i it ittt e ettt e 459
4 B-factomies . . . . .. .. e e e e e e e e e e e e e e e e 461
S OGS . e e e e e e e 462
5.1 Introduction . . . . . . . . . . . . e e e e e e e e e e e e 462
52 Experimental apparatus . . . . . . ... ... ... e e 462
53 Physicsprogramme . . . . . . . . ... e 463
6 JeffersonLab 12GeVupgrade . . . . . . . . . . . . . e 465
7  LHC(ATLAS/CMS) . . . o e e e e e e e s e e s s e e e s s 466
7.1 Heavy quarkonia production atthe LHC . . . . . . .. ... ... ... .. ........ 466
7.2 Heavy quarkonia studies with ATLAS: selectedtopics . . . . .. .. ... ... ..... 467
7.3 Conclusionsandoutlook . . . . . ... .. . . ... ... e 470
8 LHCD . . . . . e e e 471
8.1 The LHCbdetector . . . . . . . . . .. . ittt et e e e e 471
8.2 Recent LHCbstudiesonB. . . . . . . . . .. . . . ... . ... e 472
9 ALICE. . . . . e e e e e e 473
9.1 ALICEdetector . . . . . . . . . . e e e e e e e 474
9.2 Muons . . . . . L e e e e e e e e e e e e e 475
9.3 Electrons . . . . . . . . .. e e e e e e e e e e 475
9.4 Hadrons . . . . . . . . . .. e e e e 476
References . . . . . . . . . .o e e 476
10 OUTLOOK 479
1 The renaissance of heavy quarkonium physics . . . . . ... ... .. ............ 479
2 Opportunities in theory and experiment . . . . . . . . . ... ... ... ... 479
2.1 Quarkonium ground and lowerstates . . . . . . . ... ... ... .o L L, 480
22 Higher quarkonium states . . . . . . ... ... ... ... L oo o 481
23 Production . . . . . . . . . . . e 482
24 Inmedia. . . . . . . . . . e e 483
25 Top—antitop production . . . . . . . . . ... 484
3 TheSuperlab . . . . . . ... e 485

Xviii



	vtls001759165 [TOC]
	Inhalt
	Seite 1
	Seite 2
	Seite 3
	Seite 4
	Seite 5
	Seite 6



