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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
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 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 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)

Y(4220)

Many Y’s?



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

H.-X. Chen et al., Phys. Rept. 639, 1 (2016);

H.-X. Chen et al., ROPP 80, 076201(2017);

E. Klempt et al., RMP 82, 1095 (2010);

N. Brambilla et al., EPJC 74, 2981 (2014);

S. L. Olsen et al., Front. Phys. 10, 121 (2015);

E. Oset et al., IJMPE 25, 163001 (2016);

J. M. Richard, Few-Body Syst 57, 1185 (2016); 

A. Hosaka et al., PTEP 6, 062C01 (2016);

R.A. Briceno et al. CPC 40, 042001 (2016);

R. F. Lebed et al., PPNP 93, 143 (2017);

A. Esposito et al., Phys. Rept. 668, 1 (2017);

Y. B. Dong et al., PPNP 94, 282 (2017);

F. K. Guo et al., arXiv:1705.00141.



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 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



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]
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QCD SUM RULE

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

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

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



Hidden-Charm Pentaquarks 𝑷𝒄 𝟒𝟑𝟖𝟎 &𝑷𝒄 𝟒𝟒𝟓𝟎

• Final states 𝐽/𝜓 𝑝 = ҧ𝑐𝑐𝑢𝑢𝑑

𝐼 = 1/2, 𝑆𝑈(3)𝐹 octet

• Spin-parity 𝑱𝑷 = 3/2−&5/2+, 3/2+&5/2−, or 5/2+&3/2−.

• Masses and widths are known.

• We systematically construct all the hidden-charm pentaquark 

currents with the quark content ҧ𝑐𝑐𝑢𝑢𝑑 and the spin 𝐽 =
1

2
,
3

2
,
5

2
.



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

We can construct various interpolating currents to reflect the 

internal structure of hadrons



Two Configurations:

[ ҧ𝑐𝑑𝑐𝑑][𝜖
𝑎𝑏𝑐𝑞𝑎𝑞𝑏𝑞𝑐] and [ ҧ𝑐𝑑𝑞𝑑][𝜖

𝑎𝑏𝑐𝑐𝑎𝑞𝑏𝑞𝑐]

These two configurations, as a whole, can be related to each other 

through (this suggests that decaying into [𝐽/𝜓 𝑁] may be possible)

• The Fierz transformation

• The color rearrangement

𝛿𝑑𝑒𝜖𝑎𝑏𝑐 = 𝛿𝑑𝑎𝜖𝑒𝑏𝑐 + 𝛿𝑑𝑏𝜖𝑎𝑒𝑐 + 𝛿𝑑𝑐𝜖𝑎𝑏𝑒

However, each single current belonging to these two configurations 

lead to different QCD sum rule results.



Configuration [ ҧ𝑐𝑑𝑐𝑑][𝜖
𝑎𝑏𝑐𝑞𝑎𝑞𝑏𝑞𝑐]

 There are hundreds of currents belonging to this configuration.

Due to the color structure, these currents well couple (quickly 

decay) to [𝐽/𝜓 𝑁(∗)], etc.

We can not use any of these currents to obtain reliable QCD 

sum rule results.

 This seems to be reasonable because 𝐽/𝜓 and 𝑁(∗)do not 

have strong correlation.



Configuration [ ҧ𝑐𝑑𝑞𝑑][𝜖
𝑎𝑏𝑐𝑐𝑎𝑞𝑏𝑞𝑐]

 There are more currents belonging to this configuration.

Due to the color structure, these currents well couple (quickly 

decay, if allowed) to [ഥ𝐷(∗)Σ𝑐
(∗)
] and [ഥ𝐷(∗)Λ𝑐

(∗)
], etc.

We find some mixing currents, which lead reliable QCD sum 

rule results.

 The results suggests that the 𝑃𝑐 4380 and 𝑃𝑐 4450 can be 

interpreted as [ഥ𝐷(∗)Σ𝑐
(∗)
&ഥ𝐷(∗)Λ𝑐

(∗)
] molecules.



Hidden-charm pentaquark with I = 1/2 and 𝐉𝐏 = 𝟑/𝟐−

Our result suggests that the 𝑃𝑐 4380 can be interpreted as 

hadronic molecule of 𝐽𝑃 = 3/2−.

 It may contains S-wave [ഥ𝐷∗Σ𝑐], S-wave [ഥ𝐷1Λ𝑐(1𝑃)], P-wave 

[ഥ𝐷1Λ𝑐], and D-wave [ഥ𝐷Λ𝑐], etc.

 It can directly decay to [𝐽/𝜓 𝑁].

ഥ𝐷(∗)Σ𝑐
(∗)

ഥ𝐷(∗)Λ𝑐
(∗)



Hidden-charm pentaquark with I = 1/2 and 𝐉𝐏 = 𝟓/𝟐+

Our result suggests that the 𝑃𝑐 4450 can also be interpreted 

as hadronic molecule of 𝐽𝑃 = 5/2+.

 It may contains P-wave [ഥ𝐷Σ𝑐
∗], S-wave [ഥ𝐷∗Λ𝑐(1𝑃)], and P-

wave [ഥ𝐷∗Λ𝑐], etc.

 It can directly decay to [𝐽/𝜓 𝑁].

ഥ𝐷(∗)Σ𝑐
(∗)

ഥ𝐷(∗)Λ𝑐
(∗)



Hidden-charm pentaquark with other spin-parity

These values are also consistent with the experimental 

masses of the Pc(4380) and Pc(4450), suggesting that 

they may also be interpreted as hadronic molecules of 

𝐽𝑃 = 3/2+ and 5/2− containing [ഥ𝐷(∗)Σ𝑐
(∗)
&ഥ𝐷(∗)Λ𝑐

(∗)
] .



Hidden-charm pentaquark with other isospin: I = 3/2

𝑀1/2− = 4.60−0.14
+0.15 GeV -- S-wave [ഥ𝐷Σ𝑐]

𝑀3/2− = 4.77−0.13
+0.14 GeV -- S-wave [ഥ𝐷Σ𝑐

∗&ഥ𝐷∗Σ𝑐]

𝑀5/2− = 4.95−0.13
+0.13 GeV -- S-wave [ഥ𝐷∗Σ𝑐

∗]

All the above mass values are significantly larger than 

the masses of the Pc(4380) and Pc(4450).

They can not decay to [𝐽/𝜓 𝑁] due to isospin symmetry, 

so their widths may not be very large.



Exotic Hadrons

• Every signal of exotic hadrons is of particular interest.

• We still know little about them. Especially, their internal structure 

are quite complicated and difficult to be understood.

• To know more about the internal structure of hadrons, we also 

study heavy mesons and heavy baryons.
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• Based on the heavy quark effective theory, the leading order 

Lagrangian does not depend on 𝑚𝑄. Hence, the two heavy hadrons 

with the same light degree of freedom form a degenerate doublet:

heavy meson (Q-q):

Internal structure of heavy mesons

𝐽 = 𝑠𝑄 + 𝐿 + 𝑠𝑞 𝑗𝑙



Internal structure of heavy mesons

• Based on the heavy quark effective theory, the leading order 

Lagrangian does not depend on 𝑚𝑄. Hence, the two heavy hadrons 

with the same light degree of freedom form a degenerate doublet:

heavy meson (Q-q):

= 1/2 = 1/2

𝐽 = 𝑠𝑄 + 𝐿 + 𝑠𝑞 𝑗𝑙



Internal structure of heavy mesons

• Based on the heavy quark effective theory, the leading order 

Lagrangian does not depend on 𝑚𝑄. Hence, the two heavy hadrons 

with the same light degree of freedom form a degenerate doublet:

heavy meson (Q-q):

𝐿 = 0 ∶ 𝑗𝑙 = 1/2, 𝐽𝑃 = 0−, 1−

= 1/2 = 1/2

𝐿 = 1 ∶ ൝
𝑗𝑙 = 1/2, 𝐽𝑃 = 0+, 1+

𝑗𝑙 = 3/2, 𝐽𝑃 = 1+, 1+

𝐿 = 2 ∶ ൝
𝑗𝑙 = 3/2, 𝐽𝑃 = 1−, 2−

𝑗𝑙 = 5/2, 𝐽𝑃 = 2−, 3−

𝐽 = 𝑠𝑄 + 𝐿 + 𝑠𝑞 𝑗𝑙



Internal structure of heavy mesons

• We can construct relevant interpolating fields to well describe the 

above internal structure, and use the method of QCD sum rules to 

study the mass spectra of heavy mesons.

• Using our method, the mass splitting within the same doublet can be 

evaluated quite well with much less uncertainties.

• We propose to observe higher excited heavy mesons in future 

experiments.



D mesons (c-q) Ds mesons (c-s)

Multiplets 𝐽𝑃 Experiments Ours Experiments Ours

𝐿 = 0, 𝑗𝑙 =
1

2

0− 𝐷 -- 𝐷𝑠 --

1− 𝐷∗ -- 𝐷𝑠
∗ --

𝐿 = 1, 𝑗𝑙 =
1

2

0+ 𝐷0
∗(2400) -- 𝐷𝑠0

∗ (2317) --

1+ 𝐷1(2420) -- 𝐷𝑠1(2460) --

𝐿 = 1, 𝑗𝑙 =
3

2

1+ 𝐷1(2430) -- 𝐷𝑠1(2536) --

2+ 𝐷2
∗(2460) -- 𝐷𝑠2

∗ (2573) --

𝐿 = 2, 𝑗𝑙 =
3

2

1− 𝐷1
∗(2760) 2.75 GeV 𝐷𝑠1

∗ (2860) 2.81 GeV

2−

𝐷 2750 ?
2.78 GeV -- 2.82 GeV

𝐿 = 2, 𝑗𝑙 =
5

2

2− 2.72 GeV -- 2.81 GeV

3− 𝐷3
∗(2760) 2.78 GeV 𝐷𝑠3

∗ (2860) 2.85 GeV

𝐿 = 3, 𝑗𝑙 =
5

2

2+ -- -- -- 3.45 GeV

3+ -- -- -- 3.50 GeV

𝐿 = 3, 𝑗𝑙 =
7

2

3+ -- -- -- 3.20 GeV

4+ -- -- -- 3.26 GeV

D-wave

F-wave



What is more interesting: heavy baryons

• The internal structure of heavy baryons is more complicated than 

heavy mesons, but still understandable: λ-excitation and ρ-excitation.

• The Pauli principle can be directly applied to the two light quarks.



= 1/2 = 1/2 = 1/2

heavy baryons (Q-qq):   𝐽 = 𝑠𝑄 + 𝐿 + 𝑠𝑞1 + 𝑠𝑞2 𝑗𝑙



= 1/2

𝐿 = 0 ∶ ൝
𝑗𝑙 = 0, 𝐽𝑃 = 1/2+

𝑗𝑙 = 1, 𝐽𝑃 = 1/2+, 3/2+

𝐿 = 1 ∶ ቊ𝑗𝑙 = 1, 𝐽𝑃 = 1/2−, 3/2−

…

heavy baryons (Q-qq):   𝐽 = 𝑠𝑄 + 𝐿 + 𝑠𝑞1 + 𝑠𝑞2 𝑗𝑙
= 1/2 = 1/2

ത3𝐹: Λ𝑐 , Ξ𝑐

6𝐹: Σ𝑐 , Σ𝑐
∗ , Ξ𝑐

′ , Ξ𝑐
∗ , (Ω𝑐 , Ω𝑐

∗)

ത3𝐹: ቊ
(Λ𝑐(2595), Λ𝑐(2625))
(Ξ𝑐(2790), Ξ𝑐(2815))

…

𝐿 = 2 ∶ ቊ𝑗𝑙 = 2, 𝐽𝑃 = 3/2+, 5/2+

…

ത3𝐹: ቊ
(Λ𝑐(2860), Λ𝑐(2880))
(Ξ𝑐(3055), Ξ𝑐(3080))

…

P-wave

D-wave



The doubly heavy baryon Ξ𝒄𝒄
++(𝟑𝟔𝟐𝟏)

• The heavy quark effective theory may not be very appropriate to 

study the doubly heavy baryons, but their internal structure is still 

interesting.

• We propose to search for the doubly heavy baryon Ξ𝒄𝒄
∗ of 𝐽𝑃 = 3/2+

via its electromagnetic transition:

Γ Ξ𝒄𝒄
∗++ → 𝜸Ξ𝒄𝒄

++ = 13.7−7.9
+17.7 𝑘𝑒𝑉. 



Several Remarks

• Thanks to the efforts of experimentalists, various signals of 

exotic hadrons were observed in recent years, making hadron 

physics popular once more. However, it seems that we still know 

little about exotic hadrons. 

• Oppositely, it seems that we well know the internal structure of 

heavy mesons and heavy baryons. Especially, the heavy quark 

effective theory plays an important role. We propose to search for 

higher excited heavy mesons and (doubly) heavy baryons in 

future experiments.



• A hint from heavy baryons may be useful: there are more heavy baryons 

containing strangeness than those not containing strangeness. Moreover, their 

widths are usually not large.

• However, no signals of exotic hadrons containing open strangeness are 

observed. We propose to search for them in future experiments:

Tetraquarks

X(3872), Y(4260),

Zc(3900), Zc(4020)…

Pentaquarks

Pc(4380), Pc(4450)…

Dibaryon

d*(2380)…

Tetraquarks

with strangeness

Zcs(4???) …

Pentaquarks

with strangeness

Pcs(4???) …



Pcs(𝒄ത𝒄𝒖𝒅𝒔) in 𝚵𝒃
− → 𝑱/𝝍 𝚲 𝑲− decay

Our result suggests that 

a strangeness hidden-

charm pentaquark state, 

the counterpart of the 

Pc(4450), can be clearly 

seen.

We need to consider

weak decay

 hadronization

 final state interactions






