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Experimental status of Pc(4380) and Pc(4450)
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The measured invariant mass spectra
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LHCb performed the 
analysis of the above 

experimental data

Clear signal of Λb



Argand diagrams  show the 
resonance behavior of two Pc states
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Resonance parameters of two Pc states 



• The LHCb experiment at CERN’s Large Hadron Collider has reported the 

discovery of a class of particles known as pentaquarks. 
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The history of multiquark states

Phys.Lett. 8 (1964) 214-215

The muliquark states were predicted at the birth 
of Quark Model 



Quark Model



The hadron with four quarks plus one antiquark was developed  by Strottman in 1979 

PRD 15 (1977) 267

PRD 20 (1979) 
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Conventional 

Quark Model

Baryon

Meson

Multiquark

Molecular 

Glueball

Hybrid

Exotic 

hadron

 Identifying exotic states is one of the most important issues of particle physics

 Various experimental signals provide us good platform to identify exotic state

Categorizations



Theoretical explanations of experimental signals

Resonant
 Conventional hadrons

 Exotic states
➢ Molecular states: 

loosely bound states composed of 

a pair of mesons/baryons; probably 

bounded by the pion exchange.

➢ Multiquark states: 

bound states of four/five/six quarks; 

bounded by colored-force between 

quarks; there are many states within 

the same multiplet.

➢ Hybrids: 

bound states composed of a pair of 

quarks and one valance gluon.

Non-Resonant
Many exotic states lie very close to open-

charm threshold; It’s quite possible that 

some threshold enhancements are not 

real resonances.

• Kinematical effect

• Opening of new threshold

• Cusp effect

• Final state interaction

• Interference between continuum 

and charmonium states

• Triangle singularity due to the 

special kinematics

Y(4260)



Theoretical methods/models

➢ Various quark models

➢ Various effective methods

➢ Chiral unitary model

➢ One boson exchange model

➢ Diquark/triquark model

➢ QCD sum rules

➢ Lattice QCD

……

➢ Various non-resonant explanations

➢ Many methods/models to study productions and 

decay patterns of exotic hadrons
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Theoretical methods/models

 Various quark models

 Various effective methods

 Chiral unitary model

 One boson exchange model

 Diquark/triquark model

 QCD sum rules

 Lattice QCD

……

 Various non-resonant explanations

 Many methods/models to study productions and 

decay patterns of exotic hadrons

From Hadron Level

From Quark Level



The methods/models at the hadron level 

usually take the molecular picture

➢ Chiral unitary model

➢ One boson exchange model

……

From Hadron Level



The methods/models at the hadron level 

usually take the molecular picture

➢ Chiral unitary model

➢ One boson exchange model

……

From Hadron Level

The Molecular Picture

The masses of Pc(4380) and Pc(4450) are close to the 

Σc(2455)D* and Σc
*(2520)D* thresholds, respectively.

D mesons Σc baryons



The methods/models at the hadron level 

usually take the molecular picture
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From Hadron Level

The Molecular Picture

The masses of Pc(4380) and Pc(4450) are close to the 

Σc(2455)D* and Σc
*(2520)D* thresholds, respectively.

D mesons Σc baryons



arXiv:1007.0573Chiral unitary model



arXiv:1007.0573Chiral unitary model



arXiv:1007.0573Chiral unitary model



arXiv:1105.2901
One boson exchange model



arXiv:1507.03704One boson exchange model



The authors investigated the one-pion-exchange-based potentials

for the Σcഥ𝐷
∗ and Σ𝑐

∗ഥ𝐷∗ systems:

arXiv:1507.03704One boson exchange model



arXiv:1507.03704One boson exchange model



𝑷𝒄 𝟒𝟑𝟖𝟎 and 𝑷𝒄 𝟒𝟒𝟓𝟎 are first 

identified as the hidden-charm molecular 

pentaquarks Σcഥ𝐷
∗ with ( I=1/2, J=3/2 ), 

and Σ𝑐
∗ഥ𝐷∗ with ( I=1/2, J=3/2 ), 

respectively.

Their study indicates that there should 

exist a Σcഥ𝐷
∗ state with ( I=3/2, J=1/2 ) 

and a Σ𝑐
∗ഥ𝐷∗ state with ( I=3/2, J=1/2 ).

Solving Schrödinger equation

arXiv:1507.03704One boson exchange model



From Quark Level

The methods/models at the quark level 

can take both the molecular picture 

and the (compact) multiquark picture

➢ Diquark/triquark model

➢ QCD sum rules

➢ Lattice QCD

……



From Quark Level

fine structure of QCD?

The methods/models at the quark level 

can take both the molecular picture 

and the (compact) multiquark picture

➢ Diquark/triquark model

➢ QCD sum rules

➢ Lattice QCD

……

These studies help to understand the internal structure of hadrons

Recent LHCb Experiment [arXiv:1703.04639]



Diquark/triquark model
arXiv:1507.03704



Diquark/triquark model
arXiv:1507.03704

arXiv:1507.05867
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A [𝐽/𝜓 𝑝] current

[ ҧ𝑐𝑑(𝑥)𝛾𝜇𝑐𝑑(𝑥)][𝜀
𝑎𝑏𝑐(𝑢𝑎

𝑇 (𝑥)𝐶𝑑𝑏(𝑥))𝛾5𝑢𝑐(𝑥)]

color indices

flavor contents



A [𝐽/𝜓 𝑝] current

[ ҧ𝑐𝑑(𝑥)𝛾𝜇𝑐𝑑(𝑥)][𝜀
𝑎𝑏𝑐(𝑢𝑎

𝑇 (𝑥)𝐶𝑑𝑏(𝑥))𝛾5𝑢𝑐(𝑥)]

color indices

flavor contents

The Pauli principle is automatically satisfied



Two Configurations:

[ ҧ𝑐𝑑𝑐𝑑][𝜖
𝑎𝑏𝑐𝑞𝑎𝑞𝑏𝑞𝑐] and [ ҧ𝑐𝑑𝑞𝑑][𝜖

𝑎𝑏𝑐𝑐𝑎𝑞𝑏𝑞𝑐]

These two configurations, as if they are local, can be related 

to each other through

• The Fierz transformation

• The color rearrangement

𝛿𝑑𝑒𝜖𝑎𝑏𝑐 = 𝛿𝑑𝑎𝜖𝑒𝑏𝑐 + 𝛿𝑑𝑏𝜖𝑎𝑒𝑐 + 𝛿𝑑𝑐𝜖𝑎𝑏𝑒



Configuration [ ҧ𝑐𝑑𝑐𝑑][𝜖
𝑎𝑏𝑐𝑞𝑎𝑞𝑏𝑞𝑐]

• There are three independent local 

light baryon fields of flavor-octet 

and having a positive parity:

• Together with light baryon fields 

having negative parity and the 

charmonium fields:

H. X. Chen, V. Dmitrasinovic, A. Hosaka, K. Nagata and S. L. Zhu, 

Phys. Rev. D 78, 054021 (2008)

• We can construct the currents of the 

configuration [ ҧ𝑐𝑑𝑐𝑑][𝜖
𝑎𝑏𝑐𝑞𝑎𝑞𝑏𝑞𝑐].

• Those containing J=3/2 components are

• Three of them of J=3/2&5/2 couple 

well to the combination of 𝐽/𝜓 and 

proton



Configuration [ ҧ𝑐𝑑𝑞𝑑][𝜖
𝑎𝑏𝑐𝑐𝑎𝑞𝑏𝑞𝑐]

• The currents of this type are more 

complicated.

• The physical states are probably their 

mixings.

• We select some of them to perform the 

QCD sum rules to see whether we can 

obtain reliable/stable sum rule results.



QCD SUM RULE

• In sum rule analyses, we consider two-point correlation functions:

where η is the current which can couple to hadronic states.

• By using the dispersion relation, we can obtain the spectral density

• In QCD sum rule, we can calculate these matrix elements from QCD (OPE) and 
relate them to observables by using dispersion relation.



Quark and Gluon Level

Hadron Level

dispersion relation

ρ

s0 M s0

Quark-Hadron Duality

s = -q2

(Convergence of OPE)

(Sufficient amount of Pole contribution)

(Positivity)

SVZ sum rule (Shifman 1979)

(for baryon case)

Π𝑝ℎ𝑦𝑠 𝑞2 = 𝑓𝑃
2
𝑞 +𝑀

𝑞2 −𝑀2



 Borel transformation to suppress the higher order terms:

 Two parameters

MB ,    s0

We need to choose certain region of (MB, s0).

 Criteria

1. Stability

2. Convergence of OPE

3. Positivity of spectral density

4. Sufficient amount of pole contribution

QCD Sum Rule



Parity of Pentaquark

• Assuming 𝑱 is a pentaquark current, 𝜸𝟓𝑱 is its partner having the opposite parity.

• They can couple to the same physical state through

< 0| 𝑱 |𝑃(𝑞) > = 𝑓𝑃𝑢(𝑞) ,      < 0| 𝜸𝟓𝑱 |𝑃 𝑞 > = 𝑓𝑃𝜸𝟓𝑢 𝑞 .

• The same pentaquark current 𝑱 can couple to states of both positive and negative 

parities through

< 0| 𝑱 |𝑃(𝑞) > = 𝑓𝑃𝑢(𝑞) ,      < 0| 𝑱 |𝑃′ 𝑞 > = 𝑓𝑃′𝜸𝟓𝑢
′ 𝑞 .

where |𝑃(𝑞) > has the same parity as 𝑱, while |𝑃′ 𝑞 > has the opposite parity.

𝑓𝑃
2
𝑞 +𝑀

𝑞2 −𝑀2
𝑓𝑃
2
−𝑞 +𝑀

𝑞2 −𝑀2

Y. Chung, H. G. Dosch, M. Kremer and D. Schall, Nucl. Phys. B 197, 55 (1982)

D. Jido, N. Kodama and M. Oka, Phys. Rev. D 54, 4532 (1996)

Y. Kondo, O. Morimatsu and T. Nishikawa, Nucl. Phys. A 764, 303 (2006)

K. Ohtani, P. Gubler and M. Oka, Phys. Rev. D 87, no. 3, 034027 (2013)



The sum rule results obtained using 𝐽𝜇
ഥ𝐷∗Σ𝑐(J=3/2) are



The sum rule results obtained using 𝐽{𝜇𝜈}
ഥ𝐷Σ𝑐

∗

and 𝐽{𝜇𝜈}
ഥ𝐷∗Λ𝑐 are not useful. 

However, their mixing gives a reliable mass sum rule (J=5/2)



Summary

• Besides the mass spectrum, production and decay properties are 

also important to understand exotic hadrons.

• We still need more theoretical and experimental joint efforts.

• This is a research field full of challenges and opportunities.




