Contents

Part I Introduction and Review

1 Imtroduction ........... ... ... ... ... . .. ... .
1.1 Describing Hadrons from QCD. . ... ....... ... ... ......

1.2 QCD Sum Rules and Its Ambiguities. . .. ................

1.3 Hadrons in a Hot and/or Dense Environment . .............

1.4 Motivation and Purpose of this Thesis. . .................

1.5 Outline of the Thesis . . ... ....... ... .. ...
References . . .. ... ..

2 Basic Propertiesof QCD . .. ... ... ... ... ... ... ... ... ...
2.1 The QCD Lagrangian. . ... ...........o.uiunuinnenn...
2.2 Asymptotic Freedom ... .......... ... .. .. .. ... . ......

2.3 Symmetries of QCD .. ... ... .. .. ..
2.3.1 Gauge Symmetry . ... .. .. ...ttt

2.3.2 Chiral Symmetry. . .. ......... ... ...

2.3.3 Dilatational Symmetry. . .. .......... ... . ... ...

234 Center Symmetry . .. ... ..oovumuiuenenennen..

24 Phasesof QCD . ... ... .. . ... .
References . . ... .. .

3 Basicsof QCDSum Rules . .............................
3.1 Introduction . ....... ...t
3.1.1 The Theoretical Side . . . ........ ... ... ... ......

3.1.2  The Phenomenological Side . . .. .................

3.1.3 Practical Versions of the Sum Rules . ... ...........

3.2 More on the Operator Product Expansion. ... .............
3.2.1 Theoretical Foundations. . .. ....................

3.2.2 Calculation of Wilson Coefficients

25
25
26
27
28
30
30
33

Xiii


http://dx.doi.org/10.1007/978-4-431-54318-3_1
http://dx.doi.org/10.1007/978-4-431-54318-3_1
http://dx.doi.org/10.1007/978-4-431-54318-3_1#Sec1
http://dx.doi.org/10.1007/978-4-431-54318-3_1#Sec1
http://dx.doi.org/10.1007/978-4-431-54318-3_1#Sec2
http://dx.doi.org/10.1007/978-4-431-54318-3_1#Sec2
http://dx.doi.org/10.1007/978-4-431-54318-3_1#Sec3
http://dx.doi.org/10.1007/978-4-431-54318-3_1#Sec3
http://dx.doi.org/10.1007/978-4-431-54318-3_1#Sec4
http://dx.doi.org/10.1007/978-4-431-54318-3_1#Sec4
http://dx.doi.org/10.1007/978-4-431-54318-3_1#Sec5
http://dx.doi.org/10.1007/978-4-431-54318-3_1#Sec5
http://dx.doi.org/10.1007/978-4-431-54318-3_1#Bib1
http://dx.doi.org/10.1007/978-4-431-54318-3_2
http://dx.doi.org/10.1007/978-4-431-54318-3_2
http://dx.doi.org/10.1007/978-4-431-54318-3_2#Sec1
http://dx.doi.org/10.1007/978-4-431-54318-3_2#Sec1
http://dx.doi.org/10.1007/978-4-431-54318-3_2#Sec2
http://dx.doi.org/10.1007/978-4-431-54318-3_2#Sec2
http://dx.doi.org/10.1007/978-4-431-54318-3_2#Sec3
http://dx.doi.org/10.1007/978-4-431-54318-3_2#Sec3
http://dx.doi.org/10.1007/978-4-431-54318-3_2#Sec4
http://dx.doi.org/10.1007/978-4-431-54318-3_2#Sec4
http://dx.doi.org/10.1007/978-4-431-54318-3_2#Sec5
http://dx.doi.org/10.1007/978-4-431-54318-3_2#Sec5
http://dx.doi.org/10.1007/978-4-431-54318-3_2#Sec6
http://dx.doi.org/10.1007/978-4-431-54318-3_2#Sec6
http://dx.doi.org/10.1007/978-4-431-54318-3_2#Sec7
http://dx.doi.org/10.1007/978-4-431-54318-3_2#Sec7
http://dx.doi.org/10.1007/978-4-431-54318-3_2#Sec8
http://dx.doi.org/10.1007/978-4-431-54318-3_2#Sec8
http://dx.doi.org/10.1007/978-4-431-54318-3_2#Bib1
http://dx.doi.org/10.1007/978-4-431-54318-3_3
http://dx.doi.org/10.1007/978-4-431-54318-3_3
http://dx.doi.org/10.1007/978-4-431-54318-3_3#Sec1
http://dx.doi.org/10.1007/978-4-431-54318-3_3#Sec1
http://dx.doi.org/10.1007/978-4-431-54318-3_3#Sec2
http://dx.doi.org/10.1007/978-4-431-54318-3_3#Sec2
http://dx.doi.org/10.1007/978-4-431-54318-3_3#Sec3
http://dx.doi.org/10.1007/978-4-431-54318-3_3#Sec3
http://dx.doi.org/10.1007/978-4-431-54318-3_3#Sec4
http://dx.doi.org/10.1007/978-4-431-54318-3_3#Sec4
http://dx.doi.org/10.1007/978-4-431-54318-3_3#Sec5
http://dx.doi.org/10.1007/978-4-431-54318-3_3#Sec5
http://dx.doi.org/10.1007/978-4-431-54318-3_3#Sec6
http://dx.doi.org/10.1007/978-4-431-54318-3_3#Sec6
http://dx.doi.org/10.1007/978-4-431-54318-3_3#Sec9
http://dx.doi.org/10.1007/978-4-431-54318-3_3#Sec9

Xiv

3.3 More on the QCD Vacuum
The Quark Condensate . ......................
The Gluon Condensate . ......................
The Mixed Condensate . ......................
Higher Order Condensates . . . ..................
.. 40

33.1
332
333
334

3.4 Parity Projection for Baryonic Sum Rules ..............

3.4.1
342
3.4.3
3.4.4

References

The Problem of Parity Projection

in Baryonic Sum Rules . .. ...... ... ... ... . ...
Use of the “Old Fashioned” Correlator. . .........
Construction of the Sum Rules. ... .............
General Analysis of the Sum Rules

for Three-Quark Baryons. . .. .................

4 The Maximum Entropy Method . . ... ...................
4.1 Basic Concepts . . ... vv it i

4.1.1
412
413

The Likelihood Function and the Prior Probability . . .
The Numerical Analysis. . . ...................
Error Estimation . . . . .......................

4.2 Sample MEM Analysis of a Toy Model. . .. ............

4.2.1
422
423
424
References

Construction of the Sum Rules. . . ..............
MEM Analysis of the Borel Sum Rules. . .........
MEM Analysis of the Gaussian Sum Rules . . ... ...
Summary of Toy Model Analysis...............

Part I Applications

5 MEM Analysis of the p Meson Sum Rule . . . ..............
5.1 Introduction . ........... ... ...
5.2 Analysis Using Mock Data. . .......................

5.2.1
522
523

524
5.25

Generating Mock Data and the Corresponding Errors . . .
.. 81

Choice of an Appropriate Default Model . . . . ... ...
Investigation of the Stability of the Obtained

Spectral Function . .. .......................
Estimation of the Precision of the Final Results . . . . .
Why it is Difficult to Accurately Determine the Width
ofthe p Meson. ......... .. ... ... .. .. .....

5.3 Analysis Using the OPE Results . . . ..................

5.3.1
532

The p Meson Sum Rule. . . ...................
Results of the MEM Analysis. . . ...............

54 Summary and Conclusion. . . . ...... ... ... ... .......

References

Contents

. 38
.38
. 38
.39
.39

..ooo4
..o 42
.. 43

.. 45
.. 49

.. 51
.. 51
.. 52
.. 53
.. 55
.. 56
.. 57
.. 062
.. 66
.. 12
.. 12

.7
.o T
.. 18

79

.. 84
.. 85

.. 88
.. 8
.. 8
.. 91
.. 95
... 96


http://dx.doi.org/10.1007/978-4-431-54318-3_3#Sec14
http://dx.doi.org/10.1007/978-4-431-54318-3_3#Sec14
http://dx.doi.org/10.1007/978-4-431-54318-3_3#Sec15
http://dx.doi.org/10.1007/978-4-431-54318-3_3#Sec15
http://dx.doi.org/10.1007/978-4-431-54318-3_3#Sec16
http://dx.doi.org/10.1007/978-4-431-54318-3_3#Sec16
http://dx.doi.org/10.1007/978-4-431-54318-3_3#Sec17
http://dx.doi.org/10.1007/978-4-431-54318-3_3#Sec17
http://dx.doi.org/10.1007/978-4-431-54318-3_3#Sec18
http://dx.doi.org/10.1007/978-4-431-54318-3_3#Sec18
http://dx.doi.org/10.1007/978-4-431-54318-3_3#Sec19
http://dx.doi.org/10.1007/978-4-431-54318-3_3#Sec19
http://dx.doi.org/10.1007/978-4-431-54318-3_3#Sec20
http://dx.doi.org/10.1007/978-4-431-54318-3_3#Sec20
http://dx.doi.org/10.1007/978-4-431-54318-3_3#Sec20
http://dx.doi.org/10.1007/978-4-431-54318-3_3#Sec21
http://dx.doi.org/10.1007/978-4-431-54318-3_3#Sec21
http://dx.doi.org/10.1007/978-4-431-54318-3_3#Sec21
http://dx.doi.org/10.1007/978-4-431-54318-3_3#Sec21
http://dx.doi.org/10.1007/978-4-431-54318-3_3#Sec22
http://dx.doi.org/10.1007/978-4-431-54318-3_3#Sec22
http://dx.doi.org/10.1007/978-4-431-54318-3_3#Sec23
http://dx.doi.org/10.1007/978-4-431-54318-3_3#Sec23
http://dx.doi.org/10.1007/978-4-431-54318-3_3#Sec23
http://dx.doi.org/10.1007/978-4-431-54318-3_3#Bib1
http://dx.doi.org/10.1007/978-4-431-54318-3_4
http://dx.doi.org/10.1007/978-4-431-54318-3_4
http://dx.doi.org/10.1007/978-4-431-54318-3_4#Sec1
http://dx.doi.org/10.1007/978-4-431-54318-3_4#Sec1
http://dx.doi.org/10.1007/978-4-431-54318-3_4#Sec2
http://dx.doi.org/10.1007/978-4-431-54318-3_4#Sec2
http://dx.doi.org/10.1007/978-4-431-54318-3_4#Sec3
http://dx.doi.org/10.1007/978-4-431-54318-3_4#Sec3
http://dx.doi.org/10.1007/978-4-431-54318-3_4#Sec4
http://dx.doi.org/10.1007/978-4-431-54318-3_4#Sec4
http://dx.doi.org/10.1007/978-4-431-54318-3_4#Sec5
http://dx.doi.org/10.1007/978-4-431-54318-3_4#Sec5
http://dx.doi.org/10.1007/978-4-431-54318-3_4#Sec6
http://dx.doi.org/10.1007/978-4-431-54318-3_4#Sec6
http://dx.doi.org/10.1007/978-4-431-54318-3_4#Sec9
http://dx.doi.org/10.1007/978-4-431-54318-3_4#Sec9
http://dx.doi.org/10.1007/978-4-431-54318-3_4#Sec10
http://dx.doi.org/10.1007/978-4-431-54318-3_4#Sec10
http://dx.doi.org/10.1007/978-4-431-54318-3_4#Sec12
http://dx.doi.org/10.1007/978-4-431-54318-3_4#Sec12
http://dx.doi.org/10.1007/978-4-431-54318-3_4#Bib1
http://dx.doi.org/10.1007/978-4-431-54318-3_5
http://dx.doi.org/10.1007/978-4-431-54318-3_5
http://dx.doi.org/10.1007/978-4-431-54318-3_5
http://dx.doi.org/10.1007/978-4-431-54318-3_5#Sec1
http://dx.doi.org/10.1007/978-4-431-54318-3_5#Sec1
http://dx.doi.org/10.1007/978-4-431-54318-3_5#Sec2
http://dx.doi.org/10.1007/978-4-431-54318-3_5#Sec2
http://dx.doi.org/10.1007/978-4-431-54318-3_5#Sec3
http://dx.doi.org/10.1007/978-4-431-54318-3_5#Sec3
http://dx.doi.org/10.1007/978-4-431-54318-3_5#Sec5
http://dx.doi.org/10.1007/978-4-431-54318-3_5#Sec5
http://dx.doi.org/10.1007/978-4-431-54318-3_5#Sec6
http://dx.doi.org/10.1007/978-4-431-54318-3_5#Sec6
http://dx.doi.org/10.1007/978-4-431-54318-3_5#Sec6
http://dx.doi.org/10.1007/978-4-431-54318-3_5#Sec7
http://dx.doi.org/10.1007/978-4-431-54318-3_5#Sec7
http://dx.doi.org/10.1007/978-4-431-54318-3_5#Sec8
http://dx.doi.org/10.1007/978-4-431-54318-3_5#Sec8
http://dx.doi.org/10.1007/978-4-431-54318-3_5#Sec8
http://dx.doi.org/10.1007/978-4-431-54318-3_5#Sec8
http://dx.doi.org/10.1007/978-4-431-54318-3_5#Sec9
http://dx.doi.org/10.1007/978-4-431-54318-3_5#Sec9
http://dx.doi.org/10.1007/978-4-431-54318-3_5#Sec10
http://dx.doi.org/10.1007/978-4-431-54318-3_5#Sec10
http://dx.doi.org/10.1007/978-4-431-54318-3_5#Sec10
http://dx.doi.org/10.1007/978-4-431-54318-3_5#Sec13
http://dx.doi.org/10.1007/978-4-431-54318-3_5#Sec13
http://dx.doi.org/10.1007/978-4-431-54318-3_5#Sec15
http://dx.doi.org/10.1007/978-4-431-54318-3_5#Sec15
http://dx.doi.org/10.1007/978-4-431-54318-3_5#Bib1

Contents XV

6

MEM Analysis of the Nucleon Sum Rule . .. ... ... ... ... ... 97
6.1 Introduction . ........ .. ... ... 97
6.2 QCD Sum Rules for the Nucleon . ..................... 99
6.2.1 Borel SumRule ....... ... ... ... .. .. . ... 101
6.2.2 Gaussian Sum Rule. .. ..... ... ... ... ... ... . ... 101
6.3 Analysis Using the Borel Sum Rule. . . .................. 104
6.3.1 Analysis Using Mock Data. . . ................... 105
6.3.2 Analysis Using OPEData . ..................... 109
6.4 Analysis Using the Gaussian Sum Rule . . . ............... 109
6.4.1 Analysis Using Mock Data. . .................... 110
6.42 Analysis UsingOPEData ...................... 114
6.4.3 Investigation of the f Dependence . ............... 115
6.5 Summary and Conclusion. . . ........... ... ... ... ..... 119
References . . .. ... .. 120

Quarkonium Spectra at Finite Temperature from QCD

Sum Rulesand MEM. . .. ... .. ... ... ... .. ... .. ..... 123
7.1 Introduction . ... ....... .. ... 123
7.2 Formalism . ........ ... .. ... .. 124
7.2.1 Formulation of the Sum Rule. . .................. 124
7.2.2  The Temperature Dependence of the Condensates. . . . . . 126
7.3 Results of the MEM Analysis for Charmonium. . ........... 127
7.3.1 Mock Data Analysis . . ............... ..., 127
732 OPE Analysisat T=0 ........ ... ... ... ... .... 130
733 OPEAnalysisat T #0........................ 132
7.3.4 Summary for Charmonium. . .................... 134
7.4 Results of the MEM Analysis for Bottomonium . ........... 136
7.4.1 Mock Data Analysis . . ............... ... 136
742 OPE Analysisat T=0. . . .. ... ... ... ... ... .... 139
743 OPE Analysisat T #0......... ... .......... 140
7.44 Summary for Bottomonium . .................... 145
References . . .. ... .. 146

Part III Concluding Remarks

8 Summary, Conclusion and Outlook ....................... 151
8.1 Summary and Conclusion. . . .......... ... ... ... ..... 151
82 Outlook . . ... . 153
References . . . ... ... . 154

Appendix A: The Dispersion Relation . ....................... 155

Appendix B: The Fock-Schwinger Gauge . . . ... ................ 159


http://dx.doi.org/10.1007/978-4-431-54318-3_6
http://dx.doi.org/10.1007/978-4-431-54318-3_6
http://dx.doi.org/10.1007/978-4-431-54318-3_6#Sec1
http://dx.doi.org/10.1007/978-4-431-54318-3_6#Sec1
http://dx.doi.org/10.1007/978-4-431-54318-3_6#Sec2
http://dx.doi.org/10.1007/978-4-431-54318-3_6#Sec2
http://dx.doi.org/10.1007/978-4-431-54318-3_6#Sec3
http://dx.doi.org/10.1007/978-4-431-54318-3_6#Sec3
http://dx.doi.org/10.1007/978-4-431-54318-3_6#Sec4
http://dx.doi.org/10.1007/978-4-431-54318-3_6#Sec4
http://dx.doi.org/10.1007/978-4-431-54318-3_6#Sec5
http://dx.doi.org/10.1007/978-4-431-54318-3_6#Sec5
http://dx.doi.org/10.1007/978-4-431-54318-3_6#Sec6
http://dx.doi.org/10.1007/978-4-431-54318-3_6#Sec6
http://dx.doi.org/10.1007/978-4-431-54318-3_6#Sec7
http://dx.doi.org/10.1007/978-4-431-54318-3_6#Sec7
http://dx.doi.org/10.1007/978-4-431-54318-3_6#Sec8
http://dx.doi.org/10.1007/978-4-431-54318-3_6#Sec8
http://dx.doi.org/10.1007/978-4-431-54318-3_6#Sec9
http://dx.doi.org/10.1007/978-4-431-54318-3_6#Sec9
http://dx.doi.org/10.1007/978-4-431-54318-3_6#Sec10
http://dx.doi.org/10.1007/978-4-431-54318-3_6#Sec10
http://dx.doi.org/10.1007/978-4-431-54318-3_6#Sec11
http://dx.doi.org/10.1007/978-4-431-54318-3_6#Sec11
http://dx.doi.org/10.1007/978-4-431-54318-3_6#Sec11
http://dx.doi.org/10.1007/978-4-431-54318-3_6#Sec12
http://dx.doi.org/10.1007/978-4-431-54318-3_6#Sec12
http://dx.doi.org/10.1007/978-4-431-54318-3_6#Bib1
http://dx.doi.org/10.1007/978-4-431-54318-3_7
http://dx.doi.org/10.1007/978-4-431-54318-3_7
http://dx.doi.org/10.1007/978-4-431-54318-3_7
http://dx.doi.org/10.1007/978-4-431-54318-3_7#Sec1
http://dx.doi.org/10.1007/978-4-431-54318-3_7#Sec1
http://dx.doi.org/10.1007/978-4-431-54318-3_7#Sec2
http://dx.doi.org/10.1007/978-4-431-54318-3_7#Sec2
http://dx.doi.org/10.1007/978-4-431-54318-3_7#Sec3
http://dx.doi.org/10.1007/978-4-431-54318-3_7#Sec3
http://dx.doi.org/10.1007/978-4-431-54318-3_7#Sec4
http://dx.doi.org/10.1007/978-4-431-54318-3_7#Sec4
http://dx.doi.org/10.1007/978-4-431-54318-3_7#Sec5
http://dx.doi.org/10.1007/978-4-431-54318-3_7#Sec5
http://dx.doi.org/10.1007/978-4-431-54318-3_7#Sec6
http://dx.doi.org/10.1007/978-4-431-54318-3_7#Sec6
http://dx.doi.org/10.1007/978-4-431-54318-3_7#Sec7
http://dx.doi.org/10.1007/978-4-431-54318-3_7#Sec7
http://dx.doi.org/10.1007/978-4-431-54318-3_7#Sec8
http://dx.doi.org/10.1007/978-4-431-54318-3_7#Sec8
http://dx.doi.org/10.1007/978-4-431-54318-3_7#Sec8
http://dx.doi.org/10.1007/978-4-431-54318-3_7#Sec9
http://dx.doi.org/10.1007/978-4-431-54318-3_7#Sec9
http://dx.doi.org/10.1007/978-4-431-54318-3_7#Sec10
http://dx.doi.org/10.1007/978-4-431-54318-3_7#Sec10
http://dx.doi.org/10.1007/978-4-431-54318-3_7#Sec11
http://dx.doi.org/10.1007/978-4-431-54318-3_7#Sec11
http://dx.doi.org/10.1007/978-4-431-54318-3_7#Sec12
http://dx.doi.org/10.1007/978-4-431-54318-3_7#Sec12
http://dx.doi.org/10.1007/978-4-431-54318-3_7#Sec13
http://dx.doi.org/10.1007/978-4-431-54318-3_7#Sec13
http://dx.doi.org/10.1007/978-4-431-54318-3_7#Sec13
http://dx.doi.org/10.1007/978-4-431-54318-3_7#Sec15
http://dx.doi.org/10.1007/978-4-431-54318-3_7#Sec15
http://dx.doi.org/10.1007/978-4-431-54318-3_7#Bib1
http://dx.doi.org/10.1007/978-4-431-54318-3_8
http://dx.doi.org/10.1007/978-4-431-54318-3_8
http://dx.doi.org/10.1007/978-4-431-54318-3_8#Sec1
http://dx.doi.org/10.1007/978-4-431-54318-3_8#Sec1
http://dx.doi.org/10.1007/978-4-431-54318-3_8#Sec2
http://dx.doi.org/10.1007/978-4-431-54318-3_8#Sec2
http://dx.doi.org/10.1007/978-4-431-54318-3_8#Bib1

XVi Contents

Appendix C: The Quark Propagator . . . ... ... ... ............ 163
Appendix D: Non-Perturbative Coupling of Quarks and Gluons. . . . . 169
Appendix E: Gamma Matrix Algebra . ... ... ................. 173
Appendix F: The Fourier Transformation .. ................... 177
Appendix G: Derivation of the Shannon-Jaynes Entropy .......... 183

Appendix H: Uniqueness of the Maximum of P[p|GH] ............ 189



2 Springer
http://www.springer.com/978-4-431-54317-6

& Bayesian Analysis of QCD Sum Rules
Gubler, P.

2013, XV, 190 p., Hardcover

ISBEMN: 978-4-431-54317-6



	Contents



