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Introduction
Hadron are made by quarks and gluons

The dynamics of quarks and gluons are described by Quantum 

chromodynamics (QCD)

Baryon

+ +…

Meson

+ +…

Quark      +     Gluon

➢ QCD have two important features:

◆ Color confinement

◆ Asymptotic freedom

➢ In low energy region the perturbative calculation for QCD is impossible, 

alternatively:

◆ Lattice QCD (non-perturbative calculation)

◆ Effective models (chiral perturbation theory, quark model, etc…)
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The chiral symmetry

The chiral symmetry:

The effective theory based on chiral symmetry:

• Nonlinear sigma model

• Chiral perturbation theory

spin

rightleft

q q

Spontaneously breaking of chiral symmetry:

ത𝑞𝑞 = 𝑞𝐿𝑞𝑅 + 𝑞𝑅𝑞𝐿 ≠ 0
ത𝑞𝑞 ≠ 0
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The 𝑃𝑐 𝑠 states

𝑃𝑐(4380)
+, 𝑃𝑐(4450)

+
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The 𝑃𝑐 𝑠 states

𝑃𝑐(4380)
+, 𝑃𝑐(4450)

+

𝑃𝑐(4312)
+, 𝑃𝑐(4440)

+ , 𝑃𝑐(4457)
+
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The 𝑃𝑐 𝑠 states

𝑃𝑐(4380)
+, 𝑃𝑐(4450)

+

𝑃𝑐(4312)
+, 𝑃𝑐(4440)

+ , 𝑃𝑐(4457)
+

𝑃𝑐𝑠(4459)
0
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The states beyond 3 quark picture

|ΔM|

73MeV

136MeV

136MeV

100MeV

127MeV

127MeV

Λ𝑐 2595
Λ𝑏 5912
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Chiral quark model

• Chiral symmetry is spontaneously broken

• Pseudoscalars (π, K, η) are the Nambu–Goldstone (NG) 

bosons of chiral symmetry breaking 

• Scalar meson σ as the chiral partner of NG bosons

The Nambu–Goldstone boson exchange:

• Makato Oka, Koichi Yazaki, Nuclear Physics A402 

(1983) 477-490

• L.Ya Glozman, Z. Papp, W. Plessas, Physics 

Letters B 381 (1996) 311-316

• J . Vijande, F . Fernandez, A . Valcarce, J. Phys. G 

31, 481(2005)

Naïve quark model:

• Quark mass term

• Kinetic term

• Color confinement potential (CON)

• One gluon exchange (OGE)

• Gell-Mann, M., 1964, Phys. Lett. 8, 214.

• Zweig, G., 1964, CERN Reports No. 8182/TH. 401 

and No. 8419/TH. 412).

• N. Isgur, G. Karl, Phys.Lett.B 72 (1977) 109.
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The Hamiltonian

J . Vijande, F . Fernandez, A . Valcarce, J. Phys. G 31, 

481(2005)
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The Gaussian expansion method 

E. Hiyama, Y. Kino, and M. Kamimura, Prog. Part. Nucl. 

Phys. 51 223 (2003).
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Wave functions
• Orbital (SO(3)): (𝜓𝐿)

• Spin (SU(2)): (𝜒𝑆
𝜎)

• Flavor (SU(2)): (𝜒𝐼
𝑓
)

• Color (SU(3)): (𝜒𝑐)
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Wave functions
• Orbital (SO(3)): (𝜓𝐿)

• Spin (SU(2)): (𝜒𝑆
𝜎)

• Flavor (SU(2)): (𝜒𝐼
𝑓
)

• Color (SU(3)): (𝜒𝑐)

(a):

(b):

(a, b):

(c):

𝑞𝑞𝑠 ത𝑄𝑄: 𝑞𝑞𝑞ത𝑞𝑄: 
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Orbital wave functions
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Spin wave functions
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Flavor wave functions (𝑞𝑞s ത𝑄𝑄)
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Flavor wave functions (𝑞𝑞𝑞ത𝑞𝑄)
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Color wave functions: 𝑆 ⊕𝐻 (1⊕ 8)
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Physical channels for 𝑞𝑞sത𝑏𝑏
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Model parameters (𝑞𝑞s ത𝑄𝑄) 
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-128MeV
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-151MeV
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-151MeV
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-403MeV



Root-mean-square distances (𝑞𝑞s ത𝑄𝑄) 
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distance between 

two clusters



Root-mean-square distances (𝑞𝑞s ത𝑄𝑄) 
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distance between 

two clusters

compact ത𝑏𝑏-pair surrounded by three 

other quarks

molecular states compact states



Physical channels for 𝑞𝑞𝑞ത𝑞𝑄
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Model parameters (𝑞𝑞𝑞ത𝑞𝑄) 
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Σc(2800)(1(??))
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Root-mean-square distances (𝑞𝑞𝑞ത𝑞𝑄) 

37

distance 

between two 

clusters



Root-mean-square distances (𝑞𝑞𝑞ത𝑞𝑄) 
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compact 

states

molecular 

states
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 A series of possible pentaquarks with heavy 

flavors are predicted by five-body dynamical 

calculations.

 Taking hidden color structure into 

consideration always provides more binding 

energy than color singlet structure.

 The more heavier quark presents, the easier 

to form the bound states.
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Summary:



Thank you for your attention!
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