Contents

1 Lattice QCD: A Brief Introduction ........................................ 1
H.B. Meyer
1.1 Introduction and SCOPE ......ouuuiiiiiiiii i 1
1.2 The Lattice Formulation of Quantum Field Theory ................... 2
1.2.1 Scalar Field Theory .........ooouvieiiiiiiiiiiiiiiiiiiie e, 2
1.2.2 Fermions .........eooiuiiiiiiiiiiiiiiii i 5
1.23 Gauge Fields .......c.ovieiiiiiii 10
1.24 Lattice QCD ...t 12
1.3 The Approach to the Continuum and Renormalization ............... 14
1.3.1 The Weak-Coupling Expansion ..............cc..ooeeeeannn. 15
1.3.2 The Renormalization Group............oooueeeeviiiiieeeennn.. 17
1.3.3 The Continuum Limit and Universality........................ 19
1.3.4  IMProvement...........ceeeuuuuiieeeemnneeeeniiiieeeaenn. 20
1.4 ODbServables .........ooiiuiiiiii i 21
1.4.1 The Wilson Loop and Its Interpretation ....................... 21
1.4.2 Hadron SpectroSCOPY -« «eeuuuurrreeeemnniieteeniiiieeeeenn. 24
1.4.3 Spontaneous Chiral Symmetry Breaking and
Low-Energy
CONSLANTS ... ettt 26
1.5 Theory Topics for the Lattice Practitioner ......................oe... 27
1.5.1 Ward Identities ..........cooouiiiiiiiiiii e 27
1.5.2  Chiral Symmetry on the Lattice..................ooooeeeeia. 29
1.5.3 Topology of the Gauge Field ...............cccooiiiiiiiona. 31
1.5.4 Recursive Finite-Size Technique: Linking Vastly
Different Length Scales ...........c.oooiiiiiiiiiiiiiiiiiii. 31
1.6 Importance Sampling Monte-Carlo Methods: Basic Ideas............ 32
17 Outlook .. 34

ix



X Contents
2 Lattice Methods for Hadron Spectroscopy................................ 35
Sinéad M. Ryan
2.1 INtroduction ..........c.eiiiiiiiiiiiii i 35
2.1.1 Notation and Basics............ccoooiiiiiiiiiiiiiiiiiiin 36
2.1.2  Current and Future Experiments .................oooveeeeannn. 38
2.1.3 Lattice Hadron SpectroSCopy........covvuieieeiiiiineeeeennn. 39
2.1.4 Correlators in a Euclidean Field Theory....................... 41
2.2 Some New (and Old) Ideas for Making Measurements............... 43
221 SMEATING .. oeeeeit e 44
2.2.2  All to Al Propagators .........c..eeeeeiiiiieieeiiiiieeeeennn. 45
2.2.3 Distillation ........ooiiiiiiiii 47
2.2.4  Interim SUMIMATY . ....ooeeernniiteeeeeiieeeeiieeeeennns 51
2.3 Lattice Symmetries and Classifying States ..................oooee... 52
2.3.1 Connecting Lattice and Continuum Groups ................... 53
2.4 Building Operators and Extracting Energies........................... 54
2.4.1 Constructing Good OpPerators ...........cceeeeeeinuuueeeeennn. 56
2.4.2 Fitting Data to Extract Energies...................oooeeeeia. 58
2.4.3 A Lattice Error Budget ..ot 63
2.5 Current Challenges.........oovuuiiiiiiiiiiiiii e 63
2.5.1 Resonances and Scattering States...........c.c.oovveveeeeennn. 63
2.6 SUIMIMAIY ..ottt ettt e et e e e e e aeeees 67
3 Hadron Structure on the Lattice ............................... 69
K.U. Can, A. Kusno, E.V. Mastropas, and J.M. Zanotti
3.1 INtroduction ........oocueiiiiiiiiii i 69
3.2 Experimental Probes .......... ..o 70
3.2.1 Elastic e—p Scattering .........ccoeviuiiieeeiniiiiiieeennnnnns 70
3.2.2 Deep-Inelastic Scattering...........ooouvveeeiiiiiiieeennnnnnn. 75
3.2.3 NeutronBetaDecay .........cccovvviiiiiiiiiiiiiiiiiiii 81
3.3 Determining Matrix Elements on the Lattice .......................... 83
3.3.1 Lattice Three-Point Functions.....................coooiat. 84
3.3.2 Extracting Matrix Elements ..............ccooviiiiiiiiiiiinn, 88
3.3.3 Moments of Structure Functions ........................ooeee. 94
3.3.4 Generalised Parton Distributions..................c.ooeeinn... 99
3.4 SUMMAIY ..ottt ettt e 105
4 Chiral Perturbation Theory ... 107
Brian C. Tiburzi
4.1 Introductory Remarks.......... ..o 107
4.2 The Chiral Lagrangian ............c.c.eeeiiiiiiiiiiiiiiiiiie e, 109
4.2.1 Symmetries and Symmetry Breaking.......................... 109
422 Chiral Dynamics ..........cooviiiiiiiiiiiiiiiiii e, 112
423 Leading Orderand Beyond................ooooiiiiiiiiiiie... 115

424 External Fields ......coooviiiiiiiii i 118



Contents Xi
4.3 Applications Tailored to Lattice QCD ...t 121
4.3.1 Partially Quenched QCD ............ccoiiiiiiiiiiiiiiiiiin... 121
4.3.2 Effects of Finite Volume..............cooooiiiiiiiiinn. 124
4.3.3 Lattice Discretization Effects ...................o.oo 129
4.4 Including the Nucleon ............cooiiiiiiiiiiiiiiiiiiiii i, 131
4.4.1 Heavy Fermions ..........cccoiiiiiiiiiiiiiiiiiiiiiiiiiiiee... 132
4.42 Heavy-Nucleon yPT ... 134
4.43 Quark-Mass Dependence of the Nucleon...................... 136
4.44 Beyond Leading Order ............cocoeviiiiiiiiiiiiiiiien... 138
4.5 Tssues Of CONVEIZENCE ....coovrnnnuiiietteiie e e e e 141
4.5.1 Including Strange MesOnS ...........eeeeiiiiiiieeeinnnnnneen.. 142
4.5.2 Including Strange Baryons .............coooiiiiiiiiiiiiie, 144
4.5.3 Excluding Strangeness...........co.veeeeiiiiiiieeeinininniee... 147
4.5.4 Not-So-Heavy Baryons...........ccoeeeiiiiiiiiiiiiiniiien... 150
4.6 Final Remarks............cooiiiiiiiiiiiii i 152
5 Nuclear Physics from Lattice QCD ........................................ 153
William Detmold
5.1 INtroduction ........cooueiiiiiiiiiii i 153
5.2 Approaching Nuclear Physics in Lattice QCD ........................ 154
5.3 Two-Hadron Systems .........uuuieeieiiiiei e 156
5.3.1 Scattering Information from Finite Volume
Energy Eigenvalues............ccooiiiiiiiiiiiiiiiiiiiiin, 156
5.3.2 Boosted Systems, Asymmetric Systems, and
Systems with Unequal Masses ...........cooovieiiiiiiinne... 163
5.3.3 RESONANCES ...uuvitiniiii it 164
5.3.4 Bound SYStEMS ......eeeitiiiniiiie e 166
5.3.5 Lattice Wavefunctions and Potentials.......................... 167
5.3.6 Numerical Investigations ...........c.covviiiieiiiiiiieeennn. 171
5.4 Multi-Hadron Systems: Theoretical Framework ...................... 175
5.4.1 Three-Body Systems.........ouuuueiiiiiiiiiiieiiiiiiieeeannn. 176
5.4.2 Many-Meson Systems: Threshold Expansion ................. 176
5.4.3 Many Baryon Systems............eeiiiiiiiiiiiiiiiiiiiieee 178
5.5 Multi-Hadron Systems: Contraction Methods ......................... 178
5.5.1 MeSONIC SYSIEIMS .. .vvveeeenitiiteeeeiieeeeieeeeanns 179
5.5.2 Baryonic SYSemMS . .....coevuiuuuiieeteiiiiee e 181
5.6 Many Meson SYStIMS. . ..ovuuunttttteetiee e e 183
5.7 Nucleiand Hypernuclei...........ccoooiiiiiiiiiiiiiiiiiiii e, 186
5.8 Current Issues and Future Challenges..............coooceviiiiie... 190
5.8.1 Statistical Precision ............c.oooiiiiiiiiiiiiiiiiiiiii e 190
5.8.2 Beyond SpectroSCOPY . ...eovuuuuiiteteeiieeetiiieeean. 191
5.8.3 How Large Is a Large Volume? .............cccooiiiiiieennnn. 192
5.8.4 Spectral Gaps, Large Volumes and the Approach
to the Chiral Limit ... 192
5.8.5 Electroweak Effects...............oooiiiiiiiiin 193

(010) 1163 1T T 16 1 1 193



xii Contents

6 High Temperature and Density in Lattice QCD.......................... 195
Carleton DeTar

6.1 INtroduction .............coiiiiiiiiiiiiiii i 195

6.1.1 Why Study High T and High Density QCD? ................. 195

6.1.2 Phenomenology of the Quark-Gluon Plasma.................. 196

6.2 Lattice QCD at Strong Coupling ............coeviiiiiiiiiiiiinen... 198

6.2.1 Partition Function................ooooiiiiiiiiiii 198

6.2.2 Wilson Action and Noether Current ...................oeeenen 199

6.2.3 External Point Current.............ccoooiiiiiiiiiiiiiiiiean 200

6.2.4 Gauge Theory at Strong Coupling, High 7" ................... 201

6.2.5 Chemical Potential................ooooiiiiiiiiiiiii i 202

6.2.6 Fermions at Strong Coupling, Large Mass, High T........... 203

6.2.7 Three-Dimensional Flux-Tube Model of QCD................ 205

6.3 Signals for Deconfinement ...............oooiiiiiiiiiiiiiiiiii 207

6.3.1 Free Energy of a Static Charge..............cccooviiieeennn. 207

6.3.2 Free Energy of a Pair of Static Charges ....................... 208

6.3.3 Strange Quark Number Susceptibility ......................... 210

6.3.4 Dimensional Reduction..................cooooiiiiiiii 211

6.3.5 Hadrons in the Thermal Medium ........................oe 213

6.4 Signals for Chiral Symmetry ...........oooiiiiiiiiiiiiiiiiiie... 215

6.4.1 Chiral Effective Theory and Symmetry Restoration .......... 216

6.4.2  Signals of Chiral Symmetry Restoration ...................... 218

6.4.3 Universality and Critical Behavior............................. 222

6.5 Equation of State .........ooviiniiiiiiiiiiii e 225

6.5.1 Models at Low and High Temperature......................... 225

6.5.2 Equation of State at Zero Density...........cccovvieeeennn. 226

6.5.3 Equation of State at Nonzero Density ................c..oo.... 229

6.5.4 Charm Quark Contribution ...................ccooeeiiiiiiinn... 231

6.6 Fluctuations of Conserved Charges ............c.cooovviiiiiiiiien... 231

CONCIUSIONS ... c ettt 232

ReferenCesS. ... 235



2 Springer
http://www.springer.com/978-3-319-08021-5

Lattice QCD for Nuclear Physics

Lin, H.-W.; Meyer, H.B. (Eds.)

2015, X, 244 p, 78 illus., 59 illus. in color., Softcover
ISBN: 978-3-319-0B021-5



