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Quantum Chromodynamics

Very successful!

(but only really useful when dealing with hard processes)
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Hadrons and QCD

We would like to understand:

• The origin and dynamics of confinement.

• Understand the quark and gluon structure of hadrons based on QCD.

H. Ichie, V. Bornyakov, 

T. Streuer, G. Schierholz, Nucl. 

Phys.  A721,  899 (2003)
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Non-perturbative QCD

• Potential models

• QCD Sum Rules

• Schwinger–Dyson Equation

• Lattice QCD

•AdS/CFT Correspondence
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The QCD Sum Rules
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• 1979, Shifman, Vainshtein, Zakharov

Assumes confinement

relates hadronic parameters (masses, couplings, etc.) to a few 

characteristics of the “vacuum” of quantum chromodynamics

(QCD): gluon and quark condensates.
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The QCD Sum Rules
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HadronsQuarks

5



The QCD Sum Rules
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eg:

HadronsQuarks
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OPE Side

The QCD Sum Rules
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eg:

Wilson’s OPE

Hadrons
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OPE Side

The QCD Sum Rules
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eg:

Wilson’s OPE

Hadronic field operator

Hadrons
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Phenomenological SideOPE Side

The QCD Sum Rules

QCD sum rules for hadron structure – R. D. Matheus

eg:

Wilson’s OPE

Hadronic field operator

Hadronic parameters

Pole + Cont. approximation
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Phenomenological SideOPE Side

The QCD Sum Rules
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eg:

Wilson’s OPE

Hadronic field operator

Hadronic parameters

Pole + Cont. approximation

Quark - Hadron

Duality
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The QCD Sum Rules
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Condensates
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The QCD Sum Rules
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Quark masses, values for condensates 

Hadronic parameters

(masses, decay constants, form factors, 

magnetic moments, etc…)

=

Pole Contribution

Continuum Contribution
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The QCD Sum Rules
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Improves OPE Convergence; Suppresses Continuum

Borel Transformation



Validity Limits

Some assumptions

OPE Side

Convergence

Spectral function

pole + continuun

mass

#

0s
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Spectral function

pole + continuun
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Validity Limits

Some assumptions

OPE Side

Convergence

mass

#

0s

Apply Borel transform:
22 MQ 
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Spectral function

pole + continuun
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Validity Limits

Some assumptions

OPE Side

Convergence

mass

#

0s

Apply Borel transform:
22 MQ  We want as much control 

as possible on these two 

parameters
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Spectral function

pole + continuun
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Validity Limits

We demand:

• Stability on M2

• OPE is converging

• Pole contribution is bigger than continuun contribution

0s

2M

Convergence Pole vs. Continuun

SR Window
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3-Point Correlators
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Quark - Hadron

Duality

eg: J/Y-D-D Vertex



3-Point Correlators
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Borel transformation: p2 & p’2

Results depend on: q2



S. Godfrey, 

arXiv:0910.3409 [hep-ph]

Quark Model

Application: Hadron Spectroscopy
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S. Godfrey, 

arXiv:0910.3409 [hep-ph]

BaBar

Belle

CDF & D0
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Application: Hadron Spectroscopy
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X (3872) – a case study

Facts:

Narrow resonant structure

Probably:                         (                       not excluded )

(approximate)
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What is it? 

with isospin violating 

decay?

Is it a Charmonium?

No quark model candidate
Barnes, Godfrey, Swanson, (2005)

Eichten, Lane, Quigg, (2006)

Kalashnikova, Nefediev (2010)

X (3872) – a case study
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What is it? 

Is  it  a  D - D* molecule ?

Observed production rate is too large !

Observed  radiative decay  rate is too large !



Swanson,  PLB (2004)BaBar,  arXiv:0907.4575

M. Suzuki, PRD (2005).

Swanson; Close, Page

X (3872) – a case study
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What is it? 

Is it  a tetraquark?

Proliferation of predicted states! 

Maiani et al

e.g. cscs

NV Drenska, R Faccini, 

AD Polosa, PRD (2009).

X (3872) – a case study
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QCDSR for the X (3872)
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QCDSR for the X (3872)

Lee, Nielsen,Wiedner (2009)

DD* Molecule

Matheus, Narison, Nielsen, Richard (2007)

Tetraquark

Maiani, Piccinini, Polosa, Riquer (2005)
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QCDSR for the X (3872)

Matheus, Navarra, Nielsen, Zanetti (2009)

Similar results for the DD* Molecule!

Navarra, Nielsen (2006)

Tetraquark

Widths? 

Maiani, Piccinini, Polosa, Riquer (2005)
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The Decay Widths




  VXpgL VX Maiani, Piccinini, Polosa, Riquer (2005)

 ,V

 3,2F
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The Decay Widths

Three-point correlation function:

Currents:

OPE side:

Assume  that  X  is 

QCD sum rules for hadron structure – R. D. Matheus 23



The Decay Widths

Phenomenological side:

Assume  that  X  is 

Sum rule:

Divide the two sum rules:
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(    as mixing angle)

The Decay Widths

Assume  that  X  is cc 

molccuu
  


 )(sin)(cos

)26(

0

Smaller widths!
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The Decay Widths

  DDDDDDDDccX **00*00* ||||
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The Decay Widths

  DDDDDDDDccX **00*00* ||||
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Mixed X(3872)
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Matheus,  Navarra, Nielsen, Zanetti (2009)
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OPE Convergence

;



22 3.3 GeVM 

Pole contribution vs. Continuun contribution

Mixed X(3872)
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Matheus,  Navarra, Nielsen, Zanetti (2009)

29



Sum Rule Window

Mixed X(3872)
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Matheus,  Navarra, Nielsen, Zanetti (2009)
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Mixed X(3872)
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Decay Width
Matheus,  Navarra, Nielsen, Zanetti (2009)
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~97%

(~88%  ...| 00* DD + 12%                       ) ...| * DD

;

Matheus,  Navarra, Nielsen, Zanetti (2009)

cc|

  DDDD **|

 00*00*| DDDD

Mixed X(3872)
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~97%

(~88%  ...| 00* DD + 12%                       ) ...| * DD

;

Belle (2005)

cc|

  DDDD **|

 00*00*| DDDD

Nielsen, Zanetti (2010)

Mixed X(3872)
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Mixed X(3872)

What about the production? 

Babar

;

Zanetti, Nielsen, Matheus (2011)
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Conclusion
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• There is strong evidence of hadronic states which are neither usual 

mesons nor barions. Understanding what these are and why some 

structures are present in the spectrum and some are not might reveal 

new information about QCD

•With enough work, QCD Sum Rules can be quite discriminating 

• What we should look for are interpolating current operators that 

CAN NOT describe the state. This is much more revealing than 

positive results.

• Widths are much more sensitive to changes in the operator





Scales in the correlator
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Q2

q2

Short rangeHadrons 0



Quark condensate from OPE
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OPE corrections to the propagator
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Borel Transformation

OPE: kth term goes like: 

Phen.: 
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