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1. Quenched Quark models

⚫ 1964 – Invention of constituent Quark Model
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Successful for SU(3) mesons and baryons of spatial ground states 



Extension to light mesons and baryons:    surprisingly well !

S. Godfrey, N. Isgur, PRD 32 (1985) 189                                                3221 cites        

Mesons in a relativized quark model with chromodynamics
S.Capstick, N. Isgur, PRD 34 (1986) 2809                                              1464 cites
Baryons in a relativized quark model with chromodynamics

⚫ 1974 – Cornell potential forcc spectrum
E.Eichten et al., PRL 34 (1975) 369               1281 cites

spin tensor force



⚫ 1984 – Chiral Quark Model
                       A. Manohar, H. Georgi, NPB 234 (1984) 189             2314 cites
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⚫ 2023 – Chiral Quark Model with HLS
    B.R.He, M.Harada, B.S.Zou, PRD 108 (2023) 054025; EPJC 83 (2023) 1159

Meson exchange  ~  quark exchange effect

➢ Masses of N, c , b are fitted well, mainly owing to the 

effects of  meson : attractive forqq & repulsive for qq

➢ Masses of all observed g.s. hadrons are beautifully fitted, 

with unobserved ones predicted in agreement with LQCD

➢ Tcc-molecule-like structure,  Tbb-diquark-like structure 



2. Failures of quenched quark models

⚫ Five-quark components in the proton





⚫ Nature of 1/2− baryon nonet with strangeness

• Mass pattern :  quenched or unquenched ?   

      uds (L=1) 1/2−   ~    *(1670)    ~   [us][ds]s       K − 

      uud (L=1) 1/2− ~    N*(1535)    ~   [ud][us]s    K − K − N

      uds (L=1) 1/2− ~    *(1405)    ~   [ud][su]u   KN − 

      uus (L=1) 1/2− ~    *(1390)    ~   [us][ud]d     KN −  − 

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

• Strange decays of N*(1535) and *(1670) :

     N*(1535) large  couplings  gN*N ,  gN*K ， gN*N’ ，gN*N

*(1670)  large coupling    g*

Zou, EPJA 35 (2008) 325 



⚫ Nature of the lowest scalar 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 !



3. Multi-quark states as hadronic molecules 

Prediction of pentaquarks with hidden charm & beauty:

      From KN →Dc,Dc → Bb, Bb bound states

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

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

Vector meson exchange from hidden local symmetry  





A milestone for pentaquark search

PRL 122 (2019) 222001

LHCb confirms our prediction of 3 narrow Pc states



2.0       2.2       2.4      2.6       2.8 2.0       2.2       2.4      2.6       2.8  GeV

CLAS, PRC89(2014)019901

S.M.Wu, F.Wang, B.S.Zou, PRC108(2023)045201

() ()

K* K** molecules from p→p reactions

K* ~1880         K*  2086        K** ~ 2280 

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





A survey of hadronic molecules with hidden charm
                                X.K.Dong, F.K.Guo, B.S.Zou Progr. Phys. 41 (2021) 65

Pc

Pcs

18



Meson-meson molecules (I=0) Baryon molecules (I=1) withcc

19



The lowest possible double charm hadron molecule DD* :     
                              A.V.Manohar, M.B.Wise, Nucl. Phys. B 399 (1993) 17

                                    N.A.Törnqvist, Z. Phys. C 61 (1994) 525 

With V only, BB* is bound, DD* is not bound.

But V provide additional attractive force for I=0! 

20

Hadronic molecules with double charm Tcc
+



21

A survey of heavy-heavy hadronic molecules

          X.K.Dong, F.K.Guo, B.S.Zou, Commun.Theor.Phys.73(2021)125201







4. Unquenched quark model 

    Unquenching dynamics:  gluons → qq  

 crucial for quark confinement & hadron structure  

u u-
dd

-

u
d

u

u

du

s
S u

d

u

u

du

s
S



Unquenched quark model study of the charm-strange meson

  W.Hao, Y.Lu, B.S.Zou, PRD106 (2022) 074014

Mass spectrum of Ds mesons



Note: even for Ds (g.s.) there is 17% tetra-quark components



◆ vector meson exchange is very important for light quark 

interactions as well as for hadron interactions

◆  quark model needs to be unquenched

◆  observed multiquark states can be explained as hadronic 

molecules, many more are predicted

◆ Further experimental confirmation and extension for 

whole multiquark spectroscopy are necessary

 ep/p@JLab, 10/K10@JPARC, BelleII, BESIII, Eic/EicC, 

PANDA@FAIR, STCF etc.  may play a important role here!

5. Summary and prospects



Thank you for 

your attention!



Strange partners of Pc and Pcs  states

K* ~1880         K*  2086        K** ~ 2280 

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

K ~1810   K* ~ 2027   K* ~ 2210   K** ~ 2427 

 (1/2−)            (3/2−)          (1/2−,3/2−)      (1/2−,3/2−,5/2−) 

 K*N ~1833  ：(1800)1/2−, (3/2−) 



c0 →p+ +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 

→ 0

SnKJ/

BESII, PLB659 (2008) 789

()

()
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