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1) asymptotic freedom (Gross, Wilczek,  Politzer)

2) color confinement

QCD: the correct theory of strong interaction

1. Introduction1. Introduction

at high energy: up to 0.1% accuracy
perturbative calculations

no free quark and gluon

Color confinement is related to the dynamics 
of QCD at low energy

hadron Physics
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Study for the hadron Physics

precision test of the standard model (SM) and probing 
new physics beyond the SM

understanding of confinement & the dynamic behavior of 
QCD at low energy

Quark model and QCD

nonpertubative QCD at large distances, hard to get 
hadronic spectroscopy by solving QCD
quark model succeeds in classifying hadron spectroscopy

meson baryon

exotic states: glueball, hybrid, multiquark states, molecular 
states,  baryonium

1)

2)

1)

2)
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B-factories achievement: hadron spectroscopy- Charmonium states
X(3872), X(3940),Y(3930), Z(3930), Y(4260), Y(4360), Y(4660), Z+(4430)……

 candidates for exotic states
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 Quark  model

 Effective field theory

 Lattice

QCD sum rulesQCD sum rules

 Ads/QCD

NRQCD

……

Some nonperturbative QCD approaches:

Each of them has advantages 
and disadvantages

Dynamics of QCD at low energy: 
The strong interaction dynamics of hadronic systems is   

governed by nonperturbative QCD effects completely. It is quite 
difficult to calculate the hadron spectrum from QCD first principles.

understanding limited!
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three steps：
1) phenomenological descriptions of correlators

2) QCD descriptions of correlators (Wilson’s Operator Product Expansion)

short-distance——perturbative calculations
long-distance effects——vacuum condensates

QCD Sum Rules (QCDSR):

3) matching the two sides

Shifman, Vainshtein, Zakharov, NPB147, 385 (1979)

basic point：current j(x) for hadron

correlation function: 2-point or 3-point correlator
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Sum rule:

Eliminating the coupling constant:

Equating the two sides + quark hadron duality + making a Borel transform

Borel transform

enhance the role of the lowest resonance; 
suppress contributions of higher states and continuum states;
 improve the convergence of the nonperturbative series and 
eliminate subtractions

input values

Choice of work windows 
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QCDSR: advantages & disadvantage

mesons

 baryons

multiquark states

……

Widely used:Widely used: Cited> 4100 timesCited> 4100 times

1) Firmly based on the basic theory of QCD;

2) Approximation in the OPE of the correlator, and there is a very 
complicated and largely unknown structure of the hadronic 
dispersion integral in the phenomenological side: accuracy 
limited;

3) The uncertainty could be well estimated.

Shifman, Vainshtein, Zakharov……

Ioffe, Chung……

S. L. Zhu, PRL 91, 232002 (2003)……
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Molecular states：
M. B. Voloshin and L. B. Okun, JETP Lett. 23, 333 (1976)

A. D. Rujula, H. Georgi, and S. L. Glashow, PRL 38, 317 (1977)

Z(4430)

X(4350)

Y(3930)

Y(4274)

Y(4140)

Zhang&Huang; Y. L. Ma

X. Liu, Z. G. Luo, Y. R. Liu & S. L. Zhu; 
Y. C. Yang & J. L. Ping

X. Liu & S. L. Zhu; N. Mahajan; T. Branz et al.; G. J. 
Ding...

X. Liu, X. Q. Zeng &  X. Q. Li

C. Z. Yuan, P. Wang & X. H. Mo

C. Meng & K. T. Chao; X. Liu, Y. R. Liu, W. Z. Deng & S. L. Zhu

X. Liu, Z. G. Luo & S. L. Zhu

N. A. Tornqvist, Z. Phys. C 61, 525 (1994)

…… ……

Many new hadrons have been explained as molecular states!

Y(4260)
Q. Wang, C. Hanhart & Q. Zhao
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2. Some new hadrons from QCDSR2. Some new hadrons from QCDSR
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Zc(3900)Zc(3900)

Y(4260)
Q. Wang, C. Hanhart, Q. Zhao, PRL 111, 132003 (2013)Zc(3900)

L. Maiani et al., arXiv:1303.6857Zc(3900) tetraquark or
arXiv:1303.6857,1303.6608,1303.6842,1303.6857,1304.1850,1304.0345,1304.0380,1304.1301,1304.2882,1304.4458,1304.58 
45,1304.6433,1304.7467,1305.1997 ……

CLEO, hep-ex/1304.3036

Predicted in 
PRD84, 034032(‘11)

PRD84, 054002(’11)

BESIII , PRL 110, 252001 (2013)

Confirmed by Belle, PRL 110, 252002 (2013)

Predicted in QCDSR: Zhang&Huang, PRD 80, 056004 (2009)
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4-body problem
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Zhang & Huang, PRD 80, 056004 (2009)Zc(3900)Zc(3900)

Y(3930)Y(3930)

Z(4430)Z(4430)
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Motivation:Motivation: Improved QCDSR study of Zc(3900) as a molecular state

1) It may be more reliable to test the OPE convergence by 
including higher dimension condensate contributions than six 
and considering the work windows minutely.

2) Even higher condensate contributions may not radically 
influence the character of OPE convergence in some case, one 
still could attempt to improve the theoretical result because some 
higher condensates are helpful to stabilize the Borel curves.

3) Particularly for the newly observed Zc(3900) states, they can 
not be simple charmonium mesons since they are electric 
charged. It may be a new hint for the existence of exotic hadrons 
and Zc(3900) are some ideal candidates for them.

Zhang, PRD 87, 116004 (2013)
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Current:

Discussions:
Q

Qq

qQ

Q

q

q

diquark-antidiquark Vs meson-meson 
Fiertz rearrangements

e.g.

M. Nielsen, et al. Phys. Rep. 497, 41 (2010)
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Current:

two-point correlator:

Phenomenological side:

Discussions: Q

Qq

qQ

Q

q

q

diquark-antidiquark Vs meson-meson 
Fiertz rearrangements
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OPE side:

Equating the two sides + quark hadron duality + making a Borel transform

Mass sum rule:
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OPE calculations
One calculates the heavy-quark part of the correlation function in the 

momentum space, and calculates the light-quark part in the coordinate space, 
which is then Fourier-transformed to the momentum space in D dimension. 
The resulting light-quark part is combined with the heavy-quark part before it 
is dimensionally regularized at D=4.
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spectral densities
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3 3(0.23 0.03) GeVqq     2
0·  gq Gq m qq    

2 2
0 0.8 0.1GeVm   2 2 40.88GeVg G  

input values

Choice of work windows 

0 0.5GeVHs M 

1. OPE convergence1. OPE convergence
2. pole dominance2. pole dominance

3.3.
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It may be difficult to find a conventional work window 
rigidly satisfying both of two rules in some cases.

Some condensates are very large and play an important role in 
the OPE side, which makes the standard OPE convergence (i.e. 
the perturbative at least larger than each condensate 
contribution) happen only at very large values of       . The 
consequence is that it is difficult to find a conventional Borel 
window where both the OPE converges well (the perturbative at 
least larger than each condensate contribution) and the pole 
dominates over the continuum.

We consider the perturbative dominating over the sum of 
condensates instead of the perturbative larger than each 
condensate: there are merely few important condensates and 
they could cancel out each other to some extent; other 
condensates are almost negligible.

Some discussions

2M

1)

2) 

3) 
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Value from QCDSR:Value from QCDSR:

Zc(3900)Zc(3900)
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Zhang, Zhong & Huang, PLB 704, 312 (2011)
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X(4350) Zhang & Huang, CTP 54, 1075 (2010)

Y(4140) Zhang & Huang, JPG37, 025005 (2010)
C.P. Shen, et al., Belle Collaboration, PRL 104, 112004 (2010)
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2)

3)

1)

3. Summary3. Summary

Masses for                   and          
molecular states are systematically 
calculated in QCD sum rules.

Some results could support that some 
new hadrons’ molecular explanations.

Besides charmonium-like and 
bottomnium-like molecular states, 
Bc-like molecules could be searched 
in future experiments.
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