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1. Quenched & unquenched quark models

SU(3) 3q-quark model for baryons 
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A key problem in QCD and hadron structure 

Unquenching dynamics:  gluons  `qq

crucial for quark confinement & hadron structure  
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1/2- baryon nonet with strangeness

• Mass pattern :  quenched or unquenched ?   

uds (L=1) 1/2- ~    L*(1670)    ~   [us][ds]`s 

uud (L=1) 1/2- ~    N*(1535)    ~   [ud][us]`s 

uds (L=1) 1/2- ~    L*(1405)    ~   [ud][su]`u 

uus (L=1) 1/2- ~    *(1390) ~   [us][ud]`d

Zou et al, NPA835 (2010) 199 ; CLAS, PRC87(2013)035206

• Strange decays of N*(1535) :      PDG large gN*Nh

J/y `pN*  `p (KL) /`p (ph)  large gN*KL
Liu&Zou, PRL96 (2006) 042002; Geng,Oset,Zou&Doring, PRC79 (2009) 025203

gp ph’ & pppph’    large gN*Nh’

M.Dugger et al., PRL96 (2006) 062001; Cao&Lee, PRC78(2008) 035207

p- p  nf & pp  ppf & pn df  large gN*Nf
Xie, Zou & Chiang, PRC77(2008)015206; Cao, Xie, Zou & Xu, PRC80(2009)025203

• Strange decays of L*(1670) :      PDG large gL*Lh
narrower width  (35MeV) than L*(1405) 



quench vs un-quench for mesons



Important implications:

 `qqqqq in S-state more favorable than qqq with L=1 !

&`qqqq in S-state more favorable than`qq with L=1 !

1/2- baryon nonet  ~`qq2q2 state + …

0+ meson octet  ~`q2q2 state + … 

Draging out`qq from gluon field –

an important excitation mechanism for hadrons !

multiquark components are important for hadrons !



Long journey to pin down pentaquark states

Fate of the first pentaquark predicted and observed: 

1959:  `KN molecule predicted by Dalitz-Tuan, PRL2, 425

1961:    L(1405)  p observed by Alston et al., PRL6, 698

1964:    Quark model (uds) for L(1405)

1995:  `KN dynamically generated -- Kaiser et al., NPA954, 325

2001:    2 pole structure by`KN-p  -- Oller et al., PLB500, 263

PDG2010:  “The clean Λc spectrum has in fact been taken to 

settle the decades-long discussion about the nature of the 

Λ(1405) —true 3-quark state or mere`KN threshold effect?—

unambiguously in favor of the first interpretation.”



Fate of the last famous fading pentaquark q+(1540): 

1997:  Z+ (1530) predicted by Diakonov et al., ZPA359, 305

2003:    q+(1540)  K+n claimed by LEPS, PRL91, 012002

2003:  `s (ud)(ud) for q(1540) by Jaffe&Wilczek, PRL91, 232003

2003:  `s ud)(ud) for q(1540) by Karliner&Lipkin, PLB575, 249 

2004:  supported by 10 expts q(1540) well-established by PDG

2004:   not supported by BESII, PRD70, 012004

2005:   not supported by many high stats experiments 

2006:   removed from PDG

Note:  q+(1540) is not supported by hadronic molecule model &

chiral quark model by Huang, Zhang, Yu, Zou, PLB586(2004)69



While lacking expt constrains on models of compact pentaquarks, 

models for hadronic molecules are much better constrained.
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Similarity for pp, pK and pN s-wave scattering phase shifts



Important role by t-channel r exchange for all these processes

p,K,N

p p
r

pp                              pK & pN

Kr
I=0 = - 2 Kr

I=2 ,          Kr
I=1/2 = - 2 Kr

I=3/2

D. Lohse, J.W. Durso, K. Holinde, J. Speth,  Nucl.Phys.A516, 513 (1990) 

B.S.Zou, D.V.Bugg, Phys. Rev. D50, 591 (1994)

An interesting paper by T.Hyodo, D.Jido, A.Hosaka, PRL 97 (2006) 192002

“Exotic hadrons in s-wave chiral dynamics”

p,K,N



`KN(I=0) `KN(I=1) KN(I=0) KN(I=1)

Phase shifts:         strong  +     weaker +     weaker - strong –

VMD :              -Vw - 3Vr -Vw + Vr Vw - Vr          Vw + 3Vr

Similarity between p -`KN(I=0) and  pp -`KK(I=0)

dipole structure for  L(1405)     s - f0(980)

VMD – ChPT unitarized  N*(1535)  as K bound state

Kaiser et al., PLB362(1995)23



2.  Pc penta-quark states & its strange and beauty partners

A new direction to pin down pentaquark states : 

Extension to hidden charm and beauty for baryons

N*(1535)   `ssuud

N*(4260)   `ccuud J.J.Wu, R.Molina, E.Oset, B.S.Zou. 

Phys.Rev.Lett. 105 (2010) 232001

N*(11050) `bbuud J.J.Wu, L.Zhao, B.S.Zou. PLB709(2012)70

L*(1405)   `qquds

L*(4210)   `ccuds J.J.Wu, R.Molina, E.Oset, B.S.Zou. 

Phys.Rev.Lett. 105 (2010) 232001

L*(11020) `bbuds J.J.Wu, L.Zhao, B.S.Zou. PLB709(2012)70



From K,`KN`Dc,`DsLc  Bb, BsLb bound states

“Prediction of narrow N* and L* resonances with hidden charm above 4 GeV”, 

Wu, Molina, Oset, Zou, PRL105 (2010) 232001



N* -`Dc

N*-`D*c

L*

L*

JP

1/2-

1/2-,  3/2-

J.J.Wu, R.Molina, E.Oset, B.S.Zou, PRL 105 (2010) 232001



Further studies support such hidden charm N* 

W.L.Wang, F.Huang, Z.Y.Zhang, B.S.Zou, PRC84(2011)015203:   

Chiral quark model  `Dc state  ~ 4.3 GeV

Z.C.Yang, Z.F.Sun, J.He, X.Liu, S.L.Zhu,  Chin. Phys. C36 (2012) 6

Schoedinger Equation method with p, h, r, w, s exchanges

`D*c (1/2-,3/2- )  N* state  ~  4360 - 4460 MeV

J.J.Wu, T.S.H.Lee, B.S.Zou, PRC85(2012)044002:

EBAC-DCC model `Dc (1/2-) ~  4.3 GeV,

`D*c (1/2-,3/2-) ~  4.4 - 4.5 GeV `

C.W.Xiao, J.Nieves, E.Oset, PRD 88 (2013) 056012: 

Heavy quark spin symmetry  7 such N* molecules

`Dc (1/2-) ~  4.26 GeV, `Dc* (3/2-) ~  4.33 GeV, 

`D*c (1/2-,3/2-) ~  4.41, 4.42 GeV, 

`D*c* (1/2-,3/2-,5/2-) ~  4.48 - 4.49 GeV

M.Karliner, J.L.Rosner, PRL115(2015)122001:

Pion exchange  `D*c (1/2-,3/2-) ~  4.5 GeV



S.G.Yuan, K.W.Wei, J.He, H.S.Xu, B.S.Zou, “Study of `ccqqq five quark 

system with three kinds of quark-quark hyperfine interaction,”

Eur. Phys. J. A48 (2012) 61

M(5/2+) – M(3/2-) :  130 ~300 MeV



Observation of Pc  states by LHCb

LHCb, Phys.Rev.Lett. 115 (2015) 072001 : 

Observation of two N* from  



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





Progress on Pc states after LHCb observation

Thresholds `Dc* (4383MeV), `D*c (4460MeV), pcc1 (4449MeV)

1) `Dc* ,`D*c ,`D*c * molecular states
R.Chen, X.Liu, X.Q.Li, S.L.Zhu, PRL115 (2015) 132002;

L.Roca, J.Nieves, E.Oset, PRD92 (2015) 094003;

J.He, PLB 753 (2016)547 ;

2) diquark cu & triquark`c(ud) states
L.Maiani, A.D.Polosa, V. Riquer, PLB749 (2015) 289; 

R.Lebed, PLB749 (2015) 454;

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

R.Zhu, C.F.Qiao, PLB756 (2016) 259;

3) Kinematic triangle-singularity 
F.K.Guo, Ulf-G.Meißner, W.Wang, Z.Yang, PRD92 (2015) 071502

X.H.Liu, Q.Wang, Q.Zhao, PLB757 (2016) 231

For comprehensive reviews,  cf.:  
H.X.Chen, W.Chen, X.Liu, S.L.Zhu, Phys.Rept. 639 (2016) 1

F.K.Guo, C.Hanhart, U.Meissner, Q.Wang, Q.Zhao, B.S.Zou, RMP 90 (2018)015004

Y.R.Liu, H.X.Chen, W.Chen, X.Liu, S.L.Zhu, Prog.Part.Nucl.Phys. 107 (2019) 237



Disentangling`Dc* /`D*c nature of Pc
+ states from their decays

Y.H.Lin, C.W.Shen, F.K.Guo, B.S.Zou, PRD95(2017)114017

One pion exchange is very important !

`Dc* &`D*c* are much broader than`Dc &`D*c states



Partial decay widths of Pc
+(4380) & Pc

+(4450) 

It is very important to study Pc`D*Lc &`DLc !



Pin down Pc
+ states from their photo-production   

J.J.Wu, T.S.H.Lee, B.S.Zou, PRC100 (2019)035206



Glander, K.H. et al. EPJA19 (2004) 251-273

LEPS, PRC73 (2006) 035214

CLAS, PRC89 (2014) 055206

Strangeness partners of Pc states:   N*(1875)    &    N*(2080)

K* ~1880         K* ~ 2086 

Strange & beauty partners of Pc states



cc0 `pK*+L +c.c.         
BESIII, arXiv:1908.02979

Strangeness partners of Pc states at BES ? 

N*(1875)        N*(2080)          N*(2270) 

K* ~1880         K* ~ 2086      K** ~ 2280 

L 0

SnKJ/y

BESII, PLB659 (2008) 789

N*(2080)

N*(2270)



1/2-

1/2-,  3/2-



and                          dynamical coupled channel study
C.W.Shen, Roechen, Meissner, Zou, CPC42(2018) 023106   

More pentaquarks with hidden beauty than with hidden charm



Decay behavior of Ps & Pb pentaquark states

Y.H.Lin, C.W.Shen, B.S.Zou, NPA980(2018)21

Guidance for Ps & Pb search

C.W.Shen, J.J.Wu, B.S.Zou PRD100 (2019) 056006

Guidance for Psc search



3. 1- + Tetra-quark states

N.Tornqvist, ZPC61(1994)525  cc1(3870) as 1+`DD* state

Zhang, Chiang, Shen, Zou, PRD74(2006)014013  0+`DD,`BB, DK states

Guo, Shen, Chiang, Ping, Zou, PLB641(2006)278  DsJ(2317) as DK 0+ state

G.J.Ding, PRD79(2009)014001 Y(4260) as 1- -`DD1* state

F.Close et al., PRD81(2010)074033  a 1- + partner of Y(4260)

PKU&Lanzhou，EPJC70(2010)183  both 1- - & 1- + `DD1* states

Li, Wang, Dong, Zhang, CTP63(2015)63  both 1- - & 1- + `DD1* states

Dong, Zou, Arxiv:1910.14455  both 1- - & 1- + `DD1* states ~ 4240 MeV

L.Liu et al., JHEP 1207(2012)126   1- + state  ~ 4217 MeV

Y.Ma et al., arXiv:1910.09819  1- + state  ~ 4309 MeV

p1(1400)  as a b1p state ?



 my favorite strategy for hadron spectroscopy:

`ccuud &`ccuds   sss  -`qqsss  cqq -`qqcqq 

 hyperons  light baryons

`cc`ud &`cs`ud   `cc -`qq`cc  `cq -`cq`qq

 K mesons  light mesons

s  c  b

4. Prospects

charm & beauty meson         charm & beauty baryon          

b/ b/
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