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I. Introduction



• Exotic states

Dibaryons: H, d*, di-Ω, NΩ, …… 

Pentaquarks: Θ+ , Ξ-- , Pc , Ωc , Nf …… 

Charmonium-like states: X(3872),  Y(3940),  Z(3900),         
Z(4430),……

Plausible molecular baryons: cD, cD, DN, DsN, …… 

Dibaryons with heavy quarks: cc, cc, c c, 

Nc, Nc, Ncc, NΩc, ……

Exotic hadrons
—long standing challenge in hadron physics!



• Theoretical methods
Lattice QCD
QCD sum rule
Dyson-Schwinger equation
Heavy quark efficient field theory
Phenomenological models of two approaches:
On the hadron level:
One-boson-exchange (OBE) model,
One-pion-exchange (OPE) model

......
On the quark level:
Isgur quark model , Chiral quark model,
Quark delocalization color screening model 

......



• Quark Models

(1) Quark delocalization color screening model (QDCSM)

• QDCSM was developed by Nanjing-Los Alamos collaboration 
in1990s aimed to multi-quark study.       (PRL 69, 2901, 1992)

• Two new ingredients (based on quark cluster model 
configuration):

quark delocalization (orbital excitation) 

color screening (color structure) 

• Apply to the study of baryon-baryon interaction and 
dibaryons 

deuteron, d*, NN, N, NΩ, …

• Apply to the study of baryon-meson interaction and 
pentaquarks

NK, Npi, Pc, … 





(2) Chrial Quark Model (ChQM)

Provide the intermediate-range attraction by      meson-exchange.
Rep. Prog. Phys. 68, 965 (2005)

SU(2) ChQM: only       meson-exchange;

SU(3) ChQM: full scalar octet meson-exchange.
PRC 75, 034002  (2007)







• 2009 WASA-at-COSY found the signal of the dibaryon
resonance.

M. Bashkanov et al., 

PRL 102(2009)052301

➢ WASA-at-COSY measurements

1. Nonstrange dibaryon (d* ) 

II. Dibaryon relevant studies



• 2011 WASA-at-COSY found evidence of the d* exotic.

M. Bashkanov et al., arxiv:1104.0123[nucl-ex];

PRL 106(2011)242302;

.



• 2014 WASA-at-COSY confirmed the existence of the d* six-

quark state.

P. Adlarson et al, arXiv:1402.6844[nucl-es];PRL 112(2014)202301;

CERN Courier 2014, July 23. 

The experiment was carried out 
with the WASA detector setup at 
COSY having a polarized deuteron 
beam impinged on the hydrogen 
pellet target and utilizing the 
quasifree process





➢ A2 Collaboration at MAMI
M. Bashkanov et al., 

PRL 124, 132001 (2020)



➢ Theoretical side
• 1964, Dyson & Xuong, M(D03 )=2350 MeV (PRL13, 815)

naïve quark model prediction almost forgotten in last 50 years

• 1989, T. Goldman,…,Fan Wang, (PRC 39, 1889)

“inevitable nonstrange dibaryon” d*

• 1992, Fan Wang, et al., (PRL 69, 2901)                   confirmed by QDCSM 

• 1995, Fan Wang, JL Ping, et al, (PRC 51, 3411)                                                                               

further confirmed by u,d,s 3-flavor world systematic searching 

• 2002, JL Ping, Fan Wang, et al., (PRC 65, 044003) improved d* calculation

• 2009, JL Ping et al, (PRC 79, 024001)                   d* in np resonance  scattering 

• 2013, Bashkanov, S. Brodsky, H. Clement,  (PLB 727, 438)

hidden-color → narrow width

• 2013, A.Gal, H. Garcilaso, (PRL 111, 12301)                      Faddeev equation

• 2014, F. Huang et al, arXiv:1408.0458                 hidden-color → narrow width 

• 2015, Y.B. Dong, (PRC 91, 064002)                                    d* decay width

• 2015, S.L. Zhu, et al.,(PRC 91, 025204)                             QCD sum rule

……



(1) d* mass and width in  NN- channel        
coupling scattering                                   PRC 79 (2009) 024001 



➢ d* in quark models



(2) Total decay width of d*

Only phase space reduction:

(structure of d* is not considered)

The rms radius is about 1fm. 
d* is a compact six quark state, two baryon clustering is a crude approximation.



(3) d* in the D-G partial waves of NN scattering
PRC 90 (2014) 064003



• Might be a narrow resonance.                                    PRL 59,627 (1987) 

• A very narrow resonance. 

• PRC 51, 3411 (1995); PRC 69,065207 (2004)

• A weakly bound state.                                                   EPJA 8, 417 (2000)

• A narrow resonance in  scattering.                 PRC 83, 015202 (2011)

• Further theoretical work to confirm the NΩ.         PRC 92, 065202 (2015)

(NΩ scattering phase shifts, the scattering length and the effective range) 

HALQCD Collaboration, Nucl. Phys. A 928, 89 (2014) 

Being searched by RHIC-STAR Collaboration, Phys.Lett. B 790, 490 (2019).

2. Strange dibaryon (NΩ)



➢ Systematically searching for strange dibaryon states
PRC 83,015202 (2011)



➢ The NΩ scattering phase shifts
PRC 92,065202 (2015)

implies the existence of a bound state

HALQCD Collaboration
Nucl. Phys. A 928, 89 (2014) 



➢ The scattering length, the effective range and the binding 
energy

HALQCD Collaboration
Nucl. Phys. A 928, 89 (2014) 





Is the H dibaryon a bound state? 

First proposed by R. L. Jaffe
PRL 38, 195, 1977

Revived by Lattice QCD calculations of different collaborations:
NPLQCD, PRL 106, 162001, 2011
HALQCD, PRL 106, 162002, 2011

Reexamined in a chiral constituent quark model
PRC 85, 045202, 2012

Is the H-like dibaryon cc a bound state? 
Answers of two hadron level models
No in One-boson-exchange model                PRD 84, 014031, 2011
Yes in  One-pion-exchange model                  PLB 704, 547, 2011

What about the quark level study of the cc system?

3. Dibaryon with heavy quarks

(1) H-like dibaryon states: cc , b b
PRC 89 ,035201,2014



J

S L12 +

➢ The individual S-wave cc is unbound. A bound state is 
obtained for the cc system by channel-coupling.



➢Similar to H dibaryon:  system      (PRC 69, 065207,2004)



➢ bb system 



(2) NΩ-like dibaryons with heavy quarks: NΩccc, NΩbbb

PRC 101, 015204, 2020

• Both of these two states are 
bound in two quark models: 
ChQM and QDCSM. 

• The binding energy 
increases as the quark of 
the system becomes heavier.

• The effect of the channel-
coupling is important for 
forming bound states.



➢ The scattering phase shifts, scattering length, the effective 
range and the binding energy



➢ Experimental results

• 2015 LHCb Collaboration, Phys. Rev. Lett. 115, 072001

• The two 𝑷𝒄
+ states are found to have 

masses and widths of
𝑀𝑃𝑐 (4380) = 4380 ± 8 ± 29 MeV 

Γ𝑃𝑐 (4380) = 205 ± 18 ± 86MeV

𝑀𝑃𝑐 (4450) = 4449.8 ± 1.7 ± 2.5 MeV

Γ𝑃𝑐 (4450) = 39 ± 5 ± 19 MeV

• The preferred spin-parity 𝑱𝑷 are of 
opposite values, with one state 
having spin 3/2 and the other 5/2. 

III. Pentaquark relevant studies



• 2019 LHCb Collaboration, Phys. Rev. Lett. 122 222001 

• The Pc(4312) was discovered
with 7.3σ significance by analyzing 
the J/ψp invariant mass spectrum. 
• The previously reported Pc(4450)
structure was resolved at 5.4σ 
significance into two narrow
states: the Pc(4440) and Pc(4457).



➢ Theoretical studies

• After LHCb’s Pc results (2015)

1) Loosely bound molecular baryon-meson pentaquark states: 

M. Karliner and J. L. Rosner, Phys. Rev. Lett. 115, 122001 (2015).

R. Chen, X. Liu, X.-Q. Li, S.-L. Zhu, Phys.Rev.Lett. 115, no.13, 132002 (2015). 

H. X. Chen, W. Chen, X. Liu, T.G. Steele and S. L. Zhu, Phys.Rev.Lett. 115, no.17, 172001 (2015) .

L. Roca, J. Nieves and E. Oset, Phys. Rev. D 92, 094003 (2015).

J. He, Phys.Lett. B753, 547-551 (2016) .

H. X. Huang, C. R. Deng, J. L. Ping, and F. Wang, Eur. Phys. J. C 76, 624 (2016).

H. X. Huang and J. L. Ping, Phys. Rev. D 99, 014010 (2019).

G. Yang and J. L. Ping, Phys. Rev. D 95, 010014 (2017).

A. Feijoo, V. K. Magas, A. Ramos and E. Oset, Phys. Rev. D 95, no.3, 039905 (2017).

and others.



2) Tightly bound pentaquark states

L. Maiani, A.D. Polosa, and V. Riquer, Phys.Lett. B 749, 289-291 (2015).

R. F. Lebed, Phys.Lett. B 749, 454-457 (2015).

G.-N. Li, X.-G. He, M. He, JHEP 1512, 128 (2015).

Z.-G. Wang, Eur. Phys. J. C 76, no.2, 70 (2016).

R. Zhu and C. F. Qiao, Phys.Lett. B 756, 259 (2016).
V. V. Anisovich et al., arXiv:1507.07652.
R. Ghosh, A. Bhattacharya, and B. Chakrabarti, Phys. Part. Nucl. Lett. 14, 550 (2017).

and others.

3) Peaks due to triangle-diagram processes
F.-K. Guo, U.-G. Meißner, W. Wang, and Z. Yang, Phys. Rev. D 92, 071502(R) (2015).
U.-G. Meißner and J. A. Oller, Phys. Lett. B 751, 59 (2015).
X.-H. Liu, Q. Wang, and Q. Zhao, Phys. Lett. B 757, 231 (2016).
Q. Wang, X.-H. Liu, and Q. Zhao,  Phys.Rev. D92, 034022 (2015).
M. Mikhasenko, arXiv:1507.06552.

and others.



• Immediately after LHCb’s Pc results (2019)
R. Chen, X. Liu, Z.-F. Sun, and S.-L. Zhu, arXiv:1903.11013 [hep-ph].

F. K. Guo, H. J. Jing, U.-G. Meissner, and S. Sakai, arXiv:1903.11503 [hep-ph].

J. He,  arXiv:1903.11872 [hep-ph].

Hua-Xing Chen , Wei Chen, Shi-Lin Zhu, arXiv: 1903.11001 [hep-ph].

H. X. Huang, J. He, and J. L. Ping, arXiv: 1904.00221 [hep-ph].

C. J. Xiao, Y. Huang, Y. B. Dong, L. S. Geng, and D. Y. Chen, arXiv:1904.00872 [hep-ph].

M. Z. Liu, Y. W. Pan, F. Z. Peng, M. S. Sanchez, L. S. Geng, A. Hosaka, and M. P. 
Valderrama, , Phys. Rev. Lett. 122, 242001 (2019)

and others.

• Some early studies
J. J. Wu, R. Molina, E. Oset and B. S. Zou, Phys. Rev. Lett. 105, 232001 (2010) 
[arXiv:1007.0573 [nucl-th]].

J. J. Wu, R. Molina, E. Oset and B. S. Zou, Phys. Rev. C 84, 015202 (2011) 
[arXiv:1011.2399 [nucl-th]].

J. J. Wu, T.-S. H. Lee and B. S. Zou, Phys. Rev. C 85, 044002 (2012) [arXiv:1202.1036 
[nucl-th]].

Z. C. Yang, Z. F. Sun, J. He, X. Liu and S. L. Zhu, Chin. Phys. C 36, 6 (2012) 
[arXiv:1105.2901 [hep-ph]].

and others.



➢ Our work

1) Dynamic calculation in the limited space
H. X. Huang, C. R. Deng, J. L. Ping, and F. Wang, Eur. Phys. J. C. 76, 624 (2016), arXiv: 
1510.04648.
• One bound state: 𝑱𝑷 = 1/2− Nηc
• Resonance states? (Strong attraction between Σc/Σc* and D/ D*)

𝑱𝑷 = 1/2− ΣcD, ΣcD*, Σc*D*
𝑱𝑷 = 3/2− Σc∗D, ΣcD∗, Σc∗D∗, NJ/ψ
𝑱𝑷 = 5/2− Σc*D*

These states should couple to open channels to check whether they are 

resonance states or not. 

2) Resonance states in the scattering process

H. X. Huang and J. L. Ping, Phys. Rev. D. 99, 014010 (2019) , arXiv: 1811.04260.
Six resonance states were found:
𝑱𝑷 = 1/2− ΣcD, ΣcD*, Σc*D*
𝑱𝑷 = 3/2− Σc∗D, ΣcD∗, Σc∗D*



1. Hidden-charm pentaquarks

• The hidden charm pentaquark channels with I=1/2

• The effective potentials 

Eur. Phys. J. C. 76, 624 (2016) 

✓ The state with the 
positive parity  is 
unbound in present  
calculations.



✓ The potentials are repulsive 
between c and D/D*. So 
no bound states or 
resonances can be formed 
in these two channels cD
and cD*. 

✓ Strong attractions between 
Σc/Σc* and D/D*.

✓ It is possible for Σc/Σc* and 
D/ D* to form bound states 
or resonance states.



-16/4446 -11/4451 -10/4452

-17/4367 -14/4370 -12/4372 Pc(4380)

Pc(4450)

• The single channel calculation

Comparing with the LHCb’s result in 2015
✓ The main component of the Pc(4380) maybe Σc*D with 𝐽𝑃 = 3/2− .
✓ The mass of the ΣcD* with 𝐽𝑃 = 3/2− is close to the reported Pc(4450), but 

the opposite parity of this state to Pc(4380) may prevent one from making 
this assignment at that time.



• The channel-coupling calculation

✓ A bound state: 𝑱𝑷 = 1/2− Nηc
✓ 𝑱𝑷 = 3/2− NJ/ψ (decay to open channels: D−wave Nηc)
✓ 𝑱𝑷 = 5/2− Σc*D* (decay to open channels: some D−wave channels)
✓ Where are these states?

They maybe the resonance states. 
To check whether they are resonance states or not, the study of scattering process of 
the corresponding open channels are needed ! 

𝑱𝑷 = 1/2− ΣcD, ΣcD*, Σc*D* 

𝑱𝑷 = 3/2− Σc∗D, ΣcD∗, Σc*D* 

(decay to open channels: S-wave Nηc, NJ/ψ, cD, 
cD* and some D-wave channels)

(decay to open channels: S−wave NJ/ψ, cD∗ and
some D−wave channels)



• Resonance states in the scattering process

arXiv: 1811.04260, Phys. Rev. D. 99, 
014010 (2019) (𝟏) 𝑱𝑷 = 1/2−

• There are three resonance 
states: ΣcD, ΣcD*, and Σc*D*
in the Nηc scattering phase 
shifts. 

• In other scattering channels 
there are only two 
resonance states: ΣcD and 
ΣcD*.

• There is only a cusp around 
the threshold of the third 
state Σc*D*, because the 
channel coupling pushes the 
higher state above the 
threshold.



Pc(4312) Pc(4457)



(2) 𝑱𝑷 = 3/2−

• There are two resonance 
states: ΣcD* and Σc*D in 
the NJ/ψ scattering phase 
shifts.

• There are three resonance 
states: ΣcD*, Σc*D and 
Σc*D* in the cD* 
scattering phase shifts.



?

Pc(4380)Pc(4440)



• Compare with the experiment

LHCb Collaboration, 
Phys. Rev. Lett. 122 222001 (2019)

Phys. Rev. D. 99, 014010 (2019),
arXiv: 1904.00221

ΣcD ΣcD*Σc*D



2. Hidden-bottom pentaquarks

(𝟏) 𝑱𝑷 = 1/2−



(2) 𝑱𝑷 = 3/2−

• The results are similar to the hidden-charm pentaquarks.
• Some narrow hidden-bottom pentaquark resonances above 11 GeV are 

found from corresponding scattering process. 



3. Hidden-strange pentaquark Nφ

➢ The Nφ bound state was first studied by H. Gao . 
PRC 63 (2001) 022201(R)

The QCD van der Waals attractive potential is strong enough to bind a φ meson
onto a nucleon inside a nucleus to form a bound state. 

➢ The feasibility of experimental search for the Nφ bound 
state at Jefferson Lab was demonstrated by H. Gao . 

PRC 75 (2007) 058201

➢Measurement of coherent φ-meson photoproduction from
the deuteron.

CLAS Collaboration, PRC 76 (2007) 052202(R)
PLB 680 (2009) 417-422, PLB 696 (2011) 338-342

➢The Nφ was a quasi-bound state in the extended chiral SU(3)
quark model.

PRC 73 (2006) 025207

➢ Search for a hidden strange baryon-meson bound state 
from φ production in a nuclear medium.

PRC 95 (2017) 055202



• The hidden strange pentaquark channels

✓ The states of P and D 
wave are unbound in 
present  calculations.



• The effective potentials 



• The bound state calculation

✓ Nη’ is a bound state by channel-coupling calculation.
✓ Nφ may be a resonance state.



• Resonance states in the scattering process

(1)  Nφ



(2) Pc-like resonances

N*(2100) N*(1875)

PRD 97 (2018) 094019



VI. Summary

1. Nonstrange dibaryon

A compact six quark state   𝑰𝑱𝑷 = 03+ d*

2. Strange dibaryon 

A narrow resonance 𝑰𝑱𝑷 =
1

2
2+ NΩ

3. Dibaryon with heavy quarks: 

H-like dibaryon states:  cc and b b

NΩ-like dibaryons states:    NΩccc and NΩbbb

➢ Dibaryons



➢ Pentaquarks

1. Hidden-strange pentaquark
1 bound state:             𝑱𝑷 = 1/2− Nη’

8 resonance states:     𝑱𝑷 = 1/2− ΣK, ΣK*, Σ*K*
𝑱𝑷 = 3/2− Σ∗K (N∗(1875) ), ΣK∗(N∗(2100)), Σ∗K∗, Nφ
𝑱𝑷 = 5/2− Σ*K*

2. Hidden-charm pentaquark
1 bound state:             𝑱𝑷 = 1/2− Nηc

8 resonance states:    𝑱𝑷 = 1/2− ΣcD (Pc(4312)), ΣcD* (Pc(4457) ), Σc*D*

𝑱𝑷 = 3/2− Σc∗D (Pc(4380)), ΣcD∗ (Pc(4440)), Σc∗D∗, NJ/ψ
𝑱𝑷 = 5/2− Σc*D*

3. Hidden-bottom pentaquark
1 bound state:             𝑱𝑷 = 1/2− Nηb
8 resonance states： 𝑱𝑷 = 1/2− ΣbB, ΣbB*, Σb*B*

𝑱𝑷 = 3/2−Σb∗B, ΣbB∗, Σb∗B∗, NY
𝑱𝑷 = 5/2− Σb*B*



Thanks for your attention!


